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ABBREVIATIONS 
aq. = aqueous 
a t m . = a tmosphe r i c or a tmosphere(s ) 
a t . vol. = a t o m i c volume(s) 
a t . wt . = a t o m i c weiglit(s) 
ijio o r Oj^ __ abso lu te degrees of t e m p e r a t u r e 
b.p. — boil ing point(s) 
6a *= cen t ig rade degrees of t e m p e r a t u r e 
coeff. — coefficient 
cone. = concen t r a t ed or concen t r a t ion 
di l . == di lu te 
eq. = equivalent(s) 
f.p. == freezing point(s) 
m . p . = m e l t i n g point(s) 

™><*>={!-™:^S,.s> 

mol. b t . = molecu la r hea t ( s ) 
mo l . vol. a= molecu la r volume(s) 
mol . wt . == molecu la r weight(s) 
press . == pressure(s) 
sa t . = s a tu ra t ed 
soln. = solut ion (s) 
sp. gr. = specific gravi ty (gravities) 
sp. b t . as= specific heat(s) 
sp. vol. — specific volume(s) 
t e m p . = t empera tu re ( s ) 
vap . = vapour 

I n t h e crOSS r e f e r e n c e s t h e first n u m b e r in c la rendon type is t h e n u m b e r of the 
v o l u m e ; t h e second n u m b e r refers to t he c h a p t e r ; and the succeeding n u m b e r refers to t he 
" §," sec t ion . T h u s 5 . 38, 24 refers to § 24, chap t e r 38, vo lume 5. 

T h e oxides, hydr ides , hal ides , su lphides , su lpha tes , ca rbona tes , n i t r a t e s , and pbosx>hates 
are cons idered w i t h t h e basic e l e m e n t s ; t h e o the r c o m p o u n d s are t aken in connect ion wi th 
the acidic e l emen t . T h e doub le or complex sa l ts in connect ion wi th a given e l emen t inc lude 
those associa ted wi th e l emen t s previously discussed. The carbides, sil icides, t i t an ides , 
phosph ides , a r sen ides , e t c . , a re considered in connec t ion w i t h carbon, silicon, t i t a n i u m , e tc . 
The i n t e r m e t a l l i c c o m p o u n d s of a given e l emen t inc lude those associated wi th e l ement s 
previously cons idered . 

T h e use of t r i a n g u l a r d ia-gfr&ms for represen t ing t h e proper t ies of th roe -componen t 
s y s t e m s w a s suggested by G. G. S tokes (Proc. Roy. Soc., 4 9 . 174, 1891). The m e t h o d was 
i m m e d i a t e l y t a k e n u p in m a n y d i rec t ions and i t has proved of grea t va lue . W i t h p rac t i ce i t 
becomes as useful for r ep re sen t ing t h e p roper t i e s of t e rna ry m i x t u r e s as squared paper is for 
b in a ry m i x t u r e s . T h e p r inc ip le of t r i a n g u l a r d i a g r a m s is based on t h e fact t h a t in an equi
l a t e ra l t r i ang le t h e s u m of t h e pe rpend icu la r d i s tances of a n y po in t from t h e t h r e e sides is 
a c o n s t a n t . Given a n y t h r e e subs tances Ay JB, and C, t h e compos i t ion of a n y possible 
c o m b i n a t i o n of t hese c a n bo represen ted by a po in t i n or on t h e t r i ang le . The apices of t h e 
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V l I l ABBREVIATIONS 

t r iangle represent the single components A, B1 and C, t he sides of t h e t r iangle represent b inary 
mix tures of A and B, B and C, or C and A ; a n d po in t s w i t h i n t h e t r i ang le , t e rna ry mix tu re s . 
The compositions of t h e m i x t u r e s can be represented i n percentages , or referred to un i t y , 10, 
etc. In F ig . 1, pure A will be represented by a po in t a t t h e apex marked A. Tf 100 be t h e 

F i o . 1. 

s tandard of reference, t he point A represents 100 per cent , of A and no th ing e l se ; m i x t u r e s 
conta in ing 80 per cent , of A are represented by a po in t on t h e l ine 88, 60 per cent , of A by a 
point on t h e line 66, e tc . Similar ly wi th B and C—Figs. 3 and 2 respect ively. Combine 
Figs . 1, 2, and 3 in to one d iagram by superposi t ion, and Fig . 4 resu l t s . Any po in t in th i s 

/oo %>of C 
o*y0of B 

F i a . 4 .—Standard Reference. Triangle. 

d iagram, F ig . 4, t h u s rex>rcsents a t e rnary mix tu r e . Fo r ins tance , t h e po in t M represents a 
m i x t u r e conta in ing 20 per cent , of At 2O per cent , of B, and 6O per cent , of C. 



ERRATA 
Vol. I I 

Page 663, line 9 from bottom, for " potassium " read "sodium " and for ** 15*04 *' read 
" 1 /1504 ". 

„ line 8 from bottom, for " 10 " read " 0 1 " . 
„ line 7 from bottom, for '4T-SO" read " 1 / 7 - 8 9 " and for " 6 - 7 3 " read 

" 1/6-73 ". 

Vol. V I I I 
Page 778, line 5 above the diagram, for " flouresoenoe " read ** fluorescence ". 

Vol. X I I 
Page 140, line 27 from bottom, for "ferrum nigricans spledens Wolatersdorfi'' read 

"ferrum nigricans splendens Wolsterdorfi ". 
„ 432, line 20 from bottom, for *« manganese oxyde carbonate " read " manganese 

oxyde carbonate ". 
,, 531, line 11 from top of page, for "staurotite " read "staurol i te ". 





CHAPTER L X V I {continued) 

IRON {continued) 

§ 18. The Mechanical Properties of Iron and Iron-Carbon Alloys 
T H E A r a b i c m a n u s c r i p t of A b u - r - R a i h a n , The Book of the Best Things, w r i t t e n 
a b o u t t h e t e n t h c e n t u r y , a n d descr ibed b y H . C. B o l t o n , 1 a n d J . J . C. Mul le t , g a v e 
7-74 for t h e specific gravi ty of i ron , a n d t h i s va lue is n e a r t h e 7-85 a c c e p t e d t o - d a y . 
T h e A r a b i c m a n u s c r i p t , Book of the Balance of Wisdom, b y A l -Khaz in i , 'wri t ten 
a b o u t A.r>. 1122, a n d descr ibed b y H . C. Bo l ton , a n d N . Khanikoff , a lso g a v e 
7-74 for t h e s p . g r . of i ron . B . G. F a h r e n h e i t g a v e 7-817 ; R . Boyle , 7 -645—and 
for soft s teel , 7-738, h a r d steel , 7-704, a n d sp r ing t e m p e r - s t e e l , 7-809 ; a n d J . C. . . ., 
7-643 for i ron , a n d 7-852 for s tee l ; P . v o n Muschenbrock , a n d L . B . G. d e M o r v e a u 
m a d e o b s e r v a t i o n s o n t h e sp . g r . of i ron . G. P e a r s o n g a v e va lues for t h e sp . g r . 
of th i r ty - f ive different s a m p l e s of i ron a n d steel , a n d , for woo tz s tee l , found 
7-181 t o 7-403 ; for woo tz s teel which h a d been forged, 7-503 t o 7-647 ; for woo tz 
s tee l wh ich h a d been m e l t e d , 7-200 ; a n d for woo tz s teel which h a d been q u e n c h e d 
f rom a wh i t e -hea t , 7-166 ; H u n t s m a n ' s h a m m e r e d s teel , 7-826 t o 7-916 ; t h e s a m e 
steels q u e n c h e d f rom a w h i t e - h e a t , 7-765 t o 7-771 ; soft a n d t o u g h h a m m e r e d i ron , 
7-780 t o 7-787 ; a n d ca s t i ron , 7-012. T . B e r g m a n g a v e for s teel , 7-643 t o 7-784 ; 
a n d for w r o u g h t i ron , 7-798 t o 7-829. Collections of d a t a were p u b l i s h e d b y 
R1. B o t t g e r , 2 E . F . Di i r re , a n d F . W . Clarke . 

G. Bro l ing found t h a t t h e sp . gr . of ba r - i ron is 7-8439, whereas t h e s a m e i ron 
in v e r y t h i n shee t h a d a sp . gr . 7-6, a n d t h a t these anomal i e s m a y seem t o p roceed 
f rom repu l s ion be tween t h e surface of t h e i ron a n d 
t h e w a t e r u s e d in m e a s u r i n g t h e sp . gr. , s ince t h e 
s p . gr . dec reased in p r o p o r t i o n t o t h e e x t e n t of 
t h e surface of t h e m e t a l . T h e surface, however , 
h a d b e e n freed b y m e a n s of p o t a s s i u m h y d r o x i d e 
f rom al l foreign m a t t e r s wh ich m i g h t p r e v e n t 
a d h e s i o n be tween t h e m e t a l a n d w a t e r . J . P e r c y 
f o u n d e l ec t rodepos i t ed i ron h a d a sp . gr . of 8-1393 
a t 15-5°. M. J . Br i sson g a v e 7-788 • C. J . B . 
K a r s t e n , 7-790 ; A. B a u d r i m o n t , 7-600O t o 7-7312, 
for i ron wire in different cond i t ions , a n d 7-7433 
for h a m m e r e d wire ; J / J . Berzel ius , 7*8650 t o 
7-8707 ; J . A. P o u m a r e d e , 7-50 t o 7-84 for iron 
r e d u c e d b y t h e v a p o u r of z inc ; C. S t a h l s c h m i d t , 
6*03 for i ron o b t a i n e d b y h e a t i n g t h e n i t r i d e n o t 
o v e r 327° ; L . P l ay fa i r a n d J . P . J o u l e , 7-130 for 
t h e sp . g r . of i ron r e d u c e d b y c a r b o n ; H . Caron, 
7*880 a t 16° for forged i ron fused in h y d r o g e n ; 
7*847 for wi re fused in h y d r o g e n ; 7-833 for i ron fused in a crucible ; a n d 7-852 for 
g o o d c o m m e r c i a l i r on ; a n d H . Schiff g a v e 7-998 t o 8*007 a t 10° for i ron r e d u c e d b y 
h y d r o g e n . K . R u f g a v e 7*876 a t 20° for t h e sp . gr . of t h e m e t a l w i t h less t h a n 0*02 
p e r cen t , of c a r b o n ; E . M a d e l u n g a n d R . F u c h s gave 7-8544 ; E . Guml ich g a v e 7*876 ; 
H . T o m l i n s o n , 7*630 for h a r d d r a w n , a n d 7-259 for a n n e a l e d i ron wire ; H . H a n e -
m a n n and E . H . Schu iz , 7*899 ; a n d R . v o n Da l lw i t z -Wegne r , 7-86. A m o n g s t 

VOL. XI I I . B 

7-86 

7-8S 

7-&? 

% 7-83 
Sb 

7-8?\ 

7-8/V-

7'8oV 

775V /O ZO 30 <?0 SO 
Tfcrce/rtagv nrafact/o/j of area 

F I G . 1 7 9 . — T h e Effec t of Cold-
w o r k o n A r r a c o I r o n . 



2 I N O K G A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

t h e b e s t resul ts for t h e sp . gr . of purified i ron t h e r e a r e those of J . H . A n d r e w a n d 
A . J . K . H o n e y m a n , w h o gave 7-864 for t h e sp . gr . of a n n e a l e d purified i ron , a n d 
0-12716 for t h e sp . vol . ; "C. Bened icks , 7-85 for t h e sp . g r . of purified i ron a n d 
0-12739 for t h e sp . vol . ; M. Lev in a n d K . Dornhecke r , 7-871 for t h e sp . g r . of 
purified a n d annea led i ron, a n d 0-12705 for t h e sp . vo l . ; T. I sh igak i , 7-88O ; 
K . T a m a r u , 7-882 ; whi ls t H . C. Cross a n d E . E . Hi l l g a v e 7-867 for t h e sp . gr . of 
e lec t ro ly t ic i ron fused in vacuo , a n d 0-12711 for t h e sp . vol . , t h e cor responding d a t a 
for t h e s a m e iron hot-rol led a re 7-8685, a n d 0-12709 ; for t h e s a m e i ron annea l ed 
a t 775°, t h e y a re 7-8547 a n d 0-12731, a n d w h e n a n n e a l e d a t 900°, 7-865, a n d 
0-12714. R . L . K e y n o n ' s resul t s a re summar i zed in F ig . 179. 

S. K a y a gave 7-8701 for t h e sp . gr. a n d 0*12706 for t h e sp . vo l . of a single c rys t a l 
where t h e possibi l i ty of in tercrys ta l l ine pores or spaces is exc luded ; h e sa id t h a t 
t h e sp . gr . of t h e single c rys ta l of i ron m a y be t a k e n t o be a b o u t 0-42 pe r cen t , 
g r ea t e r t h a n t h a t of polycrys ta l l ine i ron . W . P . D a v e y ca lcu la ted from t h e 
X - r a d i o g r a m d a t a t h a t t h e sp . gr. of i ron is 7-93 ; I J . W . M c K e e h a n , 7-872 ; a n d 
A. Wes tg ren and Gr. P h r a g m e n , 7-878. 

L . Z i m m e r m a n n a n d H . Esser m e a s u r e d t h e sp . vol . of wh i t e cas t i ron a t t e m p , 
be tween 0° a n d 1300°. P r o m t h e t h e r m a l expans ion d a t a of K . H o n d a a n d 
H . E n d o , a n d S. Sa to , i t follows t h a t t h e sp . gr. of a- i ron a t 20° is 7-8685—the 
X - r a d i o g r a m va lue is 7-8404 ; t h e va lue for a- i ron a t 906° is 7-5706—when t h e 
X - r a d i o g r a m value is 7-55. Similar ly, t h e va lue of y - i ron a t 906° is 7-6327, a n d 
a t 1400°, 7-4077 ; a n d t h e va lue for S-iron a t 1400° is 7-3900, a n d a t 1535°, t h e 
in .p . of i ron, 7-3550. The va lue for m o l t e n i ron—vide infra—at 1535° is 7-0995 
w h e n ca lcu la ted from t h e expans ion d a t a of S. S a t o . A. Osawa e x t r a p o l a t e d 
his va lues for nickel- iron al loys a n d o b t a i n e d fo ry - i ron a t 200°, 8-008. 

The effect of carbon on the specific ,gravity of iron.—H. v o n J i i p t n e r g a v e for t h e 
bes t r ep re sen ta t ive va lues for iron a lone 7-85 t o 7-88 ; for w r o u g h t i ron, 7-79 t o 
7*85 ; for steel , 7-60 t o 7-80 ; for whi te cas t i ron, 7-58 t o 7-73 ; a n d for g rey cas t i ron , 
7-03 t o 7-13. S. R i n m a n , a n d C. J . B . K a r s t e n gave 7-5 for t h e sp . gr . of w h i t e 
pig- i ron, a n d 7-1 for t h a t of ^roy pig-iron. Resu l t s were also g iven b y T. Scheerer , 
B . Ke r l , C. K a r m a r s c h , E . Wiis t a n d E . Leuenberge r , J . Weisbach , A. Gue t t i e r , 
R . Mallet , E . Maurer , a n d C. F . R a m m e l s b e r g . E . F . Di i r re showed t h e ava i lab le 
sp . ^r. d a t a t o ind ica te t h a t the sp . gr . of spiegeleisen is d imin i shed if i t be m e l t e d 
a n d slowly cooled ; if g rey cas t i ron be m e l t e d and r ap id ly cooled, i t s sp . gr . is 
increased ; if cas t i ron be me l t ed u n d e r condi t ions whe re deca rbu r i za t i on can t a k e 
p lace , i ts sp . gr . is increased ; a n d if rods of cas t i ron be sub jec t ed to compress ion , 
t h e sp . gr . is increased. J . E . H u r s t g a v e for t h e sp . gr . of ca s t i ron, 6-9 t o 7-5— 
m e a n 7-217 ; w r o u g h t i ron, 7-47 t o 7-808—mean 7-698 ; a n d steel , 7-729 t o 7-904— 
m e a n 7-852. L. E i sne r found t h e sp . gr . of o r d i n a r y s teel t o be 7-795 ; h a r d e n e d 
cas t steel , 7-6578 ; u n h a r d e n e d cas t s teel , 7-9288 ; c a s t s teel , once r e m e l t e d a n d 
h a r d e n e d , 7-647, a n d u n h a r d e n e d , 7-647. H . v o n J i i p t n e r also gave for t h e sp . g r . 
of compac t i ron-carbon al loys : 

Carbon . . 0-529 
Sp . gr . . . 7-841 

H . C. Cross a n d E . E . Hi l l 

C a r b o n . O 09 0-1« 
S p . gr . . 7-848 7-857 

a n d for annea led steels : 
C a r b o n . 0-25 0-59 
S p . gr . . 7-852 7-83(5 

0-649 
7-829 

0-841 
7-824 

O 871 
7-818 

gave for ho t - ro l led steels : 

0-25 
7-853 

0-73 
7-838 

O-45 
7-841 

0-85 
7-824 

O-05 
7-831 

0-98 
7-823 

1-0OO 
7-807 

0-87 
7-832 

1 1 5 
7-809 

5 1-078 p e r c e n t . 
7-805 

O 98 
7-822 

1-28 
7-813 

1-28 p e r c e n t . 
7-812 

1-39 p e r c e n t . 
7-816 

T h e s m o o t h e d curve for t h e annea l ed s teel is s h o w n in F i g . 180, a n d t h a t for t h e h o t -
rolled metal a l m o s t ove r l aps . J . H . A n d r e w a n d A . J . KL. H o n e y m a n ' s c u r v e 
l ikewise is a lmost ove r l app ing . T h e cu rve of M. L e v i n a n d K. D o r n h e c k e r for 
hot-rolled s tee l is s h o w n d o t t e d in F i g . 180, a n d t h e r e is a d r o p in t h e cu rve for t h e 
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a n n e a l e d s tee l wh ich does n o t a p p e a r m t h e r e su l t s of H . C. Cross a n d E . E . Hi l l , 
a n d J . H . A n d r e w a n d co -worke r s . W . B r o w n g a v e for t h e s p . gr . a n d sp . vo l . of 
s tee ls A -series w i t h 0-02 t o 0-17 p e r cen t , of silicon, a n d 0-14 t o 0-18 p e r c e n t . 
m a n g a n e s e ; a n d jB-series w i t h 0-46 t o 0-49 p e r c e n t , sil icon, 0*58 p e r cen t . 
m a n g a n e s e : 

,A-series Ji-BericB 

C a r b o n 
S p . gr . 
S p . vo l . 

0 0 2 8 
7-8771 
0 1 2 6 9 5 

0 0 5 
7-8778 
O-12694 

O I 4 
7-8638 
0 1 2 7 1 6 

0-89 
7-8268 
0 1 2 7 7 7 

1-23 
7-7897 
0 1 2 8 2 7 

O-58 
7-8132 
O-12800 

l-OO 
7-7587 
0-12890 

1-25 p e r c e n t . 
7-7525 
•012900 

7-90 

V? 7-8O 

7-60 

Tp 
1-4-1 1— 

0 
r 

0-4 OS /^ 
Per cerr£. carbon 

F I G . 180. 
C a r b o n 
O r a v i t y of Hot - ro l led , 
a n d A n n e a l e d S tee l s . 

- T h e Effect of 
o n t h o Specific 

W i t h u p t o 0-2 p e r cen t , of c a rbon , t h e inc rease in s p . vo l . is 0 0 0 1 8 c.c. p e r one p e r 
cen t , of c a r b o n , a n d for h i g h e r p r o p o r t i o n s u p t o 1-25 p e r cen t . , 0 0 0 1 5 c.c. B . S im-
m e r s b a c h m a d e o b s e r v a t i o n s on t h i s s ub j ec t . Accord 
ing t o E . Guml ich , if C d e n o t e s t h e p e r c e n t a g e a m o u n t 
of c a r b o n , t h e n t h e sp . gr . , Z), of a l loys w i t h u p t o 
( 7 - 1 , is £>=7-876 —0-030C for s lowly cooled a l l o y s ; 
a n d 2>=7-876 —0-17C for a l loys q u e n c h e d f rom 850°. 
H . C. Cross a n d E . E . HiI i g a v e sp . g r . ==7-855 
—0-032C, for t h e s p . g r . of ho t - ro l l ed i r o n - c a r b o n 
a l loys w i t h u p t o 1*29 p e r c en t , of c a r b o n , a n d for t h e 
s a m e s teels w i t h u p t o 1-4 p e r cen t , of c a r b o n , w h e n 
annea l ed , Z ) - 7 -860—0-04C J . H . A n d r e w a n d 
A. J . K . H o n e y m a n g a v e for t h e s p . vol . , 0-12712 
—0-000520 . F . W e v e r r e p r e s e n t e d t h e a t . vo l . of 
a u s t e n i t i c s teels b y V = O - 1 2 4 6 + 0 - 0 0 0 4 [ M n ] - f - 0 0 0 4 1 [CJ, 
w h e r e t h e b r a c k e t e d s y m b o l s r e p r e s e n t a t o m i c p e r c e n t a g e s . 

G. H a i l s t o n e found t h e effect of t h e casting temperatures on t h e sp . g r . of ca s t 
i ron—v ide infra—with a b o u t 1-9O per cen t , silicon ; OIO, s u l p h u r ; 1*45, 
p h o s p h o r u s ; 0-27, m a n g a n e s e ; a n d : 

j Total 
C a r b o n ' F r e e 

f C o m b . 
S p . nr. 
Cast inpc t e m p . 

W . H . Ha t f i e ld a d d e d t h a t t h e r e d u c t i o n in sp . gr . is p a r t l y d u e t o some influence 
o t h e r t h a n t h e c a s t i n g t e m p . , a n d t h e r e su l t s ag ree w i t h H . A . S c h w a r t z t h a t free 
c a r b o n h a s a g r e a t e r inf luence t h a n c o m b i n e d c a r b o n . One p e r cen t , of free ca rbon 
r e d u c e s t h e sp . g r . 0-17 ; 1 p e r cen t , a s free c e m e n t i t c , r educes t h e sp . g r . 0-025 ; 
1 p e r cen t , d i sso lved in fe r r i te , 0-115 ; 1 pe r cen t , of silicon, in soln. in fer r i te , 0-060 ; 
a n d 1 p e r cen t , m a n g a n e s e in soln . in fe r r i te , 0-003. One p e r cen t , of p h o s p h o r u s 
in t h e b i n a r y e u t e c t i c as F e 3 P r educes t h e sp . gr . 0-080 : a n d 1 p e r cen t , s u l p h u r 
p r e s e n t a s m a n g a n e s e s u l p h i d e r e d u c e s t h e sp . g r . of c a s t i ron 0-2. C. Benedick.= 
sa id t h a t t h e a d d i t i o n of one p e r cen t , of m a n g a n e s e increases t h e sp . vo l . 
0-00006 ; w i t h t h e s a m e p r o p o r t i o n of p h o s p h o r u s , 0-00089 ; of silicon, 0*00117 ; 
a n d of a l u m i n i u m , 0*00200. T h e effects of va r i ous e l e m e n t s on t h e s p . gr . were 
d iscussed b y H . M. L a n e , e tc .—v ide infra, t h e c o r r e s p o n d i n g a l loys of i ron . 

The effect of mechanical treatment on the specific gravity of iron and of its alloys 
with carbon.—The e a r l y o b s e r v a t i o n s of G. Urol ing a re in genera l a g r e e m e n t w i th 
t hose of l a t e r w o r k e r s . T h e s p . g r . of t h e m e t a l u sua l ly decreases w i t h cold-ivorking ; 
a s a m p l e before rol l ing h a d a sp . gr . 7*8707, a n d a f te r rol l ing 7-8650—the i ron was 
i m p u r e s ince i t g a v e off foatid h y d r o g e n w h e n dissolved in ac ids . H . Hi id icke 
f o u n d t h a t t h e h a m m e r e d m e t a l h a d a s p . gr . of 7-843, a n d u n h a m m e r e d 7-838. 
T h e effect of co ld -work o n t h e dens i t i e s of m e t a l s gene ra l ly w a s s t u d i e d b y 
G. W . A . K a h l b a u m a n d E . S t u r m , T . U e d a , W . Spr ing , J . J o h n s t o n a n d 
J J . H . A d a m s , a n d Z. Jeffries a n d H . S. Arche r—v ide 1 . 13, 18 ; a n d t h e effect of 
d r a w i n g , s t r e t c h i n g , o r t w i s t i n g on t h e d e n s i t y of i ron a n d s teel was s t u d i e d b y 

3-258 3-246 3-261 3-25« 
2-83O 2-84O 2-862 2-891 
O-428 0-405 0-399 0-365 
7 281 7-202 7-240 7 225 
1428° 1400° 1390° 1386° 

3 - 2 8 J 
2 - 9 1 5 
O 3 6 « 
7 - 2 0 1 
1 3 6 1 ° 

3 - 2 8 3 
2 - 9 2 6 
O-35 7 
7 - 1 5 8 
1 3 4 8 ° 

3 -29 I 
2 - 9 5 1 
0 - 3 4 0 
7 - 1 2 3 
1 3 3 0 ° 

3 - 2 9 5 
2 - 9 8 7 
0 - 3 0 8 
7 - 0 8 5 
1 3 6 2 ° 

3 - 3 9 5 
3 - 0 1 2 
O-293 
7 0 1 2 
1 2 7 2 ° 

3 - 3 1 2 pei - c e n t . 
3 - 1 2 6 
0 - 1 8 6 
7 -JKJ(J 
1 2 6 4 ° 
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E . H e y n a n d O. B a u e r , P . Goerens , H . O'Keil , e tc . T. M. L o w r y a n d R . G. P a r k e r 
found t h a t t h e sp . gr . of i ron filings is less t h a n t h a t of t h e c o m p a c t m e t a l f rom w h i c h 
t h e y were f o r m e d — c o m p a c t i ron, 7-8558, filings (co ld-worked) , 7-8172, dec rease 
0-0386. J . O. Arno ld gave for forged steel , w i th 99-82 t o 99-87 p e r cen t , of i ron , 
7-8477, a n d for cas t s teel , 7-8478. F . O s m o n d obse rved t h a t in d r a w i n g a wi re w i t h 
a d i a m e t e r 5-4 m m . a n d sp . gr . 7-839, t h e sp . gr . w a s 7*791 w h e n t h e d i a m e t e r 
w a s r educed t o 3-45 m m . , a n d 7-796 t o 7-781 w h e n t h e d i a m e t e r w a s r e d u c e d t o 
0-4 m m . H . M. H o w e , W . H . Deer ing , H . S c o t t a n d H . G. Movius , H . E . D o e r r , 
K . Heindlhofer a n d F . L . Wr igh t , P . Goerens , e tc . , conc luded t h a t t h e s p . g r . of 
i ron is reduced b y cold-working. J . W . L a n d o n found t h a t a piece of wi re 
whose sp . gr . was 7-7097 h a d a sp . gr . of 7-616O af te r be ing t w i s t e d t h r o u g h 
a n angle of 157°, a n d a sp . gr . of 7-5890 af ter be ing t w i s t e d t h r o u g h a n ang le 
of 228°. T h e subjec t was also i nves t iga t ed b y E . H o u d r e m o n t a n d E . B u r k l i n , 
M Oknoff, K . T a m a r u , a n d T. Ueda . F . C. T h o m p s o n a n d W . E . Mi l l ington s t u d i e d 
t h e re la t ions be tween t h e sp . g r . a n d de fo rma t ion by co ld -work w i t h r e spec t t o t h e 
p a c k i n g of t h e a t o m s of t h e c rys ta l s . T h e y found t h a t v e r y l i t t l e v a r i a t i o n , 7-869 
t o 7-868, in t h e sp . gr . of mild steel, of sp . gr . 7-869, pu l l ed in t ens ion w i th a s t r e s s of 
14-87 t o 21-30 tons pe r sq. in., occurs un t i l t h e l a s t sec t ion c o m m e n c e d t o y ie ld ; 
a n d w i t h a piece of a r m c o iron, of sp . gr . 7-8580, w i t h t h e r e d u c t i o n in a r e a in t e n s i o n 
of 2-4, 17-8, a n d 47-5, t h e sp . gr . were respec t ive ly 7-8586, 7-8464, a n d 7-7927. N o 
change in t h e sp . gr . occur red un t i l a b o u t 5 p e r cen t , r e d u c t i o n of a rea h a d occur red , 
a n d t h e decrease in sp . gr . con t inued u n t i l t h e r e d u c t i o n in a r e a h a d fallen t o 16 p e r 
c en t . K . H o n d a , a n d K . T a m a r u discussed t h e fac tors invo lved in t h e c h a n g e 
of s p . gr . b y cold-work—vide supra, t e m p e r i n g — a n d t h e effect is a t t r i b u t e d t o t h e 
closing of blow-holes , and t o t h e w e a k e n i n g of t h e i n t e r a t o m i c forces. H . H a n e -
m a n n a n d R . Y a m a d a s tud ied t h e vol . changes of steel d u r i n g e las t ic d e f o r m a t i o n , 
a n d obse rved t h a t t h e vol . of mi ld steel wi th increas ing s t ress , increases l inea r ly 
u n t i l p las t i c flow begins ; t h e vol . t h e n increases m o r e r a p i d l y b y regu la r i n c r e m e n t s , 
a n d t h e cu rve no longer follows a s t r a i g h t l ine. T h e vol . increase (v—v0)/v0XlO* 
gives a v a l u e which rises from zero u n d e r a s t ress of 3-18 k g r m s . p e r sq. m m . t o 7-85 
u n d e r a s t ress of 41-38 k g r m s . pe r sq . m m . 

H . C Cross a n d E . E . Hill observed t h a t t h e effect of ho t - ro l l ing is also t o decrease 
t h e sp . gr . The older obse rva t i ons , which i nd i ca t e a n inc rease in sp . g r . b y cold-
work ing , refer t o cas t m e t a l s in wh ich smal l cav i t ies a r e closed u p u n d e r t h e h a m m e r , 
e tc . E . P i w o w a r s k y a n d H . Esse r found t h a t t h e g a s permeabi l i ty of c a s t i ron 
for h y d r o g e n is largely d u e t o microscopic flaws. T h e p o r o s i t y of i ron is d iscussed 
in connec t i on w i th t h e corrosion of t h e me ta l—v ide infra. H . O'Neil , B . Beer , 
J . E . F le t che r , G. T a m m a n n a n d H . Bredemeie r , a n d A. M a r k s d iscussed t h e 
porosi ty of cas t i ron . W . T h o r n e r e m p h a s i z e d t h e fact t h a t i ron a l w a y s c o n t a i n s 
pores , a n d t h a t , where possible, t h e d e t e r m i n a t i o n s shou ld be m a d e w i t h t h e 
p o w d e r e d m e t a l . T h u s , he o b t a i n e d for t h e p o r o s i t y of i ron, in c.c. p e r k g r m . : 

Specific gravity Porosity 

Powder Compact Pores Solid 
Ord ina ry cast i ron . , . 7-142 7-042 2-OO 140OO 
Rfifisemerflteelfi /7-921 7-82G 1-530 126 24 
Bessemer steels . . . ^ ̂ 7 5 5 ^ 7 3 9 ( > 5 3 Q 128-95 
Thomas steels /7-968 7-813 2-500 125-5O 
±nomas steels . . . . ( 7 . 7 5 2 7 . 7 0 0 ^ 5 8 0 J28-42 

H . O'Nei l found t h a t b y increas ing co ld -work in tension of a r m c o i ron v e r y l i t t l e 
a l t e r a t i o n i n t h e sp . gr . occurs a t first, b u t t h e s p . g r . soon decreases a b o u t 0-17 p e r 
cen t . , a cr i t ical d e f o r m a t i o n is t h e n r eached , for a f t e r w a r d s t h e sp . g r . ceases t o 
fall a n d m a y rise s l igh t ly . W i t h fu r the r i n c r e m e n t s of cold-work , t h e sp . g r . 
decreases . T h e overa l l fall in sp . g r . is a b o u t 0*83 p e r c e n t . I n m a r k e d c o n t r a s t 
w i t h me ta l l i c aggrega te s , t h e s p . gr . of single c ry s t a l s of i ron 7*747 w a s n o t a l t e r e d 
a f t e r be ing s u b j e c t e d t o a tens i le s t ress p r o d u c i n g a 65-pe r -cen t . r e d u c t i o n of a r e a . 
T . I s h i g a k i u s e d a tes t -p iece of a r m c o i ron which h a d been f r a c t u r e d b y tens i le 
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s t resses , a n d m e a s u r e d t h e sp . gr . a t d i s t a n c e s of one c e n t i m e t r e t a k e n success ively 
f r o m t h e f r ac tu re t o t h e lug . T h e r e su l t s show t h a t t h e s p . g r . w a s l ea s t a t t h e p o i n t 
of f r a c t u r e a n d inc reased a t inc reas ing d i s t ances a w a y . T. U e d a f o u n d t h a t t h e s p . g r . 
of i r on a n d c a r b o n s tee l , w h e n s t r e t c h e d , dec reases as t h e tens i le s t ress inc reases , 
F i g . 1 8 1 . If a n e longa t i on e be p r o d u c e d b y a n e x t e r n a l force T, T=^eB, w h e r e E is 
t h e e las t i c c o n s t a n t ; a n d if v be t h e 
s p . vol . , s, t h e d e n s i t y , a n d a, Po i s son ' s ^ 0-*r 
r a t i o , t h e n dv/v~—ds/s—e(l—2er), % 
a n d b y s u b s t i t u t i o n , ds/s=—22/(1 ^ °'5\ 
— 2<T).ds/s. F o r a m e t a l w i t h o-=0-29 , 
a n d -#—2-2 X l O 4 k g r m s . p e r sq . m m . , 
rfs/s=-l-909xl0~5 T. Be low t h e 
y i e l d - p o i n t t h e s p . g r . decreases s l igh t ly 
a n d a l m o s t p r o p o r t i o n a l l y w i t h t h e 
s t r e s s , b u t a b o v e t h i s p o i n t t h e d e 
c rease is m o r e r a p i d . W i t h c a r b o n 
s tee l , t h e dec rease in t h e s p . gr . is 
d i s c o n t i n u o u s a t t h e y ie ld -po in t , a n d 
t h e m a g n i t u d e of t h e dec rease decreases w i t h increas ing p r o p o r t i o n s of c a r b o n un t i l , 
w i t h 0-9 p e r cen t , of c a r b o n , t h e p h e n o m e n o n does n o t occur . 

H . O 'Ne i l f ound t h e sp . gr . of a r m c o i ron , b e t w e e n 14° a n d 16 'S 0 , v a r i e d b e t w e e n 
7-8393 a n d 7-8586 ; a n d t h a t of s ingle c r y s t a l s of i ron , b e t w e e n 13-3° a n d 17-5°, 
v a r i e d b e t w e e n 7-747 a n d 7*754 w i th compression l oads u p t o 45-83 t o n s p e r sq . in . 
Af te r 26 p e r cen t , r e d u c t i o n b y compress ion , t h e sp . g r . h a d fallen on ly 0 0 7 p e r cen t . , 
a n d w i t h f u r t h e r w o r k i t a c t u a l l y rose a b o v e i t s or ig inal v a l u e . Th i s is in m a r k e d 
c o n t r a s t w i t h t h e b e h a v i o u r of a g g r e g a t e s of c rys t a l s . T . I sh igak i obse rved t h e 
effect of c o m p r e s s i n g i ron a n d s teel a t different press . , p k g r m s . p e r sq. c m . T h e 
r e s u l t s were : 

Armco ZO 30 40 50 60 70 
Stress /n A/togrdtms per sq. mm. 

Fio. 181.- -The Effect of Tensile Stresses on 
the Specific Gravity. 

Armco iron U P " Sp. gr. . 
s O" 3 per cont.L p 

I V \Sp. gr. . 

. J 0-«percer.t.fSp/gr ' 

V. 0-9 per cont .{S i )^ r ' 

0 
7 - 8 6 8 

. 0 
7 - 8 4 6 

. 0 
7 - 8 3 7 
O 
7 - 8 2 8 

4 , 9 3 O 
7 - 8 6 6 
4,5OO 
7 -844 
7 - 0 4 0 
7 - 8 3 3 
5,63(> 
7 - 8 2 4 

7 , 0 4 0 
7 - 8 6 6 
7 ,89O 
7 - 8 4 5 

1 0 , 5 6 0 
7 - 8 3 5 

1 0 , 7 0 0 
7 - 8 2 5 

1 1 , 9 7 0 
7 -867 

1 1,83O 
7 - 8 4 5 

12,68<) 
7 - 8 3 5 

14 ,37O 
7 -826 

1 6 , 2 0 0 
7 -807 

16 ,90O 
7 - 8 4 4 

16 ,90O 
7 -834 

16,9OO 
7 - 8 2 6 

T h e r e s u l t s s h o w t h a t wi th increas ing press , u p t o a b o u t 70OO k g r m s . per sq. m m . , 
t h e r e is a s t e a d y fall in t h e np. gr . ; a n increase t h e n occurs which soon a t t a i n s 
a m a x i m u m , w h e n i t aga in beg ins t o decrease . T h e m a x i m u m sp . gr . is a l w a y s 
less t h a n i t s in i t ia l v a l u e . T h e effect of a n n e a l i n g is g r a d u a l l y t o lower t h e 
s p . gr . u n t i l a t e m p e r i n g t e m p , of 550° h a s b e e n o b t a i n e d w h e n t h e sp . gr . begins 
t o inc rease . 

J . W . L a n d o n o b s e r v e d a m a x i m u m decrease in t h e s p . gr . of i ron, w i t h 0-G8 
p e r cen t , of c a r b o n , w h e n t h e i ron is s u b j e c t e d t o o v e r s t r a i n b y torsion t h r o u g h 
va r ious ang l e s : 

Angle of twist . 
Sp. gr. 

o° 
. 7 - 7 1 4 9 

7 0 - 5 ° 
7 - 6 6 7 8 

1 5 0 ° 
7 - 6 1 3 6 

2 2 5 ° 
7 - 5 8 0 2 

2 6 2 ° 
7 - 5 7 5 7 

T h e r e s u l t s s h o w t h a t t h e s p . g r . decreases genera l ly as t h e r e su l t of co ld-work ing b y 
t w i s t i n g . F. C. L e a a n d W . N . T h o m a s m e a s u r e d t h e changes in t h e s p . gr. , Z>, 
of s tee l p r o d u c e d by compres s ive s t resses , S, b e y o n d t h e y i e ld -po in t expressed in 
t o n s p e r sq . in . c a l cu l a t ed o n t h e or ig ina l a r ea , a n d s u m m a r i z e d t h e resu l t s b y 
d=Z>=0-9984-4~0-0 9 29(250—S)S . T h e s p . g r . t e n d s t o recove r w i t h t h e lapse 
of t i m e . 

G. T a m m a n n a s s u m e d t h a t t h e dec rease i n s p . gr . p r o d u c e d b y co ld-work is d u e 
t o t h e p r o d u c t i o n of minute g a p s i n t h e s l ip -p lanes of t h e c ry s t a l g r a i n s ; a n d 
K . H o n d a , t o t h e d e f o r m a t i o n of t h e space - l a t t i ce b y i n t e rna l s t r a i n . T . I sh igak i 

sp.gr
sp.gr
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sa id t h a t t h e first decrease m a y be d u e t o t he se t w o effects, b u t t h e s u b s e q u e n t 
increase is p roduced b y t h e closing u p of t h e m i n u t e g a p s b y t h e h i g h e r p re s s . 
T h e va lue of t h e m a x i m u m sp . gr . be ing smal le r t h a n t h e in i t ia l sp . g r . is a n effect 
of t h e d i s to r t ed l a t t i ce ; a n d t h e decrease of sp . gr . w i t h h ighe r s t r a i n s is d u e t o t h e 
fo rma t ion of new in te rc rys ta l l ine gaps . S. Sek i to found t h a t t h e decrease i n sp . g r . 
p roduced b y quench ing is due t o a n expans ion of t h e space- la t t i ce . 

The effect of hardening by quenching on the specific gravity of iron and of its alloys 
with carbon.-—Hardening b y quench ing also lowers t h e s p . gr . , a s in t h e case of cold-
work ing ; t h u s , H . Caron gave the following m e a s u r e m e n t s of a s tee l r o d : 

Before 
Hardening 

2 0 OO 
0-94 
0 -0» 

Hardened 

10 t imes 
19-5O 

0 - 9 0 
Oi)G 

20 t imes 
1 8 - 6 4 

0-9G 
0 - 9 7 

3O t imes 
17 -97 c m . 

l-OO ,, 
1 O O , , 

gr. before ha rden ing was 7-817, a n d af te r h a r d e n i n g t h i r t y t i m e s , 
a r e s u m m a r i z e d in T a b l e X I V . 

L»engtl i 
B r e a d t h . 
T h i c k n e s s 

a n d t h e sp . 
7-793. H . C. Cross a n d E . E . HiIKs r e su l t s 
Obse rva t ions were also m a d e b y H . J . F r e n c h a n d O. Z. K l o p s c h . C. F r o m m e g a v e 
for t h e vol . changes of i ron sub jec ted t o different h e a t t r e a t m e n t s , o r ig ina l vol . , 
1-00000 ; g lass-hard, 1-01000 ; t e m p e r e d yel low, 1-00495 ; t e m p e r e d b lue , 1-00060 ; 
t e m p e r e d grey, 1-00425 ; a n d a n n e a l e d a t a r e d - h e a t , 1-00175. C. F r o r n m c ' s 
r e su l t s show a m a x i m u m , or a n e x p a n s i o n in v o l u m e on pass ing f rom t h e 
g r e y annea l ed t o t h e soft s t a t e . C. B a r u s w a s u n a b l e t o ver i fy th i s , b u t a d d e d t h a t 
•with a m o r e pro longed h e a t i n g a n d cooling, i t m i g h t be possible t o o b t a i n t h e 
m a x i m u m . I n one series of obse rva t i ons h e found for s teel annea l ed a t different 
ternj). : 

A n n e a l i n g t e m p . 10O° 1 9 0 ° 3.'H)° 4GO" 
S p . g r . - . 7 - 7 1 0 2 7 - 7 2 5 1 7 - 7 4 4 1 7 - 7 6 4 1 
S p . v o l . . - 0 - 1 2 9 7 0 U - 1 2 9 4 5 0 1 2 9 1 3 0 1 2 8 8 0 

w h e n t h e va lues for g lass -hard steel a re respec t ive ly 7-6817 a n d 0-3 3018 ; 
commerc ia l soft s teel , 7-81 a n d 0-1280. 

W . Metcalf a n d J . W . I^angley found t h a t s teel increases in vol . 
sp . gr . d u r i n g h a r d e n i n g . The sp . gr . were : 

7 2 0 ° 9OO° 
7 - 7 7 9 3 7 - 7 8 4 0 
0 1 2 8 5 4 0 - 1 2 8 4 0 

1 1 0 0 ° 
7 - 7 8 6 5 
0 - 1 2 8 4 3 

1 3 0 0 ° 
7-785G 
O - 1 2 8 O l 

a n d for 

or decreases in 

C a r b o n . . . . 0 - 5 2 9 0 - 6 4 9 O-841 U-871 1-005 
I n g o t . . . . 7 - 8 4 1 7 - 8 2 9 7 - 8 2 4 7 - 8 1 8 7-8()7 
U n h a r d e n e d r o l l e d n toe l . 7 - 8 4 4 7 - 8 2 4 7 - 8 2 9 7 - 8 2 5 7-82G 

/ d a r k r e d n e s s 7 - 8 1 3 7-8OG 7 - 8 1 2 7-79O 7 - 8 1 2 
\ r e d - h e a t . 7-82G 7 - 8 4 9 7 - 8 0 8 7 - 7 7 3 7 - 7 8 9 

H a r d e n e d a t < p a l e r e d - h e a t 7 - 8 2 3 7 - 8 3 0 7 - 7 8 0 7 - 7 5 8 7 - 7 5 5 
J y e l l o w h e a t . 7 - 8 1 4 7 - 8 1 1 7 - 7 8 4 7 - 7 5 5 7 - 7 4 9 
V w h i t e - h e a t . 7 - 8 1 8 7 - 7 9 1 7 - 7 8 9 7 - 7 5 2 7 - 7 4 4 

1-079 p e r c e n t . 
8(>5 

• 8 2 5 
81 1 
7 9 8 
7 6 9 
7 4 4 
6 9 0 

J . U . A n d r e w 

7-30 
^788 
^7-86 
«5 7-8? 
^7-82 
% 7-80\ 
%7-78 

7-76 
774 

S ? 

t o 

S 
i 

Sf W-< ^ W ^ 

I 

P*3&L— 

..... 

^SStgfe 
^M? —PW 

j 

tH 

of 
t o 

0 0-2 0-4 (76 0-8 /O A* / ^ % C. 

F i o . 1 8 2 . — T h e E f f e c t of 
A n n e a l i n g , T e m p e r i n g , 
a n d Q u e n c h i n g o n t h e 
S p e c i f i c G r a v i t y o f C a r 
b o n S t e e l s . 

C a r b o n 
2 6 

a n d co-workers found t h a t t h e effect of v a r y i n g t h e t e m p . 
q u e n c h i n g on t h e sp . vo l . of s teels w i th c a r b o n u p 
a b o u t 75 p e r cen t , is s u c h t h a t a t 800°, t h e increase 
in sp . vo l . is a l m o s t l inear , a s far as 0*75 p e r cen t , 
c a r b o n , a n d t h e increase is t h e n s lower. F o r a q u e n c h 
ing t e m p , of 1100°, t h e c u r v e shows a d r o p in t h e s p . 
vo l . in t h e r a n g e 0-90 t o 1-2 p e r cen t , of c a r b o n , a n d 
t h e r e a p p e a r t o be ana logous d r o p s in q u e n c h i n g f rom 
900° t o 1000° s tee ls w i t h 1-20 t o 1-60 p e r cen t , c a r b o n . 

K . T a m a r u ' s r e su l t s for t h e s p . gr . of q u e n c h e d , 
a n n e a l e d , a n d t e m p e r e d s tee ls a r e s u m m a r i z e d in 
F i g . 182. S. Sek i to found t h a t t h e X - r a d i o g r a m s of 
q u e n c h e d s teels w i t h different p r o p o r t i o n s of c a r b o n 
show t h a t t h e d i s t ances , 26, of t h e l ines (HO) w i t h 
different p r o p o r t i o n s of c a r b o n , a r e : 

1-08 per cent . 
50-17 m m . 

0 1 2 
5 6 - 3 4 

0 - 3 2 
5 6 - 3 3 

O-40 
5 6 - 2 2 

0 - 5 1 
5 6 - 2 4 

0 - 7 3 
5 6 1 4 

0 - 8 0 
5 6 - 1 6 

0-9O 
5 6 0 1 
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so t h a t t h e l a t t i ce e x p a n d s 0-45 p e r cen t , for 1 p e r c en t , of c a r b o n ; t h e v a l u e cal
c u l a t e d f rom K . T a m a r u ' s va lues for t h e s p . g r . is 0*44 p e r c e n t . T h i s s h o w s t h a t 
t h e e x p a n s i o n is m a i n l y d u e t o t h e e x p a n s i o n of t h e c r y s t a l l a t t i c e . T h e i n t e r n a l 
s t r ess c o r r e s p o n d i n g w i t h t h e b r o a d e n i n g of t h e l ines is 192 k g r m s . p e r sq . m m . , 
w h i c h is of t h e s a m e o rde r of m a g n i t u d e a s t h e tens i le s t r e n g t h — C . G r a d g a v e 
200 k g r m s . p e r sq . m m . T h e p l a n e a t r i g h t angles t o t h e p l a n e of m a x i m u m a t . 
d e n s i t y — i . e . t h e p l a n e of eas ies t slip-—has t h e g r e a t e s t i n t e r n a l s t ress . 

H . H a n e m a n n a n d E . H . Sehulz o b t a i n e d for s teels w i t h 0-1G pe r cen t . C, 0-33 Si, 
0-38 Mn, 0-015 S, 0-017 P , a n d 0-07 Cu : 

Annealed Quenched a t 

1200* 1105° 1005° 9'K)° 8 2 0 ' 765° 
S p . g r . . 7 - 8 6 3 7 - 8 5 4 7 - 8 5 5 7 - 8 0 1 7 - 8 5 3 7 - 8 5 1 7 - 8 5 5 

for s t ee l w i t h 0-51 C, 0-33 Si, 0-62 Mn, 0 0 2 3 S, 0 0 4 5 P , a n d 0-07 Cu : 

S p . g r . . 7-854 7-804 7-798 7-8Ol 7-795 7-804 7-844 

for s tee l w i t h 0-86 C, 0-23 Si, 0-25 Mn, 0-033 S, 0-010 P , a n d 0-020 Cu : 

S p . g r . . 7-857 7-774 7-709 7-772 7-702 7-779 7-839 

a n d for s tee l w i t h 1-17 C, 0-21 Si, 0-31 M n , 0-020 S, 0 0 1 0 P , a n d t r aces of c o p p e r : 
S p . g r . . 7-847 7-752 7-759 7-771 7-701 7-81O 7-834 

The effect of annealing on the ,specific gravity of steel hardened by mechanical work 
or quenching.—The effect of a n n e a l i n g is t o r e s to r e t h e or ig ina l sp . gr . d imin i shed b y 
t h e co ld -work . T h u s , P . Goerens found a s tee l wire in wh ich t h e sp . gr . 7-806, rose 
t o 7-822 on a n n e a l i n g . G. W . A. K a h l b a u m a n d E . S t u r m g a v e 7-7970 for t h e sp . 
gr . of a n n e a l e d p i ano -wi r e , a n d 7-7772 for t h e s a m e -wire cold-drawn-—decrease 
0-0198. T h e or ig ina l sp . g r . w a s r e s t o r e d on a n n e a l i n g . E . Maure r , E . H . Schulz , 
B . D . E n l u n d , a n d K . T a m a r u d i scussed t h e sub j ec t in connec t ion w i t h t h e 
t e m p e r i n g of s teels (q.v.). C. Chappc l l a n d M. L e v i n found t h e sp . g r . of cold-
w o r k e d spec imens of s tee l is a b o u t 0-3 p e r cen t , less t h a n t h a t of t h e a n n e a l e d 
m e t a l s . O b s e r v a t i o n s were also m a d e b y M. L.evin a n d KL. D o r n h e c k e r , w h o 
found t h a t for t h e s p . g r . of annea l ed a n d u n a n n e a l e d i ron -ca rbon al loys : 

C a r b o n . . O O-11 0-35 0-63 l-OO 1-54 2-09 3 0 5 3-75 p e r c e n t . 
<<r> 1 T 1 . / « n a n n . 7-8718 7-8523 7-8422 7-8297 7*8159 7-7957 7-7591 7-7522 7-7343 

1 ^ Ui )H. . 7-8748 7-8519 7-8425 7-8277 7-8100 7-0422 - -

W . E r a e n k e l a n d E . H e y m a n n fol lowed t h e course of t h e a n n e a l i n g of q u e n c h e d 
s tee ls b y t h e c h a n g e in t h e s p . g r . T h e y also obse rved t h a t w i t h a n aus t en i t i c s teel , 
h a v i n g 2-65 p e r cen t , of m a n g a n e s e , a n d 0*82 p e r cen t , of c a rbon , a t 200°, t h e sp . gr . 
r ises d u r i n g t h e first h o u r f rom 7-7801 t o 7-8080, a n d falls t o 7-7926 in t h e first 
5O h r s . , a n d rises t o 7-794O in t h e n e x t 15O h r s . W i t h a n n e a l i n g a t a r ed -hea t , 
t h e s p . gr . rose t o 7-8197. W i t h a s tee l h a v i n g 0-50 p e r cen t , of m a n g a n e s e a n d 
0-80 p e r c e n t , of c a r b o n , t h e r e w a s o n l y a difference of 0-004 b e t w e e n t h e m a x i m u m 
a n d m i n i m u m , whi ls t w i t h t h e o t h e r s tee l t h e r e was a difference of 0-015. 

A . O s a w a obse rved t h a t a s a m p l e of a r m c o i ron , a n n e a l e d a t 1150°, h a d a sp . g r . 
of 7-8787 a t 20°, a n d a s p . g r . of 7-8795 a f te r be ing d i p p e d i n l iqu id a i r a t a b o u t 
—185° , a n d b r o u g h t b a c k t o 20°. I r o n c a n t h u s b e c o m e m o r e c o m p a c t b y cool ing 
t o a low t e m p . , poss ib ly owing t o t h e e l im ina t i on of some po res b y t h e c o n t r a c t i o n 
of t h e m e t a l . H . H a n e m a n n obse rved t h e sp . gr . of a n u n a n n e a l e d 1-79 p e r c en t , 
c a r b o n a l loy q u e n c h e d f rom 1120°, 1130°, a n d 1140°, before cool ing in l iqu id air , 
t o b e r e spec t ive ly 7-7842, 7-6923, a n d 7-8214, a n d a f te r cool ing in l i qu id a i r , 
r e spec t i ve ly 7-6866, 7-8117, a n d 7-6828 ; a n d for a l loys q u e n c h e d from 1100° t o 
1130°, a g e d o r a n n e a l e d a t 100° t o 395°, before a n d af te r cool ing in l iqu id a i r : 

T e m p e r e d a t . 100° 150° 210° 200° 287° 300° 435° 375° 395° 
o ! B e f o r e . 7-8758 7-8979 7-8314 7-7331 7-7084 7-7714 7-7728 7-7794 7-7536 
»P- K ^ A f t e r . 7 .6942 7-7140 7 0 9 9 3 7-7186 7-7032 7-7560 7-7680 7-781O 7-7485 
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T h e obse rva t ions of H . C. Cross a n d E . E . Hil l , H . A. Dickie , P . Goerens , R . H a y 
a n d R . Higg ins , E . H e y n a n d O. B a u e r , a n d E . C. L.ea a n d co-workers s h o w t h a t t h e 
effect of annea l ing on t h e s p . gr . of co ld -worked s tee l is app rec i ab l e in some cases a t 
t e m p , so low t h a t r ec rys ta l l i za t ion h a s n o t c o m m e n c e d . K . T a m a r u ' s r e s u l t s a r e 
s u m m a r i z e d in F i g . 182—vide supra, t h e t e m p e r i n g of s tee l . T . I sh igak i obse rved 
t h a t w i th a r m c o i ron t h e s p . g r . 7*862 -was r e d u c e d b y h a m m e r i n g t o 7*855. T h e 
r ecove ry of t h e sp . gr . b y annea l ing d i d n o t h e r e c o m m e n c e u n t i l n e a r l y 700° ; i n 
fact , a decrease in t h e sp . gr . occur red a t 500°. Th i s h a s n o t been exp la ined . T h e 
decrease w a s also obse rved in t h e annea l ing of spec imens w h i c h h a d been s u b j e c t e d 
t o tens i le a n d compress ion s t resses . B . D . E n l u n d obse rved a c o n t r a c t i o n i n t h e 
s p . vo l . d u r i n g t h e annea l i ng of q u e n c h e d steel beg inn ing n e a r 100° a n d e n d i n g 
a b o u t 210°. Thereaf te r , a p r o n o u n c e d e x p a n s i o n occurs, b e t w e e n 250° a n d 300° . 
T h e e x p a n s i o n was also obse rved b y G. E . Svedel ius , G. C h a r p y a n d L . G r e n e t , 
a n d P . Chevena rd . T h e c o n t r a c t i o n is a t t r i b u t e d b y B . D . E n l u n d t o t h e f o r m a t i o n 
of t r o o s t i t e a n d t h e coagu la t i on of c e m e n t i t e , whi le t h e e x p a n s i o n co r r e sponds w i t h 
t h e decompos i t i on of r e t a ined a u s t e n i t e . T h e sub jec t w a s discussed b y K . T a m a r u 
—vide supra, t e m p e r i n g . 

E . H e y n a n d O. B a u e r m e a s u r e d t h e influence of a n n e a l i n g mi ld s tee l w i r e a t 
different t e m p , on t h e sp . gr . , and found for wires of d i a m e t e r d m m . , a n d t h e r a t i o s 
n of t h e e longa t ions d u e t o cold s t r e t c h i n g , t h e sp . g r . before a n d af ter annea l i ng : 

d 
7% 

5-22 3 0 5 
— 2*045 

7 - 8 6 1 7 - 8 4 0 
7 - 8 6 2 7 - 8 4 5 

3* IO 
2 - 8 3 5 
7 - 8 3 2 
7 - 8 4 0 5 

2 - 6 5 
3 - 8 8 
7 - 8 3 5 
7 - 8 4 9 

2 - 2 5 
5 - 3 8 
7 - 8 2 8 
7 - 8 4 3 

1-90 
7 - 5 5 
7 - 8 3 8 
7 - 8 4 1 5 

1-60 
1 0 - 6 5 

7 - 8 3 6 
7 - 8 4 3 

1-40 1-25 
1 3 - 9 1 1 7 - 4 3 

7-841 7 - 8 2 5 
7 - 8 4 7 7 - 8 5 7 5 

^. / B e f o r e 

T h e y also found for t h e c o l d - d r a w n wi re , 1*25 m m . d i a m e t e r , a n n e a l e d a t v a r i o u s 
t e m p . : 

0° 3 0 0 " 2OOJ 3 0 0 ° 4 0 0 ° 5 0 0 ° C00 u 7 0 0 " 8 0 0 ° 9OO" 
S p . g r . . 7 - 8 2 5 7 - 8 2 7 5 7 * 8 2 9 7 - 8 3 4 7 - 8 3 6 7 - 8 3 6 7 - 8 3 4 7 - 8 3 8 5 7 - 8 5 O 7 - 8 5 7 5 

T h e s p . g r . increases w i t h r i s ing t e m p . E . M a u r e r o b s e r v e d t h a t co ld -worked s tee ls 
w i t h 0*14 a n d 0-40 p e r cen t , of c a r b o n a t t a i n e d t he i r m a x i m u m sp . gr . w h e n a n n e a l e d 
r e spec t ive ly a t 150° a n d 250°. H . C Cross a n d E . E . Hi l l ' s o b s e r v a t i o n s a r e 
s u m m a r i z e d in Table X I V . 

T A B L E X I V . — T H K S i ' E c i i ' i c G K A V J T Y O F Q U E N C H E D A N D I 1 E M I 1 E I I E D C A R B O N S T E E L S . 

3!L 

009 
()-28 
0-35 
0-44 
0-47 
O-60 
0-68 
0-87 
0-98 
105 
112 
1*29 

3" 

910° 
865* 
865° 
820° 
820° 
810° 
810° 
795° 
795° 
795° 
795° 
795° 

Hot-
rolled 

7-848 
7-850 
7-839 
7-839 
7-833 
7-838 
7-832 
832 
828 
825 
819 
812 

W a t e r -
quenched 

7-823 
7-829 
7-802 
7-802 
7-795 
7-785 
7-776 
7-769 
7-762 
7-770 
7-757 
7-758 

i 
I 1 5 0 ° 

7-829 
7-837 j 
7-811 
7-805 
7-796 
7-794 
7-788 
7-784 
7-78O 
7-795 
7-781 
7*780 

Specliic Orav i ty 

Tempering Tempera tu re 

225° 

7-809 
7-833 
7*816 
7*809 
7-801 
7-797 
7-789 
7-784 
7-776 
7-792 
7-770 
7-767 

, 3 0 0 " 

7-830 
7-839 
7-829 
7-824 
7-818 
7-818 
7-809 
7-810 
7-804 
7-814 
7-785 
7-787 

; 3 7 5 ° 
i 

7-838 
7-842 

I 7-830 
7-833 
7-825 
7-827 
7-821 
7-824 
7-818 
7-818 
7*805 
7-802 

I 
4 0 0 ° 

7-845 
7-846 

I 7-828 
7*834 
7-828 
7-829 
7*824 
7-826 
7-821 
7*821 
7*809 
7*805 

5 2 5 " 

7-839 
7*846 
7-829 
7-834 
7-828 
7-828 
7*826 
7-826 
7-823 
7-821 
7-807 
7-807 

I 
6 0 0 ° 

7-841 
7-844 
7-829 
7-831 
7-831 
7-832 
7*827 
7*830 
7*823 
7-822 
7-813 
7*808 

H . A. S c h w a r t z m e a s u r e d t h e s p . g r . of a n n e a l e d a n d u n a n n e a l e d w h i t e c a s t 
i r o n w i t h different p e r c e n t a g e s of c a r b o n . E . M a u r e r d e t e r m i n e d t h e sp . g r . of 
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F I G . 1 8 3 . - T l I e Effect of 
A n n e a l i n g and. T e m 
p e r i n g o n t h e Specific 
V o l u m e of C a r b o n 
S tee l s . 

a 0*83 p e r cen t , c a r b o n s teel , h a r d e n e d b y q u e n c h i n g f rom 800°, a n d a n n e a l e d a t 
different t e m p . J . H . A n d r e w a n d A. J . K . H o n e y m a n found for c a r b o n s tee ls w i t h 
0*08 t o 0*25 p e r c en t , of m a n g a n e s e , a n d 0*08 t o 0-175 p e r 
cen t , of si l icon t h e v a l u e s s h o w n in E ig . 183 for t h e s p . 
vo l . ( cor rec ted for si l icon) for s tee l q u e n c h e d f rom 900° 
a n d t e m p e r e d for a n h o u r a t different t e m p . T e m p e r i n g 
a t 160° affects on ly t h e m a r t e n s i t e . A t 250°, b o t h 
a u s t e n i t e a n d m a r t e n s i t e a r e t e m p e r e d , b u t in t h e h igher -
c a r b o n s tee ls t h e t e m p e r i n g of a u s t e n i t e p r e d o m i n a t e s 
a l t h o u g h i t is n o t c o m p l e t e d . T h e t e m p e r i n g a t 350° 
c o m p l e t e s t h e a u s t e n i t e t r a n s f o r m a t i o n , b u t some m a r 
t e n s i t e s t i l l r e m a i n s . T e m p e r i n g is c o m p l e t e a t 620°, b u t 
t h i s wou ld p r o b a b l y be o b t a i n e d a t a lower t e m p . E o r 
furnace-cooled n i c k e l - c h r o m i u m steel , w i t h 3-46 p e r c en t , 
of n ickel , 1-80 p e r cen t , of c h r o m i u m , 0-13 t o 0-19 pe r 
c e n t , of silicon, t h e cr i t ica l t e m p . , sp . vo l . co r rec ted for silicon, a n d t h e sclero-
scopic h a r d n e s s were : 

C a r b o n . 0-51 0-51 1-28 1-28 1-28 1-5O 1-5O 1-5O p e r c e n t . 
Cr i t ica l t e m p . 600° 400° (500° 400° 150° 60O° 40O0 150° 
S p . vo l . . . 0 1 2 7 5 7 0 1 2 7 7 4 0 1 2 7 8 1 0 1 2 7 6 8 0-12788 0 1 2 7 9 0 O-12778 0 1 2 7 9 4 
H a r d n e s s . 30 57 38 48 67 36 47 70 

F o r t h e s a m e s teel , q u e n c h e d f rom 1200° a n d t e m p e r e d for a n h o u r a t t h e t e m p , 
n a m e d ; 

Per cent. C. 

S p . vol . 
H a r d n e s s 
S p . vo l . 
H a r d n e s s 
S p . vo l . 
H a r d n e s s 

N o c h a n g e in t h e sp . vol . occurs u n t i l 365° is r eached ; t h e s l igh t increase in h a r d 
ness is a surface effect. T e m p e r i n g at 365° r e su l t s in a n i n c o m p l e t e t r a n s f o r m a t i o n 
of a u s t e n i t e , b u t m o s t of t h e t r a n s f o r m a t i o n is c o m p l e t e d be tween 350° a n d 600° . 
T h e t e m p e r i n g a t 600° is n o t c o m p l e t e . H e a t i n g t o 780°, followed b y slow cool ing, 
b r i n g s t h e s teels b a c k t o t h e fully a n n e a l e d s t a t e . 

The energy equivalent of the changes in volunte. As i n d i c a t e d below, 35. H e y n a n d 
O. B a u e r found t h e sp . gr . of cold d r a w n mi ld s teel wire t o b e 7-825, a n d w h e n 
a n n e a l e d a t 700°, t h e sp . gr . becomes 7-838 ; a n d th i s c o r r e s p o n d s w i t h a dec rease 
of 1*66 m m . p e r KX)O in a wire 1-25 m m . d i a m . E . H e y n a n d O. B a u e r e x p l a i n 
t h e r e d u c t i o n in sp . g r . b y co ld-work , a n d t h e increase in s p . g r . b y s u b s e q u e n t 
a n n e a l i n g as follows : E . R a s c h h a s s h o w n t h a t in s t r e t c h i n g a m e t a l ba r , h e a t is 
a b s o r b e d so long as t h e s t ress is e las t ic in c h a r a c t e r ; b u t o n pas s ing t h e y i e ld -po in t 
t h e h e a t of t h e ac t i on c h a n g e s sign, a n d h e a t is evo lved . I n compress ive t e s t s , 
howeve r , E . R a s c h found t h a t t h e h e a t of t h e ac t ion is pos i t ive f rom t h e beg inn ing , 
a n d o n exceed ing t h e y i e ld -po in t a s u d d e n increase in t h e h e a t of t h e a c t i o n occurs , 
b u t t h e s ign is n o t c h a n g e d . F r o m th i s i t m i g h t be in fe r red t h a t t h e e las t ic c h a n g e 
of form of m e t a l s follows a l aw s imi lar t o t h a t w h i c h g o v e r n s t h e e las t ic c h a n g e of 
fo rm of gases . T h a t is t o say , e x p a n s i o n is a c c o m p a n i e d b y t h e a b s o r p t i o n of h e a t 
a n d a r e d u c t i o n in d e n s i t y ; a n d compress ion , b y t h e l i be ra t ion of h e a t a n d inc rease 
i n d e n s i t y . I n c o n t r a d i s t i n c t i o n t o t h i s p u r e l y e las t ic c h a n g e of fo rm s t a n d s t h e 
p u r e l y p l a s t i c c h a n g e of form, w h i c h occurs w h e n t h e i n t e r n a l f r ic t ion of t h e m e t a l 
p a r t i c l e s is o v e r c o m e ; i t is a c c o m p a n i e d b y t h e conve r s ion of w o r k i n t o h e a t . T h i s 
p rocess , a s in al l cases w h e r e w o r k is c o n v e r t e d i n t o h e a t b y fr ic t ion, is n o t r eve r s ib l e . 
N o c h a n g e in t h e s p . g r . w o u l d b e e x p e c t e d t o t a k e p lace , so long as t h e r e were 
n o hol low spaces in t h e b o d y before u n d e r g o i n g d e f o r m a t i o n . T h a t is, as long as 

Quenched 

1100° 
O - 1 2 8 4 3 
6 5 
O - 1 2 6 2 6 
2 9 
0 1 2 6 5 0 
3 1 

190° 
0 - 1 2 8 1 4 
6 5 
O - 1 2 6 2 6 
3 4 

O-12647 
3 4 

Tempered 
260° 

0 1 2 8 1 4 
6 5 
0 . 1 2 6 2 6 
3 4 
O - 1 2 6 4 7 
3 4 

365° 
0 1 2 7 9 0 
6 O 
0 . 1 2 7 16 
4 9 

0 1 2 7 6 3 
5 7 

000° 
0 1 2 7 6 3 
5 2 
0 - 1 2 7 9 8 
.^G 

0 1 2 8 0 3 
6 3 

Annealed 
780° 

O - 1 2 7 6 3 
3 4 
0 - 1 2 7 8 8 
3 6 

O - 1 2 7 9 1 
4 O 
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t h e c h a n g e of sp . gr . c an be t a k e n as zero a n d t h e m o v e m e n t of t h e pa r t i c l e s 
of t h e b o d y is n o t p r e v e n t e d b y v e r y h igh press . S u c h a d e f o r m a t i o n of a 
p u r e l y p las t ic n a t u r e c a n n o t be p r o d u c e d in p rac t i ce , because i t is a l w a y s 
a c c o m p a n i e d b y a n elast ic change of form, even t h o u g h th i s , so far as c a n be 
j u d g e d from t h e e x t e n t of de fo rma t ion , is v e r y m i n u t e in c o m p a r i s o n w i t h t h e 
former . Since a n e las t ic change of form, a s in t h e case of gases , is a c c o m p a n i e d 
b y a s to r ing u p of p o t e n t i a l energy , a ce r t a in a m o u n t of p o t e n t i a l ene rgy r e m a i n s 
s to red in m e t a l s w h e n de fo rmed in t h e cold s t a t e . T h u s , in t h e co ld -d rawing of wi re , 
t h e ind iv idua l par t i c les become p las t ica l ly , b u t also p a r t l y e las t ical ly , s t r e t c h e d . 
W h e n t h e s t ress is no longer app l ied , t h e m a t e r i a l p a r t i a l l y r ecovers f rom t h e e las t ic 
c h a n g e of form ; b u t t h i s change of fo rm m a y be p a r t i a l l y r e t a i n e d in t h e m a t e r i a l 
i n consequence of t h e res i s tance due t o fr ict ion, which opposes t h e r e t u r n t o a s t a t e 
of equ i l i b r ium ; a n d t h i s r e m a n e n t e las t ic t e n s i o n r evea l s itself in t h e r e d u c t i o n of 
t h e sp . gr . of t h e m e t a l . B y h e a t i n g t h e c o l d - d r a w n m a t e r i a l t h e i n t e r n a l fr ict ion 
is m o d e r a t e d , a n d t h e e las t ic t ens ion of t h e par t i c les is t h e r e b y re leased so t h a t 
a new s t a t e of equ i l i b r ium c o r r e s p o n d i n g t o t h e t e m p , is a t t a i n e d . T h e s p . gr . 
m u s t the re fore co r r e spond ing ly increase , a s h a s been a l r e a d y p r o v e d b y 
Gr. W . A . K a h l b a u m a n d JE. S t u r m for a g r e a t n u m b e r of m e t a l s . E . H e y n a n d 
O. B a u e r o b t a i n e d a n a p p r o x i m a t e e s t i m a t e of t h e r e m a n e n t e las t ic s t r e s s — n a m e l y 
33 k g r m s . pe r sq. m m . — f r o m t h e differences in t h e sp . gr . before a n d af ter a n n e a l i n g . 

l^et d, ly a n d s r e spec t i ve ly d e n o t e t h e t h i c k n e s s (1*25 m m . ) , l e n g t h , a n d s p . g r . of t h e 
a n n e a l e d wi re , a n d JD, L, a n d S t h e c o r r e s p o n d i n g v a l u e s for t h e c o l d - d r a w n wi re . T h e n 
ills — IJLS, b u t t h e difference i n t h e t h i c k n e s s of t h e t w o wi re s is s m a l l e n o u g h t o be 
n e g l e c t e d , a n d t h e n L=IsJS ; a n d t h e e l o n g a t i o n L — I b e c o m e s 1{(*/S)—I)=O-OOlOGi, 
s ince t h e s p . g r . , « , of t h e cold - d r a w n wire is 7-825, a n d t h e s p . gr . , S, of t h e wi re a n n e a l e d a t 
700° is 7-838. T h i s m e a n s t h a t t h e wi re , 1-25 m m . d i a m e t e r , h a s been s h o r t e n e d O-OOJ067 

i.e. 1-60 m m . p e r 1 0 0 0 — d u r i n g a n n e a l i n g . L e t 7*7 d e n o t e t h e m o d u l u s of e l a s t i c i t y , 
n e a r l y 20 ,000 k g r m s . p e r sq . m m . , a n d S t h e e las t ic s t r e s s in k g r m s . p e r sq . m m . T h e n , 
O-O0I661 —1,S/I<J ; o r S, t h e r e m a n e n t e l a s t i c s t r ess , is n e a r l y 33 k g r m s . p e r sq . m m . — r i d e 
sujyra, a n n e a l i n g . 

The specific gravity and specific vohime of the constituents of the carhon-iron 
alloys.—O. C. R a l s t o n found t h a t t h e m e a n va lues for t h e sp . gr . a n d s p . vol . of 
t h e c o n s t i t u e n t s of s tee l a r e r espec t ive ly as fo l low: F e r r i t e , 7*864 a n d 0-1271 ; 
c e m e n t i t e , 7-670 a n d 0 - 1 3 0 3 8 ; pea r l i t e , 7-778 a n d 0 - 1 2 8 5 6 ; a u s t e n i t e , 7-843 
a n d 0-1275 ; m a r t e n s i t e , 7-633 a n d 0-1310 ; a - m a r t e n s i t c , 7-581 a n d 0-1319 ; a n d 
/S-mar tens i te , 7-800 a n d 0-1282. T h i s shows t h a t w h e n a n a u s t e n i t i c s teel is con
v e r t e d i n t o m a r t e n s i t e , t h e r e is a n expans ion in vol . T h e t r a n s i t i o n f rom m a r t e n s i t e 
t o p e a r l i t e i nvo lves a decrease in v o l u m e a l t h o u g h pea r l i t e h a s a smal le r sp . g r . 
t h a n a u s t e n i t e . G. T a m m a n n a n d K . E w i g found t h a t a t t h e A 0 - a r res t , a b o u t 210°, 
t h e d i l a t i o n of c a s t i ron co r r e sponds wi th a n e x p a n s i o n of 0-0795 c .mm. p e r g r a m 
of F e 3 C . A . W e s t g r e n found t h e sp . g r . of a u s t e n i t e w i t h 12-1 pe r cen t , of m a n g a n e s e 

a n d 1-34 pe r c en t , of c a r b o n t o be 7-82 ; a n d Gr. T a m m a n n 
a n d E . Scheil g a v e 7-83 for t h e sp . g r . of a s teel w i t h 1*72 
p e r c e n t , of c a r b o n . These a u s t e n i t e s a r e i m p u r e . A. O s a w a 
o b t a i n e d 8-008 for t h e s p . g r . of a u s t e n i t e ca l cu l a t ed b y 
e x t r a p o l a t i o n f rom t h e X - r a d i o g r a m d a t a for n icke l s tee l . 
S. S a t o ' s v a l u e for t h e t h e r m a l e x p a n s i o n g a v e 8-12 for t h e 

ftr0ce/7t°ofiarbof7 8 P - &r- °* a u s t e n i t e a t r o o m t e m p . ; F . W e v e r ' s v a l u e is 
8-04 ; a n d K . T a m a r u ' s v a l u e 8-097. 

F i a . 184.—The Effect O. B e n e d i c k s sa id t h a t t r o o s t i t e , so rb i t e , a n d pea r l i t e a l l 
of Carbon on the h a v e t h e s a m e s p . vo l . , a n d t h a t t h e s p . vo l . of a u s t e n i t e is 
M a r t e ^ i t e a ^ A u s - l e s s ' a n d t h a t o f m a r t e n 8 i * e g r e a t e r t h a n t h a t of pea r l i t e . 
tenito. H . v o n J t i p t n e r g a v e 7?82 for t h e s p . gr . of p e a r l i t e , a n d 

0 1 2 7 9 for t h e s p . vo l . J . H . A n d r e w a n d A. J . K . H o n e y -
m a n obse rved t h a t , a s i n d i c a t e d b y t h e s p . vo l . , t h e t e m p e r i n g of m a r t e n s i t e beg ins 
a t o r be low 150°, b u t i t is n o t c o m p l e t e a t 360° in a n h o u r . T h e s p . vo l . of fully 
t e m p e r e d m a r t e n s i t e is t h e s a m e as t h a t of t h e c o r r e s p o n d i n g pea r l i t e , i n d i c a t i n g 
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t h a t i n b o t h cond i t i ons of s tee l , t h e c e m e n t i t e possesses t h e s a m e c rys ta l l ine fo rm. 
E- M a u r e r r e p r e s e n t e d t h e effect of c a r b o n on t h e s p . vo l . of m a r t e n s i t e a n d 
a u s t e n i t e b y t h e c u r v e s F i g . 184. T h e c h a n g e s in s p . g r . o r s p . v o l . d u r i n g t h e 
t r a n s f o r m a t i o n of a u s t e n i t e t o m a r t e n s i t e were s t u d i e d b y W . F r a e n k e l a n d 
E . H e y m a n n , H . H a n e m a n n a n d L . Trage r , E . Scheil , M. L e v i n a n d K . D o r n h e c k e r , 
K . H o n d a , E . W e v e r a n d P . R t i t t e n , A. W e s t g r e n a n d G. P h r a g m e n , K . H e i n d l h o f e r 
a n d E . "L*. W r i g h t , a n d W . L . F i n k a n d E . D . Campbe l l . Li. Z i m m e r m a n n a n d 
H . E s s e r s t u d i e d t h e sp . vo l . of c a s t i ron . K . H o n d a found t h a t t h e s p . vo l . of 
a u s t e n i t e , a n d of t h e a - a n d /3-mar tens i tes , d e p e n d on t h e c a r b o n c o n t e n t s , t h u s : 

C a r b o n . . . . 0-4- O 7 I O 1-2 p e r c e n t . 

i AuBteui to . 1-1252 O-1250 O-12GO O-1263 

a - m a r t e n s i t e . 0 1 2 7 6 0 1 2 8 3 0-1294 O-1300 
/3-mar tens i to . O-1265 O-1268 0-1270 O-1272 

a n d for t h e s p . vo l . of c e m e n t i t e a t r o o m t e m p , a n d a t 1130°, K . H o n d a a n d co
w o r k e r s g a v e re spec t ive ly 0-1304 a n d 0*1350 ; a n d for i ron , r e spec t ive ly 0-1271 a n d 
0 1 3 3 1 . 

The changes in volume during tempering.—The o b s e r v a t i o n s of K . T a m a r u , a n d 
o t h e r s h a v e been d i scussed in c o n n e c t i o n w i t h t e m p e r i n g . A c c o r d i n g t o H . C. Cross 
a n d E . E . Hi l l , c a r b o n s tee ls , w i t h u p t o 1-30 p e r c en t , of c a r b o n , decrease in d e n s i t y 
w h e n q u e n c h e d d u e t o t h e f o r m a t i o n of m a r t e n s i t e . T h e m a g n i t u d e of t h i s decrease 
r ises w i t h inc reas ing c a r b o n c o n t e n t , r e a c h i n g a m a x i m u m a t a b o u t 1 p e r cen t , 
c a r b o n , a n d t h e n falls off s l igh t ly . U p o n t e m p e r i n g , t h e q u e n c h e d s teels g r a d u a l l y 
inc rease in d e n s i t y . A dec rease in d e n s i t y is n o t e d in t h e h y p e r - e u t e c t o i d s teels 
w h e n t e m p e r e d a t 225° a n d t h i s m a y be a sc r ibed t o t h e t e m p e r i n g of r e t a i n e d 
a u s t e n i t e . U p o n f u r t h e r t e m p e r i n g a b o v e 225° , t h e d e n s i t y of all s amples increased, 
u l t i m a t e l y a p p r o a c h i n g t h e d e n s i t y of t h e a n n e a l e d s tee l u p o n t e m p e r i n g a t 600°. 
T h e g r e a t e s t inc rease in d e n s i t y occurs u p o n t e m p e r i n g a t 300°, t h e r a t e of increase 
t h e n g r a d u a l l y falls off a s t h e t e m p e r i n g t e m p , is r a i sed t o 600°. 

Q u e n c h e d a u s t e n i t e is m o r e s t a b l e t h a n m a r t e n s i t e a t r o o m t e m p , a n d u p t o 
200° , so t h a t on t e m p e r i n g u p t o 200°, m a r t e n s i t e need les m a y b e c o n v e r t e d in to 
t r o o s t i t e ; a n d if a s a m p l e be t h e n cooled in l iqu id air , need les of m a r t e n s i t e a p p e a r 
in a g r o u n d m a s s of u n a l t e r e d or super -cooled a u s t e n i t e . W a t e r - q u e n c h e d steel 
c o n t a i n s m a r t e n s i t e m i x e d w i t h some a u s t e n i t e . On t e m p e r i n g , m a r t e n s i t e a l t e r s 
to t r o o s t i t i c a n d sorb i t i c pea r l i t e w i t h a n increase in vol . T h e c h a n g e is a t a b o u t 100°, 
a n d is n e a r l y c o m p l e t e a t 200° ; a n d a u s t e n i t e begins t o pass i n t o sorb i te a t a b o u t 
250° , so t h a t a s t h e t e m p , r ises t o 300° t o 500° , t h e sp . vo l . decreases b y t h e passage 
of w h a t G. T a m m a n n a n d E . Scheil call distended pearlite, or t roos t i t i c pea r l i t e , i n to 
n o r m a l pea r l i t e . A n y a u s t e n i t e c o n v e r t e d a t or be low 250° furnishes t h i s d is
t e n d e d o r t roos t i t i c pea r l i t e , a n d a n y c o n v e r t e d a b o v e 250° furnishes n o r m a l sorb i t i c 
p e a r l i t e . T h e pea r l i t e is d i s t e n d e d a t 100° t o 300° because it h a s a smal le r sp . vol . 
t h a n t h e m a r t e n s i t e f rom w h i c h i t was de r ived . T h e sol id is n o t sufficiently mobi le 
a t t h e s e t e m p , t o a l low i t t o c o n t r a c t a n d fill t h e spaces t h a t t e n d t o form. H e n c e , 
t e m p e r e d s tee ls h a v e u s u a l l y a h igh s p . vol . O r d i n a r y pea r l i t e fo rmed b y t h e s low 
cool ing of a u s t e n i t e h a s a s p . vol . of 0-12856, whe rea s t h e d i s t e n d e d pea r l i t e h a s a 
s p . vo l . 0*1303. O. C. R a l s t o n sugges t ed t h a t if t h e d i s t e n d e d pea r l i t e is sorb i te or 
t r o o s t i t e , t h e s p . vo l . 0-1303 c o r r e s p o n d s t o a rea l vol . a n d is n o t due t o a d i s to r t ion 
of t h e p e a r l i t e l a t t i ce a s a r e su l t of i t s r i g id i ty a t t h e low t e m p , of t h e t e m p e r i n g . 

A c c o r d i n g t o O. T a m m a n n a n d E . Scheil , w a t e r - q u e n c h e d s teel h a s a b o u t 50 p e r 
c e n t , m a r t e n s i t e e m b e d d e d in a m a t r i x of super-cooled a u s t e n i t e ; a n d s teel q u e n c h e d 
in l i qu id a i r h a s a s p . vo l . of 0-12965 c o r r e s p o n d i n g w i t h a b o u t 80 p e r cen t , m a r t e n 
s i t e . K . H o n d a a n d H . E n d o found t h a t b y r e p e a t e d cool ing in l iqu id air , a n d 
w a r m i n g b a c k t o o r d i n a r y t e m p . , t h e s p . vo l . cou ld be b r o u g h t t o 0-1303, v e r y n e a r l y 
t h e v a l u e 0-1310 for m a r t e n s i t e . H e n c e , q u e n c h i n g in l iqu id a i r d id n o t c o m p l e t e l y 
e l i m i n a t e t h e a u s t e n i t e . 

The changes in volume on solidification or melting.—H. Moissan found t h a t i ron 
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w i t h b u t l i t t le ca rbon c o n t r a c t s on solidification, b u t w h e n s a t u r a t e d w i t h c a r b o n , 
t h e m e t a l e x p a n d s on solidification. O. C. R a l s t o n g a v e dv/v—0-036 for t h e b e s t 
r e p r e s e n t a t i v e va lue of t h e expans ion p e r u n i t v o l u m e for purif ied i r o n on m e l t i n g 
a t 1535°. Accord ing t o W . C. R o b e r t s - A u s t e n a n d T . W r i g h t s o n , t h e s p . g r . of 
solid iron, n e a r i t s m .p . , is 6-95, whi ls t t h a t of t h e l iqu id m e t a l , a l i t t l e h i g h e r in t e m p . , 
is 6-88. R . Malle t m a d e obse rva t ions on t h i s sub jec t . T . W r i g h t s o n g a v e for t h e 
sp . gr . of cold, solid g rey Cleveland i ron, 6*95 ; m o l t e n i ron , 6*88 ; a n d i ron in t h e 
p las t ic s t a t e , 6-50. C. Bened icks a n d co-workers found t h e sp . g r . of l iqu id i ron 
holding 0-10 p e r cen t , of ca rbon , which was e s t i m a t e d t o increase t o 0 2 or 0*3 
per cent , of c a rbon du r ing t h e e x p e r i m e n t , t o be 6*92;±;O07 a t 1550°. Th i s co r re 
sponds rough ly w i t h a l inear sh r inkage of T^th in pa s s ing f rom t h e m . p . t o o r d i n a r y 
tern p . K . H o n d a a n d co-workers o b t a i n e d t h e r e s u l t s s u m m a r i z e d in JFig. 185 . 
The sp . gr. cu rve of l iquid i ron c o n t a i n i n g different p r o p o r t i o n s of c a r b o n , a n d , for 
compar i son , t h e l iqu idus c u r v e , a r e g i v e n in F i g . 185. R o t h c u r v e s a r e of t h e 
same genera l t y p e . A t 1600°, t h e sp . vol . , v, a n d t h e increase in t h e sp . vol . , Sv 
p e r 100°, a r e : 

C a r b o n 
Sp . vol . 
8v 

O 
0-1397 
0-0020 

0-5 
0 1 4 4 5 
0-0023 

1 0 
0 1 4 0 1 
0 0 0 2 5 

1-5 
0 1 4 7 1 
0 0 0 2 8 

2 0 
0 1 4 8 7 
0 0 0 3 O 

3 O 
0 1 5 1 8 
0-0035 

4-0 p e r c e n t . 
O-1506 
0-0038 

The effect of a d d i t i o n s of v a r i o u s e l e m e n t s on t h e s p . vo l . is i n d i c a t e d in F i g . 186. 

7-50i 

-4-8% C 

F i o . 185.— Specific Q r a v i t y C u r v e of 
t h e L i q u i d Al loys of C a r b o n a n d I r o n . 

'OF 4 6 S /0 /F M /6 /<P% 
/°er ce/7t. ac/c/ec/ ele/r?e/7t 

F i a . 1 8 6 . — T h e Effect of V a r i o u s 
.E lements o n t h e Specific V o l u m e of I r o n . 

Accord ing t o F . Wi is t , t h e c o n t r a c t i o n of pur i f ied i ron f rom t h e sol idifying t e m p , 
is 2-39 pe r cen t . I t is d imin i shed b y c a r b o n , t h e a d d i t i o n of 1 -7 t o 2 p e r cen t , g iv ing 
a m i n i m u m of 1-9 p e r cen t . , b u t t h e n s lowly increases a s t h e c a r b o n i^ f u r t h e r 
inc reased . P h o s p h o r u s d imin i shes t h e c o n t r a c t i o n t o 1-3 p e r cen t , a t 1-7 p e r c en t , 
p h o s p h o r u s , b u t fu r the r a d d i t i o n increases t h e c o n t r a c t i o n . I n b o t h series of a l loys 
t h e f o r m a t i o n of m i x e d c rys t a l s d imin i shes t h e c o n t r a c t i o n , b u t w h e n t h e l imi t of 
so lub i l i ty is exceeded a n d i ron ca rb ide or i ron p h o s p h i d e is fo rmed , t h e c o n t r a c t i o n 
increases . Si l icon d imin i shes t h e c o n t r a c t i o n of i r o n f rom 2*37 p e r cen t , t o 1*7 
p e r cen t , a t a c o n t e n t of 18*24 p e r cen t , s i l icon. M a n g a n e s e w a s t h e on ly e l e m e n t 
i n v e s t i g a t e d which inc reased t h e c o n t r a c t i o n , w h i c h rose t o 2*89 p e r cen t , a t 15-5 
p e r cen t , m a n g a n e s e . S u l p h u r d imin i shes t h e c o n t r a c t i o n r a p i d l y u p t o a c o n t e n t 
of 1 p e r cen t . , a f t e r w a r d s m o r e slowly, b u t w i t h n o m i n i m u m v a l u e a s in t h e case of 
p h o s p h o r u s . Nicke l d imin i shes t h e c o n t r a c t i o n of i ron v e r y l i t t l e , w i t h a m i n i m u m 
a t a b o u t 25 p e r cen t , n icke l . C h r o m i u m d imin i shes t h e c o n t r a c t i o n un i fo rmly 
t o 1*80 p e r c e n t , a t a c o n t e n t of 21*4 p e r c e n t , c h r o m i u m . I r o n a l loys free f rom 
g r a p h i t e s h o w a n e longa t i on a t t h e b e g i n n i n g of solidif icat ion, t h e m a g n i t u d e of 
w h i c h c o r r e s p o n d s r o u g h l y t o t h a t of t h e solidif icat ion p e r i o d of t h e a l loy. 
C. B e n e d i c k s a n d N. a n d G. E r i c s son , a n d C. H . D e s c h a n d B . S. S m i t h g a v e for 
i ron w i t h 0 0 3 t o 0 0 4 p e r cen t , of c a rbon , a n d for a l loys w i t h 3*12 t o 3-65 p e r c en t , 
of c a r b o n : 

0 0 3 to 004 per cent. C 312 to 3-65 per cent. O 

E r i c s s o n . 
JD. a n d S. 

1530° 
. 7 1 8 
. 6-79 

1545° 
7 1 7 
« 0 5 

1550° 
7 1 6 
6 0 7 

1660° 
7 1 7 
6-95 

1300° 
7-26 
0-03 

1355° 
7-23 
6-90 

1406° 
7-23 
tf<82 

1465° 
7 1 7 
6-77 
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T h e m e a n va lues for 0 0 4 p e r cen t , c a r b o n a r e r e spec t i ve ly 7-OO a n d 7*17 a t 1545°, 
a n d for 3-40 p e r cen t , c a r b o n r e spec t ive ly 7*25 a n d 6*86 a t 1355°. H . A . S c h w a r t z 
f o u n d the . s p . g r . of l iqu id i ron b e t w e e n 1375° a n d 1500° va r i e s 0*02 g rn i . p e r c.c. p e r 
degree ; a n d t h a t a t 1450°, sp . g r . = 7 - 1 6 — 0 - 1 [ S i ] - 0 - 7 [ C ] , w h e r e t h e s y m b o l s 
r e p r e s e n t p a r t s p e r 100. D . W . B e r l i n g a v e for ca rbon- f ree i ron , a n d i r o n w i t h 
1 -2 p e r cen t , of c a r b o n : 

m . p . 1550° 1600° 1650° 1700° 
C a r b o n - f r e e . . 7-4 7-3 7-2 7-O 6-9 
1-2 p e r c e n t . C . . — 7 O 6-9 6-8 6-7 

F . S a u e r w a l d a n d co -worke r s found t h e s p . vo l . a n d sp . gr . of g r e y cas t i r o n — w i t h 
3*32 p e r cen t , t o t a l c a r b o n ; 2-72 p e r c e n t , g r a p h i t e ; 2-76, Si ; 0-56, Mn ; 0-126, S ; 
a n d 0-492, P : 

700° 80O° 84O" 900° 1000° HOO" 111.p. 1 200° 1300° 
. 0-1460 0 1 4 7 8 0 1 4 8 4 0 1 4 7 6 0-1457 0 1 4 4 4 0-1444 0 1 4 3 5 0 1 4 4 5 0-1477 
. 0-85 6-77 6-73 6-78 6-86 6-92 6-92 6-97 6-92 6-77 

S p . v o l . 
S p . g r . 

Soli* Liquid 

T h e r e su l t s a r e p l o t t e d for t h e sp . v o l . in F i g s . 187 a n d 188 ; t h e r e is a m a x i m u m 
on t h e c u r v e a t 840° . H . A . S c h w a r t z r e p r e s e n t e d t h e s p . gr . , Z>, of l iqu id i ron , a t 
1450°, b y Z>=7-16 —(0-1 S i + 0 0 7 C). O b s e r v a t i o n s were m a d e b y G. D e a r t h a n d 

0-/S0 

^ S O'MH^-'rSol/cHr-
om. 700° 900* //00° /300° 

F I G . 1 8 7 . — T h e Effec t of T e m p e r a t u r e o n 
t h e Specific V o l u m e of I r o n . 

/ 2 3 
/°er cent, g-rdtp/i/te 

FiO. 1 8 8 . — T h e Effect of C a r b o n on 
t h e Specific V o l u m e of I r o n . 

F . S a u e r w a l d , W . K r a u s e a n d F . S a u e r w a l d , W . B i l t z a n d K . Meisel, a n d J . J . Sas-
l a w s k y . A c c o r d i n g t o F . S a u e r w a l d a n d E . W i d a w s k y , t h e sp . vol . of m o l t e n 
i r o n - c a r b o n a l loys does n o t follow t h e m i x t u r e ru le , a n d hence t h e y infer t h a t t h e 
l i qu id m e t a l c o n t a i n s t h e t r i t a c a r b i d e , Fe 3 C. T h e i r r e su l t s a r e s u m m a r i z e d in T a b l e 
X V . W . B i l t z a n d K . Meisel c a l cu l a t ed 1 0 5 for t h e a t . vo l . of a - i ron a t abso lu t e 
ze ro . 

T A B L E X V . — T H E S P E C I F I C V O L U M E O F T H E I B O N - C A K B O N A L L O Y S . 

Carbon 
per cent. 

O O 
0 - 5 
I O 
1-5 
2-O 
2 - 5 
3 O 
3 - 5 
4 'O 
4 - 2 

Liquid us 

1533° 
1480° 
1458° 
1422° 
1382° 
1341° 
1290° 
1232° 
1170° 
1150° 

Specific Volume 

a t Liquidus 

01402 
01408 
01412 
01416 
01418 
01419 
01419 
0-1418 
0-1415 
01414 

a t ICHKT 

0-1405 
O-1411 
0-1417 
0 1 4 2 5 
0 1 4 3 2 
O-1438 
O-1445 
0 1 4 5 2 
O-1459 
O-1462 

Temp . CocfT. 

dT l l-

0-05 
0 0 6 
0-06 
0 0 7 
0-07 
0-08 
0-08 
0-09 
O-IO 
O-IO 

Specific Oravi ty 

a t ra.i>. a t 1600 

7-13 
7-IO 
7-08 
7-065 
7 05 
7 05 
7-05 
7-OC 
7 06 
7-07 

712 
708 
7 05 
702 
6-98 
6-95 
6-92 
6-88 
6-86 
6-84 

K. H o n d a and co-workers f ound for t h e increase in v o l u m e , 8v/v, wh ich occurs 
d u r i n g t h e sol idif icat ion of c a s t i ron w i t h Gr p e r cen t , of g r a p h i t e , a n d C p e r cen t , of 
decomposed c e m e n t i t e : 
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Gr . . 31O 2-8(5 2-38 1-90 l-OO 0-22 0 1 2 O-OO 
C . . 46-JO 42-8O 35 GO 28-40 14-95 3 0 2 1-79 0 0 0 
Sv/v . . 2 74 222 1-98 0-82 —1-60 — 3 0 7 —3-54 — 4 0 0 

The volume, changes at the eulectic temperature.—K. Honda and H . E n d o est imated 
t h a t p u r e i ron on freezing a t 1530° c o n t r a c t s 4-4 p e r cen t , i n v o l u m e . T h e sp . vo l . 
of a- i ron a t 1450° is 0-1366 ; a n d of S-iron a t 1530°, 0-371, a n d t h e s p . gr . , 7-29. 
T h e y gave for t h e sp . vol . of wh i t e cas t i ron w i t h 4-1 t o 4-3 p e r cen t , t o t a l c a r b o n , 
a n d 2-8 t o 3-0 p e r cen t , g raph i t e : 

]]30°(m.p.) lir>00 1200° 1260° 1300° 
Sp . vo l 0-1433 0-1435 O-1445 O'140O 0 1 4 8 0 
S p . gr . . 0-97 0-9« 0-91 C-85 6-75 

T h e i n c r e a s e in v o l . , Sv/v, d e c r e a s e s a s we l l , b e c o m i n g z e r o w i t h 2 -06 p e r c e n t , 
of g r a p h i t e (4-1 p e r c e n t , of t o t a l c a r b o n a n d 0 -38 p e r c e n t , of s i l i c o n ) . W h e n 
n o g r a p h i t e is p r e c i p i t a t e d , a n d t h e m e t a l is 1 0 0 p e r c e n t , w h i t e c a s t i r o n , e x t r a 
p o l a t i o n s h o w s t h a t t h e c o n t r a c t i o n d u r i n g s o l i d i f i c a t i o n i s 3-6 p e r c e n t . T h e 
r e s u l t s s h o w t h e r e l a t i o n b e t w e e n t h e c h a n g e of v o l . a n d t h e l i b e r a t i o n of g r a p h i t e 
d u r i n g f r e e z i n g ; a n d t h e y a g r e e w i t h t h e a s s u m p t i o n t h a t t h e g r a p h i t e p r e s e n t 
i n c a s t i r o n i s a d e c o m p o s i t i o n p r o d u c t of t h e c e m e n t i t e w h i c h i s p r e c i p i t a t e d f r o m 
t h e m o l t e n a l l o y d u r i n g s o l i d i f i c a t i o n — v i d e supra. F. S a u e r w a l d a n d c o - w o r k e r s 
g a v e f o r p i g - i r o n of a e u t e c t i c c o m p o s i t i o n , 6-85 f o r t h e s p . g r . a n d 0 - 1 4 6 0 f o r t h e 
s p . v o l . a t 7 0 0 ° , t h e s p . v o l . r o s e t o a m a x i m u m of 0 - 1 4 8 4 ( o r s p . g r . 6*73) a t 8 4 0 ° , 
a n d t h e n d e c r e a s e d s t e a d i l y t o t h e m . p . w h e r e a s h a r p d e c r e a s e o c c u r r e d f o l l o w e d 
i m m e d i a t e l y b y a r a p i d i n c r e a s e o n l i q u e f a c t i o n . T h e a b n o r m a l c o n t r a c t i o n a t 
t h e n i . p . i s a t t r i b u t e d t o t h e f o r m a t i o n of l a r g e q u a n t i t i e s of c e m e n t i t e i n t h e m e l t , 
a n d t h e m a x i m u m i n t h e s p . v o l . c u r v e t o t h e f o r m a t i o n of c e m e n t i t e a n d y - i r o n . 
F . S a u e r w a l d a n d J". W e c k e r f o u n d t h e s p . v o l . , v, a n d s p . g r . , I), of w h i t e c a s t i r o n 
b e f o r e a n d a f t e r m e l t i n g , t o b e v—-0-1398 a n d / > = 7 - 1 5 f o r t h e s o l i d , a n d v — 0 - 1 4 J 8 
a n d Z>=^7-05 fo r t h e l i q u i d ; a n d for g r e y c a s t i r o n , v—0-1449 a n d Z>—6-90 f o r t h e 
s o l i d , a n d v = 0 - 1 4 3 5 a n d Z>—6-97 fo r t h e l i q u i d . C o n s e q u e n t l y , w h i l e g r e y c a s t i r o n 
c o n t r a c t s o n m e l t i n g , w h i t e c a s t i r o n e x p a n d s . E . S a u e r w a l d a n d E . W i d a w s k y 
f o u n d t h a t t h e c o n t r a c t i o n of s o l i d g r e y i r o n is d u e t o t h e d i s s o l u t i o n of g r a p h i t e , 
a n d t h a t c e m e n t i t e i s f o r m e d w h e n t h e g r e y i r o n is m e l t e d . T h e d a t a f o r g r e y 
c a s t i r o n , a n d w h i t e c a s t i r o n a r e : 

7oo° 90o° J ooo° jir>o° air>r>" ii r,r. n e w i2.r>o° iaoo" 
r < / S p . v o l . . O-1450 0 1 4 8 0 0 1 4 5 5 O-1450 O-1455 0 - 1 4 7 8 
° r e y \ S p . g r . . 0 - 8 7 0 - 7 5 0 -87 Ci-OO - - 0 -97 0 -77 
w . .. / S p . vol. . 0 1 3 4 0 0 - 1 3 5 2 0 1 3 0 O 0 - 1 3 9 1 0 - 1 4 1 5 O-144O 
" " 1 6 I S p . g r . . 7 -40 7 - 3 9 7 -35 — 7 J 8 7 0 7 0 - 9 2 

Solid Liquid 

Li. Z i m m e r m a n n n o t e d a b r e a k in t h e sp . vol . cu rve a t a b o u t 700° w i t h w h i t e 
c a s t i ron , a n d found t h a t t h e e x p a n s i o n which occurs on me l t i ng is b e t w e e n 1-33 
a n d 1-41 p e r cen t . J . J . Sas l awsky s t u d i e d t h e a t o m i c v o l u m e . W . Ti. B r a g g 3 

ca l cu l a t ed for t h e a t o m i c radius , 1-40 A . ; W . P . D a v e y , 1 - 2 3 6 x l 0 ~ 8 c m . ; 
C. Bened icks , 1-26 X 1 0 ~ 8 c m . ; M. Ti. H u g g i n s , 1-23 A. for b i v a l e n t i r o n ; a n d 
G. N a t t a , 0-83 A. G. N a t t a a n d Ti. Pas se r in i found t h a t if t h e r a d i u s of o x y g e n is 
1-32 A. , t h a t of i ron is 0-82 A. O b s e r v a t i o n s were also m a d e b y A. M. B e r k e n h e i m , 
E . J . Cuy, V. M. G o l d s c h m i d t , H . G. G r i m m , E . Her l inge r , M. X,. H u g g i n s , 
Ti. P a u l i n g , J . C. S la te r , a n d E . T . W h e r r y f rom which i t follows t h a t for 
t e r v a l e n t i r on a t o m s , t h e effective r a d i u s is 0-49 t o 1-45 A . A. K a p u s t i n s k y 
i n v e s t i g a t e d t h e effect of so lva t ion on t h e ionic r a d i u s ; a n d F . W e v e r , t h e 
effect of p o l y m o r p h i c t r a n s f o r m a t i o n s . C. Bened i cks d i scussed t h e sphe re of 
a c t i v i t y of t h e a t o m s ; P . Vinassa , t h e mo l . n u m b e r ; a n d J . A . M. v a n Liiempt, 
t h e a t o m i c c o n s t a n t s . 

J . B . A . D u m a s 4 obse rved t h a t i ron is s c r a t c h e d b y glass of hft*Hl*»frffff 5-6 o n 
M o h s ' sca le . F . C Ca lve r t a n d R . J o h n s o n sa id t h a t i ron is t h e h a r d e s t of a l l t h e 
duc t i l e m e t a l s — t h e h a r d n e s s of Staffordshire i ron be ing 6 t o 7 on M o h s ' scale , a n d 



I R O N 1 5 

t h a t of s tee l 6. J . R . R y d b e r g g a v e 4-5 for t h e h a r d n e s s of i r on on t h e s a m e scale . 
H . IT. E . L e n z a lso r e p o r t e d t h e r e su l t s of some t e s t s on t h e h a r d n e s s of m e t a l s . 
A c t u a l l y , P . P . Ciom f o u n d t h e h a r d n e s s of i ron of a h i g h degree of p u r i t y t o b e a b o u t 
t h e s a m e a s t h a t of a n n e a l e d copper , t h a t t h e h a r d n e s s of i r o n on M o h s ' scale is 
5-5, a n d a f te r h e a t i n g in v a c u o , 4*5. T . T u r n e r obse rved t h a t t h e h a r d n e s s of i r o n 
is 1375 w h e n t h a t of c o p p e r is 1360, a n d t h a t of t h e d i a m o n d 3010. T h e s e s t a t e 
m e n t s se rve t o i l l u s t r a t e h o w s imple a p r o p e r t y h a r d n e s s w a s cons ide red t o o u r 
p redeces so r s ; a m a r k e d c o n t r a s t t o w h a t t h e t e r m m e a n s t o - d a y . T h e r e is a lso 
l i t t l e t o i n d i c a t e t h e m a r k e d c h a n g e in t h e h a r d n e s s w h i c h occurs w i t h modi f ica t ions 
in t h e t h e r m a l t r e a t m e n t . H a r d n e s s m a y be defined as t h e r e s i s t ance of a b o d y 
a g a i n s t p e r m a n e n t c h a n g e of s h a p e ; or , less r igorous ly , a s T . T u r n e r exp res sed i t , 
h a r d n e s s is t h e p r o p e r t y of res i s t ing p e n e t r a t i o n , so t h a t a h a r d b o d y is one wh ich 
u n d e r s u i t a b l e cond i t i ons r ead i ly p e n e t r a t e s a softer m a t e r i a l . T h e p h e n o m e n o n 
is r ea l ly a c o m p l e x one , so t h a t h a r d n e s s va r i e s in k i n d . T h e m a n i f e s t a t i o n s of 
h a r d n e s s v a r y w i t h t h e fo rm of s t ress t o w h i c h a m e t a l m a y b e sub jec t ed , so t h a t 
p h r a s e s l ike t ens i le h a r d n e s s , c u t t i n g h a r d n e s s , a b r a s i v e h a r d n e s s , and e las t ic h a r d 
nes s h a v e been e m p l o y e d . T h e u s u a l t e s t s for h a r d n e s s a r e sialic in c h a r a c t e r , b u t , 
a s T. T u r n e r p o i n t e d o u t , t h e cond i t i ons a re different w h e n t h e p e n e t r a t i n g (or o the r ) 
b o d y is m o v i n g w i t h a g r e a t e r or less ve loc i ty . Dynamic h a r d n e s s is exemplif ied 
b y r e s i s t a n c e t o t h e a c t i o n of a s a n d - b l a s t , t o t h e p o u n d i n g of a h e a v y locomot ive on 
a s teel ra i l , t o a p ro jec t i l e , o r t o a c u t t i n g too l in a l a t h e . T h e sub jec t h a s p rev ious ly 
b e e n d i scussed f rom one p o i n t of v i e w — 2 . 2O, 7. 

S. B o t t o n e a s s u m e d t h a t , in genera l , t h e closer t h e a t o m s a r e p a c k e d , t h e g r e a t e r 
t h e h a r d n e s s ; h a r d n e s s va r i e s inver se ly a s t h e a t . vo l . H a r d m e t a l s h a v e a low 
a t . vo l . , a n d soft m e t a l s a h i g h a t . vo l . G. W e r t h e i m m a d e a s imi lar obse rva t ion 
w i t h r e s p e c t t o t e n a c i t y a b o u t 1844 ; a n d W . C R o b e r t s - A u s t e n , w i t h r e spec t t o t h e 
inf luence of foreign e l e m e n t s on t h e tensile, .s t rength of gold ; a n d F . O s m o n d , w i t h 
r e s p e c t t o t h e inf luence of v a r i o u s e l e m e n t s o n t h e cr i t ica l temp, of i ron . C. Bene
d i cks p o i n t e d o u t a c e r t a i n a n a l o g y b e t w e e n t h e a t o m i c v o l u m e ru le a n d t h e gas 
l a w t h a t t h e p ress , of a g a s a t a g iven t e m p , is p r o p o r t i o n a l t o t h e n u m b e r of mole 
cu les in u n i t space , for t h e h a r d n e s s o r t h e res i s tance offered b y a solid to t h e e n t r y 
of a n o t h e r b o d y will inc rease as t h e n u m b e r of a t o m s in u n i t vol . is increased . 
T h e s u b j e c t w a s d i scussed b y L». G r u a r d e t , a n d C. H . Desch . M. H a n r i o t obse rved 
t h a t i r on w i t h a h a r d n e s s of 57-7 u n i t s a c q u i r e d a h a r d n e s s of 62-3 af te r be ing com
p r e s s e d b y a p re s s , e q u i v a l e n t t o 10,(XX) k g r m s . p e r sq . cm.—v ide infra, t h e influence 
of co ld -work . 

T h e pa ra l l e l i sm b e t w e e n h a r d n e s s a n d a t . vol . is n o t r igid, a n d m i g h t be b e t t e r 
if t h e m e t a l s we re t e s t e d u n d e r like cond i t i ons . P . Laidwik sa id t h a t t h e compar i son 
s h o u l d b e m a d e a t t e m p , b e a r i n g some re l a t ion w i t h t h e m . p . G. Mars i l l u s t r a t ed 
t h e idea b y c a l c u l a t i n g t h e a t o m i c c o n c e n t r a t i o n s of a n u m b e r of s teels of k n o w n 
c o m p o s i t i o n a n d h a r d n e s s . Acco rd ing t o K . H o n d a , for a g iven s u b s t a n c e h a v i n g 
a def ini te m o l e c u l a r force, i t s h a r d n e s s increases w i th t h e fineness a n d s t r a i n e d 
s t a t e of t h e s t r u c t u r e , a n d for t h e s a m e s t r u c t u r e , a n d t h e s a m e degree of s t r a in , 
t h e h a r d n e s s of a s u b s t a n c e inc reases w i th t h e s t r e n g t h of i t s molecu la r force. 
C. A . E d w a r d s f o u n d t h a t t h e r e is a n e v e n closer pa ra l l e l i sm be tween t h e h a r d n e s s 
a n d t h e m . p . of t h e m e t a l s t h a n w i t h t h e a t . vo l . P . LasarefT sa id t h a t t h e p r o p o r 
t i o n a l i t y b e t w e e n h a r d n e s s a n d a t . c o n c e n t r a t i o n — t h e rec iprocal of t h e a t . vol.—• 
fol lows f r o m t h e a s s u m p t i o n t h a t t h e m u t u a l a t t r a c t i v e forces of t h e a t o m s of 
d i f ferent e l e m e n t s is t h e s a m e func t ion of t h e d i s t a n c e b e t w e e n t h e m . I . T r a u b e 
o b s e r v e d a close pa ra l l e l i sm b e t w e e n t h e h a r d n e s s a n d i n t e r n a l p ress . ; a n d 
C. B e n e d i c k s , b e t w e e n h a r d n e s s a n d o s m o t i c j^ress. 

T h e v a r i o u s m e t h o d s for m e a s u r i n g h a r d n e s s h a v e been s u m m a r i z e d b y t h e 
n o m e n c l a t u r e c o m m i t t e e of t h e I r o n a n d Stee l I n s t i t u t e in 1902 ; a n d r e p o r t s were 
i s sued b y t h e I n s t i t u t i o n of Mechan ica l E n g i n e e r s in 1916, a n d 1929. T h e s t u d y of 
t h e so-ca l led a b s o l u t e h a r d n e s s b y H . H e r t z , F . T . T r o u t o n , e tc . , was d iscussed 
2 . 20 , 7 . T h e s u m m a r y w i t h s o m e modi f ica t ions is a s follows : 
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I . — T h e h a r d n e s s of a b o d y is d e t e r m i n e d b y t h e p e n e t r a t i o n i n t o i t of another b o d y . 
^4 .—When t h e r e spec t ive pos i t ions of b o t h bodies r e m a i n u n c h a n g e d d u r i n g t h e 

o p e r a t i o n of t e s t i n g . 
(a) T h e p e n e t r a t i o n of t h e foreign b o d y is effected b y m e a n s of a s t e a d y p res s . 

(1) T h e d e p t h of p e n e t r a t i o n , press . , constant-—e.g. J. A . Br ine l l ' s i n d e n t a t i o n t e s t . 
(2) P r e s s , r e q u i r e d t o p r o d u c e a fixed d e p t h of p e n e t r a t i o n . 

(6) T h e foreign b o d y is d r i v e n in b y m e a n s of a fal l ing w e i g h t . 
(1) T h e d e p t h of p e n e t r a t i o n p r o d u c e d b y a c o n s t a n t blow-—e.g. t h e d i a m o n d 

i n d e n t a t i o n t e s t , a n d S. P . !Rockwell 's t e s t . 
(2) T h e force of b low is r e q u i r e d t o p r o d u c e a fixed d e p t h of p e n e t r a t i o n — e . g . 

E . G. H e r b e r t ' s p e n d u l u m . 
B.—The r e s p e c t i v e p o s i t i o n s of b o t h bod ie s v a r y d u r i n g t h e o p e r a t i o n of t e s t i n g , 
(a) B y s c r a t c h i n g t h e sur face w i t h n o r m a l s u b s t a n c e s of v a r i o u s ha rdnes s—e .g . T . See-

b e c k ' s p roposa l , a n d F . M o h s ' mine ra log ica l t e s t . 
(6) B y p ress ing t h e h a r d e r s u b s t a n c e a g a i n s t t h e b o d y t o b e t e s t e d . 

(1) T h e press , r e q u i r e d t o p l o u g h a w a y t h r o u g h a c e r t a i n d i s t a n c e , or i n a c e r t a i n 
t i m e , a def ini te p o r t i o n of t h e t e s t body—e .g . W . J . KLeep's dr i l l t e s t . 

(2) T h e w e i g h t of m a t e r i a l r e m o v e d f rom t h e t e s t b o d y b y a def ini te press , in a 
def ini te t i m e . 

(3) T h e press , neces sa ry t o p r o d u c e on t h e t e s t b o d y a fu r row of def ini te w i d t h 
—e.g. T . T u r n e r ' s sc le romete r . 

(4) T h e w i d t h of fur row c u t i n t h e t e s t b o d y b y a def ini te l o a d i n g of t h e c u t t i n g 
a g e n t e.g. A . Mar tens" sc le romete r . 

(5) T h e n u m b e r of r o t a t i o n s req t i i red t o c u t a def ini te d e p t h i n t o a s u b s t a n c e 
b y a d i a m o n d - t i p p e d bore r u n d e r a def ini te load e.g. T . A. J a g g a r ' s a n d 
W . J . K e e p ' s processes . T h e d y n a m i c t e s t s , however , i n t r o d u c e compl i ca 
t i o n s w h i c h obscu re t h e d e v e l o p m e n t of t h e difficult c o n c e p t of h a r d n e s s . 
H . P . H o l m a g e l found t h a t soft w r o u g h t i ron m a y a p p e a r h a r d w h e n r o t a t e d 
fast e n o u g h . T h u s , a t a speed of 30 ft. p e r s e c , a soft w r o u g h t i ron d isc 
w a s c u t b y a s tee l tool ; a t 100 ft. p e r s e c , i t c u t s t h e s tee l too l ; a n d a t 
300 ft. p e r s e c , i t c u t s q u a r t z . 

(6) T h e ab ra s ive h a r d n e s s d iscussed b y P . !Robin, e t c 
(c) B y m e a s u r i n g t h e he igh t of r e b o u n d of a h a r d b o d y d r o p p e d from a g i v e n h e i g h t 

on t o t h e surface to be tested-—e.g. A. P . Shore ' s sc leroscope. 
I I . — T h e h a r d n e s s of a b o d y is d e d u c e d f rom t h e p r o p e r t i e s of t e n a c i t y of t h e m a t e r i a l 

v-Me infra. 

G. D. Bengough pointed out t ha t the hardness measured by these tests involves 
two or more variables ; and tha t hardness alone cannot be measured directly. This 
was also the opinion of W. C. Unwin. The different kinds of hardness are the 
resultants of different groups of component forces. Thus, according to G. D. Ben
gough, T. Turner's sclerometer gives readings probably proportional to tenacity and 
density ; A. F . Shore's scleroscope gives readings proportional to the elastic limit, 
and the elastic hardness so measured would be more accurately called resilience ; 
J . A. Brinell's test measures resistance to compression which is nearly proportional 
to tenacity, the reciprocal of compression ; and T. A. Jaggar 's test depends on 
tenacity, density, and elongation. The term hard is also applied to metals with a 
high tensile strength and a low elongation, but the term coherent would be more 
appropriate ; metals with a low tensile strength and high elongation could then be 
called viscid instead of soft ; metals with a high tensile strength and high elonga
tions could then be called ductile ; and metals with a low tensile strength and low 
elongation could be called weak. 

O b s e r v a t i o n s on t h e t e s t i n g of t h e h a r d n e s s of i ron a n d i t s a l loys w e r e m a d e b y 
A . H . d ' A r c a m b a l , G. A u c h y , E . S. AuI t , J . C. A y e r s , G. W . B a r r a n d c o - w o r k e r s , 
R . G. C. B a t s o n , C. A. B a u e r , C. B e n e d i c k s a n d V. Chr i s t i ansen , V . B e r n a r d , F . B o l l e n r a t h , 
C. A. Br iggs , J . A. Br ine l l , R . C. Brumfie ld , 13. K . Bu l l ens , G. C h a r p y , H . Ie C h a t e l i e r a n d 
co-workers , J . Class, C. J". B . Cooke, R. H . Cool idge, I . M. C o w d r e y , J . W . Craggs , A . E . Cr i sp , 
W . J . C r o o k a n d H . S. T a y l o r , 1ST. N . JDavidenkoff a n d G . N . Titoff, C. H . JDavis, 
H . E . Degle r , G. H . D e n i s o n , H . C. D e w s , C. IDillner, P . W . D o h m e r , J. W . D o n a l d s o n , 
F . W . Oueeing, P . I!>ufour, J. D u r a n d , H . K . B u t c h e r , C. A. E d w a r d s a n d c o - w o r k e r s , 
J. V. E m m o n s , B . E s n a u l t - P e l t e r i e , G. S. E v a n s , A. B . F i e ld , F . F i g a r i , J . E . F l e t c h e r , 
A . F o p p l , M. F . F o g l e r a n d E . J. Q u i n n , A. V. d e F o r e s t , F . E . FOBS a n d R . C. BramBeId, 
JH. F o w l e r , E . F r a n k e , C. d e F r e m i n v i l l e , H . J . F r e n c h a n d c o - w o r k e r s , T . Friesendorff, 
J . I>. G a t , R- G e n d e r s , BT. M . G e r m a n , S. L . Gooda l e a n d R . M . B a n k s , S. H . Graf, 
C. G r a r d , R . H . G r e a v e s , L.. G r e n e t , R . Gui l l e ry , IC. Gu i l l e t a n d co -worke r s , A . H a a r a n d 
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T . v o n I i a r m a n , R . A . H a d f i e l d a n d S. A. M a i n , B . P . H a i g h , 1>. «T. H a l e r a n d A . H . S t u a r t , 
Gr. A . H a n k i n s , F . H a r g r e a v o s , C. W . H a m a n d J . "W". H u c k e r t , K . H e i n d l h o f e r , H . H e n c k y , 
K. O. H e r b e r t , W . H e r o l d , F . P . H i t c h c o c k , H . P . H o l l n a g e l , C. W - H o l m e s , H . A . H o I z , 
JC. H o n d a a n d co -worke r s , S. L . H o y t , H . H u b e r t , A . H u l t g r e n , F . H . H u r r e n , J. E . H u r s t , 
M. I c h i h a r a , J . I n n e s , E - I r i o n , K . I t o , P . J a n n e t t a z , L . J a n n i n , J . i». J o n e s a n d 
C. H . M a r s h a l l , R . L . J o n e s , L . J o r d a n , W . J . K e e p , J . O. Ke l l e r , E . J . K e l l e y , F . C. K e l l e y , 
O . K e u n e , R . L . K e y n o n , H . Z . K i p , H . B . K n o w l t o n , F . K o e r b e r a n d I . B . S i m o n s e n , 
S. K o k a d o , F . K r a u , R . K i i h n e l a n d co -worke r s , C. K u g l e r , W . K u n t z e , E . F . L a k e , 
O. H . L e h m a n n , R . M . Les l ie , P . L i ebe r , P . L u d w i k , V . E . L y s a g h t , D . J . M a c A d a m , 
A. M c C a n c e , R . M a i l a n d e r , A . Mal lock , R . M a l m s t r o m , F . S. M a p e s , R . M a t h e r , E . M a u r e r , 
E . Menze l , W- J . M o r t e n , A. M e s n a g e r , E . Meye r , H . M e y e r a n d F . ISTehl, O . A . A. Midde l -
b e r g , H . M oore , R . R . M o o r e , O . M o r e a u , H . H . M o r g a n a n d J . R . M o o n e y , M . Moser , 
R . Moui l l ac , K . H . Miil ler a n d E . P i w o w a r s k y , P . N i c o l a u , P . Nico l le t , G. N i d e c k e r , 
A. L . N o r b u i y , A . L . N o r b u r y a n d T . S a m u e l , A- O h n s t e i n , J . O k u b o a n d M- H a r a , 
T . Y . Olsen , H . O 'Ne i l , A . R . P a g e , A. L . P a r s o n s , J . G. P e a r c e , S. N . P e t r e n k o , A . P i ca re l l i . 
I I . R . P i t t , M. P l a n t , A . P o m p , A. P o m p a n d H . Sehwe in i t z , A- P o r t e v i n , A. P o r t e v i n a n d 
H . Ber jo t , L . P r a n d t l , H . S. a n d J . S. G. P r i m r o s e , Gl. W . Q u i c k a n d L . J o r d a n , 
E . R a s o h , H . S. R a w d o n a n d co -worke r s , H . R e d e n z , P . R e l i b i n d e r , A . R o i c h e l t , C. O. R e i d , 
M. R e t z o w , L . R e v i l l o n , F . Jiioolfi, F . R i e d e l , A . R i e s a n d L . Z i m m e r m a n n , F . R o b i n , 
S. 1». R o c k w e l l , P . Ie R o l l a n d , A. Kos iwa l , P . R o s s i , P . R o u d i e , G. A. R o u s c h , O. C. R u d o l p h , 
G. S a c h s , R . S a n c e r y , U . A . N - Sand i fe r , F . S a u e r w a l d a n d c o - w o r k e r s , A . S a u v e u r , 
N . N . S a w i n a n d E . S t a c h r o w s k y , M . S c h a n d t , J . J . S c h n e i d e r , E . Schviz, M- v o n S c h w a r z , 
F . S c h w e r d t , G. Se l le rgren , J . S h a w , G. A. Sh i res , A- F . Sho re , I . G. S l a t e r a n d T . H . T u r n e r . 
R . L.. S m i t h a n d G. S a n d l a n d , S. C1. S p a l d i n g , M. S p i n d e l , A . S t a d e l e r , B . S t o u g h t o n 
a n d J . S. M c G r e g o r , R . S t r i b e c k , M. S u z u k i , K . T a k a h a s i , K . T a n i g u c h i , F . C. T h o m p s o n , 
F . S. T r i t t o n , L . B . T u c k o r m a n , T . T u r n e r , F . T . T u r p i n , W . C. TJnwin, F . W a i z e n e g g e r , 
1-.. W a l d o , F . W a l k e r , A. "Wallichs a n d H . Schal lbroclx , A. W a l l i c h s a n d co -worke r s , 
H . L . W h i t t e m o r e , L . W . W i l d , A. W i l d o m e t z , S. R . W i l l i a m s , a n d F - W i i s t a n d 
1*. B a r d c n h o u e r . 

E . M e y e r s h o w e d t h a t i n B r i n e l l ' s t e s t , if 1J d e n o t e s t h e l o a d i n k g r m s . , a n d d t h e 
d i a m e t e r of t h e i n d e n t a t i o n in m m . , JP=adn

y w h e r e a, a n d n a r e c o n s t a n t s f o r a g i v e n 
m a t e r i a l ; o r a m a y b e r e g a r d e d a s t h e l o a d r e q u i r e d t o g i v e a n i n d e n t a t i o n of 
u n i t d i a m e t e r , a n d ?t3 t h e h a r d e n a b i l i t y o r c a p a c i t y of t h e m e t a l f o r b e c o m i n g s t r a i n -
h a r d e n e d , e i t h e r b y i n c r e a s e d i n d e n t a t i o n , o r b y o t h e r c o l d - w o r k i n g o p e r a t i o n s . 
7i i s v e r y n e a r l y 2 , a n d t h e r e s u l t s a r e o f t e n r e p r e s e n t e d a~JP/d2. T h e s u b j e c t w a s 
d i s c u s s e d b y H . M o o r e , H . O ' N e i l , T . B a k e r a n d T . F. R u s s e l l , C. A . E d w a r d s a n d 
F . W . W i l l i s , J . J . S c h n e i d e r , A . K t i r t h , R . Gk C. B a t s o n , B . P . H a i g h , e t c . A c c o r d 
i n g t o O . K e u n e , if B d e n o t e s B r i n e l l ' s h a r d n e s s of i r o n ; B1, B r i n e l l ' s h a r d n e s s of t h e 
s t a n d a r d ; S1, t h e s c l e r o s c o p i c h a r d n e s s of t h e s t a n d a r d ; a n d S2, t h e s c l e r o s c o p i c 
h a r d n e s s of t h e s p e c i m e n , t h e n B—H1-^-(SZ-S1)B1ZS1. S i n c e t h e d i f f e r e n t t e s t s 
fo r h a r d n e s s m e a s u r e d i f f e r e n t g r o u p s of p r o p e r t i e s , t h e y m i g h t b e c o r r e l a t e d 
t h r o u g h t h e i r c o m p o n e n t s — d e n s i t y , t e n a c i t y , e t c . A s i t i s , a c l o s e a g r e e m e n t is n o t 
t o b e e x p e c t e d , a l t h o u g h T . T u r n e r f o u n d t h a t t h e r e s u l t s w i t h h i s s c l e r o m e t e r , 
A . F . S h o r e ' s s c l e r o s c o p e , a n d J . A . B r i n e l l ' s p e n e t r a t i o n t e s t , a r e e i t h e r i n a g r e e 
m e n t w i t h , o r p r o p o r t i o n a l t o o n e a n o t h e r . T h u s , t a k i n g o n e - s i x t h of t h e v a l u e of 
J . A . B r i n e l l ' s n u m b e r s : 

T. Turner's A. F. Shore's J . A. Brinell's 
L e a d . . . . 1O I O I O 
Softest i ron . . . 15O 14-5 
Mi ld Hteel - . . 21-() 2 2 O 16 t o 24 
Soft e a s t i ron . . . 2 1 - 4 2 4 O 2 4 O 
K a i l s tee l . . . 24-O 2 7 O 26 t o 35 
H a r d e a s t i ron . . 3Ci-U 4UO 3 5 0 
H a r d w h i t e i ron . . 72-0 7OO 75-O 

' H a r d e n e d s t e e l . . — 9 5 0 9 3 O 

R . A . H a d f i e l d g a v e t h e c o m p a r i s o n , s h o w n i n T a b l e X V I , of J . A . B r i n e l l ' s 
b a l l t e s t , a n d A . F . S h o r e ' s s c l e r o s c o p i c h a r d n e s s . T h e s u b j e c t w a s d i s c u s s e d b y 
T . N . H o l d e n , a n d S . N . P e t r e n k o . T h e r e i s s o m e r e l a t i o n b e t w e e n h a r d n e s s a n d 
t e n s i l e s t r e n g t h , a s s h o w n b y R . A . H a d f i e l d ' s c o m p a r i s o n , T a b l e X V I , of t h e 
h a r d n e s s a n d t h e c o m p r e s s i v e s t r e n g t h , t e n s i l e s t r e n g t h , a n d e l a s t i c l i m i t of a g r e a t 
v a r i e t y of s t e e l s . R . H . G r e a v e s a n d J . A . J o n e s m e a s u r e d t h e r a t i o : T e n s i l e s t r e n g t h 
( t o n s p e r s q . i n ) / B r i n e H ' s n u m b e r fo r o v e r a t h o u s a n d s t e e l s , a n d t h e y o b s e r v e d : 

VOL. X I I I . C 
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H e a t - t r e a t e d s tee ls w i t h Br ine l l ' s n u m b e r 250 t o 40O 
H e a t - t r e a t e d s tee l s w i t h Br ine l l ' s n u m b e r < C 2 6 0 
M e d i u m c a r b o n s tee ls ro l led , n o r m a l i z e d , o r a n n e a l e d 
Mild s t ee l s—rol led , n o r m a l i z e d , o r a n n e a l e d . 

JbUiUo 
0-21 
0-215 
0-22 
0-23 

but no satisfactory explanation of the constancy of the ratio has been given. 
W. H. Hatfield found tha t the relation between Shore's hardness and the elastic 
limit was not always proportional, since the curves sometimes crossed. R. R. Abbot t 
gave a number of empirical factors for converting Shore's hardness, S, into Brinell's 
hardness, B, for carbon steels : 2?—5-6£-f-14 ; for converting Brinell's number, B, 
into tensile strength in lbs. per sq. in., T, for carbon steels, T—0-75B—28 ; and for 
converting Shore's number, S, into tensile strength in lbs. per sq. in., T=4,-4:S—28. 
E . Schiiz represented the relation between Brinell's hardness, H, and the tensile 
strength, T kgrms. per sq. mm., of cast iron by E—k{H—40), where A; is a constant. 
The deviations from the rule were due to the proportion of ferrite and pearlite, and 
to the size of the graphite flakes. 

T A B L E X V I . — C O M P A R I S O N O F H A R D N E S S W I T H T H K T E N S I L E S T R E N G T H A N U 
E L A S T I C L I M I T O F S T E E L S . 

Hardness 

Shore's 

34 
38 
42 
46 
50 
54 
67 
61 
64 
68 
71 
75 
78 
80 
84 
86 
89 
92 
95 
99 
101 

Brineirs 

Tensile strength 
(tons per sq. in.) 

Yield-point 

2O 
26 
32 
38 
44 
50 
56 
61 
67 
73 
79 
84 
90 
96 
102 
107 
113 

Maximum 
stress 

36 
41 
46 
51 
GG 
61 
66 
71 
76 
81 
86 
91 
96 
1Ol 
166 
111 
116 
121 
126 
131 
136 
141 

150 
175 
2OO 
225 
25O 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
6OO 
625 
650 
675 
700 
725 
75O 
785 
800 

R . R . A b b o t t a l so g a v e for n i cke l s t ee l s , 3T = O - T l B - 32 ; T=3-5>S ' - 6 ; a n d B = 5-OS -+-48 ; 
for c h r o m i u m - v a n a d i u m s tee ls , 1 =0-71JB— 29 ; 3T = 4-2>S' —21 ; a n d B = 5-5&'H-27 ; for 
l o w c h r o m i u m - n i c k e l s t ee l s , T~=OG8B — 22 ; T = 3-7S—1 ; a n d B =^5-4SH-33 ; for h i g h 
c h r o m i u m - n i c k e l s t ee l s , 1 =0 -712* — 33 ; T = Z l S - 3 ; a n d i* = 4-8^-+-58 ; a n d for a l l 
s t ee l s g r o u p e d t o g e t h e r , T = 0 - 7 0 ^ — 26 ; T*=4-OS~15 ; a n d jB = 5-5#-f-28. 

J. B. O. Primrose recalculated these results ; and J . E. Stead represented the 
relation between Brinell's number, B1 and tenaci ty by : Tenacity (tons per sq. in.) 
S= \B4-6 , or tenaci ty (kgrms. per sq. mm.) =r±B-j-IO. J . Navarro represented 

Compression ( tons per sq. in.) 

Klastie l imi t and 
0-25 per cent . 
compression 

1 7 
1 9 
2 1 
2 3 
2 6 
3O 
3 4 
3 8 
4 3 
4 9 
5 5 
6 1 
6 7 
7 4 
8 1 
8 7 
9 4 

1 0 1 
1 0 8 
1 1 5 
1 2 2 
1 2 9 
1 3 6 
1 4 4 
1 5 1 
1 5 9 
1 6 6 

Compression per 
1Ot) tons per sq. in. 

4 9 0 
40-O 
3 5 O 
3 1 0 
2 7 O 
2 3 0 
1 9 O 
15-2 
1 1 3 

8 0 
5 - 6 
3 - 8 
2 - 4 
1 - 3 
O-6 
0 - 2 3 
0 -21 

! 0-2O 
I 0 1 8 
! 0 1 6 
I O-14 
j 0 1 3 

0 - 1 2 
0 1 1 

! 0 0 9 
0 0 8 
0 0 7 
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the relation between the hardness, J3, and the coefi. of the resistance to bending, or 
the transverse breaking stress, S kgrms. per sq. mm., of cast iron, by jB=3-23j»S-f-42. 
T. Friesendorff studied the mathematical theory of BrinelFs test. The relations 
between the hardness and the other mechanical properties of iron and steel were 
discussed by T. Baker and T. F. Russell, R. Baumann, G. S. Bell and C. H. Adamson, 
G. Berndt, H. Bohner, H. M. Brayton, I. H. Cowdrey, H. A. Dickie, P. W. Dohmer, 
P. Goerens, R. H. Greaves, R. H. Greaves and J. A. Jones, H. Hencky, K. Honda 
and K. Takahasi, F. Hugueny, E. J. Janitzky, H. von Jiiptner, F. Kick, B. Kirsch, 
A. Ktirth, A. Leon, E. Meyer, W. Mtiller, A. L. Norbury and T. Samuel, J. Okubo, 
H. O'Neil, V. Poschl, A. Portevin, F. Reiser, T. F. Russell, F. Sauerwald and 
K. Knehans, F. Sauerwald and H. Viessen, E. Schuz, O. Schwarz, W. K. Shepard 
and C. T. Porter, A. F. Shore, T. Swinden and G. R. Bolsover, J. J. Thomas, A. Vieren-
deel, F. Wlist and P. Bardenheuer. B. D. Saklatwalla and H. T. Chandler applied the 
probability law of the frequency of errors to the choice of the results of BrinelFs test. 

F. Auerbach, in applying H. Hertz's method of measuring absolute hardness 
•—2. 20, 7—showed that hardness and elasticity are associated quantities in 
that variations of the one are attended by corresponding variations of the other 
independent of the body operated upon. His method of calculation is based on 
the assumption that when the total pressure between a sphere and a plane of a given 
body is increased up to the elastic limit, the time of yielding is sharply marked either 
by a permanent set, or by rupture at the area of contact, and the hardness is then 
determined by the total pressure and the diameter of the impressed area for the time 
in question. The electrical resistance and hardness also appear to be related in 
some way, because "when one increases, the other also increases. As the temp, falls, 
the electrical resistance also falls, but usually the hardness is considered to increase 
as the temp, falls. C. Barus and V. Strouhal, and C. A. Casperson, indeed, estimated 
the hardness from the electrical resistance of steels {q-v.), and K_. Heindlhofer, from 
the magnetic hardness (q.v.). 

H. O'Neil found that the scratching hardness of single crystals of iron is greatest 
in a direction parallel to the lobes of the pressure figures ; and the hardness 
is greatest in a direction at right angles to that of the 
elongation due to cold-work. In aggregates of crystals, 
the hardness becomes greater in the region of the boun- jg : 

daries of the crystal grains ; and in cold-worked metals, 1| 
etch bands are also super-hardened. H. Gries and "J z 

H. Esser also measured the hardness of single crystals of §f 
iron. W. R. D. Jones and K. G. Lewis, W. Schwinning j | . 
and E. Strobel, E. Greulich, and F. Sauerwald and co- ^ 
-workers discussed the hardness induced by the cold-work, /sp'~"^~~po ^w-""""^T. 
or cold-deformation—i.e. work-hardening. Hot-defor- ,^rce/itdgerc^ucrfo/fby.^u^g 
mation does not have a hardening effect in the same VIG. 189. — The Sclera -
sense, but it causes the metal to recrystallize. M. Mikhai- Roffi^ro^11688 °f C°kl* 
lofE and I. Churbanoff studied the hardness of iron ° 
broken by tension. B. Stoughton's results for the scleroscopic hardness of cold-
rolled, electrolytic iron are shown in Fig. 189 ; the hardness increases up to a 
constant value with an increase in the work performed on the iron. The subject 
was discussed by R. Jonson, M. Guichard and co-workers, and B. Garre. 

G. P. Fuller gave 14 to 16 for the scleroscopic hardness of 99-965 per cent. 
electrolytic iron annealed to remove hydrogen. T. D. Yeusen found BrinelFs 
hardness of electrolytic iron, melted in vacuo, to be 60 to 70. D. J. MacNaughtan 
showed that the hardness of electro-deposited iron is dependent to some extent on 
the conditions of deposition. Thus, with the pHL-value for the H'-ion concentration 
4-5 to 4-2, the BrinelFs hardness varied from 167 to 195 ; with pH=3-6 to 3-8, 
225 to 244 ; and for _pH=3-3 to 3-5, 256 to 281. Again, with current densities of 
5, 10, 15, and 20 amps, per sq. ft., the BrinelFs hardnesses of the deposits were 
respectively 182, 229, 283, and 354. A rise in temp, tends to soften the deposits. 
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zoo ~<?oo° "soo^'loo" 

T h e h a r d n e s s of e lec t ro-depos i ted i ron w a s a t t r i b u t e d t o t h e dissolved h y d r o g e n 
a s such , or as h y d r i d e , b y Li. Cail letet , H . Lee , J . Courno t , A. J . A l l m a n d , H . O 'Nei l , 
a n d N . B . Pill ing- D . J . M a c N a u g h t a n sugges ted t h e p r o p o r t i o n of h y d r o g e n in 
solid"soln. is insufficient t o exp la in t h e h igh h a r d n e s s a t t a i n e d ; h e also t h o u g h t t h a t 
t h e a s s u m p t i o n t h a t t h e depos i t is la rge ly a m o r p h o u s i ron is n o t a l ikely e x p l a n a t i o n ; 
n o r does he f avour t h e a s s u m p t i o n t h a t t h e c rys t a l l a t t i ce is d i s t o r t e d b y t h e 
e lectr ical forces a c t i n g d u r i n g t h e depos i t i on p r o d u c i n g a h a r d e n i n g effect 
ana logous t o t h a t of cold-work. T h e f ine-grained c h a r a c t e r of t h e c rys ta l l ine 
s t r u c t u r e , d u e in p a r t t o t h e ac t ion of h y d r o g e n in in te r fe r ing w i t h c rys ta l l ine g r o w t h , 
m a y be a p a r t i a l e x p l a n a t i o n of t h e p h e n o m e n o n . E . J . Mills found t h a t t h e e lec t ro-

d e p o s i t e d i ron, coba l t , a n d n icke l a r e in a 
c o n d i t i o n of t ens i l e s t ress , whi l s t w i t h c a d 
m i u m a n d zinc, t h e s t ress is compress ive . 
Gr. G. S toney , W . K o h l s c h u t t e r a n d E . V m I -
leimiier , a n d R . H . D . Ba rk l i e a n d H . J . D a v i s 
m a d e o b s e r v a t i o n s on t h e sub jec t—v ide 
supra, t heo r i e s of h a r d n e s s , a n d vide infra, 
e lec t ros t r i c t ion . T h e h a r d n e s s p r o d u c e d b y 
co ld-work , e tc . , w a s d iscussed b y D . J . Mac
N a u g h t a n a n d A. W . H o t h e r s a l l , C. A. E d 
w a r d s a n d K . K u w a d a , F . Saue rwa ld a n d 
E . R a k o s k y , M. G u i c h a r d a n d co-workers , 
R . H . Greaves , R . H a y a n d R . H igg ins , 
E . G. H e r b e r t , P . Nico lau , E . A. Ol lard , 
W . P . Sykes a n d A. C. E l l s w o r t h , a n d 

G. T a m m a n n . A. S a u v e u r a n d JJ). C. Lee g a v e t h e r e su l t s s u m m a r i z e d in E ig . 19O. 
E o r J . H . A n d r e w a n d A. J . K . H o n e y m a n ' s obse rva t i ons , vide supra, s p . gr . ; 
a n d for t hose of C. N u s b a u m a n d W . L . Cheney on t h e effect of different r a t e s 
of cool ing eu t ec to id -ca rbon steels, vide Tab le X V I , m a g n e t i s m . 

T h e h a r d n e s s of s teel a n d cas t i ron is la rge ly d e t e r m i n e d b y t h e cond i t ion of t h e 
c a r b o n . As s h o w n b y G. N e u m a n n , t h e h a r d n e s s of g r ey cas t i ron is m o r e sens i t ive 
t o t h e g r o u n d m a s s t h a n t o t h e form of t h e g r a p h i t e t h a n is t h e case wi th t h e tens i le 
a n d b e n d i n g t e s t s . T h e sub j ec t w a s s t u d i e d by T. K l ingens t e in . The m a x i m u m 
h a r d n e s s of ca s t i ron occurs w h e n all t h e c a r b o n is in t h e c o m b i n e d s t a t e ; a n d also 
b y t h e p a r t i c u l a r c o n s t i t u e n t which p r e d o m i n a t e s in t h e m e t a l . This is l a rge ly 
d e t e r m i n e d b y t h e h e a t t r e a t m e n t t o which t h e m e t a l h a s been sub jec ted . T h e 
e x t e r i o r of a cas t ing , for i n s t a n c e , is u sua l l y h a r d e r t h a n t h e in te r ior . This is d u e t o 
t h e chi l l ing of t h e m e t a l w h i c h comes in c o n t a c t w i t h t h e m o u l d . E o r t h e increase 
in h a r d n e s s a c c o m p a n y i n g t h e c h a n g e of a u s t e n i t e i n to m a r t e n s i t e , a n d t h e decrease 
in h a r d n e s s as t h e m a r t e n s i t e passes i n t o t r o o s t i t e or pea r l i t e , vide supra, m a r t e n s i t e ; 
a n d t h e h a r d e n i n g a n d t e m p e r i n g of s teel . 

T h e different c o n s t i t u e n t s of s teel h a v e the i r o w n specific h a r d n e s s , a n d 
H . C. B o y n t o n g a v e t h e following r e l a t ive n u m b e r s for Br ine l l ' s h a r d n e s s : 

F I G . 190. B r i n e l l ' s H a r d n e s s of S tee l 
a f t e r b e i n g S t r a i n e d a t !Different 
T e m p e r a t u r e s . 

ITerrite 

l^oarl i to 
S o r b i t e 
T r o o s t i t e 

M a r t e n s i t e 
A u s t e n i t e 
C e m e n t i t e 

Ji l lectrolytic i ron 
E l e c t r o l y t i c i ron q u e u e l ied 
W r o u g h t i r o n . . . . 

I S tee l w i t h 0 1 3 t o 1-52 p e r c e n t . C. 
[ S tee l w i t h 0-35 t o 0-86 p e r c e n t . C. 

S t ee l w i t h 0-48 t o 0-58 p e r c e n t . C. 
S tee l w i t h 0-58 p e r c e n t . C. 
S t ee l w i t h 0-20 t o 1-52 p e r c e n t . C. 
W h i t e c a s t i r o n w i t h 3-24 p e r c e n t . C 
G r e y c a s t i r o n w i t h 3-24 p e r c e n t . C. 

1 
2 1 5 
1-5 t o 3-0 
1-8 t o 10-3 
3-8 t o 4-2 
5-2 t o 5 3 0 
88-2 
38-9 t o 261-6 
103-4 
272-8 

T h e a v e r a g e v a l u e s for t h e scJe rometc r h a r d n e s s (calei tc , 158 ; q u a r t z , 46 ,103 
c o r u n d u m , 84,809) we re : 

Ferrito 
46O 

Pearlite 
200O 

Sorbite 
2400 t o 24,0OO 

Troostite 
40 ,500 

Austenite 
48,00O 

Martensite 
11O.OO0 

Cementite 
125,000 
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J . A. Brinel l found t h e h a r d n e s s of Swedish pa le g r e y cas t i ron t o be 179 ; w h i t e 
c a s t i ron , 460 ; a n d m o t t l e d ca s t i ron in t h e g r ey p a r t , 202, a n d in t h e w h i t e p a r t , 
375 . H e also found t h e h a r d n e s s of Swedish s teel w i t h : 

C a r b o n . O l 0-2 0-3 0-4 0-5 0-6 O-7 p e r c e n t . 
H a r d n e s s . 97 107 145 150 185 215 232 

P . Oberhoffer ' s r e su l t s for t h e influence of c a r b o n on t h e h a r d n e s s of s teel a r e s u m 
m a r i z e d in F ig . 191 . A. W a hi be rg ' s r e su l t s a r e s imilar , a n d include t hose r e p r e 
s e n t e d b y t h e d o t t e d l ine . E . Schiiz found t h a t t h e re la t ion be tween Br ine l l ' s 
h a r d n e s s a n d t h e p e r c e n t a g e of c o m b i n e d ca rbon follows a l m o s t a l inear law. 
T h e r e su l t s were v e r y l i t t l e affected b y t h e size of t h e g r a p h i t e p la t e s . M. fjevin 
a n d K . D o r n h e c k e r , I*. Sa ldau , a n d I . G-. S l a t e r a n d T. 11. T u r n e r also o b t a i n e d 
ana logous resu l t s . F . F e t t w e i s obse rved s ingu la r p o i n t s in t h e h a r d n e s s of iron at 
about" 600°. 

K . T a m a r u g a v e 40 for Br ineH's h a r d n e s s of no rma l i zed a r m e o iron ; 155 for 
a u s t e n i t e ; 225 for no rma l i zed 0-9 p e r cen t , c a r b o n steel ; 27O for s t r a i n e d sorb i te 
in 0-9 pe r cen t , c a r b o n s teel ; 400 for s t r a i n e d t roos t i t e in 0-9 p e r cent , c a r b o n steel ; 
720 for m a r t e n s i t e ; 82O for s t r a i n e d c e m e n t i t e , a n d 640 for n a t u r a l c e m e n t i t e . 
Accord ing t o C G r a r d , t h e h a r d n e s s of t r o o s t i t e is a b o u t 400, a n d t h a t of so rb i t e , 
2 7 0 — b o t h a re sub jec t ed t o a n i n t e r n a l s t r a i n . A. P o r t e v i n e s t i m a t e d t h e Br ine lFs 
h a r d n e s s of c e m e n t i t e t o be 40O ; a n d K . T a m a r u g a v e t h e resu l t s i nd i ca t ed 

F i a . 1 9 1 . — T h e Effect of F I G . 1 9 2 . — T h e H a r d - F I G . 1 9 3 . — T h e Kffect 
C a r b o n o n t h e FTarci- ness of C e m e n t i t e . of M a r t e n s i t e on 
ness of S tee l . t h e H a r d n e s s of 

A u s t e n i t e . 

in F i g . 192, where; t h e u n a n n e a l e d s a m p l e is u n d e r s t r a in , a n d a m o u n t s t o 82O on 
Brinel l \s scale ; while a n n e a l e d , or t h e so-called n a t u r a l h a r d n e s s , a m o u n t s t o 64 on 
Rockwe l l ' s scale, or 640 on BrineH's scale . N . T. Bela iew found t h a t if A0 d e n o t e s 
t h e d i s t ance in m i c r o n s ; /x, pear l i te l a m e l l a ; — 1 2 . 66, 1 5 - - t h e Brinel l ' s h a r d n e s s , 
/ / , c a n be r ep r e sen t ed b y A0H ^ 8O. H e n c e , for Iamclho w i t h A0--=0*28/x, Z/ 28<> 
a p p r o x i m a t e l y . 

K . T a m a r u found t h a t t h e h a r d n e s s of a u s t e n i t e in q u e n c h e d c a r b o n steels 
d e p e n d s on t h e p r o p o r t i o n of c o n t a i n e d m a r t e n s i t e , as i nd i ca t ed in F ig . 193. A 
s imi lar m a x i m u m a t a b o u t 600° t o 630° w a s obse rved in t h e a u s t e n i t e of m a n 
ganese a n d n icke l s tee ls . T h e c h a n g e in h a r d n e s s wh ich a t t e n d s t h e t r a n s f o r m a t i o n 
of a u s t e n i t e t o m a r t e n s i t e w a s discussed b y L.. D e m o z a y , W . P . Sykes a n d Z. Jeffries, 
e tc .—v ide supra. F . K o e r b e r obse rved a m a x i m u m a t 600° in t h e i m p a c t h a r d n e s s . 
T h e o b s e r v a t i o n s of R . A . Hadf ie ld a n d J . H o p k i n s o n , J . O. A r n o l d a n d A. A. R e a d , 
a n d E . E . M c K e e s h o w t h a t t h e r e is a s epa ra t i on of ca rb ides in annea l ing these s teels , 
b u t K . T a m a r u a t t r i b u t e d t h e m a x i m u m t o t h e blue sho r tnes s of s teel—vide infra, 
tens i le s t rength-—which , accord ing t o K . H o n d a , is d u e t o t h e cold-work u n d e r g o n e 
b y t h e s tee l d u r i n g t h e app l i c a t i on of t h e load. T h e p las t ic de fo rmat ion d u e 
t o co ld -work a lways lags b e h i n d t h e app l i ed load, a n d th i s l ag d iminishes w i th rise 
of t e m p . Consequen t ly , a s t h e ve loc i ty of l oad ing increases , t h e m a x i m u m h a r d e n 
i n g is d i sp laced t o w a r d s a h ighe r t e m p . F . Wi i s t a n d E . L.euenberger, W . K o s t e r , 
O. R e i n h o l d , E . L . D u p u y , H . J . F r e n c h , Z. Jeffries, T. M a t s u s h i t a a n d K . N a g a s a w a , 
K!. H o n d a , a n d T . I n o k u t y obse rved a m a x i m u m a t 200° t o 300° in t h e s t a t i ca l 
t e s t , a n d F . F e t t w e i s f o u n d t h a t t h e m a x i m u m is d i sp laced t o a h igher t e m p , as t h e 
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ve loc i ty of load ing is increased . T h e dec reas ing h a r d n e s s w i t h inc reas ing c a r b o n 
of a u s t e n i t i c m a n g a n e s e s teel is a t t r i b u t e d t o t h e p resence of m a r t e n s i t e w h i c h 
increases w i th decreas ing p r o p o r t i o n s of c a r b o n a n d m a n g a n e s e . T h e gene ra l r e s u l t s 
s h o w t h a t Br inel l ' s h a r d n e s s of a u s t e n i t e is 155 in c a r b o n s tee ls a t r o o m t e m p . 
A. S a u v e u r gave 175 t o 180 ; a n d R . A . Hadf ie ld a n d J . H o p k i n s o n , 200. K . T a m a r u 
found t h a t Br ine lFs h a r d n e s s of m a r t e n s i t e in a 1*69 p e r cen t , c a r b o n s tee l , q u e n c h e d 
from 1120°-1130° , is 720. T h e h a r d n e s s of t h e i n n e r p o r t i o n of a p iece of s tee l 
q u e n c h e d in w a t e r , a n d also af ter i m m e r s i o n in l iqu id a i r . T h e h a r d n e s s increases 
wi th c a r b o n - c o n t e n t u p t o 0-8 p e r cen t . , a n d t h e n g r a d u a l l y decreases ; be low 0-7 p e r 
cen t , of c a r b o n , t h e o u t e r p o r t i o n is h a r d e r s ince, owing t o t h e low p r o p o r t i o n of 
c a r b o n , t h e m a r t e n s i t e is well deve loped ; a n d a b o v e 0-8 p e r c en t , of c a r b o n , t h e 
o u t e r p o r t i o n is softer because , in v i r t u e of t h e h igh c a r b o n c o n t e n t , m o r e a u s t e n i t e 
is fo rmed t h a n in t h e c e n t r e . T h e decrease in h a r d n e s s w i t h s tee l w i t h ove r 0-8 p e r 
cen t , of c a r b o n is d u e t o t h e inc reas ing p r o p o r t i o n of r e t a i n e d a u s t e n i t e . A . W a h l -
b e r g obse rved t h a t t h e h a r d n e s s g a v e 652 for t h e m a x i m u m h a r d n e s s of a q u e n c h e d 
0-65 p e r c en t , c a r b o n s tee l . O b s e r v a t i o n s were m a d e b y E . M a u r e r . A. K a t t o 
m e a s u r e d t h e effect of r e p e a t e d q u e n c h i n g on t h e h a r d n e s s of s tee l . W . R . Chap in , 
C. R . H a y w a r d , T . K a s e , S. I de i , a n d KL. H o n d a a n d S. I de i s t u d i e d t h e d i s t r i b u t i o n 
of t h e h a r d n e s s in q u e n c h e d c a r b o n s teel , a n d M. A. A m n i o n , a n d G. C h a r p y a n d 
Li. Grene t , t h e r e l a t i on of h a r d n e s s t o t h e d e p t h of carbur i&at ion of case a n d h a r d e n e d 
s tee ls . C. Y . C lay ton , F . J . Wal l s a n d A. H a r t w e l l , C. A. E d w a r d s a n d K . K u w a d a , 
a n d O. B a u e r a n d W . Schne ide r found t h a t Br ine l l ' s h a r d n e s s of e lec t ro ly t i c 
i r on is n o t affected b y q u e n c h i n g f rom 650° t o 3 258° in iced w a t e r , a l t h o u g h 
H . C. B o y n t o n sa id t h a t t h e r e is a 100 p e r cent , increase in t h e s c r a t c h i n g 
h a r d n e s s . 

T h e effect of h e a t t r e a t m e n t d e t e r m i n e s t o some e x t e n t t h e n a t u r e of t h e 
d o m i n a n t c o n s t i t u e n t s of t h e m e t a l , a n d these , as j u s t s h o w n , a r e in a la rge m e a s u r e 
r e spons ib le for v a r i a t i o n s in t h e h a r d n e s s of t h e ca rbon- i ron a l loys . J . A. Br ine l l 
e m p l o y e d a s teel w i t h a b o u t 0-01 p e r cen t , of s u l p h u r a n d 0*026 pe r cen t , of p h o s 
p h o r u s , a s well a s t h e p r o p o r t i o n s of c a r b o n , silicon, a n d m a n g a n e s e s h o w n in 
T a b l e X V I I , a n d o b t a i n e d t h e va lues for Br ine lFs h a r d n e s s s h o w n in t h e s a m e 
T a b l e X V I I , for s tee l w h e n s u b j e c t e d t o different h e a t t r e a t m e n t s . T h e effect of 
t h e h a r d e n i n g t e m p , on some steels is i n d i c a t e d in T a b l e X V I I . 

T A B L K X V I T . — T H E E F F K O T O F H E A T T R K A T M E N T o>r THK H A R D N E S S ( I F S T I O K I , . 
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Carbon 

O-IO 
0 - 2 0 
O-25 
O-35 
O-45 

•ercrntage composi t ion 

Silicon 

0-0O7 
0 - 0 1 8 
O-30 
O-2« 
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, 0 - 6 0 ! 0 - 3 3 
0 - 7 8 J 0 - 3 7 
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1-25 ! 0 - 6 0 

. H a r d e n i n g t e m p . 

Manganese 

O-IO 
0-4O 
0 - 4 1 
O-49 
0 - 4 5 
0 - 4 9 
O-18 
0 - 2 0 
0 - 2 5 
0 - 2 0 

( 0 - 1 0 p e r c e n t . 
C a r b o n ] g ! « | » 

I 0-70 »» 

.BrineH's hardness 
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rolJing-mill 

J O U 
! 1 2 6 
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Cooled in 
charcoal from 
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1 1 5 
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2 3 1 
2 5 8 
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1 3 4 
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9 4 
1 0 9 
1 3 2 
1 3 8 
1 5 1 
1 5 9 
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1 7 6 

I 1 8 9 
2 1 2 

7 5 0 ° 
1 6 3 
4 6 0 
3 8 7 
7 4 4 

! 

I Quenched 
I from red-hea t 
jin water a t 2O" 

1 4 9 
1 9 6 
3 1 1 
4()2 
5 5 5 
6 5 2 
5 7 8 
6 5 2 

i 6 2 7 
6 2 7 

1 0 0 0 ° 
1 3 7 
4 3 0 
3 8 7 
7 4 4 
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J . A. J o n e s found t h a t when a n a n n e a l e d b a r of a r m c o i ron c o n t a i n i n g 0-05 
p e r cen t , of c a rbon , is r e h e a t e d t o 600° for a n hour , t h e Br ine l l ' s h a r d n e s s w i t h 
a 10 m m . bal l of 1000 k g r m s . , a f te r va r ious r a t e s of cool ing, 8 : s low cool ing, 75 ; 
a i r -cooled, 87 ; q u e n c h e d in w a t e r a n d t e s t e d af ter 10 min . , 96 ; I ^ hrs . , 100 ; 7 d a y s , 
107 ; 28 d a y s , 120 ; a n d 63 d a y s , 136 ; q u e n c h e d in w a t e r a n d aged for 5O d a y s , 130 ; 
a n d t h e n r e h e a t e d t o 100° for a n hour , 116 ; o r t o 200° for one h o u r , 100. 
M. S a u v a g e o t a n d H . D e l m a s s t u d i e d t h e h a r d n e s s of s tee ls q u e n c h e d from a h igh 
t e m p . ; a n d Li. Grene t , t h e h a r d n e s s of t e m p e r e d s tee ls . T . T u r n e r g a v e for 
t h e p e r c e n t a g e loss of q u e n c h i n g h a r d n e s s for steel w i t h n e a r l y 0-9 p e r cen t , of 
c a r b o n w h e n t h e s teel w a s q u e n c h e d a t different t e m p . , a n d t h e h a r d n e s s m e a s u r e d 
in different w a v s : 

Percen tage loss 
B r i n e l l ' s h a r d n e s s 
M a r t e n s ' , , 
J a g g a r ' s , , 
S h o r e ' s , , 

100° 

— 
. 2 -5 

1-8 
:J-T 

20O r 

1 8 
1.4-O 

5 4 
2 - 7 

3OO ° 
3 8 
4 1 0 

9 1 
1 1 - 1 

4OO 
0 8 
TOC) 
2 3 - 6 
3 3-O 

5OO 
9 4 
87-r> 
(>4-<> 
92-r> 

GOO 

1OO 
9 5 - 7 
9 4 r> 

1OO 

1 0 0 ° 
2 7 7 5 

2 0 0 ° 
2 2 8 5 

2 7 5 ° 
1 0 6 O 

4OO ° 
5 9 5 

r>oo° 
4 4 (> 

TOO' 
2 7 7 

E . H e y i i a n d O. B a u e r m e a s u r e d t h e effect of t e m p e r i n g on t h e s c r a t c h i n g h a r d 
ness of a 0-95 p e r cen t , c a r b o n s teel , q u e n c h e d from 900°. I i . H a y a n d I i . H igg ins 
found t h a t if H0 d e n o t e s t h e h a r d n e s s of m a r t e n s i t i c s teel , a n d / / t h e h a r d n e s s on 
t e m p e r i n g a t 0°, t h e n H~H0e~a&y w h e r e a is a c o n s t a n t . A. M a r t e n s o b t a i n e d a 
h a r d n e s s of 277 on a special scale for forged s tee l w i t h 0-95 p e r cen t , of c a rbon , t h i s 
rose t o 2775 w h e n t h e s tee l was h e a t e d t o 900° a n d q u e n c h e d in wa te r , a n d on 
t e m p e r i n g t h e h a r d n e s s fell in t h e fol lowing w a y : 

H a r d n e s s . 

T h e h a r d n e s s of 0*89 p e r cen t , c a r b o n s teel q u e n c h e d f rom 850° in wa t e r , a n d t h e n 
t e m p e r e d for a n h o u r a t v a r i o u s t e m p , is i nd i ca t ed in F i g . 194—vide supra, t e m p e r 
ing . T h e h a r d n e s s of a s a m p l e t e m p e r e d a t 112° is g r e a t e r 
t h a n t h a t of t h e q u e n c h e d s teels , b u t as t h e t e m p e r i n g 
t e m p , r ises st i l l f a r the r , t h e h a r d n e s s decreases . T h e 
a b n o r m a l c h a n g e a t 150° t o 200° co r r e sponds w i t h a - m a r t c n -
s i te , t h a t a t 350° t o 400°, w i th / ? -mar tens i t e ; a n d t h a t 
a t 430° t o 450°, w i th t h e re -c rys ta l l i za t ion of t h e s teel . 
C. G r a r d found a n increase a t 100°. A b o v e 450°, t h e in
t e r n a l s t ress is r e m o v e d , a n d t h e grain-s ize increases , a n d 
t h e h a r d n e s s decreases b y t e m p e r i n g — v i d e supra, t e m p e r i n g . 

C. B a r u s , a n d L . C. B r a n t found t h a t h a r d s teel b e c a m e 
a p p r e c i a b l y softer w h e n k e p t u n d e r o r d i n a r y cond i t ions 
for t h i r t y y e a r s ; a n d C. B a r u s a d d e d t h a t if g lass -ha rd 
s teel too ls h a d been p r e s e r v e d f rom t h e beg inn ing of t h e Chr i s t ian e ra t h e y would 
n o w b e soft a s t o n e e d r e - t e m p e r i n g t o be efficient. This s t a t e m e n t has p ro 
b a b l y g iven r ise t o t h e impress ion t h a t h a r d a n d t e m p e r e d steel will n o t r e t a i n i ts 
qua l i t i e s , a n d t h a t h a r d s tee l is in a m e t a s t a b l e s t a t e wh ich is a f t e rwards m o r e or 
less a l l ev i a t ed b y t e m p e r i n g . T h e obse rva t i ons of H . C H . C a r p e n t e r a n d 
J . M. R o b e r t s o n o n t h e h a r d e n e d a n d t e m p e r e d steels of a n c i e n t E g y p t show t h a t 
b o t h h a r d e n e d a n d t e m p e r e d s teels c a n r e t a i n t h e i r m e c h a n i c a l p rope r t i e s a n d h a r d 
ness for m a n y t h o u s a n d s of y e a r s . 

Ja. Gui l ie t a n d J . C o u r n o t s h o w e d t h a t t h e r e is a n increase in h a r d n e s s a s t h e 
t e m p , falls, a n d t h a t t h e r e is a fairly large increase in pas s ing from —80° t o —190° . 
T h e fall in t h e resi l ience a s t h e t e m p , d r o p s is g r e a t e r t h e h ighe r t h e p r o p o r t i o n of 
c o n t a i n e d fer r i te . A u s t e n i t e , con t a in ing e n o u g h nickel , does n o t show fragi l i ty 
a t low t e m p . ; b u t pea r l i t i c s teels , c o n t a i n i n g nickel , a re fragile in l iquid air , b u t t h e 
n icke l r e t a r d s t h e lower ing of t h e f ragi l i ty w i t h a decrease in t e m p . P . De j ean 
d iscussed t h e effect of compress ion o n t h e resil ience or e las t ic p rope r t i e s of s teel . 
T h e effect of age ing on t h e tens i le p rope r t i e s of mi ld steel was discussed b y G. Mas ing 

0 oZ00o400o600°800oj'000" 
/I/v?eat/Kg- tempe/atvre 

F I G . 1 9 4 . — T h e Effect 
of T e m p e r i n g o n t h e 
Br ine l l ' s H a r d n e s s of 
I ron . 
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a n d ILi. K o c h , G . T a m m a n n a n d V . C a g l i o t i , G . M a s i n g , R . S . D e a n a n d c o - w o r k e r s , 
E . H e y n , a n d W . K o s t e r — v i d e infra, t h e t e n s i l e s t r e n g t h of i r o n . L . B . P f e i l 
f o u n d t h a t w o r k - h a r d e n e d m e t a l s a r e l i a b l e t o i n c r e a s e i n h a r d n e s s a s a r e s u l t of 
a g e i n g . 

E . C. T h o m p s o n e x a m i n e d t h e e f f ec t of g r a i n - s i z e o n t h e h a r d n e s s of S w e d i s h 
i r o n a n d f o u n d t h a t t h e B r i n e l l ' s h a r d n e s s c o u l d b e i n c r e a s e d a b o u t 5 0 p e r c e n t , b y 
g r a i n r e f i n e m e n t . H . H a n e m a n n a n d R . H i n z m a n n f o u n d o n l y s l i g h t d i f f e r e n c e s i n 
t h e h a r d n e s s of s t e e l w i t h g r a i n - s i z e s r a n g i n g f r o m 9 0 t o 2 0 , 0 0 0 / z 2 . A . P o m p ' s 
d a t a f o r s o f t i r o n w i t h 0 -08 p e r c e n t , of c a r b o n g a v e a n i n c r e a s e of 15 j i e r c e n t , w i t h 
g r a i n r e f i n e m e n t . H e o b s e r v e d t h a t 

G r a i n s pe r sq . m m . . <iS 827 JIUiO 231*) 307«) 
Br i i i e i r* h a r d n e s s . 83 87 81) \H\ 95 

W . A . W o o d a l s o f o u n d t h a t , B r i n o H ' s h a r d n e s s , If9 i n c r e a s e s a s t h e g r a i n - s i z e , 
6 ' X l O " " 0 e m . d i a m e t e r d e c r e a s e s : 
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Fio . 195.- The Effect of Annealing, 
and Grain-Size on the JBriiiell's 
Hardness of Steel. 

A l inear cu rve is o b t a i n e d f rom t h e re la t ion H—kG~z, where k is c o n s t a n t ; s ince 
G2 is p r o p o r t i o n a l t o t h e surface a rea of t h e gra in , S, t h e n H=k'Ar~2, w h e r e h' is 
c o n s t a n t . H . S. R a w d o n a n d E . J imeno-Gi l dec ided t h a t w i th i r on c o n t a i n i n g 
0*07 p e r cen t , of c a r b o n t h e grain-size h a s l i t t le influence on t h e h a r d n e s s ; b u t in 

genera l , f ine-grained samples h a d t h e g r e a t e r 
Br ine l l ' s h a r d n e s s ; whi l s t T . I s h i g a k i ob 
se rved t h a t w i t h a r m c o i ron , t h e Br ine l l ' s h a r d 
ness decreased as t h e size of g r a i n inc reased . 
S. S h i m u r a a n d I i . E s s e r showed t h a t w i t h 0-G 
t o 1-75 p e r cen t , c a r b o n s teels , t h e h a r d n e s s 
dec reased a l m o s t l inea r ly w i t h a n increase in 
t h e t i m e of annea l ing , or w i t h a n inc rease in 
t h e grain-s ize of t h e ca rb ide . T h e final h a r d 
ness of all t h e s teels a f t e r a p r o l o n g e d a n n e a l 
ing was a p p r o x i m a t e l y t h e s ame , viz . 121 t o 
3 4:2 on Br ine l l ' s scale . T h e r e su l t s wi th a 
0-97 c a r b o n steel a r e s u m m a r i z e d in E ig . 11)5. 
IJ. B . Pfeil concluded, t h a t ne i t he r t h e g ra in -

size nor , in t h e case of single c rys t a l s , t h e c rys ta l log raph ic face of t h e i n d e n t e d 
p l a n e h a d a n y pe rcep t ib l e influence on i ts Br ine l l ' s h a r d n e s s ; a l t h o u g h JF. O s m o n d 
a n d G. C a r t a u d h a d p r ev ious ly r e p o r t e d t h a t t h e o c t a h e d r a l face lias a Br ine l l ' s 
h a r d n e s s g r e a t e r t h a n is t h e case w i t h t h e cubic-face, a n d t h e h a r d n e s s of t h e 
(Ol l ) - faee is i n t e r m e d i a t e b e t w e e n t h e t w o . H . O'-Neil f ound t h a t t h e Br ine lTs 
h a r d n e s s of n o r m a l i z e d a r m c o i ron is lowered cons ide rab ly b y a n n e a l i n g in 
v a c u o ; Br ine l l ' s h a r d n e s s is a lso i n d e p e n d e n t of t h e grain-s ize , a n d different 
faces of single c ry s t a l s h a v e t h e s a m e h a r d n e s s as agg rega t e s , b u t t h e s c r a t c h -
h a r d n e s s in different d i r ec t ions on t h e c rys t a l faces is different . T h e s t r a in 
h a r d e n i n g of v a c u u m - h a r d e n e d , d e c a r b u r i z e d i ron, s h o w n b y t h e s c r a t c h - t e s t s , 
i n d i c a t e d t h a t t h e s t r a i n - h a r d e n i n g inc reased s o m e w h a t a s t h e t e m p , is r a i sed 
f r o m —185° t o -f-100° ; a n d s imi la r ly a lso for cold-rol led i ron . T h e r e s u l t s 
f rom 100° t o 130° a r e v a r i a b l e . T h e r e is a sma l l increase in t h e s c r a t c h - h a r d n e s s 
of fe r r i t e a t 120° ; b u t t h e effect w i t h s ingle c rys t a l s is smal l a l t h o u g h t h e r e a r e 
i n d i c a t i o n s of a n inflect ion b e t w e e n 110° a n d 125°. T h e sub jec t was d i scussed b y 
S. V. B e l y n s k y . 

T h e h a r d n e s s of c o l d - d r a w n s teel a n d i r o n is g r e a t e r t h a n t h a t of t h e a n n e a l e d 
m a t e r i a l , a n d t h e t e r m " h a r d d r a w n " h a s long been a p p l i e d t o u n a n n e a l e d wi re . 
P . G o e r e n s f o u n d t h e Br ine l l ' s a n d t h e S h o r e ' s h a r d n e s s of w r o u g h t i ron w i t h 0*11 
p e r c en t , of c a r b o n t o b e : 
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R e d u c t i o n a r e a 
B r i n e l l ' s 
S h o r e ' s 

R e d u c t i o n a r e a 
Brinell 's 
Shore's 

O 
118 
24 

t* cent. 

O 
285 
59 

10-8 2 5 1 
157 170 
33 31 

of carbon to be : 

9 1 14-2 
325 349 
OO 5(J 

39-8 
181 
39 

2 2 0 
3.52 
02 

43-0 
189 
45 

28 3 
35O 
53 

48-3 per cent 
2Ol 
4G 

32-8 per cent 
301 
52 

O ] 
05-O 
73-2 

O -3 
78-O 
1)3-1 

0-3 
9 O O 
95 -0 

0-7 
95-O 
IOI-5 

0-9 
Mi-O 
109-2 

1 -1 per rent 
97-O 
1O0-7 

T . I sh igak i m e a s u r e d t h e Rockwel l h a r d n e s s of s teel before and af ter it had been 
s u b j e c t e d t o co ld -work b y tensi le s t r a in ing , and found : 

C a r b o n 
K e f o r e c o l d - w o r k 
A f t e r c o l d - w o r k 

H e n c e , t h e h a r d e n i n g effect increases a s t h e p r o p o r t i o n of c a r b o n increases , and i t 
a t t a i n s a m a x i m u m wi th e u t e c t o i d a l s teel . T h e sub j ec t was discussed b y 
W . P . S y k e s a n d A. C. E l l s w o r t h , a n d W . B r o n i e w s k y a n d J . K r o l . M. ITanriot 
o b s e r v e d t h a t m e t a l s a r e h a r d e n e d b y h y d r o s t a t i c press . , a n d T. I sh igak i ob t a ined 
for a r m c o i ron , sub j ec t ed t o a compress ion of p k g r m s . p e r sq . cm. , t h e Rockwel l 
h a r d n e s s : 

V -
Hardness 

O 
. 4O-0 

2800 
48-O 

520O 
53-2 

732O 
56-0 

12,4OO 
5 9 0 

3 0,5OO 
59-4 

T h e c h a n g e in t h e h a r d n e s s p r o d u c e d b y t e m p e r i n g is i l l u s t r a t ed b y F i g . 196. 
A s s u m i n g t h a t t h e h a r d n e s s p r o d u c e d b y co ld -work ing d e p e n d s on i n t e r n a l s t ress , 
t h e l a t t e r c a n n o t be inc reased b e y o n d t h e y ie ld -po in t , 
a n d c o n s e q u e n t l y t h e h a r d n e s s will a t t a i n a s y m p t o t i c 
a l ly a c e r t a i n m a x i m u m v a l u e . T h u s , t h e h a r d n e s s of 
i ron increases r a p i d l y a t first, b u t t h e n g r a d u a l l y t e n d s 
t o w a r d s a n a s y m p t o t i c v a l u e . T h e effect of t e m p e r i n g 
w o r k - h a r d e n e d a r m c o i ron, b e t w e e n 250° a n d 350°, is 
t o increase s l igh t ly t h e h a r d n e s s as s h o w n in F ig . 196, 
a n d t h e n t o decrease s o m e w h a t r a p i d l y t o w a r d s a b o u t 
470° . A s l ight h a r d e n i n g occurs in t h e r a n g e 470° t o 
570°, a n d t h e h a r d n e s s t h e n falls s u d d e n l y n e a r 6(X)°. 
T h e second hardiu»ss is a t t r i b u t e d t o t he d e v e l o p m e n t 
of c r y s t a l nucle i occur r ing i m m e d i a t e l y before t h e r e -
c rys t a l l i za t ion of co ld -worked m e t a l s se ts in. The 
s u d d e n sof ten ing a b o u t 6(X)° is supposed t o be due t o 
t h e re lease of i n t e r n a l s t r a i n s a t t e n d i n g re-crys ta l l iza
t i on . T h e s l ight h a r d e n i n g of i ron a n d steel be tween 
25()° a n d 350° is e x p l a i n e d t h u s : 

/PO" f?' /00'yotf.yOO"-fOcf500Q600a700° 

b U3. 1 9 0 . H a r d n e s s of 
T e m p e r e d I r o n a r i d S t e e l . J n a s e v e r e l y c o l d - w o r k e d m e t a l s o m e i n t e r n a l s t r a i n r e 

m a i n s a f t e r a n a p p l i e d s t r e s s l i a s b e e n r e l e a s e d , a n d t h u s t h e 
m e t a l i s c o n s i d e r a b l y h a r d e n e d , t h a t i s , i t s r e s i s t a n c e t o s l i p i s g r e a t l y i n c r e a s e d b y t h e 
c o l d - w o r k i n g ; b u t a t t h e s a m e t i m e , i t i s i n a s o m e w h a t u n s t a b l e c o n d i t i o n . C o n s e q u e n t l y , 
b y t e m p e r i n g b e t w e e n 2 5 0 ° a n d 3 5 0 ° , w h i c h r e s u l t s in a v i o l e n t t h e r m a l m o t i o n of t h e 
a t o m s , s o m e p o r t i o n s of t h e i n t e r n a l s t r a i n a r e r e l e a s e d a t t h e p o i n t of i t s g r e a t e s t 
i n s t a b i l i t y , m o s t of t h e s t r a i n r e m a i n i n g x i n a f f e c t e d . T h u s t h e m e t a l b e c o m e s a l i t t l e 
B t a b l e , o r b e c o m e s m o r e r e s i s t a n t t o s l i p ; t h a t i s , t h e h a r d n e s s i s i n c r e a s e d b y t e m p e r 
i n g . T h e s l i g h t h a r d e n i n g i n a r a n g e b e t w e e n 2 5 0 ° a n d 3 5 0 ° i s p r o b a b l y e x p l a i n e d i n t h e 
s a m e w a y a s a b o v e , t h e o n l y d i f f e r e n c e b e i n g t h a t i n t h e p r e s e n t c a s e , t h e r e l e a s e of t h e 
g r e a t e s t i n s t a b i l i t y t a k e s p l a c e d u r i n g t h e s t r e t c h i n g a t t h e s e h i g h t e m p . 

A c c o r d i n g t o R . A . Hadf ie ld , a spec imen of s teel w i th 0-045 pe r cent , c a r b o n h a d 
a Br ine l l ' s h a r d n e s s of 90 w h e n t e s t e d a t o r d i n a r y t e m p . , b u t w h e n t e s t e d a t —182°, 
i t s h a r d n e s s w a s 266 , t h a t is, a b o u t e q u a l t o t h a t of a 0-8 c a r b o n steel a t n o r m a l 
t e m p . F . R o b i n found t h a t t h e h a r d n e s s cu rves of c a r b o n s teels show a m i n i m u m 
a t a b o u t 100°, a n d a m a x i m u m a t a b o u t 250° ; a n d t h a t these po in t s coincide w i t h 
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t h e m i n i m u m and m a x i m u m res is tance t o tensile s t ress . T h e m a x i m u m h a r d n e s s 
is followed b y a m a r k e d a n d regular fall on ly in t h e case of h a r d s teels ; w i t h soft 
steels, t he re is a d o w n w a r d peak , a n d t h e h a r d n e s s falls r a p i d l y on ly a t a b o u t 400° 
t o 450°. Similar effects a re encoun te r ed in connec t ion w i t h t h e tensi le s t r e n g t h . 
T h e presence of p h o s p h o r u s lowers t h e va r i a t i ons in t h e cu rve , for w i t h 1 p e r cen t , 
of t h a t e lement , t h e cu rve is a lmos t c o n s t a n t a t 215° u p t o 400°, af ter wh ich i t falls 
t o a b o u t 130° a t 600°. A b r u p t va r i a t ions in ha rdnes s , r e s i s t ance t o tens i le s t r e s s 
a n d c rush ing , occur only in t h e case of a- i ron. Aus t en i t i c s teels , w i t h a- i ron , give 
regu la r a n d con t inuous curves like copper a n d nickel . Obse rva t i ons were m a d e 
b y J . Vietorisz, G. De lba r t , F . C. Lea, O. W . McMullen, A. R . P a g e , H . E . P u b l o w , 
a n d H . J . Tapsel l a n d W. J . Olenshaw. The red hardness o r hot hardness of a l loy 
steels w a s s tud ied b y E . G-. H e r b e r t , a n d F . S a u e r w a l d a n d co-workers . 

Accord ing to H . M. H o w e , M. Rudeloff, a n d C. B a c h , t h e res i s tance of cas t i ron 
t o tens i le stresses does n o t a l te r u p t o 300°, b u t f rom 300° t o 400°, t h e res i s t ance 
decreases ; a n d A. K i i i t h showed t h a t t h e ha rdnes s d imin i shes slowly w i t h a rise 
of t e m p . , t h e n rises a l i t t le be tween 200° a n d 300°, a n d u l t i m a t e l y falls r a p i d l y a b o v e 
300°. The t e n a c i t y of h a r d cast i ron falls s u d d e n l y a b o v e 400°, whi le t h a t of 
a n n e a l e d cas t ings falls slowly. F . R o b i n m a d e o b s e r v a t i o n s o n ca s t i rons . 
W . Melle, J. B . Ko inmer s , R . H u g u e s , P . Goerens a n d H . J u n g b l u t h , e t c . , d is 
cussed t h e ha rdness of cast i ron ; a n d H . A. S c h w a r t z , t h a t of mal leab le i ron . 

K . I t o found Brinel l ' s hardness , / / , of ca s t i ron a t different t e m p , t o be : 
- 4((° —24° O" 1G° 35° r>(>° 75° 115° 130° 1 5 0 ° 

H . . 159-5 158 0 JT)IG 15OG 148-2 I iG-1 146-1 142-2 142-2 139-2 

a n d he represen ted the re la t ion be tween h a r d n e s s a n d t e m p . , 0, b y log ZZ2— log H 
=a(02—O1),where a = 0 - 0 0 0 3 0 is the inc l ina t ion of t h e s t r a i g h t l ine, t h e t e m p , coeff. 
of Br ine l l ' s ha rdness . F o r rolled steel w i th 0-1 pe r cent , of c a r b o n : 

- 43° —21° 0° 20° 40° 55° 75° 115° 130° 1 4 8 ° 
H . . 114-5 113-2 113-2 111-8 109-2 109-2 108-4 107-2 1G4-G 104-6 

w h e r e log H2-log H1 --O-OOO2O(02-O1). F o r rolled steel wi th 0-7 p e r cen t , of 
c a r b o n : 

— 40° 21° ()° 10° 40° ry~>° 75° 115° 129° 145° 
H . . 239-0 237 2 229 9 225-8 223-7 223 7 221-8 217-8 216-2 212-6 

where log Z Z 2 - l o g /Z1=--0-00025(0...— O1). F o r rolled s teel w i th 1-5 p e r cen t , of 
c a r b o n : 

- 4 2 ° - 2 0 J 1* 10r> 3;V 55° 7f>" 9 5 ° 1 1 5 ° 1 4 7 ° 
/ / . . 302-O 293-5 285-8 283-O 274-4 274-4 207-4 261-8 259-8 255-5 

w h e r e log /Z 2—log H1= 0-00040(#2— O1). The ha rdnes s t h u s increases cons ide rab ly 
w i t h a fall of t e m p . The ha rdnes s a n d t e m p , coeff. of rol led s tee l a re g r e a t e r t h a n 
w i t h ca s t spec imens . The re la t ion b e t w e e n t h e coeff. of ha rdnes s , a, a n d t h e m . p . 
T7n, on t h e abso lu te scale, of a n u m b e r of m e t a l s c a n be r e p r e s e n t e d b y 
T(OL-f-0-000145) =^2-5. This is s imi lar t o A . Mal lock 's r e l a t ion be tween t h e t e m p , 
coeff. of Y o u n g ' s m o d u l u s , a n d C. Schaefer ' s r e l a t ion for t h e t e m p , coeff. of t h e 
to r s ion m o d u l u s . Gr. M a h o u x s t u d i e d t h e effect of e l ec t romagne t i c waves on t h e 
h a r d n e s s of s teel . 

F . R o b i n c o m p a r e d t h e abrasive hardness , o r ab ras ive wea r of s teels b y r u b b i n g 
t h e m e t a l a g a i n s t a b r a s i v e pape r , a t a g iven speed, u n d e r a definite p res su re , for 
a g i v e n t i m e , a n d f inding t h e loss in we igh t . H e obse rved t h a t ca rbon s teels d o 
n o t w e a r i nve r se ly p r o p o r t i o n a l l y t o t h e i r p e r c e n t a g e of c a r b o n . T h e y s h o w 
a m i n i m u m of r e s i s t ance t o w e a r on e m e r y - p a p e r a t a b o u t 0*4 p e r cen t , of c a r b o n . 
Pur i f ied a n d fine-grained m e t a l s offer m o s t r es i s t ance . P h o s p h o r u s g r e a t l y increases 
t h e r e s i s t a n c e t o wea r . S m a l l q u a n t i t i e s of m a n g a n e s e a n d silicon d i m i n i s h t h e 
r e s i s t ance t o w e a r i n t h e case of c a r b o n s teels , w h i c h is t h e oppos i t e t o w h a t is found 
in r e g a r d t o l u b r i c a t e d w e a r on a po l i shed surface . Cas t i r on is m o r e r e s i s t a n t 
t o w e a r if i t c o n t a i n s p h o s p h o r u s or is composed largely of c e m e n t i t e , I t s 
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-wear on ab r a s ive p a p e r revea ls t h e pecu l i a r i ty of be ing v e r y h igh t o c o m m e n c e 
w i t h a n d s u b s e q u e n t l y falling t o a v e r y low va lue . Bas ic p ig- i ron a n d chi l led cas t 
ings offer t h e h ighes t a m o u n t of res i s tance , a l t h o u g h th i s does n o t a p p l y t o t h e i r 
p e n e t r a t i v e h a r d n e s s . Q u e n c h e d a n d annea l ed steels (mar t ens i t e , o s m o n d i t e , a n d 
sorb i te ) possess a v e r y h igh degree of res i s tance t o wea r in t h e v i c in i t y of t h e 
eu t ec to id . Th i s res i s tance does n o t increase w i th h igher pe rcen tages of c a r b o n . 
A u s t e n t i t e is special ly r e s i s t an t t o wear . W i t h a re la t ive ly low p e n e t r a t i o n 
h a r d n e s s , t h e wear is c o m p a r a t i v e l y incons iderab le . The aus ten i t i c a l loy s teels 
especia l ly revea l t h i s p r o p e r t y . Steels con t a in ing nickel a n d m a n g a n e s e in h igh 
p e r c e n t a g e s a re exceed ing ly r e s i s t an t . Manganese steel offers a high degree of 
r e s i s t ance wh ich va r i e s wi th t h e speed a n d w i th t h e p ressure of t h e t e s t . Pea r l i t i c 
c h r o m i u m steels s imi la r ly wea r b u t l i t t l e , p a r t i c u l a r l y in t h e case of annea l ed 
s tee ls . A n n e a l e d s tee ls con ta in ing a doub le ca rb ide wea r w i t h t h e g r e a t e s t ease, 
a n d pear l i t i c s teels c o n t a i n i n g t u n g s t e n a n d m o l y b d e n u m show t h e s a m e p r o p e r t y . 
V a n a d i u m cons ide rab ly i m p r o v e s t h e res i s tance of s teels to wear wi th e m e r y - p a p e r . 

T h e sub j ec t w a s d i senssed b y C JrJ. D u d l e y , J . K. H o w a r d , S. .J. llo.senl.»erg, a n d 
A. S t ade l e r . T h e a b r a s i v e h a r d n e s s w a s d i scussed b y A. L.. J-Joe^ehold, A. JNt. Cox, 
JL. Oui l le t , C*. A. H a n k i n s , K. H o n d a a n d J l . V a m a d a , L . .Tannin, H . M. Korsch t , T . Kl in^en-
Ht e m , O. 1-j. xNorris, W . H . Ph i l l ip s , F . R o b i n , S. J . R o sen b e rg , S. Sa i t o , K. H . San i t e r , a n d 
Al. S u z u k i ; a n d t h e e n d u r a n c e of rail s tee ls , e t c . , in serv ice , a n d t h e wea r ing qua l i t i e s of 
i ron a n d s tee l , b y J'. M. TSlake, J". A. Br ine l l , A. Caproi i , Ts". N . JJavidenkoff , T . G-. D i r g e s , 
A. D o r n i u s , J . T?. .F reeman a n d co -worke r s , C. F r e m o n t , H . .T. F r e n c h , H . .J". Fre i ich a n d 
H . Iv. H e r s c h m a n , H . F r i e d r i c h , M. F i ichse l , A. Hasch , F . H e i m e s a n d K. P i w o w a r s k y , 
F . 1*. H i t c h c o c k , L . J a n n i n , L . . Jordan , J. F . Jvayser , Tt. Jvvihnel, O. H . L e h m a n n , 
JJ . Lubimoff, 1*. Lvicchini a n d M. Tfcos, M. M a r q u e y r o l a n d M. Merk len , F . M a s t , H . Meye r 
a n d F . 3S7ehl, F . Jv\ N e a t h , W . H . P a r k e r , K. P i w o w a r s k y , O. R a n q u e , C O. R e i d , 
S. .T. R o s e n b e r g a n d co -worke r s , J . Seigle, Ii. Spaz ier , M. Sp inde l , A. S tade le r , H . VV. Swift , 
I J . T h i b a u d i e r a n d H . V i t e a u x , A . A. T i m m i n s , a n d A. Jv. ZaitzeiY. AI. J^ink discussed t h e 
w e a r of s t ee l rai ls a s a r e su l t of o x i d a t i o n a s soc i a t ed w i t h s l id ing fr ic t ion. .T. O. Arno ld , 
F . G. Coke r a n d K . C. C h a k k o , H . E . C r o m p t o n , C. F r e m o n t . H . J . F r e n c h a n d T . O. Digges , 
H . F r i e d r i c h , E . O. H e r b e r t , Jv. H o n d a a n d Jv. T a k a h a s i , J". F . H u r s t , A. J. L a n g l i a m m c r , 
W . J . M e r t e n , M. O k o e h i a n d M. Okosh i , W . H . Ph i l l ips , R . PoliakofT, H. P o m m e r o n k o 
a n d !<•. D e w e r t , W . R i p p e r a n d G. W . l i a i l ey , Wr. R o s e n h a i n a n d A. C. S t u r n e y , 
H . D . S m i t h a n d I . H e y , T . E . S t a n t o n , T . K. S t an t o n a n d J^. G. C H a t s o n , T. G. Uigges , 
a n d J*. V. V e r n o n d i scussed t h e c u t t i n g p r o p e r t i e s of tool s teels , a n d t h e cube law of c u t t i n g 
s p e e d a s iised. t o d e v e l o p t h e h e a t t h e o r y of d u r a b i l i t y ; a n d A. Ivessner , t h e dr i l l ing t es t . 

I . T r a u b e 5 r ep re sen t ed t h e internal pressure of solid i ron b y 239,000 m e g a b a r s . 
F . C. T h o m p s o n gave 323,90O for annea led , normal ized , a n d q u e n c h e d a n d t e m p e r e d 
i r o n . R . v o n D a l l w i t z - W e g n e r ca lcu la ted 336,837 a t m . for t h e in t e rna l press, of 
w r o u g h t i ron . S. Sek i to ca l cu la t ed 192 k g r m s . pe r sq . m m . for t h e va lue of t h e 
i n t e r n a l s t ress , a n d t h i s is t h e s a m e o rde r of m a g n i t u d e as t h e tensile s t r e n g t h . 
T. W . R i c h a r d s gave 587 k i l o m e g a b a r s . O b s e r v a t i o n s on the subjec t were m a d e b y 
J . H . H i l d e b r a n d a n d co-workers—v ide supra, for i n t e rna l s t r a ins a n d stresses. 
R . F . Mehl gave 587 k i l o m e g a b a r s for t h e i n t e rna l press , a n d for t he m a x i m u m 
d i s r u p t i v e i n t e r n a l p ress . 1884 k g r m s . p e r sq. m m . R . von Da l lwi t z -Wegner gave 
336,837 a t m . for t h e i n t e r n a l cohesion a t 0° , a n d 309,881 a t m . a t 100°. 

Gr. Qu incke g a v e 949-7 t o 997 d y n e s pe r cm. for t h e surface tens ion of m o l t e n 
i ron, a n d 25-8 to 27-1 sq . m m . for a2 , t h e specific cohes ion . F . C. T h o m p s o n gave 
1350 d y n e s p e r c m . for t h e surface t ens ion be tween t e m p e r e d i ron a n d cemen t i t e . 
W . K r a u s e a n d F . S a u e r w a l d m e a s u r e d t h e surface tens ion a n d sp . cohesion of g rey 
c a s t i ron : 

C : M n : Si : P 
3-32 : 0-56 : 2-76 : 0-49 { ° 2 

3-52 : 2-1 : 0*36 : 1-6 j ^ 2 

1-4 : 0-29 : 1-27 : 7-44 { £ , 

1225° 
. 826 
1201 

1150° 
1054 
14-6 

1245° 
967 
13-79 

1250° 
846 
12-37 

1200° 
J071 
1517 

1300° 
1013 
14-92 

1300° 
88O 
1309 

1250° 
1088 
15-68 

1350° 
1065 
16-02 

1 350° 
926 
13-84 
1310° 
1108 
16-39 

— 

da/dO = 0'SO 

da/d6 = 0 -34 

dafd0 -=1-04 
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G. D r a t h a n d F . S a u e r w a l d o b t a i n e d for c a s t i ron a t 1267°, 1277°, 1310°, a n d 
1318°, respect ively , t h e surface tens ions a=936, 938, 917, a n d 914 d y n e s p e r cm. , 

a n d t h e sp . gr . 6-81, 6-80, 6-75, a n d 6-74. T h e 
sur face- tens ion forces b e t w e e n t h e c r y s t a l g r a in s of 
a m e t a l were discussed b y Gr. T . Be i lby , F . L.. B r a d y , 
M. Bri l louin, P . Curie , C. H . Desch , G. Qu incke , 
G. T a m m a n n , a n d F . C. T h o m p s o n ; a n d F . C. 
T h o m p s o n a t t e m p t e d t o co r re l a t e these forces w i t h 
o the r p rope r t i e s of t h e m e t a l s , p a r t i c u l a r l y t h e 
elast ic l imi t . M. B o r n a n d O. F . Bol lnow e s t i m a t e d 
t h e cohesive force of t h e a t o m s on t h e l a t t i ce t o b e 
0-25 X l O 1 1 d y n e s per sq. cm. W . B . H a r d y d i s 
cussed t h e r ange of cohesion a t t h e surface of i ron 
a n d s tee l . F . Saue rwa ld a n d E . J a n i c h e n found 
t h a t t h e force of adhes ion of compressed i ron p o w d e r 
increased w i t h t e m p . , b u t a t h igh t e m p , a decrease 
occurs owing t o c rys ta l l i za t ion . T h e tensi le s t r e n g t h 
d e p e n d s on t h e degree of compress ion a n d t h e g ra in -
size of t h e powder . The diffusion of t h e different 

F l ^ ' ^ 1 9J ' T h e .yisc-£f?i£y °f e l emen t s in i ron is d iscussed in connec t ion w i t h C a s t I r o n s w i t h D i f f e r e n t , , - , , , . , . , • - ^ 3 * ^ 
Proportions of Carbon. al loys of t h e TeS1)CCtIVe e l emen t s a n d i ron, a n d in 

connec t ion w i t h c e m e n t a t i o n ; M. B a l l a y s t u d i e d 
t h e Lrud wig-Sore t p h e n o m e n o n in l iquid a n d solid a l loys . 

K . H o n d a a n d S. K o n n o found t h e coeff. of n o r m a l v i scos i ty , a t 20°, of s teel w i t h 

/•8 ?-6 3-4 
fe/ cent, cdrtior/ 

C a r b o n 
N o t a n n e a l e d 

O-18 
4 - 9 4 
2 - 0 8 

0 - 3 8 
5 -12 
3 -51 

O-67 
5 - 9 3 
4 3O 

1-17 
5 OO 
4 - 2 7 T] x I O - 8 j A n n e a l e d a t 8 5 0 ° 

a n d K . I o k i b e a n d S. Saka i gave for i ron, a n d i ron-ca rbon al loys : 

1 -75 p e r c e n t . 
7-2O 

C a r b o n 
I 7 X I O - * 1 2 - 8 9 

O-55 
12-9O 

0 - 9 0 
7 -70 

1 -3O p e r c e n t . 
9 -82 

O b s e r v a t i o n s were also m a d e b y O. B o u d o u a r d , P . Chevena rd , N . N . Fe ig in , O. HoIz, 
J . E . H u r s t , C. J o h n s , J . J . P o r t e r , M. Ridde l l , D . Sa i to a n d K . H a y a s h i , a n d 
A. W i m m e r ; while H . T h i e l m a n n a n d A. W i m m e r m e a s u r e d t h e influence of t e m p , 
on t h e v iscos i ty of cas t i ron , F ig . 197. B . G u t e n b e r g a n d H . Sch lech tweg g a v e 
1-4 X 10 8 e.g.s. u n i t s for t h e inner fr ict ion of i ron . T a k i n g t h e fluidity of a l u m i n i u m 
a t a b o u t 800° a s u n i t y , 1). Sa i to a n d K . H a y a s h i said t h a t t h e f luidity of crucible 
s tee l a t a b o u t IG(K)0 is 46 . O. S u b r a h m a n i a m gave 14 X 10 8 for iron, a n d K . Iok ibe 
a n d S. Saka i , 1 3 x l 0 8 — v i d e infra, p las t i c flow. A. L*. K imba l l a n d J) . K. JLovell 
g a v e 4*16 X l O 1 5 c.g.s. u n i t s for t h e i n t e rna l friction of annea led Swedish i ron, 
a n d 2*33 X l O 1 5 c.g.s. u n i t s for cold-rolled mi ld steel. 

T h e internal or m o l e c u l a r friction of a solid is measu red in t e r m s of t h e d i m i n u t i o n 
in a m p l i t u d e , or r a t h e r t h e l oga r i t hmic d e c r e m e n t of t h e a m p l i t u d e , ca l cu l a t ed for 
cond i t ions where t h e fr ic t ion of a i r is e l imina ted , w h e n a m e t a l wire , s u i t a b l y 
l o a d e d a n d s u p p o r t e d is se t in to r s iona l oscil lation, w h e n t h e a m p l i t u d e s of t h e 
v i b r a t i o n decrease m o r e o r less g r a d u a l l y un t i l finally r e s t ensues . W i t h s m a l l 
d e f o r m a t i o n s , H . T o m l i n s o n obse rved t h a t t h e loga r i thmic d e c r e m e n t is i n d e p e n d e n t 
of t h e a m p l i t u d e , a n d i n d e p e n d e n t of t h e v i b r a t i o n of t h e per iod w h e n t h e wi re h a s 
been a l lowed t o r e s t for a cons iderab le t i m e af te r a n y c h a n g e h a s been m a d e in t h e 
a r r a n g e m e n t s , a n d w h e n a l a rge n u m b e r of osci l la t ions h a v e been e x e c u t e d p r e v i o u s 
t o t h e t e s t i n g . H . T o m l i n s o n sa id t h a t t h e i n t e r n a l fr ict ion c a n n o t r e semble fluid 
f r ic t ion because , for s u c h veloci t ies as a r e h e r e e m p l o y e d , t h e i n t e r n a l f r ic t ion of 
fluids is p r o p o r t i o n a l t o t h e ve loc i ty , n o r c a n i t r e semble t h e e x t e n t f r ic t ion of 
sol ids because t h e l a t t e r is n o t n e a r l y so i n d e p e n d e n t of t h e ve loc i ty as is t h e i n t e r n a l 
f r ic t ion, n o r wou ld t h e l o g a r i t h m i c d e c r e m e n t be i n d e p e n d e n t of t h e a m p l i t u d e . 
T h e t e r m v iscos i ty a p p l i e d b y W . T h o m s o n (Lord Ke lv in ) t o w h a t is h e r e ca l led 
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i n t e r n a l f r ic t ion is r a t h e r m e t a p h o r i c a l . I t is t r u e t h a t a s u b s t a n c e which is 
inf ini tely v iscous is a solid, for t h e c o m p o n e n t p a r t s a r e he ld so t enac ious ly a s t o 
p r e v e n t p e r m a n e n t d e f o r m a t i o n ; b u t , a s emphas i zed b y C B a r u s , t h e impress ion 
c o n v e y e d in s p e a k i n g of a v e r y " v i scous b o d y " a n d of a " solid b o d y " a r e v e r y 
different . T h e c o n c e p t i o n of t h e v i scos i ty of l iquids , as well as t h e h y p o t h e t i c a l 
p r o p o r t i o n a l i t y b e t w e e n fr ic t ional res i s tance a n d veloci ty , was i n t r o d u c e d b y I s a a c 
N e w t o n in h is Philosophies naturalus principia mathemaLica (London , 2 . 9, 1687) . 
H e sa id : resistentia quw oritur ex defectu lubricitatis. T h e t h e o r y of t h e " v i scos i ty " 
of sol ids w a s d iscussed b y F . A u e r b a c h , W . Ha l lock , A. L . K i m b a l l a n d D . E . Lovel l , 
E . M. H o r s b u r g h , R . H . Canfield, F . B r a u n , E . Cohn, J . A. E w i n g , J . H o p k i n s o n , 
F . K o h l r a u s c h , F . Neesen , M. Bri l louin , W . T h o m s o n (Lord Ke lv in ) , E . W a r b u r g , 
W . W e b e r , R . Clausius , O. E . Meyer , J . C. Maxwel l , L,. B o l t z m a n n , T. Nissen, 
E . B u t c h e r , a n d J . P e r n e t . 

O. B a r u s found t h a t t h e v iscos i ty of solid s teel decreases as t h e h a r d n e s s of t h e 
m e t a l increases ; o r t h e i n t e r n a l o r mo lecu l a r fr ict ion of s tee l is g r e a t e r in p r o 
p o r t i o n a s t h e m e t a l is softer , a n d h e said, in i l l u s t r a t ion , t h a t a s r e g a r d s h a r d n e s s 
a n d v iscos i ty , h a r d s tee l m a y be c o m p a r e d w i t h sea l ing-wax, a n d soft s teel w i t h 
t a l low. C. B a r u s sa id t h a t t h e r e l a t i onsh ip b e t w e e n v iscos i ty a n d ha rdnes s is as 
follows : 

S u p p o s e a s t r e s s t o b e so d i s t r i b u t e d in a. so l id t h a t i t s a p p l i c a t i o n a t a n y in te r face is 
n o w h e r e sufficient t o p r o d u c e r u p t u r e . T h e n t h a t p r o p e r t y of a solid in v i r t u e of w h i c h i t 
res i s t s v e r y s m a l l forces (zero-forces) a c t i n g t h r o u g h v e r y g r e a t i n t e r v a l s of t i m e ( oo-times) 
m a y b e t e r m e d t h e v i s c o s i t y of t h e sol id . T h a t p r o p e r t y in v i r t u e of wh ich i t res i s t s 
t h e a c t i o n of v e r y l a rge forces (oo-forces r e l a t ive ly ) a c t i n g t h r o u g h ze ro - t ime m a y b e t e r m e d 
t h e h a r d n e s s of t h e sol id . S ince t h e a p p l i c a t i o n of forces in such a w a y as a c c u r a t e l y to 
m e e t e i t h e r of t h e s e cases is r a r e , we h a v e in m o s t p r ac t i c a l i n s t a n c e s m i x t u r e s of v i scous 
r e s i s t a n c e a n d h a r d n e s s t o e n c o u n t e r . W e m a y r e a s o n a b l y conce ive t h a t in t h e case of 
v i s cous m o t i o n t h e m o l e c u l e s s l ide i n t o each o t h e r o r e v e n p a r t i a l l y t h r o u g h each o t h e r by 
i n t e r c h a n g e of a t o m s , so t h a t t h e m o l e c u l a r conf igura t ion is b e i n g c o n t i n u a l l y r e c o n s t r u c t e d ; 
t h a t i n t h e o t h e r case ( h a r d n e s s ) t h e mo lecu le s a r e u r g e d o v e r a n d ac ross each o t h e r a n d 
t h a t t h e r e f o r e t h e i n t e n s i t y of cohes ion is in t h i s case m o r e or less t h o r o u g h l y i m p a i r e d . I n 
m o s t cases of s c r a t c h i n g , t h e ac t i on is i n d e e d a c c o m p a n i e d b y p h y s i c a l d i s c o n t i n u i t y of t h e 
p a r t s t a n g e n t i a l l y s t r a i n e d . T h e i n t e r p e n e t r a t i o n of t h e molecu les of a v iscous s u b s t a n c e 
is neces sa r i l y f a v o u r e d by t e m p e r a t u r e . 

C E . G u y e a n d E . M i n t z found t h a t t h e i n t e rna l fr ict ion of steel increases 
u p t o a b o u t 1G0°, t h e n falls, a n d passes t h r o u g h a m i n i m u m v a l u e a t a b o u t 
200°, i t t h e n increases very r ap id ly . The changes a r e revers ible because t h e y 
can be obse rved on a r is ing or on a falling t e m p . T h e influence of t e m p , on t h e 
v i scos i ty is d imin i shed b y p rev ious annea l ing , a n d i t increases w h e n t h e load on t h e 
v i b r a t i n g wires is inc reased . H . Toml inson observed t w o cr i t ica l po in t s in t h e 
i n t e r n a l f r ic t ion one a b o u t 550°, a n d one a b o u t 100°. M. I s h i m o t o found in t h e 
i n t e rna l fr ict ion c u r v e s a m i n i m u m n e a r 65° o n b o t h t h e h e a t i n g a n d cooling curves ; 
t h e r e w a s a m a x i m u m a t 183° on t h e h e a t i n g curve , a n d one a t 173° on t h e cooling 
c u r v e . T h e r e is a b e n d in t h e c u r v e a t 260°, a n d a n o m a l o u s changes cease u p t o 
500° . H . Toml in son found t h e l oga r i t hmic (base 10) d e c r e m e n t of a tors ional ly 
osc i l la t ing h a r d - d r a w n wire t o be 0-001214, a n d of a n annea l ed wire , 0-000914. 
O b s e r v a t i o n s were m a d e b y G. S u b r a h m a n i a m , A. G. Hil l , P . OberhofTer a n d 
A. W i m m e r ; a n d K . I o k i b e a n d S. Saka i—v ide infra—noted t h e change in t h e 
l o g a r i t h m i c d e c r e m e n t p r o d u c e d b y h e a t - t r e a t m e n t . 

T h e v i scos i ty of s tee l var ies w i t h t h e c h a r a c t e r a n d a m o u n t of twis t i t ha s 
rece ived . E i g . 198, b y C. B a r u s , r e p r e s e n t s t h e a n g u l a r d i s to r t ion in r a d i u s as a 
func t ion of t h e t i m e in h o u r s w h e n wires of all degrees of h a r d n e s s are exposed t o 
t e m p . , S3 of 100°, 190°, a n d 300°, respec t ive ly . The annea l ing t e m p , is i nd i ca t ed in. 
b r a c k e t s . Cu rves a r e i nc luded for t h e a n g u l a r d i s to r t ion for 100° when t h e r a t e 
of t w i s t , T ~ 3 ° ; a n d l ikewise for a r a t e of t w i s t T = 6 ° w h e n t h e va lues for t h e 
a n g u l a r d i s t o r t i o n h a v e been d iv ided b y 2. F o r 0 ~ 1 9 O ° , va lues a re g iven for b o t h 
T=3a a n d T — 6 ° . E a c h c u r v e consis ts of t w o p a r t s , a n a n t e r i o r a scend ing b r a n c h 
s h o w i n g t h e m o t i o n a t t h e h igh t e m p . 0, a n d a descending b r a n c h showing t h e elast ic 
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ITXG. 198 . Viscous Deformation In
creasing with Time for Different 
States of Temper and Temperature. 

effect of cooling from 0 t o t h e t e m p , of t h e room. T h e resu l t s s h o w t h a t t h e v iscous 
deformat ion is m u c h m o r e influenced b y t e m p , w h e n t h e s teel is h a r d t h a n w h e n i t 
is soft ; t h a t is, t h e viscosi ty decreases w i t h temp.—cceteris paribus—at g r e a t e r 

r a t e s in h a r d s teel t h a n w i t h soft s tee l . 
A t t h e s a m e t e m p . 0, t h e differences i n 
viscos i ty a r e v e r y la rge -when t h e t e m p e r 
lies b e t w e e n g lass -ha rd a n d a n n e a l e d a t 
350° ; i n t e r m e d i a t e differences w i t h i n t h i s 
i n t e r v a l a r e l a rge r in p r o p o r t i o n a s t h e 
h a r d n e s s is g r ea t e r . W h e n t h e t e m p e r lies 
b e t w e e n a n n e a l e d a t 350° a n d soft, differ
ences of viscos i ty a t t h e s a m e t e m p , a r e 
re la t ive ly smal l . Consequen t ly , t h e v a r i a 
t i ons in viscos i ty d u e t o t e m p e r a r e v e r y 
p r o n o u n c e d d u r i n g t h e first s t age of annea l 
ing, a n d n e a r l y v a n i s h d u r i n g t h e second 
s t age . T h e effect of t e m p e r i n g on t h e vis 
cos i ty is t h u s ana logous t o i ts effect on t h e 
electr ical res i s tance , a n d t h e the rmoe lec t r i c 
force. 

F o r t h e s a m e degree of ha rdnes s , t h e 
viscos i ty increases a t a n acce le ra ted r a t e w i th 
t e m p . I n F i g . 198, for 0 = 1 0 0 ° , t h e large 
v iscous i n t e rva l be tween t h e resu l t s of t h e 
m e t a l annea led a t 100° a n d a t 360° is in 
s t r ik ing c o n t r a s t w i th t h e smal le r v iscous 

i n t e r v a l for m e t a l annea led a t 360° a n d a t 1000° ; for #—190°, t h e i n t e rva l b e t w e e n 
t h e r e su l t s w i th m e t a l annea led tit 190° a n d a t 360° is g r e a t l y increased, b u t t h e 
increase is n o t so g r e a t for t h e in t e rva l be tween t h e m e t a l a n n e a l e d a t 360° a n d a t 
1000° ; a n d for #—360°, t h e in t e rva l in t h e second phase of annea l ing—360° t o 
1000°—is largely increased. H e n c e , s teel wire annea l ed from ha rdnes s a t 0° h a s a 
m a r k e d t e n d e n c y t o suffer v iscous de fo rma t ion a t 6° ; a n d th i s t e n d e n c y decreases 
w i t h g r e a t r a p i d i t y in p r o p o r t i o n as t h e t e m p , of exposure falls below d°. 

C. B a r u s a d d e d t h a t since a t a d e p t h of 10 miles below t h e surface of t h e e a r t h 
t h e t e m p , is a t leas t a s h igh as 450°, i t follows t h a t if t h e e a r t h were m a d e of steel , 
i n t h e s t a t e of m a x i m u m viscosi ty , t h e r ig id i ty 10 miles below t h e sur face wou ld 
b e nil, so far a t leas t a s t h e ac t ion of a con t inuous shear ing press , is conce rned . 

The v iscous de fo rma t ion of steel increases m u c h m o r e r a p i d l y t h a n t h e r a t e 
of twis t , a n d i t is as m u c h as 3 in t h e case of steel annea led a t 190°, a n d m o r e t h a n 
10 in t h e case of s teel a n n e a l e d a t 1000°. I t is therefore p r o b a b l e t h a t t h e viscous 
r e l a t ions of soft s teel t o h a r d s teel v a r y enormous ly , a n d e v e n c h a n g e s ign as t h e 
s t ress p r o d u c i n g v iscous m o t i o n passes f rom high t o low va lues . F o r r a t e s of t w i s t 
less t h a n 3° , s teel is less viscous, a n d t h e viscosi ty is m o r e suscep t ib le t o t h e influence 
of t e m p , i n p r o p o r t i o n as i t is h a r d e r ; a n d for r a t e s of t w i s t exceed ing 6°, s tee l is 
less v iscous a n d m o r e suscept ib le t o t h e influence of t e m p , in p r o p o r t i o n as i t is 
softer . 

T h e effect of s t r a i n s of w h a t e v e r k i n d appl ied in sufficient i n t e n s i t y t o h o m o 
geneous soft s teel r e su l t s in a m a r k e d decrease in t h e v iscos i ty of t h e or ig ina l ly soft 
m e t a l . T h e d i m i n u t i o n increases w i th t h e i n t e n s i t y of t h e s t r a i n . T h e viscous 
effect of a tens i le s t r a i n app l i ed in a n y degree t o t h e s a m e or ig ina l ly soft m e t a l i s , 
a f t e r s t r a i n i n g , a l m o s t nil in compar i son . F . .Kohlrausch, F . Streintas, a n d H . T o m -
l inson h a v e s t u d i e d t h e s e p h e n o m e n a . C. B a r u s m e a s u r e d t h e t i m e - v a r i a t i o n 
of v i scous d e f o r m a t i o n i n t h e case of soft s teel t r a n s f o r m e d b y t e m p e r , d r a w i n g 
s t r a i n , t r a c t i o n , a n d to rs ion , w i t h in tense a n d m o d e r a t e v a l u e s of s t ress . I n al l 
cases , a g i v e n loss of v iscos i ty is a t t e n d e d b y a s i m u l t a n e o u s increase in h a r d n e s s . 

R e p e a t e d to r s iona l osci l la t ion was s h o w n b y G. W i e d e m a n n , a n d X#ord K e l v i n 
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t o r e d u c e t h e i n t e r n a l f r ic t ion, a n d t h e y f o u n d t h a t a l a rge influence is e x e r t e d b y 
a long res t , e i t h e r w i t h o r w i t h o u t osci l la t ion, a n d t h a t a cons ide rab le d i m i n u t i o n , 
b o t h t e m p o r a r y a n d p e r m a n e n t , c a n be p r o d u c e d b y ra i s ing t h e t e m p , of t h e wi re 
t o 100°. T h u s , a c c o r d i n g t o H . Toml inson , a wel l -annea led i ron wire , w h e n t e s t e d 
10 m i n . a f t e r suspens ion , h a d a l oga r i t hmic d e c r e m e n t , d u e t o i n t e r n a l f r ic t ion, of 
0 0 0 3 0 1 1 , a f t e r a n h o u r , 0-001195, a n d a f te r a d a y , 0-001078. Af te r t h e l a s t pe r iod , 
t h e f r ic t ion b e c a m e sens ib ly c o n s t a n t , a n d r e m a i n e d t h e s a m e af ter 4 d a y s , so 
t h a t t h e wi re h a d a c c o m m o d a t e d itself t o t h e cond i t ions . F . S t r e in t z , G. W i e d e 
m a n n , a n d F . K o h l r a u s c h cal led t h e pe r iod d u r i n g wh ich t h e d i m i n u t i o n occurs , 
ike ^period of accommodation. H . T o m l i n s o n a d d e d t h a t t h e r e d u c t i o n of t h e i n t e r n a l 
f r ic t ion b y osci l la t ion a n d r e s t h a d n o t r e a c h e d a m i n i m u m , because , on r e p e a t e d l y 
h e a t i n g t h e wi re t o 100°, a n d a l lowing i t t o cool, t h e l o g a r i t h m i c d e c r e m e n t r a p i d l y 
d imin i shed , un t i l , a f t e r 6 d a y s , on each of w h i c h t h e wire w a s h e a t e d t o 100° a n d 
a l lowed t o cool s lowly, i t b e c a m e 0-000412 w h e n f u r t h e r r e p e t i t i o n of t h e p rocess n o 
longer affected t h e fr ic t ion sens ib ly . T h e g r e a t e r p a r t of t h e d i m i n u t i o n occur red 
af te r t h e first h e a t i n g a n d cooling, b u t severa l r epe t i t i ons were n e e d e d t o p r o d u c e 
t h e m i n i m u m . A t e m p o r a r y rise of t e m p , n o t exceed ing 100° h a d a m a r k e d effect 
on t h e i n t e r n a l f r ic t ion : for i n s t ance , t h e l oga r i t hmic d e c r e m e n t a t 0° w a s 0 0 0 0 4 1 2 
a n d a b o u t one - fou r th t h i s v a l u e or 0-0CX)112 a t 98°. A t t h i s t e m p . , t h e i n t e r n a l f r ic t ion 
w a s a m i n i m u m , because w i t h a f u r t he r rise of t e m p . , t h e l o g a r i t h m i c d e c r e m e n t 
inc reased . T h e i n t e r n a l f r ic t ion in i ron a t 98° is t h u s v e r y smal l , a n d t h i s is s h o w n 
b y t h e fac t t h a t o n l y a b o u t 3(XK) v i b r a t i o n s a r e r e q u i r e d before t h e a m p l i t u d e is 
r e d u c e d t o oncj-half of i t s in i t i a l v a l u e b y i n t e r n a l fr ict ion. Consequen t ly , if a wire 
a n d i ts a p p e n d a g e s be m a d e t o v i b r a t e in v a c u o , a n d t h e t e m p , be k e p t c o n s t a n t l y a t 
98°, w i t h a v i b r a t i o n p e r i o d of 10 sees. , m o r e t h a n 8 h r s . would e lapse before a n in i t ia l 
a m p l i t u d e of 100 wou ld be r educed t o 50 . T h e i n t e r n a l f r ic t ion u n d e r t he se con
d i t i o n s is on ly o n e - t h i r t i e t h of i ts or iginal a m o u n t . W h e n t h e wi re is fully accom
m o d a t e d , a sma l l c h a n g e in t h e cond i t i ons will p r o d u c e a d i s t u r b a n c e ; t h u s , a 
m e c h a n i c a l shock , a c h a n g e of load, a s l ight rise of t e m p . , or a r o t a t i o n of t h e 
molecu les b y m a g n e t i c s t ress , will r equ i r e fresh osci l la t ions t o be m a d e before t h e 
f r ic t ion r e a c h e s i t s m i n i m u m . The t i m e t a k e n b y a wire t o r e - a c c o m m o d a t e itself 
w h e n t h e a c c o m m o d a t i o n h a s been d i s t u r b e d b y a change of t e m p , d e p e n d s consider
a b l y o n t h e d i r ec t ion of t h e c h a n g e . T h u s , if a wire be r e - h e a t e d from r o o m t e m p , 
t o 100°, r e - a c c o m m o d a t i o n is effected in a m u c h s h o r t e r t i m e t h a n w h e n t h e accom
m o d a t i o n h a s been d i s t u r b e d b y lower ing t h e t e m p , f rom 100° t o r o o m t e m p . 

O. E . Meyer refer red v iscos i ty t o p a r t i a l molecu la r r o t a t i o n , a n d t h i s v iew w a s 
a d o p t e d b y F . K o h l r a u s c h . These r o t a t i o n s a re s imi la r t o t hose p o s t u l a t e d b y 
K. Claus ius in deve lop ing a t h e o r y of shea r . I J . B o l t z m a n n a s s u m e d t h a t t h e e las t ic 
forces a r e d e p e n d e n t on t h e p r e s e n t a n d p r e c e d i n g d e f o r m a t i o n s of t h e b o d y . T h e 
effect of t h e ear l ie r s t a t e s of s t ress on t h e ex i s t ing s t ress d imin i shes w i t h in te r 
v e n i n g t i m e , b u t is i n d e p e n d e n t of i n t e r v e n i n g s t a t e s of s t ress . Different v iscous 
d e f o r m a t i o n s a r e s u p e r p o s a b l e . T. N i s sen modified L . B o l t z m a n n ' s t h e o r y t o su i t 
t h e a t o m i c t h e o r y , a n d he d i s t i ngu i shed forces p r o d u c i n g a n d r e t a r d i n g m o t i o n , 
a n d t h e p u r e l y e las t ic forces wh ich o b t a i n w h e n v iscous m o t i o n h a s subs ided . 
F . B r a u n c o n c l u d e d t h a t e las t i c a n d v iscous d e f o r m a t i o n s a r e t h e resu l t of t h e a c t i o n 
of forces of different or ig in , a n d h e refers v iscous m o t i o n t o t h e p a r t i a l r o t a t i o n s 
p o s t u l a t e d b y W . W e b e r , a n d F . K o h l r a u s c h . K. W a r b u r g referred viscos i ty t o 
t h e p a r t i a l r o t a t i o n s of molecules of a form o t h e r t h a n spher ica l . T. Nissen based 
a t h e o r y on t h e c o n d i t i o n s u n d e r wh ich sether e n t e r s t h e i n t e rmo lecu l a r spaces 
w h e n a b o d y is d e f o r m e d b y s t ress . 

C. B a r u s e m p l o y e d J . C. Maxwel l ' s t h e o r y in wh ich t h e effect of tw i s t i ng is t o be 
r e f e r r ed t o t h e m o t i o n of molecules w h i c h a c c o m p a n i e s i t . T h e molecules , t o g e t h e r 
w i t h t h e i r c o m p o n e n t a t o m s , a re t h u s p l aced in new re l a t ive pos i t ions ; t he re fo re 
u n s t a b l e conf igura t ions d u r i n g t h e course of such m o t i o n a re con t inua l ly b r o k e n u p 
i n t o conf igu ra t ions of s m a l l e r p o t e n t i a l ene rgy a n d g r e a t e r s t ab i l i t y . H e n c e , 
finally, t h e o b s e r v e d decrease of v i scos i ty . B y revers ing t h e s ign of t h e tw i s t t h e 
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original configurat ions can be only pa r t i a l l y res to red , e v e n for small p e r m a n e n t 
set , such as is he re in ques t ion ; a n d t h e effect of p ro longed a n d r e p e a t e d t w i s t i n g 
is stiffness a n d c o n s t a n t viscosi ty , because al l t h e molecules h a v e col lapsed i n t o 
configurat ions of m i n i m u m s tab i l i ty , a n d t h e in t r ins ic mo lecu la r e n e r g y is t h e 
po t en t i a l m i n i m u m c o m p a t i b l e w i t h t h e g iven cond i t ions . Aga in , t h e m o l e c u l a r 
condi t ion of i ron a t i t s recalescence t e m p , m a y be r e g a r d e d as a l m o s t c h a o t i c ; t h e 
n u m b e r of conf igura t ions m a d e u n s t a b l e because t h e y a re bu i l t u p of d i s i n t e g r a t i n g 
molecules is therefore a m a x i m u m , so t h a t t h e v i scos i ty will h e r e be a m a x i m u m . 
C. B a r u s r e g a r d e d g lass -ha rd s teel a s a s t age of t e m p e r w h i c h is u n d e r g o i n g 
inc ip ien t annea l ing a t o r d i n a r y t e m p . A n n e a l i n g is a t t e n d e d b y chemica l d e 
compos i t ion of t h e carb ides , so t h a t t h e molecu la r conf igura t ion of g l a s s -ha rd 
s teel is in a s t a t e of inc ip ient change , a n d i t con t a in s m o r e u n s t a b l e configura
t ions t h a n s teel in o t h e r s t a t e s of t e m p e r . H e n c e , on J . C. Maxwel l ' s t h e o r y , glass-
h a r d steel , desp i te i ts e x t r e m e ha rdnes s , is t h e leas t v iscous of t h e "whole g r o u p of 
t e m p e r e d a n d soft s teels . Accord ing t o C. B a r u s , v i scos i ty a n d h a r d n e s s c an be 
c lear ly d i s t inguished as follows : 

I m a g i n e a r o u n d l i a rde r b o d y s l id ing t a n g o n t i a l l y a long t h e p l a n e of a sof ter b o d y w i t h 
o u t r o t a t i o n . L e t t h e r e be sufficient p r e s su re o n t h e r o u n d b o d y n o r m a l t o t h e p l a n e of t h e 
sof te r b o d y t o i n s u r e cohes ion a t t h e p o i n t of c o n t a c t . T h e n t h e sof ter b o d y is s u b j e c t e d t o 
a simple shear a l o n g t h e l ine of s c r a t c h i n g . If t h e m o t i o n is sufficiently s low, t h e soft b o d y 
m a y yie ld v i scous ly a n d t h e r e wil l be n o s c r a t c h i n g . If t h e m o t i o n is sufficiently fas t , t h e 
soft b o d y wil l gene ra l ly bo s c r a t c h e d . !Hence h a r d n e s s a n d v i scos i ty a r e e a c h r e s i s t ances 
a g a i n s t s imp le s h e a r i n g , a c c o r d i n g a s t h e t a n g e n t i a l m o t i o n of t h e h a r d b o d y is sufficiently 
r a p i d o r sufficiently s low, r e spec t ive ly . T h e c o n d i t i o n s for t h e o c c u r r e n c e of q u i e s c e n t 
f r ic t ion m a y t he r e fo r e b e s t a t e d t h u s : if t h e r e is sufficient t i m e g i v e n for t h e m o l e c u l e s of 
t w o bod ie s t o r e a c t o n e a c h o t h e r a t t h e p o i n t of c o n t a c t , t h e f r ic t ion is q u i e s c e n t . If t h e 
t i m e b e insufficient, f r ic t ion is k ine t i c . 

H . Toml inson considers t h a t bo th t h e t e m p o r a r y and p e r m a n e n t a l t e r a t i o n s of 
t h e i n t e r n a l fr ict ion of i ron p roduced b y ra is ing t h e t e m p , n o t a b o v e KK)0, a re p a r t l y 
d u e t o m e r e a g i t a t i o n of t h e molecules , b u t t h e p e r m a n e n t effects a re p r o b a b l y 
n o t whol ly a n effect of molecu la r ag i t a t i on because m a i n t a i n i n g t h e t e m p , a t 100° 
for some t i m e does n o t b r ing d o w n t h e frict ion a n y t h i n g l ike so m u c h a s r e p e a t e d 
h e a t i n g a n d cooling. The slow shif t ing b a c k w a r d s a n d fo rwards of t h e molecules 
induced b y r e p e a t e d h e a t i n g a n d cooling, is, in a g r e a t m e a s u r e , responsible for t h e 
p e r m a n e n t decrease of t h e i n t e r n a l fr ict ion. Similar ly , t h e shif t ing b a c k w a r d s a n d 
fo rwards of t h e molecules caused b y to rs iona l oscil lation p roduces a p e r m a n e n t 
d i m i n u t i o n — v i d e infra for t h e effect of m a g n e t i z a t i o n on viscosi ty . A . Gui l le t , 
a n d H . Ie Chate l ie r d iscussed t h e effect of t h e phys ica l p rope r t i e s of i ron on t h e d a m p 
ing d o w n of t h e osci l lat ions of a ba r . 

T h e plast ic flow or plast ic i ty of m e t a l s w a s discussed by K. N . d a C. A n d r a d e , 6 

R . Becker , R . H . Canfield, H . a n d F . Ie Chatel ier , J . De jmek , J . H . S. D ickenson , 
H . E i sensch i t z a n d co-workers , W . F a h r e n h o r s t a n d E . Schmid , J . E . F l e t c h e r , 
H . J . F r e n c h , H . J . F r e n c h a n d W . A. Tucker , N . P . Goss, J . N . G r e e n w o o d ' 
B . P . H a i g h , H . H e n c k y , E . H e y n , H . Hoff a n d G. Sobbe , E . M. H o r s b u r g h , 
H . M. H o w e a n d A . G. L e v y , Z. Jeffries, Z. Jeffries a n d K . S. Arche r , E . Kie f t , 
F . K o r b e r a n d co-workers , W . K u n t z e , C. E . L a r a r d , W . L o d e , P . L o n g m u i r , 
H . V. Loss , P . L u d w i k , O. Manfred, H . Meyer a n d F . Neh l , H . F . Moore^ 
A. N a d a i , A . N a d a i a n d co-workers , E . B . Nor r i s , J . T . N o r t o n a n d B . E . W a r r e n , 
J . Or l and , J . P u p p e , K. L . P e e k a n d I>. A . McLean , L . B . Pfeil , W . P r a g e r ' 
H . P reuss le r , C. R a n q u e a n d P . H e n r y , M. B o s a n d A. E ich inge r , W . R o s e n h a i n 
a n d J . McMinn , G. Sachs , F . Saue rwa ld , F . S a u e r w a l d a n d co-workers , F . Schle icher , 
E . S c h m i d a n d co-workers , A . Schob , J . Seigle, H . Shoj i , E . Siebel a n d co-workers , 
F . T . Sisco, W . Tafel , G. I . T a y l o r a n d H . Q u i n n e y , F . C. T h o m p s o n a n d 
W . E . W . Mi l l ing ton , P . A. Welikhoff a n d N . P . Stchapoff , W . M. Wi l son , a n d 
J . K. W o o d . Acco rd ing t o H . Shoj i , if JP d e n o t e s t h e p l a s t i c i t y of a m e t a l , 
a n d dvjdw t h e final ve loc i t y p e r u n i t l e n g t h c a u s e d b y a load W0 exceed ing t h e 
e las t ic l imi t , t h e n J*~(l/w0)(dv/dw). T h e l aws of flow were d iscussed b y H . M e y e r 
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a n d F . Neh l , a n d E . N . d a C. A n d r a d e ; a n d b y W . R o s e n h a i n , t h e b e h a v i o u r of c r y s t a l s 
u n d e r p l a s t i c de fo rma t ion—v ide supra, s l i p -bands . T h e effect of p l a s t i c d e f o r m a 
t i o n on t h e c rys ta l s t r u c t u r e w a s d i scussed in c o n n e c t i o n w i t h t h e X - r a d i o g r a m s , 
a n d w i t h s l i p -bands . A . R o b e r t s o n a n d G. Cook s t u d i e d t h e t r a n s i t i o n f r o m t h e 
e las t ic t o t h e p la s t i c s t a t e . If t h e app l i ed s t ress exceeds t h e e las t ic l imi t , t h e m e t a l 
begins t o flow p e r c e p t i b l y ; a n d t h e r a t e of t h i s flow expres sed as a p e r c e n t a g e 
e longa t ion r e p r e s e n t s t h e duc t i l i t y of t h e m e t a l . T h e def ini t ions were d iscussed b y 
A. E . H . L o v e , a n d W . C. U n w i n ; H . Shoj i s a id : " S u p p o s e a m e t a l be l oaded b y 
a c o n s t a n t we igh t so s l igh t ly b e y o n d i t s e las t ic l imi t t h a t t h e cross-sect ion of t h e 
m e t a l is n o t a l t e r ed b y t h e t ens ion . L e t V be t h e ve loc i ty of t h e e longa t ion p e r u n i t 
l eng th , tvQ t h e i n t e n s i t y of t h e s t ress co r r e spond ing t o t h e e las t ic l imi t , w h e n V=O, 
a n d w t h e i n t e n s i t y of t h e app l i ed s t ress d imin i shed b y W0 ; t h e n t h e p l a s t i c i t y I* 
c a n be defined b y t h e e q u a t i o n JP— (1 jw0){dVJdw).*' T h e t h e o r y of t h e s u b j e c t w a s 
d iscussed b y K . B e n n e w i t z , A. E . H . L o v e , L . B o l t z m a n n , A . A . Miehelson, 
H . V. W a r t e n b e r g , G. Mas ing , H . L o r e n t z , R . Becker , V . Vo l t e r r a , a n d H . Shoj i . 
P . K r e u z p o i n t e r found t h a t s teel w i t h g r a n u l a r s t r u c t u r e flows less r ead i ly t h a n 
s tee l w i t h a " m u s h y " s t r u c t u r e a l t h o u g h b o t h m a y h a v e t h e s a m e tens i le s t r e n g t h 
a n d p e r c e n t a g e e longa t ion . H e dev i sed a n a r r a n g e m e n t w h i c h r a n g a bell w h e n 
a t es t -p iece w a s pu l l ed b y t h e h a n d s showing t h a t a force so s l ight suffices t o cause 
a n e longa t ion of t h e t e s t -p iece . A. Ie Cha te l i e r found t h a t a m e t a l m a y be b r o k e n 
b y a t ens i le s t ress a b o v e a ce r t a in t e m p . , w i t h loads t h a t p r o d u c e p e r m a n e n t e longa
t ion . W i t h a c o n s t a n t t e m p . , t h e d e f o r m a t i o n u n d e r a g iven load h a s a dec reas ing 
va lue t e n d i n g t o w a r d s equ i l i b r ium ; t h e d e f o r m a t i o n increases m o r e r a p i d l y t h a n 
t h e loads , whi l s t t h e s t r e s s increases a n d t h e s t r a i n decreases w i t h t h e speed of load
ing ; d e f o r m a t i o n u n d e r shock is inve r se ly p r o p o r t i o n a l t o t h e shock ; u n d e r a n 
increase in t e m p . , t h e d e f o r m a t i o n increases , a n d t h e r e s i s t ance decreases . Cas t 
i ron a t 16° c a n s u p p o r t t h e following loads in t o n s p e r sq . in . for t h e t i m e s t a t e d in 
t h e n u m b e r of m i n u t e s w i t h o u t b r e a k i n g : 

T i m o . O o I O 5 0 15 00 m i n e . 
L o a d . 25-21 24-63 23-87 23-49 22-86 t o n s p e r sq . in. 

Accord ing t o J . C o u r n o t a n d K . S a s a g a w a , t h e t ime-e longa t ion cu rves of m e t a l s 
a t 600° show t h a t t h e following increases in load were n e e d e d t o pass from 
t h e v iscos i ty l imi t t o a r a t e of flow eq . t o 16 X 1 O - 4 m m . p e r h o u r w i t h wires 100 m m . 
long : m i l d s tee l , 4-2 t o 5-2 k g r m s . p e r sq. m m . ; semi-mi ld steel , 4-3 t o 5*6 k g r m s . 
pe r sq . m m . ; h igh-speed s teel , 1 4 0 t o 1 9 0 k g r m s . p e r sq . c m . ; n i cke l - ch ro ra ium 
al loy, 32-0 t o 36*0 k g r m s . pe r sq . m m . ; a n d s i l i con-chromium steel , 30-0 
t o 35-5 k g r m s . p e r sq . m m . J . J . K a n t e r a n d L . W . Sp r ing found t h a t s teels w h i c h 
h a v e u n d e r g o n e sma l l a m o u n t s of flow do n o t seem t o h a v e de t e r io r a t ed , t h e tens i le 
p rope r t i e s , i nc lud ing e longa t ion a n d r e d u c t i o n of a rea , r e m a i n i n g a p p r o x i m a t e l y 
w h a t t h e y were before t h e flow t e s t s . Since l i t t l e or n o d e t e r i o r a t i o n occurs or shou ld 
b e e x p e c t e d (unless t h r o u g h ox ida t i o n ) , a n d since w i t h duc t i l e m e t a l s a t t e m p , 
a b o v e 315°, 10 p e r cen t , o r m o r e of flow or e longa t ion a re necessa ry before t h e 
m a t e r i a l s t a r t s o u t on i t s final s t r e t c h i n g p reced ing ruj>ture. A n y s l ight flow or 
d e f o r m a t i o n b r o u g h t a b o u t b y s t resses below t h e p r o p o r t i o n a l l imi t a r e n o t 
ser iously ob jec t ionab le unless t h e d i s t o r t i o n in ter feres w i t h service . C a r b o n 
increases t h e res i s tance t o flow. A t low t e m p , whe re gra in-s ize is a p r i m e fac tor 
g o v e r n i n g t h e s t r e n g t h , c a r b o n increases t h e s t r e n g t h b y refining t h e g r a i n ; 
a t low ten rp . , d e f o r m a t i o n is a c c o m p a n i e d b y g r e a t s t r a i n h a r d e n i n g , a n d con
t i n u o u s flow sufficient t o r u p t u r e is obse rved on ly a t l oads a p p r o a c h i n g t h e tens i le 
s t r e n g t h . A t t e m p , a b o v e 425°, t h e gra in-s ize is st i l l smal l , b u t t h e g ra ins t h e m s e l v e s 
a r e n o t so b r i t t l e as a t s t r a i n - h a r d e n i n g t e m p . ; t h e y a r e p la s t i c e n o u g h t o change t he i r 
f o rm u n d e r s t r e s s w i t h o u t sp l i t t ing , a n d w i t h o u t fo rming s l ip -bands . I n t h i s p l a s t i c 

( s t a t e , s t r e n g t h b y m e r e v i r t u e of n u m b e r o r m u l t i p l i c i t y of g r a i n does n o t o b t a i n . 
T h e sub j ec t w a s s t u d i e d b y C. L . C la rk a n d A . E . W h i t e , a n d J . L . Cox. 

L . K l e i n d iscussed t h e friction b e t w e e n wood a n d i ron ; P . E . S h a w a n d 
VOL.-XII i . r> 
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E . W . Lr. Leavey , a n d B . S. Hed r i ck , t h e fr ict ion of i ron in v a c u o a g a i n s t i ron , 
nickel , a l umin ium, silver, a n d copper ; J . S. R a n k i n , t h e fr ict ion of i r on a g a i n s t 
glass, a n d brass ; G. A. Toinl inson, t h e fr ict ion of copper , a l u m i n i u m , i ron , nickel , 
a n d glass ; a n d O. H . L e h m a n n , t h e fr ict ion of o r d i n a r y c a s t i ron aga ins t s teel a n d 
aga ins t h a r d a n d soft c a s t i ron . J . S. S t evens d iscussed t h e molecu la r c o n t a c t 
d u r i n g fr ict ion of one surface on a n o t h e r . E . S a u e r w a l d a n d E . J a n i c h e n s t u d i e d 
t h e cohesion of t h e compressed powder . 

A. Masson 7 obse rved t h e ve loc i ty Of sound in i ron t o b e 5015-9 t o 4940-2 m e t r e s 
per sec. ; A. K u n d t , 5092-9 m e t r e s p e r sec. ; a n d G. W e r t h e i m gave 5123-8 m e t r e s 
pe r sec. be tween 15° a n d 20°, for i ron wire , 4912-9 m e t r e s p e r sec. b e t w e e n 10° 
a n d 20° ; for soft s teel , 4982-0 m e t r e s p e r sec. b e t w e e n 15° a n d 20° ; a n d for t h e 
s a m e steel t e m p e r e d b lue , 4880-4 m e t r e s pe r sec. a t 10°. G. Chrys ta l , a n d F . R o b i n 
no t i ced d iscont inui t ies a t 120° a n d 250° ; a n d G. W e r t h e i m a t 100°. G. W e r t h e i m 
inferred t h a t t h e ve loc i ty of s o u n d in i ron a n d s teel is increased b y a rise of 
t e m p , n o t exceeding 100° because of t h e increase in t h e l ong i tud inda l e las t ic i ty . 
H e found t h a t t h e pe rcen t age increase in long i tud ina l e las t ic i ty be tween 15° a n d 100° 
is 4-90 for annea l ed i ron, 6-91 for a n n e a l e d i ron wire , 2-79 for annea l ed ca s t s teel , 
23-20 for annea led s teel -wire, a n d 5*18 for s teel t e m p e r e d b lue . H . Toml inson , 
however , found t h a t b o t h t h e to rs iona l a n d long i tud ina l e last ic i t ies of i ron a n d s tee l 
a re decreased b y a b o u t 2-5 p e r cen t , w h e n t h e t e m p , is ra ised f rom 0° t o 100°. T r u e , 
t h e long i tud ina l e las t ic i ty m a y be g r e a t e r a t 100° t h a n i t is a t 0° p r o v i d e d a s t a r t 
b e m a d e f rom 0° a n d t h e wire h a s n o t been p rev ious ly h e a t e d to 100°, b u t t h e 
a p p a r e n t t e m p o r a r y increase is real ly a p e r m a n e n t one , a n d if t h e wire be r e p e a t e d l y 
h e a t e d t o 100° a n d t h e n cooled, t h e e las t ic i ty is less a t t h e h igher t e m p , if sufficient 
r e s t a f te r cooling h a s been al lowed. T h e p i t ch of t h e mus ica l no te p r o d u c e d b y 
a s teel wi re or s teel tun ing- fo rk is lower as t h e t e m p , is ra ised, a n d th i s m o r e t h a n 
co r r e sponds w i th t h e m e r e change in d imens ions . G. T a m m a n n a n d co-workers 
s t u d i e d t h e fo rma t ion of Chladni ' s figures. 

F . R o b i n e x a m i n e d t h e acoust ic properties of i ron. W h e n t h e d r y m e t a l is 
h e a t e d , t h e d u r a t i o n of t h e sound d imin ishes slowly from, genera l ly speak ing , 
10° t o 20°, t h e n m o r e r ap id ly , a n d finally v e r y r ap id ly , be tween 50° a n d 100°. 
A t 90° t h e cu rve falls r ap id ly , a n d a t t a i n s a m i n i m u m a t a b o u t 120° t o 130°, w h e n 
t h e s o u n d is h a r d l y m o r e t h a n a confused m u r m u r . On con t inu ing t h e h e a t i n g , 
t h e c u r v e is seen t o r ise aga in , a n d t h e d u r a t i o n of t h e s o u n d increases r ap id ly from 
150° o n w a r d s t o a b o u t 220° or 250°, w h e r e i t r eaches a m a x i m u m . F r o m th i s p o i n t 
t h e d u r a t i o n increases v e r y slowly u n t i l 325° t o 350° is r eached , w h e n t h e fall becomes 
m o r e r a p i d a n d t h e s o u n d dies a w a y finally a t a b o u t 540°. I t should be n o t e d t h a t 
on r each ing r ed -hea t , a t a b o u t 500°, t h e b a r sti l l gives o u t a s o u n d a t l eas t four t i m e s 
g rea t e r , genera l ly speak ing , t h a n t h e s o u n d given a t 120°. T h e d u r a t i o n of t h e 
s o u n d decreases v e r y r a p i d l y in s teels , s t a r t i n g f rom n o r m a l t e m p . , a n d a t t a i n s a 
m i n i m u m a t a b o u t 120°, wh ich m a y be m e a s u r e d in t h e case of h y p e r e u t e c t o i d 
s teels . T h e p e a k i n g of t h e c u r v e of r e sonance decreases , a n d t h e m i n i m u m rises 
w i t h t h e p e r c e n t a g e of c a r b o n . I t is less a c c e n t u a t e d in p r o p o r t i o n as wh i t e i ron 
is a p p r o a c h e d . As m a y be seen o n inspec t ing t h e cu rves of t h e d u r a t i o n of t h e 
sound , comple t e e x t i n c t i o n of s o u n d on ly occurs in t h e case of t h e a n n e a l e d h y p o -
e u t e c t o i d b e t w e e n 100° a n d 140°. G r e y i rons n o longer d i sp lay sonorousness , a n d 
t h e p h e n o m e n o n is n o longer d i s t i nc t l y obse rvab le . T h e m a x i m u m resonance on 
h e a t i n g is i n t h e v i c in i t y of 250° ; i t a p p r o a c h e s 200° "when t h e p r o p o r t i o n of c a r b o n 
increases ; i t s d i s t inc t iveness a n d i t s a b s o l u t e v a l u e increase w i t h t h e a m o u n t of 
c o m b i n e d c a r b o n c o n t a i n e d in t h e m e t a l . T h e r e s o n a n c e g r a d u a l l y d imin i shes a n d 
finally becomes e x t i n g u i s h e d a t a l i t t l e be low n a s c e n t r e d - h e a t . Slag r educes a n d 
a l i t t le c a r b o n f avour s r e sonance ; s u l p h u r d imin i shes t h e sonorous p rope r t i e s , b u t a t 
o r d i n a r y t e m p , p h o s p h o r u s h a s v e r y l i t t l e inf luence. F o r a l loy s tee ls , q.v., 
J. A . A n d e r s o n f o u n d t h e ve loc i ty of s o u n d i n i r on v a p o u r t o b e b e t w e e n 990 a n d 
1650 m e t r e s p e r second . 

I n n u m e r a b l e t e s t s h a v e been m a d e on t h e m e c h a n i c a l properties of i ron a n d 
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steels . A se lec t ion for some of t h e a l loy s tee ls is m a d e in c o n n e c t i o n w i t h t h e 
different a l loys . F o r i n d u s t r i a l pu rpose s , i n different p a r t s of t h e wor ld , p r o b a b l y 
t h o u s a n d s of s a m p l e s a r e t e s t e d e v e r y d a y ; a n d m e t a l s a r e m a n u f a c t u r e d t o sa t i s fy 
ce r t a in specified m e c h a n i c a l t e s t s . 

T h e elastic limit i s t h e g r e a t e s t load p e r u n i t of o r i g i n a l c ross - sec t ion w h i c h d o es n o t 
p r o d u c e a p e r m a n e n t s e t ; t h e proportional limit i s t h e l o a d p e r u n i t of o r i g i n a l c ross -
sec t ion a t w h i c h t h e d e f o r m a t i o n s cease t o b e d i r e c t l y p r o p o r t i o n a l t o t h e l o a d s ; a n d t h e 
yield-point is t h e l o a d p e r u n i t of o r i g i n a l s e c t i o n a l a r e a a t w h i c h a m a r k e d i n c r e a s e i n t h e 
d e f o r m a t i o n of t h e s p e c i m e n o c c u r s w i t h o u t i n c r e a s e of l o a d cf. 1. 13, 17. T h e de f in i t i ons 
w e r e d i s cus sed b y J . E . H o w a r d , 8 a n d T . D . L y n c h . 

I n 1809, L . B . Gr. de M o r v e a u m a d e s o m e o b s e r v a t i o n s on t h e tens i le s t rength 
of t h e m e t a l s , a n d found t h a t t h e w e i g h t in k i l og rams w h i c h cou ld be s u p p o r t e d b y 
a n i ron wi re 2 m m . in d i a m e t e r was 250 ; a c o p p e r wi re , 137 ; a s i lver wi re , 85 ; e t c . 
Gr. W e r t h e i m m e a s u r e d t h e t e n a c i t y of some m e t a l s , in k i l o g r a m s p e r sq . m m . , a n d 
found for i ron , 50-3 ; copper , 31-G ; si lver, 16*4 ; e t c . G. W e r t h e i m sa id t h a t t h e 
tens i le s t r e n g t h s of t h e m e t a l s v a r y a s t h e i r a t . wts .—v ide supra, h a r d n e s s . T h e r e 
a re m a n y col lec t ions of d a t a . T h e following is b a s e d o n t h a t of F . A u e r b a c h . I n 
i l l u s t r a t ion of t h e v a l u e s g iven for t h e e last ic m o d u l u s of i ron , E, in k g r m s . p e r sq . 
m m . , N . K a t z e n e l s o h n g a v e for forged i ron , 19,024 ; G. W e r t h e i m , 20,869 ; 
G. F i s a t i a n d G. Sapo r i t o -R icca , 21,450 ; M. B a u m e i s t e r , 20,500 ; H . Toml inson , 
19,810 ; K . F . S l o t t c , 19,385 ; for a n n e a l e d i ron, G. W e r t h e i m g a v e 20,794 ; for 
ca s t i ron , P . A. T h o m a s g a v e 2 1 , 7 4 0 ; O. W a g n e r , 21,30O ; W . Psche id l , 1 1 , 7 1 3 ; 
W . Voigt , 12,800 ; a n d A. G r a y a n d 
co-workers , 15,750. S imi la r ly , for forged 
steel , G. W e r t h e i m g a v e 18,810 ; for 
a n n e a l e d s teel , 17,280 ; a n d for c a s t 
s teel , 19 ,555. F o r ca s t s teel , G. P i s a t i 
g a v e 18,490 ; W . Y\>igt, 20 ,400 ; K. H . 
A m a g a t , 20 ,395 ; O. W a g n e r , 20,560 ; 
a n d for m i l d s teel , A. G r a y a n d co
worke r s g a v e 21,700 ; a n d G P . W e s t o n , 
19,380 ; for soft s teel , 20,705 ; for 
n i e d m m steel , 20 ,910 ; a n d for h a r d 
s teel , 20,600. A. L . K i m b a l l a n d D . E . 
Love l l g a v e for t h e e las t ic m o d u l u s of a n n e a l e d Swedish i ron 1 8 - 9 X l O 1 1 d y n e s 
p e r sq . cm. , a n d for cold-rol led m i l d s teel , 2 I x I O 1 1 d y n e s p e r sq. cm. 
H . T o m l i n s o n g a v e for h a r d steel , 2 1 - 3 6 O x I O 6 a n d 1 8 6 2 x 1 0 ° g r m s . p e r sq. cm. 
for h a r d d r a w n , a n d J 98 X 10 6 g r m s . for a n n e a l e d i ron w i r e ; a n d G. Angenhe i s te r , 
for h a r d e n e d s teel , 18,206 ; a n d for soft s teel , 18,875 ; a n d G. F . C. Scar le , 
19,810—vide supra, T a b l e X V I . As i n d i c a t e d below, t h e a c t u a l va lues for a n y 
p a r t i c u l a r s a m p l e s m u s t obv ious ly d e p e n d on t h e compos i t i on of t h e m e t a l , a n d 
o n i t s p r e v i o u s h i s t o r y . W . S u t h e r l a n d g a v e for t h e bes t r e p r e s e n t a t i v e va lues 
for i ron , in k g r m s . p e r sq . m m . , 20 ,000, w i t h t h e e x t r e m e s 18,610 a n d 21,440. 
O b s e r v a t i o n s on t h e e las t ic l imi t were m a d e b y C H . Desch , J . Gal ibourg , 
E . G o e n s a n d E . S c h m i d , J . E . H o w a r d , A . J a q u e r o d a n d H . Mageli , P . K r e u z -
p o i n t e r , H . K . L a n d i s , G. L a n z a , P . F . L e e a n d H . A. Schade , P . Ie Ho l l and 
a n d P . Sor in , K . P r o s a d , C. A. P . T u r n e r , a n d L . B . T u r n e r . T h e r e su l t s of 
D . K . F r o m a n , for Y o u n g ' s m o d u l u s w i t h s m a l l s t resses , a r e s u m m a r i z e d in 
F i g . 199. A . Mal lock o b s e r v e d t h a t t h e r e is a s imi lar r e l a t i on be tween t h e t e m p , 
coefr. of t h e m o d u l u s of e las t i c i ty a n d t h e m . p . a s t h a t w h i c h o b t a i n s be tween 
t h e t e m p , coeif. of t h e h a r d n e s s a n d t h e m . p . L . C. T y t e d iscussed t h e dev ia t ions 
f rom H o o k e ' s l aw. 

G. W e r t h e i m g a v e for t h e e las t ic m o d u l u s of i ron a t 15°, 100°, a n d 200°, respec
t i v e l y 20,794, 21,877, a n d 17,700 ; a n d for t h a t of c a s t s teel , r e spec t ive ly 19,561, 
19,014, a n d 17,926. N . K a t z e n e l s o h n f o u n d t h a t w i t h i ron of e las t ic l imi t 19,024, 

/2 /6 ZO 24 28 
Stress: /0 ea(y/7es per sq. err?. 

1PxCi. 199 . -—Young ' s M o d u l u s w i t h Sma l l 
S t re s ses for Stee l . 
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t h e p e r c e n t a g e d e c r e a s e b e t w e e n G° a n d 1 0 0 ° i s 2 - 3 3 . A . W a s s m u t h o b t a i n e d a 
s i m i l a r r e s u l t . K . F. S l o t t e g a v e f o r t h e e l a s t i c l i m i t of i r o n : 

8-4° 20-4° 30° 40° 50° 60° 
JtJ . . 19,687 19,385 19,226 19,137 19,037 19,004 

A . G r a y a n d c o - w o r k e r s g a v e a.=^ — 0 - 0 3 1 3 6 f o r t h e t e m p , coeff. of t h e e l a s t i c l i m i t 
of i r o n . G . A . S h a k e s p e a r o b t a i n e d s i m i l a r r e s u l t s , w h i l e M . C . N o y e s o b t a i n e d 
O 0 3 4 6 0 f o r s t e e l ; a n d Gr. P i s a t i o b t a i n e d f o r i r o n , t h e f o l l o w i n g r e s u l t s f o r t h e 
e l a s t i c l i m i t , E3 a n d t h e t e m p , coeff. , <x X l O 5 : 

0° 20° 60° 100° 140* 180° 220° 260° 300° 
JD . 21 ,483 21,441 21,336 21,212 20,981 20 ,625 20,267 19,723 19,175 
a X 1 0 ' . 10 12 27 34 41 47 60 69 

a n d f o r s t e e l : 
0° 2 0 ° CU" 1 0 0 ° 1 4 0 ° 180° 2 2 0 ° 2 6 0 ° 3 0 0 " 

K . 18,518 18,481 18,391 18,232 18,085 17,925 17,72O 17,55O 17,372 
a X l O 8 . IO 13 26 18 24 28 25 26 

K . W i m m e r g a v e 7 4 2 7 a t 0 ° , 6 2 9 8 a t 1 0 0 ° , a n d c o m p u t e d 1 0 , 5 0 8 a t — 2 7 3 ° ; a n d 
K . R . K o c h a n d R . D i e t e r l e , f o r s t e e l w i t h 0 0 0 8 5 p e r c e n t , of c a r b o n a n n e a l e d a t 
6 2 0 ° , 1 - 4 5 5 x 1 0 - 6 k g r m . p e r s q . c m . a t 1 2 ° ; 1 - 3 6 O x I O - G a t 2 0 0 ° ; 1 - 2 5 0 x 1 0 - « 
a t 4 0 0 ° ; a n d 1-0455 X 1 0 ~ « a t 6 0 0 ° ; C. S c h a f e r g a v e 1 - 8 3 5 x 1 0 - 6 a t 2 0 ° ; a n d 
E . G r u n e i s e n 2 - 1 6 8 x 1 0 - 6 a t 1 8 ° f o r 0-1 p e r c e n t , c a r b o n s t e e l , a n d 2 - 1 3 2 x 1 0 - 6 
a t 1 8 ° f o r 1-0 p e r c e n t , c a r b o n s t e e l . J . R . B e n t o n f o u n d t h e r a t i o of t h e 
e l a s t i c l i m i t a t — 1 8 6 ° a n d a t o r d i n a r y t e m p , t o b e 1-180 ; a n d C. S c h a f e r f o u n d a 
0*02250 i n c r e a s e i n t h e e l a s t i c l i m i t p e r d e g r e e b e t w e e n 2 0 ° a n d — 1 8 6 ° . K . H o n d a , 
a n d T . T e r a d a f o u n d t h a t t h e coeff. of e l a s t i c i t y , E, of S w e d i s h i r o n r o s e f r o m 
1-802 X l O 1 2 w i t h a l o a d of 1 6 8 9 g r m s . p e r s q . m m . t o 1-968 X 1 0 1 2 w i t h a l o a d of 
1 1 , 7 0 0 g r m s . p e r s q . m m . H . S c h l e c h t w e g , a n d G . H . K u e l e g a n a n d M . R . H o u s e 
m a n s t u d i e d t h e s u b j e c t . W . S u t h e r l a n d s a i d t h a t if E d e n o t e s Y o u n g ' s m o d u l u s 
a t 0 ° , a n d E0 i t s v a l u e a t t h e a b s o l u t e z e r o , t h e n , if O1n d e n o t e s t h e m . p . of t h e m e t a l , 
EfE0=I — 0'8236/6m, f o r t e m p , u p t o a b o u t 1 0 2 ° , b u t i t i s i m p e r f e c t a t t h e m . p . , 
s i n c e i t g i v e s f i n i t e v a l u e s a t t h a t t e m p . , w h e r e a s t h e v a l u e o u g h t t o b e z e r o . A . G r a y 
a n d c o - w o r k e r s f o u n d f o r Y o u n g ' s m o d u l u s of m i l d s t e e l 2 - 1 2 7 9 X l O 1 2 d y n e s p e r 
s q . c m . , a t 2 0 - 3 ° , a n d 2 - 0 9 3 9 X 1 0 1 2 a t 8 0 - 3 ° — a d i m i n u t i o n of 0 0 0 0 2 4 7 p e r d e c r e e ; 
f o r s o f t i r o n t h e y g a v e 1-5521 X 10*2 a t 1 6 ° t o 2 2 ° , a n d 1-5321 X 1 0 * 2 a t 9 4 ° t o 9 6 ° — 
a d i m i n u t i o n of a b o u t 0 - 0 0 0 1 5 6 p e r d e g r e e . E . P . H a r r i s o n a n d S . K . C h a k r a v a r t i 
o b s e r v e d t h a t t h e e l a s t i c m o d u l u s d o e s n o t r e a c h a m a x i m u m a s t h e t e m p , r i s e s , 
b u t d e c r e a s e s c o n t i n u o u s l y s o t h a t b e t w e e n 2 7 ° a n d 1 4 0 ° f o r a n n e a l e d w i r e s , 
^ = ^ 0 ( 1 — 0 - 0 0 0 9 3 4 ( 0 — - 3 0 ) — O - O 6 7 3 3 ( 0 — 3 0 ) 2 } , w h e n E30 i s 1 8 - 9 5 x 1 0 " d y n e s p e r 
s q . c m . H . L . D o d g e f o u n d t h e m o d u l u s of e l a s t i c i t y , E, of m i l d s t e e l (0*162 p e r 
c e n t , c a r b o n ) i n I O " - 1 1 d y n e p e r s q . c m . : 

22° 142° 203° 308° 400° 

JfXlO- 1 1. . 19-3 18-9 J8-2 16-9 14-6 

A . M a l l o c k g a v e 1 -27 f o r t h e r a t i o of Y o u n g ' s m o d u l u s a t — 2 7 3 ° a n d a t 0 ° . F . S a u e r -
w a l d a n d c o - w o r k e r s a t t r i b u t e d t h e b r i t t l e n e s s of a - i r o n a t t h e t e m p , of l i q u i d a i r 
t o t h e r e a d y c l e a v a g e of t h e c r y s t a l s a t t h a t t e m p . 

K . H o n d a a n d T . T a n a k a f o u n d t h a t t h e e f f e c t s of c a r b o n o n t h e m o d u l u s of 
e l a s t i c i t y , E9 a n d m o d u l u s of r i g i d i t y , K3 f o r i r o n a l o n e a r e r e s p e c t i v e l y 2 - 0 8 7 X 1 0 1 2 

a n d 8 -34 X 1 0 1 1 ; a n d f o r a l l o y s w i t h c a r b o n : 

0 1 0 0-2O 0-40 0-59 0-81 1.02 1 1 9 l ' 4 8 p e r c e n t . 
2-045 2-025 2-070 2 0 4 0 2 0 3 0 1-996 1-981 1-93O 
1-942 1-931 2-000 1-928 1-911 1-880 1-820 
8 1 3 8-11 8-21 8 1 9 8 1 5 8 1 7 8-06 7-97 
7-92 7-88 7-92 7-78 7-78 7-74 7-65 

T h e p r e s e n c e of c a r b o n i n g e n e r a l d e c r e a s e s b o t h m o d u l i . T h e z i g - z a g c h a r a c t e r 
of t h e c u r v e s i s a t t r i b u t e d t o i m p u r i t i e s . W h i l s t t h e t e n s i l e s t r e n g t h of c a r b o n s t e e l s 

C a r b o n 
JD X 10 
K^ l O - n i A n n e a l e d . A X 1 U \ Q u e n c h e d . 

,—is / A n n e a l e d 
\ Q u e n c h e d 
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f/ast/c, 6r/ttte, "g/d 

is i nc reased b y q u e n c h i n g , t h e m o d u l i of e las t i c i ty a n d r i g id i t y a r e dec reased in all 
cases . T h i s fac t w a s n o t e d b y K . H o n d a a n d H . H a s i m o t o . 

H . T o m l i n s o n obse rved t h a t a f te r a wi re h a s suffered p e r m a n e n t ex tens ion , t h e 
t e m p o r a r y e longa t i on w h i c h can be p r o d u c e d b y a n y load becomes less a s t h e 
i n t e r v a l b e t w e e n t h e pe r iod of p e r m a n e n t ex t ens ion a n d t h a t of a p p l y i n g t h e load 
becomes g r e a t e r . Th i s increase of e las t ic i ty is g r e a t e r in p r o p o r t i o n for la rge loads 
t h a n for sma l l ones . T h e increase of e l a s t i c i ty t a k e s p l ace w h e t h e r t h e wi re be 
a l lowed t o r e m a i n l o a d e d o r u n l o a d e d b e t w e e n t h e pe r iod of p e r m a n e n t ex t ens ion 
a n d t h a t of t e s t i n g for t h e e las t ic i ty . T h e r a t e of inc rease of e l a s t i c i ty va r ies 
cons ide rab ly w i t h different m e t a l s ; w i t h some , t h e m a x i m u m e las t i c i ty is a t t a i n e d 
in a few m i n u t e s , w i th o the r s , as w i t h i r on a n d s teel , n o t t i l l s ome d a y s h a v e e lapsed . 
T h e e las t i c i ty c a n be inc reased b y heav i ly load ing a n d u n l o a d i n g severa l t imes , t h e 
r a t e of inc rease d imin i sh ing w i t h e a c h l oad ing a n d u n l o a d i n g . A m o r e or less 
dec ided d e p a r t u r e f rom H o o k e ' s l a w — 1 . 13, 1 7 — a l w a y s a t t e n d s r e c e n t p e r m a n e n t 
ex t ens ion , e v e n -when t h e we igh t s e m p l o y e d t o t e s t t h e e l a s t i c i ty d o n o t exceed 
o n e - t e n t h of t h e b r e a k i n g weigh t . L. C. T y t e found t h a t all t h e m e t a l s h e inves t i 
g a t e d d e v i a t e d f rom H o o k e ' s l aw ove r t h e whole r a n g e . T h e a m o u n t of dev i a t i on 
differed for t h e s a m e m a t e r i a l sub jec t t o different h e a t - t r e a t m e n t s , a n d co ld-work ing . 
F o r a n n e a l e d m e t a l s , t h e d e v i a t i o n s inc reased wi th a n increase in t h e size of c rys ta l s . 
H . T o m l i n s o n obse rved t h a t t h e d e p a r t u r e is 
d imin i shed v e r y n o t i c e a b l y in t h e case of i r on 
a n d m u c h less so in t h e case of o t h e r m e t a l s , b y 
a l lowing t h e wi re t o r e s t for some t i m e , e i t he r 
l oaded o r u n l o a d e d , i t is a lso d i m i n i s h e d b y 
r e p e a t e d load ing a n d u n l o a d i n g . P e r m a n e n t 
ex t ens ion w i th all m e t a l s , p r o v i d e d t h e wire 
has n o t been k e p t heav i ly loaded for some t i m e , 
p r o d u c e s a decrease of e las t ic i ty if t h e s t r a i n be 
n o t ca r r i ed b e y o n d a c e r t a i n l imi t . If t h e ex 
tens ion b e ca r r ied b e y o n d th i s l imit , a. f u r the r 
p e r m a n e n t increase of l eng th causes a n increase 
of e las t i c i ty . I n t h e case of i ron, h e a v y load ing 
for some t i m e so increases t h e e las t i c i ty that-
even w h e n t h e ex tens ion wou ld h a v e caused 
d i m i n u t i o n of e l a s t i c i ty w i t h o u t such c o n t i n u e d 
load ing , t h e l a t t e r will, if sufficient t i m e b e al lowed, change th i s d i m i n u t i o n i n t o 
a n i n c r e a s e — b u t n o t so w i t h copper . W i t h i ron which h a d been heav i ly loaded for 
some t i m e , t h e r a t i o of t h e t e m p o r a r y e longa t ion t o t h e load p r o d u c i n g i t becomes 
less as t h e load e m p l o y e d becomes g rea te r , u n t i l a c e r t a in l imi t is a t t a i n e d d e p e n d e n t 
on t h e e x t e n t of t h e p r ev ious h e a v y load ing . W i t h o t h e r m e t a l s , a n d w i t h i ron 
wh ich h a s suffered p e r m a n e n t ex t ens ion w i t h o u t a l lowing t h e load p r o d u c i n g t h e 
ex tens ion t o r e m a i n for a n y app rec i ab l e t i m e on t h e wire , t h e e longa t ion increases 
in a g r e a t e r p r o p o r t i o n t h a n t h e load. This b e h a v i o u r of i ron , as well as t h e fact t h a t 
t h i s m e t a l does n o t , u n t i l m a n y h o u r s h a v e e lapsed , a t t a i n i t s m a x i m u m e las t ic i ty , 
a f te r h a v i n g u n d e r g o n e p e r m a n e n t e longa t ion , is a t t r i b u t e d t o t h e g r e a t cohesive 
force of t h e m e t a l . W h e n a fixed load is app l i ed t o s tee l a t a c o n s t a n t t e m p . , t h e r e 
is a n in i t i a l flow w h i c h r e su l t s in a n e longa t ion of t h e s tee l . Th i s e longa t ion ceases 
a f te r a t i m e , if t h e load is n o t t oo g r e a t . Th i s i nd i ca t e s a s t r a i n h a r d e n i n g of t h e 
m a t e r i a l . If t h e load be c o n s t a n t , t h e r e is a s lower e longa t ion , or secondary flow, 
w h i c h c o n t i n u e s u n d e r a c o n s t a n t load of sufficient m a g n i t u d e un t i l i t is followed by 
^ final rapid flow w h i c h i m m e d i a t e l y p recedes t h e f r ac tu re of t h e m e t a l . H . F . Moore 
r e p r e s e n t s t h e p h e n o m e n a as e las t ic de fo rma t ion , sl ip, a n d f rac tu re . T h e elas t ic 
d e f o r m a t i o n is r e p r e s e n t e d b y a s l ight s t r e t c h i n g , o r compress ion , or a l a t e ra l d is
p l a c e m e n t ( shear ) . Th i s d e f o r m a t i o n d i s a p p e a r s w h e n t h e s t ress is re leased. As 
t h e s t ress is increased , some of t h e a t o m i c b o n d s in t h e c rys ta l -g ra ins a r e b r o k e n 
a long c e r t a i n p l anes , t h e d ivorced a t o m s sl ide over o t h e r a t o m s , find n e w p a r t n e r s , 

Sc'ra/n 

/YJst/c; /an/ 
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a n d form new bonds . I t is r e m a r k a b l e t h a t af ter a brief pe r iod of r e s t for read jus t 
m e n t , t h e n e w b o n d s seem t o be s t ronge r t h a n t h e old—e.g. in co ld-drawn steel 
t h e slip is a t t e n d e d b y a n increase in s t r e n g t h . T h e ac t ion a t th i s s t age is t h e 
p h e n o m e n o n of slip discussed above . T h e p lanes of slip across t h e c rys t a l g ra ins 
appea r microscopical ly as l ines, or slip-bands. H . P . Hol lnage l r ep resen ted t h e 
different t y p e s of s t ress-s t ra in curves b y F i g . 200. H . F . Moore l ikens t h e sl ip t o t h e 
ac t ion of a n obl ique pressure on a pack of c a r d s — F i g . 2 0 1 — a n d a d d e d : T h e s l ipping 
con t inues , some of t h e b roken a tomic b o n d s do n o t form n e w bonds , a n d m i n u t e 
c racks a p p e a r , un t i l finally t h e cracks sp read a n d a f rac ture occurs . T h e re la t ions 
of s t ress t o s t r a in a re i l lus t ra ted b y F ig . 202. OJE* represen ts t h e first s tage of elast ic 
de fo rmat ion ; s l ip-bands begin t o a p p e a r a t E when t h e s t ress is AE, a f ter t h a t , t h e 
cu rve dev ia tes from a s t r a igh t line, a n d w h e n t h e load is released, t h e ma te r i a l lias 
acqu i red a smal l p e r m a n e n t set . E r ep resen t s t h e p ropor t iona l l imi t or elast ic l imi t ; 
t h e y ie ld-point is r ep re sen t ed b y Y, so t h a t w h e n t h e s t ress a t t a i n s t h e va lue BY, 
a genera l slip occurs, a n d after t h a t f rac ture . W i t h ve ry b r i t t l e mate r ia l s , f rac ture 
m a y occur before t h e s t ress becomes large enough to show a wel l -marked yie ld-point . 
U n d e r r epea t ed loading a s t ress well below t h e u l t i m a t e tensile s t r eng th will s t a r t 
a f rac tu re in m e t a l which finally sp reads to failure of t he ent i re cross-section of a 
piece. This sp read u n d e r r epea t ed loading is ve ry m u c h slower t h a t t h e sp read 
u n d e r a single increasing load. Thousands or even millions of cycles of s t ress m a y 
be r e q u i r e d t o develop t h e final failure. This r epea t ed s t ress f rac ture sp reads 
s lowly, l ike a m i n u t e hack-saw cut , b u t i t s r a t e of progress is accelera ted, a n d j u s t 

4 I 

Before sUp S/c/e r/etv of sl/p 
l?ia. 2 0 1 . — F o r m a t i o n of S l i p -bands 

( D i a g r a m m a t i c ). 

before f rac tu re i t is a l m o s t as r a p i d a s is t h e sp read of f rac ture u n d e r a single 
increas ing load . I n fact , a t yp i ca l fa t igue failure usua l ly shows t w o d i s t inc t 
zones : (i) A s m o o t h surface where t h e c rack h a s sp r ead slowly a n d t h e walls of t he 
c r ack a re b a t t e r e d s m o o t h b y r e p e a t e d open ing a n d closing, (ii) a rough " c rys ta l 
l ine " surface ind ica t ing t h e v e r y m u c h m o r e sudden f rac ture of t h e core of t h e piece. 
T h e sub jec t was discussed b y K . Y u a s a . 

Accord ing t o H o o k c ' s law, if S deno tes t h e extens ion, a n d P t h e s t ress , S^kP, 
where k is a c o n s t a n t ; b u t , a s j u s t ind ica ted , t h e resu l t s of a ccu ra t e obse rva t ions 
dev i a t e a l i t t l e f rom t h e ru le . O. B a c h said t h a t F . A. Schulze 's formula S^7cPnt 

gives b e t t e r resu l t s when mm a c o n s t a n t g r ea t e r t h a n u n i t y . F o r e x a m p l e , 
T . E . S t a n t o n observed t h a t in his tes t s , t h e re la t ion be tween p e r m a n e n t s t r a in , 
S, a n d s t ress , P , c an be represen ted b y P=39-37>S*, where k is nea r ly 0-25 for some 
spec imens of mi ld steel . R . Mehmke h a s m a d e a collect ion of t h e formula3 which 
h a v e been sugges ted in place of H o o k e ' s law, in o rde r t o r ep re sen t t h e observed 
r e su l t s empir ica l ly . E . H a r t i g , a n d E . Grune isen a n d F . A. Schulze a s s u m e d t h a t 
t h e e las t ic m o d u l u s increases l inear ly wi th increas ing s t ress , so t h a t dJP/dS=E—cPy 
where c is a c o n s t a n t ; a n d th i s can be wr i t t en S~E—1(P-f-&2P

2-f-&3P3-f- . . . ) , whe re 
62> &B, • • • a ^ e c o n s t a n t s . This resembles I . O. T h o m p s o n ' s formula , 
/ S = = a P - f - 6 P 2 + c P 3 . W . Voig t also supposed t h a t t h e increase in t h e elast ic m o d u l u s 
w i t h increas ing s t resses is in accord w i t h a power series. P . D e b y e a s s u m e d t h a t 
t h e m o d u l u s of e las t ic i ty is a funct ion of t h e i n t e r a t o m i c d i s t ance . G. W e r t h e i m 
m a d e a n a s s u m p t i o n of t h i s k i n d in 1848, for he gave t h e fo rmula Ed7—a, c o n s t a n t 
w h e n d d e n o t e s t h e m e a n d i s tance a p a r t of t h e a t o m s . P . D e b y e ' s hypo thes i s is 

0 /IS -~S/w/7 

F i o . 202 .—Kola t ion 
of St ress arid S t r a in . 
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n o t in acco rd w i t h t h e b e h a v i o u r of solid soln. where t h e c h a n g e in t h e m o d u l u s is 
g r ea t e r t h a n can b e exp la ined b y a smal l change in i n t e r a t o m i c d i s t ances . Accord ing 
to H . v o n W a r t e n b e r g , e v e r y elast ic de fo rma t ion of a m e t a l composed of g ra in s is 
rea l ly m a d e u p of p u r e elast ic de fo rma t ion a n d of a n elast ic a f te r -working , h a v i n g 
a t i m e fac tor . Single c rys t a l s do n o t e x h i b i t e last ic after-effect. T h e p u r e e las t ic 
d e f o r m a t i o n of a m e t a l is i n d e p e n d e n t of t h e p rev ious t r e a t m e n t . T h e l imi t of 
p r o p o r t i o n a l i t y of a me ta l l i c cong lomera te is t h e s t ress a t which t h e m o s t u n 
f a v o u r a b l y s i t u a t e d c rys t a l slips, a n d i t follows t h a t t h e r e is n o such l imi t for single 
c rys ta l s . T h e e las t ic l imi t is t h e s t ress a t which t h e e las t ical ly deformed c rys ta l s 
fail t o b r i n g b a c k t h e d isp laced c rys ta l s t o t he i r or iginal pos i t ion . T h e sub jec t 
was d iscussed b y A . Ber l iner , W . Geiss, G. A. Toml inson , G. S. Meyer, M. Po l any i , 
G. T a m m a n n , E . Goens a n d E . Schmid , P . Bech te rew, G. Cook, G. Masing, H . Mark , 
L . B o l t z m a n n , J . E . Wieche r t , A. A. Michelson, J . O k u b o , J . C. McConnel a n d 
D . A. K i d d , E . H e y n , M. Mesnager , F . S a u e r w a l d a n d H . G. Sossinka, A. V. S tepa -
noff, a n d E . H o u d r e m o n t a n d H . Ka l i en . 

J . E . S t e a d w o r k e d o u t a t h e o r y for t h e re la t ion be tween t h e cold-working of 
steel a n d t h e tens i le s t r e n g t h . H e s t a t e d t h a t t he re a re a t l eas t t h r ee s tresses t o 
cons ider : (i) t h e s t ress , S1, r equ i r ed t o d e s t r o y t h e cohesion be tween t h e a t o m s in t h e 
space- la t t i ce of t h e c rys ta l , a n d th i s is a s s u m e d t o be c o n s t a n t : (ii) t h e s t ress , S2, 
r equ i r ed t o p r o d u c e i n t e r n a l slip ; i t is a charac te r i s t i c of each steel ; i t increases 
exponen t i a l l y wi th t h e a m o u n t of sl ip, a n d d e p e n d s on t h e a m o u n t of slip which 
h a s a l r e a d y t a k e n p lace ; a n d (iii) t h e s t ress , S3, r equ i r ed t o p roduce ex t e rna l slip ; 
i t is cha rac te r i s t i c of e a c h s tee l ; a n d i t increases l inear ly w i t h t h e a m o u n t of sl ip 
t h a t h a s t a k e n p lace . H e sa id : 

W h e n a t e s t -p i ece is s t r e s sed , t h e s t r e s s r ises e las t ica l ly u n t i l t h e in i t i a l v a l u e of >S'2 is 
r e a c h e d , a n d t h e n i n t e r n a l s l ip t a k e s p lace . T h e c rys t a l l i t e s b e i n g i n a s t a t e of u n s t a b l e 
e q u i l i b r i u m o w i n g t o i n t e r n a l s t resses , -when sl ip t a k e s p l ace t h i s e q u i l i b r i u m is u p s e t a n d 
a pos i t i on of s t a b l e e q u i l i b r i u m is a t t a i n e d , i n w h i c h t h e i n t e r n a l s t resses h a v e d i s a p p e a r e d . 
T h i s neces s i t a t e s c o n s i d e r a b l e s l ip t a k i n g p lace , s u c h slip c o n s t i t u t i n g t h e y i e l d - p o i n t s l ip . 
T h i s is n e a r l y al l i n t e r n a l , b u t is a c c o m p a n i e d b y s o m e s l i gh t e x t e r n a l sl ip t o con fo rm w i t h 
t h e m o v e m e n t t h a t h a s t a k e n p lace i n t h e c ry s t a l l i t e s . W h i l e t h e c rys t a l l i t e s a r e s e t t l i n g 
d o w n i n t o a pos i t i on of e q u i l i b r i u m , t h e s t r e s s r e m a i n s t h e s a m e a n d t h e s l ip p r o d u c e s n o 
h a r d e n i n g effect. T h a t is t o say , t h e p iece c a n n o t w i t h s t a n d a n y h ighe r s t r e s s t h a n ^ 2 w i t h 
o u t f u r t h e r s l ip . A s soon a s t h e e q u i l i b r i u m pos i t i on is r e a c h e d , a n y f u r t h e r sl ip p r o d u c e s 
a n increase i n ^ 8 . T h a t is t o s ay , t o p r o d u c e f u r t h e r slip t h e s t r e s s m u s t bo inc reased , a n d 
w i t h e a c h i n c r e a s i n g s l ip t h e r e is a n inc rease i n t h e v a l u e of S2. H o w e v e r , t h e s l ip t h a t 
t a k e s p l ace is p a r t l y i n t e r n a l a n d p a r t l y e x t e r n a l , t h e p r o p o r t i o n of e x t e r n a l t o i n t e r n a l 
i n c r e a s i n g a s t h e s l ip inc reases . T h u s , h a r d e n i n g is d u e p a r t l y t o t h e inc rease of Sa a n d 
p a r t l y t o t h a t of >S>3. T h o u g h t h e in i t i a l v a l u e of S2 is less t h a n t h a t of ^S3, t h e fo rmer 
increases w i t h sl ip m o r e r a p i d l y t h a n /S3, so t h a t a p o i n t is r eached w h e n t h e v a l u e of S2 
is e q u a l t o t h e va lue of S3. Aa t h e v a l u e s of S2 a n d S3 a p p r o a c h e a c h o t h e r , t h e r a t i o of 
e x t e r n a l s l ip t o i n t e r n a l i nc reases u n t i l , w h e n *S'2 a n d S3 a r o e q u a l , t h e s l ip becomes whol ly 
e x t e r n a l . T h i s c o n t i n u e s u n t i l t h e b r e a k i n g p o i n t is r e ached . T h e b r e a k i n g s t ress m a y bo 
e q u a l t o S11 b u t of t h a t t h e r e is n o e v i d e n c e o n e May or t h e o t h e r . 

J . T. B o t t o m l e y n o t e d t h e g r e a t difference be tween t h e t enac i t y of i ron when 
loaded b y slow degrees , a n d w h e n loaded qu ick ly ; a n d t h i s recal led t h e increase 
in t h e p o r t a t i v e p o w e r of a m a g n e t w i th g r a d u a l loading—vide infra. H . J . F r e n c h 
a n d W . A. Tucker , a n d A. Michel a n d M. M a t t e showed t h a t when a spec imen of 
steel is sub jec t ed t o a c o n s t a n t load, i t passes t h r o u g h four 2}hases : (i) a n 
i n s t a n t a n e o u s ex tens ion ; (ii) a slow ex tens ion ; (iii) a c o n s t a n t increase ; a n d 
(iv) a r a p i d increase a c c o m p a n i e d b y f rac ture . The p e r m a n e n t de fo rmat ion a n d 
f rac tu re was discussed b y M. Malava l , a n d A. H . Leb lond ; a n d the expans ion of 
c a s t i ron u n d e r t ens ion , b y E . P i w o w a r s k y a n d O. B o r n h o f e n ; a n d t h e change of 
d imens ions u n d e r to r s iona l s t resses , b y T . Ueda . 

C. A. E d w a r d s a n d L . B . Pfeil , work ing wi th single c rys ta l s of iron, con ta in ing 
0-13 p e r cen t , c a rbon , 0 0 2 3 Si, 0-44 Mn, 0-028 S, a n d 0-020 P , found t h a t t h e l imi ts of 
p r o p o r t i o n a l i t y r a n g e d from 1*725 t o 2-69 tons p e r sq. in. ; t h e tensi le s t r e n g t h , from 
9-38 t o 15-38 t o n s p e r sq . in. ; t h e m o d u l u s of e las t ic i ty , from 11,200 t o 13,320 t ons 
p e r sq. in . ; a n d t h e e longat ion , from 30-5 t o 53-65 pe r cent . W i t h t w o except ions , 
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t h e tensi le s t r e n g t h s fall w i th in a r a n g e of 1-27 t o n s p e r sq . in. , t h e a v e r a g e of 
8 t e s t s is 9-98 t o n s pe r sq. in . w i th m a x i m u m a n d m i n i m u m va lues , r espec t ive ly , 
10-65 a n d 9-38 t o n s p e r sq. in . H . C. H . C a r p e n t e r ' s va lues for t h e tens i le s t r e n g t h 
r anged from 9-61 t o 9-94 pe r sq. in . O b s e r v a t i o n s were m a d e b y G. I . T a y l o r a n d 
C. F . E l a m , F . S a u e r w a l d a n d G. E i sne r , P . L u d w i k , A. B . Kinze l , J . Kon igsbe rge r , 
A. Kro i t z sch , W . H . Hatf ie ld , R . L . T e m p l i n , O. Schwarz , J . Ga l ibourg , J . Seigle, 
A. R . P a g e , F . G. Mar t i n , J . A. J o n e s , F . W . Dues ing , H . Poel le in , P . R e g n a u l d , 
R . R i m b a c h , C. H . Carus-Wilson, R . H . G r a h a m , J . E . H o w a r d , E . B e r n a r d o n , 
C. Cornu t , J . H . Wicks teed , E . Marke , Li. T e t m a j e r , W . P . D a v e y , A. P o m p , A . Vos-
mae r , J . W . Lang ley , K . Daeves , C. C. S c h r o t t a n d G. M. Case, J . E . H o w a r d , a n d 
T . R. F o c k e . T h e tensi le s t r e n g t h s of sma l l c rys t a l s were m o r e v a r i a b l e t h a n la rge 
ones . C. A. E d w a r d s a n d Li. B . Pfeil cons ider t h a t t h e lowes t v a l u e for t h e tens i le 
s t r e n g t h in a single c ry s t a l will b e o b t a i n e d w h e n t w o s l ip-p lanes m a k e ang les of 
45° t o t h e ax i s of s t ress , t h a t is, w h e n t w o p l anes coincide w i t h a p l a n e of m a x i m u m 
shear , a n d t h a t h igher va lues for tensi le s t r e n g t h will be o b t a i n e d w h e n n o p l anes 
m a k e t h i s angle . T h e i m p o r t a n t fac tor is t h e ang le b e t w e e n t h e p l anes a n d t h e 
ax i s of s t ress , and n o t t h e re la t ive pos i t ion of t h e p l anes a n d t h e surface of t h e 
spec imen . I t is n o t c lear w h e t h e r a n i ron c ry s t a l d u r i n g a tens i le pul l gives w a y 
u p o n t h e dodc?cahedral-i>lanes or an t h e cube-p lanes . Sl ip in a c rys t a l u sua l l y 
occurs m o s t easi ly on t h e p lanes c o n t a i n i n g t h e g r e a t e s t n u m b e r of a t o m s pe r u n i t 
a r ea , a n d in t h e casta of a- i ron, these a re t h e r h o m b - d o d e e a h e d r a l or (110)-p]anes. 
Obse rva t i ons , however , f avour the a s sumpt ion t h a t sl ip in <x-iron t a k e s p lace on t h e 
cubic* or (lOO)-planes. The l imi t s of p r o p o r t i o n a l i t y h a v e a n a v e r a g e of 2-19 t o n s 
p e r sq. in. ; t h e resul t s are all low when c o m p a r e d with t h a t for c rys ta l l ine i ron w h e r e 
t h e va lue a t t a i n s 8 t o n s pe r sq. in. N o re l a t ion b e t w e e n t h e tensi le s t r e n g t h a n d 
t h e l imi t of p ropo r t i ona l i t y WHS observed . T h e e longa t ion shows a t e n d e n c y t o 
v a r y in accord wi th t h e tensi le s t r eng th ; t h e d a t a Mere v e r y va r i ab le w h e n com
p a r e d w i t h t h e tensi le s t r e n g t h . T h e m o d u l u s of e las t ic i ty ave rages 12,016 t o n s 
p e r sq. in . The re a re no wide v a r i a t i o n s in accord w i t h genera l obse rva t i ons t h a t 
t h e cond i t ion of a me ta l—co ld -worked , annea led , e t c . — h a s b u t a smal l effect on 
t h e e las t ic m o d u l u s . F . S a u e r w a l d a n d co-workers obse rved t h a t single c rys ta l s of 
ct-iron a t t h e t e m p , of l iquid a i r r ead i ly r u p t u r e a long t h e face of t h e cube . Accord
ing t o F . O s m o n d a n d C. F r e m o n t , t h e m e c h a n i c a l p rope r t i e s of single c rys ta l s a re 
a func t ion of t h e c rys ta l lograph ic p l anes in r e l a t ion t o t h e d i rec t ion of s t ress . T h e 
e x t r e m e br i t t l eness d i sp layed a long t h e p l anes of c leavage is assoc ia ted w i t h h igh 
p l a s t i c i t y in o t h e r d i rec t ions . G. P . Fu l l e r found t h a t t h e y ie ld -po in t of 99-965 
p e r cen t , e lec t ro ly t ic i ron , a n n e a l e d t o r e m o v e h y d r o g e n , is 23,(X)O lbs. p e r sq. in. , 

a n d t h e tens i le s t r e n g t h is 40,000 lbs . pe r sq. in. T h e 
m e t a l can be a n n e a l e d a t a high t e m p , a n d q u e n c h e d 
w i t h o u t affecting i t s p rope r t i e s . 

H . Q u i n n e y obse rved t h a t t h e Ac 3 -a r res t w i th s ingle 
c rys ta l s w a s n o t influenced pe rcep t ib ly b y s t r a in s ; a n d 
t h e sub jec t w a s s t u d i e d b y J . Seigle, a n d H . Griess a n d 
H . Esse r . F . S a u e r w a l d a n d T. Sper l ing obse rved t h a t 
t h e Ac j - a r r e s t of i ron is lowered b y d e f o r m a t i o n ; t h e 
Ar^-a r res t is ra i sed a b o u t 1° ; t h e Ac 3 - a r re s t is lowered 
a b o u t 4° ; a n d t h e Ar 3 - a r r e s t is ra i sed a b o u t 4° . 
H . H a n e m a n n a n d R . Y a m a d a obse rved t h a t t h e sp . vol . 
of s teel is inc reased t e m p o r a r i l y b y e las t ic s t ress , a n d 
p e r m a n e n t l y if i t be de fo rmed w h e n in a s t a t e of p las t i c 
n o w . T h e d o t t e d l ines , F i g . 203 , show t h a t t h e vol . of a 

n u m b e r of s teels increases w i t h increas ing t e n s i o n ; a n d t h e c o n t i n u o u s c u r v e 
. r e p r e s e n t s t h e increase in vol.. wh ich occurs "when p las t i c flow begins . B . M a c N u t t 

a n d A . Concilio obse rved t h a t w h e n s t ressed i n a t e s t i n g m a c h i n e , s teel m a k e s 
noises . T h e load a t w h i c h t h e first noise is h e a r d is c o n s t a n t for a g iven m a t e r i a l , 
a n d i t occurs in t h e n e i g h b o u r h o o d of t h e y ie ld -po in t . 

o 16 „ Z 4 6 8 /0 /Z M 
Chd/i&e of volume ofy/v^/04 

F i o . 2 0 3 . — T h e Effect of 
Tens i l e S t resses o n t l i e 
V o l u m e of S tee l . 
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T h e p h y s i c a l p r o p e r t i e s of s t e e l a r e m a i n l y d e p e n d e n t o n (i) t h e p r e v i o u s h i s t o r y 
of t h e m e t a l ; (ii) t h e c h e m i c a l c o m p o s i t i o n , i.e. t h e r e l a t i v e p r o p o r t i o n s of t h e 
o t h e r e l e m e n t s p r e s e n t ; ( i i i) t h e d i s t r i b u t i o n of t h e d i f f e r e n t s t r u c t u r a l c o n 
s t i t u e n t s , i.e. t h e r e l a t i v e p r o p o r t i o n s of f e r r i t e , c e m e n t i t c , e t c . , p r e s e n t ; a n d 
( i v ) t h e s i z e of t h e g r a i n s . F . S a u e r w a l d a n d K . A . P o h l e f o u n d t h a t t h e b r i t t l e n e s s 
of i r o n b e l o w 0 ° i s n o t a p p r e c i a b l y a f f e c t e d b y t h e g r a i n - s i z e . JL. I / j a m i n f o u n d t h a t 
t h e t e n a c i t y of d i f f e r e n t s t e e l s v a r i e d a s t h e s i ze of t h e p e a r l i t e g r a i n s a t t h e s a m e 
finishing t e m p . ; a n d A . S a u v e u r o b t a i n e d t h e r e s u l t s i n d i c a t e d i n T a b l e X V I I T , 

T A B L E X V I T I . — T H E R E L A T I O N B E T W E E N T H E G R A I N - S I Z E A N D T E N S I L E S T R E N G T H . 

Size of grain in O 0001 
sq. mm. 

148 
318 

02 

Tensile strength (kgrms. 
per sq. mm.) 

69-2 
70-3 
77-7 

!Elongation (per cent.) 

1 5 0 
19O 
22-5 

Reduction of area 
(per cent.) 

2O 
22 
35 

a n d f o u n d t h a t if A. d e n o t e s t h e a v e r a g e a r e a of t h e g r a i n s i n s q . mm.y t h e t e n a c i t y , 
T, i n k g r m s . p e r s q . m m . , i s 2 ^ = 7 5 - 5 — 0 - 0 0 4 A . O b s e r v a t i o n s o n t h e e f fec t of t h e 
g r a i n - s i z e o n t h e m e c h a n i c a l p r o p e r t i e s h a v e b e e n m a d e b y J . O . A r n o l d , 
F . C. T h o m p s o n , W . E . D a l b y , W . I I . B a s s e t t a n d C. H . D a v i s , R . A r r o w s m i t h , 
W . K o s e n h a i n a n d J . C . W . H u m f r e y , Ti. E . P a i n e , E . H o u d r e m o n t a n d c o - w o r k e r s , 
E . S c h i i z , H . v o n J u p t n e r , F . O s m o n d , O . v o n K e i l a n d O . J u n g w i r t h , a n d 
I I . T . A n g u s a n d P . F . S u m m e r s . C A . E d w a r d s a n d I J . B . P f e i l f o u n d t h a t a 
t e s t - p i e c e w i t h 2 8 c r y s t a l g r a i n s p e r s q . m m . h a d a 
t e n s i l e s t r e n g t h of 17 -2 t o n s , a n d w i t h d e c r e a s i n g g r a i n -
s i z e t h e t e n s i l e s t r e n g t h r e m a i n e d s t e a d y u n t i l a b o u t 
8 4 c r y s t a l s p e r s q . m m . w e r e p r e s e n t , a f t e r w h i c h , t h e 
s t r e n g t h i n c r e a s e d r a t h e r r a p i d l y t o a b o u t 2O t o n s p e r 
s q . i n c h a t a c r y s t a l - s i z e of 1 4 5 ; w i t h a c r y s t a l - s i z e of 
1 6 6 , t h e t e n s i l e s t r e n g t h fell t o 17 t o n s p e r s q . in. ; 
a n d a n y f u r t h e r d e c r e a s e i n c r y s t a l - s i z e h a d l i t t l e ef fec t 
s i n c e t h e t e n s i l e s t r e n g t h r e m a i n e d a b o u t 1 7 t o n s p e r 
s q . i n . f o r a l l s a m p l e s w i t h a f i n e r g r a i n t h a n 1 6 6 . 
T h e c u r v e t h u s s h o w s a d e f i n i t e m a x i m u m w h i c h a l s o 
c o r r e s p o n d s "with t h e m a x i m u m f o r t h e l i m i t s of p r o 
p o r t i o n . T h e c a u s e of t h e d i s c o n t i n u i t i e s h a s n o t b e e n 
e x p l a i n e d . I t w a s n o t d u e t o t h e c o n t a c t of t h e m e t a l 
w i t h h y d r o g e n o r n i t r o g e n . 

C. A . E d w a r d s a n d L . B . Pfedl o b s e r v e d t h a t d e -
c a r b u r i z e d f e r r i t e a g g r e g a t e s g a v e p r a c t i c a l l y c o n s t a n t 
m a x i m u m s t r e s s a n d e l o n g a t i o n v a l u e s a s t h e g r a i n - s i z e d e c r e a s e d f r o m 2 7 t o 3 0 7 
g r a i n s p e r s q . m m . W . R o s e n h a i n a n d J . O. W . H u m f r e y s u m m a r i z e t h e i r r e s u l t s , 
F i g . 2G4, a s f o l l o w s : 

C o m m e n c i n g w i t h t h e m a t e r i a l a t t h e h i g h e r t e m p . , t h a t i s , well a b o v e Ar 3 , i t 
possesses t h e m e c h a n i c a l p r o p e r t i e s a n d t h e mic roscop i c b e h a v i o u r of a n a g g r e g a t e of 
c r y s t a l s , t h e m s e l v e s r e l a t i v e l y s t r o n g , e m b e d d e d in a viscotis fluid. T h r o u g h o u t t h e 
y - r a n g e t h e s e c h a r a c t e r i s t i c s a r e m a i n t a i n e d a l t h o u g h t h e a c t u a l fluidity of t h e i n t e r -
c r y s t a l l i n e c e m e n t no d o u b t d i m i n i s h e s s t e a d i l y w i t h d e c r e a s i n g t e m p . T h e a l lo t rop ic 
mod i f i ca t ion w h i c h o c c u r s a t A r 3 affects t h e c r y s t a l s a l o n e w i t h o u t a l t e r i n g t h e c h a r a c t e r 
a n d p r o p e r t i e s of t h e c e m e n t ; a s a c o n s e q u e n c e of t h e a l l o t rop i c c h a n g e , t h e c r y s t a l s b e c o m e 
v e r y c o n s i d e r a b l y w e a k e r , so t h a t t h e r e l a t i v e i m p o r t a n c e of c r y s t a l s a n d c e m e n t f rom t h e 
p o i n t of v i e w of s t r e n g t h is r e v e r s e d a f t e r p a s s i n g A r s ; t h e c r y s t a l s n o w b e i n g r e l a t i ve ly 
w e a k , y i e l d first , w h i l e t h e c e m e n t is r e l a t i v e l y h a r d a n d stiff. T h i s c h a n g e m a k e s itself 
fe l t i n t w o w a y s : i n t h e first p l a c e , t h e t e n a c i t y - t e m p , c u r v e d r o p s s u d d e n l y a n d follows 
a t o t a l l y d i f ferent c o u r s e f rom t h a t w h i c h g o v e r n e d i t s p a t h in t h e y- region, a n d i n t h e s econd 
p l ace , t h e s t r e n g t h of t h e m a t e r i a l i s n o w v e r y l a rge ly d e p e n d e n t u p o n t h e c rys ta l - s ize , 

±S36a(s/LmU/ii)n) \ 
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F I G . 2 0 4 . — T h e Effect of 
t h e Gra in -s ize of C r y s t a l s 
o n t h e Tens i l e S t r e n g t h 
a t !Different T e m p e r a 
t u r e s . 
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s ince t h e p r o p o r t i o n of t h e h a r d e r a n d s t r o n g e r c e m e n t i n g m a t e r i a l is m u c h h i g h e r i n a fine
g r a i n e d s t r u c t u r e t h a n in a coa r se -g ra ined o n e , a n d t h e p r e s e n c e of t h i s h a r d e r m a t e r i a l 
m a k e s itself felt m o r e d i r ec t ly , a n d a lso i n d i r e c t l y b y a c t i n g a s a s t i f fening -which res i s t s t h e 
t e n d e n c y of t h e c r y s t a l s t o u n d e r g o p l a s t i c d e f o r m a t i o n . T h e fac t t h a t t h i s inf luence of 
c rys ta l -s ize is rea l ly d u e t o t h e p resence of a n a m o r p h o u s c e m e n t is f u r t h e r conf i rmed b y t h e 
obse rva t i ons which s h o w t h a t if t h e r a t e of s t r a i n i n g is e x t r e m e l y s low t h e inf luence of 
c rys ta l -s ize p rac t i ca l l y d i s a p p e a r s , t h i s b e i n g in a c c o r d a n c e w i t h t h e v i e w t h a t a t t h e s e slow-
r a t e s of s t r a i n i n g t h e c e m e n t even a t t h i s lower t e m p , wil l u n d e r g o v i scous flow. T h e 
a l lo t rop ic c h a n g e a t Ar 2 , a l t h o u g h c lear ly i n d i c a t e d b y d i s c o n t i n u i t i e s in a l l t e n a c i t y -
t e m p , cu rves , does n o t m a k e itself fe l t ve ry s t r o n g l y in a n y of t h e o b s e r v a t i o n s , a n d b e y o n d 
t h e fact of e s t a b l i s h i n g t h e ex i s t ence of a m e c h a n i c a l d i s c o n t i n u i t y t h e o b s e r v a t i o n s t h r o w 
l i t t l e l i gh t o n t h e n a t u r e of t h e c h a n g e from /?- t o a- i ron. T h e b e a r i n g of t h e r e su l t s of t h e s e 
o b s e r v a t i o n s on t h e a l lo t rop ic t h e o r y of t h e h a r d e n i n g of s t ee l is of s o m e i n t e r e s t . A n 
i n s pe c t i on of t h e t e m p . - t e n a c i t y c u r v e s c lear ly shows t h a t t h e a l l o t rop ic c h a n g e a t A c 3 , 
o r Ar 3 , b r i n g s w i t h i t t h e g r e a t e s t c h a n g e in m e c h a n i c a l p r o p e r t i e s . T h e q u e s t i o n w h e t h e r 
t h e /8-modification of i ron p l a y s t h e p r i n c i p a l p a r t in t h e h a r d e n i n g of s tee l is s t i l l a n o p e n 
o n e . T h e s h a p e of t h e c u r v e does n o t ju s t i fy a n y v e r y def ini te e x t r a p o l a t i o n t o w a r d s t h e 
o r d i n a r y t e m p . , a l t h o u g h i t s eems to l e r ab ly c e r t a i n t h a t if t h e y- or /3-curve could b e p r o d u c e d 
d o w n t o t h e o r d i n a r y t e m p , i t w o u l d c o r r e s p o n d t o m a t e r i a l v e r y m u c h h a r d e r t h a n a- i ron. 
W h e t h e r , howeve r , t h e s e t w o c u r v e s w o u l d r e t a i n t h e i r r e l a t i v e pos i t i ons , t h u s m a k i n g 
t h e y- i ron t h e h a r d e r a t t h e o r d i n a r y t e m p . , o r w h e t h e r t h e t w o cu rves m a y cross , c a n n o t b e 
c o n c l u d e d f rom t h e s e o b s e r v a t i o n s . All t h a t c a n bo def in i te ly sa id is t h a t a t l eas t o n e 
i m p o r t a n t t r a n s f o r m a t i o n t a k e s p lace i n i ron a t a t e m p , n e a r 900°, a n d t h a t t h i s t r a n s 
f o r m a t i o n resu l t s in t h e f o r m a t i o n of a cons ide r ab ly h a r d e r a n d s t r o n g e r b o d y , u s u a l l y 
ca l led y- i ron. A s imi l a r b u t m u c h sma l l e r c h a n g e is i n d i c a t e d def ini te ly a t t h e t e m p , of 
Ar 2 , a n d i t is difficult t o reconci le t h e occur rence of s u c h a d i s c o n t i n u i t y w i t h C. K e n e d i c k s ' 
t h e o r y w h i c h r e g a r d s /?-iron a s a soln . of y- i ron a n d a- i ron. O n t h e o t h e r h a n d , t h o 
o b s e r v a t i o n s , a p a r t f rom t h e m e c h a n i c a l d i s c o n t i n u i t y , d o n o t i n d i c a t e a n y v e r y s t r i k i n g 
difference b e t w e e n (3- a n d a- iron. 

R . A r r o w s m i t h ' s observa t ions on t h e effect of grain-size on t h e ex tens ion of 
a r m c o i ron a t t h e y ie ld-point are s u m m a r i z e d in F ig . 205, for a sample a n n e a l e d 

a t 1050° for 7 h r s . w h e n t h e n u m b e r of g ra ins was 87 p e r sq . 
m m . , annea led a t 920° for 90 m i n . when J220 gra ins p e r sq . 
m m . were p re sen t , a n d annea led a t 770° for 19 h r s . w h e n 
10OO gra ins pe r sq. m m . were p r e sen t . IT. C. T h o m p s o n 
found t h a t for a n u m b e r of m e t a l s t h e elast ic l imi t , E9 is 
v e r y nea r ly E=l'5ncr/d, whe re n deno te s t h e n u m b e r of 
c rys ta l s pe r sq. cm. , or deno te s t h e surface tens ion , a n d d 
deno te s t h e th i ckness of t h e in te rc rys ta l l ine film. This ex
press ion a s sumes t h a t t h e elast ic l imi t is a m e a s u r e of t h e 
s t r e n g t h of t h e in te rc rys ta l l ine j u n c t i o n s . Sufficient d a t a 
a r e n o t ava i lab le for sa t i s fac tory t e s t s . The sub jec t w a s 
d iscussed b y W . v o n Moellendorff a n d J . Czochra lsky, a n d 
T . W . H a r d y . I I . H a n e r a a n n a n d R . H i n z m a n n found only 

of OrainZsize on the a ^ g h t va r i a t i on in t h e tensi le s t r e n g t h of s teels w i th a 
Stress - Elongation grain-size r ang ing from 90 t o 25,000/x2. 
Curves. W . S. Kar ren a n d G. I . Tay lor found a n increase in t h e 

i n t e r n a l energy of t h e m e t a l in a n ove r s t r a ined s t a t e , a n d 
w i t h mi ld s teel t h e y e s t i m a t e d a n increase of 14 per cen t , of t h e w o r k d o n e . Con
f i rma to ry resu l t s were o b t a i n e d b y H . Qu inney . P . LasarefE sa id t h a t t h e e las t ic 
l im i t of i ron is p ropo r t i ona l t o N5'8, whe re N is t h e n u m b e r of a t o m s pe r c.c. 
T h e t heo re t i ca l bas is of t h e formula m e a n s t h a t t h e in te rc rys ta l l ine forces c a n b e 
neg lec ted , t h e in te rmolecu la r force is p ropor t iona l t o t h e a t o m i c c o n c e n t r a t i o n 
a n d a c e r t a i n power , t h e s ame for all me ta l s , of i n t e rmo lecu l a r d i s t a n c e — 
vide supra, h a r d n e s s . E . Marke , T. Morr is , W . E . K o c h , T . H . B e a r e , 
W . M. Wi l son a n d W . A. Oliver, a n d R . R . K e n n e d y a n d G. J . Oswald found t h a t 
t i t a n i u m , even in smal l p ropor t ions , cons iderably lessened t h e g ra in -g rowth , a n d 
H . H a n e m a n n observed t h a t w i th g r a p h i t e p r e sen t a s coarse g ra ins , t h e tens i le 
s t r e n g t h of i ron w a s 10 t o 14 k g r m s . pe r sq. m m . , wh i l s t i t w a s 20 t o 24 k g r m s . 
p e r sq . m m . w h e n p r e s e n t a s fine g ra ins . See h y d r o g e n , for t h e effect of t h a t 
e l e m e n t . 

O 0 04 0-O8 O-tf 
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E . H . W . T a f e l a n d . H . S c h o l z d i s c u s s e d t h e d i s t r i b u t i o n of t h e s t r e s s e s i n t e s t - b a r s of 
d i f f e r e n t s h a p e s . L . H . A p p l e b y , W . A s t , C . B a c h , C . B a c h a n d R . B a u m a n n , W . B a g -
s h a w , J . B a r b a , T . H . B e a r e a n d W . G o r d o n , A . L . B o e g e h o l d , H . B o r n s t e i n , H . B r e a r l e y , 
P . B r e u i l , R . B u c h a n a n , R . H . C a b e n a , R . C . C a r p e n t e r , F . J . C o o k , A . H . I M e r k e r , 
J . W . D o n a l d s o n , J . D u r a n d , M. J. F r e n c h , W . G o r d o n a n d G . H . G u l l i v e r , W . H a c k n e y , 
F . A . H e l l e r , H . A . H o I z , H . M . H o w e a n d c o - w o r k e r s , H . H u b e r t , T . H . J o h n s o n , B . I C i r s c h , 
F . K r e u z p o i n t e r , R . K i i h n e l , O . L e y d e , J . T . M a c k e n z i e , J . D . M a c k i n s o n , R . S . M a c F h e r r a n , 
A . M a r t e n s , A . M o s n a g e r , R . M o l d e n k e , J . M u i r , A . L . N o r b u r y , F . O b e r h o f f e r a n d 
W . F o e n s g e n , T). A . O l i v e r , .T. G . F e a r c e , A . P o r t e v i n a n d c o - w o r k e r s , A - F o u i l l o u x , 
J . S . G . P r i m r o s e , F . R e u s c h , G- H . R o b e r t s , E . V . R o n c e r a y , W . H . R o t h e r a n d 
V . M . M a z u r i e , M . R u d e l o f f , F . S a u e r w a l d , H . B . S e a m a n , J . S e i g l e , J . S h a w , H . H . S h e p h e r d , 
T . G . S t a u b , A . Ie T h o m a s a n d R . B o i s , W . C . U n w i n , E . R . V e r i t y a n d A . F i n n s , G . B . W a t e r -
h o u s e , G . W e l t e r , T . X). W e s t , M . O . W i t h e y , a n d W . W o o d e x a m i n e d t h e i n f l u e n c e of t h e 
f o r m of t h e t e s t - p i e c e s o n t h e r e s u l t s ; E . F . W i t h r o w a n d L . C . IsTiedner , a n d J . G . F e a r c e , 
t h e e f f e c t o f m a c h i n i n g a n d r e m o v a l of s k i n ; R . H . I X B a r k l i e a n d H . J . D a v i e s , t h e e f f e c t 
of f i l m s of e l e c t r o d e p o s i t e d m e t a l s ; E . G . C o k e r , t h e e f f e c t of po l i sh inpc ; F . J . C o o k , 
Iv. L . Z e y e n , J . a n d L . T r e u h e i t , a n d J . E . S t e a d , t h e m o d e of c a s t i n g ; J . E . H u r s t , t h e e f f ec t 
of t e m p , of c a s t i n g — v i d e infra ; .T. B a u s c h i n g e r , B . B l o u n t a n d c o - w o r k e r s , H . S t r a d t m a n n , 
.1". T . B o t t o m l e y , H . L e b a s t e u r , E . M a i t l a n d , t h e e f f e c t of t h e t i m e of l o a d i n g o n t h e r e s u l t s ; 
ancl O . B a u e r , Jv . H o p f e r , O . I v n a u d t , A . F o m p a n d S . W e i c h e r t , R . L . T e m p l i n , L . C . T y t e , 
H . W a I d , a n d F . W i i s t a n d W . C . H u n t i n g t o n , t h e d e g r e e of a c c u r a c y a t t a i n a b l e in t h e t e s t s . 

A. P o m p m e a s u r e d t h e effect of co ld-work on t h e tensi le s t r e n g t h , in k g r m s . 
•per scf. m m . , a n d l i r ineH's h a r d n e s s of e lec t ro ly t ic i ron , a n d of i ron wi th 0-03 
pe r cen t , ca rbon ; O-Ol, silicon ; 0-29, m a n g a n e s e ; 0-028, su lphur ; a n d 0-019, 
p h o s p h o r u s . T h e resu l t s a r e i nd i ca t ed in Tab le X I X . F . O. T h o m p s o n a n d 

T A B L E X I X . — E F F E C T O K C O L D - W O R K ON- T H E M E C H A N I C A L P R O P E R T I E S O F I R O N . 

E l e c t r o l y t i c 
J r o n 

I r o n 

m m . 

4 O 
3 - 5 
3 0 
2 - 5 
2 0 
4 0 
3 - 5 
3 0 
2 - 5 
2 0 

Thickness 

!Decrease 
p e r oont. 

0 - 0 
1 2 - 5 
2 5 - O 
3 7 - 5 
5 0 0 

0 - 0 
1 2 - 5 
2 5 - O 
3 7 - 5 
T)O-(I 

T e n s i l e 

p e r c e n t . 

2 4 7 
2 8 - 8 
3 2 - 9 
3 7 1 
4 1 - 7 
3 2 0 
4 1 - 4 
4 7 - 8 
5 5 - G 
0 1 - 3 

s t r e n g t h 

i n c r e a s e d 

0 0 
I G - 6 
3 3 2 
5 O - 3 
0 8 - 8 

O O 
2 7-O 
4 0 - 7 
7O-G 
8 8 - 1 

M 

5 2 
7 8 
9 5 

1 0 9 
1 1 2 

G 2 
9 1 

1 2 1 
1 3 5 
1 5 9 

'a rein e s s 

I n c r e a s e — 
p e r c e n t . 

0 - 0 
5 0 - O 
8 2 - 7 

1 0 9 - 7 
1 1 5 - 4 

0 - 0 
4G-O 
9 5 - I 

1 1 7 - 7 
1 0 5 - 5 

E l o n g a t i o n 
p e r c e n t . 

4 1 - 5 
3 4 - 2 
1 1 - 4 

S G 
4 - 3 

4 0 - O 
1 1 - 3 
1 3 - 3 

G-O 
O O 

W . J 3 . W . M i l l i n g t o n s t u d i e d t h e e f f e c t o f v a r y i n g d i a m e t e r s o n t h e e l a s t i c c o n s t a n t s 

o f w i r e s , a n d f o u n d t h e r e s u l t s i n d i c a t e d i n T a b l e X X . R . J i . S a n f o r d a n d 

c o - w o r k e r s a l s o f o u n d t h a t t h e e f f e c t o f w e a r o n s t e e l w i r e s i s t o i n c r e a s e t h e 

t e n s i l e s t r e n g t h p e r u n i t a r e a . 

T A B L E X X . T H E E K K E < X O K V A R V I N O D I A M E T E R S O N T H E E L A S T I C C O N S T A N T S 
O F W J K E S . 

D i a m e t e r 
( i n c h ) 

0 - 3 0 0 
O 2 3 2 
0 - 1 7 0 
0 1 2 8 
0 - 0 9 2 
0 - 0 6 4 
0 0 4 0 
0 0 3 G 

T o n s p e r s q . i n c h 

!Clast ic l i m i t ; 
i 

I S G I 
1 8 G 
I S G ! 
1 7 O 
1 7 O 
IG-3 
1 5 0 ! 
1 5 - 2 J 

Yield-point 

2 4 O 
2 3 - 9 
24-O 
2 2 - 8 
2 1 - 8 
2 0 - 4 
19 -8 
2 0 - 0 

i Maximum stress 

3 4 5 
3 5 1 
3 4 - 7 
3 5 O 
3 4 G 
3 4 - 2 
34 -1 
34-1 

Percentage 
elongation 
in 4 \ / a r e a 

35-O 
35-1 
3 5 - 3 
3G-O 
3G-8 
3 9 - 2 
4 1 - 4 
4 2 - 5 

Iteduct ion 
of urea 

(per cent.) 

(52-0 
G3 2 
«4-O 
OG-3 
G7-4 
G 9 1 
7U-3 
71-2 
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P . Goerens r ep resen ted t h e effect of co ld-work i n t e r m s of p e r c e n t a g e r e d u c t i o n 
of a r ea on t h e tensi le p roper t i e s of a soft bas ic Bessemer mi ld s teel , on a m e d i u m 
steel , a n d on a h a r d steel , b y F i g . 2 0 6 — t h e d o t t e d c u r v e s refer t o p e r c e n t a g e 
e longat ions , t h e o the r s t o tens i le s t r e n g t h s . P . Goerens g a v e for t h e e las t ic 
m o d u l u s 2£xl(>° k g r m s . pe r sq. c m . for d r a w n wire , a n d JSr11XlO6 for t h e 
annea led wire : 

Carbon . . 0 0 7 0-12 0-27 0-55 0-62 0-78 0-98 per cen t . 
Drawn . <My,r> 70-4 70-4 86-5 44-3 58-5 32-8 
JrVxlOe . . 20O 1-985 1-99 2-OO 2-0O 2-OO 1-98 
. /S l xl0« . . 2OO 2OI 2-02 2 0 5 2 0 9 2 1 9 2 0 1 

F I G . 206.-—The Effect of Cold-work F I G . 207. T h e Kffect of Cold-work on 
on the Tensile St rength of Steel. Armco I ron . 

I i . M. B r o w n found t h a t co ld -drawing does n o t m u c h affect t h e e las t ic m o d u l u s 
of i ron a n d steel , b u t i t m a y doub le t h e tens i le s t r e n g t h . F o r mi ld s teel , t h e l i m i t 
of p r o p o r t i o n a l i t y is increased b y co ld -drawing . IT. E i c k e n a n d W . H e i d e n h a i n 
found t h a t w i th a 0-26 p e r cen t , c a r b o n steel , w i t h a 15 p e r cen t , r e d u c t i o n in d ia
m e t e r , t h e tens i le s t r e n g t h rose from 85 t o 18O k g r m s . p e r sq. m m . R . L . K e y n o n ' s 
resu l t s w i t h a r m c o i ron a r e s u m m a r i z e d in F i g . 207. O b s e r v a t i o n s were m a d e b y 
I . A d a c h i , F . J . Cook, W . Bron i ewsky a n d J . K r o l , C. A. E d w a r d s a n d J . C. J o n e s , 
E . F a n g m e i e r , J . Fe i len , J . R . F r e e m a n a n d A. T. D e r r y , R . G i r aud , K . H o n d a a n d 
R . Y a m a d a , E . J . J a n i t z k y , W . I v n a c k s t e d t , W . K o s t e r a n d H . T i e m a n n , E . M a r k e , 
A. d e Marneffe, F . S. Merri l ls , R . W . Miller, F . P a c h e r a n d F . Schmi t z , L . B . Pfei l , 
A . P o m p , A. P o m p a n d W . Alber t , W . Pi inge l , S. H . Rees , E . L,. R h e a d , W . R o s e n -
h a i n , F . S a u e r w a l d a n d co-workers , T . S w inden a n d G. R . Bolsover , a n d 
R . TJ. T e m p l i n . E . Gri ineisen g a v e JS X 10fi = 1-329 for cas t steel wi th 2-7 p e r cen t , 
of g r a p h i t e a n d 0-8 p e r cen t , of c o m b i n e d ca rbon , a n d E X 1 0 6 = 1 - 0 5 0 for cas t i ron 
w i t h 3-0 p e r cen t , of g r a p h i t e a n d 0-5 p e r cent , of c o m b i n e d c a r b o n . F o r t h e 
re l a t ion b e t w e e n tens i le s t r e n g t h a n d h a r d n e s s , vide supra, T a b l e X I X . L . R i i r u p 
e x a m i n e d t h e changes in compos i t ion of steel d u r i n g m e c h a n i c a l t r e a t m e n t , a n d 
found : 

Total C Combined C Mn P Si 
Crucible steel . . . 0-804 0-80 0-249 0-030 0-201 
After rolling . . . 0-800 0-78 0-263 0 0 4 6 5 0 0 2 3 8 
Annealed wire . . . 0-801 0-775 0-2625 0-04I5 0-235 

F . S c h m i t z g a v e for t h e ave rages of 200 bas ic steel b a r s , a n d 200 acidic steel 
bars , w i t h c a r b o n r a n g i n g f rom 0*45 t o 0-54 p e r cen t . : 

!Clastic Breaking Elongation Reduction area 
linilt stress (per cent.) (per cent.) 

(kgrms. per sq. mm.) (kgrms. per sq. mm.) 
Basic steel . . 38-46 71-73 16-83 40-58 
Acidic steel . . 39-93 72-39 16-40 3 6 0 7 
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A. S a t t m a n n studied t h e effect of t h e mechan ica l t r e a t m e n t of ac id a n d bas ic s teel 
i ngo t s . The acid steel had 0-19 per cen t , of ca rbon , a tens i le s t r e n g t h of 26 t o n s 
per sq . in . , an e longa t ion of 24-5 pe r cen t . , and a r e d u c t i o n a r e a of 59 pe r cen t . ; 
whi l s t t h e bas ic s tee l h a d 0-15 pe r cen t , of ca rbon , a tensi le s t r e n g t h of 22-8 t o n s 
pe r sq. in . , a n e longa t ion of 28*5 pe r cent . , a n d a r educ t i on of a rea of 65 pe r cen t . 
"When r e d u c e d a t different t e m p . , b y a rap id - s t r ik ing h a m m e r , from a th i cknes s of 
0-39 in . t o one of 0-35 in. , t h e mechan ica l p rope r t i e s were those ind ica t ed in 
Tab le X X I . T h e ac id m e t a l h a m m e r e d a t 200° could b e b e n t doub le w h e n cold, 

T A B U S X X L - -MKCHANiCAr. P B O P E R T I E S AITXKK H A M M E R I N G A T D I I T E R K J S T 

TEMI1EaATTJKKS. 

Temper
a tu re 

(degrees C.) 

- 19 
i JO 

4 0 
2OO 
3 2 0 
OOO 
8OO ; 

IOOO '' 
1 1OO 
i 3 0 0 

Tensile 
s t r eng th 
(.tons per 
RfI. ilK'.fl.) 

2t>: j 
3 1 - 3 
3 I f > 
37 O 
3 7 - 5 
2 7 0 
27 -O 
2 6 - 9 
2(5 2 
2G-3 

Acid meta l 

-... 
Klongution 
(per cent . ) 

1 5 
7 
7 
4 
4 

1 2 
I O 
2 2 -
2 2 -
1 8 -

5 

r> 
5 

— 
lted.ue.tion 

of area 
(per cent . ) 

5 9 - 8 
5 5 - 7 
5O-O 
3 7 - 8 
4 7 - 2 
5 O O 
5 0 - 2 
0 4 - 5 
0 2 - 5 
Ol-O 

TciiBile 
KtreuKth 
(tons per 
H«I. inch) 

2 5 - 2 
2 8 - 3 
3O-4 
3O-7 
3O-7 
2 7 - 2 
2 5 - 0 
2 4 - 1 
2 3 - 3 
2 2 - 9 

JBasio nietul 

Klongatir 
(per cent 

1 9 - 5 
7 - 5 
7 
7 
7 

I O 
2 1 - 5 
2 2 
2 1 
1 9 - 5 

m ; 
> 

Reduct ion of 
area 

(per cei it.) 

0 4 O 
04 -0 
5 5 - 5 
5 7 - 2 
5 0 - 7 
5G-0 
04-7 
0 7 - 0 
0 7 - 3 
08 -9 

b u t .showed smal l c r acks a t t h e b e n d ; t h a t h a m m e r e d a t 320° (blue-heat) b roke 
when b e n t a t a n angle of 20°. T h e bas ic m e t a l wi th a s imi lar t r e a t m e n t could bo 
b e n t doub le b u t showed s l ight c racks . T h e ba r s sub jec ted t o a t e m p , of —ll>°, 
h a d a lower tens i le s t r e n g t h b u t a m u c h g rea t e r e longa t ion a n d reduc t ion of area 
t h a n t h e b a r s t r e a t e d a t s l ight ly h igher t e m p e r a t u r e s . T h e bes t t e m p , for t h e 
mechan ica l t r e a t m e n t of ingo t m e t a l wou ld a p p e a r t o be t h a t of a b r igh t r ed -hea t . 
T h e effect of annea l i ng t h e h a m m e r e d b a r s is shown in Tab le X X I T . T h e b a r s , 

T A B L E X X I I . - - T H K E F F E C T O F A N N K A L I N C : H A M M E M D B A I W A T D I F F E R K N T 
T E M F E R A T U J K . E S . 

Acid me ta l liasie. metal 

Tempera tu re 
(degrees C ) 

2OO 
32O 
60O 
80O 
IOOO 
11OO 
130O 

Not heated 
Tested at —19° 

Tenaci ty 
( tons per 
»q . inch) 

2 5 - 4 
2 6 - 2 
20-O 
2 6 O 
2 6 - 4 
2 7 - 2 
2 5 - 7 
26-O 
2 6 - 8 

KloiiRation 
(per cent . ) 

2 7 
2 4 
2 0 
2 4 
2 4 
2 4 
2 2 
2 4 - 5 
1 9 0 

Reduct ion 
of area 

(per cent .) 

64 -7 
0 2 - 4 
6 1 1 
0 4 1 
0 5 - 1 
0 4 - 9 
6 3 - 9 
5 9 O 
6 3 - 9 

Tenaci ty 
( tons per 
sq. inch) 

2 2 - 7 
2 2 - 9 
2 3 - 3 
2 2 - 8 
2 3 1 
2 2 - 7 
2 2 - 4 
2 2 - 8 
2 3 1 

!Elongation 
(per cent.) 

3 O O 
2 8 - 5 
2 O O 
3 I O 
2 9 O 
3 3-O 
3 0 0 
2 8 - 5 
2 6 - 5 

Reduct ion 
of area 

(per cent.) 

0 9 - 3 
0 8 - 5 
0 9 - 4 
09 -2 
71-0 
71 -8 
73-1) 
05-O 
8 0 S 

which had been treated at a bright wh i t e -hea t , b e c a m e m u c h softer and more duct i le 
b y this t r e a t m e n t ; but those treated at s o m e w h a t lower t e m p , were n o t softened to 
so considerable an extent . The results show that h e a t i n g t h e ma te r i a l t o a yellow-
or a blue-heat has no influence on the properties of the cooled-down bar . H e a t i n g 

lted.ue.tion
Temferatujk.es
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t o a whi te -hea t affects t h e qua l i ty of t h e ac id m e t a l , b u t does n o t a p p e a r t o h a v e 
m u c h influence on t h e basic me ta l . T h e effect of h e a t i n g t h e h a m m e r e d b a r s t o 
var ious t e m p , a n d t h e n p lunging t h e m in to wa te r a t 6° is shown in Tab le X X I l T . 

T A B L E X X I I I . - - T U I C E F F K C T O F Q U E N C H I N C * H A M M E R E D B A R S M O M D I F F E R E N T 
TEMrERATTJRES. 

Tempera ture 
(degrees C.) 

2OO 
320 
600 
800 
1000 
1100 
1300 

Tensile 
s t rength 
( tons per 
sq. inch) 

2 4 - 3 
2 4 2 
2 6 - 5 
3(5-4 
3 1 - 3 
3 2 - 2 
3 9 - 8 

Acid material 

Elongation 
(per cent .) 

2 2 - 5 
2 4 0 
1 6-O 
13 0 
2 0 - 0 
2 0 0 
1 0 0 

Reduct ion 
of area 

(per cent.) 

6 5 - 3 
6 5 - 6 
62 -7 
5 4 - 8 
6 6-6 
G l - I 
4 3 0 

Tensile 
s t rength 
( tons per 
sq. inch) 

2 3 - 9 
2 3 0 
2 4 - 9 
3 8 - 3 
2 9 - 3 
2 9 ( J 
30 -7 

Basic material 

Elongation 
(per cent .) 

2 6 0 
2 8 - 0 
22 -0 
14-r> 
1 5 0 
15-0 
12(> 

Reduction 
of area 

(per cent.) 

6 5 - 5 
69 -4 
6 7 - 3 
5 6 - 6 
6 9 1 
6 3 - 6 
0 5 - 5 

-Mdt/Kg point 

I n b o t h cases t h e r e is a first m a x i m u m tensi le s t r eng th a t 800°, followed b y a d r o p 
a n d t h e n b y a fur ther increase . T h e basic steel h e a t e d t o a b lue-hea t gave m u c h 
b e t t e r resul t s on t e s t ing t h a n d id t h e acid me ta l . W i t h t h e except ion of t h e b a r s 
h e a t e d t o a whi te -hea t , annea l ing softened t h e m e t a l comple te ly . Those h e a t e d 
t o t h e t e m p , of 1300° still r emained h a r d even after t h i s annea l ing . J . Czochra lsky, 
Li. Guil let , Z. Jeffries a n d R . S. Archer , F . Korbe r , F . K o r b e r a n d K . W a l l m a n n , 
A. L u n d g r e n , W . Pi ingel , T. F . Russel l , F . Sauerwald , a n d C. W . Years ley discussed 
t h e effect of cold-work on t h e tensile p roper t i es of steel ; H . v a n de Loo , t h e effect 
of p ickl ing a n d ga lvaniz ing ; a n d K . H o n d a , t h e effect of t h e forging t e m p , on t h e 
tensi le s t r eng th . 

Z. Jeffries a n d R . S. Archer a s sume t h a t t h e effect of t e m p , on t h e tensile s t r e n g t h 
of m e t a l s agrees w i th t h e a s s u m p t i o n t h a t t h e cohesion depends on t h e re la t ive 

m a g n i t u d e s of (i) t h e in te rc rys ta l l ine cohesion, i.e. t h e 
cohesion of t h e a s sumed a m o r p h o u s ma te r i a l be tween t h e 
g ra ins , and (ii) t h e in te rc rys ta l l ine cohesion, i.e. t h e co
hesion wi th in t h e c rys ta l g ra ins . Ana lyz ing t h e curves 
of t h e re la t ion be tween t h e r u p t u r e s t r eng th a n d t e m p , 
w i th m e t a l s which suffer no a l lo t ropic change wi th in t h e 
r a n g e of t e m p , considered, F ig . 208, has shown t h a t 
(i) a t t h e h igher t e m p . , t h e in te rc rys ta l l ine cohesion is t h e 
smal ler of t h e t w o , so t h a t r u p t u r e occurs a long t h e g ra in 
bounda r i e s . P l a s t i c de fo rmat ion or viscous flow is cha 
rac te r i s t ic of a m o r p h o u s mate r i a l s , a n d i t resembles t h e 
flow charac te r i s t i c of t h a t of l iquids , where t h e v iscos i ty 
is v e r y large a t low t e m p . Whi l s t t h e r u p t u r e s t r e n g t h 

F io . 208. — I d e a l i z e d of a c rys ta l d e p e n d s on t e m p , a n d is i n d e p e n d e n t of t h e 
T e n s i l e S t r e n g t h d u r a t i o n of loading , t h e res i s tance t o t h e de fo rma t ion of 
Curves for Amorphous a n a m o r p h o u s b o d y var ies wi th t h e r a t e a n d d u r a t i o n of 
terials load ing . A large load exe r t ed for a shor t t i m e is e q u i v a l e n t 

t o a smal ler load app l ied for a longer t i m e . H e r e , t h e 
tens i le s t r e n g t h decreases l inear ly w i th t e m p . , a n d can be represen ted b y t h e 
r e l a t i o n : S=S0— ad, whe re S0 deno tes t h e tensi le s t r e n g t h a t 0° , S, t h e tens i le 
s t r e n g t h a t 0°, a n d a is a c o n s t a n t showing t h e r a t e of decrease of *S w i t h t e m p . 
Aga in , (ii) a t t h e lower t e m p . , t h e in t e rc rys t a l l ine cohesion is t h e smal ler of t h e 
t w o , so t h a t r u p t u r e occurs across t h e g ra ins t hemse lves . H e r e , t h e tens i le 
s t r e n g t h increases v e r y r a p i d l y w i t h t e m p , a n d t h e r e l a t ion b e t w e e n t e m p , a n d 

Cr/t/Cdl 
temperate/re 

Co//es/'o/7 
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tens i le s t r e n g t h , S3 w a s f o u n d b y D . H . I n g a l l t o b e b e s t r e p r e s e n t e d b y a n 
e x p o n e n t i a l e q u a t i o n . T h e r e is a t e m p , a t "which t h e t w o fo rms of cohes ion a r e 
equa l— t he critical cohesion temperatures. I n acco rd w i t h t h e sugges t ion t h a t m e t a l s 
b e h a v e as if t h e y a r e c o m p o s e d p a r t l y of a c rys ta l l ine a n d p a r t l y of a v i scous solid, 
a n d t h a t t h e v i scous flow occurs a t t h e h ighe r t e m p . , a n d t h e cr i t ica l cohes ion t e m p , 
m a r k s t h e m i n i m u m l i m i t i n g t e m p , for v i scous flow, D . H . I n g a l l sa id : 

!Tor t h i s r e a s o n i t is suggested , t h a t t h e s t r a i g h t l i ne o r l ower t e m p e r a t u r e c u r v e is t h e 
a l l i m p o r t a n t o n e t o t h e e n g i n e e r , for, a t a t e m p e r a t u r e beyond, i t , t h a t is , b e y o n d t h e 
c r i t i ca l in f lec t ion t e m p e r a t u r e w h i c h l i m i t s i t , a m e t a l o r a l loy wi l l o n l y be of m e c h a n i c a l 
u se w h e n i t is s u b j e c t e d t o a s t r e s s w h i c h is insuff icient t o o v e r c o m e t h e r e s i s t a n c e t o flow 
d u e t o f r i c t ion , e t c . , o r a cyc le of s t r e s se s w h i c h d o n o t g ive t i m e for flow. 

S. D u e h m a n r e p r e s e n t e d t h e r e l a t i on b e t w e e n t h e tens i le s t ress , S3 a n d t h e 
a b s o l u t e t e m p . , T3 b}^ t h e e x p o n e n t i a l e q u a t i o n : S=S0e

AtT, w h e r e , b y a n a l o g y 
w i t h n u m e r o u s o t h e r chemica l a n d phys i ca l r eac t ions , t h e t e r m A c a n b e r e p r e s e n t e d 
b y QfIt3 w h e r e R is t h e gas c o n s t a n t 1*986 cals . , a n d Q d e n o t e s t h e h e a t , or m a y be 
ene rgy , of t h e r e a c t i o n p e r g r a m - a t o m or g r a m - m o l e c u l e a t t h e a b s o l u t e t e m p . 
T--- 0° , or i t m a y b e t h e h e a t of t h e e v a p o r a t i o n p e r g r a m - a t o m or g ram-molecu le 
r e spec t ive ly . S. D u s l i m a n a n d I . L a n g m u i r also r e p r e s e n t e d t h e r e l a t ion b e t w e e n 
t h e r a t e of diffusion of m e t a l s i n t o one a n o t h e r a s a func t ion of t e m p . , so t h a t if JD 
d e n o t e s t h e diffusion c o n s t a n t a t T° K . , a n d Z)0 a c o n s t a n t , t h e n D-=D0e—QW?1, 
w h e r e Q d e n o t e s t h e h e a t of diffusion p e r g r a m - a t o m or g ram-molecu le . W h e n , 
say , z inc diffuses i n t o i ron , t h e diffusion occurs b y a n i n t e r c h a n g e of a d j a c e n t a t o m s , 
Q m a y b e r e g a r d e d a s t h e ene rgy r e q u i r e d for a g r a m - a t o m of zinc t o rep lace a n 
e q u i v a l e n t a m o u n t of i ron . 

If Q d e n o t e s t h e l a t e n t h e a t of e v a p o r a t i o n , t h e n , a c c o r d i n g t o L . jBo l t zmamrs 
h y p o t h e s e s — 1 . 12, 9 — t h e a m p l i t u d e s of v i b r a t i o n of t h e different a t o m s a re n o t 
e q u a l , b u t v a r y f rom zero t o inf ini ty in acco rd w i t h a def ini te d i s t r i bu t ion law. 
C o n s e q u e n t l y , a t a n y g i v e n t e m p . , t h e r e a r e some a t o m s for w h i c h t h e ene rgy of 
v i b r a t i o n is in excess of t h a t r e q u i r e d t o s e p a r a t e t h e m comple t e ly f rom t h e space-
l a t t i c e , a n d t h e p r o b a b i l i t y of t h e occur rence of a t o m s of such a h igh ene rgy c o n t e n t 
will g o v e r n t h e r a t e of e v a p o r a t i o n , so t h a t if P d e n o t e s t h e p r o b a b i l i t y t h a t a n a t o m 
will e v a p o r a t e a t t h e t e m p . T3 t h e n P=P0e—Q.'RT^ w h e r e P=P0 w h e n T a t t a i n s 
i t s m a x i m u m v a l u e , i.e. w h e n t h e t e m p , is indef ini te ly la rge . H e r e , P decreases a s 
T dec reases . H e n c e , c o n t i n u e d S. D u s h m a n , t h e p r o b a b i l i t y t h a t a n a t o m in a 
g r a i n b o u n d a r y will be ab le t o m o v e p a s t a n a d j a c e n t a t o m is p r o p o r t i o n a l t o e—QI^T

y 
where Q d e n o t e s t h e e n e r g y i nvo lved in t h i s m o t i o n p e r g r a m - a t o m of t h e m e t a l . 
T h e tens i le s t r e n g t h is a m e a s u r e of t h i s p r o b a b i l i t y , a n d t h u s t h e va r i a t i on of tensi le 
s t r e n g t h w i t h t e m p , a s s u m e s t h e fo rm i n d i c a t e d a b o v e . R . Becke r s t u d i e d t h e 
p l a s t i c d e f o r m a t i o n of c r y s t a l s f rom t h e c rys t a l log raph ic p o i n t of v iew. H e 
sa id : 

U n d e r t h e a c t i o n of s h e a r i n g s t r e s se s t h e r e occu r s a g l i d i n g of t h e m a t e r i a l o n def ini te 
c r y s t a l l o g r a p h i c p l a n e s , a n d i n s o m e cases a l so t h o d i r e c t i o n of g l id ing w i t h i n t h e su r face 
is d e t e r m i n e d c r y s t a l l o g r a p h i c a l l y . T h o lowes t s h e a r i n g s t r e s s r e q u i r e d t o i n i t i a t e t h e 
g l i d i n g i s k n o w n a s t h e e l a s t i c l i m i t . . . . T h i s l i m i t is n e v e r m e a s u r e d e x a c t l y ; i t is 
poss ib le o n l y t o s t a t e t h a t l o a d w h i c h , w i t h t h e m e a s u r i n g a r r a n g e m e n t u sed , is j u s t 
suff icient t o p r o d u c e a n o b s e r v a b l e e x t e n s i o n . . . . W e a s s u m e t h a t o n t h e b o d y t o b e 
d e f o r m e d w e a p p l y s u c h a l o a d t h a t o n t h e c r y s t a l l o g r a p h i c g l i d i n g p l a n e a s h e a r i n g s t r e s s , 
«, i s ef fec t ive w h i c h is less t h a n t h e l i m i t i n g s t r e s s , £>, a n d w e cons ide r especia l ly a def ini te 
g l i d i n g p l a n e . I n c o n s e q u e n c e of t h e i r r e g u l a r t h e r m a l m o t i o n , t h o force a c t i n g a l o n g t h e 
g l i d i n g p l a n e wi l l u n d e r g o i r r e g u l a r osc i l l a t ions a b o u t t h e a v e r a g e v a l u e , s. If n o w t h e 
l i m i t i n g v a l u e , S3 i s e x c e e d e d for a s h o r t t i m e , a g l i d ing a c t i o n wil l sxiddenly be s t a r t e d 
d u r i n g s u c h a n i n s t a n t . . . . T h e p l a s t i c i t y of a c r y s t a l is t h u s affected b y t h e r m a l oscil
l a t i o n p h e n o m e n a , w h i c h lead** t o t h e c o n s e q u e n c e " t h a t a t o n e i n s t a n t g l i d ing will o c c u r 
o n o n e p l a n e a n d a t a n o t h e r i n s t a n t o n a n o t h e r p l a n e , t h e o c c u r r e n c e of g l id ing o n a n y 
p a r t i c u l a r p l a n e b e i n g g o v e r n e d b y t h e l a w of p r o b a b i l i t y . 

H e t h e n c a l c u l a t e d t h e r a t e of p l a s t i c de fo rma t ion , U3 a n d found t h a t i t can b e 
r e p r e s e n t e d b y V'=Uae—*ls~*>s/RT3 whe re a is a c o n s t a n t connec ted w i t h t h e 
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elas t ic m o d u l u s , a n d t h e q u a n t i t y a(S—s)2 r ep resen t s a n a m o u n t of ene rgy equ i 
v a l e n t t o Q in t h e p reced ing equa t i ons . J . F r e n k e l a s s u m e d t h a t g l id ing is s imi la r 
t o t h a t of t w o t o o t h e d surfaces, b u t R . Becke r ob jec ted t h a t if so, a s t ress , S, wou ld 
be r equ i r ed t o p r o d u c e a shea r ing b r e a k a n d n o t a p l a s t i c de fo rma t ion . I t is 
cha rac te r i s t i c of p las t i c de fo rma t ion t h a t i t m u s t p roceed w i t h a definite ve loc i ty . 
W . R o s e n h a i n s t a t e d t h a t w h e n mi ld s teel unde rgoes p l a s t i c de fo rma t ion , 10 p e r 
cen t , of t h e w o r k d o n e is conve r t ed i n t o h e a t , a n d t h e r e m a i n d e r does i n t e r n a l w o r k 
of some k i n d . T h e sub jec t was i n v e s t i g a t e d b y H . Q u i n n e y , W . S. F a r r e n a n d 
G. I . Tay lo r , a n d C. H . M. J e n k i n s a n d M. L . V. Gay le r . W . B r a u n b e k h a s t r i e d 
t o descr ibe t h e p h e n o m e n a of fusion, a n d ionic c o n d u c t i v i t y in acco rd w i t h 
I J . B o l t z m a n n ' s p r o b a b i l i t y t h e o r e m . 

Accord ing t o P . !Ludwik, t h e phys ica l p rope r t i e s of m e t a l s , n o t a l loys , w h e n 
p l o t t e d aga ins t e q u a l f rac t ions of t h e i r a b s o l u t e m . p . , a l m o s t coincide—e.g. if t h e 
abso lu t e m . p . of a m e t a l b e 1255°, t h e m e t a l a t half t h i s t e m p , h a s n e a r l y t h e s a m e 
tensi le s t r e n g t h as a n o t h e r m e t a l a t half t h e abso lu t e t e m p , of i t s own m . p . M. P l a u t 
sa id t h a t t h e e las t ic p rope r t i e s of m e t a l s i nd i ca t e t h a t t h e force r equ i r ed t o d i sp lace 
a pa r t i c l e in a solid is smal l for smal l d i sp l acemen t s , increases l inear ly u p t o t h e 
l imi t of p ropo r t i on , a n d t h e n increases m o r e slowly u p t o a m a x i m u m , af ter wh ich , 
i t falls, u l t i m a t e l y b e c o m i n g zero w h e n t h e cohesion is ove rcome . T h e a r ea b e n e a t h 
t h e r e su l t ing cu rve gives t h e w o r k of s e p a r a t i o n ; a n d t h e w o r k of s e p a r a t i o n is 
g iven b y t h e h e a t of sub l ima t ion . T h e tens i le s t r e n g t h of solids falls be low t h e 
va lues ca lcu la ted f rom t h i s a s s u m p t i o n , a l t h o u g h t h e Br ine l l ' s h a r d n e s s is a p p r o x i 
m a t e l y p ropo r t i ona l t o t h e h e a t of s u b l i m a t i o n excep t in t h e case of s u b s t a n c e s 
w i t h a m a r k e d c leavage—e .g . g r a p h i t e h a s a large h e a t of s u b l i m a t i o n b u t is w e a k 
in one d i rec t ion . T h e increase in t h e h a r d n e s s of co ld-worked m e t a l s is n o t exp l a ined 
on t h i s hypo thes i s . 

E . Gri ineisen de r ived a n e q u a t i o n of s t a t e for sol ids, a n d ca l cu la t ed va lue s for 
t h e cohesive forces b e t w e e n atoms-—6-25 X 1 0 1 1 d y n e s p e r sq . cm. for i ron , a n d 
6 ' 0 2 X l O 1 1 d y n e s pe r sq . c m . for n icke l . G. T a m m a n n found t h a t w i t h i ron , s l ip-
b a n d s a p p e a r e d w i t h a s t ress of 2370 k g r m s . p e r sq. c m . w h e n t h e elast ic l im i t w a s 
5840 k g r m s . pe r sq. c m . T h e co r re spond ing n u m b e r s for n ickel were 788 a n d 5570 ; 
a n d for lead , 25 a n d 102. R . F . Mehl s t u d i e d t h e i n t e r a t o m i c forces of m e t a l s ; 
a n d G. Moressee, La resistance des materiaux, resultante des farces atorniques, a n d 
f rom t h e d y n a m i c s of t h e r o t a t i o n of t h e a t o m s , a n d o t h e r a s s u m p t i o n s , c a l cu l a t ed 
a v a l u e for t h e e las t ic l imi t a n d i t s v a r i a t i o n w i t h t e m p . H e t h u s ca l cu l a t ed t h e 
e las t ic l imi t of i ron , a t a b s o l u t e zero , t o b e 2300 k g r m s . pe r sq . cm. ; a t 15°, 1400 
k g r m s . p e r sq. cm. ; a n d a t 1027°, 368 k g r m s . p e r sq. cm. F o r steel , h e ca l cu l a t ed : 

200° 400° «00° 800° 1000° 1200° 1300° 
E l a s t i c l i m i t . 316O 2440 1800 1240 480 20O O 

M. B o r n ca l cu l a t ed v a l u e s for t h e cohes ive s t r e n g t h of ionic l a t t i ces , a n d o b t a i n e d 
v a l u e s for t h e ene rgy of t h e l a t t i ce , XJ p e r g ram-molecu le , of t h e a lka l i ha l ides in 
a g r e e m e n t w i t h o b s e r v a t i o n . J . E . L . J o n e s a n d co-workers were a lso ab l e t o 
d e d u c e v a l u e s for t h e e las t ic modu l i , a n d t h e surface ene rgy . T h i s a lso shows t h a t 
a n a p p r o a c h is be ing m a d e t o o b t a i n a t h e o r y of cohesion b a s e d on a t o m i c s t r u c t u r e . 
M. B o r n , indeed , a s s u m e d t h a t t h e m e c h a n i c a l cohesion of t h e space - l a t t i ce , a n d 
t h e chemica l a t t r a c t i o n of t h e ions a r e one a n d t h e s a m e . F . Zwicky ca l cu l a t ed 
t h e t h e o r e t i c a l r u p t u r e or tensi le s t r e n g t h f rom t h e l a t t i c e e n e r g y U. T h e r e is a 
m a r k e d d i s c r e p a n c y b e t w e e n t h e m e a s u r e d tens i le s t r e n g t h , a n d t h e c a l c u l a t e d 
cohes ive force. Th i s w a s discussed b y S. D u s h m a n . T h e e x p l a n a t i o n s of 
G. Cook, E . Goens a n d E . S c h m i d , A. A. Griffiths, K . H o h e n e m s e r a n d W . P r a g e r , 
E . J a e n i c h e n a n d F . S a u e r w a l d , T . M. J a s p e r , A. JofEe, H . K o t t e , P . N e m e n y l , 
M. P o l a n y i , W . P r a g e r , H . Reissner , W . S c h m i d t , A . S c h o b , H . T e r t s c h , a n d 
J . H . C. T h o m p s o n , A . V. Stepanoff, H . M u s s m a n n , W . F a h r e n h o r s t a n d 
E . S c h m i d t , O. Manf red , a n d W . W i d d e r a r e in a g r e e m e n t w i t h t h a t of A. Bmeka l , 
w h o sa id : 
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T h e o n l y logical conclusion, t o a c c o u n t for t h e difference "between t e c h n i c a l and. 
t h e o r e t i c a l r u p t u r e s t r e n g t h of m a t e r i a l s i s t h e a s s u m p t i o n t h a t o r d i n a r y t e c h n i c a l m a t e r i a l s 
a r e far f rom b e i n g h o m o g e n e o u s , a s w e h a v e a l w a y s a s s u m e d , b u t t h a t t h e y h a v e m a n y fine, 
mic roscop ic a n d s u b m i c r o s c o p i c holes , c r a c k s a n d o t h e r i n h o m o g e n e i t i e s , -which dec rea se 
t h e t e c h n i c a l s t r e n g t h s a s c o m p a r e d -with t h e m o l e c u l a r s t r e n g t h . T h e f o r m e r is t h u s 
d e t e r m i n e d o n t h e b a s i s of a mic roscop ic s t r e s s d i s t r i b u t i o n , b e h i n d which t h e r e i s h i d d e n 
a q u i t e di f ferent s o r t of mic roscop ic s t ress d i s t r i b u t i o n wh ich d e p e n d s o n t h e i n h o m o g e n e i t i e s 
p r e s e n t i n t h e m a t e r i a l . . . . T h e o ld e x p e r i e n c e t h a t coarse ly c ry s t a l l i ne m a t e r i a l possesses 
a lower ( t echn ica l ) s t r e n g t h t h a n finely c ry s t a l l i ne , t h u s receives a v e r y o b v i o u s e x p l a n a t i o n . 
If t h i s v i e w is co r rec t , t h e s t r e n g t h of a n y m a t e r i a l s h o u l d b e cons ide r ab ly i nc reased if 
ca re is t a k e n t o r e d u c e t o a m i n i m u m t h e occu r r ence of c r a c k s a n d o t h e r i n h o m o g e n e i t i e s 
b y choice of c o r r e s p o n d i n g l y s m a l l d i m e n s i o n s a n d careful t h e r m a l t r e a t m e n t of t h e b o d y 
u n d e r t e s t . I n fact i t h a s b e e n k n o w n for a l o n g t i m e , for e x a m p l e , t h a t v e r y t h i n wi res 
a r e m u c h s t r o n g e r t h a n t h i c k e r -wires ; i n t h e idea l l i m i t i n g case of a s ingle c h a i n of mole 
cules , t h e r u p t u r e s t r e n g t h w o u l d b e c o m e of t h e s a m e m a g n i t u d e a s t h e m o l e c u l a r s t r e n g t h . 
. . . F r o m t h e a b o v e r e m a r k s w e m u s t c o n c l u d e t h a t t h e t e c h n i c a l s t r e n g t h d o es n o t r ep re 
sen t , in g e n e r a l , a p h y s i c a l c o n s t a n t c h a r a c t e r i s t i c of a g i v e n m a t e r i a l , w h e r e b y t h e p r a c t i c a l 
s ignif icance (of such a v a l u e ) is n a t u r a l l y n o t t a k e n i n t o c o n s i d e r a t i o n . T h e phys ic i s t 
r equ i r e s for h i s p u r p o s e a mod i f i ca t ion of t h e m a t e r i a l -which i s a s free f rom flaws a s 
poss ib le a n d r e p r o d u c i b l e i n e v e r y r e s p e c t , a n d t h a t is t h e single crystal. A s a m a t t e r of 
fac t , i t is f o u n d t h a t n o t o n l y t h e r u p t u r e s t r e n g t h h u t a lso , a s h a s b e e n s h o w n b y O. v o n 
H e v e s y , t h e e l ec t ro ly t i c a s wel l a s t h e r m a l c o n d u c t i v i t i e s a r e q u i t e different in t h e po ly-
c r y s t a l l i n e s t a t e f rom t h o s e of s ing le c r y s t a l s . 

a n d w i t h t h a t of F . Zwicky , w h o sa id : 

A . S m e k a l t h i n k s t h a t a c t u a l c r y s t a l s a r e n e v e r of a n idea l geome t r i ca l s t r u c t u r e , b u t 
a r e m a d e u p of a g r e a t m a n y mic roscop ic b locks l e a v i n g c r a c k s a n d o t h e r imper fec t ions 
bet-ween t h e m . W e m i g h t ca l l s u c h a s t r u c t u r e a m o s a i c c r y s t a l , a c c o r d i n g t o a t e r m used 
b y P . P . E w a l d . A . S m e k a l c o r r e l a t e d t h i s c o n c e p t i o n w i t h 
a g r e a t m a n y fac t s s u c h a s e lec t r ic c o n d u c t i v i t y , e lec t r ic 
s t r e n g t h , p h o t o - e l e c t r i c a b s o r p t i o n , e t c . H e s u c c e e d e d i n 
d e t e r m i n i n g t h e s ize of t h e e l e m e n t a r y b locks i n a hal f 
emp i r i ca l w a y , a n d h e f o u n d t h a t t h e y c o n t a i n i n t h e case 
of r o c k - s a l t a n d i n m a n y o t h e r cases a b o u t 10,000 a t o m s 
each . A s A . S m e k a l ' s c o n s i d e r a t i o n s e n a b l e u s t o u n d e r 
s t a n d a g r e a t n u m b e r of fac t s , i t h a s t o b e c o n c l u d e d t h a t 
t h e f o r m a t i o n of c r a c k s a n d b l o c k s c a n n o t b e of a p u r e l y 
a c c i d e n t a l n a t u r e . O t h e r w i s e , t h e su r face c r a c k s s h o u l d 
occu r i n a l l k i n d s of di f ferent s izes o n dif ferent s a m p l e s , 
l i u t t h e n , i t is imposs ib l e t o u n d e r s t a n d w h y t h e t e c h n i c a l 
b r e a k i n g s t r e n g t h i s a r e l a t i ve ly wel l -de l ined q u a n t i t y , a s 
t h e dif ferent s a m p l e s of a c r y s t a l w o u l d b r e a k on app l i ca 
t i o n of w i d e l y v a r i e d specific s t r e s ses . 

Basal plane 
before slip 

Lateral wew 
after si.'p 

F I G . 209. M e c h a n i s m of 
Sl ip w i t h Crys t a l s of Zinc . 

Acco rd ing t o A . S m e k a l , t h e r u p t u r e s t r e n g t h of a 
single c r y s t a l m u s t increase w i t h a decrease in t h e 
d imens ions of t h e c r y s t a l u n t i l i t a p p r o a c h e s molecula r 
s t r e n g t h , a n d t h a t for a n y g iven m a t e r i a l t h e r e is a n 
u p p e r l i m i t for t h e s e d imens ions . Z . Jeffries found t h e 
tens i le s t r e n g t h of a t u n g s t e n ingo t of d i a m e t e r 2OO X 25 mils , t o b e 18,000 lbs . 
pe r sq . in . , of a swaged rod 26 mils , d i a m . , 215,000 lbs . pe r sq. in. , a n d of a 
d r a w n wi re 1*14 mi ls , d i a m . , 590,0OO lbs . pe r sq. i n . — b y ex t r apo la t ion , in t h e 
l imi t ing case a s t h e d i a m e t e r a p p r o a c h e s a t o m i c d imens ions , t h e tensi le s t r eng th 
will a p p r o x i m a t e 800,000 lbs . pe r sq . in . A . A. Griffiths, M. Po lany i , a n d A. Smeka l 
showed t h a t t h e r u p t u r e s t r e n g t h , S, is r e l a t ed w i t h t h e surface energy , o-, b y 
a n express ion a n a l o g o u s w i t h Sl>2cr, whe re I d eno t e s t h e e longat ion , or g ra in 
d i a m e t e r . T h e ca l cu l a t ed v a l u e of I, a b o u t 5 X 1 O - 6 cm. , is a b o u t 5OO t imes 
g r e a t e r t h a n t h e d i s t a n c e a t wh ich t h e a t t r a c t i v e forces b e t w e e n t h e a t o m s should 
van i sh . T o e v a d e t h e difficulty i t w a s a s s u m e d t h a t t h e r u p t u r e s t r eng th increases 
w h e n t h e e longa t ion r e q u i r e d for r u p t u r e is less t h a n 5 X 10" - 6 cm. Th i s m e a n s t h a t 
t h e r u p t u r e of a s ingle c ry s t a l is n o t a defini te m a g n i t u d e cor responding wi th t h e 
cohesive forces. W i t h s ingle c rys ta l s of z inc , t h e r o u n d wire du r ing e longat ion 
becomes a flat ribbon, the width of the ribbon be ing s l ight ly g rea te r t h a n t h a t of 
t h e o r ig ina l wi re . G. Mas ing and M. P o l a n y i r ep re sen t ed t h e m e c h a n i s m of t h e 
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sl ip of s ingle c rys ta l s of z inc b y F i g . 209. T h e d i a g r a m on t h e left r e p r e s e n t s t h e 
b a s a l p l a n e ; t h e l a rge a r r o w ind ica t e s t h e d i rec t ion of m a x i m u m shear , and t h e 
smal l a r r o w ly ing in a d i rec t ion para l l e l t o one of t h e p r i s m sides g ives t h e d i r ec t i on 
of s l ip . T h e e longa t ion is a c c o m p a n i e d b y a c o n t i n u e d s t r e n g t h e n i n g of t h e c r y s t a l , 
d u e , accord ing t o M. P o l a n y i , t o t h e b e n d i n g of t h e s l ip p l a n e s so t h a t t h e r e s i s t ance 
t o s l ip is increased . M. P o l a n y i sugges ted t h a t t h i s r e su l t is d u e t o changes in t h e 
c rys t a l u n i t s t h e m s e l v e s ; whi l s t W . Geiss a n d J . A. M. v a n L i e m p t a t t r i b u t e t h e 
p h e n o m e n o n t o t h e de fo rma t ion of t h e a t o m s . T h e sub j ec t w a s d iscussed b y 
W . R o s e n h a i n a n d J . McMinn . D . A. Gr. B r u g g e m a n discussed t h e e las t ic a n i s o t r o p y 
of i ron . 

O b s e r v a t i o n s show t h a t t h e r e is a n increase in t h e r u p t u r e s t r e n g t h w i t h in
c reas ing fineness of g ra in , a n d t h e r e is a fu r the r increase b y co ld -work ing . 
M. P o l a n y i , a n d E . S c h m i d showed t h a t t h e rol l ing o r d r a w i n g of a m e t a l does n o t 
d e s t r o y t h e c rys ta l u n i t , b u t t h e r e is m e r e l y a r e -o r i en t a t i on of c e r t a i n p l a n e s so 
t h a t t h e y lie in t h e d i rec t ion of t h e ax i s of t h e wire or t h e p l a n e of rol l ing vide 
supra, t h e c rys ta l s of i ron . T h e crevices in t h e l a t t i ce s t r u c t u r e of t h e c rys t a l s a r e 
i n d e p e n d e n t of t e m p . , a n d t h e re la t ion b e t w e e n surface t ens ion a n d r u p t u r e s t r e n g t h , 
i n d i c a t e d a b o v e , m e a n s t h a t t h e effect of a v a r i a t i o n of t e m p , in t h e one case will 
b e a t t e n d e d b y a s imi lar effect in t h e o t h e r case . Surface e n e r g y decreases a l m o s t 
l inea r ly w i t h t e m p . , a n d t h e tens i le s t r e n g t h shou ld the re fo re follow a s imi la r 
r e l a t ion . Surface t ens ion increases w i t h a decrease in gra in-s ize , a n d t h i s is a l so 
t h e case w i t h t h e t ens i le s t r e n g t h . If t h e r e b e no g r e a t v a r i a t i o n w i t h t e m p , in 
t h e cohes ional forces b e t w e e n a t o m s , t h e l a t e n t h e a t of e v a p o r a t i o n will b e a m e a s u r e 
of t h e l a t t i c e ene rgy , b u t t h e l a t e n t h e a t of e v a p o r a t i o n decreases a l m o s t l inear ly 
w i t h t e m p . , so t h a t t h e cohes ive s t r e n g t h should s imi lar ly decrease w i t h t e m p . 

T h e r e is a n increase of t h e free e n e r g y of a m e t a l w h e n i t is h a r d e n e d b y de fo rma
t i o n . Z. Jeffries a n d R . S. Arche r f o u n d t h a t co ld -work inc reased t h e t ens i le 
s t r e n g t h , t h e y ie ld -po in t a n d t h e h a r d n e s s , whi le t h e e longa t ion a n d r e d u c t i o n of 
a r e a a r e dec reased b y i t . T h e co ld -worked m e t a l , howeve r , i m m e d i a t e l y af ter 
w o r k i n g h a s a lowered e las t ic l imi t , b u t t h e r e is a r e c o v e r y t o t h e or iginal v a l u e 
b y age ing or b y low t e m p , annea l ing . T h e a c t u a l t r e a t m e n t necessa ry for e las t ic 
r e c o v e r y is d e p e n d e n t on t h e compos i t i on of t h e m e t a l , a n d t h e e x t e n t of t h e 
d e f o r m a t i o n d u r i n g t h e co ld-work ing . G. v o n H e v e s y , W . Geiss a n d J . A. M. v a n 
L i e m p t , a n d S. D u s h m a n showed t h a t t h e diffusion of o n e e l e m e n t i n t o a n o t h e r is 
v e r y m u c h less w i t h s ingle c rys t a l s t h a n i t is w i t h t h e rol led m e t a l . Diffusion c a n 
occur on ly t h r o u g h a n i n t e r c h a n g e of p laces a m o n g i n d i v i d u a l a t o m s owing t o 
t h e r m a l a g i t a t i o n a n d a c o n s e q u e n t d i s t u r b a n c e of t h e l a t t i c e . I n a g r e e m e n t w i t h 
t h e fai lure of diffusion w i t h single c rys t a l s , i t is difficult t o u n d e r s t a n d h o w such 
p h e n o m e n a could occur in a n u n d i s t u r b e d l a t t i ce . Diffusion is m o r e r a p i d w i t h 
fine c rys ta l l ine wi re t h a n i t is w i t h coarse c rys ta l l ine wi re , i nd i ca t i ng t h a t t h e 
diffusion occurs a long t h e b o u n d a r i e s of t h e c ry s t a l g ra ins . Acco rd ing t o R . B e c k e r , 
l a t t i c e d i s t u r b a n c e s a r e t h e necessa ry cond i t i on for t h e s u b s e q u e n t i n t e r c h a n g e of 
pos i t i on a m o n g s t t h e a t o m s . A t a g iven t e m p . , t h e s e i n t e r c h a n g e s occur t h e m o r e 
f r e q u e n t l y t h e m o r e t h e s t r u c t u r e is un l ike t h a t of a single c ry s t a l . I n r ec rys ta l l i -
z a t i o n , t h e d i s t u r b e d l a t t i ce is r e s to red t o t h e u n d i s t u r b e d s t a t e and t h e m e c h a n i s m 
a g a i n invo lves a n i n t e r c h a n g e of pos i t ion a m o n g s t t h e a t o m s . The probabil i ty , 
JP, of such a n i n t e r c h a n g e is g iven b y JP=.P0e^'"^'K2\ where Q d e n o t e s t h e difference 
i n the p o t e n t i a l e n e r g y of t h e a t o m s in the deformed latt ice a s compared with, t h a t 
in the undeformed l a t t i c e . This is in accord wi th t h e fact t h a t the t e m p , of 
recrystall ization is dec reased b y cold-working, and R. Becker also showed t h a t 
grain-growth m u s t similarly increase w i t h t e m p . 

T h e observat ions of Z. Jeffries, and W. H . Basse t t a n d C. H . D a v i s show t h a t t h e 
rate of grain-growth varies w i t h t e m p , as indicated b y t h e equat ion G=xGQe—Q!&r, 
where Q represents t h e average area of t h e grain. J . Czochralsky, a n d G. Masing 
found t h a t t h e grain-size increases rapidly w i th t e m p , a t rates which indicate large 
va lues of Q. According t o S. D u s h m a n , t h e cold-working of meta l s also decreases 



I R O N 5 1 

t h e r a t e of g ra in -g rowth . This cor responds w i t h a n increase of Q -with, wo rk ing 
j u s t a s w a s observed for t h e case of tens i le s t r e n g t h t e s t s . T h i s m e a n s t h a t t h e 
res i s tance t o t h e m o t i o n s of t h e a t o m s in fo rming g ra ins is increased b y t h e 
mechan ica l work ing , or, express ing t h e s a m e idea in o t h e r words , t h e p r o b a b i l i t y 
t h a t a t o m s in a d j a c e n t g ra ins will r e ad ju s t t hemse lves t o fo rm a con t i nuous l a t t i ce 
is decreased because t h e s e gra ins h a v e been de fo rmed b y work ing . 

Acco rd ing t o P . L u d w i k , co ld-work ing d i s t o r t s t h e space- la t t ice owing t o a 
m o v e m e n t a long t h e g l id ing p l anes ; a n increase of s t r e n g t h is caused b y t h e 
b r e a k i n g ac t i on of t h e g l id ing p lanes which increases w i t h t h e m a g n i t u d e of t h e 
de fo rma t ion u n t i l t h e c r y s t a l u l t i m a t e l y becomes h o m o t r o p i c . T h e d e t r i m e n t a l 
a c t i on of a l t e r n a t i n g s t resses is a t t r i b u t e d t o a reversa l of t h e m o v e m e n t a long t h e 
gl iding planes—vide, supra, t h e c rys ta l l i za t ion of i ron . O. W . El l is d iscussed t h e 
degree of de fo rma t ion r equ i r ed t o p r o d u c e a decrease of tens i le s t r e n g t h in t h e 
co ld-working of m e t a l s . A. H . !Leblond found t h a t w h e n steel ba r s n icked across 
oppos i t e surfaces a r e t e s t e d in t h e tens i le m a c h i n e , t h e f r ac tu re occurs a long t w o 
p lanes incl ined a t angles of 45° w i t h t h e p l anes of t h e n icked surfaces, a n d mee t ing 
a t a n angle of 90°. 

T h e w o r k per fo rmed w h e n a t es t -p iece is b r o k e n b y t h e tensi le t e s t was dis
cussed b y M. B o r n a n d O. S t e rn , P . Eh ren fe s t , M. Enss l in , W . S. F a r r e n a n d 
G. I . Tay lo r , K . H o n d a , H . H o r t , K . L jungbe rg , G. WuIfT, a n d M. Y a m a d a . R . P l a n k 
discussed t h e t h e r m o d y n a m i c s of t h e h e a t i n g of m e t a l s which a t t e n d elast ic a n d 
p e r m a n e n t de fo rma t ion . A. R o b e r t s o n a n d G. Cook s tud i ed t h e t r ans i t i on from t h e 
elast ic to t h e p las t ic s t a t e . Accord ing t o O. F a u s t a n d G. T a m i n a n n , t h e e las t ic i ty 
of a m e t a l c an be inc reased b y a l t e r n a t e l y slowly increas ing t h e pressure b e y o n d t h e 
first l imi t of e las t ic i ty , a n d t h e n re leasing i t , un t i l finally a n u p p e r l imi t of e las t ic i ty , 
co r respond ing w i th t h e l imi t ing p ressure which p roduces flow in t h e me ta l , is reached . 
The m e t a l h a s , the re fore , been h a r d e n e d b y slowly inc reas ing t h e p ressure . The 
h a r d e n i n g of m e t a l s is ascr ibed , n o t t o fo rma t ion of a h a r d e r c rys ta l l ine form, or t o a 
change t o t h e a m o r p h o u s condi t ion , b u t t o a d i m i n u t i o n in t h e size of t h e crys ta l l i tes 
of which t h e m e t a l is composed , owing t o t h e fo rmat ion of sy s t ems of s l iding surfaces. 
T h e h a r d e n i n g is, the re fore , a p r e p a r a t i o n for flowing, t h e l a t t e r occur r ing when t h e 
sy s t ems of s l iding surfaces h a v e sufficiently increased. The subjec t was discussed 
b y H . P . Hol lnage l , W . K u n t z e a n d co-workers , A. F . Torres , J . Vietorisz, 
J . G. D o c h e r t y a n d F . W . T h o m e , G. Cook, A. L u n d g r e n , H . O'Nei l a n d H . Green
wood, C Bened icks—see p las t i c flow; a n d R . P l a n k s tud i ed t h e e longat ion , a n d 
t h e r e d u c t i o n of a r e a in tens i le t e s t s ; L . H a r t m a n n , t h e p e r m a n e n t de fo rma t ion ; 
and R . H . Greaves , a n d E . !L. H a n c o c k , t h e overs t ra in—v ide supra. 

J . R u s s n e r d iscussed t h e re la t ions b e t w e e n t h e tensi le p roper t i es , t h e sp . h t . , 
a n d t h e e lectr ical c o n d u c t i v i t y ; J . Div i s , t h e re la t ion be tween tensi le s t r e n g t h 
a n d electr ical res i s tance ; O. L e y d e , F . Wi i s t a n d P . Goerens , A. C a m p i o n a n d 
H . W . W a t t s , a n d W . C. U n w i n , t h e re la t ions b e t w e e n s t r u c t u r e a n d compos i t ion , 
a n d t h e m e c h a n i c a l p rope r t i e s ; a n d F . C. A. H . L a n t s b e r r y , C. W . Years ley , a n d 
M. K r a l u p p e r , t h e mol . changes in s teel u n d e r t ens ion . H . Sieglersehmidt found 
t h a t if B d e n o t e s t h e e las t ic m o d u l u s ; D, t h e dens i ty ; A, t h e a t . w t . ; a n d a, t h e 
coefT. of t h e r m a l expans ion , E=CD(Aa,)—n, where C a n d n d e n o t e cons t an t s . 

S. H . R e e s obse rved t h a t t h e r e is a s l ight increase in t h e m a x i m u m load, yield-
po in t , a n d elas t ic l imi t of a s t r a ined , 0-85 pe r cent , c a r b o n steel a s a resul t of 
annea l ing a t 200°, a n d a comple t e r ecovery on t e m p e r i n g a t a b o u t 600°. J . R . F r e e 
m a n a n d R . D . F r a n c e found t h a t cold-rolled e lec t ro ly t ic i ron h a d t h e g rea te s t 
tens i le s t ress p e r p e n d i c u l a r t o t h e d i rec t ion of rol l ing, a n d t h a t duc t i l i t y w a s 
h ighes t i n t h e d i rec t ion of rol l ing. J . A. v a n d e n B r o e k s u m m a r i z e d his resu l t s 
as follows : (i) W h e n mi ld steel is co ld-worked a n d p rope r ly aged or t e m p e r e d a n d 
s u b s e q u e n t l y t e s t e d in t h e s a m e d i rec t ion as t h a t of t h e cold-working, i t s e last ic 
l imi t m a y b e ra i sed m o r e t h a n 100 pe r cen t . , a n d f rom 10 t o 20 pe r cent , b e y o n d t h e 
s t ress a t w h i c h co ld-work ing was d i scon t inued , (ii) W h e n mi ld s teel is cold-worked 
in one d i rec t ion a n d p r o p e r l y aged or t e m p e r e d , b u t t e s t e d in e i ther one of t w o 
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senses of a different d i rec t ion , t h e n i t s e las t ic l imi t m a y b e ra i sed some 50 pe r cen t , 
(iii) W h e n mild steel is cold-worked in one d i rec t ion a n d p rope r ly aged or t e m p e r e d 
b u t t e s t ed in t h e oppos i te d i rec t ion , t h e n t h e elast ic l imi t r ema ins a t t h e v a l u e of 
t h e original elast ic l imit , b u t t h e y ie ld-poin t is ra ised, (iv) W h e n mi ld s teel is 
cold-worked in a n y d i rec t ion a n d t e s t e d in a n y d i rec t ion , w i t h o u t a n y age ing or 
t e m p e r i n g , t h e n t h e e las t ic l imi t falls be low t h e v a l u e of t h e or iginal e last ic l imi t , 
often down t o zero, (v) T e m p e r i n g cold-worked steel a t t e m p , from 100° t o 300° C , 
or age ing cold-worked s teel , ha s a t e n d e n c y t o perfect i t s e las t ic p rope r t i e s . T e m p e r 
ing mere ly acce lera tes t h e effects of t i m e . T h e subjec t w a s inves t iga ted b y A. P o m p 
a n d co-workers , A. P o r t e v i n a n d E . P r e t e t , H . Poellein, a n d E . Mayer . 

T h e o r i en t a t i on of t h e c rys ta l s b y cold-work has been discussed in connec t ion 
w i t h t h e s t r u c t u r e of t h e c rys ta l l a t t i ce of i ron. F r o m t h e obse rva t ions of 
M. Mas ima a n d G. Sachs , R . G. K a r n o p a n d G. Sachs , P . W . B r i d g m a n , a n d 
E . Gri ineisen a n d E . Goen , T. K a w a i said t h a t in a m e t a l w i t h c rys ta l s be longing 
t o t h e cub ic sy s t em, i t m a y b e a s s u m e d t h a t Y o u n g ' s m o d u l u s is smal les t in t h e 
(IOO)-direction, la rges t in t h e (11 I n d i r e c t i o n , a n d g r ea t e r t h a n t h e m e a n of t he se 
t w o in t h e (HO)-d i rec t ion . A po lycrys ta l l ine m e t a l in which t h e mic rocrys ta l s a re 
o r i en ted a t r a n d o m , is i so t rop ic w i t h respec t t o Y o u n g ' s m o d u l u s ; b u t if t h e m e t a l 
b e s t r e t c h e d or d r a w n , i t becomes ae lo t ropic , for a definite axis of t h e microscopic 
c rys ta l s t a k e s t h e ax ia l d i rec t ion of t h e b a r b y r o t a t i o n d u e t o cold-working. I n 
t h e case of i ron a n d s teel , t h e (HO)-axis of t h e c rys ta l s g r a d u a l l y t a k e s t h e d i rec t ion 
of t h e ax i s of t h e b a r b y increas ing cold-work, a n d consequen t ly t h e m o d u l u s is 
slowly increased. W i t h copper , a l u m i n i u m , a n d nickel , t h e ( l l l ) - a x i s of t h e micro-
c rys ta l s t a k e s t h e ax ia l d i rec t ion of t h e b a r b y cold-working, a n d consequen t ly t h e 
m o d u l u s is r ap id ly increased b y cold-working. 

XJ. Ai tchison a n d L . W . J o h n s o n e x a m i n e d t h e effect of t e s t i ng ma te r i a l s in t h e 
d i rec t ion of roll ing or forging, a n d in o t h e r d i rec t ions . T h e fibrous s t r u c t u r e , 
f requent ly obvious in rolled steel , can be c o m p a r e d w i th t h e gra in of wood, so t h a t 
d i rec t ions which a re t a k e n long i tud ina l ly a n d t r ansve r se ly t o t h e d i rec t ions of roll ing 
can be said t o be t a k e n along the grain a n d across the grain respect ive ly . A select ion 
f rom t h e resu l t s is g iven in Tab le X X I V . All t h e samples excep t t h a t i nd i ca t ed 

T A B L K X X T V . — M E C H A N I O A I , P R O P E R T I E S O F S T E E L T A K E N L O N G I T U D I N A L L Y A N D 
T R A N S V E R S E L Y . 

E l a s t i c l i m i t 
Y i e l d - p o i n t 
M a x . s t r e s s 
E l o n g a t i o n ( p e r 

c e n t . ) . 
R e d u c t i o n of 

area, ( p e r c e n t . ) 
I z o d v a l u e ( f t . -

l b s . ) . 

- — -! 

Casting 

Long. 

16-4 
2 0 - 3 
3 8 - 3 

19-7 

2 5 - 8 

16-7 

Trans . 

16-3 
2 0 - 4 
3 8 - 9 

1 8 - 2 

2 3 - 6 

17 -0 

Fi r s t 
forging 

Long. 

2 0 - 2 
2 1 - 2 
3 6 - 4 

3 0 - 8 

5 7 - 4 

3 4 0 

Trans . 
I 

19-6 
2 1 - 5 
3 6 - 5 

2 9 0 

4 8 - 4 

2 7 - 3 

..._. 

1 Second 
forging 

Long. 

2 0 - 8 
2 1 - 2 
3 5 - 5 

3 3 - 4 
I ; 

5 8 - 3 

6 1 - 7 

Trans . 

2 0 - 8 
2 1 - 2 
3 5 - 6 

2 2 - 2 

2 3 - 8 

3 0 0 

Third 
forging 

Long. Trans . 

2 0 1 18 -9 
2 0 - 6 19-3 
3 6 0 3 0 - 0 

3 3 - 1 2 8 - 5 
: 

5 8 - 7 ! 4 3 - 5 

7 4 0 2 9 0 

_____ 

i Second forging 
(hardened and 

tempered ) 

Long. 

2 5 - 5 
2 5 - 7 
4 0 - 5 

2 9 - 8 

6 6 - 9 

5 9 - 0 

._ 

j T rans . 

2 5 - 3 
2 5 - 7 
4 0 - 2 

2 1 - 2 

3 8 - 2 

16 -3 

were normal ized , a n d t h e tensi le resul t s a r e expressed in t o n s per sq . in . T h e 
resu l t s show t h a t t h e va lue s for t h e elast ic l imi t , y ie ld-poin t , a n d m a x i m u m stress 
a re a lmos t un i form, t h e va lues for t h e I z o d or n o t c h e d - b a r t e s t a re different w h e n 
t a k e n long i tud ina l ly a n d t r ansverse ly , a n d t h e v a l u e for t h e n o t c h e d - b a r t e s t t a k e n 
long i tud ina l ly increases as forging progresses . T h e fa t igue s t r e n g t h s of spec imens 
taken paral le l a n d a t r i g h t angles t o t h e g ra ins do n o t show large differences, b u t 
t h e difference is i n f avour of t h e long i tud ina l m a t e r i a l ; t h u s : 
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Cas t (normal ized) . . . . 
F i r s t forg ing (normal i zed) . 
Second forging (no rma l i zed ) 
T h i r d forging ( n o r m a l i z e d ) . 
S e c o n d forging ( h a r d e n e d a n d t e m p e r e d ) 

!Longitudinal 
d r l 3 - 0 
± 1 6 - 2 
± 1 6 - 2 
± 1 6 - 0 
± 1 9 5 

Transverse 
± 1 2 - 6 
± 1 5 0 
± 1 3 - 5 
d t l 5 - 5 
± 1 7 - 0 

T. D . Yensen found t h a t for e lec t ro ly t ic i ron , m e l t e d in v a c u o , t h e l imi t s of 
p ropor t ion were 11 kgr ins . pe r sq. m m . ; t h e tens i le s t r e n g t h , 25 k g r m s . p e r sq. c m . ; 
t h e e longa t ion , 60 pe r cen t , on a 50-8 m m . tes t -p iece ; a n d t h e r educ t i on of a r e a , 85 
p e r cen t . T h e effect of c a r b o n h a s b e e n t h e sub jec t of n u m e r o u s i nves t i ga t i ons . 
J . O. Arno ld , work ing w i t h s teels c o n t a i n i n g 0-03 t o 0-08 p e r cen t , of sil icon ; 0-01 
t o 0-10, m a n g a n e s e ; 0-02, p h o s p h o r u s ; 0-01 t o 0-03, s u l p h u r ; a n d 0-02 t o 0-04, 
a l u m i n i u m , o b t a i n e d for t h e tens i le p rope r t i e s , in t o n s p e r sq . in. , of rol led b a r s , 
/? , no rma l i zed b y h e a t i n g t o 1000° a n d cooling in a i r ; a n d of b a r s annea l ed for 72 h r s . 
a t 1000°, A, a n d cooled in t h e l u t ed muffle for 100 h r s . w i t h 

C a r b o n 
!Clastic l imi t U l 

M a x . s t r e n g t h 

E l o n g a t i o n ] * 

R e d u c t i o n a r ea 

n 
"Ul 

0 0 8 
1 2 1 9 

8-82 
21-39 
18-34 
46-6 
52 7 
74-8 
76-7 

0-21 
1 7 0 8 

9-02 
25-39 
21-25 
4 2 1 
42-3 
67-8 
65-7 

0-38 
17-95 

9-55 
29-94 
2 5 0 2 
34-5 
3 5 0 
56-3 
50-6 

0-59 
19-82 
11-30 
42-82 
31-87 
19-9 
2 2 0 
22-7 
23-3 

0-89 
24-8O 
16-81 
52-4O 
36-69 
1 3 0 

4 - 5 
15-4 

4 2 

1-2O 
35-72 
1 6 1 9 
61-65 
32-87 

8-0 
6 O 
7-8 
4 -9 

1-47 p e r c e n t 
32-27 
10-08 
55-71 
22-33 

2-8 p e r c e n t 
19-0 

3 3 
17-7 

T h e annea l ed steels w i th 1-20 a n d 1-47 p e r cen t , of c a r b o n inc luded respec t ive ly 
0-28 a n d 1-14 per cen t , of g raph i t i c ca rbon . C. R . J o n e s a n d C. W . W a g g o n e r found 
t h e s t ress de fo rmat ion s h o w n in F i g . 210 ; a n d t h e m e c h a n i c a l t e s t s , expressed 

80 — — 

^ 70 

^ 60 
.S--: 

^ 50 

30 

ZO 
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0 

^ 

I ~ 
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— 
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i/ 
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F i a . 21O.—St ress -E longa t ion D i a g r a m for S tee l s w i t h Di f fe ren t P r o p o r t i o n s of C a r b o n . 

in lbs . p e r sq. in. , for s teels with. 0*14 t o 0*17 pe r cen t , of m a n g a n e s e ; 0-15 t o 0*19. 
silicon ; 0-010 t o 0-013, p h o s p h o r u s ; a n d 0-012 t o 0-014, su lphu r , as well as for 
i ron w i th 0-058, c a r b o n ; 0-071, m a n g a n e s e ; 0-008, silicon ; a n d a t r a c e of phos 
p h o r u s , w h e n t h e y were a n n e a l e d for 2 h r s . a t 1000°, a n d cooled in t h e furnace , a re : 

Carbon 
Max. s t rength . 
Breaking load . 
Elastic limit 
Elongation 
Reduction area 

0 0 5 8 
45,800 
22,800 
26,000 
2 8 0 
75-7 

0-6 
76,500 
72,750 
28,500 
2 0 0 
29-5 

0-74 
81,250 
79,600 
28,500 
1 4 0 
18-2 

0-89 
95,250 
93,100 
32,000 
13-5 
12-6 

0-98 
94,6OO 
94,600 
27,500 

8 0 
11-3 

1 1 8 
90,40O 
90,400 
25,500 

3-0 
5-96 

1-26 
84,100 
84,100 
23,500 

2 - 5 
2-38 

1-37 p e r c e n t . 
89 ,000 
89,000 
23,500 
b r o k e p e r cen t . 
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F . W . H a r b o r d g a v e for s teels , w i t h a b o u t 0-02 p e r cen t , of s u l p h u r ; 0-02, p h o s 
p h o r u s ; 0-020 t o 0-98, silicon ; a n d 0-160 t o 0-217, m a n g a n e s e , a n n e a l e d for 30 m i n s . 
a t 900°, in lbs. pe r sq. in . : 

C a r b o n 
M a x . s t r e n g t h . 
E l a s t i c l i m i t 
E l o n g a t i o n 
R e d u c t i o n a r e a 

0-13O 
48« 10O 
29,1OO 
4 5 0 
71-16 

0 1 8 O 
62,350 
35,50O 
33-5 
60-24 

0-254 
66 ,000 
38,300 
32-5 
54-84 

0-468 
72,70O 
40 ,400 
2 8 0 
46-26 

0-722 0-871 0-947 
96,780 112,900 114,700 

— — 
16-5 11-2 1OO 
25-86 16-84 15-42 

1-36 p e r c e n t . 
99 ,769 

&•& p e r c e n t . 
5-58 

H . H . Campbe l l gave for s teels w i th 0-013 t o 0-019 p e r cen t , s u l p h u r ; 0-14 t o 0-29, 
p h o s p h o r u s ; 0-012 t o 0 0 1 3 , silicon ; 0-068 t o 0-20, m a n g a n e s e , h e a t e d t o 950° 
e x c e p t in t h e l a s t case w h e r e t h e h e a t i n g w a s 1050°, a n d cooled in t h e fu rnace , in 
lbs . pe r sq . in . : 

C a r b o n 
M a x . s t r e n g t h 
E l a s t i c l i m i t 
E l o n g a t i o n 
R e d u c t i o n a r e a 

0-42 
. 64,420 

41,80O 
. 19-4 
. 44-5 

0-70 
90,50O 
39,700 
16 5 
20-5 

1 0 4 
111,50O 

46,800 
10-5 
10-9 

1-61 
96,350 
48,50O 

7-5 
6-8 

1-72 p e r c e n t 
95,000 
45,2OO 

7-5 p e r c e n t . 
6-3 

J . B a u s c b i n g e r ' s r e su l t s a r e i n d i c a t e d in T a b l e X X I V , a n d F i g . 210. T . I s h i g a k i 
a lso found t h e m a x i m u m s t ress , in k g r m s . p e r sq. cm. , increased w i th t h e p r o p o r t i o n 
of c a r b o n u p t o 0*9 pe r cen t . , a n d the rea f t e r decreased ; t h u s : 

C a r b o n . . O 0 1 0-3 0-5 0-7 0-9 1 1 1-3 p e r c e n t . 
M a x . s t r e s s . 3380 3700 5200 5750 7550 88OO 8200 7860 

H . W e d d i n g gave , in t o n s pe r sq. in . : 

C a r b o n . . 0-20 0-30 0-40 0-50 0-60 0*70 0-80 0-9O 1 0 p e r c e n t . 
Tens i l e s t r e n g t h . 26-2 30-0 3 5 0 37-1 39-6 50-8 58-0 61-2 65-4 
E l o n g a t i o n . . 26-2 19-4 19-0 18-1 16-3 8-3 5-7 7-5 6 0 p e r c e n t . 
R e d u c t i o n of a r e a 6 2 O 52-2 5 5 0 34-7 34-2 9-9 3-8 12-3 12 2 

K . J o h a n s s o n gave for t h e p e r c e n t a g e e longa t ion , E, a n d t h e tens i le s t r e n g t h , T : 

0 0 6 t o O-10 O-IO t o O-15 O-15 t o ()-22 U-22 t o u-28 p e r c e n t . 
21-6 t o 2 4 1 2 4 1 t o 26-7 26-7 t o 29-8 29-8 t o 32-4 

25 t o 30 22 t o 25 20 t o 24 2O to 22 
0-28 t o 0-22 0-33 t o 0-38 0-38 t o 0-45 0-45 t o 0-50 p e r c e n t . 
32-4 t o 35 35-5 t o 38-7 38-7 t o 4 3-2 43-2 t o 47-() 

18 t o 20 16 t o 20 15 t o 18 14 t o 16 
0-5O t o 0-55 0-55 t o O (H) 0-60 t o 0-68 0-68 t o O-75 p e r c e n t . 
4 7 0 t o 50-8 50-8 t o 54-0 54-6 t o 57-1 57-1 t o 63-5 

12 t o 15 10 t o 12 8 t o K) 5 t o 10 

C a r b o n 
E . 
T . 
C a r b o n 
K . 
T . 
C a r b o n 
JS . 
T . 

Accord ing t o E . J . H a n g , t h e effect of increas ing t h e p r o p o r t i o n of c a r b o n is t o 
inc rease t h e e las t ic l imi t a n d u l t i m a t e tens i le s t r e n g t h of s teels ; w i t h v e r y h igh 
c a r b o n s teels , t h e e las t ic l imi t is indefini te because , u n d e r load , t h e e las t ic l imi t is 
c o n t i n u o u s l y b e i n g r eached , a n d t h e smal l a m o u n t of co ld -work t h u s d o n e on t h e 
b a r forms a n e w elas t ic l imi t . As a resu l t , t h e s t ress - s t ra in c u r v e , t h o u g h c o n t i n u o u s , 
is n o t a s t r a i g h t l ine . T h e sub jec t w a s d iscussed b y E . H . W . Tafel , J . Des sen t , 
J . O. Arno ld , C. R . J o n e s a n d C. W . W a g g o n e r , a n d W . A . Scoble . M. Moser sa id 
t h a t d u r i n g e longa t ion in t h e tensi le t e s t , s teel does n o t flow un i fo rmly , b u t in zones . 
E a c h zone s t r e t ches a t first un t i l a ce r t a in degree of h a r d n e s s is a t t a i n e d a n d t h e n 
r e m a i n s n e a r l y s t a t i o n a r y w i t h t h e h a r d n e s s u n a l t e r e d u n t i l a n o t h e r zone e longa tes . 
O n l y w h e n al l t h e zones in t h e tes t -p iece h a v e been e longa ted does a fu r the r un i fo rm 
inc rease in h a r d n e s s se t i n over t h e whole e longa t ed p a r t . E . Schiiz, e t c . , s t u d i e d 
t h e r e l a t i on b e t w e e n t h e tensi le s t r e n g t h a n d h a r d n e s s (q.v.), a n d t h e y found t h a t 
t h e tens i le s t r e n g t h in genera l increased w i t h t h e p r o p o r t i o n of c o m b i n e d c a r b o n ; 
a n d M . H a m a s u m i , t h a t t h e tensi le s t r e n g t h inc reased w i t h t h e r a t e of cooling. 
A. P o m p a n d A. L i n d e n b e r g s tud i ed t h e effect of n i t r ogen i za t i on . F o r t h e e m -
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b r i t t l i n g effects of occ luded h y d r o g e n , vide infra> corros ion. J . V. MacCrae a n d 
R . XJ. Dowde l l s t ud i ed t h e effect of d e o x i d a t i o n on t h e tens i le s t r e n g t h of cas t s teel . 

C. R . J o n e s a n d C. W . W a g g o n e r a d d e d t h a t a l l t h e cu rves for m a x i m u m s t r e n g t h 
or t e n a c i t y h a v e t h e genera l form p r e d i c t e d b y H . M. H o w e f rom a cons ide ra t i on 
of t h e microscopic c o n s t i t u e n t s . H i s cu rves show a m a x i m u m a t or n e a r t h e 
eu t ec to id r a t i o for t h e i ron -ca rbon d i a g r a m . B . S t o u g h t o n h a s sugges ted t h a t t h e 
i n t i m a t e m i x t u r e of t h e c rys ta l l ine c o n s t i t u e n t s w h e n t h e steel is nea r t h e e u t e c t o i d 
r a t i o h a s t h e effect of increas ing t h e molecu la r a t t r a c t i o n be tween t h e c rys t a l s , 
t h u s ra i s ing t h e m a x i m u m s t r e n g t h of t h e m a t e r i a l ; for be low t h e eu t ec to id t h e 
pea r l i t e is s u r r o u n d e d b y a n e t w o r k of soft fer r i te , whi le a b o v e i t is s u r r o u n d e d b y a 
n e t w o r k of c e m e n t i t e , b o t h of t h e s e n e t w o r k s h a v i n g a w e a k e n i n g effect u p o n t h e 
a t t r a c t i o n b e t w e e n t h e molecules of t h e c rys ta l s . A l t h o u g h t h e e x p e r i m e n t a l 
m a x i m u m seems t o occur a t a lower p e r c e n t a g e of c a r b o n t h a n p r e d i c t e d b y 
H . M. H o w e , t h e cu rves show a s t r o n g conf i rmat ion of t h e t heo r i e s of H . M. H o w e , 
a n d B . S t o u g h t o n . T h e resu l t s i nd i ca t e t h a t p u r e i ron shou ld h a v e a tens i le s t r e n g t h 
of a b o u t 40,0OO lbs . pe r sq. in . , a n d t h a t t h e tens i le s t r e n g t h of t h e series of a n n e a l e d 
c ruc ib le s teels t e s t e d increased a b o u t 630 lbs . for each 0-01 pe r cen t , of c a r b o n u p 
t o 0*89 pe r cen t . , af ter which t h e s t r e n g t h g r a d u a l l y dec reased . T h e e las t ic- l imi t -
c a r b o n cu rves seem t o follow t h e s a m e gene ra l l aw as t h e m a x i m u m s t r e n g t h - c a r b o n 
cu rve , t h e m a x i m a for t h e cu rves p l o t t e d occur r ing a t t h e s a m e p e r c e n t a g e s of c a r b o n . 
T h e v a r i a t i o n of t h e s t resses a t t h e e las t ic l imi t , however , is m u c h less m a r k e d 
t h a n t h e v a r i a t i o n of t h e m a x i m u m s t r e n g t h s , a n d in o t h e r t e s t s t h a t t h e wr i t e r s 
i n v e s t i g a t e d t h e resu l t s were e i the r i r r egu la r or showed m o r e t h a n one cr i t ical 
po in t . T h e cu rves for t o t a l e longa t ion or duc t i l i t y , a n d r e d u c t i o n of a r e a a r e 
s imi lar ; a n d ind ica t e t h a t t h e r e is a cr i t ical p o i n t in each co r r e spond ing t o t h e 
p e r c e n t a g e of c a r b o n which gives m a x i m u m s t r e n g t h . Th i s cr i t ical p o i n t m a y 
r ep re sen t a m i n i m u m va lue or a m a r k e d change in t h e d i rec t ion of t h e cu rve . 
K. L.. D u p u y ' s resu l t s for t h e p e r c e n t a g e r e d u c t i o n of a r e a w i th t h e t e m p , a n d 
pe r cen t age of c a r b o n as va r iab les , a re s u m m a r i z e d in T1Ig. 2 1 1 . K. Greul ich r ep re-

P i a . 2 1 1 . — T h e P e r c e n t a g e of A r e a a t F m . 2 1 2 . — C o n s t i t u t i o n a n d Tens i l e 
!Different T e m p e r a t u r e s a n d w i t h J3if- S t r e n g t h of C a s t I ron , 
f e ren t P r o p o r t i o n s of C a r b o n . 

s e n t e d t h e r e l a t ion b e t w e e n t h e r e d u c t i o n of a rea , <f>, Br ineU's ha rdnes s , e longa t ion , 
or t ens i le s t r e n g t h , yy b y y=ci-\-h log <f>, whe re a a n d b a r e c o n s t a n t s . 

Accord ing t o P . B a r d e n h e u e r , a n d G. N e u m a n n , t h e fo rm a n d degree of fineness 
of t h e s e p a r a t e d g r a p h i t e a r e t h e d o m i n a n t fac tors in d e t e r m i n i n g t h e tens i le 
s t r e n g t h , b e n d i n g s t r e n g t h , a n d res i s tance t o shock of g r e y cas t i ron as cas t , as 
a n n e a l e d a t 850° , a s q u e n c h e d in oil, a n d a s q u e n c h e d a n d t h e n annea l ed a t 
600° t o 650° . T h e n a t u r e of t h e g r o u n d m a s s influences t h e ha rdnes s , b u t t h e 
h ighes t t ens i l e s t r e n g t h is o b t a i n e d w i t h t h e m i n i m u m a m o u n t of g r a p h i t e p r o v i d e d 
i t is even ly d i s t r i b u t e d t h r o u g h o u t t h e m e t a l i n fine flakes. F . B . Coyle s tud i ed 
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t h e tens i le s t r e n g t h of cas t i ron , a n d found t h a t t h e resu l t s c a n b e r e p r e s e n t e d by-
d i a g r a m , F i g . 212, w h e r e t h e d o t t e d l ines refer t o E . M a u r e r ' s d i a g r a m of t h e 
c o n s t i t u t i o n of ca s t i ron—v ide supra, F i g . 5 8 . T h e n u m b e r s i n t h e d i a g r a m a r e 
i n t e n d e d t o r ep re sen t t h e tens i le s t r e n g t h s of ca s t i rons , expressed in lbs . p e r sq . i n . , 
a n d whose compos i t ions fall i n t h e reg ions conce rned . A n a l o g o u s d i a g r a m s were 
p r e p a r e d for cas t i rons w i t h 2 p e r cen t , of n icke l , a n d w i t h 0-50 t o 0-75 p e r cen t , 
of c h r o m i u m , a n d w i t h c o m b i n a t i o n s u p t o 0*25 t o 1-25 p e r cen t , of n icke l a n d 0 2 5 
t o 0-75 p e r cen t , of c h r o m i u m . 

W . R . W e b s t e r e x a m i n e d a g r e a t n u m b e r of s teels i n t h e a t t e m p t t o find a r e l a t i on 
b e t w e e n t h e s t r e n g t h of s tee l a n d i t s chemica l compos i t i on ; a n d t h e s u b j e c t w a s 
also t a k e n u p b y H . H . Campbe l l , w h o g a v e t h e fol lowing formulae : L e t C d e n o t e 
O 0 1 p e r cen t , of c a r b o n ; P , O 0 1 p e r cen t , of p h o s p h o r u s ; M n , O 0 1 p e r c e n t , of 
m a n g a n e s e ; a n d R3 a v a r i a b l e t o d e n o t e t h e h e a t - t r e a t m e n t , t h e n , t h e u l t i m a t e 
s t ress in lbs . pe r sq. in . , for ac id s tee l w h e r e t h e c a r b o n is d e t e r m i n e d b y c o m b u s t i o n , 

T A B L E X X V . — M A N G A N E S E . 

C 
per 

cent. 

0 1 0 
0 1 5 
0-20 
0-25 
0-30 
0-35 
0-40 
0-45 
0-50 
0-55 
0-60 

0-42 
per cent. 

160 
24O 
320 
400 
48O 
560 
640 
720 
800 
88O 
960 

0-44 
per cent. 

320 
480 
640 
800 
960 

1120 
1280 
1440 
1600 
1760 
1920 

0-46 
per cent. 

480 
720 
960 

1200 
144O 
1680 
1920 
2160 
24OO 
2640 
2880 

0-48 
per cent. 

640 
960 

1280 
1600 
192O 
2240 
256O 
2880 
3200 
3520 
3840 

0-50 
per cent. 

800 
120O 
160O 
2000 
2400 
2800 
3200 
360O 
400O 
440O 
480O 

0-52 
per cent. 

960 
1440 
1920 
24OO 
2880 
3360 
3840 
4320 
48OO 
5280 
5760 

0-54 
per cent. 

1120 
168O 
2240 
280O 
336O 
3920 
448O 
5040 
5600 

j 616O 
! 676O 

0-56 
per cent. 

1280 
1920 
2560 
320O 
384O 
4480 
512O 

, 5760 
640O 
7040 
7680 

0-58 i 
per cent. 

1440 
2160 I 
2880 
3600 : 
432O j 
6040 
5760 
6480 
7200 I 
7920 i 
8640 

O GO 
per 
cent. 

1600 
2400 
320O 
4000 
480O 
5600 
640O 
720O 
8000 
880O 
9600 

is 4 0 , 0 0 0 + 1 0 0 0 C + 1 0 0 0 P + a ? M n + . R ; a n d w h e n t h e c a r b o n is d e t e r m i n e d b y colour , 
3 9 , 8 0 0 + 1 1 4 0 C + 100OP-HcMn-f-R. W h i l e for bas ic s teel , w h e r e t h e c a r b o n is 
d e t e r m i n e d b y c o m b u s t i o n , t h e u l t i m a t e s t ress is 4 1 , 5 0 0 + 7 7 0 C + 1 0 0 0 P + « / M n + i t t , 
a n d w h e r e t h e c a r b o n is d e t e r m i n e d b y colour , 4 2 , 0 0 0 + 8 2 0 C + 1 0 0 0 P + ^ M n + . f t . 
T a b l e X X V gives t h e coeff. x for ac id s teels w i t h ove r 0-4 pe r cen t . M n , a n d 
T a b l e X X V I , t h e coeff. y for bas ic s teels w i t h over 0-3 pe r cen t . Mn. A n y fo rmula 

T A B L E XXVI.—MAtrsroAisrESE. 

C 
per cent. 

0-05 
0-10 
0 1 5 
0-20 j 
0-25 ! 
0-30 ; 
0-35 ; 
0-40 

0-35 
per cent. 

550 
650 
75O 
850 
95O 

1050 
115O 
1250 

; o-4o 
per cent. 

1100 
130O 

j 15OO 
1 170O 

1900 
2100 
2300 
2500 

! O 45 
I per cent. 

1650 
1950 
225O 
2550 
2850 
3150 
3450 
3750 

I 0-50 
per cent. 

2200 
2600 
300O 
3400 
3800 
4200 
4600 
5000 

0-55 
per cent. 

2750 
3250 
375O 
4250 
4750 
5250 
5750 
626O 

0-60 
per cent. 

33OO 
390O 
45OO 
51OO 
5700 
6300 

1 6900 
7500 

expres s ing t h e r e l a t i o n b e t w e e n t h e s t r e n g t h of s teel a n d i t s chemica l compos i t i on 
can h a v e o n l y a l i m i t e d app l i ca t i on because of t h e inf luence of o t h e r v a r i a b l e con
d i t i o n i n g fac to r s ; i t is t he re fo re a s s u m e d t h a t t h e c o n d i t i o n s of m a n u f a c t u r e a r e 
s imi lar t o t hose w h i c h we re e m p l o y e d for t h e s t a n d a r d s f r o m w h i c h t h e formulae 
we re d e d u c e d . O b s e r v a t i o n s on t h e s u b j e c t were m a d e b y J . B a u s c h i n g e r , 
A . C. C u n n i n g h a m , E . D e m a n g e , V. D e s h a y e s , H . M. H o w e , J . E . H u r s t , J . B . J o h n -
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SOD, H . v o n J u p t n e r , A. K r o i t z c h , H . K . !Landis, F . C. L e a , A . I j edebur , W . N . L i p i n , 
M. M e r r i m a n , W . M i n t y , H . O'Nei l , B . O s a n n , F . O s m o n d , E . R a s c h , P . G. Sa lom, 
J . K . S m i t h , R . H . T h u r s t o n , H . W e d d i n g , a n d J . W e y r a u c h . C. D . M a t h e w s f o u n d 
t h e tens i le s t r e n g t h of g rey cas t i ron w i t h 1*5, 2-0, a n d 2-5 p e r cen t , of s i l icon t o b e 
respec t ive ly 25,600, 24,370, a n d 24,660 lbs . pe r sq. in . J . E . H u r s t d i scussed t h e 
a t t e m p t s m a d e t o show t h e r e l a t ion b e t w e e n t h e compos i t i on a n d p r o p e r t i e s of c a s t 
i ron b y formulae a n d d i a g r a m s . 

R . A . F e s s e n d e n , G. W e r t h e i m , W . S u t h e r l a n d , a n d H . T o m l i n s o n o b s e r v e d a 
r e l a t ion b e t w e e n t h e tens i le p rope r t i e s of t h e m e t a l s a n d t h e i r a t . vo l . , a n d 
W . C. R o b e r t s - A u s t e n s h o w e d t h a t e x c e p t in cases w h e r e chemica l c o m b i n a t i o n 
occurs , t h e i n t r o d u c t i o n of a t o m s of e l e m e n t s w i t h a sma l l a t . vo l . ra ises t h e tens i le 
s t r e n g t h of a m e t a l . R . A. F e s s e n d e n ' s r e l a t i on is Tensi le s t r e n g t h — 0 - 5 2 8 0 2 V u - 4 / 3 , 
w h e r e Tm d eno t e s t h e m . p . of t h e m e t a l on t h e a b s o l u t e scale, a n d v t h e a t . v o l . — 
vide 1 . 13, 17. 

J . O. A r n o l d a n d A. McWi l l i am r e p r e s e n t e d t h e effect of t h e c o n s t i t u t i o n of 
s teel , on t h e tens i le p rope r t i e s , b y d i a g r a m s a n a l o g o u s t o t h o s e of F i g . 2 1 3 . T h e 
first stage, I , F ig . 213 , c o n t a i n s sorb i t i c pea r l i t e a s soc ia ted w i t h emulsified ce rnen t i t e , 
and i t is v e r y d a r k o n e t c h i n g ; t h e m a x i m u m tens i le s t r e n g t h is a b o u t 70 t o n s p e r 
.sq. in . , a n d t h e e longa t ion on 2 ins . is a b o u t 10 p e r c e n t . T h e second stage, I I , 
F ig . 213 , c o n t a i n s pea r l i t e w i t h semi - segrega ted ce rnen t i t e , a n d i t is d a r k on e t c h i n g ; 

F j o . 2 1 3 . — S t a g e s in t h e F o r m a t i o n a n d D i s r u p t i o n of P e a r l i t e . 

t h e m a x i m u m tensi le s t r e n g t h is a b o u t 55 t o n s p e r sq. in . , a n d t h e e longa t ion on 2 ins . 
is a b o u t 15 p e r cen t . T h e third stage c o n t a i n s l a m i n a t e d p e a r l i t e w i t h c o m p l e t e l y 
seg rega ted cernent i te , a n d i t exh ib i t s a gorgeous p l a y of co lours w h e n l i gh t ly 
e t c h e d ; t h e m a x i m u m tens i le s t r e n g t h is a b o u t 35 t o n s p e r sq . in . , a n d t h e e longa
t i o n on 2 ins . is a b o u t 5 p e r cen t . T h e fourth stage h a s l a m i n a t e d pea r l i t e pas s ing 
i n t o m a s s i v e ce rnen t i t e a n d ferr i te ; t h e m a x i m u m tens i le s t r e n g t h is a b o u t 30 t o n s 
p e r sq. in . T h e different s t ages m a y s o m e t i m e s b e obse rved in j u x t a p o s i t i o n on 
one piece. R . H u g u e s , H . Meyer a n d W . Wesse l ing , a n d S. S. S t e i n b e r g d i scussed 
t h e effect of h e a t - t r e a t m e n t on t h e m e c h a n i c a l p r o p e r t i e s . 

O. B a u e r a n d W . Schne ide r sa id t h a t t h e b r e a k i n g s t ress of e lec t ro ly t ic i ron is 
n o t affected b y q u e n c h i n g f rom 650° t o 1258° in iced w a t e r . H . H a n e m a n n m e a s u r e d 
t h e tens i le s t r e n g t h , in k g r m s . p e r sq . m m . , of some h y p e r e u t e c t o i d a l s teels q u e n c h e d 
f rom different t e m p . , a n d o b t a i n e d t h e r e s u l t s i n d i c a t e d i n T a b l e X X V I I . T h e 

T A B L E X X V I I . — T H E EJFB1ECT OJ? Q U E N C H I N G T E M P E R A T U R E O N T H E T E N S I L E 
S T R E N G T H O P H Y P E R E U T E C T O I D A L S T E E L S . 

Carbon 
(per cent.) 

0-90 
1 1 5 
1-22 
1-33 
1-45 
1-56 

750° 

44-95 
53-Gl 

1 

; 

800° 

29-61 
52-75 
4 8 0 2 
51-43 
01-42 
61-28 

850° 

17-07 
43-73 
47-88 
54-38 
61-72 
48-87 

900° 

14-42 
35-78 
50-71 
54-63 
60-91 
5 1 1 8 

950° 

1 0 0 7 
21-51 
37-77 
41-23 
42-66 
55-40 

1000° 

6-37 
16-82 
24-92 
30-22 
38-88 
5 2 1 9 

1050° 

—-

17-17 
2 0 0 3 
29-41 
49-28 

1075° 

42-45 
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resul ts show t h a t for each steel t h e r e is a q u e n c h i n g t e m p , which g ives t h e 
s t ronges t m e t a l ; t h i s t e m p e r a t u r e rises w i t h t h e c a r b o n - c o n t e n t , b u t w h e n i t 
is exceeded, t h e s t r e n g t h of t h e m e t a l is i m p a i r e d . T h e g r e a t e s t s t r e n g t h w a s 
ob ta ined b y quench ing in a lead-zinc b a t h a t 300° . T e m p e r i n g a t 350° y ie lded a 
steel wi th a m a x i m u m tensi le s t r eng th , a n d t h i s agrees w i t h E . H e y n a n d O. B a u e r ' s 
obse rva t ion t h a t a steel h e a t e d t o 900° a n d q u e n c h e d a t 14° t o 18°, gives a m a x i m u m 
solubi l i ty w h e n t e m p e r e d a t 900°. I t is the re fore sugges t ed t h a t t h e o s m o n d i t e 
s t r u c t u r e gives t h e m a x i m u m tensi le s t r e n g t h . A. J u n g conc luded f rom his obser
v a t i o n s on t h e influence of h e a t - t r e a t m e n t on t h e t e n a c i t y a n d m i c r o s t r u c t u r e of 
hype reu t ec to ida l steels : (i) T h e t e m p , t o b e e m p l o y e d in h a r d e n i n g h y p e r e u t e c t o i d 
steels a re res t r i c ted t o a definite r ange , wh ich is lower a n d n a r r o w e r t h e smal le r t h e 
ca rbon con ten t . (ii) T h e u l t i m a t e s t r e n g t h increases t o a m a x i m u m for a g i v e n 
ca rbon c o n t e n t as t h e t e m p , of q u e n c h i n g falls. (iii) F o r e q u a l q u e n c h i n g t e m p . , 
t h e u l t i m a t e s t r e n g t h increases w i t h t h e c a r b o n c o n t e n t . (iv) T h e s a m e q u e n c h i n g 
t e m p , should be used for different m e d i a . (v) T h e g r e a t e s t s t r e n g t h is a t t a i n e d b y 
quench ing in w a t e r a n d t h e n t e m p e r i n g a t 350°. (vi) B y q u e n c h i n g in w a t e r a n d 
t empe r ing , a c o m p a r a t i v e l y b r i t t l e m a t e r i a l , w i t h h igh t e n a c i t y , is o b t a i n e d ; 
while b y quench ing in a m e d i u m a t t h e s a m e t e m p , as t h a t e m p l o y e d for t e m p e r i n g , 
a lower t e n a c i t y a n d g r ea t e r t o u g h n e s s is o b t a i n e d . (vii) Different fo rms of h e a t -
t r e a t m e n t c a n n o t b e m a d e t o p r o d u c e iden t i ca l r esu l t s ; i d e n t i t y of r e su l t s c a n be 
o b t a i n e d on ly for a n y one p r o p e r t y of s teel . (viii) T h e mechan ica l p r o p e r t i e s 
d e p e n d on t h e s t a t e of t h e ca rbon a n d also on t h e s t r u c t u r e of t h e m e t a l . (ix) A 
m a r t e n s i t i c s t r u c t u r e gives t h e g rea t e s t h a r d n e s s , a t roos to - sorb i t i c s t r u c t u r e g ives 
t h e g rea t e s t t e n a c i t y , whi le a pear l i t ic s t r u c t u r e gives t h e g r e a t e longa t ion . (x) It-
w a s n o t possible t o d e t e c t a n y cons i s ten t influence of t h e c a r b o n c o n t e n t on t h e 
mechan ica l p roper t i e s of t h e spec imens u n d e r t h e cond i t ions e m p l o y e d . T h e 
sub jec t was discussed b y L . F a u r e , M. K u r o d a , and A. P o m p a n d A. L i n d e n b e r g . 

H . H a n e m a n n a n d R . K u l m e l s tud i ed t h e h y p o e u t e c t o i d a l s teels , h a r d e n e d b y 
quench ing a t 950°, a n d t h e n t e m p e r e d 2 h r s . in w a t e r a t 100° ; 1 h r . i n r a p e oil a t 
200° ; 40 mins . in a b a t h of sod ium a n d p o t a s s i u m n i t r a t e s a t 300°, 400°, a n d 500° . 
T h e resu l t s are summar ized in Tab le X X V I l T . The tens i le s t r e n g t h is expressed 

T A TJTJ K X X V I J I . T H E KKKKOT OK Q U K N C H I N C A N O S i r U S l C Q U K N T T-K MlMd KI .N U O N 
J i V POIdIJTIdCTOl O A l , STJdKJjS. 

R e d . 
p e r 

cent. 

7 5 0 
75-0 
47-5 
6 8 1 
36-4 
24-3 
17-2 

5-9 
15-4 

* 

T e n s i l e 

47-8 
45-8 

102-9 
73-5 

111-2 
111-6 
153-6 
149-O 
147-2 

4 OCT 

K I o n K. 
p e r 

c e n t . 

12-O 
12-4 
1 1 0 
11-2 
io-o 
I O O 

7 O 
5-8 
6 -3 

J U H J . 
p e r 

e o n t . 

75-0 
7 5 0 
51-0 
63-2 
48-2 
36 O 
36 0 
3 6 0 
3 6 0 

i n k g r m s . p e r sq. m m . F o r t h e 0-34 p e r cen t , c a r b o n steel a n n e a l e d a t 500° af te r 
q u e n c h i n g in w a t e r , t h e n u m b e r s were respec t ive ly 79-9, 15-0, a n d 51-0, a n d af te r 
q u e n c h i n g i n w a t e r , 80-1 , 15-0, a n d 51-0 ; for t h e 0-65 pe r cen t , c a r b o n s teel 
q u e n c h e d in oil, 84-7, 10-0, a n d 51-0 ; a n d q u e n c h e d in oil, 84-7, 9-5, a n d 51-0. 
GL W e l t e r found t h a t t h e mechan ica l p rope r t i e s v a r y 10 p e r cen t , b y cooling 
u n d e r different cond i t ions . 

T h e h ighes t , lowest , a n d ave rage tens i le s t r e n g t h of cas t i r on g iven were respec-

C a r b o n ' 
p e r 

c e n t . 

0-05-J 

0-20^ 

0-34 j \ 
0-5O 
0-6s[ 

LJuenehe d 
in 

O i l 
W a t e r 

O i l 
W a t e r 

O i l 
W a t e r 
W a t e r 

O i l 

Water 

I " 
T e n 
s i le 

57-9 
56d 

146-7: 
103-5 J 
168-6 
148-2 
174-3 
1 7 0 0 I 
136-7 

KIi »n«. 
p e r 

c e n t . 

H O 
11-5 

2 5 
9-O 
3 0 
5-6 
OO 
OO 
0 0 

J te i l . 
PIT 

c e n t . 

63-2 
63-2 

9-8 
5 1 0 
11-6 
15-4 

0 0 
(>-0 
0 0 

T e n s i l e 

44-8 
43 O 

143 3 
9 0 O 

155-6 
143-6 
188-8 
174-2 
185-8 

i>oo" 

KloiiK. 
p e r 

c e n t . 

11-7 
11-85 

5 0 
10-5 

6 0 
7-1 
1-5 
0 0 
1 0 

:iou ' 

l i e d . 
p e r 

e e n t . 

75-O 
7 5 0 
36-O 
55-O 
27-5 
21-7 

OO 
OO 
4 0 

T e n s i l e 

48-8 
43-7 

122-4 
82-9 

134-4 
134-2 
176-6 
189-2 
164-5 

Khmj/ . 
p e r 

e o n t . 

11-5 
12-2 

8-0 
10-7 

8-5 
9-8 
4 - 5 
2 -3 
4 -0 
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t i ve ly 9-08, 5-09, 7-19 t o n s pe r sq. in . ; b y E . Hodgk i i i son a n d W . F a i r b a i r n , 10-5, 
4-9, a n d 6-83 t o n s p e r sq . i n . ; b y W . W a d e , 20-5, 4-2, a n d 9-1 t o n s p e r sq . in . ; b y 
T . T u r n e r , 15-7, 4-75, a n d 10-22 t o n s pe r sq. in . ; b y W . C. U n w i n , 17-3, 14-9, a n d 
15-7 t o n s p e r sq . in . ; a n d b y E . A d a n i s o n , 13-74, 15-62, a n d 14-8 t o n s p e r sq . i n . 
E . A d a m s o n ' s resu l t s show t h a t w i t h t o t a l c a r b o n 3-56 t o 3-57 ; g r a p h i t i c c a r b o n , 
2-98 t o 3-04 ; c o m b i n e d c a r b o n , 0-54 t o 0-59 ; silicon, 1-46 t o 2-0O ; su lphur , 0 0 7 2 t o 
0-11 ; p h o s p h o r u s 0-59 t o 1*20 ; a n d m a n g a n e s e 0-65 t o 0-90, cons iderab le v a r i a t i o n s 
in t h e p h o s p h o r u s , si l icon, a n d m a n g a n e s e m a k e s v e r y l i t t l e difference t o t h e r e su l t s . 
T h e e las t ic l imi t va r i e s w i t h t h e p r o p o r t i o n of c o m b i n e d c a r b o n ; if all t h e c a r b o n 
is i n t h e c o m b i n e d s t a t e , t h e r a n g e of p r o p o r t i o n a l i t y e x t e n d s u p t o t h e p o i n t of 
f r ac tu re e v e n w h e n a pea r l i t i c m a t r i x is p r e s e n t . If t h e i ron c o n t a i n s a smal l m a t r i x 
of fer r i te w h e n t h e c a r b o n is whol ly g r a p h i t i c , t h e r e is so low a n e las t ic l im i t t h a t 
some—e .g . I . N . Hollis— say t h a t t h e m a t e r i a l h a s n o well-defined m o d u l u s of 
e l a s t i c i ty , or e las t ic l imi t . T h e y i e ld -po in t of c o m m e r c i a l ca s t i ron also coincides 
w i t h r u p t u r e , so t h a t t h e e longa t ion a n d r e d u c t i o n of a r e a a r e negl ig ib ly smal l . 
G. A. A k e r l i n d g a v e 40 ,000 t o 50 ,000 lbs . p e r sq. in . for t h e tens i le s t r e n g t h of 
ma l l eab l e c a s t i ron a n d 1 t o 6 pe r cen t , for t h e e longa t ion , a n d 0-75 t o 3-0 pe r cen t , 
for t h e r e d u c t i o n of a r e a . H e n c e , ca s t i ron is a b o u t half a s s t r o n g as t h e ma l l eab le . 
O b s e r v a t i o n s on t h e e las t ic p r o p e r t i e s of ca s t i ron were m a d e b y F . B . CoyIe, 
J . T . Mackenz ie , A. T h u m a n d 11. U d e , W . R . N e e d h a m , J . 13. K o m i n c r s , 
E . J . L o w r y , J . E . H u r s t , K . E m m e l , B . O s a n n , a n d O. Smal l ey . C F r e m o n t sa id 
t h a t t h e e las t ic l imi t of c a s t i rons is f rom one-fifth t o three-f i f ths of t h a t of s teel ; 
a n d t h e e las t ic l imi t occu r red w i t h 0-45 t o 0-80 pe r cen t , of t h e u l t i m a t e load . 
A c c o r d i n g t o A. T h u m a n d H . U d e some of t h e m o d e r n cas t i rons h a v e a tens i le 
s t r e n g t h of 30 k g r m s . p e r sq . m m . w h e r e 18 t o 20 k g r m s . p e r sq . m m . w a s former ly 
t h o u g h t t o b e v e r y good. H . A. S c h w a r t z d iscussed t h e tens i le s t r e n g t h of mal leable 
c a s t i ron . W . O. U n w i n g a v e 19-8 t o n s pe r sq. in . for t h e h ighes t a n d 12-8 t o n s per 
sq. in . for t h e 1O1WeSt t ens i l e s t r e n g t h of mal leab le eas t i ron. W . IT. Hat f ie ld gave 
for t h e m a x i m u m s t ress of E u r o p e a n or R e a u m u r ' s mal leab le cas t i ron 19-78 t o 
27-07 t o n s pe r sq. in . , 3-5 t o 6-0 per cen t , e longa t ion in 2 ins . ; a n d 3-5 t o 6-0 per cen t . 
r educ t ion in a r ea ; a n d for t h e A m e r i c a n , or b l a c k h e a r t , mal leab le eas t i ron, 19-41 
t o 22-85 t o n s p e r sq . in . for t h e m a x i m u m s t ress , lO-O t o I-1-0 pe r cen t , e longa t ion 
in 3 ins . , a n d 7-7 t o 17-5 pe r cen t , r e d u c t i o n in nrea . I I . H a n e m a n n found t h a t 
w i th g r a p h i t e p r e s e n t a s coarse g ra ins , t h e tensi le s t r e n g t h of cas t i ron was IO t o 
14 k g r m s . p e r sq. m m . , a n d w i t h t h e g r a p h i t e in fine g ra ins , 2O t o 21 k g r m s . pe r sq . 
m m . M a n y o b s e r v a t i o n s h a v e been m a d e on t h e influence of t h e s epa ra t ion of 
g r a p h i t e on t h e m e c h a n i c a l p r o p e r t i e s of ca s t i ron—e.g. b y A. G. Ashcrof t , P . B a r d e n -
h e u e r a n d K . L . Zeyen , O. B a u e r , J . W . B o l t o n , K . E m m e l , C. Gilles, V. H e n n i o g , 
E . J u n g s t , P . K le ibe r , T . K i ingens t e in , A. E . Macrae , E . Maure r , A. E . Oute r -
b r idge , E . P i w o w a r s k y , H . Rol le , P . A. Russe l l , J . Seigle, K . S ipp , A. E . M. Smi th , 
R . S t o t z , A . T h u m a n d H . U d e , O. W e d e m e y e r , T . D . W e s t , F . Wiis t a n d co-workers , 
a n d A . Zenges—v ide supra, g r a p h i t i z a t i o n . A. T h u m a n d H . U d e sugges ted t h a t 
s t r u c t u r a l l y c a s t i r o n c a n b e r e g a r d e d as a " n o t c h e d steel " because t h e ca rbon 
flakes p r o d u c e m i n u t e n o t c h e s a n d so lower t h e m e c h a n i c a l p rope r t i e s of t h e m e t a l . 

P . Goe rens o b s e r v e d t h e effect of t e m p e r i n g a n d annea l i ng on cold-worked i ron 
w i t h 0-080 p e r cen t , of c a r b o n ; 0-39, M n ; 0-008, Si ; 0-056, S ; a n d 0 0 5 9 , P . 
T h e r e s u l t s a r e s u m m a r i z e d i n F i g . 214. T e m p e r i n g a t 100° gives a percep t ib le 
resu l t , a n d n e a r 520° t h e r e is a n a b r u p t c h a n g e f rom a b o u t 45 k g r m s . pe r sq. m m . 
t o 40 k g r m s . p e r sq . m m . a t 600°, wh ich is a b o u t t h e n o r m a l v a l u e . T h e e longa t ion 
a n d r e d u c t i o n of a r e a b e h a v e in a c o r r e s p o n d i n g w a y . Obse rva t ions were m a d e 
b y P . F . L e e a n d co -worke r s , H . E . P u b l o w a n d co-workers , a n d F . G. Sefing 
a n d M. Sur l s . T h e effect of t h e d u r a t i o n of t h e a n n e a l i n g is s u m m a r i z e d in 
F i g . 2 1 5 . J . O r l a n d s t u d i e d t h e influence of pea r l i za t ion be low t h e Ar x - a r re s t on 
t h e m e c h a n i c a l p r o p e r t i e s . P . Laidwik found for c a s t i ron annea l ed a t 900°, a n d 
c a s t a teel a n n e a l e d a t 700°, a n d t e s t e d a t t h e following t emp . - - - t he u l t i m a t e 
s t r e n g t h is exp res sed in k g r m s . pe r sq. m m . : 
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J S t r e n g t h 
Iron< Klonga t ion . 

( R e d u c t i o n . 

i S t r e n g t h 
Steel < E l o n g a t i o n . 

I R e d u c t i o n . 

2 0 ° 

42-5 
2 1 
6 8 

2 O " 

53-5 
16 
6 3 

2 2 5 ° 
4 5 0 

4 
5 7 

25()° 
60-2 

5 
4 3 

3 3 5 ° 
4 5 0 
1 8 
6 1 

3 3 0 ° 
57-6 

9 
5 4 

407° 
3 4 0 
2 1 
6 8 

4 1 2 ° 

55 O 
19 
5 5 

617° 
13-8 
4 5 
9 5 

485° 

34-7 
2 0 
6 2 

8 0 7 ° 
3-8 

3 9 
8 9 

« 1 7 ° 
2 2 0 
3 2 
BO 

8 3 5 ° 
3-6 

— 
88 p e r c e n t 

722° 

10-7 
3 5 
63 p e r c e n t 

F . O. Lea a n d O. H . Crowther obse rved a m a x i m u m in t h e tensi le s t r e n g t h , 
a n d yie ld-point of i ron a t 300° ; a n d F . C. L e a obse rved a m a x i m u m in t h e tens i le 
s t r eng th of arnico i ron a t a b o u t 230°, a m i n i m u m in t h e e longa t ion a t a b o u t 100°, 
a n d a m a x i m u m a t 350°. T h e elast ic l imi t in t ens ion h a d a m i n i m u m a t 230°. 
H . J . Tapsel l a n d W . J . Clenshaw o b t a i n e d sim: *r resu l t s . E . L . D u p u y found a 
m a x i m u m in t h e tensi le s t r e n g t h a n d a m i n i m u m in t h e r e d u c t i o n of a r ea a t 250° 
in a, 0-15 per cent , c a rbon steel r ising t o 330° in a 0-91 a n d 12-5 per cen t , c a r b o n 
steel, in which t w o t h e m i n i m u m in t h e r educ t ion a rea w a s n o t pe rcep t ib l e . 
F . A. E p p s a n d E . O. J o n e s observed a m i n i m u m in t h e e longa t ion of w r o u g h t i ron 
be tween 100° a n d 150° ; a n d A. S a u v e u r a n d D . C Lee , a m i n i m u m in t h e s t r e n g t h 

0° 200° 400° 600° 800^ /000" 
A/7/?eal//7g- temperature 

T1IO. 2 1 4 . E f f e c t of T e m p e r a t u r e 
of A n n e a l i n g : o n t h e T e n s i l e P r o 
p e r t i e s of C o l c l - d r a w n W i r e . 

0 (2%) S /5 25 35 45 /?rs. 
d/ynedLl/xg- period 

E i G . 2 1 5 . E f f e c t of T e m p e r a t u r e 
a n d T i m e of A n n e a l i n g o n t h e 
T e n s i l e P r o p e r t i e s of C o l d - d r a w n 
W i r e . 

of steel . A. Gofltey a n d F . C. T h o m p s o n observed changes a t 70°, 120°, 170°, 230°, 
290°, 310°, a n d 350°, a n d w i t h steels, in add i t i on , a n d a t 90°, 190°. T h e m e a n i n g 
of t h e s ingulari t ies is u n k n o w n — v i d e supra. 

W . Ei lender found t h a t t h e changes p r o d u c e d b y t h e ageing of q u e n c h e d 
steel , con ta in ing 0-032 pe r cent , of n i t rogen , a re v e r y r e m a r k a b l e . T h u s , t h e 
tens i le s t r eng th s af ter quench ing from 680°, a n d after age ing for 14 d a y s a t 
20°, were , respect ively , 39-1 a n d 44-8 k g r m s . pe r sq. m m . , whi l s t t h e co r respond ing 
e longa t ions were 33-0 a n d 2-7 pe r cent . , a n d t h e r educ t ions of a rea 61-0 a n d 2-5 
p e r cen t . 

I n 1863, K . Styffe found t h a t t h e s t r e n g t h of i ron a n d steel is n o t d imin i shed b y 
cooling t o —40° ; a n d C. P a r d u n a n d E . V ie rhaus obse rved no loss in t h e mechan ica l 
p rope r t i e s of cas t i ron occurred b y cooling i t t o low t e m p . , b u t a change occur red 
w h e n t h e t e m p , d r o p p e d t o •—80°. T h e cause of t h e al leged br i t t l eness of ca s t i ron 
in win te r is due t o sh r inkage stresses, or, in t h e case of p ipe sys t ems , t o t h e ac t ion 
of t h e frozen e a r t h in which t h e y a re e m b e d d e d . I n 1886, T . A n d r e w s i n v e s t i g a t e d 
t h e effect of cooling d o w n t o —45°, on t h e s t r e n g t h of r a i lway axles , a n d found t h e 
m e t a l was m o r e b r i t t l e a t t hese low t e m p . F . S te iner also obse rved w h a t h e called 
*' c rys ta l l ine b r i t t l eness *' a t —50°. M. Rudeloff found t h a t t h e cooling of weld 
i ron t o —20° d id n o t m a r k e d l y affect i t s t oughnes s , b u t ingo t m e t a l b e c a m e b r i t t l e ; 
cooling t o —80° caused b o t h t he se m e t a l s t o become b r i t t l e . Crucible s teel b e c a m e 
v e r y b r i t t l e a t —80°, b u t a t —20° was n o t m u c h affected. Bas i c bessemer s teel 
w a s m o r e affected b y cooling t h a n o p e n - h e a r t h s teel . T h e b e n d i n g c a p a c i t y w a s 
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r e d u c e d f rom 1OO t o 8 5 i n t h e l a t t e r case, a n d f rom 1OO t o 81 i n t h e fo rmer case . 
J. D e w a r showed t h a t a t —280° , i ron h a s doub le t h e t ens i l e s t r e n g t h i t possessed 
a t 15°. A soft s teel wire of 0-098 in . d i a m e t e r a t 15° b r o k e w i t h a s t ress of 420 lbs . , 
a n d a t —182° , w i t h 700 lbs . ; whi le a n i ron wi re b r o k e a t 15° w i t h 320 lbs . , a n d a t 
—182° , w i t h 670 lbs . O b s e r v a t i o n s were also m a d e b y C. Schafer , F . S a u e r w a l d 
a n d K . A . P o h l e , W . H . J o h n s o n , T. M a t s u d a , a n d J . R . B e n t o n . R . A. Hadf i e ld 
found t h a t low t e m p , in t h e v ic in i ty of —182° inc reased t h e t e n a c i t y or b r e a k i n g 
l oad of i ron a n d i ron a l loys ; t h e duc t i l i t y a s m e a s u r e d b y t h e e longa t ion is r e d u c e d 
f rom 30 t o 40 pe r cen t , w i t h mi ld s teel , t o p r ac t i ca l l y nil. T h e s a m e changes occur 
w i t h t h e softest w r o u g h t i ron , a s w i t h s teels w i t h 0*10 t o 1-50 p e r cen t , of c a r b o n , 
so t h a t t h e p resence or ab sence of c a r b o n h a s v e r y l i t t l e inf luence. P ieces of m i l d 
s teel i m m e d i a t e l y a f te r i m m e r s i o n , b r e a k i n s t a n t l y w h e n s t r u c k -with a h a m m e r , 
a n d t h e r e is a n e n t i r e absence of d u c t i l i t y . T h u s , a s a m p l e of s tee l w i t h 0 0 4 5 p e r 
c en t , c a r b o n ; 0-07, silicon ; 0-005, s u l p h u r ; 0-004, p h o s p h o r u s ; a t r a c e of m a n 
ganese ; a n d 99-82, i ron , g a v e : 

18° — 8 0 ° - H ) O " — 1 0 3 ° — 2 7 3 ° 
T e n a c i t y 2O 27 3O 44 (70) t o n s p e r sq . i n . 

A s i m i l a r s a m p l e w i t h 2 1 t o n s p e r s q . i n . t e n a c i t y a n d 2 5 p e r c e n t , e l o n g a t i o n g a v e 
a t — 1 8 2 ° a t e n a c i t y of 5 4 t o n s p e r s q . i n . , a n d e l o n g a t i o n nil. T h e p r e s e n c e of 
n i c k e l -was f o u n d t o c o u n t e r a c t t h e t e n d e n c y of i r o n t o b e c o m e b r i t t l e a t t h e s e l o w 
t e m p . R . A . H a d f i e l d a l s o o b s e r v e d t h a t -with S w e d i s h i r o n h a v i n g 0 - 0 4 5 p e r c e n t , 
of c a r b o n , t h e t e n s i l e s t r e n g t h i n t o n s p e r s q . i n . a n d t h e p e r c e n t a g e r e d u c t i o n of 
a r e a w e r e f o r t h e a n n e a l e d m e t a l r e s p e c t i v e l y 4 4 - 0 a n d 0 -0 a t — 1 8 5 ° , a n d 18-5 a n d 
75-O a t 1 8 ° ; w h i l s t f o r t h e q u e n c h e d m e t a l , t h e s e v a l u e s w e r e r e s p e c t i v e l y 5 4 - 0 
a n d O-O a t — 1 8 5 ° , a n d 2 0 - 5 a n d 72-O a t 1 8 ° . O . R e i n h o l d g a v e f o r t h e t e n s i l e 
s t r e n g t h i n k g r m s . p e r s q . m m . , a n d f o r t h e p e r c e n t a g e r e d u c t i o n of a r e a , of soft 
i r o n w i t h 0 -04 p e r c e n t , of c a r b o n : 

— 70° 2O" 3 2 0 ° 40O" 4(10 T.liO" 5 9 0 " 02O ' 
TensiJo s t r e n g t h . 48-O 42-6 58-7 4 2 0 33-2 20-3 10-2 13-7 
R e d u c t i o n a r e a . 70-0 73-O OS-O 74-Ci 80-3 86-5 IKi-O 95-8 p e r cen t . 

T h e q u e s t i o n h a s b e e n r a i s e d w h e t h e r i r o n w h i c h h a s b e e n e x p o s e d t o a l o w t e m p . 
i s a f t e r w a r d s m o r e b r i t t l e t h a n b e f o r e t h e e x p o s u r e . A . v o n F r a n k s a i d t h a t t h e r e 
i s n o e v i d e n c e of a n y c h a n g e i n m e t a l -which h a s b e e n e x p o s e d t o t h e t e m p , of a 
E u r o p e a n -win te r i n m o u n t a i n o u s d i s t r i c t s , -—22° t o - - -25° ; o r t o a n A r c t i c w i n t e r . 
E . B e r n a r d o n f o u n d t h a t t h e t e s t - p i e c e s e x p o s e d t o g r e a t c o l d s h o w e d n o m a r k e d 
d i f f e r e n c e w h e n t e s t e d a t o r d i n a r y t e m p . F . S t e i n e r , a n d I I . G o l l n e r o b s e r v e d 
n o a p p a r e n t a l t e r a t i o n i n t h e b e n d i n g t e s t s of w r o u g h t i r o n , a n n e a l e d c a s t i r o n 
a n d s t e e l w h i c h h a d b e e n c o o l e d t o — 5 0 ° , a n d t h e n r e t u r n e d t o t h e o r i g i n a l t e m p , 
of t h e r o o m ; a n d Gr. M e h r t e n s , n o p e r m a n e n t d e t e r i o r a t i o n i n t h e m e t a l of a 
p r o l o n g e d e x p o s u r e a t a b o u t — 8 8 ° . 

T l i e t e r m shor tness is o f t en u s e d s y n o n y m o u s l y w i t h brittleness—e.g. i n t h e c e r a m i c 
i n d u s t r i e s a s h o r t c l a y is o n e w i t h a low p l a s t i c i t y a n d in c o n s e q u e n c e w i t h a t e n d e n c y t o 
r u p t u r e ; a n d i n t h e m e t a l l u r g i c a l i n d u s t r i e s t h e t e r m is a p p l i e d t o a m e t a l w i t h a t e n d e n c y 
t o r u p t u r e u n d e r s h o c k o r s t r e s s , p a r t i c u l a r l y w h e n t h e s t r e s s is s u d d e n l y app l i ed , a n d w h e n 
t h e m e t a l b r e a k s w i t h o u t m u c h e l o n g a t i o n o r r e d u c t i o n of a r e a . S h o r t n e s s is t h e o p p o s i t e 
t o t o u g h n e s s ( n o t h a r d n e s s ) . If t h e m e t a l is b r i t t l e w h e n h o t , i t is s a id t o e x h i b i t red-shor t -
ness o r ho t - shor tness ; w h e n co ld , cold-shortness ; a n d w h e n a t a b l u e t e m p e r h e a t , a b o u t 
300°, blue-Shortness . T h e e v o l u t i o n of t h e s e a p p a r e n t l y s i m p l e t e r m s is cu r ious . I n a n 
e a r l y t r a n s l a t i o n of P l i n y ' s Historic ruiturcdis, b y P . H o l l a n d , i n 1610, t h e t e r m coUtxr is 
u s e d for c o l d - s h o r t n e s s ; i n 1637, P . V e r n a t t a n d T . W h i t m o r e s p o k e of colshire o r coleshtre 
i r o n ; i n 1665, D . D u d l e y ca l l ed i t coldshare i r o n ; i n 1677, A . Y a r r a n t o n used t h e t e r m 
coldshore ; a n d " r e d - s h o r t " a n d " co ld - sho r t " o c c u r i n a t r a c t , Beware of Bubbles, by 
J . M o x o n , d e a l i n g w i t h W . W o o d ' s p a t e n t for t h e m a n u f a c t u r e of i ron , a n d p u b l i s h e d a b o u t 
1828. F o r r e d - h a r d n e s s , vide infra, t u n g s t e n - s t e e l s . JL. A i t ch i son d iscussed t h e difficulties 
w h i c h a t t e n d t h e fo r rmi l a t i on of a def in i t ion of b r i t t l e n e s s . 
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F. Sauerwald a n d co-workers said t h a t t h e b r i t t l eness of ct-iron a t t h e t e m p , of 
l iquid air , —155°, is a consequence of t h e t e n d e n c y of t h e c rys t a l t o sp l i t a long t h e 
c rys ta l planes. W i t h a sys t em of t w o crys ta l l ine phases , t h e l imi t for b r i t t l eness 
c an be raised from —155° t o —98° t o —90° . T h e b r i t t l eness—cold- shor tness— 
which develops in some al loy steels was a t t r i b u t e d b y H . H i i t t e n h a i n t o t h e sepa ra 
t ion of g raph i t e consequen t on t h e m e t a s t a b l e i r o n : i ron carb ide s y s t e m be ing 
resolved in to t h e s tab le i ron : ca rbon sys tem—v ide t h e ac t ion of su lphu r on i ron . 
H . H . Les te r inves t iga ted t h e b r i t t l e r ange of some chromium-n icke l s teels . 

A pecul iar br i t t leness is exhib i ted b y i ron b e t w e e n 200° a n d 400°, so t h a t defor
ma t ion , such as bending , wi th in th i s r ange of t e m p , causes t h e m e t a l t o become 
more br i t t l e after cooling t o room t e m p , t h a n would occur w i t h a s imi la r a m o u n t 
of deformat ion a t room t e m p . T h e t e m p e r colour of i ron in t h i s r a n g e of t e m p . 
is bluish, so t h a t t h e range of t e m p , is called blue-heat, a n d t h e b r i t t l eness , blue-brittle-
'iiess or blue-shortness. E a r l y r epo r t s on t h e u l t i m a t e s t r e n g t h of i ron w h e n h e a t e d 
showed t h a t a m a x i m u m s t r eng th was o b t a i n e d a t a b o u t 260°, a n d f rom t h e r e u p 
t o over f)00° t h e s t r eng th g radua l ly decreased. I n 1828, J . L . F r e m e r y a n d P . S t . Br ice 
observed t h a t a spec imen of w r o u g h t i ron, wi th a tensi le s t r e n g t h of 43*4: k g r m s . pe r 
sq. m m . , a t o rd ina ry t e m p , h a d a s t r e n g t h of only 7*8 k g r m s . pe r sq. m m . a t a red-
hea t . K . Styffe found no change occurs in t h e t e n a c i t y of s teel w h e n h e a t e d u p 
t o 200°, b u t wi th soft i ron t h e r e is an increase in s t r e n g t h be tween 100° a n d 205°. 
J . K o l l m a n n observed t h a t -wrought i ron m a i n t a i n s i ts s t r e n g t h u p t o 93° a n d t h e n 
g radua l ly weakens , t h e weaken ing goes on rap id ly af ter 400° ; while Bessemer 
steel behaves in t h e s ame w a y excep t t h a t t h e t e m p , a t which t h e changes occur 
are h igher—there is a c o n s t a n t s t r eng th u p t o 205° a n d a g r adua l decrease t h e n begins , 
a n d i t becomes grea te r a b o v e 500°. J . E . H o w a r d found t h a t t h e s t r eng th of steel 
decreases t o a po in t be tween 93° a n d 150° w h e n i t increases u n t i l 260° ; a f ter t h a t 
t h e m e t a l gradual ly weakens . The m a x i m u m s t r e n g t h wi th a h a r d e r steel occurs 
a t a lower t e m p . T h e resu l t s w i th cas t i ron were a lmos t c o n s t a n t u p t o a b o u t 480° 
when , a t a b o u t 820°, t h e va lue is a b o u t half t h a t of s teels . T h e r educ t ion of a r ea 
decreased wi th t e m p , u p t o t h e po in t of m a x i m u m s t r e n g t h after which i t increased ; 
t h e e longat ion was g rea te s t a t o rd ina ry t e m p . M. RudelofF observed t h a t h e a t i n g 
t h e m e t a l t o 250° has t h e same dele ter ious effect on t h e subsequen t mechan ica l 
t r e a t m e n t of weld i ron as i t has on ingo t i ron ; as t h e t e m p , exceeds 300°, b o t h 
weld iron a n d ingot i ron s teadi ly decrease in s t r e n g t h ; w i t h weld iron, t h e e longat ion 
on f rac ture increased p ropor t iona l ly , b u t w i th o p e n - h e a r t h steel i t r eached a m a x i 
m u m a t 350°. H e n c e , 300° is t h e l imi t below which t h e t e m p , m u s t n o t fall when 
weld i ron is subjec t t o mechan ica l t r e a t m e n t , a n d for o p e n - h e a r t h steel , t h e t e m p , 
differs from th i s only s l ight ly . U p t o 250°, b o t h o p e n - h e a r t h steel a n d weld i ron 
s teadi ly increased in s t r e n g t h , while t h e e longat ion d imin ished rap id ly . The safe ty 
of t h e m e t a l in use is n o t endange red u p t o 250°. T h e m o d u l u s of e las t ic i ty of open-
h e a r t h steel increased as t h e t e m p , was ra ised u p t o 250°. W . Ea i rba i rn , G. P i s a t i 
a n d G. Sapor i to -Ricca , H . C. H . Carpen te r , M. Leb l an t , M. RudelofF, C. B a c h , a n d 
G. Cha rpy all place t h e m a x i m u m res is tance t o tensi le f rac ture a t a b o u t 250° ; a n d 
R . H . T h u r s t o n , W . F a i r b a i r n , W . G. K i r k a l d y , a n d E . A d a m s o n , be tween 250° a n d 
300°. J . H . A n d r e w a n d H . A. Dickie , a n d K . H o n d a a n d R . Y a m a d a a t t r i b u t e d 
t emper -b r i t t l eness t o t h e s epa ra t i on of carb ides a long t h e g ra in boundar i e s d u r i n g 
slow cooling. Accord ing t o M. A. Gros sman , t h e b r i t t l e r a n g e in steels w i t h a low 
pe rcen t age of a l loying e lement is d u e t o a smal l p r o p o r t i o n of r e t a ined a u s t e n i t e 
when t h e s teel is quenched . T h e r e t a ined aus t en i t e is b r o k e n u p m o r e or less 
comple te ly a t a ce r t a in t e m p , a n d t h e resu l t ing b r i t t l e , submicroscopic par t i c les 
of a - i ron , i n t e r spe r sed t h r o u g h o u t t h e m a s s , m a k e t h e spec imen b r i t t l e . 

The effect of temp, on the mechanical properties was also measured by R. G. Batson, 
G. R. Bolsover, G. R. Brophy, G. Charpy, H . Ie Chatelier, C. L. Clark and A. E . White, 
E. W. Fell, I . Fetchenko-Tchopivsky, F . Fettweis, J . R. Freeman and G. W. Quick, C de 
Freminville, H . J. French, R. M. Greaves and J . A. Jones, L. Grenet, L. Guillet and 
M. Bailey, T. Inokuty, P . L. Irwin, Z. Jeffries, Z. Jeffries and R. S. Archer, J . J . Kan te r 
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a n d L . W . S p r i n g , F . K o r b e r a n d co-worker s , F . KOrbe r a n d A . I>royer, F . KLorber a n d 
A. P o m p , A . K t i h l e , A . K u r z w e r n h a r t , P . L u d w i k , JH. L i ip fe r t , L . H . M a r s h a l l , E - M a u r e r 
a n d R . M a i l a n d e r , F . P e s t e r , A . P o r t e v i n , E . P r e u s s , G. C. P r i e s t e r a n d O . E . H a r d e r , 
F . S a u e r w a l d a n d co -worke r s , P . S c h o n m a k e r , H . S c h o t t k y , K . Sch i ch t e l a n d R . S to l le , 
H . S c o t t a n d H . G. Movh i s , L . W . S p r i n g , G. W a z a u , a n d L . R . v a n W e r t , R . W i l l o w s 
a n d F . C. T h o m p s o n , e t c . 

R . H . T h u r s t o n , W . F a i r b a i r n , W . G. K i r k a l d y , a n d E . A d a m s o n o b s e r v e d a 
decrease in t h e e longa t ion a n d a n increase in b r i t t l enes s b e t w e e n 250° a n d 300° ; 
H . C. H . C a r p e n t e r , a m i n i m u m e longa t ion a t a b o u t 130° ; a n d A . M a r t e n s , a n d 
M. -RudelofE a m i n i m u m res i s t ance t o tens i le s t ress a t 50° . T h e e longa t ion a n d 
r e d u c t i o n of a r e a r ise f rom 300° or 400° u p w a r d s ; a n d t h e m i n i m u m e longa t ion 
occurs a t a b o u t 150°, a t e m p , r a t h e r lower t h a n t h e r e s i s t ance t o s t ress . T h e 
decreased e longa t ion a n d t h e inc reased res i s t ance t o f r ac tu re a s t h e t e m p , r ises, 
exp la ins t h e b r i t t l enes s a t a b l u e - h e a t , s t u d i e d i n 1877 b y F . V a l t o n . C. B a c h , 
a n d M. Rudelofr found t h a t w i t h 0 1 6 t o 0 2 0 p e r cen t , c a r b o n s teels , t h e e longa t ion 
p r e v i o u s t o f r ac tu re r eaches a m i n i m u m a t 200° , b u t n o defini te r e l a t ion w a s obse rved 
b e t w e e n compos i t i on a n d t h e v a r i a t i o n in t h e res i s tance t o f r ac tu re a t different 
t e m p . T h e m e t a l s wh ich b e h a v e d b e s t w h e n h e a t e d h a d t h e g r e a t e s t t e n a c i t y a n d 
e longa t ion before f r ac tu re . M. L e b l a n t found t h a t t h e m a x i m u m a t 250°, a n d t h e 
m i n i m u m b e t w e e n 80° a n d 150° a p p e a r t o occur a t h ighe r t e m p , as t h e p r o p o r t i o n 
of c a r b o n increases . Acco rd ing t o P . L u d w i k , t h e changes in t h e e las t ic l imi t 
d u r i n g age ing , a n d a t a b l u e - h e a t a s well a s b lue b r i t t l eness , a r e d u e t o changes in 
t h e solubi l i t ies of t h e m i n o r c o n s t i t u e n t s in t h e s teel . A s imilar h y p o t h e s i s was 
e m p l o y e d b y W . J . B r o o k e a n d !F. F . H u n t i n g t o exp la in t h e b r i t t l e zone w i th a r m c o 
i ron b e t w e e n a p p r o x i m a t e l y 900° a n d 800° . 

L . Ai te l i i son , L . H . A p p l e b y , A. H . d ' A r c a m b a l , C B a c h a n d R . 13 at mi a rm, I I . W . R a k e r 
a n d A. I I . G ibson , J . R . R a k e r , T . R a k e r , E . R e r n a r d o n , G. W . R a r r a n d co-worker s , 
J . R a r t e l , R . CT. B a t s o n a n d J . H . H y d e , A . BaykorT, IN. 1. Re l a i ew a n d N . T . G o u d t s o w , 
H . B o n t e , M. B o u a s s e , J . M. B r e g o w s k y a n d L . W . Sp r ing , W . R r o c k b a n k , A . B r o v o t , 
J". D . B m n t o n , R . Ruchho l tz , a n d K. H . Sehulz , A . C a m p i o n . R . C. C a r p e n t e r , H . C a r r i n g t o n , 
W . Cass ie , O. C h a r p y a n d A. C o r n u - T h e n a r d , R. C h e v e n a r d , R. C h e v e n a r d a n d A. M. P o r t e 
v in , J . Ch r i s t i e , A . S. C la rk , E . R. Cone , G. Cook, J . L . Cox, H . C. Cross , IN. Czako , K . D a e v e s , 
W . R . D a l b y , N . D a v i d e n k o f f a n d O. Sajzeff, V. A . Davidenkoff , W . R. D a w s o n , 
I i . R . D e v r i e s , J . H . S. R i c k e n s o n , H . A . R i c k i o , T . O . Digges , J . W . D o n a l d s o n , R. D r o s n e , 
H . K . D y s o n , H . E d e r t , J . V. E m m o n s , F. A . E p p s a n d E . O. J o n e s , P . E y e r m a n n , 
F. A . E a h r e n w a l d , V. F i s che r , R . do F l e u r y , F. R. F o l e y , R F r a i e h e t , C. F r e m o n t , 
R . J . F r e n c h , R . J". F r e n c h a n d W . A. T u c k e r , Y . F u k u i e , G. Gabr i e l , J . G a l i b o u r g , 
A. W . G e r m o r a n d R . N . W o o d , F . G o e r e n s a n d F . R. F i sche r , P . Goerens , I*. Goe rens a n d 
G. R a r t e l , C. G r a r d , F . G r a z i a n i , R . R . G r e a v e s , J . IN". G r e e n w o o d , R. Greul ich , .J. J . Gues t , 
R . Gu i l l e ry , L . Gui l l e t , L . Gui l l e t a n d co -worke r s , G. H . Gul l iver , H . I . H a n n o v e r , M. H a n s z e l , 
.J. F. H a r p e r a n d R . S. M a c P h e r r a n , A . R . H a r r i s o n , P . H e n r y , H . D . H i b b a r d , 
A. H . H i o r n s , H . A. H o I z , J . E . H o w a r d , H . M. H o w e , A . R . H u n t i n g t o n , C. H u s t o n , 
D . H . I n g a l l , L . J a n n i n , Z . Jeffr ies , Z. Jeffr ies a n d R . S. Arche r , G. R . J o h n s o n , J . R . J o h n 
son , J . R . J o h n s o n a n d S. A . C h r i s t i a n s e n , W . R . J o h n s o n , D . Jou ra f f sky , W . K a h l b a u m a n d 
c o - w o r k e r s , H . K a r n u r a , J . R a n t e r a n d R W . S p r i n g , J . F . K a y s e r , W . J . K e e p , F . Iv in tz le , 
R . A . K j e r r m a u , O. A . i v n i g h t , H . R . K n o w l t o n , F . KOrbe r a n d eo-worker s , W . R o s t e r , 
I*. K r e u z p o m t e r , R . I v u h n e l , W . K u n t z e , W . I v u n t z e a n d G. Sachs , H . R . L a n d is, O. L a s c h e , 
A. L a u t z , J . H . L a w r e n c e , F . C. L e a , F . C. L e a a n d O. H . C r o w t h e r , A . L e d e b u r , W . R. Li l ly , 
A . L i n d e n b e r g , R. L u d w i k a n d co -worke r s , A . L u n d g r e n , T . D . L y n c h a n d c o - w o r k e r s , 
D . J . M a c A d a r n , G. R. McINirT, R . S. M a c P h e r r a n , C. E . M a c Q u i g g , A . M c W i l l i a m a n d 
E . J . B a r n e s , M . M a h o u x , R . M a i l a n d e r , M . M a l a v a l , V. T . Malco lm, A . M a r t e n s , W . M a s o n , 
T . M a t s u m u r a a n d G. H a m a b e , M. Matweieff, R . M e m m l e r a n d A. Schob , A . IN. Mi t i n sky , 
R . G . M o r s e , IK. H . Miil ler a n d E . P i w o w a r s k y , J . Muir , F . INakanishi , W . R . INeedham, 
J . T . !Nichols a n d co -worke r s , J . N o d d e r , P . Oberhoffer , W . Oer t e l , G. A . O r r o k a n d 
W . S. M o r r i s o n , M. O r t h e y , N . S. O t e y , J . G. P e a r c e , E . JST. P e r c y , H . P e r r i n e a n d C 13. Spencer , 
L . P e r s o z , W . P i n e g i n , A . J . S. P i p p a r d , E . P o h l , A. P o m p , A. P o m p a n d A. D a h m e n , 
G. W . Qu ick , E . J . R a n g , W . de l R e g n o , O . R e i n h o l d , F . R i t t e r s h a u s e n , F . R o b i n , M. R o s a n d 
A . E i c h i n g e r , W . R o s e n h a i n a n d D . H a n s o n , O. Ruff, G. Saclis, F . S a u e r w a l d a n d co -worke r s , 
A . S a u v e u r , E . SoharfiCenberg, E . Sch iebo ld a n d G. R i c h t e r , C. C. Schne ide r , W . S c h n e i d e r 
a n d E . H o u d r e m o n t , A . S c h o b , H . S c h o t t k y a n d co-workers , E . Schuz , W . A. Scoble , 
J . Seigle , J . Seigle a n d F . Cre t i n , P . Siebe, E . Siebel , E . Siebel a n d A. P o m p , C. A . S m i t h , 
J . H . S m i t h , M . B . S m i t h , R . H - S m i t h , B . F . S p a l d i n g , A . P . Spooner , L . W . Sp r ing , 
L . W . S p r i n g a n d H . J . F r e n c h , L . W . S p r i n g a n d J . K a n t e r , H . S t age r , P . S t e p h a n , 
R- S t r i b e c k , H . W . Swif t , W . P . Sykes , R . L . Te rnp l in , J . L . T e m e d e n a n d M . v o n R a t h , 



6 4 I N O R G A N I C A N D T H E O R E T I C A L , C H E M I S T R Y 

A E T o r r e s K. T o u c e d a , L.. B . T u r n e r , I I . U d e , C. TJp thegrove a n d A. P . W h i t e , 
G. XJrbanczyk, M. V i t m o s , K. C. W a d l o w , O. W a w r z i n i o k , E . W . W e b b , W . R . W e b s t e r , 
P . A. WelikofT a n d co-workers , G. W e l t e r , T . D . W e s t , A. E . W h i t e , A . E . W h i t e a n d 
C. L . Clark , H . E . W i m p e r i s , I I . W r i g h t , a n d H . J . Y o u n g , m a d e o b s e r v a t i o n s o n t h e 
tens i le a n d e las t ic p r o p e r t i e s of i ron a n d s tee l . 

H . P e r r i n e a n d C. B . Spencer gave t h e resu l t s i nd i ca t ed in Tab le X X I X for 

T A B L E X X I X . — T H K E F F E C T O F T E M R E R A T T T R E O N T H E T E N S I L E P R O P E R T I E S O F 
IRON- AND S T E E L . 

0-39 
p e r c e n t . 

C 
0-23 

p e r c e n t . 
C 

0 1 9 6 
p e r c en t . 

C 
2-69 

p e r cen t . 
G 

E l o n g a t i o n . 
R e d u c t i o n a r e a 
S t r e n g t h 
Eloixgat ion -
R e d u c t i o n a r e a 
S t r e n g t h 
E l o n g a t i o n . 
R e d u c t i o n a r e a 
S t r e n g t h 

S t r e n g t h 

34-33 
56-63 
72,530 
43-33 
67-28 
59,955 
27-33 
36-99 
81,310 

21,140 

93-5° 

31-30 
54-84 
66,940 
31 OO 
61-03 
59 ,255 

200° 

2 5 - 3 3 
4 9 - 9 0 
7 3 , 5 5 0 
2 7 - 1 1 
5 6 - 7 8 
6 9 , 0 6 0 
2 5 - 7 8 
4 1 - 6 4 
73 ,18O 

2 6 0 0 
4 8 - 7 8 
7 5 , 3 8 0 
2 9 1 1 
57-6O 
6 9 , 4 0 0 
2 1 - 6 7 
3 7 - 5 1 
7 4 , 5 8 0 

20,400 

315-5° 

31-55 
50-16 
74,780 
32-89 
61-69 
65,908 
26-45 
38-36 
79,930 

19,500 

420-5° 

47-77 
78-54 
54 ,015 
54-72 
82-03 
44 ,953 
31-11 
51-85 
63,52O 

537-5° 

52-66 
89-57 
32,580 
61-18 
91-63 
26 ,315 
49OO 
80-17 
36,45O 

17,750 12,81O 

t h e u l t i m a t e s t r eng th in lb s . p e r sq. in . , a n d t h e p e r c e n t a g e e longa t ion a n d r e d u c t i o n 
of a rea of Bessemer steel "with 0-196 p e r cen t , of c a r b o n ; a n d cas t i ron w i t h 
2*69 pe r cen t . Accord ing t o P . L u d w i k , i ron annea l ed a t 900°, gave for t h e tens i le 
s t r eng th in kg rms . pe r sq. m m . , a n d t h e p e r c e n t a g e expans ions a n d r educ t i on of a r ea : 

Tens i le s t r e n g t h 
E l o n g a t i o n 
R e d u c t i o n 

a n d for steel annea led a t 700 

Tens i le s t r e n g t h 
E l o n g a t i o n 
R e d u c t i o n 

2<)° 
3 3 - 4 
2 1 
6 8 

7f\n° • 

2 0 0 

4 5 - 0 
1 6 
6 3 

27.V3 

4 4 - 5 
7 

5 1 

25O" 
5 7 - 2 

5 
4 3 

3 3 5 ' 
37 1 
1 8 
6 1 

3 3 0 ° 
5 2 - 6 

9 
5 4 

407° 
2 7 0 
2 1 
6K 

4 J 2 ° 
4 4 - 5 
1 9 
5 5 

(Vl 7" 
7 - 6 

4 5 
9 5 

4 8 5 ° 
27 -S 
2 O 
6 2 

8 3 5 ° 
<>.<> 

S S 

C.17° 
15-0 
3 2 
SO 

1 2 0 0 ° 
1 - 3 
-.. . 
- -

7 2 2 

7 - 0 
3 5 
6 3 

H . J . F r e n c h ' s tens i le t e s t s of i ron a t e leva ted t e m p . , show t h a t in t h e b lue -
h e a t r a n g e t h e tens i le s t r e n g t h is h igher t h a n a t room t e m p , a l t h o u g h t h e r e d u c t i o n 
of a r e a a n d e longa t ion a r e lower. Z. Jeffries o b t a i n e d s imi lar r e su l t s ; a n d 
F . R o b i n obse rved t h a t Br ine l l ' s h a r d n e s s is g rea t e r a t a b lue -hea t t h a n a t r o o m 
t e m p . Z. Jeffries a n d R . S. Archer ' s expe r imen t s i l lus t ra te t h e g r ea t e r h a r d e n i n g 
of i ron for a g iven de fo rma t ion -d rawing from 0 0 4 2 t o 0-025 in . a t a b l u e - h e a t , 
275°, t h a n a t r o o m t e m p . , for t h e tensi le s t r e n g t h s lbs. p e r sq. in . , a n d t h e p e r c e n t a g e 
e longa t ions , a n d r educ t i ons of a r ea were : 

R o o m t e m p . . 
275° . . . . 

H e n c e t h e wire d r a w n a t a b lue -hea t is s t ronger , b u t less p l a s t i c , t h a n t h a t d r a w n 
a t r o o m t e m p . O b s e r v a t i o n s on t h e effect of t e m p , on t h e e las t ic l imi t a r e n o t con
c o r d a n t . J . E . H o w a r d found t h a t t h e e las t ic l imi t decreases w i t h rise of t e m p . ; 
W . M a u k s c h , t h a t t h e s t ress wi th w r o u g h t i ron a t 200° is a b o u t half i t s v a l u e a t 
o r d i n a r y t e m p . , b u t rises t o i t s original v a l u e a t 300° ; A . K . H u n t i n g t o n ' s c u r v e 
shows n o m a x i m u m in t h e b l u e - h e a t ; G. B a c h , a n d A. M a r t e n s o b s e r v e d a m a x i m u m 
a t a b o u t 200° ; a n d H . J . F r e n c h found a m a x i m u m a t 200° w h e r e t h e v a l u e is 

Tensile s t rength 
8 5 , 7 2 0 

1 1 1 , 0 0 0 

Elongat ion 
2 - 6 0 
1-58 

Reduc t ion of area 
7 0 0 
6 7 O 
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a b o u t 14 p e r cen t , g r e a t e r a t 200° t h a n i t is a t r o o m t e m p . O b s e r v a t i o n s we re m a d e 
b y R . H a y a n d R . H i g g i n s , R . L.. K e y n o n , F . A . E p p s a n d E . O. J o n e s , A . K i ih l e , 
H . H u b e r t , A . P o m p , R . C. C a r p e n t e r , K . H o n d a , a n d G. D e l b a r t . A c c o r d i n g t o 
E . H o u d r e m o n t a n d co-workers , if T0 d e n o t e s t h e t ens i le s t r e n g t h of u n w o r k e d 
s teel , a n d T is t h e t ens i l e s t r e n g t h a f te r b e i n g d r a w n f rom a cross-sec t ional a r e a 
F0 t o o n e of F9 t h e n T—T0-\-a log (F0/F), w h e r e a d e n o t e s a c o n s t a n t . 

A . Ie Cha te l i e r f o u n d t h a t al l m e t a l s m a y b e b r o k e n b y a c o n s t a n t tens i le s t ress 
app l i ed a b o v e a c e r t a i n t e m p . , a n d t h a t t h e e longa t ion d e p e n d s o n t h e load . W i t h a 
c o n s t a n t t e m p . , t h e d e f o r m a t i o n u n d e r a g iven load h a s a dec reas ing v a l u e t e n d i n g 
t o w a r d s e q u i l i b r i u m ; t h e d e f o r m a t i o n increases m o r e r a p i d l y t h a n t h e loads , whi le 
t h e s t ress increases a n d t h e s t r a i n s d i m i n i s h w i t h t h e s p e e d of load ing . Defor
m a t i o n u n d e r s h o c k is i nve r se ly p r o p o r t i o n a l t o t h e shock ; a n d w i t h a n inc rease 
in t e m p . , t h e d e f o r m a t i o n increases a n d t h e r e s i s t ance dec reases . Cas t i ron a t 15° 
c a n s u p p o r t t h e fol lowing l o a d s w i t h o u t b r e a k i n g in t h e p e r i o d s of t i m e s t a t e d : 

T i m e . . . 0-5 l-O 5 15 60 m i n s . 
L o a d . . . 25-21 24-63 23-87 23-49 22-86 t o n s p e r s q . i n . 

A. Ie Cha te l i e r p o s t u l a t e d t h a t a t t e m p , i n t h e v i c i n i t y of 90°, a n y p e r m a n e n t defor
m a t i o n of i r o n g ives r i se t o a n i r revers ib le t r a n s f o r m a t i o n w h i c h t e n d s t o ra i se t h e 
tens i le s t r e n g t h a n d dec rease t h e d u c t i l i t y . T h e t r a n s f o r m a t i o n r equ i r e s a c e r t a i n 
a m o u n t of t i m e for i t s c o m p l e t i o n , b u t t a k e s p l ace m o r e r a p i d l y t h e h ighe r t h e t e m p . 
A b o v e 300° , h o w e v e r , t h e t r a n s f o r m a t i o n is less effective i n p r o d u c i n g s t r e n g t h 
a n d h a r d n e s s b e c a u s e of i nc ip i en t a n n e a l i n g . E . F e t t w e i s ident i f ied A. Ie Cha te l i e r ' s 
t r a n s f o r m a t i o n w i t h t h e e las t ic r e c o v e r y a f te r o v e r s t r a i n . G. C. P r i e s t e r a n d 
O. E . H a r d e r o b s e r v e d a m i n i m u m i n t h e tens i le s t r e n g t h of 0-29 p e r cen t , c a r b o n 
s teel b e t w e e n 100° a n d 200° , a n d a m a x i m u m a t 300° . EL. Y u a s a o b s e r v e d t h a t 
i n t e n s i o n , t o r s i on , a n d c r az ing t e s t s b e t w e e n o r d i n a r y t e m p , a n d 349° , a r m c o i ron 
in t e n s i o n a t 250° s h o w e d 320 b r e a k s or s u d d e n y ie ld ings a s i t b e g a n t o fail, b u t n o 
b r e a k s a t 20° a n d 295° . S tee ls w i t h 0-19, 0-5, 0*68, a n d 0*80 p e r cen t , of c a r b o n 
g a v e a d i m i n i s h i n g n u m b e r of b r e a k s a s t h e p r o p o r t i o n of c a r b o n inc reased u n t i l , 
w i t h e u t e c t o i d a l s tee l h a v i n g 0-85 p e r c en t , of c a r b o n , n o b r e a k s were obse rved . 
Steels w i t h 0-9, a n d 1-1 p e r cen t , of c a r b o n s h o w e d a n inc reas ing n u m b e r of b r e a k s 
a s t h e p r o p o r t i o n of c a r b o n inc reased . D i s t i n c t s o u n d s -were h e a r d a s t h e b r e a k s 
a p p e a r e d i n t h e s t r e s s - s t r a in d i a g r a m s . Acco rd ing t o A . Michel a n d M. M a t t e , 
severa l k i n d s of e longa t i ons a r e p r o d u c e d w h e n a wire is m a i n t a i n e d for a l ong t i m e 
u n d e r a c o n s t a n t load , a n d a t a r a i sed t e m p , (i) a n i n s t a n t a n e o u s e las t ic e longa t ion , 
(ii) a s low e l o n g a t i o n w h i c h p roceeds w i t h decreas ing r a p i d i t y , a n d c a n b e reso lved 
i n t o a n e las t ic e longa t i on w i t h r e t a r d e d e las t ic i ty o r r e a c t i v i t y , a n d a p e r m a n e n t 
e longa t ion , (iii) if t h e load is sufficient, t h e foregoing e longa t ion is followed b y a n o t h e r 
wh ich p r o c e e d s w i t h c o n s t a n t r a p i d i t y a n d co r re sponds t o a so-cal led " v i scous " 
d e f o r m a t i o n , (iv) a f te r a c e r t a i n t i m e t h e r a p i d i t y of e longa t ion increases v e r y 
r a p i d l y u p t o t h e b r e a k i n g - p o i n t of t h e t es t -p iece ; t h i s pe r iod co r re sponds t o t h e 
s t r i c t ion. 

A . S a u v e u r a n d D . C. L e e obse rved t h a t in t h e case of e lec t ro ly t ic i ron a m a x i m u m 
tens i le s t r e n g t h is o b t a i n e d a t 250°, whi l s t s teels con t a in ing respec t ive ly 0-1O, 0*30, 
a n d 0*50 p e r cen t , of c a r b o n r each t h e i r m a x i m u m s t r e n g t h a t a t e m p , s l igh t ly in 
excess of 300° . W i t h 0*75 p e r cen t , c a r b o n , t h e m a x i m u m s t r e n g t h occurs a t 400°. 
C o n s e q u e n t l y , t h e b l u e - h e a t p h e n o m e n o n does n o t occur a t t h e s a m e t e m p , w i t h 
al l g r a d e s of i r on a n d s tee l , a n d i t is p r o b a b l e t h a t , a s t h e c a r b o n increases , t h e t e m p , 
i m p a r t i n g m a x i m u m s t r e n g t h l ikewise increases . E l e c t r o l y t i c i ron a t r o o m t e m p , 
h a s a t ens i l e s t r e n g t h of 40 ,000 lbs . p e r sq . in . , whi le a t 250° i t s s t r e n g t h is 56,0OO ibs . 
per sq . i n . , a n inc rease of 40 p e r c en t . Steel c o n t a i n i n g 0*10 p e r cen t , c a rbon 
inc reases i n s t r e n g t h f rom 68,0OO lbs . t o 8G,000 lbs . , or 26 p e r cen t . ; s tee l w i t h 0-30 
p e r c en t , c a r b o n , f rom 80 ,000 t o 88,000, o r 10 p e r cen t . ; s tee l w i t h 0*50 p e r cen t , 
c a r b o n , f rom 110,000 t o 126,000, o r 15 p e r c e n t . ; a n d s teel w i t h 0-75 pe r cen t , c a r b o n , 
f rom 140,000 t o 145,000, or 4-3 p e r c en t . I r o n a n d v e r y soft s tee l increase in s t r e n g t h 

V O L . x i r i . v 
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b y t e m p e r i n g a t a b l u e - h e a t v&ry m u c h m o r e t h a n h ighe r - ca rbon s tee l . I t shou ld 
a l so b e n o t e d t h a t t h e increase of s t r e n g t h is p r e c e d e d b y a dec rease of t h a t p r o p e r t y . 

W . R o s e n h a i n a n d J . C. W . H u m f r e y s t u d i e d t h e t e n a c i t y de fo rma t ion , a n d 
f rac tu re of soft s teel—0-106 p e r c en t . C ; 0*075, S ; 

^ 
^ 

2000O1 

I 
I 

/SO00\ 

/0O0O\ 

5000\ 

600 

F i a . 2 1 6 . -

700 800 300° /000" //00° 

- T h e E f f e c t o f T e m p e r a t u r e on t h e T e n s i l e 
S t r e n g t h of S o f t S t e e l . 

0-050, P ; 0-395, M n ; a n d a 
t r a c e of s i l i con—at h igh 
t e m p . S o m e resu l t s w i t h 
a n n e a l e d -wire a r e s u m 
m a r i s e d i n P i g . 216 . T h e 
r e su l t s s h o w t h a t w i t h a fas t 
r a t e of s t r a in ing , a m a x i m u m 
s t ress of 42,400 lbs . p e r sq . 
in . "was a t t a i n e d , whi le w i t h 
a s lower r a t e of s t r a i n i n g 
t h e m a x i m u m s t ress w a s 
40 ,250 lbs . p e r sq . in . T h e 
c u r v e s a r e f rac t iona l ly iden t i 
cal i n shape , b u t t h e cu rves 
w i t h t h e slower t e s t s lie be low 
t h o s e w i t h t h e fas ter r a t e s 
of a p p l y i n g t h e s t ress , a n d 
t h e cu rves a r e p r ac t i ca l l y 
para l l e l t o one a n o t h e r . T h e 

t w o u p p e r cu rves also i nd i ca t e t h e influence of t h e m e a n size of t h e c rys t a l g ra ins . 
N e a r t h e Ar j - a r r e s t t h e t w o curves coincide. T h e effect of t h e ave rage grain-s ize 
of t h e c rys t a l s is i nd i ca t ed in F i g . 204. T h e effect of t e m p e r a t u r e on t h e tens i le 
p r o p e r t i e s of i ron was i nves t i ga t ed b y R . O. B a t s o n a n d H . J . Tapse l l , C. E . Corson, 
H . L . Dodge , P . F i sche r a n d V. E h m c k e , J . R . F r e e m a n a n d Gr. W . Quick , 
XA. Gui l le t a n d co-workers , W . H . Hat f ie ld , H . M. H o w e , I*. M. J o r d a n , F . K o r b e r a n d 
co-workers , J . H . G. M o n y p e n n y , E . P o p l a n d co-workers , O. Re inho ld , A . S a u v e u r , 
R . W a d d e l l a n d I J . J o h n s o n , a n d A. E . W h i t e a n d C. L . Clarke . R . S. M a c P h e r r a n 
obse rved t h a t t h e m a x i m u m t e n a c i t y a t e l e v a t e d t e m p , is lowered b y n ickel , b u t is 
n o t m u c h affected b y c h r o m i u m . R . B . W i l h e l m ' s r e su l t s for a m e d i u m c a r b o n s teel 

— w i t h 0-37 t o 0-40 pe r c en t . C ; 0-63 
t o 0-69, M n ; 0*11 t o 0-14, S i ; a n d 
a p p r o x i m a t e l y 0-012, P ; a n d 0*037, S 
•—are s h o w n i n F i g . 217. F . K o r b e r 
a n d H . Hoff, a n d A. P o m p a n d co
worke r s , a n d P . B a r d e n h e u e r a n d 
KL. Li. Zeyen , e x a m i n e d t h e effect o n 
t h e m e c h a n i c a l s t r e n g t h of ove r -hea t i ng 
ca s t i ron . 

T h e decrease in Y o u n g ' s m o d u l u s 
d u e t o s t r e t c h i n g in t h e cold s t a t e a n d 
i t s s u b s e q u e n t r ecove ry b y age ing a t 
r o o m t e m p . , or i n bo i l ing w a t e r , -was 
s t u d i e d b y J . Bausch inge r , J . Mui r , 
L.. B . Pfeil , C. W . Years ley , a n d M. R u d -
eloff ; C A . Seyr ich observed" t h a t w i t h 
a co ld -d rawn , s tee l wire , t h e m o d u l u s 
h a d n o t r ecove red s ix m o n t h s af ter 
d r a w i n g ; a n d i n a n o t h e r s a m p l e , 
P . Goerens o b s e r v e d n o app rec i ab l e 

K . H o n d a a n d R . Y a m a d a f o u n d t h a t a 
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ITxa. 217.—The E f f e c t o f T e m p e r a t u r e o n 
t h e T e n s i l e P r o p e r t i e s o f S t e e l s . 

effect h a d o c c u r r e d i n t h r e e m o n t h s , 
decrease i n t h e m o d u l u s p r o d u c e d b y s t r e t c h i n g h a d n o t occu r r ed af ter b e i n g h e a t e d 
for 3 0 mins . a t 100° t o 200° , a n d w i t h a s a m p l e of m i l d s tee l , severe ly co ld -worked , 
jtto r e c o v e r y of t h e m o d u l u s h a d occur red in s ix m o n t h s , a n a n n e a l i n g a t a b o v e 600° 
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w a s r e q u i r e d for t h e r ecove ry . M e a s u r e m e n t s of t h e t ens i l e s t r e n g t h of a r m c o 
i ron , m i l d s tee l , a n d n icke l s tee l b y T . E a w a i a r e s u m m a r i z e d i n F i g s . 218 a n d 2 1 9 — 
t h e h a r d n e s s of t h e s e m e t a l s is i n d i c a t e d in F i g . 196. T h e r ecove ry of Y o u n g ' s 
m o d u l u s b y a n n e a l i n g mi ld s teel is s h o w n b y t h e d o t t e d l ine whose o r d i n a t e s a n d 
abscissae a r e o n t o p a n d on t h e r i g h t of t h e d i a g r a m . E . H e y n , a n d G. S a c h s 
a t t r i b u t e d t h e dec rease of t h e m o d u l u s b y co ld -work ing t o t h e i n t e r n a l s t resses s e t 
u p b y co ld -work ing ; a n d K . H o n d a a n d !R. Y a m a d a i n t e r p r e t e d t h i s e x p l a n a t i o n 

/000° 
\2-20 y 

2/6 ^ g 
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208^ 
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2 04 
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Percentage elongat/o/? 

Fia. 2 1 8 . — M a x i m u m S t r e s s i n 
S t r e t c h i n g . 

S /0 JS 20 
Percentage elongat/on 

FICJ. 2 I i ) . — Y o i u i ^ ' s M o d u l u s of 
S t r e t c h e d I r o n . 

in t e r m s of t h e a t o m i c force. E . M u r a t a , a n d T . K a w a i s h o w e d t h a t t h e r e is a re lease 
of a n i n t e r n a l s t ress d u r i n g a n n e a l i n g . T . K a w a i o b s e r v e d t h a t t h e increase in 
t h e i n t e r n a l s t ress d u r i n g co ld -work ing m a k e s Y o u n g ' s m o d u l u s decrease ; b u t t h e 
p h e n o m e n o n m a y be m o r e or less obscu red b y a n inc rease i n Y o u n g ' s m o d u l u s 
which is d u e t o a c h a n g e in t h e o r i e n t a t i o n of t h e c rys t a l s d u r i n g co ld-work ing 
w h e r e b y t h e o r i e n t a t i o n of t h e c ry s t a l s is m a d e t o co inc ide w i t h t h e d i rec t ion of 
t h e ax i s of t h e b a r or wi re . O. A. K n i g h t found t h a t h e a t i n g a wire while sub j ec t ed 
t o a load increased i t s r e s i s t ance t o d e f o r m a t i o n . 

Accord ing t o C. Codron , if S d e n o t e s t h e sec t iona l a r e a of t h e tens i le t e s t -p iece , 
a n d S'9 t h e sec t iona l a r e a on b r e a k i n g , t h e coeff. of duct i l i ty or of ma l l eab i l i t y c a n 
b e defined a s 1 —S'/S, a n d i t is a func t ion of t h e r e d u c t i o n of a r ea . T h e resu l t s b y 
C. C o d r o n a r e s u m m a r i z e d in F i g . 219. T h e cr i t ical pe r iods of d u c t i l i t y in s teels 
c o n t a i n i n g different e l e m e n t s were found t o b e v e r y v a r i a b l e . M. L e b l a n t found a 
m i n i m u m r e d u c t i o n in a r ea n e a r 200° w i t h e x t r a h a r d s teel , a n d a t 300° , w i t h h a r d 
s t e e l ; t h e co r r e spond ing e longa t ion is a m i n i m u m b e t w e e n 200° a n d 300° . E . P r e u s s 
o b s e r v e d t h a t w i t h a pea r l i t i c n icke l s tee l w i t h 0-15 p e r cen t , of c a r b o n , a n d 3 p e r 
cen t , of n ickel , a m i n i m u m e longa t ion occur red a t 300° , a n d a s l ight decrease in 
t h e r e d u c t i o n of a r e a a t t h e s a m e 
t e m p . T h e b r i t t l enes s , t he re fo re , 
a p p e a r s t o b e a m i n i m u m a t t h e s e 
t e m p . F . R o b i n d iscussed t h e a p 
p l i ca t ion of t h e s e r e su l t s t o t h e 
forging of m e t a l s ; P . J u n k e r s , t h e 
dec rease i n t h e r e s i s t ance t o de 
f o r m a t i o n w i t h inc rease of forging 
t e m p . ; O . W . El l i s , t h e effect of 
t e m p , on t h e ma l l eab i l i t y of i ron a n d 
s teel ; A . E . Shore , t h e m e a s u r e 
m e n t of t o u g h n e s s ; a n d R . S t u m p e r , 
t h e effect of t h e final rol l ing t e m p , 
o n t h e m e c h a n i c a l p r o p e r t i e s . T h e 

-.Gastjron-^. 
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F I G . 2 2 0 . — T h e D u c t i l i t y of Iron a n d Stee l a t 
Different Temperatures . 

d u c t i l i t y w a s d iscussed b y P . L u d w i k , a n d J . Vie tor isz . 
Fo l lowing H . J . G o u g h ' s s t u d y 9 on t h e f a t igue of me ta l s—v ide infra—if a speci

m e n b e l o a d e d u p t o a p o i n t Bt F ig . 2 2 1 , a n d t h e load r e m o v e d , t h e n , if n o p e r m a n e n t 
elongation occurs, t h e m a t e r i a l s a r e sa id t o b e pe r fec t ly e las t ic ; t h e l o a d i n g a n d 

file:///2-20
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un load ing curves , AB, a n d BA, a r e t h e s a m e , a n d t h e p h e n o m e n a a r e revers ib le . 
Ac tua l ly , however , w h e n t h e load is p, whi le t h e s a m p l e is b e i n g loaded , t h e e longa
t i o n is OC9 a n d wi th t h e s a m e load p9 whi le t h e s a m p l e is b e i n g u n l o a d e d , t h e 
e longa t ion is OJD. T h e difference, CD9 t h u s r ep re sen t s a l ag o r hys te res i s i n t h e 
s t r a in w h e n t h e s t ress is p. Elastic hysteresis is app l i ed t o t h e case w h e r e n o pe r 
m a n e n t se ts occur on r e m o v i n g t h e load , b u t a s t r a i n ex i s t s i n o t h e r p a r t s of t h e 
cycle. Aga in , if n o s t r a in d i s appea r s w h e n t h e s t ress on a sol id is r e m o v e d , t h e 
m a t e r i a l is perfect ly p las t i c , b u t w i th al l m e t a l s s o m e s t r a i n is r ecovered w h e n t h e 
s t ress is r emoved . If AB9 F i g . 2 2 1 , r e p r e s e n t s t h e s t r e s s - s t r a in c u r v e , a n d b t h e 
t o t a l s t r a in , t h e n when t h e s t ress is r e m o v e d , a p e r m a n e n t e longa t ion , AC9 m a y b e 
recorded , a n d t h i s is cal led t h e permanent set o r plastic strain ; a n d Cb r e p r e s e n t s 
t h e elastic strain re leased b y un load ing . I n a t h i r d case , F i g . 2 2 1 , w h e n t h e load is 
m a i n t a i n e d a t B, p las t i c s t r a i n se ts in , p r o d u c i n g t h e p l a s t i c s t r a i n BF. Th i s s t r a i n 
increases a t a decreas ing r a t e , be ing v e r y r a p i d a t first, a n d the rea f t e r s lower a n d 
slower so t h a t t h e whole process occupies d a y s or w e e k s . W h e n t h e s t r e s s is 
rel ieved b y un load ing a some e las t ic s t r a i n is r ecovered , b u t t h e r e r e m a i n s a p e r m a n e n t 
set AG. I n some cases t h e p e r m a n e n t se t d imin i shes u n t i l s ome lower v a l u e , AH9 
is a t t a i n e d . T h e sub jec t w a s d i scussed b y J . V. H o w a r d a n d S. "Lt. S m i t h , 
W . E . D a l b y , W . K e r r , M. F . S a y r e , a n d A . P o m p a n d A . D a h i n e n . T h e p las t i c 
s t ra in , BF9 u n d e r l oad is of ten cal led t h e creep ; a n d t h e decrease in t h e p e r m a n e n t 
set , GH9 w i t h n o load c a n b e cal led e last ic a f ter -e f fec t—that is , die elastische 

Nachwirkung — e l a s t i c 
afterworking—-or e last ic 
hysteresis or lag. Both 
p h e n o m e n a a r e cases of 
c reep , a n d , acco rd ing t o 
H . J . Gough , a r e t h e 
s a m e p h e n o m e n o n d u e 
t o t h e s a m e cause . T h e 
p e r m a n e n c e of t h e d imen
sions of s teel u n d e r s t ress 
a t a n e l eva ted t e m p , was 
discussed b y W . H . H a t 
field, a n d Li. J a n n i n . 

I n t h e s t ress - s t ra in or load-e longa t ion d i a g r a m , t h e e las t ic l imi t is t a k e n as t h e 
load a t wh ich a d e v i a t i o n f rom H o o k e ' s l inear r e l a t i o n — 1 . 13 , 17—is first a p p a r e n t , 
t h i s p o i n t is also cal led t h e limit of proportion, P ; f rom a second p o i n t of v iew, 
t h e e las t ic l imi t m a y b e t h e first p e r m a n e n t se t which is obse rved on r e m o v i n g t h e 
load ; t h i s p o i n t is t h e so-called limit of restitution, R ; a n d f rom y e t a t h i r d w a y of 
cons ider ing t h e p r o b l e m t h e e las t ic l imi t co r re sponds w i t h a p o i n t of inflect ion on 
t h e s t r e s s - t e m p e r a t u r e cu rve ; t h i s p o i n t is cal led t h e thermal limit of p r o p o r t i o n a l i t y . 

ALS a result of the observations of «T. P . Joule, and Lord Ivelvin (W. Thompson), it was 
found t h a t it thermal losses due to radiation, conduction, etc., are allowed for, cold is 
produced when a metal *s strained by opposing an elastic force, and heat is developed 
when a metal is yielding to an elastic force ; and with cyclic stresses, there is an average 
temp, of the metal which does not vary since heat> is neither absorbed nor evolved. If a 
stress, p, is applied a t the absolute temp., Z1; and e denotes geometrical deformation produced 
by a temp, of 1 ° when the body is kept under a constant stress ; c. the sp. h t . ; JJ, the 
dens i ty ; and J +, t he mechanical equivalent of heat , then, assuming perfect elasticity, 
Lord Kelvin showed tha t the elevation of temp, produced by the sudden application of 
stress is TepfJcJD. 

A c c o r d i n g t o H . J . Gough , i t h a s been obse rved t h a t m e t a l s l ike copper , c a s t 
i ron , a n d u n t e m p e r e d s teel u n d e r g o p las t i c s t r a i n w h e n smal l s t resses a r e app l i ed , 
a n d t h e y s h o w n o defini te P9 R, or T l imi t s ; whi le i ron , m i l d s teels , a n d m a n y 
o t h e r m e t a l s s h o w def ini te P a n d R l im i t s w h i c h a r e genera l ly i n good a g r e e m e n t . 
J . A . E w i n g o b s e r v e d t h a t definite hys te res i s loops were a l w a y s o b t a i n e d b y d i r ec t 

F i a . 221.-
Jnrt 

Flo/rgat/o/7 Elo/igat/on 
-Elastic Hysteresis Loop. 
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t e n s i o n "with -wires of i ron , s teel , b r a s s , a n d coppe r ; J . J . G u e s t a n d F . C- L e a , t h a t 
defini te hys te res i s loops occur red w i t h m i l d s tee l u n d e r al l r a n g e s of t o r s i o n a l 
s t resses , t h o u g h w i t h u p t o a ce r t a in s t ress n o c reep ing u n d e r l oad w a s o b s e r v e d . 
B . H o p k i n s o n a n d G. T . Wi l l i ams , w i t h d i r ec t s t resses , a n d F . E . R o w e t t , w i t h 
to r s iona l s t resses , a lso found e las t ic hys t e re s i s w i t h low s t resses . C. A . P . T u r n e r 
found t h a t t h e t h e r m a l l imi t of p r o p o r t i o n a l i t y is genera l ly lower t h a n t h e JP-Hmit ; 
E . G. Coker o b s e r v e d t h a t t h e fall of t e m p , w a s l inea r u p t o a s t ress c o r r e s p o n d i n g 
w i t h JP9 a f t e r which , p r o p o r t i o n a l i t y ceased, a n d a s h a r p reversa l occu r r ed w h e n 
t h e y ie ld s t ress w a s r e a c h e d ; E . R a s c k , a n d J . R . L a w s o n a n d J . A. C a p p obse rved 
a genera l a g r e e m e n t b e t w e e n t h e P- a n d T -po in t s , b u t e l a s t i c i ty w a s imper fec t . 
F a t i g u e a n d overstrain "were s t u d i e d b y R . Cazaud , H . F . Moore , R . H . Greaves , 
VJ. Jeffries a n d R . S. Arche r , J . W . L a n d o n , J. K . W o o d , H . P . T r o e n d l y a n d 
G. V . PiekweU, R . W . Ba i l ey , H . J . F r e n c h a n d co-workers , J . S. B r o w n , 
F . C L e a a n d co-workers , D . H a n s o n , I*. H e n r y , K. H o n e g g e r , a n d R . L i l j eb lad . 

T h e e las t ic l imi t or y i e ld -po in t r e p r e s e n t s t h e m a x i m u m d i s t o r t i o n whieli a 
b o d y c a n suffer a n d y e t r e t u r n t o i t s or ig ina l fo rm. If t h e s t r a i n is n o t m u c h g r e a t e r 
t h a n t h e e las t ic l imi t , t h e r e s t o r a t i o n of t h e or iginal form will t a k e p lace v e r y s lowly. 
T h e m e t a l exh ib i t s e last ic recovery. T h u s , we a r e t o l d t h a t some s teel b r idges m a y 
sag d u r i n g a h e a v y week ' s traffic, b u t r ecove r d u r i n g a w e e k - e n d ' s r e s t . I t is 
poss ib le t o a p p l y a m u c h g r e a t e r s t ress t h a n t h e e las t i c l im i t p r o v i d e d t h e s t ress 
b e v e r y qu ick ly app l i ed . T h u s , B . H o p k i n s o n h a s s h o w n t h a t a wi re w i t h a n 
e las t ic l im i t of 17-8 t o n s pe r sq . in . -withstood a s t ress of 35-5 t o n s p e r sq . i n . app l i ed 
for less t h a n t h e t h o u s a n d t h p a r t of a second . Z. Jeffries a n d R . S. A r c h e r t h u s 
descr ibe t h e p h e n o m e n o n of fa t igue : W h e n ho t - ro l l ed o r m i l d s tee l is t e s t e d in 
t en s ion , t h e first p a r t of t h e s t ress - s t ra in d i a g r a m is a s t r a i g h t l ine r e p r e s e n t i n g t h e 
e las t ic d e f o r m a t i o n u p t o a b o u t half t h e t ens i le s t r e n g t h . W h e n a b a r of t h i s 
m a t e r i a l is loaded t o a s t ress well b e y o n d t h e y ie ld -po in t , o n r e m o v i n g t h e load , i t 
will h a v e los t i t s e las t i c i ty ; a n d t h e second a p p l i c a t i o n of t h e load furnishes a n e w 
s t r e s s - s t r a in d i a g r a m w h i c h c u r v e s a w a y f rom t h e s t r a i g h t l ine r e p r e s e n t i n g t h e 
p r o p o r t i o n a l de fo rma t ion , a n d t h e p r o p o r t i o n a l or e las t ic l imi t is r e d u c e d a l m o s t 
t o zero . If, however , t h e b a r is a l lowed t o r e s t for a few weeks a f te r t h e first 
l oad ing b e y o n d t h e y ie ld -po in t (over - s t ra in ing) , before t h e second tens i le s t ress is 
app l i ed , i t will h a v e r ecove red i t s e las t ic i ty , a n d m a y h a v e a n e w p r o p o r t i o n a l l i m i t 
h i g h e r t h a n t h e or ig inal l imi t . Th i s recovery of e las t i c i ty t a k e s p lace s lowly a t 
o r d i n a r y t e m p . , a n d m o r e r ap id ly a s t h e t e m p , is ra i sed ; t h u s , J . Mu i r f o u n d t h a t 
t h e r ecove ry of e las t i c i ty is a s c o m p l e t e a f te r a few m i n u t e s a t 100°, a s i t is in 2 weeks 
a t r o o m t e m p . ; a n d a t 250°, t h e t i m e r e q u i r e d for t h e r e c o v e r y is m e a s u r e d in 
seconds o r f rac t ions of a second. 

R . H . G r e a v e s c o n c l u d e d f rom his o b s e r v a t i o n s o n t h e r ecove ry of e las t ic 
p r o p e r t i e s a f te r s imple o v e r s t r a i n in t e n s i o n ; T h e r a t e of r ecove ry of e l a s t i c i ty 
va r i e s g r e a t l y w i t h different s teels , t h e h a r d e r s teels in gene ra l r ecover ing m o r e 
s lowly. T h e g r e a t e r t h e degree of ove r s t r a in , t h e longer t h e t i m e r e q u i r e d t o 
b r i n g a b o u t r e c o v e r y a t a g iven t e m p . , or t h e h i g h e r t h e t e m p , r e q u i r e d t o b r i n g 
a b o u t r e c o v e r y in a g iven t i m e . All s tee ls s h o w s o m e p rogres s t o w a r d s r e c o v e r y 
a t a t m . t e m p . , b u t in t h e case of t h e h a r d e r s teels , i t is v e r y slow. T h e effect of 
30 y e a r s ' r e s t a t a t m . t e m p on a n o v e r s t r a i n e d cruc ib le s tee l h a v i n g 1-22 p e r c en t . 
c a r b o n , w a s a b o u t t h e s a m e a s t h e effect of ho ld ing t h e m e t a l for 1 h r . a t 100°, 
a n d cons ide rab ly less t h a n t h e effect of ho ld ing i t for a n h o u r a t 125°. F . G. Coker , 
a n d E . J . M c C a u s t l a n d a lso found t h a t t h e r e is a c e r t a i n a m o u n t of r ecove ry w i t h 
o v e r s t r a i n e d mi ld s tee l a n d w r o u g h t i r on a t 0° , a f ter w h i c h t h e r ecove ry p roceeds 
n o fu r the r . Accord ing t o Z. Jeffries a n d R . S. Archer , t h e r ecove ry of e las t i c i ty 
on a g e i n g a t o r d i n a r y t e m p . , or on h e a t i n g a t t e m p , u p t o a b o u t 300°, is a t t e n d e d 
b y a n inc rease in h a r d n e s s , a n d tens i le s t r e n g t h , a n d b y a loss of p l a s t i c i t y . E l o n g a 
t i o n is u s u a l l y r e d u c e d t o a m a r k e d degree a l t h o u g h t h e r e d u c t i o n of a r e a is less 
affected. H e n c e , t h e c h a n g e t h a t occurs is , i n genera l , a h a r d e n i n g a n d stiffening. 

Z. Jeffries a n d R . S. Arche r a d d e d t h a t whi le t h e p r o p o r t i o n a l l imi t in t ens ion 
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can be g r ea t l y i nc reased—near ly d o u b l e d — b y o v e r s t r a i n in t e n s i o n followed b y 
age ing , or h e a t i n g a t low t e m p . , t h e l imi t in compress ion is n o t s imi lar ly increased . 
I n fact , i t h a s been r e p o r t e d t h a t t h e ga in in t h e tens i le p r o p o r t i o n a l l imi t is a l m o s t 
e x a c t l y c o m p e n s a t e d b y t h e loss in t h e compress ive p r o p o r t i o n a l l imi t , so t h a t t h e 
t o t a l e last ic r ange is n o t g r e a t l y c h a n g e d . J . A. v a n d e n Broek , however , f o u n d 
t h a t b y s t r e t ch ing a n d r e h e a t i n g , t h e tens i le p r o p o r t i o n a l l imi t of mi ld s teel c a n b e 
a lmos t d o u b l e d while sti l l r e t a in ing t h e or ig inal compress ive p r o p o r t i o n a l l imi t . 
H . M. H o w e discussed cases whe re (i) t h e ove r s t r a in s t r e n g t h e n s t h e m e t a l a g a i n s t 
a l a t e r s t ress in t h e s a m e di rec t ion , b u t weakens i t a g a i n s t a s t ress in t h e oppos i t e 
d i rec t ion ; a n d (ii) one in which i t s t r e n g t h e n s t h e m e t a l in all d i rec t ions t h o u g h t o 
a degree which var ies w i t h t h e d i rec t ion of t h e l a t e r s t ress , be ing g rea t e r for s t resses 
wh ich a re in t h e s a m e d i rec t ion as t h e ove r s t r a in itself. 

Z. Jeffries a n d R . S. Arche r ho ld t h a t t h e b l u e - h e a t p h e n o m e n o n a n d t h a t of 
e las t ic r ecovery a re b o t h d u e t o a s p o n t a n e o u s increase in res i s tance t o m o t i o n of 
t h e s l ip-planes fo rmed d u r i n g de fo rmat ion . 

I t is s \ ipposed that- i m m e d i a t e l y a f te r m o t i o n "begins o n a Blip-plane t h e r e s i s t a n c e i s 
less t h a n t h e s h e a r i n g s t r e n g t h of t h e u n b r o k e n c r y s t a l s . !Deformat ion t e n d s t o p rog re s s 
b y cont inued, m o t i o n o n t h i s p l a n e , u n t i l b r o u g h t t o a h a l t b y e n d - r e s i s t a n c e t h a t is , b y 
t h e i n t e r f e r ence of a d j a c e n t g r a i n s . If t h e d e f o r m i n g l o a d is r e m o v e d i m m e d i a t e l y a f t e r 
s l ip l ias s t a r t e d a n d t i m e is a l l o w e d for e las t i c r e c o v e r y , t h e n t h e r e s i s t ance t o m o t i o n o n t h e 
p l a n e of s l ip s p o n t a n e o u s l y inc reases t o a v a l u e e q u a l t o o r g r e a t e r t h a n t h e r e s i s t ance t o 
t h e f o r m a t i o n of a n e w s l i p - p l a n e . F u r t h e r d e f o r m a t i o n m u s t t h e n t a k e p l a c e o n n e w 
p l a n e s . T h e t i m e r e q u i r e d for t h i s i n c r e a s e i n r e s i s t ance is less a s t h e t e m p , r ises , so t h a t 
a t a b o u t 250° t o 300° t h e c h a n g e is p r a c t i c a l l y i n s t a n t a n e o u s a n d occurs d u r i n g t h e p rog re s s 
of a n y o r d i n a r y d e f o r m a t i o n , s u c h a s a t ens i l e t e s t . T h e r e su l t is t h a t a t a b l u e - h e a t a g i v e n 
external d e f o r m a t i o n p r o d u c e s m o r e i n t e r n a l d e f o r m a t i o n , or c o l d - w o r k i n g , a n d h e n c e m o r e 
7iardening, t h a n t h e s a m e a m o u n t of e x t e r n a l d e f o r m a t i o n effected a t r o o m t e m p . T h i s 
s t a t e m e n t a p p l i e s t o d e f o r m a t i o n s effected w i t h i n a s h o r t pe r iod of t i m e , s u c h a s d u r i n g 
a n o r d i n a r y t ens i l e t e s t . I f t h e d e f o r m a t i o n w h i c h t a k e s p l ace d u r i n g t h e t ens i l e t e s t a t 
r o o m t e m p , c o u l d b e effected v e r y s lowly so t h a t t h e r e w a s t i m e for e las t i c r e c o v e r y d u r i n g 
t h e t e s t , w e s h o u l d e x p e c t t h e tens i le s t r e n g t h t o b e inc reased t o a n e x t e n t c o m p a r a b l e 
w i t h t h e i n c r e a s e o b t a i n e d a t a b lue -hea t . A c c o r d i n g t o t h e t h e o r y h e r e desc r ibed , t h e b lue -
h e a t p r o p e r t i e s of i ron a r e d u e t o c e r t a i n pecu l i a r i t i e s of t h e process of d e f o r m a t i o n , a n d a r e 
n o t specific p r o p e r t i e s of c ry s t a l l i ne i ron . T h e y ie ld -po in t , t ens i l e s t r e n g t h , B r i n e l l h a r d n e s s , 
e l o n g a t i o n a n d r e d u c t i o n of a r e a a r e a l l p r o p e r t i e s whose m e a s u r e m e n t neces sa r i l y i n v o l v e s 
p l a s t i c d e f o r m a t i o n . T h e t r u e e las t ic l imi t , o n t h e o t h e r h a n d , b e i n g t h e s t r e s s a t wh ich 
p l a s t i c d e f o r m a t i o n beg ins , c a n n o t b e affected b y t h e m e c h a n i s m desc r ibed , n o r c a n t h e 
m o d u l u s of e l a s t i c i ty . Un le s s t h e r e is a n a l lo t rop ic c h a n g e ( change i n a t o m i c a r r a n g e m e n t ) , 
i t i s t o be e x p e c t e d t h a t b o t h e las t ic l imi t a n d e las t ic m o d u l u s wil l dec r ea se c o n t i n u o u s l y 
a s t h e t e m p , r ises . T h e r e is a l a c k of s u s t a i n i n g ev idence of a n y a l l o t rop i c c h a n g e i n t h e s e 
t e m p , r eg ions , a n d r e c e n t l y E . C. B a i n h a s found b y X - r a y a n a l y s i s t h a t i r o n a t 300° h a s 
t h e s a m e b o d y - c e n t r e d c u b i c l a t t i c e a s a t r o o m t e m p . 

I n t h e s o - c a l l e d b e n d i n g t e s t fo r d u c t i l i t y , a b a r of i r o n i s b e n t b y s t e a d y p r e s s u r e 
o r b y h a m m e r i n g , u n t i l a n a n g l e of 1 8 0 ° i s a t t a i n e d , o r u n t i l t h e i r o n r u p t u r e s . I n 
t h e l a t t e r c a s e , t h e a n g l e a t w h i c h t h e f r a c t u r e o c c u r s o n t h e o u t s i d e of t h e b e n d i s 
n o t e d . T h e t e s t i s u s u a l l y c a r r i e d o u t a t o r d i n a r y t e m p . , b u t i n o r d e r t o d e t e c t 
r e d - s h o r t n e s s , o r a h i g h s u l p h u r - c o n t e n t , t h e t e s t m a y b e c a r r i e d o u t a t a b o u t 
9 0 0 ° o r 1 0 0 0 ° . I n t h e n i c k e d b e n d i n g t e s t t h e t e s t - p i e c e i s n i c k e d a l l r o u n d , b e f o r e 
b e n d i n g , s o t h a t t h e f r a c t u r e s h o w s t h e t e x t u r e - f i b r o u s o r c r y s t a l l i n e . T h e s e 
t e s t s a r e g e n e r a l l y u s e d a s g u i d e s i n t h e w o r k s h o p . 

T h e s u b j e c t w a s d i s cus sed b y L . A i t c h i s o n a n d L . W . J o h n s o n , 1 0 L . H . A p p l e b y , 
C. B a c h , B B a r d e n h e u e r , J . B a r t e l , G. S. Be l l a n d C. H . A d a m s o n , B . B l o u n t a n d 
c o - w o r k e r s , E . B r i n c k m a n n , G. C h a r p y , G. Cook , J . GL D o c h e r t y , B . A . F i r t h , J . E . F l e t c h e r , 
H . H e r b s t , E . H o u d r e m o n t a n d Ef. K a l l e n , E . H o u d r e m o n t a n d R . M a i l a n d e r , S. I k e d a , 
J J . J a n n i n , W . E . J o h n s t o n , T . v o n K a r m a n , W . J . K e e p , G . H . K e u l e g a n , R . L . K e y n o n , 
A . B . Klinzel, G. K l e i n a n d W . Aichho lze r , R . K u h n e l , W*. K u n t e z , M. L a u t z , B . I / u d w i k , 
M . L i ip fe r t , A . L u n d g r e n , A . M a r t e n s , G. M e h r t e n s , E . M e y e r , H . Meye r , R . M i t s o h e , 
R . M o l d e n k e , J . M u i r a n d D . B i n n i e , E . Nusbaiuner , J . G . P e a r c e , S. N . P e t r e n k o , 
L . P iedbceuf a n d M. R e m y , A. P i n e g i n , H . P o m r a e r e n k e , F . R o l l , W . R o s e n h a i n a n d 
A . J . M u r p h y , M. Rudeloff , HL R . S a n k e y , HL. S c h o t t k y , A . S c h u c h a r t , E . Schiia;, 
W . A . Seob le , HT. S c o t t , J . Se ig le , E . Siebel , C. A . M . S m i t h , E . K . S m i t h a n d L . I a c h t e n f e l d , 
R . S t r i b e c k , O . T h a l l n e r , A . T h u m a n d HC. U d e , a n d H . E . W i m p e r i s . T h e effect of n i t r o -
g e n i e a t i o n w a s s t u d i e d b y A . P o m p a n d A . L i n d e n b e r g . 
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B . Scho t t l e r , a n d C. Bach, d iscussed t h e fac t t h a t t h e t ens i le s t r e n g t h of cast-
i ron ca l cu l a t ed f rom t h e b e n d i n g t e s t s is g r e a t e r t h a n t h e v a l u e o b t a i n e d b y a p p l y i n g 
a d i r ec t t ens i le s t ress . P . Goer ens a n d G. H a r t el m e a s u r e d t h e a n g l e t h r o u g h 
wh ich b a r s of 0-085 p e r c e n t , c a r b o n steel cou ld b e b e n t a t different t e m p . T h e 
c u r v e for t h e bending ang le s r equ i r ed for f r ac tu re shows a s h a r p m i n i m u m 
b e t w e e n 400° a n d 500° ; a n d t h e b e n d i n g ang le b e c o m e s r a p i d l y less a s t h e 
t e m p , falls f rom, say , 0° t o —75°. O. B e i n h o l d m e a s u r e d t h e b e n d i n g ang les of 
s teels a t different t e m p . , a n d o b t a i n e d s imi la r r e su l t s . M. K o e p k e a n d E . H a r t i g , 
a n d G. M e h r t e n s showed t h a t w r o u g h t i ron , w h e t h e r cooled d o w n t o —100° o r n o t , 
is s o m e w h a t m o r e r igid t h a n s teel w h e n t e s t e d b y s h o c k or b e n d i n g . T h e b e n d i n g 
n u m b e r becomes less, b u t whe rea s s tee l b e h a v e s well , w r o u g h t i ron c r acks on i t s 
c o n v e x surface af ter a few b lows . F . S te ine r , a n d H . Gol iner f o u n d t h a t a w r o u g h t 
i ron tes t -p iece could b e b e n t 180° a t —50° -without f r ac tu re , b u t a n i cked t e s t -p iece 
could n o t b e b e n t t o so g r e a t a n ang le a t t h i s t e m p , a s w a s poss ib le a t t h e n o r m a l 
t e m p . T h e f r ac tu re a t t h e r e d u c e d t e m p , w a s of a c rys t a l l ine n a t u r e , a n d t n a t a t 
o r d i n a r y t e m p , w a s of a f ibrous n a t u r e . A n n e a l e d cas t i r o n a n d s tee l w h i c h in 
t h e i r n o r m a l cond i t i on could b e b e n t d o u b l e w i t h o u t difficulty, w i t h s t o o d a s l ight 
b e n d i n g a t —50°, a n d , o n t h e t h i r d l i gh t b low, i t s n a p p e d l ike g l a s s ; E . K u c z e r a a n d 
E . Be in i s cb , a n d M. K o e p k e a n d E . H a r t i g also m a d e obse rva t i ons on t h i s sub jec t . 
S tee l b a r s wh ich h a d b e e n cooled showed a g r e a t e r res i s tance t o i m p a c t t h a n uncoo led 
ba r s—for t h e effect of cooling s teel on t h e s t r u c t u r e , e tc . , vide supra, a u s t e n i t e a n d 
m a r t e n s i t e . G. Meyer sbe rg s t u d i e d t h e effect of w o r k , a n d of t h e d imens ions of 
t h e t e s t -p iece on t h e b e n d i n g t e s t . 

P . Goerens m e a s u r e d t h e flexibility of i ron i n t e r m s of t h e n u m b e r of t i m e s i t 
can b e b e n t b a c k w a r d s a n d fo rwards t o c e r t a i n angles before i t b r e a k s off. T h e 
course of t h e flexibility c u r v e co r responds w i t h t h e t ens i le s t r e n g t h c u r v e ; u p t o 
520°, t h e flexibili ty is influenced t o a s l ight degree r i s ing f rom 11 t o 16 ; t h e r e is a n 
a b r u p t j u m p t o 27 a t t h i s t e m p . ; a n d a s u b s e q u e n t r ise in t h e a n n e a l i n g t e m p , is 
a c c o m p a n i e d b y a smal l r ise of t h e b e n d i n g n u m b e r t o 32 . If t h e a n n e a l i n g coarsens 
t h e g ra in , t h e r e is a fall in t h e b e n d i n g n u m b e r . Acco rd ing t o W . Hero ld , b y s lowly 
ra i s ing t h e load on t h e b e n d i n g - t e s t m a c h i n e , t h e s t r e n g t h c a n b e a u g m e n t e d in 
some cases 30 p e r cen t , a b o v e t h e r e su l t of t h e s h o r t - t i m e t e s t . A c h a n g e of 
s t r u c t u r e is p r o d u c e d in t h e long- t ime t e s t . Jn t h e case of a n n e a l e d a n d q u e n c h e d 
pear l i t i c a n d m a r t e n s i t i c s teels , t h e r e is a s e p a r a t i o n of t h e t w o solid phase s so t h a t 
t h e h a r d e r p h a s e is d r i v e n t o t h e g ra in b o u n d a r i e s wh ich slow u p m o r e c lear ly g iv ing 
t h e impress ion t h a t t h e s t r u c t u r e h a s b e e n coarsened . I n t h e case of pear l i t i c s teels , 
t h e c e m e n t i t e m i g r a t e s t o t h e g ra in b o u n d a r i e s , a n d , i n t h e n e i g h b o u r h o o d of t h e 
f r ac tu re , i t consis ts of ferr i te w i t h g r a n u l a r pea r l i t e a t t h e g ra in b o u n d a r i e s . 
J . W . C u t h b e r t s o n s t u d i e d t h e sub jec t . J . Mui r a n d D . B inn ie discussed t h e 
ove r s t r a in ing of i ron b y b e n d i n g . 

T h e transverse Strength, of i ron is m e a s u r e d b y t h e so-called t r a n s v e r s e or cross-
b r e a k i n g t e s t in w h i c h a b a r of i ron of s t a n d a r d size is s u p p o r t e d as a b e a m a n d 
loaded cen t r a l ly u n d e r s t a n d a r d cond i t ions . T h e s t r e n g t h is m e a s u r e d b y t h e 
c e n t r a l l o a d t h e b e a m will c a r r y w i t h o u t r u p t u r e ; t h e deflection of t h e b e a m before 
r u p t u r e g ives a r o u g h m e a s u r e of t h e t o u g h n e s s . T h e t e s t is f avoured for cas t i ron . 
O b s e r v a t i o n s were m a d e b y E . H o d g k i n s o n n in 1824. T h e s t a n d a r d i z a t i o n of 
t h e t e s t h a s b e e n d iscussed b y a c o m m i t t e e of t h e A m e r i c a n Soc ie ty of Mechanica l 
E n g i n e e r s , b y W . J . K e e p , J . E . S t ead , J . A. M a t h e w s , B . B . Devr ies , G. W . Dress , 
H . C. D e w s , G. B . J o h n s o n , C. J o v i g n o t , B . K r o h n a n d F . K i n t z l e , E . C. de S e g u n d o 
a n d 1*. S. B o b i n s o n , G. S. Bel l a n d C. H . A d a m s o n , J . B . K o m m e r s , J . G. P e a r c e , 
W . B . N e e d h a m , J . N a v a r r o , W . C. U n w i n , G. H a i l s t o n e , a n d W . J . Millar. W o r k i n g 
w i t h samples of c a s t i ron h a v i n g a s p a n of 36 ins . , b r e a d t h 1 in . , a n d d e p t h 2 ins . , 
ave r ages of 1344 t e s t s g a v e : u l t i m a t e s t r e n g t h , 3740 lbs. , u l t i m a t e deflection, 
0*400 in . , a n d m o d u l u s of r u p t u r e , 50 ,490 lb s . p e r sq . in . J . A . M a t h e w s o b t a i n e d 
t h e r e su l t s i n d i c a t e d in T a b l e X X X , w i t h c a s t i ron h a v i n g 3*56 t o 3*78 p e r cen t , of 
t o t a l c a r b o n ; 2*68 t o 3*08, g r aph i t i c c a rbon ; 0*70 t o 1-04, c o m b i n e d c a r b o n ; a b o u t 
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0-45, m a n g a n e s e ; 0-8, p h o s p h o r u s ; O l , s u l p h u r ; a n d silicon. E . A d a m s o n f o u n d 
for cas t i ron wi th 3-56 t o 3-58 t o t a l c a r b o n ; 2*98 t o 3-05, g r aph i t i c c a r b o n ; 0-54 
t o 0-59, combined c a r b o n ; 1-30 t o 2-00, sil icon ; 0-072 t o 0-11 s u l p h u r ; 0-59 t o 
1-20, p h o s p h o r u s ; a n d 0-65 t o 0 9 0 , m a n g a n e s e , t h e t r a n s v e r s e s t r e n g t h in 3 f t . 
was 27-5 t o 38-5 cwts . ; t h e deflection, 0-314 t o 0-386 i n . ; a n d t h e m o m e n t of 
res is tance , 16-588 t o 20-796. J . Bausch inge r ' s resu l t s a re i n d i c a t e d in T a b l e X X X . 

TABLK X X X . - — T R A N S V E R S E S T R E N G T H OK C A S T I R O N . 

Silicon 
(per cent 

1 

2 

2 

5 0 

OO 

• 5 0 

.) 
Span 

(i lichen) 

12 
18 
2 4 
12 
18 
2 4 
1 2 
18 
2 4 

Mean centre load 
(lbs.) 

3 0 0 0 
1 9 3 5 
1 4 2 5 
2 9 0 0 
] 8 3 5 
1 2 0 5 
2 8 8 0 
1 9 0 5 
140O 

Modulus of rupture 
(lbs. per sij. in.) 

4 7 , 1 0 O 
4 5 , 6 0 O 
4 4 , 7 0 O 
4 5 , 5 0 0 
4 3 , 2 0 O 
3 9 , 7 0 0 
4 5 , 2 0 0 
4 4 , 9 0 0 
4 4 , 0 0 0 

Tensile strength 
(lbs. per sq. in.) 

2 5 , (W)O 

24 ,37O 

2 4 , 0 0 0 

H . Meyer gave for t h e effect of t e m p , on t h e m o d u l u s of r u p t u r e ( tons pe r sq. in . ) , 
a n d t h e m a x i m u m deflection in inches : 

M o d u l u s o f r u p t u r e 
Ma-x. d e f l e c t i o n 

1 8 ° 
. 2 3 - 6 

0 - 3 0 

8 5 ° 
2 1 - 9 

0 - 2 8 

155° 
2 1 - 3 

0 - 2 8 

3 7 0 ° 
21-O 

0 - 3 0 

580° 
10 0 

0 -57 

8 1 0 ° 
6 - 2 
0 - 7 9 

L. H . A p p l e b y 1 2 m e a s u r e d t h e res i s tance of i ron t o shear ing a n d tors ional 
s tresses , a n d f o u n d t h a t o p e n - h e a r t h s teel h a d a to r s iona l l imi t of 20-09 t o n s a n d a 
b r e a k i n g s t r e s s of 39-29 t o n s p e r sq . in . , whi le t h e shea r ing res i s tance w a s 29-7 t o n s 
p e r sq . i n . S o m e resu l t s of t h e b r e a k i n g s t ress , i n t o n s p e r sq. in . , a r e i n d i c a t e d i n 
T a b l e X X X I . T h e n u m b e r s in b r a c k e t s refer t o t h e n u m b e r of twis t s on a l e n g t h 
of 30 d i a m e t e r s -which were found af ter f r ac tu re . J . Bausch inger ' s resu l t s for t h e 
tens i le a n d compress ive s t r e n g t h s , t h e t r a n s v e r s e s t r e n g t h , t h e shear ing s t r e n g t h , 
a n d t h e to r s iona l s t r e n g t h a r e i n d i c a t e d in T a b l e X X X I ; a n d t h o s e of 
L . H . A p p l e b y , in T a b l e X X X I I . J . P i a t t a n d K. F . H a y w a r d found t h a t 

T A B L E X X X I . — M E C H A N I C A L P E O P K R T I K S O F I R O N A N D S T E E L . 

C a s t i r o n . . 
W r o u g h t iron. 
C a s t s t e e l . 
F o r g e d s t e e l 
B e s s e m e r s t e e l . 

Tensile 
s t r e Ti Rt Ii 

1 2 - 5 1 7 
2 5 - 4 1 0 
2 9 - 0 6 0 
2 8 - 4 1 5 
3 4 - 4 0 5 

' Compres
sive 

strength 

i 2 3 - 1 3 1 

liending 
test 

39-495 
51-351 
66-207 

Torsional strength 

Limit 

8 - 9 2 8 
2 0 0 9 4 
1 1 1 6 3 
1 7 - 8 5 7 

Iinpture 

1 4 - 4 1 7 ( 0 0 4 ) 
2 6 * 0 4 2 ( 1 0 - 5 6 ; 
3 9 - 2 8 6 ( 0 - 9 0 ) 
3 0 - 8 7 8 ( 7 - 6 4 ) 
3 8 - 2 3 1 ( 1 6 0 3 ) 

Shearing 
strength 

1 2 - 3 3 8 
2 2 - 4 3 6 
2 9 - 7 0 0 
2 4 - 4 3 6 
1 8 - 9 3 3 

t h e s h e a r i n g s t r e n g t h is a l w a y s less t h a n t h e tens i le s t r e n g t h ; a n d t h a t t h e r a t i o 
s h e a r i n g s t r e n g t h : tens i le s t r e n g t h increases a s t h e t e n a c i t y increases a n d is 85 p e r 
cen t , for w r o u g h t i ron , 81 p e r cen t , for m i l d s tee l , 64 t o 70 per cen t , for s teels w i t h 
a h igh p r o p o r t i o n of c a r b o n , a n d for c a s t i ron , 40 p e r cen t . ; t h e to r s iona l s t r e n g t h is 
g r e a t e r t h a n t h a t of t h e d i rec t shear , a n d t h e r a t i o v a r i e s w i t h t h e t e n a c i t y a n d 
n a t u r e of t h e m a t e r i a l s . T h e m o d u l u s of e l a s t i c i ty i n t o r s ion is a b o u t 40 p e r cen t , 
of t h e m o d u l u s i n t e n s i o n . E . Gr. I zod , a n d J . G o o d m a n o b t a i n e d h ighe r r e su l t s 
t h a n J . P i a t t a n d R . F . H a y w a r d for t h e s h e a r i n g s t r e n g t h of ca s t i ron . E . G. I z o d 
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g a v e for t h e u l t i m a t e t ens i l e s t ress of ca s t i ron , 9*7 t o 13*7 t o n s p e r sq . in . , a n d for 
t h e u l t i m a t e shea r ing s t ress , 13*9 t o 17*4 t o n s p e r sq . in . J . G o o d m a n g a v e for 
ca s t i ron , 10*9 t o 11*5 t o n s p e r sq . i n . for t h e u l t i m a t e t ens i le s t r e n g t h , a n d 12*9 
t o 13*0 t o n s p e r sq . in . for t h e u l t i m a t e s h e a r i n g s t ress . W . P i inge l d i scussed t h e 
effect of co ld -work o n t h e to r s ion s t r e n g t h of s tee l . 

O b s e r v a t i o n s w i t h i ron , e t c . , w e r e m a d e b y O . C. A n t h o n y , W . B a d e r a n d A . ISTadai, 
A . J . B e c k e r , O . S. Be l l and. C. H . A d a m s o n , B . B l o u n t a n d c o - w o r k e r s , T . H . B u r n h a m , 
E . O . Coker , Q . Cook, a . K . E l l i o t t , .T. V . E m m o n s , O. IToppl, C. F r e m o n t , A . Glazunoff, 
J. J. G u e s t a n d F . C. I ,ea , E . L . H a n c o c k , P . H e n r y , W . H e r o l d , A . G. H i l l , L . .T. J o h n s o n 
a n d «T. R,- N icho l s , W . J o I ley, J. B . K o m m e r s , W . Jvuntsse, C. E . Liarard , F . C. L e a a m i 
F . H e y w o o d , E . L e h r , W . L o d e , 1*. L n d w i k , I*. L u d w i k a n d c o - w o r k e r s , I>. .T. M a c A d a m s , 
L . F e r a r d , P . R 6 g n a n l d , M . Rudeloff , A . S a u v e u r , H . A . Schwartz; , W . A . Scoble , 
V. B . See ly a n d W . .T. P u t n a m , J . Seigle, J . Seigle a n d c o - w o r k e r s , Y . Sek iguch i , Tv. S i p p , 
C A . M. S m i t h , J . H . S m i t h a n d F . V. W a r n o c k , B . L . T e m p l i n a n d B . L . M o o r e , V . V i e w e g 
a n d A. W e t t h a u e r , P . B . W h i t n e y a n d O. J C D o h n e r , a n d F . P . Z i m m e r l i a n d c o - w o r k e r s . 

TAUTJP: I K X X I T . — M K C H A N I O A L T E S T S O F C A R B O N S T K E L S ( k g r m s . pt?r sq . m m . ) . 

Compres
sive 

s t r eng th 

4 8 
5 4 
6 3 
7 O 
G l 
6 2 
6 6 
6 6 
7 3 
9 7 
8 9 
9 9 

(Transverse 
I strength. 1 l imi ts 

3 8 
4 2 
4 O 
4 2 
4 O 
4 2 

! 4 5 
4 4 
4 7 
4 7 j 
4 7 
69 I 

Transverse 
s t r eng th 

8 3 
9 3 
8 6 
8 8 
9 6 
8 6 
8 8 
7 6 
7 7 
8 5 

Shear ing 
stress 

3 4 
3 7 
3 6 
4 0 
3 9 
4 0 
3 6 
4 3 
4 1 
4 8 
5 0 
5 8 

Torsional 
s t r eng th 

l imit 

1 

1 5 
1 5 

:-
1 5 

i 
1 6 
1 7 
1 8 
2 O 
2 0 
2 7 

I n t h e f r ac tu r e of i ron b y a l t e r n a t i n g t o r s iona l s t resses , f r ac tu re m a y occur 
w h e n t h e t o t a l d i s t o r t i o n is smal l or i n a p p r e c i a b l e . H . G o u g h f o u n d t h a t w i t h 
s ingle c ry s t a l s of <x-iron, t h e d i r ec t ion of s l ip is t h e o c t a h e d r a l d i r ec t ion . At a n y 
p o i n t o n t h e surface of t h e spec imen t h e r e will ex is t a p l a n e on w h i c h t h e v a l u e of 
t h e s h e a r s t ress r e so lved in t h e c o n t a i n e d o c t a h e d r a l d i r ec t ions is a m a x i m u m for 
all s imi la r r e so lved s h e a r s t resses . Sl ip will n o t , in genera l , occur on t h i s p l a n e , 
un less t h e p l a n e co inc ides e x a c t l y w i t h a d o d e c a h e d r a l (110), i co s i t e t r ahed ra l (112), 
o r h e x a k i s - o c t a h e d r a l (123) p l a n e of t h e c rys ta l l ine s t r u c t u r e ( and t h e n on ly -when 
cond i t i ons of per fec t s y m m e t r y o b t a i n ) . I n o t h e r cases , t h e d i s to r t i on is p r o d u c e d 
b y s l ipp ing o n t w o p l a n e s , e a c h of w h i c h co r r e sponds t o one of t h e a b o v e c rys t a l 
p l a n e s . T h e s e s l ip -p lanes a r e s i t u a t e d on oppos i t e s ides of t h e p l a n e of m a x i m u m 
reso lved s h e a r s t ress , a l t h o u g h n o t , in genera l , e q u i d i s t a n t f rom t h a t p l a n e . E a c h 
s l ip -p lane is d e t e r m i n e d b y t h e cons ide ra t ion t h a t i t is sub j ec t ed t o a g rea t e r v a l u e 
of r e so lved s h e a r s t r e s s t h a n a n y o t h e r poss ib le s l ip-p lane on t h e s a m e side of t h e 
p l a n e of m a x i m u m reso lved s h e a r s t ress . T h e s l i p -bands will, in genera l , b e of a 
d u p l e x t y p e , t h e average s lope b e i n g t h a t of t h e t r a c e of t h e p l ane of m a x i m u m 
s h e a r s t r e s s o n t h e sur face of t h e spec imen . T h e l imi t s of slope of t h e s l ip -bands 
will ag ree w i t h t h e t r a c e s of t h e p l a n e s of s l ip . U n d e r v e r y smal l de fo rmat ions , 
t h e s l i p - b a n d s a p p e a r e i the r a s s h o r t s e p a r a t e t r a c e s of t h e s l ip-planes, or of a com
b i n a t i o n of t h e s e t r a c e s , a n d c a n b e ident i f ied a s such . U n d e r g r e a t de fo rma t ions , 
h o w e v e r , t h e c o m p o n e n t s lopes of t h e s l i p -bands a r e difficult t o resolve, a n d some
t i m e s t h e y c a n n o t b e reso lved a t a l l . I n t h e l a t t e r case t h e y p r e sen t a v e r y w a v y , 
b r a n c h e d a p p e a r a n c e b e a r i n g n o a p p r e c i a b l e r e l a t i on t o t h e crys ta l l ine s t r u c t u r e . 
O b s e r v a t i o n s o n single c ry s t a l s were m a d e b y J . Kon igsbe rge r . F o r mi]d steel , 

Carbon 
(per cent.) 

0 - 1 4 
0 1 9 
0 - 4 6 
0 - 5 1 
0 - 5 4 
0 - 5 5 
0 - 5 7 
O-66 
0 - 7 8 
0 - 8 0 
0 - 8 7 
O -96 

Tensile 
s t r eng th 

l imi t s 

3 O 
3 3 
3 5 
3 4 
3 5 
3 3 
3 3 
3 7 
3 7 
4 O 
4 3 
4 9 

Tensile 
s t r eng th 

4 4 
4 8 
5 3 
5 6 
5 6 
56 
5 6 
6 3 
6 5 
7 2 , 
7 4 
8 3 

Compres
sive 

s t r eng th 
l imi t s 

2 8 
3 O 
3 4 
3 3 
3 4 
3 5 
3 4 
3 8 
3 8 
4 4 
3 9 
5 O 
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E . G. Izod, a n d J . G o o d m a n respect ively gave 26-9 a n d 23-6 t o n s pe r sq . in . for t h e 
u l t i m a t e tensile s t r eng th , a n d 21-0 a n d 18-9 tons pe r sq. in . for t h e u l t i m a t e shea r ing 
s t ress . The u l t ima te shear ing stress of cas t i ron—free f rom blow-holes a n d spr ingi -
n e s s _ _ i s g rea ter t h a n t h e u l t i m a t e tensi le s t r eng th . J . F r e n k e l discussed t h e t h e o r y 
of t h e shear ing s t r eng th of crys ta ls ; D . Binnie , t h e ove r s t r a in ing of steel b y to r s ion ; 
G. H . Gulliver, a n d C. F r e m o n t , t h e shear ing s t r eng th of i ron a n d steel . W . Jo l l ey 
found t h e measu remen t s w i th cas t i ron t o be unsa t i s fac to ry . M. Maj ima found 
t h a t when t h e elastic l imi t of mild steel is exceeded in to rs ion , t h e de fo rma t ion 
becomes plast ic , a n d wi th a cons tan t tw i s t ing couple t h e angle of t w i s t u l t i m a t e l y 
reaches a n upper l imit . After several hou r s t h e m a t e r i a l recovers i t s e las t ic i ty , 
t h e recovery being near ly propor t iona l t o t h e t i m e of res t . If, t h e n , t h e t w i s t i n g 
couple is increased, elastic deformat ion is p roduced , a n d u p t o t h e n e w elast ic l imi t 
t h e s tress-strain relat ionships are a p p r o x i m a t e l y equa l t o t hose observed w i th in 
t h e original elastic l imit . The resul ts a r e sat isfactor i ly exp la ined b y t h e s l ip-band 
t heo ry . P . Chevenard measured t h e va r i a t ion wi th t e m p , of t h e to rs iona l r ig id i ty 
of some carbon steels, a n d found t h a t t h e v a r i a t i o n w i t h t e m p , of t h e inverse 
squares of t h e t imes of oscillation only represen t s t h e a p p a r e n t va r i a t i on of t h e 
tors ion modulus u p t o 300°. Above 300°, t h e d e c r e m e n t s showed a r a p i d increase . 
T h e a n o m a l y in t h e elast ici ty of ca rbon steels is d i rec t ly p ropor t i ona l t o t h e c a r b o n 
con ten t . L. di Lazzaro found t h a t when tors iona l a n d tensi le stresses a r e app l i ed 
s imul taneously , t h e tors ion modulus diminishes , a n d rises aga in af ter t h e t ens ion 
has been released. 

According to H . Tomlinson, t h e long i tud ina l a n d to r s iona l e las t ic i ty of i ron a re 
n o t so m u c h affected b y raising t h e t e m p , as is t h e case w i t h i n t e rna l fr ict ion. 
T h e tors ional elast ici ty of annealed i ron is t e m p o r a r i l y decreased 2*693 pe r cen t . 
w h e n t h e t e m p , is raised from 0° t o 100° ; a n annea l ed wire t e s t ed w i th a ce r ta in 
load a t 12° was t empora r i ly e longated 0-751 m m . ; w h e n h e a t e d t o 100°, 0*793 m m . ; 
a n d w h e n cooled again a n d t e s t ed 24 hrs . a f t e rwards , 0*725 m m . T h u s , a s w i t h 
tors ional elast ici ty, t he re is a p e r m a n e n t increase of e las t ic i ty , a n d a t e m p o r a r y 
decrease of 2*58 per cent . T ime is here a n i m p o r t a n t factor , for t h e e las t ic i ty 
immed ia t e ly after cooling is apprec iably less t h a n i t is a f ter a long res t . W i t h b o t h 
to r s iona l a n d longi tudina l elast ici ty, after a n i ron wi re h a s been p e r m a n e n t l y 
e x t e n d e d b y t r ac t ion , t h e elast ici ty is p e r m a n e n t l y increased b y long res t . T h e 
ca r ry ing power of a magne t , also, can be cons iderably inc reased b y p u t t i n g on t h e 
load in smal l quan t i t i e s a t a t ime , wi th long in te rva l s of r e s t be tween . All t h i s is 
t a k e n t o m e a n t h a t if t h e molecular a r r a n g e m e n t of i ron be d i s t u r b e d b y a n y s t ress 
wha t eve r , exceeding a ce r ta in small l imit , t h e molecules will n o t a s s u m e a t o rd ina ry 
t e m p , t h o s e posi t ions which will secure a m a x i m u m of e las t ic i ty , u n t i l af ter a res t 
of m a n y hour s . K . Yuas i ' s observat ions were ind ica t ed i n connec t ion w i t h t h e 
tensi le t e s t s . H . J . Tapsell a n d W . J . Clenshaw s tud ied t h e sub jec t . 

F o r t h e torsion modulus , in kg rms . per sq. m m . , C. A. Cou lomb g a v e for i ron , 
7,651 ; G. P i s a t i , 8,082 ; N . Ka tzene l sohn , 7,505 ; M. B a u m e i s t e r , 7,975 ; A . G r a y 
a n d co-workers , 8,230 ; C. Schafer, 7,337 ; H . Toml inson , 7,590 ; a n d F . H o r t o n , 
8,280. F o r t h e to r s ion m o d u l u s of steel , W . Voigt g a v e 8,070 ; H . Toml inson , 
7,731 ; G. P i sa t i , 8,262 ; A. G r a y a n d co-workers , 7,965 ; G. F . C. Sear le , 7,872 ; 
F . H o r t o n , 8,470 ; a n d F . A. Schulze , 8,022. F o r P o i s s o n ' s rat io , P . C a r d a n i gave 
0-321 ; J . D . E v e r e t t , 0*310 ; M. B a u m e i s t e r , 0*304 ; J . R . B e n t o n , 0*288 ; 
N . K a t z e n e l s o h n , 0*272 ; H . Toml inson , 0*281 ; J . Morrow, 0*263; A. Mallock, 
0*253 ; O. L i t t m a n n , 0*243 ; C. Schafer, 0-247 ; a n d E . Grune isen , 0-280 for s teel 
w i t h O-1 p e r cen t , of c a r b o n t o 0*287 for s teel w i t h 1-0 p e r cen t , of c a rbon . H . Po ln i ck 
ca lcu la t ed Poisson ' s r a t i o , w, f rom w—O-5-tJSk, whe re E d eno t e s Y o u n g ' s m o d u l u s , 
2 1 - 3 X l O - 1 1 c.g.s. u n i t s , a n d k t h e coeff. of compress ib i l i ty , 0 - 6 0 6 X l O 1 1 , so t h a t 
w*=s=0*285, w h e n E . Grune i sen obse rved 0-28. O b s e r v a t i o n s were also m a d e b y 
W . P . W o o d , C. F r e m o n t , E . G. I zod , W . E . Li l ly, W . C. Popp lewel l , E . L . H a n c o c k , 
C. A . M. S m i t h , E . Siebel a n d A. P o m p , C. B a c h , O. Bre t s chne ide r , T . R e i m e r s , 
J . J . Gues t , G. Moreau , E . Goens , F . W . A l e x a n d e r , a n d J . Seigle a n d F . Cre t in . 
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A . E . H . L o v e a n d o t h e r s h a v e s t u d i e d t h e m a t h e m a t i c a l t h e o r y of e l a s t i c i ty 
a n d s h o w n t h a t for s imple to r s ion , i n s t a t i c t e s t i n g , a n d i n t h e r a n g e -where s t r e s s is 
p r o p o r t i o n a l t o s t r a i n W9 t h e ene rgy a b s o r b e d pe r u n i t vo l . is W=CiSa

2f2F, w h e r e 
C i is a c o n s t a n t ; Sa, t h e m a x i m u m s t ress in to r s ion ; a n d F, t h e m o d u l u s of 
t o r s i ona l e las t i c i ty . Likewise" also for t e n s i o n or compress ion , W=C2Sb

s/2E, 
w h e r e C2 is a c o n s t a n t ; Sb, t h e m a x i m u m s t ress in t ens ion or compress ion ; a n d E9 
t h e m o d u l u s of e las t i c i ty in t ens ion . I n t h e case of reversed s t resses , W, t h e 
a m o u n t of e n e r g y i nvo lved p e r u n i t vo l . p e r cycle of s t ress a t t h e e n d u r a n c e l im i t , 
is W*=(S1

z-\~S2P)/2JEt w h e r e JE is t h e m o d u l u s of e las t i c i ty ; JS1, t h e m a x i m u m s t ress 
p e r u n i t a r e a ; a n d S2> t h e m i n i m u m s t ress p e r u n i t a r e a . If t h e cycle does n o t 
i nvo lve a r eve r sa l of s t ress , W=^(S1*—S2?)/212, w h e n S1 a n d S2 a re b o t h v a l u e s in 
t e n s i o n or b o t h i n compress ion . 

J . G o o d m a n showed t h a t as t h e r a n g e of r e p e a t e d s t ress on a s teel is decreased , 
t h e m a x i m u m s t ress t h a t c a n b e car r ied successfully a n indefini te ly l a rge n u m b e r of 
t i m e s is i nc reased ; a n d U . F . Moore a n d T. M. J a s p e r showed t h a t whi l s t t h i s 
r e l a t i on ho ld s for n o r m a l i z e d s teels ove r a cons iderab le r a n g e , w i t h h e a t - t r e a t e d 
s teels , w h e n t h e e las t ic l im i t a n d y ie ld -po in t a p p r o a c h p r o p o r t i o n a t e l y n e a r e r t h e 
u l t i m a t e s t r e n g t h , t h e l imi t s of e n d u r a n c e d o n o t follow J . G o o d m a n ' s re la t ion ; 
a n d t h e u p p e r l i m i t of t h e r a n g e t h e n r a r e l y goes b e y o n d t h e y ie ld -po in t of t h e 
m a t e r i a l . T h e e n d u r a n c e l i m i t r e p r e s e n t s t h e m a x i m u m s t ress a m e t a l c a n w i t h 
s t a n d in r e p e a t e d s t r e s s for a n indef ini te ly l a rge n u m b e r of cycles. If t h e r epea t ed 
s t ress of a fe r rous m e t a l is r u n a t a s t ress v e r y l i t t l e a b o v e t h e e n d u r a n c e l imi t , 
i t will u s u a l l y fail before i t h a s r e a c h e d 2,000,000 cycles, whe rea s if t h e m e t a l is 
r e p e a t e d l y s t ressed a t o r n e a r t h e e n d u r a n c e l imi t , i t -will w i t h s t a n d a t leas t 
100,000,000 cycles w i t h o u t fai lure , a n d i n s o m e cases as m u c h as 900,000,000 cycles . 

I n h i s s t u d y of t h e k ine t i c t h e o r y of sol ids , W . S u t h e r l a n d showed t h a t if F 
d e n o t e s t h e m o d u l u s of s h e a r a t a n y t e m p . 1 ° K . ; .F 0 , t h e m o d u l u s of shea r a t 
0° K . ; a n d T1n, t h e a b s o l u t e t e m p , of t h e m . p . , t h e n F/F0=l—(T/Tm)'2. 
A. E . H . L o v e , a n d A . Mor ley h a v e s h o w n t h a t for a n i so t ropic elast ic solid, if B 
r e p r e s e n t s t h e b u l k m o d u l u s , E=9BF/(F+3J5), a n d B^FF/(9F~3E) ; a n d 
W . S u t h e r l a n d d e d u c e d for t h e b u l k m o d u l u s , B=2hJc8/9aL{l/(aT) — 4>, where J 
d e n o t e s t h e m e c h a n i c a l e q u i v a l e n t of h e a t ; h, t h e sp . h t . ; 8, t h e d e n s i t y ; a, t h e 
ooefT. of l i nea r e x p a n s i o n ; c, a c o n s t a n t wh ich is n e a r l y u n i t y ; a n d T, the , abso lu t e 
t e m p , a t w h i c h t h e t e s t is m a d e . Since J a n d c a r e c o n s t a n t , a n d 8 m a y b e t a k e n 
t o b e c o n s t a n t o v e r t h e r a n g e 0° t o 1400° F . , t h e e q u a t i o n a s s u m e s t h e fo rm 
/ J - M / a { ( l / a r ) - 4 } , w h e r e k is a c o n s t a n t . H . B rea r l ey i nves t i ga t ed t h e ene rgy 
i n v o l v e d in b r i n g i n g a s teel t o t h e y ie ld -po in t . T . M. J a s p e r e x a m i n e d t h e s e 
r e l a t i ons for s tee l . T h e r e su l t s in T a b l e X X X I I I for W'^(S1S+S2?)/2/2 were cal-

1 ' A B L E X X X I l I . — T H E E N E R G Y A B S O R B E D I N B K I N G I N G S T E E L T O T H S Y I E L D - P O I N T . 

Temp. 
CF.) 

6 5 
2 1 2 
3 9 2 
5 7 2 
7 5 2 
8 4 2 
9 3 2 

Yield-point. 
(tons per sq. in.) 

3 8 - 8 
3 7 O 
3 7 O 
3 3 - 4 4 
3 3 - 6 
3 1 - 3 2 
2 8 - 6 8 

Si 
(lbs. per 8q. in.) 

8 7 . 0 O 0 
82,8OO 
82,8OO 
7 5 , 0 0 0 
7 5 , 3 0 0 
7 0 , 3 0 0 
6 4 , 2 0 0 

E 
(lbs. per sq. in.) 

3 0 , 0 0 0 , 0 0 0 
2 8 , 0 0 0 , 0 0 0 . 
2 5 , 3 0 0 , 0 0 0 
2 2 , 4 0 0 , 0 0 O 
1 9 , 5 0 0 , 0 0 0 
1 8 , 2 0 0 , 0 0 0 
1 6 , 7 0 0 , 0 0 O 

I __ 

1 2 6 
] 2 3 
1 3 5 
1 2 6 
1 4 5 

i 1^5 
! 1 2 3 

Per cent., devia
tion from mean 

— 3-4 
— 5-7 
-f- 3 -6 
— 3-4 
+ 1 1 1 
+ 3-6 

i 4_ 5-7 

c u l a t e d b y T . M. Jasper-—for s t a t i c t e s t s w h e r e S2 is zero , a n d W--^S1
2/2B. T h e 

r e su l t s s h o w t h a t t h e v a l u e of t h e e n e r g y i nvo lved p e r c o m p l e t e cycle of s t ress for a 
specific w r o u g h t fe r rous m e t a l a t t h e e n d u r a n c e l imi t , is nea r ly c o n s t a n t ; a n d t h e 
e n e r g y i n v o l v e d i n b r i n g i n g t h e s t ress t o t h e s t a t i c y i e ld -po in t u n d e r different t e m p , 
be low 510° , is a c o n s t a n t ; a b o v e 510° , t h e v a l u e of t h e m o d u l u s changes a b r u p t l y 
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i n d i c a t i n g a possible cr i t ica l p o i n t . G. D. N e w t o n , a n d E . Schle icher d iscussed t h e 
ene rgy necessary t o shea r s teel a t a h igh t e m p . H . H . Les t e r , a n d H . H . L e s t e r a n d 
R . H . A b o r n discussed t h e b e h a v i o u r of t h e a t o m s w i t h i n a c r y s t a l of i ron w h e n 
s t ressed u p t o a n d b e y o n d t h e elast ic l imi t . C. Schafer observed a r e l a t ion bet-ween 
t h e t e m p , coeff. of t h e tors ion m o d u l u s , A, a n d t h e m . p . of m e t a l s co r r e spond ing w i t h 
t h a t obse rved in t h e case of t h e t e m p , coeff. of t h e h a r d n e s s . J . H . P o y n t i n g 
obse rved t h a t w h e n a l oaded wire is t w i s t e d , i t l e n g t h e n s b y a n a m o u n t p r o 
p o r t i o n a l t o t h e s q u a r e of t h e angle of t w i s t ; a n d t h a t w i t h a -wire p rev ious ly 
s t r a i g h t e n e d b y h e a t i n g u n d e r t ens ion , t h e l e n g t h e n i n g is t h e s a m e for all t h e l oads 
which were t r i ed . H e n c e , t h e on ly func t ion of t h e load is t o s t r a i g h t e n t h e wi re . 
H o also discussed t h e t h e o r y of t h e p h e n o m e n o n . 

T h e m o d u l u s of e las t i c i ty in shear , t h e m o d u l u s of t r a n s v e r s e e las t ic i ty , or t h e 
m o d u l u s of rigidity, of i ron a t 15° is, acco rd ing t o W . S u t h e r l a n d , 7 5 0 x 1 0 " ° g r a m 
p e r sq. c m . F o r t h e r a t i o a t 100° w i t h t h a t a t 0° , A. W . N a p i e r s k y g a v e 0-979 ; 
F . K o h l r a u s c h a n d F . E . Loomis , 0-96O ; a n d H . Toml in son , 0-950. L o r d K e l v i n 
(W. T h o m s o n ) g a v e for t h e a b s o l u t e v a l u e be tween 0° a n d 20°, p e r g r a m p e r cm. , 
7 9 0 x 1 0 - « ; H." Toml inson , 7 5 1 x l 0 ~ 6 t o 7 7 3 x l O ~ « ; G. P i s a t i , 8 1 1 x 1 0 - « ; 
F . K o h l r a u s c h a n d F . E . Loomis , 694 X 10~« ; A. T. Kupffer , 713 X 10~« t o 742 X 10"« ; 
C. Schafer g a v e 0 - 7 3 4 x 1 0 - « k g r m . p e r sq. m m . a t 20° ; E . Grune i sen , 0 - 8 2 8 x 1 0 « 
a t 18° ; a n d B . G u t e n b e r g a n d H . Sch lech tweg gave for t h e a v e r a g e r ig id i ty of i ron , 
7 - 8 X l O 1 1 d y n e s p e r sq . c m . F o r d r a w n s teel h a v i n g 1-0 p e r cen t , of c a r b o n , 
E . G u y e a n d V. F reede r i cksz g a v e 0-857 X10—6 k g r m . p e r sq . m m . a t — 1 9 6 ° ; 
0 - 8 2 9 x l 0 ~ « a t 0 ° ; a n d 0-811 X 10~« a t 1 0 0 ° ; K . I o k i b e a n d S. S a k a i , 
0-7985 X 1 0 - « a t 24° ; 0-750 X 1 0 - « a t 216° ; 0-706 X 10~« a t 418° ; 0-649 X 1 0 - « a t 
5 9 5 ° ; a n d 0 - 5 1 8 x 1 0 - « a t 650° w i t h wi re h a v i n g 0-0085 p e r cen t , of c a r b o n , 
a n n e a l e d a t 800° ; a n d K . R . K o c h a n d E . D a n n e c k e r g a v e for a n n e a l e d wi re 
w i th 1-0 p e r cen t , of c a r b o n , in k g r m s . p e r sq . cm. : 

20° 200° 400° C00° 800° 1000° 1200-
T o r s i o n m o d u l u s X 10° . 0-805 0-764 0-712 0-461 0 2 7 7 0*270 0 1 8 1 

H . Toml in son g a v e 704 X 10—« g r m . p e r sq. c m . for h a r d - d r a w n a n d also annea led 
i ron wire , a n d W . P . W o o d g a v e for t h e t o r s ion m o d u l u s , in lbs . p e r sq. in . : 

Hard-drawn Tempered 

0-56 t o 0-58 % C 0-76 t o 0-83 % C 0-44 % C 0-67 % C 0-78 C 
11,299,0OO 11,427,00O ] 1,299,000 11,437,00O 10,607,000 

F o r s tee l w i t h 0-35 a n d 0-90 p e r cen t , c a r b o n annea l ed a t 900°, T. K i k u t a g a v e for 
t h e coeff. of r ig id i ty , E X 10« k g r m s . p e r sq. cm. : 

20° 199° 443° 031° 795° 924° 

p o r t e n t . c } j f i 7 x 1 0 ° ' * 0-823 0-784 0-713 0-533 0-324 0-21 1 
20° 221° 440° 019° 780° 937° 

p e r c e n t . c } £ x l 0 ° ' - ° ' 8 ( > 5 0-764 0-695 0-5295 0-321 0-262 

a n d for s tee l wire w i t h 0-55, 0-9O3 a n d 1-3O p e r cen t , c a r b o n , K . I o k i b e a n d S. Saka i 
g a v e for coefE. of r ig id i ty . E ' x l O 0 k g r m s . p e r sq. c m . : 

0-55 i 
p e r c e n t . CJ13 x 1 0 ° 

0-90 I 2 ^ x J 0 , 
p e r c e n t . C / 

1-30 
p e r c e n t -c} Ex 10« 

4 3 ° 

0-783 
DC3 

0-782 

2 9 ° 

0-773 

207° 
0-765 
187° 

0-762 

221° 
0-758 

399° 

0-737 
419° 

0-683 

412° 
0-739 

000° 
0-562 
C1C° 

0-600 

699° 
0-640 

700° 
0-447 

K . H o n d a a n d T . T e r a d a g a v e 0-75 X 1 0 1 2 a t 14° for t h e coeff. of r i g id i t y w i t h a load 
of 3113 g r m s . p e r sq . mm. Gr. H . K e u l e g a n a n d M. R . H o u s e m a n s t u d i e d 
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t h e sub jec t . A . G r a y a n d co-workers found for t h e m o d u l u s of r ig id i ty 
of mi ld s t e e l : 7 9 6 4 8 X 1 0 ^ d y n e s p e r sq . c m . a t 17-0°, a n d 7-7704 X 1 0 H a t 
89 -2°—a d i m i n u t i o n of 0 0 0 0 3 3 8 pe r degree ; a n d for soft i ron , 8-2855 X 1 0 1 1 a t 13-6°, 
a n d 8-0125 X 101I a t 93-8°—a d i m i n u t i o n of 0-00041 pe r degree . T . K a w a i o b s e r v e d 
t h a t t h e r e is a decrease in t h e m o d u l u s of r ig id i ty of i r on a n d mi ld s teel d u e t o cold-
work ing u n t i l a m i n i m u m is a t t a i n e d , af ter which , t h e a m o u n t of decrease d imin i shes 
w i t h a n increase in t h e degree of co ld-work ing . K . I o k i b e a n d S. Saka i s t u d i e d 
t h e effect of t e m p , on t h e r ig id i ty . P . W . B r i d g m a n found t h a t u n d e r a p ress , of 
10,000 k g r m s . p e r sq . cm. , t h e r ig id i ty of s tee l is inc reased 2-2 pe r cen t . Vide infra 
for t h e effect of r ig id i ty on m a g n e t i z a t i o n . K . H o n d a a n d H . H a s i m o t o found t h a t 
t h e r ig id i ty is s l ight ly decreased b y a n inc rease of c a r b o n ; i t is dec reased b y quench 
ing , a n d inc reased b y annea l ing . T h e effect of a n n e a l i n g w a s s tud i ed b y 
F . P . Z immer l i a n d co-workers , a n d T. K a w a i . 

A . Mal lock obse rved t h a t t h e e las t ic r ig idi t ies of i ron a n d steel a r e iden t i ca l a t 
t h e s a m e t e m p . , a n d t h i s v a l u e d imin i shes s lowly f rom o r d i n a r y t e m p , t o a r e d - h e a t . 
T h e l imi t s of t h e e las t i c i ty of t h e t w o a r e widely d i f fe ren t : v e r y smal l for i ron , 
a n d inc reas ing w i t h t h e c a r b o n - c o n t e n t of t h e s teel . J u s t be low 800°, t h e r ig id i ty 
a n d e las t ic l imi t s beg in t o d imin i sh r a p i d l y . T h e changes in v iscos i ty a n d r ig id i ty 
a r e n o t co inc iden t w i t h t h e c h a n g e of s t a t e , a n d t h i s is p a r t i c u l a r l y no t i ceab le in 
s teels w i t h a h igh p r o p o r t i o n of c a r b o n . T h e d i m i n u t i o n in t h e r a t e of subs idence of 
t o r s iona l osci l la t ions in wires w a s s t u d i e d b y H . S t r e in t z , O. F e u s s n e r a n d E . R a m b , 
G. S. v o n H e y d e k a m p f , O. F o p p l , S. H i g u c h i , a n d G. P i s a t i . A . G r a y a n d co-workers 
obse rved t h a t t h e r a t e of subs idence of t h e a m p l i t u d e is s lower a t t h e lower t e m p . 
A n a l o g o u s resu l t s w e r e o b t a i n e d for soft i ron . F . C. L e a obse rved t w o dis
con t inu i t i e s in t h e t o r s iona l r ig id i ty m o d u l u s of mi ld s teel a t 120° a n d 230° ; a n d 
d i scon t inu i t i e s were also obse rved in a 0-57 p e r cen t , c a r b o n s teel . Vide supra, t h e 
v iscos i ty of i ron . 

A c c o r d i n g t o H . Toml inson , t h e loss of to r s iona l r ig id i ty p r o d u c e d b y tw i s t i ng 
or s t r e t c h i n g a wire b e y o n d t h e l imi t s of e las t i c i ty is p a r t l y d imin i shed b y res t . 
T h e loss is m o r e sensible w i t h la rge a r c s of v i b r a t i o n t h a n w i t h smal l ones . T h e 
influence of r e s t is m o r e a p p a r e n t w i th la rge v i b r a t i o n s t h a n w i t h smal l ones . Con
t i n u e d v i b r a t i o n t h r o u g h la rge a rc s h a s a s imi lar effect on t h e r ig id i ty t o t h a t p ro 
d u c e d on t h e l ong i tud ina l e las t i c i ty b y heav i ly load ing a n d un load ing . T h e effect 
of v i b r a t i n g h a r d s teel t h r o u g h a la rge a rc for several m i n u t e s m a k e s t e m p o r a r i l y 
t h e r ig id i ty d e t e r m i n e d for la rge v i b r a t i o n s g rea t e r t h a n t h a t d e t e r m i n e d f rom 
smal le r v i b r a t i o n s . T h e to r s iona l r ig id i ty is t e m p o r a r i l y depressed b y t h e passage 
of a powerfu l e lectr ic c u r r e n t , b u t is v e r y l i t t l e , if a t all , a l t e red b y c u r r e n t s of 
m o d e r a t e i n t e n s i t y . T h e to r s iona l r ig id i ty of i ron is t e m p o r a r i l y d imin i shed t o a 
sma l l e x t e n t b y a h igh m a g n e t i z i n g force. B o t h t he se effects a rc i n d e p e n d e n t of 
changes p r o d u c e d b y t h e c u r r e n t in t h e t e m p , of t h e wi re . 

E . L . H a n c o c k s h o w e d t h a t (a) a n o v e r s t r a i n in e i the r t ens ion or to rs ion de s t roys 
t h e e las t i c i ty of t h e m a t e r i a l , b u t t h a t t h i s e las t ic i ty g r a d u a l l y r e t u r n s when t h e 
piece is a l lowed t o res t , t h e elast ic l imi t becoming , in some cases , g r ea t e r t h a n i t s 
or ig inal v a l u e , a n d t h e m o d u l u s of e las t ic i ty t h e s a m e as i t s or iginal va lue , (b) T h a t 
t h e e las t ic p rope r t i e s of t h e ove r s t r a ined m a t e r i a l a r e r e s to red b y immers ion for a 
s h o r t t i m e in bo i l ing-wate r . (c) T h a t r ecovery is n o t a ided b y r e p e a t e d i m p a c t 
f rom a l i g h t h a m m e r , (d) Mate r ia l s ove r s t r a ined in e i the r t ens ion or compress ion 
lose t h e i r e l as t i c i ty for s t ress of t h e oppos i t e k i n d , b u t t h e e las t ic i ty is r e s to red b y 
res t . (e) T h e ca rbon-s tee l s seem t o recover m o r e qu ick ly t h a n t h e nickel s teels . 
Th i s , howeve r , h a s n o t been shown conclus ively b y t h e s e t e s t s , b u t all evidence 
goes t o s h o w t h a t i t is t r u e . 

O b s e r v a t i o n s on t h e res i s tance of m e t a l s t o i m p a c t were m a d e b y 1 -eonardo da 
Vinci,*** E . M a r i o t t e , P . d e la H i r e , M. d e Cessar t , W . J . G r a v e s a n d e , F . J . de C a m u s , 
J . V. Ponce l e t , G. J u a n , M. K a m b o u r g , J . R . P e r r o n n e t , L . de M a u p e o n , e t c . 
E . H o d g k i n s o n 1 4 a p p l i e d t h e i m p a c t or shock t e s t t o i ron in 1833. E . D. E s t r a d a 
e x a m i n e d t h e effect of a s u d d e n app l i ca t ion of t h e load on t h e tensi le p roper t i e s of 
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w r o u g h t i ron a n d steel . H e found t h a t some f rac tures were finely g r a n u l a r or s i lky ; 
i n some cases a smal l load sudden ly app l i ed will p r o d u c e a p e r m a n e n t se t , a n d , i n 
genera l , t h e e longa t ion increases a n d t h e e las t ic l imi t d imin i shes w i t h loads s u d d e n l y 
appl ied . E longa t ion is a func t ion of t h e t i m e , since i t increases as t h e t i m e d imin i shes 
t h o u g h t h e u l t i m a t e res i s tance r e m a i n s t h e s ame . T h e t e s t s app l i ed t o i ron a n d 
steel w i th t h e objec t of finding t he i r mechan ica l p rope r t i e s c a n b e g r o u p e d as s t a t i c 
a n d d y n a m i c ; a n d i t h a s b e e n found t h a t t h e d y n a m i c t e s t s — i l l u s t r a t e d b y t h e 
so-called i m p a c t t e s t — s h o w charac te r i s t i c s of t h e m e t a l w h i c h a r e n o t r evea led b y 
t h e s t a t i c t e s t s . T h e i m p a c t or s h o c k test m a y b e app l i ed t o n o t c h e d or u n - n o t c h e d 
b a r s . I t gives a n idea of t h e t o u g h n e s s or b r i t t l eness or resi l ience of t h e m e t a l . 
T . E . S t a n t o n a n d L . Ba i r s tow, a n d P . Welikhoff obse rved t h a t w i t h u n - n o t c h e d 
ba rs , t h e resu l t s of t h e tens i le i m p a c t t e s t s a r e v i r t u a l l y t h e s a m e as t h o s e o b t a i n e d 
wi th s t a t i c tensi le t e s t s . 

O b s e r v a t i o n s were a lso m a d e b y T . A s a n o , L . A i t ch i son , N. AkimorT, J . H . A n d r e w a n d 
R . H a y , T . A n d r e w s , J . O. A r n o l d , L . A u s p a c h , H . B a n c k e , P . B a r d e n h o u e r , K . B a u m a n n , 
M. B e l a n g e r , G. B e r n d t , B . B l o u n t a n d c o - w o r k e r s , M. T . B o v e y , JE. B r e c h b u h l , 
P . B r e u i l , R,. C. C a r p e n t e r a n d B . D i e d e r i e h s , G. C h a r p y , G. C h o r p y a n d A . C o r n u -
T h e n a r d , H . Ie Cha te l i e r , E . G. (Joker, A . L . Colby , A. C o r n u - T h e n a r d , 3ST. L>avidenkorT, 
K . l>avidenkoff a n d K . YvirefE, P . D e j e a n , M . D e l b r u c k , M. D e n i s , M. D e r i h o n , G . D i l b e r 
a n d BT. T . H a n n o v e r , E . H . D i x , W . A . D o b l e . J . G. D o c h e r t y , P . H . D u d l e y , F . W . LHiesing, 
B . W . D u n n , J . D u r a n d , C. A . E d w a r d s a n d F . W . Wil l is , H . C. E h r e n s b e r g e r , H . A . E l l i o t t , 
A . E lmondor f , F . F l o y , L . E . E n d s l e y , H . E n s h a w , P . F a i n , H . J . F e r e d a y , F . F o t t w e i s , 
P . F i l l unge r , P . Fiscl ier , F . B . F o l e y a n d eo -worke i s , C. d e F r e m i n v i l l e , C. F r e m o n t , 
S. K . F u l l e r a n d W . A . . Johns ton , A . ( jagar ino , A . Gessner , W . A . G ib so n , W . Giesen , 
P . Goe rens , E . P . Gooch , W . F . M. Goss , H . J . C o u g h a n d A . J . M u r p h y , B . H . G r e a v e s , 
I i . H . G r e a v e s a n d H . Moore , IL. Grene t , M. GuiJlery, L . Gui l le t , L . Gui l l e t a n d c o - w o r k e r s , 
L . Gui l l e t a n d L . Rcv i l lon , K. A. Hadf ie ld , K . A . Hadf ie ld a n d S. A . M a i n , J . H . H a l l , 
M. 1. H a n n o v e r , F . H a r b o a r d , W . H . Hat f ie ld , W. K . H a t t , W . K . H a t t a n d E . M a r b u r g , 
W . K . H a t t a n d W . P . T u r n e r , P . H c y r a a n s , E . M&vn, E . H o e g , W . H o n i g e r , A . Horzien-
berger , H . M. PIowe, S. L . H o y t , H . H u b e r t , J . C. W . H u m f r e y , D . H . I n g a l l , E . C . I z o d , 
F . H . J a c k s o n , I J . J a n n i n , J . B . Jo l i n son , B . M . J o n e s a n d R . G r e a v e s , W . B . D . J o n e s , 
H . J u n g b l u t h , C. J u n g s t , H . K a m u r a , T . K a w a i , W . J . K e e p , A . B . K i n z e l a n d W . Cra f t s , 
lrl. B . K n o w l t o n , F . K o r b e r a n d co-workei-s, F . K o r b e r a n d J . B . S i m o n s e n , H . K r e u g e r , 
E . K u h l m a n n , E . F . L a k e , F . C. La i igenbe rg , G. L a n z a , F . L a s z l o , E . L e b e r , A . L e d e b u r , 
M . L e g r a n d , F . L e i t z m a n n , A . L e o n a n d P . L u d w i k , J . M. Lessel ls , P . L o n g m u i r , P . L u d w i k , 
P . L u d w i k a n d R . Scheu , A . L u n d g r e n , T . D . L y n c h , D . J . M c A d a m , C. M c G a r v e y , J . S. M a c -
g rego r a n d B . S t o u g h t o n , D . K . M a c L a e h l a n , A . M c W i l l i a m a n d E . J . B a r n e s , W . T . M a g r u -
der , Tt. Ma i l ande r , C. E . M a r g e r u m , A . M a r t e n s , A . M a r t e n s a n d E . Hoyri, A . M a r t e n s 
a n d F . W . H i n r i c h s e n , S. 8 . M a r t i n , T . M a t s u s h i t a a n d Kl. N a g a s a w a , H . S. M a t t i m o r e , 
K . M e m m l e r , M. M e r r i m a n , J . T . Mi l ton , M. A . M i m e y , O. M i y a g i , R - W . Moft 'att , H . F . M o o r e , 
H . F . Moore a n d co-workers , R . R . Moore , G. M o r e a u , J . F . M o r r i s o n a n d A . E . C a m e r o n , 
M. Moser , J . H . N e a d , F . Nelil , J . A. Newl in a n d T . R . C. W i l s o n , E . N u s b a u m e r , W . O e r t e l 
a n d L . A . R i e h t e r , J . O k u b o , J . O k u b o a n d M. H a r a , A . O l r y a n d P . B o n e t , T . Y . Ol sen , 
A. O n o , A . E . O u t o r b r i d g e , R . P a w l i s k a a n d M. S c h m i d t , J . G . P e a r c e , A . P e r o t , A . P e r o t 
a n d H . M . L e v y , F . Pe s t e r , S. N . P e t r e n k o , H . P . P h i l p o t , J . A . P i l c h c r , R . P l a n k , H . P o m -
m e r e n k e , A . P o m p , E . P r e u s s , M. P r e v c z , H . S. P r i m r o s e a n d J . S. G len , G. AV. Q u i c k , 
H . S. R a w d o n a n d S. E p s t e i n , P . R e g n a u l d , C. R i c h a r d s o n a n d C. N . F o r r e s t , N . R i e h a r d s o n 
a n d E . K . M a c N u t t , C. H . R i d s d a l e , F . R o b i n , R . R o t s c h e r a n d M . F i n k , F . R o g e r s , 
C. V . R o m a n , W . R o s e n h a i n , M. Rudeloff, S. B . Russe l l , G. S a c h s , H . R . S a n k e y , H. R. S a n k e y 
a n d J . K . S m i t h , F . S a u e r w a l d a n d H . W i e l a n d , M. S c h a p e r , A . S c h m i d , M. S c h m i d t , 
E . S c h n e i d e r , W . Schne ider , P . S c h o n m a k e r , F . Schu l e a n d E . B r u m m e r , E . S c h u l z 
a n d R . F i ed le r , R . Sergeson , W . Schwinn ing , A . E . S e a t o n a n d A . J u d e , H . S e e h a s e , 
E . Seidl , E . S i m o n e t , W . A . S la te r a n d G. A . S m i t h , C. A . M . S m i t h , E . B . S m i t h , 
J . P . S n o w , J . S n y d e r s a n d P . A. M. H a c k s t r o h , R . V . S o u t h w e l l , H . J . S t a g g , T . E . S t a n t o n , 
T . E . S t a n t o n a n d L . Ba i r s tow, T . E . S t a n t o n a n d R. G. B a t s o n , R . S t r i b e c k , 55. T a k a o , 
O. T h a l l n e r , J . J . T h o m a s , W . N . T h o m a s , F . C. T h o m p s o n , R . H . T h u r s t o n , H . D . T i e m a n n , 
T . T r e d g o l d , E . XJ. T s c h u d i , W . C. U n w i n , J . E . P . Wagetaff , R . G. W a l t e n b e r g , C. L . 
W a r w i c k , O. W a w r z i n i o k , W . R . W e b s t e r a n d L . B a d e , P . Welikhoff , G. W e l t e r , T . D . 
W e s t , H . L . W h i t t e m o r e , a n d A . B . W i l s o n . 

T . KIawai w o r k e d o u t t h e i m p a c t energy d i a g r a m of a r m c o i ron , m i l d s tee l , 
n i cke l s tee l , a n d n i c k e l - c h r o m i u m steel . T h e r e su l t s a r e s u m m a r i z e d i n F i g s . 222 
a n d 2 2 3 . I n t h e u s u a l fo rm of t h e t e s t , t h e i m p a c t e n e r g y r e q u i r e d j u s t t o b r e a k t h e 
t e s t -p i ece is d e t e r m i n e d . T h e i m p a c t ene rgy is e x p e n d e d p a r t l y o n h e a t i n g t h e 
specimen, a n d is n o t s t o r e d u p a s p o t e n t i a l ene rgy , so t h a t w h e n t h e s t ress i s 
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reversed , t l ie tes t -p iece does n o t r e t u r n t o i t s p r ev ious l eng th , a n d t h e e las t ic l im i t 
is reduced—v ide supra for t h e effect of slow a n d r a p i d load ing in t h e tens i le s t r e n g t h 
t e s t . T . K a w a i f o u n d t h a t t h e s t r e ss - s t r a in r e l a t ion w i t h t h e i m p a c t t e s t is n o t 
affected b y t h e m o d e of a p p l y i n g t h e s t ress , t h a t is , w h e t h e r t h e s t ress is s t ead i ly 
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increased , or w h e t h e r i t is app l i ed a n d re leased severa l t i m e s in t h e s tage of loading. 
T h e g rea t e r p a r t of t h e i m p a c t energy is e x p e n d e d in p r o d u c i n g a n elast ic a n d p las t ic 
s t r a i n in t h e tes t -p iece . T h e former is a t once r e t u r n e d t o t h e p e n d u l u m h a m m e r as 
r e b o u n d energy , a n d t h e l a t t e r is abso rbed b y t h e tes t -p iece . T . K a w a i found t h a t 
t h e a p p a r e n t ab so rbed energy var ies l inear ly 
w i t h t h e n u m b e r of i m p a c t s , a n d a s imi lar r e 
l a t i on o b t a i n s b e t w e e n t h e a p p a r e n t a b s o r b e d 
e n e r g y a n d t h e e las t ic s t r a in ene rgy of t h e 
t es t -p iece . T h e r e l a t ion b e t w e e n t h e b e n d i n g 
a n d t h e n e t a b s o r b e d ene rgy in t h e i m p a c t t e s t 
is i l l u s t r a t ed b y F i g . 223 for n o t c h e d b a r s 
1 0 x 1 0 x 5 4 cu . m m . T h e resu l t s for t h e s t ress-
s t r a in ene rgy of i m p a c t a r e s u m m a r i z e d in 
F i g . 224. T h e e n e r g y a b s o r b e d in t h e i m p a c t 
t e s t w a s discussed b y G. C h a r p y a n d A. Cornu-
T h e n a r d , A. C o r n u - T h e n a r d , K . H o n d a , F . K o r -
b e r a n d R . Sachs , M. Moser, a n d R . Y a m a d a . 
R . W . Boy le discussed t h e compress ion w a v e s 
p r o d u c e d in t h e m e t a l b y i m p a c t . 

T h e f u n d a m e n t a l pr inc ip les u n d e r l y i n g t h e 
t e s t were d iscussed b y R . P l a n k , a n d he showed 
t h a t r u p t u r e in t h e tens i le t e s t is t o t a l l y different 
f rom r u p t u r e b y t h e i m p a c t tens i le t e s t ; in t h e 
s t a t i c t e s t t h e r e is a g r a d u a l increase i n t h e 
app l i ed s t ress , whereas w i th t h e d y n a m i c t e s t 
t h e s t ress s u d d e n l y increases t o a m a x i m u m 
a n d t h e n decreases . T h e s t ress-s t ra in i m p a c t t e s t was also examined b y M. Moser, 
T . I n o k u t y , S. B . Russe l l , H . A . Dickie , T . I sh igak i , R . Mai lander a n d F . P . Fischer , 
W . K u n t z e , F . F e t t w e i s , K . H o n d a , R . H . Greaves , R . H . Greaves a n d J . A. J o n e s , 
A. McCance , J . Courno t , H . Sasagawa a n d R . de Oleveira , R . W . Moffatt , A. Gessner, 
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L.. 
O. 
A. 

J a i m i n , E . Brechbi ih l , J . H . H a l l , E . P reus s , O. B a u e r , E . H e y n aiicl 
Bauer , H . M. H o w e , L . Kle in , A. Mimey , H . B o r n s t e i n , F . N . Menefee a n d 
E . W h i t e , W . J . K e e p , A. E . Ou te rb r idge , A. M. P o r t e v i n , F . J . Cook, 

J . B . K o m m e r s , J . G. P e a r c e , H . A . S c h w a r t z , H . J . Tapse l l a n d W . J . Clenshaw, 
A. N . Ta lbo t a n d F . E . R i c h a r t , F . K o r b e r a n d H . A . v o n S t o r p , W . Schwinn ing 
a n d K . Ma thaes , S. W a t a n a b e , Y . N . Morozoff, a n d R . Y a m a d a . G. D e l b a r t 
s tud ied t h e i m p a c t t oughnes s of cold-worked steel . 

T . S u t o k i observed t h a t w i th 0*3 a n d 0-5 pe r cen t , c a r b o n steels, t h e h ighes t 
t e m p , a t which t h e tes t -p ieces were a b r u p t l y b r o k e n b y t h e i m p a c t t e s t were 600° 
a n d 650°, respect ively . A tes t -p iece of a b r i t t l e m a t e r i a l b r e a k s a b r u p t l y a t a 
m a x i m u m stress , b u t in t h e case of a t o u g h ma te r i a l , t h e b r e a k i n g occurs in severa l 
s t eps . T h e bend ing of t h e tes t -p iece increases a lmos t l inear ly w i t h a r ise of t e m p . , 
b u t f rom 200° t o 300° i t begins t o decrease , falling, a t a b o u t 550°, a l m o s t t o t h e v a l u e 
a t o r d i n a r y t e m p . A b o v e 550° i t r ap id ly increases . K . H o n d a , T . I n o k u t y , a n d 
T. S u t o k i discussed t h e t h e o r y t h a t t h e t h e r m a l b r i t t l eness is t h e combined effect 
of w o r k h a r d e n i n g a n d of t h e sof tening d u e t o t e m p . R . W . MofTatt found t h a t 
g rey i ron cas t ings h a v e a low i m p a c t res i s tance a t r o o m t e m p . ; a n d t h i s becomes 
less a n d less as t h e t e m p , is r educed below t h e f .p . T h e i m p a c t res i s tance of s t r a i g h t 
ca rbon steel cas t ings decreases as t h e t e m p , falls be low f.p., so t h a t a t —35° t h e 
res is tance is only one- four th of i t s v a l u e a t r o o m t e m p . T h e h e a t - t r e a t m e n t of t hese 
cas t ings increases t h e res is tance so t h a t t h e v a l u e a t —40° compares f avourab ly 
w i t h t h a t a t room t e m p . L o w - c a r b o n cas t ings h a v e a h igher i m p a c t res i s tance 
t h a n h igh-carbon cas t ings . F o r t h e effect of h y d r o g e n , see t h a t e lement . 

G. C h a r p y e x a m i n e d t h e i m p a c t t o u g h n e s s of i ron b y t h e n o t c h e d - b a r i m p a c t or 
shock t e s t , be tween 80° a n d 600°. T h e work , in k i l o g r a m m e t r e s pe r sq. cm. , done 
b y a h a m m e r of we igh t W, falling a he igh t H -with a r e b o u n d h, w h e n a deno tes t h e 
effective sect ional a r ea of t h e f rac ture , is W/{H—h)ja. G. C h a r p y found a m a x i m u m 
in t h e v ic in i ty of 200° a n d a m i n i m u m i n t h e ne ighbourhood of 500°, a n d a t h igher 
t e m p , t h e t o u g h n e s s r ap id ly increased. A . Ie Chatel ier , a n d E . Eh rensbe rge r also 
m e a s u r e d t h e toughness of i ron in t e r m s of t h e n o t c h e d - b a r i m p a c t t e s t a t o r d i n a r y 
t e m p . L . Guil le t a n d L . Revi l lon ' s obse rva t ions agree w i t h t hose of G. Cha rpy . 
T h e sub jec t was also inves t iga t ed b y P . Breu i l , W . H . Hatf ie ld , R . A. Hadfield, 
P . F i l lunger , R . S t r ibeck , T. Su tok i , F . R o b i n , a n d G. Goldberg , 

E . W . Ka i se r observed t h a t t h e effect of cooling is v e r y m a r k e d w i th t h e no tched-
b a r i m p a c t t e s t of w r o u g h t i ron, a n d m u c h m o r e so in t h e case of s teel . Mild steel 
los t 85-5 p e r cent , of i t s n o t c h e d t o u g h n e s s w h e n cooled f rom 15° t o —20° ; whi ls t 
u n d e r t h e s a m e cond i t ions w r o u g h t i ron lost only 42-3 pe r cent . L . Ai tchison 
found t h a t m o s t p l a in c a r b o n steels give a m a r k e d d r o p in t h e n o t c h e d - b a r t e s t a t 
a low t e m p . — a n d genera l ly b e t w e e n n o r m a l a i r t e m p , a n d —40° ; b e t w e e n -—40° 
a n d —80° t h e d r o p is smal l , a n d in some cases t h e r e is a smal l rise in va lue . 

P . Goerens a n d G. H a r t e l found t h a t , w i th a s teel con ta in ing a b o u t 0-85 pe r cent , 
of ca rbon , b e t w e e n —75° a n d 1000°, t h e curves for t h e work on i m p a c t , or t h e 

resi l ience, in k i l o g r a m m e t r e s p e r sq. cm. of 
effective sect ion, a r e regu la r a n d show m a x i m a 
a t a b o u t 35° a n d 600°, w i t h a m i n i m u m a t 
400° . A b o v e 600° t h e work r equ i r ed for 
f r ac tu re falls off v e r y r ap id ly , l ikewise also 
be low 35°, so t h a t a t —75° t h e steel is v e r y 
b r i t t l e . N o d i scon t inu i t i e s h a v e been ob
se rved a t t h e cr i t ica l t e m p . R . H . Greaves 
a n d J . A. J o n e s found a m a x i m u m a t 100° 
t o 150° in t h e n o t c h e d - b a r t e s t s ; t h e e x a c t 
l>osition d e p e n d s on t h e form of t h e tes t -p ieces 

a n d t h e s t r i k ing ve loc i ty . O. R e i n h o k F s r e su l t s w i t h s teels con ta in ing 0-08 C, 0*24 Si, 
0-36 M n , 0 0 5 0 P , a n d 0 0 4 Si ; 0 1 5 C, 0-28 Si , 0-49 Mn, 0-034 P , a n d 0-03 S ; 
0-25 C, 0 1 2 Si, 0-39 Mn, 0 0 4 8 P , a n d 0 0 3 8 S ; a n d 0 0 4 C, 0-23 Si , 0-51 Mn, 0 0 3 6 P , 

-/0Ot /000 

FIGT: 225 .—Tl io Effect of T e m p e r a t u r e 
o n t l ie I m p a c t W o r k R e q u i r e d for 
ITracture . 
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a n d O 0 1 5 S, a re s u m m a r i z e d in F ig . 225, a n d t h e y i l l u s t r a t e t h e effect of c a r b o n as 
well. A. P o m p u s e d a soft i ron w i t h 0*07 p e r cen t , c a r b o n ; h e f o u n d t h a t w h e n 
h e a t e d t o v a r i o u s t e m p , a b o v e 1000°, a n d s lowly cooled, t h e t o u g h n e s s dec reases , 
a n d t h i s t h e m o r e r a p i d l y t h e h ighe r is t h e t e m p , , a n d a m i n i m u m b r i t t l e n e s s is 
a t t a i n e d . R . M. B r o w n obse rved t h a t c o l d - d r a w i n g g r e a t l y r e d u c e s t h e r e s i s t ance 
t o i m p a c t of mi ld s tee l , a n d a m i n i m u m is a t t a i n e d w i t h a 30 p e r cen t , r e d u c t i o n of 
a r ea . A. O n o found t h a t t h e cold s t r a i n i n g of mi ld s tee l r educes i t s r e s i s t ance t o 
i m p a c t , b u t t h e res i s t ance is r e s to r ed o n a n n e a l i n g . A s teel c o n t a i n i n g 0*065 p e r 
cen t , of c a r b o n , a f te r a n n e a l i n g a t 920°, w i t h s t o o d 1010 b lows ; a f te r a n n e a l i n g , 
followed b y 8 pe r cen t , s t r a in ing , i t w i t h s t o o d 940 b lows ; a f te r annea l i ng , s t r a in ing , 
a n d aga in a n n e a l i n g : 

A n n e a l i n g t e m p e r a t u r e . 450° 500° 000° 700° 800° 900° f)8()° 
B l o w s re s i s t ed . . 1013 1013 1013 49(5 553 1104 572 

3?. W i i s t a n d E . L e u e n b e r g e r m a d e s o m e o b s e r v a t i o n s on t h i s sub jec t . F o r 
"Li. A i t ch i son a n d Li. W . J o h n s o n ' s o b s e r v a t i o n s o n t h e n o t c h e d - b a r t e s t t a k e n 
long i tud ina l ly a n d t r a n s v e r s e l y , t o t h e d i r ec t i on of forging, vide supra. T h e 
i m p a c t s t r e n g t h ( n o t c h e d ba r ) of m i ld s teel cas t ings w a s found t o decrease on 
age ing a t 250° for 1 h r . a f te r forging t o a r e d u c t i o n in a r e a of 7 t o 10 p e r cen t . , b u t 
n o t n e a r l y t o t h e s a m e e x t e n t as i t does af ter c o m p l e t e annea l i ng . T h e v a l u e s for 
t h e a n n e a l e d m e t a l a t 20° t o —20° were cons i s t en t ly be low 2 m k g r m s . p e r sq . cm. , 
w h e r e a s t h o s e for t h e aged m e t a l v a r i e d f rom a b o u t 6 m k g r m s . pe r sq. c m . a t 20° 
t o a b o u t 2 t o 3 m k g r m s . p e r sq . cm. a t —20° . A. 13. Kii izel a n d W . Craf ts s t u d i e d 
t h e effect of inc lus ions on t h e i m p a c t t e s t . 

A. E . S e a t o n a n d A. J u d e found t h a t some n u t s of connec t ing - rods b r o k e d o w n 
u n d e r cond i t ions w h i c h cou ld n o t b e e x p l a i n e d b y t h e r e su l t s of o r d i n a r y tens i le 
t e s t s , o r of t h e a l t e r n a t i n g tens i le s t ress t e s t s . T h e r e p e a t e d i m p a c t t e s t w a s t h e r e 
fore i n v e s t i g a t e d b y J . O. Arno ld , W . K . H a t t a n d E . M a r b u r g , A. P e r o t , M. Den i s , 
T . E . S t a n t o n a n d L . B a i r s t o w , J . B . J o h n s o n , J . B . K o m m e r s , Li. B a i r s t o w , and 
J . O. R o o s . Acco rd ing t o T . E . S t a n t o n a n d L . B a i r s t o w , t h e ang le of t h e n o t c h in 
r e p e a t e d i m p a c t t e s t s h a s n o influence on t h e n u m b e r of b lows w h i c h occasion 
f rac ture , for t h i s d e p e n d s solely on t h e r e l a t i on b e t w e e n t h e d i a m e t e r of t h e b a r a t 
t h e b o t t o m of t h e n o t c h , t h e d i a m e t e r of t h e t e s t -p iece , a n d t h e d i s t ance b e t w e e n t h e 
s u p p o r t s . E . N u s b a u m e r c o m p a r e d t h e r e su l t s of t h e s imple i m p a c t t e s t , a n d of t h e 
r e p e a t e d i m p a c t t e s t w i t h Swedish i ron , 0*07 t o 0-46 p e r cen t , c a r b o n s teels , n icke l 
s teels , a n d n i c k e l - c h r o m i u m steels s u b j e c t e d t o different h e a t - t r e a t m e n t s . I t w a s 
found t h a t t h e res i s t ance a l w a y s va r ies in t h e inverse r a t i o t o t h e fall, a n d t h e r a t e 
of r e p e t i t i o n of t h e s t r e s s — w i t h t h e one excep t i on of h a r d e n e d n i c k e l - c h r o m i u m 
steel . T h e influence of t h e r a t e of t h e r e p e t i t i o n of t h e i m p a c t s becomes less 
a n d less a s t h e d e p t h of fall increases , so t h a t , p r o v i d e d t h e shock b e suffi
c ien t ly i n t ense , t h e n u m b e r of b lows r e q u i r e d t o b r e a k t h e tes t -p iece r e m a i n s 
v i r t u a l l y t h e s a m e , n o m a t t e r w h a t t h e r a t e of r e p e t i t i o n of t h e t e s t m a y be . 
H . H a n e m a n n a n d Lt. H i n z m a n n f o u n d t h a t t h e i m p a c t v a l u e s w i t h t h e n o t c h e d -
b a r t e s t a r e a l t e r e d cons ide rab ly b y v a r i a t i o n s in t h e gra in-s ize of t h e m e t a l ; 
a n d A . B . K i n z e l a n d W . Craf ts e x a m i n e d t h e effect of inc lus ions in t h e s tee l on 
t h e resu l t s . 

A . E . S e a t o n a n d A . J u d e found t h a t t h e r e s i s t ance t o f r ac tu re w i t h r e p e a t e d 
i m p a c t t e s t s decreases as t h e p r o p o r t i o n of c a r b o n increases f rom 0*15 t o 0-30 p e r 
c e n t . ; a n d T . E . S t a n t o n a n d L . B a i r s t o w o b t a i n e d a s imi lar r e su l t p r o v i d e d t h e 
i m p a c t s a r e be low a c e r t a i n i n t e n s i t y . A . McWi l l i am a n d E . J . B a r n e s o b t a i n e d 
t h e s a m e resu l t s a s A . E . S e a t o n a n d A . J u d e . Steel w i t h 0-75 t o 0*80 p e r cen t , 
of c a r b o n offers a g o o d res i s tance t o r e p e a t e d shock . Accord ing t o J . O. Arno ld , 
J . E . S t e a d a n d A. W . R i c h a r d s , C. E . S t r o m e y e r , a n d J . B . K o m m e r s , p h o s p h o r u s , 
a n d n i t r o g e n in s tee l h a v e a n u n f a v o u r a b l e influence on t h e r e p e a t e d shock t e s t ; 
acco rd ing t o P» L o n g m u i r , occ luded h y d r o g e n is de le te r ious ; a n d , accord ing t o 
T . E . S t a n t o n , J . H . S m i t h , a n d E . F . L a k e , n ickel , a n d t i t a n i u m do n o t increase t h e 
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res i s tance of steel t o r e p e a t e d shocks . E . N u s b a u i n e r found t h a t w i t h c a r b o n s teels 
t h e res is tance var ies d i rec t ly w i th t h e j>ercentage of c a r b o n as l ong as t h i s p e r c e n t a g e 
does n o t exceed 0-25 t o 0-30, b u t w i t h over t h i s a m o u n t t h e res i s t ance h a s a t e n d e n c y 
to d iminish , a n d t h i s t e n d e n c y is inc reased b y h a r d e n i n g . I n o t h e r -words, t h e semi
h a r d steels a lways h a v e a g r e a t e r r es i s t ance t h a n t h e m i l d s teels . H a r d s tee ls 
resis t b e t t e r t h a n mi ld s teels (except in t h e h a r d e n e d s t a t e ) , b u t n o t so well a s t h e 
s emi -ha rd s teels . Swedish i ron does n o t a p p a r e n t l y d i s p l a y a n y g r e a t e r r e s i s t ance 
t h a n soft s teel . Genera l ly speak ing , t h e nickel s teels h a v e a g r e a t e r res i s tance t h a n 
soft c a r b o n steels , b u t t h e y d o n o t a p p e a r t o b e supe r io r in t h i s r e spec t t o semi
h a r d s teels . Th i s is t r u e on ly in cases w h e r e t h e d e p t h of fall is n o t excess ive ; 
w h e n t h e shock a t t a i n s a ce r t a in i n t ens i t y , t h e influence of t h e n icke l d i s a p p e a r s a n d 
t h e s teel t e n d s t o b e h a v e l ike a s imple c a r b o n steel , n o m a t t e r w h a t t h e p e r c e n t a g e 
of n icke l m a y be . A second excep t ion ar ises in t h e case of t h e steels c o n t a i n i n g f rom 
O 3 0 t o 2 pe r cen t , of n ickel , which in t h e h a r d e n e d s t a t e d i sp lay e x t r a o r d i n a r y 
res i s tances , far h igher t h a n those of t h e b e s t c a r b o n s teel . T h e steel w i t h 0-30 p e r 
cen t , of n ickel b e h a v e s a l m o s t as well or even b e t t e r t h a n s teels c o n t a i n i n g a h igher 
p r o p o r t i o n of nickel (wi th t h e excep t ion of t h e steel w i t h 25 p e r cen t , of n ickel , 
a n d rol led) . F ina l l y , t h e n i cke l - ch romium steels d i sp lay m u c h g r ea t e r res i s tance 
t h a n o r d i n a r y c a r b o n steels , or even t h a n nickel s teels ; b u t , of t h e nickel c h r o m i u m 
steels , t h e dead-sof t s teel is t h e m o s t r e s i s t an t , a n d t h e s e m i - h a r d v a r i e t y is t h e s teel 
which gives t h e leas t sa t i s fac to ry resu l t s . I t h a s been sa id t h a t , genera l ly speak ing , 
t h e res i s tance va r ies in inverse r a t i o t o t h e d e p t h of fall. Nicke l s teels , a n d in 
p a r t i c u l a r t h o s e c o n t a i n i n g b o t h nickel a n d c h r o m i u m , a r e m u c h m o r e sens i t ive 
t h a n c a r b o n steels t o a n y v a r i a t i o n in t h e d e p t h of fall. Th i s sens i t iveness 
revea l s itself b y a cons iderable increase in t h e res i s tance once t h e d e p t h of fall 
decreases . 

A. E . S e a t o n a n d A. J u d e found t h a t h a r d e n i n g increases t h e res i s tance of s teel 
t o r e p e a t e d shocks ; b u t A. McWil l i am a n d E . J . B a r n e s o b t a i n e d a c o n t r a r y resu l t , 
a n d t h e y also found t h a t a sorb i t ic s t r u c t u r e is u n f a v o u r a b l e t o t h e res i s tance of soft 
s teels t o r e p e a t e d shock. Accord ing t o E . N u s b a u m e r , h a r d e n i n g followed b y 
a n n e a l i n g s l ight ly increases t h e res i s tance of c a r b o n s teels . I t s influence is , how
ever , m o r e apprec iab le w i t h steels c o n t a i n i n g less t h a n 0-30 p e r cen t , of c a r b o n t h a n 
i t is w i t h t h e " h a r d e n i n g s tee l s . " T h u s , s emi -ha rd s teels , h a r d e n e d a n d a n n e a l e d , 
a r e a l w a y s h igher in res i s tance t h a n h a r d s teels t h a t h a v e u n d e r g o n e s imi la r t r e a t 
m e n t . Owing t o t h e s a m e p h e n o m e n o n , h a r d e n i n g followed b y a n n e a l i n g m a r k e d l y 
ra ises t h e res i s tance of s teels c o n t a i n i n g a low p e r c e n t a g e of n icke l (0*30 p e r cen t , of 
nickel) , b u t leaves s teels w i t h 2 pe r cen t , of n ickel p rac t i ca l ly u n c h a n g e d . L a s t l y , 
i t d imin i shes t h e res i s tance of n i c k e l - c h r o m i u m steels , b u t seems t o h a v e m o r e 
influence u p o n soft n i c k e l - c h r o m i u m steels t h a n on s e m i - h a r d s teels . T h e l a t t e r , 
once h a r d e n e d a n d annea l ed , d i sp lay r a t h e r m o r e res i s tance t h a n t h e fo rmer w h e n 
s imi la r ly t r e a t e d . Th i s is t h e reverse of w h a t is found in t h e a n n e a l e d (normal ized) 
s t a t e . H a r d e n i n g (no t followed b y annea l ing) cons ide rab ly ra ises t h e r e s i s t ance of 
Swedish i ron , a n d , p a r t i c u l a r l y , of mi ld s t e e l — a t leas t w h e n t h e d e p t h of fall is n o t 
excess ive . I n t h e oppos i t e case ( and th i s is a genera l o b s e r v a t i o n app l i cab le t o al l 
s teels i n d e p e n d e n t l y of t h e i r compos i t ion) t h e influence of t h e d e p t h of fall b ecomes 
p a r a m o u n t a n d ob l i t e r a t e s eve ry o t h e r influence, e.g. t h a t of t h e r a t e of r e p e t i t i o n 
of t h e s t ress , of t h e chemica l compos i t i on , a n d of t h e t h e r m a l t r e a t m e n t . Q u e n c h 
ing e i t he r fails t o affect or t e n d s t o d imin i sh t h e r e s i s t ance of s e m i - h a r d s teel ; i t 
r educes t o zero t h a t of t h e " h a r d e n i n g " s tee ls . T h e p resence of n ickel , e i t he r 
a l o n e or c o m b i n e d w i t h c h r o m i u m , e x a g g e r a t e s t o a n e x t r a o r d i n a r y degree t h e 
effect of t h e q u e n c h i n g . T h e res i s tance of s teel w i t h 0-30 p e r cen t , of n ickel wh ich 
h a s been q u e n c h e d is, a s a r egu la r t h i n g , e q u a l t o m o r e t h a n twen ty - f ive t i m e s t h a t of 
t h e s a m e s teel annea l ed , t h a t is , for low d e p t h s of fall. T h a t of s tee l c o n t a i n i n g 
28 p e r cen t , of n ickel a n d q u e n c h e d is, s imi lar ly , equa l t o n e a r l y t e n t i m e s t h a t of 
t h e s a m e s tee l a f te r a n n e a l i n g ; on t h e o t h e r h a n d , t h e s tee l w i t h 25 p e r c en t , of 
n icke l s u b j e c t e d t o t h e o p e r a t i o n of q u e n c h i n g unde rgoes a s u d d e n d i m i n u t i o n in i t s 
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r e s i s t ance (near ly one-half) . T h e n i c k e l - c h r o m i u m steels a lso h a v e t h e i r r e s i s t ance 
ra i sed t o a n o t a b l e degree , b u t i t is in t h e soft s teels t h a t t h e p h e n o m e n o n is m o s t 
m a r k e d , a n d i n t h e s e m i - h a r d s teels in w h i c h i t is t h e l eas t so . L a s t l y , i n most-
cases o v e r h e a t i n g n o t a b l y d imin i shes t h e res i s t ance of all s tee ls . 

A c c o r d i n g t o T . E . S t a n t o n , t h e res i s t ance of s teel t o r e p e a t e d i m p a c t s ag ree s 
w i t h i t s r e s i s t ance t o s imple i m p a c t w h e n t h e n u m b e r of i m p a c t s d e t e r m i n i n g 
f r ac tu re is smal l , b u t n o t so if t h e n u m b e r of shocks is l a rge . J . O. R o o s o b t a i n e d 
c o n c o r d a n t r e su l t s w i t h e n d u r a n c e , r o t a r y b e n d i n g , a n d r e p e a t e d i m p a c t s , b u t 
a d d e d t h a t , i n genera l , e n d u r a n c e u n d e r a l t e r n a t i n g t e s t s is t h e reverse of t h e 
e n d u r a n c e u n d e r s imple i m p a c t . L*. B a i r s t o w , h o w e v e r , be l i eved t h a t t h e r e is a 
c o m p l e t e l ack of a g r e e m e n t b e t w e e n t h e resu l t s of t h e r e p e a t e d s h o c k t e s t a n d t h o s e 
of a l t e r n a t i n g s t resses . Acco rd ing t o E . N u s b a u m e r , if t h e c u r v e s of resi l ience a re 
c o m p a r a b l e w i t h t h o s e of t h e r e s i s t ance t o r e p e a t e d shocks , i t will a p p e a r a t first 
s igh t a s if t h e r e w a s n o r e l a t ionsh ip b e t w e e n t h e t w o t y p e s of t e s t . T h e r e is, 
howeve r , a r e l a t i on b e t w e e n t h e b r i t t l enes s t e s t a n d t h e r e p e a t e d shock t e s t . E v e r y 
t i m e t h e s a m e s teel in t h e s a m e p h y s i c a l s t a t e (possessing t h e s a m e essent ia l con
s t i t uen t s ) undergoes-—for a n y r e a s o n — a d i m i n u t i o n of res i l ience, i t s r e s i s t ance t o 
r e p e a t e d i m p a c t d imin i shes l ikewise ; a n d , on t h e o t h e r h a n d , w h e n e v e r ( u n d e r t h e 
s a m e condi t ions) t h e res i l ience r e m a i n s sens ib ly c o n s t a n t t h e r e s i s t ance t o r e p e a t e d 
i m p a c t does n o t v a r y . I t s h o u l d b e n o t e d a s a coro l la ry t o t h e foregoing p r o p o s i t i o n 
t h a t t h e differences b e t w e e n t h e res i s t ances of a n o r m a l i z e d s teel a n d a m o r e or less 
o v e r h e a t e d s teel a r e g r e a t e r in p r o p o r t i o n a s t h e d e p t h of fall is less. H e r e is f ound 
once a g a i n t h e influence of t h e d e p t h of fall which , as we k n o w , t e n d s t o m a s k eve ry 
o t h e r fac tor . 

E r a c t u r e t a k e s p lace b y progress ive f issurat ion. T h e r e ex i s t s a t e ach p o i n t of 
f rac tu re a dul lness occas ioned b y t h e fac t t h a t t h e edges of t h e c r ack h a v e b e c o m e 
roughened or dul led b y r u b b i n g a g a i n s t one a n o t h e r , a n d t h e c r a c k h a s en la rged un t i l 
t h e m o m e n t when , t h e sec t ion h a v i n g become t o o smal l , t h e t e s t -p iece h a s b roken 
s u d d e n l y , y ie ld ing t h i s t i m e a c rys ta l l ine f r ac tu re . T h i s c rys ta l l ine f rac tu re 
i n v a r i a b l y consis ts of a c e n t r a l b a n d m o r e or less w ide a n d p e r p e n d i c u l a r t o 
t h e l ine wh ich jo ins t h e p o i n t s of i m p a c t . A u s t e n i t e is t h e p a r t i c u l a r con
s t i t u e n t wh ich offers t h e m o s t r e s i s t ance t o r e p e a t e d shocks , fer r i te offers a 
far lower degree of r e s i s t ance , a n d , finally, of al l t h e c o n s t i t u e n t s , m a r t e n s i t e is 
t h e one whose res i s t ance is lowest a n d , genera l ly speak ing , ve ry closely in t h e 
v ic in i ty of zero . 

O. F r e m o n t p l o t t e d t h e c rush ing cu rves a t 15°, 800° , a n d 1300° for a soft s teel 
w i t h t h e t ens i le s t r e n g t h of 35 k g r m s . p e r sq . c m . T h e c u r v e s were s imi lar . E . H o b i n 
f o u n d t h a t a t a r e d - h e a t t h e r a t i o of t h e res i s tances is t h e s a m e for s t a t i c 
a n d d y n a m i c c ru sh ing . T h e w o r k d o n e d u r i n g s t a t i c c r u s h i n g w a s found t o b e 
less t h a n d u r i n g d y n a m i c c r u s h i n g . A . M a r t e n s g a v e for t h e s t a t i c a n d d y n a m i c 
w o r k , i n k i l o g r a m m e t r e s p e r sq . m m . , neces sa ry t o r e d u c e t h e d e p t h t o a ce r t a in 
p e r c e n t a g e of t h e h e i g h t a t a single b low ; 

Soft steel Soft steel 
, * , , * , 

l i o d u c t i o n d e p t h . 95 90 80 7O 95 90 80 70 p e r c e n t . 
C o m p r e s s i o n ( s t a t i c ) . 11-2 32-8 100-7 204-5 11-1 39-0 82-0 1(58-7 
C r u s h i n g ( d y n a m i c ) . GG-3 148-7 4Ol -2 802-8 77-3 170-2 409-3 774-2 

H e s h o w e d t h a t t h e p r o p o r t i o n of w o r k neces sa ry t o p r o d u c e a c e r t a i n r e d u c t i o n in 
d e p t h increases w i t h t h e i n t e n s i t y of t h e c rush ing , a n d t o m o r e t h a n t h e a n t i c i p a t e d 
p r o p o r t i o n a t e n u m b e r . C. Codron m e a s u r e d t h e r e s i s t ance , i n k i l o g r a m m e t r e s p e r 
sq . m m . , of forged m e t a l s t o compress ion a t different t e m p . , a n d found : 

0 0 100° 200° 300° 400° 500° 600° 700° 800° 1000° 1200° 1400° 
C a s t i r o n . . 50 50 49 48 47 44 40 36 28 18 8 0 
W r o u g h t i r o n . . 40 49 39 38 37 34 30 25 20 12 8 4 
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T h e v a l u e s -would be different w i th o t h e r m o d e s of t e s t i n g . W i t h ma l l eab le m e t a l s 
t h e y ie ld in t h e press , m a y b e q u a d r u p l e , t r ip l e , or d o u b l e t h a t of t h e h a m m e r 
work ing a t a n ave rage speed. W i t h e las t ic m e t a l s , l ike s teels a t a r ed -hea t , t h e coefT. 
of t h e r e l a t ive yield falls, a n d t h e compress ion requ i res n e a r l y t h e s a m e a m o u n t of 
mechan ica l energy as does forging. T h e coeff. of t h e y ie ld m a y h e r e v a r y f rom 
0*3 t o 0 7 . T h e work , in k i l o g r a m m e t r e s p e r sq . m m . , f o u n d b y F . R o b i n for t w o 
s teels a t different t e m p . , b y s t a t i c a n d d y n a m i c compress ion , w a s as follows : 

0-9 per cent , carbon 

15° 20O° 500° 
1 0 8 1 1 0 - 7 6 0 - 7 

I G O 1 3 - 3 1 4 4 
3 4 - 2 2 5 1 2 7 5 

T h e c u r v e s for t h e s t a t i c s t resses u p t o a r e d - h e a t d iverge comple t e ly f rom t h e 
cu rves of d y n a m i c s t resses . Soft m e t a l s l ike lead, t i n (cold), a n d steels a t a r e d - h e a t 
give h ighe r va lues for t h e d y n a m i c w o r k for equa l a m o u n t s of de fo rma t ion ; a n d a s 
t h e h a r d n e s s a n d e las t ic i ty increase , t h e difference b e t w e e n t h e s t a t i c a n d d y n a m i c 
w o r k m a y become less, or even reversed as in t h e case of t h e n ickel , c h r o m i u m , a n d 
t u n g s t e n steels , because of t h e work lost in t h e d r o p we igh t . T h e special a u s t e n i t i c 
s teels , a n d often t h e m a r t e n s i t i c steels, d i sp lay th i s p r o p e r t y . K. R o b i n e x t e n d e d 
t h i s sub jec t t o t h e w o r k of t h e d r o p - h a m m e r , a n d t h e press , in forging m e t a l s . 
K. S a u e r w a l d found t h a t a t m o d e r a t e t e m p , t h e app l i ca t i on of press , d id n o t inc rease 
t h e size of g ra in of p o w d e r e d i ron, n o t p rev ious ly worked, in t h e cold, b u t a t a h ighe r 
t e m p , a n increase in grain-size was obse rved . 

C. de F reminv i l l e 1 5 i nves t i ga t ed the effect of v ibrat ions on t h e tens i le p r o p e r t i e s 
of s teel . H e said t h a t in meta l l i c rods and b a r s , e l e m e n t a r y v i b r a t i o n s a r e p r o p a 
g a t e d w i t h b u t a v e r y s l ight loss in work , a n d a re reflected b a c k aga in f rom t h e ends 
of t h e s e conduc to r s . If t h e s e v i b r a t i o n s e n c o u n t e r t h e reflected v i b r a t i o n s , con
s iderab le s t resses resu l t . Excess ive s t resses l ead ing t o b r e a k a g e s m a y b e se t u p 
b y waves , or cons iderable v i b r a t i o n s be ing a r r e s t ed in t he i r course , a t some p o i n t 
w i t h i n t h e m a s s . O. F r e m o n t , a n d C. F a r o u x found t h a t , a t t h i s p o i n t , t he se 
v i b r a t i o n s occasion c r acks , for t h e p r e v e n t i o n of which a n y m o d e of s t r e n g t h e n i n g 
t h e piece is ab so lu t e ly useless . R . A. H e n r y s tud i ed t h e p r o p a g a t i o n of v i b r a t i o n a l 
p ressu res w i t h i n e las t ic bodies , a n d conc luded t h a t if t h e r e is c o m p l e t e s y n c h r o n i s m 
b e t w e e n t h e v i b r a t o r y m o v e m e n t a solid b o d y m a y a s s u m e t h e per iod ic r e p e t i t i o n 
of t h e s t ress , t h e v i b r a t o r y m o v e m e n t becomes exceed ing ly e x a g g e r a t e d a n d 
deve lops e las t ic s t resses whol ly d i s p r o p o r t i o n a t e t o t h e i n t e n s i t y of t h e i so la ted 
s t resses . H e also showed t h a t for a n y s imple cyl indr ica l b o d y s u b j e c t e d in t h e 
d i r ec t ion of i t s ax i s t o a s imple s inusoidal pu l s a t i on app l i ed t o one e x t r e m i t y , t h e 
o t h e r be ing fixed, per iodic i t ies exis t a t which t h e b o d y will u n d e r g o f r a c t u r e , i n d e 
p e n d e n t l y of w h a t t h e a m p l i t u d e of t h e p u l s a t i o n m a y h a v e been . A. B o u d o u a r d , 
a n d A . Gui l le t i nves t i ga t ed t h e influence of v a r i o u s fac to r s on t h e r e s i s t ance t o 
v i b r a t i o n s of cy l indr ica l b a r s v i b r a t i n g in d i a p a s o n , a n d f o u n d t h a t f r ac tu re occu r r ed 
w i t h s t resses far be low t h e o rd ina ry e las t ic l imi t . P u d d l e d i ron r e s i s t ed t h e 
v i b r a t i o n s b e t t e r t h a n d id d e a d soft s teel ; a n d t h e n u m b e r of v i b r a t i o n s 
necessa ry t o f r ac tu re a b a r of steel va r ies inverse ly as t h e p e r c e n t a g e of c a r b o n . 
H a r d e n i n g d imin i shes t h e res is tance of h a r d s teels t o v i b r a t i o n s . J . R e s a l m a d e 
some o b s e r v a t i o n s on t h e subjec t , a n d E . N u s b a u m e r conc luded f rom his obse rva 
t i o n s t h a t : (i) I n c a r b o n steels , t h e res i s tance , in t h e a n n e a l e d s t a t e , va r i e s in d i r ec t 
p r o p o r t i o n t o t h e p e r c e n t a g e of c a rbon ; t h e r ise in r e s i s t ance , c o r r e s p o n d i n g w i t h a 
r e l a t i ve ly s l igh t inc rease of ca rbon , is cons iderab le . Q u e n c h i n g m a r k e d l y d imin i shes 
t h e r e s i s t ance , b u t affects h a r d steels t o a m u c h g r e a t e r e x t e n t t h a n soft s tee l s . 
Q u e n c h i n g fol lowed b y a n annea l i ng is t h e t r e a t m e n t t h a t ensu res t h e m a x i m u m 
re s i s t ance , (ii) I n n icke l s teels , t h e res i s tance , in t h e a n n e a l e d s t a t e , va r i e s i n 
d i r e c t p r o p o r t i o n t o t h e p e r c e n t a g e of n ickel . Q u e n c h i n g r e d u c e s t h e r e s i s t ance . 
Q u e n c h i n g fol lowed b y a n n e a l i n g gives t h e m o s t m a r k e d r e s i s t ance . T h e 2 p e r 

0-07 per cent , carbon 
/ A * 

15° 275°-290° 500° 
K l a s t i c l i i r i i t 3 5 - 2 1 7 - 5 1 9 - 9 
w , ( S t a t i c . 1 1 - 0 4 10 -2 0-5 
WOrK-J 1 3 a m ;4. 2 4 - 5 5 2 4 - 3 12 7 4 
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cen t , n icke l s teel , q u e n c h e d a n d annea l ed , is d i s t i n c t l y supe r io r t o t h e b e s t c a r b o n 
s teel , (iii) I n n i c k e l - c h r o m i u m steels , t h e r e s i s t ance va r i e s i nve r se ly w i t h t h e 
h a r d n e s s of t h e s teel , e x c e p t in t h e q u e n c h e d s t a t e . H a r d n i c k e l - c h r o m i u m s tee ls , 
q u e n c h e d a n d annea l ed , d i sp l ay less r es i s t ance t h a n s e m i - h a r d s teels , w h i c h , i n t u r n , 
a g a i n d i sp l ay less r e s i s t ance t h a n mi ld s tee ls . I n c o n t r a d i s t i n c t i o n t o w h a t occu r s 
w i t h c a r b o n steels or w i t h n ickel s teels , q u e n c h i n g cons ide rab ly ra ises t h e r e s i s t ance 
of n i c k e l - c h r o m i u m steels . I t seems , moreove r , t o afEect h a r d s teel t o a g r e a t e r 
e x t e n t t h a n i t does m i l d s teel . Q u e n c h i n g , followed b y a n n e a l i n g , g ives t h e 
m i n i m u m res i s t ance . A n y t r e a t m e n t t h a t increases t h e t ens i l e s t r e n g t h of n ickel -
c h r o m i u m steel a p p e a r s l ikewise t o inc rease i t s r e s i s t ance t o v i b r a t o r y s t resses . 
(iv) A n i m p o r t a n t fac t is t h a t all t h e s teels , no m a t t e r w h a t t h e i r n a t u r e ( ca rbon , 
n ickel , or n i cke l - ch romium) , e n d e d b y b r e a k i n g , n o t w i t h s t a n d i n g t h a t t h e y we re 
be ing w o r k e d a t less t h a n t h e i r e las t ic l imi t . T h u s , a s tee l m a y b r e a k b y v i b r a t i o n 
w i t h o u t i t s effective deflect ion h a v i n g a t t a i n e d t h a t c a l c u l a t e d f rom i t s e las t ic 
l imi t . 

T h e ques t ion : W h a t is t h e effect of r e p e a t e d s t resses on t h e t e n d e n c y of m e t a l s t o 
f r ac tu re ? "was ra i sed b y W . A. J . A l b e r t 1 6 in 1829, a n d l a t e r b y H . J a m e s a n d 
D . G a l t o n . I n 1837, E . H o d g k i n s o n s t a t e d t h a t t h e r e p e t i t i o n of a n y s t ress , how
ever smal l , w o u l d p e r m a n e n t l y de fo rm a m e t a l exposed t o t h e s t ress ; a n d in 1848, 
J . T h o m s o n , however , a d d e d t h a t t h e l im i t s of p r o p o r t i o n a l i t y m i g h t be in i t ia l ly 
v e r y low, a n d in consequence smal l p e r m a n e n t se ts m i g h t r e su l t f rom t h e first 
a p p l i c a t i o n of r e l a t ive ly sma l l s t resses , b u t a s e c o n d a r y r e su l t wou ld b e t h a t t h e 
l im i t s of p r o p o r t i o n a l i t y w o u l d be g r e a t l y w idened , so t h a t s u b s e q u e n t app l i ca t i ons 
of in i t i a l smal l s t resses wou ld p r o d u c e n o fu r t he r de fo rma t ion . Mys t e r i ous fai lures 
in f r ac tu re , a n d in t h e t e s t i ng of w r o u g h t i ron , e tc . , for r a i lway br idges , a p p e a r 
as if (i) t h e u l t i m a t e s t r e n g t h of t h e m e t a l d e t e r i o r a t e d w i t h t i m e , or else (ii) fai lure 
w a s d u e t o t h e m e r e r e p e t i t i o n of t h e a p p l i e d s t resses . I n 1849, a R o y a l Com
miss ion w a s a p p o i n t e d t o i n q u i r e i n t o t h i s sub jec t ; i t w a s f o u n d t h a t t h e first 
h y p o t h e s i s d id n o t exp la in t h e p h e n o m e n o n , b u t i t w a s s h o w n t h a t a m e t a l could 
f r ac tu re b y t h e f r equen t r e p e t i t i o n of a s t ress less t h a n t h e s t a t i ca l u l t i m a t e s t ress , 
a n d t h a t t h e fai lure w a s n o t d u e m e r e l y t o t h e p resence of a v i b r a t i o n , a l t h o u g h 
v i b r a t i o n a c t e d as a n acce le ra t ing a g e n t . 

Me ta l s will b r e a k u n d e r t h e r e p e a t e d app l i ca t i on of a s t ress ve ry m u c h less t h a n 
w h a t wou ld b e r e q u i r e d t o p r o d u c e r u p t u r e if t h e s t ress were app l i ed g r a d u a l l y 
a n d c o n t i n u o u s l y . T h e s t r e n g t h of a p iece of m e t a l w h e n t e s t e d in t h e o r d i n a r y 
w a y is n o t a su re gu ide for m a t e r i a l wh ich is t o b e sub j ec t ed t o a series of v i b r a t i n g 
s t resses such a s m i g h t occur in t h e p i s t o n of a n eng ine , in steel spr ings , i n t h e ax les 
of a r a i l w a y ca r r i age , in t h e s u p p o r t s for r a i l w a y b r idges , e t c . F . B r a i t h w a i t e 
a t t r i b u t e d t h e b r e a k a g e of some g i rders t o a s imi lar p h e n o m e n o n . W . Metcalf 
found t h a t h a r d s tee ls suffer less f rom v i b r a t i o n s t h a n d o soft s teels . W . F a i r b a i r n 
i n v e s t i g a t e d t h i s sub j ec t for t h e B o a r d of T r a d e , a n d h e showed t h a t a b e a m wi th a 
s t a t i c a l b r e a k i n g load of 12 t o n s m i g h t w i t h s t a n d 3 X l O 6 app l i ca t i ons of a l oad of 
3 t o n s , b u t w i t h a g r e a t e r load , f r ac tu r e occu r red w i t h a co r r e spond ing ly smal le r 
n u m b e r of r eversa l s . H e n c e , a safe v i b r a t i n g load c a n be app l i ed w h i c h c a n b e 
s u s t a i n e d indef ini te ly . A . W o h l e r conc luded : 

W r o u g h t i r o n a n d s teol will r u p t u r e a t a u n i t s t r e s s n o t o n l y less t h a n t h e u l t i m a t e s t a t i c 
s t r e n g t h of t h e m a t e r i a l , b u t e v e n less t h a n t h e e l a s t i c l i m i t , if t h e s t r e s s i s r e p e a t e d a 
sufficient n u m b e r of t i m e s . "Within c e r t a i n l i m i t s , t h e r a n g e of s t r e s s r a t h e r t h a n t h e 
m a x i m u m s t r e s s d e t e r m i n e s t h e n u m b e r of cyc les before r u p t u r e . !"or a g i v e n m a x i m u m 
or a m i n i m u m u n i t s t r e s s , a n i n c r e a s e of r a n g e of s t r e s s d e c r e a s e s t h e cycles necessa ry for 
r u p t u r e . F o r a g i v e n m i n i m u m or m a x i m u m u n i t s t r e s s , t h e r e a p p e a r s t o b e l i m i t i n g 
r a n g e of s t r e s s w h i c h m a y b e a p p l i e d inde f in i t e ly w i t h o u t p r o d u c i n g r u p t u r e . A s t h e 
m a x i m u m a p p l i e d u n i t s t r e s s i nc reases , t h i s l i m i t i n g r a n g e of s t r e s s dec rea se s . 

A. W o h l e r found t h e safe u n i t s t ress for w r o u g h t i ron u n d e r a n a l t e r n a t i n g s t ress 
m i g h t b e 86OO lbs . p e r sq . in . ; b u t u n d e r t ens ion , i t m i g h t v a r y from 3300 t o 
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19,300 lb s . pe r sq. i n . ; a n d t h a t t h e r a n g e of s t ress w a s c o n s t a n t if t h e u l t i m a t e 
s t ress fell below 3300 lbs . p e r sq . in . T h e a l t e r n a t i n g s t ress for u n t e m p e r e d 
ca s t s teel m i g h t b e 12,800 lbs . p e r sq. in . ; a n d in one d i r ec t ion on ly , from 11,500 
t o 35,0OO lbs . p e r sq. in . F o r cas t sp r ing s tee l , t h e s t ress m i g h t v a r y f rom 96,00O 
t o 128,0000 lbs . p e r sq . i n . A . W o h l e r ' s w o r k w a s conf i rmed b y L . S p a n g e n b e r g , 
a n d B . B a k e r . T h e sub jec t w a s followed u p b y J . B a u s c h i n g e r , a n d h e conc luded 
t h a t : 

(i) A t e n s i o n s t r e s s a b o v e t h e y i e l d - p o i n t u p t o t h e a p p l i e d s t r e s s , e v e n if t h e b a r is 
i m m e d i a t e l y r e - t e s t e d ; u p o n t h e re lease of t h e l oad a n d t h e l apse of t i m e , t h e y i e l d - p o i n t 
i n c r e a s e s e v e n a b o v e t h e p r e v i o u s m a x i m u m a p p l i e d s t r e s s . T h i s i n c r e a s e i s n o t i c e a b l e 
e v e n a f t e r o n e d a y , a n d m a y c o n t i n u e for e v e n y e a r s . (ii) A t e n s i o n s t r e s s a b o v e t h e y ie ld -
p o i n t r e d u c e s t h e e las t i c i i m i t ( d e t e r m i n e d b y de l i c a t e m e a s u r e m e n t s of d e f o r m a t i o n s ) 
o f ten d o w n t o ze ro . U p o n t h e re lease of t h e l o a d a n d t h e l a p s e of t i m e , t h e e l a s t i c l i m i t 
i nc r ea se s , r e a d i e s t h e a p p l i e d s t r e s s a f t e r s eve ra l d a y s , a n d m a y r i s e a b o v e t h i s s t r e s s a f t e r 
sufficient l apse of t i m e . <iii) A t e n s i o n s t r e s s w h i c h lies a b o v e t h e e las t i c l i m i t i m m e d i a t e l y , 
t h e m o r e so t h e h i g h e r t h e i n i t i a l s t r e s s . "When t h e a p p l i e d s t r e s s a p p r o a c h e s t h e yie ld -
p o i n t , t h e e las t i c l i m i t r e a d i e s a m a x i m u m , a n d is lowered w h e n t h e y i e l d - p o i n t i s e x c e e d e d . 
(iv) A s a ru l e , a s t r e s s a b o v e t h e y i e l d - p o i n t lowers t h e m o d u l u s of e l a s t i c i t y . XJpon t h e 
re lease of t h e s t r e s s a n d t h e l apse of t i m e , t h e m o d u l u s - i n c r e a s e s , a n d a f t e r s e v e r a l y e a r s 
is f ound t o be c o n s i d e r a b l y a b o v e t h e o r ig ina l v a l u e . (v) Seve re j a r s , a s b y c o l d - h a m m e r 
i n g , lower t h e e las t i c l i m i t w h i c h l ias p r e v i o u s l y b e e n r a i s e d b y ove r - s t r e s s a n d r e s t . Jf 
t h e h a m m e r i n g p r o d u c e s t e n s i o n , t h e e l a s t i c l i m i t dec reases d o w n t o i t s o r ig ina l v a l u e , 
b u t o t h e r w i s e i t r e m a i n s a b o v e i t . (vi) H e a t i n g fol lowed b y s u b s e q u e n t coo l ing , wil l 
a g a i n r e d u c e t h e e las t i c l i m i t a n d y i e l d - p o i n t w h i c h h a v e b e e n i n c r e a s e d b y o v e r s t r e s s a n d 
r e s t . F o r l o w - c a r b o n s tee l t h e effect b e c o m e s n o t i c e a b l e a t 350° if t h e coo l ing i s r a p i d , 
a n d a t 450" if t h e cool ing h a s n o effect on t h e t w o l i m i t s . "With w r o u g h t i ron t h e effect is 
p r o d u c e d a t a b o u t 400° b o t h for r a p i d a n d s low cool ing . (vii) R a p i d cool ing lowers t h e 
e l a s t i c l i m i t a n d y i e l d - p o i n t , e spec ia l ly t h e fo rmer , m o r e effect ively t h a n s low coo l ing . 
R a p i d cool ing xisually dec reases t h e e las t i c l i m i t t o ze ro , o r n e a r l y ze ro , a f t e r h e a t i n g u p t o 
500° , a n d su re ly b y h e a t i n g xip t o c h e r r y - r e d h e a t . T h i s is t r u e for w r o u g h t i ron , l o w - c a r b o n 
s tee l , a n d B e s s e m e r s t ee l . S low cool ing e v e n a f t e r h e a t i n g t o a c h e r r y - r e d h e a t d o c s n o t 
p r o d u c e s u c h a g r e a t d e c r e a s e . (viii) A s t r e s s i n t e n s i o n (or c o m p r e s s i o n ) b e y o n d t h e e l a s t i c 
l i m i t r e d u c e s c o n s i d e r a b l y t h e e las t i c l i m i t i n c o m p r e s s i o n (or t e n s i o n ) t h e m o r e , t h e h i g h e r 
t h e a p p l i e d s t r e s s is a b o v e t h e o r ig ina l e l as t i c l i m i t . E v e n r e l a t i v e l y sma l l t r a n s g r e s s i o n s 
of o n e e l a s t i c l i m i t wi l l p r o d u c e t h e o p p o s i t e e las t i c l i m i t . A p e r i o d of r e s t -will n o t 
a g a i n i n c r e a s e t h e e las t ic l im i t , a s is poss ib le b y l o a d i n g i n o n e d i r ec t i on a b o v e t h e yield -
p o i n t . (ix) G r a d u a l l y i n c r e a s i n g a l t e r n a t i n g s t r e s s i n t ens ion a n d c o m p r e s s i o n wil l n o t 
d e c r e a s e t h e o p p o s i t e e l a s t i c l i m i t un le s s o n e of t h e o r ig ina l l i m i t s is e x c e e d e d . (x) A n 
e las t i c l i m i t i n t e n s i o n (or c o m p r e s s i o n ) w h i c h h a s b e e n l owered b y p r e v i o u s s t r e s s a b o v e t h e 
e l a s t i c l i m i t i n c o m p r e s s i o n (or t ens ion ) c a n a g a i n b e i n c r e a s e d b y a p p l y i n g a g r a d u a l l y 
i n c r e a s i n g a l t e r n a t i n g s t r e s s , b u t i t c a n b e i n c r e a s e d o n l y \ ip t o a v a l u e w h i c h i s c o n s i d e r a b l y 
be low t h e or ig ina l e l as t i c l i m i t . (xi) R e p e a t e d s t resses b e t w e e n ze ro a n d a n u p p e r l i m i t 
w h i c h co inc ides w i t h o r is close t o t h e e l a s t i c l i m i t wil l n o t c a u s e r u p t u r e . T h e elastic-
l i m i t , h o w e v e r , m u s t n o t p r e v i o u s l y h a v e b e e n r a i s e d ar t i f ic ia l ly b y t e n s i o n o r c o l d - w o r k i n g , 
n o r m u s t t h e r e b e a n y f laws i n t h e m a t e r i a l . I n t h e l a t t e r r e s p e c t h o m o g e n e o u s m a t e r i a l 
l i ke l o w - c a r b o n s tee l i s e spec ia l ly s e n s i t i v e . (xii) R e p e a t e d s t r e s s b e t w e e n ze ro a n d a n 
u p p e r l i m i t i n t e n s i o n w h i c h co inc ides w i t h o r l ies s l i gh t ly a b o v e t h e e l a s t i c l i m i t wil l 
i nc r ea se t h e c las t i c l im i t , a n d t h e m o r e so t h e g r e a t e r is t h e n u m b e r of r e p e t i t i o n s , b u t n o t 
a b o v e a c e r t a i n l i m i t i n g v a l u e . (xiii) If b y t h e p r e v i o u s a c t i o n (as i n xi i ) t h e e l a s t i c l i m i t 
i s i n c r e a s e d a b o v e t h e a p p l i e d s t r e s s , f r a c t u r e wil l n o t t a k e p l a c e ; b u t if t h e a p p l i e d s t r e s s 
is so h i g h t h a t t h e e las t i c l i m i t c a n n o t b e a u g m e n t e d t o t h i s v a l u e , fa i lu re m u s t t a k e p l a c e 
a f t e r a l i m i t e d n u m b e r of r e p e t i t i o n s . (x iv) If a m a t e r i a l i s t o w i t h s t a n d a n inde f in i t e 
n u m b e r of r e p e t i t i o n s of a l t e r n a t i n g s t r e s s , t h e n t h e a p p l i e d s t r e s s m u s t n o t e x c e e d t h e 
n a t u r a l e l a s t i c l i m i t . 

J . B a u s c h i n g e r u n d e r s t o o d b y t h e yield-point t h e u n i t s t r e s s a t w h i c h a m e t a l s h o w s a n 
i n c r e a s e of d e f o r m a t i o n -without a d d i t i o n a l s t r e s s ; a n d h e e x p l a i n e d h i s u s e of t h e t e r m 
natural elastic limit b y s u p p o s i n g a m a t e r i a l w i t h a n ar t i f ic ia l ly r a i s e d e l a s t i c l i m i t w o u l d 
h a v e i t s e l a s t i c l i m i t r e d u c e d t o a c e r t a i n v a l u e b y a p p l y i n g a l t e r n a t i n g s t r e s ses b e l o w t h i s 
a r t i f i c ia l l i m i t , a n d t h a t t h i s n e w e las t i c l i m i t w o u l d b e t h e s a m e a s t h a t o b t a i n e d w h e n 
a n e l a s t i c l i m i t w h i c h h a s b e e n r e d u c e d is g r a d u a l l y i n c r e a s e d b y a p p l y i n g a s lowly i n c r e a s i n g 
a l t e r n a t i n g s t r e s s . 

T h e effect of sur face cond i t i ons on t h e res i s t ance of m e t a l s t o r e p e a t e d s t resses 
w a s s t u d i e d b y F . O. L e a a n d co-workers , L). J . M c A d a m , a n d R . H . T). Ba rk l i e a n d 
H . J . D a v i e s . 

T h e f a c t t h a t w h e n m e t a l s a r e f r ac tu red b y r e p e a t e d s t resses , t h e f r ac tu re h a s a 
c r y s t a l l i n e a p p e a r a n c e led t o t h e a s s u m p t i o n t h a t t h e m e t a l g r a d u a l l y deve lops a 
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crys ta l l ine s t r u c t u r e u n d e r t h e influence of r e p e a t e d s t resses . T h e r e h a s b e e n s o m e 
discussion a s t o w h e t h e r v i b r a t i o n a n d shock , u n d e r o r d i n a r y w o r k i n g cond i t ions , 
can cause a m e t a l t o b e c o m e crys ta l l ine a n d b r i t t l e . P . Arga l l , for i n s t a n c e , h e l d 
t h a t t h i s is p r o b a b l y t h e case ; whi ls t R- W . R a y m o n d s u p p o r t e d t h e o p p o s i t e v i ew . 
Accord ing t o P . K r e u z p o i n t e r , t h e m o d e of b r e a k i n g a m e t a l m a y p roduce a c rys ta l l ine 
f rac tu re e v e n t h o u g h t h e m e t a l is un i fo rmly fibrous. I r o n a n d t h o s e classes of s tee l 
wh ich a re supposed t o b e capab le of c rys ta l l i z ing u n d e r shock a n d v i b r a t i o n s wil l 
n o t b r e a k u n t i l long af ter t h e p r i m a r y or or ig ina l e las t ic l imi t a n d t h e y i e ld -po in t 
h a v e been passed , a n d t h e m e t a l h a s '* flowed " m o r e or less. T h e n a t u r a l a n d 
inev i t ab le consequence of " flow '' i n i r on a n d steel is t o b r e a k u p a n d r e d u c e t h e 
size of c rys ta l s a n d fibres ; hence , t h e forces wh ich o p e r a t e t o b r e a k a n d d e s t r o y 
a s t r u c t u r a l m e m b e r of w h a t e v e r k i n d a r e d i rec t ly a n t a g o n i s t i c t o t h e f o r m a t i o n of 
c rys t a l s o u t of fibres, t h e s e forces be ing fibre p r o d u c e r s , a s i t were , f rom t h e m o m e n t 
t h e y b e c o m e ac t i ve u n t i l t h e p o i n t of r u p t u r e is r e ached . T h i s t e n d e n c y is inc reased 
a s t h e p o i n t of r u p t u r e is apx^roached, s ince flow is m o s t r a p i d i n i ron a n d steel j u s t 
before t h e m e t a l b r e a k s , a s is p r o v e d b y t h e r e d u c t i o n or c o n t r a c t i o n of a r e a a t t h e 
p o i n t of r u p t u r e , a n d b y t h e a m o r p h o u s cond i t i on of " d e t a i l " f rac tu res of iron 
a n d s teel . Consequen t ly , t h e t h e o r y of t h e c rys ta l l i za t ion of i ron a n d s teel u n d e r 
s t resses a n d s t r a ins is b a s e d u p o n a mi sconcep t ion of t h e n a t u r e a n d p rope r t i e s of 
t h o s e m e t a l s , because t h e low h e a t or t h e h e a t t h a t c a n poss ib ly b e p r o d u c e d i n 
service, a s well a s s t ress a n d s t r a in , w i t h t h e i r effects a n a l o g o u s t o m e c h a n i c a l w o r k 
p r o d u c e d u n d e r h a m m e r a n d roll , a l l t e n d t o b r e a k u p c rys t a l s i n i ron a n d s teel , t o 
m a k e t h e m smal le r i n s t e a d of m a k i n g t h e m larger , or p e r m i t t i n g t h e f o r m a t i o n of a 
n e w s t r u c t u r e . R . A . Hadf ie ld s t a t e d t h a t all t h e f r ac tu res h e h a d obse rved were 
m o r e l ikely t o h a v e b e e n t h e resu l t of defec t ive h e a t - t r e a t m e n t , t h a n t o h a v e been 
p r o d u c e d b y changes in t h e molecu la r s t r u c t u r e of t h e m e t a l . T h e sub j ec t w a s 
d iscussed b y H . M. H o w e , F . Roge r s , C. H . R i sda le , J . E . S t e a d , a n d E . B . G r u b . 
R . W . R a y m o n d does n o t cons ider t h a t W . F a i r b a i r n be l ieved in c rys ta l l i za t ion a s 
a n e x p l a n a t i o n of t h e f r ac tu re , a n d t h e r e is n o proof t h a t a m e t a l wh ich h a s u n d e r 
gone m u c h v i b r a t i o n h a s a m o r e c rys ta l l ine f r ac tu re t h a n i t or ig ina l ly possessed. 
"When t h e b a r s which r u p t u r e d u n d e r fa t igue showed a coarse ly c rys ta l l ine s t r u c t u r e , 
t h i s w a s n o t d u e t o c rys ta l l i za t ion p r o d u c e d b y cyclic s t resses b u t r a t h e r t o over
h e a t i n g , t o defect ive chemica l compos i t ion , or t o f au l ty t r e a t m e n t in m a n u f a c t u r e . 
J. B a u s c h i n g e r p r o v e d t h a t mil l ions of r epe t i t i ons of a s t ress do n o t a l t e r t h e 
s t r u c t u r e of t h e m e t a l , n o r r educe t h e u l t i m a t e s t a t i c s t r e n g t h . A. E . O u t e r b r i d g e 
sa id t h a t b r i t t l e cas t i ron , af ter be ing sub jec t ed t o r e p e a t e d shocks , m a y b e c o m e less 
b r i t t l e because a mo lecu la r a n n e a l i n g m a y occur a t o r d i n a r y t e m p , w h i c h releases 
t h e s t r a in s in cas t ings . T h e sub jec t w a s d iscussed b y A. I^edebur, a n d J . O. Arno ld . 
H . H a d i c k e found t h a t t h e r e p e a t e d h a m m e r i n g — 1 5 , 0 0 0 blows—of a piece of i ron 
a n inch s q u a r e c h a n g e d t h e fibrous t o a g r a n u l a r s t r u c t u r e . T h e blows w e n t b e y o n d 
t h e l imi t of e las t ic i ty , b u t if n o t sub j ec t ed t o t h i s excess ive t r e a t m e n t t h e m e t a l 
does n o t c h a n g e in t h i s w a y . 

Accord ing t o P . Oberhoffer a n d W . Oer te l , commerc i a l i ron shows a m a x i m u m 
grain-s ize a f te r a 10 p e r cen t , d e f o r m a t i o n b e t w e e n 700° a n d 800°, b u t w i t h e lec t ro
ly t i c i ron t h i s is n o t t h e case . T h e g ra ins of e lec t ro ly t ic i ron , however , d o c o n t i n u e 
t o g r o w a t t h i s t e m p . W . R i e d e showed t h a t m a n y a l loy s t ee l s—Si -Mn, Cr, a n d 
N i - C r s t ee l s—as well a s c a r b o n s teels , show a rec rys ta l l i za t ion of t h e m a t e r i a l w h e n 
sub jec t ed t o r a p i d l y a l t e r n a t i n g s t resses . 

J u s t a s t h e elastic limit, o r , in duc t i l e m e t a l s , t h e yield-point, is t h e i m p o r t a n t 
c r i t e r ion in t h e res i s tance of s t a t i c s t resses , so w i t h a l t e r n a t i n g or r e p e a t e d s t resses 
t h e endurance limit is t h e i m p o r t a n t c r i te r ion , a n d "with i m p a c t s t resses t h e i m p o r t a n t 
c r i t e r ion is t h e modulus of resilience or t h e c a p a c i t y t o a b s o r b ene rgy u p t o t h e 
elast ic l imi t . R e p e a t e d s t resses m a y v a r y f rom zero o r f rom a pos i t ive or n e g a t i v e 
m i n i m u m t o a pos i t ive m a x i m u m , so t h a t t h e r a n g e of t h e s t ress is t h e a lgebra ic 
difference b e t w e e n t h e m a x i m u m a n d t h e m i n i m u m s t ress . T h e endurance l imit 
is t h e s t ress t h a t m a y be app l i ed t o a g iven m a t e r i a l for an indefinitely la rge n u m b e r 
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of c y c l e s w i t h o u t p r o d u c i n g r u p t u r e ; o r i t m a y b e r e g a r d e d a s t h e n u m b e r of 
r e p e t i t i o n s of a g i v e n s t r e s s r e q u i r e d t o c a u s e f a i l u r e . T h e t e r m f a t i g u e r e f e r s t o 
t h e p h e n o m e n o n of f r a c t u r e u n d e r r e p e a t e d s t r e s s e s — v i d e supra. I t i s a s s u m e d t h a t 
t h e m e t a l b e c o m e s " w e a k e n e d " b y t h e r e p e a t e d s t r e s s e s , a n d t h e n b r e a k s m o r e 
r e a d i l y . 

E x c e p t i n g t h e e i g h t h c o n c l u s i o n , t h e g e n e r a l r e s u l t s of J . B a u s c h i n g e r h a v e 
n o t b e e n d i s p r o v e d . H . F . M o o r e a n d J . B . K o m m e r s f o u n d t h a t h o t - r o l l e d , 
0 - 1 8 p e r c e n t , c a r b o n s t e e l w i r e , r e d u c e d b y c o l d - s t r e t c h i n g f r o m 0*50 t o 0 -44 i n . , 
h a d o r i g i n a l l y a n e l a s t i c l i m i t of 3 8 , 2 0 0 l b s . p e r s q . i n . a n d a n u l t i m a t e s t r e n g t h 
of 61 ,50O l b s . p e r s q . i n . , a n d a n e n d u r a n c e l i m i t of ^ f 1 28 ,000 l b s . p e r s q . i n . , a n d 
a f t e r t h e c o l d - s t r e t c h i n g t h e e n d u r a n c e l i m i t w a s ^ 4 1 , 0 0 0 l b s . p e r s q . i n . a f t e r h a v i n g 
b e e n h e a t e d t o 2 6 0 ° . H e n c e t h e e l a s t i c l i m i t i n c o m p r e s s i o n w h i c h w a s r e d u c e d t o 
z e r o b y c o l d - s t r e t c h i n g m u s t h a v e b e e n r e s t o r e d t o s o m e t h i n g l i k e 4 1 , 0 0 0 l b s . p e r 
s q . i n . , a n d p o s s i b l y a p e r i o d of r e s t w o u l d h a v e h a d a s i m i l a r e f fec t . G . S u l z e r s a i d 
t h a t t h e s t r e s s e s l e a d t o c r a c k i n g w h e n t h e y e x c e e d t h e e l a s t i c l i m i t , n o m a t t e r h o w 
h i g h t h e t e n s i l e s t r e n g t h of t h e m e t a l m a y b e ; a n d C B . D u d l e y , t h a t b r e a k i n g 
o c c u r s w h e n t h e c a l c u l a t e d m a x i m u m s t r e s s r e a c h e d h a l f t h e o r d i n a r y e l a s t i c l i m i t . 
T . E . S t a n t o n a n d L . B a i r s t o w f o u n d t h a t t h e e l a s t i c l i m i t a f t e r a c e r t a i n n u m b e r of 
a l t e r n a t i n g t e n s i l e a n d c o m p r e s s i o n t e s t s i s l o w e r t h a n t h e o r i g i n a l e l a s t i c l i m i t ; 
a n d L . B a i r s t o w s h o w e d t h a t t h e i r o n a n d s t e e l a d a p t t h e m s e l v e s t o t h e s e v a r i a t i o n s 
s o a s t o r e m a i n p e r f e c t l y e l a s t i c a n d t o e x h i b i t n o t r a c e of f a t i g u e . T h e v a r i a t i o n s 
of t h e e l a s t i c l i m i t of t e n s i l e s t r e n g t h a r e s l i g h t e r t h a n t h o s e of t h e e l a s t i c l i m i t of 
c o m p r e s s i o n a l s t r e n g t h , so t h a t i t i s t h e l a t t e r w h i c h d e t e r m i n e s t h e p e r m i s s i b l e 
v a r i a t i o n of s t r e s s e s . S i m i l a r c o n c l u s i o n s w e r e o b t a i n e d b y J . H . S m i t h w i t h 
a l t e r n a t i n g t e n s i o n a n d c o m p r e s s i o n ; a n d b y J . E . H o w a r d , a n d L.. B . T u r n e r w i t h 
r o t a t o r y b a n d s . 

T h e l i fe o r e n d u r a n c e of a m e t a l c a n b e r e f e r r e d t o t h e n u m b e r of r e p e t i t i o n s of a 
s t r e s s of a g i v e n r a n g e of m a g n i t u d e . T h e s t r e s s m a y b e d i r e c t , b e n d i n g , o r t o r s i o n a l , 

o r a c o m b i n a t i o n of t h e s e s t r e s s e s . T h e r e s u l t s of 
T . E . S t a n t o n a n d J . R . P a n n e l l w i t h a r e v e r s e d 
b e n d i n g t e s t o n m i l d s t e e l a r e s u m m a r i z e d i n 
F i g . 2 2 6 , a n d t h e c u r v e i s s o m e t i m e s c a l l e d t h e 
S/N-cnrve. T h e e n d u r a n c e l i m i t s of s t r e s s o n a 
1 0 m i l l i o n r e v e r s a l s b a s i s a r e ± 1 2 * 7 5 t o n s p e r 
s q . i n . ; t h e l i m i t i n g r a n g e of s t r e s s o n a IO 
m i l l i o n r e v e r s a l s i s 2 5 - 5 t o n s p e r s q . i n . , u s i n g r e 
v e r s e d s t r e s s e s , o r t h e l i m i t i n g r a n g e of s t r e s s o n a 
1 0 m i l l i o n r e v e r s a l s b a s i s i s 12 -75 t o n s p e r s q . i n . 
T h e g e n e r a l t y p e of c u r v e i s t h e s a m e f o r v a r i o u s 
o t h e r m o d e s of a p p l y i n g t h e t e s t , a n d w i t h m a n y 
d i f f e r e n t m a t e r i a l s . T h e c u r v e s b e c o m e m o r e a n d 
m o r e n e a r l y h o r i z o n t a l t o t h e iV-ax i s a s t h e e n 
d u r a n c e i n c r e a s e s . T h e c u r v e s h a v e a c e r t a i n 
f o r m a l r e s e m b l a n c e t o t h e s o - c a l l e d h u m a n e n 

d u r a n c e c u r v e s , w h e r e , o w i n g t o m u s c u l a r f a t i g u e , t h e s p e e d of, s a y , a M a r a t h o n 
r u n n e r b e c o m e s l e s s t h e g r e a t e r t h e d i s t a n c e t r a v e r s e d . T h e q u e s t i o n h a s a r i s e n 
w h e t h e r a m a t e r i a l w i l l f a i l a t a l l s t r e s s e s if t h e n u m b e r of r e p e t i t i o n s b e 
s u f f i c i e n t l y h i g h , o r w h e t h e r t h e r e e x i s t s a l i m i t i n g r a n g e of s t r e s s w h i c h w o u l d 
n e v e r p r o d u c e f a i l u r e . E . M . E d e n a n d c o - w o r k e r s w e r e u n a b l e t o find a l i m i t 
of s t r e s s , h o w e v e r s l i g h t , f o r -which t h e n e c e s s a r y n u m b e r of a l t e r n a t i o n s r e q u i r e d 
t o p r o d u c e f r a c t u r e b e c o m e s i n f i n i t e . C . E . S t r o m e y e r d e n i e d t h e e x i s t e n c e of 
a n y r e l a t i o n b e t w e e n r e s i s t a n c e t o a l t e r n a t i n g s t r e s s e s , e l a s t i c l i m i t , a n d b r e a k i n g 
s t r a i n . 

T h e s u b j e c t h a s b e e n d i scussed b y K . A d e r s , C. I i . A u s t i n , F . B a c o n , L . B a i r s t o w , 
W . B . B a r t e I H , O. H . B a s q u i n , B . G. B a t s o n a n d co -worke r s , K . B a u m a n n , P . Bi l l e t a n d 
EE. W a n t z , B . M. B r o w n , G. B . B r o p h y , H . B u c h h o l t z a n d E . H . Schulz , C. H . Bu l l e id , 
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B . C a z a u d , C. L . C la rk a n d A . E . W h i t e , O . C o l o n n e t t i , J . L . Cox , J'. F . C u n n i n g h a m and. 
J . Gi lchr i s t , J . C z o c h r a l s k y a n d E . H e n k e l , C. H . D e s e h , H . D e s l a n d r e s , W . D e u t s c h , 
H . C D e w s , C. B . D u d l e y , E . D u r y e a a n d J . M a y e r , E . M. E d e n , E . M . E d e n a n d c o - w o r k e r s , 
A . E s a u , W* H . F i n l e y , O . EOppl , J . R . F r e e m a n a n d c o - w o r k e r s , U . J". F r e n c h a n d 
co -worke r s , Y . F t i j i i , T . S. Fu l l e r , J . C. G a r d n e r , J . Geller , H . W . Gi l l e t t , J . C. Godse l l , 
M. J . G o u g h a n d c o - w o r k e r s , J". H . G r i n d l e y , L . Gui l le t , G . H . Gul l iver , K . G . G u t l i r i e , 
G. A . H a n k i n s , G- A . H a n k i n s a n d G. W . F o r d , D . H a n s o n , O . E . H a r d e r , V . B . H a r l e y , 
Kl. H e i n d h o f e r a n d H . S j6va l l , W . H e r o l d , B . H o p k i n s o n , E . H o u d r e m o n t a n d B . M a i l a n d e r , 
S. A . H o u g h t o n , J . E . H o w a r d , C. E . I n g l i s , P . L . I r w i n , D . S. J a c o b u s , L . J a r u i i n , 
T . M . J a s p e r , C. F . J o n k i n , C. F . J e n k i n a n d G. D . L e h i n a i i n , C. H . M. J e n k i n s , H . K a n d l e r 
a n d E . H . Schu lz , J . J . K a n t e r a n d L . W . S p r i n g , H . W . K e e b l o , C. H . K e u l e g e n , 
B . L . K e y u o n , Y . K i d a n i , W . K n a e k s t e d t , F . K o r b e r a n d A . P o m p , J . B . K o m m e r s , 
W . K i m t z e a n d co -worke r s , K . L a u t o , K . L a u t o a n d G. S a c h s , F . C. L e a a n d c o - w o r k e r s , 
E . L e h r , J . M . Lessel ls , B.. E . L e w t o n , K . "Ljnngbei'g, C. C. L o n g r i d g e , F . F . Lxieas, I*. L u d w i k , 
P . L u d w i k a n d B . S e h e u , A . L u n d g r e n , D . J . M c A d a m , F . F . M c i n t o s h a n d c o - w o r k e r s , 
P . G. M c V e t t y , B . M a i l a n d e r , F . S. Mer r i l s , J . Miller , H . F . M o o r e a n d c o - w o r k e r s , 
B . B . Moore , W . Miil ler a n d H . L e b e r , W . B . N e e d h a m , F . H . N o r t o n , J . Oehsch l age r , 
A . O n o , B . E . P e t e r s o n , E . P o h l a n d c o - w o r k e r s , "W. C. P o p p l e w e l l , E . P r e u s s , V. P r e v e r 
a n d E . B a l r n a , H . S. P r i c h a r d , W . B i d d l e s w o r t h , F . B i t t e r s h a u s e n a n d F . JP. F i s c h e r , 
T . L . R o b i n s o n , T . B o b s o n , F . B o g e r s , W . B o h n , J . O. B o o s , "W. B o s e n h a i n , F . W . B o w e , 
N . A . Schaposhn iko f t a n d c o - w o r k e r s , W . Schne ide r , W . S c h w i n n i n g a n d E . S t r o b e l , 
J . Seigle a n d F . C r e t i n , B . Se rgeson , C. S h i b a a n d K . Y u a s a , W . B . S h i m e r , A . S h i m i z u , 
J . H . S m i t h a n d co -worke r s , T . A. S o l b e r g a n d H . E . H a v e n , E . P . a n d B . H . S t e n g e r , 
B . S t r i b e c k , C E . S t r o m e y e r , H . J . Tap se l l a n d W . J . C l enshaw, H . B . T h o m a s a n d 
J . G. L o w t h e r , A . T h u m a n d c o - w o r k e r s , J . B . T o w n s e n d a n d C. H . Greena l l , L . B . T u c k e r -
m a n a n d C. S. A i t c h i s o n , C. A . P . T u r n e r , G. B . U p t o n a n d G. W . L e w i s , G. W e l t e r , 
J . K . W o o d , a n d J . G. B . W o o d v i n o , e t c . 

H . J . G o u g h conc luded t h a t a defini te l imi t ing r a n g e of s t ress ex i s t s for a n 
indef ini te ly large n u m b e r of reversa ls , a n d i t can be d e t e r m i n e d , for all p rac t i ca l 
r e q u i r e m e n t s , b y t h e e n d u r a n c e t e s t on a bas is of 10 mil l ion reversa l s . H e also 
s t u d i e d t h e effect of a l t e r n a t i n g to r s iona l s t resses on a single c ry s t a l of ct-iron. 
A . T h u m a n d W . J . Wiss found t h a t b y sub jec t ing steel t o 5,000,000 reversa ls of a 
load j u s t be low t h e fa t igue s t r e n g t h a n d t h e n r e p e a t i n g t h e t r e a t m e n t severa l t i m e s 
af te r inc reas ing t h e load b y 1 kg r in . p e r sq. m m . every t i m e , t h e fa t igue l im i t m a y be 
inc reased b y as m u c h as 20 p e r cen t . If t h e load is inc reased af ter fewer reversa l s 
t h e m a t e r i a l a cqu i r e s a g r e a t e r s t r e n g t h a t t h e cos t of a s h o r t e r effective life. 
P r e v i o u s co ld -work increases t h e fa t igue s t r e n g t h a n d t h e c a p a c i t y of t h e m e t a l t o 
w i t h s t a n d ove r load in d y n a m i c t e s t s . Acco rd ing t o H . J . G o u g h a n d D . H a n s o n , 
a r m c o i ron af ter be ing exposed t o r e p e a t e d s t resses a b o u t 40 mil l ions in n u m b e r a n d 
0-4 t o n less t h a n t h e l i m i t i n g fa t igue r a n g e , shows, microscopical ly , d a r k s l ip -bands 
cons is t ing of fine l ines w h i c h a p p e a r t o b e masses of s l ip -bands r a t h e r t h a n one 
s l ip -band w idened b y a t t r i t i o n . I t is d o u b t f u l if c o n t i n u o u s s l ipping occurs on t h e 
p l anes first fo rmed . A mobi le film w a s p o s t u l a t e d t o exp la in t h e b e h a v i o u r of 
o v e r s t r a i n e d m e t a l , p a r t i c u l a r l y w i t h r e spec t t o t h e g r a d u a l r ecove ry of e las t ic i ty 
a f te r ove r s t r a in , b u t i t does n o t r ead i ly a c c o u n t for t h e fact t h a t r ecove ry of e las t i c i ty 
c a n be a t t a i n e d b y sub j ec t i ng o v e r s t r a i n e d m a t e r i a l t o reversa l s of s t ress a t h igh 
speed . F a i l u r e u n d e r r e p e a t e d s t resses does n o t a p p e a r t o differ essent ia l ly f rom 
fai lure u n d e r s t a t i c s t resses . W h e n a sufficient s t ress is app l i ed , slip occurs w i t h i n 
ce r t a in c rys t a l s in t h e m a t e r i a l , r e su l t i ng in local s t r a i n - h a r d e n i n g , a n d w h e n t h e 
s t ress is r eve r sed fu r the r sl ip t a k e s p lace , b u t n o t on t h e or ig inal s l ip -band , wh ich 
h a s b e e n s t r e n g t h e n e d b y t h e p r ev ious sl ip. Th i s p rocess is r e p e a t e d , a n d if t h e 
r a n g e of s t ress is n o t t o o g r e a t t h e m e t a l m a y b e sufficiently s t r e n g t h e n e d t o wi th 
s t a n d a n indef ini te n u m b e r of reversa l s of t h a t r a n g e of s t ress w i t h o u t fu r the r sl ip 
occur r ing . I n t h i s w a y t h e fo rma t ion of a v e r y la rge n u m b e r of s l ip -bands w i th in 
t h e fa t igue r a n g e m a y be exp la ined . T h e sub jec t w a s s t u d i e d b y H . F . Moore a n d 
T . Ver . 

Acco rd ing t o W . H e r o l d , t h e s t r u c t u r e of pear l i t i c s teel a t t h e p o i n t of f r ac tu re b y 
fa t igue u n d e r r e p e a t e d s t ress shows t h a t t h e c e m e n t i t e h a s b e e n forced t o w a r d s t h e 
g r a in b o u n d a r i e s , whi l s t l amel la r pea r l i t e h a s b e e n c r u s h e d a n d c o n v e r t e d i n t o 
g r a n u l a r pea r l i t e , g iv ing t h e m e t a l a v e r y coarse -gra ined s t r u c t u r e . I n m a r t e n s i t i c 
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steels t h e h a r d 77-phase becomes c rushed i n t o smal l pa r t i c les w h i c h a r e forced t h r o u g h 
t h e softer e-phase t o w a r d s t h e g ra in b o u n d a r i e s . I n some a u s t e n i t i c s teels a f t e r 
f r ac tu re b y fa t igue, c e m e n t i t e m a y b e obse rved a t t h e g r a i n b o u n d a r i e s , a l t h o u g h 
t h e presence of t h i s c o n s t i t u e n t is n o t v is ible i n t h e or ig ina l s t r u c t u r e ; i n o t h e r 
cases, t h e fa t igued m e t a l h a s a n o d u l a r s t r u c t u r e wh ich c a n n o t f u r t h e r b e reso lved . 
I n genera ] , s teels which h a v e been h a r d e n e d a n d t e m p e r e d lose t h e i r c a p a c i t y for 
d a m p i n g , i.e. for conve r t i ng ene rgy i n t o h e a t b y i n t e r n a l fr ict ion a f te r b e i n g 
sub jec t ed t o r e p e a t e d s t resses sufficient t o p r o d u c e fa i lure b y f a t igue . G-. S. v o n 
H e y d e k a m p f s tud ied t h e effect of co ld-work on t h e fa t igue or e n d u r a n c e l im i t of s tee l 
a n d found t h a t t h e fa t igue l imi t is r a i sed b y co ld-work , a n d s imi la r ly w i t h t h e safe 
w o r k i n g r ange of r e p e a t e d reversa ls of s t ress . 

A t t e m p t s h a v e b e e n m a d o t o find a r e l a t i o n b e t w e e n t l io safe r a n g e of t h o s t r e s s , a n d 
tl jo m e a n s t r e s s of t h o cycle , b y W . t io rbe r , H . L i p p o l d , W . E a u n h a r d t , O . HT. B a s q i i i n , 
F . Schaffer , ,T. G i l e h r i s t , \ j . W o y n i u c l i , J . CUwdmaii , F . K o g o w , B . P . H a i g h , A . W o h l e r , 
.T. B . J o h n s o n , J . H . S m i t h , ll". .1 . Gougl i , H . F . Monro a n d T . M . J a s p e r , T . M . J a s p e r , 
H . F . Moore a n d F . B . Seely, C. K. S t r o m e y o r , F . C. L e a , e t c . A t t e m p t s h a v e a l so b e e n 
m a d e t o find a r e l a t ion b e t w e e n t h e e n d u r a n c e , a n d o t h e r p h y s i c a l proper t ies— -e .g . h a r d n e s s , 
t en s i l e s t r e n g t h , a n d i m p a c t t e s t s — b y H . J . G o u g h , R . R . Moore , P . D . M e r i e a a n d co
w o r k e r s , W . M . Corse a n d CJ- F . C o m s t o c k , B . B . T e m p l i n , T . F . S t a n t o n a n d B . G . B a t s o n , 
T . K. S t a n t o n a n d B . B a i r s t o w , H . R . S a n k e y , e t c . C Minioy , N . l>avidenkoff , P . B r e u i l , 
A . P o r t e v i n , BL. Seehase , B . S t r i b e c k , a n d B . Ie Ch a te l i e r d i s cus sed t h e t r a n s f o r m a t i o n s 
of i m p a c t e n e r g y i n t o t h e r m a l e n e r g y d u r i n g t h e i m p a c t t e s t i n g of s t ee l . T h e effect of 
t h e s h a p e of t h o s p e c i m e n , a n d of s u d d e n c h a n g e s in t h e s ec t i on of t h o s p e c i m e n t e s t e d — 
b y flaws, ho les , e t c . l ias b e e n d i scussed b y A . W o h l e r , J". O . B o o s , B . P . H a i g h , 
W . N". T h o m a s , J . S. W i l s o n a n d B . P . H a i g h , F . M- E d e n a n d c o - w o r k e r s , C. F . I n g l i s , 
K . S u y e h i r o , E . G. Cokor , G. I . T a y l o r a n d A . A . Griffith, L . B a i r s t o w , H . W . Gi l l e t t a n d 
E . B . M a c h , F . C. L e a , T . E . S t a n t o n , H . F . M o o r e a n d c o - w o r k e r s , e t c . ; t h e effect of t h o 
su r f ace finish, b y E . M. E d e n , G. A . H a n k i n s a n d M . B . B e c k e r , H . F . M o o r e a n d J . B . K o m -
m e r s , J . Sonder i cke r , W . HST. T h o m a s , A . A . Griffi th, e t c . ; t h e effect of i n t e r n a l s t r e s se s , 
b y H . F . Moore a n d co -worke r s , L . A i t ch i son , B . AV. Gi l le t t a n d E . L . M a c h , S. W h y t e , e t c . ; 
t h e effect of sur face d e c a r b u r i z a t i o n , b y C. R . A u s t i n ; a n d t h o effect of co r ros ion , b y 
I>. J . M c A d a m , B . P . H a i g h , a n d B . B . M o o r e vide infra. 

T h e poss ib i l i t y of a p p l y i n g t h e e las t ic formulae of W . J . M . B a n k i n e , A . J . C. B . do S t . 
V o n a n t , a n d C. A . C o u l o m b , w h i c h h a s b e e n d e v e l o p e d o n t h e a s s u m p t i o n t h a t t h e m e t a l s 
a r e h o m o g e n e o u s a n d i s o t r o p i c , t u r n s o n t h e fac t t h a t a l t h o u g h t h e m e t a l i s r e a l l y a n 
a g g r e g a t e o r a co lony of m i n u t e c r y s t a l l i n e g r a i n s , a n d t h a t t h e formtilse a r e c o n s e q u e n t l y 
n o t t r u e for i n d i v i d u a l g r a i n s , o r for s m a l l g r o u p s of g r a i n s , y e t w i t h largo a g g r e g a t e s t h e 
formula? a r e s t a t i s t i c a l l y t r u e i n t h e s a m e sense t h a t m o r t a l i t y s t a t i s t i c s e n a b l e t h e d e a t h 
r a t e of a community t o be p r e d i c t e d , b u t a r e n o t a p p l i c a b l e t o individuals. T h e s u b j e c t 
h a s b e e n d i scussed b y J . J . G u e s t , W . A . Scoble , B . G. B a t s o n , B . P . H a i g h , E . L . H a n c o c k , 
B . B . T u r n e r , C. E . S t r o m e y e r , B . J . M c A d a m , H . F . Moore a n d J . B . K o m m e r s , 
H . F . M o o r e a n d T . M . J a s p e r , a n d T . E . S t a n t o n a n d B . G. B a t s o n . T h e effect of 
t h e s p e e d of r e p e t i t i o n u p o n t h e f a t i gue r a n g e w a s d i scussed b y O. R e y n o l d s a n d J . H . S m i t h , 
J . B . K o m m e r s , H . J . G o u g h , H . F . M o o r e a n d T . M . J a s p e r , T . E . S t a n t o n a n d J . B . P a n n e l l , 
G. A . H a n k i n s , W . M a s o n , B . P . H a i g h , e t c . O . B e y n o l d s a n d J . H . S m i t h w i t h a l t e r n a t i n g 
b e n d s , L . B a i r s t o w w i t h a l t e r n a t i n g t e n s i o n a n d c o m p r e s s i o n , a n d J . O . A r n o l d -with 
r e p e a t e d i m p a c t s o b s e r v e d t h a t t h e r e s i s t a n c e of t h e m e t a l v a r i e s i n v e r s e l y a s t h e r a p i d i t y 
of t h e r e v e r s a l of t h e s t r esses , b u t B . H o p k i n s o n w i t h pe r iod ic t ens i l e t e s t s , a n d J . O . B o o s 
w i t h r o t a r y b e n d i n g t e s t s c a m e t o t h e o p p o s i t e conc lus ion ; wh i l e T . E . S t a n t o n , a n d 
E . M . E d e n a n d c o - w o r k e r s c o n c l u d e d f rom a l t e r n a t i n g b e n d i n g t e s t s t h a t t h e r e is n o r e l a t i o n 
b e t w e e n t h e e n d u r a n c e a n d r a t e s n o t e x c e e d i n g 2,000 a l t e r n a t i o n s p e r m i n u t e . T . E . S t a n 
t o n a n d B . B a i r s t o w , T . E . S t a n t o n , J . B . K o m m e r s , a n d E . M . E d e n a n d c o - w o r k e r s , s h o w e d 
t h a t i n t h e a l t e r n a t i n g b e n d i n g t e s t s , d e e p g r o o v e s a n d e v e n t o o l m a r k s o n t h e t e s t -
p i ec e s spo i l t h o r e s u l t s ; a n d C. d e F r e m i n v i l l e , a n d C. F r e m o n t a t t r i b u t e t h i s t o t h e 
f ac t t h a t d e e p g r o o v e s a n d t o o l - m a r k s s t o p v i b r a t i o n s vide supra, t h o a c t i o n of v i b r a t i o n s . 
L . A i t c h i s o n a n d L . W . J o h n s o n d i s cus sed l o n g i t u d i n a l a n d t r a n s v e r s e t e s t s vide supra. 
T h e effect of u n d e r s t r e s s i n g w a s e x a m i n e d b y J . H . S m i t h , H . F . M o o r e a n d T . M . J a s p e r , 
E . G. C o k e r , e t c . ; a n d t h e effect of o v e r s t r e s s i n g , b y J . H . S m i t h , H . F . M o o r e a n d 
c o - w o r k e r s , e t c . 

K a i l w a y eng ineers h a v e no t i ced t h a t w i t h ax les a n d ra i l s , h a r d m e t a l s res i s t 
a l t e r n a t i n g b e n d i n g s t resses far b e t t e r t h a n soft m e t a l s , a n d t h i s is i n a g r e e m e n t 
w i t h t h e o b s e r v a t i o n s of T . E . S t a n t o n a n d L . B a i r s t o w , a n d J . K. H o w a r d . T h e 
l a s t - n a m e d r e p o r t e d t h a t s teels w i t h 0-75 t o 0-80 p e r cen t , of c a r b o n res i s t v e r y wel l 
r o t a r y b e n d i n g s t resses , whi le w i t h h ighe r or lower p e r c e n t a g e s of c a r b o n t h e 
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res i s t ance is n o t so good—v ide infra, r e p e a t e d i m p a c t t e s t s . I m p u r i t i e s l ike s lag , 
m a n g a n e s e su lph ide , e t c . , were found b y M. Liongridge, M. Ziegler, a n d C. B . D u d l e y 
t o a c t in ju r ious ly o n a l t e r n a t i n g b e n d i n g or r o t a r y s t resses , a n d r e p e a t e d i m p a c t s . 
I n t h e solidif ication of t h e s e impur i t i e s , owing t o t h e i r c o n t r a c t i o n , t h e y l e ave 
m i n u t e fissures a n d flaws w i t h i n t h e s teel , a n d t h e s e en la rge u n d e r t h e inf luence of 
r e p e a t e d s t resses . A c c o r d i n g t o C. E . S t r o m e y e r , J . O. Arno ld , J . E . S t e a d , a n d 
J . B . K o m m e r s , p h o s p h o r u s a n d n i t r o g e n f a v o u r r e s i s t ance t o a l t e r n a t i n g b e n d i n g 
s t resses , b u t n o t t o r e p e a t e d shocks ; a cco rd ing t o T . E . S t a n t o n , J . H . S m i t h , a n d 
E . F . L a k e , n icke l a n d t i t a n i u m favour r e s i s t ance t o a l t e r n a t i n g b e n d i n g s t resses , b u t 
n o t t o r e p e a t e d s h o c k s ; a n d , acco rd ing t o P . L o n g m u i r , occ luded h y d r o g e n m a k e s 
t h e s tee l m o r e suscep t ib l e t o f r ac tu re b y r e p e a t e d shocks . E . B i a r d sa id t h a t t h e 
r e l a t ive b r e a k a g e of r a i l w a y ax les owing t o t h e develor^ment of c r acks , is a s follows : 
O p e n - h e a r t h s tee l , 1 ; B e s s e m e r s teel , G-625 ; c ruc ib le s tee l , 0 3 3 3 ; p u d d l e d s tee l , 
0-256 ; c rys t a l l ine i ron , 0-213 ; a n d f ibrous i ron , 0-092. A. B o u d o u a r d also f o u n d 
t h a t p u d d l e d i ron res is ts v i b r a t i o n s b e t t e r t h a n soft s tee l . 

F . R o g e r s , T . E . S t a n t o n , B . B l o u n t a n d co-workers , a n d E . M. E d e n a n d 
co-workers found t h a t t h e h a r d e n i n g of s tee l ra i ses i t s r e s i s t ance t o a l t e r n a t i n g 
b e n d i n g s t resses , a n d a n n e a l i n g h a s t h e converse effect ; J . C. G a r d n e r o b t a i n e d 
s imi lar r e su l t s w i t h r o t a r y b e n d i n g s t resses ; J . U . S m i t h , w i th a l t e r n a t i n g 
tens i le a n d compres s ive s t resses ; a n d A . E . S e a t o n a n d A . J u d e , w i t h r e p e a t e d 
shocks . A . McWi l l i am a n d E . J . B a r n e s sa id t h a t h a r d e n i n g d imin i shes t h e res is t 
a n c e of s tee l t o r e p e a t e d shocks ; a n d A. B o u d o u a r d , t o v i b r a t i o n s . F . R o g e r s , a n d 
A. W . R i c h a r d s a n d J . E . S t e a d found t h a t o v e r h e a t e d s teel h a s a poo r r e s i s t ance t o 
a l t e r n a t i n g b e n d i n g s t resses , b u t t h e m e t a l c a n b e r e s t o r e d b y a s u i t a b l e h e a t -
t r e a t m e n t . A . B o u d o u a r d , a n d A. W . R i c h a r d s a n d J . E . S t e a d found t h a t a sorb i t ic 
s t r u c t u r e , o b t a i n e d b y h a r d e n i n g a n d a n n e a l i n g , f avours t h e r e s i s t ance of s teel t o 
v i b r a t i o n s a n d a l t e r n a t i n g b e n d i n g s t resses ; b u t , a c c o r d i n g to A . McWi l l i am a n d 
E . J . B a r n e s , n o t so w i t h r e p e a t e d i m p a c t t e s t s on soft s tee ls . E . M. E d e n a n d 
co-workers found t h a t n o h e a t t r e a t m e n t i m p r o v e s r e s i s t ance t o a l t e r n a t i n g 
b e n d i n g s t resses , t e n s i o n , or compress ion b y ra i s ing t h e permiss ib le l oad ; t h e sole 
a d v a n t a g e of h e a t - t r e a t m e n t is t o increase t h e n u m b e r of a l t e r n a t i o n s before f r ac tu re 
u n d e r a g iven load . L . B a i r s t o w f o u n d t h a t a f a t igued s tee l— i . e . a s teel whose 
e las t ic l imi t h a s b e e n d i sp laced b y r e p e a t e d s t r e s ses—rega ins i t s o r d i n a r y l i m i t 
a f te r t e s t i n g for severa l m o n t h s , or on t r e a t m e n t w i t h bo i l ing wa t e r—v ide infra, 
r ecove ry . A c c o r d i n g t o E . P . a n d B . H . S tenge r , t h e r e is one c e r t a i n q u e n c h i n g 
t e m p , for s tee l t o y ie ld a m a x i m u m fa t igue s t r e n g t h , a n d w i t h h i g h - c a r b o n steel 
t h i s co r r e sponds w i t h t h e A ^ - p o i n t . 

L . A i t ch i son a n d L . W . J o h n s o n f o u n d t h a t t h e f a t igue s t r e n g t h is h ighe r w i t h 
spec imens c u t pa ra l l e l t o t h e d i r ec t i on of forging t h a n i t is w i t h spec imens c u t 
a t r i g h t angles t o t h a t d i r ec t ion . H . F . Moore o b s e r v e d t h a t t h e fai lure b y fa t igue 
of t h e m e t a l s he e x a m i n e d w a s d u e t o t h e g r o w t h of m i n u t e flaws a n d c r acks ; a n d i t 
is genera l ly a g r e e d t h a t f r ac tu r e t a k e s p lace g r a d u a l l y b y t h e d e v e l o p m e n t of a 
flaw, w h i c h , t o beg in w i t h , m a y be microscopic . F o r K . Y u a s a ' s o b s e r v a t i o n s , 
vide sujira, t ens i l e t e s t s . A c c o r d i n g t o J . A . E w i n g a n d J . C. W . H u m f r e y , 
A . E . S e a t o n a n d A. J u d e , W . S c h w i n n i n g a n d E . S t robe l , a n d T . E . S t a n t o n a n d 
X,. B a i r s t o w , t h e d e v e l o p m e n t t a k e s p l ace e i t he r b y s l i p -bands or t w i n n i n g s . 
A. E . S e a t o n a n d A. J u d e , F . Roge r s , T . E . S t a n t o n a n d X. B a i r s t o w , a n d W . Giesen 
cons ider t h a t t h e flaw deve lops b y preference w i t h i n t h e fer r i te . 

T h e o b s e r v a t i o n s of J . A. E w i n g a n d co-workers on t h e d e v e l o p m e n t of slip-
b a n d s a n d c r a c k s w h e n a m e t a l is s u b j e c t e d t o a l t e r n a t i n g s t resses , h a v e b e e n 
p r e v i o u s l y d iscussed . T . E . S t a n t o n a n d Xi. B a i r s t o w o b t a i n e d con f i rma to ry 
r e su l t s . O n e of t h e cha rac t e r i s t i c f ea tu res of f r ac tu re s d u e t o s t ress reversa l s is t h e 
fac t t h a t t h e y occur a b r u p t l y w i t h o u t t h e local d r a w i n g o u t a n d neck ing assoc ia ted 
w i t h o r d i n a r y tens i le t e s t s w i t h duc t i l e m a t e r i a l s . Th i s p h e n o m e n o n fits v e r y well 
i n t o t h e s l i p -band h y p o t h e s i s . I n a g r e e m e n t w i t h some o b s e r v a t i o n s of H . F . Moore 
a n d J . B . K o m m e r s , H . J . G o u g h a n d D . H a n s o n found t h a t w i th a r m c o iron t h e 
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e n d u r a n c e l i m i t m a y b e g r e a t e r t h a n t h e s t a t i c y i e l d - p o i n t . A n a l o g o u s c a s e s w h e r e 
t h e e n d u r a n c e l i m i t s a r e h i g h e r t h a n t h e p r o p o r t i o n a l e l a s t i c l i m i t s h a v e b e e n 
r e p o r t e d b y H . F . M o o r e a n d T . M . J a s p e r , R . R . M o o r e , D . J . M c A d a m , a n d 
J . M . Les se l l s . H . J . G o u g h a n d D . H a n s o n o b s e r v e d t h a t w i t h s t a t i c s t r e s s e s , 
b e l o w t h e l i m i t of p r o p o r t i o n a l i t y , t h e r e i s n o i n d i c a t i o n of s t r a i n , b u t f o r 
s t r e s s e s a b o v e t h e p r o p o r t i o n a l l i m i t , d e f i n i t e m a r k i n g s d e v e l o p e d l i k e t h e s l i p -
b a n d s p r o d u c e d b y e l a s t i c s t r a i n ; w i t h a l t e r n a t i n g s t r e s s e s , j u s t b e l o w t h e l i m i t of 
p r o p o r t i o n a l i t y , a f t e r 1 1 , 7 5 0 , 0 0 0 c y c l e s , s u r f a c e m a r k i n g s d e v e l o p e d o n o n l y a f e w 
c r y s t a l s , t h e o t h e r c r y s t a l s s h o w e d n o e v i d e n c e of s t r e s s , a n d w i t h s t r e s s e s a l i t t l e 
a b o v e t h e p r o p o r t i o n a l e l a s t i c l i m i t , t h e m a r k i n g s w e r e t h e s a m e a s b e f o r e , b u t m o r e 
c r y s t a l s w e r e a f f e c t e d . W i t h s t r e s s e s g r e a t e r t h a n t h e s t a t i c y i e l d - p o i n t , b u t l e s s 
t h a n t h e e n d u r a n c e l i m i t , d a r k a r e a s a p p e a r e d o n s o m e of t h e c r y s t a l s . T h e s e 
a r e a s c o n t a i n e d n u m e r o u s s l i p - b a n d s , p r o v i n g t h a t t h e s l i p - b a n d s d e v e l o p a t 
s t r e s s e s b e l o w t h e e n d u r a n c e l i m i t , a n d t h a t t h e p r o d u c t i o n of t h e s e b a n d s i s n o t a 
c r i t e r i o n of u l t i m a t e f a i l u r e b y f a t i g u e . D . J . M c A d a m , a n d A . M . B i n n i e s t u d i e d 
t h e c o r r o s i o n f a t i g u e of i r o n — v i d e infra, c o r r o s i o n . 

L . B a i r s t o w f o u n d t h a t a s p e c i m e n of a x l e s t e e l w i t h a y i e l d - p o i n t of 5 5 , 7 0 0 l b s . 
p e r s q . i n . a n d a n u l t i m a t e s t r e n g t h of 8 5 , 5 0 0 l b s . p e r s q . i n . , w h e n s u b j e c t e d t o 

20 /0 0 /0 20 
Stress: to/7spersp //?. 

Fxa . 227 .—Elas t i c H y s t e r e s i s 
u n d e r R e p e a t e d S t resses . 

600 

'0 /0000 20000 30000 
Number of repet/tJons of stress 

F i a . 228.—ErTect of Reversals on tlio 
Permanent Set. 

equa l a n d opposi te s tresses of 31,600 lbs. pe r sq. in., gave a s t r a i g h t l ine as t h e cycle 
of extens ions , b u t a s t h e n u m b e r of cycles increased t o 18,750, t h e w i d t h of t h e 
hys teres is loop was a b o u t 11 per cent , of t h e original e last ic ex tens ion . As t h e 
s t ress on t h e specimen was increased t o 33,600 lbs. pe r sq. in . , t h e w i d t h of t h e loop 
increased, so t h a t w i th a s tress of 45,200 lbs. pe r sq. in . , a n d 29,280 cycles, t h e loop 
b e c a m e ve ry wide . A t lower stresses t h e w id th of t h e loop t e n d e d t o a c o n s t a n t 
va lue as t h e n u m b e r of cycles increased, a n d a t h igher s tresses t h e w i d t h of t h e loop 
decreased w i t h a n increase of cycles. W h e n t h e s t resses were n o t comple t e ly 
reversed , a " p e r m a n e n t e x t e n s i o n " was developed, d u e t o t h e r e p e a t e d s t resses , 
a n d he called it t h e cyclical permanent set. Obse rva t ions on t h e hys te res i s loops 
Were m a d e b y J . A. E w i n g , B . H o p k i n s o n a n d G. T . Wi l l i ams , F . E . R o w e t t , 
J . J . Gues t a n d F . C. !Lea, J . A r n o t t , H . F . Moore a n d J . B . K o m m e r s , H . J . G o u g h 
a n d IX H a n s o n , J . H . S m i t h , J . H . S m i t h a n d G. A. W e d g w o o d , e t c . 

I i . B a i r s t o w s tud i ed t h e d e v e l o p m e n t of t h e cyclical p e r m a n e n t Bet w i t h reversa ls 
(F ig . 228). A t each s t ress r ange t h e cyclical p e r m a n e n t se t a p p e a r s t o b e a p p r o a c h 
i n g a c o n s t a n t va lue , wh ich w a s in some cases t e m p o r a r i l y p receded b y a h i g h e r 
va lue . T h e c o n s t a n t va lues a t t a i n e d w i t h t h e t w o spec imens s h o w n increased w i t h 
t h e i n t e n s i t y of t h e appl ied r a n g e . Li. B a i r s t o w p l o t t e d t h e s e c o n s t a n t va lues of t h e 
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cyclical p e r m a n e n t s e t a g a i n s t t h e app l i ed s t resses , a n d o b t a i n e d a n a p p r o x i m a t e 
s t r a i g h t l ine i n t e r s e c t i n g t h e s t ress ax i s a t a pos i t ive v a l u e . H e conc luded t h a t a 
r a n g e of s t r e s s w a s i n d i c a t e d u n d e r w h i c h t h e m a t e r i a l w o u l d possess or a t t a i n a 
s t a t e of pe r fec t e l a s t i c i ty u n d e r indef ini te r e p e t i t i o n s of t h e s t ress r a n g e . Th i s 
m e a n s t h a t t h e f a t igue r a n g e is a n e las t ic r a n g e . I n t h e case of r eve r sed s t resses n o 
p e r m a n e n t e x t e n s i o n o c c u r r e d d u r i n g t h e t e s t . 

T h e p h e n o m e n o n of creep (Fig . 228) w a s s t u d i e d b y "R. W . Bai ley , I J . B a i r s t o w , 
R . Gr. B a t s o n , R . G. B a t s o n a n d H . J . Tapse l l , H . J . Tapse l l a n d co-workers , 
H . J . G o u g h a n d D . H a n s o n , W . H e r o l d , W . K e r r , F . K o r b e r a n d A. P o m p , 
F . C. L e a , W . Mason , K . M e m m l e r a n d K . L a u t e , JL. S. Moisseiff, E . P o h l 
a n d co-workers , A . P o m p a n d co-workers , A . P o m p a n d W . E n d e r s , W . R o h n , 
W . R o s e n h a i n , L . W . S p r i n g , H . S t age r , e tc .—v ide supra, p l a s t i c flow. H . F . Moore 
a n d J . B . K o m m e r s s t a t e d t h a t w h e n a m e t a l is s t r essed a b o v e a c e r t a i n v a l u e , 
p l a s t i c y ie ld ing a n d c reep occur w i t h c e r t a i n u n f a v o u r a b l y p l aced c rys t a l s . 
This , t h e y sa id , causes a local r e d i s t r i b u t i o n of i n t e r n a l s t resses , w h i c h m a y 
cause a n increase or decrease of s t ress in t h e i m m e d i a t e v i c in i t y . A local inc rease 
of s t ress a c t i n g on a s u i t a b l y p l aced c leavage p l a n e m a y cause fu r the r sl ip, wh ich 
i nduces a fu r the r r e d i s t r i b u t i o n of t h e s t resses . W i t h some duc t i l e m e t a l s , 
c reep m a y p r o d u c e a s u d d e n y ie ld ing a t a p a r t i c u l a r load, a n d in o t h e r s i t m a y 
c o n t i n u e u n t i l i t r e aches a m a x i m u m . Th i s c reep increases a s t h e s t ress increases , 
un t i l finally a s t ress is r e a c h e d a t wh ich t h e c reep c o n t i n u e s indefii i i tclv a n d t h e m e t a l 
fails. If t h e c reep u n d e r a c e r t a i n s t ress h a s ceased , t h e p o r t i o n s of t h e m e t a l which 
h a v e n o t suffered p la s t i c d e f o r m a t i o n will b e u n d e r a h ighe r s t ress t h a n t h o s e which 
h a v e s l ipped . W h e n t h e s t ress is r educed , sl ip m a y occur in t h o s e p a r t s p rev ious ly 
free f rom sl ip . W h e n t h e s t ress r eaches zero t h e r e d i s t r i b u t i o n of s t ress c o n t i n u e s in 
t h e fo rm of t h e so-cal led e las t ic after-effect. H e n c e , c reep a n d e las t ic after-effect 
a r e t w o a spec t s of t h e s a m e process , t h e one pos i t ive c reep a n d t h e o t h e r n e g a t i v e . 
I I . F . Moore a n d J . B . K o m m e r s c o n t i n u e d : 

T h e w e l l - k n o w n fac t t h a t m e t a l w h i c h is s t r e s s e d be low i t s e n d u r a n c e l i m i t is s t r e n g t h 
ened is i n itself sufficient t o s h o w t h a t e v e n a t t h e s e lower s t r e s ses t h e r e m u s t h e a n a c t i o n 
i n t h e m a t e r i a l w h i c h is n o t e l a s t i c . I t is difficult t o conce ive h o w e las t i c a c t i o n cou ld 
s t r e n g t h e n t h e m a t e r i a l , b u t i t is e a s i l y u n d e r s t o o d h o w i n e l a s t i c a c t i o n cou ld d o t h i s . 
T h e e v i d e n c e of s l i p - b a n d s a n d h y s t e r e s i s loops a t s t r e s ses less t h a n t h e e n d u r a n c e l i m i t of 
t h e m a t e r i a l i s f u r t h e r e v i d e n c e t h a t a m a t e r i a l h a s t h e p o w e r of a d j u s t i n g itself t o cyc les 
of s t r e s s if t h e s e cyc les of s t r e s s a r e w i t h i n c e r t a i n l i m i t s . T h a t a p roces s of s t r a i n - h a r d e n i n g 
is g o i n g o n u n d e r r e p e a t e d s t r e s se s be low t h e e n d u r a n c e l i m i t is e v i d e n t l y q u i t e a s poss ib le 
a s i t is u n d e r t h e a c t i o n of s t a t i c s t resses a b o v e t h e y i e l d - p o i n t . 

T h e c reep a t a n e l e v a t e d t e m p , w a s s t u d i e d b y F . C. L e a a n d co-workers , w h o 
found t h a t , a t a g iven t e m p e r a t u r e , t h e r e is a l im i t i ng c reep s t ress a b o v e w h i c h t h e 
m a t e r i a l is v i scous ; a t o r d i n a r y t e m p . , a n d w i t h s t ress a b o v e t h e s t a t i c y ie ld -po in t , 
spec imens m a y s h o w a fair ly s t e a d y c reep for h o u r s , b u t t h e c reep e v e n t u a l l y ceases 
if t h e s t ress is be low t h e u l t i m a t e s t r e n g t h . This shows t h a t a t a g iven t e m p , 
t h e r e is a s t ress be low w h i c h c reep ceases , a n d a b o v e wh ich i t is c o n t i n u o u s . 
H . F . Moore a n d J . B . K o m m e r s a d d e d t h a t ** t h e l im i t i ng r a n g e of s t ress a p p e a r s 
t o be t h a t r a n g e be low w h i c h molecu la r slips c a n t a k e p lace in t h e m a t e r i a l , b u t af ter 
wh ich n e w b o n d s m a y b e es tab l i shed . Th i s n e w b o n d i n g is m a t e r i a l l y he lped b y 
ra i s ing t h e t e m p . , a n d a lso b y p e r m i t t i n g sl ip t o t a k e p lace i n v e r y smal l i n c r e m e n t s 
d u r i n g t h e a p p l i c a t i o n of cycles of s t ress . If t h e a p p l i e d s t ress exceeds a ce r t a in 
v a l u e t h e r e l a t i ve m o v e m e n t of t h e molecules is t o o g r e a t t o p e r m i t r e -bond ing , 
a n d m o l e c u l a r s e p a r a t i o n occurs , which r e su l t s in t h e f o r m a t i o n of a fa t igue c rack 
a n d final f a i lu re . " 

Xi. B a i r s t o w c o m p a r e d t h e yield in s t a t i c a n d fa t igue t e s t s . I n F i g . 229 t h e 
cu rve FABC r e p r e s e n t s t h e o r d i n a r y load -e longa t ion s t a t i c t e s t for ax le s teel ; 
whi le t h e c u r v e FEJHBC r e p r e s e n t s t h e t o t a l e longa t ion p r o d u c e d b y r e p e a t e d 
s t resses , w h e n t h e u p p e r l imi t of t h e safe r a n g e coincides w i t h t h e o r d i n a t e s of th i s 
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c u r v e . T h u s t h e r e p e a t e d a p p l i c a t i o n of a s a fe r a n g e of s t r e s s w i t h a s u p e r i o r l i m i t , 
OG, p r o d u c e s a t o t a l p e r m a n e n t s e t e q u a l t o GH; FE r e p r e s e n t s h a l f t h e s a f e r a n g e 

of s t r e s s a n d i t p r o d u c e s n o p e r m a n e n t 
e l o n g a t i o n . B e t w e e n t h i s s t r e s s a n d t h e 
s t a t i c y i e l d - p o i n t , t h e p e r m a n e n t s e t i s 
g r e a t e r w i t h a r e p e a t e d s t r e s s t h a n w i t h 
a s t a t i c s t r e s s . T h e t w o c u r v e s a r e t h e 
s a m e a t t h e s t a t i c y i e l d s t r e s s , a n d r e m a i n 
s o for h i g h e r s t r e s s e s , s o t h a t t h e c u r v e 
FEJHHC i s c o n t i n u o u s . Hencet f o r 
s t r e s s e s b e l o w t h e y i e l d - p o i n t , i r o n a n d 
s t e e l c a n m a i n t a i n a n u n s t a b l e c o n d i t i o n 
fo r a c o n s i d e r a b l e t i m e u n d e r c y c l i c 
s t r e s s . T h e f i rs t a p p l i c a t i o n m a y n o t 
s h o w a m e a s u r a b l e e x t e n s i o n , b u t t h e e x 
t e n s i o n m a y b e g r e a t l y a u g m e n t e d u n d e r 

v 0 0-2 ~^^ &6 0-8 a c o n s t a n t c y c l e of r e p e a t e d s t r e s s . T l i e 
Extension-mm. r e g i o n EABJE c a n b e e x p l o r e d b y r e -

Fi«. 2 2 0 . — P e r m a n e n t Se t of S t a t i c a n d P e a . t e d s t r e s s e s , b u t n o t b y a s i n g l e a p p l i -
K e p e a t e d L o a d i n g . c a t i o n of s t r e s s a s i n a s t a t i c t e s t . A c c o r d 

i n g t o H . F . M o o r e a n d J . B . K o m m e r s , 
t h i s i n d i c a t e s t h a t t h e e l a s t i c l i m i t s a n d y i e l d - p o i n t s of s t a t i c t e s t s c a n n o t b e 
c o r r e l a t e d w i t h e n d u r a n c e l i m i t s . C. L . C l a r k a n d A . K. W h i t e s t u d i e d t h e ef fec t 
of t e m p . , a n d f o u n d t h a t if y d e n o t e s t h e s t r e s s i n l b s . j>er s q . i n . , a n d x t h e 
d u r a t i o n of t h e s t r e s s in h o u r s , y ax7', w h e r e a a n d b a r e c o n s t a n t s for a p a r t i c u l a r 
m e t a l . T h e y f o u n d for s t e e l s : 

OMJ per rent, (i 
r.orr r>as 

u . . . !>5Gt; 24,12,r> 
f> - O - J 477 - O l 33:$ 

W h i l e t h e term, fatigue is a n effect w h i c h wi l l f ina l ly l e a d t o f r a c t u r e , t h e t e r m 
r e c o v e r y i s a p p l i e d t o t h e o p p o s i t e ef fect . J . A . ICwing f o u n d t h a t o v e r s t r a i n e d 
i r o n o r s t e e l g r a d u a l l y a p p r o a c h e s i t s o r i g i n a l u n s t r a i n e d s t a t e w i t h t i m e , a n d 
J . M u i r a d d e d t h a t t h e r e c o v e r y m a y o c c u p y 17 d a y s , b u t t h e r e c o v e r y m a y b e 
a c c e l e r a t e d b y r a i s i n g t h e t e m p , t o 1 0 0 ° . T h e o b s e r v a t i o n s of J . H . S m i t h , a n d of 
H . F . M o o r e a n d T . M . J a s p e r , s h o w t h a t f o r a n y d e g r e e of o v e r s t r e s s i n g t h e r e i s 
a l i m i t i n g n u m b e r of r e v e r s a l s b e l o w w h i c h t h e f a t i g u e r a n g e i s n o t a f f e c t e d , a n d t h a t 
t h i s l i m i t i n g n u m b e r d e c r e a s e s a s t h e m a g n i t u d e of o v e r s t r a i n i n g i n c r e a s e s . 
O v e r s t r e s s i n g h a s a g r e a t e r effect o n h a r d t h a n i t h a s o n so f t s t e e l s . W h e r e t h e 
e f fec ts of o v e r s t r e s s i n g a r e n e g l i g i b l e , i t is a s s u m e d t h a t r e c o v e r y h a s t a k e n p l a c e . 
H . J . G o u g h d e f i n e s r e c o v e r y a s t h a t p r o c e s s b y w h i c h a m e t a l a t t a i n s , o r t e n d s t o 
a t t a i n , a s t a t e of e l a s t i c i t y f r o m a n o n - e l a s t i c s t a t e . (i) Recovery by the application 
of repeated stresses. S o m e m e t a l s , u n d e r s a f e r a n g e s of s t r e s s , h a v e a l a r g e p r i m a r y 
h y s t e r e s i s l o o p ; a n d u n d e r t h e a p p l i c a t i o n of r e p e a t e d s t r e s s e s t h e l o o p d i m i n i s h e s 
i n w i d t h s o t h a t a s t a t e of e l a s t i c i t y i s a t t a i n e d a n d m a i n t a i n e d i n d e f i n i t e l y . H e n c e , 
r e p e t i t i o n s of a s a fe r a n g e of s t r e s s c o n s t i t u t e a n e f fec t ive a g e n t of r e c o v e r y . I n 
s o m e c a s e s a s i m i l a r p h e n o m e n o n o c c u r s w i t h u n s a f e r a n g e s of a l t e r n a t i n g s t r e s s e s . 
(ii) Recovery by rest. T h e r e i s n o t h i n g t o s h o w t h a t a s t a t e of e l a s t i c h y s t e r e s i s i s 
a f f e c t e d b y r e s t , b u t w i t h r a n g e s of s t r e s s e x c e e d i n g t h e l i m i t i n g r a n g e , J . H . S m i t h 
a n d G . A . W e d g w o o d , W . E . D a l b y , a n d H . J . G o u g h s h o w e d t h a t r e s t h a s a m a r k e d 
ef fec t i n d i m i n i s h i n g t h e a r e a of t h e h y s t e r e s i s l o o p . R e c o v e r y b y r e s t o c c u r s 
w h e t h e r t h e s p e c i m e n is u n d e r s t r e s s o r f r ee f r o m s t r e s s , (iii) Recovery by mild heat-
treatment. J . M u i r , a n d K . H . G r e a v e s h a v e s h o w n t h a t a m i l d h e a t - t r e a t m e n t 
vide supra—accelerates t h e r e c o v e r y p r o d u c e d b y r e s t i n g , ( iv ) Recovery by 
annealing. I f a n a n n e a l e d s p e c i m e n w i t h a d e f i n i t e p r i m i t i v e l i m i t of p r o p o r t i o n -
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a l i ty a n d y i e ld -po in t b e s u b j e c t e d t o r epe t i t i ons of a r a n g e of s t ress , t h e p r i m i t i v e 
l imi t s a r e r a p i d l y r e a d j u s t e d ; a n d if, a f te r a few r e p e t i t i o n s , t h e s p e c i m e n b e 
annea l ed , t h e p r i m i t i v e p r o p e r t i e s of t h e m a t e r i a l r e a p p e a r . E . CT. Coker , a n d 
E . J . M c C a u s t l a n d d iscussed t h e effect of low t e m p , on t h e r ecove ry of s tee l f rom 
ove r s t r a in . 

Severa l h y p o t h e s e s h a v e been sugges t ed t o exp l a in f a t i gue . T h e c rys t a l l i za t ion 
h y p o t h e s i s h a s b e e n d i scussed . J . G o o d m a n a s s u m e d t h a t a r a n g e of a l t e r n a t i n g 
s t ress s h o u l d b e r e g a r d e d a s a l ive l oad s u p e r p o s e d o n a s t a t i c a l load , so t h a t t h e 
l ive load h a s t h e d e s t r u c t i v e effect of a s u d d e n l y app l i ed load . Th i s does n o t agree 
w i t h t h e gene ra l f o rm of t h e S/N-curve. J . B a u s c h i n g e r ' s r a n g e of n a t u r a l e las t ic 
l imi t s d i d n o t i m p l y a n y m e c h a n i s m b y w h i c h t h e e l a s t i c i t y w a s a t t a i n e d . 
J . A. E w i n g a n d J . C. W . H u m f r e y a p p l i e d t h e i r t h e o r y of d e f o r m a t i o n b y sl ip, or 
s l ip -bands . Gr. T . Be i lby , a n d W . R o s e n h a i n d e v e l o p e d t h e t h e o r y of t h e p r o d u c 
t i o n of a n a m o r p h o u s p h a s e b y d e f o r m a t i o n t h r o u g h m e c h a n i c a l s t r a i n . B . P . H a i g h 
a s s u m e d t h a t t h e c h a n g e f rom t h e c rys t a l l ine t o t h e a m o r p h o u s p h a s e p recedes t h e 
g l id ing a c t i o n , so t h a t t h e gl ide is a r e su l t of t h e c h a n g e of p h a s e a n d n o t t h e cause , as 
a s s u m e d b y Gr. T . B e i l b y . T h e a c t u a l sl ip is a p r o t e c t i v e a g e n c y a g a i n s t f a t igue , 
a n d n o t a c o n t r i b u t o r y cause . O n c e a cycl ic s t a t e h a s b e e n es tab l i shed , t h e ine las t ic 
w o r k d o n e p e r cycle is a func t ion of t h e r a n g e of a p p l i e d s t ress , w h e t h e r t h a t 
r a n g e is safe or unsafe . H y p o t h e s e s on t h e sub jec t h a v e b e e n deve loped b v 
A. A. Griffith, S. L,. S m i t h a n d J . V. H o w a r d , C. F . J e n k i n , a n d W . E . Mi l l ington a m i 
F . C. T h o m p s o n . H . J . G o u g h t h u s s u m m a r i z e s B . P . H a i g h ' s t h e o r y of t h e 
hys te res i s : 

I n a m e t a l l i c t e s t -p i eco s u b j e c t e d t o r e p e a t e d s t r e s ses , c e r t a i n mo lecu l e s a r e in u n s t a b l e 
p o s i t i o n s , s o m e b e i n g r e a d y t o b e p r o j e c t e d f r o m t h e c r y s t a l l i n e l a t t i c e i n t o t h e v i t r e o u s 
s t a t e . U n d e r r e p e a t e d s t r e s ses , a d u a l p r o c e s s of c r y s t a l l i z a t i o n a n d d e c r y s t a l l i z a t i o n is 
in a c t i o n . T h i s is e q u a l l y t r u e w h e t h e r t h e r a n g e i s safe or u n s a f e ; a l so , a s t h e c h a n g e »»1* 
s t a t e is a s s o c i a t e d w i t h g l id ing m o t i o n r e s i s t ed b y f r ic t ion , t h e p r o e e s s will n o t b e t h e r m o -
d y n a m i c a l l y r eve r s ib l e , a n d w o r k wil l b e d o n e o n t h e s p e c i m e n b y t h e e x t e r n a l forces 
p r o d u c i n g a h y s t e r e s i s l o o p . !B. I*. T-taigb h a s l i k e n e d t h i s d u a l a c t i o n , w i t h t h e e n s u i n g 
h e a t loss , a s e q u i v a l e n t t o t h e a c t i o n of a r e v e r s e d h e a t e n g i n e w i t h a c o n s i d e r a b l e t h e r m a l 
l e a k a g e . U n d e r safe r a n g e s of s t r e s s , t h e d u a l a c t i o n s of r a v a g e a n d r e p a i r will e i t h e r 
b a l a n c e e a c h o t h e r , r e s u l t i n g in a s t e a d y r a t e of e v o l u t i o n of h e a t , o r t h e r e p a i r forces m a y 
s l i g h t l y p r e p o n d e r a t e a n d t h e h e a t e v o l u t i o n wi l l g r a d u a l l y d i m i n i s h . W h e n t h e a p p l i e d 
r a n g e is i n c r e a s e d , t h e d u a l a c t i o n occurs a t a g r e a t e r n u m b e r of zones , a n d m o r e a e t i v e l y 
a t e a c h of t h e o r ig ina l z o n e s . T h e m e c h a n i s m is s t i l l t h e s a m e , mo lecu l e s b e i n g cyc l ica l ly 
p r o j e c t e d f r o m a n d i n t o t h e c ry s t a l l i ne l a t t i c e b y a n o r d e r l y a r r a n g e m e n t of r e p l a c e m e n t . 
So long a s t h i s c o n t i n u e s , t h e l i m i t i n g r a n g e of s t r e s s h a s n o t b e e n e x c e e d e d . A t s o m e s t a g e , 
h o w e v e r , t h e s i m u l t a n e o u s m o v e m e n t of s u c h a l a rge n u m b e r of n e i g h b o u r i n g moleexUcs 
r e n d e r s imposs ib l e t h e p r e v i o u s o r d e r l y r e p l a c e m e n t , a n d c a v i t i e s fo rm w h i c h s u b s e q u e n t l y 
d e v e l o p i n t o c r a c k s . T h e f a t i g u e r a n g e h a s b e e n e x c e e d e d , a n d t h e p r o c e s s i s n o w 
m e c h a n i c a l l y , a s wel l a s t h e r m o - d y n a m i c a l l y , i r r eve r s ib l e . T h u s , t h e l i m i t i n g cond i t i on 
is t h a t t h e d u a l p roces ses of c r y s t a l l i z a t i o n a n d d e c r y s t a l l i z a t i o n sha l l n o longe r b a l a n c e 
e a c h o t h e r , b \ i t p r o d u c e c u m u l a t i v e effects. 

H . F . T resca 1 7 s h o w e d t h a t h o m o g e n e o u s a n d i so t ro jnc solid s u b s t a n c e s u n d e r 
d e f o r m a t i o n o b e y t h e l aws of t h e flow of l iqu ids , a n d t h a t , f rom t h i s p o i n t of v iew, 
solids c a n b e r ega rded a s l iqu ids possess ing a g r e a t e r or less degree of v i scos i ty ; 
a n d F . R o b i n f o u n d t h a t t h e l aw is app l i cab le t o w i r e - d r a w i n g a n d t o t h e rol l ing 
or forging of c a r b o n s teels . T h e c rush ing of a b o d y d e p e n d s on i t s phys i ca l cond i t i on 
a n d geomet r i ca l fo rm, a n d i t is u s u a l t o k e e p t h e s h a p e of t h e t e s t -p iece c o n s t a n t — 
a s t r a i g h t cy l inder w i t h c i rcu la r ba se s . T h e bases u n d e r g o fr ic t ion f rom t h e 
c rush ing surfaces so t h a t t h e flow of t h e m e t a l is different a t t h e e x t r e m i t y bases 
a n d a t t h e m i d d l e . T h e cy l inder genera l ly bu lges o u t so t h a t t h e e q u a t o r i a l o r 
m e d i u m d i a m e t e r is g r e a t e r t h a n t h e d i a m e t e r s a t t h e e n d s . H . E . Tresca a lso 
obse rved t h a t u n d e r t h e influence of shock , de l ivered a t t h e s a m e r a t e , t h e r e s u l t i n g 
de fo rma t ions a r e la rger , t h e g r e a t e r t h e i n t e n s i t y of t h e shock ; a n d o n s imi lar 
tes t -p ieces t h e d e f o r m a t i o n s a r e s imi la r a n d p r o p o r t i o n a l t o t h e shock . T h e 
specific w o r k p e r f o r m e d b y shocks of e q u a l i n t e n s i t y , i n k i l o g r a m m e t r e s p e r c . c , on 
s imi lar s h a p e d solids of s imi la r m a t e r i a l s , r e su l t s i n e q u a l a m o u n t s of c rush ing 
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deformat ion J . V. Ponce le t showed t h a t t h e g r ea t e r t h e a m o u n t of d e f o r m a t i o n on 
t h e surface receiving t h e shock, t h e less t h e lag on t h e bases ; t h e difference m t h e 
de format ion a t t h e t w o bases increases w i t h t h e i n t e n s i t y of t h e shock ; a n d t h e 
form of t h e cyl inder u n d e r compress ion is s y m m e t r i c a l on ly i n t h e case of s t a t i c 
compress ion. The m e d i a n bu lge is g r e a t e r t h e m o r e s lowly t h e t e s t is c o n d u o t e d , 
a n d t h e less smoo th t h e bases of suppor t—v ide supra, p l a s t i c flow. 

A M a r t e n s , C. Codron , a n d F . R o b i n d iscussed t h e w o r k d o n e d u r i n g t h e 
deformat ion , as well as t h e res i s tance t o c rush ing a s affected b y t h e d i m e n s i o n s of 
t h e t e s t cyl inders , t h e n u m b e r of blows de l ivered , a n d t h e r a t e of success ion of s h o c k s 
b y i m p a c t . Accord ing t o F . R o b i n , in t h e n e i g h b o u r h o o d of a t m . t e m p , t h e 
res is tance t o c rushing (Fig. 230) of pea r l i t i c c a r b o n s tee ls v a r i e s b u t l i t t l e . " t h e 
m e t a l be cooled t h e res i s tance increases , a n d t h e r e is a s u d d e n rise a t a b o u t —-80 , 
a n d a h igh va lue is a t t a i n e d a t —185° . T h e res i s t ance t o c ru sh ing a t —185 is a 
l i t t le more t h a n one a n d a half t i m e s i t s v a l u e a t 15° ; t h a t of s tee ls c o n t a i n i n g free 
cement i t e is very h igh a t t hese low t e m p . A rise in t h e t e m p , f rom 0° t o 30O 
diminishes t h e res is tance of c a rbon s teels t o c rush ing . T h e c u r v e is n o t u n i f o r m 
t h r o u g h o u t th i s in t e rva l , b u t a s sumes a w a v y d i rec t ion , w h i c h m o r e of ten t h a n n o t 
is d is t inguished b y a m a r k e d fall in t h e res i s tance a t a b o u t 100°. A t a b o u t 300° 

all t h e cu rves of t h e c a r b o n s tee ls 
a t t a i n a m i n i m u m . T h e res is t 
a n c e t o c r u s h i n g is a t t h i s tc i r rp . 
lower t h a n i t is a t a n y o t h e r 
e x c e p t w h e n a r e d - h e a t is r e a c h e d . 
A b o v e 300° t h e cu rves r ise , a n d 
t h e res i s t ance t o c r u s h i n g increases 
u p t o a b o u t 500° , w h e r e i t r e a c h e s 
a m a x i m u m w h i c h occurs p r o 
b a b l y a l i t t l e be low t h e e x a c t 
t e m p , of 500°. A b o v e 500° t h e 
res i s t ance of t h e m e t a l dec reases 
r a p i d l y u p t o 1000°, c a r b o n s tee ls 
b e i n g r anged a t t h a t t e m p , in t h e 
s a m e o rde r a s a t t h e o r d i n a r y 
t e m p . A b o v e 1000° w i t h h igh ly 

carbur ized steels, or a b o v e 900° w i t h mi ld a n d dead-sof t s teels , t h e d i m i n u t i o n of 
t h e res is tance t o c rush ing in t e r m s of t h e t e m p , t a k e s p lace v e r y s lowly. S tee l s 
con ta in ing free cemen t i t e a re s o m e w h a t r e s i s t an t a t a b o u t 1300°, a n d c o m m e n c e 
t o spli t b e n e a t h t h e shock a n d t o lose t h e i r cohesion. Dead- so f t s tee ls , o n t h e 
con t r a ry , a r e still forgeable a t 1480°, whe re t h e i r r e s i s t ance t o c r u s h i n g r e a c h e s 
a b o u t 1*5 k i log rammet re s pe r c.c. A t h igher t e m p , t h e m e t a l b u r n s or fuses, 
a n d is n o longer forgeable. The c u r v a t u r e a p p e a r s t o b e v e r y n e a r l y u n i f o r m 
a t a r e d - h e a t ; a t a na scen t r ed -hea t , on ly in t h e case of s tee ls w i t h a h i g h 
pe rcen tage of ca rbon ; soft steels a n d dead-sof t s tee ls a p p e a r t o p r e s e n t t w o 
successive b e n d s towardp 500° a n d 600°. T h e difference b e t w e e n t h e m a x i m u m 
a n d t h e m i n i m u m res i s tance t o c rush ing does n o t v a r y g r e a t l y i n i t s a b s o l u t e v a l u e . 
Th i s difference does n o t d e p e n d on t h e pe r cen t age of c a r b o n , b u t s e e m s r a t h e r t o 
b e a r a r a t i o t o t h e a m o u n t of foreign e l emen t s p r e s e n t , a n d , in p a r t i c u l a r , t o e l e m e n t s 
d issolved in t h e i ron. 

T h e p resence of p h o s p h o r u s g rea t ly increases t h e r e s i s t ance of s tee ls t o c r u s h i n g . 
T h u s t h e res i s t ance of a s teel con ta in ing 0-06 pe r cen t , of c a r b o n a n d 1 p e r c e n t , 
of p h o s p h o r u s is equa l t o t h a t of a ra i l s tee l c o n t a i n i n g 0*4 p e r c e n t , of c a r b o n . 
T h e inf luence of p h o s p h o r u s is t o p r o d u c e a r a p i d dec rease i n t h e r e s i s t a n c e t o 
c r u s h i n g a t a r e d - h e a t ; i t s i n t e n s i t y m a y fall be low t h a t of o t h e r s tee l s so l ong a s 
t h e p e r c e n t a g e of p h o s p h o r u s is fair ly cons iderab le . T h e p r e s e n c e of s u l p h u r 
a p p e a r s t o h a r d e n t h e s teel s o m e w h a t a t a b o u t 700° a n d a t a h ighe r t e m p . B u r n t 
s tee l (steel c o n t a m i n a t e d wi th oxide) r evea led n o a n o m a l i e s i n t h e c u r v e of res i s t -
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a n e e t o c r u s h i n g . T h e p r e s e n c e of s i l i c o n o r of m a n g a n e s e i n s m a l l p e r c e n t a g e s 
i n c a r b o n s t e e l s d o e s n o t a p p e a r t o e x e r t m u c h i n f l u e n c e o n t h e a p p e a r a n c e of t h e 
c u r v e s . 

C a s t i r o n c a n n o t b e r e g a r d e d a s f o r g e a b l e , a n d t h e i n v e s t i g a t i o n s r e l a t i n g t o 
t h i s p a r t of t h e s u b j e c t h a v e b e e n b u t f e w i n n u m b e r . G e n e r a l l y s p e a k i n g , i t w a s 
n o t p o s s i b l e t o o b t a i n a r e d u c t i o n of o n e - f i f t h i n t h e d e p t h of n o r m a l c y l i n d e r s , 
so t h a t t h e c r u s h n u m b e r s h a d t o b e a s c e r t a i n e d b y i n t e r p o l a t i o n f r o m t h e r e s u l t s 
o b t a i n e d "with l e s s e r d e g r e e s of c r u s h i n g . T h e p r e s e n c e of p h o s p h o r u s g r e a t l y 
i n c r e a s e s t h e r e s i s t a n c e of c a s t i r o n , a n d t h e a p p e a r a n c e of t h e r e s i s t a n c e c u r v e s 
d i f fers f r o m t h a t of t h e s t e e l s . T h e fa l l i n t h e r e s i s t a n c e t o c r u s h i n g i s v e r y n e a r l y 
u n i f o r m f r o m 3 0 0 ° u p t o t h e t e m p , of f u s i o n . N e i t h e r a m a x i m u m n o r a m i n i m u m 
c a n b e s e e n . C a s t i r o n g e n e r a l l y , a n d p h o s p h o r i c p i g i r o n i n p a r t i c u l a r , c r a c k o n 
f o r g i n g b e f o r e t h e t e m p , of f u s i o n , a n d h a v e n o c o h e s i o n . W h e n t h e f u s i o n p o i n t 
of t h e e u t e c t i c i s r e a c h e d , t h e e l e m e n t s s e p a r a t e i n a g r a n u l a r f o r m , a n d c r u s h i n g 
" y i e l d s n o t h i n g b u t a s h o w e r of s p a r k s . " A . P o m p g a v e fo r t h e c r u s h i n g s t r e n g t h 
of s t e e l w i t h 0*5 p e r c e n t , of c a r b o n , 14 -5 t o n s fo r r o d s 1 0 m m . d i a m e t e r ; a n d 
w i t h 0 -06 p e r c e n t , c a r b o n s t e e l , 12-7 t o n s . 

I n g e n e r a l , pearlitic steels u n d e r g o t h e s a m e v a r i a t i o n s a s c a r b o n s t e e l s ; v a r i a 
t i o n s i n t h e r e s i s t a n c e t o c r u s h i n g m a y b e g r e a t l y r e d u c e d o r e v e n o b l i t e r a t e d b y 
t h e p r e s e n c e of a s u f f i c i e n t a m o u n t of a n e l e m e n t i n s o l n . , s u c h , fo r e x a m p l e , a s 
c h r o m i u m . Martensitic steels y i e l d a d e c r e a s i n g c u r v e w h i c h p o s s e s s e s n e i t h e r 
m a x i m u m n o r m i n i m u m ; t h e g r e a t e s t f a l l i n r e s i s t a n c e c o m m e n c e s a t 5 0 0 ° . 
slustenitic steels v a r y l i t t l e i n t h e i r r e s i s t a n c e t o c r u s h i n g u p t o a b o u t 5 5 0 ° o r 6 0 0 ° . 
T h e r e s i s t a n c e t o c r u s h i n g i n c r e a s e s c o n s i d e r a b l y a t l i q u i d a i r t e m p . S t a r t i n g 
f r o m 0 ° t h e c u r v e is i n g e n e r a l p r a c t i c a l l y r e c t i l i n e a r u p t o a b o u t 6 0 0 ° , w h e r e t h e 
m o s t i m p o r t a n t f a l l i n t h e r e s i s t a n c e o c c u r s . S p e c i a l s t e e l s c o n t a i n i n g t h e f ree 
c a r b i d e a n d t h e h i g h - s p e e d s t e e l s b e h a v e s i m i l a r l y . T h e i r r e s i s t a n c e a t o r d i n a r y 
t e m p . , a n d p a r t i c u l a r l y a t a b o u t — 1 9 0 ° , i s , g e n e r a l l y s p e a k i n g , h i g h . S o m e s t e e l s 
p r e s e r v e a h i g h d e g r e e of r e s i s t a n c e t o c r u s h i n g a t h i g h t e m p . , a r e s i s t a n c e n i u c h 
g r e a t e r t h a n t h a t of c a r b o n s t e e l s . T h e p r e s e n c e of n i c k e l f a v o u r s t h i s r e s i s t a n c e 
a t h i g h t e m p . — v i d e t h e s p e c i a l e l e m e n t s . 

P . G a I y - A c h e s h o w e d t h a t fo r c o p p e r a n d i r o n t h e e l a s t i c l i m i t s u n d e r t e n s i l e 
s t r e s s a n d c o m p r e s s i o n a r e t h e s a m e . AI. I v o e p k e a n d E . H a r t i g , a n d R . T h u r s t o n , 
f o u n d t h a t b r i t t l e m e t a l s s h o w e d a c o n s t a n t r e l a t i o n b e t w e e n t h e r e s i s t a n c e t o 
fracture1 : u n d e r t e n s i l e s t r e s s , a n d u n d e r c o m p r e s s i o n . F . R o b i n a d d e d t h a t t h e 
r e s i s t a n c e s t o f r a c t u r e b y t e n s i l e a n d c o m p r e s s i v e s t r e s s e s a r e n o t c o m p a r a b l e , 
b u t t h e e l a s t i c l i m i t s u n d e r t e n s i l e s t r e s s a n d c o m p r e s s i v e s t a t i c s t r e s s e s c a n b e 
c o m p a r e d , a n d fo r p e a r l i t i c c a r b o n s t e e l s , t h e y a r e g e n e r a l l y t h e s a m e ; b u t M . R u d e -
loff f o u n d t h a t f o r n i c k e l a n d m a n g a n e s e s t e e l s t h e y a r e q u i t e d i f f e r e n t . J . O . A r n o l d 
g a v e 4 0 t o 6 0 t o n s p e r s q . i n . fo r t h e c r u s h i n g s t r e n g t h of c a s t i r o n . O b s e r v a t i o n s 
w e r e a l s o r e p o r t e d b y A . P . C a r m a n a n d M . L . C a r r , IT. I . C o e , M . D e n i s , G . H . G u l 
l i v e r , H . I . H a n n o v e r , S . H . I n g b e r g a n d P . U . S a l e , K . L . K c y n o n , E . K i e f t , 
F . K o r b e r a n d H . M u l l e r , M . E o r e n z , P . I j i i d w i k a n d E . S c h e n , AV. M a s o n , 
H . M o n d e n , S . N a d a s a n , F . B . S e e l y a n d W . J . P u t n a m , E . S i e b e l a n d A . P o m p , 
O. A . M . S m i t h , A . H . S t r a n g a n d L . R . S t r i c k e n b e r g , W . C . U n w i n , a n d A . V i c t o r i n ; 
a n d H . A . S c h w a r t z m e a s u r e d t h e e f fec t w i t h m a l l e a b l e c a s t i r o n . 

O n l y i n t h e c a s e of m e t a l s l i k e c o p p e r , s i l v e r , a n d a l u m i n i u m d o e s a v a r i a t i o n 
of t e m p , c a u s e t h e p h y s i c a l p r o p e r t i e s t o v a r y i n a c o n t i n u o u s m a n n e r ; w i t h i r o n , 
t h e a l l o y s t e e l s , a n d m a n y o t h e r a l l o y s , t h e v a r i a t i o n s i n t h e p r o p e r t i e s d i s p l a y 
s u d d e n c h a n g e s . T h e s e m e t a l s a r e k n o w n t o u n d e r g o t r a n s f o r m a t i o n s , a n d t h e r e 
m a y b e s o m e r e l a t i o n b e t w e e n t h e s e t r a n s f o r m a t i o n s a n d t h e v a r i a t i o n s i n t h e 
p h y s i c a l p r o p e r t i e s . M . L e b l a n t a n d o t h e r s h a v e n o t i c e d t h a t s t a r t i n g f r o m 1 0 0 ° , 
t h e e l o n g a t i o n m a y t a k e p l a c e i n t e r m i t t e n t l y , a n d i t m a y b e a c c o m p a n i e d b y j e r k s 
a n d n o i s e s . S t e e l s s h o w c h a r a c t e r i s t i c p r o p e r t i e s a t a b o u t 1 5 ° a n d 4 0 0 ° , a n d t h i s 
i s i n a g r e e m e n t w i t h F . R o b i n ' s r e s u l t s e x c e p t f o r t h e h a r d n e s s d e v e l o p e d b y 
m e c h a n i c a l d e f o r m a t i o n , a n d t h e n o t c h e d - b a r b r i t t l e n e s s a f t e r c o l d - w o r k i n g , w h i c h 
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ind ica te t h a t steel is h a r d e r a n d m o r e b r i t t l e af ter m e c h a n i c a l w o r k i n g a t 400° 
t h a n i t is a t 15°. M. !Leblant also found t h a t t h e r e s i s t ance , a n d t h e p r o p o r t i o n a l 
l imi t e longat ion a rc a m i n i m u m a t a b o u t 100°, while f rom 200° t o 400° t h e r e is a 
m a x i m u m resis tance, a n d a m i n i m u m c o n t r a c t i o n a n d e longa t ion . T h i s e x p l a i n s 
t he g rea te r l ikelihood of b r eak ing a t es t -p iece whi le de fo rming i t w i t h i n t h e l a t t e r 
r ange of t e m p . , t h a n t h e r e is in t e s t i n g i t b e t w e e n 20° a n d 100°. T h e r e su l t s w i t h 
d y n a m i c t e s t s a re different. T h e res i s t ance t o c r u s h i n g u n d e r s h o c k is a 
m i n i m u m a t 300°, a n d t h e duc t i l i ty s h o w n b y t h e m e d i a n bu lge is a m a x i m u m 
a t t h i s t e m p . , whereas t h e t e n d e n c y t o fissure, a n d t h e c ru sh ing b r i t t l e n e s s a r e 
here lower t h a n a t ne ighbour ing t e m p . As F . R o b i n shows , i t is difficult t o d r a w 
a n y conclusions as t o t h e c o n s t i t u t i o n of i r on f rom t h e s e r e su l t s . B e t w e e n 0° 
a n d 100°, t h e hardness , t h e elast ic l imi t , t h e r e s i s t ance t o b r e a k i n g , a n d t h e res i s t 
ance t o crushing decrease, a n d hence i t m i g h t a p p e a r a s if t h e e longa t i on w o u l d b e 
a u g m e n t e d , b u t i t d iminishes . Aga in , f rom 100° t o 200° t h e e las t ic l i m i t is low 
a n d t h e r e is b u t l i t t le e longat ion , while t h e r e s i s t ance t o s t ress , a n d h a r d n e s s inc rease ; 
t h e res is tance t o c rushing is low, a n d t h e i n t e r s t r a i n h a r d n e s s d u e t o d e f o r m a t i o n , 
and t h e median bulge increase . H e n c e , e ach phys i ca l p r o p e r t y e x h i b i t s d i s 
con t inu i ty a t ve ry different po in t s , a n d t h e p a r t p l a y e d b y t h e different s t a t e s of 
iron has no t been d e t e r m i n e d for each case . 

According to K. R o b i n , f rom a vis ible r e d - h e a t u p w a r d s , i t a p p e a r s t h a t a l l t h e 
juoper t i e s resul t ing from s t a t i c or d y n a m i c effects ag ree , n o t p e r h a p s n u m e r i c a l l y , 
hu t in the i r mode of va r i a t i on . T h e r a t e of speed of t h e s t resses a p p l i e d a c t , 
therefore, uniformly on s teel and on o t h e r h a r d m e t a l s , such a s l ead i n t h e cold, 
in p ropo r t i on as t h e y lose t h e i r e las t ic i ty . I t w o u l d a p p e a r t h a t f rom t h i s t e m p , 
onwards me ta l s become p a s t y d u r i n g t h e i r t r a n s i t i o n t o t h e l iqu id s t a t e ; t h e 
resul ts of var ious t e s t s co l la ted r e semble each o t h e r in a gene ra l w a y . A v a r i a t i o n 
in t h e a l lot ropic s t a t e , such as t h a t of i ron , a p p e a r s , t he r e f o r e , b u t l i t t l e m a r k e d . 
Towards 700° t h e cu rves of s tee l h a v e a b e n d which m i g h t b e refer red t o t h e al lo
t ropic t r a n s f o r m a t i o n p o i n t ; b u t coppe r and^ n icke l g ive s imi lar r e su l t s a t 
ne ighbour ing t e m p . T h e t r a n s f o r m a t i o n of a - i ron in to / ? - i ron m a y , howeve r , b e t r a y 
itself in t h e curves r ep re sen t i ng t h e v a r i a t i o n of t h e m e c h a n i c a l effects in t e r m s of 
t h e t e m p , w i t h o u t t h e poss ib i l i ty of defini tely affirming t h a t i t does so. T h e h a r d n e s s 
curves and curves of t h e res i s t ance t o c rush ing s h o w t h a t t h e s teels give c u r v e s w h i c h 
become ve ry nea r ly ho r i zon ta l a t a b o u t 800° . Un l ike t h e case of m e t a l s w h i c h 
do n o t ])ossess t r a n s f o r m a t i o n p o i n t s , such a s copper , t h e r e s i s t ance of t h e m e t a l 
decreases rapid ly a n d un i formly a t a che r ry - r ed h e a t , t h e r e is w i t h s tee l a b r e a k in t h e 
curve . M. Leb lan t found a s imilar b r e a k d u r i n g t h e t ens i l e t e s t i n g of s tee ls c o n t a i n 
ing 0-2 t o 0-4 per cent , of c a rbon . H e even f o u n d a s l igh t inc rease in t h e r e s i s t ance 
t o b reakage for a dead-soft steel a t a b o u t 800° . T h e s e r e m a r k s a r e n o t b a s e d 
U])On decisive resul ts , b u t t h e y agree w i t h t h e r ecen t o b s e r v a t i o n m a d e b y W . K o s e n -
hain a n d J . (J. W. H u m f r e y . T h e y r e m a r k e d t h a t , w h e n m a k i n g t ens i l e t e s t s in 
vacuo on t h i n , polished, a n d h e a t e d discs of severa l m e t a l s , a t a b o u t 800° , t h e t e m p , 
in t h e ne ighbourhood of t h e t r a n s f o r m a t i o n of y- t o / J - i ron in a soft s tee l , t h e a p p e a r 
ance of t h e deformed m e t a l u n d e r tens i le s t ress a l t e r e d in a c h a r a c t e r i s t i c m a n n e r ; 
the po in t of least res is tance of t h e m e t a l w h e n h e a t e d u n e q u a l l y is f o u n d a t t h e 
l imi t of a- i ron shown b y t h e de fo rmat ion a n d b y a m o r e r e s i s t a n t zone ; a l t h o u g h 
a t a t e m p , s l ight ly h igher a n d p r o b a b l y co r r e spond ing t o t h e s p h e r e of inf luence 
of £ i ron . T h e d iamet r ica l bulge, which d imin i shes f rom 900° t o 1000° u p w a r d s , 
i nd ica t e s t h e c o m m e n c e m e n t of t h e d i s in t eg ra t ion of t h e m e t a l a n d t h e d i m i n u t i o n 
of t h e cohesion of t h e gra ins . I t does n o t i n d i c a t e t h e r e t u r n of t h e m e t a l t o i t s 
a n t e r i o r cond i t ion , for t h e o the r p roper t i e s bel ie t h i s h y p o t h e s i s . 

J . E . H o w a r d s tud ied t h e cubic compressibi l i ty , t h e co ld flow, a n d t h e crushing 
s t r e n g t h of i ron a n d steel . T h e t e s t cy l inders we re 2-5 d i a m e t e r s l ong ; t h e c o m 
press ions a r e expressed in lbs. pe r sq . i n . T h e r e s u l t s are s u m m a r i z e d i n 
T a b l e X X X I V . T h e spec imens b e g a n t o bu lge l a t e r a l l y u n d e r t h e influence of 
free compres s ive s t resses w h e n t h e e las t ic l imi t w a s p a s s e d , and t h e r e a f t e r t h e 
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stress p e r sq. in . inc reased for a t i m e , wh i l s t t h e s h o r t e n i n g i n l e n g t h a n d inc rease 
in d i a m e t e r c o n t i n u e d . W h i l s t t h e gross l oad w a s g r a d u a l l y i nc reased t o t h e e n d 
of t h e t e s t , a pe r iod w a s r e a c h e d w h e r e t h e s t resses p e r sq . i n . o n t h e sec t iona l 
a rea , a s i t ex i s ted , ceased t o increase , a n d for a n in t e rva l t h e flow w a s c o n t i n u o u s , 
w i th p r ac t i c a l l y n o inc rease of s t ress . T h i s pe r iod m a r k e d t h e u l t i m a t e com
press ive re s i s t ance of t h e m e t a l . N o m a r k e d difference in tens i le s t r e n g t h r e s u l t e d 
from t h e cub ic compress ion ; n e i t h e r w a s t h e d u c t i l i t y of t h e m e t a l , a s i n d i c a t e d 
by e longa t ion a n d r e d u c t i o n of a rea , m a t e r i a l l y c h a n g e d b y t h e compress ion . U n d e r 
o r d i n a r y free t e s t s b y t e n s i o n or compress ion , c e r t a i n s t r e s ses—below t h e e las t ic 
l imi t do n o t cause a n y c h a n g e in t h e phys i ca l p r o p e r t i e s ; b u t s t resses exceed ing 
t h e e las t ic l imi t u s u a l l y b r i n g a b o u t a series of p h e n o m e n a "which c u l m i n a t e i n 
r u p t u r e or d i s i n t eg ra t i on . U n d e r cub i c compres s ion , n o p re s s , were r e a c h e d 
which g a v e ev idence of such a t e n d e n c y in t h e u l t i m a t e r e s u l t a s t h a t c aused w h e n 
t h e flow of m e t a l occur red . T h i s m e a n s t h a t whi l s t i t is p r o b a b l e t h a t t h e r e is a 
res t r i c t ed mo lecu la r o rb i t r e p r e s e n t e d b y t h e e las t ic l imi t s of t ens ion a n d com-

T A D L E X X X l V . — T H E C U B I C C O M P R E S S I O N O F IROIST A N D S T E E L . 

Mi>- ta l ttotlueccl length 
(inches) 

Concurrent 
rompress iv f t 

res is tance 

U l t ima t e 
compressive 

res is tance 

Percentage \ 
m a x i m u m 
elongation 
of surface 

Tensile s t ress 
of r u p t u r e d 

sect ion 

O 0 9 C s t o o l 
0 - 2 0 
0 - 3 1 
0 -37 
9 -51 
O -57 
0-71 
0 - 8 1 
O - 8 9 
<)-97 

C a s t i r o n 
W r o u g h t i r o n 

n o t a i m . 
W r o u g h t i r o n 

a r m . 

1 - 2 4 - U - 8 3 
1 - 3 1 - 0 - 8 3 
1 - 2 « - O - 9 5 
1 - 2 6 - 0 - 8 8 
1 - 4 2 5 - 0 - 8 9 
1 - 2 4 5 - 0 - 9 6 5 
1 - 3 4 - 0 - 8 9 
1 4 0 5 - 1 - 2 0 
I (K) - 0 - 9 3 
1 - 3 3 - 1 0 5 

1 - 8 2 5 

1 - 5 4 5 - 1 - 2 1 

1 - 5 5 5 - 1 - 1 8 

8 4 . 
1 0O 1 

1 1 5 , 
1 2 I 3 

1 3 1 , 
1 5 6 . 
1 5 0 . 
1 9 4 . 
1 8 1 
1 9 2 

0 3 0 - 8 5 . 
1 2 0 - 1 0 1 , 
1 5 0 - 1 1 5 , 
0 7 0 - 1 2 1 . 
7 6 0 - 1 3 1 . 
. 6 3 0 - 1 5 6 . 
2 5 O - 1 5 6 . 
2 4 O - 1 9 6 . 
1OO 1 8 3 . 
5 5 0 - 1 9 3 . 

9 6 , 3 2 O 

4 7 O 
8 9 0 
5 6 O 
8 5 O 
9 0 O 
6 4 O 
6 4 O 
3OO 
2 5 O 
0 9 0 

8 5 
1(>5 
1 1 6 . 
1 2 1 
1 3 3 
1 5 7 
1 5 6 
1 9 6 
1 8 8 
1 9 3 

9 6 

, 5 8 O 
, 5 2 O 
, 7 9 0 
, 8 5 O 
4 8 O 
1OO 

, 8 0 0 
,3OO 
, 1 1 0 
, 0 9 O 
, 3 2 0 

9 0 , 6 3 0 - 9 0 , 2 9 0 

9 1 , 6 0 0 - 9 3 , 6 1 0 

9 1 , 5 0 O 

9 3 , 6 1 O 

7 2 - 8 
7 5 - 6 
8 0 - 5 
7 2 1 
9 5 - 5 
5 8 - 8 
5 9 - 1 
5 4 - 5 
5 1 - 3 
4 5 - 6 

9 - 6 

4 3 - 2 

5 1 - 4 

1 0 6 , 4 3 4 
1 1 3 , 7 0 4 
1 2 6 , 6 4 O 
1 3 4 , 6 0 0 
1 5 2 , 3 8 0 
1 3 4 , 8 8 0 
1 5 1 , 5 1 0 
1 5 8 , 1 4 0 
1 4 7 8 6 0 
1 6 1 , 9 1 0 

press ion, a n d t h a t t h e s e o r b i t s m a y b e d i s t u r b e d a n d t h r o w n i n t o n e w pos i t ions 
b y loads exceed ing t h e e las t ic l imi t , i n t h e case of cub ic compress ion , sufficiently 
h igh press , t o d i s t u r b t h e m were n o t e m p l o y e d in t h e exper iments -—nor is i t ce r t a in 
w h e t h e r such a l im i t c an b e a t t a i n e d b y t h e m e a n s e m p l o y e d . J . B a u s c h i n g e r ' s 
r esu l t s a r e i n d i c a t e d in T a b l e X X X I V . O b s e r v a t i o n s were m a d e b y J . Gr. D a g r o n , 
W . K . H a t t , A . P o r t e v i n a n d F . Ie Chate l ie r , a n d S. H . I n g b e r g a n d P . IX Sale . 

J . O. A r n o l d ho ld s t h a t compress ion t e s t s furnish b y far t h e bes t m e c h a n i c a l 
m e a n s of m e a s u r i n g t h e molecu la r r ig id i ty of m e t a l s , b e c a u s e t h e in te r fe r ing effects 
of v a r i a t i o n s in i n t e r c rys t a l l i ne cohesion a r e r e d u c e d t o a m i n i m u m . T h e flow 
cu rve for n o r m a l s teels falls off u n t i l t h e i ron c o n t a i n s 0-89 p e r cen t , of c a r b o n 
when i t is p rac t i ca l ly s t a t i o n a r y t o 1-5 p e r cen t , of c a r b o n , for t h e d o t t e d l ine in 
t h e c u r v e is t a k e n t o r e p r e s e n t t h e t r u e r e s u l t — t h e d o w n w a r d flow of t h e obse rved 
cu rve b e i n g d u e t o t h e u n d e s i r e d s e p a r a t i o n of some g r a p h i t e a n d t h e c o n s e q u e n t 
p r o d u c t i o n of a l i t t l e soft i ron . T h e a n n e a l i n g c u r v e u p t o 0-89 p e r cen t , of 
c a r b o n m e a s u r e s g r a p h i c a l l y t h e effect o n t h e flow f rom diffused t o c rys ta l l i zed 
c e m e n t i t e ; w h e n m o r e t h a n 0-89 p e r cen t , of c a r b o n is p r e s e n t , t h e c u r v e 
passes down-wards, u n t i l , a t 1*47 p e r cen t , of c a r b o n (mos t of wh ich ex is t s a s 
g raph i t e ) , t h e flow is a c t u a l l y g r e a t e r t h a n t h a t of i ron a lone . Th i s is a t t r i b u t e d 
t o t h e loosely depos i t ed g r a p h i t e c rys t a l s b e i n g t h e m s e l v e s c a p a b l e of some com-
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press ion. _ _ rpho curve for h a r d e n e d steel shows t h a t mo lecu l a r flow ceases w i t h 
O~80 per cent , of ca rbon , whi ls t t h e cu rve is ve ry nteep in p a s s i n g f rom 0-2 t o OG 
per cent , of ca rbon . 

T. W . R icha rds 1 8 gave /?—O0 641 for t h e coeff. of compress ib i l i ty of ct-iron a t 
20° wi th press , of 100 t o 500 a i m . ; t h i s d a t u m w a s a f t e rwa rds co r r ec t ed t o 
0-0660. E . Goens a n d E . Schmid gave 5-8 X 1 0 ~ 1 3 d y n e p e r sq . cm. , a n d 
P W B r i d g m a n , 5-9 X 1 0 ~ 1 3 d y n e pe r sq. c m . ; E . Gri ineisen g a v e 0 0 6 6 2 a t 
— 190° for press , of 10 t o 150 a t m . ; 0 0 6 6 5 a t 18° ; O 0 6 6 8 a t 128° ; a n d 0-0669 a t 
105° ; E . Made lung a n d R . F u c h s , 0-0661 m e g a b a r p e r sq . c m . ; a n d A . Mal lock 
gave O-0664 a t 20°. L . H . A d a m s gave /?=-=0-0660 ; a n d for dp/dp, - 0 - 0 n 4 . 
R . F . Mehl a n d B . J . Mair ca lcu la ted from t h e compress ib i l i ty of invar - s tee l , w i t h 
iron in t h e y - f o r m , t h a t t h e compress ib i l i ty of y- i ron is OO f i85, a v a l u e wh ich would 
m a k e y- i ron to be more compressible t h a n co-iron. 

Observa t ions on steel were m a d e b y H . V. R e g n a u l t . E . A m a g a t g a v e CK)0GS ; 
a n d P . W . Br idgman , 0-0c55 a t 6500° a t m . a n d 20° ; a n d a t 10,000 a t m . p ress . , 
0-O0GO a t 10°, a n d 0-0662 a t 50°. E . Made lung a n d R . F u c h s g a v e for steel O 0 0 G L 
m e g a b a r pe r sq. cm. , L,. H . A d a m s a n d co-workers g a v e O 0 0 5 7 5 for a 2 p e r cen t , 
c a r b o n Bessemer steel , a n d a 0-8 pe r cen t , c a r b o n tool-s teel . R . F . Mehl g a v e for 
t h e i n t e rna l press . , 587 k i lomegaba r s , and for t h e m a x i m u m d i s rup t ion p ress . , 
1884 k g r m s . pe r sq. m m . R . F . Mehl a n d B . J . Mair obse rved t h a t a q u e n c h e d , 
eu t ec to id steel , w i th 0-89 pe r cent , c a rbon , a n d h igh ly m a r t e n s i t i c , h a d a com

press ibi l i ty of 0-O6Gl, a n d t h e s a m e resu l t w a s 
o b t a i n e d af ter t h e steel h a d been a n n e a l e d . A 
q u e n c h e d , h y p e r e u t e c t o i d s teel , w i t h 1*30 p e r 
cen t , c a rbon , h a d a compress ib i l i ty of 0*0683, a n d 
af ter annea l ing , O 0 0 8 5 . T h e n o r m a l sp . gr . of 
t h e h y p e r e u t e c t o i d s teel showed t h a t t h e h igh 
compress ib i l i ty is n o t d u e t o pore - spaces in t h e 
m e t a l . T h o u g h t h e compress ib i l i t ies of i ron a n d 
of eu t ec to id steel a r e t h e s a m e , t h e Br ine lTs 
ha rdnes s a r e , respec t ive ly , 75 a n d 2 4 1 . T h e 
resul t s show t h a t t h e h a r d n e s s of s teel p r o d u c e d 
b y q u e n c h i n g is n o t caused b y a n y c h a n g e in t h e 

no rma l cohesive forces. T h e fact t h a t a g lass -hard s teel suffers t h e s a m e vol . 
decrease w i th a n increase of press , a s does a n a n n e a l e d s teel , is e x p l a i n e d b y 
t h e slip in terference t h e o r y of h a r d n e s s on t h e a s s u m p t i o n t h a t n o increase in t h e 
b i n d i n g forces be tween t h e a t o m s occurs on h a r d e n i n g , for t h e h a r d n e s s is s u p p o s e d 
t o be caused by t h e mechan ica l a r r a n g e m e n t of the s t r u c t u r a l u n i t s . L . H . A d a m s 
a n d E . IX Wi l l i amson gave for w r o u g h t i ron, ySx 10«=0*60 t o 0 - 6 8 ; a n d for 
c a s t i ron, 0 8 9 t o 1-45. Cas t i ron, a t a press , p m e g a b a r s , suffers t h e vo l . 
change , (3dv/v) x 10«=2-04(>—69) — G - I ( ^ - 6 9 ) 2 1 0 - 4 — 10, a n d h a s fix 106 = 2-010 
—0-152(^—2000)10-4 + 0 -006e-ooo3(^-2ooo) . T h e compress ib i l i ty of c a s t i r on 
be tween 0 a n d 12,000 m e g a b a r s is i nd i ca t ed in F ig . 2 3 1 . P . W . B r i d g m a n ' s expe r i 
m e n t s on t h e compress ib i l i ty of rolled m e t a l s show t h a t n e i t h e r v a r i a t i o n s in 
gra in-s ize , n o r mechan ica l s t r a in m a k e a n y apprec iab le difference t o t h e com
press ib i l i ty , so t h a t a n increase in ha rdnes s caused b y e i the r or b o t h t h e s e effects 
c a n h a v e n o m a r k e d influence on t h e compress ib i l i ty . If l a t t i c e d i s t o r t i o n be a 
cause of h a r d n e s s in steel , i t will be p r o d u c e d b y a n a l t e r a t i o n of t h e i n t e r a t o m i c 
forces, a n d t h i s should m a k e an apprec iab le difference in t h e compress ib i l i ty . 
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(6), 22. 95, 1891 ; Journ. Phys., (2), 8. 197, 358, 1899 ; P . W . B r i d g m a n , Proc. Amer. Acad., 
44 . 255, 1 9 0 9 ; 47. 362, 1911 ; 58. 5, 1 9 2 3 ; E . Gruneisen, Ann. Physik, (4), 25. 849, 1908 ; 
(4), 3 3 . 1239, 1910 ; E . Madelung a n d R . F u c h s , ib., (4), 65 . 289, 1921 ; A . Mallock, Proc. Roy. 
Soc, 74 . 50, 1904 ; L . H . A d a m s , Journ. Washington Acad., 17. 529, 1927 ; !L. H . A d a m s , 
E . D . "Williamson a n d J . J o h n s t o n , Journ. Amer. Chem. Soc, 4 1 . 12, 1919 ; L . H . A d a m s a n d 
E . D . Will iamson, Journ. Franklin Inst., 195. 474, 1923 ; E . Goens a n d E . Schmid, Natu?iviss., 
19. 520, 1931. 

§ 19. Thermal Properties of Iron and Iron-Carbon Alloys. 
T h e thermal e x p a n s i o n of i ron h a s t o b e t a k e n i n t o cons ide ra t ion in t h e con

s t r u c t i o n of i ron b r idges , in fixing b u c k s t a y s of furnaces , e t c . U n d e r t h e influence 
of t h e s u n ' s r a y s , t h e Eiffel Tower t w i s t s f rom eas t t o wes t , i t s p o i n t fo rming a n 
a r c w i t h a d i a m e t e r of a b o u t 4 inches . After sunse t , t h e t o w e r slowly u n t w i s t s . 
T h e t w i s t i n g is g r e a t e r in s u m m e r t h a n i t is in win te r . T h e r e a r e m a n y records 
of m e a s u r e m e n t s of t h e coefT. of t h e r m a l expans ion of i ron a n d s teel , m a d e usua l ly 
u p o n commerc i a l s amples , whe re t h e compos i t ion is n o t u sua l ly s t a t e d . Th i s , 
of course , m a k e s t h e resu l t s of less genera l i m p o r t a n c e . A . !L. Lavo i s i e r a n d 
P . S. L a p l a c e * g a v e 0-O4122045 for w r o u g h t i ron , a n d 0-O4123504 for soft i ron d r a w n 
i n t o wi re ; a n d E . T r o u g h t o n , 0 0 4 1 4 4 0 1 0 for i ron wire . J . S m e a t o n g a v e 0-04125833 
for soft i ron ; M. G. v o n P a u c k e r , 0 0 4 1 1 6 1 2 ; H . K o p p , 0 0 4 1 2 5 ; H . R u d o l p h , 
0O 4 1197 ; J . F . Danie l l , 0-O411808 ; A . G r a y a n d co-workers , 0-04124 for soft 
i r o n ; a n d H . F i z e a u , 0-O41210 for e l e c t r o m a g n e t i ron a t 40° , a n d 0-O41228 a t 50° . 
P . L . D u l o n g a n d A . T . P e t i t g a v e 0O 4 1182 for i ron b e t w e e n 0° a n d 100°, a n d 
0-041469 b e t w e e n 0° a n d 300° ; P . Gla tze l , 0-041387 b e t w e e n 16° a n d 100° ; a n d 
for w r o u g h t i ron b e t w e e n —45° a n d 100°, T . A n d r e w s g a v e 0-0586 j b e t w e e n 
—18° a n d 100°, 0 O 4 1 1 4 ; a n d b e t w e e n 100° a n d 300°, 0 0 4 1 3 3 . I . v o n Z a k r z e w s k y 
g a v e 0 0 4 1 0 9 2 b e t w e e n —103° a n d 25° ; 0-O 4 I I lO b e t w e e n —78° a n d 25° ; 0 0 4 1 2 5 2 
b e t w e e n 25° a n d 100°. E . Grune i sen g a v e a = 0 0 5 9 0 7 b e t w e e n —190° a n d 17° ; 

Mecherch.es


IKON 1 3 1 

800 c — , _ _ ^ 
F. Henning gave 

and G-O4IlBy between 17° and UK) °. H. G. JJorsey gave 005930 between —180° 
and 20 for purified iron, and 005840 for iron with 1-4 per cent, of carbon. For 
iron with 0057 per cent, of carbon, 0-13 manganese, and 0-05 silicon, H. Ie Chate-
her gave 0-O4Il between 0° and 100°; 00416 between 500° and 600°; 0-0.165 
between 600° and 700° ; and 00415 between 700° and 
for wrought iron with 0*1 per cent, of carbon, 
0-05919 between —191° and 16°. Observations 
were also reported by F. C. Calvert and co
workers, R. Roberts, R. S. Woodward and co
workers, W. Broniewsky, A. Borsch, C. Mark-
ham, J. Seigle, etc. K. Honda observed 0-000013 
for iron at 100° ; 0-0000149 at 300° ; 0-0000158 at 
500°; and 00000154 at 600°; whilst S. Sato 
obtained 00000212 between 906° and 1400° ; 
and 0-0000125 between 1400° and 1535°. 
S. Sato gave 0-000016, but O. C. Ralston 
showed that 0-0000125 agrees better with the 
observed data. The best representative data 
are plotted in Fig. 232. The curve shows clearly 
how the coeff. of expansion of y-iron exceeds that of a-iron ; and that it is probable 
that the curve for S-iron is a continuation of that for a-iron. O. C. Ralston calcu
lated from these and the sp. gr. data, the average changes in vol. as purified iron 
is heated from 0° to 1670° : 

-ZOO0O0 400° 800° /Z00° /600" 

F i o . 2 3 2 . T h e C o e f f i c i e n t s of T h e r 
m a l E x p a n s i o n of P u r i f i e d I r o n . 

F o r m of iron 
a - i r o n 

a—> y - i r o n 
y - i r o n 

y~> S - i r o n 
a - i r o n 

M e l t i n g - p o i n t 
M o l t e n i r o n 

Tempera tu re range 
0 ° t o 9 0 6 ° 

9 0 6 ° 
9OG° t o 1 4 0 0 ° 

1 4 0 0 ° 
1 4 0 0 ° t o 1 5 3 5 ° 

1 5 3 5 ° 
1 5 3 5 ° t o 1 6 7 0 ° 

Change in volume per u n i t 
vo lume, or dv/v 

0 0 0 0 0 1 4 p e r d e g r e e 
dv/v = — 0 0 8 4 6 

0 - 0 0 0 0 2 1 p e r d e g r e e 
dv/v= + 0 0 0 2 5 5 3 

0 - 0 0 0 0 1 2 5 p e r d e g r e e 
dv/v= - f O ( ) 3 B 

O 0 0 0 4 8 3 p e r d e g r e e 

R. Bach was not satisfied that his thermal expansion, and X-radiograms agreed 
with the assumption that the a-state of iron is distinguished uniquely from the 
p-state by magnetic differences. H. Quinney found that the change from single 
crystals to polycrystals reduces the contraction at the Ac3-arrest where a-Fe passes 
toy-Fe. ±-

A. L. Lavoisier and P. S. Laplace gave 004107880 for unhardened steel 
(K)4107960 for hardened steel, and 0O4123956 for hardened steel tempered at 65° 
W. Roy gave 0-O4IIlOOO for unhardened steel; E. Troughton, 0-04118990 ; J. Eliccot 
S'£41?750 ; M * Vandervyver, 0O4IlOl ; W. Struve, 0O411301 ; and J. K. Horner,' 
0041150 for Styrian, 00411120 for SchafThausen steel, and 0041070 for Hunts
man's steel. J. Smeaton gave 0-04115000 for unhardened steel, and 0-04122500 
for hardened steel ; F. Berthoud, 00410040 for unhardened steel, and 00413715 
for hardened steel. W. Dittenberger gave for ctxlO8 for iron with 0-16 per cent, 
of carbon, for wrought iron with O-14 per cent, of carbon, steel with 0-55 per cent, 
of carbon, and cast iron with 3-22 per cent, of carbon : 

W r o u g h t i r o n 
I r o n 
S t e e l . 
C a s t i r o n 

n^?^ 1 0 9 " 1 6 7 7 ^+ 4 ' 6 4 0 2 f o r wrought iron; 113920+5-4202 for iron; 
R W xr5*26^2 f ° r S t e e l ; a r i d 97940-4-5-6602 for cast iron. J. A. N. Friend and 
Tl. Ji Vallance gave 0-04123 for the coefT. of expansion of armco iron, and for 
W r°u8h t ]ron between 10° and 100°- the former metal had 0-025 per cent, of carbon, 
ana the latter metal 0-06 per cent. H. Fizeau gave for Huntsman's steel, 0-O4IOlS 

O°-2f>0° 

1280 
1272 
1248 
1118 

0 - 3 7 5 ° 
1354 
1358 
1317 
1198 

0°-5OO° 
14OfJ 
1405 
1370 
1258 

0 ° - ( i 2 5 0 

1401 
1454 
1437 
1 393 

0°-7">() 
1488 
147O 
1 329 
.— 
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a t 20°, O0 4 1038 a t 30°, a n d 0 0 4 1 0 7 7 a t 50° ; 
semer steel , O 0 5 8 5 b e t w e e n —45° a n d 100° 
a n d 0O 4 133 b e t w e e n 100° a n d 300° ; a n d 
be tween —45° a n d 100° ; 0O 4 117 b e t w e e n -
100° a n d 300°. H e also g a v e : 

T . A n d r e w s g a v e for h a r d e n e d l i e s 
; 0 O 4 I O l b e t w e e n —18° a n d 1 0 0 ° ; 
for a n n e a l e d Bessemer s teel , 0*0693 
-18° a n d 100° ; a n d 0 0 4 1 5 9 b e t w e e n 

R o l l e d 
b a r s I

/ W r o u g h t i r o n 

I B e s s e m e r s t e e l < T T a r f i 

S i e m e n s - M a r t i n s teel< U J 

Coefficie 
— 45° to 100° 
0 0 0 0 0 0 8 6 
0 0 O O 0 0 9 3 
0 0 0 0 0 0 8 5 
O - 0 0 0 0 0 8 8 
0 0 0 0 0 0 7 9 
0 - 0 0 0 0 0 8 6 
0 0 0 0 0 0 8 4 
0 0 0 0 0 0 9 6 
0 0 0 0 0 0 9 9 
0 0 0 0 0 0 9 3 

n t s of t he rma l expansion 
—18° t o 100° 
0 - 0 0 0 0 1 1 4 
0 0 0 0 0 1 1 7 
O 0 0 0 0 1 O 1 
0 0 0 0 0 1 1 6 
OOOOOIOO 
O O O O O H 2 
OOOOOIOI 
0 0 0 0 0 1 1 7 
0 0 0 0 0 1 0 7 
0-0OOO113 

100° t o 800° 
0 - 0 0 0 0 1 3 3 
0 0 0 0 0 1 5 9 
0 0 0 0 0 1 3 3 
U-OOOO144 
O 0 0 O 0 1 3 9 
O-OOOOISO 
O 0 0 0 0 1 3 O 
0 0 0 0 0 1 3 1 
0 0 0 0 0 1 3 7 
0 0 0 0 0 1 4 2 

I H a r d 
TT 3 ( Wrought iron 
Hammered B e s s e ? n e r s t e e l 

iorgmgs (Siemens-Martin steel 

J . E . H o w a r d found for t h e coeff. of expans ion of weld i ron, 0-00001211 ; for 
steel w i th 0-09 t o 0-51 p e r cen t , of c a r b o n a n d 0-11 t o 0-58 pe r cen t , of m a n g a n e s e , 
0-00001194 ; for s teel w i th 0-57 t o 0-97 pe r cent , of ca rbon a n d 0-93 t o 0-80 p e r 
cen t , of m a n g a n e s e , 0-00001133 ; a n d for c a s t i ron, 000OO1067. H . Ie Chate l ie r 
g a v e for h a r d steel a t 1000°, 0-O4140. H . F i z e a u found for a n n e a l e d cas t s tee l 
0-O4IlOl a t 40°, a n d 0-041113 a t 50° ; a n d w h e n h a r d e n e d , 0-041322 a t 40° , a n d 
0O 4 1363 a t 50° ; a n d for g r ey cas t i ron , 0-041061 a t 40° , a n d 0-041075 a t 50° ; whi le 
H . Ie Chate l ier gave 0-O41175 a t 100° ; a n d for s teel w i t h 14 pe r cen t , of m a n g a n e s e , 
0-04245 a t 1000°. F o r cas t i ron w i t h 3-5 p e r cent , of ca rbon , F . ETenning g a v e 
O-O5886 be tween - 191° a n d 16° ; for s teel w i t h 0-1 p e r cen t , of ca rbon , 0-05915 ; 
a n d w i t h 0-5 pe r cen t , of ca rbon , 0-05896. G. C h a r p y a n d L . G r e n e t g a v e for 
h a r d e n e d steel w i t h 1-5 p e r cent , of ca rbon , 0-O4IOOO b e t w e e n 0° a n d 1(X)°, a n d 
w h e n annea l ed 0-O41115. W . Souder a n d P . H i d n e r t g a v e for e lec t ro ly t ic i ron 
w h i c h h a d been m e l t e d in vacuo , <x—0-0412 b e t w e e n 25° a n d 100° ; t h e a v e r a g e 
for s teels w a s 0-O4112 b e t w e e n 25° a n d 100° ; a n d 0-04142 b e t w e e n 25° a n d 60O6 ; 
a n d for o r d i n a r y steels a b o v e t h e cr i t ica l r a n g e , 0-0423. R . v o n Da l lw i t z -Wegne r 
g a v e 0*04351 for t h e cubic coeff. a t 0° , a n d 0-04383 a t 100°. Obse rva t i ons were 
also r e p o r t e d b y O. B a u e r a n d H . Sieglerschmidt , E . B e r n a r d o n , F . C. Ca lve r t 
a n d co-workers , E . G. Coker, H . J . F r e n c h , A. W . G r a y , H . C. K n e r r , C. M a r k h a m , 
K . R o b e r t s , A. Schulze , E . S t r a u b e , R . S. W o o d w a r d a n d co-workers , e t c . 

G. Gore , R . TSTorris, a n d W . F . B a r r e t t m a d e obse rva t ions on t h e changes which 
occur d u r i n g t h e recalescence of cooling i ron. C. Bened icks m e a s u r e d t h e coeff. 

for i ron of a h igh degree of pu r i t y—99-967 pe r 
cen t . F e . T h e co r r e spond ing c u r v e b y S. S a t o 
is s h o w n in F ig . 233 . A . Mallock found n o dis
c o n t i n u i t y in t h e coeff. of t h e r m a l expans ion 
b e t w e e n 1400° a n d 1500°. As also obse rved b y 
G. C h a r p y a n d L . G r e n e t , a n d J . Dr iesen , t h e r e 
is a d i s con t i nu i t y a t t h e A 3 -a r res t , a n d t h e 
c h a n g e is revers ib le , b u t t h e r e is some hys te res i s . 
Accord ing t o E . Maure r , t h e m a x i m u m obse rved 
b y J . Dr i e sen a t 755°, is n o t c o n n e c t e d w i t h t h e 
A 2 - a r r e s t ; b u t C B e n e d i c k ' s c u r v e , a n d also 
t h a t of P . Chevena rd , showed t h a t i t is connec t ed 
w i th t h e a p p e a r a n c e of t h e m a g n e t i c p rope r t i e s 

of i ron . O b s e r v a t i o n s were m a d e b y H . Esse r , H . S. R a w d o n a n d co-workers , 
H . E . P u b l o w a n d co-workers , a n d H . E b e r t . F . C. Powel l e s t i m a t e d t h a t t h e 
m e a n increase in l eng th , I, of i ron on pass ing f rom t h e n o n - m a g n e t i c t o t h e 
m a g n e t i c s t a t e is dl/l=l-2x 10~*. W i t h n icke l t h e r e is a n a n o m a l o u s c o n t r a c t i o n 
i n t h e m a g n e t i z e d s t a t e . T h e ca lcu la t ion is based o n W . He i senbe rg ' s t h e o r y of 
ferromagnetism which a s s u m e s t h a t m a g n e t i z a t i o n is a c c o m p a n i e d b y a c h a n g e in 
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FIG* 233. The Effect of Tempera
ture on the Expansion of Purified 
Iron. 
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t h e s t r e n g t h of t h e b o n d b e t w e e n t h e a t o m s . W . P . D a v e y d i scussed t h e e x p a n 
s ion of c r y s t a l s f rom t h e p o i n t of v i ew of t h e space - l a t t i ce t h e o r y a s t h e t e m p . 
p a s s e d f rom t h e a b s o l u t e zero t o t h e m . p . F . L . Uffe lmann o b s e r v e d t h a t t h e 
c u r v e for t h e coeff. of t h e r m a l e x p a n s i o n of steel is a l i t t l e different if t a k e n o n 
h e a t i n g a n d cool ing cu rves . 

A . G r a y a n d co-workers g a v e ' O 0 4 1 3 6 for t h e coeff. of t h e r m a l e x p a n s i o n of mi ld 
s tee l . H . Gr. D o r s e y obse rved t h a t t h e effect of c a r b o n on t h e coeff. of t h e r m a l 
e x p a n s i o n is a p p r o x i m a t e l y l inear . H . Ie Cha te l i e r f o u n d t h e va lues of a x l O 7 

for t e m p , b e t w e e n t h e l imi t s i nd i ca t ed , s t a r t i n g f rom 0° for s teel w i t h 0*13 t o 0-24 
p e r cen t , m a n g a n e s e , a n d 0*05 t o 0*14 pe r cen t , of si l icon, a n d 

Carbon 

a. X 1 0 % 

. 
r10()° 
2OO ° 
3OO ° 
40O ° 
50O ° 
600° 
7OO ° 
1*800° 

. 0 0 5 7 
110 
12O 
13O 
14O 
150 
160 
165 
13O 

0-205 
H O 
H O 
120 
125 
13O 
135 
139 
.— 

0-49 
H O 
H O 
118 
101 
13O 
135 
139 
-—-

0-75 
H O 
H O 
118 
1Ol 
13O 
1 35 
139 
_-. 

0-80 
1 10 
H O 
118 
1Ol 
13O 
139 
135 
. 

0-84 
H O 
110 
118 
IOI 
130 
135 
139 

. 

1-21 per cent. 
105 
H O 
118 
125 
13O 
133 
137 
—. 

Consequen t ly , al l so r t s of i ron a n d steel a t o r d i n a r y t e m p , h a v e a coeff. of 
l inea r t h e r m a l e x p a n s i o n of O-OOOOll ; a n d a t 758°, a p p r o x i m a t e l y 0-000017 ; or 
t h e m e a n v a l u e , b e t w e e n 0° a n d 758°, is 0-000014 ; or t h e t r u e coeff. of expans ion 
a t t e m p . , 0°, b e t w e e n 0° a n d 758°, is da/dO=OOOOOll +O-O880. A b o v e t h e cr i t ical 
zone , 758°, t h e coeff. increases w i t h t h e p r o p o r t i o n of c a r b o n so t h a t 

C a r b o n . . . 0 - 0 5 0 -2 0 - 8 " 1-2 p e r c e n t . 
dajde . . . . OC)415 0 - 0 4 1 7 0 - 0 4 2 2 0 0 4 2 9 

C o n s e q u e n t l y , t h e r e is a k i n d of s h r i n k a g e w i t h increas ing p r o p o r t i o n s of c a r b o n , 
a n d t h i s a t t a i n s a m i n i m u m w i t h a b o u t 0-8 p e r cen t , of c a r b o n : 

Carbon 
Transformation temp. 
Shrinkage 

0 0 5 
840° 
0-26 

0-2 
768° 
O 23 

0-5 
728° 
0-21 

0-8 
730° 
0 0 8 

1 -2 per cent. 
725° 
O* 10 per cent. 

J I . Ie Cha te l i e r showed t h a t s tee l w i th a b o u t 0-8 pe r cen t , of ca rbon e x p a n d s regu la r ly 
u p t o a b o u t 700°, a n d a b o v e t h a t t e m p , i t s u d d e n l y decreases in vol . a b o u t O-1 pe r 
cen t . T h u s follows a g r a d u a l , or a t 50° h igher t e m p . , a n a b r u p t expans ion , so t h a t 
t h e vol . is n e a r l y t h e s a m e a s before t h e c o n t r a c t i o n occur red . B e y o n d t h i s t e m p . , 
t h e e x p a n s i o n is r egu la r . These c h a n g e s a r e reversed on cooling. W h e n t h e 
s u d d e n c o n t r a c t i o n occurs , t h e m e t a l cons is t s of pea r l i t e , a n d wheii t h e sudden 
e x p a n s i o n occurs , of m a r t e n s i t e , a n d in be tween , of t r o o s t i t e . A t t h e cr i t ical 
p o i n t A 1 , t h e r e is n o t on ly a s imple v o l u m e c h a n g e c o r r e s p o n d i n g w i t h t h e m e l t i n g 
or d i sso lu t ion of a s u b s t a n c e , b u t t h e r e a re a lso t w o oppos ing v o l u m e changes which 
a re a p p r o x i m a t e l y c o m p e n s a t e d w i t h s teel c o n t a i n i n g 0-9 pe r cen t , of c a r b o n . 
T h u s , t h e expans ions , 81 m m . p e r 1OO m m . , w e r e : 

3 1 5 ° r>000 0 0 0 ° 7 0 0 ° SOO° 8 3 0 ° SOO" UOO' i>r»0 
81 . 0 3 5 O C I 0 - 8 2 0 0 5 1 OO 1 1 2 1-2O 1 2 5 1-34 

T h e m a x i m u m is h e r e tw ice a s m u c h a s t h e v a l u e o b t a i n e d b y CJ. E . Svedel ius , 
who h e a t e d h is s a m p l e s v e r y r ap id ly , whi le H . Ie Chate l ie r hea t ed t h e m v e r y slowly. 
N o s u d d e n vo l . c h a n g e , a b o v e 0-01 m m . p e r 100 m m . , w a s obse rved a t t h e A 2 -
a r r e s t . T h e r e a r e s o m e a n o m a l i e s a t t h e A 3 - a r res t , wh ich seem t o be connec ted 
w i th t h e p resence of h y d r o g e n or s u l p h u r , because , work ing w i th i ron wi th 0-05 
per cent , c a r b o n , t h e r e s u l t s va r i ed w i t h t h e n a t u r e of t h e a t m . T h u s : 

Transformat ion 
Atmoiaphere t emp e ra t u r e Change in length 
H y d r o g e n . . . 8 4 0 ° t o 8 6 0 ° 0-2(5 m m . 
H y d r o g e n . . . 9 0 0 ° t o 1 0 0 0 * 0 - 2 5 , , 
A i r . . . . 0 5 0 ° t o 1 0 2 5 ° 0 - 2 0 , , 
H y d r o g e n . . . 0 2 5 ° to » 7 5 ° O 14 ,, 
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F . S a u e r w a l d a n d co-workers found for p ig- i ron a n e x p a n s i o n w h i c h i nc rea sed 
f rom a sp . vol. of 0*1460 t o a m a x i m u m 0 1 4 8 4 a t 840° , a n d t h e n dec reased 
s tead i ly as t h e m . p . w a s a p p r o a c h e d — v i d e supra, s p . g r . H . S ieg le r schmid t 
obse rved a m a r k e d increase in t h e t h e r m a l expans ion of h igh - a n d low-ca rbon s teels 
a s t h e y passed t h r o u g h t h e t r a n s i t i o n t e m p . — a p p r o x i m a t e l y 700° . J . Seigle s t u d i e d 
t h e subjec t . K . H o n d a a n d co-workers found for t h e coeff. of l inear expans ion , a , 
of c e m e n t i t e steels : 

C a r b o n 1-5 
0 G 4 2 0 8 

1-8 
O 0 4 2 0 2 

2-0 
0 0 4 1 9 4 

2-5 
0 - O J 8 6 

2-9 p e r c e n t . 
0 O 4 1 7 9 

3-0\ 

400 600C 800° /000c 

a n d for c e m e n t i t e b e t w e e n 0° a n d 1130°, 0-0000315. K . H o n d a ' s r e su l t s w i t h 
Swedish i ron , a n d c a r b o n steels a r e s u m m a r i z e d in F i g . 234. T h e A 1 - a n d A 3 -
t r a n s f o r m a t i o n s c a n b e easi ly d e t e c t e d b y t h e a b n o r m a l c h a n g e in l e n g t h in t h e 
r anges of t h e s e t r a n s f o r m a t i o n s . T h e coefficients of e x p a n s i o n of t h e s e s teels , 
be low t h e A 3 - a r r e s t , inc rease r a p i d l y w i t h t e m p . , t h e coeff. of e x p a n s i o n - t e m p , 
cu rve be ing s l ight ly concave t o w a r d s t h e t e m p . ax is . T h e c o n t r a r y is t h e case w i t h 
l ow- tungs t en s teels . Acco rd ing t o G. Sirovich, a t 370°, t h e A 0 - a r r e s t , w h e r e 
C t 1 - F e ^ a 2 - F e , t h e coeff. of t h e r m a l e x p a n s i o n of t h e t w o fo rms of ct-iron a r e 
different. W . B r o n i e w s k y found t h r e e cr i t ica l p o i n t s in t h e e x p a n s i o n cu rves of 
purif ied i ron, one for ct-iron s t ab l e be low 730°, a n o t h e r for yS-iron s t ab l e a t 950°, 
a n d a t h i r d with y - i ron a t 1020°. T h e obse rva t i ons of J . H . A n d r e w a n d co-workers 

a r e s u m m a r i z e d in T a b l e X X X V . 
J . H . A n d r e w a n d co-workers found 
t h a t w i t h t h e slow cooling of s teel , 
a t t h e Ar 3 , 2 - a r r e s t t h e r e is a n 
increase in vo l . which is c o n t i n u o u s 
w i t h t h e Ar j - a r re s t . A t t h e Ar 1 -
a r r e s t t h e r e is a s u d d e n e x p a n s i o n 
d e p e n d i n g on t h e c a r b o n - c o n t e n t , 
a n d in i t i a l t e m p . A t 150° t o 60° 
t h e r e is a l a rge e x p a n s i o n i n d e 
p e n d e n t of t h e c a r b o n - c o n t e n t . On 
t e m p e r i n g , a t 100°, t h e r e is a con
t r a c t i o n w h e n t h e c a r b o n - c o n t e n t is 
g r ea t e r t h a n 0-6 p e r cen t , w h e n 

q u e n c h e d a b o v e t h e Ac 3 - , 2-, i - a r res t ; b e t w e e n 150° t o 300°, t h e r e is no c h a n g e ; 
b e t w e e n 300° a n d 330°, t h e con t r ac t i on is neu t r a l i zed b y t h e y - i ron p r e s e n t ; a n d 
a t 500°, t h e r e is no c h a n g e . T h e changes in v o l u m e a n d e x p a n s i o n which occur w h e n 
a u s t e n i t e is t r a n s f o r m e d i n t o m a r t e n s i t e were discussed b y E . Schei l , G. T a m m a n n 
a n d E . Scheil , J . H . W h i t e h e a d , S. S a t o , F . S tab le in , A. Schulze , B . D . E n l u n d , 
F . W e v e r a n d P . R i i t t e n , IL. E . D a w e k e , F . A. F a h r e n w a l d , Z. Jeffries, W . F r a n k e l 
a n d E . H e y m a n n , H . H a n e m a n n a n d L . Triiger, S. K o n n o , T. K a s e , F . I i i b b e c k , 
a n d A. M. P o r t e v i n a n d P . Chevena rd—v ide supra, t e m p e r i n g . F . Ro l l s t u d i e d t h e 
t h e r m a l e x p a n s i o n of c a s t i ron . M. A. G r o s s m a n n s tud i ed t h e changes in l e n g t h 
f rom 606° t o r o o m t e m p , w h e n a h igh-speed steel — 0-72, C ; 18-0, W ; 4-0 Cr ; 
1*0, V—is b e i n g cooled f rom i t s h a r d e n i n g t e m p . , a n d found t h a t w h e n t h e 
q u e n c h i n g t e m p , is low, 938°, t h e t r a n s f o r m a t i o n t o such m a r t e n s i t e as is 
fo rmed is s u d d e n a n d comple t e , b u t t h e a m o u n t of m a r t e n s i t e fo rmed is c o m 
p a r a t i v e l y smal l . As t h e q u e n c h i n g t e m p , is ra i sed , t h e r e a re t w o effects : 
(i) t h e a u s t e n i t e cools fu r the r before t r a n s f o r m i n g to m a r t e n s i t e , t h e a u s t e n i t e 
be ing m o r e s t ab l e because i t h a s d issolved m o r e a l loy a n d c a r b o n ; a n d (ii) t h e 
t r a n s f o r m a t i o n t o m a r t e n s i t e t a k e s p lace over a wider r a n g e of t e m p . A t t h e 
h i g h e s t q u e n c h i n g t e m p . , t h e expans ion , once b e g u n , p roceeds d u r i n g t h e whole 
cool ing pe r iod t o r o o m t e m p . , a n d , i ndeed , t h e e x p a n s i o n c o n t i n u e s a t r o o m temp.—• 
w i t h t h e 1321° c u r v e , a t r o o m t e m p , a n e x p a n s i o n of 0*00003 in . occu r r ed d u r i n g t h e 
n e x t 12 hrs. T h e resu l t s s h o w h o w difficult i t is t o l oca t e t r a n s f o r m a t i o n p o i n t s b y 

0° 200 

F I G . 234. - - T h e r m a l E x p a n s i o n of I r o n 
a n d S t e e l . 
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cool ing cu rves , a n d a lso t h a t m a r t e n s i t e c o n t i n u e s t o fo rm ove r a long p e r i o d of 
t i m e d o w n t o r o o m t e m p . S o m e m e a s u r e m e n t s were a lso m a d e b y E - C B a i n a n d 
W . S. N . W a r i n g , H . Sco t t , a n d S. L . H o y t . A . W e r n e r f o u n d t h a t w i t h h a r d e n e d 
soft s teels , t h e coeff. of t h e r m a l e x p a n s i o n w a s 7 t o 21 p e r cen t , g r e a t e r t h a n t h e 
s a m e a l loy in t h e soft s t a t e ; t h e a c t u a l va lue s were 1 0 - 4 X l O - 6 t o 12-6 X 1 O - 8 for 
soft s teels , a n d 11-1 x 1 0 ~ 6 t o 14-7x10— 6 for h a r d e n e d s teel a t 20° . A t t h e t e m p . 

T A B L E X X X V . — T H E E F F E C T OK I N I T I A L T E M P E R A T U B E ON T H E P H Y S I C A L 
P R O P E R T I E S OF S T E E L . 

Critical 
po in t 

A r 3 , 2 

A r 1 

4OU* - p o i n t 
i n N i 
ts t o e I s 

b o W J)O 
a t 1 5 0 ° 
( ) ( ) ' 

P o i n t 
HH)" 

IGO 3 0 0 ° 

3 0 0 ° 2 5 O " 

5 0 0 ° 

C r 

' n t 
t o 

a t 

! 
I 
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h e a t 

E v o l u t i o n 
h e a t 

,, 

S m a l l e v o h i t i 
of b e a t 

N o «.'liai 
n o t o<l 

E v o l u t i o n 
l i e a t 

E v o l u t i o n 

o f 

o f 

o n 

#«' 

o f 

o f 
l i e a t if g a m m a 
i r o n b e p r e s e n t 

N o n e 

" ! 
Thermal I expansion 

1. Slow C 
l n c r p a s e i n v o l . 

c o n t i n u o u s w i t h 
A r 1 

: S u d d e n e x p a n s i o n 
d e p e n d i n g o n c a r 
b o n - c o n t e n t a n d 
i n i t i a l t e m p . 

,, 

P u r g e e x p a n s i o n 
i n d e p e n d e n t of 
t • a r b o n - c ( n i t o n t 

2 . Tcinf 
C o n t r a c t i o n w i t h 

< • a r b o n g r e a t e r 
t h a n U-O p e r c e n t , 
w h e n c p i e n e h e t l 
a b o v e A c 3 , 2 , 2 

N o c h a n g e 

C o n t r a c t i o n n e u 
t r a l i z e d b y y - i r o n 
1 > re«en t 

N o n e 

!Resistivity 

'or>lin,ff 
F a l l i n r e s i s t 

i v i t y c o n t i n u 
o u s w i t h A r 1 

S u d d e n d e c r e a s e 
i n r e s i s t a n c e 

,, 

D e c r e a s e i n r e 
s i s t a n c e 

tcrint/ 
. D e c r e a s e i n r e 

s i s t a n c e 

A b o v e c h a n g e -
c o n t i n u e s 

S u d d e n d e c r e a s e 
i n r e s i s t a n c e if 
y - i r o n p r e s e n t 

N o n e 
I 

Magnet ic 
proper t ies 

; S l i g h t c h a n g e . 

S u d d e n i n c r e a s e 
i n p e r m e a b i l i t y . 

jf 

, I n c r e a s e i n p e r 
m e a b i l i t y . 

S l i g h t i n c r e a s e i n 
p e r n i e a b i Ii t y . 

A b o v e c h a n g e 
c o n t i n u e s . 

S u d d e n i n e r e a s e 
i n p e r n i e a b i l i t y 
if y - i r o n p r e s e n t . 

I n c r e a s e i n p e r 
m e a b i l i t y . 

of l iqu id air , s ay —160° , t h e m i n i m u m v a l u e s fell t o 6-3 X 1 0 " 6 a n d 7 1 X 10~° 
respec t ive ly , a n d a t 150°, t h e y va r i ed b e t w e e n 12-1 X 1 0 ~ 6 a n d 14-6 X 1 0 " 6 r espec t ive ly . 
T h e i n t r o d u c t i o n of m a n g a n e s e ra i sed t h e coeff. of t h e r m a l expans ion . T h e effect 
of co ld -work w a s s t u d i e d by W . J u b i t z , w h o obse rved t h a t t h e roll ing or h a m m e r i n g 
of c a s t i ron p r o d u c e d n o c h a n g e g r e a t e r t h a n 1 pe r cen t , in t h e coeff. of t h e r m a l 
expans ion . 

O. Weige l g a v e for t h e t r u e l inear coeff. of e x p a n s i o n of steel : 

Linear coeff. X 10° 
0° 

9-1 93 
ioo° 

10-388 
200° 

11-563 
300° 

12-748 
400° 

13-933 

a n d h e r e p r e s e n t e d t h e l e n g t h a t 0° b y Zo(l+O-O591930+O-O8592502). F o r t h e 
t w o coeff. a a n d / J , X». H o l b o r n a n d A. D a y g a v e , respec t ive ly , O 0 5 9 1 7 3 a n d O0 8 336 
b e t w e e n 0° a n d 300° . W . W i m m e r g a v e £ = 0 0 0 0 0 1 1 a t 20°, a n d 0-0000093 a t 
— 180°. A c c o r d i n g t o L . H o l b o r n a n d A. D a y , t h e e x p a n s i o n w i th w r o u g h t i ron 
can b e r e p r e s e n t e d b y ( l l , 7 O 5 0 + 5 - 2 5 4 0 2 ) X 1 0 " 9 , a n d w i t h a h igh-ca rbon steel , 
(91730+8-33602) x 10—». J . R . B e n o i t f o u n d t h e e x p a n s i o n of a slowly cooled steel 
t o b e 1 + 0 0 + 0 0 2 , w h e r e o is 0 0 4 1 0 3 5 4 t o 0 0 4 1 0 4 5 7 , a n d p i s 0 0 8 5 2 3 t o 0 0 8 5 2 0 . 
W . Voig t g a v e for s tee l o = { l l - 4 7 + 0 0 5 1 9 ( 0 — 3 0 » X 1 0 - 6 b e t w e e n 26° a n d 5 8 ° ; 
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a n d for i ron, a — {11 -58+0-048(0—30)} x 10—o b e t w e e n 24° a n d 68 c 

obse rved for t e m p , b e t w e e n : 
E . G r u n e i s e n 

81 
- 1 9 O " t o 16° 

1-87 
10° t o 2 5 0 ° 

3 0 4 
2 5 0 ° t o 3 7 5 ° 

1-88 
3 7 5 ° t o 5 0 0 ° 

1-98 
5 0 0 ° t o 6 2 5 ° 

2 0 2 
0 2 5 ° t o 7 5 0 ° 

2 0 2 

for a m e t r e r od a t 0° , a n d 5 / = 1 0 0 0 X 0 O 6 6 7 9 (T2
1'*'*- T 1 I ' 4 3 ) m m . , or 

8/=ICKX)(O-O011557(02—0i)+O-O8517(02
2—6^)}. 

,7. Dr i e sen ' s resu l t s for a x l O 8 a r e s u m m a r i z e d in T a b l e X X X V I . T h e A 1 -
a n d A 3 - a r res t s a p p e a r as minima. ; t h e A1-TQiUiIHUm r e m a i n s c o n s t a n t , b u t t h e 
A a - m i n i m u m falls w i t h increas ing p r o p o r t i o n s of c a r b o n . T h e r e su l t s for h ighe r 
X>roportions of c a r b o n a re shown in T a b l e X X X V I . ( las t i ron is a m i x t u r e of 

T A B T / E X X X V J . — - C O E F F I C I E N T S O F T H E R M A L E X P A N S I O N F O R C A K B O N S T E E L S . 

T e m p e r a 
t u r e r a n g e 

20°-
10O°-
200°-
30O °-
4000-
50O0-
600°-
700°-
80O0-
900°-

100° 
200° 
300° 
400° 
500° 
600° 
700° 
800° 
900° 
1000c 

0 0 6 

1166 
1293 
1423 
1534 
1627 
1664 
1703 

+ 1212 
— 589 

+ 2218 

0-22 

1166 
1252 
1396 
1506 
1592 
1647 
1703 
+ 8 

+ 882 
+ 2100 

0-33 

1108 
1254 
1413 
1534 
1618 
1641 
1647 

— 1176 
+ 1287 
+ 2100 

P e r c e n t a g e of c a r b o n 

0 -40 

1129 
1235 
1374 
1546 
1622 
1647 
1685 

— 871 
+ 1 7 0 9 
+ 2086 

0 0 5 

1104 
1203 
1358 
1516 
1596 
1655 
1713 
— 74 

+ 2295 
+ 2138 

0-81 

1104 
1194 
14OO 
1513 
1622 
1673 
1645 

+ 1097 
+ 2169 
+ 2104 

1-25 

1087 
1124 
1328 
1510 
1608 
1643 
1671 

+ 1708 
+ 3105 
+ 2390 

1-4C 1-67 

1013 
1100 • 
1366 
1541 I 
1646 
1664 
1655 

+ 1985 
+ 3674 
+ 3150 I 

1044 
1012 
1333 
1513 
1555 
1643 
1728 

+ 2014 
+ 372O 
+ 3710 

g r a p h i t e , t h e p h o s p h i d e eu tec t i c , c e m e n t i t e , a n d ferr i te , a n d each of t h e s e con
s t i t u e n t s h a s i ts o w n t h e r m a l e x p a n s i o n . C. B e n e d i c k s a n d H . Lo fqu i s t a l so 
obse rved t h a t w h e n 1 p e r cen t , of c o m b i n e d c a r b o n is c h a n g e d i n t o g r a p h i t e , t h e 
v o l u m e of t h e ca s t i ng increases 2-04 p e r cen t . C o n s e q u e n t l y t h e t h e r m a l e x p a n s i o n 
of cas t i ron d e p e n d s on a n u m b e r of s e c o n d a r y effects, a n d is q u i t e a c o m p l i c a t e d 
p h e n o m e n o n . T h u s , R. Morgan showed t h a t a cas t i ron w i t h 3-5 p e r cen t , of c a r b o n 
and 2 p e r cen t , of silicon will e x p a n d un i fo rmly u p t o 550° w h e n i t is h e a t e d a t t h e 

T A B L E X X X V J I . C O E F F X U E N T OK T H E R M A L E . V V A N S I O N O F C A S T I R O N . 

T r m p e r u t lire 
r a n g e 

1 0 7 

P e r c e n t a g e of c a r b o n 

Ii 24 :$-«« 3-8O 

200—IOO" 
I 20"-2OO 
2000-300° 
3OO 400° 
4OO 500° 

994 
997 
I 325 
151«) 
1 644 

961 
967 

J 336 
1541 
I 697 

851 
794 

1277 
1 543 
1 679 

871 
793 

1298 
1548 
1679 

r a t e of 30° p e r m i n u t e . A b o v e 550°, in a d d i t i o n t o t h e o r d i n a r y t h e r m a l e x p a n s i o n , 
g r a p h i t i z a t i o n occurs a n d t h i s causes a n inc rease i n vo l . d e p e n d e n t on t h e degree 
of g r a p h i t i z a t i o n . A t t h e Ac x -c r i t i ca l p o i n t , t h e r e is (a) a c o n t r a c t i o n d u e t o t h e 
c h a n g e of a- i n t o y - i ron ; a n d (b) t h e d i s so lu t ion of s o m e c a r b i d e n o t d e c o m p o s e d 
b e l o w t h e A c u p o i n t , a n d t h i s invo lves a n e x p a n s i o n . As a ru le , all t h e u n d e c o m -
p o s e d c a r b i d e does n o t d issolve a t t h e Ac^-poin t , because t h e h e a t i n g i t h a s r ece ived 
a t t h e lower t e m p , causes t h e g ra ins t o b e c o m e coarser , a n d t o dissolve less r a p i d l y 
i n t h e a u s t e n i t e . T h e r a t e of e x p a n s i o n of a u s t e n i t e w i t h t e m p , is different f rom 
t h a t of i r o n be low t h e Acx-arres t . Th i s expans ion is a lso modif ied b y t h e d i s -
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so lu t ion of i ron ca rb ide in a u s t e n i t e as t h e t e m p , is r a i sed . A t st i l l h i g h e r t e m p . , 
s o m e of t h e t e m p e r - c a r b o n depos i t ed a t t h e lower t e m p , is r e - abso rbed . I n t h e low-
silicon c a s t i rons , t h e ca rb ide r e m a i n s s t ab l e a l m o s t t o t h e A c ^ c r i t i c a l p o i n t ; m o t t l e d 
i rons a r e s t ab l e , b u t show a d i s c o n t i n u i t y a t a b o u t 250° owing t o a m a g n e t i c c h a n g e ; 
whi l s t t h e c h r o m i u m cas t i rons a t a b o u t 400° s h o w a c h a n g e in t h e e x p a n s i o n c u r v e 
f rom a b o u t 0-O4130 t o 0-O4150. T h e a v e r a g e t h e r m a l e x p a n s i o n of cas t i rons c a n 
b e t a k e n t o b e 0 0 4 1 4 0 . U. A . S c h w a r t z f o u n d t h e coeff. of e x p a n s i o n of m o l t e n 
ca s t i ron t o b e c o n s t a n t b e t w e e n 1375° a n d 1500°. 

A c c o r d i n g t o U . Esse r , t h e t h e r m a l e x p a n s i o n c u r v e of p u r e i ron t h a t h a s b e e n 
de-gassed b y r e p e a t e d h e a t i n g a t 700° t o 800° in v a c u o , p laces t h e Ar 3 -po in t a t 898° 
a n d t h e A c 3 a t 904° ; t h e A c t - a r r e s t is d e t e c t a b l e on ly w h e n a t leas t 0-06" 
p e r cen t , of c a r b o n is p r e s e n t in a s teel , a n d t h e Ar T - a r r e s t w h e n t h e r e is 0-20 pe r 
cen t . W i t h 0-86 p e r cen t , of c a r b o n , b o t h t h e A 1 - a n d A 3 - a r r e s t s coincide , t h e 
A r - a r r e s t s a t 708°, a n d t h e Ac-a r r e s t s a t 736° . T h e l ine jo in ing t h e Ac^-ar res t s 
of i r o n - c a r b o n a l loys c o n t a i n i n g u p t o 0-86 p e r cen t , is h o r i z o n t a l a t 736°, w h e r e a s 
t h a t j o i n i n g t h e A r x - a r r e s t s rise in a s m o o t h c u r v e f rom 685° -with O-1 pe r cen t , t o 
708° -with 0-86 p e r cen t . T h e Ar 3 - a n d Ac 3 - l ines fall s t eep ly in s m o o t h c u r v e s t o 
jo in t h e A1-ImCS a t t h e e u t e c t o i d p o i n t . 

O . C h a r p y a n d L . G r e n e t m e a s u r e d t h e e longa t ion of v a r i o u s a l loy s teels a t 
different t e m p . , a n d t h e r e su l t s a r e p l o t t e d in F i g s . 235 t o 240. AB r e p r e s e n t s t h e 

."Fuis. 235, 230. arid 237. — T h e r m a l E x p a n s i o n C u r v e s . 

s t ab le cond i t ion on h e a t i n g from t h e o r d i n a r y t e m p . , a m i it co r r e sponds wi th t h e 
t h e r m a l e x p a n s i o n ; JiO r e p r e s e n t s a t r a n s f o r m a t i o n which is a c c o m p a n i e d b y a 
c o n t r a c t i o n ; OJ) r e p r e s e n t s t h e s t ab l e cond i t ion a b o v e t h e t r a n s f o r m a t i o n t e m p . , 
a n d it r e p r e s e n t s t h e t h e r m a l expans ion ; J)JJ r e p r e s e n t s t h e con t r ac t i on of t h e 
steel on cool ing f rom, say , 950° ; EJ? r e p r e s e n t s t h e t r a n s f o r m a t i o n on cooling, a n d 
i t is a c c o m p a n i e d b y a n e x p a n s i o n ; a n d FA r e p r e s e n t s t h e c o n t r a c t i o n a s t h e 
steel cools f rom t h e t r a n s f o r m a t i o n t o o r d i n a r y t e m p . T h e al loy s teels a r r a n g e 
t h e m s e l v e s a p p r o x i m a t e l y i n t o four g r o u p s : Group / , Eig . 235 . These steels 
exh ib i t v e r y n e a r l y t h e s a m e t r a n s f o r m a t i o n t e m p , on h e a t i n g a n d on cooling. T h e 
hys te res i s effect "with s low cooling is less t h a n 150°. E x a m p l e s a re t h e ca rbon 
steels, a n d t h e m a j o r i t y of a l loy s teels u sed for s t r u c t u r a l p u r p o s e s whe re t h e p r o 
p o r t i o n of a l loy ing m e t a l is smal l . Group JJ, F igs . 236 a n d 237. These s teels h a v e 
nea r ly t h e s a m e t r a n s f o r m a t i o n t e m p , on s low cool ing a s on h e a t i n g , b u t w i t h 
m o d e r a t e l y r a p i d r a t e s of cool ing t h e t r a n s f o r m a t i o n o n cool ing is m u c h lower t h a n 
w i t h h e a t i n g . T h e i n t e r v a l of t e m p , d e p e n d s on t h e m a x i m u m t e m p , a t t a i n e d , 
a n d on t h e t i m e t h e s tee l is k e p t a t t h i s t e m p . E x a m p l e s a r e t h e h igh-speed too l 
s t e e l s — t h e Cr -W, Cr-Mo, Cr -W-V, a n d Cr-W-V-Co s teels . If t hese steels a re n o t 
h e a t e d a b o v e a c e r t a i n t e m p . , t h e t r a n s f o r m a t i o n s a r e revers ib le ; b u t if t h i s t e m p , 
is exceeded , t h e t r a n s f o r m a t i o n t e m p . , w i t h o r d i n a r y r a t e s of cooling, general ly 
d r o p s f rom a b o u t 600° t o 300° , or even t o a t r a . t e i n p . , a n d t h e r e is no t r ans fo rma-
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t i o n b e t w e e n these t e m p . B y s u i t a b l y se lec t ing t h e t e m p . , a p o r t i o n of t h e t r a n s 
fo rma t ion can be m a d e t o occur a t 600°, a n d t h e r e m a i n d e r a t 300°. Group III, 
Fig . 238. I n these s teels t h e t r a n s f o r m a t i o n t e m p , w i t h v e r y slow r a t e s of cool ing 
differ from those on t h e h e a t i n g curves . E x a m p l e s a r e t h e n i c k e l - c h r o m i u m steels 
wi th from 3-5 t o 6*0 pe r cent , of nickel , 1 t o 2 p e r cen t , of c h r o m i u m , a n d less t h a n 
0-65 pe r cen t , of c a r b o n . T h e steels exh ib i t t h e s a m e b e h a v i o u r if t h e c h r o m i u m 
is whol ly or p a r t l y rep laced b y m a n g a n e s e , t u n g s t e n , or m o l y b d e n u m . T h e lower
ing of t h e t r a n s f o r m a t i o n t e m p , is n o t p r o p o r t i o n a l t o t h e a m o u n t of a d d e d m e t a l . 
A smal l a d d i t i o n — s a y 5 t o 6 per c e n t . — m a y depress t h e t r a n s f o r m a t i o n t e m p , on 
cooling from, say , 600° t o 200°, a n d fu r the r a d d i t i o n s m a y p r o d u c e on ly a s l ight 
effect. T h e t r a n s f o r m a t i o n p o i n t of t h e s e steels is a l w a y s lowered b y cooling, a n d 
since a n y h e a t i n g of t h e steel a b o v e t h e t r a n s f o r m a t i o n t e m p , p roduces a h a r d e n i n g 
effect, t he se steels a r e sof tened b y sub jec t ing t h e m t o a form of t e m p e r i n g below t h e 
t r a n s f o r m a t i o n t e m p , on h e a t i n g . Group IV9 F igs . 239 a n d 240. T h e t r a n s f o r m a 
t i o n t e m p , of t h e s e steels is be low t h e o r d i n a r y t e m p . , a n d t h e .steels b e t w e e n 0° 
a n d 950° show l inear cu rves b o t h on h e a t i n g a n d on cooling. High-n icke l , h igh -
m a n g a n e s e , a n d h igh -n icke l -manganese s teels come u n d e r t h i s ca t ego ry . I n some 
cases t h e t r a n s f o r m a t i o n m a y occur on cooling below a t m . t e m p . 

0° ZOO"400° 600° 800° 1000° 0 ZOO" 400° 600 800°'000°-ZOO0^=V0 ZOO 400 600 800 
F I G S . 238, 239, and 240.—Thermal Expansion Curves. 

E . Gri ineisen found t h a t for p ressures , p k g r m s . per sq . cm. , t h e coeff. of e x p a n s i o n 
Varies so t h a t : 

P=I 2J = IOOO 

— 100° to 17° 17° to 100° —190° to 17° 17° to 100° 

a. 00 5 907 0041189 0-06903 0041182 
G. R . D a h l a n d e r s t u d i e d t h e influence of a t ens ion , p k g r m s . , on t h e coefficient 
of l inea r expans ion , a,, be tween 0° a n d 100°. H e found for a n i ron wire of 0-878 m m . 
d i a m e t e r , a n d w i t h loads : 

V 1-250 2-50O 3-750 5 0 0 0 
« . . . O O411902 C)-O411956 OC)412074 0 0 4 1 2 2 5 3 

a n d for s teel wire 1-249 m m . d i a m e t e r , a n d loads 3-750, 6-250, a n d 10-0000 k g r m s . 
a t 17°, t h e va lues of a. were respec t ive ly 0O 4 11296 , 0-O411409, a n d 0-O411508. F o r 
e las t ic l imi t s E1 a n d E2 a t t h e r e spec t ive t e m p . O1 a n d O2 "when t h e loads a r e respec
t i v e l y P1 a n d pz, a n d t h e coefF. of t h e r m a l e x p a n s i o n Ct1 a n d ct2> * n e r e l a t ions for a 
wire of cross-sect ion a, a r e s u m m a r i z e d b y : 

R . Mal l e t ' s o b s e r v a t i o n s on t h e sp . gr . of m o l t e n i ron h a v e b e e n a l r e a d y d i scussed . 
H e sa id t h a t a t t h e m o m e n t of solidif icat ion, m o l t e n i ron does n o t e x p a n d , b u t 
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r a t h e r c o n t r a c t s , so t h a t t h e sp . gr . of l iqu id ca s t i ron is 6-65, w h e n t h a t of t h e solid 
is 7-17, a n d t h a t t h e coefT. of cubica l e x p a n s i o n b e t w e e n 15° a n d 1315° is 0-00005994. 
F . Nies a n d A . W i n k e l m a n n m a d e obse rva t ions o n t h i s sub jec t . T . W r i g h t s o n f o u n d 
t h a t w i t h g r e y Cleve land i ron , t h e v o l u m e e x p a n d s a s t h e t e m p , r ises u n t i l i t is i n 
t h e p l a s t i c s t a t e , w h e n i t h a s t h e sp . gr . 6-5, t h e cold i ron h a v i n g a sp . gr . 6-95. 
Af te r t h i s , a c o n t r a c t i o n occurs un t i l t h e m a s s becomes l iqu id , w h e n i t s sp . gr . is 6-88. 
H e n c e , if t h e vol . of l iqu id i ron be t a k e n a s 100, t h a t of p las t i c i ron is 105-85, a n d 
t h a t of solid i ron a t a t m . t e m p . , 98-98—vide supra, t h e sp . gr . of m o l t e n i ron . 

I n p r e p a r i n g cas t ings of c a s t i ron , i t is p a r t of t h e m o u l d e r ' s craf t , d iscussed b y 
A . McWi l l i am a n d P . L o n g m u i r , 2 a n d o the r s , t o dea l w i t h t h e cas t ing or coo l ing 
shr inkage w h i c h r e n d e r s necessa ry a n a l lowance for t h e difference i n size b e t w e e n 
p a t t e r n a n d cas t ing . H . Moissan s h o w e d t h a t whi l s t i ron c o n t r a c t s on solidifica
t i o n , a s a t . soln. of c a r b o n in i ron e x p a n d s o n solidif icat ion. E . F l a c h a t sa id t h a t 
t h e c o n t r a c t i o n w i t h g r e y p ig- i ron is n e a r l y 1 pe r cen t . ; a n d wi th w h i t e p ig- i ron , 
2 t o 2-5 p e r c en t . T h e f o r m a t i o n of p i p e cav i t i e s in s tee l i ngo t s , e t c . , is a n e x a m p l e 
of l iquid s h r i n k a g e . T h e Hiitte g a v e a l inea r decrease of T-Vth, w i t h a low-ca rbon 
s teel on cool ing f rom t h e m . p . t o o r d i n a r y t e m p . So far a s t h e size of t h e ca s t i ng 
goes, t h e n e t r e su l t is d e t e r m i n e d (i) b y t h e c h a n g e i n vo l . "which occurs d u r i n g t h e 
solidif icat ion of t h e l iqu id , (ii) b y t h e t h e r m a l c o n t r a c t i o n of t h e m e t a l d u r i n g cooling, 
a n d (iii) b y t h e c h a n g e s a t t e n d i n g t h e chemica l a n d phys i ca l t r a n s f o r m a t i o n s wh ich 
occur a s t h e m e t a l cools d o w n f rom i t s f .p. W h a t e v e r cond i t ion affects t h e s t a t e 
of t h e c e m e n t i t e , e t c . , will n a t u r a l l y inf luence t h e s h r i n k a g e . T h u s , t h e h o t t e r t h e 
c a s t i n g t e m p , of t h e m e t a l , t h e g r e a t e r t h e sh r inkage . I i . A. F . <1c R e a u m u r s t a t e d 
t h a t c a s t iron e x p a n d s on solidifying, b u t I i . K e r l sa id t h a t cas t i ron c o n t r a c t s in 
such a w a y t h a t a t t h e c o m m e n c e m e n t of i ts solidification it first e x p a n d s so as t o 
fill u p t h e smal le s t depress ions and cav i t i es of a m o u l d , b u t a f te r solidification, i t 
c o n t r a c t s . I i . Mal le t opposed t h e v i ew t h a t ca s t i ron e x p a n d s d u r i n g solidification, 
a n d a l t h o u g h his c u r v e s h o w e d a d i s t i nc t e x p a n s i o n , co r r e spond ing wi th t h a t shown 
by p h o s p h o r i c , g r ey c a s t i ron , lie a r g u e d t h a t t h e e x p a n s i o n w a s a f reak resu l t , or 
r a t h e r a n e x p e r i m e n t a l e r ror , a n d t h u s missed a t r u e p h e n o m e n o n . W . C. l i o b e r t s -
A u s t e n a n d T . W r i g h t s o n , c o m p a r e d t h e sp . gr . of a n u m b e r of m e t a l s d u r i n g solidi
f icat ion, a n d found t h a t a c o n t r a c t i o n occu r r ed w i t h cas t i ron . On t h e c o n t r a r y , 
A. L e d e b u r sa id t h a t t h e r e is a s l ight e x p a n s i o n a t t h e m o m e n t of solidification. 
E . J . Ash a n d C. M. Saeger obse rved a n e x p a n s i o n of 1-65 p e r cen t , w i t h g rey cas t 
i ron, a n d a c o n t r a c t i o n of 5-85 pe r cen t , w i t h a low-carbon , low-silicon t y p e of i ron . 
F . Krbre ich , T . T u r n e r , S. G. S m i t h , F . K o r b e r a n d G. Sch i t zkowsky , P . A. Russe l l , 
C M. Saeger a n d E . J . Ash , R . Moldenke , a n d F . Busse m a d e obse rva t i ons on t h i s 
sub jec t . T . I ) . W e s t f o u n d t h a t t h e h a r d e r g r ades of cas t i ron c o n t r a c t l eas t on 
solidif ication owing t o t h e segrega t ion of g r a p h i t e . W . J . K e e p showed t h a t i ron 
a lone c o n t r a c t s n o r m a l l y w i t h o u t s h o w i n g a n y e x p a n s i o n s ; b u t w h e n sufficient 
c a r b o n is p r e s e n t t o fu rn i sh too l s teel , t h e r e is a cons iderab le a r r e s t in t h e con
t r a c t i o n c u r v e a t a r e d - h e a t , a n d a d i s t i n c t e x p a n s i o n occurs before t h e n o r m a l 
r a t e of c o n t r a c t i o n is r e s u m e d . W i t h c a s t i ron low in sil icon, a s l ight expans ion 
occur red i m m e d i a t e l y a f t e r solidif ication, t h i s was succeeded b y a n o r m a l con
t r a c t i o n u n t i l , a t a r e d - h e a t , a n o t h e r e x p a n s i o n occur red , a n d t h i s w a s followed 
b y a n o r m a l r a t e of c o n t r a c t i o n d o w n t o o r d i n a r y t e m p . W i t h a cas t i ron con ta in 
ing 3*10 p e r cen t , of c a r b o n , a n d 3-85 p e r cen t , of silicon,- t h r e e expans ions a p p e a r e d 
in t h e c u r v e . F . O s m o n d sugges t ed t h a t t h e first e x p a n s i o n m a y be a t a b o u t 1100°, 
where t h e b u l k of t h e g r a p h i t e s eg rega t ion occurs ; t h a t t h e second, p r o b a b l y 
a t a b o u t 900° , is d u e t o t h e p resence of p h o s p h o r u s ; a n d t h a t t h e t h i rd , p r o b a b l y 
a t 700°, c o r r e s p o n d s w i t h t h e recalescence t e m p . T . T u r n e r found t h a t t h e vo lume 
changes on t h e cool ing c u r v e s w i th i ron c o n t a i n i n g : 

Carbon only C and Si C, Si, and P 
!Fir«f, «w™.™;™ . N e a r l y a b s e n t 1135° 1060° 

A b s e n t A b s e n t »00" 
665° t>95 ' 730° 

S e c o n d e x p a n s i o n 
T h i r d e x p a n s i o n 
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W . J . K e e p also s t u d i e d t h e effect of sil icon. T h e first a r r e s t obse rved b y T . T u r n e r 
is a p p a r e n t l y ra ised b y t h e p resence of a n inc reas ing p e r c e n t a g e of sil icon, a n d 
lowered b y t h e p resence of p h o s p h o r u s . T h e r e su l t s confirm F . O s m o n d ' s 
h y p o t h e s e s . T h e second e x p a n s i o n co r re sponds w i t h t h e b r e a k i n g d o w n of t h e 
t e r n a r y eu tec t i c of t h e s y s t e m F e - P - C , obse rved b y J . E . S t e a d . T h e first e x p a n s i o n 
is negl igibly smal l e x c e p t w h e n c a r b o n is p r e s e n t ; in t h a t case , t h e s e p a r a t i o n of 
c e m e n t i t e f rom a u s t e n i t e a c c o u n t s for t h e obse rved effect. T h e t h i f d e x p a n s i o n 
is c o n n e c t e d "with t h e t r a n s f o r m a t i o n of t h e solid soln . or h a r d e n i t e i n t o p e a r l i t e . 
W . J . K e e p also obse rved t h a t some c a r b o n segrega tes in t h i s zone , a n d t h i s -would 
a c c e n t u a t e t h e e x p a n s i o n a t t e n d i n g t h e pear l i t i c t r a n s f o r m a t i o n . T h e effects 
p r o d u c e d b y foreign e l e m e n t s a re m a i n l y d u e t o t h e i r effects on t h e c a r b o n segrega
t ion-—thus , silicon increases t h e s h r i n k a g e ; s u l p h u r , a n d m a n g a n e s e inc rease 
t h e sh r inkage ; whi le p h o s p h o r u s h a s v e r y l i t t l e inf luence. G. H a i l s t o n e s h o w e d 
t h a t l iqu id c o n t r a c t i o n is a c c o m p a n i e d b y a lower ing of t h e s p . gr . or d e n s i t y . If 
t h e m e t a l is cas t w i t h i ron h o t t e r t h a n will conduce t o l iquid c o n t r a c t i o n — s a y , 
b e t w e e n 1386° a n d 1428°—solid, dense cas t ings resu l t ; l i qu id c o n t r a c t i o n occurs 
w h e n t h e m e t a l is ca s t a t a m e d i u m h e a t ; a n d if t h e t e m p , of t h e i ron is t o o low, 
blow-holes a p p e a r . Cond i t ions f avour ing a m a x i m u m solid c o n t r a c t i o n f a v o u r a 
m a x i m u m l iqu id c o n t r a c t i o n . A cas t i ron pou r ed a t i t s ca s t ing t e m p , shows a 
closer m i c r o s t r u c t u r e t h a n o the rwise , a n d t h e p h o s p h i d e eu tec t i c will collect in t h e 
n e t w o r k fo rma t ion . Occ luded gases a p p e a r t o be he ld m o r e t e n a c i o u s l y in cas t 
i ron p o u r e d a t a h igh t e m p . , a n d the re fo re a m o r e solid ca s t i ng is p r o d u c e d . 
Obse rva t i ons were also m a d e b y P . B a r d e n h e u e r a n d C. Ebbefe ld , E . B a u e r , 
O. B a u e r , O. B a u e r a n d K . S ipp , R . B u c h a n a n , J . W . D o n a l d s o n , F . C. E d w a r d s , 
H . E n d o , H . O. E v a n s , J . E . F l e t che r , J . G r a y , A. H a n s z e l , F . K o r b e r a n d 
G. Sch i t zkowsky , J . L o n g d e n , G. Mas ing , A. Messe r schmi t t , C. W . Meyer , 
A. L . N o r b u r y , C. P a c k , N . B . P i l l ing a n d T. E . K i h l g r e n , W . H . P r e t t y , 
R . T . Rolfe , R . T. Rolfe a n d J . L a i n g , C. M. Saeger a n d E . J . Ash , F . Saue r -
wald , F . S a u e r w a l d a n d co-workers , H . A. S c h w a r t z , O. Smal ley , I t . S t o t z , 
D . J . T h o m a s , F . Wi i s t , a n d F . Wi i s t a n d G. S c h i t z k o w s k y . T h e gene ra l r e su l t s 
s h o w t h a t t h e s h r i n k a g e which occurs on ca s t i ng cas t i ron is cond i t i oned b y 
t h e chemica l compos i t ion , t h e cond i t ion of t h e c a r b o n , t h e ca s t i ng t e m p . , t h e 
r a t e of cooling, a n d t h e t e m p , g r a d i e n t w i t h i n t h e ca s t i ng . T h e s h r i n k a g e of 
g r e y cas t i ron is less t h a n t h a t of w h i t e c a s t i ron . K . T a n i m u r a s t u d i e d t h e 
effect of t h e m e l t i n g t e m p , o n l ow-ca rbon ca s t i ron ; a n d P . B a r d e n h e u e r a n d 
W . B o t t e n b e r g , t h e effect of t h e g a s - c o n t e n t . H . I . Coe obse rved t h a t t h e r e 
is a n expansion, d u r i n g t h e solidif icat ion of w h i t e c a s t i rons c o n t a i n i n g 
m a n g a n e s e . T h e c u r v e shows m i n i m a co r r e spond ing w i t h Fe3C* a n d n o m a n 
g a n e s e ; 8Fe 3 CMn 3 C' , or 5 p e r cen t . M n ; 2 F e 3 C M n 3 C , or 3 5-3 p e r c en t . M n ; a n d 
3Fe3CSJMn3O, or 19 pe r cen t . Mn. T h e r e is a lso a depress ion co r r e spond ing w i t h 
IFe3C'.Mn3C'. T h e e x p a n s i o n wi th g r ey ca s t i rons r eaches a m a x i m u m wi th JO p e r 
cen t . Mn. 

.1. H . A n d r e w a n d co-workers o b s e r v e d t h a t w i t h s teels d u r i n g slow cool ing, 
t h e r e a r e a n evo lu t ion of h e a t a n d a n increase in vol . a t t h e A 3 , 2 - a r re s t c o n t i n u o u s 
w i t h t h e Ar j - a r r e s t ; a n d t h e r e is a s u d d e n e x p a n s i o n w i t h t h e evo lu t ion of h e a t 
a t t h e Ar x - a r r e s t . T h e expans ion d e p e n d s o n t h e c a r b o n - c o n t e n t a n d t h e in i t i a l 
t e m p . S imi lar r e m a r k s a p p l y t o t h e a r r e s t a t 400° w h i c h occurs w i t h n ickel -
c h r o m i u m steels . T h e a r r e s t b e t w e e n 150° a n d 160° in consequence of a sma l l 
evo lu t i on of h e a t is a t t e n d e d b y a la rge e x p a n s i o n , i n d e p e n d e n t of t h e c a r b o n -
c o n t e n t . I n t e m p e r i n g a t 100°, t h e r e is a c o n t r a c t i o n , w i t h o u t t h e evo lu t ion of 
h e a t , w h e n t h e p r o p o r t i o n of c a r b o n is g r e a t e r t h a n 0-6 p e r cen t . , a n d t h e s tee l h a s 
been q u e n c h e d f rom a b o v e t h e Ac 3 - , 2 - , 1 -a r res t . N o c h a n g e i n vo l . occurs w h e n 
h e a t is evo lved a t 150° t o 300° . A t 300° t o 350° , h e a t is evo lved if y - i ron b e p r e s e n t , 
a n d a c o n t r a c t i o n is n e u t r a l i z e d b y t h e y - i ron p r e s e n t . N o t h e r m a l c h a n g e or 
a b n o r m a l c h a n g e in vo l . w a s obse rved a t 500° . J . H . A n d r e w a n d co-workers 
c o n c l u d e d f rom t h e i r obse rva t i ons on t h e d i l a t ion of s teels : 
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T h e c h a n g e i n vo l . w h i c h occu r s a t t h e n o r m a l t r a n s f o r m a t i o n p o i n t s , i s t h e r e s u l t a n t 
of t w o c h a n g e s w o r k i n g i n oppos i t ion— (a ) a n a l l o t r o p i c c h a n g e , a n d (6) a c h a n g e d u e t o 
c a r b i d e . T h e l a t t e r c h a n g e i n s tee l s of h i g h c a r b o n - c o n t e n t is n o t c o m p l e t e d a t t h e fe r r i t e , 
c a r b i d e , o r ^SJEMine, b u t c o n t i n u e s t o a t e m p , d e p e n d i n g o n i t s c o m p o s i t i o n — p a r t i c u l a r l y 
o n t h e c a r b o n - c o n t e n t — i t i nc rea se s w i t h t h e c a r b o n - c o n t e n t . T h e d i l a t i o n is a m e a s u r e of 
t h e m o l . c o n e , of t h e c a r b i d e i n so ln . , a n d c o n t r o l s t h e t e m p , a t w h i c h t h e a l l o t r o p i c t r a n s 
f o r m a t i o n t a k e s p l a c e . Q u e n c h i n g m e r e l y s t e r e o t y p e s t h e c o n d i t i o n of t h e c a r b i d e , w h i c h , 
i n i t s t u r n , c o n t r o l s t h e a l l o t rop i c c h a n g e . T h i s v a r i a t i o n i n t h e m o l . c o n e , i s e x p l a i n e d 
b y a s s u m i n g t h a t c a r b i d e d i s soc i a t e s a t a n d a b o v e t h e t e m p , of t h e n o r m a l t r a n s f o r m a t i o n 
p o i n t . !Nicke l -chromium s tee l s b e h a v e i n m u c h t h e s a m e w a y a s c a r b o n s t ee l s , e x c e p t i n g 
t h a t i n t h e l a t t e r t h e t i m e f a c t o r n e c e s s a r y t o p r o d u c e t h e s a m e c h a n g e s i n t h e c a r b i d e i s 
of a m u c h lower o r d e r . M a r t e n s i t e is a p r o d u c t f o r m e d w h e n t h e a l l o t r o p i c c h a n g e h a s 
b e e n d e p r e s s e d b y d i s s o c i a t e d c a r b i d e , t o a t e m p , a t w h i c h t h e l a t t e r i s a b l e t o e x i s t a s s u c h 
i n t h e <x-iron f o r m e d . A t t h e t e m p , of t h e n o r m a l t r a n s f o r m a t i o n p o i n t m a r t e n s i t e is n o t 
f o r m e d a s a n i n t e r m e d i a t e p h a s e between; a u s t e n i t e a n d p e a r l i t e . W h e n t h e m o l . c o n e . 
of t h e c a r b i d e i s s u c h t h a t t h e a l l o t r o p i c c h a n g e i s d e p r e s s e d b e l o w a t m . t e m p . , t h e r e s u l t i n g 
p r o d u c t wil l b e a u s t e n i t e , i.e. t h e i r o n i s r e t a i n e d i n t h e y - s t a t e . B y t e m p e r i n g a u s t e n i t e 
in s u c h a w a y t h a t t h e c a r b i d e b e c o m e s p a r t i a l l y a s s o c i a t e d , t h e a l l o t r o p i c c h a n g e is a b l e 
t o t a k e p l a c e o n re -coo l ing , f o r m i n g m a r t e n s i t e , a n d t h e p h e n o m e n o n of s e c o n d a r y h a r d e n i n g 
r e s u l t s . D i l a t i o n m e a s u r e m e n t s e n a b l e t h e p r o p o r t i o n s of a- a n d y- i ron i n t h e q u e n c h e d 
p r o d u c t of a n y s t ee l t o b e d e t e r m i n e d . I n c a r b o n s t ee l s q u e n c h e d a t 1000°, t h e i r o n i n 
t h e p r o d u c t i s i n t h e a - s t a t e . I n a l loy s t ee l s y- i ron i s p r e s e n t i n v a r i o u s p r o p o r t i o n s , 
p a r t i c u l a r l y w i t h h i g h c a r b o n - c o n t e n t . I n e x t r e m e cases , a- i ron is e n t i r e l y a b s e n t . 

L. A i t ch i son a n d G. R . W o o d v i n e obse rved t h a t w i t h n i c k e l - c h r o m i u m steels , 
t h e e x p a n s i o n t h a t s h o u l d b e p r o d u c e d a t t h e cr i t ica l r a n g e d u r i n g t h e cool ing from 
t h e h a r d e n i n g t e m p , is n o t c o m p l e t e d d u r i n g t h e s low cool ing in a i r ; r e h e a t i n g t o 
q u i t e low t e m p , i n d u c e s a f u r t h e r e x p a n s i o n ; f u r t h e r r e - h e a t i n g t o low t e m p , 
b r i n g s a b o u t a c o n t r a c t i o n ; p r o l o n g e d h e a t i n g a t low t e m p , i n d u c e s stil l f u r the r 
c o n t r a c t i o n ; r e - h e a t i n g t o i n t e r m e d i a t e t e m p . (300° t o 500°) i nduces a s imi lar 
in i t i a l e x p a n s i o n a n d t h e n a c o n t r a c t i o n ; r e - h e a t i n g t o 600° i n d u c e s a c o n t r a c t i o n ; 
t h e smal le r in i t i a l e x p a n s i o n a t t h e i n t e r m e d i a t e t e m p , is l ike ly t o b e t h e r e s u l t a n t 
of t h e e x p a n s i o n a n d c o n t r a c t i o n p r o c e e d i n g s i m u l t a n e o u s l y ; t h e t o t a l c o n t r a c t i o n 
b r o u g h t a b o u t a t t e m p , u p t o 200° b y r e p e a t e d h e a t i n g a n d cool ing is less t h a n t h a t 
s imi la r ly p r o d u c e d a t h ighe r t e m p . ; a n d t h e m a x i m u m c o n t r a c t i o n b r o u g h t a b o u t 
in a n y w a y , a t all t h e different t e m p . , is t h e s a m e in a m o u n t . T h e y found t h a t t h e 
l o n g i t u d i n a l a n d l a t e r a l e x p a n s i o n s a r e t h e s a m e . T h e e x p o s u r e of s teel t o a 
h ighe r t e m p , for a long t i m e p r o d u c e s a m e t a l wh ich e x p a n d s less on cool ing, qu ick ly 
or s lowly . T h e e x p a n s i o n d e p e n d s on t h e p r o d u c t i o n of a s t ab l e a u s t e n i t e , wh ich 
c h a n g e s to m a r t e n s i t e r e l u c t a n t l y a n d h e n c e p r o d u c e s a smal le r expans ion . Air -
h a r d e n e d n i c k e l - c h r o m i u m s teels w h e n h e a t - t r e a t e d in t h e o r d i n a r y w a y , a r e n o t in 
a s t a b l e v o l u m e cond i t i on . T h e t e m p e r i n g for v o l u m e s t ab i l i t y r equ i res a long t i m e . 
F o r t h e c h a n g e s in vo l . d u r i n g t h e age ing of s tee l , vide, supra. T h e c h a n g e in l eng th 
of s teels d u r i n g t e m p e r i n g is a c o m b i n e d effect of t e m p e r i n g a n d t e m p . ; K . T a m u r a 
e l i m i n a t e d t h e effect of t e m p , b y m e a s u r i n g t h e increase in l e n g t h of t h e cold spec imen . 
T h e r e s u l t s s h o w t h a t t h e l e n g t h dec reases a t first r a p i d l y , t h e n s l ight ly , a n d after
w a r d s t h e r e is a g r a d u a l dec rease in l e n g t h a s t h e t e m p e r i n g i n t e rva l increases ; 
a n d a lso t h a t for a c o n s t a n t i n t e r v a l of t e m p e r i n g , 1 h o u r , t h e r e is a decrease in 
l e n g t h f rom r o o m t e m p , t o 200° , owing t o t h e t r a n s f o r m a t i o n of a,- i n to /3-mar tens i te , 
a n d a lso t o a s low d e c o m p o s i t i o n of t h e m a r t e n s i t e t o form c e m e n t i t e ; t h e 
m a x i m u m , ly ing b e t w e e n 230° a n d 300° , is d u e t o t h e t r a n s f o r m a t i o n of res idua l 
a u s t e n i t e t o / ^ -mar tens i t e ; a n d t h e r a p i d c o n t r a c t i o n b e t w e e n 260° a n d 340° is 
d u e t o t h e d e c o m p o s i t i o n of f$-martensite. T h e decrease in l eng th a b o v e 340° is 
v e r y s low. Gr. M. E a t o n d i scussed t h e d i l a t i on of s tee l b y t h e f o r m a t i o n of m a r t e n 
si te during quenching. The c h a n g e s in vo l . w h i c h occur d u r i n g t h e quench ing of 
s teel were discussed b y A . A. Blue , F . Berge r , D . K . Bu l l ens , H . Brear ley , P . J . Ha l e r , 
A. Por tev in and P . C h e v e n a r d , J . Seigle, A. He l le r , J . F . Kel ler , O. E . H a r d e r a n d 
co-workers, R. S. MacPherran and K. H . K r u e g e r , J. W . D o n a l d s o n , D . H a t t o r i , a n d 
C. U . Scot t . I . Jaederstrom d i scussed t h e effects of c a rbon , silicon, su lphur , 
m a n g a n e s e , phosphorus , nickel, and chromium on the c a s t i ng sh r inkage of cas t i ron. 
O. Bauer and H . Sieglerschmidt observed t h a t the addit ion of about half p e r cent . 
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of copper or of nickel t o oust i ron h a d no percep t ib le effect on t h e g r o w t h of t h e 
m e t a l . A. P o r t e v i n discussed t h e de format ion of s teel d u r i n g h e a t - t r e a t m e n t . 

A. B r a m l e y a n d co-workers found t h a t in gaseous cemen ta t i on , samples of i ron 
increased in d i a m e t e r b u t general ly decreased in l eng th . If t h e original spec imen 
con ta ined a h igh p r o p o r t i o n of ca rbon , or if t h e ca rbu r i za t ion w a s c o n d u c t e d be low 
900°, t h e changes in d imens ions were c o m p a r a t i v e l y smal l . 

I n 1791, T. Beddoes 3 r epo r t ed : " I n annea l ing c rude i ron wi th or w i t h o u t 
charcoal , i t is k n o w n t o increase in all i t s d imens ions . I h a v e seen b a r s , or iginal ly 
s t r a igh t , b e n t like a n S when long exposed t o h e a t in c i r cums tances where t h e y could 
n o t e x t e n d t h e m s e l v e s . " I t is a c o m m o n t h i n g t o find t h e growth. Of cast i ron 
wi th g r a t e ba r s , s tove-pipes , k i ln -ba t s , oven-p la tes , e t c . , on exposure t o h igh t e m p . 
J . P r i n sep not iced t h a t t h e capac i t y of a n i ron r e t o r t increased w i t h successive 
hea t ings . Observa t ions were also r e p o r t e d b y A. Gue t t i e r , P . W . Br ix , A. E r m a n 
a n d P . H e r t e r , a n d J . P e r c y on t h e p e r m a n e n t expans ion of cas t i ron b y exposu re 
t o long-cont inued h e a t a t or a b o v e redness . A. E . Ou te rb r idge showed t h a t g rey 
cas t i ron e x p a n d s m o r e r ap id ly t h a n w h i t e cas t i ron ; t h a t t h e depos i t ion of c a r b o n 
owing t o t h e dissociat ion of t h e ca rb ide does n o t a c c o u n t for t h e change in vol . ; 
a n d t h a t w r o u g h t i ron a n d steel c o n t r a c t s l ight ly w h e n sub jec ted t o t h e s a m e 
t r e a t m e n t . C. H . Wingfield also observed t h a t w r o u g h t i ron c o n t r a c t s p e r m a n e n t l y 
w i t h t h e s a m e t r e a t m e n t . 

C. Benedicks a n d H . Lofquis t ana lyzed t h e p h e n o m e n o n b y showing t h a t 
p e r m a n e n t changes in vol . c an occur in m e t a l s in t h r e e w a y s : (i) Changes due to 
internal, irreversible or monotropic reactions l ike t h a t invo lved in t h e t r a n s f o r m a t i o n 
of c e m e n t i t e i n to ferr i te a n d annea l ing or t e m p e r ca rbon , or g r a p h i t e . T . K i k u t a 
t h o u g h t t h a t th i s change m i g h t deve lop in t e rna l c racks , b u t C. Bened icks a n d 
H . Lofquis t , a n d H . F . R u g a n a n d H . C. H . C a r p e n t e r showed t h a t t h e t heo re t i ca l 
expans ion so caused is in a g r e e m e n t w i th t h e ca lcu la ted v a l u e , a n d t h e change is 
n o t accompan ied b y i n t e rna l c racks . A n o t h e r m o n o t r o p i c r eac t ion is t h e increase 
in vol . a t t e n d i n g t h e ox ida t ion of silicon, m a n g a n e s e , a n d i ron b y t h e e n t r y of 
oxygen t h r o u g h c racks in t h e meta l—v ide infra. 

(ii) Permanent changes of shape resulting from normal expansion and contraction. 
J . H . Whi te l ey , a n d J . F . Kel le r showed t h a t a h o m o g e n e o u s m e t a l cy l inder w h e n 
r epea t ed ly q u e n c h e d in w a t e r f rom a glowing s t a t e undergoes a p e r m a n e n t 
shor t en ing . C. Bened icks a n d H . Lofquis t said : 

O n i m m e r s i n g a h o t cy l inde r i n t h e "water, t h e o u t e r l aye r i s , of course , q u i c k l y cooled, 
a n d is c o n s e q u e n t l y s u b j e c t e d t o a s u d d e n c o n t r a c t i o n . T h i s wil l e x e r t a cons ide rab le 
c o n t r a c t i o n s t ress o n t h e inne r , s t i l l w a r m l a y e r s — p r o v i d e d t h e tens i le s t r e n g t h of t h e 
m e t a l b e sufficient w h i c h -will be n o t i c e a b l e especia l ly i n t h e d i rec t ion of t h e cy l i nde r 
a x i s ; t h e p l a s t i c i t y of t h e i n n e r l aye r s be ing cons ide rab le on a c c o u n t of t h e i r h i g h e r t e m p . , 
t h e s e wil l p a r t l y y ie ld , a n d t h e l e n g t h of t h e cy l i nde r a f te r c o m p l e t e l y cool ing will b e 
s o m e w h a t less t h a n before t r e a t m e n t . T h e l e n g t h t h u s success ively dec reas ing b y s u d d e n 
cool ings , i t is a neces sa ry c o n s e q u e n c e t h a t t h e d i a m e t e r shoxild s i m u l t a n e o u s l y inc rease , 
a s o t h e r w i s e a success ive i nc rea se i n t h e s p . g r . of t h e m e t a l w o u l d occur . T h e r e su l t wil l 
b e a g r o w t h of t h e m i d d l e p a r t of t h e cy l inde r , t o g e t h e r w i t h a s i m u l t a n e o u s s h o r t e n i n g 
of i t s l e n g t h ; a f te r r e p e a t e d q u e n c h i n g s t h e c y l i n d e r will t h u s finally a p p r o a c h t o a sphe r i ca l 
f o r m . T h a t t h i s m u s t b e t h e case is eas i ly u n d e r s t o o d i n t h e fol lowing w a y : A s u d d e n 
cool ing of t h e pe r iphe r i c p o r t i o n s p r o d u c e s a h i g h h y d r o s t a t i c p r e s s , in t h e i n n e r p o r t i o n s 
of t h e cy l inde r ; t h i s m u s t cause a d e f o r m a t i o n t e n d i n g t o w a r d s a spher i ca l fo rm, i n t h e 
s a m e w a y a s t h e b l o w i n g u p of a h e a t e d , i r r egu l a r l y fo rmed , c losed glass t u b e will g ive a 
m o r e o r less sphe r i ca l ba l l . If, i n s t e a d , t h e h o m o g e n e o u s c y l i n d e r i s s u b j e c t e d t o a v e r y 
s u d d e n h e a t i n g , a s , for i n s t a n c e , b y i m m e r s i o n i n a m o l t e n s a l t b a t h , t h e o u t e r p a r t s m u s t 
e x e r t a c e r t a i n s t r e t c h i n g inf luence on t h e u n d e r l y i n g p o r t i o n s , w i t h a t e n d e n c y pe r 
m a n e n t l y t o e l o n g a t e t h e cy l i nde r ( a n d lessen t h e d i a m e t e r of t h e m i d d l e p a r t ) . A s in t h i s 
case t h e i n n e r p o r t i o n s h a v e a lower t e m p . , i t i s e v i d e n t t h a t t h e r e su l t i ng e l o n g a t i o n of 
t h e c y l i n d e r wi l l be less t h a n t h e s h o r t e n i n g o n s u d d e n coo l ing . O n t h e o t h e r h a n d , if t h e 
m e t a l c o n t a i n s e m b e d d e d p a r t i c l e s w h i c h r e d u c e i t s t ens i l e s t r e n g t h , t h e poss ib i l i ty of t h e 
formation of cracks m u s t b e t a k e n i n t o c o n s i d e r a t i o n . Acco rd ing ly , i n t h e case of a m a t e r i a l 
i n w h i c h c r a c k s a r e eas i ly fo rmed , t h e fol lowing wi l l occu r : O n a c c o u n t of t h e t ens i l e s t r e s s 
exerted, b y t h e o u t e r p o r t i o n s o n t h e i n n e r o n e s , o n s u d d e n h e a t i n g , c r a c k s m a y a r i se i n 
t h e interior. On sudden cooling, however, cracks will arise, especial ly i n the outer port ions 
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of t h e c y l i n d e r , on a c c o u n t of t h e s t r e s se s a p p e a r i n g t h e r e . A s a m a t t e r of f ac t , t h e i n t e r i o r 
e v e n if a l r e a d y c o n t a i n i n g c r a c k s — w i l l offer a c o n s i d e r a b l e r e s i s t a n c e t o c o m p r e s s i o n , a s 

e x p l a i n e d a b o v e . C o n s e q u e n t l y , a se r ies of s u d d e n cool ings wil l c a u s e a n i n c r e a s i n g i n t e r n a l 
b u r s t i n g o r p o r o s i t y , p r o c e e d i n g t h r o u g h o u t t h e cy l inde r , a n d a c c o m p a n i e d b y a n i n c r e a s e 
i n v o l u m e . A s t h i s a c t i o n is c a u s e d b y t h e difference i n e x p a n s i o n of a d j a c e n t l a y e r s of 
t h e s p e c i m e n , i t wi l l , 11O1WeVOr, n o t b e of a n y a p p r e c i a b l e m a g n i t u d e , e x c e p t w h e n t h e t e m p . 
c h a n g e t a k e s p l a c e v e r y s u d d e n l y ; t h e ve loc i ty of t e m p , c h a n g e a n d c o n s e q u e n t l y of 
e x p a n s i o n w h i c h m a y b e a t t a i n e d b y o r d i n a r y h e a t i n g a n d coo l ing b e i n g r a t h e r ins ign i 
f i can t , t h e p h e n o m e n o n wil l b e difficult t o o b s e r v e . 

(iii) Permanent increase resulting from anomalous expansion and contraction. 
W h e n a m e t a l h a s a n a l lo t rop ic p h a s e t r a n s f o r m a t i o n p o i n t , a t w h i c h a cons iderab le 
a n o m a l o u s c h a n g e in l e n g t h occurs , t h i s is e q u i v a l e n t t o a n e x t r e m e l y h igh speed 
of n o r m a l e x p a n s i o n a n d c o n t r a c t i o n . F r o m t h e a b o v e , i t follows t h a t in a he t e ro 
geneous m a t e r i a l possess ing a n a n o m a l o u s d i l a t ion p o i n t , a n d in w h i c h i n t e r n a l 
b u r s t i n g m a y occur , r e p e a t e d h e a t i n g s w i t h s u b s e q u e n t cool ings will cause a sensible 
a n d p e r m a n e n t increase in vo l . , a n d t h i s e v e n if t h e changes in t e m p , a r e m a d e 
v e r y s lowly. T h e e x p a n s i o n of i r on a t t h e A r - t r a n s i t i o n t e m p , was s t u d i e d b y 
Gr. C h a r p y a n d L . G r e n e t , A . M. P o r t e v i n a n d P . C h e v e n a r d . F o r p u r e i ron , t h e 
revers ib le c o n t r a c t i o n a t t h e Ac-a r r e s t a m o u n t s t o a b o u t 0 ' 3 pe r cen t , of t h e l eng th 
a t r o o m t e m p , c o r r e s p o n d i n g t o a vol . c o n t r a c t i o n of 0 9 p e r cen t , -when ct-iron 
c h a n g e s i n t o y - i ron . I t s i n t e n s i t y d imin i shes w i t h inc reas ing c a r b o n - c o n t e n t , so 
t h a t w i t h 0-7 p e r cen t , c a r b o n , t h e vol . c o n t r a c t i o n is 0*45 p e r cen t . Th i s decrease 
is d u e t o t h e fac t t h a t a g iven a m o u n t of c a r b o n h a s a g r e a t e r vol . w h e n dissolved 
in y - i ron a b o v e t h e Ac-a r r e s t t h a n w h e n c o m b i n e d w i t h i ron in c e m e n t i t e , be low 
A c . If, i n s t e a d , t h e c a r b o n be low Ac is p r e s e n t as g r a p h i t e , t h e vol . c h a n g e m u s t 
b e e v e n g r e a t e r t h a n for p u r e i ron . A c t u a l l y , w h e n 0-7 p e r cen t , of c a r b o n passes 
f rom c e m e n t i t e i n t o g r a p h i t e , a n inc rease of 1*43 p e r cen t , occurs . Consequen t ly , 
in a n i ron c o n t a i n i n g 0-7 p e r cen t , of c a r b o n in g r a p h i t e , if t h i s is en t i r e ly dissolved 
a t t h e Ac -change , a dec rease in vol . of 1*9 pe r cen t , will occur . Aga in , if 0*7 p e r 
cen t , of c a r b o n is d i sso lved in y - i ron a b o v e A r 1 a n d t h e c a r b o n en t i r e ly p r e c i p i t a t e d 
a s g r a p h i t e , a n increase in vol . of 1*9 p e r cen t , 
will occur , a n d t h i s c o r r e s p o n d s t o a n inc rease in 
l e n g t h of 0*63 pe r cen t . Th i s r e p r e s e n t s t h e 
m a x i m u m a n o m a l o u s e x p a n s i o n which can occur 
in g r ey cas t i ron a t Ar . If t h e s i l i con-conten t 
be h igh , t h e p e r c e n t a g e of c a r b o n pas s ing i n t o 
y-so ln . will p r e s u m a b l y b e less t h a n 0-7 pe r 
cen t . ; fu r the r , t h e c a r b o n m a y n o t al l b e p r e 
c i p i t a t e d a s g r a p h i t e , for p a r t m a y be prec ip i 
t a t e d as c e m e n t i t e . I n b o t h cases , t h e vo l . or 
l e n g t h c h a n g e s a t A r will b e less t h a n t h e 
m a x i m u m v a l u e . 

K a s i n g t h e i r h y p o t h e s i s on t h e a b o v e con
s ide ra t i ons , C B e n e d i c k s a n d H . Lofqu i s t i n t e r 
p r e t e d t h e p h e n o m e n o n b y a d i a g r a m , F i g . 2 4 1 , 
r e s e m b l i n g t h o s e o b t a i n e d b y T. K i k u t a . T h e 
inc rease in t h e l e n g t h , Z, of a cy l inder of c a s t 
i ron will t h e n b e r e p r e s e n t e d b y a c u r v e , ab> de 
fined b y t h e e x p a n s i o n coeff. of a.-iron, n a m e l y , 
12 x l O - 6 , w h i c h inc reases s lowly w i t h t e m p . 
T h e coefT. of e x p a n s i o n of g r a p h i t e c a n n o t 
sensibly affect t h e r e s u l t b e c a u s e t h e q u a n t i t y p r e s e n t is so smal l . W h e n t h e 
c e m e n t i t e beg ins t o d e c o m p o s e , t h e vol . increases fas ter t h a n is d e n n e d b y t h e 
coeff. of t h e r m a l e x p a n s i o n . If 0*9 p e r c en t , of c o m b i n e d ca rbon be presen t , 
t h e inc rease i n v o l . wil l b e a b o u t 0*6 p e r cen t . , a n d t h e r e s u l t a n t expans ion is 
r e p r e s e n t e d b y t h e c u r v e cd, a n d t h e i n t e r m e d i a t e s t a g e be. T. K i k u t a found t h a t 
b is a p p r o x i m a t e l y a t 700° . T h e f o r m a t i o n of t e m p e r - c a r b o n is comple te a t c. 

S00° 600° 700° 800° 900° /000° 
F i o . 2 4 1 . — C u r v e s h o w i n g t h e P e r 

m a n e n t I n c r e a s e in L e n g t h of 
C a s t I r o n d u r i n g R e p e a t e d H e a t 
i n g s a n d Cool ings . 
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T h e expans ion p roceeds a long cd un t i l A c is a t t a i n e d , a n d if t h e p r o p o r t i o n of 
silicon is h igh , t h e t e m p , is 850°. T h e t r a n s f o r m a t i o n of t h e a- t o t h e y - s t a t e 
beg ins in t h e o u t e r zone of t h e cy l inder , a n d a l inea r c o n t r a c t i o n of a b o u t O 63 
p e r cen t , occurs . Th i s c o n t r a c t i o n will b e o p p o s e d b y t h e l aye r i m m e d i a t e l y 
below, which , l ike t h e whole of t h e in te r io r , is sti l l in t h e cx-state. T h e m e t a l he re 
offers a g r e a t res i s tance t o compress ion , so t h a t t h e o u t e r l a y e r will b e sub j ec t ed 
t o a severe s t r a i n g iv ing rise t o a n i n t e r n a l b u r s t i n g of t h e m e t a l , wh ich , on a c c o u n t 
of t h e c o n t a i n e d g r a p h i t e , possesses a v e r y low tens i le s t r e n g t h , a n d t h i s r e su l t s 
in a p e r m a n e n t l eng then ing . If t h e r e b y t h e tens i le s t r e n g t h of t h e o u t e r l aye r 
be v e r y s l ight in c o m p a r i s o n 'with t h e compress ion s t r e n g t h of t h e i n n e r p a r t , t h e 
o u t e r l ayer , y , wou ld l e n g t h e n t o e x a c t l y t h e s a m e l e n g t h stil l he ld b y t h e i nne r 
p a r t , a. T h e t r a n s f o r m a t i o n h a v i n g p roceeded is t h i s w a y u n t i l al l is i n t h e y - s t a t e , 
n o pe rcep t ib l e c o n t r a c t i o n of t h e cy l inder w o u l d be obse rved . T h e m e t a l , howeve r , 
or iginal ly a s s u m e d t o b e d e v o i d of c racks , possesses a ce r t a in tensi le s t r e n g t h , so 
t h a t on t h e first h e a t i n g of t h e cy l inder , a s l ight decrease in t h e r e s u l t a n t l eng th 
m a y occur . If a q u a r t e r of t h e specific c o n t r a c t i o n t a k e s p lace in t h i s w a y , t h e 
r e s u l t a n t c o n t r a c t i o n , 0-16 p e r cen t . , will b e t h a t r e p r e s e n t e d in F i g . 241 b y t h e 
j u m p from cd t o ef—at 850° . T h e slope of ef is r a t h e r g r e a t e r t h a n t h a t of cd, 
cor respond ing w i t h t h e fac t t h a t y - i ron h a s a g r e a t e r coeff. of e x p a n s i o n t h a n 
ct-iron. Since t h e g r a p h i t e r equ i r e s t i m e t o dissolve in t h e i ron , a s u d d e n j u m p 
will n o t occur , a n d de e x t e n d i n g over a n i n t e r v a l of, s ay , 50° , r e p r e s e n t s t h e reg ion 
where t h e g r a p h i t e is d issolv ing. T h e h e a t i n g m a y n o w b e c o n t i n u e d u p t o 950°, 
r e p r e s e n t e d b y f in t h e d i a g r a m . O n cooling, t h e c o n t r a c t i o n wou ld follow t h e 
c u r v e / e , b u t a ce r t a in d i s so lu t ion of g r a p h i t e wou ld occur a t t h i s h igh t e m p . , s ince a 
su rp lus of g r a p h i t e is p r e sen t , a n d t h i s m a k e s t h e b a c k w a r d c u r v e fg s l ight ly be low ef. 

T h e Ar -a r res t is r e a c h e d a t a b o u t 800° . T h e t r a n s f o r m a t i o n first occurs in t h e 
o u t e r l aye r of t h e cyl inder , wh ich u n d e r g o e s a s t r o n g a n o m a l o u s e x p a n s i o n wh ich , 
as i nd i ca t ed , a t t a i n s a m a x i m u m of a b o u t 0-63 pe r cen t , before t h e e x p a n s i o n of 
t h e u n d e r l y i n g p a r t s h a s b e g u n . T h e o u t e r l ayer is t h u s sub jec ted t o severe 
compress ion , a n d t h e i n n e r p a r t t o s t r a in . As a resu l t , e i t he r t h e d i l a t e d o u t e r 
l aye r is u n a b l e t o p r o d u c e a n y b u r s t i n g of t h e in te r io r l aye r s , or t h e e x p a n s i o n of 
t h e o u t e r l aye r will cause a ce r t a in b u r s t i n g of t h e u n d e r l y i n g l aye r s . I n t h e former 
case , t h e u n d e r l y i n g l aye r will successively u n d e r g o t h e s a m e e x p a n s i o n a s t h e 
o u t e r layer , a n d in t h e l a t t e r case , t h e u n d e r l y i n g l ayers , a f te r t h e t r a n s f o r m a t i o n 
h a s t a k e n p lace , will possess a s o m e w h a t l a rge r vol . t h a n t h a t co r r e spond ing w i t h 
t h e a n o m a l o u s e x p a n s i o n itself. T h e l a t t e r case is t h e less p r o b a b l e , e v e n if t h e 
tens i le s t r e n g t h of t h e m a t e r i a l b e Iow, since t h e surface layer , be ing v e r y t h i n t o 
beg in w i th , c a n n o t e x e r t a n y cons iderab le l e n g t h e n i n g s t ress on t h e i n n e r p a r t s . 
I n a n y case t h e r e s u l t a n t effect will b e a n e x p a n s i o n of t h e cy l inder a s a whole . 
Consequen t l y , t h e e x p a n s i o n on t h e first pass ing of A r m a y b e a s s u m e d t o a m o u n t 
t o t h e t heo re t i c a l m a x i m u m of 0-63 pe r cen t . Th i s increase in l e n g t h co r r e sponds 
w i t h t h e pas s ing of t h e cu rve f rom t h e p o i n t g t o t h e c u r v e hi. T h e c h a n g e f rom 
g t o hi does n o t t a k e p lace s u d d e n l y , because t h e r eac t i on c a n n o t t a k e p lace 
i n s t a n t l y ; t h e p r e c i p i t a t i o n of g r a p h i t e occupies a ce r t a in t i m e , especial ly a s i t 
is poss ib le t h a t a ce r t a in a m o u n t of c e m e n t i t e is fo rmed p r i m a r i l y , a n d on ly l a t e r 
d e c o m p o s e d i n t o g r a p h i t e . T h e c h a n g e , therefore , p roceeds a long t h e c u r v e gh 
cove r ing a n i n t e r v a l of, say , 50°. T h e c h a n g e in l e n g t h d u r i n g t h e s u b s e q u e n t 
cool ing of t h e cy l inder i s r ep r e sen t ed b y hi, a n d m a y c o n t i n u e u n t i l t h e p o i n t i is 
a t t a i n e d , s ay , 650° , w h e n t h e cy l inder is r e -hea t ed . T h e e x p a n s i o n m a y t h e n 
p r o c e e d a l o n g ih, or r a t h e r a long id', b ecause a s l ight c o n t i n u e d p r e c i p i t a t i o n of 
g r a p h i t e m a y occur . 

W h e n t h e Ac -a r r e s t is r e a c h e d for t h e second t i m e a t d', t h e p reva i l ing c i r cum
s t a n c e s a r e t h e s a m e a s before , w i t h t h e difference t h a t a n i n t e r n a l b u r s t i n g of t h e 
c y l i n d e r r e m a i n s a s a r e su l t of t h e p r e v i o u s h e a t i n g . M a k i n g t h e necessa ry modif ica
t i o n s for t h e r e s idua l effects of p r e v i o u s h e a t i n g s a n d cool ings, a series of loops is 
o b t a i n e d a s i n d i c a t e d i n t h e d i a g r a m . T h e p r i m a r y cause of t h e g r o w t h of cas t 
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i ron is a t t r i b u t e d t o t h e fac t t h a t o n a c c o u n t of i n t e r n a l b u r s t i n g a r o u n d t h e 
g r a p h i t e lamellse, t h e a n o m a l o u s c o n t r a c t i o n a t Ac decreases m u c h m o r e r a p i d l y 
t h a n t h e a n o m a l o u s e x p a n s i o n a t Ar . E v e r y h e a t i n g cycle c o n s e q u e n t l y g ives 
r ise t o a r e s idua l e x p a n s i o n . T h e r e p e a t e d h e a t i n g of t h e i ron t h r o u g h A c r e s u l t s 
i n a c o n t i n u o u s g r o w t h w i t h a n increased i n t e r n a l b u r s t i n g . Th i s b u r s t i n g impl ies 
a lessened p r o b a b i l i t y of t h e d isso lu t ion of g r a p h i t e a t A c , e t c . W h e n h e a t e d in 
a i r , t h e c r acks wh ich a r e deve loped r e n d e r poss ible a s t r o n g o x i d a t i o n p r o c e e d i n g 
success ively i n w a r d s . Th i s p h a s e of t h e sub jec t w a s s t u d i e d b y H . F . R u g a n a n d 
H . C. H . Ca rpen t e r , H . F . R u g a n , J . H . A n d r e w a n d co-workers , J . E . S t e a d , 
C. E . P e a r s o n , M. H o r i k i r i a n d K . U y e n o , E . R i c h a r d s , T . T e r a o , J . E . H u r s t , 
I I . S t age r , T . W r i g h t s o n , J . E . F l e t c h e r , E . H o n e g g a r , E . Schei l , J . Seigle, 
P . B a r d e n h e u e r , a n d F . KL. N e a t h . 

H . F . R u g a n a n d H . C. H . C a r p e n t e r found t h a t g r o w t h p r o p e r beg ins a t a b o u t 
650°, a n d i t increases e ightfold a t 675° ; i t a p p e a r s t o r each a m a x i m u m a t a b o u t 
730°, a n d a t 900° a f u r t he r increase in v o l u m e was on ly j u s t pe rcep t ib le . T h e y 
s h o w e d t h a t a l loys free f rom g r a p h i t e d o n o t g row, a n d t h a t u n d e r su i t ab le 
cond i t i ons , a l loys c o n t a i n i n g g r a p h i t e a r e c a p a b l e of g rowing . W i t h a p p r o x i m a t e l y 
c o n s t a n t c a r b o n , t h e u l t i m a t e g r o w t h af te r r e p e a t e d h e a t i n g is a p p r o x i m a t e l y 
p r o p o r t i o n a l t o t h e p e r c e n t a g e of silicon u p t o 6 p e r cen t . T h e g r o w t h is far in 
excess of t h a t c a u s e d b y t h e t r a n s f o r m a t i o n of c o m b i n e d i n t o free c a r b o n , a n d , in 
fact , g r o w t h w a s g r e a t e s t in high-si l icon a l loys c o n t a i n i n g n o c a r b o n c o m b i n e d w i t h 
i ron . T w o agencies t h u s a p p e a r a t w o r k : T h e i n t e r n a l p ress , of ga s wh ich t h e a l loys 
c o n t a i n in t h e i r or ig inal c a s t cond i t ion , a n d which is p r o b a b l y phys ica l in c h a r a c t e r ; 
t h e effect of e x t e r n a l ga s in c o n t a c t w i t h t h e a l loys d u r i n g t h e i r h e a t - t r e a t m e n t , 
wh ich is p r o b a b l y p a r t l y phys ica l a n d p a r t l y chemica l in i t s n a t u r e . I t w a s s h o w n 
t h a t t h e silicon is m a i n l y respons ib le for t h e expans ion , a n d t h a t t h e e x p a n s i o n 
d u e t o t h e p r ec ip i t a t i on of free c a r b o n is r e l a t ive ly insignif icant . T h e r e is a n 
increase in we igh t wh ich is a p p r o x i m a t e l y equa l t o t h e inc rease in t h e we igh t of 
i ron a n d silicon ox id ized m i n u s t h e loss in we igh t d u e t o t h e o x i d a t i o n of c a r b o n . 
T h e o x i d a t i o n of sil icon c o m b i n e d as F e S i is n o t sufficient t o a c c o u n t for t h e ga in 
in we igh t , a n d hence i ron itself m u s t also be oxidized . T h e c a r b o n is ox id ized t o a 
g r e a t e r e x t e n t in a l loys c o n t a i n i n g leas t sil icon ; a n d in i rons w i t h leas t c o m b i n e d 
c a r b o n , t h e o x i d a t i o n of t h i s e l emen t is a t a m i n i m u m . I t w a s inferred t h a t w h e n 
t h e m e t a l is cooling, fu rnace gases p e n e t r a t e t o a cer ta in d e p t h in t h e m e t a l , poss ib ly 
a long sl i ts ex i s t ing b e t w e e n t h e p l a t e s of c a r b o n a n d t h e solid soln. of i ron sil icide, 
a n d t h r o u g h holes wh ich ex is t he re a n d t h e r e . T h e c a r b o n oxides a re a s s u m e d t o 
oxidize t h e i ron si l icide, a n d d u r i n g t h i s pe r iod , g r o w t h a n d inc ip ient d i s in t eg ra t i on 
occur . J . W . D o n a l d s o n found t h a t t h e p resence of c h r o m i u m r e t a r d s t h e g r o w t h 
of cas t i ron . T h e m a i n cause of g r o w t h is t h e o x i d a t i o n of t h e i ron silicide. 
E . H . S a n i t e r a d d e d t h a t eve ry t i m e t h e m e t a l is a n n e a l e d a n d e x p a n d e d , w rhether 
b y t h e o x i d a t i o n of t h e silicon or of t h e i ron , t h e p resence of t h e o x i d a t i o n p r o d u c t s 
p r e v e n t t h e m e t a l f rom c o n t r a c t i n g t o i t s or iginal size w h e n cooled. T h e process 
is r e p e a t e d w h e n t h e i ron is a g a i n s t r e t c h e d b y h e a t i n g . H . F . R u g a n a n d 
H . C. H . C a r p e n t e r we re u n a b l e t o e x p a n d iron-si l icon a l loys c o n t a i n i n g m o r e t h a n 
0-20 pe r cen t , of c a r b o n ; free c a r b o n is necessa ry for t h e p h e n o m e n o n . One 
spec imen of m e t a l s h r a n k , if a n y t h i n g , w h e n h e a t e d t o 900° i n v a c u o , b u t w h e n 
h e a t e d in fu rnace gases i t e x p a n d e d 67 p e r cen t . E a c h t i m e t h e m e t a l is h e a t e d 
a n d cooled, t h e fu rnace gases p e n e t r a t e a l i t t le deepe r owing t o t h e open ing u p of 
fresh a v e n u e s b y t h e r eac t i ons j u s t i nd i ca t ed . E a c h t i m e t h e m e t a l is h e a t e d a n d 
cooled t h e r e a c t i o n s a r e r e p e a t e d , t h e i ron is m o r e a n d m o r e d i s in tegra ted , a n d a 
fur ther g r o w t h t a k e s p l ace . A t t h e e n d of t h e process , t h e m e t a l h a s lost t h e 
p roper t i e s of c a s t i ron ; i t h a s n o m e c h a n i c a l s t r e n g t h , a n d m a y b e sawn l ike 
cha lk . H . C H . C a r p e n t e r found t h a t for g rey ca s t i ron t h e a p p r o x i m a t e pe rcen tage 
g r o w t h s , w i t h inc reas ing p r o p o r t i o n s of silicon, were : 

Si . l-O 1-50 2 0 2*5 3 O 3-5 p e r - e n t . 
G r o w t h . 15-O 21-5 2 7 0 3 1 0 34-O 37-O 
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P h o s p h o r u s t e n d s t o d imin i sh t h e g r o w t h , s ince t h e g r o w t h w a s lessened a b o u t 3 p e r 
cen t , b y t h e presence of 0-3 p e r cen t , of p h o s p h o r u s , a n d st i l l m o r e w i t h a h ighe r 
p e r c e n t a g e of p h o s p h o r u s ; t h e smal l a m o u n t of s u l p h u r i n c o m m e r c i a l ca s t i rons 
h a s b u t a s l ight influence in t h e d i r ec t ion of r e t a r d a t i o n ; m a n g a n e s e r e t a r d s t h e 
g r o w t h in all cases . T h u s , a l loys w i t h 2*25 t o 2*40 p e r cen t , of c a r b o n a n d 0*40 
t o 0-48 pe r cen t , of si l icon, a s well a s 0*510, 0-735, a n d 0*935 p e r cen t , of m a n g a n e s e , 
af ter 151 h e a t s , h a d respec t ive ly g r o w t h s of 7*49, 6*06, a n d 3*09 per cen t . Disso lved 
gases h a v e n o influence on t h e g r o w t h of a n i ron c o n t a i n i n g m o r e t h a n 3 p e r cen t , 
of silicon ; 'with b e t w e e n 1*75 a n d 3*00 p e r c e n t , silicon t h e y m a y cause a g r o w t h of 
1 t o 2 p e r cen t . The i r m o s t p o t e n t influence occurs w h e n sil icon does n o t exceed 
1 p e r cen t . , a n d in such cases m a y b e respons ib le for a g r o w t h of a t l eas t 10 p e r 
cen t . A n i ron a l loy w i t h 2*66 pe r cen t , of ca rbon , 0*587 p e r cen t , of sil icon, 1*64 
p e r cen t , of m a n g a n e s e showed no signs of g r o w t h af ter 150 h e a t s , b u t r a t h e r a b o u t 
0*13 pe r cen t , c o n t r a c t i o n . T h e fac tors wh ich lessen t h e g r o w t h s o m e t i m e s a c t 
b y lessening t h e i n t e n s i t y of t h e t r an s fo rma t ion—e .g . h y d r o g e n , a n d n i t r ogen , 
obse rved b y F . Wi i s t a n d O. Le ihener , F . Osmond , W . C. R o b e r t s - A u s t e n , 
J . H . A n d r e w , H . S. R a w d o n a n d co-workers ; or b y t h e s tabi l iz ing influence of different 
s u b s t a n c e s on cemen t i t e—e .g . p h o s p h o r u s , obse rved b y F . W i i s t a n d co-workers , 
O. B a u e r a n d K . S ipp , P . Oberhoffer, E . Schiiz, H . C. H . Ca rpen te r , J . H . A n d r e w 
a n d R . H igg ins , e tc . , a sub jec t discussed b y W . H . Hatf ie ld , a n d J . E . H u r s t ; s u l p h u r , 
discussed b y E . Schuz ; c h r o m i u m , b y P . Goerens a n d A. S tade le r , a n d O. B a u e r 
a n d K . S i p p . T h e case of a l u m i n i u m w a s discussed b y C. Bened i cks a n d H . Lofqu i s t , 
C. Geiger , a n d E . G. Ode l s t i e rna ; of su lphur , b y O. B a u e r a n d K . S ipp ; of n ickel , 
b y O. B a u e r a n d K . S i p p ; a n d of t i t a n i u m , b y B . F re i se , a n d R . R . K e n n e d y a n d 
G. J . Oswald . I n some cases t h e effect is d u e t o t h e p r o d u c t i o n of m o r e finely-
d i v i d e d g r a p h i t e which , as W . E . R e m m e r s , a n d H . H a n e m a n n h a v e s h o w n , 
inc reases t h e tens i le s t r e n g t h of i ron, a n d r e t a r d s g r o w t h . 

W . E . R e m m e r s found t h a t t h e a l loy ing e lements , sil icon, a l u m i n i u m , a n d , u n d e r 
c e r t a i n cond i t ions , t i t a n i u m , a n d nickel , wh ich favour t h e p r ec ip i t a t i on of c a r b o n , 
t e n d t o increase t h e g r o w t h , while such e l emen t s a s c h r o m i u m a n d m a n g a n e s e , 
-which e x e r t a s tab i l iz ing effect on t h e ca rbon , t e n d t o decrease t h e g r o w t h . A n 
inc rease in t h e t o t a l c a r b o n increases t h e g r o w t h . 

T h e genera l r e su l t is t o show t h a t t h e g r o w t h of cas t i ron w h e n r e p e a t e d l y 
h e a t e d is d u e t o t h e phys i ca l changes a t t h e A c 1 - a n d A ^ - a r r e s t s , a c c o m p a n i e d b y 
b u r s t i n g a n d c r a c k i n g ; a s a r e su l t of t h e o p e n i n g u p of t h e i ron, o x y g e n en t e r s 
a n d p r o d u c e s t h e changes i n d i c a t e d b y H . F . R u g a n a n d H. C H . Ca rpen t e r . 
T . K i k u t a obse rved n o sensible g r o w t h w h e n t h e m a x i m u m t e m p , does n o t exceed 
t h e cr i t ica l t e m p . , t h o u g h a cons iderab le g r o w t h occurs on exceeding t h a t reg ion . 
Seve ra l i n s t ances of t h e g r o w t h of cas t i ron h a v e been r e p o r t e d a t t e m p . , n o t 
exceed ing A c 1 , a n d C. Bened icks a n d H . Lofqu i s t a d d e d t h a t t h e obse rved effect 
m u s t b e d u e t o t h e f o r m a t i o n of t e m p e r - c a r b o n from c e m e n t i t e . F . Wi i s t a n d 
O. Le ihene r conc luded t h a t t h e influence of chemica l compos i t ion on t h e g r o w t h 
of cas t i r on is obscured b y o t h e r fac tors ; t h a t t h e g r o w t h in a n e u t r a l a t m . c a n n o t 
b e exp la ined b y t h e decompos i t i on of c e m e n t i t e ; t h a t t h e finer t h e s t a t e of s u b 
d iv is ion of t h e g r a p h i t e , t h e smal le r t h e g r o w t h ; t h a t t h e g r o w t h in t h e m i d d l e 
zone is fas te r t h a n i n t h e b o r d e r zone ; a n d t h a t t h e g a s - c o n t e n t of t h e cas t i ron 
h a s a n i m p o r t a n t inf luence on g r o w t h . 

A. E . O u t e r b r i d g e t h o u g h t t h a t t h e g r o w t h of c a s t i ron is " a n i n h e r e n t q u a l i t y 
of t h e m e t a l , a n d h a s ex i s t ed for al l t i m e . . . . T h e as fon i sh ing c h a n g e in vo l . 
is a m o l e c u l a r n o t a chemica l p roces s . " H . F . R u g a n a n d H . C. H . C a r p e n t e r 
s h o w e d t h a t t h e p h e n o m e n o n is a consequence of t h e o x i d a t i o n of i ron sil icide. 
E . H . S a n i t e r sa id t h a t t h e p h e n o m e n o n m u s t h a v e s o m e r e l a t i on t o t h e t h e r m a l 
e x p a n s i o n of t h e m e t a l because i t is necessa ry t o h e a t a n d cool t h e i ron t o m a k e i t 
i nc rease so m u c h in v o l u m e . T . K i k u t a be l i eved t h a t t h e first g r o w t h on h e a t i n g 
t h r o u g h 700° t o 800° is p a r t l y d u e t o t h e d e c o m p o s i t i o n of t h e c e m e n t i t e , b u t t h e 
c o n t i n u e d e x p a n s i o n of g r e y ca s t i ron in v a c u o d u r i n g r e p e a t e d h e a t i n g a n d cool ing 
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is d u e t o t h e differential expans ion of t h e v a r i o u s c o n s t i t u e n t s wh ich p r o d u c e 
n u m e r o u s fissures or cav i t ies in t h e ne ighbourhood of t h e p l a t e s of g r a p h i t e . If 
t h e m e t a l b e n o w h e a t e d in air , t h e s e cav i t i es se rve a s a v e n u e s for t h e e n t r y of 
oxid iz ing gases in accord w i th t h e t h e o r y of H . F . R u g a n a n d H . C. H . C a r p e n t e r . 
H . C. H . C a r p e n t e r d id n o t o b t a i n a g r o w t h in v a c u o . C. E . P e a r s o n sugges t ed 
t h a t a n y obse rved g r o w t h in v a c u o is d u e t o t h e influence of occ luded gases ; h e 
found t h a t t h e g r o w t h in h y d r o g e n is incons ide rab le . A. E . O u t e r b r i d g e , 
J . E . F l e t che r , a n d M. Okoch i a n d N . S a t o cons ider t h a t t h e g r o w t h of cas t i ron 
b y r e p e a t e d h e a t i n g a n d cooling t h r o u g h t h e A r x - r a n g e is caused b y t h e press , of 
occ luded gas . T . K i k u t a said : 

T h e g r o w t h of g r e y c a s t i ron d u r i n g t h e first h e a t i n g t h r o u g h 7OO° t o 8OO°, is p a r t l y 
a t t r i b u t a b l e t o t h e d e c o m p o s i t i o n of c e m e n t i t e . T h e c o n t i n u o u s g r o w t h of g r e y c a s t i r o n 
i n a v a c u u m d u r i n g r e p e a t e d h e a t i n g a n d cool ing t h r o u g h t h e A r r a n g e is t h e effect of t h e 
d i f ferent ia l e x p a n s i o n a t different m i c r o p o r t i o n s of t h e s a m e s p e c i m e n , n u m e r o u s f issures 
o r c av i t i e s b e i n g t h u s f o r m e d i n t h e r eg ion of g r a p h i t e f lakes . I n a n ox id i z ing a t m o s p h e r e , 
t h e g r o w t h "is a cce l e r a t ed b y ox ides f o r m e d a n d filling t h e f issures or c av i t i e s d u r i n g Ar 1 -
t r a n s f o r m a t i o n . T h u s t h e effect of o x i d a t i o n on t h e g r o w t h of c a s t i ron is i n d i r e c t . T h e 
g r o w t h of w h i t e c a s t i ron is a l m o s t c o m p l e t e d i n t h e first h e a t i n g t o 800° . A b o u t o n e - t h i r d 
of t h e who le e x p a n s i o n is d u e t o t h e d e c o m p o s i t i o n of e u t e c t i c a n d p e a r l i t i c c e m e n t i t e s , a n d 
t h e o t h e r t w o - t h i r d s t o t h e m i n u t e fissures or c a v i t i e s fo rmed b y t h e i r revers ib le e x p a n s i o n i n 
different m i c r o p o r t i o n s of t h e s a m e s p e c i m e n . T h e e l o n g a t i o n o b s e r v a b l e a t h i g h e r t e m p e r a 
t u r e s t h a n t h e A p p o i n t is d u e t o t h e p r e s s u r e of occ luded gases . 

A. C a m p i o n a n d J . W . JDonaldson obse rved an e x p a n s i o n u p t o 0-3 pe r cen t , 
af ter 25 h e a t i n g s a t 450° ; a defini te g r o w t h w a s also obse rved a t 550°. 
Obse rva t i ons on t h e sub jec t -were m a d e b y J . H . A n d r e w a n d R . Higg ins , 
J . H . A n d r e w a n d U . H y m a n , P . B a r d e n h e u e r a n d co-workers , O. B a u e r a n d 
co-workers , W . H . B l a c k b u r n a n d J . W . Cobb , W . C. B o g e n s c h u t z , J. W . Cobb , 
J . W . Dona ld son , J . S. D u n n , J . D u r a n d , W . F r e y t a g , J . W . G a r d o m , W . H . Hat f ie ld , 
H . M. H o w e , T. E . Hu l l , F . H . H u r r e n , J . E . H u r s t , D . H . Inga l l a n d H . F ie ld , 
B . TJ. K e y n o n , T. K i k u t a , O. Le ihener , A. L.evi, O. !Lellep, G. C McCormick , 
K. S. MacPhe r r a i i a n d R . H . K r u e g e r , R . Mi tsche , J . H . G. M o n y p e n n y , 
E . Morgan , A. L . N o r b u r y a n d E . Morgan , P. Oberhoffer a n d E . P i w o w a r s k y , 
M. Okochi a n d N . S a t o , C. E . P e a r s o n , E . P i w o w a r s k y a n d O. Bornhofer , 
E . P i w o w a r s k y a n d co-workers , W . H . Poole, W . E . R e m m e r s , F . Rol l , 
W . Sehreck , W . Schwinn ing a n d H . Flossner , K. S ipp a n d F . Rol l , R . S t u m p e r , 
V. N . SvechnikofT, Y . U t i d a a n d M. Sa i to , T. W r i g h t s o n , F . W u « t a n d co-workers , 
a n d F . Wi i s t a n d O. Le ihene r s t u d i e d t h e g r o w t h of cas t i ron u n d e r t en s ion . 
Accord ing t o J . P e r c y : 

A d v a n t a g e l ias b e e n t a k e n of t h e p e r m a n e n t i nc r ea se in v o l u m e w h i c h c a s t i ron a c q u i r e s 
b y long e x p o s u r e t o a h i g h t e m p e r a t u r e , i n r e n d e r i n g c a n n o n - s h o t se rv iceab le w h i c h h a d 
b e e n c a s t t o o s m a l l . T h e s h o t w a s h e a t e d in a c h a r c o a l fire, well e m b e d d e d in t h e c h a r c o a l , 
a n d a l l owed t o cool u n d e r c h a r c o a l d u s t . T h e i r sur face w a s b lu i sh -g rey , a n d d i d n o t 
r e q u i r e a n y c l e a n i n g t o fit t h e s h o t for u se ; w h e r e a s in p r e v i o u s l y a t t e m p t i n g t o e m p l o y 
a h o t - b l a s t o v e n for t h e s a m e p u r p o s e s , t h e su r f ace b e c a m e c o a t e d w i t h f i rmly a d h e r e n t 
r e d ox ide , so difficult t o d e t a c h t h a t i t w a s found p re fe rab le t o re -cas t t h e s h o t t h a n i n c u r 
t h e l a b o u r a n d e x p e n s e of c l ean ing t h e m . 

T h e obse rva t i ons of H . F . R u g a n a n d H . C. H . Ca rpen t e r , W . H . Hat f ie ld , a n d 
J . E . S t e a d show t h a t t h e m e t h o d of m a k i n g o v e r - s h r u n k cas t ings g row t o t h e i r 
p r o p e r size b y r e -hea t ing , r e c o m m e n d e d b y A. E . O u t e r b r i d g e a n d o the r s , c a n be 
emp loyed on ly a t t h e cos t of some de t e r io ra t i on of t h e m e t a l . 

G. W i e d e m a n n a n d R . F r a n z 4 sa id t h a t if t h e thermal conduct iv i ty of s i lver 
is KX), t h a t of i ron is 11*6 ; L . H o l b o r n a n d W . W i e n sa id t h a t if t h e c o n d u c t i v i t y 
of coppe r is 0-918, t h a t of i ron is 0-156, a n d steel 0-062 t o 0-111. F . E . N e u m a n n 
f o u n d t h e t h e r m a l c o n d u c t i v i t y of i ron t o be &=0-1638 cal . pe r cm. pe r second pe r 
degree ; A. B e r g e t g a v e 0-1587 a b o v e 0° ; K . A n g s t r o m , 0-1988 a t 0° , a n d 0-1417 
a t 100° ; L . R . Ingersol l , 0-1428 b e t w e e n 20° a n d 100° ; L . Lorenz , 0-1665 a t 0° , 
a n d 0-1627 a t 100° ; a n d H . W e b e r , 0-1485 a t 39° . H . M a s u m o t o e x t r a p o l a t e d 
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0-1741 for t h e t h e r m a l c o n d u c t i v i t y of p u r e i ron . J . I>. F o r b e s o b t a i n e d for w r o u g h t 
i ron : 

0° 50° 100° 130° 2O0° 275° 
7c . . O-2O70 O l 7 7 2 O-1507 O-1447 O-1357 0 - 1 2 4 0 

R. W . S t e w a r t g a v e for t h e t h e r m a l c o n d u c t i v i t y of i ron , a t 0° , &-=0-172(l-0*00110). 
C. H . Lees g a v e 0*147 a t 18°, a n d 0-152 a t —160° . T . C. Bai l l ie , P . G. T a i t , 
P . S t r a n e o , T. S. Tay lo r , a n d L . O t t m a d e o b s e r v a t i o n s o n t h i s sub jec t . F o r 
w r o u g h t i ron , W- J a e g e r a n d I I . Diesse lhors t g a v e 0*1436 a t 18°, a n d 0*1420 a t 
100° ; E . Grune i sen gave 0*171 a t 18° ; W . Begl inger , 0*111 t o 0*150 a t 8° ; a n d 
E . H . H a l l , 0*1528 a t 28°. M. J a k o b g a v e 0*135 for t h e b e s t r e p r e s e n t a t i v e v a l u e 
of w r o u g h t i ron. F o r cas t i ron, W . Begl inger g a v e 0*093 t o 0*153 a t 8° ; a n d 
E . H . H a l l a n d C. H . Ayre s gave 0*1490 a t 30° . M. J a k o b g a v e 0*12 for t h e b e s t 
r e p r e s e n t a t i v e va lue of cas t i ron . G. Kirchhoff a n d G. H a n s e m a n n g a v e 0-0964 
a t 15° for Bessemer s teel wi th 0*52 pe r cen t . C ; a n d W . Begl inger , 0*0985 t o 
0-104 a t 8° ; a n d for S i emens -Mar t ens s teel , 0*133 ; whi le E . H . H a l l , for s imi lar 
s teel wi th 0*1 per cent , of ca rbon , gave 0*1325 a t 27*2°, a n d 0*1300 a t 59*2°. G. K i r c h -
hoff a n d G. H a n s e m a n n g a v e 0*1418 a t 15° for p u d d l e d steel w i t h 0*13 p e r cen t , of 
c a rbon , a n d 0*1375 a t 15° w h e n 0-25 pe r cen t , of c a rbon w a s p r e s e n t . W . Begl inger 
g a v e 0*123 a t 8° for h a r d T h o m a s ' s teel , a n d 0*1 22 a t 8° w h e n t h e steel w a s sof tened ; 
h a r d crucible s teel h a s t h e v a l u e 0-108 a t 8° ; a n d t h e soft s teel , 0*105 a t 8° . 
F . K o h l r a u s c h gave 0*062 for h a r d s teel , a n d 0*111 for soft s teel . E . Grune i sen 
g a v e 0*124 a t 18° for s teel w i t h 0-57 pe r cen t , of c a rbon , 0-123 for s teel w i t h 0-99 
p e r cen t , of ca rbon , a n d 0-119 for s teel w i t h 1*50 p e r cen t , of c a rbon . W . J a e g e r 
a n d H . Diesse lhors t g a v e 0*1085 a t 18° a n d 0*1076 a t 100° for s teel w i t h 0*1 p e r 
cen t , of c a r b o n ; a n d C. H . I^ees, 0-115 a t 18° a n d 0*113 a t —160° for s tee l w i t h 
0*1 p e r cent , of ca rbon . Obse rva t ions were also m a d e b y J . Mercier a n d P . Michou-
lier, H . J . F r e n c h a n d O. Z. K lopsch , E . M. B r y a n t , G. H a l l i d a y , J . H i r sch , A. C. K i r k , 
M. Z i t t e n b e r g , A. J . D u r s t o n , W . F . B a r r e t t a n d co-workers , T . M. B a r l o w , 
J . W . B o l t o n , E . J . J a n i t z k y , G. Graf, N . M. H . Lightfoot , A. L . Fe i ld , P . L e j e u n e , 
J . W . D o n a l d s o n , T. J . E s s , H . Schmick , H . Thys sen a n d co-workers , J . T h o u l e t , 
R . C Carpen te r , D . R o y c e , A. B l e c h y n d e n , J . G. H u d s o n , a n d W . Begl inger . 

H . Masurno to found t h a t in t h e case of cas t i ron , a n d steels , t h e t h e r m a l con
d u c t i v i t y decreases r a p i d l y a t first, a n d t h e n slowly as t h e p r o p o r t i o n of c a r b o n 
increases . T h e a n n e a l i n g of t h e cas t i ron raises t h e c o n d u c t i v i t y , b u t a s u b s e q u e n t 
a n n e a l i n g p r o d u c e s no c h a n g e p r o v i d e d n o g r a p h i t i z a t i o n occurs . T h u s , w i t h 
chi l l -cast a n d a n n e a l e d (a t 1000°) cas t i ron , t h e conduc t iv i t i e s were : 

C a r b o n . 2-41 2 0 7 3-17 3 0 4 4-13 4-4O 4 0 1 po r c e n t , 
. j Chi l l -cas t . 0-0703 0 0 7 0 2 0-0007 O-0513 0-0435 0-0350 O-03O0 
,c \ Aririealed . 0-0801 0 0 7 0 0 0 0 0 3 3 0-0540 0 0 4 7 7 0 0 3 9 0 O-037O 

G r a p h i t i z a t i o n decreases t h e t h e r m a l res i s t iv i ty b y a b o u t 3.99 for 1 pe r cen t , of 
g r a p h i t e . T h u s , a s a m p l e w i t h 4*35 pe r cen t , of c a r b o n w i t h n o g r a p h i t e h a d a 
c o n d u c t i v i t y of 0-0347, a n d w i t h 3*89 p e r cen t , of t h e c a r b o n a s g r a p h i t e , 0*1346 ; 
a n d a s a m p l e wi th 4*63 p e r cen t , of c a r b o n a n d no g r a p h i t e h a d a c o n d u c t i v i t y of 
0-0297, a n d wi th 4*55 p e r cen t , of t h e c a r b o n a s g r a p h i t e , 0*1332. B y e x t r a p o l a 
t i on , t h e t h e r m a l c o n d u c t i v i t y of c e m e n t i t e is 0-017 cal . pe r degree p e r c m . p e r 
second , w h e n t h e co r re spond ing v a l u e for i r on is 0*1741 a t 34°. C. Bened icks 
a n d co-workers r ep resen ted t h e t h e r m a l res i s t iv i ty , Ar-1, t h e rec iprocal of t h e 
t h e r m a l c o n d u c t i v i t y , by A*-1=4*4-|-8-727C, w h e r e UC d e n o t e s t h e c a r b o n v a l u e of 
a d issolved e lement , a n d i t is o b t a i n e d b y m u l t i p l y i n g t h e p e r c e n t a g e p r o p o r t i o n 
of t h e e l emen t b y t h e r a t i o of t h e a t . w t . of c a r b o n t o t h a t of t h e e l e m e n t . 
H . Masu rno to g a v e &- 1 =5*744 + 2-432[CJ+5*081[Si ]+2*461[Mn] . 

J . W . D o n a l d s o n found t h a t t h e t h e r m a l c o n d u c t i v i t y of g r ey ca s t i ron va r i e s 
f rom 0*11 t o 0*137 cal . pe r sq. cm. p e r s e c , a n d decreases a s t h e t e m p , rises ; e.g. 
o n e s a m p l e , w i th 0*65 p e r cent . Si, h a d a c o n d u c t i v i t y of 0-135 a t 100° a n d 0*114 
a t 400° , a n d when t h e si l icon was ra ised t o 1*24 p e r cen t . , t h e co r r e spond ing v a l u e s 
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were 0-127 a n d 0-109. Sil icon, n ickel , v a n a d i u m , a n d m a n g a n e s e lower t h e con
d u c t i v i t y — v i d e infra, t h e special s t ee l s—the influence of p h o s p h o r u s is negl ig ib le ; 
a n d c h r o m i u m a n d t u n g s t e n ra ise t h e c o n d u c t i v i t y . S t r u c t u r e is of less i m p o r t a n c e 
t h a n compos i t ion , t h o u g h ferr i te is a b e t t e r c o n d u c t o r t h a n e u t e c t o i d a l p e a r l i t e . 
K . H o n d a a n d T . S i m i d u o b t a i n e d t h e fol lowing r e su l t s for Swedish i ron , a n d for 
s teels w i t h different p r o p o r t i o n s of c a r b o n , b e t w e e n t h e t e m p , n a m e d : 

Swedish 
iron 
O-18 

per cent. 
0-44 

per cent. 
0-64 

per cent. 
0-80 

per cent. 
1-02 

per cent. 
1-3O 

per cent. 
1-50 

per cent. 

C 

C 

C 

C 

C 

C 

C 

/ 30° 
to-134 
/ 30° 
\0-108 
( 30° 
\0-081 
/ 30° 
\0-105 
/ 30° 
10101 
/ 30° 
\0-103 
r 30° 
\0-086 
/ 30° 
\0080 

137° 
0 1 2 8 
123° 
0-108 
1 56° 
0-O80 
118° 
0-105 
179° 
0-101 
116° 
0 1 0 1 
110° 
0 080 
129° 
0-O86 

234° 
0-119 
214° 
0 108 
230° 
0-081 
248° 
0-103 
242° 
O-101 
254° 
0-103 
214° 
0-087 
219° 
0 0 8 7 

375° 
0-109 
325° 
O-101 
392° 
0-079 
368° 
0 0 9 8 
369° 
0 095 
360° 
O I O O 
322° 
0-088 
303° 
0-085 

516° 
0-095 
504° 
0-089 
540° 
0 0 7 2 
523° 
0-088 
508° 
0-092 
544° 
0-095 
530° 
0-078 
418° 
0-083 

613° 
0-086 
639° 
0-085 
643' 
0-070 
639° 
0-086 
629° 
0-082 
625° 
0-089 
637° 
0-074 
527° 
0 0 7 4 

710° 
0-084 
768° 
0-072 
773° 
0-060 
771° 
0-069 
757° 
0-073 
758° 
0-074 
749° 
0-066 
631° 
O-07 4 

834° 
0-078 
926° 
O 075 
862 J 

0-002 
926° 
0-076 
897° 
0-077 
886° 
0-077 
874° 
0-007 
775° 
0-066 

K . H o n d a a n d T. S i m i d u obse rved t h a t G. W i e d e m a n n a n d 11. F r a n z ' s l a w — 
3 . 3 1 , 5—holds for t e m p , u p t o a b o u t 900° ; a n d Li. L o r e n z ' s l a w — 3 . 2 1 , 5 - appl ies 
for Swedish i ron ; b u t for s teels , t h e c o n d u c t i v i t y - r e s i s t a n c e c u r v e does n o t pass 
t h r o u g h t h e a b s o l u t e zero . T h e sub jec t w a s d iscussed b y A. E u c k e n a n d K . D i t t r i c h . 
T . S i m i d u obse rved t h a t for forged, q u e n c h e d , a n d a n n e a l e d s teels , t h e p r o d u c t s 
of t h e t h e r m a l a n d e lect r ica l c o n d u c t i v i t i e s a r e a p p r o x i m a t e l y c o n s t a n t , t h e m e a n 
v a l u e is 0-185 or 7-75 X 1 0 1 0 in c.g.s. u n i t s . Th i s is g r e a t e r t h a n t h e t h e o r e t i c a l 
v a l u e 6-5 X l O 1 0 , a n d t h e d i s c r e p a n c y is a t t r i b u t e d t o a specia l mo lecu la r cond i t ion 
of t h e s teels wh ich is d i s t i ngu i shed f rom t h a t of o t h e r m e t a l s b y t h e i r f e r r o m a g n e t i s m . 
H . M a s u m o t o found t h a t t h e p r o d u c t of t h e e lectr ical r es i s tance a n d t h e r m a l con
d u c t i v i t y of i ron is a l i t t l e g r ea t e r t h a n t h e t h e o r e t i c a l ; w i th inc reas ing impur i t i e s 
t h e p r o d u c t increases s l ight ly . W i t h s teels a n d cas t i ron, t h e p r o d u c t s increase 
s l ight ly w i t h inc reas ing c a r b o n - c o n t e n t . G r a p h i t i z a t i o n causes a large increase in 
t h e p r o d u c t . E x t r a p o l a t i o n gives 0-24 for t h e p r o d u c t w i t h c e m e n t i t e . T h e sub jec t 
was d iscussed b y G. KirchhofF a n d G. H a n s e m a n n , F . K o h l r a u s c h , A. C. Mitchel l , 
K. Grune i sen , F . A. Schulze , E . IX C a m p b e l l a n d W . C. D o w d , E . Grune i s en a n d 
E . Goens , W7. G. K a n n u l u i k , R . K i k u c h i , a n d F . A. F a h r e n w a l d . 

T h e " t e m p e r a t u r e " c o n d u c t i v i t y , r e p r e s e n t e d b y az — kjDc, whe re L) d e n o t e s 
t h e sp . gr . , a n d c t h e sp . h t . , w a s found b y G. Kirchhofr a n d G. H a n s e m a n n t o 
b e for p u d d l e d s tee l w i t h 0-13 pe r cen t , of c a r b o n , « 2 ^ 0 - 1 6 9 4 0 0 0 0 3 4 (0 15), a n d 
w i t h 0-25 p e r cen t , of c a r b o n , a 2 — O-1637 00OO27 (0 — 15) ; a n d for Bessemer steel , 
a 2 - 0 1 1 4 8 0-00019 (0 — 15). 

P. W . B r i d g m a n f o u n d t h e p ress . coefY. for t h e t h e r m a l c o n d u c t i v i t y t o be 
— 0-063 for p ress , b e t w e e n 0° a n d 12,0OO kgr ra s . pe r sq. c m . F o r p ressures u p t o 
12,000 k g r m s . pe r sq . c m . , P . W . B r i d g m a n f o u n d a 0*3 pe r cen t , r e d u c t i o n in t h e 
t h e r m a l c o n d u c t i v i t y , so t h a t t h e press , coeff. for t h e c o n d u c t i v i t y is —0-0 6 3 . F o r 
loads in t e n s i o n of 2050 a n d 1025 k g r m s . p e r sq. cm. , P . W . B r i d g m a n found t h e 
p e r c e n t a g e c h a n g e of t h e r m a l c o n d u c t i v i t y t o b e r e spec t ive ly —0-534 a n d —0-32 ; 
t h e p r o p o r t i o n a l c h a n g e of t h e r m a l c o n d u c t i v i t y , r e spec t ive ly — 2 - 6 1 X 1 0 - 6 a n d 
—3*08 x 1 O - 6 ; a n d t h e p r o p o r t i o n a l c h a n g e of s p . t h e r m a l c o n d u c t i v i t y , respec t ive ly 
— 1*90x10—6 a n d 2 - 3 7 X l O - 6 . A . J o h n s t o n e found t h a t s t r e t c h i n g inc reased t h e 
t h e r m a l c o n d u c t i v i t y a b o u t 0-5 p e r cen t , for a t e n s i o n of a b o u t 0-7 of t h e elast ic 
l imi t , a n d w h e n t h e t e n s i o n w a s w i t h d r a w n t h e c o n d u c t i v i t y r e t u r n e d t o i ts 
or ig inal v a l u e . H . M. B r o w n found t h a t a l o n g i t u d i n a l m a g n e t i c field of 10,000 
gausses dec reased t h e t h e r m a l c o n d u c t i v i t y 1*14 p e r cen t . , a n d a t r a n s v e r s e field 

file:///0-108
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file:///0-103
file:///0-086
file:///0080
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of 40OO gausses decreased i t 0-4 p e r cen t .—v ide infra, m a g n e t i c p rope r t i e s of i r on . 
C. Schwarz , A. M. K u h l m a n n a n d A. D . Spi l ln ian , S. Sa i to , E . J . J a n i t z k y , C. B e n e 
dicks a n d co-workers , a n d F . R iede l i n v e s t i g a t e d t h e d i s t r i b u t i o n of t h e t e m p . 
in t h e in ter ior of masses of cooling steel . 

The specific hea t of i ron w a s found b y H . Toml in son 5 t o be 0-11302 b e t w e e n 0° 
a n d 100° ; J . C. Wi lcke g a v e 0-126 ; A. Crawford , 0-1269 ; W . I r v i n e , 0-143 ; 
P . L . D u l o n g a n d A. T. P e t i t , 0-1098 b e t w e e n 0° a n d 100° ; 0-1150 b e t w e e n 0° a n d 
200° ; O-1218 be tween 0° a n d 300° ; a n d 0-1255 b e t w e e n 0° a n d 350° ; 
H . V. R e g n a u l t gave 0*11352 b e t w e e n 19° a n d 98°, a n d O l 1380 a t a r e d - h e a t . 
E . B e d e g a v e 0 1 1 2 3 be tween 15° a n d 100° ; 0-1153 b e t w e e n 16° a n d 142° ; a n d 
0 1 2 3 3 b e t w e e n 20° a n d 274°. L . L o r e n z g a v e 0-1050 a t 0° , 0-1107 a t 50° , a n d 
O-1136 a t 75° ; A. Nacca r i , 0 1 0 9 1 a t 15°, 0 1 1 5 1 a t 100°, 0-1249 a t 200°, a n d 0-1376 
a t 300°. J . P i o n c h o n gave 0 1 7 6 5 4 a t 500° , 0-32431 a t 700°, 0-218 b e t w e e n 720° 
a n d 1000°, a n d 0-19887 b e t w e e n 1000° a n d 2000°. E . Grune i sen gave ^ = 0 - 0 8 5 1 
b e t w e e n —190° a n d 17°, a n d c„--=0-112 b e t w e e n 17° a n d 100°. T h e sp . h t . of i r on 
increases r ap id ly 'with a r ise of t e m p . ; a n d t h e m e t a l unde rgoes a c h a n g e b e t w e e n 
660° a n d 720°, since t h e sp . h t . a t 700° is g r ea t e r t h a n i t is a t 720°. W . N . H a r t l e y 
g a v e 0-213 for t h e sp . h t . b e t w e e n 750° a n d 1000°, 0-218 b e t w e e n 954° a n d 1006°, 
a n d 0-19887 be tween 1050° a n d 1700°. P . OberhofEer sa id t h a t t h e m e a n sp . h t . 
of i ron increases from 0-1221 a t 250° t o 0-1675 a t 750° a n d t h e n r e m a i n s p r ac t i ca l l y 
c o n s t a n t u p t o 500°. O. B y r s t r o m g a v e for t h e sp . h t . of purif ied i ron : 

O" 50° 100° J 5 0 ° 2 0 0 ° 2 5 0 " 3()()° 
I r o n . 0 1 1 1 6 4 1 0-112359 O H 3 7 9 5 0 1 1 5 9 5 0 0-118821 0 1 2 2 4 1 0 O-120719 

P . L . D u l o n g a n d A. T. P e t i t r ep re sen t ed t h e effect of t e m p , on t h e t r u e sp . l i t . 
b y O-lO62+O-O4560-f-O-O62402, a n d on t h e m e a n sp . h t . b y O-IO62-|-O-O4280+O-O7802. 
O. B y r s t r o m , on t h e t r u e sp . h t . b y O-11164-fO-O57180-{-O-O6143602, a n d on t h e 
m e a n sp . h t . be tween 0° a n d 660°, J . P i o n c h o n gave 0-11012 +OO 4 250-hOO 7 5470 2 ; 
b e t w e e n 660° a n d 720°, 0-57803-0-0014360-f OO 5 H9502 ; b e t w e e n 720° a n d 
1000°, 0 - 2 1 8 - 3 9 0 - 1 ; a i l d b e t w e e n 1050° a n d 1160°, 019887-23-440~- i . W . A. R o t h 
a n d W . B e r t r a m g a v e for t h e sp . h t . , c, of ct-iron u p t o 720°, c=0-1060-f -0-0 4 6003 
( 0 - 20) ; a n d for t h e t r u e a t . h t . : 

100° 2 0 0 ° 3 0 0 ° 4 0 0 ° r>t)0° 0 0 0 ° 7 0 0 ° 
c . 6-46 7 1 3 7-8O 8-47 9 1 4 9-81 10-48 

J . A. H a r k e r found t h e m e a n sp . h t . of i r o n — c o n t a i n i n g 0-01 pe r cent , of c a r b o n , 
0-02 p e r cen t , sil icon, 0-03 pe r cen t , su lphu r , a n d 0-04 pe r cen t , p h o s p h o r u s — 
b e t w e e n 0° a n d 

2 0 0 ° 5 0 0 ° 7 5 0 ° 8 5 0 ° DOO ° 1 0 5 0 ° I J 0 O J 

c . 0 1 1 7 5 0 1 3 3 8 0-1537 O-1047 0 1 G 4 4 O-1512 O-1534 
a . 7-47 8-58 9-2O 9-18 8-44 8-57 

W . J a e g e r a n d H . Diesse lhors t g a v e 0-1054 for t h e sp . h t . of i ron a t 18°, a n d 0-1185 
a t 100°"; P . Sehube l , 0-1096 b e t w e e n 18° a n d 100°, 0-1201 be tween 18° a n d 300° , 
a n d 0-1351 be tween 18° a n d 600° ; a n d W . A. Ti lden , 0-10983 be tween 17° a n d 100° -
a n d H . Schimpff, 0-1098 b e t w e e n 17° a n d 100°. 

H . A. J o n e s a n d co-workers r e p r e s e n t e d t h e a t . h t . a t T° K . b y Oj ,=4-39 
4-0-00405T. W . H . D e a r d e n found t h e sp . h t . of i r o n — w i t h 0-04 p e r cen t , of 
c a r b o n ; 0-006, S ; 0 0 0 6 , Si ; a n d 0-069, P — t o rise f rom 0-0852 a t 17° t o a m a x i m u m 
of 0-1942 a t 108°, a n d t h e n t o fall t o a b o u t 0-12 in t h e r a n g e of 150° t o 200°, a n d i t 
t h e n r ises aga in . This h a s n o t been conf i rmed. T h e h igh v a l u e a t a b o u t 110° is 
sa id t o co r re spond w i t h o t h e r a b n o r m a l i t i e s , sonorousness , res i s tance , a n d m e 
chan ica l p rope r t i e s . E . Leche r r e p o r t e d a m a x i m u m a t a b o u t 740°. H . K l i n k h a r d t 
found t h e A 2 - a r r e s t a p p r o x i m a t e s t o 760° w i t h a s t e p - d o w n of r a t h e r m o r e t h a n 
8 ca l s . p e r g r a m - a t o m p e r degree . H e g a v e for t h e m i n i m u m v a l u e a p p r o x i m a t e l y 
10-3 ca l s . p e r g r a m - a t o m p e r degree for yS-iron, a n d 8-6 for y - i ron . O b s e r v a t i o n s 
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were m a d e b y J . B . Aus t in , F . K . Bai ley , L . F . B a t e s , A. I . B r o d s k y , H . K l i n k -
h a r d t , F . Mora we, J . F . Shadgen , N . S tucker , a n d M. StupakofT. F o r W- Ger lach ' s 
cu rve of t h e t e m p . coefE. of t h e sp . h t . , vide infra, t h e electr ical res i s tance of i ron . 

P . Weiss a n d co-workers i nves t iga t ed t h e h e a t changes which occur t h r o u g h 
t h e r anges where i ron is losing i t s m a g n e t i z a t i o n , a n d t h e y f o u n d t h a t t h e sp . h t . 
inc reased t o a m a x i m u m as t h e s u b s t a n c e a p p r o a c h e d t h e Cur ie p o i n t ; t h e r e w a s 
t h e n a n a b r u p t d r o p in t h e curve t o a low v a l u e cha rac t e r i s t i c of p a r a m a g n e t i c 
subs t ances . The m a g n e t i c t r a n s f o r m a t i o n is t h u s assoc ia ted w i t h a c o m p a r a t i v e l y 
la rge c h a n g e in t h e i n t e r n a l energy , wh ich is man i fe s t ed b y t h e excess of sp . h t . 
over w h a t was no rma l ly expec ted . Th i s excess falls off w i t h d imin i sh ing t e m p , 
be low t h e Curie po in t , b u t i t is still sensible a t r o o m t e m p , so t h a t i t a l t e r s t h e 
s h a p e of t h e sp . h t . cu rve . P . Weiss a n d P . N . Beck g a v e : 

1 7 0 ° 2 0 2 - 7 ° 4 5 3 ° 5 9 8 ° 7 1 1 ° 7 5 3 ° 7 7 7 - 7 ° 8 0 6 ° 8 4 4 - 3 ° 8 7 3 - 7 ° 

c . 0 1 0 1 2 O l 1(58 0 1 4 5 8 0 1 7 5 6 0-2185 0-3136 0-2280 0-2179 O-22O0 0-2503 

F . Wi i s t a n d co-workers o b t a i n e d conf i rmatory resu l t s , b u t t h e y s m o o t h e d the i r 
cu rve so t h a t t h e dev ia t ions were e i the r e l imina t ed or ave raged . F . Wi i s t a n d 
co-workers gave for t h e m e a n sp . h t . of purif ied i ron, Ol0545-f-OO 456840 be tween 
<)° a n d 725° ; 0-1592-1-630-1 be tween 7 8 5 ° a n ( i 919 0

 ; O14472-}-18-310-i -hOO 7 50 
be tween 919° a n d 1404-5° ; O-21416-77-180- 1 b e tween 1404-5° a n d 1 5 2 8 ° ; a n d 
O-15O12+7O-O30-1 b e tween 1528° a n d 1600°. F o r t h e sp . h t . , t h e y also g a v e 
0 1 0 5 4 5 + O O O O l 13680 b e t w e e n 0° a n d 7 2 5 ° ; a n d O14472-f-OO6 lO0 b e t w e e n 919° 
a n d 1404-5. J i . D u r r e r gave t h e sp . h t . , c, a n d t h e a t . h t . , C, of e lectrolyt ic i ron, 
be tween 0° a n d 

Solid Molten 

7 2 5 ° 7 8 5 ° OJ 8 " 0 2 0 " J 4 0 4 ° 14().r>° 1 5 2 8 ° .1 f>US° J f>OOc 

c. . O-1407 O-1571 O-1574 O-I 647 O-1578 O-1592 O-1037 0-1050 O-103V) 
C . 8 1 0 8-77 8-70 9-20 8-81 8-89 9 1 4 10-94 10-83 

Discont inu i t i es in t h e cu rve a t 1404° a n d 919° cor respond wi th t h e A4- a n d 
A 3 -a r res t s , respec t ive ly . T h e cha rac t e r of t h e cu rve a t t h e A 2 - a r res t be tween 725° 
a n d 785° is different f rom t h e o the r s , a n d i t is a t t r i b u t e d t o t h e revers ible t r a n s 
fo rmat ion ct-Fe^yS-Fe. S. U m i n o found t h e m e a n a n d t r u e sp . h t s . of i ron wi th 
0-04 pe r cen t , of c a r b o n t o be : 

!Mean 
T r u e 

M e a n 
T r u e 

1 OO D 

0 - 1 1 0 2 
O l 13 

OOO* 

0-1G82 
. 0 1 7 0 

UOO ° 

O-1133 
O-121 

3 1 0 0 ' 

O-1099 
0 - 1 7 6 

4 0 0 ° 

O-1 2 2 « 
0 1 4 4 

1 2 0 0 ° 

0-1(190 
0 - 1 8 0 

(500° 

O-1347 
0 - 1 7 8 

1 3 0 0 ° 

0 1 0 9 8 
0 - 1 8 2 

7 0 0 ° 

0 - 1 4 3 0 
0 - 2 1 5 

1 4 0 0 ° 

O-1725 
0 - 1 8 6 

7 5 0 ° 

0 1 4 9 4 
O-251 

J 5 0 0 ° 

O-1720 
0 - 1 8 8 

8 0 0 ° 

O l 5 7 8 
0 - 2 7 3 

ir>7o° 
0 - 1 5 7 0 
0 - 2 2 2 

RoO" 

0 - 1 0 4 5 
O-202 

I <>:JO° 

0 1 0 3 0 
0 - 2 2 2 

The a b n o r m a l va lues for t h e t r u e sp . h t . , in t h e r ange of t h e fe r romagnet ic change , 
a re shown u p b y t h e cu rves . T h e sp . h t . of t h e mo l t en m e t a l does n o t change in 
t h e r ange of t e m p , e x a m i n e d . S. U m i n o m e a s u r e d t h e sp . h t . of e lect rolyt ic i ron, 
a n d o b t a i n e d for t h e t r u e sp . h t . , c : 

8 5 0 ° 

0 - 1 8 5 
ooo° 

O-185 
0 5 0 ° 

O-lGl 
1 0 0 0 ° 

O-103 
1 2 0 0 ° 

O-172 
1 3 5 0 ° 

O-179 
1 4. r»00 

O-185 
1 5 0 0 ° 

O-185 
1 5 0 0 ° 

0 1 9 4 

T h e resu l t s a r e p l o t t e d in F i g . 242, a long 'with va lues for t h e m e a n sp . h t . The re 
a re a b r u p t changes a t t h e A3- a n d A^-arrests , a n d a t t h e m . p . I n t h e o t h e r ranges 
of t e m p . , t h e sp . h t . increases l inear ly w i t h t e m p . A b o v e t h e A 2 -po in t , t h e sp . h t . 
r e m a i n s c o n s t a n t u n t i l t h e A 3 - p o i n t is r eached , w h e n t h e r e is a d i scon t inuous 
decrease , b u t a f t e rwards , a n increase -with rise of t e m p , u p t o t h e A 4 -po in t , whe re 
a d i s c o n t i n u o u s increase aga in occurs , a n d t h e n r e m a i n s c o n s t a n t . D u r i n g fusion 
t h e r e is a m a r k e d increase . T h e t w o po r t i ons of t h e t r u e sp . h t . cu rve , ly ing a b o v e 
a n d be low t h e cu rve for y - i ron , p r o b a b l y fall on t h e s a m e s t r a igh t l ine. A. Mallock 
obse rved n o d i s con t i nu i t y in t h e s p . h t . b e t w e e n 1400° a n d 1500°, b u t t h e sp . h t . 
at ordinary t e m p , is about t h r e e t i m e s a s g r e a t a s i t is a b o v e t h e recalescence p o i n t . 



1 5 2 I N O R G A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

J. Maydel gave for t h e a t . h t . , A^8-803-938-9(0+33O)-I. A. E u c k e n and 
H W e r t h gave for t h e a t . h t s . a t c o n s t a n t vo l . a n d c o n s t a n t press . , and for &, 
t h e charac te r i s t i c t e m p , in D e b y e ' s f u n c t i o n — 1 . 13 , 15—for e lec t ro ly t ic iron : 

rpo 

Oj, 

0 

K . 1 0 - 9 0 ° 
0 - 0 3 7 3 2 
0 0 3 7 3 2 

3 9 2 

2 0 - 8 0 ° 
0 1 1 2 5 
0 1 1 2 5 

4 3 1 

40-00° 
0-3073 
0-3073 

430 

8 4 0 0 ° 1 0 9 - 9 0 ° 1 4 8 - 5 2 ° 1 8 9 0 4 ° 2 0 5 - 5 9 ° 
2 - 1 8 2 3 - 2 0 0 4 - 3 1 2 5 0 1 5 5 - 2 4 5 
2 - 1 7 8 3 - 1 8 9 4 - 2 8 0 4 - 9 7 0 5 - 1 8 2 

4 2 0 4 1 7 3 9 5 3 0 8 3 5 O 

F . M. J i iger gave 5-89 CaIs. for t h e a t . h t . of ct-iron a t 0° ; 21-0 CaIs. a t 756° ; 
8-89 CaIs. a t 790° (/3-iron), a n d i t r e m a i n s c o n s t a n t a t 8-086 CaIs. b e t w e e n 919° a n d 
1200° ; a t 1404-5° it becomes a b o u t 12 CaLs., a n d qu ick ly falls t o 8-382 CaIs. (S-iron), 
which va lue i t r e t a ins u p t o t h e m . p . 

J L 
/300° /500° /700 //00° /300° /500 

F J O . 2 4 3 . - - T h O E f f e c t o f 
T e m p e r a t u r e o n t h e S p e c i f i c 
H e a t o f I r o n . 

F i G . 2 4 2 . T h e S p e c i f i c H e a t s o f I r o n ( 0 - 0 4 p e r 
c e n t , o f C a r b o n ) a n d o f C a s t I r o n ( 4 - 1 2 p e r c e n t , 
o f C a r b o n ) . 

F o r t e m p , below a tmosphe r i c , TJ. B e h n g a v e 0 0 7 2 1 b e t w e e n —186° a n d —79° , 
a n d 0-0999 be tween —79° a n d 18° ; P . E w a l d , 0-0697 a t —135° , 0-1001 a t —38° , 
a n d 0-1062 a t 28° ; P . N o r d m e y e r a n d A. L . Bernoul l i , 0-095 b e t w e e n —185° a n d 
20° ; T . W . R i c h a r d s a n d F . G. J a c k s o n , 0-0859 b e t w e e n 20° a n d — 188° ; a n d 
J . D e w a r , 0-0175 b e t w e e n —253° a n d —196°. E . II . a n d E . Griffiths' r esu l t s d o w n 
t o -—223°, a n d P . G u n t h e r ' s for still lower t e m p . , a r e as follow : 

c 
C 

07-5° 
O - 1 1 3 7 
6 - 3 5 

2 0 <>" 
0 - 1 0 7 8 
6 - 0 2 

0 K ) 4 < > 
5 - 8 4 

— « 3 ° 
O - 0 9 0 O 
5 - 3 0 

— 103° 
0 - O G 2 1 
3 - 4 7 

— 2 2 3 " 
0 - O 1 7 0 
0 - 9 8 

— 2 3 1 - 1 ° 
0 - 0 0 5 8 
0 - 3 2 5 

— 2 3 7 0 ° 
0 0043 
0-244 

— 241-1° 
O-OO 2 7 
O - 1 5 2 

W . H . R o d e b u s h a n d J . C. Michalek gave 0-0326 a t —200-2° ; 0-0491 a t —182-7° ; 
a n d 0-096 a t —75-1° ; a n d M. K a w a k a m i , 0 1 1 3 3 b e t w e e n 30° a n d 172-3° ; 0 1 1 4 8 
b e t w e e n 30° a n d 205-8° ; a n d 0-1170 b e t w e e n 30° a n d 250°. Obse rva t ions on 
sp . h t . were also m a d e by F . A. F a h r e n w a l d , .T. W . R i c h a r d s , H . K l i n k h a r d t , 
H . E . Schmi tz , a n d M. P i r a n i . 

/8 
/6 

/2 
J3 

4 
/ 

/ 
f 

' ' d 
lfo 0 

Tl 

/I — 

' ! £/> Wf 

__. 

Vol 

. _ 

frr? 

IT" 
-//77/7 

I 
-200 0° 400° 800° /200° /600° 

F l G . 2 4 4 . T h e T r u e S p e c i f i c 
H e a t o f I r o n . 

400° 800° /Z00° /600° 

F i a . 2 4 5 . — T h e T h e r m a l 
C a p a c i t y o f I r o n . 

The d a t a were col lected hy O. C. R a l s t o n , and the r e su l t s for t h e sp . h t . a n d t h e 
thermal capaci ty of iron are summarized in Figs . 244, 245. T h e sp. ht . rises 
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f rom a b s o l u t e zero a n d , a s o r d i n a r y t e n i p . is a p p r o a c h e d , i t t u r n s off t o a h o r i z o n t a l 
a s y m p t o t e a s in t h e case of m o s t s u b s t a n c e s . T h e effect of t h e m a g n e t i c com
p o n e n t of t h e sp . h t . n o w a p p e a r s b e n d i n g t h e sp . h t . c u r v e u p w a r d u n t i l a p e a k 
is r e a c h e d w h e r e t h e m a g n e t i c c h a n g e p roceeds for t e s t . Af ter t h e Cur ie p o i n t , 
A 2 , is r eached , t h e sp . h t . of p a r a m a g n e t i c cx-iron, i.e. )3-iron, is n e a r l y c o n s t a n t , 
a n d t h e n a b r u p t l y changes a t t h e A 3 - a r res t a n d r e m a i n s n e a r l y c o n s t a n t i n t h e 
r a n g e of s t ab i l i t y of y - i ron . The re is a n o t h e r b r e a k a t t h e A 4 -a r res t a s S-iron is 
fo rmed, a n d , accord ing t o P . Oberhoffer a n d W . Grosse , t h e v a l u e for S-iron is a 
c o n t i n u a t i o n of t h e cu rve for n o r m a l a - i ron . T h e r e is a n o t h e r b r e a k a t t h e rn .p . , 
a n d t h e sp . h t . of m o l t e n i ron t h e n r e m a i n s c o n s t a n t . T h e t h e r m a l c a p a c i t y c u r v e , 
F i g . 245 , exp la ins itself. A g r a m of cold i ron r equ i re s 252-3 cals . t o b r i n g i t t o t h e 
m . p . , a n d 317-2 cals . t o p r o d u c e a g r a m of l iqu id i ron f rom cold i ron ; a n d i t also 
follows t h a t a t t h e b . p . of i ron , i t r equ i r e s 613-6 cals . t o p r o d u c e a g r a m of l iqu id 
i ron a t t h e b . p . , or 2403-6 cals . t o p r o d u c e a g r a m of i ron gas a t i t s b . p . I t is a s s u m e d 
t h a t t h e sp . h t . of m o l t e n i ron is c o n s t a n t 0*176, a n d t h a t t h e l a t e n t h e a t of vapo r i za 
t i o n is n e a r 100 Cals. p e r g r a m - a t o m . T h e t h e r m a l c a p a c i t y c u r v e for ferro
m a g n e t i c a - i ron is n o t a s t r a i g h t l ine , b u t r a t h e r a c u r v e of inc reas ing slope wh ich 
c u l m i n a t e s in t h e A 2 - a r r e s t . T h e ene rgy r e q u i r e d t o ra ise t h e t e m p , is e x p e n d e d 
in inc reas ing t h e t h e r m a l m o t i o n s of a t o m s or g roups of a t o m s in t h e space - l a t t i ce , 
in inc reas ing t h e d i s t a n c e b e t w e e n t h e a t o m s in t h e space- la t t i ce , in o v e r c o m i n g 
t h e t e n d e n c y of t h e a t o m s t o o r i en t t h e m s e l v e s m a g n e t i c a l l y , a n d in e lec t ronic 
d i s p l a c e m e n t s . 

P . Woiss , on t h e bas i s of l a s t h e o r y of a n i n t e r n a l field, showed t h a t a ferro
m a g n e t i c s u b s t a n c e shou ld exh ib i t cha r ac t e r i s t i c c h a n g e s in t h e n e i g h b o u r h o o d of 
i t s m a g n e t i c cr i t ical p o i n t . T h e a r g u m e n t r u n s s o m e w h a t as follows : 

T h e m a g n e t i c e n e r g y p e r e .e . of a, f e r r o m a g n e t i c s u b s t a n c e is W= —~kHI, w h e r e 1 i s 
t h e i n t e n s i t y of m a g n e t i z a t i o n , a n d / / i s t h e m o l e c u l a r field. I t is a s s u m e d t h a t H=nl, 
w h e r e n i s a c o n s t a n t d e p e n d e n t on t h e n a t u r e of t h e m a t e r i a l . H e n c e , T i " = — \ r i l - , a n d 
dW/dt=—lrid(Iz)/dl\ w h e r e T i s t h e t e m p . dWjdt will c o n t r i b u t e t o t h e s p . h e a t of t h e 
s u b s t a n c e w h i c h will b e c o m e e q u a l t o *S ~H -f (1 /p,J)(dW /df ) , w h e r e « d e n o t e s t h e s p . l i t . 
n e g l e c t i n g t h e m a g n e t i c c o n t r i b u t i o n ; <S', t h e t o t a l s p . l i t . ; p, t h e d e n s i t y ; a n d */, t h e 
m e c h a n i c a l e q . of h e a t . C o n s e q u e n t l y , &~& — {nli2pJ)d{l~)fdT. 

F r o m t h e s h a p e of t h e m a g n e t i z a t i o n - t e m p e r a t u r e cu rves , 1*. We i s s conc luded 
t h a t t h e sp . h t . shou ld rise t o a m a x i m u m a t t h e cr i t ical t e m p . , a n d t h e n decrease 
c l iscont inuously owing t o t h e d i s a p p e a r a n c e of t h e m a g n e t i c t e r m . T h e r e su l t s 
of o b s e r v a t i o n s w i t h i ron found b y P . Weis s a n d co-workers , A. P i c c a r d a n d 
A. C a r r a r d , were n o t -wholly in a g r e e m e n t w i t h t h e t h e o r y . T h e bes t r e su l t s were 
o b t a i n e d w i th n ickel , b u t t h e o b s e r v a t i o n s of W . S u c k s m i t h a n d H . I I . P o t t e r wi th 
Heus l e r ' s a l loy a n d w i t h nickel were n o t in a g r e e m e n t w i t h P . Weiss ' t h e o r y of t h e 
sp . h t . of f e r romagne t i c s u b s t a n c e s . S imi la r ly w i th L . F . B a t e s ' o b s e r v a t i o n s w i t h 
m a n g a n e s e a r sen ide . 

A. W e i n h o l d g a v e for t h e s p . h t . of w r o u g h t i ron , b e t w e e n 0'°2 a n d 
e°j, c, = 0 1 0 5 9 0 7 ~h O-OOOO3269(02—^1) -f- O-O722159(0o- O1)* f O-O,11O795(0 2 ~0i) 3 ; 
A. N a c c a r i , c = 0 1 0 4 4 0 - f0-00010750 ; a n d E . B e d e , c=- 0-1053-}- 0-0000710. 
H . V. R e g n a u l t found for h a r d e n e d s teel of sp . gr . 7-7982, 0-1175 b e t w e e n o r d i n a r y 
t e m p , a n d 100°, a n d for a n n e a l e d steel of sp . gr . 7-8609, 0-1165. C. Chappe l l a n d 
M. L e v i n obse rved n o difference, w i t h i n t h e l imi t s of e x p e r i m e n t a l er ror , b e t w e e n 
t h e s p . h t . of c o l d - d r a w n m e t a l s , before a n d af ter annea l i ng . T h e sp . h t . of mi ld 
steel was 0-1117 t o 0-1120, a n d t h a t of h a r d s teel 0-1132 t o 0 1 1 3 4 in t h e t w o con
d i t i ons r e spec t ive ly . O. B y r s t r o m ' s v a l u e s for t h e sp . h t s . of cas t i ron a n d of 
cas t s tee l a r e : 

0° 50° 100° 150° 200° 250° 300° 
C a s t s t ee l . 0 1 1 7 8 2 0 1 1 8 5 0 O 11986 0-12190 0 1 2 4 6 2 0 1 2 8 0 2 0 1 3 2 1 1 
C a s t i r o n . 0-12768 0 1 2 8 3 O 0 1 2 9 5 4 0 1 3 1 4 0 0 1 3 3 8 8 0-13G98 0 1 4 0 7 0 

O. P e t t e r s o n a n d E . H e d e l i u s g a v e for w r o u g h t i ron 0-108079 b e t w e e n 4° and 27°. 
H . V. R e g n a u l t g a v e 0-12983 for w h i t e c a s t i ron , 0-12728 for cas t i ron , a n d 0-11848 

file:///ril-
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for cas t s teel . W . S c h m i d t found t h e sp . l i t . of p ig- i ron w i t h a p p r o x i m a t e l y t h e 
eu tec t i c p ropo r t i on , 4-35 pe r cen t , of c a r b o n , w a s 0 3 1 3 6 b e t w e e n 1175° a n d 1275°, 
a n d 0-3216 from 1275° t o 1375°. S. U r a i n o f o u n d t h e m e a n a n d t r u e s p . h t s . of 
cas t i ron wi th 4-12 pe r cen t , of c a r b o n t o h a v e t h e v a l u e s : 

KlO0 2 0 0 ° 4 0 0 ° 5 0 0 ° 6 0 0 ° 7 0 0 ° 8 0 0 ° 9 0 0 ° 
Mean . . 0 1 3 0 8 0 1 3 4 1 0-1400 0 1 4 1 7 0 1 4 8 2 0 1 5 4 2 O-1079 0 1 7 1 2 
T r u e . . O-131 O-139 O-159 O-172 O-187 0-207 O-194 0 1 9 8 

H)OO J05(>° U O O " ] 150° 1 2 0 0 ° 125C)" 1 3 0 0 ° 1 3 5 0 ° 
M e a n . 0 1 7 4 8 0 1 7 7 3 0 1 7 7 0 0-1791 0-2191 0-2188 0-2185 0-2185 
T r u e . . 0-202 0-207 — 0-215 O-215 0-215 

W . B r o w n found a n increase in t h e sp . l i t . of i ron w i t h 0-0089 p e r cen t , of c a r b o n ; 
a n d for steels w i t h a b o u t 0-1 pe r cen t , of si l icon, 0-14 t o 0-32 p e r cen t , of m a n g a n e s e , 
a n d 

C a r b o n . . 0 0 2 8 0-05 O-14 0-89 1-23 p e r c e n t . 
S p . l i t . . . 0-1134 0-113G 0-1144 0 1 1 9 2 0 1 2 3 4 

whi ls t for s teels w i t h a b o u t 0-48 pe r cen t , of silicon, 0-58 p e r cen t , of m a n g a n e s e , 
a n d 0-58, 1-CK), and 1-25 p e r cen t , of c a r b o n , t h e sp . h t s . were r e spec t ive ly O l 170, 
0-1220, a n d 0-1225. W h i l e A. M e u t h e n found b r e a k s a t 1-0 pe r cen t , of c a r b o n in 
t h e cu rves for t h e sp . h t . of s teels w i t h different p r o p o r t i o n s of c a rbon , M. L e v i n 
a n d H . S c h o t t k y ob ta ined on ly a l inea r r e l a t ion . K . H o n d a g a v e for forged a n d 
a n n e a l e d steels b e t w e e n 20° a n d 150° : 

C a r b o n . O 00 
F o r g e d . 0-1120 
A n n e a l e d 

for q u e n c h e d steel, 0-1188 ; a n d w h e n a n n e a l e d , 0-1176 ; a n d for cas t i ron, 0-1371 
w h e n c a s t ; annea led a t 670° for 5 mins . , 0-1345 ; for 10 mins . , 0 1 3 1 6 ; a n d for 
60 mins . , O l 158. 

T h e sp . h t . of s teel shou ld be t h e s u m of t h e sp . h t s . of t h e c o n t a i n e d fer r i te 
a n d c e m e n t i t e , so t h a t t h e re la t ion b e t w e e n t h e p e r c e n t a g e of c a r b o n a n d t h e 
sp . h t . shou ld be l inear . A. M e u t h e n , however , f o u n d t h a t t h e c u r v e b e t w e e n 
0° a n d 700° consis ts of t w o s t r a i g h t l ines i n t e r sec t ing a t t h e e u t e c t o i d compos i t i on . 
G. T a m m a n n said t h a t t h i s pecu l i a r i t y is d u e t o a difference in t h e size of t h e 
c e m e n t i t e g ra ins . M. L e v i n a n d Ji. S c h o t t k y o b s e r v e d t h a t w i t h a n n e a l e d s teels 
t h e r e is a l inear re la t ion b e t w e e n t h e sp . h t . a n d t h e c a r b o n c o n c e n t r a t i o n a t r o o m 
t e m p , as well as a t t e m p , be low t h e A 3 - p o i n t . K . H o n d a showed t h a t t h e sp . h t . 
of i ron is n o t a l inear func t ion of t h e p r o p o r t i o n of c a r b o n , b u t is modif ied b y t h e 
p resence of s t resses . T h e decrease in t h e sp . h t . of q u e n c h e d s teels p r o d u c e d b y a 
p ro longed a n n e a l i n g a t 650° is p a r t l y d u e t o t h e re lease of t h e s t r a in , a n d p a r t l y 
t o t h e decompos i t i on of t h e c e m e n t i t e d u r i n g t h e annea l ing . A h igh degree of s t r a i n 
in a m e t a l is a c c o m p a n i e d b y a n i n t e r n a l or a molecu la r d i sorder , wh ich is e q u i v a l e n t 
t o a smal l degree of f reedom, a n d hence causes a n increase in t h e sp . h t . 

T h e sp . h t . of c e m e n t i t e h a s b e e n w o r k e d o u t b y S. U m i n o , w h o found t h e t r u e 
sp . h t . , Cp, a n d t h e mo l . h t . , Op, t o b e 

O - 1 0 
O - 1 1 3 5 
O-1 1 3 1 

O-2O 
O-1 1 4 5 
O - 1 1 2 9 

0 - 5 0 
0 - 1 1 7 9 
0 - 1 1 4 4 

0 - 7 0 
O - 1 1 9 5 
0 - 1 1 6 7 

0 - 8 9 
0 - 1 2 1 $ ) 
O - 1 1 8 7 

1 1 1 
0 - 1 2 2 5 
O l 1 9 O 

1 - 2 9 
O - 1 2 3 0 
O - 1 1 9 7 

1 - 4 8 p e r c e n t 
O 1 2 3 3 
0 - 1 2 1 2 

o ° 
cp O - 1 4 7 5 
Op 2 6 - 9 

2 0 0 ° 
0 1 4 < * 5 

5 1 - 5 

2 2 0 ° 
O - 1 4 9 7 

1 0 0 - 4 ( 1 7 - 9 ) 

3 0 0 ° 
O - 1 2 2 5 

2 1 - 1 

GOO° 
O - 1 6 6 0 

2 9 - 6 

<JOO° 

0 - 1 7 8 5 
3 5 - 9 

7 0 0 ° 
O l 9 2 5 

3 7 - 7 

soo° 
0 - 2 1 0 0 

900° 
0 - 2 2 6 4 

— 
T h e r e s u l t s were p l o t t e d a s a s m o o t h e d c u r v e b y S. U m i n o , b u t O. C R a l s t o n 
s h o w e d t h a t t h e c u r v e h a s t h e fo rm s h o w n in F ig . 246, w h e r e t h e b r e a k is t h e 
A 0 - a r r e s t , t h a t is , t h e t e m p , of m a g n e t i c t r a n s f o r m a t i o n , or t h e Curie p o i n t of 
c e m e n t i t e . Obv ious ly , i n d e t e r m i n i n g t h e s p . h t . of s teels a t e l eva t ed t e m p , b y 
q u e n c h i n g , t h e h o t m e t a l i n t h e l i qu id of t h e ca lo r ime te r m a y a l t e r t h e n a t u r e of t h e 
c o n s t i t u e n t s . If q u e n c h e d f rom be low 720° , t h e t h e r m a l c a p a c i t y will b e a func t ion 
of the c a r b o n - c o n t e n t , b u t if q u e n c h e d in t h e ca lo r ime te r f rom h igher t e m p , t h e 
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t h e r m a l c a p a c i t y will b e a func t ion of t h e p r o p o r t i o n of a u s t e n i t e , m a r t e n s i t e , 
t r o o s t i t e , so rb i t e , or pea r l i t e . T h e ene rgy changes i n v o l v e d in p a s s i n g f rom 
a u s t e n i t e t o m a r t e n s i t e , a n d f rom m a r t e n s i t e t o pea r l i t e h a v e b e e n s t u d i e d b y 
N . Y a m a d a , S. U m i n o , a n d A. M e u t h e n — v i d e infra. S. U m i n o ' s v a l u e s for t h e 
s p . h t . of e lec t ro ly t ic i ron a n d different s teels a r e s h o w n in F i g . 247 . 

E . Gr i ine isen found t h e effect of p re s su re , p, on t h e sp . h t . , cv, of i ron t o b e 
dcv/c„dp=—O0e41 ; a n d dvjvdp^=O-O660. J . R u s s n e r , B . V. Hi l l , a n d J . R . A s h -
w o r t h d i scussed t h e re la t ion b e t w e e n t h e t h e r m a l a n d m a g n e t i c c o n s t a n t s of i ron ; 
E . Gri ineisen a n d E . Goens , t h e sp . h t . a n d sp . r es i s tance—v ide infra, e lec t r ica l 
r e s i s t ance ; a n d J . R u s s n e r , a n d A. H . S t u a r t , t h e r e l a t ion b e t w e e n t h e sp . h t . 
a n d t h e m e c h a n i c a l c o n s t a n t s . Accord ing t o J . S te fan , a n d A. W a s s m u t h , t h e sp . 
h t . of m a g n e t i z e d i ron is g r e a t e r t h a n t h a t of u n m a g n e t i z e d i ron . J . W . R i c h a r d s , 
a n d J . Mayde l d iscussed some re l a t ionsh ips of t h e sp . h t . ; a n d K . F o r s t e r l i n g , 
t h e r e l a t i onsh ip b e t w e e n t h e l a t t i ce ene rgy a n d t h e sp . h t . E . D . E a s t m a n a n d 
co-workers ca l cu l a t ed Cp—Cv—0-10 CaI. pe r degree p e r mol . 

0-3Ox 

,1 o-z\ 

« o;s 
0-/0 

0° 200° 400° 600c 

Via. 240. T h e Specific H o a t 
of C e m e n t i t e . 

650° 750° 850 SSO Q 

F I G . 247. Moan Specific H e a t C u r v e s of 
I r o n a n d Stee l a t Di f fe ren t T e m p e r a t u r e s . 

A m o n g s t t h e o lder d e t e r m i n a t i o n s of t h e me l t ing -po in t of i ron t h e r e is one b y 
L. B . G. d e M o r v e a u 6 a t 175° on t h e W e d g w o o d scale, a n d one b y G. S. Mackenz ie 
a t 158° on t h e s a m e scale. J . F . Danie l i g a v e 1 5 8 7 ° ; C. S. M. Pou i l l e t , 1500° ; 
T . Carne l ley , 1 8 0 4 ° ; R . P i c t e t , 1600° ; F . O s m o n d , 1520° ; a n d W . C. R o b e r t s -
A u s t e n , 1600°. W . R . M o t t g a v e 1507° for t h e m . p . of i ron ; C. Br i sker , 1500° ; 
F . W i i s t a n d co-workers , 1528° ; S. U m i n o , 1535° ; P . Oberhoffer a n d W . Grosse , 
1528° ; H . C. H . C a r p e n t e r a n d B . F . E . Kee l ing , 1505° ; A. Miiller, 1485° t o 1525° 
on t h e h e a t i n g c u r v e , a n d 1505° t o 1485° on t h e cooling c u r v e . F o r purif ied i ron , 
B . S a k l a t w a l l a g a v e 1 5 1 0 ° ; H . H a r k o r t , 1501°, a n d 1 5 0 4 ° ; D . H a n s o n a n d 
J . R . F r e e m a n , a n d E . M. T e r r y , 1530° ; R . S a h m e n , 1532° ; A. G. C. Gwyer , 1515° ; 
R . R u e r a n d E . S c h u t z , 1 5 0 2 ° ; E . I s a a c a n d G. T a m m a n n , 1524° t o 1 5 2 7 ° ; 
W . G u e r t l e r a n d G. T a m m a n n , 1492° ; C. Bened icks a n d co-workers , 1525° ; a n d 
when O-l p e r cen t , of c a r b o n is p r e s e n t , 1480° ; R . R u e r a n d R . K lespe r , a n d 
R . R u e r a n d F . Goerens , 1528° ; J . H . A n d r e w a n d I ) . B inn i e , 1537° ; F . S. T r i t t o n 
a n d D . H a n s o n , 1535° ± 5 ° ; K . H o n d a a n d H . E n d o , 1530° ; W . G o n t e r m a n n , 1525° ; 
N . S. Kons tan t inof f , 1514° ; G. K . Burges s , 1507° ; G. K . Burges s a n d R . G. W a I -
t e n b e r g , 1533°, for e lec t ro ly t ic i ron w i t h 0 0 1 2 p e r cen t , of c a rbon , 0 0 7 2 , H ; 
0-013, S i ; a n d 0-004, P . C. H . M. J e n k i n s a n d M. L . V. Gay le r gave 1 5 2 7 ^ 3 ° 
for t h e m . p . of 99*98 t o 99-99 pe r cen t , i ron ; t h i s v a l u e is b a s e d on t h e a s s u m p t i o n 
t h a t t h e m . p . of p a l l a d i u m is 1555°, a n d t h a t of gold, 1063°. T h e obse rva t ion of 
H . C. H . C a r p e n t e r a n d B . F . E . Kee l i ng is b a s e d on t h e m . p . of p l a t i n u m , 1710° ; 
m o r e r e c e n t d e t e r m i n a t i o n s p lace t h e m . p . of p l a t i n u m 45° t o 65° a b o v e t h i s va lue , 
a n d h e n c e H . C. H . C a r p e n t e r a n d B . F . E . Kee l ing ' s v a l u e shou ld p r o b a b l y be 
20° t o 30° a b o v e 1505°. L.. I . D a n a a n d P . D . F o o t e , a n d W . Gue r t l e r a n d M. P i r a n i 
g a v e for t h e bes t r e p r e s e n t a t i v e v a l u e , 1530° ; H . C. H . Ca rpen te r , 1505° ; a n d 
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O. C. R a l s t o n , 1537°. A. Mallock s t u d i e d t h i s sub jec t . T . Carne l ley d iscussed t h e 
re la t ion be tween t h e in .p . a n d t h e coeff. of t h e r m a l e x p a n s i o n ; W . Crossley, t h e 
re la t ion be tween t h e m . p . a n d t h e a t . vo l . ; K . H o n d a a n d H . M a s u m o t o , a n d 
Li. P . Sieg, t h e re la t ion b e t w e e n t h e e las t ic c o n s t a n t s a n d t h e m . p . ; a n d G. Moressee, 
t h e re la t ion be tween t h e m . p . , t h e a t . w t . , a n d t h e l a t e n t h e a t of fusion. 

T h e l iqu idus a n d sol idus cu rves for i ron a n d c a r b o n a l loys were m e a s u r e d b y 
H . C. H . C a r p e n t e r a n d B . F . E . Kee l ing , R . R u e r a n d R . Klespe r , S. K a y a , 
R . Moldenke , J . H . A n d r e w a n d D . B i n n i e , a n d K . H o n d a a n d H . Endo—-vide 
supra, t h e equ i l i b r i um d i a g r a m s . R . A. Hadf ie ld g a v e 1136° for t h e m . p . of 
Swedish i ron w i th 4 p e r cen t , of c a r b o n ; 1220° for g rey f o u n d r y i ron w i t h 3-5 p e r 
cen t , of c a r b o n (1-75 pe r cen t . Si, a n d 0-5 p e r cen t . P ) ; 1410° for s teel w i th 0-90 p e r 
cen t , of ca rbon ; 1453° for steel w i t h 0-30 p e r cen t , of c a r b o n ; a n d 1475° for 
s teel w i th O l 0 per cent , of ca rbon . E . W i d a w s k y a n d F . S a u e r w a l d g a v e for t h e 
l iqu idus t e m p , of t h e i ron-carbon al loys : 

C a r b o n 0 0 0-5 I O 1-5 2-0 2-5 3 O 3-5 4-0 4-5 p e r c e n t . 
L i q u i d u s . 1533° 1480° 1458° 1422° 1382° 1341° 1290° 1232° 1170° 1150° 

W . S c h m i d t sa id t h a t t e m p , d i scon t inu i t i e s a t T° K . in t h e v a r i o u s phys i ca l 
p roper t i e s of i ron conform w i t h t h e r e l a t ion T=nTm/nb, w h e r e Tmi t h e m . p . of 
i ron, is t a k e n as 1803° K . , m —14, a n d n is a n in t ege r less t h a n 14. T h e effect of 
press , on t h e m . p . o b t a i n e d b y C lapey ron ' s e q u a t i o n — 1 . 6, 4—for cfo;=0*2735 c . c , 
a n d one a t m . press . , is e £ T = 0 0 0 3 3 0 , m e a n i n g t h a t t h e change in t h e m . p . is 0-0033° 
pe r a t m . , or 1° pe r 300 a t m . T h e effect of press , on t h e A3- a n d A 4 -a r res t s h a s b e e n 
prev ious ly discussed. Z. H e r r m a n n s tud i ed t h e ene rgy a t t h e m . p . ; a n d E . K o r d e s 
g a v e 1-52 for t h e e n t r o p y change on me l t i ng . 

Mos t me ta l s pass a b r u p t l y from t h e solid t o t h e l iqu id s t a t e , a n d a re in some 
cases b r i t t l e a n d easily pu lver ized n e a r t h e t e m p , of inc ip ien t fusion, a n d even if 
t h e r e is a t e m p , a t which t h e m e t a l becomes viscid before me l t i ng , t h e r a n g e b e t w e e n 
t h a t t e m p , a n d t h e m . p . is v e r y n a r r o w . O r d i n a r y i ron is r e m a r k a b l e i n deve lop ing 
a v isc id c h a r a c t e r t h r o u g h a cons iderable r a n g e of t e m p , be low i t s m . p . T h u s , a t 
a b r i g h t r ed -hea t , t h e i ron is soft e n o u g h t o b e forged ; a n d a t a w h i t e - h e a t , i t is so 
p a s t y t h a t t w o pieces w h e n pressed t o g e t h e r u n i t e i n t i m a t e l y a n d firmly, a s a lso in 
t h e ope ra t i on of welding. P l a t i n u m , l ike i ron , is a we ldab le m e t a l . T . Scheerer 
said t h a t if t h e i ron b e q u i t e free f rom c a r b o n , or n e a r l y so, i t c an on ly b e i m 
perfec t ly welded, a n d even t h a t -with g r e a t difficulty ; h e cons idered t h a t t h e 
c a r b o n is necessa ry t o p r e v e n t t h e f o r m a t i o n of a l aye r of ox ide on t h e surface , 
w h i c h p r e v e n t s adhes ion . J . P e r c y ques t ions t h e fac t a n d t h e e x p l a n a t i o n . T h e 
weld ing m a y b e effected b y t h e e x t r u s i o n of t h e m e l t e d scale , b u t if t h e scale b e n o t 
l i qu id t h e i ron will n o t weld . T . W r i g h t s o n c o m p a r e d t h e p h e n o m e n o n of we ld ing 
i n i ron t o t h e rege la t ion of ice. W r o u g h t i ron a t a weld ing t e m p , possesses t h e 
s a m e p r o p e r t y of cool ing u n d e r p ressu re as exis ts w i t h freezing w a t e r , a n d on 
which t h e a c c e p t e d t h e o r y of rege la t ion d e p e n d s . T h e process of me l t i ng t oge the r , 
a n d t h e process of weld ing differ i n t h a t t h e l a t t e r occurs a t a t e m p , m u c h be low 
t h e m . p . A s in t h e case of t h e rege la t ion of ice, t h e p r o p e r t y of weld ing i n i r on 
d e p e n d s u p o n a cr i t ica l cond i t i on ex i s t ing over a l im i t ed r a n g e of t e m p , b e t w e e n 
t h e m o l t e n a n d t h e p l a s t i c s t a t e . T . T u r n e r d i scussed t h e semi-fluid s t a t e of i ron . 
F . J . R , Carul la n o t e d t h a t t h e in te r io r of a b lock of mi ld steel m a y b e ra i sed t o t h e 
fus ing p o i n t whi l s t t h e ex te r io r r e m a i n s solid, a n d if t h e surface b e p ierced t h e 
m o l t e n i n t e r i o r c a n b e d r a i n e d off l eav ing a n e m p t y shell . Gr. J , Sne lus t h o u g h t 
t h a t t h e surface h a d b e c o m e deca rbu r i zed b y a i r . R . W r i g h t a n d R . C. S m i t h , 
a n d R . C. S m i t h f o u n d t h a t r e d u c e d i ron s in t e r s a t 750° t o 850°, a n d p r e c i p i t a t e d 
i r o n a t 760° ; a n d B . G a r r e showed t h a t a t a b o u t 700° t h e m e t a l diffuses f rom 
p a r t i c l e t o pa r t i c l e in t h e solid s t a t e so t h a t t h e tens i le s t r e n g t h of i ron powder , 
compressed a t 3000 k g r m s . p e r sq . c m . , is ra i sed f rom 10 t o 19*4 k g r m s . pe r sq. m m . 
affcpr-' b e i n g h e a t e d t o 700° . T h e s i n t e r i ng of p o w d e r e d i ron w a s s t u d i e d b y 
ILi Se&IedJt a n d co-workers . 
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Accord ing t o R . H a r e , 7 if a n e lec t r ic c u r r e n t b e p a s s e d b y m e a n s of c h a r c o a l 
p o i n t s t h r o u g h i ron , i n v a c u o , t h e r e is f o r m e d a q u a n t i t y of t h e v a p o u r of i r o n 
w h i c h b u r n s w i t h a flash o n a d m i t t i n g a i r , a n d depos i t s a ye l low film o n t h e g lass . 
H . P e l l a t sa id t h a t s tee l a c t s o n a p h o t o g r a p h i c p l a t e e v e n w h e n s e p a r a t e d b y a 
s h e e t of c a r d b o a r d , b u t n o t w h e n s e p a r a t e d b y a shee t of glass ; t h e a c t i o n is 
a t t r i b u t e d t o t h e vo lat i l i zat ion of t h e m e t a l a t o r d i n a r y t e m p . R . Colson o b t a i n e d 
n e g a t i v e r e su l t s w i t h i ron . Poss ib ly t h e effect w a s d u e t o t h e escape of o c c l u d e d 
r e d u c i n g gases . W . Crookes sa id t h a t t h e c o m p a r a t i v e v o l a t i l i t y of e lect r ical ly 
h e a t e d wi res of i ron is 5*50 w h e n t h a t of go ld is 100. A c c o r d i n g t o A. K n o c k e , t h e 
vo la t i l i za t ion of i r on is sufficiently g r e a t t o b e d e t e c t e d a t 755° in v a c u o . 
G. W . C. K a y e a n d D . E w e n found t h a t w h e n i ron is h e a t e d t o 950° i n a n i n e r t 
a t m . , pa r t i c l e s a r e e m i t t e d a t r i gh t - ang le s t o t h e sur face , l e a v i n g t h e surface e t ched 
a n d p i t t e d . T h e effect is d i s t i n c t f rom vo la t i l i z a t i on . E . Botolf sen f o u n d t h a t 
i ron c a n b e s u b l i m e d i n a h igh v a c u u m a t t e m p , be low i t s m . p . T h e effect is 
i n d e p e n d e n t of t h e or ig in of t h e i ron a n d of t h e p resence of c e r t a i n s u b s t a n c e s l ikely 
t o a c t a s c a t a l y s t s , a n d a t 1300° i t s r a t e is of t h e o rde r of 0-07 p e r cen t , p e r h r . T h e 
s u b l i m a t e t a k e s t h e fo rm of a t h i c k depos i t of me ta l l i c c rys t a l s , a n d is a l m o s t p u r e . 
J . W . Mellor h a s n o t i c e d a s imi la r effect on t h e surface of glass a n d v i t r e o u s porce la in 
if h e a t e d r a p i d l y ; i n t h i s case t h e effect is p r o b a b l y a m e c h a n i c a l d i s i n t e g r a t i o n 
p r o d u c e d b y occ luded gases . O. Ruff a n d W . B o r m a n n g a v e 2450° for t h e bo i l ing-
point of i ron ; H . A. J o n e s a n d co-worker s , 3202° ; O. P . W a t t s , 2600° ; H . C. Green
wood , 2723° t o 2925° ; E . M a c k a n d co-workers , 2723° ; a n d W . R . M o t t , 3000° . 
H . Moissan f o u n d t h a t i ron c a n b e r e a d i l y vo la t i l i zed in t h e e lect r ic a r c fu rnace . 
A s u b l i m a t e or d i s t i l l a t e of i r on c a n b e o b t a i n e d as a g r e y p o w d e r m i x e d w i t h 
b r i l l i an t ma l l eab le scales . T h e d i s t i l l a t ion of i ron b y t h i s p rocess is difficult owing 
t o t h e v io l en t f ro th ing p r o d u c e d b y occ luded gases . O. Ruff a n d co-workers 
s t u d i e d t h e b . p . of soln . s a t u r a t e d w i t h c a r b o n . H . A . J o n e s a n d co-workers g a v e 
for t h e rate of evaporat ion , m, of i ron , l o g 1 0 m = 4 0 - 2 3 1 / 4 - 5 7 7 — (86350-f-240)/4-577T 
— (0-971/4*577)log 1 0T—0-00203T/4-577 — 2 6 7 5 / ( 4 - 5 7 7 x 3 4 7 5 ) ; a n d for t h e vapour 
pressure, p m m . , log1Qp = 40-231/4-977 + 3-486 — 2675/(4-577 X 1808) — (86350 
4-240) /4 -577T — (0-971— 0*5)log 1 0T—0-00203T/4-577 ; or 

T° K . . 600° 1000° 1500° 2000° 2600° 3000° 3600° 
j). . 2-48 X l O - 2 0 1-76 X l 0 ~ 7 3 - 6 0 X l O - 1 3-9 X 10 a 3-5 X IO* 2-2 X 10 5 I O X 10« 

H . C. G r e e n w o o d e s t i m a t e d a v a p . press , of 76O m m . a t 2450°. J . J o h n s t o n g a v e 
for t h e v a p . p ress , log p=—17000T — 1 + 9 - 1 0 ; a n d R . W . Mil lar , p m m . , of l iqu id 
i ron , log 2>=1-7151 log T—1844027—* -j-14-221 ; a n d for t h e b . p . a t different p res s . : 

p . . 7 6 0 5 0 0 3OO 1 0 0 5O IO 1 O l m m -
B . p . . 3 2 3 5 3 0 9 7 2 9 3 0 2 6 7 O 2 5 2 O 2 2 2 5 1 9 0 0 1 6 5 5 

L . E . G r u n e r 8 g a v e for t h e h e a t of fus ion of wh i t e c a s t i ron 32 t o 34 cals . pe r 
g r a m , o r 1*8 t o 1-9 Cals . p e r g r a m - a t o m ; a n d for g rey c a s t i ron , 23 cals . p e r g r a m , 
or 1-3 Cals . p e r g r a m - a t o m . F o r pur i f ied i ron , a t 1528°, F . Wi i s t a n d co-workers 
g a v e 49*4 ca ls . p e r g r a m , or 2-75 Cals . p e r g r a m - a t o m ; R . D u r r e r , 49*35 cals . pe r 
g r a m ; Y . C h u - P h a y , 66*4 ca ls . ; W . S c h m i d t , 59 ca ls . p e r g r a m , or 3-3 Cals . pe r 
g r a m - a t o m ; S. U m i n o , 65*65 cals . ; a n d P . Oberhoffer a n d W . Grosse , 64-38 cals . 
C. B r i s k e r b a s e d a c a l cu l a t i on on a s s u m p t i o n s a s t o t h e s t a t e of c a r b o n in soln. , 
a n d f rom t h e e q u a t i o n for t h e lower ing of t h e f .p. , o b t a i n e d 31*6 cals . p e r g r a m , or 
1*765 cals . p e r g r a m - a t o m , or w h e n r e - ca l cu l a t ed b y O. C. R a l s t o n , 57-5O cals . p e r 
g r a m , o r 3*210 ca l s . p e r g r a m - a t o m — t h e r e su l t s a r e poo r . C. P . Y a p ca lcu la t ed 
64*4 cals . p e r g r a m for t h e h e a t of fusion of ct-iron, a n d 66*4 cals . pe r g r a m for t h a t 
of y - i ron . T h e s u b j e c t w a s d i scussed b y E . K o r d e s . E . R a b i n o w i t s c h a n d 
E . T h i l o g a v e for t h e h e a t of fusion, 0*12 v o l t ; for t h e h e a t of v a p o r i z a t i o n , 4 0 9 vo l t s ; 
a n d for t h e h e a t of s u b l i m a t i o n a t t h e m . p . , 4-21 v o l t s w h e n 1 v o l t = 2 3 . Cals . 
N . M. H . L i g h t f o o t d i scussed t h e effect of t h e l a t e n t h e a t o n t h e solidification of 
s tee l i n g o t s ; W . H e r z d i scussed t h e r e l a t i o n b e t w e e n t h e h e a t of fusion a n d t h e 
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v i b r a t i o n f requency ; a n d G. Moressee, t h e t h e r m o d y n a m i c s of t h e l a t e n t h e a t of 
fusion. If L denotes t h e m . p . a t Tm° K . ; a n d A, t h e a t . w t . , t h e n L=STn?/A. 

J . J o h n s t o n gave 77,800 cals . p e r mol . for t h e h e a t of vaporizat ion . H . C. Green 
wood gave 88,900 t o 94,300 cals. pe r g r a m - a t o m , a n d E . M a c k a n d co-workers , 
73,400 cals. pe r g r a m - a t o m . O. C. R a l s t o n ca l cu l a t ed 100,000 cals . p e r g r a m -
a t o m , a n d o b t a i n e d f rom T r o u t o n ' s ru le , 77,000 cals . p e r g r a m - a t o m . H . A . J o n e s 
a n d co-workers g a v e for t h e l a t e n t h e a t of v a p o r i z a t i o n , 89,025 cals . a t a b o u t 1000°. 
T h e y g a v e LT-^ =-40-231— 0-971 log 1 0 T—4-577 l o g 1 0 w — 0 - 0 0 2 0 3 T — 2 4 O T - 1 . 

T h e transformation points of i ron a r e d iscussed e lsewhere . G. S i rovich 9 f o u n d 
a n a r r e s t occurs a t 370° where t h e supposed Ct1-Fe changes i n t o Ct2-Fe—vide 
supra, a l lo t ropes of i ron . F o r t h e A 2 - a r r e s t where- / 3 - F e ^ c t - F e , W . C. R o b e r t s -
A u s t e n gave 770° on t h e h e a t i n g c u r v e ; H . H a r k o r t , 764° t o 759° on t h e cool ing 
cu rve , a n d 691° t o 763° on t h e h e a t i n g c u r v e ; A. Muller , 765° t o 774° o n t h e h e a t i n g 
cu rve , a n d 766° a n d 759° on t h e cool ing c u r v e ; G. C h a r p y , 730° on t h e cool ing 
curve , a n d 740° on t h e h e a t i n g cu rve ; F . O s m o n d , 780° on t h e cool ing cu rve , a n d 
800° on t h e h e a t i n g cu rve ; H . C. H . C a r p e n t e r a n d B . F . E . Kee l ing , 790° on t h e 
cooling cu rve ; R . S a h m e n , 840° o n t h e h e a t i n g , a n d 800° on t h e cool ing cu rves ; 
R . R u e r a n d E . Schii tz , 780° on t h e h e a t i n g , a n d 773° on t h e cooling cu rves ; E . I s a a c 
a n d G. T a m m a n n , 740° on t h e cool ing c u r v e ; W . G o n t e r m a n n , 770° on t h e cool ing 
cu rve ; R . R u e r a n d R . Klespe r , 769° on t h e cool ing a n d h e a t i n g cu rves ; A. W e s t -
g ren a n d G. P h r a g m e n , 770° ; a n d G. K . Burgess a n d J . J . Crowe gave 768° on t h e 
h e a t i n g a n d cooling cu rves . P . Weiss a n d P . N . B e c k g a v e 753° ; P . Weiss a n d 
co-workers , 784° ; F . W i i s t a n d co-workers , 755° ; P . Oberhoffer a n d W . Grosse , 
785° ; S. U m i n o , 820° t o 825° ; F . W e v e r , a n d R . R u e r a n d K . B o d e , 7 6 3 c . 
Obse rva t ions were m a d e b y R . Averd ieck , A. Mallock, a n d C. H . M. J e n k i n s a n d 
M. L,. V. Gayler . 

W . C. R o b e r t s - A u s t e n p laced t h e Appoint where y-Fe;=^8-Fe a t 895° on t h e 
cooling cu rve ; A. Muller gave 894° on t h e cooling cu rve , a n d 917° on t h e h e a t i n g 
c u r v e ; H . C. H . Ca rpen t e r a n d B . F . E . Kee l ing , 900° on t h e cooling cu rve ; H . H a r 
k o r t , 888° t o 875° on t h e cooling cu rve , a n d 910° t o 917° on t h e h e a t i n g c u r v e ; 
G. C h a r p y , 840° on t h e cooling curve , a n d 865° on t h e h e a t i n g c u r v e ; F . O s m o n d , 
880° o n t h e cooling cu rve , a n d 905° on t h e h e a t i n g c u r v e ; R . S a h m e n , 888° on 
t h e cooling cu rve ; E . I s a a c a n d G. T a m m a n n , 832° on t h e cooling cu rve ; 
W . G o n t e r m a n n , 852° on t h e cooling cu rve ; F . W e v e r , 900° ; G. K . Bu rges s 
a n d J . J . Crowe, 909° o n t h e h e a t i n g c u r v e , a n d 898° on t h e cooling c u r v e ; a n d 
R . R u e r a n d R . Klespe r , 898° on t h e cooling, a n d 906° on t h e h e a t i n g cu rves . 
F . Wi i s t a n d co-workers g a v e 919° ; P . Oberhoffer a n d W . Grosse , 906° ; S. U m i n o , 
906° ; E . M. Te r ry , 903° ; T . I sh iwa ra , 890° ; a n d K . H o n d a a n d H . T a k a g i , 
889° t o 898°. Obse rva t i ons were m a d e b y C. H . M. J e n k i n s a n d M. L*. V. Gay le r . 
H . Q u i n n e y found t h a t t h e t i m e - t e m p , c u r v e of single c rys ta l s falls a b o u t 4° be low 
t h a t for po ly c rys ta l s , b u t t h e Ac 3 -a r res t is t h e s a m e in b o t h cases. Accord ing 
t o W . R o s e n h a i n , of t h e w o r k pe r fo rmed d u r i n g t h e p l a s t i c de fo rma t ion of a mi ld 
s tee l u n d e r tensi le s t resses , 10 pe r cen t , is d i s s ipa ted a s h e a t , a n d t h e r e m a i n d e r 
is e x p e n d e d in do ing i n t e r n a l w o r k ; t h i s w o r k is a s s u m e d t o invo lve a c h a n g e of 
p h a s e f rom t h e crys ta l l ine t o t h e p l a s t i c s t a t e . 

F o r t h e A 4 -a r res t , whe re S - F e ^ y - F e , R . R u e r a n d R . K l e s p e r g a v e 14Ol °, 
F . W e v e r , a n d W . G o n t e r m a n n , 1411°, o n t h e h e a t i n g a n d cool ing cu rves . R . R u e r 
a n d K : K a n e k o g a v e 1420° ; D . H a n s o n a n d J . R . F r e e m a n , 1400° ; P . We i s s 
a n d G. F o e x , 1395° ; T . I sh iwara , 1390° ; a n d E . M. T e r r y , 1406°. O b s e r v a t i o n s 
were m a d e b y C. H . M. J e n k i n s a n d M. L . V. Gay le r . 

R . R u e r a n d F . Goerens , G. K . Bu rges s a n d J . J . Crowe, E . Maure r , a n d H . Ie 
Cha te l i e r d iscussed t h e effect of t h e speed of heating and cooling on t h e t r a n s i t i o n 
p o i n t s , a n d t h e effect of o t h e r influences h a v e b e e n p rev ious ly descr ibed . G. T a m 
m a n n sa id t h a t a t 770°, ct-iron passes i n t o t h e p-iorrn, w h i c h a t 890° is t r a n s f o r m e d 
with, c o n t r a c t i o n i n t o t h e y- form. T h e s e t r a n s f o r m a t i o n s a r e revers ib le , a n d t h e 
influence of p ress , o n t h e t r a n s i t i o n t e m p , m a y b e ca l cu l a t ed b y a i d of t h e fo rmula , 
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dT/dp—ST/Rp. I n t h e t r a n s f o r m a t i o n of t h e a- i n t o t h e /?-form, t h e v a l u e 
dT/dp=0, t h a t is , t h e t e m p , of t h e t r a n s f o r m a t i o n , is i n d e p e n d e n t of t h e p re s s . 
A t 770°, u n d e r a p ress , of 12,000 k g r m s . p e r sq. cm. , t h e t r a n s i t i o n c u r v e s of t h e 
a- i n t o t h e /J-form a n d of t h e fi- i n t o y - fo rm c u t one a n o t h e r a t a t r i p l e p o i n t , 
w h e r e <x-, f$-, a n d y - i ron a r e in equ i l i b r i um. O b s e r v a t i o n s were m a d e b y H . H o r t , 
a n d F . K . Ba i ley . 

L o r d K e l v i n (W. T h o m s o n ) p o i n t e d o u t t h a t t h e t h e o r y of t h e m u t u a l con
ve r t i b i l i t y of h e a t a n d m e c h a n i c a l w o r k in revers ib le o p e r a t i o n s w h e n app l i ed t o 
t h e s e p h e n o m e n a p r o v e s (i) t h a t a p iece of soft i ron a t a m o d e r a t e or low r e d - h e a t , 
•when d r a w n g e n t l y a w a y f rom a m a g n e t exper iences a cool ing effect, a n d w h e n 
a l lowed t o a p p r o a c h a m a g n e t exper iences a h e a t i n g effect ; t h a t n icke l a n d c o b a l t 
a t h igh t e m p . , w i t h i n s o m e defini te r a n g e b e l o w t h a t of m e l t i n g copper , exper ience 
t h e s a m e k i n d of effects w h e n s u b j e c t e d t o s imi la r m a g n e t i c o p e r a t i o n s , (ii) T h a t 
coba l t a t o r d i n a r y a t m . t e m p . , a n d a t a l l t e m p , u p w a r d s t o i t s t e m p , of m a x i m u m 
i n d u c t i v e c a p a c i t y , expe r i ences a cool ing effect w h e n a l lowed t o a p p r o a c h a m a g n e t 
s lowly, a n d a h e a t i n g effect w h e n d r a w n a w a y . 

W . C. R o b e r t s - A u s t e n e s t i m a t e d 2-86 cals . for t h e h e a t of t ransformat ion of 
y - i ron i n t o yS-iron ; a n d 1*00 CaI. for )9-iron i n t o a - i ron ; P . N . L a s c h t s c h e n k o g a v e 
5 ca ls . p e r g r a m , or 0*28 CaI. p e r g r a m - a t o m , for t h e former , a n d 6*1 cals . p e r g r a m , 
or 0*38 CaI. p e r g r a m - a t o m , for t h e l a t t e r . W . Schne ide r g a v e 13*2 cals . pe r g r a m 
for t h e h e a t of t r a n s f o r m a t i o n of y - i ron i n t o a - i ron , a n d sa id t h a t t h e v a l u e decreases 
l inear ly w i t h inc reas ing p r o p o r t i o n s of c a r b o n u p t o 6*68 p e r c e n t . , w h e n i t d i s a p p e a r s . 
S. E v e r s h e d c a l c u l a t e d for a c h a n g e a t 700° a n a b s o r p t i o n of 4*5 cals . p e r g r a m ; 
a t 770° t o 810° , w h e n a - i ron c h a n g e s t o y8-iron w i t h t h e loss of m a g n e t i s m , a n 
a b s o r p t i o n of 1-4 cals . p e r g r a m ; a t 919°, w h e n ^ - i r o n c h a n g e s t o y - i ron , a n a b s o r p 
t i o n of 6*7 cals . p e r g r a m ; a t 1405°, w h e n y - i ron c h a n g e s t o S-iron, a n a b s o r p t i o n 
of 1-9 ca ls . p e r g r a m ; a n d a t 1528°, w h e n solid i ron b e c o m e s l iqu id , a n a b s o r p t i o n 
of 49*3 cals . pe r g r a m . 

C P . Y a p ca l cu l a t ed 2*0 cals . p e r g r a m for t h e h e a t of t r a n s f o r m a t i o n of y - i ron 
t o 8-iron ; a n d Y . C h u - P h a y , 2*2 cals . pe r g r a m , a n d for a - i ron t o y - i ron , 5*5 cals . 
per g r a m . R . D u r r e r found 6-56 cals . pe r g r a m for t h e h e a t of t r a n s f o r m a t i o n a t 
t h e A 2 - a r r e s t . W . A. R o t h a n d W . B e r t r a m g a v e 0*324 CaI. pe r g r a m - a t o m for 
t h e h e a t of t h e t r a n s f o r m a t i o n a t 750°. E s t i m a t e s of t h e h e a t of t r a n s f o r m a t i o n 
a t t h e Ao-ar res t were m a d e b y F . O s m o n d , 1*3 ca ls . p e r g r a m ; A. S. Stansf ield 
gave 1*0 ca l . ; J . P i o n c h o n , 5-3 cals . ; F . Wi i s t a n d co-workers , a n d S. U m i n o , 
3*65 cals . S. U m i n o g a v e 3*1 t o 5*60 cals . p e r g r a m for t h e h e a t of t r a n s f o r m a t i o n 
a t t h e A 3 -po in t . F . O s m o n d g a v e 3*8 cals . ; A . S. Stansf ie ld , 2-86 cals . ; F . Wi i s t 
and co-workers , 6*56 cals . ; P . Oberhoffer a n d W . Grosse , 5*6 t o 6*765 cals . 
R . D u r r e r , 6*67 cals . ; a n d A . M e u t h e n , 3*0 cals . W . B e r t r a m g a v e 0-324 CaI. 
per g r a m - a t o m a t 750° . S. U m i n o g a v e 2-53 cals . pe r g r a m for t h e h e a t of t h e 
A 4 - t r ans fo rma t ion ; F . W i i s t a n d co-workers , 1-94 cals . ; P . Oberhoffer a n d 
W . Grosse , 2*531, a n d R . D u r r e r , 1-94 cals . 

S. U m i n o g a v e for t h e h e a t of fusion of t h e eu t ec t i c , a t 1135° w i th 4-25 p e r cen t , 
of c a r b o n , 46*63 t o 47*0 cals . p e r g r a m of a l loy. W . S c h m i d t g a v e 59 cals . p e r 
g r a m for 4*35 p e r c en t , c a r b o n . T h e o t h e r b e a t s of t r a n s f o r m a t i o n a re n o t u n i q u e . 
S. U m i n o ' s v a l u e for t h e Cur ie po in t , a t A 0 , is 9*72 cals . p e r g r a m of c e m e n t i t e a t 
150° t o 220° . T h e fol lowing m a y t e n t a t i v e l y b e t a k e n a s t h e b e s t r e p r e s e n t a t i v e 
va lues for t h e h e a t s of t r a n s f o r m a t i o n , Q cals . pe r g r a m , of i ron : 

A2 A 3 A 4 M.p. B.p. 
Q 3-65 5-0 2-5 6 5 0 1660 

The thermal changes during the transformations of the constituents of the 
i ron-carbon a l l o y s . — N . Y a m a d a , a n d S. U m i n o s t u d i e d t h e r a p i d q u e n c h i n g of 
steels i n o r d e r t o o b t a i n t h e m a x i m u m a m o u n t of m a r t e n s i t e w i t h a s l i t t l e u n d e -
composed a u s t e n i t e a s poss ib le . T h e t h e r m a l c a p a c i t y of t h e r e su l t r ep re sen t s t h e 
n o r m a l t h e r m a l c a p a c i t y t o g e t h e r w i t h t h e e n e r g y i n v o l v e d in pass ing across t h e 
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A1-IiIIe f rom a u s t e n i t e t o m a r t e n s i t e . T h e q u e n c h i n g p r e v e n t s t h e f o r m a t i o n of 
pea r l i t e , so t h a t t h e r e su l t is definite a n d is r e p r e s e n t e d b y t h e austenite-martensite 
cu rve , F ig . 248. T h e martensite-pearlite cu rve—v ide supra, m a r t e n s i t e — w a s 
o b t a i n e d b y quench ing s amp le s f rom t h e a u s t e n i t e field, t e m p e r i n g o n e a t 500° 
whi ls t t h e o t h e r r e m a i n e d in t h e m a r t e n s i t e cond i t ion , a n d h e a t i n g t h e m s e p a r a t e l y 
in a ca lo r imete r a t 350° to 400°. T h e difference r e p r e s e n t e d t h e h e a t of t r a n s f o r m a 
t i o n of m a r t e n s i t e t o p e a r l i t e — e x c e p t i n g t h a t h y p e r e u t e c t o i d s teels a lso c o n t a i n e d 
a u s t e n i t e . T h e h y p e r e u t e c t o i d samples on t h e m a r t e n s i t e - p e a r l i t e l ine we re q u e n c h e d 
f rom t e m p , be low t h e c e m e n t i t e so lubi l i ty l ine , wh i l s t t h e h y p e r e u t e c t o i d s a m p l e s 
q u e n c h e d f rom w i t h i n t h e a u s t e n i t e field f o r m a n u p w a r d c o n t i n u a t i o n of t h e 
h y p o e u t e c t o i d mar t ens i t e -pea r l i t e l ine . T h e difference is s u p p o s e d t o r e p r e s e n t t h e 
h e a t of p rec ip i t a t i on of c e m e n t i t e f rom a u s t e n i t e ; i t is r e p r e s e n t e d i n F i g . 248 
b y t h e austenite-cementite a b o v e t h e A1 c u r v e . T h e t o t a l t h e r m a l c a p a c i t y c u r v e s 
in pass ing f rom A 3 d o w n t o A 1 , r e p r e s e n t t h e h e a t i n v o l v e d in pas s ing t h e s e p o i n t s , 
wh ich cor respond w i t h t h e A3-4-A2-{-austenite-martensite c u r v e in t h e d i a g r a m . B y 
e x t r a p o l a t i o n t o zero ca rbon , t h e A 3 - h e a t is 12 cals . p e r g r a m . F o r h y p e r e u t e c t o i d 

s teels i t co r r e sponds w i t h t h e a u s t e n i t e - m a r -
t e n s i t e t r a n s f o r m a t i o n a lone . S. U m i n o also 
a r r a n g e d for t h e a u s t e n i t e t o b e t r a n s f o r m e d 
i n t o pea r l i t e i n s t e a d of m a r t e n s i t e , a n d so o b 
t a i n e d t h e austenite-pearlite cu rve—v ide supra, 
m a r t e n s i t e . S u b t r a c t i n g t h e m a r t e n s i t e - p e a r 
l i te h e a t s f rom t h e a u s t e n i t e - p e a r l i t e h e a t s 
g ives t h e h e a t s i n d i c a t e d in t h e austenite-
martensite c u r v e — vide supra, m a r t e n s i t e . 
E u t e c t o i d a l s teel , h a v i n g 0-9 p e r cen t , of 
c a r b o n , furnishes o n l y o n e t h e r m a l a n o m a l y a s 
t h e a u s t e n i t e passes i n t o 1OO p e r cen t , p e a r l i t e . 
A t t h i s t e m p , t h e h e a t i n v o l v e d - r e p r e s e n t s 
t h e t r a n s f o r m a t i o n of a u s t e n i t e t o ct-iron a n d 
c e m e n t i t e f rom t h e s u p e r s a t u r a t e d solid soln. 
of a,-iron p l u s t h e h e a t of t h e A 3 - t r a n s f o r m a t i o n . 
B y a r r a n g i n g for t h e y - i ron t o h a v e b e e n t r a n s 
f o r m e d i n t o <x-iron, t h e h e a t of t h e a u s t e n i t e -
m a r t e n s i t e t r a n s f o r m a t i o n is e l imina t ed , a n d 
for h y p o e u t e c t o i d s teels , t h e h e a t i n v o l v e d is 
p r o p o r t i o n a l t o t h e c a r b o n or c e m e n t i t e c o n t e n t , 
a n d i t r ep re sen t s t h e h e a t of p r e c i p i t a t i o n of 
c e m e n t i t e f rom i t s soln. in a - i ron , or, con
verse ly , t h e h e a t of d i sso lu t ion of c e m e n t i t e in 

ct- i ron—N. Y a m a d a g a v e 75-3 cals . p e r g r a m of c e m e n t i t e , a n d S. U m i n o , 75*9 
cals . T h e aus t en i t e -pea r l i t e c u r v e also enab les t h e h e a t of p r e c i p i t a t i o n of 
c e m e n t i t e f rom y - i ron t o b e c a l c u l a t e d — A . M e u t h e n g a v e 118-5 cals . p e r g r a m 
of c e m e n t i t e , a n d S. U m i n o , 12O cals . N . Y a m a d a o b t a i n e d 83-6 cals . for t h e 
h e a t of p r e c i p i t a t i o n of c e m e n t i t e i n h y p e r e u t e c t o i d s teels a b o v e t h e A i - a r r e s t . 
Th i s d a t u m is i n t e r m e d i a t e b e t w e e n t h e va lues for a- a n d y- i ron , a n d i t is 
t a k e n t o m e a n t h a t , in q u e n c h i n g , f rom t e m p , i n t e r m e d i a t e b e t w e e n A 1 a n d t h e 
c e m e n t i t e so lubi l i ty c u r v e , some a u s t e n i t e su rv ived , a n d on ly p a r t w a s con
v e r t e d i n t o m a r t e n s i t e . T h e h e a t effects i nvo lved in t h e mi ld t e m p e r i n g of 
m a r t e n s i t e t o furnish a tomica l ly -d i sp laced c a r b o n — t r o o s t i t e — o r , o n f u r t h e r 
t e m p e r i n g , t o fu rn i sh d i spersed c e m e n t i t e — s o r b i t e — a n d on fu r t he r t e m p e r i n g , 
c rys ta l l i zed c e m e n t i t e — p e a r l i t e — a r e p r o b a b l y s u m m a t e d in t h e difference 
b e t w e e n t h e h e a t s of t h e a u s t e n i t e - m a r t e n s i t e a n d t h e a u s t e n i t e - p e a r l i t e t r a n s -
f o r m a t i o n s . Acco rd ing t o M. K a w a k a m i , t h e h e a t of p r e c i p i t a t i o n of c e m e n t i t e 
jfesEW a - m a r t e n s i t e is 3*7 cals . p e r g r a m , a n d i t is a b o u t half a s l a rge a s is t h a t 
f r o m / 2 - m a r t e n s i t e . 

0-4 0-8 /-2 /S 2-0 
Per cent, of canbo/r 

2-4 

F I G . 248 . H e a t C h a n g e s i n t h e 
T r a n s f o r m a t i o n s of S tee l s . 
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M. K a w a k a m i , a s s u m i n g t h a t t h e r e a r e t w o fo rms of m a r t e n s i t e , a. a n d / 3 — 
vide supra—and t h a t h e a t i n g t o 200° d e c o m p o s e s on ly t h e a - fo rm, l e a v i n g t h e 
fZ-iorm. w h i c h r equ i r e s for d e c o m p o s i t i o n a t e m p , of 370° , m e a s u r e d t h e h e a t i n v o l v e d , 
a n d o b t a i n e d t h e r e su l t s i n d i c a t e d i n t h e martensite-troostite c u r v e , F i g . 248 . T h e 
h e a t i n v o l v e d in t e m p e r i n g e u t e c t o i d s teel a t 200° is 3-7 ca ls . p e r g r a m . If t r o o s t i t e 
is f o rmed b y t h e conve r s ion of a s u p e r - s a t u r a t e d solid soln . of c e m e n t i t e i n <x-iron 
i n t o a tomica l ly -d i spe r sed c a r b o n i n a - i ron , t h e h e a t effect is 41O cals . p e r g r a m of 
c a r b o n , o r 492O cals . p e r g r a m - a t o m ; b u t if t r o o s t i t e is c e m e n t i te p r e c i p i t a t e d 
f rom a s u p e r s a t u r a t e d solid soln . i n ct-iron, t h e h e a t effect is 27*4 cals . p e r g r a m of 
c e m e n t i t e , o r 492O cals . p e r mo l . O . C. R a l s t o n s u m m a r i z e d , i n T a b l e X X X V I I I , 
t h e h e a t c h a n g e s i n e u t e c t o i d a l s tee ls w i t h 0-9 p e r cen t , of c a r b o n . 

T A B L E X X X V I I L - - T H B THEBMiAr. V A L U E S O F T H E T B A N S F O B M A T I O N I N E U T E C T O I D 
S T E E L S . 

Metallographic change 

A u s t e n i t e - > m a r t e n s i t e 
Martens i te—> t r o o s t i t e 
Troostite—*- p e a r l i t e 
Martensite—*• p e a r l i t e 
Aus ten i t e—> p e a r l i t e 

Heat liberated (In calories) 

S o l u t i o n a - F e - + s o l u t i o n a - F e 
S o l u t i o n a-Fe—*- a - F e - f - c a r b o n 
a - F e + c a r b o n - > a - F e -|- F e 3 C 
S o l u t i o n a-Fe—v a - F e - j - F e 3 C 
S o l u t i o n y - F e - > a - F e - J - F e 3 C 

per gram 
of pearlite 

5-9 
3-7 
6-2 
9-9 

15-8 

per gram 
of cementite 

43-8 
! 27-4 
I 4 6 0 

7 3 O 
117-2 

per mol. of 
cementite 

7,870 
I 4 ,920 
! 8,26O 

13,17O 
j 21 ,040 

H . E s s e r a n d W . G r a s s g a v e for t h e aus ten i te—>pear l i te t r a n s f o r m a t i o n , 21-22 
cals . p e r g r a m , a n d R . Ave rd i eck , 22-54 ca ls . A . M e u t h e n ' s v a l u e , 3*0 cals . , for 
t h e pea r l i t e t r a n s f o r m a t i o n is r a t h e r low. S. U m i n o also ca l cu l a t ed t h e r m a l va lues , 
i n ca lor ies , for t h e A 1 - , A 2 - , a n d A 3 - a r r e s t s , a n d o b t a i n e d : 

A 1 
A 2 
A 3 

Electrolytic iron 

. 0 0 0 
. 3 - 6 3 
. 5 - 3 5 

Percentage of carbon in steel 
0 - 0 4 0 
0 - 6 7 
3 - 5 5 
5 O O 

0 - 1 3 5 
2 - 4 0 
3 - 5 0 
5 - 4 8 

0 2 7 0 
4-7O 
3-36 
3-66 

CV350 
6 0 0 
3 - 2 3 
3-5O 

0 7 7 0 
1 3 - 6 0 

3 1 8 
0-8O 

i 
I 

A. M e u t h e n o b t a i n e d for i ron a lone , A 2 = 5 * 6 0 cals . a n d A 3 = 3 * 0 cals . ; a n d t h e 
resu l t s a r e n e a r l y e q u i v a l e n t t o a r eve r sa l of S. TJmino's r e su l t s . S. U m i n o t r a c e d 
t h e A 2 t r a n s f o r m a t i o n a s far a s 0-77O p e r cen t , of 
c a r b o n ; a n d he t r a c e d t h e effects of t h e m a g n e t i c 
c o m p o n e n t of t h e s p . h t . a s low as 130° be low t h e 
A 2 - t r a n s f o r m a t i o n , a n d a s l igh t d i s t u r b a n c e p r o 
b a b l y occur s v e r y m u c h be low t h i s . T h e e x t r a 
p o l a t i o n of t h e A 3 - a r r e s t t o 0-9 p e r cen t , c a r b o n , 
1OO p e r cen t , pea r l i t e , g ives zero for t h e t h e r m a l 
v a l u e of t h e A 3 - t r a n s f o r m a t i o n , whi l s t t h e Ax- t rans 
f o r m a t i o n t a k e s 15*95 cals . T h e t h e r m a l v a l u e of 
t h e A 2 - t r a n s f o r m a t i o n is n o t a d d e d t o t h a t of t h e 
A x - t r a n s f o r m a t i o n , b e c a u s e t h e A 2 - c h a n g e is n o t a 
d i s c o n t i n u i t y in t h e t h e r m a l c a p a c i t y c u r v e , F i g . 
249, b u t o n l y a c h a n g e of d i rec t ion , for t h e s p . h t . 
is t h e c h a n g e i n t h e t h e r m a l c a p a c i t y , Q, w i t h t e m p . B9 n a m e l y , dQ/d6. A c c o r d i n g 
t o A . McCance , Q=3-2 ca ls . is t h e m e a n v a l u e of t h e A 3 - t r a n s f o r m a t i o n . W h e r e 
t h e A 2 - a n d A 3 - a r r e s t s a r e m e r g e d i n t o one , a n d Qm d e n o t e s t h e ene rgy of 
d e m a g n e t i z a t i o n , a n d A . McCance ca l cu l a t ed : 

fe 
L^ 7" 

k> 
-A ̂ A 

OZ 0-4 0-6 08 %C 

F i a . 2 4 9 . T h e T h e r m a l V a l u e s 
of t h e A 1 - , A 2 - , a n d A 3 - T r a n s -
f o r m a t i o n e . 

Q m • 
Q' . 

VOl. . X I I I . 

752° 
O-23 
3*4 

742° 
O-03 
4 1 

732° 
2 l O 
5*3 

716° 
3-74 
6-9 

700° 
4*95 c a l s . 
8 1 „ 

M 
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The A2-point for the steel with 0*77 per cent, carbon is higher t han t h e Aa-point* 
because the A3S-lme, Fig. 249, crosses the A2-line a t about 0-6 per cent, of carbon. 
These results may all be regarded as first approximations to the t ru th in a very 
difficult quest. The subject was studied by F . Stablein and H . Jager . 

According to N. Y a ma da, the heat of dissolution of carbon in iron, measured 
by the difference of the heat of dissolution of quenched and tempered carbon 
steels in molten alkali nitrate, is as follows : 

Carbon 
H e a t d isso lut ion. 

0-38 
4-3 

0-52 
6-2 

0-65 
8 0 

0-70 
8-2 

1-30 
14-4 

1-7 per cent 
19-5 cals . 

20 

15 

/0 

and for the two last hypereutectoid steels, quenched a t 750°, the values were 
respectively 9*3 and 8*8 cals.—vide Fig. 250. This shows t h a t the hea t of dis

solution of carbon in iron increases linearly with the 
contents of carbon in the steel, and amounts to 1130 
cals. per gram of carbon, or 75*3 cals. per gram of 
cementite ; and the mol. h t . of dissolution of carbon 
or cementite is then 13-6 Cals. W. Schneider gave 33*2 
cals. per gram for the heat of solid soln. of Fo3C in 
a-iron. 

E . D. Eas tman, 1 0 and G. N. Lewis and co-workers 
calculated the entropy of iron atoms by two different 
methods to be 6*5 to 7*0 cals, per degree a t 25°. The 
subject was discussed by W. Herz, K. K. Kelley, 

^ u t i o ^ o f ^ r W in Son*0' R - D ' K l e e m a n > B - Bruzs, and W. M. Latimer. Some 
results calculated by W. H. Rodebush and J . C. Michalek, 

and O. C. Ralston from the results of plotting the t rue at . h t . against the natural 
logarithms of the absolute temp., gave for the entropy, in cals. per gram : 

0 0 5 /• 0 /• S Z 
Per cent, car/borr 

E n t r o p y 

E n t r o p y 

0° 
6-36 
906° 

18-63 

25° 
6-87 
906° 

18-86 

100° 
8-24 

1000° 
19-39 

200° 
9-78 

1200° 
20-68 

400° 
12-45 
1400° 
21-71 

600° 
14-74 
1400° 
21-77 

720° 
16 00 
1535° 
22-41 

800° 
17-41 
1535°" 
2 4 0 0 

900° 
18-47 
10OG° 
24-39 

O. C Ralston calculated 66-74 units for the absolute entropy of cementite a t 700°, 
and 31*94 units a t 25°, he also gave for the relative entropy of cementite : 

E n t r o p y 
0° 
0 

100° 
5-79 

200° 
12-92 

220° 
16-90 

300° 
18-94 

400° 
23-40 

600° 
3 1 0 1 

700° 
34-8 

720° 
35-68 

J . B . Austin gave for the entropy, S; heat capacity, Q Cals. for gram-a tom; and 
free energy, F, of a-iron : 

Q 
F 

-2731° 
0 
0 
0 

and for y-iron 

S 
Q 
F 

- 2 7 3 1 ° 
0 
0 

960 

— 1 2 3 1 a 

2 8 3 
290 

— 134 

— 100° 
4-98 
538 
636 

0° 
6 1 0 
950 

- 7 1 5 

0° 
7-90 
1185 
— 12 

100° 
8-10 
1566 

— 1455 

100° 
9-94 
1880 

— 867 

500° 
13-72 
4689 

— 5911 

500° 
15-60 
5016 

— 6083 

1000° 
19-27 

10280 
-14251 

1000° 
19-86 
9411 

- 1 4 9 1 1 

1535° 
22-88 

15945 
— 25400 

1500° 
22-92 

14048 
— 25630 

A. Eucken and H. Werth calculated for the entropy a t the transition point a£=±y 
a t 1181° K., 19-35 cals. per gram-atom for a-iron, and 18*59 cals. per gram-atom for 
y-iron ; and W. M. Latimer and R. M. Buffington, values for the relative entropy 
of F e " "-ions. R. Dallwitz-Wegener discussed the free energy of the element. 
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§ 20. Optical Properties of Iron and Iron-Carbon Alloys. 
Powdered iron obtained by reducing t h e heated oxide in hydrogen a t a com

paratively low temp. , is a powder which is dull grey or black in colour, and it 
acquires a silver-white lustre under the burnisher ; according to G. Magnus,1 if 
reduced a t a higher temp. , the powder is greyish-white. J . L. C. Schroeder van 
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d e r X o I k found t h a t t h e s t r e a k of i ron o n a b i scu i t t i l e i s b r o w n i s h , l i ke t h a t of 
g r a p h i t e . M. F a r a d a y said t h a t t h i n films a r e d a r k b r o w n b y t r a n s p a r e n t l i gh t , 
a n d s teel-grey b y reflected l igh t . B . D e s s a u o b t a i n e d t h i n films -which we re g r e y 
in t r a n s m i t t e d l i g h t ; a n d G. T . Be i lby , b l u e b y reflected l igh t . A . W . W r i g h t 
observed t h a t a t h i n film of i ron i n t r a n s m i t t e d l igh t a p p e a r s of a n e u t r a l t i n t w i t h 
a fa in t b rowni sh t i nge , a n d E . v a n A u b e l , a n d L . H o u l l e v i g u e a d d e d t h a t t h i n films 
depos i t ed on glass b y c a t h o d e sp lu t t e r i ng , or e lect rolysis , a r e t r a n s p a r e n t , a n d b r o w n . 
F o r l ayers 31 t o 72/z/u, t h i c k , Xi. H o u l l e v i g u e found t h e t r a n s p a r e n c y t o b e a n 
e x p o n e n t i a l func t ion of t h e th i cknes s . G. Ie B o n o b s e r v e d t h a t o r d i n a r y l i g h t 
c o n t a i n s w a v e s , -which h e cal led la lumiere noire, w h i c h wil l t r a v e r s e t h i n s h e e t 
i ron a n d p r o d u c e p h o t o g r a p h i c effects. G. Gov i found t h a t films of r e d - h o t i ron 
u p t o O 4 m m . t h i cknes s a r e o p a q u e . C A . S k i n n e r a n d A . Q. Tool sa id t h a t films 
o b t a i n e d b y r a p i d c a t h o d e s p l u t t e r i n g a p p e a r d e e p b l a c k b y reflected l i gh t , a n d 
ye l lowish-brown b y t r a n s m i t t e d l i gh t ; w h e r e a s t h o s e o b t a i n e d m o r e s lowly h a v e 
a meta l l i c lus t re , a n d a re o p a q u e . G. B . Rizzo , a n d P . Secchi d i scussed t h e co lour 
of t h i n films ; W . C. Sab ine discussed t h e select ive a b s o r p t i o n of films of s tee l for 
u l t r a -v io l e t l igh t . W . L . D u d l e y found t h a t t h e i n c a n d e s c e n t v a p o u r is green ish-
b lue . E . M. Pe l igo t obse rved t h a t t h e i ron o b t a i n e d b y r e d u c i n g t h e ch lo r ide in 
h y d r o g e n is filamentous, c o m p a c t , ma l l eab le , a n d is a l m o s t a s w h i t e a s s i lver . 
J . J . Berze l ius obse rved t h a t w r o u g h t - i r o n filings m e l t e d u n d e r fe r rous ox ide , in 
a l u t e d fireclay cruc ib le , furnish a b u t t o n w i t h c rys ta l l ine f r ac tu re , g rey i sh -wh i t e 
i n colour. E l e c t r o d e p o s i t e d i ron , b y E . A . J a c q u i n ' s o r R . B o t t g e r ' s processes , 
h a s a b r i g h t l u s t r e , a n d , a c c o r d i n g t o E . L e n z , i t h a s t h e co lour of p l a t i n u m af te r 
i t h a s been h e a t e d in v a c u o . E . F . Di i r r e discussed t h e colour a n d l u s t r e of different 
var ie t ies of i ron, a n d also t h e f r ac tu re , a n d t e x t u r e of t h e m e t a l . W . R a m s a y 
sa id t h a t i t seemed a s if i t were poss ible t o see ob jec t s t h r o u g h a r e g u l a r s t r e a m of 
t h e m o l t e n cas t i ron , a n d t h e y a p p e a r e d t o b e of a ye l low colour , b u t t h e t r a n s 
p a r e n c y of m o l t e n cas t i ron w a s den ied b y T . T u r n e r . 

M. W h i t e a n d F . W . T a y l o r gave for t h e colours of i ron a t h igh t e m p e r a t u r e s : 
532° , d a r k b lood- red , b l ack- red , inc ip ien t r ed , a n d rouge naissant ; 566° , d a r k r ed , 
b lood- red , low red , a n d rouge sombre ; 635°, d a r k che r ry - red , i nc ip i en t che r ry - r ed , 
a n d cerise naissant ; 682°, m e d i u m che r ry - red ; 746°, che r ry - r ed , full r ed , a n d 
cerise ; 835°, l i gh t che r ry , b r i g h t che r ry , sca l ing h e a t , l i gh t r ed , a n d cerise clair ; 
899°, o r ange , s a lmon , free scal ing h e a t , a n d orange foncee ; 941°, l i gh t o r ange , 
l igh t s a lmon , a n d orange clair ; 996°, ye l low ; 1079°, l i gh t ye l low ; a n d 1205°, 
w h i t e , a n d blanc. T h e r e su l t s ag ree w i t h t h o s e of H . M. H o w e , b u t t h e y differ 
f rom t h o s e C. S. M. Pou i l l e t o b t a i n e d i n 1836. 

T h e c rys ta l l ine c h a r a c t e r i s t i c s h a v e b e e n p rev ious ly descr ibed . T . T u r n e r 
d iscussed t h e colour of t h e t a r n i s h films of iron-—vide infra, t e m p e r co lou r s—and 
W . Bi l t z , a n d J . Meisenhe imer , t h e colour of i ron c o m p o u n d s . 

H . E . J . G. d u Bois a n d H . R u b e n s 2 found t h e i ndex of refract ion, /x, of 
p r e c i p i t a t e d i ron t o be for wave - l eng th , A : 

A . 43IO 4860 5893 644O 67OO 
IM . . 205 2-43 2-72 306 312 

P . A . R o s s g a v e 1-48 for A = 4 5 0 0 ; 1-85 for A = 5 8 9 3 ; a n d 2 1 for A = 6 2 0 0 , w i t h 
e l ec t ro ly t i c i ron ; a n d C. S t a t e s c u , 2-182 for A = 5 8 8 0 . O b s e r v a t i o n s o n t h e refrac
t i v e i n d e x we re a lso m a d e b y A. Beer , A . L . Bernou l l i , H . E . J . G. d u Bo i s a n d 
H . R u b e n s , P . D r u d e , L.. R . Ingersol l , H . K n o b l a u c h , A . K u n d t , W . Meier , 
R . S. Minor , A . Pfluger , D . Shea , C. A. S k i n n e r a n d A . Q. Tool , J . T . T a t e , 
A . Q. Too l , a n d W . Voig t . T h e re f rac t ive i n d e x for t h e X - r a y s w a s m e a s u r e d b y 
R . L . D o a n , A . G o u y , J . A . P r i n s , a n d A . W i n k e l m a n n a n d R . S t r a u b e l . A . K u n d t 
f o u n d t h a t for r ed - l igh t a t 18°, 20°, 102°, a n d 106°, t h e re f rac t ive indices w e r e 
r e f l e c t i v e l y 0*66, 1-92, 2-54, a n d 3*69. W . L i n n i k a n d W . Laschkaref f m e a s u r e d 
the r e f r ac t ive i n d e x of s tee l a n d i ron for X - r a y s . C. V. R a m a n a n d K . S. K r i s h -
IMHi d i scussed t h e colour , i n t e n s i t y , a n d po l a r i z a t i on of l i g h t dif f racted t h r o u g h 
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large angles by steel wedges and screens -with polished edges. A. J . Ferreira da 
Suva found t h a t with iron salts, the atomic refraction of bivalent iron is 11-6, 
and of tervalent iron, 20-1 ; for long waves, A. Heydweiller gave 5-07 and 7-97 
respectively for bi- and ter-valent iron ; and A. Hauke gave for the refraction 
equivalents, calculated from the refractive indices of aq. soln. of iron salts b y the 
/x-formula, and for bivalent and tervalent iron respectively 11-6 and 20-6, and by 
the jz,2-formula, 4-75 and 5*83 respectively. W. J . Pope gave 13-38 for the refrac
tion equivalent of bivalent iron, and 23*03 for tervalent iron ; and J . H . Gladstone, 
respectively 11*6 and 19*4. The anomalous dispersion of iron was studied by 
S. Albrecht, P . Drude, H . Giesler, A. S. King, J . A. Prins, Li. Puccianti , and W. Voigt. 
The double refraction of iron was discussed by H . Behrens, and S. Procopiu. M. Cau 
observed t h a t th in films of iron, formed by the condensation of iron vapour, exhibit 
a birefringence accompanied by dichroism, t he principal directions of which are 
parallel and perpendicular, respectively, t o t h a t of the original wire. The effect 
ceases -when the deposit is removed, and is due t o the magnetic field of the heating 
current, in "which the a toms of vapour tend to orient themselves in positions "which 
are retained after deposition and are unaffected by a magnetic field placed parallel 
to the deposit. The component of t he vibration parallel t o t he axis is less absorbed 
than the normal component by the birefringent dichroic layers of iron. I n the 
middle of the spectrum, the dispersion is normal for the ellipticity, and abnormal 
for the rotat ion of the emergent vibration. C. Statescu gave for the extinction 
coefficient of electrolytic iron, &=2*716 ; A. Kundt , /Lt=l*52 for blue-light,/x=1*73 
for -white-light, and /x—1*81 for red-light ; -whilst A. Pfliiger gave fi,=3-66 for red-
light. W. Meier found for electrolytic iron, t he following values for t he index of 
refraction, ^c, the extinction coeff., k, and the percentage reflecting power, R: 

A . 
LL . 

k . 
R . 

P. Drude found for massive iron, A==5890, k =^320, fju=2-36, and /2=56-1 ; and 
W. W. Coblentz gave for t he reflecting power of massive iron for A=5000, 600O, 
7CK)O, and 8000, 2£=55*0, 57*5, 59-5, and 61*5 respectively. He also gave : 

2573 
101 
0-88 
16-2 

2749 
0-95 
0-80 
14-4 

2981 
0-92 
O-83 

16-0 

3255 
0-99 
0-91 
17-4 

3611 
1 0 4 
1 1 0 

22-4 

3982 
1-17 
1-29 

26-7 

4413 
1-28 
1-37 

27-7 

4678 
1-34 
1-45 

29-2 

608O 
1-38 
1-5O 

30-2 

5893 
1-51 
1-63 

32-6 

6680 
1-70 
1-84 

36-2 

A 
H . 

0-5 
. 5 5 0 

l-O 
6 5 0 

2-O 
7 8 0 

3 O 
84-5 

5 O 
91-5 

7 O 
9 4 0 

8-0 
9 4 0 

9 0 n 
93-O 

I. C. Gardner, and F . von Fragstein measured the reflecting power in the ultra
violet. Observations on the optical constants of steel -were made b y A. L. Ber
noulli, G. Brei thaupt , J . Clavier, P . Drude, F . A. Fahrenwald, P . Glan, E . Hagen 
and H. Rubens, S. Haughton, H . Hauschild, R. Hennig, E . O. Hulbert , Tu. R. Inger-
soll, J . Jamin , J . T. Lit t leton, M. Luckiesh, W. Meier, R. S. Minor, G. Pfestorf, 
G. Quincke, J . T. Tate , A. Q. Tool, and V. S. M. van der Willigen. The following 
is a selection from the results : 

A 
Tc . 
LL 

R . 

A 
k . 
LL 

R . 

. 1880 
— 
— 
22 

I O 
4-43 
3-19 

. 65-5 

2265 
1-64 
1-30 

34-8 

1-25 
5 0 8 
3-45 

69-7 

3255 
2 0 9 
1-37 

44-8 

1-5O 
5-75 
3-71 

7 3 1 

4000 
1-73 
1-68 

53-9 

1-75 
6-32 
3-88 

75-6 

50OO 
3 1 5 
2 0 9 

56-9 

2 O O 
6-88 
4 0 2 

77*7 

620O 
3-3O 
2-58 

56-8 

2-25 
7-41 
4 1 4 

79-7 

7000 
3-47 
2-73 

5 8 0 

8-80 
___ 

93 0 

870O 
4 0 8 
3 0 2 

63-2 

14-0/L* 

— 
9 6 0 

M. Chikaschige and D . Uno measured the reflecting power of the iron-carbon 
alloys. For alloys with the pearlitic structure—normalized a t 1000°, and annealed 
a t 700°—the reflecting powers with different spectral lines are indicated in Fig. 251. 
The fact t h a t t h e curves are nearly parallel shows t h a t the colour is independent 
of the proportion of carbon. The dot ted lines, which merge into the continuous 
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l ines of F i g . 251 , refer t o m a r t e n s i t e — n o r m a l i z e d a t 1000° a n d q u e n c h e d i n w a t e r 
f rom 800°. F ig . 252 shows t h e ref lect ing power s of a 0-9 p e r cen t , c a r b o n s tee l 
no rma l i zed a t 1000° ; q u e n c h e d a t 800° i n w a t e r a t 2 0 ° ; a n d t h e n a n n e a l e d a t t h e 
t e m p , i nd i ca t ed—350° for t r o o s t i t e ; 550° for sorb i te ; a n d 700° for pea r l i t e . T h e 
resu l t s show t h a t t h e reflecting p o w e r s of t h e c o n s t i t u e n t s decrease i n t h e o r d e r : 

Orange 

YeUcw 

Green 

Blue 

/ncf/gv 

- Violet 
3SO0SSO0TDO0 

F I G -Ref lec t ing P o w e r s of M a r t e n s i t e ( d o t t e d ) 
and. P e a r l i t i c I r o n - C a r b o n Al loys . 

Anneal/ngtempenatv/ie 

F i a . 2 5 2 . — T h e Effec t of A n 
n e a l i n g T e m p e r a t u r e o n t h e 
Ref lec t ing P o w e r of S tee l . 

m a r t e n s i t e , t r oos t i t e , so rb i t e , ferr i te , a n d pea r l i t e . W . Arkadieff s t u d i e d t h e 
reflect ion of e l ec t romagne t i c waves ; E . Gerold , t h e l u s t r e of i ron ; a n d E . R u p p , 
t h e op t ica l p rope r t i e s of i ron before a n d af ter exposu re t o h y d r o g e n , n i t r o g e n , a n d 
h y d r o g e n su lph ide ; a n d W . B r u c h found t h a t t h e op t i ca l p rope r t i e s i n d i c a t e d t h a t 
c a s t i ron is i sot ropic . 

W . Meier, a n d G. Jaffe ca lcu la t ed va lues for t h e op t ica l c o n s t a n t s b a s e d on t h e 
t h e o r y of e lec t rons : S. N a k a m u r a s t u d i e d t h e r e l a t ion b e t w e e n t h e op t i ca l con
s t a n t s a n d t h e p e r m a n e n t mechan ica l e x p a n s i o n of s teel ; J . T . L i t t l e t o n , t h e 
r e l a t i on b e t w e e n t h e op t ica l c o n s t a n t s a n d t h e c a r b o n - c o n t e n t a n d h e a t - t r e a t m e n t 
of s tee l ; !L. R . Ingerso l l a n d J . T . L i t t l e t o n , t h e op t i ca l c o n s t a n t s of s teel i n t h e 
u l t r a - r e d ; a n d G. J u n g , W . H . J . V e r n o n , a n d H . F r e u n d l i c h a n d co-workers , t h e 
r e l a t i on b e t w e e n t h e op t i ca l c o n s t a n t s a n d t h e t a r n i s h colours . 

O b s e r v a t i o n s on t h e reflect ing p o w e r of t h e visible r a y s were m a d e b y 
A. L . Bernoul l i , P . D r u d e , E . O. H u l b e r t , L . R . Ingerso l l , J . J a m i n , S. R o s c h , 
R-. S. Minor , G. Qu incke , J . T . T a t e , a n d A . Q. Tool ; o n t h e reflect ing p o w e r of 
t h e u l t r a -v io le t r a y s , b y R . H a m e r ; on t h e reflect ing p o w e r for t h e h e a t r a y s , b y 
H . R u b e n s a n d E . F . Nichols , a n d A . T r o w b r i d g e ; on t h e reflect ing p o w e r for t h e 
u l t r a - r e d r a y s , b y H . R u b e n s a n d co-workers , a n d L . R . Ingersol l a n d J . T . L i t t l e t o n ; 
t h e effect of t e m p , on t h e reflecting power , b y W . R . Grove , E . H a g e n a n d H . R u b e n s , 
a n d R . Sissingh ; on t h e reflecting p o w e r of i ron u n d e r w a t e r , b y J . Conroy , a n d 
P . D r u d e ; a n d on t h e reflecting p o w e r of t h e a c t i v e a n d pass ive forms of i r o n — 
vide infra, pass ive i r o n — b y F . H a b e r a n d F . G o l d s c h m i d t , P . K r a s s a , F . J . Michel i , 
a n d W . J . Muller a n d J . Kon igsbe rge r . A. G o u y , W . W i e n , a n d C. V . R a m a n a n d 
K . S. K r i s h n a n s t u d i e d t h e reflection a n d diffraction colours of i ron . 

E . H a g e n a n d H . R u b e n s m e a s u r e d t h e emiss iv i ty of s teel for long w a v e s , a n d 
t h e y also m e a s u r e d t h e effect of t e m p , on t h e emiss iv i ty . Accord ing t o H . F . W e b e r , 
h e a t e d i ron beg ins t o e m i t greyish l igh t w h e n t h e t e m p , h a s r isen t o 377° or 378° ; 
a n d for pol i shed i ron , R . E m d e n g a v e 405° . G. M a l a n d e r sa id t h a t even a t o r d i n a r y 
t e m p . , h a r d e n e d s teel e m i t s w e a k u l t r a -v io l e t r a y s . C. C. Bidwel l c o m p a r e d 
t h e a p p a r e n t t e m p , w i t h t h e t r u e b l a c k b o d y t e m p , of i r o n surfaces , a n d found t h a t 
t h e r e l a t i ve emiss iv i ty of b r i g h t , c lean i ron , r a d i a t i n g freely i n t o a i r , v a r i e d f rom a s 
low a s 28 p e r cen t , of t h a t of a b l a c k b o d y a t 700°, t h r o u g h 30 p e r cen t , a t 1300°, 
t o 48 p e r c en t , a t 1700°. M. Moller a n d co-workers f o u n d t h a t t h e r e l a t i ve emis s iv i ty 
is 43-5 p e r cen t , for po l i shed i ron , a n d 8 0 p e r c en t , for a n ox id ized surface a t 700° 
t o 1100° . G. K . B u r g e s s a n d P . D . F o o t e a lso o b t a i n e d a r e l a t i v e emiss iv i ty of 
8 0 to § 5 p e r cen t , for a n oxid ized surface of i ron a t 700° t o 1100° . Op t i ca l a n d 
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t o t a l r a d i a t i o n p y r o m e t e r s t h u s r equ i r e cor rec t ions a c c o r d i n g a s b r i g h t or ox id ized 
surfaces of i ron a r e i n v o l v e d . O b s e r v a t i o n s were m a d e b y E . R . B i n k l e y , 
G. R . Greens lade , K . L u b o w s k y , a n d A. L . H e l f go t t . G. Naese r , a n d R . H a s e 
m e a s u r e d t h e emiss iv i ty of l iqu id i ron ; H . T . W e n s e l a n d W . F . R o s e r f o u n d i n 
m e a s u r i n g t h e t e m p , of m o l t e n ca s t i r o n t h a t t h e r e is a c h a n g e in t h e emis s iv i t y 
in t h e n e i g h b o u r h o o d of 1375° f rom 0-7 t o 0-4, a n d t h i s is a t t r i b u t e d t o t h e f o r m a t i o n 
of a film of ox ide wh ich r e n d e r s a co r r ec t i on necessa ry i n r e a d i n g t h e t e m p , w i t h a n 
op t ica l p y r o m e t e r . 

V. A . S u y d a m m e a s u r e d t h e t o t a l r a d i a t i o n e n e r g y of i ron , a n d found , for 
T° K . , t h e following v a l u e s of t h e e n e r g y E9 i n w a t t s p e r sq . c m . : 
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H e r e p r e s e n t e d t h e r e su l t s b y W i e n ' s l aw, E—cT5, w h e r e t h e c o n s t a n t c r a n g e d f rom 
2-99 x 1 O - 1 7 t o 3-99 X 1 0 ~ 1 7 . T h e p res s , w a s 0-0002 m m . T h e w a v e - l e n g t h of t h e 
m a x i m u m energy , E1 e m i t t e d f rom s m o o t h , sol id i ron 
is sh i f ted i n t h e d i r ec t i on of t h e s h o r t e r w a v e - l e n g t h 
as t h e a b s o l u t e t e m p , r ises i n a c c o r d -with W i e n ' s 
l aw. M a t t , slag-free i ron , e m i t s t h e g r ey r a d i a t i o n 
a p p r o a c h i n g t h e b l a c k b o d y c o n d i t i o n a s t h e t e m p , 
r ises. T h e h e a t s p e c t r u m of l iqu id i r on closely r e 
sembles t h a t of t h e s m o o t h m e t a l w i t h r e s p e c t t o 
ene rgy a n d spec t r a l d i s t r i b u t i o n . R . H a s e ' s r e su l t s 
a r e s u m m a r i z e d in F i g . 253 . G. R . Greens l ade s t u d i e d 
t h e r a d i a t i o n ene rgy b e t w e e n 782° a n d 1312°. T h e 
sub jec t h a s b e e n d iscussed b y C. B . T h w i n g , M. K a -
hanowicz , I . L a n g m u i r , G. Moressee, F . W a m s l e r , 
A. R . Meyer , K . L u b o w s k y , F . P a s c h e n , C. P . R a n 
do lph a n d M. J . Overholser , V. P o l a k , E . S c h m i d t , E . F u r t h m a n n , C C. B i d well, 
a n d M. Moller a n d co-workers . E . H a g e n a n d H . R u b e n s m e a s u r e d t h e r e l a t ion 
b e t w e e n t h e emiss iv i ty a n d t h e e lectr ical c o n d u c t i v i t y ; M. K a h a n o w i c z , t h e effect 
of a m a g n e t i c field, a n d of o x i d a t i o n films on t h e emiss iv i ty ; a n d H . P . G u r n e y , 
t h e r e l a t i on b e t w e e n t h e emiss ion a n d a b s o r p t i o n of h e a t r a y s for different k i n d s 
of i ron . 

K . E n d e l l a n d H . H a n e m a n n 3 s t u d i e d t h e po l a r i za t i on of l igh t reflected f rom 
i ron . T h e m a g n e t i c r o t a t i o n of t h e p l a n e of po la r i zed l igh t b y i ron w a s dis
covered b y J . K e r r , a n d i t is ca l led t h e Kerr effect. T h e p h e n o m e n o n was s t u d i e d 
b y E . v a n A u b e l , S. G. B a r k e r , H . B e h r e n s , H . E . J . G. d u Bois , M. Cau , P . D . F o o t e , 
L . H o u l l e v i g u e a n d co -worke r s , L . R . Ingerso l l , A. K u n d t , J . G. L e a t h e r n , W . L o b a c h , 
P . M a r t i n , H . Oll ivier , B . P o g a n y , a n d C. S n o w . T h e g y r o m a g n e t i c v a l u e of i ron 
was s t u d i e d b y S. J . B a r n e t t . T h e so-cal led F a r a d a y effect, t h a t is , t h e r o t a t i o n 
a n d el l ipt ical p o l a r i z a t i o n of l i gh t b y p a s s a g e t h r o u g h t h i n films of i ron i n a 
m a g n e t i c field, w a s s t u d i e d b y J . B e c q u e r e l a n d W . J . d e H a a s , H . B e h r e n s , M. Cau , 
J . D o r f m a n , C. J . G o r t e r , W . D . H a r r i s , E . H i r s c h , H . R . H u l m e , L . R . Ingerso l l , 
H . P o r i t s k y , R . W . R o b e r t s a n d co-workers , C. A . S k i n n e r a n d A. Q. Tool , C. Snow, 
a n d W . Voig t . L u m i n e s c e n t i ron v a p o u r , o r a p r e c i p i t a t e d film of i ron o n glass 
p r o d u c e d in a m a g n e t i c field, e m i t s po la r i zed r a y s , a n d t h e p h e n o m e n o n is cal led 
t h e T h o m s o n effect. I t w a s s t u d i e d b y E . T h o m s o n , 4 O. J . L o d g e , a n d R . W h y t -
l a w - G r a y a n d J . B . S p e a k m a n . 

N e i t h e r fe r rous n o r ferric sa l t s s h o w a flame s p e c t r u m wh ich is sufficiently 
cha rac t e r i s t i c for r ecogn i t i on t e s t s . T h e r e a r e l ines w h i c h a r e feeble i n t h e o x y -
h y d r o g e n f lame, b u t w h i c h a p p e a r s t r e n g t h e n e d in t h e B u n s e n flame. G. A . H e m -
salech a n d C. d e W a t t e v i l l e , ^ a n d C. d e W a t t e v i l l e f o u n d t h a t t h e flame s p e c t r u m 
e x t e n d s far i n t o t h e u l t r a -v io l e t . J . N . L o c k y e r o b s e r v e d t h a t i n t h e oxy-coa l gas 
flame t h e r e a r e p r e s e n t a l ine a n d fluted b a n d s p e c t r u m . G. A. H e m s a l e c h a n d 
C. d e W a t t e v i l l e o b s e r v e d t h a t i n t h e o x y - a c e t y l e n e flame, t h e r e a r e p r e s e n t l ines 
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which appear in the oxy-hydrogen flame, and the strengthened lines of the Bunsen 
flame. W. N. Hart ley observed a series of lines, and a band between 664 and 
593/x/x in the oxy-hydrogen flame, and J . N . Lockyer and H. E . Goodson, and 
J . Meunier observed t h a t the lines in the oxy-hydrogen flame can be arranged in three 
classes according as they are stronger, weaker, or of the same intensity as the lines 
of the arc-spectrum. G. A. Hemsalech, and A. de Gramont found t h a t in t h e 
mantle of the flame there are lines a t 3860, 4119, 4957 A., and in the cone there are 
the lines 3936, 4119, and 4957 A., whilst there are triplets a t 4046 and 4384 A. which 
are intense in t he cone and feeble in the mantle. The subject was studied b y 
A. Gouy, R. Eisenschitz and A. Reis, and A. Hagenbach and H. Konen. H . Auer-
bach observed numerous lines in the Bunsen flame, and in the oxy-coal gas flame, 
bu t not in the coal gas flame with a blast of a i r ; and M. Adam, in the hydrogen 
flame. J . M. Eder and E . Valenta observed a band a t 4400 A. in the flame 
spectrum of ferric chloride. E . N. da C. Andrade studied the spectra of iron in the 
flame of chlorine, bromine, and iodine. The flame with chlorine is coloured yellow, 
due, i t is supposed, t o the presence of undissociated ferric chloride which is able t o 
maintain its existence in the presence of an excess of chlorine. A. Mitscherlich 
examined the spectra produced by the vapours of ferric chloride and iodide in t he 
hydrogen flame. E . L. Nichols and H . S. Howes observed the spectrum of iron 
when a ferruginous bead of sodium pyrophosphate, or borax, is heated in hydrogen ; 
and G. D. Liveing and J . Dewar, T. Hori , and S. Kalandyk and co-workers, when 
detonating gas is exploded in an iron tube. A. S. King studied the spectrum of 
iron heated in the electric furnace and found t h a t t he result a t 2400° agrees with 
the flame spectrum ; bu t above 2400°, the spectrum resembles t h a t of the low-
voltage arc. H . Schiiler observed tha t the vapour electrically excited shows lines 
resembling tha t of the arc spectrum. Observations were also made by E. Carter 
and A. S. King, and by G. A. Hemsalech. 

When soln. of the iron salts are sparked by the aid of a condenser, they give a 
complicated spark spectrum containing thousands of lines. A. Masson, D . Alter, 
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F i a . 2 5 4 . — T h e Spark Spec trum of Iron. 

and G. Kirchhoff were among the first to s tudy the spark spectrum of iron. E . For-
manek regarded the following as the more important lines in the simple spark 
spectrum of iron : in the orange-yellow, 6462, 6400, 6350, 6095, and 5916 ; in the 
yellow, 5762, 5714, 5708, and 5614 ; in the green, 5601, 5594, 5586, 5571, 5455, 
5444, 5429, 5370 (e, Fig. 254), the triple lines 5326, 5266, and 5232 (ct, Fig. 254), 
the pale green lines 5192, 5168, 5139, and 5004 (S, Fig. 254), and the stronger green 
lines 4959, and 4923 (/3, Fig. 254) ; the blue lines 4891, and 4874 (£, Fig. 254), 4531, 
4404, and 4382 (y, Fig. 254), 4325 and 4307 (r) Fig. 254), and, finally, 4271, and 4251. 
The sets a (5326, 5266, and 5232), p (4959, and 4923), £ (4891, and 4874), a n d y (4404, 
and 4383) are said t o be characteristic in the spectral detection of iron. A. de 
Gramont gave as characteristic of iron and ferruginous minerals the lines 496O in the 
green ; 4415 in the blue ; and 4404, 4383, 4271, 4260, and 4071 in the indigo. 

Observat ions o n the spark spec trum of iron were also m a d e b y W . A . Miller, H . D . B a b -
cock , E . O. Hulber t , E . Carter a n d A . S. K i n g , L . a n d E . B l o c h , D . Alter , A . Masson , 
G. Kirehhoff, T . R . R o b i n s o n , W . E . A d e n e y , J. L . Schonn , T . T a k a m i n e a n d S. K i t t a , 
R . A . MiUikan a n d co-workers , T . R . R o b i n s o n , W . FinkeJnburg, W . Slugging, R . T h a l e n , 
Ir* d e Bo i sbaudran , A . Gouy , R . Capron, E . Carter, E . Carter a n d A . S. K i n g , F . Miiller, 
<3> S . M o n k , O. S t u h l m a n , J . B . v a n Milaan, O. Ciamician, J". Parry and A . E . T u ck er , 
10*. .-3W- Mmactley a n d co-workers , G. D . L i v e i n g a n d JT. D e w a r , F . McClean, J . M. E d e r , 
J . M . E d e r a n d E . V a l e n t a , F . Papenfus , J . BT. Pol lok, A . S. K i n g , J* Wi l s ing , F . E x n e r 
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and E . Haschek, H . Konen, A. Hagenbach and H . Konen, J . N . Lockyer, G. E . Hale 
and 1ST. A. Kent , G. E . Hale , G. A. Hemsalech and O. de Wattevil le , H . W . Morse, 
O. Lohse, and H . Finger. 

W . B . A n d e r s o n d i scussed t h e effect of v a r i a t i o n s i n t h e e x p e r i m e n t a l c o n d i t i o n s 
on t h e s p a r k s p e c t r u m ; H . R . v o n T r a u b e n b e r g , t h e effect of t h e s u r r o u n d i n g 
gaseous a t m o s p h e r e : (i) o x i d i z i n g — o x y g e n , c a r b o n d iox ide , n i t r o u s ox ide , o r su l 
p h u r d i o x i d e ; (ii) r e d u c i n g — h y d r o g e n , m e t h a n e , a c e t y l e n e , a n d c a r b o n m o n o x i d e . 
T h e s p e c t r u m of -wires e x p l o d e d b y t h e d i s r u p t i v e d i s c h a r g e w a s e x a m i n e d 
b y J . A . A n d e r s o n , S . S m i t h , R . D e c h e n e , A . C Menzies , A . S . K i n g , T . H o r i , a n d 
H . N a g a o k a a n d co -worke r s ; a n d t h e s p e c t r u m of t h e d i s r u p t i v e d i s cha rge , b y 
H . N a g a o k a a n d co -worke r s . T h e s p a r k d i s cha rge i n a cap i l l a ry t u b e filled w i t h 
gas w a s f o u n d b y J . T r o w b r i d g e t o s h o w n o i ron l ines . J . H . P o l l o k f o u n d t h a t t h e 
d i scha rge i n t h e v a c u u m t u b e w i t h ferr ic ch lo r ide h a s a n i ron s p e c t r u m cor re 
s p o n d i n g w i t h t h e s p a r k s p e c t r u m . P . E . R o b i n s o n , F . G r i i n b a u m , Li. J a n i c k i , 
L*. J a n i c k i a n d R . Seel iger , a n d K . L . Wol f s t u d i e d t h e s p e c t r u m of t h e s p a r k d is 
cha rge i n t h e v a c u u m t u b e . A c c o r d i n g t o G. A . H e m s a l e c h , t h e ve loc i ty w i t h w h i c h 
l u m i n o u s pa r t i c l e s a r e e m i t t e d b y t h e i r o n e l ec t rode is 27*2 m e t r e s p e r sec. ; t h e 
d u r a t i o n of t h e l u m i n o s i t y in t h e s p a r k d i scha rge is b e t w e e n 4O x 1O - ? a n d 
282 x 10—3 s ec .—i t inc reases w i t h t h e c a p a c i t y ; i t is p r o p o r t i o n a l t o t h e i n t e n s i t y 
of t h e l ines ; a n d i t dec reases in a m a g n e t i c field. T h e s p a r k s p e c t r u m of t h e 
d i scha rge in w a t e r w a s o b s e r v e d b y E . v o n A n g e r e r a n d G. J o o s , L . a n d E . B loch , 
L . d e B o i s b a u d r a n , G. C iamic i an , H . F i n g e r , W . H . Fu lwe i l e r a n d J . B a r n e s , 
G. E . H a l e , G. E . H a l e a n d N . A . K e n t , E . O. H u l b e r t , H . K o n e n , H . K o n e n a n d 
H . F i n g e r , J . N . L o c k y e r , W . F . Meggers a n d F . M. W a l t e r s , A . L . N a r a y a n a n d 
K. R . R a o , J . P a r r y a n d A . E . T u c k e r , B . S e t n a , H . S t u c k l e n , N . K . Su r , a n d 
J . Wi l s ing . T . T u c h o l s k y , a n d H . N a g a o k a a n d co-workers o b s e r v e d t h e c h a n g e 
in t h e w a v e - l e n g t h a n d i n t e n s i t y of i ron l ines b y t h e d i s r u p t i v e d i scha rge . 
A p o r t i o n of t h e arc s p e c t r u m b y A . S. K i n g is s h o w n i n F i g . 254 . 

T h e arc s p e c t r u m -was e x a m i n e d b y K . Behner , E . G. B i l h a m , Lord B l y t h s w o o d and 
W . A . Scoble , P . H . Broderson, H . Ru i s son a n d C. F a b r y , KL. Burns , K . Burns a n d 
F . M. Wal ters , R . Capron, W. Clarkson, A . Cornu, H . Crew, H . Crew and B . J*. Spence , 
W . O. Duffield, J". M. £ d e r a n d E . Va lenta , E . J . E v a n s , F . E x n e r a n d E . Haschek , C. F a b r y 
and co-workers , F . Goos , A . H a g e n b a c h and H . K o n e n , A . H a g e n b a c h a n d K.. Langbein , 
S. H a m m , J . H a r t m a n n , G. A . H e m s a l e c h a n d C. de "Watteville, H . Hertens te in , A . Hi lger , 
W . J . H u m p h r e y s , C. V . J a c k s o n , L . Jan ick i , C. E . S t . J o h n a n d H . D . Babcock , H . K a y s e r 
and C. R u n g e , A . S. K i n g , W . Kle inewefers , E . A . K o c h e n , J . L a n g , G. D . L ive ing a n d 
J. Dewar , J . N. Lockyer , F . Maring, W . F . Meggers a n d C. C. K i e s s , P . W . Merrill, J . B . v a n 
Milaan, G. S. Monk, C. E . Moore a n d H . N . Russe l l , J . E . P e t a v e l a n d B-. S. H u t t o n , M. Pirani 
and B . B o m p e , B . A . Porter , H . Pressent in , S. P . de R u b i e s , H . Schumacher , A . Secchi , 
A. Sellerio, R . Tha len , a n d H . Viefhaus . 

T h e so-cal led normal spectrum w a s d i scussed b y W . E . A d e n e y , S. A l b r e c h t , 
H . D . B a b c o c k , F . L . B r o w n , H . B u i s s o n a n d C. F a b r y , K . B u r n s a n d co-workers , 
J . M. E d e r , J . M. E d e r a n d E . V a l e n t a , P . E v e r s h e i m , C. F a b r y a n d A. P e r o t , 
L . Glaser , F . Goos , J . H a r t m a n n , S. H o e l t z e n b e i n , JL. J a n i c k i , C. E . St.* J o h n a n d 
co-workers , H . K a y s e r , H . K a y s e r a n d co-workers , C. C. Kiess , J . L a n g , F . McClean , 
W . F . Meggers a n d co -worke r s , K . W . Meissner , G. S. M o n k , F . Miiller, H . N a g a o k a , 
F . P a p e n f u s , A . H . P f u n d , H . P i c k h a n , H . A . R o w l a n d , H . S c h u m a c h e r , 
H . Viefhaus , P . W a l l e r a t h , a n d H . W e r n e r . 

T h e intensity of t h e s p e c t r a l l ines w a s s t u d i e d b y P . H . B r o d e r s o n , R . F r e r i c h s , 
O. L a p o r t e , J . B . v a n Mi l aan , a n d L . S. O r n s t e i n ; t h e r e l a t i v e i n t e n s i t y of a r c a n d 
s p a r k l ines , b y G. N a k a m u r a ; a n d t h e selective reflection of t h e l ines i n t h e a r c 
s p e c t r u m , b y R . W . W o o d . H . Crew a n d B . J . Spence s t u d i e d t h e effect of different 
phases of a n alternating current arc o n t h e s p e c t r u m ; C. F a b r y a n d H . Bu i s son , 
t h e effect of t h e p o t e n t i a l difference b e t w e e n t h e e l e c t r o d e s ; H . Crew, a n d 
G. D . L i v e i n g a n d J . Dewar , t h e effect of a n a t m o s p h e r e of h y d r o g e n ; R . A . P o r t e r , 
t h e effect of a n a t m o s p h e r e of h y d r o g e n , o x y g e n , or a m m o n i a ; M. Ia R o s a , a n d 
E . D o n e k , t h e effect of a n a t m o s p h e r e of o x y g e n ; H . Nagaoka , t h e d i s p l a c e m e n t 
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of the lines as a result of press., potential difference, and speeds of ions and electrons 
—the so-called pole effect ; P- W. Merrill, t he strengthening of the lines a t t h e 
positive pole ; H. Konen, t he arc spectrum under water ; M. Pierucci, t he spraying 
of iron salts in the carbon arc light ; E . Gr. Bilham, K. Burns , W. G. Cady, W . R . Mott , 
H . Nagaoka and Y. Sugiura, Siemens-Schuckertwerke, t h e effect of electrodes 
containing various other metals, carbon, oxides, etc. ; and A. Hagenbach and 
K. Langbein, and H . Buisson and C. Fabry , the t emp, of t he arc. The effect of 
pressure was discussed by W. S. Adams, H . D . Babcock, H . Buisson and C. Fab ry , 
M. A. Catalan, W. G. Duffield, G. E . Hale and W. S. Adams, W. J . Humphreys , 
C. Keller, A. S. King, P . Maring, J . F . Mohler, A. Perot , J . E . Pe tave l and 
R. 8. Hu t ton , and R. Rossi ; and the magnetic field—Zeeman effect—by J . S. Ames 
and co-workers, H . D . Babcock, A. E . Becker, H . Becquerel and H . Deslandres, 
H . B . v a n Bilderbeek van Meurs, A. Dufour, J . M. Graftdyk, G. E . Hale, W . H a r t -
mann , G. A. Hemsalech, N . A. Ken t , A. S. King, O. Liit t ig, A. A. Michelson, 
H . Nagaoka, H . Nagaoka and Y. Sugiura, T. Preston, H . M. Reese, Y. Takahashi , 
J . H . van Vleck and A. Frank, K. Yamada , and P . Zeeman. Using a magnetic 
field equivalent t o 37,000 gauss., H . Nagaoka, and Y. Takahashi observed t h a t of 
the nine strong violet lines seven were found to give separations proportional t o 
t he field, while two gave larger separations in stronger fields. Of the weaker lines 
some give laTger separations t h a n usual, which are not proportional t o t he field. 
The effect of an electric field—the S ta rk effect—on the spectrum of iron was examined 
by M. Adam, J . A. Anderson, H . Nagaoka and Y. Sugiura, and T. Takamine ; t he 
self-induction, by G. A. Hemsalech, B . Eginitis, E . Neculcea, P . E . Robinson, and 
G. Berndt ; reversed lines, by G. D . Liveing and J . Dewar ; anomalous dispersion, 
b y H . Eber t , Li. Puccianti , and H. Geisler; enhanced lines, by J . N . Lockyer, 
J . N. Lockyer and F . E . Baxandall , F . E . Baxandal l , W. G. Duffield, P . W. Merrill, 
G. E . Hale and W. S. Adams, C. F a b r y and H . Buisson, and A. Fowler. Les rates 
uUimeSy t he ultimate or residual rays, and the sensitiveness of the spectrum of iron 
were studied by E . Bayle and L. Amy, F . Brasack, A. de Gramont , W. N. Har t ley 
and H . W. Moss, W . Kraemer, J . H . Pollok, J . H . Pollok and A. G. G. Leonard, 
and D. M. Smith. A. de Gramont said t h a t the last lines t o be visible are in t he 
group 2767-6 to 2737-0, and also 3020-8 ; with ocular observations, 4404 and 4383 ; 
and with photographic observations, 4045, 3820, 3737, 3570, 3565, 2755, 2749, 
2739, 2395, and 2382. The lines 2395-7, and 2382-2 are visible with a dilution of 
1 : 1,000,000 ; 2755-8, 2749-4, 2739-6, 2599-5, and 2598-5, with a dilution of 
1 : 100,000 ; and 3737-5, and 3735-0, with a dilution of 1 : 10,000. W. N . Har t ley 
and H . W. Moss gave 3886-4, 3860-0, 3824-5, 3749-6, 3745-7, 37350 , 3733-4, 3722-6, 
and 3720-0 for the ul t imate lines of iron in the oxy-hydrogen flame ; 2753-4, 2749-4, 
2747-1, 2746-6, 2743-2, 2739-6, 2825-8, 2628-4, 2599-5, and 2598-5 for the ul t imate 
lines of the spark spectrum between iron electrodes. F . Twyman and co-workers, 
T. Negresco, W. Kraemer, A. Schleicher, and J . R. Green discussed the spectral 
analyses of metals in quant i ta t ive and quali tat ive analyses. 

The ultra-violet spectrum was examined b y J . L . Schonn, G. D . Liveing and 
J . Dewar, F . Exner and E . Haschek, J . Thibaud, V. Schumann, R. J . Lang , 
T. Royds , T. Takamine and S. Ni t ta , S. H a m m , J . C. McLennan and co-workers, 
P . Maring, S. P . de Rubies, O. Stuhlman, C. C. Kiess, R. A. Millikan and co-workers, 
and L. and E . Bloch ; and the ultra-red Spectrum, by H . Becquerel, J . Querbach, 
H . Lehmann, W. W. Coblentz, K. W . Meissner, W. F . Meggers and C. C. Kiess, 
W. de W. Abney, E . A. Kochen, E . J . Evans , L. Geiger, H . M. Randal l and 
E . F . Barker , and J . C. McLennan and co-workers. The electrodic luminescence 
spectrum was studied by W. von Bolton ; t h e luminescence spectrum produced 
b y t h e action of cathode rays on the vapour of iron, b y E . Carter and A. S. King ; 
and t h e spectrum of t he luminescence of iron vapour in nitrogen, by P . Lewis. 
The existence of iron lines in the solar spectrum was discussed by J . von Fraunhof er, 
S. A. Mitchell, H . von Kltiber, A. Cornu, J . Wilsing, H . Eber t , J . N . Lockyer and 
J»\''JIi? Baxandal l , J . N . Lockyer, A. & King , C. F a b r y and co-workers, R . Woolley, 

" : " » ' i ? . ' •••• ' . ' • • » .' • 
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S. A l b r e c h t , H . A . R o w l a n d , H . Des l and re s , A . d e G r a m o n t , C. E . Moore a n d 
H . N . Russe l l , a n d H . W . Vogel ; a n d in stel lar spectra , b y A . d e G r a m o n t , 
G. P . Merri l l , P . W . Merr i l l , W . W . M o r g a n a n d co-workers , O. S t r u v e , O. S t r u v e 
a n d P . Swings , a n d G. P . Merril l a n d C. G. Burwe l l , S. A l b r e c h t , J- N . L o c k y e r 
a n d F . E . B a x a n d a l l , R . F u r n h j e l m , a n d H . jLudendorff; a n d t h e s p e c t r a of 
me teo r i t e s , b y W . Crookes—vide supra, t h e occur rence of i ron . R . G a n s s t u d i e d 
t h e a b s o r p t i o n s p e c t r u m of a colloidal soln. of i r o n ; a n d J . N . L o c k y e r , a n d 
J . P a r r y , t h e poss ible d issocia t ion of i ron a t h i g h t e m p . 

T h e absorpt ion spec trum of t h e vapour of i r on w a s d iscussed b y K . L . Wolf, 
H . Gieseler a n d W . G r o t r i a n , A. S. K i n g , J . G. M c L e n n a n a n d A . B . M c L a y , 
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W . F . Meggers , J . N . L o c k y e r a n d W . C. R o b e r t s - A u s t e n , G. D . L i v e i n g a n d 
J . D e w a r , J . A. A n d e r s o n , a n d E . von Ange re r a n d G. J o o s . A. S. K i n g ' s resu l t s 
w i th t h e v a p o u r a t different t e m p , a r e i n d i c a t e d in F i g . 255 . 

Accord ing t o J . F o r m a n e k , co loured so lu t ions of i ron sa l t s do n o t furnish 
a b s o r p t i o n spec t r a su i t ab le for a n a l y t i c a l p u r p o s e s . T h e ferrous sa l t s a b s o r b 
m o r e or less r ed r a y s , a n d t h e 
ferric sa l t s , b l ue or v io le t r a y s 
—vide infra, t h e specia l sa l t s . 
T h e a b s o r p t i o n s p e c t r u m of 
ferric t h i o c y a n a t e in a m y l 
a lcohol is s h o w n in F i g . 256 . 
Soln. of ferric sa l t s r e a c t w i t h 
a l k a n n a t i n c t u r e , a n d w i t h 
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n e u t r a l a q . soln. t h e l iqu id first b e c o m e s b lu i sh-grey , a n d a f t e rwards d i r t y g reen . 
Th i s l iqu id h a s a s t r i p a t 4955 , a n d a b a n d i n t h e b lue . T h e a d d i t i o n of a d r o p 
of a m m o n i a t o t h e l iquor p r ec ip i t a t e s t h e i ron c o m p o u n d , a n d t h e a b s o r p t i o n 
s p e c t r u m d i s appea r s ; b u t if a t r a c e on ly of a m m o n i a b e a d d e d , t h e l i quor becomes 
grass-green, a n d a s t r o n g a b s o r p t i o n a p p e a r s a t 6645, a n d a feeble one a t 6030. 
A l k a n n a t i n c t u r e a c t s s imi lar ly on soln. of fer rous sa l t s , b u t t h e colour is b lu ish-
v io le t . If a m m o n i a b e a d d e d as before , t h e colour b e c o m e s r e d d i s h - b r o w n , a n d 
shows b a n d s i n t h e g reen a n d b lue , a n d t w o s t r ips a t 5895 a n d 5475 . Af ter t h e 
l i qu id h a s s tood for some t i m e i t b e c o m e s d i r t y g reen , a n d t u r b i d , a n d t h e 
s p e c t r u m d i s appea r s . O b s e r v a t i o n s were m a d e b y J . Plotnikoff a n d M. K a r s c h u l i n , 
R . S a m u e l , a n d H . I . Schlesinger a n d H . B . v a n V a l k e n b u r g h . M. Luck ie sh , a n d 
T . Dre i sch s t u d i e d t h e specia l t r ansmis s ion of glasses co loured w i t h i ron . 

Regu la r i t i e s i n t h e s p e c t r a a n d series spectra of i r on were e x a m i n e d b y 
A. Schus te r , a n d W . N . H a r t l e y . A. S. K i n g a r r a n g e d t h e l ines i n different classes, 
accord ing t o t h e i r b e h a v i o u r w i t h r e spec t t o t e m p . , one class w a s well deve loped 
a t 1600°, a n o t h e r a t 2000° , a n d a n o t h e r a t 2300° ; a n d G. E . H a l e a n d W . S. A d a m s 
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also found t h a t t h e l ines could be a r r a n g e d i n classes accord ing t o t h e i r b e h a v i o u r 
w i t h respec t t o press . T h e sub jec t w a s a lso d iscussed b y M. A . C a t a l a n , E . G e h r c k e , 
A. de G r a m o n t , A. H a g e n b a c h a n d H . S c h u m a c h e r , G. A. H e m s a l e c h , J - N . Liockyer 
a n d co-workers , a n d J . Meunier . H . D . B a b c o c k d iscussed t h e c h a n g e s of e n e r g y 
involved in t h e passage f rom one class t o a n o t h e r . T h e m u l t i p l e t s — d o u b l e t s , 
t r ip le t s , q u a r t e t s , a n d s ex t e t s—were e x a m i n e d b y E . v o n Ange re r a n d G. J o o s , 
N . B o h r a n d D . Coster , W . M. Cady , M. A. C a t a l a n a n d co-workers , W . Cla rkson , 
D . Coster , R . F re r i chs , E . Gehrcke , R . C. G ibbs a n d H . E . W h i t e , H . Gieseler a n d 
W. Gro t r i an , S. G o u d s m i t a n d co-workers , A . d e G r a m o n t , W . G r o t r i a n , S. H o e l t -
zenbein , E . H u n d , C. E . S t . J o h n , M. K a h a n o w i c z , P . K . K i c h l u , C. C. Kiess a n d 
O. L a p o r t e , M. K i m u r a a n d G. N a k a m u r a , O. L a p o r t e , E . M. L i n d s a y , J . C. M c L e n n a n 
a n d A. B . McLay , W . F . Meggers, W . F . Meggers a n d O. L a p o r t e , J . B . v a n 
Milaan , H . N a g a o k a a n d Y . Sug iura , A. L . N a r a y a n a n d K . R . R a o , P . G. N u t t i n g , 
L . S. Orns te in a n d H . C. Burge r , E . P a u l s o n , A . Rub inowicz , R . R u d y , H . N . Russe l l , 
M. S a w a d a , N . K . Sur , F . M. W a l t e r s , H . E . W h i t e , a n d A. T. Wi l l i ams . 

The re a r e supposed t o be r ings or shells of e lec t rons c o n n e c t e d respec t ive ly w i t h 
t h e emission a n d abso rp t ion of t h e K- , L- , M-, a n d N-ser ies of t h e X - r a y s ; while 
w i th t h e heavie r a t o m s l ike u r a n i u m a n d t h o r i u m , t h e r e m a y b e six such shel ls— 
d e n o m i n a t e d K , L , M, N , O, a n d P g roups , beg inn ing -with t h e i n n e r m o s t — t h e 
K - g r o u p h a s 1 m e m b e r ; t h e L -g roup , 3 ; t h e M-group , 5 ; t h e N - g r o u p , 7 ; t h e 
O-group, 5 ; a n d t h e P - g r o u p 3 . Accord ing t o N . B o h r ' s t h e o r y , 6 t h e e lec t rons in 
a n y g iven shell m o v e in orb i t s more or less el l ipt ical , a n d spa t ia l ly a r r a n g e d so as 
n o t t o be co-p lanar . Owing t o v a r i a t i o n s in t h e eccent r ic i ty , t h e o rb i t s of t h e 
e lec t rons in different shells a r e i n t e r p e n e t r a t i n g so t h a t e lec t rons in t h e ex ter ior 
shells m a y a p p r o a c h closely t o t h e nuc leus a t per ihel ion of t h e h igh ly el l ipt ical 
o rb i t s . Consequent ly , t h e force a c t i n g on a n e lec t ron in a n el l ipt ical o rb i t m a y 
u n d e r g o e n o r m o u s v a r i a t i o n s in each r evo lu t ion , so t h a t t h e inverse s q u a r e ru le is 
a p p r o a c h e d only in t h e ex ter ior p a r t s of t h e orb i t s . I n ce r t a in cases, t h e b ind ing 
force on t h e e lec t rons in exter ior shells m a y b e g r e a t e r t h a n t h a t a c t i ng on t h e 
e lec t rons in t h e in te r io r shells. W i t h t h e m o r e s imple p i c t u r e s of t h e B o h r a t o m , 
t h e K - r a y s a r e d u e t o e lec t rons whose q u a n t u m n u m b e r , n , decreases t o 1, a n d such 
a n e lec t ron d rops i n t o t h e K- r ing , o rb i t , or shell ; w h e n t h e q u a n t u m n u m b e r of t h e 
e lec t ron h a s d r o p p e d t o 2 , i t gives off L - r ays , a n d t h e e lec t ron is sa id t o h a v e d r o p p e d 
i n to t h e L- r ing , shell , or o rb i t . J . Pa lac ios a n d M. Velasco s t u d i e d t h e fine s t r u c t u r e 
of t h e X - r a y abso rp t ion s p e c t r u m . 

J . L a u b a s s u m e d t h a t h a r d X - r a y s furnish a J-series of X - r a y spectra, b u t 
M. S iegbahn could n o t confirm th i s . T h e K-series of X - r a y spec t r a were found b y 
H . G. J . Moseley, a n d E . W a g n e r t o furnish a—1-946, a n d £ = 1 - 7 6 5 . A . La r s son 
g a v e Ci1 = 1*932066, c t 2 = l - 9 3 5 9 8 7 , aa: 4 = 1 * 9 2 3 3 0 ; t h e r e a r e also £ ' = 1 - 7 5 6 4 6 , a n d 
£ ' " = 1 . 7 3 7 1 , as well a s £ ! = 1 - 7 5 3 0 1 3 , £ 2 = l - 7 4 0 7 6 . M e a s u r e m e n t s were m a d e b y 
U . Andrewes a n d co-workers , M. Ba lde r s ton , J . A. B e a r d e n , H . B e u t h e , S. B jorek , 
D . M. Bose , W . B o t h e a n d co-workers , M. de Brogl ie , C. T . Chu , D . Coster a n d 
co-workers , A . Dauvi l l ie r , A . C. D a v i e s a n d F . H o r t o n , B . D a v i s a n d H . P u r k s , 
G. B . D e o d h a r , V. Dolejsek, V. Dolejsek a n d co-workers , M. J . D r u y v e s t e y n , 
W . D u a n e a n d co-workers , S. E r iksson , J . D . H a n a w a l t , E . H j a l m a r , S. I de i , 
A . Kar l s son , S. K a w a t a , G. K e t t m a n n , B . K i e v i t a n d G. A . L i n d s a y , E . H . K u r t h , 
K . L a n g , A. Larsson , A. E . L i n d h , G. A. L i n d s a y a n d H . R . Voorhees , H . M a r k a n d 
L . Szi lard , L . H . M a r t i n , H . T . Meyer , P . L . Mohler a n d P . D . F o o t e , B . C. Muk-
her jee a n d B . B . R a y , G. Or tner , T . H . Osgood, S. Pas to re l lo , R . L . P e t r y , 
M. P r i v a u l t , B . B . R a y , O. W . R i c h a r d s o n a n d F . C. Chalkl in , M. S a w a d a , 
N . Seljakoff a n d co-workers , M. S iegbahn , M. S i egbahn a n d co-workers , M. S iegbahn 
a n d B . B . R a y , M. S iegbahn a n d W . S t e n s t r o m , M. S i egbahn a n d M. Zacek , 
N . S tensson , E . C. S toner , R . T h o r a e u s , J . Valasek , A . P . R . W a d l u n d , B . W a l t e r , 
F . W e v e r , F . J . v o n Wisn iewsky , Y . H . W o o , a n d S. Yosh ida . T h e l imi t of 
a b s o r p t i o n of t h e K-ser ies was p laced b y V. Dole jsek a t 1-7395 ; b y W . D u a n e 
a n d co-workers a t 1-7396 ; a n d b y E . W a g n e r a t 1-7377. T h e a b s o r p t i o n of t h e 
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K-series was also studied by W. Duane, W. Duane and H . Fricke, J . L. Glasson, 
and R. Thoraeus. A. E . Lindh found for t h e absorption limit with elemental 
iron, 1-7405; for Fe2O3 , 1-7373 ; for Fe(OH)3 , 1-7371 ; for FeCl3, 1-7372 ; for 
(NH4)2Fe(S04)2 , 1-7371 ; for FeS, 1-7389 ; for FeSO4 , 1-7383 ; for Fe 2 (S0 4 ) 3 , 
1-7371 ; and for FeSO4 , 1*7371. The relation between the electronic s tructure 
and the K-series was discussed by Gr. A. Lindsay and H . R. Voorhees, and 
B. B . R a y ; and t h e electronic energy, by R. Whiddington, and G. W. C. Kaye . 
The L-series includes the lines a=17-66 , tt1>2=17-58, £ = 1 7 - 3 3 , ft=1722, £ 4 > 3 =15-61 , 
€=20-12, and 77=19-63. The L-series was studied by S. Bjorek, N. Bohr and 
D. Coster, A. Dauvillier, M. J . Druyvesteyn, H . Hira ta , C. E . Howe, F . L. Hun t , 
A. Karlsson, G. Kellstrom, E . H . Kur th , B . C. Mukherjee and B . B . Ray, 
F . P . Mulder, O. W. Richardson and F . C. Chalklin, G. K. Rollefson, M. Siegbahn 
and co-workers, A. Sommerfeld, E . C. Stoner, J . Thibaud and A. Soltan, 
C. H . Thomas, R. Thoraeus, B . Walter , and R. B . Witmer and J . M. Cook. 
The M-series was studied by U. Andrewes and co-workers, F . L. Mohler and 
P . D . Foote , B . C. Mukherjee and B . B . Ray , J . A. Pr ins and A. J . Takens, 
R. L. Pet ry , B . B . R a y and R. C. Mazumdar, O. W. Richardson and F . C. Chalklin, 
G. K. Rollefson, O. Stuhlman, and C. H . Thomas. The N-series was studied by 
E . H . Kur th . H . Stintzing, and O. Eisenhut and E . K a u p p a t tempted the 
analysis of iron by X-ray spectra. 

The absorption coefficients, /x, for the K-series of X-rays was found by 
C. G. Barkla and V. Collier to be 00202 for air ; 0-204 for H 2 S ; 0-24 for SO2 ; 0-112 
for ethyl chloride; and 0-384 for ethyl bromide ; and E . A. Owen gave/x=0-0254 
for air ; 00456 for CO2 ; and 0-2673 for SO2 . C. W. Hewlet t gave for the relative 
mass absorption coeff. for wave-lengths A A. : 

A . . 0 1 3 O 0 - 2 1 0 0 - 3 2 4 0 - 4 7 1 0 - 6 6 6 0 - 8 6 1 1 -006 
/x/Z> . 0 - 4 3 7 1-16 3 - 7 6 1 1 - 2 2 3 1 - 0 5 6 0 - 6 0 9 1 - 7 0 

and C. G. Barkla and C. A. Sadler, and C. A. Sadler and A. J . Steven gave for the 
absorption of the K-series of radiations from 

Cu Ag Zn Ti As Se Cr Fe Co NI 
ft/JJ . 268 17-4 221 173 134 116-3 103-8 6 6 1 67-2 314 

J . A. Becker found t h a t the absorption coeff. of iron for X-rays of short wave-length 
were very little affected by a magnetic field of 18,00O gauss. Observations "were 
made by S. J . M. Allen, T. E . Auren, C G . Barkla and co-workers, H . R. Voorhees 
and G. A. Lindsay, R . A. Houstoun, L. H . Martin and K. C. Lang, L. M. Alexander, 
J . A. Prins, N . Ahmad, L. Bastings, J . A. Bearden, W. H. Bragg and co-workers, 
F . Dessauer and B . Winawer, W. Duane and H . Fricke, C. W. Hewlett , J . A. Becker, 
H . Hadicke, H . S. Read, J . Palacios and M. Velasco, A. H . Compton, M. Ishino 
and S. Kawata , G. W. C. Kaye , J . Laub , L. H . Martin, F . K. Richtmyer and 
co-workers, M. Siegbahn, O. Stelling, and K. A. Wingardh. W. Kossel discussed 
the relation between the absorption coeff. of Cu, Zn, Fe , and Ni ; J . Veldkamp, 
the effect of lattice s tructure on the X-radiograms ; J . A. Becker, the effect of 
magnetization on the absorption of X-rays ; and B . Rossi, the absorption and 
diffusion of penetrat ing corpuscular radiation in iron. 

C. H . Thomas, U. Nakaya , F . C. Chalklin, H . Kulenkampff, G. Shearer, and 
C T . Chu studied the emission of soft X-rays ; O. W. Richardson and F . S. Robert
son, L. P . Davies, and U. Nakaya, the effect of oxidation on the emission of soft 
X-rays ; R. Whiddington, the Velocity of the X-rays ; L. H . Martin, the efficiency 
of the emission of the K-series of Z-rays ; and H . S. Read, the effect of temp, on 
the absorption of X-rays ; W. Arkadieff, the magnetic absorption spectrum. 
The absorption of polarized X-rays in a magnetic field was examined by J . A. Becker, 
J . C Chapman, A. H . Forman . P . H . Brodersen studied the intensity of X-rays ; 
R. W. G. Wyckoff, E . N, Coade, S. J . M. Allen, A. A. Claassen, A. J . Bradley and 
R. A. H . Hope, R. W. James and G. W. Brindley, C W. Hewlett , E. N . Coade, and 
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R . J. H a v i g h u r s t , a n d E . A . Owen , t h e s ca t t e r ing of X - r a y s ; A. H . A r m s t r o n g , 
t h e diffraction of X - r a y s ; R . Glocker a n d K . Schafer , t h e d ispers ion of X - r a y s ; 
P . Gi in the r a n d G. Wi lcke , t h e ana lys i s of m i x t u r e s of i ron a n d coba l t b y X - r a d i o -
g r a m s ; E . R u p p , t h e diffraction of e lec t rons ; S. Pas to re l lo , i ron a s a deflection 
l a t t i ce for X - r a y s ; R . L . D o a n , W . E h r e n b e r g a n d F . J e n t z s c h , J . E . H e n d e r s o n 
a n d E . R . La i rd , a n d R . W . G. Wyckoff, t h e reflections of X - r a y s ; a n d H . H a a s 
d e t e c t e d n o po la r i za t ion of t h e K - r a y s w i t h a v o l t a g e of 7-4 t o 12*6 k i lovol t s . 
C. E . E d d y a n d T . H . L a b y , a n d O. E i s e n h u t a n d E . K a u p p s tud i ed t h e ana lys i s 
of i ron b y m e a n s of t h e L e n a r d r a y s ; a n d G. R . F o n d a a n d G. B . Collins, b y 
m e a n s of t h e X - r a y s p e c t r u m . W . A. W o o d obse rved t h a t m a n g a n e s e depos i t ed 
on a l u m i n i u m will r e m o v e t h e )8-rays b y select ive a b s o r p t i o n f rom t h e cha rac te r i s t i c 
r a d i a t i o n of i ron. T h e p r o d u c t i o n of t h e K-ser ies of X - r a y s b y a - r a y s w a s 
s t u d i e d b y W . B o t h e a n d co-workers . T h e seconda ry X - r a y s of i ron were s t u d i e d 
b y C. G. Ba rk l a , C. D . Cooksey, W . K a u f m a n n , a n d C. A. Sadler . T h e p r o 
d u c t i o n of X - r a y fluorescence w a s s t ud i ed b y M. B a l d e r s t o n , W . B o t h e a n d 
co-workers , M. I . H a r m s , W . Kossel , L . H . M a r t i n , a n d V . Pose jpa l . C. G. B a r k l a 
a n d A. J . Ph i l po t , a n d E . A. Owen, m e a s u r e d t h e ion iza t ion coeff. of t h e K a - r a y s 
in t he i r passage t h r o u g h h y d r o g e n , oxygen , c a r b o n m o n o x i d e , c a rbon d iox ide , 
h y d r o g e n su lph ide , s u l p h u r d iox ide , h y d r o g e n selenide, a n d e thy l b r o m i d e a n d 
iod ide . M. v o n L a u e a n d G. Si l jeholm found t h a t nea r t h e A 3 -ar res t , t h e changes 
in t h e t h e r m a l e lec t ron emission a re r e l a t ed wi th t h o s e occur r ing in t h e t h e r m a l 
ene rgy ; a n d E . R u p p a n d E . Schmid found m a x i m a for F = 2 0 , 110, 175, a n d 23O 
in t h e vo l t age - in tens i ty of t h e e lectronic reflexion curve . W . Arkadieff s t ud i ed t h e 
m a g n e t i c a n d electr ic spec t ra of e l ec t romagne t i c waves . G. Fourn ie r , a n d E . R u p p 
s tud i ed t h e a b s o r p t i o n of e l e c t r o n s ; J . T h i b a u d a n d F . D . Ia Tour , a n d P . Auger , 
t h e a b s o r p t i o n of n e u t r o n r a y s ; W . E s p e , S. R . R a o , H . H a s e , and H . E . F a r n s -
w o r t h , t h e d i s t r ibu t ion of energy a n d t h e e m i s s i o n of e l e c t r o n s f rom i ron ; 
H . E . F a r n s w o r t h , a n d G. A. Carse a n d D . J a r k , t h e emiss ion of e lec t rons f rom 
m a g n e t i z e d a n d u n m a g n e t i z e d i ron w h e n no apprec iab le difference cou ld b e 
d e t e c t e d ; E . R u p p , a n d E . R u p p a n d E . Schmid , t h e di f f ract ion of e l e c t r o n s ; 
a n d W . B o a s a n d E . R u p p , t h e diffraction of e lect rons b y purified a n d pass ive i ron . 
W . E h r e n b e r g a n d F . J e n t z s c h , t h e ref lec t ion of e l e c t r o n s ; C. H . K u n s m a n , 
M. N . D a v i s , H . B . W a h l i n , F . S imon , A. Goetz , L . R . L . B a r n e s , G. Si l jeholm, 
F . M. P e n n i n g , a n d M. v o n L a u e , t h e e m i s s i o n of pos i t ive i o n s from h e a t e d i ron ; 
A. K . Brewer , t h e effect of a m m o n i a ; a n d , accord ing t o A. Goetz , t h e r e is no 
d i sp lacement , b u t t h e r e is a change in t h e d i rec t ion of t h e cu rve of e lect ronic 
emission a t different t e m p , on pass ing t h r o u g h t h e t r a n s i t i o n po in t s of i ron ; 
F . E . Myers a n d R . T. Cox t r i ed t o d e t e c t t h e po la r iza t ion of e lec t rons pass ing t h r o u g h 
m a g n e t i z e d iron-foil, a n d G. A. Carse a n d D . J a r k observed n o difference in t h e 
emiss ion of e lectrons from magne t i z ed a n d u n m a g n e t i z e d i ron exc i t ed b y t h e 
X - r a y s . A. N o d o n observed t h e p e r m e a b i l i t y of i ron t o t h e p e n e t r a t i n g u l t r a - r ad i a 
t i ons of t h e sun . R . R o b l obse rved no luminescence in u l t r a -v io le t l igh t . B . Ross i 
m e a s u r e d t h e a b s o r p t i o n of co rpuscu la r r a d i a t i o n s . H . R . v o n T r a u b e n b e r g 
found t h e r ange of t h e cx-particles in i ron t o b e 18*7 X 1 O - 4 c m . G. P . T h o m s o n 
discussed t h e diffraction of t h e c a t h o d e r a y s . R . H o l o u b e k s tud i ed t h e t r a c k s of 
t h e H-par t i c l e s f rom i ron b o m b a r d e d b y ct-rays ; A. Weger ich s tud ied t h e effect 
of b o m b a r d i n g i ron w i th a -par t ic les—v tde infra, t h e a t o m i c d i s in teg ra t ion of i ron . 
H . R o b i n s o n a n d W . F . R a w l i n s o n inves t i ga t ed t h e emiss ion of /3-rays from i ron ; 
K . W . F . K o h l r a u s c h , E . S t ahe l a n d H . K e t e l a a r , H . Herszf inkiel , Li. H . G r a y a n d 
G. T . P . T a r r a n t , a n d A . H . C o m p t o n , t h e absorp t ion of t h e y-TQys of r a d i u m ; 
a n d E . J . W o r k m a n , a n d H . Herszf inkie l , s econda ry ion iza t ion b y h a r d y - r a y s . 
Accord ing t o R . F . Mehl a n d C S . B a r r e t t , t h e p e n e t r a t i o n l imi t of t h e y - r a y s 
t h r o u g h steel is a b o u t twice a s g r e a t a s t h a t of t h e X - r a y s . H . Schindler s t ud i ed 
t h e effects of u l t r a - p e n e t r a t i n g r a d i a t i o n . N . Pil tschikoff obse rved t h a t i ron 
e m i t s t h e so-called Moser r a y s which a r e c a p a b l e of pass ing t h r o u g h t h i n l ayers of 

. jAjper , celluloid, ge la t in , o r a l u m i n i u m ; a n d wh ich c a n decompose si lver b r o m i d e . 
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J . Lifschi tz s t u d i e d t h e Becque re l effect. W . G. G u y , a n d I . I . B o r g m a n o b s e r v e d 
no ev idence of t h e radioact iv i ty of i ron . N . R . C a m p b e l l c a l c u l a t e d f rom t h e 
ion iza t ion of a i r b y i ron t h a t t h e r a d i o a c t i v i t y , if p r e s e n t , is b u t 1*7 X 1 O - 1 2 t i m e s 
a s s t r o n g a s is t h a t of r a d i u m . Y . H . W o o s t u d i e d t h e C o m p t o n effect. 

T h e crit ical potent ia l s f ound b y U . A n d r e w e s a n d co -worker s were 7 3 a n d 166 
vo l t s ; H . N . Russe l l g a v e 7-83 a n d 16-5 vo l t s r e spec t ive ly for t h e ser ies a n d 
ion iza t ion p o t e n t i a l s of i ron . A . V. D o u g l a s g a v e 6*6 v o l t s for t h e ion iza t ion p o t e n t i a l 
of i ron d e d u c e d f rom a s t r o n o m i c a l d a t a ; a n d Gr. B . K i s t i a k o w s k y , 11 t o 13 v o l t s . 
O. Liaporte g a v e 5*9 vo l t s for t h e i on i za t ion p o t e n t i a l , a n d 3-20 v o l t s for t h e first 
e x c i t a t i o n p o t e n t i a l . R . H a m e r a n d S. S i n g h f o u n d cr i t ica l p o t e n t i a l s w i t h 3-7, 
7-15, 11-2, 16-3, 19-4, 24-5, 2 9 0 , 33-9, 38-8, 4 2 1 , 45-7, 48-4, 5 1 4 , 5 4 8 , 6 1 6 , 7 2 7 , 
89-6, 1 0 3 1 , 111-6, a n d 125-8 vo l t s . G. K . Rol lefson found t h a t i n t h e r a n g e 4O t o 
175 vo l t s , t h e cr i t ical r a d i a t i o n p o t e n t i a l s of t h e M-series a r e 3-46, 6*03, 7-05, 8*21, 
9-63, 10-40, 10-88, 11*33, a n d 11-83 v o l t s ; a n d t h e v a l u e s for t h e L-ser ies i n t h e 
r a n g e 6O t o 7O vo l t s a r e 45-5, 47-0, a n d 51-5 vo l t s . I n t h e r a n g e f rom 60O t o 7OO 
vo l t s , O. W . R i c h a r d s o n a n d F . C. Cha lk l in f o u n d cr i t ica l v o l t a g e s a t 608-1 , 640-0, 
a n d 689-7 vo l t s ; C. H . T h o m a s , 639 a n d 704-3 vo l t s ; a n d G. K . Rol lefson, 618 , 

fr/plets 

L L i i-7-A- - J L U S 

F I G . 2 5 7 . — E n e r g y S t a g e s i n t h e S p e c t r a of I r o n . 

R . 637, a n d 697 vo l t s . R . L . P e t r y obse rved cr i t ica l p o t e n t i a l s for t h e s e c o n d a r y 
e lec t ron emiss ion of i ron a t 6-7, 9-0, 13-5, 26, 34, 39 , 42-8, 48-3, 54-6, 66-7, 80-5, 
92-7, 740, 810, a n d 1010 vo l t s . T h e r e is a long r a n g e of v o l t a g e s be low 20O vo l t s 
observed b y O. W . R i c h a r d s o n a n d F . C. Chalk l in , G. K . Rol lefson, A. V. D o u g l a s , 
M. d e Brogl ie , S. C. R o y , I ) . R . H a r t r e e , C. H . T h o m a s , S. C. B i swas , R . N . G h o s h , 
K. H . K u r t h , U . A n d r e w e s a n d co-workers , a n d O. T . Chu ; t h e cr i t ica l v o l t a g e s 
follow t h e series V^- 180-242On*, w h e r e n = 4 , 5 , 6, 7, 8, 9, 10, 1 1 , 12 . O b s e r v a t i o n s 
on t h e series a n d cr i t ica l p o t e n t i a l s were also m a d e b y S. C. B i swas , A . C. D a v i e s 
a n d co-workers , E . H . H a l l , U . A n d r e w e s a n d co-workers , F . H u n d , O. L a p o r t e , 
R . L . P e t r y , B . B . R a y a n d R . C. M a z u m d a r , O. S t u h l m a n , C. H . T h o m a s , a n d 
F . M. W a l t e r s . W . G r o t r i a n r e p r e s e n t e d g r a p h i c a l l y t h e e n e r g y s t ages , vo l t s , 
for a t o m s of i ron for different g r o u p s of spec t r a l l ines b y F i g . 257 . W . H e r z g a v e 
8-25 x 1 0 - i 2 ? a n d j . E . P . Wagstaff , 0-67 x IO-12 for t h e v ibrat ion f requency of 
i ron—v ide 1 . 13 , 19. J . B . A u s t i n g a v e b e t w e e n 7-0 x IO—12 a n d 9-7 X 10—12. 

T h e photoe lectr ic effect w i t h i r on w a s s t u d i e d b y G. B . B a n d o p a d h y a y a , 
A . K . Brewer , A . B . Cardwel l , "Lt. P . D a v i e s , G. N . Glasoe , G. Li. Locher , R . H a m e r , 
G. B . K i s t i a k o w s k y , T . H . Osgood, T . P a v o l i n i , G. R e b o u l , O. W . R i c h a r d s o n a n d 
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F . S. R o b e r t s o n , a n d J . J . Weig le . Acco rd ing t o G. B . W e l c h , t h e p h o t o e l e c t r i c 
effect is i n t h e th resho ld of 3155 A . ; R . H a m e r g a v e 3425 A. A. K. Brewer, a n d 
TJ. N a k a y a discussed t h e influence of a d s o r b e d gas on t h e p h o t o e l e c t r i c effect. 
A. B . Card well obse rved t h e effect of r e m o v i n g t h e occ luded g a s o n t h e p h o t o 
electric effect, a n d found t h a t a t h o r o u g h l y ou tgas sed s p e c i m e n s h o w e d n o f a t i g u e 
for 12 h r s . af ter t r e a t m e n t . W h e n t h i s s t a t e w a s r e a c h e d , t h e s t r e n g t h of t h e 
photoe lec t r ic c u r r e n t d e p e n d e d o n t h e r a t e of cooling of t h e i r on filament. T h e 
pho toe lec t r i c sens i t iveness t h u s increases if t h e spec imen b e a n n e a l e d i n v a c u o . 
T h e r e w a s a decrease in t h e pho toe lec t r i c sens i t iv i ty if a filament h e a t e d a b o v e 910° 
w a s s u d d e n l y cooled, t h i s be ing d u e t o t h e r e t e n t i o n of p a r t of t h e y - i r o n . T h e 
v a r i a t i o n of t h e photoe lec t r ic c u r r e n t w i t h t e m p , of t h e filament w a s i n v e s t i g a t e d 
for i ron wh ich h a d been ou tgassed b y h e a t - t r e a t m e n t for 150 h r s . T h e v a r i a t i o n 
i» comp lex . B e t w e e n a b o u t 475° a n d 768° t h e r e is a dec rease in pho toe l ec t r i c 
c u r r e n t d u e t o a p u r e t e m p , effect. A t 768° (where t h e r e is a t r a n s i t i o n of a - t o 
/5-iron) t h e sens i t iv i ty r e m a i n s c o n s t a n t o r increases s l igh t ly . N e a r 910° ( t r a n s i t i o n 
of fi- t o y- i ron) t h e r e is a n a b r u p t decrease i n t h e sens i t iv i ty . T h e t h e r m i o n i c 
c u r r e n t w a s also m e a s u r e d a n d p l o t t e d a g a i n s t h e a t i n g c u r r e n t . T h e r e is a n a b r u p t 
c h a n g e in t h e cu rve a t 910°. T h e long w a v e - l e n g t h l imi t for t h o r o u g h l y ou tga s sed 
i ron lies b e t w e e n 2580 a n d 2652 A . T h e w o r k func t ion , o b t a i n e d b y s u b s t i t u t i n g 
t h e s e va lue s in E i n s t e i n ' s pho toe lec t r i c e q u a t i o n , is 4*72 ±0*07 vo l t s . S. Chan -
d r a s e k h a r s t u d i e d t h e pho toe lec t r i c a b s o r p t i o n b y i ron . T h e sub jec t was s t u d i e d 
b y W . F r e s e ; t h e effect of m a g n e t i z a t i o n , b y G. P o l v a n i ; a n d t h e effect of pol i sh ing 
w i t h i ron t h e m e t a l s copper , silver, gold, a n d p l a t i n u m , b y I i . JP. H a n s t o c k ; 
t h e effect of gases , b y R . D u m p e l m a n n ; a n d t h e effect of m a g n e t i z a t i o n , b y 
J . H . J . Poo le . F. E h r e n h a f t found t h a t i ron par t i c les s h o w pos i t ive a n d n e g a t i v e 
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§ 21 . Electrical Properties of Iron and Iron-Carbon Alloys. 
P . E . Shaw and C. S. Jex , 1 A. Coehn and A. L.otz, A. Lafay, J . B . Seth and 

co-workers, H . F . Richards, and P . A. Mainstone studied the triboelectricity or 
friction electricity produced when iron is rubbed against glass, etc. R. F . Han-
stock studied the effect of cold-work on the triboelectric effect. 

Many observations on the electrical conductivity of iron and steel have been 
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reported. Thus, A. Matthiessen and C. Vogt gave for the electrical conductivity, 
K9 of electrolytic iron ignited in hydrogen, .#=16*810—O-51904-O-OO13402 ; and 
ignited in air, ^==16-810—0-5090-f-0-0012702 when the value for -K0 for silver is 
100 ; they also found for pianoforte wire, .K=13-293—O-4250+O-OOO9202 ; a n d 
for commercial iron, #=18-774—0-4280+0-00009002. C. W. Siemens gave for 
iron, 8-3401 at 0° when the conductivity of mercury is unity ; R. Benoit, 7-861 ; 
A. Berget, 7-88 ; L. Lorenz, 9-685 at 0°, and 6-189 at 100° ; W. Kohlrausch, 8-405 
at room temp, for electrolytic iron, 0-8913 at a red-heat, 0*8196 at a yellow-heat, 
and 0-7949 when the iron is non-magnetic. Observations were also made by 
A. Arndtsen, C. Barns, E. Becquerel, T. Berglund and A. Johansson, IJ. Cailletet 
and E. Bouty, J. A- Capp, O. Chwolson, A. Emo, J. A. Fleming, P. Fournel, 
C. A. Hering, W. H. Johnson, G. C. Knott, A. Macfarlane, A. Matthiessen and 
C. Vogt, A. R. Meyer, J. R. A. Mousson, J. Muller, A. Oberbeck and J. Bergmann, 
J. H. Partridge, M. Pirani, W. H. Preece, P. T. Riess, C. M. Smith and co-workers, 
H. Tomlinson, C. Villiers, A. von Waltenhofen, H. Wedding, etc. J. Dewar and 
J. A. Fleming, and E. Dickson gave for the electrical conductivity in mhos of 
purified, and annealed iron : 

— 205-3° —78° 0° 98-6° 1 9 6 1 ° 
M h o s X l 0 - « . 1 5 3 - 4 0 1 8 - 8 0 1 1 - 3 0 5 - 6 2 4 - 6 5 

W. Meissner and B. Voigt also made observations between —271-8° and 0° ; 
and found for the ratio, r, of the resistance, R, at the given temp, to the resistance, 
R09 at 0°, for a sample, I, of electrolytic iron, and a sample, II, of iron with 0-001 
per cent. Mn, 0-004 per cent, of copper, 0-0049 per cent, of nickel, etc., and tempered, 
when the resistance of I was i?0=0-0067 ohm at 0°, and that of II, i£0=0*160, 
and the calculated values of the ratios for the pure metals, rTea • 

1 {r -
IL {r • 

f r e d 

JJ. Guillet found the electrical resistance of annealed electrolytic iron to be 
10-22 microhms per cm. cube at 20°, and since the only measurable impurities 
were 0-025 per cent, of phosphorus, and 0-011 per cent, of arsenic, A. L«. Norbury 
estimated that by allowing for an increased resistivity of 0-32 microhm from these 
sources, the corrected value is 9-90 microhms per cm. cube at 20°. F. C. Thompson 
and co-workers gave 7-3 microhms for the sp. resistance of pure iron. T. D . Yensen 
gave 9-96 microhms per cm. cube for the resistance at 20° of annealed, doubly 
refined electrolytic iron, melted in vacuo. The only impurities 'were carbon, 0-006 
per cent., and silicon, 0-01 per cent. Allowing for these, A. Li. Norbury estimated 
the resistance to be 9-81 microhms, and F. Ribbeck, 9-62 microhms, per cm. cube 
at 20°. E. Gumlich and P. Goerens gave 9-94 microhms for the electrical resist
ance of purified iron at 20°. F. Stablein gave 10 microhms for the sp. resistance 
of pure iron ; 14-7 microhms for that of the eutectoid with 0-9 per cent, of carbon, 
and 70 microhms for cementite. G. Niccolai, and L. Holborn obtained 10 microhms 
per cm. cube for the resistance of iron near 0° ; H. Masumoto, 10*44 microhms ; 
and G. K. Burgess and I. 2ST. Kellberg, 9-713 microhms per cm. cube. These 
investigators also obtained for the resistance of iron in ohms X 10~5 per cm. cube : 

— 253° —192° —78° 0° 100° 200° 800° 400° 
R - - — 0 - 2 3 7 0 - 6 9 1 1 0 0 0 1-557 2 - 2 4 0 3 0 6 9 4 0 5 8 
H . . O - 0 1 1 3 0 - 0 8 7 8 0 - 5 7 9 4 l-OOO 1 - 6 4 7 6 ( 2 - 4 7 2 6 ) 3 - 4 7 3 8 ( 4 - 6 6 3 6 ) 
JB a n d K . — — — 0 - 9 7 1 3 1 - 5 8 8 0 — 3 - 4 0 4 - 6 1 

500° 600° 700° 750° 800° 900° 9O0° 950° 
^ « a 4 i K . 6 0 5 7 - 6 1 9 -51 1 0 - 6 7 1 1 - 6 0 1 2 - 1 6 1 2 - 2 4 1 2 - 4 1 

0-16° 
1 
1 
1 
1 

— 185-58° 
0 1 1 6 9 
0 - 0 9 7 4 5 

__ 

— 194-16° 
0 0 9 1 9 4 
0 - 0 7 1 9 4 
O 0 7 5 6 
0 - 0 6 7 9 7 

— 252-60° 
0 0 2 2 8 2 
0 - 0 0 1 3 0 
0 - 0 0 8 9 2 
O-0OO75 

— 268-79° 
0 - 0 2 1 6 0 
0 0 0 0 0 5 
0 0 0 8 1 8 
0 0 0 0 0 0 

— 271-62° 
0 0 2 1 5 6 
OOOOOl 
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Measurements were made by P . Saldau ; E . Gruneisen and E . Groens, and W. Rohn. 
J . C. McLennan and co-workers gave 8*85 for the sp. resistance of iron a t 0 0 , and 
01Ol for t h e value a t 252*4°, whilst W. Meissner gave : 

JR 
O-20° 

1 
— 185-57° 
0 1 1 6 9 

— 194-14° 
0 0 9 1 9 4 

— 252-60° 
0*02282 

— 268-79° 
O 0 2 1 6 0 

— 271-66° 
0 0 2 1 5 6 

or, by extrapolation, 002155 a t —273°. W. Tuijn and H . K. Onnes found t h a t 
iron did not show superconductivity a t low temp. ; and V. A. Suydam gave for 
the resistance, R, a t T° K., taking the value a t 0° or 273° as uni ty : 

273° 
1 0 0 0 

411° 
1-777 

588° 
2-945 

694° 
3-871 

851° 
5-491 

983° 
7-322 

1177° 
9-361 

1290° 
9-937 

1363° 
10-632 

I 

4 
Jg 

«1 

/•Y 

/2 

/O 

8 

6 
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—-

__ 
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— 
J .. 
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—r 

--. 

-200° 200° 400° 600° 800° /000° 

R 

The observations of K. Honda and Y. Ogura, summarized by the light curve, 
Fig. 258, show a marked change in direction a t 798°, or the A2-arrest. G. K. Bur
gess and I . N . Kellberg observed no such change, b u t ra ther obtained a continuous 
curve in which the greatest change in t he resistance, per degree rise of temp. , 
occurred in the vicinity of the A2-arrest. W. Broniewsky also observed per
ceptible singularities in the resistance curve a t about 750°, 850°, and 950°, bu t 
W. Heraeus showed t h a t the method of 
measurement was unsatisfactory, and the 
results improbable. The resistance of non
magnetic a.- or y3-iron is a continuous func
tion of t h a t of t h e ferromagnetic var iety 
without exhibiting any sharp change. 
G. K. Burgess and I . N. Kellberg took ob
servations a t intervals of 2° or 3°, and 
found t h a t the curves on a rising and on 
a falling temp, did not quite coincide, 
especially near the A3-point. The observa
tions of Li. Holborn a t low temp, fall on 
the curve, and indicate t h a t the resistance 
approaches zero a t about —253°. The re
sistance da ta of A. R. Meyer fall on or near 
the curve of G. K. Burgess and I . N. Kell
berg. W. Conrad found t h a t the electrical 
conductivity of molten steel is two hundred times worse t h a n t h a t of the same steel 
a t ordinary t emp. W. Jaeger and H . Diesselhorst obtained for iron with O-1 per 
cent, carbon, 8*36 X 10* mhos a t 18°, and 5-95 X10* mhos a t 100° ; and for iron 
with 0-1 per cent, carbon, 0*2, Si, and 0-1, Mn, 7-17 X 10* mhos a t 18°, and 5*31 X IO* 
mhos a t 100°. V. Strouhal and C. Barus gave a t 0°, 8*30 XlO 4 mhos for iron ; 
1-02XlO4 mhos for hard cast iron ; 1-34XlO4 mhos for soft cast iron ; forgeable 
cast iron in its original state—4*10 XlO 4 mhos, hard, and 3-06X104 mhos, soft— 
4*35 x 104 mhos for piano wire ; 8*47 X10 4 mhos for glass-hard s teel ; 3-46 X10 4 

mhos for t h a t steel tempered a t a yellow-heat; and 4*88 X10 4 mhos when tempered 
a t a blue-heat. H . Pecheux gave for very soft steel, with a little silicon, 8*50 XIO4 

mhos, and with more silicon, 7*40x10* mhos, while for semi-hard steel he gave 
8*39 x 10* mhos, and for hard steel with a little silicon, 6*48 X10* mhos ; G. Kirch-
hoff and G. Hansemann, 7*11 X10* mhos for puddled steel, and 4*31 XIO4 mhos for 
Bessemer steel. W . Jaeger and H . Diesselhorst gave for steel with 1 per cent, of 
carbon, 5*02 XlO* mhos a t 18°, and 3*91x10* mhos a t 100° ; J . Hopkinson, for 
magnetic steel with 25 -per cent, of nickel, 1*92x10* mhos a t 20°, and when non
magnetic, 1*39x10* mhos ; and H . Ie Chatelier, for steel a t 15° with 13 per cent, 
of manganese, 0-78 X10* mhos when magnetic, and 0*61 X IO* mhos when non
magnetic. M. Mathieu studied the resistance of iron to an alternating current of 
50 cycles. 

The use of iron in place of copper conductors for electrical cables was discussed 

FICJ . 2 5 8 . — T h e E l e c t r i c a l R e s i s t a n c e 
o f I r o n . 
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— 39-2° 
0-067168 

— 81-9° 
0-0B5318 

— 1971° 
0 0 6 1 2 2 0 

— 217° 
OO e 725 

— 222-2c 

O-0«66O 

b y W . T. R y a n , L . P . P e r r y , M. D . Lesl ie , H . B . D w i g h t , C. H . R i s d a l e , W . Peuke r t* 
H . Pins l , T . A. Worces t e r , W . E s c h , a n d A . E . K e n n e l l y . A c c o r d i n g t o 
L . W . W . Morrow, t h e res i s tance r a p i d l y increases w i t h t h e c u r r e n t owing t o t h e 
skin effect. T h e c o m p a r a t i v e res i s tances , R9 i n o h m s p e r mi le of s ingle wi re w e r e : 

C u r r e n t . . . . 5 15 25 a m p e r e s 
(Copper . . . . 1 1 7 2 1 1 7 2 1 1 7 2 

H{T , . , , / 8 1 2 9-96 13-4O 
( I r o n (steel) . . \9.S5 9 . 9 6 n . 1 0 

T h e t e m p , coeff., ct, of t h e res i s t ance , w a s f o u n d b y Xi. Cai l le te t a n d E . B o u t y 
t o co r respond w i t h R=R0(1+0-004900) b e t w e e n —100° a n d 0° . J . D e w a r a n d 
J . A. F l e m i n g gave for t h e res i s tance of soft, a n n e a l e d i ron , R=R0(X—0005310) 
be tween —100° a n d 0° , a n d R=R0(I +O-OO6250) b e t w e e n 0° a n d 100°, wh i l s t for 
i ron w i t h 0-25 p e r cen t , of m a n g a n e s e , a n d 0*01 p e r cen t , of s i l icon, 
R=R0(I —0-005440) b e t w e e n 0° a n d 100°. W . J a e g e r a n d H . Diesse lhors t g a v e 
j£—0-0410512(l—0*005440) for a n n e a l e d i ron w i th 0-25 pe r cen t , m a n g a n e s e , a n d 
0-01 per cen t , of s u l p h u r , b e t w e e n —197° a n d 0° , a n d for t h e h o t - d r a w n m e t a l , 
jR=0-059065(l—O-OO6250). I n t h e l a t t e r case : 

H 

F o r i ron w i th 0-1 pe r cen t , of c a r b o n , R=R0(I—0-004610), a n d for i r on wi th 1-0 
pe r cent , of ca rbon , R=R0(I-00051310). G-. Niccola i g a v e R=R0( 1—0-0055700) 
for t h e t e m p , coeff. b e t w e e n 0° a n d 100° ; P . W . B r i d g m a n , R=R0(I-0-0062060) 
for i ron wi th 0-03 pe r cen t , of i m p u r i t y , a n d a t t e m p , b e t w e e n 0° a n d 100° ; 
L . H o l b o r n , a n d A. R . Meyer g a v e R=R0(I-0-006570) ; G. K . B u r g e s s a n d 
I . N . Kel lberg , R=R0(I—O-OO6350) ; a n d E . P . H a r r i s o n g a v e for t h e r e s i s t ance 
of i ron u p t o 500°, J?=-O-3318+O-OO123O0+O-O522O902. A . A r n d t s e n g a v e 
R = R0(I — OOO413O0 -f-0-O411788902) b e t w e e n 5° a n d 1 5 6 ° ; H . F . L e n z , 
R = R0(I- 0 0 0 4 7 2 0 0 + O-O5846702) b e t w e e n 0° a n d 200° ; H . T o m l i n s o n , 
R = R0(I — 0-0051310 + O-O5815202) for i ron b e t w e e n 18° a n d 100° ; 
J . H o p k i n s o n , R=R0( 1—0-00480) a t o r d i n a r y t e m p . , . R = ^ 0 ( I - 0 - 0 0 1 8 0 ) a t 855° , 
a n d R=R0( 1—0-00670) a b o v e 8 5 5 ° ; a n d R . B e n o i t , R=R0(I-OOO45160 
4-O-O5145702) b e t w e e n 100° a n d 860° . A. A. Somervi l le g a v e for t h e purif ied 
me ta l , R=R0(I-CxO) : 

25° 100° 200° 400° 60O° 750° 800° 1000° 
a X l O * . . 5 2 68 90 133 170 250 12O 0 5 

H . P e c h e u x found for v e r y soft s tee l w i t h a l i t t l e si l icon, R=R0(I—O-OO650 
-hO-O54302), steel w i t h a l i t t le m o r e silicon, R=R0(I-0-00870+O-O57402), for semi
h a r d steel , R=R0(I- 0-00490-hO-O58902), a n d for h a r d steel w i t h si l icon, 
.R=JS0(I-O-OO4O0-J-O-O55402). V. S t r o u h a l a n d C. B a r u s found for s teel b e t w e e n 
10° a n d 35°, R=R0(I- 0-001610) w h e n g lass-hard , R=R0( 1—0002440) w h e n 
t e m p e r e d a t a pa le ye l low-heat , R=R0(I—O-OO33O0) w h e n t e m p e r e d a t a b l u e - h e a t , 
R=R0(I-0-004230) for soft steel , a n d . R = ^ 0 ( I - 0 - 0 0 4 2 0 ) for p i a n o wire ; R . B e n o i t 
g a v e jR=O-1149(l—O-OO497804-O-O674302) for s o f t s t e e i b e t w e e n 100° a n d 860° , 
a n d for soft i ron , 22=0-1272(1+0-004520+O-O 6 5802) . J . A . F l e m i n g g a v e 
R=R0(I-0-001320) for 24 pe r cen t , n icke l s teel a t 20°, a n d R=R0(I-0-0040) a t 
600°, whi l s t for m a n g a n e s e steel , h e g a v e R=R0(I—0-00120). 

T . K a s e s t u d i e d t h e c h a n g e of e lect r ical r e s i s t ance of cas t i ron i n t h e v i c i n i t y 
of t h e e u t e c t i c t e m p . , a n d t h e resu l t s for w h i t e p ig- i ron w i t h 3-52 p e r cen t , of c a r b o n , 
cooled f rom 1330°» a r e s u m m a r i z e d in F i g . 259 ; a n a l o g o u s resu l t s w e r e o b t a i n e d 
w i t h g rey p ig- i ron . H e found t h a t t h e e lec t r ica l r es i s tance of t h e m o l t e n c a s t i r on 
g r a d u a l l y decreases f rom 1380° d o w n t o t h e l i qu idus t e m p . , 1210°, AB, a n d t h e 
s lope of t h e c u r v e t h e n c h a n g e s d o w n t o t h e eu t ec t i c t e m p . , 1130°, BC9 w h e n t h e 
e u t e c t i c beg ins t o s e p a r a t e ; t h e e lec t r ica l r e s i s t ance decreases a b r u p t l y a t t h i s 

v «£&#;;* €?Z>2» a n d t h e n decreases s lowly, DE9 F i g . 259. T h e o r d i n a t e s a t D a n d O 
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are respectively 2*23 and 2*76, showing that at the euteetic temp., the resistance 
decreases by 19 per cent, of that of the melt. There is no evidence of a two-step 
transformation, one for cementite and one for graphite. H. Shimank estimated the 
resistance of unannealed iron to be 2*614 ohms at 0° K., and for the ratio Rr : R0 
at 273*09°, 198*3°, and 20-4° K., the respective 
values 1*0000, 0*6148, 0*1088, and 00330. Simi
larly, for annealed iron, J?0=3-342 ohms, and 
the ratio Rr: R0 at 273*09°, 197*8°, 80*6°, and 
20*4° K. becomes respectively l-OOOO, 0*613O, 
0-1033, and 0*0280. J. T. MacGregor - Morris 
and R. P. Hunt, A. R. Meyer, and J. W. Donald
son studied the conductivity of iron. 

G. K. Burgess and I. N. Keliberg measured 
the variations in the electrical resistance of elec
trolytic iron with variations of temp., i.e. the 
temp. coefE. of the resistance, a.=(JK100—R0)JlOOR0, 
between 0° and 950°, and found that the value 
of a. increases at a gradually increasing rate until 
the neighbourhood of the first critical region (A2) 
is reached—Fig. 26O. This region is characterized by a point of inflexion on the 
curve at 757°. As the temp, is further increased, there is an abrupt fall in the 

/000° //00° /Z00° /300° /400° 

Fxa. 2 5 9 . T h e C h a n g e of t h e 
E l e c t r i c a l R e s i s t a n c e of C a s t 
I r o n n e a r t h e E u t e e t i c T e m 
p e r a t u r e . 
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F i o s . 2 6 O a n d 2 6 1 . — T h e C h a n g e i n t h e T e m p e r a t u r e C o e f f i c i e n t o f t h e E l e c t r i c a l 
R e s i s t a n c e of E l e c t r o l y t i c I r o n w i t h T e m p e r a t u r e . 

value of ex at about 894°, and the reverse change occurs at approximately the 
same temp, when the temp, is allowed to fall. This second critical region (^3) 
extends over an interval of 25°. Whilst the change A2 is reversible and does 
not appear to. be associated with any alteration in crystalline structure, the 
change A3, seems to be progressive and (thermoelectrically) non-reversible, and 
furthermore it is associated with a change in crystalline form. A. R. Meyer's 
results are represented by the dotted line, ABC, Fig. 260, where the transition 
temp, is 710°. K. Tamaru gave 32*7 x l 0 ~ 6 ohm for the sp. electrical resistance 
of austenite in a 0*5 per cent, carbon austenitic steel ; and K. Honda gave 20*8 x 10~ 6 

for the resistance of /S-martensite. W. Gerlach's values for the relation between 
the temp. coefiE. of the resistance, dR/dT, are given in Fig. 261, and, for comparison, 
the dotted line represents the sp. ht. 

W. Kohlrausch, and J. Hopkinson also observed that there is an abrupt change 
in the electrical resistance of iron at the critical temp. A. Goffey and F. C. Thomp
son, and F. C. Thompson and E. Whitehead observed discontinuities in the resistance 
of mild steel at approximately 60°, 120°, 170°, 260°, 320°, 360°, and occasionally 
at 90°, 200°, and 230°. These values vary according to the rate of heating. With 
high-carbon steels, there are well denned points at 50°, 90°, 120°, 160° (often a 
double point), 200° to 190°, 220°, 260°, 300°, and 350°. Electrolytic iron gave 
peaks at 70°, 120°, 170°, 230°, 290°, 310°, and 350° (usually a double peak). There 
are also indications of breaks at 200° and 300°—vide supra. P. Fournel observed 
singularities in the temperature-resistance curves for steels with : 

VOl , . X I I I . ° 
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0-08 O-l l 0-22 0-37 1*06 p e r c e n t . 
— 670° 695° i 

775° 780° 7400> 730° t o 770° 730° t o 750° 
880° 890° 790° J 

I n a d d i t i o n t o t h e obse rva t i ons of G. K . B u r g e s s a n d I . N . Ke l l be rg o n t h e 
b r e a k s in t h e electr ical r e s i s t ance of i ron a s t h e t e m p , pas se s t h r o u g h t h e c r i t i ca l 
po in t s , d i scont inu i t i es were a l so o b s e r v e d b y W . B r o n i e w s k y , E . H a l l , B . V . H i l l , 
a n d O. B o u d o u a r d . A. v o n H i p p e l a n d O. S t i e r s t a d t s t u d i e d t h e c o n d u c t i v i t y i n 
t h e v ic in i ty of t h e y—/3 t r a n s i t i o n t e m p . K . B o r n e m a n n a n d K . W a g e m a n n 
m e a s u r e d t h e c o n d u c t i v i t y of m o l t e n i ron ; F . S k a u p y a n d O . K a n t o r o w i c z , a n d 
O. J a a m a a a n d Y. E . G. Le inbe rg , t h e r e s i s t ance of f ine ly -powdered i r o n ; H . K a m u r a , 
of hyd rogen - r educed i ron ; F . S a u e r w a l d a n d S. K u b i k , a n d F . S k a u p y a n d 
O. K a n t o r o w i c z , t h e res i s tance of p o w d e r e d i ron u n d e r p r e s s u r e ; a n d H . B . P e a 
cock, a n d J . K r a m e r a n d H . Z a h n , t h e r e s i s t ance of t h i n films. 

Accord ing t o C. Bened icks , if a n e lec t r ic c u r r e n t pa s se s t h r o u g h a h o m o g e n e o u s 
meta l l i c conduc to r , w i t h or iginal ly a u n i f o r m t e m p , t h r o u g h o u t , i t gene ra l ly e x e r t s 
a t r a n s p o r t of h e a t in i t s own d i rec t ion , or else in t h e r eve r se d i r ec t ion , a c c o r d i n g t o 
t h e n a t u r e of t h e m a t e r i a l . If t h e t r a n s p o r t of h e a t is p o s i t i v e a s i n t h e case of 
copper , a n d some k i n d s of c a r b o n s teel , t h e t e m p , dec reases , i n t h e d i r e c t i o n of t h e 
cu r r en t , b u t if t h e t r a n s p o r t is n e g a t i v e , t h e t e m p , inc reases i n t h e d i r e c t i o n of t h e 
cu r ren t . 

Xi. C a m p r e d o n obse rved t h a t t h e c o n d u c t i v i t y of s tee l d imin i shes w i t h i nc reas 
ing p r o p o r t i o n s of impur i t i e s , m a n g a n e s e be ing specia l ly de l e t e r ious . H . Ie Cha te l i e r 
conc luded from his obse rva t ions on t h e effect of a d d i t i o n s of c a r b o n t h a t i n a n n e a l e d 
c a r b o n steels , t h e progress ive a d d i t i o n of c e m e n t i t e c a u s e d a l inea r inc rease in t h e 
res i s tance of i ron co r respond ing w i t h 7-0 m i c r o h m s p e r c m . c u b e p e r 1 p e r c e n t , 
of c emen t i t e , a n d , b y e x t r a p o l a t i o n , h e conc luded t h a t t h e sp . r e s i s t ance of 
c e m e n t i t e is 45-0 m i c r o h m s , a n d t h a t of fer r i te , 9*5 m i c r o h m s . E . G u m l i c h p l o t t e d 
t h e resu l t s of his o w n obse rva t ions , a n d a lso t h o s e of J . H o p k i n s o n , a n d H . Ie 
Chatel ier , a n d conc luded t h a t t h e va lues for t h e e lectr ical r e s i s t ances lie o n a s t r a i g h t 
l ine for p r o p o r t i o n s of c a r b o n increas ing u p t o 1 p e r cen t , a t t h e r a t e of 6 m i c r o h m s 
p e r c m . c u b e . A b o v e 1 p e r cen t , of c a r b o n , t h e s lope of t h e c u r v e is less s t e e p . 
F . S t ab le in said t h a t t h e sp . res i s tance of t h e c a r b o n s tee ls is a l i nea r func t ion of t h e 
p r o p o r t i o n of c a rbon , w i t h a b r e a k a t 0*9 p e r c en t . E . G u m l i c h ' s l a t e r r e su l t s for 
t h e res i s tance It3 a n d t h e t e m p , coeff. ct, for s teels cooled s lowly f rom 930°, a n d for t h e 
res i s tance R\ a n d t h e t e m p , coeff. a/, for s tee ls q u e n c h e d f rom 850°, g ive c u r v e s 
which h a v e a b r e a k a t a b o u t 0*9 or 1-0 p e r cen t , of c a r b o n . E . Guml i ch g a v e for t h e 
res i s tance of purif ied i ron , jR=0-0994 , a n d for a l loys w i t h p p e r cen t , of c a r b o n , 
R=0105-+-0-03p-\-0 02p* for a l loys s lowly cooled f rom 930°, a n d iZ=0-103-f-0-016> 
-\~0-236p2 for al loys q u e n c h e d f rom 850° . T h e b r e a k in t h e c u r v e for t h e h a r d e n e d 
a l loy is d e p e n d e n t on t h e q u e n c h i n g t e m p . W i t h h igher q u e n c h i n g t e m p . , w h e n t h e 
whole of t h e c a r b o n a s well a s h y p e r e u t e c t o i d a l c e m e n t i t e is in solid soln . , t h e 
res i s tance cu rve is sa id t o b e a s t r a i g h t l ine . P . S a l d a u found a n a v e r a g e inc rease 
of 9-0 m i c r o h m s p e r cm. c u b e for 1 p e r cen t , of c a r b o n ; a n d h e obse rved a s m a l l 
p e a k a t t h e eu t ec to ida l compos i t ion . H i s s teels were h e a t e d u p t o a n d cooled d o w n 
f rom 1000°, so t h a t t h e y d o n o t r e p r e s e n t n o r m a l a n n e a l e d s teels . K . H o n d a a n d 
T . S i m i d u ' s obse rva t ions i nd i ca t e a n inc rease of a b o u t 4 or 5 m i c r o h m s p e r 1 p e r 
cen t , of ca rbon . T h e slope of E . D . Campbe l l ' s cu rves co r r e spond w i t h a n inc rease 
of a b o u t 4-5 m i c r o h m s pe r c m . c u b e for 1 p e r cen t , of c a r b o n . T h e v a r i a b l e r e s u l t s 
h e r e i n d i c a t e d for a n n e a l e d steels a r e poss ib ly c o n n e c t e d w i t h different c o n d i t i o n s of 
a n n e a l i n g . A . L . N o r b u r y r ep re sen t ed E . D . C a m p b e l l ' s v a l u e s for c a r b o n s tee ls , 
w a t e r - q u e n c h e d f rom 900° a n d 1100°, a n d s h o w e d t h a t t h e res i s t ances d o n o t lie o n 
a s t r a i g h t l ine , b u t r a t h e r on a c u r v e d l ine . T h i s is a lso i n a g r e e m e n t w i t h 
3?» S a l d a u ' s , a n d E . G u m l i c h ' s r e su l t s for w a t e r - q u e n c h e d s teels . A . Miche ls , 
a n d E . Lr. D u p u y found t h a t cold-work—e.g . d r a w i n g i n t o w i re—decreases t h e 
Udrirrfcance, a n d L.. Gui l le t a n d M. B a l l a y f o u n d t h a t t h e p e r c e n t a g e inc rease i n t h e 

C a r b o n 
A 1 
A 2 . 
A 8 . 
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1-56 
2 5 - 2 
56-O 

1-22 
2 0 - 3 
45-O 

O-88 
1 9 1 
37-O 

0 - 8 3 
17-8 
3 4 - 3 

O-58 
16-7 
2 6 - 4 

0 - 3 5 
1 7 O 
2 1 0 

O-21 p e r c e n t 
17-8 
17-6 

res is tance of i ron d u e t o cold-work is 0-50. G. T a m m a n n a n d M. S t r a u m a n i s s tud ied 
t h e effect of co ld-work on t h e res i s tance . E . D . Campbe l l f ound t h a t a t 1100°, 
1 pe r cen t , of c a r b o n increases t h e res i s tance of i ron b y a b o u t 34 m i c r o h m s . 

B . IX E n l u n d found t h e sp . electr ical res i s tance , R, m i c r o h m s , of a n n e a l e d a n d 
q u e n c h e d steels : 

C a r b o n . 
A n n e a l e d 
Q u e n c h e d 

a n d t h e effect of a n n e a l i n g t e m p , is s u m m a r i z e d in F i g . 262. This shows t h a t in 
all cases t h e r e a r e t w o b r e a k s , one b e t w e e n 110° a n d 120°, a n d a n o t h e r b e t w e e n 
250° a n d 260°. T h e b r e a k s co r re spond 
w i t h t h e p r e c i p i t a t i o n of c e m e n t i t e ac 
c o m p a n i e d b y a n increased c o n d u c t i v i t y . 
T h e first b r e a k is a s s u m e d t o b e d u e t o 
t h e t r a n s f o r m a t i o n of m a r t e n s i t e i n t o 
a u s t e n i t e , a n d t h e second t o t h e spl i t 
t i n g of a u s t e n i t e i n t o ot-iron a n d cemen
t i t e . T h e second b e n d w i t h mi ld s teels 
is q u i t e d i s t inc t , showing t h a t t h e s e 
s teels a r e n o t free f rom y - i ron . T h e 
sub jec t was s t ud i ed b y L . G r e n e t , 
A. Schulze , a n d G. Di l lner a n d A. F . E n -
s t r o m ; t h e effect of r e p e a t e d h e a t i n g 
a n d cool ing on t h e res i s t ance of i ron , 
b y H . Toml inson ; t h e res i s t ance of 
p l a t e s , b y G. H a u f e ; a n d t h e res i s t ance 
of t h i n films, b y J . C. S t e inbe rg , a n d 
J . K r a m e r a n d H . Z a h n . W . Geiss a n d 
J . A. M. v a n L i e m p t found t h a t t h e 
v a r i a t i o n s in t h e e lectr ical c o n d u c t i v i t y 
p r o d u c e d b y cold-work c a n n o t be a d e 
q u a t e l y exp la ined b y changes in t h e 

400° 

F i a . 2 0 2 . T h e E f f e c t of t h e A n n e a l i n g 
T e m p e r a t u r e o n t h e J t e s i s t a n c o of S t e e l s . 

a t o m i c d i s tances , b u t t h e y a s s u m e t h a t a k i n d of a n i s t r o p y is i nduced a t t h e surface 
of t h e c rys ta l l i t es . 

E . D . Campbe l l o b t a i n e d t h e resu l t s i nd i ca t ed in T a b l e X X X I X , for s teels 
q u e n c h e d f rom 892° a n d t e m p e r e d a t different t e m p . T h e ca lcu la ted va lues for 

T A B L E X X X I X . — T H E E F F E C T O F H E A T - T R E A T M E N T O N T H E S F E C I F I C R E S I S T A N C E 
O F C A R B O N S T E E L S . 

Carbon 
(per cent.) 

0 0 4 
O -30 
O-35 
0 - 4 1 
O- 5 7 
O-94 
1-04 
2 -71 

Quenched 
from 892 J 

1 1 - 1 2 
1 0 - 1 3 
1 7 - 5 9 
1 8 - 9 1 
2 2 - 3 1 
3 5 - 9 5 
4 1 - 9 2 
5 2 - 5 9 

aon° 

1 0 - 9 4 
1 5 - 5 6 
16 -67 
1 7 - 7 9 
1 9 - 9 2 
2 7 - 9 7 
3 3 0 2 
4 2 - 6 5 

3 05° 

10-81 
14 -96 
1 0 - 0 5 
1 6 - 9 4 
1 7 - 0 8 
2 2 - 4 0 
2 5 - 7 3 
3 2 - 4 9 

2OC 

1O-83 
1 3 - 8 6 
1 5 - 1 1 
1 5 - 6 9 
1 6 - 2 4 
1 9 - 4 2 
2 1 - 8 2 
2 7 - 4 1 

Re-hcated to 

400° i 492" 

1 0 - 7 8 
1 3 . 5 5 
1 4 - 8 6 
1 5 - 1 3 
15 -60 
18-37 
2 0 - 0 2 
2 6 1 7 

1O-75 
1 3 0 4 
1 4 - 3 7 
14 -82 
1 5 0 2 
17-6O 
1 9 - 9 2 
2 4 - 9 4 

«oo° 

1O-69 
12 8 4 
1 4 - 2 5 
1 4 - 5 1 
14-71 
1 6 - 6 5 
19-6O 
2 4 - 2 1 

j 700° 

1 0 - 7 8 
1 2 - 6 4 
14-27 
14-47 
14-67 
1 6 - 1 9 
1 9 0 3 
2 2 - 5 7 

800° 

1 0 - 7 0 
13-2O 
14-51 
14 -98 
15 -11 
17 -23 
1 9 0 8 
2 0 - 8 2 

the annealed steels are made on the assumption tha t in the second and third cases, 
i t is assumed t h a t 0*07 per cent, of carbon remains in solid soln. , and i n all those 
containing more t h a n O*-.15 per cent, of carbon, 0-27 per cen t , remains in solid so ln . : 
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0 0 4 
0 0 7 6 

H l O 
9-63 

10-66 
9-63 

0-35 
0-461 

17*63 
19-96 
14-38 
12-45 

0«41 
0-521 

18-46 
21-56 
14-45 
12-45 

0-57 
0-678 

21-41 
25-78 
14-78 
17-72 

0-76 
0-901 

30-95 
31-75 
17-26 
18-61 

0-945 
1 0 6 3 

36-82 
3 6 0 9 
17-23 
18OO 

1-06 per ce*it 
1 1 7 4 

40-07 
3 9 0 6 
17-5O 
18-16 

0 0 4 
10-9O 

. 15-11 
10-66 
14-65 

0-35 
16-83 
2 1 1 2 
14-38 
18-42 

0-41 
17-89 
22-25 
14-45 
18-48 

0-57 
19-87 
24-23 
14-78 
18-82 

0-76 
25-75 
30-35 
17-26 
21-51 

0-945 
27-31 
31-98 
17-23 
21-51 

1-05 per cent . 
2 9 1 9 
33-83 
17-56 
21-82 

Carbon 
SC . 
jf / O b s . . 
R tCalc. > 
M \Calc . . 

The results are taken to mean that it is not the atomic concentration of the carbon 
which determines the effect of the solute on the sp. resistance. Equimolar 
concentrations of carbides in soln. exert an equal influence on the sp. resistance. 
A comparison of the values for the sp. resistances, R, of steels quenched from 907° 
and tempered at 105°, and the sp. resistance, R', of steels annealed at 880° : 
Carbon 
H t96° 

shows that the increase in the sp. resistance between 20° and 95° ranges in all cases 
between 0-057 and 0-067 per degree, and the deviation from the value with almost 
pure iron is very small. This is taken to mean that the increase in the sp. resistance 
with the rise of temp, is almost wholly due to the increase in the sp. resistance of 
the solvent, while that component of the total sp. resistance due to the solute in 
solid soln. is only slightly affected by the rise of temp. 

The influence of the heat-treatment on steels was examined by C. Benedicks, 
0 . Boudouard, H. Ie Chatelier, L«. Campredon, H. A. Dickie, K. Honda, J. Hopkin-
son, W. H. Johnson, W. Koster and H. Tiemann, A. Martens and co-workers, 
E. Maurer, F. Osmond, W. Rohn, R. Schneider, T. Swinden, and G. Tammann 
and co-workers. V. Strouhal and C. Barus gave for the resistance, R microhms, 
and the temp, coeff., a, of steels : 

Annealed 
, , 

Glass- Light Yellow Blue Light 
h a r d yellow (220°) (250°) (300°) blue (320°) Soft 

Ji . . 45-7 28-9 26-3 20-5 18-4 15-9 
a . . 0 0 0 1 6 1 O 0 0 2 4 4 0 0 0 2 8 0 0 0 0 3 3 0 0 0 0 3 6 0 0 0 0 4 2 3 

1. Iitaka studied the electric conductivity changes which accompany the cementite 
transformation. E. D. Campbell found the data of Table X X X I X for the sp. 
resistance, in microhms per cm. cube at 20°, of steels quenched from 892°, and 
tempered or annealed at the indicated temp. The result shows a close relation
ship between the concentration of the carbides in solid soln. and the sp. resistance. 
The divergence at 800° is attributed to the segregation of the carbides into 
relatively large masses, and although the precipitation would be nearly complete, 
the separated cementite consists of carbides saturated with iron in solid soln., and 
this causes an increase in the sp. resistance. H. Ie Chatelier, C. Benedicks, 
E. Maurer, E. D. Campbell, and A. McCance also showed that the electrical resist
ance of hypoeutectoidal steels increases with the temp, of quenching. 

O. von Auwers and G. J. Sizoo measured the effect of grain-size on the sp. elec
trical resistance of iron, but obtained no appreciable difference. J. R. A. Mousson, 
and O. Chwolson found that the sp. resistance of drawn wire is smaller in the hard 
tempered state than that of the same wire in the soft state. P. Goerens observed 
that the change in the electrical conductivity of various steels induced by cold-
working is too small to be detected ; and that the effect of the temp, of annealing 
is to produce a fall in the sp. conductivity from 12-25 to 11-90 corresponding with a 
2*8 per cent, reduction in the conductivity in the neighbourhood of 520°. 
E. Maurer's observations on the percentage change in the resistance of austenite 
with variations in the annealing or tempering temp ; and the observations of 
X JH. Andrew and co-workers, and others are summarized in Table X X X I X . 
The effect of annealing was studied by I. P. Parkhurst; and the effect of the 

:$$W&$i&fa,/&& the period of heating before quenching, by A. M. Portevin. H. Kleine 
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found that the electrical resistance of iron annealed in vacuo increases linearly if 
i t be allowed t o stand in air over a period of 5 days. The effect is due t o t h e 
absorption of gases. Similarly, if the gassed metal is re-heated in vacuo, t he 
resistance falls. 

K. Honda and T. Simidu obtained for t he sp. resistance, R9 in 1 O - 5 ohms per 
cm. cube a t 30°, of iron with the following proportions of carbon, silicon and 
manganese, as forged, and as annealed a t 900°, and quenched a t 900° : 
Carbon 
[Mn + Si] 

( Forged 
Ji) Annea led 

(Quenched 

. 0 1 4 
1 0 1 
1-91 
1-91 
1-93 

0 1 8 
0-54 
1-75 
1-75 
1-77 

0-44 
1-35 
2-32 
2 1 4 
2-41 

0-64 
0-39 
1-78 
1-77 
1-82 

0-80 
0-50 
1-91 
1-92 
2-02 

0-94 
0-61 
1-99 
1-99 
2-30 

1-30 
0-57 
2 0 9 
2 1 8 
2-23 

1-50 per cent . 
0-47 at . per cent . 
2 1 8 
2 1 8 
2-5O 

J . H . Andrew and co-workers measured t h e sp. resistance of a number of steels 
quenched and tempered a t different temp. , and the results with carbon steels 
show t h a t the sp. resistance of hypereutectoid steels is increased by raising the 
quenching temp. , and t h a t with hypoeutectoid steels, the sp. resistance is decreased 
by raising the quenching temp. E . D. Campbell, and P . Saldau reported t h a t in 
hypoeutectoid steels, the raising of the quenching temp, increased the sp. resistance ; 
H . Ie Chatelier, C. Benedicks, and A. McCance, t h a t this t rea tment made no change 
in the sp. resistance ; whilst J . H. Andrew and co-workers observed this t rea tment 
depressed the sp. resistance. The annealed 
carbon steels show a break a t the eutectoid 
concentration, and beyond this percentage of 
carbon, the resistance increases less rapidly with 
the proportion of carbon. The amount of car
bon dissolved in ct-iron increases with the carbon-
content up to 0-9 per cent, when further additions 
produce only free cementite. The sp. resistance 
of carbon steels, tempered for 6 hrs. a t 240°, 
shows t h a t some carbon steel remained in soln. 

so 

r ^ 30/885 

iBl 
/3/5 /895 /305 

Time /'/7 years 
in the tempered steels, although tempering was Fio. 26-*-—The Effect of Time oxx 
practically completed for t h a t particular t emp. %£™*ectrical R e s i s f c a n c e o f H a r d 

To compare these results with those obtained 

1 per cent, of phosphorus raises the resistance 11-0 microhms ; and t ha t of 
W. F . Barre t t and co-workers, G. L.ang, and T. Matsushita, where 1 per cent, of 
manganese raises the resistance 5*5 microhms. C. Benedicks' corrections apply 
for carbon steels, bu t not for alloy steels. The resistance curves of the annealed 
steels are similar ; there is first a rapid increase and then a slow fall, or almost 
a constant value. I n the curve for 1*6 per cent, carbon some austenite was 
retained after the quenching, and the other curves are typical of the tempering of 
martensitic steels. W. Fraenkel and E . Heymann measured the electrical resist
ance, R, of a steel containing 0*80 per cent, carbon, and 0-50 per cent, manganese, 
and quenched from 800°, a t different stages of the annealing process. C. Barus , 
and L. C. Brant observed t h a t glass-hard steel gradually softens a t ordinary t emp, 
when kept for prolonged periods. Thus, the curve, Fig. 263, represents the sp . 
resistance of two glass-hard, steel wires over a period of 30 years. 

K. Takahasi observed minima in the changes in the electrical resistance of 
electrolytic iron, armco iron, and 0*1 and 0-3 per cent, carbon steels a t 
different temperatures. The minimum for electrolytic iron is a t 750° ; for armco 
iron, a t 680° ; for 0*1 and 0*3 per cent, carbon steels, respectively, a t 650° and 620°. 
The change of electrical resistance of a metal produced by cold-working has been 
a t t r ibuted to t h e orientation of the minute crystals of which the metal consists. 
That is, by drawing, t he minute crystals of the metal arrange themselves in a certain 
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d i r ec t i on para l le l t o each o t h e r a n d also t o t h a t of t h e co ld -d rawing . T h e e lec t r ica l 
r e s i s t ance of t h e c rys ta l s is a s s u m e d t o b e g r e a t e r in t h i s d i r ec t ion t h a n in all o t h e r s , 
a n d hence t h e res i s tance of t h e m e t a l inc reases in t h e d i r ec t ion of t h e co ld -work ing . 
If, however , t h e m e t a l is rec rys ta l l i zed b y a n n e a l i n g , t h e o r i e n t a t i o n of t h e c r y s t a l s 
h a s n o longer a defini te d i r ec t i on a n d t h e e lec t r ica l r e s i s t ance decreases . A g a i n s t t h i s 
v iew, K . T a k a h a s i sa id t h a t t h e an i so t rop i c n a t u r e of t h e e lect r ic r e s i s t ance of 
c rys t a l s be long ing t o t h e cubic s y s t e m is n o t i n a g r e e m e n t w i t h o b s e r v a t i o n . 
Bes ides , t h e change of res i s tance of a co ld -worked m e t a l b y a n n e a l i n g h a s n o 
i n t i m a t e r e l a t ion w i t h t h e r ec rys ta l l i za t ion of t h e m e t a l . Acco rd ing t o G. T a m -
m a n n a n d co-workers , t h e change is n o t d u e t o t h e i n t e r n a l s t resses p r o d u c e d b y cold-
w o r k i n g because , in a m e t a l severely co ld -d rawn , t h e r e is t e n s i o n in t h e o u t e r p o r t i o n 
of i t , a n d compress ion in t h e inner , a n d t h e e q u i l i b r i u m is m a i n t a i n e d e las t ica l ly . 
I n t h i s case , t h e change of res i s tance d u e t o e las t ic t e n s i o n a n d compres s ion is e q u a l 
i n m a g n i t u d e a n d oppos i t e in s ign, a n d t h e s e t w o effects cance l e a c h o t h e r . I t is 
n o t r ea sonab le therefore t o a t t r i b u t e t h e cause of t h e c h a n g e of r e s i s t ance t o t h e 
i n t e r n a l s t ress . K . T a k a h a s i bases h is e x p l a n a t i o n on t h e fac t t h a t a severe ly 
co ld -worked m e t a l genera l ly consis ts of a l a rge n u m b e r of m i n u t e g r o u p s of c ry s t a l s , 
i n each of wh ich one p o r t i o n unde rgoes a t e n s i o n a n d t h e o t h e r p o r t i o n a compres s ion , 
t h e s e t w o b a l a n c i n g each o the r , so t h a t t h e l a t t i c e e x p a n d s i n one p o r t i o n a n d 
c o n t r a c t s in t h e o the r . N o w , acco rd ing t o t h e o r d i n a r y l aw of a t o m i c force, t h e 
e x p a n s i o n of t h e l a t t i c e is s o m e w h a t g r e a t e r t h a n t h e c o n t r a c t i o n for t h e s a m e 
s t r e n g t h of t e n s i o n a n d compress ion . H e n c e , t h e l a t t i c e e x p a n d s a s a who le , 
co ld -work ing t h u s caus ing a d i m i n u t i o n of d e n s i t y . Aga in , e ach a t o m of a m e t a l 
cons is t s of a nuc leus a n d b o u n d e lec t rons r evo lv ing a r o u n d i t ; t h e m u t u a l d i s t a n c e 
of t hese a t o m s is v e r y smal l , b u t c o m p a r a b l e w i t h t h e d i a m e t e r of t h e o rb i t of o u t e r 
e l ec t rons ; hence , some of t h e s e e lec t rons m a y s t r a y off f rom t h e a t o m , t o which 
t h e y were or iginal ly b o u n d , t h r o u g h t h e a t t r a c t i o n of t h e nuc le i of o t h e r a t o m s , a n d 
p l a y t h e role of free e lec t rons , t h u s c o n d u c t i n g e lec t r ic i ty t h r o u g h t h e m e t a l . W h e n 
t h e d i s t a n c e of these a t o m s is increased b y co ld-work ing , s o m e of t h e free e l ec t rons 
m a y be c a u g h t aga in b y a n a t o m a n d t h e n u m b e r of free e lec t rons b e d imin i shed , 
a n increase of e lect r ical r e s i s t ance be ing t h u s caused b y co ld -d rawing . As t h e 
decrease of d e n s i t y caused b y co ld -d rawing does n o t inc rease b e y o n d a c e r t a i n l imi t , 
t h e increase of res i s tance a lso c a n n o t exceed a c e r t a i n l imi t . A g a i n , t h e e lec t r ica l 
r es i s tance is affected b y t h e fibrous s t r u c t u r e ; a s m e n t i o n e d a b o v e , a m e t a l w h i c h 
h a s u n d e r g o n e a severe co ld-work ing h a s a f ibrous s t r u c t u r e ; t h e c r y s t a l s a r e 
b r o k e n u p i n t o smal l pieces wh ich are. e l o n g a t e d in t h e d i r ec t ion of t h e d r a w i n g . 
H e n c e , i n t h i s d i rec t ion , t h e n u m b e r of c ry s t a l b o u n d a r i e s is m u c h less t h a n t h a t in 
t h e pe rpend i cu l a r d i rec t ion , so t h a t t h e specific r e s i s t ance will be less in t h e d i r ec t ion 
of t h e d r a w i n g t h a n in all o t h e r d i rec t ions . As t h e degree of co ld -d rawing increases , 
t h e c rys t a l s become m o r e a n d m o r e e longa t ed in t h e d i rec t ion of t h e d r a w i n g , a n d 
t h u s t h e specific r es i s t ance in t h i s d i rec t ion a l w a y s d imin ishes . Bes ides , inso luble 
i m p u r i t i e s wh ich h a v e b e e n segrega ted in a t h i n l aye r in t h e c rys t a l b o u n d a r i e s a n d 
h a v e p r e v e n t e d t h e flow of e lec t r ic i ty , a r e b r o k e n u p b y co ld -d rawing a n d t h u s 
d i m i n i s h t h e e lec t r ica l r e s i s t ance on t h e c rys t a l b o u n d a r i e s . These t w o effects of t h e 
fibrous s t r u c t u r e of m e t a l s a r e t h u s t h e cause of d imin i sh ing t h e e lect r ica l r e s i s t ance 
i n t h e severe ly c o l d - d r a w n m e t a l s . H e n c e , t h e co ld -d rawing p r o d u c e s , on one 
h a n d , a n increase of r e s i s t ance b y i n t e r n a l s t r a i n , a n d , on t h e o t h e r h a n d , a dec rease 
of i t o w i n g t o t h e fibrous s t r u c t u r e ; a s t h e r e su l t of t h e s e t w o oppos i t e effects, t h e 
e lec t r ica l r e s i s t ance first increases a n d r eaches a m a x i m u m , a s t h e degree of cold-
w o r k i n g inc reases , a n d a f t e rwards beg ins t o decrease . F o r C. N u s b a u m a n d 
W . Li. C h e n e y ' s o b s e r v a t i o n s on t h e effect of cooling a n eu t ec to id c a r b o n s teel a t 
d i f ferent r a t e s , vide T a b l e X L I , m a g n e t i s m . 

H . K l e i n e o b s e r v e d t h a t t h e r e s i s t ance of i ron dec reased w h e n t h e m e t a l w a s 
t e s t e d under r e d u c e d press . , a n d t h e p h e n o m e n o n w a s t r a c e d t o t h e effect of a b s o r b e d 
gases . T . S k u t t a s t u d i e d t h e effect of h i g h g a s p ress . W . F . B a r r e t t found t h a t 
t h e c o n d u c t i v i t y of i r o n is d i m i n i s h e d b y a l loy ing i t w i t h a n o t h e r m e t a l , even t h o u g h 
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t h a t m e t a l b e a m u c h b e t t e r - c o n d u c t o r t h a n i ron . Th i s r e d u c t i o n of c o n d u c t i v i t y 
is n o t r e l a t e d t o t h e r e s i s t iv i ty of t h e a d d e d m e t a l ; o n t h e c o n t r a r y , a n a l loy of 
v e r y h i g h s p . r e s i s t ance c a n b e p r o d u c e d b y a d d i n g t o i r on a n e l e m e n t of m u c h 
lower s p . r e s i s t ance t h a n t h e i r on itself ; for i n s t ance , a l u m i n i u m is m o r e t h a n t h r e e 
t i m e s a b e t t e r c o n d u c t o r t h a n i ron , y e t t h e a d d i t i o n of 5 p e r cen t , of a l u m i n i u m t o 
i r o n m a k e s t h e c o n d u c t i v i t y of t h e a l loy five t i m e s wor se t h a n t h a t of i r on . T h e 
g r e a t e s t r e d u c t i o n i n c o n d u c t i v i t y in a g i v e n a l loy is p r o d u c e d b y t h e first i n c r e m e n t s 
of t h e a d d e d e l e m e n t s . A r e l a t i onsh ip a p p e a r s t o ex i s t b e t w e e n t h e s p . h t . of t h e 
a d d e d e l e m e n t a n d t h e r e s i s t ance of t h e a l loy fo rmed w i t h t h e i ron . T h u s , t h e s p . 
r e s i s t ance of a n a l loy of 5*5 p e r cen t , of a l u m i n i u m w i t h i ron is 70 m i c r o h m s ; t h e 
s a m e a m o u n t of s i l icon w i t h i r o n g ives a n a l loy "with a r e s i s t ance of 65 m i c r o h m s ; 
of m a n g a n e s e w i t h i ron , 38 m i c r o h m s ; of n ickel , 27 m i c r o h m s ; a n d of t u n g s t e n , 
18 m i c r o h m s . N o w , t h e s p . h t . of t h e s e e l e m e n t s a r e : a l u m i n i u m 0-212, si l icon 
0*183, m a n g a n e s e 0*122, n icke l 1*109, a n d t u n g s t e n 0-035. C o n s e q u e n t l y , t h o s e 
e l e m e n t s h a v i n g h igh s p . h t . , a n d the re fo re sma l l a t . mas se s , p r o d u c e t h e g r e a t e s t 
inc rease i n t h e e lec t r ica l r e s i s t ance of t h e c o r r e s p o n d i n g a l loy w i t h i ron . 

H . Ie Chate l ie r o b s e r v e d t h a t e q u i - a t o m i c p r o p o r t i o n s of c a r b o n a n d sil icon 
in soln . ra i se t h e r e s i s t ance of i ron b y t h e s a m e a m o u n t . H e s h o w e d t h a t i n 
A . M a t t h i e s s e n ' s r e s i s t ance c u r v e s for a l loys , showing t h e effect of compos i t i on 
on t h e res i s t ance , i n d i c a t e s t h a t t h e c o n s t i t u e n t s a r e mechan i ca l l y a d m i x e d , b u t 
a d r o p in t h e c u r v e s co r r e sponds w i t h t h e f o r m a t i o n of sol id soln. W . F . B a r r e t t 
a n d co-workers found t h a t t h e effect p r o d u c e d on t h e r e s i s t ance of i ron b y 
1 pe r cen t , of a d d e d e l e m e n t is inverse ly p r o p o r t i o n a l t o t h e a t . w t . of t h e l a t t e r , 
a n d t h a t t h e increase in s p . r e s i s t ance follows t h e s a m e o rde r a s t h e increase 
in s p . h t . C. Bened icks sugges ted t h a t e q u i v a l e n t q u a n t i t i e s of foreign e l e m e n t s 
d issolved in i ron cause t h e s a m e inc rease i n r e s i s t ance . T h e ru le is b a s e d o n 
t h e a s s u m p t i o n t h a t e q u i - a t o m i c so lu t ions in i ron possess e q u a l res i s tances ; t h e 
sub jec t w a s d iscussed b y E . D . Campbe l l . If 2JG d e n o t e s t h e s u m m a t e d va lue s 
of all t h e e l emen t s d isso lved in t h e i ron expressed in t e r m s of c a r b o n , a n d if 25*8 
r e p r e s e n t s t h e increase in res i s t ance caused b y t h e p resence of 1 p e r cen t , of c a r b o n , 
t h e n , if 7-6 m i c r o h m s p e r c m . c u b e r e p r e s e n t s t h e r e s i s t ance of i ron a lone , t h e 
res i s t ance of t h e a l loy will b e r e p r e s e n t e d b y Benedicks' rule : R=I'Q +25*8.270. 
T h e c a r b o n v a l u e is o b t a i n e d b y d iv id ing t h e p e r c e n t a g e p r o p o r t i o n of t h e e l emen t , 
he re r e p r e s e n t e d b y t h e chemica l s y m b o l in b r a c k e t s , b y i t s a t . w t . , a n d m u l t i p l y i n g 
t h e r e s u l t b y 12, t h e a t . w t . of c a rbon , e.g. 2 7 O = [ C ] + 0 - 4 2 0 0 [ S i ] + 0 - 2 1 8 4 [ M n ] + . . . 
T h e ru le w a s found t o a p p l y fair ly closely for solid soln . c o n t a i n i n g C, Al , Si , P , Cr, 
Mn, Co, N i , As , Mo , a n d W . C. B e n e d i c k s sa id t h a t i t is difficult t o fix t h e u p p e r 
l imi t of t h e v a l i d i t y of t h e ru le . I t app l ies t o di l . soln . P r o b a b l y 2JC will exceed 
2 p e r cen t . , b u t n o t 3 p e r c en t . H e a lso o b s e r v e d t h a t i ron ca rb ide or c e m e n t i t e 
does n o t a p p e a r t o e x e r t a n y influence o n t h e res i s t ance so long as i t is i so la ted w i t h i n 
t h e m a s s of t h e i ron , b u t A . M. P o r t e v i n found t h a t t h e s t r u c t u r e h a s a cons iderab le 
inf luence o n t h e n a t u r e of t h e v a r i a t i o n s in r e s i s t ance d u e t o t h e a d d i t i o n of e l emen t s 
t o i ron—v ide infra. A g a i n , C. B e n e d i c k s ' e x t r a p o l a t e d v a l u e , 7-6 m i c r o h m s p e r c m . 
c u b e , for t h e r e s i s t ance of i r on is m u c h lower t h a n t h e o b s e r v e d v a l u e a b o u t 10-0 
m i c r o h m s p e r c m . c u b e . C. B e n e d i c k s s a id t h a t t h e difference c a n b e exp la ined b y 
r e m e m b e r i n g t h a t t h e h i g h e r v a l u e w o u l d b e lowered t o t h e e x t r a p o l a t i o n r e su l t b y 
a d m i t t i n g t h e p resence of on ly 0*004 p e r cen t , of h y d r o g e n in sol id soln. A . S iever t s , 
however , h e a t e d i ron wi re i n h y d r o g e n b e t w e e n 20° a n d 920° , b u t cou ld n o t d e t e c t 
a n y a p p r e c i a b l e a l t e r a t i o n in t h e e lect r ica l r e s i s t ance . H . J e l l i n e k found t h a t t h e 
e lect r ica l r e s i s t ance of i r o n shows a n 8*9 p e r c en t , inc rease w h e n t h e p ress , of t h e 
h y d r o g e n r ises f rom 0 t o 35 a t m . ; a n d i n n i t r o g e n , a dec rease of 4*5 p e r cen t , 
b e t w e e n O a n d 15 a t m . p ress . , a n d a n inc rease of 13*3 p e r cen t , b e t w e e n 15 a n d 
20 a t m . p r e s s . T . Sex l s t u d i e d t h e effect of a d s o r b e d g a s o n t h e res i s tance of i ron . 
T . S k u t t a o b s e r v e d t h a t t h e res i s t ance of s tee l , i n a t m . of h y d r o g e n a n d n i t rogen , 
a t p ress , u p t o 30 a t m . , is a u g m e n t e d , a n d t h a t w i t h h y d r o g e n a s t ab le soln, is formed. 
T h e e x t r a p o l a t i o n is b a s e d o n t h e a s s u m p t i o n t h a t t h e r e s i s t ance c u r v e is a s t r a i g h t 
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line, b u t this assumption is not quite correct. H . Masumoto's observations extra
polated for cementite, Fe8C, gave 22—0-0814 ohm per cm. cube ; and F . St&blein's 
observations, 0-047 ohm per cm. cube. 

Other methods of calculating the electrical resistance of steels from t h e chemical 
composition were discussed by P . Mahler, J . H . Partr idge, F . Stablein, M. A. Hunte r 
and A. Jones, L. Guillet, E . D. Campbell and W. C. Dowd, C. H . Risdale, 
C. H . and N . D . Risdale, K. Honda and T. Simidu, and O. Boudouard. H . Masumoto 
gave JB = 1-044+0-548[C]+ 1-527[Si]+0-718[Mn]+ . . . T. D . Yensen gave 
jR=9-6+82-5[C]+4*5([C1]—0-02), where [C] denotes the excess of carbon under 

T A B L E X L . — T H E E F F E C T OJT A D D E D E L E M E N T S O N T H E E L K C T B I O A L R E S I S T A N C E 
OF I J B O N . 

Element 

N i t r o g e n . 
A l u m i n i u m 

5j 

9 • 

S i l i c o n 
>» 
• > » 

*» 
»» 
. . 
, , 

! P h o s p h o r u s 
V a n a d i u m . 
C h r o m i u m . 
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, , 
, , 

" 

ff 
N i c k e l 

»» 
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$* 
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*» 
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1 4 O 
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! . 

I 2 8 - 3 
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— 
— 

— 
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~~ 

— 

— 
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. — - i 

1 9 7 - 2 
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resistance in 

microhms per cm. 
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1 per cent, of 

added element 

14 -6 
11-1 
11 -7 
12 -0 
1 2 0 
14-O 
10-3 
12 -0 
13-O 
1 3 0 
1 4 O 
13-5 
1 1 - 0 

5 0 
5 - 4 
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5 - 0 
5-5 
5-5 
5 - 0 
1 - 5 
1 -5 
1 0 
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4-O 

3 - 4 ( a p p r o x . ) 
1-1 
1 - 5 
1 1 

I Temper
ature 

2 0 ° 
1 8 ° 
2 3 ° 
2 0 ° / 
2 0 0 C 

1 8 ° 
— . 
1 5 ° 
2 0 ° 
2 0 ° 
— 
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1 2 ° 
— 
— 
1 8 ° 
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3 0 0 V 
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— 

3 0 ° 
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i 
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3 2 5 

.. 
— 
— 
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_ 

3 8 2 
3 4 1 
2 5 5 
2 8 1 
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3 0 2 

2 7 5 
- — 

8 8 
5 9 

— 
2 5 4 

3 2 6 

2 7 6 
2 1 7 

i 

Increase in 
the sp. 

resistance 
due to the presence of 
one gram-

atom added 
element in 
100 gram-
atoms of 

alloy 

3 - 6 

... . 

5 : 8 * 
— 

— 
— 
— 
6 - 9 
6 1 
4 - 6 
5 - 0 

— 

5 4 

4 - 9 

1 - 5 
1 0 

4 - 5 

5 - 8 

4 - 9 
3 - 9 

Authority 

I H . B r a u n o 
j W . F . B a r r e t t , e t c 
' A . M . P o r t e v i n 
I T . D . Y e n s e n 
I JE. O u m l i c h 

H . Ie C h a t e l i e r 
W . F . B a r r e t t , e t c 
O . K . B u r g e s s , e t c 
P . P a g l i a n t i 
T . D . Y e n s e n 
E . G u m l i c h 
A . L . N o r b u r y 
E . d ' A m i c o 
A . M . P o r t e v i n 
A . M . P o r t e v i n 
H . Ie C h a t e l i e r 
W . F . B a r r e t t 
O . L a n g 

T . M a t s u s h i t a 

E . Crumlic l i 
A . M . P o r t e v i n 
K . H o n d a 
K . H o n d a 
G. Kl. B u r g e s s , e t c 
R . B u e r , e t c . 

A . M . P o r t e v i n 
W . F . B a r r e t t , e t c 
A . M . P o r t e v i n 
W . G u e r t l e r 

0*02 per cent., and [C1], the excess of carbon over 0*02 per cent. ; and 
B . D . Campbell and H . W. Mohr, R=10-44+3-7[C] for [C] up to 1-1 per cent., and 
j?=14-51 -4-7-8([C1]—1-1) for [C1] between 1-1 and 1*5 per cent. The results of a 
number of observations on. the effect of additions of various elements on the 
electrical resistance of iron, compiled by A. Li. Norbury, are given in Table X L , 
and the summary in Fig. 264 shows t h a t equi-atomic proportions of the different 
elements in solid BO In. in iron do not increase the electrical resistance t o the amount 

juired b y C. Benedicks' rule. A factor dependent on the atomic properties of the 
elements in solution seems to determine the increase in the atomic 
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W. Bro-

resistance. !E. D. Campbell pointed out that C. Benedicks' rule that equi-atoinic 
concentrations in iron possess equal resistances, assumes that the elements other 
than iron are "wholly in soln., and that each atom exerts an equal influence on the 
resistance. He compared the sp. resistances of steels hardened by quenching and 
when annealed, and added that in order 
that the elements may be in soln. as com
pletely as possible, the sp. resistance 
under consideration must be that of 
steels in the hardened condition. Even 
then, however, there are such wide differ
ences between the observed and calculated 
values that he said " the formula of 
C. Benedicks cannot be considered as 
being of any particular significance." 

K. Honda and T. Simidu, E. Griineisen 
and E. G-oens, and H. Masumoto com
pared the electrical and thermal con
ductivities from the point of view of 
G. Wiedemann and R. Franz's rule—vide supra, thermal conductivity, 
niewsky compared the sp. vol. and resistance of metals. 

A. M. Portevin found that the electrical resistance of alloy steels varies with the 
nature of the added elements, and -with the microstructure produced by quenching. 
As a result, the following types can be distinguished : 

1. Pearlitic steels.—The resistance increases steadily with an increase in the 
percentage of the added element, and may be represented in terms of the latter 
factor, by a linear formula, or by a parabolic formula the coeff. of the squared term 
of which is small (aluminium steels). On quenching the steels, the resistance 
increases corresponding with the passage into solid soln. of the available carbon of 
the carbide. It was possible, in most instances, to verify the fact stated by C. Bene
dicks, that steels -with about 6-8 per cent, of carbon in the normal state contain about 
0*27 per cent, of their carbon in a state of solid soln. The presence of certain 
elements, such, for instance, as molybdenum, appears to modify the latter figure. 

2. Martensitic steels.—The increase in the electrical resistance with that in the 
percentage of the special element is smaller than in the case of the pearlitic steels. 
The variation in the resistance on hardening is practically nil for the steels contain
ing a low percentage of carbon, as may be very clearly seen with pearlitic steels 
containing the same percentage of carbon. For the martensitic steels with 0*8 per 
cent, of carbon there is an increased electrical resistance on hardening, the magnitude 
of which decreases in proportion as the percentage of the special element becomes 
higher. Not all the carbon of the martensitic steels is therefore in soln. This fact 
corresponds, likewise, with the hardening which occurs on quenching the marten
sitic steels; this is seen, in particular, with those steels which border closely on 
the pearlitic steels. 

3. Polyhedral steels.—The polyhedral steels are distinguished by a rapid rise 
in the electrical resistance, with the rise in the percentage of the added element. 
On hardening they undergo no variation, or only a slight diminution. This diminu
tion corresponds with the appearance of martensite, in lanceolate crystals, and 
occurs in steels which border closely upon the martensitic class. 

'4. Double carbide steels.—Two conditions may be distinguished : (a) The addition 
of the special element betrays itself by an increase in the amount of carbide 
(chromium and tungsten steels and vanadium steels with 0-8 per cent, of carbon and 
less than 5 per cent, of vanadium), 'while the electrical resistance remains practically 
constant or undergoes but slight increase. (6) With increasing proportions of the 
special element the amount of carbide varies but slightly (vanadium steels with low 
percentages of carbon and vanadium, and steels with 0-8 per cent, of carbon and over 
7 per cent, of vanadium), and there is then seen a notable increase in the electrical 
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res i s tance which cor responds w i th t h e inc reased cone , of t h e sol id soln. s u r r o u n d i n g 
t h e ca rb ide . T h e v a r i a t i o n in t h e r e s i s t ance o n h a r d e n i n g d e p e n d s b o t h o n t h e 
n a t u r e of t h e cons t i t u t ion which s u r r o u n d s t h e ca rb ide , a n d o n t h e so lven t c a p a c i t y 
of t h i s carb ide . T h e pear l i t i c s teels a n d t h o s e c o n t a i n i n g t h e ca rb ide u n d e r g o a n 
increase in t h e i r e lectr ical res i s tance on h a r d e n i n g , co r r e spond ing w i t h t h a t of t h e 
o r d i n a r y pear l i t i c s teels , t o which h a s , a t t i m e s , t o b e a d d e d t h a t w h i c h r e s u l t s 
f rom t h e soln. of t h e ca rb ide ( v a n a d i u m steels) . S tee ls w i t h a m a r t e n s i t i c bas i s 
d i sp lay a smal ler increase in electr ical r e s i s t ance on h a r d e n i n g t h a n t h o s e of t h e 
p reced ing ca tegory . 

Steels consis t ing m a i n l y of a solid soln. d o n o t , gene ra l ly speak ing , u n d e r g o a n y 
c h a n g e o n h a r d e n i n g . I t is necessary in t h i s connec t ion t o p o i n t o u t t h a t t h e soln. 
of c a r b o n on h a r d e n i n g depends on all t h e phase s of t h e h e a t - t r e a t m e n t : t e m p e r a t u r e 
of h e a t i n g ; d u r a t i o n of h e a t i n g ; r a t e of cooling ; a n d r a t e of t r a v e r s i n g t h e c r i t i ca l 
p o i n t . I t is n o t possible, therefore , defini tely t o p r o n o u n c e u p o n t h e inf luence of 
t h i s t r e a t m e n t on t h e electr ical res i s tance , excep t a f te r e x p e r i m e n t s in w h i c h t h e s e 
different fac tors h a d b e e n va r i ed . F r o m w h a t h a s b e e n sa id i t will b e seen t h a t 
C. Bened icks ' l aw -which expresses l inear ly t h e v a r i a t i o n of t h e e lectr ical r e s i s t ance 
in t e r m s of t h e pe rcen t ages of t h e e l emen t s in solid soln. i n t h e i ron , c a n on ly b e 
app l i ed in t h e case of low pe rcen t ages of t h e special e l emen t s . T h e l im i t s of i t s 
app l i cab i l i ty m a y , in t h e case of s teels c o n t a i n i n g low c a r b o n pe rcen t ages (0-2 p e r 
cen t . ) , be fixed a p p r o x i m a t e l y as follows : n icke l s teels less t h a n 2*0 p e r c en t . ; 
c h r o m i u m steels less t h a n 1*0 p e r cen t . ; t u n g s t e n s teels 7-0 pe r cen t . ; a l u m i n i u m 
s tee ls l-O p e r cen t . ; m o l y b d e n u m steels 5-0 pe r cen t . ; v a n a d i u m steels 3*0 p e r 
cen t . ; t i t a n i u m steels less t h a n 0-5 p e r cen t . ; a n d b o r o n steels less t h a n 0-2 p e r 
cen t . Be low these a m o u n t s t h e increase in t h e e lectr ical r e s i s t ance for each p e r 
cen t , of t h e e lement a d d e d agrees in a s t i t i s factory m a n n e r w i t h t h a t ca l cu l a t ed f rom 
C. Bened icks ' formula , which t h u s a p p e a r s t o be chiefly a l im i t i ng fo rmula t o wh ich 
a n a p p r o a c h is m a d e w h e n e v e r t h e p e r c e n t a g e of t h e a d d e d e l e m e n t decreases . 
I t is t h e e q u a t i o n of t h e t a n g e n t of t h e c o m m e n c e m e n t of t h e c u r v e r e p r e s e n t i n g t h e 
electr ical res i s tance in t e r m s of t h e pe rcen t age of t h e special e l emen t . O b s e r v a t i o n s 
were m a d e b y B . V. Hi l l . 

O. Chwolson d iscovered a m i n i m u m in t h e r e s i s t ance cu rve of s tee l w h e n 
t e m p e r e d below 350°, a n d C. F r o m m e obse rved a m a x i m u m in t h e sp . gr . c u r v e 
in t h e s a m e region. T h e r e is a r o u g h so r t of p r o p o r t i o n a l i t y b e t w e e n t h e sp . gr . 
or sp . vol . a n d t h e res i s tance . T h u s , w i t h C. F r o m m e ' s d a t a , for s teel : 
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V. S t r o u h a l a n d C. B a r u s s t u d i e d t h e re la t ion b e t w e e n specific gravity, a n d electr ical 
res i s tance , a n d failed t o find a n i m m e d i a t e re la t ion ; a n d t h e y also showed t h a t 
t h e t e m p , coeff. of t h e e lectr ical res i s tance decreases i n p r o p o r t i o n a s t h e e lect r ica l 
res i s tance decreases , or a s i t s h a r d n e s s increases a t a r a t e which d imin i shes in 
pas s ing f rom soft t o h a r d s teel—vide supra. 

ISJ". S. Kurnakof f a n d S. F . S c h e m t s c h u s c h n y showed t h a t in solid soln. of t h e 
m e t a l s , t h e r e is a r e l a t ion b e t w e e n t h e e lec t r ica l r e s i s t ance a n d t h e hardness, s ince 
t h e s e t w o p rope r t i e s u sua l l y v a r y in t h e s a m e p r o p o r t i o n . C o m p a r i n g t h e h a r d n e s s 
of a l loy s teels obse rved b y L». Gui l le t w i t h t h e res i s tance curves , A. M. P o r t e v i n 
o b s e r v e d t h a t i n t h e i r gene ra l c h a r a c t e r s , t h e cu rves p r e s e n t a n a i r of fami ly l ike
ness , n o t a b l y in t h e case of c h r o m i u m steels , a n d t u n g s t e n steels c o n t a i n i n g 0 8 
p e r cen t , of c a r b o n , a n d a l u m i n i u m steels w i t h 0*2 p e r cen t , of c a rbon . N o t a b l e 
p o i n t s of difference occur w i t h t h e n icke l s teels . I t is the re fore inferred t h a t t h e s e 
t w o p h y s i c a l p roper t i e s—elec t r i ca l r e s i s t ance a n d h a r d n e s s — a r e func t ions of a 

number of v a r i a b l e fac tors , a n d t h a t a m o n g s t t h o s e v a r i a b l e fac tors , t h e r e a r e 
c o m m o n ones whose inf luence, w h e n n o t m a s k e d b y t h a t of o the r s , r evea l s 
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itself b y a co r r e spondence i n t h e a p p e a r a n c e of t h e cu rves of v a r i a t i o n s i n r e s i s t ance 
a n d h a r d n e s s . 

P . W . B r i d g i n a n e x a m i n e d t h e effect of t e m p , a n d pressure o n t h e e lec t r ica l 
r e s i s t ance of i ron -with less t h a n 0*03 p e r cen t , of i m p u r i t y , a n d cons i s t i ng e n t i r e l y 
of fer r i te . T h e r e su l t s s h o w t h a t for p ress . , p k g r m s . p e r sq . cm. , t h e p re s s , coeff. 
a r e : 

75° 100° 
1-4519 1-6206 
O0 5 2451 — OOa2468 
0 0 6 2 2 0 9 — 0 0 6 2 2 3 8 
O O B 2 3 3 0 — O 0 6 2 3 5 3 

These r e su l t s co r r e spond -with a n a v e r a g e t e m p , coeff. of 0*006206 b e t w e e n 0° a n d 
100° ; a n d for t h e a v e r a g e p ress , coeff., —0*05246. T h e v a l u e of t h e p ress , coeff. 
of t h e r e s i s t ance of i ron , R—1{dRjdp), is r e l a t e d t o t h e c h a n g e i n t h e c o n d u c t i v i t y 
a n d compress ib i l i ty , efo/d^p, b y t h e express ion R—1(dR/dp)=K—1(dK/dp)-\-£v(dv/dp), 
w h e r e K d e n o t e s t h e c o n d u c t i v i t y ; v, t h e v o l u m e ; a n d p, t h e p re s s . U . F i s c h e r 
g a v e for t h e p ress , coeff., — 10-7dR/Rdp=21-6 a t 273-1° K . ; 23-7 a t 198° K . , a n d 
34-4 a t 81° K . P . W . B r i d g r n a n o b t a i n e d for t h e a v e r a g e p res s , coeff. a t 
0° , — 7-84°, a n d —182-9° , a t p ress , u p t o 7000 k g r m s . p e r sq . cm. , — 0*05234, 
— 0-05227, a n d — 0 0 5 2 3 4 . B . B e c k m a n o b s e r v e d —0-0 5 2405 for t h e p ress , coeff. 
E . I ) . Wi l l i amson f o u n d t h e r a t i o of t h e res i s tances a t 1 a n d 12,000 k g r m s . p e r 
sq . c m . p ress , t o b e 0*9729. A . T . W a t e r m a n , a n d A . Schulze d i scussed t h e 
c o n d u c t i v i t y a s a func t ion of press , i n a c c o r d w i t h t h e e l ec t ron t h e o r y . T h e effect 
of co ld -work on t h e e lec t r ica l r e s i s t ance w a s s t u d i e d b y P . B a r d e n h e u e r a n d 
H . S c h m i d t . A . C a m p b e l l m e a s u r e d t h e J o u l e h e a t i n g effect of c u r r e n t s . 
G. H . W a i t a n d co-workers obse rved t h a t e x p o s u r e t o rad io- f requenc ies h a d n o 
effect on t h e res i s t ance . 

H . Ro ln ick , R . S. B e d i , J . R u s s n e r , a n d W. H . J o h n s o n s t u d i e d t h e effect of 
tens i le s t resses on t h e e lec t r ica l r e s i s t ance of i ron . H . T o m l i n s o n obse rved t h a t t h e 
t e m p o r a r y increase i n t h e e lect r ica l r e s i s t ance of a n i ron "wire u n d e r tensile stresses 
w h e r e t h e wi re is s t r e t c h e d in t h e s a m e d i r ec t i on as t h e c u r r e n t , is e x a c t l y p r o p o r 
t i o n a l t o t h e s t r e t c h i n g force. T h e p e r c e n t a g e increase in t h e res i s t ance wh ich 
occurs -when a c u b e of t h e m a t e r i a l is s t r e t c h e d b y t h e s a m e w e i g h t is g r e a t e r w i t h 
i r on t h a n w i t h s teel wi re , a n d t h i s increase is n e a r l y t h e s a m e for different spec imens 
of t h e s a m e m a t e r i a l . T h e p e r c e n t a g e increase in t h e r e s i s t ance wh ich occurs w h e n 
t h e m a t e r i a l is s t r e t c h e d t o t h e s a m e e x t e n t is g r e a t e r w i t h i ron t h a n w i t h s tee l 
wi re . T h e r e is in e a c h case a r e s idua l inc rease ove r a n d a b o v e t h a t wh ich w o u l d 
follow f rom a m e r e inc rease in l e n g t h o r sec t iona l a r ea w h i c h is g r ea t e r w i t h i r on t h a n 
w i t h s tee l . H . T o m l i n s o n g a v e 2111 X 1 0 - - 1 2 for t h e increase of res i s tance pe r u n i t 
p r o d u c e d b y a s t ress of a g r a m p e r sq . c m . ; 4*180 for t h e inc rease pe r u n i t of resis t
a n c e w h i c h w o u l d b e c a u s e d b y a s t ress sufficient t o d o u b l e t h e l eng th of t h e wi re , 
a n d 2*618 for t h e inc rease p e r u n i t of s p . r e s i s t ance w h i c h w o u l d b e c a u s e d b y a 
s t ress sufficient t o d o u b l e t h e l e n g t h of t h e wi re . O the rwi se expressed , t h e pe r 
c e n t a g e inc rease i n t h e s p . r e s i s t ance b y a s t r e t c h i n g force of one k i l o g r a m p e r 
sq . c m . is 0*051080 for s tee l , a n d 0*061258 for i ron . S. F u k u t a found for s teels 
"with 0*3 t o 1*5 p e r c e n t , of c a r b o n , t h e a v e r a g e 0*061139. I n genera l , t h e inc rease 
in s p . r e s i s t ance is p r o p o r t i o n a l t o t h e a p p l i e d s t ress ; a n d t h e inc rease i n t h e sp . 
r e s i s t ance dec reases s l igh t ly w i t h a n increase i n t h e p r o p o r t i o n of c a r b o n . T . U e d a 
found t h a t t h e s p . e lec t r ica l r e s i s t ance of i ron a n d c a r b o n s tee l , w h e n s t r e t c h e d , 
inc reases a s t h e t ens i l e s t ress increases , a n d m a k e s a d i s c o n t i n u o u s c h a n g e a t t h e 
y i e ld -po in t , a n d a f t e r w a r d s increases . T h e d i s c o n t i n u i t y is a t first pos i t ive , a n d 
a s t h e c a r b o n - c o n t e n t increases , i t b e c o m e s n e g a t i v e . T h e r a t e of c h a n g e of t h e 
s p . r e s i s t ance decreases a s t h e c a r b o n - c o n t e n t inc reases . R . S. Bed i , a n d J . B . S e t h 
a n d C. A n a n d o b s e r v e d n o decrease s u c h a s occurs w i t h n icke l wires in t h e ea r ly 
s t ages of t h e s t r e t c h i n g . A*- Campbe l l f o u n d n o c h a n g e i n t h e e lect r ica l r e s i s t ance 
of i ron , a n d i ron-n icke l wires w h e n s u b j e c t e d t o tens i le s t resses u p t o t h e b r eak ing -

0° 25° 50° 
R . . . . l-OOOO 1 1 4 1 6 1 - 2 9 1 8 
- P ^ 0 - O = O < . — 0 - O s 2 4 0 5 — 0 0 5 2 4 2 0 — 0 0 6 2 4 3 6 
r v S S * ^ = 1 " 2 0 0 0 • — 0 0 B 2 1 1 9 — 0 0 6 2 1 5 0 — O o 5 2 1 8 0 
^ o e / A v e r a g e . — 0 - 0 5 2 2 6 2 — 0 0 f t 2 2 8 5 — 0 0 & 2 3 0 8 
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p o i n t . A . Campbe l l a lso found t h a t t h e c o n d u c t i v i t y of soft i r on remained 
prac t i ca l ly c o n s t a n t u n d e r t h e influence of tens i le s t resses , i nd i ca t i ng t h a t u p t o 
t h e b reak ing -po in t t h e m e t a l s t r e t ches o u t a s if i t we re a l iqu id . W . B r o w n 
m e a s u r e d t h e effect of a n electr ic c u r r e n t o n t h e subs idence of t h e t o r s iona l oscilla
t ions of a n i ron wi re . 

P . W . B r i d g m a n showed t h a t t h e p e r c e n t a g e c h a n g e of e lectr ical c o n d u c t i v i t y 
w i th loads of 2050 a n d 1025 k g r m s . p e r sq . c m . a r e r e spec t ive ly —0*518 a n d —0*257 
while t h e p r o p o r t i o n a l changes of c o n d u c t i v i t y p e r k g r m . p e r sq . c m . a r e r e spec t ive ly 
—2-53 X 1 O - 6 a n d —2-51 X 1 O - 6 ; t h e p r o p o r t i o n a l c h a n g e s of sp . c o n d u c t i v i t y 
pe r k g r m . p e r sq. c m . a r e respec t ive ly —1-82 X 1 0 ~ 6 a n d —1*80 X 1 0 - 6 . T h e v a l u e 
of (1 -f-2cr)/J^ is 0*71 X 10~ 6 . H e also found t h a t w i t h i ron , t h e l ong i tud ina l f rac t ional 
change of res is tance p e r k g r m . pe r sq . c m . is 2-13 X 1 O - 6 w h e n t h e t ens ion is pa ra l l e l 
a n d also pe rpend icu la r t o t h e d i rec t ion of rol l ing, a n d w h e n cor rec ted for d i s t o r t i on , 
t h e v a l u e is 1*42x10. T h e geomet r i ca l m e a n of l ong i t ud ina l a n d t r a n s v e r s e 
f rac t ional change of res i s tance pe r k g r m . p e r sq . cm. is 0*99 X 1 O - 6 , or co r rec ted for 
d i s to r t ion , 0*86 X 1 O - 6 , w h e n t h e t ens ion is pa ra l l e l t o t h e d i rec t ion of r o l l i n g ; a n d 
w h e n pe rpend icu l a r t o t h e d i rec t ion of rol l ing, 1*33 X 1 O - 4 , or , w h e n cor rec ted for 
d i s to r t ion , 1 ' 2 O x I O - 6 . T h e ca lcu la t ed f rac t iona l c h a n g e of t r a n s v e r s e r e s i s t ance 
pe r k g r m . p e r sq . cm. is 0*30 X 1 0 ~ 6 w h e n t a k e n para l le l , a n d 0*78 x 1 O - 6 w h e n 
t a k e n pe rpend icu la r t o t h e d i rec t ion of ro l l ing. R . S. B e d i found t h a t t h e res is t 
ance of i ron or s teel , u n d e r a s t r e t ch ing load , decreases u p t o t h e e las t ic l imi t , a n d 
t h e res i s tance m i n i m u m coincides w i t h t h e e las t ic l imi t . E . Credner obse rved t h a t 
t h e decrease in t h e res i s tance of wires u n d e r t e n s i o n w h e n h e a t e d , r eaches a 
m i n i m u m w i t h i ron a t 600°—vide n ickel . T . Ionescu d iscussed t h e J o u l e effect ; 
W . G. K a n n u l u i k , R . K i k u c h i , t h e r e l a t i on b e t w e e n t h e e lectr ical a n d t h e r m a l 
conduct iv i t i es—v ide supra ; a n d S. P rocop iu , t h e r e l a t ion b e t w e e n t h e electr ical 
res i s tance , t h e sp . h t . , a n d t h e t e m p , of a m e t a l wi re . 

W . K . Mitiaeff obse rved a n a n o m a l o u s change in t h e res i s tance of i ron wi re a t 
radio-frequencies , b u t G. R . W a i t a n d co-workers w o u l d n o t ver i fy t h i s . 

H . M. B r o w n found t h a t a m a g n e t i c field of 
10,0OO gausses inc reased t h e electr ical c o n d u c t i v i t y 
0*2 p e r cen t . G. Ba r low , W . F . B a r r e t t , H . B e t h e , 
L . Bloch , G. Bore l ius , H . B r a u n e , W . B r o w n , 
M. D u m e r m u t h , J . D o r f m a n a n d co-workers , 
N . H . F r a n k , W . Ger lach a n d E . E n g l e r t , W . Ger l ach 
a n d IL. S c h n e i d e r h a n , K . Ghosh , T . Gneso l to , 
A. G r a y a n d E . T . J o n e s , P . K a p i t z a , G. M a h o u x , 
J . A. M a t h e w s , M. Medici , E . Mer r i t t , A . Pe r r i e r , 
H . Sachse , K . Schne ide rhan , O. S t i e r s t a d t , a n d 
H . Toml inson s t u d i e d t h e c h a n g e of t h e e lec t r ica l 
c o n d u c t i v i t y in s t r o n g m a g n e t i c fields—vide infra. 
O. S t i e r s t a d t s t u d i e d t h e c h a n g e in t h e electr ical 
c o n d u c t i v i t y of i r on i n a l ong i tud ina l m a g n e t i c 
field. H . H . P o t t e r m e a s u r e d t h e effect of m a g 
ne t i za t i on on t h e c h a n g e of r es i s t ance a n d some 
resu l t s a r e s u m m a r i z e d i n F i g . 265 . T h e t e m 
p e r a t u r e s a r e expressed i n t e r m s of t h e Cur ie 

t e m p e r a t u r e 1050° K . T h e d o t t e d l ines refer t o t h e t r a n s v e r s e a n d t h e c o n t i n u o u s 
l ines t o t h e long i tud ina l effect. N e a r t h e Curie po in t , t h e v a l u e 8R/R changes less 
r ap id ly t h a n t h e first power of H, b u t w i t h r i s ing t e m p , t h e c u r v e s g r a d u a l l y c h a n g e 
in s h a p e un t i l , a b o v e t h e Curie po in t , t h e v a l u e of SR/R v a r i e s a s H2. H . W a l k e r , 
a n d R . Schenck m a d e obse rva t ions on t h e sub jec t . O . S t i e r s t a d t obse rved t h a t 
some of t h e anomal i e s obse rved w i th smal l fields a r e d u e t o e r rors , m a i n l y i ncom
p le te d e m a g n e t i z a t i o n . A . G. S. Gwyer , A. T . W a t e r m a n , K . H d j e n d a h l , a n d 
K. F . Herzfe ld discussed t h e t h e o r y of t h e c o n d u c t i v i t y of m e t a l s . A . E u c k e n 
defined a m e t a l i n t e r m s of i t s electr ical conduc t iv i t y , w h i c h t e r m is d e p e n d e n t on 
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t h e p resence of free e lec t rons . On ly a ce r t a in n u m b e r of e l emen t s h a v e t h e s e 
free e lec t rons . 

W . O s t w a l d 2 c a l cu l a t ed for t h e hea t of ion izat ion of Fe** f rom t h e m e t a l , F e , 
in di l . a q . soln. , -f-93 ki lojoule , w h e n t h e h e a t of ion iza t ion of H* f rom H 2 is z e r o ; 
a n d for t h e f o r m a t i o n of F e " * f rom Fe**, —39 ki lojoules . J . D . B e r n a l a n d 
R . H . F o w l e r ca l cu la t ed for t h e i on izat ion energy of Fe**, 561 CaIs. p e r g r a m - i o n , 
a n d of Fe*" , 1346 CaIs. T h e transport n u m b e r of Fe*--ions a t 18° w a s f o u n d b y 
K . Sza lagyi t o b e 50 ; A. Heydwei l l e r g a v e 45-2 ; G. v o n H e v e s y , 48 ; a n d 
A . S t epn iczka -Mar inkov ic , 46 . F o r Fe*"- ions , A . Heydwei l l e r g a v e 61*2 a t 18° ; 
G. v o n H e v e s y , 45 ; a n d K . H o p f g a r t n e r , 4 3 . 

E . D u b o i s s s t u d i e d t h e Vo l ta effect in w a t e r - v a p o u r . M. A n d a u e r a t t r i b u t e d 
t h e p o t e n t i a l difference b e t w e e n i ron a n d air , of t h e o rde r of 0*15 v o l t , t o t h e fo rma
t i o n of a c o n d u c t i n g film of ga s ove r t h e e n t i r e surface of t h e m e t a l . M. F o r r o 
a n d E . P a t a i found t h e c o n t a c t p o t e n t i a l of i ron a n d s o d i u m t o b e 1*4 vo l t s . 
S. J . F r e n c h a n d L . K a h l e n b e r g s t u d i e d t h e g a s - m e t a l e lec t rode of i ron w i t h o x y g e n , 
h y d r o g e n , or n i t rogen . J . Ga l ibourg m e a s u r e d t h e c o n t a c t p o t e n t i a l of s tee ls of 
v a r i o u s k i n d s a g a i n s t m e r c u r y a t t e m p , b e t w e e n 20° a n d 320° . H e found t h e 
resu l t s d e p e n d e n t o n t h e compos i t i on of t h e m e t a l , b u t were o n l y s l igh t ly affected 
b y t h e degree of t e m p e r i n g . H e sa id t h a t t h e steels c a n t h u s b e classified w i t h o u t 
ana lyz ing t h e m . G. Monch g a v e —0*35 v o l t for t h e c o n t a c t p o t e n t i a l of i r o n a n d 
coppe r ; G. N . Glasoe, 0-21 vo l t for gas-free i ron a n d n icke l ; a n d F . P o l e d n i k g a v e 
1*99 vo l t s for t h e c o n t a c t p o t e n t i a l of i r on a n d q u a r t z , a n d 1*15 v o l t for i r on 
a n d glass . W . E n d e , a n d R . F . H a n s t o c k s t u d i e d t h e effect of co ld-work o n t h e 
c o n t a c t p o t e n t i a l s of m e t a l s . J . B . S e t h a n d co-workers s t u d i e d t h e e.m.f. deve loped 
b y a r a p i d l y r o t a t i n g s teel d isc a g a i n s t a l u m i n i u m m a g n e s i u m , z inc , t i n , coba l t , 
c a d m i u m , lead , m a n g a n e s e , b i s m u t h , n icke l , p l a t i n u m , a n t i m o n y , a r sen ic , gold, 
t e l l u r i um, copper , a n d silver, a n d t h e v a l u e s increase f rom —730 mi l l ivo l t t o 123 
mil l ivol ts i n t h e o r d e r s t a t e d . E . P e r u c c a , O. Sca rpa , A . L a f a y , a n d H . F . R i c h a r d s 
s t u d i e d t h e sub jec t . R . D . K l e e m a n a n d W . F r e d r i c k s o n s t u d i e d t h e e lect r ic 
cha rges of colloidal pa r t i c l e s of i ron in d is t i l led w a t e r . R . T . Dufford s t u d i e d t h e 
photovol ta ic effect w i t h i ron in G r i g n a r d ' s soln. ; a n d P . E . S h a w a n d co-workers , 
the triboelectric effect. 

W h e n i ron dissolves in di l . hydroch lo r i c ac id , i t fo rms a soln. of b i v a l e n t i ron , 
fer rous chlor ide , a n d a s s u m i n g t h a t t h e sa l t , u n d e r t he se cond i t ions , is ionized, t h e 
r eac t i on is r e p r e s e n t e d F e - f - 2 H * = F e " - f - H 2 . Sa l t s of u n i v a l e n t i ron a r e u n k n o w n 
—vide infra. A u n i t cha rge is e q u i v a l e n t t o O = 9 6 , 5 4 0 cou lombs , so t h a t w h e n i ron 
passes i n t o a b i v a l e n t cha rge ion, F e " , i t a cqu i r e s a c h a r g e of 2 x 9 6 , 5 4 0 c o u l o m b s ; 
a n d w h e n b i v a l e n t i ron passes i n to a t e r v a l e n t ion, Fe"* , i t a cqu i r e s a c h a r g e of 
3 X 96,540 cou lombs . F r o m t h i s p o i n t of v iew, i ron , a n d t h e b i v a l e n t a n d t e r v a l e n t 
c h a r g e d ions , c a n a l m o s t b e r e g a r d e d a s a l lo t rop ic modif ica t ions of one s u b s t a n c e . 
T h e electr ical e n e r g y or work , JV, i n v o l v e d in t h e revers ib le t r a n s f o r m a t i o n F e ^ ^ F e " 
is t h e p r o d u c t of t h e q u a n t i t y of e lec t r ic i ty , C, a n d t h e p res su re E, so t h a t t h e 
w o r k W—2CE vo l t - cou lombs . E c an b e d e t e r m i n e d b y d i p p i n g i ron in a soln . 
of a fer rous sa l t , a n d m e a s u r i n g t h e difference of p o t e n t i a l of t h i s c o m b i n a t i o n 
a g a i n s t a n o t h e r e lec t rode t a k e n a s zero . Obse rva t i ons s h o w t h a t t h e difference 
of p o t e n t i a l , E, d e p e n d s o n t h e c o n e , [Fe" J , of t h e soln . such t h a t E=E0 
+ 0 * 0 2 8 8 5 log [ F e " ] vo l t , -where E0 r ep re sen t s t h e v a l u e of E w h e n t h e cone . [ F e " ] 
= 1. T h e e lectrode potential of i ron in a soln. of a fe r rous sa l t of cone . [ F e " ] = l 
is ca l led t h e n o r m a l p o t e n t i a l . Since E a n d E0 r e p r e s e n t differences of p o t e n t i a l , 
t h e i r r e spec t ive v a l u e s d e p e n d on t h e e lec t rode w h i c h is t a k e n as zero. As shown 
b y R . A b e g g a n d co-workers , if t h e n o r m a l ca lomel e l ec t rode , H g : H g C l : JV-KCl 
b e t a k e n a s zero , t h e p o t e n t i a l is symbol i zed E0 ; if t h e d r o p p i n g e lec t rode b e zero , 
E is symbo l i zed E0 ; a n d if t h e n o r m a l h y d r o g e n e lec t rode b e zero , E is symbol ized 
E^ Under these c o n d i t i o n s E n = E 0 — 0 - 2 7 7 ; E0=E0-0*56, so tha t En=Ec-\-0-2&3. 

R . S c h e n c k a n d co-workers ca l cu l a t ed f rom t h e equ i l i b r i um m e a s u r e m e n t s of 
E . B a u r a n d A . Glassner , a n d A. B . l i a m b ' s o b s e r v a t i o n s o n t h e h e a t of fo rma t ion 



2 0 6 I N O R G A N I C A N D T H E O R E T I C A L , C H E M I S T R Y 

of fer rous oxide , t h a t t h e n o r m a l potent ia l : F e - ^ F e " is E13.-=—0-4:7 vo l t for i ron 
i n c o n t a c t wi th a mo la r soln. of a fe r rous sa l t . K . J e l l i nek a n d H . G o r d o n t h i n k 
th i s va lue is t o o s t rong ly pos i t ive . W . H . H a m p t o n g a v e — 0-4413 vo l t ; C. D r u c k e r , 
—0*44 v o l t ; a n d R . Abegg a n d co-workers cons idered —0-43 v o l t t o b e t h e b e s t 
r ep re sen t a t i ve v a l u e for i ron in c o n t a c t w i t h a n o r m a l soln. of a ferrous sa l t a t 18° . 
Th i s g ives for t h e e.m.f. of t h e t r a n s f o r m a t i o n F e - ^ F e " , 

^ H ^ — O - 4 3 + ^ ^ l o g [ F e - ] v o l t (1) 

F o r a n o r m a l soln. of ferrous chlor ide , B . N e u m a n n g a v e —0*361 vo l t , a n d for 
a 2iV-soln., E . P e t e r s e n g a v e —0*337 vo l t . F . F o r s t e r f o u n d for t h e e lec t rode 
p o t e n t i a l of i ron in a soln. w i t h 2V-FeCl2 a n d -ZV-NH4Cl, a t t h e beg inn ing , —0*492 
vo l t a t 20° , a n d —0*420 v o l t a t 75° ; a n d af ter a n h o u r ' s t i m e , r espec t ive ly —0-463 
a n d —0*420 vo l t . N u m e r o u s obse rva t ions h a v e b e e n m a d e w i t h i r on a g a i n s t 
soln. of ferrous s u l p h a t e . B . N e u m a n n o b t a i n e d —0*367 v o l t for t h e e lec t rode 
p o t e n t i a l of i ron a g a i n s t 2V-FeSO4 ; M. M u g d a n , —0-34 v o l t for 0-12V-FeSO4 ; 
E . P e t e r s e n , —0-337 vo l t for 22V-FeSO4. W . M u t h m a n n a n d F . F r a u n b e r g e r 
found t h a t i ron depos i t ed e lec t rolyt ica l ly on i ron or p l a t i n u m gives 2 ? H = —0*66 vo l t . 
Th i s v a l u e agrees w i t h t h a t o b t a i n e d b y F . W . Ki i s te r ; a n d G. Coffetti a n d F . F o r s t e r 
showed t h a t t h e h igh v a l u e appl ies n o t t o i ron , b u t r a t h e r t o i ron c h a r g e d w i t h 
h y d r o g e n ; if a n a l lowance b e m a d e for t h i s , t h e v a l u e for i ron in 2V-FeSO4 is 
—0*46 vo l t . H i g h resu l t s for e lec t rolyt ic i ron were also o b t a i n e d b y C. E . F a w s i t t . 
S. Glass tone gave for t h e c a t h o d e p o t e n t i a l of i ron in 2V-FeSO4 a t 15° for c u r r e n t 
dens i t ies of D a m p . X 1 0 ~ 4 p e r sq. c m . : 

n 0 0 2 J V - U 2 S O 4 

0 1 4 . . . . —0-46 
4-2 
8-4 

2 0 0 
40-O 
80-0 

ioo*o 

. 
. 
. 
. 
. 
. 

— 0-46 
— 0*46 
— 0-48 
— 0-53 
— 0-68 
— 0*70 

2>H = 2 - 8 

— 0-47 
— 0-49 
— 0-52 

0-57 
— 0-68 
_ o 70 
— 0-78 

J1H = I O 
— 0-47 
— 0-49 
— 0-50 
— 0-56 
— 0-68 
— 0-69 
— 0-71 

j ? H - = 5 0 
— 0-47 
— 0-53 
— 0*58 
— 0-60 
— 0-68 
— 0-7O 
— 0-71 

T h e overvo l tages a r e discussed below. 
O. B a u e r obse rved w i t h e lec t ro ly t ic i ron in a 1 p e r cen t . soln. of sod ium chlor ide 

a p o t e n t i a l of —0-363 vo l t a t t h e s t a r t ; —0*479 vo l t i n 1 h r . ; —0*739 v o l t in 24 h r s . ; 
a n d —0*755 vo l t in 12O h r s . F o r cas t i ron , t h e p o t e n t i a l a t t h e s t a r t w a s —0*628 
v o l t ; —0-74O v o l t af ter 2 h r s . ; a n d —0*765, a n d —0*762 vo l t af ter 24 a n d 
12O h r s . respec t ive ly . F o r mi ld steel , w i t h 0*036 pe r cen t , ca rbon , •—0*575 
vo l t a t t h e s t a r t ; —0-688 v o l t a f ter 5 h r s . ; a n d —0-755 vo l t a f ter 120 h r s . F o r 
0*86 p e r cen t , c a r b o n s tee l , —0*528 v o l t a t t h e s t a r t ; —0*626 v o l t af ter 1 h r . ; —0*700 
v o l t af ter 5 h r s . ; a n d —0*744 vol t a f ter 120 h r s . 

F o r a n acidified soln. of 2V-FeSO4, F . H a b e r a n d F . Go ldschmid t g a v e —0*453, 
for c a s t o r w r o u g h t i ron . C. E . F a w s i t t f ound t h a t t h e p r o p o r t i o n of c a r b o n in 
i ron h a d v e r y l i t t l e influence on t h e e lec t rode p o t e n t i a l ; t h u s , w i t h 

C a r b o n . . 0 0*18 0-23 0-40 0-9 p e r c e n t . 
E11 . . . —0-356 —0-352 - 0-352 — 0-351 - 0-35O v o l t 

T. W . R i c h a r d s a n d G. E . B e h r g a v e - 0*72 t o —0*74 vo l t ; W . H . H a m p t o n , 
—0*71 t o —0*78 v o l t ; K . I w a s e a n d K . Miyazak i , —0*66 t o 0*669 vo l t ; a n d 
S. S a t o , —0*68 vo l t . O b s e r v a t i o n s o n t h e e lec t rode p o t e n t i a l of i ron in soln. of 
fe r rous s u l p h a t e we re also m a d e b y A . F i n k e l s t e i n , T . W . a n d W . T . R i c h a r d s , 
H . E n d o a n d S. K a n a z a w a , K . M u r a t a , E . H e y n a n d O. B a u e r , E . Grave , B . S t r aus s , 
W . J . Sweeney , N . T . M. Wi l smore , S. Xiabendzinsky, a n d W . H . W a l k e r a n d C. Dil l! 
Acco rd ing t o F . F o r s t e r , t h e effect of t i m e o n t h e e lec t rode po t en t i a l of i ron in 
i V - F e S 0 4 c o n t a i n i n g 0*5 p e r cen t , of bor ic ac id i s a s follows : 

Time . 

•••*% • ^ « 1 2 0 ° * .* ." 

O 
0-515 
0-48O 

5 
— 0-479 
— 0-474 

4 5 

—0-460 

6O 
— 0-460 
—0-460 

120 m i n u t e s 
— 0-46O v o l t 
— 0-460 „ 
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C. A. L o b r y d e B r u y n also n o t e d t h a t w i t h 0 I i V - F e S O 4 i n a n a t i n . of h y d r o g e n , 
t h e p o t e n t i a l or iginal ly a t —0-422 vo l t r ises, w h e n t h e soln. is exposed t o a i r , a n d 
a t t a i n s —0-387 vo l t in 24 h r s . G. G r u b e a n d H . Gmel in g a v e for a soln. of 
00242ifef-Na 2FeO 2 in 40 per cent , sod ium h y d r o x i d e , EH=-0-855 vo l t . A . F i n k e l -
s t e m g a v e —0-1O vo l t for i ron aga ins t .ZV-K4FeCy6 ; a n d W . v a n Wi i l len-Schol ten 
ca lcu la ted from t h e solubi l i ty p r o d u c t of ferrous h y d r o x i d e , —0-569 v o l t for t h e 
e lec t rode p o t e n t i a l of i ron aga ins t fer rous h y d r o x i d e . V . Ne jed ly g a v e for t h e 
e.m.f., # = 1 - 3 2 0 vo l t , a n d for t h e t e m p , coeff., dE/d0=~ 0-0011, for i ron a n d a soln. 
of 000IiNT-FeCl2 a n d 0 0 I i V - K C l . Accord ing t o W . H . H a m p t o n , t h e p o t e n t i a l 
of different var ie t ies of i ron aga in s t 
a 0-likf-soln. of ferrous chlor ide 
were for i ron a m a l g a m , 0-809O 
v o l t ; for finely-divided i ron re 
d u c e d f rom ferric ox ide , 0-8088 
vo l t . T . Mash imo observed t h a t 
w i t h i ron e lectrodes in 0-5M-FeCl 3 , 
a n d one e lect rode sub jec ted t o m e 
chan ica l a g i t a t i o n a n d a m a g n e t i c 
field, t h e po t en t i a l a t t h e d i s t u r b e d 
e lec t rode w a s pos i t ive , a n d t h e 
o t h e r one , nega t ive . 

H . E n d o a n d S. K a n a z a w a 
m e a s u r e d t h e e lec t rode p o t e n t i a l 
of i ron a n d steel w i t h v a r y i n g 
p r o p o r t i o n s of ca rbon , a n d t h e 

0 ZOO 400 /400 /600 600 800 /000 /200 
T/me //7 m/nutes 

F i o . 2 6 6 . — T h e E l e c t r o d e P o t e n t i a l s of I r o n 
and. S tee l . 

r.~r — , ~,̂ — ~^~ resu l t s a r e s u m m a r i z e d in F ig . 266. T h e 
e lec t ro ly te w a s iV-FeS0 4 aga in s t a n o r m a l calomel e lec t rode . T h e e lec t rolyt ic 
i ron was re -mel ted . Fo rged i ron gives t h e la rges t p o t e n t i a l , c a s t i ron comes n e x t , 
a n d annea l ed i ron gives t h e smal les t p o t e n t i a l . T h e effect of a r o u g h e n e d surface 
is g r ea t e r t h a n t h a t of t h e c a r b o n i n s teels . T h u s , w i t h e lec t ro ly t ic i ron h a v i n g t h e 
surface pol ished, w i t h e lec t ro ly t ic i ron unpol i shed , a n d w i th e lec t rolyt ic i ron h e a t e d 
for 15 h r s . a t 250° t o 300° in order t o r e m o v e h y d r o g e n a n d t h e n pol ished : 

Electrolytic iron 
(polished) 

Electrolytic iron 
(not polished) 

Electrolytic iron 
(dehydrogenized and polished) 

T i m e . 
!E.m.f. 

2 
0-647 

62 
0-705 

222 
0-734 

3007 
0-738 

2 
0-656 

58 
0-740 

142 
0-755 

3143 
0-750 

5 
0-696 

79 
0-729 

372 
0-732 

3105 
0-733 

T h e resu l t s w i t h a n n e a l e d a n d w i t h fine g lobular ized s teel h a v i n g 0-9 p e r cen t , of 
c a r b o n show t h a t t h e a n n e a l e d s teel is a t first a l i t t le m o r e e lec t roposi t ive t h a n t h e 
fine g lobular ized s teel , b u t i t soon becomes e lec t ronega t ive , reaches a m a x i m u m , 
a n d t h e n decreases t o a n a s y m p t o t i c v a l u e O-016 vo l t . W i t h coarse g lobular ized 
steel , t h e p o t e n t i a l h a s a n oppos i t e s ign t o t h a t of t h e fine g lobular ized spec imen . 
Gr. N . Glasoe s tud ied t h e c o n t a c t p o t e n t i a l of i ron a n d nickel . 

T h e n o r m a l potentials F e ~ > F e — for i ron in soln. of ferric sa l t s , c a n n o t be 
m e a s u r e d d i rec t ly , because i ron reduces soln. of ferric sa l t s t o t h e ferrous s t a t e . 
A p p l y i n g R . L u t h e r ' s s t u d y of t h e ox ida t ion of i r o n i n s t a g e s , K . J e l l i n e k a n d H . Gordon , 
R . Abegg a n d co-workers , F . Aue rbach , a n d G. D r u c k e r found t h a t t h e r e s u l t a n t 
of t h e ope ra t ions F e ^ F e * * a n d Fe'V^Fe*** is F e ^ F e " * ; so t h a t t h e work , W, 
will be TTFe^Fo-' + WFo-^Fo- - I f c deno te s u n i t cha rge , 2C^ F e _ i F c . . - f -C£ ' F e - . ^ F e . . . 
—3C-£?F e^iv.. , <>r i^Fe^Fe—=&(2-EW^Fe"+-®Fe-^BV")• Aga in , for t h e reac t ion 
F e ^ F e " " " , E=E0-f-£0-058 log [Fe***], o n t h e a s s u m p t i o n t h a t t h e concen t ra t ions 
[ F e " ] a n d [Fe***] a r e t h e s ame . B y s u b s t i t u t i n g t h e v a l u e of E for F e ^ F e " a n d 
Fe**^Fe***, where [Fe**] is t h e s a m e , t h e n , for F e ^ F e " EQ=%{2(~0-43)4-0-75} 
= —0-037, t h a t is, —0-04 near ly . G. G r u b e a n d H . Gmel in o b t a i n e d EH.=—0-09 
vo l t . C. E . F a w s i t t o b t a i n e d va lues r ang ing f rom —0-128 t o —0-234 vo l t for t h e 
e lec t rode p o t e n t i a l of different var ie t ies of i ron i n .ZV-FeCl3; a n d A. F inke ls te in , 
j&H=—0-09 vo l t for i ron in 2V-K8FeCy6 . W . v a n Wii l len-Schol ten ca lcu la ted 
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—0*220 volt for electrode potential of iron against ferric hydroxide from the 
solubility product of hydrated ferric oxide. 

R. Peters studied the normal potential : Pe* ̂ F e * *\ where E=^E0 
-f-0-0577 log [Fe**"]/[Fe**], where [Fe'**] and [Fe**] represent the respective 
ionic concentrations. The value of E0 here works out to be i£0=0-0577 log K, 
where K is the equilibrium constant. B y working with a normal mercury 
electrode, Hg : HgCl. 2V-KC1: FeCl2 . FeCl3 : Pt, where there is the reaction 
Hg-I-Fe* *4-Cr^Fe"+HgCl. The current ceases when the free energy of the 
reaction: Hg-f-Cl'^HgCl is equal to that of the reaction : Fe"'^Fe""*. For 
equilibrium, [Fe **] [HgCl]/[Hg] [Fe ***] [Cl'], or K=[Fe *]/[Fe***] since the concen
trations of the solids, and [Cl'] can be regarded as constant. Consequently, 
for the reaction Fe "^Fe* *, .#=0-0577 log /£-+-0-058 log [Fe* "1/[Fe**]. When JKT 
=[Fe**]/[Fe"**], E is zero, R. Peters measured Ec for soln. containing different 
proportions of ferrous and ferric salts, at 17°, and obtained : 

F e - . 0 -5 I O 10 2 0 4 0 6 0 8 0 9 9 - 5 
F e - - . 9 9 - 5 99-O 9 0 8 0 6 0 4O 2 0 0 -5 
K . . 0 - 2 9 6 0 - 3 1 2 0 - 3 7 5 0 - 3 9 1 0 - 4 1 9 0 - 4 3 6 0 - 4 6 2 0 - 5 4 5 
JC0 . . 0 - 4 2 8 0 - 4 2 7 0 - 4 3 0 0 - 4 2 6 0 - 4 2 9 0 - 4 2 6 0 - 4 2 7 0 - 4 1 3 

The best representative value of E0 is 0-427 obtained from E0=EC 
—0-0577 log [Fe***]/[Fe**], and since E0=ObIl log K, log /£=7-45, or K=IO?**. 
Sy the addition of .potassium chloride, the value of K. was diminished, the mean 
value obtained being 107'15. In neutral solutions, the potential was found to 
vary considerably with dilution, but this -was not the case in acid soln. or in soln. 
containing potassium chloride. Solutions in a normal soln. of sodium nitrate gave 
values almost identical with those in pure water, so that ferric chloride and ferric 
nitrate are equally dissociated. In the case of mixtures of ferric and ferrous 
sulphates, the value of K was found to be 106*6, so that at equal concentrations 
ferric sulphate gives fewer ferric ions than the chloride. The addition of fluorine 
ions in all cases raises the reduction potential, and this effect was further examined. 
The conductivity of mixtures of iron salts with sodium fluoride is less than the sum 
of conductivities of the constituents, the difference being greatest with ferric 
compounds, in which case also it increases with dilution. The ferric salts, therefore, 
probably form complex compounds with the sodium fluoride, a view further 
supported by f .p. determinations. By the addition of sodium fluoride to the mixed 
iron salts the e.m.f. falls greatly ; thus, in the case of a mixture of 0-1N ferrous and 
ferric salts the addition of an equal vol. of 0-32V-som. of sodium fluoride caused the 
e.m.f. to become negative, or decreased the cone, of the ferric ions to 10~~75 of its 
former amount. A white salt is also precipitated by the fluoride, and the com
position was found to be Na3FeF6^H2O. This was proved to be a complex salt 
in -which the iron is present in the anion, as by electrolysis the percentage of iron 
increased at the anode and decreased at the cathode. It is probable that the 
reduction of the e.m.f. by addition of sodium fluoride is due to the formation, not 
only of the slightly dissociated ferric fluoride, but also of this salt. Confirmatory 
results -were obtained by C. Fredenhagen ; he also found for the calomel electrode 
E0=0-987, or with the hydrogen electrode, in agreement with R. Peters, 0-710 volt. 
Gr. Grube found that with (i) a soln. of 250 c.c. of 0-5 JIf-K8FeCy6 with 750 c.c. of 
0-53/-K4FeCy6, and (ii) a soln. of 750 c.c. of the former and 250 c.c. of the latter : 

. 2 , , 32 . 
C . . O 0 0 0 2 0 0 1 O-l 0-5 2 0 
EM • - 0-456 0-436 0-463 0-523 0-531 0-555 vo l t 

W- Maitland obtained for the equilibrium constant, .KT-107'8 ; and calculated 
J#r J?©, £or the hydrogen electrode, 0-743 volt. K. Abegg and J. Neustadt gave 
#?tNI#/'"f*lpit ixjfi E0 in the reaction Fe* V^Fe*** in pyridine soln. Observations were 
*I#0];r19«b*le by C. Drucker, F. Auerbach, E. Miiller and J. Janitzki, S. R. Carter 
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and T. J. Glover, S. R. Carter and F. H. Clews, S. Popoff and co-workers, Zt. Michaelis 
and ES. Friedheim, L. Michaelis and C. V. Smythe, K. Masaki and T. Ikkatai, 
T. J. G-lover, and K. Jellinek and H. Gordon. R. Abegg and co-workers gave for 
the best representative value, with the hydrogen electrode, 2?0=0-75 volt, so that 
for the reaction Fe* V^Fe** at 18° : 

En = 0 - 7 5 + 0-058 log [Fe"*]/[Fe"] volt (2) 
R. Peters gave 0-296 volt for the e.m.f. of the cell Pt : 0-0005JVr-FeCl8.0-0995iV-PeCljt, 

0-1 AT-HCl, 1-OJV-KlCl, Hg2Cl8 : Hg, at 17° ; 0-522 volt at 17° for Pt : 0098JV-FeCl3, 0-0022V-
FeCl2, 0-12V-HCl, 102V-KC1, Hg2Cl2 : Hg ; 0-429 volt at 17° for Pt : 0-0452V-Fea(S04)», 
0-012V-FeSO4, 0-12V-H2SO4, 102V-KCl, Hg8Cl2 : Hg ; 0-331 volt at 17° for Pt : 0-0052V-
Fe8(SO4J3, 0092V-FeSO4, 0-12V-H2SO4, 102V-KC1, Hg2Cl8 : Hg. H. Sch&fer gave 0-295 volt 
at 25° for Pt : 0012V-(NH4)2Fe(S04)2, 1 02V-(NH4)2S04, 1-02V-KC1, Hg2Cl8 : Hg ; and 
0-364 volt when 0-092V-(NH4)2Fe(SO4)2 is used. A. A. Noyes and B. F. Brann gave for 
Pt : ̂ 2V-Fe(NO8),, 3/2V-Fe(NO3) 2 , 0052V-HNO8, 3-5 or 1-752V-KC1, 102V-KC1, Hg8Cl8 : Hg, 
at 25°, 0-04486 volt when a;=0-05 and j/==0-05 ; 0-4528 volt when x =0-0125 and y =0-0125 ; 
0-4726 volt when x = 0-0739 and 3/=0-0293 ; and 0-4643 volt when»=0-0112 and 2/=0-0089. 
C. Fredenhagen gave 0-133 volt at 17° for Pt : 0-012V-K8FeCy6, 0-092V-K4FeCy3, 1-02V-KC1, 
Hg2Cl8 : Hg ; and 0*241 volt for Pt : 0-092V-+-K8FeCy*, 0-012V-K4FeCy3, 102V-KC1, 
Hg8Ci8 : Hg. For Pt : 002452V-K3FeCy3, 0000542V-Na4FeCy3, 012V-KC1, Hg2Cl2 : Hg. 
K. Schaum and R. von der Linde gave —0-170 volt at 25° and —0-143 volt at 50° ; and for 
Pt .- 0-000252V-K3FeCy3, 0-02702V-Na4FeCy3, O-12V-KCl, Hg2Cl8 ; Hg, — 0-039 volt at 25°, 
and —0-078 volt at 50°. E. Liebreich discussed the polarization of the cells Fe : Zn, 
Pb : Zn, and C : Fe, Hg : Fe. 

S. Popoff and co-workers measured the oxidation-reduction potential with the 
ferric-ferrous electrode, Pt .H 2 | HCl | HCl, FeCl2-FeCl3 | Pt, with different concentra
tions of acid, and obtained the results shown in Fig. 267. The normal value is 

0-75 

^ 0-74 

% °'73 

§ 072 
\ 
$ 0-7/ 

°'700 M 0-* 0-6~ frST 7-0 
Molarity of HCl solut/on 

Fia. 267.—The Effect of Acid 
on the Oxidation-Reduction 
Potential of the Ferrous-Ferric 
Electrode. 

—0-7473 to —0*74:76 volt. G. Grube represented the variation of the potential of 
the anode with current density by Fig. 268, and comparing the result with platinum, 
in neutral soln., it shows how very strong the polarization is with the iron anode 
which forms a surface film of oxide. Observations were made by W. J. Miiller 
and co-workers, J. Hinniiber, and S. R. Carter and F. H. Clews. N". Isgarischeff 
and A. Turkovskaja studied the effect of various salts on the oxidation-reduction 
potentials of the Fe""*-Fe"'-system, and found that the e.m.f., E1^, is increased by 
the addition of cadmium chloride, and is diminished by the addition of various other 
chlorides in the following order : action of LiCl^MgCl2 <CaCl2<;BaCl2 <;NaCl 
<C KCl <C NH4Cl; zinc chloride lowers E& at concentrations below normal and 
raises E& at higher concentrations, whilst the action of the remaining chlorides 
increases with their concentration. Nitrates raise the E& value proportionately 
to their concentration in the order : action of NH4NO8 < K N 0 3 < N a N 0 8 < S r ( N 0 8 ) a 
<CCa(N03)a<I*iN08<Mg(N08)2<Cd{N08)2. Xhe addition of sodium bromide 
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ra ises 2£n inore t h a n does s o d i u m n i t r a t e , a n d s o d i u m s u l p h a t e depresses Z£H t o a 
g r e a t e r e x t e n t t h a n does s o d i u m ch lor ide . T h e a b o v e effects c a n n o t b e a t t r i b u t e d 
t o va r i a t i ons in p& c o n s e q u e n t on t h e a d d i t i o n of t h e s e sa l t s , or t o t h e f o r m a t i o n of 
complex doub le sa l t s w i t h i ron chlor ides . S. Bodforss f o u n d t h a t t h e p o t e n t i a l of 
i ron is a l inear func t ion of t h e H ' - i o n c o n c e n t r a t i o n of t h e soln . K . M u r a t a , 
E . L iebre ich , a n d J . Glover s t u d i e d t h e sub j ec t . W . v a n Wi i l l en-Schol ten f o u n d 
t h e p o t e n t i a l of i ron t o fer rous h y d r o x i d e is —0-569 v o l t , a n d t o ferric h y d r o x i d e , 
—0*220 vo l t , b u t i n t h e p resence of o x y g e n , a solid so ln . of t h e t w o h y d r o x i d e s 
occurs a s a single p h a s e where t h e r a t i o Fe*"/Fe** i n t h e p h a s e is d e p e n d e n t o n t h e 
o x y g e n cone , of t h e soln. 

K , Z a n g m e a s u r e d t h e o x i d a t i o n of fer rous chlor ide soln. , a f te r t h e l apse of 
different i n t e rva l s of t i m e : 4Fe* + O 2 + 2 H 2 O ^ F e * " + 4 ( O H ) 1 , o r Fe* ^ F e * * + Q . 
Th i s r ep re sen t s t h e first p h a s e of t h e r e a c t i o n , a n d K . Z a n g a s s u m e d t h a t i n t h e 
second p h a s e , t h e oxygen r eac t s w i t h t h e e lec t rons , a n d w i t h t h i s h y p o t h e s i s d e d u c e d 
t h e e q u a t i o n dx/dt—k0(a—x)/x. !Let a d e n o t e t h e or ig inal cone , of t h e soln . , a n d 
x t h e cone , of t h e ferric sa l t a t t h e t i m e t, t h e n kxt= log {{a—x0)/(a—x)} 
r ep re sen t s t h e v a l u e of &x for a un imolecu la r r e ac t i on ; l e t AJ2 d e n o t e t h e c o n s t a n t 
for a b imolecu la r r e ac t i on ; a n d k0 t h e c o n s t a n t for t h e r e a c t i o n w h o s e speed is 
dx/dt=Jc0(a—x)/x. T h e folio wing is a select ion f rom t h e o b s e r v e d re su l t s : 

t 
O 
2 

2 0 0 
6 7 - 5 

1 1 8 0 
193-O 
3 1 2 - 5 
4 8 1 - 5 

Po ten t i a l 
2 5 4 - 2 
3 0 0 - 0 
3 3 5 - 3 
3 5 2 - 8 
3 6 2 - 3 
3 6 9 - 8 
3 7 7 - 0 
3 8 3 - 8 

X X l O 3 

0 - 2 3 
0 - 4 7 
2-6 
5-4 
7-6 
9-4 

12-7 
16 -2 

Jc1 x 10* 
— 

13-8 
13-9 

9 1 
7-5 
5-8 
4 -9 
4 -4 

& a X 1 0 8 

1-9O 
1-61 
1-06 
0 - 9 2 
0 - 6 9 
0-6O 
0 - 5 4 

J:0 X 10® 

1-5 
2 -6 
3-7 
2-7 
3-2 
3-5 

After a pe r iod of i nduc t i on , t h e c o n s t a n c y of Jc0 is t a k e n t o m e a n t h a t t h e or ig ina l 
h y p o t h e s i s is confirmed. 

Accord ing t o C. Bened icks a n d R . S u n d b e r g , t h e p o t e n t i a l , JEJ^, of a m e t a l i n a 
soln. en t i re ly devo id of o x y g e n — t h e h y d r o g e n p o t e n t i a l — a n d t h e p o t e n t i a l , E0, 
of a m e t a l in a soln. c o n t a i n i n g o x y g e n — t h e o x y g e n p o t e n t i a l — t h e n , for q u e n c h e d 
c a r b o n steels , t h e H - p o t e n t i a l is r e d u c e d i r regu la r ly f rom —0*745 v o l t d o w n t o 
— 0-64 vo l t a s t h e p r o p o r t i o n of c a r b o n increases , -while t h e O-po ten t i a l r ises a n d 
also shows i r regular i t ies . F o r u n q u e n c h e d s teels , t h e v a l u e for t h e H - p o t e n t i a l 
falls a s t h e p r o p o r t i o n of c a r b o n rises t o O-9 p e r cen t . , a n d t h e n rises a s t h e p r o p o r 
t i o n of c a r b o n increases st i l l m o r e . F o r s teels -with u p t o O*9 p e r cen t , of c a rbon , 
c, t h e v a l u e of ^ n = — O - 7 0 8 + O O l O c vo l t . T h e O-po ten t ia l r ises f rom 0*311 v o l t 
a s t h e c a r b o n increases , a n d t h e resu l t s , t h o u g h i r regular , a c t l ike t h o s e w i t h t h e 
H - p o t e n t i a l b u t in t h e converse "way. 

F o r t h e n o r m a l p o t e n t i a l : F e - > P e , G. G r u b e a n d H . Gmel in o b t a i n e d 
E H — — 0 - 1 3 vorfc ; a n d w i t h i ron a g a i n s t 0*I i I f -Na 2 FeO 4 i n 40 p e r c en t , s o d i u m 
h y d r o x i d e , a t 25°, t h e r e su l t s were n o t c o n s t a n t , because t h e f e r ra t e is r e d u c e d t o 
ferr i te in c o n t a c t w i t h i ron . 

M e a s u r e m e n t s of t h e e lec t rode p o t e n t i a l of i ron a g a i n s t d is t i l led water, a n d sea-
w a t e r were m a d e b y T . A n d r e w s , K . A r n d t , F . H a b e r , F . H a b e r a n d P . K r a s s a , 
K . H a s e g a w a a n d S. H o r i , E . H e y n a n d O. B a u e r , A . d e Mer i tens , W . M u t h m a n n 
a n d F . F r a u n b e r g e r , a n d F . H . R h o d e s a n d E . B . J o h n s o n . T h e e lec t rode p o t e n t i a l 
of i r on a g a i n s t soln. of ammonium hydroxide w a s m e a s u r e d b y A . F inke l s t e in , a n d 
M. M u g d a n ; a g a i n s t soln . of sodium hydroxide, b y G. G r u b e a n d H . G m e l i n , 
F . H a b e r a n d F . Go ldschmid t , E . H e y n a n d O. B a u e r , P . K r a s s a , M. M u g d a n , a n d 
W . P i c k ; a g a i n s t so ln . of potassium hydroxide, b y J . Bi l l i ter , O. F a u s t , F . F o r s t e r 
a n d V . H e r o l d , C. F r e d e n h a g e n , E . G r a v e , G. G r u b e a n d H . Gmel in , P . K r a s s a , 
M. M u g d a n , W . M u t h m a n n a n d F . F r a u n b e r g e r , W . P i ck , E . P . Schoch a n d 
CL : : P , R a n d o l p h , a n d J . W o o s t ; a n d a g a i n s t a soln . of calcium hydroxide, b y F . H a b e r 
^ 9 . G o l d s c h m i d t , a n d E . H e y n a n d O. B a u e r . 
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The electrode potential of iron in hydrochloric acid was measured by M. Cent-
nerszwer and M. Straumanis, A. Thiel and K. Keller, and W. Muthmann and 
F. Fraunberger; of iron in a soln. of potassium chloride, by T. P. Hoar and 
TJ. R. Evans, and F. Vies and A. Ugo ; and of iron in sulphuric acid, by T. Andrews, 
H. O. Byers and C. W. Thing, H. G. Byers and S. C. Langdon, M. Centnerszwer 
and M. Straumanis, C Fredenhagen, B . Grave, W. J . Miiller and O. t»owy, 
M. Mugdan, and A. Thiel and K. Keller. C. G. Fink and C. M. Decroly found 
the electrode potential of electrolytic iron in sulphuric acid of the percentage 
composition 
H 2 S O 4 

E . 
0 - 4 5 
0 - 9 4 1 

2 - 4 0 
- 0 - 9 1 6 

5 1 4 
- 0 - 9 2 8 

9 - 9 2 
— 0 - 9 0 5 

1 7 - 5 4 
— 0 - 8 7 2 

3 2 0 3 
— 0 - 8 2 7 

5 4 - 6 9 p e r c e n t . 
— 0 - 7 1 5 v o l t 

S50\ 

A. IJ . McAulay and G. !L. White 's results for t he effect of the H"-ion concentration, 
represented by pn» on the electrode potential of iron in air-free, 0-2-ZV-KC1, are 
summarized in Fig. 269. The curve with a 
Q-2M -phosphate soln. is dotted in Fig. 269. 
H. G. Byers and S. C. Langdon, J . P . Hoar and 
U. R. Evans, and W. J . Miiller and K. Konopicky 
measured the electrode potential of iron against 
sulphuric acid in the presence of hydrogen, and 
also oxygen ; E . Grave, likewise against sulphuric 
acid in the presence of ozone, and also of hydrogen 
dioxide. C. Fredenhagen, W. J . Miiller, and 
W. Muthmann and F . Fraunberger measured the 
electrode potential of iron against nitric acid—the 
passive state ; E . Heyn and O. Bauer, against 
arsenious acid ; E . Heyn and O. Bauer, W. Muth
mann and F . Fraunberger, and G. C Schmidt, against dichromic acid; and 
M. Mugdan, against acetic acid. Measurements of the potential are also discussed 
in connection with the passivity of iron. 

J . H. Andrew and co-workers measured the electrode potentials of steels against 
a soln. of ferric chloride and a normal calomel electrode with the idea of finding the 

F i o . 2 6 9 . — E q u i l i b r i u m P o t e n 
t i a l s o f I r o n w i t h S o l u t i o n s of 
D i f f e r e n t H ' - i o n C o n c e n t r a 
t i o n . 

0-530K- 0-540] - i — r - T — i — 

0-530Y 

07S /-75 /75 
/??/• cent, azrdo/? 

F I G . 2 7 0 . — T h e E l e c t r o d e P o t e n t i a l s of 
C a r b o n S t e e l s Q u e n c h e d a t D i f f e r e n t 
T e m p e r a t u r e s . 

0~f5& 
075 /75 075 /75 

/2r/~ cerrt. carSorr 
F I G . 2 7 1 . — T h e E l e c t r o d e P o t e n t i a l s 

of C a r b o n S t e e l s T e m p e r e d a t 
D i f f e r e n t T e m p e r a t u r e s . 

effect of heat-treatment, and the state of the carbon in the alloys. The results are 
indicated in Figs. 270 and 271. The electrode potential of quenched steels—with 
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o,-iron—decreases as t h e p r o p o r t i o n of c a r b o n increases , so t h a t t h e i r o n is r e n d e r e d 
less ac t ive b y dissolved c a r b o n . T h e p o t e n t i a l of h y p o e u t e c t o i d s tee ls is i nc rea sed 
b y ra is ing t h e quench ing t e m p . , so t h a t -with a n inc rease i n t h e q u e n c h i n g t e m p . , 
t h e leas t c o n c e n t r a t e d a r e a of t h e solid soln . becomes less c o n c e n t r a t e d in c a r b o n . 
J . H . A n d r e w a n d R . H a y found t h a t ca rb ide segrega t ion occurs o n s o a k i n g a t a 
t e m p , a b o v e t h e Acs-ar res t . T h e p o t e n t i a l of h y p e r e u t e c t o i d s teels is l owered b y 
a n increase in t h e q u e n c h i n g t e m p . T h e r e is a m a r k e d d e v i a t i o n of t h e c u r v e for 
h y p e r e u t e c t o i d s teels q u e n c h e d a t 1100° f rom t h a t o b t a i n e d for t h e s a m e s tee l 
q u e n c h e d a t 1000°. Steels w i t h over 1-2 p e r cen t , of c a r b o n , a n d q u e n c h e d a t 
1100°, c o n t a i n aus t en i t e , b u t since a u s t e n i t e is less a c t i v e t h a n m a r t e n s i t e t h i s does 
n o t exp la in t h e dev ia t ion of t h e c u r v e a t 1100°. T h e c u r v e s p r o b a b l y m e a n t h a t 
t h e m a r t e n s i t e o b t a i n e d b y quench ing h igh -ca rbon s teels f rom 1100° is m u c h m o r e 
c o n c e n t r a t e d t h a n t h a t o b t a i n e d b y q u e n c h i n g a t 1000°. Th i s m a y b e d u e (i) t o 
t h e c e m e n t i t e l ine be ing more c u r v e d t h a n is genera l ly a s s u m e d , so t h a t t h e so lubi l i ty 
of c a r b o n in y - i ron a t 1100° is m u c h g rea t e r t h a n i t is a t JL000°—this is n o t i n a c c o r d 
w i t h m e a s u r e m e n t s of t h e electr ical res i s tance ; or (ii) t h a t so long a s pa r t i c l e s of 
c e m e n t i t e in h y p e r e u t e c t o i d steels r e m a i n undisso lved before q u e n c h i n g , t h e y m a y 
a c t a s nucle i a n d cause a p a r t i a l p r ec ip i t a t i on of t h e ca rb ide e v e n w i t h r a p i d cool ing. 

T h e curves , F ig . 2 7 1 , show t h a t t h e e lec t rode p o t e n t i a l increases progress ive ly 
w i t h t h e ra is ing of t e m p e r i n g t e m p . , showing t h a t t h e p r o p o r t i o n of c a r b o n in soln. 

r e d u c e d b y t e m p e r i n g . After t e m p e r i n g a t a n y t e m p , u p t o , say , 450° , a n 
apprec iab le a m o u n t of c a r b o n r e m a i n s in 
soln. , a n d t h i s p r o p o r t i o n is r e d u c e d b y 
ra i s ing t h e t e m p e r i n g t e m p . O n h e a t i n g 
q u e n c h e d steels t o a g iven t e m p . , t e m p e r i n g 
p roceeds u n t i l a l imi t ing v a l u e is a t t a i n e d , 
af ter which i t e i t he r s t o p s or p roceeds v e r y 
s lowly. A s imi lar conclus ion w a s in fe r red 
f rom m e a s u r e m e n t s of t h e e lect r ica l res is t 
a n c e . T h e p o t e n t i a l c u r v e o b t a i n e d a f te r 
t e m p e r i n g a t 680° lies below t h a t o b t a i n e d 
a t 650°, i nd i ca t i ng t h a t c a r b o n dissolves i n 
ct-iron be low t h e Ac 2 - a r r e s t . C F . B r u s h 
a n d R . A . Hadf ie ld , a n d o t h e r s h a v e in
v e s t i g a t e d t h e e v o l u t i o n of h e a t b y a 
q u e n c h e d s teel a t r o o m t e m p . ; a n d t h e 
effect of age ing o n t h e p o t e n t i a l of s teel 
i m m e d i a t e l y af ter q u e n c h i n g , a n d af ter r e 
m a i n i n g a t r o o m t e m p , for different pe r iods 
of t i m e is i n d i c a t e d i n F i g . 272 . T h e 

p o t e n t i a l decreases w i t h t i m e ; t h i s m a y b e d u e t o t h e relief of t h e s t r a in s caused 
b y q u e n c h i n g . T h e e lec t rode po t en t i a l s a t 18° of c a r b o n steels q u e n c h e d a t 1100° 
a n d a t 780°, a n d c h r o m i u m steels a t 1100°, d i d n o t c h a n g e app rec i ab ly before a n d 
af ter immers ion in l iqu id a i r . Th i s i nd ica t e s t h a t a u s t e n i t e , un l ike m a r t e n s i t e , is 
n o t affected b y l iqu id a i r . W . H . W a l k e r a n d C Dil l d iscussed t h e e lec t rode 
p o t e n t i a l a n d t h e s t r u c t u r e of i ron . 

M. F a r a d a y s t u d i e d t h e e l ec trochemica l series , a n d found t h a t i ron i n n i t r i c , 
hyd roch lo r i c , or su lphur i c ac id is n e g a t i v e t o w a r d s b i s m u t h , copper , a n d a n t i m o n y , 
a n d pos i t ive t o w a r d s t i n , lead , c a d m i u m , a n d z inc ; i n soln . of p o t a s s i u m h y d r o x i d e , 
i r on is n e g a t i v e t o w a r d s copper , si lver, a n d n icke l , a n d pos i t ive t o w a r d s b i s m u t h , 
l ead , a n t i m o n y , c a d m i u m , t i n , a n d zinc ; a n d i n ye l low a n d colourless soln. of 
p o t a s s i u m s u l p h i d e , i r on is pos i t ive t o w a r d s m a n y m e t a l s . Accord ing t o J . C. P o g -
gendorff, a n d S. B . C h r i s t y , i ron i n soln . of p o t a s s i u m c y a n i d e is n e g a t i v e t o w a r d s 
p a l l a d i u m , silver, c a r b o n , a n d p l a t i n u m , a n d pos i t ive t o w a r d s nickel , b i s m u t h , 

oaony, copper , l ead , c a d m i u m , a n d z inc . S. B . Chr i s ty f o u n d t h a t i n dis t i l led 
water , I ron is pos i t ive t o w a r d s z inc , a n d l ead , a n d n e g a t i v e t o w a r d s copper , s i lver , 
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mercury, and gold. R . Abegg and co-workers gave for the electrochemical series 
—Li, K, Na, Mg, Zn, F e , Cd, Co, Ni, P b , Sn, H, Cu, Ag, Hg, Au-+- ; F . Streintz 
gave for soln. of the meta l in ni trate soln., —Mg, Zn, Cd, Sn, Al(Pb), Fe , Co, Bi, Ni, 
Cu, and Ag-f- ; and in chloride soln., —Mg, Zn, Al, Cd, Fe , Sn, Bi, Co, Sb, and Cu-K 
C. B . Gates, and G. Gore studied the place of iron in t h e electrochemical series in 
molten salts, and in non-aqueous solvents ; and A. S. Russell found for iron in 
mercury, - Z n , Cd, Tl, P b , Co, Mn, Fe , Bi, Co, Hg, Ni, and P t + . T. Andrews 
studied the electrochemical series with different forms of iron and steel in sea-
water, and in salt soln. ; whilst A. Schleicher found t h a t t h e order with iron is 
-f- passive wrought iron, rusted cast iron, rusted wrought iron, wrought iron, 
passive cast iron, cast iron — ; and for steels, + nickel steel (25 : 75), nickel steel 
(5 : 95), chrome steel, tungsten steel, and cast steel (O-1 per cent, carbon). 
G. N . Glasoe gave 0*20 volt for the contact potential of nickel and iron. 

T h e e l e c t r o d e p o t e n t i a l of i r o n i n hydrofluoric acid w a s e x a m i n e d b y C . B e d e l , a n d 
A. T r a v e r s a n d J . A u b e r t ; i n a n a q . so ln . of sodium fluoride, b y M . M u g d a n ; i n p y r i d i n e 
so ln . of lithium chloride, b y H . E g g e r t ; i n a c e t o n e so ln . of l i t h i u m ch lo r ide , b y XJ. S b o r g i 
a n d P . M a r o h e t t i ; i n a q . so ln . of sodiu?n chloride, b y T . A n d r e w s , E . H e y n a n d O . B a u e r , 
R . L o r e n z , A . L.. M c A u l a y a n d P . P . B o w e n , M . M u g d a n , "E. P e t e r s e n , a n d W . v a n Wii l len-
S c h o l t e n ; ammonium chloride, b y E . H e y n a n d O . B a u e r ; i n a q . so ln . of potassium chloride, 
b y K . A r n d t , U . R . E v a n s , E . H e y n a n d O . B a u e r , M . M u g d a n , W . M u t h m a n n a n d 
P . F r a u n b e r g e r , O . C. S c h m i d t , W . H . W a l k e r a n d c o - w o r k e r s ; i n a q . so ln . of d i f ferent 
ac id i t i e s , b y P . V ies a n d A . U g o j i n m e t h y l a l c o h o l s o l n . of p o t a s s i u m ch lo r i d e , b y 
H . E g g e r t ; i n a q . so ln . of potassium bromide, b y M . M u g d a n ; potassium iodide, b y 
M . M u g d a n , a n d G . C. S c h m i d t ; potassium chlorate, b y M . M u g d a n , E . H e y n a n d O . B a u e r , 
a n d E . P . S c h o c h a n d C. P . R a n d o l p h ; perchloric acid, b y A . T r a v e r s a n d J . A u b e r t ; 
potassium perchlorate, b y M . M u g d a n , a n d E . P . S c h o c h a n d C. P . R a n d o l p h ; potassium 
bromate, E . H e y n a n d O . B a u e r , a n d E . P . S c h o c h a n d C P . R a n d o l p h ; potassium iodate, 
b y E . H e y n a n d O . B a u e r , a n d E . P . S c h o c h a n d C. P . R a n d o l p h ; calcium, barium, 
and magitesium chlorides, b y E . H e y n a n d O. B a u e r ; i n sodium hydroxide, b y C. B e d e l ; 
stannous chloride a n d h y d r o c h l o r i c ac id , b y A . T h i e l a n d K . K e l l e r ; ammoniumhydrosulphide, 
b y A. F inke l s te in ; sodium hydrosulphide, b y R . Zuppinger ; sodium sulphate, b y 
H . G . B y e r s a n d C. W . T h i n g , a n d E . H e y n a n d O . B a u e r ; sulphuric acid, b y W . Wolff, 
A. T r a v e r s a n d J . A u b e r t , a n d C. B e d e l ; potassium sulphate, b y U . R . E v a n s , E . Heyn 
a n d O . B a u e r , J . F . G . H i c k s , A . L . M c A u l a y a n d S- H . B a s t o w , M- M u g d a n , a n d 
E . P . S c h o c h a n d C P . R a n d o l p h ; a n d so ln . of p o t a s s i u m s u l p h a t e m i x e d -with s u l p h u r i c 
ac id , p o t a s s i u m h y d r o x i d e , p o t a s s i u m f luor ide , o r p o t a s s i u m d i c h r o m a t e , b y E . P . S c h o c h 
and C P . R a n d o l p h ; ammonium, magnesium and manganese sulphates, b y E . H e y n a n d 
O. B a u e r ; a c e t o n e so ln . of silver nitrate, b y U . Sborg i a n d P . M a r c h e t t i ; e t h y l a lcohol s o l n . 
of ammonium and calcium nitrates, b y TJ. Sborgi and G. Cappon ; stannous sulphate a n d 
s u l p h u r i c ac id , b y A . T h i e l a n d Kl. K e l l e r ; sodium nitrate, b y E . H e y n a n d O . B a u e r ; 
potassium nitrate, b y M- M u g d a n ; p o t a s s i u m n i t r a t e w i t h n i t r i c a c i d o r p o t a s s i u m 
h y d r o x i d e , b y E . P . S c h o c h a n d C P . R a n d o l p h ; ammonium nitrate, b y E . H e y n a n d 
O . B a u e r ; silver nitrate, b y O . K o h l s c h u t t e r a n d c o - w o r k e r s ; ammonium, and sodium 
hydrophosphates, b y E . H e y n a n d O . B a u e r ; phosphoric acid, b y A . T r a v e r s a n d J . A u b e r t ; 
sodium carbonate, and hydrocarbonate, b y F . H a b e r a n d F . G o l d s c h m i d t , a n d E . H e y n a n d 
O. B a u e r ; potassium carbonate, a n d calcium hydrocarbonate, b y E . H e y n a n d O. B a u e r ; 
sodium acetate, b y E . H e y n a n d O . B a u e r , a n d M . M u g d a n ; ammonium acetate, b y E . H e y n 
a n d O . B a u e r ; potassium cyanide, b y A . B r o c h e t a n d J . P e t i t , F . C F r a r y a n d R . E . P o r t e r , 
S. B . C h r i s t y , A . F i n k e l s t e i n , C B . G a t e s , E . Heyn. a n d O . B a u e r , W . M u t h m a n n a n d 
F . F r a u n b e r g e r , a n d A . v a n O e t t i n g e n ; potassium thiocyanate, b y "W. M u t h m a n n a n d 
F . Fraunberger ; sodium tetraborate, b y E . H e y n a n d O. B a u e r ; potassium chrornate, b y 
E . H e y n a n d O. B a u e r , a n d E . P . S c h o c h a n d C P . R a n d o l p h ; potassium dichromate, b y 
H. G. B y e r s a n d C W . T h i n g , E . H e y n a n d O . B a u e r , M . M u g d a n , a n d E . P . S c h o c h a n d 
C P . R a n d o l p h ; and. potassium permanganate, b y E . H e y n a n d O . B a u e r , a n d M . M u g d a n . 

The electromotive force of a large variety of single, double, or more cells has 
been determined. 

Single liquid cells.—In cells w i t h o n e e l e c t r o l y t e a n d i r o n : F e | s o l u t i o n j m e t a l , 
C B a r u s s t u d i e d cel ls w i t h w a t e r a n d s t ee l a n n e a l e d a t d i f ferent t e m p . R . B . Clif ton 
o b s e r v e d t h a t c o p p e r i s p o s i t i v e a n d z inc n e g a t i v e -with -water a s e l e c t r o l y t e . N . R . D h a r , 
t h a t t i n i s p o s i t i v e ; C . A . L o b r y d e B r a y n , t h a t a l u m i n i u m i s n e g a t i v e ; a n d F . T o d t , 
t h a t p l a t i n u m i s p o s i t i v e . A . d e l a R i v e o b s e r v e d t h a t t i n i s p o s i t i v e a n d c o p p e r n e g a t i v e 
w i t h a s o l n . of ammonia a s e l e c t r o l y t e , a n d c o m b i n a t i o n s w i t h s i lver , p l a t i n u m , c o p p e r , 
a n d t i n 'were s t u d i e d b y J . C Poggendorff ; F . F . R u n g e , a n d E . B r a n l y f o u n d t h a t w i t h 
potassium hydroxide s o l n . z i n c i s n e g a t i v e , a n d J. C Poggendor f f s t u d i e d t h e c o m b i n a t i o n s 
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w i t h copper, silver, zinc, cadmium, mercury, t i n a n t i m o n y , or p l a t i n u m . P . Bechtereff 
found tha t carbon w i t h a 20 per cent . so ln . of sodium hydroxide g i ve s Jg?=a=0«9 v o l t a t 95° ; 
F . Todt examined cells -with sod ium hydrox ide so ln . and p l a t i n u m ; a n d F . Jirza, w i t h 
s i lver ; J*. C. Poggendorff also s tudied cells w i t h hydrochloric add and. copper, s i lver, z inc , 
cadmium, mercury, t in , an t imony , or p la t inum ; C L . Speyers , combinat ions w i t h hydro
chloric acid and mercury. M. Centnerszwer a n d M. Straumanis found t h a t w i t h h y d r o 
chloric acid of concentrat ion 0*5, 0-25, and 0*1 e q . per litre against p la t inum a t 25°, E w a s 
respect ively 0-101, 0*116, and 0*152 vo l t . M. Centnerszwer found a lumin ium is nega t ive in 
0-5JV-HCl. M. Centnerszwer and M. Straumanis found w i t h a 0-lJV-soln. of hydrobromic acid 
and p la t inum, E=0-109 vo l t a t 25°. K . W . G. Kas tner s t u d i e d combinat ions w i t h a soln . 
of sodium chloride w i t h zinc as the negat ive pole , a n d observat ions were a lso m a d e b y 
J . C. Poggendorff w i th the same soln. and copper, si lver, z inc, c a d m i u m , mercury, a n t i m o n y 
or p la t inum ; F . Todt s tudied cells w i t h 0-01JV-NaCl a n d z inc . XJ. F*. E v a n s s tudied a cell 
w i t h 0-52V-NaCl and aerated and non-aerated electrodes . E . J . Michel i found copper i s 
pos i t ive in a soln. of sodium chloride ; P*.. Lorenz, t h a t copper ox ide i s pos i t ive under 
similar condit ions ; and E . Liebreich measured the effect of coat ing t h e iron -with red-lead, 
ferric oxide, zinc-white, -white-lead, or varn i sh . W . v a n Wul len-Schol ten measured the 
e.m.f. of cells wi th rough and s m o o t h iron in soln . of sod ium chloride. N . P . D h a r found 
t in i s posi t ive wi th a soln. of potassium chloride, and C A . lLobry de Bruyn , t h a t a lumin ium 
is negat ive . N . R . D h a r s tudied t h e e.m.f. of iron aga ins t so ln . of po tass ium chloride. 
E . Liebreich and co-workers found t h a t w i t h 0* IJV-KCl a t 20°, a n d ferric ox ide , .£7 = 0*09 
vol t , w i th zinc oxide, 0*150 vo l t , w i t h lead carbonate , 0*095 vo l t , a n d w i t h red-lead, 0-075 
vo l t . U . R . E v a n s s tudied a cell w i t h O* IJV-KCl a n d steel e lectrodes one of -which w a s aerated. 
N . Vlacovich found t h a t zinc i s negat ive w i t h a soln . of ammonium chloride. J. C. Poggen
dorff s tudied the combinat ions w i t h a hydrochloric or sulphuric acid, or a n aq . so ln . of 
potassium iodide, or of potassium bromide and copper, silver, zinc, cadmium, mercury, t in , 
an t imony , or p la t inum. M. Randal l a n d M. Frandsen found t h a t t h e cell F e , F e ( O H ) 8 
against 0*05Af-soln. of barium hydroxide, and H g O , H g , had a n e.m.f. of 0*973 vo l t a t 25° 
w i t h highly purified iron. E . L . Nicho l s and W . S. Frankl in found t h a t p la t inum i s 
negat ive in a soln. of ferrous chloride ; W . H . H a m p t o n s tudied t h e cell w i t h iron against 
0-IiVf-FeCl2 and HgCl, H g , a n d gave 0-4413 for the electrode potent ia l of iron. T h e cell 
w a s s tudied b y M. Randal l and M. Frandsen . E . Petersen found t h a t the cell w i t h carbon 
a n d 2JV-soln. of ferric chloride g ives 0*90 v o l t ; W . Spring, t h a t w i t h cone, ferric chloride, 
carbon or p la t inum is pos i t ive the cell -with carbon w a s also s tudied b y A. A . Beadle , 
F . W . Kiister, H . Paul ing, a n d E . Petersen . E . Petersen found t h a t zinc i s negat ive w i t h 
27V-FeCl2 w i t h 20 per cent , of sod ium chloride, and /<7 = 0*537 vo l t . W . H . H a m p t o n 
obta ined JE=-0*8088 v o l t -with a cell h a v i n g 0-2JV-FeCl2 and a calomel e lectrode. Zinc i s 
negat ive w i t h a soln. of zinc chloride. E . L . Nichols and W . S. Frankl in found t h a t p la t inum 
is pos i t ive -with a di l . hydrochloric acid soln. of po tass ium chlorate ; M. J". Roberts , 
J . C. Poggendorff, a n d R . B . Clifton found t h a t -with di l . sulphuric acid, zinc i s negat ive ; 
M. J . Roberts , and C. H o c k i n and H . A . Taylor, t h a t zinc a m a l g a m is negat ive ; E . B r a n l y , 
t h a t copper, p la t inum, and carbon are p o s i t i v e ; P . Casamajor, i ron-amalgam is negat ive . 
R . B . Clifton found t h a t z inc i s negat ive , and copper a n d mercury are pos i t ive w i t h di l . 
sulphuric acid. J . C. Poggendorff s tudied cells w i t h sulphuric acid and an electrode of 
copper, si lver, zinc, cadmium, mercury, zinc amalgam, t i n , an t imony , or p la t inum ; 
C L . Speyers s tudied cells w i t h sulphuric acid a n d mercury ; a n d S. P . Thompson , sulphuric 
ac id -with a n electrode of copper at different t e m p . A . L . McAulay and S. H . B a s t o w found 
t h a t cells -with 0*5JV-soln. of potassium sulphate a n d a calomel electrode, had JE be tween 
O-75 a n d 0*80 vo l t . H . L . H e a t h c o t e found t h a t iron i s negat ive against pass ive iron i n 
sulphuric acid ( 1 : 6 ) ; M. Centnerszwer a n d M. Straumanis g a v e for p la t inum against 
sulphuric ac id of concentrat ion C eq . per l itre, a t 25° : 

C-H 2 SO 4 . 1 0*5 0*25 0 1 0 0 5 
E . . . 0 1 6 1 0 1 6 3 0 1 7 1 0*169 0 1 7 1 vo l t . 

A cell w i t h 0-5AT-H2SO4 a n d copper h a d ^7=0-024 vo l t , a n d w i t h si lver, 0*060 v o l t . 
W . D . Bancroft s tudied cells w i t h JSf- a n d 2JV-H2SO4 a n d iron electrodes one or b o t h of 
wh ich w a s treated w i t h air, hydrogen , ni trogen, or coal gas . M. Centnerszwer e x a m i n e d 
cells w i t h 0-5JV- a n d 2JV-H2SO4 a n d a lumin ium. P . Goerens found t h a t w i t h cold-worked 
iron annealed a t 520°, 0-IjV-FeSO4 , a n d iron annealed a t 620°, t h e vo l tage i s pract ical ly 
zero. W . Bron iewsky found t h a t for soft steel , JV-FeSO4, a n d s tee l w i t h 

Carbon . . . . 0-24 0-44 0-79 6*12 per cent . 
niSteel . . . . 0 0 1 4 0 0 1 7 0 0 0 1 6 vo l t 
""'XSteel t empered . 0-021 0-027 0-014 0*038 „ 

C. A . Lobry de B r u y n s tudied cells w i t h a calomel e lectrode h a v i n g a n electrolyte -with a 
mix ture of ferrous and ferric sulphates, aga ins t soft a n d hard s tee l s . H . "Wolff found t h a t 
s ine i s nega t ive w i t h a so ln . of zinc sulphate ; C. H o c k i n and H . A . Taylor , t h a t zinc a m a l g a m 
is n e g a t i v e w i t h a so ln . of z inc s u l p h a t e ; J . C. Poggendorff, a n d R . T . JLattey a n d 
Hf*;-Wv Ftfrrin s tudied cells w i t h a sulphuric acid so ln . of zinc su lphate a n d copper, si lver, t i n . 
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or p l a t i n u m ; a n d C. Barus a n d V . S t r o u h a l s t u d i e d cells w i t h a so ln . of z inc s u l p h a t e a n d 
s t ee l a n n e a l e d a t d i f ferent t e m p . G. T a r a m a n n a n d W . W i e d e r h o l t s t u d i e d cel ls w i t h 
JV-ZnSO4 a n d c o p p e r , s i lver , go ld , z inc , t i n , o r l e a d ,- T . W . a n d W . T . R i c h a r d s , f e r r o u s 
s u l p h a t e of c o n c e n t r a t i o n C e q . p e r l i t r e , a n d a n o r m a l c a l o m e l e l e c t r o d e a t 25° : 

C 
JE 
C - F e S O 4 
O H 8 S O 4 
E . 
C - F e S O 4 
C F e 8 ( S O 4 ) 
E 

1 0 2 
. 0-741 
. 0-365 

O-OOl 
. 0-753 
. 0-329 

a 0 0 0 3 
. 0-719 

0-366 
0-753 
0-393 
O-lOO 
0-724 
0-329 
0-017 
0-687 

0-327 
0-769 
0-366 
0-26 
0-669 
0-327 
0-088 
0-630 

0 0 3 9 
O-778 v o l t 
O-390 
0-50 
O-634 v o l t 

— v o l t 

F . F . B u n g e f o u n d t h a t w i t h nitric acid, m e r c u r y i s p o s i t i v e ; a n d t h e s a m e cell w a s s t u d i e d 
b y C. L . S p e y e r s . «T. C. Poggendorf f f o u n d t h a t z inc is n e g a t i v e , a n d h e a l so s t u d i e d cells 
w i t h n i t r i c a c i d a n d c o p p e r , s i lver , z i n c , c a d m i u m , t i n , a n t i m o n y , a n d p l a t i n u m ; 
E . L . N i c h o l s a n d W . S. F r a n k l i n s h o w e d t h a t c a r b o n i s p o s i t i v e w i t h n i t r i c a c i d ; a n d 
W . H i t t o r f , t h a t p l a t i n u m is n e g a t i v e . C. F . S c h o n b e i n s t u d i e d a cell w i t h d i l . n i t r i c a c i d 
a,nd l e a d d i o x i d e . M . F a r a d a y s h o w e d t h a t w i t h c o n e , n i t r i c a c i d , s i lve r a n d c o p p e r a r e 
n e g a t i v e , b u t -with d i l . a c id , p o s i t i v e ; C. A . L o b r y d e B r u y n , t h a t a l u m i n i u m i s n e g a t i v e w i t h 
a so ln . of potassium nitrate ,- a n d W . Wolff, t h a t z inc i s n e g a t i v e w i t h a so ln . of zinc nitrate. 
«T. C. Poggendor f f s t u d i e d cells w i t h a so ln . of sodium carbonate, a n d c o p p e r , s i lver , z inc , 
c a d m i u m , m e r c u r y , a n t i m o n y , o r p l a t i n u m ; a n d F . Ttfdt , cel ls w i t h s o d i u m c a r b o n a t e so ln . 
a n d p l a t i n u m . S. P . T h o m p s o n f o u n d t h a t w i t h a so ln . of potassium cyanide, c a r b o n i s 
p o s i t i v e , a n d JT. C. Poggendor f f s t u d i e d cel ls w i t h t h e s a m e so ln . , a n d c o p p e r , s i lver , z inc , 
c a d m i u m , m e r c u r y , t i n , a n t i m o n y , o r p l a t i n u m . C. L . S p e y e r s s t u d i e d cells w i t h acetic 
acid a n d m e r c u r y . M . D a u v e f o u n d c o p p e r p o s i t i v e in a cell w i t h a so ln . of copper acetate. 
J . C. Poggendor f f s t u d i e d cells w i t h sodium tetraborate a n d s u l p h u r i c a c i d a n d c o p p e r , s i lver , 
t i n , o r p l a t i n u m ; E . L . Nicho la a n d W . S . F r a n k l i n , W . K i s t i a k o w s k y , a n d A . N a c c a r i a n d 
M . B e l l a t i , -with chromic acid a n d a c a r b o n p o s i t i v e e l e c t r o d e ; a n d P . Bechtereff , cel ls w i t h 
20 p e r c e n t , soda - lye a n d potassium permanganate w i t h a c a r b o n n e g a t i v e e l e c t r o d e , a n d 
M. I J . N i c h o l s a n d "W". S . F r a n k l i n , p e r m a n g a n a t e -with p l a t i n u m a s p o s i t i v e e l e c t r o d e . 

!double liquid cells. M . F a r a d a y o b s e r v e d t h a t i r o n i n a d i l . so ln . of potassium hydroxide 
is n e g a t i v e a g a i n s t i r o n i n a c o n e . so ln . of t h e a l k a l i ; J". C . Poggendorf f , a n d .T. P . J o u l e , 
t h a t i r o n i n p o t a s h - l y e i s n e g a t i v e a g a i n s t p l a t i n u m i n n i t r i c ac id ; J . P . .Toule, t h a t i r o n 
in p o t a s h - l y e i s n e g a t i v e a g a i n s t p l a t i n u m i n n i t r i c s u l p h u r i c a c i d a n d l e a d d i o x i d e , o r 
a g a i n s t c o p p e r i n s u l p h u r i c a c i d ; C . F r e d e n h a g e n g a v e 0-248 v o l t for i r o n in 2V-KOH 
a g a i n s t N - K C l , H g 2 C l 8 , a n d m e r c u r y . W . H i t t o r f f o u n d t h a t i r o n i n a s o l n . of sodium 
hydroxide i s n e g a t i v e a g a i n s t p l a t i n u m i n c h r o m i c ac id ; a n d w i t h i r o n i n O l i V - N a O H 
H-0-1AT-KOH, M . M u g d a n f o u n d t h e e.m.f. t o b e 0-303 t o 0-403 v o l t , a n d w i t h i r o n i n 
O-IA7--NaOH a g a i n s t 0-IAT-KCl H g 8 C l 8 , a n d m e r c u r y , F . H a b e r a n d F . G o l d s c h m i d t o b t a i n e d 
a n e.m.f. of 0-7 t o 1-1 v o l t . W . H i t t o r f f o u n d t h a t i r o n i n a A"-soln. of ammonia i s n e g a t i v e 
a g a i n s t m e r c u r y i n AT-KCl w i t h m e r c u r o u s ch lo r i d e , a n d w i t h O-IAT-NH4OH, M . M u g d a n 
f o u n d t h a t t h e e.m.f. is 0-103 v o l t ; F . H a b e r a n d F . G o l d s c h m i d t f o u n d t h a t i r o n i n a so ln . 
of calcium hydroxide a g a i n s t O-IAT-KCl, H g 8 C l 8 , a n d m e r c u r y , h a d a n e.m.f. of 0-4 t o 0-8 
v o l t ; a n d O . F a u s t , t h a t i r o n i n 20 p e r c e n t , p o t a s h - l y e a g a i n s t z inc a m a l g a m i n 20 p e r c e n t , 
p o t a s h - l y e c o n t a i n i n g 2 p e r c e n t , of z inc h y d r o x i d e h a d a n e.m.f. of 0-446 v o l t . M . M u g d a n 
f o u n d t h a t w i t h i r o n i n a 0-lAT-soln. of sodium fluoride a g a i n s t AT-KCl, H g 8 C l 8 , a n d m e r c u r y 
t h e e.m.f. is 0-553 t o 0-583 v o l t . M . F a r a d a y f o u n d t h a t i r o n i n d i l . hydrochloric acid i s 
n e g a t i v e a g a i n s t i r o n a n d c o n e , h y d r o c h l o r i c a c i d ; E . L . N i c h o l s a n d W . S. F r a n k l i n , w i t h 
p l a t i n u m a s p o s i t i v e e l e c t r o d e i n a h y d r o c h l o r i c ac id so ln . of p o t a s s i u m c h l o r a t e ; a n d w i t h 
p l a t i n u m a s p o s i t i v e e l e c t r o d e i n a so ln . of f e r rous ch lo r ide . J . S t r a c h a n f o u n d t h a t i r o n 
i n h y d r o c h l o r i c a c i d a g a i n s t c a r b o n i n a h y d r o c h l o r i c a c i d so ln . of l e a d t e t r a c h l o r i d e h a s 
a n e.m.f. of 0-83 v o l t . L . P o n c i , a n d J. T h o m s o n f o u n d t h a t i r o n i n a so ln . of ferrous 
chloride i s n e g a t i v e a g a i n s t c a r b o n i n a so ln . of ferr ic ch lo r ide ; S. C z a p s k y , n e g a t i v e a g a i n s t 
m e r c u r y i n m e r c u r o u s c h l o r i d e ; C. R . A . W r i g h t a n d C. T h o m p s o n , n e g a t i v e a g a i n s t s i lve r 
i n s i lver ch lo r ide , a n d p o s i t i v e a g a i n s t a m a l g a m a t e d z inc i n z i n c ch lo r ide , o r c a d m i u m i n 
c a d m i u m c h l o r i d e . R . A b e g g a n d S. L a b e n d z i n s k y f o u n d for i r o n i n a m i x e d so ln . of 
fe r rous a n d p o t a s s i u m ch lo r ides a g a i n s t AT-KCl, H g 8 C l 2 , a n d m e r c u r y : 

F e C l 8 . . . . 1 - 0 1 0 O-1 0-1 e q . p e r l i t r e 
K C l . . . . . 0 l-O O 1 0 „ 

.JBB . . . . 0-760 0-762 0-780 0-792 v o l t 

A . F t W . v o n E s c h e r , t h a t i r o n i n a s o l n . of ferric chloride i s p o s i t i v e a g a i n s t z inc a m a l g a m i n 
s u l p h u r i c a c i d ; T . E r h a r d , t h a t i r o n i n a so ln . of ferr ic c h l o r i d e i s n e g a t i v e a g a i n s t i n d i u m 
i n a s o l n . of i n d i u m t r i c h l o r i d e ; a n d T . W . R i c h a r d s a n d G. E . B e h r , t h a t i r o n in a so ln . 
of ferr ic c h l o r i d e i s n e g a t i v e a g a i n s t O- IA^-KCl, H g 8 C l 8 , a n d m e r c u r y ; a s i m i l a r cell w a s 
e x a m i n e d b y C. A . L»obry d e B r u y n ; L . K a h l e n b e r g , i r o n izx 0-3AT-FeCl8 a g a i n s t m e r c u r y 
a s p o s i t i v e e l e c t r o d e i n A^-KCl a n d m e r c u r o u s c h l o r i d e . A . F i n k e l s t e i n f o u n d t h a t i r o n i s 
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n e g a t i v e i n a 0-OlJV-soln . o f f e r r o u s a n d f e r r i c c h l o r i d e s a n d 0-02JV-HC1 a g a i n s t ,AP-KCl, 
H g 8 C l 8 a n d m e r c u r y , a n d t h e e .m.f f . o f t h e c e l l w i t h t h e f o l l o w i n g p e r c e n t a g e p r o p o r t i o n s 
o f f e m e e h l o r i d e w e r e : 

F e C l 8 . O 1 0 2 0 4 0 6 0 8O 1 0 0 p e r c e n t . 
JS . . 0 - 5 4 6 0 - 5 3 4 0 - 5 3 0 0 - 5 1 9 0 - 5 3 2 0 - 5 1 8 0 - 5 0 9 v o l t 

C . R . A . "Wright a n d C . T h o m p s o n f o u n d t h a t i r o n i n a s o l n . o f ferrous bromide, i s p o s i t i v e 
a g a i n s t a m a l g a m a t e d z i n c i n z i n c b r o m i d e , o r c a d m i u m i n c a d m i u m b r o m i d e . ^ J . P . J o u l e 
f o u n d t h a t i r o n i n a s o l n . o f sodium chloride i s n e g a t i v e a g a i n s t p l a t i n u m i n n i t r i c a c i d , o r 
c o p p e r i n c o p p e r s u l p h a t e ; M . M u g d a n g a v e 0 - 6 0 3 t o 0 - 7 0 3 v o l t f o r t h e e . m . f . o f a c e l l 
w i t h i r o n i n a 0-1.Af-soln. o f potassium chloride w i t h 0 - I i V - N a C l a g a i n s t . N - K C l , H g 8 C l 2 , a n d 
m e r c u r y . "W. H . W a l k e r a n d c o - w o r k e r s s t u d i e d t h e e . m . f . o f t h e c e l l F e : K C l : P t : K C l : F e . 
M . M u g d a n f o u n d t h a t a g a i n s t JV-KCl, H g 8 C l 2 , a n d m e r c u r y , i r o n i n a 0-1.AT-SoIn. o f potas
sium bromide i s 0 - 5 2 3 t o 0 - 6 4 3 v o l t ; w i t h a 0 - l J V - s o l n . o f p o t a s s i u m i o d i d e , 0 - 4 7 3 t o 0*553 
v o l t ; w i t h a 0 - l N - s o l n . o f potassium chlorate, 0 - 2 0 3 t o — 0 - 3 5 3 v o l t ; a n d w i t h a 0 - l N - s p l n . 
o f potassium perchlorate, O-703 v o l t . J . S t r a c h a n f o u n d t h a t i r o n i n a s o l n . o f ammonium, 
chloride a g a i n s t c a r b o n i n a h y d r o c h l o r i c a c i d s o l n . of l e a d t e t r a c h l o r i d e h a s a n e . m . f . o f 
0 - 9 5 v o l t ; a n d if t h e a m m o n i u m c h l o r i d e b e r e p l a c e d b y zinc chloride, a n e . m . f . o f 0 - 7 3 v o l t . 

M . F a r a d a y o b s e r v e d t h a t i r o n i n d i l . sulphuric acid i s n e g a t i v e a g a i n s t i r o n i n t h e c o n e , 
a c i d ; J . P . J o u l e , t h a t i r o n i n d i l . s u l p h u r i c a c i d i s n e g a t i v e a g a i n s t p l a t i n u m i n n i t r i c 
a c i d , c o p p e r i n c o p p e r s u l p h a t e , o r p l a t i n i z e d s i l v e r i n d i l . s u l p h u r i c a c i d ; E . Xi. N i c h o l s 
a n d "W. S . F r a n k l i n , w i t h p l a t i n u m a s p o s i t i v e e l e c t r o d e i n a d i l . h y d r o c h l o r i c a c i d s o l n . o f 
p o t a s s i u m c h l o r a t e ; a n d w i t h c a r b o n a s p o s i t i v e e l e c t r o d e i n n i t r i c a c i d ; M . M u g d a n , 
t h a t w i t h i r o n i n 0 -1 -Af -H 8 SO 4 a g a i n s t JV-KCl , H g 8 C l 8 , a n d m e r c u r y , t h e e . m . f . i s 0 - 5 5 3 t o 
0 - 6 0 3 v o l t C . F r e d e n h a g e n g a v e 0 - 6 2 5 v o l t . H . Z u p p i n g e r s t u d i e d t h e c e l l w i t h i r o n i n 
sodium hydrosulphide -with z i n c a s n e g a t i v e e l e c t r o d e i n a s o l n . o f z i n c s u l p h a t e ; a n d 
A . F i n k e l s t e i n , a c e l l w i t h i r o n i n a .Af-SoIn. o f ammonium sulphide a g a i n s t m e r c u r y a s p o s i 
t i v e e l e c t r o d e i n AT-KCl w i t h m e r c u r o u s c h l o r i d e . F . B r a u n , a n d C . R . A . W r i g h t a n d 
C . T h o m p s o n f o u n d t h a t i r o n i n a s o l n . o f ferrous sulphate i s p o s i t i v e a g a i n s t z i n c i n z i n c 
s u l p h a t e o r c a d m i u m i n c a d m i u m s u l p h a t e ; J . J . C o l e m a n , C . R . A . W r i g h t a n d C . T h o m p 
s o n , a n d F . F 6 r s t e r , n e g a t i v e a g a i n s t c o p p e r i n c o p p e r s u l p h a t e ; C . R . A . "Wright a n d 
C . T h o m p s o n , i r o n i n f e r r o u s s u l p h a t e s o l n . i s n e g a t i v e a g a i n s t s i l v e r in s i l v e r s u l p h a t e o r 
l e a d i n l e a d s u l p h a t e . H . W . T o p f f e r s t u d i e d c e l l s w i t h i r o n i n a s o l n . of f e r r o u s s u l p h a t e 
w i t h a n d w i t h o u t a m m o n i u m o x a l a t e o r s u l p h a t e a g a i n s t c o b a l t a s p o s i t i v e e l e c t r o d e i n a 
s o l n . o f c o b a l t s u l p h a t e w i t h o r w i t h o u t a m m o n i u m o x a l a t e o r s u l p h a t e , a n d w i t h n i c k e l a s 
p o s i t i v e e l e c t r o d e -with a s o l n . o f n i c k e l s u l p h a t e w i t h o r w i t h o u t a m m o n i u m s u l p h a t e o r 
o x a l a t e ; A . F i n k e l s t e i n , i r o n a s n e g a t i v e e l e c t r o d e i n J V - F e S O 4 a g a i n s t m e r c u r y i n JV-KCl 
w i t h m e r c u r o u s c h l o r i d e , a n d M . M u g d a n f o u n d w i t h 0 - 1 J V - F e S O 4 t h e e . m . f . i s 0 - 6 2 3 t o 
0 - 7 0 3 v o l t ; H . E u l e r , i r o n i n a s o l n . o f f e r r o u s s u l p h a t e a g a i n s t i r o n i n a s o l n . o f f e r r o u s 
s u l p h a t e a n d s o d i u m t h i o s u l p h a t e h a s a n e . m . f . o f 0-Ol t o 0 - 0 2 v o l t . T . W . R i c h a r d s a n d 
Q . E . B e h r s t u d i e d t h e e . m . f . o f c e l l s w i t h i r o n , a n d o f i r o n c h a r g e d -with h y d r o g e n i n 
J V - F e S O 4 a g a i n s t 0- IJV-KCl , H g 8 C l 8 , a n d m e r c u r y . A . H . B u c h e r e r s t u d i e d t h e c a s e o f i r o n i n 
a s a t . s o l n . o f ammonium ferrous sulphate w i t h a f e w d r o p s of a s o l n . o f f err i c s u l p h a t e a g a i n s t 
i r o n a s p o s i t i v e e l e c t r o d e i n l - 5 J V - F e 8 ( S 0 4 ) 8 a n d a f e w d r o p s of a s o l n . o f a m m o n i u m f e r r o u s 
s u l p h a t e . J . P . J o u l e f o u n d t h a t i r o n i n a s o l n . o f sodium sulphate i s n e g a t i v e a g a i n s t 
p l a t i n u m i n n i t r i c a c i d , o r c o p p e r i n c o p p e r s u l p h a t e . W . H i t t o r f f o u n d t h a t i r o n i n a 
s o l n . o f s o d i u m s u l p h a t e i s n e g a t i v e a g a i n s t p l a t i n u m i n a s o l n . o f c h r o m i c a c i d ; M . B e r t h e -
l o t , i r o n i n a s o l n . o f H 8 S O 4 H - N a O H a g a i n s t i r o n i n s o d a - l y e h a s a n e . m . f . of 0 - 2 9 5 v o l t ; 
i r o n i n a s o l n . o f JSTaOHH-ISTa8SO4 a g a i n s t i r o n i n s o d a - l y e , 0 - 1 8 5 v o l t ; a n d i n ISTa8SO4 
H - H 8 S O 4 , 0 - 1 2 v o l t . M . M u g d a n f o u n d t h a t t h e e . m . f . o f i r o n i n a 0 - l J V - s o l n . o f potassium 
sulphate a g a i n s t JV-KCl , H g 8 C l 8 , a n d m e r c u r y , i s 0 - 6 0 3 t o 0 - 7 0 3 v o l t . E . H e y n a n d O . B a u e r , 
a n d F . F 6 r s t e r f o u n d t h a t a c e l l w i t h i r o n i n J V - F e S O 4 a g a i n s t JV-KCl , H g 8 C l 8 , a n d m e r c u r y , 
h a s a n e . m . f . o f 0 - 6 8 v o l t a t 1 7 - 5 ° . R . A b e g g a n d S . L a b e n d z i n s k y f o u n d for i r o n i n a m i x e d 
s o l n . o f f e r r o u s a n d s o d i u m s u l p h a t e s a g a i n s t JV-KCl , H g 8 C l 8 , a n d m e r c u r y : 

F e S O 4 . 1 0 1 0 0 1 O-l O l O O l 0 0 1 0 0 1 e q . p e r l i t r e 
N a 8 S O 4 . 0 1-0 O O-l 1-0 0 O O l 1 0 
JS . . 0 - 7 6 2 0 - 7 7 4 0 - 7 8 5 0 - 7 8 7 0 - 8 0 3 0 - 7 9 5 0 - 7 9 9 0 - 8 2 7 v o l t 

C A . L o b r y d e B r u y n f o u n d t h e e . m . f . o f c e l l s w i t h p a s s i v e i r o n i n a 0 - l J V - s o l n . o f m i x e d 
f e r r o u s a n d f e r r i c s u l p h a t e s a g a i n s t JV-KCl , H g 8 C l 8 , a n d m e r c u r y , t o b e : 

F e S O 4 . . . 6 7 - 5 4 8 - 5 3 6 0 2 9 0 1 0 p e r c e n t . 
E . . . . 0 - 3 3 5 0 - 3 5 7 0 - 3 7 0 0 - 3 8 0 0 - 4 6 0 v o l t 

W . B r o n i e w s k y f o u n d t h a t c e l l s w i t h s t e e l i n JV^FeSO 4 a g a i n s t c a r b o n i n m a n g a n e s e d i o x i d e 
h a d a n e . m . f . o f : 

JStoel . . 0 - 0 6 0 - 2 4 0 - 4 4 0*79 1-12 p e r c e n t , c a r b o n 
[My . • 1 - 1 1 2 1 0 9 9 1 -097 1 -110 1 -091 v o l t 

L . K o h l e n b e r g f o u n d t h e e . m . f . o f a c e l l w i t h i r o n i n 0 - 3 7 5 J V - F e C l 8 i n e t h y l a l c o h o l a g a i n s t 
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i r o n i n 0-3-Af-FeCl8 i n a q . s o l n . t o b e 0*273 v o l t ; i r o n i n a s o l n . o f 1 - 4 5 0 8 g r m s . o f f err i c 
c h l o r i d e i n 77*6 c . c . o f n i t r o b e n z e n e a g a i n s t i r o n i n 0 -375AT-FeCl 8 i n e t h y l a l c o h o l i £ «==0-909 
v o l t . 

T . H a w k i n s s t u d i e d t h e c a s e o f i r o n ( p o s i t i v e ) a n d nitric acid a g a i n s t s u l p h u r i c a c i d 
a n d z i n c o r i r o n ; M . F a r a d a y , i r o n ( n e g a t i v e ) a n d d i l . n i t r i c a c i d a g a i n s t i r o n a n d c o n e , 
n i t r i c a c i d ; J . p . J o u l e , t h a t p a s s i v e i r o n i n n i t r i c a c i d i s p o s i t i v e a g a i n s t a m a l g a m a t e d 
z i n c i n p o t a s h - l y e • a n d H . B u f f t h a t i r o n ( p a s s i v e , o r s u p e r f i c i a l l y c o a t e d w i t h o x i d e ) i s 
p o s i t i v e a g a i n s t z i n c i n s u l p h u r i c a c i d , o r i r o n i n s u l p h u r i c a c i d ; F . P e t r u s c h e f s k y , t h a t 
i r o n i n n i t r i c a c i d i s p o s i t i v e a g a i n s t z i n c a m a l g a m i n s u l p h u r i c a c i d ; F . J . M i c h e l i , t h a t 
i r o n i n f u m i n g n i t r i c a c i d i s p o s i t i v e a g a i n s t c o p p e r in d i l . s u l p h u r i c a c i d . "1W. H i t t o r f 
f o u n d t h a t i r o n i n a s o l n . o f sodium nitrate i s n e g a t i v e a g a i n s t p l a t i n u m i n n i t r i c a c i d ; 
M . M u g d a n f o u n d t h a t t h e e . m . f . o f a c e l l w i t h i r o n i n a s o l n . o f potassium nitrate a g a i n s t 
m e r c u r y i n A f - K C l a n d m e r c u r o x i s c h l o r i d e f a l l s r a p i d l y t o z e r o ; a n d w i t h O - I J V - K N O , , t h e 
e . m . f . i s 0 - 4 4 3 t o 0 - 5 8 3 v o l t . 

W . H i t t o r f f o u n d t h a t i r o n i n a s o l n . o f potassium cyanide i s p o s i t i v e a g a i n s t p l a t i n u m 
i n c h r o m i c a c i d ; S . B . C h r i s t y g a v e f o r s o l n . w i t h 1, O- l , a n d O-OOl e q . o f K C y p e r l i t r e 
a g a i n s t A f - K C l , H g 2 C l 2 , a n d m e r c u r y , E = 0 - 1 1 6 , 0 - 0 4 6 , a n d 0 - 0 4 6 v o l t r e s p e c t i v e l y ; M . M u g -
d a n g a v e f o r a o e l l w i t h i r o n i n 0- I A - K C y a g a i n s t a s i m i l a r e l e c t r o d e , E — O - 1 0 3 t o 0 - 2 6 3 v o l t ; 
A . F i n k e l s t e i n , t h a t i r o n i n A f - K C y i s p o s i t i v e a g a i n s t m e r c u r y i n A f - K C l a n d m e r c u r o u s 
c h l o r i d e , a n d t h a t i r o n i s n e g a t i v e i n a A f - s o l n . o f potassium ferrocyanide or ferricyanide 
a g a i n s t m e r c u r y i n A - K C l a n d m e r c u r o u s c h l o r i d e ; a n d a n a l o g o u s c e l l s w e r e s t u d i e d b y 
E . H e y n a n d O . B a i i e r . M . M u g d a n o b t a i n e d - £ 7 = 0 - 5 4 3 t o 0 - 6 0 3 v o l t f o r a c e l l w i t h i r o n 
i n a O-l A f - s o l n . o f acetic acid a g a i n s t A - K C l , H g 2 C l 2 , a n d m e r c u r y , a n d f o r i r o n i n a O-lA^-soln. 
o f sodium acetate, 0-10Z t o — 0 - 3 0 3 v o l t . W . H i t t o r f f o u n d t h a t i r o n i s n e g a t i v e i n a s o l n . 
of s o d i u m a c e t a t e a g a i n s t p l a t i n u m i n c h r o m i c a c i d . "W. H i t t o r f f o u n d t h a t i r o n i s n e g a t i v e 
i n a s o l n . o f potassium dichromate a g a i n s t p l a t i n u m i n c h r o m i c a c i d ; M . M u g d a n g a v e 
jE7 = 0 ' 1 5 7 v o l t f o r i r o n i n O - l A ^ p o t a s s i u m d i c h r o m a t e a g a i n s t A - K C l , H g 8 C l 2 , a n d m e r c u r y ; 
a n d 0 - 5 7 7 v o l t f or i r o n i n a 0 - l A - s o l n . o f potassium permanganate a g a i n s t a s i m i l a r e l e c t r o d e . 
P . B e c h t e r e f f a l s o s t u d i e d c e l l s w i t h i r o n i n 2 0 p e r c e n t , s o d a - l y e w i t h p o t a s s i u m p e r m a n 
g a n a t e a g a i n s t i r o n i n s o d a - l y e . 

Double liquid cells unth an intermediate inert liquid. N". H . D h a r e x a m i n e d c e l l s w i t h 
i r o n i n d i s t i l l e d water a g a i n s t O-IAf-KCl , H g 2 C l 8 , a n d m e r c u r y , w i t h 0 - 1 A f - K C l a s i n t e r 
m e d i a r y a n d s i m i l a r c e l l s w i t h 
i r o n i n a 0 - 1 A - s o l n . o f potas
sium chloride ; N . R . D h a r 
a n d G . TJrbain s t u d i e d s i m i l a r 
c e l l s w i t h i r o n i n a 0-1 A f - s o l n . 
of ferric fluoride. B . B a n e 
s t u d i e d c e l l s w i t h i r o n i n a 
A - s o l n . o f h y d r o c h l o r i c a c i d , 
i n t h e p r e s e n c e of d i f f e r e n t 
p r o p o r t i o n s of b r u c i n e a g a i n s t 
A - K C l , H g 2 C l 8 , a n d m e r c u r y , 
w i t h a s a t . s o l n . o f p o t a s s i u m 
c h l o r i d e a s i n t e r m e d i a r y . 
F . S t r e i n t z f o u n d t h a t i r o n 
i n a s o l n . of ferrous chloride i s 
n e g a t i v e a g a i n s t c o p p e r i n c o p p e r c h l o r i d e w i t h w a t e r a s i n t e r m e d i a r y ; a n d p o s i t i v e a g a i n s t 
z i n c i n z i n c c h l o r i d e w i t h w a t e r a s i n t e r m e d i a r y ; F . B r a u n f o u n d t h a t i r o n i n f e r r o u s c h l o r i d e 
i s n e g a t i v e a g a i n s t s i l v e r i n s i l v e r c h l o r i d e -with h y d r o c h l o r i c a c i d a s i n t e r m e d i a r y ; B . N e u 
m a n n , t h a t i r o n i n A^-FeCl 2 i s n e g a t i v e a g a i n s t A - K C l , H g 8 C l 2 , a n d m e r c u r y , w i t h a A f - s o l n . 
of a n i n d i f f e r e n t e l e c t r o l y t e a s i n t e r m e d i a r y ; a n d s i m i l a r l y w i t h a A^-soln. o f ferric chloride. 
N . R . I > h a r a n d G . TJrbain e x a m i n e d c e l l s w i t h i r o n in 0 -1AT-FeCl 8 , o r in a O-l A f - s o l n . o f 
ammonium ferric chloride, a g a i n s t 0 - 1 A f - K C l , H g 8 C l 2 , a n d m e r c u r y , w i t h O-IAf-KCl a s 
i n t e r m e d i a r y . F . B r a u n f o u n d t h a t i r o n i n a s o l n . of. ferrous sulphate, i s p o s i t i v e a g a i n s t 
c a d m i u m i n c a d m i u m s u l p h a t e w i t h a n d w i t h o u t n i t r i c a c i d a s i n t e r m e d i a r y ; i r o n i s 
n e g a t i v e i n a s o l n . o f f e r r o u s s u l p h a t e a g a i n s t c o p p e r i n c o p p e r s u l p h a t e , o r p l a t i n u m i n 
h y d r o c h l o r o p l a t i n i c a c i d , -with s u l p h u r i c a c i d a s i n t e r m e d i a r y , a n d a l s o a g a i n s t s i l v e r i n 
s i l v e r n i t r a t e , o r l e a d i n l e a d a c e t a t e , w i t h n i t r i c a c i d a s i n t e r m e d i a r y ; B . N e u m a n n , 
t h a t i r o n i s n e g a t i v e i n A ^ - F e S O 8 a g a i n s t A - K C l , H g 8 C l 2 , a n d m e r c u r y , w i t h a A f - s o l n . o f a n 
i n d i f f e r e n t e l e c t r o l y t e . F . H a b e r a n d F . G o l d s c h m i d t f o u n d t h a t c a s t o r w r o u g h t i r o n i n 
a c i d i f i e d A T - F e S O 4 i s n e g a t i v e a g a i n s t 0 - 1 A f - K C l , H g 8 C l 8 , a n d m e r c u r y , w i t h a 1 p e r c e n t , 
s o l n . o f p o t a s s i u m n i t r a t e a s i n t e r m e d i a r y . P . K r a s s a , W . K i s t i a k o w s k y , a n d N . B . D h a r 
a n d G . U r b a i n e x a m i n e d s i m i l a r c e l l s -with a s a t . s o l n . o f p o t a s s i u m c h l o r i d e a s i n t e r m e d i a r y . 
F . F o r s t e r , a n d M . d e B r o g l i e e x a m i n e d s i m i l a r c e l l s w i t h d i f f e r e n t v a r i e t i e s of i r o n ; a n d 
B . B a n e f o u n d t h a t i n t h e s e c e l l s t h e e . m . f . i s l o w e r e d b y t h e a d d i t i o n of i n c r e a s i n g p r o 
p o r t i o n s o f b r u c i n e . N . B . D h a r a n d G . U r b a i n s t u d i e d c e l l s w i t h i r o n i n a 0 - l A - s o l n . o f 
ammonium ferrous sulphate a g a i n s t 0 - l A r - K C l , K g 8 C l 8 , a n d m e r c u r y , w i t h a s o l n . o f p o t a s 
s i u m c h l o r i d e a s i n t e r m e d i a r y ; S . B o d f o r s s , a s i m i l a r c e l l w i t h A f - K C l , H g 8 C l 2 , a n d m e r c u r y ; 
a n d K » I w a s e a n d K . M i y a z a k i , c e l l s w i t h i r o n i n a m m o n i u m f e r r o u s s u l p h a t e a g a i n s t 
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O* 12V-KCl , H g 2 C l , , a n d m e r c u r y , w i t h J V - K C l a s i n t e r m e d i a r y . T h e i n i t i a l m a x i m u m , a n d 
e n d v a l u e s of t h e e . m . f . w e r e r e s p e c t i v e l y w i t h a r m c o i r o n , 0 * 7 1 6 , 0 * 7 2 2 , a n d 0*669 v o l t , 
w i t h p o l y c r y s t a l s of i r o n , O - 7 1 8 , O-726 , a n d O-661 v o l t , a n d w i t h s i n g l e c r y s t a l s of i r o n , 
0 - 7 0 4 , a n d 0 - 7 2 8 v o l t . T h e r e s u l t s a r e p l o t t e d i n F i g . 2 7 3 . N . R . D h a r e x a m i n e d c e l l s 
w i t h i r o n i n a 0 - l J V - s o l n . of potassium nitrate a g a i n s t 0 - 1 J V - K C h H g 2 C l 2 , a n d m e r c u r y , w i t h 
0- I J V - K C l a s i n t e r m e d i a r y . F . S t r e i n t z f o u n d t h a t i r o n i n . a s o l n . of ferric nitrate i s n e g a t i v e 
a g a i n s t c o p p e r i n c o p p e r n i t r a t e w i t h w a t e r a s i n t e r m e d i a r y ; a n d p o s i t i v e a g a i n s t z i n c 
i n z i n c s u l p h a t e w i t h w a t e r a s i n t e r m e d i a r y . G . G r u b e e x a m i n e d c e l l s w i t h i r o n i n a 
m i x t u r e o f potassium ferrocyanide a n d potassium ferricyanide w i t h d i f f e r e n t p r o p o r t i o n s 
of p o t a s s i u m h y d r o x i d e a g a i n s t J V - K C l , H g 8 C l 2 , a n d m e r c u r y , w i t h a s a t . s o l n . of p o t a s s i u m 
c h l o r i d e a s i n t e r m e d i a r y . N . R . D h a r a n d G . U r b a i n a l s o e x a m i n e d s i m i l a r c e l l s w i t h 
0 - 1 J V - K 4 F e C y 6 , o r 0 - 1 J V - K 2 F e C y 8 a g a i n s t O - I J V - K C l , H g 1 C l , , a n d m e r c u r y , w i t h a s o l n . o f 
p o t a s s i u m c h l o r i d e a s i n t e r m e d i a r y ; l i ke -wi se a l s o c e l l s w i t h i r o n i n a O - l J V - s o l n . o f sodium 
nitroprusside, or potassium ferric oxalate, o r ammonium ferric citrate i n p l a c e o f t h e 
f e r r o c y a n i d e . 

Cells with fused oxides or salts as electrolytes.—W. W . J a c q u e s c o n s t r u c t e d a c e l l w i t h 
m o l t e n sodium hydroxide a s e l e c t r o l y t e , a n i r o n a n o d e , a n d c a r b o n c a t h o d e . T h e c e l l w a s 
s t u d i e d b y F . H a b e r a n d L . B r u n o r , A . C . B r a d l e y , R . L o r e n z , H . L o r e n z a n d F . K a u f l e r , 
a n d P . B e c h t e r e f f . P . B e c h t e r e f f o b s e r v e d t h a t t h e e . m . f . i s a f u n c t i o n of t h e t e m p . , 
s u c h t h a t : 

3 3 7 ° 4 1 3 ° 4 5 0 ° 518° 5 5 1 ° 0 2 4 ° 
E . m . f . . 0 - 6 2 3 0 - 6 8 3 0 - 7 2 8 0 7 8 4 0 - 8 0 4 0 - 8 3 0 v o l t 

a n d t h e t e m p , coeff . b e t w e e n 4 0 0 ° a n d 5 8 0 ° i s 0 - 0 0 0 9 7 v o l t p e r d e g r e e . W i t h a c e l l w i t h 
p a s s i v e i r o n a s a n o d e , f u s e d s o d i u m h y d r o x i d e , a g a i n s t 0 - I J V - K C l , H g 2 C l 2 , a n d m e r c u r y : 

3 3 7 ° 3 0 7 ° 418° 440° 5 5 2 ° 6 4 7 ° 
E . m . f . . 0 - 2 8 8 0 - 3 0 8 0 - 3 6 3 0 - 3 7 8 0 - 4 7 8 0 - 5 8 3 v o l t 

w h e r e t h e t e m p , coeff . b e t w e e n 4 0 0 ° a n d 5 8 0 ° i s 0 - 0 0 0 8 9 v o l t p e r d e g r e e . W i t h a c t i v e i r o n 
a s a n o d e : 

4 4 5 ° 5 0 1 ° 5 3 6 ° 5 6 4 ° COfi° 6 1 8 ° 
E . m . f . . 1-535 1-56 1-575 1-58 1-6O 1-61 v o l t 

E . B a x t e r f o u n d t h e e . m . f . of c e l l s w i t h m o l t e n s o d i u m h y d r o x i d e , a c t i v e i r o n a s a n o d e , a n d 
s i l v e r a s c a t h o d e t o b e n e a r 1-19 a t 3 5 0 ° t o 3 8 5 ° ; a n d w i t h p a s s i v e i r o n a s c a t h o d e , a n d 
a c t i v e i r o n a s a n o d e , 1-19 v o l t a t 3 5 0 ° . T h e e . m . f . o f a c e l l w i t h i r o n , m o l t e n s o d i u m 
h y d r o x i d e a n d s o d i u m -was 2 - 1 6 t o 2 - 2 6 v o l t a t 3 8 0 ° . P . B e c h t e r e f f g a v e f o r a c e l l - w i t h 
c a r b o n a s c a t h o d e , p a s s i v e i r o n a s a n o d e , m o l t e n s o d i u m h y d r o x i d e a n d s e l e n i u m a s e l e c 
t r o l y t e , i £ — 0 - 0 6 v o l t , w i t h m o l t e n s o d i u m h y d r o x i d e a n d t e l l u r i u m a s e l e c t r o l y t e , J57 i s 
v e r y s m a l l , v i s i ng m o l t e n s o d i u m h y d r o x i d e w i t h 3 p e r c e n t , s o d i u m c h l o r a t e , t h e e . m . f . 
w a s 0 - 6 5 v o l t a t 3 9 5 ° ; A . C . B r a d l e y s t u d i e d a c e l l w i t h i r o n a g a i n s t c a r b o n i n m o l t e n 
s o d i u m h y d r o x i d e a n d m a n g a n e s e d i o x i d e a n d f o r a c e l l w i t h p a s s i v e i r o n , m o l t e n lithium 
hydroxide a n d p o t a s s i u m p e r m a n g a n a t e a g a i n s t c a r b o n , t h e e . m . f . w a s O-773 v o l t a t 5 0 8 ° , 
a n d 0*822 v o l t a t 6 1 6 ° . C . L i e b e n o f f a n d L . S t r a s s e r f o u n d t h e e . m . f . of a c e l l w i t h i r o n , 
m o l t e n potassium hydroxide^ a n d c a r b o n a s c a t h o d e , t o b e 0 - 8 1 5 + 0 - 0 0 1 0 5 ( 0 — 5 0 0 ° ) v o l t , 
a n d a c e l l w i t h i r o n a s c a t h o d e , m o l t e n p o t a s s i u m h y d r o x i d e , a n d J V - K C l , H g 2 C l 2 , a n d 
m e r c u r y a s a n o d e , J E 7 = 0 - 3 8 v o l t a t 5 0 0 ° . R . v o n H a s s l i n g e r f o u n d t h a t a c e l l w i t h , i r o n a s 
c a t h o d e , p l a t i n u m a s a n o d e , a n d m o l t e n lithium or potassium chloride a s e l e c t r o l y t e : 

L i th ium chloride Potass ium chloride 
, * , , * s 

3 5 0 ° 8 0 0 ° 1 0 0 0 ° 1 1 0 0 ° 8 5 0 ° 9 5 0 ° 1 2 0 0 ° 1 5 0 0 ° 
JB . 0*68 1 0 7 0*88 0 - 7 7 0 - 5 4 0 - 7 5 0 - 8 1 0 - 8 5 v o l t 

P . B e c h t e r e f f f o u n d f o r a c e l l -w i th i r o n a s a n o d e , c a r b o n a s c a t h o d e , a n d m o l t e n sodium and 
potassium carbonate eta e l e c t r o l y t e , J? = 0 - 3 2 v o l t a t 1 1 0 0 ° , a n d a t h i g h e r t e m p , a s t h e e l e c 
t r o l y t e b e g i n s t o b o i l , t h e e . m . f . d r o p s t o z e r o . G . G o r e s t u d i e d a s i m i l a r c e l l w i t h a m o l t e n 
m i x t u r e of s o d i u m c a r b o n a t e , c a l c i u m o x i d e , a n d s i l i c a a s e l e c t r o l y t e ; C . P . S h r e w s b u r y 
a n d c o - w o r k e r s , - w i t h m o l t e n potassium nitrate a s e l e c t r o l y t e ; G . G o r e , w i t h m o l t e n lead 
chromate a s e l e c t r o l y t e ; a n d P . B e c h t e r e f f , w i t h m o l t e n cryolite a n d 1 0 p e r c e n t , a l u m i n a 
a s e l e c t r o l y t e . 

Cells with an iron electrode in the vapour of salts inflames.—These -were s t u d i e d b y R . v o n 
H a s s l i n g e r . I r o n i s p o s i t i v e a g a i n s t p l a t i n u m w i t h 2JV- a n d 4 J V - s o l n . of lithium chloride 
(257=0-37 a n d 0 - 4 3 v o l t ) , a n d p o s i t i v e a g a i n s t n i c k e l w i t h 2 2 V - I a C l (2*7=0-11 v o l t ) .* 

LiCl In flame LiCl vapour in p l a t i n u m t u b e 

1550° 1400° 1000° 800° 500° 
J57 . . . . 0 - 3 7 0 - 3 0 0*14 0*16 0*24 v o l t 

I r o n i s p o s i t i v e a g a i n s t p l a t i n u m w i t h 2JV- a n d 4 J V - s o l n . o f ammonium chloride (227—0*29 
a n d O - 3 3 v o l t ) , a n d a g a i n s t n i c k e l w i t h 2 2 V - N H 4 C l (227=0-05 v o l t ) , a n d s i m i l a r l y w i t h 2 J V - s o l n . 
MfmP0****wrn bromide and iodide (257=0*54 o r O-74 v o l t ) a g a i n s t p l a t i n u m . I r o n i s n e g a t i v e 
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against p la t inum with 4iV-soIn. of sodium chloride (JS = O-16 volt), and 2AT-SoIn.. of potassium 
chloride, bromide, or iodide (JS? =0-32, 0-37, and 0-26 volt) . HL. J". Bliksiager s tudied t h e 
electrochemistry of iron electrodes in fused alkali chlorides. R . von Hasslmger observed 
t h a t iron is positive against nickel with 4*27-calcium chloride (JS7=0-16 volt), and against 
p la t inum with AN- and 82V-CaCl, (JE7=0-41 and 0-51 volt) wi th 42V-soln. of strontium chloride 
(E=O-59 volt) ; wi th 22V-eoln. of barium chloride (2£=0-30 volt) ; wi th 42V-soln. of 
ammonium sulphate (E=0-4:3 volt) ; with a 22Wf-soln. of lithium salicylate (257 = 0-10 volt) ; 
and with a 22kf-soln. of aniline chloride (22 = 0-28 volt) . 

S. J . F r e n c h a n d L . K a h l e n b e r g showed t h a t t h e p o t e n t i a l of i r on in a n e l ec t ro ly t e 
d e p e n d s o n t h e n a t u r e of t h e e lec t ro ly te a n d o n t h e s u r r o u n d i n g gas ; W . M u t h m a n n 
a n d F . F r a u n b e r g e r , t h a t t h e p o t e n t i a l of t h e i ron e lec t rode is v e r y sens i t ive t o t h e 
presence of a i r ; a n d J . S t a p e n h o r s t , t h a t t h e longer t h e t i m e i ron is exposed t o a i r , 
t h e m o r e does t h e p o t e n t i a l a p p r o a c h t h a t of t h e nob le m e t a l s . If t w o e lec t rodes 
of i ron d i p in a soln. so t h a t t h e y a r e s e p a r a t e d b y a d i a p h r a g m , a n d if a i r b e a l lowed 
t o p l a y a b o u t one e lec t rode , t h e a e r a t e d e lec t rode b e c o m e s t h e c a t h o d e and t h e o t h e r 
t h e a n o d e . These a e r a t e d c u r r e n t s were s t u d i e d b y IJ . R . E v a n s , a n d F . T o d t . 
O b s e r v a t i o n s were also m a d e b y T . W . R i c h a r d s a n d G. E . B e h r , b y R . K r e m a n n 
a n d H . Breymesse r , a n d b y W . R a t h e r t . G. C. S c h m i d t o b s e r v e d t h a t t h e p resence 
of n i t r o g e n h a s n o pe rcep t ib l e effect o n t h e e lec t rode p o t e n t i a l , b u t t h e p o t e n t i a l 
is lowered b y h y d r o g e n a n d inc reased b y o x y g e n , t h u s : 

Hydrogen Oxygen 
/ * v , * s 

T i m e 1 4 5 71 89 155 217 m i n s . 
Eu . . —0-535 —0-689 —0-721 —0-744 —0-730 —0-518 v o l t 

T. A n d r e w s obse rved t h a t w h e n oppos i t e poles of t w o electr ical ly c o n n e c t e d 
m a g n e t s of a p p r o x i m a t e l y e q u a l s t r e n g t h a r e i m m e r s e d i n v a r i o u s soln. , t h e n o r t h 
pole b e c o m e s pos i t ive t o t h e s o u t h po le . W h e n t h e soln. were app l i ed t o t h e u p p e r 
e n d s of t h e m a g n e t s , t h e n o r t h pole w a s sti l l pos i t ive , b u t t h e e.m.f. w a s s l igh t ly 
less t h a n before . I n b o t h cases t h e s o u t h po le becomes m o m e n t a r i l y pos i t ive a t 
t h e c o m m e n c e m e n t of t h e e x p e r i m e n t — v i d e p a s s iv i t y of i r on for t h e effect of 
m a g n e t i s m o n t h e d i s so lu t ion of i ron in n i t r i c ac id . H e also f o u n d t h a t w h e n couples 
cons is t ing of m a g n e t i z e d a n d n o n - m a g n e t i z e d b a r s , s imu l t aneous ly , were exposed 
t o t h e a c t i o n of a soln . of p o t a s s i u m c h l o r a t e w i t h n i t r i c ac id or hydroch lo r i c ac id , 
also n i t r i c , hyd roch lo r i c , a n d c o n c e n t r a t e d su lphur i c ac ids , t h e m a g n e t o - c h e m i c a l 
effects were v e r y smal l . T h e m a g n e t i z e d r o d w a s t h e pos i t ive e l emen t in e v e r y 
i n s t a n c e , e x c e p t w h e n di l . hyd roch lo r i c ac id a n d cone , s u l p h u r i c ac id were e m p l o y e d , 
w h e n t h e e l ec t ro -nega t ive effect is poss ib ly d u e t o t h e p resence of n a s c e n t h y d r o g e n . 
D . H u r m u z e s c u obse rved t h a t m a g n e t i z e d i ron is a l w a y s e lec t ropos i t ive t o non -
m a g n e t i z e d i ron ; a n d t h a t t h e e.m.f. d e p e n d s on t h e s t r e n g t h of t h e m a g n e t i c 
field. 

W . M u t h m a n n a n d F . F r a u n b e r g e r , a n d T . W . R i c h a r d s a n d G. E . B e h r ag ree 
t h a t t h e p resence of c a r b o n h a s v e r y l i t t l e influence on t h e e lec t rode p o t e n t i a l of 
i ron—v ide supra. C E . F a w s i t t showed t h a t t h e e lec t ro ly t ic soln. p ress , is r a i sed 
b y r o u g h e n i n g t h e sur face of t h e m e t a l ; a n d pol i sh ing t h e m e t a l w a s found b y 
W . M u t h m a n n a n d F . F r a u n b e r g e r , J . S t a p e n h o r s t , G. C. S c h m i d t , A. Speidel , 
H . E g g e r t , G. T a m m a n n a n d C. Wi l son , a n d H . E n d o a n d S. ELanazawa—vide 
supra—to m a k e t h e m e t a l base r t o w a r d s 2V-FeSO4. A c c o r d i n g t o T . W . R i c h a r d s 
a n d G. E . B e h r , t h e p o t e n t i a l of i ron t o w a r d s soln. of i t s sa l t s is n o t p e r c e p t i b l y 
inf luenced b y ra i s ing t h e press , o n t h e e lec t rode t o 350 ,000 k g r m s . p e r sq. cm. ; 
a n d l ikewise a lso a n i ron wi re , 0-08 c m . i n d i a m e t e r , w h i c h h a d b e e n sub jec t ed t o a 
t ens ion of 61 k g r m s . , suffered n o pe rcep t ib l e c h a n g e . T . A n d r e w s , C. H a m b u c h e n , 
a n d W . H . W a l k e r a n d C. Dil l a lso f o u n d t h a t t h e effect of press , a n d to r s ion is 
v e r y s m a l l ; T . W . R i c h a r d s a n d G. E . B e h r , t h a t i r o n r e d u c e d a t a low t e m p , is 
base r t h a n w h e n t h e m e t a l is r educed a t a h i g h t e m p . , a n d E . H e y n a n d O. B a u e r 
found t h a t o v e r - h e a t e d i ron is nob le r t h a n i t is w h e n n o t ove r -hea t ed . H a r d , 
co ld -d rawn s teel , low i n c a r b o n , in feebly acidified 0-I iV-FeSO 4 , is 0-040 v o l t nob le r 
t h a n t h e s a m e m e t a l i n t h e annea l ed s t a t e ; a n d P . Goerens f o u n d t h a t t h e difference 
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decreases as t h e annea l ing t e m p , is ra i sed . H . E n d o a n d S. K a n a z a w a f o u n d 
t h e effect of a s l ight s t r a in o n t h e p o t e n t i a l of i ron is m a s k e d b y o t h e r inf luences, 
b u t w i t h single c rys ta l s a s t r a ined e lec t rode is m o r e e lec t ropos i t ive t h a n is t h e case 
wi th a n u n s t r a i n e d spec imen. T . A n d r e w s f o u n d t h a t m e t a l s t r a i n e d b y t e n s i o n , 
tors ion , o r flexion is e lec t ronega t ive t o t h e u n s t r a i n e d m e t a l , so t h a t t h e s t r a i n e d 
m e t a l , per set is less l iable t o corrosion t h a n t h e u n s t r a i n e d m e t a l . I . In f sch i t z 
a n d M. Regg ian i s t ud i ed t h e Becquere l ef fec t—10, 58 , 4 . — w i t h i ron . T . F . Russe l l 
e s t i m a t e d t h a t t h e cold-working of i ron w h e r e b y 4*6 p e r cen t , is c o n v e r t e d i n t o t h e 
v i t r e o u s p h a s e , causes a n increase of p o t e n t i a l e n e r g y e q u i v a l e n t t o 2*27 ca ls . p e r g r a m , 
or 9 - 4 9 x 1 0 7 ergs, on t h e a s s u m p t i o n t h a t t h e s p . h t . of c rys ta l l ine a n d v i t r e o u s 
i ron a r e t h e same . This m e a n s t h a t t h e e.m.f. g e n e r a t e d w h e n co ld -worked s teel 
is one electrode and u n w o r k e d steel t h e o the r , will b e O 0 0 0 2 7 5 v o l t , or 0-000275 x 10* 
ergs—vide supra, co ld-working . G. T a m m a n n a n d C. "Wilson f o u n d t h a t h a r d 
i ron is baser t h a n soft m e t a l ; G. T a m m a n n , t h a t t h e r a t e of depos i t i on of r a d i u m - F 
is g r ea t e r for t h e h a r d m e t a l t h a n for t h e soft m e t a l ; a n d t h e r a t e of d i s so lu t ion 
of i ron in ac ids is a u g m e n t e d b y co ld-work ing . 

Accord ing t o R . R u e r , t h e cell F e (passive) : H N O 8 ( sp . gr . 1-4) : H 2 S O 4 (66 
pe r cent .) : Zn h a s a n e.m.f. of 1-62 v o l t s ; a n d if a n a l t e r n a t i n g c u r r e n t b e app l i ed , 
t h e e.m.f. rises t o 1-95 vo l t s , a n d if t h e a l t e r n a t i n g c u r r e n t b e ra i sed t o 3 a m p . , 
no o the r change occurs . T h e or ig ina l p o t e n t i a l is r e s to red b y r e m o v i n g t h e a p p l i e d 
a l t e r n a t i n g c u r r e n t . T h e cell F e (passive) : H 2 S O 4 (10 p e r cent . ) : H 2 S O 4 (66 p e r 
cent . ) : Zn h a s t h e i ron p a s s i v a t e d b y a d i r e c t c u r r e n t of 0-5 a m p . , a n d t h e cell 
gives a n e.m.f. of 2-85 vo l t , a n d b y t h e s i m u l t a n e o u s a p p l i c a t i o n of a n a l t e r n a t i n g 
c u r r e n t of 1 a m p e r e , t h e i ron is a c t i v a t e d , a n d t h e e.m.f. falls t o 0*67 vo l t . 
J . C. Ghosh found t h a t a n a l t e r n a t i n g c u r r e n t does n o t c h a n g e t h e p o t e n t i a l of i ron 
i n t h e cells F e : Z n S O 4 : H g , F e : Z n S O 4 : P t , a n d F e : C d S O 4 : H g . P . V a i l l a n t 
obse rved t h a t a n a l t e r n a t i n g c u r r e n t a c t i n g o n t h e cell -J-Fe (small e lect rode) : 
N a C l : F e (large e lect rode) , m a k e s t h e smal l e lec t rode pos i t i ve a n d t h e l a rge 
e lec t rode nega t ive , a n d increas ing t h e s t r e n g t h of t h e c u r r e n t m a k e s t h e e.m.f. 
p a s s f rom a pos i t ive t o a n e g a t i v e v a l u e . A. J . A l l m a n d a n d R . H . D . B a r k l i e 
c o m p a r e d t h e corrosion of i ron b y d i r ec t a n d a l t e r n a t i n g c u r r e n t s . T h e moto-
electric effect, t h a t is , t h e c u r r e n t p r o d u c e d in a shor t - c i r cu i t ed cell, cons i s t ing of 
t w o s imilar e lect rodes , i n t h e s a m e e lec t ro ly te , b y t h e m o v e m e n t of one of t h e m w a s 
discussed b y A. H . B u c h e r e r , W . K i s t i a k o w s k y , H . C. R e g n a r t , a n d W . J . Mul ler 
a n d K . Kxmopicky. S. P r o c o p i u m e a s u r e d t h e e.m.f. of a m o v i n g e lec t rode of i r o n 
i n w a t e r , 0-2iV-H2SO4 , a n d 0-22V-HNO3 , a n d found respec t ive ly 0-052, 0-062, a n d 
0*072 v o l t . Accord ing t o E . B o u t y , if one of t w o e lec t rodes i n a fer rous or ferric 
sa l t soln. b e h e a t e d , a n e.m.f. is developed—0-000002 v o l t p e r degree w i t h t h e former , 
a n d 0-00156 vo l t p e r degree w i t h t h e l a t t e r — w h i c h is smal le r w i t h t h e fer rous t h a n 
w i t h t h e ferric sa l t soln. C. E . Mendenha l l a n d L . R . Ingerso l l found t h a t smal l 
g lobules of i ron in N e r n s t ' s g lower m o v e a g a i n s t t h e c u r r e n t . 

W h e n t w o s imilar e lec t rodes a r e p l aced in a sa l t soln. , a n d one e lec t rode is 
p l aced i n a m a g n e t i c field, a n e.m.f. is deve loped . A . H . Buche re r , W . R a t h e r t , 
a n d T . W . a n d W . T . R i c h a r d s a t t r i b u t e d t h e p h e n o m e n o n t o changes p r o d u c e d i n 
t h e c o n c e n t r a t i o n of t h e e lec t ro ly te . T . Gross showed t h a t w i t h cone . soln. of 
ferr ic chlor ide or n i t r a t e , o r a n acidified soln . of fe r rous ch lor ide or s u l p h a t e , a n 
e.m.f. is deve loped if m a g n e t i z e d a n d n o n - m a g n e t i z e d i ron e lec t rodes a r e e m p l o y e d , 
a n d t h e e.m.f. a n d d i rec t ion of t h e c u r r e n t a r e t h e s a m e w h e t h e r t h e n o r t h o r t h e 
s o u t h po le of t h e m a g n e t i z e d r o d of i r o n d ip s i n t h e soln . E . L*. Nichols a n d 
W . S. F r a n k l i n s h o w e d t h a t if b o t h e lec t rodes b e m a g n e t i z e d , o n e m o r e i n t ense ly 
t h a n t h e o t h e r , a c u r r e n t flows from t h e m o r e s t r o n g l y m a g n e t i z e d , e lec t rode t o t h e 
o t h e r e lec t rode . O b s e r v a t i o n s were a lso m a d e b y G. O. Squ ie r . T . A n d r e w s 
f o u n d t h a t t h e d i r ec t i on of t h e c u r r e n t is different w i t h different soln . T h e 
m a g n e t i s e d po le i s pos i t i ve w i t h soln. of c u p r i c sulphate. , n i t r a t e , a c e t a t e , ch lor ide o r 
b r o m i d e , n icke l ch lor ide , fe r rous s u l p h a t e o r ch lor ide , m i x t u r e s of n i t r i c a c i d w i t h 
fe^rfes c h l o r i d e a lone o r m i x e d w i t h p o t a s s i u m d i c h r o m a t e w i t h or w i t h o u t ferr ic 
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chloride, mixtures of potassium, chlorate with nitric or hydrochloric acid, aqua 
regia, a mixture of a sofa.of potassium bromide and bromine; t h e current flows from 
the non-magnetized t o t he magnetized electrode, and with sulphuric or hydrochloric 
acid, the current flows in t he reverse direction. D . Hurmuzescu said t h a t with 
oxalic acid, the magnetized electrode is positive. A. H . Bucherer found t h a t with 
magnetized and non-magnetized iron electrodes the e.m.f. a t 18° with 18-ZV-ITe2(SO4)S 
was 0 0 6 8 v o l t ; with 1-5.ZV-FeCl8, 0-005 volt ; with SiV-HNO3, 0-028 volt ; wi th 
2V-KClO3 and 2.ZV-HNO8, 0 0 0 2 volt ; with 0-22V-H2SO4, 0-0008 to 0 0 0 1 volt ; 
and 0-22V-CuSO4, 0-014 volt . T. Gross observed a current of short duration first 
flowing from the non-magnetized to t h e magnetized electrode ; H . A. Rowland 
and JJ. Bell called this the pr imary current, and A. H . Bucherer thought i t was 
due to t h e shaking of the electrode. E . L. Nichols and W. S. Frankl in found t h a t 
the e.m.f. of the cell !Fe (magnetized) : (K2Cr2O7-J-H2SO4) : P t increases with 
increasing field strength, H gauss : 

H . 2 ,000 3,6OO 7,77O 8,40O 12,75O 16,30O 19,7OO 
E.m.f . 0-0008 0-0045 O-0386 0-0424 O-0487 0-0510 0-0680 v o l t 

Observations were also made by D . Hurmuzescu, and P . Jane t , and E . Staieu. 
K. Staieu also showed t h a t t he e.m.f. is greater, t he smaller the concentration of 
the iron salt soln. used as electrolyte; thus , with field strengths of 470O and 575O 
gauss, t h e e.m.ff. developed with 9-88 grms. of FeCl3 per 1OO c.c. of water are 
respectively 0-0276 and 0-0302 volt, and with a soln. of 0-988 grm. per 100 c.c. of 
water, respectively 003609 and 0-04059 volt. T. W. and W. T. Richards found 
tha t with the application of a magnetic field for 20 sees., the e.m.f. of the cell 
- E e : 1-022V-EeSO4 : 2V-KC1, Hg2Cl2 : H g + falls about O-OOl v o l t ; and if the iron 
is charged with hydrogen, the fall of the e.m.f. is greater, and is nearly proportional 
to the intensity of t he magnetic field. The phenomenon was discussed by 
A. H . Bucherer, P . Duhem, D. Hurmuzescu, W. Rather t , and T. W. and 
W. T. Richards. C Maurain discussed the magnetic properties of iron in the act of 
deposition ; and O. M. Corbino, t he polarization of colloidal iron in a magnetic field. 

F rom W. Nernst 's formula, E=—(RTJn) log (PJp)9 where p is the osmotic 
press, of t he metal ions, and P is the solution pressure—1. 16, 3—-if E is zero, p=P. 
For a concentration [Fe"*] -1 , and if the osmotic press, p—22 a tm. , and i£=0*153 
volt, then 0 -153=^x0-059 log (JP/22) for F e = F e " , or, a t 18° the soln. press, is 
3*3X106 a tm. ; and similarly for F e ^ F e " * , a t 18°, the soln. press, is about 1-4 a tm. 
Metallic iron thus behaves as if i t were an alloy of ferrous and ferric iron with soln. 
press, in t he ratio 1 : 1O - 6 . The soln. press, can also be regarded as a measure of 
the tendency of t h e two ions t o give u p their charges. This tendency is very much 
greater with ferric t h a n i t is with ferrous ions. I t can also be regarded as 
representing a tendency of the ferrous ions to acquire an additional charge. R. Abegg 
and G. Bodlander discussed the affinity of these ions for electric charges, and 
observed t h a t the electroaffinity of ferrous ions is far greater than t h a t of ferric 
ions ; and K. Schaum said t h a t of the two forms of ions, ferrous ions are t h e stronger. 

The work involved in the production of the different stages of oxidation of iron 
can be calculated from the preceding formula}. I n an electrolytic cell, both ferrous 
and ferric ions can lose their charges a t t he cathode, or the ferric ions can be reduced 
to ferrous ions ; and a t the anode, Fe* "-ions can be oxidized to Fe"**-ions, or with 
an anode of iron, iron can produce Ee*"-ions, or Fe**"-ions. I n order t h a t these 
changes may occur, t h e electrode must not only be charged -with a definite quant i ty 
of electricity, b u t i t mus t be also charged to a-minimum potential . If an iron wire 
dips into a soln. of ferrous ions of unit concentration, the electrode J^H = —0-43 volt 
when the system is in a s ta te of equilibrium ; bu t if the wire is polarized by a 
positive potential, i t follows from J E H = -—0-43 - j -^x 0-058 log [Fe "J volt, t h a t this 
corresponds with a higher cone, of t he Fe"-ions for equilibrium, and accordingly 
Fe" "-ions pass into soln. ; and conversely, if t he iron receives an additional negative 
potential, BV-ions will be discharged to form metallic iron. Consequently, if 
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iron is to be deposited from a soln. of a ferrous salt, the potential of the eathode 
must exceed that value below which iron passes into soln. This subject Was 
discussed by F. Forster, and H. Lee. Remembering also that the potential for the 
change F e ^ F e " is —0*43 volt, and for Fe^Fe"*, —0*04 volt, it follows that ferric 
ions have a greater tendency than ferric ions to form iron. Hence, in a mixture of 
ferric and ferrous ions it might, at first sight, be assumed that on electrolysis, the 
first change to occur will be Fe***->Fe. Actually, it is easier to reduce ferric to 
ferrous salt : Fe**"->Fe"*, because less -work is required for the " distribution " 
of the positive charges. When the process has continued long enough, and 
the ratio [Fe**] : [Fe*] corresponds with 0-75+0-058 log [Fe***]/[Fe**] = —-0-04 
-+-£0-058 log [Fe*"], the work required for both changes is the same. This condition 
is satisfied when nearly all the ferric ions have been converted into ferrous ions. 
When the cathodic reaction Fe***->Fe** is about completed, and the ratio [Te**"] : 
[Fe**] is favourable for the discharge of the Fe**-ions, it is necessary to raise the 
cathode potential in order to keep the process continuous, and it thereby attains 
a value which also favours the direct reduction of the ferric ions to the metal. 
Hence, all three reactions—Fe**"->Fe"*, Fe**—>Fe, and Fe***->Fe—can take place 
simultaneously ; but since the concentration of the Fe* "-ions is very small, the 
work done at the cathode is virtually all expended in reducing the ferrous ions to 
the metal. Consequently, in the electrolytic deposition of iron it is best to work 
with a soln. of a ferrous salt. V. Kohlschiitter and H. Stager studied the anode 
reactions ; and A. P. Rollet, the electrode reactions of iron in sulphuric acid, and 
alkali-lye under the influence of an alternating current, and noted that the electrodes 
are alternately covered with oxide and with powdery metal. 

A c c o r d i n g t o R . S . L i l l i e a n d S . E . P o n d , a n e l e c t r i c c u r r e n t c o r r e s p o n d i n g w i t h a 
p o t e n t i a l of 1 0 v o l t s flowing a c r o s s a c a o u t c h o u c m e m b r a n e of t h i c k n e s s 40/x i n t e r p o s e d 
b e t w e e n t w o e l e c t r o l y t e s o l n . , o n e of w h i c h i s a m i x t u r e of f e r r o u s c h l o r i d e a n d p o t a s s i u m 
t h i o c y a n a t e , c a u s e s o x i d a t i o n of f e r r o u s t o f e r r i c i r o n a t t h e s u r f a c e of t h e m e m b r a n e 
f a c i n g t h e c a t h o d e . 

A c c o r d i n g t o E . J . M i l l s , w h e n i r o n i s d e p o s i t e d e l e c t r o l y t i c a l l y o n t h e b u l b of a t h e r m o 
m e t e r , a p r e s s u r e , w h i c h l i a s b e e n c a l l e d electroatrictiort, i s e x e r t e d , s o t h a t t h e b u l b of t h e 
t h e r m o m e t e r c o n t r a c t s . T h e p h e n o m e n o n w a s s t u d i e d b y E . B o u t y , w h o f o u n d t h a t 
w h e n f i r s t d e p o s i t e d , t h e f i l m of m e t a l m a y h a v e a h i g h e r t e m p , t h a n t h e e l e c t r o l y t e , a n d 
a s t h e m e t a l c o o l s , i t w i l l c o n t r a c t a n d e x e r t a p r e s s u r e . I n s o m e c a s e s t h e r e i s a c o o l i n g 
e f f e c t , s o t h a t t h e m e t a l i m m e d i a t e l y a f t e r d e p o s i t i o n i s h e a t e d , a n d e x p a n d s . T h i s s u b j e c t 
w a s d i s c u s s e d b y V . K o h l s c h i i t t e r a n d E . V u i l l e u m i e r , V . K o h l s c h i i t t e r a n d A . N a g e l i , 
V . K o h l s c h i i t t e r , G . G . S t o n e y , R . H . D . B a r k l i e a n d H . JT. D a v i e s , a n d H . S t a g e r — v i d e 
n i c k e l . 

The minimum cathode potential for the electrodeposition of iron is not the same 
with different soln. In the presence of other metal ions, the result depends on 
the cone, of the Fe**-ions, and on that of the H'-ions. Complex salts may be formed 
in the soln. which, when neutral, produce so small a proportion of ferrous ions that 
there is no electrodeposition. Thus the iron may not necessarily be cathodically 
precipitated from normal acidic molar soln. of ferrous chloride. The electrode 
potentials of the reactions Fe**-^Fe and 2H*—>H2 are, respectively, —0-43 and 0-0 
volt. So little work is required for the separation of gaseous hydrogen that it is 
given off at once from the cathode, the cone, of the H*-ions is not much impoverished, 
and with high current densities it is scarcely possible to make the cathode potential 
as negative as is required for the deposition of iron : Fe**-»Fe2. From the relation 
—0-434-^x0058 log [Fe* "J=O-O+!; X 0-048 log [H*]*, it follows that when the same 
work is involved in the separation of iron and hydrogen from molar soln., 
[H*] = 3 - 8 X 1O -8 . H. F. Haworth discussed the resistance of soln. of ferric chloride 
with an alternating current. S. Glasstone found the deposition potential of iron 
from normal soln. to be : 

15° 36° 55° 70° 90° 
P o t e n t i a l . . — 0 - 6 8 — 0 - 5 5 — 0 - 4 9 — 0 - 4 6 — 0 * 4 6 
O v e r v o l t a g © . . 0*22 0*09 O-OS nil nil 
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T h e revers ib le p o t e n t i a l of i ron i n iV-soln. of a fe r rous sa l t is p r o b a b l y —0*46, a s 
f o u n d b y W . H . H a m p t o n , so t h a t a t t e m p , of a b o u t 70° i r o n m a y b e d e p o s i t e d 
a l m o s t revers ib ly . 

T h e hydrogen overvo l tage of i ron w a s d iscussed b y J . N . P r i n g a n d J . R . C u r z o n , 
a n d C. W . B e n n e t t a n d J . G. T h o m p s o n . A s w i t h m o s t m e t a l s , e l ec t ro ly t i c h y d r o g e n 
does n o t deve lop w i t h t h e p o t e n t i a l of H " = H 2 , b e c a u s e t h e r e is a n o v e r v o l t a g e 
effect, wh ich W . A. Caspar i found t o b e E^=—0*08 v o l t for s m o o t h i ron i n a so ln . 
of s o d i u m h y d r o x i d e . If t h e ove rvo l t age effect is i n d e p e n d e n t of t h e e l ec t ro ly t e 
a n d t h e c u r r e n t dens i t y , t h e a b o v e r e l a t i o n b e c o m e s 0*43-f-£x0*058 log [Fe"*] 
= 0 - 0 + ^ x 0 - 0 5 8 log [H*]2—0-08, so t h a t t h e s a m e w o r k is r e q u i r e d for t h e s e p a r a 
t i o n of i ron a n d h y d r o g e n f rom a m o l a r soln . of fe r rous ch lor ide w i t h a H"-ion 
c o n c e n t r a t i o n of 0-9 X 1 0 ~ 7 . Th i s is n e a r l y t h e s a m e as for a n e u t r a l soln. w h i c h 
a p p r o x i m a t e s t o 0-74 X 1 0 ~ 7 , a n d t h i s m e a n s t h a t h y d r o g e n is a lso g iven off w h e n a 
n e u t r a l soln. of fer rous ch lor ide is e lec t ro lyzed . A . C o e h n a n d K . D a n n e n b e r g 
g a v e 2£n ——0-03 vo l t for t h e ove rvo l t age of h y d r o g e n i n 2V-KOH. H . G. Moller 
o b t a i n e d —0-23 v o l t ; G. Ca r r a r a , —0-21 v o l t ; M. Cen tne r szwer a n d M. S t r a u m a n i s 
g a v e —0-28 vo l t a t 20° ; E . N e w b e r y , —0-30 ; a n d A . Th ie l a n d W . H a m m e r -
schmid t , —0-17. F . F o r s t e r , a n d O. M u s t a d s t u d i e d t h e effect of t h e H*-ion 
c o n c e n t r a t i o n in hyd roch lo r i c a n d s u l p h u r i c ac id soln. , a n d of a d d i t i o n s of 
a m m o n i u m chlor ide , s o d i u m h y d r o c a r b o n a t e , a n d bor ic ac id . A . Th ie l a n d 
F . B r e u n i n g g a v e for i r on e t c h e d w i t h su lphu r i c ac id a t 25°, a n d in 

2VT-KOH JV-NaOH 1-32V-LiOH JV-KH8PO4 52V-KC2H3O2 52V-NaC2H3O3 
O v e r v o l t a g e . 0-075 0 0 8 7 0-056 0 1 2 1 O-176 O-127 

T h e t w o a lka l i a c e t a t e soln. were m i x e d w i t h 22V*-aeetic ac id . E . N e w b e r y o b t a i n e d 
t h e ca thod i c overvo l t ages JE"H: mi l l i amps . i n JV-H2SO4 , a n d JV-NaOH a t 15° w i t h a 
c u r r e n t d e n s i t y D : 

L> . . 2 6 1 0 GO IOO 4 0 0 1 0 0 0 2 0 0 0 

!

2 V - H 2 S O 4 . 0 - 2 4 0 - 2 6 0 - 2 6 0 - 2 7 0 - 2 7 0 - 2 8 0 - 2 7 0 - 2 6 

2 V - N a O H . 0 - 2 8 0 - 3 2 0 - 3 3 0 - 3 4 0 - 3 5 0 - 3 5 0 - 3 4 0 - 3 4 
2 V - F e S O 4 . 0 - 3 0 0 - 3 0 0-3O 0 - 3 2 0 - 3 4 0 - 3 3 
2 V - F e C l 3 . 0 - 3 5 0 - 3 4 0 - 3 4 0 - 3 6 0 - 3 6 0 - 4 1 

T h e c a t h o d i c overvo l t ages in 2Y-H2SO4 of i ron of a h igh degree of p u r i t y ; s tee l w i t h 
0-5 pe r cen t , of c a r b o n ; a n d c h r o m e s teel w i t h 10 p e r cen t , of c h r o m i u m , were : 

C u r r e n t d e n s i t y . 2 G IO 50 IOO 1000 2000 
I r o n . . 0-27 0-27 0-27 0-29 0-3O 0-29 0-27 
Stee l . . 0-26 0-28 0-28 0-28 0-27 0-25 0-23 
C h r o m e s tee l . 0-26 0-27 0-28 0-28 0-29 0-3O 0-29 

U. C T a i n t o n found t h a t a h igh c u r r e n t d e n s i t y increases t h e h y d r o g e n o v e r v o l t a g e 
of t h e i ron c a t h o d e . A . I J . M c A u l a y a n d co-workers f o u n d t h a t w h e n t h e r e is n o 
sensible c o n c e n t r a t i o n of t h e ions of a n i ron e lec t rode in a soln. , a n d w h e n t h e 
e lec t rode is n o t cove red b y a n ox ide film, i t s p o t e n t i a l is d e t e r m i n e d b y t h e H ' - i o n 
c o n c e n t r a t i o n if i t s h y d r o g e n ove rvo l t age is pos i t ive t o t h e depos i t ion p o t e n t i a l 
wh ich i t w o u l d h a v e in a soln. of t h e o rde r of 0 - 0 0 1 N of i t s o w n ions . W h e n t h i s is 
n o t t h e case , t h e p o t e n t i a l is con t ro l led b y t h e c o n c e n t r a t i o n of t h e an ions , p r o b a b l y 
a c t i n g t h r o u g h a film of e l ec t ro ly te in c o n t a c t w i t h t h e m e t a l a n d w i t h a c o n c e n t r a 
t i o n of t h e i ron- ions of t h e o rder O-OOOliV. O. R . H o o d a n d F . C. K r a u s k o p f 
s t u d i e d t h e h y d r o g e n o v e r v o l t a g e in connec t ion w i t h t h e efficiency of t h e e lec t ro ly te 
r e d u c t i o n of a q . soln. of p o t a s s i u m ch lo ra t e . 

M. K n o b e l a n d co-workers found for 22V-H2SO4 a t 25° : 
X) . 
Ext 

. 

. 
. o 
. 0-2026 

1 
0-4036 

5 
0-5024 

10 
0-5571 

IOO 
0-8184 

20O 
0-9854 

50O 
1-2561 

1500 
1-2908 

M. Cen tne r szwer a n d M. S t r a u m a n i s f o u n d t h a t w i t h a c u r r e n t d e n s i t y of 0*075 a m p . 
p e r sq . cm . , t h e o v e r v o l t a g e is i n d e p e n d e n t of t h e c u r r e n t d e n s i t y . O b s e r v a t i o n s 
on t h e ove rvo l t age , a n d t h e i r on c a t h o d e were a l so m a d e b y S. Glass tone , 
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N . Koboseff a n d N . I . Nebrassoff, H . L . L o c h t e , H . 1». L o c h t e a n d R . E . P a u l , 
E . N e w b e r y , a n d M. B o d e n s t e i n . S. Glads tone f o u n d t h a t w h e n a n a l t e r n a t i n g 
c u r r e n t of 0*10 m a x . a m p . is supe rposed o n a d i r e c t c u r r e n t of 0 1 2 a m p . , t h e ove r -
vol tage in ZV-NaOH is 0-64 t o 0-66 vo l t , a n d i n 2SMI2SO4 , 0-67 t o 0-71 v o l t . T h e 
overvo l t age m a y b e a u g m e n t e d i n t h e p re sence of s o m e o r g a n i c s u b s t a n c e s . 
A. S iever t s a n d P . X.ueg o b s e r v e d t h a t t h e o v e r v o l t a g e of i r o n i n ac id is v e r y l i t t l e 
affected b y t h e p re sence of a - n a p h t h a q u i n o n e ; t h e e the r - so lub le , bas i c c o n s t i t u e n t 
of c r u d e a n t h r a c e n e increases t h e ove r vo l t age . N o c o n n e c t i o n w a s o b s e r v e d 
bet-ween t h e r e t a r d a t i o n of t h e r a t e of d i sso lu t ion in ac id , a n d t h e o v e r v o l t a g e , b u t 
i t is a s s u m e d t h a t t h e " po i son " is a d s o r b e d o n t h e m e t a l sur face , a n d r e d u c e s t h e 
a m o u n t of m e t a l accessible t o t h e ac id . L . G. K n o w l t o n f o u n d t h e o v e r v o l t a g e i n 
22V-H2SO4 s a t . w i t h an i l ine is O 0 5 v o l t h igher t h a n w i t h t h e a c i d a lone ; 
E . L . Chappe l l a n d co-workers o b s e r v e d t h e ove rvo l t age w i t h different k i n d s of 
i ron i n 2V-H2SO4 is a u g m e n t e d b y t h e a d d i t i o n of qu ino l ine ethiodide-—vide F i g s . 
275 a n d 276, corrosion ; a n d J . C. W a r n e r found t h a t t h e a d d i t i o n of ge l a t in ra i ses 
t h e ove rvo l t age . U . Sborg i a n d G. C a p p o n , a n d G. C a r r a r a f o u n d t h a t i n a n 
a lcohol ic soln. of 2V-KOH t h e ove rvo l t age is 0-23 vo l t , a n d -with a m e t h y l a lcohol 
soln. , 0-26 v o l t a t 19° t o 20° . 

Acco rd ing t o A . Coehn a n d Y . O s a k a , a n i r on wi re d i p p i n g in 2V-KOH gives a 
c u r r e n t - v o l t a g e c u r v e co r r e spond ing w i t h a n o x y g e n overvo l tage of 0*24 v o l t . 
E . N e w b e r y found t h a t w i t h a c u r r e n t dens i t y , D, in 2V-H2SO4 a n d 2V-NaOH, a t 15°, 
t h e o x y g e n or a n o d i c ove rvo l t ages a r e : 

1 0 5O 1OO 40O 10OO 2 0 0 0 
0 - 7 5 0 - 7 4 0 - 7 3 0-7O 0 -67 0 - 6 3 
0 - 4 9 0 - 5 1 0 - 5 1 0 - 5 2 0 - 5 2 O-Sl 
0 - 0 6 0 - 0 8 0 0 9 1 - 8 5 * — 
0 0 8 0 1 0 0 1 0 0 - 1 1 — 

T h e as te r i sk m e a n s t h a t t h e m e t a l b e c a m e pass ive . O b s e r v a t i o n s we re a l so m a d e 
b y S. Glass tone , a n d F . Meunie r . If a d i r ec t c u r r e n t of 0-12 a m p . h a s s u p e r p o s e d 
a n a l t e r n a t i n g c u r r e n t of 0-07 t o 0*10 a m p . , t h e o x y g e n ove rvo l t age i n 2V-NaOH is 
0-52 t o 0-54 vo l t , a n d in 2V-H2SO4 , 0-62 t o 0-74 vo l t . L . W . H a a s e f o u n d t h a t 
t h e o x y g e n depo la r i za t ion c u r r e n t va r i e s w i t h t h e i l l u m i n a t i o n of t h e s y s t e m i ron-
p l a t i n u m w i t h w a t e r o r a di l . soln. of p o t a s s i u m ch lor ide . U . Sborg i a n d G. C a p p o n 
found t h a t t h e a n o d i c b e h a v i o u r in e t h y l a lcohol soln . of a m m o n i u m a n d ca l c ium 
n i t r a t e s show t h a t i t is pas s ive a t a l l t e m p , a n d c u r r e n t dens i t i e s e m p l o y e d . 
R . A. D e n g g a n d H . J . D o n k e r m e a s u r e d , w i t h inconc lus ive r e su l t s , t h e po l a r i za t i on 
of different t y p e s of i r on a n d steel in 0-12V-KC1 a n d 0 - 1 M - K 2 C O 3 . W . M. T h o r n t o n 
a n d J . A. H a r l e , a n d K . Georgi s t u d i e d t h e a n o d i c corros ion of i ron ; a n d 
A . J . A l l m a n d a n d ~R. H . D . Ba rk l i e , t h e effect of a l t e r n a t i n g c u r r e n t s o n t h e 
e lec t ro ly t i c corros ion of i ron . J . W . Sh ip ley a n d C. F . Goodeve found t h a t in t h e 
e lect rolys is of a soln. of s o d i u m h y d r o x i d e wi th i r on e lec t rodes a n d a n a l t e r n a t i n g 
c u r r e n t t h e cr i t ica l d e n s i t y of 3*8 a m p . p e r sq . c m . m u s t b e exceeded before 
g a s is e v o l v e d ; "with s tee l e lec t rodes , t h e cr i t ica l d e n s i t y is 4-5 a m p . p e r s q . c m . 
A . P . R o l l e t s t u d i e d t h e a n o d i c b e h a v i o u r of i r on in ac idic or a lka l ine s o l n . ; a n d 
R . T . Dufford, t h e p h o t o v o l t a i c effect w i t h cells c o n t a i n i n g a n e the rea l soln . of 
G r i g n a r d ' s r e a g e n t a n d i ron . 

A . Gi in the r -Schu lze s t u d i e d t h e e lectrolyt ic v a l v e ac t ion of i r on i n f u m i n g 
s u l p h u r i c ac id . W i t h a n anod ic c u r r e n t d e n s i t y of 0-003 a m p . p e r sq . c m . , a n d 
6 0 p e r c en t , su lphu r i c ac id , t h e v a l v e a c t i o n a p p e a r s , a n d w i t h 7 5 p e r cen t , s u l p h u r i c 
a c i d t h e v a l v e a c t i o n g r a d u a l l y changes i n t o p a s s i v i t y ; a n d w i t h h ighe r c o n c e n t r a 
t i o n s , t h e v a l v e a c t i o n is s t ab l e . A l t e r n a t i n g c u r r e n t s a r e rect if ied b y t h e i r on u n d e r 
t h e s e c o n d i t i o n s . A l aye r of ox ide is fo rmed . T h e rect i f ica t ion i n 89 p e r c e n t , 
s u l p h u r i c ac id a t 0 ° is e q u a l t o t h a t w i t h a l u m i n i u m . W . W i n t e r obse rved t h a t t h e 
rectification occurs i n d i l . soln . of s u l p h u r i c ac id , a n d p o t a s s i u m h y d r o x i d e ; i t is 
on ly alight in h y d r o c h l o r i c ac id , a n d does n o t occur i n n i t r i c ac id . On© p e r c e n t , 
sulphuric a c id was f o u n d b y W . Ho l tz t o e x e r t a sma l l v a l v e a c t i o n . 

I) 

v \ ZV-NaOH . 
2 ^)ZV-FeSO 4 . 

I ZV-FOCI 2 . 

2 
0-75 
0-44 
0-02 
O-05 

6 
0-76 
0-48 
0-06 
0 0 7 
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Acco rd ing t o A . CHinther-Schulze, w i t h po la r i z ing i r o n a n o d e s a n d a c o n s t a n t 
c u r r e n t , a n d w i t h s u l p h u r i c ac id of less cone , t h a n 50 p e r c en t , t h e i r o n is only-
r e n d e r e d pass ive , b u t a b o v e 6O p e r cen t , a n d a c u r r e n t of 3 m i l l i a m p . p e r sq . c m . , 
v a l v e a c t i o n occurs before t h e m e t a l becomes pass ive . T h e e lec t ro ly t ic v a l v e a c t i o n 
be low 76 p e r cen t , c o n c e n t r a t i o n of ac id is u n s t a b l e a n d s lowly changes t o p a s s i v i t y , 
b u t a t h i g h e r c o n c e n t r a t i o n s is s t ab l e . T h e m a x i m u m p o t e n t i a l va r i e s a c c o r d i n g 
t o t h e c o n c e n t r a t i o n of t h e ac id b e t w e e n 4O a n d 7 0 vo l t s . B e l o w t h e m a x i m u m 
p o t e n t i a l t h e r e s idua l c u r r e n t w h i c h flows t h r o u g h t h e cell is v e r y smal l . I r o n , b o t h 
in cone , a n d i n fuming s u l p h u r i c ac id , h a s , l ike a l u m i n i u m , t h e p r o p e r t y of p a r t i a l l y 
t r a n s f o r m i n g a n a l t e r n a t i n g c u r r e n t i n t o a d i r ec t c u r r e n t . T h e e l ec t ro s t a t i c c a p a c i t y 
of t h e a c t i v e l aye r f o r m e d o n i ron is of t h e s a m e o rde r of t h i c k n e s s , a n d d e p e n d s o n 
t h e w a t e r - c o n t e n t of t h e su lphu r i c ac id in t h e s a m e w a y a s does t h a t o n a l u m i n i u m . 
I . Li fschi tz a n d M. R e g g i a n i found t h e v a l v e a c t i o n is r e d u c e d b y i l l umina t i on . 

F . M a r x desc r ibed a n i ron a c c u m u l a t o r w i t h t w o i ron n e g a t i v e e lec t rodes , a n d a n 
i n t e r m e d i a t e p o r o u s c a r b o n b lock a s pos i t i ve e lec t rode ; t h e e l ec t ro ly te is a h y d r o 
chloric ac id soln. of ferric ch lor ide , w h i c h is r e d u c e d b y t h e d i scha rge a n d ox id ized 
b y t h e c h a r g e . T h e A k k u m u l a t o r e n W e r k e t r i e d t h e cell w i t h a n i ron e l ec t rode , 
a lka l i - lye , or a soln . of s o d i u m c a r b o n a t e , p o t a s s i u m d i c h r o m a t e , or p h o s p h o r i c 
acid , a n d a n e lec t rode of ferric ox ide ; a n d A . P . T . Tu l ly , i ron i n a soln. of a m m o n i u m 
chlor ide , a n d c a r b o n i n n i t r i c ac id or b r o m i n e w a t e r . C. R . H a r d y s t u d i e d t h e 
screening effect of fe r rous h y d r o x i d e o n t h e i r on a n o d e . 

Severa l m e a s u r e m e n t s h a v e b e e n m a d e of t h e d e c o m p o s i t i o n vo l tage of fe r rous 
sa l t soln . T h e c u r r e n t - p o t e n t i a l c u r v e s of t h e s e soln . s h o w a b r e a k c o r r e s p o n d i n g 
w i t h t h e d e c o m p o s i t i o n v o l t a g e . T h e c a t h o d e p o t e n t i a l does n o t s h o w s u c h a 
b reak , b e c a u s e h y d r o g e n is evo lved s i m u l t a n e o u s l y w i t h t h e i ron . T h e m i n i m u m 
vo l t ages r e q u i r e d for t h e s e p a r a t i o n of i r on f rom fer rous sa l t soln . w e r e found b y 
F . W . K i i s t e r t o b e : 

F e S O 4 
JO-IiV-

H 2 S O J o - O I i V -
fO-OOl-ZV- . 

1-OiV-
0 - 7 5 3 

. 0 - 6 9 3 
0 - 6 7 3 

O-SiV-
0 - 7 4 3 
O-663 
0 - 6 5 3 

O-12V-
0 - 7 3 3 
0 - 7 3 6 
0 - 6 7 8 

O-05*T-
0 - 8 7 3 v o l t 
0 - 7 3 3 „ 
0 - 6 6 3 , , 

a n d for 0- I iV-FeSO 4 w i t h 0 -0I iV-H 2 SO 4 t h e v a l u e s for foil a n d wire c a t h o d e s a r e 
r e spec t ive ly 0*683 a n d 0-747 vo l t , a n d w i t h n o ac id , 0-648 a n d 0-673 v o l t . H e n c e , 
i ron is d e p o s i t e d o n t h e foil before i t is d e p o s i t e d o n t h e wi re . G-. Coffett i a n d 
F . F o r s t e r t r i e d t h e effect of g r a d u a l l y inc reas ing t h e c u r r e n t d e n s i t y — a m p e r e s 
p e r sq . c m . — a t t h e c a t h o d e i n t h e e lect rolys is of .ZV-FeSO4, t i m e c o n s t a n t . T h e 
vo l t age , JEJ^, a t w h i c h i ron a n d h y d r o g e n a r e s i m u l t a n e o u s l y fo rmed , a n d t h e c u r r e n t 
y ie ld a r e a s follow : 

C u r r e n t d e n s i t y -
A c i d i t y . 

C u r r e n t y i e l d . 

0 0 0 1 1 3 
0-0025AT-
O-7O 

2O 

0 - 0 0 2 2 7 
0-0052V-
0 - 7 1 

3 1 

0 - 0 0 4 5 5 
0 0 0 7 5 2 V -
0 - 7 3 

3 8 

0 - 0 0 9 1 
0-01AT-
0 - 7 5 

0 - 0 1 8 2 
0 0 2 2 V -
0 - 7 9 

5 6 

F . F o r s t e r f o u n d t h e effect of t e m p , a n d c u r r e n t d e n s i t y , DlO 4 a m p . p e r sq . cm. , 
t o b e : 

D 

E 

!

2 0 ° 
5 0 ° 
7 5 ° 
9 5 ° 

1 8 2 
— 0 - 7 2 
— O-62 
— 0 - 5 7 

9 1 
— 0 - 7 0 
— 0 - 6 1 
— 0 - 5 5 
— 0 - 5 2 

4 5 
— 0 - 6 8 5 
— 0 - 5 9 
— 0 - 5 4 5 
— 0 - 5 1 

2 2 
— 0 - 6 7 
— 0 - 5 8 
— 0 - 5 4 
— 0 -51 

11 

- 0 - 5 7 
v o l t 

— 0 - 5 6 

S. G las s tone f o u n d t h a t w i t h a c o p p e r c a t h o d e a n d .ZV-FeSO4 
p o t e n t i a l is : 

15° 86° 55° 70° 
JS . . — 0 - 6 8 — 0 - 5 5 — 0 - 4 9 — 0 - 4 0 

a n d W . A. N o y e s , w i t h n e u t r a l JV-FeCl 2 : 

•®JK 

VOL. X I l I . 

20° 
- 0 - 6 6 

50° 
— 0 - 4 5 

102° 
- O U 

J 22° 
- 0 1 8 

t h e decompos i t i on 

- 0 - 4 6 v o l t 

182° 
— 0 - 2 3 v o l t 
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Observa t ions were also m a d e b y G. Coffetti a n d F . F o r s t e r , W . A. N o y e s , C. Mar ie 
a n d N . T h o n , F . Meunier , a n d A . S m i t s a n d A. H . W . A t e n . E . Miiller a n d 
J . J a n i t z k i s t u d i e d t h e effect of r u b b i n g o n t h e p o t e n t i a l i n soln . of ac id s , ba se s , 
a n d n e u t r a l s a l t s ; E . S. Hedges , t h e per iod ic e lec t rodepos i t ion of i ron f rom soln. 
of p o t a s s i u m ferrous c y a n i d e ; V. S i h v o n e n a n d G. K e r k k a n e n , t h e effect of a 
m a g n e t i c field on t h e e lec t rolyt ic p o t e n t i a l ; a n d XJ. Sborg i , on t h e a n o d i c b e h a v i o u r 
of i ron . 

A. F . W . v o n E s c h e r found t h a t in t h e e lectrolysis of a soln . of z inc a n d fe r rous 
s u l p h a t e s in equa l p ropor t ions , t h e a l loys depos i t ed a t 18°, a n d a t 90° w i t h sma l l 

c u r r e n t dens i t i es cons is t p r i nc ipa l l y of 
z inc ; a n excess of i r on i n t h e d e p o s i t 
u n d e r t h e s e cond i t i ons c a n b e o b t a i n e d 
on ly w h e n t h e p r o p o r t i o n of fe r rous 
s u l p h a t e is p r e p o n d e r a t i n g . I n F i g . 
274 t h e resu l t s w i t h a soln. c o n t a i n 
ing 0012Nf-H2SO4 a n d F e : Z n = 9 : 1-5, 
a t 90°. T h e t r a n s i t i o n f rom h i g h t o 
low p ropo r t i ons of i ron occurs a t low 
c u r r e n t dens i t ies . T h e t r a n s i t i o n t o 
depos i t s w i t h a h igh p r o p o r t i o n of z inc 
occurs a t t h e h igher c u r r e n t dens i t i e s . 
T h e c u r r e n t efficiency is be low 90 p e r 
cen t , a t low c u r r e n t dens i t i es , a n d 
a b o v e t h a t v a l u e a t h igh c u r r e n t dens i 
t i e s . W h e n t h e r a t i o of F e : Zn is 
9 : 0-63, t h e t r a n s i t i o n occurs a t a 
c u r r e n t d e n s i t y of 0*035 or 0*040 a m p . 
p e r sq . c m . ; w i t h t h e r a t i o 9 : 1 , a t 
0*022 a m p . pe r sq . c m . ; a n d a t 9 : 1*5, 
a t a b o u t 0*020 a m p . p e r sq . c m . 
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Cat/toa/fi: current tYens/ty-

F i o . 2 7 4 . — T h e E f f e c t of C u r r e n t D e n s i t y o n ^ « ^ v « ^ ^ - ^ ^ «,*** ^x o . . . . . . 
t h e S i m u l t a n e o u s ! D e p o s i t i o n of Z i n c a n d I r o n . ^ ^ V " " 1 ^ ^"^ j * * " ^ " J^LT*" ° ^ t • ^ * " " ^ JS. (Jrlasstone s t u d i e d t h i s s u b j e c t ; 

W . H . Creutzfeldt , t h e depos i t ion of i ron f rom soln. of c o p p e r a n d i ron sa l t s ; a n d 
J . Pra jz ler , t h e s i m u l t a n e o u s depos i t ion of i ron a n d o t h e r m e t a l s r e l a t e d t o i ron . 

F . F o r s t e r conc luded t h a t smal l q u a n t i t i e s of z inc , l ike h y d r o g e n , e x e r t a 
r e t a r d i n g influence, a n d since c a t h o d i c po la r i za t ion va r i e s h e r e w i th t h e c u r r e n t 
dens i t y s imilar ly t o a n o d i c po la r i za t ion , F . F o r s t e r s p e a k s of cathodic polarization 
—vide infra, pass iv i ty . T h e p h e n o m e n o n w a s d iscussed b y G. G r u b e , a n d A. S m i t s . 

T h e polarizat ion of i r on e lec t rodes w a s s t u d i e d b y M. Ie B l a n c , F . F o r s t e r , 
E . Vogel, E . L iebre ich , A. S m i t s a n d A . H . W . A t e n , a n d C. M. G o r d o n 
a n d F . E . Clark. G. G r u b e obse rved t h a t whi l s t a n o d e s of n ickel , coba l t , copper , 
gold, a n d p l a t i n u m do n o t become po la r ized w h e n fe r rocyan ide in a lka l ine soln. 
is e lec t ro ly t ica l ly oxid ized , anodes of i ron , n icke l copper , coba l t , l ead , a n d si lver 
b e c o m e polar ized in a n e u t r a l soln. of p o t a s s i u m fe r rocyan ide a n d fe r r i cyan ide , 
a n d a n o d e s of i ron , lead, silver, a n d z inc b e c o m e po la r i zed also in a lka l ine soln . 
of t h e s e subs t ances . I n al l t he se cases t h e r e is ev idence of t h e f o r m a t i o n of a 
su r face film of ox ide , a n d i t m u s t b e a s s u m e d t h a t i n t h e s e cases t h e o x i d a t i o n 
of t h e fe r rocyan ide is effected b y t h e i n t e r m e d i a t e f o r m a t i o n of pe rox ides . S ince 
a t e lec t rodes of gold a n d p l a t i n u m in n e u t r a l a n d a lka l ine soln. , a t e lec t rodes of 
n icke l , c o b a l t , a n d copper on ly i n a lka l ine soln. , of p o t a s s i u m fe r rocyan ide a n d 
f e r r i cyan ide o x i d a t i o n of t h e former sa l t t a k e s p l ace a t t h e s a m e p o t e n t i a l a n d 
w i t h t h e s a m e ve loc i ty , i t is i m p r o b a b l e t h a t t h e p a s s i v i t y of t he se m e t a l s is d u e 
t o a l a y e r of ox ide ; i t is p r o b a b l y d u e t o t h e effect of t h e oxygen cha rge of t h e 
e l e c t r o d e i n r e t a r d i n g t h e l i be ra t ion of c a t i ons f rom t h e m e t a l . I t is s h o w n t h a t 
a n e l e c t r o d e i m m e r s e d i n a lka l ine fe r rocyanide- fe r r icyanide soln. becomes m o r e 
fu l ly charged w i t h o x y g e n t h a n i n n e u t r a l soln. , a n d t h i s expla ins t h e g r e a t e r 
pass iv i ty in alkaline so ln . I n t h e case of i ron , t h e o x y g e n charge does n o t c o m -

file://-/-/0-3
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ple te ly h i n d e r t h e l i be ra t ions of F e " - ions f rom t h e i ne t a l , a n d the re fo re t h e r e is 
t h e poss ib i l i ty of t h e f o r m a t i o n of a surface film of ox ide o n t h e a n o d e . 

W . J . Mul ler o b s e r v e d t h a t i ron dissolves anod ica l ly a t a l l c u r r e n t dens i t i e s 
w i t h o u t m e a s u r a b l e po l a r i za t i on ; a n d t h a t t h e c u r r e n t - v o l t a g e c u r v e s of i r o n 
a n o d e s s h o w t h a t t h e pas s ive s t a t e is p r e c e d e d b y t h e f o r m a t i o n of a film of a b a s i c 
sa l t o r h y d r o x i d e of i ron w h i c h causes a local inc rease of c u r r e n t d e n s i t y , a n d t h e 
h igh c u r r e n t d e n s i t y i n a u g u r a t e s t h e pass ive s t a t e . A c c o r d i n g t o E . L ieb re i ch , 
d u r i n g c a t h o d i c po l a r i z a t i on , t h e c h a r g e d h y d r o g e n first f o r m e d a t t h e c a t h o d e 
is a b s o r b e d e i the r b y t h e m e t a l or b y t h e so lu t ion , l e av ing a film of so lu t ion con
t a i n i n g a n excess of h y d r o x y l ions w h i c h r e a c t w i t h t h e m e t a l t o fo rm bas i c sa l t s 
or h y d r o x i d e ; a s t h e po l a r i z a t i on increases , t h e inc reas ing q u a n t i t i e s of h y d r o g e n 
p r o d u c e d r e d u c e t h e s e sa l t s a g a i n t o m e t a l , a f te r w h i c h t h e h y d r o g e n is evo lved 
i n b u b b l e s . 

F . F o r s t e r , a n d H . L e e f o u n d t h a t t h e y ie ld is i n c r e a s e d b y r a i s i n g t h e t e m p . 
M. M. T i c h w i n s k y , a lso , f ound t h a t 0-3 v o l t m o r e is r e q u i r e d for t h e s e p a r a t i o n 
of i r on f rom a soln. of fe r rous s u l p h a t e in d a r k n e s s t h a n in l igh t . C. B e n e d i c k s 
a n d R . S u n d b e r g f o u n d t h a t t h e p o t e n t i a l of a c a r b o n s tee l is affected b y l i gh t 
p r o v i d e d t h a t some ferr ic ions a r e p r e s e n t . A pho to -ce l l w a s c o n s t r u c t e d b y m e a n s 
of t w o s t r i p s of s ta in less s tee l , s ince , w h e n i m m e r s e d in a soln. of fe r rous s u l p h a t e , 
l igh t inc reases t h e v a l u e of t h e e l ec t rode p o t e n t i a l , m a k i n g t h e s tee l s l igh t ly m o r e 
bas ic . 

A. F i n k e l s t e i n m e a s u r e d t h e c u r r e n t - v o l t a g e c u r v e s a t t h e a n o d e for soln . of 
ferrous sa l t s , a n d t h e r e su l t s a r e s h o w n in F i g . 275 ; a n d for soln . of ferr ic ch lo r ide 

F I G . 275 . C u r r e n t - V o l t a g e 
C u r v e s for F e r r o u s Chlo
r i d e S o l u t i o n s a t t h e 
A n o d e . 

u/-0 0-8 ^ 0-6 0-4 0* 

F I G . 276 . C u r r e n t - V o l t a g e 
C u r v e s for F e r r i c Ch lo r ide 
S o l u t i o n s a t t h e C a t h o d e . 

a t t h e c a t h o d e , i n F i g . 276. T h e b r e a k s i n t h e c u r v e s w i t h OITV-, Q-QlN-, a n d 
00017V-FeCl 3 occur r e spec t ive ly a t J E H = 0 - 8 2 , 0-79, a n d 0-75 v o l t . T h e so ln . 
were al l 0*17Y- w i t h r e s p e c t t o h y d r o c h l o r i c ac id . T h e c u r r e n t , C, is exp re s sed 
in a r b i t r a r y u n i t s . A . F i n k e l s t e i n sa id t h a t t h e b r e a k occur s a t t h e c a t h o d e w h e n 
t h e i ron itself s e p a r a t e s i n t h e ferric s t a t e ; a n d t h i s v e r y q u i c k l y is r e d u c e d t o 
ferrous i ron , w h i c h t h e n dissolves in t h e fer rous sa l t so ln .—v ide infra, p a s s ive i ron . 
A . F i n k e l s t e i n a lso d e t e r m i n e d t h e e.m.f. of i ron e lec t rodes a g a i n s t v a r i o u s soln. , 
a n d o b s e r v e d t h a t t h e a d d i t i o n of p o t a s s i u m c y a n i d e t o t h e soln . g r e a t l y lowers 
t h e e.m.f. ; a n d i n so ln . of m i x e d ferrous a n d ferr ic s a l t s , t h e e.m.f. decreases a s 
t h e fe r rous sa l t is r e p l a c e d b y ferric sa l t . C. F r e d e n h a g e n d i scussed w h e t h e r a t 
t h e e lec t rode d u r i n g t h e electrolysis of fe r rous or ferric s a l t soln. (i) a d i r e c t c h a n g e 
5V"-f-(e)^Fe"** occurs , a s s u p p o s e d b y A. F i n k e l s t e i n , o r (ii) w h e t h e r t h e ac t i on 
invo lves t h e s e c o n d a r y c h a n g e s H — ( c ) = H , o r 2 0 1 1 ' 4 - 2 ( C ) = H 2 O - ^ - O , a n d s u b 
s e q u e n t l y 2 H + 2 F e * " = 2 F e ' - f - 2 H \ or 0 4 - F e * 4 - H 2 0 = F e " 4 - 2 0 H ' . Acco rd ing t o 
R . A b e g g a n d J . N e u s t a d t , t h e p o t e n t i a l of fe r rous a n d ferr ic sa l t s d issolved in 
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p y r i d i n e is cons t an t , showing t h a t t h e c h a n g e is d i r ec t Fe* ' -Hc)=Fe***. I n t h e first 
case , t h e speed of t h e electr ical change d e p e n d s on t h e diffusion of t h e i r o n sa l t s t o 
t h e e lectrodes , a n d in t h e second case , on t h e speed of t h e chemica l r e a c t i o n s a s wel l . 
T h e speed of t h e chemica l r eac t ions a r e v e r y g r e a t , so t h a t t h e speed of t h e e lec t r ica l 
change d e p e n d s on ly on t h e r a t e of diffusion. Z . Karaoglanof f o b s e r v e d t h a t t h e 
r a t e of r e d u c t i o n of a ferric sa l t b y e lectrolysis d e p e n d s on t h e r a t e a t w h i c h ferr ic 
ions c a n b e c h a n g e d i n t o ferrous ions a t t h e e lec t rode , a n d o n t h e r a t e a t -which 
ferric ions c a n diffuse i n t o t h e layer of soln . in c o n t a c t w i t h t h e e lec t rode . I n a 
soln. "which is n o t s t i r red , convec t ion a lso o c c u r s ; owing t o t h e c h a n g e s of com
pos i t ion a n d dens i t y in t h e soln. n e a r t h e e lec t rode , c o n v e c t i o n c u r r e n t s a r e p r o 
d u c e d "which t e n d t o k e e p u p t h e c o n c e n t r a t i o n of t h e ferric ions a t t h e e l ec t rode . 
T h e s a m e cons idera t ions ho ld good for t h e o x i d a t i o n of a soln . of a fe r rous sa l t . 
T h e t i m e t du r i ng -which a c u r r e n t C m u s t flow i n o rde r t o d imin i sh t h e c o n c e n t r a 
t i o n of ferric or ferrous ions a t t h e e lec t rode t o such a v a l u e t h a t h y d r o g e n (or 
oxygen) is evo lved in a soln. of concen t r a t i on c, is g iven b y Cy/t=7cc9 w h e r e Jc is 
a c o n s t a n t which is p ropo r t i ona l t o t h e s q u a r e roo t of t h e diffusion coefficient 
of t h e sa l t . Th i s fo rmula is shown t o ho ld good for fer rous a n d ferric sa l t s so l o n g 
a s t h e c u r r e n t is n o t t o o smal l . F o r v e r y smal l c u r r e n t s , convec t ion a t t h e e lec
t r o d e suffices t o m a i n t a i n t h e c o n c e n t r a t i o n of t h e fer rous ions a b o v e t h e l i m i t 
a t wh ich gas is evo lved . T h e p o t e n t i a l of t h e e lec t rode d u r i n g t h e pe r iod i n -which 
t h e c o n c e n t r a t i o n of t h e i ron sa l t is d imin i sh ing is also meas i i red , a n d t h e c u r v e s 
o b t a i n e d a r e found t o h a v e t h e genera l fo rm r equ i r ed b y t h e a s s u m p t i o n s t h a t t h e 
loss of ferric ions a t t h e e lec t rode is be ing r ep laced b y diffusion, a n d t h a t t h e r e l a t i on 
b e t w e e n t h e p o t e n t i a l of t h e e lec t rode a n d t h e c o n c e n t r a t i o n of t h e soln . is g i v e n 
b y R . P e t e r s ' formula : JE^=HTlog{x/(l—cc)}-\-£J0, w h e r e x d e n o t e s t h e f rac t iona l 
p a r t of t h e i ron which is p r e sen t a s fer rous sa l t . T . G r a h a m ' s e x p e r i m e n t s show-
t h a t fer rous a n d ferric ions diffuse a t a b o u t t h e s a m e speed . 

I n t h e electrolysis of i ron sa l t s , t h e acidif icat ion of t h e soln . lowers t h e yie ld , 
a n d u n f a v o u r a b l y influences t h e n a t u r e of t h e depos i t . N e u t r a l so ln . g i v e t h e 
bes t r esu l t s ; b u t , a s s h o w n b y Gr. Coffetti a n d F . F d r s t e r , a n d A . R y s s a n d A . Bogo-
molny, w i t h t h e d i scharge of H"-ions a t t h e c a t h o d e , t h e r e is a t e n d e n c y t o fo rm 
some fer rous h y d r o x i d e which oxidizes easi ly , a n d is a p t t o spoi l t h e depos i t . I t 
is therefore adv i sab l e t o a d d t o t h e e lec t ro ly te some s u b s t a n c e -which h i n d e r s t h e 
p r ec ip i t a t i on of t h e h y d r o x i d e , a n d fo rms c o m p l e x i ron- ions . A . Classen, B . N e u 
m a n n , a n d E . F . S m i t h r e c o m m e n d e d fo rming c o m p l e x c i t r a t e s , t a r t r a t e s , o r 
oxa l a t e s for t h e e lec t rodepos i t ion of i r on for a n a l y t i c a l pu rposes , b u t o r d i n a r y 
chemica l processes a r e u sua l ly m o r e c o n v e n i e n t for t h e d e t e r m i n a t i o n of i ron . 
F . B r a u n discussed t h e e lectrostenolys i s of i ron—v ide coba l t . 

Accord ing t o A . S k r a b a l , t w o k i n d s of i ron a r e p r o d u c e d b y e lect rolys is . Type-^4 
is w h i t e , c o m p a c t , a n d v e r y h a r d , a n d i t is o b t a i n e d b y e lec t ro lyz ing a soln . of a 
fer rous sa l t w i t h a n i ron a n o d e , a n d sma l l c u r r e n t d e n s i t y ; whi le type-Z? is g r e y e r 
i n colour , less c o m p a c t , a n d softer t h a n type- -4 ,* i t is p r o d u c e d w h e n a p l a t i n u m 
a n o d e w i t h a la rge c u r r e n t d e n s i t y is e m p l o y e d , a n d a soln. of a c o m p l e x fe r rous 
sa l t . B y v a r y i n g t h e cond i t ions b e t w e e n t h e s e t w o e x t r e m e s , i n t e r m e d i a t e t y p e s 
m a y b e formed. B y e lec t ro lyz ing a soln . of fe r rous a m m o n i u m s u l p h a t e -with a 
p l a t i n u m c a t h o d e , a n a n o d e of e lec t ro ly t ic i ron , a n d a n e.m.f. of a b o u t 0*4 v o l t , 
t h e d e p o s i t is s i lvery w h i t e a n d sometini.es c rys t a l l i ne . I t d issolves s lowly i n 
warm, d i l . su lphur i c ac id , a n d r u s t s i n m o i s t a i r . S o m e t i m e s spec imens a r e o b t a i n e d 
•which a r e sca rce ly a t t a c k e d b y ac ids o r ha logens . Type--4 is a l w a y s h a r d , a n d 
i t u s u a l l y s c r a t c h e s glass ; i t is also b r i t t l e , b u t i t loses t h e s e qua l i t i e s w h e n i t is 
h e a t e d t o r ednes s . W h e n t h e i r on is e x p o s e d t o a i r , i t s lowly loses occ luded 
h y d r o g e n , a n d m o r e r a p i d l y w h e n i t is i m m e r s e d i n h o t w a t e r . Th i s loss of 
h y d r o g e n does n o t d i m i n i s h i t s h a r d n e s s a n d b r i t t l eness . A . S k r a b a l t h i n k s t h a t 
i r o n of type--dl is y - i ron , a n d i t is t he re fo re u n s t a b l e a t o r d i n a r y t e m p . W h e n 
heated , i t changes i n t o s t a b l e a - i ron w h i c h is soft . I t c a n n o t b e h a r d e n e d b y 
h e a t i n g a n d s u d d e n q u e n c h i n g , owing t o t h e h i g h t e m p , a t w h i c h y - i ron c h a n g e s 

sometini.es
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into /S-iron. The presence of large quanti t ies of hydrogen is a t t r ibu ted t o t h e 
greater solvent action of y-iron, which is known to dissolve carbon much more 
readily t h a n a-iron. H . Lee, F . Haber , and others have studied t h e hydrogen 
content of electrolytic iron—-vide infra, action of hydrogen. W. J . MtiUer and 
K. Konopicky discussed the residual cur ren t ; and A. M. Hasebrink, the electrolysis 
of a soln. of potassium, ni t ra te with iron electrodes. 

About 1820, T. J . Seebeck 4 first observed t h a t heat could be transformed 
into electrical energy—the so-called thermoelectric force—without the intervention 
of a liquid, and he arranged a number of metals and alloys in the order of their 
thermoelectric effects ; he also noted t h a t changes in t he order occurred as the 
temp, was gradually raised, bu t J . Cumming had also observed t h a t -when wires 
of copper, gold, etc., -were gradually heated in contact with iron, t he current 
generated rose to a maximum, fell off, and was reversed a t a red-heat. F . T. Trouton 
observed t h a t a thermoelectric current is produced in iron and steel by a moving 
source of heat , for if an iron or steel wire be heated t o redness a t any one point of 
its length, and the source of heat, such as a Bunsen flame, be moved along, an 
electric current is set up in the direction in which the flame travels. B y means of 
clockwork the flame can be caused t o move continuously, and a continuous circuit 
obtained. There are, however, no signs of e.m.f. in the circuit unti l the recalescent 
point is passed ; then re-glow takes place behind the moving flame and the cooling 
effect in front. This thermal difference is thought to be an effect of t he resul tant 
e.m.f., for i t ceases when the flame ceases to move, and is absent in those metals 
where recalescence does not occur. Ho t iron is thermoelectrically negative to 
cold iron, b u t a t the critical point a large increase in the e.m.f. is suddenly developed. 
H . Tomlinson has shown t h a t iron a t a bright red-heat in contact wi th iron a t the 
temp, of the air develops an e.m.f. of about one-twentieth of a volt, or upwards 
of twice t h a t between a bismuth and ant imony couple 'with a temp, difference of 
100° between their junctions. E . D . Campbell and B . A. Soule compared the 
thermoelectric force of t he two ends of a cooling bar of iron. The thermoelectric 
force of metals was studied by J . Galibourg, S. W. T. Smith and co-workers, 
P . Nicolau, and R. Cazaud ; G. Tammann, G. Tammann and G-. Bandel, A. Egal, 
and E . D. Campbell and W. C. Dowd studied the effect of heat- t reatment , etc., on 
the thermoelectric force of these metals against iron. 

The thermoelectric force of a couple made of annealed and unannealed iron 
showed a sharp maximum a t 490° and a minimum a t 790°. The e.m.f. of iron 
against platinum a t 100° when the cold joint is a t 0°, was found by W . Jager and 
H. Diesselhorst t o be 1-45 millivolt, where the positive sign means t h a t the current 
flows through the cold junction to the plat inum ; J . Dewar and J . A. Fleming 
gave 1-91 millivolt ; G. K. Burgess and H . Scott, 1-88 millivolt ; and E . Wagner, 
1*77 millivolt. A. Goetz gave for i?x l0—° volt per degree, with purified iron 
against pla t inum : 

650° 700° 760° 800° 850° 900° 910° 
E = 12O 14-5 17O 18-5 1 9 0 19-5 10-5 

950° 1000° 1100° 1200° 1800° 1400° 1405° 1450° 
E = H O 12-5 15 18 19-5 23 26 27 
G. K. Burgess and H. Scott 's results for the thermoelectric force of a pla t inum-

iron couple with iron of 99-968 per cent, puri ty, are shown in Fig. 277. They 
say : the A3-transformation in iron is indicated by a marked discontinuity, Ac3 
being always above Ar3 . The arrests are located a t approximately t he same 
temp, by the thermal , crystallographic, magnetic, electrical resistance, dilatational 
and thermoelectric methods, namely, Ar3 jus t below 900°, and Ac3 slightly above 
910° O. These physical discontinuities are apparent ly all a measure of t he same 
transformation. A t t h e A2-arrest, t he thermoelectric force-temp, curve has a 
break, or change in direction ; and the other physical properties, except the crystal
lographic change, which has not been detected a t A2 , appear to undergo abrupt 
but slight modification—except for the magnetic change, which is relatively 
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e n o r m o u s h e r e . I t is c o n s i d e r e d t h a t t h e A 2 - a n d A 3 - t r a n s f o r m a t i o n s a r e e s s e n t i a l l y 
d i f f e r en t i n k i n d , b u t n e v e r t h e l e s s b o t h h a v e a d i s t i n c t p h y s i c a l e x i s t e n c e ; o r , i n 
o t h e r w o r d s , A 2 a n d A 3 a r e c r i t i c a l p o i n t s t h a t m a y b e s a i d t o d e l i m i t a - , /J-, a n d 

y - i r o n . T h e r e a p p e a r s t o b e n o b r e a k o r d i s 
c o n t i n u i t y i n t h e t h e r m o e l e c t r i c p r o p e r t i e s of 
i r o n b e t w e e n 0 ° a n d 7 6 8 ° ; t h e a c t u a l s h a p e of 
t h e c u r v e fo r t h e t h e r m o e l e c t r i c f o r c e i s , of 
c o u r s e , c o n t r i b u t e d t o b y b o t h t h e i r o n a n d 
t h e p l a t i n u m . A t a b o u t 8 8 0 ° , i n t h e yS-range, 
t h e r e a p p e a r s t o b e a s l i g h t d i s c o n t i n u i t y i n 
t h e t h e r m o e l e c t r i c p r o p e r t i e s of i r o n . T h e 
s u b j e c t w a s a l s o s t u d i e d b y J . F . T . B e r l i n e r , 
a n d J . G a l i b o u r g . J . T h i e l e s t u d i e d t h e effect 
of a g e i n g o n t h e r e s u l t . W . B r o n i e w s k y o b -

F i a . 277 .—The Thermoe lec t r i c Fo rce s e r v e d a c r i t i c a l p o i n t a t 1 0 2 0 ° w i t h a t h e r m o -
a n d Pe l t i e r Effect w i t h t h e P l a t i - c o u p l e of p l a t i n u m a n d e l e c t r o l y t i c i r o n . 
n u m - I r o n Couple. G B e l l o c o b t a i n e d t h e r e s u l t s s u m m a r i z e d i n 

F i g . 2 7 8 fo r s t e e l s c o n t a i n i n g d i f f e r e n t p r o p o r t i o n s of c a r b o n a g a i n s t p l a t i n u m . 
T h e m i n i m u m a t 3 8 0 ° h a s n o t b e e n e x p l a i n e d . H e s a i d t h a t h i s o b s e r v a t i o n s 
s h o w t h a t /? - i ron f o r m s so l id s o l n . w i t h a - i r o n b e t w e e n 7 3 0 ° a n d 7 5 0 ° , a n d w i t h 

y - i r o n b e t w e e n 9 5 0 ° a n d 1 0 2 0 ° . S o m e o t h e r e x p l a n a t i o n 
t h a n t h i s i s p r o b a b l y n e e d e d . M . v o n L a u e a n d G . S i l j e -
l i o l m o b s e r v e d a n a b n o r m a l effect n e a r t h e A 3 - a r r e s t . O b 
s e r v a t i o n s w e r e a l s o m a d e b y O . C h w o l s o n , J . I i . A . M o u s -
soi i , H . G . M a g n u s , a n d W . T h o m s o n ( L o r d K e l v i n ) , w h o 
f o u n d t h a t h a r d - t e m p e r e d s t e e l i s t h e n e g a t i v e t o so f t 

i^ o~J ~idd" 800° /ZOO' s t e e l . F o r c o u p l e s of m a g n e t i z e d a n d n o n - m a g n e t i z e d i r o n , 
F i o . 278. — The rmo- vide infra. T h e d i f f e r e n t i a l s of t h e p l a t i n u m - p l a t i n u m 

electr ic Fo rce of t h e r h o d i u m c o u p l e , a n d of t h e p l a t i n u m - e l e c t r o l y t i c i r o n c o u p l e 
I r o S / c o p ^ C o u p l e s " 1 w i t h t e m P - w e r e m e a s u r e d b y W . S c h n e i d e r , a n d t h e c u r v e 

" fo r t h e p l a t i n u m - i r o n c o u p l e , p l o t t e d i n F i g . 2 8 0 , s h o w s a 
c h a n g e of d i r e c t i o n a t A 2 , a n d s h a r p b r e a k s a t A 3 a n d A 4 . S o m e h y s t e r e s i s i s 
s h o w n a t t h e A 3 - a r r e s t . 

-Zr---

/000° //00^ 

F i o . 279 .—The Thermoelec t r i c F o r c e of 
P l a t i n u m a g a i n s t I ron -Carbon Al loys . 

5 /0 
r/ier/r?oe/?c£r/'c force—m/crowlts 

F i o . 280. — T h e Thermoe lec 
t r i c F o r c e of t h e I r o n - P l a t i n u m 
Couple a g a i n s t a P l a t i n u m -
P l a t i n u m R h o d i u m Couple . 

/5 

W . H . K e e s o m a n d c o - w o r k e r s m e a s u r e d t h e t h e r m o e l e c t r i c f o r ce of i r o n a g a i n s t 
a g o l d - s i l v e r a l l o y b e t w e e n — 2 5 6 ° a n d 2 0 ° . C . D a n n e c k e r m e a s u r e d t h e e m f 
o f i r o n a g a i n s t constantan a n d f o u n d fo r t h e e.m.f. i n m i l l i v o l t s : 

$3.m.f. 
-185° 
-7O 

— 80° 
-3 -4 

0° 
0 

ioo° 
+ 5 1 

300° 
+ 1 5 1 

500° 
+ 25-7 

700° 
+ 36-2 

900° 
4-47-9 
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185° 
5 0 8 

0° 
0 

100° 
+ 3 1 3 

300° 
+ 9-2 

500° 
+ 1 1 - 8 

700° 
+ 1 4 - 9 

900° 
+ 1 9 - 5 

1100° 
+ 2 3 - 7 

F . H o f f m a n n a n d A. Schulze o b t a i n e d v a l u e s b e t w e e n 0-1 a n d 1-0 mi l l ivo l t l a rger . 
R . v o n D a l l w i t z - W e g n e r s t u d i e d t h e sub jec t . W . R o h n , E . P . H a r r i s o n , a n d 
L. H o l b o r n a n d co-workers o b t a i n e d for i ron aga in s t nickel: 

E.m. f . 

J . P . J o u l e found t h a t o r d i n a r y ca s t i ron is t h e r m o e l e c t r i c a l l y n e g a t i v e t o w a r d s 
copper. H . K . Onnes a n d Gr. H o i s t g a v e for i ron a g a i n s t c o p p e r a t —192° , —250° , 
—268-74°, a n d —269-80°, r e spec t ive ly —1-293 , —1-319, —1-309, a n d —1-309 
mil l ivol ts . E . L . D u p u y a n d A . M. P o r t e v i n found t h e t h e r m a l e.m.f. of v a r i o u s 
s teels a g a i n s t copper , in mi l l ivol ts , w h e n t h e s teel c o n t a i n e d u p t o 0-05 p e r cen t , 
of sil icon ; u p t o 0-09 M n ; u p t o 0-025 P ; 0-022 S ; a n d O-Oll As : 

C a r b o n 
AimealecU JQQO 

H a r d e n e d j i o o ° 

0 
12-2O 

8 -70 

.— 

0 0 7 
1 8 - 7 1 

8 - 5 5 
1 2 - 3 5 

8 - 7 3 

0 - 2 4 
1 0 - 9 0 

7 - 6 5 
9 - 8 1 
0 -93 

0 - 4 4 
9 - 5 0 
6-2O 
5-IO 
3 - 4 6 

0 - 7 9 
7-9O 
5-4O 
0 - 9 2 

— 1-32 

1 1 2 
5 - 9 0 
4-IO 

^ 5 - 1 5 
— 5 - 7 0 

1-58 p e r c e n t 
6 -61 
4 1 5 

— 6-4O 
— 15-8O 

0.2 o-4 0-6- 0-8 /-0 J-Z /-4 /SXC 
F i a . 2 8 1 . — T h e T h e r m o e l e c t r i c F o r c e of I r o n 

and. S o m e Al loys . 

F o r t h e s e p e r c e n t a g e s of c a r b o n , c, for a n n e a l e d s teels , t h e e.m.f. i n mi l l ivo l t s p e r 
degree b e t w e e n —78° a n d 0° is JE'=5-6c-{-12-2, a n d b e t w e e n 0° a n d 100°, 
/ ^ ^ 4 - 6 0 + 8 - 7 ; a n d for h a r d e n e d 
steels b e t w e e n —78° a n d 0° , 
E-—16-7c~{-13-5, a n d b e t w e e n 
0° a n d 100°, j&'==—13-9c+9-9. 
T h e decrease in t h e e.m.f. w i t h 
inc reas ing c a r b o n is m o r e r a p i d 
w i t h h a r d e n e d t h a n wi th a n n e a l e d 
s teels , o w i n g t o t h e p a s s a g e of 
c a r b o n i n t o sol id soln . i n t h e 
q u e n c h e d s tee ls . F o r t h e effect 
w i t h a l loy s teels , vide t h e respec
t i v e a l loys . E . !Dubois f o u n d t h a t 
t h e t h e r m o e l e c t r i c effect a g a i n s t 
copper becomes e l ec t ronega t ive 
af ter t h e m e t a l h a s b e e n h e a t e d 
a n d s u b s e q u e n t l y cooled. K. N u b e l s t u d i e d t h e effect w i t h i ron a n d h y d r o -
genized i ron . E . D . C a m p b e l l a n d B . A. Soule e x a m i n e d t h e t h e r m o e l e c t r i c force 
of e lec t ro ly t ic i r on a g a i n s t q u e n c h e d c a r b o n , si l icon, n icke l a n d m a n g a n e s e s tee ls 
a t 950°. T h e effects of t e m p e r i n g a l loy s teels a t a b o u t 110° were g r e a t e r t h a n 
w i t h t h e c a r b o n s teels . E . D . C a m p b e l l a n d H . W . M o h r o b t a i n e d t h e r e su l t s 
s u m m a r i z e d in F i g . 2 8 1 , for t h e t h e r m o e l e c t r i c force i n mic rovo l t s p e r degree , 
w i t h a l loys h a r d e n e d b y q u e n c h i n g a t 950° , a n d t h e n 
a n n e a l e d a t 800° . W . H . R o s s , a n d C. W . H e a p s dis
cussed t h e t h e r m o e l e c t r i c force of t r a n s v e r s e l y a n d 
long i tud ina l ly m a g n e t i z e d i ron . 

W . B r o n i e w s k y o b s e r v e d a cr i t ica l p o i n t a t 730° 
w i t h a t h e r m o c o u p l e of c o p p e r a n d e lec t ro ly t ic i r o n — 
d o t t e d l ine , F i g . 2 8 1 . T h i s t e m p , is p r o b a b l y a low 
r e a d i n g for t h e 769° of W . Schne ide r . T h e r e w a s 
also a b r e a k a t 950°. E . P . H a r r i s o n ' s r e su l t s for t h e 
i ron -copper coup le , c o n t i n u o u s l ine , F i g . 278 , s h o w e d 
a b r e a k a t 859°, w h i c h is n e a r t h e A 3 - a r res t . Obser 
v a t i o n s on t h e s u b j e c t were m a d e b y F . E . B a s h . 
V . S t r o u h a l a n d C. B a r u s g a v e t h e r e su l t s s h o w n i n 
F i g . 282 for t h e t h e r m o e l e c t r i c force of silver a g a i n s t h a r d e n e d s teel , a n d t h e s a m e 
s teel a n n e a l e d a t different t e m p . P . G. T a i t found t h a t t h e t h e r m o e l e c t r i c force 
of i ron a g a i n s t lead is 16*2 mic rovo l t s a t 20° , a n d 14-74 a t 5 0 ° ; t h e t he rmoe lec t r i c 

o~ ^zxKrsatiar&Gofw 

F i o . 2 8 2 . — T h e Effect of t h e 
A n n e a l i n g T e m p e r a t u r e o n 
t h e T h e r m o e l e c t r i c F o r c e 
of S tee l a g a i n s t S i lver . 
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power, dJS/dO—17-15—0*04820, and the neutral point, is 356°. Observations were 
also made by A. Matthiessen, and E. Becquerel. P. G-. Tait also noticed that the 
thermoelectric force of iron alters suddenly in a remarkable way at a red-heat. 
P. Nicolau examined the thermoelectric force of iron against mercury. G. Borelius 
observed a number of critical points in the thermoelectric force of the couple of 
iron and tungsten—vide supra, the allotropes of iron. 

H. F. Ne wall, and F. T. Trouton observed that the change which occurs when 
iron or steel passes through a red-heat can be shown by the thermoelectric current 
generated when a short portion of wire is made red-hot by the name of a lamp, 
if the flame is moved slowly, the direction of the current depends on the direction 
in which the flame travels. W. F. Barrett called the phenomenon thermoelectric 
hysteresis. H. Ie Chatelier, and O. Boudouard attempted to apply the pheno
menon to the study of allotropic changes ; C. Benedicks devised an apparatus 
for locally heating a wire by a small electric furnace through "which the wire travels 
with a uniform speed. No discontinuity in the thermoelectric effect corresponding 
with the A2-arrest was observed ; but there is a marked discontinuity correspond
ing with the A3-arrest. For magnetized and non-magnetized wires, vide infra. 
C R . Darling and R. H. Rinaldi found with a couple of iron and an alloy of t in 
with 60 per cent, of bismuth shows a re-inversion, for with the cold junction at 0°, 
the e.m.f. is zero when the hot junction is at 0°, 100°, or 350° ; during the first 
interval it is negative with a maximum of 0*5 mvolt, for the second interval, positive 
with a maximum at 0-13 mvolt ; and it becomes increasingly negative above 
350°. 

According to A. Goetz, "when a thermocouple of iron is so arranged that one 
of the wires is heated through the transition temp., there is a big decrease in the 

thermoelectric power as iron passes from the a- to 
the )8-state, and a big increase as the iron passes 
from the y- to the S-state. Iron with the body-
centred lattice structure is positive "with respect to 
iron with the face-centred structure. E. Cohn, and 
J. A. Ewing found that there is much hysteresis of 
the thermoelectric properties of iron "with respect to 
stress. The effect of a load on the thermoelectric 
properties of iron, and the hysteresis are illustrated 
by Fig. 283. The subject was also studied by 
W. Thomson (Lord Kelvin), C. A. P. Turner, 
H. G. Magnus, G. W. von Tunzelmann, and R. Over-
beck. S. W. J. Smith and co-workers, and L. J. Neu-
man studied the thermoelectric force between an
nealed and strain-hardened specimens of iron ; 
O. Tesche, between <x- and y-iron; H. Broili, and 
J. Kousmine, between magnetized and non-magne
tized iron ; and M. Maclean found for a thermocouple 

of drawn and undrawn wires of annealed steel an e.m.f. of 0-1028 microvolt per 
degree difference of temp. With iron wires one unstretched and the other 
stretched, the thermoelectric current passes from the unstretched to the stretched 
wire, and 
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F I G . 283 .—The Effect of Load 
o n t h e Thermoelectric Pro
perties of Iron. 

25O 5OO 75O 

0 0 2 3 

Tota l load 
Temporary 

e longat ion 
P e r m a n e n t 
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Kowalke's observations on the thermoelectric force of the cobalt-
Ie, vide infra, cobalt; and for couples of iron with aluminium-
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nickel, and copper-nickel alloys, vide infra, nickel alloys. A. Smits and 
J . Spuyman studied the iron and t in thermocouple. P . W. Bridgman found 
the thermoelectric effect, E volts, of iron against lead a t a tm. press, t o be 
#=(16'180—OOO8902—0-0000860») x 10-« volts for annealed ingot i r o n ; 
^=(15-920—OO1O602—OOOOO560S) X 10-« volts for hard-drawn ingot iron ; and 
j£=(16-560—OOO3302-—0-00012203) X10-« volts for annealed commercial iron. 
The thermoelectric force a t different temp, and press., p kgrms. per sq. cm., of a 
junction of compressed and uncompressed metal -was : 

. 
*io° 
2 0 ° 
3 0 ° 
4 0 ° 
6 0 ° 
8 0 ° 

1 0 0 ° 

Annealed ingot iron 
A 

2,0OO 
- 0 - O 8 
— 0 0 8 
+ 0 0 3 

0 1 7 
0 - 6 6 
1-21 
1-67 

6 ,00O 
— 0 - 2 7 
— 0 - 2 8 
— O I O 
4 - 0 - 2 2 

1-27 
3 - 1 5 
4-6O 

1 2 , 0 0 0 
— 0 - 8 4 
— 0 - 9 9 
— 0 - 8 1 
— 0 - 4 1 
+ 1-4O 

4 - 8 9 
7 -68 

Sard-drawn ingot Iron 

2 , 0 0 0 
— O O l 
-hO-02 

O-IO 
0 - 2 3 
0 - 6 2 
1-27 
2 - 3 0 

6 , 0 0 0 
— 0 - 2 1 
— 0 - 2 4 
— 0 - 1 1 
-hO-21 

1-43 
3-4O 
6 - 6 9 

1 2 , 0 0 0 
— 0 - 5 7 
— 0 - 7 4 
— 0 - 5 4 
+ OOl 

2-2O 
6 - 1 2 

1 2 - 8 0 

Commercial iron 

2 , 0 0 0 
— 0 - 0 4 
— 0 - 0 3 
-f-O-04 

0 - 1 5 
0 - 4 6 
1-02 
2 - 3 4 

6 , 0 0 0 
— 0 - 2 2 
— 0 - 2 9 
— 0 1 9 
+ 0 - 0 7 

0 - 9 3 
2 - 4 7 
5 - 6 8 

1 2 , 0 0 0 
— 0 - 7 5 
— 1 1 2 
- M O 
— 0 - 8 2 
-j-O-44 

3 1 9 
9 - 5 6 

E. Wagner found for a couple of simple iron wires, one element of which is a t a 
press, of a kgrm. per sq. cm. higher t h a n the other, 12*5 X 1O - 1 2 volt per degree 
between 0° and 100°, and t h a t the current flows through the hot joint from the 
metal a t the lower press, to t h a t a t the higher press. The subject was studied by 
A. E . Caswell. P . W. Bridgman found t h a t the thermal e.m.f. from annealed ingot 
iron when one piece is subjected to a tension T up to 500 kgrms. per sq. em., is 
JE

,= (0-0120T—005235r2) X 10~6 volts a t 52°, and ^=(0-0223T—00 2 42T2) x 10~6 
volts a t 95°. The e.m.f. is from the unstretched to the stretched wire a t t he hot 
junction. H . Tomlinson observed t h a t the thermoelectric force is increased by 
longitudinal traction, and also by a longitudinal magnetic force- K . Tsuruta 
discussed the effects of longitudinal stress on t h e thermoelectric properties of iron. 
S. L. Brown and L. O. Shuddemagen found for the thermoelectric force of iron 
against cupric oxide, and also against ferrosic oxide, when the cold junction is 20°, 
and the hot junction : 

CuO Fe 3 O 4 
r "** •. /" * -» 

100° 322° 497° 642° 90° 265° 517° 693° 
E . m . f . . 0 - 0 8 5 0 - 2 8 0 0 - 4 1 0 0 - 5 0 3 0 0 3 0 0 - 1 0 4 0 - 2 1 1 0 - 3 0 0 v o l t 

G. Borelius and F . Gunneson quenched wires from a series of gradually rising 
temp., and made the wires into couples with untreated wires, and plot ted the 
results against t emp. The proportion of occluded gas modified the curves, b u t 
with gas-free metal, there were many breaks in t he curves. R. Niibel studied the 
thermoelectric force of hydrogenized and ordinary iron, where the current Ao1WS 
from the uncharged to the charged metal. F . C. Thompson and E. Whitehead 
observed critical temp, in the thermoelectric force of iron against pla t inum. 
A. Goetz observed t h a t with iron of a high degree of pur i ty there is a great decrease 
in the thermoelectric force as the metal passes from the y- t o the <x-state, and an 
increase on passing from the a- t o the y-state, so t h a t the body centred lattice 
structure is thermoelectrically positive to the face centre. E . T). Campbell and 
H. W. Mohr investigated the thermoelectric potential of iron and iron-carbon 
alloys. W. Ogawa studied the activation of galena by iron salts for a radiodetector ; 
T. Stransky, i ron ; and W. Jackson, steel-carborundum as a radiodetector. 

G. K. Burgess and H. Scott 's results for t h e Peltier effect are sum
marized in Fig. 277. A. Campbell found the neutral point in the Peltier 
effect with cadmium and iron is 144° ; with zinc and iron, 196-7° ; and he 
also observed t h e Peltier effect with iron and nickel-silver. The subject was 
discussed by B . H . Hall . * U. P . LeIy studied the effect with iron and copper. 
The Peltier effect, p volts, with iron against lead was found to be 
^={16-18—001780—O-OOO2580«){0-t-273) X 10~« volts for annealed ingot i ron; 
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7>=(15-92 — 0 0 2 1 2 0 — O-OOO16802)(0+273) X 1 0 ~ 6 vo l t s for h a r d - d r a w n i n g o t i r o n ; 
a n d P = (16-56—000660—0-0003660 2XA+273) X 1 0 - « vo l t s for commerc i a l i r on . 
A n d t h e Pel t ier effect, P , in joules p e r cou lomb , a t different t e m p , a n d press . , 
p k g r m s . pe r sq. cm. , for a j unc t i on of compressed a n d u n c o m p r e s s e d a n n e a l e d 
ingot i ron , was : 

U° 20° 40° 60° 80° 100° 

{ 2,000 . —3-3 -j-0-9 + 5 - 6 + 9 - 3 + 8 - 8 + 7 - 5 

6,000 . —10-9 4-2-6 4-12-2 4-24-7 4-34-3 4-14-9 
12,0OO . —38-3 4-1*2 4-15-7 4-5OO + 6 2 - 2 4-35-8 

Accord ing t o P . W . B r i d g m a n , t h e T h o m s o n effect, cr vo l t s , w i t h i ron a g a i n s t 
lead was o-^(—0-0178 — 0-0005160) ( 0 + 2 7 3 ) X 10~« vo l t s p e r degree for a n n e a l e d 
ingo t i r o n ; cx=( — 0 0 2 1 2 - 000033330) ( 0 + 2 7 3 ) X 10~6 vo l t s pe r degree for h a r d -
d r a w n ingot i ron ; a n d o—(—0-0066—0-0007320)—(0+273) X 10~o vo l t s for a n n e a l e d 
commerc ia l i ron. T h e thermoelec t r ic effect, cr X 10~8 joules p e r cou lomb p e r degree , 
b e t w e e n t h e compressed a n d uncompressed annea led ingo t i ron , w a s : 

0° 20° 40° 60° 80° IOO" 
l 2,0OO . 4-17 H-23 4-25 4-5 —10-6 —5-6 

j>{ 6,000 . 4-79 4-56 4-37 4-79 —11 —121 
112,000 . 4-347 4 106 4-63 4 180 - 56 —194 

J . Y o u n g obse rved t h a t w i t h a n n e a l e d wires b e t w e e n 40° a n d 300°, t h e T h o m s o n 
effect increases w i th t h e c a r b o n - c o n t e n t ; i t decreases regu la r ly w i th a rise of t e m p . 
u p t o 200°, when i t becomes i r regular , a n d t h e n passes t h r o u g h a m i n i m u m va lue . 
T h e curves for t h e the rmoelec t r i c force of i ron or n ickel a g a i n s t p l a t i n u m show a 
b reak in t h e ne ighbourhood of t h e Curie p o i n t . Th i s cor responds w i th a m o r e 
or less r ap id change in t h e T h o m s o n effect, or t h e " specific h e a t of e l ec t r i c i ty . " 
Th i s sub jec t was s tud i ed b y J . Dor fman a n d co-workers ; a n d t h e e lec t ronic 
t h e o r y of t h e p h e n o m e n o n , b y E . O. S tonier . H . E . S m i t h found t h a t t h e T h o m s o n 
effect wi th i ron is c r X l O " ° - =—2-125 cals. pe r cou lomb pe r degree ; i t decreases w i t h 
t e n s i o n b y becoming less nega t ive u n t i l t h e elast ic l imi t is r eached , w h e n t h e effect 
increases w i th tens ion a n d follows a definite cycle on r e m o v i n g a n d r e s to r ing t h e 
s t r a in . T h e T h o m s o n effect in i ron a n d steels was s t u d i e d b y J . Y o u n g , w h o found 
t h a t t h e effect increases w i th t h e c a r b o n - c o n t e n t a n d passes t h r o u g h a m i n i m u m 
v a l u e nea r 250°. 

T h e so-called Ha l l effect, d iscovered b y E . H . H a l l 5 in 1879, refers t o t h e 
p h e n o m e n o n which occurs w h e n a n e lec t r ica l c u r r e n t pass ing b e t w e e n t w o p o i n t s 
in a t h i n m e t a l p l a t e is i n t r o d u c e d i n t o a m a g n e t i c field so t h a t t h e p l ane is a t r i gh t -
angles t o t h e m a g n e t i c field, w h e r e u p o n t h e e q u i p o t e n t i a l l ines, loca ted b y t h e vol t 
m e t e r , a r e d i s t o r t ed so t h a t t h e electr ical c u r r e n t no longer h a s t h e s a m e p o t e n t i a l a s 
before. T h e e.m.f., E9 se t u p is g iven b y E = —ItHiJd, where H deno tes t h e m a g n e t i c 
field ; i, t h e c u r r e n t ; a n d d cm. t h e th i ckness of t h e p l a t e—al l o t h e r m a g n i t u d e s 
a r e expressed in abso lu t e u n i t s . If R deno te s t h e H a l l coeff., A. W . S m i t h found 
t h a t 7 2 X 1 0 6 = 1 0 , 3 0 0 for i ron wi th # = 1 7 , 0 0 0 gauss a t 1 8 ° ; E . H . H a l l a n d 
L . L . Campbe l l , Rx 1 0 6 = 7 9 4 0 for # = 5 3 0 0 a t 13° ; F . U n w i n , 7 2 = 1 0 6 = 8 7 0 0 a t 
1 8 ° ; H . Z a h n , 7 2 x 1 0 6 = 1 0 , 8 0 0 for 7 7 = 6 2 9 0 a t 1 8 ° ; J . Kon igsbe rge r a n d 
G. G o t t s t e i n , 7 2 x 1 0 6 = 1 0 , 0 0 0 a t 18°, a n d H . B . P e a c o c k g a v e 7 2 x 1 0 6 = 1 6 , 0 0 0 
a t 18° for films of i ron 270fxjx t h ick . W . L.. W e b s t e r s tud ied t h e H a l l effect w i t h 
s ingle c rys ta l s of i ron ; a n d A. Mazzar i , t h e effect of v e r y in tense m a g n e t i c fields on 
t h e p h e n o m e n o n . T h e H a l l effect w a s also m e a s u r e d b y E . Bossa , M. C a n t o n e 
a n d E . Bossa , E . M. P u g h a n d T . W . L i p p e r t , W . Y . C h a n g a n d W . B a n d , 
L.. J. N e u m a n , H . B . Peacock , J . C. S te inberg , a n d P . I . W o l d ; a n d H . A t h e r t h u m 
o b t a i n e d va lue s b e t w e e n —253° a n d 18°, for va lues of H n o t s t a t e d ; a n d W . F r e y , 
v a l u e s b e t w e e n 236° a n d 1100° for # = 4 0 9 0 t o 5500, w i th a cri t ical p o i n t b e t w e e n 
620° a n d 920° : 

— 283° —190° —79° 18° 2B6° 470° ©20° 920° 1000° 1100» 
J&XlfP* • 1140 133O 4090 11,230 4610 13,200 21,800 1620 735 459 
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F I G . 2 8 4 . — T h e Corb ino 
Effect -with. I r o n . 

O. M. Corbino observed t h a t w h e n a un i fo rm rad ia l c u r r e n t flows t h r o u g h a 
c i rcular d isc of m e t a l , p l aced in a m a g n e t i c field n o r m a l t o t h e p l a n e of t h e d isc , 
t h e r e is p r o d u c e d a c i rcular cu r r en t , t h e dens i t y of wh ich is inver se ly p r o 
por t iona l t o t h e r a d i u s . T h e p h e n o m e n o n is cal led 
t h e Corbino effect. If C d eno t e s t h e c i rcular 
cu r r en t ; JT, t h e r ad ica l c u r r e n t ; M9 t h e m u t u a l 
i n d u c t a n c e b e t w e e n t h e c u r r e n t C a n d t h e coil 
p laced n e a r t h e disc ; a n d m, t h e s t a n d a r d m u t u a l 
i n d u c t a n c e , t h e n MC—ml. T h e v a l u e of m/H r e 
ferred t o t h a t of copper , u n i t y , is 16*4:, a n d t h e corre
spond ing v a l u e for t h e H a l l effect, copper u n i t y , is 
21*9 in a field / 2 = 3 7 0 0 . Obse rva t ions were m a d e 
b y E . P . A d a m s a n d A. K . C h a p m a n . A. K . C h a p 
m a n found t h a t for i ron , w i t h a Iow field, t h e v a l u e of 
m/H is zero u p t o a field of a b o u t H ==760 (Fig. 284), 
i t t h e n rises t o a s h a r p m a x i m u m a t 950° ; falls t o 
half t h e m a x i m u m v a l u e for i f — 5 0 0 ; a n d slowly increases u p t o # = 1 0 , 0 0 0 . 
Below # = 3 0 0 , t h e Corbino effect unde rgoes a reversa l . 

F e r r o m a g n e t i c subs t ances b e h a v e r a t h e r differently f rom d i a m a g n e t i c a n d 
p a r a m a g n e t i c subs tances , for t h e t r a n s v e r s e H a l l effect in t h e l a t t e r cases a r e d i rec t ly 
p ropor t i ona l t o t h e m a g n e t i c field for all fields ob t a inab l e , whi l s t w i th fe r romagne t i c 
subs t ances , d i rec t p r o p o r t i o n a l i t y ho lds on ly u p t o t h e region of m a x i m u m per
meabi l i ty , a s i nd ica t ed b y E . M. P u g h ; a n d a b o v e t h a t po in t , A. W . S m i t h found 
t h a t t h e r a t e of increase of t h e H a l l effect w i t h t h e field decreases . A. l v u n d t , 
a n d t h e ear ly workers t h o u g h t t h a t t h e effect -with f e r romagne t i c subs t ances was 
X>roportional t o t h e i n t e n s i t y of m a g n e t i z a t i o n , / , r a t h e r t h a n t o t h e i nduc t i on , H9 
t h e q u a n t i t y a lways m e a s u r e d . A t low fields, £t a n d / could n o t b e d i s t ingu ished , 
b u t a t h igher fields, n e a r t h e s a t u r a t i o n p o i n t , t h e H a l l effect w a s shown t o b e m o r e 
nea r ly p ropo r t i ona l t o t h e m a g n e t i c i n t ens i t y , / , t h a n t o e i the r t h e m a g n e t i c 
i nduc t ion , B9 or t h e m a g n e t i c field, H. E . M. P u g h found t h e H a l l effect w i t h steel 
t o be a s ingle-valued, l inear func t ion of t h e i n t e n s i t y of m a g n e t i z a t i o n , I9 b u t 
ne i the r a s ingle-valued nor a s t ra igh t - l ine funct ion of e i the r t h e magne t i c i nduc t ion , 
B9 or t h e m a g n e t i c field, H. Th is appl ies t o b o t h t h e v i rg in curves a n d t h e b r o a d 
hys teres is loops. A. W . S m i t h a n d R . W . Sears found t h a t t h e H a l l e.m.f., c, for 
fe r romagne t i c subs t ances c a n b e w r i t t e n e = R 0 H - ^ R 1 I 9 w h e r e R0 is a c o n s t a n t 
near ly i n d e p e n d e n t of t h e ma te r i a l , a n d R1 is a c o n s t a n t which m a y h a v e a n y v a l u e , 
pos i t ive or nega t ive , d e p e n d i n g on t h e m a t e r i a l e x a m i n e d . 

T h e so-called E t t ingshausen-Nerns t effect, d i scovered b y A. v o n E t t i n g s h a u s e n 
a n d W . N e r n s t in 1886, refers t o t h e p h e n o m e n o n wh ich occurs w h e n a c u r r e n t of 
h e a t is flowing in t h e t h i n m e t a l p l a t e , a n d t h e p l a t e is i n t r o d u c e d i n to a m a g n e t i c 
field so t h a t t h e p l a t e is a t r igh t -angles t o t h e field, w h e r e u p o n difference of p o t e n t i a l 
is deve loped u n d e r cond i t ions -where, w i t h o u t t h e m a g n e t i c field, n o difference 
occurred . T h e e.m.f., E9 se t u p is E=QbH{dT/dl)9 whe re b c m . deno t e s t h e w i d t h 
of t h e p l a t e ; H9 t h e m a g n e t i c field ; a n d dT/dl t h e t e m p , g r a d i e n t i n t h e p l a t e , 
of l eng th , I cm. , in degrees of t e m p , pe r cm.—al l o t h e r m a g n i t u d e s in a b s o l u t e 
un i t s . L e t Q d e n o t e t h e E t t i n g s h a u s e n - N e r n s t coeff. F . U n w i n found t h a t 
Q x 1 0 6 = 5 2 0 for i ron a t 18° ; H . Z a h n , Q X 1 0 6 = 1 0 5 0 for # = 6 2 9 0 gauss a t 18°, 
a n d < 2 x l 0 6 = — 1 6 6 0 a t 5 5 ° ; E . H . H a l l a n d L . L . Campbe l l , £ x K ) 6 = + 8 6 0 
for # = 5 5 5 0 a t 3 1 ° ; a n d a t 60°, Q X 1 0 6 = — 9 8 0 ; a n £ A . W . S m i t h g a v e 
Q x l 0 6 = _ 8 1 0 for H=17,00O t o 18,000 a t 60° . P . W . B r i d g m a n discussed 
t h e re la t ionsh ip b e t w e e n t h e four p h e n o m e n a . 

T h e so-called E t t i n g s h a u s e n effect, d i scovered b y A . v o n E t t i n g s h a u s e n in 1886, 
refers t o t h e p h e n o m e n o n which occurs w h e n a n electr ic c u r r e n t is pass ing b e t w e e n 
t w o p o i n t s i n a t h i n m e t a l p l a t e wh ich is t h e n p l aced i n a t r a n s v e r s e m a g n e t i c 
field, w h e r e u p o n a difference of t e m p , is deve loped b e t w e e n t h e u p p e r a n d lower 
faces w h e r e n o difference exis t s in t h e absence of t h e m a g n e t i c field. L e t dT d eno te 
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t h e difference of t e m p , be tween t w o p o i n t s ; JEf, t h e m a g n e t i c field ; I9 t h e l e n g t h 
of t h e p l a t e ; a n d d, t h e th ickness of t h e p l a t e in cm. , t h e n , express ing m a g n i t u d e s 
in abso lu te un i t s , dT—JPH/d. If JP deno te s t h e E t t i n g s h a u s e n coeff., E . H . H a l l 
a n d L,. L,. Campbel l found t h a t P x lO®=—49*3 w h e n JST=SSOO a t 1 3 ° ; a n d 
—61-2 a t 84°. F . U n w i n observed JP X 1 0 » = — 4 3 0 a t 1 8 ° ; H . Z a h n , 
P x I O O = - 5 7 for H = 6 2 9 0 a t 18°, a n d —67 a t 20°. 

The so-called Leduc effect, d iscovered b y A. !Leduc i n 1886, refers t o a 
p h e n o m e n o n which occurs w h e n h e a t is flowing b e t w e e n t w o p o i n t s i n a t h i n m e t a l 
p l a t e p laced in a t r ansve r se magne t i c field, w h e r e u p o n a v a r i a t i o n i n t h e t h e r m a l con
d u c t i v i t y occurs which does n o t t a k e p lace w h e n t h e p l a t e is n o t i n a m a g n e t i c field. 
If dT deno tes t h e difference of t e m p , b e t w e e n t w o p o i n t s ; H, t h e m a g n e t i c field ; 
b cm. , t h e b r e a d t h of t h e p l a t e ; a n d dTjdx t h e t e m p , g r a d i e n t i n degrees p e r c m . — 
a n d expressing magn i tudes in abso lu te u n i t s , dT=SHb(dT/dx). L e t S d e n o t e t h e 
L e d u c coefE. F . U n w i n found t h a t S x 1 0 9 = 5 2 0 a t 1 8 ° ; H . Z a h n , & x l 0 » = 3 9 0 
for i ron w i th H= 6290 gauss a t 18°, a n d 687 for steel a t 55° ; for i ron , E . H . H a l l 
a n d L . L,. Campbel l gave S x l 0 » = 5 6 0 for # = 5 0 0 0 a t 51° ; 429 for # = 6 5 0 0 a t 
44° ; 608 for # = 7 3 0 0 a t 48°, a n d 632 for # = 1 7 , 0 0 0 t o 18,000 a t 60° ; a n d 
A. W . Smi th , S x l 0 ® = 3 9 2 for # = 1 1 , 9 0 0 a t 56-9°. S. T ' a o a n d W . B a n d s t u d i e d 
t h e e.m.f. p roduced w h e n a magne t i c field is appl ied paral le l t o a t e m p , g r a d i e n t . 

According t o F . R o b i n , 6 t h e spa rk from a n e lec t ros ta t ic mach ine o r i n d u c t i o n 
coil p roduces on t h e pol ished surface of s teel t i n y c ra te r s which a re fo rmed b y t h e 
flow of t h e m e t a l u n d e r shock. These holes a re visible u n d e r t h e microscope , b u t 
t o t h e n a k e d eye, t h e m e t a l preserves i t s pol ished surface. A r o u n d th i s zone t h e r e 
is formed a yellowish aureole—possibly two—formed of oxide ; i t is c lear ly m a r k e d 
i n ca rbon steels w i th a low pe rcen tage of ca rbon , s t rong ly m a r k e d in ca s t i ron , 
a n d feebly m a r k e d in dead-soft steels . I t is h a r d l y visible w i t h p u r e i ron, c h r o m i u m 
steel , a n d c h r o m i u m - t u n g s t e n steel . 

H . Schmick a n d R . Seeliger 7 s tud ied t h e m e c h a n i s m of t h e a r c d i s c h a r g e w i t h 
a n i ron ca thode a n d found t h e loss of ma te r i a l is definitely n o t p ropor t i ona l t o t h e 
cu r r en t , a n d i t var ies p r imar i ly as t h e degree of cooling of t h e c a t h o d e . T h e loss 
is n o t confined t o t h e local p o i n t , b u t is d i s t r i b u t e d over t h e whole n e i g h b o u r i n g 
a rea . A. Gunther -Schu lze found t h e n o r m a l ca thode po t en t i a l fall of i ron , V vo l t s , 
t o be , in : 

Argon Neon Nitrogen Oxygen Air 
V 168 153 215 352 337 volts 

T h e subjec t was s tud i ed b y K . R o t t g a r d t , A. Schaufelberger , R . Seeliger a n d 
M. Reger , G. GehlhofE, G. Gehlhoff a n d K . R o t t g a r d t , E . W a r b u r g , H . E . I v e s , 
E . B lechschmid t , V. L . Chrisler, W . G. Duffield a n d co-workers , W . R a m b e r g , 
W . Neuswanger , W . L . Cheney, E . L a u a n d O. Re ichenhe im, G. E . D o a n , 
H . Schiiler, R . Defregger, W . H e u s e , F . H . N e w m a n , E . H . O w e n a n d P . W r i g h t , 
H . I>ziewulsky, a n d C. A. Skinner . M. H a i t i n g e r m e a s u r e d t h e i n t ens i t y of t h e 
u l t ra -v io le t r ays f rom t h e i ron arc- l ight , a n d found i t t o be g rea te r t h a n in t h e 
case of al l t h e o the r m e t a l s which were t r i ed . T h e ca thod ic sp lu t t e r ing of i ron w a s 
discussed b y W . Crookes. H . N a g a o k a a n d T . F u t a g a m i ob ta ined c inema tog raph ic 
p h o t o g r a p h s of electr ical ly exploding i ron wires . R . Seeliger a n d H . Wul fheke l 
s t ud i ed t h e loss of ma te r i a l f rom t h e c a t h o d e of t h e i ron a r c ; a n d H . P . W a r a n , 
K . Meyer a n d A. Gunther -Schulze , a n d T . B a u m , t h e ca thod ic sp lu t t e r ing of 
i ron in t h e discharge t u b e . I . K lemenc ic s tud ied t h e b e h a v i o u r of i ron t o w a r d s 
electr ical oscil lat ions—vide infra for t h e influence of oscil lat ions on magne t i zed 
i ron. H . F . R i c h a r d s » found t h a t t h e d ie lec t r ic c o n s t a n t of s teel is n o t infinity, 
b u t 3 1 . J 

REFERENCES. 
1 JB. d'Amico, Ueber den Einflux des Phosphors auf die Migenschaften des Fltisaeisens. Halle 

-*&,, *01& ; Ferrtim, 10. 289, 1913 ; J . H. Andrew, M. S. Fischer and J . M. Robertson. Proe, 
Hoy. 8oc., ItO, A, 391, 1926 ; J . H. Andrew, J . E. Rippon, C. P. Miller and A. Wragg, Joum. 



IRON 237 

Iron Steel Inst., 101. i , 527 1920 ; A . A r n d t s e n , Pogg. Ann., 104. 1, 1868 ; 105. 148, 1858 ; 
O. v o n Attwers, Zeit. tech. Phys., 9 . 475, 1928 ; Wiss. Veroff. Siemens-Konzern, 7 . 197, 1929 ; 
O. v o n Auwers a n d Ot. J . Sizoo, Zeit. Physik, ©0. 578, 1930 ; P . B a r d e n h e u e r a n d H . S c h m i d t , 
Mitt. Inst. Eisenforschund, 10 . 193, 1928 ; C. H . Bar low, Elect. World Eng., 4 6 . 1072, 1905 ; 
G. Bar low, B.A. Rep., 6 8 1 , 1901 ; H . M. Bar low, Phil. Mag., (7), 8 . 289, 1929 ; W . F . B a r r e t t , 
Proc. Hoy. Soc., 69 . 480, 1901 ; W . F . B a r r e t t a n d W . B r o w n , Nature,, 59 . 502, 1899 ; W . F . Bar 
r e t t , W . B r o w n a n d R . A . Hadfield, Trans. Roy. Dublin Soc., (2), 7 . 67, 1900 ; (2), 8 . 1, 1902 ; 
C. B a r u s , Bull. U.S. Oeol. Sur., 7 3 . 1891 ; 94, 1892 ; Phil. Mag., (5), 8 . 341 , 1879 ; Wied. Ann., 
7. 338, 1879 ; 11 . 954, 1 8 8 0 ; 20 . 634, 1883 ; Phys. Rev., (1), 29 . 516, 1909 ; Abh. Bohm. Ges., 
(6), 12 . 14, 15, 1 8 8 4 ; Phys. Rev., (1), 80 . 347, 1910 ; Wied. Ann., 7 . 385, 1879 ; B . B e o k m a n , 
Arkiv Math. Astron. Fys., 7. 42, 1912 ; Phys. Zeit., 16 . 59, 1915 ; 18 . 557, 1917 ; Ann. Physik, 
(4), 46 . 4 8 1 , 9 3 1 , 1915 ; E . Becquerel , Ann. CMm. Phys., (3), 17. 253 , 1846 ; R . S. Bed i , Phys. 
Zeit., 8 1 . 18O, 193O ; C. Benedicks , Recherches physiques et physicochimiques sur Vacier au carbone, 
Uppsa la , 103, 1904 ; Zeit. phys. Chem., 40 . 545, 1902 ; Ingeniors Vet. Akad. Handl., 5, 1921 ; 
Journ. Iron Steel Inst., 2 7 . i i , 221 , 1908 ; C. Benedicks a n d E . Wal ldow, Bihang Jernkontore/s 
Ann., 19. 219, 1918 ; R . Beno i t , Arch. Science Geneve, (2), 5 1 . 284, 1874 ; Carl's Repert., 9 . 
55, 1873 ; Compt. Rend., 76. 342, 1873 ; A . Berge t , ib., 100. 36, 1890 ; T . Berg lund a n d A . J o h a n s 
son, Jernkontorets Ann., 116. 409, 1931 ; H . B e t h e , Nature, 127. 336, 1931 ; L . Bloch , Rev. 
Gdn. Sciences, 4 1 . 135, 193O ; G. Borel ius , Ann. Physik, (5), 8 . 2 6 1 , 1931 ; K . B o r n e m a n n a n d 
K . W a g e m a n n , Ferrum, 11 . 276, 289, 1914 ; O . B o u d o u a r d , Bull. Soc. Enc. Nat. Ind., 106. 
449, 1903 ; Compt. Rend., 158. 1475, 1911 ; Journ. Iron Steel Inst., 6 8 . i , 299, 1993 ; Rev. Met., 
9. 294, 1912 ; L.. C. B r a n t , Phys. Rev., 29 . 485 , 1909 ; H . B r a u n e , Stahl Eisen, 2 5 . 1195, 1905 ; 
P . W. B r i d g m a n , Proc. Nat. Acad., 3 . 10, 1917 ; Proc. Amer. Acad., 52 . 609, 1917 ; 56. 6 1 , 1921 ; 
57. 4 1 , 1922 ; 59 . 119, 1923 ; 60. 423 , 1925 ; 67. 305 , 1932; W. Broniewsky, Journ. CJiim. Phys., 
4. 285, 1905 ; 5 . 57, 609, 1907 ; Inst. Intemat. Phys. Solvay, 4. 185, 1927 ; Compt. Rend., 156. 
699, 1913 ; H . M. Brown , Phys. Rev., (2), 30 . 364, 1927 ; (2), 32 . 506, 508, 1928 ; W . B r o w n , 
Scient. Proc. Roy. Dublin Soc., (2), 15 . 163, 1917 ; G. K . Burgess a n d J . As ton , Trans. Amer. 
Electrochem. Soc., 20 . 205, 1912 ; Chem. Met. Engg., 8. 121, 1910 ; G. K . Burgess a n d I . N . KeIl-
berg, Journ. Washington Acad., 4 . 436, 1914 ; Bull. U.S. Bur. Standards, 1 1 . 457, 1915 ; L . Cail-
l e te t a n d E . B o u t y , Compt. Rend., 100. 1188, 1 8 8 5 ; A . Campbel l , Proc. Roy. Edin. Soc., 14 . 
387, 1887 ; Engg., 6 8 . 468, 1897 ; E . D . Campbel l , Journ. Iron Steel Inst., 92 . i i , 164, 1915 ; 
94 . i i , 286, 1916 ; 9 8 . i i , 4 2 1 , 1918 ; Proc. Nat. Acad., 5 . 426, 1919 ; Trans. Faraday Soc., 12 . 
274, 1917 ; 14 . 132, 1 9 1 9 ; 15 . 138, 1 9 1 9 ; Chem. News, 115. 45 , 1 9 1 7 ; E . I>. Campbe l l a n d 
W . C. Dowd , Journ. Iron Steel Inst., 96 . i i , 2 5 1 , 1917 ; E . D . Campbel l a n d E . R . J o h n s o n , 
ib., 106. i i , 201 , 1922 ; E . D. Campbel l a n d H . W . Mohr , ib., 113. i , 375, 1926 ; E . D . Campbel l 
a n d G. W . W h i t n e y , ib., 110. i i , 291 , 1 9 2 4 ; Trans. Amer. Soc. Steel Treating, 6 . 32, 1924 ; 
Tu. Campredon , G6nie Civil., 19 . 309, 1891 ; J . A . Capp , Trans. Amer. Inst. Min. Eng., 34 . 4O0, 
1903 ; H . Ie Chatel ier , Compt. Rend., H O . 283 , 189O ; 111. 454, 189O ; 112. 4O, 1891 ; 116. 
1707, 1898 ; 119. 272, 1892 ; 126. 1709, 1782, 1898 ; Contribution d VUude des alliages, Pa r i s , 
316, 1901 ; Journ. Phys., (2), 10. 369, 1891 ; Bull. Soc. Eng. Nat. Ind., (5), 3 . 743, 1898 ; 
O. Chwolson, Bull. Acad. St. Petersburg, (4), 10. 379, 1877 ; Carl's Repert., 4 , 1878 ; MSm. 
Acad. St. Petersburg, (7), 11. 551, 1881 ; A . Coehn a n d A . Lo tz , Zeit. Physik, 5. 242, 1 9 2 1 ; 
W . Conrad , Ber. Internat. Kongress Bergbau, Diisseldorf, i i , 4 1 , 1910 ; F . Credner , Zeit. phys. 
Chem., 82. 457, 1913 ; Zeit. Instrkunde, 34. 9 3 , 1914 ; J . D e w a r a n d J . A. F leming , Phil. Mag., 
(5), 34. 326, 1 8 9 2 ; (5), 36. 271 , 1893 ; (5) 40. 303 , 1895 ; Proc. Roy. Soc., 60 . 72 , 1896 ; 
H . A. Dickie, Journ. Iron Steel Inst., 120. i i , 161 , 1929 ; E . Dickson, Phil. Mag., (5) , 45 . 525, 
1898 ; G. Dil lner a n d A. F . E n a t r o m , Journ. Iron Steel Inst., 67 . 1, 474, 1905 ; Bihang Jernkon
torets Ann., 271 , 1905 ; J . W . Dona ldson , Foundry Trade Journ., 45 . 5 , 1931 ; J . Dor fman a n d 
R. J a a n u s , Zeit. Physik, 54. 277, 1929 ; J . Dor fman a n d I . K iko in , »6., 54. 289, 1929 ; M. D u m e r -
m u t h , Lumiere Elect., 1. 121, 1908 ; E . L . D u p u y , Compt. Rend., 172. 1660, 1921 ; E . Dussler , 
Zeit. Physik, 50. 195, 1928 ; H . B . Dwigh t , Iron Coal Trades Rev., 94. 16, 1917 ; A. E m o , AUi 
1st. Veneto, (6) , 2. 1153, 1 8 8 4 ; B . D . E n l u n d , Jernkontorets Ann., 77 . 389, 1922 ; Journ. Iron 
Steel Inst., 11. i , 305 , 1925 ; W . E s c h , Elektrotech. Zeit., 86. 185, 1916 ; A. E u c k e n , Zeit. Metall-
kunde, 18. 182, 1926 ; U . F ischer , Zeit. phys. Chem., 8. B , 207, 1930 ; J . A. F leming , Electrician, 
20. 470, 1888 ; 4 3 . 492 , 1899 ; Proc. Roy. Soc., 66. 50 , 1900 ; P . F o u r n e l , Compt. Rend., 142. 
46, 1906 ; 413. 146, 285 , 1906 ; W . F raenke l a n d E . H e y m a n n , Zeit. anorg. Chem., 134. 137, 
1924 ; N . H . F r a n k , Zeit. Physik, 64. 65O, 193O; Naturwiss, 18. 751 , 1930 ; C. F r o m m e , Wied. 
Ann., 8. 352, 1879 ; GoU. Nachr., 165, 1876 ; S. F u k u t a , Science Rep. Tohoku Univ., 11. 131 , 
1922 ; W . Geiss a n d J . A. M. v a n L i e m p t , Zeit. anorg. Chem., 128. 355 , 1923 ; 133. 107, 1924 ; 
W. Gerlaoh, Proc. Phys. Soc., 42. 418 , 1930 ; Ann. Physik, (5) , 14. 613 , 1932 ; W . Gerlach a n d 
E . Eng le r t , Nature, 128. 151, 1931 ; W . Ger lach a n d K . Schne ide rhan , Ann. Physik, (5), 6. 
792, 1930 ; K . Ghosh , Zeit. Physik, 68 . 566, 1931 ; T. Gnesol to , AUi 1st. Veneto, 90. 1153, 1931 ; 
P . Goerene, Journ. Iron Steel Inst.—Carnegie Mem., 3 . 32O, 1911 ; A . Goffey a n d F . C. T h o m p s o n , 
Journ. Iron Steel Inst., 107. i , 465 , 1923 ; L,. Grene t , Rev. MU., 2 . 353 , 1904 ; A. G r a y a n d 
E . T. J o n e s , Proc Roy. Soc., 67. 208 , 19Ol ; E . Gruneisen a n d E . Goens , Zeit. Physik, 44. 315 , 
615, 1927 ; W . Guer t le r , Journ. Inst. Metals, 6. 148, 1911 ; J-.. Guil le t , JLes aciers sptciaux, P a r i s , 
1905 ; Rev. M&„ 20. 666, 1923 ; Journ. Iron Steel Inst., 90. i i , 74 , 1914 ; L,. Guillet a n d M. Bal lay , 
Compt. Rend., 172. 1676, 1921 ; E . QumUoh, Wias. Abh. Reichsanst., 4 . 271 , 330, 1918 ; Chem. 
Ztg., 41. 200 , 1 9 1 8 ; Stahl Eisen, 38 . 469, 1918 ; 39. 765 , 800, 8 4 1 , 9 0 1 , 966, 1919; Trans. Faraday 
Soc., 8. 102, 1912 ; E . Gumlicb a n d P . Goerens , Stahl Eisen, 39. 766, 1919 ; A. G. S. Gwyer , 



238 INORGANIC ANO THEORETICAL, CHEMISTRY 
Cassier^s Mar/,, 44. 56, 1913 ; Journ. Inst. Metals, 9. 95 , 1913 ; R . A. Hadfield, Proc. Inst. Civil 
Eng , 188. 126, 1900; Journ. Iron Steel Inst., 34. i i , 4 1 , 1 8 8 8 ; E . Ha l l , Phys. Rev., (2) , 19. 
237, 1922 ; R. F . Hans tock , ib., (7), 10. 937, 1 9 3 0 ; (7), 13. 8 1 , 1 9 3 2 ; E . P . Har r i son , Phil. 
Mag., (6), 3. 192, 1902 ; W. H a r v e y , Journ. Phys. Chem., 88. 1456, 1929 ; G. Haufe , Elektrotech. 
Zeit., 48. 106, 1927 ; C. W. Heaps , Phys. Mev., (2), 6. 34 , 1915 ; W . Heraeus , Ann. Physik, (4) , 
73. 554, 1924 ; C. A. Her ing , Oester. Zeit. Berg. HiUt., 42. 623 , 1894 ; K . F . Herzfeld, Phys. 
Rev., (2), 29. 701, 1927 ; B . V. Hil l , ib., (1), 24. 321 , 1907 ; A. von Hippe l a n d O. S t i e r s t ad t , 
Zeit. Physik, 69. 52, 1931 ; K . Hojendahl , P7iil. Mag., (6), 48 . 349, 1924 ; L . H o l b o r n , Ann. 
Physik, (4), 59. 145, 1919 ; Wiss. AbK. Phys. Tech. Reichsanst., 5 . 404, 1922 ; Zeit. Physik, 
8. 58, 1921 ; K . H o n d a , Science Rep. TShoku Univ., 7. 59, 1918 ; Rev. Met., 11 . 383, 1914 ; 
K . H o n d a a n d Y . Ogura, Science Rep. TShoku Univ., 3 . 113, 1914 ; K . H o n d a a n d T . S imidu , ib., 
6. I l l , 219, 1917 ; J . Hopkinson , Proc. Roy. Soc., 45. 457, 1889; 47. 138, 1890; Phil. Trans., 176. 
A, 455, 1885 ; 180. A, 443, 1889 ; M. A. H u n t e r a n d A . J o n e s , Proc. Amer. Soc. Testing Materials, 
24. i i , 401 , 1924 ; T. Ionescu, Ann. Univ. Jassy, 13 . 45 , 1924 ; I . I i t a k a , Science Rep. TShoku 
Univ., 7. 167, 1918 ; O. J a a m a a a n d Y . E . G. Leinberg, Comment Soc. Set. Fenn., 1. 2 1 , 1922 ; 
W . Jaege r a n d H . Diesselhorst, Wiss. Abh. Phys. Tech. Reichsanst., 3 . 269, 1900 ; H . Je l l inek , 
Zeit. Physik, 66. 543, 1930 ; W H . J o h n s o n , Journ. Iron Steel Inst., 19. i i , 605, 1881 ; Proc. 
Manchester Lit. Phil. Soc, 19. 147, 1880 ; 20 . 125, 1881 ; 2 1 . 187, 1882 ; Chem. News, 42 . 70, 
1880 ; 44. 178, 1881 ; H . K a m u r a , Trans. Amer. Electrochem. Soc., 62. 283 , 1932 ; W. G. K a n -
nuluik , Proc. Roy. Soc., 141. A, 159, 1 9 3 3 ; P . K a p i t z a , ib., 105. A , 691 , 1 9 2 4 ; 106. A , 602, 
1924 ; 115. A , 608, 1927 ; 119. A, 358, 1928 ; 123. A, 292, 342, 1929 ; T. Kase , Science Rep. 
TShoku Univ., 19. 17, 1930 ; A. E . KenneUy, Journ. Franklin Inst., 182. 135, 9116 ; R . K iku i ch , 
Science Rep. TShoku Univ., 2 1 . 585, 1932 ; G. Kirchhoff, Pogg. Ann., 100. 185, 1857 ; G. Kirchhoff 
a n d G. H a n s e m a n n , Wied. Ann., 13. 406, 1881 ; H . Kleine, Zeit. Physik, 83. 391 , 1925 ; 
G. C. K n o t t , Trans. Roy. Soc., Edin., 29. 599, 1880 ; W. Kos te r a n d H . T iemann , Arch. Eisen-
huttenwesen, 6. 579, 1932 ; W. Kohl rausch , Wied. Ann., 33. 42, 1888 ; J . K r a m e r a n d H . Z a h n , 
Naturwiss., 43 . 792, 1932 ; N . S. Kurnakoff a n d S. F . Schemtschuschny, Zeit. anorg. Chem., 60. 1, 
1908 ; Journ. liuss. Phys. Chem. Soc., 40. 1067, 1908 ; A. Lafay , Compt. Rend., 186. 133, 1928 ; 
G. Lang , Met., 8. 15, 1911 ; H . F . Lenz, Pogg. Ann., 34. 418, 1 8 3 5 ; 45. 105, 1 8 3 8 ; R . Lenz , 
Etudes Electrometrologiques—Des resistances du mercure tpuse de differentes manieres, St . Pe te rs 
burg , 1883 ; Einfluss des Drucks auf den Leitungswiderstand des Quecksilbers, S t u t t g a r t , 1882 ; 
M. D . Leslie, Elect. W^orld, 70. 715, 1917 ; L . Lorenz , Vid. Selsk. Skr., (6), 2 . 37, 1881 ; Wied. 
Ann.. I S . 422, 582, 1881 ; 25 . 1, 1885 ; A . McCance, Journ. Iron Steel Inst., 89. i , 242, 1914 ; 
92 . i i , 178, 196, 1915 ; A . Macfarlane, Proc. Roy. Soc. Edin., 8 . 629, 1875 ; J . T . MacGregor-
Morris a n d R . P . H u n t , Phil. Mag., (7), 14. 372, 1932 ; J . C. McLennan , C. D . N iven a n d 
J . O. Wilhelm, ib., (7), 6. 672, 1928 ; P . Mahler, Rev. MU., 2 . 345, 1905 ; G. Mahoux , 
Compt. Rend., 193. 27, 1931 ; P . A. Mains tone , Phil. Mag., (7), 8 . 733, 1929 ; L . de Marchi , 
Nuovo Cimento, (3), 9. 31 , 59, 1881 ; Rend. 1st. Milano, 18 . 676, 1880 ; A . Mar t ens , P . P a a l z o w 
a n d H . Wedding , Mitt. Versuchsanst. Ergheft, 2, 1887 ; 1, 1888 ; H . M a s u m o t o , Science Rep. 
TShoku Univ., 16. 417, 1927 ; J . A. Mathews, Elect. World, 53. 1, 1902 ; Journ. Iron Steel Inst., 
65. i, 5, 1904; M. Mathieu, Arts Metiers, 83. 252, 1930; T. Matsush i t a , Science Rep. TShoku Univ., 
8. 79, 1919 ; A. Matthiessen, B.A. Rep., 37, 1863 ; 351 , 1864 ; A. Mat th iessen a n d M. von Bose, 
Pogg. Ann., 115. 353, 1862 ; Phil. Trans., 152. 1, 1862 ; Proc. Roy. Soc., 11. 516, 1860 ; 
A. Matthiessen and C. Vogt, Pogg. Ann., 116. 379, 1862 ; 118. 431 , 1863 ; 122. 19, 1864 ; Phil. 
Mag., (4), 26. 242, 1 8 6 3 ; (4), 27. 467, 1864 ; Phil. Trans., 153. 369 , 1 8 6 3 ; 154. 167, 1 8 6 4 ; 
Chem. News, 8. 42, 1863 ; E . Maurer , Rev. MU., 5. 711, 1908 ; E . Maure r a n d F . Stable in , Zeit. 
anorg. Chem., 137. 115, 1924 ; M. Medici, Rend. Accad. Pis. Mat., 35. 248, 1930 ; W. Meissner, 
Zeit. Physik, 38. 647, 1926 ; Phys. Zeit., 27. 725, 1926 ; W. Meissner a n d B . Voigt , Ann. Physik, 
(5), 7. 892, 1930 ; E . Merr i t t , Proc. Amer. Assoc. Adv. Science, 47. 118, 1899 ; A. R . Meyer, Ueber 
die Aenderung des elektrischen Widerstandes reinen Eisen mit der Temperatur in dent Bereiche 0° 
bis 1000° C, Berlin, 1911 ; Verh. deut. phys. Oes., 13. 68O, 1911 ; A. Michels, Ann. Physik, (4), 
85. 6, 1 9 2 7 ; W. K. Mitiaeff, Zeit. Physik, 38. 716, 1926 ; D. Kl. Morris , Phil. Mag., (5), 44. 
247, 1897 ; L . W. W. Morrow, Elect. World, 70. 70, 1917 ; J . R . A. Mousson, Bull. Univ. Arch., 
31. I l l , 1 8 5 6 ; Denies. Schweiz. Oes., 14. 1, 1854 ; J . Miiller, Pogg. Ann., 103. 176, 1 8 5 8 ; 
G. Niccolai, ^4»». Physik, 9. 367, 1908 ; Atti Acad. Lincei, (5), 16. i, 185, 757, 906, 1907 ; (5), 
16. i i , 185, 1907 ; A. L. Norbury , Journ. Iron Steel Inst., 101. i, 627, 1920 ; C. N u s b a u m a n d 
W . L. Cheney, Scient. Papers Bur. Standards, 408, 1921 ; A. Oberbeck a n d J . B e r g m a n n , Wied. 
Ann., 31 . 792, 1887 ; F . Osmond, Compt. Rend., 103. 743, 1135, 1 8 8 6 ; Rev. Met., 3 . 411 , 417, 
1906 ; Lumiere Elect., 46. 83 , 1893 ; P . Pagl ian t i , MU., 9. 217, 1912 ; L P . P a r k h u r s t , Journ. 
Ind. Eng. Chem., 10. 515, 1918 ; J . H . Pa r t r i dge , Journ. Iron Steel Inst., 112. i i , 191, 1925 ; 
Journ. Iron Steel Inst.—Carnegie Mem., 17. 157, 1928 ; H . B . Peacock, Phys. Rev., (2), 25. 
113, 1 9 2 5 ; H . Pecheux , Compt. Rend., 149. 1062, 1909 ; 158. 1140, 1911 ; A. Per r ie r , Helvetica 
Phys. Acta, 4 . 145, 1931 ; L . P . Pe r ry , Elect. World, 70. 713, 1917 ; W. P e u k e r t , EUU. Zeit., 
37. 101, 1916 ; H . Pins l , Oiesserei Ztg., 25. 73 , 1928 ; Foundry Trade Journ., 88. 303 , 1928 -
M. P i r a n i , Verh. deut. phys. Oes., 12. 301 , 1910 ; Phys. Zeit., 13. 753, 1 9 1 2 ; A. M. Po r t ev in , 
BuU. Soc. Enc. Nat. Ind., 113. i i , 207, 1 9 1 4 ; Rev. MU., 6. 1304, 1909 ; Compt. Rend., 158. 5 1 , 
1 9 1 4 ; Journ. Iron Steel Inst.—Carnegie Mem., 1. 383, 1 9 0 9 ; I L H . P o t t e r , Phil. Mag., (7), 
18. 233. 1932 ; W. H . Preeoe, B.A. Rep., 609, 1887 ; S. P roeopiu , Bull. Acad. Roumaine, 10. 
8 , 1 9 2 6 ; O. O. Ra l s ton , Iron Oxide Reduction Equilibria, Wash ing ton , 1 9 2 9 ; Bull. U.S. Bur 
Mines, 296, 1 9 2 9 ; F . Ribbeck . Zeit. Physik, 38. 772, 887, 1926 ; H . F . R icha rds , Phys. Rev., 



IRON 239 

(2), 22. 122, 1923 ; P . T. Riess , Die JLehre von der Reibungselektricitdt, Berl in, 1. 134, 1853 ; 
C. H . Risdale , Joum. West Scotland Iron Steel Inst., 23. 6 1 , 1916 ; C. H . a n d N. D . Risda le , 
Analyst and Client, Middlesbrough, 170, 1915 ; W. R o h n , Zeit. Metallkunde, 19. 196, 197, 
1927 ; H . Rolniok, Phys. Rev., (2), 86. 506, 1930 ; R . R u e r a n d K . F ick , Ferrum, 11 . 39, 1913 ; 
J . Russner , JDingler's Joum., 312. 141, 1899 ; W . T . R y a n , Elect. Rev. West. Electrician, 7 1 . 
696, 1917 ; H . Sachse, Zeit. Physik, 70. 539, 1931 ; P . Sa ldau , Joum. Iron Steel Inst.—Carnegie 
Mem.., 7. 195, 1916 ; Zeit. anorg. Chem., 194. 29, 1930 ; Joum. Inst. Metals, 41 . 289, 1929 ; 
Joum. Russ. Phys. Chem. Soc., 46. 994, 1 9 1 4 ; Stahl Eisen, 38. 39 , 1 9 1 8 ; F . Sauerwald a n d 
S. Klubik, Zeit. Elehtrochem., 38. 33 , 1932 ; R . Sohenck, Met., 4 . 161, 1907 ; R . Schneider , 
Industrie Progressive, 1. 1881 ; K. Schneiderhan, Ann. Physik, (5), 11. 385 , 1931 ; A. Schulze, 
Zeit. Metallhunde, 15. 3 3 , 1 9 2 4 ; 16. 48 , 1 9 2 4 ; Helios, 32. 49 , 1 9 2 6 ; Oiesserei Ztg., 27. 86, 
1930 ; J . B . Se th a n d C A n a n d , Phys. Zeit., 29. 951 , 1928 ; J . B . Se th , B . Gula t i a n d S. Singh, 
Phil. Mag., (7), 12. 409, 1931 ; T. Sexl, Zeit. Physik, 39. 334, 1926 ; P . E . Shaw, Proc. Roy. 
Soc, 122. A , 49 , 1929 ; P . E . Shaw a n d C. S. J e x , ib., 111. A , 339, 1896 ; 118. A , 97, 108, 1928 ; 
H . Sh imank , Ann. Physik, (4), 45. 706, 1914 ; C. W. Siemens, Proc. Roy. Soc., 19. 443 , 1871 ; 
W. E . von Siemens a n d J . G. Ha l ske , Elektrotech. Zeit., 3 . 408, 1882 ; A. Siever ts , Intemat. Zeit. 
Metallog., 3 . 37, 1913 ; G. J . Sizoo, Zeit. Physik, 51 . 557, 1928 ; T. S k a t t a , Zeit. Physik, 65. 
385, 1 9 3 0 ; F . S k a u p y a n d O. Kan torowicz , Zeit. Elektrochem., 37'. 482 , 1 9 3 1 ; C. M. S m i t h , 
G. C. KLnott a n d A. Macfarlane, Proc. Roy. Soc. Edin., 8. 629, 1875 ; A. A. Somervil le , Phys. 
Rev., (1), 31. 261 , 1 9 1 0 ; (1), 33. 77, 1911 ; F . S table in , Krupp's Monatsh., 9. 181, 1928 ; Zeit. 
Physik, 20. 209, 575, 1923 ; J . C. Ste inberg, Phys. Rev., (2), 21. 22, 196, 1923 ; O. S t i e r s t ad t , 
Phys. Zeit., 31. 561 , 1 9 3 0 ; Phys. Rev., (2), 37. 1356, 1931 ; Zeit. Physik, 65. 575 , 1 9 3 0 ; 67. 
725, 1931 ; Zeit. tech. Phys., 13. 65 , 105, 161, 1932 ; V. S t rouha l a n d C. B a r u s , Wied. Ann., 20. 525, 
1883 ; Bull. U.S. Qeol. Sur., 14, 1885 ; 27, 1886 ; 35, 1886 ; V. A. S u y d a m , Phys. Rev., (2), 
5 . 497, 1915 ; T . Swinden , Joum. Iron Steel Inst.—Carnegie Mem,., 3 . 102, 1911 ; 5 . 131, 1913 ; 
Joum. Iron Steel Inst., 80 . i i , 237, 1909 ; K . T a k a h a s i , Science Rep. Tdhoku Univ., 19. 265, 
1930 ; K . T a m a r u , ib., 18. 473 , 1919 ; G. T a m m a n n , ZeAt. Metallkunde, 24. 220, 1932 ; G. T a m -
m a n n a n d V. Caglioti, Ann. Physik, (5), 16. 68O, 1 9 3 3 ; G. T a m m a n n a n d G. Mori tz , ib., (5), 16. 
667, 1933 ; G. T a m m a n n a n d M. S t r a u m a n i s , Zeit. anorg. Chem., 169. 365 , 1928 ; F . C. Thompson 
and E . Whi t ehead , Proc. Roy. Soc., 102. A , 587, 1 9 2 3 ; H . Toml inson , Phil. Trans., 174. 1, 
1 8 8 3 ; Phil. Mag., (5), 29. 77, 1 8 9 0 ; Proc. Roy. Soc., 25. 4 5 1 , 1 8 7 6 ; 26. 4 0 1 , 1 8 7 7 ; 29. 77, 
1890 ; 33. 276, 1882 ; 56. 103, 1894 ; Proc. Phys. Soc., 10. 317, 1890 ; W. Tni jn a n d H . K . Onnes , 
Arch. Neerl., (3), 10. 5 , 1 9 2 7 ; T. U e d a , Science Rep. Tfihoku Univ., 19. 473 , 1 9 3 0 ; 21 . 193, 
1932 ; C. Villiers, Bull. Soc. Intemat. Electrician, (3), 1. 529, 1912 ; G. R . W a i t , Phys. Rev., (2), 
29. 566, 1927 ; G. R. W a i t , F . G. Br ickwedde a n d E . L . Ha l l , ib., (2), 31. 303, 1928 ; (2), 32. 967, 
1928 ; H . Walker , Proc. Roy. Soc. Edin., 28 . 652, 1908 ; A . v o n Wal tenhofen , Sitzber. Akad. 
Berlin, 83, 1874 ; A . T . W a t e r m a n , Phys. Rev., (2), 22 . 259, 1923 ; Phil. Mag., (7), 6. 965, 1928 ; 
H . Wedd ing , Elektrotech. Zeit., 9. 172, i 888 ; G. W i e d e m a n n a n d R . F r a n z , Pogg. Ann., 89. 489, 
1 8 5 3 ; E . D . Wil l iamson, Joum. Franklin Inst., 193. 491 , 1 9 2 2 ; T . A. Worces ter , Eng., 122. 
125, 1916 ; T. D . Yensen , Joum. Amer. Inst. Elect. Eng., 43 . 566, 1924 ; Bull. Eng. Univ. Illinois, 
72, 1914 ; 83 , 1915 ; T. D. Yensen a n d W. A. G a t w a r d , ib., 95, 1917. 

a G. von Hevesy , Jahrb. Rod. Elektron., 13 . 274, 1916 ; A. Heydwei l ler , Zeit. phys. Chem., 89 . 
284, 1915 ; KL. Hopfgar tner , Monatsh., 36. 764, 1915 ; W . Ostwald , Orundriss der allgemeinen 
Chemie, Leipzig, 306, 1920 ; Zeit. phys. Chem., 11 . 507, 1893 ; A . S tepn iczka-Mar inkovic , 
Monatsh., 36. 840, 1 9 1 5 ; K . Szalagyi, A nitrosovassulfat elektrolysise, B u d a p e s t , 1908 
J . T>. Berna l a n d R. H . Fowler , Joum. Chem. Phys., 1. 538, 1913. 

3 R . Abegg, Stahl Eisen, 2 1 . 736, 1901 ; R . Abegg, F . Auerbach a n d R . L u th e r , Messungen 
elektromotorischer Krafte galvanischer Ketten mit tvdsserigen Elektrolyten, Hal le-a .S . , 1911 ; 
R . Abegg a n d G. Bodli inder, Zeit. anorg. Chem., 20. 453 , 1907 ; R . Abegg a n d S. Labendz insky , 
Zeit. Elektrochem., 10. 77, 1 9 0 4 ; R . Abegg a n d J . N e u s t a d t , ib., 15. 264, 1909 ; A k k u m l a t o r e n 
Werke , German Pat., D.R.P. 107727, 1898 ; A . J . A l lmand a n d R . H . D . Barkl ie , Trans. Faraday 
Soc., 22. 34, 1926 ; M. A n d a u e r , Zeit.phys. Chem., 138. 357, 1928 ; 145. 220, 1929 ; J . H . A n d r e w , 
M. S. F i sher a n d J . M. R o b e r t s o n , Proc. Roy. Soc., 110. A, 391 , 1926 ; J . H . A n d r e w a n d R . H a y , 
Proc. West Scotland Iron and Steel Inst., 31 . 48 , 1923 ; T . Andrews , Iron. 30, 348, 1887 ; Joum. 
Iron Steel Inst., 38 . i , 370, 1888 ; Electrician, 26 . 719, 1890 ; Proc. Inst. Civil Eng., 118. 356, 
1894 ; Proc. Roy. Soc., 42 . 459, 1887 ; 44 . 164, 1888 ; 46. 176, 1889 ; 48 . 116, 1890 ; 49 . 120, 481 , 
1891 ; K. A r n d t , Met., 7. 627, 1910 ; F . Auerbach , Messungen elektromotorischer Krafte gal
vanischer Ketten mit tvdsserigen Elektrolyten, Hal le-a .S . , 1915 ; W. I ) . Bancrof t , Joum. Phys. 
Chem., 28. 842, 1924 ; R . H . D . Barkl ie a n d H . J . I>avies, Proc. Inst. Mech. Eng., iii, 731 , 1930 ; 
C Barus a n d V. S t rouha l , Amer. Joum. Science, (3), 32. 279, 1886 ; O. Baue r , Intemat. Zeit. 
Metallog., 10. 129, 1919 ; E . B a u r , Zeit. Elektrochem., 27. 195, 1921 ; E . B a u r a n d A. Glassner. 
Zeit. phys. Chem., 43. 354, 1903 ; A. A. Bead le , Joum. Soc. CJiem., Ind., 18. 332, 1899 ; 
P . Bechtereff, luricslja St. Petersburg Polyt., 15. 443 , 1911 ; Zeit. Elektrochem., 17. 851 , 1911 ; 
C. Bedel, Compt. Rend., 193. 527, 1931 ; C. Benedicks , Zeit. phys. Chem., 36. 536, 1901 ; C. Bene
dicks a n d R . Sundbe rg , Joum. Iron Steel Inst., 114. ii , 177, 1926 ; C. W. B e n n e t t a n d 
J . G. Thompson , Zeit. Elektrochem., 22. 242, 1 9 1 6 ; M. Ber the lo t , Compt. Rend., 136. 1116, 
1 9 0 3 ; Ann. Chim. Phys., (7), 80. 484, 1903 ; J . Bill i ter, Zeit. Elektrochem., 14. 627, 1 9 0 8 ; 
M. Ie Blano, IHe elektromotorischen Krafte der Polarisation und ihre Messung mittels des Oszillo-
graphen, Hal le-a.S. , 1910 ; H . J . Blikslager, Rec. Trav. Chim. Pays-Bos, 46. 305, 1927 ; M. Boden-
stein, Verh. deut. phys. Ges., (3), 3 . 40 , 1922 ; Zeit. Elektrochem., 28. 517, 1922 ; S. Bodforss, 



240 INORGANIC AND THEORETICAL CHEMISTRY 

Zeit. phya. Chem., 124. 77, 1026 ; 160. 141, 1 0 3 2 ; E . B o u t y , Compt. Rend., 88. 714, 1 8 7 0 ; 89. 
146, 1870 ; 90. 918, 087, 1880 ; 92. 868, 1881 ; A. C. Brad ley , Brit. Pat. No. 6495, 1 8 8 8 ; ZeU. 
Elektrochem., 17. 852, 1911 ; E . Bran ly , Ann. Scient. E~cole Norm., (2), 2. 220, 1873 ; F . B r a u n , 
Wied. Ann., 16. 575, 1882 ; 17. 629, 1882 ; 42. 450, 1891 ; A. Brochet a n d J . Pe t i t , Zeit. Elektro
chem., 10. 913, 1904 ; 11. 444, 1005 ; Ann. Chim. Phys., (8), 5 . 307, 1005 ; M. de Broglie, Compt. 
Mend., 152. 606, 1011 ; W. Broniewsky, ib., 162. 017, 1016 ; C. F . Brush and R . A. Hadfield, 
Proc. Roy. Soc., 93. A, 188, 1017 ; A. H . Buoherer , Wied. Ann., 58. 572, 1806 ; H . Buff, Liebig's 
Ann., 101. 13, 1857 ; 102. 266, 1 8 5 7 ; H . G. Byers a n d 8. C. L a n g don , Jo-urn. Amer. Chem. 
Soc., 88. 363, 1916 ; H . G. Byers and C. W. Thing , ib., 4 1 . 1006, 1010 ; G. Car ra ra , Zeit. phys. 
Chem., 69. 79, 1909 ; S. R. Carter and F . H . Clews, Journ. Chem. Soc., 125. 183O, 1880, 1924 ; 
S. R . Car ter and T. J . Glover, Journ. Phys. Chem., 36. 670, 1032 ; P . Casamajor , Ann. Chemist, 6. 
45O, 1876 ; Nostrand's Eng. Mag., 15. 305, 1876 ; Chem. News, 34. 36, 1876 ; W. A. Caspari , 
Zeit. phys. Chem., 30. 93, 1899 ; M. Centnerszwer, ib., 131. 216, 1928 ; M. Centnerszwer a n d 
M. S t raumanis , ib., 118. 442, 1925 ; 128. 391, 1927 ; E . L.. Chappell , B . E . Roethel i a n d 
B . Y. McCarthy, Journ. Ind. Eng. Chem., 20. 585, 1928 ; S. B . Chris ty , Amer. Chem. Journ., 
27. 362, 1902 ; Zeit. EIeMrochem., 8. 204, 1901 ; A. Classen, ib., 1. 288, 1894 ; A. Classen a n d 
M. A. von Reiss, Ber., 14. 1622, 1889 ; R. B . Clifton, Proc. Roy. Soc., 26. 310, 1877 ; A. Coehn 
a n d K. I>annenberg, Zeit. phys. Chem., 38. 618, 1901 ; A. Coehn a n d Y . Osaka , Zeit. anorgi 
Chem., 34. 89, 1 9 0 3 ; G. Coffetti and F . Fors ter , Ber., 38. 2940, 1 9 0 5 ; J . J . Coleman, Journ. 
Soc. Chem. Ind., 4. 728, 1885 ; O. M. Corbino, ^4«?; Accad. Lincei, (6), 82. 59 , 1923 ; W. H . Creutz-
feldt, Zeit. anorg. Chem., 121. 2n, 1022 ; S. Czapsky, Wied. Ann., 2 1 . 229, 1884 ; J . F . Daniel] , 
Phil. Trans., 126. 107, 125, 1836 ; Pogg. Ann., 42. 267, 1837 ; M. Dauve , Ann. Chim. Anal., 
(2), 11 . 5, 1929 ; R. A. Dengg and H . J . Donker , Korrosion Metallschutz, 3 . 241 , 1927 ; N . R . D h a r , 
Zeit. anorg. Chem., 118. 75, 1921 ; N . R. D h a r and G. tTrbain, Compt. Rend., 169. 1397, 1919 ; 
C Druoker , Messungen elektromotorischer Krdfte galvanischer Kette mit waSAerigen Elektrolyt&n., 
Berlin, 1929 ; E . Dubois , Compt. Rend., 186. i 832 , 1928 ; Ann. Physique, (10), 14. 627, 1930 ; 
R. T. llufford, Journ. Phys. Chem.,84. 3 544 ,1930; 35. 988, 1921; P . Duhem,Compt . Rend., 105. 798, 
1887; 106. 737, 1888; A. von Eccher , . P o ^ . Ann., 129. 99, 1866; H . E g g e r t , Z e # . Elehtrochem., 88 . 
96, 1927 ; W. Ende , Phys. Zeit., 80. 477, 1929 ; BZ. E n d o a n d S. K a n a z a w a , Science Rep. TShoku 
Univ., 20. 124, 1931 ; T. E r h a r d , Wied. Ann., 14. 508, 1881 ; A. F . W. von Escher , Kathodische 
Vorgange bei der Elektrolyse gemischter Loeungen von Zink- und Eisensulfat, Weida i Th . , 1912 ; 
H . Euler , Ber., 37. 1707, 1904 ; U. R. E v a n s , Chem. Met. Engg., 30. 949, 1924 ; Journ. Ind. 
Eng. Chem., 17. 363, 1925 ; Journ. Chem. Soc., 92, 103, iii, 1929 ; M. F a r a d a y , Pogg. Ann., 58 . 
482, 1841 ; Phil. Trans. 130. 6 1 , 1840 ; O. F a u s t , Zeit. Elektrochem., 13 . 163, 1907 ; C. E . F a w s i t t , 
Journ. Soc. Chem. Ind., 25. 1133, 1906 ; C. G. F i n k and C. M. Decroly, Trans. Amer. Electrochem. 
Soc., 56. 239, 1929 ; A. Finkelstein, Zeit. phys. Chem., 39. 95, 1901 ; F . Fors te r , Elektrochemie das 
seriger Losungen, Leipzig, 355, 1922 ; Beitrdge zur Kenntnis des elektrochemischen Verholtens dee 
Eisens, Hal le a. S., 1 9 0 9 ; Zeit. Elektrochem., 13 . 414, 1 9 0 7 ; 22 . 85 , 1916 ; F . F o r s t e r "and 
V. Herold, ib., 16. 461, 1910 ; M. F o r r o and E . P a t a i , Zeit. Physik, 63 . 444, 1930 ; F . C. F r a r y 
and R. E . Por te r , Trans. Amer. Electrochem. Soc., 28. 1307, 1915 ; C. F redenhagen , Zeit. anorg. 
Chem., 29. 406, 1902 ; Zeit. Phys. Chem., 43 . 7, 1903 ; S. J . F r ench a n d L. Kah lenberg , Trans. 
Amer. Electrochem. Soc., 54. 163, 1928 ; J . Galibourg, Compt. Rend., 174. 547, 1922 ; C. B . Gates , 
Journ. Phys. Chem., 15. 131, 1 9 1 1 ; K . Georgi, Zeit. Elektrochem., 39. 745, 1933 ; J . C. Ghosh, 
Journ. Amer. Chem. Soc., 86. 2343, 1914 ; G. N . Glasoe, Phys. Rev., (2), 87 . 102, 1931 ; (2), 88 . 
1490, 1931 ; S. Glasstone, Journ. Chem. Soc., 123. 1745, 1923 ; 2881, 2894, 1926 ; 641 , 1927 ; 
Journ. Amer. Chem. Soc., 47. 942, 1925 ; T. J . Glover, Journ. Chem. Soc., 10, 1933 ; P . Goerens, 
Ferrum, 10. 146, 1913 ; Jahrb. Rod. Elektron., 10. 273, 1913 ; C. M. Gordon a n d F . E . Clark, 
Zeit. Elektrochem., 12. 768, 1906 ; Chem. Ztg., 30. 910, 1906 ; Journ. Amer. Chem. Soc., 28 . 1534, 
10O6 ; G. Gore, Chem. News, 9. 266, 1864 ; Phil. Mag., (4), 27. 446, 1864 ; T. G r a h a m , ib., (3), 
37. 181, 254, 341 , 1850 ; Liebig's Ann., 77. 56, 129, 1851 ; Journ. Chem. Soc., 8. 60, 1851 ; B.A. 
Rep., 47, 1851 ; Phil. Trans., 14O. 1, 805, 1850 ; 141 . 483, 1851 ; E . Grave , Zeit. phys. Chem., 
77. 557, 1911 ; T. Gross, Sitzber. Akad. Wten, 92. 1373, 1885 ; G. Grube, Trans. Faraday Soc., 9. 
214, 1913 ; Zeit. Elektrochem., 18. 193, 1912 ; G. Grube a n d H . Gmelin, ib., 26. 466, 1 0 2 0 ; 
A. Gunther-Schluze, Jahrb. Rad. Elektron., 17. 356, 1020 ; Zeit. Physik, 3 . 340, 1 0 2 0 ; Zeit. 
Elektrochem., 18. 326, 1912 ; IL. W. Haase , ib., 86. 456, 193O ; F . H a b e r , ib., 4 . 41O, 1 8 9 8 ; 
F . H a b e r a n d L. Bruner , ib., 10. 697, 1904 ; 12. 78, 1906 ; F . H a b e r a n d F . Goldscnmidt , ib., 12. 
50, 10O6 ; F . Habe r a n d P . Krassa , ib., 15. 707, 1000 ; C. Hambuohen , Bull. Univ. Wisconsin 
Eng., 8. 10OO ; W. H . H a m p t o n , Journ. Phys. Chem., 30. 080, 1026 ; R . F . Hans tock , Phil. 
Mag., <7), 10. 037, 1030 ; (7), 13. 81 , 1932 ; C. R . H a r d y , Journ. Soc. Chem. Ind.—Chem. 
Ind., 47., 214, 1928 ; W. D. Hark ins , Journ. Amer. Chem. Soc, 82. 518, 1910 ; K . Hasegawa 
a n d S. H o r i , Mem. Ryojun CoU. Eng., 2. 271 , 1030 ; A. M. Hasebr ink , Zeit. Elektrochem., 34 
810, 1028 ; R . von Hasslinger, Monatsh., 22. 012, 1001 ; T. Hawkins , Phil. Mag., (3), 16. 115* 
1840 ; H . F . H a w o r t h , Trans. Faraday Soc., 16. 365, 1021 ; H . L . Hea thco t e , Zeit. phys. Chem 
87. 871 , 1001 ; E . S. Hedges, Journ. Chem. Soc., 1077, 1027 ; E . H e y n a n d O. Bauer , Mitt 
Materialpruf. GrossUchterfelde, 26. 1, 1008 ; Journ. Iron Steel Inst., 79. i , 1O0,1009 ; J . F . G Hioks" 
Journ. Phys. Chem., S3. 789, 1929 ; J . Hinniiber , Zeit. Elektrochem., 84. 852, 1928 ; 85. 95 1929 • 
W . Hit torf , ZeU. phys. Chem., 34. 388, 1000 ; T. P . H o a r a n d U. R . E v a n s , Journ. Iron Steel 
Inst., ISSi. i i , 379, 1 9 3 2 ; C. Hocken a n d H . A. Taylor , Journ. Soc. Tel. Eng., 8. 282 1879 • 
M ^ i f t M t t i Phvs. Zeit., 6 . 480, 1905 ; G. R . H o o d a n d F . C. Krauskopf, Journ. Phys. Chem 35* 
786, 19Bl ; M>* Huttnt iaesou, Compt. Rend., 119. 10O6, 1894 ; Journ. Phys., (3), 4 . 118 1895 * 



IRON 241 

N. Isgarischeff a n d A. Turkovska ja , Joum. Buss, phys. Chem., 62. 261 , 193O; Ze.it. phys. Chem., 
140. 227, 1929 ; K . Iwase a n d K . Miyazaki , Science. Bep. Tdhoku Univ., 17. 163, 1928 ; 
W. W. Jacques, Brit. Pat. No. 4788, 1896 ; Electrician, 86. 768, 1896 ; German Pat., D.B.P. 
92327, 1 8 9 6 ; H . Je l l inek a n d H . Gordon , Zeit. phys. Chem., 112. 239, 1 9 2 4 ; P . J a n e t , Joum. 
Phys., (2), 6. 288, 1 8 8 7 ; F . J i r z a , Zeit. Elektrochem., 33 . 129, 1 9 2 7 ; J . P . J o u l e , Phil. Mag.. 
(3), 24. 113, 1 8 4 4 ; L. Kah lenbe rg , Joum. Phys. Chem., 3 . 389, 1 8 9 9 ; Z. Karaoglanoff, Zeit. 
Elektrochem., 12. 5 , 1906 ; K . W- <*• K a s t n e r , Kastner's Arch., 20. 249, 1830 ; W. Ki s t i akowsky . 
Das Elektrodenpotentiale und die elektrochemischen Beaktionen, St. Petersburg, 1910 ; Nernsfs 
Festschrift, 224, 1912 ; Zeit. Elektrochem., 15. 268, 1909 ; R . IX Kleeman a n d W. Fredr ickson , 
Phys. Rev., (2), 22. 134, 1923 ; M. Knobe l , P . Caplan a n d M. E i s e m a n , Trans. Amer. Electrochem. 
Soc., 43 . 66 , 1923 ; L . G. K n o w l t o n , Joum. Phys. Chem., 32. 1585, 1928 ; Metal Ind., 33 . 445 , 
1928 ; N . Koboseff a n d N . I . Nebrassoff, Zeit. Elektrochem., 36. 529, 1930 ; V. Kohlsch i i t t e r , 
ib., 24. 300, 1918 ; Helvetica Chim. Acta, 3 . 614, 1920 ; V. Kohlsch i i t t e r a n d A. Nagel i , ib., 4. 
45 , 1921 ; V. Kohlschi i t te r a n d FT. Stager , ib., 4. 321 , 1921 ; V. Kohlsch i i t t e r a n d E . Vuil leumier, 
Zeit. Elektrochem., 24. 30O, 1918 ; P. Krassa, Das elektromotorische Verhalten des Eisens mit 
besonderer Berucksichtigung der alkalischen Losungen, Karlsruhe, 1909 ; Zeit. Elektrochem., 15. 
490, 1909 ; R . K r e m a n n a n d H . Breymesser , Monatsh., 38. 379, 1917 ; F . W. Ki i s te r , Zeit. 
Elektrochem., 3. 383, 1897 ; 7. 237, 688, 1901 ; S. Labendzinsky, Uber die !Constitution, der gelosten 
SchwermetaUsalze auf Orund von- Potential messungen, Breslau, 1904 ; A. Lafay, Compt. Bend., 
186. 133, 1928 ; A. B . L a m b , Joum. Amer. Chem. Soc., 32. 1 2 1 4 ; 1 9 1 0 ; R . T. L a t t e y a n d 
M. W. Perrin, Trans. Faraday Soc., 26. 227, 1 9 3 0 ; H. Lee, Ueber den Wasserstoffgehalt des 
Elektrolyteisens, Borna, 1906 ; R. Lenz, Bull. Acad. St. Petersburg, (3), 14. 337, 1870 ; Pogg. 
Ann. Ergbd., 5. 242, 1871 ; Joum. Prakt. Chem., (1), 108. 438, 1869 ; C. Liebenoff a n d L. S t rasser , 
Zeit. Elektrochem, 3 . 355, 1897 ; E . Liebreich, Korrosion Metallschutz, 2 . 38 , 39, 1926 ; 5 . 20, 
199, 1929 ; Intemat. Congress Appl. Chem., 6. xii , 146, 1912 ; Zeit. phys. Chem., 161. 97, 1932 ; 
E. Liebreich a n d F . Spi tzber , Zeit. Elektrochem., 19. 295 , 1913 ; I . Lifschitz a n d M. Reggian i , 
Zeit. phys. Chem., 155. 431 , 1931 ; R . S. Lillie a n d S. E . P o n d , Amer. Joum. Physiol., 63 . 415, 
1923 ; C. A. L o b r y de B r u y n , Bee. Trav. Chim. Pays-Bas, 16. 247, 1897 ; H . L. Loch te , Trans. 
Amer. Electrochem. Soc., 64. , 1933 ; H . L. Loch te a n d R . E . P a u l , ib., 64, , 1933 ; 
R . Lorenz , Zeit. Elektrochem., 4 . 309, 1898 ; 9 . 334, 1903 ; R . Lorenz a n d F . Kaufler , Elektro-
chemie geschmolzener Salze, Leipzig, 49, 1902 ; R. Luther, Zeit. phys. Chem., 34 . 488, 190O ; 36. 
385, 1901 ; A. L. McAulay a n d S. H . Bas tow, Joum. Chem. Soc., 86, 1929 ; A. L. McAulay a n d 
F . P . Bowden , ib., 127. 2606, 1 9 2 5 ; A. L. McAulay a n d G. L. W h i t e , ib., 194, 1 9 3 0 ; 
A. L. McAulay, G. L. W h i t e a n d E . C. R . Spooner , Nature, 126. 914, 193O ; W. Mai t l and , Zeit. 
Elektrochem., 12. 268, 1 9 0 6 ; C. Marie a n d N . Thon , Joum. Chim. Phys., 29. 11 , 1 9 3 2 ; 
F . L . M. Marshal l , J . Cooper a n d J . L . Dobell , Joum. Soc. Chem. Ind., 14. 974, 1895 ; Brit. Pat. 
No. 12483, 1 8 9 4 ; F . M a r x , Lumiere Electr., 35. 381 , 1890 ; K . Masaki a n d T. I k k a t a i , Bull. 
CItem. Soc., Japan, 7. 233 , 1932 ; T. Mashimo, Mem. Coll. Kyoto, 2 . 341 , 1917 ; C. Maura in , 
Compt. Bend., 181. 410, 880, 1900 ; M. Maximowitsch , Zeit. Elektrochem., 11. 52 , 1905 ; C. E . Men-
denhal l a n d L . R . Ingersol l , Phil. Mag., (6), 15. 205 , 1908 ; A. de Meri tens , Bull. Soc. Intemat. 
Electriciens, 3 . 414, 1886 ; F . Meunier , Joum. Chim. Phys., 22 . 595, 1925 ; (5), 9. 30O, 1923 ; 
L . Michaelis a n d E . F r iedhe im, Joum. Biol. Chem., 91. 343, 1931 ; L . Michaelis a n d C. V. S m y t h e , 
ib., 94. 329, 1931 ; E . J . Micheli, Arch. Sciences Geneve, (4), 10. 125, 1900 ; E . J . Mills, Proc. 
Boy. Soc., 26. 310, 1877 ; H . G. M6ller, Zeit. phys. Chem., 65. 246, 1909 ; G. M6nch, Zeit. Physik, 
65. 233, 1930 ; E . Miiller, Das Eisen, !Dresden, 50 , 184, 1917 ; E . Muller a n d J . J a n i t z k i , Zeit. 
phys. Chem., 160. 245, 1932 ; 162. 385 , 1932; W . J . Muller, Zeit. Elektrochem., 33 . 4Ol, 1927 ; 34. 
850, 1928 ; 35 . 193, 1929 ; Zeit. anorg. Chem., 26. 1, 1900 ; W . J . Muller a n d K . Konop icky , 
Monatsh., 64. 707, 1929 ; Zeit. Elektrochem., 34. 84O, 1928 ; W . J . Muller a n d O . Lowy , Monatsh., 
5 1 . 73, 1929 ; M. Mugdan , Zeit. Elektrochem., 9. 449, 1 9 0 3 ; K . M u r a t a , Joum. Japan. Soc. Chem. 
Ind., 35. 209, 290, 1932 ; O. Mustad, Abscheidungspotential des Eisens aus seinen SuIfat- und chlorilr-
losungen bei verscheidenen Temperaturen, Dresden , 1908 ; W. M u t h m a n n a n d F . F r a u n b e r g e r , 
Sitzber. Bayr. Akad., 34. 201 , 1904; A. Naocar i a n d M. Bel lat i , Nuovo Cimento, (2), 11. 129, 1874; 
V. Nejedly, Coll. Czeckosl. Chem., 1. 319, 1929 ; W . Ne rns t , Zeit. Elektrochem., IO. 629, 1903 ; 
B . N e u m a n n , Zeit. phys. Chem., 14. 193, 1894 ; E . Newbery , Proc. Boy. Soc., 115. A , 103, 1927 ; 
119. A , 680, 1928 ; Joum. Chem. Soc., 109. 1051, 1054, 1066, 1916 ; 111. 470 ,1917 ; 125. 511 , 1924 ; 
Mem. Manchester Lit. Phil. Soc., 61. 9, 1917 ; E . L. Nichols and W. S. Franklin, Amer. Joum. 
Science, (3), 84. 4 2 6 , 1 8 8 7 ; (3), 36. 29O, 1888; A. A. Noyes , Compt. Bend., 169. 971 , 1919 ; Trans. 
Amer. Electrochem. Soc., 39. 451, 1921 ; A. A. Noyes and B. F. Brann, Joum. Amer. Chem. Soc., 
34. 1023, 1922; W . A. Noyes , Compt. Bend., 164. 971 , 1919 ; A. von Oet t ingen , Proc. Chem. Met. 
Soc. South Africa, 1. 566, 1899 ; G. Oishi, Joum. Iron Steel Inst., 122. i i , 497, 1930 ; H . Pau l ing , 
Zeit. Elektrochem., S. 332, 1897 ; E . Perucca , Zeit. Physik, 46. 767, 1927 ; R . Pe t e r s , Zeit. phys. 
Chem., 26. 200, 1898 ; E . Pe te r sen , Zeit. Elektrochem., 5. 264, 1898 ; F . Pe t ruschefsky, Bull. Acad. 
St. Petersburg, (2), 15. 336, 1857 ; W . P ick , Zeit. Elektrochem., 7. 721 , 1901 ; J . C. Poggendorff, 
Pogg. Ann., 49. 532, 1 8 4 0 ; 50 . 255 , 1 8 4 0 ; 54. 364, 1841 ; 66. 597, 1845 ; 70. 60, 1847 ; 
F . Polednik , Zeit. Physik, 66. 619, 193O ; L . Ponoi , UElettricista, 1. 334, 1877 ; S. Popoff, 
V. B . F l eb i a r ty a n d E . L . H a n s o n , Joum. Amer. Chem. Soc., 58. 1643, 1931 ; S. Popoff a n d 
A. H . K u n z , ib., 5 1 . 382, 1929 ; S. Popoff, A . H . K u n z , J . A . P i d d i c k a n d W . W . Becker , Proc. 
Iowa Acad., 86 . 263, 1929 ; J . Prajzler , Coll. Czetho. Chem. Comm., 8 . 406, 1931 ; J . N . P r i n g and 
J . R . Curzon, Trans. Faraday Soc., 7 . 24O, 1912 ; S. Prooopiu , Zeit. phys. Chem., 154. 322, 1931 ; 
M. R a n d a l l a n d M. Frandsen, Joum. Amer. Chem. Soc., 54 . 40, 47 , 1932 ; B . R a n e , Joum. Indian 

VOL. X U l . R 

Ze.it


242 INORGANIC AND THEORETICAL CHEMISTRY 

Chem. Soc., 4 . 394, 1927 ; W . R a t h e r t , Zeit. Elektrochem., 20 . 150, 1 9 1 4 ; Ze.it. phys. Chem., 
86 . 598, 1914 ; C. J . R e e d , Amer. Electrician, 9 . 118, 267. 31O, 351 , 392, 43O, 1897 ; 10 . 17, 110, 
1898 ; H . C. Regna r t , Proc. Univ. Durham Phil. Soc, 8. 291 , 1931 ; F . H , R h o d e s a n d E . B . J o h n 
son, Journ. Ind. Eng. Chem., 16. 575, 1924 ; H . F . R i c h a r d s , Phys. Bev., (2) , 2 1 . 479 , 1923 ; 
T. W. Richards a n d G. E . Behr , Publ. Carnegie Inst. Washington, 6 1 , 1906 ; Zeit. phys. Chem., 
68. 325, 1907 ; T. W . a n d W . T. R icha rds , Journ. Amer. Chem. Sac., 46. 89, 1924 ; A . do l a 
R ive , Ann. Chim. Phys., (2), 37. 225, 1828 ; Schweigger's Journ., 5 3 . 416 , 1828 ; Pogg. Ann., 
15. 125, 1829 ; M. J . R o b e r t s , Phil. Mag., (3), 16. 143, 1840 ; A. P . Rol le t , Ann. Chim. Phys., 
(10), 13. 137, 1930 ; H . A. Rowland a n d L. Bel l , PhU. Mag., (2), 26. 105, 1888 ; Amer. Journ. 
Science, (3), 36. 39, 1888 ; R . Rue r , Zeit. Elektrochem., 9. 235 , 1903 ; Zeit. phys. Chem., 44 . 92 , 
1903 ; F . F . R u n g e , Pogg. Ann., 15. 95 , 1829 ; 16. 129, 1829 ; A . S. Rtissell, Nature, 115. 455 , 
1925 ; T. F . Russel l , Journ. Iron Steel Inst., 107. i , 497, 1923 ; A. R y s s a n d A. Bogomolny, 
Zeit. Elektrochem., 12. 697, 1906 ; S. S a t o , Tetsu to Hagane, 16. 79, 1930 ; U . Sborgi , Oazz. Chim. 
Itah, 6 1 . 846, 1931 ; U. Sborgi a n d G. Cappon , Nuovo Cimento, (6) , 2 3 . 303 , 1922 ; U . Sborgi 
a n d P . Marche t t i , ib., (6), 22. 151, 1921 ; O. Sca rpa ,Ze i t . phys. Chem., 156. 225 , 1931 ; H . Schafer , 
Beitrdge zur Charakteristik des Oxidations, Bres lau, 1905 ; K . S c h a u m , Zeit. Elektrochem., 7. 
483 , 1907 ; JL. Schaum a n d R. von der L inde , ib., 9. 407, 1903 ; R . Schenck, H . Semiller a n d 
V. F lacke , Ber., AO. 1704, 1907 ; A. Schleicher, Met., 6. 201 , 1 9 0 9 ; G. O. Schmid t , Zeit. phys. 
Chem., 106. 126, 1 9 2 3 ; E . P . Schoch a n d C. P . R a n d o l p h , Journ. Phys. Chem., 4 . 734, 1 9 1 0 ; 
C. F . Schonbein, Verh. Nat. Ges. Basel, 3 . 55 , 1838 ; J . B . Se th , B . Gula t i a n d S. S ingh, Phil. 
Mag., (7), 12. 409, 1931 ; P . E . Shaw a n d C. S. J e x , Proc. Boy. Soc., 118. A , 97, 1928 ; P . E . S h a w 
a n d E . W. X*savey, ib., 188. A , 503 , 1932 ; J . W. Shipley a n d C. F . Goodeve, Trans. Amer. 
Electrochem. Soc., 52. 375, 1927 ; C. P . Shrewsbury , F . L. Marshal l , J . Cooper a n d J . L . Dobel l , 
Journ. Soc. Chem. Ind., 14. 974, 1895 ; Brit. Pat. No. 12483, 1894 ; A. Sieverts a n d P . Luog, 
Zeit. anorg. Chem., 126. 219, 1923 ; V. Sihovonen a n d G. K e r k k a n e n , Acta Chem. Femica, 2 . 
54 , 1929 ; A. Sk raba l , Ber., 35. 3404, 1902 ; Zeit. anal. Chem., 43 . 97, 1904 ; Zeit. Elektrochem., 
10. 749, 1904 ; E . F . S m i t h , Amer. Chem. Journ., 10. 330 ,1899 ; A. Smi t s , The Theory of Allotropy, 
London , 1922 ; A. Smi t s a n d A. H . W. A t e n , Zeit. phys. Chem., 90. 740, 1915 ; Versl. Akad. 
Amsterdam, 23 . 667, 1914 ; A. Speidel, Ueber den. Einfluss des Aufrauhens auf die Losungstension 
der Metalle, Miinster, 1923 ; Phys. Ber., 1197, 1924 ; C. L . Speyers , Amer. Chem. Journ., 13 . 
475 , 1 8 9 1 ; W. Spr ing, Bull. Acad. BeIg., (3), 34. 266, 1897 ; Bee. Trav. Chim. Pays-Bos, 16. 247, 
1897 ; G. O. Squier , Amer. Journ. Science, (3), 45. 443 , 1893 ; H . S tager , Helvetica Chim. Acta, 
3 . 584, 1920 ; E . Staicu, Bull. Acad. Bourn., 3 . 175, 1915 ; J. S t a p e n h o r s t , Zeit. phys. Chem., 92. 
252, 1924 ; G. G. Stoney, Proc. Boy. Soc, 82. 172, 1909 ; J . S t r a c h a n , Chem. News, 98 , 104, 
1908 ; B . S t rauss , Stahl Eisen, 46. 1200, 1925 ; F . S t re in tz , Sitzber. Akad. Wien, 77 . 417, 1878 ; 
W . H . Sweeney, Trans. Amer. Electrochem. Soc., 53 . 319, 1928 ; U. C. Ta in ton , Trans. Amer. 
Electrochem. Soc, 4 1 . 389, 1 9 2 2 ; J . Tafel, Zeit. phys. Chem., 34. 200, 1900 ; 50 . 6 4 1 , 1 9 0 5 ; 
G. T a m m a n n , Zeit. Elektrochem., 35 . 23 , 1929 ; G. T a m m a n n a n d E . Vaders , Zeit. anorg. Chem., 
121. 202, 1922 ; G. T a m m a n n a n d W. Wiederhol t , ib., 125. 83 , 1922 ; G. T a m m a n n a n d C. Wilson, 
ib., 173. 141, 1928 ; A. Thiel a n d E . Breun ing , ib., 88 . 349, 1913 ; A. Thiel a n d W . H a m m e r -
schmid t , ib., 132. 23 , 1923 ; A. Thiel a n d K . Kel ler , ib., 68. 228, 1910 ; S. P . T h o m p s o n , Proc. 
Boy. Soc., 42. 388, 1887 ; J . Thomsen , Wied. Ann., 1 1 . 2 6 1 , 1 8 8 0 ; W . M. T h o r n t o n a n d 
J . A. H a n l e , Trans. Faraday Soc., 2 1 . 2 3 , 1925 ; M. M. Tichwinsky, Journ. Buss. Phys. Chem., 
25. 311 , 1 8 9 3 ; F . T d d t , Zeit. Elektrochem., 34. 853, 1928 ; Zeit. Ver. deut. Zucker Ind., 79. 7, 
1929 ; H . W. Topffer, Ueber die galvanische Ausfdlling von JLegierungen des Eisens und vertoandter 
Metalle und uber das elektrochemische Verhalten dieser Metalle, Bres lau , 1899 ; A. T rave r s a n d 
J . A u b e r t , Compt. Bend., 195. 138, 1932 ; A. P . T. Tul ly , Brit. Pat. No. 24992, 1901 ; P . Vai l lant , 
Compt. Bend., 168. 768, 1 9 1 9 ; N . Vlacovich, Nuovo Cimento, (2), 4. 5 , 1 8 7 0 ; (2), 15. 93 , 117, 
1 8 7 6 ; F . Vies a n d A Ugo, Arch. Phys. Biol., 7. 119, 1 9 3 0 ; E . Vogel, Ueber die galvanische 
Polarisation von Nickel, Cobalt und Eisen, Greisswald, 1 8 9 5 ; Wied. Ann., 55 . 610, 1 8 9 5 ; 
W . H . Walker , A. M. Cederholm a n d L. N. Ben t , Journ. Amer. Chem. Soc, 29. 1263, 1907 ; 
W . H . Walke r a n d C. Dill , Chem. Met. Engg., 5. 270, 1907 ; Trans. Amer. Electrochem. Soc., 1 1 . 
153, 1907 ; J . C. W a r n e r , ib., 55 . 226, 1929 ; N . T. M. Wilsmore , Zeit. phys. Chem., 35 . 318 , 
190O ; 36. 92, 1901 ; W . Win te r , Phys. Zeit., 14. 823, 1913 ; W. WoIfE, Ueber Saverstoff—ZeUen, 
F r e i b u r g i. B . , 1888 ; J . Woost , Ueber den Einfluss der Temperatur auf das Elektromotorische 
Verhalten des Eisens in Kalilauge, Dresden, 1912 ; C. R . A. W r i g h t a n d C. T h o m p s o n , Phil. 
Mag., (5) , 19. 23 , 117, 202, 1886 ; W. v a n Wullen-Seholten, Arch. Eisenhuttenwesen, 2 . 523 , 1928 ; 
Stahl Eisen, 49. 212, 1929 ; Korrosion MetaUschutz, 4 . 266, 1928 ; K . Zang , 1st das Beduktions 
—Oxydations Potential von Bedentung fur die Geschtoindigkeit von "Beduktions—Oxydations— 
Beaktionen, Frankfurt-am-Main, 1929 ; R . Zuppinger , Electromotorische Kr&fte von Schwefel-
metallen Acetylen—Oasketten, S t rassburg , 1900. 

« E . P . A d a m s , Phil. Mag., (6), 27 . 249, 1 9 1 4 ; (6), 4 2 . 677, 1921 ; E . P . A d a m s a n d 
A . K . Chapman, ib., (6), 27 . 244, 1914 ; (6), 28 . 692, 1914 ; Proc. Amer. Phil. Soc., 6 4 . 47, 1915 ; 
W . F . B a r r e t t , Trans. Boy. Soc. Dublin, (2), 7 . 127, 1900 ; Phil. Mag., (5), 4 9 . 309, 1900 ; 
F . E . Ba s h , Proc. Amer. Soc. Testing Materials, 2 4 . i i , 416, 1924 ; E . Becquerel , Ann. Chim. 
Phys., (4), 8 . 389, 1866 ; Compt. Bend., 62 . 966, 1866 ; G. Belloc, BuU. Soc. Enc. Nat. Ind., 
107. 492 , 1 9 0 8 ; ThermoUectriciU du fer et des aciers, Pa r i s , 1903 ; Ann. Chim. Phys., (7) , 8 0 . 
42 , 1903 ; Stahl Eisen, 2 0 . 1128, 1900 ; Compt. Bend., 181. 336, 1898 ; 184. 105, 1900 ; C. B e n e -
4IpIw, *&• 1«8 . 297, 1 9 1 6 ; Journ. Iron Steel Inst., 9 3 . i, 211 , 1 9 1 6 ; Nature, 64 . 667, 1901 ; 
Ji*(Mfem:*Berliner, Scient. Paper U.S. Bur. Standards, 484, 1924 ; G. Borel ius , Ann. Physik, (4), 6 7 . 

Ze.it


IRON 243 

236, 1922 ; (4), 6 8 . 67 , 1922 ; (4), 74 . 757, 1924 ; Nature, 109. 613 , 1922 ; Arsschrift Lund Untv., 
14. 17, 1918 ; O . Borel ius a n d F . Gunneson , Ann. PKyHk9 (4), 67. 227, 1922 ; O. B o u d o u a r d , 
Rev. MU., 1. 80 , 1 9 0 4 ; P . W. B r i d g m a n , Proc. Amer. Acad., 53 . 334, 1 9 1 8 ; H . Broi l i , Ann. 
Physik, (S), 14. 259, 1932 ; W. Broniewsky, Carnpt. Mend., 156. 699, 1983 ; 1913 ; S. L . B r o w n 
a n d I*. O. S h u d d e m a g e n , Phys. Rev., (2), 5. 385, 1 9 1 5 ; G. K . Burgess a n d J . J . Crowe, Trans. 
Amer. Inst. Min. Eng., 47. 665 , 1913 ; BvU. Bur. Standards, 10. 315 , 1914 ; G. K . Burgess a n d 
I . N . Kel lberg , ib.9 11. 457, 1 9 1 4 ; Journ. Washington Acad., 4 . 436, 1 9 1 4 ; G. K . Burgess a n d 
P . D . Sale, Bull. Bur. Standards, 12. 289, 1915 ; G. K . Burgess a n d H . Sco t t , Sclent. Paper 
U.S. Bur. Standards, 296, 1 9 2 5 ; Journ. Washington Acad., 6- 65O, 1916 ; Eng., 102. 391 , 1 9 1 6 ; 
Journ. Iron Steel Inst., 94. i i , 258, 1916 ; A. Campbel l , Proc. Edin. Roy. Soc., 14. 387, 1887 ; 
E . D . Campbel l a n d W. C. Dowd , Journ. Iron Steel Inst., 96. i i , 251 , 1917 ; B . D . Campbel l 
and H . W . Mohr , ib., 113. i , 375 , 1926 ; E . D. Campbel l a n d B . A. Soule, ib., ±V2. i i , 281 , 1920 ; 
Blast-Furnace Steel Plant, 8. 603 , 192O ; A. E . Caswell, Phys. Rev., (2) , 26 . 286, 1926 ; R . Cazaud , 
Aciers Spiciaux, 5. 110, 1930 ; A. K . C h a p m a n , Phil. Mag., (6) , 32. 179, 1916 ; H . Ie Chatel ier . 
Compt. Rend., 102. 917, 1886 ; Rev. Met., 1. 134, 1904 ; O. Chwolson, Carl's Repert., 14. 15, 
1878 ; Melanges Phys. St. Petersburg, 10. 379, 1877 ; E . Cohn , Wied. Ann., 6. 385 , 1 8 7 9 ; 
O. M. Corbino, Phys. Zeit., 12. 5 6 1 , 842, 1911 ; J . d i m m i n g , Trans. Cambridge Phil. Soc., 2. 
47, 1823 ; Ann. Phil., 5 . 427, 1823 ; 6. 177, 321 , 1823 ; Schweigger's Journ., 40. 317, 1824 ; 
R. von Dal lwi tz-Wegner , Zeit. Elektrochem., 34. 42 , 1928 ; C. Dannecke r , Ann. Physik, (4) , 
42. 1504, 1913 ; C. R . Dar l ing a n d R . H . R ina ld i , Proc. Phys. Soc., 36. 2 8 1 , 1924 ; J . D e w a r 
a n d J . A . F leming , Phil. Mag., (5), 40. 95 , 1895 ; J . Dor fman , R . J a a n u s , K . Grigoroff a n d 
M. Czernichowsky, Zeit. Physik, 70. 796, 1931 ; E . !Dubois, Compt. Rend., 184. 1424, 1927 ; 185. 
IO, 1927 ; E . L . D u p u y a n d A. M. P o r t e v i n , Journ. Iron Steel Inst., 91. 1, 306, 1915 ; Compt. 
Rend., 157. 776, 1913 ; A. E g a l , ib., 198. 332, 1933 ; J . A. E w i n g , Proc. Roy. Soc., 3 2 . 
399, 1 8 8 1 ; Phil. Trans., 176. 523 , 1 8 8 5 ; 177. 361 , 1 8 8 6 ; J . Gal ibourg , Rev. Met., 2 2 . 
400, 527, 610, 1925 ; A . Goetz , Phys. Zeit., 2 5 . 562, 1 9 2 4 ; 26 . 260, 1925 ; E . H . H a l l , 
Phys. Rev., (2), 28 . 392, 1926 ; E . P . H a r r i s o n , PhU. Mag., (6), 3 . 177, 1902 ; C. W . H e a p s , 
Phys. Rev., (2), 38 . 1391, 1931 ; W . Heraeus , Ann Physik, (4), 7 3 . 554, 1924 ; P . Hof fmann a n d 
A. Schulze, Elektrotech. Zeit., 4 1 . 427, 1920 ; L.. Ho lbo rn , K . Scheel a n d F . H e n n i n g , War-
metabellen, Braunschweig , 1 9 1 9 ; W . J a c k s o n , Phil. Mag., (7), 7 . 867, 1 9 2 9 ; W . J a g e r a n d 
H . Diesselhors t , Abh. Phys. Tech. Reichsanst., 3 . 269, 19OO ; J . P . J o u l e , Phil. Mag., (4), 15. 
538, 1857 ; W . H . Keesom, C. H . J o h a n s s o n a n d J . O. L i n d e , Proc. Akad. Amsterdam, 3 3 . 17, 
1930 ; O. L. Kowalke , Trans. Amer. Electrochem. Soc., 24. 377, 1913 ; 26 . 199, 1 9 1 4 ; 29 . 561 , 
1916 ; J . Kousmine , Helvetica Phys. Acta, 4. 364, 1931 ; M. v o n L a u e a n d G. Sil jeholm, Natururiss., 
18. 764, 1930 ; U . P . LeIy, Phil. Mag. (7), 12 . 448, 1931 ; Zeit. Phystk, 70 . 562, 1931 ; M. Maclean, 
Proc. Roy. Soc, 66. 165, 1900 ; H . G. Magnus , Pogg. Ann., 8 3 . 469, 1851 ; A . Mat th iessen , 
Phil. Mag., (4), 16. 219, 1858 ; Phil. Trans., 148. 383, 1858 ; Pogg. Ann., 103. 428 , 1858 ; 
J . R . A. Mousson, Denks. Schtoeiz. Ges., 14 . 1, 1 8 5 4 ; L . J . N e u m a n , Phys. Rev., (2), 27 . 643, 
1926 ; H . F . Newal l , Proc. Cambridge Phil. Soc., 6 . 172, 1888 ; Phil. Mag., (5), 2 5 . 10, 1888 ; 
P . Nicolau, Rev. Met., 22 . 539, 1925 ; R . N u b e l , Ann. Physik, (5), 9 . 826, 1931 ; W . Ogawa , 
Journ. Japan. Soc. Chem. Ind., 3 1 . 486, 1928 ; H . Kl. Onnes a n d G. H o i s t , Proc. Akad. Amster
dam, 17. 760, 1914 ; R . Overbeck, Wied. Ann., 2 2 . 344, 1 8 8 4 ; W . R o h n , Zeit. Metallkunde, 
16. 297, 1924 ; W . H . Ross , Phys. Rev., (2), 3 8 . 179, 1931 ; W . Schneider , Der Einfluss der 
AbkilMungegeschwindigkeit auf die Lage der Umtvandlungs- (Auszug : Halte-) punkte und das 
Gefuge der Kohlenstoffstahle, Bres lau , 1920 ; Stahl Eisen, 4 2 . 1577, 1922 ; T . J . Seebeck, Sitzber. 
Akad., Ber l in , 265, 1822 ; Gilbert's Ann., 7 8 . 115, 430, 1823 ; Pogg. Ann., 6. 1, 133, 253, 1823 ; 
H . E . S m i t h , Proc. Phys. Soc., 3 8 . 1, 1925 ; S. W . J . S m i t h , A . A . Dee a n d W . V . Meyneord , 
Proc. Phys. Soc, 87 . 1, 1924 ; A . Smi t s a n d J . S p u y m a n , Proc. Akad. Amsterdam, 2 3 . 687, 1921 ; 
E . C. Stonier , Proc. Leeds Phil. Lit. Soc, 2. 149, 1931 ; I . S t r a n s k y , Zeit. phys. Chem., 113. 131, 
1924 ; V. S t rouha l a n d C. B a r u s , Bull. U.S. Geol. Sur., 21, 1885 ; Abh. Bohm. Ges., (G), 12. 
14, 15, 1 8 8 4 ; Wied. Ann., 2 0 . 525, 1 8 8 3 ; P . G. Ta i t , Nature, 8. 86, 112, 1 8 7 3 ; Trans. Roy. 
Soc. Edin., 27. 125, 1 8 7 4 ; G. T a m m a n n , Zeit. MetaUkunde, 24. 220, 1 9 3 2 ; G. T a m m a n n a n d 
G. Bande l , Ann. Physik, (5), 16. 120, 1 9 3 3 ; O. Tesche, Zeit. tech. Phys., 13 . 310, 1932 ; 
J . Thiele, Ann. Physik, (4), 72. 549, 1 9 2 3 ; F . C. T h o m p s o n a n d E . Whi t ehead , Proc. Roy. 
Soc, 102. A , 587, 1923 ; W . Thomson (Lord Kelv in) , Phil. Trans., 146. 709, 722, 1856 ; 
H . Tomlinson, Proc. Phys. Soc, 9. 105, 1887 ; Proc. Roy. Soc, 56. 103, 1894 ; F . T. T r o u t o n , 
B.A. Rep., 517, 1889 ; 145, 1 8 9 0 ; Proc Roy. Soc Lhiblin, (2), 5 . 171 , 1887 ; K . T s u r u t a , 
Journ. CoU. Science Japan, 9. 27 , 1898 ; G. W . von T u n z e l m a n n , Phil. Mag., (5), 5 . 339 , 1878 ; 
C A. P . T u r n e r , Proc. Soc. Eng. Western Pennsylvania, 13. 384, 1897 ; E . W a g n e r , Ann. Physik, 
(4), 27. 955, 1908 ; J . Y o u n g , Proc Phys. Soc, 27. 145, 1925. 

6 E . H . Ha l l , Amer. Journ. Math., 2 . 287, 1879 ; B.A. Rep., 552, 1881 ; Amer. Journ. Science, 
(3), 20 . 52, 161, 1880 ; (3), 19 . 119, 1885 ; (3), 36 . 131 , 277, 1888 ; Phil. Mag., (5), 10 . 136, 1880 ; 
(5), 12. 157, 1881 ; (6) , 15. 3 4 1 , 1883. ; W. L . Webs t e r , Proc. Cambridge PhU. Soc, 2 3 . 800, 1927 ; 
A. Mazzar i , Nuovo Cimento, (7), 5. 215 , 1929 ; P . I . Wold , Science, (2) , 68 . 183, 1928 ; E . H . H a l l 
a n d L. L . Campbel l , Proc. Amer. Acad., 46. 625 , 1911 ; L . L . Campbel l , Galvanomagnetic and 
Thermomagnetic Effects, L o n d o n , 1923 ; J . C. S te inberg , Phys. Re>\, (2), 2 1 . 24 , 196 ,1923 ; A . von 
f^J j^eskausen a n d W ' N e r n s t , Wied. Ann., 29 . 343 , 1886 ; 8 3 . 474 , 1888 ; Journ. Phys., (2), 
S x ? 9 ? ' 1 8 8 7 ; SUzber. Akad. Wien, 94. 560, 1886 ; 96. 787, 1887 ; A . von E t t i ngshausen , ib., 94. 
?22 ' J ? 8 6 ; A ' K « n d * » Wied. Ann., 49. 257 , 1893 ; S. T»ao a n d W . B a n d , Proc Phys. Soc, 44 
166, 1 9 3 2 ; A. L e d u c , Compt. Rend., 102. 358, 1 8 8 6 ; H . Atherthum, Ann. Physik, <4), 89. 933, 



244 INORGANIC AND THEORETICAL CHEMISTRY 

1912 ; (4), 40. 391, 1913 ; W. Ifrey, ib., (4), 46. 1057, 1915 ; Die. Abhdngigkeit des Hall-Ejfekls 
in Met alien von tier Temperatur, Leipzig, 1908 ; J . Konigsberger and G. Gottstein, Phys. Zeit., 
14. 232, 1913 ; Ann. Physik, (4), 46. 446, 1915 ; (4), 47. 566, 1915 ; H. Zahn, ib., (4), 14. 886, 
1904 ; (4), 16. 148, 1905 ; (4), 23. 131, 1907 ; Jahrb. Rad. Elektron., 5. 166, 1908 ; Phys. Zeit., 
16. 279, 1915 ; A. W. Smith, Phil. Mag., (6), 31. 367, 1916 ; Phys. Rev., (1), 28. 69, 1909 ; (1), 
3O. 1, 1910 ; (1), 33. 295, 1911 ; (2), 1. 339, 1913 ; (2), 5. 35, 1915 ; (2), 8. 79, 1916 ; H. B. Pea
cock, ib., (2), 25. 113, 1925 ; (2), 27. 474, 1926 ; A. W. Smith and R. W. Sears, ib., (2), 34. 1466, 
1929 ; E. M. Pngh, ib., (2), 32. 321, 824, 1928 ; (2), 86. 1503, 1930 ; E. M. Pugh and T. W. Ldppert, 
ib., (2), 42. 709, 1932; P. W. Bridgman, ib., (2), 24. 644, 1924; P. I. Wold, ib., (2), 61. 1116, 
1928 ; X.. J . Neuman, ib., (2), 27, 643, 1926 ; F. Unwin. Proc. Roy. Soc. Edin., 34. 208, 1914 ; 
41. 44, 1921 ; E. Bossa, Atti Accad. Lincei, (6), 11. 482, 1930 ; (6), 12. 582, 193O ; M. Cantone 
and E. Bossa, Mem. Accad. IUd., 2. 1, 1930 ; W. Y. Chang and W. Band, Proc. Phys. Soc., 45. 
602, 1933 ; A. K. Chapman, Phil. Mag., (6), 32. 179, 1916 ; E. P. Adams and A. K. Chapman, 
ib., (6), 27. 244, 1914 ; (6), 28. 692, 1914 ; Proc. Amer. Phil. Soc., 54. 47, 1915 ; O. M. Corbino, 
Phys. Zeit., 12. 561, 1911. 6 F . Robin, Journ. Iron Steel Inst.—Carnegie Mem., 2. 195, 1910. 7 W. G. Nuffield, T. H. Burnham and A. H. Davis, Proc. Roy. Soc, ©7. A, 326, 1920 ; 
M. Haitinger, Mikrochetnie, (2), 3 . 430, 1931 ; H. Schmick and R. Seeliger, Phys. Zeit., 29. 864, 
1928 ; A. Gunther-Schulze, Zeit. Physik, 30. 175, 1924 ; 87. 868, 1926 ; 49. 473, 1928 ; K. Rott-
gardt, Ann. Physik, (4), 33. 1161, 1910 ; E . Blechschmidt, ib., (4), 81. 999, 1926 ; R. Seeliger 
and M. Reger, ib., (4), 88. 535, 1927 ; R. Seeliger and H. Wulfhekel, ib., (5), 6. 87, 1930 ; E . Lau 
and O. Reichenheim, ib., (R), 3 . 840, 1929 ; G. Gehlhoff, ib., (4), 24. 553, 1907 ; Ver. dent. phys. 
Grs., 12. 963, 1910 ; G. Gehlhoff and K. Rottgardt , ib., 12. 492, 1910 ; A. Schaufelberger, Ueber 
das norm&le Kathodengefdile in Luft, Zurich, 1921 ; H. E. Ives, Journ. Franklin Inst., 198. 437, 
1924; T. Baum, Zeit. Physik, 40. 686, 1926; K. Meyer and A. Gunther-Schulze, 71 . 279, 
1931 ; W. Ramborg, Ann.'Physik, (5), 12. 319, 1932 ; W. Neuswanger, Phys. Rev., (2), 7. 253, 
1916 ; W. T.. Cheney, ib., (2),' 7. 241, 1916 ; C. A. Skinner, ib., (2), 5. 483, 1915 ; H. Schuler, 
Phys. Zeit.,22. 264, 1921 ; G. E . I>oan, Journ. Amer. Inst.Elect. Eng.,4&. 453, 1930 ; E . "Warburg, 
Wied. Ann., 31. 454, 1887 ; 40. 1, 1890 ; R. Defregger, Ann. Physik, (4), 12. 662, 1903 ; W. Heuse, 
ib., (4), 5. 670, 1901 ; W. Crookes, Proc. Roy. Soc, 50. 102, 1891 ; Chem. News, 63. 287, 1891 ; 
H . Nagaoka and T. Futagami, Proc. Acad. Tokyo, 4 . 201, 1928; I . Klemencic, Ueber das 
Verhalten des Eisens gegen electrische Schwindungen, Stuttgart , 1892 ; H. P . Waran, Phil. Mag., 
(7), 11. 397, 1931 ; V. L. Chrisler, Astrophys. Journ., 54. 273, 1921 ; H. Dziewulsky, Acta Phys. 
Polonica, 2. 51, 1933 ; E. H. Owen and P. Wright, Brit. Journ. Radiol., 5. 330, 1932 ; F. H. New
man, Phil. Mag., (7), 14. 718, 1932. 

8 H. F . Richards, PJiys. Rev., (2), 22. 122, 1923. 

§ 2£. Magnetic Properties of Iron and Iron-Carbon Alloys 
T h e laws of m a g n e t i s m were worked o u t la rgely b y e x p e r i m e n t s on t h e m a g n e t i c 

p roper t i e s of i ron a n d s teel , b u t i t is c o m p a r a t i v e l y r a r e , i n p a s t yea r s , t o find full 
i n fo rma t ion ava i l ab le a s t o t h e n a t u r e of t h e spec imens emp loyed . T h e exper i 
m e n t s , however , se rved t h e i r pu rposes in deve lop ing c e r t a i n pr inc ip les , a n d descr ip 
t i ons will b e found in t h e works of J . A . E w i n g , 1 T . F . W a l l , F . A u e r b a c h , E . S c h m i d t , 
W . v o n W e s t p h a l , a n d m a n y o the r s . I n d e e d , all t e x t b o o k s on m a g n e t i s m a r e 
m a i n l y concerned w i t h t h i s e lement , s ince i ron is k i n g of t h e m a g n e t i c m e t a l s . 
Meta l s s t rong ly a t t r a c t e d b y a m a g n e t a r e sa id t o be ferromagnetic—-e.g., i ron , s tee l , 
n ickel , coba l t , a n d some al loys. S u b s t a n c e s which a r e feebly a t t r a c t e d b y a 
m a g n e t , a n d which w h e n p laced in a m a g n e t i c field h a v e a t e n d e n c y t o se t t h e m s e l v e s 
w i t h t h e i r axes para l le l t o t h e l ines of force, or h a v e a t e n d e n c y t o p a s s f rom t h e 
w e a k e s t t o t h e s t ronges t p a r t of t h e field, were sa id b y M. F a r a d a y t o b e p a r a 
magnet i c—e .g . oxygen , a n d p l a t i n u m . F e r r o m a g n e t i s m is a special case of p a r a 
m a g n e t i s m . Subs t ances which a re feebly repel led b y a m a g n e t , a n d , w h e n p l a c e d 
i n a m a g n e t i c field, h a v e a t e n d e n c y t o se t t h e m s e l v e s w i t h t h e i r a x e s a t r i g h t -
ang les t o t h e lines of force, or t o pass f rom t h e s t ronges t t o t h e w e a k e s t p a r t of t h e 
field, a r e sa id t o be d iamagnet ic—e .g . b i s m u t h is m o r e d i a m a g n e t i c t h a n a n y o t h e r 
m e t a l . More subs t ances a r e k n o w n wh ich exh ib i t d i a m a g n e t i s m t h a n p a r a 
m a g n e t i s m . Accord ing t o T . Carnel ley, o n e x a m i n i n g M. F a r a d a y ' s l i s t of 
p a r a m a g n e t i c a n d d i a m a g n e t i c subs t ances : 

The following rule invariably holds good without a single exception in the ease of t he 
38 elements to which i t can be applied. Those elements belonging to the even series of 
tUte jperiodic system are always paramagnetic, whereas those elements belonging to odd 
series are always diamagnetic. 



I R O N 2 4 5 

A n d H . E . J . G. d u Bois a d d e d t h a t , n o t w i t h s t a n d i n g g a p s , u n c e r t a i n t i e s , a n d 
excep t ions , in t h e per iod ic classification of t h e e l emen t s : 

W e c a n detect in t h e magnet i c , as in all t h e other phys ica l and. chemical propert ies , a 
periodic variat ion. T h e series of paramagnet ic e lements , wh ich , on the whole , are a lso very-
refractory, are found o n t h e descending branches , or in t h e m i n i m a of t h e a t o m i c v o l u m e 
curve for t h e solid e lements , -whilst the more eas i ly fusible, d iamagnet ic e l ements o c c u p y 
the ascending port ions and t h e m a x i m a of t h e curve. 

T h e p a r a m a g n e t i c a n d d i a m a g n e t i c s t a t e s of m a n y al loys d e p e n d o n t h e s t r e n g t h 
of t h e app l i ed m a g n e t i c field, a n d K . O v e r b a c h a p p l i e d t h e t e r m m e t a m a g n e t i c 
a l loys t o such a l loys . F o r i n s t ance , a copper-z inc a l loy is p a r a m a g n e t i c in w e a k 
fields, b u t t h e suscep t ib i l i ty r ises t o a m a x i m u m as t h e s t r e n g t h of t h e field increases , 
a n d t h e a l loy t h e n becomes d i a m a g n e t i c . B r a s s becomes m e t a m a g n e t i c if a few-
t h o u s a n d t h s of i ron b e p r e s e n t , whi l s t z inc w i t h u p t o 4-7 p e r cen t , of i ron is i nde 
p e n d e n t of t h e field. 

T h e effect of one m a g n e t on a n o t h e r is g rea t e r , t h e g r e a t e r t h e d i s t a n c e b e t w e e n 
t h e poles of t h e m a g n e t , so t h a t b o t h t h e s t r e n g t h , m, of t h e poles of a m a g n e t , 
a n d t h e d i s t ance b e t w e e n t h e poles a r e r e q u i r e d in o rde r t o d e t e r m i n e t h e effect of 
one m a g n e t on a n o t h e r . T h e p r o d u c t of t h e pole s t r e n g t h , a n d t h e d i s t a n c e 
b e t w e e n t h e poles is cal led t h e m o m e n t of t l ie m a g n e t , M. T h e force of a m a g n e t 
on a d i s t a n t m a g n e t i c needle is d o u b l e d b y d o u b l i n g t h e d i s t a n c e b e t w e e n i t s poles ; 
a n d a m a g n e t w i t h poles half a s s t r o n g a s a n o t h e r m a g n e t , w o u l d h a v e t h e s a m e 
m a g n e t i c m o m e n t , p r o v i d e d t h e poles of t h e weake r m a g n e t were tw ice a s far a p a r t 
Ms t h e poles of t h e s t ronge r m a g n e t . T h e poles of t h e longer m a g n e t w o u l d h a v e 
on ly half t h e v o l u m e of steel a s t hose of t h e second, so t h a t if t h e m o m e n t of eaeli 
m a g n e t b e defined b y i t s v o l u m e , v, t h e q u o t i e n t , J-JMv, is cal led t h e in tens i ty of 
magnet i za t ion , a n d ind ica t e s t h e m a g n i t u d e of t h e m o m e n t p e r u n i t v o l u m e , or t h e 
pole s t r e n g t h p e r u n i t a r ea . If t h e m o m e n t b e d iv ided b y t h e m a s s of t h e m a g n e t , 
t h e q u o t i e n t is cal led t h e specific in tens i ty of m a g n e t i z a t i o n , a n d ind ica te s t h e 
m a g n i t u d e of t h e m o m e n t p e r u n i t of m a s s . 

W h e n a s u b s t a n c e p laced in a m a g n e t i c field becomes m a g n e t i z e d , t h e r e is a 
re la t ion b e t w e e n t h e m a g n e t i s m i t a cqu i r e s a n d t h e m a g n e t i c force which a c t s u p o n 
i t . T h e force of a m a g n e t i c field is r e p r e s e n t e d b y H, so t h a t t h e field is sa id t o b e 
of s t r e n g t h H gauss . T h e l ines of force b e t w e e n t h e u n l i k e poles of t w o b a r m a g n e t s 
a re c o n d u c t e d b e t t e r b y some s u b s t a n c e s t h a n o t h e r s . T h e l ines of force b e t w e e n 
t h e t w o m a g n e t s in a i r , a r e r e p r e s e n t e d d i a g r a m m a t i c a l l y b y F i g . 285, a n d w h e n 
a piece of i ron is p l aced in t h e g a p , b y F i g . 286. T h e c r o w d i n g of t h e l ines i n t o t h e 

F i o s . 285 and 286 .—Linear Force b e t w e e n t w o Unl ike Magnet ic Po les in Air, a n d 
•with a piece of Iron in t h e Gap . 

i ron m a k e i t a p p e a r a s if t h e l ines of force find i t eas ier t o go t h r o u g h i ron 
t h a n t h r o u g h a i r ; t h e i r on a p p e a r s t o b e a b e t t e r c o n d u c t o r for t h e l ines of force 
t h a n is t h e case w i t h a i r . Th i s is expressed b y s a y i n g t h a t t h e m a g n e t i c per 
meabi l i ty of i ron is g r e a t e r t h a n is t h a t of a i r ; or , converse ly , t h e m a g n e t i c re luct iv i ty 
of a i r is g r e a t e r t h a n t h a t of i ron . T h e p e r m e a b i l i t y of a m e d i u m is hence d e n n e d 
as i t s c o n d u c t i n g p o w e r for l ines of m a g n e t i c force w h e n c o m p a r e d w i th t h a t of a i r . 
I^ H d eno t e s t h e n u m b e r of u n i t l ines of force p e r sq . c m . , in t h e m a g n e t i c field, H 
measu re s t h e s t r e n g t h of t h e m a g n e t i c force ; a n d if B d e n o t e s t h e n u m b e r of l ines 
of i n d u c t i o n p e r sq . c m . i n t h e m a t e r i a l w h e n p laced in t h e field, B measu re s t h e 
magnet i c induct ion o r flux dens i ty of t h e m a t e r i a l . T h e m a g n e t i c p e r m e a b i l i t y 
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of t h e s u b s t a n c e is m e a s u r e d b y t h e r a t i o of B t o JGT, a n d t h i s r a t i o is symbo l i zed b y 
JUL. T h u s , t h e m a g n e t i c p e r m e a b i l i t y —JJL—B/H. 

I n s t e a d of r ep re sen t i ng t h e m a g n e t i z a b i l i t y of a s u b s t a n c e i n t e r m s of t h e 
pe rmeab i l i t y , i t c a n b e expressed a s a r e l a t i o n b e t w e e n t h e i n t e n s i t y of m a g n e t i z a 
t ion , / , a n d t h e s t r e n g t h of t h e m a g n e t i c force, H. T h e r a t i o of t h e s e t w o m a g n i t u d e s 
is called t h e m a g n e t i c susceptibi l i ty, so t h a t x=I/&- T i L e m a g n e t i c i n d u c t i o n , 
B, or t h e t o t a l n u m b e r of l ines of force p e r sq . c m . in a spec imen , is e q u a l t o t h e s u m 
of t w o lots-—H l ines d u e t o t h e m a g n e t i c field, a n d 47r/ l ines p e r sq . c m . d u e t o t h e 
effect of t h e field u p o n t h e spec imen , or B=H + 4I. S ince I=x&> a n < * B=[JLH, i t 
follows t h a t X=(M—V)I4TT. If t h e p e r m e a b i l i t y / * = 1 , a s i s t h e case w i t h a i r , t h e 
m a g n e t i c suscept ib i l i ty x — 0 . I n p a r a m a g n e t i c s u b s t a n c e s , w h e r e /x is g r e a t e r 
t h a n u n i t y , t h e suscept ib i l i ty is pos i t ive ; a n d in d i a m a g n e t i c s u b s t a n c e s , w h e r e 
t h e p e r m e a b i l i t y /JL is less t h a n u n i t y , t h e suscep t ib i l i t y i s n e g a t i v e . H e n c e , w h e n 
a p a r a m a g n e t i c s u b s t a n c e acqu i res a m a g n e t i z a t i o n 7, w h i c h is i n t h e s a m e d i r e c t i o n 
a s t h e force, B is g r ea t e r t h a n H ; a n d converse ly for d i a m a g n e t i c s u b s t a n c e s , B 
is less t h a n H. T h e v a l u e 4ZTTI is t a k e n t o r e p r e s e n t t h e sa turat ion v a l u e of t h e 
m a g n e t i s m w i t h t h e m a g n e t i c force, H. 

W h e n soft i ron is m a g n e t i z e d , i t loses i t s m a g n e t i z a t i o n m u c h m o r e r e a d i l y t h a n 
h a r d s teel . T h e power of r e t a i n i n g m a g n e t i z a t i o n w h e n t h e i n d u c i n g inf luence is 
w i t h d r a w n is cal led t h e retentivi ty , o r r e m a n e n c e , a n d t h e m a g n e t i s m r e t a i n e d is 
cal led t h e p e r m a n e n t or residual m a g n e t i s m . Soft i ron m a y r e t a i n m o r e r e s idua l 
m a g n e t i s m t h a n s teel , b u t i t is u n s t a b l e a n d m o r e r ead i l y los t t h a n is t h e case w i t h 
s teel . Ma te r i a l wh ich r e t a i n s a good p o r t i o n of i t s m a g n e t i z a t i o n , desp i t e d i s t u r b i n g 
influences, is sa id t o h a v e a la rge coercivity* 

If a long, t h i n , u n m a g n e t i z e d i ron r o d b e p l aced in t h e solenoid t h r o u g h w h i c h 
a c u r r e n t of a n y des i red s t r e n g t h c a n b e pas sed , a n d if t h e c u r r e n t b e g r a d u a l l y 
inc reased while t h e va lue s of t h e m a g n e t i z i n g force, H9 t h e n , t h e i n d u c t i o n or flux 
d e n s i t y , B, a n d t h e i n t e n s i t y of m a g n e t i z a t i o n , I, m a y b e d e t e r m i n e d a t different 
s t ages of t h e ope ra t i on , so as t o show t h e r e l a t i o n b e t w e e n t h e m a g n e t i s m a c q u i r e d 
b y t h e i ron rod , a n d t h e m a g n e t i c force a c t i n g u p o n i t ; t h e r e l a t i ons of t h e 
m a g n i t u d e s c a n b e r e p r e s e n t e d b y t h e p e r m e a b i l i t y , /x, o r BH-cuwe, s ince fjL=B/H ; 
or b y t h e suscep t ib i l i ty , x> o r /*fiT-curve, s ince ; £ — / / / / . The v a l u e s for B a n d H 
for s o m e samples of i ron a n d s teel a r e s h o w n in F i g . 287 . W i t h a m a g n e t i z i n g 

Magnet/zing force H MagfKTt/z//7g~ force M g-rlfcrts per cm 

F i a s . 287 and 288 .—The BH- or Magnet ic I n d u c t i o n Curves. 

force of 2*5 g a u s s , a n n e a l e d soft i r on h a s 5 = 8 0 0 0 ; c a s t i ron , 3000 ; h a r d e n e d 
i ron , 1000 ; a n d h a r d e n e d s tee l , a b o u t 400 . W h e n I f = I O , t h e v a l u e for soft 
i r o n i s b e c o m i n g h o r i z o n t a l ; b u t w i t h h a r d e n e d i r o n a n d a n n e a l e d s tee l , u n t i l JEf 
i s 4O t o 45 ; a n d w h e n H=&0, t h e v a l u e of B for h a r d e n e d s tee l is st i l l r i s ing, b u t 
t h e o t h e r m e t a l s a r e p r a c t i c a l l y s a t u r a t e d . T h e c u r v e s show, in genera l , t h r e e 
s t a g e s of p rog res s . A t t h e b e g i n n i n g , w h e n H is sma l l , c h a n g e s in t h e v a l u e of 
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H produce only small changes in the value of B, where the permeability is small; 
in the next stage, where the curve rises rapidly, small changes in the value of H 
produce large changes in the value of B. The permeability thus rapidly increases 
to a maximum. In the third stage, the metal is saturated, and the curve is 
nearly horizontal, showing that changes in the value of H have very little influence 
on the value of B, 

The measurements of E. Gerold on the effect of chemical composition on the 
magnetic induction are summarized in Fig. 289. The continuous curves are for 
carbon, the dotted curves are for 
silicon. The effect of additions of 
1 per cent, of aluminium, silicon, 
copper, molybdenum, manganese, and 
chromium are indicated in Fig. 289. 

J . Coulson found that the magnetic 
moment of iron decreases on hydro-
genization, attaining, in time, a value 
of 5 to 27 per cent, less than the 
original value. L. W. McKeehan 
found that the magnetic permeability 
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of single crystals of iron, prepared by high-temp, treatment in hydrogen, are 
greater than that of crystals obtained by D. Foster, W. Gerlach, R. Chevallier, 
and K. Honda and S. Kaya by other methods. Observations showed that the 
high permeabilities were not due to the large size of the crystals, but rather to the 
treatment with hydrogen at a high temp. A comparison of the magnetization 
curves, Fig. 290, and the hysteresis loops, Fig. 291, of ordinary annealed iron, and 
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F I G . 291.— Hysteresis Loops of Hydro
genized, and Ordinary Annealed I ron . 

of hydrogenized iron, due to P. P. Ciofii, shows that permeabilities of 130,000 
can be obtained when the coercive force is 0*05 gauss, and the hysteresis loss— 
vide infra—for maximum induction J3m—14,000 is 300 ergs per c.c. per cycle. 
W. E. Ruder, B. Gumlich, and F. P. Wilson reported that the magnetic properties 
of iron are improved by heating the metal in hydrogen, although E. Gumlich, 
T. D. Yensen, and F . S. Tritton and D. Hanson did not get such good results by 
heating the metal in vacuo, in nitrogen, or slightly oxidized atmospheres. 
J. Wiirschmidt, L. W. McKeehan and co-workers, and T. W. and W. T. Richards 
studied the subject. N. A. Ziegler obtained high permeabilities with specimens 
containing several large crystals, and he considered that the results could be 
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ob ta ined on ly wi th single c r y s t a l s ; A . H a y e s r e p o r t e d h ighe r pe rmeab i l i t i e s b y 
me l t i ng i ron in a low press , ca rbur iz ing a t m . , a n d m a d e n o m e n t i o n of t h e 
grain-size of t h e c rys ta l s . P . P . Cioffi cons idered t h a t t h e h igh pe rmeab i l i t i e s 
ob ta ined w i th hydrogen ized i ron a r e d u e t o a b s o r b e d h y d r o g e n , since if t h e h i g h 
permeabi l i ty i ron b e r e -hea ted t o a h igh t e m p , in a v a c u u m of 10"» m m . , i t a s s u m e s 
t h e pe rmeab i l i t y of o r d i n a r y i ron sub jec ted t o t h e v a c u u m t r e a t m e n t . T h e d r o p 
in pe rmeab i l i t y is a t t r i b u t e d t o t h e loss of ab so rbed h y d r o g e n . R . F o r r e r a n d 
J . Schneider s tud ied t h e effect of annea l ing i ron in h y d r o g e n ; a n d H . Gries a n d 
H . Esse r , t h e effects of occluded hyd rogen , oxygen , a n d n i t rogen . Q 

W . K o s t e r found t h a t t h e effect of t h e p rec ip i t a t i on of n i t r o g e n a t 100 o n t h e 
coercive force diminishes l inear ly a s t h e degree of co ld-working is r educed , so t h a t 
t h e coercive force of annea led steel increases as t h e co ld-working is increased , 
on t e m p e r i n g a t 100°, af ter a 5 p e r cent , r educ t ion b y co ld-working , t h e coerc ive 
force a t t a i n s a m a x i m u m a n d t h e n falls off w i t h fu r the r co ld-work ing . W h e n t h e 
n i t rogen is aga in b r o u g h t i n to soln., b y t e m p e r i n g a t 300° , t h e effect of co ld-working 
on t h e coercive force is aga in res tored , showing t h a t t h e coercive force is c o m p o u n d e d 
add i t ive ly of a n a m o u n t condi t ioned b y t h e degree of co ld-working , a n d a n a m o u n t 
cond i t ioned b y t h e d i s t r i bu t ion of t h e s t r u c t u r a l cons t i t uen t s . T h e changes in 
t h e m a g n e t i c b e h a v i o u r of cold-worked steel a t t e m p , b e t w e e n 100° a n d 300° a re 
t o b e a t t r i b u t e d t o t h e p rec ip i t a t ion or soln. of n i t rogen , a n d t o n o o the r cause . 

T h e effect of h e a t - t r e a t m e n t on t h e m a g n e t i c p roper t i e s of a n eu t ec to id s teel 
was e x a m i n e d b y E . Maure r , C. W . B u r r o w s a n d F. R . F a h y , a n d C. N u s b a u m 

a n d co-workers . The re is a r a p i d 
20 000\ 

s /6000\ 

I ^ /ZOOO 

0-020 

-A—W-0/6 

o-oiz 
I 

J 
8000Wt 

4000\ 

0\ 

0-008 \ 

0-004 

0 
Afagnetfz//ig- force —r/gauss 

F i o . 2 9 2 . — T h e M a g n e t i c I n d u c t i o n a n d 
R e l u c t i v i t y of E u t e c t o i d - C a r b o n S tee l . 

rise of t h e m a x i m u m a n d res idua l 
i nduc t ion , a n d a m o r e p r o n o u n c e d 
decrease in t h e coercive force w i t h 

^ t h e co ld-work which a t t e n d s t h e 
^ d r a w i n g a t t e m p , of 150° a n d 

250°. T h e resu l t s for t h e i nduc 
t ion , a n d t h e r e luc t iv i ty of a n 
eu t ec to id -ca rbon steel , q u e n c h e d 
in w a t e r f rom 800°, b y C. N u s 
b a u m a n d co-workers a re i n d i c a t e d 
b y t h e cu rves , F i g . 292, r ep resen t 
ing t h r e e s t ages in t h e m a g n e t i z a 
t i o n . I n s t age I , t h e m a g n e t i z a 
t i o n cu rve showing t h e re la t ion 

b e t w e e n t h e i n d u c t i o n a n d m a g n e t i z a t i o n force is nea r ly l inear , a n d t h e molecular 
m a g n e t s h a v e been d isp laced only s l ight ly from the i r pos i t ion of s tab le equ i l ib r ium ; 
i n s tage I I , t h e molecula r m a g n e t s pass from a s t a t e of s t ab i l i t y t h r o u g h a n 
u n s t a b l e s t a t e i n to a n e w pos i t ion of s t a b i l i t y — t h e cu rve in th i s region is v e r y 
s teep w i t h magne t i ca l ly soft subs tances , a n d more g r a d u a l w i th magne t i ca l l y 
h a r d subs t ances ; whi ls t i n s t age I I I , t h e a l i g n m e n t of t h e molecula r m a g n e t s 
app roaches more a n d m o r e t o t h e d i rec t ion of t h e magne t i z ing force a s i t increases 
in m a g n i t u d e . T h e slope of t h e cu rve also decreases . T h e r e luc t iv i ty c u r v e also 
sho^wrs t h e t h r e e s tages v e r y well ; b u t w i t h magne t i ca l ly soft subs tances , t h e first 
t w o s tages a lmos t van i sh , a n d w i t h magne t i ca l ly h a r d subs tances , t h e y b e c o m e 
m o r e p r o n o u n c e d . C. P . S t e inme tz sugges ted t h a t b o t h of these a r e s t ages of 
ins tab i l i ty , a n d t h a t , if t h e spec imen whose m a g n e t i c p roper t i e s a re be ing de te r 
m i n e d is s imu l t aneous ly sub jec ted t o v i b r a t i o n or t o a n a l t e r n a t i n g m a g n e t i c field 
app l i ed a t r igh t -ang les t o t h e un id i rec t iona l field, H, t h e s e t w o charac te r i s t i c s t ages 
p rac t i ca l ly v a n i s h ; fu r the r , t h a t i t is p r o b a b l e t h a t t h e s t ab le re la t ion b e t w e e n 
t h e field i n t e n s i t y , H9 a n d t h e flux dens i ty , JB, is expressed over t h e en t i r e r a n g e 
f rom zero t o infini ty b y t h e a b o v e l inear r e l a t ionsh ip . 

C N u s b a u m a n d co-workers e x a m i n e d t h e effect of d r a w i n g a t different t e m p , 
a n e u t e c t o i d s teel q u e n c h e d from 800°. B . O. Pe i rce showed t h a t for e lec t ro ly t ic 
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i ron a n d fo rms of i r on a p p r o a c h i n g x~*> m degree of p u r i t y , t h e r e l a t i o n b e t w e e n 
t h e rec ip roca l of t h e suscep t ib i l i ty , a n d m a g n e t i z i n g force is l i n e a r — i n o n e case , 
x~i = = 0 * 0 1 0 8 + 0 - 0 0 0 5 7 5 ^ . T h e regions I , I I , a n d I I I a r e well-defined i n t h e c u r v e s 
for e u t e c t o i d s teel , b u t t h e r e is a s l ight d e v i a t i o n f rom t h e l inear r e l a t ion , a s s h o w n 
b y t h e d o t t e d l ines . T h e t e m p , of d r a w i n g is i n d i c a t e d in t h e d i a g r a m s . A c c o r d i n g 
t o G. T a m m a n n , t h e i n t e n s i t y of m a g n e t i z a t i o n of a sol id soln . is less t h a n t h a t of 
t h e m o r e m a g n e t i c of t h e t w o c o n s t i t u e n t s a n d also less t h a n "would b e ca l cu l a t ed 
f rom a knowledge of t h e p r o p o r t i o n of t h e c o n s t i t u e n t s . K . H o n d a a lso s h o w e d 
t h a t c e m e n t i t e is n e a r l y o n e - t e n t h a s m a g n e t i c a s i ron , a n d i t b e c o m e s n o n - m a g n e t i c 
a t 215° . A s a q u e n c h e d h i g h - c a r b o n s teel is r e p e a t e d l y d r a w n t o inc reas ing ly 
h i g h t e m p . , t h e m a g n i t u d e of t h e m a g n e t i c t r a n s f o r m a t i o n of c e m e n t i t e increases 
a n d r eaches i t s m a x i m u m in t h e n e i g h b o u r h o o d of 300° . C. N u s b a u m a n d 
co-workers t a k e t h e s e fac ts t o i n d i c a t e t h a t i n t h e i n t e r v a l of t e m p , b e t w e e n 150° 
a n d 250°, t h e c e m e n t i t e is t h r o w n o u t of sol id soln. , a n d t h u s t h a t i n m a r t e n s i t e 
t h e c e m e n t i t e is i n solid soln . I t a lso i n d i c a t e s t h e c o m p l e t i o n of a p rev ious ly 
suppressed t r a n s f o r m a t i o n , wh ich c o m p l e t i o n m a y b e cons ide red a s t h e b e g i n n i n g 
of t h e m e t a l l o g r a p h i c c o n s t i t u e n t t r o o s t i t e . 

I n reg ion I , t h e b r e a k i n t h e r e l u c t i v i t y c u r v e in t h e e n t i r e reg ion is t a k e n t o 
show t h a t t w o m a g n e t i c a l l y different c o n s t i t u e n t s a r e p r e s e n t . T h e n o n - h o m o 
gene i t y m a y b e d u e t o one of t w o causes or b o t h , v iz . (1) t h e p resence of a n o t h e r 
c o n s t i t u e n t , (2) t h e s t resses se t u p i n t h e m a t e r i a l d u r i n g t h e q u e n c h i n g ope ra t i on . 
T h e effects of tenwion w e r e d iscussed b y E . Vil lar i , a n d K . H o n d a a n d S. S h i m i z u — 
vide infra—and of compress ion b y C. M. S m i t h a n d Gr. W . S h e r m a n . T h e s t resses 
u n d o u b t e d l y p l a y a n i m p o r t a n t p a r t , b u t a r e n o t necessar i ly t h e p r e d o m i n a t i n g 
factor . 

I n region 11, t h e m a t e r i a l b e h a v e s l ike a h o m o g e n e o u s s u b s t a n c e . K . H o n d a 
h a s s h o w n t h a t in t h i s reg ion t h e c a r b o n is i n t h e fo rm of c e m e n t i t e . T h e r e a r e 
t h u s p r e s e n t t w o m a g n e t i c a l l y different m a t e r i a l s . Th i s is t a k e n t o m e a n t h a t t h e 
c e m e n t i t e is ev iden t l y d i s t r i b u t e d v e r y un i fo rmly in v e r y finely d iv ided pa r t i c l e s 
(u l t ra -microscopic in size) t h r o u g h o u t t h e e n t i r e m a s s of t h e ferr i te , a n d t h e r e a r e 
n o s e p a r a t e c e m e n t i t e a n d ferr i te c rys t a l s . T h i s col loidal soln . is genera l ly con
s idered t o b e t roos t i t e—v ide supra. I n reg ion I I I , t h e colloidal soln. of c e m e n t i t e 
he re beg ins t o flocculate, fo rming agg rega t e s of c o n t i n u a l l y increas ing size, w h i c h 
finally a t t a i n such d imens ions a s t o p r o d u c e a magne t i ca l l y n o n - u n i f o r m or i n h o m o -
geneous m a t e r i a l , a s is i n d i c a t e d b y a m o r e or less m a r k e d b r e a k in t h e r e l u c t i v i t y 
l ine . T h e l ine of d e m a r c a t i o n b e t w e e n reg ions I I a n d I I I t h e n m a r k s t h e t r a n s i t i o n 
b e t w e e n t h e regions of m a g n e t i c h o m o g e n e i t y a n d n o n - h o m o g e n e i t y . S ince t h i s 
t r a n s i t i o n is so s h a r p l y defined, i t m a y b e chosen a s t h e b e g i n n i n g of t h e me ta l l o 
g raph ic c o n s t i t u e n t so rb i t e . 

C. N u s b a u m a n d W . L . C h e n e y e x a m i n e d t h e influence on t h e m a g n e t i c a n d 
o t h e r p rope r t i e s of a n e u t e c t o i d c a r b o n s tee l of different r a t e s of cooling f rom 800° . 
S o m e of t h e resu l t s a r e s u m m a r i z e d in T a b l e X L I . T h e i n d u c t i o n increases a s t h e 
r a t e of cool ing is v a r i e d f rom air -cool ing t o slow furnace-cool ing. Microscopic 
obse rva t i ons of t h e different spec imens s h o w t h a t t h e a i r -cooled m a t e r i a l cons is t s 
largely of so rb i t e w i t h i n t e r v e n i n g p a t c h e s of coarse pea r l i t e c o n t a i n i n g free ferr i te ; 
w i th s lower l ime-cool ing m o s t of t h e so rb i t e passes i n t o l a m e l l a r p e a r l i t e , whi l s t 
p a t c h e s of coarse p e a r l i t e , a n d free fer r i te a r e st i l l p r e s e n t ; i n t h e spec imens cooled 
more s lowly i n t h e fu rnace , t h e r e a r e p a t c h e s of l ame l l a r pea r l i t e wh ich decrease 
in size a s t h e r a t e of cool ing is d imin i shed . T h e m a t r i x of each consis ts la rgely of 
d ivorced p e a r l i t e — c e m e n t i t e pa r t i c les in a m a t r i x of fer r i te . T h e grain-s ize of 
t h e c e m e n t i t e pa r t i c l e s increases a s t h e r a t e of cool ing decreases . C. N u s b a u m 
a n d W . L.. Cheney conc lude : 

Wi th decrease in t he cooling ra te there is a marked increase in t he value of the maximum 
induction for a given value o i t h e magnetizing force, an increase in the magni tude of the 
maximum permeabili ty, and a decrease in the magni tude of t he coercive force. As the 
structure is changed from an essentially sorbitic one, through lamellar pearlite to divorced 
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pearlite, there is a gradual shift ing of t h e break i n t h e re luct iv i ty l ine toward t h e origin. 
Also the difference between the magni tudes of the real a n d apparent values of t h e m a x i m u m 
intensi ty of magnetizat ion is greatest when t h e structure i s t h a t of lamellar pearlite . ^ There 
is a marked agreement between the values of t h e coercive force and t h e scleroscopic hard
ness, as influenced by the various cool ing rates, except w h e n the spec imen i s held a t a t e m p , 
of 650° for a definite t ime . 
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According to C W. Burrows, the permeability a t room temp, increases with a 
rise of temp, for small inductions, and decreases for high ones ; and the change in 

the induction per degree xise 
/•2\ i i—i i r r—r—T 1-7— T I -j—\ r- i i T i i 0f temp, is greatest in the 

region of maximum permea
bility. R. IJ . Sanford's ob
servations are summarized in 
Fig. 293. T. Spooner studied 
the phenomenon with silicon 
steels. 

L. W. Wild measured the 
magnetic intensity and co
ercive force of some steels 
after being quenched from 
about 900°, and after 24 hrs ' . 
re-heating a t different temp. 
There is usually a large drop 
in the coercive force between 
200° and 300°, and this is 
attributed to the cementite 

F i a . 293 .—The Effect of Temperature on Magnetic 
Induct ion . 

coming out of soln. and thereby becoming magnetic. The humps in the curves 
at about 500° are attributed to tlie cementite partially entering into soln., and 
not precipitating on cooling. The nickel steel behaves very much like the 
carbon steel; the chromium steel with 87 per cent, of iron has about 67 per 
cent, of the saturation intensity of iron and is scarcely affected by the temper
ing ; the coercive force on tempering does not drop so steeply as with other 
steels. The rise at about 900° is more marked than it is with tungsten steels. 
There is a hump at 400° in the coercive force curve of chromium steel, at 600° 
'wffljfa ImqgpbGn steel, and at 700° with nickel steel. H. Pecheux found the per-
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meability decreases regularly "with increasing carbon-content for annealed steels, 
but this relation does not hold good for the same samples after tempering. 
E. A. Watson considered that in a correctly hardened steel for magnets, the non
magnetic y-iron should be completely transformed so that austenite is not present, 
nor should there be any segregation of the carbide and ferrite so that the change 
associated "with Ara-arrest should be suppressed. The desirable constituent is the 
first transformation product from the y-state. A. A. Dee could detect no difference 
in. the magnetic properties of steels quenched from 300°, although, according to 
F. C. Thompson and E. Whitehead, the carbide change can be suppressed by 
suitably cooling from this temp.—vide supra. According to G. A. Ellinger, the 
first application of heat in the tempering of quenched, 0-75 per cent, carbon steel 
is attended by an increase in magnetization -which is believed to represent stress 
release, caused by theprecipitation of carbon from the supersaturated solid soln. 
of carbon in ct-iron. T*he degree of tempering depends upon temp, and time, the 
first stage being completed at 200° in about 6£ hours. The precipitated carbon 
combines with iron in the range between 200° and 300° to form iron carbide. This 
combination is progressive with time, being completed at 300° in about 1 hr. 
From 300° to 700° no further magnetic changes occur upon holding the specimen 
at constant temp., consequently no further constitutional changes take place in 
this range, but the carbide coagulates to form larger and larger particles. An 
increase in the magnetization at about 235° indicates the decomposition of austenite, 
the decomposition being completed in about 45 mins. at that temp. 

W. Koster observed that the coercive force of plain carbon steels increases 
linearly -with the carbon-content irrespective of whether the cementite is globular 
or lamellar, but the rate of increase is smaller with the globular cementite. The 
coercive force of a steel with banded pearlite is two to three times as great as that 
of a similar steel in -which the cementite is globular. J. R. Adams and F. E. Goeckler 
studied the influence of the history of the metal on the coercive force and residual 
reduction; and E. Maurer and F. Stablein measured the coercive force of cementite. 
A. W. Smith and co-workers found that increasing the percentage of carbon in 
steels decreases the magnetic permeability by increasing the amount of carbides in 
soln., and owing to the asymmetry in the atomic structure making the alignment 
of the molecular magnets difficult. With annealed bars, the carbides separate 
from the solid soln., and the effect of carbon is much less. The maximum reluctivity 
is a linear function of the carbon-content of hardened steel up to 0-8 per cent, of 
carbon, for annealed chromium steel it is a maximum with about 0*5 per cent, of 
carbon, and a rninimum with about 0-8 per cent. According to R. L». Dowdell, 
steels for magnets should be treated so that they have the greatest hardness possible 
without acquiring an undue tendency to cracking. T. D . Yensen and N. A. Ziegler 
observed that the elements, boron, carbon, zinc, nitrogen, oxygen, sulphur, cobalt, 
copper, manganese, and nickel, which lower the A3-point and raise the A4-point, 
have a bad effect on the magnetic properties of iron ; those which raise the A3-point 
and lower the A4-point—e.g. aluminium, arsenic, silicon, tin, and vanadium, but 
not phosphorus and titanium—have a good effect on the magnetic properties ; 
whilst the insoluble elements have very little effect on the magnetic properties. 

As shown by W. Schmidt, and others, steel responds to weak magnetizing 
forces more quickly than iron; and the susceptibility of soft steel for small 
magnetizing forces is greater than that of iron. For fields below 0-06 c.g.s. unit, 
the susceptibility of soft steel to that of iron is as 4 : 3 ; for fields of about 1-0 c.g.s. 
unit, the susceptibilities are about the same ; and for fields of greater strength, the 
susceptibility of iron exceeds that of steel. T. D . Yensen's values for vacuum-
fused electrolytic iron, and armco iron are summarized in Fig. 288. The results 
show that -whilst the induction curve for armco iron gives an initial bend 
characteristic of iron in general, the bend becomes very much less pronounced 
with iron of a high degree of purity, and T. D. Yensen said that " it is not incon
ceivable that it may disappear for the perfect iron crystal/' 
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T h e pe rmeab i l i t y of i ron a t t h e b e g i n n i n g of m a g n e t i z a t i o n is v e r y sma l l . 
C. G u t t o n a n d J . Mihul found t h e p e r m e a b i l i t y of soft i ron is c o n s t a n t for 
smal l f ie ld-strengths u p t o H=I gauss , a n d i t t h e n increases w i t h t h e field-
s t r e n g t h . C. B a u r , a n d J . A . E w i n g f o u n d t h a t for v a l u e s u p t o / / = 0 - 3 8 4 : , t h e 
m a g n e t i c suscept ib i l i ty c a n b e r e p r e s e n t e d b y x = 1 4 - 5 - | - 1 1 0 J 9 ' ; t h e p e r m e a b i l i t y 
b y ^ = 1 8 3 - h l 3 8 2 i J ; t h e i n t e n s i t y of m a g n e t i z a t i o n b y I= 14-5H+11OH* ; a n d 
t h e m a g n e t i c i n d u c t i o n b y ^ = 1 8 3 £ T - j - 1 3 8 2 ^ r 2 . L o r d R a y l e i g h found t h a t t h e 
p r o p o r t i o n a l i t y ho lds good w h e n t h e m a g n e t i c field is excess ively r educed , a n d 
t h a t t h e formulae ^ = 6 - 4 + 5 - 1 ^ , and JJ,=S1-{-64H ho ld good for va lue s of H r a n g i n g 
u p t o 1*2 c.g.s. u n i t s . T h e v iscos i ty or t i m e - l a g wh ich occurs i n t h e effect is m o s t 
no t i ceab le -when t h e m a g n e t i z i n g force, H, is feeble. 

C. F r o m m e obse rved t h a t w i t h m o d e r a t e l y s t r o n g m a g n e t i z i n g forces t h e c u r v e s 
for t h e pe rmeab i l i t y a n d i nduc t i on , a n d for t h e suscep t ib i l i t y a n d i n t e n s i t y of 
m a g n e t i z a t i o n h a v e p o i n t s of inflexion ; a n d t h i s p h e n o m e n o n w a s also o b s e r v e d 
b y J . H a u b n e r , W . R . Crane , L . W . Wi ld , A. Pe r r i e r , J . A . E w i n g , R . H . M. B o s a n -
q u e t , a n d S. B id well. J . A. E w i n g a n d W . L o w showed t h a t w i t h v e r y s t r o n g 
fields, t h e i n d u c t i o n , B9 h a s n o a p p a r e n t l imi t , whi ls t t h e r e is a finite or s a t u r a t i o n 
v a l u e for t h e i n t e n s i t y of m a g n e t i z a t i o n , / . T h u s , w i t h Swedish w r o u g h t i ron , 
i n s t r o n g fields : 
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31,21O 
1,69O 
3 1 2 

8,080 
23,53O 
1,23O 
2-91 

10,360 10,810 10,880 
31,630 31,72O 32,060 
1,700 1,67O 1,69O 
3 0 9 3 0 5 2-94 

9,2lO 9,700 
25,58O 24,900 
1,220 1,210 
2-67 2-57 

11,200 
32,360 
1,690 
2-9O 

10,610 
25,0OO 
1,19O 
2-46 

T h e i n t e n s i t y of m a g n e t i z a t i o n reaches a s a t u r a t i o n v a l u e b e y o n d wh ich n o sens ib le 
increase occurs even t h o u g h t h e s t r e n g t h of t h e field b e d o u b l e d ; b u t t h e r e is n o 
s ign of a n y l imi t t o t h e v a l u e of B. JK. K . D a r r o w g a v e 1706 g a u s s as t h e s a t u r a t i o n 
c a p a c i t y of i ron a t 20°, a n d 1742 g a u s s a t —253° . H e also g a v e 19,000 as t h e 
p e r m e a b i l i t y of e lec t ro ly t ic i ron . P . We i s s ' v a l u e for t h e s a t u r a t i o n c a p a c i t y ag rees 
w i t h t h a t g iven b y K . KL. D a r r o w . E . Duss le r a n d W . Ger lach f o u n d t h a t t h e 
s a t u r a t i o n c a p a c i t y of i ron falls off w i t h a r i s ing t e m p . I n a single c ry s t a l , i n t h e 
t e t r a g o n a l d i rec t ion , a t 20°, s a t u r a t i o n w a s r e a c h e d a t a b o u t 150 gauss ; a t 629° , 
a t 4-5 gauss ; a t 680°, a t 3-5 gauss ; a n d a t 738°, a t 2-5 gaus s . H . E . J . G. d u Bo i s 
a lso obse rved t h a t i ron a t 0° in m o d e r a t e l y s t r o n g fields, shows t h e fol lowing 
r e l a t i ons b e t w e e n t h e m a g n e t i z i n g force, H, a n d t h e i n t e n s i t y of m a g n e t i z a t i o n , / : 

H 
I 

1 0 0 
1 4 1 0 

2 0 0 
1 5 2 0 

4OO 
1 6 2 7 

6 0 0 
1 6 7 7 

8 0 0 
1 6 9 7 

1 0 0 0 
1 7 0 5 

1 2 0 0 
1 7 1 0 

K . H o n d a a n d S. Sh imizu g a v e for Swedish i ron a t different t e m p . 

— 1 8 6 ° 

2 1 - 5 ' 

714° 

1 2 1 4 ° 

If 

\? 
{? 

2-23 
77 
1-76 

. 86 
0 1 3 

49 
92 
1-4 

5 - 0 0 
5 7 8 

3 - 3 9 
4 3 1 

0 - 2 6 
1 1 5 
2 8 6 

2-8 

1 5 - 4 
1 0 8 5 

7 0 0 
8 5 8 

0 - 5 0 
3 3 8 
4 4 2 

3 1 

4 4 - 7 
1 3 0 2 

3 3 - 7 
1 2 6 4 

1-39 
5 3 3 

1 3 5 0 
1 4 6 4 

1 0 8 - 8 
1 4 2 4 

2 - 4 8 
5 9 7 

2 2 1 - 8 
1 5 4 3 

2 2 5 - 4 
1 5 3 6 

2 2 - 4 6 
7 4 4 

3 8 5 
1 6 3 6 

3 9 0 
1 6 2 3 

2 5 8 - 6 
8 2 9 

5 4 3 
1 6 8 1 

6 4 7 
166O 

3 7 7 
834 

O b s e r v a t i o n s were m a d e b y H . Esser . J . R . Ash w o r t h d iscussed t h e r e l a t i o n s h i p 
b e t w e e n t h e s t r e n g t h of t h e a l t e r n a t i n g c u r r e n t a n d t h e i n t e n s i t y of m a g n e t i z a t i o n ; 
13, JH . Wi l l i ams , a n d J . A . E w i n g a n d W . L o w , t h e effect of t r a n s v e r s e j o i n t s o n 
.,*&£.- magnet i sm of i ron b a r s ; a n d R . L . E d w a r d s obse rved t h a t t h e m a g n e t i c 
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properties of iron films suffer an abrupt change when the thickness exceeds about 
QOmfjLy and an abrupt decrease in the coercive force. The subject was studied by 
W. Koster, C. Maurain, A. J. Sorensen, and J. H. Howey. H. E. Malmstrom 
observed no ageing effect. R. L. Sanford and co-workers found that as the 
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6OO 
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3 , IOO 
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12,4OO 
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1,57O 
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11 ,05O 
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20O 
2 , 4 0 0 

1 7 , 2 5 0 
16,42O 
21,OOO 
2 5 , 0 3 0 

/* 

2OO 
48O 
73O 
1 6 4 

2 1 0 
5 - 5 5 

10 ,65O 
7 1 

7 1 0 
0 0 0 6 9 5 
1 6 3 9 - 5 
2 0 , 6 0 2 

H a r d e n e d 

Ji 

5 7 
2 9 0 
62O 

13,78O 
2 0 , 5 3 O 
2 4 , 6 5 0 

5 7 
5 8 
6 2 

1 3 8 
2 0 - 5 

5 - 4 8 

1 0 , 6 3 0 
4 4 - 3 
1 7 0 

0 0 2 7 1 
1 , 6 0 6 

2 0 , 1 8 0 

( C - O i ) O ; SJ, O l 0 ; M n , 0 -40 ; 
P , O-04 ; S , 0-07) 

N o t hiii 

Ji 

8 9 
50O 

1 , 6 5 0 
15 ,80O 
2 0 , 0 4 0 
2 4 , 2 6 0 

•dened 

8 9 
1OO 
1 6 5 
1 5 8 

2OO 
5-4O 

1 3 , 0 0 0 
16-7 
3 7 5 

0 - 0 1 5 0 
1 5 7 7 - 5 
1 9 , 8 2 3 

H a r d e n e d 

Ji 

4 2 
2 4 0 
50O 

9 , 8 2 0 
17 ,41O 
2 2 , 2 6 0 

M 

4 2 
4 8 
5O 
9 8 

17-4 
4 - 9 5 

7 ,46O 
5 2 - 4 
1 1 0 

0 - 0 3 3 7 
1 4 1 6 - 5 
17 ,80O 

diameter of steel wire decreases by wear, the magnetic permeability increases for 
low values of H, and increases for high ones. H. G. Byers and A. F. Morgan 
found that the magnetization of passive steel is more difficult than that of ordinary 
steel. H. Pender and R. L.. Jones, and A. G. Hill studied the effect which a 
variable magnetic field during annealing has on the magnetic properties ; and 
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K. Honda and Y. Shimizu, and G. Tammann and co-workers, the effect of 
cold-work. 

A selection from the data of E. Gumlich and co-workers is given in Tables X I J I 
and XLIII. Here H denotes the strength of the magnetic field ; B3 the induction ; 
JUL, the permeability; 2?, the reluctivity; Hc, the coercive force; 77, the factor in 
C. P- Steinmetz's equation ; and I00, the saturation value. Observations were also 
made by S. Curie, T. Matsushita, E. M. Pugh, L. Holborn, S. Guggenheim, and 
R. A. Hadfield and B. Hopkinson. P. Weiss gave for the saturation value of purified 
iron, /03=1706, and 4TrJ «,=21440 ; B. O. Peirce, J0 0=ITSS, and 477*03=21780 ; 
A. Campbell, 1^^=1717, and 4^/00=21580 ; and E. Gumlich, Ioo=1720-5, and 
47T-Z0O=21620. For iron alloys with p per cent, of carbon, E. Gumlich gave 4TrZ0O 
=21620—158OjO, when p is less than 1 per cent., and the alloy is slowly cooled, 
while for higher values of p, he gave 4,TTI00=20100—930 (J>—1) ; for alloys quenched 
from 850°, when p is less than 1-2 per cent., 47rZOo=21620~3200^ ; and when 
quenched from 1100°, when p is less than 1-1 per cent., 47rJoo=21620—206Op. 
P. Weiss and R. Porrer calculated by extrapolation that the saturation intensity 
of a gram of iron is 12,393. C. F. Burgess and A. H. Taylor studied the permeability 
of purified electrolytic iron; and H. Sachse, of iron dispersed in alumina, silica, or 
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strontium sulphate. N. A. Ziegler found that the magnetic permeability of uni-
crystalline iron is many times as great as that of polycrystalline iron. C. Nusbaum 
and co-workers observed a marked increase in the maximum induction of steels as 
the rate of cooling decreased ; the maximum permeability also increased ; but the 
coercive force diminished. 

W. Gerlach, and K. Honda and S. Kaya observed that the characteristic features 
of the magnetization curve of an iron rod of single crystals of iron are : (i) The 
curve is almost straight up to an intensity of magnetization of 1000 c.g.s. units; 
(ii) then the curve shows two sharp breaks or bendings; (iii) the saturation 
of magnetization is much more easily attained than in the case of polycrystals, its 
value being 1707 (20° C.) (this saturation value almost coincides with the value 
1706 (19° C.) determined in a very strong field produced by an electromagnet); 
and (iv) the residual magnetism of single crystals is very small. The hysteresis-
loss of the rods of single crystals and of those consisting of a gradual increasing 
number of polycrystals of iron were also measured. The results of K. Honda, 
H. Masumoto and S. Kaya are summarized in Figs. 294 to 297. K. Honda and 
$. Kaya studied the magnetization curves of single crystals and found that in the 
(Itl)-plane, the curves in the direction of the tetragonal, trigonal, and digonal 
*»©», are almost straight up to intensities of magnetization of 1,40Q, 900, and 1,000. 
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The curves then show sharp breaks or bendings twice, sometimes one more 
break is observable, but is not so conspicuous as the other two. The satura
tion of magnetization is much more easily attained with single crystals than with 
polycrystals, and its value amounts to 1717. The saturation in the direction of 
the tetragonal axis is reached at 7O gauss, and in the digonal and trigonal axes at 
650 and 450 gauss, respectively. In the (lOO)-plane, the direction of the tetragonal 
axis is more easily magnetizable than that of the digonal. In the (llO)-plane, the 
directions of the tetragonal, digonal, and trigonal axes are in a decreasing order 
of magnetizability. In the ( l l l ) -plane, the space-lattice consists of a series of 
equilateral triangles. Below a field of 300 gauss, the direction of the sides of the 
triangle (the 6-axis) is more magnetizable than the bisector of the triangles (the 
o-axis) ; but above that field, the contrary is the case. The characteristic features 
of the curves for magnetization in different directions are as follows : In the (10O)-
plane, both parallel and perpendicular components of magnetization vary with a 
period of 90°. For the parallel component, the direction of the tetragonal axis 
has the maximum magnetization, and that of the digonal, the minimum magnetiza
tion ; but for the perpendicular component, the magnetization vanishes in the 
direction both of the tetragonal and digonal axes and attains a maximum or 
minimum between them. Below a field of 3 and above 5OO gauss, the parallel 
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component of magnetization in the (100)-plane is almost independent of the direction 
of the field. As the field increases beyond 3 gauss, the amplitude of the periodic 
change becomes greater, attains a maximum and afterwards gradually decreases. In 
the (10O)-plane, these two components of magnetization vary with a period of 180°. 
For the parallel component, the principal and secondary maxima takes place 
respectively in the directions of the tetragonal and digonal axes, and the minimum 
in the directions of 55° and 125° from the tetragonal axis. For the perpendicular 
component, the magnetization vanishes in the directions of the tetragonal, trigonal, 
and digonal axes, and attains a maximum or a minimum between them. The 
amplitude of this periodic change varies in a similar •way to the case of the (lOO)-plane. 
In the ( l l l ) -plane, the two components of magnetization vary with a period of 60°. 
In weak fields, the parallel component of magnetization in the direction of the sides 
of the equilateral triangles forming the space-lattice is a maximum and that in the 
direction of the bisectors of the vertical angle of the triangle is a minimum ; but 
m a stronger field above 300, the opposite is the case. The perpendicular component 
of magnetization vanishes in these two directions and attains a maximum and a 
minimum between them. The magnetization of strips of iron depends on the 
orientation of the crystals with respect to the applied magnetic field. W. B. Ruder 
observed that the permeability of crystals having their cube edges perpendicular 
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and parallel to the direction of the applied flux is 10 to 25 times that which obtains 
when the crystals have their cube edges at an angle. The lowest magnetic permea
bility occurs when all the edges are 45° with the direction of the flux. The subject 
was also investigated by W. Li. Webster, F. C. Powell, N. Akuloff, W. Gerlach, 
K. Beck, H. Gries and H. Esser, G. J. Sizoo, and N. A. Ziegler. W. Gerlach found 
that remanent magnetism is absent in ferromagnetic single crystals of iron of 
ordinary size ; and J. Frenkel and J. Dorfman consider that the phenomena of 
retentivity and hysteresis, observed in ordinary ferromagnetic bodies, are connected 
with the inner stresses characteristic of their structure. 

According to N. Akuloff, if a single crystal of iron or nickel be magnetized 
to a certain intensity, first in the direction of the principal axis, and then to the 
same intensity in any other direction, the difference in the resulting changes in 
length of the crystal parallel to the direction of magnetization, and the difference 
between the relative changes in electrical resistance and the area between the 
magnetization curves or the alteration in the internal energy, are all proportional 
to each other. N. Akuloff showed that for a single crystal of iron magnetized to 
its saturation value, the longitudinal and transverse changes of length accompanying 
changes in the direction of magnetization relative to the crystal structure can be 
explained by means of forces arising from the magnetic dipoles ; and there is a 
direct proportionality between the energies involved in such changes in length 
and the energies required to produce the corresponding change of direction of 

magnetization. Both phenomena are due 
to the deviation of the same carrier of 
magnetic moment from its normal position 
of minimum energy in the crystal. Accord
ing to P. Weiss and R. Forrer, the pheno
menon of spontaneous magnetization shows 
that an unmagnetized body at ordinary 
temp, consists of small volumes magnetized 
in different directions so that the resultant 
effect is to give zero magnetic moment to 
the whole. Under the influence of a mag
netic field, some of these elements change 
their directions or produce their resultant 
moment. According to K. Honda and co
workers, and W. Gerlach, the coercive force 

and hysteresis loss which occur in single crystals correspond to the energy loss in 
breaking up the circuits of flux in the iron, and the more nearly perfect the crystal, 
the smaller the hysteresis loss. The magnetization thus occurs in two ways : (i) by 
a change from one cubic axis to another and it occurs in weak fields of a few gauss ; 
(ii) by a break from the cubic direction and it occurs only in strong fields. Accord
ing to W. L. Webster, the value of the intensity of magnetization at which the break 
occurs will depend on the direction of the magnetic field relative to the crystal 
axes. When all the small elements in the crystal of iron have had their direction 
of magnetization changed to coincide as far as possible with the cubic directions 
nearest to the applied field, consistently with the condition that there should be 
no transverse magnetization, then any further increase of bulk magnetization must 
be produced by forced deviations from these cubic axes towards the direction of 
the applied field, and the knee will appear. The curves, Fig. 298, are based on 
those of K. Honda and S. Kaya. With an applied field along a cubic axis, the 
second process will not appear at all and the initial rapid rise should continue 
right up to complete saturation. For the (HO) and (111) directions the transition 
should take place at intensities V i and V i of the saturation values. G. J. Sizoo 
found that with single crystals in which all mechanical strains had been eliminated 

prolonged heating, hysteresis was present only in the region of low field-strength. 
«!*•** -:me discontinuities in the magnetization curve, and in the region above the 
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las t d i s c o n t i n u i t y , t h e specimen is complete ly magnet ized ; a t th is point , t h e 
hys te res i s branch forms a continuation of the reversible part of t h e magnet iz ing 
curve . T h e r e t e n t i v i t y h a s t h e s a m e general va lue as for ordinary polycrystal l ine 
i ron. 

H . F . P a r s h a l l o b s e r v e d t h a t t h e p e r m e a b i l i t y of c a s t i r on is d i m i n i s h e d if 
cooled t o o r a p i d l y , s ince c o m b i n e d c a r b o n r educes t h e p e r m e a b i l i t y . A c c o r d i n g 
t o J . H . P a r t r i d g e , t h e h ighes t v a l u e s for t h e i n d u c t i o n a n d p e r m e a b i l i t y a r e o b t a i n e d 
wi th a n n e a l e d cas t i ron . F o r h igh p e r m e a b i l i t y , t h e g r a p h i t e s h o u l d b e i n t h e f o r m 
of t e m p e r c a r b o n ; t h e c o m b i n e d c a r b o n , l ow ; and c e m e n t i t e a b s e n t . C e m e n t i t e , 
a d d e d H . N a t h u s i u s , is a s u r e i nd i ca t i on of p o o r m a g n e t i c p r o p e r t i e s . W . K o s t e r 
a n d H . T i e m a n n s t u d i e d t h e effect of a n n e a l i n g . H . F . P a r s h a l l sa id t h a t b e t w e e n 
2 a n d 3 p e r cen t , of g r a p h i t e h a s n o p e r c e p t i b l e effect o n t h e p e r m e a b i l i t y . A n 
excess of s u l p h u r f avou r s c o m b i n e d c a r b o n a n d r e d u c e s t h e m a g n e t i c q u a l i t y . 
F . Gol tze a lso found s u l p h u r t o b e p re jud ic ia l t o t h e m a g n e t i c p r o p e r t i e s of c a s t 
i ron. H . F . P a r s h a l l c o n c l u d e d t h a t si l icon a n n u l s t h e effect of s u l p h u r , a n d n o 
infer ior i ty w a s o b s e r v e d u n t i l t h e p r o p o r t i o n e x c e e d e d 2 p e r c en t . P . R e u s c h 
said t h a t si l icon p r e c i p i t a t e s g r a p h i t e , a n d p r e c i p i t a t e d g r a p h i t e lowers t h e m a g n e t i c 
i nduc t i on . H . N a t h u s i u s sa id t h a t si l icon i m p r o v e s t h e m a g n e t i c p r o p e r t i e s of 
cas t i ron . F . Gol tze , a n d J . H . P a r t r i d g e o b s e r v e d t h a t s i l icon decreases t h e 
m a g n e t i c i n d u c t i o n , a n d t h e coerc ive force a n d t h e hys t e re s i s loss a r e r e d u c e d w i t h 
silicon in c a s t a n d a n n e a l e d i ron . A n excess of p h o s p h o r u s ove r O-7 p e r cen t , 
r educes t h e m a g n e t i c q u a l i t y ; F . Gol tze sa id t h a t p h o s p h o r u s r e d u c e s t h e p e r m e a 
bi l i ty ; a n d J . H . P a r t r i d g e , t h a t p h o s p h o r u s h a s b u t l i t t l e effect o n t h e m a g n e t i c 
p rope r t i e s . H . F . P a r s h a l l s h o w e d t h a t m a n g a n e s e h a s l i t t l e effect w h e n p r e s e n t 
in i t s u s u a l a m o u n t s , a n d t h i s ag rees w i t h P . R e u s c h ' s o b s e r v a t i o n s . F . Gol tze , 
a n d J . H . P a r t r i d g e found t h a t m a n g a n e s e r e d u c e s t h e i n d u c t i o n of cas t a n d a n n e a l e d 
i ron, b u t w i t h a n n e a l e d i ron , t h e coerc ive force a n d hys t e re s i s loss a r e inc reased , 
a n d t h e r e m a n e n t m a g n e t i s m dec reased . A . Schwei t ze r o b s e r v e d t h a t u p t o 3 p e r 
cent , of a l u m i n i u m r e d u c e d t h e m a g n e t i c p r o p e r t i e s of i ron . J . H . P a r t r i d g e 
observed t h a t a l u m i n i u m decreases t h e m a g n e t i c i n d u c t i o n , p e r m e a b i l i t y , a n d 
r e m a n e n t m a g n e t i s m , a n d ra ises t h e coerc ive force a n d hys t e re s i s loss ; whi l s t w i t h 
t h e a n n e a l e d i ron , u p t o 1 p e r cen t , dec reases t h e i n d u c t i o n a n d m a x i m u m p e r m e a 
bi l i ty , b u t increases t h e coerc ive force a n d hys te re s i s loss. A m o u n t s b e t w e e n 1 a n d 
3 pe r cen t , i nc rease v e r y m u c h t h e i n d u c t i o n a n d p e r m e a b i l i t y , a n d dec rease 
eno rmous ly t h e coerc ive force a n d hys t e re s i s loss. J . H . P a r t r i d g e sa id t h a t 
c h r o m i u m a c t s l ike m a n g a n e s e a n d is p r e jud ic i a l t o m a g n e t i c i n d u c t i o n b o t h in t h e 
cas t a n d a n n e a l e d a l loy , a n d t h a t n i cke l b e h a v e s s imi la r ly . T h e p re sence of 
sufficient n icke l , o r n icke l a n d m a n g a n e s e m a k e s non-magnetic cast iron. T h e i ron 
should b e e n t i r e l y a u s t e n i t i c . T h e p r e s e n c e of c o b a l t inc reases t h e m a g n e t i c 
i nduc t i on a n d r e m a n e n t m a g n e t i s m , a n d inc reases t h e m a x i m u m p e r m e a b i l i t y 
of cas t i ron . T h e s u b j e c t w a s d i scussed b y H . O 'Nei l , P . N ico l au , a n d R . L . San fo rd . 
W . F . B a r r e t t f o u n d t h a t t h e o r d e r of m a g n e t i c p e r m e a b i l i t y of t h e a l loys of i ron 
is different f rom w h a t is t h e case w i t h t h e o r d e r of e lect r ica l c o n d u c t i v i t y . T h e 
mos t p e r m e a b l e a l loys o b s e r v e d were t h o s e w i t h si l icon a n d a l u m i n i u m ; t h e 
m a g n e t i c p e r m e a b i l i t y of a n a l loy w i t h 2*5 p e r cen t , of si l icon (q.v.) exceeds t h a t 
of a n n e a l e d i ron of a h i g h deg ree of purity u p t o a field of 10 c .g.s . u n i t s ; and wi th 
a l u m i n i u m a l loys , t h e m a g n e t i c p e r m e a b i l i t y u p t o a field of 60 c.g.s . u n i t s exceeds 
t h a t of t h e i ron . The i nc r ea sed m a g n e t i c suscep t ib i l i t y of t h e s e a l loys m a y b e 
d u e t o t h e i r a c t i o n in removing t r a c e s of i r on ox ide from t h e meta l . 

R . G a n s , and W . S t e i n h a u s and E . Gumlich showed t h a t t h e ideal , revers ib le 
pe rmeab i l i t y curve of mi ld steels is infinite in weak fields. C. Bieler-Butticez 
s tud ied the effect of cold-work on t h e magnet ic properties of iron. A. K u s s m a n n 
a n d B . Scharnoff observed n o relationship b e t w e e n t h e magnet ic h a r d n e s s o r coerc ive 
force and the mechanical hardness w i t h a l loys of iron a n d nickel wi th copper, 
aluminium, and chromium ; b u t 0 . N u s b a u m observed t h a t the coeroive force of an 
euteotoid carbon steel i s in a good agreement w i t h t h e soleroscopic hardness when 

vol. . x i n . s 
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the steel has been cooled a t different rates. W. M. Hicks found tha t aluminium, 
phosphorus, and arsenic decreased the coercive force and hysteresis loss ot iron, 
and aluminium largely increased the permeability. G. Malmberg, and H . E . V™** 
discussed the effects of small proportions of different elements on the magnetic 
permeability of iron—vide infra, the alloys of iron. 

The permeabi l i ty w a s measured b y A. M. Armour, M. A s c o l i a n d F v ? ^ V ? ' ? * T S S S S S ' 
R . B e a t t i e and H . Gerrard, R-. Becker, Q. Bel loe , R . B o w n , A . C a m p b e U , H . Ie <&£**»»**' 
W . L . Cheney, C. Chistoni a n d G. G. de Veocbi , S. S. Clark, B ^ E . B . Crompton, O J ^ e l b a r t , 
M. E . r>illerf C. V . I>rysdale, E . D u m o n t , A . Durward, F . Ernardt , J . W . Es ter l ine a n d 
R . B . Treat , J . A . E w i n g , H . Frank, O. Frol ich, R . Gans F . Goitze A Gray, R . C. Gray. 
E . Gumlich and co-workers, E . P . Harrison, E . H a u p t , C. He inke , P . Hohtscher , R . Huguea , 
A . I l iovici , H . K a m p s , Y . K a t o , A . E . Kenue l ly , W . N . Kernot , I . Klemenc io , J ^ ^ J S " 
berger, A. Koepse l , W . Koster , H . Lange , G. C. M a m s , J . A . Mathews . I>. Mazzot to , 
J . TV Morris and T. H . Langford, E . MiiUendorff, W . H . F . Murdoch, B . N e u m a n n , F - N i c o l a u , 
J . BT. Partridge, B . O. Peirce, A. Perrier, Lord Ray le igh , P . R e u s c h , E . R h o a d s , J . Sahulka, 
G F . C Searle, E - Schmidt , W . Schmidt , E . Kl. Scott , R . Shida, B . S. Summers , T . S w m -
den, R . v a n Tongel , M. E . Thompson , S. P . Thompson , A . M. Thiessen, J . ^ ° ^ . ™ « e 

a n d E . P . Adams? A . Turner, G. R . W a i t , H . S. W e b b , M. Wien , R . L . Wil l i s , E . Wi l son , 
and J . Wtirschmidt ; and H . K a m p s s tudied t h e effect of a layer of oxide o n t h e magnet i c 
properties of iron. 

A. W. Riicker measured the step-by-step magnetization of iron. S. Procopiu, 
and T. Spooner studied the effect of a superposed alternating field on the magnetic 
permeability of iron. E . W. Marchant found tha t the permeability of iron subjected 
to an oscillatory discharge of 10,000 to 100,000 cycles per second is not sensibly 
different from the result obtained by ballistic tests. The damping of the oscillations 
was more rapid with thicker iron wires ; and with cores of solid iron, the discharge 
was reduced to one-half oscillation. J . R. Martin, E . Krauter , W. Kartshagin, 
and W. Arkadieff measured the magnetic properties of iron for alternating fields 
from zero to very high frequencies ; R. Gans, and G. Vallauri for slowly rotat ing 
fields ; whilst M. J . O. Strut t , and L. Tonks measured the effects of a high-frequency 
rotat ing field—from 52,00O to 170,00O cycles per second. W. K. Mitiaeff reported 
an anomalous change in the permeability of iron a t radio-frequencies, b u t i t could 
not be verified by G. R. Wait and co-workers. R. Urbschat, E . M. Guyer, G. Laville, 
B. Wedensky and K. Theodortschik, O. M. Corbino, W. H . Eccles, W. K. Mitiaeff, 
J . B. Hoag and H. Jones, and C. Gutton and I . Mihul studied the permeability 
of iron a t high frequencies ; and S. K. Mitra, the demagnetization of iron by 
electromagnetic oscillations of frequency up to 500,000 per sec. L. Tonks, and 
J . Grant also studied the behaviour of iron in electromagnetic fields of high 
frequency. M. Tschetverikova observed the demagnetization of iron in damped, 
magnetic, alternating fields, and with short Hertzian waves A=28 to 1700 cm. 
Slow alternatic fields demagnetize iron only when the field-strength is below 2*3 

gauss. No demagnetization was observed with 
undamped waves, and B. Wedensky and 
K. Theodortschik observed t h a t there is an 
anomaly. Demagnetization phenomena were 
studied by R. Forrer and J . Martak in the per
meability of iron in oscillating magnetic fields, 
bu t R. Bown, and G. R. Wait and co-workers 
observed no change in the permeability of iron 
exposed to radio-frequency vibrations. 

If a long, thin, unmagnetized rod be placed 
in the solenoid, and the current be gradually 
increased from zero t o a maximum value, OH, 
Fig. 299, the resulting BH-curve will be re

presented by, say, OGB, where HE represents t he maximum flux density or in
duction. l*et t h e current be now reduced to zero, when the curve MA is 
obtained: here OA represents the flux density or residual magnetism o r rema-
jaenee. I<e$ the current now be reversed in direction, thus tending to magnetize 
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in the opposite direction, and gradually increased to a maximum OH'. The 
curve ACF is now obtained. Here OC represents the value of the reversed 
magnetizing force necessary to reduce the flux density t o zero, or t o wipe out the 
residual magnetism, or remanence. Here OC is the so-called coercive force, or 
a kind of magnetic hardness. On again decreasing the magnetizing current to zero, 
and reversing so as to increase the induction to its maximum value, the curve 
FBDE is traced. If the cycle be repeated, the curve will be retraced, bu t the 
initial pa th , OQB9 is not followed unless the specimen is first completely demag
netized. The magnetic effects are liable to persist, or lag behind the applied 
force. Thus, the value of B when H is decreasing is always greater t h a n when 
H is increasing. When H is zero, B still has a definite value, and a reversal of the 
magnetizing force is necessary to bring B to zero. 

The time-lag of the intensity of magnetization, J, on the change of magnetizing 
force, H, is called the magnetic viscosity. When annealed wrought iron is sub
jected t o a magnetizing 
force, and the force is 
changed, the magnetic 
viscosity shows itself as 
a lapse of t ime before the 
corresponding change in 
magnetic intensity is com
plete. The effect is most 
pronounced -with small 
magnetic forces or with 
very small changes of 
the magnetizing force. 
C. !Lapp found t h a t elec
trolytic iron exhibits mag
netic viscosity and t h a t 
the viscosity is diminished 
by prolonged ageing a t 
130° to 190°, bu t a t the 
expense of the magnetic 
properties of the metal . 
Annealing the electrolytic 
iron a t 300° to 500° has 
the reverse effect. The 
reciprocal of the perme-
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F i o . 30O.—The Reluctivities of some Ferromagnetic Metals. 

ability of iron is termed t h e reluctivity, and T. F . Wall gives the values shown 
in Fig. 300 for the reluctivities of some ferromagnetic metals—annealed iron, 
annealed steels, cobalt, nickel and Heusler 's alloy. C. ISTusbaum and co-workers 
studied the relation between the reluctivity and the structure of eutectoid carbon 
steel—vide supra, Fig. 300. 

J . A. Swing applied the t e rm hysteresis to the lagging of the magnetic induction, 
or flux density, behind the magnetic force which produces it . E . Warburg showed 
t h a t t h e area of the hysteresis loop is proportional to t h e energy lost in t he specimen 
owing t o t he change in its magnetic condition. The energy, W, dissipated owing 
to t he so-called hysteresis loss, represented b y the area of the loop FCAEDB9 
Fig. 299, can be expressed in ergs per c.c. per cycle. This was verified by 
J . A. Ewing, J . Hopkinson, and Lord Rayleigh. The dissipation of energy 
produces a thermal effect which is observed during cyclic reversals of the 
magnetization. 

The jphenomenon was studied by J . A. Ewing, O. Kapp, A. Tanakadate, L. T. Robinson, 
J. P. Joule, W. R. Grove, J". G. S. van Breda, J*. Jazrxin and G. Roger, F . W. Constant, 
M. Ftikuda, I*. Filleux, A. Cazin, E . Edlund, Lord. Kelvin, R.. Gans, K. tTller, BC. A. Dickie, 
W-. M. Mordey and A. GL Hansard, O. E . Guy© and A. Sohidlof, EC. CTathusius, A. Gradenwitz, 
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F . N ie thammer , K. S e y a m a , M. E . R i c e a a n d B . McColhim, E . E . F . Creighton, M. G- ULoyd 
a n d J". V . S. Fisher, R . B e a t t i e a n d P . M. E l t o n , A . E b e l i n g a n d E . S c h m i d t , F . F . Martens , 
A . E>. A d a m s , F . O. Langenberg a n d R . G. Webber , M. B r y l i n s k y , R . G. Loyar te , 
N". Danie lsen, C. E . W e b b a n d L . H . F o r d , E . S p u h r m a n n , S. W . R i c h a r d s o n a n d 
L. Lownds , L . M. P o t t s , A . D i n a , R . H i e c k e , G. F . C. Searle a n d T . G. Bedford, T . Gray, 
F . G. Bai l ey , G. G. Gerosa a n d co-workers, H . N a g a o k a , W . K u n z , C. G. K n o t t , A . A b t , 
J . Swinburne and W . F . Bourne , W . H . Preece , J . Schneider, N . RTikitin, J . Trowbridge , 
J. Trowbridge and W . N . Hi l l , BI. Herwzg, JT. B o r g m a n n , E . Mttllendorff, E . A . W a t s o n , 
A. Ki ihns , P . D u h e m , F . A . Weihe , E . Hol ler , H . F . Parshal l , C. Maurain, E . W i l s o n , 
E . Schmidt , G. Hannack , A . W a s s m u t h , M. G. L l o y d , R . Richter , J". Herrmann , P . W e i s s a n d 
V. Planer , G. Vallauri , J*. H . Andrew a n d co-workers , P . H . D u d l e y , B . G. Churcher, 
C. W . Burrows and F . P . F a h y , N . J . Gebert, S. R . Wi l l iams , R . L . Sanford a n d co-workers , 
C. Nuflbaum, H . AIfven, R . H . de W a a r d , W . N e u m a n n , Z>. Foster , a n d E . "Warburg 
a n d L . HOnig. 

E. Warburg observed that 68 per cent, of the energy represented by the area of 
the hysteresis loop is dissipated as heat ; A. Tanakadate observed 8O per cent. ; 
I. KIemencic, 100 per cent. ; and F. A. Weihe, 80 per cent, for iron, and 73 per 
cent, for steel. The subject was studied by W. B. Ellwood. According to W. B. Ell-
wood, on traversing the hysteresis loop from 290 to 20 gauss, heat is evolved by 
the iron; on passing from 20 to —6 gauss, the iron cools suddenly; from —6 
to —90 gauss, the iron rapidly becomes warm ; and as the field passes from —9O 
to —290 gauss, the iron is cooled. C. H. Willis emphasized the value of a high 
proportion of silicon in steel when it is desired to prevent losses by hysteresis and 
eddy currents. J. R. Ashworth studied the changes in the energy of iron cooling 
through the critical temp. ; and N. W. MoLachlan, the heat produced when iron 
is magnetized by high-frequency alternating currents. E. Condon discussed a 
possible directional hysteresis in iron. 

A. J. Sorensen, R. L. Edwards, J. D. Hanawalt and L. R. Ingersoll, 
E. P. T. Tyndall, and L. C. Jackson discussed the magnetic properties of thin films 

of iron. C. Maurain found the thin
nest film of iron showing magnetic 
properties was a millionth of a milli
metre in thickness. E. F. Burton and 
B. Phillips observed that the magnetic 
susceptibility of a colloidal soln. of 
iron in methyl alcohol is stronger than 
it would have been if the iron were 
present as a ferric salt, and yet weaker 
than iron alone. It is concluded that 
each particle of iron is surrounded by 
a compound of iron—say, the hy
droxide. The subject was studied by 
H. Isnardi, C. Gr. Montgomery, and 
R. Gans ; whilst B. Speed and 
C W . Elmen investigated the magnetic 
properties of compressed powdered iron. 

T. D. Yensen summarized his ob-
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servations on the effect of carbon and silicon on the hysteresis losses, in ergs per 
cm. cube per cycle for JB=1O,O0O, in Pig. 301. Every 0*001 per cent, of carbon 
raises the hysteresis loss about 10 per cent, provided less than 0*008 per cent, of 
the -carbon is present in solid soln. so as to form part of the iron lattice. 
Nitrogen and oxygen are thought to behave similarly. With electrolytic iron 
containing QO05 per cent, of carbon, the maximum permeability increased with 
addition of carbon from 25,000 to 61,000 with 0*06 per cent, of carbon, and 0*4 
per cent, of oxygen. It is assumed that here the added carbon deoxidized the 
IJ?G^ and left in the metal no oxygen and only about 0*005 per cent, of carbon. 
IfQSr -enized iron, vide supra. S. Saito studied the saturation value of 
oexnen&ite and of the complex carbides with tungsten and with chromium. 
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T. D . Y e n s e n s h o w e d t h a t t h e hys te res i s losses of i r on a r e inf luenced b y t h e g r a i n -
size. J . R . A s h w o r t h s t u d i e d t h e a n h y s t e r e s i s of i ron , a n d t h e hys t e r e s i s of i r o n 
cool ing t h r o u g h t h e cr i t ica l t e m p . 

T h e t i m e lag in t h e m a g n e t i z a t i o n of i ron w a s a t t r i b u t e d b y C. Lapp t o m a g n e t i c 
v iscos i ty , a n d n o t t o i n d u c e d c u r r e n t s as s u p p o s e d b y R . M. B o z o r t h . J . H o p k i n s o n 
a n d E . Wi l son , E . D o n a t i , a n d T . R . LyIe a n d J . M. B a l d w i n s t u d i e d t h e r a t e of 
p r o p a g a t i o n of m a g n e t i s m a long i ron r o d s . O. G r o t r i a n s h o w e d t h a t w i t h a 
cy l inde r of i ron m a g n e t i z e d in t h e d i r ec t ion of i t s ax i s , "with low s a t u r a t i o n , t h e 
m a g n e t i z a t i o n of t h e p e r i p h e r y is g r e a t e r t h a n t h a t of t h e a x i a l p o r t i o n s . M. Ascoli 
a n d F . L o r i d iscussed t h e d i s t r i b u t i o n of i n d u c e d m a g n e t i s m i n i ron . I . K l e m e n c i c 
o b s e r v e d t h a t t h e m a g n e t i c p e r m e a b i l i t y of i r o n is dif ferent i n c i rcu la r a n d a x i a l 
d i rec t ions , a n d t h e p h e n o m e n o n m a y b e cal led m a g n e t i c d o u b l e re f rac t ion . T h e 
p e r m e a b i l i t y w i t h soft i ron is smal le r a r o u n d t h e a x i s t h a n i n t h e d i r ec t i on of t h e 
a x i s ; a n d in t h e p rocess of d r a w i n g h a r d i ron or s teel , t h e m e t a l o b t a i n s a s t r o n g e r 
p e r m e a b i l i t y ax ia l ly t h a n in t h e c i rcu la r d i r ec t ion . W . P e n k e r t s h o w e d t h a t 
w h e n a long , s t r a i g h t b a r is exc i t ed b y a m a g n e t i z i n g coil s a t u r a t e d a t t h e c e n t r e , 
t h e l ines of force w h i c h p a s s t h r o u g h t h e coil d o n o t k e e p i n t h e i ron u p t o t h e e n d , 
b u t emerge i n t o t h e a i r a t all p o i n t s a l o n g t h e l e n g t h of t h e b a r . T h i s e x p l a i n s 
w h y t h e i n d u c t i o n of t h e b a r falls off c o n t i n u o u s l y a s t h e d i s t a n c e f rom t h e c e n t r a l 
source of m a g n e t i z a t i o n is increased . 

Acco rd ing t o W . M. M o r d e y , t h e s low c h a n g e w h i c h occurs in t h e p e r m e a b i l i t y 
of i r on is n o t d u e t o p rogress ive m a g n e t i c f a t igue c a u s e d d i r ec t l y b y r e p e a t e d 
reversa l s . N e i t h e r m a g n e t i c n o r e lec t r ic a c t i o n is neces sa ry for i t s p r o d u c t i o n . 
I t is a phys i ca l c h a n g e r e su l t i ng f rom a p ro longed h e a t i n g a t a v e r y m o d e r a t e 
t e m p . T h e c h a n g e is g r e a t e r if p r e s s u r e b e a p p l i e d d u r i n g t h e h e a t i n g , a n d i t is 
n o t p r o d u c e d w h e n i ron is n o t a l lowed t o r ise in t e m p , m o r e t h a n a few degrees 
a b o v e a t m . t e m p . A s imi la r effect is p r o d u c e d b y h a m m e r i n g , ro l l ing, o r h e a t i n g 
t o r edness a n d cool ing qu i ck ly , a n d t h e i r o n r e t u r n s t o i t s o r ig ina l s t a t e w h e n 
r e -annea led . T h e i ron does n o t r e t u r n t o i t s o r ig ina l c o n d i t i o n s if k e p t u n u s e d , 
a n d a t o r d i n a r y t e m p . , for long or s h o r t pe r iods . D . M a z z o t t o f o u n d t h a t t h e 
effect of age ing is a m a x i m u m a t 131°. T h e sub jec t w a s discussed b y R . L . D o w d e l l , 
IT. K u h l e w e i n , a n d T. E . Green . 

T . Sone e x a m i n e d t h e m a g n e t i c p r o p e r t i e s of e l ec t ro ly t i c i r on d e p o s i t e d i n a 
m a g n e t i c field, a n d h e f o u n d t h a t t h e c u r v e of in i t i a l m a g n e t i z a t i o n lies cons ider
a b l y h ighe r t h a t i t does -with spec imens o b t a i n e d i n a zero field ; t h e loop of t h e 
hys te res i s c u r v e is a lso w ide r t h a n i t is w i t h o r d i n a r y i ron , b u t t h e m a g n e t i c field 
a p p l i e d d u r i n g e lec t ro lys is does n o t sens ib ly affect t h e hys t e re s i s c u r v e . T h e 
hys te res i s c u r v e of e l ec t ro ly t i c i ron d e p o s i t e d i n a m a g n e t i c field b e c o m e s flatter 
w i t h t h e l apse of t i m e a s t h e molecules se t t l e d o w n s lowly t o a s t a t e of e q u i l i b r i u m . 
A n n e a l i n g h a s t e n s t h i s c h a n g e . H . H a n e m a n n a n d P . D . Mer ica o b s e r v e d a close 
a n d n e a r l y l inea r r e l a t i o n b e t w e e n t h e e las t ic l im i t of soft i r on , a n d t h e v a l u e s of 
t h e s t ress a t wh ich p e r m e a b i l i t y m a x i m a occu r a s t h e m e t a l is e l onga t ed . 

H . B a r k h a u s e n o b s e r v e d some d i s con t inu i t i e s i n t h e m a g n e t i z a t i o n of c e r t a i n 
f e r romagne t i c m a t e r i a l s , wh ich h a v e b e e n cal led t h e B a r k h a u s e n effect. T h e 
B a r k h a u s e n effect, dBfdH, r e p r e s e n t s t h e c h a n g e of i n d u c t i o n dB w i t h c h a n g e of 
m a g n e t i c field dH ; t h e r a t e of c h a n g e of i n d u c t i o n b e i n g r e p r e s e n t e d b y dBjdt, 
a n d t h e r a t e of c h a n g e of t h e m a g n e t i c field b y dHjdt. IT. B a r k h a u s e n , a n d B . v a n 
de r P o l a t t r i b u t e d t h e effect t o t h e s u d d e n r e - o r i e n t a t i o n of g r o u p s or c h a n g e s of 
molecu la r m a g n e t s , poss ib ly al l t h e m a g n e t s i n a s ingle c r y s t a l t u r n i n g 
s i m u l t a n e o u s l y . T h e r e is a la rger effect i n h a r d - w o r k e d t h a n i n a n n e a l e d m a t e r i a l s . 
T h e c h a n g e occurs o n t h e d e e p e r p a r t s of t h e hys t e r e s i s l oops of h a r d - w o r k e d i r o n 
a n d p e r m a l l o y . E . P . T . T y n d a l l f o u n d t h a t t h e size of t h e d i scon t inu i t i e s does 
n o t d e p e n d o n t h e gra in-s ize of si l icon s t e e l ; a n d G. J . S izoo m a d e a s imi la r obse rva 
t i o n w i t h r e g a r d t o e l ec t ro ly t i c i r o n . R . M . B o z o r t h o b s e r v e d t h a t t h e l a rge r 
d i scon t inu i t i e s o n t h e s t e e p e r p a r t s of t h e h y s t e r e s i s l oop c o r r e s p o n d w i t h t h e 
comple t e r eve r sa l s of m a g n e t i z a t i o n of a b o u t 1 0 1 7 a t o m s , o r a vo l . of 10—° c.c. 
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The effect lias been studied by W. Gerlach, W. Gerlach and F . l»ertes, J . D . Ball 
and W. E. Ruder, E . C. Stoner, B . del Nunzio, I . Langmuir and K. J . Sixtus, 
A. von Hippel and co-workers, W. Brandt , D . G. C. Luck, F . J . Beck and 
L,. W. McKeehan, P . Weiss and G. Ribaud, K. Zschiesche, S. R. Williams, 
R. M. Bozorth and co-workers, F . Preisach, J . Frenkel and J . Dorfman, O. Tesche, 
A. Cisman, E . P . T. Tyndall and J . M. B. Kellogg, S. Procopiu, S. Procopiu and 
T. Farcas, K. J . Sixtus, K. J . Sixtus and L. Tonks, H . Biron, K. Steimel, and 
J . Pfaffenberger. C. W. Heaps and J . Taylor found t h a t with high speeds of 
magnetization there are more and smaller discontinuities as the speed is slightly 
reduced ; and with large reductions of speed, there are fewer discontinuities in 
ordinary specimens than for high steels. The mechanical Barkhausen effect 
obtained by twisting or stretching occurs with iron and annealed nickel, and i t 
almost disappears when the magnetization approaches saturation. A hard steel 
ball of fine homogeneous structure showed no discontinuities. D . Foster observed 
no breaks in the knee of the magnetization curve of single crystals of iron. 
R. Forrer also observed t h a t the Barkhausen effect is strongly influenced by 
internal strains. E . P . T. Tyndall did not accept the hypothesis of W. Gerlach and 
P . Lertes, and K. Zschiesche said t h a t the effect depends on magnetostriction, bu t 
i t is in agreement with the work of L. W. McKeehan, and C. W. Heaps and 
J . Taylor. The strains set up by magnetostriction—vide infra—when relieved 
discontinuously produce the jumps of induction. H . Rindfleisch studied the 
effect of helium and neon on the Barkhausen oscillations. 

The magnetization curves and hysteresis loops of single crystals of iron made 
by W. Gerlach show breaks or abrupt changes of slope ; and this was also con
firmed by E. Dussler and W. Gerlach, H . Gries and H . Esser, and G. J . Sizoo. 
On the other hand, D. Foster, E . Wollman, and D. Foster and R. M. Bozorth 
observed no breaks in the curve. The discrepancy is due t o the need, in the former 
case, for applying corrections for the field intensity which usually goes through a 
rather sharp maximum in the same range of magnetization as is occupied by the 
knee of the curve. R. Goldschmidt discussed the relation between permeabili ty 
and hysteresis. 

C. P . Steinmetz obtained an empirical relation between the work, W9 lost by 
hysteresis effects, W=TjB1Qy when rj is constant for any one specimen, and i t is 
called the coefficient of hysteresis. J . A. Ewing said t h a t 1*59 is more in accord 
with the published da ta t h a n 1*6 for the general constant. The formula is applic
able for the range of magnetization used in electrical engineering, bu t is not 
applicable for very weak or very strong magnetic fields. The subject was investi
gated by J . A. Ewing and H . G. Klaassen, W. Elenbaas, A. E . Kennelly, J . A. Flem
ing and co-workers, M. Nakamura, H . F . Parshall, etc. The values of 77 for soft 
iron ranges from O-OOl to 0 0 0 3 ; for annealed high carbon steel, 0 0 0 8 ; and for 
hardened steel, O*025. Some values for steels with different heat- t reatments are 
indicated in Table X L I I I . C. P . Steinmetz observed t h a t for many kinds of iron, 
the ratio T)JH0, is a constant—here Hc denotes the coercive force. For H with a 
maximum of 500, S. Curie obtained linear relation between the coercive force 
and the hysteresis coefficient. The following values were given by C. P . Steinmetz, 
W. F . Barret t and co-workers, A. Ebeling and E . Schmidt, E . Gumlich and 
E . Schmidt, S. Curie, and C. Benedicks : 

&m*x. . 4O 4 5 9 0 1OO 15O 2 0 5 5OO 5 0 5 
T)IHe • 0 0 0 1 3 1 0 -O0105 0 0 0 1 0 3 O O O l l O O 0 O 1 0 5 0 - 0 0 0 9 2 0 - 0 0 0 7 2 0 0 0 0 6 2 

H r a a X . . 4 - 9 10 -1 1 4 - 4 1 8 - 9 2 3 - 5 3O 8 2 
V/Hc • O 0 O 6 6 0 0 0 2 6 0 0 0 2 3 0-OO155 0 - 0 0 1 2 8 0-OO114 0 - 0 0 0 9 8 

C. Benedicks studied the relation r}/He=0'OOO&7-HO-0257/fimax, J EJ. Gumlich and 
IB. Schmidt, and C. Benedicks, the relation /x=»JK/-ffcmax., where JR denotes t he 
rei&ckijience, and 0 is a linear function of the coercive force, a*=a.-\-f$Mc, where <x 
«&$ I ! are uts ; and C. Benedicks, the relation R=I^H^a. T>. Fos ter 
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found that 'with single crystals of iron, the hysteresis loop is characterized by 
extremely steep sides with sharp corners and high remanence. The coercive force 
for ifmax.—30 gauss is 0-4 gauss, and in respect to the effect of orientation there 
is a qualitative agreement with earlier work. The initial permeability is about 
175. The maximum permeability occurs at a field intensity of about 0 8 gauss. 
N« Akuloff observed that the remanence and hysteresis loss with single crystals can 
be expressed as a function of the magnetization, and are not affected by mechanical 
stresses, but L. W. McKeehan and co-workers do not agree with this statement. 

According to T. E>. Yensen, the values given by different investigators for the 
magnetic permeability of the purest available forms of " iron " have risen in a 
remarkable way, from H. A. Rowland's 2,50O obtained in 1873, to his own value 
of 61,00O obtained in 1928. His summary of the results is given in Table X I J I V . 

T A B L E X L I V . — T H E M A Q N E T I O P E R M E A B I L I T Y av " I R O N . " 

M a t e r i a l 

W r o u g h t i r o n . 

M a x . 
p e r m e a 

b i l i t y 

2 , 5 0 0 
i 

. j 2 , 0 O O 

S w e d i s h i r o n . 2 , 0 O O 

W r o u g h t i r o n 

E l e c t , i r o n . a n 
n e a l e d . . 

I r o n ( 0 * 4 p e r 
c e n t . S i ) 

E l e c t , i r o n a n 
n e a l e d . 

E l e c t . i r o n — v a c . 
f u s e d 

»» 
E l e c t , i r o n — v a c . 

f u s e d ( O - 1 5 
p e r c e n t . S i ) . 

" 

,. 
A r m c o i r o n 

8 , 3 5 O 

u,ooo 
1 1 , 6 O O 

1 1 , 5 O O 

1 9 , 0 0 0 

2 5 , 8 O O 

P e r m e a b i l i t y — H (g i lbertB p e r c m 

O O-Ol 

, 
! 

- • -

• 

• — 

I 

{ 

. 

j 

5 0 , 0 0 0 

4 1 , 5 0 O 

6 1 , 0 O O 

7 , 0 0 0 

1 , 1 5 O 

2 5 O 

i 

— 

— 

— 

_ 

— 

- -
2 , 6 0 0 

2 6 O 

I O 

. .._ 

. _ 

- -

— 

— 

— 

I — 

1 , 7 0 0 
i 

4 6 , 6 O O 
i 
i 3 2 0 

0 - 5 

_._ 

1 , 0 0 0 

- _ 

—_ 

I O 

. 

— 
2 , 0 0 0 

. 

i 
1 1 , 2 0 0 j 9 , 6 O O 

1 8 , 8 O O 

2 3 , 6 0 0 

2 7 , 0 0 0 

2 7 , 0 0 0 

2 8 , 6 0 0 

1 , 0 0 0 

1 2 , 5 O O 

1 4 , 0 0 0 

114,5OO 

1 4 , 6 O O 

115,5OO 

4 , 3 O O 

) S = 1 0 , 0 0 0 

Coer
c i v e 

( g i l b e r t s 
per c m . ) 

. 

0 - 9 2 

0 - 5 O 

.—. 
c . 0 - 4 5 

c . 0 - 2 2 

0 - 2 0 

0 - 0 9 

O - 1 7 

O-OO 

0 - 7 2 

H y s t e r e 
s i s l o s s 

( e r g s p e r 
c . c . p e r 

c y c l e ) 

__ 

5 , 0 0 0 

2 , 7 0 0 

c . 1 , 5 0 0 

A u t h o r i t y 

I H . A . R o w l a n d 
I ( 1 8 7 3 ) 

J . A . E w i n g 
( 1 8 8 5 ) 

W . F . B a r r e t t 
( 1 9 0 0 ) 

E . G u m l i c h , 
E . S c h m i d t , 
( 1 9 0 1 ) 

^ — 
c . 1 ,4OO 

1 ,4OO 

8 1 0 

E . M . T e r r y 
( 1 9 1 0 ) 

E . G u n a l i c h , 
P . G o e r e n s 
( 1 9 1 2 ) 

M . B r e e l a u e r 
( 1 9 1 3 ) 

T . D . Y e n s e n 
; ( 1 9 1 4 ) 

6 6 0 i T . O . Y e n s e n 
( 1 9 1 5 ) 

i 

2 9 O T . D . Y e n s e n 
( 1 9 1 5 ) 

5OO ; T . I > . Y e n s e n 
( 1 9 2 O ) 

3OO T . X ) . Y e n s e n 
( 1 9 2 8 ) 

2 , 1 0 0 M . D . A r n o l d , 
G . W . E l m e n 

( 1 9 2 0 ) 

Values greater than /x—40,000 were obtained by using electrolytic iron previously 
fused in vacuo, and by the addition of 0 1 5 per cent, of silicon, values exceeding 
/4=50,000 were obtained. The effect of the silicon was attributed to its cleansing 
action in removing oxides. B y extrapolating values for iron with traces of impuri
ties, indications were obtained that iron will be obtained with an enormous per
meability, and a zero hysteresis. Annealed, electrolytic iron with only 0*06 per 
cent, of carbon has been obtained with a permeability of 61,000, and a hysteresis 
loss of 300 ergs per o.e. per cycle. B. Wilson studied high permeability iron. 
Br. Li. Sanford and W. Ii. Cheney found the maximum induction and coercive force 
for Norwegian iron to be 15,900, and 5-O respectively; for Bessemer steel, 15,900, 
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and 9*0 ; for 0-85 per cent, carbon steel—annealed, 14,310, and 13-0 ; oil-quenched, 
9380, and 53-0 ; and water-quenched, 9800, and 56-5. 

C. Maurain examined the magnetic properties of iron deposited in a magnetic 
field ; B. Speed and G. W. Elmen, the magnetic properties of powdered, electro
lytic iron compressed into rods. R. Bornstein was unable to determine the relation 
between the density of iron and magnetization, but W. Trenkle observed that with 
compressed rods of iron powder and clay, with equal magnetizing forces, the 
magnetization and susceptibility of iron powder alone is always greater than that« 
of a mixture of iron powder with a substance which cannot be magnetized. The 
magnetic saturation of iron powder is greater than that of the diluted powder. 
If the massive rod is distinguished from a rod composed of powder only by its 
density, the magnetization of iron falls with its density, and the magnetic saturation 
is less as the density is smaller. Hence, the magnetic force required to attain 
an eq. value of saturation is greater for iron alone than for diluted iron. Variations 
in density do not produce so great an effect on the course of magnetization, 
as variations of the dimensions of the elliptical or cylindrical form of the 
rods. W. Koster discussed the influence of inclusions in iron and steel on the 
coercive force. 

H. Trosien, and T. Spooner investigated the effect of a superposed alternating 
field on the hysteresis loss. M. von Moos and co-workers, and O. von Auwers 
did not find that the hysteresis losses in watts increased proportionally with grain-
size ; and if N denotes the number of grains per sq. mm., the loss in watts=^aN-\-b f 
where a and b are constants. 

Vibration increases the magnetic susceptibility of iron, and reduces the reten-
tiveness and hysteresis. Three centuries ago W. Gilbert showed that a bar of 
iron can be magnetized by hammering it while it is situated in the earth's magnetic 
force. According to J. A. Ewing, a bar of iron held vertically and subjected to 
no mechanical disturbance, acquires only a very feeble trace of magnetism owing 
to the weakness of the vertical component of the earth's magnetism, but if sharply 
tapped, it becomes a fairly strong magnet, which persists after the bar has been 
withdrawn from the field, until it is expelled by further tapping or by the application 
of a moderately strong magnetic force of opposite sign. The magnetism acquired 
by an iron ship in building, and that acquired by the shock of rupture when iron 
or steel is broken in the testing machine are also examples of the phenomenon. 
Soft, annealed iron is most susceptible to the vibration, so that a gentle rubbing 
will impart magnetism to soft iron in the earth's magnetic field, or remove much 
of the residual magnetism left when a strong magnetizing force has ceased to act. 
The magnetic effects of hysteresis almost entirely disappear from soft iron if the 
piece be gently tapped during the application and removal of the magnetizing 
force. This subject was further investigated by W. Scoresby, E. Warburg, 
E. Wiedemann, G. Wiedemann, M. "L. Frankenheim, L. Kiilp, M. Otto, R. Jouaust, 
G. Mars, C. Fromme, F. G. A. Berson, W. Brown, H. and F. Streintz, E. Villari, 
E. Fossati, J. A. Ewing, J. A. Ewing and H. G. Klaassen, J. Hopkinson and 
E. Wilson, G. Henrard, and E. D. Campbell and G. W. Whitney. H. Gewecke 
studied the effect of temp, on the retentiveness. 

H. Tomlinson examined the effect of temp, and other conditions on the con
stants a and b in the relation B=aH-\-bH2, where a denotes the initial permeability. 
The dissipation of energy depends on the value of b ; and he found that the internal 
friction in any complete cycle may be decreased by repeating the cycle so that 
the molecules appear as if they are accommodated to the, process. The accommoda
tion of freshly annealed iron can be largely aided by repeatedly raising the temp. 
of the metal to 100°, and then allowing it to cool. The accommodation is disturbed 
by alight mechanical shocks, small changes of temp., or by magnetization beyond 
certain limits. Under these influences, the internal friction or viscosity may for 
a time, or even permanently, be considerably increased. The values of a and 0 
4^#M|pp$lKily increased when the temp, is raised from 0° to 100°. 
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Xi. Tonks found t h a t the susceptibility decreases with increasing frequency ; 
the hysteresis angle tends t o increase with frequency, and for a given frequency 
reaches a maximum for I a t about 500 ; whilst t he hysteresis energy loss per 
cycle, E, increases with frequency for constant magnetic intensity, and decreases 
for constant field. The exponent, a, in the equation E—AHa increases from 2*9 
to 3-37 as the frequency is increased from 52,000 to 172,000 cycles per second. 
The subject was studied by W. E . Sumpner, M. MaoLaren, N. H . Williams, 
S. W. J . Smith and J . Guild, B. Wedensky, B . Wedensky and K. Theodortschik, 
G. R. Wait , E . F . W. Alexanderson, J . Zenneck, and K. Kreielsheimer. 

W. Gilbert observed t h a t when an iron needle is red-hot, it is not a t t rac ted by 
the loadstone, bu t it is again a t t rac ted -when the needle has cooled—vide supra, 
allotropes of iron. The phenomenon was also observed by J . Canton, R. Boyle, 
P . Erman , G. G. Hallstrom, H . B . de Saussure, P . Barlow and C. Bonnycastle, 
M. Mauritius, W. Ritchie, T. J . Seebeck, M. Faraday, E . Becquerel, T. Cavallo, 
A. Brugmans, and C. Matteucci. C. A. Coulomb studied the period of vibration 
of a heated magnetic needle in a field of known intensity. S. H . Christie noticed 
t h a t when a magnet is heated, a sensible loss of magnetism occurs a t about 38° ; 
t ha t the diminution of magnetic moment is not a linear function of the temp, 
because the ra te of change increases with t h e temp. , and t h a t the moment of the 
magnet is increased, cooled by a freezing mixture, bu t returns to its original value 
when the original t emp, is restored. H . A. Rowland found t h a t the magnetic 
susceptibility of iron for small fields is greater a t high t emp, t han a t low ones, 
while for large fields, the reverse is t rue . C. Baur found t h a t the ra te of increase 
of permeability is greater for high t h a n for low temp. , while as a critical t emp, is 
approached, the permeability decreases rapidly for strong and weak magnetic 
fields and finally approaches uni ty. R. Pictet found t h a t with a compound horse
shoe magnet, the strength of the magnetic a t t ract ion was 57*31 grms. a t 30° ; 
61-04 grms. a t 0° ; 68-15 grms. a t —50° ; and 75-80 grms. a t —100°. J . R. Ash-
worth found tha t when a magnet is heated to B°t and cooled, the relation of the 
intensity of magnetization, / , to temp, is represented by I=I0(l-\-a.6), where the 
coeff. a is negative ; b u t with drawn wire, a may be positive so t ha t the magnet 
increases in magnetization as the temp, rises. The coefF. is positive only when the 
wire is in the commercial drawn state, for i t becomes negative when the wire is 
annealed, or glass-hard. H . M. Loomis, and C C Trowbridge discussed the 
magnetic permeability a t low temp. 

T h e p e r m e a b i l i t y w a s f u r t h e r i n v e s t i g a t e d b y W . Arkadieff , .T. R . A s h w o r t h , T . B e r g m n d 
a n d A . . Johansson , F . O . A . B e r s o n , H . E . .T. G. d u B o i s , R . C a z a u d , H . Ie C h a t e l i e r . O . C laus , 
E . M. C r a p p e r , E . Cze r l i n sky , L . D u f o n r , L . D u m a s , E . D u m o n t , T . A . E d i s o n , S . E v e r s h e d , 
E . P . F a h y , M . F a r a d a y , L . F r a i c h e t , C. F r o r a m e , R . G a n s , J . M . G a u g a i n , J . E . F . G o r d o n 
a n d W . N e w a l l , J . Grege r , K . W . Grigoroff, C . E . G u i l l a u m e , E . G n m l i c h , C. H a n s t e e n , 
J . v o n H a r l e m , E . I*. H a r r i s o n , S . H i l p e r t , K . A . H o l m g r e n , K . H o n d a , K . H o n d a a n d 
8 . S h i m i z u , K . H o n d a a n d Y . O g u r a , «T. H o p k i n s o n , P . J o u b i n , G. K a p p , W . K r e i e l s h e i m e r , 
A . T . Kupf fe r , J'. L a m o n t , P . H . L e d e b o e r , F . L y d a l l a n d A . N . S. P o c k i n g t o n , N . N . M a l o v , 
H . N a t h u s i u s , R . A . !NTewall, F . Ollendorff, H . K . O n n e s a n d A . P e r r i e r , F . O s m o n d , 
A . P e r k i n s , H . F . P a r s h a l l , E . P i o l a , D . R a c l o v a n o v i t o h , P . R i o s s a n d H.. Moser , A . W . R i i c k e r , 
Xt. L . S a n f o r d , W . S c h n e i d e r , E . H . Schu l z a n d W . J e n g e , T . SchwedofT, W . S c o r e s b y , 
J . B . S e t h a n d c o - w o r k e r s , C. Shenfe r , S. W . .T. S m i t h a n d c o - w o r k e r s , F . S t a b l e i n , 
A . F . Stogoff a n d E . I . P e l t z , E . T a k e , H . T o m l i n s o n , J . T r o w b r i d g e , C. R . XJnderhil l , 
K . V o l k o v a , A . W a s s m u t h , P . W e i s s a n d J . K u n z , P . W e i s s a n d H . K . O n n e s , F . W e v e r a n d 
P . G i a n i , G . W i e d e m a n n , M . W i e n , L . R . Wi lber fo roe , S. R . W i l l i a m s , R . L . W i l l s , H . W i l d e , 
W . W o l m a n a n d H . K a d e n , a n d W . R . W r i g h t , e t c . 

J . Hopkinson found t h a t for small fields—say, 3 dynes—with wrought iron, a 
rapid rise of permeability begins a t about 600°, reaches a maximum a t 775°, and 
falls abrupt ly to uni ty a t 785°; -while for large fields, t he permeability remained 
practically constant up to 600°, and then fell rapidly t o uni ty . Mild steel behaved 
in a similar manner except t h a t the permeability h a d a smaller maximum, and 
became uni ty a t 735° ; -whilst for hard steel, t h e lowering of the maximum was 
more pronounced, and disappeared a t 690°. During the cooling, the magnetism 
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of -wrought iron reappeared at practically the same temp, as that at which it dis
appeared, but with steels there was a marked lag "which increased with the carbon-
content. D. K. Morris observed that annealed Swedish iron gave temperature-
permeability curves with a distinct minimum near 550°, and that this result was 
not obtained with charcoal iron. R. I/. Wills observed that the maximum per
meability occurs with weaker fields as the temp, is raised, and that the relation 
is nearly linear. With alloys, as the proportion of iron decreases, the difference 
of temp, between the disappearance and reappearance of magnetism is increased. 
W. del Regno, A. Regner, J. G. Gray and H. Higgins, F. Osmond, C. E. Guillaume, 
and E. Dumont also studied the subject with alloy steels. According to J. A. Flem
ing and J. Dewar, the permeability of annealed Swedish iron for all fields is less 
at low temp., while for un-annealed and hardened iron, it increases as the temp. 
is lowered. T. Claud observed that a reduction of the temp, lowered the hysteresis 
and permeability. K. Honda and S. Shimizu observed that the permeability and 
hysteresis loss in liquid air decreased for small fields, but increased for large ones. 
C. W. Waggoner obtained similar results for low-carbon iron. J. A. Fleming 
observed that annealed, low-carbon iron has an increased permeability for all 
fields at low temp., while in liquid air, annealed high-carbon steel has a smaller 
permeability. In a broad way, it appears as if a Iow temp, decreases the per
meability of iron with a large proportion of carbon, and an opposite effect is pro
duced with iron having a small percentage of carbon. J. Stauber found a lowering 
of the temp, diminished the hysteresis loss of these steels, but with higher mag
netizing fields—3O gauss—both permeability and hysteresis-loss increased with a 
decrease of temp. C. Barus and V. Strouhal observed that the prolonged action 
of steam on magnets reduces their magnetic power very considerably ; but if 
re-magnetized, they are less sensitive to deterioration from heat and vibrations. 
R. Forrer and J. Schneider found that the magnetization of iron annealed at 200° 

to 400° and at 450° to 900° is different, 
and, in consequence, they supposed 
that there are two allotropes, both of 
which are stable at ordinary temp. 

W. B. Ellwood studied the change 
of temp, which occurs during magneti
zation. F. Bitter also studied the 
magneto-caloric effect. K. Honda and 
co-workers found for the heat evolved 
during magnetization, the net energy 
of magnetization is less than 50 per 
cent, of the total energy, and the 
greater part of the applied energy is 

dissipated as heat. The energy dissipated on magnetization nearly coincides with 
that thermally observed. The calculated and observed data are : 

0-500-

0-37S^'S 

o-zso-Q'* 

0-/Z5-°'z 

e/e 
F i o . 3 0 2 . — T h e Effect of T e m p e r a t u r e o n t h e 

!Resis tance and. t h e M a g n e t o - c a l o r i c Ef fec t . 

C a r b o n s tee l . 
T u n g s t e n s tee l 
M a g n e t s tee l 

Calculated 
total energy 

of magnet iza-
tlon (ergs) 

4-6 X IO* 
8 - 7 S x 10* 

20-7 X IO* 

Calculated 
loss of energy 

on magnetiza
tion (ergs) 
2 - 3 8 x 1 0 « 
5 - 3 1 x l O * 

13-2 X IO* 

Observed 
evolution 

of heat 
(ergs) 

2 - 2 x 1 0 * 
4-1 X IO* 

15-O X 10* 

Calculated energy 
stored by 

magnetization 
(ergs) 

2-23 X 10* 
3-43 X 10* 
7-5Ox 10* 

H. H. Potter measured the magneto-caloric effect as a function of temp. The 
quantity is represented as a product of the sp. ht., e, and the rise of temp. The 
results for fields of 7000 gauss are indicated in Fig. 302, along with the effect of 
temp, on the change in the resistance produced by a magnetic field of 700O gauss* 
0 denotes the Curie temp., 1050° K. The changes in resistance are proportional 
t** changes in magnetic energy. 

W* IJ. oir found that the magnetic quality of steel and cast iron improves 
M^tibetfeeinp'. rijswM* from 150° to 190°. The subject was studied by "F. BoMn, 
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S. W. J . Smith and F . Guild, and L. Neel. P . Curie studied t h e variat ion in the 
magnetic properties of diamagnetic, paramagnetic, and ferromagnetic substances 
for t emp, ranging u p to 1370°. Diamagnetic water, quartz , and potassium ni t ra te 
kept the same magnetic susceptibility over a wide range of temp. , whilst t he sus
ceptibility of bismuth steadily falls as the temp, rises to the m.p. ; i t drops abrupt ly 
a t t h e m.p. , bu t t he susceptibility of the molten metal remains independent of a 
subsequent rise of temp. The susceptibility of paramagnetic substances like oxygen 
falls as t he temp, rises, so t h a t the susceptibility between 20° and 450° varies inversely 
as the absolute t emp . According to Curie's law, the product of t h e magnetic 
susceptibility and the absolute temp, over this range is nearly constant, and this 
value is called Curie's Constant. Wi th ferromagnetic substances like iron, the 
case is not the same. The results with different field-strengths, H, are summarized 
in Fig. 303. The curve for the intensity of magnetization for / / = 2 5 is nearly 
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is very slight u p to B9 1280 
becomes 50 per cent, greater. 
At about 
substance 

parallel with the temp, axis up t o abont 550°, bu t when //—IOO, the intensity of 
magnetization falls steadily as the t emp, rises, and both begin to drop very rapidly 
as the temp, reaches 750°, t h e so-called Curie point—i.e. t he temp, a t which the 
metal passes from the ferromagnetic to t he paramagnetic s ta te—and a t 800° 
the magnetic intensity is very small. I t is therefore necessary t o magnify the 
ordinate scale about a thousand t imes in order t o show the results graphically. 
This has been done in Fig. 303. At A., 930°, t he slope of t he curve decreases, and 

where all a t once t h e intensity of magnetization 
After this t he curve has a downward slope t o C. 

750°, ferromagnetic iron changes continuously into a paramagnet ic 
the corresponding change with magneti te is 530°, and with nickel 

34:0°. The facts can be interpreted a different way by plott ing the specific sus
ceptibility against t emp. , as has been done in Fig. 304. The breaks in t he curves 
correspond with the change from ct-iron t o yS-iron a t 678°, when the iron ceases 
t o be strongly magnetic ; as the temp, rises farther, t he susceptibility increases, 
then falls rapidly t o 920° when there is a change from /?-iron t o y- i ron; the 
decrease in t he susceptibility with rise of t emp, is very small up to about 1400°, 
'when there is an ab rup t rise as y-iron changes into S-iron; thereafter there is a 
gentle decline in t h e susceptibility. P . Dejean, R. B . Fehr , and N . Crane studied 
the transformations of iron a t the Curie point. R. Forrer said t h a t the two Curie 
points observed with ferromagnetic metals represent two different properties. One 
can be a t t r ibu ted t o spontaneous orientation of t he elementary magnets, and the 
other t o hysteresis. Three temperature regions can be distinguished for ferro
magnetic metals. I n t he first, a t low temp. , spontaneous orientation and hysteresis 
occur together . I n t h e second, between t h e two Curie points, only one of these 
conditions is m e t wi th . I n t h e normal case i t is hysteresis (e.g. nickel, iron, cobalt, 
etc.), otherwise i t is spontaneous orientation (e.g. t h e ferro-cobalts). In the third 
region neither of these properties is found. Fo r ferromagnetic magnetization the 
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two properties are necessary. M. Faraday suggested that all metals might be 
ferromagnetic at low enough temp., and that it happens with iron and nickel that 
the transformation temp, is higher than the ordinary temp, of the atmosphere. 

By plotting the relation between the intensity of magnetization and field-
strength at different temp., P. Curie showed that as near the Curie point as 740*5°, 
there is a considerable rise in the intensity of magnetization as the field-strength 
increases; and a few degrees rise of temp., say, to 744*2°, reduces the intensity 
of magnetization to about half its value at 740*5° for, say, ZiT ==320; while the 
intensity at 820° is too small to be represented on the diagram. The line is curved 
at 740*5°, and is linear at 749*9° and upwards. P. Curie emphasized the analogy 
in the form of the curves connecting, on the one hand, the density and temp, 
of a gas near its critical state, and on the other, the intensity of magnetization 
and temp, of iron near the critical temp. Compare Figs. 303 and 304. R. Ruer, 
and R. Ruer and K. Bode gave 769° for the temp, of magnetic transformation. 
K. Honda found that the critical point of carbon steels is not affected by the 
intensity of the magnetic field ; and L. H. Adams and J. W. Green, that it is not 
affected by pressure. P. Dejean compared the results obtained with a cylindrical 
bar with those of a similar bar composed of 120 small cylinders. S. Hilpert con
sidered that it is not necessary to assume the formation of /J-iron between 700° 
and 760° to account for the magnetic and sp. ht. anomalies at this temp. The 
change may be the result of an absorption of energy which attends the breaking up 
of the polar arrangement of the magnetic molecules by their more energetic vibra
tion at high temp. E. Dussier measured the dependence of the magnetization of 
crystals of iron on temp, along both the diagonal and tetragonal axes between the 
temp, of liquid air and the Curie point. At all temp, the JB-H curve is initially 
linear and inflects suddenly, slowly attaining saturation. The linear portion of 
this curve is independent of temp., but the higher the temperature the smaller is 
the field at which saturation is attained and the lower is the saturation magnetiza
tion. The variation with temp, of the magnetization at the point of inflexion and 
the saturation value both follow an exponential law. 

J. R. Ash worth, following up a suggestion of P. Curie, developed a relation 
between magnetism and temp, analogous to J. D. van der Waals' relation between' 
the press, and temp, of gaseous and liquid fluids—1. 13, 4. If H denotes the 
magnetic field-strength ; I, the intensity of magnetization ; I0, the maximum 
intensity of magnetization ; a'I0

2, the maximum intrinsic field ; R, the reciprocal 
of Curie's constant in vol. units ; and T, the absolute temp., then J. R. Ash worth's 

equation for ferromagnetic substances has the form (H-\-a'Iz)( y—=- )=R'T, which 
V/ I0 ' 

is based on (p-)-aD2)y jz—=r- J=RT, wherep, D, and T respectively denote the press., 
density, and absolute temp, of the fluid, and a, D0 and R are constants. For iron, 
the constants are (i7-f-7-6/2)(/-i — 0-035935) =3*562\ As with the equation of 
J. D . van der Waals, constants may be calculated for the critical state when 
T c =785°+273° . The subject was further discussed by W. Peddie. K. Honda 
and S. Kusakabe studied the effect on the magnetization of temp, near the critical 
point; and observations were made by Ja. F. Bates, T. Spooner, and S. Wologdine. 
R. H. Fowler and P. Kapitza studied the relation between magneto-striction and 
the Curie point. H. G. Moviu's and H. Scott noted the similarity of the magnetic 
transformations of ferrite and cementite. 

Observations on electrolytic iron were made by A. IJ. HOIZ, J. Stauber, M. Otto, 
W. Leick, and K. Schild. W. Leick found the results with iron deposited from soln. 
of different salts to be about the same, but E. M. Terry observed that differences 
exist for small fields and vanish for fields over 100 dynes. After annealing at 
lO00°r the samples become practically the same for all fields. Discontinuities in 
^^ ~" ^ "TC properties were found by D. K, Morris to occur at 150°; by 

at 180° and 300° ; by W. H. Dearden and C. Benedick*, at 120° ; 
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J. H. Andrew and co-workers, between 50° and 150° ; F. C. Thompson and 
E. Whitehead, 160° to 200° ; and by S. R. Roget, at 135°. K. Honda, and 
S. W. J. Smith found a change on heating with cast iron and high-carbon steel 
at about 160°, and it "was completed at 215° ; and on cooling, the change starts 
at 215°, and finishes about 160°. The magnitude of this change is roughly pro
portional to the amount of free cementite present. K. Honda also observed a 
thermal change between 130° and 215°. The actual temp, varied with the strength 
of the magnetizing field. 

B. M. Terry's magnetization curves, obtained with different field-strengths, 
between —190° and about 780°, for un-annealed electrolytic iron, and for the 
iron annealed at 780°, 
are shown in Fig. 305. 
K. M. Terry's values for 
the permeabilities are 
shown in Fig. 306. There 
is a sudden rise in the 
permeability for low fields 
just before the ct-iron is 
transformed into yS-iron. 
The highest value for the 
permeability was 11,000 
with a field of # = 0 - 5 
dyne. H. Wilde said that 
the magnetism of mag-
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F i a . 305.—Magnet izat ion Curves for Annealed "Electrolytic 
Iron at Different Temperatures . 
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netic substances decreases with a rise of temp., and that the apparent increase 
which may occur is due to a surface resistance which may disappear by raising 
the temp., by increasing the magnetizing force, or by decreasing the mass of the 
substance. D. K. Morris obtained a maximum of 14,600 for ZJ=0*2 dyne with 
Swedish iron ; R. L. Wills, 17,200 for / / = 0 - 1 7 2 dyne with wrought iron. The 
effect of annealing was studied by H. Kamps, and G. Dillner and A. F. Enstrom. 
D. K. Morris observed 
three maxima before the 
critical point is reached, 
and these correspond ap
proximately -with the 
breaks in the cooling curve 
observed by W. C. Ro
berts-Austen at 250°, 533°, 
and 766°. No sign of a 
depression in the tem
perature - p e r m e a b i l i t y 
curves such as was ob
tained by D. K. Morris for 
wrought iron, at 550°, with 
all except the strongest fields, was observed. 

•V 6000 

I 
-200 

F i o . 306.-
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Z000\— -

800° 

•The Effect of Temperature o n the Permeabi l i ty 
of Annealed Electro lyt ic Iron. 

F. Osmond attributed this to a 
lowering^of the tempT of transformation from a- to /?-iron. Since E. M. Terry did 
not observe the effect with electrolytic iron, the phenomenon is not a characteristic 
of iron, but rather of iron associated with impurities. The effect of annealing is 
to increase the maximum permeability about 50 per cent., whilst for small fields, 
the increase is many-fold, Fig. 306. For example : 

M a x i m u m permeabi l i ty 
23° 

1,040 
780° 

3,070 
1000° 
9,080 

1100° 
11,000 

1200° 
8,750 

1300° 
7,120 

C. C. Duell tried to explain the drop in magnetization of cementite steels in 
the range from 150° to 220 , by assuming that carbon is soluble in a-iron but that 
the carbide is not, and that the drop in magnetism is due to certain atoms of free 
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carbon going into 8oln. as carbide. The cementite l ine JES can be extended unti l 
i t intersects the zero carbon line a t X9 Fig . 307, which is near 220°. This is taken 
t o be the limiting point of the solubility of carbon in iron, so tha t near this t e m p , 
carbon can go into soln., bu t carbide cannot . The second, singular point on the 

magnet ic curve a t 300° marks the formation of 
the carbide. The carbon i n martensite exists 
as carbon and not carbide ; and t h e formation 
of iron carbide, which begins a t about 300°, 
corresponds wi th the formation of troostite 
from martensite. The presence of al loying ele
ments causes the A3-l ine t o occur a t progres
sively higher or lower t e m p . , so t h a t in the 
absence of carbide, the continued addit ion of 
carbon causes the A3-l ine t o change wi th pro
gressively lower temp, along the line OSY, 
Fig. 307. Gr. Hannack found tha t wi th tung
sten steels the remanence, and m a x i m u m in
duction decrease as the percentage of carbon 
increases, whilst the coercive force increases. 
S. W. J . Smith and co-workers found tha t the 
residual moment of a magnetized rod of an
nealed steel is reversed when the t emp, is 
raised to 180°. The effect occurs only "with 
iron containing the laminated ferrite—cemen

t i te eutectoid. R. L. Sanford observed tha t the reluctivity of homogeneous iron 
is a linear function of the magnetizing force, but the linear relationship does not 
apply "when a tension or stress is applied to the "wire. H . Kiihlewein studied the 
magnetic after-effect. 

G. J. Sizoo found that increasing the grain-size of electrolytic iron decreases 
the coercive force and the -work of hysteresis, but increases the m a x i m u m per
meabil ity, whilst the remanence remains constant. Some results are indicated 
in Table X L V . O. v o n Auwers found tha t the grain-size affects the coercive force, 
remanence, and permeability, but not the saturation value and sp. resistance. 
The effect of grain-size is less marked after heating in hydrogen, and still less by 
heating in vacuo. The influence of grain-size on the magnet ic properties is secondary 
in nature, being dependent on surface contaminat ion b y oxides and carbides. 
W. KLoster found t h a t the size and arrangement of finely-divided particles in ferro
magnetic alloys have a considerable influence on the magnetic properties. 
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T A B L E X L V . — T H E EB-JFECT 

Mean diam. 
of crystals in nun. 

11 
7 
6-3 
2 -7 
1-2 
0 -7 
0 - 6 
0 - 3 
O l 

Coercive force In 
gauss 

0 - 3 8 8 
0 - 4 0 0 
0 - 3 7 6 
0 - 4 0 7 
0 - 4 2 8 
0 - 4 6 2 
0 - 4 6 5 
0 - 5 1 5 
O-794 

OE* G R A I N - S I Z E ON T H E M A G N E T I C P R O P E R T I E S o r 
E L E C T R O L Y T I C I R O N . 

Remanence in 
gauss 

9 4 6 0 
9 3 6 0 
946O 
943O 
945O 
9 4 6 0 
936O 
930O 
8 0 5 0 

Maximum 
permeability 

8 0 5 0 
7 6 8 0 
8 2 0 0 
8 0 5 0 
7 3 0 0 
7 5 5 0 
6 9 7 0 
6 8 5 0 
4 0 9 0 

Hysteresis work 
-"max "" 10»000 ergs. 

per o. cm. 

1 4 8 5 
1 5 4 2 
1 4 8 0 
1 4 7 5 
1 7 1 0 
1 7 6 0 
174O 
1 7 8 0 
52OO 

O. Wiedemann showed that the first effect of a change of t e m p , on the magnet i sm 
of \$&$nmod steel is not reversible. With residual magnet ism, a cyclic process of 
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heating and cooling, or of cooling and heating, reduces the magnetism. Observations 
in this direction were made by H. I. Wild, M. Mauritius, O. Claus, O. Unverdorben, 
G. Claude, A. T. Kupffer, G. Poloni, J. M. Gaugain, F. G. A. Berson, C. Baur, and 
Lr. !Pave. According to J. A. Ewing, if the magnetizing force of iron is maintained 
during a cyclic process of heating and cooling, or of cooling and heating, there is 
an increase of magnetism. In both cases, in general, after many repetitions of the 
changes of temp., the change of magnetism becomes cyclic. In the earliest stages 
there appears to be, as J. A. Ewing expresses it, a progressive shaking in of magnetism 
if that is induced, and a progressive shaking out of magnetism if that is residual. 
The phenomenon is often conspicuous in the first cycle, and it can often be traced 
in the second or even later cycles. By repeating the cycle of temp, changes often 
enough, these progressive changes disappear, and the effects of heating and cooling— 
magnetizing force constant—are reversible. J. A. Ewing found that no hysteresis 
occurred in the changes which were observed with moderate variations of temp., 
but when the range of temp, includes the critical region where magnetization 
disappears on heating and reappears on cooling, a marked hysteresis occurs. The 
disappearance and reappearance of magnetization connected with a/?-change do 
not occur at the same temp. This is particularly the case with the alloy steels 
(q.v.) observed by J. Hopkinson, and others. D . K. Morris found that the hysteresis 
of the -B/JT-curve becomes enormously reduced as the temp, approaches the chief 
critical point, and the hysteresis tends to disappear. Thus, with a sample of iron 
annealed at 1150°, with cycles of magnetization between the limits Z?=4550, the 
hysteresis losses, in ergs per cm. cube per cycle, were : 

18° 187-5° 249° 852° 457° 634° 695° 764-5° 
Hys teres i s loss . 613 555 508 475 379 264 178 81 

In addition to the changes just indicated, heating produces a slow deterioration 
in the magnetic properties, reducing the permeability, and raising the hysteresis. 
The action is very slow at comparatively low temp. The heat generated in a 
transformer by currents in the coils, and by hysteresis in the core makes the temp, 
in the transformer higher than that of its surroundings, and thus reduces the 
efficiency of transformers. G. W. Partridge studied the effects ; and J. A. Ewing 
found that the results are not due to the repeated reversals of magnetism ; nor are 
they due to a kind of fatigue produced by repeated reversals of mechanical strain. 
W. M. Mordey observed that the increased hysteresis is solely due to the prolonged 
heating ; and S. R. Roget confirmed this by observations on the effect of prolonged 
exposure at temp, between 50° and 700°. A few weeks' exposure at 50° produces 
an appreciable effect in raising the hysteresis, and lowering the permeability. 
K. Daeves found the losses in dynamo and transformer sheets increase regularly 
by 0*1 watt-kgrm. for every 0*04 per cent, of carbon for steels with 0-04 to 0-11 
per cent, of carbon. As silicon rises from 3*7 to 4*2 per cent., the loss diminishes 
by 0*05 watt-kgrm. for every 0*04 per cent, of silicon, but increases slightly with 
higher proportions of silicon. Phosphorus up to 0-02 per cent, slightly increases 
the loss, but beyond that point there is an improvement. Manganese between 
0*05 and 0*3 per cent, has no perceptible influence. 

According to E . M. Terry, the temp, of transformation from the ferromagnetic 
to the paramagnetic state is near 785°, -which is in agreement -with the data for the 
transition temp, of a- to /?-iron (q.v.). J. Hopkinson gave 786° for soft iron with 
0*01 per cent, of carbon ; 734° for mild steel with O* 126 per cent, of carbon ; and 
695° for hard steel with 0*962 per cent, of carbon. D . K. Morris gave 780° for a 
sample with 0*08 per cent, of carbon ; B . Ruer and F. Goerens gave 769° ; E. Gum-
iich, 765° ; T. Ishiwara, 780° ; P. Weiss and G. Foex, 775° ; while for cementite, 
K. Honda and H. Takagi gave 215° for temp, of magnetic transformation. The 
magnetic transformation of the iron-carbon alloys were studied by G. Riimelin 
and R. Maire. 

Reverting to P. Curie's law that the magnetic susceptibility varies inversely 
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as the absolute temp., x-T—constant, P. Weiss obtained a relation between the 
intensity of magnetization, and inferred that in the temp, immediately above that 
of the magnetic transformation, Curie's point, the susceptibility should be inversely 
proportional to the excess of temp, above the transformation point. P. Weiss 
and H. K. Onnes calculated values for the magnetic moment per gram-atom, 
which P. Weiss called the gram-magneton ; and this magnitude, when divided by 
Avogadro's number, gives the moment of -what he regarded as the ultimate magnetic 
corpuscle which he called the magneton. The magneton is supposed to play a 
role in magnetism, like that played by the electron for electricity. The number 
of magnetons per molecule is related to Curie's constant in a simple manner. From 
the results of P. Pascal, P. Weiss and G. F6ex, O. Liebknecht and A. P. Wills, and 
E. Feytis, it was found that the calculated number of magnetons per molecule rarely 
depart by more than 1 or 2 per cent, from the integral values required by the 
theory. The subject was studied by J. ELunz, B. Cabrera, W. W. Stifler, etc. 
K. Honda and co-workers, however, found that Curie's law is not general, and conse
quently P. Weiss' magnetism is open to question. H. K.. Onnes and co-workers 
found that the relation ^JT-constant is in some cases valid down to the temp, 
of liquid nitrogen, and below this temp., the constant continually decreases in 
value. In some cases, the constant decreases continuously from room temp, 
downwards, so that the relation ;^(T-f-S)—constant holds down to the temp, of 
liquid nitrogen, but not at lower temp. Again, the susceptibility may change little 
with temp., and between the temp, of liquid nitrogen and liquid hydrogen, is 
almost independent of temp. 

E. M. Terry found that the magnetic susceptibility of electrolytic /J-iron, between 
780° and 920°, follows Curie's law only approximately, because the curve showing 
the relation between the reciprocal of the susceptibility and temp, is not a straight 
line, but concave upwards. Curie's law is not even approximately obeyed in the 
y-region, for there is an interval of nearly 500° throughout which the suscepti
bility remains almost constant. At 1407°, there is an abrupt increase as y-iron 
passes into the S-form. Throughout the S-region, up to the m.p., 1530°, the suscepti
bility decreases almost linearly with temp. ; the susceptibility shows a marked 
decrease on melting, so that the molten iron has values approximately corresponding 
to an extension of the curve for y-iron. The susceptibility curve for iron passing 
through the A3-arrest shows a marked hysteresis with the A3-arrest. The steepest 
part of the curve occurs at 918° on a rising and at 903° on a falling temp. No real 
hysteresis was observed with the latter, but the return to y-iron on the cooling curve 
is gradual, not abrupt. Observations on the Curie point were also made by 
T. Ishiwara, P. Weiss and G. Foex, K. Renger, D. Radovanovitch, K. E. Guthe, 
P. Curie, R. H. Fowler and P. Kapitza, R. Forrer, and W. Schmidt. As indicated 
above, the Curie point of cementite corresponds with the A0-arrest, at about 220°. 
K. Honda and H. Endo found the magnetic susceptibility, x> °* cementite to be : 

800° 900° 1000° 1100° 
X 24-3 XlO-5 240x10-« 23-7 xl0~« 23-5 X 10~e 

According to K. Renger, the effect of field-strength, H gauss, on the transformation 
pointj 6, is represented by 0—757-f-0*14*\///, 

H . . 0 1,438 2,903 5,095 8,144 10,430 11,930 
6 757° 762-0° 764-5° 767-0° 770-0° 771-5° 772-6° 

C. Benedicks gave the results indicated in Table XLVI for the. effect of chemical 
composition and heat-treatment on the magnetic properties of steels. C. Benedicks 
represented the effect of carbon on the intensity of magnetization, I1 when SC 
denotes the carbon value as in the case of the electrical resistance (q.v.), by 

=1000A/5 -23—(27O+0-59 )2—710 

E. Gumlich's results for the effect of carbon on the coercive- force, in cg . s . units, 
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TAAXiB X L V I . — T H K EBTTBCT O F T H E C O M P O S I T I O N or S T E E L O N I T S M A G N E T I C 
P R O P E R T I E S . 

Carbon 
(per cent.) 

£ 

fO-08 
0-45 
0-55 
0-9O 
1-2O 
1-35 
1-5O 
1-7O 

& 

0-08 
10-45 
' 0 -55 
,0-90 

1-07 
.1-14 

Intensity of magnetization 

I mean for jy = 206-2 

0-08 
0-45 
0-55 
O-9O 
1-2O 
1-35 
1-5O 

11-70 

Coercive 
force, Hc 

1222 
115« 
1147 
1125 
1074 
1058 
1029 
954 

1455 
1376 
136« 
1339 
1278 
126O 
1225 
1136 

1-8 
10-9 
12-9 
17-5 
17-5 
18-7 
17-6 
13-4 

1239 
! 1074 
j 1048 
I 864 
J 716 

64O 

I 1238 
1168 
1168 
1134 
1083 
1063 
1033 
962 

1475 
1279 
1248 
1029 
852 
762 

1473 
139O 
139O 
1349 
1289 
1265 
123O 
1145 

l-O 
26-O 
34-9 
45-4 
48-3 
5O-2 

1 1 
5-5 
6-9 
»•» 

11-7 
12-5 
1O-9 
8-8 

13-6 
28O 
421 
38O 
321 
289 

14-
76 
95-
13« 
i«o 
171 
145 
213 

Hysteresis 
loss, W 

13,400 
52,2OO 
54,000 
73,000 
71,4OO 
73,000 
65,400 
52,2OO 

11,6OO 
86,8OO 

115,000 
115,2OO 
100,200 
93,900 

8,3OO 
34,500 
37,8OO 
47,5OO 
56,8OO 
57,900 
50,900 
40,600 

Hysteresis 
Ooeff., Tj 

0-0027 
OOOI2 
O-Ol 1«) 
OO16« 
O O 175 
O O 1 83 
OU172 
O 0155 

0-0023 
0-0210 
0-0293 
0-0399 
0-0470 
0-0526 

0-0019 
0 0 0 7 4 

I 0-0081 
00107 
OO137 
O-0144 
OO133 
0-0119 

a r e s u m m a r i z e d in F i g . 308, a n d S. Cur ie ' s cu rve for t h e effect of c a r b o n on t h e 
r e m a n e n c e or r e t e n t i v i t y of s teel is s h o w n on t h e s a m e d i a g r a m . A. W . S m i t h 
a n d co-workers found t h e m i n i m u m r e l u c t a n c e , t h e rec iproca l of t h e m a x i m u m 
p e r m e a b i l i t y is a l inear func t ion of t h e c a r b o n - c o n t e n t t o 0-8 p e r cen t , for h a r d e n e d 
s tee ls , a n d for a n n e a l e d steels i t is s o m e w h a t g rea t e r . E . M a u r e r a n d K . Sch roe t e r 
p r o p o s e d e s t i m a t i n g t h e a u s t e n i t i c c o n t e n t of h a r d e n e d steel f rom t h e m a g n e t i c 
s a t u r a t i o n c a p a c i t y . T h e o b s e r v a t i o n s of t h e effect of t h e t e m p e r i n g t e m p , b y 
J . H . A n d r e w a n d co-workers a r e s u m m a r i z e d in T a b l e X L V I . A. W . S m i t h a n d 
co-workers o b s e r v e d t h a t t h e m i n i m u m re luc t iv i t y , i.e. t h e rec iprocal of t h e m a x i m u m 
p e r m e a b i l i t y , is a l inear func t ion 
of t h e c a r b o n - c o n t e n t u p t o 0 8 
p e r cent.;rfor h a r d e n e d s teels , a n d 
for a n n e a l e d s tee ls t h e r a t e of in
crease is r a t h e r g r e a t e r ; a n d for 
a n n e a l e d c h r o m i u m steels , t h e 
v a l u e is a m a x i m u m a t a b o u t 
O-5 a n d a m i n i m u m a t a b o u t O-8 
per cen t , c a r b o n . Acco rd ing t o 
W . Li. Cheney , t h e t e m p e r i n g of 

'0 0* 0-4 06 OS /0 t-Z /-4 /-5% C 
K i o . 308 . T h e Kffeet of C a r b o n o n tin'. Coerc ive 

Korce of S tee l . 

h a r d e n e d i r o n - c a r b o n a l l o y s b e t w e e n 2 0 0 ° a n d 2 5 0 ° c a u s e s a r a p i d r i s e in t h e 
i n d u c t i o n , w h i c h b e c o m e s l e s s m a r k e d w i t h i n c r e a s i n g t e m p . , e v e n t u a l l y r e a c h i n g a 
m a x i m u m a n d t h e n d e c r e a s i n g . A t t h e s a m e t i m e m a r k e d c h a n g e s t a k e p l a c e in 
t h e c o e r c i v e f o r c e , e s p e c i a l l y f o r t e m p e r i n g t e m p , b e t w e e n 2 0 0 ° a n d 3 0 0 ° , w h e n t h e 
g r e a t e s t d e c r e a s e o c c u r s , a n d a t 4 7 0 ° , w h e r e t h e r e i s a s h a r p i n c r e a s e , I n s o m e 
c a s e s t w o v a l u e s a r e o b t a i n e d f o r t h e s a t u r a t i o n i n t e n s i t y of m a g n e t i s a t i o n ; t h i s 
i s s h o w n b y m i c r o s c o p i c a l e x a m i n a t i o n t o b e d u e t o t h e p r e s e n c e of t w o c o n s t i t u e n t s 
i n t h e m a t e r i a l . T h e m a x i m u m p e r m e a b i l i t y of c e r t a i n a l l o y s s h o w s g r e a t d i f f e r e n c e s 
a s c o m p a r e d w i t h s m a l l d i f f e r e n c e s i n o t h e r p r o p e r t i e s , d u e t o c h a n g e s i n t h e s e c o n d 
s t a g e of t h e p r o c e s s of m a g n e t i z a t i o n . I n ^ h V a n n e a l e d a l l o y s t h e s t e e p n e s s of 

VOL. XIIT. T 
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the magnetization curves and the maximum permeability vary with the carbon-
content. The intensity of magnetization has a double value for all carbon per
centages below 1-5 per cent, and a triple value for the 1*55 per cent, carbon alloy, 
and decreases with the carbon-content. As a result of the investigation it is shown 
that any slight changes of structure produced by heat-treatment cause marked 
changes in the magnetic properties of iron-carbon alloys. P. Weiss and R. Forrer 
discussed the magnetic properties of cementite. M. Nakamura studied the effect 
of carbon and silicon on the magnetic properties of electric steel, and found that 
the permeability is increased as the proportion of carbon decreases. If the decrease 
is too great, the deoxidation of the steel is incomplete, and the permeability is 
decreased. With less than 0*12 per cent, carbon, the permeability is usually low. 
Silicon increases the permeability up to a certain limit dependent on the proportions 
of carbon and manganese, and it acts in virtue of its deoxidizing qualities. The 
permeability increases as the proportion of manganese decreases up to a certain 
limit, beyond which it becomes smaller. 

O. von Auwers, T. D. Yensen, and G. J. Sizoo observed that with increasing 
grain-size, the coercive force, and hysteresis decrease, and the maximum permea
bility increases. The effect is also marked with the remanence. The relations 
between the magnetic properties and hardness have been the subject of investiga
tions by J. Lamont, C. Ruths, J. M. Gaugain, C. Fromme, C. Baur, A. von Walten-
hofen, T. Gray, A. Righi, W. Metcalf, R. Pictet, etc. ; and the speoific effects of the 
carburization of iron, by C. A. Coulomb, P. Barlow, J. Muller, H. Meyer, J. Jamin, 
A. von Walthofen, A. R. S. Treve, A. R. S. Treve and L. Durassier, C. R. Underhill, 
X*. Holborn, W. Negbaur, J. Hopkinson, K. Zickler, J. A. Ewing and W. Low, 
J. C. Poggendorff, R. Pictet, G. B. Airy, 1». M. Cheesman, W. Beetz, A. L. HoIz, 
G. Ascoli, J. Trowbridge, G. Poloni, W. Metcalf, A. Righi, and C. Barus and 
V. Strouhal. T. Matsushita and K. Nagasawa found a maximum at about 400°. 
T. Matsushita measured the magnetic hardness or coercive force of quenched steels. 

V. S. Messkin discussed the effect of cold-work on the magnetic properties of 
steel; and E. Gumlich and E. Volhardt, the influence of rolling on the magnetic 
properties. According to V. S. Messkin, the remanence of a plain carbon steel With 
0-78 per cent, of carbon decreases considerably with light rolling, but increases 
again with heavier rolling ; the maximum permeability changes similarly, but with 
a greater reduction than 30 per cent, it decreases again. The coercive force increases 
steadily during rolling, and attains about double its original value when the thick
ness has been reduced about 80-8 per cent. ; with subsequent annealing, the 
coercive force decreases rapidly with rise of temp, up to 450°, and thereafter more 
slowly. The maximum remanence is obtained after annealing at 600°, and it is 
greater than before rolling. The cold deformation of steel produces on thf^magnetic 
qualities an effect similar to that obtained by quenching. P. Goerens studied the 
effect of heat-treatment on the remanence and permeability ; and on the coercive 
force and hysteresis loss in ergs per cm. cube ; and also on the effect of cold-work 
on the maximum permeability and coercive force of steels. According to E. Maurer, 
there is no perceptible difference in the magnetic properties of steels worked cold 
and at a blue-heat. 

C. S. Yeh found that in the range of press, up to 12,00O kgrms. per sq. cm., 
the change of magnetization with a constant field, H, is linear. With a field range 
of 0 to 100 gauss, the press, coeff. of magnetization per unit vol. is negative for 
iron. The perceptible change of magnetization has a maximum of —5*5 per cent, 
per 1000 kgrms. per sq. cm. for H=1-2. The percentage change decreases rapidly 
on both sides of the maximum, and approaches the axis asymptotically for large 
values of J5T. 

The observed press, coeff. for slightly carbonized iron are : 

Ii • . O-20 0 5 2 0-78 0-93 1-30 1-82 4-60 5 2 0 
A , . 244 1048 1015 28OO 5480 7050 11,2OO 18,760 
l«J3!^0 , —1-30 —1-88 —2-66 —2-38 —1-89 —1-46 —0*73 —0-01 
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F o r p u r i f i e d i r o n , t h e t e m p , a n d p r e s s , coeff. a r e : 

H . 

T e m p , coeff. { J = 7050 

P r e s s , c o e f f . j j ^ 0 Q 

0 - 4 3 
+ 0 1 4 7 
H-0-177 
— 3 - 2 5 
— 0 - 9 9 

0 - 8 6 
+ 0 - 2 3 2 
+ 0 . 2 4 7 
— 4 - 8 0 
— 3 - 6 9 

1-30 
+ 0 - 2 6 3 
+ 0 - 2 6 4 
— 5 - 5 1 
— 5 - 3 9 

1-73 
+ 0 1 2 6 
+ 0 - 1 3 5 
— 4 - 3 6 
— 3 - 7 0 

2 1 6 
+ 0 0 7 2 
+ 0 - 7 9 
— 3 - 1 4 
— 2 -61 

T h e r e su l t s for i ron w i t h 0*10 p e r cen t , of c a r b o n a re : 
H 
B 
dB/BQ 

0 - 5 7 
3OO 

— 0 - 5 7 

1-7O 
192O 

— 1-59 

2 - 8 3 
487O 

— 1-52 

4 - 5 3 
764O 

— 1-06 

T h e re su l t s for i ron w i t h 0-30 pe r cen t , of c a r b o n a r e : 
H 
B 
dB/B0 

0 - 6 9 
2 6 3 

1-66 

1-24 
6 1 4 

— 1-80 

14 -8 
8 5 1 

- 1 - 8 8 

1-98 
1 5 8 8 

— 2 - 0 5 

1 1 - 3 2 
1 2 , 2 1 0 
— 0 - 5 8 

2 - 9 6 
3 6 1 0 

- 2 - 3 6 

2 2 - 6 4 
1 5 , 0 0 0 
— 0 - 2 5 

3 - 9 6 
5 5 1 0 

- 2 - 0 2 

4-32 

— 1-20 
— 1-23 

3 3 - 9 6 
1 6 , 1 7 0 
— O IO 

4 - 9 4 
7 0 9 0 

— 1-70 

T h e p e r c e n t a g e c h a n g e of m a g n e t i z a t i o n is t h u s v e r y sens i t ive t o t h e p r o p o r t i o n of 
c a r b o n p r e s e n t . T h e a b s o l u t e v a l u e of t h e press , coeff. of m a g n e t i z a t i o n p e r u n i t 
vol . is less a t a h ighe r t e m p . T h e r e t e n t i v i t y of i ron decreases u n d e r p re s s . 
O b s e r v a t i o n s were a lso m a d e b y H . N a g a o k a a n d K . H o n d a , a n d F . C. F r i s b i e . 

A b o u t 1847, C. M a t t e u c c i no t i ced a n inc rease in t h e m a g n e t i s m of a n i r on b a r 
w h e n i t is pu l l ed l eng thwise ; G. W e r t h e i m conf i rmed t h i s ; a n d E . Vil lar i o b s e r v e d 
t h a t t h e c h a r a c t e r of t h i s effect is r eve r sed if t h e m a g n e t i z a t i o n is s t r o n g e n o u g h . 
As a r e su l t , t h e effect of pu l l is t o increase t h e m a g n e t i s m of a w e a k l y m a g n e t i z e d 
bar , a n d t o r e d u c e t h e m a g n e t i s m of a s t r o n g l y m a g n e t i z e d ba r . T h e p h e n o m e n o n is 
n o w cal led t h e Vil lari reversal , a n d i t w a s r ed i scovered b y L o r d K e l v i n a b o u t 1878. 
If t h e r e l a t ion b e t w e e n t h e i n t e n s i t y of m a g n e t i z a t i o n a n d t h e m a g n e t i z i n g force 
w h e n n o p u l l is app l i ed , a n d aga in 
w h e n t h e r o d is u n d e r t e n s i o n b e 
p l o t t e d , F i g . 309, t h e r e will b e a p o i n t 
w h e r e t h e t w o cu rves i n t e r sec t . T h i s 
p o i n t is cal led Villari's critical point. 
I t co r r e sponds w i t h t h e field-strength 
a t wh ich t h e pu l l does n o t affect t h e 
i n t e n s i t y of m a g n e t i z a t i o n . T h e s u b 
jec t w a s i n v e s t i g a t e d b y J . A . E w i n g , 
who found t h a t t h e effects of s t ress 
a re , in genera l , m u c h g r e a t e r w i t h 
m e t a l h a r d e n e d b y m e c h a n i c a l w o r k 
t h a n w i t h soft, a n n e a l e d i ron . E a c h 
curve , F i g . 309 , for a n n e a l e d i ron lies 
a t first h i g h e r a n d t h e n lower t h a n 
t h e c u r v e for a n y g r e a t e r load , cor re
spond ing w i t h t h e f ac t t h a t t h e p r e 
sence of a l o a d is f a v o u r a b l e t o m a g -

Magnet/z/ng- force 
-&1J 

F i « . 3 0 9 . — M a g n e t i z a t i o n o f A n n e a l e d I r o n 
w h i l e s u b j e c t e d t o L o n g i t u d i n a l P u l l . 

ne t i za t ion w h e n t h e i n t e n s i t y of m a g n e t i z a t i o n is sma l l , b u t u n f a v o u r a b l e w h e n 
i t is g r ea t . A pu l l ing l oad is u n f a v o u r a b l e t o r e s idua l m a g n e t i s m left a f te r a s t r o n g 
field h a s b e e n app l i ed , t h o u g h i t is f avou rab l e t o t h e r e s idua l m a g n e t i s m left a f te r 
m a g n e t i z a t i o n b y a w e a k field. T h e inf luence of p u l l o n r e s idua l m a g n e t i s m is 
of t h e s a m e k i n d a s i t s inf luence o n i n d u c e d m a g n e t i s m , showing t h e la rge effect 
which a m o d e r a t e p u l l h a s i n a u g m e n t i n g t h e suscep t ib i l i t y w i t h r e spec t t o feeble 
m a g n e t i z i n g forces, a n d w h e n t h e s t a t e a p p r o a c h e s s a t u r a t i o n , t h e p re sence of 
load is u n f a v o u r a b l e t o m a g n e t i z a t i o n . E v e n w i t h t h e w e a k e s t fields, t h e 
suscep t ib i l i ty is i nc rea sed on ly w h e n t h e l o a d is m o d e r a t e . T o o g r e a t a load is 
pre judic ia l w h e t h e r t h e m a g n e t i z a t i o n b e w e a k o r s t r o n g . T h e u p p e r l ines of 
abscissae, F i g . 309 , refer t o t h e u p p e r t h r e e cu rves , a n d t h e lower abscissae t o t h e 
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/50r 

_ . K) 12 14 16 
load /n kilograms 

F i o . 3 1 0 . — T h e Effect of A p 
p l y i n g a. L o a d t o Magne
t ized Iron . 

lower t h r e e cu rves . J . B . S e t h a n d co -worke r s followed t h e c h a n g e i n t h e i n t e n s i t y 
m a g n e t i z a t i o n p r o d u c e d b y s t r e t c h i n g a n i ron wi re in a w e a k m a g n e t i c field. T h e 
sub j ec t w a s s t ud i ed b y H . Toml in son . 

W h e n t h e m a g n e t i z i n g force is k e p t c o n s t a n t , a n d t h e l ong i tud ina l p u l l is v a r i e d , 
t h e changes wh ich occur in t h e i n t e n s i t y of m a g n e t i z a t i o n a r e , i n genera l , s imi la r 
t o t h o s e i nd i ca t ed in F i g . 309, b u t t h e y a r e c o m p l i c a t e d b y hys te res i s effects. T h e 
in i t ia l effects of a p p l y i n g s t ress r e semble t h o s e p r o d u c e d b y v i b r a t i o n even t h o u g h 

n o v i b r a t i o n occurs d u r i n g t h e load ing , a n d t h e y d o 
n o t d i s a p p e a r w h e n t h e s t ress is r e m o v e d . S t a r t i n g 
from a, F i g . 31O, J . A. E w i n g showed t h a t a wi re 
h a r d e n e d b y s t r e t ch ing , d e m a g n e t i z e d , a n d e x p o s e d 
t o a m a g n e t i z i n g force of O"34 c.g.s. u n i t s h a s v e r y 
l i t t le m a g n e t i z a t i o n . T h e effects of a p p l y i n g a n d 
r e m o v i n g t h e load a re i l l u s t r a t ed b y t h e d o t t e d c u r v e 
abc, b u t w h e n t h e load is a p p l i e d a n d r e m o v e d a 
second t i m e , t h e m a g n e t i c c h a n g e s b e c o m e n e a r l y 
cyclic, a s s h o w n b y t h e c o n t i n u o u s l ines i n t h e s a m e 
d i a g r a m . Th i s shows t h a t in t h e first l oad ing , t h e r e 
is a p rogress ive increase of m a g n e t i z a t i o n supe rposed 

on a cycl ic effect. If a s t ronger field is app l i ed , t h e effects of t h e first l oad ing 
a r e inc reased eno rmous ly , a n d af ter t h a t , t h e m a g n e t i c c h a n g e s a re n e a r l y cycl ic . 
T h e effect of l oad ing a n d u n l o a d i n g progress ive ly decreases t h e res idua l m a g n e 
t i z a t i o n a n d t h e cyclic changes a r e of t h e s a m e genera l t y p e as t h o s e wh ich occur 
w h e n t h e m a g n e t i z a t i o n is exc i ted b y a n e x t e r n a l field. T h e sub jec t w a s d i scussed 
b y A . Heydwei l l e r , L . F r a i c h e t , K . H o n d a a n d S. Sh imizu , H . N a g a o k a a n d 
K . H o n d a , a n d C. Chree . 

T h e hys te res i s effects of m a g n e t i s m w i t h changes of load do n o t d e p e n d o n t h e 
r a t e a t w h i c h t h e load is app l i ed , no r on t h e i n t e r v a l of t i m e "which e lapses before 
t h e o b s e r v a t i o n s a r e m a d e . After t h e cond i t ion o b t a i n e d b y t h e a p p l i c a t i o n of a 
load is r eached , t h e m a g n e t i z a t i o n does n o t a p p r e c i a b l y a l t e r . T h e effects of 
hys te res i s d i s a p p e a r a l m o s t en t i r e ly w h e n t h e tes t -p iece is exposed t o m e c h a n i c a l 
v i b r a t i o n or t a p p i n g d u r i n g or a f te r t h e changes of load . T h e r e p e t i t i o n of l o a d i n g 
w i t h a n n e a l e d i ron p r o d u c e s a cyclic s t a t e in wh ich t h e r e is less t o t a l m a g n e t i s m 
t h a n is t h e case "with t h e h a r d e n e d m e t a l ; a l i gh t l oad ing will p r o d u c e a n inc rease , 
a n d u n l o a d i n g a decrease , of m a g n e t i s m ; w i t h m o d e r a t e l y h e a v y loads , t h e s e 
effects a r e r eve rsed . 

T h e s t ress - s t ra in d i a g r a m s , p rev ious ly cons idered , show t h e ex is tence of revers ib le 
a n d i r revers ib le molecu la r c h a n g e s d u r i n g t h e load ing a n d u n l o a d i n g of a n i ron wi re ; 
t h e t he rmoe lec t r i c p rope r t i e s of i ron u n d e r t h e influence of v a r i a t i o n s of pu l l , 
a lso show t h e ex i s t ence of ana logous molecu la r changes ; whi le t h e l oad ing a n d 
u n l o a d i n g of i ron , w i t h i n t h e e las t ic l imi t , before b e g i n n i n g m a g n e t i z a t i o n , a lso 
affects t h e m a g n e t i c suscep t ib i l i ty , owing t o t h e i r revers ib le changes in t h e o r i e n t a 
t i o n of t h e molecules . These r e s idua l effects of p a s t l oads o n t h e m a g n e t i c suscep t i 
b i l i ty exh ib i t hys te res i s w i t h r e g a r d t o t h e loads which cause t h e m ; a n d t h e r e s idua l 
effects m a y b e annu l l ed b y sub jec t ing t h e p iece t o m a g n e t i z a t i o n b y reversa l s , a n d 
b y t a p p i n g t h e piece s m a r t l y so as t o c ause v i b r a t i o n . F o r i n s t a n c e , J . A. E w i n g 
f o u n d t h a t if a m a g n e t i z a t i o n c u r v e b e t a k e n w i t h i ron wire sub j ec t ed t o a p u l l 
of 3 kgr ins . , a n d if, a f ter c o m p l e t e d e m a g n e t i z a t i o n , t h e load b e ra i sed t o 4 k g r m s . , 
a n d 1 k i l o g r a m be r e m o v e d , a n d a second m a g n e t i z a t i o n c u r v e b e t a k e n , t h e t w o 
c u r v e s will b e different in sp i t e of t h e fac t t h a t t h e wi re m a y h a v e been p r e v i o u s l y 
s u b j e c t e d t o m a n y t i m e s t h a t a m o u n t of l oad , so t h a t i t a p p e a r e d t o b e m e c h a n i c a l l y 
i n a s t a b l e s t a t e . 

C. M a t t e u c c i showed t h a t w h e n a r o d of soft i ron , exposed t o a l o n g i t u d i n a l 
m a g n e t i z i n g force, is t w i s t e d , i t s m a g n e t i s m is r e d u c e d b y to r s ion in e i t he r d i r ec t ion . 
Thm s ub j ec t w a s e x a m i n e d b y M. Choron , G. W e r t h e i m , E . Becque re l , C. A. C o u l o m b , 

.$&' Gerd ien , H . Toml inson , A. B a n t i , F . B r a u n , L.. Z e h n d e r , A . C a m p e t t i , C. B a r u s , 
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Angle of tw/st Angleoftmst 
FiG. 311 . T h e Effect of T w i s t o n 

t h e Magnet i sm of Iron . 

K . Schrebe r , F . J . S m i t h , H . N a g a o k a , H . N a g a o k a a n d K . H o n d a , H . B o u a s s e 
a n d A . Be r th i e r , W . B r o w n , J . E . Pe l l e t , E . W a r b u r g , S. Meyer , G. W i e d e m a n n , 
a n d L o r d K e l v i n . As w i t h t h e effects of a l l s t resses , t h e r e is a n in i t i a l , i r r e 
vers ib le effect w h i c h is r evea led w h e n t h e cycle of s t r a i n is r e p e a t e d . T h i s 
in i t i a l effect d e p e n d s on t h e p a s t h i s t o r y of t h e m e t a l , b u t in soft i ron t h e cycl ic 
effect is s u c h t h a t t w i s t i n g t o e i ther s ide r e 
d u c e s t h e i n d u c e d m a g n e t i z a t i o n , a n d u n 
t w i s t i n g increases i t . L o r d K e l v i n f o u n d 
t h a t t h e changes of m a g n e t i z a t i o n u n d e r 
t h e s e cond i t ions exh ib i t hys te res i s . T h e 
c h a n g e s in t h e m a g n e t i s m i n d u c e d in a n 
i ron -wire b y a c o n s t a n t m a g n e t i c field, a s 
one e n d of t h e wire is t w i s t e d t o a n d fro, 
whi le t h e o t h e r e n d is he ld fixed, u l t i m a t e l y 
a s s u m e t h e genera l fo rm of F i g . 3 1 1 . I f t h e 
effects of hys te res i s -were e l im ina t ed b y v i b r a 
t i o n , a single p a r a b o l i c c u r v e w o u l d a p p e a r w i t h i t s v e r t e x a t t h e t o p of t h e 
d i a g r a m . Accord ing ly , i n t h e absence of hys te res i s , t h e inf luence of t o r s i o n in 
r e d u c i n g t h e i n d u c e d m a g n e t i s m is indef in i te ly smal l for sma l l angles of t w i s t , a n d 
a t first increases in p r o p o r t i o n t o t h e s q u a r e of t h e t w i s t . 

L o r d K e l v i n showed t h a t w h a t h e cal led a n ae lo t rop ic q u a l i t y is d e v e l o p e d in 
t h e m a g n e t i c suscep t ib i l i ty of i ron , for if t h e m e t a l is s u b j e c t e d t o l ong i tud ina l 
or t r a n s v e r s e pu l l o r p u s h , t h e suscep t ib i l i ty will b e g r e a t e r a long t h a n i t is ac ross 
t h e l ines of pu l l , o r t h e suscep t ib i l i ty will b e less a long t h a n i t is across t h e l ines of 
p u s h , p r o v i d e d t h e m a g n e t i z a t i o n is n o t s t r o n g e n o u g h t o p a s s Vi l la r i ' s c r i t ica l 
p o i n t . I n a t o r s iona l s t r a i n , each p o r t i o n of t h e t w i s t e d rod suffers a s imp le s h e a r i n g 
s t ress w h i c h is m a d e u p of a pu l l ing s t ress in a d i r ec t ion inc l ined a t 45° t o t h e 
d i rec t ion of l e n g t h , a n d a n e q u a l p u s h i n g s t ress inc l ined a t 45° a n d a t r i gh t - ang le s 
t o t h e pu l l ing s t ress . T h i s p r o d u c e s a k i n d of hel ical m a g n e t i z a t i o n in w h i c h t h e r e 
is a c i rcu lar c o m p o n e n t supe rposed on t h e or ig inal l o n g i t u d i n a l m a g n e t i z a t i o n . 
T h e l ines of m a g n e t i z a t i o n n o longer co inc ide in d i rec t ion -with t h e l ines of m a g n e t i c 
force. T h e effect of a sma l l ang le of t o r s i o n on t h e l ong i tud ina l c o m p o n e n t of 
m a g n e t i z a t i o n is smal l , b u t a s t h e ang le of t o r s ion increases , t h e g r o w t h of t h e 
c i rcu la r c o m p o n e n t r educes t h e l o n g i t u d i n a l m a g n e t i z a t i o n , for m a g n e t i z a t i o n in 
one d i r ec t ion lessens t h e m a g n e t i z a t i o n in o t h e r d i r ec t ions . T h e inf luence of 
m a g n e t i c a e l o t r o p y is a l w a y s p r e s e n t w i t h t o r s iona l s t resses , a l t h o u g h t h e effects 
m a y b e m a s k e d b y o t h e r influences—-e.g. hys t e re s i s . 

As s h o w n b y G. W i e d e m a n n , a n d L o r d K e l v i n , l o n g i t u d i n a l m a g n e t i z a t i o n m a y 
b e p r o d u c e d b y t w i s t i n g a c i rcu la r ly m a g n e t i z e d wi re ; a n d G. W i e d e m a n n , a n d 
C. G. K n o t t o b s e r v e d t h a t if a n i ron wi re b e c i rcu la r ly a n d long i tud ina l ly m a g n e 
t i zed , i t b e c o m e s to r s iona l ly s t r a i n e d or t w i s t e d a l t h o u g h n o e x t e r n a l m e c h a n i c a l 
force h a s b e e n e m p l o y e d . J . A . E w i n g , D . E . H u g h e s , L . Z e h n d e r , a n d H . N a g a o k a 
found t h a t t h e r e is a s u d d e n d e v e l o p m e n t of c i rcu lar m a g n e t i z a t i o n w h e n a longi
t u d i n a l l y m a g n e t i z e d r o d is s u d d e n l y t w i s t e d , or w h e n a l ong i t ud ina l m a g n e t i z i n g 
force is s u d d e n l y a p p l i e d t o a r o d he ld in a s t a t e of t o r s ion . T h e j o i n t effects of 
pu l l a n d t o r s i o n we re s t u d i e d b y H . N a g a o k a , L . Z e h n d e r , C G . K n o t t , e t c . T h e 
effect of m a g n e t i z a t i o n on t h e b e n d i n g of i r on a n d s tee l w a s d i scussed b y G. W e r t h e i m , 
a n d C. M. Gui l l emin . 

J . P . J o u l e sa id t h a t t h e t o t a l v o l u m e of a n i ron r o d is n o t a l t e r ed b y m a g n e t i z a 
t i on , a n d t h e s u b j e c t w a s s t u d i e d b y G. W e r t h e i m , H . Buff, H . N a g a o k a , H . N a g a o k a 
a n d E . T . J o n e s , E . T . J o n e s , H . N a g a o k a a n d K . H o n d a , K . H o n d a a n d K . K i d o , 
K . H o n d a a n d S. S h i m i z u , S. S h i m i z u a n d T . T a n a k a d a t e , I . K r u o k e n b e r g , 
P . MoCorlde, L . W . M c K e c h a n a n d co-workers , J . O r l a n d , J . O r l a n d a n d P . del P u l g a r , 
P . E . S h a w a n d S. O. L a w s , C. B e n e d i c k s , F . C. Powel l , J . H . H a n d l e y , J . K . H o b b i e , 
S. R . Wi l l i ams , S. B . W i l l i a m s a n d O. K o p p i u s , A . Schuhse, A. E s a u , G. D ie t s ch 
a n d W . F r i c k e , W . N . B o n d , T. H a y a s i , M. K e r s t e n , P . K a p i t z a , P . A s t e r o t h , 
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Iu. W . Aus t in , L.. W . A u s t i n a n d K . Gkithe, W . L . W e b s t e r , W . B r o w n , R . A . H o u s t o u n , 
M. C a n t o n e , C. W . B u r r o w s , G. Kirchhoff, H . v o n H e l m h o l t z , S. S a n o , I . K o l a c e k , 
S. J . Lochner , A. Heydwei l l e r , R . G a n s , H . R e n s i n g , L . W . M c K e e h a n , C. W . H e a p s , 
C. G. K n o t t , A. d e la R i v e , W . Bee t z , A. M. Maye r , W . F . B a r r e t t , A . R i g h i , 
C. Chree, B . Ros ing , A. Be rge t , A. Bock , P . I . Bachmetjeff , L . T . More , A . Schu lze , 
B . B . B r a c k e t t , J . S. S t evens , E . R h o a d s , G. A . S h a k e s p e a r , C. B a r u s , E . v a n A u b e l , 
D . O. S. D a v i e s , L . Tier i , a n d J . C. M c L e n n a n . 

I t 1WiIl b e obse rved t h a t in t h e J o u l e effect, w h e n a m a g n e t i c (or f e r romagne t i c ) 
field is p r o d u c e d a long a f e r romagne t i c b a r , t h e b a r is l e n g t h e n e d o r s h o r t e n e d i n 
t h e d i r ec t ion of t h e field, accord ing t o t h e n a t u r e of t h e m e t a l a n d t h e i n t e n s i t y of 
t h e i n d u c t i o n ; a n d converse ly , a l e n g t h e n i n g or s h o r t e n i n g of t h e b a r p r o d u c e s 
a v a r i a t i o n in t h e i n t e n s i t y of t h e l o n g i t u d i n a l m a g n e t i z a t i o n . I n W i e d e m a n n ' s 
effect* a long i tud ina l ly magne t i z ed , f e r romagne t i c b a r is t w i s t e d w h e n a n e lec t r ic 
c u r r e n t , w h i c h c rea tes a t r a n s v e r s e m a g n e t i c field, is p a s s e d a long i t ; a n d con
verse ly , i n t h e Matteucc i effect, w h e n a l ong i tud ina l ly m a g n e t i z e d b a r is t w i s t e d , 
a n e.m.f. is p r o d u c e d a long t h e b a r . 

C. G. K n o t t , a n d S. B i d well f o u n d t h a t t h e t r a n s v e r s e c o n t r a c t i o n exceeds 
t h e l ong i t ud ina l e x p a n s i o n , so t h a t t h e t o t a l v o l u m e is r educed , 8v—magneto
s t r i c t i o n — t h u s , for t u b e s w i t h / f = 5 0 , 1 2 5 , a n d 25O c.g.s . u n i t s , t h e r e spec t i ve 
v a l u e s of S ^ x I O 7 we re —5-9, —12-3 , a n d —13-0. If t h e t o t a l v o l u m e is r e d u c e d 
b y m a g n e t i z a t i o n , t h e specific gravity will b e inc reased . K . H o n d a a n d K . K i d o 
f o u n d a n e x p a n s i o n for t h e m a g n e t o s t r i c t o n of i ron w i t h H ove r 370, a n d a 
c o n t r a c t i o n for smal le r va lues of H, t h u s : 

H 
81/1 x 10° . 

23 0 
1-7O 

77-2 
3 0 3 

1 2 5 1 
2-54 

193-9 
1-77 

273-8 
0-68 

371-9 
— 0-42 

571-6 
— 1-68 

T h e p h e n o m e n o n w a s also s t u d i e d b y C. G. K n o t t a n d A . S h a n d , W . F . B a r r e t t , 
A . M. Mayer , E . P iazzo l i , A. Schulze , A . S. K i m b a l l , A . W a s s m u t h , W . F r i c k e , 
R . G a n s a n d J . v o n H a r l e m , a n d G. Hof fmann . K . H o n d a a n d S. S h i m i z u ' s 
o b s e r v a t i o n s for t h e c h a n g e in l e n g t h 81/1 x 10~° w i t h v a r i a t i o n s of t e m p , a r e 
i l l u s t r a t e d b y F i g . 312 . A. Schulze ' s r e su l t s on t h e c h a n g e in l eng th of different 
k i n d s of i r on a n d different h e a t - t r e a t m e n t s a r e s u m m a r i z e d in F i g . 3 1 3 . 
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F i « . 3 1 2 . — T h e Effect of T e m p e r a t u r e 

o n t h e M a g n e t o s t r i c t i o n of I r o n . 
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F i o . 3 1 3 . — T h e Effec t of P u r i t y a n d H e a t -
t r e a t m e n t o n t h e M a g n e t o s t r i c t i o n of I r o n . 

K . H o n d a a n d T . T e r a d a found t h e m a g n e t o s t r i c t i o n , or c h a n g e of l e n g t h 
w i t h m a g n e t i z a t i o n , 81/1 x 1O- 6 , w i t h a t ens ion of 1627 g r m s . p e r sq . m m . , in 
c reases f rom —0*22 t o 1-80 as H inc reases f rom 3*8 t o 35*3, a n d i t t h e n decreases 
t o —4*34 a s H r ises t o 384 ; a n d w i t h a t e n s i o n of 5538 g r m s . p e r sq . m m . , t h e c h a n g e 
i n l e n g t h 81/lxlO* decreases f rom —0*06 w i t h H=3-2 t o —6*58 w i t h i J — 3 8 0 . 
T h e c h a n g e of e las t ic i ty , 8E/E x 10 2 , is smal l , a n d w i t h a l oad of 1627 g r m s . p e r 
s q . m m . , i t g r a d u a l l y increases w i t h t h e field f rom O 9 t o 1*7 a s H c h a n g e s f rom 
10 t o 100, a n d i t t h e n falls t o 1-4 a s H c h a n g e s t o 350 ; whi le w i t h a l oad of 4754 
g r m s . p e r sq . m m . , i t c h a n g e s f rom 0-4 t o 0*8 a s H c h a n g e s f rom 10 t o 350 . T h e 
c h a n g e i n t h e coeff. of r i g id i t y 8KJKxIO2 w i t h a l oad of 3113 g r m s . p e r sq . m m . i s 
r e p r e s e n t e d b y — 0 0 3 for # = 2 4 - 5 , 0-4O for H= 146-2 ; a n d 0-25 for # = 3 8 5 . 
T h e c h a n g e i n P o i s s o n ' s r a t i o , 8cr/ar x 10 2 , is such t h a t i t passes f rom —2-2 for H= 10 
$ 0 ::^m%®~% | o r # = = 3 5 0 , w h e n t h e load is 3270 g r m s . p e r sq. m m . T h e c h a n g e of 
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m a g n e t i z a t i o n 67$ with, l o n g i t u d i n a l l oad ing a n d Slc w i t h cycl ic l oad ing for l oads 
i n t e n s i o n T g r m s . p e r sq . m m . , is : 

T 

V=1M1IU : 
# = 366-6 I ft . 

1562 
6-8 
0-9 

— 2-7 

3086 
23-2 

1-9 
— 5 1 

4648 
56-8 

3-2 
— 8 0 

6211 
100-9 

4-5 
— 10-6 

7777 grms . per sq . m m 
146-3 

6-9 
— 13-3 

K . H o n d a a n d T . T e r a d a also found t h a t w i t h a c o n s t a n t t e n s i o n t h e m a g n e t i z a t i o n 
increases r a p i d l y in low fields a n d g r a d u a l l y a p p r o a c h e s s a t u r a t i o n . T h e y a lso 
e x a m i n e d t h e effect w i t h a c o n s t a n t t w i s t , a n d w i t h a c o m b i n e d t w i s t a n d t e n s i o n 
on t h e m a g n e t i z a t i o n . I n all cases t h e rec iproca l n a t u r e of t h e c h a n g e s of s t r a i n s 
b y m a g n e t i z a t i o n a n d of t h e changes of m a g n e t i z a t i o n b y s t r a i n were es tab l i shed . 
F o r i n s t a n c e , m a g n e t i c e longa t ion u n d e r c o n s t a n t t e n s i o n a n d of m a g n e t i z a t i o n 
u n d e r c o n s t a n t t e n s i o n ; of e longa t ion b y t e n s i o n u n d e r a c o n s t a n t field, a n d t h e 
c h a n g e of m a g n e t i z a t i o n b y t e n s i o n u n d e r a c o n s t a n t field ; of m a g n e t i c t w i s t i n g 
u n d e r a c o n s t a n t couple , a n d m a g n e t i z a t i o n u n d e r a c o n s t a n t t w i s t ; a n d of t h e 
c h a n g e of r ig id i ty u n d e r a c o n s t a n t field ; a n d t h e c h a n g e of m a g n e t i z a t i o n b y 
t w i s t u n d e r a c o n s t a n t field. J . B . S e t h a n d co-workers s t u d i e d t h e effect of 
s t r e t c h i n g on t h e i n t e n s i t y of m a g n e t i z a t i o n of single c rys t a l s of i ron . J . S. R a n k i n 
found t h a t h i g h - c a r b o n s tee ls s h o w a smal le r m a g n e t o s t r i c t i o n t h a n soft c a r b o n 
s teels , b u t t h a t t h e effect of h a r d e n i n g a s tee l b y tens i le o v e r s t r a i n increases t h e 
m a g n e t o s t r i c t i o n , t h o u g h t h i s c h a n g e in ex t ens ion does n o t d e p e n d s i m p l y o n t h e 
a m o u n t of tens i le ex tens ion . I t is a s s u m e d , in a g r e e m e n t w i t h W . L . W e b s t e r , 
t h a t w h e n a r o d is o v e r s t r a i n e d , t h e a x e s of a la rge p r o p o r t i o n of t h e c o n s t i t u e n t 
c rys t a l s vee r i n t o t h e d i rec t ion of t h e l ong i t ud ina l axes of t h e rod , a n d i t is 
necessa ry on ly t h a t a m a j o r i t y of t h e g ra in s b e so a r r a n g e d t o a c c o u n t for t h e 
inc reased m a g n e t o s t r i c t i o n . F o r N . Akuloff 's o b s e r v a t i o n s -with single c rys t a l s , 
vide supra. 

G. W . P ie rce s t u d i e d t h e effects w h i c h occur w h e n a m a g n e t i z e d r o d h a s super 
posed on i t a n a l t e r n a t i n g ax ia l m a g n e t i c field of a f r equency in t h e n e i g h b o u r h o o d 
of t h e n a t u r a l m e c h a n i c a l f r equency of t h e rod . T h e r o d w h e n u n d e r t h e inf luence 
of m a g n e t o s t r i c t i o n c a n b e m a d e t o a c t l ike q u a r t z c rys t a l s u n d e r t h e inf luence 
of p iezoelec t r ic i ty . If a f e r romagne t i c r o d o r t u b e is c l a m p e d so t h a t i t l ies a long 
t h e ax i s of a coil, t h e c o m b i n a t i o n b e c o m e s a n electr ical v i b r a t i o n a l i n s t r u m e n t . 
Th i s p h a s e of t h e sub jec t w a s s t u d i e d b y K . C. B l a c k . 

T h e m a g n e t o s t r i c t i o n of single c rys t a l s of i ron w a s obse rved b y W . Ger lach , 
E . Duss le r a n d W . Ger l ach , H . Korn fe ld , G. S. M a h a j a n i , a n d N . Akuloff. 
K . H o n d a a n d Y . M a s h i y a m a f o u n d t h a t in t h e (lOO)-plane, t a k e n in t h e d i r ec t i on 
of t h e t e t r a g o n a l a x e s (100), t h e l o n g i t u d i n a l effect of t h e m a g n e t i c expans ion 
is pos i t ive for al l m a g n e t i z i n g fields ; i t increases a t first r a p i d l y , a n d a f t e r w a r d s 
s lowly. T h e t r a n s v e r s e effect is j u s t t h e r eve r se of t h e l o n g i t u d i n a l one . As t h e 
inc l ina t ion of t h e d i r ec t i on of t h e t e t r a g o n a l ax i s t o t h e d i rec t ion of t h e field 
increases , t h e l o n g i t u d i n a l e x p a n s i o n in s t r o n g fields becomes less, a n d a t a n 
inc l ina t ion of 15°, t h e expansion-f ie ld c u r v e a l r e a d y shows a n i nconsp icuous 
m a x i m u m a t 20O gauss . A t a n inc l ina t ion of 30°, t h e m a x i m u m is a l r e a d y a t t a i n e d 
a t 80 g a u s s , a n d t h e dec rease of e x p a n s i o n i n s t r onge r fields is cons ide rab le , t h e 
e x p a n s i o n c h a n g i n g i n t o c o n t r a c t i o n a t a b o v e 400 gaus s . A t a n inc l ina t ion of 
45° (100), t h a t i s , i n t h e d i rec t ion of t h e d igona l a x i s , o n l y a smal l e x p a n s i o n is 
obse rvab le be low 120 gaus s , a b o v e w h i c h a m a r k e d c o n t r a c t i o n is no t i ced . T h e 
t r a n s v e r s e effects a r e j u s t t h e r eve r se of t h o s e of t h e l ong i tud ina l , e x c e p t in t h e 
d i r ec t ion of 45° , i n w h i c h a sma l l in i t i a l c o n t r a c t i o n is n o t obse rvab le . T h e longi
t u d i n a l effect of t h e m a g n e t i c e x p a n s i o n is m a x i m u m in t h e d i rec t ion of t h e t e t r a 
gona l a x e s a n d m i n i m u m b e t w e e n t h e m ; t h e e x p a n s i o n - o r i e n t a t i o n cu rves a r e 
s inuso ida l , h a v i n g a p e r i o d of 90° . T h e a m p l i t u d e of t h e cu rves increases w i t h 
t h e field. T h e t r a n s v e r s e effect is j u s t t h e r eve r se of t h e long i tud ina l , so t h a t 
no fu r the r r e m a r k s a r e necessa ry . 



2 8 O I N O R G A N I C A N D T H E O R K T I C A L , C H E M I S T R Y 

/G\ 

S^ 

I n t h e (HO)-plane , in t h e d i r ec t ion of t h e t e t r a g o n a l axes , t h e l o n g i t u d i n a l 
expans ion is a m a x i m u m ; in t h e d i rec t ion of t h e d igona l axes , a smal l m a x i m u m 
is found ; a n d in t h e d i rec t ion of t h e t r i gona l ax i s , a m i n i m u m is obse rvab le . T h u s 
t h e expans ion -o r i en t a t i on cu rves h a v e a pe r iod of 180°, i n s t e a d of 90° a s i n (100)-
p lane . T h e t r a n s v e r s e effect in t h e s a m e p l a n e is j u s t t h e reverse of t h e l o n g i t u d i n a l 
wi th r e spec t t o t h e o r i en t a t i on . I n t h e ( l l l ) - p l a n e , for t h r e e o r i e n t a t i o n s , 0° , 15°, 
30°, of t h e c rys ta l w i t h r e spec t t o t h e m a g n e t i c field, t h e long i tud ina l effects a r e 
all s imi lar ; t h a t is, a s t h e field is inc reased , t h e m a g n e t i c e x p a n s i o n increases 
s lowly a t first a n d t h e n r ap id ly , a n d af ter r e ach ing a m a x i m u m , i t s t ead i ly decreases , 
t i l l i t changes i n to a c o n t r a c t i o n . As t h e inc l ina t ion increases f rom 0° t o 30° , 
t h e e x p a n s i o n g radua l ly increases , a n d , on t h e o t h e r h a n d , t h e c o n t r a c t i o n decreases . 
T h e t r a n s v e r s e effect is t h e reverse of t h e long i tud ina l a b o v e descr ibed . 

Accord ing t o N . Akuloff a n d co-workers , if a single c r y s t a l of i ron b e m a g 
ne t i zed u p t o a n in t ens i ty Z, first in t h e d i rec t ion of t h e p r inc ipa l ax i s , a n d n e x t , 
t o t h e s a m e in t ens i t y , in a n y o t h e r d i rec t ion , t h e n t h e differences b e t w e e n "the 
changes in l eng th , dl/l, of t h e c rys t a l pa ra l l e l t o t h e d i rec t ions of m a g n e t i z a t i o n , 
a r e p r o p o r t i o n a l t o t h e differences b e t w e e n t h e co r r e spond ing c h a n g e s of r e s i s t ance , 
dR/R, a n d t o t h e e n e r g y changes , crs—ar0, b e tween co r r e spond ing m a g n e t i z a t i o n 
cu rves in t h e i 7 / - d i a g r a m , or a(dl/l)„—(dl/l)0=b(dR/R)e—(dR/R)0=^c(cr8—cr0). T h e 
c rys t a l l a t t i ce is supposed t o be d i s t o r t e d by t h e r o t a t i o n a c c o m p a n y i n g t h e c h a n g e 
in t h e d i rec t ion of m a g n e t i z a t i o n a w a y f rom t h e d i rec t ion of eas ies t m a g n e t i z a t i o n . 

T h e r e is the re fore a difference in l e n g t h of u n i t r o d s 
para l le l t o t h e different c r y s t a l d i r ec t ions w h e n com
ple te m a g n e t i z a t i o n occurs . W h e n a c u b e of i ron , 
on a n a t o m i c scale, is c o m p l e t e l y d e v o i d of m a g n e 
t i z a t i on , i t b e c o m e s s l igh t ly d i s t o r t e d w h e n i t a c q u i r e s 
i ts n o r m a l s p o n t a n e o u s m a g n e t i z a t i o n . I t b e c o m e s 
longer a l o n g t h e cubic ax i s of m a g n e t i z a t i o n t h a n i t 
does a long t h e axes a t r i gh t - ang le s . H e n c e , con
t i n u e d W . Ti. W e b s t e r , d e m a g n e t i z e d i ron is con
s idered a s a mosa i c m a d e u p of a s y m m e t r i c a l sma l l 
v o l u m e s w i t h t h e i r d i r ec t ion of d i s t o r t i o n d i s t r i b u t e d 
equa l ly a long t h e t h r e e cub ic a x e s . T h e r e s u l t a n t 
d imens ions of a c u b e of d e m a g n e t i z e d i ron will b e 
s y m m e t r i c a l , b u t will b e a c o m p l i c a t e d a v e r a g e b e 

t w e e n t h e t w o d imens ions of t h e d i s t o r t e d m a g n e t i z e d c u b e . W h e n m a g n e t i z a t i o n 
t a k e s p lace a long a cub ic ax i s t h e r e m u s t be a l ong i tud ina l expans ion , w i t h a 
l a t e ra l c o n t r a c t i o n g r a d u a l l y increas ing as t h e v a r i o u s v o l u m e c u r v e s b e c o m e 
para l le l . F o r t h e ( l lO) -d i rec t ion , a s m a g n e t i z a t i o n p roceeds t h e r e is a t first a 
c o n c e n t r a t i o n of t h e a x e s of d i s t o r t i on of t h e m a n y smal l v o l u m e s a long t h e t w o 
cubic axes n e a r e s t t h e d i rec t ion of m a g n e t i z a t i o n . T h e r e m u s t the re fo re b e a n 
in i t i a l e x p a n s i o n c o n t i n u i n g t i l l t h e t h i r d ax i s h a s been comple t e ly a b a n d o n e d . 
F u r t h e r increase of m a g n e t i c i n t e n s i t y c a n on ly b e p r o d u c e d b y d e v i a t i o n f rom 
t h e cub ic axes , a n d t h e co r r e spond ing c o n t r a c t i o n is sufficiently l a rge t o over 
w h e l m t h e e x p a n s i o n d u e t o inc reas ing u n i f o r m i t y . 

W i t h t h e ( l l l ) - a x i s , t h e t h r e e cub ic d i rec t ions a r e s y m m e t r i c a l l y d i sposed 
a n d t h e r e is no real increase in un i fo rmi ty before t h e d e v i a t i o n a l d i s to r t i on a p p e a r s ; 
c o n s e q u e n t l y no in i t ia l e x p a n s i o n is obse rved . I t m a y b e p o i n t e d o u t t h a t t h e 
c o n t r a c t i o n shou ld set in for all d i rec t ions a t a p o i n t co r r e spond ing t o t h e b e n d 
in t h e I/Jff c u r v e , a r e su l t w i t h which t h e e x p e r i m e n t s a r e in r easonab le a g r e e m e n t . 

H . G. D o r s e y m e a s u r e d t h e m a g n e t o s t r i c t i o n of different c a rbon s teels , a n d 
s o m e of h i s r e s u l t s for t h e m a g n e t o s t r i c t i o n a s a func t ion of t h e field-strength, H, 
a r e s u m m a r i z e d in F i g . 316 , a n d a s a func t ion of t h e i n t e n s i t y of m a g n e t i z a t i o n , 
7 , in F i g s . 3 1 5 a n d 3 1 6 . H e showed t h a t t h e m a x i m u m e longa t ion decreases w i t h 
t h e «aajrb0»-oontent u p t o 0*9 p e r cen t , c a r b o n , a n d t h e n increases ; i t m a y b e 
Tep^0A«4 hy (8l/lxlO*-{-C~-4-2)(8l/lxlO»~31C+213)=0, where C denotes the 
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pe rcen tage of ca rbon ; a n d if K deno te s t h e magne t i c suscep t ib i l i ty (lT-f-185C —194)-
(K—4OC-}-4) = 0 . S imi lar ly , b u t n o t so definitely, t h e v a l u e of H a t wh ich 
t h e i r on r o d s r e t r a c t t o t h e i r or iginal l eng th d r o p s t o a m i n i m u m va lue a t a b o u t 
0*9 p e r cen t , c a rbon . 81/1 is p rac t ica l ly t h e s a m e — 1 - 4 X l O - 6 w h e n / / — 3 0 0 . T h e 
rods were stil l c o n t r a c t i n g w h e n 
t h e field-strength a t t a i n e d 160O ; 
b u t for /iT—1500, t h e g rea t e r t h e 
ca rbon-con ten t , t h e less t h e con
t r a c t i o n . T h e m o d u l u s of elas
t i c i ty decreases w i t h t h e p ropor 
t i on of ca rbon , or t h e a m o u n t of 
sho r t en ing in s t r o n g fields var ies 
d i rec t ly as t h e m o d u l u s . Slowly 
cooled steels h a v e g r ea t e r e longa
t i ons a n d suscept ibi l i t ies t h a n 
when quenched . T h e r e a r e acci
d e n t a l excep t ions for soft i ron . 
Magne tos t r i c t ion d e p e n d s on t h e 
p rev ious h i s to ry of t h e spec imen. 
T h e pe rcen t age e longa t ion in t h e 
midd le of a 40-cm. rod of soft i ron 
is nea r ly t h r e e t imes as g rea t as 
for t h e en t i re rod . T h e va lues 
also d e p e n d on t h e l eng ths of t h e rods used for obse rva t ions . R . H . Fowle r a n d 
P . K a p i t z a s tud ied t h e re la t ion be tween magne to s t r i c t i on a n d t h e Curie p o i n t ; 
a n d S. R . Wil l iams, a n d S. L . Q u i m b y , t h e theor ies of m a g n e t o s t r i c t i o n . 

J . Coulson e x a m i n e d t h e effect of occluded hydrogen o n t h e m a g n e t i z a t i o n of 
i ron, a n d found a d r o p of 5 t o 19 per cen t . ; a n d A. K u s s m a n n a n d H . J . S e e m a n n , 
t h e effect of cold-roll ing. T h e elasticity of i ron a n d steel exercises b u t a feeble 
influence on t h e magne t i za t i on . G. W e r t h e i m showed t h a t if i ron be exposed for 
a long t i m e t o a magne t i z ing force, t h e coeff. of e las t ic i ty is r educed a l i t t l e , a n d t h e 
r educ t ion pers is ts af ter t h e magne t i z ing force is w i t h d r a w n . K . H o n d a and 
T. T a n a k a found t h a t t h e m o d u l i of e las t ic i ty , E, a n d r ig id i ty , K, of ca rbon steels 
are increased b y magne t i za t ion . T h u s , for i ron alone : 
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The r a t e of increase in w e a k fields is g r ea t e r t h a n in s t r o n g fields. H . Toml inson 
s tud ied t h e influence of m a g n e t i s m o n t h e i n t e rna l friction a n d tors ional e las t ic i ty 
of me ta l s , a n d found : (i) W h e n t h e de format ions p r o d u c e d b y t h e oscil lat ions a r e 
smal l , t h e i n t e r n a l fr ict ion of a tors iona l ly v i b r a t i n g wire of i ron or steel is n o t 
affected b y sus ta ined long i tud ina l m a g n e t i z a t i o n of m o d e r a t e a m o u n t . T h e 
in t e rna l fr ict ion is a lso n o t affected b y t h e sus t a ined m a g n e t i z a t i o n even when 
t h e l a t t e r is carr ied t o t h e p o i n t of s a t u r a t i o n , p rov ided t h e magne t i z ing cu r r en t , 
p rev ious ly t o expe r imen t ing , be reversed a g r e a t n u m b e r of t imes . W h e n n o 
prev ious reversa ls h a v e been m a d e t h e i n t e r n a l fr ict ion is s l ight ly increased b y 
in tense m a g n e t i s m , (ii) W h e n t h e de fo rmat ions p r o d u c e d b y t h e oscil lat ions 
a re la rge t h e i n t e r n a l friction is ve ry sensibly increased b y sus ta ined longi tud ina l 
magne t i za t i on of large a m o u n t , (iii) The to rs iona l e las t ic i ty is ent i re ly i n d e p e n d e n t 
of a n y sus t a ined long i tud ina l ly magne t i z ing s t ress which m a y be ac t ing u p o n an 
i ron or s teel wire , p r o v i d e d t h e de fo rmat ions p r o d u c e d b y t h e tors ional oscil lat ions 
be smal l . W h e n t h e de fo rma t ions a r e l a rge , t h e n u m b e r of oscil lat ions executed 
in a g iven t i m e is v e r y s l ight ly lessened b y sus t a ined longi tud ina l magne t i za t i on 
of la rge a m o u n t , (iv) W h e n t h e magne t i z i ng c u r r e n t is i n t e r r u p t e d and , t o a 
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g r e a t e r e x t e n t , w h e n i t i s r e v e r s e d r e p e a t e d l y w h i l s t t h e w i r e i s o s c i l l a t i n g , t h e 
i n t e r n a l f r i c t i o n i s i n c r e a s e d , p r o v i d e d t h e m a g n e t i z i n g s t r e s s b e o f m o d e r a t e 
a m o u n t . T h e i n c r e a s e of i n t e r n a l f r i c t i o n m a y b e c o m e v e r y c o n s i d e r a b l e w h e n 
t h e m a g n e t i z i n g s t r e s s i s g r e a t . W h e n t h e n u m b e r of i n t e r r u p t i o n s o r r e v e r s a l s 
i n a g i v e n t i m e of t h e m a g n e t i z i n g c u r r e n t e x c e e d s a c e r t a i n l i m i t t h e e f f ec t o n t h e 
i n t e r n a l f r i c t i o n b e g i n s t o d e c l i n e , (v ) W h e n t h e d e f o r m a t i o n s p r o d u c e d b y t h e 
o s c i l l a t i o n s a r e s m a l l , t h e t o r s i o n a l e l a s t i c i t y i s n o t a f f e c t e d b y e i t h e r r e p e a t e d l y 
i n t e r r u p t e d o r r e v e r s e d l o n g i t u d i n a l m a g n e t i z a t i o n e v e n -when t h e m a g n e t i z i n g 
s t r e s s i s l a r g e , (v i ) T h e r e e x i s t s a l i m i t of m a g n e t i c s t r e s s w i t h i n w h i c h n o p e r 
m a n e n t r o t a t i o n w h a t e v e r of t h e m o l e c u l e s i s p r o d u c e d . T h i s l i m i t m a y b e w i d e n e d 
b y p r e v i o u s r e p e a t e d r e v e r s a l s of a l a r g e m a g n e t i z i n g s t r e s s , (v i i ) T h e p a s s a g e 
of a m o d e r a t e e l e c t r i c c u r r e n t , w h e t h e r s u s t a i n e d o r i n t e r r u p t e d , t h r o u g h a t o r s i o n -
a l l y v i b r a t i n g w i r e of i r o n , s t e e l , o r n i c k e l d o e s n o t a f f e c t , e x c e p t b y h e a t i n g , e i t h e r 
t h e i n t e r n a l f r i c t i o n o r t h e t o r s i o n a l e l a s t i c i t y , p r o v i d e d t h e d e f o r m a t i o n s p r o d u c e d 
b y t h e o s c i l l a t i o n s b e s m a l l , (vi i i ) T h e e f fec t of l o n g i t u d i n a l m a g n e t i z a t i o n , e v e n 
w h e n c a r r i e d t o t h e p o i n t of s a t u r a t i o n , o n t h e l o n g i t u d i n a l o s c i l l a t i o n of a n i r o n 
o r s t e e l w i r e , i s nil. ( ix) T h e p a s s a g e of a n e l e c t r i c c u r r e n t , w h e t h e r s u s t a i n e d o r 
i n t e r r u p t e d , t h r o u g h a l o n g i t u d i n a l l y o s c i l l a t i n g w i r e of i r o n o r s t e e l d o e s n o t , 
e x c e p t b y h e a t i n g , a f f e c t t h e n u m b e r of o s c i l l a t i o n s e x e c u t e d i n a g i v e n t i m e , 
(x ) W h e n t h e d e f o r m a t i o n s p r o d u c e d b y t h e o s c i l l a t i o n s d o n o t e x c e e d a c e r t a i n 
l i m i t , t h e i n t e r n a l f r i c t i o n c a n n o t a p p a r e n t l y d e p e n d u p o n t h e permanent r o t a t i o n 
of t h e m o l e c u l e s a b o u t t h e i r a x e s . W h e n , h o w e v e r , t h e d e f o r m a t i o n s e x c e e d t h i s 
l i m i t , t h e i n t e r n a l f r i c t i o n b e c o m e s v e r y s e n s i b l y l a r g e r , a n d d o e s p a r t l y , if n o t 
m a i n l y , d e p e n d u p o n t h e p e r m a n e n t r o t a t i o n t o - a n d - f r o of t h e m o l e c u l e s a b o u t 
t h e i r a x e s . T h e l i m i t c a n b e w i d e n e d b y a l l o w i n g t h e w i r e t o r e s t a f t e r s u s p e n s i o n 
w i t h o s c i l l a t i o n s a t i n t e r v a l s , b y a n n e a l i n g , a n d b y r e p e a t e d h e a t i n g a n d c o o l i n g . 
A c c o r d i n g t o A . E s a u a n d H . K o r t u m , w h e n f e r r o m a g n e t i c s u b s t a n c e s a r e v i b r a t i n g 
u n d e r t o r s i o n , a n d s i m u l t a n e o u s l y s u b j e c t e d t o a n a l t e r n a t i n g , l o n g i t u d i n a l m a g n e t i c 
f ie ld , a m a x i m u m v i b r a t i o n o c c u r s w h e n t h e p e r i o d of t h e f ie ld i s l e s s t h a n t h e 
n a t u r a l p e r i o d of t h e s y s t e m . Y . K i d a n i a n d R . S a s a k i f o u n d a m i n i m u m i n t h e 
t e m p , c u r v e s h o w i n g t h e t e n s i l e s t r e n g t h of m a g n e t i z e d s t e e l , a n d t h e r e i s a l s o a 
c h a n g e of t e m p , i n t h e r e s i s t a n c e t o c o m p r e s s i o n t e s t a s t h e m e t a l p a s s e s f r o m t h e 
e l a s t i c t o t h e p l a s t i c s t a t e . T h e l i n e s of m a g n e t i c i n d u c t i o n of t h e m e t a l i n t h e 
e l a s t i c s t a t e a r e i n c r e a s e d d u r i n g t h e t e n s i l e t e s t , a n d d e c r e a s e d i n t h e c o m p r e s s i o n 
t e s t ; t h e m a g n e t i c i n d u c t i o n l i n e s of t h e m e t a l i n t h e p l a s t i c s t a t e a r e d e c r e a s e d 
d u r i n g b o t h t e s t s . T h e r e i s n o a p p r e c i a b l e c h a n g e of m a g n e t i c i n d u c t i o n d u r i n g 
t h e c o m p r e s s i o n of a t e s t - p i e c e h a v i n g n o i n i t i a l p e r m a n e n t m a g n e t i z a t i o n . 
M . F . F i s c h e r o b s e r v e d t h a t t h e s i m i l a r i t y of t h e m a g n e t i c c h a n g e s a c c o m p a n y i n g 
r e p e a t e d s t r e s s e s a n d t h o s e p r o d u c e d b y t h e r e m o v a l of e x t e r n a l l y - a p p l i e d s t a t i c 
s t r e s s e s i n d i c a t e s t h a t t h e o b s e r v e d c h a n g e s m a y b e d u e t o t h e p a r t i a l r e l i e f o r 
r e d i s t r i b u t i o n of i n i t i a l l y e x i s t i n g i n t e r n a l s t r e s s e s . C . W . B u r r o w s , H . S t y r i , 
C. R . J o n e s a n d C . W . W a g g o n e r , a n d C . W . W a g g o n e r s t u d i e d t h e r e l a t i o n of t h e 
t e n s i l e s t r e s s t o t h e m a g n e t i c p r o p e r t i e s of c a r b o n - i r o n a l l o y s . K . T a n g l e , 
J . S . S t e v e n s a n d H . G . D o r s e y , G . M o r e a u , A . G r a y a n d A . W o o d , N . J . G e b e r t , 
R . L . S a n f o r d , G . G u z z o n i a n d D . F a g g i a n i , L . v o n H a m o s a n d P . A . T h i e s s e n , 
H . S t y r i , E . G i e b e a n d E . B l e c h s c h m i d t , F . B i t t e r , L.. F r a i c h e t , C . C h r e e , P . M i s h i n 
a n d V . B a z i l e v i c h d i s c u s s e d t h e r e l a t i o n b e t w e e n t h e m e c h a n i c a l a n d m a g n e t i c 
p r o p e r t i e s of s t e e l ; a n d A . K u s s m a n n a n d H . J . W i e s t e r , t h e e f fec t of a m a g n e t i c 
field o n t h e a g e i n g of h a r d s t e e l 

B . W e d e n s k y a n d K . T h e o d o r t s c h i k f o u n d t h a t t h e m a g n e t i c p e r m e a b i l i t y of 
i r o n i n w e a k fields of w a v e - l e n g t h 5 4 t o 7 0 5 m e t r e s i s n o t c o n s t a n t . T h e r e i s a 
s h a r p m a x i m u m f o r A = I O O l y i n g b e t w e e n t w o m i n i m a . O b s e r v a t i o n s w e r e a l s o 
m a d e b y W . A r k a d i e f f . R . G . L o y a r t e g a v e f o r t h e r e l a t i o n b e t w e e n t h e f r e q u e n c y , 
» # o f t>ne H e r t z i a n o s c i l l a t i o n s a n d t h e m a g n e t i c p e r m e a b i l i t y : 

»5*10« . . 0 3-75 5-4 6-33 7-48 30O 495 
^ !r . * 16« 114 114 122 122 68-4 42-2 
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A . K u s s m a n n a n d B . Scharnoff found t h a t i n solid soln . , in w h i c h t h e m e c h a n i c a l 
h a r d n e s s , e lect r ical r e s i s t ance , e tc . , a r e h i g h e r t h a n w i t h p u r e m e t a l s , t h e coe rc ive 
force, or m a g n e t i c h a r d n e s s is on ly s l igh t ly c h a n g e d . N o d i r ec t c o n n e c t i o n b e t w e e n 
m e c h a n i c a l a n d m a g n e t i c h a r d n e s s -was obse rved . I n h e t e r o g e n e o u s m i x t u r e s , 
t h e coerc ive force is m u c h h igher , i n d e p e n d e n t l y of t h e m e c h a n i c a l h a r d n e s s . 
Th i s is a t t r i b u t e d t o t h e t ens ion se t u p b y t h e c o n t r a c t i o n of t h e f e r r o m a g n e t i c 
m a t e r i a l i n t h e m i x t u r e . JE. G. H e r b e r t , a n d 3EI. Es se r a n d H . Cornel ius f o u n d 
t h a t w o r k - h a r d e n e d m e t a l s a r e still f u r t he r h a r d e n e d b y m a g n e t i c t r e a t m e n t ; a n d 
t h e s u b j e c t w a s s t u d i e d b y A. K u s s m a n n a n d H . J . W i e s t e r , a n d Y . M a t u y a m a . 
K . S. Se l jesa ter a n d B . A . R o g e r s , W . J e l l i n g h a u s , L . W . W i l d , a n d K . H e i n d l h o f e r 
s t u d i e d t h e m a g n e t i c t e s t i n g of h a r d n e s s . T h e a p p l i c a t i o n of m a g n e t i c ana ly s i s 
t o d e t e c t flaws, a n d t h e cor rec t h e a t - t r e a t m e n t w a s d i scussed b y R . L . San fo rd 
a n d co-workers , P . H . D u d l e y , J . A . M a t h e w s , E . Gr. H e r b e r t , C. W . B u r r o w s 
a n d F . P . F a h y , S. R . Wi l l i ams , N . J . G e b e r t , C. N u s b a u m , R . L . San fo rd , 
A. V. d e F o r e s t , J . W u r s c h m i d t , W . B . K o u w e n h o v e n , E . M a u r e r a n d K . Sch roe t e r , 
a n d J . S. Hoffhine. 

E . W a r t m a n n o b s e r v e d t h a t m a g n e t i z a t i o n h a d n o inf luence o n t h e s o u n d 
figures p r o d u c e d b y i ron or s tee l p l a t e s . C. G. P a g e o b s e r v e d t h a t a s o u n d m a y b e 
p r o d u c e d in t h e m a g n e t i z a t i o n of i r on or s tee l r o d s . T h e p h e n o m e n o n w a s s t u d i e d 
b y M. De lezenne , J . P . M a r r i a n , C. M a t t e u c c i , G . W e r t h e i m , H . Buff, P . I . B a c h m e t -
jeff, R . M. F e r g u s o n , P . Re i s s , W . B e a t s o n , A . d e la R i v e , a n d M. A d e r . A c c o r d i n g 
t o N . Ruhmkorf f , t h e h a r d n e s s of t h e filings of m a g n e t i z e d i ron is g r e a t e r t h a n is 
t h e case w i t h n o n - m a g n e t i z e d i ron ; b u t W . R o l l m a n n cou ld d e t e c t n o difference. 
M. T r e v e s t a t e d t h a t i ron c a s t f rom t h e m o l t e n s t a t e i n a m a g n e t i c field is finer 
g r a i n e d t h a n if c a s t in t h e o r d i n a r y w a y . W . F . B a r r e t t s a id t h a t i r on w h i c h h a s 
solidified in t h e m o l t e n s t a t e in a m a g n e t i c field is h a r d e r a n d t o u g h e r t h a n if c a s t 
in t h e o r d i n a r y w a y ; b u t t h e s e s t a t e m e n t s h a v e n o t b e e n conf i rmed. W . B r o w n 
m e a s u r e d t h e subs idence of t h e t o r s i ona l osc i l la t ions of i ron wi res w h e n s u b j e c t e d 
t o t h e influence of d i r ec t a n d a l t e r n a t i n g m a g n e t i c fields u p t o 80O c.g.s. u n i t s . 
H e also m e a s u r e d t h e fa t igue of i r on wi res w h e n s u b j e c t e d t o t h e inf luence of 
l o n g i t u d i n a l a n d t r a n s v e r s e a l t e r n a t i n g m a g n e t i c fields. E . B a u e r d i scussed t h e 
r e l a t i on b e t w e e n t h e m a g n e t i z a t i o n a n d t h e d i l a t ion a n d compress ib i l i ty . K . H o n d a 
a n d T . T a n a k a f o u n d t h a t t h e e las t ic c o n s t a n t s of s tee l a r e i nc r ea sed b y 
m a g n e t i z a t i o n . 

C. B a r u s could n o t o b t a i n sa t i s fac to ry ev idence of t h e v a r i o u s effects of m a g n e t i c 
force b y m e a n s of a s t a t i c m e t h o d of m e a s u r e m e n t , a n d h e t h u s failed t o ver i fy 
H . T o m l i n s o n ' s r e su l t s o b t a i n e d b y a v i b r a t i o n m e t h o d . H e s h o w e d t h a t d u r i n g 
t h e first p h a s e of a n n e a l i n g , t h e effect of m a g n e t i z a t i o n on t h e r i g id i t y of s tee l 
is a l m o s t nil, b u t t h e effect becomes m a r k e d i n t h e second p h a s e of a n n e a l i n g . If 
t h e wi re b e s u p p o s e d t o p a s s c o n t i n u o u s l y f rom t h e h a r d t o t h e soft s t a t e , t h e 
inc rease of t h e m a g n e t i c coeff. of r ig id i ty , /u,, is p a r t i c u l a r l y p r o n o u n c e d af te r t h e 
v a r i a t i o n s of t h e t h e r m o e l e c t r i c , t h e g a l v a n i c , a n d t h e v i scous p r o p e r t i e s h a v e 
p r a c t i c a l l y s u b s i d e d . C. B a r u s found for m a g n e t i z e d s teel : 

Viscosity Rigidity 
<£ x 10« /u. x 10 s 

Glass-hard . . . . . . . 3 0 0 6 
flOO° . . . . . . 4 0 0 8 
J190° . . . . . . 4 0-08 L „ 

lSoft 

S tee l , Annealed at . 3 6 0 o 2 2 0 . 4 2 
U6O0 . . . . . . 25 0-48 

41 0-78 
Soft iron . . . . . . . . 95 3-63 

R . S e i d e k a n d A . P o m p e o b s e r v e d t h a t t h e r e s i s t ance of a n i ron wire t o tens i le 
s t ress i s i n c r e a s e d b y t h e m a g n e t i z a t i o n of t h e m e t a l in a defini te p r o p o r t i o n t o 
t h e i n c r e a s i n g s t r a i n o n t h e m e t a l , a n d s imi l a r ly r e d u c e d i n a n a l m o s t e q u a l p r o 
p o r t i o n a s t h e s t r a i n is d imin i shed . R e p e a t e d s t r a i n i n g s of one a n d t h e s a m e 
wire t e n d t o p r o d u c e i n i t a c o n s t a n t m a g n e t i c cond i t i on . R . C a z a u d s t ud i ed t h e 
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self-magnet izat ion of steels du r ing to r s ion . Tors ion p roduces a nega t i ve v a r i a t i o n 
on t h e magne t i c flux in mi ld steels con ta in ing less t h a n 0*5 p e r cen t , of c a r b o n , 
a n d a posi t ive va r i a t i on w i th steels in which t h e c a r b o n - c o n t e n t exceeds 0*5 p e r 
cent . W i t h e x t r a h a r d steels , c a s t s teels , a n d some al loy steels of m a r t e n s i t i c 
s t ruc tu re , t h e va r i a t ion of flux w i th t o r s ion is con t inuous . R e p e a t e d to rs ions 
cause t h e steels t o a p p r o a c h a s t a t e of m a g n e t i c • s a t u r a t i o n ; a n d cold-working 
t ends t o increase t h e va r i a t ions p r o d u c e d in t h e m a g n e t i c flux of to rs ion . 
S. R . Wi l l iams found t h a t t h e pe rmeab i l i t y of cas t - i ron rods is changed b y t ens ion , 
a n d concluded t h a t J . T. R o o d ' s obse rva t ion t o t h e oppos i te effect is wrong . 

P . G. Maggi r epor t ed t h a t t h e thermal conductivity of i ron is a l t e red b y m a g n e t i 
za t ion . According t o H . Toml inson , t h e t h e r m a l c o n d u c t i v i t y of a b a r of soft 
i ron is d imin ished b y t e m p o r a r y long i tud ina l m a g n e t i z a t i o n , a n d increased b y 
t r ansve r se magne t iza t ion , whi ls t in t h e case of steel of different degree of h a r d n e s s , 
m a g n e t i z a t i o n p roduces t h e same k i n d of effect. T h e change w i th soft i ron is a t 
leas t 10 pe r cent . - possibly more ; whi ls t t h e change for t h e r m a l a n d electr ical 
conduct iv i t ies is n o t ve ry different. A. Naccar i a n d M. Bel la t i could d e t e c t n o 
influence of magne t i za t i on on t h e t h e r m a l conduc t i v i t y of i ron , b u t A. Ba t t e l l i , 
A. Lafay , a n d E . Fossa t i observed t h e a l t e r a t ion in th i s p r o p e r t y w i th magne t i za 
t ion . I ndeed , D . K o r d a said t h a t t h e r m a l conduc t i v i t y decreases a long t h e l ines 
of m a g n e t i c force a n d is unaffected across t h e m - vide supra, t h e r m a l c o n d u c t i v i t y . 
H . M. B r o w n found t h a t wi th a long i tud ina l magne t i c field of 10,000 gauss , t h e 
r a t i o of t h e t h e r m a l conduct iv i ty—6*179 cal . pe r sq. cm. per deg ree—wi th no 
field, t o t h e conduc t iv i ty in t h e magne t i c field is 0 9 8 8 6 ; a n d w i th t r ansve r se fields 
of 8000 a n d 4000 gauss , t h e ra t ios a re , respect ively , 1-000, a n d 0-996. P . S. E p s t e i n 
s tud ied t h e specific heat of fe r romagnet ic ma te r i a l s ; J . A. Becker , t h e effect of 
magne t i za t i on on t h e absorp t ion of X - r a y s ; J . H . J . Poole , t h e effect on t h e 
photo-e lect r ic proper t ies ; a n d E . Reeger , t h e m a g n e t o pho to-phores i s of aerosols . 
J . R . Ash wor th discussed t h e re la t ions be tween t h e magne t i c a n d t h e r m a l c o n s t a n t s . 
B . V. Hil l found t h a t t h e sp . h t . decreases w i th a n increase in m a g n e t i c p e r m e a b i l i t y . 

N . W . F ischer t h o u g h t magne t i zed i ron t o be a worse a n d J . H . A b r a h a m a 
be t t e r electrical conductor t h a n non -magne t i zed i ron . B o t h obse rva t ions were 
considered b y K . W. Knoche i ihaue r t o be doub t fu l . E . E d l u n d obse rved t h a t 
t h e electrical resistance of i ron b y t e m p o r a r y m a g n e t i z a t i o n is increased in t h e 
direct ion of i t s magne t i c axis b y a b o u t 1 in 3000. W. Bee tz also found a n increase 
in t h e res is tance in t h e d i rec t ion of t h e m a g n e t i c ax is , b u t n o t w i th t r a n s v e r s e 
magne t i za t ion . W . G. A d a m s observed a decrease in t h e res is tance of h a r d s teel , 
a n d an increase wi th soft steel on magne t i z a t i on . Obse rva t ions were m a d e b y L o r d 
Ke lv in , G. de Lucchi , A. G r a y a n d E . T. J o n e s , G. Bar low, J . A. Ma thews , F . Auer -
bach , E . IX Campbel l , W . Guer t le r , E . Guml ich , N . H . F r a n k , A. Garbasso , 
H . Tomlinson, M. Can tone , P . K a p i t z a , W . Meissner a n d H . Scheffers, O. S t e rn , 
O. S t i e r s t ad t , D . A. Go ldhammer , a n d H . Herwig-—vide supra, e lectr ical resis t 
ance . The re la t ion be tween t h e electrical c o n d u c t i v i t y a n d f e r romagne t i sm w a s 
discussed b y J . Dor fman a n d R . J a a n u s , a n d E . D . Campbel l . J . R . Ash w o r t h 
discussed t h e re la t ion be tween t h e t h e r m a l a n d magne t i c p roper t i e s of i ron ; a n d 
for t h e effects of polar ized l igh t on m a g n e t i z e d films of iron-— vide supra, opt ica l 
p roper t i es . M. de Broglie, T. D . Yensen , K . T. C o m p t o n a n d E . A. Trousda le , 
a n d A. H . C o m p t o n a n d O. Rognley s tud ied t h e ac t ion of X - r a y s on t h e supposed 
u l t i m a t e magne t i c par t ic le of i ron, a n d conc luded t h a t t h e m o s t m i n u t e c rys t a l 
aggrega t ions in solid i ron a re no t o r ien ted b y a magne t i c field; t h a t t h e u l t i m a t e 
m a g n e t c a n n o t be a g r o u p of a t o m s l ike t h e chemica l molecule ; a n d t h a t t h e 
a t o m as a u n i t c a n n o t accoun t for f e r romagne t i sm. J . C. S t e a r n s t r i e d unsuccess
fully t o d e t e c t a c h a n g e in t h e in t ens i ty of t h e X - r a y b e a m reflected f rom a c ry s t a l 
of sil icon steel u n d e r t h e influence of a m a g n e t i c field ; a n d h e conc luded t h a t 
e l ec t rons r evo lv ing in o rb i t s wi th in t h e a t o m c a n n o t a c c o u n t for f e r romagne t i sm. 
C. JW^ H e a p s s tud ied t h e effect of a t r an sve r se magne t i c field on t h e e lect r ica l 
r e s i s t ance of i ron. T h e changes of res i s tance wi th longi tud ina l a n d t r a n s v e r s e 
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m a g n e t i c fields w a s s t u d i e d b y C G. K n o t t . Ti. G r u n m a c h o b s e r v e d a n inc rease 
of r es i s t ance in fields u p t o 8000 gauss , b e y o n d w h i c h a dec rease occu r r ed . 
C O. K n o t t o b s e r v e d n o in i t ia l increase . H e found t h a t u n d e r t h e inf luence of 
l ong i tud ina l m a g n e t i z a t i o n t h e e lectr ical r e s i s t ance of i ron a n d s tee l is i nc reased , 
b u t t h i s increase is n o t a b l y d imin i shed w h e n t h e l o n g i t u d i n a l m a g n e t i z i n g force 
is supe rposed cycl ical ly u p o n a s t ead i ly s u s t a i n e d t r a n s v e r s e m a g n e t i z a t i o n . I n 
t h e h ighes t t r a n s v e r s e fields used , t h e c h a n g e of r e s i s t ance d u e t o t h e s u p e r p o s e d 
long i tud ina l field w a s in m o s t cases v e r y sma l l . U n d e r t h e influence of a t r a n s 
verse m a g n e t i z a t i o n t h e e lectr ical r e s i s t ance of i ron a n d s teel is d imin i shed , a n d t h i s 
d i m i n u t i o n becomes m a r k e d l y g r e a t e r w h e n t h e t r a n s v e r s e field is s u p e r p o s e d 
cycl ical ly u p o n a s t ead i ly m a i n t a i n e d l o n g i t u d i n a l field. I n c e r t a i n cases t h e 
c h a n g e of r es i s t ance d u e t o t h e t r a n s v e r s e m a g n e t i z i n g force w a s m o r e t h a n d o u b l e d 
-when t h i s field w a s s u p e r p o s e d u p o n t h e s t ead i ly m a i n t a i n e d l o n g i t u d i n a l field. 

T h e effects of m a g n e t i z a t i o n on t h e r e s i s t ance of single c r y s t a l s of i ron , obse rved 
b y W . L . W e b s t e r , a r e i n d i c a t e d in F i g . 317 . I n sp i t e of t h e e n o r m o u s c h a n g e of 
l eng th for t h e (100)-di rec t ion, t h e r e is p rac t i ca l ly n o 
c h a n g e of r e s i s t ance . T h e r e is a lso a pa ra l l e l i sm. 
C o n s e q u e n t l y t h e c h a n g e of r e s i s t ance is caused b y 
t h e d i s t o r t i o n of s o m e so r t of e l ec t ron l a t t i c e b y t h e 
pu l l ing a w a y of t h e m a g n e t i c a x e s of t h e e lec t rons 
f rom t h e i r n o r m a l cub ic d i r ec t ion ; a n d a c u b e of 
i ron m a g n e t i z e d a l o n g a cub i c ax i s r e m a i n s e lec t r ica l ly 
i so t rop ic in sp i t e of i t s m a g n e t o s t r i c t i v e d i s t o r t i o n . 
These conclus ions a r e b o r n e o u t b y t h e t r a n s v e r s e 
m a g n e t o - r e s i s t a n c e effect. I n t h i s case t h e r e is a 
smal l c h a n g e of r e s i s t ance r o u g h l y p r o p o r t i o n a l t o 
t h e app l i ed field, w h i c h a p p e a r s in al l cases a n d is 
p r o b a b l y of t h e s a m e n a t u r e a s t h e c h a n g e occu r r ing 
in all m e t a l s , f e r romagne t i c or n o t . T h e r e is, in 
a d d i t i o n , a c h a n g e d e p e n d i n g for s ign a n d m a g n i t u d e on t h e d i rec t ions of t h e 
c u r r e n t a n d m a g n e t i c field. Th i s is t h e def ini te ly c rys t a l l ine effect, a n d i t h a s t h e 
i m p o r t a n t p r o p e r t y of v a n i s h i n g w h e n e v e r t h e m a g n e t i c field is para l le l t o a cub ic 
a x i s — t h a t is, w h e n e v e r t h e m a g n e t i c cond i t i on of t h e i ron is n o r m a l . 

F o r ]ST. Akuloff 's obse rva t i ons w i t h s ingle c ry s t a l s , vide supra. For t h e 
effect of a m a g n e t i c field on t h e electrode potential of i ron , vide supra. E . M. P u g h 
found t h a t a b r e a k in t h e l inear r e l a t ions of t h e H a l l effect coincides w i t h t h e 

. m a x i m u m p e r m e a b i l i t y . Accord ing t o J . T r o w b r i d g e , t h e m a g n e t i c p e r m e a b i l i t y 
of i ron wires exercises a n i m p o r t a n t inf luence u p o n t h e d e c a y of e lec t r ica l oscil
l a t ions of h igh f r equency . T h e influence is so g r e a t t h a t t h e osci l la t ions m a y be 
r e d u c e d t o half a n osc i l la t ion on a c i r cu i t of s u i t a b l e se l f - induct ion a n d c a p a c i t y 
for p r o d u c i n g t h e m . I t is p r o b a b l e t h a t t h e t i m e of osci l la t ion on i ron wires m a y 
be c h a n g e d . C o n s e q u e n t l y , c u r r e n t s of h igh f r equency , such a s a re p r o d u c e d in 
L e y d e n j a r d i scha rges , m a g n e t i z e i ron . 

C. B a r u s a n d V . S t r o u h a l o b s e r v e d t h a t t h e ttier myoelectric force, E, of t h e 
copper - i ron coup le is v e r y s l igh t ly g r e a t e r w i t h m a g n e t i z e d i ron ; for non-
m a g n e t i z e d i ron , J ^ = O O 3 1 3 0 5 ( 0 — A 1 ) - O*O6262(02— 6^1) ; a n d for m a g n e t i z e d i ron 
J^=O-O 3 ISOB(A-A 1 ) -0-03261(A* 8 —^ 1 ) . T h e couple w i t h m a g n e t i z e d a n d non-
m a g n e t i z e d wi re h a s a t h e r m o e l e c t r i c force of J£=0*0637(A—A1)^O-O8IS(A2-A2J1) . 
H . T o m l i n s o n , W . H . R o s s , C. W . H e a p s , R. Schaffer t , S. Seass , A. Ba t t e l l i , M. Chas-
sagny , a n d P . I . Bachmet je f f also m a d e o b s e r v a t i o n s o n t h i s sub jec t . I n 1856, 
L o r d K e l v i n (W. T h o m s o n ) showed t h a t a t h e r m o - c o u p l e cons is t ing of m a g n e t i z e d 
a n d u n m a g n e t i z e d i ron of t h e s a m e h a r d n e s s a n d fo rm, furnishes a n electr ic c u r r e n t 
in o n e case f rom u n m a g n e t i z e d t o l ong i tud ina l l y m a g n e t i z e d i ron t h r o u g h t h e h o t 
j u n c t i o n , a n d in a n o t h e r f r o m t r a n s v e r s e l y m a g n e t i z e d t o u n m a g n e t i z e d i ron 
t h r o u g h t h e h o t j u n c t i o n ; c o n s e q u e n t l y , a l so f rom t r a n s v e r s e l y t o long i tud ina l ly 
m a g n e t i z e d i ron t h r o u g h t h e h o t j u n c t i o n . A. B a t t e l l i obse rved a n increased 
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Peltier effect -with magnetized iron, but magnetization has no perceptible influence 
on the Thomson effect. W. K. MitiaefE found that the magnetic permeability of 
iron in a constant field of 600 gauss is reduced by electromagnetic waves of length 
55 to 114 metres—vide supra. G. A. Carse and D. Jack observed no difference in 
the electron emission from magnetized and unmagnetized iron. 

According to H. A. Rowland and L. Bell, they embedded two iron rods in 
insulating material, so that the point of one and the side of the other were laid bare 
by removing the insulation, and placed the rods in a beaker between the poles of 
an electromagnet, and connected them with a galvanometer. Then, when they are 
acted on by chemical reagents, no current is produced when perpendicular to the 
lines of force ; and when parallel, a current is produced, the sharp-pointed rod 
forming the negative element ; soon afterwards reversal takes place. The direction 
of the current is independent of that in the magnet. Similar, but much weaker, 
effects are produced with nickel and cobalt. The action is greatest with substances 
which, like nitric acid, attack the iron without the evolution of hydrogen. The 
reversal can be annulled by preventing motion in the liquid by means of gelatin or 
sand. The e.m.f. varies from 0-0001 to 0-02 volt. The evolved hydrogen probably 
acts mechanically in reducing the current. The protection of the pointed end from 
the reagents is due to the increased energy required to remove the iron. No 
differential action was observed with plane surfaces, but where a point occurs, 
some protection ensues, so that elevation increases in size. 

P. Weiss, and P. Weiss and R. Forrer gave 11 and 15 for the magnetic moment 
of ct-iron ; and 14 for y-iron. The subject was studied by N. Akuloff, C. J. Gorter, 
P. Weiss and G. Foex, R. W. Roberts, E. C. Stoner, S. J. and L,. J. H. Barnett, 
R. H. Fowler and F. C. Powell, W. J. de Haas, O. Laporte and A. Sommerfeld, 
C. Sadron, A. Sommerfeld, P. Weiss and co-workers, and A. Wolf. Basing an 
argument on the supposed constitution of magnetic oxide of iron, F. Gross 
assumed that iron has the constitution 

P. Weiss, and L*. A. WeIo and O. Baudisch measured the magnetic moments 
of iron salts ; and S. S. Bhatnagar and co-workers found that there is a slight 
increase in the paramagnetism when iron salts are adsorbed on charcoal, and when 
adsorbed on charcoal the salts are diamagnetic. This is thought to favour the 
view that the adsorption is a process of chemical combination. J. H. van Vleck 
studied the susceptibility of the iron salts. P. Collet and F. Birch discussed 
the paramagnetism of the iron in potassium ferricyanide; !L. A. WeIo, in 
Fe3(CH3COO)6(OH)2Cl. R. H. Weber found the atomic magnetism of iron in 
£Fe2(S04)3 and FeSO4 to be respectively 0-01521 and 001276. The magnetic 
properties of various iron compounds were studied by L. Cambi and co-workers, 
G. Foex, IJ. C. Jackson, and W. Klemm and co-workers ; the photo-magnetic 
effect of salts in soln., by L>. M. Bose and P. K. Raha; and the magnetic 
properties in relation to the periodic law, by P. Weiss. 

W. Sucksmith and L. F. Bates, and F. Coeterier and P. Scherrer studied the 
gyromagnetic effect. O. W. Richardson showed that if the magnetic properties of 
ferromagnetic substances are due to the rotation of electron orbits in the atom, 
a change in the magnetic moment, M9 should be accompanied by a change in the 
angular momentum, U, such that U/M=2m/e> where m and e are the mass and 
charge of an electron respectively. If K denotes the ratio UjM : 2m/e, then K 
for iron is about half the theoretical value, for l f=0-503 . Observations were 
made by O. Dahl and J. Pfaffenberger, A. P. Chattock and L. F. Bates, S. J. and 
Li. J. H. Barnett, A. Serres, W. Sucksmith, and J. W. Fisher. F. Ehrenhaft 
studied the magnetophoresis and the electrophoresis of iron. 

,.'9?;'.3X ITensen observed that there is no evidence of any change in the crystal 
units of iron when subjected to a strong magnetic field, and hence it is probable 
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that the magneton is an atomic property- The theory of ferromagnetism was 
discussed by N. Akuloff, H. S. Allen, J. R. Ashworth, O. von Auwers and 
co-workers, S. J. Barnett, W. F. Barrett and W. Brown, E. Bauer, R. Becker 
and co-workers, F. Bitter, F. Bloch, D . M. Bose, L-. Brillouin, Li. Bruninghaus, 
B. Cabrera, F. W. Constant, C. G. Darwin, J. Dorfman and co-workers, J. A. Eldridge, 
W. B. Ellwood, E. Englert, P. S. Epstein, H. Fahlenbrach, G. F. Fitzgerald, 
A. V. de Forest, R. Forrer, R. H. Fowler and F. C. Powell, J. Frenkel, J. Frenkel 
and J. Dorfman, O. E. Frivold, R. Gans, W. Gerlach, O. Halpern, W. Heisenberg, 
T. Hirone and T. Hikosaka, K. Honda, E. Howells, D. R. Inglis, J. C. Jackson, 
W. Jager and W. Meissner, P. Jordan and V- Fock, J. Kelen, K. Kreielsheimer, 
J. Kunz, O. Laporte, G. N. Lewis, G. H. Livens, F. H. Xioring, R. G. Loyarte, 
H. Ludloff and C. Reymann, L. W. McKeehan and co-workers, G. S. Mahajani, 
E. Merritt, A. E. Oxley, L. Pincherle, F. C. Powell, S. L.. Quimby, F. Regler, 
J. C. Slater, J. H. Smith, J. C. Stearns, E. C. Stoner, W. Sucksmith, R. Swinne, 
E. Teller, E. M. Terry, 1ST. Tunazima, F. Tyler, E. Vogt, W. L. Webster, P. Weiss, 
P. Weiss and R. Forrer, L.. A. WeIo, E. H. Williams, R. L. Wills, J. F. T. Young, 
and F. Zwicky. 
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§ 23. The Chemical Properties of Iron 
Accord ing t o G. T a m m a n n , 1 t h e effect of co ld -work o n i ron is t o m a k e t h e m e t a l 

less nob l e , or m o r e bas ic . T h e lower l im i t of t h e t e m p , of r eac t ions b e t w e e n 
solids w a s f o u n d b y G-. T a m m a n n t o c o r r e s p o n d w i t h t h e t e m p , a t w h i c h t h e 
space- la t t i ce of a solid beg ins t o c h a n g e . F a i r l y good a g r e e m e n t w a s o b s e r v e d 
for t h e b e g i n n i n g of t h e r e a c t i o n b e t w e e n t u n g s t e n , m o l y b d e n u m , copper , t i t a n i u m , 
be ry l l i um, p h o s p h o r u s , m a n g a n e s e , a l u m i n i u m , or s i l icon a n d i ron , a n d i ron-n icke l 
or i r on -coba l t a l loys . T h e sub jec t w a s s t u d i e d b y E . Schei l . 

F . D u r a n a n d C. H . T e c k e n t r u p f o u n d t h a t t h e a b s o r p t i o n of a r g o n b y 
e lec t ro ly t ic i ron is p u r e l y a d s o r p t i o n . F . F i s c h e r a n d F . S c h r o t e r o b s e r v e d n o 
ev idence of c o m b i n a t i o n w h e n i ron is s p a r k e d b e n e a t h l i qu id a r g o n . V . ICohl-
s c h u t t e r a n d R . Miiller i n v e s t i g a t e d t h e s p l u t t e r i n g of i ron e lec t rodes in 
gaseous a r g o n ; a n d V. K o h l s c h i i t t e r a n d co-workers , F . F i s c h e r a n d co-workers , 
B . W a l t e r , a n d J . S t a r k d iscussed w h e t h e r or n o t t h e p h e n o m e n o n is d u e t o t h e 
f o r m a t i o n of a n u n s t a b l e e n d o t h e r m a l c o m p o u n d . S imi la r ly also w i t h h e l i u m . 
W . A. T i lden found t h a t h e l i u m is less r ead i ly a b s o r b e d b y i ron t h a n is t h e case 
w i t h h y d r o g e n . A. S iever t s a n d E . B e r g n e r f o u n d t h a t a r g o n a n d h e l i u m d o n o t 
s h o w a m e a s u r a b l e so lubi l i ty in solid i ron a t 1200° a n d 1400°, or in m o l t e n elec
t r o ly t i c i ron a t 1500°, whi l s t W . R a m s a y a n d M. W . T r a v e r s d e t e c t e d n o diffusion 
of a r g o n or h e l i u m t h r o u g h i ron . T h e s u b j e c t w a s s t u d i e d b y E . M a r t i n , a n d 
W . F r a n k e n b u r g e r a n d co-workers . T h e gases occ luded b y me teo r i c i rons a r e 
m a i n l y t h e c a r b o n ox ides , n i t r o g e n , m e t h a n e , a n d h y d r o g e n ; t h o u g h W . R a m s a y , 
a n d H . D . C a m p b e l l a n d J . L . H o w e r e p o r t e d t h e p resence of occ luded a r g o n a n d 
h e l i u m in me teo r i c i r on . F . P a n e t h a n d W . D . U r r y f o u n d t h a t i ron m e t e o r i t e s 
c o n t a i n u p t o 3 6 - 1 5 X l O - " 6 c.c. of h e l i u m p e r g r a m ; a n d t e r r e s t r i a l i ron , 1-05 X l O - 6 

c.c. p e r g r a m . 
M. PoljakofE 2 o b s e r v e d t h a t w h e n h y d r o g e n a t 3 t o 5 m m . press , is p a s s e d 

over i ron a t 400° t o 800° , n o luminescence occurs , b u t if a smal l s t r e a m of o x y g e n 
or a i r is a d d e d t o a p o i n t r e m o t e f rom t h e m e t a l , a v io le t , g reen , o r yel low 
luminescence occurs . T h e luminescence is n o t p r o d u c e d b y a m i x t u r e of h y d r o g e n 
a n d o x y g e n . 

I r o n r e a d i l y a b s o r b s o r occ ludes gases , a n d i t m a y t a k e u p t e n t o t w e n t y t i m e s 
i ts o w n v o l . of g a s w h e n i t is h e a t e d in a fu rnace , a n d t h e g a s cons i s t s m a i n l y of 
c a r b o n m o n o x i d e a n d d iox ide , n i t r ogen , a n d h y d r o g e n . T h e gases a r e g i v e n off 
w h e n t h e m e t a l is h e a t e d in v a c u o . A n u m b e r of o b s e r v a t i o n s b y ( I ) G . A l l e m a n n 
a n d J . D a r l i n g t o n , (2) G. W . A u s t i n , (3) T . B a k e r , (4) E . Becker , (5) G. Bel loc, 
(6) O. B o u d o u a r d , (7) L . Cai l le te t , (8) G. C h a r p y a n d S. B o n n e r o t , (9) J . W . D o n a l d 
son, (10) P . Goerens , (11) P . Goerens a n d J . P a q u e t , (12) E . G o u t a l , (13) T . G r a h a m , 
(14) L . Gui l le t , a n d R . A. Hadf ie ld , (15) H . M. H o w e , (16) R . H u g u e s , 
(17) L . J o r d a n a n d J . R . E c k m a n , (18) P . A . K l i n g e r , (19) E . Maurer , 
(20) P . Oberhoffer a n d E . P i w o w a r s k y , (21) P . Oberhoffer , E . P i w o w a r s k y , a n d 
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O. v o n Kei l , (22) J . P a r r y , (23) H . M. R y d e r , (24) L,. T r o o s t a n d P . Hau te feu i l l e , 
(25) A. Vi ta , and (26) T . Z y r o m s k y a re s u m m a r i z e d in T a b l e X L V H . 

O t h e r o b s e r v a t i o n s w e r e m a d e b y E . A r a e e n a n d H . W i l l n e r s , J-. O . A r n o l d , 
G. W . A u s t i n , L . B a r a d u c - M u l l e r , P . B a r d e n h e u e r a n d W . B o t t e n b e r g , O . B a u e r , H . B e s 
semer , H . B r a u n e , HT. Ie C h a t e l i e r a n d B . B o g i t o h , J . E . F l e t c h e r , R . K . G r a t i g n y , 
G. Gu i l l emin a n d B . D e l a c h a n a l , L . L . H a s s e a n d H . S h e n c k , P . L . T . H e r o u l t , O . H e r t i n g , 
W . H e s s e n b r u c h , B . H i r d , H . M . H o w e , G. d ' H u a r t , r>. E . H u g h e s , B-. H u g u e s , J . E . H u r s t , 
J . E . J o h n s e n , W . H . J o h n s o n , S. K e r n , P . A . K l i n g e r , F . Klorber a n d H . P l o u n a , 
J . W . L a n g l e y , A . L e d e b u r , G. L e w k o n j a a n d W . Bauk lo l i , A . G. L o b l e y a n d C. L . B e t t s , 
A . McCanoe," A. M a g n u s a n d B . K l a r , E . v o n M a l t i t z , E . M a u r e r , V . S. M e s k i n a n d 
Y . M. Margo l in , AT S. d e Osa , N . P a r r a v a n o a n d A . Soor tecc i , N . P a r r a v a n o a n d 
C. K . de l T u r o o , E . P i w o w a r s k y , E . P i w o w a r e k y a n d H . E s s e r , H . P l o u m , F . Ttapatsr., 
W . B o h n , T . E . R o o n e y a n d G- B a r r , E . H . Schu lz , C. J . S m i t h e l l s , T . C. S u t t o n a n d 
H . K . A m b l e r , W . A. W e s l e y a n d c o - w o r k e r s , N . A. Ziegler , e t c . , a r e s u m m a r i z e d i n 
T a b l e X L V I l . T h e effervescence a n d s p i t t i n g of m o l t e n s tee l s w a s d i s cus sed b y 
H . D . H i b b a r d . O b s e r v a t i o n s on t h e a b s o r p t i o n of h y d r o g e n b y i r o n a n d s t ee l w e r e m a d e 
n e a r t h e m i d d l e of l a s t c e n t u r y b y H . S t . C. Dev i l l e , E . F r ^ m y , L . T r o o s t a n d P . H a u t e f e u i l l e , 
H . S t . C. Dev i l l e a n d L . T r o o s t , L . Cai l le te t , a n d T . G r a h a m . L a t e r o b s e r v a t i o n s w e r e m a d e 
b y A . J . A l l m a n d , G. P . B a x t e r , M . Ie B l a n c , C. F . B u r g e s s , J . C o u r n o t , .T. G r a n t , 
W . H e s s e n b r u c h , E . H e y n , G. d ' H u a r t , A . L e d e b u r , H . L e e , D . J . M c N a u g h t o n , E . M a r t i n , 
J . H . Me id inge r , E . Mid le r a n d K . S c h w a b e , B . N e u m a n n , J . P a r r y a n d A . E . T u c k e r , 
N . B . P i l l i ng , F . R a p a t z , T . W . R i c h a r d s a n d G. E . B e h r , W . C. R o b e r t s - A u s t e n , F . S c h m i t z , 
E . H . Schu lz , A . S i e v e r t s , H . S. T a y l o r a n d R . M. B u r n s , M . T h o m a , A . V i l l achon a n d 
G. C h a u d r o n , H . W e d d i n g a n d T . F i sche r , a n d J . H . W h i t e l e y . 

J . P a r r y no t iced t h a t t h e solubi l i ty of h y d r o g e n in i ron increases w i t h a r ise of 
t e m p . As a ru le , t h e so lubi l i ty of gases in w a t e r decreases w i t h a r ise of t e m p . , 
whe rea s in t h e case of m o l t e n m e t a l s , t h e so lubi l i ty increases . I n n o n - a q u e o u s 
so lven t s , t h e r e a r e often m i n i m a in t h e solubi l i ty cu rves , a n d even in t h e case of 
w a t e r t h e r e a re ind ica t ions t h a t i t b e h a v e s m o r e l ike n o n - a q u e o u s s o l v e n t s w h e n 
i t s t e m p , is ra ised, a n d t h e c o m p l e x i t y of i t s m o l e c u l e s — 1 . 9, 7—is simplif ied. 
If t h e effect of t e m p , on t h e so lubi l i ty of gases in m o l t e n m e t a l s is i n a c c o r d w i t h 
t h e pr inc ip le of a c c o m m o d a t i o n — 2 . 18, 4 — t h e so lub i l i ty will inc rease w i t h a r ise 
of t e m p , w h e n t h e process of d i sso lu t ion is e n d o t h e r m a l , a n d i t will dec rease w i t h 
a r ise of t e m p , if t h e process is e x o t h e r m a l . These d e d u c t i o n s a r e q u i t e i n d e p e n d e n t 
of t h e m e c h a n i s m of t h e process of d i s so lu t ion . 

Accord ing t o T . G r a h a m , i ron a t a r e d - h e a t is c a p a b l e of t a k i n g u p a n d ho ld ing 
w h e n cold 0-46 vo l . of h y d r o g e n ; a n d h e a d d e d t h a t i t is difficult t o i m p r e g n a t e 
mal leab le i ron w i t h m o r e t h a n one vo l . of h y d r o g e n u n d e r a t m . p ress . , b u t m e t e o r i c 
i ron f rom L e n a r t o c o n t a i n s t h r e e t i m e s t h a t a m o u n t . H e n c e h e infer red t h a t " t h e 
m e t e o r i t e h a s b e e n e x t r u d e d f rom a dense a t m o s p h e r e of h y d r o g e n gas , for wh ich 
we m u s t look b e y o n d t h e l igh t , c o m e t a r y m a t t e r floating a b o u t w i t h i n t h e l imi t s 
of t h e solar s y s t e m . " B . N e u m a n n a n d F . S t r e in t z obse rved t h a t i ron c a n occ lude 
9-3 t o 19-17 t i m e s i t s vo l . of h y d r o g e n ; a n d L . T roos t a n d P . Hau t e f eu i l l e f o u n d 
t h a t cha rcoa l i ron h e a t e d for 48 h r s . in h y d r o g e n a t 800° a b s o r b e d 0*7 vo l . of g a s , 
whi l s t w r o u g h t i ron a b s o r b e d 0-16 vo l . , a n d ca s t s tee l , (MO vo l . G. P . B a x t e r 
obse rved n o occlusion of h y d r o g e n b y i ron o b t a i n e d f rom t h e ox ide b y r e d u c i n g 
i t i n h y d r o g e n ; a n d E . H e y n found t h a t i ron h e a t e d in h y d r o g e n a t 1000° a b s o r b e d 
O-16 vol . of gas . H . W e d d i n g a n d T. F i s c h e r found t h a t a g r a m of g r e y p ig- i ron 
a t 800° a b s o r b e d 0-0079 m g r m . of h y d r o g e n ; i ron f rom t h e conve r t e r , 0-0027 
m g r m . ; bas ic ingo t i ron , 0-0014 m g r m . ; o p e n - h e a r t h ingo t s , 0-033 t o 0-043 m g r m . ; 
i n g o t w h e n dul led , O-12 t o 0-17 m g r m . ; w r o u g h t i ron , 0-0018 t o 0*017 m g r m . ; 
a n d e l ec t rodepos i t ed i ron , 2-8 m g r m . — v i d e T a b l e X L V I I . T . C. S u t t o n a n d 
H . B . A m b l e r sa id t h a t s teel a b r u p t l y e x p o s e d t o a h igh p re s su re a n d t e m p . — e . g . 
w h e n c o r d i t e is e x p l o d e d in a s teel ve s se l—absorbs as m u c h a s 30 c.c. of g a s p e r 
g r a i n of m e t a l , a n a m o u n t which is l a rger t h a n h a s been obse rved u n d e r o t h e r 
c o n d i t i o n s . T h e gases a r e r e t a i n e d firmly be low 600°, a n d a r e n o t a l l e l i m i n a t e d 
a t l@O0° u n d e r r e d u c e d press . T h e h e a t of a b s o r p t i o n of t h e gaa is e s t i m a t e d 
t o b# 0-75 cal . p e r c.c. of m i x e d gas . W . F r a n k e n b u r g e r a n d co-workers s t u d i e d 
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the absorption of hydrogen by highly dispersed iron ; and t». Baraduo-Muller, the 
absorption of gases by liquid steel. 

A. Sieverts found tha t raising the temperature favours the absorption of hydrogen. 
Iron wire absorbs increasing amounts of hydrogen when it is heated in an a tm. of 
tha t gas from 400°, upwards ; but on cooling, the absorbed gas is evolved. Repre
senting the amounts of hydrogen in mgrms. of gas per 100 grms. of iron, or in vols, 
of hydrogen per unit vol. of iron : 

Mgrm. 
Vol . . 

409° 775° 
0 0 3 5 0-201 
0 0 3 1 0 1 7 6 

827° 
0-242 
0-211 

852° 
0-264 
0-231 

930° 
0-431 
0-377 

1136° 
0-632 
0-552 

1450° 
1-079 
0-943 

m.p. 
1-20 
1 0 5 

m.p. 
2-40 
2 I O 

1650° 
2-79 
2-44 

Solid. Liquid. 

The results are plotted in Fig. 318. There is a break in the curve corresponding 
with the a^y-transformation ; and there is a marked increase in the solubility 

of the gas as the metal passes from the 
solid to the liquid state of aggregation 
between 850° and 900° ; bu t no singu
larity was observed about the A2-critical 
point. A. Skrabal also noted t h a t hydro
gen dissolves more readily in y-iron than 
it does in a-iron. G. Tammann and 
J . Schneider observed tha t after a-iron 
has undergone the y-transformation, it 
no longer absorbs hydrogen at 300°. 
K. Iwase observed tha t reduced iron 
absorbs hydrogen a t different temp, in 
accord with the solubility curves shown 
in Fig. 319, and t h a t the solubility, S c.c. 
of gas a t n.p. 6 per 100 grms. of metal, 

can be represented by the linear equations S== 1-685+0-016(0—200) for a-iron ; 
and S=13-4:45+0-1293(0—910) for y-iron. G. Borelius, represented the solubility, 
S, of hydrogen in a-iron by S=ael720/T

y and in y-iron, by S=ae192°tT, where a 
denotes a constant which varies with the temp. , bu t has nearly the same value 
for all metals at high temp. H . S. Taylor and H. M. Burns, found tha t a t 25°, 
one vol. of metal absorbs 0-05 vol. of hydrogen, and <0-05 vol. a t 110° and 218° ; 
W. A. Dew and H. S. Taylor, t ha t one gram of iron a t 0°, 110°, 218°, and 305° 
absorbs respectively 0-0074, 0-0028, 00195, and 0-0116 c.c. of hydrogen. Obser-

^00° 600° 800° /000° /200°/400° 1600° /800° 
F i a . 318 .—The Solubi l i ty of Hydrogen 

in Iron a t Different Temperatures . 
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F m . 319 .—The Solubil i ty of 
Hydrogen in Iron. 

F i o . 320 .—The Solubi l i ty of 
H y d r o g e n in Cast Iron. 

vations were made by E . Martin, N". I . Nikitin, and A. Sieverts and E . Jurich. 
K. Iwase found t h a t the solubility of hydrogen in cast iron is smaller, the higher 
is the proportion of contained carbon. The results with cast iron containing 3*5, 
4*0, and 4*3 per cent, of carbon are shown in Fig. 320. Steel also dissolves more 
hydrogen t h a n does cast iron. E . Martin's results agree bet ter with those of 
A. Sieverts than with those of K. Iwase. C. J . Alexander examined the effect of 
liquid air t emp. 

G. Tammann and J . Schneider's observations show tha t the metal hardened by 
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cold-rolling a b s o r b s h y d r o g e n a t 300° m o r e r a p i d l y a n d t o a g r e a t e r e x t e n t t h a n 
does t h e soft m e t a l , b u t t h e r eve r se o b t a i n s -with e l ec t ro ly t i c h y d r o g e n . T h e 
m e t a l sof tened a t 1100° a b s o r b s e lec t ro ly t ic h y d r o g e n m u c h m o r e r a p i d l y t h a n t h e 
h a r d m e t a l . T h e o c t a h e d r a l p l anes of t h e c rys t a l s of t h e m e t a l a b s o r b h y d r o g e n 
t h e fas tes t . 

W . H e a l d , a n d W . F r a n k e n b u r g e r a n d K . Mayrho fe r s t u d i e d t h e a b s o r p t i o n of 
h y d r o g e n b y thin films of iron. TJ. T r o o s t a n d P . Hau t e f eu i l l e s h o w e d t h a t pyrophoric 
iron r e d u c e d f rom t h e ox ide b y h y d r o g e n a t a low t e m p . , d e c o m p o s e d w a t e r s lowly 
a t o r d i n a r y t e m p . , a n d r a p i d l y a t 100° ; t h e d e c o m p o s i t i o n is m o r e r a p i d t h e finer 
is t h e s t a t e of subd iv i s ion of t h e m e t a l . T h e a d s o r b e d h y d r o g e n c a n b e r e m o v e d 
i n v a c u o w i t h o u t in t e r fe r ing w i t h t h e p y r o p h o r i c c h a r a c t e r . A c c o r d i n g t o 
T . W . R i c h a r d s a n d G. E . B e h r , f inely-divided i ron , o b t a i n e d b y r e d u c i n g t h e o x i d e 
a t a r e l a t ive ly low t e m p . , 570° , h a s t h e p o w e r of a b s o r b i n g h y d r o g e n , b u t t h e p o t e n t i a l 
of t h e m e t a l is n o t a p p r e c i a b l y affected t h e r e b y , un less t h e sur face is fully c h a r g e d 
w i t h h y d r o g e n w h e n t h e p o t e n t i a l is s o m e w h a t lowered . W h e n i ron w h i c h h a s 
been h e a t e d in a n a t m . of h y d r o g e n or n i t r o g e n is s u d d e n l y cooled b y p l u n g i n g i t 
in w a t e r , i t a b s o r b s h y d r o g e n f rom t h e w a t e r i n a specia l ly a c t i v e fo rm in v i r t u e 
of w h i c h t h e p o t e n t i a l is ra i sed b y a b o u t O-15 vo l t . T h i s h y d r o g e n is n o t r e ad i l y 
r e m o v e d w h e n t h e i ron is k e p t in w a t e r or in a soln . of p o t a s s i u m s u l p h a t e , b u t i t is 
r a p i d l y expe l led w h e n t h e i r on is p l a c e d in a soln. of fe r rous s u l p h a t e , a n d t h e 
p o t e n t i a l r e t u r n s t o i t s n o r m a l v a l u e . 

A c c o r d i n g t o N . I . N i k i t i n , t h e gas d i sso lved b y p y r o p h o r i c i ron a t —185° r ep re 
s e n t s a t r u e sur face a d s o r p t i o n , b e c a u s e i t c a n b e c o m p l e t e l y p u m p e d off a t o r d i n a r y 
t e m p . , a n d i t is in a c c o r d w i t h t h e a d s o r p t i o n e q u a t i o n a—kp1/™. H e f o u n d p y r o 
p h o r i c i ron is i n e r t b e t w e e n —80° a n d 16° ; a n d a t h i g h e r t e m p , i t a b s o r b s t h e gas 
i n i n c r e a s i n g q u a n t i t i e s . P y r o p h o r i c i ron r e d u c e d f rom t h e ox ide a t 515° t o 525° 
a b s o r b s v c.c. of h y d r o g e n , r e d u c e d t o n . p . 6 p e r 5 g r m s . of m e t a l w h e n t h e press , 
is p m m . : 

— 185° 380° 510° 
, * , , * % 

p . 92-4 229-7 521-0 6 2 7 0 70-4 274-6 449-O 694-5 734-2 m m . 
v . 3-2 5-3 7-7 8-3 3-5 4-4 4-9 5-2 6 1 0 c .c . 

G. T a m m a n n a n d J . Schne ide r found t h a t t h e rate of absorption of h y d r o g e n a t 
different t e m p , c a n b e r e p r e s e n t e d b y t h e s lopes of t h e c u r v e s in F i g . 3 2 1 , w h e r e 

F I G . 3 2 1 . — T h e R a t e of A b s o r p - F i o . 3 2 2 . — T h e R a t e of A b s o r p 
t i o n of H y d r o g e n b y I r o n . t i o n of H y d r o g e n b y C a s t I r o n . 

t h e vol . of t h e gas is exp re s sed in c.c. a t n . p . 9 pe r 1OO g r m s . of m e t a l . K . I w a s e ' s 
r e su l t s for sol id a n d l iqu id c a s t i ron a r e s u m m a r i z e d in F i g . 322 . G. T a m m a n n a n d 
J . S c h n e i d e r f o u n d t h a t t h e ve loc i ty of a b s o r p t i o n of h y d r o g e n is g r ea t e r , t h e la rger 
is t h e n u m b e r of i c o s i t e t r a h e d r a l p l a n e s in t h e surface l aye r . T h e n u m b e r of such 
p l anes dec reases a f te r h e a t i n g t h e m e t a l t o a h igher t e m p . , a n d t h e r a t e of a b s o r p t i o n 
s h o w s a c o r r e s p o n d i n g d i m i n u t i o n . O b s e r v a t i o n s o n t h e r a t e of a b s o r p t i o n were 
a lso m a d e b y G. T a m m a n n a n d F . L a a s s . 

A . S i e v e r t s f o u n d t h a t a t a c o n s t a n t t e m p . , t h e so lubi l i ty , S, of h y d r o g e n in 
i r on is d i r e c t l y p r o p o r t i o n a l t o t h e pressure, p, of t h e ga s , so t h a t S=kpt. 
G. B o r e l i u s a n d F . G u n n e s o n a d d e d t h a t t h i s ru le app l i e s t o i ron , b u t , accord ing 
t o G. Bore l iu s , n o t t o s tee l . A . S ieve r t s f o u n d t h a t w i t h press , be low 100 m m . , t h e 
so lub i l i ty of h y d r o g e n i n i ron decreases m o r e r a p i d l y w i t h fall ing pressures t h a n 
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cor responds wi th t h i s r e l a t ion . G, T a m m a m i s t u d i e d t h e effect of co ld -work o n 
t h e abso rp t ion of h y d r o g e n ; a n d H . Je l l inek , t h e effect of t h e press , of t h e g a s on 
t h e electr ical r e s i s t ance of t h e m e t a l . 

Accord ing t o W . H . J o h n s o n , a n d O. R e y n o l d s , w h e n pieces of i r on o r s tee l 
a re immersed in su lphur i c or hyd roch lo r i c ac id , washed , a n d dr ied , t h e r e is a n 
increase i n we igh t of 0*0005 t o 0*06 p e r c en t , owing t o t h e s a t u r a t i o n of t h e m e t a l 
w i th n a s c e n t h y d r o g e n . O n p ro longed exposu re t o a i r , or m o r e r a p i d l y o n h e a t i n g , 
t h e h y d r o g e n is evolved , a n d t h e m e t a l r ega ins i t s or ig ina l phys i ca l p r o p e r t i e s . 
A. L e d e b u r found t h a t t h e i ron m a y a b s o r b t w e n t y t i m e s i t s vo l . of h y d r o g e n 
w h e n p laced in dil . su lphur i c a c i d ; a n d t h a t cas t i ron b e h a v e s in a s imi la r w a y . 
Accord ing t o J . H . A n d r e w , t h e in t e rc rys ta l l ine , a m o r p h o u s c e m e n t b e t w e e n t h e 
ferr i te c rys ta l s p l a y s a p a r t in convey ing t h e gas i n t o t h e in te r io r of t h e sol id m e t a l . 
T h u s , w h e n a piece of w r o u g h t i ron is i m m e r s e d for some t i m e in a s a t . so ln . of 
s o d i u m h y d r o x i d e a t 100°, t h e m a s s becomes b r i t t l e because t h e gas is a b s o r b e d m o r e 
r a p i d l y in t h e a m o r p h o u s in te rc rys ta l l ine l aye r s t h a n b y t h e c rys ta l s t h e m s e l v e s , 
a n d t h e expans ion of t he se layers forces t h e c rys ta l s a p a r t a n d w e a k e n s t h e i r 
cohesion. Af ter r e m a i n i n g longer in t h e soln. of s o d i u m h y d r o x i d e , t h e i ron loses 
i ts b r i t t l eness , because t h e h y d r o g e n g r a d u a l l y diffuses i n t o t h e c rys t a l s f rom t h e 
in te rc rys ta l l ine c e m e n t . E l ec t ro ly t i c i ron , be ing a l r e a d y s a t . w i t h h y d r o g e n , 
is unaffected b y s o d i u m h y d r o x i d e . M. T h o m a sa id t h a t i ron is r ead i ly super 
s a t u r a t e d w i t h h y d r o g e n w h e n i t comes in c o n t a c t w i t h n a s c e n t h y d r o g e n e i the r 
in t h e v o l t a m e t e r or t h a t which is be ing g e n e r a t e d o n i t s o w n surface b y t h e ac t ion 
of a n ac id . F r o m t h e surface of t h e s u p e r s a t u r a t e d i ron , h y d r o g e n is a g a i n 
spon t aneous ly l ibe ra ted , a n d t h e a m o u n t o b t a i n e d is p r o p o r t i o n a l t o t h e e x t e n t 
of surface. J . H . Meidinger , a n d R . Lena no t i ced t h a t e lec t ro ly t ic i ron m a y be 
c o n t a m i n a t e d wi th occ luded h y d r o g e n , a n d t h a t a t 100°, a b o u t a t e n t h of t h e t o t a l 
a m o u n t of occluded h y d r o g e n is expel led, a b o u t t w o - t h i r d s is g iven off a t a du l l 
r ed -hea t , a n d on ly a t 1000° is t h e m e t a l freed f rom t h e gas . F . H a b e r d iscussed t h i s 
ques t ion . R . Lenz found t h a t w h e n e lec t ro ly t ic i ron is h e a t e d in a porce la in t u b e , 
t h e t o t a l a m o u n t of gas evolved va r ies f rom 20 t o 96 vol . p e r cen t , of g a s pe r vol . 
of i ron . T h e gas g iven off a t 600° c o n t a i n e d 58-5 vol . p e r cen t , of h y d r o g e n ; 18-8, 
N : 11-3, CO ; 10-1, C O 2 ; a n d 1-3, H 2 O ; whi l s t t h a t evo lved a t a b r i g h t r e d - h e a t 
con t a ined 43-2, H ; 8-9, N ; 22-7, CO ; 17-8, C O 2 ; a n d 7-4, H 2 O . I t w a s t h o u g h t 
t h a t t h e s t e a m a n d c a r b o n m o n o x i d e were fo rmed b y t h e r eac t i on b e t w e e n i ron , 
c a r b o n d iox ide , a n d h y d r o g e n . O b s e r v a t i o n s were a lso m a d e b y L . Gui l le t , 
R . H u g u e s , H . O. v o n S a m s o n - H i m m e l s t j e r n a , A. Thie l a n d W . H a m m e r s c h m i d t , 
M. T h o m a , a n d R . A . Hadf ie ld—v ide T a b l e X L V I I I . F . W i n t e l e r g a v e , for depos i t s 
of e lec t ro ly t ic iron 0-08 m m . a n d 0*14 m m . in th i ckness , p e r 1 vo l . of i ron : 

H 2 N., CO r O j . K 4 O-vapour Total «a« 
0 - 0 8 mm. . 5 3 - 4 1 5 - 5 1 5 1 12-7 " 3 -3 9 7 - 7 v o l . p e r c e n t . 
O-14 mm. . 6 0 - 3 5 0 2 6 - 7 4 -3 3 0 2 1 - 2 „ 

T h e presence of h y d r o g e n in e lec t rodepos i ted i ron, in a m o u n t s v a r y i n g f rom 
0*0076 t o 0*0262 p e r cen t . , was obse rved b y S. M a x i m o w i t s c h , C. F . Burges s a n d 
C. H a m b u e c h e n , W . M. H i c k s a n d L . T . O 'Shea , a n d A. S k r a b a l . T h e r e l a t ions 
be tween t h e c u r r e n t dens i t y , concen t r a t i on , ac id i ty , a n d t e m p , of t h e soln. of fer rous 
s u l p h a t e on t h e p r o p o r t i o n of occ luded h y d r o g e n , were s t u d i e d b y F . F o r s t e r , 
G. CofCetti a n d F . F o r s t e r , a n d W . A. M a c F a d y e n . Acco rd ing t o H . Lee , t h e 
h y d r o g e n - c o n t e n t decreases w i th t h e d u r a t i o n of t h e e lectrolysis , w i th dec reas ing 
c u r r e n t dens i t y , w i t h increas ing ac id i t y of b a t h , a n d w i t h decreas ing cone , of i ron 
in t h e soln . T h e resu l t s of H . Lee a r e s u m m a r i z e d in F i g . 324 for layers of i ron of 
different t h i c k n e s s . Accord ing t o R . K r e m a n n a n d H . B reymesse r , t h e h y d r o g e n 
a n d i ron a r e s i m u l t a n e o u s l y l ibe ra t ed a t t h e c a t h o d e , a n d t h e l ibe ra t ion of h y d r o g e n 
c a n b e p r e v e n t e d if t h e electrolysis b e ca r r i ed o u t u n d e r a h igh p ress , of h y d r o g e n . 
I r o n depos i t ed u n d e r 20 a t m . press , of h y d r o g e n were c o m p o s e d of l a rger c rys t a l s 
t h a n w h e n depos i t ed u n d e r 1 a t m . p ress , of h y d r o g e n . T h e m e t a l o b t a i n e d a t t h e 
h ighe r $ w s s . c o n t a i n e d less occluded h y d r o g e n , a n d i t w a s also softer, a n d less b r i t t l e . 
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G- Bore l ius found t h a t for i ron , b u t n o t s tee l , t h e cone , of t h e occ luded h y d r o g e n 
is p r o p o r t i o n a l t o t h e sq . r o o t of t h e c u r r e n t d e n s i t y . T h e p res s , eq . of t h e c u r r e n t 
d e n s i t y for a 2 p e r c en t . soln. of s o d i u m h y d r o x i d e a t a n a m p e r e p e r sq . c m . is 
17,000 a t m . 

T . W . a n d W . T . R i c h a r d s o b s e r v e d t h a t a m a g n e t i c field h a s n o p e r c e p t i b l e 
influence on t h e e lec t rode p o t e n t i a l of i ron , b u t w i t h i ron h a v i n g occ luded h y d r o g e n , 
t h e p o t e n t i a l is defini tely lowered ; t h e c h a n g e is r o u g h l y p r o p o r t i o n a l t o t h e s t r e n g t h 
of t h e m a g n e t i c field. W i t h a g iven m a g n e t i c field, t h e dec rease in t h e o v e r v o l t a g e 
is a p p r o x i m a t e l y p r o p o r t i o n a l t o t h e o v e r v o l t a g e itself, a m o u n t i n g , w i t h a s t r o n g 
m a g n e t i c field, t o a b o u t 5 pe r cen t , of t h e v a l u e of t h e o v e r v o l t a g e . I t is a s s u m e d 
t h a t t h e m a g n e t i c field affects t h e p o t e n t i a l n o t b e c a u s e of a n y c h a n g e in t h e 
affinity b e t w e e n h y d r o g e n a n d i ron , b u t b e c a u s e of s o m e c h a n g e in t h e t e x t u r e of t h e 
occ lud ing m e t a l d u e t o m a g n e t o - s t r i c t i o n . F o r t h e effect of t h e a d s o r b e d h y d r o g e n 
on t h e m a g n e t i c p r o p e r t i e s of i ron , vide supra, t h e m a g n e t i c p r o p e r t i e s of i ron . 
J . A. K e n d a l l d iscussed t h e f o r m a t i o n of a cell w i t h one p l a t e of i ron t h r o u g h w h i c h 
h y d r o g e n is pass ing . 

Grms.fis Grms.fe Grms.fe 
F I G . 3 2 3 . — T h e Effec t of F i Q . 3 2 4 . — T h e Effec t of F I G . 3 2 5 . — T h e Effec t of 

T e m p e r a t u r e on O c c l u d e d C u r r e n t D e n s i t y on Oc- A c i d i t y o n O c c l u d e d Hy-
H y d r o g e n . e l u d e d H y d r o g e n . d r o g e n . 

T . G r a h a m discussed t h e n a t u r e of t h e occ luded h y d r o g e n i n p a l l a d i u m , a n d he 
r e g a r d e d i t a s a special fo rm of h y d r o g e n w h i c h h e cal led hydrogenium—1. 7, 6. 
T h e occ luded h y d r o g e n is special ly a c t i v e chemica l ly , a n d W . R a m s a y a t t r i b u t e d 
t h i s a c t i v i t y t o t h e p resence of h y d r o g e n in t h e m o n a t o m i c cond i t ion . T h i s 
inference is in h a r m o n y w i th t h e o b s e r v a t i o n s of T. W . R i c h a r d s a n d G. E . B e h r , 
T . W . a n d W . T. R i c h a r d s , E . G. M a h i n , S. S a t o h , A. F . B e n t o n a n d T . A . W h i t e , 
T . F r a n z i n i , T . S. Fu l l e r , M. T h o m a , G. C h a r p y a n d S. B o n n e r o t , W . H . J o h n s o n , 
O. R e y n o l d s , A. Coehn , a n d A. W i n k e l m a n n — v i d e supra. O . F a u s t ' s e x p e r i m e n t s 
on t h e c h e m i s t r y of t h e i ron e lec t rode s u p p o r t t h i s v i ew ; l ike T . W . R i c h a r d s a n d 
G. E . B e h r — v i d e supra—it w a s found t h a t t h e e lec t rode p o t e n t i a l of spongy i ron 
w i t h occ luded h y d r o g e n is 0 3 9 vo l t , a n d w i t h o u t t h e h y d r o g e n , 0-44 vo l t . 
A. S ieve r t s o b s e r v e d t h a t for t h e occ luded gas , vp± is c o n s t a n t ; a n d for gaseous 
p h a s e , vp is a c o n s t a n t . F r o m t h e p a r t i t i o n law, i t follows t h a t t h e h y d r o g e n is 
occ luded in t h e fo rm of m o n a t o m i c molecu les . A t v e r y low t e m p . , N . I . N i k i t i n s 
o b s e r v a t i o n s ag ree w i t h t h e a s s u m p t i o n t h a t t h e a d s o r b e d h y d r o g e n is in t h e 
molecu la r s t a t e . A . Vi l l achon a n d G. C h a u d r o n be l i eved t h a t in l i qu id i ron some 
h y d r o g e n is p r e s e n t a s a h y d r i d e ; a n d W . F r a n k e n b u r g e r a n d Pv. Mayrhofe r found 
t h a t w h e n i ron v a p o u r condenses in a n a t m . of h y d r o g e n , t h e film h a s F e : H 
a p p r o x i m a t e l y a s 1 : 2—vide infra for t h e h y d r i d e s . F . D u r a n a n d C H . T e c k e n -
t r u p cons ide red t h e a b s o r p t i o n of h y d r o g e n is a case of p u r e a d s o r p t i o n ; Lt. Gui l le t 
a n d co-workers t h o u g h t t h a t a h y d r i d e is fo rmed a t t h e h ighe r t e m p . , a n d it d issocia tes 
below 250° . 

T h e permeability of i ron t o h y d r o g e n w a s o b s e r v e d b y H . S t . O. Devi l le a n d 
JL. T r o o s t , w h o found t h a t t h e m e t a l is p e r m e a b l e t o o r d i n a r y h y d r o g e n w h e n i t is 
h e a t e d t o r ednes s ; a n d t h i s fac t w a s conf i rmed b y T . G r a h a m . L . Cai l le te t found 
t h a t n a s c e n t h y d r o g e n cou ld pas s t h r o u g h a n i ron vessel i m m e r s e d in s u l p h u r i c 
ac id a t o r d i n a r y t e m p . H . M. R y d e r ' s o b s e r v a t i o n s o n t h e effect of t e m p , on 
t h e permeabi l i ty of soft s tee l , a n d t h o s e of V . L o m b a r d on e lec t ro ly t ic i ron, a re 
summarized in F i g . 326 , a n d V . L o m b a r d ' s o b s e r v a t i o n s on t h e effect of press , on 
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Fia. 3 2 6 . — T h e Effect of 
T e m p e r a t u r e on t h e 
H y d r o g e n . P e r m e a 
b i l i t y of I r o n . 

t h e pe rmeab i l i ty of e lect rolyt ic i ron a re s u m m a r i z e d in F i g . 327 . M. Bodens t e in , 
a n d M. K n o b e l a n d R . B . N o r t o n expressed t h e r a t e of p e n e t r a t i o n of i ron by-
hydrogen , Z), as a funct ion of t h e overvo l t age , E. T h e sub jec t w a s discussed b y 
T. S. Ful le r . E . P i w o w a r s k y a n d H . Esse r a t t r i b u t e d t h e pe rmeab i l i t y of c a s t 
i ron for gases t o t h e presence of macroscop ic flaws. B . Beer s tud ied t h e sub jec t . 
A. W i n k e l m a n n used a n i ron t u b e , closed below, as c a t h o d e in t h e electrolysis of 
a soln. of sod ium h y d r o x i d e . T h e rate of diffusion of h y d r o g e n formed o n t h e 
exter ior of t h e t u b e , i n to t h e in ter ior , w a s found t o b e i n d e p e n d e n t of t h e press , 
be tween 0 a n d 890 m m . of m e r c u r y . T h e r a t e of diffusion is n o t affected b y r e d u c i n g 

t h e e x t e r n a l p ress , f rom 1 t o 1-5 a t m . I t was accord ing ly 
inferred t h a t t h e a c t u a l press , of t h e h y d r o g e n on t h e 
ou ts ide of t h e i ron t u b e is n o t of t h e s a m e o rde r as t h e 
in t e rna l press , a n d is n o t less t h a n 58 a t m . T h e i n d e p e n d 
ence of t h e i n t e r n a l press , agrees w i th t h e a s s u m p t i o n 
t h a t i t is ionic or a t omic , a n d n o t o r d i n a r y molecu la r 
h y d r o g e n t h a t is concerned in t h e process of diffusion. 
A t a c o n s t a n t t e m p . , t h e r a t e of diffusion increases m o r e 
slowly t h a n t h e c u r r e n t s t r e n g t h , a n d i t is a p p r o x i m a t e l y 
p ropo r t i ona l t o t h e po t en t i a l difference. T h e increase in 
t h e r a t e of diffusion, S, w i th t e m p . , 0°, was r ap id , a n d 
a p p r o x i m a t e d t o S=S0(I-f-0*0455#) for a c o n s t a n t c u r r e n t , 
or t o S = S 0 ( I -f-0-05610) for a c o n s t a n t po t en t i a l differ
ence. G. C h a r p y a n d S. B o n n e r o t n o t e d t h a t t h e h y d r o 
gen a s i t diffuses t h r o u g h i ron or s teel a t o r d i n a r y t e m p , 

acqui res a special chemical ac t iv i ty . T h e y showed t h a t n o diffusion occurs in 
steel t u b e s a t o rd ina ry a t m . press , be low 325° ; t h e osmosis is pe rcep t ib l e a t 
350° ; a n d i t increases a b o u t 40-fold w h e n t h e t e m p , is ra i sed t o 850°. T h e 
diffusion of gases in m e t a l s was s t ud i ed b y D . Alexejeff a n d Li. Sav in ina , 
M. Bodens t e in , A. H . W . A t e n a n d P . C. Blokker , O. W . R i c h a r d s o n a n d co-workers , 
Gr. C. S c h m i d t a n d T . Li icke, C. A. E d w a r d s , a n d b y G. Bore l ius a n d F . G u n n e s o n . 
W . E . D e m i n g r ep resen ted t h e r a t e of diffusion of h y d r o g e n t h r o u g h i ron b y 
dip1!™)Jdt=kjc A2J°1/n> whe re p d eno t e s t h e press , of t h e gas , a n d c t h e a m o u n t 
abso rbed p e r u n i t vo l . u n d e r u n i t p ress . F o r t h e s t e a d y s t a t e , t h e a m o u n t , dm, 
of h y d r o g e n diffusing t h r o u g h a n a rea , a, of t h i ckness , dx, w i t h press . , p> a n d j)~\-dp, 

i n t h e t i m e , dty is : dm=ka/\pxlndt. A . J a q u e r o d a n d 
S. Gagneb in obse rved t h a t t h e r a t e of diffusion of h y d r o g e n 
in i ron increases sudden ly a t a b o u t 200°, a n d o t h e r d is 
con t inu i t i e s occur a t t h e Curie po in t , a n d a t a b o u t 900°, 
w h e n /?-iron changes in to y - i ron . A. H . W . A t e n a n d 
M. Zieren, a n d T . S. Fu l l e r d iscussed t h e p e n e t r a t i o n of 
i ron b y ca thod ic , nascen t , o r a t o m i c h y d r o g e n , a n d e m 
phas ized t h e difference be tween t h e b e h a v i o u r of t h i s 
fo rm of h y d r o g e n a n d o r d i n a r y gaseous h y d r o g e n . 
A. Coehn cons idered t h a t t h e e x p e r i m e n t s on t h e r a t e of 
diffusion of h y d r o g e n in i ron s u p p o r t t h e v iew t h a t t h e 
a b s o r b e d h y d r o g e n is in t h e fo rm of e lec t rons a n d 
p r o t o n s . E . G. M a h i n inferred t h a t t h e h y d r o g e n occ luded 
b y i ron which h a s been p ick led in ac id diffuses i n t h e 

m e t a l in t h e a t o m i c condi t ion , a n d is l i be r a t ed a t t h e surface a s molecu la r 
h y d r o g e n . 

N . B . Pi l l ing obse rved t h a t t h e evolution of occluded hydrogen f rom e lec t ro ly t ic 
h y d r o g e n begins a t a b o u t 100°, a n d a t t a i n s a m a x i m u m a t a b o u t 200° ; H . Esse r , 
J . C o u r a o t , a n d C. F . Burgess a n d O. P . W a t t s , t h a t t h e comple t e expuls ion of t h e 
g a s occurs a b o v e t h e a p p o i n t , —950° t o 1050° ; a n d O. W . S to rey , t h a t af ter h e a t i n g 
t o 910° t o 1000°, e lect rolyt ic i ron h a s t h e s t r u c t u r e of o r d i n a r y i ron ; a t 500° t o 600° 
hydrogen is g iven off, b u t n o change in s t r u c t u r e is pe rcep t ib l e . B . C a z a u d a n d 

Fxa . 327. T h e Effect 
of P r e s s u r e on t h e 
H y d r o g e n P e r m e a 
b i l i t y of I r o n . 
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R . H u g u e s n o t e d t h a t t h e r e a r e d i scon t inu i t i e s i n t h e r a t e of e v o l u t i o n of t h e h y d r o 
g e n a t t e n d e d b y c h a n g e s i n t h e m e c h a n i c a l a n d m a g n e t i c p r o p e r t i e s of t h e m e t a l ; 
G. Bore l ius a n d F . G u n n e s o n , t h a t t h e v a r i a t i o n in t h e r a t e of r e m o v a l of o c c l u d e d 
h y d r o g e n a n d n i t r o g e n f rom i ron a t different t e m p , shows a n u m b e r of i r r egu la r i t i e s ; 
a n d G. T a m m a n n , a n d R . H u g u e s a t t r i b u t e d s o m e of t h e i r regu la r i t i es t o t h e poss ib le 
p re sence of h y d r i d e s . A c c o r d i n g t o G. Bel loc , t h e e v o l u t i o n of t h e o c c l u d e d gas , 
•when t h e m e t a l is h e a t e d , is c o n n e c t e d w i t h t h e c r i t i ca l p o i n t s of i ron , a n d i t m a y 
b e d i v i d e d i n t o t h r e e s t ages : (i) t h e e v o l u t i o n beg ins a t a v a r i a b l e , i l l-defined t e m p , 
b e t w e e n 150° a n d 400° ; t h e ve loc i ty , or dv/dt-cvtrve (where v d e n o t e s v o l u m e ) , 
h a s a sma l l m i n i m u m a t 200° , a n d a sma l l m a x i m u m a t 300° , b u t t h e e v o l u t i o n of 
g a s i n t h e reg ion of ct-iron is v e r y sma l l , a n d t e n d s t o i nc rease w i t h t e m p , 
(ii) B e t w e e n 500° a n d 600° , t h e dv/dt-curve e x h i b i t s a l a rge m a x i m u m a t t h e t r a n s i 
t i o n p o i n t of ct- i n t o /J-iron, a n d t h e n falls off t o a m i n i m u m a p p r o a c h i n g ze ro a t 
t h e e n d of t h e convers ion . T h e t r a n s f o r m a t i o n of c e m e n t a t i o n - c a r b o n i n t o t e m p e r -
c a r b o n h a s n o m a r k e d inf luence on t h e r e su l t , (iii) T h e e v o l u t i o n of g a s b e g i n s 
a g a i n w i t h t h e t r a n s f o r m a t i o n of /J- i n t o y - i ron , a n d a f t e r p a s s i n g t h r o u g h a 
m a x i m u m , increases w i t h t e m p . T h e g a s first g i v e n off is n e a r l y al l c a r b o n d iox ide , 
a n d a t a b o u t 550° , i t d i s a p p e a r s , a n d n i t r o g e n m a k e s i t s a p p e a r a n c e a n d pe r s i s t s 
a t al l h ighe r t e m p . ; b u t t h e a m o u n t is sma l l , n o t r i s ing a b o v e t h e m e a n v a l u e of 
IO p e r c e n t . A b o v e 400° , c a r b o n m o n o x i d e a n d h y d r o g e n a r e a lone evo lved i n 
p r o p o r t i o n s -which m a y a l t e r s u d d e n l y w i t h t e m p . A c c o r d i n g t o O. B o u d o u a r d , 
t h e r e su l t s of h e a t i n g i ron in i t s v a r i o u s fo rms in v a c u o a t 1100°, w i t h fifteen d a y s ' 
e x p o s u r e t o a i r b e t w e e n consecu t ive t r e a t m e n t s , s h o w t h a t i t is v e r y difficult t o 
e x t r a c t t h e gases c o n t a i n e d in i ron a n d s tee l . E v e n a f te r t h e t h i r d ign i t ion a t 
1100°, t h e a m o u n t of g a s r e t a i n e d b y filings w a s 0*5 of t h e t o t a l vo l . , a n d 20 p e r cen t , 
w i t h shee t - i ron a n d b a r - i r o n . A c c o r d i n g t o F . C. G. Miiller, t h e gases s o m e t i m e s 
r e g a r d e d a s occ luded b y i ron a r e r ea l ly m e c h a n i c a l l y h e l d in t h e po res , for t h e y a r e 
l i be r a t ed on bo r ing , a n d on ly a l i t t l e a d d i t i o n a l gas is o b t a i n e d w h e n t h e bor ings a r e 
h e a t e d t o r edness i n v a c u o . T h e sub j ec t w a s a lso d i scussed b y A . Pou rce l , J . P a r r y 
a n d H . A . B r u s t l e i n , a s well a s b y G. A l l e m a n a n d C. J . D a r l i n g t o n , A. H . Allen, 
E . A m e e n a n d H . Wi l lne r s , G. W . A u s t i n , T . B a k e r , L . Ba raduc -Mul l e r , M. B a r r e , 
H . Bessemer , P . H . B r a c e a n d N . A . Ziegler, H . B r a u n e , L . Cai l le te t , J . R . Cain , 
J . R . Ca in a n d E . P e t t i j o h n , H . Cassel a n d T . E r d e y - G r u z , G. C h a r p y a n d S. B o n -
n e r o t , J . W . D o n a l d s o n , A. F r i e d m a n n , P . Goerens , P . Goe rens a n d J . P a q u e t , 
E . G o u t a l , G. H a i l s t o n e , W . H e r w i g , W . H e s s e n b r u c h , W . H e s s e n b r u c h a n d P . Ober -
hoffer, P . H i r d , L . J o r d a n a n d J . R . E c k m a n , E . K a h r s , O. v o n Ke i l , S. K e r n , 
P . A. K l inge r , W . K u s l , J . W . L a n g l e y , A . L e d e b u r , E . L iebre ich , E . v o n M a l t i t z , 
E . M a u r e r , E . Mi inker , P . Oberhoffer a n d co-workers , A . S. d e Osa, J . P a q u e t , 
N . P a r r a v a n o a n d A. Scor tecc i , E . P i w o w a r s k y , T . C. P o u l t e r a n d Li. Uffe lman, 
F . R a p a t z , P . R e g n a r d , A . R u h f u s s , H . M. R y d e r , O. S e t h , J . E . S t e a d , J . E . S t e a d 
a n d S. P a t t i n s o n , G. T a m m a n n , L . T r o o s t a n d P . Hau te feu i l l e , A . E . T u c k e r , 
U . Ie Verr ie r , A. Vi l l achon a n d G. C h a u d r o n , A . V i t a , AV. H . W a l k e r a n d 
AV. A . P a t r i c k , H . W e d d i n g , a n d A . W i i s t e r a n d E . P i w o w a r s k y . A c c o r d i n g t o 
E . A m e e n a n d H . Wi l lne r s , t h e gases : CO, CO 2 , H 2 , N 2 , C H 4 , a n d H 2 O a r e 
d isso lved b y l i qu id s tee l , a n d w h e n t h e s tee l h a r d e n s , t h e s e gases c a n r e a c t . 
T h e r e l a t i o n C O 2 : CO is t a k e n a s a m e a s u r e of t h e o x i d a t i o n of t h e s teel 
a t a g i v e n t e m p . T h e CEC4 a n d H 2 O c o n t e n t is a m e a s u r e of t h e d issolved 
q u a n t i t i e s of CO, C O 2 , a n d H 2 . N i t r o g e n is found chiefly in s teels f rom t h e 
c o n v e r t e r . 

R . H u g u e s s t u d i e d t h e r a t e s of r e m o v a l of h y d r o g e n f rom a b o u t 20 c.c. of 
e lec t ro ly t i c i r on , a n d I i . Gui l le t a n d A . R o u x , t h e vo l . of gas r e m o v e d f rom 
e lec t ro ly t i c i r o n a t different t e m p . G. H a g g d i scussed t h e mol . vo l . E . H e y n 
o b s e r v e d t h a t t h e a d s o r p t i o n of h y d r o g e n p r o d u c e s n o pe rcep t ib le effect on t h e 
m i c r o s t r u c t u r e , a l t h o u g h i t e m b r i t t l e s t h e m e t a l . W h e n cas t i ron is h e a t e d a t 
730° t o 1000° in c o n t a c t w i t h h y d r o g e n a n d t h e n chi l led, i t becomes cons iderab ly 
m o r e b r i t t l e t h a n w h e n s imi la r ly h e a t e d in a i r a n d chi l led. If, however , t h e 
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m e t a l is a l lowed t o cool slowly in h y d r o g e n , i t r e m a i n s t o u g h , a n d a t t e m p , be low 
730° i t s p roper t i e s a r e n o t affected b y h y d r o g e n . A cas t i ron c o n t a i n i n g 0*37 
p e r cent , of c a r b o n w a s found t o b e h a v e in t h e s a m e w a y a s one c o n t a i n i n g on ly 
0*05 of c a r b o n a n d 0-01 of sil icon. B y h e a t i n g t h e m e t a l i n n i t r ogen a t a r e d - h e a t , 
t h e effect of t h e t r e a t m e n t w i t h h y d r o g e n is de s t royed . I n t h e case of i ron con t a in 
ing v e r y l i t t l e c a r b o n , t h e b r i t t l eness is p a r t l y r e m o v e d b y h e a t i n g in boi l ing w a t e r , 
or even b y long exposure t o t h e a i r a t t h e o r d i n a r y t e m p . , a n d is comple te ly d e s t r o y e d 
b y h e a t i n g a t 200° t o 250°. I r o n c o n t a i n i n g m o r e c a r b o n r e t a in s i t s p rope r t i e s 
m u c h m o r e obs t i na t e ly . A superficial l aye r af ter t r e a t m e n t w i t h h y d r o g e n w a s 
found t o show a g r e a t e r flexibility, hence t h e h y d r o g e n m u s t p e n e t r a t e be low t h e 
surface . T h e dens i t y of t h e m e t a l is n o t affected b y t h e t r e a t m e n t w i th h y d r o g e n . 
D . Alexejeff a n d M. Polukaroff s t ud i ed t h e effect of h y d r o g e n on t h e tens i le 
p rope r t i e s of e lec t ro ly t ic i ron . T h e resu l t s of A. L e d e b u r expos ing wires of t h e m e t a l 
t o t h e ac t ion of ac ids a re i nd ica t ed in T a b l e X L i V I I I . Accord ing t o L . B . Pfei l , 

T A B L E X L V I I I . - - T H E E F F E C T O F Ocox,UDKr> H Y D R O G E N O N TH~TC M E C H A N I C A L 
P R O P E R T I E S O F I R O N . 

Metal 

1. TTncleaned w i r e s i n 1 p e r 
c e n t . H 8 S O 4 , for 2 4 h r s . 
e x a m i n e d a f t e r 3 d a y s 

2 . C l e a n e d w i r e s i m m e r s e d 
2 3 h r s . i n 2-5 p e r c e n t . 
H 2 S O 4 , arid e x a m i n e d 
i m m e d i a t e l y 

3 . W i r e s c o n n e c t e d w i t h a 
b l o c k of z i n c a n d i m 
m e r s e d 3 h r s . i n 2~5 p e r 
c e n t . H 8 S O 4 , a n d e x 
a m i n e d i m m e d i a t e l y 

4 . W i r e s t r e a t e d a s i n 3 , b u t 
e x a m i n e d 4 d a y s l a t e r 

5 . W i r e s t r e a t e d a s i n 3 , b u t 
h e a t e d t o c h e r r y r e d n e s s 
f or 15 m i n s . i n a n i n e r t 
a t m . . . . . 

Tenacity 
(tons per sq. in.) 

Normal Hydro-
genized 

5 4 - 5 4 5 4 - 6 6 

5 4 0 9 5 6 0 0 

5 2 - 7 6 j 5 2 1 9 

5 1 1 1 j 5 1 1 7 
! 

2 7 - 2 4 I 2 8 - 5 1 

.Elongation 
(per cent.) 

Normal I Hydro-formal gen i zed 

3-5 

3 4 

2 O 

3 0 

17-9 

2 7 

2-2 

2-2 

16-9 

Number of times 
metal could be bent 

Normal | g y d r o j 

2-8 I 10-2 

7-4 

1OO 

1 0 1 

16-2 

8 O 

3 0 

3 -9 

7-2 

14-6 

occ luded h y d r o g e n h a s a r e m a r k a b l e w e a k e n i n g effect on t h e i n t e r c rys t a l l i ne 
b o u n d a r y of i ron—v ide supra, hyd rogen ized i ron . Th i s app l ies n o t on ly t o t h e 
b o u n d a r i e s b e t w e e n v e r y large c rys ta l s , b u t a lso t o t h e b o u n d a r i e s b e t w e e n 
t h e v e r y m i n u t e c rys ta l s of wh ich o r d i n a r y i ron cons is ts . T h e s t r e n g t h of t h e 
b o u n d a r y b e t w e e n t w o single c rys ta l s h a s been s h o w n t o b e a b o u t 8£ t o n s p e r 
sq . in . , a n d of t h e b o u n d a r y b e t w e e n v e r y smal l c ry s t a l s a b o u t 17 t o n s p e r 
sq . i n . I t is p r o b a b l e t h a t t h i s m a r k e d difference is d u e , n o t t o a n y rea l v a r i a t i o n 
i n t h e s t r e n g t h pe r u n i t a r ea , b u t t o t h e difference in t h e r a t i o b e t w e e n t h e a c t u a l 
a r e a of f r ac tu re a n d t h e cross-sect ional a r e a of t h e t e s t -p iece i n t h e t w o cases . Th i s 
r a t i o is m u c h g rea t e r in t h e case of t h e a g g r e g a t e t h a n i t is i n t h e case of t h e t w o 
l a rge c ry s t a l s . I n a d d i t i o n t o i t s effect on t h e b o u n d a r i e s , h y d r o g e n decreases t h e 
cohes ion across t h e cub ic c leavage p lanes , a p u l l of 5 t o n s p e r sq . in . a p p l i e d a t r i g h t -
a n g l e s t o t h e c leavage p l a n e be ing sufficient t o cause s e p a r a t i o n . Occ luded h y d r o g e n 
d o e s n o t p r e v e n t d e f o r m a t i o n b y s l ipping o n t h e i co s i t e t r ahed ra l p l anes of t h e i r o n 
c r y s t a l . J u d g i n g f rom t h e b e h a v i o u r of t h e s ingle c ry s t a l s d u r i n g t h e s e t e s t s , i t 
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seems i m p r o b a b l e t h a t t h e h y d r o g e n h a s e v e n a n y i m p o r t a n t effect o n t h e r e s i s t ance 
t o m o v e m e n t a long t h e slip p l anes . T h e effect of h y d r o g e n on t h e finely c rys t a l l i ne 
i ron is v e r y m u c h less m a r k e d a t t e m p e r a t u r e s a l i t t l e a b o v e r o o m t e m p e r a t u r e . 
U n d e r t h e s e cond i t ions t h e c ry s t a l b o u n d a r i e s a r e n o t so g r e a t l y w e a k e n e d . 
F r a c t u r e t a k e s p lace m a i n l y through t h e c rys ta l s af ter t h e y h a v e been d r a w n d o w n b y 
s l ipp ing , b u t t h e p o i n t a t wh ich f r ac tu re occurs is d e t e r m i n e d b y c r acks w h i c h f o r m 
a s a r e su l t of a l im i t ed c leavage a n d in t e r c rys t a l l i ne fa i lure . T h e c r acks p r o b a b l y 
o r ig ina te i n t h o s e c rys t a l s so set a t t h e surface of t h e t e s t -p i ece as t o p r e s e n t a 
c leavage p l a n e a t r igh t -ang les t o t h e s t ress , t h e s e be ing p a r t i c u l a r l y l iable t o f r ac tu r e 
a t low s t resses . T h e m i n u t e n o t c h e s so p r o d u c e d lead t o l a rge c r acks wh ich , dec reas 
ing t h e effective cross-sect ion of t h e t e s t -p iece , cause a low v a l u e t o b e r e c o r d e d for 
tens i le s t r e n g t h . F . C. L e a observed t h a t n a s c e n t h y d r o g e n l i b e r a t e d a t a c a t h o d e 
p e n e t r a t e s t h e c ry s t a l b o u n d a r i e s of m i ld s tee l , n icke l , a n d s ta in less s tee l w i t h 15 p e r 
cen t . Cr, a n d 10 p e r cen t . N i . T h e p e n e t r a t i o n does n o t affect t h e t ens i le s t r e n g t h 
of t h e s e m a t e r i a l s , b u t i t lowers cons ide rab ly t h e e longa t ion of spec imens of m i l d 
s tee l . T h e t r a n s v e r s e c r acks which deve lop i n d i c a t e t h a t t h e t e a r i n g of c r y s t a l s 
a p a r t a t t h e i r b o u n d a r i e s occurs a t f r ac tu re s . T h e h y d r o g e n in te r feres w i t h t h e 
sl ip t h a t t a k e s p lace on c e r t a i n c r y s t a l p l a n e s a n d which , u n d e r o r d i n a r y cond i t i ons , 
c o n t i n u e s a p p a r e n t l y across t h e c r y s t a l b o u n d a r i e s . H y d r o g e n escapes q u i c k l y 
af ter t h e c u r r e n t ceases , e v e n a t o r d i n a r y t e m p e r a t u r e s , a n d af ter h e a t i n g a t 100° 
t h e p r o p e r t i e s of t h e m a t e r i a l a r e r e s to red . H y d r o g e n in t h e c a t h o d e does n o t 
d imin i sh t h e r e s i s t ance t o i m p a c t of mi ld s teel a n d i t s effect on r e p e a t e d s t ress s eems 
of itself u n i m p o r t a n t . T h e f r ac tu res u n d e r r e p e a t e d s t resses , however , s h o w t h a t 
t h e p e n e t r a t i o n of h y d r o g e n h a s a n i m p o r t a n t b e a r i n g u p o n t h e n a t u r e a n d fo rm of 
f r ac tu re of a p las t i c m a t e r i a l , which u n d e r r e p e a t e d t o r s iona l s t ress , fails i n a 
m a n n e r s imi lar t o q u e n c h e d a n d t e m p e r e d m a t e r i a l s . C o n s e q u e n t l y t h e p resence 
of t h e h y d r o g e n a t t h e c r y s t a l b o u n d a r i e s does n o t inc rease t h e c o n c e n t r a t i o n of 
s t ress in t h e r e p e a t e d s t ress e x p e r i m e n t s , n o r i n t h e i m p a c t t e s t s , b u t affects t h e 
c o n t i n u i t y of slip a n d causes a c rack t o occur a s in t h e q u e n c h e d a n d t e m p e r e d 
m a t e r i a l s , a n d sugges t s t h a t i n all s u c h m a t e r i a l s t h e fai lure is a t t h e b o u n d a r i e s , 
while t h e fai lure of p las t i c m a t e r i a l s occurs b y c r ack ing w i th in t h e c rys t a l . Obse rva 
t i o n s on t h e sub jec t were m a d e b y J . H . A n d r e w , H . C. H . C a r p e n t e r a n d C F . E l a m , 
J . Coulson, C. A. E d w a r d s a n d co-workers , C. F . E l a m , T . S. Fu l l e r , JL. J a c q u e , 
S. C. L a n g d o n a n d M. A . G r o s s m a n , P . L o n g m u i r , F . O s m o n d a n d G. C a r t a u d , 
S. W . P a r r , W . R o s e n h a i n a n d D . E w e n , O. P . W a t t s a n d C. T. F l e c k e n s t e i n , 
M. Maj ima , V. S. Meskin a n d Y . M. Margo l in , M. Okoch i , R . H u g u e s , L . Gui l le t 
a n d J . Cou rno t , B . Bog i t ch , a n d M. G u i c h a r d a n d co -worke r s . 

Acco rd ing t o W . C. R o b e r t s - A u s t e n , t h e h e a t i n g c u r v e of i ron c h a r g e d w i t h 
occ luded h y d r o g e n shows b r e a k s a t 261° a n d 487°, a n d t h e s e b r e a k s do n o t a p p e a r 
if t h e m e t a l h a s b e e n p rev ious ly h e a t e d in v a c u o . G. Bore l ius a n d F . G u n n e s o n 
obse rved a n u m b e r of i r regu la r i t i es in t h e t h e r m o e l e c t r i c force a t a p p r o x i m a t e l y 
—5° , 150°, 220°, 300°, 460° , 530°, a n d 600°. T h e r e is also a m a r k e d increase in t h e 
a b s o r p t i o n of h y d r o g e n a t t h e Cur ie p o i n t , 760° . I t is t h o u g h t t h a t t h e p h e n o m e n a 
m a y b e d u e e i the r t o u n k n o w n modif ica t ions of i ron , or t o t h e ex i s tence of solid 
h y d r i d e s . G. S i rov ich s t a t e d t h a t t h e r e is a n a b r u p t c h a n g e in t h e r a t e of e x p a n s i o n 
of i ron , a n d low-ca rbon steels a t 370° ; a n d h e inferred t h a t t h i s r ep re sen t s a t r a n s 
f o r m a t i o n p o i n t in a d d i t i o n t o t h e usua l ly - recognized cr i t ica l p o i n t s . H . S. R a w d o n 
a n d co-workers a lso o b s e r v e d t h i s i r r egu la r i t y , b u t sa id t h a t i t is n o t d u e t o a poly
m o r p h i c t r a n s f o r m a t i o n , b e c a u s e t h e b r e a k in t h e c u r v e is t o o i r regu la r w i t h different 
s ample s . T h e p h e n o m e n o n is a t t r i b u t e d t o " some cond i t i on re su l t ing f rom t h e 
presence of i ron ox ide in t h e i ron " ; a n d i t m a y be d u e t o t h e rec rys ta l l i za t ion of 
v e r y fine g r a i n e d m e t a l r e su l t ing f rom t h e r e d u c t i o n of i ron ox ide b y h y d r o g e n a t 
th i s low t e m p . N . B . P i l l ing n o t e d t h e effect of h y d r o g e n o n t h e ha rdnes s of i ron ; 
R . S. Wi l l i ams a n d V. O. H o m e r b e r g , on t h e d u c t i l i t y ; a n d E . A. H a r d i n g a n d 
D . P . S m i t h , o n t h e c h a n g e s in l eng th a n d t h e e lec t r ica l res i s tance . R , Ni ibe i 
d iscussed t h e t h e r m a l e n e r g y of h y d r o g e n i z e d i ron. E . R u p p s tud i ed t h e o p t i c a l 
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prope r t i e s of i ron wi th a film of a d s o r b e d h y d r o g e n . A . S iever t s obse rved t h a t t h e 
d isso lu t ion of h y d r o g e n be tween 20° a n d 920° h a d n o pe rcep t ib l e influence o n t h e 
electr ical res i s tance ; b u t H . K l e i n e found t h a t t h e res i s t ance inc reased w h e n t h e 
m e t a l con ta ined occ luded gas . H . Gr ies a n d H . Esse r e x a m i n e d t h e effect of 
occ luded h y d r o g e n on t h e m a g n e t i c p r o p e r t i e s of t h e m e t a l . 

G. C h a r p y a n d S. B o n n e r o t found t h a t w h e n i ron a t 600° t o 900° is exposed for 
a long t i m e t o a c u r r e n t of h y d r o g e n , n o gas is a b s o r b e d b u t t h e phys i ca l p r o p e r t i e s 
of t h e m e t a l a re modified, i t be ing sof tened b y p ro longed diffusion of t h e gas , w h i c h 
exercises a r educ ing ac t ion , r e m o v i n g such c o n s t i t u e n t s as su lphur , p h o s p h o r u s , 
a n d c a r b o n in t h e fo rm of t h e i r h y d r i d e s , t h e d e s u l p h u r i z a t i o n b e i n g p a r t i c u l a r l y 
r ap id . T h e i ron t h u s unde rgoes a process of pur i f ica t ion b y t h e pas sage of t h e 
h y d r o g e n , a n d th i s m a y poss ib ly exp la in c e r t a i n of t h e anoma l i e s in t h e m e t a l l u r g y of 
i ron a n d steel , "when h y d r o g e n is fo rmed b y t h e c o n t a c t of w a t e r v a p o u r w i t h t h e h o t 
m e t a l . Obse rva t i ons on t h i s sub jec t were m a d e b y A. J o h a n s s o n a n d R . v o n S e t h , 
I-. J o r d a n a n d F . E . Swindel ls , G. W . A u s t i n , A . B e r a r d , F . S c h m i t z , F . W u s t a n d 
O. Geiger, F . Wi i s t a n d E . Sudhoff, G. C h a r p y , J . V. E m m o n s , H . S. R a w d o n a n d 
co-workers , H . Ie Chate l ier , J . H . Whi t e l ey , E . D . C a m p b e l l a n d co-workers , 
O. E . H a r d e r a n d co-woikers , F . C. L a n g e n b e r g a n d H . M. Boy l s ton , V. L o m b a r d , 
R . Schenck , a n d I J . F o r q u i g n o n . P . D . Merica n o t e d t h e in jur ious effect of 
a b s o r b e d gases on t h e m a g n e t i c p rope r t i e s of i ron (q.v.). 

R. Schenck , a n d A . J o h a n s s o n a n d R . v o n S e t h r ep r e sen t ed t h e decarburization 
of iron b y h y d r o g e n b y t h e r eac t ion F e 3 C + 2 H 2 ^ 3 F e + C H 4 a t 750°. T h e a s s u m p 

t ion is m a d e t h a t t h e c a r b u r i z a t i o n is effected b y 
m e t h a n e , b u t poss ib ly o t h e r h y d r o c a r b o n s a r e also 
conce rned in t h e r eac t ions . F i g . 328 r ep re sen t s 
q u a l i t a t i v e l y t h e equ i l i b r i um cu rves b e t w e e n car -
b u r i z e d i ron a n d h y d r o g e n , w h e n t h e d o t t e d l ine 
r e p r e s e n t s t h e equ i l i b r i um cond i t i ons for t h e r e a c t i o n 
C + 2 H 2 ^ C H 4 . T h e f e r r i t e -aus ten i t e l ine e n d s a t a 
fixed p o i n t co r r e spond ing w i t h 0 p e r cen t , m e t h a n e , 
a n d a t t h e t e m p , of t h e A 3 - a r r e s t for i r on a lone . 
T h e in t e r sec t ion p o i n t s of t h e cu rves a r e d e p e n d e n t 
on ly on t h e c a r b o n press , of t h e different solid phase s 
discussed in connec t ion w i t h t h e d e c a r b u r i z a t i o n of 
cas t i ron . Sma l l m e t h a n e p e r c e n t a g e s a t 900° t o 
1000° p r e v e n t t h e d e c a r b u r i z a t i o n of h y d r o g e n . 
R . Schenck found t h e in t e r sec t ion p o i n t b e t w e e n t h e 
ca rbon , h y d r o g e n , a n d m e t h a n e equ i l i b r i um c u r v e 
a n d t h e fe r r i t e -aus ten i t e l ine t o b e 720° . T h e re 

l a t i on b e t w e e n t h e p e r c e n t a g e of c a r b o n a n d t h e t i m e of h e a t i n g in t h e d e c a r b u r i z a 
t i o n of s teel b y h y d r o g e n a t 1050° is s h o w n in F ig . 329. G. W . A u s t i n f o u n d t h a t 
d e c a r b u r i z a t i o n b y d r y h y d r o g e n is m u c h slower t h a n b y m o i s t h y d r o g e n . T h e 

sub jec t was s t u d i e d b y J . Ciochina—vide supra, O. S c h m i d t , 
A. K o r c z y n s k y , R . H o c a r t , A. E . Mitchel l a n d A . JL. Marsha l l , 
a n d F . H . Cons t ab le . A . S. G insbe rg a n d A . P . Ivanoff, 
a n d O. S c h m i d t s t u d i e d i ron a s a c a t a l y s t i n t h e h y d r o -
g e n a t i o n of v a r i o u s c o m p o u n d s ; H . R e m y a n d H . G o n -
n ingen , t h e 2 H 2 - J - O 2 r e a c t i o n ; A . Q u a r t a r o l i , t h e r e d u c i n g 
ac t i on of t h e i ron -coppe r c o u p l e ; K . F . Bonhoeffer s h o w e d 
a cor respondence b e t w e e n t h e a d s o r p t i o n of h y d r o g e n a n d 
ca t a ly t i c a c t i v i t y ; a n d Ot. B . K i s t i a k o w s k y , t h e ion iza t ion 
p o t e n t i a l of h y d r o g e n a d s o r b e d o n i ron . A c c o r d i n g t o 
E . D . Campbe l l , t h e b e s t t e m p , for t h e e l im ina t i on of i m 

p u r i t i e s b y e x p o s u r e t o h y d r o g e n is 950° t o 1000° ; a g a s c o n t a i n i n g a s m a l l p r o 
p o r t i o n of w a t e r - v a p o u r is m o s t efficient. T h e d e c a r b u r i z a t i o n occup ies o n 
average four or five d a y s . F o r e x a m p l e : 

/000" //00° 

F i o . 328 . E q u i l i b r i u m Con
d i t i o n s for t h e R e a c t i o n : 
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Per cent. 

B e f o r e 
0 0 9 4 
0 3 5 4 
1 -184 
1 -150 

carbon 

A f t e r 
O-076 
0 - 0 1 7 
O-OOS 
O 1 3 3 

Per ' 

B e f o r e 
0 - 0 2 5 
0 0 2 6 
0 - 0 1 8 
0 - 0 2 3 

cent. sulphur 

A f t e r 
O O 1 7 
0 - 0 1 4 
0 0 0 6 
0 - 0 2 6 

Trea tmen t 
4 days . 
5 days . 
8 days . 

12 days . 

T . T h o m s o n 3 sugges t ed t h a t a n i ron hydride , o r r a t h e r a ferruretted hydrogen 
gas, m i x e d w i t h m u c h h y d r o g e n , is f o r m e d w h e n i r o n is d i sso lved in di l . s u l p h u r i c 
ac id . I t w a s supposed t h a t t h e f e r r u r e t t e d h y d r o g e n w a s n o t r e m o v e d f rom t h e 
gas b y pas s ing t h r o u g h four w a s h - b o t t l e s c o n t a i n i n g p o t a s h - l y e , a n d a t u b e filled 
w i t h a sbes to s . A . D u p a s q u i e r g a v e a l ong desc r ip t i on of t h e s u p p o s e d gas , b u t 
C. R . F r e s e n i u s a n d J . Schlossberger s h o w e d t h a t t h e a l leged p r o p e r t i e s of f e r r u r e t t e d 
h y d r o g e n c o r r e s p o n d e d w i t h t h o s e of h y d r o g e n c o n t a m i n a t e d w i t h h y d r o g e n 
p h o s p h i d e a n d su lph ide , w h e n n o i ron is p r e s e n t . H e n c e , t h e ex i s t ence of f e r r u r e t t e d 
h y d r o g e n is n o t e s t ab l i shed . H . R e i n s c h be l i eved i n t h e ex i s t ence of such a gas ; 
b u t E . E r l e n m e y e r , a n d C. A . C a m e r o n cou ld find n o ev idence t o s u p p o r t t h e 
h y p o t h e s i s . J . A . W a n k l y n a n d L . Ca r ius sugges t ed t h a t w h e n fe r rous iod ide is 
t r e a t e d w i t h zinc e t h y l , a ferrous dihydride, F e H 2 , is fo rmed : F e I 2 + Z n ( C 2 H 5 ) 2 
= Z n I 2 - J - F e H 2 - f - 2 C 2 H 4 , b u t t h e ev idence is n o t a t all s a t i s f ac to ry . T h e a l leged 
h y d r i d e m a y b e i ron w i t h occ luded h y d r o g e n ; A . Vi l l achon a n d G. C h a u d r o n we re 
of t h e op in ion t h a t a h y d r i d e is poss ib ly fo rmed in l i qu id i ron ; W . F r a n k e n b u r g e r 
a n d K . Mayrhofe r , w h e n i ron v a p o u r is c o n d e n s e d in a n a t m . of h y d r o g e n ; a n d 
Gr. Bore l iu s a n d F . G u n n e s o n , w h e n h y d r o g e n is occ luded b y i ron . T . Weichse l fe lder 
a n d B . T h i e d e o b s e r v e d t h a t w h e n fe r rous ch lor ide is t r e a t e d w i t h a n e the rea l 
soln . of m a g n e s i u m p h e n y l b r o m i d e , a b l a c k p o w d e r of i ron d i h y d r i d e , F e H 2 , is 
f o rmed ; a n d if ferric ch lo r ide b e e m p l o y e d , i ron hexahydr ide , F e H 6 , a p p e a r s a s 
a b l ack , v isc id oil. E . P i w o w a r s k y o b s e r v e d n o ev idence of t h e ex i s t ence of h y d r i d e s 
i n h y d r o g e n i z e d i ron ; L*. Gui l le t a n d co-workers t h o u g h t t h a t one is f o rmed s t ab l e 
a b o v e 250° . 

T h e effect of a ir a n d o x y g e n on i r o n is d i scussed e lsewhere in connec t ion wit l i 
t h e corros ion a n d t a r n i s h i n g of i ron ; w i t h t h e r e d u c t i o n a n d f o r m a t i o n of t h e v a r i o u s 
ox ides of i ron ; a n d w i t h t h e p r o d u c t i o n of i ron . I n 1782, S. B i n m a n 4 r e p o r t e d 
t h a t d r y a i r does n o t co r rode i ron , b u t m o i s t a i r does ; a n d a few y e a r s l a t e r , 
W . H i g g i n s s t a t e d t h a t i ron does n o t r u s t i n d r y oxygen , a n d exp l a ined t h e p h e n o 
m e n o n b y a s s u m i n g t h a t 

I t is the oxygen of the water which unites to the iron, while the oxygen of the gas is 
condensed by the liberated hydrogen in the nascent s ta te , so as to reproduce water . This 
is effected b y a double influence w h i c h i s so obv ious as n o t t o require a n exp lanat ion . 

P . A . v o n Bonsdorff m a d e a s imi lar obse rva t i on—v ide infra ; S. U . E v a n s also 
n o t e d t h a t a i r d r i ed b y s u l p h u r i c ac id d i d n o t co r rode i ron in a m o n t h u n d e r cond i 
t i o n s w h e r e m o i s t a i r c o r r o d e d t h e m e t a l ; a n d E . S c h r o d e r a n d Gr. T a m m a n n , 
a n d W . R . D u n s t a n a n d co-workers o b s e r v e d t h a t i r on s h o w e d n o s igns of c h a n g e 
w h e n k e p t for 3 m o n t h s i n d r y o x y g e n a t 3 4 ° ; R . R u e r a n d J . K u s c h m a n n 
o b s e r v e d t h a t finely-divided i ron , r e d u c e d b y h y d r o g e n f rom t h e ox ide a t 750° , 
does n o t a b s o r b a i r , b u t t h e r e is a s l ight o x i d a t i o n on e x p o s u r e t o d r y air , for 
100 g r m s . of i r on i nc rea sed 30 m g r m s . in we igh t . I r o n filings also oxid ized s l ight ly 
in d r y a i r . G. T a m m a n n e s t i m a t e d t h a t a t 15°, d r y o x y g e n wou ld p r o d u c e a vis ible 
film o n i r o n i n 25 X 1 0 1 7 y e a r s . 

W . H a r d y a n d M. N o t t a g e f o u n d t h a t a po l i shed s tee l cy l inder p l aced on a 
s tee l p l a t e r e m a i n e d a t a d i s t a n c e of 4/z a b o v e t h e p l a t e i n c lean d r y a i r . P r e s su re 
a p p l i e d t o t h e t o p cy l inde r m a d e t h e t w o surfaces a p p r o a c h m o r e closely, b u t on 
r e m o v i n g t h e p r e s s u r e , t h e a i r film r e t u r n e d t o 4ft. T h i s th ickness r e m a i n e d 
c o n s t a n t for g lass t o g lass a n d s tee l t o s tee l . T h e s u b j e c t was s t u d i e d b y 
S. H . B a s t o w a n d F . P . B o w d e n , a n d H . E . W a t s o n a n d A. S. Menon . 

P . G l a d k y f o u n d f rom 0*021 t o 0*974 p e r c en t , of o x y g e n e q u i v a l e n t t o 0-23 t o 
0*33 p e r c e n t , of fe r rous ox ide i n v a r i o u s s a m p l e s of i ron a n d s teel—vide infra, 
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ferrosic ox ide , t h e corros ion of i ron , a n d fer rous ox ide . J . A. P i c k a r d , A . L e d e b u r , 
A. H . Allen, A. K . Sil in, J . E . S t e a d , L . Romanoff , M. A . G r o s s m a n n , J . C o u r a o t 
a n d Li. H a l m , a n d S. K e r n d iscussed t h e o x y g e n - c o n t e n t of i ron a n d s teel ; a n d 
H . W . Gillet , t h e a c t i o n of o x y g e n on t h e i r on -ca rbon s y s t e m . T h e o x y g e n -
c o n t e n t of i ron a n d steel is i n d i c a t e d i n T a b l e X L V I I ; t h e b i n a r y s y s t e m iron— 
oxygen h a s been d iscussed b y F . S c h o n e r t , F . Czop iwsky a n d S. Orzechowsky , 
a n d o t h e r s in connec t ion w i t h fer rous ox ide ; a n d t h e t e r n a r y s y s t e m Fe—O—H, a n d 
Fe-O-^C, b y H . N i s h i m a r a — vide supra, t h e b la s t - fu rnace r e a c t i o n . W . R . S h i m e r 
a n d F . O. Kich l ine found a m a x i m u m of 0-074 p e r cen t , o x y g e n in Bessemer s tee l 
w h e n cooled qu ick ly af ter a long af ter -b low. O x y g e n l eaves a b a t h of m o l t e n 
s teel in a few m i n u t e s , so t h a t few steels h a v e m u c h m o r e t h a n 0*03 pe r cen t , 
o x y g e n . W . A u s t i n found t h a t t h e p r o d u c t o b t a i n e d b y m e l t i n g a m i x t u r e of 
i ron a n d i ron ox ide h a d 0-288 pe r cen t , o x y g e n . F . S c h m i t z found 0*113 p e r cen t , 
o x y g e n in Thomas -Gi l ch r i s t s teel . E . A. H a r d i n g a n d D . P . S m i t h n o t e d t h e 
occlusion of o x y g e n b y i ron e lec t rodes . 

F . D u r a u a n d C. H . T e c k e n t r u p s h o w e d t h a t t h e a b s o r p t i o n of o x y g e n b y 
e lec t ro ly t ic i ron is a chemica l process . A . L e d e b u r sa id t h a t 0*1 pe r cen t , of o x y g e n 

m a k e s i ron n o longer forgeable , for i t is t h e n r ed -
s h o r t ; a n d t h e sub jec t w a s d iscussed b y F . H a t l a n e k . 
E . F . L a w sa id t h a t i ron a n d m a n g a n e s e ox ides c a n 
be d e t e c t e d a s b l a c k s p o t s u n d e r a magni f ica t ion of 
1000. F . R . Eichoff cons iders i t t o b e d o u b t f u l if 
o x y g e n m a k e s i ron r e d - s h o r t , because of t h e h igh 
p r o p o r t i o n in we lded i ron . I t is a s s u m e d t h a t t h e 
affinity of i ron for oxygen , a n d of c a r b o n for i ron , 
increases w i t h a rise of t e m p . , whi le t h e affinity of 
c a r b o n for o x y g e n increases r e l a t ive ly l i t t l e u n d e r 
t h e s e cond i t ions . H e n c e , c a r b o n m o n o x i d e is fo rmed 
a t a c e r t a i n t e m p , d u r i n g t h e cool ing of t h e i ron , 
•while a b o v e t h i s t e m p , t h e o x y g e n a n d c a r b o n a r e 
d issolved i n t h e i ron w i t h o u t a c t i n g on one a n o t h e r . 
F . Ro l l found t h a t t h e p resence of o x y g e n p a r t l y 
favours a n d p a r t l y h i n d e r s t h e decompos i t i on of t h e 
ca rb ide i n cas t i ron . J . R . Cain , G. F . Coms tock , 
H . D i e r g a r t e n , J . R . E c k m a n a n d co-workers , 

Fxo. 3 3 0 . - T h e Effect of O x y W . B l e n d e r a n d W Oer te l E W . Fel l , W G a l b r a i t h 
gen on the Mechanical Pro- J - D - Gat> P * G l a d k y , M. A. G r o s s m a n n , E . G u m l i c h 
perties of I ron. a n d P . Goerens , F . H a t l a n e k , C. H . H e r t y a n d 

J . M. Gaines , H . D . H i b b a r d , H . H o c h s t e i n , A. H o l t z , 
H . M. H o w e , E . F . L a w , O. Meyer , R . Moldenke , A . N i e d e n t h a l , P . Oberhoffer 
a n d co-workers , H . T). Ph i l l i p s , F . R a p a t z , J . R e s c h k a a n d co -worke r s , H . Schenck , 
H . Schiffler, F . S c h m i t z , W . L . S to rk , L . T re inen , A. E . W h i t e a n d J . S. V a n i c k , 
a n d J . H . W h i t e l y d i scussed t h e p resence of u n r e d u c e d ox ides in i r on ; H . Gr ies 
a n d H . Esse r , W . E i l e n d e r a n d R . W a s m u t h , a n d J . A. L a n i g a n , t h e effect of 
o x y g e n o n t h e h a r d n e s s — w i t h 0-030 p e r cen t , of o x y g e n , Br ine lFs h a r d n e s s w a s 
70*2, a n d w i t h 0*141 p e r cen t . , 79*6 ; F . C. T h o m p s o n a n d R . Wi l lows , t h e p r o d u c t i o n 
of a b a n d e d s t r u c t u r e in h o t - w o r k e d , h y p o - e u t e c t o i d s t e e l ; a n d E . W . Fe l l , 
J . R.. Cain , a n d A . N i e d e n t h a l , t h e r e d - s h o r t n e s s p r o d u c e d b y o x y g e n in i ron . 
A . W i m m e r ' s obse rva t ions on t h e inf luence of o x y g e n o n t h e m e c h a n i c a l p r o p e r t i e s 
of i r on a r e s u m m a r i z e d in F i g . 330 , w h e r e t h e t ens i l e s t r e n g t h is exp re s sed i n 
k i l o g r a m s p e r sq . m m . ; a n d t h e e longa t ion a n d r e d u c t i o n of a r e a i n p e r c e n t a g e s . 
W . M c A . J o h n s o n m a d e obse rva t i ons o n t h e sub j ec t . H . Gr ies a n d H . E s s e r 
e x a m i n e d t h e effect of o x y g e n on t h e m a g n e t i c p r o p e r t i e s of i ron . F . W . L i i r m a n n , 
J . y . McCrae a n d R . L . Dowdel l , F . Gio l i t t i , F . C. Moorwood , C. H . H e r t y 
ansd co -worke r s , A. McCance , C. H . Desch , G . - F . C o m s t o c k , P . R a r d e n h e u e r a n d 
JSL X». Zeyen, Xt. Pe r soz , H . M. Boy i s ton , a n d J . R . Cain i n v e s t i g a t e d v a r i o u s 
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deoxid iz ing a g e n t s for s teel—vide a l u m i n i u m , m a n g a n e s e , s i l icon, t i t a n i u m , e t c . ; 
a n d B . R . T h e w s a r r a n g e d possible deoxid iz ing a g e n t s i n t h e o rde r of t h e i r affinity 
for o x y g e n : Mg, Al , Si , M n , Z n , P , Sn , a n d Cd ; a n d in t h e o rde r of t h e i r c a p a c i t y 
for o x y g e n : Si , Al , P , Mg, M n , Zn, Cd, a n d Sn . C H . H e r t y a n d co -worke r s s t u d i e d 
t h e d e o x i d a t i o n of s tee l b y a l u m i n i u m , a n d found t h a t i t p roceeds m o r e q u i c k l y 
t h a n is t h e case w i t h si l icon—vide a l u m i n i u m - i r o n a l loys . A . K . Si l in s t u d i e d 
f e r r o m a n g a n e s e as a deoxid izer ; P . B l u m , a n d C. H . H e r t y a n d co-workers , s i l icon ; 
E . D i e p s c h l a g a n d H . S c h u r m a n n , p h o s p h o r u s ; W . Zieler, z i r c o n i u m ; P . B l u m , 
a n d E . ILemaire, c a l c ium ; E . L e m a i r e , m a g n e s i u m ; P . B l u m , b o r o n ; J . R . Ca in , 
m a n g a n e s e , si l icon, t i t a n i u m , a n d a l u m i n i u m ; C. H . H e r t y a n d Gr. R . F i t t e r e r , 
manganos i l i con ; J . H . W h i t e l y , h y d r o g e n a t 950° ; a n d A . Glazunoff, a n d 
A. H i o r t h , s o d i u m . Vide supra, t h e g r o w t h of i ron . 

I n t h e s i x t e e n t h c e n t u r y , P a r a c e l s u s sa id t h a t " w h e n i ron is fused i n t h e fu rnace , 
i t s e n d s fo r th l impid , c lear s p a r k s w h i c h r ise t o a h e i g h t , a n d t h a t a s soon a s t h e s e 
a p p e a r , un less t h e i ron b e a t once r e m o v e d f rom t h e fire, i t will b e b u r n t u p l ike 
s t r a w . " G. C. L i c h t e n b e r g , a n d J . I n g e n h o u s z f o u n d t h a t w h e n i ron is h e a t e d t o 
w h i t e n e s s in a i r o r o x y g e n , i t b u r n s -with v i v i d s p a r k i n g , fo rming ferrosic o x i d e . 
I n a i r , t h e c o m b u s t i o n soon ceases , b u t i n o x y g e n , c o m b u s t i o n c o n t i n u e s if t h e 
piece of i r on b e t h i n , a n d t h e h igh t e m p , p r o d u c e d m a y vola t i l ize s o m e of t h e i ron 
wh ich is t h e n ox id ized t o ferric ox ide . A c c o r d i n g t o L . F . Bley , a n d G. M a g n u s , 
finely-divided i ron s u s p e n d e d f rom a m a g n e t b u r n s w h e n p l aced in a f lame, a n d 
w h e n t h e flame is r e m o v e d , t h e ferrosic ox ide w h i c h r e m a i n s is a lso f e r romagne t i c . 
T h e ea r ly e x p e r i m e n t s on t h e c o m b u s t i o n of i ron were d i scussed b y E . v o n L i p p m a n n , 
a n d E . Cohen . S. S. S a k o w s k y a n d E . W . B u t z k e r s h o w e d t h a t w i t h o x y g e n u n d e r 
a h i g h p re s su re , i ron a n d s teel b u r n r ead i l y a n d comple t e ly , a n d if once ign i t ed 
p r o p a g a t e a flame w i t h explos ive ve loc i ty . A c c o r d i n g t o R . Ph i l l ips , R . A d a m s , 
S. S t r a t i n g h , a n d F . d ' A r c e t , if a b a r of i ron b e h e a t e d u n t i l i t e m i t s s p a r k s — w e l d i n g -
p o i n t — i t will b u r n e v e n in t h e air if t h e b l a s t of t h e bel lows b e s t rong ly d i r ec t ed 
u p o n i t , o r if i t b e s w u n g r a p i d l y r o u n d — b y t y i n g a r o d t o a p iece of co rd a t one 
end , a n d h e a t i n g t h e o t h e r e n d -white-hot ; w h e n t h e co rd is s w u n g r a p i d l y r o u n d , 
a b r i l l i an t circle of s p a r k s , r e s e m b l i n g fireworks, is p r o d u c e d b y t h e c o m b u s t i o n 
of t h e m e t a l . J . P e r c y m e n t i o n s t h a t t h e old n a i l m a k e r s ava i l ed t h e m s e l v e s of 
t h e c o m b u s t i b i l i t y of i ron a t a h igh t e m p , t o k e e p t h e i r na i ls h o t d u r i n g t h e process 
of forging. " T h e r e is a l i t t l e b lowpipe c o n n e c t e d b y a t u b e w i t h a smal l p a i r of 
bel lows a n d a j e t of a i r is t h r o w n o n t h e i ron w h e n i t is b e c o m i n g t o o cold, a n d 
i m m e d i a t e l y t h e t e m p , is m u c h r a i s e d . " W h e n a p iece of flint is s t r u c k b y a p iece 
of s tee l , fine pa r t i c l e s of t h e m e t a l a r e d e t a c h e d b y t h e s t one , a n d b r o u g h t t o such 
a t e m p , t h a t t h e y fire i n a i r , a n d i gn i t e t i n d e r . H e n c e , a s f o u n d b y H . D a v y , a 
flint a n d s tee l in v a c u o g ives b u t v e r y feeble s p a r k s . W . G. Hi ldorf a n d 
C. H . McColla in , C. M. Bigger , P . K . v o n E n g e l m e y e r , G. M. E n o s , A. K . W e s t , 
M. B e r m a n n , E . P i t o i s , a n d JLi. D e m o z a y s t u d i e d t h e n a t u r e of t h e s p a r k s r e m o v e d 
b y t h e a t t r i t i o n of different k i n d s of s tee l a g a i n s t a g r i n d s t o n e , a n d p roposed t h a t 
t h e r e s u l t s b e u s e d a s a t e s t of t h e n a t u r e a n d q u a l i t y of s teel . Acco rd ing t o 
A. P o u r c e l , t h e m e t h o d w a s sugges t ed i n 1804 b y J . C. d e Manson . M. F i n k a n d 
XJ. H o f m a n n o b s e r v e d t h e o x i d a t i o n p r o d u c e d b y ro l l ing frict ion in d r y a i r . 
H . P . W a l m s l e y s t u d i e d t h e n a t u r e of t h e s m o k e of aerosol o b t a i n e d b y b u r n i n g 
i ron b e t w e e n e l ec t rodes . 

A c c o r d i n g t o H . Moissan a n d C. M o u r e u , i ron p o w d e r , p r e p a r e d b y t h e r educ t ion 
of f e r rous or ferr ic s a l t s , is chemica l ly m o r e r e a c t i v e t h a n c o m p a c t i ron ; a n d t h e 
p o w d e r o b t a i n e d b y r e d u c i n g t h e ox ide , c a r b o n a t e , o r o x a l a t e in h y d r o g e n a t 440° 
is p y r o p h o r i c , for i t b e c o m e s i n c a n d e s c e n t w h e n e x p o s e d t o mo i s t a ir . If t h e 
p y r o p h o r i c i ron b e k e p t a t 310° t o 320° for a b o u t 4 8 h r s . , A . S m i t s a n d co-workers 
obse rved t h a t i t is n o longer p y r o p h o r i c , a n d t h e c h a n g e is a c c o m p a n i e d b y a n 
inc rease i n vo l . I t is s a id t h a t p y r o p h o r i c i r on cons is t s of a m i x t u r e of different 
k i n d s of i r o n molecu les w h i c h a r e n o t in a s t a t e of equ i l i b r i um. C. G. F i n k a n d 
C. L . M a n t e l l d i scussed t h e p y r o p h o r i c qua l i t i e s of c o m m e r c i a l f e r rum r e d u c t u m , 
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of freshly reduced iron. C. Johns said t h a t in growing molten steel, the surface 
remains optically clean for a short t ime, and the period is longer the higher is 
the temp. The surface is protected from oxidation by a barrage of metal vapour. 
As the temp, falls, the vap . press, is reduced until finally the oxygen penetrates 
to the metal and oxidation begins. 

The a t tack of iron by oxygen or air was studied by J . Keir, C. Becker, 
J . B . Trommsdorff, C. F . Bucholz, J . L. Gay Lussac, J . H . Hassenfratz, N . J . Conte, 
J . B . Guyton de Morveau, N . J . B. Guibourt, M. M. Hall, J . R. Breant , K. Inamura , 
J . Zumstein, S. Clegg and J . Farey, L». J . Thenard, J . L. Proust , M. Darso, M. DeIa-
ville, J . Cuthbertson, E . Jordis and W. Rosenhaupt, K. Hoffmann, G. Tammann 
and co-workers, S. Tour, and N. B . Pilling and R. E . Bedworth—vide infra, the 
tarnishing, and scaling of iron. J . V. Emmons, H . Scott, E . H . Schulz and 
P . Niemeyer, and A. Johannson and R. von Seth, the surface decarburization of 
iron when it is heated in air or oxygen ; and H . C. Greenwood, by heating it in a 
ba th of lead dioxide. 

C. Dufraisse and R. Horclois said t h a t the "wide distribution of iron in na ture 
and in the respiratory pigments of the higher animals makes a s tudy of its catalytic 
activity of importance. I ron is usually bu t not exclusively a positive catalyst for 
autoxidation. I t can act both as an anti-oxygenic and as a pro-oxygenie catalyst . 
Ferrous oxide is anti-oxygenic towards furfural ; ferric hydroxide, towards alkaline 
soln. of sodium sulphite ; ferric chloride, for benzaldehyde, and for furfural; ferrous 
iodide, for benzaldehyde and acrolein ; ferric acetylacetonate, for sodium sulphite 
in feebly acidic soln., and for furfural; oxyhemoglobin carboxylheemoglobin, 
and methsemoglobin, for furfural; acrolein, and sodium sulphite ; ct-chloro-
hamiin, for furfural; /J-chloroheemin, hsematin, dimethylester of ct-chloro-
hsemin, and /?-bromoh8Bmin, for furfural, acrolein, sodium sulphite and ben
zaldehyde. 

W. Manchot found t h a t iron reacts with oxygen a t a temp, only slightly higher 
than t h a t a t which it reacts with ozone. I ron rendered passive by immersion in 
nitric acid, or by being used as anode in dil. sulphuric acid, reacts almost instantly 
in the cold with 3 per cent, ozone, whereas active iron shows no such sensitiveness 
towards ozone. 

The rusting of iron in moist air a t ordinary temp, has been discussed elsewhere. 
C. Girtanner, in 1788, communicated a paper : Ueber die Auflosbarkeit des Eisens 
in reinem Wasser. According to M. M. Hall , N. J . B . Guibourt, E . Ramann , 
S. Birnie, A. Job and R. Reich, and J . A. N. Friend, pyrophoric iron decomposes 
water a t ordinary temp. , and, according to S. Birnie, some hydrogen is evolved. 
W. van Ri jn said t h a t mercury accelerates the reaction with pyrophoric iron. 
J . A. Wanklyn and ]L. Carius found t h a t iron does not decompose water a t 50° bu t 
does so a t 100°, giving off hydrogen; E . Ramann also found t h a t iron decomposes 
boiling water ; J . R. Baylis obtained a little hydrogen even a t ordinary t emp. ; 
and IJ . T. Alexander and H . G. Byers found t h a t hydrogen is developed from the 
action of water on iron a t ordinary temp, when felspar is ground in a steel ball 
mill. S. Micewicz found t h a t a t 100°, the ra te of evolution of hydrogen from 
water on contact -with powdered iron is diminished in t h e presence of sodium and 
potassium chlorides, it is slightly increased by calcium chloride, and very much 
increased by magnesium chloride. E . Berl and co-workers found t h a t the a t tack 
of iron by distilled water increases with the temp, and with t h e pressure ; thus , 
with 10 grms. of powdered iron, during 16 hrs. , and a t 100 and 200 a tm. press., 
t he vols, of hydrogen developed were respectively 160 c.c. and 480 c.c. ; and the 
percentages of iron in the product were 98*21 and 94*45, and of ferrous oxide, 0«87 
and 5-51, respectively. L. Troost and P . Hautefeuille observed t h a t aluminium, 
if present, accelerates the reaction. Boiling soln. of alkali hydroxides behaved 
similarly. H . V. Regnault observed t h a t iron is decomposed by steam, and the 
action of s team on iron has been discussed in connection with the iron oxides, 
and ['$fam reactions in the blast-furnace—vide infra, ferrosic oxide. P . P . Fedoteeff 
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and T. N. Petrenko represented the reaction with s team a t 1000° t o 1100°, 
Fe ->FeO->Fe 3 0 4 , and with mixtures of steam and air, Fe->FeO—^Fe3O4-^Fe2O3 . 
The action of steam on iron was also studied b y J . A. N . Friend and co-workers, 
A. G. Christie, A. Fry , F . K6rber and A. Pomp, F . G. St raub, B . Piwowarsky, 
G. Dessus and co-workers, W. H. Hatfield, J . K. Bummel , W. L. Denman and 
33. Bartow, and R. Kattwinkel . W. Kraus studied the kinetics of the react ion; 
and J . Chipman, the s tate of equilibrium in the oxidation of liquid iron by 
steam over the range from 1550° to 1770°. Ferrous oxide is said to be formed, 
and the free energy of t he reaction Fe H-^O 2 =FeO is —3120O—1OT. K. Murata 
found t h a t the part ial press, of hydrogen corresponding with the react ion: 
3Fe + 8 H 2 O ^ F e ' + 2 F e - H - S O H 7 H - ^ H 2 is 566 a tm. 

The wearing away of metal plates by the action of s team was examined by 
J . Walter ; A. A. Cary, and F . Westhoff studied the corrosion of wrought and 
cast iron by dry s team ; W. Campbell and J . Glassford, the corrosion of cast 
iron by superheated s team ; T. S. Fuller, the effect of s team on the endurance 
tests ; and C. B . Marson and J . W. Cobb, and H . T. Angus and J . W. Cobb, 
the scaling of steel in atmospheres of steam. J . K. Rummel found t h a t t he 
corrosion of steel by superheated s team a t press, u p to 3450 lbs. per sq. in., 
is negligible up to about 430° ; and in some cases up to 650°. The presence of 
oxygen in t he s team favours the a t tack . The subject was studied by W. H . Ha t 
field, G. Dessus and co-workers, I . N . Hollis, A. A. Cary, A. S. Mann, B . F . Miller, 
R. G. C. Batson, J . A. N . Friend and co-workers, W. Campbell and J . Glassford, 
F . N . Bushnell, W. Krauss , P . Askenasy, R. G. Edwards , B . Houghton and 
D. C. Weeks, and A. B. Williams and C. W. Welsh. The action of water on iron 
has been studied by G. Schikorr—vide infra, t he corrosion of iron. The decomposi
t ion of s team by iron powder a t about 250° is a convenient and rapid method of 
preparing hydrogen of a high degree of puri ty. S. S. Bhatnagar and S. L. Bhat ia 
studied the ra te of evaporation of adsorbed water from iron. J . V. Emmons 
found t h a t steel heated in steam was decarburized more t h a n when heated in 
hydrogen, carbon dioxide, or in air. H . Remy discussed the catalytic activity of 
iron on detonating gas ; I . Moscicki and J . Broder, the spheroidal s tate of water 
on iron ; and A. Sellerio, the force necessary to remove brass frozen on to iron 
and other metals by an intermediate film of water. 

Ii. J . Thenard, and G. T. Moody found t h a t dil. soln. of hydrogen dioxide has no 
visible action on iron, though it is catalytically decomposed by the m e t a l ; the 
converse result, by W. R. Dunstan and co-workers, is a t t r ibuted to the use of impure 
hydrogen dioxide. Cast iron is rapidly a t tacked by hydrogen dioxide, and it is 
assumed t h a t the sulphur, and phosphorus which it contains as impurities are 
oxidized by the hydrogen dioxide to form acids. Hydrogen dioxide in alkaline 
soln., say, 0-2iV-NaOH or NH 4 OH, does not a t tack iron of a high degree of purity, 
although oxygen is set free from the dioxide. Under similar conditions, cast iron 
acquires a th in film of a bronze-coloured oxide. W. R. E . Hodgkinson and 
A. H . Coote, H . Ta tu , N . Floresco, R. K u h n and A. Wassermann, and H . Wieland 
and W. Franke studied the action of hydrogen dioxide on iron, and the last-
named found t h a t with cone, soln., 0-5 t o 5-02Vf-H2O2, there is no perceptible 
action, bu t with dil. soln. t he iron rusts . E . Pietsch and co-workers also observed 
t h a t if the surface of t h e metal is homogeneous there is no action, bu t if, by 
incomplete polishing, etc., t he surface is heterogeneous, rusting occurs. A. von Kiss 
and E . Lederer studied t h e catalytic decomposition of hydrogen dioxide in the 
presence of iron-ions. As indicated below, the ra te of dissolution of iron in acids 
is hastened if hydrogen dioxide be present. W. L. Dudley observed t h a t when 
iron is t rea ted with fused sodium dioxide, red crystals of Fe2O3-H2O are formed; 
and T. Wallace and A. Fleck observed the a t t ack with a fused mixture of sodium 
hydroxide and dioxide. W. Guertler and T. Liepus observed tha t iron is at tacked 
in less t h a n 8 days by chlorine water, sea-water, sea-water and air, rain-water and 
air, and a soln. of magnesium chloride ; i t is a t tacked in less than 8 hrs. by 10 
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a n d 50 pe r cen t . soln. of s o d i u m h y d r o x i d e ; a n d i t is s t a b l e for 48 h r s . i n a n 
a lka l ine soln. of h y d r o g e n d ioxide . O b s e r v a t i o n s o n t h e ac t i on of s o d i u m d iox ide 
on i ron were m a d e b y W . G. Mix te r , W . H . Hatf ie ld , C. Zenghel is a n d S t . H o r s c h , 
a n d E . Leid ie a n d L . Quennessen . J . L . G a y L u s s a c , a n d L . J . T h e n a r d f o u n d 
t h a t w h e n i ron p o w d e r is h e a t e d w i t h po tas s ium peroxide, K 2 O 4 , p o t a s s i u m is 
formed ; a n d S t . Meunie r found t h a t "when i ron is fused w i th t h e pe rox ide , a 
fe r ra te is formed. 

Accord ing t o H . Moissan , 5 fluorine s lowly a t t a c k s c o m p a c t i ron a t o r d i n a r y 
t e m p . ; b u t w h e n t h e m e t a l is w a r m e d , i t b u r n s w i t h s p a r k s ; a n d a t a r e d - h e a t , 
t h e a b s o r p t i o n of fluorine is r ap id , a n d m u c h h e a t is evo lved . P o w d e r e d i ron 
r eac t s w i t h fluorine be low redness w i t h incandescence ; a n d i ron r e d u c e d b y 
h y d r o g e n combines w i t h g r e a t energy in t h e cold. H . Moissan a n d J . D e w a r obse rved 
t h a t t h e r eac t ion p roceeds qu ie t ly a t —185° ; a n d C. A . Crommel in , l ikewise, a t 
—253° . T . A n d r e w s n o t e d t h a t d r y ch lor ine does n o t a t t a c k i ron , a l t h o u g h t h e 
m o i s t ga s qu ick ly cor rodes t h e m e t a l . A. L a n g e obse rved t h a t l iqu id chlor ine w h e n 
d r y does n o t a t t a c k c o m p a c t i ron a t o r d i n a r y t e m p . , a n d t h i s enab les l i qu id ch lor ine 
t o b e p re se rved in i ron reservoi rs . Ana logous obse rva t i ons were m a d e b y A. F i i r t h , 
a n d W . A . Masel , whi l s t H . G a u t i e r a n d G. C h a r p y n o t e d t h a t a t o r d i n a r y t e m p . 
l iqu id chlor ine a t t a c k s i r on v e r y s lowly. I r o n is r ead i ly co r roded b y m o i s t ch lor ine 
a t o r d i n a r y t e m p . ; P . A. v o n Bonsdorff no t i ced t h a t a i r c o n t a i n i n g t r a c e s of ch lor ine 
qu ick ly cor rodes t h e m e t a l . G. T a m m a n n a n d W . K o s t e r s t u d i e d t h e r a t e of a t t a c k 
of i ron b y chlor ine . T h e corros ion of i ron b y c h l o r i n a t e d w a t e r -was e x a m i n e d b y 
G. L . Clark a n d R . B . I se ley , M. L . H a m l i n a n d F . M. T u r n e r , C G . Gillespie, a n d 
N . V. L o t h i a n a n d A . R . W a r d . W h e n i ron is h e a t e d in t h e d r y gas i t vola t i l izes 
a n d condenses in w h a t H . D a v y cal led " beau t i fu l m i n u t e c rys t a l s of e x t r a o r d i n a r y 
s p l e n d o u r " ; which J . D a v y showed were ferric chlor ide . A c c o r d i n g t o O. O h m a n n , 
if a smal l bal l of s teel-wool be sp r ink led w i t h a n t i m o n y , or, a cco rd ing t o R . B o t t g e r , 
w i t h D u t c h m e t a l , a n d t h e n p l u n g e d i n t o ch lor ine , i t is i gn i t ed a t o r d i n a r y t e m p . 
O b s e r v a t i o n s were a lso m a d e b y M. Rosenfe ld . G. T a m m a n n a n d co-workers 
e x a m i n e d t h e r a t e of a t t a c k of i ron b y t h e ha logens . W . G u e r t l e r a n d T . Ldepus 
found t h a t i ron is a t t a c k e d in less t h a n e igh t d a y s b y ch lor ine w a t e r . H . E . F i e r z -
D a v i d d iscussed i ron a n d iod ine a s ch lor ine car r ie rs in t h e ch lo r ina t ion of b e n z e n e 
d e r i v a t i v e s . T . A n d r e w s observed t h a t d r y bromine , l ike d r y ch lor ine , does n o t 
a t t a c k i ron . J . B . B e r t h e m o t found t h a t , a s i n t h e case of ch lor ine , b r o m i n e does 
n o t a c t on i ron in t h e cold, b u t w h e n t h e v a p o u r of b r o m i n e is pa s sed ove r h e a t e d 
i ron wire or t u r n i n g s , J . B . B e r t h e m o t , A . Scheufelen, a n d J . v o n L ieb ig obse rved 
t h a t c o m b i n a t i o n , a c c o m p a n i e d b y a v i v i d glow, occurs . T h e r eac t i on w a s s t u d i e d 
b y H . G a u t i e r a n d G. C h a r p y , P . Hofer , L . Ma thes iu s , L . Schne ide r , F . Wi i s t a n d 
N . K i r p a c h , a n d A. F i i r t h , G. T a m m a n n a n d W . K o s t e r s t u d i e d t h e r a t e of a t t a c k . 
J . Nickl^s obse rved t h a t i ron is a t t a c k e d b y a n e t h e r e a l soln. of b r o m i n e ; 
J . B . B e r t h e m o t also obse rved t h a t i ron dissolves in b r o m i n e - w a t e r ; a n d P . B e r t h i e r 
found t h a t a m a s s of g r a p h i t e , i ron ca rb ides , e tc . ; r e m a i n s w h e n ca s t i ron or s tee l is 
d iges ted w i t h b r o m i n e - w a t e r . Acco rd ing t o Li. Car ius a n d J . A. W a n k l y n , S. d e 
L u c a , F . F i scher , L . B . P a r s o n s , I . L . Be l l , G. T a m m a n n , C. L . J a c k s o n a n d 
I . H . D e r b y , w h e n i ron is h e a t e d w i t h a n excess of iod ine , f e r rous iod ide , n o t ferr ic 
iod ide , is formed. N . F loresco , B . L . M e r e d i t h a n d W , G. Chr i s t i ansen , a n d 
G. T a m m a n n a n d W . K o s t e r s t u d i e d t h e r a t e of a t t a c k of i ron b y iod ine . 
G. C. F l e u r y found t h a t i ron a n d iod ine , i n t h e p r e sence of w a t e r , i n t e r a c t t o f o rm 
fe r rous iod ide . T h e r eac t i on is s u p p o s e d t o occu r i n s t ages first f o rming ferr ic 
i od ide which decomposes i n t o ferric ox ide a n d h y d r o g e n iod ide , a n d t h e l a t t e r , 
a c t i n g o n free i ron , forms ferrous iodide ; a n d J . J . Berze l ius , a n d P . B e r t h i e r n o t e d 
t h a t a m a s s of g r a p h i t e , i ron carb ides , e t c . , r e m a i n s w h e n ca s t i ron or s teel is d iges t ed 
w i t h iod ine -wa te r . V . A . K i s t y a k o v s k y a n d I . V . Krotof f s t u d i e d t h e cor ros ion 
of i r o n b y iod ine v a p o u r s . L . B . P a r s o n s o b s e r v e d n o r e a c t i o n w i t h i ron a n d iod ine 
i n ; . ^he p r e s e n c e of c a r b o n t e t r a c h l o r i d e , c a r b o n d i su lph ide , ch loroform, qu ino l i ne , 
pyrid ine , heptane , e t h y l benzene , a n d b e n z e n e in wh ich fe r rous iod ide is inso lub le , 
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b u t a slow r eac t i on occurs in a lcohol , e the r , a n d a c e t o n e in w h i c h t h e fe r rous iod ide 
is s l igh t ly so luble . H . E . F i e r z - D a v i d o b s e r v e d t h a t i ron a s soc ia t ed w i t h iod ine is 
a power fu l c a t a l y s t in t h e ch lo r ina t i on of b e n z e n e d e r i v a t i v e s . A . Schiikareff, a n d 
R . G. v a n N a m e a n d co-workers s t ud i ed t h e r a t e of d i s so lu t ion of i ron in a n a q . so ln . 
of i od ine a n d p o t a s s i u m iodide . J . T . D u n n s h o w e d t h a t g lycerol r e t a r d s t h e 
r eac t ion . W . E n g e l h a r d t s t u d i e d t h e a c t i o n of a n a q . soln . of iod ine o n t h e h y d r o s o l 
of i ron . L . B . P a r s o n s found t h a t whi l s t a n a lcohol ic , e t h e r e a l , or a c e t o n e so ln . 
of iod ine r e a c t s w i t h i ron , t h e m e t a l is n o t p e r c e p t i b l y a t t a c k e d b y soln . of 
iod ine in c a r b o n t e t r a c h l o r i d e ch loroform, c a r b o n d i su lph ide , qu ino l ine , o r 
p y r i d i n e . 

O. R u S a n d H . K r u g obse rved t h a t ch lor ine trif iuoi ide r e a c t s w i t h i ron w i t h 
i ncandescence . G. Gore obse rved t h a t r e d u c e d i ron deve lops n o h y d r o g e n in d r y 
l iqu id h y d r o g e n fluoride a t —7° t o —18° . A c c o r d i n g t o C. P o u l e n c , h y d r o g e n 
fluoride s lowly a t t a c k s r e d u c e d i ron a t a r e d - h e a t , f o rming fe r rous fluoride ; a soln . 
of t h e s a m e sa l t w a s o b t a i n e d b y C. "VV. Scheele , J . J . Berze l ius , a n d O. Ruff a n d 
E . Asche r b y dissolving i ron in a soln. of hydrofluoric a c i d — h y d r o g e n is a t t h e s a m e 
t i m e evo lved . G. G o r e f o u n d t h a t d r y , l i qu id h y d r o g e n chloride does n o t a t t a c k 
i ron . F . D u r a u a n d C. H . T e c k e n t r u p showed t h a t t h e a b s o r p t i o n of h y d r o g e n 
ch lor ide is a chemica l p rocess . A c c o r d i n g t o F . W o h l e r a n d J . v o n Liebig , a n d 
P . J u n i u s , fer rous ch lor ide is fo rmed w h e n h y d r o g e n chlor ide is passed over r e d - h o t 
i ron filings. R . E . Wi l son a n d W . H . B a l k e , K . A . H o f m a n n a n d F . H a r t m a n n , a n d 
C. M a t i g n o n e x a m i n e d t h e a c t i o n of h y d r o g e n chlor ide a n d o x y g e n on t h e m e t a l s . 
P . A . v o n Bonsdorff no t i ced t h a t a i r c o n t a i n i n g t r a c e s of h y d r o g e n chlor ide qu ick ly 
cor rodes i ron . C. H . D e s c h , a n d A . d e W a e l e d i scussed t h e ac t i on of h y d r o g e n 
chlor ide in flue gases d e r i v e d f rom t h e c o m b i n a t i o n of coal c o n t a i n i n g chlor ides . 
U . R . E v a n s obse rved t h a t i n a i r c o n t a i n i n g t r a c e s of c a r b o n d iox ide a n d h y d r o g e n 
su lph ide , t h e m e t a l r e m a i n e d " d r y " in t h e o r d i n a r y sense of t h e t e r m ; in h y d r o g e n 
ch lor ide , t h e spec imens lost t h e i r lu s t r e , a n d a c q u i r e d a whi t i sh -g rey , f rosted a p p e a r 
a n c e , a n d t h e y r e m a i n e d " d r y , " b u t on e x p o s u r e t o d a m p air , w a t e r w a s a b s o r b e d 
a n d t h e surface b e c a m e covered w i t h a d a m p , b r o w n r u s t . H e n c e , so long as 
h y d r o g e n ch lor ide is in excess , fer rous ch lor ide is fo rmed, b u t on exposu re t o air , 
t h i s is ox id ized t o h y d r a t e d ferric ox ide , a n d ferric ch lor ide -which a t t r a c t s m o i s t u r e 
m a k i n g t h e surface a p p e a r " d a m p . " 

W h e n i ron is d issolved in hydrochlor ic ac id , a soln. of fer rous chlor ide is formed 
a n d h y d r o g e n is evo lved : F e - 1 - 2 H C l = F e C l 2 + H 2 — a reac t i on s t u d i e d b y F . I s a in -
b e r t , e t c . M e a s u r e m e n t s of t h e speed of t h e r eac t i on were m a d e b y C. M. G u l d b e r g 
a n d P . W a a g e in 1867. H . K r e u s l e r obse rved t h a t i ron r e d u c e d from t h e o x a l a t e 
a n d t h e n m e l t e d in v a c u o is n o t p e r c e p t i b l y a t t a c k e d b y boi l ing hydroch lo r i c ac id ; 
b u t B . L a m b e r t a n d J . C. T h o m s o n f o u n d t h a t t h e h y d r o g e n is l i be ra t ed b r i sk ly 
even w h e n e lec t ro ly t i c i ron of a h igh deg ree of p u r i t y is e m p l o y e d ; T . E r i c son-
A u r e n a n d W . P a l m a e r , a n d M. C e n t n e r s z w e r a n d co-workers s t a t e d t h a t p u r e 
m e t a l s d o n o t d issolve i n ac ids , a n d H . Moissan found t h a t finely-divided p u r e i ron 
dissolves i n ac ids w i t h o u t r e s idue . A. Th ie l a n d J . Ecke l l showed t h a t w i th non-
h o m o g e n e o u s m e t a l , t h e p a r t s w h e r e t h e h o m o g e n e i t y is i n t e r r u p t e d a re t h e cen t re s 
of a t t a c k . W . P a l m a e r f o u n d t h a t e lec t ro ly t ic i ron dissolves m o r e s lowly a t 25° 
t h a n does g r e y ca s t i ron ; t h e r e spec t ive veloci t ies a r e 0*0145 a n d 1*5 ; P . N ico la rdo t , 
t h a t a soln . of h y d r o g e n chlor ide in a b s o l u t e a lcohol dissolves i ron w i t h o u t t h e 
evo lu t i on of h y d r o g e n . A . d e H e m p t i n n e obse rved t h a t t h e h e a t of d isso lu t ion is 
modif ied a l i t t l e i n t h e p re sence of a m a g n e t i c field. G. T a m m a n n a n d K . Bochoff 
f o u n d t h a t w h e n d i l . s u l p h u r i c ac id or hyd roch lo r i c ac id a c t s on i ron, in a closed 
vesse l , t h e r e a c t i o n c o m e s t o a n e n d before al l t h e m e t a l is d issolved. T h e p o t e n t i a l 
of t h e m e t a l b e c o m e s e l ec t ronega t ive owing t o t h e d i s so lu t ion of h y d r o g e n b y t h e 
m e t a l ; t h e h y d r o g e n a lso becomes m o r e e l ec t ronega t ive . T h e e m b r i t t l i n g of i ron 
b y t h e a b s o r p t i o n of s o m e of t h e h y d r o g e n d u r i n g t h e ac t i on was i nd i ca t ed a b o v e . 
T h e a c t i o n of hydrobromic a d d was s t u d i e d b y A . J . B a l a r d , a n d i t resembles t h a t 
of h y d r o c h l o r i c a c i d ; a n d l ikewise also w i t h hydriodic ac id . W . P a l m a e r found 
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t h a t there is a well-defined period of induction which, a t 25c 

of the acid, thus : 

P e r i o d o f i n d u c t i o n . . 1OO 15O 2 3 0 26O 

varies with the cone, 

0 1 JV-HCl 
33O m i n u t e s 

T^ 

I 
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0-0/0 

§ 0-008\ 
X 0-006\ 
~% 0-004 
g 0-002 

- 3 0 
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0 
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FIG. 3 3 1 . — T h e A c t i o n o f H y d r o 
c h l o r i c a n d N i t r i c A c i d s o n I r o n . 

F . J . R. Carulla, and E. Prost showed t h a t hydrochloric acid is particularly 
active in its a t tack on cast iron. J . M. Weeren made similar observations with respect 
to the action of acids on iron as were made with respect to zinc. T. Turner observed 

t h a t cast irons containing large flakes of gra
phite are more susceptible to a t tack by acids 
t h a n is the case -with close-grained, white cast 
iron. Hence, "white cast iron is bet ter for use 
in acid-resisting plant . Cast irons low in phos
phorus, and close-grained, withstand acids very 
well. I t is assumed tha t ferrite is more readily 
a t tacked by acids t h a n are the carbides, so 
t h a t the resistance of white cast irons is a t t r i 
buted to the carbides. Grey cast irons are 
more porous, and O. Krohnke observed t h a t 
when "white cast iron is immersed in acids, the 

ferrite is dissolved, whilst the graphite, cementite, and phosphide remain in statu 
without disturbing the original, outward shape of the mass. The carbides are 
more readily at tacked by alkalies than is ferrite. The subject was studied by 
M. Ballay, and W. Palmaer. H. Endo observed t h a t 5 h r s \ exposure of iron, a t 
25°, to the action of hydrochloric acid of different cone, resulted in the following 
losses—Fig. 331—expressed in grams per sq. cm. : 

H C l . 5 2 0 4 0 5O 5 5 6 5 7 5 9 0 p e r c e n t . 
L o s s 0 0 0 0 9 5 0 0 0 0 2 3 1 3 0 0 0 7 1 5 G O - 0 1 0 3 4 8 0 0 1 4 1 5 O 0 0 0 0 8 2 5 0 - 0 0 0 3 7 7 nil 

Y. Utida and M. Saito, W. Guertler and B. Blumenthal , Y. Yamamoto, H . Edwards , 
and H . Endo and K. Nakawaga also studied this subject. W. H . Hatfield measured 
the solubilities of different forms of iron, and of iron alloys in cone, hydrochloric 
acid of sp. gr. 1*18. Cylinders of the metal approximately 0*5 in. diam., and 
weighing 5O grins., were immersed in about 85 c.c. of acid, a t 15°. The losses stated 
in grms. per sq. cm. in 24 hrs., were : 

E l e c t r o l y t i c i r o n 
A r m c o i r o n 
E n g l i s h w r o u g h t i r o n 

l 1 5 ° 
S t e e l , 0 - 2 9 I 4 0 ° 
p e r c e n t . C j 6 0 ° 

( 8 0 ° 

2V-HC1 
. 0 - 0 0 8 5 

O O H 6 
0 1 4 1 6 

. 

. 

. 
. 

5 per cent . 

0 0 4 9 0 
0 0 8 6 6 
0 0 8 7 9 

. 0 0 9 2 8 

25 per cen t . 

0 1 3 6 7 
O-4088 
0 - 4 0 4 2 
0 - 4 1 1 2 

5O per cent . 

O-1842 
0 - 6 1 0 7 
0 - 8 3 4 1 
O- 7 3 5 6 

Cone. KCI 
0 - 0 8 6 0 
0 - 1 3 8 5 
0 - 2 2 1 7 

• — -

G. Tammann and F . Neubert 's results with steel containing different proportions 
of carbon are summarized in Fig. 332. 3-6JV-HC1 was employed. The results are 
t aken to support the theory of local elements. 

W. Palmaer studied the action of hydrochloric acid on grey pig-iron, and 
obtained the results indicated in Fig. 333, a t 25°. The velocities are expressed in 
terms of t h e changes in the e.m.f. of t he metal . There is a well-marked period of 
induc t ion ; and i t was found t h a t t h e presence of potassium, ammonium, or 
magnesium chloride had very little influence on the results. Wi th zinc, the addit ion 
of zinc salts depresses t he speed of the reaction in a marked way, b u t with grey pig-
iron, the effect of ferrous salts is insignificant. W. Bauhuis found t h a t both polished 
and rough electrolytic iron are active in hydrochloric acid, and t h a t t he metal 
dissolves at characteristic rates in acids of different concentrations, and there is 
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a well-defined period of induction. The addition of halides retard the rate of dis
solution, and this the more, the higher the at. wt. of the halogen ; oxidizing agents 
accelerate the speed of dissolution in the acid. H. O. Forrest and co-"workers studied 
the initial rate of corrosion. H. Endo observed that the presence of oxygen dis
solved in 0*05 per cent, hydrochloric acid raises the rate of dissolution of iron over 
seventy t imes what it is in the absence of oxygen r and with 5*0 per cent, acid, over 
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fifteen t imes. The subject is further discussed in connection with the corrosion of 
iron. J . A. N . Friend reported t h a t specimens of cast iron and mild steel, measuring 
4*5 x0 -8 X0*65 cm., and weighing about 22 grms., were immersed in 50O c.c. of 
hydrochloric acid for 8 hrs. a t 17°, under comparable conditions, and t h a t the 
losses were : 

H C l . 
C a s t i r o n 
M i l d s t e e l 

. O 
0 - 0 0 9 
0 0 0 5 3 

AT-
1 0 - 6 7 

0 - 6 1 2 

2M-
1 4 - 6 1 

0 - 7 8 6 

42ST-
1 9 - 4 5 

0 - 9 6 8 

exr-
19-36 

1-957 

7iV-
17-22 

3-31 

SM-
15-78 

5-38 

9M-
14-29 

9-94 

1OiV-
9 0 3 

13-27 

As in the case of sulphuric acid {q.v.), the ra te of dissolution of cast iron rises to a 
maximum and increasing concentrations of acid, and then falls. With mild steel, 
the ra te of dissolution rises steadily as the concentration of the acid increases. 
F . Schmitz found t h a t with pieces of steel containing 0*06, 0-42, and 0-92 per cent, 
of carbon and 2 0 x 2 0 x 1 0 mm. with a 4 mm. hole, lost respectively, 1-130, 1-140, 
and 0*511 per cent, in 180 hrs. in dil. hydrochloric acid (1 : 10), and in cone, acid, 
respectively, 23*070, 19*750, and 14*340 per cent. 

J . T. Conroy measured the effect of varying the concentration of hydrochloric acid, 
and found t h a t with soln. containing [HCl] grms. per litre, the rates of evolution 
of hydrogen in c.c. per hour were : 

rnci] 
H , . 

. 25 
5 

SO 
8-5 

15O 
1 5 

2OO 
3O 

25O 
8 5 

3OO 
25O 

350 g r m s . p e r l i t r e 
47O c .c . p e r h o u r 

As the cone, of the acid increases in arithmetical progression, the rate of action 
over a considerable range increases in a geometrical progression, so t h a t the 
rate of dissolution is doubled for each increase of 30 grms. of HCl per litre in 
the acidity of the soln. Observations on the action of acids on iron were made 
by C. F. Burgess and S. Gr. Engle, K. Daeves and co-workers, V. Duffek, 
M. Faraday, J. A. N. Friend, R. Gans and co-workers, A. Geissel, L. F . Girardet 
and T. R. Kou, H . G. Haase, W. H . Hatfield, E . Heyn and O. Bauer, 
W. H. Johnson, G. B. Jones , J. Keir, P. Kotzschke and E . Piwowarsky, J . Priestley, 
F . W. Richardson, W. D. Richardson, J. Sauvageot and L. Lauprete, J . W. Shipley 
and co-workers, J. B. Trommsdorff, G. Walpert, H. W. Webb, W. G. Whi tman and 
R. P. Russell, and R. E. Wilson. R. Girard found that with soln. of sulphuric, hydro
chloric, carbonic, and carbolic acids with a concentration less than 0*12V", polished 
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steel a n d cas t - i ron p l a t e s a r e s imilar ly a t t a c k e d . W . G. W h i t m a n a n d co-workers 
obse rved t h a t w i t h ca rbon ic a n d hydroch lo r i c ac ids , t h e resu l t s were s o m e w h a t 
s imilar , a s i l l u s t r a t ed b y F i g . 334, for w i t h a H ' - i o n cone, less t h a n 0*000001, or 
jojy==6, t h e cu rves of a t t a c k coincide. G. T a m m a n n n o t e d t h a t co ld-work increased 
t h e speed of d isso lu t ion of i ron in di l . ac ids . L . McCulloch found t h a t if a r u b b e r 
b a n d b e w r a p p e d t i g h t l y r o u n d a piece of soft i ron , a n d t h e whole left in di l . h y d r o 
chloric acid for a few weeks , t h e p i t t i n g is g r e a t e s t b e n e a t h t h e r u b b e r , showing t h a t 

t h e acid a t t a c k s t h e m e t a l in t h e cap i l l a ry spaces b e 
t w e e n t h e m e t a l a n d r u b b e r m o r e v igorous ly t h a n i t 
does on t h e exposed surfaces—vide infra, t h e corros ion 
of i ron . U . R . E v a n s a n d J . S tockda l e s h o w e d t h a t if 
a smal l c a t h o d i c c u r r e n t be app l i ed t o i ron whi l s t t h e 
m e t a l is i m m e r s e d in a p ick l ing acid , t h e a t t a c k is r e 
duced . 

T h e effect of temperature is such t h a t t h e r a t e of 
d issolut ion is n e a r l y d o u b l e d for each 10° r ise of t e m p , 
w i t h ac ids h a v i n g be tween 25 a n d 216 g r m s . H C l p e r 
l i t re . A. S iever t s a n d P . L u e g found t h a t t h e d is 
so lu t ion of i ron in hydroch lo r i c ac id a t 78° is a p p r o x i 

m a t e l y p r o p o r t i o n a l t o t h e cube of t h e cone, of t h e acid . T h e t e m p , coeff. 
of t h e r a t e of d isso lu t ion is 2 0 t o 2-3 pe r 10° b e t w e e n 50° a n d 78°. W . S. CaI-
c o t t a n d J . C. W h e t z e l , a n d J . T . Conroy found t h a t t h e l o g a r i t h m of t h e r a t e of 
d isso lu t ion of i ron in ac ids is a l inear func t ion of t h e t e m p . O b s e r v a t i o n s were also 
m a d e b y J . R . Bayl i s . W . P a l m a e r found t h a t t h e r e is a m a x i m u m in t h e effect 
of t e m p , of t h e speed of d isso lu t ion of g rey cas t i ron in hydroch lo r i c ac id of v a r i o u s 
c o n c e n t r a t i o n s . T h e r e is n o compl ica t ion b y t h e f o r m a t i o n of a pass ive film. T h e 
h igh t e m p , coeff. of t h e r eac t ion is d u e t o t h e c h a n g e in t h e v i scos i ty of t h e soln. 
which p e r m i t s t h e r a p i d r e m o v a l of ferrous chlor ide soln. f rom t h e surface of t h e 
m e t a l . T h e t e m p , coeff. increases "with increas ing cone, of ac id ; a n d t h e a d d i t i o n 
of fer rous ch lor ide scarce ly affects t h e ve loc i ty of t h e r eac t ion . Acco rd ing t o 
A. Thie l a n d W . E r n s t , t h e difference obse rved b e t w e e n t h e q u a n t i t y of gas evo lved 
d u r i n g t h e s p o n t a n e o u s d isso lu t ion of a m e t a l i n ac ids , a n d t h e q u a n t i t y evo lved 
w h e n t h e m e t a l is in c o m b i n a t i o n w i t h a n o t h e r m e t a l se rv ing a s c a t h o d e , d e p e n d s 
en t i re ly u p o n t h e res i s tance of t h e l iqu id m e d i u m . 

Accord ing t o O. P . W a t t s a n d N . T>. W h i p p l e , a r e d u c t i o n of pressure f avours t h e 
d isso lu t ion of i ron a n d zinc in ac ids , a n d E . W . Greene a n d O. P . W a t t s found t h a t 
a r e d u c t i o n of p ress , lowered t h e r a t e of corrosion in a m a l g a m a t e d zinc b y r e m o v i n g 
depo la r i z ing o x y g e n , a n d w i t h u n a m a l g a m a t e d zinc in t h e absence of oxygen , or 
a m a l g a m a t e d z inc , a r e d u c t i o n of press , acce le ra ted t h e ac t i on b y fac i l i t a t ing t h e 
escape of h y d r o g e n gas . W . R o h n found t h a t in 10 pe r cen t . , cold hydroch lo r i c ac id , 
purif ied, u n a n n e a l e d i ron lost 0*12 g r m . p e r sq. d m . in 1 h r . a n d 0*5 g r m . in 
24 h r s . ; a n d 33-8 g r m s . p e r sq. d m . in 1 h r . i n t h e h o t ac id . T h e ac t i on w a s less 
v igorous w i t h a n n e a l e d i ron . O b s e r v a t i o n s were m a d e b y W . Gue r t l e r a n d 
T. L iepus , a n d B . K i n d t . C. B a r u s showed t h a t t h e r a t e of d i sso lu t ion of s tee l wire 
h a r d e n e d b y d r a w i n g is g r e a t e r t h a n is t h e case w i t h soft m e t a l . M. A . R o z e n b e r g 
a n d V. A. Y u z a , a n d L . V. P i s a r z h e v s k y f o u n d t h a t a magnetic field r e t a r d s t h e ac t i on 
of t h e ac id on i ron. 

O. P . W a t t s a n d N . D . W h i p p l e found t h a t t h e a d d i t i o n of h y d r o g e n d iox ide 
qu i ckens t h e a t t a c k of hydroch lo r ic ac id . J . T . C o n r o y obse rved t h a t t h e p resence 
of a r s en i c i n t h e ac id r e t a r d s i ts a c t i v i t y , a n d if t h e q u a n t i t y is l a rge e n o u g h t o 
cove r a l l t h e i ron w i t h a film of a r sen ic , t h e r e a c t i o n , a t o r d i n a r y t e m p . , m a y b e 
s t o p p e d . Acco rd ing t o O. P . W a t t s a n d co-workers , t h e p r o t e c t i v e effect of a r sen i c 
i s d u e t o po la r i za t ion b y hydrogen , a n d t h i s is i n accord w i t h t h e o b s e r v a t i o n 
t h a t t h e cor ros ion of t h e p r o t e c t e d i ron is s t i m u l a t e d b y oxid iz ing agen t s—e .g . 
h y d r o g e n d i o x i d e o b s e r v e d b y E . Sa lkowsky , A . Q u a r t a r o l i , a n d O. P . W a t t s a n d 
N , IX W h i p p l e ; a n d t h a t t h e arsenic does n o t p r o t e c t t h e i ron f rom corros ive 
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agen t s—e .g . fe r rous sa l t so ln .—which d o n o t evolve h y d r o g e n b y t h e i r a c t i o n . 
A. S. D w i g h t m e n t i o n s a case of ac id corros ion b y w a t e r c o n t a i n i n g s u l p h u r i c ac id 
de r ived f rom t h e o x i d a t i o n of sme l t e r fumes , w h i c h w a s s t o p p e d b y t h e a d d i t i o n of 
a r sen ic t o t h e w a t e r . E . H e y n a n d O. B a u e r , a n d C. F . B u r g e s s a n d S. G. E n g l e 
s h o w e d t h a t a l t h o u g h a r sen ic in t h e ac id r e t a r d s t h e a t t a c k b y su lphu r i c a n d h y d r o 
chlor ic ac ids , a r sen ic i n t h e i ron favours t h e a t t a c k . Acco rd ing t o H . H . G r a y a n d 
M. B . T h o m p s o n , t h e n i t r ogen i za t i on of i ron increases i t s r e s i s t ance t o a t t a c k b y 
hyd roch lo r i c ac id , a n d t h i s t h e m o r e w i t h l ow-ca rbon t h a n w i t h h i g h - c a r b o n s tee ls . 
G. B a t t a , a n d R . C. Griffin obse rved t h a t t h e r a t e of a t t a c k of hyd roch lo r i c ac id on 
w r o u g h t i ron , c a s t i ron , a n d s teel is g r e a t l y r e t a r d e d if 1 p e r cen t , of f o r m a l d e h y d e 
be p r e s e n t . H . J . P r i n s f o u n d t h a t t h e p resence of a r educ ib l e s u b s t a n c e l ike 
n i t r o b e n z e n e or b e n z a l d e h y d e acce le ra tes t h e r a t e of d i s so lu t ion of i r on i n ac ids ; 
a n d M. B . R a n e a n d M. P r a s a d found t h a t a l k a l o i d s — n a r c o t i n e , n i co t ine , a n d 
b r u c i n e — r e t a r d t h e a c t i o n of h y d r o c h l o r i c ac id . A . S ieve r t s a n d co-workers f o u n d 
t h a t i n t h e ac t i on of s u l p h u r i c a n d h y d r o c h l o r i c ac ids o n i ron , fe r rous s u l p h a t e , 
m e t h y l s u l p h a t e , a m m o n i u m chlor ide , t e t r a m e t h y l a m m o n i u m chlor ide , chol ine 
h y d r o c h l o r i d e , a n d t a u r i n e h a v e n o i n h i b i t i n g effect. P o t a s s i u m c y a n i d e , caffeine, 
t h e o b r o m i n e , coni ine , p y r a m i d o n e , p y r i d i n e , a t r o p i n e , qu ino l ine , i soquinol ine , a n d 
code ine h a d a s l ight i n h i b i t i n g effect. N ico t ine , v e r a t r i n e , coca ine , a n d c inchon ine 
were m o r e effective, whi l s t ct- a n d / ? -naph thaqu ino l ine s , s t r y c h n i n e , b r u c i n e , n a r c o 
t i n e , a n d q u i n i n e we re v e r y effective. T h e m o s t effective inhab i t an t w a s a n 
" e x t r a c t " cons i s t ing of t h e e ther - so lub le bas ic c o n s t i t u e n t s of c r u d e a n t h r a c e n e . 
I t w a s found t h a t t h e a m o u n t of i nh ib i t i on w a s m u c h t h e s a m e in b o t h ac ids , b u t 
w i t h t h e o b r o m i n e , n i co t ine , c inchon ine , n a r c o t i n e , a n d q u i n i n e , t h e i nh ib i t i ng effect 
was m o r e m a r k e d in hyd roch lo r i c ac id . T h e a u t h o r s conc lude t h a t al l c o m p o u n d s 
c o n t a i n i n g p y r i d i n e n i t r o g e n a r e m o r e or less effective i n h i b i t a n t s . F o r s l ight 
a m o u n t s of po ison ing , a n increase of t e m p , r educes t h e inh ib i t i on : for la rger 
a m o u n t s , i t h a s n o effect. O. Vogel sa id t h a t n i t r o g e n r i n g c o m p o u n d s genera l ly 
r e t a r d e d t h e r eac t ion . A. S iever t s a n d P . L u e g p r o p o s e d t h e empi r i ca l fo rmula : 
(KQ—Kc)/K=acb, w h e r e K0 is t h e r a t e of soln . w i t h n o p o i s o n i n g ; Kc is t h e r a t e 
of soln . a t poison cone , c, a n d a a n d 6 a r e c o n s t a n t s d e p e n d i n g on t h e n a t u r e of t h e 
poison . T h e fo rmula b r e a k s d o w n if m o r e t h a n a b o u t 75 pe r cen t , of t h e i nh ib i t i ng 
a g e n t s is p re sen t—v ide infra, s u l p h u r i c ac id . G. W a l p e r t a t t r i b u t e d t h e inh ib i t ion 
t o a d s o r p t i o n b y t h e m e t a l . 

I n a g r e e m e n t w i t h A . S iever t s a n d P . L u e g , A . Kr i ege r f o u n d t h a t t h e r a t e of 
d i sso lu t ion of i ron i n 62V-HC1 a t 78° is p r o p o r t i o n a l t o t h e surface of t h e m e t a l . If 
t h e m e t a l h a s been a n n e a l e d a t a r e d - h e a t , t h e r a t e of d i sso lu t ion is depressed . If 
I d eno t e s t h e l e n g t h of t h e wire ; Jc2, t h e ve loc i ty c o n s t a n t ; a n d AT, t h e n o r m a l i t y 
of t h e ac id : 

HCl . . . 32V- 42V- 5JST- 5-252V- 5-502V- 5-75AT- 62V-
Jk2XlOO 13-1 17-7 28-3 36-7 47-7 58-7 67-5 
fc.XlOO/Vl . . 3-99 5-39 8-61 11-2 14-5 17-9 20-5 
kzX 100/2V6Vl . 1 1 8 0-46 2-68 2-74 2-0O 2-58 2-47 

T h e r a t e of d i s so lu t ion of t h e i ron in ac id increases a p p r o x i m a t e l y w i t h t h e fifth 
power , iV5, of t h e c o n c e n t r a t i o n . T h e r e t a r d a t i o n in t h e r a t e of d i sso lu t ion b y 
a . -naph thaqu ino l ine a n d a - ch rys id ine is in a g r e e m e n t w i t h A . S iever t s a n d P . Lueg \s 
fo rmula . T h e r e t a r d a t i o n is d e p e n d e n t on t h e mol . w t . a n d o n t h e c o n s t i t u t i o n of 
t h e " p o i s o n . " A m o n g s t s u b s t a n c e s of t h e s a m e mol . w t . b u t of different cons t i tu 
t ion , some—e .g . c t - n a p h t h a q u i n o l i n e — a r e v e r y po i sonous ; whi l s t o t h e r isomeric 
forms—e .g . a c r i d i n e — a r e non-po i sonous e v e n w i t h cone , of 2 mill imols pe r l i t re . 
I n c r e a s i n g t h e size of t h e molecule w i t h s u b s t a n c e s of l ike chemica l cons t i t u t i on 
g r e a t l y r e d u c e s t h e tox ic i ty—e .g . ch rys id ine is less p o i s o n o u s t h a n n a p h t h a q u i n o -
l ine . V e r y sma l l a d d i t i o n s of c t -naph thaqu ino l ine a n d of a- a n d y8-chrysidine 
acce le ra t e t h e d i s so lu t ion of i ron in 62V-HC1—e.g. w i t h u p t o a mil l imol of chrys id ine 
p e r l i t r e ; c o n s e q u e n t l y , t h e concen t r a t i on -ve loc i t y c u r v e s show a m a x i m u m for 
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smal l concen t r a t i ons . O n inc reas ing t h e " t o x i c d o s e , " t h e c u r v e s s h o w a dec l ine 
a n d a f t e rwards a r e m a r k a b l e r ise for a s h o r t s t r e t c h . T h u s , w i t h a - ch rys id ine a n d 
6JV-HC1 a t 78-2° : 

a - C h r y s i d i n e 0 0 - 1 2 5 0*25 0 - 5 0 1-0 2 - 0 rr i i l l imol p e r l i t r e . 
10OAr1 . . 6 1 - 9 6 3 - 5 6 2 - 6 6 2 - 5 6 3 - 3 6 8 - 4 

T h e r e is a v e r y m a r k e d i n d u c t i o n pe r iod -with ch rys id ine . A c c o r d i n g t o J . A . A u p -
per le , t h e p re sence of a n t i m o n y ch lor ide i n h i b i t s t h e a c t i o n of h y d r o c h l o r i c ac id o n 
i ron ; a n d , acco rd ing t o C. F . Burgess , a r sen ic a c t s s imi la r ly ; wh i l s t W . D . R i c h a r d 
son obse rved n o acce le ra t ing inf luence w a s p r o d u c e d in t h e a c t i o n of h y d r o c h l o r i c 
ac id , t h o u g h O. P . W a t t s a n d H . C. K n a p p obse rved t h a t cor ros ion is s t i m u l a t e d b y 
t h e p re sence of t h e s e sa l t s . C. M o u r e a u a n d C. Dufra i sse s h o w e d t h a t t h e t e n d e n c y 
of v a r i o u s easi ly ox id ized s u b s t a n c e s t o c o m b i n e w i t h o x y g e n m a y b e r e d u c e d o r 
mu l t i p l i ed b y t h e a d d i t i o n of a t h i r d s u b s t a n c e i n v e r y sma l l p r o p o r t i o n . 
W . P a l m a e r , a n d J . G. A . R h o d i n d i scussed t h e a p p l i c a t i o n of t h e f ac t s t o t h e 
cor ros ion of i ron a n d s tee l . 

H . H . G r a y a n d M. B . T h o m p s o n f o u n d t h a t t h e g r e a t e r t h e c a r b o n - c o n t e n t of 
s tee l , t h e less is i t s r e s i s t ance t o w a r d s hyd roch lo r i c ac id—v ide infray n i t r o g e n . T h e 
s u b j e c t w a s s t u d i e d b y K . K . J a r v i n e n , F . S c h m i t z , a n d I J . A i t ch i son . T . T u r n e r 
o b s e r v e d t h a t w h e n c a s t i r on is a t t a c k e d b y di l . ac ids , t h e i ron is first d i sso lved , t h e 
c a r b i d e s a n d p h o s p h i d e s b e i n g m o r e r e s i s t a n t ; w i t h a lka l ine corros ion , howeve r , 
t h e i m p u r i t i e s a r e first d issolved, a n d i ron is d isso lved l a s t . A. J . H a l e a n d 
H . S. F o s t e r f o u n d t h a t a t t e m p , b e t w e e n 17° a n d 20° , p l a t e s of c a s t i ron a n d 
w r o u g h t i r on h a v i n g 1 sq . d m . of a r e a exposed , los t r e spec t ive ly 3*0 a n d 0*17 g r m . 
w i t h a l i t re of 02JV-HCl for 4 h r s . ; r e spec t ive ly 18-2 a n d 19-0 g r m s . w i t h half a 
l i t r e of t h e s a m e ac id p e r d a y for 7 d a y s ; a n d r e spec t ive ly 2-9 a n d 3-3 g r m s . d u r i n g 
28 d a y s ' e x p o s u r e i n half a l i t r e of ac id . TJ. R . E v a n s o b s e r v e d t h a t i ron in c o n t a c t 
w i t h 1-32V-HCl s lowly g a v e off h y d r o g e n , b u t if a p iece of n icke l w a s in c o n t a c t w i t h 
t h e i ron , t h e gas c a m e off m o r e qu ick ly , b u t coppe r a n d t i n d i d n o t h a v e a n y a p p r e c i 
ab l e effect. W . D . R i c h a r d s o n f o u n d t h a t g rey c a s t i r on c o n t a i n i n g g r a p h i t e 
is a t t a c k e d b y JV-HCl m u c h m o r e q u i c k l y t h a n o p e n - h e a r t h i ron of a h i g h e r degree 
of p u r i t y , b u t t h e cor ros ive a c t i o n of t h e ac id o n t h e l a t t e r is g r e a t l y i nc rea sed if 
a t r a c e of a p l a t i n u m sa l t b e a d d e d so a s t o p r o d u c e m e t a l l i c p l a t i n u m in c o n t a c t 
w i t h t h e i ron . T h i s t r e a t m e n t h a d n o acce l e r a t i ng inf luence on t h e cor ros ion of 
cas t i ron . T h u s , w i t h p l a t e s 15 sq. cm . , o p e n - h e a r t h i r o n a n d c a s t i ron los t respec
t i v e l y 0-12 a n d 8-7 g r m s . p e r h r . in 2V-HC1, a n d r e spec t ive ly 10-5 a n d 8-8 g r m s . 
p e r h r . i n 2V-HC1 a long w i t h a t r a c e of p l a t i n u m sa l t . C F . Burges s a n d S. G. E n g l e 
f o u n d t h a t t h e loss i n g r a m s p e r sq . inch pe r h o u r , a t 22° , o n a 17-hr . r u n , w i t h 
JV-HCl, w a s 0-214:6 g r m . w i t h e lec t ro ly t ic i ron ; 0-0083 g r m . w i t h e lec t ro ly t i c 
i r on h e a t e d t o 1000° a n d s lowly cooled ; 0-0095 w i t h soft shee t i ron , low in c a r b o n , 
u s e d for t r a n s f o r m e r p l a t e s ; 0-0026 g r m . for t e m p e r e d s tee l u sed i n t h e m a n u f a c t u r e 
of k n i f e - b l a d e s ; a n d 0-1058 g r m . for o r d i n a r y ca s t i ron . E . L . Nicho l s , a n d 
H . A . R o w l a n d a n d Li. Bel l i n v e s t i g a t e d t h e a c t i o n of a m a g n e t i c field o n t h e d i s 
so lu t ion of i r on i n ac ids . G. B e r n d t , a n d S. S. B h a t n a g a r a n d co-workers f o u n d t h a t 
t h e d i s so lu t ion of i ron in hyd roch lo r i c ac id is r e d u c e d b y a m a g n e t i c field, a n d 
F . K . Bel l a n d W . A. P a t r i c k found t h a t c o p p e r in c o n t a c t w i t h i ron decreases 
t h e speed of soln. in ac ids , b u t n o t so w i t h p l a t i n u m or s i lver . 

T h e e a r l y obse rva t i ons on t h e pecu l i a r n a t u r e of t h e gases evo lved w h e n c a s t 
i r on , o r s t ee l is t r e a t e d w i t h hydroch lo r i c ac id o r s u l p h u r i c ac id , h a v e b e e n i n d i c a t e d 
i n c o n n e c t i o n w i t h i ron c a r b i d e — 5 . 39 , 20 . T h e h y d r o g e n w h i c h is evo lved is 
a c c o m p a n i e d b y t h e v a p o u r of a m a l o d o r o u s oil or oils, a s b y a r s e n i u r e t t e d , p h o s -
p h u r e t t e d , a n d s u l p h u r e t t e d h y d r o g e n , a n d poss ib ly a lso m e t h a n e . F . A . A b e l 
a n d "W. A . D e e r i n g showed t h a t t h e c o m b i n e d c a r b o n of s tee l fu rn i shed h y d r o 
c a r b o n gases w h e n d isso lved in hyd roch lo r i c ac id , a n d t h e r e a c t i o n w a s s t u d i e d 
b y S . GloeX H . Moissan , F . Myl ius a n d co-workers , H . H a h n , E . H e y n a n d co
w o r k e r s , e t c . R . S c h e n c k a n d co-workers f o u n d t h a t w i t h 
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Cast iron (2-5 per cent. C.) Steel 

Cementite, Pearlite 

M e t h a n e . . 1-02 
E t h a n e 
E t h y l e n e 
P r o p y l e n e 
B u t y l e n e 
A m y l e n e 
H e x e n e 
O o t e n e 
C a r b o n 
L o s s 

O-IO 
0 - 2 7 
7 -08 
4OO 
1-25 
1 1 5 
0-8O 

7 8 - 0 4 
6 - 2 9 

Hardened at 1160°. 
Cementite, Austenite, 

Martensite 
3 - 5 3 
0 - 5 0 
O-5O 

2 4 - 3 7 
1 0 - 2 5 

3 - 3 6 
4 - 3 7 
3 - 0 2 

3 8 - 8 2 
1 1 - 2 8 

Hardened at 780° 
Cementite, 
Martensite 

3 1 9 
0 - 4 5 
0 - 4 7 

2 5 - 2 1 
9 - 0 8 
4-2O 
5-21 
3 - 3 6 

4 2 - I O 
6 - 3 7 

I i . Gr. K n o w l t o n sa id t h a t t h e p resence of d e p o l a r i z e r s — p o t a s s i u m p e r m a n g a n a t e , 
n i t r i c ac id , ch lor ine , e t c . , p r e v e n t t h i s r e a c t i o n . F . O s m o n d a n d J . W e r t h f o u n d 
t h a t i n t h e a n o d i c d i s so lu t i on of a n n e a l e d s tee l i n d i l . h y d r o c h l o r i c ac id , a s k e l e t o n 
of g r a p h i t e is fo rmed . Accord ing t o V . T a n t i n , t h e p h o s p h o r u s i n i ron s lowly 
fo rms p h o s p h i n e d u r i n g t h e ac t i on of t h e d i l . ac id ; a n d , a cco rd ing t o G. Cra ig , 
a n d H . Rocho l l , p a r t of t h e s u l p h u r fo rms h y d r o g e n su lph ide . J . "L. P r o u s t p a s s e d 
t h e gases t h r o u g h a lcohol , a n d s e p a r a t e d t h e oil wh ich w a s a r r e s t e d b y d i l u t i n g t h e 
a lcohol -with w a t e r ; A. S c h r d t t e r col lec ted t h e oil b y pas s ing t h e gas t h r o u g h d i l . 
s u l p h u r i c ac id . T h e solid r e s idue which r e m a i n e d und i s so lved cons i s ted of a m i x t u r e 
of g r a p h i t e , i ron ca rb ides , a m o r p h o u s c a r b o n , a n d a lso s i l icon, e t c . T h i s r e s idue 
h a s been e x a m i n e d b y A . E . J o r d a n a n d T . T u r n e r , W . A . T i lden , B . S a n d r o c k , 
C. J . B . K a r s t e n , J . H u l l , J . P e r c y , E . P r o s t , J . J . Berze l ius , B . K o s m a n n , C E . Schaf-
h a u t l , J . F . Dan ie l l , a n d F . K o h n , a n d i t a p p e a r s t o b e r e l a t e d w i t h t h e p r o d u c t 
w h i c h is o b t a i n e d w h e n c a s t i ron h a s b e e n exposed for m a n y y e a r s t o t h e a c t i o n of 
sea -wa te r—v ide infra. 

A. D . W h i t e found t h a t a q . h y p o c h l o r o u s ac id s lowly a t t a c k s i ron w i t h t h e 
evo lu t ion of b o t h h y d r o g e n a n d ch lor ine ; whi l s t a soln. of b l each ing powder a t t a c k s 
i ron w i t h t h e evo lu t ion of o x y g e n ; a n d GL N . Q u a m , H . P . P e a r s o n , O. F . H u n z i k e r 
a n d co-workers , a n d H . W . Y o u n g a n d A . W . P e a k e e x a m i n e d t h e corros ive a c t i o n 
of soln. of b l each ing p o w d e r . H . P . P e a r s o n f o u n d t h a t i ron is energe t i ca l ly 
a t t a c k e d b y a soln. of s o d i u m hypochlor i te . W . S. H e n d r i x s o n o b s e r v e d t h a t d i l . 
a n d cone . soln. of chlor ic ac id a t t a c k i r o n — t h e m e t a l is d issolved -without t h e 
evo lu t i on of h y d r o g e n , a n d t h e chloric ac id is r e d u c e d . W . S. H e n d r i x s o n f o u n d 
t h a t perchloric ac id is n o t r e d u c e d b y i ron . G. L u n g e a n d A. Deggeler e x a m i n e d 
t h e corros ion of i ron b y a q . soln . of p o t a s s i u m chlorate . R . B o t t g e r o b s e r v e d t h a t 
f inely-divided i ron b u r n s v igo rous ly i n h e a t e d p o t a s s i u m c h l o r a t e ; a n d M. H o n i g , 
t h a t i t l ikewise b u r n s i n h e a t e d p o t a s s i u m perch lora te—the violence of t h e r e a c t i o n 
c a n b e r e d u c e d b y d i l u t i n g t h e c h l o r a t e w i t h s o d i u m c a r b o n a t e . T h e r e a c t i o n w a s 
s t u d i e d b y E . Berger . A c c o r d i n g t o A . Connel l , i ron dissolves in a bo i l ing soln . 
of iodic ac id , fo rming a fe r rous i o d a t e . 

I r o n h a s a s t r o n g affinity for su lphur , a n d t h e t w o e l e m e n t s r ead i l y c o m b i n e 
w i t h i ncandescence w h e n h e a t e d t o redness—v ide i-rif'ra, i ron su lph ides . T h e affinity 
of t h e t w o e l e m e n t s w a s s t u d i e d b y E . S c h i i r m a n n , 6 O . S c h u m a n n , E . F . A n t h o n , 
R» Winde r l i ch , K . J e l l i nek a n d J . Z a k o w s k y , J . Z a k o w s k y , E . V . B r i t z k e a n d 
A . F* K a p u s t i n s k y , a n d W . Guer t l e r . M a n g a n e s e h a d t h e g r e a t e s t affinity for 
s u l p h u r , t h e n followed Cu, N i , Co, P b , Ag , a n d S b . I r o n c o m e s b e t w e e n coppe r 
a n d l ead . C. F r i c k c o m p a r e d t h e h e a t s of f o r m a t i o n of t h e m e t a l su lph ides , 
a n d found t h a t a l u m i n i u m a n d m a g n e s i u m c o m e before i ron . Acco rd ing t o 
J . G. G a h n , J . L . P r o u s t , J . J . Berze l ius , a n d A . E v a i n , w h e n s u l p h u r is in 
c o n t a c t w i t h a r e d - h o t b a r of i ron , t h e e l e m e n t s u n i t e t o fo rm a fusible i ron 
su lph ide . R . H a r e f o u n d t h a t if s u l p h u r b e h e a t e d t o r edness in t h e g u n - b a r r e l 
of a muzz le - loader , closed a t one end9 t h e v a p o u r of s u l p h u r escapes a t t h e n ipp le , 
a n d a p iece of i r on wi re he ld in t h e v a p o u r b u r n s w i t h a b r i g h t l i gh t t o form 
t h e s u l p h i d e ; a cco rd ing t o G. C. Winke lb l ech , if a sma l l p iece of p o t a s s i u m or 
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sod ium be placed a t t h e e n d of a piece of i ron wire , ign i ted , a n d p l u n g e d i n t o 
t h e v a p o u r of su lphur , t h e m e t a l b u r n s , fo rming i ron su lph ide . N . X e m e r y 
observed t h a t if a p a s t e be m a d e w i t h w a t e r a n d a m i x t u r e of equa l p a r t s of 
i ron filings a n d su lphur , t h e m i x t u r e becomes so h o t t h a t i t c an b e scarcely-
held in t h e h a n d . If severa l p o u n d s of t h e m i x t u r e b e b u r i e d in t h e g r o u n d , t h e 
e a r t h is ra ised a n d b u r s t a sunder—Lemery ' s volcano—as t h e i ron is su lphur ized . 
N . L e m e r y based a t h e o r y of volcanoes on t h i s r eac t ion . O. O h m a n n obse rved 
t h a t i ron p o w d e r r educed a t a low t e m p , ign i t ed s p o n t a n e o u s l y in s u l p h u r v a p o u r . 
G. T a m m a n n a n d K . S c h a a r w a c h t e r found t h a t t h e a t t a c k of i ron b y s u l p h u r beg ins 
a t a b o u t 210°, a n d increases r ap id ly u p t o 500°. W . P . Jo r i s sen a n d C. Groeneve ld 
discussed t h e veloci ty of p r o p a g a t i o n of t h e r eac t ion in m i x t u r e s of i ron a n d s u l p h u r ; 
a n d W . P , Jor issen a n d B . L . Ongk iehong a d d e d t h a t t h e u p p e r l imi t of t h e r eac t i on 
w i t h m i x t u r e s of i ron , a l u m i n i u m , a n d s u l p h u r is a p p r o x i m a t e l y 43 pe r cen t , of 
i ron a n d 57 per cent , of a m i x t u r e of 62-5 pe r cent , a l u m i n i u m , a n d 39-5 p e r cen t , 
of su lphu r . T h e ac t ion of su lphu r on m e t a l s was also e x a m i n e d b y E . P r iwozn ik , 
A. Colson, a n d O. B a u e r a n d H . A r n d t . H . S c h m i d t , a n d A. E . W o o d a n d co-workers 
s t ud i ed t h e corrosion effects of su lphur i c ac id s u l p h u r c o m p o u n d s — m e r c a p t a n s , 
a lky l su lph ides a n d su lphi tes , su lphonic acids , su lphoxides , su lphones , a n d t h i o p h e n e 
•—dissolved in n a p h t h a . 

T h e b i n a r y s y s t e m : F e - S , a n d t h e t e r n a r y s y s t e m : E e - S - C , h a v e been s tud i ed 
b y H . H a n e m a n n a n d A. Sch i ldko t t e r , G. R i t z a u , R . Vogel a n d G. R i t z a u , a n d 
o thers—v ide infra, i ron sulphides . The re is a t e r n a r y eu tec t i c in t h e s y s t e m : 
F e - F e S - F e 3 C a t 975°. There a re t h r e e k i n d s of c r y s t a l s — b i n a r y solid soln. of 
i ron wi th ca rbon , cemen t i t e , a n d i ron su lph ide . W . F . H o l b r o o k a n d co-workers 
s t ud i ed t h e diffusion of s u l p h u r in m o l t e n i ron . 

Accord ing t o C. J . B . K a r s t e n , t h e ac t ion of s u l p h u r on i ron is v e r y d e t r i m e n t a l , 
so t h a t p ropor t ions which can scarcely be d e t e r m i n e d b y ana lys i s m a k e t h e m e t a l 
r ed-shor t . The presence of O03375 pe r cen t . , for e x a m p l e , m a d e t h e m e t a l red-
shor t , a n d p r e v e n t e d i t s be ing welded. C. J . B . K a r s t e n also sa id t h a t s u l p h u r 
expels c a rbon from i ron a t a h igh t e m p . , so t h a t spiegeleisen, s a t . w i t h c a r b o n , a n d 
me l t ed w i th su lphu r in a crucible , caused a s epa ra t i on of c a r b o n as a soo ty depos i t 
on t h e under-sur face of t h e resu l t ing ferrous su lph ide . S u l p h u r also t u r n s g rey 
cas t i ron whi te . This p h e n o m e n o n in t e re s t ed J . P e r c y , w h o conc luded t h a t w h e n t h e 
su lphur in cas t i ron exceeds 2*5 per cen t . , t h e co-exis tence of g r a p h i t e is imposs ib le , 
a n d t h e m e t a l is necessar i ly w h i t e . W . J . K e e p ques t ioned if t h e evil effects 
a t t r i b u t e d t o su lphur a r e all deserved , b u t T. D . W e s t , a n d J . R o b e r t s d id n o t 
agree. T h e former found t h a t 0*2 p e r cen t , of s u l p h u r is e n o u g h t o r u i n a n y ca s t i ng ; 
a n d t h e l a t t e r s t a t e d t h a t in some cases 0*214 p e r cen t , g r e a t l y affected t h e s t r e n g t h . 
If m a n g a n e s e is absen t , t h e su lphu r he lps t o k e e p t h e c a r b o n a s ca rb ide p r o d u c i n g 
h a r d i ron, while if a h igh p r o p o r t i o n of m a n g a n e s e b e p re sen t , m a n g a n e s e su lph ide 
will be formed, a n d t h e h a r d e n i n g effect will be neu t r a l i zed . F . Wi i s t , a n d 
W . J . K e e p showed t h a t t h e presence of o t h e r e l emen t s m a y affect t h e a c t i o n of 
su lphur ; t h u s , silicon m a y correc t t o some e x t e n t t h e de le te r ious a c t i o n of s u l p h u r . 
H . I . Coe showed t h a t silicon neu t ra l i zes t h e ac t ion of t h e s u l p h u r b y fo rming a 
silicon sulphide . T h e subjec t was discussed b y A. H a y e s a n d H . E . F l a n d e r s , 
J . Mehr t ens , H . S. R a w d o n , a n d J . O. A r n o l d a n d G. R . Bolsover . F . Wi i s t a n d 
J . Miny observed t h a t t h e fo rma t ion of g r a p h i t e is affected b y s u l p h u r acco rd ing 
t o the. p r o p o r t i o n of m a n g a n e s e p r e sen t ; w i t h sufficient m a n g a n e s e , t h e effect of 
t h e s u l p h u r is n e u t r a l i z e d — t h u s , t h e p resence of 0*30 p e r cen t , of m a n g a n e s e will 
p r e v e n t t h e h a r d e n i n g effect of 0-2O p e r cen t , of s u l p h u r . M. H a m a s u m i n o t e d 
t h a t w i t h a low p ropor t ion of m a n g a n e s e , Br ine l l ' s h a r d n e s s s t ead i ly rose a s t h e 
p r o p o r t i o n of su lphu r increased f rom 0-019 t o 0*196 p e r cen t . E . P i w o w a r s k y 
f o u n d t h a t w i th a low p ropor t i on of m a n g a n e s e , t h e s u l p h u r should n o t exceed 
0 0 8 t o O-10 pe r cen t ; a n d M. H a m a s u m i sa id t h a t u p t o 0*1 p e r cen t , d i d n o harm. 

4*h* etubject was studied by E. Adamaon, S. Gf. A*an»seff, A. Allison, J . O. Arnold and 
« r B; Wikterhotise, F . E. Bachman, A. A. Blair and F . W . Shimer, G. K. Burgess, J . B . Cabot, 
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J . R. Cain, A. Carnot and E . Ooutal , F . J . R . Carulla, J. Ciochina, H . I. Coe, C. I>iegel, 
G. Dillner, E- W. Fell, U . E . Field, G. A. Forsberg, N . J . Gebert , R . C. Good, 
W. Guertler, G. Hailstone, F . W. Harbord and A. E . Tucker, K. Hasegawa, C. R . Hay-
ward, J . Henderson, C- H . He r ty and co-workers, H . D . Hibbard , K. Hilgenstock, 
W. N . Hindley, A. H . Hioms , T. E . Holgate, A. L. Holley, H . M. Howe, J . E . Hur s t , 
M. Janoyer , G. R. Johnson, J . E . Johnson, W. J . Keep, K. Kohler, B . Kosmann, 
A. Lissner, A. Lodin, F . Longmuir, J . Massenez, T. Mauland, E- Maurer and W. Haufe, 
A. Messerschmidt, R. Moldenke, A. Niedenthal , P . OberhofEer, R. H . Palmer , JJ. Pied-
boauf and J . R . Marechal, W. J . Priest ley, E . W. Ret tew and L. A. Lanning, J . Rober ts , 
H . Schenck, J- Shaw, O. Simmersbach, A. E . M. Srnith, E . K. Smith, and F . R. Riggan, 
R. H . Smith, G. J . Snelus, J . E . Stead, F . Stille, B . Stoughton, E . R. Taylor, B . Thomas, 
F . E- Thomson, E . E . Thuin, T. Turner, O. Wedemeyer, F- Wust , and F . Wtist arid F . Sehullcr. 

A. F r y discussed t h e diffusion of s u l p h u r in i ron . T h e s y s t e m : i r o n - s u l p h u r 
h a s b e e n discussed e lsewhere ; i t w a s s t ud i ed b y W- T r e i t s c h k e a n d Cr. T a m m a n n , 
K . Kr iedr ich , F . S a u e r w a l d a n d W . H u m m i t z s c h , a n d EJ. Becker . E . B e c k e r 
obse rved t h a t v i r t u a l l y n o solid soln. a r e fo rmed w i t h a.-, /3-, or y - i ron . T h e 
t r a n s f o r m a t i o n p o i n t s of i ron a re n o t c h a n g e d , so t h a t t h e y - i ron passes t o /8-iron 
a t 898° , a n d )8-iron passes t o ct-iron a t 768° ; b u t W . T r e i t s c h k e a n d G. T a m m a n n 
obse rved t h a t t h e first of t he se p o i n t s is lowered m o r e t h a n t h e second b y t h e 
p resence of fer rous su lph ide , a n d w i t h less t h a n 92 pe r cen t , of i ron , t h e r e is 
on ly one b r e a k in t h e cool ing c u r v e a t 800°, a n d t h i s is p r o b a b l y c o n n e c t e d w i t h 
t h e soln. of fe r rous su lph ide in y - i ron . T h e de le te r ious effects p r o d u c e d b y , s ay , 
O-02 p e r cen t , of s u l p h u r a r e a t t r i b u t e d t o t h e b r i t t l e c h a r a c t e r of t h e solid 
soln. r ich in i ron ; a n d w h e n ove r 2 p e r cen t , of s u l p h u r is p r e s e n t , t o t h e 
p resence of a r ead i ly fusible l ayer of su lph ide b e t w e e n t h e pa r t i c l e s of i ron . 
Th i s e x p l a n a t i o n w a s also given b y J . E . S t e a d . T h e effect of s u l p h u r on 
t h e ca rbon - i ron s y s t e m w a s i n v e s t i g a t e d b y D . M. L e v y , J . E . S t e a d , a n d 
T . L iesch ing , b u t t h e d a t a a r e n o t sufficient t o fo rm t h e t e r n a r y d i a g r a m . 
T. L iesch ing p r e p a r e d a l loys w i t h ove r 2 pe r cen t , of s u l p h u r , a n d found t h a t w h e n 
t h e p r o p o r t i o n of c a r b o n w a s h igh t h e m a t e r i a l s e p a r a t e d i n t o t w o l a y e r s — o n e 
c o n t a i n i n g 26 t o 28 pe r cen t , of s u l p h u r a n d 0-22 t o 0-32 p e r cen t , of c a r b o n ; a n d 
t h e o t h e r 2-05 t o 2-25 pe r cen t , of s u l p h u r a n d 3-04 t o 3-43 p e r cen t , of c a r b o n . 
D . M. L e v y , a n d T . L iesch ing obse rved t h a t s u l p h u r lowers t h e in .p . of t h e i ron-
c a r b o n al loy from 50° t o 75° for 1 pe r cen t , of s u l p h u r . E v e n w i t h a h igh p r o p o r t i o n 
of s u l p h u r , t h e pear l i t i c t r a n s f o r m a t i o n r e m a i n s u n c h a n g e d a t 695° t o 706° . 
D . M. L e v y showed t h a t w i t h u p t o 1*0 pe r cen t , of s u l p h u r , t h e surface of sec t ions 
of t h e m e t a l is b r i g h t a n d even , b u t m a r k e d all over b y t h e p a t t e r n of t h e p e a r l i t e ; 
a n d w i th o v e r 1 pe r cen t , of s u l p h u r , t h e sec t ions were p i t t e d al l over b y t h e excess 
of su lph ide in t h e a l loy. T h e s a t u r a t i o n p o i n t for s u l p h u r in i r o n - c a r b o n a l loys 
wi th 2*73 p e r cen t , of c a r b o n is r a t h e r less t h a n 0*9 pe r c en t . I n t h i s case t h e 
s u l p h u r r e m a i n s un i fo rmly diffused t h r o u g h o u t t h e m a s s , b u t w i t h h ighe r 
p r o p o r t i o n s , m o r e su lph ide occurs in t h e u p p e r t h a n in t h e lower p a r t . T h e fol lowing 
a r r e s t s were obse rved in t h e cool ing c u r v e of i ron wi th 2-7 p e r cen t , c a r b o n a n d 

0 0 0 5 0-081 U-23 U-43 0-85 114 1-31 1-25 34-8 per cent. 
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T h e a r r e s t a t 1279° is d u e t o t h e solidif ication of i ron h o l d i n g c a r b o n t o t h e e x t e n t 
of 1-5 p e r c e n t . — t h a t is , a u s t e n i t e ; a n d as t h e t e m p , falls be low 1000°, t h e ca rb ide 
falls o u t of solid soln. W . H . Hat f ie ld sugges t ed t h a t t h e ac t i on is c o n t i n u o u s , n o t 
a b r u p t . D . M. L e v y sa id t h a t t h e a r r e s t a t 1138° is d u e t o t h e sp l i t t i ng u p of 
t h e eu t ec t i c w i t h 4*3 p e r c en t , of c a r b o n i n t o c e m e n t i t e a n d a u s t e n i t e . T h e a r r e s t 
a t 887° is a t t r i b u t e d t o t h e s e p a r a t i o n of c e m e n t i t e f rom a u s t e n i t e , b u t t h i s w a s 
q u e s t i o n e d b y W . H . Ha t f i e ld on t h e g r o u n d t h a t t h e s e p a r a t i o n of c e m e n t i t e is 
c o n t i n u o u s , n o t a b r u p t . T h e a r r e s t a t a b o u t 950° occurs w i t h s amples c o n t a i n i n g 

Sulphur . 
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free su lph ide . T h e pea r l i t e a r r e s t is a t 695°. J . E . S t e a d i n v e s t i g a t e d t h e cool ing 
cu rve of i ron w i th 2*98 p e r cen t , c o m b i n e d c a r b o n , n o g r a p h i t e , 0*29 p e r c e n t , of 
m a n g a n e s e , 1-89 p e r cen t , si l icon, 0-27 p e r cen t , s u l p h u r , a n d 1-62 p e r cen t , p h o s 
p h o r u s . T h e a r r e s t a t 1149° is t h e p r i m a r y f .p. w h e r e t h e s e p a r a t i o n Of a u s t e n i t e 
begins ; t h a t a t 1074° is d u e t o t h e b r e a k i n g u p of t h e i r on -ca rbon e u t e c t i c i n t o 
c e m e n t i t e a n d a u s t e n i t e ; t h a t a t 945° is d u e t o t h e freezing of t h e t e r n a r y e u t e c t i c 
of Fe-P—C ; a n d t h a t a t 773° is d u e t o t h e f o r m a t i o n of pea r l i t e . Gr. T a m m a n n 
a n d W . Salge s t u d i e d t h e res idues left a f ter t r e a t i n g t h e m e t a l w i t h a n acidified so ln . 
of a m m o n i u m p e r s u l p h a t e . H . S a w a m u r a , a n d F . Ro l l obse rved t h a t s u l p h u r 
p a r t l y favours a n d p a r t l y h i n d e r s t h e s e p a r a t i o n of g r a p h i t e in c a s t i ron . 

W i t h less t h a n 6*8 pe r cen t , of s u l p h u r , D . M. L e v y f o u n d n o s u l p h i d e in t h e 
pea r l i t e a r ea s r ep resen t ing p r i m a r y a u s t e n i t e , b u t i t is f o u n d in t h e e u t e c t i c 
s e p a r a t i n g b e t w e e n 1120° a n d 1130°, a n d J . E . S t e a d also o b s e r v e d t h e 
F e ( F e 3 C ) - F e ( F e S ) eu tec t i c . D . M. L e v y t h o u g h t t h e films of su lph ide h e l p t o 
p rese rve t h e ca rb ide f rom dissocia t ion. J . E . S t e a d s h o w e d t h a t in t h e a b s e n c e of 
m a n g a n e s e some s u l p h u r crysta l l izes w i t h t h e ca rb ide , a n d t h a t i t is t h a t p o r t i o n 
of s u l p h u r which crysta l l izes w i t h t h e ca rb ide wh ich is m a i n l y respons ib le i n 
p r e v e n t i n g t h e s e p a r a t i o n of g r a p h i t e a n d in m a k i n g t h e ca rb ide s t a b l e . T h e 
n a t u r e of t h e su lph ide c o n s t i t u e n t s of i ron were d iscussed b y E . H e y n , R . B a u m a n n , 
G. J . W a r d a n d A. H . L o n g d e n , H . S c h o t t k y , E . B l anch i , P . Oberhoffer, a n d P . Ober -
hofEer a n d A . K n i p p i n g . J . H . A n d r e w a n d D . B inn ie found t h a t s u l p h u r m a y b e 

r e t a i n e d in soln. b y i ron w h e n a m o l t e n i ron-
s u l p h u r a l loy is r a p i d l y chil led, a n d t h e d e 
pos i t ion of i ron su lph ide occurs on r e - h e a t i n g 
t h e a l loy a b o v e 900°. If m a n g a n e s e s u l p h i d e is 
soluble in i ron , t h e so lubi l i ty is v e r y sma l l . I n 
t h e case of o x y g e n as soc ia t ed w i t h s u l p h u r , 
J . J . P o r t e r , E . D . Campbe l l , a n d H . Ie Cha te l i e r 
a n d M. Ziegler a t t r i b u t e d t h e r ed - sho r tne s s t o 
t h e p resence of a n i r on o x y s u l p h i d e . F . O s m o n d , 
A. C a r n o t a n d E . G o u t a l , J . O. A r n o l d a n d 
G. B . W a t e r h o u s e , J . O. A r n o l d a n d G. R . BoIs-
over , W . H e i c k e , a n d G. R o h l s t u d i e d t h e 
s y s t e m : F e S - M n S , a n d obse rved t h e f o r m a t i o n 
of a m a n g a n e s e i ron su lph ide F e 3 M n 2 S 5 . 

J . E . S t ead , D . M. L e v y , J . E . H u r s t , W . H . Hat f ie ld , a n d H . I . Coe s h o w e d t h a t if 
m a n g a n e s e is p re sen t i t c o m b i n e s w i t h t h e s u l p h u r t o fo rm m a n g a n e s e su lph ide , 
a n d t h u s neu t ra l izes i t s effects. W . H . Ha t f i e ld conc luded t h a t s u l p h u r inc reases 
t h e s t ab i l i t y of i ron ca rb ide a t h igh t e m p . , a n d t h u s h i n d e r s t h e b r e a k i n g d o w n of 
t h e carb ides d u r i n g t h e cool ing of t h e m e t a l . I t is p r o b a b l e t h a t t h e smal l pe r 
c e n t a g e of su lph ide assoc ia ted w i t h t h e c a r b i d e c rys t a l s accompl i shes t h i s a c t i o n . 
H . I . Coe's inference t h a t t h e s u l p h u r s e p a r a t e s a s su lph ide a t t h e f.p. is n o t s t r i c t l y 
correc t , s ince a ce r t a in p r o p o r t i o n is r e t a i n e d b y t h e c e m e n t i t e c a r b ide . T h e a c t i o n 
is chemica l , n o t mechan ica l , a s sugges t ed b y D . M. L e v y . E . D . C a m p b e l l , 
J . O. Arnold , a n d H . Ie Chate l ie r a n d A. Ziegler m a d e o b s e r v a t i o n s o n t h e diffusion 
of s u l p h u r in solid i ron . J . O. Arno ld d e m o n s t r a t e d t h e p re sence of fe r rous s u l p h i d e 
in a mi ld steel free f rom m a n g a n e s e ; a n d h e also d e m o n s t r a t e d t h e p re sence of 
m a n g a n o u s su lphide in mangan i f e rous s teels . T h e p a l e b r o w n fer rous su lph ide 
ex i s t s m a i n l y in t h e fo rm of sec t ional meshes , b u t s o m e t i m e s occurs in t h e g lobu l a r 
fo rm. M a n g a n o u s su lph ide h a s a dove -g rey colour , a n d ex i s t s a l m o s t exc lus ive ly 
a s g lobules . J . O . A r n o l d a n d G. B . W a t e r h o u s e f o u n d t h a t m a n g a n o u s s u l p h i d e 
is p l a s t i c a t a ye l low-hea t . J . E . S t e a d d o u b t e d if t h e a l leged m a n g a n o u s s u l p h i d e 
i s r ea l ly s u c h ; a n d J . O. A r n o l d a » d G. R . Bo l sover i n d i c a t e d t h e p r o b a b l e ex i s t ence 
in. l i qu id c o m m e r c i a l s teels of a n eu t ec t i c of ferr i te a n d m a n g a n o u s su lph ide w h i c h 
h a s a h igh f .p. J . O. A r n o l d found t h a t t h e sp . gr . of s tee l is r e d u c e d f rom .7»8478 
*<fr,jfa0998f. a-8 t h e p r o p o r t i o n of s u l p h u r increases f rom 0*03 t o 0*97 per . c e n t . 
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E . P i w o w a r s k y s h o w e d t h a t s u l p h u r defini tely t e n d s t o h a r d e n i ron , a n d t h e effect 
increases w i t h t h e r a p i d i t y w i t h w h i c h t h e i r on is cooled. J. S. TJnger m e a s u r e d 
t h e m e c h a n i c a l p r o p e r t i e s of i ron w i t h 0-09, 0*32, a n d 0-51 p e r cen t , s u l p h u r , a n d t h e 
r e su l t s for 0-51 p e r cen t , of c a r b o n a r e s u m m a r i z e d in F i g . 335 . T h e t ens i l e s t r e n g t h 
a n d e las t i c l im i t a r e expressed in k i l o g r a m s p e r sq . m m . ; t h e e l o n g a t i o n a n d 
r e d u c t i o n in a r e a in p e r c e n t a g e s ; a n d t h e i m p a c t t e s t b y t h e n u m b e r of i m p a c t s 
r e q u i r e d for f r ac tu re b y a we igh t of 990 k g r m s . fal l ing 4*8 m e t r e s . A. W i m m e r , 
a n d K . T a n i g u c h i a lso m a d e o b s e r v a t i o n s o n t h i s sub j ec t . 

A . H o l t z found t h a t s u l p h u r h a s v e r y l i t t l e influence on t h e m a g n e t i c p r o p e r t i e s 
of i r on ; b u t F . Gol tze , a n d H . F . P a r s h a l l sa id t h a t i t r e d u c e s t h e m a g n e t i c p r o 
pe r t i e s of c a s t i ron . Acco rd ing t o H . v o n J i i p t n e r , t h e s u l p h u r in i r o n a n d s teel 
m a y occur in different fo rms : (i) A c o m p o u n d w h i c h is d e c o m p o s e d b y di l . a c id s , 
l i be r a t i ng h y d r o g e n s u l p h i d e — J . O. A r n o l d a n d H . J . H a r d y , F . H . Wi l l i ams , 
Li. Schne ider , G. H a t t e n s a u e r , e t c . , a d d t h a t if p r o p e r p r e c a u t i o n s a r e t a k e n , al l 
t h e s u l p h u r m a y b e c o n v e r t e d i n t o h y d r o g e n su lph ide e v e n -when c o p p e r is p r e s e n t , 
(ii) A c o m p o u n d w h i c h on t r e a t m e n t w i t h dU. ac ids l i be r a t e s vo la t i l e m e t h y l 
su lph ide , (CHg) 2 S—F. C. Ph i l l ips , E . P r o s t , E . F r a n k e , W . S c h u l t e a n d L . C a m p r e -
d o n , A . B a r r a u d , D . M. L e v y , O. H e r t i n g , T . N a s k e , F . Bisehoff, G. T . D o u g h e r t y , 
e t c . (iii) I n a f o rm w h i c h u n d e r c e r t a i n cond i t i ons r e m a i n s b e h i n d i n t h e 
und i s so lved res idue as a n o rgan ic c o m p o u n d . T h e t w o l a t t e r fo rms m a y r e p r e s e n t 
d e c o m p o s i t i o n p r o d u c t s of o re . T h e s u l p h u r o u s r e s idue w a s e x a m i n e d b y 
Ti. Li. d e K o n i n c k , C R . F r e s e n i u s , E . P r o s t , H . Rocho l l , e t c . I t s p r e sence h a s 
been a t t r i b u t e d t o t h r e e causes : (a) t h e p re sence of c u p r o u s s u l p h i d e inso lub le in 
h y d r o c h l o r i c a c i d — F . Bisehoff ; (b) a g r a p h i t i c r e s i d u e — T . T u r n e r ; a n d (c) a n 
o rgan ic c o m p o u n d w h i c h vola t i l izes w i t h difficulty, a n d "which m a y b e d is t i l led off 
b y p ro longed boi l ing w i t h hyd roch lo r i c a c i d — F . C. Ph i l l ip s . G. N . H u n t l e y 
d i scussed s u l p h u r a s a c ause of t h e cor ros ion of s teel . 

K . O m a obse rved t h a t s u l p h u r in e lec t ro ly t ic i r on m a y b e de r ived f rom t h e 
e l ec t ro ly t e o r anode—v ide supra. J . H . N e a d , a n d C. H . H e r t y n o t e d t h a t m o l t e n 
i ron a b s o r b s s u l p h u r f rom furnace gases c o n t a i n i n g s u l p h u r d iox ide . H . C a r o n 
o b s e r v e d t h a t w h e n m a n g a n e s e is a d d e d t o cas t i r on c o n t a i n i n g s u l p h u r , s o m e 
s u l p h u r is e l im ina t ed , a n d J . Massenez b a s e d a p rocess for t h e d e s u l p h u r i z a t i o n .of 
i ron b y t h i s r eac t ion . T h e i ron su lph ide fo rms m a n g a n e s e su lph ide w h i c h r ises 
t h r o u g h t h e m e t a l a n d jo ins t h e s lag. E . H . S a n i t e r showed t h a t i r on is desu l 
p h u r i z e d b y a d d i n g c a l c i u m chlor ide o r fluoride ; E . "Wilke-Dorfurt a n d H . B u c h h o l z , 
b y fluorides ; W . Zieler, b y z i r c o n i u m ; a n d B . Bog i t sch , a n d J . E . S t e a d d e m o n 
s t r a t e d t h a t s u l p h u r is r e m o v e d d u r i n g t h e p u d d l i n g p rocess b y t h e h igh ly bas ic 
i ron-s lag . P . P . B e r g a n d M. S. P s h o n i k , G. T a m m a n n a n d H . O. v o n S a m s o n -
Himmelsfcjerna s t u d i e d t h e d e s u l p h u r i z a t i o n of s teel w i t h t h e a lka l ine e a r t h ox ides , 
a n d w i th t h e ox ides of lead , z inc , m a n g a n e s e a n d i ron . I n m o l t e n c a s t i ron , p a r t 
of t h e su lph ide m a y float o n t h e sur face a s s c u m . H . H . B e e n y , C. B e t t e n d o r f a n d 
N . J . W a r k , E . B l a n c h i , J . Ciochina , E . W . Colbeck a n d N . L . E v a n s , W . D e n e c k e 
a n d T . Meier l ing, E . W i l k e - D o r f u r t a n d co-workers , G. A. D r y s d a l e , H . H . E b e r t , 
L . F . G i r a r d e t a n d co-worker s , K . H i lgens tock , E . J . L o w r y , J . M e h r t e n s , 
R . T . Rol fe , JJ. S c h a r l i b b e , a n d A. d e V a t h a i r e s t ud i ed t h e d e s u l p h u r i z a t i o n of 
i ron b y fluorspar, c a l c i u m ch lor ide , soda -ash , l ime, a n d r o c k sa l t ; a n d A. P o s s e n t i , 
b y ac id ic a n d bas ic s lags . Acco rd ing t o T . T u r n e r , t h e sma l l p e r c e n t a g e of s u l p h u r , 
r a r e ly o v e r 0*08, in f o u n d r y i ron , is d u e t o t h e cond i t i ons g o v e r n i n g t h e b las t 
fu rnace o p e r a t i o n s . T h e s e c o n d i t i o n s — t e m p . , c o m p o s i t i o n of b u r d e n a n d s l a g s — 
a r e c o n d u c i v e t o t h e r e t e n t i o n of si l icon, b u t n o t t o t h e a b s o r p t i o n of s u l p h u r b y 
t h e i ron . O n l y a v e r y sma l l p r o p o r t i o n of t h e s u l p h u r in t h e cha rge is found in 
t h e m o l t e n i ron . J . E . S t e a d conf i rmed T . T u r n e r ' s o b s e r v a t i o n s on t h i s sub jec t . 
J . Ciochina d i scussed t h e effect of h y d r o g e n in t h e p rocess of d e s u l p h u r i z a t i o n . 

J . E . S t e a d p re s sed s m o o t h b r o m i d e p a p e r s o a k e d w i t h 3 p e r cen t , su lphu r i c 
ac id o v e r t h e po l i shed m e t a l , w a s h e d t h e p r i n t t o r e m o v e ac id , t h e n i m m e r s e d i t 
i n a soln . of s o d i u m t h i o s u l p h a t e t o r e m o v e t h e excess of s i lver ; a n d t h e n washed 
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a n d dr ied t h e paper . B r o w n s ta ins showed t h e p resence of m a n g a n e s e su lph ide . 
This auto-sulphur printing, a s i t is called, w a s dev ised b y R . B a u m a n n for d e t e r m i n i n g 
t h e d i s t r ibu t ion of t h e su lph ide c o n s t i t u e n t s . L . E . B e n s o n , J . D u r a n d , E . H e y n , 
D . M. L e v y , S. Maeda , M. Niessner , P . Oberhoffer a n d A. K n i p p i n g , H . P a t s c h , 
F . Rogers , H . J . v a n R o y e n a n d E . A m m e r m a n n , a n d H . S c h o t t k y s tud i ed t h e 
process . The presence of s u l p h u r in i ron a n d steel is genera l ly r e g a r d e d as f avour 

able t o corros ion, a s in S. W e i n w u r m ' s e x p e r i m e n t s 
w i t h steel p l a t e s c o n t a i n i n g 1*08 p e r cen t , of s u l p h u r 
a n d 0-2 pe r cen t , of m a n g a n e s e . A c c o r d i n g t o 
A. L. BaikofE, t h e s u l p h u r in good steel is p r e s e n t a s 
m a n g a n e s e su lph ide , a n d in S. W e i n w u r m ' s spec imen 
t h e r e w a s n o t sufficient m a n g a n e s e t o u n i t e w i t h all 
t h e su lphu r . 

If t h e s teel con ta in s su lph ides which h a v e segre
ga t ed , t h e he t e rogeneous m e t a l m a y f a v o u r t h e de 
v e l o p m e n t of local ga lvan ic c u r r e n t s which s t i m u l a t e 
corrosion, a sub jec t s t ud i ed b y J . W . Cobb , G. Grallo, 
K . P . Gr igorowi tch , H . G. H a a s e , G. N . H u n t l e y , 
V. V. K e n d a l l a n d E . S. Tay le r son , R . S t u m p e r , a n d 
S. W e i n w u r r a . S u l p h u r m a y be oxidized t o s u l p h u r i c 
acid, a n d t h i s favours corros ion. G. N . H u n t l e y m e n 
t ioned a case of t h e a b n o r m a l corrosion of boi le r -p la tes 
t h r o u g h t h e ox ida t ion of m a n g a n e s e su lph ide in t h e 
steel ; R . S t u m p e r also found t h a t t h e r a t e of corros ion 
of i ron is acce le ra ted b y c o n t a c t w i th i ron su lph ide ; 

a n d G. R . Woodv ine a n d A. L. R o b e r t s n o t e d t h a t s teel w i t h seg rega ted s u l p h u r is 
more qu ick ly cor roded t h a n steel free from these agg rega te s . H . E n d o , F i g . 336 , 
found t h e losses in g r a m s per sq. cm. , d u r i n g 5 h r s \ a t t a c k a t o r d i n a r y t e m p . , w i th 
i ron con ta in ing 0-34 t o 0*42 per cent , of c a rbon , a n d 

S u l p h u r . 0 - 1 0 « 0-313 0-544 0-730 1-001 IGO 3-28 5 - 3 8 p e r c e n t . 
C H 2 S O 4 0 0 1 3 0 6 0-01755 0 0 2 9 2 9 0 0 3 4 5 4 0-09146 0-15872 0-19447 0-25976 

Loss ^ H C l . 0-01107 0-01252 0-01668 0-02080 0-03061 0-06559 0-09149 0-13657 
I H N O , 0-03491 0 0 4 9 4 9 0 0 6 1 0 8 0-07792 0 0 8 0 2 5 0-13332 0-18383 0-20657 

A. E . Wood a n d co-workers , L T r o n s t a d a n d J . Se je rs ted , a n d H . S c h m i d t s t u d i e d 
t h e corrosion of steel b y soln. of su lphur , a n d of s u l p h u r c o m p o u n d s in n a p h t h a . 
W . Guer t le r a n d T. L i epus observed t h a t i ron is a t t a c k e d b y soln. of s o d i u m 
s u l p h i d e in less t h a n 24 h r s . C v a n B r u n t found t h a t s o d i u m x a n t h a t e fo rms a 
p r o t e c t i v e film of ferrous su lphide . 

Accord ing t o L . N . Vauquel in , i ron in a n aq . soln. of hydrogen sulphide in 
c o n t a c t w i th air l ibera tes hyd rogen a n d t u r n s b lack . I r o n decomposes d r y h y d r o g e n 
su lphide . J . B . F o u r n i e r a n d F . L a n g obse rved t h a t l iquid h y d r o g e n su lph ide h a d 
no percep t ib le fiction on i ron a t o r d i n a r y t e m p , for 11 y e a r s , or in 15 d a y s a t t e m p . 
u p t o 60°. J . B . Peel a n d P . L . R o b i n s o n found t h a t h y d r o g e n su lph ide r e a c t s 
w i th i ron a b o v e 350°, forming ferrous su lph ide . S. C. B r i t t o n a n d co-workers , 
J . M. Dev ine a n d co-workers , E . D i t t r i c h , U . R . E v a n s , H . J . F r e n c h , H . G r u b e r , 
W . P . Jo r i s sen a n d B . L . Ongk iehong , F . J . K a y s e r , H . S c h m i d t , A. Schulze , 
R . S t u m p e r , G. T a m m a n n a n d W . K o s t e r , A. W h i t e a n d L . F . Marek , a n d 
R . E . Wi lson a n d W . H . Ba lke s tud i ed t h e r a t e of a t t a c k of i ron b y h y d r o g e n 
s u l p h i d e . P . A. v o n BonsdorfT, F . H a n a m a n , a n d U . R . E v a n s found t h a t a i r 
c o n t a i n i n g t r a c e s of h y d r o g e n su lph ide r a p i d l y cor rodes i ron. L . Biener , a n d 
F . E i a e n s t e c k e n a n d L . Biener s tud i ed t h e m e c h a n i s m of t h e s u l p h u r i z a t i o n of 
i ron b y h y d r o g e n su lph ide . L . W . Vol lmer a n d B . B . W e s t c o t t a t t r i b u t e d t h e 
e m b r i t t l e n i e n t of s tee l wire- rope , b y h y d r o g e n su lph ide , t o t h e a b s o r p t i o n of h y d r o g e n 
d e v e l o p e d b y t h e r eac t i on H 2 S + F e = F e S - f - 2 H l i a a c e n t — v i d e infra. C. Menzel n o t e d 
t h a t .,it p u m p dea l ing wi th n a t u r a l b r ine w a s m u c h cor roded b y t h e h y d r o g e n 
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sulphide i n soln. ; a n d C. v a n B r u n t found a p u m p dea l ing w i t h a s u l p h i d e soln . 
w a s p r o t e c t e d f rom corros ion b y t h e f o r m a t i o n of a film of su lph ide—v ide infra, 
a n d also t h e ac t i on of coal-gas on i ron. J . J a h n obse rved t h a t w i t h i r on i n c o n t a c t 
w i t h h y d r o g e n su lph ide , a t 

100° 154° 203° 259° 313° 414° 
Iron . . . . 588-5 582-4 591-2 580-7 591-2 735-8 m g r m s . 
Gain in we ight . . 0-3 0-4 0-9 1-7 4-8 13-8 

a n d H . G r u b e r obse rved w i t h pieces of i ron 6 0 x 1 2 x 1 3 m m . , 
700° 800° 900° 1000° 

Gain in we ight . . 0-76 5-5 1OO des troyed 

A. E . W o o d a n d co-workers s t u d i e d t h e a c t i o n of soln . of h y d r o g e n su lph ide in 
n a p h t h a ; a n d E . R u p p , t h e op t ica l p r o p e r t i e s of films fo rmed b y h y d r o g e n su lph ide 
on i ron . E . B e u t e l a n d A . K u t z e l n i g g s t u d i e d t h e surface films p r o d u c e d b y h e a t i n g 
t h e m e t a l in c o n t a c t w i t h t h e su lph ides of copper , s i lver, m e r c u r y , a n d lead . 

Acco rd ing t o A . L a n g e , a n d A. Harpf , su lphur dioxide w h e n d r y h a s n o a c t i o n 
on i ron , e v e n a t 100°, b u t in t h e p resence of m o i s t u r e t h e m e t a l is s l igh t ly a t t a c k e d . 
T h e ac t i on of s u l p h u r o u s ac id w a s e x a m i n e d b y F . S c h m i t z , a n d B . N e u m a n n a n d 
E . Goebel . F . D u r a u a n d C H . T e c k e n t r u p found t h a t t h e a b s o r p t i o n of s u l p h u r 
d iox ide b y e lec t ro ly t ic i ron is a chemica l process . A c c o r d i n g t o XJ. R . E v a n s , 
w h e n i ron a n d steel a r e exposed over w a t e r s a t . w i t h s u l p h u r d iox ide , t h e m e t a l s 
b e c o m e d a r k , and in 24 h r s . , b lack . T h e filter-paper on w h i c h t h e s a m p l e s r e s t e d 
a c q u i r e d a r u s t - b r o w n s t a i n . T h e m e t a l is soon cove red w i t h a ye l lowish -b rown 
h y d r a t e d ferric ox ide . H . Schiff, T . N . Morr is , M. T . B u r t o n , W . H . Hat f ie ld , 
a n d F . H a n a m a n also s t u d i e d t h e a c t i o n of s u l p h u r d iox ide . L . L o s a n a a n d 
G. R e g g i a n i found t h a t a m i x t u r e of 1OCO2-J- 4CO 2 H-2O 2 - f - 4 8 N 2 + t r a c e s of S O 2 
- j - t races of h y d r o c a r b o n s , s a t u r a t e d w i t h w a t e r v a p o u r a t 16° t o 20° , is m o r e 
corrosive t h a n air . J . J a h n obse rved t h a t i ron in c o n t a c t w i t h s u l p h u r d iox ide , a t 

I ron 
Oain in we ight 
Iron 
Qain in we ight 

P . Ch i rv in sky sa id t h a t t h e r eac t ion 3 F e + S O 2 = F e S + 2 F e O is e x o t h e r m a l a n d 
proceeds f rom left t o r i g h t a t fair ly low t e m p . A. C. H a l f e r d a h l ca l cu l a t ed t h e 
free ene rgy of t h e r eac t i on 3 F e + 2 S 0 2 = F e 3 0 4 + S 2 t o b e —61,000 cals . a t 600° , 
a n d —26,7OO cals . a t 1400° ; a n d for 4 F e + 3 S O 2 = 2 F e 2 O 3 + 1 J S 2 , —76,200 cals . 
a t 600° a n d —18,100 cals . a t 1400°. F . S c h m i t z found t h a t t h e losses w i t h 
su lphurous ac id b y 0-06, 0-42, a n d 0-92 p e r cen t , c a r b o n s tee l , 2 0 x 2 0 x 1 0 m m . 
wi th a 4 m m . hole , were respec t ive ly 20*630, 2-580, a n d 1*940 p e r cen t , d u r i n g 
180 h r s ' . a t t a c k . J . R o t h e a n d F . W . H i n r i c h s e n s t u d i e d t h e ac t i on of s u l p h u r o u s 
acid on i ron . A . L a n g e f o u n d t h a t l i qu id s u l p h u r d iox ide h a s l i t t l e a c t i on on i ron 
a t o r d i n a r y t e m p . , b u t u n d e r compress ion , or in t h e p resence of m o i s t u r e , t h e 
corros ion is app rec i ab l e . T h e corros ive a c t i o n of t o w n ai r , t h e a i r of r a i l w a y 
t u n n e l s , a n d s m o k e , al l c o n t a m i n a t e d w i t h s u l p h u r d iox ide , was d iscussed b y 
R . C. B r e n n e r , A. W . Ca rpen t e r , A. S. C u s h m a n , S. JJ. F o s t e r , JJ. d e G a e t a n i , 
S. W . Griffin a n d W . W . Sk inne r , O. H a e h n e l , P . L o n g m u i r , D . Menegh in i , E . A. a n d 
Ju. T . R i c h a r d s o n , S. R i d e a l , J . R o t h e a n d F . W . H i n r i c h s e n , P . Siedler , a n d 
W . H . J . V e r n o n . T h e corros ive ac t i on of s u l p h u r o u s ac id o n m e t a l s -was s t u d i e d 
b y J . UhI , a n d P . Schwei tze r . P . N i c o l a r d o t s t u d i e d t h e ac t ion of t h e ac id on 
i ron . H . J . B r a u n obse rved t h a t "wrought i ron is sufficiently r e s i s t an t t o t h e 
a c t i o n of fluosulphonio ac id a t 0° , 130°, a n d 150° t h a t i t c a n b e employed for t h e 
r e t o r t s in m a n u f a c t u r i n g t h e ac id . H . Moissan a n d P . L e b e a u found t h a t sulphuryl 
fluoride h a s n o a c t i o n o n i ron e v e n a t a r e d - h e a t . F . W o h l e r sa id t h a t l iqu id 
su lphur m o n o c h l o r i d e a c t s s lowly o n i ron , b u t H . E . P a t t e n obse rved n o r eac t ion ; 
t h e s u b j e c t was d iscussed b y R . D i t t m a r , P . N ico l a rdo t , B . W . D u n n , a n d 

ioo° 
748-5 

O-1 
7 5 4 0 

O l 

150° 
745-5 

2-5 
758-5 

0 1 

200° 
744-6 

2-5 
758-4 

0-1 

250° 
749-2 

2-3 
757-9 

0-3 

300° 
750-1 

2-5 
756-9 

0 - 4 

400° 
742-4 mgrras. 

7-9 
728-O 

10-7 
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E . H . H a r v e y . E . B a u d r i m o n t found t h a t boi l ing s u l p h u r m o n o c h l o r i d e s lowly 
a t t a c k s i ron r educed b y h y d r o g e n , f o rming ferr ic ch lo r ide . P . N i c o l a r d o t sa id 
t h a t t h e presence of n ickel , sil icon, c h r o m i u m , or t u n g s t e n m a k e s t h e i r on m o r e 
r e s i s t an t t o t h e a t t a c k . N . D o m a n i c k y f o u n d t h a t t h e p re sence of e t h e r acce le ra te s 
t h e a t t a c k of i ron b y s u l p h u r monoch lo r ide . H . B . N o r t h f o u n d t h a t SUlphuryl 
chloride a c t s on i ron a t a n e l eva ted t e m p . , f o rming c r y s t a l s of ferric c h l o r i d e ; a n d 
E . F r o m m obse rved t h a t a soln. of s u l p h u r y l ch lor ide i n a b s o l u t e e t h e r does n o t 
a c t on i ron . H . E . P a t t e n obse rved t h a t w i t h th iony l chloride, i r on is c o a t e d 
b lack . H . B . N o r t h a n d A. M. H a g e m a n f o u n d t h a t i n sea led t u b e s a t 150° t o 
200°, w i t h t h i o n y l chlor ide in excess , t h e r e a c t i o n c a n b e symbo l i zed : 
2 F e 4 - 4 S O C l 2 = 2 F e C l 3 - j - 2 S O 2 + S 2 C l 2 : a n d if t h e m e t a l is i n excess : 
3 F e + 2 S 0 0 2 = 2 F e C l 2 + F e S + S 0 2 . K . O m a g a v e 2 F e + 2 S O C l 2 = 2 F e C l 2 + S + S 0 2 . 

T h e ac t ion of su lphuric ac id on i ron resembles in m a n y r e spec t s t h e a c t i o n of 
hydroch lo r i c acid—vide supra, hyd roch lo r i c ac id . I t w a s d i scussed b y J . W . P r i e s t l e y 
a t t h e beg inn ing of t h e n i n e t e e n t h c e n t u r y , a n d l a t e r b y C. J . B . K a r s t e n , a n d 
others-—vide 6 . 39, 2O. Su lphur i c ac id i n al l s t ages of d i l u t i o n a t t a c k s i ron ; a n d in 
t h e case of t h e di l . ac id , h o t or cold, h y d r o g e n is e v o l v e d ; b u t , a c c o r d i n g t o M. B e r -
t h e l o t , t h e cone , ac id furnishes h y d r o g e n in t h e cold, a n d a t t e m p , exceed ing 160° 
s u l p h u r d iox ide is t h e m a i n p r o d u c t . R . H . Adie said t h a t s u l p h u r d iox ide a p p e a r s 
a t 220°, a n d t h a t n o h y d r o g e n su lph ide is fo rmed . P . H a r t f o u n d t h a t t h e finely-
d iv ided m e t a l a t 200° y ie lds s u l p h u r d iox ide w i t h s u l p h u r i c ac id of s p . g r . 1*75. 
A. D i t t e s t u d i e d t h e p r o d u c t s of t h e r eac t i on w i t h t h e cone . ac id . C. W . R . Powe l l 
obse rved t h a t t h e slow ac t ion of t h e cone , ac id o n i ron a t 25° t o 30° furn ishes 
fer rous s u l p h a t e — m o s t l y a n h y d r o u s — s u l p h u r d iox ide , h y d r o g e n , a n d w a t e r ; a n d 
C. E . F a w s i t t a n d C. W . R . Powel l found t h a t a t 180° t h e s u l p h u r d iox ide w h i c h 
is evo lved con ta ins a smal l p r o p o r t i o n of h y d r o g e n su lph ide , b u t n o h y d r o g e n . 
I n genera l , cold or h o t 61 pe r cen t , ac id furnishes h y d r o g e n ; b u t a t h i g h e r con
c e n t r a t i o n s s u l p h u r d iox ide , h y d r o g e n su lph ide a n d s u l p h u r a r e fo rmed . T h e 
92 p e r cen t , ac id h a s v e r y l i t t l e a c t i on o n i ron : t h e a c t i o n increases w i t h i nc rea s ing 
d i lu t ion ; a t 130° t o 150° t h e 92 p e r cen t , ac id furnishes h y d r o g e n a n d s u l p h u r 
d iox ide : t h e p r o p o r t i o n of h y d r o g e n decreases a s t h e t e m p , r ises t o 250° . S u l p h u r 
begins t o s e p a r a t e a t a b o u t 210°. H . E n d o f o u n d t h a t t h e effect of o x y g e n d i s 
solved in t h e ac id is p r ac t i c a l l y negl igible w i t h 95 p e r c en t , s u l p h u r i c ac id , b u t 
w i t h decreas ing c o n c e n t r a t i o n of t h e ac id t h e effect inc reases u n t i l , w i t h a 5 p e r 
cen t , ac id , t h e r a t e of cor ros ion is ove r fou r t een t i m e s as fas t a s i t is w i t h a soln . 
free f rom dissolved o x y g e n . O b s e r v a t i o n s we re m a d e b y M. B a l l a y , S. C. B a t e , 
C. F . Burges s a n d S. O . E n g l e , W . H . Creu tz fe ld t , G. D e l b a r t , A . D i t t e , V. Duffek, 
J . A . N . F r i e n d a n d J . H . D e n n e t t , R . G i r a r d , L.. F . G i r a r d e t a n d T. R . K o u , 
M. Cen tne r szwer a n d M. S t r a u m a n i s , J . J . H e a l y , Y , N . KojhevnikofT, J . Z a m a r o n , 
W . G u e r t l e r a n d T . L i e p u s , W . H . Hat f ie ld , G. W . H e i s e a n d A . C l e m e n t e , 
A. d ' H e u r e u s e , A. IJarsson, B . S a n d r o c k , J . S a u v a g e o t a n d L . L a u p r e t e , F . E . T h o m 
son, W . M. T h o r n t o n a n d J . A. H a r l e , Y . U t i d a a n d M. S a i t o , G. W . W h i t m a n a n d 
co-workers , M. S c h u n k e r t , a n d Y . Y a m a m o t o . T h e speed of t h e d i s so lu t ion of 
i ron in di l . su lphu r i c ac id w a s s t u d i e d b y C. M. G u l d b e r g a n d P . W a a g e , 
G. T a m m a n n a n d F . N e u b e r t , a n d A . d e H e m p t i n n e . H . B a b l i k c o m p a r e d t h e 
speeds of a t t a c k b y su lphu r i c a n d h y d r o c h l o r i c ac ids . C. Bizio d i scussed t h e 
a c t i o n of fuming s u l p h u r i c ac id on i ron . H . E n d o f o u n d t h e loss in g r a m s p e r 
sq . c m . d u r i n g 5 h r s ' . a c t i on , a t 25°, t o b e : 

H 1 S O 4 . 5 1 0 1 5 2 0 2 5 3 0 p e r c e n t . 
L o s s OOOO099 0 0 0 0 8 0 7 0 0 0 1 2 5 0 O 0 0 8 8 5 7 0 0 1 6 8 4 0 0 0 3 6 0 4 8 

C. G. F i n k a n d C. M. Dec ro ly found t h a t t h e loss of e lec t ro ly t ic i ron i n m i l l i g r a m s 
p e r sq . d m . p e r 24 h r s . , -with su lphur i c ac id of t h e p e r c e n t a g e c o n c e n t r a t i o n : 

l * § S O « 5 1 0 2 5 SO 7 5 0 0 p e r c e n t . 
JL^es . 33OO 4 0 2 0 1 5 , 2 0 0 23OO 3 5 0 112O 



I R O N 3 2 9 

J . I . C r a b t r e e a n d G. E . M a t t h e w s obse rved a loss of 11-4 g r m s . p e r 100 s q . i n . p e r 
d a y i n 5 p e r cen t , su lphur i c ac id . W . B a u h u i s o b s e r v e d t h a t e l ec t ro ly t i c i r on 
dissolves in su lphur i c ac id of different c o n c e n t r a t i o n s w i t h c h a r a c t e r i s t i c ve loc i t i es ; 
t h e r e is a well-defined pe r iod of i n d u c t i o n , wh ich is m o r e m a r k e d t h a n is t h e c a s e 
w i t h hyd roch lo r i c ac id . B o t h t h e s m o o t h a n d r o u g h m e t a l d issolve a c t i v e l y ; 
c a t h o d i c po la r i za t ion m a k e s n o app rec i ab l e difference t o t h e r a t e of d i s so lu t ion , 
b u t a n o d i c po la r i za t ion pa s s iva t e s t h e m e t a l . T h e a d d i t i o n of h y d r o c h l o r i c a c i d 
t o su lphu r i c ac id lowers t h e speed of t h e r e a c t i o n , a n d t h e a d d i t i o n of ha l i de s t o 
t h e s u l p h u r i c ac id lowers t h e speed of d i s so lu t ion of t h e m e t a l , a s is a l so t h e case 
w i t h hyd roch lo r i c ac id . T h e a d d i t i o n of ox id iz ing a g e n t s acce le ra te s t h e speed 
of d i sso lu t ion of t h e m e t a l . W . P a l m a e r found t h a t t h e pe r iod of i n d u c t i o n is longer 
t h e s lower t h e speed of d i sso lu t ion of t h e m e t a l . T h e s u b j e c t i s f u r t h e r d i scussed 
in connec t i on w i t h t h e corros ion of i ron . G. T a m m a n n a n d co -worke r s o b s e r v e d 
t h e effect of t h e h y d r o g e n press , on t h e r a t e of d i s so lu t ion of i r o n in s u l p h u r i c ac id . 

F . S c h m i t z f o u n d t h a t t h e losses w i t h 0-06, 0-42, a n d 0-92 p e r cen t , c a r b o n 
s teel , 2 0 x 2 0 x 1 0 m m . w i t h a 4 m m . hole , in s u l p h u r i c ac id (1 : 10), were , respec
t ive ly , 1-56O, 2-740, a n d 54-920 p e r cen t , d u r i n g 180 h r s . , a n d w i t h cone , ac id , 
r e spec t ive ly , 0-13O, 0-145, a n d 0-110 p e r cen t . B . G a r r e s t u d i e d t h e effect of cold-
w o r k — t o r s i o n or t e n s i o n — o n t h e so lubi l i ty of i ron in di l . su lphu r i c ac id , a n d 
some of h i s resu l t s a r e s u m m a r i z e d in F i g . 337 . W . K o s t e r r e p r e s e n t e d t h e in 
fluence of q u e n c h i n g a n d annea l i ng on t h e so lubi l i ty of i ron wi th 0-1 p e r cen t , of 
c a r b o n in di l . su lphur i c ac id b y F i g . 3 3 8 . Acco rd ing t o A . J . H a l e a n d H . S. F o s t e r , 

S /0 
Twists 

F i a . 3 3 7 . — T h e Effect of T o r s i o n o n t h e 
So lub i l i t y of I r o n in D i l u t e S u l p h u r i c 
Ac id . 
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F i a . 3 3 8 . — T h e Effec t of H e a t - t r e a t m e n t 
o n t h e S o l u b i l i t y of I r o n in D i l u t e Sul 
p h u r i c Ac id . 

w i t h a sq . d m . of c a s t i ron a n d w r o u g h t i ron , a t 17° t o 20°, a n d 0 '2IV-H 2 SO 4 , t h e 
losses were r e spec t ive ly 2*8 a n d 0-35 g r m s . w i t h a l i t r e of ac id in 4 h r s . ; r e spec t ive ly 
16-O a n d 17-0 g r m s . w i t h half a l i t r e of ac id pe r d a y for 7 d a y s ; a n d 3-2 a n d 
3-3 g r m s . w i t h half a l i t r e of ac id in 28 d a y s . 

B . L a m b e r t a n d J . C. T h o m s o n f o u n d t h a t t h e purif ied m e t a l is v e r y l i t t l e 
affected b y cold, di l . s u l p h u r i c ac id , b u t d i s so lu t ion r ead i l y occurs w h e n t h e ac id 
is w a r m . Cone, s u l p h u r i c ac id h a s v e r y l i t t l e a c t i o n on c a s t i ron, h o t o r cold, 
p r o v i d e d access of a i r is exc luded , for t h e m o i s t u r e a b s o r b e d wou ld d i l u t e t h e ac id 
a n d m a k e i t a c t m o r e s t rong ly . G. L u n g e i n v e s t i g a t e d t h e sub jec t , a n d f o u n d 
w i t h v a r i o u s s amp le s of c a s t i ron a t 20°, 100°, a n d 295°, t h e a v e r a g e losses, g r a m s 
p e r sq . c m . p e r h o u r , were respec t ive ly 0-021, 0-095, a n d 0-113 w i t h a n ac id of 
sp . g r . 1-840 ; a t 20°, 100°, a n d 200°, w i th a n ac id of s p . g r . 1-710, 0-018, 0-149, 
a n d 2-096 g r m s . ; a n d a t 20°, 100°, a n d 147°, w i t h a n ac id of s p . g r . 1-530, 0 0 2 6 , 
0*300, a n d 1-564 g r m s . T h e genera l r e su l t s showed t h a t al l ac ids d o w n t o s p . gr . 
1*530 h a v e v e r y l i t t l e a c t i o n o n c a s t i ron a t o r d i n a r y t e m p . ; t h e a c t i o n is s t r onge r 
a t 100°, a n d st i l l m o r e p r o n o u n c e d a t t h e b . p . of t h e ac id . W i t h m o n o h y d r a t e d 
s u l p h u r i c ac id t h e losses i n g r a m s p e r sq . c m . w i t h c a s t i r on a n d w r o u g h t i r on were 
0-062 a n d 0-056 respec t ive ly in 6 d a y s a t 20°, a n d r e spec t ive ly 0-015 a n d 0-095 in 
2 h r s . a t 100°. W r o u g h t i ron is m o r e suscep t ib le t o a t t a c k t h a n cas t i ron , b u t a t 
o r d i n a r y t e m p , i t res is t s cone , s u l p h u r i c a c i d d o w n t o a l i t t l e be low a s p . g r . of 
1*7000. If m o i s t u r e b e a b s o r b e d f rom t h e a i r t h e ac id m a y b e c o m e m o r e d i l u t e , a n d 
a s t r o n g corros ive a c t i o n m a y occur . R . K n i e t s c h o b t a i n e d t h e following losses, 
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in g r m s . pe r sq. 
exclusion of a i r : 

m e t r e pe r hour , d u r i n g 72 h r s \ a c t i o n a t 18° t o 20° , w i t h t h e 

Per cent. H2SO4 

48-8 
61-2 
67-7 
73 4 
79-7 
83-7 
85-1 
88-2 
90-6 
92-0 
9 3 O 
94-3 
95-4 
96-8 
98-4 
98-7 
99-2 
99-30 
99-5O 
99-77 

1OO-00 

Oast iron 
0-2177 
0 1 5 1 0 
0-0647 
0-0662 
0-1560 
0 1 3 8 8 
O-1306 
O-1636 
0 1 7 6 0 
0 0 9 8 3 
0 0 7 3 6 
0 0 7 2 3 
0 1 2 7 4 
0-1013 
0 0 6 8 1 
0 0 5 8 9 
0 0 5 6 8 
0 0 5 7 
0-060 
0-066 
0-087 

Mild steel 

0-0987 
0 0 9 8 7 
0 0 9 3 3 
0-0815 
0 0 5 3 3 
0*0609 
0 0 4 1 8 
0-042 
0 0 3 8 
0 0 4 2 
O-088 

Puddled Iron 

0-3032 
0-0789 
0-0623 
O-1159 
0-1052 
0 1 0 3 4 
0-1417 
0 1 3 3 9 
0 1 0 4 0 
0*0855 
0 0 7 0 8 
0-1209 
0 0 9 8 8 
0-0655 
0 0 5 7 0 
0-0504 
0-050 
O-049 
0-049 
0-076 

Thi s shows t h a t whi l s t d i l . su lphur i c ac id r ead i ly a t t a c k s ca s t i ron , t h e cone , a c id 
does n o t a t t a c k i t t o a n y g r e a t e x t e n t u n t i l t h e ac id exceeds t h e cone , r e p r e s e n t e d 
b y H 2 S O 4 . T h u s , R . O. D a v i s found t h a t t h e ac id of sp . gr . 1-45 is v e r y cor ros ive , 
t h e m e t a l is b u t l i t t l e a t t a c k e d b y a n ac id of sp . gr . 1-4.-9, a n d t h e a c t i o n is in
app rec i ab l e w i t h a n ac id of sp . gr . 1-5O t o 1-55. W i t h w r o u g h t i ron , h o w e v e r , al l 
c o n c e n t r a t i o n s a re a c t i v e u n t i l t h e cone , exceeds t h a t r equ i red b y t h e fo rmu la 
H 2 S O 4 b y some 27 pe r cen t . H e n c e , a d d e d R . K n i e t s c h , whi l s t ca s t - i ron vessels 
a r e su i t ab le for t h e p r e p a r a t i o n of h y d r a t e d su lphur i c ac id , i t is d a n g e r o u s t o 
e m p l o y t h e m for t h e fuming ac id . W . H . Hat f ie ld t r e a t e d cy l inders of i ron , a p p r o x i 
m a t e l y 0-5 in . d i a m . a n d weighing a b o u t 50 g rms . , w i t h a b o u t 85 c.c. of a c id a t 
15°, a n d expressed t h e losses in g r m s . p e r sq . c m . p e r 24 h r s . ; h e found : 

Kleetrolytic iron 
Armt'O iron 
Kng-lish wrought iron 

i 15° 
Steel , 0-29 J 40° 
j>er cent . C I 60° 

I 80° 

0-0057 
0-0099 
0-1452 

10 
0-0068 
0 0 1 5 2 
0-3610 

25 f>0 per rent. H8SO4 

O-1353 
0-4004 
0-4495 
0-4958 

0-2027 
0-8226 
1-2552 
1-2741 

0-0020 
0 0 0 6 0 
0-0105 
0-OH2 

M a n y o t h e r obse rva t ions h a v e b e e n m a d e o n t h e r e l a t i ve r e s i s t ance of c a s t i ron , 
w r o u g h t i ron , a n d steel t o su lphur i c ac id—e .g . b y J . A s t o n a n d C. F . B u r g e s s , 
G. D e l b a r t , H . E d w a r d s , U . R . E v a n s , J . A. N . F r i e n d , J . A. N . F r i e n d a n d 
C. W . Marsha l l , L . Grune r , E . H e y n a n d O. B a u e r , a n d J . S a u v a g e o t a n d L . L a u -
p re te—v ide infra, corrosion. L . Ai t ch i son , T . A n d r e w s , P . B a r d e n h e u e r a n d 
K . Li. Zeyen,- O. B a u e r , R . A. Hadf ie ld a n d J . A . N . F r i e n d , P . K o t z s c h k e a n d 
E . P i w o w a r s k y , E . P i w o w a r s k y , W . Schreck , a n d T . T u r n e r s t u d i e d t h e inf luence 
of c a r b o n . H . E n d o showed t h a t w i t h s teel h a v i n g f rom 0*1 t o 1*3 p e r cen t , of 
c a r b o n , t h e r a t e of ac t i on increases a l m o s t l i nea r ly w i t h inc reas ing p r o p o r t i o n s of 
c a r b o n . F . R o b i n found t h a t t h e so lubi l i ty of s teel i n di l . su lphu r i c ac id inc reases 
w i t h t h e t e m p , of forging. F o r h i g h - c a r b o n s teels , t h e m a x i m u m is a t 300° ; a n d 
w i t h soft s teels , 100° t o 200°. T h e so lubi l i ty d imin i shes r a p i d l y w i th s teels forged 
b e t w e e n 400° t o 600° , a n d a t t a i n s a m i n i m u m a t 700° w i t h soft s teels , a n d a t 800° 
w i t h h a r d s teels . F o r t h e effect of c o l d - w o r k — t w i s t i n g or b e n d i n g — o n t h e r a t e 
oi d i s so lu t i on of t h e m e t a l , vide infra. 

Jf. J . Dan ie l l , a n d W . H . J o h n s o n f o u n d t h a t b o t h i ron a n d s tee l f r e q u e n t l y 
b e c o m e britt le a f te r e x p o s u r e for a s h o r t t i m e t o ac id a t t a c k , a n d IX Sevoz , a n d 
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O. R e y n o l d s a t t r i b u t e d t h i s t o t h e presence of occ luded h y d r o g e n ; a n d J - H . Andre-w
a d d e d t h a t t h e h y d r o g e n is a b s o r b e d b y t h e i n t e r c rys t a l l i ne c e m e n t a n d t h e r e su l t 
ing e x p a n s i o n forces t h e c rys ta l s a p a r t a n d r educes t h e i r cohes ion—v ide infra. 
A . L e d e b u r obse rved t h a t ca s t i ron is n o t so sens i t ive a s w r o u g h t i ron , poss ib ly 
owing t o t h e a l t e r ed so lubi l i ty of h y d r o g e n ; w h e n t h e c o n t a i n e r is in c o n t a c t w i t h 
fuming su lphur i c ac id , i t is l iable t o b u r s t or d i s i n t e g r a t e , often w i t h a l o u d noise . 
I t is a s s u m e d t h a t t h e ac id p e n e t r a t e s t h e pores of t h e m e t a l , l i b e r a t i n g s u l p h u r 
d iox ide , h y d r o g e n su lph ide , a n d e v e n c a r b o n d iox ide , wh ich r e m a i n in t h e m e t a l 
u n d e r h igh press . , u l t i m a t e l y l ead ing t o r u p t u r e . T h e s u l p h u r d iox ide a n d h y d r o g e n 
su lph ide c a n be d e t e c t e d in t h e f r ac tu red m e t a l b y t h e i r odou r . A. C. C u m m i n g 
also n o t e d a s imi lar d i s r u p t i o n w i t h cas t - i ron vessels c o n t a i n i n g a m i x t u r e of 
su lphu r i c a n d n i t r i c ac ids . I t w a s c o n c l u d e d t h a t c r y s t a l s of sa l t s fo rming in t h e 
in t e r io r of t h e i ron were respons ib le for t h e d i s r u p t i o n . T . F . B a n i g a n f o u n d t h a t 
cas t - i ron p ipes a n d ma l l eab le cas t ings f r equen t l y c rack , w i t h o u t cor ros ion , a f te r 
long e x p o s u r e t o s u l p h u r t r i o x i d e fumes . A m o r p h o u s si l icon a l loyed w i t h i r on is 
r a p i d l y oxid ized b y 15 p e r cen t , o l eum, b u t n o t b y 96 p e r cen t , s u l p h u r i c ac id . 
Sil icon ca rb ide is n o t affected. T h e c r a c k i n g is a t t r i b u t e d t o t h e effect of i n t e r n a l 
s t r a i n s d u e t o t h e increase in vol . of t h e pa r t i c l e s of sil icon w h e n oxid ized t o sil ica. 

J . A . N . F r i e n d g a v e t h e following re su l t s for t h e effect of increas ing c o n c e n t r a 
t i ons of su lphu r i c ac id on mi ld s teel a n d g r e y c a s t i ron u n d e r c o m p a r a b l e cond i t i ons . 
T h e spec imens m e a s u r e d 4 - 5 x 0 - 8 x 0 * 6 5 c m s . , t h e y weighed 22 g r m s . , a n d were in 
c o n t a c t w i t h 50O c.c. of ae id for 8 h r s . a t 15°, w h e n t h e losses were 

H 8 S O 4 . . O 0-52V- JNT"- 2JV- 3JST- 4JV- 5JV-
Cast iron . 0 0 2 4 5 7-597 9-463 10-77 10-47 9-90 9-5 
Mild steel . 0-0083 0-334 0-524 0-765 0-994 1-241 1-566 

T h e a t t a c k o n cas t i ron rises t o a m a x i m u m a n d t h e n falls ; t h e cone , of t h e ac id 
p r o d u c i n g t h e m a x i m u m effect va r i e s w i t h different va r i e t i e s of c a s t i ron . T h e 
r a t e of d i sso lu t ion of s tee l rises s t ead i ly "with t h e cone , of t h e ac id , a n d shows n o 
m a x i m u m in t h e r a n g e e x a m i n e d . J . E . S t e a d a t t r i b u t e d t h e fall in t h e r a t e of 
d i sso lu t ion of t h e cas t i ron t o t h e f o r m a t i o n of a p r o t e c t i v e l aye r of s u l p h a t e which 
is n o t d issolved b y t h e cone . ac id . Th i s agrees w i t h t h e r e su l t s of A. L a r s s o n , 
b u t i t does n o t exp la in w h y t h e s a m e p h e n o m e n o n does n o t occur w i t h s tee l . 
M. P . App lebey a n d S. H . Wi lkes , a n d L.. McCulloch also a t t r i b u t e d t h e p a s s i v i t y 
of i ron in su lphur i c ac id t o a film of spar ing ly-so lub le s u l p h a t e . M. M u g d a n sa id 
t h a t t h e r e s i s t ance of i ron t o cone , s u l p h u r i c acid is d u e t o i t s a s s u m i n g t h e 
pass ive s t a t e (q.v*). G. W . He i se a n d A. C l e m e n t e obse rved t h a t i ron b e c o m e s 
pass ive in su lphur i c ac id w h e n 10 g r m s . p o t a s s i u m d i c h r o m a t e pe r l i t r e a r e p r e s e n t 
in 0-5JV-H2SO4 ; 50 g r m s . p e r l i t r e in 2V-H2SO4 ; a n d in 2JV-H 2SO 4 a pass ive s t a t e 
was n o t a t t a i n e d . 

Hi. A i t ch i son found t h a t t h e effect of c a r b o n in s tee l exposed t o 1 p e r cen t , 
su lphur i c ac id is such t h a t t h e losses in g r a m s pe r 1OO sq . c m . in 77 d a y s in t h e 
d a r k a r e a s follow, a n d s imi la r ly w i t h IO p e r cen t , s u l p h u r i c ac id d u r i n g 45 d a y s ' 
a c t i o n in t h e d a r k : 
Carbon . . . 0-07 0-19 0-50 0-68 0-89 1-25 1-46 per cent . 
w « 0 / 1 per cent . . 2-88 3-48 3-34 4-15 4-25 4-38 6-65 

• 4 \ 10 per cent . . 7-02 7-15 4-57 6-90 10-82 3-57 4-9O 

A . S ieve r t s a n d P . L u e g obse rved t h a t t h e i n h i b i t o r y a g e n t s d iscussed a b o v e 
in c o n n e c t i o n w i t h h y d r o c h l o r i c ac id a c t s imi la r ly w i t h s u l p h u r i c ac id . R e c o m 
m e n d a t i o n s h a v e b e e n m a d e a t v a r i o u s t i m e s t o r e t a r d t h e e v o l u t i o n of h y d r o g e n — 
ac id m i s t — i n t h e p ick l ing of i ron b y a n ac id , a n d p r e v e n t t h e e m b r i t t l e m e n t of 
t h e m e t a l b y h y d r o g e n . T h u s , S. E . G r o v e r e c o m m e n d e d n i t r e - cake , s u m a c , a n d 
w a t e r ; S. W . Griffin, 1 p e r c en t , of f o r m a l d e h y d e a n d hyd roch lo r i c ac id ; 
T . L . Ba i l ey , g lue , d e x t r i n , g lucose , a n d je l ly ; O . Vogel , 1 t o 2 p e r cen t , of a n t h r a 
cene r e s idues , w a s t e s u l p h i t e lye , c r u d e a n t h r a c e n e , p r o d u c t s o b t a i n e d i n t h e d r y 
d i s t i l l a t ion of coal , a n d quinol in ic d e r i v a t i v e s ; H . N . H o l m e s , 0*2 p e r cen t , of 
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formaldehyde , benza ldehyde , furfural , a n d a c e t a l d e h y d e ; a n d J . Gr. S c h m i d t a n d 
H . R . Lee, th iourea a n d s u b s t i t u t e d u reas . O. P . W a t t s found t h a t w i t h 19 p e r 
cent , su lphur ic acid, a t 30°, HCl , H B r , H F , N a 3 A s O 4 , As 2 (S0 4 )a , K F , K B r , K I , 
NH 4 Cl , NaCl, HgCl 2 , H g S O 4 , SnCl2 , N a 2 S n O 8 , C r 2 (S0 4 ) 8 , MnCl 2 , h y d r o q u i n o n e , 
a n d resorcin ac t ed as r e t a r d i n g a g e n t s ; K N O 8 , KClO 8 , CuSO 4 , A g N O 3 , Ag 2 SO 4 , 
H g N O 3 , CrO 3 , CrCl3, K 2 C r O 4 , K 2 C r 2 O 7 , B i 2 ( S O J 3 , K M n O 4 , a n d P t C l 4 a c t e d a s 
accelera t ing agen t s ; whi ls t K 2 S O 4 , ( N H 4 ) 2 S 0 4 , H 3 B O 3 , Sb2(SO4J8 , a n d c i t r ic ac id 
h a d no percept ib le effect. W . H . Creutzfe ld t n o t e d t h e r e t a r d i n g ac t i on of v a r i o u s 
organic subs tances , t a r , oil, e t c . ; a n d W . S. Ca lco t t a n d I . E . L e e , of t h i o p h e n o l , 
thio-/£?-naphthol, b e n z y l m e r c a p t a n , i s o a m y l m e r c a p t a n , or i s o p r o p y l m e r c a p t a n i n 
p ropor t ions of t h e order of 0-03 pe r cen t . T h e sub jec t w a s discussed b y I . A p a t i , 
H . Babl ik , G. B a t t a a n d E . Leclerc , E . L . Chappe l l a n d P . C. E l y , G. W . E m l e n , 
J . E . H a n s e n a n d G. S. L i n d s a y , M. Omerz , H . P i r a k a n d W . Wenze l , F . H . R h o d e s 
a n d W . E . K u h n , A. S iever t s a n d P . Lueg , F . N . Speller a n d E . L . Chappe l l , 
H . Sta ley, H . S u t t o n , K . Tauss ig , A. D . T u r n b u l l , a n d J . C. W a r n e r . Accord ing 
t o A. D . Tu rnbu l l , c a r b o h y d r a t e s l ike suga r or s t a r c h h a v e a good influence on 
r e t a rd ing t h e ac t ion of dU. su lphur ic ac id on i ron . W i t h cellulose, t h e r e is a 
reac t ion be tween w a t e r : C 6 H 1 0 O 5 - J - H 2 O = C 6 H 1 2 O 6 ; a n d t h e cellulose a c t s a s 
a n inhib i tor . J . G. S c h m i d t a n d H . R . L e e observed t h a t t h i o u r e a a c t s as a n 
inh ib i to r of t h e ac t ion of su lphur ic ac id on i ron. T h e N e w p o r t Co. found t h a t 
1 pe r cen t , or less of t h i o u r e a or i t s s u b s t i t u t i o n de r iva t ives p r e v e n t s or r e t a r d s t h e 
ac t ion . J . C. W a r n e r found t h a t t h e r a t e of dissolut ion of i ron in a n a q . soln. m a y 
be d imin ished n o t on ly b y subs t ances which p r o d u c e pas s iv i ty a t anod ic a r e a s , 
b u t also b y subs t ances which increase t h e h y d r o g e n ove rvo l t age a t c a thod i c a r ea s . 
This inference is s u p p o r t e d b y obse rva t ions on t h e effect of ge la t in , p e t r o l e u m 
bases, a n d coal- tar bases on t h e r a t e of d issolut ion of a low-carbon i ron in di l . 
su lphur ic acid a n d on t h e h y d r o g e n overvo l t age a t t h e m e t a l surface in t h i s soln. ; 
b u t ani l ine a n d quinol ine , which definitely r e t a r d d isso lu t ion , a c t u a l l y lower t h e 
h y d r o g e n overvol tage m e a s u r e d a t 10 mi l l i amps . pe r sq . cm. Ove rvo l t age m e a s u r e 
m e n t s a t lower c u r r e n t densi t ies m i g h t r e m o v e t h i s a n o m a l y . O. Vogel f o u n d 
m a n y n i t rogen r ing c o m p o u n d s ac t a s r e t a r d e r s . F . H . R h o d e s a n d W . E . K u h n 
e x a m i n e d t h e inh ib i to ry ac t ion of some heterocycl ic c o m p o u n d s of n i t rogen on t h e 
a t t a c k of i ron b y su lphur ic acid : 

Tolu id ine , t r i e t h a n o l a m i n e , an i l ine , p y r i d i n e , p ico l ine , p i p e r i d i n e , l u t i d i n e , co l l id ine , 
8 -hyd roxyqu ino l ine , qu ino l ine , p h e n y l q u i n o l i n e , 2 - m e t h y l q u i n o l i n e (qu ina ld ine ) , c r u d e 
q u i n a l d i n e , G-methylquinol ine , 2 ,4 -d ime thy lqu ino l ine , p y r r o l e , ac r id ine , d i q u i n o l y l , 
d i q u i n o l y l m e t h a n e , d i m e t h y l d i q u i n o l y l , / 8 -naph thoqu ino l ine , m e t h y l a c r i d i n e , 3 ,6 -d i amino-
ac r id ine , p h e n y l a c r i d i n e , 3 ,6 -d imethy l -2 , 7 -d ia rn inoacr id ine e t h y l ch lor ide , 3 ,6 -d ime thy l -
2 ,7 -d i e thy ld i aminoac r id ine h y d r o c h l o r i d e , benz id ine , a - n a p h t h y l a m i n e , p h e n y l d i n a p h t h -
ac r id ine , a, /3 -d inaphthacr id ine , fluorenenaphthacridine, / } ,0 -d inaph thac r id ine , a ,a-di -
n a p h t h a c r i d ine , a n d r l i p h e n a n t h r a c r i d i n e . 

T h e y concluded t h a t t h e inh ib i to ry effect increased w i th t h e mol . w t . a n d also 
wi th t h e i n t roduc t ion of a m e t h y l , p h e n y l , or amino -g roup . T h u s , i n such a series 
as pyr id ine-quinol ine-acr id ine t h e increase in t h e n u m b e r of r ings in t h e molecule 
was accompan ied b y a regu la r increase in effect, a n d in t h e series py r id ine - lu t id ine -
picoline-collidine t h e i n t r o d u c t i o n of a s ingle a d d i t i o n a l m e t h y l g r o u p inc reased 
t h e inh ib i t ing ac t ion of t h e c o m p o u n d b y n e a r l y 25 p e r cen t . H y d r o x y l g r o u p s 
decreased t h e inh ib i t ing ac t ion , a n d t h e m o s t efficient of al l t h e c o m p o u n d s s t ud i ed 
were t h o s e con ta in ing several a lky l a n d a m i n o - g r o u p s s u b s t i t u t e d in a n ac r id ine 
nuc leus ; t h u s , 3 : 7-diamino~2 : 8 -d ime thy l - ac r id inum e thoch lo r ide a n d h y d r o 
chlor ide . T h e a d d i t i o n of a specific i nh ib i to r t o a n ac id e lec t ro ly te inc reased t h e 
film res i s tance , a n d i t is ind ica ted t h a t t h e p r o t e c t i v e ac t i on is d u e t o some specific 

Er o p e r t y of t h e observed film a n d n o t solely t o t h e inc reased res i s tance offered. 
.. H e i l b r o n n used a n inhibi tor , a p e p t o n e a n d f o r m o l ; J . H . Grave l l a n d A . D o u t y , 

a t h i o c y a n a t e ; J . H . Gravel l , anhydro fo rn ia ldehydean i l i ne , t h ioca rbon i l ide , or 
th ionex ; L . J . C h r i s t m a n n , t e t r a m e t h y l d i a m i n o d i p h e n y l d i su lph ide ; J . G . Vignos , 
sulphated arylthiazole c o m p o u n d s ; a n d E . I . d u P o n t d e N e m o u r s , a product of 
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t h e a c t i o n of a n a l d e h y d e a n d a n a m i n e , a n d c a r b o n d i su lph ide , e.g. C H 8 . C O . H , or 
C 6 H 6 N H 2 a n d CS 2 . M. H a r t m a n n a n d W . K l a r e r u sed a s i nh ib i to r s of t h e r e a c t i o n 
t h e p r o d u c t s o b t a i n e d b y condens ing a l d e h y d e s , k e t o n e s , a n d su i t ab l e ac id ch lor ides 
l ike phosgene w i t h a r o m a t i c a m i n o - or n i t r o - c o m p o u n d s w i t h s u b s e q u e n t r e d u c t i o n , 
e.g. d i a m i n o d i p h e n y l m e t h a n e , d i a m i n o d i t o l y l m e t h a n e , a n d d i a m i n o n a p h t h y l -
m e t h a n e , or t h e co r r e spond ing s y m m e t r i c a l a n d u n s y m m e t r i c a l , p r i m a r y o r 
s e c o n d a r y n i t r o g e n - s u b s t i t u t i o n p r o d u c t s , e.g. 4 , 4 / - t e t r a m e t h y l d i a m i n o d i p h e n y l -
m e t h a n e . F u r t h e r , t h e y e m p l o y e d t h e co r r e spond ing p r o d u c t s wh ich m a y b e 
o b t a i n e d w i t h a c e t a l d e h y d e , or a c e t o n e i n s t e a d of w i t h f o r m a l d e h y d e ; k e t o n e s 
such a s 4, 4 ' - t e t r a m e t h y l d i a m i n o b e n z o p h e n o n e , a lso t h e t r i p h e n y l m e t h a n e , or, 
q u i t e genera l ly , t h e l euco -compounds of t h e t r i a r y l m e t h a n e d y e s c o n t a i n i n g amino* 
g r o u p s , such as leuco-crys ta l -v io le t , o r l euco-malach i t e -g reen , o r t h e correspond
ing q u a t e r n a r y a m m o n i u m bases of al l t h e s e c o m p o u n d s . T . W- B a r t r a m a n d 
D . H . T o m k i n s , a n d J . G. S c h m i d t u s e d a c o m p l e x a l d e h y d e ; L . B . Sebre l l , 
t r i th iof o r m a l d e h y d e . 

G. W a l p e r t found t h a t t h e r a t e of d i sso lu t ion of i ron a n d t h e e lec t rode in 
8-ZV-H2SO4 w a s depressed b y t h e a d d i t i o n of hyd r och lo r i c ac id , a n d t h e pe r iod of 
i n d u c t i o n is a u g m e n t e d . T h e r a t e of d i sso lu t ion of t h e i ron in cone , s u l p h u r i c 
ac id is depressed m o r e b y t h e a d d i t i o n of iodides t h a n w i t h b r o m i d e s , a n d w i t h 
b r o m i d e s m o r e t h a n w i t h chlor ides . T h e effect w i t h di l . su lphu r i c ac id is smal l . 
T h e a d d i t i o n of t h e a l i p h a t i c ac ids a lso r e t a r d s t h e r a t e of d isso lu t ion , a n d t h i s in 
t h e o rde r : formic ac id , ace t i c ac id , p r o p i o n i c ac id , a n d b u t y r i c ac id . S u b s t a n c e s 
w i th a h igh mol . w t . , l ike ge la t in a n d m e t h y l v io le t , a lso r e d u c e t h e speed of t h e 
r eac t ion . T h e p h e n o m e n a a r e a t t r i b u t e d t o t h e a d s o r p t i o n of t h e foreign s u b s t a n c e 
on t h e surface of t h e m e t a l be ing dissolved. 

T h e effect of t h e i nh ib i t o r qu ino l ine e th iod ide o n t h e evo lu t i on of h y d r o g e n 
from v a r i o u s k i n d s of i ron , a n d also t h e c a t h o d e p o t e n t i a l w a s s t u d i e d b y E . L . C h a p -
pel l a n d co-workers . T h e r e su l t s on t h e e v o l u t i o n of h y d r o g e n f rom steel i n 
2V-H2SO4 w i t h different p r o p o r t i o n s of qu ino l ine e th iod ide , a t 60°, a r e i n d i c a t e d in 
F i g . 339, a n d t h e effect on t h e c a t h o d e p o t e n t i a l of A r m c o i ron a t 25°, in F i g . 340 . 
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F i o . 340. T h e Effect of Inhibitors on 
t h e Cathode Potent ia l . 

T h e i n h i b i t o r h a s l i t t l e effect on t h e a n o d e p o t e n t i a l , a n d a m a r k e d effect on t h e 
h y d r o g e n o v e r v o l t a g e . I t is the re fore conc luded t h a t t h e effect p r o d u c e d is t h e 
r e su l t of c a t h o d e r eac t i ons . W i t h a c o n s t a n t d e n s i t y of 10 mi l l i amperes p e r sq . 
cm. , 2V-H2SO4 , a n d soln . w i t h OO a n d 0*4 g r m . qu ino l ine e th iod ide p e r l i t re a t 25°, 
t h e fol lowing c a t h o d e p o t e n t i a l s , E vo l t , a n d increases in t h e overvo l t ages were 
o b s e r v e d : 

Armco Rough Polished 
Iron Bteel Bteel 

jplO>Q . . 0 - 5 6 0 - 3 8 0 - 6 0 
10 -4 . . O-SO 0 - 5 5 0 - 7 7 

I n c r e a s e o . v . . 0 - 2 4 0 1 7 O-17 

Whit© 
cast iron 

0 - 4 1 
0 - 5 7 
O 16 

Annealed 
malleable 

O-46 
0 - 5 8 
0 - 1 2 

Wrought 
iron 

O-52 v o l t 
0-6O ,, 
0 - 0 8 „ 
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E . L . Chappe l l a n d co-workers also o b s e r v e d t h e effect of v a r i o u s i n h i b i t o r s , 0*70 
g r m . pe r l i t re , on t h e evo lu t ion of h y d r o g e n — v c.c. p e r sq . c m . p e r minu te -—wi th 
AT-H2SO4 a n d s t e e l ; a s well a s t h e c a t h o d e p o t e n t i a l , E v o l t , w i t h a c u r r e n t d e n s i t y 
of 9-1 mi l l i amperes p e r sq. cm. , a t 60° . 

K 
V 

None 
. 0 - 3 8 8 

0 - 0 9 1 

Sodium 
cyanide 
0 - 4 0 8 
0 0 6 4 

Picric 
acid 

0 - 3 0 4 
0 - 0 6 1 

Bismarck 
brown 
0 - 4 2 8 
0 - 0 2 9 

Sodium 
arsenate 
O- 3 9 5 
0 - 0 2 0 

Quinoline 
ethiodide 
0 - 4 5 4 
0 0 2 0 

T h e effect of a lkaloids l ike b ruc ine on t h e o v e r v o l t a g e of m e t a l s was i n d i c a t e d b y 
J . I . C rab t r ee , and M. Ie B l a n c ; o rganic q u i n i n e a n d qu ino l ine bases , b y A. Mazzuc -
chell i ; colloids l ike g u m a n d ge la t ine , b y N . Isgarisheff a n d S. B e r k m a n n , a n d 
C. Mar ie a n d R . A u d i b e r t ; a n d a r sen ious ac id , p o t a s s i u m c y a n i d e , h y d r o g e n 
su lph ide , b ruc ine , a n d qu in ine , b y N . Isgarisheff a n d E . K o l d a e v a . 

W . R o h n showed t h a t w i th 10 pe r cent , cold su lphur i c ac id , purif ied, u n a n n e a l e d 
i ron loses O 0 6 g r m . p e r sq. d m . in 1 hr . , a n d 1-1 g r m . in 24 h r s . ; a n d 21-7 g r ins , 
p e r sq . d m . a r e lost in 1 hr . in t h e h o t ac id . T h e a t t a c k on a n n e a l e d i ron is less 
v igorous . Accord ing t o G. J . B u r c h a n d J . W . D o d g s o n , i ron in c o n t a c t w i t h 
silicon in su lphu r i c ac id of sp . gr . 1-84 h a s t e n s t h e d i sso lu t ion . T h e r e s i s t ance t o 
su lphur i c ac id offered b y i ron c o n t a i n i n g silicon, e tc . , w a s d iscussed b y A . R i c e v u t o , 
R . I r m a n n , D . F . M c F a r l a n d a n d O. E . H a r d e r , F . S c h m i t z , L . Ai tch i son , e t c . — 
vide t h e corrosion of i ron a n d steel . C E . F a w s i t t a n d A. A. P a i n o b s e r v e d t h a t 
w i t h 5 g r m s . of s teel expos ing a surface of 36 sq. cm. , a t 30°, for 28 d a y s , t h e a v e r a g e 
vol . of g a s evo lved in c.c. pe r hr . pe r sq. d c m , of steel surface , a n d t h e loss of 
w e i g h t in g r a m s in 28 d a y s , were : 

H 2 S O 4 . 9 7 - 4 
V o l o - a . s / n o s h a k i n g — V o l . g a s | s h a k i n g G . l 7 

L o s s w t . s h a k i n g . 0 - 0 9 9 

9 4 O 
0 - 2 7 
1-4(5 
0 - 8 6 1 

9O-9 
0-31 
2 0 7 
1-222 

8 9 - 3 
0 - 0 6 
G-24 
0 - 1 4 0 

8 7 - 9 
0 - 2 8 
0 - 8 9 
G-523 

8 5 0 
0 - 3 0 
0 - 8 9 
0 - 5 2 6 

8 0 - 0 p e r c e n t 
2 -5 c . c . 
4 - 9 4 c . c . 
2 - 9 1 5 g r m s . 

Accord ing t o W . I ) . R i c h a r d s o n , g r ey cas t i ron , c o n t a i n i n g g r a p h i t e , is m o r e 
r ead i ly a t t a c k e d b y ^ - H 2 S O 4 t h a n o p e n - h e a r t h i ron , b u t t h e cor ros ion of t h e l a t t e r 
is g r e a t l y acce le ra t ed if a t r a c e of p l a t i n u m sa l t be a d d e d so a s t o p r o d u c e a l i t t l e 
p l a t i n u m in c o n t a c t w i th t h e i ron . T h e losses in g r a m s p e r h o u r , f rom p l a t e s 
15 c m . s q u a r e , a t 16°, w i t h o p e n - h e a r t h i ron a n d ca s t i ron , were r e spec t ive ly O-76 
a n d 8-9 g r m s . w i t h o u t p l a t i n u m , a n d 15-5 a n d 9-6 g r m s . w i t h p l a t i n u m . 
W . D . R i c h a r d s o n obse rved t h a t w i t h n o r m a l ac ids a t a b o u t 16°, t h e a v e r a g e 
a t t a c k pe r h o u r : 

U2SO4 H2SO4 
(First 2O lirs.) (Second 20 hrs.) 
0 0 9 to 0-23 O-OO t o 0 0 3 
0-30 t o 0 0 8 0 0 2 t o 0-05 
0-27 to 0-34 0 0 1 t o 0 0 9 
0-39 t o 1-03 0 0 6 t o 0-86 
4-82 t o 4-87 3-99 t o 5-02 
2-03 t o 2-12 1-77 t o 2-33 
1-56 t o 2-91 0-98 t o 1-36 
4-06 t o 4-18 4-26 t o 5 1 5 
0-66 t o 1 0 3 O-30 t o 0-77 

Copper steel (0-1 per cent . Cu) 
Open-hearth iron 
Bessemer steel . 
Puddled iron 
Grrey cast iron . 
"White cast iron 
Malleable iron . 
Semi-steel 
Cast steel 

HNO 3 
(2 hrs.) 

1-9O t o 
1 5 - 2 
14-7 
1 8 - 2 

5 0 
6 - 5 
5 - 4 
5 - 4 

1 9 - 8 
t o 2 0 - 7 
t o 2 0 - 5 
t o 2 0 - 0 
t o 
t o 
t o 
t o 

1-6O t o 

8 - 8 
9 - 9 
6 0 
7 - 2 

16-5 

H e also found t h a t t h e ac t i on was n o t s t i m u l a t e d b y t h e p re sence of c o p p e r or s i lver 
s a l t s , a l t h o u g h O. P . W a t t s a n d H . C. K n a p p obse rved t h a t t h e a c t i o n of t h e ac id 
is a c c e l e r a t e d b y t h e presence of t h e s e sa l t s . O. P . W a t t s a n d N . D . W h i p p l e 
f o u n d t h a t t h e p resence of arsenic in di l . s u l p h u r i c ac id g r e a t l y r educes t h e cor ros ion 
for t h e s a m e r eason a s t h a t i n d i c a t e d in connec t i on w i t h hyd r och lo r i c ac id ; whilst 
t h e p r e s e n c e of h y d r o g e n d iox ide h a s t e n e d t h e r a t e of a t t a c k . H . A n t h e s d i scussed 
t h e e v o l u t i o n of a r s ine u n d e r t h e s e cond i t i ons . F o r E . H e y n a n d O. B a u e r ' s 
o b s e r v a t i o n s on t h e effect of c a r b o n in s teel o n t h e cor ros ion b y di l . s u l p h u r i c ac id , 
vide infra, F i g . 394 . C. E . F a w s i t t a n d C. W . R . Powel l , f rom a s t u d y of t h e 
ac t ion of sulphuric a c id o n i ron a n d s tee l , c o n c l u d e d t h a t cone , s u l p h u r i c a c i d 
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a c t s a t t h e o r d i n a r y t e m p , on s tee l a n d o n some k i n d s of c a s t i ron , t h e p r o d u c t s 
b e i n g fer rous s u l p h a t e a n d h y d r o g e n w i t h a smal l q u a n t i t y of s u l p h u r d iox ide . 
T h e r e a c t i o n p roceeds m o r e r ap id ly w i t h rise of t e m p . , a n d t h e gaseous p r o d u c t s 
a t 180° a r e s u l p h u r d iox ide w i th occas ional sma l l q u a n t i t i e s of s u l p h u r e t t e d 
h y d r o g e n , b u t n o h y d r o g e n . T h e r a t e is increased , on t h e a v e r a g e , a b o u t t h r e e 
t i m e s for each 10° r ise of t e m p . T h e r a t e of r e ac t i on d e p e n d s on t h e cone , of t h e 
ac id , b u t for smal l d i lu t ions t h e r a t i o of h y d r o g e n t o s u l p h u r d iox ide in t h e m i x t u r e 
of gases evo lved r e m a i n s a l m o s t u n c h a n g e d . A l t h o u g h t h e r a t e of r eac t i on d e p e n d s 
t o a c e r t a i n e x t e n t on t h e compos i t i on of t h e s a m p l e of i ron , a s i n d i c a t e d b y t h e 
la rge difference b e t w e e n s teel wire a n d p ig- i ron , a n i m p o r t a n t f ac to r gove rn ing 
t h e r e a c t i o n w i t h a n y one s a m p l e a p p e a r s t o b e t h e c o n d i t i o n of t h e surface of t h e 
i ron . C E . F a w s i t t f ound t h a t a t 30° w i t h 91*5 p e r c e n t , a c id , s tee l los t i n 4 d a y s 
0*068 g r m . , a n d if m e r c u r y w a s in c o n t a c t w i t h t h e s tee l , 0*061 gr in . ; a t 25° a n d 
wi th 91*5 pe r cent , ac id , in 11 d a y s t h e loss w a s 0*134 g r m . , a n d w i t h p l a t i n u m 
a n d a l u m i n i u m respec t ive ly in c o n t a c t w i t h t h e s tee l , t h e losses were 0*123 a n d 
0*071 g r m . ; a n d w i t h 96*3 p e r cen t , ac id , a t 250°, t h e loss w a s 0*048 g r m . in 27 
d a y s ; a n d if p l a t i n u m a n d a l u m i n i u m were in c o n t a c t w i t h t h e s teel , t h e losses 
were r e spec t ive ly 0*048 a n d 0*055 g r m . C. E . F a w s i t t a n d A . A. P a i n found t h a t 
t h e differences in t h e e lec t rochemica l b e h a v i o u r show t h a t n o rea l s imi l a r i t y ex i s t s 
b e t w e e n i ron wh ich is s lowly d issolv ing in cone , su lphu r i c ac id a n d i ron r e n d e r e d 
" pass ive " b y d i p p i n g i n t o n i t r i c ac id . T h e a c t i o n of t h e ac id p r o d u c e s a fo rm 
of fer rous s u l p h a t e m o n o h y d r a t e on t h e surface of t h e i ron , which causes t h e 
s lowing d o w n or cessa t ion of t h e r eac t ion . I n genera l , i nc reas ing d i l u t i on of t h e 
ac id w i t h w a t e r resu l t s in g r e a t e r r e a c t i v i t y , b u t c e r t a i n a n o m a l i e s were obse rved 
in t h i s r e spec t , n o t a b l y t h a t 89*3 p e r cen t , ac id h a d cons ide rab ly less a c t i o n on t h e 
m e t a l t h a n 94 p e r cen t . , 90*9 pe r cen t . , 87*9 p e r cen t . , or 85 p e r cen t . ac id . T h e 
so lven t effect is in a l l cases n o t i c e a b l y inc reased b y s h a k i n g t h e vessel c o n t a i n i n g 
t h e ac id a n d t h e m e t a l . F . J . R . Caru l la r e p o r t e d t h a t cas t - i ron n i t r e - p o t s w i t h 
s t a n d t h e ac t i on of su lphu r i c ac id a n d n i t r o u s a n d n i t r i c ac ids in a g lowing fu rnace 
for m o n t h s , a n d s o m e t i m e s y e a r s : J . E . S t e a d a t t r i b u t e d th i s t o t h e f o r m a t i o n 
of a p r o t e c t i n g l aye r of fer rous s u l p h a t e insoluble in t h e h o t , cone . ac id . T h e 
res i s tance offered b y t h e si l icon-iron a n d o t h e r a l loys (q.v.) t o t h e ac t ion of su lphu r i c 
ac id w a s discussed b y J . W . P a r k e s . 

J . W . T u r r e n t i n e , a n d M. G. L e v i a n d co-workers f o u n d t h a t i ron dissolves in 
a soln. of a m m o n i u m p e r s u l p h a t e , fo rming fer rous s u l p h a t e , a p o r t i o n of w h i c h 
unde rgoes fu r the r o x i d a t i o n . T h e r e a c t i o n w a s s t u d i e d b y G. T a m m a n n a n d 
F . N e u b e r t . O. A s c h a n a n d G. V. P e t r e l i u s found t h a t w i t h soln. of a m m o n i u m , 
potass ium a n d s o d i u m persulphates i ron dissolves , fo rming t h e c o m p l e x sa l t s 
( N H 4 J 2 F e ( S 2 O 8 ) . 6 H 2 O , K 2 F e ( S 2 O 8 ) . 6 H 2 O , a n d N a 2 F e ( S 2 O 8 ) . 4 H 2 O , respec t ive ly . 
J . I . C r a b t r e e a n d G. E . M a t t h e w s o b s e r v e d t h a t i ron is a t t a c k e d b y s o d i u m t h i o -
SUlphate, a n d t h e p h o t o g r a p h i c fixing-bath is d iscoloured. E . B e u t e l a n d A. K u t z e l -
n igg obse rved t h a t w i t h a boi l ing soln. of s o d i u m t h i o s u l p h a t e a n d lead a c e t a t e , 
i ron acqu i r e s a sequence of colours from yel low t o s tee l -b lue owing t o t h e fo rma t ion 
of a film of lead su lph ide . 

C. F . Bu rges s a n d J . A s t o n found t h a t t h e p resence of 0*017 p e r cen t , of s e l e n i u m 
in i ron r e d u c e d t h e a t t a c k b y 20 pe r cen t , su lphur i c ac id , b u t inc reased i t s t e n d e n c y 
t o a t m o s p h e r i c cor ros ion . A. E . H . T u t t o n found t h a t s e l en i c a d d dissolves i ron , 
fo rming fe r rous se l ena te a n d a depos i t of s e l en ium w h i c h h i n d e r s t h e ac t i on of 
t h e ac id o n t h e m e t a l ; n o h y d r o g e n is evo lved , a n d t h e se len ium is p r e s u m a b l y 
fo rmed b y t h e r eac t i on : 3 H 2 - ( - H 2 S e O 4 = 4 H 2 O + S e ; so t h a t t h e r e s u l t a n t e q u a t i o n 
is 3 F e - f - 4 H 2 S e 0 4 = 3 F e S e 0 4 - f - S e H - 4 H 2 0 . F o r t h e a c t i o n of se len ium, vide t h e 
se l en ides—10. 58 , 7. G. T a m m a n n a n d XC. S c h a a r w a c h t e r found t h a t t h e a t t a c k 
of i ron b y s e l e n i u m beg ins a b o u t 200° , a n d q u i c k l y a t t a i n s a m a x i m u m speed. 
T h e a l loys w e r e s t u d i e d b y H . F l eek , a n d A. Li. N o r b u r y ; a n d t h e effect of 
i ron o n t h e pho toe l ec t r i c p rope r t i e s , b y F . H . Cons t ab l e a n d A. F . H . W a r d . 
F o r t h e a c t i o n of t e l lur ium, see t h e t e l l u r i d e s — 1 1 . 59 , 7. G. T a m m a n n a n d 
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K . Schaa rwach te r obse rved t h a t t e l l u r i u m begins t o a t t a c k i ron a t a b o u t 
446 0 , a n d t h e ac t i on becomes v e r y r a p i d soon a f t e rwards . N . Ageeff a n d 
M. Zamoto r in s tud ied t h e diffusion of t e l l u r i u m in i ron . Gr. B . W a t e r h o u s e a n d 
I . N . Zava r ine obse rved t h a t s teel "with O* 12 p e r cen t , of t e l l u r i u m h a s a lower 
duc t i l i ty t h a n n o r m a l steel . C. F . Burgess a n d J . A s t o n discussed t h e w o r k i n g 
proper t i es of i ron w i th a smal l p r o p o r t i o n of se len ium. I r o n decomposes d r y 
hydrogen selenide, as well a s hydrogen tel luride. J . B . Pee l a n d P . L . R o b i n s o n 
found t h a t h y d r o g e n selenide r eac t s w i t h i ron a t 750°, fo rming ferrous selenide. 
V. L e n h e r found t h a t i ron w h e n h e a t e d in a sealed t u b e w i t h s e l en ium oxybromide 
is a t t a c k e d , forming i ron b r o m i d e a n d s e l e n i u m monobromide ; a n d »V. L e n h e r 
a n d C H . K a o found t h a t t h e m e t a l is a t t a c k e d b y s e l e n i u m monoohloride . 

T h e absorp t ion of n i trogen b y i ron h a s been discussed in connec t ion w i t h 
T a b l e X L V I I , a n d also f rom t h e p o i n t of v iew of t h e n i t r i d e s — 8 . 49 , 12. F . D u r a u 

a n d C H . T e c k e n t r u p 7 showed t h a t t h e a b s o r p t i o n of 
n i t rogen b y e lec t rolyt ic i ron is a process of a d s o r p t i o n . 
T . G r a h a m , a n d A. Wehr l e o b t a i n e d t h e gas f rom i ron . 
One g r o u p of o b s e r v e r s — E . B a u r a n d G. L . V o e r m a n , 
G. C h a r p y a n d S. B o n n e r o t , G. J . Fowler , W . F r a n k e n -
burge r a n d K . Mayrhofer , A. Mi t t a sch a n d W . F r a n k e n -
burger , H . H a r d t u n g , W . He rwig , A. L e d e b u r , E . B . M a x -
t e d , P . Oberhoffer a n d A. Beu te l l , I . I . Shukoff, 
J . K . S m i t h , C. S t a h l s c h m i d t , a n d N . Tsch i schewsky— 
could n o t d e t e c t a n y m a r k e d a d s o r p t i o n of molecu la r 
n i t rogen b y i ron a t t e m p , r a n g i n g u p t o 800°, a n d a t a 
press , u p t o 205 a t m . ; a n o t h e r g r o u p — F . Briegler a n d 
A. G e u t h e r , C Desp re t z , W . A. !Dew a n d H . S. Tay lo r , 

E . Mar t i n , E . J u r i s c h , A. F . B e n t o n a n d co-workers , 

«•£ 

I 

CU 
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/Z 
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n 

I I 

H 

i i i 

800° 900° /000°//00° /200' 

F I G . 3 4 1 . — T h e So lub i l i ty 
of N i t r o g e n in a-Iron. 

E 
E 
P . 
K 

F r e m y , K . Iwase , 
B . M a x t e d , W . Moldenhauer a n d F . Groebe , A . S iever t s , A. S iever t s a n d 
B e c k m a n n , E . W . R . S teac ie a n d F . M. G. J o h n s o n , H . S. T a y l o r a n d 

M. B u r n s , J . G. T h o m p s o n a n d E . H . H a m i l t o n , H . Wol f ram, a n d F . W i i s t - a n d 
J . D u h r — f o u n d t h a t n i t rogen is ab so rbed u n d e r t h e s e 
condi t ions . E . J u r i s c h incl ined t o t h e op in ion t h a t t h e 
d i s c o r d a n t conclus ions a r e d u e t o t h e i ron a b s o r b i n g 
n i t r ogen on ly a t a t e m p , exceed ing 850° ; G. T a m m a n n , 
t o t h e f o r m a t i o n of a n impe rv ious film of n i t r i de on t h e 
surface of t h e m e t a l ; a n d W . F r a n k e n b u r g e r a n d co
worke r s , t o t h e a b s o r p t i o n w i t h p u r e i ron be ing d e p e n d e n t 
on i t s s t r u c t u r e , which , in t u r n , d e p e n d s on i t s m o d e of 
p r e p a r a t i o n ; i t is fu r the r supposed t h a t t h e n i t rogen is 
abso rbed only a t p a r t i c u l a r l y a c t i v e p a r t s of t h e surface 
a n d is t h e n c e ab le t o pass t o t h e i n t e r io r—wi th com
mercia l i ron , t h e impur i t i e s p r e s e n t c an t a k e u p n i t r ogen 
d i rec t ly , a n d t h e n de l iver i t u p t o t h e i ron . E . Martin*s 
resul t s agree w i t h t hose of A. S iever t s , F ig . 343 , a n d n o t 
A. F r y ' s r esu l t s j a r e s h o w n in F ig . 342. T h e r e is a n o t h e r 

- — - - - - — i w a s e . As i nd i ca t ed 

0 ~075 T0~~ /-5 
Per cent of nitrogen 

F i a . 3 4 2 . — T h e So lub i l i t y 
of N i t r o g e n in I r o n . 

w i t h t hose of K . Iwase . _ 
difference in t h e case of t h e resu l t s of E . J u r i s c h , a n d K . 
p rev ious ly , 8 . 49, 12, t h e pe rcen tage a m o u n t of n i t r ogen t a k e n u p b y t h e m e t a l 
a t different t e m p , is, accord ing t o E . J u r i s c h : 

878° 
Nitrogen . 0-00158 

whilst K. Iwase gave : 
620° 

N i t r o g e n . 0-00128 

930° 
0 0 2 1 6 5 

722° 
0 0 0 2 0 7 

081° 
0 0 2 1 0 3 

852° 
0 0 0 2 2 0 

1053° 
0 0 2 O 2 2 

940° 
0 0 0 2 8 5 

1084° 
0 0 1 9 7 3 

080° 
0 0 0 4 7 7 

1136° 
0-01885 p e r c e n t . 

1030° 
0-00687 per cent . 

so t h a t in b o t h cases t h e n i t rogen abso rbed increases w i t h a r ise of t e m p e r a t u r e u p 
t o afeoiit 900° , a n d in t h e former case t h e a m o u n t t a k e n u p b e y o n d 900° dec reases 
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w i th a r ise of t e m p . , a n d increases in t h e l a t t e r case . K . I w a s e r e p r e s e n t e d h i s 
r e su l t s b y t h e c u r v e s h o w n i n F i g . 3 4 3 , w h e n t h e so lubi l i ty of n i t r o g e n i n i r o n is 
r ep r e sen t ed a s c.c. of ga s a t n . p . 6 p e r 1OO g r m s . of m e t a l . T h e r a t e s of a b s o r p t i o n 
of t h e gas a t 850° a n d 980° a re s h o w n in F i g . 344. T h e p resence of i nc reas ing 
q u a n t i t i e s of c a r b o n lowers progress ive ly t h e so lubi l i ty of t h e n i t r o g e n . T h e cor re 
s p o n d i n g d a t a for t h e soln. of n i t r o g e n in cas t i ron a r e s u m m a r i z e d in F i g s . 345 a n d 
346. T h e r a t e of a b s o r p t i o n of n i t r o g e n b y i ron w a s a lso s t u d i e d b y H . B r a u n e , 

FiO. 343 . T h e SoIu- F i a . 344 . T h e R a t e F i a . 345 . T h e SoIu- F i o . 346 . T h e H a t e 
b i l i t y of N i t r o g e n of Absorp t ion , of b i l i t y of N i t r o g e n of A b s o r p t i o n of 
i n I r o n . N i t r o g e n b y I r o n . i n C a s t I r o n . N i t r o g e n b y C a s t 

I r o n . 

P . Oberhoffer a n d A . LTeger, G. T a m m a n n , a n d W . W a t s o n ; t h e a b s o r p t i o n of t h e 
gas w a s also i n v e s t i g a t e d b y L . Cai l le te t , G. M. E a t o n , A. G r a b e , L . J o r d a n a n d 
J . R . E c k m a n , E . M a r t i n , F . R a p a t z , A . S ieve r t s , J . K . S m i t h , C. E . S t r o m e y e r , 
B . T a z a w a , N . Tsch i schewsky , G. Va lens i , a n d A. Vi l l achon a n d G. C h a u d r o n ; 
t h e a b s o r p t i o n of n i t r o g e n b y a l loy s teels , b y N . P a r r a v a n o a n d A . Scor tecc i ; 
t h e a b s o r p t i o n of n i t r o g e n in t h e e lect r ic a r c b e t w e e n i ron e lec t rodes in n i t r o g e n 
was o b s e r v e d b y Li. A r o n s , J . H . P a t e r s o n , J . H . P a t e r s o n a n d H . Bla i r , 
H . S. R a w d o n a n d co-workers , W . E . R u d e r , a n d E . J . B . Wi l l ey ; a n d t h e a b s o r p 
t i o n of n i t r o g e n d u r i n g t h e c a t h o d i c s p l u t t e r i n g of i ron in n i t r o g e n , b y W . F r a n k e n -
b u r g e r a n d K . Mayrhofe r , V . K o h l s c h u t t e r a n d T . G o l d s c h m i d t , V. K o h l s c h i i t t e r 
a n d R . Miiller, M. Pawloff, a n d R . R u e r a n d J . K u s c h m a n n . 

A . S iever t s , a n d E . J u r i s c h o b s e r v e d t h a t t h e q u a n t i t y of n i t rogen , S, a b s o r b e d 
b y t h e m e t a l is p r o p o r t i o n a l t o t h e sq. r o o t of t h e press . , p m m . , so t h a t w i t h p ress , 
u p t o 1*5 a t m . , S~kp&, w h e r e k d e n o t e s t h e coeff. of so lub i l i ty . C. B . S a w y e r , 
a n d J . H . A n d r e w also found t h e ru le t o b e va l i d for s teel u p t o 200 a t m . p re s s . 
Mol ten i ron a b s o r b s n i t r o g e n m o r e r ead i ly t h a n does t h e solid, s ince, acco rd ing t o 
C. B . Sawye r , w h e n i ron is m e l t e d in n i t r o g e n u n d e r a p ress , of 1 t o 3 a t m . , t h e 
m o l t e n m e t a l " sp i t s " d u r i n g solidif icat ion. B . S t r a u s s f o u n d t h a t a f t e r t h e 
solidification of i ron which h a s been m e l t e d for half a n h o u r in n i t r ogen u n d e r a p ress , 
of 1 a t m . , t h e m e t a l r e t a i n s O 0 3 t o O 0 4 p e r cen t , of n i t r o g e n ; F . A d c o c k obse rved 
t h a t i ron m e l t e d for half a n h o u r in n i t r o g e n a t a t m . p ress . , a n d cooled u n d e r a 
p ress , of 1 t o 2 m m . , r e t a i n s 0*02 p e r cen t , n i t r o g e n ; C. B . S a w y e r , t h a t a r m c o i ron , 
w i t h 1 p e r cen t , of c a r b o n m e l t e d a n d cooled in n i t r o g e n a t 1 t o 3 a t m . p ress . , r e t a i n s 
0-014 t o 0-036 pe r cen t , of n i t r o g e n ; a n d J . H . A n d r e w , m o l t e n i ron , w i t h 0*16 t o 
0-6 p e r cen t , of c a r b o n , solidified in n i t r o g e n a t 200 a t m . p ress . , r e t a i n s 0-25 t o 0-30 
p e r cen t , of t h a t g a s . EL. J e l l i nek also s t u d i e d t h e effect of t h e p ress , of t h e g a s o n 
t h e e lec t r ica l r e s i s t ance of t h e m e t a l ; a n d G. B . K i s t i a k o w s k y , t h e ion iza t ion 
p o t e n t i a l of a d s o r b e d n i t r o g e n . 

Li. K a u l found t h a t w h e n n i t r o g e n a c t s on h e a t e d i ron , a s t a t e is r e a c h e d a t t h e 
y - p o i n t a t w h i c h n i t r o g e n is fixed b y t h e re lease of a t . ene rgy . F u r t h e r h e a t i n g 
a l t e r s t h e cond i t i ons so t h a t t h e t h e n h igh ly a c t i v e n i t r o g e n is n o longer fixed, a n d 
on. cool ing be low t h e y - p o i n t , t h e freed e n e r g y is a g a i n r e q u i r e d for cohes ion a n d 
n i t r o g e n is g i v e n u p . R . !Lenz, a n d F . H a b e r d i d n o t cons ider t h a t t h e n i t r o g e n in 
e l ec t rodepos i t ed i ron w a s de r ived f rom t h e a i r d issolved in t h e e lec t ro ly te . T h e 
sub j ec t -was d iscussed b y S. E p s t e i n a n d co-workers . T h e a b s o r p t i o n of n i t r o g e n 
f rom a i r i n t h e m a n u f a c t u r e of s teel b y t h e Bessemer , or t h e o p e n - h e a r t h processes 
w a s d i scussed b y W . K o s t e r , P . Oberhoffer a n d co-worker s , E . H . Schulz a n d 
R . F r e r i c h , C. E . S t r o m e y e r , a n d H . E . T h o l a n d e r . T h e n i t r i d i n g or n i t rogen iza t i on 
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of steel, and the case-hardening of steel by nitrogenization were discussed by 
C. R. Aldon, C. F . Bason, E . Baur and G. L. Voerman, L. E . Benson, H . Braune 
and C. Bolin, F . Briihl, J . H. Cates, F . L.. Coonan, R. J . Cowan, M. I>aubois, 
R. O. E. Davis, G. M. Eaton, J . J . Egan, W. EUender and O. Meyer, P . H . E m m e t t 
and co-workers, S. Epstein, H . A. de Fries, A. Fry, L. Guillet, H . M. Gustafson, 
O. E . Harder and co-workers, J . H . Higgins, R. H . Hobrock, V. O. Homerberg and 
co-workers, H. A. de Fries, J . E. Hurst , M. Ishizawa, B . Jones and co-workers, 
A. B. Kinzel and co-workers, A. B . Kinzel and J . J . Egan, W. Koster, E . Lehrer, 
H. W. McQuaid and co-workers, H. W. McQuaid and W. J . Ketcham, V. T. Malcolm, 
W. J . Merten, J . T. Norton, E. Oehman and E . S. Engberg, C. F . Olmstead, 
A. Osawa and S. Iwaizumi, F . Rapatz , R. G. Roshong, F . W. Rowe, D. Saito 
and H. Okawa, S. Sato, C. B. Sawyer, F . Schmitz, L . W. Schuster, R. Sergeson, 
A. Sieverts and F . Kriill, E . A. Sjostet, J . W. Urquhar t , A. E . White and 
J . S. Vanick, and E. J . B. Willey. T. Nakayama studied the effect of various 
elements on the nitrogenization of steel. 

A. Mtiller, and H . Kramer thought tha t the occluded nitrogen in iron is present 
as nitride, and this view is supported by the X-radiograms of nitrogenized steel 
by R. Brill, O. Eisenhut and E . Kaupp , G. Hagg, L». R. Ingersoll, A. Osawa and 
S. Iwaizumi, and A. Pourcel. G. Charpy and S. Bonnerot, W. Frankenburger and 
co-workers, and N. Tschischewsky have suggested t h a t the nitrogen is combined 
with the foreign elements associated with the iron. S. Sato said t ha t the nitrogen 
is present as atomic nitrogen or iron nitride. H . E . Tholander discussed the 
assumption t ha t the iron is combined 'with the carbon as iron cyanide ; bu t 
H. Braune favoured the nitride and rejected the cyanide hypothesis (i) because of 
the behaviour of nitridized iron towards hydrochloric acid ; (ii) A. H. Allen could 
detect no definite relation between the nitrogen and carbon-content of steel ; and 
(iii) H . Braune, and W. Giesen found tha t in nitridized steel the cementite is free 
from nitrogen. In favour of the cyanide hypothesis, there are the observations 
of J . Kirner, B. Strauss, S. W. Miller, and W. E. Ruder t h a t nitrogen is associated 
with the carbon of steel. H. Nishimura studied the sys tem: F e - N 2 - H 2 - For 
the effect of foreign elements on the absorptions of nitrogen—vide infra, t he action 
of ammonia. J . Duhr discussed the absorption of nitrogen by ferroaluminium, 
ferrotitanium, ferrovanadium, ferrochromium, ferrotungsten, ferromanganese, and 
phosphor iron. F . Schmitz found t h a t in molten iron, t he foreign elements are 
neutral towards nitrogen. E. J . B. "Willey discussed the action of activated 
nitrogen on iron. 

The effect of nitrogen on the equilibrium diagram of iron was discussed by 
J . H . Andrew, S. Brunauer and co-workers, O. Eisenhut and E. Kaupp, A. Fry , 
R. F . Mehl and C. S. Barret t , J . Rieber, S. Sato, C. B . Sawyer, L. W. Schuster, 
B. Strauss, and C. Wagner and W. Schottky—vide 8. 49, 12. The microstructure 
of nitrogenized iron was discussed by A. Fry, F . Hanaman, O. A. Knight and 
H. B . Northrup, W. E . Ruder and G. R. Brophy, C. B . Sawyer, B . Strauss, and 
N. Tschischewsky. H. Braune observed t h a t the effect of nitrogen is to decrease 
the grain-size of the crystals, and when the nitrogen-content has at tained 0*2 per 
cent., t he cellular structure disappears. A system of linear markings is developed 
and dark pointed needles appear—vide iron nitride. H . Ie Chatelier, and B . Strauss 
suggested t h a t the needles are Neumann's lines. G. S. Scott observed t h a t twinning 
occurred in iron carburized with nitrogenous cements, and t h a t nitrogen in steel 
favoured the y-state. J . H . Andrew agreed with this and said t h a t Neumann 's 
lines are characteristic of nitrogenized iron. J . Kirner, and B . Strauss observed a 
constituent resembling pearlite in nitrogenized s tee l ; J . Kirner called i t flavite— 
vide cementation—and B. Strauss showed t h a t i t could be distinguished by heat-
t int ing, and J . Kirner, by etching with picric acid. S. W. Miller considered t h a t 
$k© needles in welded steel were cementite, bu t G. F . Comstock showed t h a t t hey 
are produced by nitrogen, and he recommended the use. of an alkaline soln. of 
j»otaseium ferrocyanide to distinguish nitride from pearlite ; W, IS, Ruder a n d 
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G. R. Brophy used Stead's phosphorus reagent ; and A. Fry an alkaline soln. of 
sodium picrate. The acicular constituent of steel was also studied by J. H. Andrew, 
W. R. Bean and co-workers, A. A. Blue, H. M. Boylston, H. Braune, H. Ie Chatelier, 
E. Colver-Glauert, G. F. Comstock, G. F. Comstock and M. E. Ruder, R. A. Hadfield, 
F. Hanaman, Z. Jeffries, O. A. Knight and H. B. Northrup, W. Koster, E. F. Law 
and co-workers, S. W. Miller, H. S. Rawdon and co-workers, W. E. Ruder, 
W. E. Ruder and G. R. Brophy, C. B. Sawyer, B. Strauss, and N. Tschischewsky. 
The X-radiograms, and the lattice structure of nitrogenized steel were studied by 
G. Hagg, S. Epstein and co-workers, S. B. Hendricks and P. R. Kosting, P. D. Merica, 
S. Epstein, A. Osawa and S. Iwaizumi, E. Lehrer, O. Eisenhut and E. Kaupp, 
A. Sieverts and co-workers, and R. Brill. W. A. "Wood observed that in the 
case-hardening of steels by nitridization, a surface layer of nitrides is formed with 
distorted lattices. The sp. gr. was studied by A. Sieverts and co-workers, 
F. Kriill, and O. Eisenhut and E. Kaupp. The effects of nitrogen on the 
mechanical properties of iron, observed by N. Tschischewsky and co-workers, 
were summarized in Fig. 16, 8. 49, 12 ; and the subject was discussed by 
H. L. Buff, T. P. Campbell and H. Fay, A. W. Coffman, R. S. Dean, R. S. Dean 
and co-workers, C. Despretz, W. Eilender and R. Wasmuht, H. Fay, G. J. Fowler, 
H. G. Freeland, A. Fry, T. S. Fuller, B. Getzov, A. Grabe, W. T. Griffiths, 
F. Hanaman, I. E. Kontorovich, O. E. Harder and G. B* Todd, O. Hengsten-
berg and R. Mailander, E. C. Herbert, W. Herwig, J. H. Higgins, V. O. Homer-
berg and J. P. Walstead, J. E. Hurst, J. E. Johnson, W. Koster, R. Mailander, 
O. Meyer and R. Hobrock, N. L. Mochel, H. A. Pearson, J. Petren and A. Grabe, 
F. Savart, F. W. Scott, A. Sieverts and F. Krull, O. Silvestri, V. N. Svechnikoff, 
G. Tammann, O. I. Ver and co-workers, and T. Yosiki. A. A. Noyes and 
L. B. Smith measured the dissociation press. E. Rupp studied the optical 
properties of the film of adsorbed nitrogen. H. Braune observed that there is an 
increase of 14*6 microhms per cm. cube in the electrical resistance for 1 per cent, 
of nitrogen adsorbed by iron. The subject was also studied by F. Hanaman, and 
E. B. Maxted. The effect of nitrogen on the magnetic properties of iron was dis
cussed by H. Gries and H. Esser, C. Despretz, G. J. Fowler, E. Fremy, W. Koster, 
E. Lehrer, E. B. Maxted, P. D. Merica, and A. W. F. Rogstadius. The decarburiza-
tion of iron by heating it in nitrogen was studied by A. Bramley and co-workers, 
L. Forquignon, H. M. Howe, A. Johansson and R. von Seth, H. von Jiiptner, 
E. Jurisch, J. Kirner, P. Oberhoffer and A. Heger, F. Schmitz, B. Strauss, 
H. E. Tholander, H. Wolfram, F. Wust and C. Geiger, and F. Wust and E. Sudhoff— 
vide infra, cementation. No decarburization occurs at 1050° other than that 
depending on other gases occluded in steel, and no cyanogen was formed. 
W. Eilender and R. Wasmuht said that as little asrOOl per cent, of nitrogen in steel 
will raise the hardness 15 per cent. S. Sato studied the occlusion of hydrogen by 
iron nitride ; and N. P. Inglis and G. F. Lake, the corrosion of nitrided steel. 

The effect of nitrogen on the corrosion of iron by dil. acids was studied by 
L. Guillet and M. Ballay, who observed that the nitrogenization of steels increased 
their corrodibility by 5 per cent, (by vol.) sulphuric or hydrochloric acid, -with the 
exception of a steel containing 4*08 per cent. Ni, and 0*91 per cent. Cr, the resistance 
of which towards the former acid was increased. For the chromium-aluminium 
steels, cementation had the same effect. O. Hengstenberg observed that the 
nitrogenization of the alloy steels made them more resistant to corrosion by air and 
steam, and soln. of copper sulphate. H. H. Gray and co-workers found that the 
nitrogenization of mild steel rendered it almost insoluble in dil. hydrochloric acid. 
The resistance to attack by sea-water containing 5 per cent, of 12-vol. hydrogen 
dioxide, and to a mist from 2O per cent, sodium chloride soln., was increased by nitri-
dation more than by cementation, followed by tempering, especially in the cases of 
the chromium and aluminium steels. This effect was even more marked with rain
water, especially for nickel steels. Cementation slightly increased the resistance 
towards 10 per cent, copper sulphate soln., but the nitride steels weTe scarcely 
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a t t a c k e d . H . H . G r a y a n d M. B . T h o m p s o n f o u n d t h a t t h e h igher t h e in i t i a l 
p r o p o r t i o n of c a r b o n in a s teel , t h e g r e a t e r t h e loss of c a r b o n d u r i n g n i t r o g e n i z a t i o n ; 
a n d t h e h ighe r t h e t e m p , of n i t rogen iza t i on , t h e g r e a t e r t h e s u b s e q u e n t r e s i s t ance 
of t h e m e t a l t o w a r d s hyd roch lo r i c ac id . O. Niezold i o b s e r v e d t h a t c o p p e r is 
depos i t ed o n n i t r i d e d s teel f rom soln. of coppe r s u l p h a t e m o r e s lowly t h a n i t is on 
o r d i n a r y s tee l . O. Meyer found crucib les of t i t a n i u m nitride a t t a c k i ron s l igh t ly 
a t a b o u t 1600°. 

Acco rd ing t o F . H a t t o n , n i t r o g e n o u s o rgan ic m a t t e r d i sso lved i n w a t e r is r e d u c e d 
b y s p o n g y i ron t o fo rm e l emen ta l n i t r o g e n . T h e a c t i o n of a m m o n i a gas on h e a t e d 
i ron w a s cons idered in connec t ion w i t h t h e n i t r i d e — 8 . 4 9 , 12. F . D u r a u a n d 
C. H . T e c k e n t r u p showed t h a t t h e a b s o r p t i o n of a m m o n i a b y e lec t ro ly t ic i r on is a 
chemica l process . I r o n t a k e s u p n i t r ogen f rom a m m o n i a fa r m o r e r e a d i l y t h a n i t 
does d i rec t ly f rom n i t rogen . G. Gore obse rved t h a t l i qu id a m m o n i a does n o t a t t a c k 
e lec t ro ly t ic i ron. W . A. D e w a n d H . S. T a y l o r obse rved t h a t i ron a t 0° , 110°, 218° , 
a n d 305° abso rbs respec t ive ly 0-175, 0 0 6 6 9 , 0*036, a n d 0-0084 c.c. of a m m o n i a p e r 
g r a m of m e t a l . N . I . N i k i t i n a n d W . I . Sharkoff o b s e r v e d t h a t b e t w e e n —18° 
a n d 100°, p o w d e r e d i ron read i ly abso rbs a m m o n i a in acco rd w i t h t h e fo rmu la 
a=kpf/,n. N e a r t h e b e g i n n i n g of t h e n i n e t e e n t h c e n t u r y , A. 33. B e r t h o l l e t , a n d 
I i . J . T h e n a r d r e p o r t e d t h a t t h e y could d e t e c t n o increase in w e i g h t w h e n i ron is 
h e a t e d in a m m o n i a gas , b u t C. S t a h l s c h m i d t exp la ined t h i s r e su l t b y a s s u m i n g t h a t 
t h e t e m p , w a s t o o h igh . J . S. V a n i c k a n d co-workers n o t e d t h e d e t e r i o r a t i o n of 
s tee l a n d w r o u g h t - i r o n p ipes in h o t gaseous a m m o n i a ; a n d R . Cous ta l a n d 
H . Sp ind le r found t h a t i ron anodes a r e s l igh t ly a t t a c k e d b y l iqu id a m m o n i a . 
L . J . T h e n a r d , a n d C. D e s p r e t z showed t h a t t h e p re sence of i ron f avour s c a t a l y t i -
ca l ly t h e t h e r m a l decompos i t i on of a m m o n i a . J . A. A l m q u i s t a n d E . D . C r i t t e n d e n , 
M. P . App lebey , A. K . Brewer , J . K . D i x o n a n d W . S te ine r , A. B . F . D u n c a n a n d 
D . A . Wilson , E . E l o d a n d W . Banho lze r , P . H . E m m e t t , W . G l u u d a n d co-worker s , 
C. H . K u n s m a n a n d co-workers , A. T . L a r s o n a n d A . P . B r o o k s , J . S. V a n i c k a n d 
co-workers , E . W i n t e r , P . H . E m m e t t a n d S. B r u n a u e r , H . H . G r a y , E . T i ede 
a n d E . H a y , F . Czop insky a n d M. Wojc ik , a n d J . Z a w a d z k y a n d B . M o d r z e j e w s k y 
d iscussed i ron as a c a t a l y s t in t h e syn thes i s of a m m o n i a ; a n d P . H . E m m e t t a n d 
S. B r u n a u e r , t h e po i sonous a c t i o n of -water v a p o u r o n t h e i ron c a t a l y s t . Q u i t e 
a n u m b e r of obse rvers —G. T . Be i lby a n d G. G. H e n d e r s o n , H . L . Buff, G. C h a r p y 
a n d S. B o n n e r o t , C. D e s p r e t z , T . G. F inze l , G. J . Fowle r , E . F r e m y , F . H a n a m a n , 
H . H a r d t u n g , G. G. H e n d e r s o n a n d J . C. Gal le t ly , H . H e r z e r , E . B . M a x t e d , 
A . M i t t a s c h a n d co-workers , H . V. R e g n a u l t , F . S a v a r t , C. B . Sawyer , C. S t a h l 
s c h m i d t , A . E . W h i t e , a n d H . W o l f r a m — n o t e d t h a t w h e n i ron is h e a t e d i n 
a m m o n i a , n i t r o g e n is a b s o r b e d ; a n d N . Tsch i schewsky g a v e for t h e p e r c e n t a g e 
inc rease i n we igh t a t different t e m p . : 

2 0 0 ° 3 0 0 ° 40CT 4 5 0 ° 5 0 0 ° 600° 7 0 0 ° 7 5 0 ° 8 5 0 ° 
N a . 0-11 3-09 10-705 11-11 10-36 8-905 4-76 0-535 0-290 p e r c e n t . 

showing t h a t w i th f inely-divided i ron , t h e o p t i m u m t e m p , is a b o u t 4 5 0 ° — F i g . 17, 8 . 
49 , 12. T . N a k a y a m a o b t a i n e d a n a l o g o u s r e su l t s . A . M i t t a s c h a n d co -worke r s 
found t h a t t h e r eac t i on beg ins n e a r 200°, a n d a t 300° i ron n i t r i d e is r e ad i l y fo rmed . 
O b s e r v a t i o n s w i th c o m p a c t i ron were m a d e b y G. T . B e i l b y a n d G. G. H e n d e r s o n , 
G. C h a r p y a n d S. B o n n e r o t , P . H . E m m e t t a n d S. B r u n a u e r , F . H a n a m a n , 
O. A . K n i g h t a n d H . B . N o r t h r u p , A . M i t t a s c h a n d co-workers , E . Miiller a n d 
K . S c h w a b e , B . S t r a u s s , B . T a z a w a , N . Tsch i schewsky , J . P . W a l s t e d , a n d 
H . E . W h e e l e r . E . L e h r e r ' s obse rva t i ons on t h e e q u i l i b r i u m cond i t i ons in t h e s y s t e m : 
i ron—ammonia -hydrogen a re s u m m a r i z e d in F i g . 347 . T h e a - p h a s e is a sol id so ln . 
of n i t r o g e n in a - i ron ; t h e y - p h a s e , a solid soln . of n i t r o g e n in y - i ron ; a n d t h e 
y ' - p h a s e , a solid soln. , t h e e-phase , c o n t a i n i n g i ron t e t r i t a n i t r i d e . J . G. T h o m p s o n 
d i scussed t h e b e s t t y p e of s teel for r e s i s t ing a t t a c k in p l a n t s syn thes i z ing a m m o n i a . 
J£» H . H o b r o c k , e t c . , d iscussed t h e surface h a r d e n i n g of s tee ls b y n i t r i d i z ing t h e m 
in a m m o n i a a t a su i t ab le t e m p . , a n d p re s su re . B , S t r a u s s o b s e r v e d n o a b s o r p t i o n of 
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n i t rogen w h e n a m m o n i a is pa s sed over m o l t e n i ron . C. S t a h l s c h m i d t o b s e r v e d t h e 
f o r m a t i o n of h y d r o g e n in t h e r eac t i on b e t w e e n a m m o n i a a n d i ron . J . H . Andrew-
showed t h a t a l a rge p r o p o r t i o n of h y d r o g e n is f o rmed ; b u t E . C o l v e r - G l a u e r t 
obse rved on ly a t r a c e ; a n d G. J . Fowle r , F . H a n a m a n , a n d E . B . M a x t e d o b s e r v e d 
n o n e . T h e r a t e of a b s o r p t i o n , or diffusion of t h e n i t r o g e n f rom a m m o n i a b y h e a t e d 
i ron , Was s t u d i e d b y H . B r a u n e , E . Colver -Glauer t , J . D u h r , A. F r y , L . Gui l le t , 
E . B . M a x t e d , T . N a k a y a m a , C. B . Sawye r , 
G. E n g e l h a r d t a n d C. W a g n e r , a n d H . E . Whee le r . 
O. B . S a w y e r s h o w e d t h a t t h e p resence of p h o s 
p h o r u s i n i r on affects t h e n i t r o g e n i z a t i o n of i ron ; 
I J . Gui l le t found t h a t t h e p re sence of a l u m i n i u m , 
sil icon, c h r o m i u m , a n d m o l y b d e n u m acce le ra tes 
t h e a b s o r p t i o n , a n d t h e y fo rm, a long w i t h t h e i ron , 
s t ab l e n i t r i d e s , b u t H . E . W h e e l e r d o u b t e d if 
t h e s e e l e m e n t s fo rm n i t r i d e s u n d e r t h e s e con
d i t ions . F . W . H a r b o r d a n d T . T w y h a m dis
cussed t h e ac t i on of m a n g a n e s e , b u t t h e y f o u n d 
n o r e l a t i on b e t w e e n t h e n i t r o g e n a n d m a n g a n e s e -
c o n t e n t of i ron . N . Tsch i schewsky cons ide red t h a t i n a d d i t i o n t o m a n g a n e s e , 
si l icon a n d a l u m i n i u m m a y b e r e g a r d e d a s ca r r ie r s of n i t r ogen , because in n i t r o -
genized f e r romanganese , f e r r o a l u m i n i u m , a n d cons iderab le p r o p o r t i o n s of t h e 
n i t r i des of m a n g a n e s e , a l u m i n i u m , a n d si l icon a r e p r e s e n t . W . F r a n k e n b u r g e r 
a n d co-workers cons ide red t h a t c a r b o n , m a n g a n e s e , c h r o m i u m , a n d h y d r o g e n , a n d 
B . S t r a u s s , t h a t silicon a n d c h r o m i u m , p l a y a n i m p o r t a n t p a r t in t h e a d s o r p t i o n 
of n i t r o g e n ; T. N a k a y a m a also s h o w e d t h a t t h e p r e sence of a l u m i n i u m , si l icon, 
t i t a n i u m , a n d c h r o m i u m acce le ra tes t h e a b s o r p t i o n of n i t r o g e n , b u t copper , 
m a n g a n e s e , coba l t , a n d n icke l d o n o t f a v o u r t h e a b s o r p t i o n . A . B r a m e l y a n d 
co-workers found t h a t t h e p re sence of c a r b o n r e t a r d s t h e a c t i o n of a m m o n i a so 
t h a t t h e a m o u n t of n i t r i d e fo rmed decreases a s t h e in i t i a l cone , of t h e ca rb ide 
increases—v ide supra. A . F r y o b s e r v e d t h a t w h e n h e a t e d t o 680° in a m m o n i a , 
t h e c a r b o n of c e m e n t i te is a l l d i sp laced b y n i t r o g e n . 

P . A. v o n Bonsdorff obse rved t h a t a i r c o n t a i n i n g t r a c e s of a m m o n i a does n o t 
f avou r t h e ru s t i ng of i ron . U . R . E v a n s obse rved n o corros ion of i ron ove r cone , 
a q . a m m o n i a for 8 d a y s . C. M a t i g n o n a n d G. D e s p l a n t e s s t u d i e d t h e o x i d a t i o n of 
m e t a l s in t h e p resence of a m m o n i a . T h e cor ros ive a c t i o n of a q . soln. of a m m o n i a 
on i ron is d i scussed be low. W . R . H o d g k i n s o n a n d N . E . Bel la i rs s t u d i e d t h e 
a c t i o n of a q . a m m o n i a ; a n d F . N . Speller , t h e a c t i o n of a m m o n i a in re f r igera tors . 
F . S c h m i t z showed t h a t w i t h pieces of 0-06, 0-4:2, a n d 0-92 pe r cen t , c a r b o n s tee l , 
20 X 20 X 10 m m . "with a 4 m m . hole , t h e losses in cone . a q . a m m o n i a were r e spec t ive ly 
0 0 0 0 , 0*173, a n d 0-059 p e r cen t , d u r i n g 180 h r s . J . D . P e n n o c k a n d D . A . M o r t o n 
found t h a t cone . a q . a m m o n i a does n o t r u s t c l ean i ron, b u t a c t u a l l y p r e v e n t s r u s t i n g , 
even in t h e p re sence of o x y g e n or of a m m o n i u m c a r b o n a t e . W . G u e r t l e r a n d 
T . Liepi is obse rved t h a t i ron is n o t co r roded b y a q . a m m o n i a in 24 h r s . T h e 
a c t i o n of a m m o n i a c a l f eed-wa te r for boi lers w a s d i scussed b y M. Ti lgner . 
A. H . W h i t e a n d L . K i r s c h b r a u n s t u d i e d t h e e lec t ro ly t ic d i s so lu t ion of n i t rogen ized 
i ron . K . A. H o f m a n n a n d co-workers c o m p a r e d t h e a c t i o n of d r y h y d r o g e n chlor ide 
a n d a m m o n i u m Chloride v a p o u r o n m e t a l s a t 250° t o 350° , a n d f o u n d t h a t t h e 
sequence w i t h t h e fo rmer is F e > > N i : > C u > A g > H g , a n d w i t h t h e l a t t e r F e > C u > N i 
> A g > » H g . F o r t h e a c t i o n of soln. of a m m o n i u m sa l t s , vide infra. F . W . B e r g s t r o m 
found t h a t a soln. of a m m o n i u m bromide i n l i qu id a m m o n i a a c t s on i ron in a few 
m o n t h s t o f o rm F e B r 2 . 6 N H 3 . A. d ' H e u r e u s e o b s e r v e d t h a t m o l t e n a m m o n i u m 
sulphate a n d i ron y ie ld a m m o n i a , a n d a t a h i g h e r t e m p , s u l p h u r d iox ide a n d fe r rous 
su lph ide a r e fo rmed . M. !Lachaud a n d C. Lep i e r r e n o t e d t h a t a series of c o m p l e x 
ferr ic o r ferrosic a m m o n i u m s u l p h a t e s is f o r m e d w h e n i r o n a c t s o n t h e m o l t e n s a l t ; 
a n d F . W . B e r g s t r o m sa id t h a t a soln . of a m m o n i u m s u l p h a t e i n l i qu id a m m o n i a 
a c t s v e r y s lowly on i ron . F . W . D a f e r t a n d R . Mik lauz obse rved a v igorous r eac t ion 
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between, iron and molten lithium nitride. H . and F . H a n a m a n found t h a t t he effect 
of heating iron in hydrazines is similar to t h a t which occurs with ammonia ; and 
likewise also with amines, and imides. F . W. Bergstrom found t h a t t he action of 
potassamide on iron, if it occurs a t all, is extremely slow. F . Ephra im observed 
no reaction when iron is heated with sodamide. T. Curtius and J . Rissom observed 
t h a t iron dissolves in hydrazoic acid, N 3 H, forming ferrous azide with the brisk 
evolution of hydrogen. A. W. Browne and co-workers observed the nitridization 
of iron when i t is used as anode in a soln. of ammonium azide, with liquid ammonia 
as solvent ; ferric azide is formed. J . W. Turrentine found t h a t a soln. of sodium 
azide on electrolysis with iron as anode furnishes initially ferric azide ; if the soln. 
is agitated the iron becomes passive. J . T. Nance examined the action of soln. of 
ammonium chloride ; and P . Junius , the vapour of t h a t salt ; W. R. Hodgkinson 
and A. H . Coote, F . Hat ton , E . Heyn and O. Bauer, G. Tammann, E . Ramann , 
E . Weitz and H. Muller, and E . B . R. Prideaux and R. M. Caven, the action of iron 
on soln. of ammonium nitrate—vide infra for the effect of soln. of these salts ; and 
the effects of pressure, by E. Berl and F . van Taack, F . Haber, H . Ehrig, A. Kauf-
mann, Li. G. Knowlton, and E . Weitz and H. Miiller ; and W. R. Hodgkinson and 
A. H . Coote, the action of fused ammonium nitrate and ammonium nitrite, as well 
as of their aq. soln. O. Baudisch discussed the reduction of nitrites by iron. 
E . Divers found t h a t iron is not a t tacked by a soln. of ammonium ni t rate in liquid 
ammonia, bu t F . W. Bergstrom found t h a t with powdered iron some ferric oxide 
is formed as well as Fe(NOs) 2 ^NH 3 and Fe(N0 3 ) 2 .6NH 3 . E . Priwoznik observed 
t h a t iron gradually acquires a black film when immersed in a soln. of ammonium 
polysulphide. 

P . Sabatier and J . B . Senderens found tha t nitrous oxide is reduced by iron 
powder a t 170° to form ferrous oxide. F . Durau and C. H . Teckentrup showed t h a t 
the absorption of nitrous oxide by electrolytic iron is purely adsorption. P . Ober-
hoffer observed t h a t iron can be nitrogenized by heating it t o 200° or 300° in an a tm . 
of nitrous oxide. The rate of a t tack was studied by E. Schroder and G. Tammann . 
P . Sabatier and J . B. Senderens found t h a t nitric oxide behaves like nitrous .oxide 
a t 200° ; and F . Emich found iron is nitrogenized by heating it in nitric oxide. 
F . Durau and C. H. Teckentrup observed t h a t the absorption of nitric oxide b y 
electrolytic iron is a chemical process. According to B . B. Adhicary, when a mixture 
of nitric oxide and hydrogen is passed over the heated metal, ammonia begins to 
form a t 300°, and the action is rapid a t 350°. E . Miiller and H . Barck found t h a t 
decomposition is complete a t 500°. The ra te of a t tack was studied by E . Schroder 
and G. Tammann, and G. Tammann and W. Koster. E . Davy, and J . J . Sudborough 
found tha t iron is a t tacked by nitrosyl chloride. P . L. Dulong, and P . Sabatier 
and J . B . Senderens found t h a t reduced iron decomposes nitrogen peroxide a t 
ordinary temp. The metal becomes incandescent and yields ferric oxide. 
J . A. Almquist and co-workers found steel to be stable in contact with the liquid 
peroxide. There is also formed nitro-iron, Fe 2 NO 2 —8. 49, 39. 

B . Lamber t and J . C. Thomson found t h a t cold dil. nitric acid has very little 
action on the purified metal, bu t when warm, the metal is dissolved. According 
to H . Gautier and G. Charpy, iron dissolves in 34 per cent, nitric acid a t ordinary 
temp. , giving off gas rapidly ; the rate of evolution of gas then slackens, unti l finally 
only traces of ammonia and nitrogen peroxide are evolved, and ferric n i t ra te IH 
formed. No gas is evolved with 61 per cent, acid in the cold, bu t a t t emp, 
exceeding 60°, gas is evolved. V. H . Veley and J . J . Manley said t h a t purified 
nitric acid, freed from nitrous acid and dissolved nitrogen oxides, is without 
action on purified iron, even a t the b .p . According to B . C. Banerji and 
N . R. Dhar , ferrous salts accelerate the dissolution by forming nitrous acid, 
which acts as a catalyst, and ferric salts also favour t he reaction since they are 
reduced to ferrous salts. Oxidizing agents retard the reaction b y preventing 
t h e formation of nitrous acid. C. C. Pali t and N . R. Dhar also discussed t h e 
act ion **f nitr ic acid on metals. A. Quartaroli showed t h a t oxidation is a neces-
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sary antecedent for the dissolution of metals in nitric acid, and that nitric acid is 
not an oxidizing agent if no nitrous acid be present, or if substances like carbamide, 
an amino-acid, or an amide, which destroy the nitrous acid, be present. 
J. G. Brown studied the rate of the reaction. H. Endo observed that the weights 
lost hy iron, expressed in grams per sq. cm., during 5 hrs\ action at 25°, are : 

H N O 3 . 5 1 0 2 5 3 0 3 5 4 5 5O 55 p e r c e n t . 
L o s s . 0 1 0 2 1 0 - 2 0 4 5 0 - 5 2 1 0 0 - 8 3 5 6 0 - 7 5 9 0 0 0 5 8 4 0 0 2 3 3 n i l 

W. H. Hatfield observed that with cylinders of iron approximately 0*5 in. diam. and 
weighing 50 grms., in 85 c.c. of acid at 15°, the losses in grms. per sq. cm. in 24 hrs. 
were : 

Steel w i th O-29 per cen t . 
Electrolyt ic Armoo English , '••*•• - N 

Iron Iron wrought iron 3 5° 40° 00° 80° 
A M I N O 3 . . 0 1 1 4 7 0 1 4 0 6 0 - 1 2 6 3 0 0 9 5 7 0 - 0 2 8 2 0 - 3 2 1 5 0 - 3 5 1 2 
4 6 p e r c e n t . H N O 3 . 0 - 7 2 6 1 0 - 7 5 9 2 O-0399 0 - 6 7 6 6 0 - 6 5 3 8 1 -3809 1 -7278 

B. C. Banerji and N. H. Dhar observed that with the 1 : 1 nickel-iron alloy 
(q.v.) the reaction with 5 to 20 per cent, nitric acid is periodic. According to 
A. J. Hale and H. S. Foster, with plates of 1 sq. dm., at 17° to 20°, and 0-2^-HNO3, 
with a litre of acid, the losses with cast iron and wrought iron were respectively 
2-60 and 1*30 grms. in 4 hrs. ; with half a litre of acid per day for 7 days, the losses 
were respectively 15-4 and 14*5 grms. ; and with half a litre of acid for 28 days, 
respectively 2-5 and 2-0 grms. II. Gautier and G. Charpy observed that at ordinary 
temp, clean iron wire in nitric acid of sp. gr. 1*21 does not give off any gas, but 
the metal is slowly attacked with the formation of iron nitrate, ammonia, and 
nitrogen peroxide, which remain in soln. The percentage losses in acids of different 
concentration were : 

Specific g r a v i t y ( H N O 3 ) . 1-28 1-34 1-38 1-48 1-53 
T i F i r s t 2 d a y s 0 - 8 2 0 - 7 5 G-29 G-34 5-8O p e r c e n t . 
^ o s s ( F i r s t 1 0 d a y s Q-59 0 - 4 5 O 2 5 <)-33 5 - 7 5 

The e.m.f. of the cell Fe : HNO3 : Pt diminishes rapidly as the cone, of the acid 
increases from a sp. gr. below 1*21 to higher densities. In the latter case it is about 
0-15 volt, and corresponds with the dissolution of the iron, for with circuits of 
different resistances, different intensities are obtained. By raising the temp., the 
limit of sp. gr. of the acid giving disengagement of gas and rapid attack is raised. 
At 60° it is only with concentrations above 1*38 that no disengagement of gas occurs. 
The limit is also raised by the presence of oxide on the surface of the iron ; this is 
due to local heating caused by the solution of the oxide. If the iron be agitated in 
the acid until perfectly clean, it then behaves exactly as if the surface had not been 
coated with oxide. The same effect is produced if the oxide be electrolytically 
reduced. 

W. Rohn found that unannealed iron in contact with IO per cent, cold nitric 
acid loses 33*0 grms. per sq. dm. during 2 hrs., and with the hot acid, 40-0 grms. 
The attack on the annealed metal is rather slower. The subject was studied by 
W. Guertler and T. Liepixs. J. I. Crabtree and G-. E. Matthews found that with 
ft per cent, acid, iron was corroded at the rate of 2-2 grms. per 100 sq. in. per day. 
According to V. Schmitz, 0*06, 0*42, and 0*92 per cent, carbon steel specimens, 
2 0 x 2 0 x 1 0 mm. with a 4 mm. hole, lost respectively 100 per cent, in nitric acid 
(1 : 1) in 180 hrs., and in the cone, acid, respectively 0*113, 0-352, and 0-353 per 
cent. The loss with aqua regia was also 1OO per cent. J. Gr. Thompson found 
that none of the iron alloys was so resistant to 100 per cent, nitric acid as 
aluminium and its alloys. Of all the iron alloys, a cast iron with 14 per cent, 
silicon (0*59 per cent, carbon) was the most resistant; one with 12-24 per cent, 
silicon and 1-17 per cent, carbon was less satisfactory. Molybdenum steel was 
little better than ordinary steel, but by adding 10 to 15 per cent, of chromium 
the steel resisted acids up to 68 per cent. HNO8 . Nickel counteracted the 
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beneficent effects of c h r o m i u m . F o r o t h e r obse rva t ions , see t h e corros ion a n d t h e 
pass iv i ty of i ron a n d s teel . 

A . Scheu re r -Kes tne r obse rved t h a t w i t h n i t r i c ac id of sp . gr . 1 «034, fe r rous a n d 
a m m o n i u m n i t r a t e s a r e fo rmed ; -with n i t r i c ac id of s p . gr . 1-073, fe r rous , ferr ic , 
a n d a m m o n i u m n i t r a t e s a r e p r o d u c e d ; whi le w i t h n i t r i c ac id of sp . g r . 1-115, on ly 
ferric n i t r a t e a n d n o a m m o n i a is fo rmed . W . H e l d t found t h a t w h e n a m m o n i a 
is fo rmed ferrous n i t r a t e is p r o d u c e d , a n d w h e n n o a m m o n i a is deve loped ferric 
n i t r a t e is fo rmed . W i t h 32 p e r cen t , n i t r i c ac id a h a r d e n e d s teel y ie lds a b l a c k m a s s 

wh ich s lowly dissolves t o f o rm a b r o w n soln. T h e d i s 
so lu t ion p roceeds m o r e r a p i d l y as t h e t e m p , is r a i sed . 
Th i s furnishes a m o d e of e s t i m a t i n g t h e t e m p e r c a r b o n in 
s tee l co lor imet r ica l ly . O b s e r v a t i o n s were m a d e b y H . v o n 
J i i p t n e r , a n d E . H e y n . L . Schne ider , a n d A. T a m m 
f o u n d t h a t s teels c o n t a i n i n g p h o s p h o r u s yie ld a soln . con
t a i n i n g p h o s p h o r i c ac id . «T. M. O r d w a y obse rved t h a t 
t h e p r o d u c t s of t h e r eac t i on d e p e n d on t h e cone , of t h e 
ac id , t h e p r o p o r t i o n of ac id a n d m e t a l e m p l o y e d , t h e 
degree of p u r i t y a n d t h e s t a t e of subd iv i s ion of t h e i ron , 
a n d on t h e t e m p . ; a n d J . H . W h i t e l e y a n d A. F . Ha l l i -
m o n d , t h a t t h e p r o d u c t s of t h e ac t i on also d e p e n d on t h e 
co ld-work t h e m e t a l h a s rece ived, a n d on t h e ca rbon-con
t e n t — v i d e infra. Y . Y a m a m o t o , J . H a l e a n d H . S. F o s t e r , 
P . K o t z s c h k e a n d E . P i w o w a r s k y , a n d J . S a u v a g e o t 

a n d L . L a u p r e t e c o m p a r e d t h e r a t e of a t t a c k on different fo rms of i ron . 
H . E n d o showed t h a t t h e r a t e of a t t a c k on O l t o 1-3 p e r cent , c a r b o n s teels 
increases a lmos t l inear ly w i t h t h e p r o p o r t i o n of c a r b o n . C. F . Burges s a n d 
S. Gr. E n g l e observed t h e losses in we igh t , in g r a m s p e r sq. i nch p e r h o u r , wi th 
J V - H 2 S ^ 4 , a t 22°, a n d found (i) 0-3728 g r m . for t h e a v e r a g e w i t h e lec t ro ly t ic i ron ; 
(ii) 0*0091 g r m . w i t h e lec t ro ly t ic i ron h e a t e d t o 1000° a n d cooled s lowly ; 
(iii) 0-0093 g r m . w i t h soft shee t i ron low in c a r b o n as u sed for t r a n s f o r m e r p l a t e s ; 
(iv) 0-0971 g r m . w i t h a t e m p e r s teel u sed in t h e m a n u f a c t u r e of kn i fe -b lades ; a n d 
(v) 0-0643 g r m . wi th a n o r d i n a r y g r a d e of c a s t i ron . T h e s u b j e c t w a s s t u d i e d b y 
S. C. B a t e , F . F . C h a p m a n , N . R . D h a r , V. Duffek, H . E n d o , L.. F . G i r a r d e t 
a n d T . R . K o u , L . Loskiewicz , N . A . E . Millon, C. C. P a l i t a n d N . R . D h a r , 
W . D . R i c h a r d s o n , F . S c h m i t z , C. F . Schonbe in , J . G. T h o m p s o n , a n d Y . U t i d a 
a n d M. Sai to—vide supra, hyd roch lo r i c a n d s u l p h u r i c ac ids . 

J . J . A c w o r t h a n d H . E . A r m s t r o n g f o u n d t h a t a t 9° t o 16°, t h e vo ls , of g a s 
o b t a i n e d pe r g r a m of m e t a l , w i t h n i t r i c ac id of v a r y i n g c o n c e n t r a t i o n , a r e : 

H N O 3 : H 2 O 
T o t a l 
N O 
N 2 O 
N 2 

T h e p r o p o r t i o n of n i t r ic oxide is r e l a t ive ly l a rge . As t h e cone , of t h e ac id dec rease s , 
t h e p r o p o r t i o n of n i t r o u s oxide a t first inc reases a n d t h e n d imin i shes ; w h e r e a s , 
w i t h n i t r i c oxide , t h e r e is a t first a dec rease a n d t h e n a n increase . T h e s e differences 
co r r e spond w i th t h e b e h a v i o u r of t h e d i sso lved m e t a l . W i t h t h e 1 : 1 - a n d 1 : 2-
ac ids , , t h e i ron dissolves r ap id ly , p r o d u c i n g a p a l e g reen ish-ye l low l iqu id ; w i t h 
t h e 1 : 4-acid, t h e i ron dissolves less r a p i d l y , a n d t h e soln . is d a r k b r o w n , a s is a l so 
t h e case "with t h e 1 : 8- a n d 1 : 12-acids, w h e r e t h e a c t i o n p roceeds sti l l m o r e s lowly . 
I t is in fe r red t h a t b y t h e ac t ion of t h e m o r e cone , ac id , t h e i r on is i m m e d i a t e l y 
c o n v e r t e d i n t o t h e ferric sa l t , whereas w i t h a m o r e di l . ac id , fe r rous sa l t is first 
f o rmed , a n d t h i s is a f t e rwards conver t ed i n t o ferr ic s a l t o n h e a t i n g t h e l i qu id . T h e 
h y d r o g e n d i sp laced i n t h e fo rma t ion of t h e fe r rous s a l t is p r o b a b l y m o r e a c t i v e 
t h a n t h a t d i sp laced i n t h e fo rma t ion of t h e ferric s a l t ; a n d a s imi la r conc lus ion 
fol lows f rom t h e m a n n e r in which t h e n i t r o u s ox ide is evo lved . T h e l a s t p o r t i o n 

1 : 1(16°) 
. 8064 

7392 
404 
567 

1 : 2(13°) 
5997 
5323 
376 
299 

1 : 4(10°) 
533O 
4598 
551 
221 

1 : 4(13°) 
5456 
4773 
492 
191 

1 : 8(12°) 
5904 
5542 
202 
160 

1 : 12(9°) 
5638 c.c. 
5146 c.c. 
252 c.c. 
242 c.c. 
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of g a s w i t h t h e 1 : 1 - a n d t h e 1 : 2-acids is free f rom n i t r o u s ox ide . T h e m e c h a n i s m 
of t h e r e d u c t i o n of n i t r i c acid b y t h e m e t a l s is d iscussed i n connec t i on w i t h n i t r i c 
acid . 

J . J . A c w o r t h a n d H . E . A r m s t r o n g a s s u m e d t h a t t h e d i r ec t r e d u c t i o n p r o d u c t s 
a r e n i t r o u s a n d h y p o n i t r o u s ac ids , h y d r o x y l a m i n e , a n d a m m o n i a . If t h e n i t r i c 
ac id is p r e s e n t in la rge excess , a n d h igh ly c o n c e n t r a t e d , t h e p r o d u c t s will b e r i che r 
in o x y g e n t h a n w h e r e a smal l p r o p o r t i o n of t h e ac id is u sed . T h u s , n i t r o g e n p e r o x i d e 
p r e d o m i n a t e s in t h e former case, a n d n i t r i c ox ide in t h e l a t t e r case . E . D i v e r s 
c lassed i ron a m o n g s t t h e m e t a l s wh ich yie ld a m m o n i a , h y d r o x y l a m i n e , h y d r a z i n e , 
or h y d r o g e n . C. M o n t e m a r t i n i f ound t h a t t h e gases evo lved on t r e a t i n g a g r a m 
of i ron w i t h a n excess of 27*5 pe r cen t , n i t r i c ac id were : 

NJTn H N O 2 N 2 O N 2 NO Tota l 
G r a i n s . . 0-02493 0-001.95 0 0 0 4 2 2 0 0 0 0 4 5 — 0-03553 

C M o n t e m a r t i n i sa id t h a t t h e n i t r i c ox ide fo rmed is of s e c o n d a r y or igin, be ing 
de r ived p a r t l y f rom t h e decompos i t i on of t h e n i t r o u s ac id a n d p a r t l y f rom t h e 
ox ida t ion of t h e fer rous sa l t s first fo rmed . P . C. F r e e r a n d G. O. H i g l e y found t h a t 
w i th dil . n i t r i c ac id of sp . gr . 1-03 t o 1-20, t h e p r o d u c t s a r e n i t r ogen pe rox ide , n i t r i c 
ox ide , n i t r o u s ox ide , n i t r ogen , a n d a m m o n i a in p r o p o r t i o n s which v a r y w i t h t h e 
cone, a n d a m o u n t of ac id e m p l o y e d ; w i t h m o r e cone , n i t r i c ac id of sp . gr . 1-35 
t o 1*40, t h e p r o d u c t s a r e n i t r o g e n p e r o x i d e a n d n i t r i c ox ide . T h e r e su l t s 
a r e s u m m a r i z e d in F ig . 348 . T h e non- ion ized ac id is supposed t o a c t me re ly as a n 
oxid iz ing a g e n t , because t h e resu l t s w i t h si lver , copper , a n d i ron were p rac t i ca l l y 
t h e s a m e w i t h cone, n i t r i c ac id . N i t r o g e n pe rox ide is sa id t o b e t h e first p r o d u c t 
of t h e ac t ion , a n d n i t r i c ox ide is de r ived f rom t h i s b y t h e ac t i on of w a t e r , because 
t h e r e l a t i ve p r o p o r t i o n s of t hese t w o gases v a r y w i t h t h e p r o p o r t i o n of acid 
e m p l o y e d . F o r E . J . J o s s ' s obse rva t i ons on t h e ac t i on of n i t r i c ac id on m e t a l s , 
vide 8 . 49, 4 5 . 

Accord ing t o J . H . W h i t e l e y a n d A. F . H a l l i m o n d , t h e gases o b t a i n e d w h e n 
n i t r i c ac id of different c o n c e n t r a t i o n s — g r a m s H N O 3 p e r 100 c . c — a c t s on 0*3 g r m . 
of purif ied i ron a t 100° a n d 500 m m . press . , a r e as follow ( the n i t rogen p e r o x i d e 
condensed in t h e receiver was n o t d e t e r m i n e d ) : 

Nitr ic acid Total gas 
(Grins, per ]OO c.c.) NO N 2 O N 2 N I I 3 (a t n .p . 0) 

11-5 3 2 0 2 -5 1 3 - 3 1 4 0 4 7 - 5 c . c . 
2 1 - 5 3 9 0 2-5 8 0 18-2 4 9 - 5 c . c . 
2 2 - 7 4 1 - 0 2-O 8-O 1 8 - 3 5 1 - 0 c . c . 
2 3 - 9 4 9 0 2 0 8-2 1 4 - 1 5 9 - 2 c . c . 
2 5 - 1 7 4 O 2-5 5 -5 5 -6 8 2 0 c . c . 
2 6 - 3 8 3 0 2 - 5 5 -8 3-0 9 1 - 3 c . c . 
2 7 - 5 8 7 - 0 2 - 5 4 - 3 2-O 9 3 - 8 c . c . 
3 3 - 5 9 0 0 1-5 3-5 1*0 9 5 - 0 c . c . 

T h e r e is a v e r y s t r i k ing d i s c o n t i n u i t y in t h e n a t u r e of t h e r eac t i on w h e n t h e cone, 
of t h e ac id a t t a i n s 24 g r m s . H N O 3 p e r IOO c.c. Much of t h e N 2 + N H 3 m i x t u r e is 
r ep laced b y a m i x t u r e of N O + N O 2 a s t h e cone , of t h e ac id changes from 23 t o 
25 g r m s . H N O 3 p e r 100 c.c. T h e s h a r p change in t h e c h a r a c t e r of t h e cu rves 
becomes less p r o n o u n c e d -when a la rger excess of n i t r i c ac id is employed . T h e 
p r o d u c t s of t h e r eac t i on d e p e n d on t h e c o n c e n t r a t i o n of t h e N O 3 a s free ac id or 
n i t r a t e , a n d n o t on t h e a c i d i t y per se. N o app rec i ab l e c h a n g e occur red w h e n t h e 
press , w a s r e d u c e d f rom 500 t o 200 m m . B y lower ing t h e t e m p , of t h e r eac t ion 
f rom 100° t o 45° , t h e s a m e genera l r esu l t s were o b t a i n e d , b u t t h e r e was a n increase 
i n t h e p r o p o r t i o n of n i t r o g e n a t t h e expense of t h e a m m o n i a . I t is a s s u m e d t h a t 
t h e a m m o n i a combines w i t h t h e n i t r o u s ac id fo rmed in t h e reac t ion , a n d t h e resu l t 
ing a m m o n i u m n i t r i t e is s u b s e q u e n t l y decomposed : N H 4 N O 2 = 2 H 2 O - J - N 2 . T h e 
n i t r o u s ac id c a n also b e formed b y t h e a c t i o n of n i t r i c oxide o n n i t r ic ac id : 
2 N O - j - H N 0 8 + H 2 0 = 3 H N 0 2 . T h e p r o p o r t i o n of n i t r o g e n pe rox ide which is 
fo rmed increases w i t h t h e c o n c e n t r a t i o n of t h e ac id , a n d decreases when t h e t e m p , 
of t h e r e a c t i o n is lowered . T h e v a r i a t i o n s in t h e p r o p o r t i o n of n i t r i c ox ide a r e 
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dependent on the secondary reactions : 2NO 2 H-H 2 O=HNO 3 -J -HNO 2 , a n d 
3 H N O 2 = H N O 3 + 2 N O -J-H2O. I t is suggested t h a t the ni trous and nitric oxides 
are the result of the rapid decomposition of a n unstable intermediate compound. 
E . Ramann represented the action of iron on the ferrous ni t ra te first formed : 
4Fe (N0 3 ) 2 - | -8H 2 0+l lFe==4NH 4 N0 3 4-5Fe 3 04 . When ammonium ni t ra te acts 
on iron, nitrosyl-ammonium, NH 4 NO, is said to be first formed as an intermediate 
product. J . H . Whiteley and A. F . Hallimond found t h a t the composition of t he 
nitrogenous gases involved on treat ing cementite by the method indicated above, 
was as follows : 

Nitr ic acid 
(Grams per IOO c.o.~) 

11-5 
16-5 
2 1 - 5 
2 7 - 5 
33-.r> 
4 5 0 

N O 
5 3 0 
6 7 O 
8 1 O 
92-O 
9 4 0 
8 8 - 5 

N 8 O 
7*0 
6-0 
5 0 
4 - 0 
5 O 
5-0 

N 2 

7-8 
7 O 
GO 
G-7 
4 - 5 
3-7 

NIT n 

9-8 
5-1 
3 -6 
1 0 
1-8 
0 -2 

0-20r—r—r-

£0 30 40 50 
Grams NW3 per/OOc.c. 

F i a . 3 4 9 . — T h e A c t i o n 
of N i t r i c Ac id o n 
P e a r l i t i c S tee ls And 
I r o n . 

Some complex hydrocarbons, approximating on the average CH2 , are produced ; 
and some of the hydrocarbons are slowly oxidized to carbon dioxide. Taking the 

weight of iron consumed in producing the ammonia and 
nitrogen as ordinate, and the cone, of the acid as abscissa, 
they obtained the so-called reaction curves, Fig. 349, for 
the effect with pearlitic steels. They found tha t the reaction 
curves are in accord with the mixture rule. The reaction 
curves of quenched steels indicate a high energy-content, and 
its gradual decrease in tempering. 

Observations on the action of nitric acid on metals were 
also made by V. H. Veley, E. Divers, E . J . Maumene, 
J . J . Ac worth, A. J . E wart, O. Montemartini and E . Co-
lonna, J . H. Stansbie, M. Drapier, W. D. Bancroft, E . J . Joss, 
and A. Klemenc. A. C. Gumming reported the bursting of 
cast-iron vessels containing a mixture of sulphuric and 
nitric acids. The metal contained large plates of graphite 
forming a network vid which the acid could pass "within. 

The acid penetrated the metal to a depth of one-third the thickness, and small 
masses of iron salts crystallized in the interior. The disruption was produced by 
the expansion force of the growing crystals, even though corrosion was practically 
negligible. For the action of cone, nitric acid whereby the iron becomes passive, 
see the special section on the passivity of iron. A. Quartaroli observed t h a t 
oxidation facilitates the dissolution of iron in acids. P . Pascal found t h a t for vary
ing proportions of mixtures of nitric and sulphuric acid, there is a concentration 
between 10 and 20 per cent, of water a t which the resistance of steel is a 
maximum. P . Pascal observed t h a t the addition of 5 per cent, sulphuric acid 
to nitric acid considerably reduces the activity of the acid. R. C. Griffin observed 
tha t the a t tack on wrought iron, cast iron, and steel by 10 per cent, nitric 
acid is reduced in the presence of 1 per cent, of formaldehyde. According to 
IJ . E . Benson, iron is nitrogenized by heating it in a ba th of 85 per cent, sodium 
nitrate, and 15 per cent, of sodium chloride, a t 500°. The action of fused alkali 
nitrates on iron was discussed by E . Fremy, E . Berger, Jb. Moser, and C. S. A. Tat-
lock—vide the ferrates. A. E. Menke said t h a t molten sodium ni t ra te with 
iron filings forms some sodium hyponitri te, b u t W. Zorn could not confirm this. 
I J . Hackspill and R. Grandadam reported t h a t when alkali ni trates and iron are 
heated in vacuo, the alkali metal is formed : e.g. KNO 34-2Fe=Fe 2O 3-J-K-^-N. 
!Lithium ni t ra te does not react in this way. C B . Gates observed no reaction 
between iron and molten silver ni t rate ; and A. Naumann, no reaction with iron 
a n d a soln. of silver nitrate in benzonitrile. J . A. Jones found t h a t soln. of 
ammonium, sodium and calcium nitrates develop cracks in mild steel plates owing 
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to their action on the intercrystalline cement. G. F . Bonilla studied the ra te of 
a t tack by aqua regia. 

The action of phosphorus on iron has been discussed in connection with the 
phosphides—8. 50, 12. Gr. Tammann and K. Schaarwachter 8 observed t h a t t he 
a t tack of iron by phosphorus can be detected a t about 360°, and R. Vogel has 
investigated the effect of phosphorus on the arrests. The reaction was studied by 
M. V. Ruisakof? and I. N. Buschmakin. J . Percy pointed out t h a t the presence 
of phosphorus reduces the malleability and strength of iron a t ordinary temp. , 
thus making the metal cold-short—i.e. brit t le when cold. On the other hand, 
iron which contains enough phosphorus t o be cold-short may be quite malleable 
a t a high temp, such as t h a t a t which the metal is usually forged and rolled. 
C. J . B . Kars ten said t h a t if less t h a n 0-5 per cent, of phosphorus be present, the 
quality is not seriously affected ; with 0-6 per cent., t he iron does not s tand the 
breaking t e s t ; with 0*75 per cent., t he iron fails under the breaking and bending 
tests, and its tenacity is low ; with 0-8 per cent., the metal is decidedly cold-short. 
Observations were also made by L«. Schneider, J . A. Barr, J . "Wagner, B . W. Cheever, 
and H . von Ji iptner . The interpretat ion of the equilibrium diagram, and the effect 
of phosphorus on the critical points of iron, were studied by E. Gerecke. 
J . E . Stead, J . L. Haughton , W. Venator, F . Wust , K. Hei tmann, J . H . Whiteley, 
P . Oberhoffer and C. Kreutzer, H . Esser and P . Oberhoffer, N . S. Konstantinoff, 
H . Gontermann, B . Saklatwalla, A. Allison, H . Voss, F . Osmond, H . M. Howe, 
J . E . Stead, E . Richarme, R. Mitsche, and P . Goer ens and W. Dobbelstein 
examined the effect of phosphorus on the iron-carbon alloys, and their results 
have been previously described. K . Schichtel and E . Piwowarsky found tha t 
phosphorus reduces the solubility of carbon in liquid iron. W. F . Holbrook and 
co-workers studied the diffusion of phosphorus in molten iron. J . E . Stead 
showed tha t the effect of increasing proportions of carbon is t o throw free iron 
tri taphosphide out of soln. : 

Oa-rboii 
F e 3 P . 
P i n s o l n . . 

O 
0 
1-75 

0 - 1 2 5 
0 1 8 
1-37 

O-180 
0 - 5 9 
1 1 8 

0 - 7 0 
1-00 
0 - 7 5 

0 - 8 0 
1-06 
0-7O 

1-4O 
1 1 6 
0-6O 

2-OO 
1 1 8 
0 - 5 5 

3-5O p e r c e n t 
1-4O 
0 -31 

/800' 

/700°\-

/600' 

/500\-\-\ 

/400* 

/300' 

With only 0-18 per cent, of carbon, free phosphide is formed, and the phosphide is 
then surrounded by pearlite ; with 1-4 per cent, of carbon, the eutectic phosphide 
becomes surrounded by a layer of cementite which increases 
in thickness as the proportion of carbon increases. The 
interior has the character of a solidified eutectic. On reheating 
the mass to 900°, and allowing it to cool slowly, the cementite 
formed independent cells cut t ing up the pearlite into a number 
of small grains. The phosphide eutectic retained its original 
position and was no longer surrounded by the cementite ; the 
cementite diffused throughout the iron a t 900°, bu t not so 
the phosphide. When the carbon exceeds 2 per cent., there is 
evidence of a carbide-phosphide eutectic which contains 6*7 
per cent, of phosphorus and 2-0 per cent, of carbon. This 
was confirmed by F . Wiist. J . E . Stead showed t h a t phos
phorus and carbon each require its quota of iron, and the 
presence of either diminishes the amount of the other simul
taneously present in pig-iron ; bu t phosphorus is without 
influence on t h e actual conditions of the carbon in pig-iron. 
This was confirmed by J . T. McKenzie, H . O. von Samson-
Himmelstjerna, and K. A. Schreiber. K. Schichtel found 
t h a t t he introduction of phosphorus into the iron-carbon alloys 
altered the carbon solubility curve, t he SJS line, as indicated in Fig. 350. The 
effects of phosphorus on the proportion of carbon in the eutectic, and on the eutectic 
temp. , are indicated in Fig. 351. Observations were also made by E. Sohnchen 

/zoo* 

//0O0Ir-

/ 2v cm/, of car&o/? 

F I G . 350. — T h e 
Effect of P h o s 
p h o r u s on t h e 
So lub i l i ty of Car
b o n in I r o n . 
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and E . Piwowarsky, M. Kunkele, P . Bardenheuer and M. Kunkele, H . Schenck, 
H . S. Rawdon, J . T. McKenzie, H. Sawamura, O. Bauer and K. Sipp, J . H . Higgins, 
R. Vogel, L.. Jordan, F . Fettweiss, F . Sauerwald and W. Hummitzsch, and 
F . Wiist ; whilst R. Vogel and O. de Vries studied the ternary system : I r o n -
phosphorus—sulphur. P . Goerens and W. Dobbelstein, E . Thews, and O. von Keil 

and R. Mitscne studied the influence of silicon on t h e 
system : Fe-P—C. J . H . Whiteley examined the distri
bution of the phosphorus in steel between the Ac1- and the 
Ac3-arrest. He concluded : 

"When ordinary hypoeutectoid steel is heated to, and main
tained at, temp, between the critical points Ac1 and Ac3, part of 
the phosphorus contained in the y-iron diffuses into the adjacent 
ferrito owing to the fact that, under these conditions, the phos
phorus is more soluble in the latter than in the former. With a 
series of steels in which the phosphorus varied from 0-0O6 to 0*12 
per cent., it is phosphorus -which diffuses out of the y-iron. The 
lowering of the solubility in the y-iron is most probably duo to 
the presence of dissolved carbide. At temp, below^ 650°, phos
phorus diffuses extremely slowly in ferrite ; above this temp., the 
velocity gradually increases, and above 800° it is quite rapid, for 

//50' 

'H0% 

//30' 

//ZO' 

///& 

//oo°\ 

/030%-

/08o\ 

ftr ce/7f. ofp/ioyv/rorus • - . , « - , ., - - -
"F1Tn **fii TVift T r ^ W f a diffusion which requires 4 hrs. to complete at 740° is complete 

of Phosphorus on i n 1 5 rnirv&' a t 830°. The velocity of diffusion of phosphorus in 
the Eutectic Tern- y-i ron also increases with the temp, in a similar manner, but it is 
perature and on the n e v e r s o hig*1 a s that at which the carbon travels. At or near 
Proportion of Car ^*10 Ae3-arrest the speed of diffusion suddenly diminishes. By 
bon in the Eutectic! h f a t i n S steels slowly through the critical range, a reticulated 

structure is produced which is also due to the movement ot 
phosphorus in the y-iron. The lowest temp, at -which this structure is formed depends 
upon the carbon-content of the steel; with O* 18 per cent, of carbon it was about 820° and 
with 0*06 per cent. 870°. Owing to the fairly rapid rate at which phosphorus diffuses in 
y-iron above 820°, it is possible, by heating sections of steel plates at a temp, just below 
the Ac3 point, to remove completely the excess of phosphorus contained in the micro-
ghost-line included in the areas occupied by the y-iron. This treatment does not entirely 
remove the lines, however, for, although not so pronounced as formerly, they can still be 
detected by etching, even in samples containing less than 0-02 per cent, of phosphorus. 
Their presence would appear to be due, therefore, to the uneven distribution of some other 
substance besides phosphorus. 

C. Kreutzer found t h a t the X-radiograms agree with the assumption t h a t with 
up to 1*7 per cent, of phosphorus, solid soln. are formed ; t h a t with increasing 
phosphorus, the indications of the tr i taphosphide becomes stronger, and -with 
15*58 per cent, phosphorus the tr i taphosphide "with a tetragonal latt ice having 
a : c==l : 0*3482 is formed ; with 21*5 per cent, phosphorus, the hemiphosphide 
is formed ; and with still more phosphorus, an unknown compound is produced. 
The subject was studied by F . Rogers, B . Kjerrman, H . Jungbluth , H . Schottky, 
J . B . Friauf, N . S. Konstantinoff, O. Kuhn , S. B . Hendricks and P . R. Kosting, 
H . Ie Chatelier and S. Wologdine, and G. Hagg. The solubility of phosphorus 
in iron was examined by J . E . Stead, A. E . Cameron, and E. D. Campbell and 
S. C. Babcock ; the microstructure, by J . O. Arnold, J . E . Stead, N. S. Konstantinoff, 
E . Piwowarsky, B. Saklatwalla, and B . Strauss ; the segregation of the phosphorus 
or phosphide, by P . OberhofTer, J . W. Bolton, B . W. Cheever, L. Schneider, 
A. Carnot and E. Goutal, E. Piwowarsky, H . A. Schwartz and A. N . Hird, and 
J . E . Stead ; and the sp. gr. by J . O. Arnold—C. Benedicks' results for liquid iron 
are indicated above, Fig. 350. F . Roll found t h a t phosphorus par t ly favours, and 
par t ly hinders, the decomposition of the carbide in cast iron ; O. von Keil and 
R. Mitsche, t h a t phosphorus hinders graphi t iza t ion; and K. Schichtel and 
E . Piwowarsky, t h a t phosphorus decreases t he solvent power of iron for carbon. 
C. H . Her ty , and B . Kjerrman studied the effect of phosphorus on t h e pearlite 
in t e rva l ; W. Bischof and E . Maurer, the distribution of phosphorus between iron 
and s lags; H . Pinsl, Y. Yamamoto, and M. Kunkele, the phosphide eutectic in cast 
ittoja; a n d P . Bardenheuer and M. Kunkele, A. E . Cameron, and H . Jungb lu th 
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a n d H . G u m m e r t , t h e effect of silicon on the phosph ide eu tec t i c . T h e effect of 
p h o s p h o r u s on t h e cas t ing sh r inkage w a s s tud i ed b y W . J . K e e p ; t h e diffusion of 
p h o s p h o r u s in i ron , b y A. F r y , a n d N . C. Marples ; t h e sp . vol . , b y C. B e n e d i c k s 
a n d co -worke r s ; t h e ha rdnes s , b y N . S. Konstant inoff , B . Sak la twa l l a , W . K o s t e r , 
a n d E . d 'Amico ; J . J . P o r t e r , a n d D . Sa i to a n d K . H a y a s h i , t h e fluidity which 
increases l inear ly w i t h t h e p ropor t i on of p h o s p h o r u s ; a n d t h e mechan ica l p rope r t i e s , 
b y C. J . B . K a r s t e n , J . E . H u r s t , F . F . M c i n t o s h , F . W u s t a n d R . S to t z , A. S tade le r , 
J . S. Unge r , N . J . Gebe r t , A. Mul ler -Haufe , E . W . R e t t e w a n d L . A. L a n n i n g , 
E . C. Groesbeck, H . H . Beeny , A. E . M. S m i t h , R . C. Good, M. H a m a s u m i , 
F . Fe t twe i s s , A. W i m m e r , W . H . Hatf ie ld , H . F o r d , R . Moldenke , W . Guer t le r , 
E . Touceda , R . H . S m i t h , B . H . P a u l , E . d 'Amico , H . M. H o w e , J . H . Higg ins , 
G. R . J o h n s o n , J . de Kryloff, E . Maure r a n d W . H a u f e , H . I . Coe, J . E . J o h n s o n , 
F . Graz ian i , W . E . Denn i son , R . T. Rolfe, F . F . M c i n t o s h , J . E . F le t che r , A. L e d e b u r , 
P . R . v o n T u n n e r , T . D . W e s t , W . J . K e e p , K . T a n i g n c h i , J . E . H u r s t , E . P iwo-
w a r s k y a n d co-workers , a n d J . E . S t e a d . F . F . M c i n t o s h f o u n d t h a t t h e e n d u r a n c e 
p roper t i e s a n d s t r e n g t h of s teel inc reased w i t h t h e p h o s p h o r u s - c o n t e n t b e t w e e n 
0-01 a n d 0-10 pe r cen t . , w i t h o u t p r o d u c i n g a p r o p o r t i o n a l loss in duc t i l i t y . J . H . T e n g 
found t h a t mal leab le cas t i rons h a v i n g a p p r o x i m a t e l y 0-80 t o 0-90 pe r cen t , 
c o m b i n e d c a r b o n ; 1-08 t o 1-20 p e r cen t , g r a p h i t i c c a r b o n ; 0-200 t o 0-210 p e r 
cen t , sil icon ; 0-006 t o 0-008 p e r cen t , s u l p h u r ; n o m a n g a n e s e , a n d va r i ab le p r o 
po r t i ons of p h o s p h o r u s , h a d t h e mechan ica l p rope r t i e s in t o n s pe r sq. in . : 

P h o s p h o r u s 
Y i e l d - p o i n t 
M a x . s t r e s s 
E l o n g a t i o n ( 4 i n s . ) 
R e d u c t i o n a r e a 
T r a n s v e r s e s t r e n g t h 
D e f l e c t i o n 
A n g l e of b e n d . 
B r i n e l l ' s h a r d n e s s 

0 - 0 1 0 0 - 0 4 6 0 - 0 9 6 0 1 4 4 0 - 2 1 0 0 - 3 0 2 0 - 4 1 2 0 - 5 0 8 p e r c e n t . 
17-2O 
2 2 - 8 5 

3-8 
3 1 2 
3-6 
0 - 5 7 
(i0° 
1 7 5 

1 7 - 3 0 
2 2 - 9 0 

3-5 
3 0 0 
3 -67 
6-57 
6 2 ° 
18O 

1 7 - 6 5 
2 2 - 5 4 

3-5 
3 1 0 
3 - 5 5 
0 - 5 6 
5 8 ° 
1 8 4 

1 7 - 9 0 
2 2 - 2 0 

3-1 
2 - 8 0 
3 - 5 0 
0 - 5 6 
5 5 ° 
1 9 3 

18-2O 
22-2O 

3-2 
2 - 8 5 
3 -40 
0 - 5 3 
5 5 ° 
2 0 3 

18-7O 
2 1 - 5 6 

2-9 
2 0 O 
2 - 9 5 
0 - 4 4 
4 5 ° 
2 2 4 

1 9 - 2 0 
2 0 - 7 5 

2-2 
1-5 
2 - 5 5 
0 - 3 7 
3 0 ° 
2 5 3 

1 9 - 8 0 
1 9 - 9 5 

O p e r c e n t , 
n i l p e r c e n t . 

1-8O 
0 1 8 i n . 
n i l 
3 0 8 

H e also found t h a t t h e I z o d t e s t fell f rom 8-5 f t . - lbs. w i t h 0-06 p h o s p h o r u s t o 3 0 
wi th 0-465 pe r cen t . N . S. Kons tan t ino f f m e a s u r e d t h e electr ical conduc t i v i t y . 
T h e obse rva t ions of E . d 'Amico on t h e sp . gr . , h a rdnes s , t h e mechan ica l p roper t i e s , 
t h e e lectr ical res i s tance , a n d t h e m a g n e t i c p roper t i e s a r e s u m m a r i z e d in F igs . 352 
a n d 353 , w h e r e t h e electr ical res i s tance is expressed i n o h m s p e r m e t r e p e r sq. m m . 
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F i o s . 3 5 2 a n d 3 5 3 . — T h e E f f e c t of P h o s p h o r u s o n t h e M e c h a n i c a l P r o p e r t i e s of T r o n . 

s e c t i o n ; t h e coercive force is for B=13,000, a n d t h e hys te res i s for 5 = 1 0 , 0 0 0 ; 
t h e tens i le s t r e n g t h a n d elas t ic l imi t refers t o k i log rams pe r sq. m m . ; a n d t h e 
e longa t ion is in pe rcen t ages . One p e r cen t , of p h o s p h o r u s raises t h e electr ical 
res i s tance 11-0 m i c r o h m s pe r cm. cube . W . M. H i c k s found t h a t p h o s p h o r u s 
a n d a rsen ic decreased t h e coercive a n d t h e hys te res i s loss of i ron . T h e subjec t was 
s t ud i ed b y F . Gol tze , H . F . Pa r sha l l , a n d J . H . P a r t r i d g e . 

Accord ing t o R . F i n k e n e r , t h e genera l opin ion is t h a t p h o s p h o r u s m a k e s steel 
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J? 
Loss 

. 1 0 0 1 
. 7 00 

0 0 9 
6 1 0 

0-23 
5-71 

0-45 
5-48 

0-84 
5 1 6 

less res i s tan t t o corrosive influence, a l t h o u g h C. IKegel d id n o t find t h i s t o b e t h e 
case wi th pla tes of i ron exposed for s ix teen m o n t h s t o sea -wate r in K ie l h a r b o u r . 
The results showed t h a t t h e losses in we igh t pe r sq. d m . were : 

0-85 per cent. 
4-93 grms. 

The res is tance was ascr ibed t o t h e fo rmat ion of a n i ron p h o s p h i d e which is n o t so 
readi ly corroded a s i ron . The expe r imen t s of E . H e y n a n d O. B a u e r w i t h i ron 
conta in ing larger p ropor t ions of phosphorus t h a n t hose employed b y C. Diegel , 
were v e r y i rregular . This is a t t r i b u t e d t o t h e u n e q u a l d i s t r i bu t ion of t h e p h o s p h i d e 
favour ing galvanic act ion. The sub jec t was s tud ied b y L . T r o n s t a d a n d J . Sejer-
s ted. H . E n d o , F ig . 354, observed t h e losses in g r a m s p e r sq . cm. d u r i n g 5 h r s \ 
exposure a t o rd ina ry t e m p , from alloys wi th 0*35 t o 0-45 pe r cen t , of c a r b o n a n d 

P h o s p h o r u s . 
I H 8 S O 4 . 

Loss { H C l 
( H N O 3 . 

0-75 
0-02688 
0 0 2 3 8 8 
0 0 6 4 2 2 

1-35 
0 0 3 2 7 4 
O02366 

• — . 

1-81 
0 0 4 2 5 5 
0 0 2 5 6 6 
0 0 4 6 4 2 

3 l O 
0 0 3 9 0 4 
0 0 1 7 3 7 
0-05170 

6-84 
O 0 2 4 7 8 
0 0 0 8 4 7 
0 0 3 1 7 7 

12*17 p e r c e n t . 
0 0 0 8 3 2 
0 0 0 3 5 1 
0-02605 

0-05 

§g 0-(H 

** 0-03 
Sf 

5f °'0Z 

to-oi 

0 

\ 

Hh-

I " 

5 N ^ 

—^v _L 

: • — 

-^ 
=> 

I—. 0-/0 

0-08 .> 

0-06 

0-04' 

0-02 

0 5 /0 /S 
fler cent, phosphorus 

Yia. 3 5 4 . — T h e Corrosion o£ 
I r o n - P h o s p h o r u s Al loys 
by Ac ids . 

W . 8. Calcot t a n d co-workers, a n d M. Merlub-Sobel observed t h a t t h e phosphorus 
Chlorides readi ly a t t a c k i ron ; a n d A. Granger found t h a t in t h e v a p o u r of 

phosphorus trifluoride, trichloride, a n d tribromide, i ron 
phosph ide is formed ; t h e m e t a l is also a t t a c k e d b y 
phosphorus iodide, P214. A. S iever t s found t h a t i ron 
is dissolved b y a soln. of s o d i u m hypophosphite . 
H . S c h a c k m a n n a n d W . K r i n g s r ep resen ted t h e 
ac t ion w i th phosphorus pentoxide b y t h e e q u a t i o n : 
5 F e - J - P 2 O 6 ^ 5 F e O + 2 P . Accord ing t o E . E r l e n m e y e r 
a n d O. Heinr ich , a 48 pe r cen t . soln. of phosphoric 
acid rap id ly dissolves finely-powdered i ron w i t h t h e 
evolu t ion of gas a n d t h e fo rma t ion of a g reen l iqu id 
t h o u g h t t o con ta in F e ( H 2 P 0 4 ) 2 . W . R o h n obse rved 
t h a t cold, 10 pe r cent , phosphor ic ac id dissolves 0-27 
g r m . per sq. d m . from purified u n a n n e a l e d i ron , a n d 
0*14 g rm. from t h e annea led m e t a l ; whi ls t t h e hot-
ac id dissolves 5*77 g rms . f rom t h e u n a n n e a l e d m e t a l 

and 12-3 g rms . from t h e annea led m e t a l . Accord ing t o P . R . KLosting a n d C. H e i n s , 
w i th 0-5 in . discs of a r m c o i ron a n d 50 pe r cent , phosphor i c ac id after a n h o u r ' s 
ac t ion, t h e loss in weight "was 0-13 g r m . ; a n d wi th t h e add i t i on of 0-49 pe r cent , 
arsenic oxide , 0*00 g r m . ; w i th 0*75 pe r cen t . HCl , 0*04 ; w i th 0-75 per cen t , py r id ine , 
0*10 pe r cent . ; w i t h 0-45 pe r cent . H F , 0*14 pe r cen t . ; w i th 0-27 per cen t . H 2 S i F 6 , 
0-14 pe r cen t . ; w i th 0-75 pe r cent . H 2 S O 4 , 0*16 pe r cent . ; w i th 1 c.c. of p ine 
oil pe r 100 c.c. of soln. , 0*05 pe r cent . ; a n d wi th 1 c.c. of muci lage p e r 100 c . c , 
0*06 pe r cent . V. K . P e r s h k e a n d co-workers s tud ied t h e res i s tance t o t h e ac id of i ron 
alloys con ta in ing copper , lead, a lumin ium, a n d zinc. Those w i t h copper were bes t . 
R . I i . J e n k i n s a n d co-workers found t h a t t h e presence of a b o u t 0*1 p e r cen t , of 
fur fura ldehyde a n d 0*003 pe r cent , p o t a s s i u m iodide inh ib i t s t h e ac t ion of 75 p e r cen t , 
phosphor ic acid on i ron. T h e ac t ion of phosphor i c ac id on i ron a n d i t s a l loys w a s 
s tud i ed b y F . Clarkson a n d H . C. H e t h e r i n g t o n , R . F i n k e n e r , J . H . Gravel l , 
J . H e i m a n n , V. K . Pe r shke a n d co-workers , P . R . !Costing a n d C. H e i n s , 
A. M. P o r t e v i n a n d A. Sanfourche, M. V. Ruisakoff a n d I . N . B u s c h m a k i n , a n d 
M. W u n d e r a n d B . J a n n e r e t . 

A method for protecting the surface of iron and steel from rusting was developed b y 
T. W. Coslett, ' and hence called coslettizing. The metal is coated with a basic iron phosphate 
toy treating i t with a dil. soln. of phosphoric acid to which some iron filings have been 
added to control the action. W. I . Oeschger modified the process by adding the oxide of 

.; 30X*~*A:jaf*tet*&l of the third, fourth, or fifth groups. I n one modification, manganese dioxide 
is 4M*ldwd'to T. W. Coslett 's soln. in order to accelerate the action by removing hydrogen 
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from the metal surface. The pa ten t -was assigned to the Parker Co., and hence the process 
is called parkerizing. The subject -was discussed by W. H . Allen, E . M. Baker and 
co-workers, E . L . Blassett, O. W. Roskill, J . Cournot and co-workers, L . E . Eokelmann, 
F . Koike, L. C. Morrow, M. T. Murray, E . Rackwitz, and J. W. Wunsch. 

T h e effect of arsenic on i ron w a s discussed in connec t ion w i t h t h e i ron a r sen ides 
— 9 . 5 1 , IO. G. T a m m a n n a n d K . S c h a a r w a c h t e r 1 0 obse rved t h a t t h e a t t a c k of 
i ron b y a r sen ic beg ins a t 420° a n d increases r a p i d l y w i t h a r ise of t e m p . K . F r i e d -
r ich g a v e t h e equ i l i b r i um d i a g r a m for t h e s y s t e m : F e - A s . T h e a l loys we re dis
cussed b y O. B a u e r , P . B l u m , A. C a r n o t a n d E . G o u t a l , H . J . F r e n c h a n d T . G. Digges , 
W . Guer t l e r , W . N . H i n d l e y , C. J . B . K a r s t e n , E . K o r d e s , P . E . M c K i n n e y , 
J . M a r c h a l , W . Ma thes iu s , E . M a u r e r a n d W . H a u f e , M. Merle , P . Oberhoffer, 
F . O s m o n d , a n d J . W e e r e n . C F . Bu rges s a n d J . A s t o n f o u n d "that a l loys w i t h 
4 p e r cen t , a r sen ic forge well , m a c h i n e easi ly , a n d weld i n t h e e lec t r ic welder . W i t h 
h igh a rsen ic , du l l forging h e a t s a r e n o t s u i t a b l e . J . E . S t e a d f o u n d t h a t 4 p e r cen t , 
of a r sen ic h a d n o m a r k e d influence on t h e w o r k i n g p r o p e r t i e s ; whi le P . B l u m sa id 
t h a t 4 pe r cen t , of a r sen ic m a k e s s teel b r i t t l e ; a n d F . W . H a r b o r d a n d A . E . T u c k e r 
found t h a t t h e p resence of 1*4 p e r cen t , of a r sen ic does n o t m a k e t h e m e t a l r ed - sho r t . 
F . O s m o n d a d d e d t h a t a r sen ic ra ises t h e t e m p , a t w h i c h t h e a r r e s t A 3 a t 855° 
occurs in t h e cooling c u r v e , a n d m a k e s t h e p o i n t less d i s t i n c t ; whi le i t h a s n o effect 
on t h e a r r e s t s A 2 a n d A 1 , a n d i t t h u s resembles t h e a c t i o n of s i l icon—vide infra, 
t h e ac t i on of coppe r ; a n d for P . Oberhoffer a n d A . Gal lasch ik ' s o b s e r v a t i o n s , 
vide 9 . 5 1 , 10. J . L i edgens found : 

Arsen ic . . 0-3 0-7 1-4 1-9 2-5 3-3 3 '5 p e r c e n t . 
U p p e r a r r e s t , A 3 855° 859° 848° — — 
L o w e r a r r e s t , A 1 678° 659° 658° 655° 650° 639° 630° 

O b s e r v a t i o n s were m a d e b y A. E . C a m e r o n , a n d P . E . M c K i n n e y . G. H a g g 
s t u d i e d t h e X - r a d i o g r a m s of t h e s e a l loys . J . O. A r n o l d m e a s u r e d t h e sp . g r . of t h e 
a l loys . J . L i edgens ' o b s e r v a t i o n s on t h e s p . gr . , t h e m e c h a n i c a l p rope r t i e s , t h e 
e lectr ical r es i s t ance , a n d t h e m a g n e t i c p r o p e r t i e s a r e s u m m a r i z e d in F ig s . 355 a n d 
356. P . E . M c K i n n e y , a n d O. B a u e r s t u d i e d t h e m e c h a n i c a l p rope r t i e s of t h e s e 

fbr cent, arsenic Per cent, arsen/c 

F i o s . 355 a n d 3 5 6 . — T h e Effect of A r s e n i c o n t h e M e c h a n i c a l , E l e c t r i c a l , a n d M a g n e t i c 
P r o p e r t i e s of I r o n . 

al loys . T h e tens i le s t r e n g t h a n d e las t ic l imi t a r e expressed in k i l og rams p e r sq . m m . ; 
t h e e longa t ion a n d r e d u c t i o n of a r ea in p e r c e n t a g e s ; t h e e lec t r ic r e s i s t ance , i n o h m s 
pe r m e t r e p e r sq . m m . sec t iona l a r e a ; t h e hys t e re s i s , i n ergs p e r c.c. C. F . Burgess 
a n d J . A s t o n also found t h a t t h e m a g n e t i z a t i o n of i ron is i m p r o v e d b y t h e p resence 
of a r sen ic . T h e r e su l t s for t h e m a g n e t i z a t i o n , or m a g n e t i c i n d u c t i o n , J5, of a l loys 
of i ron a n d a r s e n i c — u n a n n e a l e d , a n n e a l e d a t 675° a n d 1000°, a n d q u e n c h e d f rom 
900°,—for m a g n e t i c fields of i n t e n s i t y H g aus s , a r e g i v e n in T a b l e X L I X , whi le t h e 
resu l t s for t h e coerc ive force (.H r

ma3C.=200), a n d r e t e n t i v i t y ( H m a x . = 2 0 0 ) a r e g iven 
i n T a b l e Li. " S " refers t o Swedish i ron , a n d " E l " t o e lec t ro ly t ic i ron forged. 
O b s e r v a t i o n s were a lso m a d e b y W . M. H i c k s , E . K . S m i t h a n d I I . C. A u f d e r h a a r , 
a n d E . M a u r e r a n d W . H a u f e . 

P . B e r t h i e r obse rved t h a t a rsenic a l loys w i t h i ron a r e m o r e r ead i ly co r roded t h a n 
i ron a lone . E . H e y n a n d O. B a u e r ' s e x p e r i m e n t s a p p e a r e d t o s u p p o r t t h i s s t a t e -



352 I N O R G A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

T A B L E X L I X . — M A G N E T I Z A T I O N O F I R O N - A R S E N I C A i i L O Y s . 

Arsenic 
(per 

cent . ) J4c)t 
annea led 

S 
E l 

0 - 2 9 
0 - 4 3 
0 - 9 2 
1 - 8 1 
3 - 5 6 
3 - 8 6 
4 1 4 

9 , 5 0 0 
1 3 , 1 O O 
1 0 , 5 0 0 

7 , 0 0 0 
6 , 2 0 O 
8 , 3 0 0 

1 2 , 4 0 0 
1 3 , 8 5 0 
1 3,3OO 

H — XO 

A n n e a l e d 
a t «75° 

1 0 , 0 0 0 
1 0 , 0 0 0 
1 3 , 2 0 0 

7 , 8 0 0 
6 , 2 5 O 

1 1 , 8 5 0 
1 4 , 2 0 0 
1 5 , 0 5 0 
1 4 , 2 0 0 

A n n e a l e d 
a t 1000° 

1 0 , 8 5 0 
1 3 , 3 5 0 
1 0 , 8 0 O 
1 0 , 4 0 0 
1 1 , 9 5 0 
1 2 , 6 O O 
1 2 , 3 0 O 
1 4 , 8 5 0 
1 4 , 6 5 O 

Q u e n c h e d 
from 900° 

8 , 4 0 O 
1 1 , 8 0 0 
1 1 , 2 0 0 

8 , 1 0 0 
1 2 , 6 0 0 
1 0 , 3 O O 
1 3 , 4 5 0 
1 3 , 6 O O 

N o t 
a n n e a l e d 

17,450 
18,85O 
18,35O 
17,800 
17,950 
17,95O 
17,950 
17,600 
18,200 

/ / = 100 

A n n e a l e d 
a t 675° 

1 8 , 0 O O 
1 8 , 8 5 0 
1 8 , 5 5 0 
1 8 , 1 O O 
1 8 , 6 5 0 
1 8 , 7 5 0 
1 8 , 7 5 0 
1 8 , 6 5 0 
1 8 , 4 5 0 

A n n e a l e d 
a t 1000° 

1 7 , 2 0 O 
1 8 , 2 O O 
1 7 , 8 5 O 
1 7 , 2 5 O 
1 7 , 9 5 0 
1 8 , 1 5 O 
1 7 , 9 5 O 
1 7 , 8 5 0 
1 8 , 1 5 0 

Q u e n c h e d 
from 900° 

__ 
1 8 , 1 5 0 
1 7 , 9 5 0 
1 7 , 6 0 O 

I 1 8 , 2 5 0 
1 8 , 2 5 O 
1 8 , 0 0 0 
1 8 , 1 0 0 

'— 

T A B L E L . — C O E R C I V E F O R C E A N D R E T E N T I V I T Y O F I R O N - A R S E N I C A L L O Y S . 

Arsenic 
(per 

cent . ) 

H 
ISl 

O-29 
0 - 4 3 
0 - 9 2 
1-81 
3 - 5 6 
3 - 8 6 
4 1 4 

N o t 
annea led 

5 - 5 
5 - 5 
6 - 5 
8 - 2 
9 - 5 
5 - 9 
4 - 5 
4 0 
5 0 

Coerc ive force 

A n n e a l e d 
a t 075° 

4 - 8 
6 - 2 
5-5 
8 0 
9 - 2 
5-O 
4-O 

! 3 - 5 
3 3 

A nnea lcd 
a t 1000° 

3 - 9 
5 1 
4 - 5 
5 - 5 
5 - 3 

I 3 - 7 
2 - 7 

I 2O 
2 - 3 

Q u e n c h e d 
1 f rom 900° I 

5 - 0 
2 - 5 
4 - 0 
4 - 3 
3 O 
3 - 0 
2 - 7 
2 - 1 

—' 

R e t e n t i v i t y 

N o t 
annea led 

1 1 , 4 0 O 
1 2 , 3 0 0 
1 2 , 4 O O 
1 2 , 7 0 0 
1 2 , 7 0 0 
1 0 , 3 0 0 
H 1 O O O 
1 2 , 1 0 0 
1 0 , 8 0 0 

A n n e a l e d 
a t 650° 

1 2 , 7 0 0 
1 3 , 8 0 0 
1 4 , 6 0 O 
1 2 , 7 0 O 
1 4 , 7 0 0 
1 2 , 2 0 0 
1 3 , 4 0 O 
1 3 , 0 0 O 
1 2 , 3 0 0 

A n n e a l e d 
a t 1000° 

9 , 0 0 O 
1 0 , 0 0 0 

9 , 9 0 0 
9 , 4 0 0 

1 2 , 3 0 0 
8 , 9 0 O 
8 , 6 0 O 
6 ,5OO 
8 , 9 0 0 

Q u e n c h e d 
from 900° 

8 , 5 0 0 
8 , 0 0 0 

1 0 , 8 0 0 
8 , 6 0 0 
9 , 5 0 0 
8 , 6 0 O 
8 , 9 0 0 
8 ,4300 

ment , b u t t h e y were n o t satisfied wi th t h e resul t s . C. F . Burgess a n d J . A s t o n 
observed t h a t wi th electrolyt ic i ron al loyed wi th arsenic : 

A r s e n i c . . O 0 - 2 9 2 0 - 4 3 0 0 - 9 1 5 1 - 8 1 0 3 - 8 6 2 4 - 1 4 1 5 - 3 6 2 % 
A c i d c o r r o s i o n . 1 - 3 0 0 0 - 4 4 8 0 - 8 1 5 0 - 4 0 5 0 - 1 3 1 0 - 0 8 6 O l 0 2 0 1 4 4 
A t m . c o r r o s i o n . 0 - 4 9 9 0 - 4 0 5 0 - 3 4 3 0 - 4 2 5 0 - 3 5 2 0 - 3 1 2 0 - 3 6 1 0 - 3 0 6 

t h e ac id corrosion refers t o t h e loss in g r a m s per sq. d in . when immersed in 20 p e r 
cent , su lphur ic acid for a n h o u r ; a n d a tmospher i c corrosion t o t h e loss in k g r m s . 

pe r sq. me t r e pe r yea r when exposed t o t h e w e a t h e r for 
162 d a y s from J u l y t o F e b r u a r y . T h e res is tance t o a t m . 
corrosion is a b o u t t h e same as for e lect rolyt ic i ron . 
TJ. L inde t no ted t h a t t he presence of arsenic trioxide r e 
t a r d s t h e corrosion of i ron—vide infra—and 0 . F . Burgess 
a n d S. G. Eng le , a n d E . H e y n a n d O. B a u e r m a d e a 
s imilar obse rva t ion w i th arsenic t r iox ide in su lphur ic ac id . 
E . H e y n a n d O. B a u e r ' s resu l t s wi th 1 pe r cen t , su lphur i c 
acid a re i l lus t ra ted in F ig . 357, t a k i n g t h e r e su l t w i t h n o 
arsenic t r ioxide p r e sen t as t h e s t a n d a r d . T h e a d d i t i o n of 
0-0069 g rm. r educed t h e a t t a c k t o one- th i rd . H . A n t h e s 
observed t h e fo rmat ion of a rs ine w h e n arsenical su lphur i c 

ac id a c t s on i ron . Observa t ions were m a d e b y W . N . Hind ley , a n d A. E . C a m e r o n 
a n d G. B . Wa te rhouse—v ide supra, su lphur ic acid. W h e n i ron is a l lowed t o s t a n d 
in c o n t a c t w i t h a n h y d r o u s arsenic trichloride, L . K a h l e n b e r g a n d J . V . S te in le 
found tha t s ome arsenic sepa ra te s o u t ; a t 100°, t h e r e is a feeble r eac t ion . T h e y 

0-3 
As2Q3 //?grams perl/'tne 

F i o . 3 5 7 . — T h e E f f e c t 
o f A r s e n i c T r i o x i d e 
o n t h e A t t a c k o f 
I r o n b y D i l u t e S u l 
p h u r i c A c i d . 
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also o b s e r v e d n o s e p a r a t i o n w i th arsenic tribromide. T h e effect of h y d r o c h l o r i c 
ac id o n t h e cor ros ion of i r o n b y a rsen ic t r i ch lo r ide w a s s t u d i e d b y H . E . P a t t e n . 

G. T a m m a n n a n d K . S c h a a r w a c h t e r 1:L obse rved t h a t a n t i m o n y beg ins t o a t t a c k 
i ron a t a b o u t 610°, a n d t h e r a t e increases r a p i d l y w i t h r ise of t e m p . C. J . B . K a r s t e n 
found t h a t 1 p e r cen t , of a n t i m o n y a c t s v e r y in jur ious ly o n i ron ; 0-144 p e r c e n t . 
m a d e b a r i ron so co ld - shor t a s t o b e wor th l e s s . L . J . T h e n a r d obse rved t h a t a n 
al loy of a n t i m o n y w i t h tw ice i t s we igh t of i ron , s p a r k s w h e n i t is filed. T h e equi l i 
b r i u m d i a g r a m w a s s t u d i e d b y N . S. ICurnakoff a n d N . S. Kons tan t ino f f—v ide 
9 . 52 , 9. G. T a m m a n n a n d W . Salge s t u d i e d t h e r e s idue left a f te r t r e a t i n g t h e 
a l loy w i t h a n acidified soln. of a m m o n i u m p e r s u l p h a t e . P . Goerens a n d K . E l l igen 
o b s e r v e d t h a t t h e t e m p , of t h e p r i m a r y s e p a r a t i o n of a u s t e n i t e f rom m o l t e n p ig -
i ron , a n d t h e solidification t e m p , of t h e eu t ec t i c , a r e l owered b y a n t i m o n y ; t h e 
t e m p , of t h e pear l i t i c c h a n g e is n o t affected ; a n d t h e m a g n i t u d e of t h e reca lescence 
dec reased a s t h e p r o p o r t i o n of a n t i m o n y w a s inc reased . G. H a g g s t u d i e d t h e 
X - r a d i o g r a m s . E . K . S m i t h a n d H . C. A u f d e r h a a r , a n d A . M. P o r t e v i n f o u n d 
t h a t a n t i m o n y affected t h e m e c h a n i c a l p r o p e r t i e s l ike a r sen ic does . A . L . N o r b u r y , 
a n d H . J . F r e n c h a n d T . G. Digges s t u d i e d some of t h e a l loys . C. F . B u r g e s s a n d 
J . A s t o n sa id t h a t t h e a l loys of a n t i m o n y s e e m of n o v a l u e a s a m a g n e t i c m a t e r i a l . 
T h e a l loys a r e difficult t o w o r k . W . Guer t l e r , a n d P . Oberhoffer d i scussed t h e 
a l loys , a n d A. L o t t i obse rved t h a t i ron p a n s a r e co r roded b y m o l t e n l ead c o n t a i n i n g 
a n t i m o n y a n d copper . H . E . P a t t e n s t u d i e d t h e cor ros ion of i ron b y a n t i m o n y 
pentachlor ide i n t h e p re sence of h y d r o c h l o r i c ac id . T h e r e d u c t i o n of a n t i m o n y 
f rom soln. of a n t i m o n y s a l t s h a s b e e n p r e v i o u s l y d i s cus sed—9. 52 , 6. T h e r e a c t i o n 
w a s s t u d i e d b y J . Th ie le . 

C. J . B . K a r s t e n found t h a t 1 p e r cen t , of b i s m u t h h a d l i t t l e effect o n t h e q u a l i t y 
of t h e i ron , b u t t h e m e t a l d i d n o t w o r k so well ; C E . B u r g e s s a n d J . A s t o n e x a m i n e d 
t h i s sub jec t . T h e a l loys were d iscussed in connec t i on w i t h t h e b i s m u t h i d e s — 9 . 
5 3 , 7. G. H a g g s t u d i e d . the X - r a d i o g r a m s . C. F . B u r g e s s a n d J . A s t o n f o u n d 
2 p e r cen t , of d i a m a g n e t i c b i s m u t h i m p r o v e d t h e f e r r o m a g n e t i s m of i ron ; o t h e r 
wise, t h e a l loys fu rn i shed n o fea tu res of p a r t i c u l a r i n t e r e s t . F o r t h e a c t i o n of 
a n t i m o n y , vide t h e a n t i m o n i d e s , 9 . 52 , 9 ; a n d b i s m u t h , vide t h e b i s m u t h i d e s , 9 . 
5 3 , 7. P . Oberhoffer d iscussed t h e a l loys . N . Ageeff a n d M. Z a m o t o r i n s t u d i e d 
t h e diffusion of b i s m u t h in i ron . E . K . S m i t h a n d H . C A u f d e r h a a r found t h a t 
b i s m u t h sof tens a n d decreases t h e s t r e n g t h of cas t i ron . T h e r e d u c t i o n of b i s m u t h 
f rom soln. of b i s m u t h s a l t s h a s b e e n p r ev ious ly d i s cus sed—9. 5 3 , 5 . F . E . B r o w n 
a n d J . E . S n y d e r f o u n d t h a t v a n a d y l trichloride, VOCl 3 , does n o t a c t o n i ron e i t he r 
a t o r d i n a r y t e m p , or a t t h e b . p . 

S. K o n o b e j e w s k y 1 2 d i scussed t h e solid soln. of i ron in g r a p h i t e ; t h e solid soln. 
of c a r b o n in i ron h a s b e e n p rev ious ly d iscussed . G. T a m m a n n a n d Iv. S c h a a r 
w a c h t e r obse rved t h a t carbon begins t o a t t a c k i ron a t a b o u t 1145°. H . T r a p p 
d iscussed t h e m e c h a n i s m of t h e a t t a c k of i ron b y c a r b o n . F o r t h e ac t ion of c a r b o n , 
vide infra, corros ion ; c e m e n t a t i o n ; t h e a l lo t rop ic fo rms of i ron ; t h e ca rb ides , 
6 . 39 , 20 ; a n d vide supra for t h e effect of c a r b o n o n t h e j jhys ica l p r o p e r t i e s 
of i ron . F . F i s c h e r a n d H . B a h r s t u d i e d t h e ca rb ides ; a n d W . F . H o l b r o o k a n d 
co-workers , t h e diffusion of c a r b o n i n m o l t e n i ron . A . Rosse l , a n d A . Rosse l a n d 
L . F r a n c k f o u n d t h a t w h e n i ron is h e a t e d w i t h c a l c i u m carbide in a i r s o m e i ron 
n i t r i de , a n d ca l c ium ox ide a r e fo rmed . O. Meye r s t u d i e d t h e a c t i o n of s i l i con 
carbide, chromium carbide, and molybdenum carbide on iron, and found the 
m e t a l is a t t a c k e d a t t e m p , a p p r o x i m a t i n g 1500°. T h e a b s o r p t i o n of m e t h a n e b y 
i ron is i n d i c a t e d i n connec t i on w i t h T a b l e L I . G. C h a r p y a n d S. B o n n e r o t 
sa id t h a t w h e n i r o n is h e a t e d i n c o n t a c t w i t h g r a p h i t e i t does n o t b e c o m e 
ca rbu r i zed a t 950° un less a t l eas t t r a c e s of o x y g e n o r of a c a r b o n ox ide a r e 
p r e s e n t , b u t F . Gio l i t t i a n d co-workers d o n o t ag ree . W . H e m p e l , a n d F . O s m o n d 
f o u n d t h a t t h e d i a m o n d r e a c t s w i t h i r o n a t 1160° , a n d suga r -cha rcoa l a n d 
g r a p h i t e a t a b o u t 1400°. Acco rd ing t o R . Schenck , t h e a c t i o n of m e t h a n e c a n 
b e r e p r e s e n t e d b y t h e e q u a t i o n 3 F e - J - C H 4 = F e 3 C - J - ^ H 2 — 3 5 , 8 1 1 cals. , whe re 
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C H 4 = C + 2 H 2 - 2 1 , 3 6 8 cals. The relative proportions of the gases a t different 
temp., and under atm. press., in the system : CH4^C-+-2H2 , are : 

CH 4 
H , 

310° 
99-2O 

0-80 

445° 
77OO 
2 3 0 0 

580° 
36-65 
65-35 

a n d i n t h e s y s t e m : 3 F e + C H 4 -
310° 

C H 4 . 

^Fe 3C+2H 2 : 

H 2 t r a c e 

360° 
98-30 

1-70 

445° 
95-70 

4-30 

680° 
1 6 8 2 
83-18 

580° 
69-80 
40-20 

710° 
13-0O 
87-0O 

680° 
22-70 
77-30 

720° 
11-95 
8 8 0 5 

710° 
15-23 
87-77 

740° 
10-9O 
98-10 

720° 
1 2 0 7 
87-93 

«£ 

300° 400° 600° 800° /000° 
FiO. 358 .—Equ i l i b r i um Curves for t h e 

S y s t e m w i t h M e t h a n e a n d I r o n . 

The results are plotted in Fig. 358. The two curves intersect a t 720°. The reaction 
was studied by T. Watase, and F . Eisenstecken—vide cementation. The reaction 

was studied by A. Johansson and R. von 
Seth, E . D. Campbell, M. Mayer and V. Alt-
may er. F . Durau and C. H . Teckentrup 
found tha t the absorption of methane by 
iron is purely adsorption, and similarly 
with methane, ethane, and propane. 
H. S. Tavlor and R. M. Burns observed 
tha t a t 25°, 100°, and 218°, one vol. of 
iron absorbs respectively 0*25, <CO-05, and 
<CO05 vol. of ethylene. The reaction was 
studied by R. N. Pease and H. S. Taylor, and 
W. Ipateeff and N. Kliukvin. A. Magnus 
and R. Klar studied the absorption of 
ethylene by pyrophoric iron ; and F . Durau 
and C H . Teckentrup found the adsorption 
of ethylene is purely an adsorption process, 
and similarly with propylene. H . Hollings 
and R. H . Griffith studied the adsorption of 
hydrocarbons. H . Moissan and C. Moureu 

observed tha t finely-divided iron catalytically decomposes acetylene into its 
elements, and at the same time forms a trace of a condensation product of 
acetylene. The action of acetylene on metals was also discussed by H . Reckleben 
and J . Scheiber, W. R. Hodgkinson, E . Tiede and W. Jenisch, and J . F . Durand 
and M. Banos. U. Hofmann and E. Groll observed tha t the solid phase produced 
when benzene vapour acts on iron at 700° contains carbon, iron, and principally 
cementite. S. I. Levy and R. Defries studied the corrosive action of turpentine 
on iron. TJ. Hofmann and E . Groll found tha t a t 700°, benzene passed over 
iron furnishes carbon and cementite. S. P . Uspensky and N. I . Laduizhnikova 
observed a loss of 10 mgrms. per sq. cm. by 8 months ' exposure of iron to motor 
benzene. E. W. Kanning and O. W. Brown studied the catalytic decomposition 
of kerosene by iron. 

For the absorption of carbon monoxide by iron, vide Table LI . A. F . Benton 
and co-workers, K. Iwase, F . Rapatz, and A. Villachon and G. Chaudron also 
discussed the subject. F . Durau and C. H . Teckentrup showed tha t the absorption 
is purely an adsorption process. According to H . S. Taylor and R. M. Burns, 
one vol. of iron absorbs 0-70, 0-20, and 0-10 vol. of carbon monoxide respectively 
a t 25°, 110°, and 218°. A. Stoffel said t ha t the pentacarbonyl which is formed 
is adsorbed by the iron, and it forms a protective film on the surface of the metal . 
N- Parravano and C. R. del Turco found tha t deoxidizing agents in steel reduce 
the occluded carbon monoxide ; and they also usually reduce carbon monoxide 
and dioxide a t high temp. K. A. C. Elliott studied the oxidation of cystein and 
thioglycollic acid with iron catalysts. P . Farup discussed the catalytic action 
o^Jron oreB in reducing carbon monoxide. R. N. Pease and L. Stewart compared 
the catalytic activity of iron, nickel, cobalt, copper, and silver on the hydrogenation 
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of e t h y l e n e ; S. K o d a m a , C. M. !Loane, a n d H . f t i t t e r s t u d i e d t h e c a t a l y t i c a c t i o n 
of i r o n i n t h e syn thes i s of oils, e t c . R . Y o s h i m u r a , A . J a e g e r , J . H . J o n e s 
a n d co-workers , S. K o d a m a a n d K . F u j i m u r a , R . N . P e a s e a n d H . S. Tay lo r , 
P . R i s c h b i e t h , H . T r o p s c h a n d A . v o n Ph i l i ppov ich , O. W a r b u r g , O. W a r b u r g 
a n d W . Brefeld, a n d R . Y o s h i m u r a , t h e a c t i v a t i o n of cha rcoa l c a t a l y s t s b y i r o n ; 
O. B a u d i s c h a n d L . A . WeIo , t h e f o r m a t i o n of a b lue co lour -with benz id ine h y d r o 
chlor ide a n d h y d r o g e n d iox ide , a n d t h e g r o w t h of t h e Bacterium lepisepticum; 
a n d M. C. Boswel l a n d C. H . B a y l e y , t h e a c t i o n of eerie ox ide a s a p r o m o t e r of 
t h e c a t a l y t i c a c t i v i t y of i ron . B . S. S r i k a n t a n c o m p a r e d t h e a t o m i c e n e r g y a n d 
efficiency of i ron a s a c a t a l y s t . 

H . F . Coward a n d P . G. G u e s t c o m p a r e d t h e i gn i t i on t e m p , of gases b y h e a t e d 
m e t a l b a r s , a n d f o u n d t h a t i ron d i d n o t g ive c o m p a r a b l e r e su l t s . H . C. Green 
wood, a n d A . J o h a n s s o n a n d R . v o n S e t h , s t u d i e d t h e sur face d e c a r b u r i z a t i o n of 
s teel b y h e a t i n g i t in c a r b o n d iox ide . N . P a r r a v a n o a n d C. R . de l T n r c o f o u n d 
t h a t t h e d e o x k l a t i o n of s tee l r educes t h e a m o u n t of a b s o r b e d c a r b o n m o n o x i d e , 
a n d t h a t t h e u sua l deox id iz ing a g e n t s , e m p l o y e d i n t h e s teel i n d u s t r y , r e d u c e 
b o t h c a r b o n m o n o x i d e a n d d iox ide a t h igh t e m p . H . S t . C. Devi l le o b s e r v e d 
t h a t c a r b o n m o n o x i d e , l ike h y d r o g e n , c a n diffuse t h r o u g h r e d - h o t i ron ; a n d a 
s imi lar o b s e r v a t i o n w a s m a d e b y T . G r a h a m . Acco rd ing t o G. Dec ro ly , a t a t m . 
press . , c a r b o n m o n o x i d e does n o t diffuse t h r o u g h a s teel t u b e of 3-5 m m . t h i c k n e s s 
a t 800° a n d a t 1000°. TJ. Cai l le te t f o u n d t h a t t h e gases w h i c h escape f r o m c a s t 
i ron in a s t a t e of fusion c o n t a i n s o m e c a r b o n m o n o x i d e as well a s h y d r o g e n a n d 
n i t r o g e n . T . G r a h a m o b t a i n e d t h e g a s f rom m e t e o r i c i r on . P . A. K l i n g e r f o u n d 
t h a t e lec t ro ly t ic i ron w i t h 0-03 p e r cen t , of c a r b o n c o n t a i n e d 0-0075 p e r c e n t . CO 
a n d 0*0078 p e r cen t . CO 2 , a n d af ter h e a t i n g t o r edness in c a r b o n m o n o x i d e , c o n t a i n e d 
0-0050 p e r cen t . CO, a n d 0-0059 p e r cen t . C O 2 ; whi le w i t h e lec t ro ly t ic s tee l w i t h 
1-2 p e r cen t , of c a r b o n a n d c o n t a i n i n g 0-005O p e r c en t . CO a n d 0-0108 p e r c e n t . 
CO 2 , a f ter h e a t i n g t o r ednes s in c a r b o n m o n o x i d e , c o n t a i n e d 0-0044 p e r c en t . CO 
a n d 0-0138 pe r cen t . CO 2 . O b s e r v a t i o n s were m a d e b y V . L o m b a r d , H . C. H . Car
p e n t e r a n d C C . S m i t h , N . N i k i t i n , a n d A . Vi l lachon a n d G. C h a u d r o n . W i t h t h e 
m o l t e n m e t a l s , P . A . K l i n g e r f o u n d t h e r e su l t s i n d i c a t e d i n T a b l e L I . P . D . Mer ica 
d iscussed t h e effect of a b s o r b e d gas on t h e m a g n e t i c p r o p e r t i e s . 

T A B L E L I . — T H E E F J E O T O F T H E A B S O B P T I O N O F C A R B O N M O N O X I U E B Y M O L T E N 
I R O N . 

Before After s a tu ra t ion witIi CO 

E l e c t r o l y t i c i r o n . 
S i e m e n s - M a r t i n ' s 

b a s i c s t e e l 
C r u c i b l e s t e e l . 
C r u c i b l e s t e e l . 

C 
pe r 

cen t . 

0 - 0 4 

0 - 4 7 
0 - 3 7 
0 - 7 2 

O 
per cent . 

0 0 0 2 

O-008 
0 0 3 5 
0 0 0 2 

CO 
per cen t . 

0 0 5 2 5 

0 0 4 6 3 
0 0 6 3 7 
0 0 5 7 5 

CO 2 
per cent . 

O O O 7 0 

0 0 0 5 9 
— 
— 

i c 
per 

cen t . 

I 
0 0 3 

0 - 4 4 
0 - 2 6 
0 - 6 0 

I ° 
per cen t . 

0 0 2 2 

0 0 2 3 
0 - 0 2 2 
0 0 2 1 

j CO 
per cen t . 

0 - 0 4 5 0 

0 1 5 3 8 
0 1 4 O O 
0 - 1 3 3 7 

j C ° 2 
I>er 

cen t . 

T h e f o r m a t i o n of i r on c a r b o n y l s b y t h e a c t i o n of c a r b o n m o n o x i d e o n finely-
p o w d e r e d i r o n a t a b o u t 120° w a s d i scussed i n c o n n e c t i o n w i t h t h e c a r b o n y l s — 
5 . 39 , 2 7 . T . B a h r o b s e r v e d t h a t a t 400° t o 600° , some s u b s t a n c e s s imi lar t o 
J i umic ac id a r e fo rmed a l o n g w i t h t h e c a r b o n . J . G a m i e r inferred f rom t h e 
l u m i n o s i t y of t h e flame of furnaces i n t h e m a n u f a c t u r e of i r on a n d s teel , a n d f rom 
t h e n a t u r e of t h e f lue-dust , t h a t vo la t i l e c o m p o u n d s of i ron a n d c a r b o n m o n o x i d e 
a re fo rmed i n t h e fu rnace ; a n d H . M o r t o n , i n m a n u f a c t u r i n g gas . A . Vi l lachon 
a n d G. C h a u d r o n cons ide red t h a t i n m o l t e n i ron , s o m e c a r b o n m o n o x i d e is 
dissolved a s a c a r b o n y l . 

V. F a l c k e , A. N . G u n t z , H . N i p p e r t , H . N i s h i m u r a , a n d H . J . v a n R o y e n 
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found t h a t iron reac ts wi th ca rbon m o n o x i d e a t a b o u t 600°, forming ferrous ox ide 
a n d carbon. The reac t ions were discussed in connec t ion w i t h t h e b las t - fu rnace . 
R. Schenck found t h e equi l ib r ium condi t ions in t h e r eac t ion : 2CCh=MIJ-J-CO2 : 

CO . 
CO 2 . 

450° 480° 60O° 58O 640° 700° 800° 
2-O 3-5 5 0 11-75 35-5 59-0 86-1 p e r c e n t . 

98-0 96-5 9 5 0 82-25 64-5 4 1 0 13-9 

a n d for t h e react ion : 3 F e + 2 C O ^ F e 3 C + C O 2 : 

CO . 
CO 2 

480° 500° 580° 640° 680° 700° 
12-12 15-5O 32-36 47-80 58-86 64-00 p e r c e n t . 
87-87 84-50 67-64 52-20 41-14 36-00 

The resul ts are p lo t t ed in F i g . 359 a long w i th a n a p p r o x i m a t i o n for t h e r eac t ion : 
2 C O - ^ F e 3 C = F e 3 C 2 H - C O 2 . The re a r e also m a n y o t h e r s ide- reac t ions , e.g. 

F e 3 C + 4CO 2 ^ 3 F e O -f- 5CO, d i scussed— 
L,. Gruner , W . Leybo ld , H . C. H . Car
p e n t e r a n d C. C. S m i t h , V. F a l c k e , 
S. H i l p e r t a n d T . D i e c k m a n n , A . G a u t i e r 
a n d P . C l ausmann , e tc .—in connec t ion 
w i th t h e different i ron oxides (q.v.), a n d 
w i t h t h e reac t ions in t h e b las t - furnace 
(q.v.). J . E . S t e a d discussed t h e ac t ion of 
b las t - furnace gases on i ron. W . P . F i she l 
a n d J . F . Woodde l l observed more ca rbon 
d ioxide is formed w i th i ron in c a r b o n 
m o n o x i d e t h a n cor responds w i t h t h e 
equ i l i b r i um v a l u e a t 800° t o 1100°. 
U . H o f m a n n discussed t h e fo rm of t h e 
ca rbon or g r a p h i t e depos i t ed on i ron a t 
900°. Accord ing t o A. G a u t i e r a n d 
P . C lausmann , w h e n a m i x t u r e of mo i s t 
carbon monox ide a n d h y d r o g e n is passed 
over i ron a t 250° t o 300°, f o r m a l d e h y d e , 
as well a s a f a t t y s u b s t a n c e of m . p . 

35°-36 c ', c an be de tec t ed in t h e p r o d u c t s of t h e reac t ion j a n d L . V ignon obse rved 
t h a t m e t h a n e is formed be tween 500° a n d 1000°. H . R e m y a n d H . Gonn ingen , 
H . R e m y , J . V. V a u g h e n a n d W . A. Lazier , A. B r a m l e y a n d H . Z>. Lo rd , W . Gluud 
a n d R . Schonfelder, E . Aud ibe r t a n d A. R a i n e a u , K . F u j i m u r a , T . W a t a n a b e , 
a n d H . T u t i y a s tud ied t h e ca ta ly t i c decomposi t ion of c a rbon monox ide b y i ron. 

According t o G. Tissandier , a t 1000°, i ron in a n a t m . of c a rbon monox ide forms 
ferrous oxide ; a n d in an a t m . of carbon dioxide a t 900°, ferrous oxide is formed, 
while a t 1200°, ferrosic oxide is p roduced . T h e reac t ion is discussed in connec t ion 
wi th t h e respect ive i ron oxides. B . Beer discussed t h e abso rp t ion of c a r b o n 
dioxide b y iron, see Table L I I . F . D u r a u a n d C. H . T e c k e n t r u p showed t h a t t h e 

T A B L E L I I . — A C T I O N O F C A R B O N D I O X I D E O N I R O N . 

fOOO" 

F i o . 3 5 9 . — E q u i l i b r i u m Curves for t h e 
S y s t e m w i t h Ca rbon Monox ide a n d I r o n . 

Before 

per ! ° A oent. j Per cent. 

After saturation with CO8 

CO 
per cent. 

CO2 

per cent. 

Electrolytic iron 
S i e m e n s - M a r t i n 

basic steel 
Crucible steel 
Crucible steel 

004 

0-47 
0-37 
0-72 

O0O2 i 00525 

0008 
0035 
0002 

00463 
00637 
00575 

0-0079 

00059 

C 
per 
cent. 

003 

0-35 
0-27 
0-49 

0-020 

0 0 1 8 
0-025 
0-018 

00375 

01063 
01262 
0-1912 00039 



I R O N 3 5 7 

a b s o r p t i o n process is p u r e l y one of a d s o r p t i o n . A. M a g n u s a n d B . K l a r , a n d 
N . I . N i k i t i n found t h a t c a r b o n d iox ide is s t rong ly a b s o r b e d b y p y r o p h o r i c i ron 
even a t o r d i n a r y t e m p . ; a n d a chemica l a c t i o n occurs a t 5 0 0 ° ; a n d R . R u e r a n d 
J . K u s c h m a n n , t h a t 100 g r m s . of r e d u c e d i r o n p o w d e r a b s o r b e d 5 m g r m s . of 
c a r b o n d iox ide . P . P . Fedot6eff a n d T . N . P e t r e n k o obse rved t h a t t h e a c t i o n 
of c a r b o n d iox ide a t 1000° t o 1100° resembles t h e a c t i o n of s t e a m — v i d e supra. 
H . S. T a y l o r a n d R . M. B u r n s found t h a t a l i t t l e c a r b o n d iox ide—less t h a n 
0-05 vo l . p e r vo l . of m e t a l — i s a b s o r b e d a t 25° a n d 110°. F . G. F i n z e l obse rved 
t h a t a s a m p l e of n o n - p y r o p h o r i c i ron a d s o r b e d m o r e c a r b o n d iox ide t h a n d i d 
a s a m p l e of p y r o p h o r i c i ron . P . P . FedoteefE a n d T . N . P e t r e n k o s t u d i e d t h e 
o x i d a t i o n of i ron b y c a r b o n d iox ide a t 1000° t o 1100°, a n d f o u n d t h a t t h e 
compos i t i on of t h e p r o d u c t va r ies c o n t i n u o u s l y f rom fer rous t o ferrosic ox ide . 
O b s e r v a t i o n s o n t h e ac t i on of c a r b o n d iox ide a t a h igh t e m p , were a lso m a d e b y 
F . v o n B a c h o , G. N e u m a n n , P . A . Kl inge r , W . H . Hat f ie ld , a n d C. B . M a r s o n a n d 
J . W . C o b b . H . T u t i y a obse rved t h e f o r m a t i o n of n o n e w c o m p o u n d i n t h e 
ca ta lys i s of t h e decompos i t i on of c a r b o n m o n o x i d e b y i ron , t h e r e d u c t i o n p roceeds 
F e 2 0 3 - > F e 3 0 4 - > F e O - ^ F e 3 C . 

I n 1774, T . B e r g m a n o b s e r v e d t h a t i ron dissolves in w a t e r h o l d i n g c a r b o n 
d iox ide in soln . J . T i l lmans a n d B . K l a r m a n n found t h a t oxygen-free w a t e r , 
c o n t a i n i n g c a r b o n d iox ide i n soln. , d issolves i ron u n t i l i t s w a t e r h a s a t t a i n e d a 
H*- ion cone , of 10 — 7 . T h e r a t e of d i sso lu t ion d e p e n d s on t h e ve loc i ty of flow, 
t h e t i m e of c o n t a c t w i t h t h e p ipes , t h e size a n d n a t u r e of t h e p ipes , a n d t h e H*- ion 
cone, of t h e w a t e r . T h e p resence of i ron t e n d s t o fo rm a s u p e r s a t u r a t e d soln . of 
fer rous c a r b o n a t e , t h e so lubi l i ty p r o d u c t of F e C O 3 be ing 2-7 X 1 0 ~ 1 0 . W a t e r w i t h 
less t h a n 100 m g r m s . of H 2 C O 3 does n o t a t t a c k i ron p ipes t o a n y g r e a t e x t e n t ; 
b u t w i t h m o r e cone . soln. or ca rbon ic ac id , t h e a t t a c k is m a r k e d . Ca rbon ic ac id , 
a l t h o u g h a v e r y w e a k ac id , c a n a c t a p p r e c i a b l y on i ron ; w i t h a n excess of c a r b o n 
d iox ide in t h e absence of a i r , t h e r eac t i on is s y m b o l i z e d : 2 H 2 0 - { - 2 C 0 2 ^ H 2 ( H C 0 3 ) 2 ; 
a n d if a n excess of i ron b e p r e s e n t , Fe-4-H2CO3== H 2 + F e C O 3 . G. T. M o o d y 
obse rved t h a t 250 c.c. of a s a t . soln. of c a r b o n d iox ide in w a t e r a t one a t m . 
press , dissolved af ter : 

20 hrs. 56 hrs. 06 lira. 26 days 
F e O per litre . . . 0-2546 0-3771 0-8172 2 1 3 9 grms . 

T h e soln. w a s colourless in t h e absence of a i r ; b u t w h e n a i r •was p r e sen t , t h e 
m i x t u r e w a s co loured b y t h e fer rous c a r b o n a t e , a n d fer rous a n d ferric h y d r o x i d e s 
in v a r y i n g p r o p o r t i o n s . Th i s r eac t i on w a s a lso s t u d i e d b y G. J u s t , R . G i r a r d , 
A. B r a m l e y a n d H . D . L o r d , a n d G. W . W h i t m a n a n d co-workers—vide infrat 
F i g . 360 . W . L e y b o l d , a n d B . K l a r m a n n d iscussed t h e so lub i l i ty of i ron in c a rbon i c 

Time in hours Time in fours 
F m . 3 6 0 . — T h e !Effect of Temperature o n F i o . 3 6 1 . — T h e Effect of Pressure on 
the Solubi l i ty of Iron i n Carbonic Ac id . the Solubi l i ty of Iron in Carbonic Ac id . 

ac id—v ide infra. Accord ing t o A. Schleicher a n d G. S c h u l t z , t h e r e l a t ive corros ion 
fac tors for w r o u g h t i ron a n d cas t i ron in soln . of c a r b o n i c ac id a r e , r espec t ive ly , 
100 a n d 273 i n t h e absence of a i r , a n d 100 a n d 152 in t h e presence of a i r . 
H . H e n e c k a , a n d E . Mtiller a n d H . H e n e c k a found t h a t ca rbon ic ac id u n d e r a 
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high press , dissolves i ron t o fo rm eas i ly-soluble fe r rous h y d r o c a r b o n a t e ; t h e 
equ i l ib r ium c o n s t a n t for t h e r e a c t i o n F e 4 - 2 H 2 C O 3 ===Fe(HCOs)24-II2B»s> is 
i r==[Fe(HC03)2]/H2C03]2, or J 8 r = l - 2 x l O » . T h e r e is a lso t h e r e a c t i o n F e ( H C O s ) 2 
^ F e C O 3 4 - C O 2 4 - H 2 O . H . H e n e c k a ' s o b s e r v a t i o n s o n t h e r a t e of so ln . of i r on 
in w a t e r s a t u r a t e d w i t h c a r b o n d iox ide a t 50 a t m . p ress . , a n d a t t e m p , b e t w e e n 
0° a n d 100°, a r e s u m m a r i z e d in F i g . 36O, a n d t h e r a t e of soln . of i r on i n w a t e r 
s a t u r a t e d w i t h ca rbon d iox ide a t 30° a n d 20 t o 5O a t m . p ress . , i n F i g . 361—v ide 
infra, ferrous h y d r o c a r b o n a t e . W . L e y b o l d obse rved t h a t w a t e r s a t . w i t h c a r b o n 
d iox ide a t a t m . press , i n 10 weeks dissolved 1-058 g r m s . of i r on . A c c o r d i n g t o 
A . B r u n o , t h e v igorous s h a k i n g for t h i r t y - s i x t o fo r ty h o u r s of a s tee l b o t t l e con
t a i n i n g "water a n d iron-filings in a n a t m . of c a r b o n d iox ide causes t h e who le of t h e 
c a r b o n d ioxide t o b e rep laced b y h y d r o g e n a c c o r d i n g t o t h e e q u a t i o n : 
C O 2 -4-H2O H - F e = F e C O 3 4 - H 2 . If a glass vessel is u sed , t h i s r e a c t i o n is a c c o m 
p a n i e d b y t h e abso rp t i on of p a r t of t h e c a r b o n d iox ide b y t h e a lka l i of t h e g lass . 
F u r t h e r , a m i x t u r e of iron-filings, w a t e r , a n d n i t r o b e n z e n e y ie lds an i l ine j u s t a s 
if a s t r o n g ac id were e m p l o y e d . P . P e t i t found t h a t w h e n w a t e r c o n t a i n i n g 638 
m g r m s . of ca lc ium c a r b o n a t e pe r l i t r e d issolved i n c a r b o n d iox ide , b u t n e u t r a l 
t o p h e n o l p h t h a l e i n , is b r o u g h t in c o n t a c t w i t h finely-powdered i ron , m o r e t h a n 
half t h e c a r b o n a t e is p r e c i p i t a t e d , a n d i ron is d issolved. W a t e r s a t . w i t h c a r b o n 
d iox ide will dissolve a s m u c h as 5OO m g r m s . of i ron p e r l i t re , w i t h l i b e r a t i o n of 
a n eq. q u a n t i t y of h y d r o g e n . T h e i ron is c o n v e r t e d i n t o fe r rous c a r b o n a t e , a n d 
if t h e soln. is exposed t o a i r , ferric ox ide is p r e c i p i t a t e d . T h e w a t e r of t h e Moselle 
w a s found t o dissolve 3*15 m g r m s . of i ron p e r l i t r e ; if p r ev ious ly t r e a t e d w i t h a 
c u r r e n t of ca rbon d iox ide for a few m i n u t e s , i t d i sso lved 200-6 m g r m s . ; b u t if m i x e d 
w i th l ime-wate r u n t i l s l igh t ly a lka l ine t o p h e n o l p h t h a l e i n , i t d i sso lved n o i r o n a t 
al l . J . V. E m m o n s , a n d A . J o h a n s s o n a n d R . v o n S e t h s t u d i e d t h e sur face deca r -
bu r i za t i on of steel b y h e a t i n g i t in c a r b o n d iox ide . P . A . v o n Bonsdorff o b s e r v e d 
t h a t r u s t i ng does n o t occur in a n a t m o s p h e r e c o n t a i n i n g t r a c e s of c a r b o n d i o x i d e 
p r o v i d e d t h e condi t ions a r e such t h a t n o w a t e r c a n depos i t o n t h e m e t a l . 
XJ. R . E v a n s found t h a t i r on a n d s teel r u s t e d a l i t t l e p a r t i c u l a r l y a l o n g t h e - s m a l l 
g rooves left b y t h e e m e r y t r e a t m e n t w h e n exposed t o w a t e r v a p o u r a lone ; a n d 
c a r b o n d iox ide d id n o t p r o d u c e a n y g r e a t acce le ra t ion in t h e cor ros ion of i r on a n d 
steel , t h o u g h i t a p p e a r e d t o f avour t h e r u s t i n g . 

A . Bol is obse rved t h a t t h e loss suffered b y cas t i ron in c o n t a c t w i t h bo i l ing 
carbon tetrachloride for 10 h r s . is i napp rec i ab l e ; t h e m e t a l a cqu i r e s a d a r k c o a t i n g 
which p rese rves i t f rom fu r the r a t t a c k . If t h e c a r b o n t e t r a c h l o r i d e is s a t u r a t e d 
w i t h m o i s t u r e , t h e m e t a l is app rec i ab ly a t t a c k e d b y t h e boi l ing l iqu id . A m i x t u r e 
of c a r b o n t e t r a c h l o r i d e w i t h o n e - t h i r d i t s vo l . of w a t e r c a u s e d cas t i ron t o lose 
a b o u t 5 pe r cen t , of i t s we igh t in t h e course of IO h r s . ' b o i l i n g . T h e s u b j e c t w a s 
i n v e s t i g a t e d b y A . E . W o o d a n d co-workers , E . V . Zapp i , H . W . D o u g h t y , 
A. W . S m i t h , A. Bolis , J . R . Crocker , H . E . P a t t e n , S. GT. S a s t r y , J . Mi lbauer , 
Xi. Vern i t z a n d A . K u d i n o v a , a n d F . H . R h o d e s a n d J . T . C a r t y . T . Midgley 
a n d A. L . H e n n e found steel res is ts t h e ac t i on of carbon dif luorodichloride a t 
175°. J . F o r m a n e k found t h a t t h e ac t i on of c a r b o n t e t r a c h l o r i d e d u r i n g 8 m o n t h s 
is negl ig ibly s m a l l ; b u t w i t h t r ich loroethylene a n d t e trach lorace ty lene , t h e 
a c t i o n is smal l b u t pe rcep t ib le ; J . Mi lbauer obse rved t h a t t h e p resence of e t h y l 
a lcohol increases t h e r a t e of a t t a c k b y boi l ing c a r b o n t e t r ach lo r ide . H . E . P a t t e n 
obse rved n o ac t i on occurs w i t h i ron a n d ch loroform, o r e thy l chloride . F . D u r a u 
a n d C. H . T e c k e n t r u p obse rved t h a t t h e a b s o r p t i o n of ch loroform b y i r o n i s 
p u r e l y a n a d s o r p t i o n process . J . G. T a p l e y a n d co-workers , H . R . S. C l o t w o r t h y , 
B . R . P a r k i n s o n , a n d J . B . Pee l a n d P . L.. R o b i n s o n f o u n d t h a t w h e n i ron is h e a t e d 
i n t h e v a p o u r of c a r b o n disulphide, a t 1000°, i m p u r e fer rous su lph ide is f o r m e d . 
M. D e l e p i n e a n d Lu Ville i n v e s t i g a t e d t h e ac t i on of carbonyl ch lor ide o n i ron . 
X T a p l e y a n d co-worker s , J . F . G. H i c k s , a n d B . R . P a r k i n s o n d i scussed t h e 
corrosive a c t i o n of hydrocyan ic ac id i n t o w n gas on t h e convey ing p i p e s (vide 
infra); a n d G. P . G r a y a n d E . R . H u l b e r t , t h e ac t ion of h y d r o c y a n i c ac id o n 
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v a r i o u s m e t a l s , m o s t of w h i c h p r o m o t e t h e d e c o m p o s i t i o n of l i q u i d h y d r o g e n 
c y a n i d e . T h e ac t i on of c y a n o g e n , a n d of cyan ides o n i r o n h a s b e e n d i scussed in 
connec t ion w i t h t h e c e m e n t a t i o n process . F . D u r a u a n d C. H . T e c k e n t r u p f o u n d 
t h a t t h e a b s o r p t i o n of c y a n o g e n b y e lec t ro ly t ic i ron is a chemica l p rocess . 
V. E . H i l l m a n a n d E . D . Clark, H . B r a u n e , H . F a y , W . Giesen , J . E . J o h n s o n , 
a n d J . K . S m i t h s t u d i e d t h e n i t rogen i za t i on of i ron b y m e a n s of c y a n i d e s . M. B e r -
t h e l o t o b s e r v e d n o r e a c t i o n b e t w e e n i ron a n d c y a n o g e n i n a sea led t u b e a t 100° ; 
a t 300° s o m e i ron c y a n i d e is fo rmed w i t h o u t t h e e v o l u t i o n of n i t r o g e n , a n d a t 
500°, free n i t r ogen a n d some p o l y m e r i z a t i o n p r o d u c t s a r e fo rmed . H . B r a u n e 
n o t e d t h a t t h e r e a c t i o n w i t h c y a n o g e n is v e r y s low a t 600° t o 700° , b u t r a p i d a t 
1000°. L . H a c k s p i l l a n d R . G r a n d a d a m f o u n d t h a t i r o n r e a c t s w i t h t h e a lka l i 
c y a n i d e s i n v a c u o a t 600° i n a c c o r d w i t h t h e e q u a t i o n : 2 N a C N - f - F e 
= 2 N a -f- N 2 H- I r o n ca rb ide ; L . H a c k s p i l l d i d n o t g e t t h e c o r r e s p o n d i n g r e s u l t 
w i t h l i t h i u m c y a n i d e . "W. H e i k e , a n d A . V o u r n a s o s d i d n o t obse rve a n y r e a c t i o n 
b e t w e e n i ron a n d fused p o t a s s i u m c y a n i d e . Li. E i s n e r o b s e r v e d t h a t a t o r d i n a r y 
t e m p , i ron dissolves in a soln . of p o t a s s i u m c y a n i d e , a n d h y d r o g e n is evo lved ; 
a n d C. R e i c h a r d sa id t h a t c y a n o g e n is g iven off. M. Cen tne r szwer a n d J . Szper , 
a n d E . F . K e r n o b s e r v e d t h a t i r on is d i s so lved i n t h e e lectrolysis of soln . of 
p o t a s s i u m cyan ide—v ide supra, th«T p a s s i v a t i o n of i ron . A . B r o c h e t a n d J . P e t i t 
s t u d i e d t h e a c t i o n of so ln . of p o t a s s i u m c y a n i d e o n m e t a l s u n d e r t h e inf luence of 
a n a l t e r n a t i n g c u r r e n t . F . "W. B e r g s t r o m obse rved t h a t a soln. of a m m o n i u m 
cyan ide in l iqu id a m m o n i a , w i t h i ron , fo rms a c o m p l e x ( N H 4 ) 4 [ F e C y 6 ] n N H 3 ; w i t h 
m e r c u r i c c y a n i d e , a n d w i t h a m m o n i u m t h i o c y a n a t e , u n d e r s imi lar cond i t i ons , 
t h e r e is a v e r y s low r e a c t i o n ; a n d w i t h mercur ic t h i o c y a n a t e , t h e c o m p l e x 
H g ( C y S ) 2 . 4 N H 3 is fo rmed . W h e n i ron is h e a t e d w i t h p o t a s s i u m t h i o c y a n a t e i t 
fo rms p o t a s s i u m fe r rocyan ide . N . TananajefE a n d C-. T k a t s c h e n k o f o u n d t h a t a n 
a q . soln. of t h e sa l t dissolves i ron , fo rming fer rous t h i o c y a n a t e . A. B r o c h e t a n d 
J . P e t i t f ound t h a t i ron dissolves i n a soln. of p o t a s s i u m c y a n a t e , h y d r o g e n is 
evo lved , a n d p o t a s s i u m fe r rocyan ide is fo rmed . 

H . A d k i n s a n d W . R . P e t e r s o n found t h a t m e t h y l a l c o h o l is ox id ized t o fo rm 
a l d e h y d e , u s ing i ron o r i r o n - m o l y b d e n u m as c a t a l y s t . W . L e d b u r y a n d 
E . W . Bla i r , a n d E . W . B la i r a n d co-workers obse rved t h a t a 10 p e r cen t . so ln . 
of f ormaldehyde r ead i ly r e a c t s w i t h i ron in a sealed t u b e a t 155°. H e n c e t h e 
d a n g e r of i ron a p p a r a t u s in t h e d i s t i l l a t ion of fo rmal in . H . Wi l l a n d 
F . O. L a n d t b l o m found i ron a n d s teel a r e n o t a t t a c k e d b y a di l . soln. of fo rma l in , 
b u t a c o n e , 40 p e r cen t , soln, r ead i ly a t t a c k s i ron—poss ib ly owing t o t h e p r e sence 
of s o m e formic ac id ; W . L o b n o t e d t h a t a 2O p e r c en t . soln . of f o r m a l d e h y d e 
s lowly a t t a c k s i ron . Gr. B a t t a f o u n d t h a t t h e p resence of a l i t t l e f o r m a l d e h y d e 
in ac ids fac i l i ta tes t h e d i s so lu t ion of i ron . H . T r o p s c h a n d O. R o e h l e n s t u d i e d 
t h e c a t a l y t i c d e c o m p o s i t i o n of f o r m a l d e h y d e b y i ron , a n d A . Sche l lenberg , a n d 
H . T r o p s c h a n d A . Sche l lenberg , b y m e t h a n o l . J . M a l m e j a c s t u d i e d t h e a c t i o n 
of 95 p e r cen t , a l c o h o l o n i r on ; a n d t h e a c t i o n of a b s o l u t e a lcohol on t h e m e t a l 
was s t u d i e d b y L . L i n d e t , E . B o u l a n g e r , E . H e i n z e l m a n n , K . R . D i t t r i c h , a n d 
M. W a w r z i n i o k . S. P . U s p e n s k y a n d N . I . L a d u i z h n i k o v a found t h a t w i t h com
merc ia l e t h y l a lcohol , i ron los t 29-9 n ig rms . p e r sq . c m . i n 9 m o n t h s , a n d w i t h 
commerc i a l m e t h y l a lcohol , 43*6 n ig rms . p e r sq . cm. in t h e s a m e t i m e ; wh i l s t w i t h 
t h e v a p o u r of c o m m e r c i a l m e t h y l a lcohol , 7 m g r m s . p e r sq . c m . we re los t i n 9 
m o n t h s ' a n d w i t h refined m e t h y l a lcohol , 6*7 m g r m s . p e r sq . c m . in t h e s a m e t i m e . 
W i t h acetone* i ron los t 9*8 m g r m s . p e r sq . c m . in 8 m o n t h s . C. Dufra isse a n d 
R . Horc lo i s s t u d i e d t h e c a t a l y t i c effect of i r on o n v a r i o u s organic c o m p o u n d s , 
s o d i u m s u l p h a t e , e t c . ; a n d S. S w a n n , t h e e l ec t ro - reduc t ion of k e t o n e s a t i ron 
c a t h o d e s . 

A . H e b e r t s t u d i e d t h e ac t ion of o rgan ic ac ids o n i ron . A. S c h e u r e r - K e s t n e r , 
a n d K . A . H o f m a n n a n d G. B u g g e f o u n d i ron dissolves in f ormic a d d , p r o d u c i n g 
fer rous f o r m a t e . H . J . P r i n s found t h a t t h e a t t a c k is h a s t e n e d if n i t r o b e n z e n e 
be p r e s e n t . J . H . G. M o n y p e n n y found t h a t mi ld s tee l lost 0*33 m g r m . p e r sq . 
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c m . per h r . in 10 pe r cen t , formic ac id . J . C. G. d e M a r i g n a c o b s e r v e d t h a t w h e n 
i ron is a l lowed t o s t and in c o n t a c t w i t h ace t i c ac id for a few weeks , c r y s t a l s of 
ferrous a c e t a t e a r e formed. T h e d i sso lu t ion of i ron b y v i n e g a r s , a n d t h e cor ros ion 
of i ron in t h e ace t ic ac id i n d u s t r y , w a s obse rved b y B . F r a n z , C. !Luckow, A . S t e in -
metz , a n d W . Hof fmann ; a n d H . W i e l a n d a n d W . F r a n k e s t u d i e d t h e s p e e d of 
rus t ing in dil . ace t ic ac id . P . A. v o n Bonsdorff, a n d N . A . Bouchkoff n o t e d t h e 
r ap id corrosion of i ron in t h e v a p o u r of ace t i c ac id a n d a i r . S. !Leet n o t e d t h e 
g raph i t i t i s of cas t - i ron r e t o r t s i n t h e d i s t i l l a t ion of v inega r—v ide infra. A c c o r d i n g 
t o W . R o h n , cold, 10 p e r cen t , ace t i c ac id dissolves in 24 h r s . 0-14 g r m . p e r sq . d m . 
f rom t h e u n a i m e a l e d m e t a l , a n d 0-21 g r m . f rom t h e a n n e a l e d m e t a l a t o r d i n a r y 
t e m p . ; a n d wi th t h e h o t ac id , in 1 h r . , 0-79 g r m . w a s d issolved f rom t h e a n n e a l e d , 
a n d 0*76 g r m . from t h e u n a n n e a l e d m e t a l . F . S c h m i t z o b s e r v e d t h a t w i t h s tee ls 
con ta in ing 0-06, 0-42, a n d 0-92 pe r cen t , of c a rbon , 2 0 x 2 0 x 1 0 m m . w i t h a 4 m m . 
hole, t h e losses w i th 80 p e r cen t , ace t i c ac id were , r e spec t ive ly , 0*700, 0*584, a n d 
0-886 g rm. in 180 h r s . T h e a c t i o n of ace t i c ac id o n i ron w a s also s t u d i e d b y 
M. Ba l lay , W . Guer t l e r a n d T . L i epus , A . J o u v e , G. W . W h i t m a n a n d R . P . !Russell, 
P . B a r d e n h e u e r a n d K . L.. Zeyen , P . K o t z s c h k e a n d E . P i w o w a r s k y , O. K r o h n k e , 
a n d M. IL. H a m l i n a n d F . M. T u r n e r . Acco rd ing t o W . H . Ha t f i e ld : 

Steel 
. .. Steel Cast iron 

Electrolytic Armco Wrought 0-39 per 0-92 per 11-75 per 3-3 per 
iron iron iron cent. C cent. O cent. Mn cent. C 

W i n e v i n e g a r . . 0-0061 0-0053 0 0 1 3 9 0 0 0 4 4 0 0 0 4 2 0-0397 0-264O 
Acet ic ac id , 3 3 par c e n t . . 0-0128 0 0 1 3 3 0-2810 0-2072 0-1697 O 0 9 9 9 OG693 
Ci t r ic ac id , G p e r c en t . . 0-01OG 0 0 1 6 3 0 1 9 4 3 0-2025 O-1843 OO905 0-1950 

.T. H . G. Moirypeimy found t h a t t h e losses of mi ld s tee l in m g r m s . p e r sq . c m . \)er 
hour wi th 5, 15, a n d 33 p e r cen t , ace t i c ac id were , r e spec t ive ly , 0-067, 0-105, a n d 
0*115 ; a n d wi th glacial ace t ic acid , 0-124. H . J . P r i n s f o u n d t h a t t h e d i s so lu t ion 
of iron in ace t ic ac id is acce le ra ted b y t h e presence of n i t r o b e n z e n e . T h e effects 
w i th va r ious al loy steels (q.v.) were s t u d i e d b y J . H . G. M o n y p e n n y , W . H . Ha t f i e ld , 
O. K . P a r m i t e r , H . S. R a w d o n a n d A. I . K r y n i t s k y , A . F i i r t h , a n d M. L . H a m l i n 
a n d F . M. T u r n e r . G. A r t h obse rved t h a t in di l . ac id ic soln. of flllrflli a c e t a t e * 
a n d a low c u r r e n t dens i ty , i ron goes i n t o soln. , b u t a t h ighe r c u r r e n t dens i t i e s t h e 
m e t a l becomes pass ive . F . Wi i s t a n d N . K i r p a c h f o u n d t h e a v e r a g e losses p e r 
sq . c m . pe r h o u r w i t h i ron i n a n a g i t a t e d 4 0 p e r c en t . soln . of m o n o c h l o r o a c e t i c 
ac id were 0-10 m g r m . in t h e first 24 h r s . , 0*16 m g r m . in t h e second 24 h r s . , 0*14 
m g r m . in t h e t h i r d 24 h r s . A. R e n a r d obse rved t h a t p r o p i o n i c a c i d dissolves i ron , 
forming pa le green c rys ta l s of t h e fer rous sa l t . 

Accord ing t o A. H e b e r t , s t e a r i c a c i d , a n d o t h e r f a t t y ac ids , w h e n h e a t e d w i t h 
i ron t o 350°, form ke tones which decompose a t t h a t t e m p . T h e r e a c t i o n w a s 
s t u d i e d b y A. Mai lhe , T . H . Eas ter f ie ld a n d C. M. Tay lo r , a n d G. Sch i ch t a n d 
A. GrUn, w h o a s s u m e d t h a t t h e f o r m a t i o n of a ferrous sa l t p recedes t h e f o r m a t i o n 
of t h e k e t o n e . W . S ing le ton found t h a t s tee l is co r roded af te r s t a n d i n g 1000 h r s . 
a t 80° in c o n t a c t w i t h s t ea r i c acid, whi l s t o le ic ac id a t 60° a n d 80° d i d n o t c o r r o d e 
t h e m e t a l . C. B . G a t e s o b t a i n e d a s imi lar r e su l t w i t h oleic ac id , b u t A. G u n n a n d 
K. F . H a r r i s o n found t h a t a t o r d i n a r y t e m p , i ron is p e r c e p t i b l y a t t a c k e d d u r i n g 
a p ro longed c o n t a c t w i t h oleic acid , a n d t h e ac id is co loured d a r k r e d o r b r o w n . 
M. W e l w a r t m a d e ana logous obse rva t ions . E . M a r a z z a sa id t h a t w r o u g h t i r o n 
resists, a t t a c k b y t h e f a t t y ac ids b e t t e r t h a n s teel o r c a s t i ron—v ide infra, g reases , 
a n d oils. S ta in less steel w a s found b y J . H . G. M o n y p e n n y t o res is t a t t a c k b y 
oleic ac id a t o r d i n a r y t e m p , a n d a t 60° for p ro longed pe r iods of t i m e . C. B . G a t e s 
f o u n d t h a t coppe r is p r e c i p i t a t e d b y i ron f rom a soln . of coppe r o l ea t e , o r f r o m 
fused copper palmitate, stearate, or margarate. O. F . Hunziker and co-workers 
s t u d i e d t h e a c t i o n of l a c t i c ac id a n d mi lk on i ron . F . S c h m i t z f o u n d t h a t w i t h 
Citric ac id ( 1 : 2 ) a n d samples of i ron , 2 0 x 2 0 x 1 0 m m . , c o n t a i n i n g 0*06, 0-42, 
a n d 0«92 p e r cen t , of c a rbon , w h e n t h e tes t -p ieces h a d a 4 m m . ho le , t h e losses 
were r e s p e c t i v e l y 0 1 9 5 , 0*370, a n d 1*842 p e r cen t , in 180 h r s . ; W . H . H a t f i e l d ' s 
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o b s e r v a t i o n s w i t h 5 p e r cen t , c i t r ic ac id a r e i n d i c a t e d a b o v e . K . K . J a r v i n e n a lso 
s t u d i e d t h i s sub j ec t . J . H . G. M o n y p e n n y found mi ld s tee l los t 0-260 m g r m . 
pe r sq . c m . p e r h o u r in 6 p e r cen t , c i t r ic ac id . T . N . Morr i s a n d J . M. B r y a n 
n o t e d t h a t t r a c e s of a s a l t of t i n i n h i b i t t h e corros ive a c t i o n of c i t r ic ac id . 
V. Duffek, a n d A . J o u v e s t u d i e d t h e corros ive ac t i on of tartaric ac id—v ide infra. 
J . H . G. M o n y p e n n y found t h a t mi ld s tee l lost , r e spec t ive ly , 0-062 a n d 0-14 m g r m . 
pe r sq . c m . pe r h o u r in n o r m a l a n d in 25 p e r c en t , t a r t a r i c ac id . A . J o u v e 
s t u d i e d t h e corros ive ac t i on of oxa l i c ac id . O. B a u e r a n d W . Meck lenbe rg 
obse rved t h a t di l . oxa l ic ac id h a s a mi ld a c t i o n o n i ron a n d i t fo rms a p r o 
t e c t i v e film of fer rous o x a l a t e on t h e m e t a l . J . H . G. M o n y p e n n y f o u n d t h a t 
mi ld s tee l in a n o r m a l soln . of oxal ic ac id los t 0-036 m g r m . p e r sq . c m . p e r h o u r , 
a n d F . W u s t a n d N . K i r p a c h obse rved t h a t t h e losses in m g r m . p e r sq . c m . 
pe r h o u r in cold s a t . soln . of oxal ic ac id were 0-052 d u r i n g t h e first 24 h r s . , 
0-070 d u r i n g t h e second 24 h r s . , a n d 0-060 d u r i n g t h e t h i r d 24 h r s . V . Duffek 
s t u d i e d t h e ac t i on of oxal ic ac id . F . W . B e r g s t r o m o b s e r v e d t h a t a soln . 
of a m m o n i u m oxa la te i n l i qu id a m m o n i a a c t s v e r y s lowly o n i ron . R-. G i r a r d 
s tud ied t h e a t t a c k b y carbol ic ac id or pheno l—v ide supra, hyd r och lo r i c ac id . 
J . H . G. M o n y p e n n y found t h a t m i ld s teel loses 0-005 m g r m . p e r sq. c m . p e r h o u r 
w h e n in c o n t a c t w i t h 5 p e r cen t , carbol ic ac id . F . Ze tzsche a n d co-workers o b s e r v e d 
t h a t t h e h y d r o g e n of t h e O H - g r o u p s of s o m e pheno l s c a n b e rep laced d i r e c t l y b y 
iron w h e n t h e soln. a l so c o n t a i n s s o m e w a t e r . D . Miiller, R . E . L y o n s a n d 
L. T . S m i t h , G. B u n g e , H . K a s t , I J . Loskiewicz , J . SaposchnikofT, a n d F . W . R i c h a r d 
son e x a m i n e d t h e a c t i o n of picric ac id o n i ron . A c c o r d i n g t o H . P o m e r a n z , t h e 
n i t ro -g roups of picr ic ac id , in hyd roch lo r i c ac id soln . i n c o n t a c t w i t h i ron , a r e 
r educed t o a m i n o - g r o u p s ; t h e fer rous p i c r a t e first f o rmed is r a p i d l y ox id ized t o 
ferric p i c r a t e . F . WList a n d N . K i r p a c h found t h a t t h e losses in m g r m . p e r sq . 
c m . p e r h o u r in a cold, sa t . soln. of p icr ic ac id were 1-20 in t h e first 24 h r s . , a n d 
0-70 in t h e second 24 h r s . ; a f ter t h a t , a p r o t e c t i v e film a p p e a r e d o n t h e m e t a l . 
Vide supra, t h e e t ch ing of i ron b y picr ic ac id a n d p i c ra t e s , d iscussed b y H . H . S h e p 
he rd , J . H . G. M o n y p e n n y , a n d Socie te G r a u e r e t Wei l . J . B . Trommsdorf f 
obse rved t h a t i ron is v e r y s l igh t ly soluble in a n a q . soln. of benzo ic ac id ; a n d 
S. Ba r i l a r i , t h a t sa l icy l ic ac id , w i t h i ron filings, deve lops a l i t t l e h y d r o g e n , v e r y 
s lowly a t o r d i n a r y t e m p , a n d m o r e r a p i d l y w h e n w a r m e d . F . Ze tzsche a n d co
worke r s a d d e d t h a t t h e e v a p o r a t i o n of t h e soln. furn ishes fe r rous sa l i cy l a t e . 
W . J . C la rk found t h a t ga l l i c ac id fo rms fer rous ga l l a t e i n c o n t a c t w i t h i r o n — 
vide infra, i n k s . M. S c h i r m o n s k y , a n d S t . R e i n e r s t u d i e d t h e ac t i on of n a p h t h e n i c 
acid o n i ron . 

A c c o r d i n g t o S. Micewicz, n i t r o b e n z e n e is r ead i ly r e d u c e d t o an i l ine b y 
p o w d e r e d i ron , a n d in a n a q . soln . of m a g n e s i u m c h l o r i d e — t h e c o m p o u n d 
2 C 6 H 5 N H 2 . M g C l 2 . 6 H 2 O is sa id t o be fo rmed a t a n i n t e r m e d i a t e s t a g e of t h e r eac t i on . 
S. G. S a s t r y , a n d H . W . D o u g h t y e x a m i n e d t h e cor ros ion of m e t a l s b y organ ic 
nal ides . L . J j i iuyt n o t e d t h a t soln. of s u g a r a t t a c k i ron . Acco rd ing t o D . K l e i n 
a n d co-workers , if i ron is h e a t e d w i t h a soln . of cane - suga r in a sealed t u b e a t 115° 
t o 125°, i t is s t r o n g l y a t t a c k e d , a n d h y d r o g e n is evo lved . S o m e fer rous a c e t a t e 
is fo rmed . S imi la r r e su l t s were o b t a i n e d w i t h invert-SUgar a n d m a l t o s e , b u t 
glycerol a n d m a n n i t e a c t e d m o r e s lowly. J . H . G l a d s t o n e , C. K o s m a n n , A. L o d i n , 
Lt. K a y s e r , J . H . G. M o n y p e n n y , D . K l e i n a n d A . B e r g , I . McNiece , a n d 
K . K . J a r v i n e n s t u d i e d t h e corros ive a c t i o n of soln. of s u g a r on i ron a t o r d i n a r y 
t e m p . If a i r is exc luded , n o ac t i on occurs . M. L . H a m l i n a n d F . M. T u r n e r 
found t h a t m o l a s s e s s lowly a t t a c k s i ron . J . A . N . F r i e n d a n d co-workers , 
W . H . Ha t f i e ld , a n d J . H . G. M o n y p e n n y discussed t h e a c t i o n on i ron of o rgan ic 
colloids a n d foodstuffs . 

P . H . E m m e t t a n d R . W . H a r k n e s s s t u d i e d t h e c a t a l y t i c decompos i t ion of 
azomethane, dimethylhydrazine, and ethylamine by iron. L. Vignon, J. T. Wood, 
T. Li. P h i p s o n , a n d L . M a n s t e t t e n e x a m i n e d t h e cor ros ive a c t i o n of t ann in on i ron 
p l a t e s . J . I . C r a b t r e e a n d G. E . M a t t h e w s o b s e r v e d t h a t hydroquinone , a n d 
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pyrogallol developing b a t h s a r e d iscoloured b y i ron ; a n d t h e y , a n d a l so B . Exile, 
examined t h e ac t ion of o t h e r p h o t o g r a p h i c soln . o n t h e m e t a l s . A . B e n e d i c e n t i 
and S. Rebel lo-Alves found t h a t p o w d e r e d i ron u n i t e s w i t h t h e prote in w h e n 
shaken wi th a soln. of egg-a lbumin or b lood s e r u m s . Acco rd ing t o H . H a n d o w s k y , 
t h e ox ida t ion of l e u c i n e is n o t affected w h e n a 0-5 t o 1-0 p e r cen t . so ln . is s h a k e n 
in a i r or oxygen w i t h ferrous s u l p h a t e , ferrosic ox ide , ferric ox ide hydroso l s , a n d a 
m i x t u r e of i ron a n d i ron ox ide o b t a i n e d b y h e a t i n g t h e o x a l a t e . I r o n o b t a i n e d 
b y t h e h y d r o g e n r e d u c t i o n of t h e ox ide effects t h e o x i d a t i o n of leucine w i t h t h e 
p r o d u c t i o n of c a r b o n d ioxide , a m m o n i a , a n d i sova l e r a ldehyde ( isola ted a s t h e 
nitrophenylhydrazone). Glycine, alanine, valine, tyrosine, nistidine, formyl-
l e u c i n e , a n d g lycy l - l euc ine a re s imilar ly oxidized b y t h e r e d u c e d i ron , y ie ld ing 
subs t ances which give a pos i t ive fuchs ine-su lphurous ac id r eac t ion . T h e o x y g e n 
u p t a k e w i t h leucine is neve r m o r e t h a n 19 pe r cen t , of t h a t r e q u i r e d for c o m p l e t e 
combus t i on ; a n d t h e ox ida t i on is i nh ib i t ed b y h y d r o c y a n i c ac id . W h e n t h e h e a t e d 
r educed i ron is cooled in n i t rogen a b l a c k i ron p o w d e r is o b t a i n e d w h i c h h a s n o 
oxidiz ing ac t i on on leucine, b u t if t h e i nac t ive i ron is r e h e a t e d for s o m e t i m e a n d 
s u b s e q u e n t l y cooled in hyd rogen , t h e oxidiz ing power is r egene ra t ed . Consequen t l y , 
i t is n o t t h e i ron b u t t h e h y d r o g e n d issolved in i t which effects t h e o x i d a t i o n of 
amino-ac ids , a n d t h e " a c t i v e v h y d r o g e n r eac t s w i t h oxygen t o g ive h y d r o g e n 
pe rox ide which is ca t a ly t i ca l ly decomposed on t h e surface of t h e i ron . S imi la r ly , 
a n i m a l charcoa l loses i t s p o w e r t o c a t a lyze t h e o x i d a t i o n of leucine w h e n h e a t e d a n d 
cooled in n i t rogen , b u t rega ins th is power when rehea ted a n d cooled in h y d r o g e n . 
T h e active iron was s tud ied b y O. B a u d i s c h a n d L . A . WeIo , a n d b y A . S i m o n a n d 
K . K o t s c h a u . I t gives a b lue colour in c o n t a c t w i th a n alcoholic soln. of g u a i a c u m 
resin a n d h y d r o g e n d iox ide ; a n d i t also gives a b lue colour w i t h a soln. of 
benzidine—vide ferrous sa l t s . J . C. E l g i n a n d co-workers s t u d i e d t h e effect 
of i ron a n d nickel ca t a lys t s on t h e s u l p h u r n a p h t h a s a n d pe tro l eums ; a n d 
K . A . C. E l l io t t , a n d N . W . P i r ie , t h e ca t a ly t i c ac t ion of i ron in t h e o x i d a t i o n of 
cysteine, and thioglycolic acid. 

T h e corrosion of i ron b y t h e b y - p r o d u c t s in t h e m a n u f a c t u r e of coal -gas w a s 
discussed b y E . D o n a t h , 1 3 P . Pa r i sh , W . E . Denn i son , a n d A. R . W a r n e s a n d 
W . S. D a v e y ; c o a l - t a r , b y F . J . R . Carul la ; coa l - ta r f rac t ions , b y A . R . W a r n e s 
a n d W . S. D a v e y , U . E h r h a r d t a n d G. Pfleiderer , W . A. D a m o n , W . E . D e n n i s o n , 
a n d F . F i scher ; l i qu id fuels—gasol ine , e t c . — b y E . K . O. S c h m i d t , S. H . Diggs , 
a n d K . R . Die t r i ch . Accord ing t o A. R . W a r n e s a n d W . S. D a v e y , t h e d issoc ia t ion 
of a m m o n i u m chlor ide, a m m o n i u m su lph ide , a m m o n i u m h y d r o s u l p h i d e , a m m o n i u m 
cyan ide , a n d t h e s u b s e q u e n t ac t ion of t h e d issocia t ion p r o d u c t s u p o n t h e i ron a r e 
t h e chief causes of t h e corrosion, t h e r a t e of t h e ac t i on b e i n g p r o b a b l y inc reased 
b y e lec t rochemical cond i t ions . S t r a i n m a y h a v e c o n t r i b u t e d t o w a r d s corrosion 
b y p r o d u c i n g a ce r t a in a m o u n t of molecu la r i n s t ab i l i t y in p o r t i o n s of t h e i ron 
p la t e s , t h u s r ende r ing t hose p a r t s m o r e easy of a t t a c k . T h e final p r o d u c t s i n t o 
which t h e cor roded i ron is c o n v e r t e d a re chiefly ferrous su lph ide a n d a m m o n i u m 
fer rocyanide . A m m o n i u m chlor ide exe r t s a m o r e corrosive ac t i on u p o n t h e i r on 
t h a n a m m o n i u m su lph ide . T h e corrosive effects of oi l r e f in ing p r o d u c t s were 
s tud i ed b y O. N . E d g a r , G. Egloff, G. Egloff a n d J . C. Morrel l , R . L i n d , W . R . F i n n e y 
a n d H . W . Y o u n g , R . R . M a t t h e w s a n d P . A . Crosby, R . V . A . Mills, H . F . P e r k i n s , 
D . E . P ierce , H . S c h m i d t , F . W . L . T y d e m a n n , a n d R . E . Wi l son a n d W . H . B a l k e . 
B . B leyer a n d J . Schwaibold d e t e r m i n e d t h e corrosion of i ron b y t e a a n d coffee 
a t 75° in g r a m s of m e t a l p e r sq. m . in 24 h r s . , a n d found t h e losses t o b e : 

Time . . 10" 1' 10" 5' 10" 42 ' 3 0 " 2-5 hre. 5 nrs . 40 ' 22 hrs. 40 ' 
Tea . 42-5 42-5 3 5 0 180 ISO 6-3 5-O 
Coffee . 16-3 17-5 150 11-3 5-5 4-5 6K> 

T h e cor ros ion of i ron b y coffee v a p o u r s w a s s t ud i ed b y R . E v a n s . G. N . Q u a m i* 
£ound chrome-s tee l suffered n o pe rcep t ib le loss af ter 30 m i n s \ c o n t a c t w i t h mi lk . 
T t l * mm?o»ion of i ron b y beer w a s s t u d i e d b y J . B r a n d , !L. N a t h a n , a n d H . Seyffert ; 
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WOOd9 b y F . O. Ca lver t , a n d P . R o h l a n d ; flour paste , b y T . T h o m s o n ; b y i n k s , 
b y O. B a u e r a n d W . Mecklenberg ; b y gunpowder* b y E . H . Schulz , a n d A . W r i g h t ; 
b y t a n n i n g l i enors , b y A . Gansser , a n d M. P . Balfe a n d H . P h i l l i p s ; b y i n d i a -
rubber, b y C. O. W e b e r , a n d W . T h o m s o n a n d F . Lewis ; b y paper, b y P . K l e m m ; 
a n d b y perspiration, b y W . J . Huff, a n d H . E . Y e r b u r y . 

Corrosion m a y b e h i n d e r e d or i nh ib i t ed b y grease wh ich a c t s b y p r e v e n t i n g 
w a t e r f rom coming in c o n t a c t w i t h t h e m e t a l a n d t h u s suppress ing one of t h e con
d i t ions necessa ry for corrosion. T h u s grease m a y b e assoc ia ted w i t h w a t e r in 
t h e fo rm of a n emuls ion . M a n y forms of grease a n d oil a r e rea l ly sa l t s of o rgan ic 
ac ids . T h u s , olive oil is a g lyceryl o lea te which forms glycerol a n d oleic ac id w h e n 
hydro lyzed b y "water. T h e glycerol was found b y D . K l e i n a n d A . B e r g 1 5 t o h a v e 
n o ac t i on on i ron , b u t t h e o rgan ic ac ids s lowly a t t a c k t h e i ron , fo rming , say , fer rous 
o lea te , wh ich is decomposed b y t h e o x y g e n of t h e a i r t o fo rm h y d r a t e d ferric ox ide 
a n d oleic acid . E . A. Cowper emphas i zed t h e de le te r ious effects of t h e convers ion 
of c o m m o n grease i n t o acid grease in boi lers ; a n d J . S t ing l , a n d F . J . R o w a n , 
t h e corros ive effects p r o d u c e d b y t h e i n t r o d u c t i o n of g r ea sy w a t e r i n t o boi lers . 
T h e ac t i on of l ub r i ca t i ng oils on m e t a l w a s d iscussed b y S. A i s i n m a n n , A. H . Al len, 
P . T . B r u h l , P . Cuyper s , J . D e w r a n c e , S. Re ine r , E . D o n a t h , W . R . F i n n e y 
a n d H . W . Y o u n g , M. Cook a n d U . R . E v a n s , C. F i c h a n d l e r , J . A. N . F r i e n d , 
J . E . H a c k f o r d , H . v o n de r H e y d e n a n d K . T y p k e , W . J . Huff, A. F . Mes ton , 
W . S ing le ton , H . S c h m i d t , H . G. S m i t h , H . Spur r ie r , C. W . Volney , a n d 
H . .T. Y o u n g ; a n d of l iqu id fuels, b y K . R . D ie t r i ch . H . v o n d e r H e y d e n a n d 
K . T y p k e discussed t h e ac t i on of t r a n s f o r m e r oils i n i ron ; R . E . Wi l son a n d 
W . H . B a l k e , a n d H . F . P e r k i n s , t h e corros ion of i ron in oil refineries ; 
E . K . O. S c h m i d t , M. Wawrz in iock , a n d H . J . Y o u n g , t h e cor ros ive effect of 
m o t o r oils ; F . G. Hof fmann , t h e corros ive ac t i on of t a r a n d benzene v a p o u r s ; 
W o . Os twald , b e n z e n e ; a n d F . Schus te r , n a p h t h a l e n e a n d t h e p r o t e c t i v e ac t ion 
of t e t r a l e n e , C 1 0 H 5 2 -

T h e drying oi ls e m p l o y e d in t h e m a n u f a c t u r e of p a i n t e x e r t v e r y l i t t l e so lvent 
ac t i on o n i ron . W . H . W a t s o n ' s obse rva t ions o n t h e m a r k e d effect of l inseed 
oil in 24 h r s . a re so different f rom t h o s e of W . Marcey , and J . A. N . F r i e n d , t h a t i t 
is p r o b a b l e t h a t t h e oils he emp loyed were v e r y i m p u r e . W . Marcey observed 
n o ac t i on d u r i n g 3 d a y s ' exposure of i ron t o l inseed oil, a n d J . A. N . F r i e n d obse rved 
n o ac t i on w i t h r a w l inseed oil, p o p p y oil, a n d t u n g (or Chinese -wood) oil w h e n 
a l t e r n a t e l y h e a t e d t o 100° a n d cooled for 12 d a y s ; also w h e n t h e i ron was exposed 
t o t h e ac t ion of t h e oil for 5 m o n t h s . T h e m e t a l a lways r e m a i n e d b r i g h t . W i t h 
boi led l inseed oil, t h e m e t a l w a s dul led in eve ry case, a n d t h e s l ight loss t h r o u g h 
t h e so lu t ion of t h e i ron w a s m o r e or less c o u n t e r b a l a n c e d b y t h e ga in d u e t o ox ida
t i o n . L . L . Steele s t u d i e d t h e effect of i ron soaps on t h e d r y i n g of l inseed oil. 
W . Marcey found t h a t w i th 10 d a y s ' exposu re t o t h e ac t i on of n o n - d r y i n g fat ty o i l s , 
t h e r e w a s a loss of 0*0025 g r m . w i t h 2*1830 g r m s . of i ron w i t h ol ive o i l ; a n d w i t h 
t h i s as a n a r b i t r a r y s t a n d a r d of 100, t h e so lven t a c t i on wi th s p e r m oil w a s 48 ; 
w i t h nea t s foo t oil, 44 ; w i t h co t ton-seed oil, 36 ; w i th cas to r oil, 28 ; w i t h l a rd 
oil, 20 ; w i t h a l m o n d oil, 16 ; a n d w i t h r a p e oil, none . R . M. Corelli s t ud i ed 
t h e a c t i o n of ca s to r oil on severa l m e t a l s . A. E . T u c k e r found t h a t w i t h 50O c.c. 
of oil a c t i n g on i ron for 26 h r s . , t h e following a m o u n t s of m e t a l dissolved : s p e r m 
oil, 0-0370 g r m . ; l a rd oil , 0-0120 g r m . ; olive oil, 0-0314 g r m . ; ca s to r oil, 0 0 0 3 4 
g r m . ; va lvo l ine , ni l ; cy l inder oil of sp . gr . 0-921, t r a c e ; a n d lub r i ca t i ng oil of 
sp . gr . 0-.915, a t r a c e . I . Jf. R e d w o o d found t h e following p e r c e n t a g e losses of m e t a l 
d u r i n g 12 months* ac t i on a t a t m . t e m p , w i t h m i n e r a l l ub r i ca t ing oil, 0 -02693 ; 
olive oil, 0-17187 ; r a p e oil, 0-04418 ; t a l low oil, 0-20603 ; l a rd oil, 0*11111 ; co t t on 
seed oil , n i l ; s p e r m oil, 0-09210 ; wha le oil, 0-12279 ; seal oil, 0-01539. Signs of 
r u s t i n g occu r r ed w i t h t h e t a l low, l a rd , co t ton-seed , a n d seal oils. D . H o l d e also 
e x a m i n e d t h e a c t i o n of some lub r i ca t i ng oils o n p l a t e s of i ron 30 m m . X 4 m m . in 
a n a u t o c l a v e a t IO a t m . press , for 2, 4, a n d 6 h r s . , w i t h l igh t mine ra l oil t h e losses 
were respec t ive ly , 3 , 3 , a n d 4 m g r m s . ; w i t h h e a v y mine ra l oil, 4, 4, a n d 4 ; w i th 
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r a w rape-seed oil, 0, 5, a n d 41 ; w i th refined rape-seed oil, 1 t o 15 , 12-5 t o 66, a n d 
118 t o 205 ; a n d w i th ta l low, 0, 2 1 , a n d 168. R . M. Corelli e x a m i n e d t h e a c t i o n 
of cas tor oil on me ta l s ; S. M a c a d a m , a n d C. Eng l e r , t h e a c t i o n of p e t r o l e u m , a n d 
paraffin o i l s ; G. Egloff, oil-refining p r o d u c t s ; a n d W o . Os twa ld , t h e a c t i o n of 
benzol. A. B o u t a r i c a n d R . A m i o t m e a s u r e d t h e a d h e s i o n of l u b r i c a t i n g oils t o 
i ron. 

F o r t h e ac t i on of s i l icon, vide t h e si l icides—6- 40, 13 ; a n d vide infra, F e - S i 
al loys. F . O s m o n d 1 6 observed t h a t as t h e p r o p o r t i o n of sil icon increases , t h e 
convers ion of a- t o j8-iron is r e t a r d e d , a n d w i t h 2 p e r cen t , of sil icon, t h e conver 
sion is p rac t ica l ly zero ; t h e a r res t in t h e cooling c u r v e A 2 a t 730°—720° t a k e s 
p lace a t 710°—700° ; a n d t h e a r r e s t A 1 a t 660°—650° is r a i sed t o 710 0 —700° 
•—vide infra, t h e silicon steels. H . H a n e m a n n found ca rbu r i zed i ron r e d u c e d sil ica 
f rom fireclay crucibles t o silicon. L . T roos t a n d P . Hau te feu i l l e obse rved a si l iceous 
rock r ap id ly a t t a c k e d cas t i ron a t a n e l eva ted t e m p . A . B e c k e r a n d H . S a l m a n g 
d id n o t observe a n y reac t ion wi th g lass a n d i ron of a h igh degree of p u r i t y a t 1450°, 
a l t h o u g h "with o r d i n a r y i ron con ta in ing carb ides a n d silicides t h e r e is a r e a c t i o n . 
U . R . E v a n s found t h a t a soln. of s o d i u m si l icate, l ike o t h e r a lka l ine soln . , r e t a r d s 
t h e corrosion of i ron . E . V igouroux r ep re sen t ed t h e r eac t i on w i t h s i l i con te tra 
chloride a t a h igh t e m p . : S i C l 4 + 4 F e = F e 2 S i + 2 F e C l 2 . T h e r eac t ion w a s s t u d i e d 
b y G. R a u t e r , a n d H . E . P a t t e n . H . z u r S t r a s sen appl ied t h e m a s s l aw t o t h e a c t i o n 
of i ron on n icke l s i l icate : F e + N i S i O « J ^ N i + F e S i O s + 7 - 6 t o 9-5 CaIs., a n d found t h a t 
for t h e equ i l ib r ium c o n s t a n t in [Fe] [NiS iO 3 ]^ -X[NiJ [FeSiO 3 ] , JsT=6-53 X 10~3 a t 
750° K . , a n d 7 - 2 5 x 1 0 - 3 t o 7-44 X 1 0 ~ 3 for T^ 1840° K . W . H e i k e r ep r e sen t ed 
t h e reac t ion wi th ferrous si l icate : 3 F e + F e S i O 3 ^ S F e O + F e S i . C T a m m a n n a n d 
H . B o h n e r observed t h a t i ron p rec ip i t a t e s 58 p e r cen t , of t h e nickel f rom t h e s lag, 
CaO.NiO.2SiO 3 . O. Ruff a n d R . I p s e n observed t h a t a t a r e d - h e a t , t i t a n i u m 
tetrafluoride is reduced by iron ; and L. Levy, t h a t titanium tetrachloride is 
n o t decomposed b y i ron a t a r ed -hea t . H . E . P a t t e n obse rved t h a t i ron is n o t 
cor roded b y s tannic chloride. F o r t h e ac t ion of boron, vide t h e b o r i d e s — 6 . 
32 , 4 . I r o n con ta in ing b o r o n was found b y F . O s m o n d t o b e h a v e l ike i r o n w i t h 
ca rbon in t h a t t h e a r r e s t A 3 is lowered from 855° t o 805°, a n d p a r t l y a t 735° 
t o 725°, or becomes coinc ident w i t h A 2 —v ide infra, t h e a c t i o n of coppe r . 
H . Moissan found t h a t boron trichloride a c t s on i ron a t a r ed -hea t , fo rming 
ferrous chlor ide a n d fer roboron. 

T h e ac t ion of i ron on t h e meta l s is d iscussed in connec t ion w i t h t h e a l loys 
a n d in te rmeta l l i c c o m p o u n d s . K . A. H o f m a n n a n d H . H i e n d l m a i e r 1 7 f o u n d t h a t 
i ron is read i ly a t t a c k e d b y b u r n i n g potass ium. W . Gr. Imhoff, E . J . Dan ie l s , a n d 
C. Diegel found t h a t m o l t e n z inc a t ga lvan iz ing t e m p , r ead i ly a t t a c k s c a s t a n d 
mal leab le i ron, a n d t h a t t h e presence of c h r o m i u m a n d n icke l does n o t m a k e t h e 
m e t a l m o r e r e s i s t an t ; R . P e r r i n sa id t h a t i n t e r p e n e t r a t i o n occurs w h e n s teel is 
h e a t e d in c o n t a c t w i t h bronze ; R . Gender s , w i th brass ; a n d C. E . S c h w a r t z , 
w i th lead. I i . Hacksp i l l obse rved t h a t a t 1400°, u n d e r a p ress , of 0-1 m m . , l i t h i u m 
oxide is r educed b y i ron t o fo rm l i t h ium. G. T a m m a n n a n d E . K o r d e s f o u n d t h a t 
copper oxide can r eac t w i th i ron in t h e solid s t a t e , a t 610°, a n d B . G a r r e obse rved 
t h a t w h e n a m i x t u r e of p o w d e r e d i ron a n d coppe r ox ide is compressed a n d h e a t e d 
t o 700°, t h e tensile s t r e n g t h rises f rom 7*0 t o 46*8 k g r m s . p e r sq. cm. , a n d i t is 
s u p p o s e d t h e r e is a diffusion from i ron t o coppe r ox ide a n d converse ly . J . E . S t e a d 
a lso f o u n d t h a t cupr ic ox ide is r educed b y i ron a t 780° t o fo rm copper . H . Moissan 
f o u n d t h a t m o l t e n c a l c i u m oxide r a p i d l y a t t a c k s i ron . Acco rd ing t o G. T a m m a n n , 
G. T a m m a n n a n d E . K o r d e s , a n d D . Balareff, i ron r e a c t s w i t h l ead ox ide i n t h e 
sol id s t a t e a t 460°. G. T a m m a n n a n d E . K o r d e s obse rved t h a t tungst tc ox ide 
r e a c t s w i t h i r on a t 300° t o 340°. L . A. H a l l o p e a u found t h a t m o l t e n l i t h i u m 
tungs ta te d issolves i ron . M. Bil ly found t h a t ferric ox ide is r educed t o a lower 
oxide w h e n h e a t e d w i t h i ron ; ferrosic ox ide u n d e r s imi lar cond i t ions r e a c t s a t 
570% a n d t h e r e a c t i o n w a s s t ud i ed b y 1*. B . Pfeil . B . G a r r e found t h a t n i c k e l 
o x i d e r e a c t s w i t h i ron a t 640°, a n d t h e r eac t ion was s t ud i ed b y J . E . S t e a d . H . z u r 
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S t r a s s e n r e p r e s e n t e d t h e ac t i on of n icke l ox ide o n i ron b y t h e e q u a t i o n : 
F e H - N i O = = N i + F e O - t - 6 - 4 t o 14-2 CaIs. 

T h e ea r ly worke r s , J . Ti. G a y L u s s a c a n d Li. J . T h e n a r d , H . S t . C. Dev i l l e , 
a n d H . D e b r a y obse rved t h a t a t a n e l eva t ed t e m p . , i ron r educes t h e a lkal i h y d r o x i d e s 
t o t h e co r r e spond ing m e t a l . Li. H a c k s p i l l a n d co-workers o b s e r v e d t h a t i r o n d i s 
p laces t h e a lkal i m e t a l s , e x c e p t i n g l i t h i u m , f rom s u l p h a t e s a n d a r s e n a t e s a t t h e i r 
m . p . ; f rom t h i o c y a n a t e s a t 650° ; f rom b o r a t e s a n d p h o s p h a t e s a t a b o u t 1400° ; 
a n d f r o m t h e a l u m i n a t e s a t t h e m . p . of i ron . L i t h i u m is f o rmed f rom t h e ox ide 
or s i l ica te a t 1300°. P o t a s s i u m s o d i u m a n d l i t h i u m h y d r o x i d e s a r e r e d u c e d : 
2 F e 4 - 3 K O H ^ F e 2 0 3 - t - l ^ H 2 + 3 K , t h e r e a c t i o n w i t h p o t a s s i u m h y d r o x i d e beg ins 
a t 500° , a n d a t 600° t o 650° , 70 t o 80 p e r cen t , of t h e h y d r o x i d e is r e d u c e d t o m e t a l , 
t h e y also o b t a i n e d p o t a s s i u m a n d s o d i u m b y h e a t i n g t h e a lka l i h y d r o x i d e -with i r on 
a n d coke . 

A . S c h e u r e r - K e s t n e r f o u n d t h a t fused a lkal i h y d r o x i d e r a p i d l y a t t a c k s i ron , 
p a r t i c u l a r l y u n d e r t h e influence of p r e s s u r e — w r o u g h t i ron is m o r e r a p i d l y a t t a c k e d 
t h a n cas t i ron . C. E . Groves found t h a t solid p o t a s s i u m h y d r o x i d e , w i t h 5 p e r cen t , 
of w a t e r , a n d fused a t a gen t l e h e a t , a t t a c k s s teel r ead i ly u n d e r cond i t i ons w h e r e t h e 
a c t i o n of s o d i u m h y d r o x i d e is m u c h less. W . V e n a t o r o b s e r v e d t h a t different k i n d s 
of i r o n — c a s t i ron , 'wrought i ron , s teel , a n d forged i r o n — w e r e s t rong ly a t t a c k e d b y 
boi l ing soda- lye , a n d h y d r o g e n w a s g iven off. C o m m e r c i a l s o d i u m h y d r o x i d e w a s 
e m p l o y e d , a n d pieces of m e t a l of 32 sq . c m . surface a r e a a n d -weighing n e a r l y 
50 g r m s . , were s u b m e r g e d in t h e a lka l i . T h e a lka l i w a s c o n t a i n e d in a si lver vessel 
wh ich e x e r t e d n o e lec t ro ly t ic a c t i on on t h e i ron . T h e fol lowing losses were obse rved , 
u n d e r s imi la r cond i t ions : 

Fused N a O H 80 pe r cent . - 46 pe r cent . - 20 per cent . -
, * N lye lye lye 

400° 350° 200° 150° 150° 
C a s t i r o n . . . O-1969 0 - 1 5 6 8 0 - 3 6 8 0 0 0 3 4 5 O-OOOO 
"Wrought i r o n . . 0 - 1 6 6 0 0 - 0 3 4 8 0 - 1 9 2 8 0 - 0 7 2 3 
S t e e l . . . . 0 - 2 0 7 2 0 * 0 1 9 3 0 - 1 4 2 2 0 1 3 2 2 0 - 0 1 3 3 

T h e r e su l t s show t h a t t h e a c t i o n of t h e fused a lka l i is intensif ied b y a r ise of t e m p . ; 
t h e effect of d i lu t ion is t o r e d u c e t h e a c t i o n on ca s t i ron so t h a t w i t h a 20 p e r cen t . 
soln. a t 150° n o pe r cep t i b l e a c t i o n w a s obse rved . A c c o r d i n g t o M. Ie B l a n c a n d 
O. W e y l , fused p o t a s s i u m h y d r o x i d e a t t a c k s i ron a p p r e c i a b l y b e t w e e n 550° a n d 
660°, b u t ev idence t h a t p o t a s s i u m or h y d r o g e n a re fo rmed is l ack ing ; i n t h e case 
of fused s o d i u m h y d r o x i d e b e t w e e n 400° a n d 720° , t h e evo lu t ion of h y d r o g e n a n d 
t h e f o r m a t i o n of -water were t a k e n b y M. Ie B l a n c a n d L . B e r g m a n n t o p r o v e t h a t a 
c o m p o u n d F e ( O N a ) n is f o rmed . T h e d e h y d r a t i o n of s o d i u m h y d r o x i d e w h i c h 
occurs a t 400° , a n d t h e s t a b i l i t y of t h e p r o d u c t s a t t e m p , u p t o 720°, show t h a t t h e 
f o r m a t i o n of w a t e r c a n n o t b e d u e t o t h e s imple r e a c t i o n : 2 N a 0 H = N a 2 0 + H 2 0 . 
T h e a c t i o n of fused a lka l i h y d r o x i d e s o n different fo rms of c o m m e r c i a l i ron w a s 
s t u d i e d b y R . R o s s b e r g , C. F o h r , a n d A . S c h e u r e r - K e s t n e r . W . H e n t s c h e l obse rved 
t h a t a t a r e d - h e a t i ron does n o t a c t o n s o d i u m h y d r o x i d e wi th u p t o 1 p e r cen t , of 
w a t e r , b u t if 1 t o 4 p e r cen t , of w a t e r is p r e s e n t , t h e a c t i o n is t u r b u l e n t , b u t t h e 
ac t i on is m i l d a t t e m p , be low a r e d - h e a t . A . Thie l a n d H . L u c k m a n n n o t e d t h a t 
w i t h 25 g r m s . of i ron p o w d e r a n d 0 '01JV-NaOH, a t o r d i n a r y t e m p . , 0*01 c.c. of h y d r o 
g e n is evo lved p e r h o u r . T h e sub jec t w a s s t u d i e d b y J . W o o s t , a n d F . H a b e r a n d 
L . B r u n e r . J . M. v a n B e m m e l e n a n d E . A. K l o b b i e sa id t h a t t h e p r i m a r y r eac t i on 
is t h e f o r m a t i o n of s o d i u m ferr i te , N a 2 O . F e 2 0 3 . S t . M e u n i e r n o t e d t h e f o r m a t i o n 
of a f e r r a t e w h e n t h e fused a lka l i h y d r o x i d e a t t a c k s t h e m e t a l i n a i r . T h e ac t i on of 
fused s o d i u m h y d r o x i d e o n i ron a n d s tee l w a s a l so d i scussed b y W . D i t t m a r , 
T . W a l l a c e a n d A . F l e c k , H . O s t e r m a n n , H . B r u n c k a n d C. Graebe , A. F r y , 
J . A . J o n e s , J . H . A n d r e w , H . E . Bals ford , M. L.. H a m l i n a n d F . M. T u r n e r , 
J . L . E v e r h a r t , a n d H . F . W h i t t a k e r . 

A . P a y e n , a n d A . W a g n e r found t h a t d i l . a lka l i - lye r e t a r d e d t h e r u s t i n g of i ron 
a t o r d i n a r y t e m p . , a n d G. L u n g e found t h a t "while a 10 t o 20 p e r cen t . soln. of soda-
lye h a s a s l igh t a c t i o n , a 5 0 p e r c en t . so ln . a t t a c k s t h e m e t a l s t rong ly . E . H e y n 
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a n d O. B a u e r found a inax in iun i a t t a c k occurs w i t h a cone , of 0*0025 m o l s . p e r l i t r e , 
or 0-1 g r m . pe r l i t re ; a s t h e cone , of t h e soln. increases , t h e a c t i o n is lessened, so t h a t 
wi th 1 g r m . pe r l i t re t h e r e is scarcely a n y a c t i o n a t al l . F . N . Spel ler a n d C. R . T e x t e r 
d id n o t ge t a m a x i m u m in t h e cu rve ; w i t h i n t h e l imi t s 0*005 t o 1*05 g r m . p e r l i t r e , 
i.e. in t h e p& i n t e rva l 8-4 t o 12*8, t h e cor ros ion decreases w i t h t h e a l k a l i n i t y of t h e 
soln. G. W . W h i t m a n a n d co-workers sugges t t h a t t h e m a x i m u m wi th e x p e r i m e n t s 
in open vessels is d u e t o t h e ac t ion of a t m o s p h e r i c c a r b o n d iox ide . T h e f o r m a t i o n 
of a p r o t e c t i v e sk in on t h e m e t a l was discussed b y !F. H a b e r a n d F . G o l d s c h m i d t , 
a n d W . R . D u n s t a n a n d J . R . Hil l—vide supra, p a s s iv i t y . 

T h e a c t i o n of soln. of a lkal i h y d r o x i d e s is d iscussed i n connec t i on w i t h t h e 
corros ion of i ron a n d steel . J . A. N . F r i e n d obse rved t h a t t h e corros ion of w r o u g h t 
i ron or s teel in dil . soln. of t h e alkal i h y d r o x i d e s , l ike 0-022V-NaOH or 0-022V-NH 4OH 
is p r e v e n t e d , a n d cas t i ron acqu i res a t h i n film of a b ronze-co loured ox ide . 
T . T u r n e r found t h a t whi ls t ac ids a t t a c k t h e ferr i te a n d l eave t h e g r a p h i t e , c e m e n t i t e , 
a n d p h o s p h i d e of cas t i ron, cone , a lkal i - lye leaves t h e ferr i te a n d a t t a c k s t h e ca rb ide 
of a pear l i t e . J . C Poggendorf , F . H a b e r , a n d W . P i c k showed t h a t w h e n i ron is 
m a d e t h e a n o d e in alkal i - lye, cas t i ron is m o r e r ead i ly a t t a c k e d t h a n o t h e r fo rms 
of i ron , a n d t h a t w h e n i ron is boiled gen t ly in cone, soda- lye , fer rous ox ide pas se s 
i n to soln. , a n d on exposu re to a i r , ferric ox ide is p r ec ip i t a t ed—v ide infra, t h e 
ferr i tes . Jf iron is m a d e t h e a n o d e in a cone . soln. of soda- lye or po ta sh - lye , u s ing 
a low c u r r e n t d e n s i t y — s a y , 0-001 a m p . pe r sq. cm.-—alkali f e r ra te is fo rmed . S o d a -
lye a c t s m o r e r ap id ly t h a n po ta sh - lye because of t h e g r e a t e r so lubi l i ty of s o d i u m 
fer ra te . A t 1006 , A . Thie l a n d H . L u c k m a r m found t h a t 0*01 t o 0-12V-NaOH 
a t t a c k s i ron less t h a n does dis t i l led wa te r , a n d t h e r e a c t i o n r a p i d l y s lackens a s a 
p ro t ec t i on sk in is fo rmed on t h e m e t a l . I n a n a u t o c l a v e a t 200° , t h e p r o t e c t i v e 
oxide film is con t inuous ly dissolved. E . B e r l a n d F . v a n T a a c k f o u n d t h a t a t 
1000 a t m . press , a n d 310°, a m a x i m u m a t t a c k occurs w i t h 0-022V-NaOH (0-8 g r m . 
p e r l i t re) . E . Ber l a n d co-workers found t h a t soda- lye w i t h 0-5 t o 5-0 g r m s . p e r 
l i t re a n d a t press , u p t o 50 a t m . exe r t s on ly a smal l a c t i on o n i ron , b u t t h e a c t i o n 
increases w i t h r is ing t e m p , a n d press . ; soln. w i t h 100 t o 400 g r m s . of s o d i u m or 
p o t a s s i u m h y d r o x i d e p e r l i t re h a v e a de le te r ious ac t i on o n t h e m e c h a n i c a l p r o p e r t i e s 
of i ron . T h e presence of a t m . o x y g e n does n o t s t r e n g t h e n t h e a t t a c k b y cone , 
a lkal i - lye . W i t h 10 g r m s . of p o w d e r e d i ron , a f te r 16 h r s . ' a c t i on , a t 50 a t m . p ress . : 

K a O H . . 0 - 5 5 1 1 5 2 1 7 3 0 5-4 1 1 - 8 0 g r m s . p e r l i t r e . 
H y d r o g e n 6O 1OO 1 7 0 1 7 5 37O 55O c . c . 
F e . . 9 9 0 1 9 9 - 2 8 9 9 - 3 2 9 9 - 0 7 9 9 - 1 2 98-1O p e r c e n t . 
F e O . 0 - 1 7 0 -37 0 - 3 4 0 - 5 0 0 - 5 2 1-32 

N o ferric ox ide is fo rmed . W i t h lye c o n t a i n i n g 1-15 g r m s . p e r l i t re : 

P r e s s u r e . 30 50 80 100 150 200 a t m . 
H y d r o g e n S m a l l 100 240 270 320 410 c.c . 
F e . 99-48 99-3O 99-38 98-70 97-25 91-08 p e r c e n t . 
F e O . . 0-13 O-IO O-IO 0-29 0-82 7-25 
F e 2 O 3 . . — — — — O l 1 0-82 

T h e v a r i a t i o n s in t h e degree of ox ida t i on w i t h press , a n d cone , of lye a r e p l o t t e d 
ia F ig . 362. T h e r eac t ion c a n b e symbol ized b y F e - f - N a O H + H 2 0 = H O . F e . O N a 
-+-H2, followed b y H O . F e . O N a + H 2 0 = F e ( O H ) 2 + N a O H ; or F e - f - 2 N a O H - J - H 2 O 
= H Q . F e ( O N a ) 2 + i p 2 0 , followed b y H O . F e ( O N a ) 2 + 2 H 2 0 = F e ( O H ) 3 - f - 2 N a O H . 
W . 2>i t tmar , G. Z i rn i te , C. H . Cr ibb a n d F . W . F . A r n a u d , M. V. P e r s h k e a n d 
L . P o p o v a , J . L . E v e r h a r t , F . N . Speller a n d C. R . T e x t e r , H . F . W h i t t a k e r , 
C. "E. S t r o m e y e r , P . D . Merica, M. L . H a m l i n a n d F . M. T u r n e r , J . H . A n d r e w , 
F . L y o n , E . H e y n a n d O. Baue r , a n d A . J . H a l e a n d H . S. F o s t e r e x a m i n e d 
t h e effect of a q . so ln . of t h e a lkal i h y d r o x i d e on i ron . T h e u t i l i za t ion of t h e 
f a c t s i n a l l ev i a t i ng t h e a t t a c k of w a t e r on boi lers w a s d iscussed b y R . B a u m a n n , 
JS.: |$er l and co -workers , R . E . H a l l a n d co-workers , G. N e u m a n n , S. W . P a r r a n d 
F.',Q, Straub, A . Sp l i t t ge rbe r , F . G. S t r a u b , R . S t u m p e r , A. Thie l a n d co -worke r s . 
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F I G . 362 . T l i e Effec t of P r e s s u r e a n d t l io Concen
t r a t i o n of t h e S o d a - L y e o n t h e O x i d a t i o n of Tron. 

F. Schmitz found that with 0-06, 0-42, and 0*92 per cent, carbon steel, 20 X 2O X IO 
mm. with a 4 mm. hole, the losses in potash-lye (1:2) were 0-000 per cent, during 
180 hrs.'attack. J. A. Jones observed that cracks develop in mild steel plates in 
soln. of potassium hydroxide, and this was attributed to the action of the alkali on the 
intercrystalline cement—vide infra. T. Geuther discussed the formation of hydrogen 
by heating powdered iron with 
calcium hydroxide. E. Heyn and 0.0Z0 ? , , , * , , , ? , , , Kgrms. AhOHper litre_ 
O. Bauer found that calcium 
hydroxide, even in dil. soln., pas-
sivates iron, and they observed 
no maximum in the curve repre
senting the effect of varying the 
concentration of the soln. The 
retarding action of calcium hy
droxide soln. -was discussed by 
C. Bucher, and M. Groeck. 
St. Meunier found that in the 
presence of calcium, barium, or 
magnesium oxide, iron forms a ferrate when heated in air with sodium hydroxide. 
W. Heike studied the reaction with manganese oxide : Fe+MnO^FeO+Mn. 
W. Krings and H. Schackmann studied the equilibrium in this system at 1550° to 
1560°, and observed that 7JT=[Mn][FeO]/[Fe][MnO] is 0-0032 when concentrations 
are taken in percentages. 

The corrosive action of soln. of many metal salts is discussed in connection 
with the corrosion of iron and steel—vide infra. H. Krause18 studied the 
colouring of fused salts by iron and its alloys. T. Peczalsky found that iron 
increases in volume and electrical resistance if it be heated in the presence of salts, 
although no reaction occurs. L». Hackspill and R. Grandadam observed that when 
iron and ^llroli fluorides are heated in vacuo to 1000°, a reaction : Fe-f-2KF 
== FeF2-+-2K takes place. The reaction with sodium fluoride was tried industrially 
for the preparation of sodium by the Societe d'Electrochimie. L. Hackspill and 
H. Grandadam found that with the alkali chlorides—potassium, rubidium, caesium, 
and sodium chlorides—the reaction is symbolized : Fe+2 KCl-FeCl2+2 K—115-9 
OaIs. L. Hackspill did not obtain the corresponding result with lithium chloride. 
M. E. Chevreul observed that sodium and potassium chlorides are decomposed by 
iron in a moist atmosphere. A. Sanfourche observed no reaction between molten 
or vaporized sodium chloride. A. M. Portevin, and L. Hackspill and E. Schwarz 
studied the decarburization of iron by the alkali chlorides, whilst L. Hackspill and 
K. Grandadam observed that alkali bromides, and alkali iodides behaved like the 
corresponding chlorides towards iron. F. Streintz observed that iron has no 
action on potassium iodide test paper. 

A. E. Dolbear found that potassium sulphide at a red-heat is reduced by iron 
to form potassium. E. Heyn and O. Bauer found that iron rusts in dil. soln. of 
sodium sulphide, but not when the concentration exceeds 0-IiV-Na2S. G. Lunge 
observed a black film is formed on the iron dipped in cone. soln. of the sulphide. 
B. Garre observed no reaction when iron is heated with solid sodium sulphate, but 
A. Gorgeu observed a brisk evolution of sulphur dioxide when iron is added to the 
molten salt ; sodium oxide and sulphite, and a double sulphide of sodium and iron 
are formed, but with a more protracted heating the sulphide and sulphite disappear. 
When the product is washed with water, ferrosic oxide remains. The reaction 
was studied by A. d'Heureuse, and A. Stromeyer. According to F. Projahn, iron 
in the absence of air, reacts with the heated sulphate, in accord with the probable 
equation : Na2SO4+3Fe=Na2O-J-FeS-^-Fe2O3 ; and L. Hackspill and R. Granda
dam represented the reaction in vacuo by the equation: 2Na2SO4+3Fe== Fe2O8 

-+-2FeS+50-f-4Na. The reaction occurs at 900°, and with potassium sulphate, at 
1000°. There is an intermediate formation of ferrous sulphate ; L. Hackspill 
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did n o t observe t h e r eac t ion w i th l i thium, s u l p h a t e . T h e Socie te d ' E l e c t r o c h i m i e 
p roposed t o ut i l ize t h e r eac t ion for t h e p r e p a r a t i o n of s o d i u m . O. P e t t e r s s o n a n d 
A. Smi t , a n d M. W e b s k y observed t h a t i n t h e r eac t i on w i t h s tee l , p o t a s s i u m h y d r o -
sulphate forms ferric s u l p h a t e , oxidizes t h e c a r b o n t o c a r b o n d iox ide , a n d leaves t h e 
g r a p h i t e u n t o u c h e d . Tt. Hacksp i l l a n d R . G r a n d a d a m found t h a t i n v a c u o t h e 
allAH carbonates r e a c t w i t h i ron i n a c c o r d w i t h 2 N a 2 C O 3 - ( ^ F e = F e 2 O 3 - I - C O 2 
+ C O + 4 N a . A l m o s t al l t h e s o d i u m c a r b o n a t e is r e d u c e d i n 2 h r s . a t 1000° . 
B . G a r r e observed t h a t solid s o d i u m c a r b o n a t e r e a c t s w i t h i r o n a t a h igh t e m p . , 
a n d E . Deiss , t h a t p o w d e r e d i ron r e a c t s w i t h t h e m o l t e n sa l t . J . E . F l e t c h e r 
s t u d i e d t h e ac t ion of s o d i u m c a r b o n a t e on ca s t i ron . 

Accord ing t o J . J . Berzel ius , a n a q . soln. of copper chloride e x t r a c t s a l l t h e 
i ron f rom cas t i ron leaving beh ind t h e whole of t h e c a r b o n m i x e d w i t h c o p p e r . 
R . B o t t g e r found m u c h h e a t is deve loped w h e n a n h y d r o u s c u p r o u s or cupric chloride 
is r e d u c e d w i t h p o w d e r e d i ron a n d w e t t e d w i t h w a t e r , a n d G. T a m m a n n o b s e r v e d a 
v igorous reac t ion w h e n i ron is a d d e d t o m o l t e n c u p r o u s ch lor ide ; a n d t h e r e a c t i o n 
was s t ud i ed b y C. B . G a t e s . Accord ing t o W . E i d m a n n , i ron r educes a soln . of 
cupr ic chlor ide in a c e t o n e ; a n d , accord ing t o A. N a u m a n n , a n d E . A lexande r , a slow 
reac t ion occurs w i t h a soln. of cupr ic chlor ide in e t h y l a c e t a t e . T h e p r e c i p i t a t i o n 
of copper f rom soln. of c o p p e r s a l t s b y i ron h a s been discussed in connec t i on w i t h 
c o p p e r — 3 . 2 1 , 3 . Obse rva t i ons on t h e sub jec t were m a d e b y R . M. Caven , a n d 
G. L. O ldb r igh t a n d co-workers . T h e p r e c i p i t a t i o n h a s b e e n u sed in a w e t p rocess for 
t h e ex t r ac t i on of copper . J . C. E s s n e r found t h a t t h e s t r u c t u r e of t h e i ron e m p l o y e d 
exe r t s a m a r k e d influence on t h e fo rm of t h e coppe r o b t a i n e d , so t h a t b y se lec t ing 
su i t ab le i ron i t is possible t o o b t a i n t h e r e d u c e d coppe r in a fibrous or g r a n u l a r 
condi t ion . T h e fo rma t ion of a m u d of h y d r a t e d ferr ic ox ide is p r e v e n t e d b y t h e 
presence of a l i t t le su lphur i c ac id . W i t h di l . soln. of coppe r sa l t s F . Myl ius a n d 
O. F r o m m , a n d G. T a m m a n n obse rved t h a t some h y d r o g e n m a y b e deve loped , a n d 
t h e i ron is assoc ia ted w i t h t h e p r e c i p i t a t e d copper . J . B . Sende rens f o u n d t h a t t h e 
depos i t ion of copper f rom soln. of cupr ic n i t r a t e , b y i ron , is r a t h e r s low a t o r d i n a r y 
t e m p . , w i t h soln. of m e d i u m c o n c e n t r a t i o n t h e gases evo lved c o n t a i n 80 p e r c en t , 
of n i t r ogen pe rox ide a n d 20 p e r cen t , of n i t r ogen w i t h some n i t r i c ox ide a t t h e 
beg inn ing ; t h e p r e c i p i t a t e d copper con t a in s some ferric h y d r o x i d e , a n d t h e soln . 
con ta ins a m m o n i u m a n d fer rous n i t r a t e s . D . T o m m a s i found t h a t t h e p rec ip i 
t a t i o n f rom soln. of cupr ic ch lo ra t e is only p a r t i a l ; J . B . Sende rens , t h a t n o c o p p e r 
is p r ec ip i t a t ed from soln. of t h e a c e t a t e ; a n d C B . G a t e s , t h a t coppe r is p rec ip i 
t a t e d b y i ron from soln. of copper sa l t s of m a n y o rgan ic ac ids . 

H . Fo res t i e r obse rved t h a t t h e r a t e of d i sso lu t ion of 99-86 pe r cen t , i ron i m 
m e r s e d for IO m i n s . in a 2 t o 12 pe r cen t . soln. of c u p r o u s chlor ide a t 15° increases 
w i t h t h e m a g n e t i c field u p t o 450O t o 5000 gauss , af ter w h i c h i t r e m a i n s c o n s t a n t . 
T h e r a t e of d issolu t ion is t r i p l ed for 2 p e r cen t , soln. , b u t t h e s t i m u l a t i n g effect of 
t h e m a g n e t i c field decreases w i t h t h e cone, of t h e r e a g e n t u p t o 8 p e r cen t . , a n d t h e n 
r e m a i n s a p p r o x i m a t e l y c o n s t a n t . Copper s u l p h a t e soln. a c t s imi lar ly b u t t h e effect 
is less m a r k e d , poss ib ly owing t o t h e f o r m a t i o n of a p r o t e c t i n g l aye r of coppe r . 
T . A n d r e w found t h a t m a g n e t i z e d i ron dissolves in a soln . of cupr i c ch lor ide a b o u t 
3 p e r cen t , m o r e qu ick ly t h a n t h e s a m e i ron n o t m a g n e t i z e d ; a n d C. M. K u r t z 
a n d R . J . Z a u m e y e r s t ud i ed t h e sub jec t . A. A. Bla i r d i scussed t h e d i sso lu t ion of 
s tee l i n a soln. of copper s u l p h a t e , a n d E . G o u t a l , b y feebly acidified soln. w i t h 40 
p e r cen t , p o t a s s i u m c u p r o u s chlor ide . K . TJlsch u t i l i zed t h e r e d u c t i o n of n i t r i t e s 
o r n i t r a t e s t o a m m o n i a by a n i ron-copper couple for t h e d e t e r m i n a t i o n of t h e s e s a l t s 
i n soln . ; a n d D . T o m m a s i a lso r e d u c e d ch lo ra t e s t o chlor ides . T h e i ron -coppe r 
coup le w a s o b t a i n e d b y t h e ac t ion of ferrum hydrogenio reductum o n a soln . of 
c o p p e r s u l p h a t e . T h e decompos i t i on of cuprous sulphide b y i ron w a s s t u d i e d b y 
O . R e u l e a u x ; a n d B . G a r r e found t h a t cupric su lphide is r e d u c e d a t 400° , a n d t h a t 
t h e t h e r m a l v a l u e of t h e r eac t i on is 11-4 CaIs. F . P . T readwe l l obse rved t h a t i n 
t h e p r e sence of p o w d e r e d i ron , t h e su lph ides , inso luble in dil . ac ids , i n a c u r r e n t of 
c a r b o n d i o x i d e , a n d a t a du l l r e d - h e a t , f o rm fer rous su lph ide . A c c o r d i n g t o 



I R O N 3 6 9 

J . J . Berze l ius , s i lver chlor ide is r e d u c e d w h e n in c o n t a c t w i t h c a s t i r o n u n d e r 
w a t e r acidified w i t h hyd roch lo r i c ac id ; a n d C. J . B . Kars ten sa id t h a t t h e i r o n is 
d issolved, l eav ing a r e s idue of s i lver a n d g r a p h i t e , a n d i ron ca rb ides . C. B . G a t e s 
s t u d i e d t h e r e a c t i o n . T h e r e d u c t i o n of s i lver sa l t s b y i r o n w a s d i scussed i n con
nec t ion w i t h s i l v e r — 3 . 22 , 5 . G. T a m m a n n found t h a t i r on a c t s s lowly o n m o l t e n 
si lver ch lor ide . C. J . B . K a r s t e n , a n d J . P e r c y s t u d i e d t h e r e d u c t i o n of m o l t e n 
s i lver su lphide b y i ron . J . B . Sende rens obse rved t h a t u n w o r k e d i ron is far m o r e 
a c t i v e i n p r e c i p i t a t i n g si lver f rom d i l . soln. of si lver n i t r a t e t h a n is t h e case w i t h 
w o r k e d i ron . T h e difference is a t t r i b u t e d t o a difference i n t h e phys i ca l cond i t i on of 
t h e different fo rms of i ron . W . H e l d t s a id t h a t t h e p r e c i p i t a t i o n f rom si lver n i t r a t e 
soln. is s lower t h e m o r e cone , t h e soln . S t ee l a c t s m o r e s lowly t h a n i ron . T h e 
si lver s e p a r a t e s m o r e s lowly f rom a m m o n i a c a l t h a n f rom n e u t r a l soln . , a n d some 
ferric sa l t is fo rmed . J . B . S e n d e r e n s a d d e d t h a t i r o n goes i n t o soln . f a s te r t h a n t h e 
s i lver is p r e c i p i t a t e d , a n d s o m e n i t r i t e s a r e fo rmed . T h e r e a c t i o n w a s a lso d is 
cussed b y J . S. d e Bennev i l l e , a n d b y N . Schi low. F . Myl ius a n d O. F r o m m , a n d 
G. T a m m a n n found t h a t t h e p r e c i p i t a t e d si lver a l w a y s c o n t a i n s s o m e i ron . 
V. L e n h e r s t u d i e d t h e p r e c i p i t a t i o n of go ld f rom soln. of go ld chloride b y i ron . 
F . Myl ius a n d O. F r o m m , a n d G. T a m m a n n found t h a t t h e gold is a l w a y s con
t a m i n a t e d w i t h i ron . 

A. M. P o r t e v i n , a n d L . H a c k s p i l l a n d E . S c h w a r z d iscussed t h e d e c a r b u r i z a t i o n 
of i r o n (q.v.) b y t h e a lka l ine ear th chlorides . C. B . G a t e s sa id t h e m o l t e n c a l c i u m 
chlor ide does n o t a c t o n i ron . A. d ' H e u r e u s e o b s e r v e d t h a t t h e a lka l ine su lphate s 
a t a r e d - h e a t r e a c t w i t h i ron , fo rming fe r rous su lph ide , a n d ferrosic a n d ferric 
ox ides . R . F i n k e n e r , a n d G. H i l g e n s t o c k o b t a i n e d w i t h ca l c ium s u l p h a t e a t a 
w h i t e - h e a t in a n e v a c u a t e d t u b e , fe r rous su lph ide a n d l ime . F . M a r t i n a n d 
O. F u c h s o b s e r v e d t h a t i n a c u r r e n t of n i t r o g e n , c a l c ium s u l p h a t e r e a c t s w i t h i r on 
a t 750° , s t r o n t i u m s u l p h a t e a t 850°, a n d b a r i u m s u l p h a t e a t 950°, f o r m i n g respec
t i ve ly 3 C a O . 2 F e 2 O 3 , 2 S r O . F e 2 0 3 , a n d B a O - F e 2 O 3 . A c c o r d i n g t o L . A . B h a t t a n d 
H . E . W a t s o n , "when t h e m i x t u r e 3 C a S 0 4 - f - 8 F e is h e a t e d in a c u r r e n t of n i t r ogen 
a t 950°, for 5 h r s . , 46-6 p e r cen t , of t h e or ig ina l s u l p h u r r e m a i n s a s C a S O 4 ; 
13*9 p e r cen t , fo rms C a S + F e S ; 28*2 p e r cen t , as S O 2 ; 2-5 p e r cen t , a s S O 3 ; a n d 
8*6 p e r cen t , a s s u l p h u r . A n excess of s i lver r e t a r d s t h e r e a c t i o n . F . H u n d e -
s h a g e n o b s e r v e d t h e f o r m a t i o n of m a g n e s i u m ferr i te w h e n i ron a c t s on m a g n e s i u m 
Chloride m e l t e d in i t s w a t e r of c rys ta l l i za t ion , b u t B . G a r r e o b s e r v e d n o r e a c t i o n 
w i t h a n h y d r o u s m a g n e s i u m chlor ide a t a h igh t e m p . F o r t h e a c t i o n of a q . so ln . 
of m a g n e s i u m ch lor ide on i ron , vide infra. S. Micewicz found t h a t t h e speed of 
d e c o m p o s i t i o n of a q . so ln . of s o d i u m , p o t a s s i u m , ca l c ium, a n d m a g n e s i u m ch lor ide 
inc reases i n t h e o rde r n a m e d . T . P e t i t j e a n r e c o m m e n d e d r e d u c i n g m a g n e s i u m 
sulphide b y i ron in o r d e r t o p r e p a r e m a g n e s i u m , b u t F . G. Re i che l d i d n o t succeed 
w i t h t h e p rocess . A. M o u r l o t sa id t h a t a t a d a r k r e d - h e a t m a g n e s i u m su lph ide 
is n o t d e c o m p o s e d b y i ron . B . G a r r e s t u d i e d t h e r e a c t i o n b e t w e e n i ron a n d 
m a g n e s i u m su lphate a t a n e l e v a t e d t e m p . 

C. J . R e e d , a n d W . M. C a m p found t h a t i r on is a t t a c k e d on ly s l igh t ly b y a soln . 
of z i n c chloride* i n c o n t r a s t w i t h t h e a t t a c k b y a so ln . of s o d i u m ch lor ide . 
N . JST. Jefremoff a n d J. M. J a k i m e z f o u n d t h a t ferrosi l icons a r e m o r e r e s i s t a n t . 
G. T a m m a n n s t u d i e d t h e a c t i o n of i ron on m o l t e n z inc ch lor ide . C. A . G r a u m a n n 
found t h a t me ta l l i c i r o n i n a r e d u c i n g a t m o s p h e r e a t t a c k s z i n c sulphide* fo rming 
i ron su lph ide a n d z inc . H . H e i n r i c h s obse rved t h a t a m i x t u r e of c a d m i u m su lphate 
a n d i r o n i n a c ruc ib le a t 900° y ie lds a m i x t u r e of c a d m i u m a n d fe r rous su lph ides . 
R . V a r e t o b s e r v e d t h e s low r e d u c t i o n of soln . of mercur i c chloride t o m e r c u r o u s 
ch lor ide b y i ron ; a n d R . B o t t g e r n o t e d t h a t w i t h a bo i l ing soln . some m e r c u r y or 
a m a l g a m is fo rmed . E . A l e x a n d e r , a n d A . N a u m a n n f o u n d t h a t i ron p r e c i p i t a t e s 
fe r rous a n d m e r c u r o u s chlor ides f rom a soln . of m e r c u r i c ch lor ide in e t h y l a c e t a t e ; 
W . E i d m a n n , a n d A . N a u m a n n o b t a i n e d a s imi la r p r e c i p i t a t e f rom a soln. in 
m e t h y l a l ; a n d A . N a u m a n n , f rom a soln . i n benzon i t r i l e ; R . V a r e t obse rved t h a t 
i ron p r o d u c e s n o c h a n g e i n a soln. of m e r c u r i c ch lor ide i n p y r i d i n e , b u t if w a t e r is 
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a d d e d , a n d t h e s o l n . w a r m e d , m e r c u r y , m e r c u r o u s c h l o r i d e , a n d o x i d i z e d i r o n a r e 
f o r m e d . W . G u e r t l e r a n d T . L i e p u s n o t e d t h a t a 1 : 5OO s o l n . of m e r c u r i c c h l o r i d e 
i s u n s t a b l e i n c o n t a c t w i t h i r o n . T h e r e a c t i o n w a s s t u d i e d b y V . M a j e r . 
G. F . H i l d e b r a n d t f o u n d t h a t w h e n i r o n i s h e a t e d w i t h m e r c u r i c s u l p h i d e , m e r c u r y 
a n d f e r r o u s s u l p h i d e a r e f o r m e d . 

F . C C a l v e r t a n d R . J o h n s o n o b s e r v e d t h a t i r o n a l u m i n i d e s a r e f o r m e d w h e n 
a l u m i n i u m c h l o r i d e i s p a s s e d o v e r r e d - h o t i r o n . T . P e t i t j e a n r e c o m m e n d e d 
r e d u c i n g a l u m i n i u m s u l p h i d e w i t h i r o n i n o r d e r t o p r e p a r e a l u m i n i u m , b u t 
F . G . R e i c h e l d i d n o t s u c c e e d w i t h t h e p r o c e s s . L . H a c k s p i l l o b s e r v e d t h a t w h e n 
h e a t e d w i t h i r o n i n v a c u o , a l k a l i a l u m i n a t e f u r n i s h e s t h e a l k a l i m e t a l . 

T h e r e d u c t i o n of t i n f r o m s o l n . of t i n s a l t s b y t h e a d d i t i o n of i r o n h a s b e e n 
p r e v i o u s l y d i s c u s s e d — 7 . 4 6 , 5 . N . W . F i s c h e r f o u n d t h a t t i n i s n o t u s u a l l y p r e 
c i p i t a t e d b y i r o n f r o m s o l n . of s t a n n o u s c h l o r i d e , a n d t h e r e d u c t i o n of s t a n n i c t o 
s t a n n o u s s a l t s w a s d i s c u s s e d b y C. T o o k e y , J . A t t f i e l d , W . L - C l a s e n , e t c . , w i t h d i l . 
a c i d i c s o l n . A . T h i e l a n d K . K e l l e r , a n d J . T h i e l e f o u n d t h a t s o m e t i n m a y b e 
p r e c i p i t a t e d . B . S c h u l t z e a d d e d t h a t t i n i s s l o w l y a n d c o m p l e t e l y p r e c i p i t a t e d 
f r o m n e u t r a l s o l n . if f e r r u m r e d u c t u m b e e m p l o y e d a s r e d u c i n g a g e n t . A i r s h o u l d 
b e e x c l u d e d . T h e s u b j e c t w a s d i s c u s s e d b y N . B o u m a n , a n d J . M . K o l t h o f f . 
A c c o r d i n g t o A . T h i e l a n d K . K e l l e r , t h e f a c t t h a t w h e n i r o n i s a d d e d t o a s o l n . of t h e 
c h l o r i d e s of t i n a n d a n t i m o n y , o n l y a n t i m o n y i s p r e c i p i t a t e d , i s i n c o n t r a d i s t i n c t i o n 
t o t h e p o s i t i o n of i r o n a n d t i n i n t h e e l e c t r o c h e m i c a l s e r i e s . T i n i s a c t u a l l y p r e c i 
p i t a t e d , b u t o n l y i n v e r y m i n u t e q u a n t i t y , f o r m i n g a v e r y t h i n p r o t e c t i n g l a y e r of a 
t i n - i r o n a l l o y o n t h e s u r f a c e of t h e i r o n . I r o n d i s s o l v e s m u c h l e s s r a p i d l y i n a n 
a c i d if a t i n s a l t i s p r e s e n t . I f i r o n i s i n t r o d u c e d i n t o a v e s s e l c o n t a i n i n g a c o n e , 
e l e c t r o l y t e , a n d t i n i n t h e l o w e r p a r t , a n d a m o r e d i l . e l e c t r o l y t e f r e e f r o m t i n 
i n t h e u p p e r p a r t , t h e i r o n b e c o m e s c o v e r e d w i t h c r y s t a l s of t i n w h e r e i t d i p s i n t o 
t h e c o n e , e l e c t r o l y t e , b u t r e m a i n s f r ee f r o m t i n if i m m e r s e d c o m p l e t e l y i n e i t h e r 
t h e c o n e , o r t h e d i l . s o l n . G . T a m m a n n f o u n d t h a t i r o n s l o w l y a c t s o n m o l t e n 
s t a n n o u s c h l o r i d e . H . B i l t z a n d V . M e y e r f o u n d t h a t i r o n i s s t r o n g l y a t t a c k e d b y 
t h e v a p o u r of s t a n n o u s c h l o r i d e ; H . E . P a t t e n f o u n d t h a t i r o n i s n o t a f f e c t e d w h e n 
p l a c e d i n l i q u i d s t a n n i c c h l o r i d e o r i n a h y d r o c h l o r i c a c i d s o l n . of t h a t sa l t ' . T h e 
C h e m i s c h e F a b r i k B u c k a u r e p o r t e d t h a t i n t h e c o l d , t h e v a p o u r of s t a n n i c c h l o r i d e 
•warms u p i r o n , p a r t i c u l a r l y if s o m e c h l o r i n e b e p r e s e n t ; t h e m e t a l b e c o m e s v e r y 
h o t if t h e t e m p , a t t h e s t a r t b e 1 0 0 ° — c h l o r i n e a l o n e b e g i n s t o a c t o n i r o n a t a b o u t 
3 0 0 ° . T h e r e d u c t i o n of l e a d f r o m s o l n . of l e a d s a l t s b y i r o n w a s d i s c u s s e d i n 
c o n n e c t i o n w i t h l e a d — 7 . 4 7 , 3 . G . L . O l d b r i g h t a n d c o - w o r k e r s o b s e r v e d t h a t l e a d 
i s p r e c i p i t a t e d f r o m a s o l n . of l e a d c h l o r i d e b y i r o n , b u t D . T o m m a s i , a n d H . Schi f f 
n o t e d t h a t l e a d c h l o r a t e s o l n . a r e n o t so r e d u c e d . L . T a r i c c o o b s e r v e d t h a t l e a d 
i s d e p o s i t e d o n i r o n f r o m a l k a l i n e s o l n . of l e a d c y a n i d e . G . T a m m a n n o b s e r v e d 
t h a t s o m e l e a d s e p a r a t e s w h e n i r o n a c t s o n m o l t e n l e a d c h l o r i d e . T h e d e c o m p o s i t i o n 
of l e a d s u l p h i d e b y i r o n w a s s t u d i e d b y J . F o u r n e t , J . P e r c y , W . G u e r t l e r , a n d H . v o n 
J i i p t n e r . B . G a r r e s a i d t h a t t h e r e a c t i o n o c c u r s a t 3 9 0 ° , a n d t h a t t h e t h e r m a l v a l u e 
of t h e r e a c t i o n i s 2-2 C a I s . N . W . F i s c h e r f o u n d t h a t a t a r e d - h e a t i r o n a n d c a r b o n 
r e d u c e l e a d s u l p h a t e t o l e a d . G . T a m m a n n a n d E . K o r d e s f o u n d t h a t s o l i d l e a d 
s u l p h a t e a n d i r o n r e a c t v i g o r o u s l y . T h e r e a c t i o n b e g i n s a t 5 4 0 ° , a n d t h e t h e r m a l 
v a l u e of t h e r e a c t i o n i s l e s s t h a n 11 C a I s . 

F . A . A b e l a n d W . A . D e e r i n g f o u n d t h a t c o n e . s o l n . of c h r o m i c a c i d d i s s o l v e 
s t e e l . T h e k i n e t i c s of t h e d i s s o l u t i o n of i r o n b y c h r o m i c a c i d w e r e s t u d i e d b y 
R . G . v a n N a m e a n d D . U . H i l l . A c c o r d i n g t o W . R . D u n s t a n a n d c o - w o r k e r s , i r o n 
c a n b e k e p t b r i g h t i n a s o l n . of c h r o m i c a c i d f o r 1 0 y e a r s , b u t W . M o o d y f o u n d t h a t 
t h e r e i s a s l o w d i s s o l u t i o n ; a n d R . G . v a n N a m e a n d D . U . H i l l o b s e r v e d t h a t w i t h 
c h r o m i c a c i d i n t h e p r e s e n c e of a n e x c e s s of s u l p h u r i c a c i d , i r o n i s r a p i d l y c o r r o d e d . 
J . A . N . F r i e n d f o u n d t h a t d i l . s o l n . of c h r o m i c a c i d h a d n o p e r c e p t i b l e a c t i o n o n c a s t 
i r o n d u r i n g 1 4 y e a r s ' e x p o s u r e i n s e a l e d t u b e s . U . R . E v a n s o b s e r v e d t h a t w i t h 
s o l n . c o n t a i n i n g n m o l s . p e r l i t r e of t h e a c i d s , t h e a v e r a g e l o s s e s i n w e i g h t d u r i n g 
0 l>rs. a t 1 4 ° , w e r e : © • © » 
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H 8 S O 4 . 0-05 0 0 5 0 0 5 0-05 Nil 0 0 2 0-05 0 0 9 
CrO8 . Nil 0-0O5 0 0 1 0 0 2 0 0 1 0-01 0 0 1 0 0 1 
Loss . 0-7 25-9 42-7 77-9 0-2 38-2 42-7 55-8 

So t h a t ehroni ic ac id , in v i r t u e of i t s s t r o n g oxid iz ing a n d w e a k base -d i s so lv ing 
p rope r t i e s , p r o d u c e s pa s s iv i t y b y t h e f o r m a t i o n of a p r o t e c t i v e film w h e n p r e s e n t 
a lone , b u t s t i m u l a t e s corros ion in t h e p resence of su lphur i c ac id . T h e s u b j e c t w a s 
discussed b y E . H e y n a n d O. Baue r , G. W . He i se a n d A. C lemen te , a n d P . Rohland—-
vide infra. E . H e y n a n d O. B a u e r , H . E n d o , P . R o h l a n d , a n d G. P . V incen t s t u d i e d 
t h e ac t i on of p o t a s s i u m d ichromate soln. o n i ron ; a n d E . B e r l a n d F . v a n T a a c k 
obse rved t h a t u n d e r a h igh p res su re , soln . of t h e d i c h r o m a t e a t t a c k i ron m o r e 
s t r o n g l y t h a n d o soln. of p o t a s s i u m c h r o m a t e . S o m e r e d u c t i o n occurs , a n d t h e 
l i qu id becomes a lka l ine . Vide infra, for t h e a c t i o n of c h r o m a t e s a n d d i c h r o m a t e s 
on t h e corros ion of i ron . H . E n d o obse rved t h a t i ron c a n b e k e p t in 0-002 t o 0-1M-
soln. of p o t a s s i u m p e r m a n g a n a t e for a y e a r w i t h o u t b e i n g p e r c e p t i b l y a t t a c k e d , b u t 
corros ion occurs in 10 h r s . in a 0-0002ifcf-soln. R . Voge l a n d H . B a u r , a n d 
E . C. K r e k e l s t u d i e d t h e r eac t i on b e t w e e n i ron a n d m a n g a n e s e sulphide and 
n o t e d t h a t t h e m i x t u r e s show a n e u t e c t i c po in t—v ide infra, i r o n - m a n g a n e s e a l loys . 

Accord ing t o F . E . B r o w n a n d J . E . S n y d e r , m o l t e n ferrous chloride a t t a c k s 
i ron ; a n d H . H e i n r i c h s s t u d i e d t h e r eac t i on b e t w e e n i ron a n d ferrous su lphate . 
C. F . Schdnbe in obse rved t h a t i ron p r e c i p i t a t e s a n ox ide f rom soln. of fer rous ch lor ide 
or s u l p h a t e . T h e a c t i o n of i ron on soln. of ferric sa l t s w a s s t u d i e d b y T . E . T h o r p e , 
H . Schi ld , a n d M. Tro i l ius . Accord ing t o J . C. Essne r , di l . soln. of ferric su lphate 
w h e n t r e a t e d w i t h i ron yie ld fer rous s u l p h a t e ; a n d t h e bas ic ferric s u l p h a t e p r e 
c i p i t a t e d b y i ron f rom soln . of coppe r s u l p h a t e r e a c t s w i t h i ron : 3Fe 2 (OH) 4 SO 4 -^ -Fe 
= 3 F e S 0 4 4 - 4 F e ( O H ) 3 . O. Col lenberg a n d S. Bodforss , a n d R . G. v a n N a m e a n d 
D . U . Hi l l s t u d i e d t h e r a t e of d i s so lu t ion of i ron i n a soln. of ferric a l u m in t h e 
p resence of Q-OlM- t o 5-OiIf-H2SO4 ; a n d o b s e r v a t i o n s were m a d e b y J . Nap i e r . 
O. P . W a t t s a n d N . D . W h i p p l e f o u n d t h a t t h e p resence of a r sen i c r e t a r d e d t h e 
r a t e of a t t a c k . T h e corros ion of i ron b y w a t e r c o n t a i n i n g i ron sa l t s in soln. w a s 
s tud i ed b y A. E . M e n k e , a n d N . R . D h a r . W . S p r i n g found t h a t a cone . soln . of 
ferric chloride h a s l i t t l e a c t i on on i ron , b u t t h e m e t a l r ead i ly dissolves in a di l . soln. 
R . G. v a n N a m e a n d D . U . Hi l l s t u d i e d t h e r a t e of d isso lu t ion of i ron in a soln . of 
ferric ch lor ide in t h e p resence of 0-1M- a n d 0-5ikf-HCl ; a n d o b s e r v a t i o n s -were 
m a d e b y J . Nap ie r , a n d H . F . W h i t t a k e r . O. P . W a t t s a n d N . "D. W h i p p l e f o u n d 
t h a t t h e p resence of a r sen ic slows d o w n t h e r a t e of a t t a c k . H . P a u l i n g o b t a i n e d a 
cell w i t h e lec t rodes of i ron a n d c a r b o n in a cone . soln. of ferric ch lor ide . T h e e.m.f. 
is 0-9 v o l t ; a n d t h e cell is c h e a p a n d free f rom smell . A c o n s t a n t flow of ferric 
chlor ide t h r o u g h t h e cell c a n b e m a i n t a i n e d so as t o ensu re depo la r i za t ion . 
F . W . K i i s t e r r e p r e s e n t e d t h e r eac t i on : 2Fe" " H - F e = 3 F e " . Owing t o t h e c a r b o n 
i m p u r i t i e s i n t h e i ron , local a c t i o n l ike t h e m a i n r e a c t i o n m u s t occur . T h e 
i ron dissolves a s fe r rous ch lor ide , n o t a s ferric chlor ide , s ince w h e n t h e i ron p l a t e 
is i m m e r s e d i n a soln . of s o d i u m chlor ide , a n d t h e c a r b o n p l a t e in a soln. of 
ferric ch lor ide , a n d t h e c u r r e n t is a l lowed t o pas s for some t i m e , t h e soln. in t h e 
v i c in i ty of t h e i ron p l a t e c o n t a i n s fer rous sa l t a lone , -without a t r a c e of ferric sa l t . 
B . G a r r e obse rved t h a t t h e r eac t i on b e t w e e n i ron a n d n i cke l sulphide beg ins a t 
380° , a n d t h a t t h e t h e r m a l v a l u e of t h e r e a c t i o n is 5-7 CaIs. F . Myl ius a n d O. F r o m m 
o b s e r v e d t h a t p l a t i n u m p r e c i p i t a t e d f rom soln. of p l a t i n u m sa l t s r ead i ly a l loys 
w i t h t h e i ron . O. Ruff a n d F . W . Tsch i rch f o u n d t h a t t h e v a p o u r of o s m i u m 
octofluoride s t r ong ly a t t a c k s i ron . 

S o m e react ions Of analyt ica l i n t e r e s t . — T h e sa l t s of b i v a l e n t a n d t e r v a l e n t 
i ron , r e spec t ive ly ferrous sa l t s a n d ferric salts* b e h a v e a s if t h e y were sa l t s of t w o 
t o t a l l y different e l e m e n t s . N e i t h e r series of sa l t s g ives a n y p r ec ip i t a t e w h e n 
t r e a t e d w i t h hydrochlor ic ac id , n o r does t h e ac id ic soln . of e i the r sa l t g ive a n y 
p r e c i p i t a t i o n of a n i ron c o m p o u n d w h e n t r e a t e d w i t h hydrogen sulphide. If t h e 
soln . of fe r rous sa l t is d i l u t e a n d n e u t r a l , a sma l l a m o u n t of fer rous su lph ide m a y be 
p r e c i p i t a t e d ; a n d , a cco rd ing t o J . L . G a y L u s s a c , 1 0 C. C. Grischow, R . Winder l i ch , 
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a n d H . W . F . Wackenrode r , soln. acidified w i t h some of t h e w e a k e r a e i d s — c a r b o n i c , 
oxal ic , ci t r ic , t a r t a r i c , ace t i c , succinic , formic , a n d benzo ic a c i d s — m a y g ive a n 
incomple te p rec ip i t a t i on of fer rous su lph ide . I n t h e case of ace t i c ac id , for e x a m p l e , 
t h e r e a r e p r e s u m a b l y b a l a n c e d r eac t ions i nvo lv ing t h e d i s so lu t ion of fe r rous su l 
ph ide , a n d i t s convers ion of t h e s u l p h i d e i n t o a c e t a t e : F e S + 2 H C 2 H 3 O 2 
^ F e ( C 2 H 3 O 2 ) 2 + H 2 S , a n d t h e escape of h y d r o g e n s u l p h i d e a s a gas , a l lows m o r e 
ferrous su lph ide t o pas s i n t o soln. t o p r e se rve t h e b a l a n c e . B y a d d i n g t o t h e soln . 
a cons iderab le excess of a lka l i a c e t a t e , t h e b a l a n c e is d i s t u r b e d o w i n g t o t h e 
decreased so lubi l i ty of t h e su lph ide . F e r r i c sa l t s a r e r e d u c e d t o fe r rous sa l t s b y 
h y d r o g e n su lph ide w i t h t h e s epa ra t i on of s u l p h u r : 2 F e C l 3 + H 2 S = 2 F e C l 2 + 2 H C l + S . 
T h e s u l p h u r a p p e a r s as a mi lk -whi t e or b lu i sh t u r b i d i t y . A c c o r d i n g t o H . R o s e , 
a sma l l p r o p o r t i o n of su lphur ic ac id is p r o d u c e d in soln. of t h e ch lor ide , b u t n o t w i th 
soln. of t h e ac id a c e t a t e ; a n d in ferric sa l t s of t h e w e a k e r ac ids , e.g. t h e a c e t a t e , 
H . W . F . W a c k e n r o d e r obse rved t h a t some h y d r a t e d ferric su lph ide m a y b e prec i 
p i t a t e d if t h e ac id is n o t i n excess ; a n d also f rom soln. of ferric sa l t s of one of t h e 
s t r o n g ac ids if a la rge excess of s o d i u m a c e t a t e b e p r e s e n t . I r o n is c o m p l e t e l y 
p r e c i p i t a t e d f rom soln. of ferrous sa l t s b y a m m o n i u m su lph ide : F e C l 2 + ( N H 4 ) 2 S 
= 2 N H 4 C l + F e S ; t h e p r e c i p i t a t e is read i ly soluble in ac ids w i t h t h e e v o l u t i o n of 
h y d r o g e n su lph ide . If v e r y di l . soln. a r e employed , g reen colloidal fe r rous su lph ide 
is formed ; i t coagu la te s t o a b l a c k p r e c i p i t a t e on long s t a n d i n g , or in t h e p re sence 
of a m m o n i u m chlor ide . Accord ing t o H . N . S tokes , a m m o n i u m polysulpnide will 
g ive a p r ec ip i t a t e c o n t a i n i n g ferric su lph ide . A m m o n i u m su lph ide w i th ferric 
sa l t s gives a p r ec ip i t a t e of ferrous su lph ide a n d s u l p h u r : 2 F e C l 3 + 3 ( N H 4 ) 2 S 
= 6 N H 4 C l + 2 F e S + S , b u t w i t h a n excess of soln. of ye l low a m m o n i u m su lph ide , 
J . J . Berzel ius said t h a t ferric su lph ide is p r e c i p i t a t e d . S imi la r r e su l t s a r e o b t a i n e d 
w i t h a lka l i su lphides on soln. of ferrous a n d ferric sa l t s ; a n d t h e p r e c i p i t a t e is 
insoluble in a n excess of t h e r eagen t , b u t H . N . S tokes a d d e d t h a t w i t h a lka l i sul
p h i d e s t h e p rec ip i t a t e is a l w a y s ferric su lph ide . Accord ing t o J . R o t h , a n a q . soln . 
w i t h one p a r t of i ron in 100,000 p a r t s of w a t e r gives a b l a c k p r e c i p i t a t e w i t h a m 
m o n i u m su lph ide ; w i t h 1 : 200,000, a d a r k green m i x t u r e is p r o d u c e d ;. w i t h 
1 : 400,000, greyish-green ; a n d w i t h 1 : 800,000, a g rey ish-green colour in a few 
m i n u t e s . F . J a c k s o n f o u n d t h a t a m m o n i u m su lph ide enab le s one p a r t of fe r rous 
or ferric i ron in 128,000 t o b e de t ec t ed . Acidic ferrous sa l t soln. g ive n o p r e c i p i t a t e 
w i t h a m m o n i u m th ioaeetate , b u t w i t h a lka l ine soln. , fe r rous su lph ide is p r e c i p i t a t e d ; 
soln. of ferric sa l t s a r e r e d u c e d t o fer rous sa l t s b y t h i s r e a g e n t . 

F e r r o u s sa l t s , i n n e u t r a l soln. , g ive a n i n c o m p l e t e p r e c i p i t a t i o n of w h i t e fe r rous 
h y d r o x i d e w h e n t r e a t e d w i t h a m m o n i a . If a m m o n i u m sa l t s b e p r e s e n t , e.g. i n 
chlor ide soln. , a soluble complex sa l t , (NH 4 ) 2 FeCl 4 , is fo rmed so t h a t if sufficient 
a m m o n i u m chlor ide b e p r e s e n t , a m m o n i a g ives no p r e c i p i t a t e w i t h soln. of fe r rous 
sa l t s . If t h e soln. b e exposed t o a i r , i t becomes t u r b i d , g reen , a n d finally b r o w n or 
b l a c k f rom t h e p r ec ip i t a t i on of b r o w n , h y d r a t e d ferric or ferrosic ox ide (q.v.). 
Alkal i hydroxides g ive a comple t e p r e c i p i t a t i o n of fer rous h y d r o x i d e f rom fe r rous 
sa l t soln. , a n d t h e p r ec ip i t a t i on is on ly p a r t i a l l y p r e v e n t e d b y t h e p resence of 
a m m o n i u m sa l t s . Accord ing t o J . R o s z k o w s k y , non-vo la t i l e o rgan ic ac ids , s u g a r , 
e t c . , r e t a r d or inh ib i t t h e p r ec ip i t a t i on of fer rous sa l t s b y a m m o n i a or a lka l i 
h y d r o x i d e s . F . J a c k s o n found t h a t 1 : 8000 of fer rous i ron cou ld b e d e t e c t e d b y 
p r e c i p i t a t i o n wi th a m m o n i a , or a lka l i h y d r o x i d e s . A m m o n i a , or a lka l i h y d r o x i d e 
soln . w i t h ferric sa l t s g ive a p r ec ip i t a t e of b r o w n , ge l a t i nous , h y d r a t e d ferric ox ide 
(q.v.) : F e C l 3 + 3 N H 4 O H = 3 N H 4 C l + F e ( O H ) 3 , w h i c h is so luble i n ac ids . A c c o r d i n g 
t o J . R o s z k o w s k y , non-vola t i l e o rgan ic ac ids , suga r , e t c . , i n h i b i t o r h i n d e r t h e 
p r e c i p i t a t i o n of h y d r a t e d ferric ox ide b y a m m o n i a or a lka l i - lye owing t o t h e f o r m a 
t i o n of c o m p l e x sa l t s . G. C. W i t t s t e i n s a id t h a t h y d r a t e d ferric ox ide is s l i gh t ly 
so luble in cone , a lka l i - lye , b u t L . SchafEner s h o w e d t h a t t h i s is a m i s t a k e ; t h e ferr ic 
o x i d e is o n l y in " a s t a t e of fine m e c h a n i c a l s u s p e n s i o n . " F . J a c k s o n o b s e r v e d 
t h a t t h e p r e c i p i t a t i o n occurs w i t h a m m o n i a i n soln. w i t h ferric i ron 1 : 16,000, a n d 
with s o d i u m h y d r o x i d e 1 : 32,000. 
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F e r r o u s sa l t s g ive a w h i t e p r e c i p i t a t e w h e n t r e a t e d w i t h a n a l k a l i c a r b o n a t e : 
FeCl 2 4 - N a 2 C 0 3 = 2 N a C l - J - F e C O 3 ; t h e fer rous c a r b o n a t e r a p i d l y ox id izes i n a i r ; 
w i th ferric sa l t s , a b r o w n , bas ic c a r b o n a t e is p r e c i p i t a t e d , wh ich , i n a bo i l ing soln . , 
is h y d r o l y z e d t o h y d r a t e d ferric ox ide . Acco rd ing t o J . N . v o n F u c h s , F . v o n KLobell, 
W . Schoppe r , a n d H . D e m a r c a y , t h e a l k a l i n e e a r t h c a r b o n a t e s , a n d m a n g a n o u s , 
z i n c , m a g n e s i u m , a n d cupric o x i d e s p r e c i p i t a t e h y d r a t e d ferr ic ox ide f rom cold 
soln. of ferric sa l t s , b u t n o t so w i t h soln. of fer rous sa l t s un less boi l ing . T h e r e a c t i o n 
w i t h z inc ox ide is symbol ized : 2 F e C l 3 + 3 Z n O + 3 H 2 O = 3 Z n C l 2 4 - 2 F e ( O H ) 3 ; a n d 
s imi lar ly a lso w i t h m e r c u r i c ox ide . Acco rd ing t o C. H . Pfaff, s o d i u m phosphate 
w i t h ferrous sa l t s p r e c i p i t a t e s w h i t e fe r rous p h o s p h a t e , a n d t h e r e a c t i o n is sens i t ive 
t o 1 : 1,000 ; whi le w i t h ferric sa l t s , ye l lowish-whi te ferr ic p h o s p h a t e is p r e c i p i t a t e d 
sens i t ive t o 1 : 1500 ; fe r rous sa l t s w i t h s o d i u m a r s e n a t e g ive a w h i t e p r e c i p i t a t e 
sens i t ive t o 1 : 10OO ; a n d ferric sa l t s , a w h i t e p r e c i p i t a t e sens i t ive t o 1 : 20 ,000. 

Acco rd ing t o J . v o n Lieb ig , ferric sa l t s i n cold, n e u t r a l soln . of a l k a l i a c e t a t e s o r 
f o r m a t e s g ive a b r o w n co lo ra t ion : F e C l 3 + 3 N a C 2 H 3 0 2 = 3 N a C l + F e ( C 2 H 3 0 2 ) 3 ; 
a n d o n boi l ing t h e soln. t h e i ron is p r e c i p i t a t e d : F e ( C 2 H 3 0 2 ) 3 + 2 H 2 0 = 2 H C 2 H 3 0 2 
+ F e ( O H ) 2 ( C 2 H 3 O 2 ) , t h e p r e c i p i t a t e d bas ic a c e t a t e redissolves a s t h e soln. cools, 
or w h e n t h e p r e c i p i t a t e is w a s h e d w i t h cold -water. T h e bas ic a c e t a t e p rocess 
was discussed b y J . W . Mellor . T h e p re sence of o rgan ic oxy-ac ids—l ike t a r t a r i c , 
c i t r ic , a n d ma l i c a c i d s — a n d of p o l y h y d r i c a lcohols—like glycerol , e r y t h r i t o l , 
m a n n i t o l , a n d s u g a r s — p r e v e n t t h e s e r e a c t i o n s because t h e y fo rm c o m p l e x sa l t s . 
C. H . Pfaff obse rved t h a t fl.llrfl.li s u c c i n a t e s a n d b e n z o a t e s g ive l igh t r e d d i s h - b r o w n 
p rec ip i t a t e s -with ferric sa l t s sens i t ive t o 1 : 500O p r o v i d e d a n excess of ac id is n o t 
p r e s e n t . F e r r o u s sa l t s g ive a yel low co lo ra t ion w i t h o x a l i c ac id a n d ac id a lka l i 
oxa l a t e s , a n d on s t a n d i n g a ye l low p r e c i p i t a t e is f o r m e d ; w i t h a l k a l i o x a l a t e t h e 
yel low p r e c i p i t a t e is f o rmed a t once ; ferr ic sa l t s g ive a ye l low colour w i t h oxal ic 
ac id , b u t n o p rec ip i t a t i on . F e r r o u s sa l t s d o n o t g ive a co lo ra t ion or a p r e c i p i t a t e 
w i t h t i n c t u r e of ga l l s ; b u t i n a i r or i n t h e p re sence of ferric sa l t s a v io le t -b lack 
o r p u r p l e colour is deve loped . Acco rd ing t o C. H . Pfafi , a n d J . R o t h , t h e p r ec ip i t a 
t i o n occurs w i t h ferric ch lor ide -with a c o n c e n t r a t i o n of t h e ferric sa l t of 1 : 120,000 ; 
a b lu i sh -b lack co lo ra t ion is p r o d u c e d w i t h a d i l u t i on of 1 : 200,000 ; a greenish-
b lue w i t h 1 : 400,000 ; a n d a g reen ish-b lue on s t a n d i n g a few m i n u t e s w i t h a d i lu t ion 
of 1 : 800,000. P . H a r t i n g sa id t h a t t h e l imi t of t h e r e a c t i o n w i t h ferric s u l p h a t e 
is 1 : 300,000. If one of t h e s t ronge r ac ids is p r e s e n t n o p r e c i p i t a t i o n occurs un less 
a lka l i a c e t a t e is p r e s e n t . O. L u t z f o u n d t h a t if a few d r o p s of a soln . of p r o t o -
ca techu ic acid, a n d t h e n a n excess of s o d i u m c a r b o n a t e b e a d d e d t o a soln. of a n 
i ron sa l t , a n i n t e n s e r ed co lo ra t ion occurs sens i t ive t o 1 : 10,000,000 ; t h e p resence 
of o r d i n a r y ino rgan ic or o rgan ic ac ids does n o t in te r fe re -with t h e t e s t . T h e r e a c t i o n 
was s t u d i e d b y H . H l a s i w e t z a n d co-workers , a n d R . F . W e i n l a n d a n d K . B i n d e r . 
G. v o n K n o r r e , a n d M. v o n I l i n s k y a n d Gr. v o n K n o r r e obse rved t h a t nitroso-yS-
naphtho l , d issolved in 50 pe r cen t , ace t i c ac id , g ives a v o l u m i n o u s , g reen p r e c i p i t a t e 
w i t h di l . so ln . of fe r rous sa l t s ; a n d a v o l u m i n o u s , b rown i sh -b l ack p r e c i p i t a t e 
w i t h ferric sa l t soln . H . Kofah l , I . Bel lucc i a n d A . Chiucini , J . P a p i s h a n d 
L. E . H o a g , C. Meineke , Li. L . d e K o n i n c k , E . A. A t k i n s o n a n d E . F . S m i t h , 
a n d F . C. M a t h e r s s t u d i e d t h e r eac t ion . K . W . Chari tschkoff found a soln. of 
naphthen ic ac id i n l i g h t p e t r o l e u m gives a r e d d i s h - b r o w n soln. w i t h ferrous 
s a l t s — t h e p e t r o l e u m e x t r a c t s t h e i r on f rom a q . so ln .—ferr ic sa l t s m u s t b e first 
r e d u c e d t o fe r rous sa l t s . P . S lawik f o u n d t h a t a m o s t sens i t ive r eac t i on for fer rous 
sa l t s is t o a d d t a r t a r i c ac id t o a d r o p of a fe r rous sa l t soln . , t h e n 1 c.c. of alcoholic 
d i m e t h y l g l y o x i m e , t h e n a n excess of a m m o n i a , w h e n a n i n t ense r ed co lo ra t ion 
is p r o d u c e d w h i c h d i s a p p e a r s b y a t m . o x i d a t i o n , b u t is r e s t o r e d b y r educ ing a g e n t s . 
T h e r e a c t i o n w a s s t u d i e d b y L#. TschugaeefE, I J . Tschugaeef l a n d B . Orelkin, R . N a k a -
seko, P . N . v a n E c k , M. M a t s u i , E . J . K r a u s , a n d W . V a u b e l . A fa in t rose-red is 
pe r cep t i b l e w i t h a d i l u t i o n of 1 : 1,600,000. J . D u o s k y a n d M. K u r a s found t h a t 1 c.c. 
of a 1 p e r c en t , a lcohol ic soln . of d i - i so -n i trosoacetone a d d e d t o 5 c.c. of a fer rous 
sa l t so ln . g ives a n i n t e n s e b l u e . T h e colour deve lops in 2 h r s . , w i t h 0-OOOOliV-soln., 

fl.llrfl.li
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a n d in 3 h r s . w i th O-OOOOOliV-soln. G. v o n K n o r r e o b s e r v e d t h a t 2 , 4 -dini troso-
resorcinol g ives a g reen colour or a g reen p r e c i p i t a t e -with ferric sa l t soln. , a n d i n 
feebly acidic or feebly a lka l ine soln. of fe r rous sa l t s , a g reen colour . T h e r e a c t i o n 
was s tud i ed b y M. L . Nichols a n d S. R . Cooper , W . R . OrndorfT a n d M. IL. N icho l s , 
a n d M. Goldst i ick . T h e a m m o n i u m sa l t of p h e n y l n i t r o s o h y d r o x y l a m i n e — o r 
cupferron—gives a r e d p r e c i p i t a t e of a c o m p l e x ferric sa l t w i t h ac id ic so ln . of 
ferric sa l t s . T h e r eac t i on was s t u d i e d b y E . H . A r c h i b a l d a n d R . O . F u l t o n . 
O. B a u d i s c h , O. B a u d i s c h a n d V. L . K i n g , I . Bel lucc i a n d A . Chiuc in i , J . B r o w n , 
H . Bi l tz a n d O. H o d l k e , E . F e r r a r i , R . F r e s e n i u s , G. E . F . L u n d e l l , G. E . F . L u n d e l l 
a n d H . B . Knowles , H . Nissenson, A. P i n k u s a n d F . M a r t i n , K . Sch rode r , a n d 
H . W e b e r . P . Cazeneuve found t h a t a soln. of d iphenylcarbazide in b e n z e n e , w h e n 
s h a k e n w i t h a soln. of a ferric sa l t , g ives a peach - r ed co lo ra t ion . A . W . G r e g o r y 
e s t i m a t e d t h a t t h e v io le t colour, p r o d u c e d w h e n a n ace t i c ac id soln. of sa l i cy l ic 
ac id is a d d e d t o ferric chlor ide in soln. w i t h sod ium a c e t a t e , is sens i t ive t o 1 : 50 ,000. 
T h e r eac t i on was first r e p o r t e d b y R . P i r i a , a n d s t u d i e d b y A . A l m e n , R . B o t t g e r , 
E . Br i icke , A. C o n r a d y , A . Dollfus, M. F r e h s e , J . E . Gerock , A. H a n t z s c h a n d 
M. Singer , M. Konowaloff, O. Langkopf , H . M a r t y , P . N ico l a rdo t , S. P a g l i a n i , 
L . R o s e n t h a l e r , A . S a g a i d a t s c h i n a n d M. R a w i t s c h , E . Schaer , E . F . S m i t h , 
J . T r a u b e , A . Vogel , R . F . W e i n l a n d a n d A. H e r z , H . We i ske , a n d J . WoIfE. 
H . B . Puls i fer u t i l ized, for co lor imet r ic d e t e r m i n a t i o n s , t h e r e d colour p r o d u c e d 
b y ferric sa l t s w i th acety l ace tone . R . B e r g r e c o m m e n d e d o -oxyqu ino l ine der iva
t ives as a p r e c i p i t a n t . 

A soln. of po tas s ium cyanide a n d a fer rous sa l t g ive a r e d d i s h - b r o w n p r e c i p i t a t e 
soluble in excess t o fo rm p o t a s s i u m fe r rocyan ide ; -with a ferric sa l t soln. , p o t a s s i u m 
fer r icyanide is fo rmed in a n ana logous w a y . F e r r o u s sa l t s w i t h p o t a s s i u m ferro
cyanide , in t h e comple t e absence of a i r , g ive a w h i t e p r e c i p i t a t e of fe r rous ferro
c y a n i d e or ferrous p o t a s s i u m fe r rocyanide , in air , a pa l e b lue co lour is d u e t o 
o x i d a t i o n t o ferric fe r rocyan ide (P rus s i an blue) ; w i t h ferric sa l t s u n d e r s imi la r 
condi t ions , a n in t ense b lue p r ec ip i t a t e of P r u s s i a n b lue is fo rmed. C. H . PfafT 
said t h a t t h e r eac t ion is sens i t ive t o 1 : 100,000 ; P . H a r t i n g , t o 1 : 420,0CKJ ; a n d 
F . J a c k s o n , 1 : 64,000. F e r r o u s sa l t s w i t h p o t a s s i u m ferricyanide g ive a d a r k 
b lue p r ec ip i t a t e of T u r n b u l l ' s b lue ; a n d w i t h ferric sa l t s , on ly a b r o w n co lo ra t ion 
is deve loped . F e r r o u s sa l t s g ive n o co lo ra t ion w i t h p o t a s s i u m t h i o c y a n a t e ; 
b u t w i t h ferric sa l t s a b lood- red co lo ra t ion is p r o d u c e d : F e C l 3 + 3 K S C y ^ 
F e ( S C y ) 3 + 3 K C l . T h e r eac t ion is revers ib le , a n d t h e ferric t h i o c y a n a t e c a n b e 
e x t r a c t e d w i t h e the r . C. H . PfafE a d d e d t h a t t h e co lo ra t ion is sens i t ive t o 
1 : 20,000 ; A. W a g n e r , 1 : 1,600,0OO ; E . C. S m i t h , 1 : 8,000,000 ; a n d J . R o t h 
a d d e d t h a t w i th 1 : 25,0OO t h e colour is r e d ; w i t h 1 : 200,000, o r a n g e ; w i t h 
1 : 800,000, pa le o r a n g e ; a n d w i th 1 : 1 , 6 0 0 , 0 0 0 , a scarce ly pe rcep t ib l e yel low. 
T h e co lora t ion c a n n o t b e recognized in t h e presence of a n excess of a lka l i a c e t a t e ; 
o rganic oxy-compounds—e .g . t a r t a r i c a c i d — i n n e u t r a l soln. , n o t i n ac id so ln . ; 
a n d mercur i c chlor ide des t roys t h e co lora t ion . T h e sub jec t w a s s t u d i e d b y 
E . K a h a n e . Fe r r i c sa l t s give a n in t ense b lue colour w i t h p o t a s s i u m m o l y b d e n o -
cyanide. 

A. R i c h a u d a n d M. B i d o t said t h a t a sky-b lue co lora t ion is p r o d u c e d w i t h 
fe r rous sa l t s , n o t ferric sa l t s , w h e n t r e a t e d w i t h a soln. of s o d i u m p h o s p h a t o -
tungs ta tes , acidified b y hydroch lo r i c ac id , a n d t h e l iqu id t h e n m a d e a lka l ine w i t h 
s o d i u m h y d r o x i d e , b u t A. Popesco showed t h a t o t h e r r e d u c i n g a g e n t s p r o d u c e t h e 
s a m e co lo ra t ion . If a ferrous sa l t soln. is t r e a t e d w i t h a n excess of cone , s u l p h u r i c 
ac id , a n d a c r y s t a l of po tass ium nitrate is i n t r o d u c e d , a b rowni sh - red r ing is p r o d u c e d 
w h i c h , a c c o r d i n g t o L . B l u m , enables a fer rous sa l t t o b e d e t e c t e d in t h e p r e s e n c e 
of a ferr ic saltr—-vide n i t r i c oxide . Accord ing t o E . Lenz , w i t h fe r rous sa l t s , 
s o d i u m t h i o s u l p h a t e g ives n o p rec ip i t a t i on ; whi le ferric sa l t s a r e co loured v io le t 
a n d finally r e d u c e d t o fer rous sa l t s w i t h o u t p r ec ip i t a t i on . 

A c c o r d i n g t o N . W . Fischer,20 zinc p r e c i p i t a t e s f rom n e u t r a l soln . of f e r rous 
ch lo r ide o r s u l p h a t e a m i x t u r e of fer rous h y d r o x i d e a n d m e t a l if a i r b e exc luded ; 
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otherwise , a m i x t u r e of ferric h y d r o x i d e a n d m e t a l . J . A. P o u m a r e d e o b t a i n e d a 
s imilar resu l t , b u t n o t B . F . A n t h o n . H . N . W a r r e n obse rved t h a t m a g n e s i u m 
prec ip i t a t e s i ron m i x e d w i t h t h e h y d r o x i d e f rom soln. of t h e a c e t a t e , a n d b y t h i s 
m e a n s i ron c a n be s e p a r a t e d from c h r o m i u m . D . Vi ta l i s t a t e d t h a t w h e n a soln . 
of a ferric sa l t is t r e a t e d w i t h m a g n e s i u m , flecks of h y d r o x i d e a r e formed, a n d t h e s e 
a re g r a d u a l l y r e d u c e d t o t h e meta l l ic s t a t e . 

T h e phys io logical ac t ion of iron s a l t s . — I n t h e first c e n t u r y of o u r e ra s o m e 
medic ina l uses of i ron were descr ibed b y P l i n y , i n h is Historia naturalis (34 . 44) . 
I n classical t i m e s t h e r e w a s a genera l belief t h a t i ron l e n t i t s s t r e n g t h t o t h e b o d y , 
a n d l a t e r on t h i s belief w a s reinforced b y t h e assoc ia t ion of i ron w i t h t h e p l a n e t 
Mars . Mars w a s a s s u m e d t o con t ro l t h e b lood , a n d accord ing ly " i r on " w a s 
e m p l o y e d t o s t r e n g t h e n a n d pur i fy t h e b lood . I n t h e Middle Ages severa l wr i t e r s 
—e.g. J. L . B a u s c h 2 1 — d i s c u s s e d t h e t h e r a p e u t i c s of i ron c o m p o u n d s . T h e 
medic ina l use of i ron increased d u r i n g t h e s i x t e e n t h a n d s e v e n t e e n t h cen tu r i e s , 
a n d t h e t h e r a p e u t i c r e p u t a t i o n of i ron Was s u p p o r t e d b y i t s c u r a t i v e effect on 
chlorosis or green s ickness ; a n d b y i t s helpful a c t i on in c o u n t e r a c t i n g t h e effects 
of excessive b lood- le t t ing so genera l ly p r a c t i s e d i n t h a t pe r iod . I r o n w a s a lso a 
genera l r e m e d y for cachex ia a n d i l l -heal th . T h e p o p u l a r i t y of i ron led t o a n increase 
in t h e n u m b e r of ava i l ab le p r e p a r a t i o n s a s a knowledge of c h e m i s t r y increased , 
a n d a n u m b e r of secre t p r e p a r a t i o n s a p p e a r e d in t h e e igh t een th c e n t u r y — v i d e 
infra, i ron chlor ides . T o - d a y i t is e s t i m a t e d t h a t over 600 p r e p a r a t i o n s a r e ava i l 
ab le for medic ina l pu rpose s ! T h e phys i c i ans of t h e s e v e n t e e n t h a n d e i g h t e e n t h 
cen tu r i e s t h o u g h t so h igh ly of t h e c u r a t i v e p rope r t i e s of i ron t h a t H . B o e r h a a v e 
could say : In ferro est aliquid divinum. 

T h e ac t ion of i ron sa l t s on t h e a n i m a l o rgan i sm was discussed b y G. C. Giiielin 2 2 

in 1825—vide supra, t h e occur rence of i r o n — a n d b y A. J . Clark . T h e i ron sa l t s 
h a v e no p a r t i c u l a r a c t i on on t h e u n b r o k e n skin , a n d w h e n app l i ed locally t o t h e 
a b r a d e d skin , sores, a n d t h e m u c o u s m e m b r a n e s , ferric sa l t s a r e powerful 
a s t r i n g e n t s because t h e y coagu la te a l b u m i n o u s fluids. T h e a d m i n i s t r a t i o n of 
iron in h e a l t h h a s v e r y l i t t le ac t ion on t h e b lood . If i ron b e in jec ted s u b c u t a n e o u s l y 
or d i rec t ly in t h e ve ins , i t m a y cause gas t ro - in t e s t ina l i r r i t a t i on a n d para lys i s . 
T h e i ron a d m i n i s t e r e d d u r i n g haemorrhage does n o t influence t h e haemoglobin of 
t h e b lood . T h e ferric sa l t s a c t a s local haemosta t ics a n d a r r e s t severe haemorrhage 
b y coagu la t i ng t h e b lood a n d p lugg ing b leed ing vessels. T h e i ron sa l t s h a v e a 
s t y p t i c t a s t e , a n d m a y b l a c k e n t h e t e e t h a n d t o n g u e owing t o t h e f o r m a t i o n of 
i ron su lph ide f rom t h e s u l p h u r in t h e food a n d t h e " t a r t a r " of t h e t e e t h . F e r r i c 
sa l t s a re c o n v e r t e d in t h e s t o m a c h i n t o c h l o r i d e — m a y b e also a l i t t le ferrous chlor ide 
is formed-—by t h e a c t i o n of t h e hyd roch lo r i c ac id t h e r e p r e s e n t . T h e i ron sa l t s 
t h u s h a v e a n a s t r i n g e n t a c t i o n in t h e s t o m a c h . As t h e i ron sa l t s pass i n t o t h e 
in t e s t ine , t h e c o n t e n t s of wh ich a r e a lka l ine , h y d r a t e d i ron ox ide or c a r b o n a t e is 
formed wh ich p r o b a b l y r e m a i n s in soln. owing t o t h e p resence of o rganic s u b s t a n c e s . 
Lower d o w n t h e in t e s t ine , t h e s u l p h u r c o m p o u n d s , n a s c e n t h y d r o g e n , a n d o t h e r 
read i ly oxid ized p r o d u c t s of decompos i t i on c o n v e r t t h e i ron i n t o ferrous s u l p h a t e 
a n d t a n n a t e — t h e t a n n i c ac id be ing de r ived f rom t h e vege t ab l e m a t t e r of t h e food 
— a n d t h e s e fer rous c o m p o u n d s a re e l imina ted as such w i t h t h e faeces which a re 
t h e r e b y t u r n e d b lack . T h e ox ide , su lph ide , a n d c a r b o n a t e of i ron a re non-
a s t r i n g e n t . If a n excess of i r on in t h e fo rm of a n a s t r i n g e n t p r e p a r a t i o n is 
a d m i n i s t e r e d , t h e excess h a s a cons t i pa t i ng efEect, s ince i t is n o t a c t e d on in t h e 
s t o m a c h a n d i n t e s t i ne . F . Wohlwi l l obse rved t h a t i ron causes capi l la ry hyperaemia 
of t h e a l i m e n t a r y cana l , a n d t h e a c c o m p a n y i n g n e r v o u s s y m p t o m s ind ica te a 
d i r ec t a c t i o n on t h e c e n t r a l n e r v o u s s y s t e m . W . S c h i i r m a n n a n d T. B a u m g a r t e l 
obse rved t h a t ferric ch lor ide p rec ip i t a t e s r e d corpuscles f rom t h e blood of n o r m a l 
oxen o r sheep . 1*. Massol a n d M. B r e t o n found t h a t t h e in jec t ion of a mi l l ig ram 
of fer rous s u l p h a t e in t h e b r a i n of a gu inea p ig d i d n o t cause d e a t h . H . W . A r m i t 
s t u d i e d t h e t o x i c a c t i o n of i ron ca rbony l . 

T h e t o t a l i ron in t h e a d u l t body , a m o u n t i n g t o a b o u t 3 gr ins . , is de r ived from t h e 
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food ; a b o u t 2 g r m s . of t h i s i ron is combined i n t h e haemoglobin ; a n d m o r e t h a n 
half t h e r ema inde r is s t o r ed a s a r e se rve i n t h e sp leen , l iver , l y m p h a t i c g l a n d s , a n d 
m a r r o w . T h e res t of t h e b o d y c o n t a i n s a b o u t 5 m g r m s . of i ron p e r k i l o g r a m , a n d 
th i s is i m p o r t a n t because t h e r e s p i r a t i o n of e v e r y cell i n t h e b o d y d e p e n d s o n t h e 
smal l t r ace s of i ron i t c o n t a i n s . 

C. G. L e h m a n n , a n d o t h e r s found t h a t m e n s t a r v i n g for l o n g pe r iods e x c r e t e d 
8 m g r m s . of i ron da i ly , a n d t h i s co r r e sponds -with a -wastage of b o d y t i s sue . G. y o n 
W e n d t , a n d W . Liintzel ag ree t h a t w i t h d i e t s a d e q u a t e i n a m o u n t , b u t p o o r i n i ron 
a lone , t h e i ron exc re t ion is n o t m o r e t h a n 2 t o 5 m g r m s . da i ly—v ide supra, o c c u r r e n c e 
of i ron . A b o u t a mi l l i g ram of i ron is e l i m i n a t e d in t h e u r i n e of m a n p e r d i e m , a n d 
t h i s r e m a i n s nea r ly c o n s t a n t u n d e r a l l c i r c u m s t a n c e s . A n excess ive e l i m i n a t i o n 
m a y follow s u b c u t a n e o u s in jec t ion or excess ive a b s o r p t i o n f rom t h e i n t e s t i n e , a n d 
some m a y b e e l imina ted t h r o u g h t h e i n t e s t i n a l m e m b r a n e s . 

T h e a m o u n t of i ron r e q u i r e d in t h e food i n o rde r t o m a i n t a i n a b a l a n c e is com
p a r a t i v e l y smal l . A b o u t 20 m g r m s . p e r d i e m is u s u a l l y cons ide red sufficient ; 
b u t W . L in tze l a n d co-worker obse rved t h a t a m i x e d da i ly d i e t on ly c o n t a i n s a b o u t 
10 t o 14 m g r m s . of i ron , a n d p r o b a b l y less t h a n t h i s is n e e d e d b y a n a d u l t on a m i x e d 
d ie t . Mos t of t h e i ron is p r e s e n t i n t h e m e a t , a n d in g reen vege t ab l e s . T h e i ron 
c o n t e n t s , in m g r m . p e r 100 g rms . , of some foods r ich in i ron a re—l ive r , 15 ; s p i n a c h , 
5 ; a n d m e a t , 2 t o 5 ; a n d in some foods p o o r in i r o n — c o w ' s mi lk , 0-2 ; w h i t e flour, 
1*5 ; a n d p o t a t o e s , 1-2—vide supra, occur rence of i ron . T h e p o v e r t y of i ron in 
cow's mi lk exp la ins t h e n u t r i t i o n a l anaemia of bo t t l e - fed bab i e s . M. B l a u b e r g 
obse rved t h a t a breas t - fed h u m a n in f an t of 5 m o n t h s r e t a i n e d 10 m g r m s . of i r on 
da i ly , a n d t h a t t h i s r e p r e s e n t e d a b o u t 70 p e r cen t , of t h e t o t a l a m o u n t supp l i ed 
w i t h t h e mi lk . 

R u m i n a n t s , feeding on grass , e t c . , g rowing on soils w i t h a low p r o p o r t i o n of 
" i r o n , " acqu i r e a w a s t i n g disease, which , i n N e w Zea land , is cal led bush sickness, 
a n d , in K e n y a , nakuruitis. These diseases a r e cha rac t e r i z ed b y a r r e s t e d g r o w t h , 
a n d b y excessive anaemia, wh ich is u l t i m a t e l y fa ta l un less t h e a n i m a l s a r e s u p p l i e d 
w i t h " i ron " in some su i t ab le form. Accord ing ly , B . C. A s t o n cal led t h e d isease 
iron starvation. T h e sub jec t was d iscussed b y J . B . Or r . W . L in t ze l f o u n d t h a t a 
deficiency of i ron a r r e s t e d t h e g r o w t h of y o u n g r a t s ; a n d J . P . M c G o w a n a n d 
A. Cr ich ton , t h a t y o u n g pigs b e c a m e oedematous , a n d f r e q u e n t l y d ied s u d d e n l y — a 
p o s t - m o r t e m showed f a t t y d e g e n e r a t i o n of t h e h e a r t a n d l iver . H e n c e , whi le a 
deficiency of i ron m a y cause anaemia, i t m a y h a v e ser ious de le te r ious effects on 
v a r i o u s t i s sues of t h e b o d y . 

Accord ing t o G. v o n B u n g e , t h e i ron reserves in t h e l iver a n d sp leen p l a y a n 
i m p o r t a n t p a r t in t h e b lood f o r m a t i o n of i n f a n t a n i m a l s , a n d , a d d e d A . J . Clark , 
in m a n y cases new-bo rn a n i m a l s h a v e la rge i ron reserves in t h e i r l iver , a n d , a l t h o u g h 
t h e y receive b u t l i t t l e i ron in t h e i r m o t h e r ' s mi lk , y e t b y d r a w i n g on t h e s e rese rves , 
t h e y c a n a v o i d anaemia. W . L in tze l s h o w e d t h a t a calf, for e x a m p l e , s t a r t s w i t h 
a r ich i ron s to re in i t s l iver , a n d hence does n o t suffer f rom t h e fac t t h a t cow ' s 
mi lk c o n t a i n s v e r y l i t t l e i ron . O n t h e o t h e r h a n d , y o u n g pigs , a n d h u m a n i n f a n t s 
h a v e on ly a m o d e r a t e i ron s to re , b u t receive a b e t t e r i ron s u p p l y f rom t h e i r m o t h e r ' s 
mi lk . ^ N a t u r a l l y , w h e n a h u m a n i n f a n t is fed on cow ' s mi lk i t t e n d s t o b e c o m e 
anaemic, because i t h a s n o la rge i ron s t o r e a n d receives v e r y l i t t l e i ron in i t s food. 

G. v o n B u n g e d o u b t e d w h e t h e r i no rgan ic sa l t s of i ron c a n b e a b s o r b e d d i r e c t l y 
f rom t h e a l i m e n t a r y cana l . H e s u p p o s e d t h a t t h e on ly i ron a b s o r b e d is p r e s e n t 
in t h e food a s o rgan ic sa l t s , b u t t h e p re sence of i n o r g a n i c sa l t s of i r on i n t h e 
a l i m e n t a r y c a n a l f avour s t h e a b s o r p t i o n of t h e o rgan ic i ron b y c o m b i n i n g w i t h 
a n d p r e c i p i t a t i n g a n y s u l p h u r as i ron su lph ide , t h u s p r e v e n t i n g t h e s u l p h u r f r o m 
d e c o m p o s i n g t h e o rgan ic i ron sa l t s . T h e h y p o t h e s i s w a s d i s p r o v e d b y E . A b d e r -
halden, a n d S. T a r t a k o w s k y , w h o s h o w e d t h a t i n o r g a n i c i r on h a s t e n s t h e f o r m a t i o n 
Of haemoglobin i n a d u l t a n i m a l s r e n d e r e d anaemic b y r e p e a t e d b l eed ing wh i l s t 
supplied w i t h food deficient i n i ron . G. H . W h i p p l e a n d co-workers a l so s h o w e d 
t h a t iron s a l t s a d m i n i s t e r e d in sufficiently l a rge doses def ini te ly i nc reased t h e r a t e 
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of formation of haemoglobin. E. B. Hart and co-workers found that nutritional 
anaemia in young rats was not cured by the administration of iron alone, but was 
cured if a small amount of copper "was simultaneously given. This subject "was 
studied by I. J. Cunningham, E. B. Hart and co-workers. 

According to W. H. White, soln. of iron salts are antiseptic. The effect of iron 
on vegetation was studied by J. Li. Lassaigne. F. C. Calvert found that dil. soln. of 
ferrous sulphate do not prevent bacterial or fungoidal growths in albumin. 
C. Bichet observed that at 16° to 20°, a soln. of 0-24 grm. of ferric chloride per 
litre will hinder the development of bacteria, and 0-014 grm. per litre will kill 
marine fishes in 48 hrs. L. Nathan found that black iron is active in checking the 
fermentation of apples, and beer-wort, whilst polished iron has but a slight action. 
Li. Nathan and co-workers showed that iron is very injurious to the fermentation 
of fruit musts and beer-wort. A. Chassevant and C. Hichet observed the toxic 
action of iron salts on lactic fermentation. 
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JL900. 

»• N . W . Fischer , Pogg. Ann., 9 . 266, 1827 ; E . F . A n t h o n , Repert. Pharm., TT. 121, 1842 ; 
J . A . Poumar6de , Compt. Rend., 29. 518, 1849 ; IX Vital i , LTOrosi, 18 . 289, 1896 ; H , N . W a r r e n , 
Chem. News, 60 . 187, 1889. 
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a x J . L . Bausch, De lapide hcematite et cetite, Wra t i s lav ia , 1665 ; H . Boerhaave , Opuscula 

Omnia, Hagee-Comitis, 1738. 
8 2 E . Abderhalden, Lehrbuch der physiologischen Chemie, Berlin, 1906 ; H . W. Armit, Jourrt. 

Hygiene, 7. 526, 1907 ; 8 . 565, 1908 ; B . C. As ton , Trans. New Zealand Inst., 44 . 288, 1911 ; 
56. 720, 1924 ; Journ. Dept. Agric. {New Zealand), 124, 1912 ; M. Blauberg, Zeit. Biol., 40 . 1, 
36, 19OO ; G. von Bunge, Lehrbuch der physiologischen und pathologischen Chemie, Leipzig, 1887 ; 
F . O. Calver t , Compt. Rend., 75 . 1015, 1872 ; Proc. Roy. 8oc., 20 . 197, 1872 ; Chem. News, 2 5 . 
151, 157, 1872 ; A . Chassevant a n d C. Riche t , Compt. Rend., 117. 673, 1892 ; A. J . Clark, Pharm. 
Journ., (4), 74 . 490, 1932 ; I . J . Cunningham, Biochem. Journ., 2 5 . 1267, 1931 ; G. C. Gmel in , 
Schweigger's Journ., 4 8 . 110, 1825 ; Edin. Journ. Med., 3 . 324, 1927 ; E . B . H a r t , H . Steenbook, 
J . Wadde l l a n d C. A . Elvehjem, Journ. Biol. Chem., 77. 797, 1928 ; J . L . Lassaigne, Compt. 
Rend., 34 . 587, 1852 ; Journ. Chim. Mid., (3), 8. 264, 1852 ; (4), 1. 280, 1855 ; Journ. Pharm. 
Chim., (3), 22. 2 1 , 1852 ; C. G. L e h m a n n , Handbuch der physiologischen Chemie, Leipzig, 1893 ; 
W . Lintzel , Zeit. Biol., 89 . 342, 350, 1929 ; W . Lintzel a n d T . Radeff, Pflilger's Arch., 224. 4 5 1 , 
674, 1830 ; J . P . McGowan a n d A . Cr ichton, Biochem. Journ., 11 . 204, 1923 ; L . Massol a n d 
M. Bre ton , Compt. Rend. Soc. Biol., 66. 818, 1910 ; L . N a t h a n , Centr. Bakteriol., 12. i i , 93 , 1904 ; 
L . N a t h a n , A. Schmid t a n d W . Fuchs , ib., 14. ii, 289, 1905 ; J . B . Orr , Journ. Ministry Agric, 
37. 115, 1 9 3 0 ; C. R iche t , Compt. Rend., 97 . 1004, 1 8 8 3 ; W . S c h u r m a n n a n d T . B a u m g a r t e l , 
Zeit. Immunitdts., 8 1 . 151, 1921 ; S. T a r t a k o w s k y , Pfluger's Arch., 100. 586, 1903 ; 101. 607, 
1904 ; G. von W e n d t , Skand. Arch. Physiol., 17. 211 , 1905 ; G. H . Whipp le , Journ. Amer. Med. 
Assoc., 9 1 . 863, 1928 ; G. H . Whipp le a n d F . S. Robschei t , Arch. Jnternat. Med., 2,1. 591 , 1921 ; 
W . H . Whi te , Materia Medica, London , 196, 1 9 1 8 ; F . Wohlwil l , Arch. Exp. Path., 56 . 403, 
1907. 

§ 24. The Corrosion of Iron and Steel 
N a t u r e , i n c o n f o r m i t y w i t h h e r u s u a l b e n e v o l e n c e , h a s l i m i t e d t h e p o w e r of i r on , b y 

inf l ic t ing u p o n i t t h e p u n i s h m e n t of r u s t . — P L I N Y (6. 40) . 

T h e t e n d e n c y of o r d i n a r y i r o n t o r u s t o n e x p o s u r e t o a i r i s i n h e r e n t i n i t s n a t u r e ; 
a n d A . S . C u s h m a n , 1 i n d i s c u s s i n g The Conservation of Iron, s a i d t h a t t h e r u s t i n g 
i s e s s e n t i a l l y a p r o c e s s of s l o w c o m b u s t i o n w h i c h i s a n n u a l l y b u r n i n g u p a n u n t o l d 
a n d u n k n o w n q u a n t i t y of t h i s p r e c i o u s m e t a l . N o p a r t n e r s h i p b e t w e e n i n d u s t r y 
a n d N a t u r e w i l l e v e r a g a i n r e c l a i m t h e i r o n t h a t h a s f a l l e n a w a y t o r u s t . D . M . B u c k 
c o n s i d e r e d t h a t t h e a n n u a l c h a r g e d u e t o t h e c o r r o s i o n of i r o n a n d s t e e l i s b e t w e e n 
£ 1 7 , 0 0 0 , 0 0 0 a n d £ 2 3 , 0 0 0 , 0 0 0 ; b u t R . A . H a d f i e l d e s t i m a t e d t h a t t h e a n n u a l c o s t 
of w a s t a g e d u e t o t h e r u s t i n g of t h e w o r l d ' s i r o n a n d s t e e l i s p r o b a b l y w e l l o v e r 
£ 5 0 0 , 0 0 0 , 0 0 0 . W . S . J o h n s t o n e s t i m a t e d t h a t 2 p e r c e n t , of i r o n a n d s t e e l i s l o s t 
p e r a n n u m b y c o r r o s i o n . T h e c a u s e a n d p r e v e n t i o n of r u s t i n g i s t h e r e f o r e a s u b j e c t 
of s u r p a s s i n g i m p o r t a n c e u n l e s s w e a r e t o b e m e r e p a s s i v e s p e c t a t o r s of t h i s e n o r m o u s 
l o s s . T h e s u b j e c t w a s d i s c u s s e d b y J . T . M i l t o n , R . J . M c K a y , E . H . S c h u l z , 
W . W i e d e r h o l t , E . H . S c h u l z a n d R . K u l i n e ! , C . H . D e s c h , B . D . S a k l a t w a l l a , 
E . M a a s s , a n d W . Jf . C r e u t z f e l d t . Q u i t e a n u m b e r of b o o k s h a v e b e e n p u b l i s h e d 
o n t h e r u s t i n g of i r o n ; a n d t h e Iteichsausschxtss fiir Metallschutz p u b l i s h e s a 
j o u r n a l , Korrosion und MetallschtUz, d e v o t e d t o t h i s s u b j e c t . T h e s p e c i a l w o r k s a r e : 

IJO. 15. Andes , Der Eisenrost, seine Bildung, Gefahren, utid Verhutung, Wion , 1898 ; 
L o n d o n , 1918 ; J. N e w m a n , Metallic Structures .- Corrosion and Fouling and their Prevention, 
L o n d o n , 1896 ; J". A . N". F r i e n d , The Corrosion of Iron and Steel, L o n d o n , 1911 ; A . S. C u s h 
m a n , The Corrosion of Iron, W a s h i n g t o n , 1907 ; A . S. C u s h m a n a n d H . A . G a r d n e r , The 
Corrosion, and Preservation of Iron and Steel, N e w York , 19IO ; A . A . Pol l i t t , The Causes 
and Prevention of Corrosion, London , 1923 ; O. F . H u d s o n , Iron and Steel : Art Introductory 
Textbook, with a Section on Corrosion by C D. Bengough, L o n d o n , 1921 ; XJ. H . E v a n s , The 
Corrosion of Metals, L o n d o n , 1926 ; F . N". Speller, Corrosion : Causes and Prevention, 
N e w Y o r k , 1926 ; A . S a n g , Corrosion of Iron and Steel, N e w Y o r k , 1910 ; M . P . W o o d , 
Rustless Coatings : Corrosion and Electrolysis of Iron and Steel, N e w York , 1904 ; A . H . Sex
t o n , The Corrosion and Protection of Metals -with special reference to the Preservation of 
Engineering Structures, M a n c h e s t e r , 1906 ; Engg., 8 2 . 467 , 1906 ; Gr. do L a t t r e , Protection 
dee m&taux contre la corrosion, Paris , 1927 ; C. Fremont , Essais de corrosion des fcrs et des 
aciers, Par is , 1927 ; Essais des fers et des aciers par corrosion, Paris , 1910 ; L . C. Wi l son , 
Corrosion of Iron—A Summary of Causes and Preventative Measures, N e w York City, 
1 9 1 5 ; W . H . Creutzfeldt, !Corrosion forschung vom Standpunkte der Metallkunde, Braun
schweig , 1924 ; Stahl Eisen, 4 8 . 228 , 1928 ; W . S. C a l c o t t , J . C. W h e t z e l a n d H . P . W h i t t a k e r , 
Corrosion Tests and Materials of Construction for Chemical Apparatus, N e w York, 1923 ; 
M. L . H a m l i n a n d F . M. Turner, The Chemical Resistance of Engineering Materials, N e w 
Y o r k , 1923 ; M . R a g g , Vom Rost und vom Eisenschutz, B e r l i n , 1928 ; W . P a l m a e r , The 
Corrosion of Metals, S tockho lm, 1929 ; J . H . G ibboney , Proc. Amer. Soc. Testing Materials, 
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29 . 13, 1930 ; E . Maas s , Rost und Rostschutz, B e r l i n , 1925 ; N . v a n F a t t e n , Bibliography of 
Corrosion, of Metals and Ue Prevention, KingBton, 1924 ; W . H . J . Vernon, A. Bibliography 
of JMetal Corrosion, L o n d o n , 1928 ; E . I a e b r e i c h , Host unci Rostschtitz, B r a u n s c h w e i g , 1914 ; 
H . Gf-. BTaase, Satire- und alkalifestes Chusseisen, Dusseldorf, 1927 ; R . Schafer, Mostfreie 
Stahle, Be r l i n , 1928 ; J'. G . H . M o n y p e n n y , Stainless Iron and Steel, L o n d o n , 1926 ; 
O. Krohnke, E . Maass and "W. Beck , L>ie Korrosion tinier Beriicksichti-gting des allgemeinen 
MaterialschtUzes, Leipzig , 1929 ; P . Klotzschke, Ueber die Korrosion tind des Hosten von 
unlegiertem und legiertem Chisseisen, Dusse ldor f , 1928 ; H . S u i d a a n d H . S a l v a t e r r a , 
Rostschutz und Rostschutzanstrich, W i e n , 1931. 

T h e r e h a v e been n u m e r o u s discussions on t h e corros ion of i ron a n d steel—e.g. 
W . v a n W . Schol ten , 2 A . M a t a g r i n , G. Masing , V . Sallard, C. O. B a n n i s t e r , 
A. M. P o r t e v i n , e t c . M e t h o d s for m e a s u r i n g t h e corros ion of m e t a l s were descr ibed 
b y G. D . B e n g o u g h 3 a n d co-workers , W . H . J . V e r n o n , E . K . O. S c h m i d t , e t c . ; 
a n d microscopic t e s t s , b y C. H . Desch 4 a n d co-workers . 

A c c o r d i n g t o XJ. R . E v a n s a n d O. D . B e n g o u g h , 5 t h e t e r m abrasion d e n o t e s f r ic t ion 
b e t w e e n one sol id b o d y a n d a n o t h e r r e s u l t i n g i n c h a n g e of s h a p e or r e m o v a l of m a t e r i a l 
f rom one o r b o t h s ides ; corrosion m e a n s t h e c h e m i c a l or e l e c t r o c h e m i c a l a c t i o n of a l i q u i d 
o r g a s o n t h e sur face of a m e t a l r e su l t i ng i n a p a s s a g e f rom t h e e l e m e n t a r y t o t h e c o m 
b i n e d s t a t e ; a n d erosion d e n o t e s t h e r e m o v a l of m a t e r i a l f rom s o m e p a r t of a sur face b y 
m e a n s of a b r a s i o n , b y c a p i l l a r y a c t i o n , or o t h e r w i s e , w i t h o u t a c h a n g e of c o m p o s i t i o n a t 
t h e m o m e n t of r e m o v a l a l t h o u g h c h a n g e s m a y o c c u r a f t e r w a r d s . B o t h a b r a s i o n a n d e ros ion 
m a y o p e r a t e on e i t h e r m e t a l or sca le . J . A . N . F r i e n d u s e d t h e t e r m e ros ion t o d e s i g n a t e 
co r ros ion s u c h a s t h a t i n d u c e d b y ac id s w h e n a m o r e or less so lub le p r o d u c t is f o r m e d -which 
exposes t h e u n d e r l y i n g m e t a l t o a t t a c k ; a n d surrosion for t h a t t y p e of co r ros ion -which 
r e s u l t s i n t h e p r o d u c t i o n of inso luble o x i d e o r r u s t -which c l ings t o t h e u n a t t a c k e d m e t a l ; 
a n d W . U . .T. V e r n o n u sed t h e t e r m su r ros ion for cases -where t h e t o t a l ac t ion i s q u a n t i t a 
t i v e l y r e p r e s e n t e d b y t h e inc rease in w e i g h t of t h e s p e c i m e n . 

The act ion of water o n iron.—-Some obse rva t i ons on t h i s sub jec t h a v e been 
discussed in connec t ion w i th t h e chemica l p rope r t i e s of i ron . B . D . S a k l a t w a l l a 6 

n o t e d t h a t t h e condensa t ion of gases on t h e surface of m e t a l s wou ld t e n d t o i m p a r t 
surface ac t iv i t ies t h a t would d e p e n d on t h e degree of a d s o r p t i o n . W h e n i ron is 
covered b y a t h i n l aye r of wa te r , a n d exposed t o air , h y d r a t e d ferric ox ide is fo rmed , 
b u t w i th a t h i cke r l ayer of water , F . W o h l e r found t h a t h y d r a t e d ferrosic ox ide is 
p roduced . T h e w a t e r carr ies oxygen f rom t h e a i r t o t h e i ron . M. M. H a l l , a n d 
N . J . B . G. G u i b o u r t found t h a t i ron powder , o u t of c o n t a c t -with a i r , does n o t 
decompose t h o r o u g h l y boi led wa te r , t h o u g h a feeble evo lu t i on of h y d r o g e n m a y 
occur a t 50° t o 60°, a n d ferrosic oxide b e fo rmed . J . A. W a n k l y n a n d L . Car ius found 
t h a t i ron r educed b y h y d r o g e n gives n o h y d r o g e n w h e n h e a t e d w i t h purif ied w a t e r 
a t 50° t o 60° ; a n d R . L e n z sa id t h a t e lec t rodepos i ted i ron , r e - h e a t e d t o r edness in 
v a c u o , r ap id ly oxidizes in c o n t a c t w i t h boi l ing wa te r , t h e w a t e r is d e c o m p o s e d a n d 
t h e h y d r o g e n "which is fo rmed is a b s o r b e d b y t h e i ron . E . K a m a n n also sa id t h a t 
f inely-divided i ron slowly decomposes boi l ing w a t e r ; t h u s , 12 c.c. of h y d r o g e n were 
o b t a i n e d b y boi l ing 10 g r m s . of i r o n — r e d u c e d in h y d r o g e n — i n w a t e r for a n h o u r ; 
he also no t i ced t h a t t h e glass c o n t a i n i n g vessel was co r roded w h e n t h e boi l ing w a s 
c o n t i n u e d for severa l d a y s . J. A. N . F r i e n d also obse rved t h a t t h e r eac t i on b e t w e e n 
i ron a n d boi l ing w a t e r occurs a b o u t one - four th as qu i ck ly in a copper vessel a s i t 
does in a glass vessel . M. M. H a l l , a n d N . J . B . G. G u i b o u r t sa id t h a t if t h e i ron 
b e in c o n t a c t w i th e lec t ronega t ive s u b s t a n c e s l ike ferric ox ide , or m e r c u r y , i t c a n 
decompose w a t e r u n d e r cond i t ions w h e r e i t o the rwi se w o u l d n o t d o so . T h e case 
is a s different w i th i ron en masse, a s i t is w i t h , s ay , p y r o p h o r i c i ron a n d o r d i n a r y 
i ron in a i r . 

The action of water on iron was discussed early last century b y J . Keir, C. Becker, 
C. Girtanner, J . B . Trommsdorff, N . J . B . G. Guibourt , M. Meyer, R . Adie, J . Spennrath , 
M. Traube, and M. M. Mall ; and later by E . A. and L . T. Richardson, J". Ro the and 
F . W. Hinriehsen, A. Bobierre, K. Hasegawa and S. Hori , W. R . Duns tan and co-workers, 
W . H . Walker and co-workers, A. S. Cushman, V . Andstr8m, IE. Heyn and O. Bauer, 
W . Palmaer, W. R . Whitney, A. Wagner, W . P . Mason, W. v a n Rijn, H . W- Clark and 
S. X>. Gage, R . S. Weston, M. Kernbaum, V. M. Isnardi, W. P . Jorisson, A. W . Stuar t , 
J . W . Cobb and G. I>ougill, O. Bauer and E . Wetzel, G. JD. Bengough and co-workers, 
W*; A. Bradley, A. B . Bradley, D . Geoghegan, P . J . Thibault , J . W. Shipley and co-workers, 
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J. TilLmaxms and co-workers, R . E . Wilson, J. R . B a y l i s , F . N . Speller a n d C. I i . Texter , 
GL M. E n o s , H . K l u t , M. Heegewaldt , T. Steel , A . T . Stuart , G. J . Burrows and C E . F a w s i t t , 
W . B.. F leming , C. F . Hickethier , and Kl. Inamura . 

T h e r e is t h e e lec t ro ly t ic t h e o r y of corrosion -which is i n d e p e n d e n t of t h e ionic 
h y p o t h e s i s a n d al l t h a t is impl ied b y t h e t e r m " i o n s . " T h e ionic t h e o r y is t h e 
e lec t ro ly t ic t h e o r y w i t h t h e t h e o r y of ions as a subs id ia ry h y p o t h e s i s . T h e t h e o r y 
of ions is a n o t h e r s t o r y . H e r e , i t is conven ien t t o r e g a r d t h e t w o theor ies of cor ros ion 
a s t h e s a m e , b u t expressed in different w a y s . Accord ing t o t h e i on ic hypothes i s 
a d v o c a t e d b y W . R . W h i t n e y , 7 F . N . Speller , F . W . H in r i chsen , H . E n d o a n d 
S. K a n a z a w a , H . F r i e d m a n n , E . K . R idea l , W . J . Sweeney , G. Breach, J . W . Ship ley 
a n d I . R . McHaffie, W . P a l m a e r , W . T . H a l l , W . O. W h i t m a n , T . F u j i h a r a , 
C. F . Burgess , W . H . W a l k e r a n d co-workers , a n d A. S. C u s h m a n a n d co-workers , 
i t is a s s u m e d t h a t w a t e r a n d a i r a r e sufficient t o cause r u s t i n g . T h e a c t i o n of a n 
ac id on i ron is r ep r e sen t ed a s a n e x c h a n g e of e lectr ic cha rges b e t w e e n t h e H - i o n s 
of t h e ac id , a n d t h e n e u t r a l a t o m s of t h e m e t a l wh ich t h e n p a s s i n t o soln. as m e t a l 
ions . W a t e r is supposed t o b e s l igh t ly ionized : H 2 0~>H"- j~OH' , a n d w h e n a 
m e t a l is immer sed in t h i s l iquid , i t is a s s u m e d t h a t t h e electr ic charges a r e t r a n s 
fer red f rom t h e H*-ions t o t h e i ron a t o m s so t h a t t h e w a t e r in t h e v ic in i ty of t h e 
m e t a l h a s Fe*"-ions, a n d O H ' - i o n s co r re spond ing w i t h a di l . soln. of fe r rous 
h y d r o x i d e . If o x y g e n h a s access t o t h e l a t t e r , t h e fe r rous h y d r o x i d e is ox id ized 
t o h y d r a t e d ferric ox ide , a n d depos i t ed a s r u s t . T h e de-electrified H - i o n s fo rm 
molecu la r h y d r o g e n . I n o r d e r t o es tab l i sh t h i s h y p o t h e s i s i t was necessa ry t o 
d e m o n s t r a t e t h a t i ron passes i n t o soln. u n d e r t he se condi t ions , a n d , as i nd i ca t ed 
e lsewhere , t h i s h a s n o t been sa t i s fac tor i ly done . T h e t e n d e n c y of i ron t o p a s s i n t o 
soln. in w a t e r d e p e n d s on (i) t h e so-called so lu t ion p ressure , a n d (ii) on t h e so lubi l i ty 
p r o d u c t [Fe" ] [OH ' ]2 . T h e r eac t ion F e - h 2 H = = F e " - ( - H 2 is in equ i l i b r i um w h e n 
A1 = [Fe" ] [H ' J2=-67 x 1O- *4, o r since for w a t e r a t 18°, LH*][OH'] = 0 - 5 6 X 1 0 - " A 2 , 
[ F e " ] [ O H ' ] 2 ^= 2-1 x 10 1 4 . Th i s a s sumes t h a t t h e fer rous h y d r o x i d e is comple t e ly 
ionized in soln. As i n d i c a t e d la te r , t h e v a l u e for t h e so lub i l i ty p r o d u c t of fer rous 
h y d r o x i d e is n o t a c c u r a t e l y k n o w n . If t h e solubi l i ty p r o d u c t [Fe""][OH'] 2 b e less 
t h a n Ic1, s o m e h y d r o x i d e will b e p r e c i p i t a t e d before equ i l i b r i um is a t t a i n e d . One 
of t h e va lues for t h e so lubi l i ty p r o d u c t , 1*9x10—14, is v e r y n e a r t h e v a l u e of Ic1. 
W . J . Sweeney found t h a t t h e so lubi l i ty j>roduct is 1 0 ~ 1 8 ' 8 . A. L . McAulay a n d 
G. L . W h i t e s t ud i ed t h e effect of t h e H"-ion c o n c e n t r a t i o n on t h e p o t e n t i a l of t h e 
i ron- vide supra—and H . O. H a l v o r s o n a n d R . L . S t a r k e y ca lcu la ted t h a t t h e 
r e l a t ions b e t w e e n t h e H"-ion cone, a n d t h e ferrous or ferric ions he ld in so ln .— 
p a r t s p e r mi l l ion—are : 

;PH . . 3 O 4 O 5 O 6-O 7-0 
L F e - ] . . 27O 2 - 7 0 O-027 0 0 3 2 7 0 0 6 2 7 
[ F e - ' ] . . 6-1 X 1 0 _ l 6 1 x 1 0 - » 6 1 X 1 0 ~ 6 6 1 X 1 0 ~ 8 6 - l x l O " 1 1 

T h e d r iv ing force of t h e r eac t i on 2 F e + O 2 + 2 H 2 O = 2 F e ( O H ) 2 is e q u a l 
t o t h e difference of t h e p o t e n t i a l s e'=lRT log { [ 0 ^ / [ 0 H / ] } 4 a n d €"=£ItT 
log {[Fe"]/[Fe]>, so t h a t if [ F e " ] [ O H ] 2 = k , a n d [Fe] is c o n s t a n t , c ' — e ' = \ R T 
log {[O 2 ] /^ 2}. M. R a n d a l l a n d M. F r a n d s e n ca lcu la ted t h e free e n e r g y t o b e 
—2*28 CaIs., i nd i ca t ing t h a t t h e reac t ion , F e - J - 2 H 2 0 — F e ( O H ) 2 - J - H 2 , c an p rogress 
a t 25° . 

Accord ing t o M. M u g d a n , t h e p o t e n t i a l of i ron i m m e r s e d in va r ious sa l t soln. 
va r i e s cons ide rab ly w i t h t h e n a t u r e of t h e dissolved sa l t . S ince t h e dissolved sa l t s 
c a n n o t b e supposed t o t a k e p a r t in t h e r eac t ion , t h i s shou ld n o t b e t h e case. T h e 
p h e n o m e n a c a n b e r e g a r d e d on ly as fu r the r i n s t a n c e s of a m e t a l a s suming a m o r e 
or less pass ive cond i t ion . T h u s , i ron c a n dissolye w i t h t h e e l im ina t i on of h y d r o g e n 
i n soln . of chlor ides , b romides , iodides , fluorides, s u l p h a t e s , pe rch lora tes , a n d 
n i t r a t e s , whi l s t i n soln. of t h e sa l ts of w e a k an ions (ch lora te , a c e t a t e , h y d r o x i d e , 
c y a n i d e , chromate, a n d p e r m a n g a n a t e ) , t h e reverse occurs . T h e different 
potent ials s h o w t h a t t h e r u s t i n g in one case a n d n o t in t h e o the r is d u e t o some 
modification of t h e i r on impressed on i t b y c o n t a c t w i t h t h e soln. T h e fact t h a t 
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m a n y of t h e sa l t s , i n soln. , wh ich d o n o t a t t a c k t h e i r o n a r e r e d u c i n g a g e n t s , 
speaks a g a i n s t t h e p a s s i v i t y be ing d u e t o a l aye r of o x i d e . W . J . S w e e n e y s h o w e d 
t h a t a smal l decrease of free e n e r g y occu r s w h e n i r o n is a t t a c k e d b y w a t e r t o f o r m 
ferrous h y d r o x i d e in t h e absence of o x y g e n ; a n d K . M u r a t a s t u d i e d t h e t h e r m o 
d y n a m i c s of t h e p h e n o m e n a . W . D . B a n c r o f t g a v e a b i b l i o g r a p h y of t h e ionic 
t h e o r y of cor ros ion a n d d i scussed t h e a v a i l a b l e d a t a . 

As t h e ions p a s s f rom t h e m e t a l i n t o soln. , a n eq . n u m b e r of h y d r o g e n ions a r e 
d i scha rged o n t h e e lec t rode so a s t o f o rm a h y d r o g e n e l ec t rode . A s t h e cone , of t h e 
m e t a l ions i n t h e soln . increases , t h e p o t e n t i a l of t h e c o m b i n a t i o n : M e t a l : M e t a l 
ions , b e c o m e s nob le r ; a n d converse ly , a s t h e H"-ion cone , of t h e soln . b e c o m e s less , 
t h e p o t e n t i a l of t h e h y d r o g e n e l ec t rode b e c o m e s m o r e b a s i c . T h e so lub i l i t y p r o d u c t 
of t h e m e t a l h y d r o x i d e is l i m i t e d b y a c h a n g e in t h e cone , of t h e m e t a l ions , a n d t h e 
H*-ion c o n e , a n d t h i s l im i t s t h e v a l u e of t h e p o t e n t i a l . W i t h b a s e m e t a l s l i ke 
z inc , t h e l imi t ing v a l u e of t h e p o t e n t i a l of t h e m e t a l e l ec t rode a n d t h e h y d r o g e n 
e l ec t rode c a n n o t b e a t t a i n e d a t a t m . p ress . , a n d , in c o n s e q u e n c e , t h e a c t i o n of w a t e r 
o n t h e s e m e t a l s does n o t come t o a s t ands t i l l ; b u t w i t h i ron , w h e n a i r is e x c l u d e d , 
n o r e a c t i o n occurs . T h e h y d r o g e n p o t e n t i a l w i t h a dec reased p res s , b e c o m e s 
nobler , a n d t h e r e m u s t b e a p ress , less t h a n t h e a t m o s p h e r i c , a t w h i c h t h e l imi t 
ing p o t e n t i a l is a t t a i n e d , a n d t h e r e a c t i o n b e t w e e n i r o n a n d w a t e r c a n c o m e t o 
a s t ands t i l l . S ince t h e p o t e n t i a l of i r on a g a i n s t a s a t . soln . of fe r rous h y d r o x i d e 
w a s g iven b y F . F o r s t e r a s —0-54 v o l t — W . P a l m a e r g a v e —0-57 v o l t — t h e p o t e n t i a l 
of t h e h y d r o g e n e lec t rode is E=—O-29 log {^?/[H*]2}, w h e r e t h e g a s p ress , of t h e 
h y d r o g e n is p, a n d t h e H*-ion cone , is [H*], or , a c c o r d i n g t o W . G. W h i t m a n a n d 
co-workers , [ H ' ] = 2 - 5 x 1 O - 1 0 . T h e n , b y s u b s t i t u t i o n a n d s impl i f ica t ion, ^?=0-25 
a t m . , or 19O m m . H g ( a p p r o x i m a t e l y ) . 

G. Sch ikor r f o u n d t h a t t h e press , g e n e r a t e d b y t h e h y d r o g e n i n t h e a c t i o n of 
w a t e r on i ron (wi th 0*18 p e r cen t , of c a r b o n , a n d n o t a b l e a m o u n t s of o t h e r impur i t i e s ) 
is v e r y m u c h g r e a t e r t h a n t h i s . F o r i n s t a n c e , a t a b o u t 20° : 

0 2 3 51 82 113 148 d a y s 
P r e s s , ( m m . ) . . 8 163 414 55O 633 748 m m . 

O 2 4 79 104 156 236 d a y s 
P r e s s , ( a t m . ) 1 1-2 2-3 2-7 4-0 5-8 a t m . 

This is t a k e n t o m e a n t h a t o t h e r f ac to r s a r e c o n c e r n e d i n t h e r e a c t i o n . F e r r o u s 
h y d r o x i d e c a n a c t on w a t e r a t 200° p r o d u c i n g h y d r o g e n a n d ferrosic ox ide ; a n d 
W . T r a u b e a n d W . L a n g e f o u n d t h a t w h e n a gel of fe r rous h y d r o x i d e is h e a t e d w i t h 
spongy p a l l a d i u m , h y d r o g e n is deve loped , a n d ferrosic ox ide is f o rmed . A g a i n , 
J . P r e u s s obse rved t h a t p o w d e r e d i ron bo i led i n w a t e r w i t h h y d r a t e d ferr ic ox ide 
p roduces a b lack p o w d e r , a n d h y d r o g e n is evo lved ; a n d F . W o h l e r s h o w e d t h a t 
t h e b l ack powder is ferrosic ox ide , a n d t h a t t h e r e a c t i o n c a n b e symbo l i zed : 
F e + 2 F e O ( O H ) = = F e 3 O 4 + H 2 . R . S t u m p e r a lso showed t h a t h y d r o g e n is deve loped 
in t h e r eac t ion b e t w e e n r u s t a n d i ron . G. Sch iko r r s h o w e d t h a t t h e h y d r a t e d ferr ic 
ox ide does n o t a t t a c k t h e i ron d i rec t ly , r a t h e r is i t r e d u c e d t o h y d r a t e d ferrosic 
oxide , a n d some ferrous h y d r o x i d e passes i n t o so ln . T h e d i sso lved fe r rous h y d r o x i d e 
a t t a c k s t h e i ron . T h e r a t e of f o r m a t i o n of h y d r o g e n in t h i s r e a c t i o n is p r o p o r t i o n a l 
t o t h e cube r o o t of t h e p ress . R a i s i n g t h e t e m p , f rom 25° t o 35° doub l e s t h e r a t e 
of f o r m a t i o n of h y d r o g e n . T h e a t t a c k o n d e n s e , c o m p a c t i r on is c o m p a r a t i v e l y 
s low. 

Pur i f ied w a t e r free f rom air w a s r e p o r t e d b y M. M. Hall,** C. J . B . K a r s t e n , 
J . F . W e s t r u m b , J . Pe r soz , a n d R . Mal le t t o h a v e n o a c t i o n o n i ron a t a t e m p , 
b e l o w t h e b . p . of w a t e r ; a n d R . Adie r e p o r t e d t h a t h e k e p t i r on in w a t e r , e n t i r e l y 
free f rom disso lved a i r , for six m o n t h s w i t h o u t i t s s h o w i n g a n y s ign of a t t a c k . 
B . L a m b e r t a n d J . C. T h o m s o n showed t h a t c o m m e r c i a l i r on wil l d issolve u n d e r t h e s e 
c o n d i t i o n s . W . R . W h i t n e y found t h a t puri f ied w a t e r a n d purif ied i ron sea led u p 
i n flasks, so t h a t t h e c o n t e n t s were free f rom o x y g e n a n d c a r b o n d iox ide , c o u l d b e 
k e p t a n indef in i te ly l ong t i m e w i t h o u t t h e i r on u n d e r g o i n g a n y p e r c e p t i b l e c h a n g e ; 
b u t w h e n a i r w a s a d m i t t e d , t h e w a t e r r a p i d l y b e c a m e c l o u d y owing t o t h e f o r m a t i o n 
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of m e t a l ox ide . I t was therefore inferred t h a t a p o r t i o n of i ron m u s t p r e v i o u s l y 
h a v e pas sed i n t o soln. J . A . Collins, J . F . G. H i c k s , A . S. C u s h m a n , M . T r a u b e -
Menga r in i a n d A . Scala , a n d W . H . W a l k e r a n d co-workers desc r ibed modif ied 
e x p e r i m e n t s in a g r e e m e n t w i t h t h e a s s u m p t i o n t h a t purif ied w a t e r c a n d isso lve 
purif ied i ron . A. S. C u s h m a n e s t i m a t e d t h a t t h e so lubi l i ty of i ron in pur i f ied a i r -
free w a t e r is 0 0 0 0 6 t o 0 0 0 1 1 7 g r m . pe r l i t re . W . K. F l e m i n g , a n d W . R . D u n s t a n 
a n d co-workers were u n a b l e t o confirm W . R . W h i t n e y ' s conclus ion ; a n d 
H . N b r d e n s e n , a n d J . A . N . F r i e n d ra i sed t h e ob jec t ion t h a t i t is q u i t e p r o b a b l e t h a t 
t h e p r e c a u t i o n s t a k e n b y W . R . W h i t n e y , a n d t h e o t h e r s were n o t sufficient t o 
r e m o v e al l t h e res idua l g a s — c a r b o n d iox ide a n d o x y g e n — f r o m t h e w a t e r , a n d f rom 
t h e wal ls of t h e c o n t a i n i n g vessels , so t h a t a t r a c e of i ron m a y h a v e pas sed i n t o soln. 
a s c a r b o n a t e . Th i s is s u p p o r t e d b y W . Scoresby ' s o b s e r v a t i o n t h a t a i r c a n n o t b e 
r e m o v e d f rom w a t e r b y mere ly boi l ing , s ince w a t e r -which h a s b e e n t h o r o u g h l y 
boi led furnishes b u b b l e s of gas on freezing ; a n d A. L e d u c ' s ca lcu la t ion t h a t a t l eas t 
1 c.c. of gas r e m a i n s in a l i t r e of w a t e r w h i c h h a s b e e n t h o r o u g h l y boi led . A la rge 
p o r t i o n of t h i s gas is p r o b a b l y c a r b o n d iox ide . T h e fair inference f rom t h e obse rva 
t i o n s is t h a t i ron is v e r y s l igh t ly soluble in o r d i n a r y w a t e r , or well-boiled w a t e r w h e n 
a i r or free o x y g e n is exc luded ; b u t i t c a n n o t ser iously b e c la imed t h a t t h e so lub i l i ty 
of i ron in w a t e r , q u i t e free f rom dissolved gases , h a s been a d e q u a t e l y d e m o n s t r a t e d . 

T h e ac t ion of d a m p air o n i r o n . — J . P . B a r r u e l 9 sa id t h a t h e k e p t e lec t ro-
depos i t ed i ron for m a n y y e a r s in a c u p b o a r d in which acid v a p o u r s were con
t i n u a l l y p r e sen t , a n d y e t i t p r e s e n t e d n o t t h e f a in tes t t r a c e of r u s t ; b u t t h e r e is 
some m i s t a k e , for J . P e r c y sa id t h a t such i ron r a p i d l y r u s t s w h e n exposed t o t h e 
j o i n t a c t i o n of a i r a n d m o i s t u r e . I n 1782, S. R i n m a n obse rved t h a t d r y a i r does n o t 
co r rode i ron , b u t mo i s t a i r does . H e n c e , h e inferred t h a t " r u s t m u s t b e fo rmed b y 
some k i n d of ac id , which , i n t h e p resence of mo i s tu r e , will e x e r t a d issolving, 
a t t a c k i n g , or co r rod ing influence. . . . O t h e r less nob le m e t a l s seem l ikewise t o b e 
p a r t i a l l y co r roded b y moi s t a i r . " J . S p e n r a t h , a n d o t h e r s also n o t e d t h a t i ron does 
n o t r u s t i n d r y air . S. R i n m a n also a d d e d t h a t in a c c o r d w i t h C. W . Scheele ' s 
t h e o r y of t h e n a t u r e of a i r , in a confined space , t h e good a i r (oxygen) is a b s o r b e d b y 
t h e r u s t i n g dr i l l ings of p ig- i ron . P . A. v o n Bonsdorff also obse rved t h a t i ron r e m a i n s 
u n a l t e r e d in d a m p a i r p r o v i d e d no l i qu id w a t e r is depos i t ed on t h e m e t a l ; s imi lar 
r e su l t s were o b t a i n e d in d a m p air c o n t a i n i n g a m m o n i a a n d c a r b o n d iox ide . These 
o b s e r v a t i o n s were conf i rmed b y W . R . D u n s t a n a n d co-workers ; t h e y enclosed 
pieces of 99*94 pe r cen t , i ron , free f rom occ luded gases, i n t u b e s con ta in ing d r y a n d 
moi s t o x y g e n , d r y a n d moi s t c a r b o n d iox ide , a n d a m i x t u r e of mo i s t c a r b o n d iox ide 
a n d o x y g e n . N o vis ible a c t i on occur red in a set of t u b e s m a i n t a i n e d a t a c o n s t a n t 
t e m p . ; whi le in a s imi la r se t k e p t a t o r d i n a r y t e m p . , n o vis ible ac t i on occur red i n 
t h e t u b e s c o n t a i n i n g d r y oxygen , a n d d r y a n d mo i s t c a r b o n d iox ide ; b u t copious 
r u s t i n g occur red in t h e t u b e s c o n t a i n i n g m o i s t oxygen , a n d a m i x t u r e of mo i s t 
o x y g e n a n d c a r b o n d iox ide . I n t h e t u b e s k e p t a t o r d i n a r y t e m p . , t h e r e a r e fluctua
t ions i n -which t h e cond i t i ons f a v o u r t h e depos i t ion of m o i s t u r e . Consequen t ly , 
i t is n o t t h e w a t e r v a p o u r in t h e a t m o s p h e r e wh ich evokes t h e r u s t i n g of i ron ; for if 
t h e t e m p , b e a b o v e t h e dew-po in t , i ron in i t i a l ly free f rom r u s t does n o t co r rode . 
A. C. H a n s o n , W . S. P a t t e r s o n , a n d J . C. H u d s o n o b s e r v e d t h e r a t e of corros ion is 
fas tes t i n t h e p resence of w a t e r , a n d t h i s is a t t r i b u t e d t o t h e g r e a t e r c o n d e n s a t i o n of 
m o i s t u r e . 

F . C. Ca lve r t obse rved t h a t in some cases n o o x i d a t i o n occur red o n expos ing 
i ron t o m o i s t o x y g e n , t h a t i n t h e l igh t of W . R . D u n s t a n * s r e su l t s , i t is p r o b a b l e t h a t 
n o cor ros ion t o o k p l ace w h e n n o m o i s t u r e condensed o n t h e m e t a l . M. Meyer , 
P . A . v o n Bonsdorff, F . v o n H u t t e n , a n d J . S p e n r a t h p rev ious ly observed t h a t 
i r on does n o t c h a n g e in mo i s t a i r p r o v i d e d n o l i qu id condenses on t h e surface of t h e 
m e t a l . W . M. T h o r n t o n a n d J . A . H a r l e r e g a r d e d . the a t t a c k b y t h e depos i t ed 
m o i s t u r e a s a k i n d of e lectrolysis . J . C. H u d s o n m e a s u r e d t h e v a p . press , of t h e 
m o i s t u r e in a i r r e q u i r e d for t h e depos i t ion of films of m o i s t u r e , a n d found, w i t h i ron , 
t h i s c r i t i ca l p ress , is n e a r t h e s a t u r a t i o n p o i n t . T h e r u s t i n g of i ron in a n a p p a r e n t l y 
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d r y a t m o s p h e r e , t l ie so-called dry corrosion, w a s d i scussed b y W . H . J . V e r n o n , 
U . R . E v a n s , a n d G. I ) . B e n g o u g h a n d J . M. S t u a r t — v i d e supra, t h e ac t i on of o x y g e n 
on iron—cf. F ig . 330. E . A . a n d I J . T . R i c h a r d s o n , W . G. W h i t m a n a n d E . L . C h a p -
pell , W . F . R o b e r t s o n , J . A s t o n a n d C. F . Burgess , V. V. K e n d a l l a n d E . S. Tay l e r -
son, E . I . D u i r m o n t , a n d C. E . R e i n h a r d , d iscussed t h e r a t e of t h e a t m o s p h e r i c 
corrosion of i ron . E x p e r i m e n t s on t h e a c t i o n of s u p e r h e a t e d s t e a m a t 186° were 
m a d e b y F . H a n a m a n , a n d t h e sub jec t merges i n t o t h e e q u i l i b r i u m re l a t ions 
b e t w e e n i ron, t h e i ron oxides , a n d s t e a m discussed be low. 

T h e cor ros ion of i r o n e x p o s e d t o t h e a t m o s p h e r e is af fected b y c l i m a t i c c o n d i t i o n s — 
la rge d i u r n a l v a r i a t i o n s of t e m p . , e t c . , d i s cus sed b y O . H a h n e l , a n d U . R . E v a n s ; b y t h e 
p r e s e n c e of foreign gases—e .g . s u l p h u r o u s gases , d i s c u s s e d b y J. F . B a r k l e y , TJ. I i . E v a n s , 
JT. R o t h e a n d F . W . H i n d r i c h s e n , P . Siedler , a n d W . W i s l i e e n u s vide supra ; h y d r o g e n 
ch lo r ide , b y U . K . E v a n s — v i d e supra ; gases f rom m a n u r e h e a p s , e t c . , b y M . M e y e r , a n d 
F . A . v o n Bonsdorff ; b y t h e p re sence of d u s t e.g. s o o t — b y W . H . J . V e r n o n ; a n d b y t h e 
e l e m e n t s a s soc i a t ed -with t h e i ron , b y K . A r n d t , J . A . A u p p e r l e , O . B a u e r , H . B o r i n g e r , 
J . A s t o n a n d C. F . B u r g e s s , A . S. C u s h m a n , G. M . E n o s , TJ. R . E v a n s , H . F i s c h e r , 
JT. A . N . F r i e n d , L . E . G r u n e r , B . A . Hadf i e ld , E . A . a n d L . T . R i c h a r d s o n , W . R o s e n h a i n , 
F . N . Spel ler , G. T a m m a n n , a n d H . W o l b l i n g . 

T. B e r g m a n , 1 0 in 1773 , obse rved t h a t w a t e r s a t u r a t e d w i t h ae r ia l ac id cor rodes 
a n d dissolves meta l l i c i ron . I n F . C. Ca lve r t ' s e x p e r i m e n t s , d r y oxygen , d r y c a r b o n 
d iox ide , a d r y m i x t u r e of c a r b o n d iox ide a n d oxygen , a n d a d r y m i x t u r e of o x y g e n 
a n d a m m o n i a d id n o t cor rode i ron ; in t h r e e e x p e r i m e n t s w i t h m o i s t o x y g e n , 
corros ion occur red in on ly one case ; w i t h t h e m i x t u r e of mo i s t o x y g e n a n d a m m o n i a , 
n o o x i d a t i o n occur red ; a n d in all cases w h e r e m o i s t c a r b o n d iox ide w a s p r e s e n t , 
t h e corros ion was v e r y m a r k e d . G. W e t z l a r , a n d A. P a y en found t h a t i ron does n o t 
r u s t in w a t e r con ta in ing a lka l ine subs tances—e .g . in a q . soln. of p o t a s s i u m h y d r o x i d e 
of s o d i u m c a r b o n a t e , or of a m m o n i a , even t h o u g h t h e soln. b e d i l u t e . M. M. H a l l 
a lso obse rved t h a t i ron does n o t r u s t i n w a t e r c o n t a i n i n g m a g n e s i a or l ime , a n d h e 
d iscussed w h a t h e cal led the concealed agency of carbonic acid i n d e t e r m i n i n g t h e 
o x i d a t i o n of i ron b y w a t e r . A. P a y e n infer red t h a t t h e p r e s e r v a t i v e effect of t h e 
a lka l ine soln. does n o t , in al l p r o b a b i l i t y , a r i se f rom t h e i r p o w e r of w i t h d r a w i n g 
c a r b o n d iox ide f rom t h e w a t e r , because i r on is co r roded e v e n u n d e r t h o r o u g h l y 
boi led w a t e r in c o n t a c t w i t h a i r free f rom c a r b o n d iox ide . I n v i e w of t h e s e r e su l t s , 
a n d of F . C. Ca lve r t ' s obse rva t ion , n o ca rbon i c ac id , n o corros ion , F . C. Ca lve r t a n d 
A. C. B r o w n deve loped the acid theory of corros ion i n wh ich i t w a s a s s u m e d t h a t t h e 
ac t i on is p r i m a r i l y t h e r e su l t of a n a t t a c k b y a n ac id , u s u a l l y ca rbon i c ac id . I t w a s 
supposed t h a t t h e ca rbon ic ac id r e a c t s w i t h t h e i ron t o f o rm fer rous c a r b o n a t e , 
F e C O 3 , or poss ibly ferrous h y d r o c a r b o n a t e , F e ( H C O 3 )2 , a n d t h e l i be r a t ed h y d r o g e n 
u n i t e s w i t h t h e dissolved o x y g e n t o fo rm w a t e r . T h e fe r rous c a r b o n a t e is t h e n 
oxidized b y dissolved o x y g e n t o fo rm h y d r a t e d ferric ox ide , or r u s t . T h e l i b e r a t e d 
c a r b o n d ioxide t h e n a t t a c k s a fresh p o r t i o n of i ron , a n d t h e cycle beg ins a n e w , so 
t h a t a smal l a m o u n t of c a r b o n d iox ide in t h e presence of w a t e r a n d o x y g e n c a n 
conve r t , ca ta ly t i ca l ly , a n indef ini te ly l a rge a m o u n t of i ron i n t o r u s t . T h e i n h i b i t i o n 
of r u s t i ng b y a lka l ine soln. w a s a t t r i b u t e d t o t h e i r power of n e u t r a l i z i n g t r a c e s of 
free ac id . 

T h e ac id hypo thes i s h a s a s s u m e d seve ra l fo rms . T . F u j i h a r a sa id t h a t w a t e r 
a n d a i r free f rom c a r b o n d iox ide fo rm a p r o t e c t i v e film o n i ron e lec t ro ly t ica l ly , a n d 
once t h i s film is formed, c a r b o n d iox ide is neces sa ry t o p r o d u c e r u s t i n g . T h e 
r e m o v a l of t h e p r o t e c t i v e film b y t h e c a r b o n d i o x i d e exposes a fresh sur face t o 
a t t a c k . N . M. Gariloff a n d co-workers i n t e r p r e t e d t h e effect of c a r b o n d iox ide o n 
i ron a s follows : 

The iron in contact with air and water acquires a film of ferrous oxide ; th is is oxidized 
to ferric oxide, which is gradually reduced by the iron, and t h e meta l below is simultaneously 
oxidized. I n contact with water containing carbonic acid, the superficial film of ferrous 
oxide dissolves and ferrous hydrocarbonate is oxidized t o hydra ted ferric oxide. After a 
l0i^jperfpd under a soln. of ferrous hydrocarbonate in t he presence of carbon dioxide t h e 
iron Is almost passive, bu t the activity is regained b y shaking the iron so as to de tach the 
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protective film of l iydrated ferric oxide. Corrosion is specially favoured a t a low t emp . , 
in. a n a t m . wi th not more t han 5 per cent, of oxygen and no t less t h a n 14 to 15 per cent , of 
carbon dioxide. 

J . H . P a u l a s s u m e d , w i t h o u t proof, t h a t t h e ca rbon ic a c i d r e a c t s : 
Fe - J -CO 2 + H 2 O = F e C O 3 - J - ^ H ; a n d on hydro lys i s of t h e fe r rous c a r b o n a t e , ferr ic 
ox ide , c a rbon ic a n d formic ac ids a r e fo rmed : 2 F e C 0 3 - j - 2 H 2 0 = F e 2 0 3 - 4 - H . C O O H 
+ H 2 C O 3 , a n d t h e ca rbon ic ac id is free t o a t t a c k m o r e i ron , whi le t h e formic ac id 
a t t a c k s t h e m e t a l : F e + 2 H . C O O H = F e ( H - C O O ) 2 + 2 H , a n d s o m e f o r m a t e is r e d u c e d 
t o f o r m a l d e h y d e b y t h e n a s c e n t h y d r o g e n : 2 F e ( H . C O O ) 2 + 4 H = F e 2 0 3 + 3 H . C O H 
+ H . C O O H . T h e f o r m a l d e h y d e escapes f rom t h e s y s t e m whi le t h e formic ac id 
r e a c t s w i t h m o r e i ron . H . E . A r m s t r o n g ' s modi f ica t ion is i n d i c a t e d be low. T h e 
ac id h y p o t h e s i s w a s fash ionable for a good m a n y y e a r s ; b u t i n v e s t i g a t o r s b e g a n t o 
i nqu i r e : I s t h e p resence of a n ac id neces sa ry for t h e cor ros ion of i ron 1 

Observations on the action of carbonic acid on iron and i ts alloys were made by 
V. Andstrom, TH. E . Basch, GL Breach, GL Bruhns , C. Chorower, W . T. Clous, A. S. Cushman, 
E . Donath and A. Indra , W . R . Duns tan and co-workers, F . Ensslin and F . Buschendorf, 
T. Fujihara, J . A. !NT. Friend, I i . Girard, O. Haehnel , A. C. Hanson, C. von Hauer , E . Heyn 
and O. Bauer, J . F . G. Hicks, K. Inamura , B . Klarmann, H . Klut , J . M. Kolthoff, 
O. Krohnke, W. Leybold, H . Liihrig, B . G. McLellan, A. A. Markson and P . Fri tz , 
G. T. Moody, J . E . Orloff, J". T>. Pennock and D . A. Morton, P . Pet i t , J . E o t h e and 
F . W. Hinrichsen, E . Sauer, J . T. Saunders, K. Scheringa, J . W. Shipley and I . K. McHaffie, 
H . J . Smith, J . Spennrath, W. A. Tilden, J". Tillmans and co-workers, J". B . Trornmsdorff, 
J". ViUe, W. H . Walker, G. W. W h i t m a n and co-workers, W. K. Whitney, K. E . Wilson, 
and B . G. Wor th vide H-ion concentration of na tura l waters, and also the action of coal-
gas on iron. 

T h e w o r k of W . R . D u n s t a n a n d co-workers , W . A . T i lden , a n d J . F . G. H i c k s 
ShO-Ws t h a t t h e p resence of c a r b o n d iox ide , or o t h e r ac idic s u b s t a n c e s , is n o t necessa ry 
for t h e corros ion of i ron , n o r d i d J . F . G. H i c k s find t h a t m o i s t o x y g e n r u s t s i ron 
m o r e q u i c k l y if c a r b o n d iox ide b e p r e s e n t . V. A n d s t r o m s h o w e d t h a t t h e q u a n t i t y 
of i ron r e m o v e d b y cor ros ion in w a t e r is i n d e p e n d e n t of t h e p r o p o r t i o n of d isso lved 
c a r b o n d iox ide ; a n d is p r o p o r t i o n a l t o t h e a m o u n t of d issolved oxygen . T h e r a t i o 
of i ron t o o x y g e n co r r e sponds w i t h F e 3 O 4 ; a n d t h e d issolved i ron is p r e s e n t a s 
F e ( H C O 3 ) 2 . W h e n v e r y l i t t l e o x y g e n is p r e sen t , a n d t h e soln . c o n t a i n s a la rge 
p r o p o r t i o n of c a r b o n d iox ide , corrosion p roceeds v e r y s lowly. H e n c e , i t is infer red 
t h a t r u s t i n g p r inc ipa l ly is d u e t o t h e a c t i o n of oxygen , p r o b a b l y w i t h t h e in te r 
m e d i a t e f o r m a t i o n of h y d r o g e n d iox ide . T h e sub jec t w a s d iscussed b y T . F u j i h a r a . 
T h e de le te r ious effects p r o d u c e d b y t h e p r o d u c t s of c o m b u s t i o n of coal , fo rmer ly 
a t t r i b u t e d t o c a r b o n d iox ide , a r e n o w cons ide red t o b e p r o d u c e d b y t h e ox ides of 
s u l p h u r . XJ. R . E v a n s sa id : 

The corrosive qualities of carbon dioxide have been exaggerated in the pas t , and 
probably the damage a t t r ibu ted to carbon dioxide has really been due to sulphur dioxide 
or hydrogen chloride. If -water is allowed to condense in droplets on iron, some of them 
develop rust , 5WhIlSt others (which do not happen to rest on a weak point) remain clear ; 
th i s is t rue whether carbon dioxide is present or absent, and the clear drops m a y be dried 
up in a current of carbon dioxide wi thout developing rust ; hydrogen chloride vapours 
quickly produce rust ing. A soln. of carbonic acid causes a t first slight corrosion of the 
hydrogen-evolution type, bu t t he pK rapidly rises and the formation of hydrogen ceases ; 
the ferrous bicarbonate produced yields ferric hydroxide a t the water-line, and this 
obstructs diffusion of oxygen and prevents a t t ack of t he oxygen-absorption type . I n 
effect, therefore, a soln. of carbonic acid is not dangerously corrosive ; bu t it mus t be 
remembered t h a t the presence of excessive free carbonic acid in a hard natura l water may 
prevent the deposition of calcium compounds which would otherwise bring the action to a 
standsti l l . 

T h e a c t i o n Of aerated "Water o n i r o n . — W . R . D u n s t a n a n d co-workers found t h a t 
p r o v i d e d l i qu id w a t e r , o x y g e n , a n d i ron a r e b r o u g h t i n t o c o n t a c t , r u s t i n g will occur 
e v e n i n t h e absence of c a rbon i c or a n y o t h e r ac id . K . I n a m u r a o b t a i n e d s imi la r 
r e s u l t s . W . A . T i lden also sa id t h a t c o m m e r c i a l i ron , l i qu id wa te r , a n d o x y g e n a r e 
a lone sufficient for t h e p r o d u c t i o n of r u s t ; c a rbon i c ac id is n o t necessary , b u t w h e n 
p r e s e n t i t h a s t e n s t h e r e a c t i o n . E . H e y n a n d O. B a u e r , a n d A. S. C u s h m a n c a m e 
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t o t h e s a m e conclusion. B . L a m b e r t a n d J . C. T h o m s o n p r e p a r e d i ron of a h i g h 
degree of p u r i t y . If p l a t i n u m vessels we re u s e d in p l ace of i r i d i u m as a c o n t a i n e r 
for t h e ferric oxide d u r i n g i t s r e d u c t i o n t o i ron , t h e p r o d u c t a l w a y s co r roded a t t h e 
p laces -where i t h a d b e e n i n c o n t a c t w i t h t h e p l a t i n u m . T . W . R i c h a r d s a n d 
G. P . B a x t e r h a d p rev ious ly o b s e r v e d t h a t i ron a l w a y s c o n t a i n e d s o m e p l a t i n u m 
w h e n p r e p a r e d u n d e r t he se cond i t i ons . B . L a m b e r t a n d J . C. T h o m s o n in fe r red 
t h a t t h o r o u g h l y purif ied i ron does n o t u n d e r g o vis ible o x i d a t i o n in c o n t a c t w i t h 
purif ied w a t e r a n d purif ied oxygen , b u t t h a t a smal l t r a c e of i m p u r i t y in t h e i r o n is 
sufficient t o cause o x i d a t i o n u n d e r e x a c t l y t h e s a m e cond i t i ons e v e n if t h e i m p u r i t y 
b e n o t of a n acidic n a t u r e or l ikely t o p r o d u c e a n ac id d u r i n g t h e r e a c t i o n . T h e 
conclus ions were d iscussed b y J . A. N . F r i e n d , T . M. L o w r y , H . R i c h a r d s o n , 
J . Meehan , W . R . D i m s t a n , C. E . S t r o m e y e r , W . A. D a v i s , H . E . A r m s t r o n g , 
W . D . Bancro f t , a n d G. T. Moody . T h e r e is t h e difficulty in r e m o v i n g a i r a n d c a r b o n 
d iox ide from t h e l iqu ids , a n d from t h e ins ide surfaces of t h e glass c o n t a i n i n g vessels ; 
a n d t h e fact t h a t commerc ia l i ron a n d s teel i n v a r i a b l y c o n t a i n foreign s u b s t a n c e s 
l ike s u l p h u r , p h o s p h o r u s , e tc . , which , on e x p o s u r e t o a i r , r ead i ly oxidize t o p r o d u c e 
ac ids whe re the i r p resence m a y n o t h a v e b e e n suspec t ed . T h e c o n t e n t i o n t h a t t h e 
conclus ion is inva l id because t h e c a r b o n d iox ide cl ings t o glass vessels a n d o t h e r 
s u b s t a n c e s so t enac ious ly t h a t i t c a n n o t b e effectively r e m o v e d e x c e p t b y w a s h i n g 
w i t h a lka l i - lye o r s o m e o t h e r d r a s t i c t r e a t m e n t , h a s p e r h a p s led some excolare 
culicem, camelum autem glutire. TJ. R . E v a n s sa id : 

I t is n o t c lear , h o w e v e r , w h y , if t h e r e s i d u a l c a r b o n d i o x i d e is s u p p o s e d t o h a v e r e m a i n e d 
c l i ng ing t e n a c i o u s l y t o t h e g lass in t h e s e v e r y careful e x p e r i m e n t s , i t s h o u l d h a v e b e e n 
c o n s i d e r e d c a p a b l e of p r o m o t i n g t h e r u s t i n g of i r o n . I n s o m e of J . A . N . F r i e n d ' s i r o n 
e x p e r i m e n t s , n o t o n l y t h e g lass , b u t a l so t h e m e t a l -was w a s h e d w i t h c a u s t i c a l k a l i , a s u b 
s t a n c e w h i c h i s d i s t i n c t l y t e n a c i o u s i n c l i ng ing t o m e t a l l i c s u b s t a n c e s , a n d w h i c h i s n o t a b l y 
p r e j u d i c i a l t o cor ros ion . J . A . N . ITriend f o u n d n o r u s t i n g w h e n n o r m a l s o d i u m h y d r o x i d e 
h a s b e e n u s e d t o -wash t h e i r on , b u t h e f o u n d t h a t i r o n r u s t e d a f t e r t r e a t m e n t w i t h -^fJSf-
s o d i u m h y d r o x i d e (followed b y w a s h i n g w i t h -water)—a f ac t w h i c h h e a t t r i b u t e d a t t h e 
t i m e t o t h e s m a l l q u a n t i t y of c a r b o n d i o x i d e w h i c h is c a p a b l e of e x i s t i n g i n e q u i l i b r i u m 
w i t h a lka l i of t h a t c o n c e n t r a t i o n ! 

J . T i l l m a n s a n d B . K l a r m a n n sa id t h a t t h e ca rbon ic ac id dissolves t h e i r o n i n 
acco rd w i t h t h e e q u a t i o n F e + 2 C 0 2 + 2 H 2 0 ^ E e ( H C 0 3 ) 2 H - H 2 ; a n d H . J . S m i t h 
obse rved t h a t a definite c o n c e n t r a t i o n of c a r b o n d iox ide i n t h e soln. is nece s sa r y 
t o k e e p t h e h y d r o c a r b o n a t e in soln. , a n d h e f o u n d t h a t t h i s c o n c e n t r a t i o n , t h e c u b e 
r o o t of t h e c a r b o n d iox ide i n soln. , is p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n of t h e d i s 
so lved i ron , or [Fe"]=i5L(C02diasoived)*. W i t h n a t u r a l ca lca reous w a t e r s , p a r t of 
t h e d isso lved c a r b o n d iox ide is free ca rbon ic ac id , a n d p a r t is p r e s e n t as c a l c ium 
h y d r o c a r b o n a t e , C a ( H C 0 3 ) 2 . J . T i l lmans a n d co-workers de s igna t e t h e c a r b o n 
d iox ide so fixed as zugehorigen or attached carbonic acid, a n d t h e u n a t t a c h e d c a r b o n 
d iox ide in soln. a s aggressive carbonic acid. E . Muller a n d H . H e n e c k a s t u d i e d t h e 
effect of p ressure , a n d found t h a t t h e a c t i o n of t h e soln. on i ron is t h e r e b y a u g m e n t e d . 
J . T i l lmans obse rved t h a t if a n a t u r a l w a t e r h a s a H"- ion c o n c e n t r a t i o n b e t w e e n 
0-2 x 10—7 a n d 0-4 X10—7 i t does n o t h a v e a de le te r ious effect on i ron . 

Accord ing t o W . H . J o h n s o n , i ron w h i c h h a s b e e n d i p p e d i n a c i d for t h e r e m o v a l 
of scale af ter h e a t i n g becomes b r i t t l e , a n d t h e b r i t t l ene s s is los t if t h e m e t a l b e 
s u b s e q u e n t l y s to red for a n y l e n g t h of t i m e . A . L e d e b u r m a d e s imi lar o b s e r v a t i o n s 
a l l t e n d i n g t o show t h a t a d s o r b e d h y d r o g e n w a s t h e sou rce of t h e b r i t t l e n e s s . 
S imi la r ly , J . H . A n d r e w obse rved t h a t w h e n i ron is i m m e r s e d for s o m e t i m e in a 
s a t . so ln . of s o d i u m h y d r o x i d e a t 100°, w r o u g h t i ron b e c o m e s b r i t t l e owing t o t h e 
a b s o r p t i o n of h y d r o g e n , b u t if t h e i m m e r s i o n is c o n t i n u e d a longer t i m e , t h e m e t a l 
b e c o m e s t o u g h aga in . T h e in i t ia l b r i t t l e n e s s is a t t r i b u t e d t o t h e m o r e r a p i d 
a b s o r p t i o n of h y d r o g e n b y t h e a m o r p h o u s , i n t e r c r y s t a l l i n e l a y e r t h a n b y t h e c r y s t a l s 
t h e m s e l v e s , a n d t h e r e su l t ing e x p a n s i o n forcing t h e c ry s t a l s apart , a n d weakening 
their cohes ion . W h e n t h e h y d r o g e n h a s h a d t i m e t o diffuse i n t o t h e c r y s t a l s t h e m 
se lves , t h e i n t e r c rys t a l l i ne s t r a in s a r e re l ieved , a n d t h e b r i t t l e n e s s d i s a p p e a r s . 
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Again , acco rd ing t o J. A . N-. F r i e n d , w h e n e lec t ro ly t ic i r on foil is i m m e r s e d i n cone , 
soln. of potass ium, or s o d i u m h y d r o x i d e for severa l weeks , a n d , a f te r a t h o r o u g h 
wash ing , a l lowed t o co r rode in w a t e r , t h e w a t e r b e c o m e s c o n t a m i n a t e d w i t h 
p o t a s s i u m or s o d i u m sa l t s ; a n d W . H . P e r k i n s o b t a i n e d s imi lar r e su l t s w i t h so ln . 
of a m m o n i u m , l i t h i u m , a n d b a r i u m h y d r o x i d e s . H e r e , aga in , i t is s u p p o s e d t h a t 
m i n u t e q u a n t i t i e s of t h e a lka l i p e n e t r a t e t h e m e t a l b e t w e e n t h e c rys ta l s of fe r r i te , 
v i a t h e po re s in t h e in te rc rys ta l l ine c e m e n t . T h e sub jec t w a s also d i scussed b y 
O. A . E d w a r d s , R . S. Wi l l i ams a n d V. O. H o m e r b e r g , H . v a n d e L o o a n d co-workers , 
F . H u n d e s h a g e n , P . W . E v a n s , H . K r i e g s h e i m , S. E . L»angdon a n d M. A. G r o s s m a n , 
A. L e d e b u r , E . Ldebreich, H . L . H e s s , TJ. H . Marsha l l , V. H . H i l l m a n , C. J . Morr i son , 
H . S u t t o n , P . L o n g m u i r , P . D . Mer ica , S. W . P a r r a n d co-workers , H . F . R e c h , 
F . G. S t r a u b , A. P o m p a n d P . B a r d e n h a u e r , B . N e u m a n n , D . Sp l i t t ge rbe r , 
H . E . W a l l s o m , M. W e r n e r , R . S. W i l l i a m s a n d V . O. Homerberg—vid^e supra, 
t h e a c t i o n of a lkal i - lye on i ron . F . O. Lea, F . G. S t r a u b , M. Ma j ima , a n d 
M. Okoch i s t u d i e d t h e e m b r i t t l i n g a c t i o n of h y d r o g e n in e l ec t rodepos i t ed i ron . 
Th i s is n o t t h e s a m e as t h e e m b r i t t l i n g of m e t a l s b y c o n t a c t w i t h chemica l a g e n t s 
d i scussed b y C. H . Desch , a n d J . A . J o n e s . 

G. T . M o o d y found t h a t p ieces of i ron c a n b e exposed t o t h e c o m b i n e d ac t i on 
of purif ied a i r a n d w a t e r w i t h o u t f o r m i n g r u s t ; a n d w h e r e t h e m e t a l r e s t e d i n 
c o n t a c t w i t h t h e glass , a s l ight cor ros ion occu r r ed in t h e course of a few d a y s , p r e 
s u m a b l y d u e t o a r e a c t i o n b e t w e e n t h e m e t a l a n d t h e glass—sil icic ac id . N o 
corros ion occur red w h e n t h e ends of t h e p ieces of m e t a l wh ich c a m e in c o n t a c t w i t h 
t h e glass were p r o t e c t e d b y acid-free paraffin w a x . T h e m e t a l i n s o m e cases w a s 
w a s h e d w i t h ch romic ac id t o r e m o v e f rom t h e surface of t h e i ron on ly t h o s e con
s t i t u e n t s wh ich w o u l d o the rwise y ie ld ac ids o n e x p o s u r e t o w a t e r a n d o x y g e n . 
G. T. M o o d y found t h a t w h e n ca rbon ic ac id is en t i r e ly exc luded , n o i n t e r a c t i o n 
t a k e s p lace b e t w e e n o x y g e n a n d i ron i n t h e p resence of w a t e r . U n d e r s u c h con
d i t i ons , o x y g e n a lone is u n a b l e t o e n d u r e o x i d a t i o n of t h e m e t a l , b u t a s soon a s a i r 
c o n t a i n i n g i t s n o r m a l q u a n t i t y of c a r b o n d iox ide is a d m i t t e d , v igorous r u s t i n g 
occur red . W . H . W a l k e r a n d co-workers conf i rmed t h e r e su l t s of G. T . M o o d y ' s 
e x p e r i m e n t s m a d e w i t h o u t t h e use of c h r o m i c ac id ; b u t W . R . D u n s t a n could n o t 
d o so, a n d h e a s s u m e d t h a t t h e a lka l i d issolved f rom t h e glass i nh ib i t ed t h e corros ion 
of t h e m e t a l in G. T . M o o d y ' s e x p e r i m e n t . W . H . W a l k e r a n d co-workers , 
W . A. T i lden , a n d J . A. N . F r i e n d sa id t h a t t h e c h r o m i c ac id e m p l o y e d b y 
G. T . M o o d y m a y h a v e r e n d e r e d t h e m e t a l pass ive ; H . B . B a k e r w a s u n a b l e t o 
m a k e i ron indifferent t o w a r d s o r d i n a r y w a t e r b y t r e a t m e n t w i t h di l . soln. of c h r o m i c 
ac id ; a n d G. T . M o o d y obse rved t h a t (i) t h e i ron w a s n o t pass ive w h e n a n d w h e r e 
i t c a m e in c o n t a c t w i t h t h e c o n t a i n i n g glass t u b e , a n d (ii) t h a t r u s t i n g b e g a n w h e n 
o r d i n a r y a i r w a s a l lowed t o e n t e r t h e t u b e s . Th i s w o u l d n o t h a v e occur red h a d t h e 
m e t a l been p a s s i v a t e d . J . A . N . F r i e n d conc luded t h a t h i s modif ica t ions of t h e 
e x p e r i m e n t s d e m o n s t r a t e d " in a r e m a r k a b l y clear a n d dec ided m a n n e r t h a t p u r e 
w a t e r a n d a i r c o m b i n e d a r e w i t h o u t vis ible a c t i o n on p u r e i r o n . " T h e d e m o n s t r a t i o n 
is b y n o m e a n s c o m p l e t e . I n o rde r t o a d a p t a colloidal t h e o r y of corros ion of r u s t i n g , 
J . A . N . F r i e n d sa id t h a t i ron dissolves in w a t e r a s fe r rous ions , a n d t h a t t hese a r e 
r a p i d l y c o n v e r t e d i n t o a h y d r o s o l of fer rous h y d r o x i d e . H e a lso sa id t h a t t h e fac t 
t h a t w e a k l y a lka l ine soln . of m a n y sa l t s r ead i ly i n d u c e corros ion , disposes of t h e 
i dea t h a t a n ac id m u s t necessar i ly b e p r e s e n t i n t h e free s t a t e . T h e ev idence is a 
r e m a r k a b l e t e s t i m o n y t o t h e influence of p red i spos ing op in ions on j u d g m e n t . 
T h e ionic t h e o r y of cor ros ion enab les i t s disciples t o show e x p e r i m e n t a l l y t h a t purified 
i r o n will co r rode i n c o n t a c t "with a soln . of o x y g e n i n purif ied w a t e r because t h e 
w a t e r is s l igh t ly ionized, a n d t h e m e t a l c a n p a s s i n t o soln . a s ferrous i ron-ions w i t h 
t h e l i b e r a t i o n of h y d r o g e n : F e + 2 H + 2 0 H ' = F e " + 2 O H 7 ^ - H 2 . T h e ferrous 
h y d r o x i d e p r e s e n t i n soln . is ox id ized in t h e p resence of o x y g e n t o form r u s t . O n 
t h e o t h e r h a n d , t h e ac id t h e o r y of corros ion enab les i t s s u p p o r t e r s t o show exper i 
m e n t a l l y t h a t cor ros ion c a n n o t t a k e p lace u n d e r t h e s e cond i t ions , b u t t h a t a n ac id , 
or s o m e t h i n g w h i c h c a n p l a y a s imi lar rd le , m u s t b e p r e s e n t . T h e chemica l form 
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of t h e dress which t h e ac id t h e o r y a s sumes h a s been descr ibed b y A . C. B r o w n — 
vide supra ; b u t i t m a y also b e a t t i r e d e lec t rochemical ly . 

The electrochemical nature of the process of rusting in general.—In 1819, an 
a n o n y m o u s wr i t e r—assumed t o b e L . J . T h e n a r d — a n d R . Mal le t expressed t h e 
opinion t h a t r u s t i ng is a n e lec t rochemical p h e n o m e n o n ; a n d H . D a v y p r o b a b l y 
held t h e s ame opinion ; while M. F a r a d a y pe r s i s t en t ly emphas ized t h e e lec t ro
chemical n a t u r e of chemical reac t ions . A. d e la R i v e s t a t e d t h a t t h e fac t t h a t i r on 
does n o t r u s t in mois t a i r if no w a t e r is depos i ted on t h e surface p roves t h a t t h e 
ox ida t ion of a m e t a l in air is no t mere ly t h e resu l t of a d i rec t c o m b i n a t i o n : 

A c t u a l l y , a moro c o m p l i c a t e d p h e n o m e n o n occurs , t h a t i s , a v o l t a i c ac t i on ; t h e m e t a l 
decomposes t h e w a t e r on a c c o u n t of a local v o l t a i c a c t i o n w h i c h is a i d e d b y t h e p r e sence 
of d i sso lved oxygen a c t i n g on t h e h y d r o g e n fo rmed . T h e p re sence of c a r b o n i c a c i d facili
t a t e s t h e ac t i on i n a s m u c h a s i t r ende r s t h e w a t e r a b e t t e r c o n d u c t o r . 

T h e idea was ut i l ized b y T . Er icsson-Au ren , a n d T . Er icsson-Auren a n d 
W . P a l m a e r ; while W . P a l m a e r said t h a t : 

If i n t h e ac id soln . a depola r izer for h y d r o g e n is p r e s e n t , t h a t i s , a s u b s t a n c e w h i c h m a y 
success ive ly oxid ize t h e h y d r o g e n formed, i t is e v i d e n t t h a t t h e c o u n t e r e.m.f. of t h e local 
e l e m e n t d imin i shes , a n d t h e d i sso lu t ion of t h e m e t a l is f ac i l i t a t ed . D i r ec t ev idence of 
t h i s w a s supp l i ed b y J*. M. W e e r e n , w h o , howeve r , i n t e r p r e t e d t h e p h e n o m e n o n a n o t h e r w a y . 

H . E . A r m s t r o n g emphas ized his belief t h a t t h a t h y p o t h e t i c a l s u b s t a n c e p u r e 
wa te r is n o t a n electrical conduc tor . T h e presence of a t r a c e of " e lec t ro ly te " is 
necessary for electrical conduc t ion . H e said : The r u s t i ng of i ron can occur e i ther 
in a c i rcui t from which oxygen is absen t , or in one in which i t is p resen t . I n t h e 
one case, when i ron—coupled wi th a n e lec t ronegat ive conduc to r—is b r o u g h t in 
c o n t a c t wi th a n acid soln., i t is dissolved as a ferrous s a l t — s a y , as ferrous h y d r o -
c a r b o n a t e : F e + 2 H 2 C 0 3 = F e ( H C 0 3 ) 2 + H 2 , or, in t h e case of di l . soln. , a s ferrous 
h y d r o x y c a r b o n a t e : F e + H 2 0 + H 2 C O 3 - F e ( O H ) ( H C O 3 ) + H 2 . W h e n t h e fer rous 
sa l t in soln. is b r o u g h t in con tac t w i th oxygen , i t is conve r t ed i n t o a ferric sa l t , 
a n d r u s t is formed b y t h e hydrolys is of t h i s sa l t . T h e ac t ion m a y be r ep resen ted 
d i ag rammat i ca l ly ; 2 F e ( O H ) ( H C O 3 ) + ( O + H 2 O ) - - 2 F e ( O H ) 2 ( H C O 3 ) , followed b y 
F e ( O H ) 2 ( H C O 3 ) + H 2 O - = F e ( O H ) 3 + H 2 C 0 3 . T h e r u s t m a y b e fo rmed b y t h e 
condensa t ion of several s imple molecules, a t t e n d e d b y a more or less comple t e 
d e h y d r a t i o n of t h e h y d r a t e d ferric oxide . H e r e t h e r u s t is fo rmed in soltUion, a s 
i t were , a w a y from t h e i ron. This is d e m o n s t r a t e d b y t h e following e x p e r i m e n t 
due t o G. T . Moody : 

T h e lower e n d of a g lass cy l inder w a s p a c k e d w i t h o r d i n a r y i ron-wire na i l s , t h e n t h e 
na i l s covered w i t h w a t e r t o t h e d e p t h of a n i n c h o r t w o a f te r p l a c i n g a b o v e t h e m a d isc of 
w h i t e filter-paper. O n obse rv ing t h e cy l i nde r a t i n t e r v a l s , i t w a s seen t h a t t h e na i l s u n d e r g o 
l i t t l e , if a n y , pe rcep t ib l e c h a n g e , b u t t h a t r u s t g r a d u a l l y s e p a r a t e s o u t f rom t h e l i qu id a n d 
se t t l e s o n t h e p a p e r d isc a b o v e t h e m . 

H . E . A r m s t r o n g con t inued : I n t h e second case, w h e n o x y g e n is p r e s e n t 
t oge the r wi th a n ac id in a soln. b a t h i n g a n i ron surface, i t is inc luded in t h e c i rcui t 
of change , a n d ac t s as a depolar izer , a n d n o h y d r o g e n is t h e n evolved . In i t i a l ly , 
when no ferrous sa l t is p resen t , t h e i n t e r ac t i on m a y b e r ep resen ted : F e + 2 H 2 C O g 
+ 0 2 = F e ( H C 0 3 ) 2 + H 2 0 2 ; a n d w h e n a fer rous sa l t is a lso p resen t , some m a y b e 
inc luded in t h e circui t of change a n d c o n v e r t e d i n t o ferric sa l t : F e + 2 H 2 C O 3 
+ H 2 0 2 + 2 F e ( H C 0 3 ) 2 = F e ( H C 0 3 ) 2 + 2 F e ( 0 H ) ( H C 0 3 ) 2 — v i d e infra, for t h e h y d r o g e n 
d ioxide t h e o r y of corrosion. I n o the r words , whi le i ron dissolves as fer rous sa l t , 
ferrous sa l t which has been p r o d u c e d p rev ious ly is c o n v e r t e d i n t o a bas ic ferric 
s a l t ; in t h e final s tage th i s l a t t e r sa l t is a c t e d u p o n b y w a t e r a n d c o n v e r t e d i n t o 
r u s t a n d acid, t h e which ac id is t h e n ava i l ab le t o dissolve a fu r the r q u a n t i t y of 
i ron . I t is t o b e supposed t h a t when , in p resence of oxygen , t h e h y d r o g e n d i sp laced 
by i ron in dissolving is oxidized effectively i n t h e p r i m a r y c i rcu i t (en t i re ly t o 
w a t e r ) a large add i t iona l a m o u n t of ene rgy is deve loped i n t h e c i rcui t , so t h a t t h e 
e l ec t romot ive force is ra ised a b o u t l £ vo l t b e y o n d t h a t of a single fluid i ron-
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ac id cell. T h e p a r t oxygen p l ays is the re fore a v e r y i m p o r t a n t one in so fa r a s i t is 
i n c l u d e d in t h e p r i m a r y c i rcu i t i n wh ich corros ion is effected. I t is well k n o w n 
t h a t w h e n i ron h a s once b e g u n t o r u s t in a i r , cor ros ion p roceeds m o r e r a p i d l y , t h e 
r u s t a p p e a r i n g t o p r o m o t e a t t a c k . T h e r e is l i t t l e d o u b t t h a t t h i s is i n s o m e m e a s u r e 
d u e t o t h e fac t t h a t t h e finely-divided ox ide serves t o a t t r a c t a n d condense m o i s t u r e . 
I t h a s b e e n supposed t h a t t h e r u s t a lso p r o m o t e s corros ion b y i t s e l ec t ro -nega t ive 
c h a r a c t e r . I t m a y b e d o u b t e d w h e t h e r ferric ox ide itself h a s m u c h influence o n t h i s 
a c c o u n t , b u t i n a s m u c h a s t h e e l ec t ronega t ive i m p u r i t i e s i n s teel a r e s e t free a s 
cor ros ion p roceeds , i t is easy t o u n d e r s t a n d t h a t a s t h e s e a c c u m u l a t e o n t h e i ron 
sur face t h e y m a y well exercise a cons iderab le inf luence i n lower ing t h e r e s i s t ance 
i n t h e c i rcu i t of c h a n g e b y inc reas ing t h e a r e a of t h e e l ec t ronega t ive e l emen t . 

T h e e lec t rochemica l n a t u r e of r u s t i n g , f rom one p o i n t of v iew, h a s b e e n i n d i c a t e d 
i n connec t ion w i th t h e ionic h y p o t h e s i s of r u s t i n g . I n i t s p r e s e n t f o rm i t h a s b e e n 
cal led t h e local element theory of rusting, a n d i t w a s d iscussed b y K . P . Gr igo rowi t ch , 1 1 

W . M. T h o r n t o n a n d J . A . H a r l e , F . G o u d r i a a n , W . G u e r t l e r a n d B . B l u m e n t h a l , 
A. Thie l , J . Ecke l l , F . F o r s t e r , E . H e y n a n d O. B a u e r , T . F u j i h a r a , W . D . B a n 
croft , G. C h a u d r o n , G. V . Akimoff, S. R a c h w a l , U . R . E v a n s , F . N . Speller a n d 
co-workers , a n d G. D . B e n g o u g h a n d co-workers—v ide infra. T h e e lec t rochemica l 
p h e n o m e n a — v i d e infra, e l e c t romo t ive force of i ron—assoc i a t ed w i t h t h e corros ion 
of m e t a l s were s t u d i e d f rom t h e p o i n t of v i ew of t h e a n o d e a n d c a t h o d e b y 
U . R . E v a n s , W . R . F l e m i n g , W . W . H . Gee , G. Gore , G. G r u b e , A. G u n t h e r -
Schulze , R . Hadf ie ld a n d E . N e w b e r y , E . L iebre ich , C. Micha lke , D . Re ich ins t e in , 
E . K . R i d e a l , E . P . Schoch , a n d A. Thie l ; a n o d i c corros ion d u e t o a n e x t e r n a l l y 
a p p l i e d e.m.f., b y A. J . A l l m a n d a n d R . H . D . B a r k l i e , H . B e e n y , F . Be rg ius a n d 
P . K r a s s a , W . R . Cooper , J . Ecke l l , W . W . H . Gee, J . L . R . H a y d e n , R . K r e m a n n , 
B McCol lum a n d G. H . A h l b o r n , R . S a x o n , E . P . Schoch a n d C. P . R a n d o l p h , 
W . M. T h o r n t o n a n d J . A. H a r l e , a n d G. R . W h i t e ; a n d ove rvo l t age or over-
p o t e n t i a l i n r e l a t ion t o corros ion p h e n o m e n a , b y C. W . B e n n e t t a n d J . G. T h o m p s o n , 
J . I . C r a b t r e e , E . D e n i n a a n d G. F e r r e r e o , H . J . T . E l l i n g h a m a n d A. J . A l l m a n d , 
U . R . E v a n s , C. H a m b u e c h e n , N . I sga r i che r a n d S. B e r k m a n n , M. K n o b e l , 
M. K n o b e l a n d D . B . J o y , E . L iebre ich , E . L iebre ich a n d W . W i e d e r h o l t , 
D . A . M a o l n n e s , F . Meunier , W . R . M o t t , E . N e w b e r y , T . O n o d a , J . W . R i c h a r d s , 
a n d O. P . W a t t s a n d co-workers . 

Acco rd ing t o U . R . E v a n s a n d co-workers , t h e electr ic c u r r e n t s flowing b e t w e e n 
t h e a n o d i c a n d c a t h o d i c p o r t i o n s of a co r rod ing m e t a l a r e e q u i v a l e n t t o t h e cor
ros ion p r o d u c e d , n o t on ly (a) in cases w h e n t h e anod ic a n d ca thod i c a r eas cons is t 
of different m e t a l s , b u t a lso (6) in cases w h e r e t h e whole spec imen consis ts of one 
m e t a l , t h e anod ic a n d c a t h o d i c a r e a s b e i n g d e t e r m i n e d b y differences in oxygen-
c o n c e n t r a t i o n , so t h a t the 'problem of corrosion velocity resolves iteelf into a study of 
the electrochemical factors which determine the strength of this current. Owing t o 
po la r i za t ion , t h e c a t h o d i c a n d a n o d i c p o t e n t i a l s t e n d t o a p p r o a c h one a n o t h e r 
a s t h e c u r r e n t flowing is inc reased . T h e s t r e n g t h of t h e c u r r e n t c a n n e v e r exceed 
t h e v a l u e w h i c h w o u l d cause t h e t w o p o t e n t i a l s t o m e e t . Th i s se t s a l imi t ing v a l u e 
for t h e cor ros ion- ra te u n d e r a n y p a r t i c u l a r cond i t ions , wh ich c a n neve r b e exceeded , 
h o w e v e r low t h e r e s i s t ance of t h e c i rcu i t is m a d e ; t h e c u r r e n t - s t r e n g t h c a n n o t b e 
o b t a i n e d b y a s s u m i n g a fixed v a l u e for t h e e.m.f. a n d d iv id ing t h i s b y t h e res i s t ance . 
T h e r e i s a n a p p r o x i m a t i o n t o " e q u i p o t e n t i a l cond i t ions " a t fair ly h igh concen t r a 
t i o n s , b u t t h e a n o d i c a n d c a t h o d i c p o t e n t i a l s r e m a i n far a p a r t i n di l . soln. , where , 
owing t o t h e low s p . c o n d u c t i v i t y , a n a p p r e c i a b l e r e s idua l e.m.f. is needed t o force 
e v e n t h e smal l co r ros ion -cu r ren t r o u n d t h e c i rcu i t . I t is possible t h a t in ce r t a in 
cases t h e p a r t of t h e c i rcu i t b e t w e e n t h e a n o d i c c i rcu i t a n d t h e anod ic t u b u l u s m a y 
h a v e a n app rec i ab l e r e s i s t ance ; t h i s m a y occur , for i n s t a n c e , (1) when t h e p r i m a r y 
sk in h a s o n l y occas ional w e a k p o i n t s (as on s ta in less s teel) , (2) if t h e anod ic surface 
becomes cove red w i t h a n und i s so lved l aye r of t h e a n o d i c p r o d u c t (which m a y con
c e i v a b l y o c c u r w i t h o r d i n a r y i ron o r s tee l i n cone . soln.) . I n m o s t cases, t h e 
p o l a r i z a t i o n w h i c h l imi t s t h e cor ros ion- ra te , occurs a t t h e cathodic area, a n d is due 
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t o limitations in the rate of oxygen-supply. Cathodic polarization curves, under 
cont ro l led cond i t ions of oxygen - supp ly , h a v e b e e n t r a c e d for a n u m b e r of m e t a l s . 
These cu rves end a t h igh p o t e n t i a l s i n a h o r i z o n t a l b r a n c h w h i c h se rves t o i n d i c a t e 
t h e IaTv gove rn ing t h e r a t i o of a n o d i c a n d c a t h o d i c a r e a s . W h e n cor ros ion s t a r t s 
a t a w e a k p o i n t i n t h e invis ib le film cove r ing t h e surface of a m e t a l , the area under
going attack extends {or contracts) until the cathodic current density on the part remaining 
unattached is equal to the " protective value " ; the current flowing under these 
cond i t ions will define t h e r a t e of cor ros ion . T h e p r o t e c t i v e v a l u e is t h e c u r r e n t 
d e n s i t y wh ich "will cause a n y inc ip ien t a t t a c k o n a Weak p o i n t w i t h i n t h e a r e a i n 
q u e s t i o n t o lead t o t h e p r ec ip i t a t i on of r u s t so close t o t h e sur face a s t o seal t h e defec t . 

T h e r a p i d a c t i o n of ac id on c o m m e r c i a l z inc is c o n n e c t e d w i t h t h e p r e sence of 
i m p u r i t i e s which ex is t a s a s e p a r a t e p h a s e ; a pe r fec t ly h o m o g e n e o u s m e t a l , o r a 
one -phase solid soln. , m a y dissolve m o r e s lowly or m o r e q u i c k l y t h a n t h e p u r e m e t a l . 
A n i m p u r i t y which ex is t s a s a s e p a r a t e p h a s e will ass is t cor ros ion if i t b e n o b l e r 
t h a n t h e d o m i n a n t m e t a l a n d h a s a smal le r ove r vo l t age . U s i n g a figure of 
speech , w h e n t w o m e t a l s a r e in c o n t a c t a n d con jo in t ly exposed t o chemica l inf luence 
d u r i n g long per iods of t i m e , one m e t a l sacrifices itself t o e n s u r e t h e o t h e r ' s p rese r 
v a t i o n . A c t u a l l y , one m e t a l a c t s as a n o d e a n d t h e o t h e r m e t a l a s c a t h o d e . T h u s , 
t h e r e m a y b e a r a p i d local a t t a c k o n i ron ra i l ings fixed i n pos i t ion b y l ead w h e r e 
i ron is t h e sacrificial m e t a l . I n t h e case of i ron in a e r a t e d w a t e r , fe r rous i r on m a y 
a t first d issolve l eav ing a n e q u i v a l e n t a m o u n t of h y d r o g e n a s a po la r i z ing film o n 
t h e surface of t h e m e t a l . O x y g e n r e m o v e s t h i s l ayer . H e n c e , i r on shou ld d issolve 
fas te r w h e n i t is in c o n t a c t w i t h a m o r e e l ec t ronega t ive m e t a l l ike p l a t i n u m , for t h e 
h y d r o g e n wou ld p re fe rab ly collect on t h e p l a t i n u m p l a t e r a t h e r t h a n o n t h e i ron . 
G. J . B u r r o w s a n d C. E . F a w s i t t 1 2 f ound t h i s t o be t h e case . T h u s , i ron los t 0-218 
p e r cen t , w h e n a lone a n d 0-399 pe r cen t , w h e n i n c o n t a c t w i t h p l a t i n u m for 17 d a y s ; 
a n d respec t ive ly 0-286 a n d 0-504 d u r i n g 35 d a y s . O. P . W a t t s a n d H . C. K n a p p 
c i t ed a n e x t r a o r d i n a r y case of a y a c h t c o n s t r u c t e d of t h e n o n - c o r r o d i n g m o n e l 
m e t a l , w i t h a s teel s t e m , keel , s t e r n p o s t , a n d r u d d e r - f r a m e . Before t h e vesse l 
h a d m a d e a single v o y a g e , t h e s teel p a r t s were r e n d e r e d useless b y c o r r o s i o n — t h e 
s tee l a c t e d a s a n o d e , a n d t h e m o n e l m e t a l a s c a t h o d e . O n sh ips , s t ee l is v e r y l i ab le 
t o co r rode in c o n t a c t w i t h b ra s s , b ronze , or o t h e r c o p p e r a l loy . J . B . H a r t l e y 
r e p o r t e d t h a t b ra s s h a d t h e p o w e r t o p r e s e r v e c a s t a n d w r o u g h t i r on f rom a t t a c k 
b y sea -wa te r , b u t E . D a v y , a n d C. F . S c h o n b e i n d o u b t e d t h e s t a t e m e n t , a n d 
R . Mal le t sa id a m o r e d e s t r u c t i v e p r a c t i c e t h a n t h e u s e of t h i s s u p p o s e d p r e s e r v e r 
c a n scarce ly b e conceived or m o r e fa ta l ly app l i ed . E . H e y n a n d O. Baue r o b s e r v e d 
t h a t c o n t a c t w i t h b r a s s h a d v e r y l i t t l e inf luence o n t h e corros ion of cas t i ron . 
H . D a v y in h is p a p e r on t h e p r e s e r v a t i o n of t h e coppe r s h e a t h i n g of sh ips b y u s i n g 
z inc a s t h e sacrificial m e t a l , s t a t e d t h a t c a s t o r w r o u g h t i ron c a n be p r e s e r v e d b y 
u s ing z inc o r t i n a s sacrificial m e t a l s . H . D a v y w a s "wrong w i t h r e g a r d t o t i n , 
because A. v a n Beck , M. Meyer , Gr. J . Mulder , a n d E . D a v y s h o w e d t h a t i r o n a c t s 
a s sacrificial m e t a l a n d p rese rves t i n , b u t z inc will p r e s e r v e b o t h i ron , a n d t i n . 
A. v a n B e c k sa id t h a t H . D a v y w a s mis led b y o b s e r v i n g t h a t t i n is pos i t i ve t o i r o n 
in a t m . a i r , b u t t h e r e l a t ions a r e r eve r sed w h e n t h e coup le h a s b e e n for half a n h o u r 
i n sea -wate r . I n t h e t i n n i n g of i ron , desc r ibed b y E . T r u b s h a w , a n d P . F l o w e r t h e 
i r on (sacrificial me ta l ) is covered w i t h a t h i n l a y e r of t i n . T h e i ron is p r o t e c t e d 
f rom corros ion on ly so long as t h e t i n c o a t i n g r e m a i n s i n t a c t ; once t h e i r o n is 
exposed , r u s t i n g p roceeds m o r e qu ick ly t h a n if t h e t i n we re a b s e n t . F . Ulzer s h o w e d 
t h a t t h e t i n surface usua l ly b r e a k s d o w n a t a n u m b e r of i so la t ed p o i n t s , a n d n o t i n 
c o n t i n u o u s p a t c h e s . Th i s shows t h a t t h e t i n surface c o n t a i n s a n u m b e r of p i n 
holes . M. F . v o n W u r s t e m b e r g e r d i scussed w h a t h e ca l led t h e se lec t ive cor ros ion 
of m e t a l s ; t h e d i sso lu t ion of i ron in ac ids , a n d t h e r u s t i n g of i ron i n c o n t a c t w i t h 
o t h e r m e t a l s . A . Stansfield obse rved t h a t i n e l ec t ro ly t i c i ron , w h i c h is cons ide red 
t o b e p u r e a n d h o m o g e n e o u s , local a c t i o n m a y occur b e c a u s e of t h e d i f ferent 
o r i e n t a t i o n s of t h e a t o m s i n different g ra ins , so t h a t e v e n if t h e m e t a l is h o m o g e n e o u s , 
local a c t i o n c a n occu r t h r o u g h differences i n t h e c r y s t a l s of t h e m e t a l s , a n d 
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differences in t h e c o n c e n t r a t i o n of t h e o x y g e n in different p a r t s of t he s a m e 
m e t a l . 

A n o d i c co r ros ion d u e t o local e.m.f. e.g. t h e co r ros ion of " t i n n e d " i r o n g a l v a n i c 
couji les , a n d c o n c e n t r a t i o n cells w e r e d i s cus sed b y T . A n d r e w s , J . A s t o n , R . A u e r b a c h , 
O . B a u e r a n d O . Voge l , G. D . B e n g o u g h a n d co -worke r s , L . H . C a l l e n d a r , H . Casse l , 
M . C e n t n e r s z w e r a n d M . S t r a u m a n i s , G. C h a u d r o n , G. C. Clifford, H . J . D o n k e r a n d 
R . A . D e n g g , J . W . C o b b , C. B a c h , J . T . Corner , E . C u m b e r l a n d , A . S. C u s h m a n , H . E . D a v i e s , 
P . D e b y e , C. H . D e s c h , C. M . v a n D e v e n t e r , J . E c k e l l , XJ. R . E v a n s a n d c o - w o r k e r s , 
J . F a r q u h a r s o n , R . H . Ga ine s , W . W . H . Gee , W . G u e r t l e r a n d B . B l u m e n t h a l , H . H . H a n 
s o n a n d W . K . Lewis , E . S. H e d g e s a n d J . E . M y e r s , E . H e y n a n d O . B a u e r , A . L . H u g h e s , 
W . E . H u g h e s , "W. P . J o r i s s e n , K . K i e p e r , E . F . K o h m a n a n d N . H . S a n b o r n , G. v o n K n o r r e , 
R . H . L u e c k a n d H . T . B la i r , A . L . M c A u l a y a n d F . P . B o w d e n , R . J . M c K a y , C. L . M a n t e l l 
a n d W . G. K i n g , E . M a u r e r , P . D . Mer i ca , W . P a l m a e r , T . E . P e r k s , A . P h i l l i p , 
F . H . R h o d e s a n d E . B . J o h n s o n , W . S c h m i d , E . C. S h e r m a n , J . W . S h i p l e y , A . S inc la i r , 
M . S t r a u m a n i s , A . T . S t u a r t , R . S t u m p e r , G . T a m m a n n a n d F . N e u b e r t , F . T o d t , 
W . H . J. V e r n o n , F . XJlzer, W . H . W a l k e r a n d c o - w o r k e r s , G. C. a n d M . C. W h i p p l e , 
W . G. W h i t m a n a n d c o - w o r k e r s , a n d W . G. W h i t m a n a n d R . P . R u s s e l l . T h e i n c r e a s e d 
co r ros ion of i ron b y s e g r e g a t i o n s w a s d i s cus sed b y C. V . v a n B r u n t , W . H . W a l k e r , a n d 
G. R . W o o d v i n e a n d c o - w o r k e r s . T h e effect of g r a p h i t e i n c a s t i ron o n co r ros ion w a s 
d i s cus sed b y O . B a u e r a n d co -worke r s , "LT. R . E v a n s , P . K o t z s c h k e a n d E . P i w o w a r s k y , 
E . L i e b r e i c h a n d W . W i e d e r h o l t , H . N i p p e r a n d E . P i w o w a r s k y , W . P a l m a e r , J . W . Sh ip l ey 
a n d I . R . McHaff ie , F . N . Spel ler , R - S t u m p e r , a n d A . T h i e l a n d co -worke r s ; t h e effect 
of s l ag a n d n o n - m e t a l i n c l u s i o n s i n i r on , b y C. B e n e d i c k s a n d H . L o fq u i s t , H . Ie C h a t e l i e r 
a n d B . B o g i t s c h , J . W . C o b b , C. H . Char l e s , H . D . H i b b a r d , C. E . H o m e r , E . F . L a w , 
P . Oberhoffer a n d c o - w o r k e r s , L . T . R i c h a r d s o n , a n d R . S. W e s t o n ; a n d g a s i nc lus ions , 
b y O. B a u e r , a n d M . S c h r o m m . J . W a l t e r , M . R u d o l p h , O . Gros s , W . B e n n e t t , a n d 
XJ. R . E v a n s a t t r i b u t e d t h e co r ros ion of r i v e t - h e a d s i n bo i l e r s , a n d a t d i s c o n t i n u i t i e s i n 
m e t a l c o a t i n g s t o e l ec t ro ly t i c a c t i o n . 

H . D a v y w a s r i g h t w i t h r e spec t t o z inc , a s w a s s h o w n b y E . D a v y , W . H . P e p y s , 
M. Meyer , t h e 1840 p a t e n t of S. Sorel for " z inck ing " or g a l v a n i z i n g i ron w i t h z inc , 
a n d t h e 1791 p a t e n t of G. Ie R . d e J e a u c o u r t for p r e s e r v i n g m e t a l s f rom r u s t b y 
cove r ing t h e m w i t h a n a l loy of z inc , b i s m u t h a n d t i n . T h e sub jec t w a s d iscussed 
b y W . H . W a l k e r . G. v o n K n o r r e observed t h a t i ron i n c o n t a c t w i t h t h e nob le 
m e t a l s a n d a l loys is s t r o n g l y a t t a c k e d , w h e r e a s in c o n t a c t w i t h z inc i t b ecomes ine r t . 
T h e feas ibi l i ty of z inc a s a p r o t e c t o r for i ron sh ips h a s b e e n discussed b y R . Mal le t , 
a n d B . Bel l ; a n d i t s use for p r o t e c t i n g boi lers f rom acidic feed-water , b y G. R i c h a r d 
son , a n d W . P a r k e r . 

G. Gal lo , a n d o the r s h a v e s h o w n t h a t t h e g r e a t e r t h e difference of p o t e n t i a l of 
i ron a n d a soln. w i t h w h i c h i t is in c o n t a c t , t h e m o r e read i ly does r u s t i n g occur . 
O. B a u e r a n d O. Vogel , a n d E . H e y n a n d O. B a u e r m e a s u r e d t h e e lec t rochemica l 
series of t h e m e t a l s in a 1 p e r cen t . soln. of s o d i u m chlor ide , a t 18°, a n d found t h e 
a p p r o x i m a t e o r d e r : Mg, M n , Zn, F e , Cd, Al , Te , P b , Sn , Si, S b , W , Cu, B i , Mo, N i , 
Ag , H g , T e , Cr, A u , P t , Cgraphite-f- ; a n d H . Diegel found t h e cor rod ib i l i ty of some 
m e t a l s in s ea -wa t e r t o b e : Z n , Al , F e , Sn , Al — a n d S n b ronzes , Cu, P h o s p h o r -
b r o n z e + . E . D a v y f o u n d t h a t i ron in c o n t a c t w i t h copper i n soln. of e l ec t ro ly tes 
is co r roded , a n d t h e sub j ec t w a s s t u d i e d b y E . D a v y , H . Diegel , O. B a u e r , a n d 
O. Vogel , H . Cassel , U . R . E v a n s , E . H e y n a n d O. B a u e r , G. v o n K n o r r e , a n d 
W . G. W h i t m a n a n d R . P . Russe l l . O. B a u e r a n d O. Vogel found t h a t i ron in c o n t a c t 
w i t h silver is co r roded , a n d s imi la r r e su l t s were o b t a i n e d w i t h i ron in c o n t a c t w i t h 
gold, a n d t h e r e a c t i o n w a s s t u d i e d b y W . S. L a n d i s . O. B a u e r a n d O. Vogel obse rved 
t h a t t h e i r on is p r o t e c t e d w h e n in c o n t a c t w i t h magnesium in soln. of e lec t ro ly tes ; 
i r on i n c o n t a c t w i t h zinc is also p r o t e c t e d , a s w a s obse rved b y O. B a u e r a n d O. Vogel , 
W . R . D u n s t a n , U . R . E v a n s , C. L i n d e t , M. Meyer , a n d W . H . W a l k e r a n d co
w o r k e r s . O. B a u e r a n d O. Vogel, a n d U . R . E v a n s o b s e r v e d t h a t i ron is a lso p r o 
t e c t e d w h e n i n c o n t a c t w i t h cadmium. O. B a u e r a n d O. Vogel found t h a t i ron is 
i n c o m p l e t e l y p r o t e c t e d w h e n i n c o n t a c t w i t h aluminium. T h e r eac t ion was s t u d i e d 
b y A . T . S t u a r t , a n d H . B a u e r m e i s t e r . T h e r u s t i n g of i ron in c o n t a c t w i t h tin 
i s a cce l e r a t ed , a n d t h e r e a c t i o n w a s s t u d i e d b y O. B a u e r a n d O. Vogel, U . R . E v a n s , 
R . H . L u e c k a n d H . T . Bla i r , a n d M. Meyer—v ide infra. O. B a u e r a n d O. Vogel , 
F . E n s s l i n a n d F . Buschendorf , U . R . E v a n s , a n d H . H . H a n s o n a n d W . K . Lewis 
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found t h a t t h e corros ion of i ron is a cce l e r a t ed w h e n t h a t m e t a l is i n c o n t a c t w i t h 
lead. O. B a u e r a n d O. Vogel a lso f o u n d t h a t i ron is m o r e suscep t ib le t o cor ros ion 
w h e n i t is in c o n t a c t w i t h bismuth. R . I r v i n e r e p o r t e d t h a t "when w r o u g h t iron is 
in c o n t a c t w i t h cas t i ron , t h e fo rmer m e t a l is p re fe ren t i a l ly co r roded . A . Schle icher 
a n d co-workers found t h a t i ron is a t t a c k e d w h e n i n c o n t a c t w i t h pass ive w r o u g h t 
i ron, r u s t y cas t i ron , c lean -wrought i ron , p a s s i v e c a s t i ron , a n d c lean ca s t i ron , a n d 
th i s o rde r is t h e o rde r e lec t rochemica l ly . Oxid ized i ron is pos i t ive t o c lean i ron . 
T h e sub jec t was d iscussed b y E . H e y n a n d O. B a u e r , a n d Gr. v o n K n o r r e . O. B a u e r 
a n d O. Vogel found t h a t t h e corros ion of i ron is f a v o u r e d b y c o n t a c t "with nickel, 
a n d t h e r eac t i on w a s s t u d i e d b y U . R . E v a n s , W . Sch lo t t e r , a n d O. P . W a t t s a n d 
P . I J . de Ver t e r . A. B r o c h e t a n d J . P e t i t f o u n d t h a t t h e corros ion of i ron is f a v o u r e d 
b y c o n t a c t "with platinum i n soln. of p o t a s s i u m c y a n i d e . I r o n becomes pas s ive i n 
c o n t a c t w i t h p l a t i n u m — v i d e supra, t h e pas s ive s t a t e of i ron . 

T h e cor rod ib i l i ty of i ron in c o n t a c t w i t h v a r i o u s a l loys d e p e n d s , a s in t h e case 
of single m e t a l s , on t h e pos i t ion of t h e a l loy in t h e e l ec t rochemica l series. O. B a u e r 
a n d O. Vogel found t h a t i n a 1 pe r cen t . soln. of s o d i u m chlor ide , a t 18°, t h e e.m.f. 
a f te r 120 h r s . r anges f rom —1*5 vo l t s "with magnesium-zinc alloys ; —1*4:80 vo l t s 
-with magnesium-aluminium alloys ; —1*115 v o l t s t o —0*980 v o l t w i t h magnesium-
zinc-aluminium alloys ; •—1*026 vo l t s w i th zinc-aluminium-copper alloys ; —1*012 
vo l t s w i t h zinc-tin alloys ; —0*936 v o l t w i t h zinc-aluminium alloys ; f rom —0*763 
t o —0-577 v o l t w i t h aluminium-copper alloys ; f rom —0*762 t o —0*759 v o l t -with 
cast iron ; —0*744 v o l t w i t h steel ; •—0*707 vo l t w i t h Wood's alloy—that is , 
Bi : P b : Sn : Cd as 50 : 25 : 12*5 : 12*5—percentages b y w e i g h t ; —0*581 v o l t w i t h 
25 pe r cen t , nickel-steel ; —0*483 v o l t w i t h lead-antifnony alloys ; f rom —0*418 t o 
0*401 v o l t w i t h tin-antimony-copper alloy ; w i t h brass : 

C o p p e r . . 40-4 48-4 51-9 70-2 77-8 92-3 p e r c e n t . 
E .m. f . . . —0-401 —0-359 —0-322 —0-236 —0-212 — 0 1 9 3 v o l t 

f rom —0*170 t o —0*146 v o l t w i th tin-copper alloys ; —0*154 v o l t w i t h phosphor-
bronze—0*493 p e r cen t , p h o s p h o r u s a n d 5*69 p e r cen t , of t i n ; a n d —0*100 v o l t w i t h 
nickel-copper alloy w i t h 49*27 p e r cen t , of copper . O b s e r v a t i o n s were a lso m a d e 
b y O. B a u e r , G. v o n K n o r r e , G. C. Clifford, a n d O. P . W a t t s a n d H . C. K n a p p . 
W . P . Jo r i s s en obse rved t h a t t h e a t t a c k on i ron w i t h b r a s s c o n t a i n i n g 33*4 p e r c en t , 
of coppe r w a s less t h a n w i t h b r a s s w i t h 36*9 p e r cen t , of copper . 

I n connec t ion w i t h t h e corros ion of t h e i r on b y o rgan ic ac ids in f ru i t j u ices p r e 
s e rved in " t i n n e d c a n s , " E . P . K o h m a n a n d N . H . S a n b o r n s tud i ed t h e e lec t ro
chemica l r e l a t ions of t i n a n d i ron . T h e y f o u n d t h a t a t c o n c e n t r a t i o n s cq . t o 0*75 
p e r c e n t , ma l i c ac id , t i n is d i s t i nc t l y c a t h o d i c in ace t ic , ma lon i c , a n d succinic ac ids , 
on ly s l igh t ly c a thod i c in mal ic ac id , a n d d i s t i nc t l y a n o d i c t o i ron in c i t r ic ac id . 
A d d i t i o n of a p p l e p o m a c e t o ace t ic , ma lon ic , a n d succin ic ac ids reverses t h e con
d i t i on a n d t h e t i n becomes a n o d i c , a f u r t h e r p r o t e c t i o n t o i r on be ing a lso i n d u c e d 
b y t h e presence of t i n in soln. , wh ich ra ises t h e c a t h o d i c po l a r i za t i on o n i ron . I n 
hydroch lo r i c a n d su lphu r i c ac ids of cone , r a n g i n g f rom 0*05 t o 20 p e r cen t . , t i n 
becomes increas ingly m o r e a n o d i c t o i r on w i t h inc reas ing cone , of a c id e v e n w h e n 
t h e m e t a l s a r e n o t in e lectr ical c o n t a c t , a n d cor ros ion of t i n is v e r y g r e a t l y i nc rea sed 
w i t h meta l l i c c o n t a c t , d u e t o g a l v a n i c a c t i o n . T h e p o t e n t i a l cond i t i ons a r e in
fluenced chiefly b y t h e H"-ion cone, a n d negl ig ib ly b y t h e c o n d u c t i v i t y of t h e soln . 
T h e r e su l t s agree w i t h t h o s e of c o m m e r c i a l p r a c t i c e i n w h i c h t h e m o r e ac id f ru i t s 
p r o d u c e l i t t l e pe r fo ra t ion of t h e c o n t a i n e r , a l t h o u g h less ac id f rui ts—e.g . b l a c k 
cherr ies , i n t h e ju ice of wh ich t i n is on ly m i l d l y a n o d i c t o i r o n — c a n n o t b e c a n n e d 
successfully because of t h e h a z a r d of cor ros ion . T h e s u b j e c t 1WaS discussed b y 
C. L . Man te l l , E . N e h r i n g , P . a n d E . N e h r i n g , O . Ca r r a sco a n d E . S a r t o r i , 
A . Pe l le r in a n d E . L<asausse, E . G u d e m a n * E . JF. K o h m a n a n d N". H . S a n b o r n , 
a n d T . N . Morr is a n d J . M. B r y a n . R . H , L u e c k a n d H . T . B la i r o b s e r v e d t h a t 
In a p p r o x i m a t e l y 0*2iV-soln. of v a r i o u s a c i d s h a v i n g j>H r a n g i n g f r o m 0*81 t o 2-98, 
i r o n dissolves wi th evo lu t ion of h y d r o g e n b u t t i n is u n a t t a c k e d . "With a n i ron -
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t i n couple , h y d r o g e n is evo lved b u t t h e r a t e of e v o l u t i o n is a l w a y s less t h a n t h a t 
f rom u n c o u p l e d spec imens of i ron . W i t h a c i t r ic -mal ic ac id soln . of pa~2-98 
t h i s p r o t e c t i v e ac t i on of t i n o n i ron is e x h i b i t e d w h e n t h e soln. is a e r a t e d as 
well a s w h e n i t is k e p t s a t . w i th h y d r o g e n or n i t rogen . Corrosion is m o s t r a p i d 
in t h e a e r a t e d soln. , b u t in al l cases i t is t h e t i n w h i c h dissolves m o r e r a p i d l y 
f rom t h e couple . C a d m i u m coupled w i t h i ron p r o t e c t s i t t o a s imi lar e x t e n t , 
b u t t h e c a d m i u m dissolves m o r e r a p i d l y t h a n t i n u n d e r t h e s a m e cond i t i ons . 
As j u s t i nd ica t ed , t h e e.m.f. of cells of t h e t y p e F e | c a n n e d foods | S n shows t h a t , 
a l t h o u g h t i n is defini tely ca thod i c t o i ron on o p e n c i rcu i t , o n shor t - c i r cu i t ing , 
t h e e.m.f. falls r ap id ly a n d changes s ign, t h e t i n b e c o m i n g t h e a n o d e . T h e r e m o v a l 
of e i t h e r e lec t rode a n d expos ing i t t o a i r g ives i t a m o r e nob l e p o t e n t i a l . W i t h 
s imi la r cells us ing i ron a n d c a d m i u m e lec t rodes , t h e l a t t e r is a l w a y s t h e a n o d e a n d 
t h e e.m.f. changes v e r y l i t t l e o n shor t - c i r cu i t ; u s ing t i n a n d c a d m i u m , c a d m i u m is 
a g a i n a l w a y s anod ic , b u t t h e e.m.f. falls n o t a b l y on a closed c i rcu i t a n d recovers 
g r a d u a l l y w h e n t h e c i rcui t is opened . I n a d i a p h r a g m cell c o n t a i n i n g a c i t r ic -mal ic 
ac id m i x t u r e buffered t o £>H—3-5, w i t h t h e i ron e lec t rode in a soln . s a t . w i t h oxygen 
or h y d r o g e n , t h e t i n e lec t rode a l w a y s becomes t h e a n o d e w h e t h e r t h e soln. i n t o 
wh ich i t d i p p e d is k e p t s a t u r a t e d w i t h o x y g e n or w i t h h y d r o g e n or n o t t r e a t e d w i t h 
gases a t al l . B u t w i t h no g a s p a s s e d t h r o u g h t h e soln. a r o u n d t h e i ron , t h e t in is 
a l w a y s c a t h o d i c if t h e soln . i n t o w h i c h i t d i p p e d is k e p t s a t . w i t h oxygen or w i t h 
h y d r o g e n . T h e a d d i t i o n of h y d r o g e n d iox ide t o t h e soln. a r o u n d t h e t i n also keeps 
i t c a t h o d i c t o t h e i ron . T h e s e resu l t s a r e r e l a t e d t o t h e h igh h y d r o g e n over vo l t age 
of t i n c o m p a r e d w i t h t h a t of i ron ; t h e t i n becomes po la r ized a n d t h e n h y d r o g e n is 
m o r e r ead i l y l i be ra t ed a t t h e i ron . T h e a b n o r m a l t e n d e n c y of c a n n e d f ru i t s t o 
cause t h e pe r fo ra t ion of t h e t i n con t a ine r is poss ib ly d u e t o t h e p resence of mild 
oxid iz ing a g e n t s w h i c h cause t h e microscopic a reas of exposed i ron t o become 
a n o d i c t o t h e s u r r o u n d i n g t i n . 

T h e speed, of t h e r e a c t i o n b e t w e e n i r o n a n d t h e a m b i e n t med ium.—say , a cor ros ive a c i d — 
is d e t e r m i n e d b y t h e r a t e a t w h i c h t h e film of l i q u i d i n c o n t a c t w i t h t h e m e t a l is s a t u r a t e d , 
a n d o n t h e r a t e a t w h i c h t h e so lu t e diffuse i n t o t h e s u r r o u n d i n g m e d i u m . T h i s so-cal led 
diffusion, theory of dissolution -was s t u d i e d b y E . B r u n e r , L . B r u n e r a n d S t . To l loezko , 
W . N e r n s t , A . A . N o y e s a n d "W. R-. W h i t n e y , W . P a l m a e r , W . G. W h i t m a n a n d co -worke r s , 
a n d I i . P . Husse l l a n d c o - w o r k e r s . 

W . R . D u n s t a n a n d J . K. Hi l l cons ider t h a t w h e n a i r a n d w a t e r a lone fail t o 
p r o d u c e r u s t i n g , t h e i ron h a s been m a d e pass ive b y t h e process of pur i f icat ion, a n d 
t h a t c a r b o n d iox ide d e s t r o y s t h e p a s s i v i t y a n d i n a u g u r a t e s r u s t i ng . T h e n o r m a l 
r u s t i n g process is a r e su l t of t h e d i r ec t a c t i o n of o x y g e n d issolved in w a t e r u p o n 
t h e i ron—fer rous h y d r o x i d e is first fo rmed a n d t h i s s u b s e q u e n t l y oxidizes t o t h e 
ferric cond i t i on . S u b s t a n c e s in soln. wh ich inh ib i t r u s t i n g a r e supposed t o d o so 
b y m a k i n g t h e i ron passive—-e.g. ox id iz ing a g e n t s l ike a lka l i c h r o m a t e s , d i c h r o m a t e s , 
p e r m a n g a n a t e s , i o d a t e s ; a n d p o t a s s i u m s o d i u m h y d r o x i d e s , e t c . — a n d s o m e of 
t h e s e subs tances—e .g . p o t a s s i u m d i c h r o m a t e — h a v e found i n d u s t r i a l a p p l i c a t i o n 
a s a n t i - r u s t i n g a g e n t s . 

I r o n of a h igh degree of p u r i t y w a s found b y H . Kreus l e r , A. S k r a b a l , 
A. N e u b u r g e r , J . A . N . F r i e n d , a n d B . L a m b e r t t o be c o m p a r a t i v e l y i nac t i ve . 
I n d u s t r i a l i ron is i m p u r e , a n d n o t phys ica l ly h o m o g e n e o u s ; while n a t u r a l w a t e r 
a l w a y s c o n t a i n s e lec t ro ly tes . H e n c e , local c u r r e n t s m a y be g e n e r a t e d on t h e 
surface , a n d a s a r e su l t t h e m e t a l m a y b e d issolved in one p lace a n d give off 
h y d r o g e n in a n o t h e r , so t h a t t h e impur i t i e s a c t a s cen t re s of corrosion. T h e oxygen 
d isso lved i n t h e w a t e r a c t s a s a depolar izer for t h e c a t h o d i c h y d r o g e n . M. Cen tne r -
szwer a n d M. S t r a u m a n i s d e m o n s t r a t e d t h e ex i s tence of t h e s e local cu r r en t s ; a n d 
F . T o d t , t h a t t h e co r rod ing surface of i ron consis ts of local e l ements of a c t i v e a n d 
pas s ive m e t a l . E . P i e t s c h a n d co-workers obse rved t h a t dis t i l led w a t e r a lone does 
n o t a t t a c k h o m o g e n e o u s surfaces of i ron , b u t w i t h he t e rogeneous surfaces r u s t i n g 
c o m m e n c e s b e t w e e n t h e g ra ins . O. P . W a t t s found t h a t a " b u s y rai l " — t h a t is , a 
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rai l in r egu la r u se—is e lec t ropos i t ive t o a n " id le ra i l " a n d so is less l iable t o r u s t . 
S imi lar ly , co ld-worked m e t a l is e lec t ropos i t ive t o t h e u n w o r k e d m e t a l . 

I n t h e case of i ron a n d steel t h e r e m a y b e m a n y different p h a s e s — g r a p h i t e , 
ca rb ide , phosph ide , ox ide , su lph ide , e t c . — a n d t h e d i s t r i b u t i o n of a n o d i c a n d 
ca thod ic a r eas on t h e surface of t h e m e t a l c a n b e exp lo red b y t h e so-called ferro&yl 
indicator sugges ted b y W . H . W a l k e r a n d co-workers , a n d A . S. C u s h m a n a n d 
H . A. G a r d n e r . T h e soln. o r jel ly, c o n t a i n i n g p o t a s s i u m fer r icyanide , a n d p h e n o l -
p h t h a l e i n , becomes b l u e w h e r e t h e i ron a c t s a s a n a n o d e , a n d passes i n t o soln . a s a 
fer rous sa l t , whi le i t becomes p i n k w h e r e t h e i ron a c t s a s c a t h o d e a n d a lka l i is 
l i be r a t ed . T h e t e s t w a s d iscussed b y H . S. R a w d o n , W . v a n W . Scho l t en , 
U . R . E v a n s , S. K y r o p o u l o s , J . W . Cobb , W . B l u m a n d C. F . T h o m a s , a n d 
K . P i t s c h n e r . R . E . Wi l son obse rved t h a t t h e p o t a s s i u m fe r r i cyan ide i n t h e 
i n d i c a t o r m a y a c t a s oxid iz ing depola r ize r w h e n n o sensible increase i n t h e cone , of 
t h e O H ' - i o n s occurs , a n d t h e c a t h o d e a r ea s a re t h e n recognizab le b y t h e d i s a p p e a r 
a n c e of t h e yel low colour of t h e fe r r icyanide . A. S. C u s h m a n desc r ibed t h e p r e 
p a r a t i o n of t h e fe r roxyl i nd i ca to r a s follows : 

A 1*5 per cent . soln. of agar-agar i s first m a d e b y d isso lv ing a -weighed q u a n t i t y of 
powdered agar-agar in t h e requisite a m o u n t of water . T h i s so ln . i s boi led for 1 hr. , 
fresh water be ing added to replace tha t lost b y evaporat ion . I t is t h e n filtered whi l e h o t , 
and 2 c.c. of s tandard phenolphthale in indicator added t o every 100 c.c. of so ln . , after 
wh ich i t i s brought t o a perfect ly neutral condi t ion b y t i trat ion w i t h a 0 -1^- so ln . of potas 
s ium hydroxide , or hydrochloric acid, as the case m a y be. T h e addi t ion of 7 c .c . of a 1 per 
cent . soln. of po tass ium ferricyanide t o every IOO c.c . of so ln . is t h e n made , a n d the ferroxyl 
reagent whi le still hot is ready t o use . E n o u g h of the reagent should be poured i n t o a d i sh 
jus t t o cover the b o t t o m and the d i sh floated in cold water unt i l t h e agar-agar has jel l ied. 
A clean sample of iron i s then placed on t h i s bed of je l ly a n d covered w i t h t h e h o t so ln . 
After the final addit ion of agar-agar t h e d ish should n o t be r e m o v e d unt i l thoroughly cooled. 
"While the colours somet imes s h o w up immedia te ly , t h e y usual ly require from 12 t o 24 hrs . 
t o a t ta in their m o s t perfect deve lopment . T h e m o u n t s m a y be preserved for m a n y 
m o n t h s b y keeping the surface of t h e agar-agar covered w i t h alcohol . 

JL. Ai tch i son obse rved t h a t c o m p a c t i ron consis ts of c ry s t a l s of fer r i te , s e p a r a t e d 
b y a n a m o r p h o u s c e m e n t ; t h e soln. p ress , of t h e c e m e n t m u s t differ f rom t h a t of 
t h e ferr i te , so t h a t w h e n i m m e r s e d in -water, a difference of p o t e n t i a l will b e s e t u p 
which m u s t lead t o corros ion. If t h e c e m e n t is pos i t ive t o t h e ferr i te , t h e c e m e n t 
"will b e cor roded , a n d converse ly . W h e n steels a r e a t t a c k e d b y di l . a c ids , 
J . O. A r n o l d a n d A . A. R e a d — v i d e supra, s u l p h u r i c a c i d — s h o w e d t h a t t h e fe r r i t e 
passes i n t o soln. whi le t h e ca rb ides a r e n o t a t t a c k e d b u t r e m a i n in t h e i r or ig ina l 
fo rm. T h e i r r egu la r i t y in t h e compos i t i on of a piece of i ron a n d steel p r o d u c e d b y 
segrega t ion , e t c . , w a s d iscussed b y R . H . Ga ines , J . W . Cobb , a n d W . M a r r i o t t ; 
a n d t h e p i t t i n g p r o d u c e d b y local ga lvan i c a c t i o n d u e t o sur face i m p u r i t i e s — t r a c e s 
of c inder , s lag, su lph ide , oxide , e t c . — b y C. B a c h , N . B a r n a b y , O. B a u e r , TJ. R . E v a n s , 
G. Gal lo , B . Gar re , W . W . H . Gee, E . H e y n a n d O. B a u e r , S. K y r o p o u l o s , 
V. B . Lewes , J . T . Mil ton a n d W . J . L a r k e , W . P a l m a e r , W . P a r k e r , H . F . R i c h a r d s , 
L . T . R i c h a r d s o n , A. Schleicher a n d G. Schu l t z , C. J . Smi the l l s , R . S t u m p e r , 
W . H . W a l k e r a n d W . K . Lewis , G. C. a n d M. C. W h i p p l e , a n d W . H . W h i t e — v i d e 
infra. As emphas i zed b y IJ. R . E v a n s , t h i s does n o t necessar i ly m e a n t h a t i m p u r e 
m e t a l s h a v e a g rea t e r t e n d e n c y t o cor rode t h a n p u r e r m e t a l s . 

R . S t u m p e r found t h a t t h e corros ion of i r o n is cons ide rab ly inc reased w h e n t h e 
m e t a l is i n c o n t a c t w i t h i ron su lph ide , a n d i n t h e case of g a l v a n i c c o n t a c t , t h e 
corros ion is m o r e t h a n twice as g rea t . R . Mal le t e x p l a i n e d t h e g r e a t e r cor ros ion 
of t h i n pieces of cas t i ron in sea -wa te r b y showing t h a t t h i n cas t ings cool m o r e 
q u i c k l y a n d m o r e i r regula r ly t h a n t h i c k ones so t h a t t h e y are m o r e l ike ly t o be less 
h o m o g e n e o u s . Consequen t ly , "when i m m e r s e d in sea-water t h e n u m b e r of loca l 
vo l t a i c couples is p ropo r t i ona l l y increased , a n d t h e cor ros ion is t h u s a u g m e n t e d . 
The difference was m o s t m a r k e d w i th g rey , or graphitic, c a s t i ron , and l eas t marked 
w i t h t h e w h i t e va r ie t i e s . U . R . E v a n s o b s e r v e d t h a t local electrolytic ac t ion m a y 
occur owing t o t h e local ab ra s ion of sur face layers. Where t h e corrosion product 
i s loose a n d flocculent, t h e a b r a d e d p o r t i o n is o f t en c a t h o d i c , a n d n o local act ion 
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occurs , b u t w h e n t h e filin is t h i n a n d h igh ly p r o t e c t i v e , t h e a b r a d e d p o r t i o n wil l 
b e a n o d i c , a n d corros ion on t h a t p a r t will b e intensif ied. S imi la r ly , loca l c u r r e n t s 
m a y b e p r o d u c e d b y t h e s a m e m e t a l , o n e p a r t g reased a n d o n e p a r t n o t g r e a s e d . 
G. A . T o m l i n s o n d i scussed t h e corros ion of s tee l surfaces in c o n t a c t . 

B . Mar t e l l , a n d W . D e n n y m e n t i o n e d puzz l ing cases of cor ros ion w h i c h h a v e 
occu r r ed w h e n old i r on s t r u c t u r e s h a v e b e e n p a t c h e d u p w i t h n e w m a t e r i a l . P l i n y , 
in t h e first c e n t u r y of o u r e ra , m e n t i o n e d such a case in his Historia naturalis (36 . 43) , 
for h e s a id t h a t t h e i ron c h a i n ac ross t h e r ive r !Euphra tes a t Z e u g m a (Mesopo tamia ) 
was r e p a i r e d b y i n t r o d u c i n g n e w l inks , b u t t h e n e w l i nks g a t h e r e d r u s t u n d e r con
d i t i ons w h e r e t h e r e m a i n d e r of t h e old l inks were free f rom r u s t . R . Mal le t f o u n d 
t h a t i n s ea -wa te r , g r e y ca s t i ron i n c o n t a c t w i t h w h i t e c a s t i r on c o r r o d e d w i t h t h e 
g r e a t e r ve loc i ty , so t h a t w h i t e c a s t i r o n 'was p r o t e c t e d b y t h e g r e y c a s t i r on . 
T . A n d r e w s found t h a t t h e p o t e n t i a l difference i n v o l t s b e t w e e n c a s t i r on a n d 
w r o u g h t i ron , in s ea -wa te r , is 0-030 vo l t i n f a v o u r of c a s t i r on for 2 3 3 d a y s o u t of 
300, a n d d u r i n g t h a t t i m e , t h e ca s t i ron w a s less cor rod ib le t h a n w r o u g h t i r on ; b u t 
t h e p o t e n t i a l difference v a r i e s f rom d a y t o d a y , so t h a t i n s o m e cases t h e p o t e n t i a l 
difference is r eve r sed , a n d h e f o u n d i n o n e case t h e p o t e n t i a l difference is —0*011 
vo l t , so t h a t w r o u g h t i r o n h a v i n g t h e h i g h e r p o t e n t i a l w a s leas t a t t a c k e d for 66 d a y s 
o u t of 300 . T h e a d h e s i o n of r u s t , a n d t h e h e t e r o g e n e i t y of t h e m e t a l a r e k n o w n t o 
affect t h e difference of p o t e n t i a l . E . H e y n a n d O. B a u e r also f o u n d t h a t t h e 
c o n t a c t of s tee l -with c a s t i r o n r e d u c e d t h e cor ros ion of s tee l . H e n c e , t h e c o n t a c t 
be tween s tee l a n d ca s t i r on m a y a u g m e n t corros ion a n d b e a source of d a n g e r . 
J . A . N . F r i e n d m e n t i o n e d a ser ious a c c i d e n t in t h e P o r t s m o u t h D o c k y a r d o w i n g 
t o t h e a b n o r m a l l y r a p i d cor ros ion of w r o u g h t i ron in c o n t a c t w i th ca s t i r on . E r r o r s 
m a y occu r i n e x p e r i m e n t a l "work w h e n one m e t a l p l a t e is p l aced a b o v e a n o t h e r i n 
t h e c o r r o d i n g l iqu id , for t h e one p l a t e m a y p r e v e n t a c e r t a i n a m o u n t of o x y g e n 
diffusing t o t h e o t h e r p l a t e , a n d t h u s r e d u c e corros ion i n d e p e n d e n t l y of a n y g a l v a n i c 
ac t i on . V . B . L e w e s m e n t i o n e d a poss ib le case of g a l v a n i c a c t i v i t y w h e n p l a t e s of 
t h e s a m e m e t a l b u t a t different t e m p , f o rm couples ; a n d T . A n d r e w s , vide supra, 
w h e n p l a t e s of s t r a i n e d a n d u n s t r a i n e d m e t a l a r e in c o n t a c t — t h e u n s t r a i n e d m e t a l 
is e lec t ropos i t ive t o t h e s t r a i n e d m e t a l . T h e ga lvan i c a c t i o n b e t w e e n different 
k i n d s of i r on w a s d i scussed b y J". F a r q u h a r s o n , H . Diegel , TT. S. M u n r o e , W . P a r k e r , 
A. L e d e b u r , A . S a n g , H . M. H o w e , e t c . 

T h e g a l v a n i c a c t i v i t y b e t w e e n s t r a i n e d a n d u n s t r a i n e d pieces of t h e s a m e i ron 
w a s d i scussed b y T . A n d r e w s , W . M. B a r r a n d R . W . Sav idge , C. F . Bu rges s , 
U . R . E v a n s , C. H a m b u e c h e n , E . H e y n a n d O. B a u e r , K . M a n d i , T . W . R i c h a r d s 
a n d G. E . B e h r , W . Sp r ing , W . H . W a l k e r a n d C. Dil l , e tc .—v ide infra. F . O s m o n d 
a n d J . W e r t h f o u n d t h a t t h e co ld -worked m e t a l d issolves fas te r t h a n does t h e u n -
w o r k e d m e t a l in sa l t so ln . P . A. v o n Bonsdorff, C F . Burges s , TJ. R . E v a n s , 
J . A . N . F r i e n d , P . Goerens , H . H a n e m a n n a n d C. L i n d , W . Cha rpen t i e r , E . H e y n , 
R . K r e m a n n a n d R . Muller , D . J . M c A d a m , T. W . R i c h a r d s a n d G. E . B e h r , 
R . P . Russe l l a n d co-workers , a n d M. W e r n e r m a d e o b s e r v a t i o n s on t h i s s u b j e c t . 
Acco rd ing t o B . G a r r e , t h e r a t e a t wh ich i ron dissolves i n di l . su lphu r i c ac id inc reases 
d i r ec t l y w i t h t h e n u m b e r of t w i s t s t o w h i c h t h e m e t a l h a s b e e n sub jec t ed , a n d t h e 
r a t e of d i s so lu t ion of i r on is g r e a t e r a f te r b e n d i n g t h a n before . H . S. R a w d o n also 
n o t e d t h a t i n t e r c ry s t a l l i ne corros ion is f avou red b y h igh s t resses . As i n d i c a t e d 
be low, H . E n d o o b s e r v e d t h a t t h e loss b y corros ion i n d i l . s u l p h u r i c ac id is a l m o s t 
p r o p o r t i o n a l t o t h e a m o u n t of d e f o r m a t i o n b y tens i le s t resses ; t h e loss also increased 
w i t h t o r s i o n , a n d , i n genera l , t h e a t t a c k is g r e a t e s t w h e r e t h e t w i s t is g r ea t e s t ; 
a n d t h e loss a lso inc reases w i t h t h e load of compress ive s t resses . J . A. N . F r i e n d 
found t h a t , a s a ru l e , u n s t r e s s e d i ron cor rodes m o r e q u i c k l y t h a n i ron which h a s 
b e e n d e f o r m e d b y s t r e t c h i n g , tw i s t i ng , or compress ion—vide infra, corrosion fa t igue . 
T h e s lower t h e r u s t i n g of b u s y i ron i n c o m p a r i s o n w i t h id l e i ron—e.g. r a i l w a y l i n e s — 
w a s d iscussed b y J . A . N . F r i e n d , O. B a u e r , a n d A . S. C u s h m a n a n d H . A . G a r d n e r . 

A . C. B r o w n , 1 3 O . B r o w n , a n d J . A s t o n a n d co-workers obse rved t h a t i ron coa t ed 
w i t h f reshly- formed r u s t , w h i c h h a s h a d n o c h a n c e t o d r y , is a l w a y s anod ic t o t h e 
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b a r e me ta l , so t h a t t l ie r u s t p r o m o t e s e lec t ro ly t ic effects e q u a l t o or su rpass ing t h o s e 
fac tors general ly cons idered t o be of m a r k e d i m p o r t a n c e . T h e r e is s o m e t i m e s a 
reversa l of t h e c u r r e n t b e t w e e n anod ic r u s t a n d t h e c a t h o d i c m e t a l . T h e c h a n g e i n 
t h e p o l a r i t y of f reshly-formed w e t r u s t is a t t r i b u t e d t o u n p r e v e n t a b l e local a c t i o n 
on re la t ive ly large e lec t rode surfaces . D r y r u s t t e n d s t o r eve r se i t s in i t i a l c a t h o d i c 
c h a r a c t e r a n d t o b e h a v e l ike fresh w e t r u s t a f te r v a r y i n g pe r iods of i m m e r s i o n . 
T h e reversa l of t h e p o l a r i t y in t h e d r y i n g of w e t r u s t is a t t r i b u t e d t o a c h a n g e i n t h e 
degree of h y d r a t i o n , t o t h e a d s o r p t i o n of gases f rom t h e a t m o s p h e r e , o r t o t h e 
f o r m a t i o n of a n ox ide or o t h e r c o m p o u n d of i ron in c o n t a c t w i t h t h e m e t a l sur face . 
T h e effect of r u s t on t h e surface of t h e m e t a l w a s d i scussed b y J . A s t o n , O. B a u e r , 
E . I i . Chappel l , U . R . E v a n s , J . A. N . F r i e n d , F . G o u d r i a n , E . H e y n , O. K r o h n k e , 
R . K r e m a n n a n d R . Muller , E . Maass a n d E . Liebre ich , E . A . a n d L.. T . R i c h a r d s o n , 
W . D . R i c h a r d s o n , A. Schleicher a n d G. Schu l t z , G. C. S c h m i d t , J . S p e n n r a t h , 
J . S t a p e n h o r s t , W . A. T i lden , W . H . W a l k e r , G. C. a n d M. C. W h i p p l e , a n d 
H . Wolb l ing . L.. H . Cal lender showed t h a t a b o u n d a r y fi lm—solid, l iqu id , o r g a s — 
t e n d s t o fo rm on a m e t a l wheneve r t h e film h a s a h ighe r p o t e n t i a l t h a n t h e m e t a l 
itself. E . Li. Chappel l , a n d T . F u j i h a r a d iscussed t h e role of rust - f i lms in t h e 
corrosion of n ie ta l s . Accord ing t o G. A. Toml inson , t h e r u s t i n g which occurs w h e n 
t h e t w o pieces of s teel h a v e been r u b b e d t o g e t h e r is n o t d u e t o t h e c rush ing of t h e 
surfaces of c o n t a c t a n d so p r o d u c i n g m i n u t e pa r t i c les of p o w d e r wh ich oxid ize 
r ap id ly , b u t h e considers t h a t t h e p h e n o m e n o n is a r e su l t of molecu la r cohes ion 
p r o d u c e d b y p ressu re . 

J . A s t o n showed t h a t t h e reason we t r u s t p r o m o t e s fu r the r r u s t i n g is n o t d u e t o 
i t s a c t i n g a s a c a t h o d e , b u t r a t h e r because i t a c t s a s a d i a p h r a g m t h e s a m e as t h e 
in t e rpos i t i on of we t c lo th , or filter p a p e r b e t w e e n t w o m e t a l s . J . A s t o n sa id : 

T h e u n d e r l y i n g f e a t u r e a p p e a r s t o b e t h e r e l a t i v e access of o x y g e n t o t h e su r face of 
t h e e l ec t rodes . T h e e l ec t ro ly t e (mo i s tu re ) m u s t r e a c h b o t h ; t h e n t h a t t o w h i c h o x y g e n 
h a s t h e m o r e free access b e c o m e s t h e c a t h o d e , a n d t h e o t h e r is t h e a n o d e . If t w o b a r e i ron 
e l ec t rodes a r e s e p a r a t e d b y a p a r t i t i o n of p o r o u s e a r t h e n w a r e , p a r c h m e n t , e t c . , e i t h e r m a y 
b e m a d e t h e c a t h o d e b y b u b b l i n g a i r i n t o t h i s c o m p a r t m e n t , a n d n o t i n t o t h e other.- "Wet 
r u s t o r s i m i l a r c o a t i n g u p o n o n e e l ec t rode p l a y s t h e r61e of a d i a p h r a g m p e r m e a b l e t o t h e 
m o i s t u r e , b u t p r e v e n t i n g o r s lowing d o w n t h e o x y g e n p e n e t r a t i o n . A n o d i c so ln . of t h e 
u n d e r l y i n g i r o n r e s u l t s , w i t h o x i d a t i o n a n d p r e c i p i t a t i o n a s g r e e n i s h fe r rous h y d r o x i d e . 
T h i s colloid, m i g r a t i n g o u t w a r d s u n d e r t h e d i r e c t i v e inf luence of t h e c u r r e n t , i s i n t u r n 
ox id i zed t o ferric h y d r o x i d e n e a r e r t o t h e e x p o s e d sur face of t h e r u s t e d a n o d e . T h e effect 
of r u s t a n d o x y g e n i s wel l i l l u s t r a t e d b y local r u s t i n g of a n i r o n s h e e t w h i c h h a s a i r b u b b l i n g 

u p o n e s t r i p or zone . C o n t r a r y 
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t o g e n e r a l e x p e c t a t i o n , t h e z o n e 
s u p p l i e d w i t h a i r r e m a i n s c l e a r , 
w h i l s t t h e a d j o i n i n g p a r t s a r e 
a n o d i c a n d b e c o m e c o a t e d w i t h 
r u s t . 

Accord ing t o H . O. F o r 
r e s t a n d co-workers , t h e cor
ros ion of i ron a n d o t h e r 
m e t a l s in , say , a e r a t e d w a t e r 
is a t t e n d e d b y t h e f o r m a t i o n 
of m o r e or less p r o t e c t i v e 
films of h y d r a t ed ox ide on 
t h e surface of t h e m e t a l . T h e 
m e t a l s wh ich a re u s u a l l y con
s idered t o res is t cor ros ion , 
l ike o r d i n a r y i r on a n d s tee l , 
a r e in i t i a l ly a t t a c k e d i n a 

s imi la r m a n n e r , b u t so-called res is tors of cor ros ion fo rm a v e r y r e s i s t a n t a n d 
p r o t e c t i v e surface film. T h e differences i n t h e res i s t ance of, s ay , o r d i n a r y mi ld 
steel and s ta in less s teel is a t t r i b u t e d solely t o differences in t h e p h y s i c a l a n d 
mechanical p rope r t i e s of t h e films. F i g . 3 6 3 r ep re sen t s t h e r a t e s of a t t a c k of 
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these steels expressed in terms of the rates at which oxygen is consumed in c.c. 
per sq. dm. Corrosion starts in all eases but ends very quickly as the protective 
film is formed. This is shown by the flattenings of the curve corresponding with 
zero corrosion. The curve for the low-carbon steels begins to flatten after a longer 
period of time, but the film is here not so resistant as in the case of the two alloy 
steels. 

In 1830, E. Marianini found that momentary currents can be produced between 
two zinc electrodes immersed in water, simply by lifting one of them into the air 
and replacing it ; and E. Warburg, and W. Kistiakowsky showed that an electrical 
current may be generated by variations in the cone, of the oxygen in the soln., 
and by variations in the cone, of the salts in soln. in contact with different parts 
of the metal. U. R. Evans made a special study of the electrical currents set 
up by the differential aeration of metals. In what he called the key experiment, 
a cell was made with two sheets of the same iron as electrodes ; one of which 
was placed in a porous cell of parchment ; the electrolyte was 0-52V-KCl ; the 
electrodes were connected with a milliammeter. Air was bubbled against the iron 
plate in the outer compartment. The milliammeter then showed that the 
aerated electrode was the positive pole or cathode, and the unaerated electrode 
was the negative pole or anode ; the current was provided by the consump
tion of metal from the unaerated electrode, since the unaerated electrode loses 
more weight than the aerated electrode. If the current be tapped from a plate 
of metal immersed vertically in a soln. of potassium chloride exposed to air, a 
current flows between the upper aerated 
zone at the top, and the unaerated portion 

below. The general results indicate that /vrm*t/M ^ ^ ^ ^ S i ^ m m - ^ - ^ **™*£*>* 
the corrosion of metals like iron, zinc, offib<Z// y>*\ jr*r } ^^J~~^>*^j}fMi0// 
and lead by a soln. of a salt like sodium 
chloride is an electrochemical process ; 
for it involves (i) the production of an __ 
electric current ; (ii) the production of a Catrtoae ft,(0//j Anoae /e(o//> 'Ca&wte 
soluble metal salt—ferrous chloride- -at * * 
the anodic or unaerated places ; (iii) the F x G - 364-—Vertical Section illustrating the 
production of sodium hydroxide at the Corrosion of Iron by a Orop of a Solution 
x . . T M T , J i „• ; .i of Sodium Chloride. 
cathodic or aerated places ; and (IV) the 
precipitation of an insoluble hydroxide—e.g. ferrous hydroxide—where the pro
ducts from the cathodic and anodic zones meet. The white ferrous hydroxide 
darkens rapidly, and it may appear green on the lower surface and brown on the 
upper surface. This is illustrated by U. R.. Evans' study of the corrosion of a dry 
horizontal sheet of polished iron by a drop of a soln. of sodium chloride resting 
on it. After some minutes, a precipitate of ferrous hydroxide begins to appear, 
not at the edge, but in a circle running round the drop a short way within the 
margin—Eig. 364. The precipitate is at first white, and after a time it becomes 
brown, and extends as a membrane until it passes over the top of the drop. A 
sample of liquid taken from the clear outer ring is strongly alkaline, and free 
from iron salts, while a sample abstracted from the interior, by means of a fine 
capillary tube, contains ferrous chloride but no free alkali. Oxygen is more 
easily renewed at the edge than near the centre of the drop, so that metal 
under the outer rim of the drop acts as cathode and alkali hydroxide is formed, 
whereas in the interior unaerated portion the metal suffers anodic attack and 
ferrous chloride is formed. Along the surface of contact of the alkali hydroxide 
and ferrous chloride soln., a ring of white ferrous hydroxide is formed, which by 
further oxidation changes to rust-brown hydrated ferric oxide. Corrosion occurs 
only in the central portion of the drop. Hence, TJ. K. Evans concluded that 
corrosion is likely to persist most readily in places where oxygen has least access, 
provided the inaccessible places are not far removed from places to which oxygen 
can freely penetrate. He illustrated the principle of differential aeration by the 
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case of a m i n u t e c a v i t y in a p l a t e of m e t a l i m m e r s e d ho r i zon t a l l y j u s t be low t h « 
surface of a soln. of s o d i u m chlor ide . O x y g e n will n o t b e so qu i ck ly supp l i ed t o 
t h e l iquid wi th in t h e c a v i t y a s i t is t o l iqu id ove r t h e p l a n e surface of t h e m e t a l . 
Hence , t h e m e t a l a b o u t t h e c a v i t y becomes a n o d i c , a n d t h e a e r a t e d p o r t i o n ou t s i de 
becomes ca thod ic . T h e p h e n o m e n a occur r ing in t h e case of t h e d r o p a r e r e p e a t e d 

„ u n d e r a n o t h e r gu i s e—Fig . 3 6 5 . T h e 
format/as/ - - - - - & 

AtiO//t 

Solft/0/7 
AbCt 

•M 
F i a . 365 .—Ver t i ca l Sec t ion i l l u s t r a t i ng t h e 

F o r m a t i o n of a Couple of P i t s in I r o n im
m e r s e d i n a So lu t ion of S o d i u m Chlor ide . 

genera l r e su l t is t h a t t h e cor ros ion is 
c o n c e n t r a t e d u p o n a sma l l a n o d i c a r e a 
-within t h e c a v i t y , a n d p i t t i n g r e su l t s . 
T h e d r o p m e t h o d of s t u d y i n g cor
rosion w a s e m p l o y e d b y U . R . E v a n s , 
T . F u j i h a r a , a n d T . S. Fu l l e r ; a n d t h e 
pr incip le of differential a e r a t i o n w a s 
discussed b y E . Maass a n d E . L i e -
bre ich , E . H e r z o g a n d G. C h a u d r o n , 
F . T o d t , E . L iebre ich , D . W . S m i t h 
a n d R . F . Mehl , a n d H . Cassel a n d 
T. E r d e y - G r u z . 

A. P a y e n n o t e d t h e local ized oxi 
d a t i o n a t w h a t h e cal led oxidized p o i n t s . T h e corrosion of i ron is t h u s d u e t o 
t h e fo rma t ion of local oxygen concentration cells. T h e a m o u n t of cor ros ion 
d e p e n d s on t h e s u p p l y of t h e cor rod ing a g e n t t o t h e c a t h o d i c a r ea s w h e r e i t 
a c t s as a depolar izer , b u t t h e m e t a l is a t t a c k e d in t h e a n o d i c a r e a s . A t t h e 
ca thod ic surface, 6 H ' 4 - 1 - 5 0 2 = 3 H 2 0 + 6 ( J ) ; a t t h e a n o d i c surface, 2 F e + 4 0 H ' 
- = 2 F e ( 0 H ) 2 + 4 O ; a n d in t h e corrosion p r o d u c t , 2 F e ( O H ) 2 - f - 2 H O ' = - 2 F e ( O H ) 3 
+ 2 0 , t h e r e su l t an t r eac t ion be ing 3 H 2 0 + l - 5 0 o + 2 F e = 2 F e ( O H ) 3 . T h e t h e o r y 
was discussed b y R . E . Wilson, J . As ton , R . J . M c K a y , W . G. W h i t m a n a n d 
co-workers , a n d F . N . Speller. T h e localized forms of corros ion k n o w n as p i t t i n g 
a n d per fora t ion a re usua l ly t h e m o s t ser ious forms of corros ion. M a n y p o u n d s 
of i ron m i g h t be lost b y a boiler t h r o u g h un i fo rm surface corros ion w i t h o u t 
a n y p a r t i c u l a r h a r m , b u t a smal l p r o p o r t i o n lost b y p i t t i n g m i g h t pe r fo ra t e t h e 
p l a t e ; or, as A. S. C u s h m a n expresses i t , j u s t a s a cha in is n o s t ronge r t h a n i t s 
weakes t l ink, so also a piece of i ron in service m a y b e r u i n e d a n d d i s c a r d e d e v e n 
if more t h a n 99 p e r cen t , of i t s mass a n d surface is^ s t i l l i n good cond i t i on . T h e 
subjec t was discussed b y J . R . Bayl i s , C. Bened icks , S. C. B r i t t o n a n d U . R . E v a n s , 
E . Englesson , U . R . E v a n s a n d C. W . B o r g m a n n , J . A. N . F r i e n d , G. N . H u n t l e y , 
E . Liebre ich, G. Mehr t ens , J . Mitchel l , E . P i e t s ch a n d E . J o s e p h y , G. Sch ikor r , 
E . H . Schulz , A. Thie l a n d W . E r n s t , W . T h o m s o n , F . T o d t , G. C. a n d M. C. W h i p p l e , 
A. W m s t a n l e y , a n d F . W u r t z e m b e r g e r . D . F . Ca lhane a n d A. L,. G a m m a g e found 
t h a t a smal l p ropor t ion of i ron in n ickel p l a t e s forms w i t h n ickel a series of ga lvan i c 
couples , a n d these af ter long exposure t o t h e a t m o s p h e r e cause ru s t i ng . 

J . T. Mil ton a n d W . J . Larke,** a n d S. R a c h w a l n o t e d t h a t i ron w i t h a h e t e r o 
geneous s t r u c t u r e is m o r e p r o n e t o corrosion t h a n w h e n t h e s t r u c t u r e is m o r e h o m o 
geneous . C. F r e m o n t a n d F . O s m o n d discussed corrosion a long H a r t m a n n ' s a n d 
L u d e r ' s l ines—vide supra. T h e annealing of co ld-worked i ron m a k e s i t less cor-
rodib le , a n d , accord ing t o E . H e y n a n d O. B a u e r , t h e influence is pe rcep t ib l e e v e n 
w h e n t h e m e t a l h a s been h e a t e d t o 100°. T h e sub jec t w a s d iscussed b y H . A l t p e t e r , 
M. JJe lbar t , P . Goerens , H . H a n e m a n n a n d C. L i n d , a n d J . H . W h i t e l e y a n d co 
worke r s . C. Chappel l found t h a t quenched steel is m o r e cor rodib le t h a n s teel w h i c h 
h a s been q u e n c h e d a n d t h e n annea led , a n d t h a t t h e effect d e p e n d s on t h e t e m p , 
of corros ion ; J . D n e s e n observed a m a x i m u m b e t w e e n 350° a n d 400° , a n d a 
m i n i m u m b e t w e e n 100° a n d 200°. T h e sub jec t w a s discussed b y V . Duffek, 
H . E n d o , W . Kos t e r , a n d S. W h y t e . w * , 

Obse rva t i ons on the effect of grain-size o n t h e corros ion of m e t a l s a r e of ten c o m 
p l i c a t e d b y t h e s i m u l t a n e o u s presence of o t h e r fac tors , so t h a t t h e ev idence is s o m e -
timm confl ict ing. P . T . B r u h l , a n d S. W . S m i t h cons idered t h a t a smal l gra in-s ize 
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Fio . 366.- -The Effect of Hea t - t r ea tmen t on 
the Corrosion of Iron. 

f avoured t h e a t t a c k . J . P . Spa r row , S. W h y t e , W . H . J . V e r n o n , a n d N . S. K u r -
nakoff a n d A . N . Achnasaroff sa id t h a t a fine s t r u c t u r e res i s t s a t t a c k b e t t e r t h a n 
does a coarse s t r u c t u r e ; R . J . A n d e r s o n a n d co-workers , a n d G. D . B e n g o u g h 
a n d R . M a y a d d e d t h a t whi l s t t h e effect of t h e grain-s ize is smal l , cor ros ion i s 
less w i t h a smal l grain-size t h a n w i t h a la rge one ; a n d J . H . W h i t e l e y a n d 
A. F . H a l l i m o n d cou ld d e t e c t n o difference in t h e r eac t i on cu rves of a n n e a l e d i r o n 
h a v i n g -widely different grain-s ize 
w i t h n i t r i c ac id . O b s e r v a t i o n s o n 
t h e sub jec t were m a d e b y H . H a n e -
m a n n a n d C. L i n d , W . R . F l e m i n g , 
R . G. G u t h r i e , C. I r resberger , G. R i t t -
ler, A . Schleicher , G. Schleicher , 
G. S c h u m a n n , a n d S. W h y t e . Some 
of t h e resu l t s of C. Chappe l l w i t h 
sea -wa te r for 116 d a y s a r e s u m 
m a r i z e d in F ig . 366—vide infra. T h e 
pre fe ren t ia l corrosion b e t w e e n t h e 
crystals—intercrystalline corrosion— 
w a s s t u d i e d b y H . S. R a w d o n , 
D . H a n s o n , a n d J . A . J o n e s . 
!L. Ai tch i son conc luded t h a t the 
twinning of the crystals is l ikely t o h a s t e n t h e corros ion of a n y m e t a l showing a 
t e n d e n c y t o b e a t t a c k e d . 

K . A r n d t 1 5 showed t h a t t h e phys i ca l cond i t ion of t h e exposed sur face is a n 
i m p o r t a n t fac tor affecting i t s cor rodib i l i ty . R . Pfliicker e m p h a s i z e d t h e f avou rab l e 
influence of pol ishing on t h e res i s tance t o r u s t i n g ; a n d U . R . E v a n s , t h e u n f a v o u r 
ab le influence of surface ab ra s ion . A h igh ly pol i shed surface is less l iable t o 
cor rode t h a n a rough-fi led, m o r e or less p o r o u s m a s s . T h e l a t t e r will r u s t u n d e r 
cond i t ions w h e r e t h e fo rmer will r e m a i n b r i g h t , because m o i s t u r e m a y condense 
in t h e in te rs t ices of t h e r o u g h surface , a n d e v a p o r a t e s lowly. So also a r e t h e 
coarser g ra ined var ie t i e s of cas t i ron m o r e corrodible t h a n t h e finer g ra ined va r ie t i e s . 
T h e in te rs t ices b e t w e e n t h e s t r a n d s of a wire cable b e h a v e a s pores , a n d a l lowing 
condensed w a t e r t o lodge t he r e in g r e a t l y acce le ra te t h e speed of corrosion, so t h a t , 
a s M. T . M u r r a y showed , a cable m a y a p p e a r o u t w a r d l y s o u n d a n d s t rong , a n d 
b e i n t e rna l l y r o t t e n . O. B a u e r d iscussed t h e influence of b lobs a n d pores in t h e 
m e t a l o n r u s t i n g ; a n d H . S. R a w d o n , e tc .—vide supra—the in te rc rys ta l l ine 
corrosion of m e t a l s . O b s e r v a t i o n s on t h e influence of surface cond i t ions o n cor
ros ion were m a d e b y I J . Ai tch ison , G. D . B e n g o u g h a n d co-workers , L . H . Cal lender , 
TJ. R . E v a n s , C. E . F a w s i t t , W . F r a e n k e l a n d G. T a m m a n n , B . G a r r e , P . Goerens , 
H . H a u s c h i l d , E . Liebre ich , E . L iebre ich a n d F . Spi tzer , L . R . L u c e , E . N e w b e r y , 
W . R o s e n h a i n a n d co-workers , G. M. S c h w a b a n d E . P i e t s ch , G. T a m m a n n , 
H . S. Tay lo r , W . H . J . Ve rnon , a n d G. W a l p e r t ; t h e in t e r c rys t a l l i ne cor ros ion 
of m e t a l s was s t u d i e d b y H . S. R a w d o n ; a n d obse rva t i ons on t h e surface 
p h e n o m e n a , b y U . R . E v a n s , H . E u l e r , W . H . Hatf ie ld , I . L a n g m u i r , C. M a r a n g o n i 
a n d P . Stefanel l i , D . Ruff, B . D . Sak l a twa l l a , a n d G. A . Toml in son . T h e 
f avourab le effect of t h e sk in p r o d u c e d d u r i n g t h e ca s t i ng of t h e m e t a l in res i s t ing 
t h e corros ion of cas t i ron w a s n o t e d b y H . G. H a a s e ; a n d t h e u n f a v o u r a b l e 
influence of sphero ids of c e m e n t i t e in t h e r im, b y R . G. G u t h r i e . J . Wulff 
f ound t h a t t h e fo rm of t h e t e s t -p iece h a s a n influence on t h e co r ros ion ; a n d 
A. M. P o r t e v i n found t h a t t h e a t t a c k is d e p e n d e n t on t h e c u r v a t u r e of t h e 
surface. 

T h e porosi ty o i m e t a l s h a s been long recognized . I n 1620, F r a n c i s B a c o n , 
in h i s Novum organum (London , 2. 4 5 , 1620), d e m o n s t r a t e d t h e poros i ty of l ead 
b y compress ing w a t e r i n a he rme t i ca l ly sea led vessel u n t i l " t h e wa te r , i m p a t i e n t 
of f u r t h e r p res su re , e x u d e d t h r o u g h t h e sol id l ead l ike a fine d e w " ; a n d in 1667, 
t h e A c c a d e m i a de l Cimento r e p o r t e d , i n t h e Saggi di naturali esperienze (F i renze , 
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1667), a s imilar resu l t wi th gold. A t t h e beg inn ing of l a s t c e n t u r y , F . C l e m e n t 
placed a t u r n e d a n d bored cyl inder of c a s t i r on w i t h i n a c o p p e r cy l inde r a n d filled 
t h e in te rven ing space wi th mol ten t i n . O n cooling, some of t h e t i n h a d squeezed 
t h r o u g h t h e cast i ron, a n d a p p e a r e d l ike a fine, f i l amentous wool l in ing t h e in te r io r . 
E . H" A m a g a t observed a s imilar r e su l t -with m e r c u r y — v i d e i ron a m a l g a m s . 
P . W . B r i d g m a n found t h a t w h e n m e r c u r y is p ressed on t o t h e surface of s tee l , 
some m e r c u r y p e n e t r a t e d t h e pores of t h e s teel , a n d m a d e i t r o t t e n , owing t o t h e 
format ion of a n i ron a m a l g a m (q.v.). J . S m i t h s o n obse rved t h a t t i n cou ld b e 
forced b y pressure t h r o u g h cas t i ron . T h e p e n e t r a t i o n occur red on ly w h e n t h e 
s t ra in -was expans ive a n d t h u s t e n d e d t o o p e n t h e po res ; a compress ive s t r a i n , 
such as t h a t caused b y press ing on t h e ou t s i de of a s teel ba l l , closed t h e po res a n d 
p r e v e n t e d pene t r a t i on . D u r i n g t h e ocean su rvey , b y t h e officers of t h e U n i t e d 
S t a t e s N a v y , i t was observed t h a t t h i c k , hol low, glass ba l l s , s u n k t o g r e a t d e p t h s 
in t h e ocean for a n h o u r or t w o , b e c a m e m o r e or less filled w i t h w a t e r . N o c r acks 
or b reakages could be de t ec t ed microscopica l ly , a n d t h e inference m a d e w a s t h a t 
wa te r h a d been forced b y t h e e n o r m o u s ocean p re s s .—5 t o 6 t o n s p e r sq . i n . — 
t h r o u g h t h e pores of t h e glass. Th i s will p r o v e t o b e a v e r y i m p o r t a n t fac t if i t 
be confirmed. A. J o u v e h a s also obse rved t h e p e r m e a t i o n of su lphur i c ac id in 
t h e pores of vessels of cas t i ron w i t h a h igh p r o p o r t i o n of sil icon ; whi l s t G. T a m -
m a n n a n d H . Bredemeier forced b y p ress , a soln. of d y e i n t o t h e in te r io r of spec imens 
of m e t a l ; a n d M. J u n c k e r p roposed t o r e d u c e t h e cor rod ib i l i ty of ca s t i ron b y 
forcing u n d e r press, l inseed oil i n t o i t s po res . O b s e r v a t i o n s on t h e p o r o s i t y of 
me ta l s were also m a d e b y J . D e w r a n c e , XJ. R . E v a n s , J . A . N . F r i e n d , W . H . P e r k i n s , 
E . P iwowarsky a n d H . Esser , a n d W . M. T h o r n t o n — v i d e supra, t h e sp . gr . of i ron . 
B . Gar re discussed t h e pores formed w h e n t h e m e t a l is t w i s t e d or b e n t . 

The capi l lary channels , discussed b y L . Guil le t a n d co-workers , a r e t h o u g h t 
t o follow t h e edges of t h e original c rys t a l g ra ins—v ide infra, surface o x i d a t i o n . 
U . R . E v a n s considered t h a t t h e corrosion in capi l lar ies is a lso d u e t o different ial 
ae ra t ion , a n d no t t o capi l lary ac t ion a s s u m e d b y Li. McCulloch. I n cas t m e t a l s , 
therefore , as po in t ed o u t by IJ. R . E v a n s , t h e corros ion in cavi t ies will t e n d t o d ig 
d o w n w a r d s in to t h e m e t a l a n d enlarge t h e cavi t ies , p r o d u c i n g p i t t i n g , sponginess , 
a n d p e n e t r a t i o n ; while in worked m e t a l s , corros ion will t e n d t o p a s s be low t h e 
surface layer in a d i rec t paral le l t o t h e surface, en la rg ing t h e or iginal cap i l l a ry 
channels , caus ing t h e surface layer t o peel off in flakes, or r ise in b l i s te rs , o r sp l i t 
i n to flakes and a p p e a r r o t t e n . As obse rved b y C. Chappe l l , a n d o the r s—v ide 
supra—cavities a re also l ikely t o occur -where t h e i ron con ta in s inc lus ions of s lag, 
scoria, e tc . , so t h a t corrosion is often found t o p e n e t r a t e deep ly a r o u n d t h e edges 
of inclusions, a n d t o follow slag l ines in t h e m e t a l . W . H . J . V e r n o n e m p h a s i z e d 
t h e effect of a t m . d u s t in favour ing t h e corrosion of i ron exposed t o t h e a t m o 
sphere . Unfi l tered air p r o d u c e d ru s t i ng u n d e r condi t ions whe re pol ished p l a t e s 
r e m a i n e d b r igh t in a i r Altered t h r o u g h cot ton-wool . H e r e , t h e speck of d u s t 
m a y lead t o t h e r e t e n t i o n of a film of mo i s tu r e b e t w e e n t h e g ra in of d u s t a n d t h e 
unde r ly ing me ta l , a n d t h e condi t ions will t h e n be es tab l i shed for t h e anod ic cor
rosion descr ibed b y U . R . E v a n s . W h e n t h e r u s t is p r o d u c e d as a p r e c i p i t a t e , 
well a w a y from t h e m e t a l , a n d a f t e rwards se t t l es on t h e m e t a l , i t forms a flocculent 
l aye r w i th no g rea t adhes ive power ; a n d , as E . L . Chappe l l showed, w h e n t h e 
whole surface is comple te ly covered, i t will a c t a s a p r o t e c t o r b y h i n d e r i n g t h e 
diffusion of oxygen t o t h e m e t a l . 

T h e effect of oxygen in corrosion h a s been t r e a t e d f rom one p o i n t of v iew i n 
connec t ion w i th t h e ac t ion of a e r a t e d w a t e r ; a n d t h e sub jec t h a s been also d iscussed 
b y W . D . Bancrof t , J . M. B r y a n , G. C h a u d r o n , G. L . Cox a n d B . E . R o e t h e l i , 
W . H . Creutzfe ld t , W . R . D u n s t a n a n d J . R . Hi l l , H . E n d o a n d S. K a n a z a w a , 
U . R . E v a n s a n d co-workers , H . O. F o r r e s t a n d co-workers , E . C. Groesbeck a n d 
L . J . W a l d r o n , J . C. H u d s o n , K . I n a m u r a , B . L a m b e r t a n d J . C. T h o m s o n , 
A . R . Lee , A. L . McAulay a n d F . P . B o w d e n , J . McBr ide , T . N . Morr is , C. M o u r e a u 
and C. Dufra isse , E . N a u m a n n , G. Pa r i s , W . S. P a t t e r s o n , J . G. A . R h o d i n , 



I R O N 4 2 5 

W . D . R i c h a r d s o n , B . E . R o e t h e l i a n d co-workers , J . R o t h e a n d F . W . H i n d r i c h s e n , 
G. Schikor r , C. F . Schonbe in , F . N . Speller , G. T a m m a n n a n d W . K o s t e r , F . T o d t , 
W . H . J . V e r n o n , W . H . W a l k e r , W . K . Wel ler , W . G. W h i t m a n a n d R . P . Russe l l , 
W . R- W h i t n e y , a n d H . Wolbl ing—v ide infra. G. P a r i s , E . N a u m a i i n , a n d 
J . W . Cobb a n d G. Dougi l l a t t r i b u t e d t h e ex tens ive r u s t i n g in h o t - w a t e r - p i p e 
s y s t e m s t o t h e o x y g e n dissolved in t h e w a t e r . W . A. B r a d b u r y found t h a t t h e 
corros ive effects of w a t e r a r e d u e t o t h e dissolved a i r a n d c a r b o n d iox ide , a n d 
t h a t m a g n e s i u m chlor ide a lone , u sua l ly r ep re sen t ed a s a c t i n g MgCl 2 - f -Fe- f -2H 2 0 
= M g ( OH) 2 FeCl 2 - J -H 2 , does n o t so a c t a t a t m . p ress , w h e n cold or h o t . T h e 
p r e v e n t i o n of t h e corrosion of h o t - w a t e r p ipes b y de -ae ra t ion of t h e w a t e r w a s 
d iscussed b y F . N . Speller , C. R . T e x t e r , J . R . Bay l i s , O. K r o h n k e , a n d F . Meyer . 

W h e n a p l a t e is i m m e r s e d hor i zon ta l ly be low t h e surface of a soln. of s o d i u m 
chlor ide , l ines, spo t s a n d r ings of t h e h y d r a t e d ox ide a p p e a r on t h e surface ; t h e s e 
a r e fo rmed a b o u t t h e open ings of t h e po res ; i n t i m e , t h e cen t r e s of t h e r ings fill 
in , h u m p s of h y d r a t e d ox ide e x t e n d over t h e po re open ings , a n d t h e flocculent 
r u s t s p r e a d s i r regula r ly u n t i l t h e whole surface is covered . T h e b l a n k e t of h y d r a t e d 
ox ide shields t h e m e t a l f rom oxygen , a n d t h e whole surface will b e c o m e a n o d i c , 
b u t t h e corrosion will b e slow, since t h e p resence of o x y g e n is n o t needed a t t h e 
a n o d i c po r t i ons , y e t access of oxygen is necessa ry a t t h e c a t h o d i c a r ea s . If t h e 
b l a n k e t of h y d r a t e d ox ide is r e m o v e d f rom p a r t of t h e surface b y m o v e m e n t s of 
t h e l iquid , slow corros ion will c o n t i n u e over t h e b l a n k e t e d po r t i on . O n t h e lower 
surface of t h e p l a t e t h e r e m o v a l of t h e h y d r a t e d ox ide m a y occur b y s e d i m e n t a t i o n , 
so t h a t b l a n k e t i n g does n o t occur , a n d corros ion con t inues in t h e pores . W i t h 
p l a t e s p l aced ver t i ca l ly in t h e l iquid , t h e r e is t h e t e n d e n c y of t h e h y d r a t e d ox ide 
t o s p r e a d d o w n w a r d s f rom each p i t , a n d t h e fac t t h a t t h e u p p e r p o r t i o n s a r e m o r e 
accessible t o o x y g e n t h a n t h e lower p o r t i o n s . T h e lower, less a e r a t e d p a r t is 
the re fore anod ic t o t h e u p p e r , a e r a t e d p o r t i o n . T h e lower p o r t i o n is the re fore 
co r roded first, whi le t h e u p p e r p o r t i o n , n e a r t h e level of t h e soln. , r e m a i n s clear . 
T h e corrosion m a y beg in in p i t s or cav i t i es , fo rming w h a t A. P a y e n cal led les tuber-
cules ferrugineaux, a n d e x t e n d i n g d o w n w a r d s , deve lop ing i n t o s t r e a m e r s , or, a s 
A . P a y e n called t h e m , les formes vermiculaires. F . H . R h o d e s a n d E . B . J o h n s o n 
found t h a t in t h e case of a mun ic ipa l gas-holder , t h e a t t a c k occur red a long a 
ho r i zon ta l zone b e t w e e n 4 in . a n d 3 ft. be low t h e level of t h e seal ing w a t e r . T h e r e 
w a s no evidence of a t t a c k a t or j u s t be low t h e water - level . I n t h i s case t h e r e d u c i n g 
ac t ion of t h e coal-gas m a y h a v e he lped t o lessen t h e o x y g e n c o n c e n t r a t i o n of t h e 
p a r t s be low t h e surface of t h e w a t e r . I n some cases, t h e a e r a t e d , c a t h o d i c zone 
m a y resis t corrosion for a t i m e , even w h e n t h e d i s t r i b u t i o n of t h e o x y g e n h a s 
become un i fo rm ; a n d U . R . E v a n s a t t r i b u t e d t h i s t o t h e f o r m a t i o n of a film of 
oxide which is m o r e p r o t e c t i v e t h a n a film formed b y e x p o s u r e t o d r y a i r . Th i s 
film of ox ide m a y b e c o m e t h i c k e n o u g h t o g ive in te r fe rence t i n t s . 

Accord ing t o J . R . Bay l i s , t u b e r c u l o u s depos i t s fo rm a n i m p e r v i o u s c o a t i n g 
w h e r e soluble i ron f rom t h e in te r io r comes i n t o c o n t a c t w i t h d issolved o x y g e n . 
If t h e w a t e r h a s 2?H—8-5 t h e i ron forms a n i m p e r v i o u s c o a t i n g of c rys ta l l ine i r on 
ox ide in a few m o n t h s . P i t s a re of ten found u n d e r t ube rc l e s , a n d n e g a t i v e ions , 
such a s s u l p h a t e a n d ch lor ide ions , a r e c o n c e n t r a t e d in t h e s e : t h e ove r ly ing 
tube rc l e s m a y c o n t a i n ove r 1 pe r cen t , of t he se sa l t s . A . L . M c A u l a y a n d 
F . P . B o w d e n m e a s u r e d t h e p o t e n t i a l b e t w e e n m e t a l a n d l i qu id a t different p a r t s 
of a surface b o t h d u r i n g corrosion, a n d a f t e rwards w h e n r e m o v e d f rom t h e l iqu id . 
T h e v a l u e on t h e c a t h o d i c zone va r i ed s l ight ly f rom t h a t o n t h e anod ic zone . 
Us ing O- IiV^-NaCl, a g a i n s t a n o r m a l ca lomel e lec t rode , t h e anod ic p o r t i o n n e a r t h e 
b o t t o m h a d a p o t e n t i a l of —0-520 vo l t , a n d n e a r t h e wa te r - l ine of t h e c a t h o d i c 
p o r t i o n , —0-380 vo l t . 

I r o n is less qu ick ly a t t a c k e d b y dist i l led w a t e r t h a n i t is b y a soln. of p o t a s s i u m 
chlor ide , s u l p h a t e , o r n i t r a t e ; a n d w i t h w a t e r , t h e d i r ec t p r o d u c t of a n o d i c cor
ros ion is ferrous h y d r o x i d e , which is spa r ing ly soluble in w a t e r . T h e corros ion 
of t h e m e t a l b y a d r o p of dist i l led w a t e r follows v e r y m u c h t h e course of t h a t 
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i l lus t ra ted b y F ig . 364 ; b u t wi th w a t e r d i s t inc t ly a lka l ine , whe re t h e so lubi l i ty 
of ferrous hydrox ide is g rea t ly r educed , U . R . E v a n s s h o w e d t h a t a n inso lub le , 
p ro tec t ive film will be p roduced which will g row u n t i l t h e p o t e n t i a l of t h e p a r t s 
inaccessible t o oxygen approaches t h e v a l u e of t h e a e r a t e d p a r t , t h e c u r r e n t will 
cease t o flow, a n d corrosion will cease. Th i s agrees w i t h t h e genera l obse rva t i on 
t h a t i ron immersed in a lkal ine l iqu ids con ta in ing o x y g e n usua l ly r e m a i n s b r i g h t , 
and passive. 

Some factors influencing the rate of corrosion.—Although in the local anodic 
corrosion of i ron, access of oxygen whe re t h e a c t u a l corrosion occurs is n o t necessary , 
y e t oxygen m u s t be p resen t a t t h e c a t h o d e p o r t i o n s t o a c t as depolar izer . H e n c e , 

consider ing t h e whole sy s t em, t h e a t t a c k on t h e m e t a l is 
d e p e n d e n t on t h e p r o p o r t i o n of dissolved oxygen ; a n d if t h e 
p r o p o r t i o n of dissolved o x y g e n in t h e w a t e r could b e r e d u c e d 
t h e r a t e of corros ion w o u l d b e r educed . C. Chappe l l f ound 
t h a t for low-carbon s teels , t h e a m o u n t of corrosion is p r o 
po r t iona l t o t h e t i m e of immers ion . W i t h respec t t o t h e 
ve loc i ty of corrosion, excep t for v e r y s h o r t i n t e rva l s of t i m e , 
t h e e x t e n t of t h e corrosion is n o t p ropo r t i ona l t o t h e t i m e of 
exposu re t o t h e cor rod ing influence. These resu l t s , however , 
were n o t o b t a i n e d -with one piece of m e t a l , b u t r a t h e r b y t h e 
use of a series of p l a t e s which were all cor rod ing a t t h e s a m e 
r a t e . J . A. N . F r i e n d , there fore , m e a s u r e d t h e abso rp t i on of 

oxygen b y a piece of r u s t i n g i ron, a n d o b t a i n e d t h e resu l t s shown in F ig . 367, where 
t h e slope of t h e curve a t a n y g iven t i m e measu re s t h e ve loc i ty of t h e reac t ion . T h e 
a t t a c k is more r ap id in t h e ear ly s tages of r u s t i n g ; a n d a s t h e t i m e of e x p o s u r e 
is more prolonged, t h e r a t e decreases a n d becomes m o r e nea r ly p r o p o r t i o n a l t o 

t h e t i m e . H e r e , t h e m e t a l w a s fairly p u r e , a n d 
t h e e x p e r i m e n t a l cond i t ions c o n s t a n t , b u t u n d e r 
work ing condi t ions , t h i s is n o t t h e case ; a n d , 
as emphas i zed by Gr. S c h u m a n n , t h e p r o b l e m is 
r a t h e r complex . Accord ing t o I . D . v a n Giessen, 
open, s teel equal iz ing t a n k s in w a t e r w o r k s a r e 
subjec t t o severe corros ive condi t ions , since t h e 
t o p layer of w a t e r r a r e ly changes , t h e r e be ing b u t 
a single b o t t o m connec t ion ; t h e effect is wor s t 
on t h e ins ide po r t i on facing t h e sou th , a s t h i s 
receives t h e full h e a t of t h e sun , a n d is bes ides 

a l t e rna te ly we t a n d d r y . O. K r o h n k e , a n d K . A r n d t found t h a t c a s t i ron a t 
first corrodes as r ap id ly as steel , b u t a f t e rwards i t resis ts corrosion far b e t t e r t h a n 
t h e o the r me ta l s . This is in accord wi th genera l exper ience . T h e following a r e 
K . A r n d t ' s d a t a : 

50 
<£"*> *o 

3 * 1 
IO 20 30 40 

T/me //? days 
F I G . 367.—The Ab

sorption of Oxy
gen by Husting 
Iron. 

0-4 0-8 h2 /-6 Z-O 2-4 2-8 3-2 3-6 4-0 
A/ormcdity ofHCL solution 

Fio . 368.—The Rate of Corrosion 
of Steel in Solutions of Potas
sium Chloride. 

Time 
Oxygon (Cast iron 

1 
13 
13 
5 

3 
24 
32 
8 

5 
30 
45 
30 

10 
45 
63 

109 

20 
59 

108 
198 

30 
73 

156 
293 

43 days 
95 c.c. 

213 „ 
389 „ 

G. D . Bengough a n d co-workers c o m p a r e d t h e r a t e of abso rp t ion of o x y g e n 
a n d t h e t o t a l corrosion of steel wi th a soln. of p o t a s s i u m chlor ide of different con
cen t r a t i ons , a n d t h e resul t s a r e s u m m a r i z e d in F ig . 368 . 

W a t e r f rom m o u n t a i n s t r eams in showery d i s t r i c t s was found b y F . J . R o w a n 1 6 

t o be h igh ly oxygena ted , a n d t o b e pa r t i cu l a r ly c o r r o s i v e ; a n d R . Mal le t m a d e 
a s imilar obse rva t ion w i th respect t o t h e corrosive power of r a in -wa te r . E . H e y n 
a n d O. B a u e r found t h a t t h e re la t ive corrosion of t h r e e p l a t e s of t h e s a m e m e t a l 
i m m e r s e d in dist i l led wa te r , in w a t e r in which a b lock of charcoa l w a s suspended , 
a n d in wa te r w i t h powdered wood charcoa l sp r ink led o n t h e surface, w a s respec
t i v e l y a s 100 : 68 : 20 . T h e charcoal a c t e d b y r educ ing t h e s u p p l y of o x y g e n t o 
t h e m e t a l . Accord ing t o J . A. N . F r i end , corrosion is n o t p ropor t i ona l t o t h e a r e a 
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of t h e e x p o s e d surface , b e c a u s e once corros ion h a s s t a r t e d , o x y g e n m a y b e a b s o r b e d 
m o r e r a p i d l y t h a n c a n b e supp l i ed t o t h e m e t a l b y m e r e diffusion t h r o u g h t h e 
w a t e r ; a n d t h e r a t e of corros ion will b e a r some re l a t ion t o t h e e x p o s e d sur face 
a r e a of t h e m e t a l , because t h e s u p p l y of o x y g e n t o t h e m e t a l is d e t e r m i n e d b y t h e 
r a t e of diffusion of t h e o x y g e n , a n d t h i s is d e t e r m i n e d b y t h e a r e a of t h e su r face 
t o w h i c h t h e o x y g e n h a s access . S imi la r ly , a lso a film of oil on t h e surface of w a t e r 
he lps t o r e d u c e t h e s u p p l y of o x y g e n t o t h e m e t a l ; t h e e x t e n t of t h e p r o t e c t i o n 
is d e t e r m i n e d b y t h e r a t e a t wh ich t h e oil c a n a b s o r b o x y g e n f rom t h e a i r , a n d 
de l iver i t t o t h e w a t e r b e n e a t h . R . Mal le t ShO-WCd t h a t t h i c k i ron p l a t e s co r rode 
less r a p i d l y t h a n t h i n p l a t e s ; a n d A . S. C u s h m a n , t h a t d o u b l i n g t h e t h i c k n e s s of 
a p l a t e u sua l l y m o r e t h a n doub l e s i t s life. W . H . J . V e r n o n obse rved t h a t t h e 
r a t e of corros ion of coppe r w a s affected b y t h e a r e a b u t n o t b y t h e t h i c k n e s s of 
t h e p l a t e s . 

R . Mal le t s h o w e d t h a t t h e d e p t h t o w h i c h a n i r o n p l a t e is i m m e r s e d in s t i l l 
w a t e r will g r e a t l y inf luence i t s r a t e of cor ros ion , b e c a u s e once t h e o x y g e n i n t h e 
v i c i n i t y of t h e p l a t e is u s e d u p , t h e p l a t e is d e p e n d e n t for f u r t he r supp l ies on t h e 
r a t e a t wh ich o x y g e n c a n diffuse d o w n w a r d s f rom t h e sur face ; a n d th i s will b e 
s lower t h e g r e a t e r t h e d e p t h of t h e s u b m e r g e d i ron . E . H e y n , a n d E . H e y n a n d 
O. B a u e r also f o u n d t h e following losses d u e t o corros ion w i t h i ron p l a t e s i m m e r s e d 
in st i l l w a t e r : 

T i m e . . . 8 15 22 29 d a y s 
( G c m . . . 0-0268 0-0480 0-0731 0 0 7 8 3 

D e p t h 2 8 c m . . . 0-0244 0-0450 0 0 6 2 8 0-0766 
(50 c m . . . 0 0 2 0 6 0 0 3 6 4 0-0606 0 0 7 8 8 

A s t h e t i m e of e x p o s u r e i n c r e a s e s , t h e d i f f e r e n c e i n t h e r a t e s of c o r r o s i o n a t v a r i o u s 
d e p t h s b e c o m e s l e s s m a r k e d . T h i s w a s a t t r i b u t e d t o t h e s l o w r e d u c t i o n of t h e 
r u s t b y t h e i r o n a t t h e l o w e r d e p t h s : F e - J - F e 2 O 3 = S F e O , i n a c c o r d w i t h t h e f a c t 
t h a t t h e p r o p o r t i o n of f e r r o u s o x i d e a t t h e g r e a t e r d e p t h s w a s l a r g e r . I n a i r , t h e 
p a r t i a l p r e s s , of t h e o x y g e n h a s l i t t l e i n f l u e n c e o n t h e r a t e of c o r r o s i o n , b e c a u s e 
t h e s u r f a c e of t h e m e t a l i s b e i n g c o n t i n u a l l y s w e p t b y f r e s h g a s . T h e c a s e i s d i f f e r e n t 
i n d e e p w e l l s w h e r e t h e t e m p , i s m o r e u n i f o r m , a n d t h e a c c e s s of f r e s h a i r i s m o r e 
d i f f i cu l t . T h e r a t e of c o r r o s i o n of i r o n s u b m e r g e d i n w a t e r i s d e p e n d e n t o n t h e 
s o l u b i l i t y of t h e o x y g e n i n w a t e r , a n d t h i s i s l a r g e l y d e p e n d e n t o n t h e p a r t i a l 
p r e s s , of t h e g a s . H e n c e , W . H . W a l k e r a n d c o - w o r k e r s f o u n d t h e f o l l o w i n g l o s s e s 
d u e t o r u s t i n g of i r o n s u b m e r g e d i n w a t e r w i t h v a r i a b l e p e r c e n t a g e s of o x y g e n i n 
t h e a t m o s p h e r e a b o v e : 

O x y g o n . . . 18-2 21-8 28-O 64-5 72-1 97-0 p e r c e n t . 
L o s s b y cor ros ion . 0 0 1 8 0-021 0-031 0-057 O-064 0-086 

T h e a c t i o n of o x y g e n o n c o r r o s i o n b y w a t e r w a s d i s c u s s e d b y J . W . S h i p l e y 
a n d c o - w o r k e r s , F . T o d t , W . G . W h i t m a n a n d c o - w o r k e r s , G . B r e s c h , W . v a n 
W . S c h o l t e n , J . N . T>. H e e n a n , U . R . E v a n s , W . R . W h i t n e y , M . T r a u b e , E . Hoyix 
a n d c o - w o r k e r s , W . H . W a l k e r a n d c o - w o r k e r s , J . S p e n n r a t h , V . D u f f e k , 
A . L . M c A u l a y a n d F . P . B o w d e n , J . T i l l m a n s a n d c o - w o r k e r s , .T. W . C o b b 
a n d G . D o u g i l l , J . R . B a y l i s , J . A . N . F r i e n d , G . N . H u n t l e y , G . D . B e n g o u g h 
a n d c o - w o r k e r s , a n d E . L i e b r e i c h . G . S c h i k o r r f o u n d t h a t t h e r a t e of c o r r o s i o n 
i n w a t e r w i t h t h e o x y g e n g a s u n d e r p r e s s , b e t w e e n 0 2 a n d 5-0 a t m . s h o w e d a 
m a x i m u m a t a b o u t 1 a t m . p r e s s . I i . E . J a c k s o n o b s e r v e d a r a p i d c o r r o s i o n of i r o n 
i n a r e f r i g e r a t o r p l a n t d u e t o t h e h i g h o x y g e n - c o n t e n t of t h e c o l d w a t e r . 

W h e n w a t e r i s i n m o t i o n , i t w i l l u s u a l l y c o n t a i n a h i g h p r o p o r t i o n of o x y g e n 
p r o v i d e d i t i s s h a l l o w , a n d t h e a t m o s p h e r e h a s f r e e a c c e s s t o i t s s u r f a c e . 
M . B . J a m i e s o n f o u n d t h a t t h e c o r r o s i o n i n s t r e e t w a t e r - m a i n s i s p r o p o r t i o n a l 
t o t h e a m o u n t of w a t e r p a s s i n g t h r o u g h t h e m . E . H e y n a n d O . B a u e r f o u n d t h a t 
a g e n t l e flow of t h e w a t e r i n c r e a s e s t h e c o r r o s i o n 8 - fo ld ; b u t w i t h s t i l l h i g h e r 
v e l o c i t i e s , t h e c o r r o s i o n i s l e s s . T h u s : 
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Cast i « m { S i S S i S n loss 
(Veloci ty 
\ Corros ion loss Stee l 

O 
0-0350 
O 

O-0566 

6-6 
O-2071 

15 
01357 

36 
0-2912 

5O 
0-0826 

240 l itres per hr. 
0-1470 grxa. 

35O litres per hr. 
0-0377 g r m . 

J . A. N . F r i e n d emp loyed st i l l h igher veloci t ies . T h e fol lowing r e su l t s were o b t a i n e d 
b y exposing for 22 t o 25 h r s . i ron f o i l — 3 x 0 - 5 sq. c m . in a r e a , a n d a p p r o x i m a t e l y 
0*35 g r m . i n w e i g h t — t o w a t e r w i t h a ve loc i ty V ft . p e r h r . ; t h e loss i n w e i g h t is 
expressed in m g r m s . pe r h o u r : 

v 
L o s s 

O 
0 0 8 2 

540 
0 1 8 8 

570 
0 1 7 7 

Bust 

420O 
0 0 5 4 

Streams 
of rust 

90OO 
0-029 

13,000 
0-032 

Traces of 
rust 

30 ,000 
O-034 

No rust 

I t is a s s u m e d t h a t t h e res i s tance t o corros ion i n w a t e r a t a h i g h ve loc i t y is d u e 
t o t h e w a t e r sweeping a w a y some c a t a l y s t wh ich ass is t s t h e m e t a l t o co r rode ; 
a n d t h a t w i t h o u t t h i s c a t a l y s t t h e m e t a l dissolves a s p o s t u l a t e d b y t h e ionic 
t h e o r y , w i t h such a smal l ve loc i ty t h a t i t is a l m o s t pas s ive . T h e c a t a l y s t , s a id 

J . A. N . F r i e n d , is supposed t o be t h e h y d r o s o l 
of ferrous ox ide . R . F . P a s s a n o a n d F . R . N a g l e y 
s t u d i e d t h e sub jec t . 

J . A s t o n , R . J . M c K a y , U . R . E v a n s , a n d 
H . E n d o a n d S. K a n a z a w a s h o w e d t h a t w h e n 
i ron r u s t s u n d e r w a t e r , t h e a r ea t o wh ich o x y g e n 
h a s t h e freer access b e c o m e s c a t h o d i c , a n d t h e 
a r ea s shie lded f rom o x y g e n become anod i c . T h e 
p resence of d isso lved o x y g e n w a s s h o w n b y 
R . Adie , J . A s t o n , W . I ) . Banc ro f t , A . S. C u s h -
m a n , H . E n d o a n d A . K a n a z a w a , U . R . E v a n s , 

'0 IO 20 30 40 50 60 70 80 30days M. M. H a l l , K . I n a m u r a , H . A. 13. J o w e t t a n d 
F io . 369.—The Effects of Agitation E . Gould ing , R . J . M c K a y , R . Mal le t , J . W . S h i p -

and Bes t on the Corrosion of l e y a n d i J 1 McHaffie, W . G. W h i t m a n a n d 
cSSoriJL* S o l u t l o n ° f P o t a s s l u m R . P . Russe l l , W . H . W a l k e r a n d co-workers , 

a n d W . R . Whi tney—wide supra—to f avour t h e 
corrosion of i ron , a n d t h e r a t e of corrosion is f avoured b y a g i t a t i o n as i n d i c a t e d 
w i t h 0-l iV-KCl w i t h a soln. a t res t , a n d a soln. a e r a t e d b y s t i r r ing . T h e r e su l t s 
of H , E n d o a n d S. K a n a z a w a w i t h soln. of v a r i o u s sa l t s a n d ac ids expressed in 
t e r m s of t h e rat io—corrosion ratio—of t h e losses in we igh t of a spec imen w h e n t h e 
soln. is a e r a t e d b y a c u r r e n t of oxygen , a n d b y a c u r r e n t of h y d r o g e n , 

v4 

V' 

& P /^ 
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- I 

--^j 

C o n c e n t r a t i o n 
[ N a C l 

KCl 
Corros ion ratio-[ 5 s S ? 4 

JvAl(SO 4 ) , 
I B a C l 2 

C o n c e n t r a t i o n 
( H 2 S O 4 

Corros ion r a t i o < HCl 
( H N O 3 

O]JIf-
2-8 
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1-2 

2-0 
95 
1 0 

0-05 Af-
2-2 
2-3 
2-5 
1-3 
2-2 
2-1 

50 
1-5 

1 1 

0-02JVf-
1-4 

•(> 
•4 
•6 
•2 
•6 

2O 
4-2 

5 
1 4 1 
15-4 

1 

1-5 

O-Olilf-
1-3 
1-4 
1-2 
1-2 
1 0 
1-3 

O-5 p e r c e n t . 

70-4 

H . E n d o a n d S. K a n a z a w a , a d o p t i n g t h e ionic h y p o t h e s i s , a s s u m e d t h a t t h e cor
ros ion of t h e i ron t a k e s p lace in t w o s t ages : F i r s t , a sma l l q u a n t i t y of t h e i ron 
passes i n t o soln. a s fer rous ion a n d a n e q u i v a l e n t a m o u n t of h y d r o g e n is depos i t ed on 
t h e surface of t h e m e t a l as molecular h y d r o g e n : F e + 2 H , + 2 0 H , ^ F e * + 2 O H ' - + - H 2 , 
or F e + 2 H 2 0 ^ F e ( O H ) 2 + H 2 . Second, w h e n o x y g e n is i n t r o d u c e d i n t o t h i s s y s t e m , 
t h e fe r rous h y d r o x i d e is oxidized t o ferric h y d r o x i d e , 4 F e ( O H ) 2 + O 2 - + - 2 H 2 O 
= 4 r F e ( O H ) 3 , a n d t h e molecu la r h y d r o g e n is ox id ized a n d so r e m o v e d f rom t h e 
sur face of t h e i ron . 
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The corrosion of iron by moving liquids was also examined by E. Heyn, 
G. D. Bengough and R. May, M. Drapier, J. A. N. Friend and co-workers, W. Beck, 
M. B. Jamieson, J. Tillmans and co-workers, W. R. Whitney, R. P. Russell and 
co-workers, J. N. D. Heenan, F. N. Speller and V. V. Kendall, M. Straumanis, 
J. F. Thompson and R. J. McKay, R. J. McKay, and W. G. Whitman and co
workers. S. S. Cook studied water-hammer corrosion, and attributed it to the 
favourable influence of the motion of the metal surfaces ; and C. A. Tomlinson, 
the corrosion of two, hard steel surfaces subjected to relative motion under load. 
R. Auerbach observed that differences in the rate of flow of an electrolyte may 
set up differences of potential on a surface of iron, and he studied the effect of the 
flow of the liquid in capillaries. 

Iron corrodes most rapidly when it is alternately wet and dry—e.g. the water-
line of iron ships, bridge columns, etc. 

R. Mallet found that raising the temperature up to a maximum of 79° to 88° 
favours corrosion. E. Heyn. and O. Bauer found a maximum at 60° in one case, 
and at 80° in another. J. A. N. Friend and co-workers, 
E. Ramann, I. H. Woolson, A. Lodin, W. van Rijn, E. Heyn 
and O. Bauer, A. Thiel and H. Luckmann, O. Bauer and 
co-workers, Gr. M. Enos, J. R. Baylis, and F. N. Speller also 
made observations on the subject. The effect of temp, is 
the resultant of two opposing influences. There is, first, the 
acceleration of the speed of the reaction by a rise of temp., 
and second, the retardation of the corrosion owing to the 
decreasing solubility of oxygen, etc., in water with a rise of 
temp. A maximum effect will therefore be obtained at 
some critical temp, which, according to the observations of 
H. Endo, Fig. 37O, occurs between 60° and 70°. This agrees 
with the previous observation of E. Heyn and O. Bauer. 
The degree of corrosion in Fig. 37O, refers to results expressed in relation to the 
corrosion at 20° taken as unity. The observed losses in weight in grams per 
sq. cm. during 30 days were : 
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C. H. Cribb and F. W. F. Arnaud, and J. A. N. Friend found that the corrosion 
is less in darkness than in light, with distilled-water, tap-water, river-water, and 
soln. of various compounds—magnesium chloride, sodium 
carbonate, hydrocarbonate, and hydroxide, and calcium 
hydroxide. H. E. Armstrong suggested that the eftect 
might be due to a difference in temp, rather than to the 
action of light per se, but J. A. N. Friend found that 
light is still active when the effect of temp, is eliminated. 
H. Endo and co-workers obtained the results summarized 
in Fig. 371. During the exposure, 11 of the 50 days "0 /0 20 30 40 ofays 
were cloudy. C. Benedicks and R. Sundberg observed Fia 371.. ^lie Influence 
that stainless steel is not quite so much attacked by a of Light on the Rate of 
soln. of ferrous sulphate, in a photo-cell, in light as it is Corrosion of Iron, 
in darkness. In general, however, light favours the cor
rosion of metals. The subject was discussed by H. S. Allen, G. Athenasiu, 
R. Audubert, W. D. Bancroft, W. Beck, G. D. Bengough and O. F. Hudson, 
S. S. Bhatnagar and co-workers, T. W. Case, W. W. Coblentz and co-workers, 
H. Endo, G. M. Enos, J. A. N. Friend and co-workers, O. Hahnel, M. Kimura, 
A. Leighton, J. Nordensen, C. C. Palit and N. R. Dhar, W. H. J. Vernon, and 
W. P. Wood. According to W. Beck, exposure to radium radiations reduces 
corrosion. 

R. H. Gaines 1 7 emphasized the need for reckoning with certain bacterial 
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organisms as a n influence favourab le t o corros ion. T h e w o r k of i ron -bac t e r i a w a s 
discussed b y D . Ell is , R . G r a n t a n d co-workers , a n d C. T o n a m i . T h e effect of 
sulphides due t o t h e ac t i on of bac t e r i a a n d o t h e r fo rms of life or o rgan ic m a t t e r o n 
su lpha tes or decay ing o rgan ic m a t t e r w a s s t u d i e d b y R . I r v i n e , P . Agos t in i , 
G. D . Bengough a n d R . M a y , S. H . El l i s , A . Mol ten i , a n d E . V . S m i t h a n d 
T. G. T h o m p s o n . C. D a r w i n showed t h a t w o r m s m a y exc re t e ac id ic f l u i d s ; 
B . Schorler obse rved t h e s a m e t h i n g w i t h r e spec t t o t h e GaUionella ferruginea ; 
a n d A . Mol ten i obse rved t h a t t h e h u m i c ac id of d e c a y i n g p l a n t s , a n d t h e ac id ic 
fluids e x u d e d or exc re t ed f rom some p l a n t s , e a r t h w o r m s , a n d m i c r o - o r g a n i s m s 
h a v e a m a r k e d ac t ion o n i ron s t r u c t u r e s e m b e d d e d in soils. T h e s u b j e c t w a s 
d iscussed b y R . H . Gaines , A. B e y t h i e n , O. Adle r , a n d E . R a u m e r — v i d e infra, 
l imon i t e . 

W . L . D u d l e y 1 8 b u r i e d i ron p ipes in v a r i o u s k i n d s of soil a n d found t h e cor ros ion 
a b o u t half a s fas t i n t h e case of p ipes convey ing coal-gas , a s i t -was w i t h p i p e s 
convey ing n o gas . T h e corrosion of iron by coal-gas is u s u a l l y a t t r i b u t e d t o t h e 
presence of i m p u r i t i e s — h y d r o c y a n i c ac id , c a r b o n d i s u l p h i d e , c a r b o n d iox ide 
a n d oxygen . J . A. N . F r i e n d n o t e d t h a t w a t e r s a t u r a t e d w i t h coa l -gas is a b o u t 
t w o - t h i r d s as a c t i v e a s w a t e r a lone in t h e a t t a c k on i ron b u r i e d i n mo i s t soils, n o t 

excep t iona l ly ac id ic . T h e s u b j e c t 
was d iscussed b y W . B e r t e l s m a n n , 
A . Bolz inger , H . G. Co lman , 
W . D . D a v i d s o n , W . E . D e n n i s o n , 
F . F i r t h , G. M. Gill, I . G insberg , 
J . T . H a d d o c k , T . H o l g a t e , H . M. H o w e , 
W . L e y bold , J . McLeod , G. Mas ing , 
R . V. A. Mills, L . Monk , E . O t t a n d 
F . H i n d e n , J . P a r k e r , B . R . P a r k i n 
son, F . H . R h o d e s a n d E . B . J o h n 
son, B . R i c h a r d s o n , J . Rol l i son , 
R . H . R u t h v e n , J . G. T a p l a y a n d 
co-workers , C. H . S. T u p h o l m e , 
C. E . Wi l l i ams , a n d R . E . Wi l son . 
I n a g r e e m e n t -with B . R i c h a r d s o n , 
a n d C. E . Wi l l i ams , J . F . G. H i c k s 
showed t h a t t h e h y d r o c y a n i c ac id 
p l ays a subs id i a ry p a r t , for t h e m o i s t 
o x y g e n a n d c a r b o n d iox ide i n i t i a t e 
t h e corrosion. T h e h y d r o c y a n i c ac id 

acce lera tes t h e corrosive ac t ion , a n d i t p l a y s a m o s t i m p o r t a n t p a r t , a s is 
i nd i ca t ed b y t h e curves , F ig . 372, showing t h e r a t e s of corros ion i n t h e p re sence 
of mo i s t gases . T h e speed is g r e a t e s t w h e n h y d r o c y a n i c ac id is p r e s e n t . T h e 
final p r o d u c t of t h e ac t ion in t h e case of coal-gas m a i n s is p ru s s i an b lue . I t is 
e s t i m a t e d t h a t t h e r e is t h u s p r o d u c e d 10 t o n s of p r u s s i a n b lue p e r a n n u m in t h e 
gas m a i n s of P o r t l a n d Ci ty . N o corros ion w a s obse rved 'with d r y a i r , d r y 
oxygen , or d r y ca rbon d ioxide . 

T h e corrosion of iron buried in soils w a s d iscussed b y F . O. A n d e r e g g a n d 
R . V. Achatz ,™ K . A r n d t , W . Beck a n d K . J a c o b s o h n , F . L . B a s s e t t , F . Bes ig , 
I i . G. E . Bignel l , G. B l a n c h a r t , M. J . Blew, O. B a u e r a n d E . W e t z e l , J . R . B r a d s h a w , 
E . A . Cross, A. S. C u s h m a n , R . O. E . Dav ie s , I . A . Den i son , W . L . D u d l e y , F . E n s s l i n 
a n d F . Buschendorf , S. E w i n g , H . O. F o r r e s t , M. F r e u n d , R . H . Gaines , A . F . G a n z , 
I . D . v a n Giessen, J . d e Graaflt, M. Gut ie r res , F . H a b e r a n d P . K r a s s a , O. H a e h n e l , 
R . B . H a r p e r , M. H o r i o k a a n d M. I w a s a , H . D . Hol le r , R . I r v i n e , R . K r z i z a n , 
R . J . K u h n , C. Lep ie r re , K . H . L o g a n , K . H . L o g a n a n d co-workers , B . McCol lum 
a n d K . H . L o g a n , P . Medinger , A. Mol ten i , G. M u r d o c h , V. Nagreeff, M. R . P u g h , 
A , R o m w a l t e r , R . P . Russel l a n d W . G. W h i t m a n , R . H . R u t h v e n , S. G. S a s t r y , 
J . E . S h i p p e r , E . H . Schofield a n d L . A . S tenger , W . B . Schu l t e , G. N . S c o t t , 
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E. R . S h e p a r d , J . W . Sh ip ley a n d co-workers , E . S. S i m p s o n , E . O. S l a t e r , 
W . N . S m i t h a n d co-workers , W . N . S m i t h a n d J . W . Sh ip ley , I>. S p a t a r o , 
F . N . Spel ler , L . A. S tenge r , G. T h e i m , W . W a r k , C. H . W e b b , A . W e b e r , 
J . R . Wein l inger , a n d R . E . Wi lson . O. B a u e r a n d E . W e t z e l o b s e r v e d t h a t c a s t 
i ron p l a t e s 1 0 x 2 - 5 x 2 cm. , d u r i n g 15 m o n t h s ' e x p o s u r e lost 6*23 g r m s . i n d is t i l l ed 
w a t e r ; 7*61 g r m s . in t a p - w a t e r en r i ched wi th ca l c ium s u l p h a t e ; 10*38 g r m s . i n 
c lay s a t . w i t h dis t i l led w a t e r ; 10-20 g r m s . i n c lay s a t . w i t h t a p - w a t e r e n r i c h e d 
w i t h ca l c ium s u l p h a t e ; 5*62 g r m s . in s a n d s a t . w i t h d is t i l led w a t e r ; a n d 6*36 
g r m s . in s a n d s a t . w i t h t a p - w a t e r en r i ched w i t h c a l c i u m s u l p h a t e . F . H a n a m a n 
s t u d i e d t h e r u s t i n g of i r on b u r i e d in m o i s t s a n d . J . R . Wein l inge r f o u n d t h a t 
a n i ron gas -p ipe which h a d b e e n in t h e g r o u n d for 25 y e a r s w a s i n a n exce l len t 
s t a t e of p r e s e r v a t i o n . F o r i ron e m b e d d e d in c e m e n t a n d c o n c r e t e , vide infra. 

If s t r a y electr ic c u r r e n t s f rom t r a m w a y s , e t c . , c a n p a s s , t h e i ron a n d soil a c t a s 
e lec t rodes decompos ing m o i s t u r e i n t o h y d r o g e n a n d o x y g e n ; a n d t h e l a t t e r a t 
once a t t a c k s i ron t o fo rm r u s t . C o n s e q u e n t l y , i ron e m b e d d e d i n c o n c r e t e is n o t 
i m m u n e f rom a t t a c k . V. J . N icho las 2 ° found t h a t t h e e lec t ro ly t ic cor ros ion of 
s t r u c t u r a l a n d re inforc ing s tee l e m b e d d e d in conc re t e t a k e s p lace a t t h e a n o d e . 
E v e n n e a t c e m e n t is n o p r o t e c t i o n . T h e c a t h o d e is n o t affected b y o x i d a t i o n . 
C e m e n t o r conc re t e i m m e r s e d i n b r i n e will c r a c k w h e n c a r r y i n g a n electr ic c u r r e n t 
t o or f rom e m b e d d e d s tee l . Concre te c o n d u c t s e lec t r ic i ty e lec t ro ly t ica l ly a n d n o t 
l ike a m e t a l , i t s e lectr ic r e s i s t ance b e i n g a n inve r se func t ion of t h e p e r c e n t a g e of 
s a n d . I t is found t h a t even O-l a m p e r e c o n t i n u o u s l y flowing is sufficient t o cause 
t h e d e s t r u c t i v e r e su l t s i n d i c a t e d . T h e sub j ec t is of m o r e d i r e c t i n t e r e s t t o t h e 
e lectr ical engineer . I t h a s been t h e sub jec t of n u m e r o u s p a p e r s . 

H . H a y d e n s t u d i e d t h e effect of a n a l t e r n a t i n g c u r r e n t o n t h e e lec t ro ly t ic 
cor ros ion of i ron in soln. of sa l t s of s o d i u m , p o t a s s i u m , a n d a m m o n i u m , a n d in 
n a t u r a l a n d artificial soils ; a n d B . McCol lum a n d Gr. H . A h l b o r n w o r k e d w i t h 
p l a t e s i m m e r s e d in a l igh t c lay soil k e p t m o i s t w i t h a 0*5 p e r c en t . so ln . of s o d i u m 
c a r b o n a t e . A . J . A l l m a n d a n d R . H . D . B a r k l i e o b s e r v e d t h a t t h e supe rpos i t i on 
of a l t e r n a t i n g on a d i r ec t c u r r e n t inc reased t h e corros ion of i r on in a lka l ine soln. , 
a n d i n sub-soi l d r a i n a g e l iquor , s a t u r a t e d w i t h c a r b o n d iox ide . T h e p resence of 
ch lor ides f avoured corros ion us ing a d i r ec t c u r r e n t . W h e n a n a l t e r n a t i n g c u r r e n t 
w a s e m p l o y e d , a c h a n g e in t h e cone , of t h e a lka l i in t h e e lec t ro ly te h a d n o p a r t i c u l a r 
inf luence, b u t t h e lower ing of t h e c u r r e n t f r equency p r o d u c e d a n inc reased corros ive 
effect, a n d i t is p r o b a b l e t h a t t h e d i scha rge of H"-ions d u r i n g t h e c a t h o d i c impu l se 
a c t i v a t e s t h e i ron b y dec reas ing t h e o x y g e n c o n t e n t in t h e surface l aye r of m e t a l . 
T h e effect of a l t e r n a t i n g c u r r e n t superposed on d i rec t c u r r e n t w a s a m a r k e d increase 
in corros ion , a n d w h e r e a n a n o d e r e m a i n e d pass ive e i t he r a t d i r ec t c u r r e n t i n t e n s i t y 
of 0*125 a m p . p e r sq . c m . o r a t a n a l t e r n a t i n g c u r r e n t i n t e n s i t y of 0*375 a m p . p e r 
sq. c m . a n d 400 f requency , t h e a n o d e b e c a m e def ini te ly ye l low in t w o m i n u t e s 
u n d e r t h e c o m b i n e d effect. A h igh a l t e r n a t i n g : d i r e c t c u r r e n t r a t i o (more t h a n 
two) w a s f avou rab l e t o corros ion, a s w a s a lso a n increase in c u r r e n t d e n s i t y a n d low 
f requency . 

T h e n a t u r e Of r u s t . — A c c o r d i n g t o F . N . Spe l le r , 2 1 films a r e f o r m e d o n m e t a l s 
b y p a s s i v a t i n g a g e n t s , a n d rus t - res i s t ing a l loys , l ike h i g h - c h r o m e i ron , a n d s ta in less 
s tee l p r o b a b l y owe t h e i r r e s i s t a n t qua l i t i es t o t h e f o r m a t i o n of s t ab l e films, so t h a t 
t h e life of t h e s e m e t a l s is m o r e d i rec t ly d e p e n d e n t o n t h e s t a b i l i t y of t h e film t h a n 
o n t h e in i t i a l t e n d e n c y of t h e m e t a l t o co r rode . Th i s se l f -pro tec t ion is m o r e fully 
d e v e l o p e d w i t h s o m e m e t a l s t h a n i t is w i t h o t h e r s . A . A c k e r m a n n obse rved t h e 
r u s t i n g of smal l p a r t i c l e s of i ron , i r o n wi re , a n d s p o n g y i r o n u n d e r t h e microscope . 
T h e fo rms t a k e n u p b y t h e r u s t d e p e n d i n t h e first p l ace o n t h e f o r m a t i o n of ferric 
h y d r o x i d e . T h i s col loidal s u b s t a n c e a s s u m e s fo rms a n d passes t h r o u g h t h e fo rma
t i o n processes w h i c h a r e v e r y l ike t h e fo rms a n d processes w h i c h occur in o rgan i zed 
n a t u r e . Non- r ig id t h r e a d s a r e formed which g r o w l ike o rgan i c fibres a n d which 
m o v e a n d c h a n g e t h e i r f o rm w h e n sub j ec t ed t o c h a n g e s i n t h e e x t e r n a l c o n d i t i o n s — 
for example , t e m p e r a t u r e . U n d e r c e r t a i n condit ions , ce l l - format ion is exh ib i t ed , 
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which external ly , a t least , is s imilar t o o rgan ic cel l - format ion. D r o p s of a so lu t ion 
of ferric hyd rox ide possess i>roj>erties which a r e o the rwi se on ly found i n o rgan ic 
cells. T h e y exhib i t a solid or semi-solid enclos ing semi -pe rmeab le m e m b r a n e o r 
cell-wall, a n a d h e r i n g colloidal l ayer , a n d a nuc leus . S u c h d r o p s g row, b e c o m e 
broader , a n d d iv ide in exac t l y t h e s a m e m a n n e r as is obse rved in t h e d iv is ion of 
organized cells. 

A v e r y g rea t n u m b e r of ana lyses of r u s t h a v e b e e n r e p o r t e d . I n ana lyses b y 
W . R . D u n s t a n a n d co-workers of r u s t s col lected f rom a n i ron a p p a r a t u s r u s t e d 
i n t h e l abo ra to ry , a n d f rom a n i ron ra i l ing exposed for 3O y e a r s t o a i r w i t h i n 2O 
y a r d s of t h e sea, t h e compos i t ion a p p r o x i m a t e d t o t h e l im i t F e 2 O 3 . H 2 O ; b u t 
t h e r e w a s a b o u t 0-2 per cen t , of fer rous c a r b o n a t e p r e s e n t i n t h e former case , a n d 
a b o u t 3*25 pe r cen t , of ferrous ox ide in t h e l a t t e r case . B o t h s amples c o n t a i n e d 
1'Ol t o 1*17 per cent , of hyd rogen . This all agrees w i t h F . W o h l e r ' s o b s e r v a t i o n 
t h a t i ron b e n e a t h a t h i n layer of w a t e r fo rms h y d r a t e d ferric ox ide , b u t w i t h a 
t h i cke r l ayer of wa t e r , h y d r a t e d ferrosic oxide is p r o d u c e d . H e r e t h e t r ans f e r of 
o x y g e n f rom a i r t o i ron t a k e s place m o r e slowly, a n d i t is in fe r red t h a t fe r rous ox ide 
or h y d r a t e d ferrous oxide is t h e first p r o d u c t of t h e ac t ion , a n d t h a t t h i s is ox id ized t o 
form h y d r a t e d ferric oxide , which, u n i t i n g wi th t h e u n c h a n g e d fe r rous ox ide , 
forms h y d r a t e d ferrosic ox ide , which , if formed a t al l , m a y be r e g a r d e d a s a n in te r 
m e d i a t e s t age in t h e process of ox ida t i on . R . S t u m p e r , for e x a m p l e , f o u n d t h a t a 
1-day-old r u s t h a d 45-3 pe r cen t . F e O , a 5-day-old r u s t h a d 22-7 pe r cen t . F e O , 
a n d a 15-day-old r u s t h a d 9-5 pe r cen t . F e O . H e found for F e O : F e 2 O 3 : H 2 O , 
1 : 2 t o 20 : 2 t o 30. F . C. Calver t obse rved r u s t con t a in ing 92*9 t o 93-10 pe r c e n t . 
F e 2 O 3 ; 5-8 t o 6-2 pe r cen t . F e O ; 0-6 t o 0-9 p e r cen t . F e C O 3 ; 0-12 t o 0-19 pe r cen t . 
S iO 2 ; 0-295 per cen t . CaCO 3 ; w i t h t r a c e s of a m m o n i a . F . M. Stapff obse rved t h a t 
t h e r u s t on some nai ls 200O yea r s old, found in t h e mines of M a z a r r o n in Murc ia , 
Spa in , consists of a m i x t u r e of l imoni te a n d m a g n e t i t e . Gr. T. Moody o b t a i n e d t h e 
following resul t s w i t h half a dozen samples of r u s t col lected f rom t h e u n p a i n t e d 
in te r ior of some i ron f lushing- tanks in c o m m o n use : 

F e a s F e 2 O 3 . 55-73 5 1 1 2 64-60 65-13 68-89 67-46 p e r c e n t . 
F e a s F e O . 32-86 36-57 25-74 25-66 23-18 24-40 
F e a s F e C O 3 . 11-40 12-31 9-66 9-21 7-93 8 1 4 

T h e p r o p o r t i o n of ca lc ium c a r b o n a t e w a s inapprec iab le . T h e p r o p o r t i o n of fe r rous 
oxide p r e sen t in t h e r u s t a p p e a r s t o d e p e n d on i t s age , a n d on t h e p e r m e a b i l i t y 
of t h e r u s t for oxygen . A . Livers idge found t h a t r u s t a l w a y s c o n t a i n e d m o r e or 
less ferrosic oxide . W . T h o r n e r , a n d P . L o n g m u i r o b s e r v e d t h a t r u s t col lected in 
r a i lway t u n n e l s h a d 0-3 t o 4*2 pe r cen t , of s u l p h u r expressed as H 2 S O 4 , a n d samples 
col lected in t h e open h a d 0-8 t o 5-5 pe r cen t . H 2 S O 4 . E . Wi l son obse rved s o m e 
ferrous su lphide on i ron exposed t o a L o n d o n a t m o s p h e r e . E . K . R i d e a l found 
1*81 pe r cent , of ferric s u l p h a t e in samples col lected in t h e o p e n c o u n t r y , a n d 7 t o 
9 p e r cent , in samples col lected f rom L o n d o n ra i lway s t a t i o n s . 

R . K a t t w i n k e l , a n d F . Drex le r found t h a t t h e u l t i m a t e p r o d u c t s of r u s t 
ing a r e usua l ly y - F e O ( O H ) or F e 3 O 4 . F . Drex le r sa id t h a t t h e f o r m a t i o n of 
ct-FeO(OH) or y - F e O ( O H ) d e p e n d s on t h e chemica l n a t u r e of t h e nuc leus a b o u t 
wh ich t h e r u s t forms. T h e phys ica l s t r u c t u r e of t h e r u s t d e p e n d s on t h e s t r u c t u r e 
of F e O ( O H ) , a n d t h e colour is d e t e r m i n e d b y t h e grain-s ize . Th i s sub jec t is 
d iscussed in connec t ion w i th ferric h y d r o x i d e , F e O ( O H ) . Acco rd ing t o G. Sch ikor r , 
t h e m e c h a n i s m of r u s t i ng m a y t h u s b e exp la ined : i n air-free w a t e r a b l ack film 
is fo rmed , F e - f - 2 H 2 0 = F e ( O H ) 2 + 2 H ; i n t h e absence of a i r c t -FeO.OH sol r e a c t s 
w i t h i ron t o fo rm F e 3 O 4 or a g reen sol, F e O . O H - J - H = F e ( O H ) 2 ; t h e g r een sol 
r eac t s w i t h t h e F e O . O H t o p r o d u c e t h e g reen fe r r i t e F e ( O H ) 2 . F e O . O H , o r w i t h a n 
excess t o f o rm F e 8 O 4 , a n d finally t h e l a t t e r is ox id ized t o y - F e O . O H . C. Car ius 
o b s e r v e d t h e presence of m a g n e t i t e in r u s t p r o d u c e d b y t h e corros ion of i ron i n 
acidified w a t e r , a n d dr ied a t r o o m t e m p . ; a n d y - F e O . O H , in r u s t o b t a i n e d 
i n w a t e r w i t h jpH==5*5 t o 6-5, a n d t h e X - r a y spec t r a l l ines of y - F e O . O H decrease 
i n i n t e n s i t y w i t h increas ing a lka l i n i t y . J . Ca te s also ident i f ied r u s t w i t h 
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y - F e O ( O H ) . J . H u g g e t t sa id t h a t in t h e p ro longed e x p o s u r e of i r on t o a e r a t e d 
wa te r , a m i x t u r e of m a g n e t i t e a n d r u s t is first fo rmed , a n d t h e n l ep idocroc i t e 
a p p e a r s . H . O. F o r r e s t a n d co-workers found t h e compos i t i on of t h e r u s t film 
is d e p e n d e n t o n t h e H ' - i o n c o n c e n t r a t i o n of t h e l iqu id n e a r t h e m e t a l sur face , 
a n d o n t h e ionic c o n c e n t r a t i o n in t h e l iqu id film. W i t h o x y g e n a t e d dis t i l led w a t e r , 
t h e film is g r a n u l a r m a g n e t i c ox ide , p r o v i d e d t h e diffusion of ions f rom t h e l i q u i d 
film t o t h e m a i n b o d y of t h e soln. p roceeds s lowly o r non-un i fo rmly , w h e r e a s 
w i t h a un i fo rm, r a p i d ionic diffusion, t h e film is m a i n l y g e l a t i n o u s h y d r a t e d ferr ic 
ox ide . T h e f o r m a t i o n of g r a p h i t e d u r i n g t h e a t t a c k b y w a t e r , e tc . , on ca s t i ron is 
d iscussed in connec t ion w i t h sea -wate r—v ide infra. R . R i c h t e r , a n d J . P e r c y 
m e n t i o n e d t h e p resence of c rys ta l l ized si l icon in t h e r e s idue f r o m c a s t i r on ; a n d 
W . A . T i lden , i ron silicide. J . G. D o n a l d o b s e r v e d t h a t t h e r e is a loss of c a r b o n 
d u r i n g t h e r u s t i n g of p ig- i ron . 

T h e effect of r u s t o n t h e corros ion of i r on a n d s teel w a s d i scussed b y R . C. M c W a n e 
a n d H . Y . Carson , E . L . Chappe l l , a n d J . A s t o n . W . S. P a t t e r s o n , a n d 
W . H . J . V e r n o n o b s e r v e d t h a t r u s t inc reased t h e speed of cor ros ion of i ron , 
a n d t h a t a ce r t a in cr i t ica l h u m i d i t y of t h e a t m o s p h e r e m u s t b e exceeded before 
t h e acce le ra t ion occurs . J . C. H u d s o n d id n o t find a n a b n o r m a l c h a n g e in t h e 
de l iquescence of r u s t a t s o m e cr i t ica l h u m i d i t y , poss ib ly , sa id W . H . J . V e r n o n , 
because t h e s amp le s u s e d b y J . C. H u d s o n h a d a l r e a d y passed t h r o u g h t h e 
cr i t ica l s t a g e . W . S. P a t t e r s o n a n d Xi. H e b b s , however , d i d obse rve a c r i t i ca l 
s t a g e w i t h r u s t s c r a p e d f rom t h e m e t a l . T h e microscopic s t r u c t u r e of r u s t w a s 
i nves t iga t ed b y A. A c k e r m a n n . R . A . Hadf ie ld o b s e r v e d n o d e t e r i o r a t i o n i n t h e 
t ens i le s t r e n g t h of m i ld s teel , a n d w r o u g h t i ron af ter b e i n g i m m e r s e d in s e a - w a t e r 
for five y e a r s . 

T h e by-products of r u s t i n g . — T h e p r o d u c t i o n of h y d r o c a r b o n s w a s d i scussed 
in connec t i on -with t h e c a r b i d e s — 5 . 39 , 20 . R e p o r t s o n t h e f o r m a t i o n of a m m o n i a 
d u r i n g t h e r u s t i n g of i ron , b y A. Cheval l ier , e t c . , a r e d i scussed in 8 . 4 9 , 15 ; b u t 
R . Mal le t sa id t h a t t o o m u c h s t ress c a n n o t b e la id o n t h e a l leged r e p o r t s b e c a u s e 
r u s t , i n c o m m o n w i t h o t h e r p o r o u s bod ies , g reed i ly a b s o r b s a m m o n i a a n d m a n y o t h e r 
gaseous s u b s t a n c e s f rom t h e a t m o s p h e r e — v i d e infra, t h e a c t i o n of soln. of a m m o n i u m 
n i t r a t e . U . R . E v a n s sa id t h a t t h e t r u e e x p a n s i o n in r u s t f o r m a t i o n c a n n o t b e 
ca l cu l a t ed f rom t h e sp . gr . of t h e c o m p o n e n t s , b u t i t is c e r t a i n t h a t a cons ide rab le 
e x p a n s i o n force is exe r t ed w h e n i ron c h a n g e s i n t o r u s t . H e d iscussed t h e a p p a r e n t 
vo l . of r u s t s ludges ; a n d A. A c k e r m a n n , colloidal r u s t s . 

T . F u j i h a r a found t h a t t h e u n c o r r o d e d i ron ou t s ide a d r o p of w a t e r on a po l i shed 
sur face of i ron is p r o t e c t e d b y a film of fe r rous h y d r o x i d e — v i d e F i g . 364. T h e 
p r o d u c t of t h e a c t i o n is p r o t e c t i v e . T h e m o r e r a p i d t h e in i t i a l corros ion, t h e less 
t h e final effect. T h e f o r m a t i o n of p r o t e c t i v e films i n t h e r u s t i n g a n d corros ion of 
m e t a l s -was s t u d i e d b y W . Gr. W h i t m a n a n d co-worker s , V. K o h l s c h u t t e r a n d 
E . K r a h e n b u h l , F . N . Spel ler , W . D . B a n c r o f t , G. R . W h i t e , C. H . Desch , J . B re sch , 
W . H . J . V e r n o n , XJ. R . E v a n s , E . M. E n o s a n d R . J . A n d e r s o n , J . R . B a y l i s , a n d 
E . L . Chappe l l . 

C F . S c h o n b e i n 2 2 o b s e r v e d t h a t h y d r o g e n dioxide is f o rmed w h e n i ron a m a l g a m 
is s h a k e n w i t h w a t e r , a n d t h i s w a s conf i rmed b y M. T r a u b e , a n d H . W i e l a n d a n d 
W . F r a n k e . T h e m a x i m u m a m o u n t is fo rmed in a b o u t a m i n u t e . I t is a s s u m e d 
t h a t t h e r e a c t i o n p roceeds in accord w i t h t h e s c h e m e : F e + 2 H 2 O = F e ( O H ) 2 H - H 2 , 
fol lowed b y 4 F e ( O H ) 2 - j - 0 2 = 2 ( F e 2 0 8 . H 2 0 ) - | - 2 H 2 0 , w i t h h y d r o g e n d iox ide a n in ter 
m e d i a t e p r o d u c t r e su l t i ng f rom t h e a c t i o n of b i v a l e n t i r o n a n d molecu la r o x y g e n : 
F e 4 - O 2 - 4 - 2 H 2 O = F e ( O H ) 2 - J - H 2 O 2 . T h e cyc le of r e a c t i o n s is c o m p l e t e d b y 
F e - I - H 2 O 2 = F e ( O H ) 2 ; a n d 2 F e ( O H ) 2 + H 2 0 2 = F e 2 0 3 . H 2 0 - } - 2 H 2 0 . W . P a l m a e r 
sa id t h a t t h e f o r m a t i o n of h y d r o g e n d iox ide i n t h e r u s t i n g of i ron is d u e t o a s ide 
r e a c t i o n , n o t a n essent ia l p a r t of t h e p rocess . E . P i e t s c h a n d co-workers d i scussed 
t h e sub j ec t . N o h y d r o g e n d iox ide fs i o r m e d in ac id ic soln. , b u t in a lka l ine soln. 
t h e a m o u n t f o r m e d increases w i t h t h e pa v a l u e , i.e. w i t h cone , of t h e O H ' - i o n s . 
T h e p r o d u c t i o n does n o t d e p e n d o n t h e occ luded h y d r o g e n of t h e a m a l g a m ; 
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ferrous iiydroxide is first produced, and this is further oxidized more slowly t h a n 
the metal. The presence of hydrocyanic acid retards t h e autoxidat ion ; a n d t h e 
velocity of oxidation is about t en t imes as fast in t h e presence of leucine as i t is in 
water. The acceleration depends on the cone, of the amino-acid. Glycine, alanine, 
and asparagine act similarly. Salts like sodium sulphate or copper sulphate 
accelerate the autoxidation of iron. The oxidation is inhibited if t he iron be 
rendered passive by t rea tment with potassium hydroxide, ferricyanide, chromate, 
or permanganate. The presence of hydrogen acceptors like quinone, methylene 
blue, ethyl peroxide, and dithiodiglycollic acid, causes iron t o rust in the presence 
of purified water in an a tm. of nitrogen. The presence of sodium or copper sulphate 
accelerates the action of quinone. 

According to a modification of M. Traube's scheme of oxidation, by 
W. R. Dunstan and co-workers, hydrogen dioxide is formed as an intermediate 
stage in the rusting of iron : F e + H 2 O = F e O - I - H 2 , and 2H-J -O 2 =H 2 O 2 , followed 
by 2FeOH-H2O2=Fe2O2(OH)2CrUSt). Two mols. of dioxide are supposed to be 
formed by the oxidation of 2 atoms of iron t o ferrous oxide, and only 1 mol. of 
hydrogen dioxide is required to oxidize the ferrous oxide to rust . The excess of 
hydrogen dioxide is now supposed to oxidize the uncorroded iron, Fe-I-H 2O 2 
=FeO-} -H 2 0 , and 2FeOH-H 2 O 2 =Fe 2 O 2 (OH) 2 . The inhibitory action of alkalies 
and chromic acid is a t t r ibuted to their power of decomposing hydrogen dioxide. 
W. R. Duns tan and co-workers said t h a t the failure t o detect hydrogen dioxide in 
the oxidation of iron, -when its presence could be detected in t he case of all other 
metals which were tried, does not exclude the possibility of its momentary forma
tion—-vide supra, for H . E . Armstrong's modification of this theory. F . Haber 
and co-workers, and V. Andstrom also favoured this hypothesis, bu t against the 
hydrogen dioxide theory of corrosion, G. T. Moody argued t h a t a dil. soln. of 
hydrogen dioxide does not a t tack iron, bu t is catalytically decomposed by t h a t 
metal . W. R. Dunstan and co-workers must have used impure hydrogen dioxide. 
Ju. J . Thenard observed t h a t the metal has no action on eau oxygene. O. and 
A. Dony could not detect any traces of hydrogen dioxide, even though, according 
to the theory, twice as much is produced during the initial oxidation of the iron 
to form ferrous oxide as is required to convert the lat ter into rust . G. T. Moody 
showed t h a t substances which destroy hydrogen dioxide do not necessarily inhibit 
the rusting of iron—e.g. potassium iodide ; and E . Divers said t h a t substances 
which destroy hydrogen dioxide need not necessarily prevent i ts formation— 
e.g. ferrous sulphate rapidly destroys chlorine, bu t does not prevent the formation 
of chlorine from manganese dioxide and hydrochloric acid. W. D . Bancroft 
reported t h a t in alkaline soln., hydrogen dioxide is decomposed by iron. 

When iron has once begun to rust, the subsequent progress of the disease 
proceeds more quickly even though the temp, be above the dew-point, and under 
conditions where bright iron would remain unaffected for an indefinitely long t ime. 
F . Kuhlmann 2 3 suggested t h a t the rust acted catalytically as an oxygen carrier ; 
bu t F . von Hut ten , F . C. Calvert, A. Wagner, A. C. Brown, J . A. N. Friend, and 
H. Bauerman favour the hypothesis t h a t rust is very porous, and hygroscopic, 
and it becomes charged with liquid water which fills its pores and evaporates very 
slowly. Hence, corrosion can occur in a damp atmosphere under conditions where 
bright iron would not be affected. J . Aston showed t h a t wet rust is anodic to bare 
iron, whilst dry rust is cathodic ; wet rust has a high electrical resistance. A 
compact layer of fired rust thus tends to protect the metal below, bu t favours anodic 
a t t ack in the iron immediately around ; -while flocculent, wet rust favours t h e 
corrosion of t he metal immediately below. This i t does b y shielding the affected 
pa r t from oxygen, and rendering it anodic, so t h a t corrosion is confined to a 
limited area ; the surrounding par t is cathodic and hence does not rust—vide supra, 
J. Aston. According to R. J . McKay, the rust accelerates the action in two ways : 
(i) oxygen is removed by its reaction with ferrous hydroxide ; and (ii) iron is 
removed by precipitation which would re tard the reaction and set u p a counter 
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e.m.f. i n t h e o x y g e n c o n c e n t r a t i o n cell. J . A s t o n a lso s h o w e d t h a t t h e a n o d i c 
effect p r o d u c e d b y w e t r u s t is o b t a i n e d w i t h o t h e r col loidal h y d r o x i d e s — v i d e 
infra, col loids. 

J . A. N . !Friend sugges t ed a modif ica t ion of F . K u h l m a n n ' s h y p o t h e s i s i n t h a t 
lie cons idered t h a t t h e a c t i o n of r u s t i n p r o m o t i n g fu r t he r r u s t i n g m a y b e d u e t o 
t h e p resence of t h e hyd roso l of i ron which a c t s a s a n o x y g e n ca r r i e r a s i t pa s se s 
a l t e r n a t e l y b e t w e e n t h e fe r rous a n d ferric s t a t e s . H e n c e , t h e modif ied h y p o t h e s i s 
is cal led t h e col lo idal theory of corrosion. T h e h y p o t h e s i s is r e p r e s e n t e d 
schema t i ca l ly : 

2Fe -4-2Fe3O3 . A q . s o l + A q . = 4 F e O . Aq. s o i -f-2FeOAq. 

t -4-Air + A i r 

* 4-
^ - 2 F e 2 O 3 . Aq.goi Fe2OaAq. ruafc 

Those sa l t s which f avou r r u s t i n g a r e s u p p o s e d t o pep t i z e t h e colloid, a n d t h o s e which 
inh ib i t rus t ing—e .g . c h r o m a t e s — a r e s u p p o s e d t o flocculate t h e colloid. A g a i n s t 
t h i s , U . R . E v a n s sa id t h a t c h r o m a t e s also s t o p t h e cor ros ion of o t h e r m e t a l s — 
e.g. m a g n e s i u m — w h i c h ex i s t in on ly one s t a t e of o x i d a t i o n ; a n d W . G. W h i t m a n 
a n d co-workers showed t h a t t h e effects of sa l t s o n t h e r a t e of corros ion d o n o t 
v a r y c o n c o m i t a n t l y w i t h t h e s t a b i l i t y of colloidal i r on h y d r o x i d e . W h i l e 
J . A. N . F r i e n d sa id t h a t t h e d e s t r u c t i o n of t h e colloidal i ron h y d r o x i d e b y c h r o m a t e s 
leaves t h e i r on pass ive , U . R . E v a n s cons iders t h a t t h e c h r o m a t e a c t s b y p u t t i n g 
a p r o t e c t i v e film on t h e a n o d i c p o r t i o n s of t h e i ron a n d so s t o p s t h e a t t a c k . 
B . L a m b e r t a n d J . C. T h o m s o n ' s w o r k m a k e s i t v e r y d o u b t f u l if i ron h y d r o x i d e is 
n e e d e d t o s t a r t t h e corros ion , a l t h o u g h once s t a r t e d , t h e p resence of t h e colloidal 
h y d r o x i d e m a y acce le ra t e t h e corros ion. T h e a c t i o n of e l ec t ro ly tes o n t h e coagu la 
t i o n of t h e hydroso l is sa id t o r e semble t h e i r a c t i o n o n t h e r u s t i n g of i ron b o t h a s 
r ega rds c o n c e n t r a t i o n , a n d t e m p . ; t h e r e t a r d i n g inf luence of a lcohol is a t t r i b u t e d 
t o i t s d e h y d r a t i n g a c t i o n o n t h e col loidal ferric h y d r o x i d e ; t h e i n h i b i t o r y ac t i on 
of a r sen ious ac id or i t s s a l t s — o b s e r v e d b y L . L i n d e t , G. N . H u n t l y , e t c .—is 
a t t r i b u t e d t o t h e a d s o r p t i o n of a r sen ic t r i o x i d e b y t h e colloidal ferric h y d r o x i d e , 
which p r e v e n t s i t t a k i n g p a r t in t h e sequence of c h a n g e s j u s t m e n t i o n e d . E x p o s u r e 
t o r a d i u m r a y s r e t a r d s corrosion b y c o a g u l a t i n g t h e h y d r o s o l of ferric h y d r o x i d e . 
G. Sch iko r r p o i n t e d o u t (i) t h a t t h e al leged s imi la r i ty b e t w e e n t h e a c t i o n of 
e lec t ro ly tes on t h e coagu la t i on of t h e h y d r o s o l of ferric ox ide a n d t h e cor ros ion 
of i ron does n o t o b t a i n b e c a u s e in t h e r a n g e of lower c o n c e n t r a t i o n s , w h e r e t h e 
differences in t h e c o a g u l a t i n g ac t i on of e lec t ro ly tes is m o s t m a r k e d , t h e r e is n o 
co r r e spond ing a g r e e m e n t in t h e r u s t i n g process , (ii) T h e bas i c a s s u m p t i o n : 
FeO 1 3Oi-I-A^-Fe 2O 3S 0 I is n o t conf i rmed b y o b s e r v a t i o n , for u n d e r t h e a c t i o n , of a i r , 
t h e FeO8Oi *s flocculated a s a h ighe r ox ide , (iii) T h e fac t t h a t t h e r e is m a x i m u m 
corros ion for m e d i u m speeds of flow—for t h e speed of r u s t i n g increases t o a m a x i 
m u m v a l u e in t h e n e i g h b o u r h o o d of 1 a t m . a s t h e o x y g e n press , r i ses—is sa t i s 
fac tor i ly e x p l a i n e d b y o t h e r t heo r i e s b u t n o t so b y t h e col loidal t h e o r y . T h e 
colloid t h e o r y w a s d iscussed b y W . Beck , W . B e c k a n d F . v o n H e s s e r t , G. Sch ikor r , 
T. N . Morr is , G. D . B e n g o u g h , G. IX B e n g o u g h a n d J . M. S t u a r t , J . M. S t u a r t , 
U . R . E v a n s , S. G. S a s t r y , J . K , W o o d , J . A. N . F r i e n d a n d co-workers , W . J . Huff, 
N . I sga r i sche r a n d S. B e r k m a n n , a n d W . D . Banc ro f t . 

As s h o w n b y J . C. T h r e s h , 2 4 W . R . G. A t k i n s , W . W e i n t r a u d , a n d m a n y o the rs , 
n a t u r a l w a t e r s f rom p e a t y d i s t r i c t s c o n t a i n severa l o rgan ic ac ids d e r i v e d f rom decay
ing v e g e t a t i o n , e t c . W a t e r f rom m i n i n g a r ea s m a y c o n t a i n s u l p h u r i c ac id (q.v.) ; 
a n d t h e w a t e r of cana l s a n d r ivers in i n d u s t r i a l a r e a s m a y c o n t a i n ac ids a n d sa l t s 
d e r i v e d f rom d i scharges of w a s t e l iquors . T h e d e s t r u c t i v e qua l i t i e s of w a t e r a r e 
i n m a n y cases r e l a t e d t o t h e i r a c id i t y w h i c h is u s u a l l y r e p r e s e n t e d in t e r m s of t h e 
H*-ion c o n c e n t r a t i o n . R . E . Wi l son , a n d F . N . Spel ler classified w a t e r s , a r b i t r a r i l y , 
i n t e r m s of t h e i r a c i d i t y : Acidic waters h a v e t h e i r H*-ion c o n e , ^>H be low 4*3, a n d 
t h e y r a p i d l y co r rode t h e i r on w i t h t h e e v o l u t i o n of h y d r o g e n even in t h e absence of 
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t h e depolar izer oxygen ; neutral waters h a v e a v a l u e for p& b e t w e e n 4-3 a n d 10, a n d 
t h e y cause ru s t i ng in t h e p resence of o x y g e n ; a n d alkaline waters h a v e a p^-value 
over 10, t h e y usua l ly a c t s lowly on m e t a l s a n d if t h e p r o t e c t i v e film is b r o k e n d o w n , 
as m i g h t occur if ch lor ides a r e p r e s e n t , local a t t a c k m a y occur . A c c o r d i n g 
t o W . G. W h i t m a n a n d co-workers , t h e r e is a close r e l a t i on b e t w e e n t h e ac idi ty , 
or H ' - i o n concentrat ion , of t h e w a t e r a n d t h e r a t e a t w h i c h i t c a n co r rode i ron . 
T h e c u r v e s in F i g . 3 7 3 refer t o w a t e r flowing a t t h e r a t e of 3 in s . p e r s e c , A refers t o 
w a t e r w i t h 5 c.c. of o x y g e n p e r l i t re , a n d JB9 t o w a t e r w i t h 1 c.c. p e r l i t r e . T h e r e s u l t s 
s h o w t h a t w i t h b o t h ac id ic a n d a lka l ine soln. t h e cor ros ion v a r i e s w i t h ps, b u t 
t h e r e is a n i n t e r m e d i a t e r a n g e of pR-values w h e r e t h e r a t e of corros ion is i n d e p e n 
d e n t of t h e ac id i ty , a n d is r ep r e sen t ed in t h e d i a g r a m b y t h e v e r t i c a l p o r t i o n of t h e 
cu rves . As t h e p r o p o r t i o n of oxygen in t h e w a t e r is r e d u c e d , t h e v e r t i c a l p o r t i o n 
of t h e c u r v e is r educed , u n t i l finally, w h e n n o o x y g e n is p r e s e n t , t h e ve loc i t y falls 
off con t inuous ly a s t h e a c i d i t y decreases . Th i s is i l l u s t r a t e d b y F i g . 374, d u e t o 
J . W . Sh ip ley a n d I . R . McHaffie. W i t h w a t e r flowing in p ipes , t h e p r o p o r t i o n of 
d issolved oxygen in t h e w a t e r in c o n t a c t w i t h t h e m e t a l m a y b e c o m e smal l , so t h a t , 
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F I G . 3 7 3 . — T h e Effect of t h e A c i d i t y 
of So lu t ions on t h e Veloci ty of Cor
ros ion (Oxygen p r e s e n t ) . 
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F m . 3 7 4 . — T h e Effec t of t h e A c i d i t y 
of S o l u t i o n s o n t h e V e l o c i t y of Cor
ros ion ( O x y g e n a b s e n t ) . 

as J . R . Ray l i s showed , corros ion c a n b e con t ro l led b y r e g u l a t i n g t h e JP 1 1 -value of 
t h e w a t e r , for, in t h e absence of oxygen , t h e speed of a t t a c k falls c o n t i n u o u s l y w i t h 
increas ing va lues of p... 

Accord ing t o J . W . Sh ip ley a n d co-workers , i ron dissolves in pur i f ied w a t e r , 
freed f rom c a r b o n d iox ide , w h e n t h e pR-value a t t a i n s 9*4, b u t n o t so w i t h h i g h e r 
v a l u e s . O r d i n a r y purif ied w a t e r h a s a P11-value of 7*0 in v i r t u e of t h e r e a c t i o n 
H 2 O ^ H ' + O H ' . If O H ' - i o n s eq. t o IO- 4 * 6 mols . p e r l i t r e b e a d d e d , t h e v a l u e 
Pn-9 4 is a t t a i n e d , a n d t h i s is n e a r t h e c o n c e n t r a t i o n of (OH) ' - ions wh ich r e d d e n s 
p h e n o l p h t h a l e i n . I t is infer red b y J . F . G. H i c k s t h a t t h e p r i m a r y cause of cor ros ion 
is t h e d isso lu t ion of i ron in wa te r , a n d t h a t t h i s occurs before a n y chemica l a c t i o n 
s t a r t s . Metal l ic i ron dissolves in a n a d h e r e n t film of w a t e r u n t i l t h e r e s u l t i n g so ln . 
of fer rous h y d r o x i d e h a s a v a l u e pR=9-4 ; t h e p resence of o x y g e n insu res a m a x i m u m 
e.m.f. a n d a c t s a s a n acce le ra to r for t h e s y s t e m : F e a 0 M ; ^ I i , e 8 0 i n # - f - 2 H O H ^ 
F e ( O H ) 2 + H 2 . T h e o x y g e n r e m o v e s t h e fe r rous h y d r o x i d e b y ox id i za t ion t o less 
so luble ferric h y d r o x i d e , a n d t h e h y d r o g e n is a lso r e m o v e d b y o x i d a t i o n o r d e p o l a r i 
z a t i o n . T h e p resence of c a r b o n d iox ide r e m o v e s fe r rous h y d r o x i d e b y c o n v e r t i n g 
i t t o less so luble c a r b o n a t e , a n d i t fo rms ca rbon i c ac id , t h e H"-ion of w h i c h f a v o u r s 
cor ros ion . I n d e e d , so long a s a n y a g e n t is p r e s e n t c a p a b l e of r e m o v i n g fe r rous 
h y d r o x i d e a n d h y d r o g e n w i t h sufficient r a p i d i t y t o p r e v e n t t h e s a t u r a t i o n of t h e 
a d h e r e n t w a t e r , w i t h respec t t o fe r rous h y d r o x i d e a n d h y d r o g e n , cor ros ion wil l 
occur . R . G i r a r d f o u n d t h a t t h e H*-ion p o t e n t i a l a t w h i c h corros ion c o m m e n c e s 
is g r ea t e r w i t h w e a k ac ids t h a n i t is w i t h s t r o n g ac ids ; a film of i ron h y d r o x i d e 
a p p e a r s in ac id ic soln. w h e n t h e H*-ion p o t e n t i a l is 3-5. O. B . J . F r a s e r a n d 
co-workers found t h e m a x i m u m in t h e H*-ion c o n c e n t r a t i o n c u r v e co r r e sponds w i t h 
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t h e m a x i m u m r a t e of corros ion in s u l p h u r i c ac id of different c o n c e n t r a t i o n s . 
J . R . B a y l i s obse rved t h a t i n n o case of w a t e r corros ion w a s a c o n c e n t r a t i o n of 
3 p . p . m . ( p a r t s p e r Tnillion) of d isso lved i ron f o u n d i n a so ln . free f r o m o x y g e n i n 
wh ich _pH w a s b e t w e e n 8 a n d 9. Soluble i ron i n w a t e r w i t h a n excess of d i s so lved 
o x y g e n is ox id ized fas te r w h e n 2 > H = 9 * 0 t h a n -when p&=(y'0. W i t h a c o n c e n t r a t i o n 
of 50 p . p . m . , a t P&—8-0 less t h a n 0-1 p . p . m . of soluble i ron dissolves in t h e a b s e n c e 
of o x y g e n ; a b o u t 1*0 p . p . m . w h e n p^i=7-5 ; a n d a b o u t 4 p . p . m . w h e n jp&—7'0. 
W i t h pjgi less t h a n 7*0 t h e p r o p o r t i o n of soluble i ron increases r a p i d l y . 

T h e effect of t h e H" -concen t r a t ion of w a t e r o n corros ion , e t c . , w a s d i scussed b y 
W . R . G. A t k i n s , J . R . Bay l i s , W . B l u m , W . M. Clark , S. G o t t l i e b , R . F . Greenfield 
a n d G. C. B a k e r , R . E . H a l l a n d A. R . M u m f o r d , F . H a n n a n , W . IX Hat f i e ld , 
J . A. H e y m a m i a n d A . Mass ink , E . I m b e a u x , I . M. Kolthoff , E . N a u m a n n , 
W . Olszewsky, S. R a c h w a l , J . T . S a u n d e r s , J . W . Sh ip ley a n d co-workers , K . S o n d e n , 
H . T . S t e r n , H . Thies ing , J . T i l lmans , a n d W . G. W h i t m a n a n d co-workers ; t h e 
effect of ac ids , a n d m i n e w a t e r s on t h e cor ros ion of i ron , b y O. B a u e r , C. F . B u r g e s s 
a n d S. E . E n g l e , F . C. Ca lve r t a n d R . J o h n s o n , R . G a n s a n d co-workers , E . H e y n 
a n d O. B a u e r , A. L e d e b u r , G. L u n g e , R . J . M c K a y , M. T . M u r r a y , W . D . R i c h a r d s o n , 
A . Thie l , K . W a g e m a n n , a n d W . G. W h i t m a n a n d R . P . Russe l l ; a n d t h e effect of 
soln. of a lkal ies , b y J . H . A n d r e w , F . A u e r b a c h a n d H . P i c k , R . B a u m a n n , C. H . C r i b b 
a n d F . W . F . A r n a u d , P . W . E v a n s , A. F r y , G. W . Fu l le r , I . D . v a n Giesen, P . K r a s s a , 
H . K r i e g s h e i m , G. !Lunge, W . N o v e r a n d D . Sp l i t t ge rbe r , S. W . P a r r a n d co-worker s , 
F . N . Spel ler a n d co-workers , D . Sp l i t t ge rbe r , T . S tee l , C. E . S t r o m e y e r , A . Th ie l , 
A. Vogel , M. W e r n e r , R . S. Wi l l i ams a n d V. O. H o m e r b e r g , a n d R . E . Wi l son . 
R . V a r e t d iscussed t h e a c t i o n of sa l t s d isso lved in o rgan ic s o l v e n t s on t h e m e t a l s . 

R . E . Wi l son sa id t h a t (i) S t r o n g l y a lka l ine w a t e r s h a v e j p H —10 a n d u p w a r d s 
a n d t h e H"-ion c o n c e n t r a t i o n p l ays h e r e a m i n o r p a r t for p r o t e c t i v e films a r e fo rmed 
o n t h e m e t a l ; (ii) F e e b l y a lka l ine n a t u r a l w a t e r s h a v e ^ n - 9 * 5 t o 4 . T h e H"-ion 
c o n c e n t r a t i o n is n o t h e r e of i m p o r t a n c e 
b e c a u s e t h e r a t e of a t t a c k d e p e n d s o n t h e 
c o n c e n t r a t i o n of t h e o x y g e n i n soln . a n d 
t h e r a t e of diffusion of t h e p r o d u c t s of t h e 
r e a c t i o n ; a n d (iii) Acidic w a t e r s w i t h J 0 H ^ = 4 
d o w n w a r d s . T h e ove rvo l t age of h y d r o g e n , 
t h e c o n c e n t r a t i o n of t h e H*-ions, a n d t h e 
n a t u r e of t h e local g a l v a n i c e l e m e n t s a r e of 
i m p o r t a n c e . W . G. W h i t m a n a n d co
w o r k e r s r e p r e s e n t e d t h e effect of v a r i a t i o n s 
in t h e H"-ions c o n c e n t r a t i o n on i ron a t 22° 
a n d 40° , b y t h e c u r v e s in F i g . 3 7 5 . 

J . F . C h i t t u m p o i n t e d o u t t h a t t h e cor
ros ion of i ron in a i r will v a r y w i t h t h e pn-
v a l u e of t h e soln. H e a s s u m e d t h a t o r d i n a r y i ron is pas s ive , a n d a c t i v e i ron is t h e 
r e s u l t of a chemica l r eac t i on—v ide infra, p a s s i v i t y . (1) I n a lka l ine soln . w h e r e t h e 
v a l u e of Pu r anges f rom 9-0 t o 12-0, t h e i r on dissolves a s (a) F e + 2 H 2 O - > F e 0 2 
-f-4H*-f-4(J), a n d a fe r ra te is fo rmed in soln . a s t h e h ighe r ox ide dissolves ; w h e r e 
o x y g e n is n o t ava i l ab l e (6) F e O 2 + 3 H # - | ~ 2 ^ — > F e ( O H ) * 4 - H 2 O , a n d w h e r e o x y g e n is 
ava i l ab l e (c) F e + 3 H 2 O - ^ F e O 3 " - | - 6 H * - + - 4 < 3 ) . O n a c c o u n t of t h e r eac t i on (d) Fe (OH)" 
- J - ^O 2 ->Fe0 2 - f -H% t h e r e is a t e n d e n c y for t h e f o r m a t i o n of t h e e lec t rode (b) over 
t h e whole surface ; b u t t h e r eac t i on (d) c a n e s t ab l i sh a s t a t e of equ i l i b r ium w i t h (6) 
l eav ing {c) t o o p e r a t e w h e r e t h e c o n c e n t r a t i o n of o x y g e n is g r e a t e s t . U n d e r t h e s e 
cond i t ions , w i t h some o t h e r s econda ry b u t r e l a t e d r e a c t i o n s , l i t t l e corrosion occurs ; 
t h e in i t i a l r a t e of cor ros ion is a b o u t t h e s a m e a s in n e u t r a l soln. ; a n d t h e r a t e of 
cor ros ion r a p i d l y falls t o zero , o r in e x t r e m e cases p r o d u c e s p i t t i n g . (2) W h e n t h e 
2>H-value lies b e t w e e n 6*0 a n d 9*0, t h e i r on r ead i l y cor rodes ; t h e h igher ox ide 
dissolves t o fo rm a f e r r a t e . As in t h e p r e c e d i n g case , t h e differential effect of 
r e a c t i o n {d) p r o d u c e s a n e lec t ro ly t ic cell, w i t h (c) a s a n o d e a n d (6) a s c a t h o d e . T h e r e 
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is sufficient po la r i za t ion a t t h e c a t h o d e t o cause t h e r eac t i on (e) F e - J - H 2 O - > F e ( O H ) * 
_f-H" -}-2££) t o be es tab l i shed a n d t h e p o t e n t i a l i s t h e n r e v e r s e d t o p r o d u c e a cor ros ion 
cell in wh ich (c) is t h e c a t h o d e , a n d (e), t h e a n o d e . T h i s cell p r o d u c e s t h e i n t e r 
m i t t e n t d i rec t c u r r e n t of corrosion. T h e f e r r a t e is r ep len i shed o n t h e sur face of t h e 
c a t h o d e b y t h e diffusion of t h e h y d r o x y f e r r o u s ions , a n d o x i d a t i o n p roceeds i n 
accord w i t h (d). U n d e r t h e s e cond i t ions , w i t h o t h e r s e c o n d a r y b u t r e l a t e d r e a c t i o n s , 
oxidiz ing a g e n t s r e d u c e t h e r a t e of cor ros ion ; a low-f requency a l t e r n a t i n g c u r r e n t 
supe rposed o n a d i r ec t c u r r e n t f avours t h e a n o d i c cor ros ion of i ron ; di f ferent ia l 
a e r a t i o n effects a r e m a r k e d ; o x y g e n is u s e d in t h e process of corros ion ; a n d t h e 
soln . is m a d e a lka l ine in t h e corros ion process u p t o ^ 1 1 = 9 * 0 . (3) I n soln . w h e r e t h e 
v a l u e of JPH ^ e s b e t w e e n 4*0 a n d 6*0, i ron cor rodes r a t h e r m o r e q u i c k l y t h a n "when 
PJ1 lies b e t w e e n 6*0 a n d 9-0. T h e h ighe r ox ide is p r o d u c e d , a n d b e i n g b u t s l igh t ly 
so luble soon s a t u r a t e s t h e soln. Owing t o r e a c t i o n (d) a po l a r i z a t i on cell w i t h a n o d e 
(a) a n d c a t h o d e (6) is p r o d u c e d ; a n d w h e n t h e h y d r o x y fer rous e lec t rode is e s t a b 
l i shed, t h e p o t e n t i a l is r eve r sed a n d a corros ion cell is e s t ab l i shed w i t h c a t h o d e (a) , 
a n d a n o d e (e) is es tab l i shed . B u t t h e e lec t rode ( / ) H 2 ->2H*- | -2 (2 ) is e s t ab l i shed a n d 
a n o t h e r corrosion cell is es tab l i shed w i t h a n o d e (e) a n d c a t h o d e ( / ) . I n t h i s r a n g e 
of Jp11-VaIUeS t h e p o t e n t i a l of t h e first cell is smal l , a n d t h e p o t e n t i a l of t h e second 
cell is t h e g r ea t e r . Consequen t ly , m o r e corros ion is p r o d u c e d b y t h e s econd cell . 
T h e h y d r o g e n p r o d u c e d a t t h e c a t h o d e of t h e second cell is ox id ized w i t h neces sa ry 
difficulty as t h e j9P I-value of t h e soln. decreases , a n d on a c c o u n t of t h e inc reas ing 
s t ab i l i t y of t h e ferrous ions , t h e oxygen does n o t h a v e so g r e a t a t e n d e n c y t o r e a c t 
w i t h fer rous i ron t o p r o d u c e ferric ox ide . I n t h i s case , ox id iz ing a g e n t s s l igh t ly 
increase t h e r a t e of corrosion, h y d r o g e n beg ins t o b e evo lved w h e n p^ l ies b e t w e e n 
4*0 a n d 5*0, d e p e n d e n t on t h e n a t u r e of t h e m e t a l ; a n d gene ra l cor ros ion occurs 
r a t h e r t h e n p i t t i n g . (4) W i t h soln. h a v i n g £>H b e t w e e n 1*0 a n d 4*0, i r o n co r rodes 
r a p i d l y a n d w i th a g r e a t l y increas ing r a t e a s t h e v a l u e of ^ H d imin i shes . T h e 
difference b e t w e e n t h i s case a n d t h e p r eced ing one is t h a t t h e p o t e n t i a l of t h e cell 
w i t h (e) a s a n o d e a n d (/) a s c a t h o d e a n d t h a t of t h e cell w i t h (e) a s a n o d e a n d (a) 
as c a t h o d e con t inua l ly increases a s t h e v a l u e of p^ dec reases . H e r e t h e r a t e of 
corros ion is g r ea t e r t h a n is t h e case w i t h o t h e r v a l u e s of ps ; h y d r o g e n gas is 
evo lved ; a n d ferrous ions a t t a i n a h igh c o n c e n t r a t i o n in t h e soln . 

J . W . Sh ip ley a n d co-workers f o u n d t h a t i n t h e absence of o x y g e n , t h e r a t e of 
cor ros ion is p r o p o r t i o n a l t o t h e n e g a t i v e j»n-va lue of t h e soln . t o _p H =9*4 ; a n d n o 
h y d r o g e n is evo lved w i t h soln . m o r e a lka l ine t h a n ^ n = 9 * 4 . T h e p o t e n t i a l of t h e 
cell F e I F e " , H " | H 2 shou ld b e p r o p o r t i o n a l t o t h e H"-ion cone , u n t i l j ? H = 9 * 0 ; a n d 
in m o r e a lka l ine soln. , t h e p o t e n t i a l s h o u l d b e i n d e p e n d e n t of t h e H ' - i o n c o n e , a n d 
s h o u l d b e of t h e o rde r 0*16 vo l t . T h e p o t e n t i a l s c a l cu l a t ed for s l ight ly ac id soln . 
a r e g r e a t e r t h a n t h e y shou ld be t o a c c o u n t for t h e s low d i sso lu t ion of i ron . 
J . F . C h i t t u m a s sumes t h a t t h e first a c t i o n of i ron is t o p r o d u c e a h ighe r o x i d e — 
vide infra, p a s s i v i t y — a n d t h a t as a r e su l t of o t h e r r e a c t i o n s t h e final cor ros ion cell 
is Fe-J-H2O-fH*—> Fe(OH)*-J -H 2 , wh ich h a s a n e.m.f. a p p r o a c h i n g zero w h e n 
PH=9'0, a n d t h i s ag rees w i t h t h e r e su l t s of J . W . Sh ip ley a n d co -worker s . 

I n t h e corros ion a t a w a t e r - a i r sur face i n soln. w i t h pn less t h a n 9*0, t h e r e is 
e s t ab l i shed a n e lec t ro ly t ic cell in w h i c h (a) i n t h e sur face is a n o d e , a n d (c), s o m e 
e q u i v a l e n t e lec t rode , is t h e c a t h o d e . T h e d e c r e a s e d p o l a r i t y of t h e sur faces 
e s t ab l i shes t h e a n o d e (a) i n t h e surface film. T h e fac t t h a t t h e a n o d i c p o t e n t i a l 
of t h i s e l ec t rode is g r e a t e r t h a n t h a t of a n y o t h e r i r on e l ec t rode i n a i r a c c o u n t s 
for t h e fac t t h a t surface corros ion is v e r y i m p o r t a n t . I n m o r e a lka l ine so lu t ions 
t h e b o u n d a r y p o t e n t i a l b e t w e e n t h e sur face film a n d t h e m a i n b o d y of t h e so ln . 
is b u i l t u p u n t i l l i t t l e surface corrosion occurs i n t h e s e so lu t ions . 

T h e a c t i o n of sa l t a n d other so lu t ions o n c o r r o s i o n . — T h e p resence of s a l t s in 
w a t e r in c o n t a c t w i t h i r o n m a y h a v e a m a r k e d inf luence on t h e r a t e of cor ros ion . 
N u m e r o u s o b s e r v a t i o n s h a v e been m a d e o n t h e a c t i o n of so ln . of v a r i o u s sa l t s o n 
i ron . T h e r e su l t s w i t h sa l t s of t h e h e a v y m e t a l s , a n d a m m o n i u m sa l t s , a s well 
a s of s a l t s of t h e oxy -ac ids , e t c . , h a v e b e e n i n d i c a t e d in c o n n e c t i o n w i t h t h e 
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chemica l p rope r t i e s of i ron . Effects w i t h some c o m m o n sa l t s were r e p o r t e d a s 
follow : 

Potassium fluoride.—A. W . C h a p m a n . 2 5 Sodium chloride.—R. Ad ie , O. Bauer 
and co -workers , "W. S. D u d l e y , H . E n d o , J . A. N . F r i e n d a n d co-workers , U . R. E v a n s 
and T. P . Hoar, R. H . Ga ines , F . H a b e r a n d F . G o l d s c h m i d t , K . Inamura , 
S. Micewicz, M. M u g d a n , V . K . P e r s c h k e a n d G. I . Tschufarof i , A. Thie l a n d H . Luck-
m a n n , a n d A . W a g n e r . T h e effect of p r e s su re on t h e r e su l t s w a s s t u d i e d b y O. B a u e r 
a n d co-workers , E . B e r l a n d F . v o n T a a c k , a n d J . A. N . F r i e n d . Potassium chloride. 
— H . E n d o , K . I n a m u r a , S. Micewicz, U . R . E v a n s a n d T . P . H o a r , a n d A . W a g n e r . 
Ammonium chloride.—E. H e y n a n d O. B a u e r , J . T . N a n c e , a n d A. W a g n e r — v i d e 
supra, t h e chemica l p r o p e r t i e s of i ron . Potassium, iodide.—E. P i e t s c h a n d 
co-workers . Sodium sulphate.—O. B a u e r a n d co-workers , E . B e r l a n d F . v o n T a a c k , 
H . E n d o , J . A . N . F r i e n d a n d co-workers , E . H e y n a n d O. B a u e r , K . I n a m u r a , 
U . R . E v a n s a n d T . P . H o a r , A . Thie l a n d H . L u c k m a n n , a n d A . W a g n e r . Potassium 
sulphate.—H. E n d o , J . A . N . F r i e n d a n d co-workers , E . H e y n a n d O. B a u e r , 
K . I n a m u r a , a n d A . W a g n e r . Potassium aluminium sulphate.—H. E n d o . Amr 
monium sulphate.—E. H e y n a n d O. B a u e r , a n d A . d ' H e u r e u s e — v i d e supra, t h e 
chemica l p rope r t i e s of i ron . Sodium nitrate.—H. E n d o , J . A . N . F r i e n d a n d co
worke r s , a n d E . H e y n a n d O. B a u e r . Potassium nitrate.—H. E n d o . Ammonium 
nitrate—vide supra, t h e chemica l p r o p e r t i e s of i ron . Sodium and potassium car
bonates.—R. Adie , E . B o s s h a r d a n d R . P fenn inge r , C H . Cr ibb a n d F . W . F . A r n a u d , 
J . A . N . F r i e n d a n d co-workers , E . H e y n a n d O. B a u e r , C. F . H i c k e t h i e r , A . W a g n e r , 
a n d F . Westhoff . Sodium phosphate.—W. R . D u n s t a n a n d co-workers , H . E n d o , 
E . H e y n a n d O. B a u e r , a n d A . Kre f t i ng ; a n d t h e effect of p r e s su re , b y E . B e r l 
a n d F . v o n T a a c k . Calcium chloride.—R. Gi ra rd , E . H e y n a n d O. B a u e r , 
C. F . H i c k e t h i e r , P . Medinger , S. Micewicz, W . P a l m a e r , a n d G. Zelger . Barium 
chloride.—H. E n d o , J . A. N . F r i e n d a n d co-workers , E . H e y n a n d O. B a u e r , a n d 
V . Z e m l y a n i t z u i n a n d P . D o b r o v o l s k y . Calcium nitrate.—W. V a u b e l . Mag
nesium chloride.—O. B a u e r a n d co-workers , E . B o s s h a r d a n d R . P fenn inge r , 
W . R . B r a d b u r y , H . E n d o , F . F i sche r , F . H a U a , E . H e y n a n d O. B a u e r , 
S. Micewicz, H . Os t , J. Pfeifer, A. W a g n e r , a n d P . W e s t ; t h e effect of p r e s s u r e , b y 
E . Be r l a n d F . v o n T a a c k . Magnesium sxdphate.—J. A . N . F r i e n d a n d co-workers , 
a n d E . H e y n a n d O. B a u e r . 

A s obse rved b y G. We tz l e r , M. M. H a l l , a n d A . P a y e n , i ron m a y b e k e p t 
a n indef ini te ly long t i m e in soln . of p o t a s s i u m , s o d i u m , o r a n a lka l ine e a r t h 
h y d r o x i d e s , o r i n a q . a m m o n i a w i t h o u t cor ros ion , p r o v i d e d t h e c o n c e n t r a t i o n of 
t h e so lven t b e l a rge e n o u g h ; a n d i ron is co r roded i n s a t . soln. of p o t a s s i u m 
n i t r a t e o r s u l p h a t e m o r e s lowly t h a n i n w a t e r , owing , i t w a s a s s u m e d , t o t h e 
l i qu id d isso lv ing less a i r t h a n i n t h e case of -water a lone . A. J . H a l e a n d 
H . S. F o s t e r found t h a t t h e a c t i o n of 0-2iV-soln. of t h e fol lowing sa l t s on w r o u g h t 
i r on a n d c a s t i ron , b e t w e e n 17° a n d 20° , p e r sq . d m . of m e t a l , w a s r e p r e s e n t e d b y 
t h e fol lowing losses i n 7 d a y s u s ing half a l i t r e of soln. p e r d a y : 

0-22V-SoIn . . M g C l 2 N a O H C a C l 8 3STaCl N H 4 O H N a 2 C O 8 

- , i C a s t i r o n . 0 - 8 5 O-OO 0 - 2 0 0-1O O-OO O-OO 
7 d a y s | W r o i a g l v f c i r o n 0 . 8 5 0 . 0 o 0 - 3 0 0 - 2 5 O-OO O-OO 
n ^ « / C a s t i r o n . 0 - 4 5 O-OO 0 1 7 0 - 3 2 0 1 8 O-OO 
7 d a y s ^ W r o u g h t i ^ ^ 0 - 4 1 O-OO 0 - 2 0 0 - 2 4 O-OO 0 0 0 

According t o L . McCul loch, of a n u m b e r of sma l l p a r t i c l e s of e lec t ro ly t ic i ron 
isolated from one another, o n l y a c e r t a i n p r o p o r t i o n will r u s t i n t h e p resence of 
air, moisture, and sod ium ch lor ide . The smaller the pa r t i c l e s , t h e g r e a t e r t h e pro
portion which i s *' p a s s i v e , " b u t if t h e p a r t i c l e s are i n c o n t a c t w i t h one a n o t h e r 
t h e y all rust . Again , i n a soln. of a m m o n i a and a m m o n i u m chlor ide pieces of soft 
iron m a y either dissolve readily or remain unat tacked . " P a s s i v i t y " in t h i s soln . 
i s produced b y heat ing unt i l temper colours appear, or often m e r e l y b y c lean ing w i t h 
coarse emery and e x p o s i n g t o t h e air. The meta l is a c t i v a t e d b y c o n t a c t w i th 
zinc or act ive iron in t h e soln. or b y cathodic t rea tment a t a sufficiently n e g a t i v e 
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poten t ia l . A n y of these ac t iva t ing agencies will also cause mill-scale or fer rous 
oxide t o dissolve in t h i s soln., so t h a t t h e observed pass iv i ty of i ron is ascr ibed t o a 
superficial oxide film. 

A t t h e beg inn ing of o u r e r a , P l i n y , i n h i s Historic* ncUuralis (31 . 19), m e n t i o n e d t h e 
corrosion of i ron b y t h e w a t e r s of a r ive r i n Thes sa ly ; a n d n u m e r o u s o b s e r v a t i o n s h a v e 

s ince b e e n m a d e o n t h e corros ive a c t i o n of so ln . 
of different s a l t s , a n d of m i n e r a l w a t e r s o n 
i ron—e .g . b y E . Be r l a n d F . v o n T a a c k , 
H . G. D e n h a m , H . E . B e l l a m y , W . B . Lewis 
a n d G. S. I r v i n g , U . R . E v a n s , R . Ad ie , 
V . K . P e r s c h k e a n d G-. I . Tschufaroff, F . Auer -
b a c h a n d H . P i c k , W . T). Banc ro f t , W . M . B a r r 
a n d R . W . Sav idge , O . B a u e r a n d co-workers , 
K . I n a m u r a , H . B a u c k e , C. F . B u r g e s s a n d 
S. O . E n g l e , R . Gi ra rd , C. G. F i n k a n d C. M . D e -
eroly, K . K o n o p i c k y , M . Schee lhasse , G. I>. B e n -
g o u g h a n d co-workers , F . C. Ca lve r t a n d co
worke r s , C. H . Cr ibb a n d F . W . F . A r n a u d , 
A . S. C u s h m a n , G. K . D a v i s , J . B . D o d d s , 
W . R . D u n s t a n , F . F o r s t e r , W . A . F o w l e r , 
J . A . N . F r i e n d a n d co-workers , A . F r y , 
A . F . Ganz , B . Ga r r e , J . G r o s s m a n n , H . C. H a a k , 
A . J . H a l e a n d H . S. F o s t e r , M. M . H a l l , 
E . S. H e d g e s , M. H e e g e w a l d t , E . H e y n , E . H e y n 
a n d O. B a u e r , O . F . H u n z i k e r a n d co-workers , 
K . I n a m u r a , G. J i i n g s t , F . K o r b e r a n d A . P o m p , 
A . Kre f t ing , O . KrOhnke , O. L a s c h e a n d 
W . Kieser , A . L e d e b u r , L . L i n d e t , G. L u n g e , 
E . Maas s a n d W . W i e d e r h o l t , R . Mal le t , 
P . Medinger , A . E . M e n k e , W . Menzel , 
G. T . Moody , M. M u g d a n , J. T . N a n c e , 

P e t i t , J . Pe r soz , R . P fenn inge r , D . Ph i l l i p s , 
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Logarithm of co/?ce/7tna.t/o/j 
F i a . 376.—Corros ive Ac t ion of So lu t ions 

of P o t a s s i u m F e r r o c y a n i d e , a n d Alka l i 
C a r b o n a t e s . 

S. AV. P a r r a n d F . G. S t r a u b , W . P e t e r s , T 
A . P o m p , P . N . R a i k o w , AV. R a n s o m , AV. D . R i c h a r d s o n , H . R i n n e , J . K . R o b e r t s a n d 
co-workers , P . R o h l a n d , F . J. R o w a n , E . Schulz , J". B . Sonderens , R . S t u m p e r , Kl. Tauss ig , 

A . Thie l a n d H . L u c k m a n n , W . T h o m s o n , 
0-058\ M . Usenet-, M. Vog t , J . H . Vogel , A , W a g 

ner , AV. G. W h i t m a n a n d R . P . Russe l l , 
e t c . 

U. I t . E v a n s r ep resen ted t h e speed 
of corrosion, dx/dt, for dil . soln. , b y 
dx/dt=k^{C0—kzx)l9 where Ic1 a n d Jc2, 
a re cons t an t s ; C 0 = t h e ini t ia l concen
t r a t i o n of t h e e lec t ro ly te ; a n d x, a mea
sure of t h e corrosion. J . A. N . F r i e n d 
found t h a t for a concen t ra t ion , m, of 
t h e sa l t , t h e r a t e of corrosion, C, is re
l a t ed t o t h e solubi l i ty of oxygen , (3 ; 
a n d t o t h e r a t e of d issolut ion of oxygen , 

H . E n d o ' s obse rva t ions on t h e 
corrosive effect of sa l t soln. con t a in ing 
0*1 mol p e r l i t re a r e s u m m a r i z e d in 
F ig . 377 . T h e a r m c o i ron in Olikf-soln. 
of p o t a s s i u m c h r o m a t e , d i c h r o m a t e , 
pe rch lo ra t e , a n d p e r m a n g a n a t e was 
b r i g h t a n d free from r u s t du r ing 3 y r s . ' 
exposure ; i n o t h e r soln., t h e corrosion 
increased p ropor t iona l ly w i th t h e t i m e . 
W i t h soln. of sod ium h y d r o p h o s p h a t e , 

a n d po ta sh -a lum, t h e corrosion was r a p i d a t first, a n d t h e n g radua l , a n d finally, 
a s t h e surface of t h e i ron became coa ted w i th a filmy corrosion ceased. 

I n 1845, I t . Adie discovered t h a t s a t . soln. of p o t a s s i u m or sod ium fe r rocyanide , 

F i a . 
O 

377. 
t h e Corros ion of A r m c o I r o n . 

20 40 60 80 days 
-The A c t i o n of Sal t Solut ions on 
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fer r icyanide , cyan ide , c a rbona t e , pe rch lo ra te , a n d p e r m a n g a n a t e h e l p t o res is t 
corrosion. K . I n a m u r a showed t h a t t h e corrosion "with sa l t so ln .—po ta s s ium a n d 
s o d i u m chlorides a n d su lpha tes—increases w i th increas ing concen t r a t i ons be low 
0-1M. H . E n d o also s tud ied t h e influence of t h e concen t r a t i on a n d found for 
sod ium a n d p o t a s s i u m chlorides, a n d s u l p h a t e t h e following losses i n g r a m s p e r 
sq . cm. , a n d t h e corrosion r a t i o s — t h a t is, t h e ra t io of t h e loss in weigh t of i ron in 
t h e sa l t soln. t o i t s loss in dist i l led w a t e r : 

(Cone . . 0 O l 1 0 2 0 3-O 4 O 5-0 GO 
N a C l / L o s s . 0 0 0 0 7 5 OOOI05 O-OOO07 0-00074 OOOOG8 0 0 0 0 3 7 0 0 0 0 3 2 0-00022 

{Ra t io . I O 1-4 1-3 1 0 0-8 0-5 0-4 0-3 
(Cone . . 0 O l I O 1-5 2 0 2-5 3-0 3-5 

K C l L o s s . 0 0 0 0 7 4 OOOH2 00009G 0 0 0 0 8 9 0 0 0 0 7 7 0-000G8 0 0 0 0 5 2 0 0 0 0 4 4 
{Ra t io . 1 0 1-5 1-3 1-2 1 0 5 0-95 0-70 OGO 
(Cone. . O 0 1 0-2 0-5 OG 0-8 0-9 1 0 

N a 2 S O 4 L o s s . O0OO77 OOOIOO 0-00095 0 0 0 0 8 5 0 0 0 0 7 9 0 0 0 0 5 8 0 0 0 0 5 0 O-OOO40 
( R a t i o . 1OO 1-3O 1-25 O-IO 1 0 2 0-75 0 6 5 OGO 
(Cone. . O 0-1 0-2 0-3 0-4 0-6 0-8 1-0 

K 2 S O 4 L o s s . 0-00077 OOOH2 0 0 0 0 9 3 0-0008G 0-OOOG9 OOOOG2 0 0 0 0 4 9 0 0 0 0 3 9 
( R a t i o . 1 0 0 1-30 1-20 1 0 5 0-90 0-80 0-64 0-50 

There is t h u s a m a x i m u m in t h e curves -where t h e corrosion is g rea tes t , a n d l a rge r 
t h a n t h a t of w a t e r ; t h e corrosion t h e n d imin ishes t o less t h a n t h e va lue for w a t e r ; 
a n d t h e r e is a p a r t i c u l a r concen t r a t i on of t h e sa l t soln. where t h e v a l u e is t h e 
s a m e as t h a t of wa te r , a n d w h e n t h e corrosion ra t io is u n i t y . H . E n d o a d d e d t h a t 
t h e a c t u a l corrosion is a r e su l t of t w o oppos ing influences. One is d u e t o t h e 
solubi l i ty of oxygen in wa t e r . I n dil . soln. , where t h e solubi l i ty of oxygen is n e a r l y 
t h e s a m e for wa te r , t h e r a t e of corrosion increases w i t h a n increase in c o n c e n t r a t i o n 
of t h e sa l t , b u t w i th m o r e cone, soln. , where t h e solubi l i ty of o x y g e n is r educed p r o 
gressively wi th increas ing concen t r a t i on of t h e soln. , t h e corrosion will be r educed . 
T h e m a x i m u m wi th t h e sa l ts u n d e r cons idera t ion is n e a r 0-1MJ. 

According t o E . H e y n a n d O. B a u e r , t h e b e h a v i o u r of soln. of p o t a s s i u m ferro-
cyan ide is t yp i ca l of t h a t of m a n y o the r s . B, F ig . 376, r ep resen t s t h e effect w i th 
dist i l led w a t e r ; t h e concen t r a t i on is expressed in mols pe r l i t re . I n some cases, 
w i t h smal l p ropor t ions of sa l t , s ay 0*001 t o 0-1 g r m . per l i t re , t h e r e is a s l ight r e t a r d a 
t ion , BC. M a n y salts—e.g. sod ium a n d p o t a s s i u m ca rbona t e s—exh ib i t no such 
r e t a r d a t i o n . As t h e p r o p o r t i o n of sa l t increases , t h e corrosive effect increases , 
CD9 t o a m a x i m u m , JD3 wh ich is usua l ly m u c h g rea te r t h a n t h e effect w i t h dist i l led 
wa t e r . Th i s r epresen t s w h a t h a s been called critical concentration. S u b s e q u e n t 
increases in t h e p r o p o r t i o n of sa l t r ap id ly depress t h e a c t i v i t y of t h e soln. u n t i l i t 
r eaches w h a t is called a limiting concentration a t a po in t , JE9 where corrosion prac t ica l ly 
ceases ; a n d s u b s e q u e n t increases in t h e cone , of t h e soln. , JEF9 h a v e n o effect on 
corrosion, for t h e i ron m a y b e k e p t i n c o n t a c t w i th t he se soln. for a n indefini te 
per iod w i t h o u t corrosion. 

Accord ing t o E . H e y n a n d O. B a u e r , a n d J. A . N . F r i e n d , t h e c r i t i ca l a n d l i m i t i n g con
c e n t r a t i o n s of a n u m b e r of s a l t s , exp res sed i n g r a m s p e r l i t re , a r e r e spec t ive ly a s follow : 
potassium ferrocyanide, w i t h w r o u g h t i ron , O-1, a n d 1 t o 2 ; a n d w i t h pur i f ied i ron , 0-2, ; 
potassitim ferricyanide, w r o u g h t i ron , 0-1 , a n d 1 t o 2 ; potassium permanganate, w r o u g h t 
i ron , 0 -1 , a n d 0*1 t o 1-0 ; potassium carbonate, w r o u g h t i ron , 1-0, a n d 1 t o IO ; potassium 
iodate, w r o u g h t i ron , 0 -01 , a n d 0-1 t o 1-0 ; potassium cyanide, w r o u g h t i ron , O-1, a n d 0-1 t o 
1-0 ; potassium bromate, w r o u g h t i ron , O-1, a n d O-1 t o 1-0 ; potassium chlorate, w r o u g h t 
i ron , 0 -1 , a n d 74-5 ; calcium chloride, s tee l , 1-27, a n d 510 ; sodium sulphide, s tee l , 0 -1 , a n d 
100 ; sodium hydrocarbonate, w r o u g h t i ron , 1-0, a n d 1 t o 10 ; sodium carbonate, w r o u g h t 
i ron , 1-0, a n d 1 t o 10 ; borax, w r o u g h t i ron , O-1, a n d 1 t o 10 ; sodium hydrophosphate, 
•wrought i r o n , 1-0, a n d 1 t o 10 ; ammonium hydrophosphate, -wrought i ron , 0-01, a n d 1-0 t o 
IO ; ammonium acetate, -wrought i ron , 0-01, a n d 0-1 t o 1-0 ; chromic acid, w r o u g h t i ron a n d 
p u r e i ron , l i m i t i n g c o n e . 0-01 t o 0-05 ; potassium chromate, w r o u g h t i ron , 0-01 t o 0-1 ; a n d 
potassium dichromate, w r o u g h t i r o n a n d p u r e i ron , 0-01 t o 0 - 1 . 

C. H . Cr ibb a n d F . W . F . A r n a u d showed t h a t t h e corrosive ac t ion of soln. of 
sodium carbonate is nearly twice a s great a t 100° a s i t is a t r o o m t e m p . A m m o n i u m 
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h y d r o p h o s p h a t e he re a c t s n o r m a l l y u p t o i t s l imi t ing c o n c e n t r a t i o n , a n d before 
t h e soln. is s a t u r a t e d , corros ion beg ins a g a i n ; b u t i t is n o t r u s t i n g in t h e o r d i n a r y 
sense, because t h e m e t a l becomes cove red w i t h gas -bubb le s , a n d finally a c q u i r e s a 
greyish-green depos i t . I n t h e case of soln . of p o t a s s i u m ch lo ra t e , c a l c ium chlor ide , 
a n d sod ium su lph ide , E a n d F a l m o s t coincide a n d t h e l imi t ing cone, i s a sa t . soln . 
of t h e sa l t . T h e r e a r e n o cr i t ical cone , w i t h a few sa l ts—e .g . c h r o m i c a c i d a n d i t s 
t w o p o t a s s i u m sa l t s . T h e slow soln. obse rved b y E . H e y n a n d O. B a u e r "with 
v e r y cone . soln. of ch romic acid , a n d p o t a s s i u m d i c h r o m a t e m a y b e d u e t o t h e 
presence of m a n g a n e s e i n t h e i ron , for, a s A . S. C u s h m a n showed , m a n g a n i f e r o u s 
i rons a r e s l ight ly soluble in t h e s e soln. , b u t n o effect c a n b e obse rved w i t h p u r e i ron 
d u r i n g t h e course of a few weeks . 

A m m o n i u m sa l t s a r e v e r y corros ive , a n d of t h e t h r e e t r i e d b y E . H e y n a n d 
O. B a u e r , F ig . 378, t h e n i t r a t e is t h e m o s t a c t i v e , a n d i t is a m m o n i u m n i t r a t e wh ich 
is p r o d u c e d in t h u n d e r s t o r m s , a n d w a s h e d d o w n b y r a i n . T h e r a i n - w a t e r soln . , 
of course , is v e r y d i lu t e , b u t t h e c o n c e n t r a t i o n increases a s t h e l i qu id e v a p o r a t e s . 
Soln. of t he se a m m o n i u m sa l t s were found t o a t t a c k i ron b o t h in t h e p re sence a n d 
in t h e absence of a i r . T h e r a t io s : Loss i n t h e absence of a i r : loss in t h e p resence 
of air , for t h e n i t r a t e , s u l p h a t e , a n d chlor ide a r e respec t ive ly 0*92, 0-17, a n d 0-023. 
T h e a c t i v i t y of t h e sa l t s is m u c h g r e a t e r -when t h e t e m p , is ra ised . J . A . N . F r i e n d 
a n d P . C. B a r n e t obse rved t h a t a s a t . soln. of a m m o n i u m s u l p h a t e is less cor ros ive 

t h a n dis t i l led w a t e r a t 6° , b u t a t 18° i t is m u c h m o r e 
corrosive. L . S a n t i found t h a t i ron dri l l ings a r e a t t a c k e d 
b y a boi l ing soln. of a m m o n i u m chlor ide : Fe - j -2NH 4 Cl 
— F e C l 2 + 2 N H 3 + H 2 ; o b s e r v a t i o n s on t h e a c t i o n of 
a m m o n i u m chlor ide soln. were also m a d e b y J . T . N a n c e ; 
E . B . R . P r i d e a u x a n d R . M. C a v e n m a d e a s imi lar 
obse rva t ion w i t h respec t t o a m m o n i u m n i t r a t e ; a n d 
W . R . H o d g k i n s o n a n d A. H . Coote , "with r e spec t t o soln . 
of a m m o n i u m n i t r a t e a n d n i t r i t e . W . V a u b e l o b s e r v e d 
t h a t while a m m o n i u m n i t r i t e is a l m o s t w i t h o u t a c t i o n o n 
i ron, a m m o n i u m n i t r a t e m a k e s a v e r y effective a t t a c k ; 
h y d r a t e d fer rous a n d ferric ox ides a r e fo rmed, a n d s o m e 
i ron passed i n t o soln. a s a c o m p l e x sa l t . A m m o n i u m 
n i t r a t e , sa id W . Vaube l , is v e r y genera l ly p r e s e n t i n 
c o m m o n w a t e r in c o n t a c t w i t h i ron , for t h i s m e t a l will 

r e d u c e a p o r t i o n of t h e d issolved n i t r a t e s t o a m m o n i a ; t h e s a m e process , 
n a m e l y , t h e r e d u c t i o n of t h e n i t r a t e rad ic le t o a m m o n i a , occurs i n t h e a c t i o n 
of a m m o n i u m n i t r a t e on i ron , t h e l a t t e r u n d e r g o i n g o x i d a t i o n . T h e r u s t i n g 
is ass i s ted b y t h e increased a c t i v i t y of o x y g e n a t t h e a t t a c k e d spo t , a n d also b y t h e 
ac t i on of t h e w a t e r itself, which , i t is s t a t e d , in t h e p resence of a m m o n i u m n i t r a t e 
will a c t on i ron, fo rming i ron ox ide a n d h y d r o g e n , especial ly if t h e t e m p , is s l ight ly 
ra ised. R . D r o s t e showed t h a t u n d e r o r d i n a r y cond i t ions , n i t r a t e s a r e r e d u c e d 
b y i ron t o a m m o n i a "without fo rming a n y app rec i ab l e p r o p o r t i o n of n i t r i t e . 
A. A. B o n n e m a showed t h a t fe r rous ox ide a n d h y d r o x i d e in c o n t a c t w i t h a i r g ive 
rise t o a ce r t a in a m o u n t of n i t r i t e . If, a s is q u i t e poss ible , n i t r a t e is p r o d u c e d in 
t h e s a m e m a n n e r , W . V a u b e l a d d e d t h a t i t is c lear t h a t for t h e r u s t i n g of i ron on ly 
a m i n i m a l q u a n t i t y of a n a m m o n i u m sa l t n e e d b e p r e s e n t , for t h e a m m o n i u m n i t r a t e 
cou ld t h e n b e easi ly formed. F . H a n a m a n d iscussed t h e a c t i o n of soln. of a m m o n i u m 
s u l p h a t e . 

T h e r e is a n o t h e r series of sa l t s whose s a t . soln . a r e i n c a p a b l e of i n h i b i t i n g 
corrosion, a n d in t h i s sense i t c an b e sa id t h a t t h e l i m i t i n g cone , is i m a g i n a r y , a n d 
t h a t F l ies t o t h e left of E, F i g . 376. T h e s e sa l t s t he re fo re s h o w on ly a c r i t i ca l 
cone . E . H e y n a n d O. B a u e r , a n d J . A. N . F r i e n d a n d J . H . B r o w n o b t a i n e d t h e 
following r e s u l t s : 

Potassium chloride wi th wrought iron, 50 ; wi th purified iron, 5 ; potassium sulphate wi th 
wrought iron and purified iron, 10 ; potassium nitrate wi th purified iron, 1 t o 15 ; sodium 
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chloride, w r o u g h t i r on , 10 ; a n d purified, i r o n , 5 ; sodium sulphate, w r o u g h t i r o n a n d pur i f ied 
i r o n , 1 0 ; sodium nitrate, w r o u g h t i ron , 0 - 1 ; pur i f ied i r o n , 6 0 ; calcium hydrocarbonate, 
w r o u g h t i r on , 0*14 ; calcium sulphate, w r o u g h t i ron , 2«034 ; calcium sulphide, s t ee l , 0*0014 ; 
barium chloride* w r o u g h t i ron , 1 0 0 ; pur i f ied i ron , 10 ; ferrous sulphate, w r o u g h t i r o n , 1OO ; 
arsenic trioscide, w r o u g h t i ron , 0-064 ; magnesium chloride, w r o u g h t i r o n , 100 ; pur i f i ed i r o n , 
20 ; magnesium sulphate, w r o u g h t i r o n a n d pur i f ied i ron , 10 t o 50 ; manganese sulphate, 
-wrought iron, 0-1 ; ammonium thiocyanate, wrought iron, O-Ol ; ammonium chloride, 
w r o u g h t i r o n , 1OO ; ammonium sulphate, w r o u g h t i ron , 200 ; a n d ammonium nitrate, 
w r o u g h t i r on , 500 . I . W a s i l e w s k y a n d W . B a r d z y n s k y d i scussed t h e cor ros ive a c t i o n of 
a so ln . of a m m o n i u m n i t r a t e ; a n d V . JK. P e r s h k e a n d GL I . Tschufaroff , t h e co r ros ive 
a c t i o n of p o t a s s i u m s a l t s o n c a s t i r o n . 

T h e c o r r o s i v e a c t i o n s of s o l n . of p o t a s s i u m a n d s o d i u m c h l o r i d e s a n d s u l p h a t e s , 
a n d of p o t a s s i u m n i t r a t e , b y «T. A . N . F r i e n d a n d J . H". B r o w n , a r e i l l u s t r a t e d b y 
F i g . 3 7 9 . T h e y s h o w t h a t t h e c o r r o s i v e a c t i o n of c o n e . s o l n . of t h e c h l o r i d e s i s 
l e s s t h a n t h a t of w a t e r a l o n e . T h i s w a s n o t i c e d b y R . A d i e i n 1 8 4 5 , a n d h e e x p l a i n e d 
t h e r e s u l t s b y G . W e t z l e r ' s a s s u m p t i o n t h a t t h e s o l u b i l i t y of o x y g e n i n b r i n e 
s o l n . i s l e s s t h a n i t i s i n w a t e r a l o n e . F . J . R o w a n c i t e d a n e x a m p l e w h e r e t h e l i fe 
of b o i l e r s w a s m u c h g r e a t e r w h e n r u n w i t h a h i g h e r p r o p o r t i o n of s e a - w a t e r w i t h t h e 
f r e s h w a t e r , t h a n w h e n a s m a l l p r o p o r t i o n of s e a - w a t e r w a s u s e d . J . A . N . F r i e n d 
a n d J . H . B r o w n n o t i c e d t h a t w h i l e a t 1 0 ° , a s o l n . of s o d i u m c h l o r i d e h a s a c r i t i c a l 
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c o n e . 1WhOSe c o r r o s i v e a c t i o n i s g r e a t e r t h a n t h a t of d i s t i l l e d w a t e r a t t h e s a m e t e m p . , 
y e t a t 2 1 ° , i n a g r e e m e n t w i t h E . H e y n a n d O . B a u e r , t h e r e v e r s e i s t h e c a s e ; a n d 
a t 1 4 ° , t h e c o r r o s i v e a c t i o n i s t h e s a m e a s t h a t of d i s t i l l e d w a t e r . H e n c e , a s o l n . 
m a y b e l e s s c o r r o s i v e t h a n d i s t i l l e d w a t e r i n t h e t r o p i c s a n d m o r e c o r r o s i v e i n 
t e m p e r a t e c l i m e s ; a s i m i l a r d i f f e r e n c e m a y b e s h o w n i n s u m m e r a n d w i n t e r . 
F . H e y n a n d O . B a u e r ' s r e s u l t s w i t h s o d i u m c h l o r i d e s o l n . a r e s u m m a r i z e d i n 
F i g . 3 8 0 , w h e r e t h e c o n c e n t r a t i o n s a r e e x p r e s s e d i n m o l s p e r l i t r e . T h e a c t i o n i s 
n e a r l y t w i c e a s g r e a t a t 4 0 ° a s i t i s a t 1 8 ° ; a t 8 0 ° , t h e a c t i o n w i t h t h e m o r e d i l . 
s o l n . a t t a i n s a m a x i m u m . A . P a y e n , R . Gr i ra rd , K . K . J a r v i n e n , a n d L . A i t c h i s o n 
m a d e s o m e o b s e r v a t i o n s o n t h i s s u b j e c t . H . B e e n y f o u n d t h a t t h e a m o u n t of i r o n 
w h i c h p a s s e s i n t o s o l n . a s F e * ' - i o n s w h e n u s e d a s a n o d e i n a 0*2 p e r c e n t . s o l n . of 
s o d i u m c h l o r i d e a g r e e s w i t h t h e q u a n t i t y of e l e c t r i c i t y g e n e r a t e d , a n d i t i s h e n c e 
i n f e r r e d t h a t t h e c o r r o s i o n i s e n t i r e l y e l e c t r o c h e m i c a l . A . W . C h a p m a n f o u n d t h a t 
potassium fluoride b e l o w 0*8 iV-conc . a c t l i k e p o t a s s i u m c h l o r i d e , b u t , u n l i k e s o l n . 
o f t h e c h l o r i d e , a b o v e t h a t c o n e , t h e m e t a l i s n o t c o r r o d e d . T h i s i s a t t r i b u t e d t o 
t h e f o r m a t i o n of a p r o t e c t i v e f i lm of a fluoride o r c o m p l e x fluoride o n t h e s u r f a c e . 
of t h e m e t a l . T h e a t t a c k b y s o l n . o f p o t a s s i u m fluoride i s i n h i b i t e d b y t h e p r e s e n c e 
of s o d i u m c a r b o n a t e o r c h r o m a t e i n c o n c e n t r a t i o n l e s s t h a n i s n e e d e d f o r t h e 
c h l o r i d e . T h i s i s a t t r i b u t e d t o t h e fluoride b e i n g l e s s a b l e t o p e n e t r a t e t h e p r o t e c 
t i v e film f o r m e d b y t h e i n h i b i t o r . R . A d i e , a n d J . A . N . F r i e n d a n d J . H . B r o w n 
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showed t h a t a t t h e t e m p , of t h e r o o m , a n d i n t h e a b s e n c e of a i r , soln. of t h e a lka l i 
su lpha te s a n d chlor ides e x e r t n o corros ive a c t i o n o n i ron . T h e r e s u l t s for t h e 
a lka l i n i t r a t e s a r e s h o w n in F ig . 3 8 1 . P . R o h l a n d o b s e r v e d t h a t wh i l s t m o s t 
chlorides acce lera te t h e r a t e of cor ros ion of i r on in w a t e r , c h r o m i c ch lor ide a c t s i n t h e 
converse w a y , d u e , i t is a s s u m e d , t o *' a t r a n s i t o r y s e p a r a t i o n of c h r o m i u m b y t h e 
i r o n . " G. R . W h i t e s t u d i e d t h e e lec t ro ly t ic cor ros ion of i r on a s a n o d e i n so ln . of 
sod ium chlor ide , s u l p h a t e , n i t r a t e , a c e t a t e , a n d t a r t r a t e . 

R a i n - w a t e r , p a r t i c u l a r l y a f te r t h u n d e r s t o r m s , c o n t a i n s n i t r i c ac id or n i t r a t e s , 
a n d sewage w a t e r a lso con t a in s n i t r i t e s a n d n i t r a t e s . T h e a c t i o n of soln . of n i t r a t e s 
on i ron w a s also e x a m i n e d b y J . B . S e n d e r e n s , a n d J . A. J o n e s . W . V a u b e l f o u n d 
t h a t soln . of t h e a lka l i n i t r a t e s a r e n o t n e a r l y so a c t i v e a s a m m o n i u m n i t r a t e ; 
a n d t h a t soln . of t h e a lkal i n i t r i t e s a r e a l m o s t w i t h o u t a c t i on on i ron . F . H a n a m a n 
s t u d i e d t h e ac t i on of soln. of sod ium chlor ide , p o t a s s i u m c a r b o n a t e , a n d a m m o n i a . 
W . v a n W u l l e n - S c h o l t e n s tud i ed t h e ac t i on of soln . of s o d i u m chlor ide . M. M u g d a n 
found t h a t t h e chlor ides of t h e a lkal ies , a m m o n i u m , a n d t h e a lka l ine e a r t h s acce l e ra t e 
r u s t i n g t o a b o u t t h e s a m e e x t e n t . B r o m i d e s , s u l p h a t e s , a n d p e r c h l o r a t e s a r e n e a r l y 
equa l ly a c t i ve , p o t a s s i u m n i t r a t e s o m e w h a t less so, a n d pur i f ied w a t e r less s t i l l . 
I r o n r e m a i n s p rac t i ca l ly u n a t t a c k e d in soln. of p o t a s s i u m (or sod ium) c h l o r a t e , 
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F i o . 381. The !Effect of Aqueous Solu
tions of Salts on the Corrosion of 
I ron. 
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F i a . 382.—The Effect of Solutions 
of Magnesium Chloride on t h e 
Corrosion of I ron a t different 
Temperatures . 

b r o m a t e , i o d a t e , c h r o m a t e , d i c h r o m a t e , a c e t a t e , o x a l a t e , t a r t r a t e , ferro- a n d ferri-
cyan ides , cyan ide , h y d r o g e n c a r b o n a t e , b o r a t e , h y d r o x i d e , a n d a m m o n i a . T h e 
o rde r in which i ron is a t t a c k e d in these soln. is n o t c h a n g e d b y a d d i n g smal l q u a n t i t i e s 
of ac id , or of a lka l i , or of oxid iz ing a g e n t s such a s h y d r o g e n d iox ide , p o t a s s i u m 
fer r icyanide , or sod ium h y p o b r o m i t e , a l t h o u g h t h e r a t e of r u s t i n g is i nc rea sed or 
d imin ished . Soln. c o n t a i n i n g a m i x t u r e of sa l t s possess p r o p e r t i e s i n t e r m e d i a t e 
b e t w e e n those of soln. of t h e p u r e sa l t s ; t h u s , a d d i t i o n of s a l t t o a so ln . of s o d i u m 
h y d r o x i d e causes i ron i m m e r s e d in i t t o r u s t , a l t h o u g h m o r e s lowly t h a n in a n e q u a l l y 
cone . soln. of p u r e sa l t . T h e effect of d i l . a lka l ine soln . w a s d i scussed b y 
H . J . D o n k e r a n d R . A. D e n g g , w h o f o u n d t h a t t h e sur face of i ron is u n i f o r m l y 
a t t a c k e d , b u t in m o r e cone. soln. po in t -co r ros ion p r e d o m i n a t e s . A lka l i h y d r o x i d e 
is m o r e p r o t e c t i v e t h a n ca rbona t e—v ide supra. S u l p h a t e soln. a t t a c k i ron less t h a n 
ch lor ide soln . I r o n is n o t m a r k e d l y a t t a c k e d b y n e u t r a l so ln . c o n t a i n i n g d i c h r o m a t e , 
or d i c h r o m a t e a n d chlor ide , b u t i t is v igorous ly a t t a c k e d if t h e so ln . is n o t n e u t r a l i z e d . 
T h e r e su l t s of J . A. N . F r i e n d a n d J . H . B r o w n w i t h b a r i u m chlor ide , a n d w i t h m a g 
n e s i u m chlor ide a n d s u l p h a t e a r e s u m m a r i z e d in F ig s . 381 a n d 382 . V. Z e m l y a n i t z u i n 
a n d P . D o b r o v o l s k y found t h a t boi l ing soln . of b a r i u m ch lor ide a t t a i n a m a x i m u m 
a t t a c k a f te r boi l ing w i t h t h e m e t a l for 8 t o 16 h r s . T h e a t t a c k t h e n dec reases 
g r a d u a l l y owing t o t h e fo rma t ion of a p r o t e c t i v e film of h y d r a t e d ferric ox ide . 



I R O N 4 4 5 

T h e a c t i o n of m a g n e s i u m chlor ide h a s rece ived m u c h a t t e n t i o n owing t o i t s p r e s e n c e 
i n s ea -wa te r , wh ich m a y b e r e g a r d e d as a n a q . soln . of s o d i u m a n d m a g n e s i u m 
chlor ides . E . Maas s a n d W . W i e d e r h o l t , a n d O. H a u s e r showed t h a t m a g n e s i u m 
sa l t s a r e s t r o n g l y cor ros ive , a n d in a q . soln . i t is l a rge ly h y d r o l y z e d t o fo rm free 
h y d r o c h l o r i c ac id , p a r t i c u l a r l y if i t s t e m p , b e ra ised . E . H e y n a n d O. B a u e r ' s 
r e su l t s w i t h v a r i a t i o n s of t e m p , a r e i n d i c a t e d in F i g . 3 8 1 , w h e r e t h e c o n c e n t r a t i o n s 
a r e expres sed in m o l s p e r l i t r e . T h e effect w i t h t h e m o r e di l . soln. r eaches a m a x i 
m u m a t 80° . T h e soln. c a n also a c t on i ron in t h e absence of a i r , j m r t i c u l a r l y if 
t h e t e m p , is ra i sed . Th i s w a s d e m o n s t r a t e d b y A. W a g n e r , a n d R . P fenn inge r , a n d 
e m p h a s i z e d b y J . B . D o d d s . E . J . F o x a lso s h o w e d t h a t d e s e r t w a t e r s c o n t a i n i n g 
m a g n e s i u m chlor ide h a v e a h i g h H*-ion c o n e , a n d a r e v e r y d e s t r u c t i v e t o s t ee l 
a n d i ron convey ing -p ipes . O b s e r v a t i o n s o n t h e cor ros ive a c t i o n of natural waters 
were m a d e b y F . A u e r b a c h , F . B a m b e r g , C. O. B a n n i s t e r a n d R . K e r r , C. B lache r , 
H . O. B o w e n , G. J . B u r r o w s a n d C. E . F a w s i t t , C. P . Coles, M. J . F a l k e n b e r g , 
A. P . F o r d , H . O. F o r r e s t , J . R . F r a n c i s , G. W . Fu l l e r , L.. W . H a a s e , R . A . Hadf ie ld , 
W . M. H a m l e t , A . H e i n z e l m a n n , T . H e r m a n n , H . M. H o w e , G. N . H u n t l e y , 
I . M. Kolthoff, O. K r o h n k e , W . Lulofs , F . L y o n , B . G. McLel lan , R . Mal le t , A . Mi ind-
lein, G. P o p p , E . P r i n z , W . R e i d , J . W . Sh ip ley a n d I . R . McHaffie, F . N . Spel ler , 
F . N . Spel ler a n d co-workers , A . Sp l i t t ge rbe r , A . T . S t u a r t , R . S t u m p e r , A. Th ie l , 
F . T i e m a n n a n d A . G a r t n e r , J . T i l l m a n s a n d co-workers , J . W a l k e r a n d S. A. K a y , 
W . G. W h i t m a n a n d R . P . Russe l l , R . E . Wi l son , W . Wind i s ch , H . W i n s t a n l e y , a n d 
I . H . W o o l s o n ; a n d on t h e corros ive ac t i on of mine waters, b y R . J . A n d e r s o n a n d 
G. M. E n o s , A . K a t z , W . A . Selvig a n d G. M. E n o s , a n d W . E . W a r n e r . P . Med inge r 
e x p l a i n e d t h e corros ion of g a s a n d w a t e r m a i n s in h e a v y soils, c o n t a i n i n g calcium 
sulphate a s follows : t h r o u g h t h e ion iza t ion of t h e s u l p h a t e , t h e p r o p o r t i o n of ca l c ium 
ions in soln. becomes so g r e a t t h a t t h e d i ssoc ia t ion of t h e ca l c ium h y d r o g e n c a r b o n a t e 
is depressed , a n d , c o n s e q u e n t l y , t h e p r o d u c t i o n of H"- a n d HC0 3

w - i on8 f rom t h e free 
c a r b o n i c ac id is n o t so m u c h h i n d e r e d . T h e e n h a n c e d a c i d i t y of a soln. c o n t a i n i n g 
free ca rbon ic ac id a n d c a l c i u m h y d r o g e n c a r b o n a t e c o n s e q u e n t on t h e a d d i t i o n of 
ca l c ium s u l p h a t e m a y b e d e m o n s t r a t e d b y m e a n s of l i t m u s . 

R . Adie found t h a t i ron is a t t a c k e d m o r e v igorous ly b y s e a - w a t e r in t h e p re sence 
of a i r t h a n is t h e case w i t h dis t i l led w a t e r . T h e a e r a t i o n of s ea -wa te r n e a r t h e sur 
face a s i t is s t i r r ed u p b y t h e w a v e s is f avou rab l e t o corros ion ; on t h e o t h e r h a n d , 
o x y g e n w a s found t o be less soluble in s ea -wa te r t h a n i t is i n o r d i n a r y w a t e r . A g a i n , 
A. P a y e n showed t h a t i ron is a t t a c k e d b y s ea -wa te r in t h e c o m p l e t e a b s e n c e of a i r 
u n d e r cond i t ions w h e r e i ron c a n b e k e p t in fresh w a t e r a n indef ini te t i m e w i t h o u t 
cor ros ion . T h e a c t i v i t y of s ea -wa t e r is c o n s e q u e n t l y d u e t o t h e sa l t s w h i c h i t h a s in 
soln.—e.g. s o d i u m chlor ide , a n d m a g n e s i u m chlor ide a n d s u l p h a t e . A t cons iderab le 
d e p t h s be low t h e surface t h e s u p p l y of a i r t o s ea -wa t e r is v e r y r e s t r i c t e d . F r o m 
o b s e r v a t i o n s b y O. B a u e r a n d E . W e t z e l , G. D . B e n g o u g h a n d co-worker s , 
J . J . Berze l ius , E . B e u t e l a n d A . K u t z e l n i g g , R . B i n a g h i , J . V. D a v i e s , C. N . D r a p e r , 
J . A. N . F r i e n d , R . A . Hadf ie ld , H . M. H o w e , M. L i d y , R . Mal le t , J . T . Mi l ton a n d 
W . J . L a r k e , M. Ie N a o u r , D . V. Ons low, J . P e r c y , M. P o r t i e r , J . W . S h i p l e y a n d 
I . R . McHaffie, R . S t u m p e r , V. N. Svechnikoff a n d K . F . Starodoudoff , a n d 
H . W i l k i n s o n , on c a s t i r o n — g u n s , cannon-ba l l s , e t c . — w h i c h h a d b e e n s u b m e r g e d 
for 50 a n d m o r e y e a r s in t h e sea, t h e i ron a p p e a r s t o b e s lowly c o n v e r t e d i n t o fe r rous 
ox ide , a n d p a r t i a l l y d issolved, a n d a t t h e s a m e t i m e t h e r e s idue becomes soft t h o u g h 
r e t a i n i n g i t s or ig inal s h a p e . T h e c a r b o n a p p e a r s t o f o r m a g r a p h i t i c m a s s . H e n c e , 
t h e c h a n g e is s o m e t i m e s des igna ted t h e graphi t i za t ion—or graphit i t is , o r iron cancer 
—of c a s t i ron . Acco rd ing t o R . Mal le t , t h e s p . gr . of t h e m a s s is b e t w e e n 1*3 
a n d 1*8—when t h a t of c a s t i ron r a n g e s f rom 6*8 t o 7*6 ; a n d h e also q u o t e d t h e 
ana lys i s : F e O , 81 p e r c en t . ; g r a p h i t e , 16 p e r c en t . ; i r on chlor ide , a t r a c e . I n 
t h e case c i t e d b y J . J . Be rze lms , w h e n t h e m a s s w a s first b r o u g h t t o t h e sur face , 
w i t h i n half a n h o u r i t b e c a m e t o o h o t t o h o l d i n t h e hand— p r e s u m a b l y owing t o 
t h e o x i d a t i o n of t h e g r a p h i t i c c a r b o n w h i c h is a l m o s t in a p y r o p h o r i c s t a t e . 
F . W . D u r k e e obse rved a n ana logous r e su l t b y t h e a c t i o n of t h e w a t e r of a coa l -mine 



4 4 6 I N O R G A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

o n cas t i ron. J . W . Shipley a n d L R . McHaffie r e p o r t e d c e m e n t i t e a n d a c e m e n t i t e -
phosph ide eu tec t ic i n t h e res idua l ske le ton . J . W . Sh ip ley obse rved a sof tening 
of t h e i ron p ipes exposed in soils c o n t a i n i n g ca l c ium s u l p h a t e ; W . B . S c h u l t e , 
w h e n exposed t o c inders . U . R . E v a n s n o t e d t h e b r e a k i n g d o w n of t h e cas t - i ron 
founda t ions of a b r idge over t h e T h a m e s . 

T h e g raph i t i z a t i on m a y b e p r o d u c e d b y o t h e r corros ive a g e n t s , t h u s , F . J . Dan ie l l 
p r o d u c e d a spongy , g rey m a s s , " s o m e w h a t r e sembl ing p l u m b a g o , " b y t h e a c t i o n 
of dil. hydroch lo r i c ac id on cas t i ron ; F . C. Ca lver t , b y t h e a c t i o n of di l . hyd roch lo r i c 
or ace t i c ac id for t w o y e a r s ; T . Crzeschik, b y t h e a c t i o n of d i l . s u l p h u r i c a c i d ; 
S. Lee t , a n d W . H . P e p y s , py ro l igneous sp i r i t ; T . T h o m s o n , sou r p a s t e ; R . Mal le t , 
t h e v a p o u r d isengaged b y roas t ing coffee, t h e ac t i on of s h e r r y wine , a n d of low-
wines a n d proof s p i r i t ; a n d M. F r e u n d , b y t h e a c t i o n of d i r ec t e lectr ic c u r r e n t s in 
soln. of sod ium chlor ide or ca lc ium s u l p h a t e , a l t h o u g h F . Be rg iu s a n d P . K r a s s a 
obse rved n o such ac t i on wi th a l t e r n a t i n g c u r r e n t s . O. B a u e r a n d E . W'etzel s t u d i e d 
t h e g r aph i t i z a t i on of cas t i ron a n d found t h a t g r a p h i t i z a t i o n occurs w i t h i ron a n o d e s 
in t a p - w a t e r , sea-water , a n d in 10 pe r cen t . soln. of m a g n e s i u m chlor ide o r s u l p h a t e . 
R . Mal le t also m e n t i o n e d cases w h e n g r aph i t i z a t i on w a s fac i l i ta ted b y t h e ga lvan i c 
ac t ion caused b y t h e c o n t a c t of cas t i ron w i t h a less cor rodib le me ta l—e .g . copper , 
or b ras s . R e p o r t s on t h e corrosive ac t i on of sea -wate r h a v e b e e n also m a d e b y 
T. Andrews , M. Ba l l ay , O. B a u e r a n d E . We tze l , H . B a u e r m e i s t e r , A. C. Becque re l , 
B . Bell , G. D . Bengough , R . B inagh i , F . C. Ca lve r t a n d R . J o h n s o n , E . Cohen , 
C. P . Coles, P . M. Cros thwa i t e , P . M. Cros thwa i t e a n d G. R . R e d g r a v e , J . V. D a v i e s , 
E . D a v y , W . Denecke , E . Des longchamps , H . Diegel , S. H . Ell is , U . R . E v a n s , 
J . A. N . F r i end , R . Gi ra rd , J . G r a n t h a m , R . A . Hadf ie ld , F . H a n a m a n , 
W . J . H a y , T . H o l g a t e , G. J o h n s t o n e , W . P . Jo r i s sen , K . H a s e g a w a a n d S. H o r i , 
C. J . B . K a r s t e n , F . B . K i n g , G. v o n K n o r r e , O. K r o h n k e , M. L i d y , A. L ivers idge , 
R . Mal le t , T . E . P e r k s , J . W . Pos t , H . S. R a w d o n , J . R e n n i e , H . E . R h o a d e s , 
H . R i n n e , A. R o m w a l t e r , A. H . Sab in , F . Schmi tz , B . Schu l t z , E . C. S h e r m a n , 
J . W . Ship ley a n d I . R . McHaffie, B . Si l l iman, G. S t a u c h , T. Steel , F . P . S towel l , 
R. S t u m p e r , W . T h o m s o n , M. IJsener , G. B . V r o o m , a n d H . Wi lk inson , etc.-^-wide 
infra for a compar i son of t h e different va r ie t i e s of *' i ron " a n d steel . 

G. Wetz l e r obse rved t h a t i ron does n o t r u s t in aq . solu. of p o t a s s i u m h y d r o x i d e , 
or in a q . a m m o n i a ; a n d A. P a y e n a d d e d t h a t i r on r e m a i n s b r i g h t for m o n t h s w h e n 
immersed in a n aq . soln. of a m m o n i a or of p o t a s s i u m or s o d i u m h y d r o x i d e . A soln. 
of 1 vo l . of a sa t . soln. of p o t a s s i u m h y d r o x i d e and 2000 vols , of w a t e r p r e v e n t s 
i ron f rom rus t ing , b u t t h e m e t a l is co r roded in a 1 : 4000-soln. A soln. of 1 vo l . 
of a s a t . soln. of s o d i u m c a r b o n a t e in 54 vols , of w a t e r will p r e v e n t r u s t i n g , b u t 
n o t so w i t h a 1 : 59-soln. A . P a y e n also found t h a t a soln. of 1 vol . of a s a t . soln. of 
b o r a x in 6 vols, of wa te r , a n d 1 vol . of a s a t . soln. of l ime-wa te r in 3 vols , of 
w a t e r will p r e v e n t r u s t i n g ; b u t n o t so w i th m o r e dil . soln. M. M. H a l l also obse rved 
t h a t i ron does n o t r u s t in w a t e r con ta in ing magnes i a or l ime . F o r A. J . H a l e a n d 
H . S. F o s t e r ' s obse rva t ions , vide supra ; a n d for t h e a c t i o n of a lka l i h y d r o x i d e s , 
vide supra, chemical p rope r t i e s of i ron . C H . Cr ibb a n d F . W . F . A r n a u d obse rved 
t h a t v e r y di l . a lka l ine soln. d o n o t p r e v e n t t h e corros ion of i ron . W i t h t h e cone , 
of t h e a lka l ine soln. expressed a s p a r t s of a lka l i b y we igh t a s 100,000 p a r t s of w a t e r ; 
a n d w i t h t h e corrosion expressed as mi l l ig rams of ferric ox ide , t h e y found , a t r o o m 
t e m p . , s a y 16° : 
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J . D- P e n n o c k a n d D . A. M o r t o n f o u n d t h a t i r o n does n o t r u s t i n c o n e , a q . so ln . 
of a m m o n i a , a l t h o u g h freshly r u s t e d i ron is a t t a c k e d . J . A . N . F r i e n d o b s e r v e d 
n o a t t a c k b y 51^iV-NH4OH w h e n k e p t i n sealed t u b e s for s eve ra l y e a r s . 
F . J . R . Caru l la o b s e r v e d n o c h a n g e i n a c a s t i ron stil l u sed for a m m o n i a d u r i n g 18 
y e a r s ; a n d t h i s w a s conf i rmed b y J . F . K e m p s o n . O b s e r v a t i o n s were a l so m a d e b y 
F . S c h m i t z , W . R . H o d g k i n s o n a n d N . E . Bel la i rs , M. Ti lgner , C. M a t i g n o n a n d 
G. D e s p l a n t e s , a n d U . R . E v a n s on t h e a c t i o n of a q . soln. of a m m o n i a ; b y W . D i t t -
m a r , W . V e n a t o r , G. Z i rn i t e , E . H e y n a n d O. B a u e r , F . L y o n , F . N . Spel ler a n d 
C. R . T e x t e r , J . H . A n d r e w , M. L,. H a m l i n a n d F . M. T u r n e r , H . F . W h i t t a k e r , 
P . D . Merica , a n d C. E . S t r o m e y e r , on t h e a c t i o n of a q . soln . of a lka l i h y d r o x i d e s ; 
a n d b y T . Schmelze r b y soln . of ca l c ium h y d r o x i d e . 

T h e r e su l t s of O. H . Cr ibb a n d F . W . F . A r n a u d conf i rm t h e o b s e r v a t i o n s of 
A. P a y e n t h a t di l . soln . of t h e a lka l i h y d r o x i d e s , i n o r d i n a r y a t m . air , d o n o t i n h i b i t 
t h e cor ros ion of i ron u n t i l a c e r t a i n l i m i t i n g cone , of t h e a lka l i h a s b e e n a t t a i n e d . 
T h e l im i t i ng cone , for a lka l i h y d r o x i d e s w a s f o u n d b y C. H . Cr ibb a n d 
F . W . F . A r n a u d t o b e r e spec t ive ly O I O t o 0*20, 0-185 t o 0-278, a n d 0 0 5 6 t o 0 1 4 g r m . 
p e r l i t r e ; for s o d i u m a n d ca l c ium h y d r o x i d e s , E . H e y n a n d O. B a u e r o b t a i n e d 
respec t ive ly 10 t o 10*0, a n d 0-18 t o 0-89 g r m . p e r l i t r e ; a n d J . A. N . F r i e n d , 1-1 
t o 2*8 g r m . p e r l i t r e for p o t a s s i u m h y d r o x i d e . I t m u s t b e r e m e m b e r e d t h a t i n a i r , 
t h e a lka l i is s lowly c o n v e r t e d i n t o c a r b o n a t e , so t h a t p e r m a n e n t p r o t e c t i o n is a t t a i n e d 
on ly w h e n t h e cone , of t h e a lka l i c o r r e s p o n d s w i t h t h e l im i t i ng cone , of t h e c a r b o n a t e . 
Us ing m o r e cone , soln. , E . H e y n a n d O. B a u e r found for p l a t e s of i r on 3 x 4 - 5 c m . in 
a r e a , w i t h t h e cone , of soln. expressed i n g r a m s p e r l i t r e , a n d t h e cor ros ion a s loss 
of w e i g h t i n g r a m s : 
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U. R . E v a n s f o u n d t h a t soln . of m a g n e s i u m s u l p h a t e a t v e r y low c o n c e n t r a t i o n s , 
s ay 0-0Ol or 0-0I i I f -MgSO 4 , p r o d u c e d p h e n o m e n a n o t u n l i k e t h a t seen in dis t i l led 
w a t e r , t h e r u s t b e i n g loose a n d t h e u p p e r b o u n d a r y of t h e r u s t - c o v e r e d a r e a b e i n g 
s inuous . As t h e cone , of t h e soln. of m a g n e s i u m s u l p h a t e w a s g r a d u a l l y inc reased , 
t h e u p p e r b o u n d a r y of t h e r u s t - c o v e r e d a r e a b e c a m e s t r a i g h t e r a n d t h e r u s t b e c a m e 
m o r e c l inging ; a t cone , b e t w e e n 0-1531- a n d 0-50.Af-MgSO4, t h e r u s t b l a n k e t w a s so 
a d h e r e n t t h a t i t w a s n o t loosened w h e n a j e t f rom a w a s h - b o t t l e w a s d i r ec t ed o n t o 
t h e s p e c i m e n . Cone. soln . of m a g n e s i u m ch lor ide , c a l c i u m s u l p h a t e , a n d ca l c ium 
h y d r o c a r b o n a t e b e h a v e d i n t h e s a m e w a y ; t h e depos i t of i r o n h y d r o x i d e c a m e t o 
w i t h i n a b o u t a m m . of t h e wa te r - l eve l , t h e t o p of t h i s a r e a b e i n g of ten s t r a i g h t a n d 
pa ra l l e l t o t h e w a t e r - l i n e . I n t h e i n t e r v e n i n g space b e t w e e n t h e depos i t of i ron 
h y d r o x i d e a n d t h e wa te r - l i ne t h e me ta l l i c su r face , a l t h o u g h free f rom corros ion , 
w a s c o v e r e d w i t h a n a d h e r e n t w h i t e depos i t . T h e r u s t s e t t l i n g in t h e vessel w a s 
u n u s u a l l y p a l e , c o n t a i n i n g ca l c ium or m a g n e s i u m c o m p o u n d s i n a d d i t i o n t o i ron 
h y d r o x i d e . T h e e x p l a n a t i o n of t h e s e p h e n o m e n a is t o b e f o u n d i n t h e l imi t ed 
so lubi l i ty of m a g n e s i u m a n d ca l c ium h y d r o x i d e s . E l e c t r o c h e m i c a l a c t i o n com
m e n c e s a s soon as t h e p l a t e is i n t r o d u c e d , b u t t h e a r eas "which c o m m e n c e t o func t ion 
as c a t h o d e s q u i c k l y b e c o m e covered w i t h a depos i t of c a l c i u m or m a g n e s i u m 
h y d r o x i d e (or c a l c ium c a r b o n a t e , i n t h e case of c a l c i u m h y d r o c a r b o n a t e soln . ) . 
T h i s d e p o s i t sh ie lds t h e a r e a s in q u e s t i o n f rom o x y g e n , s t o p p i n g t h e c a t h o d i c 
r e a c t i o n a t t h e p a r t s sh ie lded , a n d t r ans f e r r i ng i t t o s o m e p o i n t sti l l free f rom 
depos i t ; t h e p o r t i o n s sh ie lded b y depos i t n a t u r a l l y b e c o m e a n o d i c . I n t h e course 
of a few h o u r s t h e who le of t h e i m m e r s e d a r e a h a s b e c o m e covered w i t h depos i t , 
a n d on ly t h e n a r r o w s t r i p w i t h i n t h e men i scus , w h i c h necessar i ly r e m a i n s com
p a r a t i v e l y access ible t o o x y g e n , b e h a v e s a s c a t h o d e , -whilst t h e r e s t of t h e i m m e r s e d 
a r e a c o n s t i t u t e s t h e a n o d e . O v e r t h i s l a rge a r e a t h e so luble i ron sa l t s p r o d u c e d b y 
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t h e anod ic reac t ion a c t on t h e p r e v i o u s l y d e p o s i t e d h y d r o x i d e s of c a l c i u m or 
magnes ium, conve r t i ng t h e m in p a r t i n t o h y d r o x i d e s of i ron , so t h a t t h e depos i t , 
whi t i sh a t first, becomes g reen a n d t h e n b r o w n . T h e r u s t t h u s c o n t a i n s v a r i a b l e 
p ropor t ions of m a g n e s i u m or ca l c ium c o m p o u n d s . C o n s e q u e n t l y , t h e a c t i o n of 
wa te r s con ta in ing ca l c ium or m a g n e s i u m c o m p o u n d s is s lower t h a n t h a t of d is t i l led 
wa te r , because t h e access of o x y g e n t o t h e smal l c a t h o d i c p a r t of t h e m e t a l is h i n d e r e d 
b y t h e whi t e depos i t . U . R . E v a n s also f o u n d t h a t z inc s u l p h a t e soln. b e h a v e l ike 
t hose of m a g n e s i u m s u l p h a t e . J . A . N . F r i e n d a n d co-workers f o u n d t h a t a t Iow 
t e m p , m a g n e s i u m s u l p h a t e a n d chlor ide r e t a r d corros ion a t m a n y c o n c e n t r a t i o n s ; 
b u t i n some cases t h e r e w a s a m a r k e d acce le ra t ion . S ince t h e s e e x p e r i m e n t s w e r e 
m a d e on spec imens s u b m e r g e d in t h e soln . w h e r e t h e r a t e of cor ros ion is r e s t r i c t e d 
b y t h e conveyance of dissolved oxygen , U . R . E v a n s r e p e a t e d t h e e x p e r i m e n t s w i t h 
p l a t e s p a r t l y immer sed in t h e l iqu ids , a n d found t h a t for cone , r a n g i n g f rom 
0-001M-MgSO 4 t o 0-5Af-MgSO4 , t h e effect of m a g n e s i u m chlor ide is a l w a y s t o 
r e d u c e corrosion be low t h e l imi t for d is t i l led w a t e r : 

MgSO 4 . . OM- OQQlM- QOlM- 0-1M- 0-25ikf- 0-5M-
L o s s . . 0 0 5 3 0 0 3 4 0 0 3 4 0 0 3 7 0 0 3 3 0 0 2 7 

T h e act ion of so lut ions of a mix ture of sa l t s .—A. P a y e n 2 6 obse rved t h a t w i t h 
a soln. of e q u a l vols , of s a t . soln. of s o d i u m chlor ide a n d c a r b o n a t e a n d 75 vols , of 
a e r a t e d w a t e r , t h e corros ion of cas t i ron b e g a n in a m i n u t e , a n d w i t h w a t e r con t a in 
ing 0-2 p e r cen t , of s o d i u m h y d r o x i d e a n d 0-6 p e r cen t , of s o d i u m chlor ide , o x i d a t i o n 
is confined t o smal l a r ea s a r o u n d t h e p o i n t s a t which r u s t i n g o r ig ina tes , a n d i t s p r e a d s 
f rom t h e s e p a t c h e s in v e r m i c u l a r fo rms . Acco rd ing t o J . A. N . F r i e n d a n d 
C. W . Marsha l l , t h e m i n i m u m c o n e , C, of s o d i u m c a r b o n a t e r e q u i r e d t o i nh ib i t t h e 
corrosion of i ron b y 0*05iV-soln. of v a r i o u s s o d i u m sa l t s r u n s para l le l w i t h t h e o r d e r 
of t h e re l a t ive s t r e n g t h s , S, of t h e co r r e spond ing ac ids d e t e r m i n e d b y e lect r ic con
d u c t i v i t y m e t h o d s ; t h u s : 

a s 
E . H e y n a n d O. B a u e r obse rved t h e s a m e cr i t ica l cone , w i t h m i x t u r e s of s o d i u m 
chlor ide a n d c a r b o n a t e a s were o b t a i n e d w i t h soln. of s o d i u m c a r b o n a t e a lone , 
a l t h o u g h t h e corrosive a c t i o n w a s s l igh t ly g r e a t e r ; n o l i m i t i n g cone , w a s r e a c h e d . 
J . A. N . !Friend s tud i ed t h e effect w i t h m i x t u r e s of p o t a s s i u m chlor ide a n d h y d r o x i d e , 
a t r o o m t e m p . , a n d found t h e following losses of we igh t in g r a m s , for p l a t e s 5 x 4 c m . 
i n a r e a , w i t h t h e c o n c e n t r a t i o n s of p o t a s s i u m chlor ide a n d h y d r o x i d e exp res sed in 
g r a m s p e r l i t re : 

K O H 

K C l 

T h e n u m b e r s m a r k e d w i t h a n a s t e r i sk s h o w e d t h a t t h e m e t a l w a s co r roded ; t h e 
o the r s m a y b e t a k e n t o ind ica te n o m a r k e d r e a c t i o n . W i t h n o h y d r o x i d e p r e s e n t , 
t h e a t t a c k w a s un i form, b u t w h e n t h e h y d r o x i d e w a s p r e s e n t p i t t i n g occur red . 
I n all cases corrosion decreased as t h e a m o u n t of p o t a s s i u m h y d r o x i d e inc reased , 
b e c o m i n g zero in t h e presence of 56 g r m s . p e r l i t re . T h e r e su l t s a r e p l o t t e d d i a -
g r a m m a t i c a l l y in F i g . 383 . T h e c u r v e AB r e p r e s e n t s t h e solubi l i ty of p o t a s s i u m 
chlor ide i n soln. of p o t a s s i u m h y d r o x i d e ; a n d OC, t h e m i n i m u m cone, of p o t a s s i u m 
h y d r o x i d e r equ i r ed comple te ly t o i nh ib i t t h e cor ros ion of i ron in t h e p re sence of 
t h e co r r e spond ing a m o u n t s of p o t a s s i u m ch lor ide . T h e a r ea OCA r e p r e s e n t s 
m i x t u r e s wh ich a t t a c k t h e i ron in sp i te of t h e a l k a l i n i t y of t h e soln, ; a n d t h e a r e a 
OJDJBC, m i x t u r e s wh ich p r e v e n t t h e r u s t i n g of t h e i ron . 

Chloride 
IOO 
1 0 0 

Iodide 
8 8 - 9 
9 8 

Bromide 
7 2 - 2 
9 8 

Nitrate 
5 3 - 7 
9 8 

Sulphate 
6 1 - 8 5 
7 0 

Fluoride 
3 8 - 9 
1 0 - 5 

Acetate 
8 - 9 
2 

(Sulphite) 
(1 -9 ) 

(5S) 

O 
5 

1 5 
5 O 

1 5 0 
3 0 0 

O 
. 0 0 6 8 5 * 
. 0 - 0 8 8 4 * 
. 0 - 0 8 3 6 * 
. 0 - 0 8 2 8 * 

0 - 0 7 9 0 * 
. 0 0 3 9 0 * 

2 - 8 
OOOOO 
0 0 8 0 2 * 
0 0 9 2 9 * 
0 - 0 9 8 5 * 
0 0 6 5 7 * 
0 0 1 9 6 * 

1 1 - 2 
0 0 0 0 0 
O-OOIO 
0 0 0 7 4 * 
0 0 3 5 4 * 
0 0 3 3 4 * 
0 0 1 0 4 * 

2 8 
O-OOOl 
0 0 0 0 8 
0 0 0 0 2 
0 0 1 1 2 * 
0 - 0 0 5 9 * 
0 0 0 1 0 

5 6 
0 0 0 0 0 
0 - 0 0 0 4 
0 0 0 0 4 
O 0 0 0 0 
0 0 0 0 4 
0 0 0 0 4 

1 6 8 
O-OOOl 
O-OOOO 
0 0 0 0 0 
O-OOOl 
0 0 0 0 3 
0 - 0 0 0 2 
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Concentration of KOH 
F x a . 3 8 3 . — T h e Cor ros ive Action, 

of S o l u t i o n s of P o t a s s i u m 
Ch lo r ide a n d H y d r o x i d e . 

T h e p r e s e r v a t i o n of s tee l e m b e d d e d in conc re te d e p e n d s on t h e c o m p l e t e 
exc lus ion of a i r a n d m o i s t u r e , a n d o n t h e i nh ib i t i ve n a t u r e of t h e s u r r o u n d i n g 
medium. J . A . N . F r i e n d a p p l i e d t h e a b o v e r e s u l t s t o t h e p r e s e r v a t i o n of i r o n i n 
c o m p a c t concrete o r c e m e n t , a n d showed t h e n e e d for a r r a n g i n g t h a t t h e c o n c r e t e 
m u s t b e so c o m p o u n d e d t h a t i t is a l w a y s a lka l ine e n o u g h t o i nh ib i t cor ros ion . 
T h i s s u b j e c t w a s d iscussed b y H . B a r k e r a n d 
W . Li. U p t o n , H . B a u e r m a n , L*. F . Bel l inger , 
O. B e r n d t a n d co-workers , W . J . E . B inn i e , B . B l o u n t , 
P . Breu i l l e , H . P . B r o w n , H . Bue l , C. F . Burgess , 
W . S. Ca lco t t a n d co-workers , H . J . M. Cre igh ton , 
E . A . Cross, E . D o n a t h , H . E . D u n k e l b e r g , W . D u n n , 
A . P . F o r d , W . H . F o x , J . A . N . F r i e n d a n d co
worke r s , L . Gradd a n d C. P . Tay lo r , R . H . Ga ines , 
H . A . G a r d n e r , F . Li. Gar r i son , M. G a r y , M. Girousse , 
R . G r u n , K . A . Gosl ich, A . G u t t m a n n , M. L . H a m l i n 
a n d F . M. T u r n e r , A . L«. A. H i m m e l w r i g h t , 
F . W . H in r i chsen , A. A. KLnudson, A . S. Langsdorf , 
M. L*idy, S. Landeck, K . L u b o w s k y , H . Luf t sch i t z , 
F . P . M c K i b b e n , C. E . M a g n u s s e n a n d G. H . S m i t h , A. del M a r a n d D . C. W o o d b u r y , 
E . R . M a t t h e w s , P . Mecke , W . Michael is , E . Morsch , S. N e w b e r r y , U . J . Nicho las , 
E . Noai l lon , C. L . N o r t o n , W . Obs t , O. T . Olgia t i a n d H . R o b e r t s , J . F . O ' R o u r k e , 
W . P e t r y , M. R . P u g h , M. Quedefeld, K . R e i n b o l d , O. R o d e , W . R o e d e r , P . R o h l a n d , 
E . B . R o s e a n d co-workers , J . W . S c h a u b , G. F . Shaffer, F . N . Speller , F . W . T a y l o r 
a n d S. E . T h o m p s o n , B . H . T h w a i t e , M. Toch , O. G. Tr igg , H . C. T u r n e r , 
M. C. T u t t o n , Y . U c h i d a a n d M. H a m a d a , Li. W a g o n e r a n d F . H . Sk inner , 
W . R . W e b s t e r , J . P . W h i s k e m a n n , W . G. W h i t m a n n a n d R . P . Russe l l , 
H . F . W h i t t a k e r , a n d B . Zschokke . 

U . R . E v a n s m a d e a n a l o g o u s obse rva t i ons w i t h r e spec t t o t h e corros ion of m i x e d 
so ln . of a lka l i chlor ides , n i t r a t e s , or s u l p h a t e s a n d a lka l i h y d r o x i d e . I n t h e case 
of a ve r t i ca l p l a t e i m m e r s e d i n a soln. of 
a lka l i ch lor ide , a smal l a d d i t i o n of a lka l i will 
c a u s e t h e corros ion t o b e m o r e loca l i zed ; 
a n d t h e r e occurs a l i t t l e corros ion in some 
p o r e s so cons t r i c t ed t h a t o x y g e n is ex
c l u d e d a n d t h e cond i t i ons for a n o d i c a t t a c k 
a r e se t u p , whi le n a r r o w s t r e a m s of r u s t 
ing s p r e a d d o w n w a r d s f rom t h e a c t i v e 
p o r e s . T h e m o r e o p e n po re s d o n o t p r o 
v i d e t h e cond i t i ons neces sa ry for a n o d i c 
a t t a c k . If m o r e a lka l i h y d r o x i d e is a d d e d , 
t h e a r e a covered b y t h e corros ion p r o d u c t is r e d u c e d , a n d corros ion will b e 
local ized on t h e s i tes of a few pores w h i c h will b e cove red b y b l i s te rs of t h e 
m e m b r a n o u s h y d r a t e d o x i d e ; a n d , w i t h sti l l h ighe r p r o p o r t i o n s of t h e a lka l i 
h y d r o x i d e , cor ros ion m a y b e en t i r e ly suppressed . A t t h e water - leve l , w i t h a 
soln . of a lka l i ch lor ide a lone , t h e zone j u s t be low t h e wa te r - l eve l is free f rom 
a t t a c k , b u t w i t h a m i x t u r e of t h e chlor ide a n d h y d r o x i d e , i n t e n s e corros ion m a y 
occur a t t h e wa te r - l eve l . T h e p h e n o m e n o n — w a t e r - l i n e corros ion—is t h u s de 
scr ibed b y TJ. R . E v a n s : A t t h i s wa te r - l eve l a d a r k speck a p p e a r s on t h e 
s tee l p l a t e . Th i s e x p a n d s i n t o a d a r k , t r i a n g u l a r flap, floating on t h e l iquid , a n d 
a t t a c h e d t o t h e s t e e l ; t h i s e x t e n d s a long t h e wate r - leve l , fo rming a k i n d of b o x . 
T h e u p p e r s ide of t h e b o x is c o m p o s e d of a t o u g h , d a r k b rownish- red , m e m b r a n o u s 
s k i n o n t h e wa te r - l eve l , a n d be low, F i g . 384 , t h e r e is a looser, wool ly depos i t 
of h y d r o x i d e wh ich is g r e e n i n t h e ea r ly s t ages . T h e i ron is n o t co r roded i m 
m e d i a t e l y ou t s i de t h e b o x , b u t ins ide , i n t e n s e corros ion occurs in a s h o r t space of 
t i m e a n d Anally pe r fo ra t i on occurs . T h i s cor ros ion m a y occur w i t h s u l p h a t e , n i t r a t e , 
o r o h r o m a t e in p l ace of t h e ch lor ide ; a n d w i t h t h e l iqu id ag i t a t ed or s t i l l , h o t or 

V O L . x i n . 2 G 

Air 

Water level 

Ugvtf 

Steel plate 

Toug-h membrane 
Deep corrosion 
Molly 
precipitate 

F i a . 384 .—Cor ros ion a t W a t e r - l e v e l . 
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cold. T h e p h e n o m e n o n is d u e t o t h e t e n d e n c y of t h e p r o t e c t i v e film t o b r e a k a w a y 
a t t h e water- level , a n d a s i t sp r ings a w a y f r o m t h e m e t a l face, a n d c l ings t o t h e 
in terface of l iquid a n d air , t h e cond i t ions for a n o d i c a t t a c k a r e se t u p , w h i c h once 
s t a r t ed , proceed apace—v ide supra. T h e sub j ec t w a s i n v e s t i g a t e d b y A. L : M c A u l a y 
a n d F . P . B o w d e n . T h e wate r - l ine or l iquid- l ine corros ion of m e t a l s w a s d i scussed 
b y G. D . B e n g o u g h a n d co-workers , J . I . C r a b t r e e a n d G. E . M a t h e w s , U . R . E v a n s , 
E . S. H e d g e s , W . P . Jo r i s sen , E . L . R h e a d , W . H . J . V e r n o n , a n d K . M. W a t s o n 
a n d O. P . W a t t s ; a n d t h e s u b m e r g e d corros ion b y W . G. W h i t m a n a n d co
workers . 

T h e pass iv i ty induced in i ron b y c o n t a c t w i t h soln. of p o t a s s i u m d i c h r o m a t e , e t c . , 
h a s been discussed e lsewhere . I t is u s u a l l y a t t r i b u t e d t o t h e f o r m a t i o n of a t h i n 
p r o t e c t i v e skin of oxide on t h e surface of t h e m e t a l . I r o n m a y b e k e p t a n 
indefini tely long t i m e in c o n t a c t w i t h soln. of p o t a s s i u m d i c h r o m a t e , if n o t t o o 
d i lu t e , w i t h o u t a n y r u s t i n g ; a n d A. S. C u s h m a n sugges t ed t h a t t h e a d d i t i o n of 
a b o u t 0-36 g r m . of t h e sa l t p e r l i t re shou ld b e a su i t ab le p r o t e c t i o n a g a i n s t bo i le r 
corros ion because samples of i ron a n d s teel i n boi l ing soln. of t h i s c o n c e n t r a t i o n 
r e m a i n free from r u s t for a n indefini tely long t i m e e v e n w h e n a i r is c o n t i n u a l l y 
b u b b l e d t h r o u g h t h e soln. J . A. N . F r i e n d a n d co-workers d iscussed t h e effect of 
t h e p resence of o t h e r sa l t s . F o r i n s t ance , if s o d i u m chlor ide b e p re sen t , t h e r e will 
b e a s t a t e of e q u i l i b r i u m : 2 N a C l + H 2 0 + K 2 C r 2 0 7 ^ K 2 C r 0 4 + 2 H C l + N a 2 C r 0 4 , 
es tab l i shed , a n d t h e free ac id will r e m o v e t h e p r o t e c t i v e film of ox ide . S imi la r ly 
w i t h o t h e r foreign sa l t s . If t h e cone, of t h e d i c h r o m a t e does n o t exceed 0*01 g r m . 
p e r l i t re , i t s p ro t ec t i ve ac t i on is s l ight ; a n d t h e b e s t r e su l t s were o b t a i n e d w i t h 0*1 
g r m . p e r l i t re , excep t -when t h e cone, of t h e chlor ides is less t h a n a b o u t 5 g r m s . p e r 
l i t re , in wh ich case m o r e d i c h r o m a t e , say 1 g r m . p e r l i t re , is needed . If p o t a s s i u m 
c h r o m a t e b e used in p lace of t h e d i c h r o m a t e , n o free ac id is l i b e r a t e d : 2 N a C l 
+ K 2 C r 0 4 ^ N a 2 C r 0 4 4 - 2 K C l . J . A. N . F r i e n d a n d J . H . B r o w n o b t a i n e d m u c h 
b e t t e r resu l t s w i th t h i s a g e n t , a n d t h e p resence of a g r a m of c h r o m a t e p e r l i t r e h a s 
a m a r k e d r e t a r d i n g influence on corros ion. T h e ac t i on of soln. of c h r o m i c ac id , 
a n d p o t a s s i u m d i c h r o m a t e a n d ch lo ra t e w a s s t u d i e d b y F . H a n a m a n , M. M u g d a n , 
H . E n d o , C. G. F i n k a n d C. M. Decro ly , G. W . Heise a n d A. C l emen te , O. P . W a t t s , 
A. W . C h a p m a n , F . N u m a c h i , T . G. T h o m p s o n , B . E . R o e t h e l i a n d G. L . Cox , 
C V. T h o m p s o n , e t c . O. D o n y - H e r a u l t s h o w e d t h a t t h e cor ros ion of s tee l in w a t e r 
c a n b e s t o p p e d comple t e ly w h e n c h r o m a t e or ch lo r a t e ions a r e p r e s e n t . F . N . Spel ler 
found t h a t ferrous s u l p h a t e inh ib i t s t h e corros ion of i ron ; a n d R . E . H a l l a n d 
W . W . T e a g u e , t h a t ferric sa l t s a c t a s acce le ra to r s . 

T h e electr ical b e h a v i o u r of co r rod ing i ron w a s s t u d i e d b y U . R . E v a n s , a n d 
A. L . M c A u l a y a n d S. H . B a s t o w . TJ. R . E v a n s f o u n d t h a t w i t h a m i x e d soln . 
of p o t a s s i u m chlor ide a n d c h r o m a t e , t h e c h r o m a t e a t t h e c a t h o d e p l a y s t h e s a m e 
role as o x y g e n . T h e corros ion a t t h e water - leve l , F i g . 384, occurs so t h a t ins ide 
t h e box , t h e m e t a l suffers a n o d i c corros ion, a n d j u s t ou t s i de t h e b o x t h e c h r o m a t e 
is r educed , a n d t h e ye l low soln. d i s appea r s . I n t h e cell F e 10-05ifcf-KCl | O05ikf-KCl, 
0 -025M-K 2 CrO 4 | F e , t h e i ron e lec t rode n o t in c o n t a c t w i t h t h e c h r o m a t e is t h e a n o d e 
a n d suffers corrosion, while t h e o t h e r e lec t rode , i m m e r s e d in t h e c h r o m a t e soln. , is 
t h e c a t h o d e a n d suffers n o corros ion. T h u s p o t a s s i u m c h r o m a t e inh ib i t s cor ros ion 
a t t h e p a r t s where i t c a n reach , a n d s t i m u l a t e s corros ion in t h e p a r t s i t c a n n o t r e a c h . 
A r u s t i n g shee t of i ron i m m e r s e d iu t h e soln. of a lka l i ch lor ide a n d c h r o m a t e q u i c k l y 
s p r o u t e d fresh r u s t on t h e old fo rmat ions . I t w a s a s s u m e d t h a t t h e chlor ide diffused 
t h r o u g h t h e old r u s t m o r e qu ick ly t h a n t h e c h r o m a t e , a n d se t u p t h e g a l v a n i c 
coup le . H e n c e , conc luded U . R . E v a n s , if c h r o m a t e s a r e t o b e u s e d a s i n h i b i t o r s 
of cor ros ion , t h e n d i s t r i b u t i o n m u s t b e un i fo rm. T h e a c t i o n of soln. of b o r a t e s 
w a s s t u d i e d b y F . H a n a m a n , M. M u g d a n , e t c . J . A . N . F r i e n d a n d C. W . M a r s h a l l 
f o u n d t h a t b o r a x , o n a c c o u n t of i t s low solubi l i ty , is n o t so c o n v e n i e n t a n i n h i b i t o r 
of cor ros ion a s s o d i u m c a r b o n a t e ; t h e cone , of b o r a x r e q u i r e d t o p r e v e n t cor ros ion 
b y IO c .c . of a O-OliV'-soln. of v a r i o u s s o d i u m sa l t s c o n t a i n i n g C c .c. of a molar so ln . 
pi bprax i n 10 c.c. of t h e m i x e d soln . a r e a s follows. T h e r e l a t i ve a m o u n t s of 
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b o r a x r e q u i r e d r u n pa ra l l e l w i t h t h e r e l a t ive s t r e n g t h s , S, of t h e ac ids d e t e r m i n e d 
b y electr ical c o n d u c t i v i t y m e t h o d s ; t h u s : 

Chloride Bromide Sulphate Iodide Nitrate Fluoride Acetate Sulphate Carbonate 
C . 0-36 0-315 0-31 0-33 0-195 O 1OO 0-07O O-050 0 0 4 5 
S . 100 97-5 82-5 98 98 17 4 83 ? 
T h e ac t ion Of col lo ids o n r u s t i n g . — J . A s t o n obse rved t h a t t h e a n o d i c effect 

w i t h i r on m a y be o b t a i n e d b y v a r i o u s col loidal h y d r o x i d e s a s well a s b y g e l a t i n . 
J . A . N, F r i e n d showed t h a t sa l t s w h i c h t e n d t o flocculate t h e i n c o h e r e n t cor ros ion 
p r o d u c t a r e l ikely t o fo rm a p r o t e c t i v e c o a t of a colloid a n d t h u s r e t a r d cor ros ion . 
H e s u g g e s t e d t h a t t h e c o m p a r a t i v e long life of m e t a l vessels e m p l o y e d in cook ing 
m a y b e asc r ibed t o t h e colloids i n t h e food. J . A. N . F r i e n d a n d R . H . V a l l a n c e 
found t h a t t h e r e l a t ive cor ros ion ( w a t e r 100) p r o d u c e d b y soln. w i t h 0-2 p e r c en t , 
of sucrose is 112-4 ; a n d w i t h 0*2 p e r c en t , of t h e fol lowing co l lo ids : g u m acac ia , 
56*9 ; d e x t r i n , 54*7 ; p o t a t o s t a r c h , 54-5 ; ge la t in , 40-9 ; g u m t r a g a c a n t h , 22-6 ; 
egg -a lbumin , 6-8 ; a n d a g a r - a g a r , 2-7—vide supra for t h e colloidal t h e o r y of 
corros ion . W . B e c k a n d F . v o n H e s s e r t d i scussed t h e r e t a r d i n g a c t i o n of a g a r -
aga r , s t a r c h , silicic ac id , a n d ge l a t in . 

The corrosion and tarnishing of iron exposed to air.—As indicated above, 
P . A . v o n Bonsdorff 2 7 s h o w e d t h a t i r on r e m a i n s u n a l t e r e d in d a m p a i r p r o v i d e d 
n o l i qu id w a t e r is depos i t ed on t h e m e t a l . J . Z u m s t e i n m e n t i o n e d t h a t a po l i shed 
i ron cross fixed on t h e s u m m i t of M o n t e R o s a in 1820, w a s found a y e a r l a t e r t o b e 
en t i r e ly free f rom r u s t a n d on ly a s l ight b ronze -co loured t a r n i s h cou ld b e pe rce ived . 
Th i s c an b e a t t r i b u t e d in p a r t t o t h e low t e m p . , a n d in p a r t t o t h e p u r i t y of t h e 
a t m o s p h e r e a t h igh a l t i t u d e s . A n o t h e r f a m o u s i n s t a n c e is t h e i r on c o l u m n a t 
De lh i , desc r ibed b y A . C u n n i n g h a m , a n d V. A. S m i t h , be l i eved t o h a v e b e e n e rec t ed 
a b o u t A.u. 300 . Th i s c o l u m n is p r ac t i c a l l y free f rom r u s t , t h o u g h i t is cove red b y 
a b ronze-co loured t a r n i s h . R . A. Hadf ie ld a t t r i b u t e d t h e i m m u n i t y f rom corros ion 
a t l eas t a s m u c h t o t h e p u r i t y of t h e a t m o s p h e r e as t o t h e compos i t i on of t h e m e t a l . 
A smal l p o r t i o n r u s t e d in a single n i g h t w h e n w e t t e d a n d exposed in E n g l a n d , 
a l t h o u g h a freshly f r ac tu r ed surface suffered n o c h a n g e w h e n exposed four n i g h t s 
t o l a b o r a t o r y a i r . T h e r e is a lso, a t t h e Br i t i sh M u s e u m , a n a n c i e n t E g y p t i a n h a t c h e t , 
d a t i n g 700 B.C., which is free f rom r u s t . W . R o s e n h a i n a t t r i b u t e d t h e a p p a r e n t 
i m m u n i t y of some a n c i e n t i ron t o t h e corrosion h a v i n g p rev ious ly e x t e n d e d d o w n 
t o l aye r s of c inder in t h e m e t a l , a n d t h e r e s t o p p e d ; e.g. t h e anc i en t i ron c h a i n s 
which ass i s ted t h e p i lg r ims of old t o c l imb A d a m ' s p e a k , Ceylon, h a v e been worn 
s m o o t h a n d r o u n d , 'wi thout pe rcep t ib l e corros ion , b u t t h e o u t e r surface is s imply 
a c inder surface w h i c h p r o t e c t s t h e i ron be low. I n L o n d o n air , a p o r t i o n of t h e 
c h a i n r u s t e d as q u i c k l y as a n y o t h e r fo rm of i ron . T h e m e c h a n i c a l p r o t e c t i v e 
influence of c inde r "was d iscussed b y H . M. H o w e . J . A. N . F r i e n d a n d 
W . E . T h o r n e y c r o f t f o u n d t h a t s o m e spec imens of old R o m a n i ron f rom R i c h -
b o r o u g h a n d F o l k e s t o n e were d i s t i nc t l y less cor rodib le t h a n m o d e r n m e t a l . 
J . W a l l a c e also n o t i c e d t h a t i ron m a d e in I n d i a in t h e n a t i v e w a y does n o t r u s t 
so r ead i ly a s i ron m a d e in E u r o p e . 

I n dea l ing w i t h t h e a c t i o n of a t m o s p h e r i c a i r on i ron , t h e surface t a r n i s h a p p e a r s 
a s a t h i n a d h e r e n t film w h i c h causes d isco lora t ion , a n d in ter feres w i t h t h e b r i g h t 
l u s t r e . I t wil l a d d t o t h e we igh t of t h e m e t a l . T h e film of oxide p r o d u c i n g t h e 
t a r n i s h m a y p r o t e c t t h e m e t a l be low f rom fu r the r a t t a c k , o r t h e t a r n i s h m a y 
t h i c k e n a n d flake off t o expose a fresh surface of m e t a l t o a t t a c k . J . A. 1ST. F r i e n d , 
a n d W . H . J . V e r n o n a p p l y t h e t e r m surrosion t o cases w h e r e t h e m e t a l increases 
i n w e i g h t . I n corros ion , t h e m e t a l is e a t e n a w a y t o fo rm a n o n - a d h e r e n t p r o d u c t , 
a n d w h e n t h i s is r e m o v e d , t h e spec imen h a s suffered a loss in weight . Gr. D . B e n -
g o u g h a n d U . R . E v a n s d iscussed t h e re la t ion of corros ion t o erosion. J . A. N . F r i e n d 
f o u n d t h a t t h e a c t i o n of a i r on i ron is indefini tely slow a t 100°, for a b r i g h t p iece 
of iron-foil s h o w e d n o pe rcep t ib l e c h a n g e w h e n k e p t a t t h i s t e m p , for 5 h r s . ; e v e n 
a t 150°, n o surface t a r n i s h could b e d e t e c t e d b y m e r e inspec t ion , b u t a t h ighe r 
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temp., the surface was tarnished. J. Milbauer observed no change in a piece of 
polished iron after heating in dry oxygen up to 500°, and 12 atm. press. 

The tint of the tarnish produced at higher temp, depends mainly on the time of 
exposure and temp. With the conditions approximately constant, the tints of the 
films obtained at different temp, furnish the so-called tempering colours used by the 
old workmen in tempering or annealing steel. Thus, in the case of a steel examined 
by H. M. Howe, a pale yellow tint was produced at 220° ; a straw-yellow at 230° ; 
a golden yellow at 242° ; a brown at 255° ; a brown and purple at 265° ; a purple 
at 277° ; a bright blue at 288° ; a full blue at 293° ; a dark blue at 316° ; and a grey 
at 350°. The thickness of the films is comparable with the wave-length of light, 
and they furnish a series of interference tints with the dominant colour altering as 
the film thickens. The light is reflected from the surface of the metal and also the 
surface of the film, and as the one train of light-waves merges into the other, the 
phases may be the same or opposite to one another, and, as shown by L. Nobli, 
effects analogous to Newton's ring colours may be produced. This subject has been 
discussed by D. H. Bangham and J. Stafford, F. H. Constable, C. F. Ramann, 
U. R. Evans, R. C. Gale, Gr. Jung, K. Inamura, A. Mallock, C. W. Mason, F. Robin, 
IJ. Guillet and A. M. Portevin, J. E. Stead, V. Kohlschutter and E. Krahenbiihl, 
C. N. Hinshelwood, M. Kuroda, G. W. Vinal and G. N. Schramm, M. Schmierer, 
F. A. Fahrenwald, and by G. Tammann and co-workers—vide supra, the passiva
tion of iron in air. C. V. Raman studied the reflection of light for various angles of 
incidence on the oxidized film and concluded that temper colours are produced by 
the diffraction of light by a granular film of oxide. B. N. Chuckerbutti supported 
this conclusion. G. Tammann and co-workers, and U. R. Evans support the inter
ference theory of the colours. The colours appear in the correct order during the 
formation of the film, and by reducing the thickness of the film, the earlier colours 
are reproduced in the appropriate order. G. Tammann and G. Siebel investigated 
the rates of change with time of the temper colours of primary cementite, pearlite, 
pearlitic cementite, and troostite, and found that if the thickness of the equivalent 
air film, VJJL/UL, be plotted against time, t, then, t=a{ebv—1), where a is a constant, 
and 6 is a coefficient which decreases with increasing temp., T9 so that logtf6x 
=loge6>ro—c(T—T0), where c is constant. There are discontinuities with nickel and 
vanadium steels which are connected with the change of a- to y-iron. The subject 
was discussed by J. S. Dunn. T. Turner showed that any colour can be produced 
by heating the metal long enough at a lower temp, than that corresponding with 
the particular tint. Thus, the straw-yellow can be obtained at 170° instead of at 
220° ; and the purple can be obtained at 170° in 12 hrs., at 220° in 1 hr. The 
subject Was also examined by Li. Guillet and A. M. Portevin, and C. Barus and 
V. Strouhal. According to L. Lowenherz, the results vary with the composition 
of the steel. W. C. Roberts-Austen showed that if steels be heated in vacuo, 
these colours are not produced, showing that the colours are due to the formation 
of a film of oxide. S. Stein arrived at a similar conclusion. J. A. N. Friend found 
that the colours appear even if the air be dried by storage over phosphorus pentoxide 
for a few months, and concluded that the formation of the colours is a process of 
direct oxidation of the metal. 

G. Tammann and W. Koster, and N. B. Pilling and R. E. Bed worth studied the 
rate of oxidation of hot metals, and N. B. Pilling and R. E. Bedworth showed that 
if the vol. occupied by a given amount of the compact oxide is less than the vol. 
of the metal required to produce that oxide, the film of oxide will be porous and 
will not protect the metal from further attack. Hence, if M be the mol. wt. of the 
oxide ; m, that of the metal; D9 the sp. gr. of the oxide ; and d, that of the metal, 
if Md/mD be less than unity, a porous oxide will be formed, and if greater than unity, 
a protective oxide will be produced if no cracking occurs. The ratio is less than unity 
in the case of In, Na, K, Mg, Ca, Sr, and Ba ; and greater than unity in the case of Cu, 
Zn, Cd, Al, Zr, Th, Sn, Pb, Cr, W, Mn, Fe, Co, and Ni. With iron, the ratio is 2 0 6 . 
The oxide formed when iron is heated in air is normally slaty-black and consists of 
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two phases, forming a thick outer and a thinner under layer respectively, "with an 
aggregate composition intermediate between FeO and Fe3O4. I t is prone to form 
as a hollow, swollen tube around the wire, the surface frequently contorted into 
grotesque shapes, very often with crests and protuberances of reddish Fe2O3 , 
depending somewhat on the temp, of oxidation. When cold, the shape of these 
suggests that either during oxidation or cooling a liberation of gas occurred, puffing 
the oxide shell out, and sometimes bursting, leaving small, crater-like mouths. 
In almost every case the oxide, when cold, was loose and of considerably larger 
internal dimensions than that of the wire it jacketed ; the metal surface was 
always blue, indicating probably the fracture of the enveloping oxide layer, during 
cooling, but while still quite hot. This behaviour is apparently closely related to 
the oxygen cone, of the atm., for Armco iron generally yielded more perfect {i.e. 
smoother surfaced) symmetrical oxides in air than in oxygen, while an extremely 
perfect coating was formed during an oxidation at a much reduced press., about 
10 mm., followed by cooling in vacuo. The rate of oxidation, dW/dt—k'/H, where 
W denotes the weight of oxygen ; H> the thickness of the oxide; and t, the time. 
Since all the oxygen which diffuses through the oxide layer goes to increase its 
thickness, W is proportional to H, and dwjdt—k"JWt so that W2—kt. With 
electrolytic iron in oxygen, Wz per sq. cm. per hour is 0*17 X 10~4 at 700°, 1OO X 10~4 

at 800°, and 6-5 X l O - 4 at 900° ; with Armco iron in oxygen, W2 is 1 -95x10-* at 
800°, 10 -1x10-* at 900°, and 4 3 O x I O - * at 1000° ; and with Armco iron in air, 
W2 is 1-06 X10-* at 800°, 4-9 X 10-* at 900°, and 20-5 X 10~* at 1000°. The nature 
of the oxidation product is discussed below. The quadratic rule that the quantity 
of oxygen which combines with the metal is proportional to the square root of the 
time of exposure is followed by iron in the earlier stages of the oxidation. As soon 
as the thickness of the oxide increased much, the surface became rough, fissures and 
local super-oxidized areas developed, and erratic departures from proportionality 
resulted. Armco iron oxidized at a consistently faster rate, and formed coatings 
which were, in general, smooth. The oxidation of the Armco then followed the 
quadratic rule more closely. The oxidation constant, k, for iron at a temp. T° K., 
is approximately k=0'00002&T~^^y and at 800°, £=0-000100, and at 900°, 
0-00065 grm.2 per sq. cm. per hour. G. Tammann and K. Bochoff compared the 
thickness of films of oxide on iron with the thickness calculated from interference 
phenomena. The subject was also studied by T. Nishina, F. H. Constable, 
J. S. Dunn, and Y. Utida and M. Saito. The last-named found for a 2 hours' heat
ing at 1110°, 1000°, 890°, and 770°, that iron wire gained respectively 46-55, 3603 , 
14-05, and 5-38 mgrms. of oxygen per sq. cm. According to J. Jahn, with air a t : 
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7 5 1 1 
OO 
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753-3 
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OO 

297° 
753-9 m g r m s . 

0*3 m g r m . 
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Gain in -weight 

W. H. J. Vernon found that with copper, the rate of oxidation (tarnish) curve in a 
humid atmosphere is parabolic ; with zinc, linear ; and with iron, the attack 
increases in speed as time goes on—Fig. 385. 
V. I. ArkharofE studied the X-radiograms of the 
process of oxidation at high temp. ; and A. N. Kos-
sogovsky, the effect of the structure on the scale 
formation. The heat-tinting of iron-carbon alloys 
was discussed by Xi. Guillet and A. M. Portevin, 
J. Czochralsky, F. Robin, P. Goerens, Gr. Tammann 
and G. Siebel, P. Oberhoffer, F. Reiser, T. Turner, 
L. Ii6wenherz, and H. Haedicke—vide supra. 

The composition of the films is discussed in con
nection with ferrosic oxide. According to J. E. Stead, 
when iron is heated in air, or oxidizing gases, the 
surface layers appear to absorb oxygen which passes into solid soln. ; and when 

300 days 
F i a . 385 .—The H a t e of t h e 

Tarnishing of Iron i n a 
H u m i d Atmosphere . 
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s u p e r s a t u r a t e d , t h e ox ide falls o u t of soln . fo rming s e p a r a t e g r a n u l e s of free ox ide ; 
t he se g ranu les become larger a s o x i d a t i o n p roceeds , a n d e v e n t u a l l y j o i n t o g e t h e r 
t o form con t inuous layers . A l t h o u g h t h e r e is a fa i r ly s h a r p l ine of d e m a r c a t i o n 
be tween t h e oxide film a n d t h e m e t a l be low, t h e u n d e r l y i n g m e t a l is a l so affected, 
for t h e oxidizing gases find t h e m o s t facile pas sage i n t o t h e m e t a l in t h e b o u n d a r i e s 
be tween t h e c rys ta l s , a n d t h e g r a d u a l c h a n g e s f rom solid soln . t o free ox ide c a n b e 
t r a c e d a long t h e oxid ized j u n c t i o n s of t h e c rys t a l s . F i g . 386 shows a l ong i t ud ina l 
sect ion t h r o u g h a n oxid ized s teel p l a t e , w i t h a scale of ox ide a t t h e t o p , a n d s tee l 
below. T h e sample was e t ched w i t h a cupr ic r eagen t , a n d t h e w h i t e l ines i n d i c a t e 
t h e i n t e r g r a n u l a r oxides ; a n d s imi lar r e m a r k s a p p l y t o t h e t r a n s v e r s e sec t ion , 
F i g . 387, which shows t h e g r a n u l a r ox ides b e t w e e n t h e c rys t a l s . H e n c e , i n t e r 
g r a n u l a r b r i t t l eness m a y b e deve loped in t h e i ron . I t is a lso be l ieved t h a t s u l p h u r 
d iox ide , n i t rogen , a n d h y d r o g e n c a n en t e r i ron a n d s tee l a long a n i n t e r g r a n u l a r 
p a t h . Accord ing t o E . H , H e m i n g w a y a n d G. R . E n s m i n g e r , af ter h e a t i n g 1-01 
p e r cen t , c a rbon steel for 6 h r s . a t 1000°, t h e r e a p p e a r e d on t h e surface de l i ca te 
pear l i t i c g ra ins r ep resen t ing a s t r u c t u r e s t ab l e be low t h e cr i t ical po in t . I n d e p e n d e n t 
of t h i s s t r u c t u r e was a second s y s t e m cons is t ing of deep ly m a r k e d po lygona l c r y s t a l s 

F i a . 386 . -—Longi tud ina l Section, show- F l o . 387. T r a n s v e r s e S e c t i o n s n o w i n g 
i n g t h e I n t e r g r a n u l a r P e n e t r a t i o n of t h e I n t e r g r a n u l a r P e n e t r a t i o n of 
O x y g e n i n S tee l ( x 50) . O x y g e n i n S tee l ( X 60) . 

r ep re sen t i ng y- i ron b o u n d a r i e s , a n d also a t h i r d s y s t e m i n d e p e n d e n t of e i the r , -which 
w a s t h o u g h t t o r e p r e s e n t t h e b o u n d a r i e s of former- y-crystals w h i c h h a d b e e n 
a b s o r b e d b y c rys ta l l ine g r o w t h . T h i s o u t s i d e l aye r of carbon-f ree i r on w a s v e r y 
t h i n , a l t h o u g h w i t h s teels of lower c a r b o n - c o n t e n t a l aye r of g r ea t e r d e p t h w a s 
o b t a i n e d . Th i s ou t s i de l aye r cons is ted of ferr i te vo la t i l i zed a t t h e h igh t e m p , 
a n d r edepos i t ed be low t h e t e m p , a t wh ich solid soln. ex is t s . A n y i ron ox ide ex i s t ing 
on or in t h e s teel wou ld t e n d t o cause deca rbu r i za t i on b y b r e a k i n g d o w n t h e 
c e m e n t i t e . Cx. T a m m a n n a n d H . B r e d e m e i e r cons idered t h a t t h e cap i l l a ry cav i t i e s 
or channe l s , found in s o u n d m e t a l s , p r o b a b l y following t h e l ines w h e r e t h r e e c r y s t a l 
g ra ins m e e t , a r e respons ib le for t h e access of o x y g e n t o t h e in te r io r . T h e p o r o s i t y 
of t h e m e t a l h a s b e e n p r e v i o u s l y discussed. F . H . Cons tab le , J . H . S. D i c k e n s o n , 
G. C. McCormick , W . H . Hat f ie ld , F . K o r b e r , F . K o r b e r a n d A. P o m p , H . S c o t t , 
C. J . Smi the l l s a n d co-workers , W . Sch rode r , H . H a e d i c k e , a n d F . S. T r i t t o n a n d 
D . H a n s o n d iscussed t h e f o r m a t i o n of films of ox ide on i r o n ; E . C. R o l l a s o n , 
i n t e r g r a n u l a r cor ros ion ; a n d J . C o u r n o t a n d L . H a l m , t h e effect of pol i sh on t h e 
r a t e of o x i d a t i o n . 

U . R . E v a n s p o i n t e d o u t t h a t in m o s t cases whe re i r o n r u s t s while i t is i n c o n t a c t 
w i t h a l iqu id , t h e r u s t a c c u m u l a t e s ou t s ide t h e p i t s ; b u t in a t m o s p h e r i c cor ros ion , 
w h e r e t h e m a i n surface is d r y , w a t e r m a y r e m a i n i n t h e po res or p i t s p r o d u c e d b y 
p r e v i o u s corros ion , a n d r u s t will b e fo rmed w i t h i n t h e pore—cf. F i g . 3 8 8 . T h e 
r u s t occupies a m u c h l a rge r v o l u m e t h a n t h e m e t a l p r o d u c i n g i t , so t h a t (i) t h e 
p o r e o r p i t m a y b e c o m e p lugged w i t h r u s t a n d corros ion will c e a s e — F i g . 3 8 8 ; 
(ii) t h e l i qu id will b e g r a d u a l l y forced o u t of t h e p o r e or p i t b y t h e press , d e v e l o p e d ; 
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or (iii) t h e press , will cause t h e m e t a l t o d i s in t eg ra t e , a n d cor ros ion will p e n e t r a t e 
fur ther . W i t h pores pe rpend icu l a r t o t h e surface , t h e d i s i n t e g r a t i o n of t h e m e t a l 
is less l ikely t o occur t h a n where t h e p i t s r u n para l le l t o t h e surface a s i n ro l led 
m e t a l , F i g . 389, w h e r e t h e corros ion p r o d u c e s flaking. A. G. E . M a t h e s o n d i scussed 
t h e s t r u c t u r e of t h e rol led m e t a l . J . N e w m a n discussed t h e t e n d e n c y for r a p i d 

Alkali-
Rust 
Fe salts* ...._......._... _..... ,..,.. 

Fe salts Rust Alkali 
FiQ . 388 . A t m o s p h e r i c Corros ion- F i a . 389 . '—Atmosphe r i c Corros ion-

p l u g g i n g , flaking. 

corros ion t o occur in t h e " she l t e red crevices a n d n o o k s " on s t r u c t u r a l s t ee lwork ; 
a n d E . F . L a w , a fai lure d u e t o t h e imper fec t we ld ing of a t i e - rod wh ich led t o t h e 
col lapse of t h e roof of a L o n d o n s t a t i o n . F a u l t y r i v e t i n g m a y p r o d u c e local 
corros ion. I n all t he se cases , a s TJ. R . E v a n s showed , t h e c rann ies a n d n o o k s m a y 
b e c o m e filled w i t h w a t e r , a n d a n o d i c corros ion b y differential a e r a t i o n c u r r e n t s 
m a y b e i nduced . 

L . B . Pfeil obse rved t h a t w h e n i ron or c a r b o n s tee l o r a l loy s teel is ox id ized 
a t a r e d - h e a t , i n a i r , i t does n o t fo rm a h o m o g e n e o u s depos i t , b u t r a t h e r a series of 
t h r e e l ayers : (i) a n o u t s i d e l aye r cons i s t ing m a i n l y of ferric ox ide or a m i x t u r e of 
68-7 p e r cen t , of ferrosic ox ide a n d 31*3 p e r cen t , of ferric ox ide ; (ii) a m idd l e l aye r 
in a lower s t a t e of o x i d a t i o n c o n t a i n i n g fer rous a n d ferric ox ides in t h e p r o p o r t i o n 
a p p r o x i m a t e l y 3 : 1 ; a n d (iii) a n i n n e r m o s t layer , i n c o n t a c t w i t h t h e unox id i zed 
m e t a l , is st i l l r icher in fer rous ox ide . T h e l ayers , of course , a r e n o t u n i f o r m in com
pos i t ion ; i t is p r o b a b l e t h a t t h e y v a r y in compos i t ion t h r o u g h t h e i r cross-sect ion, 
b e c o m i n g r icher in i ron on pass ing i n w a r d s . R o u g h l y , t h e ou t s ide l aye r occupies 
a b o u t 10 p e r cen t , of t h e t o t a l scale t h i c k n e s s ; t h e m i d d l e l ayer , a b o u t 50 p e r cen t . ; 
a n d t h e i n n e r m o s t l ayer , a b o u t 4 0 p e r cen t , w h e n t h e i ron h a s been h e a t e d f rom 
3 t o 7 d a y s in a i r a t 1000°. W h e n t h e ox ida t i on is severe , each l aye r c an be 
s e p a r a t e d m o r e or less comple t e ly f rom t h e o t h e r l ayers , t h o u g h i t is r a r e l y possible 
t o s e p a r a t e t h e -whole of each l aye r f rom t h e o t h e r l ayers a n d f rom t h e core . T h e r e 
m a y b e d i s t u r b a n c e s : for i n s t ance , b l i s te r ing affects t h e l aye r fo rma t ion , a n d 
cons iderab le f luc tua t ions of t e m p . , a n d t h e presence of c e r t a i n impur i t i e s m a y 
spoil t h e t h ree - l aye r depos i t . T h e scale is n o r m a l l y s m o o t h , c o m p a c t , a n d free 
f rom c racks a n d fissures in sp i te of t h e fac t t h a t t h e o x i d a t i o n involves a n e x p a n s i o n 
of t h e o rde r of IOO p e r cen t . F o r e i g n s u b s t a n c e s on t h e surface of t h e i ron a re n o t 
forced a w a y b y t h e f o r m a t i o n of t h e scale, b u t t h e y r e m a i n u n m o v e d a n d b e c o m e 
comple t e ly enve loped b y t h e scale . W h e n t h e ox ida t i on is slow, la rge c rys t a l s of 
t h e scale m a y b e fo rmed exh ib i t i ng p l a in c ry s t a l faces, so t h a t some t imes t h e scale 
surface shows in h igh relief. H . C. H . C a r p e n t e r a n d C. F . E l a m descr ibed t h e 
fo rma t ion of c rys ta l l ine depos i t s on i ron h e a t e d in v a c u o . T h e y ascr ibed t h e scale 
f o r m a t i o n t o t h e occ luded, oxidiz ing gases d r i v e n f rom t h e i ron on h e a t i n g , a n d t h e y 
a d d e d t h a t t h e ox ide of i ron original ly p r o d u c e d is i s o m o r p h o u s w i th ct-iron, a n d 
t h e o r i e n t a t i o n of t h e ox ide p r o d u c e d on a n y g iven c rys t a l of i ron is d e t e r m i n e d b y 
t h e o r i e n t a t i o n of t h e ct-iron itself. L . B . Pfei l a d d e d t h a t t h e scale fo rma t ion c a n 
be p r o d u c e d on e lec t ro ly t ic i ron , h igh- a n d low-carbon s teels , a l loy steels , a n d cas t 
i ron , p r o v i d e d t h e p a r t i a l p ress , of t h e o x y g e n is su i t ed t o t h e o t h e r e x p e r i m e n t a l 
cond i t i ons . I t is a l m o s t i m m a t e r i a l w h e t h e r t h e o x y g e n b e suppl ied a s gaseous 
o x y g e n a t a low p res su re , a s a n o x y g e n a n d i n e r t ga s m i x t u r e , as a r eac t ive g a s 
l ike CO 2 , or a s a c o m p o u n d , such as i ron oxide , wh ich gives off oxygen owing t o 
d issoc ia t ion . V a r i a t i o n s i n t h e a p p e a r a n c e of t h e scale a r e m a i n l y d e p e n d e n t o n 
t h e fo rm of t h e c r y s t a l faces. T h e r e is good reason t o suppose t h a t a solid soln . 
series be long ing t o t h e cub ic s y s t e m exis t s a t h igh t e m p , over t h e compos i t ion r a n g e 
of c rys ta l l ine scales . M a n y different fo rms be long t o t h e cubic s y s t e m , t h e 
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commonest developed in magnetite being the cube, t he octahedron, and t h e 
rhombododecahedron. I t is often found t h a t t h e forms which develop in a substance 
vary with the conditions (temp., press., etc.) under which the crystals grow. 
Fig. 39O is from a photograph of the scale crystals by L. B. Pfeil. 

Xi. B. Pfeil showed tha t any explanation of the scaling of iron must explain t h e 
formation of the crystals, and also how i t is possible t h a t t he outer layers of scale 
on alloy steels can be free from the alloymg element. The two outer layers of 
scale form a dense, glassy deposit, and the idea t h a t iron is progressively oxidized 
by the forcing of the already formed scale away from the metal core by the press, 
exerted by the new scale forming beneath does not explain the facts. If oxygen 
molecules diffused along porous pa ths in the glassy scale—e.g. through cracks— 
oxidation would corrode the iron irregularly, and the oxidation a t t h e bo t tom of 
a crack or porous place would automatically seal the oxygen pa th and oxidation 

F i o s . 390 a n d 3 9 1 . — C r y s t a l s of I r o n Sca le ( x 10). 

there would cease. N. B . Pilling and R. E . Bedworth imply t h a t the iron oxide 
acts as a carrier for oxygen—the oxygen dissolving in the scale and diffusing through 
to the core owing to t he oxygen gradient, and J . H . Whiteley, t h a t ferric oxide 
is formed in the scale, and reacts with the iron below to form ferrous oxide. I t 
is probable t h a t there is a continuous series of solid soln. over the major portion 
of the iron—oxygen system from ferric oxide t o ferrous oxide, with a gradually 
decreasing dissociation pressure on passing from the higher to the lower oxygen-
content. Thus, where the scale is in contact with the air the soln. will be enriched 
in oxygen, bu t this enriched layer will not be in equilibrium with t h a t beneath, 
so oxygen will pass inwards until i t finally reaches the iron, with which i t combines 
to form ferrous oxide. D. W. Murphy and co-workers said t h a t the na ture of t h e 
oxidation of iron or steel a t elevated temp, which results in scaling, can be predicted 
from the equilibrium in the systems Fe -O 2 -C , and P e - O 2 - H 2 ; and D. W. Murphy 
and W. E . Jominy studied the influence of atm. and t emp, on the behaviour of 
steel in forging furnaces. 

3L. B . Pfeil rejected t h e hypothesis t h a t the outside of the scale is t h a t which 
is formed first a t the initiation of the oxidation, and t h a t further oxidation displaces 
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t h e f i rs t - formed scale bod i ly o u t w a r d s . H e sa id : A t t h e in te r face of iron, a n d 
scale, i r o n is b e i n g c o n t i n u a l l y d issolved i n t h e scale , so t h a t t h e i r on is c o n v e r t e d 
i n t o ox ide fo rming p a r t of t h e scale depos i t . T h e r e is t h u s a n out-ward diffusion of 
t h e i r on t h r o u g h t h e scale t o t h e in te r face of scale a n d ai r . T h e o u t e r p a r t of t h e 
scale is t h u s t h e l a s t t o fo rm, a n d t h e m i d d l e p o r t i o n t h e first t o fo rm. N o v o l a t i l e 
c o m p o u n d is k n o w n whose t r a n s i t o r y ex i s tence -would p l a y such a p a r t , a n d h e n c e 
i t is necessa ry t o a s s u m e a c o u n t e r c u r r e n t diffusion—iron diffusing o u t w a r d s a n d 
o x y g e n i n w a r d s t h r o u g h t h e scale depos i t . I t is n o t of essent ia l i m p o r t a n c e w h e t h e r 
t h e i r o n diffuses a s i r on a t o m s or in s o m e o t h e r fo rm. I t is difficult t o p i c t u r e t h e 
diffusion of i ron c o m b i n e d w i t h o x y g e n (as fe r rous ox ide , for example ) i n a solid 
soln. of i r o n a n d o x y g e n , a n d c o n s e q u e n t l y for t h e s a k e of s impl ic i ty t h e diffusion 
of i r o n a t o m s h a s b e e n descr ibed . Refe rence h a s b e e n m a d e t o t h e soln . of i ron in 
t h e scale . I t is i m m a t e r i a l w h e t h e r t h e i ron b e c o n v e r t e d i n t o fe r rous ox ide first 
a n d t h e n d isso lved in t h e scale, o r w h e t h e r t h e i ron dissolves d i r ec t l y i n t h e scale . 
T h e essent ia l f ea tu re is t h a t scale is n o r m a l l y u n s a t u r a t e d w i t h i ron , a n d t h a t 
me ta l l i c i ron will j o in s u c h scale if t h e t w o a r e h e a t e d in c o n t a c t . I n s u p p o r t of his 
h y p o t h e s i s , L . B . Pfei l s h o w e d (i) t h a t a scale of h ighe r o x y g e n - c o n t e n t wil l g ive 
o x y g e n t o a scale of lower o x y g e n - c o n t e n t ; (ii) t h a t me ta l l i c i ron is ox id ized b y a 
scale r i ch in o x y g e n ; a n d (iii) t h a t i ron c a n p a s s o u t w a r d s t h r o u g h t h e scale t o 
t h e surface . 

S imi la r r e su l t s were o b t a i n e d b y I . K o t a i r a in t h e o x i d a t i o n of cupr i fe rous s tee ls . 
A. L e d e b u r , L . B . Pfei l , a n d P . B a r d e n h e u e r a n d K . L . Zeyen d iscussed t h e effect 
of c a r b o n o n t h e r e su l t s . T h e sub jec t w a s s t u d i e d b y U . R . E v a n s a n d J. S t o c k d a l e , 
K . H o f m a n n , O. Le l lep , G. C. McCormick , J . H . S. D i c k e n s o n , a n d O. L u t h e r e r 
a n d E . R . W e a v e r . E l e c t r o m o t i v e forces of r e l a t ive ly l a rge i n t e n s i t y h a v e b e e n 
obse rved b e t w e e n t h e film a n d t h e m e t a l , a n d t h e sub jec t h a s b e e n d iscussed b y 
S. Bidwel l , S. P . T h o m p s o n , J . F r a n z , J . M. G a u g a i n , H . C. F . J e n k i n , a n d 
C. B a r u s a n d V. S t r o u h a l . T h e effect m a y b e t h e r m o e l e c t r i c , o r ga lvan i c in wh ich 
t h e e lec t ro ly te is t h e solid film. T h e o x i d a t i o n of c a s t i r on is a c c o m p a n i e d b y a 
m a r k e d increase in bu lk—v ide infra, t h e g r o w t h of c a s t i ron . 

Heat -res i s t ing a l loys .—Alloy s teels , e t c . , i n t e n d e d t o res i s t o x i d a t i o n a t h igh 
t e m p , were d iscussed b y n u m e r o u s obse rvers . 

L. Ai tch i son , 8 8 N . A r m a n n , R . W . Ba i l ey , H . N . B a s s e t t , A . Bense l , G. R . Brophy , 
H . C. H . Carpenter, P . Chevenard, J . D . Corfield, J . H . S. D ickenson , J . "W. Dona ldson , 
T . G. El l io t a n d co-workers , K . Endel l , F . A . Fahrenwald , H . J . French , E . Schuz, 
A . Fry , J . Gal ibourg, C. Grard, H . Gruber, R . A . Hadfie ld a n d co-workers, H . H . Harris , 
W . H . Hatf ie ld , O. H e n g s t e n b e r g and F . Bornefe ld , T . H o f f m a n n , E . Hoxidreraont a n d 
V. E h m c k e , G. H . H o w e a n d G. R . B r o p h y , C. H . M. J e n k i n s a n d co-workers, C M . J o h n s o n , 
H . J i ingb luth a n d H . Muller, 
J . F . KLayser, F . Korber a n d 0.£r 
A. P o m p , Jb. Losana , A . Mc-
Cance, R . S. MacPherran, 
C. E . MacQuigg, S. A . Main, 
J . A . M a t t h e w s , A . Michel , 
E . Morgan, F . K . N e a t h , 
T . H . Ne l son , H . D . Newel l , 
A . L . N o r b u r y a n d E . Mor
gan , W . Oertel and A . Sche-
pers, A . E . Perk ins , H . D . Phi l 
l ips, R . J . Piersol , E . P . P o s t e , 
W . R o h n , W . R o s e n h a i n a n d 
C. H . M. J e n k i n s , R . J . Sar-
jant , B . J . SayIeB, O. Smal ley , 
S. W. G. Snook, L . W . Spring, 
I-». J . S tanbery , J . Strauss , 
W . B . Sul l ivan , R . S u t t o n , C. Upthegrove a n d D . W . Murphy, and E . Valenta— tnde 
chromium-iron a l loys . 

F . A . F a h r e n w a l d r e p o r t e d t h e r e su l t s i n d i c a t e d in F i g . 392 for t h e r e s i s t ance 
offered b y v a r i o u s metals t o h i g h t e m p , o x i d a t i o n . 

The scaling of iron s imi la r ly refers t o t h e f o r m a t i o n of a surface l aye r of o x i d e 

750* 850s 950 /050° //50° /250° 
F i a . 3 9 2 . — T h e Heat -Res i s tance of Meta ls . 
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w h e n i ron or s teel is h e a t e d in fu rnaces ; iron scale is t h u s d i s t i n c t f rom rust i n t h a t 
one is formed a t a n e l eva t ed t e m p . , a n d t h e o t h e r is f o r m e d a t o r d i n a r y t e m p , b y 
surface ox ida t ion . T h e sca l ing of i r on w a s i n v e s t i g a t e d b y H . T . A n g u s a n d 
J . W . Cobb,2» W . H . B l a c k b u r n a n d J . W . C o b b , J . W . C o b b , J . H . S. D i c k e n s o n , 
J . S. D u n n , W . H . Hat f ie ld , O. Le l lep , G. C. McCormick , C. B . M a r s o n a n d 
J . W . Cobb , R . Mi tsche , J . H . G. M o n y p e n n y , R . S t u m p e r , D . W . M u r p h y a n d 
co-workers , A. L . N o r b u r y , J . E . S t e a d , W . Schrode r , a n d Y . U t i d a a n d M. S a i t o . 
R . L- K e n y o n c o m p a r e d t h e h igh t e m p , o x i d a t i o n of A r m c o i ron , a n d mi ld s tee l , 
express ing t h e resu l t s a f te r h e a t i n g t h e m e t a l for different pe r iods of t i m e , a s t h e 
r a t e of scal ing in inches p e r 10OO h r s . o v e r t h e en t i r e pe r iod of t h e t e s t : 

T i m e 
A r m c o 
Mild Stee l 

1672 
0-0105 
O O l l l 

3826 
0 0 0 9 9 
0 0 0 6 9 3 

6146 
0-0061 
0 0 0 5 0 4 

7996 
0 0 0 4 7 2 
0 0 0 5 8 4 

10,135 
0 0 0 4 5 3 
0-00790 

12,295 
0 0 0 4 2 7 
0 0 0 7 5 3 

13,406 h r s . 
0 0 0 3 9 1 
0 0 0 7 8 7 

T h e peeling of malleable cast iron w a s s t u d i e d b y E . H . H u r r e n , W . H . P o o l e , 
a n d J . W . G a r d o m . Accord ing t o D . H . I n g a l l a n d H . F i e ld , t e m p , n e a r 950° 
a r e m o s t conduc ive t o pee l ing . T h e fas te r t h e r a t e of h e a t i n g t o t h i s t e m p , t h e 
g r e a t e r t h e t e n d e n c y t o peel ing . T h e peel consis ts of a l a y e r o r l a y e r s of fe r r i te 
c o n t a i n i n g g ranu le s of free ox ide a s inc lus ions . W h e n t h i s l a y e r is once fo rmed , 
g r o w t h will occu r w i t h t i m e a n d s u i t a b l e t e m p , cond i t ions . T h e p h e n o m e n o n of 
pee l ing is a r e su l t of o x i d a t i o n , w h i c h c o m m e n c e s b e t w e e n 900° a n d 940° . O n c e 
t h i s o x i d a t i o n h a s b e g u n , t h e g r o w t h of t h e ox ide l aye r is a r e su l t of a r a c e b e t w e e n 
t h e r a t e of o x i d a t i o n a n d t h e r a t e of c a r b o n s u p p l y f rom t h e in te r io r . 

T h e erosion of g u n s b y gases , e tc . , w a s d iscussed b y F . Abe l a n d E . M a i t l a n d , 3 0 

P . R . Alger , A. E . Bell is , A . B e n n i n g t o n , E . Ber l , E . B r a v e t t a , H . C. H . C a r p e n t e r , 
P . Charbonn ie r , C. Cranz , W . Crozier, E . D e m e n g e , F . A . F a h r e n w a l d , H . F a y , 
M. Graz ian i , R . H . Greaves a n d co-workers , J . H a n n y , H . M. H o w e , H . G. H o w o r t h , 
W . J . Huff, H . H u g o n i o t a n d H . Sebe r t , H . J . J o n e s , W . K l e v e r , A . L a n f r o y , 
H . H . Les t e r , M. L e t a n g , D . C. McNai r , A. Mal lock, A. N o b l e , M. Okoch i , F . O s m o n d , 
H . P e l o u x , E . P i a n t a n i d a , W . C. R o b e r t s - A u s t e n , E . B . D . Secondo , P . S iwy, 
W . W . d e SveshnikofF, D . K . Tschernoff, T . G. Tu l loch , L,. Vasseu r , P . Viei l le , 
H . E . Whee le r , H . E . Ya rne l l , a n d A. G. Z i m m e r m a n n . J . E . S t e a d 3 1 s t u d i e d t h e 
a c t i o n of b las t - fu rnace gases o n i ron ; U . R . E v a n s , a n d H . B . D i x o n , t h e a c t i o n 
of t h e p r o d u c t s of c o m b u s t i o n of coa l g a s ; J . P a r k e r , t h e a c t i o n of t o w n gas ; a n d 
A. W . C a r p e n t e r , L . Liosana, A. D a n z e r - I s c h e r , U . R . E v a n s , A . d e W a e l e , P . Siedler , 
H . F . J o h n s t o n e , F . L . Wolf a n d L . A . Meisse, O. W . S t o r e y , W . G u m z , a n d 
W . H . Hat f ie ld , flue gases , e x h a u s t gases f rom m o t o r s , a i r i n r a i l w a y t u n n e l s , a n d 
t h e p r o d u c t s of c o m b u s t i o n of coal . Coal w i t h chlor ides (q.v.) co r roded w h e n coal 
w i t h o u t chlor ides d i d n o t . T h e p re sence of s u l p h u r d iox ide (q.v.) is a source of 
r a p i d a t t a c k . 

The corrodibility of different kinds of iron and steel.—-Vide infra for the various 
al loys of i ron . T h e genera l effect of a l loys on t h e co r rod ib i l i ty of i ron a n d s tee l 
w a s d iscussed b y P . K o t z s c h k e a n d E . P i w o w a r s k y . 3 2 A . P a y e n , a n d J . N e w m a n n 
obse rved t h a t g rey cas t i r on cor rodes m o r e r ead i ly t h a n w h i t e cas t i ron , or b a r i r o n . 
R . Mal le t obse rved t h e following r e su l t s expressed i n t e r m s of t h e cor ros ion fac to r : 

Sea- Foul sea- !Foul river- Clear river-
water water water water 

W r o u g h t i ron . . . lOO-O 118-6 68-8 12-3 
C a s t i r o n . . . . 63-6 20-5 40-4 9-9 
Chi l led c a s t i r o n . . 64-4 63-1 51-2 12-9 
C a s t i r o n ( sk in r e m o v e d ) . 77-6 127-8 64-4 23-5 

T h e chil led m e t a l s a r e m o r e suscep t ib le t o a t t a c k t h a n t h e m e t a l cas t i n g r e e n - s a n d , 
d u e , h e supposed , t o t h e ex te r io r of t h e chi l led ca s t i ng n o t b e i n g h o m o g e n e o u s ; h e 
sa id t h a t " t h e vo l t a i c a c t i o n p r o d u c e d a t t h e surface of chi l led cas t i ron , b y w a n t 
of i t s h o m o g e n e i t y , inc reased t h e corros ion of t h e m e t a l t o a g r e a t e r e x t e n t t h a n i t s 
g r e a t e r d e n s i t y a n d h a r d n e s s , a n d sma l l a m o u n t s of u n c o m b i n e d c a r b o n a r e c a p a b l e 
of r e t a r d i n g corros ion , i n c o m p a r i s o n w i t h o t h e r so r t s of c a s t iron.*' W r o u g h t i r o n 
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corrodes fas ter t h a n cas t i ron excep t in clear r ive r -wa te r . I n c lear r i v e r - w a t e r , 
w r o u g h t i ron is nea r ly as r e s i s t an t a s cas t i ron , a n d m o r e so t h a n chi l led c a s t i ron . 
W h e n t h e o u t e r sk in is r e m o v e d f rom cas t i ron , i t is m o r e suscept ib le t o cor ros ion , 
a n d i t t h e n a p p r o x i m a t e s m o r e closely t o w r o u g h t i ron . L . E . G r u n e r f o u n d t h a t 
ca s t i rons a n d spiegeleisen res is ted a t m . corrosion b e t t e r t h a n steels , b u t in s ea -wa te r , 
s teels were m o r e r e s i s t an t . T . A n d r e w s found t h a t ca s t i rons d id n o t res is t s ea -wa t e r 
so successfully as w r o u g h t i rons a n d low c a r b o n steels , a l t h o u g h t h e r e is l i t t l e t o 
choose b e t w e e n t h e m a n d 0-5 p e r cen t , c a r b o n steels . J . A s t o n a n d C. F . B u r g e s s 
found t h e corrosion fac tors for t h e m e t a l s exposed t o a t m . influences : o p e n - h e a r t h 
i ron, 100 ; Swedish w r o u g h t i ron, 8 3 ; o p e n - h e a r t h s teel , 91 ; Bessemer s teel , 65 ; 
a n d m e d i u m - g r a i n e d g rey cas t i ron , 78 . E . H e y n a n d O. B a u e r obse rved for t h e 
corrosion fac tors : 

JJistillecl water Tap-water One per cent. KaCl 
Steel . . . 1OO 100 1OO 
W r o u g h t i ron . 103-7 104-8 103-7 
C a s t i ron . . 97-3 93-2 98-6 

O b s e r v a t i o n s on t h i s s u b j e c t w e r e m a d e b y W . Ac lce rmann , D . A d a r n s o n , F . A n d r e w s , 
K . A r n d t , J . H . B a k e r , L . J. C h a p m a n , F . C. C a l v e r t , J. Col l ins , A . S. C u a h m a n , H . Diege l , 
C . M . E n o s , U . R . E v a n s , J". F a r q u h a r s o n , J . D . F o r d , A . G-. F r a s e r , J . A . N . F r i e n d a n d 
C. W . M a r s h a l l , W . P . G e r h a r d , K . G i r a r d , L . E . G r u n e r , J . T . H a d d o c k , E . H e y n a n d 
O. B a u e r , H . M . H o w e , W . E . H u g h e s , B . K o s m a n n , O. K r o h n k e , F . Kupe lwiese r , L a n g b e i n -
P f a n h a u s e r W e r k e , iR. C. M c W a n e a n d H . J. Ca r son , S. M a x i m o w i t s c h , F . M e n n e , 
M. Meyer , H . O t t o , W . P a l m a e r , D . P h i l l i p s , H . P i l k i n g t o n , H . S. R a w d o n , E . L . R h e a d , 
W . 33. R i c h a r d s o n , M . RudelofE, M. S c h r o m m , G. S c h u m a n n , J . Sco t t , F . 1ST. Spel ler , 
D . M . S t r i c k l a n d , T . N . T h o m p s o n , W . T h o m p s o n , B . H . T h w a i t e , M. Uellenhof, 
W . H . W a l k e r , G . C. a n d M . C. W h i p p l e , W . G. W h i t m a n a n d E . L . C h a p p e l l , 
J. H . W o o l s o n , a n d n u m e r o u s o t h e r s . 

T h e r e a re m a n y differences of op in ion a s t o t h e r e l a t ive m e r i t s of s teel , w r o u g h t 
i ron, a n d cas t i ron in res is t ing corrosion. H . M. H o w e , for e x a m p l e , o b t a i n e d t h e 
opin ions of t h i r t y - s e v e n sh ipbu i ld ing firms as t o t h e r e l a t ive cor rodib i l i ty of w r o u g h t 
i ron a n d s teel ; a n d of t h e s e , seven r e g a r d e d s tee l a s t h e m o r e corrodib le , e igh t 
r e g a r d e d w r o u g h t i ron as t h e m o r e cor rodib le , a n d t w e n t y - t w o were u n c e r t a i n , or 
cons idered t h a t t h e r e w a s n o preference . T . A n d r e w s m a d e t e s t s e x t e n d i n g over 
yea r s , a n d conc luded t h a t w r o u g h t i ron is dec idedly t h e b e t t e r m a t e r i a l . 
F . N . Speller prefer red s teel ; R . A. Hadf ie ld considered w r o u g h t i ron b e t t e r res is ts 
t h e a c t i o n of sea-water . J . A. N . F r i e n d ' s obse rva t ions showed t h a t t h e super io r i ty 
of w r o u g h t i ron , if i t ex is t s a t a l l , is c o m p a r a t i v e l y smal l . H . M. H o w e a n d 
B . S t o u g h t o n c a m e t o a s imi lar conclusion, b u t t h e y found t h a t s teel w a s far less 
l iable t o p i t t i n g . A n ana logous conclus ion w a s d r a w n b y A. S. C u s h m a n , J . T). F o r d , 
Gr. J o h n s t o n e , W . M a r r i o t t , H . O t t o , R . I r v i n e , W . H . Gibson, A. Schleicher , 
G. J . Sne lus , F . N . Spel ler , T . N . T h o m p s o n , R . H . Gaines , H . Wolb l ing , 
W . H . Melaney , F . H . Wi l l i ams , R . F i n k e n e r , e t c . K . A r n d t found t h a t whi l s t 
cas t i ron r u s t s un i fo rmly over t h e surface , t h e r u s t i n g of w r o u g h t i ron a n d mi ld 
steel is confined t o local a r e a s . T h e difference is d u e t o t h e a d h e r e n t c h a r a c t e r of 
t h e p r o t e c t i v e ox ide film on cas t i ron which is n o t r ead i ly dis lodged b y ru s t , whi l s t 
t h e film on w r o u g h t i ron a n d steel read i ly scales off a n d al lows t h e spongy r u s t t o 
form. A l t e r a t i o n s of we tnes s a n d d r y n e s s a r e b e t t e r res is ted b y cas t i ron , a n d for 
t h e s a m e reason . W . P a r k e r found t h a t va r ious steels a n d w r o u g h t i rons res is ted t h e 
a c t i o n of cold sea -wa te r t o t h e s a m e e x t e n t , b u t steels suffered m o r e t h a n w r o u g h t 
i rons w h e n exposed t o L o n d o n ai r ; a n d steels differed as m u c h a m o n g s t t hemse lves 
in t h e i r r e s i s t ance t o corros ion as t h e y differed as a b o d y from t h e w r o u g h t i rons . 
M. RudelofE also exposed p l a t e s of w r o u g h t i ron , acidic s teel , a n d basic steel t o t h e 
a c t i o n of d r y a i r , t h e a i r ou t s ide exposed t o r a in , e tc . , smoke , furnace gases, d i t ch -
w a t e r , a n d sea -wa te r . T h e resu l t s showed a s m u c h v a r i a t i o n a m o n g s t t hemse lves 
a s d o s teels a s a class a n d w r o u g h t i rons a s a class . A . S. C u s h m a n , a n d L . J . C h a p 
m a n sa id t h a t w r o u g h t i r on corrodes less t h a n s teel . A. G. F r a z e r found acidic a n d 
bas ic s tee l p l a t e s res is ted corrosion i n a i r , r ive r -wa te r , a n d sa l t soln. equa l ly w e l l ; 
b u t i n d i l . su lphu r i c ac id , bas i c s teel h a d t h e a d v a n t a g e . W . G. McMillan c a m e t o 
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the same conclusion. Close-grained cast iron is generally superior to steel and 
wrought iron ; and, as emphasized by G. Murdoch, and D. Spataro, provided the 
metal is free from blow-holes. B. H. Thwaite compiled the available data for cast 
and wrought iron, and the relative values for corrosion are : 

W r o u g h t i r o n 
fskin i n t a c t 
i s k i n r e m o v e d C a s t iron^p 

Foul 
sea-water 

10*450 
3 - 5 0 

1 2 - 2 7 5 

Clear 
sea-water 

3 - 8 6 5 
3 - 3 8 6 
4 - 7 3 8 

Foul 
river-water 

7-68O 
2 - 0 3 4 
3 - 8 8 4 

Clear 
river-water 

O-655 
0 - 6 0 4 
0 - 5 8 4 

City and 
sea-air 
6-69O 
2 - 6 3 7 
4 - 7 6 3 

Hence, the outer skin formed in the casting acts as a preservative coating. M. Mug-
dan found that steel behaves like soft iron, whilst cast iron always showed a greater 
tendency to rusting. S. D. Carothers observed that in sea-air cast iron is less liable 
to rusting than plain carbon steel, but some varieties of cast iron break down rapidly. 
Some results by W. H. Hatfield are given in Table LIII—vide supra for the action 
of sea-water on cast iron, etc. R. Girard found that with low concentration of acid, 
iron and steel behave similarly, but at higher concentrations, polished iron is attacked 
more quickly than steel. A. Schleicher and G. Schultz found with a rusty and a 
clean wrought iron plate immersed in water, the latter acts as cathode, and with a 
clean wrought iron and a cast iron plate, the former acted as cathode. 

T A B L E L I l T . - - T H E A C T I O N o r R E A G E N T S O N D I P F 2 I B B N T V A M E T I B S O F I R O N A N D 
S T E E L . 

W r o u g h t i r o n . 
M i l d s t e e l 
C a s t i r o n 
H i g h S i ( t a n t i r o i i ) 
S t a i n l e s s s t e e l . . i 

W r o u g h t i r o n . 
M i l d s t e e l 
C a s t i r o n 
H i g h S i ( t a n t i r o n ) 
S t a i n l e s s s t e e l . 

Hydrochloric acid 

JV I Cone. 

0 1 4 1 6 
0 0 8 5 0 
0 - 1 3 4 0 
0 0 0 0 7 
0 0 6 3 8 

Water 

0 - 0 1 6 1 
0 - 0 1 5 0 
0 0 2 2 6 
0 0 0 0 2 

Nil 

0 - 2 2 1 7 
0 - 1 8 1 2 
0-328O 
0 0 0 0 9 
0 1 7 9 9 

Sea-water 

0 0 0 3 6 
0 - 0 0 4 7 
0 0 0 4 0 
0 0 0 0 5 

Nil 

!Nitric acid 

O-1263 
O-1154 
0 - 1 0 2 2 
0 - 0 0 0 3 
O O l l l 

Vinegar 

O-OIOO 
0 - 0 0 3 2 
0 1 9 0 1 
O-0OO4 

Nil 

Sp. Rr. 
1-2 

0 - 6 3 9 9 
0 - 5 8 5 8 
0 - 1 3 0 0 
0-0OO8 

Nil 

Acetic 
acid 

(33 per 
cent.) 

0 - 2 0 2 3 
0 1 4 9 2 
0 - 4 8 1 9 
0 0 0 0 3 
0 0 2 3 2 

Sulphuric acid 

JV 

0 1 4 5 2 
O-1052 
0 - 1 3 6 4 
O-OOIO 
0 0 8 7 1 

Citric 
acid 

(5 per 
cent.) 

0 - 1 0 7 5 
O-1458 
0 - 1 4 0 4 
O 0 0 1 2 

I 0 0 4 2 2 

10 per 
cent. 

0 - 3 6 1 0 
0 1 0 3 2 
0 - 1 1 5 8 
0 - 0 0 0 6 
0 1 1 2 6 

Ammo
nium 

chloride 
(5 percent.) 

0 - 0 0 8 4 
0 0 1 2 4 
O-OlOl 
0 - 0 0 0 3 
0 0 0 1 4 

Magnesium 
chloride 
(1 per 
cent.) 

0 -0O33 
0 - 0 0 3 6 
0-0O32 

i 0 - 0 0 0 4 
0 0 0 1 8 

Many purified metals are more resistant to corrosion than commercial metals. 
This inertness may be due to the homogeneous nature of the material preventing 
any but very feeble corrosion currents being set up between different parts, or else 
a passive state being produced by the formation of a uniform, protective film. 
L. Losana and Gr. Reggiani 3 3 found tempering steel normally increases its resistance 
to corrosion. B. Lambert and co-workers found that highly purified iron is not 
corroded in the presence of aerated water under conditions where ordinary iron rusts 
rapidly. H. E. Armstrong attributed this to passivity. W. E5. Hughes observed 
that electrolytic iron from a chloride bath quickly rusted, owing to the inclusion of 
traces of chlorides. When iron is deposited from a sulphate bath, it did not rust 
when wrapped up in filter-paper, and stored in a box. Observations on the 
apparent inertness of highly purified iron were made by D. J. Demorest, Gr. P. Fuller, 
N. S. Kurnakoff and A. N. AschnasarofiE showed that the eutectic with alloys slowly 
cooled is coarse-grained, and fine-grained if rapidly cooled. The alloys in the former 
case were readily attacked by some reagents, while the latter resisted attack. 
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I 
<3 

0-0/S\ 0-/0 

0-0/0 

0-005[ 

~L. Ai tch i son also found t h a t n i a n y m e t a l s which fo rmed a solid soln. w i th i ron t e n d 
t o r e d u c e t h e a t t a c k b y di l . acid, a n d soln. of s o d i u m chlor ide, b u t m e t a l s wh ich d o 
n o t fo rm such soln. r ende r t h e i ron m o r e suscept ib le t o a t t a c k . 

J . A. N . F r i e n d t e s t e d t h e ac t ion of a e r a t e d w a t e r on steels w i th b e t w e e n 0 0 5 
a n d 0-32 pe r cent , carbon. The re is n o t a m a r k e d difference in t h e r a t e s of corros ion, 
a n d t h e differences d o n o t a lways follow t h e ca rbon-
c o n t e n t . I n genera l , t h e r e is a s l ight ly increased 
corrosion w i t h a n increase in t h e c a r b o n - c o n t e n t of 
t h e s teel . This agrees w i th t h e resu l t of L . Ai tchison , 
w h o found t h a t s teels h a v i n g be tween 0*07 a n d 1*46 
pe r cen t , of c a rbon show v e r y l i t t le difference in 
t he i r res i s tance t o corrosion in a 3 p e r cen t . soln. 
of sod ium chlor ide. T h e r e is a m a x i m u m r a t e of 
corrosion n e a r t h e eu tec t i c w i t h a b o u t 0*9 p e r cen t , 
of c a rbon . G. M. E n o s observed t h a t t h e corrosion 
of s teel b y a e r a t e d dist i l led w a t e r is n o t m u c h affected 
b y t h e c a r b o n - c o n t e n t . T h e -work of H . M. H o w e , 
A. Sang , A. L e d e b u r , W . D . R i c h a r d s o n , G. Di l lner , O. K r o h n k e , G. B a r d e n h a u e r 
a n d K . L . Zeyen , K . D a e v e s , XJ. R . E v a n s a n d R . T . M. H a i n e s , H . O t t o , a n d 
W . P a r k e r i nd i ca t ed t h a t t h e res i s tance offered b y steel t o corrosion increases 
w i t h t h e p r o p o r t i o n of h a r d e n i n g c a r b o n . H . E n d o found t h e losses, expressed i n 
g r a m s p e r sq . cm. , d u r i n g 5 h r s . ' a t t a c k , a t o r d i n a r y t e m p . , w i t h i ron con t a in ing 

0-5 hO hi 
Per cent, carbon 

F r o . 393 . T h e Effect of Car
b o n o n t h e Cor ros ion of I r o n 
b y A c i d s . 

C a r b o n 
( H 8 S O 4 . 

Loss} H C l 
( H N O 3 . 

0 
0 0 0 1 9 7 
0 0 0 0 9 2 
0-07981 

0-31 
0 0 0 2 7 0 
0-00210 
0-08079 

0-52 0-64 
0-00338 
0-00328 

0 0 8 3 0 3 0-O8590 

0-96 
0-00470 
O-004O1 
0 0 8 7 4 1 

1-16 1-32 
0 0 0 5 3 4 0 0 0 7 0 2 
0 0 0 4 8 1 0 0 0 5 6 8 
0-09135 0-09204 0-09074 

1-41 p e r c e n t . 
0 0 0 7 6 2 

This shows t h a t t h e losses w i th t h e t h r e e ac ids v a r y a l m o s t l inear ly -with in
creas ing p ropor t i ons of ca rbon . T h e r a t e of d issolut ion of s teel is g rea t ly influenced 
b y t h e s t a t e of t h e ca rbon , a s well a s b y 
t h e cond i t ion of t h e aggrega t ion of t h e 
ex is t ing phases . P . B a r d e n h a u e r a n d 
K . L . Zeyen found t h a t cas t i ron in which 
t h e g r a p h i t e is coarses t is l eas t a t t a c k e d 
b y iy-HCl , 2V-H2SO4, a n d 2V-CH3COOH, 
b u t n o definite r e la t ions were observed 
w i th 2V-HNO8 ; o n t h e o t h e r h a n d , 
O. K o t z s c h k e a n d E . P i w o w a r s k y ob 
served t h a t w i th in t h e u s u a l l imi ts of 
g r a p h i t e , t h e phys ica l charac te r i s t i c s of 
t h e g r a p h i t e h a v e no effect on t h e m e t a l 
in cor rod ing med ia . L . Ai tch i son found 
t h a t t h e corrosion b y 10 p e r cent , sul
p h u r i c ac id is a m a x i m u m o n steel w i t h 
a b o u t 0*9 p e r cent , of ca rbon . E . H e y n 
a n d O. B a u e r obse rved t h a t t h e s t a t e of 
t h e c a r b o n i n s tee l exe r t s a v e r y g r e a t 
influence u p o n t h e r a t e of dissolut ion of 
t h e m e t a l , a t 14:°—18°, i n 1 p e r cent , sul
phu r i c ac id . H . E n d o r epea t ed t h e work , 
a n d h i s resu l t s a r e s u m m a r i z e d b y t h e 
cu rves in F i g . 393 . H e r e t h e losses in 
we igh t a r e i n g r a m s p e r sq. cm. T h e 
resu l t s w i t h different per iods of t ime a r e 
s imi lar w i t h steels w i t h t h e 0*5 a n d 0*9 pe r cen t , ca rbon . Thus , t h e r a t e of 
d i sso lu t ion decreases u p t o a b o u t 150°, i t t h e n increases v e r y rap id ly in t w o s tages 

/00° 300° 500° 700° 
Annealing or tempering temperatures 

F i o . 394.-—The Ac t ion of D i lu t e Su lphur i c 
Acid o n Steels T e m p e r e d a t Different 
T e m p e r a t u r e s . 
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—between 150° and 300°, and between 300° and 400°. After passing the maximum 
at about 400°, the dissolution decreases rapidly until it becomes nearly constant 
in the range from 550° to 700°. H. Endo said : 

T h e decrease of t h e d i s so lu t i on u p t o a b o u t 150° i s d u e t o t h e c h a n g e of t h e r e t a i n e d 
a u s t e n i t e i n t o m a r t e n s i t e a n d a l so t o t h e g r a d u a l c h a n g e of t h e o-form of m a r t e n s i t e t o t h e 
/?-form. F r o m 170°, t h e c a r b o n d i s so lv ing i n t h e m a r t e n s i t e b e g i n s t o s e t free p a r t l y a s 
c a r b o n itself a n d p a r t l y a s v e r y fine p a r t i c l e s of c e m e n t i t e , t h e s e p a r a t i o n t a k i n g p l a c e 
m o s t a c t i v e l y a t a b o u t 250° ; hence t h e r a p i d inc rease of t h e d i s s o l u t i o n . T h e m a x i m u m 
d i s so lu t ion a t a b o u t 400° is d u e t o t h e f o r m a t i o n of c e m e n t i t e f rom t h e s e p a r a t e d c a r b o n 
a n d t h e g r o u n d m a s s of i ron , a n d a lso t o t h e c o a g u l a t i o n of c e m e n t i t e p a r t i c l e s t o f o r m fine 
c r y s t a l s , t h e s e changes p r o d u c i n g t h e v e r y fine s t r u c t u r e k n o w n a s o s m o n d i t e . T h e d e c r e a s e 
of d i s so lu t ion seen i n t h e r a n g e of 400° t o 550° m a y b e a t t r i b u t e d t o t h e coa le sc ing of t h e 
c e m e n t i t e a n d t o t h e r ec rys ta l l i za t ion of fer r i te c r y s t a l s w h i c h r e s u l t i n t h e r e d u c t i o n of t h e 
degree of h e t e r o g e n e i t y of t h e s t r u c t u r e , a n d t h e f u r t h e r g r a i n - g r o w t h of c e m e n t i t e a b o v e 
550° h a s n o effect o n t h e cor ros ion . 

E. Heyn and O. Bauer's observations were made with a hard steel having 
0-95 per cent, of carbon ; 0 3 5 , of silicon ; 017 , of manganese ; 0*012, of phosphorus ; 
and 0*024, of sulphur. One set of their curves for steels with different proportions 
of carbon, and tempered at different temp., is shown in Fig. 394. They said : 

T h e s h a p e s of t h e c u r v e s i n F i g . 394 r evea l s o m e i n t e r e s t i n g f e a t u r e s . A c c o r d i n g t o t h e 
op in ions h i t h e r t o p r e v a i l i n g , a n d st i l l h e l d b y s o m e , t h e t r a n s i t i o n of t h e m a r t e n s i t e of 
h a r d e n e d s tee l i n t o t h e p e a r l i t e of a n n e a l e d s t ee l i s c o n t i n u o u s t h r o u g h o u t t h e i n t e r m e d i a t e 
s t a g e s of t e m p e r i n g . T h i s w o u l d l ead o n e t o s u p p o s e t h a t t h e c u r v e of so lub i l i t y i n d i l . 
s u l p h u r i c ac id , i n s t e a d of s h o w i n g a n y s h a r p l y defined p e a k s , w o u l d fo rm a l i ne i n d i c a t i n g 
t h e g r a d u a l t r a n s i t i o n f rom t h e so lub i l i t y of m a r t e n s i t e t o t h a t of p e a r l i t e . T h e c u r v e , 
howeve r , r u n s u p t o a s h a r p l y defined m a x i m u m a t a t e m p , of 400° . T h e s i m p l e s t a n d m o s t 
o b v i o u s e x p l a n a t i o n of t h i s p h e n o m e n o n is a s follows : T h e t r a n s i t i o n of t h e m a r t e n s i t e 
f rom t h e u n s t a b l e p h a s e be low 700° i n t o t h e s t a b l e p h a s e of p e a r l i t e , d u e t o t e m p e r i n g , d o es 
n o t p roceed d i rec t ly , b u t i n d i r e c t l y t h r o u g h a n i n t e r m e d i a t e m e t a s t a b l e fo rm, t o w h i c h t h e 
n a m e of o s m o n d i t e h a s b e e n g i v e n . O s m o n d i t e is t h e m o s t so lub le of a l l t h e fo rms i n t e r 
m e d i a t e b e t w e e n m a r t e n s i t e a n d p e a r l i t e . A s t h e t e m p e r i n g t e m p , g r a d u a l l y i nc rea se s , 
t h e m a r t e n s i t e first g r a d u a l l y c h a n g e s i n t o o s m o n d i t e , u n t i l a t 400° t h e who le m a s s cons i s t s 
of t h i s a l o n e . I n o r d e r t o p r e v e n t confusion i n n o m e n c l a t u r e , t h e t e r m t r o o s t i t e h a s b e e n 
r e t a i n e d for t h e d e s i g n a t i o n of t h e i n t e r m e d i a t e s t a t e s b e t w e e n m a r t e n s i t e a n d o s m o n d i t e , 
a n d for t h e s t ages i n t e r m e d i a t e b e t w e e n o s m o n d i t e a n d p e a r l i t e t h e t e r m s o r b i t e i s u s e d . 
If t h e t e m p e r i n g t e m p , i s r a i s e d a b o v e 400° t h e r e a g a i n occu r s a g r a d u a l t r a n s i t i o n f r o m t h e 
r e a d i l y so lub le o s m o n d i t e t o t h e less eas i ly so lub le p e a r l i t e . S u c h t r a n s i t i o n s f rom a p r e 

l i m i n a r y c o n d i t i o n t o a s t a b l e final c o n d i t i o n , 
t h r o u g h one o r m o r e less s t a b l e i n t e r m e d i a t e 
c o n d i t i o n s , a r e of n o t i n f r e q u e n t o c c u r r e n c e i n 
p h y s i c a l a n d c h e m i c a l p rocesses . A n o t h e r r e 
m a r k a b l e p o i n t i s t h e low v a l u e for t h e solu
b i l i t y a t a t e m p e r i n g t e m p , of 100°, w h i c h 
differs l i t t l e f rom t h a t of u n t e m p e r e d s t ee l . 
T h e v a r i a t i o n l ies , h o w e v e r , w i t h i n t h e m a r g i n 
of e r r o r for t h e p rocess , so t h a t w h e t h e r st i l l 
a n o t h e r m e t a s t a b l e f o r m occur s is n o t y e t 
p r o v e d . 

T. Matsushita and K. Nagasawa's re
sults with 1 per cent, sulphuric acid are 
shown in Fig. 395. E. Heyn and O. Bauer 
observed that a definite maximum occurred 
when the percentage of carbon was only 
0*07 * with mild steel, there was a minimum 
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respectively at 850° to 950°, and 1100° 
to 1250°. The solubility of tempered carbon steel in dil. sulphuric acid rapidly 
decreases when the tempering temp, lies between 450° and 500° ; and from. 560° 
upwards there is no appreciable change of solubility up to the Ac1-point, indi
cating that the coagulation of the pearlite is almost complete at 550°. T. Mat
sushita and K. Nagasawa accordingly classify the temper structures of quenched 
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steel : 100° to 300°—martensite and troostite ; 300°—troostite ; 300° to 400°— 
troostite and sorbite ; 400°—sorbite (osmondite) ; 400° to 550°—sorbite and 
granular pear l i t e ; and 550° to the Acupoint-—granular pearlite. C. Chappell 
examined the influence of carbon on the corrodibility of the following steels : 

N o . 1 
HSTo. 2 
N o . 3 
N o . 4 
N o . 5 
N o . 6 

Carbon 
. 0 1 0 
. 0 - 2 4 
. 0 - 3 0 

1-55 
. 0 - 8 1 
. 0 - 9 6 

Silicon 
0 0 1 9 
0 0 3 7 
0 0 3 O 
0 0 5 3 
0 0 4 8 
0 0 1 8 

Manganese 
0 0 9 1 
0 - 0 7 2 
0 0 9 4 
O-100 
O-168 
O-133 

Sulphur 
0 - 0 3 0 
0 - 0 2 8 
0 - 0 2 1 
0 0 2 0 
0 - 0 2 8 
0 0 2 7 

Phosphorus i 
0 - 0 1 1 
0 - 0 1 5 
0 - 0 1 2 
0 - 0 1 7 
0 - 0 1 6 
0 0 1 4 

Vluminii 
0 0 2 

—• 
— 

0 0 3 

0 0 2 

The results are indicated in Table L lV. The corrodibility of rolled, normalized, 
and annealed steels rises t o a maximum as the proportion of carbon increases to the 

T A B L E L I V . - — T H E E F P E C T O F C A B B O N O N T H E C O K R O D I B I L I X Y o r S T E E L B Y 
S E A- W ATEK. A T 12°. 

Treatment Steel No. 
Carbon 

per cent. 
Loss after 91 days* ! Loss after 166 days' 
immersion, per cent, j immersion, per cent. 

N o r m a l i z e d a t 900° a n d 
cooled i n a i r 

R o l l e d 

Q u e n c h e d f r o m 800° i n 
w a t e r 

Q u e n c h e d f r o m 800° ; 
t e m p e r e d a t 400° 

Q u e n c h e d f r o m 800° ; 
t e m p e r e d a t 500° 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
0 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

O I O 
0-24 
0-30 
O-55 
0-81 
O-0O 

0-424 
0-433 
0-435 
0-515 
0-588 
0-512 

O-IO 
0-24 
0-30 
0-55 
0-81 
O-90 

O-IO 
0-24 
0-30 
0-55 
0-81 
O-96 

O-IO 
0-24 
0-3O 
0-55 
0-81 
0-96 

0 1 0 
0-24 
0-30 
0-55 
0-81 
0-96 

0-391 
0-398 
0-447 
0-544 
0-568 
0-570 

A n n e a l e d a t 9 0 0 ° f o r 2O 1 
h r s . a n d s l o w l y c o o l e d 

j 

1 
2 
3 
4 
5 
6 

0 1 0 
0 - 2 4 
O-30 
0 - 5 5 
0 - 8 1 
0 - 9 0 

0 - 3 6 6 
0 - 4 2 4 
0 - 4 1 6 
O 4 2 5 
0 - 4 8 1 
0 - 4 6 1 

0 - 7 5 2 
0 - 8 0 3 
0 - 8 0 1 
0 - 8 4 8 
0 - 9 4 1 
0 - 8 8 1 

0-786 
0-812 
0-827 
0-974 
1 0 8 8 
1-042 

O-399 
0 - 3 8 5 
0 - 3 7 5 
0 - 4 7 8 
O-508 
0 - 4 5 6 

0 - 4 1 3 
0 - 5 4 3 
0 - 5 3 4 
0 - 5 6 4 
0 - 6 0 3 
0 - 6 7 1 

0 - 7 4 3 
0 - 7 5 8 
0 - 7 7 1 
0 - 8 7 2 
0 - 9 5 5 
0 - 8 6 2 

0 - 7 7 1 
0 - 9 8 1 
OOIO 
1-088 
1 1 2 4 

j 1 -119 

0 - 3 3 7 
0 - 3 8 4 
0 - 4 7 7 
0 - 5 6 0 
0 - 5 6 8 
0 - 5 9 1 

0 - 6 9 9 
0 - 8 0 3 
0 - 9 7 1 
1*067 
1 1 1 1 
1 1 8 4 

0-754 
0-757 
0-806 
0-903 
0-930 
0-956 

sat. point 0 8 9 per cent, carbon, and it decreases with a higher proportion of carbon. 
With quenched and tempered steels, there is a continuous increase m corrodibility 
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as the proportion of carbon rises to 0-96 per cent., and no maximum appears. 
Quenching increases the corrodibility to a maximum ; annealing tends to reduce 
it to a minimum ; and normalizing gives intermediate values. In agreement with 
the results of the action of dil. sulphuric acid, tempering reduces the corrodibility 
of quenched steels, and the extent of its influence varies with the tempering temp.— 
vide supra, chemical properties, and corrosion of iron. C. Chappell and F. Hodson 
showed that the corrodibility of steel increases as the percentage of carbon increases ; 
that hardened steels are less liable to corrode than annealed steels. The subject 
was studied by Li. Aitchison, O. Bauer and O. Vogel, C. Chappell, V. Duffek, 
G. M. Enos, and R. A. Hadfield and J. A. N. Friend. W. Schreck observed that 
graphite in cast iron increases the rate of dissolution in acids ; -whilst P. Bardenhauer 
and K. IJ. Zeyen, and P. Kotzschke and E. Piwowarsky observed that the mode 
of graphitic separation and the quantity per cent, area did not affect the corrodi
bility of cast iron—vide local elements. The effect of various alloying elements 
on the corrodibility of iron was discussed by G. F. Burgess, A. S. Cushman, G. DeI-
bart, V. Duffek, E. Piwowarsky, R. Girard, H. Baumeister, etc.—vide the alloys of 
iron. 

M. Rudeloff inquired if rusting affected the mechanical properties of the under
lying metal, and found that rusting diminishes the elongation of the metal, and this 
diminution is relatively the greater the greater the degree of elongation of the metal 
before rusting. The tensile strength is also diminished, and the degree, as also in 
the case of the elongation, appears to be proportional to the duration of the rusting. 
The degree to which the wires could be bent and twisted was most seriously affected 
by rusting at the commencement. After seven months' exposure to rusting this 
seemed to have almost entirely ceased to have any influence on these last-mentioned 
properties. Rusting also rendered the -wires distinctly brittle, while the reduction 
of area had been diminished by as much as 10 per cent, in the worst portion. 

The effect of mechanical treatment on the corrosion of iron and steel has been 
examined hy T. Andrews 3 4 who concluded that the effect of stresses of various 
kinds—tension, torsion, and flexion—on the corrosion of various kinds of iron and 
steel is to make the unstrained metal electropositive to the strained metal, so that 
the unstrained metal -was less liable to corrosion than the strained metal. 
W. H. Walker and C. Dill, and C. Chappell and F. Hodson, came to the same 
conclusion, but the very opposite conclusion was drawn by C. Hambuechen, 
T. H. Turner and J. D. Jevons, B. Garre, J. H. Whiteley and A. F. Hallimond, 
R. A. Hadfield, C. H. Desch, C. F. Burgess, and H. Endo—vide supra. G. D. Ben-
gough and co-workers considered that the effect of internal strains is of minor 
importance in the corrosion of metals in distilled and industrial waters. G. P. Fuller 
said that the high resistance of electrolytic iron to chemical corrosion is further 
increased by cold-work. P. Breuil found that the corrosion of cast copper steels 
is less than with rolled steels, and he attributed the phenomenon to the greater 
fineness of the rolled steel. Observations- were also made by M. F. Cloup, and 
A. Portevin. According to T. W. Richards and G. E. Behr, if a difference of 
potential does exist between the strained and unstrained portions of a rod, the effect 
must be extremely small. J. A. N. Friend said that strained portions of a metal 
may sometimes act as anode, and at other times as cathode—vide supra. 

The distribution of corrosion in a manner dependent on the stresses is often 
ascribed to the change of potential produced by the stress. Thus, W. Spring, and 
W. H. Walker and C. Dill have shown that an e.m.f. can be produced from a cell of 
the type ; Cold-worked metal | Salt soln. | Annealed metal, and the cold-worked 
metal is usually the anode or attackable pole. Similarly, an unequally annealed 
piece may behave in this respect as if it were composed of two different metals. 
U. R. Evans, indeed, showed that corrosion may follow the highly deformed parts 
where capillary channels are also laid open—vide supra. C. Barus concluded that 
in rupturing a piece of iron, " as much as one-half of the work done in stretching 
up to the limit of rupture, may be stored up permanently " in the strained iron. 
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This energy will be released when the metal is oxidized, and hence, other things 
being equal, the strained metal will be at tacked more readily, t he potential of t h e 
strained metal increasing with the strain. C. F . Burgess, C. Hambuechen, ES. Heyn 
and O. Bauer, and J . A. N". Friend found this t o be the case in acidic media, a n d 
the results, summarized in Fig. 396, show t h a t the ra te of corrosion in 0-1 per cent, 
sulphuric acid is roughly proportional to the elongation of the steels with up t o 1*35 
per cent, of carbon. Incidentally, the steel with the eutectic proportion of carbon 
was the most readily dissolved. J . A. N". Friend also exposed the same steels 
in neutral water—e.g. in tap-water, artificial sea-water, and with al ternate wet 
and dry exposures—and observed no appreciable difference in the results with the 
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strained and unstrained metals, although some alloy steels showed a difference. 
G. Tammann observed generally tha t , other things being equal, metals are less noble 
after cold-working, t h a t is, they are more readily at tacked after being hardened by 
strain t h a n when in the soft s tate . If the reverse results are obtained, other dis
turbing factors may be involved—grain-size, etc. 

H. Endo found the losses in weight, in grams per sq. cm., during 72 hrs. ' action 
in 1 per cent, sulphuric acid, a t 25°, of portions of broken test-bars cut in 1, 2, . . . 6 
centimetre-portions from the tensile fracture. The maximum tensile stress—-
kgrms. per sq. cm.—of the carbon alloys, and of Armco- iron—free from carbon— 
were : 

C a r b o n 
S t r e s s 

O 
326O 

0-1 
36OO 

O S 
5 1 4 0 

0 - 6 
5 6 6 O 

0-7 
7 3 6 0 

0 - 9 
86OO 

1 1 
7 9 7 0 

1-3 p e r c e n t . 
7 6 6 0 

The results showing the effect of tensile strains are plotted in Fig. 397. The 
amount of corrosion runs parallel with the amount of deformation so tha t where the 
stress is greatest, the greatest corrosion occurs, and this with a steel containing 
0-9 per cent, of carbon steel. The effect of carbon is shown more clearly in Fig. 398, 
where the tension refers to t he portion nearest the seat of fracture. The results 
with torsional strain are similar, the loss in weight, in 72 hrs. in 1 per cent, sulphuric 
acid a t 25°, increases with t h e amount of torsion. The maximum loss also occurred 
with t h e 0*9 per cent, carbon steel. The effect of carbon is more clearly shown in 
Fig. 398 where the torsion was obtained by twisting the test-piece through 720°. 
The most severe a t tack by t h e acid occurs where the twist is greatest. In agreement 
with this, B . Garre observed t h a t t he r a t e of dissolution of iron in dil. sulphuric acid 
increases linearly with t h e number of twists to which the metal has been subjected. 
Twisted rods become softer after being immersed in 1 per cent, sulphuric acid. 
The annealing of a piece of bent iron decreases its ra te of dissolution in acid, bu t not 
so much as t o make i t dissolve a t the same ra te as the unbent metal. 

VOL. X I I l . 2 H 
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H. Endo also examined the effect of compression strains* and found t h a t t he 
losses, expressed in grains per sq. mm. during 72 hrs . ' action of 1 per cent, sulphuric 
acid a t 25°, here increase 'with the load, b u t the maximum effect "Was not obtained 
with the steel containing 0*9 per cent, of carbon. Wi th impact strain, t he effect 
of a number of repeated impacts small enough to cause no permanent deformation 
is inappreciable. 
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F i a . 3 9 8 . — T h e Effec t of T o r s i o n a l 
S t r a i n s o n t h e C o r r o s i o n of I r o n . 
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F I G . 3 9 9 . — T h e Effec t of C a r b o n o n 
t h e Cor ros ion of S tee l u n d e r T e n s i l e 
a n d T o r s i o n a l S t r a i n s . 

J . H. Whiteley and A. F . Hallimond found tha t the products of the reaction of 
normal and cold-worked iron on nitric acid, with 33-5 grms. of H N O 3 per 100 c.c. 
a t 100°, are very different. Thus, using 0-3 grin, of iron : 

****** { c o ™ w U e d 

Wire-drawn(**°1"?n a l • , (. C o l d - w o r k e d 

NO 
96-0 
50-0 
75-O 
5 5 0 
66-0 
4 6 0 

N2O 
l-O 
2-0 
2 0 
4 O 
3-5 
2 O 

N 2 
3 O 
5-O 
6 0 
4-6 
7 0 
7O 

NH3 
1-2 c.c 

16-7 
6-5 

1 3 0 
7-5 

15-4 

By plott ing as ordinate the weight of iron consumed in forming the nitrogen and 
ammonia in accord with 10Fe-f-36HNO3=10Fe(NO3)3~f-3N2+18H2O, and 8Fe 
-4 -27HN0 3 =8Fe(N0 3 ) 3 H~3NH 3 +9H 2 0 , and as abscissce, the cone, of the acid in 

grams per IOO c .c , a curve 
characteristic of the reaction 
is obtained and it can be 
termed the reaction curve. 
Wire deformed by twist ing 
or drawing yields progres
sively advancing reaction 
curves. The measured dif
ferences in the composition of 
the gases are produced by a n 
amount of energy which, if 
developed as heat , would not 
raise the temp, of the material 
by 1°. The results for twisted 
and drawn wires are t aken t o 
show t h a t cold-working takes 

, . _ . '• place in two s t ages : (i) t h e 
eiastically strained crystal units are brought into an interlocked condition ; and 
in) the crystal s t ructure is progressively broken u p with t h e production of t h e 

- - „ - - /O3 /0* /0s /O6 /<?' 
L4g> of number cycles Log of number of cycles 

F i o . 4 0 0 . — T h e F a t i g u e and Corrosion-Fatigue T e s t s 
of Iron-Carbon Al loys . 
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C a r b o n 
Tens i l e s t r e n g t h 
E l o n g a t i o n 
R e d u c t i o n a r e a 
E n d u r a n c e l i m i t 
Cor ros ion f a t i g u e 

0 0 3 3 
43,90O 
45-5 

. 7 5 O 
24,00O 

. 20 ,000 

O i l 
46,40O 
47-5 
7 2 0 
25,0OO 
16,0OO 

0-24 
59,2OO 
37-8 
59-0 
27,000 
16,000 

0-36 
79,20O 
31-3 
48-7 
34 ,000 
25 ,000 

0-49 
82,9OO 
27-8 
43-7 
34 ,000 
23,000 

so-called a m o r p h o u s m a t e r i a l . T h e effect of co ld-work is r e m o v e d b y a n n e a l i n g 
a t 520° . T h e e n e r g y differences d u e t o differences in gra in-s ize p r o d u c e n o 
app rec i ab l e difference in t h e r eac t ion c u r v e s w i t h n i t r i c ac id . J . H . W h i t e l e y a n d 
A. F . H a l l i m o n d also e x a m i n e d some c a r b o n s teels a n d f o u n d s imi la r r e s u l t s . 
T h e y a lso infer red t h a t t h e ferr i te c o m p o n e n t of pea r l i t e is i n a p a r t l y s t r a i n e d 
cond i t i on . 

O b s e r v a t i o n s on t h e s i m u l t a n e o u s effects of s t ress a n d cor ros ion we re m a d e b y 
H . B a u c k e , H . J . Grough a n d D . G. S o p w i t h , N . P . I n g l i s a n d Gr. F . L a k e , 
E . J o n s o n , W . P . Jo r i s sen , A. P . H a g u e , G. D . L e h m a n n , a n d R . R . Moore . 
D . J . M c A d a m obse rved t h a t w h e n m e t a l s a r e s i m u l t a n e o u s l y sub j ec t ed t o 
corros ion a n d fa t igue , fa i lure m a y occur a t s t resses far be low t h e e n d u r a n c e 
l im i t—fa t igue t e s t — a n d t h e effect w a s d e s i g n a t e d corros ion fa t igue . Seve re 
corros ion p r io r t o f a t igue , lowers t h e f a t igue r e s i s t ance m u c h less t h a n a s l igh t 
cor ros ion s i m u l t a n e o u s l y w i t h fa t igue . T h e d a m a g i n g effect of cor ros ion is g r e a t e r , 
t h e h a r d e r t h e s teel . T h e following r e p r e s e n t s o m e of t h e r e su l t s of t h e s t a t i c a n d 
e n d u r a n c e t e s t s o b t a i n e d w h e n t h e cor ros ion w a s d u e t o a fresh, c a r b o n a t e w a t e r ; 
a n d w i t h m e t a l r a n g i n g f rom ingo t i ron w i t h 0-033 p e r cen t , of c a r b o n t h r o u g h 0-11 
t o 1-09 p e r cen t , c a r b o n s tee ls : 

1-09 p e r c e n t . 
103,400 l b s . p e r s q . i n . 

29-5 p e r c e n t , i n 2 i n s . 
50-8 p e r c e n t . 
42 ,000 l b s . p e r sq . i n . 
23 ,000 

T h e f a t igue t e s t s were c o n d u c t e d w i t h 1450 revs , p e r m i n u t e . T h e abscissae of 
F i g . 40O r ep re sen t t h e l o g a r i t h m of t h e n u m b e r of r e v o l u t i o n s , a n d t h e o r d i n a t e s , 
t h e s t resses . H . W . Gil let , B . P . H a i g h , A. P . H a g u e , G. D . L e h m a n n , A. M. B i n n i e , 
F . N . Spel ler a n d co-workers , N . P . Ing l i s a n d G. F . L a k e , a n d T. S. F u l l e r a lso 
s t u d i e d corros ion fa t igue ; a n d A. M. B i n n i e , t h e effect of o x y g e n on t h e corros ion 
f a t igue . 
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§ 25. The Valency and Atomic Weight of Iron. 
According t o H . E . Roscoe a n d A . H a r d e n , 1 J . D a l t o n ' s n o t e - b o o k s s h o w t h a t , 

in 1804, h e g a v e 16 (oxygen 7) for t h e a t . w t . of i r o n ; i n 1806, h e g a v e 40 ; i n 1807, 
50. A b o u t t h i s per iod , o n t h e a s s u m p t i o n t h a t t h e ferric a l u m s a r e i s o m o r p h o u s 
w i th t h o s e of a l u m i n i u m , so t h a t t h e i s o m o r p h i s m ru le is app l i cab le , t h e a t o m i c 
-weight of i ron ca lcu la t ed f rom t h e r a t i o 2 F e : F e 2 O 3 , b y J . J . Berze l ius (1811) w a s 
54-27 ; b y J . L.. G a y Lussac , 56-6 ; b y J . D a v y , 55-96 ; b y G. M a g n u s , 54-25 ; b y 
W . H . Wol la s ton , 55*2 ; a n d b y F . S t r o m e y e r , 55-6. T h e a s s u m p t i o n t h a t t h e 
a t . w t . of i ron is i n t h e v i c in i t y of 56 , a n d n o t a m u l t i p l e or s u b m u l t i p l e of t h i s 
n u m b e r , is i n accord w i t h t h e sp . h t . ru le , t h e i s o m o r p h i s m ru le , a n d t h e pe r iod ic 
l aw. T h e pos i t ion of i ron a n d t h e e l emen t s of t h e s a m e fami ly g r o u p i n t h e 
per iodic t a b l e h a s b e e n discussed b y D . Balareif, E . H . B u c h n e r , G. O d d o , H . T e u d t , 
E . Thilo, a n d R . Vogel . 

I r o n is usua l ly e i ther b iva l en t or t e r v a l e n t , a n d A. L a u r e n t a n d C. G e r h a r d t 
d i s t ingu ished t h e t w o forms b y us ing t h e t e r m s ferrosum ( F e = 2 8 ) a n d ferricum 
( f e = £ of 28) for t h e eq . of i ron in t h e fer rous a n d ferric sa l t s r e spec t ive ly , so 
t h a t t h e co r r e spond ing s u l p h a t e s were r e p r e s e n t e d (Fe 2 )SO 4 a n d ( fe 2 )S0 4 , r e 
spec t ive ly . Th i s w a s discussed b y A . Scheu re r -Xes tne r , A. W u r t z , a n d 
M. d 'A . A l b u q u e r q u e . 

T h e bivalency of i r on is n o t so well e s t ab l i shed b y t h e v a p o u r d e n s i t y of fe r rous 
chlor ide , s ince be low 1300° t h e d a t a ag ree w i t h t h e a s s u m p t i o n t h a t t h e r e is a 
b a l a n c e d r eac t ion : F e 2 C l 4 ^ 2 F e C l 2 ; b u t mo l . w t . d e t e r m i n a t i o n s in b i s m u t h 
t r i ch lo r ide a n d in p y r i d i n e , a cco rd ing t o A . W e r n e r , i n d i c a t e t h a t t h e molecu le is 
FeCl 2 , so t h a t t h e assoc ia ted molecules , Fe2Cl4* a r e p r o b a b l y c o n s t i t u t e d : 

Fe<cl=ci>Fe 

T h e m e t a l m i g h t b e o c t o v a l e n t in t h e t e t r a c a r b o n y l , Fe (CO) 4 , a n d d e c a v a l e n t in t h e 
p e n t a c a r b o n y l , Fe (CO) 5 , b u t i t is m o r e p r o b a b l e t h a t t h e i r on is h e r e b i v a l e n t , a n d 
t h a t t h e b i v a l e n t c a r b o n y l rad ic les a r e a r r a n g e d in closed c h a i n s — 6 . 39 , 27 . T h e 
b iva l ency of t h e i ron in fe r rous s u l p h a t e is conf i rmed b y i t s i s o m o r p h i s m w i t h t h e 
co r re spond ing sa l t s of copper , m a g n e s i u m , a n d z inc . T h e fe r rous sa l t s a r e r e a d i l y 
ox id ized t o ferric sa l t s , w h e r e t h e i ron is t e r v a l e n t . M. T r a u b e a s s u m e d t h a t t h e 
a t o m of i r on is b i v a l e n t . T h e tervalency of t h e i ron in t h e ferric sa l t s is i n d i c a t e d 
b y t h e v a p o u r d e n s i t y of ferric ch lo r ide w h i c h w a s found b y V. Meyer t o ag ree 
w i t h FeCl 3 a t t e m p , b e t w e e n 750° a n d 1077° ; be low t h e s e t e m p . , t h e fo rmu la w a s 
found b y H . S t . C. Devi l le a n d L . T r o o s t t o ag ree w i t h t h e fo rmula Fe 2 Cl 6 , so t h a t 
t h e r e is a reg ion w h e r e b a l a n c e d r eac t i ons : Fe2Cl6^=^2FeCl3 o b t a i n . A c c o r d i n g 
t o P . T . Muller , ferr ic ch lor ide is un imolecu la r , FeCl 3 , i n p y r i d i n e , a lcohol ic , o r 
e the rea l soln . G. U r b a i n a n d A. D e b i e r n e f o u n d t h a t a soln. of ferric a c e t y l a c e -
t o n a t e in benzene h a s a m o l . w t . i n a g r e e m e n t w i t h F e ( C 5 H 7 0 2 ) 3 . T h e t e r v a l e n c y 
of i ron is a lso confi rmed b y i t s r ep l ac ing a l u m i n i u m i n t h e a l u m s . F e r r o s i c o x i d e 
is r e g a r d e d a s a fe r rous fer r i te , F e ( F e 0 2 ) 2 , w h e r e F e 2 O 3 is r e g a r d e d a s a n ac id ic 
a n h y d r i d e . W . K/iister sugges ted t h a t t h e i r o n i n hsemaglobin is b i v a l e n t , b u t 
W . M a n c h o t sa id t h a t a t e r v a l e n t i ron a t o m b e t t e r exp la in s t h e fac t s . T h e f e r r a t e s , 
M 2 F e O 4 , a r e u s u a l l y t a k e n t o i l l u s t r a t e t h e sexivalency of i ron , a n d t h e y a r e r e g a r d e d 
b y J . B e c k e n k a m p , G. G r u b e a n d H . G m e l i n , F . H a b e r , a n d W . P i c k a s s a l t s of 
t h e u n k n o w n ac id a n h y d r i d e , ferric t r i o x i d e , F e O 8 . M. T r a u b e a lso s a id t h a t t h e r e 
is a d o u b l e d a t o m , or a sex iva len t rad ic le . T h e c o m p o u n d s F e O 2 a n d F e 2 O 6 h a v e 
b e e n discussed b y W . M a n c h o t a n d O. W i l h e l m s , a n d Li. Moeser a n d B . B o r c k — 
vide infra. D . K . Gora lewi t sch supposed t h a t i n t h e £e r f e r r a t e s , M 2 F e O 5 , t h e i r o n 
a t o m is octovalent. W . C. B r a y a n d M. N , G o r i n d i scussed t h e poss ib i l i ty of t h e 
e x i s t e n c e of a quadrivalent f o rm of i r on . 
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W . M a n c h o t a n d co-workers a s s u m e d t h a t t h e i r on in R o u s s i n ' s r e d a n d b l a c k 
s a l t s — 8 . 4 9 , 35—is p r e s e n t i n a univalent s t a t e ; t h e s a m e h y p o t h e s i s h a d b e e n 
p rev ious ly sugges t ed b y I . Bel lucci a n d P . d e Cesaris . O n t h e o t h e r h a n d , Li. C a m b i 
a n d co-workers , a n d H . R e i h l e n a n d co-workers m a i n t a i n t h a t t h e i r o n a t o m is 
h e r e n o t u n i v a l e n t , b u t t h a t t h e s e sa l t s c a n b e r e g a r d e d a s h y p o n i t r i t e s of t e r v a l e n t 
i ron . E . Drechse l , S. H . B m r n e n s , a n d W . Gr. B r o w n h a v e t r i ed t o m a k e i r o n 
quadrivalent i n ferrosic ox ide , a n d i n d e e d i n t h e o t h e r ox ides ; a n d W . C. B r a y 
a n d M. H . Oor in exp la ined some reac t ions—e .g . t h e o x i d a t i o n of fer rous sa l t s b y 
h y d r o g e n d iox ide , a n d t h e r e d u c t i o n of ferric sa l t s b y s t a n n o u s ch lo r ide—on t h e 
a s s u m p t i o n t h a t q u a d r i v a l e n t i ron is f o r m e d a s a n i n t e r m e d i a t e c o m p o u n d . T h e 
w o r k of I J . W o h l e r a n d co-workers on t h e e q u i l i b r i u m re l a t ions of t h e ox ides w i t h 
h y d r o g e n is i n a g r e e m e n t w i t h t h e b i - a n d t e r - v a l e n c y of i ron in t h e s e ox ides . T h e 
v a p o u r d e n s i t y of ferric ch lor ide u n d e r c e r t a i n cond i t i ons a p p e a r s t o s u p p o r t t h e 
q u a d r i v a l e n t h y p o t h e s i s for t h e d o u b l e d molecu le C l 3 F e - F e C l 3 ; b u t t h e d o u b l i n g 
of t h e molecule is a t t r i b u t e d b y R . F . W e i n l a n d a n d co-workers , a n d P . Pfeiffer t o 
t h e effect of t h e a u x i l i a r y va lences of t h e ha l ides : 

/ C l = C l x 
Fe^- C l = C l - ^ F e 

x C l=Cl" 

Acco rd ing t o A. W e r n e r , t h e co -ordinat ion n u m b e r of i ron is 6, as in t h e c o m p l e x 
sa l t s M3[FeCIe], M 3 [ F e C y 6 ] , e t c . , b u t F . W . H i n r i c h s e n a n d E . Sachse l a d d e d t h a t 
t h i s h y p o t h e s i s does n o t exp l a in t h e ex i s tence of sa l t s of t h e t y p e F e C l 3 . 3 C s C l . H 2 0 . 
G. F . H t i t t i g is in f a v o u r of A. W e r n e r ' s a s s u m p t i o n ; a n d H . L*essheim a n d 
co-workers a d d e d t h a t i n F e l x - c o m p o u n d s t h e co -o rd ina t i on n u m b e r is 4 or 6 ; 
i n Fe 1 1 1 -compounds , 6 ; a n d in t h e F e v l - c o m p o u n d s , 4 . F . E p h r a i m a n d E . R o s e n 
be rg , a n d P . Pfeiffer a d d e d t h a t in s o m e c o m p o u n d s , [ F e V I ( N H 3 ) 8 ] [ O .CO .C 6 H 5 ] 2 , 
t h e co -o rd ina t ion n u m b e r is 8 ; R . F . W e i n l a n d a n d co-workers , a n d P . Pfeiffer 
cons ider t h a t in some c o m p l e x sa l t s—e .g . M [ F e X I I ( H 2 0 ) 1 2 ( S 0 4 ) 2 ] , a n d [ F e ^ ( H 2 O ) 1 2 ] -
[B i 2 Cl 7 ] 2 —the co -o rd ina t ion n u m b e r is 12. F . Hdlz l , a n d P . Pfeiffer s t u d i e d t h i s 
sub j ec t . 

H . W e d e n d iscussed t h e c o m p l e x sa l t s of i ron w i t h v a r i o u s o rgan ic com
p o u n d s . P . R a y i n v e s t i g a t e d t h e cond i t i ons of s t ab i l i t y of t h e co -o rd ina t ion 
c o m p o u n d s . E . H a r t l e y , a n d W . T h o m a s o b t a i n e d a n opt ica l ly ac t i ve potassium 
ferric oxalate, K 3 [ F e ( C 2 0 4 ) 3 ] . 3 H 2 0 , e tc . ; a n d F . B l a u , a n d A . W e r n e r , op t ica l ly 
a c t i v e complexes of fe r rous b r o m i d e , iod ide a n d t a r t r a t e w i t h tri-a-dipyridyl 

ferrous bromide, iodide, and tartrate, e.g. [ F e ( D i p y r ) 3 ] B r 2 . 6 H 2 0 , e t c . T h e sub jec t 
w a s d i scussed b y T . M. Xiowry. 

E . D o n a t h a n d J . Mayrhofe r s t u d i e d t h e re la t ion b e t w e e n t h e affinity a n d d e n s i t y 
of t h e e l e m e n t s ; T . B a y ley, t h e affinity of t h e e l e m e n t s Cu, F e , Co, N i for o x y g e n a s 
s h o w n b y t h e colour of t h e c o m p o u n d s ; F . E p h r a i m , W . Bi l tz , a n d A. W e r n e r , t h e 
r e l a t i o n b e t w e e n t h e affinity a n d t h e t e m p , of decompos i t i on of t h e a m m i n e s f rom 
w h i c h i t is infer red t h a t t h e affinity of a m m o n i a for t h e cen t r a l a t o m is i n t h e 
o rde r N i > > C o > - F e > M n > » C u > > C d > Z n > - M g ; a n d H . Moissan, a n d M. Be r the lo t , 
t h e r e l a t i o n b e t w e e n t h e affinity a n d h e a t of f o rma t ion f rom which i t is inferred 
t h a t t h e o rde r is Cr, M n , F e , Co, N i . 

A r ev iew of t h e ea r ly o b s e r v a t i o n s on t h e a t . w t . of i ron w a s m a d e b y A. C. O u d e -
m a n s . T . T h o m s o n m a d e a s t u d y of t h e sub jec t i n 1821. I n add i t i on t o 
t h e a n a l y s e s i n d i c a t e d a b o v e , ba sed o n d e t e r m i n a t i o n s of t h e compos i t ion of ferr ic 
ox ide , s o m e l a t e r o b s e r v a t i o n s were m a d e o n t h e o x i d a t i o n of i ron, 2 F e : F e 2 O 3 ; 
t h u s , J . J . Berae l ius (1844) o b t a i n e d 56-05 ; L . F . S v a n b e r g a n d E . C. Nor l i n , 
55*83 ; a n d E . J . M a u m e n e , 56-00 ; whi le o t h e r obse rva t ions were based o n t h e 
r e d u c t i o n of ferr ic ox ide in h y d r o g e n t o g ive t h e r a t i o F e 2 O 3 : 2 F e . T h u s , 
H . W . F . W a o k e n r o d e r o b t a i n e d 55-97 ; L,. F . S v a n b e r g a n d E . C. Nor l in , 5 6 0 9 ; 
O. Li. E r d m a n n a n d R . F . M a r c h a n d , 56-03 ; a n d L.. E . R i v o t , 54-25. J . T o r r e y 



496 I N O R G A N I C A N D T H E O R E T I C A I i C H E M I S T R Y 

ob ta ined 55-777 for t h e a t . w t . ca lcu la ted f rom t h e eq . of i ron o b t a i n e d b y m e a s u r i n g 
t h e vo lume of h y d r o g e n evo lved "when t h e m e t a l is d issolved i n a n ac id . 
J . B . A. D u m a s a n a l y z e d fe r rous a n d ferr ic chlor ides , a n d o b t a i n e d f r o m t h e r a t i o 
FeCl 2 : 2Ag, 56-09 ; a n d f rom t h e r a t i o F e C l 3 : 3Ag, 56-23. C. W i n k l e r a lso t i t r a t e d 
a soln. of iodine in p o t a s s i u m iod ide before a n d af ter i ron h a d been d issolved t h e r e i n . 
The v a l u e of t h e r a t i o I 2 '. F e so o b t a i n e d co r r e sponds w i t h t h e a t . w t . , 5 6 - 2 1 . 
O. H o n i g s c h m i d a n d co-workers o b t a i n e d f rom t h e r a t i o F e C l 3 : 3Ag, 55-852, a n d 
f rom t h e r a t i o F e C l 3 : 3AgCl, 55-854. 

T h e r educ t ion of ferric ox ide b y h y d r o g e n w a s e x a m i n e d b y T . W . R i c h a r d s a n d 
G. P . B a x t e r , a n d found t o b e affected b y severa l e r ro r s which , w h e n e l im ina t ed , 
g a v e for t h e r a t i o F e 2 O 3 : 2 F e , a n a t . w t . , 55-887 ; whi le G. P . B a x t e r a n d 
C. R . H o o v e r ' s obse rva t ions w i t h t h e s a m e r eac t i on g a v e 55-847. T h e r e su l t s we re 
d iscussed b y R . R u e r a n d J . K u s c h m a n n . T h e r e is a d o u b t as t o t h e s t a b i l i t y of 
t h e ferric ox ide b e t w e e n 1050° a n d 1100°, s ince 5 g r m s . , p r ev ious ly h e a t e d t o 
c o n s t a n t we igh t in oxygen , lost 0-2 m g r m . w h e n ign i t ed in a i r . T h e y a s s u m e d t h a t 
t h e h igher we igh t w a s d u e t o a d s o r b e d oxygen , w h e r e a s t h e o b s e r v a t i o n s 
of R . B . S o s m a n a n d J . C. H o s t e t t e r s h o w e d t h a t t h e h ighe r v a l u e w a s m o r e 
p r o b a b l y cor rec t s ince t h e lower v a l u e is d u e t o a s l ight d issocia t ion of ferr ic 
ox ide i n t o ferrosic ox ide a n d oxygen . Th i s r educes t h e v a l u e 55-847 t o 55-840. 
Gr. P . B a x t e r ca l cu la t ed f rom t h e r a t i o F e B r 2 : 2AgBr , 55-833 ; a n d f rom t h e r a t i o 
F e B r 2 : 2Ag, 55-842. T h e ea r ly ca lcu la t ions g ive h ighe r v a l u e s b e c a u s e a 
different v a l u e w a s t a k e n for t h e a t . w t . of si lver. G. P . B a x t e r , T . T h o r v a l d s o n 
a n d V . Cobb o b t a i n e d for F e B r 2 : 2Ag, 55-838 ; a n d for F e B r 2 : 2 A g B r , 55*838 
us ing t e r res t r i a l i ron ; a n d w i t h me teo r i t i c i ron , G. P . B a x t e r a n d T . T h o r v a l d s o n 
o b t a i n e d respec t ive ly 55-837 a n d 55-836 b y re jec t ing t w o re su l t s of d o u b t f u l 
v a l u e . A . Bilecki d iscussed t h e a t . w t . of i ron . F . W . Clarke ca lcu la ted for t h e 
b e s t r e p r e s e n t a t i v e v a l u e for t h e a t . -wt. of i ron , 55-880 ; whi le t h e I n t e r n a t i o n a l 
T a b l e for 1931 g a v e 55-84. G. D . H i n d r i c h s , a n d M. G e r b e r d i scussed s o m e 
re l a t ions of t h e a t . w t s . 

T h e a t o m i c n u m b e r of i ron is 26 . F . Sanford 2 d i scussed t h e r e l a t ion b e t w e e n 
t h e a t . n u m b e r , a t . cha rge , a n d t h e p h y s i c a l a n d chemica l p r o p e r t i e s of t h e e l e m e n t ; 
A . F . S c o t t , t h e r e l a t i on be tweSn t h e a t . n u m b e r a n d t h e p r o p e r t i e s of t h e ions in 
t h e c r y s t a l l a t t i ce ; P . Vinasse , t h e mo lecu la r n u m b e r s ; a n d J . D . d e B a r r o s , 
t h e n u c l e a r n u m b e r s . F . W . A s t o n obse rved i sotopes co r r e spond ing w i t h a t . w t s . 
56 a n d 54 , t h e r a t i o of t h e t w o b e i n g a p p r o x i m a t e l y as 20 : 1 w h e n e s t i m a t e d 
f rom t h e in tens i t i es of t h e l ines . T h e sub j ec t w a s a lso d i scussed b y W . D . H a r k i n s , 
a n d F . H . L o r o n g . T h e a t o m i c disruption of t h e a t o m b y b o m b a r d m e n t w i t h t h e 
a -pa r t i c l e s w a s obse rved b y G. K i r sch , H . P e t t e r s o n a n d G. ELirsch, R . H o l o u b e k , 
G. S t e t t e r , W . B o t h e a n d H . F r a n z , A . Weger ich , J . D . Cockcrof t a n d E . T . S. W a l t o n , 
a n d H . P o s e ; b u t n o t b y E . R u t h e r f o r d a n d J . Chadwick , or C. P a w l o w s k y . 
R . A . Mil l ikan a n d G. H . C a m e r o n d iscussed t h e poss ib le syn thes i s of i ron b y t h e 
ac t i on of cosmic r a y s . T h e e lectronic structure, a c c o r d i n g t o N . B o h r , is (2) for 
t h e K-she l l ; (2, 2, 4) for t h e L - s h e l l ; (2, 2 , 4, 3 , 3) for t h e M-shell ; (2) for t h e 
N-shel l ; a n d W . Ger lach sugges t ed t h a t of t h e 26 e lec t rons t h e r e a r e 2 i n t h e 
N-shel l ; 14 in t h e M-shell ; 8 in t h e L.-shell, a n d 2 i n t h e K-she l l . T h e s u b j e c t 
w a s d i scussed b y N . Akuloff, H . S. Al len , A . E . v a n Arke l a n d J . H . d e B o e r , 
S. J . B a r n e t t , M. d e Brogl ie , B . C a b r e r a , A . H . C o m p t o n a n d O. R o g n l e y , 
K . T . C o m p t o n a n d E . A. T r o u s d a l e , P . D . F o o t e , W . Ger lach , E . H . H a l l , 
W . D . H a r k i n s , A. W . H u l l , L.. C. J a c k s o n , M. K i m u r a , H . L e s s h e i m a n d co -worke r s , 
G. A . L i n d s a y a n d H . R . Voorhees , J . C. M c L e n n a n a n d co-workers , R . A . Mi l l ikan 
a n d G. H . C a m e r o n , J . W . Nicholson , C. T>. N i v e n , H . Pe r l i t z , H . E y r i n g a n d 
A. S h e r m a n , G. I . P o k r o w s k y , P . R a y , W . H . R o t h e r y , R . S a m u e l a n d E . M a r k o w i c z , 
H . Shoji , J . D . M. S m i t h , J . C. S t e a r n s , E . C. S t o n e r , R . S w i n n e , F . W a c h t e r , 
P . Weiss , L . A . WeIo , T . D . Yenson , a n d L . Z e h n d e r . A . T . Wi l l i ams d i scussed 
t h e r e l a t ion b e t w e e n t h e v a l e n c y a n d s p e c t r a l m u l t i p l e t s ; P . Vinasse , t h e r e l a t i o n 
between t h e e l ec t ron a r r a n g e m e n t s a n d t h e fusibi l i ty ; R . S w i n n e , t h e fer ro-
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magnetisui; D. Jones, the allotropic transformations ; J . Beckenkarnp, t h e variable 
valency ; and G. I . Pokrowsky, the synthesis of iron. 

J". N . L o c k y e r , a n d J . P a r r y in fe r red t h a t t h e e v o l u t i o n of h y d r o g e n f rom i r o n w h e n i t i s 
h e a t e d i n v a c u o i n d i c a t e s t h a t i r o n i s n o t a n e l e m e n t , b u t a c o m p o u n d of h y d r o g e n w h i c h 
d i s soc i a t e s u n d e r t h e s e c o n d i t i o n s . T h e in fe rence i s i l l - founded. 
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§ 26. The Passivity of Iron. 
F e r r u m p e c u l i a r e m m o n s t r a t i n d o l e m . L a m i n a p o l i t a h u j u s m e t a l l i , m a l l a s egreg ie 

o b e d i e n t i s , a r g e n t i so lu t i on i i m m e r e a p e r p l u r e s h e b d o m a d a s m u l l o v i s ib i l i m o d o m u t a b a t u r . 
T . B B B G M A K . 

Towards the end of the eighteenth century, T. Bergman,1 in his essay, J>e 
diversa phlogisti quant lUxte in metaUis, observed that when a piece of iron is immersed 
in a soln. of silver in nitric acid, no visible change occurs although the affinity of 
iron for the acids in general is known to be much stronger than that of silver. Even 
with regard to nitric acid, other experiments evince the superior affinity of iron, 
for, as iron precipitates copper from this acid, and copper precipitates silver, we 
must infer the greater affinity of iron than of silver. In some cases, however, 
instances of precipitation occurred, which he attributed to the peculiar quality of 
the varieties of iron "which he then employed. Observations similar to those by 
T. Bergman were made by R. Kirwan in connection with the precipitation of lead 
by iron ; and it is not at all improbable that CLF. Wentzel noticed the peculiar 
behaviour of iron during his investigation of the neutralization of acids by the 
state!*. In 1700, J. Keir said : 
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I d iges ted a piece of fine s i lver in pure a n d pale n i trous [nitric] ac id , a n d w h i l e t h e d is 
so lut ion w a s go ing o n a n d before t h e saturat ion w a s comple ted I p o u r e d a p o r t i o n of t h e 
so lut ion u p o n pieces of c lean a n d n e w l y scraped iron -wire i n t o a wine-g lass a n d o b s e r v e d 
a s u d d e n a n d copious prec ip i tat ion of si lver. T h e prec ip i tate w a s a t first b lack, t h e n i t 
a s s u m e d t h e appearance of s i lver, and w a s five t o s i x t i m e s larger i n d iameter t h a n t h e p i e c e 
of iron wire w h i c h i t enve loped . T h e act ion of t h e ac id o n t h e iron cont inued s o m e l i t t l e 
t i m e a n d t h e n i t ceased, t h e s i lver redissolved, t h e l iquor became clear, a n d the iron r e m a i n e d 
br igh t a n d undis turbed in t h e solut ion a t t h e b o t t o m of the wine-g lass , where i t c o n t i n u e d 
dur ing several weeks w i t h o u t suffering a n y change or effecting a n y prec ipi tat ion of t h e s i lver . 

The liquid had not lost its power of acting on fresh iron, although it had ceased 
t o act on t h e piece already exposed to it , so t h a t the change was in the iron, and not 
in t he liquid. Once t h e iron has acquired the state where i t no longer precipitates 
silver, i t will not precipitate t h a t metal from other soln. of silver ni t ra te . The iron 
is altered in some way " without the least diminution of its metallic splendour, 
or change of colour. The alteration, however, is only superficial, as may be supposed, 
for, by scraping off i ts altered coat, i t is again rendered capable of acting on a soln. 
of silver." The inactive iron was called altered iron, and ordinary iron, fresh iron. 
C. F . Schonbein's t e rm passive iron has been generally adopted for the inactive 
iron. J . Keir continued : When the altered iron in a soln. of silver ni t rate is touched 
with a piece of fresh iron, it instant ly becomes active ; bu t in a little while the silver 
precipitated on both pieces redissolves leaving both pieces of iron in the passive 
s ta te . The inactive or passive iron does not precipitate copper from a soln. of 
copper n i t ra te or sulphate. The iron can be converted into the passive s ta te by 
being t rea ted with cone, and red fuming nitric acid. The passive iron gradually 
loses its peculiar property when dried, or when kept in water, bu t i t can be preserved 
in the passive s tate by being kept in aqua ammonia. W. Beetz found t h a t the 
direction of the current in the parti t ioned cell with copper and dil. sulphuric acid 
against nitric acid and iron is dependent on whether the iron is active or passive. 
E . Liebreich said tha t , unlike active iron, t he reaction F e - > F e " + 2 0 does not occur, 
or else i t is nur unmerklich. E . Becker and H . Hilberg said t ha t the appearance of 
oxygen a t the anode of an electrolytic cell indicates t h a t the iron is entering into 
the passive state, and t h e ra te of evolution of oxygen indicates whether the metal 
is wholly or partially passive when measured in terms of Faraday 's law. M. Ie Blanc, 
indeed, considers iron t o be in the passive s tate when it exhibits chemical polariza
t ion in a cell even when the anode liquor contains chlorides, etc., in place of oxidizing 
agents. F . Todt said t h a t passive iron gives no current when it is associated in a 
cell with one of t he noble metals ; and R-. Kremann and R. Miiller considered iron 
becomes passive when it does not react chemically under conditions where, from its 
behaviour in the active s tate , the existence of a driving force for the reaction would 
be assumed. 

J . B . Senderens s ta ted t h a t iron is t o be regarded as passive when it remains 
unat tacked in dil. nitric acid, bu t there are degrees of passivity short of complete 
inertness. Consequently, for the purposes of a definition, some writers have 
postulated arbi t rary conditions. O. F. Schonbein considered t ha t iron is passive 
when i t is not visibly a t tacked by acid of sp. gr. 1*35, and no bubbles of gas escape 
a t room t e m p . An acid of this concentration will itself induce passivity, and 
accordingly, H . XJ. Heathcote recommended the use of nitric acid of sp. gr. 1-2, 
between 15° and 17°, as a test for passivity. An acid of this concentration shows no 
tendency to passivate iron, and i t activates passive iron bu t very slowly—about 
24 hrs . A rod of iron is supposed to be passive when, after immersion in the acid 
of sp. gr. 1*2, shaking, and then holding motionless, i t shows no sign of chemical 
action on its surface. W. A. Hollis said t h a t iron is passive if i t can be placed in 
fuming nitr ic acid for 10 seconds, a t room temp. , without visible a t t ack . 
W. R . Ih ins tan and co-workers found t h a t active iron a t once begins t o deposit 
copper from a 0*5 per cent. soln. of copper sulphate, b u t passive iron will remain 
for hours bright and unaffected. Also, active iron usually shows signs of corrosion 
in distilled water in 8 t o 10 mins., whereas passive iron will remain bright for hours. 
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F . F l a d e r e c o m m e n d e d t h e e lectr ical p o t e n t i a l t e s t of p a s s i v a t i n g caused b y a n o d i c 
polar iza t ion , since pass ive i r on h a s a lower p o t e n t i a l t h a n a c t i v e i ron . 

F . F o r s t e r d i s t i ngu i shed b e t w e e n w h a t h e cal led chemical and mechanical 'passivity 
according as t h e r e a c t i o n is r e t a r d e d b y t h e i n a c t i v i t y of t h e m e t a l , o r r e t a r d e d 
b y a p r o t e c t i v e film o n t h e m e t a l . W . K i s t i a k o w s k y sa id t h a t t h e i r o n is super-
active w h e n i t is po la r ized i n a lka l ine soln. a n d b e h a v e s l ike p l a t i n u m c h a r g e d w i t h 
h y d r o g e n , H 2—>2H -\-26, a n d t h e e lec t rode p o t e n t i a l is En=—0-9 t o —0-5 v o l t ; 
active, w h e n t h e surface of t h e m e t a l is c lean, F€—>Fe*"-f-2 © , a n d En =—0*5 to—0*4 
v o l t ; subactive, w h e n t h e r e is a film w i t h la rge po res o n t h e m e t a l , t h e r e a r e local 
c u r r e n t s , a n d En=—0*4 t o —0*2 v o l t ; subpassive, w h e n t h e r e is a film w i t h fine 
po res o n t h e m e t a l , t h e r e a r e local c u r r e n t s , a n d En = —0*2 t o + 0 * 2 v o l t ; a n d 
pass ive w h e n t h e film on t h e m e t a l is c o n t i n u o u s , a n d En = -±-0-2 t o + 0 * 9 v o l t . 

T h e ine r tness of i ron in cone, n i t r i c ac id h a d b e e n n o t e d before J . K e i r ' s obse rva 
t i ons in 1790, b y C. F . Wenze l in 1782, b y T . B e r g m a n in 1783, a n d b y R . K i r w a n 
i n 1787, y e t J . K e i r c a n b e r ega rded as t h e d iscoverer of t h e p a s s i v i t y of i ron . 
T h e p h e n o m e n o n , however , m u s t h a v e b e e n w a i t i n g for t h e a p p r o p r i a t e " w h y ? " 
f rom t h e t i m e t h e b e h a v i o u r of i ron in dil . a n d cone, n i t r i c ac ids w a s c o m p a r e d . 

H . TJ. H e a t h c o t e obse rved t h a t t h e ine r tnes s of pass ive i r on is t r u e on ly so far a s 
t h e sense of s igh t is conce rned ; pass ive i ron is n o t whol ly i n a c t i v e , b u t i t is t h e s e a t 
of a m u l t i t u d e of c h a n g e s . E . L . Nichols a n d W . S. F r a n k l i n also showed t h a t t h e 
pass ive m e t a l is n o t abso lu t e ly insoluble in t h e ac id , b u t t h e r a t e of d i s so lu t ion is 
e x t r e m e l y slow. If a n i ron rod be a l lowed t o s t a n d for a cons iderab le t i m e in f u m i n g 
n i t r i c ac id , g reen c rys ta l s of i ron n i t r a t e a r e formed, a n d , acco rd ing t o H . G a u t i e r 
a n d G. C h a r p y , t r a c e s of a m m o n i a a n d n i t r o g e n p e r o x i d e a r e s i m u l t a n e o u s l y 
evolved—v ide supra, t h e ac t i on of n i t r i c ac id on i ron . C. E . W . Belck , H . G a u t i e r 
a n d G. Cha rpy , H . L . H e a t h c o t e , A. J . Maass , E . !L. Nicho ls a n d W . S. F r a n k l i n , 
E . R a m a n n , A. R e n a r d , A. Scheu re r -Kes tne r , a n d L . V a r e n n e also o b s e r v e d t h a t 
some p a s s i v a t e d i ron dissolves in t h e ac id . H . G a u t i e r a n d G. C h a r p y f o u n d t h a t 
for s amples of i ron w i t h a g iven sec t ional a r ea , t h e p e r c e n t a g e a m o u n t s d i sso lved 
p e r 24 h r s . a f te r 2 a n d 10 d a y s ' exposu re t o n i t r i c ac id were : 

S p . gr. of nitric acid 

^ 0 8 8 I i n 10 days . 

Z. C. MutaftschiefE observei 

Time . . . . IO 
T « r, Q r i ^ / s P- Sr- 1 ^ 9 * O-OOOOS 0*0015 0*0035 0*0065 0*0090 0*0196 
*"° s s i n a c i c l \ s p . gr. 1*42 . 000000 00014 00O35 00050 0*0093 0*0160 

G. W e t z l a r first s t u d i e d t h e e lec t rochemica l p rope r t i e s of pass ive i ron , a n d 
s a i d t h a t i ron in t h e pass ive s t a t e occupies a different pos i t ion in t h e e lec t rochemica l 
series f rom w h a t i t does in t h e n a t u r a l s t a t e , a n d h e recognized different degrees of 
pa s s iv i t y b e t w e e n t h e a c t i v e a n d t h e i n e r t m e t a l . G. T . F e c h n e r g a v e for f u m i n g 
n i t r i c ac id t h e e lec t rochemica l series + P t , A n , F e , Ag, Cu, B i , S b — ; a n d for d i l . 
n i t r i c ac id , A. de la R i v e g a v e -J-Ag, Cu, F e (passive) , F e , P b , H g , Sn, Zn —, a n d w i t h 
cone, n i t r i c ac id , -J-Fe (passive) , Ag, H g , P b , Cu, F e , Zn , S n —. T h e e lec t rochemica l 
r e la t ions of pass ive i r on t o p l a t i n u m were a lso d iscussed b y H . Buff, J . F . Dan ie l l , 
M. F a r a d a y , F . Sanford , a n d C. F . Schonbe in—v ide infra. 

Tlie p a s s i v i t y of iron h a s been discussed b y E . Baara a n d co-workers, E . Becker a n d 
H . Hi lberg , C. B e n e d i c k s a n d P . Sederholm, G. D . B e n g o u g h a n d O. F . H u d s o n , M.Bicker-
m a n n , M. Le B l a n c , K . B o r n e m a n n , "JL. Brunet , BT. Egger t , F . E i senkolb , TJ. R,. E v a n s , 
F . F lade , F . F l a d e a n d BZ. K o c h , F . Forster , F . Forster a n d A . P ique t , A . F o u r g e a u d , 
W . Frese, H . Freund l i ch a n d co-workers, A . Gunther-Schulze , J . A . N . Friend, T . Fuj i bora, 
H . Gerding a n d A . Karesen, J . Oillis, GL Grube a n d co-workers, F . Haber a n d co-workers , 
W . A. Mollis , W . H u g h e s , N*. A . Izgarischeff, W . K i s t i a k o w s k y , V . Klohlschutter a n d 
H . Schacht , P . Krassa , B . Lambert , S. C. L a n g d o n , A . L o b , W . Mane hot , L . MoCulloch, 
M . Martens, F . «T. Michel i , E . Muller and F . Spitsser, H . W . Moseley, W . J". Miiller, 
O. Pa t scheke , H. Phi l l ips , I>. Reichinste in , E . K . Ridea l , H . H o h m a n n , W . Kollxnann, 

1-28 1-34 1-38 
0-82 0-75 0-29 
0-59 0-45 0-25 

i t h r e d u c e d i r o n a f t er 

> 12O 300 

1-48 
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9 0 0 

per cent . 
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W. Rothmund , A. S. Russell, G. O. Schmidt, E . P . Schoch, G-. Senter, S. E . Sheppard, 
R. Swinne, G. Tammann , T. G. Thompson, F . Todt , W. H . J, Vernon, 33. Yamazak i , e tc . 

W h e n a n i ron r o d is i m m e r s e d in n i t r i c ac id of sp . gr . 1-35, t h e m e t a l is vigorously-
a t t a c k e d for a few seconds ; t h e r a t e of evo lu t ion of gas t h e n s lackens ; a n d finally, 
t o all a p p e a r a n c e s , ceases . T h e pas s iva t ion of i ron b y cone , n i t r i c ac id w a s o b s e r v e d 
b y W . Bee t z , H . B r a c o n n o t , H . Buff, H . L . H e a t h c o t e , J . F . W . Hersche l , J . K e i r , 
R . K i r w a n , A. Mousson, E . R a m a n n , C. F . Schonbe in , a n d L . V a r e n n e ; a n d b y 
fuming n i t r i c ac id , b y G. T . F e c h n e r , J . Ke i r , G. S. O h m , J . M. O r d w a y , a n d 
Li. V a r e n n e . Accord ing t o T. A n d r e w s , t h e m o r e c o n c e n t r a t e d t h e ac id , t h e sho r t e r 
t h e pe r iod of a c t i v i t y , so t h a t i n fuming n i t r i c ac id t h e r e is v i r t u a l l y n o e v o l u t i o n 
of gas , a n d t h e i ron does n o t a p p e a r t o b e a t t a c k e d a n y m o r e . G. T . F e c h n e r , 
a n d A. de la R i v e obse rved t h a t t h e p a s s i v a t i o n is d e p e n d e n t o n t h e c o n c e n t r a t i o n 
of t h e ac id ; a n d , a s s h o w n b y A . R e n a r d , i t is f avoured b y lower ing t h e t e m p . 
T h u s , J . F . W . He r sche l found t h a t n o p a s s i v a t i o n occurs w i t h boi l ing ac id of s p . gr . 
1*399 ; M. M a r t e n s obse rved n o p a s s i v a t i o n a t o r d i n a r y t e m p , w i t h a n ac id of 
sp . gr . 1-34 ; a n d N . A . E . Millon, t h a t n i t r i c ac id w i t h 4 o r 4*5 mols . of w a t e r 
pa s s iva t e s t h e m e t a l a t o r d i n a r y t e m p . , b u t n o t w h e n w a r m e d ; H . M. N o a d showed 
t h a t a r o d "which h a s b e e n m a d e pass ive in cone , ac id r e m a i n s pass ive w h e n t r a n s 
ferred t o di l . ac id of s p . gr . 1*204, a l t h o u g h di l . ac id g r a d u a l l y des t roys t h e pass ive 
s t a t e a n d t h e m e t a l t h e n dissolves freely in t h e ac id . H . L . H e a t h c o t e , a n d 
TJ. R . E v a n s found t h a t a t r o o m t e m p . , t h e m e t a l is pass ive in a n ac id of s p . g r . 
1-40, a n d a c t i v e in ac id of sp . gr . 1-20 ; S. W . Y o u n g a n d E . M. H o g g found t h a t a t 
r o o m t e m p , i ron can be p a s s i v a t e d b y a n ac id of sp . gr . 1-250 or u p w a r d b u t n o t so 
a t 0° . H . Gau t i e r a n d G. C h a r p y obse rved t h a t t h e m e t a l is a c t i v e a t 15° in 
a n ac id of sp . gr . 1-21, a n d a t 60° in a n ac id of s p . gr . 1-38 ; a n d J . M. O r d w a y 
observed t h a t t h e pass ive s t a t e , P, a n d t h e a c t i v e s t a t e occur a t different t e m p , 
w i th ac ids of different sp . gr . , t h u s : 
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Accord ing t o L . V a r e n n e , if t h e ac id h a s less t h a n 47 pe r cen t . H N O 3 , t h e pas s ive 
s t a t e is n o t i n a u g u r a t e d . H o w e v e r , even i n a n acid of t h a t c o n c e n t r a t i o n , pa s s iv i t y 
is i n d u c e d if t h e rod b e l if ted o u t of t h e acid 
a n d r e - i m m e r s e d ; or if t h e r o d b e d r o p p e d 
-with a shock t o t h e b o t t o m of t h e c o n t a i n i n g 
v e s s e l ; or t o u c h e d w i t h a piece of p l a t i n u m or 
gold wire , o r a c a r b o n r o d ; o r m a d e t h e a n o d e 
of a n e lect r ic c i rcui t . T h e cu rve , F i g . 4 0 1 , is 
b a s e d on t h e m e a s u r e m e n t s of S. W . Y o u n g 
a n d E . M. H o g g ; i t shows t h e r a t e of d is 
so lu t ion of i ron in n i t r i c ac id of different con
c e n t r a t i o n s w h e n t h e surface a rea , t h e t i m e , 
a n d t h e m e t a l a r e c o n s t a n t . T h e decrease i n 
t h e r a t e of d isso lu t ion in n i t r i c acid of different 
c o n c e n t r a t i o n s t a k e s p lace in t h r e e s t ages re 
p r e s e n t e d i n t h e d i a g r a m , F i g . 4 0 1 , (i) b y t h e 
c u r v e AB, whe re t h e speed of t h e r eac t i on decreases r a p i d l y a s t h e c o n c e n t r a t i o n 
of t h e ac id d i m i n i s h e s ; (ii) b y t h e cu rve BC, w h e r e t h e speed of t h e r eac t ion fal ls 
a b r u p t l y t o a v e r y sma l l v a l u e ; a n d (iii) b y t h e c u r v e CD, whe re t h e r e is a v e r y 
s low decrease in t h e speed of t h e r eac t i on i n t h e p a s s i v a t i n g ac ids . There is t h u s 
a fair ly definite c o n c e n t r a t i o n of ac id be low which t h e speed of t h e r eac t ion i n 
creases r a p i d l y , t h i s reg ion is cal led t h e passive break. T h e pass ive b reak , BC9 a t 
0° occurs in a n ac id c o n t a i n i n g b e t w e e n 49-78 a n d 52-09 g r m s . H N O 3 p e r 100 c.c. ; 
t h a t is , i n a n ac id of s p . g r . b e t w e e n 1-250 a n d 1-260. T h e concen t r a t i on of t h e 

Grams HNO3 per fOOcc. 

F i a . 4 0 1 . — T h e R a t e of D i s s o l u t i o n 
of I r o n i n N i t r i c Acid of Dif ferent 
C o n c e n t r a t i o n s a t 0 ° . 
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a c i d a t w h i c h t h e p a s s i v e b r e a k o c c u r s d e c r e a s e s a s t h e t e m p , r i s e s f r o m 0 ° t o 1 0 ° , 
a n d t h e r e a f t e r i n c r e a s e s ; t h u s : 

o° io* 20° ioo° 
P a s s i v e / S p . gr. 1-26 1-23 1-25 1-3O 

break\Grms. H N O 8 per 1OO c.c . . 52-09 46-82 49-78 61-74 
T. A n d r e w s , a n d W . A . Hol l i s a lso s h o w e d t h a t t h e pa s s ive s t a t e c a n b e p r o d u c e d 

on ly be low a c e r t a i n t e m p , wh ich is a c h a r a c t e r i s t i c of each m e t a l . T h u s , pa s s ive 
i r on d i p p i n g i n n i t r i c ac id of sp . gr . 1*42 b e c o m e s a c t i v e a t 90° , so t h a t t h e cr i t ica l 
t e m p , w i t h i ron is a l i t t l e be low 100° ; w i t h n icke l , a b o u t 72° ; a n d w i t h c o b a l t , 
a b o u t 10° . E . S. H e d g e s found t h a t t h e t e m p , a t w h i c h g a s a p p e a r s w h e n pas s ive 
i r on is h e a t e d w i t h 90 t o 100 p e r cen t , n i t r i c a c i d is i n d e p e n d e n t of t h e c o n c e n t r a t i o n 
of t h e acid , be ing b e t w e e n 74*5° a n d 75-5°. T h e t e m p , a t wh ich i r o n goes i n t o 
soln. i s : 

Nitr ic ac id . 9 0 95 98 99 1OO per cent . H N O 8 

Temperature . 7 5 0 ° 77-5° 8 3 0 ° 85-0° 86-5° 

Fresh ly - ign i t ed ferric ox ide does n o t dissolve a p p r e c i a b l y u n t i l t h i s t e m p , is r e a c h e d . 
This temp*, does n o t co r re spond w i t h t h e fo rma t ion of a n a l lo t rop ic modi f ica t ion 
of i ron . Acco rd ing t o W . A . Hol l i s , t h e cr i t ica l t e m p , d e p e n d s o n w h e t h e r t h e i ron 
is h e a t e d w i t h t h e ac id , or "whether t h e i r on a n d ac id a r e h e a t e d s e p a r a t e l y before 
be ing b r o u g h t i n t o c o n t a c t ; i n t h e fo rmer case , t h e cr i t ica l t e m p , w a s 94°, a n d in t h e 
l a t t e r case 74° , b u t t h e a c t u a l r e su l t s a r e d e p e n d e n t o n t h e degree of p u r i t y of t h e 
i ron . Obse rva t i ons o n t h i s sub jec t we re m a d e b y T . A n d r e w s , T . B e r g m a n , 
H . G. B y e r s , M. Corsepius , E . S t . E d m e , H . L.. H e a t h c o t e , J . F . W . H e r s c h e l , 
J . P . J o u l e , J . KLeir, R . K i r w a n , H . G. B y e r s a n d A . F . M o r g a n , J . M. O r d w a y , 
J . B . Senderens , Li. V a r e n n e , a n d G. W i e d e m a n n . W . H e l d t sa id t h a t finely-divided 
i ron does n o t p a s s i v a t e so read i ly a s c o m p a c t i ron , a n d T . A n d r e w s f o u n d t h a t 
w r o u g h t i ron w h e n first d i p p e d in t h e ac id m a y a p p e a r m o r e pas s ive t h a n s tee l , 
b u t a f te r some h o u r s ' i m m e r s i o n in t h e ac id i t b ecomes less pas s ive ; w r o u g h t i r on 
is p e r m a n e n t l y m o r e pass ive t h a n t u n g s t e n s t e e l ; h a r d s teels , w i t h t h e i r h i g h e r 
c o n t e n t of c o m b i n e d c a r b o n , a r e m o r e pas s ive t h a n m i l d s tee ls . H . M. N o a d 
observed t h a t a p r e l i m i n a r y w a s h i n g of t h e m e t a l w i t h w a t e r r e n d e r s p a s s i v a t i o n 
m o r e difficult. S t i r r i ng t h e ac id w a s found b y C. W . B e n n e t t a n d W . S. B u r n h a m , 
H . I J . H e a t h c o t e , E . S. H e d g e s , W . K i s t i a k o w s k y , a n d P . d e B e g n o n t o f a v o u r 
p a s s i v a t i o n . Z . C. Mutaftschieff f o u n d t h a t t h e s t i r r ing of n i t r i c ac id of s p . g r . 
1-2O for u p t o 5 h r s . f a v o u r e d t h e p a s s i v a t i o n of i ron , b u t n o difference cou ld b e 
d e t e c t e d w h e n t h e ac id w a s s t i r r ed for 5 t o 24 h r s . 

T h e p resence of n i t r o u s ac id or of n i t r o g e n pe rox ide in t h e ac id w a s f o u n d b y 
W . B e e t z , M. Ie B l a n c , R . Esca les , P . G u n t h e r , W . H e l d t , J . F . W . H e r sche l , 
A. K l e m e n c , a n d A . Voig t t o r e t a r d t h e p a s s i v a t i o n , b u t if fe r rous s u l p h a t e b e 
p r e s e n t , t h e n i t r o u s ox ides a r e a b s o r b e d , a n d t h e ac id t h e n f avou r s p a s s i v a t i o n . 
U. R . E v a n s obse rved t h a t e lec t ro ly t ic i ron is n o t a t t a c k e d b y n i t r i c ac id of s p . gr . 
1*40 w h e n solid p o t a s s i u m n i t r i t e o r ferr ic n i t r a t e is p r e s e n t . T h e a d m i x t u r e of 
s u l p h u r i c ac id w a s found b y W . B e e t z , M. B o u t m y a n d M. C h a t e a u , a n d J . F . Dan ie l l 
t o f a v o u r p a s s i v a t i o n . F . F u j i h a r a s t u d i e d t h e p a s s i v a t i o n of i r o n i n d i l . a lcohol ic 
soln . ; a n d C. B e n e d i c k s a n d P . S e d e r h o l m , i n so ln . of e t h y l a lcohol , o r o t h e r 
o rgan i c l i q u i d w h i c h r e d u c e s t h e deg ree of i on i za t ion of t h e n i t r i c ac id . 

G. S. O h m , a n d A. R e n a r d s t a t e d t h a t i r o n is r e n d e r e d pas s ive w h e n t r e a t e d 
w i t h n i t r o u s a c i d o r different n i t r o g e n ox ides ; a n d R . W e b e r p a s s i v a t e d i r o n b y 
c o n t a c t w i t h fused n i t r o g e n p e n t o x i d e a t 30° . 

S. W . Y o u n g a n d E . M. H o g g cons ide r i t p r o b a b l e t h a t w h e n n i t r i c a c i d is t h e 
p a s s i v a t i n g a g e n t , n i t r o g e n pe rox ide o r t r i o x i d e d o e s t h e a c t u a l w o r k b e c a u s e t h e 
expos ing of i r on t o e i t h e r of t h e s e a g e n t s m a k e s t h e m e t a l p a s s i v e , whi le n i t r i c o x i d e 
does n o t effect t h i s t r a n s f o r m a t i o n . Colour less , o r t h e so-cal led w a t e r - w h i t e , 
n i t r i c ac id does n o t p a s s i v a t e i ron , b u t t h e t r a n s f o r m a t i o n is effected b y ye l low 
ofc r e d ac id . T h e colour i nd ica t e s t h a t t h e a c i d c o n t a i n s h i g h e r n i t r o g e n o x i d e s i n 
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soln. The passive break occurs when the cone, of the acid is such that the reaction 
develops relatively large amounts of nitrogen peroxide. When nitrogen peroxide 
is bubbled through nitric acid in which iron is normally active, it has the effect of 
producing passivity ; and a similar result is obtained by the addition of nitrites. 
I t is probable that with nitric acid with a cone, lower than that of the passive break, 
nitrogen peroxide is still being developed because the values for the velocity constant 
increase -with dilution. There is a slow but continuous dissolution of iron in 
passivating acids no matter how concentrated they are. 

Passivity is developed through the agency of oxidizing reactions.—-Acids other t h a n 
nitric acid may passivate iron ; thus, W. Beetz, and A. S. Cushman found that 
chromic acid will do the work ; R. Phillips, iodic or chloric acid ; and J. W. Turrentine, 
hydrazoic acid. M. Martens stated that cone, acetic acid will passivate iron, but 
W. Beetz, and W. Rollmann could not confirm this. E. Heyn and O. Bauer showed 
that soln. of sodium and ammonium acetates, 1 grm. per litre, will passivate iron. 
The statement of M. Martens that alcohol will passivate iron was opposed by 
W. Beetz, W. Rollmann, and C. F. Schonbein. M. Boutmy and M. Chateau, and 
N. A. E. Millon found that arsenious acid will passivate iron ; and W. R. Dunstan 
and J. R. Hill, that a 1 per cent. soln. of sodium arsenate soon passivated iron. 
The inhibitory action of arsenic films on iron was discussed by E. Heyn and 
O. Bauer—vide supra, the action of sulphuric acid on iron. W. R. Dunstan and 
J. R. Hill, E. Heyn and O. Bauer, and Gr. Grube studied the passivation of iron by 
soln. of potassium ferrocyanide and potassium ferricyantde; A. Finkelstein, 
H. IL. Heathcote, C. Fredenhagen, and F. Heyn and O. Bauer, by soln. of potassium 
cyanide. Iron becomes more or less passive with cone, sulphuric acid, and cast-iron 
vessels are used for storing 90 to 1OO per cent. acid. For concentrations below 8O 
per cent. H2SO4, ordinary cast iron is attacked by the acid, and special ferrosilicon 
iron is used for containers. The subject was discussed by H. L. Heathcote, 
J. Meunier, C. E. Fawsitt and A. A . Pain, etc.—vide infra. According to 
Z. C. Mutaftschieff, the prolonged exposure of iron to air reduces its reactivity 
with nitric acid of sp. gr. 1-39 to 1-42. The potential acquired by iron on exposure 
to air was discussed by W. Muthmann and F. Frauenberger, and F. Flade ; and it 
is assumed that the iron acquires a film of an oxide by exposure to air. The same 
assumption was made by U. R. Evans, M. Faraday, H. Freundlich and co-workers, 
F. Haber and F. Goldschmidt, W. Kistiakowsky, R. Mallet, W. Rollmann, G. Tam-
mann, and G. Wetzlar. A. Renard observed that the heating of an iron rod in the 
flame of a spirit lamp for a few seconds -will make the metal passive. The passi
vation of iron by heating it in air, and the formation of oxide films when iron is 
heated in air or oxygen was discussed by W. Beetz, C. E. W. Belck, M. Boutmy and 
M. Chateau, H. Ie Chatelier and B. Bogitch, U. R. Evans and co-workers, M. Fara
day, A. Finkelstein, E. Grave, W. Hittorff, M. Martens, H. M. Noad, L. Nobili, 
E. Ramann, W. Rollmann, C. F. Schonbein, and G. Wetzlar. According to 
C. A. Li. de Bruyn, the inertness of iron covered with a film of oxide is not related 
to the abrupt change of potential which occurs in the ordinary passivation of 
iron. The subject was discussed by W. R. Dunstan and J. R. Hill, TJ. R. Evans, 
H. Ii. Heathcote, I. Iiangmuir, E. K. Rideal, and C. F. Schonbein. 

G. Wetzlar, W. R. Dunstan and J. R. Hill, M. Martens, and C. von Hutton 
observed the resistance of iron to attack by soln. of ammonium or potassium 
hydroxides. With low concentrations of alkali-lye, A. Thiel and H. Luckmann 
found that the iron may be attacked in the presence of oxygen. The passivity of 
iron in soln. of barium hydroxide was studied by W. R. Dunstan and J. R. Hill, and 
in soln. of calium hydroxide by E. Heyn and O. Bauer. According to C. E. W. Belck, 
the resistance of iron to soln. containing sufficient alkali hydroxide has not definitely 
been proved to be due to the passivation of the metal, because W. R. Dunstan and 
J. R. "FTiIl showed that the apparent passive state is not maintained after the metal 
has been washed in water, whereas it is so with iron passivated with nitric acid ; 
and M. Mugdan, that with increasing concentration of the alkali-lye, the metal 
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gradual ly , n o t a b r u p t l y , passes i n t o w h a t a p p e a r s t o b e t h e pass ive s t a t e , a n d , a t 
t h e same t ime , t h e p o t e n t i a l s t e ad i ly increases t o t h e e q u i l i b r i u m p o t e n t i a l of 
hydrogen . The sub jec t w a s also discussed b y U . R . E v a n s , J . A . N . F r i e n d , 
F . H a b e r a n d W . M a i t l a n d , E . H e y n a n d O. B a u e r , E . L iebre ich , W . H . P e r k i n s , 
E . K . Ridea l , a n d G. W . W h i t m a n a n d co-workers . F . H a b e r a n d F . G o l d s c h m i d t 
showed t h a t i ron m a y res is t a t t a c k b y soln. of a lka l i - lye , i n t h e p resence of c a r b o n 
dioxide so long a s t h e c a r b o n a t e a n d h y d r o c a r b o n a t e c a n b e fo rmed . W . R . D u n -
s t a n a n d J . R . Hi l l s t u d i e d t h e p a s s i v a t i o n of i ron b y soln. of sodium and potassium 
carbonates, a n d b y soln. of borax—vide supra, t h e corros ion of i ron . G. T . F e o h n e r , 
a n d M. F a r a d a y no ted t h a t t h e m e t a l is n o t a t t a c k e d b y soln. of alkali sulphide, 
a l t h o u g h , accord ing t o G. S. O h m , a surface sk in of i ron su lph ide m a y b e fo rmed . 
Similar ly , F . Fo r s t e r d id n o t cons ider t h e res i s t ance of i ron t o soln. of a lka l i su lph ides 
t o b e t h e s ame in k i n d a s t h e p h e n o m e n o n of pas s iv i ty . W- R . D u n s t a n a n d 
J . R . Hi l l , J . A. N . F r i e n d a n d C. W . Marsha l l p re fe r red t o call t h e s e a g e n t s 
inhibitors r a t h e r t h a n passivifying a g e n t s . 

O. D o n y - H e r a u l t , a n d W . Bee t z showed t h a t soln. of potassium chlorate, bromate, 
or iodate in cone, su lphur ic ac id pa s s iva t e i ron , b u t , accord ing t o M. M u g d a n , soln . 
of potassium perchlorate d o n o t do so. I r o n w a s also f o u n d b y M. M u g d a n t o b e 
pass ive in soln. of a lka l i ch lora tes , b r o m a t e s a n d ioda t e s . E . H e y n a n d O. B a u e r 
obse rved t h a t soln. of p o t a s s i u m ch lo ra te , u p t o t h e h ighes t concen t r a t i ons , pe r 
cep t ib ly a t t a c k i ron , b u t soln. of p o t a s s i u m b r o m a t e a n d i o d a t e c o n t a i n i n g I g r m . 
p e r l i t re , do n o t do so. W . R . D u n s t a n a n d J . R . Hi l l found t h a t a 1 p e r cen t . soln. 
of p o t a s s i u m ch lo ra t e d id n o t p a s s i v a t e i ron , b u t a 4 p e r c en t . soln. d id , whi ls t 
1 pe r cen t . soln. of p o t a s s i u m b r o m a t e or i o d a t e were u sua l ly effective in p a s s i v a t i n g 
i r o n — a s ind ica ted a b o v e . 

M. B o u t m y a n d M. C h a t e a u , a n d G. T . M o o d y obse rved t h a t i ron b e c o m e s 
pass ive in c o n t a c t w i t h n e u t r a l hydrogen dioxide. T h u s , c lean e lec t ro ly t ic i ron can 
be immer sed in a w a r m dil . soln. of p e r h y d r o l w i t h o u t showing a n y sign of cor ros ion 
even t h o u g h i t s surface is swep t w i t h b u b b l e s of o x y g e n d u e t o t h e c a t a l y t i c d e c o m 
pos i t ion of t h e h y d r o g e n d ioxide . I r o n read i ly dissolves in t h e p resence of ac ids 
a n d h y d r o g e n d iox ide . T h e ac t ion of h y d r o g e n d iox ide w a s a lso s t u d i e d b y 
W . R . D u n s t a n a n d co-workers , a n d b y H . E . A r m s t r o n g a n d R . E . Colga te . 

E . G r a v e a t t r i b u t e d t h e pas s iv i t y i ron acqu i r e s w h e n h e a t e d in n i t r o g e n t o t h e 
r e m o v a l of t h e a c t i v a t i n g h y d r o g e n . W . R . D u n s t a n a n d J . R . H i l l s a id t h a t 
pass ive i ron r e m a i n s pass ive af ter i t h a s b e e n h e a t e d in n i t r o g e n . G. T a m m a n n 
discussed t h e pas s iv i t y of n i t r id ized i ron . A. R e n a r d found t h a t t h e v a p o u r of 
n i t r i c ac id will p a s s i v a t e i ron ; a n d L . V a r e n n e a d d e d t h a t compressed n i t r i c ox ide 
a c t s s imi lar ly . Accord ing t o S. W . Y o u n g a n d E . M. H o g g , n i t r i c ox ide does n o t 
a c t a t o r d i n a r y press . , b u t n i t r ogen pe rox ide p roduces a pa s s iv i t y far g r e a t e r t h a n 
t h a t p r o d u c e d b y n i t r i c ac id w h e n d r y gas is a l lowed t o come in c o n t a c t w i t h t h e 
me ta l—v ide supra. I r o n p a s s i v a t e d b y d r y n i t r ogen p e r o x i d e is m o r e p e r s i s t e n t l y 
pass ive t h a n t h a t wh ich is p a s s i v a t e d b y n i t r i c ac id . Mere t r a c e s of n i t r o g e n 
pe rox ide can r e n d e r i ron pass ive ; for if a l i t t l e of t h e g a s is a l lowed t o e scape i n t o 
t h e a t m o s p h e r e of a r o o m all t h e i ron ar t ic les in t h e r o o m b e c o m e pass ive . 

E . R a m a n n obse rved t h a t i ron is p a s s i v a t e d b y soln . of ammonium nitrate ; a n d 
J . Ke i r , G. W e t z l a r , a n d B . L a m b e r t , b y soln. of copper nitrate. G. W e t z l a r o b s e r v e d 
t h a t n e u t r a l soln. a c t m o r e qu ick ly t h a n ac id ic soln. , a n d J . B . S e n d e r e n s a d d e d 
t h a t s o m e coppe r s e p a r a t e s f rom n e u t r a l so ln . G. W e t z l a r a lso n o t e d t h a t r a i s ing 
t h e t e m p , is n o t f avourab le t o pass iv i ty , a n d B . !Lambert , t h a t p ress ing t h e i r on in 
a n a g a t e m o r t a r before or while in t h e soln. of t h e c o p p e r sa l t , a c t i v a t e s pas s ive i ron . 
G. W e t z l a r r e p o r t e d t h a t i ron p a s s i v a t e d b y a soln . of c o p p e r n i t r a t e r e t a i n s i t s 
pa s s iv i t y for weeks , b u t d ipp ing t h e pas s ive i r on i n w a t e r m a k e s i t a c t i v e . 
G. W e t z l a r , a n d M. M a r t e n s found t h a t i r o n is p a s s i v a t e d i n a n alcohol ic soln . of 
copper n i t r a t e . T h e p a s s i v a t i n g ac t i on of soln . of copper sulphate w a s s t u d i e d b y 
C. F . Buchho lz , G. W e t z l a r , J . B . Sende rens , a n d W . B e e t z ; of a so ln . of copper 
chloride, b y J . B . Sende rens , a n d of a lcohol ic soln. of t h e ch lor ide , b y G. W e t z l a r , 
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a n d M- M a r t e n s ; of a q . soln. of copper acetate, b y G. W e t z l a r , J . B , S e n d e r e n s , a n d 
M. M u g d a n ; of n e u t r a l o r a m m o n i a c a l soln. of copper tartrate, b y G. W e t z l a r a n d 
M. M u g d a n . T . B e r g m a n , J . Ke i r , N . W . F i scher , G. W e t z l a r , a n d W . B e e t z 
o b s e r v e d t h a t i ron is p a s s i v a t e d b y a q . soln. of silver nitrate ; a n d E . R a i n a n n , b y 
a m m o n i a c a l soln. of t h a t sa l t . W . B e e t z found t h a t si lver n i t r a t e is m o r e a c t i v e 
t h a n is coppe r n i t r a t e ; a n d J . K e i r , a n d G. W e t z l a r s t u d i e d t h e p a s s i v a t i o n b y 
m i x e d soln. of copper a n d s i lver n i t r a t e s . T h e a d d i t i o n of n i t r i c ac id t o t h e a q . 
soln. of s i lver n i t r a t e t e n d s t o a c t i v a t e t h e i ron . T h e ac t i on w a s s tud i ed b y T . B e r g 
m a n , J . Ke i r , G. T . F e c h n e r , M. F a r a d a y , W . H e l d t , a n d G. W e t z l a r ; t h e ac t i on 
of n e u t r a l soln. , b y G. W e t z l a r , W . B e e t z , a n d J . B . Sende rens ; a n d t h e a c t i v a t i o n 
b y a r ise of t e m p . , b y J . K e i r . G. W e t z l a r , a n d J . B . S e n d e r e n s obse rved t h a t t h e 
p a s s i v i t y p r o d u c e d b y a n i t r i c ac id soln . of s i lver n i t r a t e is r e t a i n e d some weeks o n 
e x p o s u r e t o a i r . J . B . Sende rens s t u d i e d t h e p a s s i v a t i o n of i ron in so ln . of silver 
sulphate; a n d J . B . Sende rens , a n d G. W e t z l a r , i n soln. of silver acetate. T h e 
p a s s i v a t i o n of i ron b y soln. of mercurous nitrate w a s s t u d i e d b y J . Ke i r , C F . Schon
be in , G. W e t z l a r , W . H e l d t , a n d M. B o u t m y a n d M. C h a t e a u ; b y soln. of aluminium 
nitrate, b y E . E a m a n n ; b y soln. of lead nitrate, b y B . K i r w a n , J . K e i r , a n d 
J . B . Sende rens ; a n d b y soln . of l ead a c e t a t e , b y J . B . S e n d e r e n s ; a n d b y soln . of 
ferrous and ferric nitrates, cobalt nitrate, a n d nickel nitrate, b y E . R a m a n n . 

M. B o u t m y a n d M. C h a t e a u , J . A. N . F r i e n d , E . Liebre ich , G. T. M o o d y , 
W . B-. D u n s t a n a n d co-workers , U . R . E v a n s , T . P . H o a r a n d U . R . E v a n s , 
R . G. v a n N a m e a n d D . U . Hi l l , G. W . He i se a n d A. C lemente , a n d E . H e y n a n d 
O. B a u e r d iscussed t h e pass iva t ion of i ron b y soln. of ch romic acid , chromates, a n d 
dichromates; a n d M. B o u t m y a n d M. C h a t e a u , M. M u g d a n , W . R . D u n s t a n a n d 
J . R . Hi l l , a n d E . H e y n a n d O. B a u e r , t h e pa s s iva t i on of i ron b y soln. of potassium 
permanganate. Mos t of t h e obse rva t ions on pas s iv i t y were m a d e w i t h i r on c o n t a i n 
ing c a r b o n a s a n i m p u r i t y , b u t R . L e n z showed t h a t purif ied i ron becomes pass ive 
u n d e r s imi lar cond i t ions , so t h a t t h e pass ive s t a t e is a p r o p e r t y of i ron per se. 

W . His inge r a n d J . J . Berze l ius , a n d C. F . Schonbe in s t u d i e d t h e p a s s i v a t i o n of 
i ron b y a n o d i c po la r i za t ion . Acco rd ing t o E . R a m a n n , i ron r ead i ly a s s u m e s t h e 
pass ive s t a t e w h e n i t is u sed a s a n o d e or pos i t ive e lec t rode in a n a q . soln . of v a r i o u s 
e lec t ro ly tes . If t h e i ron be m a d e t h e a n o d e of a n electr ic c i rcui t , t h e N O ' 3 - i o n s 
a t t h e surface of t h e m e t a l p a s s i v a t e t h e i ron . T h e sub jec t was s t u d i e d b y 
H . G. B y e r s , F . F l a d e a n d H . K o c h , G. G r u b e , J . L . R . H a y d e n , H . L . H e a t h c o t e , 
W . R a t h e r t , C. F . Schonbe in , a n d W . Hi t to r f . M. F a r a d a y found t h a t t h e d i s 
so lu t ion of i ron b y n i t r i c ac id of sp . gr . 1*3 a t once ceases if a m a t e r i a l l ike p l a t i n u m , 
gold, or c a r b o n is b r o u g h t in e lect r ical c o n t a c t w i t h t h e i ron . H e r e a shor t - c i r cu i t ed 
e lect r ic cell is se t u p , a n d pa s s iv i t y is q u i c k l y p r o d u c e d . C o n t a c t -with z inc u n d e r 
s imi la r cond i t ions h a s t h e reverse effect. T h e effect of z inc in s t a r t i n g a c t i v a t i o n 
w a v e s , which , if s t a r t e d i n t w o p a r t s of t h e pass ive i ron , m e e t a n d m u t u a l l y ex t in 
gu i sh one a n o t h e r , w a s s t u d i e d b y R . S. Lil l ie. 

Acco rd ing t o T. A n d r e w s , J . M a c L e o d - B r o w n , M. M a r t e n s , a n d P . d e R e g n o n , if 
a n i ron r o d d i p p i n g i n t o n i t r i c acid o r o t h e r oxid iz ing a g e n t b e in e lect r ical c o n t a c t 
w i t h a s t r i p of p l a t i n u m , i t becomes pass ive , d u e t o t h e a n o d i c po l a r i za t i on of 
t h e i ron , for if t h e t w o m e t a l s b e in e lectr ic c o n t a c t , t h e i ron becomes t h e 
a n o d e , t h e s t r e n g t h of t h e c u r r e n t falls t o a v e r y sma l l q u a n t i t y , a n d t h e n r e m a i n s 
v i r t u a l l y c o n s t a n t for severa l d a y s . T h e sub jec t w a s a lso s t ud i ed b y H . Buff, 
M. F a r a d a y , W . H e l d t , J . F . W . Hersche l , A. J . Maass , L . McCulloch, M. M a r t e n s , 
H . M. N o a d , E . R a m a n n , P . d e R e g n o n , A. R e n a r d , W . R o l l m a n n , a n d C. F . Schon
be in . N o p a s s i v a t i o n w a s obse rved b y M. F a r a d a y t o occur w h e n t h e i ron is i n 
c o n t a c t w i t h coppe r ; b u t t h e effect w i t h s i lver w a s obse rved b y M. F a r a d a y , a n d 
J . F . W . H e r s c h e l ; w i t h gold , b y J . M a c L e o d - B r o w n , E . R a m a n n , A. R e n a r d , a n d 
C. F . S c h o n b e i n ; a n d w i t h g r a p h i t e , b y M. F a r a d a y , J . MacLeod-Brown , E . R a m a n n , 
P . d e R e g n o n , A. R e n a r d , a n d J . L . S c h o n n . T h e pa s s iva t i on of i ron b y c o n t a c t 
w i t h l e a d ox ide a n d s i lver pe rox ide w a s n o t e d b y M. B o u t m y a n d M. C h a t e a u , 
H . M. N o a d , a n d C. F . Schonbe in . C. F . Schonbe in obse rved t h a t a r od of pas s ive 
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iron may passivate a rod of active iron, if tlie two rods be placed in electrical contact 
in the acid. If the surface area of the active rod is relatively greater than that of 
the passive rod, the phenomenon may be reversed, and the passive rod may become 
active. J. MacLeod-Brown said that if part of an iron nail is made passive, the 
remainder of the nail does not assume the passive state. The passivation of active 
iron by contact -with passive iron was studied by TJ. R. Evans, M. Faraday, 
G. T. Fechner, H. C. Oersted, E. Ramann, C. F. Schonbein, H. Schroder, G. Wetzlar, 
and G. Wiedemann. 

G. Wiedemann described a number of cases of the passivation of anodic iron in 
cells with various electrolytes, and various metals—copper, silver, gold, zinc, cad
mium, tin, lead, antimony, bismuth, and platinum—by A. Avogadro, W. Beetz, 
J. G. Brown, M. Corsepius, J. F. Daniell, H. Davy, M. Faraday, N. W. Fischer, 
F. Flade, W. Hisinger and J. J. Berzelius, A. J. Maass, M. Martens, C. H. Pfaff, 
A. de la Rive, W. Rollmann, and C. F. Schonbein. 

T h e a n o d i c p o l a r i z a t i o n of i r o n i n s o l n . of a l k a l i h y d r o x i d e s w a s s t u d i e d b y A . J . A l l m a n d 
a n d R . H . T>. B a r k l i e , H . G . B y e r s a n d c o - w o r k e r s , M . C o r s e p i u s , C . F r e d e n h a g e n , F . F o r s t e r 
a n d A . P i q u e t , E . G r a v e , G . Grufoe, F . H a b e r a n d c o - w o r k e r s , E . S . H e d g e s , F . K r a s s a , 
B . M u l l e r a n d F . S p i t z e r , a n d C . F . S c h o n b e i n . T h e e f f e c t i n s o l n . o f v a r i o u s s a l t s — e . g . 
s o d i u m c h l o r i d e w a s s t u d i e d b y W . JT. M u l l e r ; s o d i u m c h l o r a t e , b y H . G . B y e r s ; 
a m m o n i u m s u l p h a t e , b y E . S- H e d g e s ; s o d i u m s u l p h a t e , b y H . G . B y e r s a n d c o - w o r k e r s , 
E . S . H e d g e s , H . W . M o s e l e y , a n d W . R a t h e r t ; p o t a s s i u m s u l p h a t e , b y A . F i n k e l s t e i n , a n d 
E . P . S c h o c h a n d c o - w o r k e r s ; " c o p p e r s u l p h a t e , b y W . R a t h e r t , a n d C . F . S c h o n b e i n ; 
f e r r o u s s u l p h a t e , b y C . A . L . d e B r u y n ; f err i c s u l p h a t e , b y A . F i n k e l s t e i n ; a m m o n i u m 
n i t r a t e , b y JT. L . B . H a y d e n ; s o d i u m n i t r a t e , b y H . G . B y e r s ; p o t a s s i u m n i t r a t e , b y 
H . G . B y e r s , J . L . R-. H a y d e n , E . P . S c h o c h a n d c o - w o r k e r s ; a l k a l i c a r b o n a t e s a n d h y d r o -
c a r b o n a t e s , b y H . G . B y e r s , J . L . R . H a y d e n , a n d F . H a b e r a n d F . G o l d s c h m i d t ; m i x t u r e s 
o f p o t a s s i u m f e r r o c y a n i d e a n d f e r r i o y a n i d e , b y G . G r u b e ; p o t a s s i u m c y a n i d e , b y A . B r o c h e t 
a n d J". P e t i t , H . G . B y e r s , A . F i n k e l s t e i n , E . S . H e d g e s , a n d W . H i t t o r f ; p o t a s s i u m p h o s 
p h a t e , b y H . G . B y e r s a n d M . D a r r i n ; p o t a s s i u m p e r m a n g a n a t e , b y H . G . B y e r s ; a n d 
p o t a s s i u m d i c h r o m a t e , b y H . G . B y e r s a n d c o - w o r k e r s . T h e e f f e c t i n v a r i o u s a c i d s — 
e.g. h y d r o c h l o r i c a c i d w a s s t u d i e d b y H . G . B y e r s a n d S . C . L a n g d o n , a n d E . S . H e d g e s ; i n 
s u l p h u r i c a c i d , b y J". A l v a r e s , H . E . A r m s t r o n g a n d R . T . C o l g a t e , H . G . B y e r s a n d c o 
w o r k e r s , M . C o r s e p i u s , XJ. R . E v a n s , A . F i n k e l s t e i n , F . F l a d e a n d H . K o c h , C . F r e d e n h a g e n , 
E . G r a v e , E . S . H e d g e s , H . K o c h , W . R a t h e r t , P . d e R e g n o n , G . C . S c h m i d t " a n d 
W . R a t h e r t , a n d C . F . S c h 6 n b e i n ; i n n i t r i c a c i d , b y T . A n d r e w s , H . G . B y e r s a n d c o - w o r k e r s , 
C . F r e d e n h a g e n , E . S . H e d g e s , W . H i s i n g e r a n d J . JT. B e r z e l i u s , M . M a r t e n s , H . W . M o s e l e y , 
"W. J . M u l l e r , P . d e R e g n o n , W . R o l l m a n n , a n d C . F . S c h o n b e i n ; i n p h o s p h o r i c a c i d , b y 
H . G . B y e r s a n d c o - w o r k e r s , E . S . H e d g e s , H . W . M o s e l e y , a n d C . F . S c h o n b e i n . 

Passive iron -was found by A. Finkelstein to behave with respect to oxygen like 
a reversible gas-electrode, and the cell was studied by F. Flade, C. Fredenhagen, 
C. M. Gordon and co-workers, Gr. Grube, M. Mugdan, W. Muthmann and F. Frauen-
berger, and F. Todt. The passive iron behaves in this way with no gas other than 
oxygen. If platinum be replaced by passive iron in the gas-cell, H. Koch found that 
the intensity of the current is reduced, showing that oxygen is being taken up by the 
passive iron. O. Scarpa could not decide whether a film of oxide or a film of oxygen 
was formed on the passive metal. H. C. Byers and S. C. Langdon showed that the 
potential, E volt, of the cell is dependent on the press. o£ the oxygen—p lbs. per 
sq. in. with an iron electrode in 0-2.ZV-H2SO4 : 

P . O 2 5 - 8 3 0 - 5 3 4 - 6 4 3 - 9 
E . . 1-77O — 1-7GO — 1 - 7 5 1 — 1 - 7 4 0 — 1 - 7 3 0 

The potential of the anodically polarized, passive iron gradually decreased "with 
time. C. A. L. de Bruyn showed that while platinum is not attacked, an electrode 
of passive iron is attacked by mixed soln. of ferrous and ferric sulphates: 

F e S O 4 . . . 6 7 - 5 4 8 - 5 2 9 0 1 6 - 0 1-0 p e r c e n t . 
F e 2 ( S O 4 ) , . 3 2 - 5 5 1 - 5 7 1 0 84-O 9 9 0 

1p l a t i n u m 0 - 6 3 2 0 - 6 5 5 0 - 6 8 0 0 - 6 9 9 0 - 8 1 2 

p a s s i v e i r o n . . 0 - 6 2 0 0*642 0 - 6 6 5 0 - 7 4 5 
f e r r o s i c o x i d e 0 - 6 1 9 0 - 6 5 1 — 0 - 6 8 6 0 - 7 6 5 
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The passivation of iron or anodic polarization of iron in soln. of alkali hydroxide 
was discussed by F. Forster and co-workers, C. Fredenhagen, H. FreundJich and 
co-workers, G. Grube and H. Gmelin, F. Haber and co-workers, D. F. Holmboe, 
P. Krassa, E. Muller and F. Spitzer, and L.. Tronsted ; and the anodic polarization 
of iron in fused alkali hydroxide, by C. Liiebenoff and Li. Strasser, R. Lorenz, 
C. J. Reed, L.. Holla and R. Salani, and J. F. Sacher. The general results show that 
the iron behaves as an oxygen, and that the passivation is due to the formation of a 
film of oxide, or a film of gas electrode. 

According to F. Goldmann and E. Rupp, the impact of electrons on non-
evacuated surfaces of silver or copper causes them to become passive, so that the 
bombarded surface is not attacked by iodine vapour, whilst 
the unprotected parts are quickly covered with a violet 
film, which is thickest near the boundary. Positive ions 
or the prolonged action of ultra-violet light produces the 
same effect. Since passivation does not occur when the _ 
surfaces are evacuated or when the evacuated surfaces are ^ -o-zs +0-/5 +0-55 +ZhSS 
subsequently brought into contact with hydrogen, but is V°lfrs 

pronounced if oxygen is introduced, it is considered to be JTio. 4OZ.—The Poten-
due to the formation of an oxide film on the exposed part CuirSn/Sens^*1 * H e 

of the metal. m urren erxsi y. 
The activation of passive iron.—J. Keir, and H. Buff observed that the activa

tion occurs when the passive metal is left in contact with water—vide supra. 
It is only the moist passive metal that reverts so easily to the active state. The 
passive metal may be activated if left in contact with nitric acid below the con
centration required for passivation, thus, IL. Varenne found that iron passivated by 
nitric acid of sp. gr. 1-42 was depassivated in contact with 

Sp . gr . nitric ac id 
T i m e . 

1-3 
. 264 

1-28 
12O 

1-26 
3 2 

1 1 6 
12 hrs. 

Analogous observations were made by E. St. Edme, H. L. Heathcote, W. Heldt, 
J. F. W. Herschel, and C. F. Sehonbein. U. R. Evans, and H. L.. Heathcote, 
found that iron passivated in cone, nitric acid becomes active on exposure to air ; 
and T. Fujihara, that Armco iron or electrolytic iron, passivated by a 5 per cent, 
alcoholic soln. of nitric acid, was not attacked by distilled water in an atm. free 
from carbon dioxide, but in the presence of carbon dioxide, it began to rust in 10 to 
20 mins. 

H. Ti. Heathcote obtained the passive metal in a dry state by rapidly spraying, 
in succession, upon a recently passivated rod of metal, (i) a sat. aq. soln. of potassium 
dichromate containing 2-8 grms. of potassium hydroxide per 100 c.c. ; (ii) a mixture 
of 100 c.c. of water, 10 c.c. methylated spirit, and 2*5 grms. of potassium hydroxide 
purified by alcohol ; and (iii) absolute alcohol. The dry, passive iron behaved 
exactly like a metal covered -with a film of oxide. The rods were not activated by 
allowing them to remain several days in the atmosphere of a laboratory ; rubbing 
them well with dry cotton-wool had no effect ; and contact with zinc or scratching 
with glass failed to activate the portions of the passive rod which were not touched. 
Li. Varenne said that passive iron becomes active under a press, of 15 mm. of mer
cury ; and C. E. W. Belck also stated that activated iron becomes passive in vacuo, but 
H. L.. Heathcote did not agree. According to H. L.. Heathcote, if a vessel containing 
iron immersed in nitric acid be evacuated, bubbles of gas form on the surface of the 
metal and rise to the top of the liquid ; but although the mechanical action of these 
bubbles may sometimes render the iron active, more usually the bubbles cease to 
form at an early period, and the iron remains quite passive for hours at 15 mm. 
press. The sudden admission of air sometimes activated the passive iron. He 
also found that passive iron may be kept in a high vacuum for some hours without 
change, although spots of activity may develop—possibly because of local action 
produced by impurities forming local voltaic couples. The general results show that 
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t h e presence of a gaseous film o n t h e m e t a l is n o t t h e cause of t h e pa s s iv i t y . 
W . R . D u n s t a n a n d J . R . Hi l l f ound t h a t a t 400° , pa s s ive i r on r e m a i n s pas s ive , b u t 
a t a higher t e m p . , t h e m e t a l becomes a c t i v e . Acco rd ing t o E . G r a v e , a c t i v e i r on 
hea t ed in vacuo is pass ive in consequence of t h e r e m o v a l of occ luded h y d r o g e n , b u t 
F . F l ade a n d H . K o c h f o u n d t h a t a c t i v e i r on r e m a i n s w h e n i t h a s b e e n h e a t e d i n 
vacuo t o r e m o v e a s m u c h a s possible of t h e occ luded h y d r o g e n . F o r t h e p re sence 
of occ luded gases in i ron , vide supra. 

H . M. N o a d , a n d o t h e r s h a v e no t i ced t h a t di l . n i t r i c ac id a c t i v a t e s pass ive i r o n — 
vide supra. A . Meyer , C. F . Schonbe in , a n d o t h e r s f o u n d t h a t t h e s a m e r e s u l t is 
p r o d u c e d b y t h e ac t i on of chlor ine , b r o m i n e , hyd r och lo r i c ac id , s u l p h u r i c ac id , a n d 
a soln. of p o t a s s i u m n i t r a t e , chlor ide , e t c . P a s s i v e i r on w a s f o u n d b y G. W e t z l a r 
t o b e a c t i v a t e d b y v a r i o u s sal ts—e.g. b y s o d i u m or a m m o n i u m chlor ide , o r b y 
p o t a s s i u m n i t r a t e or s u l p h a t e in a lka l ine soln. ; M. M u g d a n o b s e r v e d t h a t s o d i u m 
chlor ide or s u l p h a t e a c t i v a t e d pass ive i ron , b u t n o t so w i t h p o t a s s i u m n i t r a t e or 
ch lo ra te . E . P . Schoch a n d C. P . R a n d o l p h found t h a t t h e a n i o n s : ha l ides , 
s u l p h a t e s , a ce t a t e s , pe rch lo ra tes , n i t r a t e s , c h r o m a t e s , ch lo ra t e s , b r o m a t e s , i o d a t e s , 
a n d hydrox ides , h a v e a decreas ing t e n d e n c y t o a c t i v a t e pass ive i ron . T h e 
a c t i v a t i o n of pass ive i ron b y t h e ha l ides w a s discussed b y A. J . A l l m a n d a n d 
R . H . D . Bark l i e , G. B o d l a n d e r , H . G. B y e r s a n d co-workers , W . R . D u n s t a n a n d 
J . R . Hi l l , U . R . E v a n s , F . F l a d e a n d H . K o c h , J . A . N . F r i e n d , F . H a b e r a n d 
F . Go ldschmid t , J . Iu. R . H a y d e n , E . H e y n a n d O. B a u e r , E . L iebre ich , A. S m i t s , 
a n d A. S m i t s a n d C. A. Iu. d e B r u y n . W . R . D u n s t a n a n d J . R . Hi l l a l so obse rved 
t h a t su lphur ic , hydroch lo r i c , formic, ace t ic , ci t r ic , a n d ca rbon ic ac ids r a p i d l y a c t i v a t e 
pass ive i ron . E . S t . E d m e found t h a t h y d r o g e n c o n v e r t s pass ive i n t o a c t i v e i ron , 
b u t , accord ing t o W . Hi t tor f , a n d E . G r a v e , molecular , i.e. o r d i n a r y , h y d r o g e n 
does n o t res to re t h e a c t i v i t y of pass ive m e t a l s . Accord ing t o W . Bee tz , E . G r a v e , 
a n d C. F . Schonbe in , however , if t h e m e t a l b e h e a t e d in h y d r o g e n - W . R . D u n s t a n 
a n d J . R . Hi l l sa id a t 240° t o 2 5 0 ° — t h e pass ive m e t a l is a c t i v a t e d . E . G r a v e , 
W . R a t h e r t , O. Sackur , G. C. S c h m i d t , G. C. S c h m i d t a n d W . R a t h e r t , a n d 
J . S t a p e n h o r s t obse rved t h a t h y d r o g e n in statu nascendi, or H "-ions, s t r o n g l y 
a c t i v a t e d t h e pass ive m e t a l ; a n d W . Hi t to r f , J . F . W . He r sche l , M. M a r t e n s , 
M. B o u t m y a n d M. C h a t e a u , a n d M. B i b a r t obse rved t h a t t h e pass ive m e t a l is 
a c t i v a t e d b y t r e a t i n g i t w i t h r e d u c i n g agen ts—e .g . , a c c o r d i n g t o C. F . S c h o n b e i n , 
alcohol a n d e the r m a k e t h e pass ive m e t a l a c t i v e . G. C. S c h m i d t f o u n d t h a t t h e 
diffusion of h y d r o g e n t h r o u g h a p a s s i v a t e d surface a c t i v a t e s t h e m e t a l . T h e sub jec t 
w a s s t u d i e d b y A. M. H a s e b r i n k , a n d H . E g g e r t . I n genera l , t h e pass ive s t a t e is 
d e s t r o y e d b y m a k i n g t h e m e t a l t h e c a t h o d e of a vo l t a i c couple . M. F a r a d a y , a n d 
R . S. LUHe—vide supra—observed t h e a c t i v a t i o n of t h e pass ive m e t a l b y c o n t a c t 
w i t h z inc. 

Acco rd ing t o M. F a r a d a y , F . F o r s t e r , J . F . W . Her sche l , J . Ke i r , M. M a r t e n s , 
C. F . Schonbe in , F . W . Schweigger-Seidel , a n d G. W e t z l a r , pas s ive i ron is u sua l l y 
a c t i v a t e d w h e n i t is in c o n t a c t w i t h a c t i v e i ron , or w h e n i t is i n c o n t a c t w i t h a m o r e 
e lec t ropos i t ive m e t a l l ike z inc o r leads. I n J . F . W . H e r s c h e F s e x p e r i m e n t , a n i r o n 
rod was d iv ided i n t o t w o p a r t s b y a b a n d of w a x a b o u t t h e c e n t r e of t h e r o d ; 
a n d p a s s i v i t y was i n d u c e d on b o t h e n d s of t h e r o d . A c t i v i t y is r e s t o r e d t o one end 
b y t o u c h i n g t h a t end w i t h a p iece of c o p p e r whi le t h e who le r o d w a s e x p o s e d t o 
a i r ; if one e n d b e t o u c h e d while t h e whole r o d is d i p p i n g i n t h e ac id , both ends 
b e c o m e a c t i v e . I n t h e fo rmer case a vo l t a i c coup le is f o r m e d — t h e piece of coppe r 
is t h e a n o d e , t h e e n d of t h e r o d wh ich is i n c o n t a c t w i t h t h e c o p p e r is t h e c a t h o d e , 
a n d t h e film of ac id t h e e lec t ro ly te . T h e . c a t h o d e e x t e n d s on ly t o t h e w a x r i n g 
because t h e e lec t ro ly te does n o t we t t h e , | § ^ x . W h e n t h e r o d is whol ly i m m e r s e d , 
t h e e lec t ro ly te is c o n t i n u o u s , a n d t h e whole r o d a c t s a s c a t h o d e a n d b e c o m e s a c t i v e . 

T h e pass ive m e t a l c a n b e a c t i v a t e d b y m e c h a n i c a l t r e a t m e n t — e . g . J . F . W . H e r 
schel , J . Ke i r , F . W . Schweigger-Seidel , J . B . S e n d e r e n s , C. Toml inson , L . V a r e n n e , 
a n d G. W e t z l a r n o t i c e d t h a t t h e a c t i v e c o n d i t i o n m a y b e r e s t o r e d t o p a s s i v e i r o n 
hy s c r ap ing or s c r a t ch ing t h e m e t a l , o r b y a m e c h a n i c a l shock , a l t h o u g h P . d e R e g n o n 
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w a s unable t o verify t h i s . N . Izgariseheff sa id t l i a t t h e s c r a t c h e d i ron i m m e d i a t e l y 
b e c o m e s pass ive if i t b e r e t u r n e d t o t h e n i t r i c ac id ; a n d W. R. D u n s t a n a n d 
J . R. Hil l obse rved t h a t i ron pa s s iva t ed b y ch romic ac id , s c r a t ched , a n d t h e n placed 
i n w a t e r beg ins t o r u s t a long t h e s c ra t ches . W . M u t h m a n n a n d F . F r a u e n b e r g e r 
o b s e r v e d t h a t m e t a l s w h i c h h a v e become m o r e or less p a s s i v a t e d b y e x p o s u r e t o 
a i r b e c o m e a c t i v e w h e n t h e surface is c l eaned mechan ica l ly . L.. V a r e n n e f o u n d t h a t 
v i b r a t o r y m o v e m e n t s of v a r i o u s k i n d s a c t i v a t e pass ive i ron . B . S. H e d g e s o b s e r v e d 
t h a t i ron , p rev ious ly r e n d e r e d pass ive b y n i t r i c ac id , b e c o m e s a c t i v e w h e n wh i r l ed 
a t 3000 revs , p e r m i n . a f te r a s h o r t pe r iod of i n d u c t i o n r e p r e s e n t i n g t h e t i m e 
r e q u i r e d for r e m o v i n g t h e film of ox ide w h i c h p r o d u c e s t h e pas s iv i ty . 

W . H i t t o r f obse rved t h a t w h e n t h e c i r cu i t of t h e cell F e | N a N O 3 , H 2 C r O 4 | P t 
is c losed b y d i p p i n g t h e i ron i n t h e sa l t soln. , t h e e.m.f. g r a d u a l l y d r o p s f rom 1*83 
t o O-l vo l t , t h e i ron becomes q u i t e pass ive , r e t a i n i n g i t s me ta l l i c l u s t r e , a n d i t is 
n o t a t t a c k e d h o w e v e r long t h e cell is sho r t - c i r cu i t ed . P a s s i v e i ron is n o t rea l ly 
inso lub le in n i t r i c ac id , for M. F a r a d a y s h o w e d t h a t a l i t t l e passes i n t o soln. d u r i n g 
t h e pas sage of t h e c u r r e n t ; a n d C. E . W . B e l c k o b s e r v e d t h a t t h e r a t e of d i s so lu t ion 
of t h e pass ive i ron d e p e n d s on t h e cone , of ac id , be ing less in t h e m o r e di l . a c ids . 
H . G. B y e r s , a n d H . G. B y e r s a n d S. C. L a n g d o n obse rved t h a t t h e e s t a b l i s h m e n t of 
a n o d i c p a s s i v i t y i n i ron is inf luenced b y t h e cond i t ion a n d p r ev ious h i s t o r y of t h e 
i ron , t h e n a t u r e a n d c o n c e n t r a t i o n of t h e e lec t ro ly te , t h e s t i r r ing of t h e e l ec t ro ly te , 
t h e t e m p . , t h e c u r r e n t dens i t y , t h e t i m e of flow of t h e c u r r e n t , a n d t h e c o n c e n t r a t i o n 
of t h e o x y g e n dissolved in t h e e lec t ro ly te . 

I n t h e e lectrolysis of s u l p h a t e soln. , a t low c u r r e n t dens i t i es , t h e d o m i n a n t 
an ion , S O 4 " , is a lone d i scha rged a t t h e a n o d e t o a n y a p p r e c i a b l e e x t e n t , b u t a t h i g h 
c u r r e n t dens i t ies , t h e O H ' - i o n s a r e a lso d i scha rged , a n d ox ide o r h y d r o x i d e , or 
h y d r a t e d ox ide beg ins t o a c c u m u l a t e o n t h e a n o d e , a n d in te r feres w i t h t h e d i s 
so lu t ion of t h e i ron . I t is a t t h i s s t age t h a t p a s s i v i t y occur s . T h e e lec t r ica l pa s s iva 
t i o n of t h e i ron occurs m o r e r ead i ly in a lka l ine soln. s ince t h e s e soln . a r e f a v o u r a b l e 
t o t h e d i scharge of O H ' - i o n s ; a n d i n soln . of a lka l i h y d r o x i d e a lone , a low c u r r e n t 
d e n s i t y m a k e s t h e a n o d e pass ive because t h e on ly possible a n o d e p r o d u c t is t h e 
spa r ing ly soluble h y d r o x i d e . E . P . Schoch a n d C. P . R a n d o l p h f o u n d t h e 
a p p r o x i m a t e l imi t ing c u r r e n t dens i t ies , in mi l l i amps . , t o b e w i t h JV-K 2SO 4 , 300 ; 
w i t h 0 0 1 2 V - K O H , 250 ; w i th .ZV-K2SO4 a n d w i t h O l i V - K O H , IO. 

Acco rd ing t o F . F o r s t e r , A. Adler , M. Sch lo t t e r , G. C S c h m i d t , E . G r a v e , 
W . R a t h e r t , a n d M. Ie B l a n c , p a s s i v i t y is t h e n o r m a l s t a t e of puri f ied i ron , 
a n d t h e m e t a l is r e n d e r e d a c t i v e b y c o n t a c t w i t h s o m e c a t a l y s t , s ay h y d r o g e n 
(G. C S c h m i d t ) , a n a l loy of t h e m e t a l a n d h y d r o g e n ( F . F o r s t e r ) , or H"-ions 
( E . Grave ) ; a n d t h i s h y p o t h e s i s is s u p p o s e d t o b e s u p p o r t e d b y B . L a m b e r t 
a n d J . C. T h o m s o n ' s obse rva t ions—v ide supra, t h e corros ion of i ron . F . F l a d e 
a n d H . K o c h a t t e m p t e d t o dec ide b e t w e e n t h e h y p o t h e s i s t h a t (i) pur i f ied i r on 
is a c t i v e a n d t h e p a s s i v i t y is c o n n e c t e d -with t h e p resence of oxygen , a n d t h e 
h y p o t h e s i s t h a t (ii) purif ied i ron is pass ive a n d t h e a c t i v i t y is connec t ed w i t h 
t h e p resence of h y d r o g e n . If a spec imen of ac t i ve i ron b e h e a t e d in v a c u o , t o 
r e m o v e al l h y d r o g e n , i t s t i l l r e m a i n s a c t i v e ; a n d if a pass ive e lec t rode b e 
h e a t e d in c a r b o n m o n o x i d e t o r e m o v e o x y g e n w i t h o u t affecting t h e h y d r o g e n , 
a pa s s ive e lec t rode r e m a i n s pass ive , a n d a n a c t i v e e lec t rode becomes pass ive . 
T h i s l a s t r e su l t is a t t r i b u t e d t o a n equ i l i b r i um cond i t i on b e t w e e n ca rbon , o x y g e n , 
c a r b o n d iox ide , a n d c a r b o n m o n o x i d e , a n d t h e o x y g e n fo rmed pass iva t e s t h e 
a c t i v e m e t a l . A c c o r d i n g t o W . R a t h e r t , a n d G. C. S c h m i d t , t h e p o t e n t i a l a t 
which t h e passive meta l becomes a c t i v e is n o t t h e s a m e a s t h a t a t which t h e 
act ive meta l b e c o m e s pass ive , a n d t h a t t h e p o i n t of s u d d e n change of potent ia l 
observed b y F . F l a d e does not r ep r e sen t t h e b o u n d a r y p o t e n t i a l be low wh ich t h e 
meta l is a c t i v e and a b o v e -which i t is pas s ive . A m e t a l m a y b e ac t ive or pass ive 
o n bo th sides of th i s point , depending on i ts previous treatment . The potent ia l 
a t "which iron becomes passive is dependent in a marked degree on the concentration 
of t h e electrolyte in which t h e anodic polarization is effected, whilst the potent ia l 
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at which passive iron becomes ac t ive is not . The appearance of t h e pass iv i ty 
potential and the ac t iv i ty potent ial during anodic polarization is dependent on t h e 
current density, and consequent ly on t h e o x y g e n concentrat ion on t h e electrode. 
These various facts are said t o be explained better on t h e hydrogen t h a n o n t h e 
oxide theory of pass ivi ty . J . Stapenhorst found t h a t iron which has been m a d e 
passive b y chromic acid, becomes act ive under the influence of hydrogen dissolved 
in the metal . H e bel ieved t h a t th i s change cannot be explained b y t h e removal 
of dissolved o x y g e n or b y t h e destruct ion of an oxide film. Under suitable con
dit ions, the reverse change m a y be brought about b y t h e diffusion of nascent o x y g e n . 
The potential assumed b y a meta l in a neutral e lectrolyte depends on t h e quant i ty 
of oxygen present in the electrolyte soln. If t h e surface of the meta l is r enewed b y 
grinding wi th an emery-wheel , the potent ial changes from t h a t characteristic of 
the passive form t o the value peculiar t o t h e ac t ive form of t h e metal . H y d r o g e n 
and nitrogen tend t o preserve t h e potential of the act ive form, b u t otherwise b e h a v e 
as indifferent gases. Oxygen, on the other hand, is no t an indifferent gas . B o t h 
in t h e gaseous and dissolved states i t exercises a very considerable influence on t h e 
electrode potential and conduces t o the appearance and maintenance of t h e pass ive 
state . The pass ivat ing potential was studied b y J. Alvares, C. A. L . de B r u y n , 
JT. G. Byers and co-workers, F . Flade , F . Flade and H . Koch , F . Giordani, 
C. Fredenhagen, E . Grave, E . Liebreich and W . Wiederholt , W . J. Miiller 
and co-workers, W . Rathert , G. C. Schmidt and W . Rathert , and E . P . Schoch 
and C P . Randolph. 

According to "W. J. Miiller and co-workers, in the electrolysis of .ZV-H2SO4 sat . 
wi th ferrous sulphate, a visible film is formed on the iron anode, and t h e resistance 
rises a t first slowly, and t h e n rapidly to a m a x i m u m . A critical current dens i ty 
a t which pass ivi ty occurs is attained after a definite t ime , t; and the m e a n current 
dens i ty for passivat ion is directly proportional to log t. H . G. Byers and C. W . Thing 
found t h a t a current densi ty which is insufficient t o cause pass iv i ty quickly m a y d o 
so if a longer t ime is al lowed. They also found iron to be passive a t all current 
densit ies in a soln. of potass ium dichromate and sodium sulphate , and becomes 
passive in 0-22V-H2SO4 a t all current densit ies above 6-0 amps , per sq. d m . 
H . G. Byers and S. C. Langdon observed t h a t wi th iron as anode in 0-22V-H2SO4, 
the t i m e required for pass ivat ion is m u c h shorter if dissolved o x y g e n is present 
at the anode surface. U . Sborgi and G. Cappon found t h a t w i th iron in a n e thy l 
alcohol soln. of calc ium and a m m o n i u m nitrates , the meta l is pass ive w i th high and 
low current densit ies ; and U . Sborgi and P . Marchetti observed t h a t wi th a n acetone 
soln. of l i th ium chloride, iron dissolved as a bivalent metal , and the metal is pasBive 
in a n acetone soln. of silver nitrate. 

C A. Xi. de B r u y n found t h a t wi th a soln. of ferrous sulphate , a n iron electrode 
suddenly becomes passive w h e n the current dens i ty reaches 0*4 amp. per sq. c m . 
This abrupt change was not observed with soln. of ferrous chloride. I n a n electrolyt ic 
cell g iv ing off oxygen irom. the pass ive iron electrode, only about 1 per cent , of t h e 
current was consumed in t h e dissolution of i r o n ; t h e remainder was used i n pro
ducing oxygen . For act ive iron, wi th 0-1 per cent, of carbon, dissolving anodical ly 
in a soln. of sodium sulphate , the current efficiency and t h e current dens i ty , i n 
amperes per sq. cm. , were : 

Current density . . OO13 0*020 0*027 0*034 
Current efficiency . . 99.9 99.6 99-4 99-1 per cent. 

indicat ing t h a t as long as iron remains act ive , t h e current efficiency diminishes 
s l ightly as t h e potent ia l increases. T h e current efficiency during t h e anodic d is 
solution of pass ive iron, w h e n t h e current dens i ty is 0-0006 a m p . per sq . c m . , is 
1-09 for iron wi th O-l per cent, of carbon ; 1-21 per cent , for iron wi th 0-4 per cent , 
of carbon ; 1-24 per cent, for steel wi th 1*1 per cent , of carbon ; a n d 4*75 per cent . 
.|o£ cast iron wi th 8-5 per cent , of carbon. T h e greater effect w i t h cas t iron is 
at tr ibuted t o the h igh carbon-content a n d coarser structure. Electrolyt ic iron 
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FIG. 4 0 3 . — T h e P o t e n 
t i a l s of P a s s i v e I r o n 
a n d of P l a t i n u m . 

u n d e r s i m i l a r c o n d i t i o n s b e c a m e a c t i v e . P a s s i v e i r o n i s t h u s s l i g h t l y a t t a c k e d 
a n d a c o m p a r i s o n of a p a s s i v e i r o n a n o d e -with a n o n - c o r r o d i b l e p l a t i n u m a n o d e i n 
01.2V-SoIn. of f e r r o u s a n d f e r r i c s u l p h a t e s f u r n i s h e s t h e c u r v e s , F i g . 4 0 3 , w h i c h show-
t h a t t h e p o t e n t i a l of p a s s i v e i r o n i s r a t h e r l e s s t h a n t h a t of p l a t i n u m . Gr. R . W h i t e 
a l s o s h o w e d t h a t i r o n d i s s o l v e s a n o d i c a l l y i n a s o l n . of 
s o d i u m n i t r a t e w h e n t h e c u r r e n t d e n s i t y i s l o w , s a y , 0 - 3 
a m p s , p e r s q . d m . , a n d t h e c u r r e n t e f f i c i ency i s 9 9 t o 1Ol 
p e r c e n t . ; b u t if t h e c u r r e n t d e n s i t y i s r a i s e d t o 1-7 t o 3 -3 
a m p s , p e r s q . d m . , t h e i r o n b e c o m e s p a s s i v e , a n d o n l y 0 - 3 
t o 1-1 p e r c e n t , of t h e c u r r e n t i s t h e n e m p l o y e d i n t h e c o r 
r o s i o n of i r o n . XJ. R . E v a n s o b s e r v e d t h a t t h e r e l a t i v e l y 
s m a l l d i s s o l u t i o n of i r o n w h i c h o c c u r s w h e n i r o n i s p a s s i -
v a t e d o c c u r s m a i n l y a l o n g t h e w a t e r - l i n e , j u s t w h e r e a n y 
p r o t e c t i v e s k i n , w h i c h m a y b e f o r m e d , b r e a k s d o w n m o s t 
r e a d i l y ; a s a r e s u l t , a p a s s i v e e l e c t r o d e t h r o u g h w h i c h a 
c u r r e n t h a s b e e n f l o w i n g s o m e t i m e , m a y b e d e e p l y c o r r o d e d a l o n g t h e w a t e r - l i n e 
a n d u n c h a n g e d o v e r t h e i m m e r s e d p o r t i o n . T h i s a t t a c k i s n o t d u e t o c o n t a c t 
w i t h t h e o x y g e n of t h e a i r — F i g . 4 0 3 — s i n c e i n t h e p a s s i v e s t a t e , o x y g e n b u b b l e s 
a r e f r e e l y g i v e n off a l l o v e r t h e i m m e r s e d p o r t i o n ; w h e n t h e a n o d e i s i n t h e 
a c t i v e s t a t e , i t i s o f t e n m u c h l e s s a t t a c k e d n e a r t h e w a t e r - l i n e t h a n i t i s e l s e w h e r e . 

I n g e n e r a l , t h e c o r r o s i o n of i r o n i s a r e s u l t of t h e e l e c t r o c h e m i c a l a c t i o n c a u s e d 
b y t h e p a s s a g e of c u r r e n t s b e t w e e n p o r t i o n s of t h e m e t a l w h i c h a r e a t d i f f e r e n t 
p o t e n t i a l s w i t h r e s p e c t t o t h e e l e c t r o l y t e i n c o n t a c t w i t h t h e m . D i f f e r e n c e s of 
p o t e n t i a l w i t h a h o m o g e n e o u s m e t a l m a y b e p r o d u c e d b y d i f f e r e n t i a l a e r a t i o n . 
T w o p i e c e s of t h e s a m e e l e c t r o l y t i c i r o n , s i m i l a r l y g r o u n d , -were f o u n d b y 
A . L . M c A u l a y a n d S . H . B a s t o w t o g i v e -widely d i f f e r e n t p o t e n t i a l s -when i m m e r s e d 
i n a n e l e c t r o l y t e . I n g e n e r a l , w h e n a p i e c e of i r o n i s p l a c e d i n a n a i r - f r e e e l e c t r o l y t e , 
t h e r e i s a s t a b l e p o t e n t i a l t o w h i c h i t t e n d s , p r o b a b l y u l t i m a t e l y d e t e r m i n e d b y t h e 
h y d r o g e n - i o n c o n c e n t r a t i o n of t h e s o l n . I t d o e s n o t i m m e d i a t e l y a c q u i r e t h i s 
p o t e n t i a l , b u t a f t e r p r o l o n g e d i m m e r s i o n t h e s t a b l e c o n d i t i o n , w h i c h p r o v e d t o 
b e e a s i l y r e p r o d u c i b l e , i s a t t a i n e d , a n d t h e b e h a v i o u r of t h e m e t a l w h e n s u b j e c t e d 
t o e x p e r i m e n t s u s i n g t h i s c o n d i t i o n a s a s t a r t i n g - p o i n t i s a l s o r e p r o d u c i b l e . M i l d 
s t e e l , a n d c a s t i r o n b e h a v e s i m i l a r l y , a n d a d i f f e r e n c e i n c o m p o s i t i o n h a s b u t l i t t l e 
e f f ec t p r o v i d e d t h a t i t i s n o t s u c h a s t o p r o d u c e a i r p a s s i v i t y , a s i n t h e c a s e o f 
" s t a i n l e s s " s t e e l . S u c h s t e e l s h o w s c o m p l e t e l y d i f f e r e n t b e h a v i o u r : i t r e s e m b l e s 
a n o b l e m e t a l , i s e a s i l y p o l a r i z e d b y m i n u t e c u r r e n t s , a n d s h o w s n o v e r y d e f i n i t e 
n o r m a l p o t e n t i a l . T h e p o t e n t i a l -which a n i r o n e l e c t r o d e r e a c h e d a f t e r p r o l o n g e d 
i m m e r s i o n i n a n a i r - f r e e e l e c t r o l y t e w a s t a k e n a s s t a n d a r d . I n 0 * 5 i V - p o t a s s i u m 
s u l p h a t e t h i s i s b e t w e e n 0 - 7 5 a n d 0 - 8 0 v o l t o n t h e s a t . c a l o m e l s c a l e , t h e a c t u a l v a l u e 
p r o b a b l y d e p e n d i n g o n t h e JPEL of t h e s o l n . W h e n e l e c t r o d e s i n t h e s t a n d a r d s t a t e 
a r e e x p o s e d t o a i r , a n d t h e n r e - i m m e r s e d i n t h e s a m e e l e c t r o l y t e , t h e y r e c o v e r t h e 
s t a n d a r d s t a t e . T h e film w h i c h i s r e s p o n s i b l e f o r t h e c o r r o s i o n c u r r e n t i n c r e a s e s 
i n p r o t e c t i v e p o w e r a n d r e s i s t a n c e t o d e s t r u c t i o n w i t h t h e t i m e of e x p o s u r e of 
t h e i r o n t o a i r u p t o a b o u t 2 h r s . , a f t e r w h i c h b u t l i t t l e f u r t h e r c h a n g e t a k e s p l a c e 
o n f u r t h e r e x p o s u r e . W h e n t h i s s t a g e i s r e a c h e d , t h e i m m e r s i o n of t h e i r o n i n 
a i r - f r e e 0 - 5 2 V - p o t a s s i u m s u l p h a t e c a u s e s a d e s t r u c t i o n of t h e e n n o b l i n g film i n 
a b o u t a n h o u r , a n d a c o n s e q u e n t r e t u r n of t h e m e t a l t o t h e s t a n d a r d s t a t e i n t h i s 
t i m e . S o m e film i s f o r m e d e v e n i n t h e s h o r t e s t e x p o s u r e s i t i s p o s s i b l e t o g i v e . 
T h e d e s t r u c t i o n o f t h e film i s d u e t o a c t i o n b y t h e e l e c t r o l y t e , i t i s n o t d e s t r o y e d 
i f t h e e l e c t r o d e i s m e r e l y l e f t i n c o n t a c t w i t h a n i n e r t g a s a f t e r e x p o s u r e . M o r e 
d r a s t i c o x i d a t i o n , s u c h a s a n o d i c t r e a t m e n t i n a l k a l i - l y e , p r o d u c e s a film w h i c h 
t a k e s c o n s i d e r a b l y l o n g e r t o d e s t r o y o n e x p o s u r e t o e l e c t r o l y t e t h a n a n y t h a t a r e 
a i r - f o r m e d ; e v e n t u a l l y , h o w e v e r , t h e s a m e s t a n d a r d s t a t e i s a c h i e v e d i n e a c h 
c a s e . T h e p a s s a g e o f c o r r o s i o n c u r r e n t s h a s n o e f f ec t o n t h e e n n o b l i n g film t h a t 
g i v e s r i s e t o t h e p o t e n t i a l d i f f e r e n c e w h i c h p r o d u c e s t h e m . T h e p o t e n t i a l s a r e 
m o d i f i e d t e m p o r a r i l y o w i n g t o p o l a r i z a t i o n e f f e c t s , b u t t h e s e e f f ec t s r a p i d l y d i s -
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a p p e a r when t h e c u r r e n t is s t opped , l eav ing t h e film u n c h a n g e d e x c e p t for t h e 
ac t ion of the e lec t rolyte . 

A. J . A l lmand a n d R . H . D . Ba rk l i e , M. Ie B l a n c , A. B r o c h e t a n d J . P e t i t , 
A. Loh, a n d R . R u e r c o m p a r e d t h e corros ion of i ron b y d i rec t a n d a l t e r n a t i n g cur
ren t . W . J . S h u t t a n d V. J . S t i r r u p f o u n d t h e t i m e of p a s s i v a t i o n of * 
in 2,ZV-H2SO4 w i th c u r r e n t densi t ies , D a m p , p e r sq. cm. , a t 20°, t o b e : 

iron 

n 
T i m e . 

and at 6° : 
JD 
T i m e . 

. 0-78 

. 6 0 1 

. 0-729 

. 4-44 

0-911 
4-29 

0-923 
3 0 O 

1-40 
2-19 

1-56 
0-69 

2-21 
0-86 

2-22 
0-32 

3-23 
0-19 sees 

2-57 
O-19 sees 

T h e t i m e of recovery was 0-93 sec. a t 20° a n d 3*21 sees, a t 6°. 
W . J . MiiHer s tud ied t h e t i m e r equ i red t o p r o d u c e pas s iv i t y w i t h a n i ron a n o d e 

t r e a t e d wi th u n i t c u r r e n t dens i ty in su lphur ic ac id of different c o n c e n t r a t i o n s , 
a n d found : 

H 8 S O 4 . 
T i m e (sees.) . 

. 0-06 

. 0-22 
0-24 
0-26 

0-48 
0-60 

0-94 
1-84 

1-75 
2-99 

3-13 
2-99 

4-88 
2 1 0 

9 1 4 
1-54 

13-2 
0-92 

Inc reas ing t h e c o n c e n t r a t i o n of t h e acid first decreases t h e l i ab i l i ty t o pas s iv i ty t o 
a m i n i m u m w i t h a b o u t 32V-H2SO4 , a n d af te r t h a t t h e t e n d e n c y t o pas s iv i ty increases . 
T h e effect of h igh ac id concen t r a t i ons m a y b e a t t r i b u t e d t o t h e depress ion of t h e 
solubi l i ty , S, of h e p t a h y d r a t e d ferrous s u l p h a t e in t h e ac idic soln. , b u t t h e s h o r t 
t i m e needed w i th low ac id concen t r a t i ons c a n n o t b e so exp la ined , b u t i t m a y b e d u e 
t o t h e fo rmat ion of basic sa l ts , in p lace of h y d r a t e d s u l p h a t e , a s a cover ing (pro
tec t ive) layer . T h e a c t i v i t y coeff. for su lphur i c acid h a s a m i n i m u m v a l u e w h e n 
t h e t i m e of pass iva t ion is a m a x i m u m . T h e t i m e of pa s s iva t i on is g r e a t l y affected 
b y t e m p . , be ing doub led b y a rise of 10°. W . J . Miiller f o u n d t h a t t h e t i m e of 
pas s iva t ion , t, of i ron as a n o d e in soln. of s o d i u m s u l p h a t e follows t h e . ru l e 
2—a-f-6 log (em.—e)/(e — es), where a a n d b a r e c o n s t a n t s ; em d e n o t e s t h e revers ib le 
p o t e n t i a l of t h e m e t a l i n t h e pores ; es, t h e p o t e n t i a l of t h e c o a t i n g ; a n d e, t h e 
m e a s u r e d p o t e n t i a l of t h e e lec t rode a t t h e t i m e t. T h e p o t e n t i a l - t i m e cu rves of 
i ron a n d i ts a l loys were e x a m i n e d b y R . M a y , A. T r a v e r s a n d J . A u b e r t , W . J . S h u t t 
a n d V . J . S t i r r u p , H . G. B y e r s a n d co-workers , A. S m i t s , C. W . B e n n e t t a n d 
W . S. B u r n h a m , E . S. H e d g e s , E . P . Schoch , F . F o r s t e r , C. F r e d e n h a g e n , E . H e y n 
a n d O. B a u e r , V. K o h l s c h u t t e r a n d H . S tager , M. M u g d a n , U . R . E v a n s , a n d 
W . J . Miiller a n d co-workers . 

L . C. B a n n i s t e r a n d TJ. R . E v a n s used soln . of p o t a s s i u m c h r o m a t e , a n d of 
p o t a s s i u m chlor ide, a n d obse rved t h a t w h e n a m e t a l is covered w i t h a p o r o u s 
film of oxide , i t m a y furnish a n y v a l u e b e t w e e n t h e p o t e n t i a l s of t h e c lean m e t a l 
a n d t h a t of t h e solid ox ide . If t h e ox ide film is h igh ly d i scon t inuous , t h e m e a s u r e d 

Observed 

Drop of 
potential 
overpores 

Current Current Current 
F i o . 404.—Potential Curves of Metals with a Film of Oxide. 

potentials will approach t h a t of t h e film-free m e t a l — A 9 F i g . 4 0 4 ; if the p o r e s i n 
t h e skin of oxide are very small, t h e measured potential will be higher—B9 F ig . 404 ; 
a n d in C9 Fig . 404, o n t h e assumption tha t the e levated potent ia l ia due t o the h igh 
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r e s i s t ance i m p o s e d b y t h e na r rowness of t h e pores . If, w h e n t h i s s t a g e i s a t t a i n e d , 
t h e b r e a k - d o w n e x t e n d s f rom t h e or ig ina l w e a k po in t s , t h e p o t e n t i a l wil l fall, first 
r a p i d l y , a n d t h e n slowly, a s t h e condi t ions a p p r o a c h t h e l imi t ing case of A, F i g . 404 . 
T h e s h u t t i n g off of o x y g e n b y seconda ry r u s t will c o n t r i b u t e t o t h e fall. Converse ly , 
if r e p a i r i n g cond i t ions p reva i l , caus ing t h e pores t o become n a r r o w e r or less f r e q u e n t , 
or r e n d e r i n g t h e film th i cke r , t h e m e a s u r e d p o t e n t i a l s will r i se . I n t h e l i m i t i n g 
case , t h e po re s v a n i s h , a n d t h e p o t e n t i a l becomes e q u a l t o t h a t of t h e solid o x i d e — 
D, F i g . 404. I t follows, therefore , t h a t a r is ing p o t e n t i a l i nd ica t e s t h a t w e a k p o i n t s 
in t h e film a r e be ing r epa i r ed ; a n d a fal l ing p o t e n t i a l , t h a t t h e b r e a k - d o w n is 
e x t e n d i n g ; a h igh final p o t e n t i a l i nd i ca t e s t h a t t h e m e t a l res is ts a t t a c k , a m i d d l e 
v a l u e i nd i ca t e s s l ight r u s t i n g ; a n d a low v a l u e , p rofuse r u s t i n g . A t r e a t m e n t w h i c h 
increases t h e res i s tance of i ron t o a t t a c k , ra ises t h e p o t e n t i a l ; a n d a t r e a t m e n t w h i c h 
favours corrosion, lowers t h e p o t e n t i a l . The* anod ic o v e r v o l t a g e w a s s t u d i e d b y 
E . N e w b e r y , U . R . E v a n s , a n d E . L iebre ich a n d W . W i e d e r h o l t . T h e a b r u p t 
c h a n g e of p o t e n t i a l , o b s e r v e d b y F . F l a d e , a n d o the r s , t o occu r w h e n i ron , a s a n o d e 
in su lphu r i c acid, b e c o m e s pass ive , w a s f o u n d b y W . R a t h e r t t o b e different f rom t h e 
a b r u p t c h a n g e w h i c h occurs w h e n t h e pa s s ive m e t a l b e c o m e s a c t i v e . C F . H o l m b o e 
obse rved t h a t in t h e a n o d i c p a s s i v a t i o n of different forms of i ron a n d s teel , t h e ru l e 
t h a t t h e p a s s i v a t i o n is g r e a t e r t h e g r e a t e r t h e degree of p u r i t y of t h e i ron , is n o t of 
gene ra l app l i ca t ion . 

If t h e p o t e n t i a l of a n i r on a n o d e w h i c h h a s been p a s s i v a t e d in a soln . of f e r rous 
s u l p h a t e b e m e a s u r e d a t defini te i n t e r v a l s of t i m e , t h e m e t a l becomes a c t i v a t e d ; 
t a k i n g t i m e in seconds a f te r t h e i n t e r r u p t i o n of t h e c u r r e n t , a n d refer r ing t h e 
p o t e n t i a l t o a n o r m a l ca lomel e lec t rode : 

T i m e . 3 12 21 32 40 49 55 64 69 75 
V o l t s . . 0-3OO 0-265 0-254 0-238 0-220 0-202 0-180 0-130 —0-420 — 0-550 

T h e re su l t s r e p r e s e n t e d b y c u r v e F i g . 405 were o b t a i n e d w i th a soln. oi 0-473 
mol of fe r rous s u l p h a t e p e r l i t r e , on a n a u t o m a t i c recorder , b y C. A. Li. d e B r u y n . 
T h e p o t e n t i a l first falls r ap id ly , ab, 
t h e n slowly, be, a n d finally, r a p i d l y ^-J 
aga in , cd, T h e i ron is pass ive u n t i l ~§ 
t h e second r a p i d decrease occurs . D u r - 5 
ing a n o d i c po la r i za t ion , h y d r o g e n is ^ 
d i sp laced b y oxygen ; w h e n t h e c u r r e n t "^ 
is i n t e r r u p t e d , t h e a b s o r b e d o x y g e n is ^ 
g r adua l ly d e s t r o y e d b y t h e h y d r o g e n ' " Time 
diffusing b a c k . T h e r e t a r d a t i o n of F m - 4 0 5 .—The Activation of Passive Iron, 
t h e a c t i v a t i o n b y t h e o x y g e n g r a d u a l l y 
decreases , a n d w h e n t h e c o n c e n t r a t i o n of t h e o x y g e n is r e d u c e d t o a low e n o u g h 
v a l u e , a r a p i d c h a n g e t o t h e a c t i v e s t a t e occurs a n d t h e i ron t h e n c o n t a i n s 
h y d r o g e n . T h e p r o p o r t i o n of ferric ions i n t h e soln . is a l so of i m p o r t a n c e s ince 
t h e y r e t a r d t h e process of a c t i v a t i o n a n d favour pas s iva t ion . T h e r e su l t s I I , 
F i g . 405 , were o b t a i n e d w i t h a soln. t o wh ich 0-00024 m o l p e r l i t re of FeCI 2 w a s 
a lso a d d e d ; c u r v e I I I , w i t h 0-00036 m o l F e C l 2 ; a n d c u r v e I V , w i t h 0-00048 
m o l F e C l 2 . Th i s shows t h a t Cl '- ions a r e powerful c a t a l y s t s in acce le ra t ing t h e 
a c t i v a t i o n which is f a v o u r e d b y a rise of t e m p . ; t h u s , a t 93°, t h e po la r iz ing 
c u r r e n t , i n miUiamps . pe r sq . cm. , is 1-0 ; a t 79° , 0-6 ; a n d a t 64°, 0-3. 

I n genera l , u n d e r t h e cond i t ions necessary for p r o d u c i n g t h e pass ive s t a t e , t h e 
a n o d i c p o t e n t i a l of i r on i3 r educed . Acco rd ing t o J . F . C h i t t u m , in cone, n i t r i c 
ac id soln. , t h e a n o d i c p o t e n t i a l of t h e i r on is r e d u c e d t o a m u c h lower v a l u e t h a n 
is t h o u g h t t o b e a c c o u n t e d for hy t h e p resence of a n insoluble oxide , even b y a 
h ighe r ox ide , if a n y s u c h cou ld b e fo rmed u n d e r t h e cond i t ions . I n a lka l ine soln . , 
t h e a n o d i c p o t e n t i a l of i ron is r educed t o a lower v a l u e t h a n c a n be exp la ined b y t h e 
p re sence of a n insoluble ox ide , a n d t h e h ighe r oxide , F e O 2 , is soluble in m o s t alkaline 

VOI*. XXXI. ^ L. 

W 

v~ 
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soln. I ron , if n o t d i s t u r b e d , dissolves v e r y s lowly i n cone , n i t r i c ac id ; a n d i n 
a lka l ine soln., differential p a s s i v i t y a c c o m p a n i e s differential a e r a t i o n . 

T h e po ten t i a l of i r on i n a finely-divided s t a t e , a s in a m a l g a m s Fe (Hg) ->Fe**+2<£) , 
was shown b y W . H . H a m p t o n , a n d W . J . Sweeney t o b e 0-441 v o l t a t 25° ; a n d 
J . C. W a r n e r , a n d W . J . Sweeney s h o w e d t h a t t h e e.m.f. of a cell F e | F e ( O H ) 2 s a t . 
soln. I H 2 is 0-169 v o l t a t 25° w i t h h y d r o g e n a t 1 a t m . p re s s . ; if less t h a n t h i s p r e s s . , 
t h e p o t e n t i a l is g r ea t e r . J . F . C h i t t u m defines p a s s i v i t y a s t h e " t e n d e n c y of i r o n 
t o exh ib i t a p o t e n t i a l lower t h a n t h a t of a n i ron a m a l g a m u n d e r t h e s a m e cond i t i ons 
if t h e a m a l g a m shou ld b e h a v e l ike s o d i u m a m a l g a m . " A c c o r d i n g t o J . F . C h i t t u m , 
soft i ron , a n d a n n e a l e d a n d a l loy s tee ls a r e i n e q u i l i b r i u m w i t h Fe(OH)*- ions o v e r 
t h e r a n g e ^ H = I - O t o 6-O w h e n n o ox id iz ing a g e n t is p r e s e n t ; a n d t h e s lope of t h e 
c u r v e for t h e p o t e n t i a l w i t h different c o n c e n t r a t i o n s of t h e H"-ions is different if 
chlor ides a n d su lpha t e s a r e p r e s e n t . T e m p e r e d s teels a r e i n e q u i l i b r i u m w i t h a 
h igher ox ide of i ron w i t h va lue s of p& f rom 3-0 t o 6-O, p r e s u m a b l y b e c a u s e t h e h i g h e r 
ox ide is inclosed i n surface crevices. I n t h e p resence of ox id iz ing a g e n t s , soft i ron , 
a n d annea l ed , o r d i n a r y a n d al loy s teels a r e i n equ i l i b r ium w i t h F e ( O H ) *-ions o v e r t h e 
r a n g e j t ? M = l - 0 t o 3-0, a n d in equ i l ib r ium w i t h a h igher ox ide of i ron ove r t h e r a n g e 
2> H =4-0 t o 6-O. W i t h va lue s of ^ n exceeding 6-0, t h e k i n d of i ron ox ide w i t h wh ich 
t h e m e t a l is i n e q u i l i b r i u m is soluble , a n d a s i t s so lubi l i ty increases , t h e t e n d e n c y 
for t h i s k i n d of i ron t o r e v e r t t o me ta l l i c i ron increases t o n e a r l y a c o n s t a n t v a l u e . 
Th i s is t r u e on ly of a h ighe r ox ide of i ron w h i c h is inc reas ing ly soluble in a lka l ine 
soln. a s a f e r ra t e . Consequen t ly , in soln. -with _pH exceed ing 6*0, t h e i r on b e h a v e s 
a s t h e e lec t rode Fe+3H 2 0—>Fe0 3 "- f -6H' - f -4(Cp) . T h e h ighe r ox ide is h e r e a s s u m e d 
t o b e F e O 2 , a n d i t is conc luded t h a t a r o d of i r o n b e h a v e s as t h e e lec t rode F e + 2 H 2 O 
— > F e 0 2 + 4 H " + 4 ( £ ) e x c e p t u n d e r cond i t i ons whe re t h e ox ide dissolves or is r e d u c e d . 
I n t h e absence of ox id iz ing a g e n t s , or i n t h e p resence of r e d u c i n g a g e n t s i n soln . 
w i t h va lue s of jo H b e t w e e n 4-0 a n d 9-0—the n e u t r a l r a n g e — t h e cond i t i on u n f a v o u r 
ab l e for t h e h ighe r ox ide e lec t rode is t h e absence of sufficient o x y g e n for t h e c a t a l y t i c 
o x i d a t i o n of t h e s e c o n d a r y p r o d u c t s of corros ion , e.g. f e r rous ions , s h o u l d t h e h i g h e r 
ox ide b e r educed , or t h e h y d r o g e n b e depo la r ized if t h e h y d r o x y f e r r o u s i ron e lec t rode 
is e s t ab l i shed . Th i s c o n d i t i o n m a y occur w h e n o x y g e n is a b s e n t , or -when o n l y a 
l imi t ed s u p p l y is p r e s e n t . W h e n t h e H*-ion c o n c e n t r a t i o n is g r e a t e r t h a n cor re 
s p o n d s w i t h J 9 J E I = 3 ' 0 , a n d in t h e absence of s t r o n g oxid iz ing a g e n t s , t h e h ighe r ox ide 
is u n s t a b l e , a n d is l a rge ly r e d u c e d t o t h e fe r rous s t a t e . W i t h cond i t i ons u n f a v o u r 
ab l e for t h e ex i s t ence of t h e h ighe r ox ide , t h e i r on b e h a v e s l ike t h e e lec t rode 
F e + H 2 O - » F e ( O H ) , + H ' + 2 0 ; a n d t h e e lec t rode F e 0 2 + 3 H + 2 O - > F e ( O H ) " 
+ H 2 O is p r e s e n t before t h e i ron b e h a v e s a s a h y d r o x y f e r r o u s ion e lec t rode . T h e 
c a t h o d e p o t e n t i a l of t h e l a t t e r e lec t rode is g r e a t e r t h a n t h a t of t h e e lec t rode F e O 2 
+ 4 H * + 4 £ £ > - $ > F e + 2 H 2 0 u n t i l t h e e lec t rode F e + H 3 0 - » F e ( O H ) " + H + 2 ( £ > is 
e s t ab l i shed ; t h e h y d r o x y f e r r o u s ions a r e p r o d u c e d e x c e p t in a lka l ine soln . w h e r e 
t h e y a r e ca t a ly t i ca l l y ox id ized t o t h e h i g h e r ox ide t h r o u g h t h e i n t e r m e d i a t e 
f o r m a t i o n of a p e r o x i d e . W h e n t h e h y d r o x y f e r r o u s ion e l ec t rode is e s t ab l i shed , i t 
is a s s u m e d t h a t t h e r e will b e b o t h t h e h ighe r ox ide e l ec t rode a n d h y d r o g e n e l ec t rode 
t o b e h a v e a s c a t h o d e s . 

T h e i ron e lec t rode h a s i t s g r e a t e s t a n o d e p o t e n t i a l w h e n i t is cove red w i t h a film 
of w a t e r , b e c a u s e t h e l ack of p o l a r i t y i n t h e film p r e v e n t s t h e d i s so lu t ion of t h e 
F e O 2 a n d t h e p re sence of F e O 8 " - i o n s ; t h a t is , t h e r eac t i on F e O 2 + 2 O H 7 = F e O 3 ' + H 2 O 
is s u p p r e s s e d b e c a u s e of t h e l ack of O H ' - i o n s , a n d t h e e l ec t rode F e + H 2 O - ^ F e O 2 
+ 4 H * + 4 £ £ } h a s i t s g r e a t e s t p o t e n t i a l b e c a u s e of t h e s m a l l c o n c e n t r a t i o n of t h e 
H*-ions. T h e i ron e lec t rode h a s i t s g r e a t e s t c a t h o d e p o t e n t i a l -when i t is c o v e r e d 
w i t h a cone , ac id so ln . of a s t r o n g ox id iz ing a g e n t . T h e r e is t h e n b u i l t u p a h i g h 
local c o n c e n t r a t i o n of Fe*"*"-ions, o n a c c o u n t of t h e so lub i l i ty of F e O 2 i n cone , a c i d 
soln. , a cco rd ing t o t h e r eac t i on : F e O 2 + 2 H a 0 - » F e * " ' + 4 O H ' , a n d t h e s t a b i l i t y of 
t h e Fe**""-ions, i n t h e p re sence of a s t r o n g ox id iz ing a g e n t . 

I n J . F . C h i t t u m ' s t h e o r y of pa s s iv i t y i t is a s s u m e d t h a t o r d i n a r y i r o n is p a s s i v e , 
and t h e a c t i v e i r on is t h e r e su l t of a chemica l r e a c t i o n i n w h i c h i r o n b e h a v e s a s a 
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h ighe r ox ide e lec t rode , a n d dissolves in t h e h i g h e r s t a t e of o x i d a t i o n . T h e t i m e 
o b s e r v e d b y W . J . Miiller t o b e r e q u i r e d for t h e p r o d u c t i o n of t h e p a s s i v e s t a t e by-
a n o d e po l a r i z a t i on is t h e t i m e i t t a k e s a r eversa l of t h e e l ec t rode F e 0 2 + 3 H * + 2 ( ^ ) 
- » F e ( O H ) * + H 2 0 t o ra i se t h e c o n c e n t r a t i o n of t h e h igher ox ide u n t i l t h e i r on b e h a v e s 
a s t h e e lec t rode F e + 2 H 2 0 - > F e 0 2 - | - 4 H - f - 4 £ £ ) . 

XJ. R . E v a n s p o i n t e d o u t t h a t h igh H*-ion cone, a n d low c u r r e n t d e n s i t y f a v o u r 
a n o d i c corros ion a t a h igh efficiency, whi le a low H*-ion cone , a n d h igh c u r r e n t 
d e n s i t y f a v o u r pa s s iv i t y . U n d e r i n t e r m e d i a t e cond i t i ons i t i s s o m e t i m e s poss ib le 
t o p r o d u c e a cond i t ion of periodic d isso lut ion in wh ich t h e i ron a l t e r n a t e s per iodica l ly 
b e t w e e n t h e ac t i ve a n d pass ive s ta tes—periodic passivity, F i g . 406 , b y A . S m i t s 
a n d C. A. Li. de B r u y n . T h e p h e n o m e n o n -was first m e n t i o n e d b y G-. T . F e c h n e r 
in 1828. O b s e r v a t i o n s were also m a d e b y A. Adler , M. F a r a d a y , C. F r e d e n h a g e n , 
H . Li. H e a t h c o t e , E . S. H e d g e s , J . F . W . H e r s c h e l , J . P . J o u l e , R . K r e m a n n , 
W . K i s t i a k o w s k y , A . J . M a a s , W . R a t h e r t , W . R o l l m a n n , a n d C. F . S c h o n b e i n . 
J . F . W . He r sche l n o t i c e d t h a t t h e c u r r e n t s o m e t i m e s surges b a c k a n d fo r th , a n d 
t h e evo lu t i on of gas shows s imi la r p u l s a t i o n s , s o m e w h a t r e s e m b l i n g t h o s e o b t a i n e d 
b y A . A v o g a d r o w i t h a n i r o n - b i s m u t h coup le i n cone , n i t r i c ac id . A . S m i t s a n d 
C. A. Li. d e B r u y n p o i n t e d o u t t h a t s ince t h e pass ive s t a t e of i ron c a n b e r e m o v e d b y 
b r i n g i n g t h e m e t a l in c o n t a c t w i t h soln . c o n t a i n i n g ha logen ions , i t m i g h t b e poss ib le 
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t o s e t o u t per iodic p h e n o m e n a 'which w o u l d m a k e t h e i r a p p e a r a n c e if t h e ha logen 
ions were a d d e d t o t h e e l ec t ro ly te d u r i n g a n o d i c po la r i za t ion . W h e n i ron is anod ica l ly 
po la r ized in a soln. of fe r rous s u l p h a t e , a n d a soln . of fe r rous chlor ide is i n t r o d u c e d , 
t h e c a t a l y t i c influence of t h e chlor ine ions man i fes t s itself in a fall of p o t e n t i a l ; if 
t h e a d d i t i o n of fer rous ch lor ide is con t i nued , a t a g iven s t age , a r a p i d fall of p o t e n t i a l 
occurs a s t h e i ron passes f rom t h e pas s ive t o t h e a c t i v e s t a t e . F o r a g iven r a t e of 
d i s so lu t ion of i ron , d e t e r m i n e d b y t h e c u r r e n t dens i t y , t h e r e ex i s t s a Cl ' - ion cone , 
a t wh ich , a t a n y g iven m o m e n t , t h e c h a n c e of i ron r e m a i n i n g pass ive is j u s t equa l 
t o i t s b e c o m i n g a c t i v e . If, a t t h i s m o m e n t , a c t i v a t i o n occurs , t h e n "whilst t h e ion 
a n o d e dissolves e x t r e m e l y s lowly w h e n in t h e pass ive s t a t e , w h e n i t becomes a c t i v e , 
i t passes i n t o soln . a t a r a t e w h i c h co r r e sponds "with t h e s t r e n g t h of t h e c u r r e n t . 
T h e inf luence of Cl ' - ions o n t h e a n o d e n o w changes , for t h e e x t e n t t o -which t h e 
Cl ' - ions dissolve in t h e m e t a l d e p e n d s o n t h e r a t e a t w h i c h t h e m e t a l ions p a s s i n t o 
soln. If t h i s r a t e b e g r e a t , fewer Cl ' - ions c a n b e d issolved in t h e m e t a l surface t h a n 
w h e n t h e r a t e of d i sso lu t ion is smal l . Th i s changes t h e s t a t e of t h e a c t i v e i ron . 
If t h e i r o n becomes pass ive , t h e soln. of Cl ' - ions in t h e m e t a l a g a i n becomes l a rge , 
a n d a t a defini te m o m e n t a c t i v a t i o n occurs . B y m e a s u r i n g t h e p o t e n t i a l i m m e d i a t e l y 
a f t e r t h e c u r r e n t is i n t e r r u p t e d , A. S m i t s a n d C. A . L . d e B r u y n obse rved t h a t if t h e 
c u r r e n t d e n s i t y is n o t g r e a t enough t o cause t h e i ron t o b e c o m e pass ive , i n s t e a d of 
b e i n g less n e g a t i v e , t h e i ron becomes m o r e s t rong ly n e g a t i v e , showing t h a t a f te r 
a n o d i c po la r i za t ion , i r on exh ib i t s a c h a n g e of p o t e n t i a l i n t h e oppos i te d i rec t ion t o 
t h a t o b s e r v e d d u r i n g t h e passage of t h e c u r r e n t . I m m e d i a t e l y af ter t h e a n o d i c 
po l a r i z a t i on of i ron , t h e p o t e n t i a l passes t h r o u g h a m i n i m u m a n d t h e n r a p i d l y 
r ises t o i t s or ig ina l v a l u e . T h e per iod ic p h e n o m e n o n w a s inves t iga t ed b y 
W . O s t w a l d , A . S m i t s a n d C. A. L . d e B r u y n , E . S. H e d g e s a n d J . E . Myers , A. Adle r , 
E . S. H e d g e s , R . S. Lil l ie , a n d C. F r e d e n h a g e n . 

R . S. Lil l ie s h o w e d ce r t a in analogies i n t h e a c t i v a t i o n of pass ive i ron a n d a n 
i r r i t a b l e a n d c o n d u c t i n g l iv ing e l emen t l ike a n e r v e fibre or a muscle-cell . T h u s , 
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when passive iron wire is dipped into nitric acid of a concentration above a certain 
critical concentration, the activation is only temporary, and is followed immediately 
by an automatic return of the metal to the passive condition. Activation initiated 
at any part of such a wire is thus transmitted rapidly along its whole length in a 
wave-like manner, each region as it becomes active activating the region adjoining, 
and immediately becoming passive again itself. In order to maintain activity in 
the living system, constant repetition of stimulation is necessary, and, similarly, 
chemical activity in a passive wire immersed in nitric acid (sp. gr. 1*4:2) is an 
automatically self-limiting process, which can be maintained only by repeated 
contacts with the activating metal. After a wire has been activated in the usual 
manner, and has reverted to the passive state, it is found to be impossible to 
reactivate it until a definite interval of time has elapsed. 

Q-. Wetzlar could not detect any influence by a magnetic field on passive iron, 
but, according to E. TJ. Nichols, E. IJ. Nichols and W. S. Franklin, and T. Andrews, 
magnetization is also an activating agent, for magnetized steel bars are less passive 
in warm nitric acid than unmagnetized ones. Thus, T. Andrews found that iron 
which remained passive in nitric acid of sp. gr. 1*42 up to 90°, became active at 51° 
when placed in a magnetic field. H. G. Byers and co-workers also observed that the 
current density required to make iron passive is increased when in a magnetic field. 
Thus, with 5 per cent, nitric acid, and with hard steels, the current densities in 
milliamps. per sq. cm. required to make the iron passive without a magnetic field 
were respectively 382 and 411 ; with a current for the N-pole, respectively 426 
and 466 ; and with a current for the S-pole, respectively 454 and 503. Hence, soft 
steel is affected to a greater extent than hard steel ; and the positive pole of a 
magnet is more easily rendered passive than is the negative pole. H. Eggert 
observed that the anodic behaviour of iron in non-aqueous electrolytes is similar 
to what it is in aq. electrolytes. Z. C. Mutaftschieff observed that the rate of 
attack of iron by nitric acid of sp. gr. 1*39 to 1*41 is not affected by the application 
of magnetic field, but -with acid not sufficiently concentrated to effect passivation, 
the rate is much increased. G. Berndt, T. Gross, R. S. Dean, and XJ. Sborgi and 
A. Borgia also studied the effect. 

It is probable that most of the metals may be passivated under suitable con
ditions, for the phenomenon has been recorded with the metals tin, lead, cadmium, 
zinc, magnesium, silver, copper, tungsten, molybdenum, uranium, platinum, 
ruthenium, gold, manganese, vanadium, columbium, tantalum, bismuth, chromium, 
aluminium, iron, cobalt, and nickel. The most satisfactory theory to account for 
the passivity of iron assumes that it is due to the formation of a superficial film 
of a product of the action of oxygen on the metal. This, said M. Faraday, fits in 
with the general observation that the passive state is produced by oxidation pro
cesses ; that iron coated with oxide is insoluble in acids ; and that the passive 
condition disappears when the metal is polished. In 1836, in reply to a letter from 
O. F. Schonbein, M. Faraday wrote : 

M y strong impress ion i s t h a t t h e surface of t h e [pass ive] iron i s ox id ized , or t h a t the 
surface part ic les are i n such relat ion t o t h e o x y g e n of t h e e lec tro lyte a s t o be eq u iv a l en t t o 
ox idat ion ; a n d h a v i n g t h u s the ir affinity for o x y g e n satisf ied a n d n o t be ing d isso lved 
b y t h e ac id under t h e c ircumstances , there i s n o renewal of t h e meta l l i c surface a n d n o 
reiteration of t h e a t trac t ion of t h e success ive part ic les of iron o n t h e e l ements of success ive 
part ic les of t h e e lectrolyte . 

G. T. Fechner, in 1828, tried and rejected the hypothesis that the passive state 
is due to the formation of a protective insoluble film ; and C F . Schonbein contested 
M. Faraday's explanation chiefly on the ground that the passive state persisted in 
dil. nitric acid which would be expected to dissolve a film of any known oxide if 
it were formed. M. Faraday, however, pointed out that his explanation had been 
misunderstood, for he meant not an actual oxidation bu& a relation ; a delicate equili
brium of forces where there is association without combination. R. Borchers 
suggested that passivity is produced by the combination of oxygen atoms with 
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surface iron atoms, but B. Strauss failed to obtain any evidence of the formation of 
suck a layer. E. Eamann assumed that the film is ferrosic oxide which dissolves 
in dil. but not in the cone, nitric acid ; H. Li. Heathcote found that the reverse 
is true of ordinary ferrosic oxide. The nature of the blue film which forms on iron 
which has been heated to about 290° approximates wFeO.Fe304, as indicated else
where. C. E. W. Belck observed that rods heated 15 mins. in air are passive to 
nitric acid of sp. gr. 1-2, and to a soln. of copper sulphate. F. Haber and F. Gold-
schmidt suggested that the film is composed of an oxide Fe 2 0 3 .2Fe 3 0 4 , which is 
an electrical conductor. H. L«. Heathcote showed that highly polished rods, kept 
cool during the polishing, always show a dulling of the surface -when immersed in 
cone, nitric acid. The oxide film hypothesis was favoured by H. S. Allen, 
T. Andrews, W. Beetz, C. W. Bennett and W. S. Burnham, W. K. Dunstan and 
J. R. Hill, O. Eisenhut, U. R. Evans and co-workers, F. Flade, C. Fredenhagen, 
H. Freundlich and co-workers, H. Gautier and G. Charpy, F. Goldmann and E. Rupp, 
C. M. Gordon and F. E. Clark, G. Grube, F. Haber and co-workers, H. L. Heathcote, 
E. S. Hedges, N.A.Izgarischeff, W. Kistiakowsky, P. Krassa, B. !Lambert, E. Liebreich 
and W. Wiederholt, L. McCulloch, W. Manchot, W. D. Richardson, E. Pietsch and 
E. Josephy, F. J. Micheli, E. Muller and F. Spitzer, W. Muthmann and F. Frauen-
berger, H. M. Noad, E. Ramann, E. K. Rideal, W. Rollmann, R. Ruer, E. P. Schoch, 
L. Tronstad, G. Wetzlar, G. Wiedemann, and H. Wieland and W. Franke. 

W. J. Muller and J. G. Konigsberger found that the reflecting powers of iron 
mirrors are always the same when they have been immersed in alkaline soln., both 
in their natural condition, and when polarized anodically and cathodically. This 
was taken to prove that the passive state is not due to the formation of a film of 
oxide ; but A. Findlay showed that the argument breaks down because a film of 
molecular dimensions might suffice to produce passivity, a thickness of the order 
of the wave-length of light would be required to affect the reflecting power of the 
metal. H. Freundlich and co-workers have shown that the optical properties of 
passive iron are not the same as those of active iron. On admitting oxygen to the 
surfaces of mirrors of pure iron, a sudden change occurs in the phase relations of 
the two components of elliptically polarized light reflected from the metal. This 
is attributed to the formation of a film of oxide. The chemical activity of the iron 
at the same time is reduced so that the iron becomes unaffected by nitric acid of 
concentrations which have a marked action on iron mirrors if introduced before the 
admission of oxygen. H. Freundlich and co-workers, F. Forster, E. Liebreich, 
I. Langmuir, G. Patscheke, L. Tronstad, and H. S. Allen also showed that the 
surface of passive and active iron have different optical properties, although 
E. Becker and H. Hilberg could not find much difference. H. S. Allen found that dry 
active iron exhibits a considerably higher photoelectric activity than the metal 
which has been passivated by immersion in cone, nitric acid, or by anodic polarization 
in dil. sulphuric acid. He said that this is in agreement with the assumption that 
the cause of passivity is to be found in the condition of the gaseous layer at the 
surfaces of the metal. Analogous results -were obtained by W. Frese. H. L. Heath
cote said that the assumption that passivity is produced by a protective film of 
gas does not explain how dry passive iron, rubbed lightly with cotton-wool, can 
retain its passivity in vacuo. W. J. Muller, W. J. Muller and W. Machu, and 
W. Machu discussed the effect of a surface film on the potential of a metal. 
E. Liebreich and W. Wiederholt measured the anodic and cathodic behaviour of 
iron in l-O 2-W-H2SO4 and found discontinuities corresponding with passivity 
which were explained by the formation of a film of a higher oxide. O. Benedicks 
and P. Sederholm, and H. Hauschild made observations on surface films. E. Rupp 
and E. Schmid studied the reflection of electrons from passive iron but could 
not identify the film which is formed with films of haematite or magnetite. 
J. Gillis, and F. Kruger and E. Nahring examined passive iron by the X-ray 
method and concluded that films of oxide thicker than 10~7 cm. are not present 
on the surface of the passive metal. This argument is not of much weight when 
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it is remembered, as pointed out by U. R. Evans , t h a t i t is highly improbable 
tha t films of this order of magnitude would produce t h e oxide lines in t he X-radio-
grams. The formation of invisible films of oxide on the surface of iron, etc., has 
been demonstrated b y W. H. J . Vernon, H . S. Allen, W. Frese, E . Liebreich, 
W. Kistiakowsky and I . V. KrotofE, A. X.. Bernoulli, T. Fujihara, and F . H . Con
stable. I . Tronstad added t h a t the film of oxide on passive iron is not totally 
destroyed on activation, bu t i t becomes porous and spongy ; on re-passivation, 
the holes are refilled with oxide, and the film becomes thicker. The film has an 
index of refraction of about 3*0, and is about 30 A. thick. The part ial destruction 
of the film on activation is more pronounced on the grains of ferrite t h a n on the 
grains of cementite. W. Boas and E . R u p p found t h a t iron of passive s ta te 
yields several electronic beams in addition to those shown b y iron in the active 
state. F . P . Bowden and E . K. Rideal found t h a t the t rue surface area of metals 
greatly exceeds the apparent area, especially after abrasion or similar t rea tment , 
presumably owing to the opening of innumerable fissures on the surface. 

U. R. Evans and co-workers also studied the distribution of the oxide films on 
such surfaces. U. R. Evans said : 

T h e ferr ic o x i d e film u s u a l l y p r e s e n t o n i r o n i s r a p i d l y d e s t r o y e d b y d i l . s u l p h u r i c a c i d 
o w i n g t o t h e f o r m a t i o n of t h e c i rcu i t : Fe | Ac id | O x i d e ; t h e ferr ic o x i d e suffers c a t h o d i o 
r e d u c t i o n t o fe r rous o x i d e w h i c h is r a p i d l y d i s so lved b y t h e ac id . If t h e r e d u c t i o n i s 
p r e v e n t e d b y t h e p r e s e n c e of a n excess of c h r o m i c ac id , o r b y a n o d i c t r e a t m e n t of t h e spec i 
m e n a s a who le , t h e film c a n r e m a i n i n c o n t a c t w i t h 0* IiWf-H2SO4, for h o u r s w i t h o u t c h a n g e . 
T h i s e x p l a i n s w h y i r o n c a n r e m a i n p a s s i v e i n a c i d i c so ln . d u r i n g a n o d i c t r e a t m e n t . T h e 
e x p l a n a t i o n of a n o d i c p a s s i v i t y i n ac id so ln . i s a s fol lows. W h e n l e a d i s a n o d i c a l l y t r e a t e d 
in s u l p h u r i c ac id , t h e c o n v e r s i o n of t h e m e t a l l i c su r face i n t o s u l p h a t e wi l l p r o t e c t t h e m e t a l 
be low, b u t w i t h a n i r o n a n o d e t h i s wi l l o n l y o c c u r w h e n t h e l i q u i d h a s loca l ly b e c o m e 
s a t u r a t e d w i t h fer rous s u l p h a t e . A t t h a t s t a g e , a n y f u r t h e r c u r r e n t m u s t b e e x p e n d e d 
o n t h e p r o d u c t i o n of o x y g e n , a n d a l thoxigh t h e b u b b l e s s t i r t h e l i q u i d , d i spe l l i ng t h e 
s a t u r a t e d l aye r , t h e m e t a l l i c sur face m a y i n t h e m e a n w h i l e h a v e b e e n c o n v e r t e d i n t o ferr ic 
o x i d e , w h i c h wil l p r o t e c t t h e m e t a l so l o n g a s t h e c u r r e n t c o n t i n u e s t o flow. I n d e e d , a 
s h o r t i n t e r r u p t i o n of c u r r e n t c a n a l so b e t o l e r a t e d w i t h o u t r e s u m p t i o n of a c t i v i t y , a n d t h i s 
s e e m s t o d e p e n d o n t h e p r e s e n c e of a n o x y g e n s u p e r c h a r g e , w h i c h p r e v e n t s r e d u c t i o n t o 
t h e r a p i d l y - s o l u b l e , l ower o x i d e . 

U. R. Evans also observed t h a t : 
T h e film p r o d u c e d b y o x i d i z i n g agenc i e s o n m e t a l s neces sa r i l y ceases t o t h i c k e n a s s o o n 

a s i t b e c o m e s sufficiently p r o t e c t i v e t o e x c l u d e t h e o x i d i z i n g a g e n t . T h e c o n s i d e r a b l e 
t h i c k e n i n g of t h e film, w h i c h o c c u r s o n f resh ly a b r a d e d i r o n p r o c e e d s t h r o u g h t h e p r o d u c t i o n 
of c r a c k s d u e t o t h e i n t e r n a l s t r e s ses left b y t h e a b r a s i o n ; o n l y w h e n t h i s c r a c k i n g of t h e 
film h a s c e a s e d wil l t h e t h i c k e n i n g c o m e t o a n e n d . S ince a c r a c k e d film p r o d u c e s n o 
p a s s i v i t y , coa r se ly g r o u n d m e t a l r e q u i r e s a l onge r t i m e t o b e c o m e p a s s i v e t h a n f inely 
g r o u n d m e t a l , a n d d e v e l o p s a t h i c k e r film, e spec ia l ly if s u b s t a n c e s b e p r e s e n t i n t h e s o l u t i o n 
w h i c h a r e c a p a b l e of p e n e t r a t i n g t h e s m a l l e s t c r a c k s (e.g. ch lo r ine i ons ) . T h e f i lms o b t a i n e d 
f rom a b r a d e d s p e c i m e n s a t t a i n t h i c k n e s s e s of t h e o r d e r 10~ 6 c m . , a n d c a n b e i s o l a t e d f r o m 
t h e i r b a s e s a n d s t u d i e d . I n t h e p r e s e n c e of a r e g u l a t e d a m o u n t of p e n e t r a t i n g a n i o n s , t h e 
t h i c k n e s s m a y c o m e t o exceed 4 X 1.0—• c m . , a n d t h e films wi l l t h e n g i v e r i se t o i n t e r f e r e n c e 
t i n t s . G r e a t t h i c k e n i n g i s o n l y t o b e o b t a i n e d u n d e r c o n d i t i o n s w h i c h r e n d e r t h e m a t e r i a l 
less pe r f ec t l y p r o t e c t i v e , a n d t h e r e i s n a t u r a l l y s o m e d a n g e r t h a t t h e film wi l l b r e a k d o w n 
a l t o g e t h e r . U n d e r s u i t a b l e c o n d i t i o n s , h o w e v e r , c o n s i d e r a b l e t h i c k n e s s m a y b e r e a c h e d . 
S p e c i m e n s w e r e p r e p a r e d s h o w i n g t h e c o m p l e t e s e q u e n c e of i n t e r f e r e n c e t i n t s r i g h t u p t o t h e 
l a t e s e c o n d - o r d e r co lours ; a l t h o u g h p r o d u c e d a t r o o m t e m p . , t h e s e q u e n c e of co lou r s i s t h e 
s a m e a s t h a t of t h e t e m p e r co lour o b t a i n e d a t h i g h t e m p , a n d t h e t i n t s a r e , o n t h e w h o l e , 
b r i g h t e r . 

According to W. Manchot, 3 per cent, ozone in t he cold acting on the surface of 
a metal covered with a thin film of oxide, produces a visible deposit of oxide. 
This occurs with iron which has been passivated b y immersion in nitric acid, or 
anodically in dil. sulphuric acid, which instant ly reacts with the ozone showing t h a t 
i ts surface is Coated "with oxide ; bu t active iron.shows no such sensitiveness towards 
ozone. E . Miiller and F . Spitzer found t h a t iron, cobalt, or nickel, when anodically 
polarized in alkali-lye, becomes coated with the respective oxides, and a t the same 
time becomes passive. They also avoided the presence of t he metal by examining 
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t h e b e h a v i o u r of p l a t i n u m elec t rodes coa t ed w i t h t h e oxides of t h e r e spec t i ve m e t a l s . 
These e lec t rodes , on anod ic po la r iza t ion , b e h a v e d l ike pass ive e lec t rodes of t h e 
m e t a l s t h e m s e l v e s . All t h i s is in a g r e e m e n t w i t h t h e a s s u m p t i o n t h a t t h e p a s s i v i t y 
of t h e m e t a l s is p r o d u c e d b y a coa t ing of ox ide . 

F . H a b e r a n d F . Go ldschmid t showed t h a t i ron r e n d e r e d pass ive b y a n o d i c 
po la r i za t ion in a lka l ine soln. w i t h o u t losing i t s meta l l i c l u s t r e , becomes c o a t e d w i t h 
a l aye r of h y d r o x i d e on a d d i n g ha logen ions . F . H a b e r a n d W . M a i t l a n d found t h a t 
a v e r y cone . soln. of a lka l i r ende r s pass ive i ron a c t i v e a n d t h a t i t a c t s b y dissolving 
a superficial film of ox ide . P . K r a s s a showed t h a t i n boi l ing cone , a lka l i soln. 
po la r i za t ion of t h e i ron is followed b y t h e a n o d e b e c o m i n g pass ive ; a n d t h e pass ive 
s t a t e is p r eceded b y t h e f o r m a t i o n of a vis ible c o a t i n g o n t h e m e t a l . Gr. G r u b e 
found t h a t i n t h e e lec t ro ly t ic o x i d a t i o n of fe r rocyanides , a n o d e s of i ron , n icke l , coba l t , 
copper , lead , a n d silver in n e u t r a l soln. of p o t a s s i u m fe r rocyan ide a n d fe r r i cyan ide , 
a n d a n o d e s of i ron , lead , si lver, a n d z inc in a lka l ine soln . of t h e s a m e sa l t s , b e c o m e 
s t rong ly pass ive owing t o t h e f o r m a t i o n of a n inso luble c o a t i n g on t h e a n o d e . I n 
some o t h e r cases t h e r e w a s n o ev idence of t h e f o r m a t i o n of a n insoluble film, a n d 
pas s iv i t y w a s asc r ibed t o a n o x y g e n c h a r g e r e t a r d i n g t h e l i be ra t ion of t h e ca t i ons 
of t h e m e t a l . E . S. H e d g e s conc luded t h a t pa s s iv i t y p r o d u c e d b y anod ic po la r iza 
t i o n a n d b y chemica l m e a n s is t h e r e su l t of t h e f o r m a t i o n of a film of ox id ized 
m a t e r i a l . 

W . O s t w a l d sa id t h a t n o n e of t h e k n o w n oxides c a n p r o d u c e pass iv i ty , a n d 
the re fo re u n k n o w n oxides m u s t b e u n s t a b l e because of t h e ease of t h e t r a n s i t i o n 
f rom t h e pass ive t o t h e ac t i ve s t a t e . Acco rd ing t o C. W . B e n n e t t a n d W . S. B u r n -
h a m , t h e v a r i o u s ob jec t ions wh ich h a v e been m a d e t o t h e oxide-fi lm h y p o t h e s i s d o 
n o t a p p l y if i t b e a s s u m e d t h a t a n u n s t a b l e oxide is fo rmed d u r i n g t h e p a s s i v a t i o n 
of i ron , a n d t h a t t h i s ox ide becomes s t ab l e -when i t is a b s o r b e d b y me ta l l i c i ron . 
T h e surface film of t h e a d s o r b e d u n s t a b l e ox ide p r o t e c t s t h e m e t a l f rom t h e ac t i on 
of t h e ac id . T h e increase i n t h e s t ab i l i t y of t h e oxide t h r o u g h a d s o r p t i o n is com
p a r e d w i t h t h e effect of s o d i u m h y d r o x i d e on a boi l ing soln. of copper s u l p h a t e 
con t a in ing a smal l a m o u n t of m a n g a n e s e s u l p h a t e ; a p r e c i p i t a t e of b lue copper 
h y d r o x i d e , C u ( O H ) 2 , i s o b t a i n e d . Cupr ic h y d r o x i d e is p r o b a b l y p r e c i p i t a t e d if 
t h e m a n g a n e s e sa l t b e o m i t t e d , b u t i t is decomposed so qu i ck ly t h a t cupr i c ox ide , 
CuO, a lone a p p e a r s as t h e p r o d u c t of t h e r eac t ion . T h e m a n g a n e s e sa l t , if i t b e 
p r e sen t , is ab so rbed b y t h e cupr ic h y d r o x i d e which t h e r e b y becomes s t ab l e u n d e r 
cond i t ions whe re i t wou ld be d e c o m p o s e d if a lone . C. W . B e n n e t t a n d W . S. B u r n h a m 
sa id (i) a cons iderab le a m o u n t of ox ide m a y b e a d s o r b e d w i t h o u t i t s chang ing t h e 
a p p e a r a n c e of t h e surface . I r o n becomes pass ive w h e n d i p p e d in a soln. of p o t a s s i u m 
fe r ra t e , a n d i t is a s s u m e d t h a t t h e u n s t a b l e ox ide wh ich p r o d u c e s pas s iv i ty c a n n o t 
b e h ighe r t h a n F e O 3 , a n d poss ib ly is F e O 2 . C. F r e d e n h a g e n also n o t i c e d t h a t 
pass ive i ron a n o d e y ie lds a s u b s t a n c e which evolves o x y g e n w h e n chlor ides a re 
p r e s e n t . Th i s m a y be d u e t o t h e hyd roch lo r i c ac id fo rmed a t t h e a n o d e r e a c t i n g 
w i t h t h e h igher i r on ox ide t o furnish o x y g e n . Ac t ive c h r o m i u m becomes pass ive 
in soln . of ch romic ac id or s o d i u m c h r o m a t e , a n d as in t h e case of i ron i n a soln . of 
p o t a s s i u m fe r ra te ; i t m i g h t be inferred t h a t t h e ox ide fo rmed on t h e c h r o m i u m 
c a n n o t b e h igher t h a n CrO 3 ; b u t C r O 3 is soluble in t h e l iquid , a n d the re fo re 
C. W . B e n n e t t a n d W . S. B u r n h a m infer t h a t t h e u n s t a b l e ox ide is CrO 2 , which , on 
a d s o r p t i o n by t h e m e t a l , m a k e s t h e c h r o m i u m pass ive . W h e n lead is p a s s i v a t e d 
b y m a k i n g i t t h e a n o d e i n a n e lec t ro ly te of d i l . su lphu r i c ac id , t h e film of l ead 
d iox ide , P b O 2 , is s t ab l e , vis ible , a n d u n q u e s t i o n e d . U . R . E v a n s a n d co-workers 
s h o w e d t h a t t h e pas s ive film af ter i t h a s b e e n s e p a r a t e d f rom passive i ron, cons is ts 
of ferr ic ox ide or i n p a r t of h y d r a t e d ferric ox ide w i t h some m e t a l inc lus ions . 
W . D . Banc ro f t , a n d D . R . H a l e found t h a t i ron r e n d e r e d pass ive b y anodic t r e a t m e n t 
h a s a t first a h igh p o t e n t i a l d u e t o a su r cha rge of o x y g e n which m a y be p r e s e n t a s 
a n u n s t a b l e h igher ox ide , b u t A . S m i t s p o i n t e d o u t t h a t w h e n t h e i ron is a l lowed t o 
s t a n d , i t s p o t e n t i a l s inks w i t h a m a r k e d a r r e s t a t a b o u t J S 1 H = 0 ' 5 4 vo l t . H e n c e , 
a d d e d L . C. B a n n i s t e r a n d U . R . E v a n s , if t h e or ig inal h igh va lue is due t o a h ighe r 
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oxide , t h e a r res t r e p r e s e n t s t h e f o r m a t i o n of ferric ox ide ; t h e e lec t rode p o t e n t i a l 
is a n unsa t i s fac to ry t e s t for t h e o x y g e n - c o n t e n t of a solid p h a s e ; a n d a h i g h e r 
oxide is n o t necessa ry for exp la in ing pa s s iv i t y . W . J . Miiller a n d W . M a c h u 
discussed t h e n a t u r e of t h e films o n pas s ive i ron . T h e oxide-fi lm h y p o t h e s i s of 
pass iv i ty w a s opposed b y G. T . F e c h n e r , C. F r e d e n h a g e n , W . Hi t tor f , F . Kr i i ge r 
a n d E . N a h r i n g , B . L a m b e r t , M. M a r t e n s , W . J . Miiller a n d J . K d n i g s b e r g e r , 
M. M u g d a n , W . M u t h m a n n a n d W . F r a u e n b e r g e r , J . M. O r d w a y , W . R a t h e r t , a n d 
C. F . Schonbe in . 

I n W . H i t t o r f ' s so-called experimentum crucis t o p r o v e t h a t t h e p a s s i v i t y of 
c h r o m i u m is n o t d u e t o a solid film of ox ide , i t w a s s h o w n t h a t c h r o m i u m b e c o m e s 
pass ive w h e n m a d e t h e a n o d e i n a soln. of p o t a s s i u m iod ide . T h e e x p e r i m e n t i s n o t 
rea l ly decis ive, because t h e h y d r o g e n l i b e r a t e d a t t h e c a t h o d e does n o t r e d u c e t h e 
film of c h r o m i u m oxide wh ich is p r o b a b l y fo rmed on t h e c h r o m i u m a n o d e b y 
depo la r i za t ion of t h e o x y g e n p re sen t . A d s o r p t i o n is u s u a l l y dec reased w i t h r ise 
of t e m p . , a n d t h e l i be ra t ed ox ide be ing u n s t a b l e w h e n freed, is accord ing ly l iable t o 
decompos i t ion . T h e g r a d u a l a d s o r p t i o n of t h e ox ide w o u l d g ive a s m o o t h v o l t a g e -
c u r r e n t c u r v e free f rom b r e a k s , s ince t h e co r r e spond ing e.m.f. wou ld v a r y con
t i n u o u s l y f rom t h a t of me ta l l i c i ron t o t h a t of t h e a d s o r b e d ox ide . T h e ox ide film 
is n o t r e d u c e d b y a i r , i t me re ly decomposes l i be r a t i ng o x y g e n , j u s t a s m a n y s u b 
s t ances l i be ra t e o x y g e n w h e n t h e y a r e oxid ized t o h ighe r ox ides which d e c o m p o s e 
r ead i ly b a c k t o t h e or ig inal oxide . T h e i n s t ab i l i t y of w e t pass ive i ron in a i r or i n 
v a c u o is d u e t o t h e g r a d u a l soln. of t h e a d s o r b e d ox ide in t h e l iqu id film ; a d r i ed 
p iece of pass ive i ron is c o m p a r a t i v e l y s t ab l e , for i t c a n b e k e p t indef ini te ly . I n s t e a d 
of a s s u m i n g t h a t t h e pa s s iv i t y of i ron is p r o d u c e d b y a film of ox ide , o t h e r s h a v e 
sugges ted t h a t a film of oxygen , or a film of a solid soln. , o r s o m e t h i n g less defini te 
t h a n t h e ox ide is fo rmed . Th i s v i ew w a s t a k e n b y H . G. B y e r s a n d S. C. L a n g d o n , 
F . F l a d e , C. F r e d e n h a g e n , G. G r u b e , E . J o r d i s , I . L a n g m u i r , W . M u t h m a n n a n d 
F . F r a u e n b e r g e r , G. O s a n n , P . d e R e g n o n , E . P i e t s c h a n d co-workers , G. M. S c h w a b 
a n d E . P ie t sch , I . N . S t r a n s k y a n d Z. C. Mutaftschiefi1, a n d G. T a m m a n n . 

A c c o r d i n g t o H . O. F o r r e s t a n d co-workers , t h e r e s i s t ance of t h e s ta in less 
c h r o m i u m steels invo lves t h e bu i ld ing u p of a n inso luble ox ide film on t h e surface 
of t h e m e t a l . Th i s film is dense , a d h e r e n t a n d n o t p e n e t r a t e d b y t h e co r rod ing 
m e d i u m , so t h a t i t p r o t e c t s t h e m e t a l f rom fu r the r a t t a c k . T h e r a t e of a t t a c k b y 
o x y g e n a t e d w a t e r d u r i n g t h e in i t ia l pe r iod before t h e p r o t e c t i v e film is fo rmed , w a s 
f o u n d t o b e of t h e s a m e o rde r of m a g n i t u d e w i t h 18*8 p e r c en t , c h r o m i u m - n i c k e l 
s teel , a 14 p e r cen t , c h r o m i u m steel , a n d a n o r d i n a r y s teel . B . S t r a u s s , a n d 
R . B o r c h e r s a t t r i b u t e d also p a s s i v a t i o n t o t h e u n i o n of o x y g e n w i t h t h e surface 
a t o m s of i ron . 

E . S t . E d m e sugges ted t h a t t h e film fo rmed d u r i n g t h e p a s s i v a t i o n of i ron b y 
n i t r i c ac id is i ron n i t r i de , n o t oxide . F . H a n a m a n discussed t h e p a s s i v i t y i n d u c e d 
b y n i t r id i z ing t h e surface of i ron b y h e a t i n g i t in a m m o n i a gas . A. L . Be rnou l l i , 
S. W . Y o u n g a n d E . M. H o g g , A. Mousson , L . V a r e n n e , a n d C. F r e d e n h a g e n sa id 
t h a t a surface film of n i t r o u s ac id o r n i t r i c ox ide will m a k e i ron pass ive . W . B e e t z , 
C. F . Schonbe in , E . R a m a n n , a n d M. Bibarfc d id n o t ag ree . 

S. W . Y o u n g a n d E . M. H o g g r e g a r d e d t h e pa s s ive s t a t e a s t h e r e su l t of a 
c o n d i t i o n of equ i l i b r i um b e t w e e n i ron a n d n i t r o g e n pe rox ide—v ide supra. W h e n 
i r o n is p a s s i v a t e d in n i t r o g e n pe rox ide , a we ighab le a m o u n t of t h e g a s is a b s o r b e d 
b y t h e i ron , a n d o n e x p o s u r e of t h e p a s s i v a t e d i ron t o m o i s t a i r , d r o p s of a c i d l i quo r 
a r e fo rmed o n t h e surface . I r o n is c a p a b l e of a b s o r b i n g n i t r o g e n p e r o x i d e f rom 
a n y soln. i n w h i c h i t is be ing p r o d u c e d , a n d t h e rate of r e a c t i o n is t h e r e b y i n h i b i t e d . 
T h e degree of i n h i b i t i o n will t he re fo re b e d e t e r m i n e d b y t h e c o n c e n t r a t i o n of 
n i t rogen p e r o x i d e w h i c h i t is itself c a p a b l e of- m a i n t a i n i n g . S ince i r o n p a s s i v a t e d 
b y d r y n i t r ogen p e r o x i d e is m o r e pe r s i s t en t l y p a s s i v e t h a n t h a t which is p a s s i v a t e d 
in n i t r i c ac id , i t s eems p r o b a b l e t h a t t h e a m o u n t of ni trogen p e r o x i d e a b s o r b e d b y 
i ron f rom even cone , n i t r i c ac id is r e l a t ive ly q u i t e sma l l . 

C F r e d e n h a g e n sa id t h a t t h e p a s s i v i t y produced b y anodic polarization in 
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s u l p h u r i c ac id is different f rom t h e p a s s i v i t y p r o d u c e d b y i m m e r s i o n i n c o n e , n i t r i c 
a c id , a n d h e sugges t ed t h a t t h e p a s s i v i t y in t h e fo rmer case is p r o d u c e d b y a l a y e r 
of o x y g e n gas , a n d in t h e l a t t e r case , b y a l aye r of n i t r i c o x i d e . M. M u g d a n a l so 
a t t r i b u t e d t h e res i s tance of i ron t o cone , s u l p h u r i c a c i d t o t h e p a s s i v a t i o n of t h e 
m e t a l ; h e f o u n d t h a t w h e n opposed t o t h e h y d r o g e n e lec t rode , t h e p o t e n t i a l of 
soft i ron i n d i l . s u l p h u r i c ac id is 0-2 t o 0-3 vo l t , a n d in t h e cone , ac id , 0-04 v o l t ; 
w i t h c a s t i ron t h e p o t e n t i a l is —0-1 v o l t . 

M. P . A p p l e b e r g a n d S. H . Wi lkes , a n d L . McCul loch a t t r i b u t e d s o m e cases of 
pa s s iv i t y t o t h e p resence of a spar ing ly-so lub le s u l p h a t e film. J . A . N . F r i e n d 
s u p p o s e d t h a t t h e p a s s i v i t y p r o d u c e d b y c h r o m i c ac id is d u e t o t h e f o r m a t i o n of a 
film of a c h r o m a t e w h i c h is soluble i n a soln . of s o d i u m chlor ide . H . B r a c o i m o t , a n d 
M. B o u t m y a n d M. C h a t e a u a s s u m e d t h a t t h e p a s s i v i t y i n cone , n i t r i c ac id is d u e 
t o t h e inso lub i l i ty of i r on n i t r a t e i n t h a t m e n s t r u u m , b u t A . S c h e u r e r - K e s t n e r 
s h o w e d t h a t t h e e x t e n t of s a t u r a t i o n of t h e so ln . of i ron n i t r a t e i n cone , n i t r i c ac id , 
of v a r y i n g c o n c e n t r a t i o n , h a d n o influence o n t h e r e su l t . C T o m l i n s o n , i n h i s w o r k 
i n catharism—or t h e inf luence of chemica l ly c lean su r f aces—sa id t h a t t h e r e is n o 
a p p a r e n t difference b e t w e e n t h e a d h e s i o n of g a s on chemica l ly c lean surfaces , a n d 
t h e l iqu id t h a t ho lds t h e gas in soln. Cone, n i t r i c ac id is a powerful ca tha r i ze r , a n d 
b y m a k i n g t h e surface of t h e i ron chemica l ly c lean enab les t h e ac id t o a d h e r e t o 
i t w i t h force . T h e f o r m a t i o n of a n i t r a t e is p r e v e n t e d b e c a u s e n i t r a t e s of i r o n con
t a i n a t l eas t 6 eq. of w a t e r of c rys ta l l i za t ion , a n d t h i s is n o t p r e s e n t in t h e s t r o n g e r 
ac id . 

O. S a c k u r a s s u m e d t h a t eve ry e lec t rode c o n t a i n s a c e r t a i n a m o u n t of d i sso lved 
h y d r o g e n fo rmed b y t h e i n t e r a c t i o n of H"-ions in t h e e l ec t ro ly t e . T h e H*-ion con
c e n t r a t i o n co r re sponds w i t h t h e e q u i l i b r i u m : M + 2 H " = H 2 H ~ M " for a b i v a l e n t 
m e t a l . T h e d i scha rged a n i o n — o x y g e n , ha logen , e t c . — r e a c t s w i t h a n d r e m o v e s 
t h e h y d r o g e n . T o re -es tab l i sh equ i l i b r i um t h e r e a c t i o n p roceeds in a d i rec t ion 
f rom left t o r i gh t , so t h a t t h e a n o d i c d i s so lu t ion of t h e m e t a l is supposed t o be a 
chemica l process . P a s s i v i t y is p r o d u c e d b y a s low r a t e of r eac t i on b e t w e e n t h e 
h y d r o g e n a n d t h e d i scha rged an ion , so t h a t t h e l a t t e r — o x y g e n , e t c . — a c c u m u l a t e s 
on t h e e lec t rode . O t h e r fo rms of t h i s h y p o t h e s i s were sugges ted b y F . H a b e r 
a n d J . Z a w a d s k y , M. Ie B l a n c , PJ. P . Schoch a n d co-workers , C. F r e d e n h a g e n , 
H . Kreus l e r , W . M u t h m a n n a n d F . F r a u e n b e r g e r , D . Re ich ins t e in , F . F o r s t e r , 
E . G r a v e , J . S t a p e n h o r s t , A . M. H a s e b r i n k , a n d G. C. S c h m i d t . 

A . F i n k e l s t e i n a t t r i b u t e d t h e a c t i v e s t a t e t o fer rous i ron , a n d t h e pass ive s t a t e 
t o ferr ic i ron . T h e inference was b a s e d on t h e c h a n g e in t h e e lec t rode p o t e n t i a l 
of i ron in m i x e d ferric a n d fer rous ch lor ide so ln . a s t h e r e l a t ive p r o p o r t i o n s of t h e 
t w o sa l t s v a r i e d . H e r e g a r d e d o r d i n a r y i r o n a s a m i x t u r e of fer rous a n d ferr ic , 
wh i l s t ferr ic i ron w a s cons ide red t o b e a nob le 4 o r m of t h e m e t a l p r o d u c e d b y a 
process of o x i d a t i o n i n t h e pass iv i fy ing l iqu id . T h e o r d i n a r y c o n t a c t e.m.f. m e a s u r e 
m e n t s p l ace i ron n e a r t i n i n t h e V o l t a ser ies , a n d e lec t ro ly t i c m e a s u r e m e n t s p l ace 
i t n e a r t i n i n t h e e lec t rode p o t e n t i a l ser ies . Th i s m a k e s o r d i n a r y i ron a p p e a r t o b e 
in t h e fe r rous s t a t e . A c c o r d i n g t o J . G. B r o w n , t h e genera l chemica l p r o p e r t i e s 
of i ron a r e m o r e l ike p l a t i n u m t h a n t i n , a n d i t is m o r e l ikely t h a t o r d i n a r y i ron is 
essen t ia l ly ferric, a n d pas s ive , whi le a c t i v e i ron is ferrous, a n d t h e cond i t ions sur 
r o u n d i n g t h e surface of o r d i n a r y i ron a re such t h a t w h e n dissolving, i t sends ferrous 
ions i n t o so ln . A s imi la r h y p o t h e s i s w a s f avou red b y H . W e s t l i n g , a n d W . J . Miiller. 
R . Miiller r e p r e s e n t e d t h e a c t i v a t i o n of i r on a s i nvo lv ing t h e e lectronic c h a n g e 
Fe^Fe**- f -2e , a n d t h e pa s s iva t i on , F e ^ F e * **+3e, so t h a t t h e change f rom t h e 
a c t i v e t o t h e p a s s i v e s t a t e is r e p r e s e n t e d b y t h e e q u a t i o n : F e " V F e ' " + € . 
J . B . Sende rens , A . S k r a b a l , J . S. d e Bennevi l l e , a n d W . H i t t o r f seem t o h a v e 
be l ieved t h a t t h e pa s s ive s t a t e is p r o d u c e d b y t h e f o r m a t i o n of a surface l a y e r of 
a l lo t rop ic i ron . 

T h e r e a r e m a n y references in wh ich t h e pass ive s t a t e is vague ly a t t r i b u t e d t o a 
p h y s i c a l a l t e r a t i o n of t h e surface of t h e i ron . G. W e t z l a r a t t r i b u t e d t h e p a s s i v a t i o n 
of i ron t o t h e a s s u m p t i o n of a n e g a t i v e electr ical s t a t e b y t h e p a r t immer sed , wh i l e 
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t h e p a r t n o t immersed a s s u m e s t h e pos i t ive s t a t e ; J . F . W . He r sche l , t o a p e r m a n e n t 
electrical s t a t e of t h e sur face of t h e m e t a l ; J . M . O r d w a y , " t o a mo lecu la r c h a n g e 
induced b y m o m e n t a r y e lec t r ic a c t i o n se t u p o n first c o n t a c t of t h e ac id w i t h t h e 
me ta l " ; J . F . Danie l l , t o a c h a n g e i n t h e r e l a t i o n of t h e m e t a l t o h y d r o g e n a n d 
oxygen, poss ib ly a s a r e su l t of s o m e difference i n m e c h a n i c a l s t r u c t u r e s ; 
J. H . A n d r e w , t o t h e p o t e n t i a l difference b e t w e e n t h e h y d r o g e n i z e d , a m o r p h o u s , 
in t e rc rys ta l l ine c e m e n t , a n d t h e hyd rogen i zed , c rys ta l l ine p h a s e ; a n d G-. C. S c h m i d t , 
t o t h e c h a n g e in t h e surface t e n s i o n of t h e solid m e t a l . 

I n t h e e lec t ronic t h e o r y of A . S. Russe l l , i t is a s s u m e d t h a t t h e o r i e n t a t i o n s of t h e 
e lec t rons in t h e a c t i v e a n d pas s ive m e t a l a r e different . T h e sub jec t w a s d iscussed 
b y I . N . S t r a n s k y a n d Z. C. Mutaftschieff, W . D . L a n s i n g , R . S w i n n e , U . Sborg i , a n d 
A . Smi t s . M. Ie B l anc a s s u m e d t h a t a c t i v e i r on s ends ions i n t o t h e e l ec t ro ly t e , 
a n d t h a t i n t h e case of m e t a l s wh ich t e n d t o b e c o m e pass ive , t h e s e ions c o m b i n e 
on ly v e r y slowly w i t h -water : I o n - f - w a t e r ^ I o n h y d r a t e . Accord ing ly , t h e con
c e n t r a t i o n of free ions a t t h e e lec t rode becomes so g r e a t , a n d t h e p o t e n t i a l difference 
b e t w e e n e lec t rode a n d soln. becomes so l a rge , t h a t t h e d i scha rge of a n i o n s or of 
o x y g e n begins . Th i s h y p o t h e s i s of pa s s iv i t y is b a s e d on t h e o b s e r v a t i o n t h a t even 
w h e n t h e ion c o n c e n t r a t i o n a t t h e e lec t rode is sufficiently l a rge , po l a r i za t i on occurs 
b o t h a t t h e a n o d e a n d c a t h o d e in m a n y cases where i t w a s n o t p rev ious ly su spec t ed . 
T o exp la in t h e fac t s , a difference b e t w e e n free a n d h y d r a t e d ions is p o s t u l a t e d , a n d 
i t is a s s u m e d t h a t t h e h y d r a t i o n a n d d e h y d r a t i o n s of ions is a r e la t ive ly s low process . 

I n t h e so-called internal equilibrium theory, A . S m i t s a s s u m e d t h a t i n a d d i t i o n 
t o u n c h a r g e d a t o m s a n d free e lec t rons , i r on c o n t a i n s t w o k i n d s of ions of different 
v a l e n c y — a , or ba se ions , a n d /?, o r nob le ions—-which a r e in equ i l i b r i um. T h e 
pass ive s t a t e is a s s u m e d w h e n t h e s t a t e of e q u i l i b r i u m is d i s t u r b e d . D u r i n g t h e 
a n o d i c d isso lu t ion of t h e m e t a l , po la r i za t ion occurs because t h e a - ions dissolve m o r e 
r a p i d l y t h a n equ i l ib r ium c a n b e es tab l i shed , a n d t h e ^S-ions collect o n t h e surface 
of t h e m e t a l a n d so m a k e i t pass ive . I t also exp la ins w h y p a s s i v i t y is a sur face 
p h e n o m e n o n . O r d i n a r y i ron a l w a y s c o n t a i n s h y d r o g e n , a n d H*-ions, l ike h a l o g e n 
ions , g r e a t l y acce le ra t e t h e c h a n g e f rom t h e pass ive t o t h e a c t i v e s t a t e s , i.e. t h e y 
ca t a ly t i c a l l y acce le ra te t h e conver s ion of a- i n t o j8-ions u n t i l e q u i l i b r i u m is e s t a b 
l ished. I n t h e anod ic soln. of i ron , -when t h e c u r r e n t d e n s i t y is such t h a t o x y g e n is 
evo lved a t t h e a n o d e , al l t h e h y d r o g e n ions , n o r m a l l y p r e s e n t i n o r d i n a r y i ron , a r e 
expel led f rom t h e surface , a n d t h e d i s t u r b a n c e of t h e s t a t e of e q u i l i b r i u m b e t w e e n 
t h e <x- a n d /?-ions r e a c h e s a m a x i m u m , a n d t h e m e t a l b e c o m e s pas s ive . T h e h y d r o 
g e n soon diffuses f rom t h e in te r io r t o t h e sur face -where i t c a t a ly t i ca l l y acce le ra tes 
t h e r e - e s t a b l i s h m e n t of e q u i l i b r i u m , a n d t h e m e t a l becomes a c t i v e a g a i n . W h e n 
i ron is i m m e r s e d in cone , n i t r i c ac id , t h e ct-ions d issolve w i t h g r e a t r a p i d i t y a n d 
H "-ions a r e r e m o v e d f rom t h e surface of t h e m e t a l so t h a t t h e pass ive c o n d i t i o n is 
e s t ab l i shed ; w i t h a soln. of fer rous ch lor ide , ct-ions dissolve r a p i d l y b u t p a s s i v i t y 
is n o t p r o d u c e d because b o t h t h e ch lor ine ions a n d t h e ha logen ions c a t a l y t i c a l l y 
acce le ra te t h e change f rom t h e pass ive t o t h e a c t i v e s t a t e , a n d /?-ions n e v e r a c c u m u 
l a t e on t h e surface t o p r o d u c e t h e pass ive s t a t e . T h e sub j ec t was d i scussed b y 
H . Gerd ing a n d A. K a r s s e n . 
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§ 27. Alloys and Intermetallic Compounds of Iron. 
I t w a s r e c o m m e n d e d b y C. H a t c h e t t (1803) t h a t a s y s t e m a t i c e x a m i n a t i o n of a l l 

a l l oys of m e t a l s s h o u l d b e c a r r i e d o u t , p r o c e e d i n g f rom t h e m o s t s i m p l e b i n a r y ones t o 
m o r e c o m p l i c a t e d t e r n a r y o r q u a t e r n a r y o n e s . H e c a n h a r d l y h a v e b e e n a w a r e of t h e 
e x t e n t of h i s p r o p o s e d i n q u i r y . If w e o p e r a t e d u p o n o n l y t h i r t y of t h e k n o w n m e t a l s , 
t h e n u m b e r of poss ib le se lec t ions of b i n a r y a l l oys w o u l d b e 435 , of t e r n a r y a l loys , 4060 , 
of q u a t e r n a r y , 27 ,405 , w i t h o u t p a y i n g a n y r e g a r d t o t h e v a r y i n g p r o p o r t i o n s of t h e m e t a l s , 
a n d o n l y r e g a r d i n g t h e k i n d of m e t a l . If w e v a r i e d a l l t h e t e r n a r y a l loys b y q u a n t i t i e s 
n o t less t h a n 1 p e r c e n t . , t h e n u m b e r of t h e s e a l loys w o u l d b e 11 ,445 ,600 .—W. S. J E V O N S . 

J . Iu. Gay Liussac and Li. J . Thenard,1 and J . H . Hassenfratz obtained an iron-
potassium alloy in preparing potassium by the action of iron filings on potassium 
hydroxide, where the vapour of potassium happens to come into contact with the 
iron in the cooler par t of the furnace. The alloy is said to be whiter t h a n iron, 
malleable, and so soft t h a t i t will take an impression from the nail. I t is also 
more fusible t h a n iron ; oxidizes in air ; and effervesces with water and dil. acids. 
C. Girard and J . Poulain obtained an iron-sodium alloy or iron-potassium alloy 
by exposing molten cast iron to the vapours of the alkali metals a t 5 to 6 a t m . 
press. The same alloys were obtained by the action of sodium or potassium 
chloride or carbonate on heated iron ore, fuel, and flux. E . K . Smith and 
H . C. Aufderhaar discussed the iron-sodium alloys. F . C. Calvert and R. Johnson 
obtained what they regarded as potassium triferride, KFe 8 , by heating a mixture 
of 12 gram-atoms of iron filings, 16 gram-atoms of potassium ta r t ra te , and wood-
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cha rcoa l in a crucible . T h e regu lus is h a r d , b u t i t m a y b e h a m m e r e d a n d ro l led . 
I t is difficult t o file. I t r ead i ly oxidizes in a i r , a n d u n d e r "water. I f t h e c h a r c o a l 
be o m i t t e d f rom t h e m i x t u r e , F . C. Ca lve r t a n d R . J o h n s o n sa id t h a t p o t a s s i u m 
diferride, K F e 2 , is fo rmed . These o b s e r v a t i o n s al l r e q u i r e e x t e n d i n g a n d c o n 
firming. P . Oberhoffer d iscussed t h e b i n a r y a l loys w i t h t h e a lka l i m e t a l s . 
N . Ageeff a n d M. Z a m o t o r i n s t u d i e d t h e diffusion of l i t h i u m i n t o i r o n ; a n d 
J . E . H u r s t , t h e effect of s o d i u m a n d p o t a s s i u m on c a s t i ron . 

Seve ra l r e p o r t s of t h e ana lys i s of a n c i e n t coppe r figures s h o w t h e p resence of 
app rec i ab l e q u a n t i t i e s of i ron . T h u s , D . F o r b e s 2 o b t a i n e d for a s t a t u e of B u d d h a , 
p r o b a b l y d a t i n g f rom a b o u t 9OO B.C., f o u n d in t h e r e m a i n s of a t e m p l e a t Soo l t an -
g u n g e , o n t h e Ganges : copper , 91*502 p e r c e n t . ; i ron , 7*591 ; si lver, 0 0 2 1 ; gold, 
0 0 0 5 ; t r a c e s of m a n g a n e s e a n d n icke l ; a r sen ic , 0-079 ; s u l p h u r , 0*510 ; a n d s lag, 
0*292—sp. gr . 8-29 a t 15°. T h e s t a t u e w a s p r o b a b l y c a s t f rom c r u d e o r unref ined 
copper , a n d w a s n o t a n i n t e n t i o n a l a l loy . H . S t r u v e o b t a i n e d f rom a n a n c i e n t 
o r n a m e n t of sp . gr . 7 -224 : copper , 89 '7 p e r c en t . ; i r on , 9*1 ; a n d t i n , 0-63. 
R . B u d e l i u s , V . A. Sk inde r , a n d R . H u n t also desc r ibed s o m e a n c i e n t , f e r rug inous 
b ronzes f rom R u s s i a ; a n d W . F l i g h t , a n a n c i e n t E g y p t i a n , f e r rug inous b r o n z e . 
Al loys of i ron w i t h m o r e or less c o p p e r we re e x a m i n e d i n a d e s u l t o r y m a n n e r f rom 
t h e s e v e n t e e n t h t h r o u g h t h e e i g h t e e n t h a n d n i n e t e e n t h cen tu r i e s ; a n d f rom 
pub l i shed w o r k o v e r t h a t pe r iod , i t is imposs ib le t o f o rm a c lear idea of t h e inf luence 
of c o p p e r o n i ron a n d s tee l . J . E . S t e a d h a s col lected a n u m b e r of s t a t e m e n t s , 
m a i n l y f rom different me ta l l u rg i ca l t e x t b o o k s , wh ich e m p h a s i z e t h e e x t r e m e 
v iews he ld b y different wr i t e r s on t h e sub jec t . L . S a v o t (1627) re fer red t o s o m e 
p r o p e r t i e s of t h e copper- iron a l loys ; a n d Gr. J a r s (1774) m e n t i o n e d a l loys con
t a i n i n g a b o u t 1 p e r cen t , of copper . T . B e r g m a n m a d e e x p e r i m e n t s o n some 
a l loys of coppe r a n d i ron w i t h a n d w i t h o u t a r sen ic , i n a n a t t e m p t t o syn thes i ze 
n icke l . C. J . B . K a r s t e n obse rved t h a t i ron c a n t a k e u p o n l y a v e r y sma l l p r o 
p o r t i o n of copper , a n d copper , on ly a v e r y sma l l p r o p o r t i o n of i ron . M. F a r a d a y 
a n d J . S t o d a r t e x a m i n e d s o m e a l loys , a n d t h e i r p r o p e r t i e s were m e a s u r e d b y 
R . A. Hadf ie ld . J . R i l ey said t h a t w h e n t h e t w o m e t a l s a r e m e l t e d t o g e t h e r , t h e 
coppe r a n d i ron s e p a r a t e f rom one a n o t h e r on cpoling, b u t a per fec t a l loy is fo rmed 
if a l u m i n i u m b e also p r e s e n t . F . !L. Ga r r i son found t h a t 5 p e r cen t , of coppe r -will 
a l loy w i t h s teel , b u t h e d o u b t e d if a per fec t a l loy cou ld b e o b t a i n e d w i t h 10 p e r 
cen t , of copper . J . O. A r n o l d be l ieved t h a t free coppe r w a s p r e s e n t i n i ron con
t a i n i n g 1*81 p e r cen t , of copper . H . Schne ider p a t e n t e d a l loys of c a s t i ron w i t h 
5 t o 20 p e r cen t , of coppe r ; whi le 1). M u s h e t found t h a t ma l l eab le i ron can b e 
a l loyed w i t h a n y p r o p o r t i o n of coppe r u n t i l i t equa l s or e v e n exceeds t h e we igh t 
of coppe r . W h e n s teel is a l loyed w i t h 5 p e r c en t , of copper , h e sa id t h a t n o n e could 
b e d e t e c t e d on t h e sur face or o n t h e f r ac tu r e ; w i t h 10 p e r cen t , of copper , s t r e a k s 
of c o p p e r a p p e a r on t h e f r a c t u r e d sur face ; a n d w i t h 33-3 p e r cen t . , s o m e of t h e 
coppe r segrega tes a t t h e b o t t o m of t h e i ngo t . T h e so lub i l i ty of copper , in i ron , 
decreases a s t h e p r o p o r t i o n of c a r b o n in t h e i r on increases . D . M u s h e t , J . E . S t e a d , 
P . B reu i l , H . W e d d i n g , a n d W . Mul ler a lso n o t e d t h a t t h e p resence of c a r b o n 
depresses t h e so lubi l i ty of coppe r i n i ron . W . v o n L i p i n f o u n d t h a t g r e y Swed i sh 
p ig - i ron cou ld b e a l loyed w i t h 5 p e r cen t , of copper ; i ron w i t h 0*13 p e r c en t , of 
c a r b o n d isso lved 3-2 p e r c en t , of coppe r • a n d i ron w i t h 0*43 p e r cen t , of c a r b o n 
d i sso lved less t h a n 2 p e r cen t , of copper . E . J . Ba l l a n d A . W i n g h a m p r e p a r e d 
a l loys of s tee l w i t h 0*8 t o 7*17 p e r cen t , of coppe r ; a n d J . E . S t e a d a n d J . E v a n s , 
s tee l w i t h 0-5 t o 1*3 p e r cen t , of copper . V . O. Pfeiffer s t a t e d t h a t w h e n m i x t u r e s 
of i r o n a n d c o p p e r a r e m e l t e d in a m a g n e s i a c ruc ib le in a n electr ic furnace , t h e r e 
is n o depress ion of t h e f .p . of e i t he r i ron or copper . Microscopic e x a m i n a t i o n s of 
t h e p r o d u c t s i n d i c a t e s t h a t i ron a n d c o p p e r a r e m u t u a l l y insoluble , a n d t h a t t h e 
s u p p o s e d a l loys a r e r ea l ly solidified emuls ions ; t h e s p . gr . of t h e t w o fused m e t a l s 
b e i n g n e a r l y equa l , a n d t h e v iscos i ty of t h e i ron cons iderab le , s epa ra t ion i n t o t w o 
l a y e r s t a k e s p l ace , o n l y v e r y s lowly. W h e n sufficient t i m e is a l lowed for t h e 
s e p a r a t i o n , t h e c o p p e r l aye r is f o u n d t o b e free f rom i ron . I n a s imilar m a n n e r , 
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copper and iron-carbon alloys are found to be mutually insoluble, although finely 
emulsified mixtures are readily obtained. P. Breuil said that eastings containing 
less than 4 per cent, of copper show no segregation no matter what per cent, of 
carbon is present; steels with 0*103 to 0-173 per cent, of carbon showed, no 
segregation with 32 per cent, of copper ; steels with 0-282 to 0-798 per cent, of 
carbon gave a high segregation with 32 per cent, of copper—the lower part of an 
ingot contained 24-4 per cent., and the interior 74-8 per cent. A. Riche also 
obtained a homogeneous alloy with 4*5 per cent, of iron ; but if the alloy be kept 
molten for some time, the iron tends to accumulate in the upper layers. T. W. Hogg 
observed no signs of the segregation of copper in steel containing 0-05 per cent, 
of carbon; and W. Miiller, no signs of separation with 7*7 per cent, of copper in 
iron with 0-14 per cent, carbon and 0-09 per cent, of sulphur. J. E. Stead added 
that some of the conflicting statements on the effect of copper on iron have arisen 
through overlooking the effect of carbon in preventing the two metals alloying. 
Pig-iron alloys with only a small quantity of copper, whereas purified iron will 
alloy with any proportion. 

Alloys of the two metals were obtained by direct fusion by J. Percy, J. E. Stead, 
R. Sahmen, A. Portevin, and E. Martin ; F. H. Wigham, F. Dannert, P. Oberhoffer, 

and J. Riley obtained the 
Onelftufd alloy by the simultaneous ad

dition of a small proportion 
of aluminium; C. Gautsch 
recommended adding 2-5 per 
cent, of sodium hydrocar-
bonate when the two metals 
are being alloyed. D. Mushet 
obtained alloys by reducing 
iron-copper pyrites ; F. Mahla 
heated a mixture of cupric 
and ferric oxides to redness 
in a stream of hydrogen ; 
H. Wedding and W. Miiller 
reduced the mixed oxides by 
the aluminothermic process ; 
J. D. Darling added a mix
ture of cuprous oxide and 
calcium carbide to molten 
iron, or a mixture of ferric 
oxide and calcium carbide to 
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molten copper E. Sperry added potassium ferrocyanide to molten copper; 
GL Wetzlar put a strip of iron in an aq. soln. of cupric tartrate and obtained 
brownish-black copper-iron, but F. Mylius and O. Fromm could not confirm this. 

P. Siebe observed that iron has no action on electrolytic copper below 1100°, 
but ordinary " tough pitch " copper with cuprous oxide, is rendered brittle and 
porous by contact with iron at 750°. This is attributed to the reducing action of 
hydrogen and carbon monoxide in the iron. F. Sauerwald and E. Janichen studied 
the adhesion of the particles of a compressed mixture of powdered iron and copper ; 
and H. E. Diller, and M. I. Zakharova, the diffusion of copper in iron. GJ-. Tani-
mann and W. Oelsen found for the solubility, S per cent., of y-iron in copper 
between 850° and 1100°, log S= -3792T-1 +3-392 ; and for a£-ixon in copper 
between 630° and 850°, log £=-4003T-*+3-574. It was foundthat 
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represented the solubility of copper in a-iron by Pig. 408. The solid solubility of 
copper in ct-iron at 0° to 600° is 0*4 per cent., and it then increases in accord with 
log S = - 4 1 2 5 r - i - f - 4 - 3 2 to 3-4 per cent, at the eutectoid temp., 810°. P. Sisbe, 
F. Roll, and F. P. Zimmerli studied the action of copper on iron at a high temp. 
According to R. Sahmen, V. O. PfeifEer is wrong in his deductions on the nature of 
the alloys. The equilibrium diagram shows that there are two series of solid soln. 
with 0 to 3-5 per cent, and 97-3 to 100 per cent, of copper, respectively ; and the 
break in the cooling curve of alloys with 3*5 to 97-3 per cent, of copper shows that 
the alloy solidifies to a conglomerate of mixed crystals. B y gradually adding 
copper^up to 4 per cent., the transition point of y- to /3-iron is lowered from 878° 
to 715°, and remains constant on further addition of copper. If, however, the 
solidified alloy ia heated for some time at 900° to 1000° and again cooled, the 
transition takes place at 790°. The change from £- to ct-iron has been followed by 
-magnetic observations. It occurs about 790°, and is not influenced by the presence 
of copper, so that the latter is not miscible in the solid state with ct-iron. R. Ruer 
and C. Fick found that the f.p. curve of the iron—copper system, Fig. 407, shows 
that three series of solid soln. are formed, one of which is restricted to a very small 
range of composition at the copper end. R. Ruer 
and F. Goerens observed that the f.p. curve is 
not horizontal but extends from 24 per cent, of 
copper at 1450° to 70 per cent, of copper at 1375°. 
R. Ruer and C. Fick observed that two liquid 
phases are formed, and the separation occurs as 
soon as carbon is added, even when the quantity 
is only 0*02 per cent. The action of carbon may 
be merely a deoxidizing one, removing the films 
of oxide which hinder intermixture of the two 
emulsified liquids. Copper retains iron in solid 
soln. up to between 1 and 2 per cent., whilst the 
iron-rich solid soln. contains about 20 per cent. 
c o P P e r a^ 1440°, and a much smaller percentage 
at lower temp. The magnetic change point is 
lowered to 760° by copper. R. Ruer and F. Goerens 
added that on solidification, the iron—copper 
system behaves as if it were a system with three 
or more substances and, so far as the observations 
go, does not fit in -with the phase rule. The 
absorption of impurities during the process of 
melting, in amount sufficient to explain the phe
nomena, could not be established. I t must there
fore be assumed that a mol. complex is formed -which, on account of its slow velocity 
of production and decomposition, plays the part of a third substance, but further 
confirmation of this view was not obtained. G. Benedicks discussed the apparent 
breaks in the liquidus curve of iron-copper alloys. L. Nowack, G. Masing, S. Ko-
dama, I. Kotaira, A. Muller, and R. Ruer and J. Kuschmann showed that the limited 
range of miscibility of the two metals in the molten state cannot be explained away 
by assuming that it is caused by segregation during solidification. The subject was 
studied by H. Buchholtz and W. Koster, and B. L.. Reed. D . Hanson and 
G. W. Ford found that solid copper dissolves about 4 per cent, of iron at 1100°, 
and the solubility falls to less than O-2 per cent, at 750°. A. Muller observed that 
when an alloy of equal proportions of the two elements is heated at various temp., 
the structure of the cold product shows that the lower critical temp, for the 
immiscibility is about 1520°. Carbon reduces the immiscibility because it is 
soluble in iron only. F . Ostermann observed that the two elements are miscible 
in all proportions in the liquid state, that in the presence of carbon, there is a 
range of temp, within which the two metals are immiscible. On adding manganese, 
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t h i s r ange of immisc ib i l i ty d i s a p p e a r s . A . S. Russe l l o b s e r v e d t h a t w h e r e a n 
a m a l g a m of t h e t w o m e t a l s is e x p o s e d t o a n ox id iz ing a g e n t , t h e c o p p e r is a l o n e 
oxidized un t i l t h e a t . p r o p o r t i o n b e c o m e s Cu : F e , -when b o t h m e t a l s a r e a f te r 
wards oxidized a t t h e s a m e r a t e , i n a g r e e m e n t w i t h t h e a s s u m p t i o n t h a t a 
c o m p o u n d C u F e is fo rmed . A. Miiller s t u d i e d t h e sub j ec t . 

Acco rd ing t o F . O s m o n d , a s t h e p r o p o r t i o n of c o p p e r r ises , t h e a r r e s t A 3 is 
lowered 40° t o 50° in a s tee l c o n t a i n i n g 0-847 p e r cen t , of c o p p e r ; a n d in a s tee l 
w i t h 4*10 p e r cen t , of coppe r , t h e a r r e s t s A 2 a n d A 8 , co inc ide a t 730° t o 720° ; 
wh i l s t A i is lowered t o 625°—600°. T h e effect of c o p p e r o n t h e a l l o t ropes of 
i r on t h u s resembles t h a t of c a r b o n b u t t o a less deg ree , a n d i t s inf luence o n t h e 
reca lescence is s imi lar t o t h a t of m a n g a n e s e a n d n icke l . T h e e l e m e n t s m a y b e 
a r r a n g e d in t w o g r o u p s : (i) t h o s e w i t h a t . vo l s , less t h a n 7*2, t h e v a l u e for i r o n — 
e.g. C (3-6), B (4-1), N i (6-7), M n (6-9), a n d Cu (7-1) ; a n d (ii) t h o s e w i t h a t . vo l s , 
g r e a t e r t h a n t h a t of i ron—e.g . Cr (7-7), W (9-6), Si (11-2), As (13-2), P (13-5), a n d 
S (15-7). T h e e l emen t s in t h e first g r o u p r e t a r d t h e c o n v e r s i o n of /J- i n t o a - i ron , 
a n d t h a t of t e m p e r c a r b o n i n t o a n n e a l i n g c a r b o n . H e n c e , if t h e r a t e of cool ing is 
e q u a l , t h e y increase t h e p r o p o r t i o n of /J-iron i n t h e cooled m e t a l , a n d c o n s e q u e n t l y 
a lso i t s h a r d n e s s ; a n d t h e y a r e the re fo re e q u i v a l e n t i n effect t o a h i g h e r o r lower 
degree of t e m p e r i n g . E l e m e n t s w i t h a h i g h e r a t . vo l . t h a n i ron t e n d t o ra i se , o r 
k e e p a t i t s n o r m a l t e m p . , t h e conver s ion of /J- i n t o a - i ron , a n d h e n c e t h e y r e n d e r 
t h e reverse c h a n g e m o r e o r less i n c o m p l e t e d u r i n g h e a t i n g , a n d , as a ru l e , h a s t e n 
t h e conver s ion of t e m p e r c a r b o n i n t o a n n e a l i n g c a r b o n . T h e y the re fo re k e e p t h e 
i r o n i n t h e a - s t a t e a t a h igh t e m p . , a n d a lso a t a low t e m p . , a n d t h e i r p r e s e n c e in 
i r o n w o u l d b e one cause of softness a n d ma l l eab i l i t y , r e s e m b l i n g in t h i s r e s p e c t t h e 
o p e r a t i o n of annea l i ng , if i t were n o t t h a t t h e i r o w n p r o p e r t i e s a n d t h o s e of t h e i r 
c o m p o u n d s p r o d u c e s t rong ly m a r k e d s e c o n d a r y effects. P . B r e u i l a lso s t u d i e d t h e 
effect of coppe r on t h e cr i t ica l p o i n t s of s t e e l : (i) W i t h s tee ls h a v i n g 0*103 t o 0-173 
p e r cen t , of c a r b o n , n o d i s t i n c t c h a n g e w a s o b s e r v e d w i t h t h e A r 3 a n d A r 2 a r r e s t s , 
•when t h e p r o p o r t i o n of c o p p e r w a s be low 8 p e r cen t . , b u t a b o v e t h a t p r o p o r t i o n , 
t h e r e is a l ong a r r e s t a t a b o u t 730° ; a t 740° for s teels w i t h 16 p e r c en t , of c o p p e r ; 
a n d a t 675° for s tee ls w i t h 32 p e r cen t , of copper , (ii) W i t h s tee ls c o n t a i n i n g 
0-282 t o 0-412 p e r cen t , of c a r b o n , t h e A ^ - a r r e s t is l owered f rom 720° t o 630° w i t h 
s teels c o n t a i n i n g 16 p e r cen t , of c o p p e r ; a n d w i th s tee ls c o n t a i n i n g 0-56 t o 0-79 p e r 
cen t , of c a r b o n , t h e A ^ - a r r e s t p o i n t s a l l o c c u r b e t w e e n 570° a n d 600° . A . F . Stogoff 
a n d W . S. Messk in f o u n d t h a t w i t h c o p p e r s tee ls , h a v i n g 0*7 t o 1-2 p e r cen t , c a r b o n 
a n d 1 t o 5 p e r cen t , of coppe r , t h e A r j - p o i n t i s l owered a n d t h e t e m p , i n t e r v a l 
b e t w e e n t h e Ar 1 - a n d t h e A c u p o i n t s is l owered b y i nc rea s ing t h e p r o p o r t i o n of 
c o p p e r . T . I s h i w a r a a n d co -worke r s s t u d i e d t h e t e r n a r y s y s t e m Cu-C—Fe, for 
a l loys w i t h u p t o 30 p e r c en t , of coppe r . A t 1100° t h e r e is a n i n v a r i a n t p o i n t 
c o r r e s p o n d i n g w i t h a c o n c e n t r a t i o n of 4-3 p e r cen t . C, a n d 3-3 p e r c en t . Cu a t t h e 
i n t e r s ec t i on of t h e e u t e c t i c a n d m o n o t e c t i c l ines . T h e m a x i m u m c o n c e n t r a t i o n of 
t h e y-sol id soln . is a b o u t 3-5 p e r c e n t . C a n d 3-8 p e r c e n t . Cu . T h e e u t e c t o i d l ine 
s t a r t s f rom t h e b i n a r y i r on -coppe r e u t e c t o i d p o i n t a t 2-3 p e r c e n t . Cu a n d 833° a n d 
g r a d u a l l y descends , t h e c o p p e r - c o n t e n t dec reas ing a s t h e c a r b o n increases . A d d i t i o n 
of c o p p e r t o s tee l lowers t h e A 1 - t r a n s f o r m a t i o n p o i n t 20° w i t h 2 p e r c e n t . C u ; t h e 
e u t e c t o i d i n v a r i a n t p o i n t co r r e sponds w i t h a c o m p o s i t i o n of 0-9 p e r c e n t . C, 1-75 p e r 
c e n t . Cu , a n d 97-35 p e r cen t . F e a t 700° . S a t u r a t i o n of i r o n w i t h c o p p e r t o g ive a 
u n i f o r m sol id soln . lowers t h e A 2 - p o i n t b y a b o u t 10° . H . W e d d i n g a n d W . Miil ler , 
H . B u c h h o l t z a n d W . K o s t e r , A. C a r n o t a n d E . G o u t a l , K . Gr. Lewis , a n d M. H a m a -
s u m i a l so m a d e o b s e r v a t i o n s on t h i s s u b j e c t . H . S a w a m u r a , J . W . D o n a l d s o n , 
a n d F . R o l l f o u n d t h a t coppe r d e c o m p o s e s c e m e n t i t e . E . P i w o w a r s k y s t u d i e d 
t h e a c t i o n of c o p p e r in c a s t i ron ; C. S. S m i t h a n d E . W . P a l m e r , t h e p r e c i p i t a t i o n 
h a r d n e s s ; a n d G. Mas ing , t h e a g e - h a r d e n i n g of t h e c o p p e r - i r o n a l loys . 

Acco rd ing t o H . v o n J i i p t n e r , s tee l w i t h 3*4 p e r c e n t , of c o p p e r a n d d i s so lved i n 
h y d r o c h l o r i c ac id , o r a n a m m o n i u m s a l t so ln . a n d n e u t r a l i z e d h y d r o g e n d i o x i d e , 
l e a v e s fine, mic roscop ic t h r e a d s of coppe r . A c c o r d i n g t o J . E . S t e a d , t h e m i c r o -
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g r a p h i c a l s t u d y of s teels con ta in ing coppe r l eads t o t h e conclus ion t h a t t h e c o p p e r 
r e t a r d s t h e fo rma t ion of pea r l i t e . T h e s a m e steels; differing on ly in copper , u n d e r 
l ike c o m p a r a t i v e r a p i d cooling, w h e n cold, c o n t a i n m o r e diffused ca rb ide w h e n 
coppe r is p r e sen t t h a n w h e n a b s e n t . W i t h v e r y s low cooling, t h e ca rb ides a p p e a r 
t o s e p a r a t e equa l ly well i n b o t h t h e c u p r e o u s a n d n o r m a l s teels . Th i s p e c u l i a r i t y 
exp la ins w h y annea l ing a n d slow cooling h a v e t h e m a r k e d sof tening effect. T h e 
g r o w t h of t h e c rys ta l l ine s t r u c t u r e w a s discussed b y R . K i ihne l . P . Breu i l con
c luded t h a t t h e copper steels commerc ia l ly capab le of app l i ca t i on a re ana logous t o 
o r d i n a r y steels f rom t h e p o i n t of v iew of t h e i r mic ro - s t ruc tu re s , b u t t h e i r con
s t i t u e n t s a r e finer. T h e presence of copper increases t h e q u a n t i t y of pea r l i t e in 
t h e s teels , a n d t o some e x t e n t i t causes t h e s teels t o b e m o r e h igh ly ca rbur i zed , a n d 
consequen t ly h a r d e r . W i t h copper u p t o 4 p e r cent . , t h e s e steels c o n t a i n n o free 
copper , t h a t e lement be ing dissolved in t h e i ron . W h e n t h e p r o p o r t i o n of coppe r 
is b e t w e e n 4 per cen t , a n d 8 p e r cen t . , s a t u r a t i o n occurs ; w h e n over 8 p e r cen t , of 
coppe r is p re sen t , free copper s epa ra t e s o u t i n fibres i n t h e case of soft or semi-soft 
s teels , a n d in nodu les in h a r d e r s teels . L i q u a t i o n is t h e m o r e no t i ceab le in t h e 
i ngo t s in p r o p o r t i o n a s t h e y con ta in a h igh p r o p o r t i o n of c a r b o n . W h e n t h e i ngo t s 
con ta in 25 pe r cent , of copper , l i qua t ion is s t rong ly m a r k e d , a n d t h e ingo t is found 
t o consis t of t w o d i s t i nc t po r t ions , c lear ly defined. T h e g r e a t ha rdnes s of some of 
t h e s e s teels af ter rol l ing m i g h t lead t o t h e suppos i t ion t h a t t h e y were m a r t e n s i t i c ; 
b u t t h i s is n o t so ; t h e y c o n t a i n fine-grained pear l i t e . W . Miiller r epo r t ed t h a t t h e 
s t r u c t u r e of i ron c o n t a i n i n g copper a n d su lph ide of coppe r is i r regular w i t h r e spec t 
t o t h e size a n d jo in ing of t h e ferr i te c r y s t a l s : t h e c rys t a l s in te r lock w i th one 
a n o t h e r w i t h c u r v e d j u n c t i o n s , a n d t h i s exp la ins t h e h ighe r tens i le s t r e n g t h of i ron 
c o n t a i n i n g copper a s c o m p a r e d w i th i ron c o n t a i n i n g n o copper . T h e su lph ide of 
copper a n d t h e copper itself p r e v e n t t h e fo rma t ion of p e a r l i t e ; i n s t e a d of pea r l i t e , 
c rys ta l s of c e m e n t i t e a r e formed. T h e g r ea t e r h a r d n e s s of i ron con ta in ing copper 
a n d s u l p h u r is d u e t o t h i s fact . Copper a n d su lph ide of copper d i s t r i b u t e t h e m 
selves m a i n l y b e t w e e n t h e c rys ta l s of fer r i te -which t h e y enve lop , t h u s affording 
a n e x p l a n a t i o n of t h e fac t t h a t r ed - shor tness is p r e v e n t e d . I n al loys of i ron con
t a i n i n g 22*2 a n d 61-7 pe r cen t , of copper , t h e b u l k of t h e copper is d i s t r i bu t ed in a 
s imi lar form s u r r o u n d i n g t h e large c rys ta l s of ferr i te . I n copper con ta in ing 7 p e r 
cen t , of i ron i t is st i l l possible t o d iscover microscopic t r a c e s of copper su lph ide , 
e v e n w h e n t h e pe rcen tage of s u l p h u r is only 0*024. T h e sub jec t was d iscussed b y 
J . R . Cain , a n d W . H e r w i g . 

Accord ing t o R . S a h m e n , t h e colour of pol i shed surfaces passes con t inuous ly 
f rom t h a t of i ron t h r o u g h va r ious t i n t s t o t h a t of c o p p e r ; a n d t h e colour of a n 
a l loy w i t h 10 pe r cen t , of i r on c a n scarcely b e d i s t ingu i shed f rom t h a t of copper 
a lone ; a n al loy w i t h 20 p e r cen t , of i ron h a s a grey t i n g e ; a n d t h e colour of a n 
a l loy w i t h 50 pe r cen t , of i ron resembles t h a t of i ron b u t h a s a pa le r edd i sh t i n g e ; 
a n d t h e co lour of a n a l loy w i t h 70 p e r c en t , of i ron c a n n o t b e d i s t i ngu i shed f rom t h a t 
of i ron . T h e f r ac tu red surface of a n a l loy w i t h 85 p e r cen t , of i ron is r ed , b e c a u s e 
t h e r e d c rys t a l s of t h e sol id soln . r i ch i n c o p p e r a r e a lone f rac tu red , n o t t h o s e r i ch 
in i ron . O b s e r v a t i o n s on t h e colour we re also m a d e b y D . M u s h e t , J . E . S t e a d , 
a n d P . Breu i l . J . H . C a r t e r s t u d i e d t h e X - r a d i o g r a m s of t h e a l loys . 

W . B r o w n sa id t h a t t h e a d d i t i o n t o i ron of u p t o 1*5 p e r cen t , of coppe r 
r educes t h e sp . vol . of i ron 0*0005 c.c. p e r 1 p e r c e n t , of copper , while a d d i t i o n s 
of f rom 1*5 t o 4*0 p e r c en t , h a v e n o app rec i ab l e effect o n t h e s p . vo l . A 
s tee l w i t h 0*68 p e r c e n t . C ; 0*36, M n ; a n d 1*59, Cu , h a d a s p . gr. 7*8354, a s p . 
vo l . 0*12763, a n d s p . h t . , 0*1180 ; s tee l w i t h 0*59 p e r c en t . C ; 0*32, Mn ; a n d 
2-50, Cu, h a d a sp . g r . 7*8306 ; a s p . v o l . 0*12761, a n d s p . h t . 0*1180; s teel w i t h 
0 1 7 p e r cen t . C ; 1*04, Mn ; a n d 2*87, Cu , h a d a sp . gr . 7*8470, a sp . vol . 0*12744, 
a n d a s p . h t . 0*1178 ; whi le s tee l w i t h 0*04 p e r cen t . C ; 0*16, M n ; 1*00, A l ; a n d 
3*75 Cu , h a d a sp . g r . 7*7479, a sp . vo l . 0*12907, a n d a s p . h t . 0 1 1 7 3 . J . O. Arno ld 
m a d e obse rva t i ons o n t h e s p . g r . of t h e a l loy . Accord ing t o E . Sper ry , t h e 
a d d i t i o n of 0*75 t o 1*0 p e r cen t , of i r on h a r d e n s copper so t h a t t h e m e t a l c a n be 
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sharpened to cut wood. P . Breuil obtained the results shown in Table LiV for 
Brinell's hardness wi th a steel ball 10 m m . diameter a n d 3000 kgrms. press. 
H. Wedding and W. Muller observed t h a t t h e presence of copper or copper sulphide 
hinders the formation of pearl it e, and promotes the formation of cementite . This 
helps to explain the greater hardness observed when copper and sulphur are present, 
but, as C. JF. Burgess and J. A s t o n observed, not in the absence of either copper or 
sulphur. The subject was discussed b y Gr. A. Roush, A. Kussmann a n d B . Schar-
noff, T. Isihara, G. Tammann, T. Usihara, F . Wever, R. S. Archer, E . K . Smi th 
and H . C. Aufderhaar, K. Taniguchi, C. Pfannenschmidt , W . Buchholtz , and 
W . K o s t e r ; and L. Grenet discussed the hardening of the iron-copper al loys ; and 
M. G. Corson, the ageing of t h e alloys. R. S. Archer observed no age-hardening 
wi th the copper-iron alloys. The viscosi ty of t h e al loys was studied b y G. Drath 
and F . Sauerwald. 

TABUE LV.—THE HARDNESS or Iito*r-Coi»:pEit ALLOYS. 

Carbon (per cent.) 

0 - 1 0 3 t o 0 1 7 3 

0 - 2 8 2 t o 0 - 4 1 2 

0 - 5 6 0 t o 0 - 7 9 8 

I Copper 
I (per cent.) 

OOOO 
0 - 4 9 0 
1 -005 
2 - 0 1 5 
3 - 9 9 7 
oooo 0 - 5 0 5 
1 0 0 5 
2 0 2 5 
4 - 0 0 9 
0 - 5 0 0 
0 - 9 8 3 
3 - 0 9 1 

10-5OO 

Rolled 

1 4 3 
1 4 6 
1 4 6 
2 0 2 
2 5 5 
1 6 6 
2 0 2 
2 0 7 
2 6 9 
3 0 2 
2 5 5 
3 0 2 
4 1 8 
4 3 0 

Reheated 

1 2 4 
1 4 3 
1 4 6 
1 7 4 
1 8 3 
1 6 6 
1 6 6 
1 9 6 
2 0 7 
2 1 2 
2 2 8 
2 2 3 
2 2 3 
2 4 1 

Quenched but 
not annealed 

2 0 7 
3 1 1 
3 1 1 
3 1 1 
3 5 1 
4 6 0 
6 2 7 
6 0 0 
8 1 7 
7 8 2 

n o m a r k 
»» 

»» 

Quenched and 
annealed 

1 9 2 
3 1 1 
2 7 7 

( 3 4 5 ) 
3 2 5 
4 1 8 
46O 
4 9 5 
4 9 5 
7 8 2 
5 5 5 
5 5 5 
6OO 
7 8 2 

I n 1627, Li. Savot ment ioned tha t blacksmiths experience a difficulty in working 
iron containing copper, so t h a t cupriferous iron cannot be welded ; "whilst in 1774, 
G. Jars reported tha t t h e general opinion in his t ime was t h a t Ie cuivre est une peste 
pour lefer, b u t that actual ly small quantit ies of copper improve the qual i ty of iron, 
and that even 1 per cent, could be added without destroying the welding power 
of the metal . C. J. B . Karsten s tated t h a t the addition of 1 per cent, of copper 
sensibly diminished i ts welding properties ; H . H . Campbell, tha t 0*2 to 0*5 per 
cent, of copper does not affect the welding properties of -wrought iron ; A. Ruhfus , 
tha t ingot iron which has to be welded should not contain more than 0-3 per cent , 
of copper, and steel, n o more t h a n 0*4 per cent . ; while A . X*. Colby found t h a t 
weld steel plates wi th 0*575 per cent, of copper passed the regulation welding and 
flanging tests satisfactorily. Hence , J . E . Stead concluded t h a t if m u c h more t h a n 
0*4 per cent, of copper is present, the meta l will n o t weld perfectly, b u t smaller 
quantit ies h a v e no detrimental influence. W i t h respect t o t h e effect of copper o n 
t h e h o t working properties of steel, S. R i n m a n was not very clear whether or n o t 
copper produced red-shortness. D . Mushet found t h a t 5 per cent, of copper m a d e 
steel useless for forging, and the al loy m u s t therefore h a v e been very red-short ; 
C. J . B . Karsten, that 0*5 per cent, did not m a k e malleable iron red-short, b u t 
1 per cent, d id ; V. Eggertz, that 0*5 per cent, of copper in malleable iron produced 
only traces of red-shortness, and added that the al loys are good for nothing. 
M. Faraday and J . Stodart said that the qual i ty of t h e meta l is not improved b y 
adding 2 per cent, of copper. J . R. Breant added t h a t 2 per cent , of copper m a k e s 
s tee l brittle. J . Percy said that copper produced red-shortness ; W . Longmaid , 
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t h a t 0*02 t o 0*8 per cent, of copper hardened malleable iron without diminishing 
i ts toughness ; H . H . Campbell, t h a t best steel may contain 0*3 to 0*5 per cent, 
copper, bu t with 1 per cent., the metal cracks in roll ing; S. Kern, t h a t gun steel 
may contain 0*27 to 0*36 per cent, copper ; A. Willis, t ha t 0*1 per cent, of copper 
did not produce red-shortness, while 0*3 per cent, caused a slight cracking ; 
M. Choubley, t h a t steel with 0*5 per cent, of carbon and 1 per cent, of copper 
rolled wel l ; A. Wasum, t h a t steel with 0*23 per cent, carbon was not made red-
short by 0*862 per cent, of copper ; J . O. Arnold, t h a t steel with 1-81 per cent, of 
copper rolled well ; A. L. Colby, t h a t O*6 per cent, of copper did not make steel 
red-short even when the sulphur was as high as 0*08 to 0-10 per cent. ; W. von 
Xiipin, t h a t 3 per cent, of copper in steel -with 0*13 per cent, of carbon and 0*009 per 
cent, of sulphur did not produce red-shortness, although with 4*7 per cent, of copper, 
the metal cracked on hammering ; A. Ruhfus, t h a t only when the copper exceeds 
0*4: per cent, in ingot iron and 0*5 per cent, in carbon steels does the metal become 
red-short—provided the sulphur and phosphorus do not exceed 0*05 per cent. ; 
and G. W. Sargent, t h a t if carbon is less t h a n 0*1 per cent, and manganese less t h a n 
0*12 per cent., 0-5 per cent, of copper will produce red-shortness. The working 
properties were also discussed by C F . Burgess and J . Aston. Hence, J . E . Stead 
concluded t h a t 0-3 per cent, or even more copper does not produce red-shortness 
when the sulphur is low. 

C. Pfannenschmidt observed t h a t copper augments the bending strength, and 
the tensile strength of cast iron. C. F . Burgess and J . Aston gave the results 
summarized in Figs. 409 and 410 
for the mechanical properties of 
the copper-iron alloys. With re
spect to the influence of copper on 
the mechanical properties of steel 
in the cold state, I ) . Mushet ob
served t h a t alloys with 50 per cent, 
of copper possess great strength ; 
steel with 10 per cent, copper is 
hard and britt le ; M. Stengel, t h a t 
the tenacity of iron is not affected 
by the presence of more than one-
third per cent, of copper ; and 
t h a t the quality of steel is not 
improved by the addition of copper. 

i 
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F I G S . 409 and 41O.—The Mechanical !Properties 
of Copper-Iron Al loys . 

M. Krilowsky said t h a t cast iron with 0-25 t o 2*0 per cent, of copper is well 
adapted for casting ; i t scarcely contracts on solidification ; i t takes a fine 
polish, and hardens like steel ; its fracture is bright and lamellar, and after slow 
cooling the fracture is dull and finely g ranu la r ; it can be readily turned in a 
lathe ; and it is somewhat malleable. TThe castings as they leave the mould have 
a continuous, th in layer of copper on the surface. Observations were made by 
O. von Keil and F . Ebert , F . L. Garrison, A. L . Colby, J . R. Cain, and E . A. and 
Li. T. Richardson. W. Longmaid found t h a t small quanti t ies of copper in malle
able iron increased the hardness without decreasing the ductibility ; F . Li. Garrison, 
t h a t copper in steel sensibly diminishes i ts tensile strength, b u t in some cases 
the metal is improved ; E . J . Ball and A. Wingham, t h a t copper increases the 
tenaci ty of s tee l ; and H . Schneider, t h a t copper improves the quality of steel. 
J . O. Arnold found with purified iron, and with steel having 1*81 per cent, of 
copper and 0*1 per cent, of carbon, t h e elastic limit and tenacity are as 
follow: 

Fe 
Cu, 1-81 per cent . 

Elastic UmIt 
(tons per sq. in.) 
. 14-3& 

30-8 

Tensile strength 
(tons per sq. Tn.) 

21-77 
3 4 8 

Elongation 
(per cent.) 

47-OO 
30-5 

Reduction of axes 
(per cent.) 

76-50 
62-2 
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H . H . Campbel l , for s tee l w i t h 
Cu, 0 1 0 per cent . . . 27-4 19-7 27-52 S6-30 
Cu, 0-35 „ . . 26-9 19-6 27-88 5 9 0 1 

A. Ti. Colby, for s teels w i t h 0-39 a n d 0-25 p e r cen t , of c a r b o n , a n d r e spec t ive ly 

Cu, 0-553 per cent . . . 17-16 29-25 3 1 1 2 51-92 
Cu, 0-565 „ . .. 20-64 35-11 24-92 44-67 

O b s e r v a t i o n s on ca s t i r on a n d s teel were also m a d e b y O. B a u e r a n d A . Siegler-
s c h m i d t , H . B u c h h o l t z a n d co-workers , G. H . Clamer , J . E v a n s , H . J . F r e n c h a n d 
T . G. Digges , R . Genzmer , R . C. Good , L . Gui l le t a n d M. B a l l a y , D . H a n s o n a n d 
G. W . F o r d , J . E . H u r s t , F . J o h n s o n , H . B . K i n n e a r , W . K o s t e r , E . K o t h n y , 
F . C. L e a , W . v o n Liipin, G. Mas ing , E . M a u e r a n d W . H a u f e , W . M a u k s c h , 
H . Muller , I . M u s a t t i a n d G. Ca lb ian i , F . N e h l , Z . N i s h i y a m a , A . L . N o r b u r y , 
C. F f a n n e n s c h m i d t , F . R a p a t z a n d H . Po l l ack , O. Smal l ey , E . K . S m i t h a n d 
H . C. Aufde rhaa r , W . H . Spencer a n d M. M. W a l d i n g , J . E . S t e a d , K . S t o b r a w a , 
a n d A. F . Stogoff a n d W . S. Messkin . M. H a m a s u m i f o u n d t h a t t h e a d d i t i o n 
of u p t o 1 p e r cen t , of coppe r increases t h e s t r e n g t h of c a s t i r on c o n t a i n i n g 
1-87 p e r cen t , of si l icon, b u t p r o p o r t i o n s b e t w e e n 1 a n d 4 p e r cen t , h a d v e r y 
l i t t le influence. A . F . Stogoff a n d W . S. Messkin f o u n d t h a t t h e h a r d n e s s , 
y ie ld-poin t , a n d tens i le s t r e n g t h of copper s t ee l s—wi th 1 t o 5 p e r cen t . Cu a n d 
0-7 t o 1*2 p e r cen t , of c a r b o n — i n c r e a s e w i t h increas ing p r o p o r t i o n s of c o p p e r 
w i t h a n n e a l e d s teels , b u t t h e e longa t ion , i m p a c t s t r e n g t h , a n d r e d u c t i o n of a r e a 
r e a c h a m a x i m u m w i t h a b o u t 3 p e r cen t , of copper . I n t h e case of h a r d e n e d 
a n d t e m p e r e d copper s teels , t h e t ens i le s t r e n g t h increases w i t h t h e c o p p e r - c o n t e n t 
w h e n t h e s t r u c t u r e is h y p e r e u t e c t o i d a l . Q u e n c h e d a n d t e m p e r e d s teels h a v e a 
h i g h y ie ld -po in t , a n d u l t i m a t e s t r e n g t h c o m b i n e d w i t h a good e longa t ion a n d 
r e d u c t i o n in a r ea . J . E . S t e a d a n d J . E v a n s conc luded t h a t b e t w e e n 0*5 a n d 1-3 p e r 
c en t , of coppe r h a s n o de le te r ious effect on e i t he r t h e h o t or cold p r o p e r t y of s tee l ; 
t h a t a l a rge p r o p o r t i o n — 2 p e r c e n t . — m a k e s s tee l l iable t o b e o v e r - h e a t e d ; . a n d 
t h a t on smal l p r o p o r t i o n s i t ra ises i t s t e n a c i t y a n d t h e e las t ic l imi t , b u t , u n l i k e 
p h o s p h o r u s , i t does n o t sens ib ly m a k e t h e s tee l l iable t o f r ac tu re u n d e r s u d d e n 
shock . L i k e c a r b o n , i t r e d u c e s t h e p o w e r of s tee l t o e x t e n d u n d e r s t ress , b u t t h i s 
is n o t p r o n o u n c e d w h e n t h e p r o p o r t i o n is smal l . T h e effect is m o r e m a r k e d w h e n 
l a rge p r o p o r t i o n s a r e p r e s e n t . P . B r e u i l f o u n d t h a t t h e tens i le s t r e n g t h of c o p p e r 
s teels , a s rol led, a p p e a r s t o b e g r ea t e r i n p r o p o r t i o n a s t h e y c o n t a i n m o r e copper , 
a n d t h e difference is m o r e man i f e s t i n p r o p o r t i o n a s t h e c a r b o n is lower. A n n e a l i n g 
l eaves t h e s teels w i t h t h e s a m e cha rac t e r i s t i c s , b u t g r e a t l y r educes t h e differences 
o b s e r v e d in t h e case of t h e u n t r e a t e d s teels . Q u e n c h i n g res to res t h e differences 
e n c o u n t e r e d in t h e case of ca s t s teels . Copper s teels w i t h a t ens i le s t r e n g t h e q u a l 
t o n icke l s tee ls c a n be o b t a i n e d . T h e res i s t ance of c o p p e r s teels t o shock shows 
t h a t t h e y a re n o m o r e b r i t t l e t h a n n icke l s teels c o n t a i n i n g eq . p e r c e n t a g e s of n i cke l . 
T h e to r s ion t e s t s g ive r e s u l t s s imi la r t o t h e tens i le s t r e n g t h t e s t s . Coppe r s tee ls 
a r e capab le , u n d e r to r s iona l s t resses , of u n d e r g o i n g a cons ide rab le degree of de fo rma
t i on . F . A b b o l i t o s t u d i e d t h e r e s i s t ance t o wea r . 

O. B a u e r a n d H . S ieg le r schmid t o b s e r v e d n o effect w i t h 0-55 p e r c en t , of c o p p e r 
o n t h e t h e r m a l e x p a n s i o n of c a s t i ron , b u t i t r e d u c e d t h e p e r m a n e n t e l o n g a t i o n . 
A s i n d i c a t e d a b o v e , W . B r o w n found t h a t c o p p e r h a s v e r y l i t t l e effect o n t h e s p . h t . 
of s tee l w i t h a h i g h p r o p o r t i o n of c a r b o n — v i d e supra. J . T . L i t t l e t o n f o u n d for 
l i g h t of w a v e - l e n g t h 5893 , a n d al loys w i t h 27*6, 53*4, a n d 77-6 p e r cen t , of i ron , t h e 
r e spec t i ve reflect ing power s 72=52-8 , 51*8, a n d 57-5 ; t h e coeff. of a b s o r p t i o n 
£ = 2 - 7 1 , 2*96, a n d 3-41 ; a n d t h e ind ices of r e f rac t ion 1-77, 2-24, a n d 2-62. 
A . M a t t h i e s s e n a n d M. H o l z m a n n o b s e r v e d t h a t t h e e lec t r ica l c o n d u c t i v i t y of 
c o p p e r goes f rom 93-08 t o 34-56 b y t h e a d d i t i o n of 0-48 p e r c e n t , of i ron , a n d t o 
26-95 w i t h 1-06 p e r cen t , of i ron ; a n d A . M a t t h i e s s e n a n d C. V o g t , t h a t a h a r d -
d r a w n wire w i t h 0-46 vol . p e r cen t , of i ron h a d a c o n d u c t i v i t y of 38-852-O-O6O340 
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+OOOOO812802 , a n d b e t w e e n 0° a n d 100° i t falls 13-44 p e r c e n t . O b s e r v a t i o n s were 
m a d e b y G. A . R o u s h , V . O. Pfeiffer, H . B u c h h o l t z a n d W . K o s t e r , a n d G. T a m m a n n . 
T h e r e su l t s of C. F . B u r g e s s a n d J . A s t o n for t h e r e s i s t ance , R m i c r o h m s p e r c m . 
c u b e , a r e a s follow : 

Cu 
R 

0 0 9 
12-2 

0-20 
1 2 0 

0-42 
13-6 

0-80 
13-6 

1-51 
14-7 

2 0 1 
7 0 

3-99 
12-7 

5 0 7 
12-5 

7 0 5 
15-8 

94*34 per cent. 
3-9 

P . R . !Costing's r e su l t s for t h e sp . r e s i s t ance , in m i c r o h m s p e r c m . c u b e a t 20° , a n d 
t h e t e m p . coeff. i n o h m s p e r o h m pe r degree , a r e s u m m a r i z e d in F i g . 4 1 1 . G. Di l lner 
o b s e r v e d t h a t t h e e lectr ical r e s i s t ance of. i r on a n d s tee l is a u g m e n t e d b y a l loy ing 
i t w i t h copper , b u t , a d d e d M. F r i c , t h e increase e x t e n d s u p t o a m a x i m u m , express ing 
t h e s p . r es i s tance in m i c r o h m s p e r sq . c m . : 

Copper 

Carbon -

per cent . 
fO-15 1 0 - 3 5 
10-7O 
U-OO 

0-01 
13-81 
16-95 
20-55 
22-58 

0-05 
1 5 0 6 
17-69 
22-03 
24-86 

1 0 
16-69 
18-78 
2 1 1 3 
24-72 

2 0 
17-46 
1 9 O l 

3 0 
— 
—. 

20-90 
24-24 

4-O 
16-71 
17-76 

1OO 

— 
19-81 

— 

0 20 40 60 80%Fe 
FiO. 411 . The Electrical Res i s tance 

of Iron-Copper Al loys . 

C. B e n e d i c k ' s ru le t h a t t h e e lect r ica l r e s i s t ance of a s tee l a t o r d i n a r y t e m p , is 
r o u g h l y .R=7-6-f-26-8J!l7C, w h e r e , r e p r e s e n t i n g t h e p e r c e n t a g e s of t h e c o n t a i n e d 
e l e m e n t s b y t h e i r symbo l s , 2 7 C = C + ( 1 2 / 2 8 - 4 ) Si 
H- (12 /63 -4 )Cu+e tc . , w a s found b y P . B r e u i l 
n o t t o b e app l i cab le t o c o p p e r s teels . G. K . B u r 
gess a n d J . A s t o n found a n increase of 3 t o 4 
m i c r o h m s p e r c m . c u b e , a n d R . R u e r a n d 
K . F i c k , 4-0 m i c r o h m s for a d d i t i o n s of 1 p e r 
c en t , of coppe r t o i ron . W . H . K e e s o m a n d 
co-workers m e a s u r e d t h e t h e r m o e l e c t r i c force 
of t h e a l loys a g a i n s t a n a l loy of s i lver a n d 
gold ; a n d A. P e p e , a g a i n s t i ron a n d copper . 
P . R . K o s t i n g s t u d i e d t h e t h e r m o e l e c t r i c force 
a g a i n s t p l a t i n u m . A . W . S m i t h s t u d i e d t h e 
H a l l effect. L . C. B a n n i s t e r a n d U . R . E v a n s 
d i scussed t h e e lec t rode p o t e n t i a l of t h e s e a l loys . 

G. Di l lner found t h a t 0-64 pe r cen t , of coppe r h a d no effect on t h e m a g n e t i c 
p r o p e r t i e s of i ron . R . S a h m e n obse rved t h a t a n al loy w i t h 98-7 p e r cen t , of copper 
is m a g n e t i z a b l e a t r o o m t e m p . , a n d t h a t t h e m a g n e t i s m of a l loys w i t h 1 t o 40-7 p e r 
cen t , of coppe r v a n i s h e s a t 795° . D . M u s h e t obse rved t h a t a l loys w i t h 9O p e r cen t , 
c o p p e r a r e m a g n e t i c ; a n d P . Breu i l , t h a t s tee l w i t h 32 p e r cen t , coppe r is m a g n e t i c 
in t h e cold ; a n d G. T a m m a n n , t h a t t h e m a g n e t i z a b i l i t y of t h e al loys r ich in coppe r 
is poss ib ly cond i t i oned b y t h e p re sence of c ry s t a l s of a sol id soln . r i ch in i r o n ; a n d 
t h a t t h e t e m p , of m a g n e t i z a b i l i t y of i r on is lowered 27° b y 2-5 p e r c en t , of coppe r . 
G. T a m m a n n a n d W . Oelsen m e a s u r e d t h e s p . m a g n e t i z a t i o n (gauss) of copper -
i r o n a l loys c o n t a i n i n g t h e fol lowing p r o p o r t i o n s of d i sso lved a n d t o t a l i ron : 

Dissolved Fe 

(O-502 per cent. Ke 
2-0O 
4-50 

C. F . B u r g e s s a n d J . A s t o n m e a s u r e d t h e m a g n e t i z a t i o n , o r m a g n e t i c i n d u c t i o n , 
H, of a l loys of e l ec t ro ly t i c i r o n a n d c o p p e r — u n a n n e a l e d , a n n e a l e d a t 675° a n d 
1000°, a n d q u e n c h e d f rom 900°—for m a g n e t i c fields of i n t e n s i t y If gauss , a n d t h e 
r e su l t s a r e s u m m a r i z e d i n T a b l e L V I ; wh i l e t h e r e su l t s for t h e coercive force 
( # m a x . = 2 0 0 ) , a n d r e t e n t i v i t y (J&mmx.^^OO) a r e s u m m a r i z e d in Tab le L V I I . T h e 
s u b j e c t w a s s t u d i e d b y H . B u c h h o l t z a n d W . K o s t e r . A. F . Stogoff a n d 
W . S. Messkin f o u n d t h a t w i t h s tee ls h a v i n g 0*7 t o 1-2 p e r cent , of c a r b o n a n d 

250° 
0-14 
0-694 
3-64 
8-76 

418° 
0-14 
0-694 
3-72 
8-73 

560° 
0-14 
0-713 
3-72 
8-82 

770° 
0 - 5 4 
O-OOl 
2 - 8 5 
7 - 9 6 

885° 
1 -34 
O-OOl 
1 -238 
6 0 4 

1070» 
3-68 
0-002 
OO19 
1-18 
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1 to 5 per cent, of copper, the coercive force, and the product of the coercive force 
and the remanence are increased more or less proportionally to the copper-content. 
Observations were also made by E. Gerold, A. Kussmann and co-workers, 
G. Tammann, A. D. Ross, E. Take, W. Koster, and W. Krings and W. Ostmann, 
while A. Kussmann and B. Scharnoff observed no relation between the coercive 
force and hardness. 

TABLE LVI.—MAGNETIZATION- 07 CoriPER-lEOisr ALLOYS. 

Copper 
(per cent.) 

O O O 
0 0 9 
0 - 2 0 
0 - 4 2 
0 - 8 0 
OO1 
1-51 
2-0O j 
3 - 9 9 
5 - 0 7 
6 1 6 
7 - 0 5 

9 4 - 3 4 

K o t 
annealed 

1 3 , 1 0 0 
2 , 9 0 0 
7,7OO 

1 0 , 1 5 0 
7,7OO 
2,9OO 
5 , 6 0 0 
4 ,50O 
4,5OO 
2,9OO 
4,5OO 

4OO 
0 

H-

Annealed 
a t 675° 

10,0OO 
5 , 7 0 0 

I 5 , 7 0 0 
I 10 ,95O 
j 6,3OO 

6 , 3 0 0 
4,3OO 
6 , 0 0 0 
5,7OO 
4,3OO 
4,3OO 
3 , 0 0 0 

O 

= 10 

Annealed 
a t 1000° 

1 3 , 3 5 0 
7 , 6 0 0 

10 ,70O 
I 11 ,70O 
! 1 0 , 7 0 0 

5,5OO 
3 , 5 0 0 
5,5OO 
4,9OO 
3 , 0 0 0 
2 , 2 0 0 
2 , 4 0 0 

0 

Quenched 
from 900° 

11 ,80O 
9 ,20O 

10 ,30O 
i 1 1 , 5 0 0 
I 1 1 , 0 0 0 
! 9 , 2 0 0 

8 ,20O 
5 , 6 0 0 
4,1OO 
2 ,95O 
2,4OO 
2 ,95O 

0 

N o t 
annealed 

18 ,85O 
1 7 , 6 0 0 
1 8 , 1 0 0 
1 7 , 1 0 0 
1 7 , 1 0 0 
1 7 , 1 0 0 

1 18 ,10O 
1 7 , 0 5 0 
16 ,80O 
16 ,25O 
16 ,56O 
14 ,90O 

0 

M— 

Annealed 
a t 675° 

1 8 , 8 5 0 
1 8 , 3 5 0 
1 8 , 3 5 0 
1 8 , 5 0 0 
1 8 , 5 5 0 
18 ,05O 
18 ,20O 
1 8 , 2 5 0 
1 8 , 0 5 0 
17 ,65O 
1 7 , 4 0 O 
17 ,20O 

0 

1OO 

Annealed 
a t 1000° 

1 8 , 2 0 0 
17,4OO 
17 ,65O 
1 7 , 7 0 0 
1 7 , 5 5 0 
1 7 , 4 5 0 
1 7 , 2 5 0 
1 7 , 1 0 0 
1 7 , 0 5 0 
16,7OO 
16 ,20O 
1 6 , 5 0 0 

O 

Quenched 
from 900* 

1 8 , 1 5 O 
1 7 , 6 0 0 
1 7 , 7 0 0 
1 7 , 8 0 0 
1 7 , 8 0 0 
1 7 , 6 5 0 
17 ,40O 
17,2OO 
17,4OO 
1 7 , 0 0 0 
16 ,35O 
16 ,15O 

0 

TABLE LVII.—COERCIVE FOBOE AND RETENTIVITY OE COPPEB-IEON ALLOYS. 

Copper 
(per cent.) 

0-OO 
0 0 9 I 
0 - 2 0 
0 - 4 2 
O-80 
O-01 
1-51 
2 O O 
3 - 9 9 
5 -07 
6 1 6 
7-05 

9 4 - 3 4 

N o t 
annealed 

5-5 
13-O 

7 0 
7-O 
9 - 5 

14-O 
12 -8 
10 -7 

6-O 
5 - 7 

1 2 - 5 
12-5 

N o n e 

Coercive Force 

Annealed 
at 675° 

6-2 
8 - 7 
9 - 3 
6 O 
9 - 5 
9 - 5 

1 0 - 5 
1 O O 

9 8 
10-9 
1 0 - 5 
1 3 - 2 

200-f-

Annealed 
at 1000° 

3 - 1 
12-1 

4-O 
3 - 7 
4 1 

I 8 -8 
1 1 - 3 

9-O 
9 - 3 

11-5 
I 11 -8 

1 2 - 5 
2OO + 

Quenched 
from 900° 

2 - 5 
4 - 3 
3 - 5 
3 - 6 
4 - 3 
6 - 4 
7 - 3 
8 - 3 
9 - 7 

11-2 
! 11 -8 

12 -6 
20O-f-

N o t 
annealed 

1 2 , 3 0 0 
12 ,70O 
1 1 , 1 0 0 

9 ,90O 
11 ,50O 

l 1 1 , 1 0 0 
1 1 , 1 0 0 
1 0 , 2 0 0 

! 9 ,20O 
8,3OO 
9,30O 
7 , 7 0 0 

N o n e 

Betentlvity 

Annealed 
at 675° 

1 3 , 8 0 0 
1 2 , 0 0 0 
1 3 , 3 0 0 
13,3OO 
14,9OO 
14,5OO 
14 ,30O 
1 2 , 8 0 0 
1 3 , 2 0 0 
1 3 , 2 0 0 
11,6OO 
12,5OO 

5 0 0 

Annealed 
at 1000° 

10,0OO 
1 0 , 1 0 0 

8,4OO 
! 8 ,60O 

8,70O 
10,4OO 

I 12,4OO 
I 10,2OO 

11,1OO 
1 1 , 5 0 0 
1 1 , 8 0 0 
1 3 , 1 0 0 

3OO 

Quenched 
from 900° 

8 ,00O 
8 , 4 0 0 
8 , 4 0 0 
9 , 3 0 0 
9,1OO 
8,7OO 

1 2 , 5 0 0 
9 ,90O 

1 1 , 3 0 0 
1 1 , 7 0 0 
1 2 , 1 0 O 
11 ,30O 

4 0 0 

According to J. E. Stead, the surface of alloys of 8 to 97*2 per cent, of copper 
readily tarnished because of the presence of crystallites of iron ; and alloys with 
0 to 8 per cent, of copper oxidize when melted more rapidly the more copper they 
contain. C. J. B. Karsten reported that copper is an undesirable element in steel 
because it makes the metal corrode more rapidly ; but later observations have 
shown that this is not always a valid deduction, since the early cupriferous steels 
seem to have had sulphur associated with the copper. I. Kotaira found that when 
a cupriferous steel is oxidized at 1000° for 22 hrs., the surface oxide has only 10 to 
20 per cent, of the original copper, and the copper^content of the unoxidized steel 
increases 5 to IO per cent. H. Kirscht studied the effect of copper on the oxidation 
of iron. According to C Carius and co-workers, the high resistance to rusting of 
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steels with 0*2 to 1-0 per cent, of copper, when exposed to a damp atmosphere, 
is due to the formation of a tenacious layer of cupric oxide below the iron scale 
-which first forms. This layer is a secondary deposit produced by oxidation of 
the copper set free when the outer layer of iron oxide is formed. It is possible 
to arrange conditions to show that the copper liberated is first converted by 
the ferric ions into cuprous ions, which are immediately reduced so that the steel 
becomes covered with a film of copper, which then oxidizes to cupric oxide. In 
the presence of chloride ions the deposited copper is spongy and is rapidly con
verted into cupric hydroxide, which then accelerates rusting of the iron by the 
formation of local cells. P. Kotzschke found that 0*3 to 0*4 percent , of copper 
decreased the corrosion of cast iron in the atmosphere, and that further additions 
of copper had no appreciable effect. The resistance to acids was not improved 
by the addition of up to 0*9 per cent, of copper. F. H. Williams found that soft 
Bessemer steel containing variable proportions of copper, on exposure to the atmos-
sphere for a month during which the samples were -wetted several times daily, the 
losses by corrosion were: 

Copper. . . O 0-078 0-145 0-263 per cent . 
L o s s b y corrosion . 1-85 0-89 0-75 0-74 

Observations were also made by J. E. Stead and F. H. Wigharn, who found the 
corrosion, during 9 weeks' immersion in a stream of tap-water, for steel with approxi
mately 0-990 C, 0-463 Mn, 0-168 Si, 0-034 S, 0-021 P, and 0-01O and 0-460 copper, 
to be respectively 12-7 and 10-1 per cent. ; steels with 0-430 C, 0-940 Mn, 0065 Si, 
0-030 S, 0-063 P, and 0-250 and 0-480 copper, to be respectively 10-6 and 8-9 per 
cent. ; steels with 0-480 C, 0-933 Mn, 0 0 7 0 Si, 0047 S, 0-084 P, and 0 0 3 3 and 0*889 
copper, to be respectively 12-O and 13*5 per cent. ; steels with 0-330 C, 1-090 and 
0-640 Mn, 0-028 Si, 0-118 and 0-055 S, 0 0 4 9 P, and 0*012 and 1*286 Cu, to be respec
tively 1 9 0 and 11-5 per cent. ; and 0-310 C, 0-676 Mn, 0 0 8 4 Si, 0-0475 S, 0 0 8 4 P, 
and 0-012 and 2*000 copper, to be respectively 14-7 and 4-7 per cent. The results 
with tidal river-water were similar. H. Wedding and W. Miiller observed the reduced 
tendency of copper steels to corrosion or separation of copper sulphide and copper 
in the form of protective shells around the ferrite grains. I). M. Buck stated that 
the addition of 0-15 to 0-30 per cent, of copper to mild steel greatly increases its 
resistance to corrosion in air without interfering with its tenacity or ductility ; he 
also added that the addition of copper helps to neutralize the favourable effect of 
sulphur on corrosion ; S. L«. Hoyt also found 0-20 to 0-25 per cent, of copper enhanced 
the resistance of steel to atm. corrosion ; A. S. Cushman said that a small per
centage of copper restrains the corroding influence of the acidic atm. of manu
facturing towns ; but copper is not beneficial under all conditions, for corrosion by 
immersion in neutral, acidic or alkaline water is either not influenced or influenced 
detrimentally by copper. He said : if it is desired to make a roof of sheet metal 
for a building in a smoky atm., and not intended to galvanize or paint it, it would 
probably be best to select copper steel ; but if it is intended to galvanize it or 
keep it painted with a good paint, pure iron would no doubt give the best results. 
O. Bauer concluded that in the presence of carbon dioxide and sulphur dioxide, 
in air, a slight percentage of copper or of nickel seems to have a beneficial influence, 
but the addition of copper to steel for the purpose of preventing or mitigating 
corrosion is not generally advisable. J. A. Aupperle and D. M. Strickland, M. Ballay, 
O. Bauer, O. Bauer and co-workers, F. K. Bell and "W. A. Patrick, P. Breuil, 
C. Carius, H. Cassel and F. Todt, E. L. Chappell, G. H. Clevenger and B. Ray, 
W. H. Creutzfeldt, A. S. Cushman and co-workers, K. Daeves, J. A. N. Friend, 
M. Grison and E. Lepage, R. A. Hadfield, H. Hebberling, W. Herwig, S. Hi. Hoyt, 
H. T. Kalmus and K. B. Blake, V. V. Kendall and F. N. Speller, W. Marzahn 
and A. Pusch, P. B. Mikailoff, F. Nehl, J. V. Neubert, H. S. Rawdon, 
E. A. and L.. T. Richardson, W. D. Richardson, R. T. Rolfe, J. E. Stead, 
S. S. Steinberg, # 0 . W. Storey, W. H. Walker, and H. Wedding made some 
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observat ions on. t h i s sub jec t . M. F a r a d a y a n d J . S t o d a r t , a n d R . Mal le t s t a t e d 
t h a t alloys of i ron w i t h coppe r a r e less cor rod ib le t h a n i ron a lone . M. B a l l a y , 
D . M. Buck , C. Car ius , E . Crowe, G. Di l lner , H . T. K a l m u s a n d K . B . B l a k e , 
W Muller, J . V. N e u b e r t , C. P f a n n e n s c h m i d t , E . A . a n d L . T . R i c h a r d s o n , 
J . E . S t ead a n d F . H . W i g h a m , S. S. S t e inbe rg , W . H . W a l k e r , H . W e d d i n g , 
a n d F . H . Wi l l i ams f o u n d coppe r m a d e t h e a l loy m o r e r e s i s t a n t t o cor ros ion : 
(i) copper increases t h e r e s i s t ance of i r o n a n d s teel t o a t m o s p h e r i c cor ros ion , 
a n d i t s influence is a p p a r e n t w h e n t h e coppe r r eaches on ly 0-03 p e r c e n t . ; i t s 
m a x i m u m effect is p r o d u c e d w h e n on ly 0*05 p e r cen t , is p r e s e n t , a n d t h e b e s t 
a m o u n t for c o m m e r c i a l s teel is a b o u t 0*25 p e r cen t , (ii) S tee ls w i t h 0*05 a n d 
wi th O*25 p e r cen t , of c o p p e r o u t l a s t i r on c o n t a i n i n g 0*04 p e r cen t , of c o p p e r , 
(iii) S u l p h u r i n s tee l acce le ra te s corros ion v e r y m a r k e d l y , a n d s u l p h u r ox ides i n 
t h e a i r acce le ra t e t h e cor ros ion of s teel , b u t coppe r c o u n t e r a c t s or r e t a r d s b o t h 
these effects. O. B a u e r , R . A. Hadf ie ld , a n d J . A . N . F r i e n d f o u n d t h e differences 
t o b e t o o sma l l t o b e ab le t o s t a t e defini tely t h a t t h e r e is a n y i m p r o v e m e n t ; wh i l s t 
A. S. C u s h m a n sa id t h a t copper is de le te r ious . A c c o r d i n g t o F . !K. Bel l a n d 
W . A . P a t r i c k , t h e r a t e of d i sso lu t ion of t h e a l loys in 28*7 p e r cen t , h y d r o c h l o r i c 
acid dec reased be low t h e v a l u e for i ron a lone ; t h e first 0-5 p e r cen t , of c o p p e r 
h a d t h e g r e a t e s t effect s ince fu r t he r a d d i t i o n s of c o p p e r on ly inc reased t h e res is t 
ance t o a t t a c k v e r y s l igh t ly . Mere c o n t a c t w i t h copper wi re r educes t h e r a t e of 
d i s so lu t ion of i ron in t h e ac id , "whilst p l a t i n u m a n d si lver a r e w i t h o u t effect. T h e 
resu l t s w i t h 57 p e r cen t , s u l p h u r i c ac id were e r r a t i c . I t is a s s u m e d t h a t t h e r e t a r d 
i ng influence of coppe r is d u e t o t h e d i s so lu t ion of s o m e of t h a t m e t a l w h i c h is a t 
once r e -p rec ip i t a t ed in a f inely-divided s t a t e o n t h e surface of t h e "iron ; i t is t h e n 
re-dissolved. T h e i n t e r m i t t e n t d i sso lu t ion a n d r e -p rec ip i t a t i on of c o p p e r is sa id 
t o b e responsible for t h e r e t a r d a t i o n . J . A. N . F r i e n d found t h a t t h e a d d i t i o n of 
smal l q u a n t i t i e s of copper t o s teel e x e r t s a m i n o r inf luence u p o n t h e co r rod ib i l i t y 
of t h e m e t a l i n n e u t r a l co r rod ing m e d i a . I n t a p - w a t e r a n d in s a l t - w a t e r t h e r e is 
n o t h i n g t o choose b e t w e e n t h e cupr i ferous s tee l a n d t h e w r o u g h t i rons , a l l of w h i c h 
possess a s l igh t a d v a n t a g e ove r t h e s teels ; i n t h e a l t e r n a t e w e t a n d d r y t e s t s t h e 
non-cupr i fe rous m e t a l s p r o v e d s l igh t ly super ior . I n all cases , however , t h e differ
ences a r e re la t ive ly smal l , b e i n g b u t s l igh t ly g r e a t e r t h a n t h e u s u a l eccen t r ic i t i es 
man i fe s t ed b e t w e e n different spec imens of a p p a r e n t l y s imi la r m e t a l s . O. K o t z s c h e 
a n d E . P i w o w a r s k y o b s e r v e d t h a t t h e a d d i t i o n of 0*3 t o 0*4 p e r c en t , of c o p p e r 
increases t h e r e s i s t ance of g rey ca s t i ron t o w e a t h e r b y 25 p e r cen t . , b u t u p t o 
0*9 pe r cen t , of copper , t h e r e s i s t ance t o acid a t t a c k is u n a l t e r e d , a n d t h e r e s i s t ance 
t o sa l t soln . is r e d u c e d . Li. Ai tch i son found t h a t t h e cor ros ion of c o p p e r s tee ls 
r e p r e s e n t e d b y t h e loss in we igh t p e r IOO sq. c m . w h e n left i n t h e d a r k in 3 p e r 
cen t , s o d i u m chlor ide soln. a n d 1 p e r cen t , su lphur ic ac id for 77 d a y s , a n d 45 h r s . 
i n 10 pe r cen t , su lphur i c ac id , were : 

C 
Cu 
NaCl . 

1-18 
. 0-48 
. 1-86 
. 1 5 1 
. 58-3 

0-59 
1 0 6 
2-13 
0*58 
0-69 

0-38 
2-52 
2-31 
9-45 
0-92 

0-30 per cent 
4-78 
2 0 7 
3-22 
1 0 2 

H» s o«{iop e r^rn t ' 
Y . XJtida a n d M. S a i t o m e a s u r e d t h e loss in weigh t , in g r a m s p e r sq. cm . , suffered 
w h e n t h e a l loy w i t h a b o u t 0*05 p e r cen t , of c a rbon , is exposed for 24 h r s . t o 10 p e r 
c en t . so ln . of t h e different ac ids : 

2-88 per cent . 
0-5875 
00026 
00107 

H . E n d o ' s r e su l t s , d u r i n g 5 h r s . ' a c t ion a t o r d i n a r y t e m p . , a r e p l o t t e d i n F i g . 4 1 2 . 
I n all cases t h e r e is a m i n i m u m corros ion w i t h a l loys c o n t a i n i n g 1 t o 2 p e r c e n t , 
of copper . Accord ing t o J . E . S t e a d a n d F . H . W i g h a m , s teels *free f rom c o p p e r 

sssr 
H C l 
H 2 S O 4 

0 
. 0 9380 

0*0712 
. 0 0 9 9 0 

0-55 
0-2410 
0 0 0 2 5 
0 0 2 2 0 

1 0 6 
0-3820 
0 0 0 2 7 
0 0 1 6 2 

1-60 
0-4355 
0*0037 
0-0117 

2 1 0 
0-4875 
O-0031 
O-0098 
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disso lved i n di l . ac ids m o r e q u i c k l y t h a n t h o s e c o n t a i n i n g copper . C. F . B u r g e s s 
a n d J . A s t o n found t h a t w i t h a l loys of e lec t ro ly t ic i r on a n d copper , c o n t a i n i n g : 

Copper 
Acid, corrosion 
Atm. corrosion 

0 0 0 8 9 0-422 0-804 1-510 3-990 6-16O 7050 per cent. 
1-300 0-178 0 0 5 9 0 1 0 4 0 1 4 7 0 0 9 3 0-143 0 1 8 6 
0-449 0-254 0-268 0-259 0-225 0 1 7 1 0-200 0 1 6 1 

w h e r e ac id corros ion refers t o t h e loss in g r a m s p e r sq. dm. w h e n i m m e r s e d for a n 
h o u r in 20 p e r cen t , su lphu r i c acid ; a n d a t m . corros ion refers t o t h e loss in k g r m s . 
p e r sq . m e t r e p e r y e a r w h e n exposed for 162 d a y s 
f rom J u l y t o F e b r u a r y . Lu Schne ide r obse rved 
t h a t w i t h IO pe r cen t , su lphur ic ac id , soft bas ic 
s tee l w i t h 0*01 p e r cen t , of coppe r h a d a r e l a t ive 
r a t e of corrosion of 1 2 0 ; p ig- i ron -with 0-12 p e r 
cen t , copper , 32 ; soft o p e n - h e a r t h s tee l -with 0-14 
pe r cen t , copper , 26 ; a n d soft bas ic s tee l w i t h 0*2 
p e r cen t , of copper , 19. P . B r e u i l obse rved t h a t 
w i t h di l . su lphur i c ac id , a n d different s teels , t h e 
losses in we igh t t a k e n a s a m e a s u r e of corros ion 
were t h o s e i nd i ca t ed in T a b l e L V I I I . T h e r e is a 
m i n i m u m corros ion w i t h t h e s teels w i th O-156 t o 
0*168 p e r cen t , c a r b o n w h e n a b o u t 1 p e r cen t , of 
coppe r is p r e sen t , a n d w i t h s teels w i t h 0-336 t o 
0-400 p e r cen t , c a r b o n , w h e n a b o u t 2 p e r cen t . 
of coppe r is p r e sen t . T h e sub jec t w a s d iscussed b y P . B a r d e n h a u e r a n d G. T h a n -
heiser , O. B a u e r a n d co-workers , F . K . Bell a n d W . A . P a t r i c k , C. Car ius , 
C. Car ius a n d E . H . Sohulz , J . H . Car t e r , J . A . N . F r i e n d , V. V. K e n d a l l , 
V. V. K e n d a l l a n d E . S. Tay le r son , C P f a n n e n s c h m i d t , a n d A. R . Surface ; a n d 
O. P . W a t t s a n d H . C. K n a p p found t h a t t h e ac t i on of su lphu r i c ac id is i n some 
cases acce le ra t ed b y t h e p resence of si lver a n d copper sa l t s . V. K . P e r s h k e a n d 
co-workers s t u d i e d t h e ac t i on of phospho r i c ac id . 

J ™'b 
Per cent, copper 

F i a . 412.—Corrosion of Copper 
Steels by Acids. 

T A B L E L V I I I . — T H E CORROSION OF CUPRIFEROUS S T E E L S . 

Composition of steel 

O 

0 1 6 8 
O-158 
0 1 5 6 
0-165 
0-156 
0-336 
0-390 
0-400 
0-389 
0-368 

Mn 

0 1 0 0 
0-092 
0 0 7 2 
0-108 
0 1 1 3 
0-150 
0 1 3 9 
O-164 
0 1 7 5 
0 1 3 9 

Si 

0-214 
0-223 
0-209 
0-214 
0 1 8 6 
0-316 
0-323 
0-307 
0-242 
0-217 

0 0 2 3 
0-016 
0-022 
0-023 
0 0 2 9 
0-020 
0 0 2 0 
0-022 
O 023 
0 0 2 2 

0 0 1 3 
0 0 1 7 
0 - 0 1 6 
0 0 1 7 
0 0 2 5 
0 0 1 7 
0 - 0 1 8 
O-012 
O-OIO 
0 0 1 1 

Cu 

Percentage 
corrosion 

0 0 
0-490 
1 0 0 5 
2 0 1 5 
3-979 
0-0 
0-505 
1-005 
2 0 2 5 
3-997 

5-23 
I 4-40 

2-80 
3 0 1 
3-34 
6 1 0 
3-54 
3-21 
2-04 
2-50 

Li. B . G. d e M o r v e a u 3 p r e p a r e d a s i lver- iron a l loy . H e sa id t h a t w h e n t h e t w o 
m e t a l s a r e fused t o g e t h e r , t w o l aye r s a r e f o rmed . T h e lower l aye r con t a in s 0-31 
p e r cen t , of i ron , a n d i t is affected b y a m a g n e t ; whi le t h e u p p e r layer , c o n t a i n i n g 
1-25 p e r c en t , of si lver, is v e r y h a r d , a n d h a s a dense r t e x t u r e t h a n i ron . 
C. J . B . K a r s t e n obse rved t h a t t h e p re sence of O 0 3 4 p e r cen t , of si lver m a d e t h e 
i r on r e d - s h o r t ; a n d d imin i shed i t s tens i le s t r e n g t h v e r y cons iderab ly . C. F . Burges s 
a n d J . A s t o n d iscussed t h e w o r k i n g qua l i t i e s of i ron-s i lver a l loys. 6 . B a r r u e l 
o b t a i n e d a h a r d , w h i t e a l loy, b y m e l t i n g s i lver w i t h 0*35 p e r cen t , of i ron . 
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C A. Coulomb said that silver can retain no more than 0*0067 part of iron, and 
that if 0-003 part is present, the alloy acts on a magnetic needle. W. Longmaid 
patented iron alloys "with minute proportions of silver. M. Faraday and J. Stodart 
said : 

If steel and s i lver be k e p t in fusion toge ther for a length of t i m e , a n a l loy i s obtained., 
which appears t o be v e r y perfect w h i l e t h e m e t a l s are i n t h e fluid s ta te , b u t o n so l id i fy ing 
and cooling, g lobules of pure s i lver are expressed from t h e m a s s , a n d appear o n t h e surface 
of the b u t t o n . If a n a l loy of t h i s k i n d be forged in to a bar, a n d t h e n d i s sec ted b y t h e 
act ion of di l . sulphuric ac id , t h e s i lver appears , n o t in c o m b i n a t i o n w i t h t h e steel , b u t i n 
threads throughout t h e m a s s ; s o t h a t t h e -whole h a s t h e appearance of a bundle of fibres 
of s i lver a n d steel , a s if t h e y h a d been un i t ed b y we ld ing . T h e appearance of these s i lver 
fibres i s v e r y beaut i ful ; t h e y are s o m e t i m e s one-e ighth of a n i n c h irx l ength , a n d sugges t 
the idea of g i v i n g mechan ica l t oughness t o steel , where a v e r y perfect edge m a y n o t b e 
required. A t other t i m e s , w h e n si lver a n d steel h a v e been v e r y long i n a s t a t e of perfect 
fusion, t h e s ides of t h e crucible, and frequent ly t h e t o p a lso , are covered -with a. fine a n d 
beautiful d e w of m i n u t e globules of s i lver ; t h i s effect can be produced a t pleasure . Les s 
t h a n one part of s i lver i n 500 of the steel i s present in t h e b u t t o n s . T h e a l loys were later 
e x a m i n e d b y R . A . Hadfie ld . 

G. Tammann and W. Oelsen discussed the solubility of iron in silver and found 
00004 and 0-0006 per cent, respectively at 1000° and 1600° ; and N. Ageeff and 
M. Zamotorin studied the diffusion of silver in iron. G. J. Petrenko said that the 
two metals do not alloy at temp, below 1600° ; for on cooling the mixtures, there 
are always two arrests corresponding with the f.p. of iron and silver respectively. 
M. Faraday and J. Stodart found that hammered steel with 2 per cent, of silver 
had a sp. gr. of 7-808. C. F. Burgess and J. Aston observed that electrolytic iron 
with : 

Silver . . . O 0-281 0-492 0-581 0-691 per c e n t . 
Acid corrosion . 1-30O 1-021 1-76O 1-34O 1-17O 
A t m . corrosion . 0-499 0-317 0-430 0-356 0-450 

where the acid corrosion refers to the loss in grams per sq. dm. when the alloy "was 
immersed in 20 per cent, sulphuric acid for 1 br. ; and the atm. corrosion 

refers to loss in kgrms. per sq. metre per year 
\fe (t53tf) with alloys exposed to the weather for 162 days 

from July to February. Iron can be separated 
from silver by cupellation, by fusion in air, or by 
fusion with borax and nitre. E. Liider prepared 
a s e r i e s of s i l v e r - i r o n - c o p p e r a l l o y s a n d f o u n d a 
m i s c i b i l i t y g a p e x t e n d i n g o v e r m o s t of t h e d i a 
g r a m , F i g . 4 1 3 . T h e a l l o y s s e p a r a t e i n t o t w o 
l a y e r s of w h i c h t h e u p p e r c o n s i s t s m o s t l y of i r o n , 

JI=^__^M1_Ifc_i a n d t h e l o w e r of s i l v e r a n d c o p p e r w i t h v e r y 
Cu 0083") * " Ag(36J°) little iron. Homogeneous liquid alloys of iron 
_ „ , „ „ , , „ , n and copper are broken up into two layers when 

c^^-sav^S>nr : s i l v e r iB » d d e d -
W. Lewis4 said that gold-iron alloys are 

readily formed. Gold dissolves twice or thrice its own weight of iron at a temp, 
far less than that at which the iron melts ; so that if molten gold be stirred with 
an iron rod, it corrodes a part of the iron, and gold adheres to the rod. Hence, 
J. A. Cramer said that it is not advisable to stir molten gold with an iron rod. 
Gold is thus an excellent solder for iron. W. Lewis concluded that the colour 
of gold is made pale by iron, and if there is 3 or 4 times as much iron as gold 
present, the alloy has a whiteness approaching that of silver. C. Hatchett said 
that the alloy with equal parts of gold and iron forms a yellowish-grey, hard alloy 
of sp. gr. 16-885 ; and M. Faraday and J. Stodart, and C. J. B. Karsten observed 
that gold and iron can be alloyed in all proportions, and that 8 to 9 per cent, of 
iron does not diminish the toughness of gold. Richter and Co. obtained white 
gold-iron alloys ; and the subject was discussed by A. H. Hiorns, W. Bersch, 
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and W. T. Brannt . R. A. Hadfield examined some of M. Faraday and 
J . Stodart ' s alloys. An alloy with one-sixth of iron is used in jewellery as grey 
gold, and with one-fourth of iron, blue gold. E . Isaac and G. Tammann found 
iron and gold to be miscible in all proportions in the fused state and to form an 
uninterrupted series of solid soln. on solidification. The break, Fig. 414, extends 
from 28 to 63 per cent, of gold. At lower temp. , par t ly owing to the change 
of iron into another form, the break extends from 18 to 86 per cent, of gold. At 
1168°, the sat. solid soln. with 28 per cent, of gold, reacts with the fused mass to 
form a second series of solid soln. At 95 per cent, of gold, the f.p. curve, Fig. 414, 
shows a minimum at about 1040°. The transition point of iron is not affected 
by the presence of gold. The alloy with 10 per cent, of gold is harder than iron ; 
and beyond this point the hardness slowly diminishes, and the alloys with more 
t h a n 7O per cent, of gold are considerably softer 
t han iron. Observations on this subject were 
made by W. Guertler, L. Nowack, P . Oberhoffer, 
and W. Wahl. E . Janecke observed t h a t a t 
1168° there is a transition point. N . Ageeff and 
M. Zamotorin studied the diffusion of gold in 
i ron ; and H . Sawamura, the effect of gold on 
the graphitization of cast iron. G. Borelius and 
co-workers, and M. Faraday and J . Stodart found 
t h a t hammered steel with 1 per cent, of gold had 
a sp. gr. 7*870. G. Wertheim measured the 
elasticity of some gold-iron alloys ; A. Matthiessen, 
and W. Guertler, the electrical conductivity, find
ing about 1*1 microhms increased resistance per 
cm. cube for an addition of 1 per cent, of gold. 
W. Guertler and A. Schulze found tha t A. Matthiessen's rule to the effect t h a t the 
absolute increase of the resistance on raising the temp, from 0° to 100° is indepen
dent of the increase of resistance brought about by the presence of mixed crystals, 
and has the same value as t ha t calculated from the increase of resistance of the 
pure components when raised through the same temp, interval, t h a t is dWm/dt 
—dW/dt, is not only t rue over the temp, range 0° to 100°, bu t also over any other 
temperature range. I t may therefore be also stated in the form t h a t within the 
range of a given state the differential quotient of the resistance and the temp. , 
dWjdt, increases in a given series of binary alloys proportionally to the vol. cone, 
of the components. The resistance between 20° and —190° was studied by 
J . O. Linde.. C. G. K n o t t and J . G. MacGregor measured the thermoelectric force. 
J . W. Shih found alloys with 10 per cent, of iron to be ferromagnetic, and the 
magnetic susceptibilities of alloys with smaller proportions of iron to be : 
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F I Q . 414 . Equi l ibr ium Diagram 
of Iron-Gold Al loys . 

Fe 
X X 10« 

0 0 7 
- 0 0 4 1 

0 0 8 5 
- 0 0 2 3 

0 1 
+ 0 - 0 1 

0-5 
0-559 

1 0 
1-52 

2-0 
4-33 

3-5 
12-72 

5-O 
29-76 

According to J . L.. Gay Lussac and L. J . Thenard,5 by heating to whiteness a 
mixture of baryta , strontia, or lime with iron, with or without carbon, no alloy 
of iron with the alkaline earth metal is formed. W. A. Lampadius, however, 
heated baryta with iron and charcoal dust , obtained a barium-iron alloy, which 
on exposure to air, formed baryta and iron oxide. E . D . Clarke heated a mixture 
of bar ium and iron (2 : 1) in the oxyhydrogen flame, and obtained a brit t le alloy 
the colour of lead. A. Stavenhagen and E . Schuchard obtained the alloys by the 
thermite process. P . Oberhoffer discussed these binary alloys ; and N. Ag^eff 
and M. Zamotorin, t he diffusion of barium in iron. J . L. Gay Lussac and L. J . The
nard obtained negative results in the a t t emp t to prepare strontium-iron alloys 
by the method employed for the barium-iron alloys ; a n d they were also unsuccessful 
in preparing calcium-iron alloys. G. Tammann and K. Schaarwachter found t h a t 
the a t tack of iron by calcium begins a t about 380°, and increases rapidly as the 
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/20<n 

600°±P 

t e m p . TisGs. J . J . Berzel ius d i d n o t succeed i n p r e p a r i n g a l loys . C. J . B . Karsten 
s t a t ed t h a t iron wi th 0-1774 per cen t , of ca lc iuni w a s deficient i n we ldab i l i t y a n d 
tenac i ty , t h o u g h ne i t he r co ld-shor t n o r r ed - shor t . Th i s i ron w a s p r o d u c e d b y 
add ing a n excess of l imes tone t o t h e cha rge for c o n v e r t i n g cas t i ron i n t o ma l l eab le 
iron on t h e charcoa l h e a r t h . Accord ing t o L . S t o c k e m , ca lc ium dissolves i n m o l t e n 
cast i ron w i t h g r e a t d e v e l o p m e n t of h e a t , b u t w h e n la rge q u a n t i t i e s a r e u s e d t h e 
m e t a l is r ap id ly coa t ed w i t h a c r u s t of ca lc ium ca rb ide wh ich p r e v e n t s fu r the r 
ac t ion . S o m e ca lc ium ca rb ide a lways r e m a i n s m e c h a n i c a l l y e n t a n g l e d in t h e 
i ron . Fe r r i c oxide r eac t s v igorous ly w i t h a n excess of meta l l i c ca lc ium ; t h e i ron 
fo rmed is p u r e a n d duc t i l e , a n d does n o t c o n t a i n a t r a c e of ca lc ium. O. P . W a t t s 
obse rved n o al loying of t h e t w o e lemen t s fused t o g e t h e r in a c a r b o n cruc ib le , b u t 
t h e i ron b e c a m e r icher in ca rbon a n d s i l i con—the l a t t e r w a s de r ived f rom t h e 
silica in t h e l ining of t h e crucible . C. Q u a s e b a r t also sa id t h a t ca lc ium does n o t 
a l loy w i t h i ron w h e t h e r con ta in ing c a r b o n or no t . A hol low, i ron cy l inder filled 
w i t h ca lc ium was h e a t e d a t 1400° for 3£ h r s . , b u t n o a b s o r p t i o n of ca l c ium b y t h e 
i ron w a s observed . N . Ageeff a n d M. Z a m o t o r i n s t u d i e d t h e diffusion of c a l c ium 
in i ron . E . K . S m i t h a n d H . C. A u f d e r h a a r obse rved t h a t u p t o O 2 p e r cen t . 
h a d n o percep t ib le effect on t h e shr inkage , s t r eng th , or f luidi ty of cas t i ron . Ca lc ium 
h a s been t r i e d for t h e deox ida t ion of i ron . O. P . W a t t s succeeded in r e m o v i n g 
all t h e s u l p h u r f rom i ron b y m e a n s of ca lc ium, b u t t h e p h o s p h o r u s w a s r e d u c e d 
f rom 1-96 on ly t o 1*56 p e r cen t . W . H e s s e n b r u c h a n d J . E . H u r s t d i scussed t h e s e 
al loys. 

H . D a v y 6 p r e p a r e d a n i ron-beryl l ium a l loy b y h e a t i n g t o whi teness a m i x t u r e 
of beryl l ia , i ron , a n d p o t a s s i u m ; a n d also b y b r ing ing s l ight ly m o i s t e n e d bery l l i a 

in a n a t m . of h y d r o g e n , in t h e c i rcui t of a vo l t a i c 
b a t t e r y w i t h a n i ron wire as c a t h o d e . T h e i ron 
becomes b r i t t l e a n d wh i t e , a n d w h e n dissolved in 
ac ids , y ie lds a be ry l l i um a n d a n i ron sa l t . Accord
ing t o F . S t romeye r , if a m i x t u r e of bery l l ia , i r on 
a n d l a m p b l a c k is h e a t e d t o whi t eness , a n a l loy is 
fo rmed which is -whiter a n d m o r e duc t i l e t h a n 
i ron . W h e n dissolved i n ac ids , i t fo rms a d o u b l e 
sal t of i ron a n d be ry l l i um. I . F e t c h e n k o - T c h o -
p i w s k y s t u d i e d t h e c e m e n t a t i o n of i ron w i t h 
be ry l l ium. Gr. Oes te rhe ld e x a m i n e d t h e f .p. of 
t h e a l loys w i t h u p t o 21 p e r cen t , be ry l l ium, a n d 
t h e resu l t s a r e s u m m a r i z e d in F ig . 415. T h e r e 
is a eu tec t i c po in t a t 1155° a n d 9*2 p e r cen t , of 
be ry l l ium. T h e J3—CL t r an s fo rma t ion of i ron is 

lowered b y be ry l l ium from 790° t o a b o u t 647°. The re is evidence of t h e f o r m a t i o n 
of a c o m p o u n d i ron diberyllide, B e 2 F e ; a n d on pol ished sect ions i t is d a r k e n e d 
b y soda- lye . R . H . H a r r i n g t o n also s tud ied t h e phase d i a g r a m ; a n d F . W e v e r , 
t h e effect of be ry l l i um on t h e range of t h e y -phase ; t h e resu l t s of F . W e v e r a n d 
A. Mtiller a r e s u m m a r i z e d b y d o t t e d lines in F ig . 415, showing t h e r ange of s t ab i l i t y 
of t h e y - p h a s e . G. Masing , a n d W . Krol l found t h e ha rdnes s of some a l loys , o n 
Br ine l l ' s scale , w i t h a 1000-kgrm. load, a 10-mm. sphere ac t i ng for one m i n u t e , t o b e : 

Beryllium . . . . . 1-21 2-25 2-97 3-00 

!

quenched from 1100° . 212 241 221 230 

aged at 520° . . 2 2 1 289 353 335 
annealed at 950° . 212 241 231 252 

W. K. Whitney found that beryllium improved the mechanical properties and 
electrical resistance "of steel. O. von Auwers observed that the electrical resistance, 
R ohms per cm. cube : 
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3-88 p e r c e n t . 
2 6 3 
467 
335 

Beryllium 
M X 10* . 

. 0-5 

. 0-193 
1 0 
0-494 

1-5 
0-460 

2 0 
0-475 

3-0 
0-6-
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I 
(Q 

0-5 
16 ,40O 
1 6 , 4 0 0 

5,4OO 
8,5OO 
3 0 5 
1 - 6 

1 6 , 4 5 0 
13,6OO 

1 0 
1 6 , 0 0 0 
1 2 , 0 0 0 

6 , 1 5 0 
5 , 7 0 0 

4 - 5 
2 - 5 

2 7 , 6 5 0 
1 4 , 2 3 0 

1-5 
1 3 , 0 0 0 
14 ,20O 

4,3OO 
5 , 2 5 0 
6 -75 
2 - 5 

32,3OO 
1 3 , 1 0 0 

2-0 
1 5 , 2 0 0 
17,8OO 

6 , 0 0 0 
7 ,80O 
6 -75 
4 - 7 5 

40,5OO 
3 7 , 0 0 0 

3 0 
8 , 3 0 0 

1 0 , 8 0 0 
3 , 2 0 0 
4,7OO 
1 8 - 3 

4 - 3 
58,5OO 
20,2OO 

4 0 
1 , 1 2 0 

1 3 , 3 0 0 
4 , 4 0 0 
7 , 6 0 0 
1 0 1 
2 3 - 3 

44,5OO 
17 ,70O 

IBe, IC 
1 4 , 0 0 0 
17 ,50O 

8,8OO 
13 ,20O 

2 1 - 3 
7 1 

1 8 7 , 3 0 O 
9 3 , 8 0 O 

IBe, 2Si 
1 0 , 8 0 0 
1 5 , 1 0 0 

3 , 3 5 0 
3 ,80O 

7 - 7 
0 - 9 

2 5 , 8 0 0 
3 ,42O 

w i t h s tee l h a v i n g 1 p e r cen t , e ach of b e r y l l i u m a n d c a r b o n , J R = O 0 4 2 4 8 ; 1 p e r c en t , 
b e r y l l i u m a n d 2 p e r cen t , si l icon, 0 * 0 ^ 9 5 . T h e s a t u r a t i o n , v a l u e of t h e m a g n e t i z a 
t i o n , t h e r e m a n e n c e , t h e coerc ive force, a n d t h e m a x i m u m p e r m e a b i l i t y of b e r y l l i u m 
i r o n a l loys a r e — Q d e n o t e s q u e n c h e d , a n d A , a n n e a l e d : 

Per cent. 
Saturat ion j ~j° 

R e m a n e n c e 

Coercive force 

Permeabi l i ty i 

Accord ing t o E . D . C la rke , 7 w h e n m a g n e s i a m o i s t e n e d w i t h oil is m e l t e d a l o n g 
•with i ron before t h e o x y h y d r o g e n b lo w p ipe , a b r i t t l e , me ta l l i c m a s s is p r o d u c e d 
s u p p o s e d t o b e a n i m p u r e i r o n - m a g n e s i u m al loy . F . S t r o m e y e r t h o u g h t t h a t h e 
h a d o b t a i n e d a n i m p u r e a l loy b y t h e m e t h o d h e e m p l o y e d for t h e be ry l l i um- i ron 
a l loy. C R . F r e s e n i u s sa id t h a t t h e m a g n e s i u m in i r o n is n o t i n a n ox id ized s t a t e . 
J . J . Berze l ius o b t a i n e d i nd i ca t i ons of t h e f o r m a t i o n of a n a l loy of m a g n e s i u m 
a n d i ron w h e n a m i x t u r e of m a g n e s i a , i r on filings, a n d p o w d e r e d charcoa l is h e a t e d ; 
b u t C. J . B . K a r s t e n n e v e r o b t a i n e d a n y ev idence of t h e exis tence of such a n 
a l loy ; a n d J . P a r k i n s o n cou ld n o t p r e p a r e m a g n e s i u m - i r o n a l loys . E . K . S m i t h 
a n d H . C. A u f d e r h a a r , J . E . H u r s t , a n d P . Oberhoffer d iscussed t h e s e a l loys . 
F . C L e a a n d L*. T . Wil ls s t u d i e d t h e t e r n a r y a l u m i n i u m - m a g n e s i u m - c o p p e r 
a l loys . 

T h e z inc - i ron a l loys a r e difficult t o p r e p a r e . M a n y h a v e a s s u m e d t h a t a l loys 
c a n n o t b e o b t a i n e d ; b u t J . F . G m e l i n 8 m e l t e d zinc in c o n t a c t w i t h i ron in a closed 
cruc ib le a n d n o t e d t h a t t h e i ron b e c a m e s tee l -grey in colour , d id n o t b e c o m e mal l eab le , 
d i d n o t r u s t , p r e s e r v e d i t s l u s t r e , e t c . G. T a m m a n n a n d K . S c h a a r w a c h t e r found 
t h a t t h e a t t a c k of i ron b y z inc beg ins a t a b o u t 420°, a n d increases r a p i d l y w i t h 
r i se of t e m p . A. F . Geh len obse rved t h a t w h e n c u t t i n g s of z inc a n d i ron a r e h e a t e d 
t o g e t h e r , p a r t of t h e z inc e v a p o r a t e s , a n d t h e r e m a i n d e r p e n e t r a t e s t h e i ron m a k i n g 
i t dense r a n d b r i t t l e . C. J . B . K a r s t e n found t h a t i n r e d u c i n g zinciferrous i ron 
ores , t h e g r e a t e r p a r t of t h e z inc vola t i l i zed d u r i n g t h e ope ra t i on . T h e i ron eine 
bemerkbare Quantitatzinh aufnimmt nicht. C F . H o l l u n d e r found t h a t if a m i x t u r e 
of i ron filings a n d z inc ox ide , w i t h o u t charcoa l , is h e a t e d u n d e r a l aye r of p o w d e r e d 
glass , t h e i ron t a k e s u p m u c h z inc . P . B e r t h i e r , F . C Ca lve r t a n d R . J o h n s o n , 
A . L a u r e n t a n d C H o l m s , A. E r d m a n n , H . Bab i i ck , W . G. Imhof i , a n d L . E i sne r 
o b s e r v e d t h a t a vessel of w r o u g h t i r o n or c a s t i ron , i n w h i c h z inc is c o n t i n u o u s l y 
m e l t e d , becomes c o r r o d e d b y a n a l loy of z inc a n d i ron ; a n d P . B e r t h i e r , t h a t i n 
g a l v a n i z i n g i ron b y i m m e r s i n g i t i n m o l t e n z inc , w i t h f r e q u e n t a d d i t i o n s of a m m o 
n i u m ch lor ide , a n a l loy of z inc a n d i ron is depos i t ed a t t h e b o t t o m of t h e fused 
z inc . N . Ageeff a n d M. Z a m o t o r i n , a n d G. T a m m a n n a n d H . J . R o c h a s t u d i e d 
t h e diffusion of z inc i n i ron . W . G u e r t l e r f o u n d t h a t sec t ions of g a l v a n i z e d i ron 
c u t ob l ique ly t h r o u g h t h e o u t e r l aye r s s h o w t h a t t h e z inc a n d i r o n a r e 
s e p a r a t e d b y a n i n t e r m e d i a t e l aye r of c r y s t a l s of t r i z i nc ide , F e Z n 3 . T h i s c o m 
p o u n d is m o r e e l ec t ronega t ive t h a n e i t he r i r o n o r z inc , a n d t h u s acce le ra t e s 
cor ros ion if exposed . T h e z inc l aye r c o n t a i n s i so la ted c r y s t a l s of t h e monoz inc ide , 
F e Z n , w h i c h is a lso e l ec t ronega t ive . Z inc d e p o s i t e d f rom v a p o u r b y t h e d r y p r o 
cess, o r f rom soln . b y t h e e lec t ro ly t ic p rocess , is p o r o u s , a n d a lso c o n t a i n s m i n u t e 
c r y s t a l s . C W . Sti l lwell a n d G. L . C la rk s t u d i e d t h e sub j ec t . A . F . W . v o n 
E s c h e r i n v e s t i g a t e d t h e s i m u l t a n e o u s depos i t i on of i r o n a n d zinc e lec t ro ly t i ca l ly— 
vide supra. 

A . v o n Vegesack s t u d i e d t h e e q u i l i b r i u m d i a g r a m of a l loys of i ron w i t h u p t o 
a b o u t 24 p e r c en t , of z inc . Th i s d i a g r a m inc ludes t h e obse rva t i ons of P . T . A r n e -
m a n n , a n d S. W o l o g d i n e , a s well a s t h o s e of U . R a y d t a n d G. T a m m a n n , w h o 
e x t e n d e d t h e o b s e r v a t i o n s o v e r t h e whole r a n g e of t h e a l loys , a n d p r e v e n t e d t h e 



INORGANIC AND THEORETICAL, CHEMISTRY 

/000* 

SOO1 

600' 

400' 

200°\i- -fO 60 
Per cent, zinc 

F i o . 4 1 6 . — E q u i l i b r i u m D i a g r a m of 
Z i n c - I r o n A l loys . 

loss of zinc by volatilization, by wprking a t a press, of 110 t o 13O a tm. The results 
are summarized in Fig. 416. A. von Vegesack observed t h a t with alloys haying 
between 11 and 24 per cent, of iron, there is a* pr imary separation of crystals -which 
react with the fused mass a t 777° to form iron trizincide, FeZn3 . The crystals of 

the trizincide separate primarily from alloys 
with 4 t o 11 per cent, of iron, b u t "when the 
t emp, falls to 662°, the compound reacts 
with the fused mass to form iron hepta
zincide, FeZn 7 . These two compounds show 
an inclination t o form a solid soln. The 
heptazincide forms a series of mixed crystals 
which are sa turated when 7*3 per cent, of 
iron is present. Below 422°, the sat. solid 
soln. reacts with the fused mass t o form 
another series of solid soln. extending from 
0*7 to 7-3 per cent, of iron. U. R a y d t and 
G. Tammann observed the formation of no 
compound other t h a n those jus t indicated, 
bu t a series of solid soln. of zinc in iron occurs 

with a saturation point near 80 per cent. iron. A. S. Russell and co-workers, 
W. M. Peirce, P . Oberhoffer, and S. Wologdine studied the subject. F . Roll 
found t h a t zinc favoured the decomposition of cementite. 

A l t h o u g h on ly t h e e x i s t e n c e of t h e t r i z i n c i d e a n d h e p t a z i n c i d e h a s b e e n e s t a b l i s h e d b y 
t h e t h e r m a l p rocess , H . Ie Cha te l i e r , a n d S. "Wologdine i n f e r r ed t h e e x i s t e n c e of iron 
enneadecazincide, F e Z n 1 9 ; a n d E . V i g o u r o u x a n d e o - w o r k e r s , f r o m t h e i r s t u d y of t h e 
e.m.f. of t h e cell Z n J 0-OSiV-ZnSO4 J F e Z n x , t h e e x i s t e n c e of t h e t r i - a n d h e p t a - z i n c i d e s a s 
wel l a s of iron tritazincide, F e 3 Z n , a n d of iron pentitazincide, F e 8 Z n . F . C. C a l v e r t a n d 
R . J o h n s o n a l so t h o u g h t t h a t t h e c r y s t a l s o b t a i n e d i n a n i r o n g a l v a n i z i n g b a t h w e r e t h o s e 
of iron dodecazincide, F e Z n 1 2 , b u t F . T a b o u r y s h o w e d t h a t t h e y a r e i d e n t i c a l w i t h t h e 
c r y s t a l s of a sol id so ln . -with 7*3 p e r c e n t , of i r o n , o b s e r v e d b y A . v o n V e g e s a c k . A . S. R u s s e l l 
o b s e r v e d t h a t w h e n a n a m a l g a m of z inc a n d i r o n i s t r e a t e d w i t h o x i d i z i n g a g e n t s , z inc i s 
o x i d i z e d u n t i l def in i te p r o p o r t i o n s of t h e t w o m e t a l s a r e p r e s e n t w h e n b o t h a r e o x i d i z e d 
a t t h e s a m e r a t e , i n d i c a t i n g t h a t def in i te p r o p o r t i o n s of t h e t w o e l e m e n t s a r e p r e s e n t . 
T h e r e s u l t s i n d i c a t e t h a t c o m p o u n d s w i t h t h e a t . p r o p o r t i o n s Zn : F e a n d Z n : F e 8 a r e f o r m e d . 

A. Osawa and Y. Ogawa obtained Fig. 416 for the equilibrium diagram of t he 
iron-zinc alloys. The X-radiograms of t h e alloys were determined. Two com
pounds appear : iron tritadecazincide, !Fe3Zn10, is the same as t h a t formerly assumed 
to be FeZn3 . The crystals are cubic with the lattice parameter a = 8 - 9 3 A., and 
there are 52 atoms per uni t cube. The other compound is iron heptazincide, 
FeZn 7 ; i t furnishes hexagonal crystals with the axial ratio approximating 1-60. 
The seine pentitahenieosizincide, Fe5Zn2 1 , alloy ; and also the relation between 
the crystal structure and the atomic properties of the zinc-iron alloys, were studied 
by A. Westgren. 

The observations of C. F . Hollunder, L.. Eisner, and P . Berthier showed t h a t 
the alloys have the general appearance of zinc, bu t some are whiter ; t hey are 
also harder and more britt le ; in some cases the alloy can be rubbed into crystalline 
grains by the fingers. A. Westgren, and W. Ekman studied the X-radiograms. 
A. Osawa and Y. Ogawa noted the similarity of t he crystal s t ructure of t he 
zinc—iron system with those of the binary systems of zinc with copper, silver, and 
gold. The /?-phase of the Cu-Zn system corresponds with the a-phase of t h e 
F e - Z n system, and in both the phase forms a body-centred cubic lattice. The 
y-phase of the Cu-Zn system corresponds with Fe 3Zn 1 0 in the zinc—iron system, 
and in both, cubic crystals are formed. The e-phase of the copper—zinc system 
corresponds with t h e compound FeZn7 , and both have a hexagonal form. The 
a.-phase of t h e copper—zinc system corresponds with t h e y-phase in t he iron—zinc 
system, and both have a face-centred cubic lattice and the lat ter is stable a t a 
high temp. The cubic lattice of Fe3Zn1 0 or FeZn 8 has a=8*93 A., and has 52 
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a t o m s p e r u n i t c u b e . T h e c lose-packed, h e x a g o n a l l a t t i c e of F e Z n 7 h a s a n a x i a l 
r a t i o of a b o u t a : c==l : 1-60, a n d « = 2 * 7 8 8 A . A . J . B r a d l e y d iscussed t h i s sub j ec t . 
P . T . A r n e m a n n sa id t h a t t h e c rys t a l s of t h e solid soln. w i t h u p t o a b o u t 3*3 p e r 
cen t , i r o n a r e h a r d e r a n d m o r e r e s i s t a n t t o ac ids t h a n z inc a lone . As t h e p r o 
p o r t i o n of i r o n increases , t h e a l loys b e c o m e h a r d e r a n d m o r e b r i t t l e , so t h a t t h o s e 
w i t h 8 t o 9 p e r cen t , of i r on a r e e x t r a o r d i n a r i l y b r i t t l e a n d friable. U . R a y d t a n d 
G. T a m m a n n obse rved t h a t t h e a l loy w i t h 96 p e r cen t , i r on is ma l l eab le w h e n cold, 
b u t is m o r e b r i t t l e t h a n i ron , t h o u g h t h e a l loy -with 80 p e r cen t , i r on is b r i t t l e , 
a n d n o t ma l l eab le a t o r d i n a r y t e m p . J . E . H u r s t , E . K . S m i t h a n d H . C. Aufder -
h a a r , a n d O. Smal ley s t u d i e d t h e tens i le p r o p e r t i e s of t h e a l loys . K . J . B a y e r 
obse rved t h a t t h e a l loys a r e difficult t o m e l t before t h e b lowp ipe , a n d t h e y co lour 
t h e flame green ish-whi te . XJ. R a y d t a n d G. T a m m a n n found t h a t t h e r e c u r r e n c e 
of t h e m a g n e t i c p e r m e a b i l i t y occurs : 

F e . . 26-6 43-6 50-O 60-5 67-2 76-O 8 2 O 87-6 96-O p e r c e n t . 
T e m p . . 638° -643° 642° 650° 653° 648° 676° 684° 747° 771° 

E . L e h m a n n s tud i ed t h e m a g n e t i c p r o p e r t i e s of t h e a l loys . M. F a r a d a y a n d 
J . S t o d a r t , a n d i t . Mal le t n o t e d t h a t a l loys w i t h copper a n d z inc a re less cor rodib le 
t h a n i ron . I n 1779, W . K e i r p a t e n t e d a n i ron-copper-z inc a l loy (10 : 100 : 75), 
a n d in 1860, J . Aich p a t e n t e d a s imi lar a l loy, s o m e t i m e s cal led Aich-metal. T h e 
a l loy 1WaS r e c o m m e n d e d a s a s u b s t i t u t e for coppe r a n d b r a s s in sh ipbu i ld ing a n d 
s h e a t h i n g . I t w a s sa id t o b e s t r onge r t h a n copper , a n d t o resis t sa t i s fac tor i ly 
t h e a c t i o n of sea -wate r . H . M. S t . "John s t u d i e d t h e s e a l loys . A r e l a t ed al loy, 
cal led sterro-metal, c o n t a i n s r a t h e r less i ron , a n d a sma l l p r o p o r t i o n of t i n . S o m e 
p rope r t i e s of s t e r r o - m e t a l were desc r ibed b y J . P e r c y . E . Sorel cal led a n a l loy 
of i ron , copper , a n d zinc (10 : 10 : 80) unoxidizable cast iron, o r white brass. I t 
w a s sa id t o h a v e t h e a p p e a r a n c e of z inc ; t h e h a r d n e s s of copper ; t o b e m o r e 
t e n a c i o u s t h a n c a s t i r o n ; a n d t o b e suscep t ib le of t u r n i n g , filing, a n d t a p p i n g . 
H . N . W a r r e n sa id t h a t m a g n e s i u m - z i n c - i r o n a l loys a r e u sed in p y r o t e c h n y ; 
a n d t h a t t h e y a re p r o d u c e d b y t h e electrolysis of s o d i u m a n d m a g n e s i u m chlor ides 
i n t h e p resence of fer rous chlor ide a n d z inc , a n d also b y t h e ac t i on of a n a l loy of 
s o d i u m a n d z inc on a m i x t u r e of s o d i u m a n d m a g n e s i u m chlor ides , a n d t h e n o n 
fer rous chlor ide . 

E . I s a a c and G. T a m m a n n e x a m i n e d t h e i r o n - c a d m i u m al loys , a n d conc luded 
t h a t c a d m i u m is insoluble in fused i ron , a n d w h e n i ron is b r o u g h t in c o n t a c t w i t h 
fused c a d m i u m , i t is e i t he r insoluble , or fo rms a c o m p o u n d insoluble i n fused 
c a d m i u m . T h e t e m p , of vo la t i l i za t ion of c a d m i u m , 770°, l imi t s t h e r a n g e of 
t e m p , poss ib le u n d e r o r d i n a r y p ress . G. T a m m a n n a n d W . Oelsen found t h a t 
c a d m i u m a t 400° a n d 700° dissolves respec t ive ly 0-0003 a n d 0-0002 p e r cen t , 
of i ron . O b s e r v a t i o n s were also m a d e b y G. T a m m a n n a n d K . K o l l m a n n , 
W . H . S p e n c e r a n d M. M. W a l d i n g , a n d P . Oberhoffer. N - Ageeff a n d M. Z a m o -
t o r i n s t u d i e d t h e diffusion of c a d m i u m i n i ron . C. F . B u r g e s s a n d J . A s t o n f o u n d 
t h a t a n a l loy w i t h 5 p e r cen t , of a d d e d c a d m i u m forged, we lded , a n d m a c h i n e d 
easi ly . A . S. Russe l l obse rved n o e v i d e n c e of t h e p r e sence of a c o m p o u n d of 
c a d m i u m a n d i ron w h e n a n a m a l g a m c o n t a i n i n g t h e t w o m e t a l s is t r e a t e d w i t h 
ox id iz ing a g e n t s . T h e c a d m i u m is first r e m o v e d , t h e n t h e i ron . 

I t is d i i ncu l t t o f o rm mercury - i ron a l loys o r i r o n - a m a l g a m s d i r ec t ly f rom t h e 
e l emen t s . J . Nick les 9 s a id t h a t i r o n does n o t t a k e u p m e r c u r y ; P . Casama jo r 
cons ide red t h a t i t does . Accord ing t o T . W . R i c h a r d s a n d R . N . G a r r o d - T h o m a s , 
t h e so lub i l i ty of i ron i n m e r c u r y is a b o u t 0*00135 p e r c en t . : t h a t is, a b o u t a mil l i 
g r a m of i r o n in IOO g r m s . of m e r c u r y . E . P a l m a e r o b s e r v e d 0-00007 p e r cen t , 
b e t w e e n 20° a n d 2 0 0 ° ; G. T a m m a n n a n d co -worke r s g a v e 1 - l x l O - 1 7 g r m . p e r 
100 g r m s . of m e r c u r y a t 18° ; a n d N . M. I r v i n a n d A . S. Russe l l , < X 1 0 ~ 5 g r m . 
p e r 100 g r m s . of m e r c u r y . N . M. C h u i k o s a i d t h a t t h e i ron a m a l g a m s a re 
co l lo ida l so ln . 

V . Colvin sa id t h a t s tee l c a n b e d i r ec t ly a m a l g a m a t e d b y di rec t c o n t a c t w i t h 
V O L . x n i . 2 N 
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mercury and by magnetizing soft steel filings, and dissolving the filings in 
mercury, a magnetic iron-amalgam is formed. E . H . Amagat observed that 
at a press, of 4000 atm. , mercury -will pass through cast iron, 8 cm. thick, and 
appear like " fine rain," t he mercury passes through the intramolecular pores ; 
jJm P. Cailletet and co-workers also observed t h a t a t a high temp. , and a relatively 
low press., mercury can pass through s tee l ; and P . W. Bridgman observed t h a t 
surfaces of steel, broken under mercury, are readily amalgamated, bu t not if the 
broken surface has had the slightest contact with air. H e said : 

W h e n t h e amalgamat ion i s once s tarted , t h e rapid i ty -with w h i c h i t spreads through t h e 
meta l i s great ly increased b y hydrostat ic press . T h e spread of mercury through t h e m a s s 
of t h e steel a n d the subsequent destruct ion of t h e hol low cyl inders i s produced b y t w o 
causes , b o t h of which m u s t ac t together . One i s t h e natura l chemica l affinity b e t w e e n 
mercury a n d steel , shown b y the ready a m a l g a m a t i o n of freshly broken surfaces. ^ S u t t h e 
amalgamat ion i s never s tarted b y the act ion of press , a lone . I n all those cases i n -which 
amalgamat ion occurs, there i s in addit ion to the chemical affinity a s tra in of s u c h a nature 
a s to d is tend the pores of t h e meta l . T h i s a l lows t h e entrance of mercury i n t o t h e pores 
so t h a t amalgamat ion m a y begin , and also faci l i tates i ts further growth , w h i c h i s m o s t 
rapid in the direction in w h i c h the pores are m o s t d i s tended. I n all cases i n w h i c h rupture 
occurs t h e strain i s of such a t y p e as t o d i s tend t h e meta l , and , o n t h e other h a n d , in all 
those cases in w h i c h a m a l g a m a t i o n i s n o t produced b y press . , the s tra in is such a s t o com
press the meta l , c losing u p t h e pores . 

H. Davy showed t h a t an iron-amalgam is produced by the action of an 
amalgam of an alkali metal on iron ; b u t E . Bamann observed t h a t dry sodium-
amalgam does not react when it is heated wjth powdered iron. Li- P . Cailletet 
observed t h a t iron may be superficially amalgamated by contact with sodium-
amalgam and water. V. Colvin, R. Bottger, E . Bamann , J . Schumann, W. Ket tem-
beil, P . Oberhofler, and P . Casamajor obtained the amalgam, in a somewhat similar 
manner. The last-named observed t h a t : 

If the sod ium-amalgam has sod ium enough in i t t o m a k e i t p a s t y , i t wi l l cover iron w i t h 
a s i lvery coat . Th i s coat m a y be rubbed off, l eav ing t h e ox id ized surface unaltered. If 
brought in contact w i t h water , or, s t i l l better , w i t h a so ln . of a m m o n i u m chloride, t h e 
sod ium-amalgam is decomposed and the mercury wil l s ink i n t o t h e iron. If t h e sod ium-
a m a l g a m is l iquid i t wil l adhere ixx l i t t le drops all over t h e surface of a piece of iron s h a k e n 
u p in i t ; b y the act ion of water , of ac ids , or of a m m o n i u m chloride, t h e droplets wi l l 
spread o n the iron, w h i c h wil l become a m a l g a m a t e d . T h e coa t of mercury left o n iron b y 
the var ious agencies I h a v e ment ioned i s n o t a superficial layer, for t h e mercury s i n k s i n t o 
t h e meta l , modi fy ing i t s phys i ca l a n d chemica l propert ies . I n t h e case of pure soft iron 
i t i s difficult to not ice a n y decrease of t e n a c i t y after a m a l g a m a t i o n . W i t h hard-tempered 
stee l , however , the increased bri t t leness i s v e r y marked . I n t h e case b o t h of iron a n d steel 
a fresh fracture shows t h a t mercury has penetrated deep ly i n t o t h e m e t a l . 

V. Colvin also obtained iron-amalgam by the action of an amalgam of t he 
alkaline earths on iron. L. P . Cailletet, and P . Casamajor also found t h a t 
ammonium-amalgam will give up its mercury to iron when rubbed up with i t very 
persistently. Even then there are in every piece of iron certain spots where t h e 
mercury will not adhere. The intervention of acidulated water, by decomposing 
ammonium-amalgam with great energy, facilitates the amalgamation of iron in 
these difficult portions. P . Casamajor also observed t h a t t o amalgamate iron with 
zinc-amalgam, mercury should be placed in a vessel and covered with dil. sulphuric 
or hydrochloric acid. If, now, a piece of iron is agitated, in contact wi th the 
mercury and the acid, no combination will t ake place ; bu t if pieces of zinc are 
placed in t h e mercury, in a few minutes iron placed in the above conditions will 
become coated 'with mercury. If after a while the power of the mercury seems to 
decline, more zinc mus t be added. The zinc is only a t tacked "when iron, or some 
other metal more electronegative than zinc, is brought in contact with t h e zinc-
amalgam and t h e acid, so t h a t the expense in zinc is very slight. 

According t o C. Klauer, when sodium-amalgam is immersed in a sat . soln. of 
ferrous sulphate, a silvery, tenacious mass of iron-amalgam is formed, t h e separate 
globules of which readily follow the magnet, and when exposed t o air become 
covered with flakes of hydrated ferric oxide. C. P . Schonbein observed t h a t t he 
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anialgani is formed by rubbing a cone. soln. of ferrous chloride with 1 per cent, 
sodium-amalgam, and washing the product with water . H . Moissan employed a 
somewhat similar process. A. Aiken t r i tu ra ted zinc-amalgam with an aq. soln. 
of ferrous chloride, and kneaded the heated product to ensure the union of the 
2 elements—A. A. Damour added tha t the amalgam cannot be obtained in this 
way. R. Bottger prepared iron-amalgam by rubbing together in a porcelain 
mortar , a mixture of mercuric chloride and finely divided iron (2 : 1), then add 
2 par ts of cold water, and when the mass begins to get hot, adding a few drops of 
mercury. H . Reinsch added iron to a soln. of copper sulphate mixed with a little 
hydrochloric acid ; brushed off the copper deposit, and dipped the metal in a 
soln. of mercuric chloride acidified with hydrochloric acid. H . A. von Vogel 
recommended mixing together iron filings and alum ( 1 : 2 ) ; adding two or three 
par ts of mercury and half a pint of water ; t r i tura t ing for an hour a t a gentle 
heat ; and finally washing the product with water. 

According to J . P . Joule, t he electrolysis of a soln. of ferrous sulphate with a 
mercury cathode, and an iron wire as anode, furnishes iron-amalgam. Using a 
DanielTs cell, the iron wire gradually dissolved, and an equal portion was taken 
up by the mercury, which in so doing lost its fluidity, and a t length formed a mass 
of greyish-white crystals with a metallic lustre. The t ime required is about a 
day. J . E. W. Herschel previously obtained the iron-amalgam. The amalgam 
was also prepared by the electrolysis of a soln. of a ferrous salt with a mercury 
cathode, by J . Schumann, R. E . Myers, T. M. Drown and A. G. McKenna, 
Li. P . Cailletet, P . Casamajor, and A. Zamboni. 

E . Palmaer said t h a t X-radiograms of iron-amalgam show t h a t particles of iron 
are suspended in mercury ; and the subject was discussed by R. Brill and W. Haag. 
According to J . P . Joule, the amalgam with IOO of mercury and 0-143 of iron was 
quite liquid ; with 1*39 of iron it was also liquid ; with 2*97, semi-fluid ; with 
11*8, soft, and of sp. gr. 12*19 ; with 18*3, solid and greyish-white ; with 47-5, 
solid with a metallic lu s t r e ; with 127*6, solid, friable, and of sp. gr. 10*11. 
According to J . Schumann, E . Ramann , and J . P . Joule, if the amalgam be allowed 
to s tand for some t ime, or if it be shaken violently, or rapidly stirred, it is decom
posed, and the iron floats as a black powder on the liberated mercury ; if the soft 
amalgam be compressed, some black powder also separates out. If amalgamated 
and ordinary iron are placed in acid and connected by a -wire, the amalgamated 
metal is at tacked, and t h e unamalgamated metal acts as cathode, and, added 
J . P . Joule, the amalgamation of iron produces a contrary effect to the amalgama
tion of zinc. Amalgamated iron is positive towards iron, and negative towards 
copper. H . Reinsch said t h a t when used in a galvanic bat tery , i t gives a stronger 
and more uniform current t han ordinary iron. C. Hockin and H . A. Taylor 
observed t h a t the e.m.f. of amalgamated iron t o amalgamated zinc in a cone. soln. 
of zinc sulphate, is about 0*486 volt ; with a solid iron-amalgam, 0*407 ; and with 
mercury containing only a t race of iron, 1*258 volts. According to J . P . Joule, 
R. Bottger, C. Kllauer, O. P . Steinmetz, and A. Zamboni, t he iron in the amalgam 
retains i ts magnetic qualities, for the amalgam is a t t rac ted by a magnet , and i t 
can be permanently magnetized. H . Nagaoka observed t h a t t h e magnetization 
increases proportionally with the iron con t en t ; t he coercive force is high, being 
240 gauss with an amalgam with 1*78 per cent, of iron, and 370 gauss with 2*3 per 
cent, of iron. G-. Tammann and W. Oelsen found for amalgams with 0*062 per 
cent, of iron, the sp. magnetization 0*280 gauss. Xi. Stjepanek studied the electro
magnetic induction. J . Eeree observed t h a t iron-amalgam is stable if kept away 
from contact with air, bu t in dry air i t forms ferrous oxide and mercury ; and 
A. Zamboni said t h a t t he dry amalgam is stable in d ry air, bu t it forms a black 
powder in moist air. C. KIauer, R. Bdttger, and H . Reinsch observed t h a t 
the amalgam in air acquires a yellow film of ferric oxide. M. Krouchkoll said t h a t 
iron-amalgam is more stable than alummium-amalgam. J . P . Joule said t h a t 
when heated to the b.p. of mercury, the liberated iron oxidizes, throwing off red 
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sparks, and leaving a hard lump of oxide. R. Bottger obtained finely powdered 
iron by distilling the amalgam out of contact with air. M. Fa raday and J . Stodart , 
and R. Mallet noted t h a t alloys -with mercury are less corrodible t h a n iron. 
J . P . Joule observed t h a t if the amalgam be left under water for a few days, i t 
becomes covered with rust , and C. F . Schonbein added t h a t if the amalgam be 
shaken in air with dil. sulphuric acid, ferrous sulphate and hydrogen dioxide are 
formed. A. S. Russell and co-workers s tudied the order of removal of metals 
from amalgams by oxidizing agents and found Zn, Mn, Cu, Cr, Fe , Mo, Co, Hg, 
Ni, and W. M. Rabinovich and P . B. Zywotinsky found t h a t iron is dispersed in 
mercury, above the solubility limits t o form colloidal soln. An electromagnet 
removes no iron from a soln. with 0*0018 to 0*0035 gram-atom per gram-atom of 
mercury, hence it is inferred t h a t these soln. are colloidal. P . Casamajox added 
t h a t in dil. sulphuric acid, the amalgam loses only two-thirds of its contained iron. 
H . A. von Vogel added tha t if the amalgam be t r i tura ted with argenti te or silver 
glance, the mercury is transferred to the silver. A. S. Russell and H . A. M. Lyons 
studied the zinc-iron-mercury system. 

The boron-iron alloys have been discussed from the point of view of t h e 
borides—5. 32, 4. L. Troost and P . Hautefeuille 1 0 prepared an alloy with 11 per 
cent, of boron and found t h a t it could be forged ; while an alloy with 23 per cent, 
of boron was brittle and could not be forged. H . N. Warren obtained alloys by 
reducing ferrous borate with charcoal ; and W. R. Hulber t obtained them by the 
thermite process. A. Binet du Jassonneix, S. Curie, W. Guertler, L. Guillet, 
H . W. Gillett and E. L. Mack, T. Miyaguchi, H . Moissan, P . Oberhoffer, 
N . Parravano and C. Mazzetti, J . W. Richards, and J . M. Weeren also prepared 
these alloys ; and they were discussed by A. Campion, I . Fetchenko-Tchopiwsky, 
E . Lievenie, J . OhIy, and N. Parravano and C. Mazzetti ; and T. P . Campbell and 
H. Fay studied the cementation of iron by boron. 

G. Tammann and K. Schaarwachter said t h a t the a t tack of iron by boron 
begins a t about 440° and increases rapidly with rise of t emp. J . Laissus, and 

N. Ageeff and M. Zamotorin discussed the diffu
sion of boron in iron. N. Tschieschewsky and 
A. Herdt ' s equilibrium diagram is indicated 5 . 
32, 4 ; and t h a t of G. Hannesen is shown in 
Fig. 417. This diagram also includes the effect of 
boron on the critical t emp, from the f.p. down to 
500°. The transformation of y- t o /3-iron de
creases from about 895° for pure iron down to 
710° for alloys with over 0*8 per cent, of boron. 
During the solidification of the molten alloy, S-iron 
crystallizes out first, unti l the soln. contains 1*38 
per cent, boron, and y-iron then separates unti l t he 
soln. has 4 per cent, boron. After tha t , the pen-
titadiboride separates out. The eutectic, boron-
pearlite, has a f.p. of 1164°. The 8-iron changes 

The regions of solid soln. of /?-{-y-iron and of a.+y-iron are 

Per cent, boron 
FiO. 417.—Equilibrium Diagram 

of the Iron-Boron Alloys. 

into y-iron a t 1414' 
indicated in the diagram. F . Osmond observed t h a t the presence of boron lowered 
the y-transformation temp. R. Walter s tated t h a t a small proportion of boron 
promotes the graphitization of cast iron ; H . A. Schwartz, t h a t a large proportion 
inhibits graphitization ; and F . Roll, t h a t boron par t ly preserves and par t ly 
decomposes cementite. 

The eutectic system has Fe-C a t 1150°, F e - B a t 1165°, Fe 3 C-Fe 2 B a t 1155°, 
and Fe-Fe 8 C-Fe 2 B a t 1100°. The system a t t h e end of the crystallization of t h e 
molten alloy has zones of solid soln. and irbil hemiboride. Measurements were 
also made of t he hardness of the alloys. F . Wever studied the effect of boron on 
the domain of the y-phase—vide 5. 32, 4, and G. Hagg, the X-radiograms of t he 
hemiboride. 
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H . Moissan a n d Gr. C h a r p y found t h a t a n a l loy w i t h 0*58 p e r cen t , of b o r o n 
a n d 0*17 pe r cent , of c a r b o n c a n b e rol led ; a n d is read i ly worked a t a du l l r ed-
h e a t , b u t c rumbles u n d e r t h e h a m m e r if t o o s t rong ly h e a t e d . A. Campion d id 
n o t observe t h e excessive br i t t l eness a n d ha rdnes s r e p o r t e d b y N". Tschieschewsky 
a n d A. H e r d t . R . W a s m u h t , a n d N . Tschie
schewsky discussed t h e h a r d e n i n g of s teel 
b y bo ron . IL. Gui l le t observed t h a t b o r o n 
steels w i t h 0*215 t o 0*844: p e r cent , b o r o n 
h a v e (i) a solid soln. of ferroboron w i t h a 
small p ropor t ion of bo ron ; (ii) pear l i t e ; a n d 
(iii) a subs t ance which was regarded as i ron 
borocarb ide . This t h i r d cons t i t uen t p r o 
duces t h e br i t t leness of bo ron steels ; t h i s 
b r i t t l eness d i sappears on t e m p e r i n g owing 
t o t h e borocarb ide pass ing i n t o soln. T h e 
genera l effect of b o r o n is t o increase t h e 
tensi le s t r eng th , especial ly af ter t e m p e r i n g ; 
b u t a m a x i m u m effect is o b t a i n e d wi th 0*8 p e r cent , of bo ron w i t h low-carbon steels . 
Obse rva t ions were also m a d e b y P . B l u m , t h e E lek t rochemische W e r k e Bi t te r fe ld , 
J . E . H u r s t , E . K o t h n y , J . V. McCrae a n d R . L.. Dowdel l , T. Miyaguchi a n d 
I . D . K . K a i s h a , J . OhIy, J . Sco t t , M. Vasvar i , F . C. Webe r , a n d b y P . Marsich, 
a n d E . K . S m i t h a n d H . C. Aufderhaa r . A. M. P o r t e v i n said t h a t t h e res is tance 
t o shear , a n d , in pa r t i cu la r , t h e elast ic l imi t on shear ing , increase rap id ly wi th t h e 
pe rcen t age of boron in steel w i th 0*25 p e r 
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cen t , of ca rbon . G. H a n n e s e n found 
t h a t r ap id ly cooled alloys h a v e t h e m a r -
tens i t ic s t r u c t u r e , a n d t h e al loys as well 
a s t h e bor ide a re fe r romagne t ic . T h e 
quenched al loys a re softer t h a n those 
which a r e slowly cooled. Alloys wi th 
p r i m a r y pen t i t abo r ide a re h a r d , a n d 
sc ra t ch c o r u n d u m . Gr. H a g g , a n d 
S. B . Hend r i cks a n d P . R . K o s t i n g 
s tud ied t h e X - r a d i o g r a m s of i ron bor ides . 
R . W a s m u h t , a n d W . R . W h i t n e y found 
t h a t b o r o n improves t h e mechan ica l p r o 
per t i es a n d electr ical res is tance of s teel . 
T h e effect of bo ron on t h e electr ic a t . 
res is tance , a n d t h e m a g n e t i c p rope r t i e s 
were l ikewise obse rved b y T . D . Yensen , 
a n d t h e resul t s a r e s u m m a r i z e d in F i g . 
419 . W i t h increas ing p ropor t i ons of 
bo ron , t h e electr ical res is tance , t h e 
hysteres is loss, t h e coercive force, a n d 
t h e r e t e n t i v i t y all decrease s l ight ly u n t i l 
t h e a m o u n t of a d d e d bo ron becomes a p 
prec iable , w h e n al l t hese qual i t ies in
crease ; b u t even t h e n , b o r o n h a s a 
de t e r io ra t ing effect on t h e magne t i c p ro 
per t i e s of i ron . C. Ma t ignon t e s t e d t h e 
acid-res is t ing p roper t i e s of t h e ferroborons . 
boron-copper alloys. 

H . D a v y 1 2 p r e p a r e d a n i r o n - a l u m i n i u m a l loy b y t h e s a m e me thod a s t h a t 
which h e employed for t h e a l loy of i ron a n d be ry l l ium ; a n d H . St . C. Devil le , b y 
pass ing t h e v a p o u r of a l u m i n i u m chloride ove r i ron a t a h igh t e m p . ; G. T a m m a n n 
a n d K . S c h a a r w a c h t e r observed t h a t t h e a t t a c k of i ron b y a lumin ium begins a t 
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FiO. 419. Electrical and Magnetic 
Properties of Boron-Iron AUoya. 

E . D . Gleason s t ud i ed t h e i ron-carbon-
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a b o u t 660° and increases r a p i d l y w i t h r ise of t e m p . , a s well a s b y t h e d i r ec t a l loy ing 
of t h e t w o elements ; a n d W . R . H u l b e r t ob t a ined t h e m b y t h e t h e r m i t e p rocess . 
Alloys were also p r e p a r e d b y F . R . Michel , P . Oberhoffer, E . T . R i c h a r d s , J . E s c a r d , 
J . W . R icha rds , W . Guer t l e r , J . Czochra lsky , W . V e n a t o r , J . Only , A . W a h l b e r g , 
S. Ke rn , O. I . Vhe r a n d co-workers , J . M. W e e r e n , a n d F . C. Ca lve r t a n d 
I t . J o h n s o n . M. F a r a d a y a n d J . S t o d a r t o b t a i n e d a l loys wh ich w h e n forged i n t o 
ba r s a n d t h e surface pol i shed a n d t r e a t e d w i t h di l . su lphu r i c ac id , exh ib i t ed t h e 
d a m a s k e d surface pecul ia r t o wootz or Indian steel ; b u t n e i t h e r C J . B . K a r s t e n , 
no r T . H . H e n r y could find a n y a l u m i n i u m in woo tz . C. F . Burgess a n d J . A s t o n 
found t h a t al loys w i t h a b o u t 2 per cen t , a l u m i n i u m forge a n d m a c h i n e easi ly . 

J . Courno t discussed t h e c e m e n t a t i o n of i ron w i t h a l u m i n i u m ; R . K r e m a n n 
a n d co-workers , a n d R . I r m a n n , t h e solubi l i ty of a l u m i n i u m in i ron ; a n d 
A. H a u t t m a n n , G. Grube , N . AgeefE a n d M. Z a m o t o r i n , a n d N . Ageeff a n d 
O. I . Vher , t h e r a t e of diffusion of a l u m i n i u m in i ron . F . C. Ca lver t a n d 
R . J o h n s o n o b t a i n e d w h a t t h e y r ega rded as iron tetritalwminide, Fe 4 Al , b y 

h e a t i n g for 2 h r s . a t a 
w h i t e - h e a t a m i x t u r e of 3 
mols . of a l u m i n i u m chlor ide , 
40 g r a m - a t o m s of i ron , a n d 
8 mols . of l ime ; iron trita-
dialurninide, F e 3 A l 2 , occurs 
in s i lver -whi te b e a d s in t h e 
s lag f rom t h e p rev ious 
o p e r a t i o n ; a n d F . W o h l e r 
o b t a i n e d iron dialuminide, 
F e A l 2 , b y m e l t i n g t o g e t h e r 
a m i x t u r e of a l u m i n i u m 
fer rous ch lor ide , a n d so
d i u m p o t a s s i u m chlor ide 
(10 : 5 : 20) . W . C. R o b e r t s -
A u s t e n , a n d IJ. Gui l le t m a d e 
a p a r t i a l s t u d y of t h e 
equ i l i b r i um d i a g r a m ; a n d 
A . G. C. G w y e r showed t h a t 
t h e f .p. c u r v e of i ron falls 
r a p i d l y in pass ing from 100 
t o 50 p e r cent , i ron , a n d a t 
t h i s p o i n t t h e r e is a d is 
t i n c t b r e a k after which t h e 
f.p. cu rve falls s lowly f rom 
5 0 t o 30 pe r cen t , of i ron , 

a n d t h e n r ap id ly t o t h e f.p. of a l umin ium. There a re t w o series of solid soln. r e 
spec t ive ly w i t h 40 t o 48 p e r cen t , a n d 66 t o 100 per cent , of i ron . T h e e n d - m e m b e r 
of t h e first series is t h o u g h t t o b e i r o n t r i a l u m i n i d e , FeAl 3 . Alloys w i t h 60 t o 65 p e r 
cen t , of i ron show eu t ec t i c b r e a k s in t h e cooling cu rve a t 1087°, a n d t h e b r e a k s occur 
a t a h igher t e m p , w i t h f rom 50 t o 57 pe r cent , of a l u m i n i u m . Alloys w i t h 52 t o 65 
pe r cen t , of i ron h a v e a eu tec t i c of t h e s ame s t r u c t u r e , b u t t h e l a t t e r differs f rom 
t h e eu t ec t i c w i t h 50 p e r cen t . i ron. T h e cu rve ef, F ig . 420, r ep resen t s t h e lower ing 
of t h e t e m p , a t -which t h e magne t i c pe rmeab i l i t y d i s appea r s o n t h e h e a t i n g c u r v e 
as t h e p r o p o r t i o n of a l u m i n i u m is increased. N . Kurnakof f a n d co-workers found 
t h a t in t h e i n t e r v a l b e t w e e n 32-1 a n d 39-5 a t . p e r cen t , of i ron , i ron t r i a lu rn in ide , 
F e A l 3 (or poss ib ly F e 2 A l 6 ) , crystall izes from t h e fused m a s s , b u t be low 1100°, t h i s 
c o m p o u n d decomposes i n to t h e a,- a n d y-solid soln. of a l u m i n i u m in i ron . B e t w e e n 
24*2 a n d 34 a t . p e r cent , of i ron, a s tab le 5-phase is fo rmed h a v i n g p rope r t i e s 
different f rom t h o s e of t h e adjoining phases . T h i s p h a s e shows a m i n i m u m 
elec t r ica l c o n d u c t i v i t y a n d t e m p , coeff., a n d a m a x i m u m h a r d n e s s . I t i s a lso v e r y 

60 
Per cent, iron 

FiO. 420.—Equi l ibrium Diagrams of Fe-Al Al loys . 
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b r i t t l e . I t is cons idered t o b e a chemica l i n d i v i d u a l of v a r i a b l e compos i t i on . 
A. G. C. G w y e r a n d H . W . L . Ph i l l ips ' s t u d y of t h e s y s t e m is s u m m a r i z e d i n 
F i g . 420 . Al loys -with 0 t o 40 p e r cen t , of i ron fo rm a eu tec t i f e rous ser ies , t h e 
e u t e c t i c a l loy c o n t a i n s 1*89 p e r cen t , of i ron , a n d freezes a t 653°. T h e l i q u i d u s 
r ises t o a s l ight m a x i m u m w i t h 40*6 t o 41-1 p e r cen t , of i ron , a n d a b o v e t h i s r a n g e , 
t h e a l loys a r e h o m o g e n e o u s . Th i s es tab l i shes t h e ex i s t ence of i ron t r i a l u m i n i d e , 
F e A l 8 , n o t N . K u r n a k o i f a n d co-workers ' F e 2 A l 3 . T h e r e is a second m a x i m u m 
w i t h a b o u t 45*3 p e r cen t , of i ron , w h e r e ove r a smal l r a n g e t h e a l loys a r e h o m o 
geneous , a n d p r o b a b l y c o n t a i n i ron h e m i p e n t a l u m i n i d e , F e 2 A l 5 , w h i c h fo rms a 
eu tec t i f e rous series w i t h a l i m i t e d sol id so lubi l i ty w i t h F e A l 3 . T h e t r i a l u m i n i d e 
before e t c h i n g is Chinese w h i t e , a n d t h e h e m i p e n t a l u m i n i d e is p a l e l a v e n d e r ; 
b o t h a r e a t t a c k e d b y soda- lye ; t h e t r i a l u m i n i d e is a lone a t t a c k e d b y hydrof luor ic 
ac id . All t h e a l loys w i t h 40 t o 50 p e r cen t , of i ron a r e b r i t t l e , a n d s p o n t a n e o u s l y 
d i s i n t e g r a t e in a few d a y s . T h e l i q u i d u s g r a d u a l l y s lopes f r o m t h e F e 2 A l 5 m a x i m u m 
a t 45*19 p e r cent , t o a m i n i m u m a t 49*5 p e r cen t . , a n d b e y o n d t h a t p o i n t r ises 
s t e ep ly t o 58 p e r cen t , w h e r e a b r e a k occurs . T h e a l loys in t h e r a n g e fo rm a 
eu tec t i f e rous series w i t h app rec i ab l e sol id so lub i l i ty . T h e c o n s t i t u e n t s a r e F e 2 A l 5 , 
a n d a sol id soln . A9 w h i c h is u n s t a b l e a n d b r e a k s u p be low t h e so l idus . T h e 
eu t ec t i c l ine is a t 1165°, a n d A. b r e a k s u p a t 1158°, i n t o F e 2 A l 5 a n d t h e solid soln . 
B. A t 1232° t h e r e is a pe r i t ec t i c r e a c t i o n r e su l t i ng i n t h e f o r m a t i o n of a n o t h e r 
c o m p o u n d w i t h 59 p e r cen t , of i ron . T h e m a g n e t i c t r a n s f o r m a t i o n occurs a t ef, 
F i g . 420 . Gr. T a m m a n n a n d W . Salge s t u d i e d t h e res idues left af ter t r e a t i n g t h e 
a l loy w i t h a n acidified soln. of a m m o n i u m p e r s u l p h a t e . W . Bi l tz a n d C. H a a s e 
g a v e 3*896 for t h e s p . gr . of A l 3 F e a t 25° /4 , 35-2 for t h e m o l . vo l . ; a n d 25 CaIs. for 
t h e h e a t of fo rma t ion . T h e sub jec t w a s s t u d i e d b y Ti. G r e n e t , V. N . SvechnikofE, 
a n d F . W e v e r a n d A. Miiller, whose r e su l t s for t h e r a n g e of s t ab i l i t y of t h e y - p h a s e 
a r e s u m m a r i z e d b y t h e d o t t e d l ine in F i g . 420 . F . Ro l l found t h a t a l u m i n i u m 
p a r t l y p rese rves a n d p a r t l y decomposes cemen t i t e—v ide c a s t i ron . O. von Ke i l 
a n d O. J u n g w i r t h a lso i n v e s t i g a t e d t h e influence of a l u m i n i u m on t h e i ron a n d 
iron—carbide s y s t e m . T h e eu t ec t i c compos i t i on of t h e i r o n - c a r b o n s y s t e m is 
r educed b y 0*16 p e r cen t , c a r b o n b y t h e a d d i t i o n of 1 p e r cen t , of a l u m i n i u m ; 
a n d t h e pear l i t i c t r a n s f o r m a t i o n is s l igh t ly r e d u c e d b y t h e a d d i t i o n of u p t o 3*5 
p e r cen t , of a l u m i n i u m , b u t , a s t h e p r o p o r t i o n of a l u m i n i u m is inc reased f rom 
3*5 t o 8 p e r cen t . , i t is r a i sed a g a i n ; a n d "with m o r e t h a n 8 pe r cen t , of a l u m i n i u m , 
t h e i n t e n s i t y of t h i s t r a n s f o r m a t i o n is v e r y s m a l l ; a n d t h e y-field ceases t o ex i s t 
•with h y p o e u t e c t i c a l loys h a v i n g less t h a n 5 p e r cen t , of a l u m i n i u m ; t h e finely-
g r a n u l a r d i s t r i b u t i o n of g r a p h i t e , w h i c h co r re sponds w i t h m e t a s t a b l e freezing a n d 
s p o n t a n e o u s decompos i t i on , is r e n d e r e d m o r e p r o m i n e n t ; "with 5 t o 9*5 p e r cen t , 
of a l u m i n i u m , t h e edges of t h e p r i m a r y , sol id soln. c rys t a l s h a v e a dec reas ing 
t e n d e n c y t o d e c o m p o s e , a n d t h e s e zones b e c o m e m o r e r ead i l y soluble in ac ids ; 
a n d w i t h ove r 9*6 p e r c en t , of a l u m i n i u m , t h e solid soln . b e c o m e s s t ab l e a n d r ead i ly 
soluble i n ac ids . T h e a d d i t i o n of 2*3 p e r cen t , of a l u m i n i u m t o i ron w i t h a h i g h 
p r o p o r t i o n of c a r b o n r e su l t s i n t h e c o m p l e t e s e p a r a t i o n of t h e c a r b o n a s g r a p h i t e ; 
w i t h 11 p e r cen t , of a l u m i n i u m , t h e g r a p h i t e c o m p l e t e l y d i s a p p e a r s ; a n d w i t h 
18 p e r cen t , of a l u m i n i u m , t h e g r a p h i t e is a g a i n c o m p l e t e l y p r e c i p i t a t e d . 
E . S d h n c h e n a n d E . P i w o w a r s k y f o u n d t h a t a l u m i n i u m ra i s ed t h e e u t e c t o i d temp*, 
a n d r e d u c e d t h e so lub i l i ty of c a r b o n in i ron . T h e s u b j e c t w a s d i scussed b y 
J . W . D o n a l d s o n , W . L.. F i n k a n d K . R . v a n H o r n , a n d E . L . R e e d . 

T h e u s e of a l u m i n i u m a s a deox id iz ing a n d solidifying a g e n t i n t h e m a n u f a c t u r e 
of s tee l i ngo t s is so g e n e r a l t h a t i t s e m p l o y m e n t is r e g a r d e d a s a l m o s t ind i spensab le . 
E . A d a m s o n , H . M. B o y l s t o n , J . E . Car l in , G. F . Coms tock , W . F . D a r c h , 
W . E i l e n d e r a n d H . D i e r g a r t e n , C. af Ge i j e r s t am, L.. G r a b a u , G. Guzzoni , 
R . A . Hadf ie ld , C. H . H e r t y a n d co-workers , K . H i lgens tock , H . O. H o f m a n , 
W . J . K e e p , O . von* K e i l a n d F . E b e r t , J . W . Lang l ey , F . W . !Lurmann, 
J . V . McCrae a n d R . X,. !Dodwell, P . Mars ich , G. Mel land, J . R . Miller, N . P e t i n o t , 
E . P i w o w a r s k y , M. C. S m i t h , A . Sp i ra l , S. S i rovich , K . Styffe, T. Swinden , 
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T- Turner , U. Ie Verr ier , a n d M. H . W i c k h o r s t s t u d i e d t h e effect ; a n d 
T. I>. Yensen a n d W . A. G a t w a r d t h u s s u m m a r i z e t h e a c t i o n : W h e n a l u m i n i u m 
is added t o m o l t e n i ron , i t will r e d u c e i ron ox ide t o me ta l l i c i ron . F u r t h e r m o r e , 
i t will reduce CO or C O 2 gases t o free c a r b o n a n d t h u s degasify, q u i e t t h e b a t h , 
and p r e v e n t blowholes d u r i n g solidification a n d cool ing. If t h e i r on is sufficiently-
l iquid, t h e A l 2 O 3 f o rmed will pa s s t o t h e surface ; if i t is n o t , t h e A l 2 O 3 wil l 
become e n t a n g l e d in t h e i ron , increase t h e v iscos i ty , a n d cause t h e i ron t o b e m o r e 
or less u n s o u n d . W h e n a d d e d i n sufficient q u a n t i t i e s , 2 t o 5 p e r cen t . , a l u m i n i u m 
will cause c a r b o n t o b e comple t e ly p r e c i p i t a t e d a s g r a p h i t e a n d t h u s t r a n s f o r m , 
for e x a m p l e , w h i t e cas t i ron i n t o g rey i ron . If 10 t o 20 p e r cen t , a l u m i n i u m is 
a d d e d , however , t h e ca rbon m a y all b e in t h e c o m b i n e d fo rm F e 8 C . A s t h e h e a t 
of c o m b u s t i o n l i be ra t ed b y t h e o x i d a t i o n of a l u m i n i u m is m u c h g r e a t e r t h a n t h a t 
a b s o r b e d b y t h e r educ t i on of i ron oxides , c lear ly i l l u s t r a t e d b y t h e use of t h e r m i t e 
in weld ing i ron , t h e a d d i t i o n of a l u m i n i u m t o oxid ized i ron o r s tee l causes a r i se 
in t h e t e m p , of t h e b a t h . Th i s fact , a n d n o t a n y a p p r e c i a b l e lower ing of t h e 
me l t i ng -po in t , is t h e cause of t h e h igher fluidity no t i ced w h e n a smal l p e r c e n t a g e 
of a l u m i n i u m is a d d e d t o t h e b a t h . A l u m i n i u m is a m o r e power fu l deox id i ze r 
t h a n sil icon for i t does n o t c o m m e n c e t o c o m b i n e w i t h i ron u n t i l all ox ides p r e s e n t 
a r e r e d u c e d . F . O s m o n d showed t h a t a l u m i n i u m dissolves i n i ron w i t h t h e 
a b s o r p t i o n of h e a t , a l t h o u g h a n evo lu t i on of h e a t u sua l ly a t t e n d s t h e p h e n o m e n o n . 
This is a t t r i b u t e d t o t h e h e a t l i be r a t ed b y t h e decompos i t i on of ox ides of i r o n b y 
t h e a l u m i n i u m . G. Mas ing a n d O. D a h l d iscussed t h e express ion of t h e a l loys 
a n d t h e f o r m a t i o n of w a r t s d u r i n g t h e cool ing of t h e a l loy owing t o t h e l i b e r a t i o n 
of occ luded gases ; a n d W . E . R e m m e r s , t h e effect of a l u m i n i u m o n t h e g r o w t h 
of c a s t i ron . F o r t h e c e m e n t a t i o n of t h e s e s teels , vide supra. 

A. W e s t g r e n a n d co-workers , K . Schafer , W . L . B r a g g , a n d A . J . B r a d l e y a n d 
A. H . J a y discussed X - r a d i o g r a m s of t h e i ron a l u m i n i d e s . Z. N i s h i y a m a s t u d i e d 
t h e X - r a d i o g r a m s of t h e s e a l loys , a n d found for t h e a l a t t i c e p a r a m e t e r ; t h e 
s p . gr . ; a n d t h e e las t ic m o d u l u s , E k g r m s . p e r sq . cm. , a t 23*0° t o 23*2° : 

Al . . 2 4 6 8 IO 14 p e r c e n t ; 
a . . 2-874 2-884 2-886 2-897 2-904 A . 
S p . g r . . 7-6932 7-4619 7-2196 7 0 4 1 8 6-8848 6-6443 
ItJ XlO-9 . 2-113 2-165 2-090 2-106 1-929 1-826 

T h e m i c r o s t r u c t u r e of t h e a l loys w a s s t u d i e d b y R . A . Hadf ie ld , A . G. C. Gwyer , 
I J . Gui l le t , a n d T . D . Y e n s e n a n d W . A . G a t w a r d ; a n d w i t h t h e smal le r p r o 
p o r t i o n s of a l u m i n i u m , t h e y cons is t of solid soln. of t h e c o n s t i t u e n t e l emen t s . 
J . E . J o h n s o n , F . W e v e r a n d A . Miiller, A . Bors ig , W . J . K e e p , a n d T. W . H o g g 
s t u d i e d t h e ac t ion of a l u m i n i u m in caus ing t h e s epa ra t i on of g r a p h i t e f rom t h e 
ca rb ide in ca s t i ron . E . P i w o w a r s k y found t h a t g rey cas t i ron is a p p r e c i a b l y 
sof tened b y less t h a n O-10 p e r cen t , of a l u m i n i u m ; a n d G. Mel land a n d 
H . W . W a l d r o n , t h a t w i t h r ap id ly cooled cas t i ron , wi th a b o u t 0-24 p e r c en t , 
of si l icon, u p t o 0-25 p e r cen t , of a l u m i n i u m is n e e d e d before a n y influence o n 
t h e g r a p h i t e s e p a r a t i o n can b e d e t e c t e d ; w i th 0-50 p e r cen t , of a l u m i n i u m , 
m o s t of t h e c a r b o n o c c u r s in t h e g r aph i t i c s t a t e , a n d la rger p r o p o r t i o n s of 
a l u m i n i u m s e e m t o c a u s e a revers ion t o c o m b i n e d c a r b o n — p o s s i b l y owing t o 
t h e f o r m a t i o n of a c o m p l e x ca rb ide . W i t h s lowlv cooled s amp le s , t h e p re sence of 
t h e e l e m e n t i s m o r e m a r k e d a n d is m o r e sens i t ive t o v a r y i n g condi t ions—e .g . 
c a s t i n g t e m p . , p r o p o r t i o n of silicon, e t c . A t l eas t 0-9 p e r cen t , of c a r b o n is r e t a i n e d 
i n t h e w h o l e series w h e t h e r slowly or r a p i d l y cooled. I n genera l , a l u m i n i u m 
decreases t h e so lub i l i ty of c a r b o n in i ron, a n d , l ike si l icon, i t h a s a sof tening inf luence. 
A. B . E v e r e s t o b t a i n e d r a t h e r different r e su l t s w i t h i r o n - c a r b o n a l loys free f rom 
sil icon. Soft , m a c h i n a b l e g r ey i rons a r e p r o d u c e d b y a d d i n g u p t o 8 p e r c en t , of 
a l u m i n i u m . A l u m i n i u m a c t s less powerful ly t h a n si l icon -as a sof tener s ince 2 t o 
3 p e r cen t , of a l u m i n i u m a r e needed t o p r o d u c e a n i r o n c o m p a r a b l e w i t h o n e con
t a i n i n g 1 p e r cen t , of si l icon. T h e m a x i m u m p e r c e n t a g e of c a r b o n g r a p h i t i z e d is 
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61 i n t h e p resence of 4 p e r c en t , of a l u m i n i u m , a g a i n s t 70 p e r cen t , i n t h e p r e sence 
of 3 p e r cen t , of si l icon. T h e g r a p h i t e f o r m e d w i t h a l u m i n i u m is finer t h a n in t h e 
case of si l icon. W i t h a l u m i n i u m b e t w e e n 8 a n d 18 p e r cen t . , t h e a l loys a r e h a r d 
a n d b r i t t l e , a n d t h e c a r b o n is al l c o m b i n e d ; w i t h b e t w e e n 18 a n d 25 p e r c e n t , of 
a l u m i n i u m , t h e a l loys a r e soft, a n d g r a p h i t e is p r e c i p i t a t e d . Al loys w i t h o v e r 
25 p e r cen t , a l u m i n i u m a r e n o t s t a b l e in t h e a t m o s p h e r e . 

L . Gui l le t obse rved t h a t t h e p resence of a l u m i n i u m p r e v e n t s t h e pea r l i t e f rom 
a s s u m i n g i t s o r d i n a r y fo rms ; i t is in a m a n n e r c o n t o r t e d , a n d i t fo rms l i t t l e n o d u l e s 
w h i c h a r e m o r e easi ly co loured b y picr ic ac id , a n d t h e m o r e closely r e semble t r o o s t i t e 
a s t h e p r o p o r t i o n of a l u m i n i u m increases . W i t h a h i g h p r o p o r t i o n of a l u m i n i u m 
i t is e v e n poss ible t o h a v e free c e m e n t i t e f o rmed in a h y p o - e u t e c t o i d a l s tee l . T h e 
effect of q u e n c h i n g is t o t r a n s f o r m on ly t h e n o d u l e s of t h e p r e - ex i s t i ng p e a r l i t e 
g iv ing p l ace t o m a r t e n s i t e , genera l ly enci rc led r o u n d i t s edges b y t r o o s t i t e . T h e 
i r o n - a l u m i n i u m soln. is i n c a p a b l e of d i sso lv ing c a r b o n . So l ong as t h e a m o u n t of 
a l u m i n i u m is be low 3 p e r cen t . , t h e q u e n c h i n g h a s n o effect, b u t w i t h h i g h e r p r o 
p o r t i o n s of a l u m i n i u m , whi le q u e n c h i n g h a s n o effect o n t h e t ens i l e s t r e n g t h , t h e 
e las t ic l imi t , o r t h e r e s i s t ance t o shock , wh i l s t t h e e l o n g a t i o n a n d r e d u c t i o n in a r e a 
a r e r e d u c e d . A n n e a l i n g deve lops t h e n o d u l a r s t r u c t u r e of t h e specia l f o r m of 
pea r l i t e w i t h o u t c h a n g i n g t h e m i c r o s t r u c t u r e in a n y o t h e r w a y ; a n d d u r i n g t h e 
o p e r a t i o n al l a l u m i n i u m steels a re sof tened. T h e p re sence of a l u m i n i u m d e l a y s 
ca se -ha rden ing , a n d w h e n t h e p r o p o r t i o n of a l u m i n i u m a t t a i n s 7 p e r cen t . , case-
h a r d e n i n g becomes i m p r a c t i c a b l e , a n d on ly nodu l e s of c e m e n t i t e a r e found . 
H . S a w a m u r a g a v e t h e c o n s t i t u t i o n a l d i a g r a m of a l u m i n i u m a n d cas t i ron a l loys . 
T h e effect of a l u m i n i u m on t h e g r a p h i t i z a t i o n of cas t i ron is i n d i c a t e d a b o v e . 

F . W e v e r a n d A. Muller found t h e sp . gr . of a l loys w i t h 8-64, 13-60, a n d 21-24 
a t . p e r c en t , of a l u m i n i u m t o be r e spec t ive ly 7-38, 7*10, a n d 6-78, v a l u e s r a t h e r 
lower t h a n t h o s e ca l cu l a t ed b y t h e m i x t u r e ru le . T . W . H o g g o b s e r v e d t h a t t h e 
s p . gr . of a n a l loy w i t h 9*62 p e r cen t , a l u m i n i u m is 6-99 w h e n t h e ca l cu l a t ed v a l u e 
is 6-54 t o 6 -65—assuming t h e sp . gr . of s teel is 7*80 or 7-88, a n d t h a t of a l u m i n i u m 
2*60 or 2-70. A n a l loy w i t h 20 p e r c en t , of a l u m i n i u m h a s a s p . gr . 6-31 w h e n t h e 
ca l cu l a t ed v a l u e is 5-59 t o 5*69. H e n c e , t h e obse rved s p . gr . a r e h i g h e r t h a n t h e 
ca l cu l a t ed v a l u e s . G. Mel land a n d H . W . W a l d r o n g a v e for t h e s p . g r . of c a s t 
i r o n a t 20° : 

Al . O 0 0 2 4 0-527 1-78 4-24 8-31 11-80 pn r c e n t . 
S p . g r . . 7-64 7-58 7-12 7 1 1 6-88 6-53 6-69 

Z. N i s h i y a m a ' s va lue s a r e i nd i ca t ed a b o v e . W . B r o w n o b t a i n e d t h e following 
va lue s for t h e sp . gr . a n d s p . vo l . : 

C Si Cr Al Sp. gr. Sp. vol. Sp. lit. 
0-67 2-25 — 0-50 7-593O 0-13170 O-1158 
0-24 0-18 - 2-25 7-5132 0 1 3 3 1 0 0-1165 
0 2 2 1 5 4-5O 7-1582 O-13970 O-1195 

T h e r e su l t s s h o w t h a t u p t o 4-5 per cen t , a l u m i n i u m increases t h e sp . vo l . b y 0-0025 
pe r 1 p e r cen t , a l u m i n i u m . T h e sub j ec t w a s d i scussed b y B . S i m m e r s b a c h , a n d 
J . O. Arno ld . R . A . Hadf ie ld , a n d G. T a m m a n n a n d V . Gagl iot i m e a s u r e d t h e 
h a r d n e s s of s o m e of t h e s e a l loys . R e p r e s e n t i n g t h e p e r c e n t a g e p r o p o r t i o n s of 
C : Al in t h e a l loys , R . A . Hadf ie ld ' s d a t a for t h e s p . gr . a r e : 

C : A l . . 0-20 : 0-61 0 - 1 7 : 0 - 7 2 0 - 2 1 : 1 - 6 0 0-24 : 2-29 0-26 : 9-14 
S p . g r . . . 7-781 7-755 7-624 7-554 6-672 

E . G u m l i c h r e p r e s e n t e d t h e sp . gr. , Z), of t h e a l loys w i t h p p e r cent , of a l u m i n i u m 
b y Z>=7*865—0-1166^). C. Bened i cks a n d N . a n d G. E r i c s o n s tud ied t h e s p . vo l . ; 
a n d L . Losana, t h e v i scos i ty of t h e m o l t e n m e t a l ; a n d A . K u s s m a n n a n d B . S c h a r -
nofE, t h e h a r d n e s s . E . S o h n c h e n a n d E . P i w o w a r s k y f o u n d t h a t a d d i t i o n s of 
a l u m i n i u m u p t o 1 p e r cen t , h a l v e t h e h a r d n e s s of i r o n - c a r b o n al loys ; f rom 1 t o 
8 p e r c en t , h a s l i t t l e effect, a n d fu r the r a d d i t i o n s of a l u m i n i u m increase t h e h a r d -
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ness t o its original va lue w i t h 11 pe r cen t , a l u m i n i u m . T h e sub jec t w a s s t u d i e d 
b y K. Taniguchi , a n d O. Meyer a n d R . H o b r o c k ; a n d t h e corrosion fa t igue , b y 
P . Brenner . . . 

W. Brown found t h a t t h e presence of u p t o 2 pe r cen t , of a l u m i n i u m h a s l i t t le 
effect on t h e sp . h t . F . Wi i s t a n d co-workers gave for t h e m e a n sp . h t . of a l u m i n i u m 
steel be tween 0° a n d 1000°, 1O2-390-1+O-2187O+O-OOOO240 ; a n d for t h e t r u e 
sp . h t . , 0-21870+0*00004:80. T h e mechan ica l p rope r t i e s of t h e a l loys were s t u d i e d 
b y W . W . Christ ie , C. A. E d w a r d s , F . L.. Garr i son , R . C. Good , L . Gui l le t a n d 
co-workers , R . A. Hadfield, W . J . K e e p , E . K o t h n y , W . Kroen ig , I . M u s a t t i a n d 
G. Calbiani , A. L . N o r b u r y , P . Os tberg , S. A . Pogod in , A. M. P o r t e v i n , A . Schulze , 
A. E . M. Smi th , E . K . S m i t h a n d H . C. Aufde rhaa r , a n d K . Styffe, w h o found 
t h a t u p t o 5 pe r cent , a l u m i n i u m h a s v e r y l i t t l e effect ; b u t w i t h m o r e t h a n 
5 pe r cent , of a lumin ium, t h e al loys a r e s t ronger in t ens ion , b u t t h e y become 
b r i t t l e . R . A. Hadfield observed t h a t if 0-2 per cen t , of c a r b o n is p re sen t , 
t h e l imi ts of forgeabil i ty a re be tween 5-6 a n d 9-14 pe r cen t , a l u m i n i u m , while 
L.. Gui l le t found t h e l imi t s t o b e 7-18 a n d 9-25 p e r cen t , for a l loys w i t h 0-8 
pe r cent , ca rbon . T . D . Yensen a n d W . A. G a t w a r d observed t h a t w i t h a l loys 
p repa red in vacuo , t h e tensi le s t r eng th increases in d i rec t p r o p o r t i o n t o t h e 
a l u m i n i u m - c o n t e n t u p t o a t leas t 6 pe r cent . , t h e u l t i m a t e s t r e n g t h of t h e l a t t e r 
be ing 60 k g r m s . pe r sq. m m . in t h e u n a n n e a l e d s t a t e , a n d 50 k g r m s . p e r sq. m m . 
in t h e annea led s t a t e . T h e cor responding figures for purified i ron a re 34 k g r m s . 
a n d 25 k g r m s . p e r sq. m m . T h e t oughnes s is on ly s l ight ly affected b y t h e a l u m i n i u m -
c o n t e n t . A select ion from t h e resul t s for i ron wi th n o m o r e t h a n 0-02 pe r cen t , 
of ca rbon is summar i zed in Tab le I J I X . T h e alloys, annea l ed a t 1000°, were cooled 

T A B L E L I X . — M E C H A N I C A L P B O P E K T I E S O P S O M E A L - F E A L L O Y S . 

Al (per cent.) 

An
ne

ale
d 

at
 10

00
° 

Un
an

ne
ale

d r 0 0 0 
0-02 
0-80 
2-67 

I 4-55 I 
I 6-24 

r o-oo 
1 0 0 2 
I 0-80 
< 2-67 
I 4-55 

6-24 

Yield-point 
(lbs. per sq. in.) 

50,70O 
40,200 
86,30O 
47,700 I 
81,800 
77,70O 

I 17,600 
13,900 
21,700 
30,100 
41,900 
53,400 

Ultimate strength 
(lbs. per sq. in.) 

54,700 
46,400 
86,500 I 
59,700 
84,40O 
86,000 

I 34,900 
34,470 
40,100 
49,400 
60,200 
69,800 

I 

Elongation (per cent.) 

Before necking 

4-0 
5 0 

1 3 0 
2-5 
5 0 

33 
32 
26 
28 
22 
11 

Ultimate 

2 6 0 
28-O 
2 5 O 
36-O 

, 2 3 0 
2 8 0 

60 
60 
56 
49 
49 
27 

!Reduction 

(per cent.) 

84-3 
93-4 
86-9 
81-6 
81-6 
74-7 

93-5 
91-6 
91-5 
8 9 0 
83-8 

I 55-5 

a t t h e r a t e of 30° pe r hou r . M. W a h l e r t found for a l loys of i ron w i t h : 

A l . . . . . 1O0 9 8 0 96-0 p e r c e n t . 
B r i n e l l ' s h a r d n e s s 30 34 40 
T e n s i l e s t r e n g t h . 10-8 11-7 12-8 k g r m s . p e r s q . m m . 
E l o n g a t i o n . . . 38-5 30-0 24-2 p e r c e n t . 

G. Mel land a n d H . W . W a l d r o n found t h e c rushing load in t o n s p e r sq . in . t o b e 
for i ron "with a l u m i n i u m : 

A l . . . O 0-25 0-389 0-722 1-250 2-375 3-82 
C r u s h i n g load . 101-2 42-5 50-63 45-3 45-18 51-0 50-10 

Z. N i s h i y a m a ' s v a l u e s for t h e elastic cons t an t s a r e ind ica t ed a b o v e . Obse rva t i ons 
w e r e m a d e b y H . Bohner , a n d R . L . Templ in a n d B . A. P a u l . R . A. Hadfield 
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o b s e r v e d t h a t a t l i qu id a i r t e m p . , —182° , t h e t e n a c i t y increases , a n d t h e d u c t i l i t y 
dec reases . E . B . McCol lough s t u d i e d t h e t h e r m a l e x p a n s i o n of some a l loys ; a n d 
A. Schu lze found t h a t t h e v a l u e s of t h e coeff. of t h e r m a l expans ion X 1 0 « w e r e a s 
follow : 

Aluminium 
20°-100° . 

100°-300° . 
300°-500° . 

0-52 
11-60 
1319 
14-42 

2-17 5*66 10-52 per cent. 
11-74 11-96 12-2OxIO-6 

13-21 13-42 13-7OxIO-6 

14-50 14-88 15-12XlO-6 

W . F . B a r r e t t a n d co-workers f o u n d t h a t a s t h e p r o p o r t i o n of a l u m i n i u m increased 
u p t o 5-50 pe r cen t . , t h e e lectr ical res is t 
a n c e inc reased f rom 10-9 t o 70-0 m i c r o h m s . 
O b s e r v a t i o n s were m a d e b y S. A . P o g o -
din , a n d G. T a m m a n n , a n d V. Cagliot i . 
J . H . P a r t r i d g e found t h a t a l u m i n i u m raises 
t h e e lectr ical r es i s tance of c a s t i r on . 
T . B . Y e n s e n a n d W . A . G a t w a r d ' s r e su l t s 
for t h e e lectr ical r e s i s t ance , g iven i n T a b l e 
L X , s h o w t h a t t h i s p r o p e r t y increases a b o u t 
12 m i c r o h m s for each p e r cen t , of a l u m i n i u m 
a d d e d . W h e n t h e a l u m i n i u m - c o n t e n t ex
ceeds 3 p e r cen t . , t h e r a t e of increase falls 
off m o r e g r a d u a l l y . N . K u r n a k o f i a n d co
w o r k e r s o b s e r v e d t h e s ingu la r p o i n t s in
d i c a t e d in F i g . 421 for t h e e lect r ica l con
d u c t i v i t y a n d t h e t e m p , coeff. of t h e con
d u c t i v i t y of these a l l o y s ; A . Schu lze , t h e 
e lec t r ica l r e s i s t ance . G. T a m m a n n a n d 
E . S o t t e r found t h a t t h e p o t e n t i a l of t h e 
i r o n - a l u m i n i u m al loys in 0 - I iV-H 2 SO 4 s lowly 
falls w i t h t i m e w h e n ca thod ica l ly po la r ized , 
a n d r ises w h e n anod ica l ly polar ized . A film 
of ox ide is formed a s pa s s iv i t y deve lops . 
A . M. P o r t e v i n obse rved t h a t w i t h s tee l 
c o n t a i n i n g a p p r o x i m a t e l y 0-13 pe r cen t , of 
a l u m i n i u m , w i t h different p e r c e n t a g e s of c a rbon , t h e e lect r ica l r e s i s t ance , R 
m i c r o h m s p e r c m . c u b e a t 20°—23°, i s : 

0 ZO 80 100 40 60 
Atomic per cent Fe 

F I G . 421.—The Electrical Conductivity 
and Temperature Coefficient of the 
Conductivity *— T

 AI„™,-„,- . 
Alloys. 

for Iron - Aluminium 

Al 
, , (Normal . 
^ ( H a r d e n e d 

0-51 
1 7 1 
17-5 

1 0 8 
26-3 
27-2 

2 0 4 
35-9 
35-5 

3 0 5 5-08 7-18 per cent. 
50-7 63-6 76-6 
51-4 65-4 77-3 

a n d for s tee ls w i t h a p p r o x i m a t e l y 0-75 p e r c en t , of c a r b o n : 

Al 
p iNorma l . 
^ H a r d e n e d 

1-05 
30-3 
41-8 

2 0 9 
47-4 
57-2 

2-89 4-65 9-15 14-90 per cent. 
5 3 0 65-6 92-6 87-8 
60-9 76-5 100-6 99-6 

W . F . B a r r e t t a n d co-workers gave 1 1 1 m i c r o h m s p e r c m . c u b e for t h e increase 
i n t h e res i s t ance of i ron p r o d u c e d b y 1 P e r c e n t , o f a l u m i n i u m ; ^ . M- P o r t e ^ n 
c a v e 11-7 m i c r o h m s ; T . D . Y e n s e n a n d W . A . G a t w a r d , a n d E . G u m h c h 12 O 
m i c r o h m s . C. B e n e d i c k s ' fo rmula for t h e o o n d u c t i ^ t y ^ ^ , F ^ » ^ 

; a n o t ffenerallv app l i cab l e . O b s e r v a t i o n s w e r e a lso m a d e b y ^ . b u m i i c n , a n a 
M K ^ o d a ? E ! I £ u p u y a n d A. M. P o r t e v i n m e a s u r e d t h e the rmoe lec t r i c force 
of a l u m i n i u m steels a g a i n s t copper ove r a r a n g e of t e m p , f rom —8O t o iuu . x n e 
r L u l t H ^ p r e s s e d i n mill ivolts* w i t h s t ee l a n n e a l e d a t 1000°, a n d quenched from 
1000°, a r e a s follow : 
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0 1 7 
2-04 

— 7-5O 
— 12-65 

— 8-1O 
— 11-50 

0 1 3 
3 0 4 

— 11-60 
... ,. 

— 11-70 
— 1 0 0 5 

0 0 8 
7-18 

— 16-60 
— 

— 16-80 

0-81 
4-65 

— 1 0 0 0 
— 14-65 
— 13-60 
— 16-30 

0-66 
7-00 

— 11*30 
— 16-05 
— 15-6O 

— 

0-67 
9 1 6 

— 1 5 1 0 
— 

— 14GO 

0-86 per cent, 
14-90 

— 8-6O 
— 1 3 1 5 
— 12-8O 
—14-05 

CJ . 

A l -

Annea led -j 200° 

Hardened^ 100° 

Observa t ions -were m a d e b y E . S e d s t r d m . J . H . J . D a g g a r s t a t e d t h a t t h e a d d i t i o n 
of a b o v e 5 p e r cent , of a l u m i n i u m r a p i d l y d e s t r o y s t h e m a g n e t i c p r o p e r t i e s of i r on . 
T h e m a g n e t i c qua l i t i es of t h e a l loys were e x a m i n e d b y M. E . T h o m p s o n a n d 
co-workers , S. W . R i c h a r d s o n a n d L . L o w n d s , S. W . R i c h a r d s o n , R . L . Wi l l s , 
W . M. H i c k s , T . D . Y e n s e n a n d W . A . G a t w a r d , J . H . P a r t r i d g e , E . Gero ld , 
C. Kickmeyer , W . F . B a r r e t t a n d co-workers , L . Gui l le t , A. Schwei tze r , E . G u m l i c h , 
a n d G. Di l lner a n d A. F . E n s t r o m . T . D . Y e n s e n a n d W . A . G a t w a r d f o u n d t h a t 
a l u m i n i u m , l ike silicon, h a s a beneficial effect w h e n a d d e d in sma l l q u a n t i t i e s . T h e 
resu l t s for al loys w i t h n o m o r e t h a n 0-02 p e r cen t , of c a r b o n a r e s u m m a r i z e d in 
Tab le L I X . T h e bes t al loys ob t a ined , c o n t a i n e d a b o u t 0-40 p e r cen t , of a l u m i n i u m , 
a n n e a l e d a t 1100°, a n d cooled a t t h e r a t e of a b o u t 30° p e r h o u r , h a d a m a x i m u m 
p e r m e a b i l i t y a b o v e 35,000. T h e hys te res i s losses, for i5max.== 10,000 a n d 15,000, 
a r e 450 a n d 1000 ergs p e r c.c. p e r cycle , respec t ive ly . F o r h igher a l u m i n i u m -
c o n t e n t s t h e m a g n e t i c q u a l i t y decreases g radua l ly , so t h a t t h e a l loy c o n t a i n i n g 
3-5 p e r cen t , a l u m i n i u m h a s a m a x i m u m p e r m e a b i l i t y of 20,000 a n d hys te re s i s 
losses for t h e g iven dens i t i es of 1000 a n d 2200 ergs , r e spec t ive ly . Th i s loss is on ly 
one-half t h a t of t h e 3*5 p e r cen t , commerc i a l sil icon s tee l . A. K u s s m a n n a n d 
B . Scharnoff obse rved n o re la t ion b e t w e e n t h e coercive force a n d h a r d n e s s . E . G u m 
lich s t ud i ed t h e m a g n e t i c s a t u r a t i o n of i r o n - a l u m i n i u m a l loys ; a n d A . Schulze 
t h e m a g n e t o s t r i c t u r e i n different m a g n e t i c fields. O b s e r v a t i o n s were a lso m a d e 
on t h e effect of t h e m a g n e t i c i n t ens i t y , a n d m a g n e t i c c o n c e n t r a t i o n on t h e m a g n e t o -
s t r i c tu r e . 

G. T a m m a n n a n d G. Siebel found t h a t t h e i n t r o d u c t i o n of a l u m i n i u m r e s u l t s 
i n a m a r k e d r e d u c t i o n in t h e r a t e of o x i d a t i o n of i ron . J . E . S t e a d s t a t e d t h a t t h e 
p r e sence of a l u m i n i u m increases t h e l i ab i l i ty of s tee l t o cor ros ion . G. T a m m a n n 
a n d E . S o t t e r d iscussed t h e p a s s i v i t y of t h e a l loys . A. H a u t t m a n n o b s e r v e d t h a t 
t h e increases in we igh t , in g r m s . p e r sq. m . p e r h o u r , d u e t o o x i d a t i o n w h i c h occurs 
w h e n t h e i r o n - a l u m i n i u m al loys a r e h e a t e d for 48 h r s . i n a i r , a r e : 

Al 
Oxidat ion 

O 
45-7 

1-84 
36-2 

3-72 
31-5 

9-44 
0-57 

22-34 
0-29 

38-32 p e r c e n t . 
0 1 4 

F . O. Ca lve r t a n d R . J o h n s o n obse rved t h a t di l . su lphu r i c ac id will e x t r a c t t h e 
i ron f rom t h e a l loys a n d leave t h e a l u m i n i u m ; a n d F . Wohle r , t h a t soda - lye 
e x t r a c t s t h e a l u m i n i u m a n d leaves t h e i ron . T h e a l loys a r e soluble in h y d r o c h l o r i c 
ac id . C. F . Burgess a n d J . A s t o n obse rved t h a t t h e corros ion of a l loys of e lec t ro 
ly t ic i ron with. 0, 0*067, a n d 1*333 p e r cen t , of a l u m i n i u m is r e p r e s e n t e d b y a loss 
of r e spec t ive ly 1-300, 0-628, a n d 0-760 g r m s . p e r sq. d m . w h e n i m m e r s e d for a n 
h o u r in 20 p e r cen t , s u l p h u r i c acid ; or b y loss of respec t ive ly 0-499, 0-513, a n d 
0-390 k g r m . p e r sq . m e t r e p e r y e a r w h e n exposed t o t h e w e a t h e r for 162 d a y s 
f rom J u l y t o F e b r u a r y . S. S a t o h s t ud i ed t h e n i t r id iz ing of t h e s e s teels b y h e a t i n g 
t h e m in a m m o n i a a t 560° t o 580° ; a n d O. B a u e r , a n d A. v o n Zeer leder , t h e effect 
of a lumin ium on t h e res i s tance of s teel t o di l . su lphu r i c ac id . H . G r u b e r f o u n d 
t h a t w i t h al loys 6 0 x 1 3 x 1 2 m m . af ter a n h o u r ' s e x p o s u r e t o h y d r o g e n su lph ide : 

Gain in w e i g h t 

The s tudy of l ight a l u m i n i u m al loys for a e r o n a u t i c a l a n d o t h e r work invo lved 
observations on al loys con t a in ing preponderating proportions of a luminium. 

Al: Fe 
0 : 1OO 
5 : 95 

10 : 9O 
15 : 85 

700° 
. 0-76 
. 1-37 
. 0-33 
. 0 0 5 

800° 
5-51 
4-89 
2-38 
0 1 5 

900° 
10-0 
12-8 
1 9 1 
2 5 0 
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TA.BI..E L X . — M A G N E T I C AJSTD EI^EOTRIOAX, PsofEXtxiES o» F E - A L A L L O Y S . 

Al 
(per cent.) 

^ ro-oo 
1 
S 

0 0 2 
I 0-80 
I 2 -67 

4 - 6 5 
p ^ 6 - 2 4 

g rO-oo 
m 

•̂  M 

M 

0 0 2 
I 0 - 8 0 
I 2 - 6 7 

4 - 5 5 
•3 ^ 5 - 7 2 

8 I 

n=l -S 

CS 

I A
nn

e 

ro-oo 
0 - 0 2 
0 - 8 0 
2 - 6 7 
4 5 5 
6 - 2 4 

I 

Permea
bility 

(max.) 

1 , 5 0 0 
2 , 2 6 0 
1 , 6 2 0 
2 , 4 0 0 

7 6 3 
6OO 

1 7 , 8 0 0 
2 4 , 3 0 0 
1 4 , 0 0 0 
12,3OO 
1 4 , 6 0 0 
11 ,50O 

1 7 , 5 0 0 
20,8OO 
2 0 , 9 0 0 
19 ,70O 
19 ,80O 
1 6 , 0 5 0 

Density 
(gausses) 

6 , 0 0 0 
5,2OO 
6 , 5 0 0 
4 , 8 2 0 
4 , 2 0 0 
3,2OO 

9 ,00O 
1 2 , 1 6 0 

8 , 0 0 0 
8 ,00O 
7,20O 
6 , 0 0 0 

7,0OO 
6,2OO 
7,0OO 
7,5OO 
6,00O 
3,2OO i 

! Permeability 

B>** 
10,00O 

1 , 1 6 2 
1 , 8 8 5 
1 , 2 5 0 

7 6 4 
4 7 7 
3 3 3 

1 7 , 7 5 0 
2 2 , 2 5 O 
1 2 , 6 0 0 
1 1 , 7 5 0 
1 2 , 5 6 0 

7,7OO 

1 6 , 6 5 0 
18 ,15O 
1 7 , 2 3 0 
1 6 , 1 5 0 
1 1 , 7 5 0 

7 , 4 0 0 

JB — 

1 5 , 0 0 0 

6 0 5 
1 , 0 3 5 

5 7 7 
3 9 4 
22O 
16O 

8,29O 
1 2 , 5 0 0 

3 , 9 5 0 
1,25O 

5 9 0 
2 7 3 

7,50O 
7,50O 
3 , 9 5 0 
2 , 0 0 0 

4 8 3 
2 5 9 

Hysteresis 
loss (ergs) 

(CC. per cycle) 

B=* 
10,000 

5 3 4 0 

589O 
5 0 8 0 
9 6 0 0 
— 
9 5 4 
9 8 6 
8 7 8 

1 1 9 5 
1 3 0 4 
1 2 9 0 

89O 
6 9 9 
70O 
7 6 3 
9 8 5 
9 2 2 

.B=-
1 5 , 0 0 0 

1 0 , 1 0 0 

1 0 , 6 3 0 
8 , 9 7 0 

16,0OO 

2 , 0 6 0 
! 2 , 2 4 0 

2 , 4 5 8 
2 ,68O 
3 , 4 4 0 
3 , 1 5 0 

2 , 1 0 0 
1 , 7 8 0 
1 , 5 9 0 
1 , 7 9 0 
2 , 5 3 0 
2 , 8 3 0 

Ketentivity 
(gausses) 

B*~ 
1 0 , 0 0 0 

5 0 8 0 

6 5 8 0 
477O 
4 5 0 0 

I 9 0 8 0 
I 9 3 6 0 

860O 
8 6 0 0 
9 6 0 0 
86OO 

8 8 3 5 
9 1 9 5 
8 9 2 0 
8 8 0 0 
88OO 
8 2 0 0 

H -
1 5 , 0 0 0 

6,66O 

6 , 9 8 0 
4 ,87O 
4 ,70O 

I 1 4 , 2 0 0 
1 4 , 6 0 0 
1 2 , 7 5 0 
1 1 , 7 0 0 
1 1 , 9 0 0 
10 ,20O 

1 3 , 0 0 0 
1 3 , 0 0 0 
1 1 , 8 0 0 
1 1 , 4 0 0 
1 1 , 3 0 0 

9 , 1 0 0 

Coercive 
I force 

(per cm.) 

Bas 1 0 , 0 0 0 

1-7 

2 1 
1-9 
3 -2 

•— 
0 - 3 3 
0 - 3 2 
0 - 3 5 
0 - 4 0 
0 - 4 2 
0 -41 

0 - 3 0 
0 - 2 3 
0 - 2 3 
0 - 2 3 
0 - 2 7 
0*27 

B^ 
1 5 , 0 0 0 

2 1 

2 4 
2 1 
3 -5 

0-4O 
0 - 4 3 
0 - 4 7 
0 - 6 0 
0 - 5 7 
0 - 4 5 

0 - 4 1 
0 - 3 5 
0 - 2 5 
0 - 2 6 
0-5O 
0 - 3 1 

Sp. elect. 
reslst-

I ance 
(micr
ohms) 

(at 20*) 

9-7 

1 9 - 4 
4 0 - 2 
5 9 - 0 

9-7 
10 -2 
1 9 - 2 
3 9 - 9 
5 7 - 3 
6 8 - 7 

9-7 
1 0 - 2 
1 9 - 2 
3 9 - 7 
5 7 - 9 
7 0 - 4 

R . J . A n d e r s o n sa id t h a t n o b i n a r y a l loy of a l u m i n i u m a n d i ron is e m p l o y e d com
merc ia l ly . C. A. E d w a r d s s t u d i e d t h e m e c h a n i c a l p r o p e r t i e s of t h e b i n a r y a l loys 
w i t h u p t o 5 p e r cen t , of i ron ; a n d H . Sch i rmeis te r , a l loys w i t h u p t o 12-5 p e r cent , 
of i ron . S. A . P o g o d i n , O. L . K o w a l k e , C. A . E d w a r d s , W . R o s e n h a i n , J . OhIy, 
F . C. L e a , N . A. Ziegler, M. Ba l l ay , E . T . R i c h a r d s , A. V. F a r r , S. F . H e r m a n 
a n d F . T . Sisco, V. F u s s , K . Y a m a g u c h i a n d I . N a k a m u r a , a n d L». J . Wi l l s a lso 
s t u d i e d t h e p r o p e r t i e s of s o m e t e r n a r y a lumin ium-copper - i ron a l loys ; V . F u s s , 
of some t e r n a r y a l u m m i u m - m a g n e s i i i m - i r o n al loys , a n d of some a l u n i i n i u m - z i n c -
iron a l loys ; C. A . E d w a r d s , L . J . Wi l l s , some q u a t e r n a r y A l - C u - F e - M g a n d 
A l - C u - F e - Z n a l loys . 

W . K r o l l 1 2 s t u d i e d some g a l l i u m - i r o n a l loys . Acco rd ing t o E . I s a a c a n d 
G. T a m m a n n , t h a l l i u m - i r o n a l loys we re n o t o b t a i n e d b e c a u s e t h e b . p . of t h a l l i u m , 
1515°, is be low t h e m . p . of i ron . J . G. G a h n 1 3 h e a t e d t o wh i t enes s a m i x t u r e of 
eerie a n d ferric ox ides , a n d cha rcoa l , a n d o b t a i n e d a g reen , p o r o u s , b r i t t l e , m a g n e t i c 
m a s s , w h i c h a p p e a r e d t o b e me ta l l i c w h e n filed. O b s e r v a t i o n s we re m a d e b y 
P . OberhofEer. 

H . C. K r e m e r s a n d R . G. S t e v e n s f o u n d t h a t t h e l a n t h a n u m - i ron a l loy (85 : 15) 
is h a r d , b u t is n o t p y r o p h o r i c w h e n s c r a t c h e d w i t h a file. A 30 p e r c e n t , a l loy is 
m u c h h a r d e r , a n d shows n o increase i n p y r o p h o r i c qua l i t i e s . T h e a l loy is r e s i s t a n t 
t o t a r n i s h i n g in a i r . N . AgeefE a n d M. Z a m o t o r i n s t u d i e d t h e diffusion of c e r i u m 
in i ron . T h e c e r i u m - i r o n a l loys w e r e i n v e s t i g a t e d b y R . Vogel , H . S u c h a n e k , 
I J . W . Spr ing , A. T r i l l a t , a n d A. H i r s c h . S t a r t i n g f r o m 95-6 p e r cen t , ce r ium, free 
f rom n e o d y m i u m a n d p r a s e o d y m i u m , b u t w i t h l a n t h a n u m a n d t r a c e s of i ron , 
m e l t i n g a t 775°, R . Vogel f o u n d t h a t t h e f .p . falls t o a e u t e c t i c a t 635° a n d 5 pe r cen t . 
of i r on . T h e r i s ing b r a n c h of t h e c u r v e s h o w s t h e ex i s t ence of iron hemicer ide , 
C e F e 2 , w h i c h changes a t 773° i n t o i ron pent i tadiceride , Fe 5 Ce 2 —or , accord ing t o 
F . Clotofsky, i n t o i r o n ceride, C e F e . L . Gui l l e t s t u d i e d t h e hemicer ide . T h e 
second break i n t h e c u r v e is a t 1085°, w h e r e t h i s ce r ide b r e a k s u p in to solid soln. r ich 
in iron, and liquid. The solid soln. c o n t a i n s u p t o 15 p e r cen t , of ce r ium a t 1085°, 
d imin i sh ing on cool ing t o a b o u t 11 p e r c en t , c e r i u m a t 850° a n d lower t e m p . I t 
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undergoes two polymorphic changes due t o those of iron a t 840° and 795°. The 
latter is recogoized by the appearance of magnetic properties on cooling. The 
change in the saturation of the solid soln. a t these transit ion points is too small t o 
be observed ; the two cerides do not form solid soln. The reactions in the solid. 
state take place slowly, and there is a difficulty in obtaining equilibrium. The 
hemiceride is magnetic a t ordinary temp, bu t becomes non-magnetic a t 116°. I t 
is uncertain how far the second compound is magnetic since the alloys contain the 

magnetic solid soln. which becomes non-magnetic 
a t 795°. The hardness is a maximum a t 60 per 
cent, cerium. B\ Clotofsky found t h a t the curve 
showing the variation of the potential difference 
with composition with a soln. of 0*3JV-cerium 
chloride and 02iV-ferrous chloride has breaks 
corresponding with the existence of iron ceride, 
CeFe, and with iron hesritaceride, CeFe6 , bu t the 
composition of the lat ter is not certain. H . Beck 
said t h a t a t 800°, molten cerium takes up con
siderable amounts of iron ult imately forming 
what he regarded as iron decitaceride, CeFe1 0 . 
A. B . Schiotz obtained alloys approximating 
Ce2Fe3 by the electrolysis of soln. of ferrous and 
cerous salts. R. Vogel found t h a t t he sat . solid 
soln. of cerium and iron is more resistant t o oxi
dation t h a n pure iron ; the compounds are readily 
oxidized. The pyrophoric properties of the alloys 
reach a maximum with 70 per cent, of cerium, and 
depend on the presence of one or other of the com
pounds. Pyrophoric cerium alloys usually consist 

of a hard compound embedded in a softer, readily oxidizable ground mass. The 
pyrophoric alloys obtained by alloying mischmetall with about 3O per cent, of 
iron were patented by A. von Welsbach; and the subject was discussed by 
H. Kellermann—5. 38, 10. P . Martin studied Kerr 's effect. The mechanical pro
perties of alloys with cast iron were examined by R. Moldenke, E . Kothny , 
E. K. Smith and H . C. Aufderhaar, J . E . Hurs t , etc. ; and the magnetic properties 
by G. Rassat . H . W. Gillett and E . L. Mack thus summarize the effects of 
cerium : 

Cerium i s readily oxidizable and, l ike uranium, i s difficult to introduce into steel w i t h o u t 
segregat ion a n d loss . Cerium can combine w i t h sulphur a n d ac t l ike manganese ixi pre
v e n t i n g t h e formation of iron sulphide. S o m e sulphur m a y be e l iminated b y t h e use of 
cerium, b u t cerium steels retain some of the sulphur compounds or s o m e ox idat ion products 
of cerium as inclusions and are prone to excess ive dirt iness . XJp t o a m o u n t s w h i c h c a n b e 
introduced w i t h o u t t o o m u c h difficulty, the effect of cerium o n t h e critical po in t s , t h e 
propens i ty for hardening and the mechanica l properties s eems t o be v e r y smal l . T e s t s 
on certain s tee ls are general ly v i t ia ted as far a s showing the a l loying act ion of cer ium b y t h e 
mul t i tude of non-meta l l i c inclusions present . Cerium is probably present in steel , a t l eas t 
i n part , a s carbide. A steel containing 0*25 per cent , cer ium g ives a s trong acety lene- l ike 
odour o n exposure of a fresh fracture. After g iv ing various tes t s in detai l and a n a l y z i n g 
t h e results , t h e y conclude tha t cerium appears t o h a v e n o true a l loy ing effect in s tee l a n d 
d o e s n o g o o d . Since i t g ives rise to inclusion, i t probably does harm. There i s a poss ib i l i ty 
t h a t it; m i g h t be used as a scavenger to e l iminate or control sulphur if m e a n s could be found 
t o e l iminate t h e accompany ing inclusions. 

The iron-silicon alloys, and ferrosilicon were discussed in connection with t h e 
iron silicides—6. 4O, 13. G. Tammann and K. Sehaarwachter a 4 found t h e a t t ack 
of iron by silicon begins a t about 1000°. R. Walter observed t h a t when soft iron 
together with silicon or a high percentage ferrosilicon is heated t o 1250°, a vigorous 
reaction occurs, t he temp, rises above 1800°, a n d t h e mass melts. The early 
samples of siliceous iron contained up to about 6 per cent, of sil icon; and. t h e 
siliceous cast iron known as glazed pig, or burnt pig, formerly rejected as useless, 



I H O N 6 5 9 

m a y n o w b e m a n u f a c t u r e d de l ibe ra t e ly . J . P e r c y , a n d C. J . B . K a r s t e n o b t a i n e d 
h igh ly si l iceous i r on b y h e a t i n g i ron a n d silica i n t h e p re sence of c a r b o n ; t h e silica 
is n o t r e d u c e d if c a r b o n b e a b s e n t . Al loys were m a d e b y E . R i l ey i n 1872 ; a n d 
b y A . P o u r c e l i n 1878. T . E . H o l g a t e g a v e a n u m b e r of a n a l y s e s s n o w i n g t h a t t h e 
p r o p o r t i o n of c a r b o n decreases a s t h e s i l i con-conten t i n c r e a s e s ; a n d i n 1862, 
H . C a r o h h a d obse rved t h a t si l icon t r a n s f o r m s c o m b i n e d c a r b o n i n t o t h e g r a p h i t i c 
s t a t e . G. J . Sne lus , in 1871 , a n d C. W o o d a lso , in 1885, obse rved silicon c o n v e r t e d 
c o m b i n e d c a r b o n i n t o free c a r b o n a n d so t r a n s f o r m e d w h i t e ca s t i ron i n t o g r e y 
c a s t i ron . T h e a l loys were d iscussed b y J . OhIy , W . S c h u t a n d J . D . J a n s e n , 
J . A r n o t t , O . K o t h n y , H . D . H i b b a r d , R . P . H u d s o n , H . B u c h h o l t z , H . K o p p e n b e r g , 
C. W a l l m a n n , K . v o n K e r p e l y , J . S i lbers te in , H . J u n g b l u t h , M. D e b a r , C. A . H e i s e , 
W . Guer t l e r , R . W a l t e r , F . P e t e r s , A . T . Lowzow, J . E s c a r d , J . W . R i c h a r d s , 
J . H a r d e n , E . P i w o w a r s k y , R . N a m a i s , E . D o n a t h a n d M. Ha i l s ig , P . Gi rod , 
A. L e d e b u r , G. P . Schol l , J . OhIy, B . L . V a n z e t t i , W . P i c k a n d W . C o n r a d , 
F . M. B e c k e t , H . C. H . C a r p e n t e r , M. G. Corson, P . H . B r a c e , W . G. M e r t e n , 
H . D e l o m e n i e , a n d E . L i even ie . S o m e of t h e t r a d e - n a m e s of t h e corros ion-
res i s t ing iron-si l icon a l loys a r e : duriron, tantiron, corrosiron, thermisilid, elianite, 
ironac, a n d metillure. T h e y c a r r y f rom 13-5 t o 16-9 p e r cen t , of silicon, 81 t o 85-5 
p e r cen t , of i ron , 0*2 t o 1*25 p e r cen t , c a r b o n , 0*06 t o 0*78 p e r cen t , of p h o s p h o r u s , 
0*01 t o O* 15 p e r c en t , of s u l p h u r . Met i l lu re h a s 0*25 p e r cen t , of a l u m i n i u m , a n d 
e l i an i te , 2*23 p e r cen t , of n ickel . T . D . Y e n s e n found t h a t c a r b o n is m o r e effective 
a s a deox id ize r t h a n sil icon, and t h a t 2 t o 3 p e r cen t , of si l icon is a b o u t a s effective 
a s 0*3 p e r cen t , of c a r b o n . Silicon c a n dissolve in i r o n in al l p r o p o r t i o n s , b u t 
o n l y 4 t o 5 p e r cen t , of c a r b o n dissolves in t h e a b s e n c e of special i m p u r i t i e s or 
me ta l lo ids . T h e con t ro l of t h e p r o p o r t i o n of si l icon in p ig- i ron w a s d iscussed b y 
W . H . Morr is ; a n d J . W . T h o m a s s h o w e d t h e v a r i a t i o n s i n t h e p r o p o r t i o n s of 
sil icon in p ig- i ron as t h e i ron flows f rom t h e b l a s t - fu rnace . T h e deox id iz ing p o w e r s 
of si l icon we re d i scussed b y C. H . H e r t y a n d G. R . F i t t e r e r . T h e b e h a v i o u r 
of si l icon in cas t i r on , e t c . , w a s s t u d i e d b y I . L . BeU, C. F . J o s e p h a n d 
A . Iu. Boegeho ld , O. v o n K e i l a n d F . E b e r t , G. J i i ngs t , P . Oberhoffer, M. H . W i c k -
h o r s t , A . S m i t h , J . M. W'eeren, J . S. K e n n e d y , P . Girod , W . V e n a t o r , a n d 
B . N e u m a n n . T . T u r n e r , a n d W . J . K e e p a n d E . O r t o n obse rved t h a t w h i t e 
cas t - i ron w h i c h g ives p o r o u s a n d b r i t t l e cas t ings y ie lds a m e t a l free f rom h o n e y 
c o m b i n g , a n d possesses g r e a t e r s t r e n g t h w h e n i t is assoc ia ted w i t h a l i t t l e si l icon. 
W i t h u p t o 2 pe r cen t , sil icon, t h e i ron becomes g rey , a n d possesses a m a x i m u m 
s t r e n g t h . W i t h m o r e sil icon, t h e i r on r e m a i n s g rey , b u t becomes weake r , a n d 
closer g r a i n e d . C. F . K i n g o b s e r v e d t h a t i n p ig- i ron t h e c a r b o n l i be ra t ed on 
cool ing is p r o p o r t i o n a l t o t h e p r o p o r t i o n of si l icon, a n d h e a lso e s t i m a t e d t h e 
r a t e of e l im ina t i on of t h e me ta l l o id s i n t h e Bes semer p rocess . F . G a u t i e r sa id 
t h a t s o m e of t h e a l leged ill-effects of si l icon, b y C. J . B . K a r s t e n , e tc . , m a y b e d u e t o 
t h e p re sence of silica, wh ich , a s H . v o n J i i p t n e r e m p h a s i z e d , m a y a c c u m u l a t e 
b e t w e e n t h e c r y s t a l g r a in s , a n d lower t h e t e n a c i t y of t h e m e t a l . R . A . Hadf ie ld 
a lso f a v o u r e d t h i s v iew, for h e o b s e r v e d t h a t t h e p re sence of u p t o 2 p e r cen t , s i l icon 
i m p a r t e d a r e m a r k a b l e d u c t i l i t y a n d t o u g h n e s s in t h e b e n d i n g a n d t e n a c i t y t e s t s . 
Li. Gui l l e t sa id t h a t t h e on ly sil icon s tee ls c a p a b l e of b e i n g ro l led a r e t h o s e w i t h less 
t h a n 5 p e r cen t , s i l icon a n d 0*20 p e r cen t , c a r b o n , a n d w i t h 2 p e r c en t , s i l icon a n d 
0-80 p e r cen t , c a r b o n . Acco rd ing t o R . A . Hadf ie ld , a s p e c i m e n w i t h 0*24 p e r cen t , 
s i l icon d i d n o t forge wel l s ince i t c r a c k e d whi le b e i n g h a m m e r e d ; b u t s a m p l e s w i t h 
0*79 t o 5*53 p e r cen t , of si l icon forged a t a ye l low-hea t . S a m p l e s w i t h h igher p r o 
p o r t i o n s of s i l icon a r e r e d - s h o r t a n d c r u m b l e a t a l ow r e d - h e a t even w h e n t h e r e 
is o n l y 0*25 p e r c e n t , of c a r b o n ; w i t h a h i g h e r p r o p o r t i o n of ca rbon , t h e m e t a l 
b e c o m e s r e d - s h o r t w i t h a lower p r o p o r t i o n of s i l icon. T h e red-shor tness is n o t 
r e m o v e d b y fu r t he r a d d i t i o n s of si l icon, o r of m a n g a n e s e . T h e f rac tures w i t h 2*18 
p e r c e n t , si l icon a r e s i lky , a n d w i t h h ighe r p r o p o r t i o n s t h e y a r e coarsely c rys ta l l ine . 
T , D . Y e n s e n f o u n d t h a t t h e l i m i t of fo rgeab i l i ty of i ron-si l icon alloys lies be tween 
7 and. 8 p e r cen t , s i l icon. A cr i t ica l r a n g e occur s b e t w e e n 2*55 a n d 2*60 p e r cen t . 
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silicon in which t h e a l loys a r e v e r y b r i t t l e , b e i n g i n s o m e cases unforgeab le . Accord 
ing t o R . A. Hadfield , n e i t h e r a n n e a l i n g n o r w a t e r - q u e n c h i n g h a s a n y effect o n t h e 
s t ruc tu re of cas t or forged si l icon s tee l . T h e r e is a s t r i k i n g c h a n g e in t h e f r a c t u r e 
on exceeding 2-5 p e r cen t , s i l icon. T h e c ry s t a l s b e c o m e la rge , h a v e a g lazed a p p e a r 
ance , a n d cleave af te r t h e m a n n e r of speigeleisen. As t h i s c rys ta l l ine s t r u c t u r e 
becomes m o r e m a r k e d , t h e m e t a l b e c o m e s v e r y b r i t t l e , a p p r o a c h i n g si l icon c a s t i ron , 
a n d is non-mal l eab le . T h e p resence of si l icon in s tee l is f a t a l t o we ld ing . C F . B u r 
gess a n d J . A s t o n discussed t h e w o r k i n g qua l i t i e s of t h e s i l icon-iron a l loys . 

F . O s m o n d found t h a t sil icon c o m b i n e s w i t h i r o n w i t h t h e e v o l u t i o n of h e a t , 
b u t t h e resu l t ing c o m p o u n d is d e c o m p o s e d b y a n excess , a n d i t c a n ex i s t on ly if 
sufficient silicon b e p r e sen t . A. F r y , N . Ag^eff a n d M. Z a m o t o r i n , M. D u b o w i c k y , 
a n d L . Gui l le t discussed t h e diffusion of si l icon in solid i r o n ; a n d W . F . H o l b r o o k 
a n d co-workers , i n l iqu id i ron . T h e equ i l i b r i um d i a g r a m s of t h e i ron - s i l i con 
s y s t e m , a n d of t h e iron—carbon-sil icon s y s t e m were d i scussed i n c o n n e c t i o n w i t h 
t h e i ron silicides 6* 40, 13 . T h e r e is n o t y e t genera l a g r e e m e n t in a l l p a r t s of 
t h e equ i l ib r ium d i a g r a m — p a r t i c u l a r l y be low 15 p e r cen t , si l icon. B . S t o u g h t o n 
a n d E . S. Gre ine r ' s s u m m a r y is i n d i c a t e d in F i g . 4 2 3 . T h e c u r v e of m a g n e t i c 

t r a n s f o r m a t i o n , FKG, oc
curs a t 760° w i t h a n a l loy 
h a v i n g 1-76 p e r c e n t . Si , 
d r o p s t o 450° a s t h e silicon 
increases t o 17*04 p e r cen t . , 
a n d r e m a i n s a t 450° w i t h 
a l loys h a v i n g u p t o 25 p e r 
cen t . , i t is pe r cep t ib l e w i t h 
a l loys h a v i n g 27*30 p e r 
cen t , b u t n o t w i t h a l loys 
h a v i n g a h i g h e r p r o p o r t i o n 
of si l icon. T h e c u r v e FKG 
t h u s r e p r e s e n t s t h e effect of 
si l icon on t h e A 2 - t r ans fo r -
m a t i o n of i ron . N . B . P i l 
l ing obse rved a s h a r p l ine 
of d e m a r c a t i o n b e t w e e n 
b r i t t l e a n d duc t i l e a l loys 
— p r o b a b l y t h e d o t t e d l ine, 
F i g . 423 ; a n d B . S t o u g h 
t o n a n d E . S. Gre ine r o b 

se rved conf i rmatory ev idence o n t h e t e m p . — e l e c t r i c a l r e s i s t ance c u r v e . Al loys 
w i t h less t h a n 33 p e r cen t , of silicon u n d e r g o a c o m p l e x series of t r a n s f o r m a t i o n s 
on cool ing ; t h e l ine AB is supposed t o r ep re sen t t h e pe r i t ec t i c f o r m a t i o n of 
Fe 3 Si a t 1255°, because T. M u r a k a m i obse rved n o ev idence of h e a t c o r r e s p o n d i n g 
w i t h CD i n a l loys w i t h less t h a n 18 p e r cen t , of sil icon, a n d b e c a u s e o n e x t r a 
p o l a t i n g N . B . F i l l ing ' s resul ts , t h e c u r v e AB connec t s w i t h t h e p e r i t e c t i c 
r e a c t i o n a t B. I t m a y be t h a t t h e c u r v e AB connec t s w i t h CD a t C i n s t e a d 
of t h e p e r i t e c t i c r e a c t i o n a t B. T . M u r a k a m i r e g a r d s t h e m a g n e t i c t r a n s f o r m a 
t i o n FK, a n d KG a s changes of p h a s e , a n d t h e l ine HI r e p r e s e n t s a t r a n s f o r m a 
t i o n of Fe 3 Si 2 - T h e l iness e p a r a t i n g t h e y- f rom t h e a.-phase h a v e b e e n t r a c e d 
b y F . W e v e r a n d P . Gian i , R . Fr i l ley , H . E s s e r a n d P . Oberhoffer, M. B a m 
be rge r a n d co-workers , a n d A. Sanfourche . F i g . 4 2 3 is b a s e d o n t h e a s s u m p 
t i o n t h a t four si l icides a r e formed. M. G. Corson cons ide red t h a t h i s p h o t o 
m i c r o g r a p h s d e m o n s t r a t e t h e exis tence of i r o n tritasi l icide, F e 3 S i , f o r m e d b y 
a pe r i t ec t i c r e a c t i o n b e t w e e n t h e m e l t a n d t h e so l idus a t B ; t h e n a p e r i t e c t i c 
r e a c t i o n s e t s i n a t 1020°, t h e l ine DE9 b e t w e e n F e 3 S i a n d F e S i , t o f o r m i r o n tr i tadi-
gilicirtft, F e 3 S i 2 , t h u s F e 3 S i + 3 F e S k = ^ F e 3 S i 2 . T h e d i t r i t a s i l i c ide is d e c o m p o s e d 
a t t e m p , exceeding DE9 a n d t h e t r i tas i l ic ide is d e c o m p o s e d w h e n hea ted t o BN. 

Per cent, s/'i/cor/ 
F i a . 423.—EqvuUbrivtm D i a g r a m of t h e S y s t e m : 

Iron—Silicon. 
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T h e r e is a m a x i m u m in t h e m . p . c u r v e c o r r e s p o n d i n g w i t h i ron monos i l i c ide , F e S i , 
a n d a h i d d e n m a x i m u m in i t s m . p . c u r v e c o r r e s p o n d i n g w i t h i ron s i l ic ide, FeSi 2 -
F . W e v e r a n d H . Moller f o u n d t h a t t h e monosi l ic ide h a s 4 niols . in a u n i t cell , a n d 
a=4-4 :67 A . W h i l s t t h e r e is a d o u b t , t h e p robab i l i t i e s a r e in f a v o u r of t h e ex i s t ence 
of F e 3 S i , F e 3 S i 2 , a n d F e S i 2 . Al loys w i t h o v e r 33*3 p e r cen t , of sil icon a r e c o m p a r a 
t i v e l y s imple ; t h e r e is a eu t ec t i c a t 45 p e r cen t , si l icon, a n d t h e disi l icide a t M. 
T h e r e is on ly 5° difference of t e m p , b e t w e e n t h e eu tec t i c a t P a n d t h e m . p . of t h e 
disi l icide a t M. T h e 0-phase is a solid soln. of t h e disi l icide in sil icon. Acco rd ing 
t o J . L . H a u g h t o n a n d M. L». Becker , t h e l iqu idus a n d sol idus cu rves of t h e <x-solid 
soln . l ie close t o g e t h e r a n d fall a t 35 p e r cen t , sil icon t o 1198° ; t h e e u t e c t i c t e m p , 
w i t h t h e e -phase—FeSi . T h e m a x i m u m of t h e l i qu idus c u r v e in t h e e-region is 
a t 1410°, a n d falls a t 51 p e r cen t , si l icon t o t h e e u t e c t i c w i t h t h e £-phase a t 1213°. 
T h e £-phase is t h o u g h t t o b e i ron hemipentas i l i c ide , F e 2 S i 5 , w h i c h fo rms a eu t ec t i c 
w i t h 59 p e r cen t , of sil icon a t 1208°. I r o n is b u t s l ight ly soluble i n si l icon, b u t t h e 
so lub i l i ty of sil icon in i ron a t t h e e u t e c t i c p o i n t is 18*5 p e r cen t , a n d i t falls t o 15 
p e r cen t , a t a b o u t 800° . I n a g r e e m e n t w i t h T . M u r a k a m i , t h e a r r e s t on t h e cooling 
c u r v e , a t a b o u t 1030°, is a t t r i b u t e d t o t h e f o r m a t i o n of i ron t r i t ad is i l i c ide , F e 3 S i 2 . 
T h e r e is a n o t h e r a r r e s t a t 950°, w h i c h h a s n o t y e t b e e n i n t e r p r e t e d . Silicon lowers 
t h e /?a . - t ransformat ion u n t i l i t m e e t s t h e b o u n d a r y of t h e 77-phase a t 490° a n d 14*5 
p e r cen t , of sil icon, a f t e r wh ich t h e c u r v e is h o r i z o n t a l u p t o 25 pe r cen t , si l icon. 
T h e m a g n e t i c t r a n s f o r m a t i o n a t 82° is d u e t o a c h a n g e in t h e 77-phase. R . T. H a s l a m 
a n d I J . E . Ca r l smi th , a n d A . F r y s t u d i e d t h e diffusion of sil icon in i ron—vide cemen
t a t i o n — a n d A. San fourche , t h e c e m e n t a t i o n of i ron w i t h silicon b y m e a n s of sil icon 
t e t r a f luo r ide . F . W i i s t a n d O. P e t e r s e n , a n d G. C h a r p y a n d A. C o r n u - T h e n a r d 
showed t h a t t h e so lubi l i ty of c a r b o n i n i r on decreases as t h e p r o p o r t i o n of silicon 
increases . T h e so lubi l i ty of c a r b o n i n i ron w a s d iscussed b y W . G o n t e r m a n n , 
K . H o n d a a n d T . M u r a k a m i , D . H a n s o n , H . Voss , F . Ro l l , A. Merz, T . F . P e a r s o n , 
A . I J . N o r b u r y , J . H . A n d r e w , M. I J . Becker , H . Moissan, F . Pobor i l , a n d J . E . S t e a d . 
F . Wi i s t a n d O. P e t e r s e n found t h a t t h e p resence of sil icon causes t h e l edebur i t e 
p o i n t t o occur w i t h a lower p r o p o r t i o n of ca rbon , o r a t a h igher t e m p . ; and , as 
i n d i c a t e d a b o v e , i t r e n d e r s t h e f o r m a t i o n of c e m e n t i t e m o r e difficult, a n d favours 
t h e p r o d u c t i o n of g r a p h i t e . M. L . B e c k e r found t h a t a s t h e silicon increases u p t o 
4 p e r cen t . , t h e so lub i l i ty of c a r b o n a t a n y c o n s t a n t t e m p . , b e t w e e n 940° a n d 1100°, 
decreases , whi l s t t h e effect of t e m p , in ra i s ing t h e so lubi l i ty becomes less m a r k e d . 
Be low 940°, p r o b a b l y in t h e n e i g h b o u r h o o d of 920°, t h e so lubi l i ty d r o p s t o zero . T h e 
effect of si l icon o n t h e Ar 4 - a r r e s t w a s a lso d iscussed 6 . 40 , 13 , a n d in connec t ion 
w i t h t h e e q u i l i b r i u m d i a g r a m of t h e c a r b o n - i r o n a l loys . F . O s m o n d , W . Gon te r 
m a n n , T . D . Y e n s e n , L . G r e n e t , T . N a s k e , K . H o n d a a n d T . M u r a k a m i , a n d 
G. C h a r p y a n d A. C o r n u - T h e n a r d s h o w e d t h a t t h e effect of sil icon is t o ra ise t h e 
t e m p , of t h e A 3 -a r res t , a n d t o d imin i sh i t s i n t e n s i t y ; wh i l s t R . R u e r a n d R . K le spe r , 
A. San fourche , F . W e v e r a n d P . G ian i , G. P h r a g m e n , a n d D . H a n s o n h a v e s h o w n 
t h a t t h e A*-arres t occurs a t dec reas ing t e m p , a n d g r a d u a l l y d i s a p p e a r s . Th i s , 
coup l ed w i t h t h e f ac t t h a t A . W e s t g r e n a n d G. P h r a g m e n f o u n d t h a t t h e space -
l a t t i ce of S- a n d ct-iron a r e t h e s a m e , led P . Oberhoffer , D . H a n s o n , a n d T . D . Y e n s e n 
t o sugges t t h a t w i t h si l icon a b o v e , s ay , 1*5 t o 2*5 p e r cen t . , t h e A 3 - a n d A ^ a r r e s t s 
m e r g e i n t o one a n o t h e r , a n d y - i ron is no l onger p r e s e n t i n t h e s y s t e m . F . W e v e r 
a n d H . Moller s t u d i e d t h e X - r a d i o g r a m s of t h e monosi l ic ide . F . W e v e r a n d P . Giani 
a l so found t h a t t h e <x—>y t r a n s i t i o n t e m p , is r a i sed a n d t h e y—>8 t r an s i t i on t e m p , is 
l owered b y inc reas ing p r o p o r t i o n s of si l icon, a n d n o t r a n s i t i o n occurs w h e n m o r e 
t h a n 1-8 p e r cen t , of si l icon is p r e s e n t . T h e s u b j e c t -was s t u d i e d b y J . H . A n d r e w , 
R . S. Arche r , A. C a r n o t a n d E . G o u t a l , G. d e C h a l m o t , W . Claus a n d R . H e n s e l , 
W . H a u f e , A . H a y e s a n d co-workers , K . H o n d a a n d T . M u r a k a m i , A. J o u v e , A. K r i z 
a n d E . P o b o r i l , P . L e b e a u , A . L,. N o r b u r y a n d E . Morgan , P . Oberhoffer a n d 
C. K r e u t z e r , G. P h r a g m e n , N . B . P i l l ing a n d G. P . Hall iwell , C. Sohols , 
H . A . S c h w a r t z a n d co-worker s , H . S c o t t , E . V i g o u r o u x , a n d F . Weve r . F . K d r b e r 
de sc r ibed t h e " e t c h i n g co lours " of t h e i ron-si l icon al loys , 
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H . A. Schwar tz a n d A. N . H i r d o b s e r v e d t h a t i n t h e f reez ing of t h e e u t e c t i c for 
t h e t e r n a r y sys tem, t h e si l icon "will b e r e j ec t ed t o t h e l i q u i d a n d will b e f o u n d -
possibly as a s i l i cocement i t e—in t h e e u t e c t i c c e m e n t i t e if t h e cool ing is s low e n o u g h 
for equi l ibr ium cond i t i ons . G. C h a r p y a n d A . C o r n u - T h e n a r d t h u s summarized 
the i r obse rva t ions o n t h i s subjec t - T h e A s - p o i n t r a p i d l y decreases a s t h e p r o 
por t ion of silicon inc reases . T h e A 2 - p o i n t falls g r a d u a l l y in t h e t e m p , scale w h e n 
t h e p e r c e n t a g e of silicon r ises ; i t loses l i t t l e b y l i t t l e i t s i n t e n s i t y , b u t st i l l pe r s i s t s 
w h e n 7 p e r cen t , of sil icon is p r e s e n t . I n t h i s case , t h e A2-poin t is t h e o n l y a n o m a l y 
a p p e a r i n g on t h e t h e r m a l d i a g r a m of a l loys c o n t a i n i n g a Iow p r o p o r t i o n of c a r b o n 
e v e n "when t h e r a t e of v a r i a t i o n in t e m p , is sufficiently acce l e ra t ed . T h e effect of 
s i l icon o n t h e eu tec t i c t e m p , of t h e p e a r l i t e p r e c i p i t a t i o n w a s e x a m i n e d b y F . W i i s t 
a n d O . P e t e r s e n , A. P . H a g u e a n d T . T u r n e r , a n d W . G o n t e r m a n n . D . H a n s o n 
a l so s t u d i e d t h i s sub jec t . E . S o h n c h e n a n d E . P i w o w a r s k y obse rved t h a t si l icon 
r e d u c e s t h e solubi l i ty of c a rbon in i ron , a n d 5*7 p e r cen t , of silicon ra i ses t h e 
e u t e c t o i d t e m p , t o 940°. F . W e v e r a n d P . Gian i , E . G u m l i c h , a n d K . H o n d a a n d 
T . M u r a k a m i s tud i ed t h e effect of sil icon o n t h e t e m p , of t h e j8- t o a - m a g n e t i c c h a n g e . 
W . Guer t l e r a n d G. T a m m a n n found t h a t w i t h t h e fol lowing a t o m i c p r o p o r t i o n s 
of silicon, t h e A r 2 - p o i n t w a s b u t l i t t l e affected : 

Silicon . . 0 0 0 10-40 2 0 0 0 29-10 38-60 47-50 a t . 
Ar8-arrest . . 760° 750° 745° 735° 720° 720° per cent. 

Accord ing t o G. C h a r p y a n d A . C o r n u - T h e n a r d , t h e i n d i v i d u a l i t y of t h e A 2 - p o i n t 
is m o r e c lear ly i n d i c a t e d b y t h e fact t h a t i t is poss ib le , a t will , t o r e t a i n in or e l i m i n a t e 
f rom itB v i c in i ty t h e A^-point, b y b r i n g i n g i n t o p l a y t h e p r e c i p i t a t i o n of g r a p h i t e . 
T h e t e m p , a t which t h e A p p o i n t occurs r ises w i t h i nc reas ing p r o p o r t i o n s of si l icon, 
r eaches a n d finally passes t h e A 2 -po in t , a n d a t t h e s a m e t i m e i t b e c o m e s fa in te r . 
Af ter r e ach ing a g iven p r o p o r t i o n of si l icon a n d a g i v e n r a t e of v a r i a t i o n of t e m p . , 
t h e A p p o i n t comple te ly d i s appea r s , a n d a l l t h e c a r b o n in t h e m e t a l is t h e n g r a p h i t e . 
T h e effect of sil icon o n t h e cr i t ica l t e m p , of i ron w a s d i scussed b y E . G u m l i c h , 

W . E . R u d e r , A . P . H a g u e 
a n d T . T u r n e r , F . Os
m o n d , J . O. A r n o l d , 
G. C h a r p y a n d A . Cornu -
T h e n a r d , R . R u e r a n d 
R . K le spe r , B . K je r r -
m a n , F . L». M e a c h a m , 
T. B a k e r , P . D e b y e > 
H . F a x e n , L . M. Br i l -
louin , I . Wal le r , F . W e v e r 
a n d P . Gian i , H . E s -
ser a n d P . Oberhoffer , 
P . Oberhoffer a n d H . H e -
ger , E . H . Schu lz a n d 
F . B o n s m a n n , A . S a n -
fourche , F . W i i s t a n d 
O. P e t e r s e n , T . D . Y e n -
sen, W . G o n t e r m a n n , 
a n d K . H o n d a a n d 
T . M u r a k a m i — vide 0 . 
40 , 1 3 . 

T h e r e s u l t s o f 
C. K r e u t z e r w i t h t h e 
X-radiograms a r e s u m -
m a r i z e d i n F i g . 424 . 

W i t h u p t o 2-2 p e r c en t , of silicon, a - i ron changes i n t o S-iron t h r o u g h y - i ron ; w i t h 
2-2 t o 2-5 p e r cen t , of silicon t h e r e is a reg ion w h e r e a - a n d y - i r o n c a n co-exist , b u t 

F i a . 424.—The Constitutional Diagram of Alloys of I ron 
with Small Proportions of Silicon. 
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above 2*5 per cent, of silicon, t h e a-phase changes directly into the S-phase. Accord
ingly, T. I ) . Yensen represented t h e const i tut ion of t h e low-sil icon al loys of iron, 
•with O-OOl t o O-1 per cen t , of sil icon, b y Fig . 424 . T h e d o t t e d l ines h a v e n o t b e e n 
e s t ab l i shed e x p e r i m e n t a l l y . T h e A 3 - a r r e s t increases r a p i d l y w i th a decrease of 
carbon, be low 0*05 per cen t . , w h e n t h e p r o p o r t i o n of sil icon is c o n s t a n t , a n d t h i s 
l e ads t o t h e conclus ion t h a t t h e A3- a n d A 4 - t r ans fo rma t ions d e p e n d on t h e c a r b o n -
c o n t e n t i n such a w a y t h a t t h e lower t h e c a r b o n , t h e less t h e p r o p o r t i o n of sil icon 
n e e d e d t o e l imina t e t h e s e p o i n t s . H e n c e , t h e 1*5 t o 2*5 p e r cen t , of sil icon r epo r t ed 
t o b e n e e d e d t o efface t h e A 3 - a r res t is rea l ly d e p e n d e n t o n t h e p r o p o r t i o n of 
c a r b o n , a n d w i t h n o c a r b o n n o si l icon w o u l d b e r equ i red t o ob l i t e r a t e t h e A 3 -a r res t 
p r o v i d e d o x y g e n a n d o t h e r i n t e r s t i t i a l i m p u r i t i e s can b e k e p t o u t . A. W e s t g r e n 
a n d G-. P h r a g m e n o b s e r v e d t h a t t h e y t o S - t rans fo rmat ion is a r eve r s ion of t h e 
a. t o y-transformation, a n d P . Oberhoffer , a n d G. P h r a g m e n found t h a t w i t h 2*5 p e r 
cen t , s i l icon s teel , t h e a- a n d 8-ranges fo rm one c o m m o n d o m a i n ; a n d E . C. B a i n 
m a d e a s imi la r o b s e r v a t i o n "with r e spec t t o c h r o m i u m steel . 

T h e silicon is p r e s u m a b l y p r e s e n t a s si l icide in m o l t e n c a s t i ron ; a n d d u r i n g 
solidif icat ion w h e n t h e e u t e c t i c b r e a k s u p i n t o solid c e m e n t i t e a n d a u s t e n i t e , t h e 
sil icide w a s t h o u g h t b y W . G o n t e r m a n n t o d iv ide itself be tween t h e c e m e n t i t e a n d 
a u s t e n i t e . J . E . S t e a d o b s e r v e d t h a t in low silicon i rons , t h e a u s t e n i t e r e t a i n s 
t h e sil icon i n solid soln . a s silicide, b u t a s t h e p ropor t i on of silicon in t h e i r on 
increases , some u n i t e s w i t h t h e ca rb ide t o fo rm i ron carbos i l ic ide—si l icocement i te , 
poss ib ly Fe 3 (Si ,C) . I n d e e d , h e obse rved t h a t t w o different c emen t i t e s c rys ta l l i ze 
f rom h i g h si l icon i r o n s — o n e , c o m p a r a t i v e l y free f rom sil icon, becomes r e d o n 
h e a t - t i n t i n g , a n d t h e o the r , c o m p a r a t i v e l y r i ch in silicon, r e m a i n s w h i t e d u r i n g 
t h e h e a t - t i n t i n g . T h e h igh ly silicified c e m e n t i t e is u n s t a b l e , a n d J . E . S t e a d 
cons idered t h a t i t is respons ib le for t h e g r a p h i t i c c o n d i t i o n of cas t i rons . T h e 
c a r b o n in t h e i ron ca rb ide m a y b e p r e c i p i t a t e d a t h i g h t e m p , b y t h e diffusion of 
t h e silicide f rom t h e a u s t e n i t e . I n t h e cool ing of solid, h i g h silicon i rons , t h e 
a u s t e n i t e , r e m a i n i n g a f te r t h e s e p a r a t i o n of t h e p r i m a r y g r a p h i t e , depos i t s m o r e 
c e m e n t i t e assoc ia ted w i t h m o r e o r less si l icide, a n d t h e s i l i cocement i t e will b e less 
l ike ly t o pe r s i s t t h e h ighe r t h e p r o p o r t i o n of sil icon in t h e i ron . A t t h e t e m p , of 
t h e pear l i t i c change , t h e r e is st i l l p r e s e n t t h e solid soln. of c e m e n t i t e c o n t a i n i n g 
m u c h sil icide. As t h e solid soln. is reso lved i n t o pea r l i t e , a n d if t h e p r o p o r t i o n of 
sil icon is h igh , t h e whole of t h e pea r l i t i c c a rb ide d issocia tes 
i n t o a ferr i t ic m a t r i x w i t h the- sil icon in solid soln. a s silicide. 
T h e cool ing c u r v e of g r e y ca s t i ron w i t h a t r a c e of c o m b i n e d 
c a r b o n ; g r a p h i t e , 3*30 p e r cen t . ; m a n g a n e s e , 0*676 ; si l icon, 
4*321 ; s u l p h u r , 0*025 ; a n d p h o s p h o r u s , 1*660, h a s a n a r r e s t 
a t 1118°, t h e p r i m a r y f.p. , a n d freezing is e x t e n d e d t o 1030° 
a s t h e i r on ca rb ide , c o n t a i n i n g t h e b u l k of t h e sil icon, 
d issoc ia tes ; t h e a r r e s t a t 943° is d u e t o t h e freezing of 
t h e i r o n - p h o s p h o r u s - c a r b o n e u t e c t i c ; t h e a r r e s t a t 850° is 
d u e t o t h e f o r m a t i o n of pea r l i t e , a n d t h e a r r e s t a t 690° is 
p r o b a b l y d u e t o t h e f o r m a t i o n of pea r l i t e in t h e eu t ec t i c of 
i r on a n d p h o s p h o r u s , a n d i t p o i n t s t o t h e conc lus ion t h a t 
s i l icon is n o t a c o n s t i t u e n t of t h e a u s t e n i t e of t h e t e r n a r y 
e u t e c t i c . P . B a r d e n h e u e r a n d M. Ki inke l e , a n d P . Oberhoffer 
a n d C. K r e u t z e r s t u d i e d t h e effect of s i l icon o n t h e a r r e s t s . 
D . H a n s o n s t u d i e d t h e effects of 0*4 a n d 1*9 p e r c en t , of 
s i l icon o n annealed and quenched iron-carbon al loys . 
T. F . Pearson also examined the effect of sil icon in hastening 
t h e graphitization of carbon-iron al loys—vide supra, cast iron. 
K . Schichtel and B . Piwowarsky found t h a t t h e solubil i ty of 
carbon in l iquid iron is lowered b y the presence of silicon, and t h e effect on the 
carbon solubil i ty curve is shown in F ig . 425 . The effect on t h e proportion of 
carbon in t h e eutectic , and o n t h e eutect ic t e m p , is shown in Fig. 426. Observations 

/800° 

/700° 

/600' 

/500' 

/400c 

/300* 

/200' 

/WO' 

I 

I 
Il 

I 
/ 
/ 

L U 
7 / 
f 

W 
7 

A 

I 

I 

J f ] 

j 

fler cent. carSa/7 
Fio . 425.—The Effect 

of Silicon on the 
Solubility of Carbon 
in I ron. 



5 6 4 I N O R G A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

were also m a d e b y F . E . B a c h m a n , W . G o n t e r m a n n , A . L . N o r b u r y , K . H o n d a 
and T. Murakami , B . S. S u m m e r s , a n d F . WUst a n d O. P e t e r s e n . T h e r e d u c t i o n p e r 
un i t of silicon, u p t o 3 p e r cen t . , is smal le r t h e h i g h e r t h e p r o p o r t i o n of si l icon, 
and with over 3 pe r cen t , of sil icon, t h e r e d u c t i o n is p r o p o r t i o n a l t o t h e c o n t e n t 
of silicon, b u t increases f rom 0*28 t o 0-40 u n i t of c a r b o n p e r u n i t of sil icon a s t h e 
t e m p , rises f rom 1200° t o 1700°. T h e a d d i t i o n of 1-2 t o 6 p e r cen t , of s i l icon t o 
hypoeu t ec t i c a l loys of c a r b o n a n d i ron causes g r a p h i t e t o s e p a r a t e in a v e r y finely 
d iv ided form, b u t w i t h h y p e r e u t e c t i c a l loys , t h e g r a p h i t e s e p a r a t e s i n n e e d l e s — 
vide supra, g r a p h i t i z a t i o n . W i t h t e r n a r y , i r o n - c a r b o n - p h o s p h o r u s a l loys , t h e 
a d d i t i o n of 1*2 t o 2*8 p e r cen t , of sil icon d i sp laces t h e p o r p h y r i t i c l ine, CE9 t o w a r d s 
t h e i ron e n d of t h e d i a g r a m , a n d a s t h e p r o p o r t i o n of si l icon increases , t h e solidi
fication r a n g e b e c o m e s sma l l e r a n d smal le r , a n d t h e p r o p o r t i o n of m o l t e n m e t a l 
which solidifies in p r i m a r y c rys ta l s is l a rger . H e n c e , w i t h compos i t i on a l m o s t u p 
t o t h e eu t ec t i c , t h e g r a p h i t e s e p a r a t e s comple t e ly f rom t h e p r i m a r y c rys t a l s , in a 
finely d ispersed fo rm. P . Oberhoffer found t h a t t h e r a n g e of ex i s tence of t h e 
y - p h a s e becomes smal le r a s t h e p r o p o r t i o n of sil icon increases , a n d d i s a p p e a r s w i t h 
al loys h a v i n g ove r 5 p e r cen t , si l icon. D . G. A n d e r s o n conc luded t h a t w i t h 
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FiGt. 4 2 6 . — T h e Effects of Si l icon on t h e C a r b o n 
i n t h e E u t e c t i c , a n d o n t h e E u t e c t i c T e m 
p e r a t u r e . 
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F i o . 4 2 7 . — T h e C o n s t i t u 
t i o n of Si l icon a n d C a s t 
I r o n . 

1-1 p e r cen t , of silicon, t h e c o m b i n e d c a r b o n in cas t i ron rose s h a r p l y a s t h e t o t a l 
c a r b o n d r o p p e d be low 3*4 p e r cen t . , a n d t h e s t r e n g t h rose s h a r p l y a s i t d r o p p e d t o 
a b o u t 2-9 p e r cen t . ; w i t h h ighe r p r o p o r t i o n s of silicon, t h e c o m b i n e d c a r b o n rose 
a s t h e t o t a l c a r b o n fell be low 2-5 pe r cen t . ; w i th 2 pe r cen t , of sil icon, t h e m a x i m u m 
s t r e n g t h co r re sponded w i t h a b o u t 1*9 p e r cen t , of c a r b o n ; a n d w i t h 2-2 p e r cen t , 
of sil icon, w i t h a b o u t 1*95 pe r cen t , of c a r b o n . Gr. T a m m a n n a n d W . Salge s t u d i e d 
t h e res idues left af ter t r e a t m e n t w i t h an acidified soln. of a m m o n i u m p e r s u l p h a t e . 
L . Gui l le t sa id t h a t t h e c o n s t i t u t i o n of silicon steels is v i r t u a l l y i n d e p e n d e n t of t h e 
p e r c e n t a g e of ca rbon , so t h a t t h e l ines s e p a r a t i n g t h e different zones a r e n e a r l y 
para l le l t o t h e c a r b o n ax i s . T h e subjec t w a s i nves t i ga t ed b y A. B . A lb ro , H . B i r n -
b a u m , M. Gr. Corson, L.. Grene t , J . L . H a u g h t o n a n d M. L . Becker , B . K j e r r m a n * 
A. K r i z a n d F . Pobor i l , E . Lissner , A. Merz a n d F . Fle ischer , N . B . Pi l l ing, T . S a t o , 
a n d T . D . Y e n s e n . B . S t o u g h t o n a n d E . S. Greiner , a n d H . S a w a m u r a g a v e 
F i g . 427 for t h e c o n s t i t u t i o n of silicon cas t i ron . F i e l d I c o n t a i n s c e m e n t i t e , 
s i l icoferri te , a n d t e m p e r c a r b o n ; -while field I I con ta in s sil icoferrite a n d t e m p e r 
c a r b o n . T h e solid soln. F e - C - S i was n o t observed . H . S c o t t f ound t h a t sil icon 
h a s a m a r k e d effect o n t h e t e m p , of t r a n s f o r m a t i o n of m a r t e n s i t e t o t r o o s t i t e . 
O. von Ke i l a n d F . K o t y z a s tud ied t h e effect of sil icon on t h e solidification of 
i r o n - c a r b o n a l loys . 

P . Oberhoffer a n d W . Oer te l e x a m i n e d t h e re -c rys ta l l i za t ion of a 4 p e r c e n t , 
sil icon s tee l showing t h e grain-size as a func t ion of t h e a n n e a l i n g t e m p . W . H . H a t 
field, a n d E . P i w o w a r s k y discussed t h e influence of t h e size of cas t ing , t h e r a t e of 
cool ing, a n d t h e ca s t i ng t e m p , on t h e p rope r t i e s of a silicified c a s t i r o n ; a n d 
V. N . K r i v o b o k , t h e re-crys ta l l iza t ion of t h e co ld-worked a l loy. E . A d a m s o n , 
A . &. All ison, O. B a u e r a n d K . Sipp, S. J . E . Dangerf ie ld a n d co-workers , D . H a n s o n , 
F . C. N i x a n d E . S c h m i d , R . T. Rolfe, H . S a w a m u r a , a n d A . S tade le r s t u d i e d t h e 
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a c t i o n of silicon o n malleable cas t i rons , e t c . T h e deoxid iz ing a c t i o n of sil icon 
w a s d iscussed b y E . A d a m s o n , H . M. B o y l s t o n , Gr. K . Burgess a n d G. W . Quick , 
J . E . Car l in , A . L . Fe i ld , C. H . H e r t y a n d co-workers , H . M. H o w e , O. v o n K e i l 
a n d F . K o t y z a , F . W . L u r m a n n , E . G. Mahin a n d F . J . Mootz , E . O u g h t e r b r i d g e , 
N . P e t i n o t , E . P i w o w a r s k y , W . E . R e m m e r s , H . Sehenck , A. E . M. S m i t h , 
T . Swinden , E . T h e w s , a n d o thers—v ide supra. F o r t h e c e m e n t a t i o n of t h e s e 
s teels , vide supra. T h e effect of p h o s p h o r u s a n d silicon w a s s t u d i e d b y 
W . H u m m i t z s c h a n d F . Saue rwa ld , O. v o n Ke i l and , R . Mi tsche , a n d B . K j e r r m a n . 

T . D . Yensen , H . Moller, a n d Z. !Nishiyama s tud i ed t h e X - r a d i o g r a m s of t h e s e 
a l loys , a n d o b t a i n e d for t h e l a t t i ce p a r a m e t e r , a ; t h e sp . gr . a t 15*1° ; a n d t h e 
e las t ic m o d u l u s , E k g r m s . p e r sq. c m . : 

Si . . . O 1 2 4 0 8 p e r c e n t . 
« . . . 2-869 2-868 2-866 2-864 2-858 2-847 A . 
S p . g r . . . 7-8610 7-7933 7-7344 7-5677 7-5053 7-4258 
JS/X 10~ a . 2-157 2-164 2 1 9 4 2-175 2-205 2 1 0 3 

H . Moller, E . R . J e t t e a n d E . S. Gre iner , a n d F . W e v e r a n d H . Moller s t u d i e d 
t h e c r y s t a l l a t t i ce of F e S i . F . C. N i x , a n d A . T . L o w z o w s t u d i e d t h e mic ro -
s t r u c t u r e a n d t h e t e x t u r e of t h e a l loys ; F . K.6rber, t h e e t ch ing colours ; a n d 
T. A. Wi l son , t h e o r i e n t a t i o n of t h e c rys t a l s . 

T h e sp . g r . of t h e iron-si l icon a l loys w a s p rev ious ly d iscussed . W . B r o w n g a v e 
for a s teel w i t h 0*028 C a n d 0-07 Si , t h e sp . g r . a n d sp . vo l . respec t ive ly 7-8771 
a n d 0-12695 ; w i t h 0-020 C a n d 2-50 Si , r e spec t ive ly 7-6934 a n d 0-12998 ; a n d 
w i t h 0-26 C a n d 5-50 Si , 7*5100 a n d 0-13315, so t h a t a n increase u p t o 5*5 pe r cen t , 
si l icon increases t h e s p . vo l . b y O-OOll c.c. p e r 1 p e r cen t , sil icon. P . P a g l i a n t i 
sa id t h a t t h e sp . gr . decreases 0-058 p e r 1 p e r cen t , inc rease of silicon. J . R o t h e , 
a n d B . S i m m e r s b a c h m a d e o b s e r v a t i o n s o n t h i s sub jec t . E . Guml ich r ep re sen t ed 
t h e r e l a t ion b e t w e e n t h e sp . gr. , JD, a n d t h e pe r cen t . , p c o n t e n t s , by X>=7-874 
—0-0622p. Accord ing t o W . J . K e e p , a n d R . A . Hadf ie ld , h igh pe rcen t ages of 
si l icon in t h e cas t or forged m e t a l cause a cons iderab le increase in sh r inkage or 
c o n t r a c t i o n . P . P a g l i a n t i obse rved t h a t t h e Br ine lFs h a r d n e s s increases a b o u t 
3-5 u n i t s for even 0-1 p e r cen t , r ise in t h e p r o p o r t i o n of silicon. F . R o b i n s t ud i ed 
t h e acous t i c p rope r t i e s a n d found t h a t t h e m e t a l becomes a p h o n i c w h e n 1 p e r cen t , 
si l icon h a s been a d d e d . I n a d d i t i o n t o t h e obse rva t ions of R . A . Hadf ie ld on t h e 
m e c h a n i c a l p rope r t i e s of t h e iron-si l icon al loys , m e n t i o n e d in connec t ion w i t h t h e 
i ron silicides, obse rva t i ons -were also r e p o r t e d b y L . Gruillet. T . T u r n e r m e a s u r e d 
t h e s p . gr . of s i l icon- i ron-carbon al loys , a n d t h e r e su l t s a r e i nd ica t ed below. 
O b s e r v a t i o n s were also m a d e b y A. A b r a h a m , J . O. Arno ld , C. Bedel , R . A. Hadf ie ld , 
E . H e y n , K . v o n K e r p e l y , A. T . Lowzow, A. L . N o r b u r y a n d E . Morgan , J . B o t h e , 
E . H . Schulz a n d F . B o n s m a n n , A . Schulze , M. v o n Schwarz , a n d A. W a h l b e r g . 
C. B e n e d i c k s ' r e su l t s a r e s u m m a r i z e d in F i g . 186. M. v o n Schwarz gave for t h e 
i ron-si l icon al loys, a t 18° : 

Si l icon . 0-2 2 0 15-O 29-3 40-2 51-8 65-9 79-4 93-4 1OO p e r c e n t . 
S p . g r . . 7-883 7-784 7-032 6 1 9 8 5-378 4-406 3-367 2-787 2-363 2-309 

E . W i d a w s k y a n d F . S a u e r w a l d found t h a t t h e i n t r o d u c t i o n of 1 p e r cen t , of 
si l icon ra ises t h e s p . vo l . of t h e i r o n - c a r b o n a l loys 0*0010 c.c. pe r g r a m . T h e 
s u b j e c t w a s s t u d i e d b y C. Bened i cks a n d N . a n d C E r i c s o n , a n d W . Denecke . 
O. H e n g s t e n b u r g f o u n d : 

Sil icon . . 25 33-4 50-1 61-5 9 5 0 p e r c e n t . 
S p . vo l . . . 0 1 5 5 0 1 6 5 0-213 0-254 0-419 

T . T u r n e r m e a s u r e d t h e h a r d n e s s of t h e i ron-s i l icon-carbon al loys a n d h e 
found , o n t h e sc l e romete r scale : 

Sil icon . 0 1 9 0*45 0-96 1-96 2-51 3-92 4-74 7-83 9-80 p e r c e n t . 
Oraphite . 0-38 O-IO 0-24 1-62 1 1 9 1-81 1-66 1-48 1 1 2 
Comb. C . 1 0 0 1-90 1-85 0-56 0-68 0-20 0-37 0-38 0-69 
Hardness . 72 52 4 2 2 2 22 27 32 42 57 
S p . gr. . 7-719 7-670 7-630 7*350 7*388 7-218 7-17O 7 1 3 8 6-924 
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Observations on the hardness were also made by A. Ledebur, R. A. Hadfield, 
A. Wahlberg, G. Tammann and V. Caglioti, K. Taniguchi, and H. O'NexL 
E. Sohnchen and E. Piwowarsky found that the hardness of iron-carbon alloys is 
almost halved by the addition of 1 per cent, of silicon, but further additions 
reduce the hardness more slowly. According to T. D. Yensen, if N denotes 
Brinell's hardness of alloys with [Si] per cent, of silicon, [Si]==0-092(iVr—86) 0-777 
at 20°. A. Krtiger discussed the age-hardening of silicon steels; H. O'Neil the 
effect of annealing on cold-worked single crystals of the alloys. The elastic limit, 
and tensile strength are expressed in kilograms per sq. mm. ; and the elongation, 
and reduction in area in percentages. Observations were also made by A. Abraham, 
T. Baker, G. A. Bisset, P. Blum, F. Bonsmann, G. Charpy and A. Cornu-Th«mard, 
L. M. Clark, H. I. Coe, A. L. Colby, S. J. E. Dangerfield and co-workers, 
E. Delaroziere, E. Biepschlag and F. Eggert, P. Eyermann, I. Fetchenko-
Tchopiwsky, J. E. Fletcher, F. L. Garrison, H. W. Gillett, N. G. Girshovich and 
E. K. Vidin, R. C. Good, W. Haufe, R. H. Holbrock, G. R. Johnson, J. A. Jones, 
A. Jouve, K. von Kerpely, P. Kleiber, F. Korber and A. Pomp, H. Koppenberg, 
E. Lemaire, J. V. McCrae and R. L. Dowdell, T. Meierling and W. Denecke, 
J. Meiser, A. L. Norbury, F. Rapatz and H. Pollack, W. E. Ruder, F. Sauerwald, 

T A B L E L X I . — M E C H A N I C A L P E O P E B T I B S O F S I L I C O N - I R O N A L L O Y S . 

Silicon 
(per cent.) 

OOOl 
OOIO 
0 - 0 9 0 
0 - 2 3 0 
0 - 4 0 0 
0 - 6 7 3 
0 - 8 2 2 
1 -710 
2 - 7 3 0 
3 - 4 0 
4 . 4 4 
4 - 9 0 
6 - 5 7 

Elastic limit 
(kgrms. per sq. ram.) 

1 1 - 5 3 
1 1 - 2 8 
1 0 - 0 5 
1 0 - 4 8 
1 8 - 2 8 
1 8 - 6 6 
1 8 - 4 2 
2 5 - 0 7 
3 5 0 1 
4 0 1 3 
5 1 - 2 6 
3 3 - 5 3 

9 1 3 

I Tensile strength 
(kgrms. per sq. mm.) 

2 6 - 3 8 
2 4 - 5 3 
2 4 - 8 8 
2 4 - 9 5 
2 9 - 5 3 
3 1 - 8 0 
3 1 - 7 4 
3 8 - 1 4 
4 7 - 6 6 
5 4 - 4 9 
6 4 - 3 8 
3 3 - 5 3 

9 1 3 

I Elongation 
(per cent.) 

6 1 
5 3 
6 4 
6 0 
55 
4 5 
5 O 
5 0 
1 9 
2 1 
2 4 

O 
0 

Reduction of area 
(per cent.) 

8 0 - 9 
8 1 - 5 
9 4 - 8 
8 4 - 7 
9 1 0 
8 8 - 2 
9 1 - 6 
9 0 - 6 
15 -5 
2 8 - 7 
2 5 - 1 

I ° 0 

E. H. Schulz and H. Buchholtz, E. H. Schulz and co-workers, E. K. Smith and 
H. C. Aufderhaar, K. Tamaru, A. Ie Thomas, T. Turner, A. Wahlberg and 
E. Heyn, C. Wallmann, and R. Wasmuht; while P. Paglianti's results for soft 
iron are summarized in Table LXI. T. D. Yensen's results with silicon-iron 
alloys containing only 0-01 per cent, of carbon, melted in vacuo, are shown in 
Figs. 428 and 429. There is in all cases a critical point with about 2-60 per 
cent, of silicon, when the alloys are comparatively brittle. The maximum tensile 
strength, 10,500 lbs. per sq. in., occurs with a silicon-content of 4*5 per cent. 
W. Giesen observed that silicon steel of pearlitic structure with up to 6 per cent, 
of silicon has an exceedingly low tensile strength, elastic limit, elongation, and 
hardness—only the breaking strength and brittleness increase with the silicon-
content. Silicon steels "with 6 to 8 per cent, of silicon and with a pearlitic and 
graphitic structure, and silicon steels with over 8 per cent, of silicon with a 
graphitic structure have no useful industrial applications, but the non-graphitic 
steels have a limited application. In the case of iron, the toughness increases until 
the silicon has attained 4-5 per cent., and any excess beyond that decreases the 
toughness. With over 4-5 per cent, of silicon, the hardness increases rapidly, and 
the metal has a tendency to fracture. Every increase of the elastic limit and 
tensile strength decreases the elongation ; and with 4-5 per cent, of silicon, the 
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elongation and reduction of area fall t o zero. Z. Nishiyama's values for t h e elastic 
constant are indicated above. J . J. Porter discussed the effect of silicon on the 
fluidity of the molten a l loy. 

We#udttoha)rea\ (fbrgr&)7~\ . 
ansa tenhcalea/J 

* \UltJ/na±eeLon^t/o/?~^ 

Olt/mateetongat/bn 
(annealeaJ-

1 ''one necAing_ 
:(for&e&> I 
'annealed'J — 

3 * 
Per cent, s JUcon 

3 4 
/ 2 v cent, s/l/con 

F i o s . 4 2 8 a n d 4 2 9 . — M e c h a n i c a l P r o p e r t i e s of S i l i c o n - I r o n A l l o y s M e l t e d i n Vacu< 
F o r g e d a n d A n n e a l e d a t 9 7 0 ° . 

5 6 7 

G. C h a r p y a n d A. C o r n u - T h e n a r d found t h a t t h e d i l a t ion curves of i ron-si l icon 
al loys show t h a t t h e a d d i t i o n of silicon t o i ron does n o t app rec i ab ly affect t h e coeff. 
of expans ion b e t w e e n 0° a n d 700° ; while w i t h 3*9 p e r cen t , of silicon, t h e metal 
s h o w s n o d i l a t i o n a l a n o m a l y . 
e x p a n s i o n X 1 0 6 a r e a s f o l l o w : 

S i l i c o n . . . . 
2 0 ° - l 0 0 ° 

1 0 0 0 - 3 0 0 ° 
3 0 0 0 - 6 0 0 ° 

A . S c h u l z e ' s v a l u e s f o r t h e coe f f . o f t h e r m a l 

0 - 0 8 1 0 3 2 - 4 0 8-37 p e r c e n t . 
1 2 - 6 1 1 2 - 2 9 1 2 0 3 1 1 - 3 1 x 1 0 - « 
1 3 - 6 4 1 3 - 4 1 1 3 - 3 2 1 2 - 7 3 X 10~« 
1 6 0 1 1 5 O O 1 4 - 7 6 1 4 1 9 X 1 0 - « 

A. Ju. N o r b u r y a n d E . Morgan s tud i ed t h e effect of silicon on t h e g r o w t h of cas t 
i ron . W . B r o w n obse rved t h a t t h e sp . h t . of t h e a l loys w i t h 0-028 C a n d 0-07 Si 
is 0 1 1 3 4 ; w i th 0*20 C a n d 2-50 Si, 0 1 2 0 0 ; a n d w i t h 0*26 C a n d 5-50 Si, 0 1 1 9 4 . 
This shows t h a t a n increase of u p t o 2 pe r cen t , of silicon raises t h e sp. h t . 0-003 p e r 
1 pe r cen t . Si, a n d t h a t fu r the r add i t i ons h a v e v e r y l i t t le effect. Obse rva t ions 
were m a d e b y M. P a d o a , a n d G. T a m m a n n a n d V. Cagliot i . 

I n a d d i t i o n t o t h e obse rva t ions on t h e electr ical res i s tance ind ica t ed in con
nec t ion w i th t h e i ron silicides, A. Schulze, a n d E . K o l b e n m a d e some m e a s u r e 
m e n t s ; J . H . P a r t r i d g e observed t h a t silicon raises t h e electrical res i s tance of 
i ron ; a n d T. D . Y e n s e n found for t h e res i s tance a t 20°, -R mic rohms : 

S i . . 0 - 0 0 1 O O 1 0 0 - 0 6 8 O-148 0 - 4 7 2 1-74 3 - 5 5 4 - 9 2 p e r c e n t . 
JR . . 9 -83 9 -89 1 0 - 7 6 11-8 16 -2 3 1 - 2 5 1 - 5 6 6 - 5 

so t h a t t h e sp . res i s tance increases a b o u t 13 m i c r o h m s for t h e first p e r cent , of 
silicon a d d e d ; a n d a b o u t 11 m i c r o h m s for each a d d i t i o n a l pe r cen t , a d d e d . 
H . Ie Chate l ier , a n d E . Guml ich found a n increase in t h e res i s tance of 14-O m i c r o h m s 
pe r cm. cube for 1 p e r cent , of sil icon ; W . F . B a r r e t t g a v e 10*3 ; C. F . Burgess 
a n d J . A s t o n , 12-0 ; P . P a g l i a n t i , a n d T . D . Yensen , 13-0 ; a n d A. L . N o r b u r y , 
13-5 for t h e bes t r e p r e s e n t a t i v e v a l u e . Accord ing t o T . D . Yensen , if R m i c r o h m s 
p e r cm. cube be t h e res i s tance a t 22°, a n d [Si] t h e p e r c e n t a g e of silicon in t h e 
a l loy, [Si] =0*0544(12—9-6) if R b e 16*05 or less, a n d in o t h e r cases [Si] = 0 * 3 5 
-f-0*09(.JK—12-16). E . Li. D u p u y and A. M. Portev in found t h e thermoelectric 
force of silicon s teel aga in s t copper , expressed i n mil l ivol ts , t o b e : 

Annealed Hardened 

0-2 C a r b o n !

0-4 fO-41 
•93 
•06 

16*12 

0*8 C a r b o n | g * . J 2 

r 

— 80° 
. + 2 1 0 

— 2-9O 
— 4 - 8 0 
— 6*80 

. — 3 - 4 0 

. — 8 - 2 0 

ioo° 
— 0-3© 
— 6*10 
— 8*28 

— 1 0 * 8O 
— 6-OO 

— 12*00 

— 80° 
- f - l l O 
— 1-3O 
— 6 0 0 
— 6-9O 

— 8-90 

ioo° 
— 0 - 9 0 
— 5-OO 
— 8-4O 

— 10-40 

— 10-79 
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O b s e r v a t i o n s w e r e m a d e b y E . S e d s t r o m . T . C . M a c k a y f o u n d t h e i n c r e m e n t 
i n t h e H a l l effect t o b e p r o p o r t i o n a l t o t h e p e r c e n t a g e of c o n t a i n e d s i l i c o n u p t o 
5 p e r c e n t . A . W . S m i t h s t u d i e d t h e e f fec t of t e m p , o n t h e H a l l e f f e c t . 
T . I>. Y e n s e n g a v e f o r p u r i f i e d i r o n , a n d i r o n w i t h 4 p e r c e n t , of s i l i c o n : i n i t i a l 
p e r m e a b i l i t y , 70O a n d 4 4 0 r e s p e c t i v e l y ; m a x i m u m p e r m e a b i l i t y , 2 6 , 0 0 0 a n d 
1 5 , 5 0 0 ; s a t u r a t i o n v a l u e , 2 2 , 6 0 0 a n d 2 5 , 0 0 0 ; h y s t e r e s i s l o s s ( e r g s p e r c . c . p e r 
c y c l e fo r J B = 1 0 , O O 0 ) , 6 0 0 a n d 5 0 0 ; r e t e n t i v i t y , 8 6 0 0 a n d 52OO ; c o e r c i v e f o r c e , 
0 - 2 0 a n d 0 - 1 5 g i l b e r t s p e r c m . ; e l e c t r i c a l r e s i s t a n c e , 1 0 a n d 5 5 m i c r o h m s a t 2 0 ° ; 
a n d s p . g r . , 7*9 a n d 7 -6 . . . . 

T h e m a g n e t i c p r o p e r t i e s of t h e s i l i c o n - i r o n a l l o y s w e r e d i s c u s s e d i n c o n n e c t i o n 
w i t h t h e i r o n s i l i c i d e s . O b s e r v a t i o n s w e r e a l s o m a d e b y E . K o l b e n , R . P o h l , 
A . J o u v e , F . E . R a v e n , K . D a e v e s , H . S c o t t , W . F . B a r r e t t , F . C . C a l d w e l l , 
J . H . H r u s k a , M . O t t o , J . C . S t e a r n s , T . D . Y e n s e n , W . E . R u d e r , J . D . B a l l a n d 
W . E . R u d e r , T . S p o o n e r , W . A . W o o d , R . C a z a u d , E . P e t e r s o n , H . D . H i b b a r d , 

H . d e N o l l y a n d M . V e y r e t , M . F a l l o t , 
[60000 

40000 

20000 

15000 

10000 

S000 

0-4\ 

\0* Egf^H 
-4~. 

Z000 

/000 M 

'M440-

^m 

M . A . H u n t e r a n d J . W . B a c o n , 
E . G e r o l d , M . v o n M o o s a n d c o - w o r k e r s , 
S . R . W i l l i a m s , C . H . W i l l i s , H . F . P a r -
s h a l l , P . R e u s c h , H . N a t h u s i u s , F . G o l t z e , 
J . H . P a r t r i d g e , O . v o n A u w e r s , 
C . F . B u r g e s s a n d J . A s t o n , G . J . S i z o o , 
P . P a g l i a n t i , R . B e c k e r a n d H . F . W . 
F r e u n d l i c h , C . B e d e l , e t c . T h e r e s u l t s 
of T . D . Y e n s e n a r e s u m m a r i z e d i n 
F i g . 4 3 0 , w h e r e t h e m a g n e t i c p e r m e 
a b i l i t y i s e x p r e s s e d i n t e r m s of JJL — BJH ; 
t h e flux d e n s i t y a n d r e t e n t i v i t y i n 
g a u s s e s ; t h e c o e r c i v e f o r c e i n g i l b e r t s 
p e r c m . ; a n d t h e h y s t e r e s i s l o s s i n e r g s 
p e r c . c . p e r c y c l e . T h e b e s t a l l o y s 
c o n t a i n e d O-15 a n d 3 -40 p e r c e n t , of 
s i l i c o n , a n d w e r e a n n e a l e d a t 1 1 0 0 ° . 
T h e m a x i m u m p e r m e a b i l i t y f o r b o t h 
a l l o y s i s o v e r 5 0 , 0 0 0 , a n d t h e h y s t e r e s i s 
l o s s f o r Bmax,t 1 0 , 0 0 0 a n d 1 5 , 0 0 0 , i s 
a b o u t 3 0 0 a n d 10OO e r g s p e r c . c . p e r 
c y c l e r e s p e c t i v e l y . T h i s h y s t e r e s i s l o s s 
i s r e s p e c t i v e l y o n e - e i g h t h a n d o n e - t h i r d 
of t h e c o r r e s p o n d i n g l o s s f o r s i l i c o n 
s t e e l . E . G u m l i c h f o u n d t h a t a l l o y s 
w i t h p p e r c e n t , s i l i c o n — f o r v a l u e s of 
p u p t o 5 p e r c e n t . : — t h e s a t u r a t i o n 

v a l u e 4 7 r / m a x . — 2 1 , 6 0 O — 4 8 O p . A . S c h u l z e s t u d i e d t h e m a g n e t o s t r i c t i o n , a n d a l s o 
t h e e f fec t of t h e i n t e n s i t y a n d c o n c e n t r a t i o n of m a g n e t i z a t i o n ; T . S p o o n e r 
s t u d i e d t h e e f fec t of t e m p , o n t h e i n d u c t i o n ; E . P . T . T y n d a l l , t h e B a r k h a u s e n 
e f f e c t ; L . N e e l , t h e C u r i e p o i n t ; O . v o n A u w e r s , t h e i n f l u e n c e of g r a i n - s i z e o n t h e 
m a g n e t i c p r o p e r t i e s ; a n d J . D . B e l l , t h e m a g n e t i c r e l u c t i v i t y , t h a t i s , t h e i n v e r s e 
of t h e m e t a l l i c p e r m e a b i l i t y , fx—1, of s i l i c o n s t e e l . 

E . M a r t i n s t u d i e d t h e a b s o r p t i o n of h y d r o g e n a n d n i t r o g e n b y s i l i c o n s t e e l s 
a n d f o u n d t h a t t h e r e i s a s m a l l r i s e i n t h e s o l u b i l i t y of t h e g a s e s i n m o l t e n i r o n 
f o r s m a l l q u a n t i t i e s o f s i l i c o n , b u t -with h i g h e r p r o p o r t i o n s t h e s o l u b i l i t y i s l e s s 
t h a n i t i s f o r p u r i f i e d i r o n . W i t h n i t r o g e n i n a . - i ron , h o w e v e r , t h e s o l u b i l i t y of 
n i t r o g e n i s g r e a t e r t h a n i t i s f o r i r o n a l o n e . L . B . P f e i l o b s e r v e d t h a t a t h r e e - l a y e r 
s c a l e — v i d e supra—is f o r m e d w h e n s i l i c o n s t e e l i s h e a t e d i n a i r f o r s o m e h o u r s a t 
1 0 0 0 ° ; n o s i l i c o n a p p e a r s i n t h e t w o o u t e r l a y e r s , b u t a l l i s c o n c e n t r a t e d i n t h e 
i n n e r m o s t l a y e r w h e r e i t o c c u r s a b o u t t h r e e t i m e s m o r e c o n c e n t r a t e d t h a n i n t h e 

F l Q . 

/ 2 3 
Fierce/it. s/l/co/7 

4 3 0 . — M a g n e t i c P r o p e r t i e s of t h e 
I ron-S i l i con A l l o y s . 



I R O N 5 6 9 

or ig ina l s teel . P r o b a b l y some fe r rous s i l icate w a s fo rmed i n t h e i n n e r l aye r . I n 
1838, R . Mal le t f ound t h a t i r on r ich in si l icon is n o t r ead i ly a t t a c k e d b y ac ids ; a 
p r o t e c t i v e sk in of silica m a y b e found . T . T u r n e r f o u n d t h a t p ig- i ron c o n t a i n i n g 
18 p e r cen t , of silicon w a s n o t a p p r e c i a b l y r u s t e d a f te r a few y e a r s ' e x p o s u r e t o 
t h e a i r of t h e l a b o r a t o r y . J . A. N . F r i e n d a n d C. W . Marsha l l o b s e r v e d t h a t if 
a l lowance be m a d e for t h e t e n d e n c y of silicon in cas t i ron t o t h r o w o u t c a r b o n a s 
g r a p h i t e , t h e presence of 1*24 t o 2*28 p e r cen t , of silicon e x e r t s n o a p p r e c i a b l e 
influence o n t h e cor rodib i l i ty of t h e m e t a l e i the r in n e u t r a l o r ac id ic m e d i a . O n 
t h e o t h e r h a n d , t h e p resence of 0-12 t o 0-13 p e r cent , of silicon i n m i l d s teel 
e n h a n c e s i t s res i s tance t o a t m o s p h e r i c corros ion, a n d t o sea -wa te r . O b s e r v a t i o n s 
were also m a d e b y F . Ulzer a n d E . B a d e r l e , M. v o n Schwarz , a n d by C F . Bu rges s 
a n d J . A s t o n , w h o f o u n d t h a t w i t h i ron a l loyed w i t h silicon : 

Sil icon 
Ac id corrosion 
A t m . corrosion 

O 
. 1-30O 
. 0-499 

0-233 
1-63O 
0-509 

1 1 9 0 
1-190 
0-307 

1-897 
1-800 
0-606 

2*826 
1-270 
0-635 

F i a . 431 . -

w h e r e t h e ac id corros ion refers t o t h e loss in g r a m s p e r sq. d m . w h e n i m m e r s e d 
for a n h o u r i n 2O p e r cen t , su lphu r i c ac id ; a n d t h e a t m . corrosion refers t o t h e 
loss in k g r m s . pe r sq. m e t r e p e r y e a r w h e n exposed 162 d a y s f rom J u l y to F e b r u a r y . 
H . F r o m m s t u d i e d t h e scal ing of si l icon s teels . P . A s k e n a s y n o t e d t h e res i s t ance 
of silicized i ron t o s t e a m a t 1000°. 
P . K o t z s c h k e found t h a t 1*5 t o ^"* 
3*0 p e r cen t , of sil icon in cas t 
i ron does n o t influence t h e r a t e 
of cor ros ion in hydroch lo r i c ac id ; 
in cone , a lka l i - lye , sil icon in 
cas t i ron is s t r o n g l y a t t a c k e d . 
O. Li. K o w a l k e sa id t h a t 16 t o 
20 pe r cen t , of si l icon g ives t h e 
m a x i m u m res is tance t o corros ion 
b y su lphur i c , hydroch lo r i c , n i t r i c , 
ace t ic , a n d ci t r ic ac ids , a n d his 
r e su l t s a r e s u m m a r i z e d in F i g . 
4 3 1 . T h e res i s tance of silicon-
i ron a l loys t o ac ids w a s discussed 
b y A . tTouve, J . Hof fmann , 
S. J . T u n g a y , P . Bres , A. Mang in , W . Schreck , P . K o t z s c h k e , P . K o t z s c h k e 
a n d E . P i w o w a r s k y , H . G. H a a s e , H . E n d o , W . D e n e c k e , M. G. Corson, 
E . P i w o w a r s k y , G. K r e b s , E . L e u e n b e r g e r , M. S p a n n e r a n d M. G o l t e r m a n n , 
T . F . B a n i g a n , C. M a t i g n o n , E . Becke r , a n d J . W . H i n c h l e y . E . H . Schulz a n d 
F . B o n s m a n n found t h a t t h e r e s i s t ance of si l icon s tee ls t o ac ids a n d acidified 
w a t e r is smal l , b u t i t c a n be i m p r o v e d b y t h e a d d i t i o n of 0-3 p e r cen t , of 
coppe r . Accord ing t o W . D . R i c h a r d s o n , a n d W . H . Hat f ie ld , ca s t i ron c o n t a i n i n g 
si l icon is less r ead i ly a t t a c k e d b y n i t r i c ac id , a n d m o r e r e a d i l y a t t a c k e d b y h y d r o 
chlor ic ac id t h a n is t h e case w i t h i r on of a h ighe r degree of p u r i t y . A. J o u v e 
o b s e r v e d t h a t i ron w i t h 20 p e r cen t , of si l icon is n o t r e ad i l y a t t a c k e d b y ac ids . 
T h u s , w i t h 20 p e r cen t , n i t r i c ac id , t h e a l loy lost 0*6 p e r c en t , i n 12 h r s . ; a n d 
0*9 p e r cen t , in 48 h r s . W i t h 12 a n d 24 h r s / e x p o s u r e t o cone , n i t r i c ac id , t h e 
losses we re r e spec t ive ly 0-0215 a n d 0-0142 p e r c en t . ; n i t r i c ac id (1 : 1), 0-0243 
a n d 0-0168 p e r c en t . ; cone , s u l p h u r i c ac id 0-1174 a n d nil p e r cen t . ; su lphu r i c 
ac id (1 : 1), 0-0975 a n d nil p e r cen t . ; t a r t a r i c ac id , nil p e r cen t . ; ace t ic ac id , 
0-0958 a n d 0-460 p e r cen t . ; a n d oxa l ic ac id , 0-0676 a n d nil pe r cen t . H y d r o 
fluoric ac id w a s t h e on ly sa t i s f ac to ry so lven t . Y . U t i d a a n d "M. Sai to m e a s u r e d 
t h e g a i n i n w e i g h t i n g r a m s p e r s q . c m . w h e n a l loys w i t h a b o u t 0-05 pe r cen t . 
carbon a r e h e a t e d for an hour a t 1100° : a n d also t h e loss in weight in g r a m s p e r 

/3 XS/ 
- T h e A c t i o n of Ac ids o n t h e Iron-Sil icon 

Al loys . 
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sq. cm., when t h e a l loys a r e i m m e r s e d i n 10 p e r cen t , a c id s for 24 h r s . T h e y 
found : 

Silicon 
A t 1 1 0 0 ° i n a i r . 
H N O 3 
H C l 
H 8 S O 4 

O 
0 0 2 1 2 

. 0 - 9 3 8 0 
0 0 7 1 2 
OO09O 

1-33 
0 0 4 0 5 
0 - 6 8 3 0 
0 1 1 1 5 
0 1 7 6 2 

4 - 1 6 
0 - 0 0 2 5 
0 - 4 7 7 5 
O-1038 
0 - 1 2 5 6 

7-OO 
0 0 0 1 9 
0 - 4 4 8 5 
0 0 6 4 8 
0 - 1 0 4 1 

9 - 8 8 
O 0 0 1 2 
0 - 2 8 1 8 
O-0397 
0 - 0 5 1 3 

13*02 p e r c e n t 
O-0O09 
0 - 1 8 9 7 
0 - 0 2 7 4 
0 0 1 6 7 

H . E n d o m e a s u r e d t h e losses in we igh t in g r a m s p e r sq . c m . d u r i n g 5 h r s . ' a c t i o n , 
a t o r d i n a r y t e m p . , of a l loys w i t h 0*45 t o 0*55 p e r cen t , of c a r b o n , a n d different 
p r o p o r t i o n s of sil icon. E . H . Schulz a n d W . J e n g e r e p r e s e n t e d b y F i g . 4 3 3 t h e 
loss in g r a m s f rom a si l icon-iron a l loy 2O m m . d i a m e t e r b y 125 m m . l e n g t h i n 
5 p e r cen t , bo i l ing hydroch lo r i c ac id . T h e cor ros ion of t h e s e a l loys w a s s t u d i e d 
b y H . H . A b r a m , P . Askenasy , J . A. A u p p e r l e , T . F . B a n i g a n , W . C. Carne l , 
M. G. Corson , H . E . Dil ler , G. M. E n o s , J . E s c a r d , F . E s p e n h a h n , A . B . E v e r e s t 
a n d co-workers , H . G. H a a s e , R . A. Hadf ie ld , W . H . Hat f ie ld , F . K o r b e r 
O. I J . K o w a l k e , W . Mason , C. M a t i g n o n , B . N e u m a n n , W . Oer te l a n d K . W i i r t h , 
W . E . P r a t t a n d J . A . P a r s o n s , W . D . R i c h a r d s o n , P . D . Schenck , E . H . Schu lz 
a n d W . J e n g e , G. T a m m a n n , J . G. T h o m p s o n , a n d R . W a l t e r . A . M. P o r t e v i n 
a n d A. San fou rche s t u d i e d t h e ac t i on of phospho r i c ac id . F . K o r b e r s t u d i e d t h e 
e t ch ing films p r o d u c e d b y a n a lka l ine p i c r a t e soln. P . K o t z s c h k e a n d E . P i w o -
w a r s k y o b s e r v e d t h a t t h e p e r c e n t a g e of si l icon shou ld b e k e p t a s low as poss ib le 
(below 1-5 p e r cent . ) for g rey cas t i ron t o h a v e t h e b e s t r e s i s t ance t o cor ros ion b y 
ac ids a n d sa l t soln.—vide supra. T . F . B a n i g a n e x a m i n e d t h e a c t i o n of s u l p h u r i c 
ac id o n i ron . M. W u n d e r a n d B . J e a n n e r e t s t u d i e d t h e a c t i o n of p h o s p h o r i c a c i d 
on ferrosilicon ; a n d W . H u m m i t z s c h a n d F . S a u e r w a l d s t u d i e d t h e t e r n a r y 
s y s t e m : iron—phosphorus—silicon. J . G. T h o m p s o n a n d co-workers s t u d i e d t h e 
ac t i on of soln. of u r e a a n d of a m m o n i u m c a r b o n a t e ; W . G. Imhoff, t h e a c t i o n of 
m o l t e n z inc ; a n d J . A. H e d v a l l a n d F . I l a n d e r , t h e a c t i o n of c a l c ium ox ide . 

T h e a v e r a g e compos i t ion of t h e i ron-si l icon a l loy tantiron is said t o c o n t a i n : 
Silicon 

14 t o 15 
Total Carbon 
0-20 t o 0-6O 

Manganese 
O20 t o 0-35 

Phosphorus 
0 1 6 t o 0-20 

Sulphur 
0-05 p e r c e n t . 

50XFe 

FeAU 

t o h a v e a tens i le s t r e n g t h a b o u t 25 p e r cen t , less t h a n ca s t i ron ; a n i m p a c t t e s t 
of 8 t o 10 ft . lbs . for J - in . b a r s ; n o t t o r u s t e x c e p t a t t h e skin ; a n d t o b e b u t 
l i t t l e affected b y su lphu r i c , n i t r i c , or ace t i c ac id s—cone , or d i l . , co ld or h o t . 
Li. L e p r o v o s t s t ud i ed t h e cor rodib i l i ty of t h e i ron-copper-s i l i con a l loys a n d found 
t h a t t h e 78 : 8 : 16 a l loy res is t s n i t r i c a n d o rgan ic ac ids v e r y well , b u t is r a p i d l y 
a t t a c k e d b y hydroch lo r i c ac id . P . L e b e a u o b s e r v e d t h a t a silicide, or i r o n is 

so luble in silicide of copper , a n d crys ta l l izes o u t 
o n cooling. 

A. G. C. G w y e r a n d H . W . L . Ph i l l ips s t u d i e d 
t h e c o n s t i t u e n t s of t h e a lu jn in ium-s i l i con- i ron 
a l loys c a s t a t r o o m t e m p . , a n d t h e y o b s e r v e d t h e 
ex i s tence of a l u m i n i u m sil icide, a n d i r o n t r i -
a l u m i n i d e , a s well a s of v a r i o u s solid soln . , 0 t o 
100 pe r cen t , si l icon, a n d 0 t o 100 p e r c e n t . 
a l u m i n i u m . H . E n d o obse rved a 3 t o 4 p e r 
cen t , c h a n g e i n vol . d u r i n g t h e m e l t i n g or freezing 
of siVumin, a n a l loy of i ron , a l u m i n i u m , a n d 
silicon (0-5 : 87-5 : 12). H . C. H . C a r p e n t e r a n d 
C. C. S m i t h , D . H a n s o n , E . H . D i x , P . D . Mer ica 
a n d co-workers , V . F u s s , W . L.. F i n k a n d 

. „ _. _ ^ n K . R . v a n H o r n , E . H . D i x a n d A . C. H e a t h , 
j - * J C T ^ y ° r a n d H - w - k - Phi l l ips , a n d W . R o s e n h a i n a n d co -worke r s a l so 

s t u d i e d t h e i ron-a luminium-s i l i con a l loys . T h e p h a s e s i nc lude a. a n d 8 so l id so ln . 
of i r on a n d sil icon. T h e X - r a d i o g r a m s i n d i c a t e t h a t t h e cx-phase i s a so l id so ln . 

/OQXAl 50%St 

F i o . 4 3 2 . — P h a s e Re la t ions a t 560° 
i n t h e S y s t e m : F e - A l - S i . 
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of silicon in FeAl3, whilst the ^S-phase is a ternary so In. with an excess of 
aluminium. E . H . X>ix and A. C. Hea th ' s diagram of the phase relations a t 560° 
is shown in Fig. 432. The nitridization of these alloys was studied by T. Oerten-
blad J and W. Hummitzsch and F . Sauerwald, and F . Sauerwald and co-workers 
studied the iron-phosphorus-silicon alloys and found Fe-Fe 2Si-FeSi is an 
independent ternary system ; Fe 2 P and FeSi is quasi-binary ; and Fe 3 P-FeSi is 
not quasi-binary. There is a ternary eutectic with 6-35 per cent. Si, 7*45 per 
cent. P , and 86-20 per cent. Fe , a t 1018°. 

The iron-titanium alloys, and the preparation of ferrotitanium were discussed 
in connection with t i tanium—7. 41, 3 and 6. C. J . B. Kars ten 1^ observed t h a t 
traces of t i tanium occur in many varieties of cast iron ; and E . Riley found t h a t 
some t i tanium is also present in some cast irons. M. Faraday and J . Stodart did 
not succeed in alloying t i tanium with steel, by intensely heating a mixture of steel 
filings, rutile, and a little charcoal. J . Percy did not succeed any better. Some 
of M. Faraday and J . Stodart 's alloys were examined by R. A. Hadfield. R. Mushet 
obtained a titaniferous steel or iron by heating titaniferous iron sands, like the 
New Zealand titaniferous sand, with iron or steel and some carbonaceous matters . 
R. Mushet obtained a number of patents for the application of t i tanium to the 
manufacture of iron or steel ; and its manufacture was studied by A. J . Rossi, 
P . Girod, E . Bahisen, C. Grandjean, G. H. Stanley, J . B. ISTau, W. Heym, P . Ober-
h offer, J . Challansonnet, G. T. Holloway, W. Venator, E. von Maltitz, E. H. Rother t , 

^ 0-008\ 

^ 0'006\ 

S 0-004 

S 0-002 

0 

nsmr 

\t 

•<* 7 
s*T 

^y 

& 
> -

L 

^ 

N 

I •0 -06 

\0-06 \ 

Wo4 % 

\0-0Z 

0 

«5: 

Time /n hours 
FiG. 433 . T h e A c t i o n of H y d r o c h l o r i c 

Ac id o n I ron-Si l icon Al loys . 

* 8 / 2 / 6 
/br cent. s/l/a?/7 

F i a . 4 3 4 . — T h e Corros ion of Sil icon 
Steels b y Ac ids . 

O. Simmersbach, L. O. Kellogg, R. W. Stimson and W. Borchers, F . C. Weber, 
J . OhIy, G. P . Scholl, W. and H . Mathesius, S. S. Steinberg and P . S. Kusakin, 
F . Peters, C. T. Starke, J . Escard, J . W. Richards, W. Guertler, F . M. Becket, 
S. Heuland, H. C. Sicard, B . Osann, A. Haenig, and J . W. Thomas. A. Staven-
hagen and E. Schuchard, and W. R. Hulber t obtained the alloys by the thermite 
process. The use of t i tanium in steel for the removal of nitrogen was discussed 
by R. W. Raymond, J . B . Nau, H . Braune, and E. von Maltitz ; it has also been 
employed as a deoxidizing agent—a subject discussed by P . H . Dudley, C. V. Slocum, 
G. B. Waterhouse, H . Schiemann, G. Vivanti, H . M. Boylston, B. Stoughton, 
M. H . Wickhorst, E . F . Lake, J . E . Hurst , E . Piwowarsky, J . Horhager, G. F . Corn-
stock, W. A. Janssen, W. Huppertz, O. J . Steinhart, A. Carnot and E . Goutal, 
Li. Jordan, C. H . Gale, F . A. J . Fitzgerald, G. K. Burgess and G. W. Quick, etc. 
I t has also been employed for preventing the segregation of steel. The alloys 
have also been recommended for making rails more durable, but , according to 
E. von Maltitz, H . Otto, and A. Pjaessezky, the evidence in favour of the use of 
t i tanium for this purpose is b y no means satisfactory. 

J . Laissus, and N . AgeefE and M. Zamotorin discussed the diffusion of t i tanium 
in iron. The equilibrium diagram of the iron—titanium system Was partially 
explored by J . Lamort , and it was discussed, in connection with the iron t i tanide, 
Fe8Ti. A. Carnot and E . Goutal made observations on the subject. R. Vogel 
studied a portion of the system : Fe-Ti-CJ. Portions of t he binary systems Fe-Ti , 

file:///0-06
file:///0-0Z
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a n d F e - C are known, a n d t h e s y s t e m F e 3 T i - C h a s been pa r t i a l ly exp lored b y 
K . Tamaru . If i t forms a eu tec t ic equ iva len t t o F e 3 C + F e 8 T i , t h e equ i l ib r ium 
diagram of t h e t e r n a r y sys t em m a y a p p r o a c h F ig . 435 . T h e t h r e e curves , JS1O9 

E21O9 a n d JS3O9 a r e eu tec t i c 
curves , in which t h e t h r e e sur 
faces, AE2QEx, E1OE3C, and 
E2OE3B9 r ep resen t t h e beg inn ing 
of t h e crys ta l l iza t ion ; a n d t h e 
p o i n t of in tersec t ion , O3 is t h e 
t e r n a r y eu tec t ic . T h e eu tec t ic 
p lane , CNB9 passes t h r o u g h 
the se po in t s forming t h e fields 
w i th a b i n a r y solid soln. , FN, 
a n d cemen t i t e , FNC , t h e b i n a r y 
solid soln. , QN9 a n d i ron t r i t a -
t i t a n i d e , QNB ; a n d t h e t e r n a r y 
solid soln. AQNF. As c rys ta l 
l iza t ion proceeds , t h e t h r ee -phase 
t r i angu la r fields, J1CL1C, J2Ct2P9 
a n d NOC, appea r . K . T a m a r u 

I?™ A**K - r»A- e ^ m ~ found t h a t in t h e t e r n a r y a l loys 
F 1 O. 4 3 5 , - P e r t x e r ^ h e T e r n a r y S y s t e m : o f i r o n a n d c a r b o n w f t h ^ 

. . . * t h a n 4 pe r cent , of t i t a n i u m , al l 
t h e t i t a n i u m is r e t a ined in solid soln. in t h e ferr i te . T i t a n i u m decreases t h e 
a m o u n t of carbon in t h e i ron-carbon eu tec t ic , a n d also t h e solubi l i ty of c a r b o n a t 
high t e m p . E . L . Reed , a n d A. Michel a n d P . B e n a z e t s tud ied t h e effect of 
t i t a n i u m on t h e t r ans fo rma t ion po in t s of steel . 

A. M. P o r t e v i n observed t h a t t i t a n i u m ra ised t h e t e m p , of t h e m a r t e n s i t e a n d 
pear l i t e t r ans fo rma t ion of s teel wi th 0-6 pe r cent , of c a r b o n — 1 pe r cent , of t i t a n i u m 
raises i t a b o u t 50°, while a h igher p ropo r t i on of t i t a n i u m produces a less r a p i d 
change . T h u s , w i th 0-6 p e r cent , c a rbon steels, t h e t r an s fo rma t ion po in t s a r e : 

^i ' ' 213J* 0-64 0-72 2-57 4 G 3 8-71 p e r c e n t . 
A c 1 . . 755° 800° 810° 812° 825° 828° 
^ a - • 716° 765° 765° 

t-Fe-C solid 
soln 

765° 765° 768° 
W i t h steel hav ing 0-1 pe r cent , ca rbon , t h e beg inn ing of t h e t r a n s f o r m a t i o n is 
lowered b y t i t a n i u m , while t h e aus t en i t e a n d pear l i t e t r an s fo rma t ion r ema ins 
c o n s t a n t a t 690°. T h u s , w i t h O l per cent , ca rbon steels, t h e t r a n s f o r m a t i o n 
po in t s a re : 

T i 
Ar 3 
A r 8 
A r 1 

0-42 
860° 
780° 
690° 

0-88 
850° 
780° 
690° 

1-40 
830° 
780° 
690° 

2-57 p e r c e n t . 
830° 
780° 
690° 

L ^™°Tt f ° ! ? d th^\**"* ^ n a ^ n e t i c t r ans fo rma t ion falls l inear ly f rom 780° t o 690° 
A teSS^ t i t a n i u m rises t o 21 pe r cent . T h e subjec t was s t u d i e d b y 
A. Michel a n d P . Benaze t , who found t h a t t i t a n i u m lowers t h e V - a r r e s t , a n d ra ises 
fe£ o u S Z a ^ J ^ r B e l d ° f t h e / ^ * b o u n d e d b y a c W d c u r v e ex t end -
i h ? t 1 ? a n ^ u r n ^ r n n ^ r l > ; 5 F* 0 ^ ° f t i t a n i u m - » • Vogel said t h a t increas ing 
t » ? £ t % ^ S ?* ' J 8 l ° ^ c o o l m g ' reduces t h e t e m p . Sf t h e t r a n s f o r m a t i o n of 
^ ^ L L ^ L ^ f o J T ? m a ^ e d 1 ^ 1 P e r C e n t ' C a r b ° ^ a n d 6 P e r c e n t ' t i t a n i u m . 
susceS t ib i l i t ^ w l T r ° f ^ a n « £ " » " * * * > s t r u c t u r e charac te r i zed b y a g r e a t 
Z w L i s ^fI b L a C ^ . ^ h e a m ™ s t comple te absence of t h e caTbon 
b y t h e I t a n i u m P - r f ^ l s l u F l s . h n e s s °f t t e pea r l i t e t r a n s f o r m a t i o n caused 
pTobablv I Z k t e d W h + H ^ t l t a n m . m a P P e a ™ t o form t i t anofe r r i t e , a p a r t is 
W A J a n ^ e n a n d T r ^ ^ 1

 o a r * ? l d e s ' a»<* P a * t s p e a r s a s t i t a n i u m ca rb ide , 
w . A . J a n s s e n , a n d J . L a m o r t also observed t h a t some t i t a n i u m n i t r i d e m a y b e 
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present. C. V. SIocum said that if 5 to 8 per cent, of carbon is present in 
ferrotitanium, most occurs as graphite, and about O* 12 to 0 1 8 per cent, is 
there as combined carbon. E. Piwowarsky found that in cast iron containing 
1 per cent, of silicon, the addition of up to 0*5 per cent, of titanium lowered the 
proportion of combined carbon, but with higher silicon—1*7 arid 2*6 per cent.— 
the influence of titanium was indefinite. For the cementation of these steels, 
vide supra. 

J. Lamort found that Brinell's hardness increases from 96 to 500 on the addition 
of 21*5 per cent, titanium—vide infra. W. Giesen found that steel with up to 
12 per cent, titanium behaves like ordinary steel with respect to the hardness, 
tensile strength, and brittleness. The tensile strength of the metal is consider
ably increased by the addition of titanium, especially in the case of cast irons. 
The titanium also hinders the formation of air-bubbles, and thus furnishes better 
and more compact castings. L. Guillet added that steels with up to 10 per cent, 
titanium are pearlitic. The mechanical properties are not much affected by 
titanium ; though the tensile strength may be slightly increased and the elongation 
diminished. The elastic limit and resistance to shock are not changed. A. M. Por-
tevin found that the tensile strength and elastic limit on shearing increase slowly 
as the proportion of titanium increases, as shown in Table !LXII. The last five 
results in this table are due to G. B. Waterhouse. Observations were also made 
by L. Guillet, H. W. Gillett and E. L. Mack, J. OhIy, R. Moldenke, A. L. Colby, 
E. K. Smith and H. C. Aufderhaar, J. H. Kiister and C. Pfannenschmidt, R. Was-
muth, I. Musatti and G. Calbiani, E. Kothny, W. Kroll, R. C. Good, W. E. Remmers, 
J. W. Donaldson, J. Arend and M. Loebe, A. E. M. Smith, C. H. Gale, B. Stoughton, 
J. E. Johnson, M. H. Wickhorst, F. Bertrand, J. E. Hurst, B. Feise, E. von Maltitz, 
L. Treuheit, W. Venator, H. Mathesius, G. F. Comstock, H. Otto, A. Pjaessezky, 
P. Blum, J. V. McCrae and R. L. Dowdell, K. Taniguchi, and H. Fleek. 

A. M. Portevin found the electrical resistance, R microhms per cm. cube, at 
18° of steels with 0-1 and 0*6 per cent, carbon : 

T A B U S L X I I . — M B C H A N I C A L P R O P E R T I E S O F T I T A N I U M S T E E L S . 

Composition 

C (per cent.) 

0 1 2 
0 1 4 
0 1 4 
O-70 
0 - 6 2 
0 - 6 1 
0 - 6 4 
0 - 6 5 
O-IO 
0 1 0 
0 - 1 1 
0 - 1 2 
0 1 5 

Ti (per cent.) 

0 - 4 1 
1-4O 
2 - 5 7 
0 - 6 4 
1-72 
2 - 5 7 
4 - 6 3 
8 -71 
O-OO 
0 0 2 5 
0 0 5 0 
0 - 0 7 5 
O-1OO 

Elastic limit 
(kgrms. per 

I sq. mm.) 

3 3 - 9 
3 6 - 1 
3 4 - 6 
5 2 - 6 
5 3 - 3 
5 8 - 8 
5 7 - 8 
5 2 - 5 
2 7 - 0 
27*1 
2 7 1 
2 7 - 0 
2 8 - 2 

Tensile 
strength 

(kgrms. per 
sq. mm.) 

4 0 - 7 
4 8 - 2 

! 4 5 - 2 
9 4 - 1 
8 7 - 7 
9 0 - 4 
8 9 - 8 

1 1 7 - 5 
3 9 - 3 
4 1 - 9 
4 0 - 9 
4 2 - 9 
4 4 - 1 

Elongation 
(per cent.) 

2 0 
1 9 
17 -5 

! 9 
IO 
10 -5 

9-5 
8-5 

3 0 - 2 
2 8 - 7 
3 1 - 6 
2 9 - 7 
3 0 - 6 

Reduction 
of area 

(per cent.) 

I 

61-0 
56-4 
63-6 
64-3 
60-0 

Brinell's 
hardness 

» 9 
1 0 1 

9O 
2 0 7 
2 1 2 
2 1 2 
2 1 2 
2 4 8 
1 0 2 
1 1 2 
1 1 0 
1 1 3 
1 1 5 

I Ti . . 0-42 0-88 1-4O 2-57 per cent . 

p / N o r m a l . . 13-1 13-8 1 5 1 1 6 1 
^( .Hardened . 13-6 14-3 15-5 17-O 

IT i . . 0-32 0-64 0-72 2-57 4-63 8-71 per cent . 

, , / N o r m a l . . 19-8 2 1 O 21-4 22-2 25-1 28-7 
^ H a r d e n e d . 29-3 30-3 3 1 0 31-5 34-3 37-9 
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A c c o r d i n g t o K . P . A p p l e g a t e , t h e a d d i t i o n of l e s s t h a n 1 p e r c e n t , of t i t a n i u m 
i m p r o v e s t h e m a g n e t i c p e r m e a b i l i t y a l i t t l e , a n d r e d u c e s t h e l o s s b y h y s t e r e s i s . 
J L a m o r t f o u n d t h a t t h e r e m a n e n c e of i r o n a l l o y s i n c r e a s e s s l o w l y a s t h e p r o p o r t i o n 
of t i t a n i u m r i s e s t o 1 4 p e r c e n t . , a n d t h e r e a f t e r r a p i d l y ; t h e m a g n e t i z a t i o n f a l l s 

r a p i d l y a s t h e t i t a n i u m r i s e s a b o v e 1 4 p e r c e n t . ; 
a n a l l o y w i t h 2 3 p e r c e n t , t i t a n i u m i s p r a c t i c a l l y 
u n m a g n e t i z a b l e . M . A . H u n t e r a n d J . W . B a c o n , 

^s 0-0/s\—1 )T I—[ ~~\^\o-08 "l§ a n d A . M i c h e l a n d P . B e n a z e t s t u d i e d t h e m a g n e t i c 
^ *—L_ZI—I—I—I—I <-. p r o p e r t i e s of t h e t i t a n i u m s t e e l s . 

N . T s c h i e s c h e w s k y a n d N . Bl inof f , a n d S . S a t o h 
s t u d i e d t h e n i t r i d i z a t i o n of t h e s e s t e e l s b y h e a t i n g 
t h e m i n a m m o n i a a t 5 6 0 ° t o 5 8 0 ° , a n d M . W u n d e r 
a n d B . J e a n n e r e t , t h e a c t i o n of p h o s p h o r i c a c i d . 
H . E n d o r e p r e s e n t e d t h e l o s s e s i n w e i g h t , i n 
g r a m s p e r s q . c m . , of s o m e t i t a n i u m s t e e l s i n 
d i f f e r e n t a c i d s f o r 5 h r s . a t o r d i n a r y t e m p , b y F i g . 
4 3 6 , t h e p r o p o r t i o n of c a r b o n w a s 0*42 t o 0 - 4 6 , 
a n d . t h e p r o p o r t i o n s of t i t a n i u m "were : 

0-020 

0-0/S 

f ? 0-0/0 

S 0-005 

0O 04 TO Jt 
Fhr cent. tftantom 

F i o . 4 3 6 . — T h e Cor ros ion of 
T i t a n i u m Stee l s b y A c i d s . 

T i t a n i u m 

Loss \ H C l 
IHJSTO, 

0 0 8 9 
0 0 0 5 3 9 

0 0 4 5 5 3 

0 - 1 7 8 
0 0 0 4 9 0 
0 - 0 0 5 4 1 
0 - 0 5 1 5 2 

0 - 3 8 8 0 - 4 4 6 0 - 5 9 2 0 - 9 0 2 1-1OO 1-338 % 
0 - 0 1 3 5 2 0 - 0 1 4 2 7 0 0 1 6 6 0 0 0 1 6 8 3 0 0 1 5 9 9 0 0 1 5 7 7 
0 0 0 5 6 5 0 0 0 5 4 5 0 0 0 7 1 2 0 - 0 0 7 5 4 0 - 0 0 7 8 1 0 0 0 7 3 5 
0 - 0 4 5 9 3 0 - 0 4 5 0 7 0 - 0 5 1 0 2 0 - 0 5 2 2 2 0 - 0 4 8 3 4 

E . W e d e k i n d , 1 6 a n d T . E . Al l ibone a n d C. S y k e s p r e p a r e d a z i r c o n i u m - i r o n 
alloy» or fe r roz i rconium, b y fusing a m i x t u r e of t h e t w o e l e m e n t s i n v a c u o . Al loys 

w e r e also p r e p a r e d b y J . Li. B r o w n a n d 
H . S. Cooper , J . B . Grenag le , H . L,. Coles 
a n d J . R . W i t h r o w , E . K . S m i t h a n d 
H . C. A u f d e r h a a r , F . M. B e c k e t , 
R . H . M c K e e , H . C. S icard , J . W . M a r d e n 
a n d M. N . R i c h , H . W . Gi l l e t t a n d 
E . L.. Mack , C. M. J o h n s o n , H . E . P o t t s , 
H . F leek , E . K o t h n y , R . C. Good , W . S t i m -
son a n d W . B o r c h e r s , H . C. Meyer , 
J . G a r eon, L . B r a d f o r d , W . Guer t l e r , 
E . M. B e c k e t , I J . Pe r soz , P . G u y , 
A. L . Fe i ld , R . TuIl , F . B . R i g g a n a n d 

/600 
d-Fe+S.S. 
?-Fe+S-Fe+ 

S S~~~~ 

+S.S. 

y-Fe+S.S^ 

a-Fe+SS.-

0 

F i o . 437. 

py,x^ 
&-re + S.S.+. 

fie3 In 

862c 

Fe3Zrx-I-

20 40 60 80 
Fer cent, of zircon/um 

/00 

H . C. A u f d e r h a a r , a n d G. K . B u r g e s s 
a n d R . W . W o o d w a r d — s e e 7 . 42 , 6. 
J . La i ssus d iscussed t h e diffusion of zir
c o n i u m in i ron . R . Vogel a n d W . T o n n 
s t u d i e d t h e equ i l i b r i um d i a g r a m , a n d 
t h e i r resu l t s a r e s u m m a r i z e d in F i g . 437 . 
There is formed iron tritadiziroonide, 
F e 3 Z r 2 , me l t i ng a t 1640°. T h e efEects o n 
t h e t r a n s f o r m a t i o n p o i n t s a r e i n d i c a t e d 
i n t h e d i a g r a m . A b o u t 0*7 p e r c en t , of 
z i r c o n i u m dissolves i n y - i r o n . 

Z i r c o n i u m , l ike t i t a n i u m , is r e g a r d e d a s a poss ib ly useful s c a v e n g e r for i r o n 
a n d s tee ls . F . M. B e c k e t , a n d A . L . F e i l d f o u n d t h a t i t combines w i t h a n d e l imi
n a t e s s u l p h u r ; a n d i t m a y r educe t h e n i t r o g e n - c o n t e n t of s teel . Z i r c o n i u m is 
a lso said t o c o u n t e r a c t t h e b r i t t l eness b y t h e i m p a c t t e s t d u e t o t h e p r e s e n c e of 
p h o s p h o r u s . T h e sub jec t w a s a lso s t u d i e d b y J . V . McCrae a n d R . L . D o w d e l l , 
J . E . H u r s t , a n d C. T . E v a n s , w h o a t t r i b u t e d t h e good effects of z i r c o n i u m 
rather t o i t s s caveng ing ac t ion t h a n t o i t s w o r k a s a n a l loy ing e l e m e n t . T h u s , 
W. M. B e c k e t found : 

-Equilibrium Diagram of the 
Fe -Z r System. 
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0*70 C; 

. 375° 
8-3 

23-3 
. 185,962 
.) 227 ,203 

7-5 
. 414 

0-15Zr 

412° 
12-7 
45-8 

172,620 
198,828 

14-8 
4 0 7 

0-70 C ; 

375° 
5-2 
6-6 

128,125 
197,8OO 

7-5 
4 3 3 

no Zr 

412° 
7-5 

22-9 
180,180 
207 ,144 

10-5 
4 1 8 

Drawing temperature 
Elongation (per cent.) 
!Reduction of area (per cent.) 
Yield-point (lbs. per sq. in.) 
Ul t imate s trength (lbs. per sq. in 
Izod impact test 
Brinell's hardness 

T . E . Al l ibone a n d C. S y k e s found t h a t i ron r e t a i n s in soln . a b o u t 0-3 p e r cen t , 
z i r c o n i u m a t o r d i n a r y t e m p . T h e e u t e c t i c a l loy c o n t a i n s 15 p e r cen t , z i r con ium. 
B e y o n d t h i s , u p t o 30 p e r cen t , z i r con ium, t h e second c o n s t i t u e n t a p p e a r s in con
s t a n t l y inc reas ing a m o u n t , b u t t h e n i t h a s n o t y e t b e e n ident i f ied. T h e m . p . of 
t h e e u t e c t i c is n e a r t h a t of i ron . T h e h a r d n e s s — v i d e infra—of t h e a l loys con
s t a n t l y increases f rom 1 t o 3O p e r cen t . , a n d t h e r e is a s t eepe r r ise f r o m O t o 
1 p e r c en t . Th i s i n d i c a t e s t h e p re sence of a solid soln . a t low p e r c e n t a g e s . T h e 
second c o n s t i t u e n t is n o t so b r i t t l e a s t h e n icke l a l loy of t h e s a m e compos i t i on . 
T h e Br ine l l h a r d n e s s of t h e a l loy is 29O, or five t i m e s t h a t of i ron . Al loys w i t h 
O t o 6 p e r cen t , of z i r c o n i u m were forged h o t , t h e o p t i m u m forging t e m p , increases 
w i t h inc reas ing p r o p o r t i o n s of z i r c o n i u m ; t h e forging of s a m p l e s w i t h over 8 p e r 
c en t , of z i r c o n i u m w a s n o t successful . T h e s a m p l e s we re no rma l i zed a t 970° 
u n t i l t h e h a r d n e s s w a s c o n s t a n t . T h e 5 p e r c en t , a l loy h a d a tens i le s t r e n g t h 
50 p e r c en t , g r e a t e r t h a n t h a t of i ron , a n d a d u c t i l i t y IO p e r cen t . less. T h e obse rved 
t ens i l e s t r e n g t h s , i n t o n s p e r sq . in. , were : 

Zirconium . 0 0-3 0-6 
Brinell 's < forged 105 123 — 
hardness ! cas t . 57 71 135 
Tensi le s t rength 19-20 21-9 20-3 
I>ucti l i ty . 26-0 38*0 26-0 

1 0 5 1-48 3-38 5-20 
146 16O 181 206 
14O 148 160 183 
25-3 25-2 3 1 1 30-5 
21-0 2 2 0 16-0 0 1 per cent . 

T h e e f fec t of z i r c o n i u m i s t o l o w e r t h e A r 3 t r a n s i t i o n p o i n t s o f i r o n f r o m 9 0 0 ° , 
b u t t h e A r 2 - a r r e s t i s n o t a f f e c t e d . Z i r c o n i u m s h o w s n o a n a l o g y w i t h s i l i c o n . 
H . W . G i l l e t t a n d EJ. L . M a c k t h u s s u m m a r i z e t h e e f fec t of z i r c o n i u m : 

Zirconium should be classed w i t h i t s chemica l sister, t i tan ium, as a poss ibly useful 
scavenger rather t h a n a n a l loy ing e l ement . Much work on. z irconium in steels of the 
h i g h si l icon-nickel t y p e failed to show a n y trace of true al loying behaviour due t o z irconium ; 
or, a t least , t h a t i t has a n y greater effect t h a n so m u c h Bilicon. F . M. Beeket , and 
A . IJ. Fe i ld h a v e produced far more definite ev idence a s t o the scavenging va lue of zir
c o n i u m in p la in carbon steels t h a n e x i s t s i n t h o case of t i t a n i u m . T h e y show clearly 
t h a t z irconium c o m b i n e s w i t h sulphur, a n d m a y also e l iminate s o m e sulphur. T h i s ac t ion 
i s qu i te analogous t o t h a t of m a n g a n e s e a n d of cer ium. I t i s sa id t h a t s tee ls t reated w i t h 
z irconium are unusual ly free from dispersed s lag part ic les . !Rather g o o d ev idence is also 
a d d u c e d t o s h o w t h a t z irconium combines w i t h n i trogen a n d i t m a y decrease t h e to ta l 
n i trogen c o n t e n t of tho stee l . I n s o m e w a y n o t y e t understood, z irconium appears t o 
reduce t h e britt leness , o n i m p a c t tes t , due t o h i g h phosphorus-content . T h e mechanica l 
propert ies of heat - treated carbon steels w i t h smal l a m o u n t s of z irconium are changed b u t 
s l i gh t ly a n d t h e average effect i s t h a t t o be e x p e c t e d from increased c leanl iness of t h e steel , 
i .e . s l ight i m p r o v e m e n t in b o t h s t rength a n d duct i l i ty , rather t h a n a n increased hardness 
a n d s trength c o n c o m i t a n t w i t h lowered duct i l i ty , a s would be e x p e c t e d from a true a l loy ing 
e l ement . C. T. E v a n s s ta te s t h a t whi le , for t h e product ion of a certa in chromium-tungs ten 
cut lery steel , he prefers t o a d d s i l ieo-z irconium, t h e z irconium of -which i s pract ical ly 
e l iminated before t h e s tee l freezes, h e c a n a t t i m e s ge t j u s t a s g o o d results -without zir
con ium, a n d o n l y uses i t because he finds t h a t t h e -properties a i m e d for are more readi ly 
ob ta in e d b y t h e u s e of z irconium a s a scavenger . 3STo d a t a h a v e y e t b e e n presented t o show-
t h a t z i rconium has a n y a l loy ing effect, e i ther a lone , or -when present i n combinat ion w i t h t h e 
c o m m o n a l loy ing e l ements . 

W . Zieler s t u d i e d t h e deox id iz ing a n d d e s u l p h u r i z i n g a c t i o n of z i r con ium in 
steel , and noted t h a t inclusions of z irconium s u lph ide d o n o t m a k e steel b r i t t l e . 
P . R . Palmer found t h a t 0-4 per cent , of z irconium su lph ide a d d e d t o a h igh 
chromium steel improves i t s machining a n d grinding p r o p e r t i e s ; t h e r e w a s a 
sl ight loss of toughness and tensi le qualit ies, but t h e product was su i ted for cor-
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rosion-resist ing p a r t s . T h e z i r c o n i u m su lph ide h e l p e d t o p r e v e n t a i r - h a r d e n i n g 
in low-carbon grades of s ta in less s teel , a n d r a i sed t h e t e m p , necessa ry for h a r d e n i n g . 
A. M. P o r t e v i n a n d A . Sanfourche , a n d M. W u n d e r a n d B . J e a n n e r e t s t u d i e d t h e 
ac t ion of phosphor i c ac id . C. Sykes m e a s u r e d t h e e lect r ic r e s i s t ance , a n d m a g n e t i c 
induc t ion of some i ron-z i rcon ium a l loys . 

F . R o l l 1 7 showed t h a t w i t h t h e g e r m a n i u m - i r o n a l loys , t h e g e r m a n i u m p a r t l y 
p reserves a n d p a r t l y decomposes c e m e n t i t e . C. A. E d w a r d s a n d A . P r e e c e f o u n d 
t h a t t h e solubi l i ty of t i n i n solid i ron increases w i t h inc reas ing t e m p , u p t o 760° , 
a n d t h e n becomes less a s t h e t e m p , is f u r t he r ra ised t o t h e m . p . of i ron . T h e i r 
equ i l ib r ium curves a r e s u m m a r i z e d in F i g . 438 , w i t h t h e effect of t i n on t h e y - p h a s e 
of i ron observed b y F . W e v e r a n d W . R e i n e c k e n . C O . B a n n i s t e r a n d W . D . J o n e s 
s t ud i ed t h e diffusion of t i n i n to i ron . 

G. T a m m a n n a n d K . S c h a a r w a c h t e r f o u n d t h a t t h e a t t a c k of i ron b y t i n b e g i n s 
a t a b o u t 215°, a n d increases w i t h r ise of t e m p . C. J . B . K a r s t e n said t h a t t h e 
a l loying of 1 pe r cent , of t i n w i t h i ron does n o t m a k e t h e l a t t e r r ed - sho r t , t h e m e t a l 
can be w o r k e d while wh i t e -ho t , b u t a t t h a t t e m p , i t a l w a y s gives off w h i t e v a p o u r s ; 
h e also a d d e d t h a t 0*19 p e r cen t , of t i n lowers cons ide rab ly t h e tens i le s t r e n g t h of 
i ron. T . B e r g m a n p r e p a r e d i ron- t in a l loys w i t h i ron ; t i n a s 1 : 22, a n d a s 2 : 1. 
Alloys were m a d e b y W . Guer t l e r . S. S t e v a n o v i c found t h a t i n a series of a l loys 
t h e c rys ta l s n e a r F e 4 S n 5 i n compos i t ion a r e h e x a g o n a l a n d t h o s e n e a r F e S n 2 a r e 
t e t r a g o n a l . J . L . Las sa igne obse rved t h a t i n t h e d i s t i l l a t ion of m e r c u r y , i n cas t -
i ron r e t o r t s , f rom mi r ro r s s i lvered w i t h t i n - a m a l g a m , a n a l loy of i ron a n d t i n is f o rmed 
a p p r o x i m a t i n g i ron tr i tastannide, F e 3 S n ; a n d i t occur red in t e t r a g o n a l need les . 
I t c an be freed f rom t h e excess of t i n b y boi l ing i t w i t h hydroch lo r i c , o r b y t r e a t i n g 
i t w i t h n i t r i c acid. T h e c o m p o u n d , t h u s purified, fo rms sh in ing , s q u a r e needles of 
sp . gr . 8*733. T h e c o m p o u n d is b r i t t l e , a n d w h e n t h e p o w d e r is p r o j e c t e d in t h e 
flame of a candle , i t b u r n s w i t h t h e emiss ion of s p a r k s a n d a w h i t e s m o k e . I t 
does n o t r u s t in a i r w h e n i t is mo i s t ened w i t h w a t e r ; i t is n o t a t t a c k e d b y n i t r i c 
a c i d — c o n e , or di l . , h o t or co ld—it dissolves slowly in boi l ing hyd roch lo r i c ac id , 
a n d r a p i d l y a n d comple t e ly in a q u a regia . Th i s c o m p o u n d w a s p r e p a r e d b y 
W . P . H e a d d e n . L . J . Spencer desc r ibed some p r o b a b l y t e t r a g o n a l c rys t a l s of 
F e 3 S n o b t a i n e d a t t h e b o t t o m of some b a t h s of -molten t i n . J . P e r c y a lso com
m e n t e d on t h e rus t - res i s t ing p rope r t i e s of a n a l loy w i t h 9 p e r cen t , of t i n . 
C. A. E d w a r d s a n d A. P reece found t h a t i ron nemis tann ide , F e 2 S n , is s t a b l e b e t w e e n 
760° a n d 900°, b u t c a n r e a c t w i t h t i n a t 800° t o p r o d u c e t h e m o n o s t a n n i d e . 
H . S t . C. Devi l le a n d H . Ca ron said t h a t i ron s tannide , F e S n , crys ta l l izes f rom a soln . 
of i ron in a n excess of t i n ; i t w a s a lso p r e p a r e d b y W . P . H e a d d e n . C. A. E d w a r d s 
a n d A. P reece found t h a t t h e m o n o s t a n n i d e is s t ab l e a t a l l t e m p , be low 800° , a n d 
r e a c t s w i t h t i n be low 496° t o fo rm t h e d i s t a n n i d e . C. Nol lne r said t h a t some t i n 
f rom t h e E a s t Ind ies , w h e n d iges ted w i t h hydroch lo r i c ac id , left a res idue cons is t ing 
of smal l c rys ta l s of i ron distannide, F e S n 2 , of sp . g r . 7-446. C. A. E d w a r d s a n d 
A. P reece observed t h a t t h e d i s t a n n i d e exis t s be low 496° , a n d w h e n h e a t e d a b o v e 
t h a t t e m p , fo rms t h e m o n o s t a n n i d e a n d a l i qu id r i ch in t i n . W . P . H e a d d e n a lso 
o b t a i n e d t h i s c o m p o u n d . P . Be r th i e r , a n d W . P . H e a d d e n , r e p o r t e d iron tetrita-
stannide, Fe 4 Sn, and iron tritatetrastannide, F e 3 S n 4 ; C F . Rammelsberg, iron 
penta&tannide, F e S n 5 , and iron hexastannide, F e S n 6 ; and W . P . Headden , iron 
hemitristannide, F e 2 S n 3 ; iron pentitahexastannide, F e 5 S n 6 ; and iron tetritapenta-
stannide, F e 4 S n 5 ; a n d iron ennitastannide, F e 0 S n . T h e proof of t h e chemica l 
i n d i v i d u a l i t y of a l l t h e s e p r o d u c t s is w a n t i n g . E . I s a a c a n d C T a m m a n n f o u n d 
t h a t t i n a n d i ron a r e on ly pa r t i a l l y misc ib le i n t h e fused s t a t e ; a t 1140°, w i t h 
f rom 50 t o 89 p e r cen t , of t in , t w o l aye r s a r e p r e s e n t . T in is so lub le t o t h e 
e x t e n t of a b o u t 19 p e r cen t , i n crys ta l l ized y - i ron ; a t 1140°, t h e l aye r r i ch i n i r o n 
decomposes i n to a sol id soln. a n d a fused m a s s , a n d , a t 893° , t h e solid so ln . r e a c t s 
w i t h t h e fused m a s s t o fo rm w h a t m a y b e i ron tr i tastannide , F e 3 S n . T h e s e c h a n g e s 
a p p e a r a s b r e a k s i n t h e cooling c u r v e . A t 780° t h e r e is a t h i r d b r e a k which is 
t h o u g h t t o r e p r e s e n t a p o l y m o r p h o u s t r a n s i t i o n ; t h e r e is a f ou r th b r e a k a t 496° . 
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F r o m 89 t o 100 pe r cen t , t i n , t h e f .p . c u r v e falls r ap id ly . F . W e v e r a n d W . R e i n e c k e n 
obse rved n o g a p i n t h e mise ib i l i ty of t h e m o l t e n m e t a l s , a n d t h e y f o u n d t h a t t h e 
s a t . solid soln . c o n t a i n s 18 p e r cen t , of t i n ; C. A . E d w a r d s a n d A . P r e e c e o b s e r v e d 
a misc ib i l i ty -gap , b u t o b t a i n e d n o ev idence of t h e f o r m a t i o n of t h e t r i t a s t a n n i d e ; 
R . R u e r a n d J . K u s c h m a n n showed t h a t t h e t w o m e t a l s h a v e a l im i t ed mise ib i l i ty 
•which is n o t exp la ined a w a y b y a s s u m i n g t h a t t h e s e p a r a t i o n i n to t w o l aye r s is 
caused b y segrega t ion d u r i n g solidification. Th i s combines w i t h t h e l iqu id p h a s e 
a t 1132° t o fo rm t h e c o m p o u n d F e 3 S n if t h e a l loy c o n t a i n s b e t w e e n 18 p e r c e n t , 
a n d 48 p e r cent , of t i n . Be low 890°, t h i s com
p o u n d decomposes i n t o F e S n 2 a n d m i x e d c rys t a l s , 
or , if t h e a l loy con ta in s m o r e t h a n 41-3 p e r c en t , 
of t i n , c o m b i n e d •with t i n t o fo rm t h e s a m e com
p o u n d . T h e c o m p o u n d F e S n 2 u n d e r g o e s po ly
m o r p h i c t r a n s f o r m a t i o n s a t 780°, 755° , a n d 490° . 
T in does n o t affect t h e t e m p e r a t u r e of t h e m a g n e t i c 
(a—>fB) t r a n s f o r m a t i o n of i ron . T h e <x->y t r a n s i t i o n 
p o i n t , however , is ra i sed 40° b y 1 p e r c en t , of t i n , 
a n d t h e y—>S t r a n s i t i o n p o i n t depressed 140°. 
W i t h a cone , g r ea t e r t h a n a b o u t 1*9 pe r cen t , of 
t i n , i ron does n o t pa s s t h r o u g h t h e y - p h a s e a t al l 
in cooling. C. A. E d w a r d s a n d A. P reece s t ud i ed 
t h e c o n s t i t u t i o n of t h e i ron- t in a l loys , a n d t h e y s h o w e d t h a t t h e t h e r m a l t r a n s 
f o r m a t i o n s a t a b o u t 760° a n d 800°, wh ich F . W e v e r a n d W . R e i n e c k e n a t t r i b u t e d 
t o p o l y m o r p h i c changes occur r ing in t h e d i s t a n n i d e , a r e m o r e p r o b a b l y d u e t o t h e 
d e c o m p o s i t i o n a n d f o r m a t i o n of t h e h e m i s t a n n i d e a n d m o n o s t a n n i d e . G. T a m -
m a n n a n d W . Salze s t u d i e d t h e res idue left a f te r t r e a t m e n t of t h e a l loy w i t h a n 
acidified soln. of a m m o n i u m p e r s u l p h a t e . E . F . K o h m a n a n d N . Jf. S a n b o r n 
discussed t h e f o r m a t i o n of a t i n - i r o n a l loy in t h e p r o d u c t i o n of t i n - p l a t e . 
J . W . D o n a l d s o n , a n d F . Rol l obse rved t h a t t i n w i th c e m e n t i t e p roduces g r ey 
cas t i ron . 

T A B L E L X I I I . — M A G N E T I Z A T I O N OF I R O N - T I N ALLOYS. 
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F I G . 438. Equilibrium Diagram 
of the Fe-Sn Alloys. 

Tin 
(per cent.) 

S 
E l 

0 - 2 9 
0 - 3 4 
0 - 6 9 
0 - 7 2 
1 ,57 
2 0 6 

TSTot 
annealed 

9,5OO 
1 3 , 1 0 0 

2 , 1 5 0 
3.9OO 
5 , 8 0 0 
9 , 4 0 0 
8 , 7 0 0 

12,9OO 

H~ 

Annealed 
a t 675° 

1 0 , 0 0 0 
1 0 , 0 0 0 

8 ,65O 
6,4OO 
7,6OO 

1 1 , 7 0 0 
1 1 , 7 0 0 
12 ,40O 

- IO 

Annealed 
a t 1000° 

1 0 , 8 5 0 
1 3 , 3 5 0 

9 , 4 0 0 
9,4OO 

1 1 , 3 0 0 
1 1 , 3 0 0 
14,0OO 
1 3 , 3 5 0 

Quenched 
from 9OO° 

8,4OO 
1 1 , 8 0 0 

9 , 0 0 0 
11,OOO 
1 3 , 7 5 O 
1 4 , 1 5 0 
14 ,35O 
13 ,75O 

N o t 
annealed 

17 ,45O 
18 ,85O 
18 ,25O 
18,6OO 
18 ,10O 
19 ,25O 
18 ,05O 
17 ,25O 

H = 

Annealed 
a t 675° I 

1 8 , 0 0 0 
18 ,85O 
1 8 , 2 5 0 
18 ,35O 
1 8 , 6 5 O 
19,2OO 
18,4OO 
17 ,95O 

1OO 

Annealed 
a t 1000° I 

17,2OO 
1 8 , 2 0 0 

I 17,6OO 
17,7OO 
18,2OO 
1 8 , 5 0 0 
18,3OO 
17,4OO 

Quenched 
from 900" 

1 8 , 1 5 0 
i 17 ,90O 

17 ,90O 
18,4OO 
18,7OO 
17 ,60O 
17,5OO 

W . F . E h r e t a n d A . F . W e s t g r e n f o u n d t h a t t h e F e S n l a t t i c e is h e x a g o n a l 
w i t h a—5-292 A. , a n d c = 4 - 4 4 0 A . , a n d u n i t cell h a s t h r e e F e S n mols . T h e 
Fe2Sn-CeIl h a s t w o mol s . p e r u n i t cell. T h e cell is h e x a g o n a l w i t h a—5-449 A. , 
a n d C—4-353A. T h e u n i t cell of F e S n 2 is h e x a g o n a l ; i t c o n t a i n s 12 a t o m s , a n d 
h a s a = 5 - 3 1 7 A. , a n d c = 9 - 2 3 6 A . J . E . H u r s t , W . H . S p e n c e r a n d M. M. W a l d i n g , 
C. F . Bu rges s a n d J . A s t o n , E . K . S m i t h a n d H . C. A u f d e r h a a r , P . B l u m , a n d 
W . Ke l l e r desc r ibed s o m e w o r k i n g qua l i t i e s of t h e t i n - i r o n a l loys . A. L . N b r b u r y 
s t u d i e d t h e effect of t i n o n t h e h a r d n e s s of i ron . K . T a n i g u c h i also s t u d i e d t h e 
h a r d n e s s of t h e s e a l loys . A. L e d e b u r o b s e r v e d t h e tens i le s t r eng th , T t o n s pe r 
sq . in . , a n d t h e p e r c e n t a g e e longa t ion of i n g o t i ron a n d crucible steel t o be : 

voi i . x n i . 2 p 
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Ingot iron Crucible steel 
, * , , * , 

T i n . O O-IO 0 - 1 9 0 - 2 5 0 6 3 0 - 2 3 0 - 6 0 0 - 6 8 p e r c e n t . 
T • 2 0 - 9 2 6 - 2 2 4 - 6 2 5 1 2 9 - 7 4 5 - 9 4 5 - 9 4 6 - 9 
E]OIi. 3 1 - 3 2 8 - 7 1 8 O 2 6 - 8 19 -7 15 -5 1 6 - 5 3 -5 

Alloys w i th a s l i t t l e a s 2-5 p e r cen t , of i r on a r e m a g n e t i c ; a n d t h e t e m p , a t w h i c h 
i ron loses i t s m a g n e t i c p rope r t i e s is p r ac t i c a l l y unaf fec ted b y t h e p re sence of t i n . 
C. F . B u r g e s s a n d J . A s t o n m e a s u r e d t h e m a g n e t i z a t i o n , o r m a g n e t i c i n d u c t i o n , 
B, of a l loys of i ron a n d t i n — u n a n n e a l e d , a n n e a l e d a t 675° a n d 1000°, a n d q u e n c h e d 
a t 900°—for m a g n e t i c fields of i n t e n s i t y H gauss , a n d t h e r e su l t s a r e s u m m a r i z e d 
in T a b l e L X I I I ; while t h e r e su l t s for t h e coerc ive force (-^max.^^OO), a n d r e t e n t i v i t y 
(-Hma3c.=200) a r e s u m m a r i z e d in T a b l e LiXIV. " S " refers t o Swedish i ron , a n d 
" E l " t o e lec t ro ly t ic i ron . 

T A B L E L X I V . — C O E R C I V E F O R C E A N D R E T E N T I V I T Y O P I R O N - T I N A L L O Y S . 

T i n 
(per cent.) 

S 
E l 

0 - 2 9 
0 - 3 4 
0 - 6 9 
0 - 7 2 
1-57 
2 0 6 

N o t 
annealed 

5 - 5 
5 - 5 

2 3 - 5 
12 -3 

7 - 5 
7 0 
6 - 0 
3 0 

Coercive force 

Annealed 
at 675° 

4 - 8 
6 - 2 
7 - 5 
8 - 9 
7 - 7 
5 - 7 
4 0 
4 - 3 

Annealed 
at 1000° 

3 - 9 
5 1 
5 - 3 
5 - 5 
4 - 3 
3 - 9 
4 0 
3-5 j 

Quenched 
from 9OO ° 

S O 
2 5 
5-O 
3 - 6 
3 - 7 
2 - 9 
3 - 3 
2 - 5 

N o t 
annealed 

1 1 , 4 0 0 
1 2 , 3 0 0 
1 2 , 1 0 0 
1 2 , 3 0 0 

8 , 0 0 0 
11 ,00O 
1 0 , 0 0 0 

8 , 1 0 0 

Retentivity 

Annealed 
at 675° 

12,7OO 
1 3 , 8 0 0 
1 1 , 7 0 0 
1 2 , 7 0 0 
1 2 , 3 0 0 
1 3 , 2 0 0 
13 ,10O 
1 1 , 3 0 0 

Annealed 
at 1000° 

9 , 0 0 0 
1 0 , 0 0 0 

9 , 1 0 0 
9 , 4 0 0 

1 0 , 4 0 0 
8 , 7 0 0 

11 ,90O 
9,3OO 

Quenched 
from 900° 

8 , 5 0 0 
8 , 0 0 0 
8,7OO 
8,6OO 

1 2 , 1 0 0 
8 ,90O 

1 0 , 8 0 0 
8 ,60O 

F . W e v e r obse rved t h a t w i t h increas ing p r o p o r t i o n s of t i n , t h e <x—>y t r a n s i t i o n 
t e m p , is ra ised a n d they—^S t r a n s i t i o n t e m p , is lowered . F . W e v e r a n d W . R e i n e c k e n 
found t h a t i ron t a k e s u p 18 p e r cen t , of t i n i n solid soln . T h e y - i ron region is 
r educed b y a n d d i s a p p e a r s w i t h 1*9 p e r cen t , of t i n . I r o n t r i t a s t a n n i d e d e c o m p o s e s 
a t 890°, p r o d u c i n g i ron d i s t a n n i d e , F e S n 2 , w h i c h s e p a r a t e s a l o n g h t o q ; t h e d i s t a n -
n ide u n d e r g o e s a l lo t rop ic t r a n s f o r m a t i o n s a t 780° , 755° , a n d 490° . T h e l i q u i d u s 
is h o r i z o n t a l w i th b e t w e e n 4 8 a n d 75 p e r cen t , of t i n . T h e c o m p o u n d F e 3 S n 
decomposes a t 890°. A . S. Husse l l exposed a m i x e d t i n a n d i ron a m a l g a m t o t h e 
a c t i o n of a n ox id iz ing a g e n t , a n d f o u n d n o s ign of t h e f o r m a t i o n of a c o m p o u n d ; 
a s soon a s t h e t i n is n e a r l y a l l oxidized, t h e o x i d a t i o n of t h e i ron beg ins . F . W e v e r 
s h o w e d t h a t w i t h over 2 p e r cen t , of t i n , t h e y - t r a n s f o r m a t i o n of i ron d i s a p p e a r s , 
a n d t h e A 3 a n d A 4 p o i n t s of i ron m e e t , a n d w i t h m o r e t h a n t h a t p r o p o r t i o n of t i n , 
t h e a- a n d 5-iron a r e a s a r e continuous—cf. c h r o m i u m - i r o n a l loys . P . Goe rens a n d 
K . E l l igen found t h a t t i n a c t s on p ig- i ron s imi la r ly t o a n t i m o n y (q.v.). M. F a r a d a y 
a n d J . S t o d a r t sa id t h a t s teel is n o t i m p r o v e d b y a l loy ing i t w i t h t i n . L.. Gui l l e t 
o b s e r v e d t h a t t i n d i sso lves in m o l t e n i ron , a n d w h e n 5 t o 7 p e r cen t , h a s b e e n a d d e d , 
a s t a n n i d e is f o rmed w h i c h is found in t h e s h a p e of need les u s u a l l y in well-defined 
c lus t e r s . T h e c a r b o n r e m a i n s in t h e pea r l i t i c s t age . T i n m a k e s s tee l b r i t t l e a n d 
u n w o r k a b l e w h e n t h e p r o p o r t i o n exceeds 1-5 p e r cen t . L . Gui l le t , a n d M. H a m a s u m i 
n o t i c e d t h e h a r d e n i n g effect of t i n on i ron . E . H . S a n i t e r obse rved a n a l l oy w i t h 
0-35 p e r cen t , of t i n g a v e off a wh i t e f u m e w h e n ro l led ; i t ro l led fair ly well , b u t d i d 
n o t d r a w t o wi re sa t i s fac tor i ly . Al loys were a lso desc r ibed b y C F . B u r g e s s a n d 
J . A s t o n , B . E y f e r t h , H . J . F r e n c h a n d T . G. Digges , P . G. J . G u e t e r b o c k a n d 
G. N . Nick l in , G. J o n e s , W . L o n g m a i d , E . M a u e r a n d W . H a u f e , L . M a y e r , P . Ober -
hoffer, J . P e r c y , S. R i n m a n , H . de S e n a r m o n t , J . E . S t e a d , a n d M. S t i r l ing . T h e 
u s e 6f imper fec t ly d e - t i n n e d shee t - i ron i n t h e m a n u f a c t u r e of s tee l m a y i n t r o d u c e 
a sma l l p r o p o r t i o n of t i n . A. L e d e b u r s h o w e d t h a t 0-1 p e r cen t , of t i n in l ow-ca rbon 
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s teel ra i sed t h e b r e a k i n g - p o i n t 1-4 t o n s p e r sq . in . , a n d r e d u c e d t h e e longa t ion 0-8 
p e r cen t . J . E . S t e a d f o u n d t h a t sensible q u a n t i t i e s of t i n r a i s ed t h e y i e ld -po in t a n d 
m a x i m u m stress , a n d also inc reased t h e h a r d n e s s of s tee l -when h o t . T h e p re sence 
of t i n shou ld be low because i t t e n d s t o m a k e t h e m e t a l difficult t o rol l , a n d h a r d 
a n d stiff w h e n in t h e h e a t e d s t a t e . J . H . W h i t e l e y a n d A . B r a i t h w a i t e a lso s h o w e d 
t h a t t h e p resence of smal l p r o p o r t i o n s of t i n — e v e n 0*06 p e r c e n t . — i n m e d i u m c a r b o n 
s teel is l iable t o i m p a i r i t s duc t i l i t y ; t h e h a r m f u l effect increases w i t h t h e c a r b o n -
c o n t e n t , b u t in mi ld s teel , 0-06 pe r cen t , h a d n o d e t r i m e n t a l effect. T h e degree of 
b r i t t l eness p r o d u c e d b y t i n is influenced b y t h e h e a t - t r e a t m e n t . E . Griffiths a n d 
F . H . Schofield s t u d i e d t h e t h e r m a l a n d e lec t r ica l conduc t iv i t i e s of some a l u m i n i u m 
b ronzes c o n t a i n i n g i ron ; a n d Li. Neel , t h e Curie p o i n t s . M. F a r a d a y a n d J . S t o d a r t , 
a n d R . Mal le t n o t e d t h a t a l loys w i t h t i n a r e less cor rod ib le t h a n i ron . C F . B u r g e s s 
a n d J . A s t o n found t h a t a l loys of t i n a n d e lec t ro ly t ic i ron los t , in g r a m s p e r sq . d m . , 
w h e n i m m e r s e d in 20 p e r cen t , su lphu r i c ac id for a n h o u r ; a n d in k g r m s . p e r sq . 
m e t r e p e r y e a r w h e n exposed t o t h e -weather for 162 d a y s f rom F e b r u a r y t o J u l y : 

T i n . . . 0 0-288 0-342 0-686 1-568 p e r c e n t . 
T / A c i d . . 1-300 0-284 0-350 0-386 1 0 3 0 
^ o s 8 \ A t m . . . 0-499 0-337 0-190 0-239 0-283 

A. S. Russe l l a n d H . A . M. L y o n s s t u d i e d t h e s y s t e m mercury- t in - i ron a l loys ; 
a n d H . Br in t z inge r a n d F . R o d i s , t h e ac t i on of c h r o m o u s chlor ide on some t i n -
i r o n - b i s m u t h a l loys . 

L . B . G. de M o r v e a u 1 8 s t a t e d t h a t t h e l ead- iron a l loys a r e formed wi th difficulty 
-when t h e t w o a re fused t o g e t h e r , t h e y fo rm t w o a l loys o n e a b o v e t h e o the r , t h e 
lower one con t a in ing v e r y l i t t l e i ron , a n d t h e u p p e r one v e r y l i t t l e lead . E . B i e w e n d 
t h o u g h t t h a t h e h a d o b t a i n e d a h a r d , b r i t t l e , l u s t r o u s , s tee l -grey a l loy w i t h 3-24 
p e r cen t , of lead b y r e d u c i n g a slag c o n t a i n i n g i ron a n d l ead in a c ruc ib le l ined w i th 
cha rcoa l . S. R i n m a n , a n d F . L . Sonnensche in also o b t a i n e d w h a t t h e y r ega rded 
a s ferriferous lead. E . I s a a c a n d G. T a m m a n n , J. P e r c y , P . Oberhoffer, a n d 
C. J . B . K a r s t e n were u n a b l e t o p r e p a r e i ron- lead a l loys because t h e t w o e l e m e n t s 
a r e n o t miscible e i the r in t h e solid or m o l t e n s t a t e , a n d no c o m p o u n d s a r e 
fo rmed . E . K . S m i t h a n d H . C. A u f d e r h a a r , J . E . H u r s t , a n d W . H . Spence r 
a n d M. M. W a i d i n g d iscussed these a l loys . A. S. Russe l l obse rved t h a t w h e n a n 
a m a l g a m of t h e t w o m e t a l s is oxidized, t h e lead is first r e m o v e d , a n d t h e n t h e 
i r o n ; t h e r e is n o sign of a c o m p o u n d . G. T a m m a n n a n d W . Oelsen found 
t h a t a t 400° a n d 1600°, lead dissolves respec t ive ly 0 0 0 0 3 a n d 0-0002 pe r cen t . 
of i ron . F . Rol l showed t h a t t h e p resence of l ead p r o m o t e s t h e f o r m a t i o n of 
g r a p h i t e in cas t i ron . N . Ageef a n d M. Z a m o t o r i n s t u d i e d t h e diffusion of l ead in 
i ron . Li. Gui l le t , a n d W . Gue r t l e r a n d F . Menzel found t h a t t h e immisc ib i l i ty of 
t h e i ron- lead a n d coppe r - l ead in t h e b i n a r y s y s t e m s pe r s i s t s t o a l a rge degree in 
t h e copper- lead- iron a l loys . T h e cooled m i x t u r e s s h o w t w o o r t h r e e l ayers , t h e 
t h r e e cons is t ing essent ia l ly of t h e t h r e e m e t a l s , each s h o w i n g inc lus ions of t h e 
o t h e r t w o ; whe re t w o l aye r s a r e fo rmed , one is i r on c o n t a i n i n g inc lus ions of c o p p e r 
a n d lead , t h e o t h e r consis ts of coppe r c rys t a l s i n a g r o u n d of lead , a l t h o u g h in t h e 
l i qu id s t a t e t h e c o p p e r is comple t e ly misc ib le w i t h t h e i ron . C E . Eggenschwi l e r 
s t u d i e d t h e copper- t in- lead- iron a l loys . C. F . B u r g e s s a n d J . A s t o n f o u n d t h a t t h e 
w o r k i n g p rope r t i e s of a n a l loy w i t h l ead were p o o r ; t h e y a lso o b s e r v e d t h a t a l loys 
w i t h 0 a n d 0-061 p e r cen t , of lead lost 1*300 g r m s . p e r sq . d m . i n each case when 
i m m e r s e d for a n h o u r in 20 p e r cen t , s u l p h u r i c ac id ; a n d respec t ive ly 0-499 a n d 
a n d 0*273 k g r m . p e r sq . m e t r e pe r y e a r w h e n exposed t o t h e w e a t h e r for 162 d a y s 
f rom J u l y t o F e b r u a r y . 

T h e p r e p a r a t i o n of t h e i r o n - v a n a d i u m a l loys , o r ferro-vanadium, was d iscussed 
in connec t i on w i t h v a n a d i u m — 9 . 54 , 3 . F o r t h e occur rence of v a n a d i u m in i ron , 
vide 9 . 54 , 2 . I n 1896, M. K . He lou i s 1 9 first m a d e s y s t e m a t i c t e s t s on t h e use of 
v a n a d i u m steels ; t h i s w a s followed, i n 1900, b y F . W e r n e r , a n d J . O. Arno ld , 
w h o o b t a i n e d t h e a l loys b y a d d i n g f e r r o - v a n a d i u m t o t h e mol ten steel j u s t before 
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it was teemed from t h e c lay crucible . T h e p r e p a r a t i o n of v a n a d i u m - i r o n al loys 
was also described b y B . de Aizugaray , L . J . B a r t o n , F . M. Becke t , W . F . Bleecker 
and W L,. Morrison, R . Cazaud , A. P . Child, A . Cone, A. S. C u s h m a n , J . E s c a r d , 
H FIeek, H . J . F r e n c h , P . Froger , N . J . Geber t , G. Gin , P . Girod, W . Guer t l e r , 
A. Haenig , A. Heinze l , W . H e y m , G. T . Hol loway , E . H o u d r e m o n t a n d co-workers , 
R. M. Keeney , H . B . K n o w l t o n , W . L . Morr ison, P . Miiller, K . Nish ida , P . Ober-
hoffer, W . Oerte l a n d co-workers , J . OhIy, F . P e t e r s , N . P e t i n o t , E . Poh l , 
F . R a p a t z , J . W . R i c h a r d s , B . D . Sak la twa l la , R . Scherer , E . Schil l ing, G. P . Scholl , 
J . K . S m i t h , S. S. S te inbe rg a n d P . S. K u s a k i n , O. J . S t e i n h a r t , G. a n d E . S t ig , 
G. Sur r , a n d W . V e n a t o r . W . R . H u l b e r t o b t a i n e d t h e m b y t h e t h e r m i t e process . 
J . E . S t e a d observed t h a t o rd ina ry pig- i ron m a y c o n t a i n u p t o 0-262 pe r cen t , 
of v a n a d i u m ; I J . B l u m also observed i t in b las t - furnace slags. J . La i ssus , 
a n d N . Ageeff a n d M. Zamoto r in dicusssed t h e diffusion of v a n a d i u m in i ron . 
R . Vogel a n d G. T a m m a n n prepared al loys b y t h e a l u m i n o t h e r m i t e process in a 
crucible l ined w i th fused magnes ia . W h e n a n o r d i n a r y crucible w a s employed , 
u p t o 7 per cent , of silicon was dissolved from t h e walls . T h e f.p. cu rve falls f rom 
1750°, t h e m . p . of v a n a d i u m , t o a m i n i m u m w i t h 31-5 pe r cent , of v a n a d i u m a n d 
t h e n rises t o t h e m . p . of i ron, 1525°. E x c e p t a t t h e m i n i m u m , t h e c rys ta l l i za t ion 
in te rva l s a re cons iderable , a n d , as t h e al loys a r e homogeneous t h r o u g h o u t , t h e m e t a l s 

form a comple te series of m ixed c rys ta l s . T h e 
b e h a v i o u r of t h e al loys con ta in ing silicon is con
s iderably more compl i ca t ed ; t h e m i n i m u m of t h e 
f.p. cu rve is lower, a n d a t 1380° t h e r e is a b r e a k 
in miscibi l i ty from 55 t o 90 per cent , of v a n a d i u m . 
I n t h e al loys con ta in ing 20 t o 52 pe r cen t , of 
v a n a d i u m , t h e r e is a t r a n s i t i o n be tween 1100° 
a n d 1250°, t h e n a t u r e of which h a s n o t b e e n 
e luc ida ted . T h e v a n a d i u m steels, excep t t hose 
v e r y r ich in i ron, a r e h a r d a n d fairly b r i t t l e , b u t 
can be filed a n d h a m m e r e d . T h e presence of 
silicon g rea t ly increases t h e ha rdnes s a n d b r i t t l e -
ness . P u r e v a n a d i u m - i r o n al loys a re a c t e d on b y 
n i t r ic acid , b u t t hose con t a in ing silicon, on ly b y 
h o t a q u a regia . T h e resu l t s of M. O y a a r e s u m 
mar ized in F ig . 439 ; t h e y agree w i t h t hose of 
R . Vogel a n d G. T a m m a n n . M. Oya also found 

t h a t t h e al loys form a comple te series of solid soln., t h a t t h e A 4 -poin t is r ap id ly 
lowered b y v a n a d i u m , b u t t h a t t h e A 2 -po in t rises r ap id ly to form a loop a t 2-5 pe r 
cen t , v a n a d i u m . T h e A 2 -po in t rises a t first g radua l ly , a t t a i n s a m a x i m u m w i t h 
15 p e r cent , v a n a d i u m , falls slowly t o 20 pe r cent . , and is r ap id ly lowered t o r o o m 
t e m p , w i th 35 pe r cent . J . A. M. v a n L i e m p t discussed t h e solid soln. of t h e t w o 
e lements . E . Maure r a n d co-workers observed t h a t wi th 2-5 pe r cent , of v a n a d i u m , 
t h e y - t r ans fo rma t ion of i ron d isappears , a n d t h e A3- a n d A 4 -po in ts of i ron mee t , 
so t h a t w i t h over t h a t p ropor t ion of v a n a d i u m , a- a n d 5-iron a re identical—cf. 
ch romium- i ron a l loys . F . Rol l observed t h a t v a n a d i u m stabi l izes t h e c e m e n t i t e 
in cas t i ron . V. N . Svechnikoff s tud ied t h e y -phase . 

G. L . Nor r i s observed t h a t t h e presence of v a n a d i u m in cas t i ron increased t h e 
t r a n s v e r s e s t r eng th a n d tensile s t r eng th , a n d l eng thened t h e life of locomot ive 
cy l inders . J . K . S m i t h said t h a t t h e beneficial effects of v a n a d i u m on s teel a r e 
(i) t h e resu l t of i t s a c t i ng as a un ique scavenger in r emov ing b o t h oxides a n d n i t r ides , 
fo rming fluid a n d readi ly separable p roduc t s , so t h a t t h e m e t a l is d i rec t ly t o u g h e n e d . 
W . H . Hatf ie ld does n o t agree wi th th i s for c a s t i ron. J . K . S m i t h also a t t r i b u t e d 
t h e favourab le effects of v a n a d i u m (ii) t o t h e passage u n d e r n o r m a l cond i t ions of a 
p r o p o r t i o n of v a n a d i u m in to solid soln. w i th t h e ferr i te , so t h a t t h e ferr i te is t h e n 
more r e s i s t a n t t o wear a n d t o t h e format ion of s l ip-bands , a n d i t opposes the ready 
passage of ca rb ides t h r o u g h i t , so t h a t v a n a d i u m steel h a s a t e n d e n c y t o b e sorb i t i c 
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i n c h a r a c t e r ; a n d (iii) t h e d i r ec t s t r e n g t h e n i n g of t h e s tee l o w i n g t o t h e f o r m a t i o n 
of c o m p l e x ca rb ides . F . M. B e c k e t , a n d C. F . Bu rges s a n d J . A s t o n d i scussed t h e 
w o r k i n g qua l i t i e s of t h e i r o n - v a n a d i u m a l loys ; a n d Z. N i s h i y a m a , t h e X - r a d i o -
g r a m s . F . L . Coonan , a n d R . Moldenke m a d e some o b s e r v a t i o n s on t h e inf luence 
of v a n a d i u m on ca s t i ron ; a n d W . H . Hat f ie ld conc luded t h a t a d d i t i o n s of 
v a n a d i u m h a v e a defini te influence on t h e phys ica l p r o p e r t i e s of ca s t i ron , in t h a t 
i t he lps t h e c a r b o n t o pers i s t in t h e combined s t a t e , b y m a k i n g i t m o r e s t a b l e . 
T h e c o m b i n e d c a r b o n does n o t differ phys ica l ly f rom t h e n o r m a l c a rb ide of c a s t 
i ron . P . P i i t z said t h a t a smal l addi t ion—0*2 pe r cen t .—of v a n a d i u m suffices t o 
ra i se t h e A r j - p o i n t n e a r l y 10°, b u t fu r the r a d d i t i o n s d o n o t ra ise t h i s p o i n t a n y 
h ighe r ; a n d t h e Ar3_2 p o i n t is r a i sed p r o p o r t i o n a l l y w i t h t h e increase in t h e 
p e r c e n t a g e of v a n a d i u m . A. M. P o r t e v i n o b s e r v e d t h a t w i t h s teels h a v i n g O*2 p e r 
cen t , of c a r b o n , t h e b r e a k s in t h e h e a t i n g a n d cooling c u r v e s a r e as follow : 

V a n a d i u m . 0-6O 0-75 1 0 4 1-54 2-98 5-37 7-39 10-27 p e r c e n t . 
H e a t i n g . 810° 810° 795° 800° 840° 812° 80O° 

(905° 985° 920° 945° 950° 960° — 
Cool ing . {810° 810° 805° 800° 830° 815° 840° 820° 

(730° 730° C900 —- 590° 570° 

w h e r e a s w i t h a s tee l w i t h 0-8 p e r cen t , c a r b o n t h e r e su l t s were m o r e definite, be ing : 

V a n a d i u m . Q 25 0-60 0-80 1-15 1-58 2-89 4-99 7-85 p e r c e n t . 
H e a t i n g . 800° 800° 800° 798° 785° 790° 782° 780° 
Cool ing . 740° 738° 740° 740° 732° 730° 720° 700° 

P . N i c o l a r d o t sa id t h a t t h e V 3 C 2 or t h e V 2 C ca rb ide is formed in s teel , a n d t h i s 
fo rms w i t h t h e c e m e n t i t e a c o m p l e x i ron v a n a d i u m ca rb ide . P . P i i t z supposed t h a t 
t h e v a n a d i u m ca rb ide p r e s e n t in t h e v a n a d i u m steels is V 2 n C 3 n . J . O. Arno ld a n d 
A. A. R e a d s t a t e d t h a t w i t h s teels c o n t a i n i n g as l i t t l e a s O-71 p e r cen t , of v a n a d i u m , 
v a n a d i u m replaces i ron in t h e ca rb ide t o f o rm a m e c h a n i c a l m i x t u r e of H F e 3 C 
-J-V4C3 ; a n d a s t h e p r o p o r t i o n of v a n a d i u m increases , m o r e is found wi th t h e 
c a r b i d e , u n t i l w i t h 2-32 p e r cen t , of v a n a d i u m , t h e ca rb ide of t h e steel is 
2Fe 3C-J-V 4C 3 ; and w i t h h igher p r o p o r t i o n s of v a n a d i u m — s a y , 5-84 pe r c e n t . — 
p rac t i c a l l y all t h e i ron of t h e ca rb ide is r ep laced by v a n a d i u m . L.. Gui l le t f o u n d 
t h a t t h e h igher t h e p r o p o r t i o n of c a rbon , t h e m o r e is t h e v a n a d i u m r e q u i r e d t o 
a v o i d t h e presence of pea r l i t e . T h e pea r l i t e steels a r e h a r d e n e d b y q u e n c h i n g a 
p r o p o r t i o n a s t h e v a n a d i u m - c o n t e n t r ises. Steels c o n t a i n i n g ca rb ide a n d pea r l i t e 
a r e less affected. Steels w i t h ca rb ide a re s l ight ly sof tened ; t h e ca rb ide is neve r 
al l d i sso lved , w h a t e v e r b e t h e t e m p , of q u e n c h i n g . As a r u l e , annea l ing softens t h e 
v a n a d i u m steels . I n t h e pear l i t i c s teels c o n t a i n i n g m u c h ca rb ide , t h e ca rb ide is 
p r e c i p i t a t e d a s g r a p h i t e , a n d in t h a t case t h e steels b e c o m e e x t r e m e l y b r i t t l e . 
C a s e - h a r d e n i n g in a pear l i t i c s teel m a y r e su l t in t h e p r o d u c t i o n of m u c h ca rb ide . 

M. O y a ' s o b s e r v a t i o n s on t h e t e r n a r y s y s t e m i n v o l v i n g l o w - v a n a d i u m steels 
s h o w e d t h a t t h e so lub i l i ty of c a r b o n in t h e y - p h a s e , m a r k e d l y decreases on t h e 
a d d i t i o n of v a n a d i u m , a n d hence t h e ex i s t ing r a n g e of t h e y - p h a s e in t h i s s y s t e m 
is v e r y n a r r o w . I n t h e region of t h e y - p h a s e t h e r e ex i s t t h r e e p r o e u t e c t o i d surfaces 
in w h i c h t h e a - p h a s e , F e 3 C a n d V 4 C 3 b e g i n t o s e p a r a t e , r e spec t ive ly . T h e A 1 -
p o i n t , t h a t is , t h e e u t e c t o i d t e m p e r a t u r e , in t h e F e - F e 3 C s y s t e m is r a i sed 15° b y 
t h e a d d i t i o n of 0*5 p e r cen t , v a n a d i u m a n d r e m a i n s c o n s t a n t o n fu r the r increas ing 
t h e v a n a d i u m . T h e b i n a r y eu t ec to id r e a c t i o n (y—> aH-V 4 C 3 ) t a k e s place in t h e 
t e m p , r a n g e f rom 745° t o a b o u t 1330°. A n o n - v a r i a n t r e a c t i o n , V 4 C 3 - f - y ^ ^ F e 3 C + a , 
t a k e s p l ace in t h e n e i g h b o u r h o o d of t h e c o m p o s i t i o n of a b o u t 0 5 pe r cent , v a n a d i u m 
a n d 0-9 p e r cen t , c a r b o n . T h e sub jec t w a s s t u d i e d b y E . L . R e e d , R . Vogel a n d 
E . M a r t i n , F . W e v e r a n d W . J e l l i n g h a u s , a n d H . H o u g a r d y . C. H . M a t h e w s o n 
a n d co-workers i n v e s t i g a t e d t h e F e - V - O 2 s y s t e m . 

O b s e r v a t i o n s on t h e sub jec t were m a d e b y P . B l u m , J . Cha l l ansonne t , 
E . T . C la rage , J . W . D o n a l d s o n , E . O, F i t c h , W . Giesen , L . Guil let , A. H a e n i g , 
R . M a r e c h a l , E . M a r t i n , G. L.. Nor r i s , N . P e t i n o t , A. M. P o r t e v i n , K . Ruf , 
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M. Sauvageot , a n d D . Zuege . J . O. A r n o l d sa id t h a t v a n a d i u m fo rms a t r u e s tee l , 
100 per cent , pea r l i t e , w h e n 4-8 p e r cen t , of v a n a d i u m is p r e s e n t , a n d 0-83 p e r 
cent , of ca rbon . V a n a d i u m pea r l i t e h a s 72Fe-J-V4Cg. H . S c o t t o b s e r v e d t h a t 
v a n a d i u m h a d n o m a r k e d effect o n t h e t r a n s f o r m a t i o n t e m p , of m a r t e n s i t e t o 
t roos t i t e . J . C h a l l a n s o n n e t f o u n d t h a t v a n a d i u m h i n d e r e d t h e g r a p h i t i z a t i o n of 
steel—vide n i c k e l - v a n a d i u m steels . E . P i w o w a r s k y , A. C a m p i o n , J . W . D o n a l d s o n , 
H . S a w a m u r a , a n d J . E . H u r s t s t u d i e d t h e effect of v a n a d i u m in ca s t i ron . 

A. O s a w a a n d S. O y a r e p r e s e n t e d t h e r e l a t i on b e t w e e n t h e l a t t i c e p a r a m e t e r , 
a A. , a n d t h e p e r c e n t a g e of v a n a d i u m , [V], in i r o n - v a n a d i u m al loys b y a—2-852 
-f-0-000614[V] +0*0000131 [V] 2 . Z . N i s h i y a m a found t h e l a t t i c e p a r a m e t e r , a ; 
t h e s p . g r . ; a n d t h e e las t ic m o d u l u s , E k g r m s . p e r sq . c m . , a t 15*1° t o 15*3°, t o b e : 

V . . . 0 1 2 3 4 6 7 8 per cent. 
Ct 2-857 2-860 2-866 2-868 2-871 A. 
Sp. gr. . - 7-8548 7-8602 7-7999 7-7905 7-7617 7-7206 
JE7X10"6 . . 2-162 2127 2151 2142 2-130 2093 

O b s e r v a t i o n s were also m a d e b y F . W e v e r a n d W . J e l l i n g h a u s , w h o found : 

Vanadium. 0 13-4 28-6 38-4 47-8 63-6 79-8 100 per cent, 
a XlO8 cm. 2-860 2-865 2-875 2-88 2-89 2-925 2-955 304 

K . R u f m e a s u r e d t h e sp . gr . of i r o n - v a n a d i u m a l loys . W . H . Hat f ie ld g a v e for 
a l loys w i t h c o m b i n e d c a r b o n 2-9 p e r cen t . , 0-66 Si, 0-28 M n , 0-03 S, 0-08 P , a n d 

Vanadium . . . . O 0-138 0-22 0-45 0-65 per cent. 
„ , (Brinell's . . 387 418 43O 418 430 
H a r d n e s s \Sc l e ro scop ic 48 48 48 47 48 

Gr. W . Quick a n d L*. J o r d a n r e c o m m e n d the se s teels for t h e bal l s in Br ine l l ' s 
t e s t for h a r d n e s s . G-. T a m m a n n a n d V. Cagl io t i s t u d i e d t h e r ecove ry of t h e h a r d 
ness af ter cold-work. L . Gui l le t obse rved t h a t t h e pea r l i t i c s teels h a v e a t ens i l e 
s t r e n g t h a n d a n elas t ic l imi t wh ich rise r a p i d l y w i t h t h e p e r c e n t a g e of v a n a d i u m ; 
t h e e l o n g a t i o n a n d r e d u c t i o n of a r ea s lowly decrease , whi le st i l l p r e s e r v i n g re la 
t i ve ly h igh v a l u e s ; t h e b r i t t l enes s does n o t increase ; b u t t h e h a r d n e s s inc reases 
r a p i d l y . T h e tens i le s t r e n g t h a n d e las t ic l im i t of s teels c o n t a i n i n g pea r l i t e a n d 
ca rb ide a r e lower a s t h e p r o p o r t i o n of v a n a d i u m is lower , a n d , in consequence , of 
t h e ca rb ide , a r e h igher . T h e e longa t ion a n d r e d u c t i o n of a r e a inc rease , b u t t h e 
res i s t ance t o shock decreases r a p i d l y . T h e m e c h a n i c a l p r o p e r t i e s of s tee ls con
t a i n i n g ca rb ide v a r y b u t l i t t l e -with t h e i r compos i t i on . T h e tens i le s t r e n g t h s a n d 
elas t ic l imi t s a r e low ; t h e e longa t ions a n d r e d u c t i o n of a r ea a r e h igh , b u t t h e p r o 
d u c t s a r e b r i t t l e . T h e s e r e su l t s were d iscussed b y Gr. A u c h y , M. Ba l l ay , J . B a x e r e s , 
P . B l u m , H . M. B o y l s t o n , A . L . Colby, E . F . Cone, E . O. F i t c h , H . F l e e k , 
R . C. Good , R . H o h a g e a n d A. Gr i i tzner , W . A. J o h n s o n , W . K a h l b a u m a n d 
co-workers , O. v o n Ke i l a n d F . E b e r t , M. K i n k e a d , A. B . K inze l a n d C. O. B u r g e s s , 
E . K o t h n y , R . W . Moffatt , I . M u s a t t i a n d G. Calb ian i , A . L.. N o r b u r y , W . Oer te l 
a n d F . P o l z g u t e r , P . P r o m p e r a n d E . P o h l , A . R y s , E . B . S a k l a t w a l l a a n d 
co-worker s , E . K . S m i t h a n d H . C. A u f d e r h a a r , H . P . S m i t h , J . K . S m i t h , 
B . E . D . Stafford, J . S t r a u s s a n d G. L . Nor r i s , K . Tan iguch i , J . L . U h l e r , 
M. V a s v a r i , a n d F . W e r n e r . Z. N i s h i y a m a ' s r e su l t s for t h e elas t ic m o d u l u s a r e 
i n d i c a t e d a b o v e . J . O. Arno ld a n d A. A. R e a d o b t a i n e d t h e resu l t s i n d i c a t e d 
i n T a b l e L X V . C. L . Clark a n d A. E . W h i t e m e a s u r e d t h e influence of t e m p , 
o n t h e t ens i l e s t r e n g t h . E . P i w o w a r s k y sa id t h a t v a n a d i u m increases t h e res is t 
a n c e of i r o n t o shock . Accord ing t o F . R o b i n , t h e r e s i s t ance of t h e v a n a d i u m 
steels t o c r u s h i n g is v e r y h igh so long a s t h e f o r m a t i o n of d o u b l e c a r b i d e does n o t 
occur . T h e r e s i s t ance t o c rush ing of c a r b o n - v a n a d i u m steels , l ike t h e i r h a r d n e s s , 
is s h a r p l y a c c e n t u a t e d b y s l ight a d d i t i o n s of v a n a d i u m . N e a r 1000°, t h e c r u s h i n g 
s t r e n g t h of a s teel w i t h 0-8 pe r cent , of c a r b o n a n d 0*2 t o 1-5 p e r cen t , of v a n a d i u m 
is r a t h e r low. E . P i w o w a r s k y observed t h a t t h e a d d i t i o n of si l icon inc reases t h e 
a m o u n t of c o m b i n e d ca rbon , a n d th i s influence is g r e a t e r w h e n t h e si l icon i s low. 
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R . W . Moffat t found t h a t v a n a d i u m s tee l cas t ings h a v e a g r e a t e r r e s i s t ance t o 
i m p a c t t h a n s t r a i g h t c a r b o n s tee l c a s t i ngs ; t h e y a r e a lso t o u g h e r a n d m o r e 
duc t i l e . 

T A B L E L X V . — M E C H A N I C A L T E S T S O N V A N A D I U M : S T E E L S . 

Percentage Composition 

C 

0 - 6 0 
0 - 6 3 
0 - 9 3 
1 0 7 
1 1 0 

Si 

0 - 0 5 
0 0 9 
0 - 2 1 
0 - 3 2 
0 - 4 7 

M n 

0 0 6 
0 0 7 
O i l 
0 - 1 2 
0 1 2 

V 

0 -71 
2 - 3 2 
5 - 8 4 

1 0 - 3 0 
1 3 - 4 5 

Yield-point 
(tons 

per aq. in.) 

1 2 O 
1 4 O 
1 7 - 0 
1 5 O 
1 8 - 0 

Maximum 
stress 

in tons 
per sq. in. 

3 5 - 9 
3 5 O 

I 3 3 - 4 
3 3 - 7 
3 7 0 

Elongation 
(per cent.) 

2 2 O 
2 4 - 5 
2 5 O 
2 3 0 
1 0 0 

Reduction 
of area 

(per cent.) 

4 1 - 4 
52-O 
5 3 - 2 

i 3 1 - 5 
9-7 

Alternating 
stress (alter

nations 
endured) 

1 1 9 
1 9 1 
1 3 5 

I 1 1 9 
1 5 

K . R n f m e a s u r e d t h e t h e r m a l e x p a n s i o n b e t w e e n 0° a n d 250° a n d found t h a t 
a l loys w i th over 6 p e r cen t , of v a n a d i u m s h o w n o m a r k e d a n o m a l y in t h e t h e r m a l 
e x p a n s i o n a t h ighe r t e m p . K . R u f m e a s u r e d t h e s p . r e s i s t ance for t h e t h e r m o 
elect r ic force a g a i n s t p l a t i n u m . O b s e r v a t i o n s were a lso m a d e b y E . T . Cla rage , 
E . F . L a k e , P . P i i t z , A. McWi l l i am a n d E . J . B a r n e s , J . K . S m i t h , H . R . S a n k e y 
a n d J . K . S m i t h , M. K . He lou i s , W . Giesen, A. M. P o r t e v i n , R . H o h a g e a n d 
A. Gr i i t zner , E . M a u r e r , A. C a m p i o n , a n d R . M o l d e n k e . G. T a m m a n n a n d 
V. Cagl io t i d i scussed t h e r ecove ry of r e s i s t ance a f te r co ld-work . A. M. P o r t e v i n 
f o u n d t h a t t h e a d d i t i o n of 1 p e r cen t , v a n a d i u m ra i sed t h e e lectr ical r e s i s t ance of 
i ron 6*7 m i c r o h m s p e r c m . c u b e ; a n d w i t h s teels c o n t a i n i n g 0-1 t o a b o u t 0-2 p e r 
cen t , of c a r b o n — n o r m a l a n d h a r d e n e d b y q u e n c h i n g f rom 1000° t o 2 0 ° — h a d t h e 
following v a l u e s for t h e e lectr ical r e s i s t ance , R m i c r o h m s p e r c.c. : 

V a n a d i u m 
( N o r m a l 

H \ H a r d e n e d 

0-aO 0-75 1-04 1-54 2-98 5-37 7.39 p e r c en t . 
14-O 15-1 16-2 18-8 3 O l 31-7 38-6 
15-7 19*9 21-7 21-9 31-8 31-6 38-4 

a n d w i t h s teels h a v i n g a b o u t 0-8 pe r cen t , c a r b o n : 

V a n a d i u m 
/ N o r m a l R \ H a r d e n e d 

0-25 0-80 1 1 5 2-89 4-99 7-85 10-25 p e r c e n t . 
21-4 22-4 19-3 22-5 20-9 37-5 107-2 
38-2 42-6 31-5 31-8 27-6 37-5 1 0 7 0 

G. M a r s s t a t e d t h a t f rom t h e genera l b e h a v i o u r of v a n a d i u m steels , t h e p resence 
of v a n a d i u m confers no special a d v a n t a g e s in t h e use for p e r m a n e n t m a g n e t s , a n d 
is n o t l ike ly t o h a v e a s t r o n g e r r e m a n e n c e t h a n 
n o r m a l s tee l . J . C h a l l a n s o n n e t f o u n d v a n a d i u m 
lowered t h e Cur ie p o i n t . F . W e v e r a n d W . Je l l i ng -
h a u s o b t a i n e d t h e t w o m a g n e t i z a t i o n c u r v e s for 
a l loys w i t h 29*5 p e r c e n t . V, a n d 33*5 p e r c e n t . V 
(F ig . 440 , d o t t e d ) . J . J- L o n s d a l e o b s e r v e d t h a t 
t h e coerc ive force of v a n a d i u m steel is inc reased 
w h e n i t h a s b e e n h e a t e d a b o v e i t s c r i t ica l t e m p . , 
a n d w h e n i t h a s b e e n a n n e a l e d a n d q u e n c h e d . 
T h e p e r m e a b i l i t y is lower t h a n t h a t of o t h e r s tee l s 
c o n t a i n i n g t h e s a m e a m o u n t of c a r b o n , b u t t h e 
hys te re s i s a n d coerc ive force a r e g r e a t e r . 

L». Ki r schfe ld m e a s u r e d t h e h y d r o g e n a b s o r b e d 
b y t h e f e r r o v a n a d i u m a l loys . Al loy I h a d 9*1 p e r 
cen t , of v a n a d i u m a n d 0-07 p e r cen t , of c a r b o n ; I I h a d 22-0 
v a n a d i u m a n d 0*56 p e r cen t , of c a r b o n ; I I I h a d 70*9 p e r cent . 
V a l u e s for F e , i ron , a n d V, v a n a d i u m , a r e a l so i n d i c a t e d in t h e 
i soba r i c ( a b o u t 760 mm.) cu rves , F i g s . 441 a n d 442 . T h e abso rp t i on increases 

ZOGr -MT 600° 800* 

F i O . 440 . M a g n e t i z a t i o n C u r v e s 
of I r o n - V a n a d i u m Al loys . 

per c e n t , of 
of v a n a d i u m . 

i s o t h e r m a l a n d 
abso rp t i on 
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as the proport ion of v a n a d i u m increases , b u t is a lways less t h a n the value 
calculated by t h e m i x t u r e ru le . T h e isobars for 9 a n d 22 p e r cent , of v a n a d i u m 
show minima a t 700° t o 800°, b u t wi th 71 pe r cent , of v a n a d i u m , t h e minimum 

c.c. He absorbed per gmm metal Ml 
n0 / Z 

CC. Hz absorbed per g/am metals Tand IT 
F J o . 441 . T h e Effect of P r e s s u r e on 

t h e Abso rp t i on of H y d r o g e n - T e m 
p e r a t u r e C o n s t a n t . 

F i a . 442. The Effect of Temperature 
on the Absorpt ion of Hydrogen-
Pressure Constant . 

disappears , a n d t h e isobar a p p r o x i m a t e s t o t h a t for v a n a d i u m a lone . T h e 
i so the rms of t h e alloys a s sume t h e parabol ic form a t a h igher t e m p . Accord ing t o 

G. T a m m a n n a n d G. Siebel, t h e th ickness of t h e air-
films, yfXfjLy is represen ted b y t=a(eby—1), where a a n d 
b a re cons t an t s , t r ep resen t s t h e t i m e . The re is a dis
c o n t i n u i t y in t h e curves connected wi th t h e t ransfor 
m a t i o n of a,- i n t o y- i ron . Some of L . Kirschfe ld a n d 
A. S ie ve r t s ' r e su l t s a re shown in F ig . 443 . L . B . Pfeil 
observed t h a t w h e n v a n a d i u m steel is h e a t e d a t a b o u t 
1000° for m a n y h o u r s in air , t h e th ree - l aye r scale which 
is formed—vide supra—-has a c o n c e n t r a t i o n of v a n a 
d i u m in t h e i nne rmos t layer , a n d only smal l a m o u n t s 
occur in t h e middle a n d o u t e r layers . G. T a m 
m a n n a n d G. Siebel s tud ied t h e ox ida t ion or t e m p e r 
colours of v a n a d i u m steels. V a n a d i u m steels o u g h t 
t o be more ac id- res i s tan t t h a n o rd ina ry steels because 
v a n a d i u m carb ide is n o t read i ly a t t a c k e d b y ac ids . 
I J . Ai tch i son found t h a t t h e corrosion of v a n a d i u m 
steels r ep resen ted b y t h e loss in weight p e r 100 sq . 
cms . af ter exposure in t h e d a r k t o 3 per cen t , s o d i u m 

Fio. 443.—The Adsorption chloride soln. a n d 1 pe r cent , su lphur ic ac id for 77 
of Hydrogen by Iron-Van- days , a n d 10 pe r cent , su lphur ic acid for 45 d a y s , w a s 
adium Al loys . a s f o l l ows : 

rlsr cent. Hznad/um 
/00 

C 
V 
NaCl 
H 8 S O 4 J 1 J per cent . 

0-60 0-63 0-93 1 0 7 1 1 0 per cent . 
0-71 2-32 5-84 10-30 13-45 
1-73 1-74 1-87 1-66 1 4 9 
5-82 4-73 4-48 5-56 3-63 
8 0 5 12-42 20-25 17-40 1 6 1 8 

H . E n d o ' s resul ts , s u m m a r i z e d in F ig . 444, show t h e losses in grams per sq . c m . , 
during 5 h r s . ' ac t ion , a t o rd ina ry t e m p . , w i th a l loys con ta in ing 0-54 t o 0*66 per 
©#nfc. of ca rbon , a n d 



I R O N 5 8 6 

V a n a d i u m 
( H 2 S O 4 

L o s s } H C l 
( H N O 3 . 

1 0 4 
0 0 1 4 1 1 
0 0 1 5 9 9 
0 - 0 8 6 O O 

4 - 3 3 
0 - 0 1 7 7 8 
O 0 1 6 8 2 
0 - 0 9 6 2 4 

6 - 6 7 
0 0 1 6 0 9 
0 0 1 4 3 6 
0 - 0 6 9 5 0 

8 - 9 7 

.— 

.— 
0 * 0 6 7 2 8 

0-025 0-/0 

0-06 ^ 
•^ 
fc 

13-72 2 2 0 1 22-Ol 27-56 % 
0-01056 0-00686 0-00438 0-00336 
0 0 0 8 7 9 0-00434 0 0 0 3 0 8 0 0 0 1 9 2 
0 0 1 8 8 9 0 0 O 1 7 7 0-OOO25 0 0 0 0 0 5 

A. B . Kinze l , a n d L . Gui l le t s t u d i e d t h e ac t i on of n i t r o g e n ; a n d M. W u n d e r a n d 
B . J a n n e r e t , t h e ac t i on of phosphor i c ac id ; a n d H . J . F r e n c h , t h e ac t i on of 
h y d r o g e n su lph ide a n d o t h e r corros ive a g e n t s ; 
a n d N . Tsch ieschewsky a n d N . Blinoff, t h e a c t i o n 
of n i t rogen . T h e genera l uses of v a n a d i u m steels 
were d iscussed b y E . F . L a k e , P . Girod, P . Breu i l , 
J . A. M a t h e w s , O. M. Becker , H . R . S a n k e y a n d 
J . K . S m i t h , M. Dierfeld, H . F leek , G. G. B lack-
well , E . L ievenie , a n d J . O h I y ; a n d f e r rovana -
d i u m as a ca t a ly s t , b y I . E . AdadurofE a n d 
G. K . Boreskoff. E . P i w o w a r s k y , a n d J . Chal-
l a n s o n n e t s t ud i ed t h e t i t a n i u m - v a n a d i u m - i r o n 
alloys. 

J . G. G a h n a n d J . J . Berze l ius 2 0 o b t a i n e d 
a t a n t a l u m - i r o n a l loy b y h e a t i n g a m i x t u r e of 
t a n t a l i c ox ide a n d i ron filings in a cha rcoa l 
c ruc ib le . T h e p r o d u c t is h a r d , a n d s c r a t ches 
glass . H y d r o c h l o r i c ac id slowly e x t r a c t s t h e i ron , l eav ing t h e t a n t a l u m beh ind . 
Al loys were descr ibed b y W . H e y m , G. T. H o l l o w a y , W . Guer t le r , H . J . F r e n c h 
a n d T. G. Digges , a n d F . C. Kel ley . J . La i s sus d iscussed t h e diffusion of t a n t a l u m 
in i ron . A. M. P o r t e v i n found t h a t t h e t a n t a l u m steels a r e pear l i t ic ; a n d 
t h a t t h e effect of t a n t a l u m on t h e shea r ing t e s t s is smal l . T h e va lues for resist
ance t o shear , tens i le s t r e n g t h , e tc . , in T a b l e L X V I a re expressed in k i log rams p e r 
sq . m m . L . Guil le t o b t a i n e d t h e resu l t s i nd i ca t ed in T a b l e L X V I I . T h e al loys were 
descr ibed b y O. J . S t e i n h a r t , a n d P . Breu i l . A. M. P o r t e v i n obse rved t h a t t h e 

0-04 

0-02' 

0 
Fterce.it vanadium 

Via. 444. The Corrosion of 
Vanadium Steels by Acids. 

T A B L E L X V I . — T H E MECHANICAL P R O P E R T I E S OF TANTALUM S T E E L S . 

0 - 1 2 0 
1 - 7 0 0 
0 1 8 0 
0 1 6 O 

i r c e n t a g e < 

Si 

0 - 1 2 0 
0 - 1 9O 
0 - 2 4 0 
0 - 1 6 0 

^omposi t io 

Mn 

0 1 9 0 
0 - 1 5 0 
0 - 2 2 0 
0 - 2 3 0 

n 

T a 

0 - 0 9 
O - 1 5 
0 - 6 0 
1 - 0 5 

T A B L E L X V I I . — T H E & 

P e r c e n t a g e c o m p o s i t i o n 

C 

0 1 2 

0 1 7 

0 1 8 

0 1 6 

T a 

0 0 9 

0 1 5 

0 - 6 0 

1 0 5 

S t a t e ! 

N o r m a l 
H a r d e n e d 

N o r m a l 
H a r d e n e d 

N o r m a l 
H a r d e n e d 

N o r m a l 
H a r d e n e d 

R e s i s t a n c e 
t o s h e a r 

2 1 - 1 
2 1 - 5 
2 1 - 5 
2 3 - 2 

Klas t i c Contrae - TVI-I&IIP I 
l i m i t t i o n o n H t P < S 5 t l i 

s h e a r i n g s h e a r i n g ^ „ 3 
( k g r m s . ) '(per c e n t . ) | < . k « r m s > 

, 8 - 4 2 1 . 4 1 - 5 
I 9 - 2 I 1 8 ! 4 2 - 6 

I O O ! 1 9 I 4 5 - 3 
lO-O 1 2 0 I 4 7 - 8 

I I ! 

E l a s t i c 
l i m i t 

( k g r m s . ) 

2 9 - 8 
3 0 - 4 
3 1 - 1 
3 1 - 5 

I K C H A N I C A L P R O P E R T I E S O K T A N T A L U M S T E E L 

ISlastic l i m i t 
( k g r m s . 

per s q . m m . ) 

2 9 - 8 
4 6 - 2 
3 0 - 4 
4 5 - 7 
3 1 1 
4 6 - 6 
3 1 - 5 
4 9 - 1 

T e n s i l e 
s t r e n g t h 
(kgrras . 

p e r s q . nam.) 

4 1 - 5 
6 5 O 
4 2 - 6 
6 2 - 1 
4 5 - 3 
6 5 - 8 
4 7 - 8 
7 0 - 0 

K l o n g a t i o n 
( p e r c e n t . ) 

5 3 0 
1 4 - 5 
3 1 - O 
1 5 0 
2 8 0 
1 3 0 
2 8 0 
1 O O 

R e d u c t i o n 

V er c e n t . ) 

6 7 - 4 
I 7 1 O 
I 6 8 - 8 i 

7 3 1 
6 7 - 4 
7 4 - 9 I 
6 2 - 3 I 
5 5 - 8 j 

j R e d u c t i o n 
j of a r e a 

(per c e n t . ) 

6 7 - 4 
6 8 - 8 
6 7 - 4 

I 62-3 

S . 

B r i n e l l ' s 
h a r d n e s s 

1 0 7 
1 5 9 
1 0 7 
1 5 3 
1 1 2 
1 5 5 
1 1 6 
1 6 9 

Fterce.it
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electrical resis tance of s teel is v e r y l i t t l e affected b y t h e a d d i t i o n of u p t o 1*05 
per cent, of t a n t a l u m . M. F a r a d a y a n d J . S t o d a r t , 2 1 G. T . H o l l o w a y , a n d 
R. Mallet no t ed t h a t co l l imbium- iron a l loys a r e less corrodible t h a n i ron . 

M. F a r a d a y a n d J . S t o d a r t , 2 2 in t h e i r e x p e r i m e n t s o n t h e a l loys fo rmed b y 
different m e t a l s w i t h i ron , p r e p a r e d some c h r o m i u m - i r o n a l loys . T h e y f o u n d 
t h a t a n al loy wi th a b o u t 2*9 pe r cen t , of c h r o m i u m w a s a s mal leab le a s i ron , a n d 
exh ib i t ed a d a m a s k e d surface . S o m e of t h e s e a l loys were e x a m i n e d b y R . A. H a d -
neld . W . Sowerby sa id t h a t in t h e s o u t h e r n p a r t of I n d i a , t h e ce l eb ra t ed hog-
spears a n d kn ives m a d e b y A n a c h e l a n of Sa lem, M a d r a s , were m a n u f a c t u r e d f rom 
t h e c h r o m e i ron-s tone found in t h e d i s t r i c t . J . E . S t e a d obse rved t h a t o r d i n a r y 
s teel , a n d i ron m a y c o n t a i n u p t o 0*120 pe r cen t , of c h r o m i u m . T h e w o r k , Sur les 
alliages du chrome avec Ie fer et avec Vacier, w a s t a k e n u p b y P . Be r th i e r , w h o s t a t e d 
t h a t t h e t w o meta l s could be a l loyed in al l p r o p o r t i o n s ; t h a t t h e a l loys were v e r y 
h a r d , b r i t t l e , a n d crys ta l l ine ; a n d t h a t t h e y were a g reye r a n d b r i g h t e r w h i t e , 
less fusible, less magne t i c , a n d less easi ly a t t a c k e d b y ac ids t h a n i ron a lone . 
E . F r e m y also p r e p a r e d an al loy b y h e a t i n g a m i x t u r e of ch romic ox ide a n d i ron 
in a b las t - furnace , a n d sa id t h a t t h e a l loy f requen t ly crys ta l l izes in long needles , 
a n d t h a t i t resembles cas t i ron b u t sc ra tches t h e h a r d e s t bodies , even h a r d e n e d 
steel . R . M u s h e t u sed a s imilar m o d e of p r e p a r a t i o n . J . P e r c y also r e p o r t e d t h e 
al loys t o be formed b y h e a t i n g a m i x t u r e of haemat i te a n d ch romic ox ide , in a 
charcoal- l ined crucible , filled u p w i t h cha rcoa l powder , a n d h e a t e d t o whi teness 
for a couple of h o u r s . P a t e n t s were o b t a i n e d b y J . B a u e r in 1865—1869, A. P a r k e s 
i n 187O ; a n d H . B i e r m a n n w r o t e on t h e sub jec t in 1873 ; a n d , acco rd ing t o 
A. Brus t l e in , c h r o m e steel w a s m a n u f a c t u r e d a t U n i e u x , Lo i re , in 1877. T h e 

ferrochromium of J . B a u e r was o b t a i n e d b y h e a t i n g a m i x t u r e of p o w d e r e d c h r o m i t e , 
a n d charcoa l or a n t h r a c i t e a long w i th a flux con t a in ing ca l c ium or s o d i u m fluoride, 
l ime, a n d b o r a x , in a p l u m b a g o crucible a t a h igh t e m p . S. K e r n also p r e p a r e d 
i t b y m e l t i n g ch romi t e a n d charcoa l in a p l u m b a g o crucible ; a n d E . H e r o u l t , b y 
h e a t i n g c h r o m e ore w i th fluxes in a n electr ic furnace . W . Borche r s r e c o m m e n d e d 
t h e following process : 

I n p r e p a r i n g f e r r o c h r o m i u m , t h e o re is first m i x e d w i t h t h e fol lowing s u b s t a n c e s : 
cha rcoa l , 12 t o 15 p e r c e n t . ; r e s in or p u l v e r i z e d p i t c h , 6 t o 7 p e r c e n t . ; g lass s c r a p , 5 p e r 
c en t . ; a n d q u a r t z s a n d , 10 t o 12 p e r c e n t . A n i n t i m a t e m i x t u r e is d e s i r a b l e , a n d c a n b e 
bes t s ecu red b y p i l i ng t h e i n g r e d i e n t s i n a h e a p , e a c h f o r m i n g a s e p a r a t e l aye r , a n d t h e n 
r e m o v i n g i n v e r t i c a l s ec t i ons t o f o r m a n e w h e a p . Af te r r e p e a t i n g t h i s p roces s s eve ra l 
t i m e s t h e m a s s "will h a v e a u n i f o r m a p p e a r a n c e . T h e ore is t h e n fused in a g r a p h i t e , o r 
s t r o n g c l a y c ruc ib le , t h e b o t t o m of w h i c h i s cove red w i t h a t h i n l a y e r of fine g lass a n d 
coa r se c h a r c o a l . T h e cove r of t h e c ruc ib le i s s ea led w i t h c l ay ; on ly a s m a l l o p e n i n g s h o u l d 
b e left for t h e e scape of ga se s . T h e ore c a n be r e d u c e d b y a c ruc ib le fu rnace w i t h g o o d 
d r a u g h t , b u t t o m e l t t h e m e t a l a g a s r e g e n e r a t i v e fu rnace wil l be r e q u i r e d . "Where a 
S i e m e n s fu rnace for c ruc ib le s tee l is a t h a n d t h i s m a y b e e m p l o y e d t o a d v a n t a g e for s m e l t i n g 
f e r r o c h r o m i u m . 

W . R . H u l b e r t o b t a i n e d t h e al loys b y t h e t h e r m i t e process . T h e p r e p a r a t i o n of 
f e r r o c h r o m i u m w a s descr ibed b y W . B . Ba l l an t i ne , F . M. B e c k e t , H . B e h r e n s a n d 
A. R . v a n L inge , C. Benedicks , W . Borche r s a n d R . W . S t imson , H . Brea r l ey , 
A. B r u s t l e i n , T . H . B u r n h a m , R . Calber la , H . C. H . Ca rpen te r , F . Cirkel , 
A. W . C lemen t , J . E s c a r d , G. Gin, P . Girod, M. A. G r o s s m a n n , W . B . H a m i l t o n 
a n d T . A . E v a n s , J . H e b e r t , W . H e y m , E . H o u d r e m o n t , F . H i i t t e , R . M. K e e n e y , 
R . S. K e r n s , F i r m a K r u p p , S. Meunier , H . H . Meyer , P . M o n n a r t z , P . Ober -
hoffer, F . R . P a l m e r , D . S t . P ie r re d u Bose , H . D . Phi l l ips , V. S. P o l a n s k y , 
J . W . R i c h a r d s , W . R . Sa l t r i ck , G. P . Scholl , E . J . Shackleford a n d W . B . D . P e n n i -
m a n , H . C. S i ca rd , F . T . Sisco, J . K . S m i t h , S. S. S t e i n b e r g a n d P . S. K u s a k i n , 
O. J . S t e i n h a r t , G. S u r r , C. T a m a , W . V e n a t o r , R . W a d d e l l , H . W e d d i n g , a n d 
R . S. Wi le ; G. F u s e y a a n d K . Sasak i s t u d i e d t h e e lec t ro-depos i t ion of c h r o m i u m -
iron al loys. F . P . Z immer l i compi led a b ib l i og raphy o n c h r o m i u m steels . 

N . AgeefE a n d M. Z a m o t o r i n , J . La i ssus , W . v a n D r u n e n , a n d F . C. Ke l l ey s t u d i e d 
t h e diffusion of chromium in i ron . G. G r u b e a n d W . v o n F le i schbe in showed t h a t 
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w h e n a rod of i ron is s u r r o u n d e d w i t h p o w d e r e d c h r o m i u m a n d h e a t e d in h y d r o g e n , 
t h e c h r o m i u m - c o n t e n t of t h e surface l aye r of t h e i ron a n d t h e d e p t h of p e n e t r a t i o n 
of t h e c h r o m i u m increase w i th r is ing t e m p , a n d increas ing d u r a t i o n of h e a t i n g . 
T h u s , 

24 krs. 72 Urs. 96 hrs. 

Sur face l aye r 
P e n e t r a t i o n 

5-3 
0-3 

28-4 
1-7 

43-3 47-4 52-9 p e r c e n t . 

t h e compos i t ion is t h e n c o n s t a n t for a d e p t h of a b o u t 0-3 m m . , a n d p r o b a b l y 
r ep re sen t s t h e solubi l i ty of c h r o m i u m in i ron a t t h e severa l t e m p s . T h e c h r o m i u m -
c o n t e n t of a r od does n o t d imin ish un i fo rmly w i t h increas ing d e p t h , a n d t h e 
diffusion coeff. is therefore different a t different d e p t h s . T h e diffusion l aye r 
consis ts of m ixed c rys ta l s of i ron a n d c h r o m i u m a r r a n g e d rad ia l ly . J . La i s sus 
s t ud i ed t h e c e m e n t a t i o n of i ron b y c h r o m i u m . 

Accord ing t o R . A. Hadf ie ld , un l ike a l u m i n i u m or silicon, c h r o m i u m does n o t 
confer soundness on s teel . W h e n t h e p r o p o r t i o n of c a r b o n is h igh, a s in p ig-
i rons , s o u n d ingo ts free f rom h o n e y c o m b s m a y b e ob t a ined , b u t a n a l loy wi th 
1-35 pe r cen t , of c h r o m i u m a n d 0-28 p e r cen t , of c a r b o n " rose " b a d l y in t h e 
mou lds . A l u m i n i u m does n o t a c t so powerful ly w i t h low-carbon c h r o m i u m 
steels as i t does w i t h c a r b o n s teels . Al loys w i t h m o r e t h a n 11-13 p e r cen t , 
of c h r o m i u m , a n d 1*27 pe r cen t , of c a r b o n were n o t forgeable, b u t w i t h less 
c h r o m i u m t h e steels could b e forged. If less c a r b o n w a s p resen t , p r o b a b l y steels 
w i t h h ighe r p ropo r t i ons of c h r o m i u m would be forgeable . C h r o m i u m is n o t 
f avourab le t o welding, for, a s A. Brus t l e in also showed , a c o m p a r a t i v e l y smal l 
p r o p o r t i o n of c h r o m i u m interferes w i t h t h e weld ing . I t m a y b e possible t o fuse 
c h r o m i u m a n d a t t a c h i t t o s teel or t o w r o u g h t i ron , b u t t h e o rd ina ry process 
of weld ing t w o b a r s t o g e t h e r is n o t possible . F . Reiser sa id t h a t a n al loy w i th 
0-2 pe r cen t , of c h r o m i u m is u n s u i t e d for p u d d l i n g . C F . Burgess a n d J . As ton 
discussed t h e work ing qua l i t i es of t h e al loys. 

I n t h e s t u d y of t h e t h e r m a l d i a g r a m , W . Tre i t schke a n d G. T a m m a n n observed 
t h a t t h e f .p. cu rve consis ts of a n u m b e r of i r regular bends , a n d t h e y sugges ted 
t h a t t h e resu l t s can b e expla ined b y a s suming t h a t 
a c o m p o u n d is formed which is comple te ly miscible 
in t h e solid s t a t e w i t h i ts c o m p o n e n t s . P . Mon-
n a r t z supposed t h a t t h e c o m p o u n d formed is iron 
dichromide, FeCr 2 , a n d t h a t i t shows as a m a x i 
m u m on t h e f.p. c u r v e w i t h 66 p e r cen t , of chro
m i u m . K . B o r n e m a n n discussed t h e s u b j e c t ; 
a n d E . J a n e c k e s t a t e d t h a t t h e conclusions of 
W . Tre i t schke a n d G. T a m m a n n a re w r o n g because 
of t h e presence of a l u m i n i u m in t h e i r a l loys . H e 
sa id t h a t t h e r e is a single eu tec t ic wh ich can 
form m i x e d c rys ta l s w i t h e i the r c o m p o n e n t . T h e 
eu tec t i c is a t 1320°, a n d 75 pe r cen t , of chro
m i u m ; a n d t h e l imi t over wh ich t h e m i x e d c rys ta l s c an form, is 55 t o 85 pe r 
cen t , of c h r o m i u m . K . F i s chbeck r e p r e s e n t e d t h e i r o n - c h r o m i u m s y s t e m as 
h a v i n g t w o e u t e c t i c s — F i g . 4 4 5 — a n d a m a x i m u m co r re spond ing w i t h i ron h e m i -
Chromide, Fe 2 Cr . These different conclusions all show t h a t t h e r e is someth ing 
y e t t o l ea rn a b o u t t h i s s y s t e m . 

E . P a k u l l a , A. v o n Vegesack, a n d T . M u r a k a m i inc l ined t o t h e hypo thes i s t h a t 
t h e t w o m e t a l s f o rm solid soln . in al l p r o p o r t i o n s ; a n d t h a t t h e a p p a r e n t eu tec t ics 
a r e d u e t o t h e l ack of diffusion d u r i n g solidification which resul ts in solid soln. 
differing in c o n c e n t r a t i o n . T h u s , a d a r k e t ch ing po r t i on showed a m a r k e d 
d i m i n u t i o n in q u a n t i t y on annea l i ng a t 1100° for 2 hrs . , a n d i t was inferred t h a t a 
p ro longed a n n e a l i n g wou ld r e n d e r t h e s t r u c t u r e homogeneous . A. v o n VegesacJc 
said t h a t c h r o m i u m a n d i ron form a c o n t i n u o u s series of solid soln. T h e m . p . ot 
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iron is depressed t o a m i n i m u m of 1490° b y t h e a d d i t i o n of u p t o 28 p e r cen t , of 
chromium, a n d i t t h e n rises t o over 1700°, t h e m . p . of c h r o m i u m . T h e lower v a l u e s 
for the m.p . of c h r o m i u m a r e d u e t o t h e presence of c a r b o n . A. W e s t g r e n a n d 
co-workers also found t h a t t h e l a t t i ce d imens ions v a r y c o n t i n u o u s l y w i t h compos i 
tion in a g r e e m e n t wi th t h e obse rva t ion t h a t a - i ron a n d c h r o m i u m h a v e t h e s a m e 

t y p e of l a t t i ce . P . Oberhoffer a n d H . Esse r 
r ep re sen t t h e equ i l i b r ium cu rves b y F i g . 446 . 
T . M u r a k a m i showed t h a t t h e A 2 - a n d 
A 3 - t r a n s f o r m a t i o n p o i n t s a r e lowered b y chro
m i u m , a n d E . P a k u l l a a n d P . Oberhoffer 
o b t a i n e d s imi lar r e su l t s . A . B . K i n z e l f o u n d 
t h a t t h e c h r o m i u m - i r o n a u s t e n i t e loop r u n s 
f rom 0 t o 12*2 pe r cen t , of c h r o m i u m ; i t s 
u p p e r b o u n d a r y r u n s f rom 1400° t o 900°, a n d 
i t s lower b o u n d a r y f rom 900° a n d 0 p e r cen t , 
of c h r o m i u m t o 900° w i t h 12 pe r cen t , of 
c h r o m i u m . 

T h e equ i l i b r i um d i a g r a m s for t h e ch ro 
m i u m a n d i ron ca rb ides h a v e b e e n p rev ious ly 
i n d i c a t e d — 5 . 39 , 19, F ig . 29, a n d 5 . 39 , 20 , 
F ig . 3 1 . T h e d i a g r a m for t h e t e r n a r y s y s t e m : 

F e - C r - C , h a s n o t been comple t ed ; on ly a few l imi ted a r eas h a v e been p a r t i a l l y 
explored . P . Goerens a n d A. S tade le r found t h a t t h e solidification t e m p , of 
i ron r e m a i n s p rac t i ca l ly c o n s t a n t a t a b o u t 1130° w h e n c h r o m i u m is p r e s e n t 
t o t h e e x t e n t of 10*4 pe r cent . , b u t w i t h h igher p r o p o r t i o n s of c h r o m i u m , t h e 
solidification t e m p , rises rap id ly , a t t a i n i n g 1535° w i t h 62 pe r cen t , of c h r o m i u m . 
W i t h u p t o 21 per cent , of c h r o m i u m , t h e ca rb ide invers ion r e m a i n e d a t a b o u t 700° 
t o 715°, a n d wi th h igher p ropo r t i ons i t could n o t be observed . T h e following is a 
select ion f rom t h e resu l t s : 

0 £0 40 SO HO 
fhr cent, chromium 

/00 

KiG. 440. E q u i l i b r i u m D i a g r a m of 
t h e I r o n - C h r o i n i u m Al loys . 

C 
Cr 
F.p. . 
A i-arrest 

4-0 
O O 
1130° 
711° 

4-2 
1-2 

1120° 
709° 

4-4 
2-7 

1128° 
710° 

4-7 
5-O 

1128° 
713° 

5-7 
13-7 
1145° 
715° 

5-1) 
20-5 
1161° 
710° 

7 0 
33-4 
1270° 

nil 

7-4 
43-2 
1370° 

nil 

9-2 per cent 
62-O 
1535° 

nil 

E . D . Campbe l l a n d J . F . Ross , H . N i e n h a u s , F . Adcock , F . W e v e r a n d W . Je l l ing-
h a u s , E . F r i e m a n n a n d F . Saue rwa ld , T . M u r a k a m i , T . F . Russe l l , N . H . AaIl , 
J . H . A n d r e w a n d H . A. Dickie , T . K a s e , F . W e v e r a n d W . J e l l i n g h a u s , a n d 
P . Oberhoffer a n d K . D a e v e s m a d e obse rva t i ons o n t h e effect of c h r o m i u m on 
t h e eu tec t i c and eu tec to id p o i n t s of t h e carbon—iron s y s t e m . A. B . K inze l said 
t h a t t h e a u s t e n i t e loop in t h e iron—chromium s y s t e m e n d s w i th 12*37 p e r c en t . 
of c h r o m i u m . J . H . G. M o n y p e n n y m e a s u r e d t h e so lubi l i ty cu rves of c e m e n t i t e ; 
w i th t h e h igher p r o p o r t i o n s of c h r o m i u m , t h e c e m e n t i t e n e t w o r k does n o t d issolve 
un t i l t h e pea r l i t e ca rb ide is dissolved ; a n d t h e ca rb ide dissolves r a p i d l y a b o v e 
1050° t o 1100°. T h e c e m e n t i t e a n d ca rb ide a p p e a r t o dissolve s i m u l t a n e o u s l y 
wi th t h e 1-36 a n d 2-8 pe r cen t , c h r o m i u m steels , i n d i c a t i n g a possible difference 
in t h e t w o carb ides . C R . A u s t i n found t h a t for a l loys h a v i n g a c h r o m i u m - i r o n 
r a t i o f rom 1 : 20 t o 1 : 5, t h e a d d i t i o n of c h r o m i u m u p t o 15 p e r cen t , h a s 
r e l a t ive ly l i t t l e effect on t h e a m o u n t of c a r b o n in t h e eu t ec t i c , while w i t h 20 p e r 
cen t , of c h r o m i u m , t h e eu tec t i c h a s a l i t t le less t h a n 4 p e r cen t , c a r b o n . T h e r e 
is n o def ini te b r e a k on t h e cu rves o t h e r t h a n t h e eu t ec t i c u n t i l t h e a m o u n t of 
c h r o m i u m r e a c h e s 20 pe r cen t . , when t h e r e is a b reak w i t h a b o u t 1*3 p e r c e n t . 
ca rbon . T h e r e is ev idence of a m a x i m u m on t h e c a r b o n side of t h e e u t e c t i c . 
W i t h a l loys h a v i n g 30 t o 5O pe r cent , c h r o m i u m , t h e a d d i t i o n of c a r b o n u p t o a b o u t 
2-5 pe r cen t , lowers t h e f .p. of t h e al loys l inear ly w i t h inc reas ing c a r b o n ; a n d t h e 
a m o u n t of c a r b o n i n t h e eu tec t i c s is nea r ly t h e s a m e in al l t h e s e cases . K . F i s c h b e c k 
r ep re sen t ed t h e d a t a a s a q u a t e r n a r y s y s t e m invo lv ing t h e four p h a s e s F e , Cr, 
Fe 3 C, a n d Cr 5 C 2 , W i t h s tee l , F . O s m o n d obse rved t h a t c h r o m i u m lowet s t l i e 
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b e g i n n i n g of t h e A 3 - t r a n s f o r m a t i o n , a n d ra i ses t h e end of t h e A j ^ t r a n s f o r m a t i o n , 
whi le t h e a c t i o n of c h r o m i u m o n t h e A 2 - t r a n s f o r m a t i o n is n o t no t i ceab le . S. Cur ie 
f o u n d t h a t t h e t r a n s f o r m a t i o n s occu r a t a h i g h e r t e m p , w i t h c h r o m i u m steels t h a n 
w i t h o r d i n a r y s tee ls . H . C. H . C a r p e n t e r o b t a i n e d t h e fol lowing r e su l t s for t h e 
c h a n g e - p o i n t s of t h e c a r b i d e w i t h c h r o m i u m steels : 

Carbon 
0-54 

0-27 

1 0 9 

Chromium 
1 1 2 

3-24 

9-55 

Cooled from 
918° 

1127° 
1250° 
910° 

1127° 
1250° 
900° 

1230° 

Change-point 
729° 
728° 
709° 
738° 
736° 
721° 
776° 
750° 

H e n c e , i t w a s conc luded t h a t c h r o m i u m t e n d e d t o ra i se t h e ca rb ide c h a n g e - p o i n t , 
so t h a t if 700° be t a k e n a s t h e c h a n g e - p o i n t for c a r b o n s teels , t h e c h a n g e - p o i n t s 
rose r e spec t ive ly t o 729° , 738° , a n d 776° o n cool ing f rom a b o u t 900° as t h e p r o p o r 
t i o n of c h r o m i u m w a s inc reased . A g a i n , a l t h o u g h w h e n cool ing f rom progress ive ly 
h ighe r t e m p . , t h e c h a n g e - p o i n t w a s lowered on ly a l i t t l e , i n d i c a t i n g t h a t c h r o m i u m 
t e n d e d t o ra ise t h e ca rb ide change-pointy t h e t e m p , f rom which t h e s tee l w a s 
cooled h a d n o g r e a t inf luence on t h a t p o i n t . C. A. E d w a r d s a n d co-workers found 
for t h e c a r b i d e t r a n s f o r m a t i o n on h e a t i n g , A c 1 , a n d cool ing A r 1 : 

Cr . 
C 0-35 p e r c e n t . j ^ 1 

Cr . . . F l 

C 1-0 p e r c e n t . f ^ 1 

1-96 
797° 

. 743° 

. 2-09 
790° 
748° 

4-20 
817° 
764° 
3-92 
795° 
757° 

6 1 8 
833° 
768° 
5-07 
805° 
767° 

8-08 
835° 
774° 
6-16 
825° 
785° 

10-39 
835° 
764° 
8-12 
829° 
794° 

12 08 p e r c e n t . 
830° 
762° 
10-41 p e r c e n t . 
836° 
800° 

H . Moore obse rved t h a t t h e pos i t ion of t h e A ^ - t r a n s f o r m a t i o n is p rogress ive ly 
ra i sed b y a d d i t i o n s of c h r o m i u m f rom 746° w i t h a s teel c o n t a i n i n g O*25 p e r cen t , 
of c h r o m i u m , t o 821° w h e n 6*417 p e r cen t , of c h r o m i u m is p r e s e n t . W i t h s teels 
h a v i n g a b o u t 3 p e r cen t , of c h r o m i u m a n o t h e r c r i t ica l p o i n t occurs be low t h e 
A c u p o i n t , a n d m a g n e t i c o b s e r v a t i o n s s h o w t h a t i t is t h e Ac 2 -po in t . T h e occur 
rence of t h e A c 2 p o i n t be low A c 1 is t a k e n t o s u p p o r t t h e h y p o t h e s i s t h a t t h e c a r b i d e 
fo rmed is inso luble in y3-iron. A. McWi l l i am a n d E . J . B a r n e s obse rved t h e cr i t ica l 
t e m p , s h o w n in T a b l e L X V I I I w i t h s teels c o n t a i n i n g 2 p e r cent , of c h r o m i u m . 

T A B L E L X V I I I . - - T H E C R I T I C A L T E M P E R A T U R E S O F 2 P E R C E N T . C H R O M I U M 
S T E E L S . 

Carbon 
(per cent.) 

0-20 

0-25 

0-32 

0-50 

0-65 
0-85 

Ac1 

765° 

759° 

753° 

759° 

Heating 

Ac3 

791° 

789° 

783° 
777° 

Ac, 

822° 

810° 

785° 

778° 

Ar3 

785° 

758° 

748° 

Cooling 

Ar8 

765° 

721° 

718° ! 
714° ; 

I 

Ar1 

732° 

731° 

733° 

A. B . K i n z e l s t a t e d t h a t t h e A 4 - a r r e s t is g r a d u a l l y lowered f rom 1400° t o 1250° w i t h 
t h e a d d i t i o n of 10 p e r cen t , c h r o m i u m , a n d w i t h 12*25 p e r cent , ch romium, t h e A 4 -
a n d Ag-ar res t s co inc ide ; t h e A 3 - a r r e s t is n o t c h a n g e d . W i t h 12-37 pe r cen t , of 
c h r o m i u m , t h e t r a n s f o r m a t i o n cou ld n o t b e o b s e r v e d , a n d t h e aus t en i t i c loop e n d s 
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Fe-C 
plane 

a t th is poin t . A. B . KInze l a lso found t h a t t h e a d d i t i o n of u p t o 4 p e r c en t , of 
ch romium gradua l ly lowers t h e A^- t rans format ion f rom 1400° t o 1250° ; a n d w i t h 
higher p ropor t ions of c h r o m i u m , t h e lower ing is m o r e a b r u p t , so t h a t w i t h 12*25 
per cent . , t h e A4- a n d A 3 -a r res t s coincide . T h e A 3 - a r res t is n o t affected. 

F ig . 447 r ep resen t s a p o r t i o n of t h e s t a n d a r d i r on -ca rbon d i a g r a m — v i d e F i g . 3 1 , 
5 . 39, 20—which changes v e r y l i t t l e w i t h a smal l p r o p o r t i o n of c h r o m i u m . T h e 
a rea A±BM r ep re sen t s a region of m i x e d a u s t e n i t e a n d S-iron ; a n d t h e a r ea A3SP, 
a reg ion of m i x e d a u s t e n i t e a n d a - i r o n — t h e t e r m 5-iron is u sed t o i n d i c a t e 
m a t e r i a l t h a t h a s b e e n h e a t e d a b o v e t h e A 4 - a r r e s t , i n c o n t r a s t t o a - i ron , i.e. a 
m a t e r i a l -which h a s b e e n t r a n s f o r m e d f rom a u s t e n i t e b y cooling t h r o u g h t h e 
t r a n s f o r m a t i o n t e m p , a t t h e p r o p e r r a t e . B o t h S-iron a n d a - i ron crys ta l l ize in 
a body -cen t r ed cubic l a t t i ce , a n d t h e y—>S-transformation is a revers ion of t h e 
a—>y- t ransformat ion, a n d P . Oberhoffer f o u n d t h a t in t h e re -c rys ta l l i za t ion of 
t h e i ron-si l icon a l loys , t h e A 2 - a n d A 3 - a r r e s t s a p p r o a c h one a n o t h e r w i t h inc reas ing 
p e r c e n t a g e s of sil icon, a n d coincide w i t h 2*5 p e r cen t , si l icon. Th i s w a s conf i rmed 
b y P . Oberhoffer a n d C. K r e u t z e r . A. W e s t g r e n a n d G. P h r a g m e n ' s X - r a d i o g r a m s 
confirm th i s . E . C. B a i n inferred t h a t a s imi lar p h e n o m e n o n occurs w i t h t h e i ron-
c h r o m i u m al loys , a n d t h i s w a s confi rmed b y A. W e s t g r e n a n d co-workers . I n 
t h e comple t e absence of c a rbon , t h e y - c h a n g e d i s appea r s comple t e ly w h e n e n o u g h 

a l loy ing e l e m e n t is p r e s e n t . Since A. W e s t g r e n a n d 
G. P h r a g m e n h a v e s h o w n t h a t c h r o m i u m crys ta l l izes 
on ly in one single t y p e of l a t t i c e , i t follows t h a t t h e 
y - r a n g e shou ld b e l imi t ed t o a l loys r ich in i ron , a n d 
E . C. B a i n s h o w e d t h a t t h i s occurs w h e n a b o u t 14 
pe r cen t , of c h r o m i u m is p r e s e n t ; P . Oberhoffer a n d 
C. K r e u t z e r g a v e 12*62 p e r cen t , of c h r o m i u m w i t h 
0*01 pe r cen t , of c a r b o n ; a n d F . S t ab le in , 18 p e r 
cent , of c h r o m i u m -with 0-03 pe r cen t , of c a r b o n . 
As c h r o m i u m is a d d e d t o t h e i ron , t h e r e is a s l ight 
rise in t h e A 3 -po in t , a n d a s h a r p d r o p in t h e A 4 -po in t 
un t i l , w i t h a b o u t 14 p e r cen t , of c h r o m i u m t h e t w o 
p o i n t s m e e t , a n d b e y o n d t h a t t h e r e is n o t rans for 
m a t i o n t o y - i ron . H e n c e , w h e n carbonless i ron-
c h r o m i u m al loys c o n t a i n i n g over 14 p e r cen t , of 
c h r o m i u m a re h e a t e d t o a h igh t e m p . , t h e a- i ron 
r e m a i n s a s such . W h e n c a r b o n is p re sen t , M. A. Gross-
m a n n showed t h a t t h e cond i t ions a re v e r y different. 

T h e resu l t s c a n b e r ep re sen t ed on a t e r n a r y d i a g r a m , F i g . 447 . A. v o n Vegesack 
also obse rved t h a t t h e t r a n s f o r m a t i o n p o i n t of y - t o a - i ron is lowered b y t h e a d d i t i o n 
of c h r o m i u m , a n d c a n n o t b e obse rved w h e n over 15 p e r cen t , of c h r o m i u m is 
p resen t . P . Oberhoffer a n d H . Esse r g a v e 14*77 pe r cen t , a s t h e l im i t a t wh ich 
y - F e can be no longer observed . Th i s agrees w i t h C. K r e u t z e r ' s o b s e r v a t i o n s of 
t h e X - r a d i o g r a m s . T h e effect of c h r o m i u m on t h e a—>y- a n d t h e y — ^ - t r a n s f o r m a 
t ions could n o t be obse rved because of t h e vo la t i l i za t ion of t h e c h r o m i u m ; b u t 
t h e a -phase passes d i rec t ly i n t o t h e 8-phase w h e n ove r 15 p e r cen t , of c h r o m i u m 
is p r e sen t . J . A . J o n e s , J . P . Gill, A . Michel a n d P . B e n a z e t , Ti. R . A u s t i n , 
Li. J . B a r t o n , E . J a n e c k e , T . M u r a k a m i a n d Y . Fu j i i , E . L . R e e d , W . H a u f e , 
J . E . J o h n s o n , A. Merz, E . M a u r e r a n d co-workers , V . N . K x i v o b o k a n d M. A. Gross-
m a n n , H . F . Moore , a n d P . Oberhoffer a n d C K r e u t z e r , d i scussed t h e r a n g e of 
t h e A c x - a r r e s t ; H . Moore , t h e A 2 - a r r e s t ; a n d V . N . Svechnikoff, t h e y - p h a s e . 

F . O s m o n d conc luded t h a t c h r o m i u m ex i s t s in s tee l i n a t leas t t h r e e s t a t e s — 
separa te ly or s i m u l t a n e o u s l y : (i) a s d issolved c h r o m i u m ; (ii) a s a c o m p l e x com
p o u n d of c h r o m i u m , i ron , a n d ca rbon in t f r e f o r m of isola ted g lobules ; a n d (iii) 
a s a solid soln. w i t h t h e t e r n a r y complex . T h e t r ip l e c o m p l e x is v e r y h a r d , a n d 
w h e n i nco rpo ra t ed w i t h a m o r e ma l l eab le m a t r i x , i t n a t u r a l l y c o m m u n i c a t e s 
t o i t a ce r ta in degree -of h a r d n e s s . T h e c h r o m i u m a n d i ron ca rb ides h a v e b e e n 

F I G . 447 . 
l ibriuxn 

-Po r t i on of E q u i -
D i a g r a m for I r o n -

C a r b o n - C h r o m i u m Al loys . 
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prev ious ly d iscussed . H . B e h r e n s a n d A . R-. v a n L i n g e r e p o r t e d t h a t a n o n 
m a g n e t i c c rys ta l l ine c o m p l e x i ron c h r o m i u m carbide, C r 2 F e 7 C 3 , is o b t a i n e d a s a 
r e s idue b y t r e a t i n g f e r r o c h r o m i u m w i t h 13*3 p e r c e n t , c h r o m i u m a n d 5*5 p e r 
c en t , c a r b o n w i t h ac id ; whi le a 50 p e r c en t , c a r b o n c h r o m i u m a l loy w i t h ac id 
y ie lds Cr 3 FeC 2 . A . C a r n o t a n d E . G o u t a l o b t a i n e d res idues co r r e spond ing wi th 
Fe 3 C.3Cr 3 C 2 , a n d 3 F e 8 C C r 3 C 2 f rom t w o c h r o m i u m steels ; P . Wi l l i ams o b t a i n e d 
3Fe 8 C.2Cr 3 C 2 b y h e a t i n g a m i x t u r e of c h r o m i c ox ide , i ron a n d p e t r o l e u m coke 
i n a n e lect r ic fu rnace ; whi le J . O. A r n o l d a n d A. A. R e a d conc luded t h a t t h e 
ca rb ides in c h r o m i u m s t ee l—wi th c a r b o n 0-64 t o 0*85 p e r cen t . , a n d c h r o m i u m 
0*65 t o 23*7 pe r c e n t . — v a r i e d w i t h t h e compos i t i on . T h u s , t h e res idues , r e m a i n i n g 
af ter t h e ac id t r e a t m e n t of a l loys w i t h n e a r l y 0-85 p e r cen t , c a r b o n , c o r r e s p o n d e d 
w i t h t h e mol . r a t ios Fe 3 C : Cr 3C 2 : C r 4 C : 

C . 0-64 0-84 0-835 0-85 0-88 0-85 0-85 per cent . 
Cr . 0-65 0-99 4-97 10-15 1 5 0 2 19-46 23-7O 
R a t i o s 2 0 : 1 : 0 1 2 : 1 : 0 4 : 1 : 1 1 : 1 : 1 2 : 0 : 1 2 : O : 1 2 : 0 : 1 

a n d T . M u r a k a m i infer red t h a t t h e a - c a r b i d e is (Fe 3 C) 1 8 Cr 4 C ; t h e /^-carbide is 
(Fe 3 C) 9 Cr 4 C ; a n d t h e y - c a r b i d e is (Fe 8C)Cr 4C. H e supposes t h a t t h e lower ing or 
suppress ion of t h e ca rb ide c h a n g e in l o w - c h r o m i u m steels is caused b y d isso lved 
c h r o m i u m . A b o v e t h e A c u p o i n t , t h e ca rb ide Cr4C dissolves in a u s t e n i t e , a n d b y 
h e a t i n g i t t o a s u i t a b l e t e m p . , i t d i ssoc ia tes : 2 C r 4 C ^ C r 3 C 2 - | - 5 C r . H i g h t e m p , 
f a v o u r t h e c o n s t i t u e n t s on t h e r i gh t . D u r i n g cooling, r e - combina t i on t o fo rm 
Cr4C proceeds on ly s lowly, a n d there fore , in a l loys c o n t a i n i n g Cr4C, t h e ca rb ide 
c h a n g e is lowered b y t h e n o r m a l cooling f rom a h igh t e m p . , b y t h e r e t a r d i n g ac t i on 
of t h e dissolved c h r o m i u m . T h e h a r d n e s s of c h r o m i u m s teel is a t t r i b u t e d t o t h e 
solid soln . of t h e ca rb ide Cr 3 C 2 in a soln . of c h r o m i u m in i ron . T h e s u b j e c t w a s 
d iscussed b y P . OberhofEer, a n d F . R a p a t z . H . C. B o y n t o n f o u n d t h a t t h e pea r l i t e 
in a 1 p e r cen t , c h r o m i u m s teel is s even t i m e s h a r d e r t h a n t h a t of o r d i n a r y s teel , 
b u t t h e fer r i te was a b o u t t h e s a m e i n b o t h cases, a n d i t w a s hence a s s u m e d t h a t a t 
l eas t 1 pe r cen t , of t h e c h r o m i u m is in t h e form of c a rb ide . C. A . Ed-wards 
a n d co-workers a s s u m e d t h a t in t h e t e r n a r y s y s t e m , t h e r e is a reg ion I , c o n t a i n 
ing Fe 3C-J-(Fe 3C)Cr 3C 2 - I -Fe, a n d t h a t a s t h e p r o p o r t i o n of c h r o m i u m inc reases , 
t h e mols . of Fe 3 C will be all used u p in fo rming t h e d o u b l e ca rb ide , F e 3 C C r 3 C 2 , 
t h a t is , FeCrC ; a n d t h e r e a p p e a r s reg ion I I , c o n t a i n i n g t h e doub le ca rb ide , s o m e 
u n k n o w n c h r o m i u m ca rb ide , say , Cr 5 C 2 , a long w i t h a solid soln. of i ron a n d c h r o m i u m 
w i t h s teels c o n t a i n i n g stil l less c a r b o n ; a n d t h e r e r e m a i n s a region I I I , w i t h 
c h r o m i u m ca rb ide a long w i t h a solid soln. of c h r o m i u m a n d i ron . T . F . Russe l l ' s 
e x p e r i m e n t s also i n d i c a t e t h a t F e C r C is t h e on ly d o u b l e ca rb ide fo rmed ; a n d h e 
conc ludes t e n t a t i v e l y , f rom m e a s u r e m e n t s of t h e e lectr ical r es i s t ance , t h a t w h e n 
c h r o m i u m is a d d e d t o a p l a in c a r b o n s teel , t h e c h r o m i u m first assoc ia tes itself w i t h 
t h e i ron ca rb ide un t i l t h e mo l . r a t i o of c h r o m i u m t o c a r b o n is 4-3, co r re spond ing 
w i t h FeCrC , a n d p r o b a b l y on ly a sma l l p r o p o r t i o n of c h r o m i u m goes w i t h t h e 
fer r i te t o fo rm a solid soln.—chromoferrite. W i t h fu r t he r a d d i t i o n s of c h r o m i u m , 
t h e b u l k goes i n t o sol id soln . w i t h t h e i ron , a n d ra ises t h e e lec t r ica l r e s i s t ance . T h i s 
ag rees w i t h t h e o b s e r v a t i o n s of C. A . E d w a r d s a n d A . L . N o r b u r y . E v e n 'when t h e 
r a t i o Cr : C exceeds 4-3 : 1, some of t h e c h r o m i u m is a s soc i a t ed w i t h t h e ca rb ide , 
a s i n d i c a t e d b y o b s e r v a t i o n s of J . O. A r n o l d a n d A . A . R e a d , e t c . , t o f o rm a n o t h e r 
c a rb ide w i t h a h ighe r p r o p o r t i o n of c h r o m i u m , b u t T . F . Russe l l cons iders t h a t t h i s 
c h r o m i u m is e i t he r ca r r i ed d o w n m e c h a n i c a l l y , o r else is in solid soln. w i th t h e 
c a r b i d e . M. A . G r o s s m a n n found t h a t t h e c a r b o n i n a h igh c h r o m i u m i ron is n o t 
d i s t r i b u t e d u n i f o r m l y a f te r h e a t - t r e a t m e n t . T h e sub j ec t w a s s tud i ed b y A. C a r n o t 
a n d E . G o u t a l , T . Meier l ing a n d W . D e n e c k e , W . E . R e m m e r s , F. S a u e r w a l d a n d 
co-worker s , E . L . H e n d e r s o n , O. Smal l ey , E . V a l e n t a , a n d H . W e n t r u p a n d 
W . S t e n g e r . F . R o l l s h o w e d t h a t c h r o m i u m s tabi l izes t h e cemen t i t e in cas t i ron, 
a n d t h e s u b j e c t w a s i n v e s t i g a t e d b y J . W . D o n a l d s o n , T . F . J enn ings , H . Sawa-
m u r a , a n d T . I s i h a r a . 
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K . Daeves found t h a t t h e so lubi l i ty falls off r ap id ly a t first a s t h e c h r o m i u m -
con ten t increases, t h e n m o r e slowly, t h e genera l form of t h e c u r v e b e i n g hype rbo l i c . 
Po in t s on t h e cu rve were d e t e r m i n e d b y obse rv ing w h a t c h r o m i u m - c o n t e n t w a s 
necessary, w i th a g iven c a r b o n - c o n t e n t , t o cause t h e a p p e a r a n c e of a eu t ec t i c in t h e 
s t r u c t u r e of t h e m e t a l . T o m a k e t h e h a r d al loys w o r k a b l e , for t h e p r e p a r a t i o n of 
pol ished surfaces, i t w a s necessary t o h e a t for severa l h o u r s a t 800°, j u s t be low t h e 
Ac j -po in t , b y wh ich t r e a t m e n t t h e solid soln. w a s b r o k e n u p a n d t h e m e t a l sof tened. 
E t c h i n g w a s accompl i shed b y electrolysis in a m m o n i u m p e r s u l p h a t e soln . I n 
eu tec to id al loys, t h e c e m e n t i t e is p r ac t i ca l l y u n a t t a c k e d b y h o t s o d i u m p i c r a t e 
soln. Cold a lka l ine p o t a s s i u m fer r icyanide t u r n s t h e h a r d c o n s t i t u e n t of t h e 
eu tec t i c b r o w n t o yel low, l eav ing t h e m i x e d c rys t a l s u n t o u c h e d . T h e so lubi l i ty 
cu rve expla ins m a n y of t h e k n o w n p r o p e r t i e s of c h r o m i u m steels . T h e me l t i ng -
po in t of s teel a n d t h e a r r e s t po in t s a r e l i t t le affected b y c h r o m i u m u p t o 10 p e r cen t . 
A b o u t a dozen complex carb ides h a v e b e e n r e p o r t e d , a n d in n o p a r t i c u l a r case h a s 
i t s ex is tence as a chemica l ind iv idua l been es tab l i shed , a l t h o u g h t h e ex i s tence of 
FeCrC is h igh ly p robab l e . H . Brea r l ey a d d e d t h a t af ter n u m e r o u s a n d frui t less 
a t t e m p t s he h a d learned t o d i s t ru s t ev idence based on t h e chemica l ana lys i s of 
res idues employed t o es tab l i sh t h e ex is tence of c o m p o u n d s which c a n be d i s t in 
gu ished microscopica l ly in s teel . B y m e a n s of X - r a d i o g r a m s , A. W e s t g r e n a n d 
co-workers found t h a t t h e Cr 3C 2 ca rb ide crysta l l izes in t h e r h o m b i c s y s t e m , a n d 
t h e e l e m e n t a r y para l le lop iped h a s 20 a t o m s , a n d t h e d imens ions At1=2-8121 A. , 
a 2 —5-52 A. , a n d a 3 = l l - 4 6 A. T h e ca rb ide usua l ly g iven a s Cr 5 C 2 is cons idered 
t o be Cr 7C 3 . I t is t r igona l , a n d t h e e l e m e n t a r y p r i s m c o n t a i n s 80 a t o m s , a n d i t 
h a s t h e d imens ions—edge of base , 13-98 A., a n d he igh t , 4*523. A n o t h e r ca rb ide , 
Cr4C, chromium tetritacarbide, h a s a face-cent red cubic l a t t i ce w i t h 120 a t o m s , a n d 
side, a = 10-638 A. 

Li. Gui l le t found t h a t quench ing a c t s u p o n c h r o m i u m steels in t h e s a m e m a n n e r 
a s i t does on c a r b o n s teels , b u t w i t h a far g rea t e r i n t ens i t y , for t h e increase in 
tens i le s t r e n g t h a n d elast ic l imi t a r e m u c h g rea t e r t h a n w i t h o r d i n a r y s teels 
c o n t a i n i n g t h e s a m e p r o p o r t i o n of c a r b o n . T h e m a r t e n s i t i c s teels a r e b u t - l i t t l e 
a l t e r ed b y q u e n c h i n g ; while those r iches t in c h r o m i u m a re s l ight ly sof tened. 
T h e t r o o s t i t e s teels a r e h a r d e n e d b y q u e n c h i n g . Stee ls c o n t a i n i n g ca rb ides a r e 
s l ight ly sof tened b y q u e n c h i n g f rom 850° w i t h o u t u n d e r g o i n g a n y a l t e r a t i o n in t h e i r 
s t r u c t u r e ; q u e n c h i n g f rom 1200° h a s t h e effect of p a r t i a l l y dissolving t h e doub le 
ca rb ide a n d of p r o d u c i n g y- i ron , whi le t h e h a r d n e s s a n d b r i t t l eness a r e r educed . 
Annea l ing s l ight ly sof tens al l c h r o m i u m steels . W i t h s teels c o n t a i n i n g ca rb ide , 
annea l i ng p roduces a n increase in t h e grain-s ize , while in steels con ta in ing m u c h 
c h r o m i u m , a n eu tec to id ca rb ide a p p e a r s t o be formed. T h e sub jec t was s tud i ed b y 
T . M u r a k a m i a n d co-workers , E . C. Ba in , E . H o u d r e m o n t , A. M. P o r t e v i n , 
K . Daeves , a n d D . U n o . J . H . G. M o n y p e n n y emphas i zed t h a t t h e c h a n g e w i t h 
increas ing a m o u n t s of c h r o m i u m a re all c o n t i n u o u s , a n d t h e r e a r e n o a b r u p t c h a n g e s 
which can be r ep re sen t ed s h a r p l y b y b o u n d a r y curves . L . Gui l le t f o u n d c e r t a i n 
steels a r e aus t en i t i c w h e n q u e n c h e d f rom h igh t e m p . , a n d J . H . G. M o n y p e n n y 
found t h a t h igh c a r b o n c h r o m i u m steels , w h e n q u e n c h e d f rom a sufficiently h igh 
t e m p . , a r e a l m o s t whol ly a u s t e n i t i c . T h e p r o p o r t i o n of c a r b o n r e q u i r e d va r i e s w i t h 
t h e p r o p o r t i o n of c h r o m i u m , be ing lower a s t h e l a t t e r is h igher . T h e reg ion b e t w e e n 
t h e l ines , F i g . 447, r ep re sen t s a m i x t u r e of t h e t w o . If t h e a u s t e n i t i c s teel b e 
t e m p e r e d a t 450°, t h e a p p a r e n t d r o p in h a r d n e s s is d u e t o t h e p resence of some m a r -
t ens i t e i n t h e u n t e m p e r e d s a m p l e ; a t 450° , t h e r e is a n inc ip i en t d e c o m p o s i t i o n of 
t h e a u s t e n i t e ; a t 600°, t h e h a r d n e s s is a m a x i m u m , a n d t h e s t r u c t u r e is m a r t e n s i t e 
w i t h a n e t w o r k of t roos t i t e ; a t 700°, t h e m a r t e n s i t e is b r o k e n d o w n , a n d t h e h a r d 
ness d rops cons iderab ly ; while a t 750°-800° , t h e ca rb ide ba l l s u p . T h e a u s t e n i t e 
c a n be t r a n s f o r m e d i n to m a r t e n s i t e b y p ress . " B y slow cool ing, i t c a n b e s h o w n t h a t 
t h e m a r t e n s i t e is a t r a n s i t i o n p r o d u c t b e t w e e n a u s t e n i t e a n d pea r l i t e , a n d i t is 
obtained b y a s lower r a t e of cooling t h a n is n e e d e d for a u s t e n i t e . T h e s equence 
of changes f rom a u s t e n i t e is m a r t e n s i t e - > t r o o s t i t e - > c a r b i d e . W . Giesen sa id t h a t 
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steels low in chromium are pearl i t ic; a n d 'with, m e d i u m chromium, martensit ic ; 
and t h a t high-chromium steels , e tched -with picric acid, conta in white globules of 
a carbide—vide supra. Observations on the microstructure were also m a d e b y 
C. A . Edwards and co-workers, W . Aichholzer, and B . Maurer and H . Nienhaus . 
T. E . Russel l found t h a t -with al loys wi th u p t o nearly 12 per cent, of chromium a n d 
1 per cent , of carbon, t h e steels were all pearlitic w h e n cooled about 40 minutes , 
and all the steels recalesced between 700° and 770°. Li. Guillet's pearlitic steels 
can be made martensit ic b y the air-cooling of small pieces . P . Oberhoffer also 
considers tha t the martensite area should be taken a w a y from the diagram ; and 
A. M. Portev in demonstrated what he considered t o be t h e instabil i ty of t h e mar
tens i te zone. H . Scot t found t h a t chromium in certain proportions raised t h e 
t e m p , of t h e transformation of martensite t o troost i te . E . C. B a i n showed t h a t 
al loys containing more t h a n about 25 per cent , of chromium are w i t h o u t trans
formation, the at-iron and S-iron solid soln. being cont inuous and identical ; a n d 
a n y carbon in excess of 0*40 per cent, is required to produce a n appreciable a m o u n t 
of austeni te a t , a n y t e m p . Al loys w i th over 10 per cent , of chromium furnish 
8-iron in a form sufficiently stable t o be quenched unchanged a t room t e m p . ; 
i t i s formed a t a decreasing t e m p , wi th increasing chromium-content , and at room 
t e m p . , i t is t h e n ordinary ferrite and is permanent ly stable . I n the absence of 
appreciable quantit ies of carbon, chromium, in excess of about 14 per cent. , does 
not dissolve in y-iron, so t h a t y- iron is not produced in al loys containing more t h a n 
this a m o u n t of chromium. Carbon increases t h e solubi l i ty of chromium in y-iron, 
and renders i t a stable const i tuent in al loys w i th over about 14 per cent, chromium. 
Al loys of iron wi th less t h a n 10 per cent, of chromium behave like low-carbon steels, 
producing a material on quenching which is structurally martensit ic , w i th rather 
lower carbon-content t h a n would be found in a steel w i th the same structure. B o t h 
chromium and carbon render austenite more sluggish a n d reluctant t o change 
into a-iron or martensite on cooling ; and about 12 per cent, of chromium is required 
to preserve any appreciable austenite a t room temp, after quenching in water, even 
'when the carbon is as high as 0-3 per cent . W. Giesen reported that pearlitic 
chromium steels wi th 0 t o 8 per cent, chromium and 0-5 per cent, carbon, or O t o 
5 per cent, chromium and 0*95 per cent, carbon, differ very sl ightly from ordinary 
carbon steels wi th a corresponding a m o u n t of carbon. The elastic l imit , breaking 
strength, and elongation are similar ; the hardness increases wi th the proportion 
of chromium, and is independent of t h e carbon-content, whilst the brittleness is 
less t h a n in carbon steels w i th t h e same carbon-content. Chromium steels wi th 
8 t o 18 per cent, of chromium and 0-3 per cent, of carbon, or steels with 5 t o 12 
per cent, of chromium and O*95 per cent, of carbon of martensit ic or troostit ic 
structure have a high tensile strength, elastic l imit , a n d breaking strength in 
comparison wi th pearlitic chromium steels , whilst their duct i l i ty is low, the hard
ness is very high, and the brittleness medium. If the proportion of chromium 
exceeds 25 per cent, when 0*3 per cent , of carbon is present, a n d over 22 per cent , 
w i th 0-95 per cent, of carbon, the elastic l imit s inks considerably, whereas t h e britt le
ness increases in t h e same proportion and at ta ins a high va lue . The duct i l i ty 
a n d breaking strength are t h e n medium. The tensi le s trength wi th a troost i t ic 
structure is m u c h less than when the structure is martensi t ic . Chromium steels 
w i t h martensit ic or troost i t ic structure are very hard, a n d h a v e a h igh elast ic l imit 
a n d tensi le strength, w i th low e longat ion a n d contract ion. Anneal ing makes 
pearlit ic chromium steels milder, as is also the case w h e n t h e martensit ic steel is 
hardened—small quant i t ies of y- iron be ing formed in each case. A double carbide, 
chromium steel has a whi te appearance after heat ing t o 1250°, and when quenched 
from this t e m p , t h e carbide structure disappears provided the proportion of 
chromium is high enough. Chromium steels w i t h t h e double carbide structure are 
very l iable t o fracture; those of pearlitic structure are said*to be best adapted for 
commercial use . J . O. Arnold said t h a t chromium, does n o t form a true steel wi th 
1OO per cent , pearlite. X-radiograms show t h a t for each of the chromium carbides 

vol . . x i n . 2 Q 
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subs t i tu t ion of i ron for c h r o m i u m m a y t o s o m e e x t e n t t a k e p lace . I n t h e c u b i c 
form t h e c h r o m i u m m a y b e r ep laced b y i ron u p t o a b o u t 25 p e r cen t . : i n t h e t r i g o n a l 
carbide t h e i r on -con t en t m a y r ise t o 55 p e r cen t . , b u t in t h e r h o m b i c c a r b i d e on ly a 
few pe r cen t , of c h r o m i u m c a n be rep laced b y i ron . N o defini te d o u b l e c a r b i d e , t h e 
presence of which w o u l d necess i t a t e t h e p re sence of b o t h i r on a n d c h r o m i u m a t o m s , 
is found . T h e so lubi l i ty of t h e ca rb ide in a u s t e n i t e is r e d u c e d a s t h e c h r o m i u m is in 
creased, a n d t h e c e m e n t i t e l ine consis ts of t w o d i s t i n c t p o r t i o n s co r r e spond ing t o t h e 
so lub i l i ty of different t y p e s of ca rb ide . W i t h 3 p e r cen t , c h r o m i u m , for e x a m p l e , 
t h e lower p o r t i o n of t h e c u r v e r e p r e s e n t s t h e so lubi l i ty of t h e t r i gona l c a r b i d e , a n d 
t h e h ighe r t e m p , reg ion t h e so lub i l i ty of c e m e n t i t e . W i t h 15 p e r cen t , of c h r o m i u m 
t h e lower t e m p , p o r t i o n g ives t h e so lubi l i ty in t h e y - p h a s e of t h e cub ic c a r b i d e , a n d 
a t h igher t e m p , of t h e t r i gona l one . 

Accord ing t o A. W e s t g r e n a n d co-workers , A . v o n Vegesack ' s o b s e r v a t i o n s 
show t h a t i t is p r o b a b l e t h a t a long t h e t r i g o n a l c a rb ide a n d y - m e t a l eu t ec t i c , a n d 
a long t h e t r igona l ca rb ide a n d a,-metal eu t ec t i c , t h e t e m p , r ises c o n t i n u o u s l y w i t h 
a n increas ing p e r c e n t a g e of c h r o m i u m . Th i s m e a n s t h a t t h e p o i n t s r e p r e s e n t i n g 
t h e l iqu id in equ i l i b r i um w i t h t h e cubic a n d t r i gona l ca rb ides a n d a - m e t a l , or w i t h 
t r igona l ca rb ide a n d ex- a n d y - m e t a l s , a r e b o t h s i t u a t e d o u t s i d e t h e r e spec t ive 
t r i ang les of t h e t e r n a r y s y s t e m . T h e l i q u i d u s surface of c e m e n t i t e falls w i t h a n 
inc reas ing p e r c e n t a g e of c h r o m i u m . T h e p o i n t of i n t e r sec t ion of t h e l i q u i d u s 
surfaces of c e m e n t i t e , t r i gona l ca rb ide , a n d y - m e t a l f o r m a m i n i m u m p o i n t in t b e 
h o m o g e n e i t y r a n g e of t h e l iqu id p h a s e . T h e ev idence i nd i ca t e s t h a t w i t h a fa i r ly 
low c o n t e n t of c h r o m i u m , c e m e n t i t e is s t ab l e t o w a r d s g r a p h i t e so t h a t t h e l i q u i d u s 
surface of c e m e n t i t e shou ld i n t e r sec t t h a t of g r a p h i t e . If t h e l i q u i d u s surface of 
c e m e n t i t e s inks w i t h a n increas ing p r o p o r t i o n of c h r o m i u m , t h e n t h a t of g r a p h i t e 
m u s t necessar i ly decl ine still m o r e r a p i d l y . T h i s i nd i ca t e s t h a t c h r o m i u m c a r b i d e 
mol s . a r e p r e sen t in t h e l iquid p h a s e . All t h r e e c h r o m i u m ca rb ides m a y s e p a r a t e 
f rom a u s t e n i t e on a n n e a l i n g . T h e h o m o g e n e i t y r a n g e of a u s t e n i t e is l i m i t e d b y 
four surfaces , t h r e e of w h i c h co r re spond wi th ca rb ides , a n d o n e w i t h t h e a - p h a s e . 
E . C. B a i n , a n d B . !Calling a n d G. Page l s h a v e s h o w n t h a t t h e s t a b i l i t y of a u s t e n i t e 
t o w a r d s t h e a - p h a s e rises w i t h t h e c a r b o n - c o n t e n t . I t is r e m a r k a b l e t h a t t h e 
cub ic ca rb ide can be in equ i l i b r ium w i t h a u s t e n i t e a t t h e s e low t e m p . T h e c h r o m i u m -
c o n t e n t of t h e m e t a l p h a s e , be ing i n e q u i l i b r i u m w i t h b o t h t r i g o n a l a n d cub ic 
ca rb ides , is r e d u c e d t o less t h a n half i t s v a l u e a t t h e m o m e n t of sol idif icat ion. T h e 
m a x i m u m i r o n - c o n t e n t of t h e cub ic c a r b i d e , howeve r , seems t o inc rease . A s t h e 
c h r o m i u m - c o n t e n t is r a i sed t h e a r e a of t h e y - i r o n p h a s e is g r a d u a l l y r e d u c e d a n d 
finally d i s a p p e a r s : t h e eu t ec t i c occurs a t a lower c a r b o n - c o n t e n t t h a n i n i ron-
c a r b o n a l loys , for e x a m p l e , a t a b o u t 3*7 p e r cen t , w i t h 15 p e r cen t , of c h r o m i u m . 

I n annea led c h r o m i u m steels c o n t a i n i n g on ly 1 or 2 p e r cen t , of c h r o m i u m , t h e 
o n l y ca rb ide found is c e m e n t i t e , t h e i ron of wh ich is p a r t i a l l y r ep l aced b y c h r o m i u m . 
T h e difference of d i s t r i b u t i o n of t h e ca rb ide in such s teels a p p e a r s t o b e d u e n o t t o 
a n y definite difference of compos i t ion , b u t t o s o m e t h i n g of t h e n a t u r e of s eg rega t i on . 
T h e ca rb ide in s ta in less s tee l is t h e cub ic c a r b i d e s a t . w i t h i ron . I n a s tee l , u s e d 
for dies , c o n t a i n i n g a b o u t 1 p e r cen t , of n icke l , 11 p e r cen t , of c h r o m i u m , a n d 
2 p e r cen t , of c a r b o n , t h e t r i gona l c a r b i d e occurs , r a t h e r m o r e t h a n half of t h e 
c h r o m i u m of w h i c h is rep laced b y i ron . KL. H i l g e n s t o c k discussed t h e 
d e s u l p h u r i z i n g a c t i o n of c h r o m i u m o n s t e e l ; R . J . A n d e r s o n , O. B a u e r a n d 
K . S i p p , F . B . Coyle, A. B . E v e r e s t , C. D . F o u l k e , D . H a n s o n , J. R . H o u s t o n , 
A . L a b o , E . P i w o w a r s k y a n d co-workers , H . J . S c h u t h , E . K . S m i t h a n d H . C. Aufde r -
h a a r , L . T h i e r y , a n d M. W a e h l e r t , t h e ac t i on of c h r o m i u m o n c a s t i ron , e t c . ; a n d 
H . S t y r i , t h e h e a t - t r e a t m e n t of c h r o m i u m s teels . 

P . S c h o e n m a k e r , a n d K . H o n d a a n d T . M u r a k a m i d i scussed t h e s t r u c t u r e of 
c h r o m i u m steels ; W . R i e d e , a n d A. Phi l l ips aacLXL.W. B a k e r , t h e effect of c h r o m i u m 
o n t h e g r a i n - g r o w t h ; a n d G. D . P r e s t o n , A . E . v a n A r k e l a n d W . G. B u r g e r s , 
•A. W e s t g r e n , a n d Z. N i s h i y a m a , t h e X - r a d i o g r a m s . T h e l a t t i c e p a r a m e t e r , a ; 
t h e spv g r . ; a n d t h e e las t ic m o d u l u s , E k g r m s . p e r sq . c m . , a t 15-1° t o 20*5?, a r e : 
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Cr . . 1 - 8 5 3-49 5-34 7-22 8 0 4 11-67 13-23 per c e n t , 
a - . 2-865 2-869 2-869 2-871 2-872 2-871 2-873 A . 
Sp . gr. . 7-8346 7-7980 7-7722 7-7474 7-7614 7*7419 7-7261 
.27x10—• . 2-137 2-163 2-187 2-216 2-162 2-212 2-253 

A . Westgren showed, t h a t t h e l a t t i ce d imens ions of i r o n - c h r o m i u m a l loys v a r y 
c o n t i n u o u s l y w i t h t h e compos i t i on : 

Chromium . O 8-3 19-3 32*1 51-6 72-6 80-3 100-0 per cent . 
a . . 2-861 2-863 2-866 2*868 2*871 2*874 2*876 2*878 A. 

A n a l o g o u s obse rva t i ons were m a d e w i t h t h e cub ic a n d t r i g o n a l ca rb ides in wh ich 
p a r t of t h e c h r o m i u m w a s rep laced b y i ron . E . C. B a i n d i scussed t h e X - r a d i o g r a m s ; 
a n d R . Bl ix , t h e X - r a d i o g r a m s of f e r r o - c h r o m i u m as soc i a t ed w i t h n i t r o g e n . 
Accord ing t o R . A. Hadf ie ld , t h e s p . gr . of c h r o m i u m s tee ls is a s follows : 

C . 0 0 7 
Cr . 0*22 
S p . g r . 7*777 

0 1 4 
0*57 
7 - 7 5 9 

0*77 
1-51 
7*740 

0 - 7 7 
5 1 9 
7 - 7 1 2 

1*27 
1 1 - 1 3 

7*675 

2 1 2 
1 6 - 7 4 

7*595 

4-OO 
8*30 
7*597 

5 0 0 
28-0O 

6 - 9 5 4 

6-OO 
44-OO 

6 - 8 1 4 

6 - 4 7 p e r c e n t . 
66*00 

7 - 0 0 0 

F . S t a b l e i n sa id t h a t t h e sp . g r . of i r o n - c h r o m i u m a l loys dec reases b y 0*0033 for 
e v e r y 1 p e r cen t , of c h r o m i u m . J . H . G. M o n y p e n n y g a v e for a steel—0*3 C ; 
12*6 C r — a n n e a l e d a t 950°, 7-731, w h i c h b e c a m e 7-738 on t e m p e r i n g a t 7 0 0 ° ; for 
s amp le s fully h a r d e n e d a n d t e m p e r e d : m i ld s teel , 7*869 ; 0-3 C, 10-6 Cr, 7*751 ; 
0-3 C, 12*6 Cr, 7*738 ; 0*08 C, 12*3 Cr, 7-779 ; 0 0 8 C, 15-4 Cr, 7-722 ; a n d O l C a n d 
20*4 Cr, 7-683. C. B e n e d i c k s a n d co-workers a lso m e a s u r e d t h e sp . vo l . of s ta in less 
s tee ls . T h e sub jec t w a s d iscussed b y J . O. Arno ld , B . S i m m e r s b a c h , H . A. Dick ie , 
a n d J . H . A n d r e w a n d co-workers . 

K . R u f m e a s u r e d t h e sp . gr . of a l loys of i r on a n d c h r o m i u m . W . B r o w n f o u n d 
t h e sp . gr . a n d sp . vo l . of s teels w i t h 0*90 p e r cen t , of c a r b o n a n d 2*00 p e r c en t , 
c h r o m i u m a r e r e spec t ive ly 7*7611 a n d 0-12885 ; w i t h 0*43 p e r cent , of c a rbon a n d 
3-25 p e r cen t , of c h r o m i u m , respec t ive ly 7*7653 a n d 0-12878 ; a n d w i t h 1*09 p e r 
cen t , c a r b o n a n d 9-50 p e r c e n t , c h r o m i u m , r e spec t ive ly 7-7032 a n d 0*12982; so t h a t 
w i t h u p t o 3-3 p e r cen t , of c h r o m i u m , t h e sp . vo l . c a n b e r ep re sen t ed b y 0-1269 
4-0-00034 Cr, w h e r e Cr d e n o t e s t h e p e r c e n t a g e of c h r o m i u m , a n d h igher p r o p o r t i o n s 
— u p t o 9-5 pe r c e n t . — h a v e n o f u r t h e r effect on t h e sp . vo l . H . R o w s i n g a n d 
J . Sissener n o t e d t h e c h a n g e s in vo l . w h i c h occur d u r i n g t h e h e a t - t r e a t m e n t of 
c h r o m i u m s teels . 

Acco rd ing t o R . A . Hadf ie ld , a n n e a l e d s tee ls or u n a n n e a l e d steels w i t h 0*39 
pe r cen t , of c a r b o n a n d u p t o 3 p e r cen t , of c h r o m i u m , a r e eas i ly filed ; w i t h increas ing 
p r o p o r t i o n s of c h r o m i u m , t h e s a m p l e s b e c o m e h a r d e r a n d a n n e a l i n g m a k e s v e r y 
l i t t l e difference t o t h i s p r o p e r t y . W i t h ove r 9*18 p e r cen t , of c h r o m i u m a n d 0*71 
p e r cen t , of c a r b o n , t h e s teel is v e r y h a r d a n d c a n sca rce ly b e t o u c h e d w i t h a file. 
T h e r e l a t ive h a r d n e s s of s teels b y t h e sc l e romete r t e s t w a s f o u n d t o b e : 

C 
S i 
M n . 
Cr . 
H a r d n e s s . 

. 0 - 1 6 

. 0 0 7 

. 0 - 1 8 

. 0 - 2 9 
. 2 2 

0 1 2 
0 0 8 
0 1 8 
O* 8 4 

2 1 

0 - 2 7 
0 1 2 
0*21 
1-18 

2 4 

0*39 
0 1 4 
0 - 2 5 
2*54 

2 4 

0*77 
0*50 
0*61 
5 1 9 

55 

0*86 
0*31 
0*29 
6*89 

3 8 

0*71 p e r c e n t 
0 - 3 6 
0 - 2 5 
9 1 8 

4 3 

w h e n t h a t of l ead is 1 : copper , 8 ; t h e sof tes t i ron , 15 ; a n d v e r y h a r d w h i t e i ron , 72. 
M. B r u s t l e i n , a n d J . B . J . D . B o u s s i n g a u l t a l so s t a t e d t h a t c h r o m i u m steel w i th a 
v e r y low p r o p o r t i o n of c a r b o n does n o t harden w h e n w a t e r - q u e n c h e d ; a n d 
G. Ro l land obse rved t h a t c h r o m i u m d o e s n o t t a k e t h e p l a c e of c a r b o n in h a r d e n i n g 
s tee l . G. T a m m a n n a n d V. Cagl io t i s t u d i e d t h e r e c o v e r y of h a r d n e s s a f te r cold-
work. R . A. Hadfield's results are t a k e n t o show t h a t c h r o m i u m in i t s effect on 
iron, in t h e absence of carbon cannot be regarded as a hardening a g e n t ; b u t if n o t 
less t h a n 0*35 per cent, of carbon be present, quick cooling is followed b y a consider
able hardening ; and this under condit ions w h e r e in the absence of c a rbon t h e 
al loy would not have been hardened. H e also s h o w e d t h a t if sufficient c a r b o n b e 
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present , ch romium m a k e s t h e s tee l se l f -hardening . W . Giesen f o u n d t h a t t h e 
hardness of steels w i t h 0-5 p e r cen t , of c a r b o n a n d 0 t o 8 p e r cen t , of c h r o m i u m , o r 
0-95 per cent , c a r b o n a n d 0 t o 5 p e r cen t , c h r o m i u m , increases -with t h e c h r o m i u m -
conten t , a n d is en t i r e ly i n d e p e n d e n t of t h e c a r b o n - c o n t e n t ; s teels w i t h 8 t o 18 
p e r cent , of c h r o m i u m , a n d 0*3 p e r cen t , of c a rbon , or 5 t o 12 p e r c en t , of c h r o m i u m , 
and 0*95 p e r cen t , of c a r b o n , a r e e x t r e m e l y h a r d . C h r o m i u m steels w i t h t h e 
m a r t e n s i t i c or t roos t i t i c s t r u c t u r e a r e exceed ing ly h a r d . T h e h a r d n e s s of c h r o m i u m 
steels w a s d iscussed b y E . C. B a i n , A. C a m p i o n , H . A. D ick ie , J . W . D o n a l d s o n , 
C. A. E d w a r d s a n d co-workers , V. Fedoroff a n d N . Trofimoff, Li. G r e n e t , L . Gui i le t , 
M. H a m a s u m i , D . H a n s o n , H . J t i n g b l u t h , T . K a s e , A . K u s s m a n n a n d B . Scharnoff, 
J . H . G. M o n y p e n n y , T . M u r a k a m i a n d Y . Fu j i i , H . O 'Nei l l , E . P i w o w a r s k y , 
A . M. P o r t e v i n , H . R e d e n z , M. R u d o l p h , L . R . Seidell a n d G. J . H o r v i t z , 
K . Tan iguch i , a n d O. Smal ley . W . H . Hat f ie ld ' s r e su l t s a r e i nd ica t ed in T a b l e 
L X I X . C. R . A u s t i n m e a s u r e d t h e effect of a n n e a l i n g a t different t e m p , w i t h 
s teels con ta in ing a p p r o x i m a t e l y 0-35 pe r cen t , of c a r b o n , a n d found Br ine lFs 
h a r d n e s s t o be : 

12-08 per cent. 
185 
190 
192 
270 

-where t h e samples in t h e las t l ine were q u e n c h e d in oil f rom 960°. S imi la r ly , w i t h 
samples of steel con t a in ing nea r ly 1*0 p e r cen t , of c a r b o n : 

2 0 9 3-92 5 0 7 6 1 6 8 1 2 10-42 per cent. 
207 255 210 223 223 153 
202 225 202 210 207 143 
269 321 228 202 196 140 
418 350 34O 350 241 2455 

where t h e las t t w o samples i n t h e las t l ine were q u e n c h e d in oil f rom 1200°—1300°, 
t h e o the r s , f rom 960°. Steels w i t h t h e m a r t e n s i t i c s t r u c t u r e a r e h a r d , t h e h a r d n e s s 
is scarcely affected b y t e m p e r i n g a t 500°, a n d t h e m a r t e n s i t i c s t r u c t u r e pe rs i s t s , 
t e m p e r i n g a t 500° t o 600° softens t h e s teel co r re spond ing w i t h t h e b r e a k i n g u p of 
t h e m a r t e n s i t i c s t r u c t u r e a n d t h e a p p e a r a n c e of ca rb ide . Th i s is m o r e p r o n o u n c e d 
b y t e m p e r i n g a t 700°—750° w h e n t h e ca rb ide g ranu le s a r e larger . A n n e a l i n g a t 
h igher t e m p , r e su l t s i n a n increase in t h e h a r d n e s s co r r e spond ing w i th t h e 
re -so lu t ion of t h e ca rb ides . C. A . E d w a r d s a n d co-workers s t u d i e d t h e re la t ion 
b e t w e e n Br ine lFs h a r d n e s s a n d t h e ve loc i ty of cool ing f rom t h e in i t ia l t e m p , 
i n d i c a t e d in t h e d i a g r a m ; a n d t h e h a r d n e s s of t h e steels cooled f rom different 
in i t i a l t e m p , in air—vide Tab le L X I X for some d a t a o n t h e ha rdnes s of t he se s tee ls . 

F . R o b i n s t u d i e d t h e acous t i c p rope r t i e s of c h r o m i u m steels ; a n d D . S. Muzzey , 
t h e long i tud ina l v i b r a t i o n s of magne t i zed cyl inders . T h e mechan ica l p rope r t i e s of 
c h r o m i u m steels were m e a s u r e d b y W . Aichholzer , J . H . A n d r e w , C. O. B u r g e s s , 
A . L . Colby, J . H . C r i t c h e t t , H . J . F r e n c h , H . J . F r e n c h a n d H . K . H e r s c h m a n n , 
J . P . Gill, E . Greul ich , L . Gui i le t a n d co-workers , R . A. Hadf ie ld , R . H a l l , 
G. A. H a n k i n s a n d co-workers , E . L . H e n d e r s o n , V. O. H o m e r b e r g a n d I . N . Za-
v a r i n e , E . H o u d r e m o n t a n d co-workers , A. H u l t g r e n , J . A. J o n e s , E . K o t h n y , 
F . C. McGrai l , P . G. M c V e t t y a n d N . L . Mochel , A. McWil l iam a n d E . J . B a r n e s , 
P . Mars ich , N . N . Menshih , F . W . Meyer , K . H . Mtiller a n d E . P i w o w a r s k y , 
I . O b i n a t a , W . Oer te l a n d K . Wi i r th , C. W . P f a n n e n s c h m i d t , F . R a p a t z , 
H . R e d e n z , M. S c h m i d t a n d O. J u n g w i r t h , B . S t o u g h t o n a n d W . E . H a r v e y , 
a n d E . C. W r i g h t a n d P . F . M u m m a . F . L . Coonan , a n d L . Gui i l e t s a id t h a t w i t h 
pear l i t ic s teels , t h e tens i le s t r e n g t h a n d elast ic l imi t a r e h igher , t h e h ighe r t h e 
p r o p o r t i o n of c h r o m i u m , w i t h o u t , however , differing g r e a t l y f rom t h o s e of 
o r d i n a r y steels w i t h t h e s a m e p ropor t i on of ca rbon . T h e b r i t t l eness is inc reased 
a l i t t l e . T h e m a r t e n s i t i c steels a r e sa id t o h a v e t h e s a m e qua l i t i e s a s n icke l 
afid m a n g a n e s e s teels , b u t h a v e less b r i t t l eness . T h e m i x e d m a r t e n s i t i c a n d 

Cr 

!

805° . 
SSS: 
Oil . 

1-95 
205 
195 
146 
645 

4 0 2 
180 
137 
163 
512 

6 1 8 
200 
16O 
170 
286 

8-08 
175 
174 
177 
255 

10-39 
185 
19O 
200 
248 

Cr 

{805° 
850° 
960° 
Oil 
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c a r b i d e s tee ls a lso r e semble t h e m a n g a n e s e s t ee l s ; while t h e d o u b l e c a r b i d e s tee ls 
h a v e a s o m e w h a t low t e n s i l e . s t r e n g t h a n d elast ic l imi t , a n d t h e y h a v e h i g h 
c o n t r a c t i o n s a n d m e d i u m e longa t ions . Z . N i s h i y a m a ' s m e a s u r e m e n t s of t h e e l a s t i c 
m o d u l u s a r e i n d i c a t e d a b o v e . T h e obse rva t i ons of C. R . A u s t i n a r e s u m m a r i z e d 
i n T a b l e L . X I X . T h e tens i le s t r e n g t h of s teel w i t h 1*96 pe r cen t , of c h r o m i u m , 
n o t t e m p e r e d , w a s 44*0, a n d af ter t e m p e r i n g a n h o u r a t 610°, i t was 74*4, a n d t h e 

T-AJBiJE L X I X . — T H E MKCHAJSTICAI. P»OI»B»TIEIS OTP CBuaoMirrM: S T E E L S . 

Percentage composition 

Cr 

1-96 
4 - 0 2 
6 - 1 8 
8 - 0 8 

1 0 - 3 9 
1 2 - 0 8 

2 0 9 
3 - 9 2 
5 0 7 
6 1 6 
8 1 2 

1 0 - 4 2 

C 

0 - 3 3 
O-3O 
0 - 3 7 
0 - 4 3 
0 - 3 7 
0 - 3 8 

l-OO 
1 0 9 
1 0 7 
0 - 9 7 
1 0 2 
1 1 4 

Si 

0 - 0 5 
0 - 1 5 
0 - 3 2 
0 - 4 3 
O-5O 
0 - 5 8 

0 - 1 7 
0 - 2 7 
0 - 1 9 
0 - 3 1 
0 - 3 7 
0 - 4 6 

M n 

0 1 3 
0 - 1 7 
0 - 2 3 
0 - 2 5 
0 1 9 
0 - 2 4 

0 - 2 9 
0 - 1 8 
0 - 2 1 
0 1 4 
O-IO 
0 0 7 

Annealed 805° I 

Yield 
point 
(tonsl 

per 
sq. 
in.) 

( 2 6 ) 
3 8 
3 6 
18 
2 2 

2 6 
2 5 
2 6 
2 7 
3 4 
2 1 

Tensile 
strength 

(tons 
per 

sq. in.) 

4 6 - 8 
32*0 

I 4 3 - 9 
4 0 - 8 
4 1 - 2 
44-O 

4 4 - 8 
5 6 - 4 
4 7 - 2 
4 9 - 6 
5 3 - 2 
3 4 - 8 

Elonga
tion 
(per 

cent.) 

2 6 - 6 
I 2 8 - 8 

2 5 O 
2 9 - 7 
3 1 - 2 
3 2 - 8 

2 6 - 5 
2 0 - 3 
2 5 - 8 
3 2 - 6 
1 8 - 0 
3 4 - 4 

Annealed 850° 

Yield 
point 
(tons 
per 

InV 

25 
1 5 
1 6 
2 1 
2O 
2 1 

i 2 9 
2 4 
2 4 
2 4 
2 4 

I 16 

i 

Tensile 
strength 

(tons 
per 

sq. in.) 

4 5 - 2 
I 3 2 1 

3 6 - 6 
3 9 - 4 
4 2 - 7 
4 2 - 4 

4 5 - 3 
5 2 - 2 
4 3 - 5 
4 7 - 1 
4 7 - 1 
3 3 - 3 

Elonga
t ion 
(per 
cent.) 

2 6 1 5 
3 5 1 
3 4 - 2 
3 2 0 
2 7 - 3 
2 9 - 7 

3 1 - 2 
19 -5 
3 0 - 5 
2 6 - 5 
2 3 - 4 
3 2 0 

Annealed 060° 

Yield 
point 
(tons 

per 
sq. 
in.) 

18 
19 
2 1 
2 0 
2 4 
2 0 

3 0 
4 2 
2 6 
2 4 
2 4 
18 

Tensile 
strength 

(tons 
per 

sq. in.) 

3 4 - 8 
3 8 - 8 
4 0 - 2 
4 3 - 8 
4 2 - 6 
4 3 - 6 

6 0 - 5 
5 8 - 9 
52*7 
4 4 - 4 
4 3 - 4 
3 2 - 3 

Elonga
t ion 
(per 

cent.) 

2 3 - 4 
2 5 - 8 
25-O 
2 3 - 4 
2 5 - 8 
2 3 - 4 

9 - 3 5 
3 1 

18-7 
2 6 - 5 
2 5 O 
2 8 - 9 

e longa t ion 11-0 pe r cen t . T h e tens i le s t r e n g t h of t h e 4-02 pe r cent , c h r o m i u m 
steel , n o t t e m p e r e d , w a s 78-0, a n d a f te r t e m p e r i n g a n h o u r a t 610°, 56*3, a n d t h e 
e longa t ion w a s 18-7 p e r cen t . T h e tens i le s t r e n g t h s a n d p e r c e n t a g e e longa t ions of 
t h e s teel , t e m p e r e d a t 500° a n d 650°, w i t h 6-18 p e r cen t , of c h r o m i u m , were 
r e spec t ive ly 60-4 a n d 17-2 ; w i th 8-08 p e r cen t . Cr, 59-2 a n d 1 8 0 ; w i t h 10-39 p e r 
c en t . Cr, 56-4 a n d 17-2 ; a n d w i t h 12*08 pe r cen t . Cr, 6 0 1 a n d 18-7. Aga in , t h e 
tens i le s t r e n g t h of t h e s teel w i t h 2-09 pe r cen t . Cr, t e m p e r e d a t 500° a n d 650°, 
was 85*7 ; t h e tens i le s t r e n g t h a n d e longa t ion of t h e s tee l w i t h 3*92 p e r cen t , of 
c h r o m i u m , t e m p e r e d a n h o u r a t 500° a n d 650°, were respec t ive ly 81-O a n d 11*0 ; 
a n d l ikewise for t h e s tee l w i t h 5-07 p e r cen t , of c h r o m i u m , r e spec t ive ly 75*8 a n d 
12-5. T h e tens i le s t r e n g t h of t h e s tee l w i t h 6*16 p e r cen t , of c h r o m i u m , t e m p e r e d 
a n h o u r a t 500° a n d 650°, w a s 49*0, a n d w h e n t e m p e r e d a n h o u r a t 650° , 59*0. 
T h e tes t -p ieces b r o k e in t h e shou lde r in t h e cases w h e r e t h e e longa t ions a r e n o t 
s t a t e d . T h e m e c h a n i c a l p rope r t i e s we re d iscussed b y H . H . A b r a m , Li. A i t ch i son , 
P . A . E . A r m s t r o n g , C. R . A u s t i n , H . W . B a k e r a n d A . H . Gibson , P . B l u m , 
C. B . Ca l lomon, F . B . Coyle , H . C. Cross , H . A . Dick ie , J . W . D o n a l d s o n , 
P . E y e r m a n n , H . J . F r e n c h , G. Gabr ie l , F . L . Gar r i son , N . J . G e b e r t , J . P . Gill , 
R . C. Good , W . Guer t l e r , A . H u l t g r e n , W . H . Hat f ie ld , W . H a u f e , J . E . H u r s t , 
T . F . J e n n i n g s , J . A . J o n e s , W . K a h l b a u m a n d co-workers , B . K j e r r m a n , 
J . H . K i i s t e r a n d C. P f a n n e n s c h m i d t , C. B . L o r d , T . D . L y n c h a n d co-workers , 
R . S. M a c P h e r r a n , P . G. M c V e t t y a n d N . L . Mochel , Y . M a t s u n a g a , T . M a t u s h i t a , 
J . H . G. M o n y p e n n y , H . Moore , R . R . Moore , I . M u s a t t i a n d G. Calb ian i , 
J . B . Nea l ey , A . L . N o r b u r y , O. K . P a r m i t e r , A. R . P a g e a n d J . H . P a r t r i d g e , 
A . Phi l l ips a n d R . W . B a k e r , F . R a p a t z a n d H . Po l l ack , W . R iede , A. R y s , K . Sasa-
k a w a , A . Schulze , F . W . Sh ip ley , E . K . S m i t h a n d H . C. Aufde rhaa r , T . Swinden a n d 
P . H . J o h n s o n , a n d W . Zieler . J . H . G. M o n y p e n n y o b t a i n e d t h e resu l t s i nd i ca t ed 
i n T a b l e L X X for t h e effects of t e m p e r i n g a n d a n n e a l i n g on s teel- I w i t h O-07 pe r 
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cent . C, 0 0 8 Si, O-12 Mn, 0-57 N i , a n d 11*7 Cr. T h e r e s u l t s c o r r e s p o n d w i t h t h e 
effects on t h e h a r d n e s s i n d i c a t e d a b o v e . 

TABLE L X X . — T H E E r r E o r ov ANTSTEAUNO TBMPBBATUBES ON THB MECHANICAL 
P B O P E B T I E S OF OHBOMIITM S T E E L S . 

I . 

Treatment 

rO.H. 930° 
W . H . 200° 
W . H . 300° 
W . H . 400° 
W . H . 500° 
W . H . 600° 
W . H . 700° 
W . H . 750° 

I W.H. 800° 
( W . H . 650° 

I l J w . H . 700° 
( W . H . 750° 
( A . H . 960° ; WT.H. 7O0° 

I I I ^ A . H . 1000° ; W . H . 700° 
( O . H . 1 0 0 0 ° ; W . H . 700° 

.. ' 

Yield-
point 

(tons per 
«q. in.) 

58-8 
3 8 O 
30-6 
27-9 
33-6 

3 8 0 
40-8 
33-6 
26-O 
32-0 
3 4 0 I 

. ' 

Maximum 
stress 

(tons per 
sq. in.) 

73-2 
7 3 0 
72<4 
72-3 
72-4 
49-1 
40-4 
36-4 
53-6 

61-9 
59-7 
58-9 
36-8 
44-2 
46-4 

-.. .' 

!Elongation 
(per oent.) 

13-5 
1 2 O 
12-5 
15-5 
1 8 0 
2 2 0 
26-5 
3 1 0 
13-5 

7 0 
1 0 0 
1 0 0 
3 4 O 
2 3 0 
2 4 0 

. . . . . _.__ 

!!eduction 
I area 

(per cent.) 

41-9 
3 8 O 
36-4 
51-O 
52-2 
62-4 
65-8 
68-8 
44-6 

13-4 
18-3 
18-3 
62-6 
53*4 
60-4 

Brlnell's 
hardness 

3 4 0 
34O 
3 3 2 
3 3 2 
3 4 0 
2 4 1 
1 9 6 
1 7 9 
2 5 5 

3 0 2 
3 8 5 
2 8 1 

— 

Isod 
impact 

(ft.-lbs.) 

2 8 
3 4 
3 8 
3 8 
3 6 
6 5 
7 9 
8 7 
4 0 

7 
8 
8 

6 9 
55 
15 

T h e symbol s O .H. a n d W . H . refer r e spec t ive ly t o oil- a n d w a t e r - h a r d e n i n g . T h e 
resu l t s s h o w t h a t u p t o 500°, t h e tens i le s t r e n g t h is n o t affected b y t e m p e r i n g , b u t 
t h e d u c t i l i t y (e longat ion a n d r e d u c t i o n in a rea) a n d t o u g h n e s s ( i m p a c t t e s t ) a r e 
i m p r o v e d ; b e t w e e n 500° a n d 600°, t h e tens i le s t r e n g t h falls r ap id ly , whi le t h e 
d u c t i l i t y a n d t o u g h n e s s increase i n v a l u e ; a t 600° t o 750°, t h e s e r e su l t s a r e m o r e 
a c c e n t u a t e d ; b e t w e e n 750° a n d 800°, co r r e spond ing w i t h t h e d i sso lu t ion of t h e 
ca rb ides , t h e s teel shows ev idence of h a r d e n i n g . B y inc reas ing t h e p r o p o r t i o n of 
ca rbon , t h e tens i le s t r e n g t h g r a d u a l l y r ises, whi le t h e d u c t i l i t y a n d t o u g h n e s s b e c o m e 
less ; w h e n t h e p r o p o r t i o n r ises t o 0-3 pe r cen t . , t h e s tee l b e c o m e s h y p e r e u t e c t o i d a l , 
a n d g ives h igh v a l u e s for Br ine l l ' s h a r d n e s s . These s tee ls c a n n o t b e sof tened b y 
t e m p e r i n g be low a tens i le s t r e n g t h of 50 t o 55 t o n s p e r sq . in . W i t h st i l l h ighe r p r o 
p o r t i o n s of ca rbon , t h e m a t e r i a l s c o n t a i n l a rge p r o p o r t i o n s of free ca rb ide . T h e series 
for s t ee l - I I refer t o a h igh -ca rbon c h r o m i u m steel : 1-42 C, 0-12 Si, 0*35 Mn, 0-44 
N i , a n d 13-1 Cr. T h e r e su l t s for a h i g h - c h r o m i u m s t e e l - I I I refer t o a steel w i t h 
0«17 C, 0-26 Si , 0-18 Mn, a n d 15-9 Cr. As t h e p r o p o r t i o n of c h r o m i u m increases , 
a h ighe r q u e n c h i n g t e m p , is needed t o h a r d e n t h e steel , a n d e v e n t u a l l y t h e poss ib le 
increase in h a r d n e s s o b t a i n a b l e b y q u e n c h i n g f rom a t l eas t 1200° is v e r y smal l . T h e 
tensi le s t r e n g t h o b t a i n a b l e af ter h a r d e n i n g a n d t e m p e r i n g is r a t h e r lower t h a n 
w i th l o w e r - c h r o m i u m steels , a t t h e s a m e t i m e t h e r a t i o of y i e ld -po in t t o m a x i m u m 
s t ress is a lso lower . 

J . H . G. M o n y p e n n y found t h e m o d u l u s of e las t ic i ty— i . e . Y o u n g ' s m o d u l u s — 
i n t e n s i o n , exp res sed in lbs . p e r sq. in. , for a s teel w i t h 0-09 C, a n d 12-0 Cr, w a s 
0 0 4 2 9 6 ; a n d for a s teel w i t h C 0*23 a n d Cr 12-8, 0-04306. H . H . A b r a m o b t a i n e d 
va lue s r a n g i n g f rom 0*04296 t o 0-04323 for a series of s ta in less s teels w i t h 0-10 t o 
0-43 C, a n d 12*37 t o 14-7 Cr. T h e former also g a v e 0-04125 for t h e m o d u l u s of 
e las t ic i ty in s h e a r for a s tee l w i t h 0-25 C, a n d 12-5 Cr. C. L . Cla rk a n d A . E . W h i t e 
s t ud i ed t h e effect of t e m p , o n t h e tensi le p rope r t i e s of c h r o m i u m s tee l . F o r t h e 
effect of h y d r o g e n , see t h a t e lement . 

T h e fa t igue , t h a t is , t h e failure of t h e s teel u n d e r a l t e r n a t i o n s of t e n s i o n a n d 
compress ion ove r a long per iod of t i m e , h a s been e x a m i n e d b y F . H . Moore a n d 
J . B . K o m m e r s , D . J . M c A d a m , H . J . G o u g h a n d co-workers , e t c . T h e f a t igue 
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r a n g e for a c h r o m i u m s tee l w i t h a tens i le s t r e n g t h of 43-5 t o n s p e r sq . in . , w a s 
± 2 1 t o n s p e r sq . i n . for a h u n d r e d mil l ion cycles of s t ress ; a n d i t b e h a v e s w i t h 
r e spec t t o fa t igue l ike o t h e r ferrous me ta l s . D . J . M c A d a m m a d e cor ros ion- fa t igue 
a n d f a t igue t e s t s of s ta in less steel , a s well a s some s t a t i c , m e c h a n i c a l t e s t s . T h e 
e n d u r a n c e t e s t s were m a d e w i th cycles r u n n i n g 1450 revs , p e r min .—v ide t h e 
corros ion of i ron . T h e corros ion w a s effected b y fresh c a r b o n a t e w a t e r , a n d b y 
sa l t -wa te r , r i v e r - w a t e r w i t h a b o u t one - th i rd t h e sal ine c o n t e n t s of sea -wa te r . 
T h e r e su l t s were : 

Chromium 
Nickel . 
Silicon 
Carbon 
Copper. 
Tensile strength 
Elongation 
Reduction of area 
Fatigue 

(Fresh Corrosion-fatigue < g„j t 

11-54 
0 0 8 
0 0 9 
0-33 
0-84 

97,6OO 
27-7 
59-5 
62,000 
35,000 

12-20 
0-18 
0-23 
0 0 8 
0 1 3 

61,5OO 
4 1 0 
67-5 
39,00O 
30,000 

13-35 
0-08 
0-22 
0 1 3 
0-45 

91,2OO 
25-3 
63-5 
59,0OO 
40,000 
13,000 

15-09 per cent. 
0-15 
O I O 
0-09 
O O l 

102,700 lbs. per sq. in. 
27-7 per cent, in 2 ins 
5 9 O 

lbs. per sq. in 
33,000 

J . H . S. D i c k e n s o n s h o w e d t h a t a t t e m p , exceed ing 500° , o r d i n a r y s teels a n d 
al loy s teels of v a r i o u s t y p e s s t r e t c h b y p l a s t i c flow, a n d finally b r e a k w i t h m u c h 
smal le r l oads t h a n t h e v a l u e s for t h e tens i l e s t r e n g t h o b t a i n e d a t t h e s a m e t e m p . 
H e n c e , a s teel w i th , say , a tens i le s t r e n g t h of 20 t o n s p e r sq . in . a t 650°, wou ld s t r e t c h 
c o n t i n u o u s l y a n d finally b r e a k a t a fa r less l o a d if g iven sufficient t i m e . F o r a 0-3O 
p e r cen t , c a r b o n s teel , a n d a 0-26 C, 14-68 Cr s teel , h e f o u n d t h a t t h e m a x i m u m 
s t ress in t o n s p e r sq . in . , a n d t h e p e r c e n t a g e r e d u c t i o n of a r ea , a t different t e m p . , 
a r e a s follow : 

400° 
40-8 
44-4 
67-8 
52-2 

14° 
43-2 Tenacity { £ * ° C r \ * £ * 
64-8 Reduction { 1 2.* | 8

C
C r 5 7 0 

100° 
40-4 
49-9 
59-2 
54-6 

600° 
27-6 
38-0 
79-4 
64-4 

600° 
20-8 
27-6 
8 6 1 
70-7 

700° 
12-6 
17-4 
92-8 
84-1 

800° 
7-2 
8-8 

9 9 0 
9 1 - 4 

1O0O 
4 0 
6-1 

99-8 
91-4 

T h e pe r iods r e q u i r e d for t h e s a m e m a t e r i a l s t o b r e a k d o w n a t different t e m p , whi le 
u n d e r a load of 8-5 t o n s p e r sq . in. , were : 

0-3 C . 
14-68 Cr 

500°~550° 
3400 Krs. 
10,000 hrs. 

550°-600° 
956 hrs. 

1728 hrs. 

6000-G50° 
28 hrs. 
79 hrs. 

700° 
3 mins. 
3 mins. 

776° 
6 sees 
6 sees 

W . H . Ha t f i e ld also m a d e s o m e o b s e r v a t i o n s on t h i s sub jec t . W i t h o r d i n a r y c a r b o n 
s teels , t h e r e is a r a n g e of b r i t t l enes s , cal led blue brittleness—vide supra, t ens i le 
s t r e n g t h — r o u g h l y b e t w e e n 300° a n d 500° . I t is i nd i ca t ed b y m e a n s of t h e n o t c h e d -
b a r i m p a c t t e s t . F. R o b i n o b s e r v e d t h a t v a r i a t i o n s i n t h e res i s t ance of pea r l i t i c 
c h r o m i u m steels t o c r u s h i n g a r e s imi la r t o t h o s e of m a r t e n s i t i c s teels genera l ly (q.v.). 
T h e r e s i s t ance increases r a p i d l y i n l i qu id a i r , a n d i t d imin i shes t he r ea f t e r a t r is ing 
t e m p . , b u t n o t un i fo rmly . A b o v e 500° , t h e res i s t ance d imin i shes m o r e r a p i d l y , 
a n d a t t a i n s a h igh v a l u e a t 1100°. T h e h igh - speed t o o l s tee ls—vide infra—are 
t h e on ly s teels a t t h e s e t e m p , w h i c h show a n e v e n h i g h e r r e s i s t ance . Accord ing 
t o J . H . G. M o n y p e n n y , v a r i o u s n icke l a l loy s teels s h o w a m a x i m u m br i t t l eness 
a b o u t 600°, a n d a m i n i m u m a b o u t 700° ; b e y o n d t h a t t e m p . , t h e b a r s b e n d b u t do 
n o t b r e a k . T h e c h r o m i u m s tee ls h a v e fair ly u n i f o r m i m p a c t va lues w i th r ise of 
t e m p . , a n d show n o r a n g e of b l u e b r i t t l e n e s s . T h e effect of t h e ini t ia l t e m p , o n 
t h e phys i ca l p rope r t i e s of t h e a l loy w a s discussed b y J . H . A n d r e w a n d co-workers , 
a n d C. L . Cla rk a n d A . B . W h i t e ; a n d t h e effect of a n n e a l i n g , b y C. B . C a l l o m o n — 
vide t h e phys i ca l p r o p e r t i e s of i ron . 

Acco rd ing t o J . H . G. M o n y p e n n y , s t a in less s tee l is r a t h e r more difficult t o cold-
w o r k t h a n is t h e case w i t h o r d i n a r y steel ; b u t i t c a n b e d r a w n in to wire, rol led i n t o 
shee t s o r s t r ip s , m a d e i n t o weldless d r a w n t u b e s , a n d pressed or s t a m p e d i n t o 
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various shapes. All this, however, provided the steel be more frequently softened 
between the successive stages of the mechanical "working. Thus, the maximum 
stress in tons per sq. in., M.S. ; and the reverse binding test , R .B. , were found, for 
the hard-drawing of steel with 0 0 7 C, and 11 »7 Cr, t o be : 

D i a m e t e r . 

A s drawn { J f J ^ 
Tempered i M.S. 

500° 1 R . B . 
Tempered/ M.S. 

600° I R . B . 
Tempered i M.S. 

700° \ R . B . 

S. H. Rees obtained the results given in Table L X X I , with stainless iron with O-12 C 
and 12*0 Cr, and stainless steel with 0*40 C and 13'0 Cr. The indicated t emp, 
refer to the temp, of annealing for one hour. The annealing of the iron a t 3000—375°, 
and of the steel a t 375°—450°, results in a marked improvement in the elastic 
properties of the cold-drawn rods. R. A. Hadfield observed t h a t a t —182°, the 
results are normal. 

O H l 
6 8 

6 
» 6 9 - 6 

6 
4 6 

8 
3 6 

9 

0 - 0 8 0 4 
7 8 

5 
6 4 - 6 

7 - 5 
6 O 
1 6 -6 
3 9 - 6 
1 6 

0 0 7 0 6 
8 9 

6 
6 1 

9 
4 9 
1 8 
3 8 
1 8 

0 0 5 6 8 
1 1 4 

4 
6 7 
1 1 - 6 
5 0 - 5 
2 O 
4 0 - 5 
2 7 

0 - 0 4 6 5 
1 0 3 

1 3 
6 1 
2 2 
4 6 
3 0 
3 9 
1 1 

T A B L E L X X I 

T r e a t m e n t 

C C o l d - d r a w n 
I 100° 
I 200° 

I r o n <l 3 0 0 ° 
I 375° . I 

4 5 0 ° 
L 650° 

r C o l d - d r a w n 
I 1 0 0 ° . ! 

J 2 0 0 ° 
I 3 0 0 ° 

S t e e l \ 3 7 5 ° 
I 450° 

5 5 0 ° 
I 6 5 0 ° 
I 7 8 0 ° 

. — E E K E C T o r ANUSTEAUTN-G ON 
B O D S o r C H R O M I U M I R O N , 

Tensile 

Elas t ic 
l imit ( tons 
p e r s q . In.) 

7 
8 

1 4 
22 i 
22 
1 9 
1 8 

9 I 
I O 
1 7 
2 4 
2 9 
2 8 

I 26 
2 4 
2 4 

Yield-point 
( tons per 

sq. in.) 

3 2 0 
3 2 0 
3 2 - 5 
3 3 O 
2 6 0 
2 6 0 
2 O O 

3 9 O 
3 9 O 
4 O O 
43-O 
4 O O 
3 9 0 
3 5 0 
3 2 0 
3 1 0 

Max. load 
( tons per 
sq . in.) 

3 7 - 2 
3 7 - 2 
3 7 - 6 
3 8 - 0 
3 4 O 
3 4 0 
3 2 - 8 

6O-8 
5 0 - 8 
5 1 - 2 
5 0 - 8 
5 0 - 4 
5 0 - 4 
4 9 - 2 
3 8 - 4 
4 7 - 6 

T H E P R O P E R T I E S O F C O L D - D B A W N 
A N D C H R O M I U M : S T E E L . 

Elongat ion 
(per cent . ) 

2 8 - 5 
2 8 - 0 
2 7 0 
2 4 0 
3 2 - 0 
3 2 0 
3 7 - 0 

2 1 - 0 
2 1 O 
1 9 O 
2 O O 
2 1 0 
2 2 0 
2 2 0 
2 5 0 
2 6 - 0 

Compression 

Reduc t ion 
of a r ea 

(per cent . ) 

7 0 
7 O 
7 O 
6 9 
7 3 
7 2 
7 4 

5 O 
5 2 
5 O 
5 2 
5 2 
5 3 
55 
51 
5 7 

Elas t ic 
l imi t ( tons 
p e r s q . in.) 

9 
9 

1 2 
1 8 
2 O 
1 9 
1 6 

7 
I O 
1 7 
2 2 
2 6 
25 
2 6 
2 3 
25 

Yield-point 
( tons p e r 

sq . in.) 

2 8 O 
2 8 0 
2 7 O 
3 O O 
2 6 0 
2 6 0 
2 1 0 

3 5 0 
34-O 
3 6 0 
37-O 
3 5 - 6 
35-O 
3 3 - 5 
3 2 - 5 
3 1 - 5 

The mechanical properties of stainless steel were discussed by E. Piwowarsky, 
P . Oberhoffer and E . Piwowarsky, R. S. Poister, T. L.. Robinson, T. Matushita, 
J . Galibourg, A. Abraham, C. E . MacQuigg, and H. J . French ; the effect of silicon 
on the mechanical properties of stainless steel were discussed by E . Ko thny , 
H . H . Abram, and J . H . G. Monypenny ; of nickel, by J . H . G. Monypenny, and 
B. Strauss and E . Maurer ; of manganese, by L. Guillet, and J . H . G. Monypenny ; 
of copper, by J . H . G. Monypenny, and L. Grenet ; and of vanadium, by F . Rogers. 

K. Ruf measured the thermal expansion of iron-chromium alloys between 0° 
and 250°. An anomalous expansion with iron occurs between 950° and 870° ; 
with a 6 per cent, chromium alloy, between 830° and 770° ; and with a 12 per 
cent, chromium alloy, between 845° and 810° ; whilst no anomaly occurs with 
alloys having over 13 per cent, chromium. F . Stablein found t h a t the mean coeS. 
of thermal expansion decreases with an increase of chromium. J , A. N . Friend 
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and R. H . Vallance found three samples of stainless steel had coeff. of thermal 
expansion between 0-O4IlO and 0-O4117 a t t e m p , between 10° and 100°. Observa
t ions were made b y A . M. Portev in and P . Chevenard, H . Jtingbluth, P . Hidner t , 
P . Hidnert and W . T. Sweeney, J . B . Aust in and R. H . H . Pierce, a n d 
H . J . French. W . H . Souder and P . Hidnert found the coeff. of thermal 
expans ion of chromium stee l—with C, 0-30 per cent. ; Si, 0-11 ; Mn, 0-18 ; and 
Cr, 13-1—on hardened samples , and samples tempered a t 760°. The average 
va lues respectively for hardened and tempered steels are 0-0599 and 0-04103 
be tween 20° and 100° ; 0-0598 and 0-04107 be tween 20° and 200° ; 0-0599 and 
0-04122 between 200° and 400° ; 0-04138 and 0 0 4 1 3 3 be tween 400° and 600° ; 
0 0 4 1 3 4 and 0 0 4 1 3 6 between 600° and 800° ; and 0-O4122 and 0 0 4 1 2 1 between 
20° and 600°. B . Kjerrman, T. Matushita, and P. Gr. M c V e t t y and N . L . Mochel 
made some observations on this subject . F . Stablein found t h a t the presence of 
chromium rapidly reduces the heat conduct iv i ty of iron, and al loys w i th 5 to 13 per 
cent , of chromium have only half the heat conduct iv i ty of iron. T. Matushi ta 
found the heat conduct iv i ty , Jc1, of samples s lowly cooled from 900°, and, Jc2,, of 
samples rapidly cooled from 1100°, t o be : 

Cr 
kx 
ka 

. 0 

. O-1O0 

. 0-098 

0-5 
0-099 
0089 

2 0 
0-095 
0-087 

5 O 
0-073 
0044 

lO-O 
0-052 

13 
— 
0033 

20 per cent 
0043 
0043 

W . H . Hatfield found the thermal conduct iv i ty of stainless steel t o be less t h a n 
t h a t of ordinary mild steel ; the va lue for stainless or chromium steel is A;=0-0363 
t o 0-0466 cal. per cm. per sec. per degree, w h e n the va lue for iron is 0-1450, and 
for mild steel 0-1436 a t 18°, and 0-1420 a t 100°. The rate of heat ing of chromium 
or stainless steel is nearly the same as t h a t of ordinary steel , so that if the rate of 
heat ing depends on the diffusivity, where the diffusivity=&/j?Z>—where s denotes 
the sp. ht . , and D the sp. gr .—the conduct iv i ty Tc mus t increase with t emp. , or the 
product sD must decrease with t emp, sufficient t o satisfy observations. W. Brown 
found tha t the presence of chromium has l i tt le influence on the sp. ht . , for with the 
percentage proportions of C and C r = 0 - 9 0 : 2*00, the sp. ht . was 0-1202 ; wi th 
0-43 : 3-25, 0 1 1 6 9 ; and wi th 1 0 9 : 9-50, 0-1206. F . Wiist and co-workers repre
sented the mean sp. ht . b y 0 -10233+0-000033470 , 
and the true sp. ht . a t 6° b y 0 1 0 2 3 3 
-4-O-OOOO66940 for t emp, between 0° and 1500°. 
W . H . Hatfield g a v e 0-115 t o 0-121 for t h e sp . 
ht . of chromium or stainless steel a t ordinary 
t e m p . F . Osmond found tha t 44 per cent, 
ferrochromium ran a l i tt le at the po int of con
t a c t wi th an iron area a t 1355°, b u t the fusion 
was quite local, the sample mel ted a t about 
1430° ; 66 per cent, ferrochromium l iquated a t 
1440° into a fusible and a refractory part which 
did not mel t a t 1475° ; while 9O per cent , 
ferrochromium did not mel t a t 1485°. The f.p. 
curve is indicated in F igs . 445 and 446. A. Lud- . 
gren not iced t h a t there is a particularly strong F »° - 4 4 8 - ^ t c r ^ U c £ s 
evolut ion of heat during the anneal ing of 
hardened chromium steel, when the steel h a d previously been converted into 
austenite b y quenching from a high t e m p . ; if t h e structure is martensit ic , no 
deve lopment of heat is perceptible because the breaking u p of the martensit ic 
structure proceeds so s lowly. W. W . Coblentz a n d R. Stair measured the reflect
ing power of stainless steel ; and H . Pincass , t h e spec trum of the Fe-Cr catalyst . 

K . R u f s va lues for the sp. resistance in o h m s per sq. m m . per metre are s I J o w n 

in F i g . 448. J . Hopk inson found t h a t t h e electrical resistance is lowered by 
anneal ing. The fol lowing values were obta ined for t h e sp . resistance : 

200° 400° 60(T 800° /000° 
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C Cr Hard-drawn Annealed Hardened in water 
0-16 per cent. 0-29 per cent . 0-042234 0-041917 0-0 41903 
0-27 „ 1-18 „ 0-043351 0-043305 0-O457O6 
0-77 „ 5-19 „ 0-042012 0-042234 0 0 4 4 0 6 2 
0-71 „ 9*18 „ 0 0 4 2 3 1 5 0 0 4 2 4 0 1 0 0 4 2 8 4 3 

F . S tab le in f o u n d t h e s p . r e s i s t ance of t h e i r o n - c h r o m i u m al loys increases l inea r ly 
u p t o 2 p e r cen t , c h r o m i u m , a n d t h e n increases less r a p i d l y . A . M. P o r t e v i n g a v e 
5-4 m i c r o h m s p e r c m . c u b e for t h e increase i n t h e r e s i s t ance of i ron p r o d u c e d b y 
1 pe r cen t , of c h r o m i u m ; a n d he f o u n d t h a t , a t 15° t o 20°, for s a m p l e s w i t h a b o u t 
0*2 pe r cen t , of c a r b o n , t h e electr ical r e s i s t ance R m i c r o h m s p e r c m . c u b e for 
c h r o m i u m steel before a n d a f te r h a r d e n i n g b y q u e n c h i n g f rom 980° i n w a t e r : 

Cr . . 1*20 4-50 . 1 0 1 4 14-52 2 2 0 6 31-75 
(Before . 16-3 33-2 49-7 62-9 5 6 0 63-7 
\After . 1 8 0 3 5 0 50-8 69-7 57-7 66-3 7?i ] 

Simi la r ly w i th steels con ta in ing a b o u t 0-8 pe r cent , of c a r b o n : 

Cr . . 0-62 2 1 4 7-28 13-94 26-54 4 0 0 3 
^ / B e f o r e . 2 3 1 27-8 39-6 65-4 67-1 71-5 
^XAfter . 43-5 54-O 62-2 72-5 68-4 73-5 

C. B e n e d i c k s ' fo rmula w a s found t o b e app l icab le for s teels w i t h u p t o 2-67 p e r 
cen t , of c h r o m i u m . T . Spooner , F . K . F i scher , O. B o u d o u a r d , M. A. H u n t e r a n d 
A. J o n e s , T . M u r a k a m i , H . A. Dick ie , W . F . B a r r e t t a n d co-workers , a n d 
T . F . Russe l l m a d e o b s e r v a t i o n s on t h i s sub jec t . C. A. E d w a r d s a n d A . L . N o r b u r y 
obse rved t h a t t h e r e is a g r a d u a l increase in r e s i s t ance b y q u e n c h i n g f rom g r a d u a l l y 
increas ing t e m p , a b o v e t h e A c u p o i n t , a n d t h i s increase t a k e s p lace in t h e r a n g e 
over which t h e ca rb ide of t h e pea r l i t e g r a d u a l l y dissolves . T h e fully t e m p e r e d 
s ta in less s tee l h a s a r es i s t ance of a b o u t 0 0 0 0 0 5 0 t o 0*000055 o h m p e r c m . c u b e , 
a n d t h i s increases t o a b o u t 0-00007 o h m w h e n t h e s teel is q u e n c h e d f rom t e m p , 
h igh e n o u g h t o dissolve all t h e ca rb ide . C Bened icks a n d R . S u n d b e r g found 
u n q u e n c h e d spec imens of s ta in less s tee l h a v i n g p rac t i ca l l y t h e s a m e re s i s t ance a s 
h a r d e n e d spec imens -when t h e c a r b o n is low, t h i s is t a k e n t o show t h a t t h e c h r o m i u m 
is in solid soln . ; o n ra i s ing t h e p r o p o r t i o n of c a rbon , t h e r e s i s t ance is m u c h lowered . 
If SR, m i c r o h m s p e r cm. cube , d e n o t e s t h e differences obse rved b e t w e e n t h e 
q u e n c h e d a n d u n q u e n c h e d samples , a n d SR' t h e increase w h i c h w o u l d occur w i t h 
t h e c a r b o n going i n t o soln. , t h e h ighe r v a l u e s for 8R i n d i c a t e t h a t m u c h of t h e 
c h r o m i u m is p r e c i p i t a t e d w i t h t h e c a r b o n in t h e slowly cooled s amp le s : 

Carbon 
SK . 
SiT . 

. 0-07 
. 3-0 
. 1-9 

0-20 
11-8 

5-4 

0-28 
1 6 0 

7-5 

0-34 
12-6 

9-1 

0-45 
17-4 
12-1 

0-47 per cent . 
16-2 
12-6 

F . K . F i s che r found t h a t t h e electr ical r es i s tance r a n g e s f rom 43 t o 53 m i c r o h m s 
p e r c m . c u b e , a n d t h e v a l u e var ies a t t h e r a t e of 0-60 m i c r o h m for each p e r cen t , 
of c h r o m i u m a d d e d . G. T a m m a n n a n d V. Cagl iot i d iscussed t h e r e c o v e r y of t h e 
res i s t ance a f te r co ld-work . A . K u s s m a i m a n d B . Scharnoff obse rved n o r e l a t i o n 
b e t w e e n coerc ive force a n d h a r d n e s s . 

G. T a m m a n n sa id t h a t a s s u m i n g a c h r o m i u m a t o m on t h e surface c a n r e n d e r 
a n a d j a c e n t i r o n a t o m pas s ive t o di l . ac ids , t h e ( lOl)-face shou ld b e c o m e p a s s i v e 
w i t h 0-25th of a mo l . of c h r o m i u m , a n d t h e (100)- a n d ( l l l ) - f a c e s , pas s ive w i t h f t h 
m o l . A c t u a l l y p a s s i v a t i o n occurs w i th 0-16 t o 0-28 mol . of c h r o m i u m : t h i s is less 
t h a n t h e p r e d i c t e d a m o u n t . H e n c e , o t h e r factors—e.g. t h e n a t u r e of t h e solvent—• 
a r e i nvo lved . C. B e n e d i c k s a n d R . S u n d b e r g found t h a t t h e e lec t rode p o t e n t i a l , 
E9 of u n q u e n c h e d s t e e l — w i t h 0-04 t o 0-08 p e r cen t , of c a r b o n — i n n e u t r a l 
0-822V-FeSO4, free f r o m oxygen , rises f rom E=—0-711 t o —0-744 v o l t w h e n 8 p e r 
c e n t , of c h r o m i u m is a d d e d , a n d t h e p o t e n t i a l is sens ib ly base r t h a n t h a t of i r on 
o r c a r b o n s teel ; t h e a d d i t i o n of m o r e c h r o m i u m lowers t h e v a l u e of E, t o a 
m i n i m u m w i t h 13 t o 14 p e r cent , of c h r o m i u m , a n d w i t h m o r e c h r o m i u m , E r ises 
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a g a i n . W i t h c h r o m i u m c o n s t a n t a t 13 p e r cent . , E is m u c h lowered w h e n t h e 
p r o p o r t i o n of c a r b o n is ra i sed . W i t h q u e n c h e d spec imens , E r i ses w i t h i n c r e a s i n g 
c h r o m i u m , b u t w i t h c h r o m i u m c o n s t a n t a t 13 p e r cen t . , E is r e d u c e d t o —0*55 
v o l t on inc reas ing t h e p r o p o r t i o n of c a r b o n . If t h e n e u t r a l soln. of 0 8 2 J V - F e S O 4 
b e p a r t i a l l y oxid ized b y t h e a d d i t i o n of h y d r o g e n d iox ide , t h e e lec t rode p o t e n t i a l , 
E, is r e m a r k a b l y c o n s t a n t a t 0-31 vo l t , a n d t h i s is n o t affected b y c a r b o n o r 
c h r o m i u m over 8 p e r cen t . ; in q u e n c h e d spec imens w i t h 0-04 t o 0-08 p e r cen t , of 
c a r b o n , E' is r educed t o —0-64 vo l t w i t h 8-05 p e r cen t , of c h r o m i u m , a n d t o 0-31 
for h ighe r p r o p o r t i o n s of c h r o m i u m . Q u e n c h e d spec imens w i t h 13 pe r cen t , of 
c h r o m i u m h a v e E' b e t w e e n 0-275 a n d 0-308 vo l t . T h e e lect r ica l r e s i s t ance , s p . 
vo l . , a n d t h e e lec t rode p o t e n t i a l s , a l l i n d i c a t e a n a b r u p t c h a n g e n e a r 13 p e r cen t , 
of c h r o m i u m . Th i s is t h o u g h t t o b e d u e t o t h e g r a d u a l f ad ing o u t of t h e y - reg ion 
w i t h t h e h igher p r o p o r t i o n s of c h r o m i u m , a s i n d i c a t e d b y E . C. B a i n . Acco rd ing 
t o C. Bened i cks a n d R . S u n d b e r g , a s ta in less s tee l w i t h 0*10 p e r cen t , of c a r b o n a n d 
13 p e r cen t , of c h r o m i u m , w h e n i m m e r s e d i n iV-KLCl, a s s u m e s t e m p o r a r i l y a h i g h e r 
o r a c t i v e p o t e n t i a l , a n d a vis ible r u s t i n g occurs . A pho toe l ec t r i c cell w a s con
s t r u c t e d b y us ing t w o s t r i p s of s ta in less s tee l i m m e r s e d in a soln . of fer rous s u l p h a t e . 
T h i s cell is sens i t ive t o l igh t . T h e l i gh t causes a n inc rease in t h e e lec t rode p o t e n t i a l 
r e n d e r i n g t h e s tee l s l igh t ly base r . G. T a m m a n n a n d E . S o t t e r found t h a t t h e 
e lec t rode p o t e n t i a l of i r o n - c h r o m i u m al loys in 0 - I iV-H 2 SO 4 is s t r ong ly pos i t ive t o 
c h r o m i u m -with c a t h o d i c po la r i za t ion , a n d on ly s l igh t ly so w i t h anod ic po la r i za t ion . 
T h e e n d anod ic p o t e n t i a l is a t t a i n e d in a c c o r d w i t h t h e e x p o n e n t i a l law, b u t w i t h 
c a t h o d i c po la r i za t ion t h e case is m o r e complex , t h e r e b e i n g a p p a r e n t l y t h r e e 
d i s t i n c t pe r iods . Po l i sh ing w i t h e m e r y , a n d h e a t i n g a t 400° decrease t h e e lec t ro-
pos i t iveness of t h e a l loys . T h e p resence or ab sence of a i r b u b b l i n g t h r o u g h t h e 
soln . affects t h e p o t e n t i a l b u t l i t t l e , b u t t h e p re sence of a r e d u c i n g a g e n t , such a s 
pyroga l lo l , p h o s p h o r u s , or qu ino l , r educes t h e e lec t ropos i t iveness of ca thod ica l ly 
po la r ized i r o n - c h r o m i u m al loys t o a r e m a r k a b l e e x t e n t . E . N e w b e r y , a n d 
O. Meyer a n d K . R o e s c h a lso s t u d i e d t h e p o t e n t i a l of c h r o m i u m steels , a n d t h e i r 
t e n d e n c y t o r u s t . Accord ing t o B . S t r a u s s , t h e p o t e n t i a l of i r o n - c h r o m i u m al loys 
in -ZV-EeSO4 soln. a g a i n s t a O-liV-calomel e lec t rode , r a n g e s f rom —0-6 vo l t t o -f-0-2 
vo l t . T h e former v a l u e is t h e s a m e a s t h a t of mi ld s teel , a n d w i t h low-carbon 
s teels , t h e n e g a t i v e p o t e n t i a l was found w i t h 
less t h a n 12 pe r cen t , of c h r o m i u m ; b o t h va lues 
w i t h b e t w e e n 13 a n d 15 p e r cen t , of c h r o m i u m ; 
a n d t h e pos i t ive p o t e n t i a l w i t h over 16 p e r cen t , 
of c h r o m i u m . W i t h 0-8 p e r cen t , of c a r b o n , 
b o t h v a l u e s were g iven w i t h s teels h a v i n g 13 t o 
15 p e r cen t , of c h r o m i u m , a n d a n e g a t i v e p o t e n 
t i a l w h e n m o r e c a r b o n w a s p r e s e n t . S tee ls w i t h 
20 p e r cen t , of c h r o m i u m g a v e a pos i t ive 
p o t e n t i a l w i t h u p t o 2 p e r cen t , of c a r b o n , a n d 
a n e g a t i v e p o t e n t i a l w i t h m o r e c a r b o n . E . N e w -
be ry , H . S t a g e r a n d H . Zschokke , R . B o r c h e r s , 
M. d e K . T h o m p s o n a n d R . B . Morr issey , 
T . P . H o a r a n d U . R . E v a n s , a n d L . C. B a n 
n i s t e r a n d U . R . E v a n s s t u d i e d t h e e l ec t rode 
p o t e n t i a l s of t h e s e a l loys . 

K . R u f ' s va lues for t h e t h e r m o e l e c t r i c force 
of t h e a l loys a g a i n s t p l a t i n u m a r e i n d i c a t e d in F i g . 449 . O b s e r v a t i o n s were a lso 
m a d e b y M. A . H u n t e r a n d A. J o n e s , a n d P . N i c o l a u . T . S. F u l l e r found t h e t h e r m o 
elect r ic force, E mi l l ivo l t s , a g a i n s t c o p p e r b e t w e e n 0° a n d 100° for al loys of i ron a n d 

Z00° 400° 600° 800° /000° 

FiO. 4 4 9 . — T h e Thermoelectr ic 
Force of Fe-Cr Al loys . 

Chromium. 
E 

IO 
1-20 

18 
1*04 

2O 
0-43 

23-5 
8*32 

29-5 per cent . 
0-31 

E . L . D u p u y a n d A . M. P o r t e v i n m e a s u r e d t h e t he rmoe lec t r i c force of c h r o m i u m 
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steels against copper over a range of tenip. from —80° to 100°. The results, 
expressed in millivolts, are indicated in Table LXXII . The blanks mean that the 
samples cracked. 

T A B L E L X X I I . — 

Per cent. 

C 

0 0 6 
0 0 8 
0 - 2 8 
0 - 0 7 
0*42 
0 1 4 
0 - 2 4 
0 - 4 6 
0 - 9 7 
0 - 8 9 
0 - 7 9 
0 - 8 4 
0 - 5 2 
0 - 9 6 
0-9O 
0 - 8 2 
0 - 9 2 

Cr 

1-20 
1-89 
2 - 6 6 
7 -84 
9 -80 

1 3 - 6 0 
2 5 - 3 1 
3 1 - 7 5 

I 0 - 9 2 
2 1 4 
4 - 5 7 
7-27 
9 -85 

1 1 - 5 2 I 
1 8 - 6 5 
2 6 - 5 4 
3 2 - 4 6 

T H E R M O E X E C T B I C F O R C E ox1 C H R O M I T T M S T E E L A G A I N S T 

Untreated 

— 80° 

1 7 1 
15 -2 
1 4 - 7 0 

8 -50 
6 - 8 4 
6 -15 
4 - 1 7 
5 - 9 2 

I 9 -51 
9-51 

12-3O 
1 0 - 2 0 

2 - 7 8 
9 -41 
0 - 8 1 
2-9O 
4 - 8 7 

100° 

1 6 - 6 
16 -6 
1 7 1 0 
1 2 - 7 0 

6 -82 
8 -73 
6-28 
9 -55 
8 -83 
9OO 

[ 12-9O 
1 1 - 9 0 

3 - 6 3 
1 1 - 9 0 

1-55 
5 - 3 7 
6 -28 

Annealed at 100° 

— 80° 

1 7 - 5 3 
15*43 
1 6 - 9 4 

9 - 7 5 
I 1 2 1 8 

6-5O 
6 -26 
4 - 2 9 
9 - 7 4 

10-21 
1 2 1 8 
11-6O 
1 1 - 4 8 
1 0 - 4 0 

4 - 9 9 
3-3O 
6 - 8 4 

100 

1 6 - 9 3 
1 6 - 6 5 
1 8 - 1 1 
1 4 - 9 2 
1 4 - 7 4 
1 0 - 5 6 

9 O l 
6 -55 
8 - 9 2 
9 - 6 4 

1 2 - 5 6 
1 3 - 4 5 

I 1 4 - 4 8 
13-6O 

7 -95 
6 -91 1 
6 - 3 0 

COFJKER. 

Hardened by quenching 
from 1000° 

— 80° 

6-7O 
1 4 - 5 0 
14*60 

9*80 
— 

S-IO 
6 - 2 3 
4 - 9 9 
3-9O 
3 - 5 2 
7*10 
.— 

4 - 9 8 
6-9O 
3 - 2 5 
2 O O 
4 - 3 2 

100° 

1 6 - 4 
1 5 - 2 0 
2 1 - 5 0 
13-5O 

— 
7 - 6 5 
6 - 0 9 
7 -86 
3 - 6 4 
4-2O 
5 - 9 1 

3 - 6 8 
9-7O 
4 - 6 4 
4 - 6 4 
6 - 5 5 

W. Treitschke and G. Tammann observed that all the iron alloys with up to 
8O per cent, chromium are magnetic. J. Hopkinson found that ferrochromium 
with 8 to 28 per cent, chromium is strongly magnetic ; with 44 per cent, chromium, 
it is feebly magnetic but is strongly magnetic when in the form of powder ; and 
66 per cent, ferrochromium is feebly magnetic. In general, the magnetism of 
ferrochromium alloys decreases with increasing chromium and carbon. J. Hop
kinson obtained the results for the magnetic induction, B, per sq. cm., with 
different values for the magnetizing force, H9 from which the following is a selection, 
for steel with 0*71 per cent, of carbon and 9*18 per cent, chromium : 

-pt~*™.~ V,^„+- SH . 0-018 0-075 0-30 1-02 
Before heating^ Q . 7 5 ^ 5 3 6 . 2 2 3 4 

After heating (H O-17 0-07 0-38 116 
to 850° \B . 1-5 5 0 20-2 86-0 

4-04 11-86 22-78 33-24 
93-1 286 603 978 
4-05 11-72 22-7 31-67 

323 1070 7580 11,553 

The induction, B, per sq. cm., for the same steel after heating to the temp, indicated 

H, 1-02(3 ; 

H, 27*06iB * 

R. Abt, H. A. Dickie, R. L.. Dowdell, F. K. Fischer, E. Gumlich, W. S. Messkin 
and E. S. Tovpenjez, P. Oberhoffer and O. Emicke, J. H. Partridge, J. Safranek, 
S. Saito, E. H. Schulz and W. Jenge, H. Scott, T. Spooner, J. Wiirschmidt, 
E. A. Watson, C. E. Webb, and L. W. Wild measured the magnetic properties ; 
and A. Kussmann and B. Scharnoff, E. Gerold, H. Scott, and S. Curie measured 
%h» coercive force, magnetic moments, and remanence of chromium steels. 
3T. Stablein found the coercive force of chromium-iron alloys rises to an ill-defined 

395° 
31 

416° 
113 
438° 
34O 
456° 
832 

558° 
41 

645° 
416 
584° 
661 
616° 

2891 

640° 
98 

717° 
603 
661° 

2226 
677° 

7796 

701° 
161 
789° 

1022 
735° 

5489 
746° 

8728 

773° 
201 
823° 

1462 
807° 

6424 
813° 

7112 

839° 
331 
841° 

1863 
829° 

4943 
834° 

5375 

860° 
O 

860° 
O 

860° 
O 

860° 
O 
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C r 
M 
Loss 

1-75 
. 38-2 

1-9 

1-96 
50-4 

O S 

2*11 
52-5 

2-2 

3-5O 
41-7 

7-9 

5-79 
38-7 

7 0 

m a x i m u m w i t h 10 p e r c e n t , of c h r o m i u m , a n d t h e n falls t o a m i n i m u m w i t h 
17 p e r cen t , of c h r o m i u m . W . B r o w n f o u n d for t h e m a g n e t i c m o m e n t M p e r 
g r a m , a n d t h e p e r c e n t a g e loss b y pe rcuss ion : 

9 - 2 2 p e r c e n t . 
42*2 

1*3 p e r c e n t . 

F . K . !Fischer f o u n d t h a t t h e m a g n e t i c p rope r t i e s of t h e a l loys w i t h IO t o 2O p e r 
cen t , of c h r o m i u m v a r y w i t h t h e p r o p o r t i o n of c h r o m i u m a n d w i t h t h e h e a t -
t r e a t m e n t . A n n e a l i n g p r o d u c e s t h e b e s t m a g n e t i c r e s u l t s . T h e b e s t m a g n e t i c 
r e su l t s were o b t a i n e d w i t h al loys r a n g i n g f rom 17*5 t o 18*7 p e r cen t , of c h r o m i u m 
— i n t h e reg ion of zero m a g n e t o s t r i c t i o n . T h e effect of q u e n c h i n g o n t h e m a g n e t i c 
p r o p e r t i e s is t o r e d u c e t h e flux d e n s i t y b y a l a rge a m o u n t a n d t o m a k e p r a c t i c a l l y 
p e r m a n e n t m a g n e t i c m a t e r i a l o u t of t h e r i n g s a m p l e s e x c e p t t h o s e i n t h e ne igh
b o u r h o o d of zero m a g n e t o s t r i c t i o n . B a k i n g t h e a l loys a t 50O° a f te r a n n e a l i n g w a s 
h a r m f u l t o t h e p rope r t i e s as i t r e d u c e d t h e p e r m e a b i l i t y . T h e m a g n e t i c cr i t ical 
p o i n t va r i e s f rom a b o u t 675° t o 750° , t h e a v e r a g e b e i n g a b o u t 700° . T h e b e s t 
a l loy o b t a i n e d w a s one of 18*7 p e r cen t , c h r o m i u m . W h e n annea l ed , t h i s a l loy 
h a s a m a x i m u m p e r m e a b i l i t y of a b o u t 2000 a t a p p r o x i m a t e l y 6000 gausses . I t s 
hys te res i s loss for J3 m —5000 is 177O ergs p e r c.c. p e r cycle , or i t h a s a b o u t t h e 
p e r m e a b i l i t y a n d 4 t i m e s t h e hys te re s i s loss of A r m c o i ron . 

A. W . S m i t h a n d co-workers found t h e m i n i m u m r e l u c t a n c e — i . e . t h e rec ip roca l 
of t h e m a x i m u m p e r m e a b i l i t y — o c c u r s w h e n t h e p r o p o r t i o n of c a r b o n a p p r o a c h e s 
0*8 p e r cen t . , a n d a m a x i m u m w i t h a b o u t 0 5 p e r cen t . R . L . Sanford a n d 
W . L . C h e n e y found t h a t t h e m a x i m u m i n d u c t i o n of o i l -quenched c h r o m i u m steel 
is 11,200, a n d t h e coerc ive force 53-5 . G. Mars i n v e s t i g a t e d t h e use of c h r o m i u m 
steel in p e r m a n e n t m a g n e t s . H i s r e s u l t s a r e i n d i c a t e d in T a b l e L X X I V . 

T A B L E L X X I I I . — T H E H A R D N E S S A N O M A G N E T I Z A T I O N O F C H R O M I U M S T E E L S . 

Composition 

C 

1 0 1 
0-82 
1-05 
0-78 
1 0 2 
0-54 
1-20 
1-8O 
2-60 

S i 

0-2O 
O-19 
O-15 
0 1 9 
0-21 
0-18 
0-22 
0-21 
0-27 

M n 

0-25 
0 1 8 
0-24 
0-20 
0-23 
0-26 
0-25 
0-24 
0-26 

Cr 

1-21 
1-40 
1-62 
1-3O 
2 1 4 
4-25 
4-05 

12-45 
2-46 

Hardening 
temp. 

7 2 0 
75O 
75O 
7 5 0 
7 5 0 
75O 
7 3 0 
76O 
75O 

Brinell's 
hardness 

713 
652 
652 
782 
600 
514 
655 
640 
713 

Magnetization 

Just after 
magnetiza

tion 

8 6 
9 4 
9 5 
9 3 - 5 
9 3 
8 4 - 5 
8 6 
5 5 
5 0 - 5 

After 8 
days 

8 3 - 5 
9O 
9 4 
9 2 - 5 
9O 
8 2 
8 3 - 5 
5 3 - 5 
4 8 - 5 

Percentage 
loss 

2 -9 
4 -3 
1-1 
l-O 
3 - 2 
3-O 
2-9 
2-7 
4 0 

T A B L E L X X I V . — M A G N E T I C P R O P E R T I E S O F C H R O M I U M : S T E E L S . 

Cr 
(per cent.) 

I O 
4*05 
8 0 

12-O 
1 6 - 0 
20-O 

Residual 
magnetism 

66O 
600 
58O 
435 
340 
32O 

Intrinsic 
residual 

magnetism 

2 9 6 
3 7 4 
3 8 5 
3 3 2 
2 8 6 
2 5 2 

Coercive 
force 

2 8 
3 9 
4 6 
5 4 
5 6 
4 4 

Residual 
magnetism 

after 
percussion 

275 
354 
371 
328 
284 
239 

Residual 
magnetism 

after heating 
and' cooling 

2 4 5 
3 3 4 
3 6 4 
3 2 2 
2 7 8 
2 3 5 

Percentage 
loss 

magnetism 
by per
cussion 

Percentage 
loss 

magnetism 
by heating 

and cooling 

6-8 
5 -3 
3 -6 
1-2 
0-7 
5-2 

9 -5 
5 - 3 
1-9 
1-8 
21 
1-5 
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The magnetic properties resemble those of high-carbon steels, and stainless 
steel when suitably hardened makes a good permanent magnet , which is not so 
good as the 6 per cent, tungsten steel commonly employed. M. B. Moir obtained 
hysteresis curves of annealed and quenched chromium steels, a t 15° and a t —190°, 
and found the value with the annealed alloy to be too small t o be worth investi
gating for permanent magnetism, b u t the quenched specimens, while not ideal, 
make useful magnets, with the properties indicated in Table L X X I I I . 

Li. Jordan and F . E . Swindells discussed the decarburization of ferrochromium 
by heating it in hydrogen; and E . Martin, the absorption of hydrogen and nitrogen 
by chromium steels. The commercial importance of the chromium steels as rzistless 
steels, non-corrosive steels, or stainless steels was developed b y H . Brearley, al though 
the resistance of these steels to corrosion had been previously noted by B . Strauss 
and E . Maurer, and E . Haynes, and a mixture for a resistant chromium steel 
patented by the Fi rma Krupp for use as cutlery, propeller blades, etc. Indeed, 
over a century ago P . Berthier drew at tent ion t o the fact t h a t chromium-iron alloys 
are less corrodible than iron itself, and analogous observations have been made by 
M. Faraday and J . Stodart . The subject was discussed by P . R. KLuehnrich. 
E. A. and L. T. Richardson also noted t h a t chromium enhances the effect of copper 
in resisting corrosive influences. 

T h e co r ros ion - re s i s t i ng a l loys -were d i s cus sed b y H . H . A b r a m , W . A c k e r m a n n , 
L . A i t c h i s o n , R . J. A n d e r s o n a n d G . M . E n o s , P . A . E . A r m s t r o n g , J . A . A u p p e r l e , 
E . C. B a i n , M . B a l l a y , C. B . Be l l i s , C. B e n e d i c k s a n d R . S u n d b e r g , J . 8 . d e B e n n e v i l l e , 
H . N . B o o k e r , P . B r e s , A . B r u n n e r , W . S. C a l c o t t , C. W . Carne l l , H . C. H . C a r p e n t e r , 
F . F . C h a p m a n , P . C h e v e n a r d , T . H . C h i l t o n a n d W . R . H u e y , D . Gr. C la rk , A . C h r i s t i a n s e n , 
J . Clav ie r , J . C o u r n o t , J . L . Cox , W . H . Creu t z f e ld t , K . D a e v e s , G . Di l lne r , T . W . D o w n e s , 
G. A . D r y s d a l e , R . L . Duff, V . Duffek, C. D u i s b e r g , T . G. E l l i o t a n d c o - w o r k e r s , G. M . E n o s , 
H . E s s e l b a c h , H . O. F o r r e s t a n d co -worke r s , H . J . F r e n c h , H . A . d e F r i e s , J . F r i t z a n d 
F . Borne fe ld , T . S. F u l l e r , C. Griff, M . A . G r o s s m a n n , L . E . G r u n e r , W . G u e r t l e r , 
W . G u e r t l e r a n d "W. A c k e r m a n n , W . G u e r t l e r a n d T . L i e p u s , L . Gui l l e t , Pv. A . H a d f i e l d 
a n d CO-workers, J". F . H a r d e c k e r , W . H . H a t f i e l d , W . BI. H a t f i e l d a n d H . G r e e n , E . H a y n e s , 
J. G. H o p c r a f t , E . H o u d r e m o n t , F . H u t t e , A . C. I e b e n s , B-. I r m a n n , K . K . J a r v i n e n , 
C. M . J o h n s o n , W . E . J o m i n y a n d R . S. A r c h e r , B . !Call ing, J". F . K a y s e r , B . K j e r m a n , 
P . K o e t z s c h k e , A . K r u g e r , P . B . K u e h n r i c h , C. K i i t t n e r , L . L o s a n a a n d G. R e g g i a n i , 
D . J. M c A d a m , J . W . M c M y n a n d V . E d g e , C . E . M a o Q u i g g , P . G. M c V e t t y a n d 
N". L . Moche l , A . M a n g i n , W . H . M a r b l e , J". A . M a t h e w s , C. M a t i g n o n , W . H . M e l a n e y , 
P . S. M e n o u g h , C. G . M e r r i t t , O . M e y e r a n d K . R o e s c h , J . L . Mil ler , W . M . Mi t che l l , 
P . M o n n a r t z , J . H . G. M o n y p e n n y , T . H . N e l s o n , F . O r m e , A . B . P a g e a n d J . H . P a r t r i d g e , 
A . E . P e r k i n s , A . P h i l l i p s a n d B . W . B a k e r , H . D . P h i l l i p s , J . P o m e y a n d P . V o u l e t , V . a n d 
G. P r e v e r , "W. J . P r i e s t l e y , H . S. P r i m r o s e , M . J - P r u c h a , H . S. R a w d o n a n d A . I . KLrynitsky, 
E . A . a n d L . T . R i c h a r d s o n , W . D . R i c h a r d s o n , H . R i e g e r , F . R i t t e r s h a u s e n , K . R o e s c h 
a n d A . Claufoerg, W . R o h n , A . R y s , B . I>. S a k l a t w a l l a , M . S a u v a g e o t a n d L . L a u p r e t e , 
R . ScheLfer, C . A . S c h a r s c h u , F . S c h m i t z , E . H . Schu lz a n d W . J e n g e , H . S t a g e r a n d 
H . Z s c h o k k e , B . S t r a u s s , J . S t r a u s s a n d J". W . T a l l e y , R . S t u m p e r , G. T a m m a n n a n d 
c o - w o r k e r s , J . G. T h o m p s o n , N". S. Torsueff, S. T u n g a y , T . H . T u r n e r , E . V a l e n t a , 
J . S . V a n i c k a n d F . L . Ia Q u e , R . W a d d e l l , B . W a e s e r , E . W o l l m a n , H . W h i t a k e r , 
H . W i l l i a m s , T . R . W i l t o n , J . K.. W o o d , C. F . W u r t h , A . C. Y o r k e , a n d V . Z s a k . 
E . C. R o l l a s o n d i s c u s s e d t h e i n t e r g r a n u l a r co r ros ion of s t a i n l e s s s t ee l s . 

J . F . Kayser said t h a t most of the useful heat- and acid-resisting alloys of 
nickel, chromium, and iron fall within the area abc, Fig. 450, and the best of these 
within the shaded zone def. Alloys in the dotted region to t he left are bri t t le ; 
those to t he r i^ht are difficult to work in the foundry, and when cast are unmachin-
able. The stainless irons fall in the region gh, and alloys falling in the region about 
Tc have been exploited. P . A. E . Armstrong found t h a t the Cr-Fe-C alloys with 
a composition within the shaded area, Fig. 451, can be rendered immune to food 
acids by heating t hem about 300° above their upper transformation point , and 
cooling them rapidly. V. Duffek found the rate of corrosion to be faster, the 
higher the proportion of contained carbon. E. C. Bain and co-workers s tudied 
the intergranular corrosion of austenitic stainless steels; and J . Cournot and 
£u Halm, the effect of polish. 

A c c o r d i n g t o J . K . W o o d , w h e n c h r o m i u m is a d d e d t o s tee l , i t f o r m s a sol id so In- w i t h 
t h e iron, so l e ssen ing t h e t e n d e n c y of t h e i ron t o go i n t o so ln . Sufficient c h r o m i u m in a n 
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iron al loy -will reduce i t s corrodibil ity t o zero. All the chromium added does n o t , however , 
g o t o t h e making of t h e iron-chromium solid soln . , but some is locked u p i n a n y carbides 
present , so t h a t the higher t h e carbide-content the greater the a m o u n t of chromium neces sary 
t o confer i m m u n i t y from corrosion. O n the other hand, suitable heat - treatment wi l l reduce 
t h e carbide-content b y inducing a fine martensi t ic structure, and t h a t wil l l eave m o r e 
chromium avai lable t o protect the iron. The act ion of chromium is t o cause t h e eu tec to id 
po in t t o occur a t a lower percentage of carbon ; thus , w i t h n o cl iromium, t h e e u t e c t o i d 
carries 0-85 per cent , carbon ; b u t w i t h 4 per cent , chromium, the eutecto id carries on ly 0*56 
per cent , c a r b o n ; and -with. 12 per cent , chromium, i t carries on ly 0-31 per cent , carbon. 
Consequent ly , m u c h less carbon is needed t o produce the various structural changes in steel 
w h e n chromium is present. 
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FiO. 4 5 0 . — T h e Acid a n d H e a t Res is t 
ance of t h e Ternary Al loys : Fe-Cr-Ni . 

F I G . 4 5 1 . — T h e Acid !Resistance of the 
Fe-Cr-C Alloys . 

T h e pass iv i ty of t h e i r o n - c h r o m i u m a l loys was s t u d i e d b y Li. C. B a n n i s t e r a n d 
U . R . E v a n s , C. Bened i cks a n d R . S u n d b e r g , R . Bo rche r s , W . Guer t le r , J . He ib l ing , 
J . H inn i ibe r , E . L iebre ich , E . Liebre ich a n d W . W i e d e r h o l t , O. Meyer a n d K . Roesch , 
P . M o n n a r t z , J . H . G. M o n y p e n n y , W . J . MUller, W . J . Miiller a n d E . N o a c k , 
W . Oer te l , H . S t age r a n d H . Zschokke , B . S t r a u s s , B . S t r a u s s a n d J . H inn i ibe r , 
B . S t r a u s s and E . Maure r , J . S t r a u s s , G. T a m m a n n , a n d G. T a m m a n n a n d 
E . So t t e r . 

Accord ing t o J . H . G. M o n y p e n n y , a po l i shed s a m p l e of s tainless or a b o u t 
12 p e r cen t , c h r o m i u m steel , w h e n h e a t e d in air , a s sumes a series of t e m p e r colours 
s imi lar t o t h o s e of o r d i n a r y steel , b u t a t a cons iderab ly h igher t e m p . ; a g rey film 
a p p e a r s on a pol ished surface a t 750°—825°, b u t t h i s in terferes v e r y l i t t l e w i t h t h e 
pol ish ; a b o v e 825°, t h e s tee l beg ins t o scale apprec iab ly , b u t i t is m o r e r e s i s t a n t 
t h a n n icke l or v a n a d i u m s tee l . I nc r ea s ing t h e c h r o m i u m t o 20 pe r cen t , m a k e s 
t h e a l loy st i l l m o r e r e s i s t a n t t o surface o x i d a t i o n a t h i g h t e m p . , a n d t h i s is st i l l 
m o r e t h e case w i t h 3O p e r cen t , c h r o m i u m . L . B . Pfei l observed t h a t a t h r e e -
l aye r scale—vide supra—is fo rmed o n s ta in less s teel w h e n i t i s h e a t e d for some 
h o u r s in a i r ; a n d t h a t t h e i n n e r l aye r c o n t a i n s 3-5 t i m e s a s m u c h c h r o m i u m , as 
ox ide , a s t h e or iginal s tee l , whi l s t t h e t w o o u t e r l aye r s c o n t a i n on ly a f rac t ion of 
t h a t a m o u n t of c h r o m i u m . P . Oberhoffer a n d K . D a e v e s obse rved t h a t pol i shed 
surfaces of s teels w i t h 0*3 t o 0*5 p e r c en t , c a r b o n , a n d 15 t o 20 p e r cen t , c h r o m i u m , 
p re se rved t h e i r po l i sh w h e n k e p t 18 h r s . a t 800° i n a n ox id iz ing a t m o s p h e r e . 
B . S t r a u s s a n d E . M a u r e r a lso m a d e o b s e r v a t i o n s o n t h e res i s t ance of h igh 
c h r o m i u m steels t o r u s t i n g . E or t h e o b s e r v a t i o n s of H . O. F o r r e s t a n d co-workers , 
vide cor ros ion . Y . XJtida a n d M. S a i t o f o u n d t h a t t h e g a i n in we igh t in g r a m s 
p e r sq . c m . w h e n s a m p l e s a r e h e a t e d for a n h o u r a t 1100° ; a n d t h e loss in we igh t 
i n g r a m s p e r sq . c m . w h e n s amp le s a r e i m m e r s e d i n 10 p e r cen t . soln. of t h e ac ids 
for 24 h r s . , were , for s teels w i t h 0*06 t o 0*11 p e r cen t , c a r b o n , a n d 
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H . E n d o ' s resu l t s for 5 h r s . ' a c t i on a t o r d i n a r y t e m p , on steels wi th 0-28 t o 0-35 
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per cent , of ca rbon , a n d t h e i n d i c a t e d p r o p o r t i o n s of chromium, a r e summarized 
in Fig . 452. J . A. N . F r i e n d a n d co-workers n o t e d t h a t t h e res i s tance of c h r o m i u m 
steels t o corrosion b y s e a - w a t e r is b e t t e r t h e h igher t h e p r o p o r t i o n of c h r o m i u m — 
u p t o 5*3 pe r cen t . Cr. T h e sub jec t w a s discussed b y J . S t r a u s s a n d J . W . Ta l l ey , 
D . J . M c A d a m , H . H . A b r a m , W . Guer t l e r a n d T . L i epus , P . S. Menough , 
I J . Ai tchison , W . R o h n , T . M c K n i g h t , W . B . Arness a n d J . N . Ost rofsky, a n d 
W . M. Mitchel l . T . S. Fu l l e r s tud ied t h e a c t i o n of s t e a m o n t h e e n d u r a n c e t e s t s . 
F . M. B e c k e t p a t e n t e d t h e use of h igh c h r o m i u m al loys for res is t ing h igh t e m p . , 
a n d t h e sub jec t w a s discussed b y C. E . MacQuigg . J . H . G. M o n y p e n n y found 
t h a t t h e 12—13 per cen t , c h r o m i u m steel is cor roded in t o w n s , a n d p a r t i c u l a r l y in 
t h e ne ighbourhood of factories , 'where t h e a i r con t a in s d i s t i nc t a m o u n t s of ac id , 
a n d large a m o u n t s of d u s t , so t h a t t h e m e t a l becomes coa t ed w i th d u s t "which 
m a y adhe re tenac ious ly . ' W h e n t h e d u s t is r e m o v e d , t h e pol ished surface m a y 
b e m a r r e d b y m i n u t e p i t t i ng , t h o u g h t h e a c t u a l corrosion is exceedingly smal l , 
a n d o u t of all p ropo r t i on w i th t h e r u s t i ng of o r d i n a r y s tee l . I n t h e c leaner 
a t m . of t h e c o u n t r y , or indoors , t h e m e t a l r e t a ins i t s pol ish for long per iods . 
W . G. W h i t m a n a n d R . P . Russel l s t u d i e d t h e effect of o x y g e n dissolved in 
•water on c h r o m i u m steel . L . Grune r s t a t e d t h a t t h e presence of c h r o m i u m 
favours t h e corrosion of i ron b y h u m i d air , sea-water , a n d ac idu l a t ed w a t e r ; b u t 
t he re is s o m e t h i n g amiss w i t h t h i s obse rva t ion . P . M o n n a r t z observed t h a t s teels 
wi th a h igh p r o p o r t i o n of c h r o m i u m — s a y , over 4O p e r cen t .—res i s ted t w o years* 

exposure t o a l a b o r a t o r y a t m o s p h e r e w i t h o u t losing 
t he i r b r i g h t l u s t r e ; a n d t h e y also res i s ted r iver-
water a n d s e a - w a t e r — b u t a l loys w i th less c h r o m i u m 
are n o t so r e s i s t an t . J . A. N . F r i e n d a n d co-workers 
observed t h a t if t h e corrosion fac tor for s teel w i t h 
0-29 p e r cen t , c a rbon a n d 0 3 9 p e r cent , m a n g a n e s e 
is 100, t h e va lues for al loys w i t h 1-12, 3-58, a n d 5-30 
pe r cen t , of c h r o m i u m are respec t ive ly 86 , 58 , a n d 
43 for t a p - w a t e r ; 60, 26, a n d 2 3 for s e a - w a t e r ; a n d 
93 , 30, a n d 21 for steels sub jec t ed t o a l t e r n a t e -wet a n d 
d r y condi t ions . J . H . G. M o n y p e n n y found t h a t ord i 
n a r y t ap-water h a s n o pe rcep t ib le ac t ion d u r i n g t h e 
exposure of e i ther h a r d e n e d or t e m p e r e d s t e e l ; r iver-

wa te r , a n d wel l -water h a v e usua l ly n o a c t i o n ; a n d sea -wa te r is w i t h o u t a c t i o n if t h e 
m e t a l is whol ly immer sed , or a l t e r n a t e l y w e t a n d d r y ; b u t u n d e r t h e pro longed ac t i on 
of s p r a y , some p i t t i n g m a y b e p r o d u c e d . J . A . N . F r i e n d observed t h a t 11-73 t o 13*40 
pe r cen t , c h r o m i u m steels res is ted a t m . corrosion a l m o s t perfect ly ; a n d t h e y 
also res i s ted sea -wate r v e r y well, a l t h o u g h t h e r e were some severe localized p i t s 
deve loped "by exposure t o sea-water . J . H . G. M o n y p e n n y found t h a t s ta in less 
steel res is ts t h e a c t i o n of s u p e r h e a t e d s t e a m r e m a r k a b l y well, even w h e n t h e s tee l 
s t e a m fittings a r e i n c o n t a c t w i t h o r d i n a r y nickel or copper al loys u s e d for t h e 
f i t t ings. Accord ing t o O. Meyer a n d K . Roesch, t h e r u s t i ng of 13 p e r cen t , c h r o m i u m 
steels c o m m e n c e s w h e n e v e r t h e po t en t i a l falls below Eu——0-015 t o —0*010 v o l t . 
I n ac idic soln. , t h e p o t e n t i a l of c h r o m i u m steels becomes m o r e pos i t ive a n d t h e 
r a t e of cor ros ion decreases w i t h a n increase in t h e q u e n c h i n g t e m p . T h e higher 
t h e c a r b o n - c o n t e n t of t h e s tee l t h e h igher is t h e t e m p , f rom which t h e s tee l m u s t 
b e q u e n c h e d i n o r d e r t o p r e v e n t rus t ing , a s t h e more near ly t h e s t r u c t u r e a p p r o a c h e s 
a s ingle so l id so ln . t h e g r e a t e r is t h e chemical res i s tance ; i n t h i s sense , therefore, 
c a r b o n must b e cons idered a s a n objec t ionable i m p u r i t y in ru s t - r e s i s t i ng s tee ls . 

Soln. of ammonia, alkali hydroxides, or alkali carbonates have no perceptible 
ac t ion ; a n d m> a t t a c k occurs in d a m p a t m o s p h e r e c h a r g e d w i t h gaseous a m m o n i a . 
A . K r u g e r Said t h a t a l t h o u g h chrome steels a r e a t t a c k e d b y h o t , d i l . a c i d soln . , 
t hey , res is t boi l ing a lkal ies . The ma te r i a l also res i s t s h y d r o g e n d iox ide , a n d so ln . 
of sod ium sulphide. Accord ing t o J . H . G. M o n y p e n n y , 5 p e r c en t . so ln . of t h e 
following sa l t s , during 4 - 5 weeks ' ac t ion , produced n o visible corrosion on immersed 
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FiO. 452 .—The Corrosion of 
Chromium Steels b y Acids . 
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s a m p l e s : a lka l i c a r b o n a t e s or h y d r o c a r b o n a t e s ; a lka l i n i t r a t e s , o r s u l p h i t e s ; 
sodium, ch lor ide* , p o t a s s i u m ch lor ide* , c y a n i d e , ch lo ra te , o r d i c h r o m a t e ; a m m o n i u m 
o x a l a t e , p e r s u l p h a t e o r p h o s p h a t e ; copper a c e t a t e , n i t r a t e , o r s u l p h a t e ; fe r r ic 
n i t r a t e o r s u l p h a t e ; fe r rous s u l p h a t e ; l ead a c e t a t e , magnes ium, c h l o r i d e * o r 
s u l p h a t e * ; a n d m a n g a n e s e s u l p h a t e . W i t h t h e sa l t s m a r k e d w i t h a n a s t e r i sk , 
cor ros ion m a y occur a t t h e p o i n t s of s u p p o r t of t h e m e t a l be low t h e sur face of t h e 
soln . Li. A i t ch i son obse rved t h a t t h e losses in we igh t p e r 100 sq . c m . w i t h c h r o m i u m 
s tee ls exposed 77 d a y s in d a r k n e s s t o a 3 p e r c e n t . so ln . of s o d i u m ch lor ide , 
were : 

C r 
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. 0 - 9 9 

. 1 - 3 1 
4 - 9 7 
1 - 3 8 

1 0 1 5 
0 - 7 9 

1 6 0 1 
0 - 9 1 

1 9 - 4 6 
O-OO 

2 3 * 7O p e r c e n t 
0 - 2 4 

J . H . G. M o n y p e n n y f o u n d t h a t 12—13 p e r cen t , c h r o m i u m s tee l is s l igh t ly p i t t e d 
b y a di l . so ln .—5 g r m s . pe r l i t re—of a m m o n i u m chlor ide i n 10 d a y s a t 80° t o 90° ; 
whi le a piece of m i ld s tee l w a s b a d l y co r roded , a n d los t s even t i m e s as m u c h we igh t . 
T h e r e w a s a lso a s l igh t a t t a c k d u r i n g t w o m o n t h s ' e x p o s u r e t o a cone . so ln .—25 
g r m s . pe r l i t r e — a t o r d i n a r y t e m p . Soln . of a m m o n i u m su lphate h a v e n o pe rcep t ib l e 
a c t i o n w h e n di l . , b u t t h e c h r o m i u m s tee l is s lowly a t t a c k e d b y cone . soln . W i t h 
5 p e r cen t , a n d a sa t . so ln . of p o t a s h - a l u m , s ta in less s tee l los t respec t ive ly 0-012 
a n d 0-008 m g r m . p e r sq . c m . p e r h o u r , u n d e r c o n d i t i o n s w h e r e mi ld s teel los t 
r e spec t ive ly 0-065 a n d 0*035 m g r m . p e r sq . c m . p e r h o u r ; s imi lar ly a lso wi th 
soln. of a m m o n i a - a l u m . Soln . of ferric ch lor ine , e v e n w h e n fairly di l . , a t t a c k 
t h e s ta in less s t e e l ; s imi la r ly also w i t h soln . of copper chloride ; t h e a t t a c k w i t h 
soln . of mercur i c chlor ide is fair ly r a p i d . Di l . so ln . of p o t a s s i u m or s o d i u m 
s u l p h a t e h a v e n o a c t i o n , b u t cone . soln. a t t a c k t h e m e t a l — c o n e . soln. of t h e s e sa l t s 
h a v e a n ac id ic r e a c t i o n . 

J . H . G. M o n y p e n n y o b s e r v e d t h a t hydrochlor ic ac id a t t a c k s s ta in less s tee l 
q u i t e read i ly , a n d in 24 h r s . t h e loss i n m g r m s . p e r sq. c m . p e r h o u r w i t h iV-HCl 
a n d 52V-HC1 w a s 0-82 a n d 5-00 r e spec t i ve ly u n d e r cond i t i ons w h e r e t h e losses 
w i t h mi ld s tee l were r e spec t ive ly 1-84 a n d 6*80. P . K o e t z s c h k e found t h a t c h r o m i u m 
decreases t h e cor rod ib i l i ty of cas t - i ron in h y d r o c h l o r i c ac id . Y . U t i d a a n d M. S a i t o 
s h o w e d t h a t c h r o m i u m increases t h e cor ros ion of i ron b y hyd roch lo r i c ac id—v ide 
supra. W . H . Hat f ie ld o b t a i n e d t h e r e su l t s i n d i c a t e d in T a b l e L iXXV for t h e losses 
in we igh t in g r a m s pe r sq . c m . af ter 24 h r s . ' immers ion a t 15° . 

T A B L E L X X V . — A C T I O N O F A C I D O N C H R O M I U M S T E E L S . 

Composition 

C 

0 - 3 9 5 
0 - 3 8 
0 - 6 4 
0 - 2 9 
0 - 5 6 
0 - 5 0 
0 - 4 9 
0 - 5 3 
0 - 5 8 

M n 

0 - 6 6 j 
0 - 1 8 I 
0 - 3 4 
0 - 2 2 
0 - 2 1 
0 - 3 5 
0 - 2 1 
0-3O 
0*31 

N i 

0 - 4 1 
0 1 0 
0 1 5 
0 0 9 
0 1 0 
0 1 1 
0 1 4 
O I O 
0 1 5 

Cr 

nil 
5 1 0 
8 - 9 6 

1 0 0 6 
1 2 - 4 7 
15-6O 
1 9 - 6 6 
2 4 - 2 2 
3 2 0 7 

Si 

0 - 1 9 
0 - 0 9 
0 1 9 
0 - 1 4 
0 - 1 2 
0 - 2 8 
0 - 2 3 
0 - 3 8 
0 - 4 9 

Condition 

NoririaI iZed. 
a s rol led. 

Brinell'a 
hardness 

167 
157 
18O 
18O 
209 
255 
223 
209 
216 

MCl 

0 - 1 8 1 2 
0 - 3 0 7 5 
O-1666 
0 - 1 4 9 2 
0 - 1 8 4 5 
0 - 2 9 0 2 
0 - 1 7 0 9 
0 - 2 8 3 6 
0 - 3 2 2 1 

H N O 8 

0 - 5 8 5 8 
0 - 8 9 8 9 
0 - 0 0 0 5 
0 0 0 0 1 

nil 
,, 
,, 
t9 
»» 

H 2 SO 4 
IO per 

cent. 

0 - 1 0 3 2 
0 * 2 1 9 8 
0 - 3 0 4 8 
0 - 2 1 4 3 
0 - 2 4 9 6 
0 - 4 2 7 9 
0 - 3 5 3 0 
0 - 4 5 4 3 
0 - 5 5 8 3 

W . H . Ha t f i e ld f o u n d , i n g r a m s p e r sq . c m . i n 24 h r s . : 
Hydrochloric acid Sulphuric acid Nitric acid 

1 5 ° 
4 0 ° 
6 0 ° 
8 0 ° 

VOL. XII I . 

5 
0 0 1 6 2 
O 0 8 5 1 
0 0 8 1 2 
0 1 0 4 3 

25 
0 - 0 5 3 6 
0 - 3 6 4 0 
0 - 4 0 2 7 
0 - 4 3 2 6 

60 
0 0 6 2 6 
0 * 0 1 8 0 
0 - 8 0 6 6 
0 - 8 0 6 1 

5 
0 - 0 8 8 0 
0 - 2 9 0 2 
0 - 4 1 3 3 
0 * 4 5 9 2 

25 
0 - 2 5 5 8 
0 - 6 4 0 6 
0 - 8 7 8 7 
0 - 7 1 9 9 

5O 
0 0 0 4 6 
0 - O H 5 
0 0 1 8 7 
0 - 2 2 4 6 

Q 

O 0 0 3 2 
0 0 0 1 5 
0 - 0 0 7 6 
0 - 0 1 0 3 

4O per cent 
nil 
»» 

O-0O05 
2 R 
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W. ftohn observed the relative losses in weight in grams per sq. 
annealed, and A=annealed steels, in 10 per cent, acids : 

dm., with N = n o t 

Fe : Cr 84 : 16 75 : 25 68 : 32 5O : 5 0 

U N O , 

H 8 S O 4 

HCl 

N 
O 
O 
9-5 

47 
35 
70 

O 
0-10 
0 
0 

A 
0 
0 0 4 
7-5 

32 
6-5 

27 
0-03 
0-240 
0 0 4 
2-44 

N 
0 
0-003 

11-9 
22 
12-3 
26 

O 
0 
0 
0 

/ 2 4 hrs. cold 
t l h r . hot 
/ 2 4 hrs. cold 
\ l h r . ho t 
J 24 hrs. cold 
\ 1 hr. ho t 

CH8OOOH{2f Jjr-jSj* 
Tj -D/-W / 2 4 h r s . c o l d 
H 8 P O 4 ^ j J11. h o t 

The presence of 0*25 per cent, carbon, or of 1 per cent, of manganese, or 1 per cent, 
of silicon increased the corrosion—vide infra, sulphuric acid. H. Gruber observed 
that plates 6 0 x 1 3 x 1 2 mm. of 25 per cent, chromium alloy gained in weight on 
on an hour's exposure to hydrogen sulphide : 

A 
O 
0-003 
9-6 

19 
6-2 

14 
O 
0 0 0 3 
O 
0-003 

N 
OO06 
O 

13 
64-8 
18*5 
62-6 

O 
O 
0 
0 0 0 3 

A 
0 
O 

18 
57-6 
17 
57-6 

O 
0 
0 
O 

0-002 
0 0 0 4 

45-6 
52-8 
11-5 
30-5 

0 
0 
O 
0-003 

A 
0-002 
0-004 

15-8 
43-2 

0 
0 
0 
0 0 0 3 

Gain in -weight 
700° 
0-58 

800° 
3-2 

900° 
8 0 

1000° 
13-2 

L. Vernitz and A. Kudinova found that the alloy resists the action of dry sulphur 
chlorides—S2Cl2, and SCl2. J . H. G. Monypenny found that stainless steel is 
attacked by sulphurous acid owing partly to the sulphuric acid always present 
in commercial sulphurous acid. M. Faraday and J. Stodart, L. Gruner, and 
P. Berthier noticed that, in general, iron-chromium alloys are less readily attacked 
by acids than iron, and the attack is less the higher the proportion of contained 
chromium ; and similar observations -were made by G. W. Heise and A. Clemente, 
E. Fremy, J . Fritz, and J. B. J. D. Boussingault. P. S. Menough, and Y. Utida 
and M. Saito observed that chromium lessens the attack by sulphuric acid. 
R. A. Hadfield exposed samples of chromium steel to 50 per cent, sulphuric acid 
for 21 days, and found the following percentage losses : 

C 
Cr 
Loss 

. 0-27 

. 1-18 

. 3-32 

0-77 
5 1 9 
4-78 

O-71 per cent . 
9 1 8 
5-64 Loss 

Mild 
steel 

. 7-48 

Wrought 
iron 
44-7 per cent 

/0 /5 ZO Z5%Ni 

For the observations of Y. Utida and M. Saito, and of W. H. Hatfield, vide supra. 
J . A. N. Friend and co-workers found that when the corrosion factor with steel con

taining O-29 per cent, of carbon and 0-39 per cent, of 
manganese is 100, the values for steels alloyed with 0-12, 
3*58, and 5-30 per cent, of chromium are respectively 
71, 68, and 68 for 0-15 per cent, sulphuric acid, and 
223, 61, and 78 for 0-5 per cent. acid. W. Guertler and 
W. Ackermann represented the loss in mgrms. per sq. 
cm. per hr. in sulphuric acid of sp. gr. 1*005 by the 
curve Fig. 453. P . Koetzschke and E. Piwowarsky 

FlSul4huric"Tlle <tCtil?t ? f f o u n d t h a t t h e addition of up to 1 per cent, of chromium 
AcSs^Iron^ChroniJm m 8 3 ^ c a s t ^ 0 1 1 h a d a marked effect on the corrosion 
Allpys. by acids, but not by salt soln. A. Carnot and E. Goutal 

found that steels with a small proportion of chromium 
are readily attacked by cold, dil. acids, but if the chromium steels are highly 
carburized they are attacked more slowly than when only a small proportion 
of carbon is present. W. Borchers and P . Monnartz patented an acid-resisting 
steel with 10 per cent, of chromium and 2 to 5 per cent, molybdenum. Observa
tions were also made by J. A. N. Friend and co-workers, who noted that up to 
5-3 per cent, chromium steels resisted attack better the higher the proportion of 
chromium. E. Janecke noted that hot 1 : 1 sulphuric acid attacks the iron-
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c h r o m i u m al loys . !L. AitchiBon found t h a t c h r o m i u m s teels -with a b o u t 0-85 p e r 
cen t , c a r b o n los t p e r 1OO sq . c m . i n 1 p e r cen t , s u l p h u r i c a c i d for 77 d a y s , a n d i n 
IO p e r cen t , s u l p h u r i c ac id for 45 d a y s , i n d a r k n e s s : 

Cr . . . 0-99 4-97 1 0 1 5 15-02 19-46 23-7O per c e n t . 
TT ttO / X P e r cent . . 12-6 5-4 10-3 5-85 0-52 1-76 

, O U 4 \ 1 0 per cent . . 15-9 H O 18-3 33-6 2 9 0 23-7 
J . H . G. JSlonypenny found t h a t t h e loss in m g r m s . p e r sq . c m . p e r h o u r a t a t m . 
t e m p , d u r i n g 6 h r s . ' a t t a c k w i t h 5 , 3 5 , a n d 5O p e r cen t , s u l p h u r i c ac id were respec
t i ve ly 1*98,15-8, a n d 0*50; w i t h t h e 0*25 pe r cen t , c a r b o n a n d 12-1 p e r cen t , c h r o m i u m 
s teel , a n d -with mi ld steel , r e spec t ive ly 3*16, 11*55, and 0*23. I n 24 h r s . ' a t t a c k , 
w i th 50 pe r cen t , su lphu r i c ac id , on c h r o m i u m steel a n d mi ld s teel , t h e n u m b e r s 
were respec t ive ly 0*26 a n d 0-10. M. S a u v a g e o t a n d L . L a u p r e t e found t h a t s tee ls 
w i t h a b o u t 13 pe r cen t , of c h r o m i u m were al l p r a c t i c a l l y u n a t t a c k e d b y n i t r i c 
ac id of a n y cone , a t a n y t e m p . , b u t t h e n i cke l s tee l r a p i d l y d isso lved in h o t , 1 t o 
25 p e r cen t , n i t r i c ac id a n d s lowly in co ld ac id of t h e s a m e c o n e , a l t h o u g h ac id 
of a h i g h e r cone, t h a n 30 p e r cen t , w a s w i t h o u t a c t i o n a t a n y t e m p . T h e n icke l 
steel w a s b y far t h e m o s t r e s i s t a n t t o t h e a c t i o n of h y d r o c h l o r i c acid , b u t all t h e 
s a m p l e s -were b a d l y co r roded b y h o t , 2O p e r c en t . ac id . Su lphu r i c ac id h a d 
p rac t i ca l l y n o ac t i on on t h e n icke l s tee l w h a t e v e r t h e t e m p , ( u p t o 100°) or cone . : 
t h e o t h e r s teels s h o w e d a m a x i m u m r a t e of d i s so lu t ion in 4O t o 45 p e r cen t . ac id . 
T h e sub jec t was s t u d i e d b y J . F r i t z . 

B o t h coppe r a n d ferric s u l p h a t e s occur in m i n e - w a t e r s a long -with su lphur i c 
ac id ; w i t h a soln. of 1OO g r m s . of coppe r s u l p h a t e p e r l i t r e , a n d a s tee l w i t h 0-30 
p e r cen t , c a r b o n a n d 12-6 p e r cen t , c h r o m i u m , n o a c t i o n occurs on t h e a d d i t i o n of 
su lphu r i c a c i d u n t i l 75—1OO g r m s . of H 2 S O 4 p e r l i t re is p r e s e n t , af ter t h a t t h e r a t e 
of a t t a c k is d e t e r m i n e d b y t h e cone , of t h e coppe r s u l p h a t e in soln . ; if coppe r 
s u l p h a t e is g r a d u a l l y a d d e d t o a di l . soln. of su lphu r i c ac id , s ay , 100 g r m s . H 2 S O 4 
p e r l i t re , t h e a t t a c k on t h e s tee l increases r a p i d l y . F l o c c u l e n t coppe r is depos i ted 
on t h e s teel a n d a p p e a r s t o s e t u p e lec t rochemica l a c t i on . W h e n n e a r l y 20 g r m s . 
pe r l i t r e h a v e been a d d e d t h e a t t a c k falls off r a p i d l y a n d soon ceases a l t o g e t h e r . 
T h e a m o u n t of coppe r s u l p h a t e r e q u i r e d t o s t o p t h e r eac t i on is r e l a t ive ly less, 
t h e smal le r t h e c o n c e n t r a t i o n of t h e ac id . T h e s teel t h u s acqu i r e s a k i n d of p a s 
s iv i ty . W . H . Hatf ie ld found t h a t t h e a m o u n t of ferric s u l p h a t e r e q u i r e d t o p r e v e n t 
t h e a t t a c k of su lphu r i c ac id is p r o p o r t i o n a l t o t h e cone , of t h e su lphur i c ac id . 
W i t h h a r d e n e d a n d t e m p e r e d s teel , n o a t t a c k occu r r ed if t h e cone , of t h e ferric 
s u l p h a t e is tw ice t h a t of t h e free ac id , while w i t h h a r d e n e d s teel t h e s a m e effect 
vras p r o d u c e d w h e n t h e cone , of t h e ferr ic s u l p h a t e is one-fifth t h a t of t h e free 
ac id . J . H . G. M o n y p e n n y m a d e o b s e r v a t i o n s on t h i s sub j ec t ; a n d h e also f o u n d 
m i n e - w a t e r s w i t h c o p p e r 14*7 t o 16 p a r t s p e r 100,000 ; ferr ic i ron , 71-2 t o 188 ; 
fe r rous i ron , 160 ; free s u l p h u r i c ac id , 14 t o 3O, d i d n o t a c t on s ta in less s tee l , t h o u g h 
i t r a p i d l y a t t a c k e d o r d i n a r y mi ld s tee l . 

F . A d c o c k f o u n d t h a t solid or m o l t e n a l loys of i ron a n d c h r o m i u m t a k e u p 
ni trogen , a n d in q u a n t i t i e s wh ich inc rease w i t h t h e p r o p o r t i o n of c h r o m i u m . 
Al loys w i t h n e a r 12 p e r cen t , of c h r o m i u m , i n c o n t a c t w i t h n i t r o g e n , a c q u i r e t h e 
m a r t e n s i t i c s t r u c t u r e closely r e sembl ing t h a t w i t h t h e i r o n - c a r b o n a l loys . T h e 
Br ine l l ' s h a r d n e s s c a n b e cons ide rab ly modif ied b y h e a t - t r e a t m e n t , a n d ranges 
f rom a b o u t 115 in t h e a n n e a l e d s t a t e t o 315 w h e n q u e n c h e d a b o v e t h e cr i t ica l 
r a n g e . M o s t of t h e a l loys c o n t a i n i n g n i t r o g e n in t h e r a n g e 20 t o 6O p e r cen t , 
c h r o m i u m , p r e s e n t a t w o - p h a s e s t r u c t u r e e x c e p t i n s o m e cases where t h e m a t e r i a l 
h a s b e e n q u e n c h e d a t a t e m p , i m m e d i a t e l y b e l o w t h e m . p . A l t h o u g h one of t h e s e 
c o n s t i t u e n t s i n v a r i a b l y deve lops a s t r u c t u r e of t h e sorb i t i c or pear l i t ic t y p e on 
s u i t a b l e h e a t - t r e a t m e n t , t h e s e changes a r e n o t a c c o m p a n i e d b y a n y g r e a t v a r i a t i o n 
in h a r d n e s s . Th i s pear l i t i c or l ame l l a r t y p e of s t r u c t u r e , which charac te r izes t h e 
a l loys w i t h 2O t o 3 0 p e r cen t , c h r o m i u m c o n t a i n i n g n i t r o g e n , is k n o w n t o be a b s e n t 
f rom t h e c o r r e s p o n d i n g p u r e i r o n - c h r o m i u m al loys . F u r t h e r , t h e de l ibe ra t e 
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add i t ion of 0*05 pe r cen t , of c a r b o n t o a n a l loy w i t h a p p r o x i m a t e l y 28 pe r c e n t . 
ch romium, free f rom n i t rogen , fails t o p r o d u c e a n y s igns of a l amel la r s t r u c t u r e i n 
t h e furnace-cooled ma te r i a l , a l t h o u g h a cons iderable a m o u n t of a second c o n s t i t u e n t 
is visible. Consequen t ly , t h e presence of n i t r ogen in i r o n - c h r o m i u m al loys c a n 
give rise t o s t r u c t u r e s closely resembl ing t h o s e genera l ly a t t r i b u t e d t o c a r b o n in 
o rd ina ry s teel , a n d , fur ther , t h a t a t h igh t e m p . , t h e p u r e a l loys of i ron a n d c h r o m i u m , 
w h e t h e r solid or l iquid , read i ly a b s o r b n i t r ogen f rom t h e a t m o s p h e r e . S. S a t o h 
s t u d i e d t h e n i t r id iza t ion of t he se steels b y h e a t i n g t h e m in a m m o n i a a t 660° t o 
580°. E . Miiller a n d H . B a r c k s t ud i ed t h e ac t ion of nitric oxide. 

P . M o n n a r t z , a n d J . G. T h o m p s o n obse rved t h a t t h e presence of c h r o m i u m 
grea t ly increased t h e res i s tance of i ron t o nitric acid ; a n d w i t h al loys con t a in ing 

u p t o 20 p e r cen t , c h r o m i u m , h e conc luded t h a t t h e 
res i s tance of al loys w i t h u p t o 4 p e r cen t , c h r o m i u m 
t o di l . n i t r i c ac id decreases as t h e p r o p o r t i o n of c h r o m i u m 
increases, b u t t h e res i s tance t o a t t a c k b y t h e cone , acid 
is g rea te r . T h e res i s tance of a l loys w i t h 4 t o 14 pe r 
cent , c h r o m i u m t o dil . n i t r i c ac id increases r a p i d l y a s 
t h e a m o u n t of c h r o m i u m increases ; a n d a s t h e p r o 
po r t i on of c h r o m i u m rises f rom 14 t o 20 p e r cent . , t h e 
res i s tance t o a t t a c k b y di l . acid increases s lowly. 
W . M. Mitchel l , E . S. P . Bell inger , G. G r u b e a n d W . v o n 
Ele ischbein , W . R . H u e y , W . H . Hatf ie ld—vide supra— 
and Y. U t i d a a n d M. Sa i to obse rved t h a t t h e i n t r o 

d u c t i o n of c h r o m i u m lessens t h e a t t a c k b y n i t r i c ac id—vide supra. W . Guer t l e r 
a n d W . A c k e r m a n n r ep re sen t ed t h e loss in m g r m s . pe r sq. cm. pe r h o u r in n i t r i c 
ac id of sp . gr . 1-005 b y t h e cu rve F i g . 454. G. G r u b e a n d W . v o n F le i schbe in 
obse rved t h a t t h e r a t e of dissolut ion of t h e a l loys in di l . n i t r i c ac id d imin i shes 
w i t h increas ing c h r o m i u m - c o n t e n t ; w h e n th i s reaches 12*5 mol . pe r cen t . , t h e r a t e 
of d i sso lu t ion of c h r o m i u m dimin ishes sudden ly ; a n d w h e n i t r eaches 25 mol . 
p e r cen t . , falls s u d d e n l y t o zero ; a n d t h e r a t e of d isso lu t ion of i ron also shows a 
s u d d e n d r o p t o a low va lue . T h e i ron dissolves m o r e r ap id ly t h a n t h e c h r o m i u m 
re la t ive ly t o i t s p r o p o r t i o n in t h e surface l aye r . T h e p r o t e c t i v e effect of smal l 
p r o p o r t i o n s of c h r o m i u m o n t h e i ron m a y b e d u e t o t h e dissolved ch romic ac id 
r ende r ing t h e i ron pass ive . T h e res i s tance of a b a r is n o t d imin i shed b y rol l ing 
t o half i t s in i t ia l d i a m e t e r . E . J a n e c k e f o u n d t h a t boi l ing cone , n i t r i c ac id is 
w i t h o u t a c t i o n on t h e h ighe r c h r o m i u m al loys . J . H . G. M o n y p e n n y observed 
t h a t a t o r d i n a r y t e m p . , t h e loss i n m g r m s . p e r sq . c m . p e r hour , d u r i n g 5 h r s . , 
va r i e s w i t h t h e p r o p o r t i o n of c h r o m i u m in t h e steel a s follows : 

Carbon 
Chromium . 

^ 0 8 8 I H N O 8 , sp. gr. 
T h u s , t h e a t t a c k b y t h e cone , ac id is g rea t ly r e t a r d e d when over 4*72 p e r cen t , of 
c h r o m i u m is p r e sen t , a n d w i t h dil . acid, when over 10 p e r cen t , is p r e s e n t . A t 
80° t o 85°, t h e resu l t s were : 

H Mol.C/: 
F i « . 4 5 4 . T h e A c t i o n o f 

N i t r i c A c i d o n I r o n -
C h r o m i u m A l l o y s . 

1-2 

O 16 
O-OO 

16-2 
1-25 

0 1 4 
4 - 7 2 

1 5 - 6 5 
1-64 

0 1 6 
1 0 0 

2 1 
t r a c e 

0 0 9 
1 2 0 

0 -35 
nil 

0 - 0 9 
1 4 0 

0 0 3 
nil 

0 - 1 3 p e r c e n t . 
17 -5 

nil 
nil 

Cr . . . . 1 0 - 6 
L o s s l ^ H N O » * 1 1 5 
^ 0 8 8 I S i N T - H N O 3 . 0 - 0 3 

and with a steel with 12-2 per cent. 
H N O 8 . . . OIN 
Loss . . . . 4*90 

and a t ordinary temp, in a 5 hrs. 
per sq. cm. per hour, were : 

H N O 3 . . . o o IN 
L o s s / 6 h r s * ' * 0 4 0 
**o*&\24 hrs. _ . 0-355 

1 1 1 12-2 
16-5 1-09 

— 0 0 2 5 
c h r o m i u m a t 8 0 ° 

0-2N- 0-5N-
8-82 15-13 

' and a 24 hrs ' . 

- 0-2A'- 0-5N-
0-65 1 1 1 
0-50 0-72 

13-3 14-4 per cent 
0-41 0-27 
0 0 1 0 0 0 5 

to 85° : 
Ar- 2N- 5N-
1 0 9 0-20 0-025 

a t tack the losses in mgrn 

N- 2N- 2N-
1-53 0-61 0 0 1 
0-395 0-116 O-OO 
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I n genera l , t h e s ta in less s tee l "with 12 t o 13 p e r cent , c h r o m i u m a n d 0*3 p e r c e n t , 
c a r b o n is a t t a c k e d b y n i t r i c ac id a t o r d i n a r y t e m p , on ly w h e n t h e a c i d i s v e r y 
d i l u t e — s a y , less t h a n 5 i \T-HN0 3 o r 1-2O sp . g r . — a n d t h e n t h e a c t i o n is s low. B y 
se lec t ing a su i t ab l e s teel , e v e n t h i s a t t a c k m a y b e p r e v e n t e d . H e n c e , s t a in le s s 
s tee l m a y u l t i m a t e l y b e useful in t h e m a n u f a c t u r e a n d t r a n s p o r t of n i t r i c ac id . 
T h e a t t a c k is a u g m e n t e d b y ra is ing t h e t e m p . ; a n d i t is decreased b y ra i s ing t h e 
p e r c e n t a g e of c h r o m i u m i n t h e a l loy. A s a resu l t , a 15 pe r cen t , a l loy res is t s 
a t t a c k a t o r d i n a r y t e m p , or a t 85° . T h u s t h e p resence of c h r o m i u m g r e a t l y 
increases t h e t e n d e n c y of i ron t o b e c o m e pass ive in n i t r i c ac id . T h e a c t i o n of 
coppe r n i t r a t e or ferric n i t r a t e a long w i t h n i t r i c acid r e sembles t h e effect of t h e 
co r r e spond ing s u l p h a t e s o n t h e a t t a c k b y su lphur i c ac id . T h e p resence of 8 g r m s . 
of c o p p e r a s n i t r a t e , o r 5 g r m s . of i ron a s n i t r a t e pe r l i t r e , sufficed t o p r e v e n t t h e 
a t t a c k of ^V-HNO3 on s teel w i t h 0-3 p e r cen t , c a r b o n , a n d 12-6 p e r cen t , c h r o m i u m . 
W . M. Mitchel l , a n d E . S. P . Bel l inger d i scussed t h e u s e of s ta in less i ron , or h igh 
c h r o m i u m al loys of i ron , in t h e c o n s t r u c t i o n of e q u i p m e n t for t h e m a n u f a c t u r e 
a n d h a n d l i n g of n i t r i c ac id . G. T a m m a n n t r i e d t h e h y p o t h e s i s t h a t a c h r o m i u m 
a t o m in t h e surface of i ron can r e n d e r a n a d j a c e n t i ron a t o m pass ive in di l . ac ids , 
so t h a t t h e ( lOl)-face of a c r y s t a l shou ld b e c o m e pass ive w h e n 0-25 mol . p r o p o r t i o n 
of c h r o m i u m , a n d t h e (10O)- a n d ( l l l ) - f a c e s , pass ive w i t h 0-375 mol . P a s s i v a 
t i o n a c t u a l l y occurs w i t h less, n a m e l y , O* 16 t o 0*28 molecu le of c h r o m i u m . H e n c e , 
p a s s i v i t y is affected b y o t h e r c o n d i t i o n s — t h e n a t u r e of t h e so lvent , p r e v i o u s 
t r e a t m e n t of t h e a l loy , a n d t h e n a t u r e of t h e second c o m p o n e n t . 

Accord ing t o J . H . G. M o n y p e n n y , c h r o m i u m s tee l is also slowly a t t a c k e d b y 
phosphoric a d d . T h e losses in m g r m s . p e r sq . c m . p e r h o u r w i t h 5, 25 , a n d 66-3 
p e r cen t , p h o s p h o r i c ac id were respec t ive ly 0*050, 0-20, a n d 0-47 w i t h t h e c h r o m i u m 
steel , a n d respec t ive ly 1*11, 2-6O, a n d 4-62 w i t h mi ld s teel . T h e sub jec t w a s 
s t u d i e d by P . R . K o s t i n g a n d C. H e i n s , a n d A . M. P o r t e v i n a n d A. Sanfourche . 
Accord ing t o J . H . G. M o n y p e n n y , a soln. of 20-7 g r m s . of boric acid pe r l i t re h a d 
n o ac t ion o n t h i s s tee l . H . H . S. C l o t w o r t h y r e c o m m e n d e d s ta inless steel for 
res is t ing t h e ac t i on of carbon disulphide. T h e ac t i on of dil . acet ic acid or v inegar 
va r i e s i n t h a t some v i n e g a r s c o n t a i n app rec i ab l e a m o u n t s of su lphur ic ac id , while 
o t h e r s a r e free f rom t h a t ac id . P . K o t z s c h k e found t h a t c h r o m i u m decreases 
t h e cor rod ib i l i ty of ca s t i ron in ace t ic ac id . Accord ing t o J . H . G. M o n y p e n n y , 
o r d i n a r y m a l t v i n e g a r h a s 4 t o 5 p e r cen t , of ace t i c ac id . T h e losses w i t h 5, 15 , 
33 p e r cen t , a n d glacial ace t ic ac id , d u r i n g 14 d a y s , were respec t ive ly 0-014, 0-012, 
0*012, and nil m g r m . p e r sq . c m . p e r h o u r , a n d w i t h mi ld s tee l , r espec t ive ly 0-067, 
0*105, 0*115, a n d 0*124 m g r m . pe r sq . c m . p e r h o u r . E x p r e s s i n g t h e losses in 
m g r m s . p e r sq . c m . p e r h o u r r e spec t ive ly "with c h r o m i u m s tee l a n d o r d i n a r y m i l d 
s teel , 5 p e r cen t , carbol ic acid, w i t h 14 days* e x p o s u r e , h a d losses nil, a n d 0*005 ; 
6 p e r cen t , c i tric ac id , i n 7 d a y s ' a c t i o n , h a d losses 0*011 a n d 0*260 ; 10 p e r c e n t . 
formic ac id i n 12 d a y s ' a c t i on , h a d losses 0*26 a n d 0*33 ; oleic ac id h a d n o ac t i on 
on t h e c h r o m i u m s teel d u r i n g 14 d a y s ' e x p o s u r e ; n o r m a l oxa l i c acid, in 10 d a y s ' 
a c t i o n , g a v e losses 0*021 a n d 0-036 ; 10 p e r c en t , t a n n i c acid, in 14 d a y s ' a c t i o n , 
h a d losses nil a n d 0*0042 ; a n d in 14 d a y s ' a c t ion , n o r m a l tartaric ac id h a d losses 
0-0085 a n d 0*062, a n d 25 p e r cen t , t a r t a r i c ac id , 0*022 a n d 0*14. J . G. T h o m p s o n 
s tud ied t h e a c t i o n of aq . soln. of u r e a a n d of a m m o n i u m carbonate . J . H . G. Mony
p e n n y f o u n d t h a t , i n genera l , fruit ju i ce s h a v e a s imi la r a c t i o n t o t h a t of v inegar , 
t h o u g h t h e i r corros ive p o w e r va r i e s . T h e p u r e ac id , t h e s a m e s t r e n g t h a s t h e 
ac id in f ru i t ju ice , h a s s o m e t i m e s t h e g r e a t e r ac t ion—e .g . v i n e g a r a n d ace t i c ac id , 
o r l e m o n ju ice a n d c i t r ic ac id . Poss ib ly t h e n a t u r a l f ru i t ju ice c o n t a i n s some 
colloid w h i c h a c t s a s a r e t a r d i n g a g e n t — v i d e supra, t h e corrosion of i ron a n d s teel . 
N o a c t i o n w a s obse rved w i t h lubricat ing o i l s , greases , paraffin, benzol , or petrol . 
R . TuIl d iscussed t h e res i s tance of t h e a l loy t o s m o k e . 

G e n e r a l d iscussions o n t h e use of c h r o m i u m s teels h a v e been c o n t r i b u t e d b y 
C B . Bell is , B . L i even i e , T . B la i r , J . OhIy , T . H . Ne l son , T . H . B u r n h a m , J . D . Cor-
field, W . M. Mitchel l . T h e so-called s ta in less s tee l s a r e essent ia l ly c h r o m i u m 
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steels con ta in ing f rom 12 t o 15 p e r c e n t , of c h r o m i u m , b u t t h e i r gene ra l p r o p e r t i e s 
a re g rea t ly affected b y t h e c a r b o n - c o n t e n t , -which m a y v a r y f rom O*I t o O* 5 p e r c e n t . 
The d iscovery of t h e non-cor ros ive p r o p e r t i e s of t h e s e s teels -was m a d e b y 
H . Brear ley , i n 1913 , b u t , owing t o c o u n t e r - a t t r a c t i o n s , a B r i t i sh p a t e n t w a s n o t 
ob ta ined , a l t h o u g h t h e y we re o b t a i n e d i n C a n a d a i n 1915, a n d i n t h e U n i t e d S t a t e s 
in 1916. H e c l a imed a n a l loy s teel w i t h f rom 9 t o 16 p e r c en t , of c h r o m i u m a n d 
less t h a n 0 7 p e r cen t , of carbon, , a n d g a v e a s a n e x a m p l e a n a l loy w i t h 0-3O p e r 
cen t , of c a r b o n , 0-30 m a n g a n e s e , a n d 13*0 c h r o m i u m . A g r e a t v a r i e t y of s tee ls 
c a n b e o b t a i n e d b y modi f ica t ions of t h e c e n t r a l idea . T h u s , b y v a r y i n g t h e p r o 
p o r t i o n of c a r b o n o r m a n g a n e s e , a n d h e a t - t r e a t m e n t , s tee ls of wide ly different 
h a r d n e s s c a n b e o b t a i n e d , b u t all h a v e t h e d i s t i ngu i sh ing p r o p e r t y of g r e a t res is t 
ance t o corrosion. Acco rd ing t o J . H . G. M o n y p e n n y , w i t h a fixed p r o p o r t i o n of 
c h r o m i u m , a n d t h e s a m e h e a t - t r e a t m e n t , t h e r e s i s t ance t o cor ros ion will b e g r e a t e r 
t h e lower t h e p r o p o r t i o n of c a r b o n ; a n d w i t h a fixed p r o p o r t i o n of c a r b o n , a n d t h e 
o t h e r cond i t ions equa l , inc reas ing t h e p r o p o r t i o n of c h r o m i u m a u g m e n t s t h e 
res i s t ance . T h e m e c h a n i c a l p rope r t i e s of t h e s teel , c o n d i t i o n e d b y t h e h e a t - t r e a t 
m e n t , a r e of ten a s i m p o r t a n t as t h e degree of r es i s t ance t o corros ion, a n d t h i s 
r e s t r i c t s t h e permiss ib le v a r i a t i o n s in compos i t ion . T h e cos t of t h e c h r o m i u m 
is a lso a fac to r t o b e cons idered . H e n c e , t a k i n g al l t h i n g s i n t o cons ide ra t ion , 
H . B r e a r l e y cons ide red t h a t t h e p r o p o r t i o n s j u s t i nd i ca t ed a r e b e s t for c o m m e r c i a l 
a l loys . Si l icon ra ises t h e t e m p , of t h e A c 1 - c h a n g e , a n d also t h e t e m p , r e q u i r e d 
for t h e c o m p l e t e d i s so lu t ion of t h e ca rb ide , a n d h e n c e , h i g h e r h a r d e n i n g t e m p , 
a r e n e e d e d t o o b t a i n s imi la r r e s i s t ances t o corros ion w h e n sil icon is p r e s e n t . 
H . H . A b r a m r e p o r t e d t h a t high-s i l icon s tee ls res is t s o m e chemica l a g e n t s b e t t e r , 
b u t t h e i r supe r io r i ty ove r low-sil icon s teels for res i s t ing t h e w e a t h e r , a n d sea -wa te r , 
is n o t e v i d e n t , a n d i t ex i s t s on ly in t e m p e r e d , h i g h - c a r b o n s tee ls . T h e effect of 
n icke l f avour s t h e m e c h a n i c a l p r o p e r t i e s of s tee l ; a n d u p t o 2 p e r cen t , of n icke l 
s l igh t ly f avour s res i s t ance t o a t t a c k b y ac ids . H e n c e , a d d i t i o n s of n icke l c a n b e 
m a d e t o s u i t t h e phys i ca l r e q u i r e m e n t s . B . D . S a k l a t w a l l a s h o w e d t h a t 0 5 t o 
1*5 p e r cen t , of c o p p e r cons ide rab ly i m p r o v e s s ta in less s tee l , a n d t h i s w a s con
firmed b y J . H . G. M o n y p e n n y . 

A c c o r d i n g t o J . H . G. M o n y p e n n y , in gene ra l , a h e t e r o g e n e o u s s tee l is m o r e 
suscep t ib le t o a t t a c k t h a n a h o m o g e n e o u s s tee l , so t h a t w h e n a s teel is h a r d e n e d 
b y q u e n c h i n g , i t consis ts a l m o s t whol ly of m a r t e n s i t e a n d is t h e n in i t s m o s t r e s i s t a n t 
fo rm ; whi le if t h e s tee l b e a n n e a l e d so a s t o p r o d u c e a c o m p l e t e s e p a r a t i o n of 
c a rb ide a n d fer r i te , i t is i n i t s l ea s t r e s i s t a n t f o rm. I n t h e s e p a r a t i o n , t h e c h r o m i u m 
h a s a t e n d e n c y t o a c c u m u l a t e in t h e c a r b i d e a t t h e e x p e n s e of t h e fer r i te , a n d t h e 
fer r i te is t h e n m o r e l iab le t o a t t a c k ; t h e s e p a r a t i o n also m e a n s t h a t g a l v a n i c 
effects m a y b e p r o d u c e d "which h a s t e n t h e corros ive ac t i ons . T h e g r e a t e s t res i s t 
a n c e t o cor ros ion w a s o b t a i n e d b y q u e n c h i n g t h e s teel f rom a t e m p , sufficiently 
h igh t o d issolve a l l t h e ca rb ide i t con t a in s . T h e h a r d n e s s of t h e s e h a r d e n e d s tee ls 
pe r s i s t s on t e m p e r i n g u p t o 500°, a n d t h i s does n o t m a r k e d l y a l t e r t h e m a r t e n s i t i o 
s t r u c t u r e of t h e s tee l , n o r does i t h a v e a n y n o t a b l e effect on t h e r e s i s t ance t o cor
ros ion . A s t h e t e m p e r i n g t e m p , is r a i sed t o b e t w e e n 500° a n d 600° , t h e r e is a 
m a r k e d fall i n t h e h a r d n e s s , a n d a s l igh t ly lessened r e s i s t ance t o cor ros ion . T h e 
m a r t e n s i t i c s t r u c t u r e changes , a n d smal l c a rb ide pa r t i c l e s coalesce t o f o rm l a rge r 
o n e s ; b y t e m p e r i n g a t 750° t h e effects a t 600° a r e m o r e m a r k e d . S imi la r r e m a r k s 
app ly - t o m a t e r i a l a n n e a l e d a t a h igh enough t e m p , t o g ive a pea r l i t i c s t r u c t u r e . 
As i n d i c a t e d in c o n n e c t i o n w i t h t h e corros ion of i ron a n d s teel—vide supra—most 
m e t a l s , i n c l u d i n g t h e c h r o m i u m steels , h a v e a g r e a t e r t e n d e n c y t o c o r r o d e w h e n 
t h e y a r e d i s t o r t e d b y co ld-work . V. S. P o l a n s k y compi led a b i b l i o g r a p h y of t h e 
s ta in less s tee ls ; a n d o b s e r v a t i o n s o n t h e i r cor rod ib i l i ty were m a d e b y L . A i t ch i son , 
H . H u b e r t , H . C. H . Ca rpen te r , e t c . A . M a t s u b a r a a n d J . T a k u b o f o u n d t h a t 
c o p p e r p y r i t e s i n di l . su lphu r i c ac id is d e c o m p o s e d ca thod ica l l y i n t o h y d r o g e n 
s u l p h i d e , c u p r o u s su lph ide , a n d fe r rous s u l p h a t e , a n d , u l t i m a t e l y , i n t o m e t a l l i c 
eoffcper ; p r e l i m i n a r y a n o d i c po l a r i za t i on p r o d u c e s t h e r eve r se effect of t h a t o b s e r v e d 
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with iron pyrites. Copper pyrites which yields but little hydrogen gives abnormal 
quantities of decomposition products. It is supposed that the fraction of the 
mineral which is dissolved directly by the acid exists in the solid in an ionized 
condition, the degree of ionization in various specimens of copper pyrites being 
0 0 3 5 to 0-305. 

O . K . P a r m i t e r g a v e t h e fol lowing c o m p a r i s o n of t h e effect of v a r i o u s r e a g e n t s , a t r o o m 
t e m p . , o n c a r b o n s tee l , s t a in l e s s s tee l w i t h 13 p e r c e n t . Cr, a n d s t a in l e s s s tee l -with 13 p e r 
c e n t . Cr a n d 8 p e r c e n t . N i , r e spec t i ve ly : 100 p e r c e n t , acetic acid, a t t a c k e d , n o t a t t a c k e d , 
n o t a t t a c k e d ; 33 p e r c e n t , ace t i c ac id , a t t a c k e d , a t t a c k e d , ; 5 a n d 15 p e r c e n t , a c e t i c 
ac id , a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 100 p e r c e n t , bo i l ing ace t i c a c i d v a p o u r , a t t a c k e d , 
a t t a c k e d , a t t a c k e d ; 33 p e r c e n t , ace t i c a c i d v a p o u r , a t t a c k e d , a t t a c k e d , s l i gh t ly a t t a c k e d ; 
100 p e r c e n t , acetic anhydride, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; IOO p e r c e n t , acetone, 
a t t a c k e d , s l i gh t cor ros ion , n o t a t t a c k e d ; 10 p e r c e n t , alum, a t t a c k e d , a t t a c k e d , n o t 
a t t a c k e d ; 1, 5, a n d 10 p e r c e n t , aluminium sulphate, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 
ammonia ( sp . g r . 0-880), n o t a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 1 , 5 , IO, 20 p e r c e n t . 
ammonium chlovide soln. , a t t a c k e d , s l i gh t l y a t t a c k e d , n o t a t t a c k e d ; 5 , 2 3 , 47 p e r c e n t . 
a m m o n i u m ch lo r ide (boi l ing soln . ) , a t t a c k e d , a t t a c k e d , v e r y s l i gh t ly a t t a c k e d ; 10 p e r c e n t , 
s o l n . of ammonium nitrate, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; IO p e r c e n t . so ln . of 
ammonium sulphate, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; a m m o n i u m s u l p h a t e ( sa t . so ln . ) 
+ 5 p e r c e n t , s u l p h u r i c a c i d ( a t 50°) , a t t a c k e d , a t t a c k e d , a t t a c k e d ; apples, a t t a c k e d , n o t 
a t t a c k e d , n o t a t t a c k e d ; beer, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; benzene, n o t a t t a c k e d , 
n o t a t t a c k e d , n o t a t t a c k e d ; a q . s u s p e n s i o n of bleaching poutder, a t t a c k e d , a t t a c k e d , BlightIy 
a t t a c k e d ; 5 p e r c e n t . so ln . of boric acid, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; bromine, 
a t t a c k e d , a t t a c k e d , a t t a c k e d ; 0-83, 1-65, 3-3 p e r c e n t , b r o m i n e w a t e r , a t t a c k e d , a t t a c k e d , 
a t t a c k e d ; 0-165, 0*33 p e r c e n t , b r o m i n e w a t e r , a t t a c k e d , a t t a c k e d , v e r y s l igh t ly a t t a c k e d ; 
IO p e r c e n t . so ln . of calcium chloride, a t t a c k e d , s l i gh t ly a t t a c k e d , n o t a t t a c k e d ; carbolic 
acid, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; carbon tetrachloride, , n o t a t t a c k e d , n o t 
a t t a c k e d ; -wet a n d d r y chlorine g a s , a t t a c k e d , a t t a c k e d , a t t a c k e d ; cone , chlorosulphonic 
acid, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 10 p e r c e n t , c h l o r o s u l p h o n i c ac id , a t t a c k e d , 
a t t a c k e d , a t t a c k e d ; 0-5 p e r c e n t , c h l o r o s u l p h o n i c ac id , a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 
cider, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; a l l c o n c e n t r a t i o n s of citric acid, a t t a c k e d , 
a t t a c k e d , n o t a t t a c k e d ; c o n e . a q . e x t r a c t of coffee, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 
Congo copal (370°), , a t t a c k e d , n o t a t t a c k e d ; copal varnish, n o t a t t a c k e d , n o t 
a t t a c k e d , n o t a t t a c k e d ; s a t . so ln . of copper carbonate i n a m m o n i a , a t t a c k e d , n o t a t t a c k e d , 
n o t a t t a c k e d ; 5 a n d IO p e r c e n t . so ln . of copper chloride, a t t a c k e d , a t t a c k e d , a t t a c k e d ; 
10 p e r c e n t . so ln . of copper sulphate, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; c o p p e r s u l p h a t e 
(10 p e r cen t . ) + 2 p e r c e n t , s u l p h u r i c ac id , a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; deve lope r s : 
(a) hydroquinone, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; (b) metolhydroquinone, a t t a c k e d , 
n o t a t t a c k e d , n o t a t t a c k e d ; (c) pyrogallol, a t t a c k e d , v e r y s l igh t ly a t t a c k e d , n o t a t t a c k e d ; 
1OO p e r c e n t , ether ( e thy l ) , n o t a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 100 p e r c e n t , ethyl 
chloride, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 5, 10, a n d 15 p e r c e n t , ferric chloride, 
a t t a c k e d , a t t a c k e d , a t t a c k e d ; food-pastes, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 40 p e r 
c e n t , formaldehyde, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 5 , 25 , 5O, a n d 1OO p e r c e n t . 
formic acid, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 50 p e r c e n t , fo rmic a c i d (boi l ing) , a t t a c k e d , 
a t t a c k e d , n o t a t t a c k e d ; (40 h y p o . 2-5 p o t . m e t . ) fixing soln. (ac id) , , a t t a c k e d , 
n o t a t t a c k e d ; horse-radish cream, a t t a c k e d , s l i gh t ly a t t a c k e d , n o t a t t a c k e d ; a l l concen
t r a t i o n s of hydrochloric acid, a t t a c k e d , a t t a c k e d , a t t a c k e d ; hydrofluoric acid, a t t a c k e d , 
a t t a c k e d , a t t a c k e d ; inks, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; iodine i n 2 p a r t s of 
p o t a s s i u m iod ide , a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; s a t . lactic acid, a t t a c k e d , a t t a c k e d , 
n o t a t t a c k e d ; lemon, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; lime-juice, a t t a c k e d , v e r y 
s l i g h t l y a t t a c k e d , p r a c t i c a l l y n o t a t t a c k e d ; lime a n d limestone, a t t a c k e d , n o t a t t a c k e d , 
n o t a t t a c k e d ; lubricating oils, n o t a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 2 p e r c e n t , a n d 
c o n e . so ln . of Iysol, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; IO p e r c e n t . so ln . of magnesium 
chloride, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; IO p e r c e n t . s o l n . of magnesium sulphate, 
a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; f resh a n d s o u r milk, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 
( 6 5 H N O 8 , 2 5 H 8 S O 4 , 10 w a t e r ) m i x e d , o r nitric-sulphuric acid ( a t 50°) , a t t a c k e d , n o t a t t a c k e d , 
n o t a t t a c k e d ; nitric acid ( sp . g r . 1-42), n o t a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; n i t r i c 
a c i d ( s p . g r . 1*20), a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; u p t o 11 p e r c e n t , n i t r i c ac id , 
a t t a c k e d , s l i gh t ly a t t a c k e d , n o t - a t t a c k e d ; nitrous acid ( sp . g r . 1-41), a t t a c k e d , s l igh t 
s t a i n i n g , n o t a t t a c k e d ; 5 p e r c e n t , n i t r o u s ac id , a t t a c k e d , s l i g h t l y a t t a c k e d , n o t a t t a c k e d ; 
1OO p e r c e n t , oleic acid, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; oranges, a t t a c k e d , a t t a c k e d , 
n o t a t t a c k e d ; 5 p e r c e n t . so ln . of oxalic acid, a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; paraffin, 
n o t a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; paregoric compound, a t t a c k e d , b a d l y s t a i n e d , n o t 
a t t a c k e d ; petrol, n o t a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 1OO p e r cen t , phosphoric acid, 
a t t a c k e d , s l i gh t ly a t t a c k e d , n o t a t t a c k e d j 7 5 p e r c e n t , p h o s p h o r i c ac id , a t t a c k e d , a t t acked , n o t 
a t t a c k e d - 5 , 25 , 5O p e r c e n t , p h o s p h o r i c a c i d , a t t a c k e d , s l i gh t l y a t t a c k e d , n o t a t t a c k e d ; 
pickles, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; picric acid (a lcohol ic) , a t t a c k e d , n o t a t t a c k e d , 
n o t a t t a c k e d ; 10 p e r c e n t , potassium nitrate, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 
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pyrogallol, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; moist salt (cerebos) , a t t a c k e d , a t t a c k e d , 
n o t a t t a c k e d ; m o i s t s a l t ( o r d i n a r y ) , a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; sauces, a t t a c k e d , n o t 
a t t a c k e d , n o t a t t a c k e d ; sea-water, a t t a c k e d , a t t a c k e d , s l i gh t ly a t t a c k e d ; s e a - w a t e r (80°) , 
a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; s e a - w a t e r ( a g i t a t e d ) , a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 
s ea -wa te r ( i n t e r m i t t e n t s p r a y ) , a t t a c k e d , a t t a c k e d , v e r y s l i gh t ly a t t a c k e d ; 100 p e r c e n t . 
sebacic acid ( a t 140°), a t t a c k e d , a t t a c k e d , a t t a c k e d ; 3 , 5, 10 p e r c e n t . so ln . of sodium 
chloride, a t t a c k e d , s l i gh t ly a t t a c k e d , n o t a t t a c k e d ; 3*5 p e r c e n t , sodium citrate, 

, n o t a t t a c k e d , n o t a t t a c k e d ; 33*66 p e r c e n t . so ln . of sodium hydroxide, n o t 
a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; s a t . so ln . of s o d i u m s u l p h a t e , a t t a c k e d , n o t 
a t t a c k e d , n o t a t t a c k e d ; 10 p e r c en t , sodium sulphide, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 
30 p e r c e n t , sodium thiosulphate, a t t a c k e d , , ; a l l c o n e , of sulphuric acid, 
a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; 5 p e r c e n t , tannic acid, a t t a c k e d , p r a c t i c a l l y n o t a t t a c k e d , 
n o t a t t a c k e d ; 5 , IO, 25 , a n d 50 p e r c e n t . so ln . of tartaric acid (all t e m p , u p t o bo i l ing ) , 
a t t a c k e d , a t t a c k e d , n o t a t t a c k e d ; vinegar, a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; running 
water ( t a p - w a t e r ) , a t t a c k e d , n o t a t t a c k e d , n o t a t t a c k e d ; 15° -water ( t a p - w a t e r ) , a t t a c k e d , 
n o t a t t a c k e d , n o t a t t a c k e d ; l i qu id zinc (450°), a t t a c k e d , a t t a c k e d , a t t a c k e d ; zinc chloride 
(boi l ing) , s p . gr . f rom 1-030 t o 1-725, a t t a c k e d , v e r y s l igh t ly a t t a c k e d , n o t a t t a c k e d . 

T h e use of a l loys for res is t ing ac idic a n d a lka l ine soln. in chemica l p l a n t s h a s 
b e e n discussed b y A. E . Ande r son a n d G. M. E n o s , 2 3 P . A . E . A r m s t r o n g , 
F . M. B e c k e t , T . H . B u r n h a m , W . S. Calco t t , W . S. Ca lco t t a n d co-workers , 
C. M. Carmichae l a n d co-workers , F . J . R . Carul la , F . F . C h a p m a n , J . C o u r n o t , 
Gr. A. D r y s d a l e , U . R . E v a n s , H . J . F r e n c h , E . D . Gleason, A. G r o u n d s , W . Guer t l e r , 
H . G. H a a s e , R . A . Hadf ie ld , M. L . H a m l i n a n d F . M. T u r n e r , W . H . Hat f ie ld , 
F . W . H o r s t , E . H o u d r e m o n t a n d R . W a s m u t h , W . E . J o m i n y a n d R . S. Archer , 
G. B . J o n e s , R . L u n d , R . J . M c K a y , C. E . MacQuigg , W . R . M o t t , T . H . Nelson , 
A. P o r t e v i n , H . Reiger , F . R i t t e r h a u s e n , C. S. R o b i n s o n , K . Roesch a n d A . Clau-
be rg , W . R o h n , F . W . R o w e , B . D . Sak la twa l l a , L . Sande r son , W . S c h m i d t , 
E . H . Schulz a n d W . J e n g e , C. E . Sholes , R . T h e w s , G. T h o m p s o n , S. J . T u n g a y , 
A . Vacin , R . P . d e Vries , H . F . W h i t t a k e r , E . C. W r i g h t a n d K . E . Luger , a n d 
A . Z e m a n e k . T h e sub jec t is also discussed in m o r e de ta i l in connec t ion w i t h 
specific a l loys . 

B . D . Sak l a twa l l a a n d A. W . D e m m l e r , 2 4 E . H . Schulz , K . S a s a k a w a , a n d 
J . A . J o n e s s t u d i e d t h e c h r o m i u m - c o p p e r s tee ls . T h e m e c h a n i c a l t e s t s far exceed 
t h o s e of t h e p la in , low-carbon , coppe r steels ; t h e a l loys c a n b e rol led, forged, 
p ressed , a n d s t a m p e d v e r y well ; a n d t h e y also resis t corros ion v e r y well . V . a n d 
G. P r e v e r a lso found t h a t t h e a l loys res is t corros ion. E . Schei l a n d E . H . Schulz , 
C. Tai l landier , a n d F . B . L o u n s b e r r y a n d W . R . Bree ler s t u d i e d t h e c h r o m i u m -
a l u m i n i u m steels . Xi. Gui l le t r e c o m m e n d e d n i t r id ized c h r o m i u m - a l u m i n i u m steels 
for t h e cy l inders of i n t e r n a l c o m b u s t i o n engines , a n d for propel le r shaf ts . S. S a t o 
s t u d i e d t h e e lec t rode p o t e n t i a l s of t h e n i t r id ized a l loys . H . G r u b e r found t h a t 
t h e a l u m i n i u m - c h r o m i u m - i r o n a l loys a r e a t t a c k e d b y h y d r o g e n a t e l eva ted t e m p . 
C. Casper , H . Moissan, J . B . J o h n s o n a n d S. A. Chr is t iansen , E . V a l e n t a , 
W . Oer te l a n d K . "Wiirth, V . O. H o m e r b e r g a n d I . N . Zava r ine , A. R . P a g e a n d 
J . H . P a r t r i d g e s t u d i e d t h e mechan ica l p roper t i e s of chromium-s i l i con stee ls , a n d 
P . B r e s , t h e i r r e s i s t ance t o corrosion ; W . I )enecke g a v e a t e r n a r y d i a g r a m of t h e 
s y s t e m w i t h u p t o a b o u t 30 pe r cen t , each of c h r o m i u m a n d sil icon. T h e i r o n 
a n d c h r o m i u m furn i sh a con t inuous series of solid soln. w i t h m i n i m u m in t h e 
f .p. c u r v e s . N o ev idence w a s observed of t h e f o r m a t i o n of t h e c o m p o u n d F e 2 C r , 
or of a eu t ec t i c w i t h 15 p e r cent , of c h r o m i u m . T h e r eac t ion b e t w e e n t h e solid 
so ln . of i r o n a n d si l icon, a n d t h e fo rma t ion of FeS i , is acce le ra t ed b y t h e p re sence 
of c h r o m i u m . E . D . Campbe l l a n d H . W . Mohr s t u d i e d t h e e lectr ical r e s i s t ance 
a n d t h e t h e r m o e l e c t r i c po t en t i a l s ; G. IX N e w t o n , t h e shea r ing s t r e n g t h ; 
H . H . A b r a m , J . N . Alcacer a n d G. Gayoso , T . G. Digges , H . J . F r e n c h a n d 
W . A . T u c k e r , F . J . Griffiths, G. A. H a w k i n s a n d co-workers , W . K a h l b a u m a n d 
co-workers , R . R . Moore a n d E . V. Schaa l , T . M u r a k a m i a n d K . Y o k o y a m a , 
T . Ja. R o b i n s o n , K . Roesch , S. C. Spa ld ing , J . S. V a n i c k a n d co-workers , a n d 
C. F . W i i r t h , t h e mechan ica l p rope r t i e s ; a n d J . C o u r n o t a n d K . S a s a g a w a , t h e 
Viscosi ty. S. S a t o s t u d i e d t h e e lec t rode po t en t i a l s of ni tr if ied c h r o n u u m - t i t a a i u m 
Steels, and of chromium-zirconium steels. B. Stoughton and W. E. Harvey 
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W . K a h l b a u m a n d L . J o r d a n , T . H e c z k o , a n d H . M. B o y l s t o n i n v e s t i g a t e d t h e 
phys i ca l p rope r t i e s , a n d J . G. T h o m p s o n a n d co-workers , a n d G. H . K e u l e g a n 
a n d M. I t . H o u s e m a n , t h e ac t ion of a q . soln. of u r ea a n d of a m m o n i u m c a r b a m a t e 
on the chromium-vanadium steels. 

S a m p l e s of i ron a l loyed w i t h u p t o 28-49 p e r c e n t , of m o l y b d e n u m w e r e r e p o r t e d 
b y C. J . H e i n e , 2 5 F . S t r o m e y e r , A. W e h r l e , H . A. Li. Wiggers , a n d C. S t e i n b e r g . 
P . B e r t h i e r p r e p a r e d i r o n - m o l y b d e n u m al loy , or f e rromolybdenum, w i t h 2 p e r c e n t , 
of m o l y b d e n u m which w a s a s fusible as i ron , b u t wh i t e r , e x t r e m e l y h a r d , b r i t t l e 
a n d t enac ious , a n d u n e v e n a n d g r a n u l a r in f r ac tu re . J . J . Berze l ius also desc r ibed 
b lu i sh -g rey a l loys w i th i ron a n d m o l y b d e n u m in t h e p r o p o r t i o n 1 : 1 a n d 1 : 2 . 
T o p r e p a r e t h e i r o n - m o l y b d e n u m al loys , J . OhIy r e c o m m e n d e d a d d i n g m o l t e n 
i ron t o a b a t h of fused m o l y b d e n u m . H . L a u t s c h a n d G. T a m m a n n p r e p a r e d 
a l loys b y r e d u c i n g a m i x t u r e of t h e ox ides w i t h a l u m i n i u m . T h e s t r o n g affinity 
of m o l y b d e n u m for o x y g e n , a n d t h e v o l a t i l i t y of t h e m o l y b d e n u m ox ides m a y give 
l a rge losses of t h e expens ive m e t a l m o l y b d e n u m i n t h e m a n u f a c t u r e of a l loys 
w i t h i ron or s teel . F e r r o m o l y b d e n u m c a n b e p r e p a r e d i n e lec t r ic furnaces w i t h 
IO t o 50 p e r cen t , m o l y b d e n u m , a n d a t m o s t 0*5 p e r cen t , of c a r b o n ; a n d , b y 
us ing f e r r o m o l y b d e n u m , t h e losses i n t h e p r e p a r a t i o n of m o l y b d e n u m steels a r e 
smal le r . S. S. S t e i n b e r g a n d P . S. K u s a k i n , O. J . S t e i n h a r t , R . C a z a u d , 
F . M. B e c k e t , R . M. K e e n e y , F . P e t e r s , W . Guer t l e r , G. P . Scholl , P . Girod , 
J . P o k o r n y , G. a n d E . S t ig , a n d W . B o r c h e r s a n d R . W . S t imson p r e p a r e d al loys of 
i ron a n d m o l y b d e n u m . W . R . H u l b e r t e m p l o y e d t h e t h e r m i t e process . W . P . Sykes 
p r e p a r e d a l loys b y h e a t i n g t o g e t h e r i n t i m a t e m i x t u r e s of t h e c o n s t i t u e n t e l emen t s 
in a p o w d e r e d fo rm such a s is p r o d u c e d b y r e d u c t i o n in h y d r o g e n . T h e m i x t u r e 
is compres sed i n t o b a r s wh ich a r e s in t e red in h y d r o g e n a b o v e 1440° u n t i l diffusion 
is c o m p l e t e . T h e b a r s a r e q u e n c h e d a n d a g e d for severa l d a y s a b o v e 6 0 0 ° — 
vide 1 1 . 6 1 , 5 . A. S t a v e n h a g e n a n d E . S c h u c h a r d o b t a i n e d t h e a l loys b y t h e 
t h e r m i t e process . C. F . Bu rges s a n d J . A s t o n d iscussed t h e w o r k i n g p rope r t i e s 
of t h e s e a l loys . A. Ki s sock a d d e d ca l c ium m o l y b d a t e t o s teel . S o m e uses of 
m o l y b d e n u m steels were d iscussed b y M. H . S c h m i d , P . Oberhoffer, W . Borche r s 
a n d R . W . S t i m s o n , W . H e y m , G. W . S a r g e n t , G. T . Ho l loway , J . K . S m i t h , 
J . E s c a r d , J . A. M a t h e w s , J . W . R i c h a r d s , F . W . R o w e , J . W . E v a n s , C. M c K n i g h t , 
V. L . E a r d l e y - W i l m o t , A. H . H u n t e r , A. H a e n i g , E . L ieven ie , E . S c h a a f - R e g e l m a n , 
G. Gin , P . Girod , W . V e n a t o r , a n d G. Su r r . 
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FiO. 456. Equil ibr ium Diagram of 
the Iron-Molybdenum Alloys. 

G. G r u b e a n d F . Liieberwirth, N . Ag^eff a n d M. Z a m o t o r i n , a n d J . La i s sus 
d iscussed t h e diffusion of m o l y b d e n u m i n i r o n . E i g . 455 h a s a select ion f rom t h e 
r e su l t s of F . Li ieberwir th . T h e a l loys we re desc r ibed b y J . L . Gregg a n d H . W . Gi l le t t . 
H . L a u t s c h a n d G. T a m m a n n m a d e a p a r t i a l s t u d y of t h e b i n a r y s y s t e m a n d 
f o u n d a eu t ec t i c w i t h 4 3 pe r c en t , m o l y b d e n u m a t 1360°. T h e b r e a k s in t h e 
cool ing c u r v e i n d i c a t e d t h a t a c o m p o u n d is f o r m e d wh ich decomposes slowly a t 
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higher t e m p . T h e c o m p o u n d does n o t fo rm m i x e d c rys ta l s w i t h i ron , a n d p r o 
bab ly no t wi th m o l y b d e n u m , b u t t h e m e t a l s t hemse lves fo rm t w o series of m i x e d 
crystals . W . P . Sykes ' d i a g r a m modified b y T . T a k e i a n d T . M u r a k a m i is s h o w n 
in Fig. 456. W h e n al loys w i t h u p t o 24 pe r cen t . Mo a r e q u e n c h e d f rom t h e 
solidus t e m p . , large po lyhed ra l gra ins of t h e solid soln. a r e f o r m e d ; if cooled a t a 
m o d e r a t e r a t e , a second p h a s e — i r o n tritadimolybdide, F e 3 M o 2 — a p p e a r s , e i the r a s 
small g lobu la r g ra ins , or a s needle-l ike c rys ta l s . E . V igouroux , a n d A . C a r n o t 
a n d E . G o u t a l obse rved t h e exis tence of t h i s c o m p o u n d in al loys of i ron a n d 
m o l y b d e n u m free f rom c a r b o n . T . T a k e i a n d T . M u r a k a m i a lso found a so lubi l i ty 
of t h e e-phase in t h e a -phase , BG9 co r responding "with 6 p e r cen t , of m o l y b d e n u m 
a t r o o m t e m p . , a n d 38 pe r cen t , a t t h e eu tec t i c 1440°. T h e y obse rved solid phase s 
n a m e d respect ively a-, y - , c-, S-, a n d S'- ; a n d in a d d i t i o n t o i r on t r i t a d i 
molybd ide , t h e y found iron molybdide, F e M o , exis ts a s t h e 77-phase, a n d i t is 
formed b y t h e per i tec t ic reac t ion : melt-j-S'^-jy a t 1540°, a n d i t decomposes b y a 
eu tec to ida l reac t ion , v)^e-\-8, i n to t h e c- a n d S-phases a t a b o u t 1180°. Acco rd ing 
t o T. T a k e i a n d T . M u r a k a m i , t h e t r i t a d i m o l y b d i d e forms t h e c-phase , a n d i t is 
formed b y t h e per i tec t ic reac t ion : m e l t + 7 7 = e be tween 1450° a n d 1500° o n cooling, 
a n d i t forms a eu tec t i c -with t h e ct-phase. T h e y also s tud ied t h e lowering of t h e 
cri t ical p o i n t s of i ron b y m o l y b d e n u m . H . Sco t t observed t h a t m o l y b d e n u m h a s 
b u t a s l ight effect on t h e t e m p , of t r a n s f o r m a t i o n of m a r t e n s i t e t o t r oos t i t e . 
V. N . Svechnikoff s t ud i ed t h e y -phase . 

E . C . B a i n ' s X - r a d i o g r a m s cor responded w i th hexagona l F e M o , a n d H . Arnfe ld t 
obse rved t h a t in t h e F e - M o s y s t e m t h e r e is a n i n t e r m e d i a t e t r igona l p h a s e w i t h 
la t t ice p a r a m e t e r s a—4*743 A., a n d e'=25*63 A. , or c : a = 5 - 4 0 . T h e c rys ta l s h a v e t h e 
compos i t ion of i ron t r i t a d i m o l y b d i d e , F e 3 M o 2 . H . L a u t s c h a n d G. T a m m a n n 
s tud i ed t h e mic ros t ruc tu re of t h e al loys m o r e or less ca rbur ized . "W. P . Sykes 
observed t h a t BG deno tes t h e solubi l i ty cu rve of m o l y b d e n u m in i ron b e t w e e n 
400° a n d 1440°. T h e eu tec t ic is m a d e u p of i ron t r i t a d i m o l y b d i d e a n d t h e sa t . 
sol id soJn. of m o l y b d e n u m in i ron, a n d in al loys q u e n c h e d f rom j u s t be low 1440°, 
i t a p p e a r s as a fine n e t w o r k , while w i th slower cooling, i t h a s a d i s t inc t ly l amel la r 
s t r u c t u r e . T h e solid soln. of m o l y b d e n u m in i ron is 24 p e r c en t . Mo a t 1440° a n d 
7 per cent , a t 600°. As t h e p r o p o r t i o n of m o l y b d e n u m rises a b o v e 35 p e r cen t . , 
mass ive a r eas of t h e t r i t a d i m o l y b d i d e a p p e a r . A n al loy w i t h 53 p e r cen t , of 
m o l y b d e n u m , w h e n h e a t e d ove r 5 h r s . a t 1450°—1500°, consis ts of only one phase , 
t h e t r i t a d i m o l y b d i d e . Th i s alloy is po rous , d u e t o t h e vol . sh r inkage a c c o m p a n y 
ing t h e fo rma t ion of t h i s c o m p o u n d in t h e solid s t a t e . Th i s a l loy is n o n - m a g n e t i c , 
t h o s e w i t h less m o l y b d e n u m are m a g n e t i c . W h e n a l loys w i t h 50 t o 90 p e r cen t , 
m o l y b d e n u m are h e a t e d a b o v e 1540°, t h e t r i t a d i m o l y b d i d e dissociates i n t o a n 
i ron-r ich l iqu idus , a n d a solid soln. of i ron in m o l y b d e n u m . DE r ep re sen t s t h e 
solubi l i ty cu rve of i ron in m o l y b d e n u m . T h e l ine MHN is d r a w n t h r o u g h t h e 
Ar4- a n d Ar 3 -po in t s d u r i n g cooling. T h e po in t Ar 3 m a r k s t h e change f rom y- i ron , 
wi th i t s face-centred cubic la t t i ce , t o a- i ron, wi th i t s body-cen t r ed cubic l a t t i ce ; 
a n d Ar 4 r ep re sen t s t h e c h a n g e from S-iron w i th i t s b o d y - c e n t r e d cubic l a t t i ce , t o 
y- i ron, w i t h i t s face-cent red cub ic l a t t i ce . The add i t ion of 3 pe r cen t , of m o l y b d e n u m 
t o i ron lowers t h e Ar 4 -po in t f rom 1400° t o 1230° ; a n d raises t h e Ar 3 -po in t f rom 
890° t o 980°. T h e a d d i t i o n of m o l y b d e n u m in i ron t h u s t e n d s t o p r e v e n t t h e c h a n g e 
f rom <x- t o y - i ron or f rom S- t o y- i ron in hea t i ng t h r o u g h A r 8 o r cooling t h r o u g h 
Ar 4 r e spec t ive ly ; t h a t is, add i t i ons of m o l y b d e n u m t o i ron progress ive ly r e s t r i c t 
t h e r a n g e of t e m p , in which y- i ron is s tab le , un t i l , w i th 4*0 t o 4-5 p e r cen t . , t h e b o d y -
cen t r ed fornl p reva i l s exclusively a t t e m p , be low t h e so l idus . P . Oberhoffer 
obse rved a s imi lar r e s t r i c t ion of t h e r ange of y- i ron "with 5 p e r cen t , of sil icon, b u t 
F . W e v e r p l aced i t a t 1-8 pe r cent , of silicon. F . W e v e r a lso f o u n d t h e r e s t r i c t ion 
occurs w i t h a b o u t 2 p e r cen t , of t i n ; E . Maurer , w i t h 2-5 p e r c e n t , of v a n a d i u m ; 
E . C. B a i n , w i t h a b o u t 14 pe r cent , of c h r o m i u m ; a n d W . P . Sykes , w i t h a b o u t 
6 p e r c e n t , of t u n g s t e n . T . Take i a n d T. M u r a k a m i found t h a t w i th a l loys h a v i n g 
©ver 6 3 |>er cen t , of m o l y b d e n u m , t he re is a n eu tec to ida l c h a n g e , S'=*S-|-77, a t a b o u t 
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1500°. T h e A 2 - a r r e s t is s l igh t ly lowered b y increas ing p r o p o r t i o n s of m o l y b d e n u m . 
S. Cur ie o b s e r v e d t h a t t h e t e m p , of m a g n e t i c t r a n s f o r m a t i o n o n t h e h e a t i n g c u r v e 
is 720° t o - 7 3 0 ° , a n d t h e m a g n e t i c p rope r t i e s a r e r ega ined on t h e cool ing c u r v e a t 
683° t o 689° . H . C. H . C a r p e n t e r g a v e for t h e cr i t ica l r a n g e s on t h e cool ing c u r v e 
of m o l y b d e n u m steels : 

C Mo Initial Temp. Critical ranges 
0-28 0-95 1020° 812o-870^""" 759^-744° 6 8 8 0 - 6 5 8 * 

1250° 8 3 6 ° - 7 3 0 ° ; 6 1 7 ° - 5 7 3 ° ; 546° -523° 
0-57 9-25 900° 7 6 8 ° - 7 2 4 ° 688° -618° 

1200° 7 8 3 ° - 7 0 6 ° ; 5 9 2 ° - 3 8 5 ° 

M o l y b d e n u m is m o r e powerfu l t h a n t u n g s t e n in i t s a c t i o n o n i ron . Liess t h a n 1 
p e r c en t , of m o l y b d e n u m causes a w i d e n i n g a n d a n a l t e r a t i o n in t h e c h a r a c t e r of t h e 
cr i t ica l r a n g e s . Mild q u e n c h i n g in a n a i r -b l a s t c a u s e d t h e c o m p l e t e or a l m o s t 
c o m p l e t e suppress ion of t h e cr i t ica l r a n g e . T . S w i n d e n f o u n d t h a t for a l loys u p t o 
8 p e r cen t , m o l y b d e n u m , if t h e in i t i a l t e m p , h a s n o t exceeded a ce r t a in m i n i m u m 
t e m p . , n o r m a l p o i n t s a r e o b t a i n e d in t h e reca lescence c u r v e s on cool ing, a n d t h e s e 
a r e i n d e p e n d e n t of t h e r a t e of h e a t i n g , or t i m e of soak ing . T h e low t e m p , of 
reca lescence is be low t h e A c j - p o i n t w i t h 8 p e r cen t , m o l y b d e n u m low-carbon s teels . 
If t h e low t e m p , of reca lescence h a s b e e n exceeded , t h e n o r m a l Ar^-poin t is lowered 
or sp l i t , a n d a s t h e t e m p , increases , a s s u m e s a defini te low pos i t ion . T h e r e is in 
s o m e cases a n i n t e r m e d i a t e zone in w h i c h a n e q u i l i b r i u m exis t s b e t w e e n t h e t w o 
p o i n t s e v e n w i th fair ly s low h e a t i n g , a n d a 2 h r s . ' soak ing . T h e pos i t ion of t h e lowered 
recalescence t e m p , is a p rogress ive func t ion of t h e m o l y b d e n u m - c o n t e n t , b e i n g 
m o r e easi ly effected a s t h e p r o p o r t i o n of m o l y b d e n u m increases , b u t a h igher t e m p , 
a n d longer soak ing is neces sa ry t o p r o d u c e t h e full lower ing effect. T h e t e m p , 
wh ich first affects t h e p o i n t , a n d also t h a t wh ich p r o d u c e s t h e m a x i m u m lower ing 
effect, is s l ight ly h ighe r a s t h e c a r b o n - c o n t e n t increases . T h e low t e m p , is n o t 
d i s t u r b e d b y slow cool ing or a r r e s t e d cool ing a t a b o u t 800° if t h e s teel h a s been 
p rev ious ly h e a t e d a t 1200°. T h e r ecove ry of t h e n o r m a l p o i n t is effected b y r e p e a t e d 
h e a t i n g t o be low t h e lower ing t e m p . I t is n o t easi ly effected b y a single slow h e a t i n g 
a n d soak ing . T h e n o r m a l A c u p o i n t is f ound o n h e a t i n g , a n d no new p o i n t h a s b e e n 
o b s e r v e d co r r e spond ing t o t h e lower ing t e m p . T h e sub jec t was discussed b y 
H . J . F r e n c h , F . L e p e r s o n n e , a n d G. B u r n s . 

E . V i g o u r o u x o b t a i n e d i ron tr i tadimolybdide, F e 3 M o 2 , a s an insoluble res idue 
f rom a l loys w i th 5O pe r cen t , m o l y b d e n u m . I t s sp . gr . is 9-16 a t 0 ° . I t is a t t a c k e d 
s lowly b y ch lor ine a t o r d i n a r y t e m p . , a n d v igorous ly a t 250° ; oxygen , su lphu r , 
a n d w a t e r - v a p o u r r e a c t a t a r e d - h e a t . SoIn. of h y d r o c h l o r i c a n d hydrof luor ic 
ac ids , a s well a s gaseous h y d r o g e n ch lor ide , h a v e n o app rec i ab l e ac t i on , b u t t h e 
c o m p o u n d is r ead i ly a t t a c k e d b y h o t , cone , su lphu r i c ac id , b y di l . n i t r i c ac id , a n d 
b y iod ine s u s p e n d e d in w a t e r . P o t a s s i u m h y d r o x i d e h a s n o ac t i on in soln. , b u t 
r e a c t s r ead i l y in t h e fused cond i t i on . A s i n d i c a t e d a b o v e , t h i s c o m p o u n d w a s 
p r e p a r e d b y A . C a r n o t a n d E . G o u t a l ; a n d W . P . S y k e s o b s e r v e d t h e cond i t i ons 
u n d e r w h i c h i t is fo rmed , F i g . 456 . N o o t h e r c o m p o u n d a p p e a r s on t h e t h e r m a l 
d i a g r a m , b u t E . V i g o u r o u x sa id t h a t i ron h e m i m o l y b d i d e , F e 2 M o , of sp . gr . 8-90 
a t 0° , is o b t a i n e d b y t h e a c t i o n of hyd r och lo r i c ac id on a l loys w i t h less t h a n 46*16 
p e r c e n t , of m o l y b d e n u m ; i ron m o l y b d i d e , F e M o , of s p . gr . 9-Ol a t 0° , f rom 54 
t o 6 3 p e r c en t , a l loys ; a n d i ron d imolybdide , F e M o 2 , of s p . gr . 9-41 a t 0° , f rom 
64 t o 77 p e r cen t , a l loys . T h e ex i s t ence of t h e s e t h r e e m o l y b d i d e s h a s n o t b e e n 
conf i rmed. F o r t h e c e m e n t a t i o n of t h e s e s teels , vide supra, 

A . C a r n o t a n d E . G o u t a l f ound t h a t m o l y b d e n u m s teels wi th 1-7—2-3 pe r c e n t . 
of c a r b o n c o n t a i n e d t h e i r o n m o l y b d e n u m carbide* F e 3 C M o 2 C . P . Wi l l i ams 
p r e p a r e d t h e s a m e c o m p o u n d . J . O . A r n o l d a n d A . A . R e a d ana lyzed t h e r e s idues 
o b t a i n e d b y t r e a t i n g m o l y b d e n u m steels w i t h ac id , a n d found t h a t wi th t h e 0-78 C 
a n d 2*43 Mo s teel , t h e r e s idue c o r r e s p o n d s w i t h 6 F e C , Fe 3 Mo 3 C ; w i t h t h e 0-75 C 
a n d 4-95 Mo s tee l , 7 F e 8 C , 3Fe 8 Mo 3 C, 2C ; w i t h t h e 0-71 C a n d 1 0 1 5 Mo steel , 
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Fe 3 C, 3Fe3Mo3C, C : w i t h t h e 0-79 C a n d 15-46 Mo s teel , Fe 3 C, 8Fe 3 Mo 3 C ; a n d wi th 
t h e 0-82 C a n d 20*70 Mo steel , Fe 3 Mo 3 C. F . R . Morra l a n d co-workers , a n d 
V. Adelskdld a n d co-workers obse rved t h e fo rma t ion of t h e m o l y b d e n u m iron 
tritacarbide, Fe 3 Mo 3 C. T h e obse rva t ions of H . L a u t s c h a n d Gr. T a m m a n n , a n d 
of W . P . Sykes , show t h a t a p a r t of t h e m o l y b d e n u m in i ron fo rms only one 
c o m p o u n d , a n d t h e r e m a i n d e r forms m i x e d c rys ta l s w i t h t h e i r o n ; i n t h e presence 
of ca rbon , t h e r e m a y b e fo rmed t h e m i x e d c rys ta l s of i ron a n d m o l y b d e n u m 
—molybdenoferrite ; i ron m o l y b d e n u m carb ide ; i ron t r i t a d i m o l y b d i d e ; a n d in 
h a r d e n e d steels, m o l y b d e n u m - a u s t e n i t e o r m a r t e n s i t e in which , w i th h igher p ro 
por t ions of m o l y b d e n u m , i ron m o l y b d e n u m carb ide can b e recognized ; whi le , w i t h 
annea led steels, i n t e r m e d i a t e forms b e t w e e n m a r t e n s i t e a n d pea r l i t e c a n also b e 
recognized. 3L. Guil let found t h a t t h e pear l i t ic steels h a v e 0*20 pe r cent , of c a r b o n 
a n d less t h a n 2 pe r cent , of m o l y b d e n u m , or 0*80 pe r cen t , of c a r b o n a n d less t h a n 
1 pe r cent , of m o l y b d e n u m ; a n d t h e ca rb ide steels h a v e a doub le ca rb ide w i t h 
ove r 2 p e r cent , of m o l y b d e n u m a n d 0-20 p e r cen t , of c a rbon , a n d over 1 p e r cen t , 
of m o l y b d e n u m wi th 0*80 pe r cent , of ca rbon . A. M. P o r t e v i n supposed t h a t t h e 
doub le ca rb ide is found in steels w i th ove r 5 p e r cen t , of m o l y b d e n u m a n d 
0*2 p e r cen t , of c a rbon ; a n d w i th a b o v e 2 p e r cen t , of m o l y b d e n u m a n d 0-8 pe r 
cent , of ca rbon . H . Ie Chate l ie r supposed t h a t t h e m o l y b d e n u m is i so la ted in t h e 
mass of t h e m e t a l a s a solid soln. ; a n d O. B o u d o u a r d , a n d C. A . E d w a r d s m a d e 
a s imilar a s s u m p t i o n w i t h respec t t o t h e exis tence of t u n g s t e n in t u n g s t e n steels ; 
b u t m e a s u r e m e n t s of t h e electr ical res is tance—vide infra—do n o t f avour t h i s 
hypo thes i s . C. A . E d w a r d s supposed t h a t t h e c a r b o n exis ts as i ron ca rb ide . 
J . S. d e Bennevi l le p r e p a r e d t h e complex i ron c h r o m i u m m o l y b d e n u m carbide* 
Fe 7 (Cr 2 Mo) 8 C 4 , a n d called i t wahlite. F . Rol l , H . S a w a m u r a , a n d F . L . Coonan 
found t h a t m o l y b d e n u m p a r t l y decomposes a n d p a r t l y preserves t h e c e m e n t i t e 
in cas t i ron. J . W . D o n a l d s o n s tud i ed t h e ac t i on of m o l y b d e n u m in cas t i ron . 

T . Swinden suggested t h a t t h e m o l y b d e n u m occurs in annea l ed s teels a s a 
c o m p o u n d of i ron a n d m o l y b d e n u m , a n d n o t in s imple solid soln. W h e n t h e s teel 
is h e a t e d , t h e Fe 3 C goes i n t o soln. a t Ac 1 , a n d unless t h e lowering t e m p . — v i d e 
supra—is exceeded , is r e -p rec ip i t a t ed a t t h e n o r m a l A r 1 - t e m p , o n cooling. If t h e 
steel b e h e a t e d b e y o n d t h e lower ing t e m p . , t h e cond i t ion of t h e m o l y b d e n u m 
c o m p o u n d b e h a v e s as if i t pas sed i n to soln. T h e s e p a r a t i o n of F e 3 C f rom t h i s soln. 
t a k e s p lace a t a lower t e m p , t h a n t h e n o r m a l Ar 1 . T h e a c t u a l t e m p , d e p e n d s on t h e 
cone , of t h e m o l y b d e n u m soln. W h e n t h e s teel h a s b e e n cooling b e y o n d t h e lower ing 
t e m p . , a n d t h e n r e -hea ted , t h e m o l y b d e n u m g r a d u a l l y re -assumes i t s or iginal 
cond i t ion if t h e t e m p , does n o t exceed t h a t p r o d u c i n g t h e lowering. W h e n t h i s 
c h a n g e is comple te , t h e n o r m a l A r i - t e m p . is r ega ined in t h e cooling c u r v e . 
T . Swinden also obse rved t h a t spec imens q u e n c h e d f rom 800° con t a in n o r m a l 
m a r t e n s i t e ind ica t ing t h a t t h e ca rb ide is pa r t i a l ly soluble a t t h i s t e m p . M o l y b d e n u m 
steels q u e n c h e d f rom 1200° a r e less easi ly a t t a c k e d b y acid , a n d in t h e case of 
ce r t a in steels w i t h t h e h igher p ropor t ions of ca rbon a n d m o l y b d e n u m , t h e y show 
wh i t e p o l y h e d r a . T h e s t r u c t u r e of specimens h e a t e d t o 1200°, a n d q u e n c h e d a t 
600°, is essent ia l ly t h e s a m e as t h a t of those q u e n c h e d a t 1200°. S a m p l e s wh ich 
h a v e b e e n ai r -cooled f rom 1200° show m a r t e n s i t e a n d t r oos t i t e , a n d t h e p r o p o r t i o n 
of m a r t e n s i t e is g rea te r , t h e g rea te r t h e p ropo r t i on of c a r b o n a n d m o l y b d e n u m . 
J . O. A r n o l d sa id t h a t a t r u e m o l y b d e n u m steel is f o rmed w h e n 18-3 p e r cen t , 
of m o l y b d e n u m a n d 0-7 pe r cent , of ca rbon a re p re sen t . T h e 100 pe r cen t , pea r l i t e 
t h e n cons i s t s of 24Fe-J-Fe 3Mo 3C. T h e subjec t was discussed b y G. W . S a r g e n t , 
a n d E . Li. R e e d . 

E . C. B a i n d iscussed t h e X- rad iog rams ; a n d E . P . Char tkof l a n d W . P . Sykes , 
t h e changes i n t h e l a t t i ce p a r a m e t e r s in solid soln. T h e scleroscopic a n d Rr ine lPs 
ha rdnesses of m o l y b d e n u m steels, m e a s u r e d b y T . Swinden , a r e i n d i c a t e d i n 
T a b l e L X X V I . T h e normal ized steel was o b t a i n e d b y h e a t i n g i t for 15 m i n u t e s a t 
900°, a n d free cooling in a i r . T. Swinden also e x a m i n e d t h e file h a r d n e s s of 
m o l y b d e n u m steels . W . P . Sykes found t h a t t h e Br inel l h a r d n e s s of i r on inc reases 
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TABLW L X X V I . — T H E H A E D N E S S o r M O L Y B D E N U M STJBBO^S. 

Percentage 
composition 

C 

0 - 1 9 
0 - 4 4 
0 - 8 7 
1-21 
0 - 2 5 
0 - 4 4 
0 - 8 8 
1-21 
1-36 
0 - 1 9 
0 - 4 9 
0 - 8 6 
1-06 
O 1 3 
0 - 3 6 
0 - 4 4 I 
0 - 7 7 
1-12 

M o 

1 0 3 
1-05 
1 0 2 
1 0 9 
2 - 1 8 
2 1 8 
2 - 1 9 
2 - 1 1 
2 - 5 4 
4 1 1 
4 0 1 
4-OO 
4 0 2 
8 0 1 
8 1 7 
8 1 1 
7 -85 
7 - 9 2 

An
nealed 

9 9 
1 3 1 
2 2 8 
2 0 7 
1 1 6 
1 4 3 
2 0 7 
1 9 6 
1 9 6 
1 1 6 
1 4 3 
1 7 9 
1 9 6 
1 4 3 
1 4 3 
1 6 6 
1 7 0 
1 8 7 

Normal
ized 

1 1 6 
2 2 8 
3 0 2 
3 2 1 
1 7 0 
2 1 7 
3 0 2 
3 4 O 
3 3 2 
1 7 0 
2 2 8 
3 2 1 
3 4 0 
1 6 3 
1 9 6 
2 3 5 
2 8 6 
3 4 0 

BrinelTs 

Hard
ened 
and 

tem
pered 

2 4 1 
2 8 7 
4 1 8 
5 1 2 
3 8 7 
4 4 4 
5 1 2 
5 1 2 
5 3 2 
2 8 6 
4 4 4 
5 1 2 
5 3 2 
1 6 3 
3 5 1 
4 4 4 
5 1 2 
5 1 2 

Hardness 

Quen
ched 
800° 

2 2 0 
3 8 7 
6OO 
6 5 2 
2 1 7 
2 4 6 
6OO 
6 5 2 
2 6 7 
2 9 3 
3 5 1 
6 2 7 
6OO 
1 5 6 
1 7 9 
2 2 8 
4 7 7 

Quen
ched 
1200° 

3 3 2 
4 4 4 

3 7 5 
4 4 4 
— 
— 
— 
3 7 5 
4 8 1 
—. 
— 

2 2 0 
4 6 O 
5 1 2 
6 0 O 

Air-
cooled 
from 
1200° 

1 4 3 
3 3 O 
4 6 0 
4 7 7 

— 

1 3 7 
4 1 1 
4 3 0 
5 7 8 
5 5 5 

I Sc 

An
nealed 

1 1 
1 3 
2 3 
2 2 
1 5 
1 8 
2 2 
2 2 
2 6 
1 7 
1 8 
2 0 
2 3 
1 6 
1 8 
1 8 
2 0 
2 2 

leroscoplc hardness 

Nor
malized 

1 3 
2 3 
3 2 
3 4 
1 8 

Hard
ened 

3 3 
4 5 
6 1 
6 1 
3 6 

2 1 4 7 
2 9 6 2 
3 7 6 9 
3 5 
1 8 

I 2 7 
3 4 
3 8 
1 6 
2 5 
2 3 
3 5 
4 0 

i 6 1 
i 3 1 

52 
! 6 2 

6 8 
1 6 
3 3 
4 0 
5 5 
6 8 

Tem
pered 

2 7 
3 7 
4 4 
4 5 
3 5 
3 9 
4 7 
4 8 
4 4 
2 8 

! 4 3 
4 4 
4 8 
1 5 
3O 
3 9 
4 2 
4 6 

con t i nuous ly w i t h t h e a d d i t i o n of m o l y b d e n u m u p t o a b o u t 40 p e r cen t , b y we igh t . 
T h e h a r d n e s s of m o l y b d e n u m is inc reased a t a m o r e r a p i d r a t e b y t h e a d d i t i o n of 
i ron u p t o a b o u t 15 pe r cen t . T h e h a r d n e s s of some of t h e a l loys , w a t e r - q u e n c h e d 
f rom j u s t be low t h e sol idus , is increased b y as m u c h a s 25O p e r cent , b y age ing a t 
t e m p , b e t w e e n 600° a n d 700° . I n t e m p e r i n g or age ing a t c e r t a i n g iven t e m p , t h e 
h a r d n e s s reaches a m a x i m u m a n d t h e n decreases as age ing is p ro longed . T h e h igher 
t h e t e m p , of t h e age ing a b o v e a ce r t a in m i n i m u m t e m p . , t h e m o r e r ap id ly t h e h a r d 
ness increases , b u t t h e lower is t h e m a x i m u m h a r d n e s s a t t a i n e d . A sh r inkage in 
vo l . occurs d u r i n g t h e age ing process , a n d , i n genera l , i t s m a x i m u m coincides 
w i t h t h a t of t h e m a x i m u m h a r d n e s s deve loped b y age ing . T h e sub jec t w a s dis
cussed b y G. G r u b e a n d F . L i ebe rwi r th , a n d M. B a l l a y ; a n d E . K . S m i t h a n d 
H . C. A u f d e r h a a r o b s e r v e d t h a t t h e Br ine l l ' s h a r d n e s s , a n d tens i le s t r e n g t h of 
ca s t i ron were inc reased b y a d d i n g 0 t o 3-1 pe r cen t , of m o l y b d e n u m , b u t t h e 
m a c h i n a b i l i t y w a s dec reased . G. T a m m a n n a n d V. Cagl iot i d iscussed t h e r ecove ry 
of h a r d n e s s af ter co ld-work . 

O b s e r v a t i o n s o n t h e m e c h a n i c a l p r o p e r t i e s were m a d e b y W . v o n L ip in , 
J . K . S m i t h , R . H e l m h a c k e r , P . Mars ich , S. B . R i t c h i e , A . L . Colby, L . C a m -
p r e d o n , A. R y s , R . A . Hadf ie ld , H . J . F r e n c h , W . N . B r a t t o n , K . T a n i g u c h i , 
J . V . E m m o n s , E . L . H e n d e r s o n , J . C o u r n o t a n d J . C h a l l a n s o n n e t t , E . C. C l a p p a n d 
F . C. D e v e r e a u x , H . J . F r e n c h a n d T . G. Digges , P . P r o m p e r a n d E . P o h l , 
F . L . Coonan , E . K . S m i t h a n d H . C. A u f d e r h a a r , W . L i e s t m a n n a n d C. S a l z m a n n , 
E . E . T h u m , R . C. Good , A. L . N o r b u r y , E . K o t h n y , J . H . K u s t e r a n d C. P f a n n e n -
s c h m i d t , I . M u s a t t i a n d G. Calb ian i , C. H . L o r i g a n d F . B . D a h l e , K . H . Miiller 
a n d E . P i w o w a r s k y , J . E . H u r s t , E . JL. H e n d e r s o n , W . H . Ph i l l ips , A. C. P ru l i e r e , 
E . P i w o w a r s k y , P . B l u m , H . F leck , O. Smal l ey , A . C a m p i o n , A. M. P o r t e v i n , 
a n d JL. Gui l le t . T h e sub jec t was s u m m a r i z e d b y H . W . Gi l le t t a n d E . Li. Mack . 
Acco rd ing t o XJ. Gui l le t , t h e pear l i t i c s tee ls h a v e a h igh tensi le s t r e n g t h a n d 
e las t ic l i m i t w h i c h increases r egu la r ly w i t h t h e p e r c e n t a g e of m o l y b d e n u m ; 
whi le t h e e longa t ion a n d res i s tance t o shock d imin i sh a l i t t l e , b u t p reserve h igh 
v a l u e s . T h e ca rb ide s teels h a v e a tens i le s t r e n g t h a n d elast ic l imi t which increase 
w i t h t h e p e r c e n t a g e of m o l y b d e n u m ; t h e e longa t ion a n d r educ t ion of a rea a r e 
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low ; while the brittleness increases with the percentages of carbon and molybdenum. 
The effect of heat-treatment resembles that with the tungsten steels—vide infra. 
T. Swinden obtained the results indicated in Tables LXXVII and LXXVIII . 

T A B L E L X X V I I . — E L A S T I C L I M I T A N D T E N S I L E S T R E N G T H : O F M O L Y B D E N U M S T E E L . 

Percentage 
composition 

0 1 9 
0 - 4 1 
0 - 8 4 
1-27 
O 25 
0-44 
0 - 8 8 
1-21 
0 1 9 
0 - 4 9 
0 - 8 9 
1 0 6 
0 - 1 3 
0 - 3 6 
0 - 4 4 
0 -77 
1 1 2 
1-36 

M o 

0 3 
0 5 
0 2 
0 9 
18 
1 8 
19 
11 
11 

4 O l 
4 - 0 0 
4 0 2 
8-Ol 
8-17 
8 1 1 
7-85 
7-92 
2 - 5 4 

Elast ic l imit ( tons per sq. in.) 

As rolled 

2 2 - 4 0 
3 4 - 4 0 
5 2 0 O 

5 7 - 6 
7 5 - 6 
3 3 - 6 4 
5 3 - 6 

.— , 
8 0 - 3 2 

__ 
I 

68-8O I 
6 6 - 5 6 
8 4 - 8 0 
7 6 - 8 0 

I 
Annealed 

1 3 - 9 0 
1 8 - 3 6 
2 6 O O 
2 6 - 0 5 
1 4 1 0 
19 -38 
2 4 - 4 5 I 
2 7 - 5 5 
1 4 0 5 
1 8 - 8 5 
20-5O 
19-OO 
18-6O 
1 5 - 5 0 
1 7 - 2 5 
2 0 1 5 
21-8O 
2 1 - 0 0 

Normal
ized 

2 2 - 2 9 
3 7 - 8 1 
4 5 - 7 7 
5 2 - 1 8 
2 9 - 2 4 
3 5 - 6 7 
5 1 - 2 4 
6 3 - 4 0 
2 8 - 3 9 
3 6 - 1 7 
5 8 - 2 0 
6 0 - 6 9 
2 6 1 1 
3 1 - 4 6 
3 8 1 6 
4 1 - 2 9 
6 6 - 3 7 

Hardened 
and 

tempered 

2 1 - 0 4 
7 5 - 2 8 
8 6 - 4 8 
9 1 - 0 4 
5 1 - 5 2 
6 6 - 5 6 
7 9 - 8 4 

2 9 - 6 8 
6 2 - 4 0 
9 1 0 4 

1 1 9 - 2 0 
2 4 O O 
3 3 - 6 8 
3 4 - 7 2 
9 6 - 8 6 

Maximum stress ( tons per sq. in.) 

As rolled 

8 3 - 5 2 
5 4 - 4 0 
8 0 - 0 
5 8 - 6 7 
5 2 - 5 
6 7 - 4 
8 8 - 8 
9 6 - 8 
5 3 - 2 
8 4 - 0 

1 0 2 - 8 
1 0 6 - 8 

4 1 - 2 
6 6 - 2 
96-O 
8 6 - 5 6 

1 0 9 - 6 0 
8 2 - 2 4 

Annealed 

2 6 - 1 5 
3 5 - 7 1 
5 4 0 5 
4 2 - 6 5 
2 9 0 5 
3 6 - 7 3 
4 7 - 8 0 
4 2 - 5 0 
2 8 - 3 0 
34-4O 
4 2 - 1 0 
4 1 - 5 0 
35-3O 
3 4 - 4 0 
3 7 1 5 
3 9 - 1 0 
41-2O 
4 0 - 0 0 

Normal
ized 

3 0 - 2 2 
5 2 - 4 4 
6 7 - 6 6 
7 0 - 9 6 
4 0 - 6 3 
4 9 - 3 0 
7 1 - 5 3 
8 5 - 7 1 
3 8 1 5 
5 3 - 5 1 
4 7 - 6 2 
7 9 - 8 5 
3 6 - 4 6 
4 5 - 8 0 
5 2 - 2 8 
6 5 - 4 2 
9O-3O 
5 3 0 6 

Hardened 
and 

tempered 

4 0 - 2 4 
9 4 O O 

1 0 7 - 3 6 
1 2 4 - 5 6 

7 6 - 4 0 
9 4 - 4 0 

1 1 6 - 4 4 
1 2 0 - 9 6 

3 9 - 3 6 
8 4 - 3 2 

1 1 5 - 2 0 
1 2 6 0 0 

3 6 - 6 4 
4 7 - 0 4 
5 6 - 8 8 

110-4O 
8 0 - 0 

T A B L E L X X V I l I . — E L O N G A T I O N A N D R E D U C T I O N O F A R E A O F M O L Y B D E N U M S T E E L . 

Percentage 
composition 

C 

O-IO 
0 - 4 1 
0 - 8 4 
1-27 
0 - 2 5 
0 - 4 4 
0 - 8 8 
1-21 
0 - 1 9 
0 - 4 9 
0 - 8 6 
1-06 
0 1 3 
0 - 3 6 
0-44 I 
0 - 7 7 ! 
1 1 2 
1-36 

M o 

1 0 3 
I 1-05 

1 0 2 
1 0 9 
2 1 8 
2 1 8 
2 1 9 
2 - 1 1 
4 1 1 
4 0 1 
4 O O 
4 - 0 2 
8 O l 
8-17 
8-11 
7 - 8 5 
7 - 9 2 
2 - 5 4 

Percentage elongation on 2 ins . 

As rolled 

3 3 - 3 1 
1 9 - 5 
14 -4 

l - O 
2 1 - 0 5 
16-7 
12 -1 

7 0 4 
2 1 - 7 
13 -5 

8 - 0 
1 0 - 5 6 
2 5 - 7 
19-4 
1 9 - 7 1 

9 - 8 5 
8 -45 
2 1 1 

Annealed 

3 5 - 5 
. 25-O 
I 17 -22 

5 -55 
3 3 - 3 

! 2 7 - 7 
18 -8 

9 - 4 
4 2 - 7 
2 8 - 3 
2 0 - 5 
15-5 
3 1 1 
3 6 - 6 
3 2 - 2 2 
2 2 - 2 
1 6 1 
17-22 

Normal
ized 

3 5 - 5 
2O-1 
13-2 
10-9 
3 0 - 0 
2 3 - 4 
13 -8 

3 -92 
2 9 0 
2 2 0 
14-5 
10-7 
2 9 - 8 
2 8 - 4 
2 1 - 7 
15-7 
12-77 

0-4 

Hardened 
a n d 

tempered 

2 7 - 4 6 
1 4 - 0 8 

9 1 5 
4 - 9 2 

1 5 - 4 9 
1 4 0 8 

5 - 6 3 

3 0 - 2 0 
1 1 - 2 6 

4 - 2 2 
7 0 4 

30-9 
2 5 - 3 
2 1 1 

7-74 

nil 

Percentage reduction of a rea 

As rolled Annealed 

6 4 - 3 2 
4 9 - 2 3 
3 4 - 3 6 

2 0 2 
5 7 0 
4 6 - 4 1 
3 2 0 7 

9-6 
5 2 - 7 1 
3 3 - 8 1 
1 7 - 2 7 
1 8 - 4 0 
5 2 - 2 2 
4 5 - 8 9 
3 4 0 0 
1 8 - 4 0 
1 6 - 4 0 

2 - 4 

6 5 - 7 5 
3 9 - 2 
22-25 

7-5 
62-5 
4 4 - 3 
2 7 - 5 
1 3 - 5 
7 2 - 5 
5 2 0 
3 4 O 
2 0 - 5 
5 8 - 7 5 
6 8 - 2 3 
5 7 - 5 
3 5 - 5 
2 4 - 0 

7-5 

Normal
ized 

73 -0 
4 9 - 3 
2 7 - 9 
17 -8 
6 4 - 2 
5 5 - 5 
3 2 - 6 

2 - 8 4 
6 3 - 6 
5 2 - 9 
3 8 - 5 
2 2 0 
5 9 - 5 
5 7 - 5 
3 9 - 6 
3 8 - 9 
1 6 1 

1-6 

Hardened 
and 

tempered 

6 8 - 4 
4 9 - 2 
2 5 - 2 
1 2 0 
5 4 - 4 
4 7 - 2 
12-O 

6 4 - 0 
4 1 - 6 

4 - 8 
2 3 - 2 
6 5 - 6 
5 4 - 4 
4 9 - 2 
2 3 - 2 

nil 

The rolled steels are not closely comparable, because of variations of treatment in 
..the mill; but the influence of molybdenum in rendering the steel susceptible to 
cold-working is clearly shown. The annealed steels diminish in strength and ductility 
as the molybdenum increases from 1 to 8 per cent. This is very marked with steels 
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h a v i n g 0-9 p e r c en t , o r m o r e c a r b o n . T h e n o r m a l i z e d s tee ls a r e o n l y s l igh t ly 
inf luenced b y m o l y b d e n u m . As t h e p r o p o r t i o n of c a r b o n increases , t h e inf luence 
of m o l y b d e n u m is more m a r k e d . I t p r o d u c e s a n app rec i ab l e inc rease i n t e n a c i t y 
w i t h o n l y a s l igh t ly r e d u c e d d u c t i l i t y . T h e effect of m o l y b d e n u m o n h a r d e n e d 
a n d t e m p e r e d s teels is v e r y m a r k e d , r e su l t i ng in h igh t e n a c i t y w i t h c o n s i d e r a b l e 
e l a s t i c i ty . T h e m o s t p r o m i s i n g r e su l t s a r e o b t a i n e d wi th t h e series c o n t a i n i n g 
1 a n d 2 p e r cen t , m o l y b d e n u m . T . S w i n d e n obse rved n o ev idence of t h e sof ten ing 
of a n y steels b y q u e n c h i n g a s r e p o r t e d b y L . Gui l le t for d o u b l e ca rb ide s tee ls . 
W . P . S y k e s found t h a t t h e tens i le s t r e n g t h , l ike t h e h a r d n e s s , increases w i t h age ing 
o r t e m p e r i n g ; a decrease in d u c t i l i t y a c c o m p a n i e s t h e inc rease i n tens i le s t r e n g t h . 
T h e d e v e l o p m e n t of s e c o n d a r y h a r d n e s s i n t h e s e a l loys is a c c o m p a n i e d b y t h e 
p r e c i p i t a t i o n of t h e c o m p o u n d F e 3 M o 2 . T h e par t ic le -s ize of t h e s e p a r a t i o n r e m a i n s 
sub-mic roscop ic u n t i l t h e h a r d n e s s h a s p a s s e d t h r o u g h i t s m a x i m u m v a l u e a n d h a s 
fal len off cons ide rab ly . C. L . C la rk a n d A . E . W h i t e m e a s u r e d t h e effect of t e m p , 
o n t h e tens i le s t r e n g t h . T . S w i n d e n f o u n d t h a t t h e b e n d i n g t e s t s s h o w u p t h e 
b r i t t l enes s of t h e h i g h - c a r b o n a n n e a l e d b a r s ; a n d , i n genera l , t h e y confirm t h e 
tens i le t e s t s . M o l y b d e n u m does n o t g r e a t l y increase t h e r e s i s t ance of s teels t o 
a l t e r n a t i n g s t resses w i t h a n y h e a t - t r e a t m e n t . T h e a n n e a l e d series g a v e fair 
r e su l t s w i t h a low p e r c e n t a g e of c a r b o n , b u t poo r v a l u e s w i t h a h igh p r o p o r t i o n 
of c a r b o n n o t w i t h s t a n d i n g t h e low tens i l e v a l u e s . C rush ing t e s t s show t h a t t h e 
m o l y b d e n u m s l igh t ly stiffens t h e s tee l , b u t t h e effect is n o t m a r k e d . W . Giesen 
f o u n d t h a t w i t h m o l y b d e n u m steel h a v i n g O t o 4 pe r c en t , of m o l y b d e n u m a n d 0-3 pe r 
c en t , of c a r b o n , or 0 t o 2 p e r cen t , of m o l y b d e n u m a n d 0*95 p e r cen t , of c a r b o n , g a v e 
r e s u l t s a p p r o x i m a t i n g t o t h o s e fu rn i shed b y a d d i t i o n s of t u n g s t e n so far as tens i le 
s t r e n g t h , e las t ic l imi t , e longa t ion , h a r d n e s s , a n d b r i t t l enes s , w h e n t h e r a t i o of a d d e d 
m o l y b d e n u m is t o t u n g s t e n a s 1 : 2*225. F . R o b i n o b s e r v e d t h a t t h e a d d i t i o n of 
1 t o 2 p e r c en t , of m o l y b d e n u m in 0-8 p e r c en t , c a r b o n s teels m a k e s t h e res i s tance 
t o c r u s h i n g low, a n d i t is a b o u t 5 k g r m s . pe r c.c. a t 1100°. T h e effect of 
m o l y b d e n u m o n ca s t i ron , e t c . , w a s s tud i ed b y F . L». Coonan , H . M. B o y l s t o n , a n d 
J . H . J e n n i n g s a n d E . L . H e n d e r s o n . 

T . T a k e i a n d T . M u r a k a m i o b s e r v e d a n a b r u p t d i l a t ion in a l loys -with less t h a n 
2 pe r cen t , of m o l y b d e n u m ; t h i s is d u e t o t h e <x*=±y c h a n g e . T h e d i l a t ion is n o t 
o b s e r v e d in a l loys w i t h ove r 4 pe r cen t , of m o l y b d e n u m . I n t h e a l loys c o n t a i n i n g 
m o r e t h a n 7*5 p e r cen t , of m o l y b d e n u m q u e n c h e d a t a h i g h t e m p . , a n a b r u p t 
c h a n g e a t a b o u t 700° -7 20° is obse rvab le d u r i n g h e a t i n g , t h e m a g n i t u d e of t h e d i l a t ion 
inc reases w i t h t h e m o l y b d e n u m - c o n t e n t . T h i s c h a n g e m a y also b e a t t r i b u t e d t o 
t h e g r a d u a l depos i t i on of t h e c-phase f rom t h e s u p e r s a t u r a t e d a.-solid soln. F . W i i s t 
a n d co -worke r s f o u n d t h e m e a n s p . h t . of m o l y b d e n u m s tee l b e t w e e n 0° a n d 6° 
u p t o 1500°, t o b e 006162-J -OO 4 10990 , a n d t h e t r u e s p . h t . a t 0° , is 0 06162 
-t-O-O421980°. 

A c c o r d i n g t o T . T a k e i a n d T . M u r a k a m i , n o m a r k e d c h a n g e was obse rved in t h e 
effect of t e m p , on t h e e lec t r ica l r e s i s t ance of a n n e a l e d s p e c i m e n s of i r o n - m o l y b d e n u m 
a l loys , e x c e p t a s l igh t b e n d i n g a n d a b r e a k w h i c h is a t t r i b u t a b l e t o t h e c h a n g e in 
so lub i l i ty of t h e c -phase . If, h o w e v e r , t h e spec imens , cons i s t ing of t h e a- a n d 
e -phases , a r e q u e n c h e d f rom a h igh t e m p , t h e y s h o w a n a b r u p t c h a n g e i n t h e e lectr ical 
r e s i s t ance o n h e a t i n g t h e m a t a b o u t 7(X)0, a n d t h e g r e a t e r t h e m o l y b d e n u m - c o n t e n t , 
t h e m o r e consp icuous is t h e c h a n g e . T h i s a b n o r m a l c h a n g e c o r r e s p o n d s w i t h t h e 
depos i t i on of t h e c -phase , f rom a s u p e r s a t u r a t e d a -so l id soln . Accord ing t o 
H . Ie Cha te l i e r , t h e e lec t r ica l r e s i s t ance of s tee l is o n l y s l igh t ly influenced b y t h e 
a d d i t i o n of m o l y b d e n u m , a n d t h i s is t a k e n t o m e a n t h a t t h e m o l y b d e n u m is n o t 
d i sso lved i n t h e i ron . S o m e o b s e r v a t i o n s w e r e m a d e b y A. M. P o r t e v i n ; a n d 
T . S w i n d e n o b t a i n e d t h e r e su l t s i n d i c a t e d i n T a b l e L X X I X . A. M. P o r t e v i n g a v e 
3*4 m i c r o h m s p e r c m . c u b e for t h e inc rease i n t h e r e s i s t ance of i ron p r o d u c e d b y 
1 p e r c en t , of m o l y b d e n u m . T. S w i n d e n a d d e d t h a t t h e influence of m o l y b d e n u m 
o n t h e a n n e a l e d s teels d e p e n d s o n t h e c a r b o n - c o n t e n t . I n t h e 0-20 pe r cen t , c a r b o n 
ser ies , t h e r e is a s l ight inc rease w i t h i nc reas ing p r o p o r t i o n s of m o l y b d e n u m ; in t h e 
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0-45 per cent, carbon series, the resistance is unaffected ; and with 0 9 to 1*20 per 
cent, carbon, there is a distinct decrease. Samples quenched a t 800° give a resistance 
in agreement with the assumption t h a t the carbon is in soln., and tbe molybdenum 
not in soln. ; bu t samples quenched a t 1200°, indicate t h a t a considerable proportion 
a t least of the molybdenum is in solid soln. G. Tammann and V. Caglioti 
discussed the recovery of the resistance after cold-work. E . L. Dupuy and 
A. M. Portevin found the thermoelectric force of molybdenum steel against copper, 
expressed in millivolts, to be : 

C . 
M o 
Annea led ' 

— 80° 
100° 

H a r d e n e d < IQQO 

0 1 9 
0-45 

10-OO 
8-35 

0 1 6 
1-00 

10-80 
7-70 

1 0 0 0 
8-00 

0 1 4 
2-20 

1O-7O 
7-80 

10-10 
7-92 

(-

0-29 
4-50 
8-6O 
6-30 

12-0) 
3-98 

0-77 
O-5O 
4-5O 
3OO 

— 4-40 
— 6-50 

0-81 
1-21 
4-7O 
3-20 

0-81 p e r c e n t . 
1-98 
6-20 
4-3O 
I I O 
O-IO 

Gr. Tammann and E . Sotter found t h a t the electrode potentials of the alloys 
in 0'IiV-H2SO4 show t h a t they are electronegative to molybdenum with up to 
65 per cent, of tha t element, and beyond tha t slightly electropositive. 

T A B L E X i X X l X . - — T H E E L B C T E I C A L R E S I S T A N C E O F 

Percentage composition 

C 

0 1 9 5 
0 - 4 4 5 
0 - 8 6 9 
1 -215 
0 - 2 4 6 
0 4 4 2 
0 - 8 8 3 
1 - 2 1 0 
0-19O 
0 - 4 8 7 
0 - 8 6 5 
1 - 0 6 0 
0 - 1 3 5 
0 - 3 6 1 ! 
0 - 4 4 6 
0 - 7 7 5 
1 1 2 5 
1 -360 

M o 

1 0 3 0 
1 0 5 4 
1 0 1 8 
1 -096 
2 1 7 6 
2 - 1 8 1 
2 1 8 6 
2 1 0 9 
4-11O 
4 0 0 9 
4 - 0 0 2 
4 - 0 1 9 
8*012 
8 1 6 7 
8 1 0 7 
7 - 8 4 7 
7 - 9 2 0 
2 - 5 4 0 

M O L Y B D E N U M 

Electrical resistance in microhms per cm 

As rolled 

1 4 1 8 
I 17-40 

2 1 - 0 0 
2 3 1 0 
1 8 - 6 6 
2 0 - 6 6 
2 2 - 9 0 
24-8O 
2 0 - 2 2 
24-6O 
2 5 - 7 0 
2 7 1 0 
2 5 - 8 3 
19OO 
28-OO 
2 7 - 4 0 
2 2 - 6 0 
3 1 - 3 0 

Annealed 

1 3 - 4 8 
1 4 - 7 7 
1 8 - 5 5 
1 9 - 5 4 
1 3 - 5 5 
1 4 - 9 7 
1 6 1 3 
1 8 - 4 7 
1 4 - 9 5 
1 4 - 8 9 
1 5 - 5 3 
1 6 - 9 2 
23-7O 
1 5 - 3 2 
1 4 - 3 8 
1 5 - 3 8 
1 6 1 3 
2 0 - 1 3 

Normalized 

* 4 - 5 1 
1 6 - 5 5 
2 0 - 4 7 
2 0 - 3 2 
1 6 - 7 3 
1 6 - 4 2 
1 8 - 8 0 
2 1 - 7 2 
1 6 - 4 0 
1 6 - 3 9 
1 8 - 4 2 
1 9 - 3 7 
2 5 - 7 6 
1 7 - 2 0 
1 6 - 7 9 
17 -87 
1 8 - 8 6 
2 1 - 7 9 

S T E E L S . 

cube 

Hardened and 
tempered 

1 4 - 2 2 
1 6 - 8 6 
2 0 - 2 5 
2 1 - 1 5 
1 7 - 9 3 
19 -47 
20-1O 
20-8O 
1 9 1 2 
1 9 - 5 2 
1 9 - 8 8 
1 9 - 7 8 
2 5 - 2 5 
1 8 - 7 9 
1 9 - 0 6 
1 9 - 9 2 
1 9 - 5 0 
2 2 - 4 0 

S. Curie found t h a t molybdenum increases the coercive force and residua] 
magnetism of steel, so t h a t molybdenum steels make excellent magnets . These 
steels lose their magnetic qualities between 700° and 750°, and regain them on cooling 
a t a t emp, rather lower t h a n t h a t a t which the loss occurs on heating. T. Takei 
and T. Murakami's observations on the intensity of magnetization in different 
fields are summarized in Fig. 457. B y the addit ion of molybdenum, the intensity 
of magnetization is gradually decreased ; t he amount of decrease is small in the 
range of alloys consisting of the a-phase alone, whereas in those consisting of the 
two phases, ct and e, the decrease is conspicuous. For annealed specimens, the 
intensity of magnetization decreases gradually with the rise of temp. , and rapidly 
a t the critical point, which is only slightly lowered by the addit ion of molybdenum. 
The change a t the critical point decreases in amount as the molybdenum-content 
increases, up to 50 per cent., owing to the fact t h a t the magnetic a-phase in 
the specimen decreases and the non-magnetic e-phase increases. Quenched 
specimens, with over 6 per cent, of molybdenum, i.e. consisting of t he two phases 
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ct a n d e, a t r o o m t e m p . , show a h igher i n t e n s i t y of m a g n e t i z a t i o n i n t h e h e a t i n g 
cu rve t h a n in t h e c o o l i n g — t h a t is, t h e i n t e n s i t y of m a g n e t i z a t i o n of t h e q u e n c h e d 
spec imen decreases on annea l ing , t h e a m o u n t of t h e decrease b e i n g m u c h g r e a t e r 
o n increas ing t h e m o l y b d e n u m - c o n t e n t a n d ra is ing t h e t e m p , of q u e n c h i n g . T h i s 
fac t m a y b e exp la ined as follows : A s m e n t i o n e d a b o v e , in a n a n n e a l e d s t a t e t h e 
i n t e n s i t y of m a g n e t i z a t i o n of a l loys g r a d u a l l y decreases in t h e case of t hose cons i s t ing 
of t h e ct-phase a lone as t h e m o l y b d e n u m c o n t e n t increases , -while in a l loys cons i s t ing 
of t h e a.- a n d e-phases t h e decrease is consp icuous , owing t o t h e increase of t h e n o n 
m a g n e t i c e -phase . If t h e spec imen is q u e n c h e d f rom a h i g h t e m p . , t h e ct-phase 
increases in a m o u n t , d issolving t h e e -phase i n s u p e r s a t u r a t i o n , a n d hence , t h e 
i n t e n s i t y shou ld b e increased , owing t o t h e decrease of t h e n o n - m a g n e t i c p h a s e . 
If, however , t h e spec imen is h e a t e d , t h e e -phase is depos i t ed f rom t h e super 
s a t u r a t e d ct-phase, a n d hence , t h e i n t ens i t y shou ld b e dec reased , owing t o t h e increase 
of t h e n o n - m a g n e t i c p h a s e . T h e a m o u n t of depos i t ion is g rea te r , a s t h e m o l y b 
d e n u m - c o n t e n t increases a n d t h e q u e n c h i n g t e m p , r ises . T h e i n t e n s i t y of 
m a g n e t i z a t i o n of t he se q u e n c h e d spec imens g r a d u a l l y decreases a t first w i t h t h e 
rise of t e m p . , a n d a n a b n o r m a l c h a n g e , or a n increase of t h e i n t ens i ty , t a k e s p l ace 
a t a t e m p , a b o v e 700°. T h e a m o u n t of t h e a b n o r m a l c h a n g e increases as t h e 

/00 200 300 400 500 600 
H in gauss. 

700 8CO 900 /000 

FiO. 457 . T h o I n t e n s i t y of M a g n e t i z a t i o n of t h e I r o n - M o l y b d e n u r n Alloys in 
!Different M a g n e t i c F i e ld s . 

m o l y b d e n u m - c o n t e n t increases , and also w i t h rise of quench ing t e m p . F r o m t h e 
c h a n g e of m i c r o s t r u c t u r e of t h e q u e n c h e d spec imen on h e a t i n g , i t is definitely 
infer red t h a t t h e a b n o r m a l change of m a g n e t i z a t i o n is t o b e a t t r i b u t e d t o t h e 
depos i t ion of t h e e - p h a s e — t h a t is, if t h e q u e n c h e d spec imen is h e a t e d t o a b o u t 800°, 
t h e e -phase s e p a r a t e s ex tens ive ly , "whereas n o change is obse rvab le if t h e h e a t i n g 
t e m p , is less t h a n 650°. Since t h e m a g n e t i c cr i t ica l p o i n t of t h e ct-phase is g r adua l ly 
lowered w i t h t h e increase of t h e m o l y b d e n u m - c o n t e n t , i t is p r o b a b l e t h a t t h e cr i t ical 
p o i n t of t h e s u p e r s a t u r a t e d ct-phase -would b e lower t h a n t h a t in t h e sa t . s t a t e , 
a n d hence , t h e s u b s e q u e n t h e a t i n g of t h e q u e n c h e d spec imen , or t h e depos i t ion of 
t h e e -phase , should r e su l t i n t h e r i se of t h e cr i t ica l p o i n t . H e n c e , t h e a b n o r m a l 
c h a n g e obse rvab le on t h e h e a t i n g of t h e q u e n c h e d s p e c i m e n m a y b e a t t r i b u t e d t o 
t h e s u p e r i m p o s e d effect of t h e following t w o fac to r s . T h e decrease in t h e 
m a g n e t i z a t i o n beg ins a t t h e lower t e m p , in t h e q u e n c h e d spec imen , owing t o t h e 
lower ing of t h e cr i t ical po in t . If, however , t h e depos i t i on of t h e e-phase occurs , t h e 
c r i t ica l p o i n t r ises a n d t h e m a g n e t i z a t i o n shou ld be inc reased . W h e n t h e depos i t ion 
is comple t ed , t h e c h a n g e of t h e i n t e n s i t y is t h a t of t h e s a t . ct-phase a n d i t r ap id ly 
falls a t t h e cr i t ica l po in t . Besides t he se c h a n g e s , t h e r e is a smal l increase in t h e 
i n t e n s i t y of m a g n e t i z a t i o n a b o v e 100°. Th i s is a t t r i b u t e d t o t h e remova l of s t r a in s 
a c q u i r e d d u r i n g quench ing . T h e m a g n e t i c p r o p e r t i e s of m o l y b d e n u m steels were 
s t u d i e d b y T . Take i , K. Gerold , a n d A. F . Stogoff a n d W . S. Messkin ; a n d t h e 
effect of co ld -work on t h e m a g n e t i c p roper t i e s—v ide supra, i r o n — b y W . S. Messkin. 

E . M a r t i n s t u d i e d t h e a b s o r p t i o n of h y d r o g e n a n d n i t rogen b y m o l y b d e n u m 
s tee ls . J . A . N . F r i e n d a n d C. W . Marsha l l t e s t e d t h e effect of m o l y b d e n u m on t h e 
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corrodibility of steel, and concluded t h a t (i) molybdenum u p to 4 per cent, does 
not exert any marked influence on the corrodibility of steel by tap-water , salt soln., 
and dil. sulphuric acid. The results with 0-5 per cent, sulphuric acid are nearly the 
same as the mean of those with other corroding agents. The resistance of steel t o 
corrosion by al ternate -wetting and drying, increases with the percentage of carbon, 
bu t increasing the proportion of molybdenum increases the corrosion. Hence, the 
presence of over 1 per cent, of molybdenum is undesirable where steels have t o 
resist corrosion. L. Aitchison found t h a t the addition of molybdenum to carbon 
steel results in a definite increase in corrodibility by tap-water, 3 per cent, sodium 
chloride soln., and 1 and IO per cent, sulphuric acid, until a high proportion of 
molybdenum—approximately 15 per cent.—has been added. W. A. Dew and 
H . S. Taylor studied the adsorption of ammonia in the alloy ; and S. Satoh studied 
the nitridization of these steels by heating them in ammonia a t 560° t o 580°. The 
corrosion of the alloys was studied by G. Tammann and E . Sotter, H . J . French, 
C. Duisberg, W. Oertel and K. Wiirth, W. Guertler and T. Liepus, P . Lieberwirth, 
and J . S. de Benneville. H . Endo, Fig. 459, found for the losses, in grams per sq. 
cm., during 5 hrs. ' action, a t ordinary temp. , with alloys containing 0*27 to 0 3 4 
per cent, of carbon, and 

M o l y b d e n u m . 2-05 3 0 6 5-1O 8-51 13-25 1 7 0 2 2 5 0 8 3 1 - 4 9 % 
J H 2 S O 4 . 0-00564 O-O0449 0 0 0 2 9 5 0-00190 0-00232 0-00289 0-00223 0-00324 

Loss H C l — O O O H 4 0 0 0 0 6 2 0 0 0 0 4 8 0-00035 0 0 0 0 7 0 0 0 0 0 4 7 0 0 0 0 3 2 
I H N O 3 . 0-07891 0 0 7 6 5 2 0 0 6 3 1 7 0-06200 0 0 5 7 8 5 0 0 5 6 2 2 0 0 2 7 7 5 0 0 2 0 3 3 

G. Grube and F . Lieberwirth's values for the number of milligrams of iron (dotted 
lines, Fig. 458), and of molybdenum (continuous lines) dissolved per sq. mm. in 

24 hrs., a t 20°, by 012V-HCl and 0-12V-H2SO4 
per sq. cm. of surface, are summarized in Fig. 
458. J . G. Thompson and co-workers studied 
the action of aq. soln. of urea and of ammonium 
carbonate- M. Wiessner studied some COpper-
molybdenum-iron alloys ; R. Scherer, some 
tungsten-vanadium-iron alloys ; F . T. Sisco 
and D . M. Warner, M. Baer, K. F . Staroduboff 
and F . M. Gorbacheva, H . Franz , K. H . Miiller 
and E. Piwowarsky, A. C. Pruliere, W. Rohn, 
and C F . Wiirth, the chromium-molybdenum-
iron alloys ; W. H . Cunningham and J . S. Ash-
bury, aluminium - chromium - molybdenum-
iron alloys ; W. Guertler and T. Liepus studied 
the corrodibility of the iron-molybdenum-

and W. Kahlbaum and IJ . Jordan, vanadium-
A. Rys, H. J . French, and J . S. de Benneville 

steels, and the corrodibility of the iron-

s to /s 20 25' 
Per cent, molybdenum 

F i o . 4 5 8 . — T h e So lub i l i t y of I r o n -
M o l y b d e n u m Al loys in A c i d s . 

vanadium alloys (52 : 20 : 28) 
chromium-molybdenum-iron alloys 
prepared some molybdenum-chromium 
chromium-molybdenum alloys was studied by H . C. Cross, C. N. Dawe, T. G. Digges, 
H . J . French and W. A. Tucker, M. A. Grossmann, W. Guertler and T. Liepus, 
W. Oertel and K. Wiirth, E . W. Pierce, V. and G. Prever, H . B. Pulsifer and 
O. V. Greene, and C. F . Wiirth. T. L. Robinson investigated the endurance 
qualities of these steels ; and M. Okochi and co-workers found erosion to be severe 
in guns made from molybdenum steel. 

J . J . and F . de Elhuyar 2 0 prepared a dense, greyish-white, hard, iron-tungsten 
alloy, or ferrotungsten, in 1783 ; nearly half a century later, P . Berthier obtained an 
alloy approximating Fe 6 W, which he said is a whiter grey colour t han iron ; is 
brilliant, hard, and more brittle t h a n caslr iron ; has a lamellar s t ructure , a n d 
contains bubbles or pores. H . de Luynes prepared various kinds of damasked steel 
with up to 1 per cent, tungsten. According-to Li. Gruner, M. Koeller and J . Jacob 
first prepared tungsten steel about 1855 ; and about this t ime, too, F . Mayr 
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F i a . 459 . T h e Corrosion of Molyb 
d e n u m Steels b y Ac ids . 

ob ta ined t u n g s t e n s teel on a commerc ia l scale. I n 1857, R . O x l a n d o b t a i n e d ferro
t u n g s t e n b y h e a t i n g wol f rami te w i th charcoa l in a closed cruc ib le ; a n d a d d i n g t h e 
r e su l t ing p o w d e r of t u n g s t e n , i ron, m a n g a n e s e , a n d c a r b o n t o m o l t e n i ron o r s t ee l . 
I n 1857—59, R . F . M u s h e t p r epa red fe r ro tungs ten -which he employed for m a k i n g 
t u n g s t e n steels ; a n d in 1860, A. D e l v a u x de Fenffe descr ibed t h e use of t u n g s t e n 
par Vamelioration de Vacier et de la fonte de fer. I n 1860, M. Siewer t , a n d 
F . A. Bernoul l i descr ibed t h e p roper t i e s of a n u m b e r of t u n g s t e n a l loys ; a n d , 
in 1867—69, P . Ie G u e n r e p o r t e d a t t e m p t s m a d e t o use t u n g s t e n s teel rai ls . Obse rva 
t ions were repor ted b y T . K e l l e r m a n n , 
R . V o l k m a n n , F . K ick , R . N . R idd l e , 
J . E . T . W o o d s a n d J . Clark, a n d H . A . L e -
vallois . I n 1886, G. H e p p e emphas i zed 
t h e need for s t u d y i n g t h e t u n g s t e n s teels . 
H e said t h a t i m p r o v e d rai ls , r a i lway axles , 
a n d c u t t i n g tools c a n b e o b t a i n e d b y a d d 
ing a smal l p r o p o r t i o n of t u n g s t e n t o s teel . 
V. Leep in , in 1897, e x a m i n e d some m e 
chanica l p rope r t i e s of t u n g s t e n steels . T h e 
m a n u f a c t u r e was descr ibed b y G. Sur r , 
C. R . Schroder , J . B . N a u , K . P . Gr igoro-
v i t ch , G. T . Ho l loway , W . H e y m , G. a n d 
E . St ig , W . Borchers a n d R . W . S t imson , 
F . C. A . H . L a n t s b e r r y , E . C. Ba in a n d 
Z . Jeffries, M. A. G r o s s m a n n , J . W . W e i t z e n k o r n , H . K . Ogilvie, A. H . d ' A r c a m b a l , 
S. S. S te inberg , F . P e t e r s , J . K . S m i t h , G. A . Meerson, H . W . H u t c h i n , 
R . C. M c K e n n a , R . M. K e e n e y , J . W . R i c h a r d s , J . E s c a r d , C. M c K n i g h t , 
F . M. Becke t , R . Cazaud , H . G. Ba tche l le r a n d J . O. Kel ley , W . H . W a h l , J . Cas tner , 
P . Girod, P . OberhofTer, O. J . S t e i n h a r t , E . Vigouroux , P . Miiller, W . Vena tor , 
A. H a e n i g , W . Giesen, J . P e r c y , P . Nico la rdo t , a n d R . A Hadfield ; a n d t h e 
general uses a n d p roper t i e s of t h e al loys were descr ibed b y J . OLIy, W . Guer t le r , 
A. C. Ross , H . A l t e r t h u m , H . Beh rens a n d A . R . v a n !Linge, a n d E . Lievenie . 

J . La i ssus , G. G r u b e , G. G r u b e a n d K . Schneider , N . Ageefif a n d M. Z a m o t o r i n , 
a n d W . Geiss a n d J . A. M. v a n Liiempt discussed t h e diffusion of t u n g s t e n in i ron . 
H . L i s t sa id t h a t t h e t w o me ta l s do n o t form t r u e a l loys . T h e p r e p a r a t i o n of ferro
t u n g s t e n h a s been discussed in connec t ion w i th t h e p r e p a r a t i o n of t u n g s t e n . 
P o r t i o n s of t h e equ i l i b r ium d i a g r a m were s tud ied b y H . H a r k o r t , w h o o b t a i n e d 
a l loys b y me l t i ng f e r ro tungs t en a n d i ron in magnes ia crucibles . H e found t h a t 
t h e t e m p , of t h e t r a n s f o r m a t i o n of ot-iron i n to yS-iron was n o t influenced b y t h e 
a d d i t i o n of t u n g s t e n ; b u t t h e t e m p , of t h e t r a n s f o r m a t i o n of yS-iron t o y- i ron rises 
r ap id ly f rom 871° for i ron t o 933° for a n a l loy w i th IO pe r cen t , of t u n g s t e n . Solid 
soln. "were formed, a n d ev idence was o b t a i n e d of t h e s e p a r a t i o n of a c o m p o u n d of i ron 
a n d t u n g s t e n f rom solid al loys r ich in t u n g s t e n ; t h e c o m p o u n d be ing in soln. w h e n 
t h e al loys a r e q u e n c h e d f rom a h igh t e m p . G. G r u b e a n d K . Schne ide r found t h a t 
t h e diffusion coeff. of t u n g s t e n in i ron a t 1280°, 1330°, a n d 1440° a r e respec t ive ly 
3-2 X 1 O - 6 , 2 1 x l 0 — 6 , a n d 2 6 x 1 0 — 5 p e r sq . c m . pe r d a y . I>. K r e m e r m a d e some 
obse rva t ions on t h e solid soln. of t u n g s t e n in i ron , a n d of i ron in t u n g s t e n . 
K . B o r n e m a n n c o n s t r u c t e d a h y p o t h e t i c a l d i a g r a m b a s e d la rge ly on H . H a r k o r t ' s 
obse rva t ions ; a n d K . H o n d a a n d T . M u r a k a m i p roposed a possible equi l ibr ium 
d i a g r a m b a s e d la rge ly o n a microscopical s t u d y of t h e a l loys . This was discussed 
b y A. H u l t g r e n , a n d modified b y S. Ozawa . T h e modified d i a g r a m is shown in 
F i g . 460 , where i t is a s s u m e d t h a t i ron hemi tungs t ide , F e 2 W , is formed in accord 
w i t h t h e sugges t ion of K . H o n d a a n d T . M u r a k a m i , a n d H . H a r k o r t . W i t h u p t o 
a b o u t 10 p e r cen t , of t u n g s t e n , t h e f.p. is ra ised a l i t t l e a n d t h e n gradua l ly lowered. 
T h e a l loy w i t h 33 p e r cen t , of t u n g s t e n freezes a t 1510°. T h e solubil i ty c u r v e of 
tungst ide i n ferr i te is c o n n e c t e d w i th t h e A 3 - t r ans fo rma t ion , a n d a t o r d i n a r y t e m p . , 
i t co r r e sponds w i th a b o u t 9 p e r cen t , t u n g s t e n . A . M. P o r t e v i n ob t a ined a lower 
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value for the solubility. The A2-transformation point, a t 790°, is not affected b y the 
tungsten. The line is dot ted in Fig. 460 because it does not represent a change of 
phase. AV. P . Sykes found rather different results ; they are summarized in Fig. 461. 
Iron holds about 33 per cent, of tungsten in solid soln. a t 1525°, and about 8 per 
cent, a t 600°. The 33 per cent, alloy melts about 10° below the m.p. of iron. An 
alloy with 33 per cent, or less of tungsten contains large polyhedral grains of the 
solid soln., and if cooled very slowly, another phase is formed. This same phase 
appears if this alloy be heated for some t ime near 1200° ; i t appears scattered through 
the Bolid soln. ; and it is probably iron tritaditungstide, Fe3W2- H . Harkor t 
represented this compound as a hemitungstide, Fe2W—vide supra. The curve 
BG represents the solubility of tungsten or the t r i tadi tungst ide. When the tungsten 
exceeds 33 per cent., this tungst ide appears in specimens quenched from the solidus ; 
the alloy with 49 to 51 per cent, iron appears to be the eutectic, of f.p. 1525° to 
1527°. Long needles of the tungstide are formed in an excess of solid soln. with 
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alloys having 33 to 49 per cent, of tungsten. Wi th higher proportions of tungsten, 
there is a rapid rise in the liquidus, so t h a t an alloy with 55 per cent, of tungsten 
did not fuse until 1600°. The compound can be formed by heating the alloy for, 
say, 20 hrs. a t 1550°-1575°. As the compound forms in the solid soln., there is a 
considerable shrinkage which makes the alloy more or less porous. If the compound 
be heated to 1650° or over, it is decomposed. The 62 per cent, alloy is not magnetic 
after heating for 30 hrs. a t 1550°. The solubility of iron in tungsten a t 1600° 
is about 1-20 per cent. The critical point Ar4 is lowered from 1400° to 1200°, 
and Ar3 raised from 890° to 980° by the addition of 5-5 per cent, of tungsten. 
F . Stablein said tha t the A3-transformation cannot be detected when over 5 per 
cent, of tungsten is present. S. Takeda found an e-phase corresponding with 
W. P . Sykes' t r i tadi tungst ide ; the eutectic of the e- and S-phases lies a t 33 per cent, 
of tungsten ; and the peritectic reaction in which the c-phase is formed occurs 
with alloys having over 43 per cent, of tungsten, as in S. Ozawa's diagram. Indica
tions of a phase x were obtained ; it may be formed peritectically from the melt 
and tungsten or a £-phase. T. Murakami and S. Takeda studied the formation of 
ferrite in tungsten steels. According to H . Harkor t , as the tungsten-content 
increases, there is a corresponding decrease in the amount of y-iron, i.e. the face-
centred cubic iron ; and when the proportion of tungsten exceeds 6 per cent., 
only the body-centred cubic lattice is present a t any temp. S. L. Hojpt, and 
N. H . AaIl studied this subject. 

A. Carnot and E. Goutal found t h a t when tungsten steels are t reated with dil. 
acids, there remains undissolved iron tritatungstide, Fe 3 W. This same compound 
Was assumed by T. Swinden to occur in the tungsten steels. J . O. Arnold and 
A^ A. Head supposed t h a t iron hemitungstide, Fe 2 W, occurs in steels, and this 
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c o m p o u n d w a s a s s u m e d b y K . H o n d a a n d T . M u r a k a m i , a n d S. O z a w a t o b e 
f o r m e d — F i g . 4 6 1 . H . B e h r e n s a n d A. R . v a n L inge found o c t a h e d r a l c r y s t a l s of 
F e 2 W in f e r r o t u n g s t e n ; T . Po leck a n d B . Gr i i t zner obse rved t r i gona l , h a r d , s i lver-
grey p r i s m s of i ron ditungst ide, F e W 2 , were fo rmed i n t h e crevices of a l u m p of 
i r o n - t u n g s t e n a l loy der ived f rom B o h e m i a n wol f rami te . E . V i g o u r o u x o b t a i n e d 
i ron t r i t a d i t u n g s t i d e , F e 3 W 2 , a s a res idue w h e n di l . hyd roch lo r i c ac id a c t s o n 
t u n g s t e n s t e e l ; a n d W . P . Sykes ' d i a g r a m , F i g . 4 6 1 , shows t h e cond i t ions u n d e r 
wh ich i t c a n ex is t in t h e s teel . E . V i g o u r o u x sa id t h a t t h e c o m p o u n d fo rms 
br i l l i an t p l a t e s of sp . gr . 13-89 a t 0° ; i t is n o t a t t r a c t e d b y a m a g n e t ; i t is r ead i ly 
a t t a c k e d b y chlor ine a t 350° ; b y oxygen , or t h e a lka l i c a r b o n a t e s a t a b r i g h t r ed -
h e a t ; b y p o t a s s i u m h y d r o s u l p h a t e a t a du l l r e d - h e a t ; whi le a q u a regia , s u l p h u r i c 
ac id , a n d fused p o t a s s i u m ch lo ra t e h a v e v e r y l i t t l e a c t i o n . J . S. d e Bennev i l l e , 
E . V igouroux , a n d P . B e r t h i e r r e p o r t e d p r o d u c t s co r r e spond ing w i t h F e 4 W , F e 5 W , 
a n d F e 6 W , b u t t h e r e is n o t h i n g t o s h o w t h a t t h e y a r e chemica l i nd iv idua l s . T h e 
sub j ec t w a s d iscussed b y N . H . AaIl , a n d W . Zieler. 

E . C. B a i n ' s X - r a d i o g r a m s of t h e f e r r o t u n g s t e n s c o r r e s p o n d e d w i t h h e x a g o n a l 
ca rb ide , F e W . H . Arnfe ld t obse rved a t l eas t t w o i n t e r m e d i a t e p h a s e s in t h e ferro
t u n g s t e n s . One of t h e m h a s a h e x a g o n a l s t r u c t u r e , a n d w h e n i t is in equ i l i b r ium 
wi th t h e i ron p h a s e i t s l a t t i ce is d e n n e d b y t h e p a r a m e t e r s a = 4 * 7 2 7 A. a n d 
c = 7 * 7 0 4 A. ; c/a—1-630. I t s compos i t i on co r r e sponds t o t h e fo rmula F e 2 W . 
T h e r e a r e four g r o u p s of F e 2 W in t h e u n i t cell. I t s eems t o be u n s t a b l e a t h ighe r 
t e m p . , a n d h a s a d e c o m p o s i t i o n t e m p , ly ing b e t w e e n 1000° a n d 1450°. A n o t h e r 
i n t e r m e d i a t e i r o n - t u n g s t e n p h a s e h a s a t r i g o n a l l a t t i c e w i t h t h e p a r a m e t e r s 
a = 4 - 7 3 1 A. a n d c = 2 5 - 7 6 A . ; c / a = 5 - 4 4 . T h e u n i t cell p r o b a b l y con ta in s 40 a t o m s . 
Crys t a l s of t h i s p h a s e h a v e b e e n i so la t ed a n d t h e y h a v e a compos i t ion corre
s p o n d i n g w i t h F e 3 W 2 . A . C a r n o t a n d E . G o u t a l f o u n d t h a t w h e n dil . h y d r o 
chlor ic ac id a c t s on t u n g s t e n steels w i t h 2-0 t o 2-2 p e r cen t , of c a rbon , a n d 6-6 t o 
7-8 pe r cen t , of t u n g s t e n , i n t h e absence of air , t h e r e is fo rmed i ron t u n g s t e n 
carbide, F e 3 C W C ; a n d P . Wi l l i ams o b t a i n e d t h e c o m p l e x ca rb ide , 2Fe 3 C.3W 2 C, 
b y h e a t i n g t u n g s t e n ca rb ide a n d i ron in a n electr ic fu rnace . T h e crys ta l l ine 
p o w d e r is m a g n e t i c , a n d h a s a t 18° a sp . gr . 13-4. I t is a t t a c k e d b y fused p o t a s s i u m 
h y d r o x i d e , a n d is insoluble in cold, cone , hydroch lo r i c ac id . A. W e s t g r e n a n d 
G. P h r a g m e n found o c t a h e d r a l c rys t a l s of F e 4 W 2 C in f e r r o t u n g s t e n ; a n d 
F . K . Morra l a n d co-workers , a n d V. Adelsko ld a n d co-workers obse rved t h e 
f o r m a t i o n of t u n g s t e n i ron tritacarbide, F e 3 W 3 C . W . Zieler, a n d F . R a p a t z 
s t u d i e d t h e s e ca rb ides . J . O. Arno ld a n d A . A. R e a d a s s u m e d t h a t t u n g s t e n 
steels c o n t a i n e d t h e c o m p l e x ca rb ide , F e 3 C W C . W . A. W o o d a n d co-workers 
found t h a t t h e X - r a d i o g r a m s i n d i c a t e d t h e p resence of t u n g s t e n ca rb ide a n d 
of t h e c o m p l e x ca rb ide , F e 4 W 2 C , b u t n o c e m e n t i t e . S. O z a w a obse rved n o 
ev idences of t h i s in h is s t u d y of t h e t e r n a r y s y s t e m . L . Gui l ie t , K . D a v e s , and 
P . OberhofEer a n d K . D a v e s s t u d i e d t h e so lub i l i ty c u r v e of t u n g s t e n in t h e i ron-
c a r b o n a l loys . A. H u l t g r e n a s s u m e d t h a t t h e c o m p l e x carb ides , F e W C , a n d 
F e 2 W 2 C , c a n exis t i n t h e s y s t e m . T h e l a t t e r is s t ab l e in t h e presence of a m o d e r a t e 
p r o p o r t i o n of c a rbon , whi le t h e former is eas i ly d e c o m p o s e d i n t o t h e ca rb ide , W C , 
a n d a u s t e n i t e . L o w - c a r b o n s teels a r e s u p p o s e d t o c o n t a i n F e w W . C e m e n t i t e is 
s u p p o s e d t o dissolve a c e r t a i n a m o u n t of t h e c a r b i d e , W C , a n d t h e ca rb ide W 3 C is 
s u p p o s e d t o ex is t on ly i n t h e t u n g s t e n - c a r b o n a l loy, b u t n o t in t u n g s t e n s teels . 
S u d d e n c h a n g e s in t h e phys i ca l p r o p e r t i e s of t u n g s t e n s teels a r e cor re la ted w i t h 
c h a n g e s of compos i t i on invo lv ing t h e p a s s a g e f rom one s ide t o t h e o the r of t h i s 
l imi t ing c u r v e . T h e a p p e a r a n c e of so-cal led d o u b l e ca rb ides of i ron a n d c h r o m i u m 
or of i ron a n d t u n g s t e n , obse rved b y different w o r k e r s , is a t t r i b u t e d t o t h e s a m e 
cause . S m a l l a m o u n t s of t u n g s t e n i n s t ee l ra i se t h e mel t ing-po in t , b u t l a rge r 
a m o u n t s dep res s i t . F o r t h e c e m e n t a t i o n of t h e s e s tee ls , vide supra, ob se r va t i ons . 
T h e s u b j e c t w a s s t u d i e d b y S. T a k e d a , E . H o u d r e m o n t a n d co-workers , a n d 
E . I i . R e e d . J . S. d e Bennev i l l e p r e p a r e d t h e c o m p l e x i ron c h r o m i u m t u n g s t e n 
carbide, F e 7 ( C r , W ) 6 C 4 , a n d cal led i t garrisonite. 
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O. Bohler conc luded t h a t t u n g s t e n lowers t h e m . p . of i ron . S. O z a w a , 
a n d S. T a k e d a s t u d i e d t h e t h e r m a l changes of t h e t e r n a r y s y s t e m . T u n g s t e n 
affects t h e pos i t ion of t h e recalescence p o i n t s of s teel a s i n d i c a t e d b y "W. P . S y k e s 
in connec t ion w i t h t h e equ i l i b r ium d i a g r a m , F i g . 4 6 1 . F . O s m o n d o b s e r v e d 
t h a t w i t h s teels c a r r y i n g u p t o 1-53 p e r cen t , of t u n g s t e n , a n d u p t o 0-13 
pe r cen t , of c a rbon , t h e pos i t ions of t h e Ar 3 - a n d A r 2 - p o i n t s r e m a i n n o r m a l ; 
while A r 1 is lowered a s t h e t u n g s t e n increases , p r o v i d e d t h e s tee l h a s b e e n h e a t e d 
t o a sufficiently h igh t e m p . H e the re fo re conc luded t h a t t u n g s t e n h a s n o a p p r e 
c iable ac t i on on t h e a l lo t rop ic changes of i ron , b u t i t causes t h e c a r b o n c h a n g e t o 
occur a t a lower t e m p , t h a n t h e n o r m a l one . J . O. A r n o l d found t h a t w i t h a s tee l 
c a r ry ing 0*08 pe r cen t , of c a r b o n a n d 1*41 p e r cen t , of t u n g s t e n , t h e Ac 3 -po in t w a s 
a b s e n t , A c 2 occur red a t 729°, a n d A c 1 w a s a b s e n t ; a n d o n cool ing f rom 1150°, 
Ar 3 w a s fa in t a t 834°—a l i t t l e be low i t s n o r m a l pos i t ion ; A r 2 occu r red a t 729° ; 
a n d A r 1 a t 5 9 0 ° — a b o u t 50° be low n o r m a l . F . O s m o n d t h e n n o t e d t h a t w i t h 
s teels h a v i n g 0-13 t o 0-46 pe r cent , of c a rbon , a n d 0*20 t o 8*33 p e r cen t , of t u n g s t e n — 
m a n g a n e s e a b o u t 0*25 pe r c e n t . — t h a t if t h e in i t ia l t e m p , is n o t a b o v e 850° , t h e 
c u r v e resembles t h a t w i t h steels h a v i n g n o t u n g s t e n ; if t h e in i t i a l t e m p , exceeds 
1040°, t h e A ^ - p o i n t is s h a r p l y lowered, while t h e Ar3- a n d Ar 2 -po in t s d o n o t m o v e ; 
if t h e in i t ia l t e m p , is 1300°, Ar 3 a n d A r 2 a r e lowered in t u r n , a n d t e n d t o re jo in 
A r 1 ; while u n d e r c e r t a i n cond i t ions , A r 1 d iv ides i n t o t w o p o r t i o n s . O. Boh le r 
found t h a t a s teel w i t h 0-85C, a n d 7-78W h a d t w o cr i t ica l p o i n t s — a b o u t 700° a n d 
550°. T h e former w a s vis ible if t h e in i t i a l t e m p , d i d n o t exceed 1100°, a n d t h e 
l a t t e r a p p e a r e d only if 1000° w a s pas sed . B o t h cr i t ica l p o i n t s a p p e a r e d in t h e 
i n t e r v a l , a n d b o t h were sa id t o co r r e spond w i t h t h e f o r m a t i o n of pea r l i t e . T h e 
t u n g s t e n fac i l i ta tes t h i s d u p l i c a t i o n of t h e p o i n t s , a n d a s t h e p r o p o r t i o n of t u n g s t e n 
increases , a h igher in i t i a l t e m p , is needed for t h e d o u b l i n g , a n d a t t h e s a m e t i m e , 
t h e t e m p , of t h e second recalescence p o i n t is lowered. I n h igh-speed s teels , t h e 
c h r o m i u m a n d t u n g s t e n were sa id t o lower t h e second reca lescence p o i n t be low 
o r d i n a r y t e m p . , a n d t h u s t h e sof tening of t h e m e t a l d u e t o t h e f o r m a t i o n of pea r l i t e 
is a v o i d e d . H . P o m m e r e n k e a n d R . De ive r t , H . Sco t t , P . D e j e a n , E . M a u r e r a n d 
W . H a u f e , W . Zieler, a n d A . Merz d iscussed t h i s sub jec t . F . O s m o n d s h o w e d t h a t 
w i t h h y p e r e u t e c t o i d or s u p e r s a t u r a t e d s teels , b o t h t u n g s t e n a n d c h r o m i u m i m p e d e 
d u r i n g cool ing t h e seg rega t ion of t h e c e m e n t i t e t o such a degree t h a t t h e r a t e of 
cool ing c a n b e neg lec ted . T h e t r a n s f o r m a t i o n p o i n t s a r e lowered d u r i n g cool ing, 
e v e n slow cooling, m o r e a n d m o r e as t h e or ig ina l c o n t e n t is ra i sed a b o v e t h a t of 
t h e e u t e c t o i d . If t h e lower ing is sufficient, t h e t r a n s f o r m a t i o n s r e m a i n m o r e or 
less i n c o m p l e t e , a n d q u e n c h i n g is n o longer necessa ry . T h e p r o p o r t i o n of c a r b o n 
d isso lved is t h e n a func t ion of t h e t e m p , of h e a t i n g a n d ind i r ec t ly of t h e chemica l 
compos i t i on . T h e h o m o g e n e o u s d i s t r i b u t i o n of t h e c a r b o n , howeve r , is n o t 
i n s t a n t a n e o u s — t h e d isso lu t ion on h e a t i n g a n d i t s segrega t ion on cool ing a r e 
difficult. If t h e t e m p , is n o t h igh e n o u g h , a r ea s of u n e q u a l c a r b u r i z a t i o n a r e 
p r o d u c e d , a n d if cool ing t h e n c o m m e n c e s , e ach f rac t ion a c t s a s if i t were a l o n e , 
a n d h a s a recalescence t e m p , d e p e n d e n t o n t h e c a r b o n - c o n t e n t , so t h a t t h e reca l 
escence t e m p , m a y a p p e a r d o u b l e d ; a n d t h e r e su l t is d e p e n d e n t on t h e in i t i a l 
t e m p . H . S c o t t f o u n d t h a t t u n g s t e n h a s b u t a s l ight effect on t h e t e m p , of t h e 
t r a n s f o r m a t i o n of m a r t e n s i t e t o t r o o s t i t e . H . S a w a m u r a , a n d F . R o l l o b s e r v e d 
t h a t t u n g s t e n p r o m o t e s t h e g r a p h i t i z a t i o n of c a s t i ron . 

H . C. H . C a r p e n t e r found t h a t w h e n a s tee l c o n t a i n i n g 0-63C a n d 0 -94W is 
cooled f r o m 1000°, t h e r a n g e s occur i n t h e i r n o r m a l pos i t ions , b u t w h e n cooled 
f rom 1250°, t h e r e is a s l ight lower ing of A r 1 t o 664° , a n d t h e r e is a p ro longed r a n g e 
f rom 801° t o 706° . T h e a l loy is r e s to red t o i t s or ig ina l s t a t e a t 1000°. T h e h e a t i n g 
cu rve is also d e p e n d e n t on t h e f ree-hea t ing for i t shows t h e lower r a n g e f r o m 696° 
t o 716° on ly af te r b e i n g h e a t e d t o 1250°. W h e n a s tee l w i t h 0-63C a n d 10-66W 
is cooled f rom 1207°, t h e beg inn ing of t h e cr i t ica l r a n g e is n o t lowered , b u t t h e 
l #wer l im i t d r o p s a b o u t 260° . T h e u p p e r r a n g e , Ar 2 , 3 , is q u i t e d i s t inc t . T h e d r o p 
M t e m p , occurs on ly w i t h t h e lower l imi t , t h u s w iden ing t h e r a n g e . T h e r e s u l t s 
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a r e t h e s a m e w h e t h e r t h e a l loy b e cooled a t once f rom t h e g i v e n t e m p . , o r a f t e r 
soak ing for a long t i m e a t t h a t t e m p . , showing t h a t n o t m a n y m i n u t e s a r e neces 
s a r y for e q u i l i b r i u m t o b e a t t a i n e d . F a i r l y wide differences in t h e r a t e of coo l ing 
g a v e s imi lar resu l t s . H . G. H . C a r p e n t e r conc luded t h a t t h e a c t i o n of t u n g s t e n 
or m o l y b d e n u m consis ts i n h inde r ing or p r e v e n t i n g c h a n g e s in t h e i r o n - c a r b o n 
a l loys w h i c h r e su l t i n t h e sof tening of t h e m a t e r i a l . A i r - q u e n c h e d h i g h - s p e e d 
a l loys cons is t a l m o s t en t i r e ly of wh i t e p o l y h e d r a r e sembl ing a u s t e n i t e . T . S w i n d e n 
f o u n d t h a t be low a c e r t a i n in i t ia l " lower ing t e m p . , " all t h e s teels e x a m i n e d h a v e 
t h e s a m e cr i t ica l p o i n t s a s c a r b o n s teels . I n s teels be low 0*35 pe r cen t , c a r b o n , 
h e a t i n g b e y o n d t h i s in i t ia l t e m p , lowers A r 1 t o a defini te Iow p o i n t ; A r 2 is p r a c t i 
ca l ly unaf fec ted ; a n d A r 3 is g r a d u a l l y s u p p r e s s e d in i t s n o r m a l pos i t i on , b u t 
a p p e a r s a g a i n be low A r 2 fo rming t h e u p p e r m a x i m u m of t h e low p o i n t . "With 
b e t w e e n 0 3 5 a n d 0*9 pe r cen t , c a r b o n , A r 1 is first lowered , a n d t h e n inc reased ; 
h e a t i n g displaces Ar 3 , 2 t o w a r d s A r 1 ; b e y o n d 0-9 p e r cen t , c a r b o n , t h e Ar 3 , 2 J 1 -
p o i n t is lowered as a whole b y h e a t i n g b e y o n d t h e lower ing t e m p . , a n d p r o d u c e s a 
s ingle low p o i n t . As t h e c a r b o n inc reases , a h i g h e r in i t i a l t e m p , is n e e d e d for t h e 
cr i t ica l lower ing t o b e effected. T h e Iow p o i n t is p r a c t i c a l l y c o n s t a n t a t 570° for 
3 p e r cen t , t u n g s t e n s tee ls . T h e r a t e of cool ing does n o t affect t h e pos i t ion of t h e 
low p o i n t a f t e r lower ing h a s once t a k e n p l ace . T h e r a n g e of t h e reca lescence is 
n o t m e r e l y w idened , b u t t h e cr i t ica l p o i n t is a t a d i s t i nc t l y lower t e m p . A t A c 1 , 
on h e a t i n g , a c h a n g e of a s imi la r n a t u r e t o t h e c a r b o n c h a n g e occurs ; a n d a t t h e 
cr i t ica l lower ing t e m p . , a f u r t he r c h a n g e in c o n s t i t u t i o n occurs , t h e reverse of 
w h i c h is a t t h e low p o i n t . N o reca lescence occurs a t t h e cr i t ica l lower ing t e m p . 
T h e m i c r o s t r u c t u r e , cool ing cu rves , a n d h a r d n e s s of t h e t u n g s t e n s teels confirm 
t h e s e conclus ions , a n d i n d i c a t e t h a t t h e c r i t i ca l lower ing t e m p , m a r k s a definite 
r e a c t i o n in which t h e t u n g s t e n is i nvo lved . 

As a w o r k i n g h y p o t h e s i s , H . C. H . C a r p e n t e r a t t r i b u t e d t h e low p o i n t in 
t u n g s t e n s teels t o a specia l c a rb ide c o n t a i n i n g i ron , a n d e i t he r t u n g s t e n or m a n g a n e s e , 
or b o t h ; a n d C. A . E d w a r d s conc luded t h a t t h e low p o i n t is n o t t h e A r 1 or t h e 
i r on ca rb ide c h a n g e dep re s sed b y t u n g s t e n , b u t is d u e t o t h e slow fo rma t ion a t 
1200° of a t u n g s t e n c a r b i d e w h i c h h a s a c r i t ica l t e m p , q u i t e i n d e p e n d e n t of Ar 1 . 
T . S w i n d e n conc luded t h a t t h e s imi la r i ty in t h e fo rm of t h e cooling cu rve f rom 
1200° t o t h e cu rve f rom 900°, t h e m a x i m u m i n t e n s i t y of t h e low p o i n t a t 0-9 p e r 
cen t , c a r b o n , a n d t h e genera l ev idence of t h e m i c r o s t r u c t u r e s i nd i ca t e t h a t t h e 
low p o i n t is n o t d u e t o t h e depos i t ion of a t u n g s t e n ca rb ide or of a d o u b l e or t r i p l e 
c a r b i d e . T h e low t e m p , c h a n g e i n t h e 3 p e r cen t , t u n g s t e n steels is rea l ly a 
s e p a r a t i o n of c e m e n t i t e f r o m decompos ing m a r t e n s i t e . I t is a s s u m e d t h a t i ron 
t u n g s t i d e , F e 3 W , is f o r m e d i n t h e m a s s a n d t h u s passes i n t o soln. a t t h e lower ing 
t e m p . , a n d t h e ca rb ide , F e 3 C , is d issolved i n t h i s soln. T h e i ron t u n g s t i d e does 
n o t s e p a r a t e u n t i l t h e low p o i n t is r e a c h e d , a n d t h e c a r b i d e , F e 3 C , i m m e d i a t e l y 
follows. T h e inc reased e lec t r ica l r e s i s t ance b e y o n d t h e lower ing t e m p , is d u e t o 
t h e inc rease i n t h e p r o p o r t i o n of d issolved i m p u r i t y . S. N . B r a y s h a w d iscussed t h e 
r a n g e of t h e A c 1 - a r r e s t ; a n d W . E i l e n d e r a n d co-worker s , t h e t e m p e r h a r d n e s s . 

L . Gui l le t f ound t h a t t u n g s t e n s tee ls w i t h 0-20 p e r c en t , of c a r b o n a r e pea r l i t i c 
w i t h less t h a n 9 p e r c e n t , of t u n g s t e n , a n d s h o w c a r b i d e f o r m a t i o n w i th over t h a t 
p r o p o r t i o n of t u n g s t e n ; whi le t h e s tee ls w i t h O 8 0 p e r cen t , c a r b o n a re pear l i t i c 
w i t h less t h a n 4*5 p e r cen t , of t u n g s t e n a n d s h o w c a r b i d e f o r m a t i o n w i t h over t h a t 
p r o p o r t i o n of t u n g s t e n . Q u e n c h i n g e x e r t s t h e s a m e effect on pear l i t i c s teels as i t 
does o n o r d i n a r y c a r b o n s teels , b u t t h e difference w h i c h ex i s t s b e t w e e n t h e 
p r o p e r t i e s of t h e s tee l a s a n n e a l e d , a n d a s q u e n c h e d , is t h e m o r e m a r k e d a s t h e 
p r o p o r t i o n of t u n g s t e n b e c o m e s g r e a t e r . Q u e n c h i n g a t 850° p roduces in s teels 
c o n t a i n i n g a d o u b l e c a r b i d e a n exceed ing ly fine m a r t e n s i t i c s t r u c t u r e , a n d l eaves 
a p o r t i o n of t h e c a r b i d e und i s so lved , if t h e p e r c e n t a g e s of c a r b o n a n d t u n g s t e n a r e 
fa i r ly h igh . T h e h i g h e r t h e q u e n c h i n g t e m p , a b o v e 850° , t h e lower t h e p r o p o r t i o n 
of c a r b i d e r e m a i n i n g u n a l t e r e d b y q u e n c h i n g . Q u e n c h i n g raises t h e tensi le 
s t r e n g t h , e las t ic l imi t , a n d h a r d n e s s . S tee l s c o n t a i n i n g t h e double ca rb ide a re 
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superficially affected b y l iqu id a i r - q u e n c h i n g ; s o m e w h a t coarse needles of m a r t e n -
si te a re formed w h e n t h e s teel is h e a t e d t o n e a r 100° a n d s u b s e q u e n t l y cooled in 
air . Annea l ing s l igh t ly sof tens all t u n g s t e n s teels , a n d fu r the r s t h e f o r m a t i o n of 
gra ins of ca rb ide . B y s u i t a b l y c a s e - h a r d e n i n g a pear l i t i c t u n g s t e n s tee l , i t is 
possible t o cause t h e d o u b l e ca rb ide t o a p p e a r even w h e n t h e p e r c e n t a g e of c a r b o n 
in t h e o u t e r l aye r is be low 0*85 p e r cen t . J . O. A r n o l d sa id t h a t a t r u e t u n g s t e n 
steel is fo rmed , w i t h 100 p e r cen t , pea r l i t e , w h e n 11-3 p e r c en t , of t u n g s t e n a n d 
0-72 p e r cen t , ca rbon a r e p r e s e n t . T h e pea r l i t e cons is ts of 26Fe-J -WC. J - P . Gill 
a n d L . D . B o w m a n , P . Oberhoffer a n d K . D a v e s , a n d K . D a v e s s t u d i e d t h e 
s t r u c t u r e of t he se s teels . 

R . A. Hadf ie ld obse rved t h a t t h e f r ac tu re of ca s t , a n d of forged, u n a n n e a l e d 
pieces w i t h a low c o n t e n t of c a r b o n u p t o 0*20 p e r cen t , changes w h e n a b o u t 
1*49 pe r cent , of t u n g s t e n h a s b e e n a d d e d , w h e n i t b e c o m e s finely c rys ta l l ine . T h e 
fine gra in increases w i th increas ing p r o p o r t i o n s of c a r b o n a n d t u n g s t e n , so t h a t 
w h e n t h e ca rbon exceeds a b o u t 1 pe r cen t . , t h e f r ac tu re becomes s i lky , a n d t h i s 
pecu l i a r f r ac tu re is n o t possessed t o t h e s a m e degree , if a t a l l , b y o t h e r s tee ls . 
T h e m o l t e n m e t a l is on ly s l ight ly less fluid t h a n o r d i n a r y s teel . T h e ma l l eab i l i t y 
w h e n h o t is fair ly good, b u t n o t e q u a l t o t h a t of o r d i n a r y c o m m e r c i a l s tee l , a n d 
s o m e difficulty w a s exper i enced in forging some of t h e b a r s w i t h a r a t h e r low 
p r o p o r t i o n of m a n g a n e s e . T h e p resence of t u n g s t e n — a s well a s of m a n g a n e s e , 
c h r o m i u m , sil icon, a l u m i n i u m , a n d nickel-—in a n i ron a l loy g r e a t l y h i n d e r s or 
p r o h i b i t s t h e we ld ing of t h e m e t a l . C. F . Burges s a n d J . A s t o n d i scussed t h e 
w o r k i n g p rope r t i e s of t h e i r o n - t u n g s t e n a l loys . 

A . W e s t g r e n a n d A. A l m i n ca l cu l a t ed f rom t h e X - r a d i o g r a m d a t a t h a t t h e 
vol . p e r a t o m of a l loys of i ron a n d t h e c o n t r a c t i o n a r e as follow : 

T u n g s t e n . . . O 13-3 4O 1OO a t o m p e r c e n t . 
V o l u m e p e r a t o m . . 11-7O 12-42 12-48 15-45 A 3 . 
C o n t r a c t i o n . . . 4-3 5*5 

A. O s a w a a n d S. T a k e d a s t u d i e d t h e X - r a d i o g r a m s of t h e a l loys a n d t h e i r c a rb ide s . 
Z. N i s h i y a m a found t h e l a t t i ce p a r a m e t e r , a ; t h e sp . gr . ; a n d t h e e las t ic m o d u l u s , 
E k g r m s . p e r sq. cm. , a t 13*6° t o 15*6°, t o be : 

W . . 1 2 3 4 5 6 7 7 per cent . 
a . . 2-861 2-866 2-866 2-866 2-868 2-863 2-869 2-869 A. 
Sp. gr. . 7-9112 7-9577 7-9895 8-0430 8-1005 8*1008 8-1495 8-2119 
22x10-« . 2164 2157 2-153 2 1 7 4 2 1 0 1 2 1 3 4 2 0 8 5 2 1 5 0 

—v ide infra. E . C B a i n , a n d E . P . Char tkoff a n d W . P . S y k e s m e a s u r e d t h e 
l a t t i c e p a r a m e t e r s of t h e solid soln. R . A . Hadf ie ld f o u n d t h e sp . gr . of a n a l loy 
w i t h 0 1 5 C a n d 0*20 W t o b e 7*676 ; w i t h 0*21 C a n d 1*49 W , 7*683 ; w i t h 0*28 C 
a n d 3-40 W , 7*792 ; w i t h 0-46 G a n d 8*33 W , 8*109 ; a n d w i t h 0*78 C a n d 16-18 W , 
8*602. W . B r o w n found w i t h 0 1 6 C, 0*11 Mn, a n d 1*0 AV, t h e sp . gr . a n d s p . vo l . 
were respec t ive ly 7*9365 a n d 0*12600 ; w i t h 0*28 C, 0-28 Mn, a n d 3-5 W , 8*0645 a n d 
0*12400 ; w i t h 0*38 C, 0*20 Mn, a n d 7*5 W , 8-2918 a n d 0*12060 ; a n d w i t h 0*76 C, 
0 - 2 8 M n , a n d 15*5 W , 8*7720 a n d 0*11400. W i t h u p t o 15 p e r cen t , of t u n g s t e n , 
therefore , t h e sp . vo l . decreases b y 0-0009 c.c. pe r 1 p e r cen t , of t u n g s t e n . 
A. S. T o w n s e n d f o u n d t h e s p . gr . of t u n g s t e n steels t o v a r y w i t h t h e p r o p o r t i o n of 
c o n t a i n e d t u n g s t e n in t h e following m a n n e r : 

S p . g r . . 8-60 8-63 8-66 8-69 8-72 8-75 8-78 8-80 
W . . 15-92 16-53 1 7 1 4 17-76 18-37 18-98 19-59 2O-OO p e r c e n t . 

w i t h a n e r ro r of ± 0 * 3 0 p e r cen t . F . S tab le in found t h a t t h e sp . gr . of t h e t u n g s t e n -
i ron a l loys increases b y 0*048 for e v e r y 1 pe r cen t , of a d d e d t u n g s t e n . C. B e n e 
d i cks a n d co-workers , J . O. Arno ld , a n d B . S i m m e r s b a c h m a d e s o m e o b s e r v a t i o n s 
o n t h i s sub jec t . C. B e n e d i c k s s t u d i e d t h e sp . vo l . 

R . A. Hadf ie ld m a d e some obse rva t ions on t h e h a r d n e s s of t u n g s t e n s tee ls 
q u e n c h e d f rom 750° , 950°, a n d 1200° in cold w a t e r . O b s e r v a t i o n s we re a lso m a d e 
% * C. A . E d w a r d s , W . Zieler, O. Bohler , H . Sco t t , G. M a r s , K . T a n i g u c h i , e t c . 
W . P . S y k e s obse rved t h a t Br ine lFs h a r d n e s s increases c o n t i n u o u s l y w i t h t h e 
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a d d i t i o n of u p t o a b o u t 5O p e r cen t , of t u n g s t e n . T h e h a r d n e s s of s o m e a l loys 
•when -water -quenched from. 1500° is increased a s m u c h a s 130 p e r c e n t , b y 
a n n e a l i n g a t 600°—700°. I n t h e annea l ing a t a g iven t e m p . , a m a x i m u m h a r d n e s s 
is a t t a i n e d , a n d t h i s decreases a s t h e annea l ing is p ro longed . T h e h i g h e r t h e 
t e m p , of a n n e a l i n g a b o v e a ce r t a in m i n i m u m t e m p . , t h e m o r e r a p i d l y t h e h a r d 
ness increases , b u t t h e lower t h e t e m p , a t wh ich m a x i m u m h a r d n e s s is a t t a i n e d . 
T h e d e v e l o p m e n t of t h e s econda ry h a r d n e s s is a c c o m p a n i e d b y t h e s e p a r a t i o n 
of i ron t r i t a d i t u n g s t i d e . Vide infra, T a b l e L X X X I I , for some d a t a . F . O s m o n d 
o b s e r v e d t h a t a s tee l w i t h 0*48 C a n d 6*0 W , r e m a i n e d soft w h e n slowly cooled 
f rom a w h i t e - h e a t , a n d h a d a n a r r e s t b e t w e e n 505° a n d 485° , b u t w h e n h e a t e d 
a t 555° , i t b e c a m e g lass -ha rd . L . Gui l l e t f ound t h a t w i t h pea r l i t i c s teels , t h e 
h a r d n e s s increases r a p i d l y a s t h e p r o p o r t i o n of t u n g s t e n is r a i sed ; a n d w i t h t h e 
c a r b i d e s teels , t h e h a r d n e s s increases a s t h e p r o p o r t i o n of c a r b o n is r a i sed . N o 
se l f -harden ing was obse rved , b u t T . S w i n d e n o b s e r v e d t h a t se l f -ha rden ing occu r r ed 
w i t h a 3 p e r cen t , t u n g s t e n s teel , a n d a h igh in i t i a l t e m p . S. N . B r a y s h a w 
found t h a t a 1*19 C a n d ()-57 W s tee l , w h e n q u e n c h e d f rom 731° , w h i c h is be low 
t h e h a r d e n i n g t e m p . 738°, d i d n o t inc rease i n h a r d n e s s , b u t o t h e r s teels h e a t e d 
a b o v e t h e h a r d e n i n g t e m p , for 10 m i n s . , a n d t h e n k e p t f rom 30 t o 240 m i n s . 
be low t h e h a r d e n i n g t e m p , a n d q u e n c h e d in w a t e r , were h a r d e n e d . T h u s , w i t h 
t h e first h e a t i n g a t 760°, a n d t h e second a t 731° for 30 , 120, a n d 240 mins . , t h e 
Br ine l l ' s h a r d n e s s e s we re r e spec t ive ly 60O, 477 , a n d 2 4 1 , a n d t h e scleroscopic 
h a r d n e s s e s r e spec t ive ly 103 , 88 , a n d 5 3 ; aga in , w i t h t h e first h e a t i n g a t 890°, 
a n d t h e second a t 725°, for 3O, 120, a n d 240 mins . , t h e Br ine l l ' s ha rdnesses were 
r e spec t ive ly 418 , 207, a n d 187 ; a n d t h e scleroscopic h a r d n e s s e s respec t ive ly 82, 
5 1 , a n d 38 . T h e t r a n s f o r m a t i o n f rom t h e h a r d t o t h e soft s t a t e is c o m p l e t e d 
w i t h i n a r a n g e of s ix degrees of t h e h a r d e n i n g t e m p . ; t h e h a r d e n i n g t e m p , is 
r ep r e sen t ed b y a n a r r e s t on t h e h e a t i n g c u r v e ; if t h e q u e n c h i n g t e m p , is ove r 
20° or 30° a b o v e t h e h a r d e n i n g t e m p . , t h e s teel b e c o m e s softer . E . G. H e r b e r t , 
W . P . Sykes a n d A. O. E l l s w o r t h , H . B . Puls ifer , a n d L . Grene t d iscussed t h e 
h a r d e n i n g of t he se s tee ls . G. T a m m a n n a n d V. Cagl iot i d iscussed t h e recovery 
of t h e h a r d n e s s af ter co ld-work . E . C. B a i n a n d Z. Jeffries sugges ted t h e follow
ing e x p l a n a t i o n of t h e r e d - h a r d n e s s of t h e s e s teels : 

T h e c h a n g e s w h i c h c a u s e t h e m a r t e n s i t o in c a r b o n s tee l t o sof ten a re g r a i n - g r o w t h of 
t h e fe r r i t e a n d g r o w t h of t h e c a r b i d e p a r t i c l e s a b o v e c r i t i ca l s ize . S imi la r c h a n g e s in h igh 
s p e e d s t ee l t a k e p l a c e o n l y a t a r e d - h e a t . T h e o u t s t a n d i n g r e a s o n s for t h e r e t e n t i o n a t 
r e d - h e a t of fine g r a i n s in t h e fe r r i te of h i g h - s p e e d s tee l a r e t h e i n c r e a s e d r e s i s t ance t o 
g r o w t h , d u e t o t h e e l e m e n t s in a t o m i c d i spe r s ion i n t h e fe r r i te a n d t h e cop ious p r e sence 
of o b s t r u c t i n g c a r b i d e p a r t i c l e s . T h e r e a s o n for r e t e n t i o n a t r e d - h e a t of c a r b i d e p a r t i c l e s 
of c r i t i ca l s ize is t h e g r e a t s t a b i l i t y of t h e i r o n - t u n g s t e n c a r b i d e a n d t h e l a rge s ize of t h e 
t u n g s t e n a t o m . T h e g r e a t s t a b i l i t y of t h i s d o u b l e c a r b i d e f a v o u r s i t s f o r m a t i o n t o t h e 
e x c l u s i o n o r e l i m i n a t i o n of o t h e r c a r b i d e s "when t h e n e c e s s a r y a t o m s a r e a v a i l a b l e . T h e 
l a r g e s ize of t h e t u n g s t e n a t o m p r e v e n t s i t s diffusion i n t h e fe r r i te space - l a t t i c e u n t i l a 
t e m p e r a t u r e c o r r e s p o n d i n g t o a r e d - h e a t i s r e a c h e d . T h e d o u b l e c a r b i d e is a n i n t e r m e t a l l i c 
c o m p o u n d , w h i c h owes i t s e x i s t e n c e e n t i r e l y t o c r y s t a l l i z a t i o n . T h e f o r m a t i o n of a 
p a r t i c l e of t h i s c a r b i d e , t h e r e f o r e , r e q u i r e s a n u m b e r of t u n g s t e n a t o m s , w h i c h m u s t bo 
s u p p l i e d b y diffusion t h r o u g h t h e fe r r i t e l a t t i c e . T h e p r e c i p i t a t i o n a n d g r o w t h of t h e 
d o u b l e c a r b i d e i n q u e n c h e d h i g h - s p e e d s tee l a t a d u l l r e d - h e a t i s , t he r e fo r e , s o m e w h a t 
c o m p a r a b l e t o t h e p r e c i p i t a t i o n a n d g r o w t h of c e m e n t i t e i n q u e n c h e d c a r b o n s t ee l be low 300° . 

A. M. P o r t e v i n f o u n d t h a t t h e h a r d n e s s of t u n g s t e n s tee l increases w i t h t h e 
q u e n c h i n g t e m p . , a n d w i t h t h e t i m e of h e a t i n g a t t h i s t e m p . T h u s : 

Per cent. Minutes 
Carbon Tungsten heated 

0*09 5*30 { 3 g 

0 0 6 13*54 I 3 0 

0 7 0 10-29 { 3 £ 

0-66 15-03 J oS 

Hardness when quenched from Hardness when 
800° 950° 1050° annealed 
216 263 — I 1 6 8 
284 289 i 
192 183 291? l g o 
212 2OO 315 S 
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—vide infra, magne t i za t i on . T h e so-called tungsten carbide steels, produced, b y 
t h e cemen ta t ion of t u n g s t e n steels, a r e v a l u e d for t h e i r h a r d n e s s . T h e y were 
discussed b y R . D . Prosser , "L. L . W y m a n a n d F . C. Kel ley , C. M. T h o m p s o n , 
C. Sellers, T . G. Digges , M. N a k a m u r a , a n d J . Iu. Gregg a n d C. W . K i i t t n e r . 

I n h is e x p e r i m e n t s on t h e effect of a l loy ing different m e t a l s wi th s teel , 
R . F . Mushe t , a b o u t 1868, obse rved t h a t while o r d i n a r y s teel is h a r d e n e d toy 
a b r u p t cooling f rom a r ed -hea t , as i t is q u e n c h e d in wa te r , some b a r s of s tee l 
a l loyed w i t h t u n g s t e n seemed t o h a v e t h e p r o p e r t y of becoming h a r d af ter h e a t i n g , 
w i t h o u t t h e u s u a l quench ing . I n d e e d , t h e u n q u e n c h e d t u n g s t e n s teel w a s h a r d e r 
w i t h o u t t h e u sua l q u e n c h i n g t h a n o r d i n a r y steel -which h a d been q u e n c h e d . 
H e n c e , R . F . Mushe t i nves t iga t ed t h i s a l loy w i t h t h e idea of p r o d u c i n g a super ior 
too l steel which could b e e m p l o y e d for c u t t i n g a t speeds a b o v e t h o s e a t which 
o r d i n a r y steel tools b e c o m e o v e r h e a t e d b y fr ict ion n e a r t h e c u t t i n g edge , w i t h a 
consequen t d r awing of t h e t e m p e r , t h e r u b b i n g a w a y of t h e edge , a n d t h e r u i n of 
t h e too l . I t was soon found t h a t t h e cooling of t h e b a r s of t h e t u n g s t e n s tee l 
exposed in a d r a u g h t of air gave a b e t t e r s teel t h a n if cooled where t h e r e w a s no 
d r a u g h t ; a n d stil l b e t t e r resu l t s were o b t a i n e d b y cooling t h e m e t a l in a n air-
b las t . T h e compos i t ion of one of R . F . Mushe t ' s s teels is C, 2-O ; W , 5-0 ; Cr, 0-5 ; 
Mn, 2-5 ; a n d Si, 1-3 p e r cen t . , a n d a steel of t h i s cha rac t e r is some t imes k n o w n as 
a Mushet steel. The steels were then called self-hardening steels, and also air-
hardening steels . M. A. G r o s s m a n n a n d E . C. Ba in , a n d D . M. Gi l t inan discussed 
t h e h i s t o r y of t h e s e s teels . O. M. Becke r g ives t h e following for t h e p e r c e n t a g e 
compos i t ion of se l f -hardening steels : 

H i g h 
L o w 
Mean 

C 
. 2-4 

1 1 
1-8 

W 
11-6 

4-5 
7-3 

Cr 
3-4 
0-07 
1*6 

Mn 
3-5 
0-08 
1-8 

Si 
1 0 4 
0 1 6 
0-56 

P 
0*080 
0-016 
0 0 3 2 

S 
0 0 5 0 
0-004 
0-015 

One s a m p l e was r e p o r t e d w i t h 4-58 pe r cent , m o l y b d e n u m . T h e excel lence of t h e 
s teel is d e p e n d e n t on t h e care exercised in sub jec t ing i t t o t h e r e q u i r e d h e a t -
t r e a t m e n t w h e n i t is be ing p r e p a r e d . F . W . Tay lo r , a n d o the r s obse rved t ;hat t h e 
c a p a c i t y of t hese se l f -hardening steels for c u t t i n g a t h igh speeds is cons ide rab ly 
e n h a n c e d w h e n sub jec ted t o a h e a t - t r e a t m e n t a t t e m p , wh ich wou ld r u i n o r d i n a r y 
s teels . T h e s u p e r h e a t e d s teels , in fact , s tood u p t o t h e i r w o r k m u c h b e t t e r t h a n 
w h e n g iven t h e u sua l t r e a t m e n t . I n fact , i t was found t h a t t h e h e a t - t r e a t m e n t 
could b e ca r r ied u p t o n e a r l y t h e m . p . a n d i t would , g ive b e t t e r resu l t s t h a n w h e n 
t h e t e m p , of t h e h e a t - t r e a t m e n t is lower. B e y o n d 925°, a s l ight increase in t h e 
h a r d e n i n g t e m p , raises t h e c u t t i n g power in a n e x t r a o r d i n a r y w a y . H e n c e t h e 
t e r m h igh- speed Steels, a n d rapid Steels. T h e h igh-speed steels a r e p a r t i a l l y 
se l f -hardened. O. M. Becke r gave for t h e compos i t ion of high-speed steels : 

H i g h 
L o w 
Mean 

C 
. 1-28 
. 0-32 
. 0-75 

W 
25-45 
14-23 
1 9 0 0 

Mo 
7-6 
0 0 
3-5 

Cr 
7-2O 
2-23 
4-0O 

V 
0-32 
0 0 0 
0-30 

Mn 
0-30 
0 0 3 
0 1 3 

Si 
1-34 
0-43 
0-22 

P 
0-029 
0 0 1 3 
0 0 1 8 

S 
0 0 1 6 
0-008 
0 0 1 0 

T h e v a n a d i u m w a s found i n t h r e e of t h e steels ana lyzed . T h e difference b e t w e e n 
t h e se l f -hardening a n d t h e h igh-speed steels is more of degree t h a n k i n d , so t h a t 
t h e M u s h e t s tee l b e c o m e s a h igh-speed steel if i t h a s b e e n sub jec t ed t o t h e supe r 
h e a t i n g p rocess . I n o r d i n a r y steel , t h e aus t en i t i c s t r u c t u r e c a n b e o b t a i n e d only 
u n d e r spec ia l cond i t ions , because i t changes so r ap id ly t o t h e m a r t e n s i t i c s t r u c t u r e . 
M a r t e n s i t e , howeve r , passes i n t o pear l i t e c o m p a r a t i v e l y s lowly. T h e m a r t e n s i t i c 
s t r u c t u r e is o b t a i n e d b y s u d d e n l y quench ing t h e m e t a l f rom a b r i g h t r e d - h e a t . 
Mar t ens i t e i s h a r d a n d b r i t t l e , so t h a t for t h e sake of d u r a b i l i t y some h a r d n e s s is 
sacrificed b y tempering t h e m e t a l so as t o le t i t d o w n t o a n y degree t o w a r d s t h e 
pear l i te s t a g e w h e r e t h e m e t a l is soft a n d t o u g h . T h e p resence of t u n g s t e n h i n d e r s 
t h e pas sage f rom austenite t o pear l i t e , so t h a t in o rde r t o o b t a i n t h e pea r l i t e 
s t r u c t u r e in t h e p r e sence of, say , 7 p e r cen t , of t u n g s t e n , t h e cool ing m u s t b e 
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extremely slow. Martensite is no t s t ab le in o rd ina ry s teel unless t h e meta l is kept 
cool. I n t h e p resence of over 7 p e r cen t , of t u n g s t e n , t h e s t ab i l i t y of martensi te 
becomes so g r e a t t h a t t h e s teel can be h e a t e d a b o v e t h e o r d i n a r y t empering h e a t s 
before t h e m a r t e n s i t e beg ins t o change in to pear l i te . 

J . H . A n d r e w a n d G. W . Oreen , A . H . d ' A r c a m b a l , J. O . A r n o l d a n d c o - w o r k e r s , 
0 . A u c h y , H . W . B a k e r a n d A. TT. Gibson , R . K . B a r r y , O . M . B e c k e r , A . E . Bel lis, C. B e n e 
d i cks , C. H . B e n j a m i n , C. P . B e r g , F . Bisehoff, P . B l u m , O. Bon ie r , W . V . B r a n d t , S. N . B r a y -
s h a w , L . P . B r e c k e n r i d g e a n d H . B . D i r k s , G. R . B r o p h y a n d B . H . H a r r i n g t o n , W . B r o w n , 
A . C a m p i o n , H . C. H . C a r p e n t e r , J . Cas tne r , BI. Ie Cha te l i e r , C. Codron , A . L . Co lby , 
C. E . Corson , C. D a y , P . D e j e a n , L . D e m o z a y , M . D e n i s , J . W . D o n a l d s o n , F . W . D u e s i n g , 
H . E c k a r d t , W . E i l e n d e r a n d co -worke r s , P . E y e r m a n n , H . F l e c k , E . L . F r e n c h , H . J . F r e n c h 
a n d J . S t r a u s s , G. Gabr ie l , F . L . Gar r i son , G. G h e r a r d i , J . P . Gill a n d M . A . F r o s t , J . P . Gill , 
D . M. G i l t i n a n , C. S. Gingr i ch , J . M. Gledhi l l , P . Goe rens , B . C. G o o d , A . W . F . G r e e n , 
M . A . G r o s s m a n n , M. A . G r o s s m a n n a n d E . C. B a i n , R . A . Hadf ie ld , A . H a n i g , 
G. H a i l s t o n e , O . E . H a r d e r a n d H . A . G r o v e , D . H a t t o r i , A . He l l e r , R . H e l m h a c k e r , 
E . G. H e r b e r t , H . D . H i b b a r d , J . M . H i g h d u c h e c k , H . H . H i l l , R . H o h a g e a n d A . Gr i i t zne r , 
R . H o h a g e a n d R . R o l l e t t , K . H o n d a a n d T . M a t s u s h i t a , E . H o u d r e m o n t a n d H . K a l l e n , 
G. J . H o r v i t z , J. E . H u r s t , Z . Jeffr ies , J . A . J o n e s , L . M . J o r d a n , W . K a h l b a u m a n d 
co -worke r s , K . K e l l e r m a n n a n d O. S c h l i e s s m a n n , S. K e r n , F . K i c k , A . H . K i n g s b u r y , 
P . K i r w a d i , G. K l e i n a n d W . Aicholzer , E . K o t h n y , F . C. A . H . L a n t s b e r r y , J . W . E . L i t t l e -
da l e , P . M a b b , R . C. M c K e n n a , P . Mar s i ch , J . A . M a t h e w s , E . M a u r e r a n d W . H a u f e , 
E . M a u r e r a n d G. Schi l l ing , G. Z . N e s s e l s t r a u s s , J . Miley, K . H . Mii l ler a n d E . P i w o w a r s k y , 
1. M u s a t t i a n d G. C a l b i a n i , J . T . N icho l son , A . L . N o r b u r y , E . R . Nor r i s , G. L . N o r r i s , 
W . Oer t e l a n d E . P a k u l l a , W . Oer t e l a n d F . P o l z g u t e r , H . K . Ogilvie , F . O s m o n d , 
A. R . P a g e , C. P e n d l e b u r y , E . P i w o w a r s k y , F . P o l z g u t e r a n d W . Zieler, H . P o m m e r e n k e 
a n d R . D e w e r t , F . R a p a t z , F . R a p a t z a n d H . K a l l e n , F . R a p a t z a n d H . Po l l ack , F . Re ise r , 
E . W . R e t t e w , E . L . R h e a d , E . D . R o g e r s , H . W . R u s h m e r , K . S a s a g a w a , G. Schless inger , 
E . Schu lz a n d co -worke r s , H . S c o t t , F . Seiler, B . F . S h e p h e r d , E . Sievers , O. Srnal ley, 
E . K . S m i t h a n d H . C. A u f d e r h a a r , J . Spul le r , A . S t o c k a l l , M . V a s v a r i , J . "Wagner, 
F . W a l k e r , J . W . W e i t z e n k o r n , W . H . Wi l l s , A . J . W i l s o n , A . D . AViIt, AV. AVrazei, AV. Zieler , 
a n d E . Z ingg a n d co -worke r s m a d e o b s e r v a t i o n s o n t h e m e c h a n i c a l p r o p e r t i e s of t u n g s t e n 
s tee l s . V . E h m c k e s t u d i e d t h e inf luence of s i l icon a n d m a n g a n e s e on. t h e p r o p e r t i e s of 
h igh - speed s tee l . 

F . R o b i n s t ud i ed t h e acous t ic p rope r t i e s of t u n g s t e n steels . F . W . H a r b o r d 
sa id t h a t a d d i t i o n s of u p t o 1-5 pe r cen t , of t u n g s t e n h a d n o apprec iab le effect on 
t h e mechan ica l p rope r t i e s of mi ld s teel . Z. N i s h i y a m a ' s obse rva t ions on t h e e las t ic 
m o d u l u s a re i nd i ca t ed a b o v e . L . Gui l le t obse rved t h a t t h e pear l i t ic t u n g s t e n 
steels h a d a tensi le s t r e n g t h a n d elast ic l imi t which becomes h igher in p r o p o r t i o n 
as t h e pe r cen t age of t u n g s t e n increases , whi le t h e e longa t ion , r e d u c t i o n of a r ea , 
a n d res i s tance t o shock d imin i sh as t h e p r o p o r t i o n of t u n g s t e n rises. W i t h t h e 
ca rb ide s teels , t h e tens i le s t r e n g t h a n d elas t ic l imi t v a r y l i t t l e w i t h t h e p r o p o r t i o n 
of t u n g s t e n , if a n y t h i n g t h e y d imin i sh . T h e y b e c o m e h igher as t h e p ropo r t i on 
of c a r b o n increases . W . P . Sykes found t h a t t h e tens i le s t r e n g t h is affected b y 
a n n e a l i n g v e r y l ike t h e h a r d n e s s , a n d t h a t a decrease in d u c t i l i t y accompan ies a n 
increase in tens i le s t r e n g t h . T . S w i n d e n ' s r e su l t s o n n o r m a l i z e d s tee l a r e i nd ica t ed 
i n Table L i X X X . T h e t e s t s show t h e t o u g h e n i n g influence of t u n g s t e n as t h e 

T A B L E L X X X . — M E C H A N I C A L P R O P E R T I E S OK T U N G S T E N S T E E L . 

Percentage composition 

O 

O* 144 
0-218 
0-270 
0-480 
0-530 
0-570 
0-890 
1 0 7 
1-24 

W 

3-25 
3-24 
2-92 
3 1 1 
3-18 
3-17 
3-08 
3 0 9 
3 0 2 

mastic 
limit 

(tons per 
SQ. in.) 

24-44 
25-27 
2 9 0 0 
41-54 
45-08 
44-66 
48-87 
40-37 
46-10 

Maximum 
stress 

(tons per 
Bq. In.) 

34-27 
33-10 
39-3O 
53-75 
55-82 
57-76 
62-00 
50-82 
56*00 

Elongation 
(per cent, 
in 2 in.) 

28-5 
27-5 
24-1 
16-0 
16-0 
14-5 
13-5 
15-5 

9-5 

Reduction 
of area 

(per cent.) 

62-8 
6 1 O 
59-8 
45-5 
47-9 
44-2 
29-2 
28-2 
16"-9 

C?£e?rc!nt°n | Alternating 
under 1OO I /1JStS! 
*JS.Bi5?)r I n a t I o n s > 

50 -5O 
50-66 

(53-9) 
34-82 
31-83 
31-04 
25-80 
30-24 

218 
226 
232 
95 
104 
92 
42 
3O 
22 
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propor t ion of c a r b o n increases . T h e compress ion is r a t h e r less t h a n is usual 
with steels w i t h o u t t u n g s t e n - T u n g s t e n i m p a r t s n o beneficial inf luence t o t h e 
resis tance of s teel t o r e p e a t e d impac t - A n a v e r a g e bo i l e r -p la t e g ives a b o u t 350 
a l t e rna t ions . K . H o n d a a n d T . T e r a d a g a v e for t h e coeff. of e las t i c i ty , B, 
of t u n g s t e n s teel f rom 1 -928XlO 1 2 w i t h a load , 1758 g r m s . p e r sq . m m . . , t o 
1-945 X l O 1 2 w i t h a load of 11,523 g r m s . p e r sq . m m . T h e coeff. of r i g id i t y is 
0 - 6 0 8 X 1 0 1 2 a t 14-0°. F o r t h e effect of m a g n e t i z a t i o n o n t h e e las t ic c o n s t a n t s , 
vide infra. W . Giesen o b s e r v e d t h a t pea r l i t i c s teels w i t h 0 t o 15 p e r cen t , of t u n g s t e n 
a n d 0-3 p e r cen t , of c a r b o n , or 0 t o 8 p e r cen t , of t u n g s t e n a n d 0-95 p e r cen t , of 
c a r b o n , show a n increase in tens i le s t r e n g t h , l im i t of s t r e t c h , a n d b r e a k i n g load w i t h 
increas ing p r o p o r t i o n of t u n g s t e n , b u t t h e d u c t i l i t y d imin i shes . T h e h a r d n e s s 
is genera l ly a l i t t l e g r e a t e r t h a n c a r b o n s teels w i t h t h e s a m e p r o p o r t i o n of c a r b o n . 
T h e b r i t t l eness r e m a i n s u n c h a n g e d e v e n w h e n t h e p r o p o r t i o n of t u n g s t e n is 15 or 
18 pe r cen t , in t h e p resence of r e spec t ive ly 0-3 a n d 0-95 p e r cen t , c a r b o n . W i t h 
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F i a . 462 . T h e E l a s t i c i t y of T u n g s t e n 
S t ee l s . 

F i o . 4 6 3 . — T h e R i g i d i t y of T u n g s t e n 
S t ee l s . 

t h i s h i g h p r o p o r t i o n of t u n g s t e n , t h e on ly p r o p e r t i e s t h a t v a r y a r e e las t ic l imi t , a n d 
d u c t i l i t y , wh ich increase b u t s l ight ly , a n d b r e a k i n g load , w h i c h r ises w i t h t h e c o n t e n t 
of c a r b o n a n d t u n g s t e n . Pea r l i t i c s tee ls w i t h 0*25 p e r cen t , c a r b o n a n d ove r 
9 p e r cen t , t u n g s t e n , or 0-85 p e r cen t , of c a r b o n a n d ove r 4 p e r cen t , t u n g s t e n , 
inc rease in h a r d n e s s a s t h e p r o p o r t i o n of t u n g s t e n r ises . T u n g s t e n s teels w i t h 
d o u b l e ca rb ide a t t a i n sufficient h a r d n e s s on ly "when t h e c a r b o n c o n t e n t is h igh , 
b u t t h e g r e a t f ragi l i ty r e m a i n s t h e s a m e . C. L.. Clark a n d A. E . W h i t e m e a s u r e d 
t h e effect of t e m p , o n t h e tens i le p r o p e r t i e s ; V. E h m c k e s t u d i e d t h e effect of 
n icke l a n d m a n g a n e s e on h igh-speed s teels . R . A. Hadf ie ld obse rved n o a b n o r m a l 
b e h a v i o u r s w h e n t h e s tee l is cooled t o —182° . T h e o b s e r v a t i o n s of K . H o n d a 
a n d T . M a t s u s h i t a on t h e m o d u l u s of e las t i c i ty a n d r ig id i ty of t u n g s t e n s teels , i n 
d y n e s p e r sq. cm. , a r e s u m m a r i z e d in F i g s . 462 a n d 4 6 3 . T h e d o t t e d c u r v e s refer 
t o s teels h e a t e d t o 1100° a n d qu i ck ly cooled, a n d t h e m a x i m a l v a l u e s d u e t o t h e 
p resence of ca rb ide , a s in t h e c o n d u c t i v i t y - c o n c e n t r a t i o n c u r v e s . E . P o l z g u t e r a n d 
W . Zieler s t u d i e d t h e effect of a n n e a l i n g o n t h e p r o p e r t i e s of t u n g s t e n s tee ls . 

KL. H o n d a a n d T . M a t s u s h i t a m e a s u r e d t h e coeff. of t h e r m a l e x p a n s i o n , a n d 
t h e r e su l t s a t 100°, 500° , a n d 850° a r e s h o w n i n F i g . 464 . T h e v a l u e s a t 100° 
a n d 500° r e semble t h e c o n d u c t i v i t y c u r v e s (q.v.). H e r e t h e r e a r e t w o m a x i m a , 
one co r r e spond ing w i t h t h e p resence of t h e d o u b l e c a r b i d e . F . S t a b l e i n f o u n d 
t h a t t h e m e a n coeff. of t h e r m a l e x p a n s i o n decreases -with inc reas ing p r o p o r 
t i ons of t u n g s t e n ; a n d t h e h e a t c o n d u c t i v i t y is b u t l i t t l e affected b y i nc rea s ing 
p r o p o r t i o n s of t u n g s t e n . T h e e lect r ica l a n d t h e r m a l c o n d u c t i v i t y c u r v e s a r e 
s h o w n in F i g . 465 . T h e samples were a n n e a l e d a t 900° a n d t h e n s lowly cooled 
*o r o o m t e m p . 

Gene ra l l y speak ing , a me ta l l i c c o m p o u n d h a s a less c o n d u c t i v i t y for e l ec t r i c i ty 
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a n d h e a t t h a n one of i t s c o m p o n e n t s ; t h u s cemei i t i t e , t u n g s t e n c a r b i d e , a n d t h e 
d o u b l e ca rb ide a l l possess m u c h less c o n d u c t i v i t y t h a n p u r e i ron . H e n c e , aj9 t h e 
c o n t e n t of t u n g s t e n increases , t h e c o n d u c t i v i t y of t h e t u n g s t e n s teels i nc reases i n 
v i r t u e of t h e d i m i n u t i o n of c emen t i t e , a n d decreases owing t o t h e i n c r e a s i n g 
c o n t e n t of t u n g s t e n ca rb ide , a n d of d o u b l e ca rb ide a n d t u n g s t i d e . T h e 
v a r i a t i o n of t h e conduc t iv i t i e s of t h e t u n g s t e n steels w i t h t h e cone , of t u n g s t e n 
is t h e n t h e r e s u l t a n t of t h e s e effects. B u t in s teels whose t u n g s t e n - c o n t e n t is 
less t h a n 5 p e r cen t . , t h e q u a n t i t y of t h e doub le ca rb ide is l a rge as c o m p a r e d w i t h 
o t h e r c o m p o u n d s , a n d there fore t h e v a r i a t i o n of t h e conduc t iv i t i e s is p r inc ipa l ly 
effected b y t h e d o u b l e ca rb ide . T h e q u a n t i t y of t h e ca rb ide increases f rom zero , 
r eaches a m a x i m u m a t 1*84 p e r cen t , of t u n g s t e n , a n d t h e n decreases ; h e n c e , w i t h 
t h e a d d i t i o n of t u n g s t e n , t h e conduc t iv i t i e s m u s t a t first r a p i d l y a n d a f t e r w a r d s 
s lowly decrease , u n t i l t h e y r e a c h a m i n i m u m a t 1-84 p e r cen t , of t u n g s t e n a n d t h e n 
s l igh t ly increase . These t heo re t i ca l conclus ions a r e in e x a c t a g r e e m e n t "with t h e 
o b s e r v e d fac ts . T h e s t e a d y decrease of t h e t w o conduc t iv i t i e s af ter r e a c h i n g 
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F i a . 464 . T h e T h e r m a l E x p a n s i o n 
C u r v e s of T u n g s t e n S tee l s . 

F i a . 405 . T h e T h e r m a l a n d E l e c t r i c a l 
C o n d u c t i v i t i e s of T u n g s t e n Stee ls . 

a smal l m a x i m u m , as a c t u a l l y obse rved , is a t t r i b u t e d t o t h e increas ing c o n t e n t 
of t u n g s t e n ca rb ide a n d t u n g s t i d e a t t h e cos t of p u r e i ron . I n t h e series of t u n g s t e n 
s teels c o n t a i n i n g 0*3 pe r cen t , of c a r b o n , t h e q u a n t i t i e s of t h e carb ides a r e on ly 
half a s l a rge a s in t h e former series. H e n c e , t h e m i n i m u m a n d m a x i m u m in t h e 
c o n d u c t i v i t y - c o n c e n t r a t i o n cu rves in t h i s series m u s t b e m u c h less consp icuous 
t h a n in t h e l a s t case ; t h i s conc lus ion also agrees w i t h t h e obse rved fac ts . 
W . B r o w n f o u n d t h a t t h e sp . h t . of a 0-16 C, 0-11 M n , a n d 1 0 W s tee l is 0-1162 ; 
0-28 C, 0 - 2 8 M n , a n d 3-5 W , 0 1 1 3 6 ; 0-38 C, 0 - 2 0 M n , a n d 7-5 W , 0 1 1 0 0 ; a n d 
0 -76C, 0 - 2 8 M n , a n d 15-5 W , 0 -1041 . T h e r e is a n inc rease in t h e s p . h t . of s teel 
b y 0-0028 b y t h e a d d i t i o n of 1 p e r c en t , of t u n g s t e n , a n d wi th 3*5 pe r cen t . , t h e 
s p . h t . is t h e s a m e a s t h a t of i r on ; whi le w i t h t h e a d d i t i o n of 15 pe r cen t . , t h e s p . 
h t . is lowered 0-0093. F . W u s t a n d co-workers g a v e for t h e m e a n sp . h t . b e t w e e n 
0° a n d 6° u p t o 1500°, 0 0 3 3 2 5 + 0 - 0 0 0 0 0 1 0 7 0 ; a n d for t h e t r u e sp . h t . a t 0° , 
0-03325-4-0-000002140. 

O b s e r v a t i o n s on t h e e lectr ical r e s i s t ance , R, of t u n g s t e n s teel were m a d e by 
W . F . B a r r e t t a n d co-workers , Li. Gui l le t , O. B o u d o u a r d , e t c . W . F . B a r r e t t 
a n d co-workers g a v e 1-1 m i c r o h m s , a n d A. M. P o r t e v i n , 1-5 m i c r o h m s pe r c m . cube 
for t h e increase in t h e res i s tance of i r on p r o d u c e d b y 1 p e r cent , of t u n g s t e n . 
F . S t a b l e i n found t h a t t h e s p . r es i s tance inc reased l i nea r ly w i t h u p t o 7 p e r cen t , 
of t u n g s t e n , a n d t h e n r e m a i n e d n e a r l y c o n s t a n t . A . M. P o r t e v i n gave for t h e 
r e s i s t ance , R m i c r o h m s p e r c m . c u b e , for s tee ls w i t h less t h a n 0-28 pe r cen t , of 
c a r b o n : 

R 

W 
/ n o r m a l 
\ quenched . 

0-41 
12-8 
13-8 

0-93 
13-5 
14-3 

1-75 
15-8 
17-1 

6-90 
25-3 
23-4 

11-89 
20-9 
24-5 

14-37 
22-6 
24-6 

20-71 
23-1 
25-3 

27-05 p e r cen t 
20-7 
25-8 -
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For the electrical conductivity, vide Fig. 465. The results agree with C. Bene 
dicks' formula with up to 7 per cent, of tungsten, indicating tha t the tungsten 
is in solid soln. With 0-8 carbon steels : 

W . 0 - 4 0 0 - 9 5 2 - 7 5 4 - 6 8 9 - 9 9 1 4 - 7 5 1 9 - 2 5 p e r c e n t . 
, , / n o r m a l . 2 2 - 4 2 0 - 9 2 4 - 3 28 -1 2 6 - 9 2 6 - 5 2 6 - 3 
^ ! q u e n c h e d . 3 9 1 3 9 - 6 4 0 - 9 4 1 - 2 3 9 - 5 3 2 - 3 3 1 0 

The agreement with C. Benedicks' formula with up to 5 per cent, of tungsten is 
taken to mean tha t this amount of tungsten is in solid soln. H . Ie Chatelier found : 

0-6 C, 5-0W Q-76C, 2-7 W. 

Q u e n c h i n g . 7 6 0 ° 8 0 0 ° 8 5 0 ° 1 1 0 0 ° 7 3 0 ° 7 8 0 ° 8 5 0 ° 1 1 0 0 ° 
H . 2 1 0 2 9 - 4 3 1 - 5 3 7 - 8 2 5 - 9 2 9 - 6 3 1 - 5 3 5 - 2 

The increased resistance on quenching beyond the lowering temp, agrees with the 
assumption tha t a tungsten compound passes into soln. This -was also observed 
by T. Swinden, who obtained : 

c . 
W . 

(a n n e a l e d 
n o r m a l i z e d 
h a r d e n e d 

0 1 4 4 0 - 2 1 8 0-27 0 - 4 8 0 - 5 3 0 -57 0 - 8 9 1-07 p e r c e n t . 
3 - 2 6 3 - 2 4 2 - 9 2 3 -11 3 - 1 8 3 -17 3 - 0 8 3 - 0 9 

1 7 - 3 1 1 7 - 5 0 18 -87 1 8 - 4 0 1 8 - 5 6 1 7 - 6 4 16 -97 
1 6 - 6 8 1 7 - 6 3 1 7 - 6 3 1 9 1 2 1 8 - 4 6 1 9 - 9 8 1 8 - 7 6 1 8 - 4 3 
1 9 - 2 4 1 9 - 3 3 2 0 - 2 0 2 3 - 8 7 2 5 - 6 4 2 6 - 6 8 3 6 - 6 3 8 - 7 0 

G. Tammann and V. Caglioti discussed the recovery of the resistance after cold-
work. P . W. Bridgman studied the press, coeff. of the resistance. E . TJ. Dupuy 
and A. M. Portevin found the thermoelectric force of tungsten steel against 
copper, expressed in millivolts, to be : 

C 
W 
A n n e a l e d < IQQO 

H a r d e n e d ^ "JQQO 

. 0 - 1 8 

. 0 -41 

. 9 0 0 

. 6 -30 
8 -40 

. 5 - 7 0 

0 -11 
1-75 
7 -60 
5 - 2 4 
6 -70 
4 - 7 5 

0 - 2 0 
14 -37 

7-6O 
6-4O 
7 - 8 0 
7 -40 

0 - 2 2 
2 0 - 7 1 

7-85 
6 -30 
7 -90 
7-25 

0 - 8 6 
0 - 4 0 
1-80 

— 0 - 0 8 
— 1-60 
— 4 1 5 

0 - 6 6 
0 - 9 5 
2 - 5 0 
0 - 5 0 
I-IO 

— 1-70 

0 -81 
9 -99 
4 - 9 0 
3-0O 
2 - 8 0 
1-30 

0 - 7 1 % 
1 4 - 7 4 % 

2 - 7 0 
O-6O 
0 0 0 

— 1-40 

S. Curie found tha t tungsten increases the coercive force and residual magnetism 
of steel. On heating, it still loses its magnetic properties between 700° and 750°, 
and regains them on cooling, bu t a t a rather lower temp, than t h a t a t which the loss 
occurs on heating. IL. W. Wild, A. Abt, S. Saito, C. C. Trowbridge, C. Chistoni 
and G. G. de Vecchi, E . Gumlich, R. L.. Dowdell, J . Wurschmidt, E. A. Watson, 
S. Evershed, G. Hannack, A. M. Parkin, T. Spooner, K. G. Brecht and co-workers, 
N. I . Spiridovich, and B. Hopkinson made observations on the magnetic pro
perties of tungsten steels. W. F . Barret t observed tha t as the carbon and tungsten 
increased, the coercive force increased, while the maximum induction, for / / = 4 5 , 
decreased ; thus : 

Intensity of Magnetization 

C 

0 - 2 2 
0 - 2 8 
0 - 3 8 
0 - 7 6 

W 
OOO 
1-20 
3-4O 
7-47 

16 -65 

Maximum 
1 3 3 5 
1 3 2 0 
1 3 0 5 
1 2 6 6 

9 2 0 

Remanent 
7 7 8 
5 6 8 
9 9 8 

1 0 8 1 
7 6 6 

Coercive force 
1-66 
3 - 2 3 
6 -73 
9 0 2 

1 3 - 9 2 

The retentivity or remanence of the steel with about 7*5 per cent, tungsten steel 
is high, in agreement with the observation tha t the tungsten is specially well suited 
for making permanent magnets. R. A. Hadfield said t ha t one peculiar effect of 
tungsten in high-carbon steel is the great increase in retentiveness ; bu t with steels 
low in carbon the effect is not so marked. This is taken to mean tha t the action 
of tungsten is indirect in causing the carbon present to become very intimately 
combined. Tungsten in the presence of low-carbon steel interferes with the 
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permeability much less than chromium, nickel, and other elements. Probably, 
therefore, tungsten steel with high carbon, more readily permits the steel to become 
permanently magnetized, so that in its presence the intimate union of carbon and 
iron in the quenched steel enables the imparted magnetic energy to be retained. 
T. Swinden made a series of observations on approximately 3 per cent, tungsten 
steel, normalized by heating it to 950° for 15 mins. and cooling freely in air; annealed 
by heating 3 hrs. at 950°, and kept between 930° and 960° for 9O mins. and cooled 
over 8 hrs. in the muffle ; hardened, by heating to 900° and quenching in water ; 
and tempered at 600—75° for 14 hrs. A selection from the results is summarized 
in Table L X X X I . In Table L X X X I , A. denotes annealed ; N., normalized ; 
H., hardened ; and T., tempered. As the proportion of carbon increases, the maxi
mum induction decreases, and the maximum remanent intensity is unimpaired 

TABiiEj L X X X I . — M A G N E T I C P R O P E R T I E S O F T U N G S T E N S T E E L (H = 1 5 0 C O . S . U N I T S ) . 

Composition 

O 

0 1 4 4 

0 - 2 1 8 

0 - 4 8 0 

0 - 5 7 

0 - 8 9 

1 0 7 

W 

3 - 2 5 

3 - 2 4 

3 1 1 

3 1 7 

3 0 8 

3 0 9 

Heat-
treat-
ment 

A . 
N . 
H . 
T . 
A . 
N . 
H . 
T . 
A . 
N". 
H . 
T . 
A . 
N . 
H . 
T . 
A . 
N . 
H . 
T . 
A . 
N . 
H . 
T . 

Permea
bility 

1 2 7 
1 2 6 
1 1 2 
1 3 9 
1 2 7 
1 2 3 
1 0 9 
1 2 5 
1 2 4 
1 1 8 
1 0 4 
1 2 6 
1 2 2 
1 1 6 
1 O l 
1 2 4 
1 1 7 
1 1 2 

7 3 
1 2 3 
1 0 6 
1 0 9 

5 9 
1 1 3 

Eemanence 

Inten
sity 

1 5 0 8 
149O 
1 3 2 0 
1 5 3 2 
150O 
1 4 6 0 
1 2 8 0 
1 4 7 5 
1 4 7 5 
1 4 0 6 
1 2 2 3 
1 4 8 6 
1 4 4 0 
1 3 7 2 
1 1 9 8 
1 4 7 1 
138O 
1 3 2 4 

8 6 8 
1 4 5 9 
1 2 5 8 
1 2 8 2 

6 9 3 
134O 

Induction 

9 , 1 5 0 
9 , 2 5 0 

1 1 , 3 7 0 
1 4 , 1 0 0 

9,2OO 
9 ,45O 

1 0 , 9 7 0 
1 3 , 2 0 0 

9 , 5 5 0 
11 ,35O 
11 ,35O 
1 4 , 7 7 0 
1 1 , 8 5 0 I 
11 ,63O 
1 0 , 8 7 0 
14 ,75O 
1 2 , 1 0 0 
1 2 , 0 2 0 

7 , 3 3 0 ' 
1 4 8 

1 1 , 6 4 0 
1 1 , 8 0 0 

I 6 , 0 2 0 
1 2 , 0 8 0 

Inten
s i ty 

7 3 0 
7 3 7 
9 0 6 

1 1 2 4 
7 3 4 
7 5 3 
8 7 3 

1 0 5 2 
7 6 1 
9 0 5 
9 0 5 

1 1 7 7 
9 4 5 j 
2 9 8 
8 6 8 

1 1 7 5 
9 6 5 
96O I 
5 8 4 

1 1 8 3 
9 3 0 
9 4 0 

I 48O 
9 6 4 

Coerciv 

Before 
shocks 

3 - 8 5 
5 - 6 5 

1 9 - 4 0 
1 2 1 O 

6-8O 
16-3O 
39-5O 
18-5O 

7-4O 
1 8 - 2 0 
4 3 - 4 0 
1 8 - 9 0 

—. 
9 - 2 0 

17-4O 
5 8 - 8 0 
2 1 - 7 0 

10-9O 
14-4O 

I 6 4 - 9 0 

2 6 - 5 0 

e force 

After 
shocks 

5 - 1 
17-1 

; 
— 
—• 

3 9 - 4 

1 7 - 2 
4 2 - 9 

14 -8 
5 9 - 2 

6 6 - 1 
-—. 
-—-

i 
I 

Permanence after 
shocks 

Induction Intensity 

! 

2 0 8 0 i I 6 6 O 
141O i 1 1 2 - 3 

I 

; 
2 4 9 0 ! 1 9 9 0 
1 5 8 0 j 1 2 6 0 

[ 
1 7 3 0 • 
7 6 7 0 { 1 3 7 - 9 
2 8 7 0 612-O 

2 2 8 - 5 
2 5 1 0 -— 
7 0 0 0 j 2 0 0 0 
2 6 9 0 ! 5 3 8 - 0 
1 5 4 0 I 2 1 4 - 5 
649O ! 
3 9 1 0 j 11 <»• 5 

1 5 1 7 - 8 
1 2 5 0 3 1 1 - 5 
57OO i 
4 6 9 0 9 9 - 7 

• 

, 454-O 

by the 3 per cent, of tungsten. The remanent magnetism is higher than for 
quenched carbon steels. With lightly annealed tungsten steels, the coercive force 
is almost identical with that of comparable carbon steels. S. Curie observed that 
with steels with a higher proportion of tungsten, the coercive force is increased 
irrespective of carbon. F. Stablein found that the coercive force of iron-tungsten 
alloys rises sharply with up to between 5 and 10 per cent, of tungsten, reaching a 
well-defined maximum at 15 per cent, of tungsten. The subject was discussed by 
F. W. Harbord ; and W. F. Barrett and co-workers obtained better results for 
magnetic steels -when manganese was absent. T. Swinden found that annealed, 
3 per cent, tungsten steels gave hysteresis losses very little different from carbon 
steels, while with the normalized steel, the losses were higher, and still higher with 
hardened steel. J. O. Arnold inferred that in iron containing 0-1 to 0-9 per cent, 
of carbon, and quenched, the permanent magnetism is directly proportional to 
the hardening carbon. The ratio of the remanent and permanent magnetism 
increases steadily with up to 0*53 per cent, carbon with the annealed and normalized 
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bars ; t h e t e m p e r e d s tee l g a v e a u n i f o r m inc rease u p t o 0*9 p e r cen t , c a r b o n ; and 
t h e h a r d e n e d s tee l g a v e a m a x i m u m "with 0-4 p e r cen t , c a r b o n . I n gene ra l , a s tee l 
'which is phys ica l ly h a r d h a s a h igh coerc ive force a n d a h i g h r e m a n e n t m a g n e t i c 
i n t ens i ty . Gr. Mars d i scussed t h i s sub j ec t , a n d his r e su l t s for t u n g s t e n s tee l a r e 
s u m m a r i z e d i n T a b l e I i X X X I I , t h e d a t a for t h e m a g n e t i z a t i o n refer t o a r b i t r a r y 

T A B L E L X X X I I . — T H E H A R D N E S S A N D M A G N E T I Z A T I O N o r T U N G S T E N S T E E L S . 

C 

1 1 6 
1-16 
0 - 6 4 
0 - 6 2 
1-20 
0 - 5 7 
1-25 
1-26 

Composition 

Si 

0-2O 
0 - 1 9 
0 - 2 5 
0 - 2 2 
0 - 2 8 
O-18 
0 - 2 7 

Mn 

0 - 2 3 
0 - 2 0 
0 - 2 6 
0 - 2 0 
0 - 2 9 
0 - 2 6 
0 - 3 0 
— 

W 

0 - 6 8 
1-2O 
1 1 2 
1-96 
3 - 2 2 
6 - 4 7 
8 - 6 5 

3 0 0 

Hardening 
temp. 

7 8 0 ° 
7 6 0 ° 

, 8 2 0 ° 
8 0 0 ° 
7 4 0 ° 

j 9 3 0 ° 
! 9 3 0 ° 

8 6 0 ° 

Brinell's 
hardness 

6 0 0 
7 4 4 
7 1 3 
7 8 2 
7 8 2 
7 8 2 
7 8 2 
5 7 8 

Magnetization 

Just after 
magnetizing 

6 9 - 5 
7 6 - 5 
7 6 - 5 
8 5 - 5 
6 6 - 5 
9 0 - 5 
6 1 0 
1 9 0 

After 
8 days 

6 8 - 5 
7 6 O 
7 3 - 5 
8 4 - 5 
65-5 
9 0 - 5 
6 8 - 5 

Percentage 
loss 

2 - 9 
1 - 3 
3 - 9 
1 - 8 
4 - 5 
O 
4 1 
~~~~ 

u n i t s on t h e m a g n e t o m e t e r , a n d t o s tee ls q u e n c h e d , f rom t h e t e m p , n a m e d , i n 
w a t e r a t 10° t o 15°. H e also o b t a i n e d r e su l t s for c h r o m i u m - t u n g s t e n s tee ls . T h e s e 
s teels were also e x a m i n e d b y L . Gui l le t , F . O s m o n d , a n d W . B r o w n . U . Ade l sbe rge r 
d i scussed t h e hys te res i s losses. T h e m a g n e t i c p r o p e r t i e s of t h e t u n g s t e n s tee ls 
were e x a m i n e d b y J . T r o w b r i d g e a n d S. She ldon , H . S c o t t , W . S i emens , a n d 
C. W . S iemens . R . L . Sanfo rd a n d W . L . Cheney obse rved t h e m a x i m u m i n d u c t i o n 
of o i l -quenched t u n g s t e n s tee l t o b e 11,200, a n d t h e coerc ive force, 68-0. 
"W. A. W o o d f o u n d t h a t t h e coercive force m a y b e r e d u c e d t o a fifth of i t s o p t i m u m 
v a l u e a t a b o u t 950°, a n d i t c a n b e r e s t o r e d b y h e a t i n g t o 1250°. T h e h a r d n e s s 
va r i e s in t h e s a m e w a y . T h e decrease in m a g n e t i c q u a l i t y a n d h a r d n e s s a t a b o u t 
900° is d u e t o t h e d i s a p p e a r a n c e of l a t t i c e d i s t o r t i o n , a n d t h e r e c o v e r y a t 1250° 
is d u e t o t h e r e - i n t r o d u c t i o n of t h e d i s t o r t i o n . L a t t i c e d i s t o r t i o n is t h e m a i n 
f ac to r i n t h e spoi l ing a n d r e c o v e r y of t u n g s t e n m a g n e t s tee ls . 

K . H o n d a a n d S. S h i m i z u found t h a t t h e in t ens i t i e s of m a g n e t i z a t i o n , I9 w i t h 
different f i e ld -s t rengths , # , a t —186° we re : 

H . . . 1-37 5-89 12-40 28-8 62-7 272-4 570 
/ . . . 13 64 254 1035 1235 1468 1557 

a n d a t 30-7° : 

H 2 1 6 6-91 10-35 25-8 111-2 333 557 
I • - . 2 1 104 376 1064 1326 1463 1509 

K . H o n d a a n d S. S h i m i z u m e a s u r e d t h e m a g n e t o s t r i c t i o n of t u n g s t e n s t ee l . 
K . H o n d a a n d T . T e r a d a found t h e c h a n g e i n t h e coeff. of e las t i c i ty , 8E/E, b y 
m a g n e t i z a t i o n is sma l l , g r a d u a l l y i nc reas ing a s t h e s t r e n g t h of t h e m a g n e t i c field 
i n c r e a s e s ; 8EJExIO* r ises f rom 0 0 8 w i t h # = 2 4 5 , t o 0-10 w i t h # = 3 8 0 . T h e 
m a g n e t o s t r i c t i o n or e longa t ion , 81/1, b y m a g n e t i z a t i o n inc reases a t first r a p i d l y , 
t h e n s lowly, a n d finally decreases . W i t h a l o a d of 1693 g r m s . p e r sq . m m . , 8l/lx 10« 
rose f rom O-03 t o 1-39 a s # c h a n g e d f rom lO-O t o 24-9, a n d f rom 1-39 t o 3-72 a s # 
c h a n g e d f rom 24-9 t o 167-2, a n d i t fell t o 3-28 a s # rose t o 399 . W i t h a l o a d of 
5762 g r m s . p e r sq . m m . , 8 Z / Z x l 0 6 rose f rom 0-03 t o 1-05 a s # i nc reased f r o m 8-9 
t o 2 5 0 ; i t t h e n rose t o 2-51 a s # w a s r a i sed t o 166-0, a n d fell t o 1-93 a s H c h a n g e d 
t o 397. T h e increase in t h e r ig id i ty , 8k/kxlOz, w i t h m a g n e t i z a t i o n is smal l , r i s ing 
f r o m zero w i t h # = 1 3 6 t o 0-51 w i t h # = 4 2 9 . T h e c h a n g e in Po i s son ' s r a t i o , 
Scr/orXl02, r 0 s e f rom zero wi th # = 1 0 0 t o 0-3 w i t h # = 3 0 0 . T h e c h a n g e of 
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magne t i za t i on , 8Iiy w i t h in i t ia l loading, a n d SICy wi th cyclic loading , for loads i n 
t ens ion , T g r m s . pe r sq. m m . , is : 

H-

H = 

T 

4-08{f£ ; 
341 \l'i\: 

1 6 ^ 5 
0-4 
0-2 

— 0-3 
— 0-3 

4 8 3 7 
2 0 
0-4 

— 1-5 
— 1-7 

8092 grms. per sq. mm. 
6-5 
0-7 

— 2-8 
— 3-4 

K . H o n d a a n d T . T e r a d a also found t h a t w i t h a c o n s t a n t t e n s i o n t h e m a g n e t i z a t i o n 
increases r ap id ly in low fields, a n d g radua l ly a p p r o a c h e s s a t u r a t i o n . T h e y also 
e x a m i n e d t h e effect of a twis t , a n d of a combined t w i s t a n d t ens ion on t h e magne t i z a 
t i o n . I n al l cases t h e rec iprocal n a t u r e of t h e changes of s t r a i n s b y m a g n e t i z a t i o n 
a n d of t h e changes of m a g n e t i z a t i o n b y s t r a i n were es tab l i shed . F o r i n s t ance , 
m a g n e t i c e longat ion u n d e r c o n s t a n t t ens ion , a n d of m a g n e t i z a t i o n u n d e r c o n s t a n t 
t ens ion ; of e longa t ion b y t ens ion u n d e r a c o n s t a n t field, a n d t h e change of m a g n e t i 
za t i on b y t ens ion u n d e r a c o n s t a n t field ; of m a g n e t i c t w i s t i n g u n d e r a c o n s t a n t 
couple , a n d m a g n e t i z a t i o n u n d e r a c o n s t a n t tw i s t ; a n d of t h e change of r ig id i ty 
u n d e r a c o n s t a n t field ; a n d t h e change of m a g n e t i z a t i o n b y t w i s t u n d e r a c o n s t a n t 
field. 

E . M a r t i n s t ud i ed t h e a b s o r p t i o n of h y d r o g e n a n d n i t rogen b y t u n g s t e n steels ; 
a n d 1*. !Losana a n d G. Regg ian i , t h e corros ion of t u n g s t e n steels . Accord ing t o 
R . A. Hadf ie ld , t h e p e r c e n t a g e losses in we igh t which occurs after t h e m e t a l h a s 
been i m m e r s e d for 21 d a y s in 50 pe r cen t , su lphur ic acid , were : 

C . 
W 
L O B S 

0 - 1 5 
. 0-2O 

5 O l 

0-21 
1-49 
3-5O 

0 - 2 8 
3-4O 
2 - 2 5 

0 - 3 8 
7-47 
4 - 5 0 

0 - 7 6 
1 5 - 6 5 

5 - 7 5 

0 - 7 8 p e r c e n t 
1 6 - 1 8 

5-5O 

a n d 

vide supra—is formed w h e n t u n g s t e n 
air . T h e t u n g s t e n is a b o u t twice as 

25 

w h e n t h e pe rcen t age loss w i th o r d i n a r y s teel was 3-97 ; w i t h mi ld steel , 2 0 9 ; 
w i th 99*80 pe r cen t , i ron , 4-52. 

L . B . Pfeil obse rved a th ree - l aye r scale— 
steel is h e a t e d for severa l h o u r s a t 1000° in 
c o n c e n t r a t e d in t h e i n n e r m o s t layer as i t 
is i n t h e original s t e e l ; t u n g s t e n also occurs 
in t h e midd le layer , b u t ve ry l i t t l e is 
p re sen t in t h e ou te r layer . Some t u n g s t e n 
oxide is volat i l ized, b u t n o t enough t o 
exp la in t h e impover i shed o u t e r l ayer . 
C. Chappe l l said t h a t t h e p resence of 3 
p e r cent , of t u n g s t e n h a s p rac t i ca l ly n o 
effect on t h e corrodibi l i ty of c a rbon s teels 
by sea-wate r . Y . U t i d a a n d M. Sa i to 
found t h e gain in weigh t , in g r a m s p e r 
sq . cm. , when t h e t u n g s t e n s teel w i t h 
a b o u t 0-07 pe r cen t , of c a r b o n is h e a t e d 
for a n h o u r a t 1100° ; a n d t h e loss in weigh t , in g r a m s pe r sq. cm. , when t h e 
m e t a l is immersed in IO pe r cen t , ac id for 24 h r s . : 

20 

IS 

/0 

0 

- J I I I I I I I M I 
r^rV V > > 3 * H 

\ uS^i J-
^Ud-T J^UH=4-rar^^^ I P" 

ITT. 
I M 4 L 1 J 4 I 

^-kcf+^t I I I I I I I 

m\*[Y\ 
i 

T I T i i 0 20 40 
Per cent. W 

60 80 

F i Q . 4 6 6 , - - C o r r o s i o n of I r o n - T u n g s t e n 
A l l o y s b y A c i d s . 

T u n g s t e n . 
A t 1 1 0 0 ° 
H N O 3 . 
H C l 
H , S O 4 . 

O 
0 - 0 2 1 2 
0 - 9 3 8 0 
0 0 7 1 2 
0 0 9 9 0 

0-4O 
0 - 0 3 9 7 
0-589O 
0 - 1 4 2 7 
0 - 9 7 9 6 

0-73 
0 0 3 4 4 

0 1 2 2 2 
0 - 0 6 3 8 

2 - 8 5 
0 - 0 2 9 1 
0 - 5 6 4 2 
0 - 0 5 7 6 
0 0 4 7 6 

4 - 6 3 
0 - 0 2 2 1 
0 - 5 2 0 7 
0 0 3 3 5 
0 0 3 2 8 

6-63 
0 - 0 2 2 7 
0 - 4 5 4 5 
O O 1 8 3 
0 - 0 2 7 8 

8 -24 p e r c e n t . 
0 - 0 3 0 6 
0 - 3 1 7 5 
O O H 7 
0 0 1 7 2 

H . E n d o ' s resu l t s , s h o w n i n F i g . 466, r e p r e s e n t t h e losses, i n g r a m s pe r sq . cm. , in 
5 h r s . a t o r d i n a r y t e m p . , w i t h a l loys c o n t a i n i n g 0*50 t o O-56 p e r cent , of ca rbon , 
a n d t h e g iven a m o u n t s of t u n g s t e n . T h e resu l t s of Gr. G r u b e a n d K . Schneider 
ShO1WCd t h a t t h e g r ea t e s t a t t a c k occurs w i t h t h e a l loy cor responding wi th t h e 
c o m p o u n d Fe 8 W 2 - C!. F . Burgess a n d J . A s t o n found t h a t t h e progress of t h e 
corros ion of al loys of t u n g s t e n a n d i ron, expressed in g r a m s pe r sq. dm. , b y 
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0-47 0-20 0-58 0-88 1 0 8 per cent . 
1-56 1-68 1-83 1 0 4 1-70 
2 1 6 2-87 6-4 3-69 3-98 
2-80 5-37 4-95 6 1 3 4-83 

20 per cent , su lphur ic ac id for a n h o u r ; a n d b y e x p o s u r e t o w e a t h e r c o n d i t i o n s 
for 162 d a y s f rom J u l y t o F e b r u a r y , expres sed in k g r m s . p e r sq . m e t r e , is a s 
follows : 

W . 0-406 0-925 2-334 3-553 5-982 9-849 13-641 23-866 per cent . 
Acid . 0-363 0-088 0-086 0-332 0-304 0-398 0-365 0-183 
Air . 0-371 0-302 0-302 0-308 0-293 0-196 0-329 0-215 

L . Ai t ch i son found for t h e loss in we igh t pe r 100 sq . c m . of t u n g s t e n , w i t h n e a r l y 
3 pe r cen t , of t u n g s t e n 

C . 
NaCl 3 per cent . 
H 2 S O 4 { 1 0 P e r c ; e n t -

a n d for s teels wi th nea r ly 0-7 pe r cen t , of c a r b o n : 

W . . 2-36 5-37 9-74 14-96 21-5 26-3 per cent . 
Tap-water . 0-970 0-930 0-976 1-100 0-940 0-970 

S. S a t o h s t u d i e d t h e n i t r i d i za t ion of t hese s teels b y h e a t i n g t h e m in a m m o n i a a t 
560° t o 580° ; a n d O. B a u e r , J . S. d e Bennev i l l e , C. D u i s b e r g , R . A. Hadf ie ld , a n d 
W . H . Ha t f i e ld s t u d i e d t h e r e t a r d i n g effect of t u n g s t e n on t h e corrosion of s tee l . 
F . O s m o n d s t u d i e d t h e corros ion of a M u s h e t ' s c h r o m i u m - t u n g s t e n s teel w i th 1 p e r 
cen t , su lphu r i c ac id . Gr. Mars , a n d O. B a u e r also m a d e o b s e r v a t i o n s on th i s sub j ec t . 
Y . U t i d a a n d M. Sa i t o found t h a t t u n g s t e n decreases corros ion, b u t L . Ai tch i son 
sa id t h a t i t does n o t a p p r e c i a b l y r e d u c e corros ion w h e n i t is p r e s e n t in t h e ca rb ide 
p h a s e . 

E . M a u r e r a n d W . H a u f e d iscussed some tungs ten- s i l i con- i ron a l l o y s ; a n d 
J . S w a n , t h e effect of silicon on some t u n g s t e n m a g n e t s teels ; H . J . F r e n c h , 
W . K a h l b a u m a n d co-workers , A. S c h e v c h e n k o , a n d H . P o m m e r e n k e a n d 
R . D e w e r t , t h e c h r o m i u m - t u n g s t e n - v a n a d i u m stee ls . Acco rd ing t o E . M a u r e r 
a n d co-workers , t h e a d d i t i o n of c h r o m i u m increases t h e so lubi l i ty of t u n g s t e n in 
s tee l . A. S c h e v c h e n k o , a n d L.. Gui l le t p r e p a r e d t u n g s t e n - c h r o m i u m s tee l s con
t a i n i n g f rom 0-124 t o 0-849 p e r cen t , of c a r b o n , 0-94 t o 20-44 p e r cen t , of 
c h r o m i u m , a n d 1*98 t o 20-3 pe r cen t , of t u n g s t e n . T h e s t r u c t u r e s w h i c h t h e 
h y p o e u t e c t o i d a l t u n g s t e n - c h r o m i u m steels c a n a s s u m e a r e : pea r l i t e , m a r t e n s i t e , 
m a r t e n s i t e a n d ca rb ide , ca rb ide w i t h a b a c k g r o u n d p r o b a b l y of so rb i t e , a n d 
c a r b i d e w i t h a b a c k g r o u n d of y - i ron . T h e influence of t u n g s t e n m a y b e s u p e r a d d e d 
t o t h a t of c h r o m i u m w i t h t h e p r o d u c t i o n of m a r t e n s i t e . T h e m o s t f r e q u e n t l y 
occu r r ing s t r u c t u r e is t h a t w i t h g ra ins of ca rb ide m o r e or less n u m e r o u s on a b a c k 
g r o u n d of w h a t is t h o u g h t t o be sorb i te . W h e n t u n g s t e n is a d d e d t o a pea r l i t i c 
c h r o m i u m steel , i t a d d s i t s influence t o t h e c h r o m i u m t o fo rm m a r t e n s i t e ; if a n 
excess b e a d d e d , m a r t e n s i t e is n o t formed, b u t t r o o s t i t e or so rb i t e . If t h e 
p e r c e n t a g e of c a r b o n reaches 0-5, a ca rb ide , p r o b a b l y a t r ip l e c a rb ide , is f o rmed . 
If t u n g s t e n b e a d d e d t o a ma r t ens i t i c c h r o m i u m steel , t h e s teel r e m a i n s m a r t e n s i t i c 
so long a s t h e p r o p o r t i o n of t u n g s t e n is smal l ; if o the rwise , ca rb ide is formed 
w i t h a b a c k g r o u n d of p r o b a b l y sorbi te . T h e a d d i t i o n of t u n g s t e n t o a c h r o m i u m 
s tee l a l r e a d y c o n t a i n i n g ca rb ide h a s t h e effect of inc reas ing t h e p r o p o r t i o n of 
c a r b i d e o n l y . Q u e n c h i n g a t 850° t r ans fo rms pea r l i t i c s teels i n t o m a r t e n s i t i c 
s tee ls , a n d p a r t l y so w i t h steels con ta in ing ca rb ide . W h e n a t u n g s t e n - c h r o m i u m 
s tee l c o n t a i n i n g ca rb ide is quenched from 850°, in w a t e r a t o r d i n a r y t e m p . , t h e 
a m o u n t of c a rb ide is s o m e w h a t d imin ished , b u t t h e ca rb ide does n o t a l l d i s a p p e a r ; 
if t h e s tee l c o n t a i n s t r o o s t i t e , i t becomes m a r t e n s i t i c , b u t w i t h s teels c o n t a i n i n g 
h igh p r o p o r t i o n s of c a r b o n a n d t u n g s t e n , p a r t of t h e t r o o s t i t e pers i s t s ; if t h e 
s tee l is m a r t e n s i t i c , i t r e m a i n s so, b u t a l i t t l e y - i ron m a y be f o r m e d ; a n d if i t c o n t a i n s 
y - i ron , t h a t c o n s t i t u e n t r e m a i n s . If s teels be h e a t e d t o 1250°, t h e longer t h e pe r iod 
of h e a t i n g , p r ev ious t o quench ing , t h e g r e a t e r t h e p r o p o r t i o n of c a r b i d e w h i c h is 
d e s t r o y e d . Hal f a n h o u r ' s h e a t i n g a t 1200° w a s sufficient t o cause t h e c a r b i d e t o 
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d i s a p p e a r in all t h e cases e x a m i n e d . S imi la r effects c a n be o b t a i n e d b y h e a t i n g 
t h e s tee l for a longer t i m e a t a lower t e m p . A n n e a l i n g h a s n o p e r c e p t i b l e effect 
o n t h e m i c r o s t r u c t u r e , excep t i ng t h a t t h e ca rb ide , if p r e sen t , b e c o m e s a l i t t l e b e t t e r 
d e n n e d . Cooling in l iqu id air , or sub j ec t i ng t h e s tee l t o s t resses , p r o d u c e d n o 
c h a n g e in t h e m i c r o s t r u c t u r e . The c a s e - h a r d e n i n g of al l t h e c a r b i d e s tee ls i nc reases 
t h e p r o p o r t i o n of ca rb ide , a n d a m a r t e n s i t i c s teel c o n t a i n i n g ca rb ide u n d e r g o e s 
i n t h e ca se -ha rdened p o r t i o n a t r a n s f o r m a t i o n i n t o t r o o s t i t e o r so rb i t e ; wh i l s t 
m a r t e n s i t i c s teels n o t c o n t a i n i n g ca rb ide h a v e , a f te r c a se -ha rden ing , ca rb ide e m 
b e d d e d in a b a c k g r o u n d of t r o o s t i t e . J . S. de Bennev i l l e , K . H o n d a a n d 
T . M u r a k a m i , a n d A. Michel a n d P . B e n a z e t s t u d i e d t h e s t r u c t u r e of t h e c h r o m i u m -
t u n g s t e n s tee ls . A. E . W h i t e a n d C L . C la rk f o u n d t h a t a s tee l w i t h 7-93 p e r 
c en t , of c h r o m i u m , a n d 7-7O p e r cen t , of t u n g s t e n , q u e n c h e d f rom 1232°, h a d t h e 
h i g h e s t p r o p o r t i o n a l l i m i t y e t r e co rded a t 538° , n a m e l y , 100,000 lbs . p e r sq . in . 

Li. Gui l le t found t h a t t h e m e c h a n i c a l t e s t s o n t h e n o r m a l i z e d s tee ls s h o w t h a t 
w i t h t h e pear l i t i c s teels , t h e t ens i le s t r e n g t h , e las t ic l im i t , a n d r e s i s t ance t o shock 
a r e ra i sed , a n d t h e e longa t ions a re lowered . T h e m a r t e n s i t i c s teels h a v e a h i g h 
tens i le s t r e n g t h a n d e las t ic l imi t , a n d a low e longa t ion ; t h e y a r e a lso h a r d a n d 
b r i t t l e . Steels c o n t a i n i n g b o t h ca rb ide a n d m a r t e n s i t e h a v e a h igh tens i le s t r e n g t h , 
a low elas t ic l imi t , a n d a m e d i u m e longa t ion ; t h e y a re h a r d a n d b r i t t l e . S imi l a r ly 
also w i t h s teels c o n t a i n i n g ca rb ide a n d so rb i t e . H e r e t h e m e c h a n i c a l p r o p e r t i e s 
v a r y b u t l i t t l e w i t h t h e p r o p o r t i o n s of t h e v a r i o u s e l e m e n t s p r e sen t , e x c e p t t h e 
e las t ic l imi t which s lowly increases a s t h e c a r b o n a n d c h r o m i u m increase , a n d is 
r e d u c e d w h e n t h e p r o p o r t i o n of t u n g s t e n is h igh . Steels c o n t a i n i n g ca rb ide , a n d 
p o l y h e d r a of y - i ron , h a v e a low tens i le s t r e n g t h , e las t ic l im i t , e longa t ion , a n d 
r e d u c t i o n of a rea , whi le t h e b r i t t l eness is h igh . On q u e n c h i n g f rom 850° , w h e n t h e 
p r o p o r t i o n s of c h r o m i u m a n d t u n g s t e n a r e fair ly c o n s t a n t , t h e h a r d n e s s inc reases 
as t h e p e r c e n t a g e of c a r b o n is r a i sed ; "when t h e p r o p o r t i o n of t u n g s t e n a lone 
va r i e s , t h e h a r d n e s s r eaches a m a x i m u m w i t h 8 p e r cen t , t u n g s t e n — c a r b o n 
^>0-73 p e r cen t . ; a n d w h e n t h e p r o p o r t i o n of c h r o m i u m a lone var ies , t h e h a r d n e s s 
is r e d u c e d as t h e p e r c e n t a g e of c h r o m i u m increases owing t o t h e fac t t h a t i t b e c o m e s 
increas ingly difficult t o dissolve t h e t r ip le ca rb ide . W h e n t h e s teel is q u e n c h e d f rom 
1200°, t h e h a r d n e s s of a l l s teels c o n t a i n i n g ca rb ide is inc reased owing t o t h e d i s 
so lu t ion of t h e ca rb ide , a n d p ro long ing t h e pe r iod of h e a t i n g before q u e n c h i n g 
increases t h e h a r d n e s s t o a m a x i m u m . A similar r e su l t is o b t a i n e d a t a lower 
t e m p , if t h e d u r a t i o n of h e a t i n g b e p ro longed . T h e m o r e energe t ic t h e q u e n c h i n g 
m e d i u m , t h e lower t h e degree of h a r d n e s s owing t o t h e p re sence of y - i ron . Annea l 
i ng a t a h igh e n o u g h t e m p . , 900° t o 1200°, increases t h e g ra in s of ca rb ide a n d 
i n d u c e s e x t r e m e b r i t t l ene s s , lowers t h e t ens i l e s t r e n g t h a n d e las t ic l imi t , a n d r educes 
t h e e longa t i on a n d r e d u c t i o n of a r e a . W . K a h l b a u m a n d co-workers , E . M a u r e r 
a n d W . H a u f e , a n d W . Schne ide r a n d E . H o u d r e m o n t s t u d i e d t h e m e c h a n i c a l 
p r o p e r t i e s . F . !Robin f o u n d t h a t t h e h igh- speed , so rb i t i c , c h r o m i u m - t u n g s t e n 
s tee ls offer t h e h ighes t r e s i s t ance t o c ru sh ing . T h i s r es i s t ance rises r a p i d l y a t 
r e d u c e d t e m p . , a n d a t —185° is v e r y h igh ; a fall i n r e s i s t ance occurs a t a b o u t 
500° ; a n d a t h igh t e m p , t h e c u r v e is a l m o s t l i n e a r — a t 1100° t h e r e s i s t ance 
is n e a r l y d o u b l e t h a t of mi ld s tee l . T h e s u b j e c t w a s discussed b y L . G r e n e t . 
E . R o b i n d i scussed t h e acous t i c p r o p e r t i e s of t h e c h r o m i u m - t u n g s t e n s teels ; b u t 
o b s e r v e d n o special ly n o t e w o r t h y cha rac t e r i s t i c s . C. F . W u r t h also e x a m i n e d t h e 
effect of t u n g s t e n o n t h e cor rod ib i l i ty of c h r o m i u m steels . L . Gui l le t , a n d 
W . K a h l b a u m a n d L . J o r d a n d i scussed t h e n i t r i d i z a t i o n of t h e c h r o m i u m -
t u n g s t e n - v a n a d i u m - i r o n a l loys . J . S. d e Bennev i l l e , a n d J . V. E m m o n s 
studied the molybdenum-tungsten-iron alloys. 

T h e i r o n - u r a n i u m a l loys h a v e n o t b e e n closely i n v e s t i g a t e d . U r a n i u m , l ike 
m o l y b d e n u m a n d t u n g s t e n , is cons ide red t o b e a n a l loy ing e lement ; a n d i t a l so 
f o r m s ca rb ides , a n d poss ib ly e n t e r s i n t o c o m b i n a t i o n w i t h t h e cemen t i t e of s t ee l . 2 7 

A . S t a v e n h a g e n a n d E . S c h u c h a r d p r e p a r e d t h e a l loys b y t h e t h e r m i t e p rocess , 
a n d F . P e t e r s b y e lec t rometa l lu rg ica l p rocesses . U r a n i u m is read i ly ox id ized , 
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a n d , according t o G. K . Bu rges s a n d R . W . W o o d w a r d , is l iable t o l eave i t s o x i d e i n 
t h e steel . H . W . Gi l le t t a n d E . L.. M a c k a lso f o u n d t h a t i t s eg rega tes b a d l y . U p 
t o 2 pe r cen t . , i t h a s n o m a r k e d effect o n t h e cr i t ica l r a n g e s of s tee l ; n o r does i t 
increase t h e t e n d e n c y t o h a r d e n i n g t o a n y g r e a t e x t e n t . E . I / . R e e d s t u d i e d t h e 
subjec t . H . S. F o o t e sa id t h a t 0-60 p e r cen t , is a d v a n t a g e o u s , a n d E . P . P o l u s k i n 
a d d e d t h a t while i t increases t h e s t r e n g t h a n d t o u g h n e s s of s tee l , i t does n o t h i n g 
which c a n n o t b e a s well a ccompl i shed b y less cos t ly e l emen t s . Al loys w i t h 
over 40 p e r cen t , of u r a n i u m a r e d e c o m p o s e d b y w a t e r . T h e r e m a y b e p r e s e n t 
u r a n i u m , t h e ca rb ides U C , F e 3 C U 2 C g , U 2 C 3 , F e 6 U , a n d t h e ox ide U 3 O 8 . 
H . S. F o o t e obse rved n o useful effect w i t h ca s t i ron . T h e a l loys were d i scussed 
b y F . F . Mueller a n d R . W . H a r r i s , J . M. F l a n n e r y , P . A. Hel le r , J . OhIy, 
I . M u s a t t i a n d G. Calb ian i , H . S. F o o t e , E . V . B r i t z k e a n d co-workers , P . B l u m , 
P . Girod , A. H a e n i g , H . F l eck , P . Oberhoffer , E . L i even i e , H . J . F r e n c h a n d 
W . A. T u c k e r , G. a n d E . S t ig , W . B o r c h e r s a n d R . W . S t i m s o n , H . C. H . C a r p e n t e r , 
O. J . S t e i n h a r t , J . J o h n s o n , R . M. K e e n e y , J . W . R i c h a r d s , J . E s c a r d , A . F . B r a i d , 
G. J . H o r v i t z , F . M. B e c k e t , R . P . Nevi l le a n d J . R . Cain , a n d H . W . Gi l le t t 
a n d E . L.. Mack . F . R o l l showed t h a t u r a n i u m favour s t h e g r a p h i t i z a t i o n of 
cas t i ron . J . !Laissus d iscussed t h e diffusion of u r a n i u m in i ron . S. S a t o h s t u d i e d 
t h e n i t r i d i za t ion of t h e s e s teels b y h e a t i n g t h e m in a m m o n i a a t 560° t o 580° . 

Soon af te r t h e d i scovery of m a n g a n e s e in t h e e i g h t e e n t h c e n t u r y , S. R i n m a n 2 8 

o b t a i n e d a n i m p u r e i r o n - m a n g a n e s e a l loy , o r f e r romanganese , b y m e l t i n g g rey p ig -
i ron w i t h a n equa l w e i g h t of m a n g a n e s e ore . T h e a l loy w a s b r i t t l e ; t h e f r ac tu re , 
w h i t e ; a n d t h e m a n g a n e s e d e p r i v e d t h e i ron of i t s u s u a l m a g n e t i c p r o p e r t i e s . 
W . Sowerby s t a t e d t h a t old P e r s i a n s tee l b l ades were m a d e f rom a k i n d of m a n g a n -
iferous i ron-s tone , t e m p e r e d in oil ; a n d in Spa in , t h e To ledo b l ades were also m a n u 
f ac tu r ed f rom a m a n g a n i f e r o u s i ron-s tone . T . B e r g m a n g a v e for h is ana ly se s of 
Swedish i ron a n d s teel : 

Ferrum crudum 
(cast iron) 

Min. Max. 
I O 3 -4 
1 0 3 -3 
0 -5 3 0 0 

Ferrum cusum 
(forged iron) 

Min. 
0 0 5 
0 - 0 5 
0-5O 

Max. 
0 - 3 
0 - 2 

3 0 0 

Min. 
0 - 3 
0 - 2 
0 - 5 

Chalybs 
(steel) 

Max. 
0 - 9 
0 - 8 

3 0 0 

Silicon 
Carbon 
Manganese . 
I ron . . . 63-3 97-5 99-50 99-4 68-3 99-0 

Th i s , sa id D . M u s h e t , a t t r a c t e d t h e a t t e n t i o n of t h e m a n u f a c t u r e r s of i ron a n d 
s tee l a t t h e beg inn ing of t h e n i n e t e e n t h c e n t u r y , a n d a t t e m p t s were m a d e t o a l loy 
m a n g a n e s e w i t h i ron . T h e use of m a n g a n e s e i n t h e m a n u f a c t u r e of i ron a n d s tee l 
w a s p a t e n t e d b y W . R e y n o l d s in 1799 ; b y J . W i l k i n s o n in 1808 ; b y J . M. H e a t h 
i n 1839 ; a n d b y R . F . M u s h e t in 1856. A legal case a r i s ing f rom t h e in f r ingemen t 
of J . M. H e a t h ' s p a t e n t w a s d iscussed b y T . W e b s t e r , a n d J . P e r c y . D . M u s h e t 
t h u s s u m m a r i z e d his obse rva t ions on t h e sub jec t : 

I was now satisfied t h a t ores of manganese might be smelted with success along with 
our common argillaceous iron-stone in the blast-furnace, -with a considerable augmentat ion 
of metallic produce ; and much pleased to have discovered the fact t h a t iron alloyed with 
manganese, in certain proportions (22 per cent.), ceases to be obedient to the magnet . 
This fact alone renders i t extremely probable t ha t the presence of manganese is not essential 
to the formation of good steel ; and t h a t those irons analyzed by T. Bergman, contain no 
notable quant i ty , seeing t h a t the strongest and most durable magnets are made from steel 
manufactured from such iron. 

C. J . B , K a r s t e n sa id t h a t m a n g a n e s e is a v e r y c o m m o n c o m p a n i o n of i ron , b u t 
t h e m o s t h e h a d obse rved was 1*85 pe r cen t . T o - d a y , t h e m a n g a n e s e finds i t s w a y 
i n B e s s e m e r a n d o p e n - h e a r t h steels d u r i n g t h e a d d i t i o n of t h e deca rbu r i ze r , a n d , 
a s e m p h a s i z e d b y A . L . Baikoff, i t c a n b e r e g a r d e d a s a n o r m a l c o n s t i t u e n t of s tee l s . 
O n e i m p o r t a n t r e su l t of t h e a d d i t i o n of m a n g a n e s e is t o r e m o v e s u l p h u r , so t h a t 
t h e g r e a t e r p r o p o r t i o n of t h e m a n g a n e s e a d d e d passes i n t o t h e s lag a s m a n g a n e s e 
0iMpbl«ie. Accord ing t o E . F . L a w , t h a t r e m a i n i n g in t h e s tee l is r e a d i l y recognized 
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b y cover ing t h e surface w i t h ge la t in m i x e d w i t h a n ac id ic soln . of a c a d m i u m sa l t . 
T h e ac id a t t a c k s a n y exposed m a n g a n e s e su lph ides , l i b e r a t i n g h y d r o g e n s u l p h i d e , 
wh ich p r o d u c e s yel low c a d m i u m su lph ide in t h e ge la t in . I n 1865, H . B e s s e m e r 
e m p h a s i z e d t h e use of m a n g a n e s e i n i ron ; i n 1865, W . H e n d e r s o n m a n u f a c t u r e d 
f e r romanganese w i t h 25 t o 35 p e r cen t , m a n g a n e s e ; a n d in 1871 , F . K o h n d i scussed 
t h e p r o d u c t i o n of a l loys of i r o n a n d m a n g a n e s e , -with p a r t i c u l a r reference t o t h e 
m a n u f a c t u r e of spiegeleisen. T h e m a n u f a c t u r e of m a n g a n e s e s teel b y W . H e n d e r 
son ' s p rocess w a s t a k e n u p b y A. P o u r c e l i n t h e Te r r -No i r e Co. in F r a n c e in 1867 ; 
a n d in 1876, F . G a u t i e r p red ic t ed : 

T h e j u d i c i o u s c o m b i n a t i o n and. t r e a t m e n t of t h e d i f ferent e l e m e n t s w h i c h a r e a t t h e 
d i sposa l of t h e m e t a l l u r g i s t wi l l a t t r a c t m o r e a t t e n t i o n i n t h e f u t u r e , a s o n l y l i t t l e i s k n o w n 
o n t h i s q u e s t i o n a t p r e s e n t . A m o n g s t t h e e l e m e n t s w h i c h m a y b e m o s t r e a d i l y u s e d for 
a d m i x t u r e i s m a n g a n e s e ; i t i s f o u n d p len t i fu l ly a n d is a m o s t a c t i v e e l e m e n t . 

G r e a t i m p r o v e m e n t s in t h e m a n u f a c t u r e of m a n g a n e s e s teels , a n d a de ta i l ed 
e x a m i n a t i o n of t h e p r o p e r t i e s of t h e m e t a l were m a d e b y R . A . Hadf ie ld in 1888 
a n d s u b s e q u e n t y e a r s . I n consequence , t h e r e is n o w ava i l ab l e a g r e a t dea l of 
i n f o r m a t i o n on t h e s t r e n g t h a n d weaknes s of t h e s e a l loys . T h e sub jec t h a s b e e n 
d iscussed b y H . M. H o w e , a n d o the r s . T h e m a n u f a c t u r e a n d uses of m a n g a n e s e 
i ron , s tee ls , e t c . , were d i scussed b y R . J . A n d e r s o n , E . S. Ba rdwe l l , Li. J . B a r t o n , 
C. B e n e d i c k s , E . B u t t g e n b a c h , R . Cazaud , D . Clark a n d J . Cou t t s , H . I . Coe, 
E . F . Cone, E . Decherf, S. H . Do lbea r , B . E g e b e r g , J . E s c a r d , T . F u j i k i , 
F . L.. Gar r i son , W . H . Greene a n d W . H . W a h l , C. D . Grier , K . P . Gr igorov ich 
a n d V. S. YemelyanofF, W . Guer t l e r , A. H a n i g , J . H . H a l l , W. H a m p e , J . H a r d e n , 
W . H e y m , G. Hofer , J . H . H r u s k a , W . G. Imhoff, E . I n d e n k e m p e n , J . E . J o h n s o n , 
M. Kauch t sch i s chwi l i , R . M. K e e n e y a n d J . L o n e r g a n , R . M. K e e n e y a n d 
co-workers , E . F . K e r n , B . G. K l u g h , R . K o r t e n , V. G. KotelnikofF, E . K o t h n y , 
E . F . L a k e , W . S. M c K e e a n d J . M. B l a k e , G. P . Messenger , E . Monaco , P . Ober-
hoffer, F . P e t e r s , J . W . R i c h a r d s , P . H . R o y s t e r , H . K . v o n Schiele, G. P . Scholl , 
F . Sch roed te r , E . Li. Shane r , O. S i m m e r s b a c h , O. J . S t e i n h a r t , G. a n d E . S t ig , 
S. R . S t o n e , G. Sur r , R . R . T a t l o c k a n d R . T . T h o m s o n , H . Tha le r , E . E . T h u m , 
P . M. Tyle r , W . V e n a t o r , F . M. W a l t e r s , J . D . W e e k s a n d G. L . S tone , C. M. W e l d , 
a n d R . S. Wi le . W . R . H u l b e r t n sed t h e t h e r m i t e process . T h e m e t h o d s of 
p r e p a r i n g f e r romanganese were i n d i c a t e d in connec t ion w i t h m a n g a n e s e . F . Sauer -
wa ld , a n d A . N . C a m p b e l l p r e p a r e d al loys e lec t ro ly t ica l ly . G. Oishi, F . K d r b e r 
a n d W . Oelsen, a n d G. T a m m a n n a n d W . Oelsen s t u d i e d t h e d i s t r i bu t ion of 
m a n g a n e s e b e t w e e n t h e s lag a n d m o l t e n s teel . 

Acco rd ing t o R . A. Hadf ie ld , m a n g a n e s e s teel is n o t as l iable t o h o n e y c o m b as 
o r d i n a r y s tee l , a n d t h e c o u n t e r - a g e n t sil icon is unneces sa ry . T h e m o l t e n m e t a l 
is v e r y fluid, a n d i t c a n b e r u n in t h i n sec t ions ; b u t i t cools m o r e r a p i d l y t h a n 
o r d i n a r y s tee l , a n d i t s c o n t r a c t i o n is g r e a t e r . H e n c e i t s t e n d e n c y t o p i p i n g a n d 
se t t l ing , b o t h in ingo t s a n d cas t ings , un less p r o p e r head o r r u n n e r s a r e e m p l o y e d . 
T h e s tee l is m a n u f a c t u r e d b y o r d i n a r y processes . H i g h l y h e a t e d or m o l t e n ferro
m a n g a n e s e is a d d e d t o m o l t e n deca rbon ized i ron o r mi ld s teel . T h e p r o p o r t i o n 
of c a r b o n s h o u l d n o t exceed 1 pe r cen t , o r t h e p r o d u c t will be inferior. A b o u t 
0*5 p e r cen t , of t h e m a n g a n e s e is ox id ized d u r i n g t h e p r e p a r a t i o n of t h e s t ee l— 
vide infra. Acco rd ing t o R . A . Hadf ie ld , w h e n less t h a n 0-10 p e r cent , of m a n g a n e s e 
is a d d e d t o d e c a r b o n i z e d i ron , i t is v e r y difficult t o roll o r forge t h e ingots , b u t a b o v e 
t h i s t h e y b e c o m e ma l l eab l e ; mi ld s tee l w i t h 0-2 p e r cen t , of manganese is u n s o u n d , 
a n d r ises in t h e i n g o t m o u l d s , t h e h o n e y c o m b s , howeve r , close u p on be ing forged, 
ro l led , or o the rwi se r e d u c e d . As t h e p r o p o r t i o n of m a n g a n e s e is increased, t h e 
m a t e r i a l b e c o m e s sounde r , b u t on exceed ing 1 p e r cen t . , t h e steel becomes t e n d e r , 
t h e e longa t i on is m u c h r e d u c e d , a n d t h e m a t e r i a l is of doub t fu l commerc ia l v a l u e . 
T h e s tee l b e c o m e s b r i t t l e a n d r o t t e n w i t h a b o u t 2-5 p e r cent . ; a n d w i th be tween 
2-5 a n d 7-5 p e r cen t , m a n g a n e s e , t h e c a s t m a t e r i a l is br i t t le , like glass ; a n d a l t h o u g h 
d u c t i l e w h e n h o t , i t c a n , w h e n cold, b e r e d u c e d t o powder b y a h a n d - h a m m e r . 
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W h e n the cast ma te r i a l is hea t ed , a n d h a m m e r e d or forged, i t ga ins cons iderab ly 
in s t rength , and t h e g r a in of t h e b a r is coarse a n d wh i t e ; b u t if r e -hea ted , a n d 
cooled in air, i t acqu i res a close-grained t e x t u r e , a n d th i s se l f -hardening m a n g a n e s e 
steel is su i tab le for t u r n i n g tools a n d c u t t e r s . W h e n t h e p r o p o r t i o n of m a n g a n e s e 
passes beyond 7-5 pe r cen t . , t h e pecul iar b r i t t l eness a n d h a r d n e s s begin t o d i s a p p e a r , 
a n d t h e steel becomes h a r d enough t o c o m p e t e w i t h chilled i ron for a r t ic les t o 
resist wea r a n d t ea r . T h e increase in t oughnes s con t inues u p t o a b o u t 14 or 15 pe r 
cent . , w h e n a decrease in toughness b u t n o t in t r ansve r se s t r e n g t h occurs . B e y o n d 
20 p e r cent , manganese causes a r a p i d decrease in t oughness . I n t h e h o t forging 
of t h e manganese steel , t h e r e is a t e n d e n c y for surface ox ida t ion , so t h a t some 
c a r b o n is b u r n t off. N . Czako said t h a t s teel w i t h a h igh pe rcen tage of m a n g a n e s e 
can b e welded. The work ing qual i t ies of t h e al loys were discussed b y C. F . Burgess 
a n d J . As ton , H . P . E v a n s , a n d W . S. McKee . 

A. F r y , J . Cournot , N . Ageeff a n d M. Zamoto r in , a n d F . C. Kel ley discussed 
t h e diffusion of manganese in solid i ron ; a n d W . F . H o l b r o o k a n d co-workers , 
i n m o l t e n i ron . According t o M. Lev in a n d G. T a m m a n n , t h e f .p. cu rve 
ind ica tes t h e absence of a n y c o m p o u n d of i ron a n d m a n g a n e s e ; t h e r e is only 
a n u n b r o k e n series of solid soln. of t h e t w o me ta l s . U n d e r t h e microscope , 
t h e r e seem t o b e t w o s t r u c t u r a l e lements , b u t t h i s is d u e t o t h e fac t t h a t 
d u r i n g r ap id cooling, equ i l ib r ium is n o t es tabl ished be tween t h e l iquid al loy a n d 
t h e solid soln. , so t h a t c rys ta l s r icher in i ron sepa ra t e first a n d t h e n become sur
r o u n d e d b y o the r s r icher in m a n g a n e s e . T h e m a g n e t i c pe rmeab i l i t y of t h e 100 pe r 
cent , i ron alloy d i sappear s a t 950° a n d r e t u r n s a t 750° ; t h a t of t h e 90 pe r cen t , 
i ron d isappears a t 820° a n d r e t u r n s a t 715° ; a n d t h a t of t h e 80 pe r cen t , i ron 
d i sappears a t 750° a n d r e t u r n s a t 720°. G. R u m e l i n a n d K . F i c k also s t u d i e d t h e 
equ i l ib r ium d i a g r a m ; a n d P . Goerens combined t h e t w o sets of resu l t s i n t h e one 
d i a g r a m . E . O e h m a n also e x a m i n e d t h e al loys b y m e a n s of t h e X - r a d i o g r a m s a n d 
s u m m a r i z e d his resu l t s in F i g . 467. T h e ranges of s t ab i l i ty of t h e v a r i o u s solid 

F i a s . 467 a n d 468 .—Equ i l i b r i um D i a g r a m s of t h e B i n a r y S y s t e m : F e - M n . 

soln. a r e i nd i ca t ed . T h e face-centred, cubic y- i ron, a n d t h e face-centred, t e t r a g o n a l 
y - m a n g a n e s e a re sa id t o form a con t inuous series of solid soln., b u t t h e r e m a y b e 
a b r e a k a t a b o u t 70 a t . pe r cent , manganese Where t h e cubic s t r u c t u r e becomes 
t e t r agona l—v ide infra. T h e vol . per a t o m is a l inear funct ion of t h e compos i t ion , 
a n d increases from 11*32 A3 , for pu re y- i ron, t o 12*56 A 8 , for p u r e y - m a n g a n e s e . 
T h e solubi l i ty of i ron in jS-manganese increases f rom 0 pe r cent , a t 1191°, t h e 
t r ans fo rma t ion p o i n t of y-Mn—>/?-Mn, t o 35 a t . pe r cen t , a t 730°, b y s a t u r a t i n g t h e 
al loy w i t h i ron , t h e la t t ice p a r a m e t e r decreases f rom 6 3 0 5 A. t o 6 2 5 1 A. T h e 
t r ans fo rma t ion p o i n t of jS-Mn-»a-Mn is b u t l i t t l e affected b y i ron. T h e solubi l i ty 
of i ron i n a -Mn is v e r y l i t t le affected b y t h e t e m p . A t 490°, i t a m o u n t s t o a b o u t 
37 a t . pe r cent . , a n d a t 690°, t o 34 a t . pe r cent . B y t h e dissolut ion of 36 a t . p e r 
c en t , of i ron, t h e la t t ice p a r a m e t e r changes from 8-904 A. t o 8-864 A. T h e vol . p e r 
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a t o m for / J -manganese is 12-53 A 3 . , a n d for a -manganese , 12-17 A 3 . T h e / ? - M n - » a - M n 
t r a n s f o r m a t i o n is a c c o m p a n i e d b y a cons iderable c h a n g e of vo l . T h e l a t t i c e 
d imens ions of a - m a n g a n e s e a r e smal ler p e r a t o m t h a n t h o s e of t h e o t h e r modif ica
t i o n s , a n d i t is a lso less affected b y t h e i n t r o d u c t i o n of i ron a t o m s i n t h e l a t t i c e . 
T h e b r e a k in t h e solid soln. series b e t w e e n a - m a n g a n e s e a n d y - i ron e x t e n d s over 
t h e r a n g e of 15 a t . p e r cen t . T h e b r e a k in t h e solid soln. b e t w e e n /J-Mn a n d y - F e 
is n a r r o w — a t 800° i t a m o u n t s t o a b o u t 4 pe r cen t . T h e e-phase w i t h a close-
p a c k e d , h e x a g o n a l l a t t i ce e x t e n d s over 12 t o 23 a t . pe r cen t , m a n g a n e s e , a n d p r o b a b l y 
t o 30 a t . p e r cent , m a n g a n e s e . T h e e-phase is n o t s t a b l e ove r 500°. T h e e -phase 
w i t h 22-9 p e r cen t , m a n g a n e s e h a s a space- la t t i ce w i t h a = 2 * 5 4 1 A. , c = 4 - 1 0 6 A. , 
a n d a : c = l : 1-616. T h e r e is a cons iderab le dec rease i n vo l . i n p a s s i n g f rom 
y - F e t o t h e c -phase . T h e so lubi l i ty of m a n g a n e s e i n a - i ron is v e r y smal l . T h e 
b r e a k b e t w e e n t h e y - F e a n d t h e a - F e p h a s e s increases a s t h e t e m p , fal ls , a n d t h e 
l imi t s c a n n o t be followed b e y o n d 500°, a n d b e y o n d 30 a t . p e r c e n t . T h e s y s t e m 
w a s also s t u d i e d b y V . N . K r i v o b o k . A. O s a w a f o u n d t h a t t h e h e x a g o n a l , close-
p a c k e d l a t t i ce obse rved b y T . I s h i w a r a h a s t h e a x i a l r a t i o a : C=1 : 1-61, a n d 
co r re sponds w i th i ron p e n t i t a m a n g a n i d e , F e 5 M n . M a n g a n e s e q u e n c h e d f rom 
1200° h a s a face-cen t red , t e t r a g o n a l l a t t i c e w i t h t h e a x i a l r a t i o a : c=l : 0-961, a n d 
a l loys w i t h 7-96 t o 38-62 p e r cen t , of i ron , s imi la r ly t r e a t e d , h a v e t h e face -cen t red , 
t e t r a g o n a l l a t t i ce w i t h a : c v a r y i n g f rom 1 : 0-96 t o 1 : 1 . F i v e p h a s e s were 
o b s e r v e d i n t h e i r o n - m a n g a n e s e s y s t e m : t h e b o d y - c e n t r e d p h a s e e x t e n d i n g f rom 
91 t o IOO pe r cen t , i ron ; t h e h e x a g o n a l p h a s e e x t e n d i n g f rom 78 t o 84 p e r c e n t , 
of i ron ; a n d a- a n d yS-manganese e x t e n d i n g f rom O t o 35 pe r cen t . T h e sol id soln. 
m a d e b y y- i ron , a n d y - m a n g a n e e e occurs t h r o u g h o u t t h e whole series of a l loys a t 
a h igh t e m p . 

T . I s h i w a r a ' s r e su l t s a r e s u m m a r i z e d in F i g . 468 . T h e a l loys w i t h less t h a n 
17 p e r cen t , of m a n g a n e s e u n d e r g o t h e y—><x or t h e A3-transformation a t pos i t ions 
co r re spond ing w i t h t h e d o t t e d c u r v e A3B' ; b u t , o n t h e h e a t i n g c u r v e , w i t h t h e 
d o t t e d c u r v e A3B". H e n c e , a s s h o w n b y H . Esse r a n d P . Oberhofler , t h e p ro 
gress ive a d d i t i o n of m a n g a n e s e t o i ron r e su l t s in t h e progress ive lower ing of t h e 
^ 3 - t r a n s f o r m a t i o n , a n d t h e r e is a lso a s t e a d y increase in t h e t e m p , hys te res i s of t h e 
t r a n s f o r m a t i o n . T h e t r u e b o u n d a r y c u r v e is e s t i m a t e d t o b e r ep re sen t ed b y A3B. 
T h e c u r v e A3O r ep re sen t s t h e solubi l i ty of m a n g a n e s e — a b o u t 3 pe r cen t .—in i ron 
a t t h e t e m p , i nd i ca t ed . A. S a u v e u r sa id t h a t , i n accord w i th t h e w o r k of 
C. R . W o h r m a n , a solid soln. of 3 p e r cen t , m a n g a n e s e i n y - i ron m a y occur a t a 
h igh t e m p . , a n d t h a t t h e resu l t ing m a n g a n e s e - a u s t e n i t e b r e a k s u p on slow cooling 
i n t o a - i ron , wh ich m a y r e t a i n some m a n g a n e s e in soln. , a n d of a pear l i t i c c o n s t i t u e n t 
— m a n g a n e s e pea r l i t e . T . I s h i w a r a , howeve r , sa id t h a t t h e a l leged pear l i t i c s t r u c t u r e 
is n o t p r e s e n t in carbon-f ree a l loys ; a n d w h e n i t is p r e sen t , i t co r re sponds w i t h t h e 
s t r u c t u r e s be long ing t o t h e i r o n - c a r b o n s y s t e m w i t h a l loys c o n t a i n i n g ove r 17 pe r 
cen t , of m a n g a n e s e ; a n o t h e r t r a n s f o r m a t i o n , y t o h-solid. soln. , beg ins o n cool ing a t 
140° t o 20° a n d e n d s a t a b o u t 50° t o —60° , a n d o n h e a t i n g , i t beg ins a t 100° t o 
230° a n d e n d s a t 170° t o 280° . T h e m e a n t e m p , of t h e y—h t r a n s f o r m a t i o n a r e 
r e p r e s e n t e d b y t h e cu rves BF a n d DG. T h e y-h t r a n s f o r m a t i o n occurs w i t h a l loys 
c o n t a i n i n g 17 t o 30 p e r cen t , of m a n g a n e s e . T h e a l loys a t first show a r e m a r k a b l e 
c h a n g e in vo l . , w h i c h finally d imin i shes a n d b e c o m e s inapprec i ab le ; t h e a l loys a lso , 
a t first, h a v e a W i d m a n n s t a t t e n s t r u c t u r e , cha r ac t e r i s t i c of t h e A-state ; a n d finally, 
a u n i f o r m a u s t e n i t i c s t r u c t u r e . T h e y—h t r a n s f o r m a t i o n is reversible ; a n d t h e 
b o u n d a r y c u r v e of t h e y—phase is c losed b y t h e c u r v e A3BF. Alloys wi th a concen
t r a t i o n b e t w e e n E a n d B s h o u l d s h o w t w o t r a n s f o r m a t i o n s , t h e per i tec to id c h a n g e 
y—h, a n d t h e A 3 c h a n g e y-a.. Al loys w i t h b e t w e e n 55 a n d 68 per cent , of m a n 
ganese cons i s t of t h e y a n d O7n solid soln . i n t h e r a n g e of t e m p , below a b o u t 800° , 
a n d of t h e y a n d f2m solid soln. a b o v e t h i s t e m p . T h e he te rogeneous a l loys w i t h 
b o t h p h a s e s a r e b o u n d e d in t h e reg ion JHM3IK. A n alloy wi th 68 p e r cen t , of 
m a n g a n e s e furnishes a u n i f o r m solid soln . CL9n, a n d w h e n h e a t e d i t passes i n t o t h e fim, 
s t a t e , a c h a n g e a c c o m p a n i e d b y a n a b r u p t expans ion . W h e n fur ther h e a t e d , t h i s 
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al loy passes in to t h e u p p e r p o r t i o n of t h e JHM^IK-iegion, a n d a f t e rwards e n t e r s 
t h e field of t h e y-solid soln. A t h igh t e m p . , i ron a n d m a n g a n e s e a r e miseible 
in all p ropor t ions t o fo rm t h e y-sol id soln. I r o n h a s a face-centred, cub ic l a t t i ce 
a t these t e m p . , a n d m a n g a n e s e h a s a face-cent red , t e t r a g o n a l l a t t i ce a t t e m p , 
above M3. H e n c e , t h e r e is n o t h i n g t o show t h a t t h e s e e l emen t s cor respond 
wi th one a n o t h e r t o give r ise t o a h o m o g e n e o u s solid soln. A. Osawa s h o w e d t h a t 
t h e ax ia l r a t i o c : a oi t h e t e t r a g o n a l l a t t i ce of m a n g a n e s e is less t h a n u n i t y , b u t 
i t g r a d u a l l y increases w i t h t h e a d d i t i o n of i ron , finally t o m e r g e i n t o t h a t of t h e 
face-centred, cubic l a t t i ce . T h e sub jec t w a s also d iscussed b y H . E s s e r a n d 
P . Oberhoffer, E . L.. R e e d , W . S c h m i d t , T . M u r a k a m i a n d M. M i k a m i , a n d C. H . M. 
J e n k i n s a n d M. L». V. Gay le r . J . A . M. v a n L i e m p t sa id t h a t i t is d o u b t f u l if t h e 
X - r a d i o g r a m s s u p p o r t t h e v iew t h a t i ron a n d m a n g a n e s e fo rm a c o n t i n u o u s series 
of solid soln. 

Accord ing t o W . S. P o t t e r , in t h e cool ing of s teel c o n t a i n i n g 10 t o 2O p e r cen t . 
m a n g a n e s e , a n d 1 pe r cen t , ca rbon , y - i ron begins t o freeze a t a b o u t 1370°, a n d is 
for t h e m o s t p a r t frozen a t a b o u t 1270°. T h e eu tec t i c freezes a t 1125°—1080o, or 
p e r h a p s a t a l i t t l e h igher t e m p , w i t h low-carbon a n d m a n g a n e s e m i x t u r e s . T h e 
mechan ica l b r e a k - u p of a u s t e n i t e begins a t 850° t o 825°. Carb ides s e p a r a t e 
b e t w e e n t h e g ra ins a t 710° t o 650°. T h e m a g n e t i s m increases a t 550° t o 525° w i t h 
fu r the r ca rb ide s e p a r a t i o n s b e t w e e n t h e gra ins , a n d t h e r e is a fu r the r mechan ica l 
s e p a r a t i o n a t 430° t o 420° . I n h e a t i n g , if t h e steel is or iginal ly a u s t e n i t i c , t h e r e is 
a p r e l i m i n a r y b r e a k - u p a t 350°, a fu r the r b r e a k - u p a t 450° t o 470° , a n d a c o m p l e t e 
b r e a k - u p a t 575°, w i t h t h e s epa ra t i on of m a g n e t i c ca rb ides of i ron or m a n g a n e s e a t 
475° t o 575° . I n rol led steel , s e p a r a t e d ca rb ides beg in t o re-dissolve a t a b o u t 725°, 
a n d t h i s is comple ted a t 850° t o 870° w i t h t h e r e - fo rma t ion of a u s t e n i t e . S l igh t 
r e - sepa ra t ion of ca rb ides occurs a long t h e g ra in ou t l ines a s t h e m . p . of t h e e u t e c t i c 
is a p p r o a c h e d , beg inn ing a t a b o u t 1025°, a n d c o n t i n u i n g t o 1100° or over . Th i s 
is m o s t no t i ceab le in ingo t m e t a l , a n d t a k e n t o g e t h e r w i t h t h e fac t t h a t t h e ou t l ines 
of t h e or iginal freezing s t r u c t u r e s pe rs i s t i n t h e cas t s tee l a t t e m p , be low 1125° or 
t h e r e a b o u t , t h e r e m a r k a b l e t e n d e r n e s s of i ngo t s b e t w e e n 1025° a n d 1125° is m a d e 
clear . I n ca s t i ngo t s teel , t h e me l t i ng of t h e eu tec t i c occurs a t 1120° t o 1140° if 
t h e h e a t i n g is s low ; a n d a t a b o u t 1100° t o 1130° if t h e h e a t i n g b e r a p i d . T h e 
comple t e re-solu t ion of c o n s t i t u e n t s a n d a r e - fo rma t ion of g ra in s w i t h t h e first 
f o r m a t i o n of un i fo rm a u s t e n i t e occurs a b o v e 1150°. C e m e n t i t e r e - s epa ra t e s o u t 
ex tens ive ly a t a b o u t 1250°. T h e m a s s m e l t s a t 1350° t o 1375° or lower , d e p e n d i n g 
o n i t s compos i t ion . T h e sub jec t w a s d iscussed b y J . S. L loyd , N . H . AaIl , B . K je r r -
m a n n , J . S t r a u s s , J . H . H r u s k a , V . N . K r i v o b o k , O. v o n Ke i l a n d F . K o t y z a , 
E . C. B a i n a n d co-workers , J . H . H a l l , J . H . A n d r e w a n d H . A . Dickie , a n d H . S c o t t 
a n d J . Gr. H o o p . P . Schafmeis ter a n d R . Zoja found t h a t t h e p r o p o r t i o n s of 
c a r b o n i n t h e eu t ec to id decreases w i th increas ing p r o p o r t i o n s of m a n g a n e s e , be ing 
0*83 p e r cen t , c a rbon w i t h 1 p e r cen t , of m a n g a n e s e ; a b o u t 0 7 7 w i t h 2 p e r cen t , of 
m a n g a n e s e ; a n d a b o u t O 7 1 wi th 3-1 pe r cen t , m a n g a n e s e . T h e p e r c e n t a g e of 
ferr i te i n t h e steels decreases w i th t h e r a t e of cooling, a n d w i t h a n increase i n t h e 
p r o p o r t i o n s of m a n g a n e s e . T h e effect p r o d u c e d b y t h e cooling is g r e a t e r t h e h ighe r 
is t h e p e r c e n t a g e of m a n g a n e s e . H . A. S c h w a r t z a n d A . N . H i r d o b s e r v e d t h a t 
m a n g a n e s e w h e n p r e s e n t of t h e order of m a g n i t u d e of 0-25 p e r cen t , freezes o u t 
w i t h t h e a u s t e n i t e ; a n y su lphide freezes o u t a t t h e beg inn ing , a n d m a y b e e n t r a p p e d 
w i t h t h e l edebur i t e eu tec t i c . 

T h e m a n g a n e s e ca rb ides were discussed in connec t ion w i t h t h e carb ides , 5 . 39 , 2O. 
J . O. A r n o l d a n d A . A . R e a d said t h a t p a r t of t h e i r on i n i r o n ca rb ide is r ep l aced 
b y m a n g a n e s e in s teels w i t h a h igh p r o p o r t i o n of m a n g a n e s e t o fo rm a m a n g a n e s e 
i ron carbide ; a n d J . E . S t e a d also m a d e s imi lar o b s e r v a t i o n s w i t h r e s p e c t t o t h e 
ca rb ide r e s idue r e m a i n i n g af ter a m a n g a n e s e s teel h a d been d isso lved i n d i l . a c id . 
F . Myl ius a n d co-workers also o b t a i n e d a complex ca rb ide f rom s t e e l ; a n d A . C a r n o t 
a n d E . G o u t a l s t a t e d t h a t w h e n over 74 pe r cen t , f e r romanganese is t r e a t e d w i t h 
d i l . ac id , i t furnishes t h e complex carb ide Fe 3 C.4Mn 8 C ; t h a t 6 0 t o 74 p e r c e n t . 
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f e r romanganese furnishes Fe 3 C. 2Mn 3 C ; a n d t h a t 30 t o 6O p e r cen t , f e r r o m a n g a n e s e 
y ie lds 2 F e 3 C M n 3 C . T h e l as t ca rb ide crys ta l l izes in la rge p l a t e s d u r i n g t h e cool ing 
of f e r romanganese b locks . J . O. Arno ld a n d A. A . R e a d obse rved t h a t i n s tee ls 
w i t h u p t o 4 pe r cen t , m a n g a n e s e , t h e ca rb ide res idues a r e s i m p l y m i x t u r e s ; 
poss ib ly a t r u e doub le ca rb ide , 3 F e 3 C M n 3 C , is p r e s e n t i n s teels w i t h 11-21 t o 13-38 
p e r cen t , m a n g a n e s e ; a n d in steels w i t h ove r 15 pe r cen t , m a n g a n e s e , t h e c a r b i d e 
2 F e 3 C M n 3 C , or a m i x t u r e of carb ides , i s p r e s e n t . I t w a s in fe r red t h a t a t o r d i n a r y 
t e m p , t h e m a n g a n e s e ca rb ide is less s t ab l e t h a n t h e i ron ca rb ide because , accord ing 
t o C Bened icks , a n d O. Ruff a n d E . Ger s t en , t h e i ron ca rb ide of c e m e n t i t e is 
e n d o t h e r m a l , a n d t h a t of m a n g a n e s e ca rb ide is e x o t h e r m a l . C a r b o n is a s s u m e d 
t o h a v e a s t ronge r affinity for i ron a t t h e h i g h t e m p . ; a n d , converse ly , a t t h e low 
t e m p . , t h e m a n g a n e s e is easi ly d i sp laced b y i ron f rom manganese , ca rb ide . F . W i i s t 
f o u n d t h a t t h e effect of m a n g a n e s e is t o i m p a r t e x c e p t i o n a l s t a b i l i t y t o t h e solid 
soln. , so t h a t b e y o n d afd, F ig s . 467 a n d 468 , n o d o u b l e p h a s e s occur , b u t only 
h o m o g e n e o u s solid soln. H . L i i t ke cons ide red t h a t 
m a n g a n e s e does n o t affect t h e p e r c e n t a g e of c a r b o n 
i n solid soln . u n t i l m o r e t h a n 49 p e r cen t , of m a n 
ganese is p re sen t . H . S c o t t f ound t h a t m a n g a n e s e 
h a s a m a r k e d effect o n t h e t e m p , of t r a n s f o r m a 
t i o n of m a r t e n s i t e t o t r o o s t i t e . A . M a t s u b a r a a n d 
J . T a k u b o found t h a t c a t h o d i c po l a r i za t i on of i ron 
p y r i t e s i n di l . su lphu r i c ac id causes t h e ion iza t ion of 
one o r b o t h a t o m s of s u l p h u r , wh ich t h e n combine 
w i t h t h e h y d r o g e n ions p r e s e n t t o fo rm h y d r o g e n 
su lph ide . If t h e m a t e r i a l is first m a d e t h e a n o d e , 
s u b s e q u e n t c a t h o d i c po la r i za t ion g ives r ise t o a n 
a b n o r m a l a m o u n t of h y d r o g e n , a n d c e r t a i n n a t u r a l 
spec imens b e h a v e s imi lar ly w i t h o u t p r e v i o u s t r e a t 
m e n t . T h e c u r r e n t y ie ld is , in genera l , smal le r w h e n m u c h h y d r o g e n is evo lved . 
F . Rol l obse rved t h a t m a n g a n e s e i n c a s t i ron m a k e s t h e c e m e n t i t e more s t ab le . 

T h e influence of c a r b o n m o n o x i d e o n solid soln. of i ron a n d m a n g a n e s e w a s 
s t u d i e d b y R . Schenck a n d H . Semil ler . T h e r e su l t s for t h e press . , p m m . , of t h e 
g a s a t different t e m p , a r e a s follow : (i) 

500° 60(r700o800o30(ri000 UO(Tl20(T 
Fxa. 469.—Tho Effect of Man

ganese in Iron on the Equi
librium : 2CO = CO 2 H- C . 

V 
634° 
83 

672° 
131 

691° 
195 2 9 8 

734° 
341 

774° 
662 

779° 
657 

(ii) w i t h a n al loy of 0 9 5 p e r cen t , of m a n g a n e s e , 96*6 p e r cen t , of i ron, a n d 2-15 
p e r cen t , of c a r b o n : 

V 
629° 
28 

679° 
41 

731° 
86 

751° 
101 

820° 
180 

900° 
396 

959° 
802 

(iii) w i t h a n a l loy of 4*01 p e r cen t , of m a n g a n e s e , 93 '0 p e r cen t , of i ron , a n d 2*99 
p e r cen t , of ca rbon : 

853° 911° 965° 1010° 1088° 1093° 
p . . . 17 28 46 74 162 170 

a n d (iv) w i t h a n a l loy h a v i n g 6-38 p e r cen t , m a n g a n e s e , 93-2 p e r cen t , of i ron , a n d 
1*32 p e r cen t , of c a r b o n : 

1031° 1086° 1093° 1110° 
p . 

943° 
15 

956° 
20 

981° 
20 34 6 2 68 9 6 

T h e r e su l t s a r e p l o t t e d in F i g . 469, a n d t h e y Bhow t h e lower ing wh ich t h e e q u i l i b r i u m 
p o i n t u n d e r g o e s a t a n y g iven t e m p . , s a y 950°, w i t h inc reas ing p r o p o r t i o n s of m a n 
ganese . T h i s lower ing is r e l a t ive ly g r e a t for e v e n smal l p r o p o r t i o n s of m a n g a n e s e . 
F o r t h e c e m e n t a t i o n of m a n g a n e s e s tee ls , vide supra, c e m e n t a t i o n ; a n d for obse rva 
t i o n s of E . A d a m s o n , A . All ison, J . H . A n d r e w , J . O. Arno ld a n d F . K . K n o w l e s , 
O. B a u e r a n d K . S i p p , H . H . B e e n y , S. S. Beliaeff, P . P . B e r g a n d M. S. P s h o n i k , 
E . M a u r e r a n d W . Bischof, A . F . B r a i d , J . R . Cain, A . Campion , E . Decherf , 
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C H. Desch, J. W. Donaldson, A. L. FeUd, H. E. Field, A. O. Fulton, F. Giolitti, 
R. C. Good, E. H. Graef, J. H. Hall, C. H. Herty, C. H. Herty and G. R. Fitterer, 
C. H. Herty and J. M. Gaines, H. D . Hibbard, T. E. Holgate, E. Houbaer, 
H. M. Howe, E. C. Hummel, J. E. Hurst, C. A. Jacobsen, W. Jellinghaus, 
J. E. Johnson, A. Jung, O. von Keil and co-workers, E. Killing, F. Korber, 
I. Kotaira and M. Maeda, E. C. Krekel, V. N. Krivobok, B. M. Larsen, K. Leh-
mann, E. Leuenberger, S. L. Levin, F. A. Matthewman, E. Maurer, R. P. Neville 

F I G . 4 7 0 . — M a n g a n e s e S tee l ( X 100). 
Q u e n c h e d f rom 1200°. (G. Mars . ) 

F I G . 4 7 1 . M a n g a n e s e S tee l ( X 10O). 
S lowly cooled f r o m 1200°. (G-. Mars . ) 

F I G . 4 7 2 , — M a n g a n e s e Steel ( X 400) . 
S lowly coo led f rom 1020° a n d t e m 
p e r e d a t 200° . ( F . Schaffer.) 

F I G . 4 7 3 . — M a n g a n e s e S tee l ( x 1200) . 
S lowly cooled f rom 1020°. ( F . Schaffer .) 

and J. R. Cain, A. L. Norbury, P. Oberhoffer and H. Schenck, G. Oishi, E. Oughter-
bridge, E. Piwowarsky, A. Pohl, W. E. Remmers, R. T. Rolfe, D. Saito and 
K. Nishiwara, H. Schenck, J. Shaw, N. W. Shed, G. Sirovich, A. E. M. Smith, 
S. C. Spalding, E. R. Taylor, E. Thews, B. Thomas, O. Wedemeyer, E. A. Wheaton, 
F. Wust and co-workers, etc., on the effect of manganese on cast iron, steel, etc., 
vide supra. 

The polyhedral crystals of the ferrite in manganese steel are illustrated by 
Figs. 470 and 471 (X 100). Their outlines are not so rounded as in the case of the 
ferrite of, say, electrolytic iron. The steel illustrated in Figs. 472 and 473 contained 
IO per cent, of manganese, and 1-15 per cent, of carbon ; that in Fig. 470, was 



I R O N 6 5 1 

q u e n c h e d f rom 1 2 0 0 ° ; a n d t h a t i n F i g . 4 7 1 , was s lowly cooled froin t h a t t e n i p . 
T h e fer r i te of a l loy s tee ls c o n t a i n s t h e special cons t i t uen t s—e .g . m a n g a n e s e - f o r m 
ing manganoferrite—in soln. , a n d in t h i s r e spec t is r e l a t e d t o m a r t e n s i t e . T h e 
p o l y h e d r a l form, is b e s t deve loped b y cool ing t h e s tee l f rom a h igh t e m p . ; a n d 
t h e c h a n g e s -which occu r in t h e h e a t - t r e a t m e n t of t h e a l loy s tee l a r e i n s o m e 
r e s p e c t s r a t h e r s imple r t h a n w i t h o r d i n a r y s teels . B o t h d i a g r a m s s h o w t h e 
p o l y h e d r a l c rys t a l s w i t h c leavage c racks , a n d in t h e s lowly cooled s a m p l e , t h e 
c a r b i d e s e p a r a t i o n s a c c u m u l a t e b e t w e e n t h e g ra ins . T h e s tee l i l l u s t r a t e d in 
F i g . 472 ( x 4 0 0 ) c o n t a i n s 20*43 p e r cen t , m a n g a n e s e , a n d 1-08 p e r c en t , of 
c a r b o n ; a f te r forging, i t w a s h e a t e d 45 m i n s . a t 1020°, s lowly cooled, a n d k e p t 
for 200 d a y s a t 200°. T h e s tee l i l l u s t r a t e d b y F i g . 4 7 3 ( X 1200) c o n t a i n s 20-98 
p e r cen t , of m a n g a n e s e , a n d 1*2 p e r c en t , of c a r b o n . Af ter forging, i t w a s 
h e a t e d 45 mins . a t 1020°, a n d s lowly cooled. T h e r e m a r k a b l e t w i n n i n g of 
t h e c rys t a l s is c lear ly s h o w n . A c c o r d i n g t o C. R . W o h r m a n , t h e W i d m a n s t a t t e n 
s t r u c t u r e a n d m a r t e n s i t i c p a t t e r n s w i t h t h e i r o n - m a n g a n e s e a l loys r e s u l t f rom t h e 
b r e a k i n g u p of a solid p h a s e i n t o t w o . T h e l a t t e r s t r u c t u r e is finer, less well 
defined, a n d less r e g u l a r t h a n t h e fo rmer . O n t h o r o u g h a n n e a l i n g t h e r e is f o rmed 
a n a g g r e g a t e cons i s t ing of a ferr i t ic c o n s t i t u e n t , a n i n t e r m e t a l l i c c o m p o u n d r i ch 
in m a n g a n e s e . A n e u t e c t o i d of t h e t w o (6 p e r cen t . Mn) is a l so be l i eved t o ex i s t , 
a t first m a r t e n s i t i c a n d t h e n pearlifcic. H . M. H o w e a n d A . G. L e v y d i scussed 
t h e h y p o t h e s i s t h a t t h e d e f o r m a t i o n l ines in m a n g a n e s e s tee l a r e s l i p -bands , t h o u g h 
i t is poss ib le t h e y m a y b e d u e t o t w i n n i n g . T . W . H o g g f o u n d c ry s t a l s of t i t a n i u m 
c y a n o n i t r i d e i n f e r r o m a n g a n e s e . 

F . O s m o n d o b s e r v e d t h a t t h e c u r v e r e p r e s e n t i n g t h e effect of m a n g a n e s e on 
t h e A 3 - t r a n s f o r m a t i o n of s tee l merges i n t o t h e c u r v e r e p r e s e n t i n g t h e m a r t e n s i t e -
pea r l i t e t r a n s f o r m a t i o n w h e n 2-5 t o 3-5 p e r cen t , of m a n g a n e s e is p r e s e n t . T h e 
t r a n s f o r m a t i o n w i t h a s tee l h a v i n g 4 p e r cen t , m a n g a n e s e lies b e t w e e n 200° a n d 
300° ; w i t h a s teel h a v i n g 5 p e r c en t , m a n g a n e s e , i t is n e a r 100° ; a n d w i th one 
h a v i n g 7 p e r cen t , m a n g a n e s e , i t is be low 0° . Un l ike o r d i n a r y s teel , therefore , a l loys 
w i t h over 7 pe r cen t , of m a n g a n e s e , w h e n h e a t e d a b o v e 700°, s h o w no recalescenco 
w h e n cooled d o w n t o o r d i n a r y t e m p . — v i d e sujpra, m a r t e n s i t e . R . A. Hadf ie ld 
e x a m i n e d t h e h e a t i n g a n d t h e cool ing c u r v e s of a forged s teel w i t h 1'26 pe r cen t , 
c a rbon , a n d 13*38 p e r cen t , m a n g a n e s e , a n d of a c a s t s teel w i t h 1-16 p e r c en t , 
c a r b o n , a n d 10-88 p e r cen t , m a n g a n e s e , a n d o b t a i n e d n o ev idence of t h e ex i s t ence 
of c r i t ica l p o i n t s w h e n cooled d o w n f r o m or h e a t e d u p t o a b o u t 1300°. T h e r e is 
n o t t h e s l igh tes t ev idence of a n y i n t e r n a l c h a n g e of s t r u c t u r e d u r i n g h e a t i n g or 
cool ing. T h e s a m e r e s u l t s a r e o b t a i n e d if t h e m a t e r i a l is cooled slowly, or qu ick ly 
b y q u e n c h i n g in w a t e r . T h i s i n sp i t e of t h e fac t t h a t t h e phys i ca l p r o p e r t i e s a re 
m a r k e d l y inf luenced b y t h e r a t e of cool ing. T h u s , b y s lowly cooling m a n g a n e s e 
s tee l , i t r e m a i n s b r i t t l e a n d n o n - m a g n e t i c , b u t b y q u i c k cool ing, t h e m a t e r i a l 
b e c o m e s v e r y duc t i l e , a n d n o n - m a g n e t i c . R . A . Hadf ie ld c o n t i n u e d : 

W h e r e a s w i t h a l l o r d i n a r y a s we l l a s h a r d e n i n g o r s e l f - h a r d e n i n g s tee l s , t h e c r i t i c a l 
p o i n t s a r e of c o n s i d e r a b l e i m p o r t a n c e i n g u i d i n g h e a t - t r e a t m e n t , w i t h m a n g a n e s e s t ee l , 
t h e h e a t i n g a n d coo l ing c u r v e s a r e a p p a r e n t l y of n o v a l u e i n t h i s r e spec t , a n d d o n o t g i v e 
a n y c lue t o t h e e x t r a o r d i n a r y c h a n g e of s t r u c t u r e w h i c h goes o n i n t h i s m a t e r i a l w h e n i t i s 
t r a n s f e r r e d f r o m i t s o r i g i n a l a n d b r i t t l e s t a t e i n t o t h a t c o n d i t i o n i n w h i c h i t possesses 
d u c t i l i t y u n e q u a l l e d b y a n y o t h e r a l loy of i r o n a n d s t ee l . 

R . A . Hadf ie ld a n d B . H o p k i n s o n f o u n d t h a t a s tee l con ta in ing 1-26 pe r cen t , 
of c a r b o n , a n d 13*38 p e r c en t , of m a n g a n e s e , b e c o m e s m a g n e t i c when h e a t e d 
seve ra l h o u r s a t 500° , a n d i t loses i t s m a g n e t i s m r a p i d l y a t a b o u t 700°. T h e h e a t i n g 
c u r v e s s h o w a h e a t a b s o r p t i o n c o r r e s p o n d i n g w i t h t h i s change . T h e r a n g e 650° 
t o 750° , t h u s c o r r e s p o n d s w i t h t h e c r i t i ca l r a n g e in wh ich o r d i n a r y c a r b o n s t ee l 
loses i t s m a g n e t i s m . T h e r eve r se t r a n s f o r m a t i o n — n o n - m a g n e t i c t o m a g n e t i c — 
is so s low t h a t i t c a n n o t b e d e t e c t e d o n t h e cool ing c u r v e . I t is p robab l e t h a t a s 
t h e t e m p , falls t h e a l loy h a s a t e n d e n c y t o a s s u m e i t s equ i l ib r ium s t a t e in wh ich i t 
b e c o m e s m a g n e t i c , b u t t h e c h a n g e is t o o s low for t h e a l loy t o acqu i r e a s t a t e of 
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s table eq uil ibriuni. T h e effect of m a n g a n e s e is t o r e t a r d t h e a t t a i n m e n t of equ i l i b r i um, 
r a t h e r t h a n t o p r o d u c e a n y marked shift of t h e pos i t ion of t h e cr i t ica l r a n g e . 
R . A. Hadfield a n d B . H o p k i n s o n a d d e d t h a t t h e a t t a i n m e n t of e q u i l i b r i u m in 
manganese s teel a t t e m p , be low t h e c h a n g e po in t , is opposed n o t on ly b y res i s tances 
of t h e n a t u r e of fluid v iscos i ty , w h i c h c a n b e ove r come b y a v e r y sma l l force if 
con t i nued long enough , b u t i t is a lso opposed b y a r e s i s t ance of t h e n a t u r e of sol id 
fr ict ion, 'which requ i res a force of a definite a m o u n t t o b e e x e r t e d before m o t i o n 
t a k e s p lace a t all- T h u s , m a g n e t i c m a n g a n e s e s tee l a t 650° u l t i m a t e l y a t t a i n s 
a m a g n e t i s m a b o u t tw ice a s g r e a t a s t h a t r e a c h e d b y t h e n o n - m a g n e t i c v a r i e t y 
h e a t e d a t t h e s a m e t e m p . H e n c e , t h e final cond i t i on a t t h i s t e m p , is different 
accord ing as i t is a p p r o a c h e d , so t o speak , f rom a b o v e o r be low ; a n d , so fa r a s 
i t is possible t o j u d g e f rom obse rved fac ts , t h e s e t w o l imi t ing cond i t ions could 
neve r b e b r o u g h t i n to coincidence, h o w e v e r m u c h t h e h e a t i n g were p ro longed . 
E . Guml ich observed t h a t a steel w i t h 12*4 pe r cen t , m a n g a n e s e b e g a n i t s m a g n e t i c 
t r a n s f o r m a t i o n a t —8° , a n d e n d e d i t a t —109°. If t h i s s teel b e r e - h e a t e d , i t 
loses i t s m a g n e t i s m b e t w e e n 600° a n d 700°. H e n c e , bet-ween 0° a n d 600° , t h e s a m e 
steel c a n b e e i the r m a g n e t i c or n o n - m a g n e t i c . Steels w i t h 14*4 a n d 15*7 p e r cen t , 
of m a n g a n e s e d id n o t become m a g n e t i c a t t h e t e m p , of l i qu id h y d r o g e n . 

Li. Gui l le t obse rved t h a t w i t h a s teel con t a in ing 0-20 p e r cen t , of c a r b o n , t h e 
pear l i t e s t r u c t u r e o b t a i n s "when t h e p r o p o r t i o n of m a n g a n e s e is less t h a n 5 p e r cen t . ; 

t h e m a r t e n s i t e - t r o o s t i t e s t r u c t u r e , w i t h a l loys h a v i n g 
5 t o 12 p e r cen t , of m a n g a n e s e ; a n d t h e p o l y h e d r a l 
y - i ron s t r u c t u r e , w i t h a l loys h a v i n g over 12 p e r cen t , 
m a n g a n e s e ; whe rea s w i t h a s tee l h a v i n g 0*80 p e r 
cen t , c a rbon , t h e pea r l i t i c s t r u c t u r e occurs w i t h a l loys 
h a v i n g less t h a n 3 p e r cen t , m a n g a n e s e ; t h e m a r 
t ens i t e - t roos t i t e s t r u c t u r e w i t h a l loys h a v i n g b e t w e e n 
3 a n d 7 p e r cen t , m a n g a n e s e ; a n d t h e p o l y h e d r a l 
y - i ron s t r u c t u r e w i t h a l loys h a v i n g over 7 p e r c e n t , 
m a n g a n e s e . F r e e c e m e n t i t e occurs w i t h a l loys h a v i n g 
over 1*65 p e r cen t , c a r b o n . Th i s p r o p o r t i o n of 
c a r b o n in o r d i n a r y c a r b o n s teels w a s cons idered b y 
E . O s m o n d t o g ive t h e m a x i m u m p r o p o r t i o n of 
a u s t e n i t e . Acco rd ing t o A. M. P o r t e v i n , b y a n n e a l 
ing , fol lowed b y v e r y s low cool ing of s teels c o n t a i n i n g 
7 p e r cen t , m a n g a n e s e , a n d 0*5 t o 1*0 p e r cen t , 

c a rbon , i t is possible t o o b t a i n l amel la r pea r l i t e w i t h m a r t e n s i t e . W i t h a s tee l 
con t a in ing 12 pe r cen t , m a n g a n e s e , a n d 1 p e r cen t , c a r b o n , b y v e r y slow cool ing 
t h e co-exis tence of l amel la r pear l i t e a n d a u s t e n i t e , s e p a r a t e d b y a t h i n b o r d e r 
of t r o o s t i t e , can b e ob t a ined . JBy o r d i n a r y a n n e a l i n g t h e whole b e c o m e s 
a u s t e n i t i c . Us ing a steel con ta in ing 9-8 p e r cent , m a n g a n e s e , a n d 0*66 p e r c e n t , 
c a rbon , b y s low cooling i t was possible t o find t h e complexes t roos t i t e -pea r l i t e -
m a r t e n s i t e - a u s t e n i t e , t h e m a r t e n s i t e a r i s ing f rom a p o l y m o r p h i c t r a n s f o r m a t i o n 
of t h e a u s t e n i t e . P . De jean found t h a t s teels con ta in ing 0*3 t o 0*4 p e r cen t , of 
c a rbon , a n d 0 t o 3*5 pe r cent , of m a n g a n e s e a r e pear l i t i c , a n d g ive t h e p o i n t 
A r 1 ; t h o s e w i t h 3*5 t o 11 per cent , m a n g a n e s e a r e m a r t e n s i t i c , a n d give t h e 
p o i n t A r 2 ; a n d t h o s e w i t h i n t e r m e d i a t e p r o p o r t i o n s 3*5 t o 4*0 p e r c en t , m a n 
ganese , s h o w b o t h cr i t ica l po in t s , a n d consis t of m a r t e n s i t e a n d t r o o s t i t e . As t h e 
p r o p o r t i o n of c a r b o n rises t o 0*7 t o 1*0 p e r cen t . , t h e i n t e r m e d i a t e zone b e c o m e s 
of i m p o r t a n c e , s ince, w i t h equa l p ropo r t i ons of m a n g a n e s e , t h e t e m p , of t h e p o i n t 
A r 1 r ises, a n d t h a t of A r 2 falls, a n d finally, b y su i t ab l e cooling, i t is poss ib le t o 
p r o d u c e t h e p o i n t A r 1 in steels for which t h e p o i n t A r 2 is be low 0° , a n d t h e s tee ls 
a r e t roos t i t i c a n d m a r t e n s i t i c , F ig . 474. Acco rd ing i*> H . Meyer , t h e p re sence of 
m a n g a n e s e lowers t h e t e m p , of Ar 3 a t which ferr i te s e p a r a t e s , t h u s : 

^rrite ana'Martensite Austenite 
pearlite or 
troostJte 

F i o . 474 . Cons t i tu t ion , of 
M a n g a n e s e S tee l—0-3 t o 0*4 
p e r c e n t . C a r b o n . 

3U>weriny Ar8 
O l 
5° 

0-2 
10° 

0-3 
15° 

0*4 
20° 

0-5 
26° 

0-6 
32° 

0-7 
38° 

0-8 
45° 

o-» 
02° 

1*0 per cent . 
60° 
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H . I . Coe observed t h a t t h e m a n g a n e s e a r r e s t s t h e c a r b o n i n lower ing the 
p r i m a r y freezing, so t h a t w i t h 13 pe r c e n t , of m a n g a n e s e , t h e f . p . is 40° lower t h a n 
wi th the co r re spond ing i ron -ca rbon a l loy . T h e effect of m a n g a n e s e on t h e c r i t i ca l 
t e m p , is a s follows : 

Ci CARBON 

3 1 4 
3-15 
3-37 
3-47 
3-84 
4 0 O 
4 0 5 
4-45 

MANGANESE 
0-025 
3-75 
7-95 

13-60 
16-80 
21-63 
28-80 
32-42 

S l I I C O N 
0 0 1 
0-27 
0 1 7 
0-22 
0-26 
0-33 
0-41 
0-42 

FIRST ARRKST 
1285° 
1270° 
1247° 
1204° 
1 1 6 0 ° 
1140° 
— 

1133° 

S ROONI> ARREST 

1139° 
1141° 
1140° 
1140° 
1141° 
1130° 
1125° 
1125° 

P R A R O T I O 
OHANQE 

700° 
645° 
525° 

— 

As p o i n t e d o u t b y F . Wi i s t , t h e pea r l i t i c c h a n g e is t h u s m a t e r i a l l y affected b y 
m a n g a n e s e , so t h a t w i t h 8 p e r cen t , of m a n g a n e s e i t c a n scarce ly b e d e t e c t e d . 
J . O- A r n o l d said t h a t m a n g a n e s e does n o t fo rm a t r u e s tee l h a v i n g 100 p e r cen t , 
pea r l i t e . F . Wi i s t a n d H . Meissner o b s e r v e d t h a t i n t h e p resence of 1*5 p e r cen t , 
of si l icon, a n d 2-7 t o 3-9 p e r cen t , of c a r b o n , be low 0-3 p e r cen t , of m a n g a n e s e 
f avoured t h e s e p a r a t i o n of g r a p h i t e , b u t w i t h 0-3 t o 2-5 p e r cen t , of m a n g a n e s e , 
n o pe rcep t ib l e effect o n t h e cond i t ion of t h e c a r b o n w a s observed . H . I . Coe 
o b s e r v e d t h a t in t h e p resence of si l icon, t h e effect of m a n g a n e s e on t h e pear l i t i c 
c h a n g e in ca s t i ron is m o r e m a r k e d . T h u s , t h e add i t i on of 4-45 pe r cen t , of 
m a n g a n e s e , i n t h e absence of silicon, c h a n g e d t h e pea r l i t i c a r r e s t f rom 700° t o 
a b o u t 600°, whe rea s in t h e p resence of si l icon, t h e a r r e s t w a s lowered t o 350° . 
L a r g e p r o p o r t i o n s of m a n g a n e s e , e v e n in t h e p resence of si l icon, k e e p t h e solid 
soln . of c o m b i n e d c a r b o n m o r e s t ab le , a n d f avour t h e p r o d u c t i o n of h a r d , w h i t e 
c a s t i r on . A . Merz, J . A . J o n e s , F . K j e r r m a n , H . S. R a w d o n a n d F . Sillers, 
H . S c o t t a n d J . G. H o o p , G. T a m m a n n , a n d J . J . A. J o n e s d iscussed t h e 
AcjL-range i n m a n g a n e s e s teels ; R . A u s t i n , H . M. B o y l s t o n , A. Allison, 
W . E i l e n d e r a n d H . D i e r g a r t e n , F . M. W a l t e r s a n d C. Wel l s , M. H a m a s u m i , 
Z . S h i b a t a , V. N. K r i v o b o k a n d co-workers , P . Schafmeis te r a n d R . Zoja, 
H . S. R a w d o n a n d F . Sillers, H . S a w a m u r a , C. R . W o h r m a n , H . Schenck , P . Ober-
hoffer a n d co-workers , T . S w i n d e n , F . Gio l i t t i , E . Ki l l ing , A . L.. Fei ld , C. I I . H e r t y 
a n d J . M. Ga ines , K . H i lgens tock , B . M. L a r s e n , H . E . F i e l d , F . W . L u r m a n n , 
T . N a s k e a n d A . W e s t e r m a n n , A. IC. Silin, a n d J . O. A r n o l d a n d G. B . W a t e r h o u s e , 
t h e deox id iz ing or de su lphu r i z ing ac t ion—v ide t h e a c t i o n of o x y g e n on i ron . 
Li. G o l d m e r s t e i n t r i e d m a n g a n e s e a n d o t h e r fluorides for r e m o v i n g p h o s p h o r u s , 
s u l p h u r , e t c . , a s fluorides. 

Acco rd ing t o W . S. P o t t e r , d u r i n g t h e cool ing of s teels w i t h 1 t o 2 p e r cen t , of 
c a r b o n a n d 10 t o 2 0 p e r cen t , of m a n g a n e s e , y - i ron beg ins t o freeze o u t a t a b o u t 
1370°, a n d is for t h e m o s t p a r t frozen a t a b o u t 1270° ; t h e eu t ec t i c freezes a t 1125° 
t o 1 0 8 0 ° — a n d a t a r a t h e r h ighe r t e m p , w i t h low-ca rbon a n d m a n g a n e s e m i x t u r e s . 
T h e mechan ica l b r e a k - u p of a u s t e n i t e occurs a t a b o u t 850° t o 8 2 5 ° ; ca rb ides 
s e p a r a t e b e t w e e n t h e g ra ins a t 710° t o 650° ; t h e m a g n e t i s m increases a t 550° 
t o 525° w i t h a fu r the r s epa ra t ion of ca rb ide be tween t h e g ra ins ; a n d t h e r e is 
a f u r t h e r s e p a r a t i o n of ca rb ide a t 430° t o 420° . I n h e a t i n g a s teel , or ig inal ly 
a u s t e n i t i c , t h e r e is a p r e l i m i n a r y b r e a k - u p a t 350°, a fu r the r b r e a k - u p a t 450° t o 
470° , a n d a c o m p l e t e b r e a k - u p a t 575°, w i t h t h e s e p a r a t i o n of m a g n e t i c carb ides of 
i r on or m a n g a n e s e a t 475° t o 575°. I n rol led s tee l , t h e s epa ra t ed ca rb ides 
b e g i n t o b e re-d isso lved a t a b o u t 725° , a n d t h i s is c o m p l e t e d a t 850° t o 870° w i t h 
the r e - fo rma t ion of a u s t e n i t e . T h e r e is a s l ight r e - sepa ra t ion of carb ides a l o n g 
t h e grain ou t l ines a s t h e m.p. of t h e eu t ec t i c is a p p r o a c h e d , beg inn ing a t a b o u t 
1025° a n d cont inuing t o 1100° or over. T h i s is v e r y m a r k e d wi th ingo t m e t a l ; 
and, considering t h a t t h e outl ines of t h e original freezing s t r u c t u r e s pers i s t in t h e 
cast s teel a t t e m p , be low a b o u t 1125°, t h i s explains t h e t e n d e r n e s s of ingo t s b e t w e e n 
1025° and 1125°. I n cast i ngo t s , the m e l t i n g of t h e eu tec t i c occurs a t a b o u t 1120° 
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t o 1140° if t h e h e a t i n g is s low, a n d a t a b o u t 1100° t o 1130° if t h e h e a t i n g b e r a p i d . 
The comple te re -so lu t ion of t h e c o n s t i t u e n t s , a n d n e w g r a i n - f o r m a t i o n w i t h t h e 
p r o d u c t i o n of a u s t e n i t e occurs a b o v e 1150° ; c e m e n t i t e s e p a r a t e s e x t e n s i v e l y a b o v e 
1250° ; a n d t h e m a s s m e l t s a t 1350° t o 1375° or less, a c c o r d i n g t o i t s compos i t i on . 

B . M. L a r s e n s h o w e d t h a t m a n g a n e s e t e n d s t o e x t e n d t h e t e m p , r a n g e of s t a b i l i t y 
of y - i ron or a u s t e n i t e ; m a n g a n e s e fo rms a c a rb ide m o r e s t a b l e t h a n c e m e n t i t e ; 
a n d m a n g a n e s e a t o m s c a n n o t well diffuse t h r o u g h t h e i r on space - l a t t i ce a t o r d i n a r y 
a n n e a l i n g t e m p , a t wh ich c a r b o n a t o m s diffuse freely. I n s teels c o n t a i n i n g m o r e 
t h a n 1 p e r cen t , of m a n g a n e s e , d e n d r i t i c s eg rega t ion causes a m a r k e d d e n d r i t i c 
p a t t e r n in cas t sec t ions , a n d a fibrous p a t t e r n i n ro l led or forged b a r s . T h e p r o 
p o r t i o n of m a n g a n e s e is h ighe r i n t h e d e n d r i t i c fillings. H e a t - t r e a t m e n t u p t o 
1100° is ineffective, b u t a n h o u r ' s h e a t i n g a t 1300° causes t h e m a n g a n e s e t o diffuse 
t o a un i fo rm c o n c e n t r a t i o n t h r o u g h o u t . As a cas t b a r w i t h 1 t o 3 p e r cen t , of m a n 
ganese cools t h r o u g h t h e cr i t ica l r a n g e , t h e A r 3 - p o i n t is a t t a i n e d first b y t h e lower 
m a n g a n e s e axes of t h e dend r i t e s . If t h e cooling r a t e is be low 5° t o 7° F . p e r 
m i n u t e , t h e c a r b o n t e n d s t o segrega te in t h e h i g h - m a n g a n e s e fillings b e t w e e n t h e 
d e n d r i t e s . W i t h a t o t a l c a r b o n - c o n t e n t of 0-3 pe r cen t , or less, a d e n d r i t i c p a t t e r n 
is fo rmed b y t h e pea r l i t e or so rb i te a r ea s in cas t sec t ions , a n d a m a r k e d b a n d e d 
s t r u c t u r e in rol led or forged b a r s ; t h e ferr i te a r e a s a l w a y s co r r e spond t o t h e 
d e n d r i t i c axes . P h o s p h o r u s a n d a r sen ic t e n d t o cause t h e s e s a m e p a t t e r n s , b u t a s 
t h e s e e l e m e n t s ra ise t h e Ar 3 -po in t of p u r e i ron , t h e ferr i te a r e a s fo rmed co r r e spond 
t o t h e d e n d r i t i c fillings. A b o v e t h e Ar 3 -po in t , t h e c a r b o n a t o m s a r e p r o b a b l y 
un i fo rmly d i s t r i b u t e d in t h e y - i ron l a t t i c e . W i t h a n inc reas ing p e r c e n t a g e of 
m a n g a n e s e , a m a n g a n e s e - c e m e n t i t e t e n d s t o fo rm, p e r h a p s c o n t a i n i n g a n inc reas ing 
p r o p o r t i o n of mols . of F e 2 M n C . U p t o 2 p e r cen t , m a n g a n e s e , finer-grained p e a r l i t e 
a n d sorbi t ic a r ea s a r e fo rmed . A b o v e 2 p e r cen t , m a n g a n e s e , t h e ca rb ides s e p a r a t e 
in a fine-grained d i s t r i b u t e d s t r u c t u r e t h a t m a y b e l i n k e d t o g e t h e r t h r o u g h t h e 
m a n g a n e s e a t o m s s c a t t e r e d t h r o u g h t h e i r on space - l a t t i ce . T h e e u t e c t o i d p o i n t 
of p u r e i r o n - c a r b o n a l loys c o n t a i n i n g a b o u t 0-9 p e r cen t , c a r b o n a p p e a r s t o widen 
-with a n increase in t h e a m o u n t of m a n g a n e s e i n t o a e u t e c t o i d r a n g e "which, w i t h 
3 p e r cen t , of m a n g a n e s e , e x t e n d s f rom 0-6 t o 0-92 p e r c en t , c a r b o n . T h i s 
a p p a r e n t eu tec to id r a n g e is p r o b a b l y t h e r e su l t of a v e r y sma l l t e m p , i n t e r v a l 
b e t w e e n t h e Ar3- a n d A ^ - p o i n t s in t h e g iven r a n g e of c a r b o n - c o n t e n t . H . M. H o w e 
d i d n o t ag ree w i t h T . M u k a i t h a t m a n g a n e s e causes t h e r e t e n t i o n of c a r b o n in t h e 
n o n - h a r d e n e d s t a t e , a n d h e s u m m a r i z e d t h e effects? of s u d d e n cool ing on m a n g a n e s e 
a n d c a i b o n steels as follows : 

H a r d n e s s . 
P e r c e n t , t o t a l c o m b i n e d c a r b o n . 
Specific g r a v i t y 
Size of g r a i n 
S e p a r a t i o n c o m p o n e n t s 
D u c t i l i t y 
Tens i l e s t r e n g t h 

CARBON STKKL 
L a r g e i n c r e a s e 
L a r g e i n c r e a s e 
D e c r e a s e 
Nil o r dec r ea se 
D e c r e a s e 
L a r g e dec rease 
I n c r e a s e 

MANGANESE STEEL 
S l i g h t i n c r e a s e 
M o d e r a t e i n c r e a s e 
Nil o r i n c r e a s e 
I n c r e a s e 
I n c r e a s e 
L a r g e i n c r e a s e 
I n c r e a s e 

EFFECTS 
A l i k e 
A l ike 
O p p o s i t e 
O p p o s i t e 
O p p o s i t e 
O p p o s i t e 
A l ike 

I n 1878, E . Ma l l a rd showed t h a t t h e c ry s t a l fo rm is d e p e n d e n t o n t h e p r o p o r t i o n 
of m a n g a n e s e , a n d t h a t w i t h 52 t o 55 p e r cen t , t h e c r y s t a l fo rm c h a n g e s . B . K a t h k e 
s h o w e d t h a t t h e c r y s t a l s r ich in m a n g a n e s e a r e h e x a g o n a l , o r p s e u d o h e x a g o n a l , a n d 
t h o s e w i t h sma l l e r p r o p o r t i o n s a r e r h o m b i c p r i s m s . F . W e v e r o b s e r v e d t h a t w i t h 
m a n g a n e s e s tee l s r a n g i n g from 19 08 p e r cen t , m a n g a n e s e a n d 0*30 p e r cen t , c a r b o n 
t o 2*06 p e r c e n t , m a n g a n e s e a n d 1-90 p e r c en t , c a r b o n , t h e l a t t i c e p a r a m e t e r , a, of 
a u s t e n i t e v a r i e d f r o m 3*597 t o 3-643 A . ; t h e sp . vo l . f rom 0*1262 t o 0*1288 for 
h igh a n d low m a n g a n e s e r e s p e c t i v e l y ; a n d a = 3 * 5 7 8 + 0 * 0 0 0 5 0 [ M n ] + 0 * 0 0 6 J : 5 [ C ] , 
whe re t h e s y m b o l s r e p r e s e n t a t o m i c p e r c e n t a g e s . V . N. Svetchnikoff , a n d T . ^ fuka i 
s t u d i e d t h e m i c r o s t r u e t u r e of t h e m a n g a n e s e s t e e l s ; M. L . V . Gay le r , t h e con
s t i t u t i o n ; a n d for t h e obse rva t i ons of E . P e r s s o n a n d E . O e h m a n , a n d Z . N i sh i -
y a m a on t h e X - r a d i o g r a m s of t h e s e a l loys , vide m a n g a n e s e . E . C. B a i n , 
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M. G e n s a m e r a n d co-workers , J . B . F r i a u f a n d M. G e n s a m e r , a n d V. N . K r i v o -
b o k a n d C. Wel l s d i scussed th i s sub jec t . W . S c h m i d t ' s X - r a d i o g r a m s of t h e 
i r o n - m a n g a n e s e a l loys showed t h a t t h e <x-solid soln . is p r e s e n t u p t o 2O p e r 
cen t , of m a n g a n e s e , w h e n t h e l a t t i c e p a r a m e t e r , a, inc reases f rom 2-857 A . for i r o n 
a lone , t o 2*871 A. for i r on w i t h 20*1 p e r cen t , of m a n g a n e s e . Alloys w i t h 16 t o 
60 p e r cen t , of m a n g a n e s e c o n t a i n t h e y-sol id soln . , w i t h a cubic , face-cent red l a t t i c e 
h a v i n g a—3*586 A. for i r on w i t h 15-7 p e r c e n t , of m a n g a n e s e t o a = 3 * 6 1 6 A. for i ron 
w i t h 55*85 p e r cen t , m a n g a n e s e . Al loys "with 60 t o 98 p e r cen t , of m a n g a n e s e h a v e 
t h e s t r u c t u r e of ^3-manganese, w i t h a l a t t i c e p a r a m e t e r inc reas ing f rom 6-24 A. for 
62*7 p e r cen t , of m a n g a n e s e , t o 6*28 A. for 87*25 p e r c en t , m a n g a n e s e ; a l loys w i t h 
m o r e m a n g a n e s e h a v e t h e s t r u c t u r e of a - m a n g a n e s e . I n t h e a l loys w i t h 12 t o 
29 p e r cen t , of m a n g a n e s e , t h e r e is a n e -phase h a v i n g a h e x a g o n a l , c lose -packed 
l a t t i c e , w i t h a = 2 * 5 3 2 A. t o 2*543 A. , a n d c = 4 0 6 1 A. t o 4*082 A. , a c c o r d i n g t o t h e 
m a n g a n e s e - c o n t e n t . T h e w a y t h e l a t t i c e p a r a m e t e r s c h a n g e s h o w s t h a t n o defini te 
chemica l i nd iv idua l , a s a c o m p o u n d of i r o n a n d m a n g a n e s e , ex i s t s . S ince t h e 
a,-, y-, a n d e -phases c a n co-exis t in t h e s a m e a l loy, one of t h e m m u s t b e m e t a s t a b l e 
i n t h e r a n g e 12 t o 29 p e r c en t , of m a n g a n e s e . N o t r a n s i t i o n p o i n t s were o b s e r v e d 
b y t h e r m a l or d i l a t o m e t r i c ana lys i s . F o r E . O e h m a n ' s o b s e r v a t i o n s on t h e 
X - r a d i o g r a m s , vide m a n g a n e s e . H . P e r l i t z d iscussed t h e d i s t ance a p a r t of t h e 
a t o m s . Z . N i s h i y a m a f o u n d t h e l a t t i c e p a r a m e t e r a ; t h e sp . g r . ; a n d t h e e las t ic 
m o d u l u s , E k g r m s . p e r sq . cm. , a t 14*8° t o 15*6°, t o b e : 

M n 
Ct 
Sp. gr. 
K x10~« . 

O 
2-866 
7-8596 
2-151 

0-5 
2-863 
7-8555 
2-128 

1-0 
2-865 
7-8404 
2 138 

1-5 
2-864 
7-8416 
2-125 

2 
2-867 
7-843O 
2 1 2 8 

3 
2-873 
7-8402 
2 1 2 2 

4 
2-871 
7-8292 
2 1 0 8 

6 
2-867 
7-8163 
2 0 7 2 

8 per cent. 
2-872 A. 
7-8003 
2 0 4 4 

R . A. Hadf ie ld found t h e s p . gr. of cas t , 13*75 p e r cen t , m a n g a n e s e s tee l t o b e 
7*83, a n d w h e n d r a w n i n t o wi re , 7*81-7*83. W . B r o w n f o u n d for t h e sp . gr . , a n d 
s p . vol . : 
C . 0-20 
Mn . 0-50 
Sp. gr. 7-8456 
Sp. vol . 0-12746 

so t h a t w i t h u p t o 2 p e r cen t , m a n g a n e s e , t h e sp . vo l . increases 0 0 0 0 2 6 c.c. for 
1 p e r cen t , m a n g a n e s e , a n d w i t h 2 t o 18*5 p e r cen t , m a n g a n e s e , t h e sp . vo l . 
dec reases 0*00015 c.c. p e r 1 pe r cen t , m a n g a n e s e . J . O. Arno ld , H . A. Dick ie , 

0-24 
l-OO 
7-8354 
012762 

0-41 
2-25 
7*7983 
O-12823 

0-36 
4 O O 
7-8352 
012763 

0-15 
5-40 
7-8411 
0-12753 

1-2O 
7-00 
7-9028 
0-12654 

0-26 
13 00 
7-9970 
0-12605 

1-54 per cent. 
18-5O 
7-9075 
012646 

A. O s a w a , H . Meissner , H . Toml in -
son , a n d O. S i m m e r s b a c h d iscussed 
t h i s sub j ec t . C. B e n e d i c k s a n d 
co -worke r s s t u d i e d t h e s p . vo l . 
E . G u m l i c h f o u n d t h e s p . g r . g ives 
a n a b r u p t inc rease w h e n 8 t o 10 
p e r c en t , of m a n g a n e s e h a s b e e n 
a d d e d , F i g . 476 , a n d t h a t t h e s p . 
gr . , w i t h p p e r cen t , m a n g a n e s e , u p 
t o 1 p e r cen t . , dec reases in a c c o r d 
w i t h 7*873-0*008^. F . W e v e r g a v e 
for t h e s p . vo l . , v> of m a n g a n e s e s tee l , 
v = 0*1246 + 0 - 0 0 0 4 [ M n ] + 0 - 0 0 4 1 [ G ] , 
w h e r e t h e s y m b o l s r e p r e s e n t a t o m i c 
p e r c e n t a g e s . T h e r e su l t s of K . T a -
maru a r e s u m m a r i z e d in F i g . 475 ; 
a n d t h o s e of C. B e n e d i c k s , i n F i g . 186. 
of 

Si. 

8-05 

8-00 

735 

7-90 

7-85 

7-80 

7-75 

F I G . 475.-

4 6 8 /0 / / 
Per cent, of C or Mn 

-Specific Gravities of Manganese 
Steels. 

v H . I . Coe found t h a t t h e sh r inkage c u r v e 
t h e m a n g a n i f e r o u s , w h i t e c a s t i rons s h o w e d m i n i m a cor responding w i t h t h e 

f o r m a t i o n of ca rb ides : F e 3 C ; 8 F e 3 C M n 3 C ; 2 F e 3 C M n 3 C ; a n d 3Fe 3 C. 2Mn 3C ; a n d 
w i t h g r e y c a s t i rons t h e inc reas ing s h r i n k a g e w i t h increas ing p ropo r t i ons of m a n -
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ganese is more uiiiform. Some pecul iar i t ies observed b y R . A. H a d n e l d in connec t ion 
with the hardness of m a n g a n e s e s teels h a v e been ind ica t ed a b o v e . R . A. H a d n e l d 
pointed ou t t h a t t h e ha rdnes s var ies cons iderably in degree . I t is m o s t in tense in 
cast ma te r i a l con ta in ing 5 t o 6 p e r cent , of manganese , for no tool will face or t o u o h 
this steel ; a g r a d u a l decrease in ha rdnes s occurs a s m a n g a n e s e is a d d e d , so t h a t 
when t h e p ropor t ion h a s a t t a i n e d 10 pe r cent . , t h e softest condi t ion is r eached ; a n 
increase in ha rdness aga in occurs as t h e p ropor t ion of manganese rises t o 22 p e r 
cent . , when t h e ha rdnes s is n o t so g rea t as i t was w i th 5 pe r cen t . B y h e a t i n g a t 
831° a specimen wi th 1*17 pe r cent , ca rbon , a n d 12*46 m a n g a n e s e for 10 d a y s , t h e 
steel became magne t i c , a n d i t s Br inelFs ha rdnes s decreased from 532 t o 2 4 1 . 
H . I . Coe found var iab le resu l t s w i th t h e scleroscopic ha rdnes s of mangani fe rous , 
whi te cast i rons. T h e ha rdness rises f rom 57 t o 80 a s t h e p ropor t i on of m a n g a n e s e 
rises t o a b o u t 6 pe r cent . , t h e r e is t h e n a fall t o a m i n i m u m 52 w i th a b o u t 11 pe r 

500 

8-00 

7-35 

7-90 I 
7-80 

ffffl&ffl 

4 8 12 
Per cent. Mn 

25000 »4 

5000 

FIG. 4 7 6 . — T h e Specific G r a v i t y 
of M a n g a n e s e Steel . 

v0 5 /0 /5 20 
Per cent. Mn 

F I G . 477 .—Brine l l ' s H a r d n e s s of 
ganese Steel . 

Man-

cent , of manganese , a rise t o a m a x i m u m of 66 wi th 16 pe r cent , m a n g a n e s e ; a fall 
t o 60 w i th a b o u t 18 per cent , of manganese , a n d a ve ry g r a d u a l rise f rom 70 as t h e 
p ropor t i on of manganese exceeds 22 per cent . W i t h g rey cas t i rons, t h e r e is a 
m a x i m u m of 40 wi th 1*5 pe r cent , manganese , a fall t o 52 wi th 2-7 pe r cen t , m a n 
ganese , a s u d d e n rise t o 52 w i th 4 pe r cen t , manganese , a n d a slower rise w i th 
h igher p ropor t ions of manganese . M. H a m a s u m i , a n d K . Tan iguch i s tud ied 
Brinel l ' s ha rdnes s of t he se al loys. T h e resu l t s of L . Guil le t a r e s u m m a r i z e d in 
F ig . 477. T h e ha rdnes s of pear l i t ic t u n g s t e n steel is a p p r o x i m a t e l y t h e s a m e as 
t h a t of t h e corresponding ca rbon steels ; t h e mar t ens i t i c steel shows t h e m a x i 
m u m ha rdness , a n d t h e steel wi th t h e po lyhedra l s t r u c t u r e is softest. T . Mura
k a m i a n d K . H a t s u t a , T . K a s e , H . A. Dickie, H . O'Neill , A. Osawa, a n d 
A. W a h l b e r g also m e a s u r e d t h e ha rdnes s of t h e manganese steels. R . A. H a d n e l d 
found for low-carbon, manganese steels, t h e va lues for BrinelFs ha rdness : 

M n . 
H a r d n e s s 

1 1 0 
143 

3 1 3 
430 

4-10 
418 

5-50 
418 

10-50 
444 

12-90 
302 

15-90 
192 

19*85 p e r c e n t . 
235 

The va lue for i ron a lone is a b o u t 90 ; a n d for t h e ha rde s t s teel k n o w n , 800, or p e r h a p s 
a l i t t l e h igher . W i t h h igh-carbon, m a n g a n e s e steels : 

M n 
H a r d n e s s . 

1 1 6 
650 

3 1 0 
600 

4-98 
286 

1 0 0 7 
179 

16-11 
190 

19-59 p e r c e n t . 
192 

W . Giesen said t h a t pearl i t ic steels w i th 0 t o 7 pe r cen t , of m a n g a n e s e a n d 
0 t o 5 pe r cent , of carbon , or 0 t o 5 pe r cent , of m a n g a n e s e a n d 0*95 pe r cen t , of 
ca rbon , differ v e r y l i t t le f rom ord ina ry steels w i th t h e s a m e ca rbon -con t en t , in 
respec t t o tensi le s t r eng th , duct i l i ty , y ie ld-point , e longat ion , ha rdnes s , a n d b r i t t l e -
ness . Mar tens i t i c a n d t roos t i t ic steels w i th 7 t o 15 pe r cent , of m a n g a n e s e a n d 
O* 3 p e r cen t , of ca rbon , or 5 t o 9 per cent , of manganese a n d 0*95 pe r cen t , of c a rbon , 
h a v e a h igh l imi t of a b o u t 165,000 lbs. pe r sq . in. for t h e s t r e t ch ing a n d b r e a k i n g 
s t r a i n s ; t h e duc t i l i t y a n d br i t t leness are v e r y low, a n d t h e ha rdnes s is e x t r e m e l y 
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h igh . Genera l ly , a m a n g a n e s e s teel cons is t ing of m a r t e n s i t e , e x h i b i t s a S r ^ t 

br i t t l eness a n d h igh tens i le s t r e n g t h ; a n d if t h e s t r u c t u r e is p o l y h e d r a l , t h e h a r d 
ness is v e r y g r e a t . Steels w i t h t h e y - i ron s t r u c t u r e h a v i n g 7 t o 18 p e r 0^n** f>f 
m a n g a n e s e a n d 0*3 p e r cen t , of c a rbon , o r 5 t o 11 p e r cen t , of m a n g a n e s e a n d 0-95 
p e r c e n t , of ca rbon , h a v e a h igh duc t i l i t y , low elast ic l imi t , low b r i t t l enes s , a n d 
m e d i u m b r e a k i n g s t r e n g t h . A s teel w i t h 5-5 t o 11 p e r c e n t , m a n g a n e s e is m o r e 
b r i t t l e a n d h a r d e r t h a n ono i n which t h e m a n g a n e s e - c o n t e n t is h igher or lower . 
I t is r a r e t o find t h a t t h e h a r d n e s s a n d b r i t t l eness of s teels h igh in m a n g a n e s e a r e 
d imin i shed , i n s t e a d of increased, b y q u e n c h i n g , b u t t h i s does occur w i t h a m a n 
ganese s tee l low in c a r b o n w h e n t h e m a n g a n e s e reaches 19*5 pe r cent . , a n d w i t h 
7-5 p e r cen t , m a n g a n e s e in h igh -ca rbon s teels . F . R o b i n s t u d i e d t h e acous t i c 
p rope r t i e s of m a n g a n e s e s teels . T h e m a r t e n s i t i c s teels s h o w a fall i n r e sonance 
u p t o 300°, w h e n t h e m e t a l is a p h o n i c . 

O b s e r v a t i o n s o n t h e m e c h a n i c a l p r o p e r t i e s of m a n g a n e s e s tee l w e r e m a d e b y K . A m b e r g , 
P . B a r d e n h e u e r a n d O . S c h i t z k o w s k y , C. F. B u r g e s s a n d J . A s t o n , L . C a m p r e d o n , 
A . C a p r o n , C. L . C la rk a n d A . E . W h i t e , H . I . Coe, A . L . Co lby , V . D e e h a y e * . H . A . .Dickie 
V . E h m c k e , F . L . G a r r i s o n , H . Q u e d r o s , L . G u i l l e t t , R . A . Had f i e ld , J . H . H a l l , J. H . JTaIl 
a n d G. R . H a n k s , J . J . H a l l , G . A . H a w k i n s a n d co -worke r s , J . H . H r u s k a , G. R . J o h n s o n , 
J . A . J o n e s , W . K a h l b a u m a n d L . J o r d a n , W . J . K e e p , V. N . K n v o b o k , G. L a n g , 
A . L e d e b u r , E . L e u e n b e r g e r , E . Z*ievexiie, H . C. L o u d e n b e c k , F . Marsu^h R . P . Nev i l l e 
a n d J . R . Ca in , A . M . P o r t e v i n , W . S. P o t t e r , F . R a p a t z a n d H . Po l l ack , H - W . R o b e r t s , 
A 13 R o s s , R . Sche re r , W . S c h n e i d e r a n d E . H o u d r e m o n t , A . Schulze , H . J . b c h u t h , 
H . S o u t h e r , J . F . Sp r inge r , A . S t ade l e r , B . S t o n g h t o n a n d AV. E . H a r v e y , J . S t r a u s s , 
V . N. Svetchnikoff , E . E . T h u m , H . T o m l i n s o n , T . I>. W e s t , M . H . W i c k h o r s t , a n d F . W u s t 
a n d H . Meissner . 

H . I . Coe obse rved t h a t t h e a d d i t i o n of t h e first 5 p e r cen t , of m a n g a n e s e t o 
w h i t e ca s t i ron p roduces no apprec iab le change in b r i t t l eness , b u t increases u p 
t o 13 p e r cen t , m a k e t h e m e t a l m o r e b r i t t l e . 
W i t h h ighe r p r o p o r t i o n s of m a n g a n e s e , t h e 
m e t a l becomes s t ronger , a n d w i t h 19 p e r 
cen t . , t h e r e is a n increase i n t o u g h n e s s . 
W i t h 3 0 p e r cen t , a n d over , t h e m e t a l p a r 
t a k e s of t h e n a t u r e of spiegeleisen a n d be
c o m e s w e a k a n d b r i t t l e . Z. N i s h i y a m a ' s 
o b s e r v a t i o n s on t h e elast ic m o d u l u s a r e in
d i c a t e d a b o v e . R . A. Hadf ie ld obse rved 
t h a t t h e cas t m a n g a n e s e s teel is so b r i t t l e 
t h a t i t does n o t s eem t o b e a s teel a t al l . 
T h i s co ld-shor t m a t e r i a l , however , is duc t i l e 
w h e n h o t , a n d c a n t h e n b e d r a w n i n t o a n y 
des i r ed size. T h e b r i t t l enes s is intensif ied 
b y t h e pecu l i a r c rys ta l l i za t ion of t h e ca s t samples . W h e n forged, t h e r e is a 
m a r k e d increase i n s t r e n g t h , b u t t h e s teel is still b r i t t l e . T h e gra in of t h e forged 
s t ee l is coarse a n d o p e n . If r e - h e a t e d a n d cooled qu ick ly in air , a fine, close 
g r a i n is p r o d u c e d , a n d t h i s is t h e s t a t e of t h e m e t a l wh ich is m a d e in to bor ing 
c u t t e r s , a n d o t h e r too ls . T h e tens i le s t r e n g t h s , in k g r m s . pe r sq. m m . , a n d t h e 
p e r c e n t a g e e longa t ions of forged s tee l a n d of s tee l h e a t e d t o a h igh t e m p , a n d cooled 
i n a i r , oil, or w a t e r , a r e i n d i c a t e d in T a b l e L X X X I I I . J . O. Arno ld a n d 
F . K . K n o w l e s o b t a i n e d t h e r e su l t s i n d i c a t e d i n T a b l e L X X X I V , a n d t h e y consider 
t h a t t h e y p r o v e t h a t , a l t h o u g h t h e influence of c a r b o n is cons iderable , t h e d o m i n a t i n g 
f ac to r is t h e p resence of m a n g a n e s e . M. H a m a s u m i m e a s u r e d t h e tensi le s t r e n g t h 
of t h e a l loys ; a n d C. L . C la rk a n d A . E . W h i t e , t h e effect of t e m p , on t h e tens i le 
s t r e n g t h . A . M. P o r t e v i n f o u n d t h a t w h e n t h e p e r c e n t a g e of manganese increases 
f r o m 0-5 t o 6 p e r cen t . , t h e r e s i s t ance t o shea r a n d t h e elast ic l imi t increase u n t i l t h e 
fo rmer is 6 1 k g r m s . a n d t h e l a t t e r 4 6 k g r m s . , b u t t h e con t rac t ion on shear ing 
d i m i n i s h e s s l ight ly . S tee ls w i t h over 5 pe r cen t , m a n g a n e s e show a near ly c o n s t a n t 
xes ia tance t o s h e a r of n e a r l y 5 0 k g r m s . , t h e e las t ic l imi t r ema ins low, be tween 10 
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and 2O kgrms., and the contraction on shearing has high values ranging from 2O 
to 30. The first class of steels are pearlitic and troostitic, and the second class 
have y-iron. So long as the steels are simply pearlitic, the resistance to shear and 
elastic limit are small, but they attain comparatively high values with 5 per cent, 
manganese. T. Matsushita's results for the elastic modulus and rigidity of man
ganese steel, in dynes per sq. cm., are summarized in Fig. 478. R. A. Hadfield 
examined the effect of reducing the temp, to —182° on the mechanical properties of 
manganese steel. With 0-08 C and 3*50 Mn, the tenacity is increased and all 
ductility is lost. The metal does not appear to be modified when the temp, returns 
to normal. Steels with 0 4 1 C and 2-23 Mn, and 1-66 C and 11-53 Mn all behaved 

T A B L E L X X X l I I . 

Percentage composition 

C 

0 - 4 7 
0 - 8 5 
I I O 
0 - 8 5 ! 

Sl 

0 - 4 4 
0 - 2 8 
0 1 6 
0 - 2 8 

! Mn 

7 - 2 2 
1 0 - 6 0 
12-6O 
1 4 0 1 

—EiTKECT OK H E A T - T R E A T M E N T O N 
E L O N G A T I O N OK M A N G A N E S E S T I 

Tensile strength 

Forged 

4 2 - 5 
5 3 - 6 
6 1 - 4 
5 6 - 7 

Quenched in 

A i r 

4 2 - 5 
6 4 - 5 
5 8 - 3 
7 5 - 6 

Oil 

3 9 - 4 
6 6 - 2 
7 8 - 8 
8 6 - 6 

Water 

3 9 - 4 
6 3 - 0 
8 6 - 7 

1 0 5 - 5 

T E N S I L E 
SEL. 

Forged 

2 
4 
2 
2 

S T R E N G T H A N D 

Elongation 

Quenched in 

AIr 

5 
17 
11 
14 

Oil 

3 
19 
2 8 

j 2 7 

Water 

2 
17 
2 7 
4 4 

T A B L E L X X X I V . 

Percentage composition 

- T H E M E C H A N I C A L P R O P E R T I E S O K M A N G A N E S E S T E E L . 

M n 

B e l o w 
O l -< 

Elastic l imit 
(tons per sq.. in.) 

1-1O 
3 1 3 I 
4 1 0 
5 - 5 0 

1 0 - 5 0 I 
1 2 - 9 0 
1 5 - 7 0 
1 9 - 8 5 

1-16 
3 1 0 
4 - 9 8 

1 0 0 7 
1 5 - 1 1 
1 9 - 5 9 

1 9 - 0 4 
3 4 - 5 6 
2 0 - 5 6 
3 8 - 6 8 
3O-80 
1 9 - 8 0 
3 7 - 8 0 

2 5 - 7 5 
3 9 - 4 8 

I 3 3 - 9 6 
3 0 1 2 
28-OO 
2 4 - 6 8 

Maximum stress 
(tons per sq. in.) 

2 4 - 4 8 
4 1 - 4 2 
5 3 - 4 8 
6 5 - 9 6 
5 7 - 8 8 

I 5 6 - 1 2 
6 3 - 7 2 

5 2 - 7 6 
5 9 - 6 4 
5 4 - 6 4 
4 2 - 2 2 
4 9 - 8 8 
5 2 1 6 

Elongation 
(per cent.) 

4 3 - 5 
25-O 
2 5 - 5 
2 8 - 5 

1 - 0 
6 - 5 

1 7 - 5 
3 O O 
10-5 

5 O 
2 0 
I O 
9 - 5 

2 3 - 5 

!Reduction of 
area 

(per cent.) 

7 9 - 5 
6 3 - 2 
4 2 - 4 
3 8 1 

O 
4 - 6 

2 0 - 6 
3 3 - 5 
11-7 

5 - 2 
2 0 
1 - 4 
9 - 7 

19-5 

Alternatin 
impact test 
(alternation 

endured) 

3 5 0 
1 8 O 
2 2 5 
2 0 7 

6 
4 4 

2 9 0 
2 1 2 
1 6 1 

8 9 
2 8 

8 
2 4 1 
2 4 9 

0 - 8 5 

normally. A steel with 1-23 C and 12-6 Mn had a slightly raised tensile strength 
and suffered a 2-5 per cent, decrease in elongation. The cooling to —182° thus 
embrittles or de-toughens the material. When the steel is cooled to —182° and 
allowed to return to normal temp., the de-toughening is merely temporary, for the 
steel exhibits an increase in toughness. When quenched in liquid air from 620° 
to —182°, the steel is toughened as if it had been cooled to ordinary temp., showing 
that the toughening occurs in the fall of the first 150°-250°. In no case did the 
steels at —182° show any change in magnetic properties. F. Robin found that the 
resistance of manganese steels to crushing resembles that of nickel steels (q.v.) with 
the corresponding structure. For C. Li. Clark and A. E . White's observations on the 
proportional limit, vide Fig. 481, nickel-chromium steels. 

A. Schulze studied the coeff. of thermal expansion of the iron-manganese alloys 
between 20° and 100°. T. Matsushita's results for the coeff. of thermal expansion 
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are shown in Fig. 479. The continuous lines refer to pearlitio or martensitic steels, 
and the dotted lines to austenitic-martensitic steels. The hysteresis loop at the 
critical temp, widens as the proportion of manganese increases. J. A. N. Friend 
and R. H. Vallance gave 0-04183 for the coeff. of expansion of manganese steel 
between 10° and 100°. Observations were made by A. M. Portevin and 
P. Chevenard, and M. Gensamer and co-workers. A. Schulze gave 0-03 for the 
coeff. of thermal conductivity. W. S. Potter found the sp. ht. of manganese steels 
to range from 0-15 at ordinary temp, to 0-20 at 1200°. W. Brown gave : 
C 
M n 
S p . h t . 

so that the sp. ht. first decreases up to 1 per cent, manganese, and then increases 
0-0006 per 1 per cent, of manganese up to 18 per cent. A. Eucken and H. "Werth 
measured the sp. ht. of manganese-iron alloys, and the values for the at. hts. under 
constant press, and constant vol., and for Debye's constant @—the x of 1. 13, 15—• 
are as follow : 

0-2O 
©•50 
0-9258 

0-24 
1 0 0 
0-8987 

0-41 
2-25 
0-9007 

0-36 
4 O O 
0-9128 

0-15 
5-4O 
0-9189 

1-2O 
7 0O 
0-9357 

0-26 
13 00 
0-9796 

1-54 per cent. 
18-50 
0-9884 

50 p e r 
c e n t . M n 

3O p e r 
c e n t . M n 

19-4 p e r 
c e n t . M n 

15-65° 18-37° 46-93° 88-65° 115-80° 1 7 3 1 3 ° 205-46° 
0 0 5 6 2 8 0-07510 0-8590 2-890 3-895 5-144 5-645 
0-05628 0 0 7 5 1 0 0-8587 2-883 3-878 5 1 0 1 5-583 

316 338 369 366 356 310 235 
15-32° 17-66° 42-45° 83-00° 114-50° 186-94° 215-94° 

0-05008 0-05863 0-5885 2-634 3-756 5-438 5-830 
0-05008 O 0 5 8 6 3 0-5884 2-529 3-741 5-386 5-761 

322 352 386 378 368 267 177 
19-95° 22-00° 40-55° 83-90° 118-63° 176-25° 205-40° 

0 0 7 8 0 O l 157 0-5506 2-813 4 0 9 0 5-532 6-048 
0 0 7 8 0 O l 157 0-5505 2-807 3-562 5-481 5-977 

361 35O 378 363 354 229 — 

F . W i i s t a n d c o - w o r k e r s r e p r e s e n t e d t h e m e a n s p . h t . b e t w e e n 0 ° a n d 0° u p t o 1 0 7 0 ° , 
b y O-12O37- j -OO 4 25410 ; b e t w e e n 1 1 3 0 ° a n d 1 2 1 0 ° , b y O-177OO-7-410-1 ; a n d b e t w e e n 

I 

F i a . 

2 4 6 8 / 0 
Per cent, manganese 

4 7 9 . — T h e r m a l E x p a n s i o n of 
M a n g a n e s e S t e e l s . 

0-/2 

0-/0 

0-08 

0-06 

0-04 

0-02 

0 

.1 

k JlV. \ 
\ 

V 

__ 

*£ 

__-

t" 
^ 

5̂ y 
p ? I 

0 4 6 8 /0% Mn 
F i O . 480. T h e r m a l a n d E l e c t r i c a l 
C o n d u c t i v i t i e s of M a n g a n e s e S tee l . 

1230° and 1250°, by O-198OO-3-80-1 ; where the true sp. ht. between 0° and 1070° 
is 0-12037-4-O*O45O820. H. Klinkhardt studied the sp. ht. of manganese steels. 
Manganese suffers an allotropic change between 1070° and 1130° which has a thermal 
value of 24*14 CaIs. R. A. Hadfield showed that the thermal conductivity of 
manganese steel is less than that of ordinary steel ; A. Schulze gave for a 10 
per cent, manganese steel, A—0-03 ; and W. S. Potter found the thermal conductivity 
up to 600° is about one-third of that of ordinary steel. T. Matsushita's results for 
the thermal conductivity, in c.g.s. units, and electrical conductivity, in mhos, 
of manganese steel are summarized in Fig. 480. 
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J . T. L i t t l e ton found t h e reflecting power , R1 t h e coeff. of ex t inc t ion , k, a n d t h e 
index of refraction, fj,, for l igh t of wave- l eng th 5893 , a n d a n al loy w i t h 5O, 7 5 , a n d 
100 per cent , m a n g a n e s e , t o be respect ive ly , / 2=61*0 , 62-5, a n d 64-O ; &=3*70, 3-77, 
and 3-88 ; a n d j x = 2 - 4 2 , 2-43, a n d 2-41. S. S h i m u r a a n d K . W a d a s t u d i e d t h e 
spect ra l analys is of t h e al loys ; a n d H . P incass , t h e spec t ra of t h e F e - M n ca t a ly s t . 

W . F . B a r r e t t , a n d J . H . P a r t r i d g e found t h a t t h e electr ical res i s tance of s teel is 
increased b y t h e i n t r o d u c t i o n of m a n g a n e s e , so t h a t m a n g a n e s e s teel c a n b e u s e d 
for m a k i n g res i s tance coils ; a n d E . H o p k i n s o n obse rved t h a t a s teel w i t h 13*95 
per cent , m a n g a n e s e h a d a res i s tance e igh t t i m e s as g r e a t a s . t h a t of i ron . 
W . F . B a r r e t t sa id t h a t t h e increased res i s t ance wi th rise of t e m p , is 0*136 pe r cen t , 
pe r degree, "while w i t h i ron, t h e increase is 0*5 p e r cen t . W . S. P o t t e r sa id t h a t t h e 
res is tance of manganese steel is r o u g h l y 3*4 t i m e s t h a t of Bessemer s teel . Accord ing 
t o H . Ie Chatel ier , t h e res is tance of steel increases 5 m i c r o h m s for each p e r cen t , of 
m a n g a n e s e ; a n d t h e res is tance of m a g n e t i c s teel w i t h a h igh p r o p o r t i o n of m a n 
ganese is much less t h a n t h e s ame steel in t h e n o n - m a g n e t i c s t a t e . Obse rva t i ons 
were m a d e b y T . Ma t sush i t a , H . A. Dickie , a n d H . Toml inson . O. B o u d o u a r d saw 
t h a t t h e p ropo r t i on of ca rbon does n o t affect t h e res i s tance of m a n g a n e s e s teel , 
a n d t h a t t h e res i s tance , Tt m i c r o h m s pe r cm. cube , a t t a i n s a m a x i m u m w i t h 12 t o 
13 p e r cen t , of m a n g a n e s e ; t h u s : 

M n 
Ii . 

0-43 
15-5 

2 1 5 
25-4 

6 1 4 
59-8 

10-51 
73-1 

12-92 
75-8 

14*40 p e r c e n t . 
72-5 

K . T a m a r u found t h a t t h e electr ical res i s tance of rods slowly cooled f rom 1050° 
increase a t first l inear ly w i t h increas ing p r o p o r t i o n s of m a n g a n e s e , F i g . 481 ; t h e 

eg 

80 
70 
60 
SO 
40 
30 
ZO 

L̂ -

Ud 

Y^ 

Z 4 6 8 /0 /Z 14 /6 /8 ZO 
Per cent, of manganese 

F I G . 481 .—Elec t r i c a l R e s i s t a n c e of 
M a n g a n e s e S tee l s . 

"0" 4 8 IZ 
Per cent. Mn 

F I G . 4 8 2 . — E l e c t r i c a l !Resistance C u r v e 
of M a n g a n e s e Stee ls . 

increase is r a p i d b e t w e e n 3 a n d 5 per cent . Mn , a n d t h e n aga in l inear ly w i t h t h e 
increase of m a n g a n e s e . This r a p i d increase is caused b y t h e increas ing c o n t e n t of 
a u s t e n i t e in t e rming led 'with ferr i te . T h e l inear increase of res i s tance a b o v e 
5 pe r cen t , of m a n g a n e s e - c o n t e n t shows t h a t t h e res i s tance of a u s t e n i t i c s teel 
increases l inear ly w i t h t h e c o n t e n t of m a n g a n e s e ; hence , w h e n th i s l inear p o r t i o n 
of t h e c u r v e is e x t r a p o l a t e d t o m a n g a n e s e - c o n t e n t zero, t h e co r re spond ing o r d i n a t e 
gives t h e electr ical res is tance of aus ten i t i c c a rbon steel con ta in ing 0*5 pe r cen t , of 
c a r b o n a t r o o m t e m p . , i t s sp . res is tance be ing 32-7 X 10—« o h m . T h e l inea r p o r t i o n 
be low 3 p e r cen t , of m a n g a n e s e shows t h e electr ical res i s tance of pear l i t i c s t e e l ; 
i t i n t e r s ec t s w i t h t h e o rd ina t e a t a po in t 20 X 1 O - 6 o h m w h e n e x t r a p o l a t e d t o man* 
ganese zero , t h i s v a l u e be ing sp . res is tance of pear l i t i c steel c o n t a i n i n g O* 5 p e r cen t , 
of c a r b o n , a n d i n good ag reemen t w i th t h e resu l t found b y H . M a s u m o t o . 
E . G u m l i c h r ep re sen t ed t h e res is tance of a l loys wi th p p e r cen t , m a n g a n e s e — u p t o 
9 per c e n t . M n — b y R=O-I-\-0-05p ; a n d w i t h over 10 p e r cen t , of m a n g a n e s e , 
b y i£=0-506x0-007(2>—10) . There is a b r e a k i n t h e res i s tance cu rve , R m i c r o h m s 
per cm. c u b e ; a n d a l so in t h e curve showing t h e p e r c e n t a g e decrease in t h e t e m p , 
coeff. of t h e r e s i s t ance of m a n g a n e s e steel slowly cooled f rom 800° . T . M a t s u s h i t a ' s 
resu l t s for t h e e lec t r ica l conduc t i v i t y , in o h m s , of m a n g a n e s e s teels a r e s h o w n in 
F i g . 482. H . Ie Cha te l i e r g a v e 5-0 mic rohms p e r c m . c u b e l o r th& increase i n t h e 

file://-/-0-05p


IRON 6 6 1 

19-53 
0-OS5 
0 0 0 6 

29-37 
0-290 
0 0 8 0 

36-58 
0-26O 
0-050 

58-94 
0-248 
0 1 2 0 

69-24 
0-475 
O-160 

78-89 
0-465 
0-130 

1OO p e r c e n t . 
O-520 v o l t 
O-30O „ 

r e s i s t ance of magnetic, a n d 3*5 m i c r o h m s for n o n - m a g n e t i c s t ee l s b y t h e a d d i t i o n 
of 1 p e r cen t , of m a n g a n e s e ; W . F . B a r r e t t , a n d E . G u m l i c h a n d P . Goe rens g a v e 
5*0; G. L a n g , a n d T . M a t s u s h i t a , 5 ' 5 . H . Toml inson found t h a t t h e e lec t r ica l 
r e s i s t ance is decreased b y a n n e a l i n g h a r d - d r a w n wires , a n d t h a t t h e r e s i s t ance is 
inc reased b y a long i tud ina l pu l l , a n d b y l o n g i t u d i n a l m a g n e t i z a t i o n . 

G. T a m m a n n a n d E . V a d e r s f o u n d t h e e.m.f. of t h e cell F e : 0-IiV-MnCl2 : 
MnnFe(ioo-*t)» whe re n r e p r e s e n t s t h e p e r c e n t a g e b y w e i g h t : 

n 
ET / immediately 
^ \ a f t e r 40 hrs . . 

A. N . Campbe l l d iscussed t h e a n o d i c b e h a v i o u r of 77*9 p e r c en t , f e r romanganese 
in -M-soln. of m a n g a n e s e s u l p h a t e , n i t r a t e a n d ch lor ide , a n d in fe r rous s u l p h a t e . 
P a s s i v i t y w a s a b s e n t in soln. of fe r rous ch lor ide w i t h a s l igh t excess of ac id . A t 
o r d i n a r y t e m p . , pa s s iv i t y w a s found t o occu r in al l t h e soln. , b u t i t w a s n o t comple t e ; 
i t w a s special ly m a r k e d w i t h m a n g a n e s e s u l p h a t e soln. T h e p o t e n t i a l of t h e visible 
o x y g e n d i scharge f rom a n e u t r a l e l ec t ro ly te a t t h e o r d i n a r y t e m p , is a b o u t -f-:2*15 
vo l t s (abs .) . Th i s is n e a r t h e p o t e n t i a l r e q u i r e d for t h e f o r m a t i o n of p e r m a n g a n a t e 
in a n e lec t ro ly te of m a n g a n e s e s u l p h a t e . T h e pa s s iv i t y is d e s t r o y e d a t 25°, a n d 
a lso b y a c t i v a t i n g t h e a n o d e b y c h a r g i n g i t w i th h y d r o g e n or b y e t c h i n g i t w i th 
su lphur i c ac id . T h e pa s s iv i t y is r educed b y a superposed a l t e r n a t i n g c u r r e n t . 
I n iV-potass ium h y d r o x i d e e lec t ro ly te a t 15° a n d 75° t h e r e is no f o r m a t i o n of 
m a n g a n a t e , a n d n o t h i n g en te r s i n to soln. ; b u t h e a v y sl imes a re formed. I n o t h e r 
cases , b o t h c o m p o n e n t s e n t e r e d i n t o soln. ; t h e efficiency is of ten less t h a n 100 
pe r cen t . , poss ib ly owing t o soln. b e i n g followed b y i m m e d i a t e p r e c i p i t a t i o n . 
U n d e r a gas d i scharge t h e a n o d e d i s in t eg ra t e s , a n d f e r r o m a n g a n e s e is t h u s useless 
a s a n insoluble a n o d e . C. Wel ls a n d J . C. W a r n e r , a n d M. d e K . T h o m p s o n a n d 
R . B . Morrissey s t ud i ed t h e p o t e n t i a l of f e r r o m a n g a n e s e . 

E . S e d s t r o m , a n d J . Ga l ibou rg s t u d i e d t h e t h e r m o e l e c t r i c p roper t i es of t h e 
a l loys . E . L . D u p u y a n d A. M. P o r t e v i n found t h a t t h e the rmoelec t r i c force 
a g a i n s t copper , in mi l l ivol t s , w i th s teels h a v i n g 0*84 t o 0-96 pe r cent , of ca rbon , 
is a s follows : 

M n . . . . 0-4O 1-03 3-08 1 2 0 9 p e r c e n t . 
— 0-30 — O-70 — 2-6O —9-60 
— 3-1O — 2-8O —4-70 —11-80 
— 0-0O — 5-4O —10-00 
— 2-0O —0-65 

A n n e a l e d j , , ^ 

H a r d e n e d < ~ I Q Q 

As i n d i c a t e d a b o v e , S. R i n r n a n , a n d 1). M u s h e t n o t i c e d t h a t manganese 
d imin i shes or d e s t r o y s t h e m a g n e t i c p rope r t i e s of s tee l e v e n w h e n t h e r e is e ight or 
n ine t i m e s a s m u c h i ron a s m a n g a n e s e p r e s e n t . R . A. Hadf ie ld a d d e d t h a t t h e 
m a t e r i a l b e h a v e s in t h e s a m e m a n n e r in i t s forged or cas t s t a t e , a n d w a t e r o r oil 
q u e n c h i n g m a k e s p r ac t i c a l l y no difference. J . H o p k i n s o n obse rved t h a t t h e smal l 
q u a n t i t y of m a n g a n e s e p r e s e n t e n t e r s i n t o w h a t m u s t b e regarded , for m a g n e t i c 
pu rpose s , a s t h e molecule of i ron , a n d c o m p l e t e l y c h a n g e s i t s proper t ies . Twelve 
pe r cen t , of m a n g a n e s e a n n i h i l a t e s t h e m a g n e t i c p r o p e r t i e s of iron. J . A. E w i n g 
a n d W . L o w sa id t h a t even u n d e r t h e m a g n e t i c forces a m o u n t i n g t o 10,0OO c.g.s. 
u n i t s , t h e r e s i s t ance w h i c h 13*95 p e r cen t , m a n g a n e s e s teel offers t o magne t i za t ion 
suffers n o b r e a k - d o w n in a n y w a y c o m p a r a b l e t o t h a t which occurs wi th wrough t -
i ron , c a s t i ron , or o r d i n a r y s teel , a t a v e r y ea r ly s t age in t h e process of magne t i za t ion . 
O n t h e c o n t r a r y , t h e p e r m e a b i l i t y is a p p r o x i m a t e l y c o n s t a n t unde r large a n d smal l 
forces, a n d m a y b e the re fo re conc luded a s be ing only fract ional ly grea ter t h a n t h a t 
of coppe r , b r a s s , o r a i r . As i n d i c a t e d a b o v e , R . A. Hadfield no ted t h a t t h e 
m a g n e t i s a t i o n d i s a p p e a r s a t 700° ; a n d w h e n t h e non-magne t i c steel is h e a t e d 
severa l h o u r s a t 600° , i t becomes m a g n e t i c . W . F . B a r r e t t found t h a t when t h e 
m a g n e t i z a t i o n of o r d i n a r y i r on is r e p r e s e n t e d b y 100,000, t h a t of manganese s teel 
i s 2 0 , and i t s suscep t ib i l i ty or i n d u c e d m a g n e t i z a t i o n is a b o u t as low as t h a t of 
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zinc or other non-magnetic metals. Observations were made by H. A. Dickie, 
L. T. O'Shea, H. Tomlinson, R. A. Hadfield and co-workers, W. F. Barrett, 
A. Abt, A. D. Ross, J. J. Porter, E. Griffiths, etc. S. Hilpert and W. Mathesius, 
T. Matsushita, J. H. Partridge, F. Goltze, H. F. Parshall, P. Kapitza, E. Gerold, 
and C. F. Burgess and J. Aston gave for the magnetic induction of alloys 
of manganese and iron the results indicated in Table LXXXV. The annealed 
alloys show a marked decrease in permeability with increasing proportions of 
manganese. Annealing at 675° improves the permeability, but a second anneal
ing at 1000° lessens it. Quenching restores the 4-51 per cent, alloy to its best 
condition obtained by a first annealing at 675°. The values for coercive force 
and retentivity, Table LXXXVI, follow closely the fluctuations in the permeability. 

T A B : L E L X X X V . — M A G N E T I Z A T I O N O F I R O N - M A J S T G A N B S B A U ^ O Y S . 

Per cent . 
Mn 

0 - 5 0 
1 0 0 
2 0 0 
3 - 0 0 
3 -50 
4 - 5 1 
6 0 0 
8 O O 

1 0 0 0 
10 -42 

Jf = IO = 100 

No t I Annealed I Annealed I Quenched I No t i Annealed Annealed 
annealed | a t 675° a t 1000° from 900° annealed | a t 675° j a t 1000° 

9850 
4850 
1350 
650 

H O O 
150 
200 
150 

0 
O 

13,00O 
9,700 
3,1OO 
1,150 
85O 
800 

150 
50 
0 

11,300 
5,40O 
1,100 
9OO 
950 
500 

50 
150 

0 

10,700 

900 

0 
0 

18,300 
18,200 
15,7OO 
12,200 
13,70O 
12,100 
10,150 
5,450 
500 

O 

18,400 
18,000 
16,700 
14,55O 
13,600 
16,8OO 

6,100 
1,400 
3OO 

17,900 
17,800 
15,350 
14,650 
13,550 
10,600 

1 ,750 
1 ,300 

3 0 0 

Quenched 
from 900° 

1 8 , 1 5 0 

10,4OO 

5 0 0 

T A B L E L X X X V I . — T H E C O E B O I V E P O E C E A N D R E T E N T I V I T Y O F I R O N - M A N G A N E S E 
AIJT.OYS. 

Per cent. 
Mn 

Coercive Force 

No t 
annealed 

Re ten t iv i ty 

0 - 5 0 
l-OO 
2-OO 
3 O O 
3 - 5 0 
4-51 
6 0 0 
8 0 0 

1 0 0 0 
1 0 - 4 2 

6 - 5 
9 - 6 

19-2 
2 8 - 7 
2 0 - 8 
4 1 - 5 
5 0 - 8 
5 8 - 7 
9 0 - 1 

None 

Annealed 
a t 675° 

5 - 7 
6 - 9 

1 2 - 5 
2 3 0 
2 8 0 
2 3 0 

5 7 - 5 
7 0 - 7 

1 0 3 0 

Annealed 
a t 1000° 

4 - 5 
7 - 0 

1 6 0 
I 2 4 0 
I 2 4 - 5 

4 5 - 2 
I 

6 5 0 
8 0 0 

I 1 2 1 0 

Quenched 
from 900° 

4 -8 
j 
i — ' 

I — -
1 2 3 - 9 
! 

' " 

7 8 - 5 

N o t 
annealed 

11,0OO 
j 1 0 , 8 0 0 

1 0 , 5 0 0 
8 , 5 0 0 
7 , 6 0 0 
8 , 6 0 0 
9 , 2 0 0 
5 , 2 0 0 
1 ,100 

None 

Annealed 
a t 675° 

12 ,50O 
! 14,7OO 

1 1 , 6 0 0 
9 , 8 0 0 

1 0 , 6 0 0 
15 ,00O 

6 , 1 0 0 
1,80O 

4 0 0 

• Annealed 
a t 1000° 

970O 
9 0 0 0 

I 88OO 
9 0 0 0 

I 8 9 0 0 
8 0 0 0 

2 0 0 0 
19OO 

5 0 0 

Quenched 
from 900° 

10,1OO 

1 2 , 9 0 0 

8 0 0 

W. Mathesius investigated and measured the magnetization, the coercive force, and 
the saturation of manganese steels with 0-45 to 20*8 per cent, of manganese, and 0-21 
to 2*18 per cent, of carbon, after they had been subjected to different heat-treat
ments. The results are summarized in Table L.XXXVII. E. Gumlich represented 
his observations on manganese steels -with 0-23 per cent, carbon, and quenched from 
800°, by Fig. 476 ; the discontinuity in the curve corresponds with that obtained 
for the sp. gr., and for the sp. resistance, Fig. 482. The magnetic state was obtained 
by cooling the specimens to —193°, and the non-magnetic state by cooling or 
quenching from Ac2. The sp. gr. of the non-magnetic steel is much greater than 
t&a* of the magnetic ; and the sp. resistance of the non-magnetic steel is less than 
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that of the magnetic. R. A. Hadfield and co-workers found the magnetic suscepti
bility increases as the proportion of carbon diminishes (manganese constant) ; 
and with carbon constant, the effect of manganese is small. The mass susceptibility-
increases as the [C]/[Mn] ratio decreases. The mass susceptibility of manganese 
steels ranges from 1 7 x l 0 ~ « to 259 X l O - 6 , so that the alloys are paramagnetic. 
With the [C]/[Mn] ratio constant, 2*57 to 19 per cent, of nickel raises the suscepti
bility in the ratio 23 : 67 ; 0-74 per cent, of tungsten raises the susceptibility in the 

T A B L K L X X X V I I . — S A T U R A T I O N V A L U E S F O B 4TTI. 

Heat-treatment 

4 h r s . a t 7 5 0 ° a n d I 
s l o w l y c o o l e d j 

3 h r s . a t 7 0 0 ° a n d ( 
q u e n c h e d i n s a l t - I 
w a t e r a t 2 0 ° j 

3 h r s . a t 9 0 0 ° a n d j 
q u e n c h e d i n s a l t - \ 
w a t e r a t 2 0 ° ( 

2 h r s . a t 1 2 0 0 ° a n d j 
q u e n c h e d i n s a l t - < 
w a t e r a t 2 0 ° I 

L i k e t h e s e c o n d I 
a b o v e b u t t ern - < \ 
p e r e d a t 4 0 0 ° |, 

L i k e t h e f o u r t h I 
a b o v e b u t t ern- < 
p e r e d a t 4 0 0 ° ( 

L i k e t h e s e c o n d j 
a b o v e b u t c o o l e d j 
i n l i q u i d a i r { 

i 

Field 
1 strength 

(o.g.s. 
units) 

SO 
1 0 0 
3OO 
8OO 

5 0 
1OO 
3 0 0 
8OO 

SO 
1 0 0 
3OO 
8 0 0 

5 0 
IOO 
3 0 0 
80O 

5 0 
1 0 0 
30O 
8 0 0 

5 0 
IOO 
30O 
8OO 

5O 
1OO 
30O 
80O 

C 0-27 
Mn 4-58 

3 , 0 2 0 
8 , 4 l O 

1 3 , 0 8 0 
1 5 , 5 2 0 

5 , 4 2 0 
11 ,97O 
15 ,80O 
17 ,85O 

6,40O 
1 1 , 6 4 0 
15 ,75O 
17 ,99O 

9 , 1 1 0 
13 ,29O 
1 7 , 4 6 0 
19 ,34O 

1 0 , 5 8 0 
1 4 , 5 4 0 
1 7,54O 
18,79O 

11,HO I 
14 ,76O 
18 ,31O 
19 ,64O 

3 , 1 5 0 
9 ,80O 

14 ,36O 
1 6 , 8 3 0 

I 

Saturation values 4TTT 

C 0-29 I C 0-34 C 1-33 
Mn 11-67 Mn 2 0 8 0 Mn 11-8O 

14O 
2 2 5 
45O 
7 2 0 

I 85 
1 8 0 
43O 
7 5 5 

8O 
23O 
58O 

109O 

4 8 5 
1 3 8 0 
307O 
441O 

905 I 
2 5 7 0 
4 8 0 8 
6 4 4 0 

1 4 9 0 
4 2 0 0 
72OO 
9 0 3 0 

75O 
2 0 0 0 I 
417O 
583O 

7O 
1 0 5 
14O 
1 9 5 

i 2 5 
4O 
8 0 
9 5 

1 0 5 
1 7 5 
3 8 0 
7 2 0 

I 40 
7O 

1 2 0 
j 1 4 0 

I 2O I — 
I 4 0 — 

6O ! 
6O i — 

I 

6 5 j 37O 
1 1 5 7 7 0 
1 8 5 j 1 5 6 0 j 
2 3 5 I 2 3 I O 

7O 
1OO 
1 1 5 I 
1 2 5 

1 0 5 
17O 
22O I 
2 2 5 I 

6 0 I 
85 I 

1OO I 
ioo I 

f 

3 1 5 
8 0 0 

191O 
276O 

8 6 5 
1 9 5 0 
362O 
4 9 5 0 

24O 1 
6 1 0 

164O 
244O 

O 2-18 
Mn 11-70 

2 3 5 
51O 

115O 
184O 

I 4O 
7O 

1 0 5 
1 1 5 

9OO 
3 1 4 0 
558O 
674O 

5 3 0 
218O 
484O 
615O 

ratio 18 : 29 ; 3*5 per cent, of chromium raises the susceptibility 10 per cent. ; 
2*5 per cent, of copper raises the susceptibility of a manganese-nickel steel 19 per 
cent. ; and the addition of silicon to a manganese steel makes the steel more ferro
magnetic. No relation between the sp. gr. and mass susceptibility or composition 
was observed. 

R-. A. Hadfield studied the temp, of the critical magnetic change in the alloys. 
With over 16 per cent, manganese the alloys have no magnetic transformation, 
but with the magnetic alloys there is a transformation at 767° to 776° on cooling, 
and 765° to 780° on heating. H. K. Onnes and co-workers studied the magnetic 
properties of these steels at a low temp. E. Gumlich assumes that there are two 
allotropic states involved. He found that non-magnetic, high per cent, manganese 
steel becomes magnetic with a martensitic structure when dipped in liquid air. 
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E . Gumlich ob ta ined t h e hys te res i s loop s h o w n in F i g . 4 8 3 for s teel w i t h 12*4 p e r 
cent , manganese , a n d 0-23 p e r cen t , c a r b o n . T h e m a g n e t i z a t i o n of t h e s tee l cooled 
t o — 7 8 ° 

4000 

**? 3000 

S 
2 000 

% 1000 

-100 0 /00 200 300 400 
Magnetizing- force -H 

F i o . 4 8 3 . — H y s t e r e s i s L o o p of 
12*4 p e r c e n t . M a n g a n e s e S tee l . 

is c o m p a r a b l e w i t h t h a t of a i e e b l y m a g n e t i c s tee l ; a n d t h e i m p r o v e m e n t 
obse rved in h e a t i n g t h e s tee l for 24 h r s . a t 800° i n 
v a c u o is a t t r i b u t e d t o t h e surface o x i d a t i o n b y 
t r a c e s of r e s idua l a i r in t h e vessel . 

G . Mars , d iscuss ing t h e low m a g n e t i c p r o p e r t i e s 
of t h e m a n g a n e s e s teels , sa id t h a t t h e m a g n e t i s m 
d e p e n d s n o t so m u c h on t h e k i n d of molecu le 
p r e s e n t as o n t h e s t r u c t u r e of t h e molecu le , i.e. 
n o t on t h e chemica l n a t u r e of t h e b o d y , b u t o n 
t h e space left free b e t w e e n t h e molecules , o r on 
t h e fo rm of t h i s space . T h i s i n t e r m o l e c u l a r space , 
wh ich is a s s u m e d t o b e filled w i t h SBther, a n d 
wh ich a c t s a s t h e m a g n e t i c m e d i u m , is, i n t h e 

case of i ron , coba l t , a n d nickel , of s u c h a n a t u r e t h a t i t causes a m e c h a n i c a l 
d i s t u r b a n c e of t h e m e t a l mols . , t h e effect of which is t o p r o d u c e m a g n e t i c 
a t t r a c t i o n o r r epu l s ion . T h i s i n t e rmo lecu l a r space of a m a g n e t i c m e t a l i s 
c h a n g e d -when t h e m e t a l is a l loyed w i t h a n o t h e r m a g n e t i c or n o n - m a g n e t i c 
m e t a l . T h u s , even w h e n t w o m a g n e t i c m e t a l s , l ike i ron a n d n ickel , a r e m e l t e d 
t o g e t h e r , t h e r e su l t m a y be n o n - m a g n e t i c m e t a l ; w h e r e a s t w o n o n - m a g n e t i c 
m e t a l s , l ike m a n g a n e s e a n d a l u m i n i u m , m a y g ive a s t r o n g l y m a g n e t i c alloy—-
e.g. t h e H e u s t l e r a l loys . Consequen t l y , t h e m a g n e t i s m of one a n d t h e s a m e 
m a g n e t i c m e t a l m a y b e r e d u c e d b y h e a t i n g i t t o a c e r t a i n t e m p . , b e c a u s e t h e 
mols . a r e t h u s d r i v e n f a r the r a p a r t , and* t h e cohesion b e t w e e n t h e m is r e d u c e d ; 
aga in , a n y t r e a t m e n t wh ich d i s t u r b s t h e a r r a n g e m e n t in space of t h e mols . of a 
m a g n e t i c me ta l—e .g . c o l d - w o r k i n g — m a y a l t e r cons iderab ly t h e m a g n e t i s m of t h e 
m e t a l . A. Schulze m e a s u r e d t h e m a g n e t o s t r i c t i o n of a l loys . O b s e r v a t i o n s we re 
a lso m a d e on t h e effect of t h e m a g n e t i c i n t e n s i t y a n d c o n c e n t r a t i o n on t h e 
m a g n e t o s t r i c t i o n of i r o n - m a n g a n e s e a l loys . 

R . D u b o i s obse rved t h a t a f e r romanganese , w i t h a b o u t 80 pe r cen t , of m a n g a n e s e , 
d i s i n t e g r a t e d on e x p o s u r e t o a i r . G. T a m m a n n a n d E . V a d e r s , a n d A . N . C a m p b e l l 
s t u d i e d t h e pas s iv i t y of t h e s e a l loys . B . H . T h w a i t e f o u n d t h a t s teels w i t h 0-684 
a n d 12-55 p e r cen t , m a n g a n e s e , a n d r e spec t ive ly 0-16 a n d 0-067 p e r cen t , of c a r b o n , 
were a t t a c k e d b y di l . n i t r i c a c i d (1 : 9) , so t h a t t h e fo rmer los t 0-1475 a n d t h e l a t t e r 
0-1735 g r m . p e r sq . c m . w h e n exposed for t h e s a m e t i m e . T h e increase in cor rodi -
b i l i t y of s tee l w h e n m a n g a n e s e is p r e s e n t w a s also n o t e d b y P . Be r th i e r , C W . v o n 
S i e m e n s , T . T u r n e r , E . H e y n a n d O. B a u e r , G. J . Sne lus , C. F . Bu rges s a n d J . A s t o n , 
C. H . D e s c h a n d S. W h y t e , L . Ai tch i son , R . F i n k e n e r , a n d A. S. Cush rnan . 
R . A . H a d n e l d a n d J . A. N . F r i e n d found t h a t i n t h e absence of su lphu r , m a n g a n e s e 
is n o t a p a r t i c u l a r l y ob jec t ionab le e l e m e n t in s teel . L . B . Pfei l o b s e r v e d t h a t a 
t h r ee - l aye r scale—vide supra—is f o r m e d w h e n m a n g a n e s e s tee l is h e a t e d t o 1000° 
for a few h o u r s in a i r . W i t h a 0-71 a n d a 3 p e r cen t , m a n g a n e s e s tee l , t h e m a n g a n e s e 
in t h e i n n e r m o s t l aye r w a s a b o u t t w o - t h i r d s of t h a t p r e s e n t i n t h e or ig ina l s tee l , 
whi ls t in t h e m i d d l e a n d o u t e r l aye r s a l i t t l e m o r e m a n g a n e s e w a s p r e s e n t t h a n "was 
c o n t a i n e d in t h e or ig ina l s tee l . U s u a l l y , w i t h o t h e r a l loy s teels , m o r e fore ign 
e l e m e n t is c o n t a i n e d in t h e i n n e r m o s t l a y e r t h a n i n t h e m i d d l e l aye r . E . H e y n 
a n d O . B a u e r n o t e d t h a t w i t h cas t i ron c o n t a i n i n g 3-5 C, 2-5 Si , a n d 0-07 P a n d S, 
a n d exposed t o t a p - w a t e r , t h e r e l a t ive corrodib i l i t ies w e r e : 

M n . 
Corros ion 

0-46 
1OO 

0-70 
92 

0-99 1-90 
94 

2-83 
96 

3-08 per c e n t . 
89 

C F . Burges s a n d J . A s t o n found t h a t t h e cor ros ion of m a n g a n e s e - i r o n a l loys in 
g r a m s pe r sq . d m . , o n e x p o s u r e for a n h o u r t o ^ 0 p e r c e n t , s u l p h u r i c ac id , a n d t h e 
corrosion in k g r m s . p e r sq . m e t r e p e r y e a r , o n e x p o s u r e t o t h e w e a t h e r for 162 d a y s 
from J u l y t o F e b r u a r y , were : 
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M n 
A c i d . 
A i r 

. O-505 

. 0 - 5 6 0 

. 0 - 2 6 8 

l-OOO 
0 - 5 2 0 
0 - 3 9 0 

2 - 0 0 0 
0 - 7 2 5 
0 - 3 0 2 

3'0OO 
l l l O 
0 - 3 2 7 

1 0 - 4 1 9 
0 - 3 5 2 
0 - 4 3 5 

Y . U t i d a a n d M. Sa i to m e a s u r e d t h e loss in we igh t , in g r a m s pe r sq . c m . , w h e n 
m a n g a n e s e s teels w i t h a b o u t 0-05 p e r c en t , of c a r b o n a re i m m e r s e d for 24 h r s . i n 
10 p e r cen t , ac id : 

M a n g a n e s e 
H N O 3 . 
H C l 
H 1 S O 4 . 

. O 

. 0 - 9 3 8 0 
0 - 0 7 1 2 
0 - 0 9 9 0 

0 - 9 5 
0 - 5 0 9 0 
0 - 2 1 9 1 
0 1 8 5 4 

4 - 3 6 
0 - 6 4 6 4 
0 - 5 0 1 5 
0 - 3 0 5 5 

8 -41 
0 - 7 7 2 0 
0 - 5 5 2 0 
0 - 5 9 9 9 

1 3 - 7 5 
0 - 8 2 6 3 
0 - 8 9 3 0 
2 - 5 8 5 0 

1 6 - 5 5 p e r c e n t . 
0 - 7 5 7 0 
0-857O 
3 0 1 2 0 

W . G u e r t l e r a n d T L i e p u s , J . A s t o n , E M a u r e r , O. B a u e r , R . D u b o i s , O. W . S to rey , 
E . A . a n d L,. T R i c h a r d s o n , R . A . Hadf ie ld , C. D u i s b e r g , H . G. H a a s e , 
V . V . K e n d a l l a n d E . S. Tay le r son , a n d C. H . Char les 

0-0/5 

5S 0-005 

— i i 

Tg 

\pi 

i 

\0- /0 ^ 

0 

I 
0-06 S 

0-04 - 3 

Fia. 

/0 20 SO 
/ter cent, manganese 

4 8 4 . — T h e C o r r o s i o n of 
M a n g a n e s e S t e e l s b y A c i d s . 

s t u d i e d t h e cor rodib i l i ty of t h e i r o n - m a n g a n e s e 
a l loys . S. S a t o h s t u d i e d t h e n i t r i d i z a t i o n of t h e s e ~j| Q.QIQ\ 
steels b y h e a t i n g t h e m in a m m o n i a a t 560° t o 580° . ^ ' 
H . E n d o ' s resu l t s , F i g . 484, r e p r e s e n t t h e loss in 2^ 
g r a m s p e r sq . cm. , d u r i n g 5 h r s . ' a c t i o n , a t o r d i n a r y 
t e m p , on a l loys w i t h 0-47 t o 0*52 p e r cen t , of 
c a r b o n , a n d t h e p r o p o r t i o n s of m a n g a n e s e ind ica ted . 
R . A. Hadf ie ld a n d J . A. N . F r i e n d found wi th steels 
c o n t a i n i n g 0-10 t o 0-9 p e r cen t , of m a n g a n e s e , a 
s l ight inc reased res i s t ance t o corros ion b y t a p - w a t e r , 
a n d w e t a n d d r y t e s t s occur w i t h c a r b o n u p t o a b o u t 0-5 p e r cen t . F r o m t h i s 
p o i n t u p w a r d s , t h e m a n g a n e s e affords, genera l ly , a s l ight p r o t e c t i o n -which is 
dec ided in t h e we t a n d d r y tes t s , b u t is n o t i nva r i ab l e w i t h s ea -wa te r t e s t s . T h e 
m a n g a n e s e raises t h e cor rodib i l i ty b y su lphu r i c ac id ; a n d E . A . a n d L . T . R i c h a r d 
son obse rved t h a t m a n g a n e s e e n h a n c e s t h e effect of c o p p e r in i ron in res is t ing t h e 
a t t a c k of t h e al loy b y corrosive influences. K . H i lgens tock s tud ied t h e ac t i on of 
h y d r o g e n su lph ide a n d of s u l p h u r d iox ide on r e d - h o t f e r romanganese . R . Schenck 
a n d A. K o r t e n g r a b e r s t u d i e d t h e d i ssoc ia t ion p ress , of a l loys in n i t r ogen . 
J . A . N . F r i e n d n o t e d t h e effect of m a n g a n e s e in m a s k i n g t h e increased cor
rod ib i l i ty caused b y t h e a d d i t i o n of c a r b o n t o s teels . C. H . D e s c h a n d S. W h y t e 
obse rved no definite influence in t h e corros ion of m a n g a n e s e s teels in 5 pe r cent , 
s o d i u m chlor ide . T h e m a n g a n e s e w a s pre fe ren t ia l ly d isso lved . L . Ai tch i son found 
t h a t t h e losses of we igh t in g r a m s p e r 100 sq . c m . a re : 

C 
M n . 
N a C l 3 p e r c e n t . . 

H 8 S O 4 J 1 G p e r c e n t . 
T a p - - w a t e r . 

R . A . Hadf ie ld a n d J . A. N . F r i e n d a lso m e a s u r e d t h e effect wi th t a p - w a t e r ; 
I J . A i t ch i son , C. Chappe l l , a n d R . A . Hadf ie ld a n d J . A . N . F r i end , sea-water ; 
R . A. Hadf ie ld a n d J . A. N . F r i e n d , t h e effect w h e n a l t e r n a t e l y wet a n d d r y ; a n d 
in 0*5 p e r cen t , su lphu r i c ac id . C. Chappe l l a l so o b s e r v e d t h e effect of dil . su lphur ic 
ac id . R . A. Hadf ie ld a n d J . A. N . F r i e n d t h u s s u m m a r i z e d the i r observa t ions : 

( 1 ) T h e a d d i t i o n o f f r o m 0 - 0 3 t o 1-63 p e r c e n t , o f c a r b o n t o i r o n c o n t a i n i n g loss t h a n 0-2 
p e r c e n t , o f m a n g a n e s e r e s u l t s i n (a ) a s t e a d i l y i n c r e a s i n g r a t e of c o r r o s i o n b o t h i n t a p - w a t e r 
a n d s e a - w a t e r , s l i g h t m a x i m a b e i n g o b s e r v e d i n t h e n e i g h b o u r h o o d of O-6 t o 0-8 p e r c e n t , 
c a r b o n ; (fe) a n i n i t i a l f a l l i n c o r r o s i o n , w i t h a r a p i d r i s e t o a m a x i m u m w i t h 1-05 p e r c e n t , o f 
c a r b o n ; (c) a r a p i d r i s e i n c o r r o s i o n t o a m a x i m u m w i t h 0-8 p e r c e n t , of c a r b o n w h e n 
e x p o s e d t o t h e a c t i o n o f d i l . s u l p h u r i c a c i d . T h e r e i s s o m e d i f f e r e n c e i n t h e b e h a v i o u r of 
s t e e l t o w a r d s a l l t h e c o r r o d i n g m e d i a i n t h e n e i g h b o u r h o o d of t h e e u t e e t i c c o m p o s i t i o n , 
e i t h e r a t e n d e n c y t o i n c r e a s e d c o r r o s i o n , o r a d e c i d e d i n c r e a s e i n c o r r o s i o n . (4) ± n e 
a d d i t i o n o f 0 -7 p e r c e n t , m a n g a n e s e t o a l l t h e s t e e l s r e s u l t e d i n (a) a v e r y s l i g h t l y i n c r e a s e d 
c o r r o s i o n i n t a p - w a t e r , s e a - w a t e r , a n d i n w e t a n d d r y t e s t s , w i t h a c a r b o n - c o n t e n t u p t o 

0 - 2 8 
0 - 9 4 
1-82 
8 1 6 
8 - 0 5 
0-9OO 

0 - 4 8 
0 - 9 1 
1-94 
9 - 7 0 
8 - 8 0 
0-96O 

0 - 7 6 
1 0 1 
2-5O 
4 - 6 7 

1 2 - 3 
1-43 

0 - 8 7 p e r c e n t 
0 - 8 3 
1-88 
7 -08 
6 1 2 
0 - 8 7 2 
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F i a . 4 8 5 . — T h e Ternary S y s t e m 
M n - F e - C u . 

0-4 to 0-5 per cent . F r o m t h i s p o i n t upwards , t h e manganese , i n general , affords a s l ight 
protection which i s v e r y dec ided in t h e w e t a n d dry te s t s , b u t i s n o t invariable i n t h e sea-
water tests . (6) A n enormous ly increased corrosion i n di l . sulphuric acid. T h i s i s i m 
portant, s ince in commercia l s tee ls t h e m a n g a n e s e frequent ly ranges from 0-2 t o 0*7 per 
cent. , and t h e latter are therefore unsu i ted t o acidic corroding med ia . A po int of m a x i m u m 
corrosion occurs w i t h a smal ler per cent , of carbon t h a n i n steels -with less m a n g a n e s e . 
(3) B y increasing t h e proport ion of manganese t o 2 per cent , upwards , (a) t h e corrodibil i ty 
of the steel in neutral so ln . i s great ly increased, part icularly w h e n the carbon-content 
exceeds 0-5 per cent . (6) T h e corrodibil i ty in di l . sulphuric ac id i s great ly a u g m e n t e d . 

N . P a r r a v a n o 2 9 s t u d i e d t h e t e r n a r y i r o n - m a n g a n e s e - C O p p e r a l l o y s , a n d h i s 
r e su l t s a r e s u m m a r i z e d in F i g . 485 . T h e g a p i n t h e b i n a r y c o p p e r - i r o n s y s t e m is 

Mn r e d u c e d b y t h e a d d i t i o n of m a n g a n e s e , 
so t h a t w i t h 5O p e r cen t , m a n g a n e s e , t h e 
solid so lubi l i ty is c o m p l e t e . T h e con
t i n u o u s l ines a r e l i qu idus c u r v e s , t h e 
d o t t e d l ines, so l idus cu rves . F . Os te r -
m a n n e x a m i n e d t h e m a n g a n e s e - c o p p e r 
s teels , w i t h 0*1 t o 1-0 p e r cen t , of c a r b o n . 
T h e i ron a n d coppe r a r e misc ib le i n a l l 
p r o p o r t i o n s w h e n 20° a b o v e t h e l i q u i d u s 
l ine . W h e n c a r b o n is a d d e d a t w o - l a y e r 
s y s t e m is f o rmed in wh ich m o s t of t h e 
c a r b o n collects i n t h e l aye r r i ch i n i ron ; 
on i n t r o d u c i n g m a n g a n e s e , t h e t w o - l a y e r 
s y s t e m is c h a n g e d b a c k t o a s ingle- layer 
p h a s e . E . L . Nicho l s s t u d i e d t h e elec
t r i ca l r e s i s t ance of t h e i r o n - m a n g a n e s e -
coppe r a l loys . A n u m b e r of t h e s e a l loys 

h a d t h e r e m a r k a b l e p r o p e r t y of decreas ing in res i s tance each t i m e t h a t t h e y w e r e 
s u b j e c t e d t o a c h a n g e of t e m p . ; a n a l loy c o n t a i n i n g 80-82 p e r cen t , of c o p p e r 
a n d 19-12 p e r cen t , of f e r romanganese , w h e n h e a t e d a n d cooled f rom 100° t o 20° , 
d imin i shed i n res i s t ance w i t h each o p e r a t i o n , t h e d i m i n u t i o n b e i n g s t i l l pe r 
cep t ib le a t t h e e n d of t h e s e v e n t h cycle . O n be ing t h e n ra ised t o a r e d - h e a t a n d 
a l lowed t o cool, a st i l l m o r e m a r k e d d i m i n u t i o n in t h e r e s i s t ance of t h e a b o v e 
a l loy w a s found t o h a v e t a k e n p lace . T h e t e m p , coeff. of t h i s a l loy w a s pos i t ive , 
a n d c o n t i n u e d t o increase a s t h e h e a t i n g a n d cool ing p rocess w a s r e p e a t e d . W i t h 
a n a l loy cons is t ing of 70-65 p a r t s of c o p p e r a n d 29-35 p a r t s of f e r r o m a n g a n e s e , a 
s imi lar b e h a v i o u r w a s obse rved . Af ter be ing b r o u g h t i n t o a cond i t i on of s t a b i l i t y 
such t h a t fu r the r h e a t i n g a n d cool ing t h r o u g h a r a n g e of 80° h a d b u t l i t t l e p e r m a n e n t 
effect u p o n i t s c o n d u c t i v i t y , i t st i l l showed , w h e n h a r d - d r a w n , a n app rec i ab l e 
n e g a t i v e t e m p , coeff. I t w a s t h e n a n n e a l e d t h r e e t i m e s a t r e d - h e a t , t h e sp . r e s i s t ance 
a n d t e m p , coeff. be ing d e t e r m i n e d for t h e r a n g e of 20° t o 100° a f te r e a c h a n n e a l i n g . 
T h e resu l t s were a s follow : 

Resistance 
W 

20° 
H a r d 

!

once . 
tw ice . 
thr ice . 

A n u m b e r of s imi la r a l loys showed, w h e n ha rd - ro l l ed , a t e m p , coeff. v e r y n e a r t o 
zero, s o m e t i m e s pos i t i ve , s o m e t i m e s n e g a t i v e . Af ter a n n e a l i n g a t 300° t o 400° , 
a well-defined n e g a t i v e coeff. w a s p r o d u c e d . I t w a s f o u n d t h a t t h e pos i t i ve coeff. 
p r o d u c e d b y a n n e a l i n g cou ld b e r e d u c e d a g a i n b y ro l l ing t h e a l loy . W i t h 10 p e r 
cent , of f e r r o m a n g a n e s e , t h e c h a n g e of r e s i s t ance is less t h a n 1 p e r cen t , for 100° . 
Alloys c o n t a i n i n g f r o m 15 t o 20 p e r cen t , of f e r r o m a n g a n e s e h a v e exceed ing ly 
smal l t e m p , coeff., t h e coeff. a t 18 pe r cen t , b e i n g p r a c t i c a l l y zero . T h e coeff. m a y 
b e m a d e t o u n d e r g o a cons ide rab le a l t e r a t i o n b y v a r y i n g t h e t e m p e r of t h e m e t a l . 

20° 
46-10 
46-IO 
4 4 0 7 
42-7O 

100° 
45-99 
4 5 1 8 
44-33 
43-58 

20° 
4 6 0 9 
45-09 
44-06 
42-74 

Temperature coefficient 
—0-000024 
H-0-000021 
-4-0-OO0068 
+ 0-000192 
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T h e m a r k e d influence of t e m p e r u p o n t h e c o n d u c t i v i t y of t h e s e a l loys r e n d e r s i t 
difficult t o d e t e r m i n e t h e prec ise l aw of t h e change in sp . r es i s tance w i t h t h e c o m 
pos i t ion . I t would , howeve r , a p p e a r f rom t h e resu l t s t h a t t h e r e s i s t ance i nc reases 
n e a r l y i n d i r ec t p r o p o r t i o n t o t h e p e r c e n t a g e of f e r romanganese . 

T. W. Hogg prepared some iron-manganese-aluminium alloys, and observed 
t h a t t h e a l loy f rom 5*56 lbs . a l u m i n i u m , a n d 50 lbs . of 82 pe r cen t , f e r romanganese , 
a f te r s t a n d i n g t w e l v e m o n t h s , is c o m p l e t e l y d i s i n t e g r a t e d . G. Craig sugges ted 
t h a t t h e d i s in t eg ra t ion is d u e t o o x i d a t i o n . T h e a l loy -was magne t i c . B o t h 
m a n g a n e s e a n d a l u m i n i u m r e d u c e o r d e s t r o y t h e m a g n e t i c p r o p e r t y of i ron , b u t 
ra i se t h e m a g n e t i c p r o p e r t y w h e n b o t h a r e p r e s e n t . T h e mechan ica l p rope r t i e s 
were s t u d i e d b y P . E . M c K i n n e y . 

Li. Gui l le t s t u d i e d t h e m a n g a n e s e - s i l i c o n s tee l s w i t h 0-104 t o 0-62O p e r cen t , 
c a r b o n , 0-457 t o 2-310 p e r c en t , sil icon, a n d 0-450 t o 14-760 p e r c en t , m a n g a n e s e . 
E . K o t h n y also s t u d i e d a couple of t h e s e a l loys . S tee ls w i t h a b o u t 2 p e r c en t , of 
m a n g a n e s e , O-l of c a r b o n , a n d 0-5 t o 1-5 of si l icon, a n d also t h o s e w i t h 0-5 p e r cen t , 
c a r b o n , 0*5 m a n g a n e s e , a n d u p t o 1-8 si l icon, a r e pea r l i t i c , w i t h t h e g ra in s of ferr i te 
t h e closer t h e h ighe r is t h e p r o p o r t i o n of si l icon. T h e o t h e r s teels h a v e p o l y h e d r a 
of y - i ron in some cases—e.g. 0-2 C, 2 M n , a n d 1-5 S i — w i t h fair ly we l l -marked c leavage 
p l anes , a n d a few needles of m a r t e n s i t e o n t h e b o r d e r s . (Quenching f rom 850° 
r e n d e r s t h e pear l i t i c s teels m a r t e n s i t i c . T h e y - i ron s teels r e m a i n po lyhed ra l , t h o u g h 
t h e 0-2 C, 2 M n , a n d 1-5 Si s teel becomes whol ly m a r t e n s i t i c ; t h i s steel a lso becomes 
m a r t e n s i t i c on a n n e a l i n g a t 950° t o 1200°, a n d w h e n cooled in l iqu id a i r . T h e o t h e r 
s teels were n o t c h a n g e d b y cooling in l iqu id a i r . T h e fer r i te of t h e pea r l i t i c s teels 
becomes coarser o n annea l i ng , whi le t h e o t h e r s teels r e m a i n u n c h a n g e d . N o 
p r e c i p i t a t i o n of c a r b o n Was obse rved . T h e ca se -ha rden ing of t h e pea r l i t i c s teels 
l eaves a core of pea r l i t e , a zone of t r o o s t i t e , a n d a n o u t e r zone of y - i ron . If ca r r i ed 
far e n o u g h , pea r l i t e a n d c e m e n t i t e a r e f o r m e d o n t h e ex te r io r . T h e m e c h a n i c a l 
t e s t s o n t h e n o r m a l s teels show t h a t si l icon ra ises t h e tens i le s t r e n g t h a n d e las t ic 
l imi t , a n d lowers t h e e longa t ion , r e d u c t i o n of a r e a , a n d r e s i s t ance t o shock . T h e 
v a r i a t i o n i n t h e e las t ic l i m i t of t h e y - i ron s teels w a s sma l l . As silicon a l t e r s t h e 
m e c h a n i c a l s t r u c t u r e , co r r e spond ing a l t e r a t i o n s occur i n t h e mechan ica l p r o p e r t i e s , 
b u t t h e a d d i t i o n of si l icon is, i n genera l , in ju r ious t o m a n g a n e s e s teels . Q u e n c h i n g 
ra ises t h e tens i le s t r e n g t h a n d e las t ic l imi t s , b u t r educes t h e e longa t ion , r e d u c t i o n of 
a r e a , a n d res i s t ance t o shock . A n n e a l i n g sof tens al l t h e s tee ls excep t ing t h a t w i t h 
0-2 C, 2 Mn, a n d 1-5 Si . G. B u r n s , B . S t o u g h t o n a n d W . E . H a r v e y , E . W . Col-
b e c k a n d D . H a n s o n , G. H . K e u l e g a n a n d M. R . H o u s e m a n , G. A . H a w k i n s a n d 
co-worker s , W . K iede , S. H e u l a n d , A . B . K inze l , K . T . K i i r t e n , W . ' V e n a t o r , a n d 
E . Ma l l a rd d iscussed t h e i ron-manganese-s i l i con a l loys . P . N i c o l a u e x a m i n e d the i r 
t he rmo-e l ec t r i c p r o p e r t i e s . E . K o h l h a a s p a t e n t e d a manganese-silicon-titanium 
steels-0-9 t o 1-0 C, 0-4 t o 0-7 Si , 9-8 t o 10-3 M n , a n d 0-2 t o 1-4 T i . 

Li. Gui l le t p r e p a r e d m a n g a n e s e - c h r o m i u m s tee l s w i t h 0-128 t o 0-923 p e r cen t , 
c a r b o n : 1-92 t o 14-02 m a n g a n e s e ; a n d 2-87 t o 5*25 c h r o m i u m . T h e mic ro -
s t r u c t u r e shows t h a t t h e s e s teels m a y c o n t a i n (i) pea r l i t e (or t roos t i t e ) if t h e p ropo r 
t i o n s of m a n g a n e s e a n d c h r o m i u m a r e n o t t o o h i g h ; (ii) m a r t e n s i t e — w i t h or 
•without ca rb ide ; a n d (iii) p o l y h e d r a of y - i r o n — w i t h o r -without ca rb ide . T h e 
a l t e r a t i o n s in s t r u c t u r e s h o w t h a t t h e effect of c h r o m i u m is s u p e r a d d e d t o t h a t of 
t h e m a n g a n e s e , a n d w h e n t h e p r o p o r t i o n of c h r o m i u m is h igh , a carbide is formed. 
Q u e n c h i n g r e n d e r s t h e s tee ls w i t h pea r l i t e whol ly m a r t e n s i t i c , i t m a y r ende r some 
w i t h p o l y h e d r a l y - i ron m a r t e n s i t i c , a n d i t m a y cause c leavage-p lanes t o a p p e a r in 
s o m e of t h e p o l y h e d r a . A n n e a l i n g h a s v e r y l i t t l e effect o n t h e mar t ens i t i c or 
t r oos t i t i c s teels , b u t i t p r o d u c e s t r a n s f o r m a t i o n s i n t h e y- i ron , r ender ing i t m a r t e n s i t i c 
o r t roos toso rb i t i c—v ide t h e n icke l c h r o m i u m steels . Cooling in l iquid a i r h a s v e r y 
l i t t l e inf luence. S t ress ing i n t h e co ld c o n v e r t e d t h e s teel w i t h y- i ron a n d m a r 
t e n s i t e i n t o a m a r t e n s i t e s tee l . T h e c a s e - h a r d e n i n g of t h e mar t ens i t i c s teel left a 
c e n t r a l core of m a r t e n s i t e , t h e n a zone of t r o o s t i t e i n t e r m i x e d w i th m a r t e n s i t e , 
a n d t h e n a t h i n zone of y - i r o n . I n genera l , t h e m e c h a n i c a l p roper t i e s co r r e spond 
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with the structure. The normal martensitic steels have a high tensile strength and 
elastic limit, a low elongation and reduction of area, high brittleness, and an 
enormous hardness. The troostitic steels have less strongly marked properties, 
while those with y-iron have a high tensile strength bu t low elastic limit, a fairly-
high elongation, a high resistance to shock, and a medium hardness. The presence 
of carbide diminishes the resistance to shock. The changes in the mechanical 
properties which occur on quenching correspond with the microstructure. The 
hardness, tensile strength, and elastic limit generally increase; the elongation, 
reduction of area, and resistance to shock are reduced. Steels with y-iron are 
softened by quenching—the elastic limit is reduced, and the resistance t o shock is 
increased. Annealing has, in general, bu t little effect on the mechanical properties, 
though in some cases the hardness, tensile strength, and elastic limit are raised, while 
the elongation, and reduction of area, and resistance to shock are reduced. 
F . M. Beckett, J . M. Becket, A. B. Kinzel and W. B . Miller, and C. L. Clark and 
A. E. White studied the mechanical properties of these steels. W. Rohn found 
t h a t the corrodibility of a Fe : Cr : Mn (60 : 25 : 15) alloy—normal and annealed 
—expressed as a loss in weight in grams per sq. dm., with 10 per cent, acids, is : 

H N O 3 H 8 SO 4 HCl 
, * , , ; k , * , 

N A N A N A 
24 h r s . co ld 0-02 0 0-28 0-82 0-34 0-15 
1 h r . h o t . 0-02 0 2-8 3-81 1-40 0-49 

W. Guertler and T. Liepus also studied the corrodibility of the iron-manganese-
molybdenum alloys. W. F . Rowden, and Gr. Burns studied the manganese-
molybdenum-iron alloys ; and P . Berthier, and V. Ehmcke, manganase-tungsten-
iron alloys ; A. Stavenhagen and E . Schuchard prepared manganese-oranhim-
iron alloys by the thermite process ; and W. C. Hamil ton examined some 
manganese-vanadium-iron alloys. 
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24. 1316, 1377, 1904 ; J . T>. Weeks a n d G. L . S tone , Rept. Min. U.S.A., 323, 1890 ; C. M. Weld , 
Bull. U.S. Bur. Mines, 173, 1920 ; C. Wells a n d J . C. Warne r , Trans. Amer. Electrochem. Soc, 
62. 233, 1932 ; T . IX Wes t , Journ. Amer. Foundrymen's Assoc, 10. 75, 1901 ; F . Wever , Zeit. 
Elektrochem., 30. 376, 1924 ; Mitt. Inst. Eisenforschung, Diisseldorf, 6. 1, 1924 ; E . A. W h e a t o n , 
Yearbook Amer. Iron Steel Inst. 10. 395, 1920 ; Blast-furnace Steel Plant, 8. 596, 1920 ; 
M. M. Wickhors t , Iron Age, 101. 560, 1917 ; Bull. Amer. Railway Eng. Assoc, 199, 1917 ; 
R . S. Wile, Iron Age, 95 . 1068, 1 9 1 5 ; J . Wilkinson, Brit. Pat. No. 3097, 1808 ; C. R . W o h r m a n , 
Tech. Publ. Amer. Inst. Min. Eng., 14, 1927 ; Amer. Inst. Min. Eng.—Iron Steel, 197, 1928 ; 
F . Wiis t , Rev. MU., 6. 3 , 1909 ; F . Wiis t a n d H . Meissner, Ferrum, 2 . 97, 1904 ; 1 1 . 97, 1913 ; 
F . Wiis t , A. Meuthen a n d R Durrer , Stahl Eisen, 38 . 777, 1918 ; Forsch. Oebiete Ver. deut. Ing., 
204, 1918 ; F . Wiist a n d J . Miny, Ferrum, 14. 97, 113, 1917 ; R . Zoja, Notiz. Chim. Ind., 2 . 559, 
1927 ; IX Zuege, Trans. Amer. Foundrymen's Assoc, 37. 361 , 1929 ; Iron Age, 125. 1294, 1930. 

29 T. W . Hogg, Chem. News, 66. 140, 1892 ; G. Craig, ib., 66. 160, 1892 ; W . R o h n , Zeit. Metall-
kunde, 18. 387, 1926 ; W . Guer t ler a n d T . Liepus, ib., 17. 310, 1925 ; P . Ber thier , Tait6 des 
essais par la vote seche, Par i s , 2. 215, 1834 ; E . ELothny, Stahl Eisen, 39. 1341, 1919 ; N . P a r r a v a n o , 
Internat. Zeit. Metallog., 4. 171, 1913 ; Oazz. Chim. IUd., 42 . 11 , 513, 1 9 1 2 ; L. Guillet , Journ. 
Iron Steel Inst., 60. ii, 109, 1906 ; E . W . Colbeck a n d Z>. Hanson , ib., 109. i, 377, 1924 ; F . Klohl-
haas , German Pat., JD.R.P. 231499, 1909 ; Stahl Eisen, 3 1 . 1104, 1911 , F . Os te rmann, Zeit. 
Metallkunde, 17. 278, 1925 ; E . L . Nichols, Amer. Journ. Science, (3), 39. 471 , 1890 ; A. B . Kinzel 
a n d W . B . Miller, Trans. Amer. Soc Steel Treating, 18. 55, 1930 ; A . B . Kinzel , ib., 14. 866, 1928 ; 
F . M. Becke t t , Heat Treating Forging. 16.750, 1930; Yearbook Amer.Iron Steel Inst., 173,1930; Blast
furnace Steel Plant, 18 . 957, 1930 ; J. M. Becket , Aciers Speciaux, 6. 519, 1932 ; P . E . McKinney , 
Yearbook Amer. Iron Steel Inst., 2 . 1916 ; A. S tavenhagen and E . Schuchard , Ber., 35 . 909, 1902 ; 
V. E h m c k e , Ueber den Einfluss der die Umwandlungstemperaturen erniedrigenden Legierungsele-
mente auf die Eigcnschaftcn von Schneldrehstahl, Berl in, 1930 ; Arch. Eisenhuttemvesen, 4 . 23 , 
1930 ; W . Riede , Stahl Eisen, 44. 880, 1924 ; B . S tough ton a n d W . E . Harvey , Proc. Amer. 
Soc Testing Materials, 30 . i i , 241 , 1930 ; G. A. H a w k i n s , D . H a n s o n a n d G. W . F o r d , Jotirn. 
Iron Steel Inst., 114. i i , 265, 1926 ; S. H e u l a n d , Journ. Four. Elect., 37. 78, 1928 ; K . T . K u r t e n , 
Centr. HuU. Walztverke, 32 . 281 , 1 9 2 8 ; W . Vena to r , Stahl Eisen, 28. 4 1 , 82, 149, 255, 1 9 0 8 ; 
E . Mallard, Bull. Soc. Min., 2 . 47, 1878 ; 12. 421 , 1893 ; P . Nicolau, Rev. MU., 22 . 273, 539, 1925 ; 
G. B u r n s , Journ. Iron Steel Inst., 124. i i , 241 , 1931 ; C. L . Clark a n d A. E . Whi t e , Trans. Amer. 
Soc. Mech. Eng., 5 3 . 177, 1931 ; G. H . Keu legan a n d M. R . H o u s e m a n , Journ. Research Bur. 
Standards, 10. 290, 1933 ; W . F . R o w d e n , Metallurgia, 7 . 9, 1932 ; W. C. H a m i l t o n , Iron Age, 
129. 546, 1932. 

§ 28. Ferrous Oxide and its Hydrate 
The supporters of the phlogiston theory knew that the calx of iron unites with 

different proportions of phlogiston. Thus, in 1777, C. W. Scheele x said : 
I d i s s o l v e d 2 o u n c e s of m a r t i a l v i t r i o l i n 32 o u n c e s of w a t e r , a n d p r e c i p i t a t e d t h e 

so ln . w i t h a c a u s t i c l y e . T h e p r e c i p i t a t e b e i n g s e t t l e d , I d e c a n t e d t h e c lear l iquor , a n d I 
p u t t h e d e e p g r e e n p r e c i p i t a t e of i ron , t o g e t h e r w i t h t h e r e m a i n i n g l iquor , i n to a b o t t l e 
a n d c o r k e d i t wel l . A f t e r a f o r t n i g h t ( d u r i n g a l l of w h i c h t i m e I shook t h e b o t t l e fre
q u e n t l y ) , t h e g r e e n c a l x of i r o n h a d a c q u i r e d t h e co lou r of crocus inartis, a n d o u t of 40 
p a r t s of air, 12 w e r e los t . 

J. Priestley made some observations on the oxidation of iron based on the 
phlogiston theory. 

At the end of the eighteenth century, A. L. Lavoisier recognised two stages in 
the oxidation of iron ; and, near the beginning of the nineteenth century, 
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C Iv. I ier thol le t bel ieved t h a t a g r e a t m a n y oxides of i ron ex i s t—indeed , h e w a s 
inclined t o believe t h a t t h e i ron a n d oxygen form a con t i nuous ly progress ing series 
of indefinite c o m p o u n d s ; b u t J . L . P r o u s t cons idered t h a t t h e va r ious ox ides 
so-called were m i x t u r e s or c o m b i n a t i o n s of ferrous a n d ferric ox ide . C. E . Bucho lz , 
a n d J . D a l t o n f avoured J . L . P r o u s t ' s h y p o t h e s i s ; J . F . d 'Aubu i s son , a n d 
Li. J . T h e n a r d , f avoured C. Li. Be r tho l l e t ' s . J . L . G a y Loissac recognized a n in te r 
m e d i a t e v a r i e t y b e t w e e n ferrous a n d ferric oxides ; a n d J . J . Berzel ius a t first 
supposed t h a t t h e r e a re on ly t w o oxides , b u t l a t e r p r o v e d t h a t t h e r e a r e t h r e e 
definite oxides , n a m e l y iron monoxide, o r ferrous ox ide , F e O ; ferrosic oxide, F e 8 O 4 ; 
a n d ferric oxide, F e 2 O 3 . T h e oxides w i t h a compos i t i on b e t w e e n t h o s e of fe r rous 
a n d ferrosic oxides a re cons idered t o b e solid soln. , a n d h a v e b e e n n a m e d wustite ; 
t h o s e w i t h a compos i t ion b e t w e e n ferrous ox ide a n d i ron h a v e b e e n cal led oxyferrites, 
a n d if t h e i ron is also associa ted w i t h c a r b o n a n d cooled r ap id ly , oxyaustenites ; 
a n d l ikewise, also, w i t h those oxides h a v i n g a compos i t ion b e t w e e n t hose of ferrosic 
a n d ferric oxides—vide infra ; t h e y form solid soln . w h i c h h a v e been cal led martites 
—vide ferric oxide . Sa l t s of t h e u n k n o w n iron dioxide, F e O 2 , a n d of t h e u n k n o w n 
iron trioxide, F e O 3 , h a v e also been p r e p a r e d ; t h e former a r e cal led perferrites, 
a n d t h e l a t t e r ferrates ; whi l s t t h e sa l t s of ferric oxide a re cal led ferrites. T h e r e 
is also t h e supposed iron tetroxide, F e O 4 , a n d t h e sa l t s of t h e co r r e spond ing ac id , 
n a m e l y , t h e perferrates. 

A. B r u n r e p o r t e d t h a t volcanic l a v a pas s ing from t h e v i t r eous t o t h e c rys ta l l ine 
s t a t e t r ave r se s a pe r iod in which ferrous ox ide is depos i t ed as a new m i n e r a l wh ich 
he cal led ioz i te . The p resence of iozite in t h e l ava is t a k e n t o i nd ica t e t h a t w a t e r 
w a s a b s e n t a t t h e t i m e of i t s fo rma t ion . T h e fer rous ox ide c o n t e n t of a l a v a is 
r educed b y t h e oxidizing ac t ion of a i r o r s t e a m . H e n c e , t h e m a g m a in t h e c r a t e r 
is p r o b a b l y less h igh ly oxidized t h a n t h e l a v a ou t s ide . T h e sub jec t w a s d iscussed 
b y G. P o n t e . The ind iv idua l i ty of iozite is n o t y e t e s tab l i shed as a definite m i n e r a l 
species. 

Accord ing to R . F . M a r c h a n d , w h e n i ron is b u r n t in t h e o x y h y d r o g e n flame, t h e 
p r o d u c t of c o m b u s t i o n is n o t t h e sca ly oxide o b t a i n e d w h e n t h e m e t a l is b u r n t 
in o x y g e n gas , b u t a fused, mal leab le m a s s wh ich dissolves in hyd roch lo r i c ac id 
w i t h t h e evo lu t ion of h y d r o g e n t o fo rm ferrous chlor ide . R . F . M a r c h a n d f o u n d 
t h a t t h e ana lys i s ag reed w i t h t h e a s s u m p t i o n t h a t eine Verbindungen des Eisenoxyduls 
mit metallischen Eisen, F e 8 ( F e O ) , o r ferrous suboxide, o r iron tetritoxide, F e 4 O , is 
fo rmed . Th i s h a s n o t b e e n confi rmed ; i t is t h o u g h t t h a t t h e al leged subox ide is 
a m i x t u r e or solid soln . of i ron a n d ferrous ox ide , or , poss ib ly , ferrosic ox ide . 
R . Schenck o b t a i n e d a p r o d u c t w i t h t h e u l t i m a t e compos i t ion F e 3 O , iron tritoxide, 
b y t h e ac t i on of a m i x t u r e of equa l p a r t s of c a r b o n m o n o x i d e a n d d ioxide o n a 
m i x t u r e of magnes i a a n d f inely-divided i ron a t a b o u t 650° a n d a t in. press . , b u t 
t h e w o r k of R . Schenck a n d co-workers , G. Lepe t i t , a n d J . Miiller showed t h a t 
t h e p r o d u c t is rea l ly a solid soln. of ferrous oxide a n d magnes ia . I . L . Bel l s u p p o s e d 
t h a t a n iron hemioxide, F e 2 O , is formed b y t h e ac t ion of c a r b o n m o n o x i d e on ferric 
oxide , a n d L . D u s a r t , t h a t a similar oxide is p r o d u c e d b y t h e ox ida t i on of t h e 
hemisu lph ide w i t h s t e a m a t 60° ; b u t R . A k e r m a n n a n d C. G. S a r n s t r o m s h o w e d 
t h a t t h e p r o d u c t o b t a i n e d b y t h e ac t ion of ca rbon monoxide* is a m i x t u r e of i ron , 
fer rous ox ide , a n d ferrosic oxide . W . Ga lb ra i th , a n d F . R . Eichhoff a s s u m e d t h a t a 
p r o d u c t a p p r o x i m a t i n g F e 7 O , occurs as a n inclusion in i ron . C. R . W o h r m a n n 
discussed t h e ferrous ox ide inclusions in i ron. W . G. Mix te r o b t a i n e d a p r o d u c t 
a p p r o x i m a t i n g F e 6 O 4 b y t h e ac t ion of a c u r r e n t of n i t r ogen on fer rous o x a l a t e 
a t 900° , b u t i t w a s cons idered t o be a m i x t u r e of i ron a n d fe r rous ox ide . 
J . B . F e r g u s o n , in his s t u d y of t h e ac t ion of w a t e r v a p o u r o n h e a t e d i ron, o b t a i n e d 
n o ev idence 61 t h e fo rma t ion of a n y oxide of i ron lower t h a n ferrous ox ide . 

The solubility of iron in ferrous oxide, obse rved b y A . Matsubara, and 
E* D . E a s t m a n , w a s found b y H . Groebler a n d co-workers n o t t o e x i s t ; t h e solu
b i l i ty of i ron in solid ferrous oxide is inapprec iab le w h e n e x a m i n e d b y t h e X - r a d i o -
gram p rocess . F . S. T r i t t o n a n d L). H a n s o n r e p o r t e d t h a t m o l t e n fe r rous ox ide 
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dissolves a b o u t 1 p e r cen t , of i ron . H . Ie Chate l ie r a n d B . B o g i t s e h n o t i c e d t h a t 
o x y g e n c a n dissolve in solid i ron ; a n d t h e sub jec t w a s e x a m i n e d b y J . B . S t e a d , 
a n d J . H . Whi t e l ey . E . D . E a s t m a n found t h a t fer rous ox ide is u n s t a b l e w i t h 
r e spec t t o i ron below 550° ; b u t a l t h o u g h i ron is n o t app rec i ab ly soluble i n f e r rous 
ox ide , ferrous oxide is soluble in i ron t o t h e e x t e n t of 20 t o 25 m o l a r p e r cent.—• 
i.e. 6 t o 8 p e r cen t , of oxygen . F . S. T r i t t o n a n d D . H a n s o n o b t a i n e d a n e q u i l i b r i u m 
d i a g r a m for i ron c o n t a i n i n g f rom 0-1 p e r c en t , o x y g e n u p t o a p p r o x i m a t e l y 22 p e r 
cen t . , r ep r e sen t ed b y t h e c o m p o u n d F e O . T h e r e is a la rge r ange of immisc ib i l i ty 
of t h e t w o c o m p o n e n t s , w h i c h in t h e m o l t e n s t a t e s e p a r a t e i n t o t w o l iqu id l aye r s . 
C. H . H e r t y a n d J . M. Ga ines found t h a t a r r e s t p o i n t s for S-, y- , a n d )8-iron a re 
n o t affected b y t h e p resence of f rom 0-12 t o 0-21 p e r cen t , of o x y g e n . T h e solubi l i ty 
of fer rous oxide in y - i ron is r a t h e r g r e a t e r t h a n i t is in a - i ron , because t h e A 3 -a r res t 
is lowered b y t h e p re sence of t h e ox ide . T h e lower ing of t h e A 3 - a r r e s t is accom
p a n i e d b y t h e ra is ing of t h e A 4 - a r r e s t . K . S c h o n e r t g a v e for t h e so lubi l i ty of o x y g e n 
as fer rous ox ide in <x-, /?-, a n d y - i ron r e spec t ive ly 0-03, 0*13, a n d 0*15 t o 0-19 pe r 
cen t . T h e p r o p o r t i o n d issolved in ct-iron increases w i t h a r i s ing t e m p . , so t h a t in 
m o l t e n i ron a t t h e f .p. t h e so lubi l i ty is 0 ' 21 pe r cen t . , and t h e f .p . is 
depressed t o 1509°. W h e n m o r e o x y g e n is p re sen t , t w o solid p h a s e s a r e 
fo rmed , t h e p h a s e r ich in o x y g e n c o n t a i n s a b o u t 0*21 p e r cen t , of oxygen , a n d 
i t cons is ts m a i n l y of fer rous ox ide , 

A^(ffe\o3,Fe)solid 

(FeQ.Fe)^ 

30% Oxygen 

4 8 6 . — E q u i l i b r i u m d i a g r a m s of t h e I r o n -
O x y g e n S y s t e m . 

a l i t t l e ferric oxide , a n d 0-99 pe r 1800 \ 
cen t , of free i ron . T h e m . p . is 
lowered f rom 1535° t o 1530° w i th 
t h e d i sso lu t ion of 0*21 p e r cen t , 
of o x y g e n ; b e y o n d t h i s cone , of 
o x y g e n t w o l iqu id l ayers a re 
fo rmed . T h e so lubi l i ty of o x y g e n 
in solid i r on is t a k e n t o a p p r o x i 
m a t e t o 0-05 p e r cen t , o x y g e n ; 
a n d t h e so lubi l i ty of i ron in t h e 
ox ide a b o u t 1 pe r c e n t . C. B e n e 
d icks a n d H . Lofqu is t r e p r e s e n t e d 
t h e equ i l i b r i um d i a g r a m b y F i g . 
486. T h e d i a g r a m is ba sed on t h e 
obse rva t i ons of R . A k e r m a n n a n d 
C. Gr. S a r n s t r o m o n t h e solid 
phase s in t h e s y s t e m ; of L . W o h l e r 
a n d co-workers on t h e r e d u c t i o n of i ron ox ide w i t h c a r b o n m o n o x i d e ; of 
R . B . S o s m a n a n d J . C H o s t e t t e r on t h e equ i l i b r i um cond i t ions w h e n s t e a m 
a c t s on i ron ; a n d on t h e a s s u m e d ex is tence of solid soln. b e t w e e n t h e phases 
F e a n d F e O , F e O a n d F e 3 O 4 , a n d F e 3 O 4 a n d F e 2 O 3 , d iscussed b y W . Mathes ius , 
P . Goerens , H . Moissan , e tc .—vide infra. I n C. Bened icks a n d H . L.6fquist 's 
d i a g r a m t h e m . p . of i ron is lowered t o B b y t h e presence of dissolved fe r rous 
ox ide , a n d BD r e p r e s e n t s t h e so lub i l i ty c u r v e of ferrous oxide in m o l t e n i ron 
d e t e r m i n e d a p p r o x i m a t e l y b y C. C. d e Coussergues , a n d m o r e e x a c t l y b y 
C. H . H e r t y . I n t h e h igher r anges of t e m p . , l iqu id ferrous oxide a n d i ron a re on ly 
p a r t i a l l y miscible , a n d i t is e s t i m a t e d t h a t t h e t w o solubi l i ty l ines m e e t nea r 2000°, 
w h e n t h e t w o p h a s e s b e c o m e c o m p l e t e l y so luble . T h e f .p. of ferrous oxide is con
s idered t o b e n e a r 1370°, so t h a t t h e c u r v e CGM e x t e n d s a t leas t t o 1370°, a n d M 
falls t o t h e r i g h t of t h e wi is t i te a r ea . T h e e u t e c t i c JV w a s obse rved by P . Oberhoffer 
a n d K . d ' H u a r t t o occur a t a b o u t 1200°, w i t h a b o u t 24 p e r cent , of o x y g e n . 
S. H i l p e r t a n d o t h e r s e x a m i n e d t h e s y s t e m F e O - F e 2 O 3 , b u t t h e d a t a a re s o m e w h a t 
indef ini te . A l t h o u g h R . B . S o s m a n a n d J . C. H o s t e t t e r consider t h a t t h e r e is a 
c o n t i n u o u s series of solid soln. b e t w e e n F e 2 O 8 a n d F e 3 O 4 , C. Bened icks a n d 
H . X»6fquist cons ider t h a t t h e g r e a t difference in t h e c rys t a l s t r u c t u r e of t h e t w o 
ox ides f avour s t h e v iew t h a t t h e misc ib i l i ty is p a r t i a l . T h e po lymorph i c fo rms of 
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ferric and ferrosic oxides a r e n o t i nc luded in t h e d i a g r a m . T h e d i a g r a m w a s d i s 
cussed by R. Schenck a n d T . D i n g m a n n , P . Oberhoffer, E . J a n e c k e , R . A k e r m a n , 
W. Aust in , E . D . E a s t m a n , E . W . E h n , A . M a t s u b a r a , H . Monden , J . A . P i c a r d , 
J . A. P ica rd a n d F . M. P o t t e r , R . B . S o s m a n a n d J . C. H o s t e t t e r , J . E . S t e a d , 
A. E . W h i t e a n d J . S. Van ick , P . S a u e r w a l d a n d W . H u m m i t z s c h , a n d J . H . W h i t e l e y . 

The solubility of oxygen or ferrous oxide in molten iron "was e x a m i n e d b y 
A. L e d e b u r , P . Oberhoffer a n d K . d ' H u a r t , F . Schmi t z , A. W i m m e r , a n d 
I J . Romanoff . A. L e d e b u r found a m a x i m u m solubi l i ty of 0-24 p e r cen t , of o x y g e n 
in l iqu id s teel ; F . S. T r i t t o n a n d D . H a n s o n , K . Schone r t , a n d C. H . H e r t y g a v e 
0-21 p e r cen t , a t 1530°, a n d a b o v e t h a t t e m p , t h e m i x t u r e s e p a r a t e s i n t o t w o l aye r s ; 
a n d A . W i m m e r , O 2 0 pe r cen t , for i ron a t 40° or 50° a b o v e i t s m . p . C. H . H e r t y 
a n d J . M. Gaines gave for t h e solubi l i ty a t 1535°, 0-94 p e r cen t , of F e O , o r 0*21 p e r 
cen t , of oxygen ; a t 1600°, 1-36 pe r cen t , of F e O , o r 0-304 p e r cen t , of o x y g e n ; 
a n d a t 1700°, 2-02 pe r cent , of F e O , or 0-452 p e r cen t , of o x y g e n . H . Ie Cha te l i e r 
obse rved t h a t t h e d issocia t ion press . , p, of ferrous ox ide d issolved in i ron is 
p X 1 O - 8 = ( 1 " 1 C ) 2 , whe re C deno te s t h e cone , of t h e d issolved fer rous ox ide . 
C. C. de Coussergues g a v e zero a t 1400°, 1 pe r cen t , a t 1700°, a n d 3 p e r cen t , a t 
1800°. 

R . Schenck a n d T. D i n g m a n n found a solubi l i ty of 2*8 p e r cent , ferrous ox ide 
in solid i ron a t 1000°, a n d 2-05 pe r cen t , a t 700°. R . Schenck a n d co-workers l a t e r 
sa id t h a t th i s resu l t is on ly a p p a r e n t , a n d is due t o t h e f o r m a t i o n of u n s t a b l e wi is t i te ; 
t h e solubi l i ty is 0-4 p e r cen t , a t 800° a n d 1000° ; a n d t h e y a s s u m e d a so lubi l i ty 
of 0*8 p e r cen t , a t 700°. E . D . E a s t m a n a n d R . M. E v a n s o b t a i n e d a 5 p e r cen t , 
solubi l i ty in i ron a t 772° ; a n d A. M a t s u b a r a 6 t o 7 p e r c en t . F o r t h e so lubi l i ty 
of o x y g e n in <x-iron A. W i m m e r g a v e 0-035 p e r cen t . , T . D . Y e n s e n 0-4 p e r cen t . ; 
F . S. T r i t t o n a n d D . H a n s o n gave 0-055 p e r cen t , a n d P . Oberhoffer a n d co-workers 
0-05 p e r cen t . T h e so lubi l i ty of o x y g e n in so-called y3-iron was e s t i m a t e d b y 
A. W i m m e r t o be 0-13 pe r cent . , a n d a eu tec t i c s t r u c t u r e could be d e t e c t e d in i ron 
w i th th i s p r o p o r t i o n of oxygen . W . D u n w a l d a n d C. W a g n e r sa id t h a t t h e so lubi l i ty 
of o x y g e n in a- a n d y-fer r i tes b e t w e e n 800° a n d 1000° is less t h a n 0-01 p e r c en t . 
T h e sub jec t was d iscussed b y H . Esse r . T h e so lubi l i ty of oxygen in y - i r o n w a s 
m e a s u r e d b y W . A u s t i n , E . L . R e e d , H . Monden , A . McCance, K . S c h o n e r t , 
P . Oberhoffer a n d co-workers , C. Bened icks a n d H . Lofqu i s t , L . v o n F r i e sen , a n d 
J . C. W . H u m f r e y . T h e h igh va lues a r e b a s e d on equ i l i b r ium m e a s u r e m e n t s , a n d 
t h e low va lues on t h e m i c r o s t r u c t u r e . O b s e r v a t i o n s based on X - r a d i o g r a m s were 
m a d e b y H . Groebler a n d co-workers ; a n d t h e m a g n e t i c m e a s u r e m e n t s of J . H u g g e t t 
a n d co-workers show n o apprec iab le so lubi l i ty of ferrous ox ide in i ron. W . !Krings 
a n d J . K e m p k e n s showed t h a t t h e h igh va lues for t h e so lubi l i ty of o x y g e n in i ron 
a r e p r o b a b l y wrong , a n d t h e y o b t a i n e d O-l 1 ± 0 - 0 1 5 p e r cen t , a t 715°, a n d 0*095 
dbOOlO pe r cen t , a t 800°. E v e n th i s is h igher t h a n t h e obse rved va lues for t h e 
q u a n t i t y of oxygen in commerc ia l i ron, where t h e p r o p o r t i o n is of t h e o rde r 0-05 p e r 
cen t . T h e resu l t s o b t a i n e d b y h e a t i n g i ron in m i x t u r e s of s t e a m a n d h y d r o g e n for 
24 t o 65 h r s . a t 715°, w h e n t h e e s t i m a t e d p a r t i a l press , of t h e o x y g e n w a s p, we re 
as follow : 

S t e a m . . . 2 8 0 2 4 0 18-5 1 0 0 2-5 t r a c e p e r c e n t . 
p X 1 0 " a t m . . 0-87 0-57 0-305 0-0707 0-0038 —-
O x y g o n in i r o n . 0 0 8 6 2 0 0 8 3 2 0 0 8 3 2 0 0 8 3 2 0 0 6 7 8 0 0 1 8 5 p e r c e n t . 

T h e l imi t ing v a l u e is e x t r a p o l a t e d t o be 0-11 p e r cen t . T h e r e su l t s a r e in h a r 
m o n y w i t h t h o s e o b t a i n e d for t h e equ i l ib r ium : F e O - J - H 2 ^ F e - + - H 2 O — v i d e supra, 

R . Schenck s t u d i e d t h e solid soln. of sma l l q u a n t i t i e s of fe r rous ox ide in i ron , 
a n d h e cal led t h e m oxyferrite , or r a t h e r oxoferrite ; if t h e fer r i te b e r ep l aced b y 
a u s t e n i t e , t h e n t h e co r re spond ing solid soln. is cal led oxyauaten i te . F e r r o u s ox ide 
does n o t occur a s a solid p h a s e , b u t i t is p a r t of a series of solid soln. of F e O a n d 
F e 8 O 4 ca l led wi i s t i te . F e r r o u s ox ide is t h e d o m i n a n t c o n s t i t u e n t of wi i s t i t e . A t 
h ighe r t e m p , t h e solid soln . wiis t i te a p p r o x i m a t e s F e O . R . S c h e n c k a n d co -worke r s 
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found t h a t in t h e reac t ion F e O + C O ^ F e H - C O 2 , t h e p r o p o r t i o n s of s t a b l e oxy fe r r i t e , 
a n d w u s t i t e formed a r e those ind ioa ted in Tab le L X X X V I I I a n d F i g . 487 . W u s t i t e 
c a n ex i s t a s a homogeneous solid soln. of va r iab le compos i t ion on ly a b o v e 570° 
a n d al l m i x t u r e s i n t e r m e d i a t e be tween oxyferr i te a n d m a g n e t i t e , be low 570°, sp l i t 
i n t o these c o m p o n e n t s t o form a he te rogeneous m i x t u r e . W u s t i t e , however , m a y 
occur a s a m e t a s t a b l e p h a s e d o w n t o a b o u t 
420 o . Oxyferr i te also occurs a s a homogeneous 
s t ab l e phase . A n y m i x t u r e of i n t e r m e d i a t e 
compos i t ion c a n n o t ex is t a s a s tab le , h o m o 
geneous phase , b u t spl i ts u p i n to t w o solid 
soln. , w u s t i t e a n d oxyfer r i te . T h e m i x t u r e a t 
t h e oxyferr i te side will b e oxyferr i te s a t u r a t e d 
w i t h wus t i t e , a n d t h a t a t t h e wus t i t e s ide will 
b e wus t i t e s a t u r a t e d w i t h oxyfer r i te o r i ron . 
T h e r e is a s imilar he te rogeneous p h a s e be 
t w e e n w u s t i t e a n d m a g n e t i t e . T h e r e is a 
d o u b t w h e t h e r R . Schenck h a s a d o p t e d t h e cor
r e c t pos i t ion for t h e wus t i t e a r e a ; E . D . !East
m a n a n d R . M. E v a n s p laced t he i r w u s t i t e 
a r ea as t r ide t h e po r t i on of t h e d i a g r a m corre
spond ing w i t h F e O . T h e sub jec t was also s tud ied b y C. H . Ma thewson a n d co
workers , U . H o f m a n n a n d E . Groll, a n d R . Schenck a n d E . Hengle r . E . R . J e t t e 
a n d F . F o o t e s t u d i e d t h e h o m o g e n e i t y of w u s t i t e , a n d f o u n d t h a t i t decomposes 
b e t w e e n 565° a n d 570° ; t h e y also showed t h a t all s a m p l e s h a d t h e space - l a t t i ce 
of F e O . 

O. C. R a l s t o n sa id t h a t if R . Schenck ' s pos i t ion for w u s t i t e b e accep ted , n o one 
could poss ibly p r e p a r e fer rous oxide b y gas r e d u c t i o n o r ox ida t i on m e t h o d s , a n d 
hence i t is b e t t e r t o shift t h e pos i t ion of t h e wus t i t e a r ea t o t h e left so t h a t i t includes 
fer rous ox ide . R . Schenck ' s d i a g r a m does n o t show a n y difference be tween t h e 
solubi l i ty of wus t i t e in a - i ron a n d in y- i ron . K . Schoner t , a n d O. C. R a l s t o n sug
ges ted t h a t t h e lower slope of t h e oxyferr i te b o u n d a r y be tween 570° a n d 800° is 
assoc ia ted wi th t h e p roper t i e s of a- i ron, a n d wi th those of y-iron a t a h igher t e m p . 
B y re -p lo t t ing R . Schenck ' s d a t a , O. C. R a l s t o n o b t a i n e d t h e curves , F i g . 488 , 
in -which t h e lower one rep resen t s t h e solubi l i ty of ferrous oxide in a- i ron, a n d t h e 
u p p e r cu rve i t s solubi l i ty in y- i ron . T h e A 3 -a r res t is p r e s u m a b l y lowered b y t h e 
presence of ferrous ox ide d o w n t o a eu t ec to id which h a d n o t been loca t ed b u t is 
somewhere in t h e r ange b e t w e e n 700° a n d 800°. 

F m . 487.—Iron—Oxygen S y s t e m 
(Stable) . 

T A B L E L X X X V I I I . — T H E I B O N - O X Y Q K N S Y S T E M . 

600° 
650° 
700° 
800° 
900° 

1000° 
1100° 

CO 
l Per cent. 

52-6 
56-9 
69*8 
65-2 
68-9 
71-6 
73-6 

CO8 

Per cent. 

47-4 
43-1 
40-2 
34-8 
3 1 1 
28-4 
26-4 

Per cent. 
Fe 

75-76 
75-71 
75-65 
75-65 
75-49 
76-38 
75-22 

Wtistito 

Per cent. O 

24-24 
24-29 
24-35 
24-35 
24-51 
24-62 
24-78 

Per cent. 
Fe 

76-59 
76-83 
76-94 
7 7 0 5 
7 7 1 6 
77-21 
77-33 

Per cent. O 

2 3 1 1 
2 3 1 7 
23-06 
22-95 
22-84 
22-79 
22-67 

Oxyferrite 

Per cent. F e 

99-6 

99-6 
1 

Per cent. O 

0-4 

0-4 
— — r 

O. C. R a l s t o n p l o t t e d t h e p r e s s u r e d a t a of R . B . S o s m a n a n d J . C. H o s t e t t e r , 
a n d of "Li. W d h l e r a n d R . G u n t h e r in t h e theore t i ca l d i a g r a m of A. S m i t s a n d 

V O L . XIIi. 2 z 
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J . M. Bijvoet , a n d o b t a i n e d t h e d i a g r a m F i g . 489, w h i c h does n o t s h o w t h e reg ion 
occupied b y t h e solid soln . oxyfe r r i t e a n d wt i s t i t e—c/ . F ig s . 487 a n d 488 . 

Fe r rous oxide is m e t a s t a b l e a t o r d i n a r y t e m p . I t is s t ab l e a b o v e a p p r o x i m a t e l y 
570°, b u t below t h a t t e m p . G. C h a u d r o n a n d co-workers s h o w e d t h a t i t b r e a k s u p 
in accord w i t h t h e e q u a t i o n 4 F e O ^ F e 8 O 4 + F e . T h e i n v a r i a n t or t r i p l e p o i n t w a s 
g iven a t 570° b y G. C h a u d r o n , A . S m i t s a n d J . M. Bi jvoe t , R . B . S o s m a n , 
W . R e i n d e r s , P . v a n Gron ingen , E . D . E a s t m a n a n d R . M. E v a n s , a n d L . W o h l e r 
a n d R . G i in the r ; J . B . F e r g u s o n gave 578° ; a n d M. Tigerschiold , 535° . Obv ious ly , 
the re fo re , in p r e p a r i n g ferrous ox ide b y t h e r e d u c t i o n of a h ighe r ox ide w i t h h y d r o g e n 
o r c a r b o n m o n o x i d e , t h e t e m p , m u s t exceed t h i s i n v a r i a n t p o i n t , 570° , for be low 
t h a t t e m p , fer rous ox ide is m e t a s t a b l e w i t h r e s p e c t t o Fe - J -Fe 3 O 4 , a n d i n s t e a d 
of r e d u c i n g ferrosic ox ide t o ferrous ox ide , t h e t e n d e n c y will b e for ferrosic ox ide 
t o p a s s d i rec t ly t o i ron w i t h o u t t h e i n t e r m e d i a t e s t age , fer rous ox ide , a p p e a r i n g a t 
a l l . Th i s b r ings u n d e r suspic ion all t h e al leged p r e p a r a t i o n s of ferrous ox ide b y 
t h e gaseous r educ t ion of t h e h igher oxides whe re t he se l imi t a t i ons h a v e n o t b e e n 
t a k e n i n t o cons ide ra t ion ; a n d i t shows a r ea son for t h e difficulty in p r e p a r i n g 
ferrous ox ide free f rom m a g n e t i t e a n d i ron . F u r t h e r , t h e equ i l i b r i um d i a g r a m , 
F ig . 486, shows t h a t s t ab l e ferrous ox ide c a n n o t s e p a r a t e in a p u r e cond i t i on f rom 
a m e l t ; i t loses i t s i d e n t i t y a t i ts m . p . , 1370°, a n d i t is m e t a s t a b l e be low 570° . 
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F I G . 4 8 8 . — T h e O x y f e r r i t e S y s t e m . 

400 800° /200° 

F I Q . 4 8 9 . — P r e s s u r e - T e m p e r a t u r e 
D i a g r a m for t h e S y s t e m F e - O . 

Accord ing t o J . B . F e r g u s o n , a n d G. C h a u d r o n a n d H . Fo res t i e r , t h e d issoc ia t ion 
of fe r rous ox ide is revers ib le , for t h e r e a c t i o n p r o d u c t s — m a g n e t i t e or ferrosic ox ide , 
a n d i r o n — r e c o m b i n e t o f o rm ferrous ox ide a t t e m p , exceed ing 570°. J . B . F e r g u s o n 
k e p t a s a m p l e of fe r rous ox ide b e t w e e n 300° a n d 570° t o a l low c o m p l e t e d e c o m 
pos i t ion t o t a k e p lace , a n d h e t h e n k e p t p o r t i o n s of t h e m a t e r i a l a t different t e m p , 
exceed ing 570° for 5 h r s . , a n d t h e resu l t s s h o w t h a t t h e i ron a n d ferrosic ox ide 
r e c o m b i n e t o fo rm fer rous ox ide a t t e m p , exceed ing 570° ; s imi lar ly , s a m p l e s of 
fe r rous ox ide k e p t for 5 h r s . a t different t e m p , be low 570° s lowly b r o k e u p a t 
536° , a n d t h e p e r c e n t a g e decompos i t i on increased as t h e t e m p , w a s lowered , u n t i l 
a t 436° t h e r e w a s a 65 p e r cen t , decompos i t ion . This shows t h a t t h e fe r rous o x i d e 
m u s t b e super -coo led s o m e d i s t ance below 570° before t h e r a t e of d e c o m p o s i t i o n 
is a p p r e c i a b l e d u r i n g 5 h r s . G. C h a u d r o n a n d H . Fo re s t i e r f ound t h a t a b o u t 78 p e r 
cen t , fe r rous ox ide w a s decomposed in 8 h r s . a t 445°. T h e r a t e of d e c o m p o s i t i o n 
of fe r rous ox ide is a m a x i m u m a t 480°, w h e n a b o u t 80 p e r c e n t , d e c o m p o s e d i n 
24 h r s . , a n d be low 300° v i r t u a l l y no decompos i t i on occurs d u r i n g t h a t p e r i o d . 
Un l ike J . B . F e r g u s o n , G. C h a u d r o n a n d H . Fo re s t i e r o b t a i n e d o n l y a 5 0 p e r c e n t , 
r e c o m b i n a t i o n in 12 h r s . a t 600°. T h e speed of d e c o m p o s i t i o n is i n a c c o r d w i t h 
dx/dt=A;(100—xY, whe re x d e n o t e s t h e p e r c e n t a g e d e c o m p o s i t i o n i n t h e t i m e t, 
a n d & is a c o n s t a n t . T h e r a t e of decompos i t i on is t h u s p r o p o r t i o n a l t o t h e 4 t h 
p o w e r of t h e c o n c e n t r a t i o n of t h e u n d e c o m p o s e d ferrous ox ide : 4 F e O ^ = F e - H F e 8 O 4 . 
Th^ u n i t c r y s t a l cub ic l a t t i ce c o n t a i n s four F e O molecu les . A c c o r d i n g t o 
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J . B . Fe rguson , t h e i n v a r i a n t p o i n t 570° is lowered when ferrosic ox ide is i n sol id 
soln . in t h e ferrous oxide , so t h a t t h e n e w i n v a r i a n t p o i n t is b e t w e e n t h e sol id 
soln. , ferrosic oxide, i ron, a n d gas . 

Xt follows from these obse rva t ions t h a t ferrous oxide p r e p a r e d a t h igh t e m p . 
c a n b e safely cooled t o r o o m t e m p , w i t h o u t apprec iab le decompos i t ion p r o v i d e d 
i t b e cooled r ap id ly t h r o u g h t h e r ange 
570° t o 300° ; b u t if t h e p r o d u c t be '00 r 
s lowly cooled, i t will b e c o n t a m i n a t e d 
w i t h m o r e or less ferrosic oxide a n d 
i ron . A t o r d i n a r y t e m p , t h e oxide is 
in a m e t a s t a b l e s t a t e , a n d i t c an be 
p re se rved indefini tely p r o v i d e d i t be 
p r o t e c t e d f rom a t m . ox ida t i on . T h e 
p r e p a r a t i o n of ferrous oxide b y t h e 
ox ida t i on of i ron or b y t h e r e d u c t i o n 
of ferric or ferrosic ox ide was discussed 
b y S. H i l p e r t a n d J . Beyer , G. Chaud -
r o n a n d H . Fores t ie r , J . B . Fe rguson , 
L.. Woh le r a n d R . Gi in ther , L . E . Gru -
ner , a n d G. !Lepetit. T h e cu rves for 
t h e i so the rma l r e d u c t i o n of ferric oxide b y ca rbon m o n o x i d e b y R . Schenck a t 
700°, 800°, a n d 950°, a n d b y A. M a t s u b a r a a t 863°, 1070°, a n d 1175°, a re shown 
in F ig . 490. The cu rves show t h e progress of t h e deox ida t i on a t t hese t e m p . 
R . Schenck found t h a t t h e m i x t u r e of ferrous a n d ferrosic oxides o b t a i n e d a t 
different t e m p , c o n t a i n e d 

700° 720° 
100 100 per cent. F o 3 O 4 

2-6 3-4 

2% O1 

F I G . 4 9 0 . — T h e I s o t h e r m a l R e d u c t i o n of 
F e r r i c O x i d e . 

V 
1 a t m . 
a t m . 

CO : CO 2 
/ 2 5 : 75 
\ 5 0 : 50 

75 : 25 

650° 
95-35 

5-4 
91-87 91-23 

T h e curves show compl ica t ions caused b y t h e ca r bu r i za t i on of t h e i ron when t h e 
p r o p o r t i o n of oxygen in t h e solid h a s been r educed to a b o u t 8 p e r cent . R . Schenck ' s 
i n t e r p r e t a t i o n of t h e equi l ibr ia in t h e reac t ion be tween i ron oxide a n d c a r b o n 
monox ide , a t one a t m . press . , is i l lus t ra ted b y F igs . 491 t o 499. The d o t t e d l ine 
refers t o t h e p roduce r gas equ i l ib r ium ; C refers t o t h e b i v a r i a n t equ i l ib r ium : 
2 C O ^ C - f CO 2 . T h e va r ious fields of b i v a r i a n t equi l ibr ia a re n u m b e r e d 1 t o 5 ; 
(1) refers t o Fe 3 O 4 , wi is t i te , a n d gas ; (2) wi is t i te , oxyfer r i te , a n d gas ; (3) Fe 3 C, 
o x y a u s t e n i t e , a n d gas ; (4) wi is t i te , o x y a u s t e n i t e , a n d gas ; a n d (5) oxyferr i te , 
o x y a u s t e n i t e , a n d gas . W refers t o t h e wi is t i te field ; Fe, t o t h e oxyfer r i te field ; 
a n d A. t o t h e o x y a u s t e n i t e field. 

The increase in t h e p r o p o r t i o n of c a r b o n m o n o x i d e r equ i r ed for t h e r educ t ion , 
t h a t is, t h e lessened a c t i v i t y of t h e ferrous ox ide n e a r t h e i ron-edge of t h e d i a g r a m , 
F ig . 490, is a t t r i b u t e d t o t h e d i s a p p e a r a n c e of t h e p u r e ferrous oxide phase , a n d t o 
t h e fact t h a t t h e r e m a i n i n g ferrous ox ide ex is t s in solid soln. in t h e i ron, a n d is 
t h e n m o r e difficult t o r educe t o m e t a l . J . B . F e r g u s o n suggested t h a t t w o different 
forms of ferrous oxide m a y b e conce rned in t h e p h e n o m e n o n . This is t h e region 
where R . Schenck ' s oxyfer r i t e is fo rmed . The subjec t was discussed b y 
O. C. R a l s t o n . H . Groeble r a n d P . OberhofEer o b t a i n e d b y t h e r educ t ion process 
97-8 pe r c en t , ferrous oxide a t 800°. T h e y also a t t e m p t e d t o remove i ron from t h e 
p r o d u c t of t h e r e d u c t i o n b y chemica l agen t s , b u t t h e resul ts were n o t good ; a 
95 p e r c e n t , ferrous ox ide w a s so o b t a i n e d . A. Smi t s a n d J . M. Bi jvoet h a v e d is 
cussed t h i s sub jec t f rom a n o t h e r aspec t—v ide infra, ferric oxide. The work of 
E . B a u r a n d A. Glassner , L . W o h l e r a n d O. BaIz, P . P . Fedoteeff a n d T. N . P e t r e n k o , 
R . Schenck a n d co-workers , M. Lev in , H . N ippe r t , H . K a m u r a , J . B . Fe rguson , 
H . J . v a n R o y e n , V. Fa l cke , E . Ter res a n d A. Pongracz , A. Ma t suba ra , a n d 
G. C h a u d r o n on t h e equ i l ib r ium 2r=LC0 2 J / [COJ , in t h e presence of i ron a n d i t s 
oxides , a t t h e abso lu t e t e m p . T, s u m m a r i z e d b y E . D . E a s t m a n , is ind ica ted in 
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Fig. 502. According to O. Ci Ralston, the horizontal lines represent equilibria 
between pairs of phases of approximately constant composition, whether pure com
pounds or solid soln. The portions curving away from the horizontal are obtained 
when the relative amount of one phase or another is small. Between Fe3O4 and 
FeO the isotherms show a horizontal portion which does not quite reach ITe3O* or 
FeO, but is cut off by sloping portions of the curve. In this case, on the side next 
to FeO the change in direction is at the point where all of the free Fe3O4 is exhausted, 
and only a solid soln. of Fe3O4 in FeO is left in equilibrium with the gas ; and then 
for every decrease in the amount of dissolved Fe3O4, gas of increased reducing power 
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F i a s . 491 to 499.—Space Model of the System : Fe-C-CO. 

is necessary until all of the Fe3O4 is gone. Similarly, on the sloping branch of the 
curve next to the composition of Fe3O4, the FeO dissolves in the Fe3O4 in solid 
soln., as Fe3O4 is reduced to FeO, reducing the activity of the Fe3O4 and requiring 
gas of higher reducing power for the next step until enough FeO has been formed 
to saturate the Fe3O4. Afterwards the curve runs horizontally, excess FeO merely 
dissolving Fe3O4 to form a sat. soln. of Fe3O4 in FeO. The horizontal part of the 
curve is therefore actually one of equilibrium between two sat. soln., one mainly 
made up of magnetite and the other of FeO. The ends of the horizontal portions 
of the curves give directly the analyses of the sat. soln. 

The dotted curve. Fig. 490, summarizes E. D. Eastman and K. M. Evans's 
results for the oxidation of iron by water vapour at 772°-—-when hydrogen is sub
stituted for carbon monoxide as ordinate. The solid phase is here free from carbides, 
and again the phenomenon due to a decrease in the activity of the ferrous oxide, 
observed with carbon monoxide, occurs near the iron-edge of the diagram. The 



IRON 709 

oxidation begins a t about 750° with a gas mixture containing a less ratio than 
0-54 of water vapour to hydrogen ; below this temp., slightly oxidized specimens 
are reduced. The work of H. St. C. Deville, G. Preuner, G. Chaudron, P . P . Fedo-
teeff and T. N. Petrenko, P . H. Emmet t and J . F . Shultz, L. Wohler, and 
E. Schreiner and F . B. Grimnes on the equilibrium JSfeCHaOVCHa], in the presence 
of iron and its oxides, a t the absolute temp. T9 summarized by E. D. Eastman, is 
indicated in Fig. 5Ol. These diagrams show the regions of stability of ferrous and 
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F i a . 500.—Equil ibrium of the Solid Phases 
in the S y s t e m w i t h Iron, Iron Oxide, 
a n d Carbon Oxides. 

6 8/0/2 /4 /6 /8 
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F I G . 501.—Equil ibrium of the SoUd Phases 
in the Sys tem wi th Iron, Iron Oxides, 
Hydrogen, and Steam. 

ferrosic oxides a t different temp., and in the presence of the respective gases. 
M. Tigerschiold found tha t ferrous oxide is more readily reduced by hydrogen above 
800°, and by carbon monoxide below tha t temp. W. Biltz and H. Miiller gave 
values for the ratio I J T = P H 4 O A P H 2 ; for Fe 30 4 /Fe, K=O 2 to 0-4 between 430° and 
550° ; for FeO/Fe, .BC=OS to 1-0 between 620° and 1000° ; for Fe304 /FeO, K=0-6 
to IO between 590° and 1050° ; and for Fe«>03/Fe304, K=7-5 to 18 between 350° 
and 950°. 

E. Scheil and E. H. Schulz developed a series of curves from R. Schenck's data 
showing the effect of press, on the equilibrium, and the isobars for 200 and 
1200 mm. are shown in Figs. 502 
and 503. x refers to another phase /00(Pr 
(solid soln.). 

The preparation of ferrous 
oxide.—Ferrous oxide of a high 
degree of purity has not been 
prepared. R. B. Sosman and 
J . C. Hostetter always obtained 
a product containing iron or iron 
carbide, magnetite, or some oxide 
intermediate in composition be
tween FeO and Fe3O4 . S. Hilpert 
and J . Beyer obtained a product 
free from metallic iron bu t in 
which some magnetic oxide was present. As just indicated, the failure to prepare 
ferrous oxide free from ferrosic oxide is attr ibuted to the formation of a solid 
soln. of the two oxides, and A. Smits and J . M. Bijvoet also suggested tha t over 
a particular range of temp, ferrous oxide has a higher dissociation press, than 
ferrosic oxide, so tha t the reaction: 4FeO=Fe3O4H-Fe may occur as in the 
analogous case of iridous oxide : 2 I r O = I r O 2 + I r observed by L. Wohler and 
co-workers. On account of the instability of ferrous oxide if heated above or 
cooled below 570°, E . D. Eas tman, R. W. G. Wyckoff and E. D. Crittenden, 
R. Schenck, and I*. Wdhler and R. Giinther consider tha t ferrous oxide cannot be 
deliberately prepared without some decomposition ; whilst K. Hofmann held t ha t 
ferric oxide reduced by hydrogen a t 564° consists essentially of ferrous oxide. The 
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subjec t was discussed b y G. C h a u d r o n , S. H i l p e r t a n d J . B e y e r , a n d R . S c h e n c k 
a n d T. D i n g m a n n . 

Accord ing t o t h e a n a l y s e s of A. I J . Lavois ie r , J . L . P r o u s t , J . W . Dobe re ine r , 
J . J . Berzel ius , L . J . T h e n a r d , J . L . G a y L u s s a c , a n d C. F . Bucho lz , t h e p r o p o r t i o n s 
of i ron in s a m p l e s p r e p a r e d b y t h e o x i d a t i o n of i ron o r t h e r e d u c t i o n of ferric ox ide 
h a v e f rom 73 t o 78 p e r cen t , of i ron w h e n t h e t h e o r e t i c a l v a l u e for F e O is 77-14 
p e r c e n t . R . Schenck , a n d O. P a t t e n h a u s e n sa id t h a t c o m m e r c i a l fe r rous ox ide is 
m a i n l y ferrosic ox ide , F e 3 O 4 . 

A c c o r d i n g t o C. F . Bucho lz , fer rous ox ide is a p r o d u c t of t h e ac t i on of s t e a m o n 
r e d - h o t i ron , a n d G. C h a u d r o n s t a t e d t h a t t h e r e a c t i o n F e + H 2 O ^ F e O + H 2 
occu r s a t 570° . H . N i p p e r t , a n d L . W o h l e r a n d R . G u n t h e r s t u d i e d t h e r e a c t i o n — 
vide supra. J . A. N . F r i e n d said t h a t fe r rous ox ide is p r o d u c e d ' b y h e a t i n g i ron in 
s t e a m a t 350° ; a n d H . D e b r a y , t h a t ferr ic ox ide is r e d u c e d t o fe r rous ox ide b y 
one vo l . of w a t e r v a p o u r m i x e d w i t h one t o t h r e e vo ls , of h y d r o g e n . A c c o r d i n g 
t o S. H i l p e r t a n d J . Beyer , t h e ferrous ox ide is f o rmed in a n inc reas ing p r o p o r t i o n 
a s t h e t e m p , is r a i sed ; t h u s , a t 700°, t h e p r o d u c t c o n t a i n s 85 p e r cen t , of F e O , a n d 
a t 800°, 92 p e r cen t . , b u t p u r e fer rous ox ide is n o t o b t a i n e d e v e n a t 1100° ; n o r 
was i t poss ib le t o o b t a i n p u r e fer rous ox ide b y t h e o x i d a t i o n of r e d u c e d i ron in a 
m i x t u r e of s t e a m a n d h y d r o g e n . R . M. B o z o r t h also o b s e r v e d t h a t w h e n s t e a m 
a c t e d on i ron a t 700°, he found a 2 X 1 O - 2 c m . inne r l aye r of fer rous oxide , a 2 X 1 0 ~ 4 

cm. l a y e r of ferrosic ox ide , a n d a n o u t e r 2 X 1 0 ~ 5 cm. l aye r of ferric ox ide . 
Accord ing t o G. T i s sand ie r , i ron c a n be ox id ized t o fe r rous oxide b y h e a t i n g i t 

t o b r i g h t r edness in a c u r r e n t of c a r b o n d iox ide . I . L . Bel l o b t a i n e d a s imi la r r e su l t 
b y us ing a m i x t u r e of e q u a l vols , of c a r b o n m o n o x i d e a n d d iox ide ; A . L a u r e n t 
sa id t h a t t h e p r o d u c t is ferrosic ox ide ; a n d H . N i p p e r t , t h a t a t 720° fe r rous ox ide 
is p r o d u c e d . The r eac t i on h a s been p rev ious ly d iscussed b y G. L e p e t i t , R . S c h e n c k 
a n d T. D i n g m a n n , e t c . , in connec t ion w i t h t h e b l a s t fu rnace . 

G. C h a u d r o n a n d co-workers obse rved t h a t a t a t e m p , exceed ing 570°, i r on 
r e a c t s w i t h ferrosic ox ide t o fo rm fer rous ox ide , so t h a t a t 592°, 24 p e r c en t , w a s 
t r a n s f o r m e d in 24 h r s . , a n d 51 p e r c e n t , a t 600°. P . Oberhoffer a n d H . S c h e n c k 
sa id t h a t t h e r eac t i on is n e a r l y c o m p l e t e a t 1600°. C. N . S c h u e t t e a n d C. G. Maier , 
a n d C. T . A n d e r s o n s t u d i e d t h e r eac t ion . L . W o h l e r a n d R . G u n t h e r d id n o t no t i ce 
t h e r e a c t i o n F e 3 O 4 + F e = 4 F e O , b e c a u s e t h e i r m i x t u r e w a s t o o coar se -g ra ined . 
W . Mills o b t a i n e d a n i m p u r e p r o d u c t b y h e a t i n g ferric ox ide w i t h i ron : F e - J - F e 2 O 3 
= 3 F e O ; a n d R . W . G. Wyckoff a n d E . D . C r i t t e n d e n o b t a i n e d i m p u r e fer rous ox ide 
b y fusing m a g n e t i t e w i t h i r o n — a n a l y s i s : 0-54, F e ; 78-40, F e O ; 20-32, F e 3 O 4 . 
R . W . Mil lar t r i e d unsuccessfu l ly t o pur i fy t h e s ample , b u t h e d id succeed in ra i s ing 
t h e fe r rous ox ide t o 82-95 p e r cen t . J . H . W h i t e l e y , F . S. T r i t t o n a n d D . H a n s o n , 
a n d C. H . H e r t y also o b t a i n e d ana logous p r o d u c t s . G. T a m m a n n a n d E . K o r d e s 
obse rved t h a t t h e r e a c t i o n F e + P b O = P b + F e O begins a t a b o u t 460°, a n d F e + CuO 
= F e O + C u a t 610°. 

P . S a b a t i e r a n d J . B . Sende rens said t h a t ferrous ox ide is fo rmed a t 200° w h e n 
n i t r o u s ox ide is p a s s e d over i ron ; a n d F . E m i c h a d d e d t h a t ferric ox ide is t h e e n d -
p r o d u c t of t h i s r e a c t i o n . J . Fdree s t a t e d t h a t ferrous ox ide is p r o d u c e d w h e n i ron 
a m a l g a m is s lowly ox id ized b y exposure t o air , b u t t h i s r e a c t i o n is n o t t o be r e g a r d e d 
ser ious ly a s a m e t h o d of p r e p a r a t i o n . W . V a u b e l o b t a i n e d ferrous ox ide a s a 
p r o d u c t of t h e a c t i o n of a m m o n i u m n i t r a t e on i ron ; F . M a r t i n a n d P . F u c h s , a s 
a p r o d u c t of t h e r e d u c t i o n of a lkal ine e a r t h su lpha t e s w i t h i ron ; a n d A . de Mer i t ens , 
b y t h e a n o d i c o x i d a t i o n of i ron . 

Acco rd ing t o F . S t r o m e y e r , H . W . F . W a c k e n r o d e r a n d F . S t r o m e y e r , a n d 
G. M a g n u s , ferric ox ide , a t t h e softening t e m p , of glass , is r e d u c e d b y h y d r o g e n t o 
fe r rous ox ide ; a n d M. S iewer t a d d e d t h a t t h e r e d u c t i o n t o fe r rous ox ide occu r s a t 
280° t o 300°—vide infra, t h e ac t ion of h y d r o g e n on ferric ox ide . T h e fe r rous ox ide 
p r o d u c e d a t t h i s low t e m p , is py rophor i c , b u t i t loses t h i s p r o p e r t y if k e p t in 
hydrogen for a b o u t 12 h r s . The p r o d u c t is v e r y l iable t o b e contaminated w i t h 
ferrosic ox ide , b u t H . Moissan sa id t h a t h e o b t a i n e d a p r o d u c t of a h i g h deg ree of 
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p u r i t y b y h e a t i n g ferric ox ide a t 500° in h y d r o g e n for 20 m i n s . As i n d i c a t e d a b o v e , 
t h e r e a c t i o n involves some c o m p l e x equi l ibr ia , d iscussed p r e v i o u s l y in c o n n e c t i o n 
w i t h t h e b l a s t fu rnace . H . D e b r a y o b t a i n e d ferrous ox ide b y r e d u c i n g ferr ic ox ide 
w i t h a m i x t u r e of one t o t h r e e vols , of h y d r o g e n , a n d one vol . of s t e a m a t a r e d - h e a t . 
T h e e q u i l i b r i u m cond i t i ons w i t h w a t e r v a p o u r were d iscussed b y S. H i l p e r t a n d 
J . Beye r , J . Beye r , L . W o h l e r a n d R . Gi in ther , a n d G. Chaud ron—v ide supra. 

H . Moissan o b t a i n e d fer rous ox ide b y r educ ing ferric ox ide in a c u r r e n t of d r y 
c a r b o n m o n o x i d e a t 500° ; a n d H . D e b r a y , I . L . Bell , a n d F . L e p l a y a n d A. L a u r e n t 
e m p l o y e d a m i x t u r e of e q u a l vols , of c a r b o n m o n o x i d e a n d d ioxide ; C. R . A. W r i g h t 
a n d A . P . Luff sa id t h a t t h e p r o d u c t a t a b r i g h t r e d - h e a t h a s t h e compos i t i on 
!Fe 1 6 O 1 7 . O . P a t t e n h a u s e n sa id t h a t w i t h a m i x t u r e of e q u a l vols , of c a r b o n 
m o n o x i d e a n d d iox ide , ferric ox ide h e a t e d a t first t o 775° a n d t h e n t o 825° y ie lds 
a p r o d u c t w i t h 8 3 t o 84 p e r cen t . F e O ; a n d a t 850° t o 870°, one w i th 84-5 pe r cen t . 
F e O ; Gr. C h a u d r o n o b t a i n e d fer rous ox ide a t 800° t o 1000° af ter 3 hrs.* exposu re 
t o t h e m i x t u r e of e q u a l vols , of c a r b o n m o n o x i d e a n d d iox ide . L . W o h l e r a n d 
R . G u n t h e r sa id t h a t t h e p r o d u c t is n o t t o be r e g a r d e d a s p u r e fer rous ox ide ; b u t 
H . Groeb le r a n d P . Oberhoffer , a n d H . Groeb le r o b t a i n e d a p r o d u c t w i t h 99*3 pe r 
c e n t . F e O a n d only 0-7 F e 3 O 4 . R . S c h e n c k could n o t o b t a i n fer rous ox ide a s a n 
i n d e p e n d e n t solid p h a s e b y r e d u c i n g ferrosic ox ide w i t h c a r b o n m o n o x i d e u p t o 
1100°, a l t h o u g h h e d i d g e t a feebly m a g n e t i c s a m p l e w i t h O l p e r cen t , of i ron in 
excess of t h a t r e q u i r e d for fer rous ox ide b y r educ ing ferric ox ide a t 800° w i t h t h e 
e q u i l i b r i u m m i x t u r e of 66-66 p e r cen t , of c a r b o n m o n o x i d e a n d 33-33 p e r c en t , of 
c a r b o n d iox ide . T h e equ i l i b r i um cond i t i ons in t h e r eac t i on were s t u d i e d b y 
R . Schenck a n d co-workers , J . Muller , G. L e p e t i t , e tc .—v ide supra. C. H . H e r t y 
a n d G. R . F i t t e r e r h e a t e d ferric oxide in a g r a p h i t e c ruc ib le in a n e lec t r ic fu rnace , 
r e m o v e d t h e i ron a n d i ron ca rb ide b y a m a g n e t , a n d f o u n d t h e r e m a i n i n g p r o d u c t 
c o n t a i n e d 98-9 p e r cen t . F e O . T h e p r e c e d i n g o b s e r v a t i o n s w e a k e n confidence in 
t h e old m e t h o d s which h a v e been r e p o r t e d for p r e p a r i n g fer rous ox ide . J . von Lieb ig 
sa id t h a t ferrous ox ide is fo rmed w h e n d r y fer rous o x a l a t e is h e a t e d t o 150° or 160°, 
in t h e absence of a i r , a n d cooled in a n a t m o s p h e r e of c a r b o n d ioxide . A. Vogel, 
a n d G. M a g n u s o b t a i n e d p y r o p h o r i c fer rous ox ide b y a s imi la r process ; 
a n d t h e p r o d u c t s of t h i s r eac t ion were discussed b y C. F . R a m m e l s b e r g , a n d 
J . W . B . Dobere ine r . Accord ing t o H . Moissan, a n d W . G. Mixter , in o rde r t o a v o i d 
t h e s e p a r a t i o n of c a r b o n , or t h e f o r m a t i o n of a ca rb ide , i t is a n a d v a n t a g e t o h e a t 
t h e fe r rous o x a l a t e g r a d u a l l y u p t o 520° in a c u r r e n t of n i t rogen , a n d finish off a t 
a b o u t 900° . T h e p r o d u c t con t a in s a l i t t le i ron . S. Bi rn ie , M. He r schkowi t z , 
V. F a l c k e , a n d H . N i p p e r t were also of t h e op in ion t h a t t h e p r o d u c t s of t h e reac t ion 
a re i ron , fe r rous a n d ferrosic oxides , c a rbon , a n d poss ib ly u n d e c o m p o s e d oxa l a t e . 
H . Ie Cha te l i e r r e p o r t e d fe r rous ox ide t o b e fo rmed w h e n a m i x t u r e of ferrous car
b o n a t e a n d o x a l a t e is h e a t e d in a c u r r e n t of equa l vols , of h y d r o g e n a n d c a r b o n 
d iox ide ; b u t O. Ruff a n d E . Ger s t en a l w a y s o b t a i n e d a p r o d u c t c o n t a m i n a t e d w i t h 
ferrosic ox ide a n d c a r b o n . H . Moissan sa id t h a t fer rous oxide, a long -with s o m e 
ferrosic ox ide , is p r o d u c e d w h e n ferrous c a r b o n a t e is r a p i d l y h e a t e d . R . B o t t g e r s a id 
t h a t fer rous ox ide is f o r m e d w h e n fer rous o x a l a t e is a d d e d t o a boil ing soln. of p o 
t a s s i u m h y d r o x i d e ; a n d J . R i b a n , w h e n a 5 p e r cen t . soln. of ferrous fo rmate or a c e t a t e 
is h e a t e d in a sea led t u b e a t 175°, b u t i n b o t h cases some ferrosic oxide is fo rmed . 

F e r r o u s ox ide h a s b e e n r e p o r t e d b y F . B o d e t o b e formed in J . H o l l w a y ' s 
p rocess of de su lphur i z ing c o p p e r p y r i t e s in t h e Bessemer conve r t e r ; b y L . Benedek , 
w h e n p y r i t e s is h e a t e d t o 300° or 400° in w a t e r v a p o u r ; b y A. B r u n , when basic 
vo lcan ic glasses a r e h e a t e d t o 800° in v a c u o ; a n d b y E . Diepschlag a n d H . F l iegen-
s c h m i d t , w h e n ferrous s i l icate is h e a t e d t o 1200° in t h e presence of an excess of l ime . 
I t is c o m m o n t o find t h a t t h e m e t a l ox ides p r o d u c e d a t a low t e m p , a re m o r e chemi 
ca l ly a c t i v e t h a n t h o s e w h i c h h a v e been h e a t e d t o a h igh t e m p . This , for i n s t a n c e , 
is t h e case w i t h a l u m i n a , c h r o m i c ox ide , ferric ox ide , e t c . I n some cases t h e r e is a n 
e v o l u t i o n of h e a t a s t h e ox ide is t r a n s f o r m e d i n t o t h e insoluble form—vide 5 . 3 3 , 10 ; 
a n d vide infra, t h e ca lorescence of ferric ox ide . R . W . Millar 's sp . h i . cu rve , F i g . 504 , 
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h a s a p e a k a t —170°. H . Moissan s a i d t h a t fe r rous ox ide c a n e x i s t i n t w o a l lotropic 
forms according a s i t h a s b e e n p r o d u c e d a t a h i g h o r a t a low t e m p . H e s a i d t h a t 
t h e va r i e ty p r o d u c e d be low 600° is m o r e chemica l l y a c t i v e , for o n e x p o s u r e t o a i r 
i t un i tes w i th o x y g e n so r a p i d l y t h a t t h e who le m a s s m a y b e c o m e i n c a n d e s c e n t ; 

i t d e c o m p o s e s w a t e r s lowly in t h e cold,- b u t m o r e 
r a p i d l y a t t h e b . p . ; i t is r e ad i l y so luble e v e n i n d i l . 
ac ids s u c h as ace t i c a c i d ; i t eas i ly d isp laces a m m o n i a 
f rom i t s sa l t s ; a n d i t beg ins t o b e r e d u c e d b y h y d r o g e n 
a t a b o u t 280° . O n t h e o t h e r h a n d , fe r rous ox ide 
-which h a s b e e n h e a t e d a b o v e 1000° is n o longe r p y r o -
p h o r i c o n e x p o s u r e t o a i r ; i t does n o t d e c o m p o s e 

F i o . 604 .—The M o l e c u l a r w a t e r ; i t is n o t so luble in di l . ace t i c ac id ; i t is n o t 
H e a t s of Ferrous and Ferric r e d u c e d b y h y d r o g e n be low 330° . F . Glaser g a v e 

X 1 es* 370° for t h e t e m p , of r e d u c t i o n of fe r rous ox ide b y 
h y d r o g e n . T h e t w o va r ie t i e s w h e n ox id ized t o ferrosic ox ide g ive p r o d u c t s w h i c h 
s h o w s o m e differences (q.v.). G. C h a u d r o n sugges t ed t h a t t w o va r i e t i e s a r e i n 
t h e one case fer rous ox ide s t a b l e a b o v e 570° a n d i n t h e o t h e r case a m i x t u r e of 
ferrosic ox ide a n d i ron : 4 F e O ^ F e 3 O 4 H - F e , w h i c h h a s a t r a n s i t i o n t e m p , a t a b o u t 
570°—vide irifra, m a g n e t i c p r o p e r t i e s of fe r rous ox ide . 

The physical properties of ferrous oxide.—Ferrous oxide, when prepared by 
gaseous r e d u c t i o n , is a b l a c k p o w d e r , a n d w h e n o b t a i n e d b y fusion processes , i t is 
b l ack a n d mass ive . P o l i s h e d surfaces were found b y H . E . M e r w i n t o s h o w t h e 
presence of m a g n e t i t e b y h e a t e t c h i n g — t h e fe r rous ox ide a t a r e d - h e a t a s s u m e s a 
m a t t a p p e a r a n c e , wh i l s t m a g n e t i t e r e m a i n s unaffec ted . T h e crys ta l s a r e c u b i c . 
H . Croeb le r a n d P . Oberhoffer e x a m i n e d t h e X - r a d i o g r a m of so l id soln . w i t h 
ferrosic ox ide (q.v.). R . W . G. Wyckoff a n d E . D . C r i t t e n d e n o b s e r v e d t h a t t h e 
X - r a d i o g r a m of fer rous ox ide c o r r e s p o n d s w i t h a space - l a t t i ce of t h e s o d i u m 
chlor ide t y p e ; t h e l e n g t h of u n i t c u b e is a—4*2944 A., V. M. G o l d s c h m i d t a n d 
co -worke r s found a = 4 - 2 7 A. , a n d G. N a t t a , 4-28 A. D . W . M u r p h y a n d co -worke r s 
o b t a i n e d a = 4 * 2 8 9 A . a t t e m p , n e a r t h e m . p . R . W . G. Wyckoff a n d E . D . C r i t t e n d e n 
c o n c l u d e d t h a t t h e u n i t cell c o n t a i n s 4 mol s . of F e O . T h e u n i t c u b e of fe r rous o x i d e 
c o n t a i n i n g s o m e m a g n e t i t e is s l igh t ly l a rge r t h a n is t h e case w i t h f e r rous o x i d e 
a lone . T h e c a l c u l a t e d specific grav i ty is 5*99, w h e r e a s t h e o b s e r v e d v a l u e m a k i n g 
cor rec t ions for t h e ferrosic ox ide i m p u r i t y is 5*72. S. H i l p e r t a n d J . B e y e r r e p o r t e d 
t h e sp .gr . of 97*83 p e r c en t , fe r rous o x i d e o b t a i n e d b y r e d u c i n g ferr ic ox ide i n 
h y d r o g e n t o b e 5*9, a n d if c o r r e c t e d for ferrosic ox ide 5*92. W . B i l t z s t u d i e d t h e 
m o l . v o l . ; a n d F . S a u e r w a l d a n d G. E i s n e r , t h e a d h e s i o n of t h e compres sed p o w d e r . 

M. M a y e r a n d B . H a v a s c a l c u l a t e d va lue s for t h e coeff. of t h e r m a l e x p a n s i o n 
f rom t h e a d d i t i o n ru le for fe r rous ox ide in s i l icate glasses ; a n d G. C h a u d r o n a n d 
H . F o r e s t i e r obse rved a n a n o m a l y in t h e t h e r m a l expans ion co r r e spond ing w i t h t h e 
c h a n g e 4 F e O ^ F e 3 O 4 - J - F e be low 570° . O. K r e s t a o b s e r v e d t h a t t h e c o m p r e s s e d 
powder , a p p a r e n t sp . gr . 2*240, a t a b o u t 49*8° h a s a t h e r m a l conduct iv i ty of 0*00133 
cal . p e r c m . p e r s econd p e r degree . A. B . L a m b f o u n d t h e specific h e a t t o be 
0 1 6 6 0 a t 25° t o 100°, o r 0*1625 a t 25°. If t h e t e m p , coeff. is t h e s a m e a s i t is for 
i ron , i t w o u l d r e q u i r e 11,385 cals. t o h e a t a g r a m of fe r rous ox ide f rom 25° t o 727° . 
W . P . W h i t e g a v e for t h e t r u e sp . h t . c^^O-17508 - f -00000270 , a t t e m p , b e t w e e n 
30° a n d 900° . M. Tigerschio ld ca lcu la ted C p = 1 0 * 9 0 , a t 17°, f rom t h e e q u i l i b r i u m 
r e l a t i o n s F e O 4 - C O ^ F e H - C O 2 ; a n d 10*64 f rom K o p p ' s ru l e . H . J . v a n R o y e n 
also m a d e o b s e r v a t i o n s o n t h i s sub jec t . R . W . Millar g a v e for t h e s p . h t . , C^9 a n d 
t h e m o l e c u l a r heat* C3,, of a s ample w i t h 82*96 p e r c e n t . F e O , 14*54, FeoO*. a n d 
2*5, F e : - • -» «» 

%. 
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T h e result© a r e p l o t t e d in F ig . 504. F . S . T r i t t o n a n d D . H a n s o n g a v e 1370° for 
t h e me l t ing -po in t ; O. Ruff a n d O. Goecke, 1419° ; C. H . H e r t y a n d G. R . F i t t e r e r , 
1355° ; H . Groebler a n d P . Oberhoffer e s t i m a t e d 1377° ; J . H . A n d r e w a n d co 
worke r s , 1410° ; B . Gar re , 1530° ; a n d F . Schoner t , 1380°. As i n d i c a t e d a b o v e , 
G. C h a u d r o n showed t h a t ferrous oxide is u n s t a b l e below 570°, d e c o m p o s i n g i n 
acco rd w i t h 4 F e O = F e 8 O 4 H - F e , a n d t h e t h e r m a l va lue of t h e r eac t i on a t 570° is 
4 x 6 6 - 1 5 CaIs. L . W o h l e r a n d R . G i in the r observed t h a t t h e r eac t ion is v e r y s low 
a t 550° in v a c u o , for on ly 50 pe r cent , decomposed in 3 d a y s . G. C h a u d r o n a n d 
H . Fo re s t i e r sa id t h a t t h e r eac t ion begins a t 300° a n d a t t a i n s a m a x i m u m speed 
a t 480° . T h e dissociat ion pressure of ferrous oxide h a s n o t b e e n m e a s u r e d d i r ec t ly . 
T h e va lues of t h e dissocia t ion press , of t h e o x y g e n ca l cu la t ed ind i rec t ly a re 8-9 X 1 O - 2 2 

a t m . a t 727° b y H . J . v a n R o y e n ; 4 X 1 0 ~ 2 1 t o 5 X 1 0 - 2 * a t m . a t 727° b y O. Sacku r ; 
10-21 a t m . a t 7270 b y G. C h a u d r o n ; a n d 1 0 - 8 a t m . a t 1327° b y H . Ie Chatel ier . 
H . S t y r i g a v e log p=-~7-6 for t h e d issoc ia t ion press , of 2 F e O = 2 F e 4 - 0 2 — 1 3 1 , 4 0 O 
cals . I J . W o h l e r a n d R . G i in the r o b t a i n e d : 

6OO0 8 0 0 ° 1 0 0 0 ° 1 2 0 0 ° 1 4 0 0 ° 
V . . 5 x 10~ 2 7 3 x 1 0 ~ a i 3 X 1O - 1 7 3 X 1 0 - 1 * 6-3 X 1 0 ~ 1 2 a t m . 

H . v o n J i i p t n e r ca l cu l a t ed for t h e d issocia t ion press , of t h e oxygen , in 
2 F e O = 2 F e + 0 2 , log [ O 2 ] = = - 2 8 7 5 2 T - i + l - 7 5 l o g T + 2 - 8 — v i d e infra; a n d va lues 
ca lcu la t ed f rom t h i s e q u a t i o n a re : 

600° 1000° 1400° 1800° 2200° 240O° 
1^g [O 2 ] . 0-0«05151 0-02 01986 0 0 , a 5 8 6 9 0 0 7 3 3 3 8 0 0 4 3 8 0 3 O0 3 5344 
A. M a t s u b a r a g a v e log p=—28-752£'-1-|-l-791og T + 1 3 - 4 2 7 , a n d O. C. R a l s t o n 
log j>=2-76—26750T-1+0-9461og T - f - 0 - 0 0 0 7 2 T 2 — 0 0 6 1 6 1 6 T 3 . T h e dissocia t ion 
press , a p p r o a c h e s 1 a t m . a t a b o u t 4000° . N o confidence c a n be g iven t o e x t r a 
p o l a t i o n a t such high t e m p , f rom e q u a t i o n s d e r i v e d f rom d a t a col lected a t 
a b o u t 1000°. T h e d issocia t ion press , of fer rous oxide a t r o o m t e m p , is of t h e order 
10—42 a t m . Obse rva t ions on t h e s u b j e c t were m a d e b y N . P a r r a v a n o a n d G. Malquor i , 
E . B a u r a n d A. Glassner , L . W o h l e r a n d O. BaIz, K . H o f m a n n , E . Schreiner a n d 
F . B . Gr imnes , A. McCance , G. C h a u d r o n , F . W i i s t a n d P . R u t t e n , a n d A. B . L a m b . 
C. H . H e r t y a n d co-workers e s t i m a t e d t h a t t h e mel t ing-point is n o t far a b o v e 
1355° ; P . Oberhoffer a n d O. v o n Ke i l g a v e 1390° ; a n d D . W . M u r p h y a n d co
worke r s o b t a i n e d 1360° ± 1 0 ° , a n d found t h a t t h e oxide is s tab le above a n d below 
i t s m . p . w h e n i t h a s a c o n s t a n t l a t t i ce p a r a m e t e r of 4-289 A. The heat of fus ion is 
28 Cals. p e r g rm. , or 5 Cals. p e r mol . 

J . T h o m s e n g a v e for t h e h e a t of format ion , [Fe ,O] , 68*3 Cals. ; H . Ie Chatel ier , 
64-6 Cals . ; O. Ruff a n d E . Gers ten , 60-4 ; G. H . Brod ie a n d co-workers , 63-56 
Cals. ; M. Tigerschiold, 66-3 Cals. ; W . A . R o t h a n d co-workers , 64-25 Cals. ; 
J . Jermiloff, 66-713 Cals. ; W . D . Treadwel l , 66-6 Cals. a t 1000°, or 68-6 Cals. a t 25° ; 
L . W o h l e r a n d R . Gi in ther , 63-35 Cals. ; H . v o n J i i p t n e r , 65-7 Cals. ; W . G. Mix te r , 
64-3 Cals . ; H . J . v a n R o y e n , 65-891 Cals. ; E . D . E a s t m a n , 63-73 Cals. ; O. D o e p k e , 
6 8 0 0 Cals . ; a n d E . B a u r a n d A. Glassner , 67-35 Cals. a t 680° a n d a t a c o n s t a n t 
p ress . P . A. F a v r e a n d J . T . S i l b e r m a n n ' s va lue is t oo low. T h e resu l t s b y 
W . D . Treadwel l were ca lcu la ted f rom t h e e.m.f., 0-040 vol t , of t h e cell F e , F e O : 
e l ec t ro ly te : O 2 ,Ag w i t h fused glass or b o r a x as t h e e lec t ro ly te a t 800° t o 1193° ; a n d 
t h o s e of M. Tigerschiold, a n d L.. W o h l e r a n d R . Gi in ther , f rom t h e equ i l ib r ium 
d a t a of t h e s y s t e m : F e O + H 2 ^ H 2 O - f - F e . Obse rva t ions were also m a d e b y 
M. B e r t h e l o t , a n d A. McCance , whi ls t E . B a u r a n d A . Glassner sa id t h a t t h e r e is a 
m i n i m u m v a l u e a t 680° . T h e b e s t r e p r e s e n t a t i v e va lue a p p r o x i m a t e s 64 Cals . 
a t 25°, p e r m o l . F e O . W . A . R o t h a n d co-workers gave F e O + F e 2 O 3 = F e 3 O 4 + 7 - 0 
Cals. ; a n d 2FeO-HSiO 2 ( q u a r t z ) = F e 2 S i 0 4 + 8 - l Cals. J . Thomsen gave for t h e 
h e a t Of hydrat ion ( F e , 0 , A q . ) 68-9 Cals. , o r ( F e , 0 , H 2 0 ) , 68-28 Cals ; a n d for t h e 
h e a t Of neutra l izat ion in ac ids 10-7 Cals . i n N-ILCl; 9-9 Cals. in iV-CH 3 .COOH; 
12-5 Ca l s . i n 2VXHaS04 ; 5-0 Cals . i n AT-H 2CO 3 ; a n d 7*3 Cals in iV-H 2 S. 
O b s e r v a t i o n s were m a d e b y M . B e r t h e l o t . E . P e t e r s e n gave 13-265 Cals . for 
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hydiofluoric acid. E . D . E a s t i n a n c a l c u l a t e d for t h e t ree e n e r g y of fe r rous 
oxide : 

600° 700° 800° 9O0° 1000° 
Free energy . — 49,7OO —48,075 —46,445 —44,840 — 43,255 cals. 
O. Sackur , G. B o d l a n d e r , H . J . v a n R o y e n , E . B a u r a n d A . Glassner , a n d G. B e c k 
s t ud i ed t h e s u b j e c t . F . W i i s t a n d P . R u t t e n g a v e —49,000 cals . a t a b o u t 600° ; 
43,000 ca ls . a t a b o u t 900° ; a n d 31 ,000 cals . a t a b o u t 1500°. W . J . S w eeney g a v e 
—120-92 Cals. for t h e free e n e r g y of f o r m a t i o n of F e ( O H ) 2 f rom i t s e l e m e n t s ; a n d 
W . G. W h i t m a n a n d co-workers , —57,200 cals . G. N . Lewis a n d M. R a n d a l l , a n d 
O. C. R a l s t o n gave : free e n e r g y = — 61,250-+-0-94T l o g T + 0 * 0 0 1 6 5 T — 0 - 0 6 3 7 T a 
H-6-82T—i, a n d th i s gives —57,472 ca ls . a t r o o m t e m p . , a n d —42,083 cals . a t 1000°. 
J . C h i p m a n g a v e for t h e free energy , b e t w e e n 1550° a n d 1770°, of t h e r e a c t i o n : 
F e O + H 2 = F e + H 2 O , whe re log i £ = : 6 2 0 0 T - i —3-28, S F - = — 2 8 4 0 0 + 1 5 T ; a n d for 
t h e r e a c t i o n : F e - J - ^ O 2 = F e O , —31200 — 1-OT. T h e en tropy of f o r m a t i o n ca lcu
l a t e d for F e - ^ O 2 = F e O is —21*3 Cals. ; a n d for t h e a b s o l u t e e n t r o p y of fe r rous 
ox ide 10-01 cals. p e r degree ; R . W . Millar a n d J . D . Su l l ivan g a v e 12-7 ca ls . p e r 
degree a t 25°. K . K . Kel ley , a n d G. B e c k s t ud i ed t h e sub jec t . 

T h e effect of fer rous ox ide on t h e t ransmiss ion of l i ght of s h o r t w a v e - l e n g t h 
b y glass is d iscussed i n c o n n e c t i o n w i t h ferric ox ide . G-. A . D i m a sa id t h a t t h e 
p h o t o e l e c t r i c effect w i t h fer rous ox ide is g r e a t e r t h a n i t is w i t h ferric ox ide . 
W . A . D o u g l a s - R u d g e found t h a t t h e p o w d e r e d ox ide a c q u i r e s a n e g a t i v e c h a r g e 
w h e n i t is a g i t a t e d in a i r . O. K r e s t a f o u n d t h a t t h e c o m p r e s s e d p o w d e r a t 49*8° 
h a s a n e l ec t r i ca l c o n d u c t i v i t y of 0-00133 m h o . G. T a m m a n n a n d F . W e s t e r h o l d 
m a d e obse rva t ions o n t h e sub jec t . A . B . !Lamb ca l cu l a t ed t h a t a n o x y g e n e lec t rode 
a n d a n i ron e lec t rode p l u n g e d in a sa t . so ln . of fer rous h y d r o x i d e w o u l d g ive zero 
e l e c t r o m o t i v e fo rce w h e n t h e press , of t h e o x y g e n ove r t h e o x y g e n e l ec t rode is 
4 -4x10— 9 ° a t m . W i t h t h e o x y g e n a t a t m . press . , t h e e.m.f. of t h e cell w o u l d be 
^ = 0 - 0 1 4 7 5 1 o g 8 x l O » 8 = l - 2 7 9 v o l t ; t h a t of t h e cell F e | A f - F e " | 1-35 X 1 0 - 6 
JIf-Fe-1 F e , —0-144 v o l t ; a n d t h a t of t h e cell 0 2 a t m . | M - O H ' | 2-7 X 10-5JWT-OH | 0 2 a t m . , 
0-269 vo l t . E . B a u r a n d co-workers m e a s u r e d t h e e.m.f. of cells F e O , F e (fused 
b o r a x , glass o r porce la in ) , C u O , C u 2 0 a t 700° t o 1300° ; a n d W . D . Treadwe l l , of 
t h e cell F e , F e O ( e l e c t r o l y t e of fused g lass) ,O 2 ,Ag, a n d found 1-040 vo l t s b e t w e e n 
800° a n d 1193°. F o r W . D . Treadwe l l ' s cell, vide supra. 

800° 875° 940° 1000° 1100° 1180° 
E.m.f. . 1-081 1-U71 1048 1-040 1018 0-978 volts 

a n d 1-06 v o l t s w a s o b t a i n e d for t h e p o t e n t i a l F e : F e O f rom t h e va lues o b t a i n e d 
for t h e cell F e O 5 F e | e lec t ro ly te | C u O , C u 2 O . O b s e r v a t i o n s were also m a d e b y 
G. C h a u d r o n , a n d E . B a u r a n d A. Glassner . G. S c h m i d t , H . D e b r a y , G. L e p e t i t , 
S. H i l p e r t a n d J . Beye r , S. H i l p e r t , S. Veil, a n d R . W . G. Wyckoff a n d E . D . Cri t 
t e n d e n sa id t h a t fer rous oxide is p rac t i ca l ly n o n - m a g n e t i c . H . Moissan o b t a i n e d 
a m a g n e t i c v a r i e t y a t a t e m p , below 600°, a n d G. C h a u d r o n o b s e r v e d t h a t t h i s is 
because t h e -ferrous ox ide decomposes : 4 F e O = F e 3 O 4 - J - F e a t a t e m p , tyetween 
550° a n d 580° , a n d t h i s is ev idenced b y obse rva t i ons on t h e m a g n e t i c b e h a v i o u r . 
J . B . F e r g u s o n a r g u e d t h a t since i ron, ferric oxide , a n d ferrosic ox ide u n d e r g o 
m a g n e t i c c h a n g e s a t 790°, 678°, a n d 530° respec t ive ly , fe r rous ox ide m i g h t b e 
e x p e c t e d t o b e h a v e s imi la r ly . F e r r o u s oxide c o n t a i n i n g ferrosic ox ide w a s r e 
d u c e d t o free i ron a n d in t h e s u b s e q u e n t c o m b i n a t i o n of t h e free i ron t h e decrease 
in m a g n e t i c p e r m e a b i l i t y d id n o t cor respond w i t h t h e decrease i n t h e free i ron 
c o n t e n t of t h e s a m p l e . N o evidence was o b t a i n e d of t h e ex i s t ence of a m a g n e t i c 
fo rm of fer rous ox ide . R . W . G. Wyckoff a n d E . D . C r i t t e n d e n sa id t h e u p p e r l i m i t 
of t h e m a g n e t i c suscep t ib i l i ty is 0-00052 m a s s u n i t . O b s e r v a t i o n s w e r e m a d e b y 
S. Meyer , a n d E . F . H e r r o u n a n d E . Wilson . A . B r u n sa id t h a t t h e m i n e r a l ioz i te 
i s m a g n e t i c . 

T h e c h e m i c a l properties of ferrous o x i d e . — L . W o h l e r a n d O. BaIz o b s e r v e d 
o n l y t h r e e equi l ibr ia in t h e r e d u c t i o n of ferric ox ide w i t h h y d r o g e n , K=[H2O][H2], 
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for F e 2 O 3 t o F e 3 O 4 , 7-5 a t 350° t o 17-9 a t 950° ; for F e 3 O 4 t o F e O , 1-3 a t 640° t o 
5 0 7 a t 950° ; a n d for F e O t o F e , 0-62 a t 750° a n d 0-92 a t 990°. P . H . E m m e t t a n d 
J . F . S h u l t z found t h a t t h e equ i l i b r i um c o n s t a n t , if, of t h e r e a c t i o n F e O + H 2 
= F e + H 2 0 is K=PJi3OfPH2, a n d 

600° 700° 800° 000° 1000° 
K . . . 0-332 0-422 0 4 9 9 0-594 0-669 

T h e sub jec t w a s s t u d i e d b y J . C h i p m a n , a n d b y E . Schre iner a n d F . B . Grimnes—-
vide t h e b las t - fu rnace r eac t ions . F o r t h e t e m p , a t "which t h e reac t ion begins, vide 
supra. H . Moissan obse rved t h a t in o x y g e n p y r o p h o r i c ferrous oxide b u r n s t o 
ferric ox ide , b u t in consequence of t h e l a rge evo lu t ion of h e a t , t h e t e m p , of com
b u s t i o n is h igh , a n d ferrosic oxide is fo rmed . W . E i t e l discussed t h e reac t ion 
2 F e O + ^ O 2 ^ F e 2 O 3 . Accord ing t o L . W o h l e r a n d R . Gi in the r , finely-divided 
fer rous ox ide r ead i ly oxidizes a t r o o m t e m p . , a n d w h e n h e a t e d t o 200° or 250°, 
i t r e ad i l y b u r n s in a t m . air , a s i n d i c a t e d a b o v e , t o fo rm ferrosic ox ide . Obse rva 
t i ons were also m a d e b y M. Siewer t , S. B i rn ie , H . Moissan, F . Glaser , a n d S. H i l p e r t 
a n d J . B e y e r . A. G. !Doroschevsky a n d A . B a r d t o b s e r v e d t h a t d r y fer rous ox ide 
does n o t oxidize in d r y a i r a t o r d i n a r y t e m p . , b u t i t is s lowly oxidized in m o i s t a i r 
be low 100°. J . F e r e e found t h a t t h e p y r o p h o r i c ox ide oxidizes in a i r a t 350° t o 
fo rm ferrosic ox ide ; H . D e b r a y , a n d Gr. T i ssand ie r a lso obse rved t h e fo rma t ion of 
ferrosic ox ide when fer rous ox ide is h e a t e d in a i r . Gr. Sch ikor r s t ud i ed t h e ac t i on 
of h y d r a t e d ferrous ox ide on water—v ide infra, t h e corros ion of i ron. H . Moissan, 
a n d W . E i t e l obse rved t h a t t h e r e a c t i o n w i t h s t e a m can be symbol i zed : 
3 F e O - h H 2 O ^ ^ H 2 + F e 3 O 4 + 1 5 , 4 0 0 cals . J . F e r e e found t h a t t h e p y r o p h o r i c ox ide 
r e a c t s w i t h a e r a t e d w a t e r t o form ferrosic ox ide ; a n d H . Moissan, t h a t t h e p y r o 
phor i c ox ide decomposes w a t e r s lowly a t o r d i n a r y t e m p . , a n d r a p i d l y a t 100°. 
J . R i b a n found t h a t w h e n ferrous ox ide a n d -water a r e h e a t e d in a sealed t u b e , 
ferrosic ox ide is fo rmed . L.. J . T h e n a r d found t h a t h y d r o g e n dioxide oxidizes i t 
t o ferric ox ide . A. V. Pamnloff a n d N . N . P e t i n s t u d i e d t h e influence of ferrous 
ox ide on t h e l ibe ra t ion of iodine f rom a n iodide b y t h e ac t ion of h y d r o g e n d ioxide ; 
a n d as a r e su l t t h e y conc luded t h a t t h e m e c h a n i s m of t h e ac t i on of ferrous ox ide , 
t y p i c a l of i n d u c t o r s in genera l , is p r o b a b l y based on i t s s p o n t a n e o u s ox ida t i on , 
a n d t h e r e t a r d i n g influence e x e r t e d o n t h e r eac t i on b y ac id i ty is r e l a t ed t o t h e 
g r e a t s t ab i l i t y of ferrous ions in a n ac id soln. 

F e r r o u s oxide dissolves in ac ids t o fo rm a "well-defined series of ferrous sa l t s . 
H . Moissan obse rved t h a t t h e p y r o p h o r i c ox ide dissolves read i ly in dil . ac ids . 
H . Moissan obse rved t h a t fluorine does n o t a c t in t h e cold on ferrous oxide , b u t w h e n 
g e n t l y -warmed a r e a c t i o n se t s in w i t h incandescence , a n d a sk in of w h i t e fluoride 
is fo rmed . A. Michael a n d A. M u r p h y found t h a t fer rous ox ide r e a c t s a t —18° 
w i t h ch lor ine d issolved in c a r b o n t e t r a c h l o r i d e : 6 F e O + 3 C l 2 = 2 F e 2 O 3 + 2 F e C l 3 . 
R . W e b e r obse rved t h a t ch lor ine a c t s o n ferrous oxide t o fo rm ferric ch lor ide , a n d , 
a cco rd ing t o H . Schulze , a h igher ox ide is a lso p r o d u c e d . R . W a s m u h t found t h a t 
fe r roua ox ide a lone r e a c t s w i t h chlor ine a t 150°. L . Ma thes ius found t h a t fer rous 
ox ide , p r e p a r e d a t 600°, is n o t a t t a c k e d b y a n a q . soln. of bromine ; a n d I . JIi. Bell , 
t h a t t h e ox ide p r e p a r e d a t a r e d - h e a t is n o t a t t a c k e d b y a cold aq . soln. of iodine . 
H . S t . C. Devi l le found t h a t fer rous ox ide r e a c t s s lowly w i t h hydrogen chloride, 
fo rming fer rous ch lor ide a n d ferrosic ox ide . L . W o h l e r a n d R . Gi in the r sa id t h a t 
t h e ox ide p r e p a r e d a t 700° or 800° is eas i ly dissolved b y dil . hydrochloric ac id ; 
G. T i ssand ie r , t h a t t h e ox ide p r e p a r e d a t a r e d - h e a t dissolves easi ly in hydroch lo r i c 
ac id ; R . W . G. Wyckoff a n d E . D . C r i t t e n d e n , t h a t t h e oxide p r e p a r e d b y a fusion 
p rocess dissolves v e r y s lowly in boi l ing hyd roch lo r i c ac id . 

A c c o r d i n g t o D . L . H a m m i c k , w h e n fer rous oxide , p r e p a r e d a t 300°, is h e a t e d 
in su lphur dioxide , t h e m a s s becomes incandescen t , a n d c louds of s u l p h u r a n d 
s u l p h u r t r i ox ide a r e fo rmed , a n d t h e solid c o n t a i n s su lph ide , ferric oxide, a n d fer rous 
a n d ferric s u l p h a t e s . A . C. H a l f e r d a h l ca l cu la t ed for t h e reac t ion 6 F e O + S O 2 
= s 2 F e 3 0 4 + i S 2 , t h e free e n e r g y —30,000 cals . a t 600°, a n d + 4 3 0 0 cals . a t 1400° ; 
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for 4 F e O - f - S 0 2 = 2 F e 2 0 3 - h £ S 2 , —14,700 ca ls . a t 600°, a n d - | -20,400 ca l s . a t 1400° ; 
and for 7 F e O + S O 2 = S F e 2 O 3 - J - F e S , —29,300 cals . a t 600°, a n d -+-29,40O ca ls . 
a t 1400°. R . W . G. Wyckoff a n d E . D . C r i t t e n d e n found t h a t t h e ox ide p r e p a r e d 
b y t h e fusion p rocess is a l m o s t insoluble in su lphuric ac id ; a n d N . J . H a r r a r 
observed t h a t in 4O a n d 60 d a y s , a t 25° , s u l p h u r i c ac id d isso lved r e spec t ive ly 
67*205 a n d 95-045 m g r m s . of i r on f rom fer rous ox ide p e r 100 c.c. of soln . 

S. H a u s e r s t u d i e d t h e r e d u c t i o n of fer rous ox ide b y a m m o n i a . F . H a b e r o b s e r v e d 
t h a t t h e oxid iz ing a n d r e d u c i n g a c t i o n of n y d r o x y l a m i n e m a y b e i l l u s t r a t e d b y 
a d d i n g h y d r o x y l a m i n e h y d r o c h l o r i d e t o a h o t e m u l s i o n of fe r rous h y d r o x i d e 
p r e c i p i t a t e d b y m e a n s of s o d i u m h y d r o x i d e . T h e g reen i sh m a s s r a p i d l y becomes 
r e d d i s h - b r o w n , owing t o t h e o x i d a t i o n of t h e h y d r o x i d e . I f n o w t h e l i qu id b e 
acidified a n d a fresh q u a n t i t y of h y d r o x y l a m i n e h y d r o c h l o r i d e a d d e d , t h e l a t t e r 
a c t s a s a r educ ing agen t , a n d r a p i d l y c o n v e r t s t h e ferr ic i n t o fe r rous sa l t , t h e c h a n g e 
b e i n g r e n d e r e d e v i d e n t b y t h e d i s a p p e a r a n c e of t h e ye l low colour . A . S m i t s f o u n d 
t h a t m a g n e s i u m nitride r e ac t s v igorous ly w i t h ferrous ox ide ; a n d O. Meye r l ikewise 
f o u n d t h a t t i t an ium nitride is v igorous ly a t t a c k e d b y fer rous ox ide a t a h i g h t e m p . 
Li. S a n t i sa id t h a t a soln. of a m m o n i u m chloride c o n v e r t s fe r rous ox ide i n t o ch lo r ide 
w i t h t h e evo lu t ion of a m m o n i a ; a n d H . Moissan also o b s e r v e d t h a t fe r rous ox ide 
l ibe ra tes a m m o n i a f rom t h e a m m o n i u m sa l t s , b u t S. H i l p e r t a n d J . B e y e r d i d n o t 
ag ree . H . Moissan f o u n d t h a t w h e n t h e p y r o p h o r i c ox ide is g e n t l y w a r m e d w i t h 
nitric ox ide , ferric ox ide is p r o d u c e d , a n d s imi la r ly -with n i t r o g e n dioxide ; wh i l s t 
w i t h n i tr ic ac id t h e p y r o p h o r i c ox ide b e c o m e s i n c a n d e s c e n t . H . D e b r a y f o u n d 
t h a t fer rous ox ide p r e p a r e d a t a r e d - h e a t dissolves in n i t r i c ac id w i t h t h e e v o l u t i o n 
of n i t r o u s fumes, a n d G. T i s sand ie r a lso o b s e r v e d t h a t t h e ox ide p r e p a r e d a t a r e d -
h e a t dissolves in n i t r i c ac id . H . S c h a c k m a n n a n d W . K r i n g s r e p r e s e n t e d t h e 
a c t i o n of phosphorus b y 5 F e O - h 2 P ^ P 2 O 5 + 5 F e ; a n d b y 8 F e O + 2 P ^ ( F e O ) 3 P 2 O 5 
- ( - 5 F e ; a n d W . K r i n g s a n d H . S c h a c k m a n n , t h e ac t i on of i ron phosphide , b y 
8 F e O H- 2 F e 3 P ^ ( F e O ) 3 P 2 O 6 + 1 I F e . 

V. F a l c k e a n d co-workers obse rved t h a t w h e n fe r rous ox ide is h e a t e d w i t h 
purif ied carbon , n o r e a c t i o n occurs be low 650°, b u t a b o v e t h i s t e m p . , r e d u c t i o n 
occurs . T h e speed of t h e r e a c t i o n d e p e n d s u p o n t h e f o r m of c a r b o n e m p l o y e d ; 
t h u s , suga r - cha rcoa l is r e l a t ive ly i ne r t , for i t does n o t beg in t o r e a c t u n t i l a b o u t 
800°, w h e r e a s c a r b o n o b t a i n e d b y b u r n i n g a c e t y l e n e in ch lo r ine beg ins t o r e a c t 
a t 650° . W . B a u k l o h a n d R . D u r r e r o b s e r v e d t h a t fe r rous ox ide is r e d u c e d b y 
c a r b o n on ly a b o v e 700°, a n d t h e r a t e of t h e r e a c t i o n is t h e s a m e a s t h a t a t w h i c h 
c a r b o n diffuses t h r o u g h i ron , showing t h a t t h e r e a c t i o n p r o c e e d s f rom t h e surface 
i n w a r d s . 1ST. P a r r a v a n o a n d O. M a l q u o r i g a v e for t h e gas r eac t i on : 2FeO-f-C 
= 2 F e - 4 - C 0 2 , log 2>0O2=:4:-95. O b s e r v a t i o n s were m a d e b y J . H . Cain a n d L . Alde r , 
H . N i p p e r t , a n d R . S c h e n c k a n d co-workers—wide supra, a n d also infra, m a g n e t i t e . 
A . 1». F e i l d a s s u m e d t h a t t h e equ i l i b r ium c o n s t a n t K of t h e r eac t i on FeO-f -C 
^ F e - J - C O in m o l t e n s tee l is of t h e o rde r JST=O-OlO, where K=Xi/, w h e n x d e n o t e s 
t h e p e r c e n t a g e w e i g h t of c a r b o n a n d y t h a t of i ron ox ide . I t is a s s u m e d t h a t t h e 
m a s s of t h e i r on is c o n s t a n t , a n d t h a t t h e press , of t h e c a r b o n m o n o x i d e is a c o n s t a n t 
a n d e q u a l t o one a t m o s p h e r e . C. H . H e r t y a t first g a v e 0-040, b u t l a t e r 0*016. 
A . B . K i n z e l a n d J . J . E g a n o b t a i n e d J K : = 0 - 0 0 0 5 a t 1550°. O. Meye r o b s e r v e d t h a t 
fe r rous ox ide is a t t a c k e d b y carbides—e.g. silicon, c h r o m i u m , a n d m o l y b d e n u m — a t 
1500°. O. H o u g h t o n sa id t h a t t h e r e a c t i o n w i t h sil icon c a r b i d e beg ins a t 1300° . 
T h e r e a c t i o n w a s s t u d i e d b y E . H . Schulz a n d A . K a n z . R . A k e r m a n n a n d 
C. G. S a r n s t r d m o b s e r v e d t h a t a m i x t u r e of carbon m o n o x i d e a n d d i o x i d e ( 1 0 : 4) 
r educes fe r rous ox ide a t 850°—vide supra for t h e r e d u c i n g a c t i o n of c a r b o n m o n o x i d e . 
T h e m e a n of A . C. H a l f e r d a h l ' s va lues for t h e free e n e r g y of t h e r e a c t i o n F e O - I - C O 
= F e - h C 0 2 , c a n b e r e p r e s e n t e d b y — 6 3 - 2 6 5 + 1 6 - 2 7 9 T , a n d t h e v a l u e a t 25°, i s 
—58 ,410 ca l s . H . Moissan, a n d W . E i t e l d iscussed t h e r e a c t i o n b e t w e e n c a r b o n 
dioxide a n d p y r o p h o r i c fer rous o x i d e : 3 F e O - J - C O 2 ^ F e 8 O 4 - I - C O ; o r 2FeO-J-COa 
^ K e 2 O 8 - J - C O . N . J . H a r r a r found t h e a m o u n t s of f e r rous ox ide , expressed i n 
mil l igrams F e p e r 100 c.c. of soln. , a t 25°, d issolved i n 40 a n d 6O d a y s hy f o r m i c a d d 
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to be respectively 5-792 and 6-337 ; acetic a d d , 0-52O and 0-491 ; propionic acid, 
0-449 and 0*456 ; oxalic acid, 42-525 and 42-995 ; malonic acid, 31-734 and 47-451 ; 
8UCCiiiic acid, 0-794 and 0-973 ; lactic acid, 12-398 and 13-871 ; tartaric acid, 14-022 
and 28-084 ; citric acid, 31*122 and 42-226 ; benzoic acid, 2-022 and 2-148 ; and 
salicylic acid, 14-627 and 14-953. H . Moissan observed t h a t ferrous oxide which has 
been heated to 1000° does not dissolve in dil. acetic acid. JM. Juschkewitsch found 
t h a t ferrous oxide dissolves very slowly in a 7 per cent. soln. of potassium cyanide 
a t ordinary temp. A. Gr. Doroschevsky and A. Bard t found t h a t alcohol vapour is 
oxidized to aldehyde in the presence of ferrous oxide ; and P . Sabatier discussed 
ferrous oxide as a catalytic agent in organic chemistry. C. H . Her ty found t h a t the 
deoxidation of iron by silicon proceeds S i + 2 F e O ^ S i 0 2 H - 2 F e , and when the metal is 
saturated with silica, JST=[Si][FeO]S, or K=1-49 x 10-*. G. Tammann and G. Batz 
observed t h a t ferrous oxide reacts exothermally with quar tz a t about 700° or 800°, 
and with precipitated and calcined silica, a t 800°. M. Riiger observed no combina
t ion with silica between 900° and 1200°. N. L. Bowen and J . F . Schairer, and 
F . Sauerwald and W. Hummitzsch studied the FeO-SiO 2 system. R. Sachsse and 
A. Becker found t h a t ferrous oxide opens up the silicates by rendering them 
susceptible to a t tack by analytical reagents. G. Rau te r observed tha t when 
ferrous oxide is heated with silicon tetrachloride in a sealed tube, ferrous chloride 
and ferric oxide are formed. P . Ramdohr studied the system with titanic oxide: 
FeO-Fe 2O 3 -TiO 2 - F . Halla noted the formation of the spinel ferrous titanite, 
FeO.Ti2O3 , a t 1000° ; the lattice parameter of this salt is a = 8 - 4 7 A., and the 
sp. gr. 4-68. 

P . Oberhoffer represented equilibrium conditions of the reaction with manganese, 
F e O - j - M n ^ F e + M n O , by the curve Fig. 505. Observations on the subject were 
made by H. Ie Chatelier, R. Schenck, H . Styri, A. McCance, W. Krings and 
H. Schackmann, H. Giersch, and O. BE. Her ty . W. Krings and H. Schackmann 
found tha t the equilibrium constant JT=[Mn][FeO]/[Fe][MnO] is 0-0032 at 1550° 
to 1560°. B . Garre found t h a t the reaction with magnesium begins a t 575°, and 
78-2 CaIs. of heat are evolved. G. L. Clark and co-workers found ferrous 
alnminate is of the special type with uni t cell 
having the parameter a=8-119 A., and ferrous 
chromite, with a=8-344 A.—vide aluminates and 
chromites. H . zur Strassen gave for the action 
of nickel Fe-hNiO=FeO-f-Ni-f-6-4 to 14-2 CaIs. 
W. Jander and H. Senf studied the reaction. 
F . Sauerwald and W. Hummitzsch studied the 
system with calcium oxide. F . de Carlo found 
t h a t lead dioxide converts ferrous oxide a t 250° 
to 300° into a higher oxide. The miscibility of 
ferrous oxide -with iron has been previously dis
cussed ; and its miscibility with ferrosic oxide is discussed in connection with 
the last-named oxide. P . Oberhoffer and O. von Keil determined the m.p. of 
some mixtures of manganous oxide and ferrous oxide. They found : 

/600' 

/500c 

MOO' 

/300' 20 40 60 
Per cent, of MnO 

FiO. 505 . E q u i l i b r i u m D i a g r a m 
of t h e S y s t e m : F e O - M n O . 

F e O 
Melt ing-points 

1OO 
. 1390° 

7 5 
1470° 

5 0 
1513° 

2 5 
1650° 

0 p e r cen t 
(1700°) 

C. Benedicks and H. Liofquist have constructed a provisional equilibrium diagram 
on the basis of these meagre da ta ; and from the work of M. Matweeff, and 
P . Oberhoffer and K. d 'Huar t , i t is assumed tha t complete miscibility occurs in 
the liquid s ta te . F . Sauerwald and W. Hummitzsch studied the reaction. 
C. Benedicks and H. Lofquist also constructed a provisional equilibrium diagram 
of the te rnary system : Mn-Fe -O . According to Gk Tammann and F . Westerhold, 
ferrous oxide reacts when heated with molybdenum trioxide to form ferrous 
molybdate ; and with tungsten trioxide to form ferrous tungstate. ^ G. Tammann 
and W. Rosenthal studied the action of ferrous oxide on uranium trioxide ; 
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V. Lepiarczyk, its action on calcium sulphide, and on calcium sulphate ; and 
C. Montemar t in i a n d A . Vernazza , i t s a c t i o n o n soln. of c h r o m i c su lphate . 

Ferrous hydroxide, o r hydrated ferrous o x i d e . — A . F . d e F o u r c r o y obse rved 
t h a t green precipites martiaux i s fo rmed w h e n caus t i c a lka l ies a r e a d d e d t o 
soln. of i ron in ac ids . T h e p r e c i p i t a t e w a s e x a m i n e d b y G. F . Roue l l e , C. W . Scheele , 
J . L». P r o u s t , J . L . G a y Lussac , M. D a r s o , C. F . Bucho lz , a n d J . J . Berze l ius . 
Li. J. T h e n a r d o b t a i n e d a w h i t e p r e c i p i t a t e u n d e r s imi lar cond i t ions , a n d for a t i m e 
i t c a m e t o be cal led Thenard's white oxide. L . J . T h e n a r d ' s idea t h a t t h e p r e c i p i t a t e 
o b t a i n e d b y t h e a d d i t i o n of a lkal i - lye t o a soln. o i a fer rous sa l t is a pecu l i a r ox ide 
w a s s h o w n t o be w r o n g b y J . L.. P r o u s t , C. F . Bucho lz , a n d J . J . Berzel ius ; M. D a r s o , 
C. F . Bucho lz , a n d T. T h o m s o n r e g a r d e d i t a s a bas ic s u l p h a t e . J . L . P r o u s t , 
H . D a v y , a n d J . J . Berzel ius a t first cons idered t h e wh i t e o r g reen p r ec ip i t a t e t o b e 
a h y d r a t e of ferrosic oxide , b u t la te r , J . J . Berzel ius showed t h a t i t is a monohydrate 
of fer rous oxide , F e O - H 2 O , or ferrous hydroxide , F e ( O H ) 2 - Acco rd ing t o F . H a r t , 
a n i m p u r e dihydrate, F e O . 2 H 2 O , occurs in t h e c lay n e a r C u x h a v e n , in h a r d , yel lowish-
b r o w n l u m p s which c r u m b l e on exposure t o a i r . 

The formation and preparation of ferrous hydroxide.—According to A. Acker-
m a n n , A. B ineau , H . Wolbl ing , R . S t u m p e r , W . R . D u n s t a n a n d J . R . Hi l l , 
J . A. N . F r i e n d , F . W . D u r k e e , W . G. W h i t m a n a n d co-workers , a n d W . A. T i lden , 
ferrous h y d r o x i d e is fo rmed a s a n i n t e r m e d i a t e s t age in t h e r u s t i ng of i ron ; a n d 
w h e n i ron is in c o n t a c t -with a e r a t e d w a t e r s , or w a t e r s con t a in ing ca rbon ic o r 
su lphur i c ac id . A. K a u f m a n n obse rved t h a t i t is fo rmed in g reen flecks w h e n i ron 
o r solid ferrous sa l t s a r e k e p t in c o n t a c t w i t h a s a t . soln. of a m m o n i u m n i t r a t e . 
P . d e C l e r m o n t a n d J . F r o m m e l showed t h a t ferrous h y d r o x i d e is p r o d u c e d b y t h e 
ac t i on of boi l ing w a t e r on ferrous su lph ide . O. B a u d i s c h a n d co-workers found 
t h a t t h e h y d r o x i d e is p r o d u c e d in t h e hydro lys i s of ferrous h y d r o c a r b o n a t e ; R . F i n k , 
b y t r e a t i n g a soln. of ferrous s u l p h a t e w i t h basic copper s u l p h a t e ; D . Vi ta l i , b y t h e 
a c t i o n of s i lver oxide on a soln. of fer rous n i t r a t e ; a n d G. K a s s n e r , b y t h e a c t i o n 
of p o t a s s i u m h y d r o x i d e on a soln. of fer rous cyan ide , or, accord ing t o S. TJ. P i cke r ing , 
o n fer rous t a r t r a t e . O. B a u d i s c h a n d L . W . Bas s found t h a t wh i t e , g l i s ten ing 
c rys t a l s a r e fo rmed w h e n a n a lka l ine n o r m a l soln. of p o t a s s i u m fer rocyanide , free 
f rom oxygen , is exposed for some h o u r s t o sun l igh t ; a n d M. V o l m a r found t h a t 
fer rous h y d r o x i d e a n d t a r t r a t e a re p r o d u c e d w h e n a soln. of p o t a s s i u m fer rous 
t a r t r a t e is exposed t o u l t r a -v io le t r a y s . 

H . E . P a t t e n a n d G. H . Mains found t h a t h y d r a t e d ferrous oxide is p r e 
c i p i t a t e d b y a m m o n i a or s o d i u m h y d r o x i d e w h e n t h e H ' - i o n cone , is pa=5-5 t o 6-0. 

O b s e r v a t i o n s were also m a d e b y J . H . H i l d e b r a n d . 
H . T . S. B r i t t o n found t h a t in t h e e l ec t romet r i c 
t i t r a t i o n of 1OO c.c, of 0-0257Vf-FeSO4, w i t h 0-099OiV-
N a O H , t h e resu l t s shown in F ig . 506 were o b t a i n e d . 
P r ec ip i t a t i on began w h e n 0-8 c.c. of t h e a lka l i soln. 
h a d been a d d e d , a n d w h e n t h e H"-ion cone , w a s 
JPH—5-49 ; a n d i t was comple te w h e n 1-71 eq . of 
a lkal i h a d been a d d e d . S. U . P i cke r ing obse rved 
t h a t comple te p rec ip i t a t ion h a d t a k e n p lace f rom 
ferrous s u l p h a t e soln. a t t h e p o i n t where t h e y b e c a m e 
alkal ine t o pheno lph tha l e in , a n d th i s was w h e n s o d i u m 

h y d r o x i d e h a d been a d d e d in a m o u n t s which va r i ed f rom 1-77 t o 1-86 eq . H e con
s idered t h i s sufficient jus t i f icat ion for t h e asser t ion t h a t t h e p r ec ip i t a t e w a s a defini te 
bas ic sa l t , 10FeO-SO 3 . H . T. S. B r i t t o n found t h a t p r ec ip i t a t i on u sua l l y occurs 
somewhere n e a r t h e p o i n t of t h e first inflexion, a l t h o u g h of ten a t a jt>n w h i c h was 
a l i t t le less t h a n t h a t a t which t h e m a i n p rec ip i t a t ion t o o k p lace . This w a s p r o b a b l y 
d u e t o t h e p r e c i p i t a t e h a v i n g been formed a t a p o i n t in t h e l iqu id w h e r e t h e p r e 
c i p i t a t i o n v a l u e of pu h a d been t empora r i l y exceeded , a n d t i m e n o t h a v i n g been 
a l lowed for i t s re-solut ion. If, therefore , t h e t w o s t r a i g h t p o r t i o n s of t h e c u r v e 
l>e p r o d u c e d , i t is p r o b a b l e t h a t t h e p o i n t of in te r sec t ion co r r e sponds m o r e n e a r l y 

"0 /0 20 30 40 SO 60 
Ce. of 0- 0930N-NaOH 

F i o . 5 0 6 . — E l e c t r o m e t r i c Ti 
t r a t i o n of S o l u t i o n s of F e r 
r o u s S u l p h a t e . 
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t o t h e a m o u n t of a lka l i w h i c h h a d t o b e a d d e d t o p r o d u c e inc ip ien t p r e c i p i t a t i o n , 
a n d a l so t o t h e a c t u a l h y d r i o n c o n c e n t r a t i o n a t "which p r e c i p i t a t i o n u n d e r idea l 
cond i t i ons wou ld c o m m e n c e . This p o i n t r e p r e s e n t s t h e l imi t ing cond i t ions nece s sa r y 
t o f o rm a p rec ip i t a t e . T h e cone, of t h e m e t a l ions is t h e n />n*==5*77, .POH '—8*37 ; 
a n d 0-6 c.c. 0 0 9 9 O i V - N a O H a r e r e q u i r e d a n d C W ~ 3 - 0 x 1 0 - * , so t h a t [Fe**][OH']2 
= 4 - 5 X 1O - 2 1 —v ide infra, so lubi l i ty p r o d u c t . 

G. S c h m i d t p r e p a r e d fer rous h y d r o x i d e b y m i x i n g a soln. of a fer rous sa l t , free 
f rom ferric sa l t , w i t h soda- lye or p o t a s h - l y e freed f rom a i r b y boil ing, a n d p e r f o r m i n g 
t h e o p e r a t i o n in a vessel f rom which a i r is exc luded . T h e vessel is filled w i t h bo i l ing 
w a t e r a n d closed. T h e w h i t e flakes m u s t b e p r e s e r v e d f rom c o n t a c t w i t h a i r d u r i n g 
w a s h i n g a n d d ry ing . T h e p r e c i p i t a t e is a l lowed t o se t t l e , a n d t h e l iqu id d e c a n t e d 
w i t h a s y p h o n ; t h e vessel is aga in filled w i t h boi l ing w a t e r , p o u r e d in s lowly so 
as n o t t o d i s t u r b t h e p r ec ip i t a t e , a n d a f t e r w a r d s s h a k e n a n d closed. Th i s purif ica
t i o n b y a l t e r n a t e subs idence a n d d e c a n t a t i o n m u s t b e p e r f o r m e d a s q u i c k l y as 
possible , s ince h y d r a t e d fe r rous h y d r o x i d e is d e c o m p o s e d b y p r o l o n g e d c o n t a c t 
w i t h w a t e r . T h e pa le g reen p r e c i p i t a t e is t h e n p l aced in a r e t o r t w i t h e t h e r v a p o u r , 
a n d t h e b e a k of t h e r e t o r t d i p p e d u n d e r m e r c u r y . A i r is expe l led b y t h e e t h e r a s 
t h e r e t o r t is w a r m e d , a n d t h e w a t e r is a f t e r w a r d s d r i v e n off. T h e p r o d u c t c a n be 
p r e s e r v e d in h y d r o g e n o u t of c o n t a c t w i t h air . If aq . a m m o n i a is e m p l o y e d in 
p lace of p o t a s h - l y e , t h e p r e c i p i t a t e a f t e r long s t a n d i n g gives off h y d r o g e n a n d is 
c o n v e r t e d i n t o b l ack ferrosic oxide c o n t a i n i n g adso rbed a m m o n i a . As c o m m o n l y 
p r e p a r e d , fer rous h y d r o x i d e is a bu lky , g reen ish-grey s u b s t a n c e , v e r y l iable t o 
o x i d a t i o n t o g reen i sh-b lack h y d r a t e d ferrosic oxide a n d finally t o r e d ferric 
h y d r o x i d e . Accord ing t o E . D ive r s a n d T. H a g a , if, a f ter t h e p r ec ip i t a t i on , t h e 
s u p e r n a t a n t m o t h e r - l i q u o r is p o u r e d off a n d solid p o t a s s i u m h y d r o x i d e d issolved 
in t h e r e m a i n i n g mothe r - l i quor , t h e ferrous h y d r o x i d e diffused t h r o u g h i t unde rgoes 
in t h e course of a few h o u r s a v e r y cons ide rab le d i m i n u t i o n in vol . , a n d t h e n fo rms 
a pa le g reen ish-grey p u l v e r u l e n t p r e c i p i t a t e , a l t h o u g h t h e ge la t inous p r ec ip i t a t e 
m a y h a v e b e e n of a m u c h d a r k e r colour . Th i s dense h y d r o x i d e is m u c h more 
s t ab le , a n d in oxidiz ing does n o t f o rm t h e b l ack h y d r o x i d e before becoming ferric 
h y d r o x i d e . Acco rd ing t o E . Deiss a n d G. Schikorr , w h e n gaseous a m m o n i a is 
pa s sed i n t o a soln. of ferrous ch lor ide , comple t e ly p r o t e c t e d from oxygen , a p u r e 
w h i t e p u l v e r u l e n t p r e c i p i t a t e is o b t a i n e d , resembl ing in a p p e a r a n c e ca lc ium 
h y d r o x i d e . If t h e p r e c i p i t a t e s t a n d s in c o n t a c t w i t h t h e mothe r - l iquor for a long 
t i m e , i t m a y be p a r t l y p e p t i z e d . T h e p r e c i p i t a t e is w a s h e d w i th air-free wa t e r . 
O. B a u d i s c h a n d P . M a y e r , a n d O. B a u d i s c h a n d L . A. WeIo descr ibed a special 
a p p a r a t u s for wash ing t h e p r e c i p i t a t e whi le i t is p r o t e c t e d f rom air . T h e p rec ip i t a t e 
w a s found b y W . R . D u n s t a n a n d T. S. D y m o n d t o r e t a i n a m m o n i a v e r y 
t enac ious ly , a n d t h e y a d d e d t h a t t h e p r e c i p i t a t i o n is i ncomple t e (pep t i za t ion) . 
T h e h y d r o x i d e w a s o b t a i n e d b y t h e a m m o n i a p r e c i p i t a t i o n b y A. Qua r t a ro l i , a n d 
K . E n d e l l a n d R . R i e k e ; t h e a lka l i - lye p r e c i p i t a t i o n , b y W . R . D u n s t a n a n d 
T . S. D y m o n d , O. B a u d i s c h a n d co -worke r s , J . W o o s t , S. H i l p e r t , A. K r a u s e , 
M. K u h a r a , G. S c h m i d t , a n d E . Deiss a n d G. S c h i k o r r ; a n d milk-of- l ime, b y 
W . v o n Zorn , a n d W . R . D u n s t a n a n d T . S. D y m o n d . A . B . de S c h u l t e n t r e a t e d 
a soln. of fer rous ch lor ide w i t h a n excess of p o t a s s i u m h y d r o x i d e a n d h e a t e d t h e 
m i x t u r e for a long t i m e in a c u r r e n t of coal gas ; a n d o n cool ing t h e g reen soln . , 
o b t a i n e d t h e h y d r o x i d e in g r een h e x a g o n a l p r i sms . 

Ti. B rugna t e l l i , a n d R . S a x o n o b t a i n e d t h e h y d r o x i d e e lec t ro ly t i ca l ly u s ing i ron 
a s a n a n o d e . R . L o r e n z Used a p l a t i n u m c a t h o d e , a n i ron p l a t e as a n o d e , a n d a n 
a q . soln. of s o d i u m ch lor ide , s u l p h a t e , o r n i t r a t e a s e l ec t ro ly t e . T h e l iqu id w a s k e p t 
s t i r r e d d u r i n g t h e e lec t ro lys is . H . Buff, F , F o r s t e r a n d co-workers , B . Ia Croix 
v o n L a n g e n h e i m , P . Kxassa , J . W o o s t , C. M o n n e t , R . K r e m a n n a n d J . L o r b e r , 
M. T i chwinsky , O. F a u s t , O. P a t t e n h a u s e n , a n d M. Roloff a lso o b t a i n e d t h e 
h y d r o x i d e in a n a n a l o g o u s m a n n e r . H . J . M. Cre igh ton p r o d u c e d t h e rhythmic 
precipitation of fe r rous h y d r o x i d e b y pas s ing a n e lec t r ic c u r r e n t , of p o t e n t i a l 
g r a d i e n t 0*0093 vo l t , t h r o u g h a 2-in. U - t u b e c o n t a i n i n g in t h e h o r i z o n t a l p a r t 10 p e r 
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cen t , aga r -aga r m i x e d w i t h small q u a n t i t i e s of phenolphthale in a n d s o d i u m ch lo r ide . 
The ends were filled w i t h a d i l . soln. of s o d i u m ch lor ide , w i t h i r o n na i l s a s e l ec t rodes . 
I n a few d a y s ' t i m e g r e e n discs of f e r rous h y d r o x i d e a p p e a r e d s e p a r a t e d f r o m o n e 
a n o t h e r b y a p i n k je l ly . 

E . Deiss a n d G. S c h i k o r r p r e c i p i t a t e d w h i t e fe r rous h y d r o x i d e f r o m a soln . of 
ferrous ch lor ide b y m e a n s of a m m o n i a gas , a n d t h e n b y r e p e a t e d cen t r i fuga l 
s e p a r a t i o n w a s h e d t h e p r e c i p i t a t e w i t h air-free w a t e r u n t i l i t f o r m e d a hydroso l Ot 
ferrous hydrox ide . A . S c h m a u s s a lso o b t a i n e d t h e h y d r o s o l b y e lec t r ica l s p l u t t e r 
ing of i ron wires u n d e r w a t e r c o n t a i n i n g a l i t t l e ge l a t i n in so ln . E . Deiss a n d 
G. S c h i k o r r found t h a t t h e soln . is colour less b y reflected l i g h t a n d r e d b y t r a n s 
m i t t e d l i gh t . T h e c o n c e n t r a t i o n is a b o u t 4 g r m s . p e r l i t r e , a n d i t c a n n o t b e k e p t 
longer t h a n 6 d a y s w i t h o u t flocculation. T h e pa r t i c l e s a r e pos i t i ve ly c h a r g e d , 
a n d a r e flocculated b y e lec t ro ly tes . A . S c h m a u s s ' s sol is g r een a n d u n s t a b l e ; 
i t b e c o m e s yel low, b y ox ida t ion , o n e x p o s u r e t o a i r . T h e h y d r o s o l is c a t a p h o r e t i c , 
a n d i t is flocculated b y t h e pos i t ive ly c h a r g e d h y d r o s o l of ferr ic h y d r o x i d e . T h e 
a b s o r p t i o n s p e c t r u m shows b a n d s f rom 496/u/x t o 662/x/x. 

T h e properties of ferrous h y d r o x i d e . — T h e dr ied , a m o r p h o u s fe r rous h y d r o x i d e 
is b r i t t l e , fr iable, a n d green . J . v o n Liebig a n d E . W o h l e r sa id t h a t t h e g r e e n 
co lour is p r o b a b l y d u e t o inc ip ien t o x i d a t i o n . A. B . d e S c h u l t e n o b t a i n e d t h e 
h y d r o x i d e in g r een h e x a g o n a l p r i s m s b y c rys t a l l i z a t i on f rom a cone . soln . of 
s o d i u m h y d r o x i d e — v i d e supra. O. B a u d i s c h a n d co -worke r s , E . Deiss a n d 
G-. Sch ikor r , a n d M. K u h a r a o b t a i n e d t h e w h i t e h y d r o x i d e b y careful ly e x c l u d i n g 
o x y g e n d u r i n g i t s p r e p a r a t i o n . Acco rd ing t o Gr. N a t t a a n d E . Casazza , t h e crysta ls 
of fe r rous h y d r o x i d e be long t o t h e h o l o h e d r a l c lass of t h e r h o m b o h e d r a l s y s t e m ; 
a n d X - r a d i o g r a m s s h o w t h a t t h e c r y s t a l s h a v e a l a t t i c e s t r u c t u r e l ike b r u c i t e . 
T h e e l e m e n t a r y cell h a s one molecule , a n d t h e d imens ions a = 3 - 2 4 A. , a n d c = 4 - 4 7 A. , 
so t h a t t h e ax ia l r a t i o a : c = l : 1-38 ; a n d t h e ca l cu l a t ed d e n s i t y is 3-40. H . Seifer t 
s t u d i e d t h e sub jec t . Gr. N a t t a d iscussed t h e i s o m o r p h i s m of t h e b i v a l e n t 
h y d r o x i d e s f rom t h e p o i n t of v iew of t h e space- la t t i ce , a n d t h e a t o m i c r ad i i . 
J . T h o m s e n g a v e for t h e h e a t of f o r m a t i o n of t h e h y d r o x i d e (Fe , O , H 2 O ) = 68-28 
CaIs. ; a n d M. B e r t h e l o t , 69-00 CaIs. J . T h o m s e n g a v e for t h e h e a t of neutra l i za t ion 
of t h e h y d r o x i d e w i t h s u l p h u r i c ac id , 24-92 CaIs., a n d w i t h h y d r o c h l o r i c ac id , 21-39 
CaIs. ; a n d M. B e r t h e l o t g a v e 21-4 CaIs. w i t h di l . h y d r o c h l o r i c ac id . J . T h o m s e n 
found t h e h e a t of ox idat ion , F e ( O H ) 2 - > F e ( O H ) 3 , t o be 27*29 CaIs. R . Da l lw i t z -
W e g e n e r d iscussed t h e free energy of t h e c o m p o u n d . M. R a n d a l l a n d M. P r a n d s e n 
g a v e —115-4 CaIs. for t h e free e n e r g y of f o r m a t i o n of t h e h y d r o x i d e , a n d for 
F e 4 - 2 H 2 0 = F e ( O H ) 2 + H 2 , _ 2 - 2 8 CaIs. 

F . All ison a n d E . J . M u r p h y s t u d i e d t h e m a g n e t o - o p t i c p rope r t i e s . F . F o r s t e r 
a n d V . H e r o l d g a v e —0-740 v o l t for t h e e lectrode potent ia l of fer rous h y d r o x i d e 
a g a i n s t a h y d r o g e n e lec t rode a t 20° ; O. F a u s t , —0-75 v o l t ; a n d J . W o o s t for t h e 
e lec t rode p o t e n t i a l w i t h 2-852V-KOH, h y d r o g e n e lec t rode u n i t y , —0-835 t o —0-845 
v o l t a t 0° ; —0-825 t o —0-840 vo l t a t 20° ; —0-820 t o — 0-835 v o l t a t 50° ; a n d 
—0-80 v o l t a t 75° . O. P a t t e n h a u s e n sa id t h a t fe r rous h y d r o x i d e s h o w s t w o 
p o t e n t i a l s — n a m e l y , —0-66 vo l t , a n d —0-55 t o —0-53 v o l t — c o r r e s p o n d i n g w i t h 
t w o different s t a g e s in t h e h y d r a t i o n of fer rous ox ide a t o r d i n a r y t e m p , a n d w i t h a 
c u r r e n t of 0*07 a m p e r e . S. M i y a m o t o f o u n d t h e e lec t r ic p o t e n t i a l s of cells w i t h 
N-, 2N-, 42V-, a n d 52V-NaOH soln. a t 25° us ing p l a t i n i zed p l a t i n u m . I n 
t h e case of P t | N a O H , F e ( O H ) 2 , F e 3 0 4 . w H 2 0 | N a O H | H g O , N a O H | H g , t h e p o t e n t i a l 
J P = O - S O S O - O O O I S log OVaOH ; w i t h t h e cell P t , H 2 | N a O H H g O 9 N a O H I H g , 
JE7=0-9270— 0-00332 log CN aOH ; a n d w i t h t h e cell P t I N a O H , F e < O H ) 2 , F e a O . . 
n H 2 0 | N a O H | H 2 , P t , J0==O-124O-hO-OO332 log C^aOH—0-0015 log OVaOH- S. H i l p e r t , 
a n d J . v o n L ieb ig a n d F . W o h l e r sa id t h a t fe r rous h y d r o x i d e is n o n - m a g n e t i c . 
A. Q u a r t a r o l i g a v e # = 3 0 X 1 0 - « t o 6 O x 1 0 - « for t h e m a g n e t i c suscept ib i l i ty of the 
h y d r o x i d e p r e c i p i t a t e d b y a q . a m m o n i a ; a n d # = 2 0 X 1 0 - « t o 3 0 X 1 0 - « m a s s u n i t . 
O b s e r v a t i o n s we re a lso m a d e b y G. W i e d e m a n n . 

A . B i n e a u p r e p a r e d a soln . of fer rous h y d r o x i d e b y means of I r o n a n d pur i f ied 
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w a t e r , s l igh t ly a e r a t e d , a n d f o u n d t h a t t h e so lubi l i ty is s u c h t h a t one p a r t of fe r rous 
h y d r o x i d e dissolves i n 150,000 p a r t s of w a t e r , o r 7*5 X10— e m o l p e r l i t r e ; 
W . G. W h i t m a n a n d co-workers g a v e 6*7x10— 5 m o l p e r l i t r e , a v a l u e h i g h e r 
t h a n t h a t for ferric h y d r o x i d e . B . Miil ler a n d F . Kape l l e r c a l cu l a t ed f r o m t h e 
ferr ic-ferrous p o t e n t i a l t h e so lubi l i ty product [ F e " ] [ O H / ] 2 r = - l . 6 9 x l 0 - 1 * , a n d t h e 
so lub i l i ty w a s ca lcu la t ed t o b e l - 6 x l 0 - s ; H . T . S. B r i t t o n o b t a i n e d 4*5 X l O ^ 2 1 

for t h e so lubi l i ty p r o d u c t — v i d e supra. B . S c h r a g e r c a l cu l a t ed for [ F e " ] [ O H ' ] 2 , 
7 x 1 0 — 1 8 . F e r r o u s h y d r o x i d e shows a m p h o t e r i c qua l i t i e s , for i t dissolves s l igh t ly 
a s a n ac id in a q . soln . of s o d i u m h y d r o x i d e o w i n g t o t h e r e a c t i o n F e ( O H ) 2 - f - O H ' 
- » F e ( O H ) ' 3 , w h e r e £ = [ F e ( O H ) ' 8 ] / [ O H ' ] = 5 X 1 0 - 5 . p . K r a s s a ca lcu la ted , f rom 
t h e fe r rous ion c o n c e n t r a t i o n in 20 p e r c e n t , p o t a s h - l y e , t h e so lubi l i ty p r o d u c t 
8*7 X 1 0 - 1 * , a n d t h e so lub i l i ty w a s c a l c u l a t e d t o b e 2-8 X 10—5 ; J . W . Ship ley a n d 
I . R . McHaffie c a l c u l a t e d f rom t h e r a t e of cor ros ion of i r o n 3-9 X 1 0 ~ 1 6 , a n d t h e 
so lub i l i ty w a s ca l cu l a t ed t o b e 1 X10—5 m o l p e r l i t r e ; a n d A . B . L a m b found, 
b y c o n d u c t i v i t y m e t h o d s , t h e cone , of t h e fe r rous ion in a s a t . soln. of ferrous 
h y d r o x i d e t o b e 1*35 X 1 0 ~ 5 . G. B o d l a n d e r ' s v a l u e s 2*5x10— 2 1 for t h e so lub i l i ty 
p r o d u c t , a n d 1-7 X 1 O - 7 for t h e so lub i l i ty i n g r a m - e q u i v a l e n t s p e r l i t re a r e n o t in 
good a g r e e m e n t w i t h t h e o t h e r s . W . Gk W h i t m a n a n d co -worke r s found 3*75 p a r t s 
of i ron p e r mil l ion, o r 6*7 X 1 0 ~ 5 mo l s of fe r rous h y d r o x i d e p e r l i t r e for t h e so lubi l i ty . 
T h e H * - i o n c o n c e n t r a t i o n of t h e soln. is r e p r e s e n t e d hy px—9'6, o r [ O H ' ] = 4 : X l O — 5 

a n d [ F e " ] = 2 x l 0 - f i . T h e degree of ion iza t ion in a s a t . soln. where ^ ? H = 9 - 6 a t 
25° F e V F e ( O H ) 2 is 30 p e r c en t . ; w h e n ^ H = 9 * 2 , 29 p e r cen t . ; a n d jt>n=8*2, 24 
p e r c en t . T h e i on iza t ion c o n s t a n t [ F e " ] [ O H ' ] 2 / [ F e ( O H ) 2 ] is 6 - 8 x 1 0 - 6 for t h e s a t . 
soln . a t 25° ; a n d for soln. w i t h 2?n=9*2, 6*0 X 10~io ; a n d for p H = 8 - 2 , 1-15 X 1 0 ~ 1 0 . 
S. Veil, a n d O. B a u d i s c h a n d L . A. WeIo s t u d i e d t h e m a g n e t i c properties of t h e 
h y d r o x i d e . 

T h e w h i t e h y d r o x i d e r a p i d l y b e c o m e s g r e e n o n e x p o s u r e t o a i r , t h e n b l a c k 
owing t o t h e f o r m a t i o n of h y d r a t e d ferrosic ox ide , a n d finally r e d d i s h - b r o w n 
owing t o t h e p r o d u c t i o n of h y d r a t e d ferric ox ide . T h e s e changes were discussed b y 
TJ. J . T h ^ n a r d , O. B a u d i s c h a n d co-workers , J . J . Berze l ius , C F . Bucholz , M. D a r s o , 
H . D a v y , E . D i v e r s a n d T . H a g a , O. F a u s t , P . F i r e m a n , a n d J . v o n Liebig a n d 
F . W o h l e r . A . B . de S c h u l t e n o b s e r v e d t h a t e v e n a f t e r t h e c rys ta l s h a v e been 
w a s h e d w i t h a lcohol , a n d e the r , a n d d r i e d o u t of c o n t a c t w i t h air , t h e y oxidize 
i m m e d i a t e l y on e x p o s u r e t o oxygen , deve lop ing m u c h h e a t , a n d y ie ld ing ferric 
ox ide . Acco rd ing t o Gr. S c h m i d t , if t h e m o i s t h y d r o x i d e b e e x p o s e d t o a i r , i t qu ick ly 
fo rms d i n g y g reen h y d r a t e d ferrosic ox ide , a n d t h e n ye l lowish -b rown h y d r a t e d 
ferr ic ox ide ; b u t if t h e d r i e d a m o r p h o u s h y d r o x i d e b e e x p o s e d t o a i r , i t is i n s t a n t l y 
c o n v e r t e d i n t o ferric ox ide , a n d t h e c h a n g e is a t t e n d e d b y a n e v o l u t i o n of h e a t , 
w h i c h of ten m a k e s t h e m a s s r e d - h o t . If t h e l i qu id in w h i c h t h e wh i t e flakes of 
h y d r o x i d e h a v e b e e n p r e c i p i t a t e d is boi led, t h e co lour b e c o m e s b lack , due , sa id 
J . v o n L ieb ig a n d F . W o h l e r , t o t h e f o r m a t i o n of ferrosic ox ide b y t h e ac t i on of 
t h e a i r . R . Gr. K n o w l a n d r e c o m m e n d e d fe r rous h y d r o x i d e a s a n a g e n t for r e m o v i n g 
d i sso lved o x y g e n f r o m w a t e r . A . A . B o n n e m a s h o w e d t h a t ferrous ox ide o r 
h y d r o x i d e f o r m n i t r i t e o n e x p o s u r e t o a i r . 

A s j u s t i n d i c a t e d , f e r rous h y d r o x i d e r e a d i l y ox id izes w h e n exposed t o air , b u t 
o n l y u n d e r c e r t a i n cond i t i ons does t h e e n d - p r o d u c t c o r r e s p o n d wi th ferric h y d r o x i d e . 
P . F i r e m a n o b s e r v e d t h a t t h e co lour of t h e p r o d u c t va r ies f rom yellow t o b r o w n 
t o b l a c k a c c o r d i n g t o t h e p r o p o r t i o n of ferr ic h y d r o x i d e p roduced , a n d A. K r a u s e 
s h o w e d t h a t t h e co lour of t h e o x i d a t i o n p r o d u c t is d a r k e r t h e g rea te r t h e p r o p o r t i o n 
of c o n t a i n e d fe r rous h y d r o x i d e . S. M i y a m o t o found t h a t t h e r a t e of ox ida t ion is 
r e d u c e d b y t h e p r e s e n c e of a lka l ies ; a n d t h a t t h e coeff., Jc, of t h e r a t e of o x i d a t i o n 
of f e r rous h y d r o x i d e s u s p e n d e d i n soda - lye is i n d e p e n d e n t of t h e q u a n t i t y of 
f e r rous h y d r o x i d e p r e s e n t , a n d i t s v a l u e is iden t i ca l w i t h t h a t for t h e ox ida t ion of 
s o d i u m s u l p h i t e a n d s t a n n o u s h y d r o x i d e i n a lka l ine soln. The va lue of Tc is o n l y 
s l i gh t ly affected b y t e m p . , b u t dec reases w i t h increas ing concen t r a t ion of s o d i u m 
h y d r o x i d e , s ince t h e ve loc i t y is p r o b a b l y d e t e r m i n e d b y t h e speed of d i sso lu t ion 
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of oxygen, which is dec reased b y t h e s o d i u m h y d r o x i d e . O n t h e o t h e r h a n d , 
A. K r a u s e found t h a t t h e speed of o x i d a t i o n is g r e a t l y f a v o u r e d b y a r i se of t e m p . 
W . Gluud a n d W . R ie se obse rved t h e r a t e of o x i d a t i o n of suspens ions of f e r rous 
h y d r o x i d e in v a r i o u s so lu t ions b y a c u r r e n t of a i r . I n soln . of s o d i u m o r a m m o n i u m 
h y d r o g e n c a r b o n a t e increase of a lka l in i t y f avour s o x i d a t i o n of fe r rous h y d r o x i d e . 
W i t h t h e former , h o w e v e r , increase of sa l t c o n c e n t r a t i o n r e d u c e s t h e o x i d a t i o n 
r a t e . T h e a d d i t i o n of s o d i u m s u l p h a t e or o t h e r n e u t r a l s a l t r e n d e r s i t m o r e difficult 
t o r e m o v e t h e c a r b o n d iox ide b y a i r -b lowing t h e s o d i u m h y d r o g e n c a r b o n a t e so ln . 
A m m o n i u m s u l p h a t e fac i l i ta tes t h e r e m o v a l of b o t h c a r b o n d iox ide a n d a m m o n i a . 

S. M i y a m o t o a lso s h o w e d t h a t s o d i u m h y d r o x i d e r e t a r d s t h e o x i d a t i o n , e v e n 
t h o u g h t h e r e d u c i n g p o w e r of fer rous h y d r o x i d e increases w i t h t h e cone , of H O ' - i o n s ; 
a n d A . K r a u s e obse rved t h a t fer rous h y d r o x i d e is ox id ized t o ferric h y d r o x i d e on ly 
w h e n t h e a lka l i p r e s e n t does n o t exceed t h e m o l . r a t i o N a O H : F e S O 4 = I : 1 ; if 
m o r e a lka l i b e p r e sen t , t h e o x i d a t i o n of t h e fer rous h y d r o x i d e b y a i r is i n c o m p l e t e ; 
a n d t h i s t h e m o r e t h e h ighe r t h e p r o p o r t i o n of a lka l i , b u t t h e m o l . r a t i o of fe r rous 
t o ferr ic h y d r o x i d e does n o t exceed F e O : F e 2 0 3 = O 3 : 1. T h e w a t e r - c o n t e n t of 
t h e d r i ed p r o d u c t decreases w i t h inc reas ing p r o p o r t i o n s of fe r rous h y d r o x i d e . 
The o x i d a t i o n of fe r rous h y d r o x i d e b y a i r is d e p e n d e n t o n t h e H*-ion cone , of t h e 
l i quor f rom which i t is p r e c i p i t a t e d . Redd i sh -ye l low me ta fe r r i c h y d r o x i d e or 
ferroferr i te m a y be fo rmed . T h e iso-electr ic p o i n t of h y d r a t e d me ta fe r r i c ox ide , 
co r r e spond ing w i t h a n a i r -d r i ed p r o d u c t F e 2 O 3 . 2 H 2 O , is JOH—5*2. I* t h e j>H i s 
g r e a t e r t h a n 5-2, ( F e 2 O 3 . a q . ) ' is fo rmed ; w i th p& less t h a n 5-2, (Fe 2O 8 .aq . )* is f o rmed ; 
a n d wi th p^ less t h a n 0-3, t h e fe r rous s a l t is s t ab l e in a i r . T h e o x i d a t i o n of fe r rous 
h y d r o x i d e t o a fer rous ferr i te , w h e n t h e p& is g r e a t e r t h a n 5-2, is s h o w n b y ox id iz ing 
fer rous h y d r o x i d e in t h e p resence of m a g n e s i u m h y d r o x i d e , for t h e n t h e o x i d a t i o n 
t o m a g n e s i u m ferr i te is c o m p l e t e . H y d r a t e d me ta f e r r i c h y d r o x i d e differs in 
chemica l a n d phys i ca l p rope r t i e s f rom or thofe r r i c ox ide w i t h a n i so tec t ic p o i n t 
of PJI=7'7. E . Deiss a n d G. Sch ikor r a lso cons ide red t h a t a fe r rous fer r i te is f o r m e d 
a s a n i n t e r m e d i a t e s t a g e in t h e r eac t ion . T h e p r o d u c t i o n of a n i n t e r m e d i a t e p e r o x i d e 
of t h e t y p e F e O 2 ( O H ) 2 w a s d iscussed b y W . M a n c h o t a n d H . S c h m i d , G. J u s t , 
C. S a n d o n n i n i , a n d O. R a u d i s c h a n d co-workers . A c c o r d i n g t o C. S a n d o n n i n i , 
b l a c k ferr i te is fo rmed w h e n a d i l . suspens ion of t h e fe r rous h y d r o x i d e is bo i led in 
p re sence of a i r , o r a t t h e o r d i n a r y t e m p , w h e n t h e h y d r o x i d e is p r o t e c t e d b y a d e e p 
l a y e r of w a t e r . I n t h e p re sence of c h r o m i c or a l u m i n i u m h y d r o x i d e s , h o w e v e r , n o 
fer r i te is f o rmed e v e n u n d e r t h e s e c o n d i t i o n s . I n a n a t m o s p h e r e of p u r e o x y g e n 
fe r rous h y d r o x i d e is ox id ized p r a c t i c a l l y q u a n t i t a t i v e l y t o ferr ic h y d r o x i d e . A 
suspens ion of fe r rous h y d r o x i d e in w a t e r w h i c h h a s b e e n bo i l ed for a long t i m e in 
a n a t m o s p h e r e of h y d r o g e n is ox id ized d i r ec t ly t o ferric h y d r o x i d e w h e n s u b j e c t e d 
t o t h e cond i t i ons wh ich n o r m a l l y wou ld g ive t h e b l a c k fe r r i te . W . M a n c h o t , a n d 
W . M a n c h o t a n d F . Glaser sa id t h a t d u r i n g t h e o x i d a t i o n of fe r rous h y d r o x i d e 
s o m e o x y g e n is a c t i v a t e d , a n d is t a k e n u p b y a n a c c e p t o r — s a y a r s en ious ac id . 
N . R . D h a r found t h a t t h e o x i d a t i o n of fe r rous h y d r o x i d e c a n b e i n d u c e d b y t h e 
p resence of a n u m b e r of o rgan ic a n d i no rgan i c s u b s t a n c e s . F e r r o u s h y d r o x i d e , 
p r e c i p i t a t e d b y hyd ro ly s i s o r b y t h e a c t i o n of h y d r o x y l ions f r o m a so ln . of 
fe r rous h y d r o g e n c a r b o n a t e r e a c t s i n t h e n a s c e n t s t a t e w i t h m o l e c u l a r o x y g e n 
t o f o r m a c o m p o u n d exh ib i t i ng a v e r y h i g h o x i d a t i o n a n d r e d u c t i o n p o t e n t i a l . 
W i t h t h e o x i d a t i o n p rocess as a p r i m a r y r e a c t i o n , t h e r e a r e t h e o x i d a t i o n of 
p o t a s s i u m o x a l a t e a n d of n ickel h y d r o x i d e a s s e c o n d a r y r e a c t i o n s . 

F o r t h e c h e m i c a l a c t i o n of ferrous h y d r o x i d e o n water* vide infra, f e r rous ch lo r ide . 
A . B i n e a u sa id t h a t t h e a q . soln. of fe r rous h y d r o x i d e r a p i d l y b e c o m e s t u r b i d o n 
exposu re t o a i r ; a n d , acco rd ing t o J . v o n L ieb ig a n d F . W o h l e r , a n d G. S c h m i d t , 
fer rous h y d r o x i d e c a n decompose w a t e r , s lowly in t h e cold , a n d r a p i d l y w h e n 
h e a t e d . O. B a u d i s c h a n d 1». A . WeIo , E . De i s s a n d G-. Sch ikor r , a n d W . T r a u b e 
a n d W . L a n g e sa id t h a t fer rous h y d r o x i d e r e m a i n s u n c h a n g e d w h e n k e p t i n c o n t a c t 
w i t h air-free w a t e r , a n d E . Deiss a n d G. Sch iko r r a d d e d t h a t t h e ox id iz ing a c t i o n 
r e p o r t e d b y G. S c h m i d t is d u e t o t h e a c t i o n of d i s so lved o x y g e n f rom t h e a i r . I f 
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reducing agents be present, W. R. Dunstan and T. S. Dymond, and W. Manchot 
found that the water may be decomposed by the hydroxide ; for example, W. Traube 
and W- L-ange observed that in the presence of a trace of palladious chloride, there 
is a slow development of hydrogen, and black ferrosic oxide is formed. E. Berl 
and F. van Taack observed that -when heated with water in a bomb, under press., 
black ferrosic oxide is formed and hydrogen is evolved. 

The dehydration curve obtained by G. F. Htittig and H. Moldner for white 
hydrated ferrous oxide is derived from the data for FeCnH2O : 

114° 220° 228° 230° 234° 261° 270° 277° 336° 
n . 1 0 1 8 0-933 0-858 0-773 0-697 0-621 0-536 0-463 0-382 

As the reaction FeO.H2O-^FeO-I-H2O proceeds, the colour becomes black. There 
is also a side reaction 3(FeO.H2O)->-Fe304+2H20+H2. The X-radiograms are 
indicated in Fig. 507. 

A. B. de Schulten said that ferrous hydroxide is readily soluble in soln. of the 
alkali hydroxides, and also in aq. ammonia, so that ferrous hydroxide is not com
pletely precipitated from 
soln. of ferrous salts by am
monium hydroxide, even in 
the presence of ammonium 
chloride. If the soln. of 
ferrous hydroxide in these 
menstrua be exposed to air 
or oxygen, the ferrous hy
droxide is rapidly converted 
into hydrated ferric oxide. 
On the other hand, E. Deiss 
and G. Schikorr, and O. Bau-
disch said that the hydroxide , 1 , ( j j j~—I—"~j 1 
is insoluble in sodium and 0 / £ 3 4 5 6 7 8 3 
potassium hydroxides ; so F l o 607.—X-radiograms of some Hydra t ed . Iron. Ox ides . 
that the alleged solubility is 
a case of peptization to form a hydrosol. S. H. Carsley found that ferrous 
hydroxide is partially peptized by boiling it with cone, alkali-lye. The rate of 
settling of hydrated ferrous oxide in neutral and dil. alkali soln. is greatly 

F i a s . 508 t o 510 .—The Solubility of Ferrous Hydroxide in Various Solutions. 

increased by boiling, owing, it is supposed, to the partial dehydration and 
coagulation of the particles According to W. G. Whitman and co-workers, the 
solubilities of ferrous hydroxide in various salt solutions-calcium .sodium, 
ammonium, and magnesium chlorides, and m sodium sulphate, chromate, 
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dicliroii iate, si l icate, a n d h y d r o x i d e — a r e i n d i c a t e d in F i g s . 5 0 8 t o 510 . T h e differ
ence in t h e resu l t s for a n h y d r o u s c a l c i u m ch lor ide a n d i t s h e x a h y d r a t e is a t t r i b u t e d 
t o t h e presence of a sma l l a m o u n t of c a l c ium ox ide in t h e fo rmer . I t w a s f o u n d t h a t 
t h e r a t e s of cor ros ion of i ron b y t h e s e s a l t soln. a r e pa ra l l e l -with t h e solubi l i t ies of 
ferrous h y d r o x i d e in t h e s e soln. , a n d t h i s is t a k e n t o b e i n a g r e e m e n t w i t h t h e 
colloidal t h e o r y of cor ros ion d i scussed b y J . A. N . F r i e n d . Acco rd ing t o G. Pe l l in i 
a n d D . Meneghiu i , fe r rous h y d r o x i d e s u s p e n d e d in a lcohol a n d t r e a t e d a t a l ow t e m p , 
w i t h h y d r o g e n dioxide furn ishes a m i x t u r e of ferric h y d r o x i d e , a n d i ron p e r o x i d e . 
A. S. L o e v e n h a r t a n d J . H . Elast ic d iscussed t h e effect of i n h i b i t o r s o n t h e c a t a l y t i c 
d e c o m p o s i t i o n of h y d r o g e n d iox ide b y fe r rous h y d r o x i d e . G. K a s s n e r o b s e r v e d 
t h a t fe r rous h y d r o x i d e is ox id ized b y s o d i u m dioxide . 

F e r r o u s h y d r o x i d e r ead i ly dissolves in ac ids , f o rming t h e r e spec t ive fe r rous 
sa l t s ; a n d , accord ing t o G. S c h m i d t , m u c h h e a t is evo lved . E . P e t e r s e n o b s e r v e d 
t h a t fer rous h y d r o x i d e is soluble in hydrochlor ic a c i d ; a n d J . Lefor t , t h a t i t is 
soluble in hydroch lo r i c ac id . W . v a n W u l l e n Scho l t en found t h a t fer rous h y d r o x i d e 
is ox id ized b y a lkal i hypoch lor i t e s ; C. W . H e m p e l , t h a t iodic ac id is r e d u c e d ; a n d 
B . S jo l lema, a n d E . W e i t z a n d H . Mul ler , t h a t in bo i l ing soln . in t h e a b s e n c e of 
free a lka l i , p o t a s s i u m perchlorate is r e d u c e d q u a n t i t a t i v e l y b y fe r rous h y d r o x i d e 
t o fo rm p o t a s s i u m ch lor ide . W . F e I d o b s e r v e d t h a t fe r rous h y d r o x i d e s u s p e n d e d 
in w a t e r is c o n v e r t e d t o fe r rous su lph ide b y h y d r o g e n su lphide . J . Liefort o b s e r v e d 
t h a t t h e h y d r o x i d e is so luble in cone , su lphur ic ac id . 

M. D a r s o , J . L . G a y I /ussac , a n d G. S c h m i d t cons ide red t h a t fe r rous h y d r o x i d e 
is s l igh t ly soluble in a q . a m m o n i a , b u t t h i s is p r o b a b l y a case of p e p t i z a t i o n t o fo rm 
t h e h y d r o s o l . H . B e c q u e r e l sa id t h a t t h e h y d r o x i d e is so luble in a q . a m m o n i a 
i n t h e p resence of a m m o n i u m sa l t s , a n d t h i s is a t t r i b u t e d t o t h e f o r m a t i o n of c o m p l e x 
a m m i n e s . T h e a c t i o n w a s s t u d i e d b y O. F a u s t , E . De i s s a n d G. Sch iko r r , a n d 
V. P a i s s a k o w i t s c h . F e r r o u s h y d r o x i d e genera l ly a c t s a s a r e d u c i n g a g e n t . 
W . R . D u n s t a n a n d T. S. D y m o n d found t h a t feebly a lka l ine so ln . of h y d r o x y l a m i n e 
a r e d e c o m p o s e d b y fe r rous h y d r o x i d e t o f o r m a m m o n i a a n d a l i t t l e n i t r o g e n ; a n d 
F . H a b e r , C. Kjel l in , a n d A. K u r t e n a c k e r a n d R . N e u s s e r s h o w e d t h a t if a n a lka l i - lye 
or a m m o n i a emu l s ion of fe r rous h y d r o x i d e is e m p l o y e d , t h e y i e ld of a m m o n i a is 
a l m o s t q u a n t i t a t i v e . O n t h e o t h e r h a n d , E . E b l e r a n d E . S c h o t t f o u n d t h a t w i t h 
a cone . soln . of h y d r o x y l a m i n e , n i t r o g e n a n d n i t r o u s ox ide a r e a t first t u r b u l e n t l y 
evo lved , a n d on ly t o w a r d s t h e e n d of t h e r e a c t i o n is a m m o n i a f o r m e d . C. Kje l l in 
f o u n d t h a t ^ - m e t h y l h y d r o x y l a m i n e , j3-ethyl h y d r o x y l a m i n e , a n d j8-£so-propyl-
h y d r o x y l a m i n e a r e r e d u c e d b y fer rous h y d r o x i d e t o t h e p r i m a r y a m i n e s . F . H a b e r 
sa id t h a t hydraz ine is n o t a t t a c k e d b y fe r rous h y d r o x i d e . W . R . D u n s t a n a n d 
T . S. D y m o n d f o u n d t h a t hypon i trous ac id is s lowly d e c o m p o s e d b y fe r rous 
h y d r o x i d e w i t h t h e f o r m a t i o n of n i t rogen , b u t n e i t h e r a m m o n i a n o r h y d r o x y l a m i n e 
i s p r o d u c e d . Accord ing t o E . D i v e r s a n d T . H a g a , if n i tr ic ox ide b e p a s s e d i n t o 
a soln . of p o t a s s i u m h y d r o x i d e m i x e d w i t h some fe r rous h y d r o x i d e , ferric ox ide 
is formed, a n d t h e n i t r i c ox ide is l a rge ly c o n v e r t e d i n t o a m m o n i a , b u t n e i t h e r 
h y d r o x y l a m i n e n o r a lka l i h y p o n i t r i t e cou ld b e d e t e c t e d a m o n g t h e p r o d u c t s of 
t h e r eac t ion . O n t h e o t h e r h a n d , W . R . D u n s t a n a n d T . S. D y m o n d o b s e r v e d t h a t 
in t h i s r e a c t i o n a l i t t l e a m m o n i a a n d n o h y d r o x y l a m i n e a r e fo rmed , b u t s o m e 
h y p o n i t r i t e , n i t r o g e n , a n d a l i t t l e n i t r o u s ox ide a r e p r o d u c e d . I n t h e a b s e n c e of 
a lka l i , h y p o n i t r i t e , a m m o n i a , a n d h y d r o x y l a m i n e a r e n o t fo rmed , b u t n i t r o g e n 
a n d n i t r o u s ox ide a p p e a r . I n t h e p re sence of a cone . so ln . of p o t a s s i u m h y d r o x i d e , 
a m m o n i a , n i t r ogen , a n d n i t r o u s ox ide a r e fo rmed , b u t n o h y p o n i t r i t e . A . K l e m e n c , 
H . R e i h l e n a n d A . v o n Fr i edo l she im, a n d O. B a u d i s c h a n d L . A . WeIo a l so s t u d i e d 
t h e r e d u c t i o n of n i t r i c ox ide b y ferrous h y d r o x i d e , a n d t h e f o r m a t i o n of h y d r a t e d 
ferrosic ox ide . J . G a y , a n d E . Pe l i go t f o u n d t h a t n i t r o g e n peroxide is r e d u c e d t o 
n i t r o g e n a n d n i t r o u s ox ide b y ferrous h y d r o x i d e . W . v o n Z o r n s h o w e d t h a t f reshly 
p r e c i p i t a t e d fer rous h y d r o x i d e energe t ica l ly r e d u c e s s o d i u m ni tr i te i n a q . so ln . ; 
h e a t is evo lved , a n d h y p o n i t r i t e , a m m o n i a , n i t r o g e n , a n d n i t r o u s ox ide a r e f o r m e d . 
IS. D i v e r s a n d T . H a g a obse rved n o h y p o n i t r i t e s in t h e p r o d u c t s of t h e r e a c t i o n ; 
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b u t W . K. D u n s t a n a n d T . S. D y m o n d sa id t h a t t h e gas wh ich is e v o l v e d is a m i x t u r e 
of n i t r o g e n a n d n i t r o u s ox ide , a n d in t h e soln. h y p o n i t r i t e s , b u t n o t h y d r o x y l a m i n e , 
a r e f o r m e d ; if a n excess of ferrous ox ide is emp loyed , n i t r o g e n a n d a m m o n i a a r e 
p r o d u c e d . O. B a u d i s c h a n d co-workers found t h a t a lka l i n i t r i t e s a re q u a n t i t a t i v e l y 
r e d u c e d in t h e p resence of a n excess of fer rous h y d r o x i d e , in statu nascendi, in n e u t r a l 
o r a lka l ine soln. , a n d i n t h e absence of o x y g e n . W i t h boi l ing soln. of a lkal i h y d r o x i d e , 
a m m o n i a is t h e sole p r o d u c t ; a n d -with boi l ing soln. of a lkal i c a r b o n a t e , a m m o n i a 
a n d n i t r o u s ox ide a r e fo rmed . Acco rd ing t o E . D i v e r s a n d T . H a g a , a lka l i n i t r i t e s 
y ie ld m u c h a m m o n i a w h e n t r e a t e d w i t h fe r rous h y d r o x i d e in t h e p resence of a 
so ln . of p o t a s s i u m h y d r o x i d e — b u t n o h y d r o x y l a m i n e , or h y p o n i t r i t e , or a n y 
gaseous p r o d u c t is fo rmed . T h e r e d u c i n g a c t i o n w a s also s t u d i e d b y W . v o n Zorn , 
a n d G. Sch ikor r . B y t h i s r e a c t i o n S. M i y a m o t o d e t e r m i n e d t h e n i t r i t e s in soln. 
a s a m m o n i a . T h e ve loc i ty of r e a c t i o n b e t w e e n p o t a s s i u m n i t r i t e a n d ferrous 
h y d r o x i d e in a lka l ine soln . -was m e a s u r e d a t 25°, 35°, a n d 45° . W h e n t h e in i t i a l 
c o n c e n t r a t i o n of t h e n i t r i t e is v e r y sma l l c o m p a r e d w i t h t h a t of t h e a lka l i h y d r o x i d e , 
t h e ve loc i ty c u r v e is l inear . T h e ve loc i ty c o n s t a n t increases w i t h t h e c o n c e n t r a t i o n 
of t h e a lka l i h y d r o x i d e , a n d is exp res sed b y t h e fo rmu la : & = e 2 0 e 0 9 ~ 8 0 9 8 ' 2 / 
7 > ( 1 - 1 - 0 7 9 C K O M ) - T h e ve loc i ty c o n s t a n t is i nc reased 2-35 t i m e s for e a c h rise in 
t e m p , of 10°. T h e p resence of p o t a s s i u m s u l p h a t e in t h e s y s t e m h a s n o effect on 
t h e r e a c t i o n ve loc i ty . T h e speed of t h e r e a c t i o n is t o o g r e a t for m e a s u r e m e n t a t 
t h e b . p . , 108°. A . T h u m sa id t h a t t h e fe r rous h y d r o x i d e is r a p i d l y c o n v e r t e d t o 
h y d r a t e d ferrosic ox ide , a n d t h e n s lowly t o h y d r a t e d ferric ox ide . F . K u h l m a n n , 
a n d W . v o n Zorn obse rved t h a t a w a r m , di l . soln. of p o t a s s i u m n i t r a t e is r e d u c e d 
b y fer rous h y d r o x i d e a n d a m m o n i a is fo rmed—v ide supra. S. H . Cars ley o b s e r v e d 
t h a t t h e r e d u c t i o n of t h e n i t r a t e t o a m m o n i a is q u a n t i t a t i v e a n d t h e h y d r o x i d e 
fo rms t h e b l a c k m a g n e t i c ferrosic ox ide ; a n d i n s t e a d of 8 F e ( 0 H ) 2 + N a N 0 3 
= 4 F e 2 0 3 + 6 H 2 0 - 4 - N a O H - h N H 3 , w i t h t h e i n t e r m e d i a t e f o r m a t i o n of N a [ F e ( O H ) 3 ] , 
S. H . Cars ley, a n d C. S a n d o n n i n i a n d S. Bezzi prefer t h e e q u a t i o n : 1 2 F e ( O H ) 2 
H - N a N O 3 ^ 4 F e 3 O 4 + 1 0 H 2 O + N a O H - J - N H 3 . I n di l . , n e u t r a l soln. , p r ev ious ly 
boi led fe r rous h y d r o x i d e r educes t h e n i t r a t e m o r e s lowly t h a n does t h e freshly 
p r e c i p i t a t e d oxide owing t o t h e d e h y d r a t i o n a n d a g g l o m e r a t i o n of t h e h y d r a t e d 
fer rous ox ide . E . D i v e r s a n d T. H a g a found t h a t a lkal i n i t r a t e s were n o t r e d u c e d ; 
b u t W . R . D u n s t a n a n d T . S. D y m o n d sa id t h a t a l i t t l e a m m o n i a , a n d a sma l l 
q u a n t i t y of a gas a r e p r o d u c e d ; a n d w i t h sma l l p r o p o r t i o n s of p o t a s s i u m n i t r a t e , 
t h e conver s ion t o a m m o n i a is comp le t e . T h e r eac t i on w a s also s t u d i e d b y E . Deiss 
a n d G-. Sch ikor r . S. M i y a m o t o found t h a t t h e r e d u c t i o n of t h e n i t r a t e s does n o t 
p roceed so eas i ly a s is t h e case w i t h t h e n i t r i t e s , b u t t h a t t h e r e d u c t i o n does occur 
in boi l ing soln. , a n d i t is q u a n t i t a t i v e , so t h a t i t c a n b e e m p l o y e d for t h e d e t e r m i n a 
t i o n of n i t r a t e s in soln . T h e ve loc i ty of r eac t i on b e t w e e n p o t a s s i u m n i t r a t e a n d 
fer rous h y d r o x i d e in a lka l ine soln. w a s m e a s u r e d a t 108° a n d 112-2°, t h e ve loc i ty 
c o n s t a n t be ing a p p r o x i m a t e l y 7-577 X 1 0 ~ 3 (calc. 7-726 X 10—3 ; C K O H : 5-5394 m o l . 
p e r l i t re) a n d 2-331 X 1 0 ~ 2 (calc. 2-326 X 10~2 ; C K O H : 6-9541 mol . p e r l i t re r e spec 
t i ve ly ) . Accord ing t o O. B a u d i s c h a n d co-workers , fe r rous h y d r o x i d e i n n e u t r a l 
or f a in t ly a lka l ine soln . is u n a b l e t o r e d u c e n i t r a t e s t o n i t r i t e s ; b u t t h e r e d u c t i o n 
t a k e s p l ace w i t h t h e co -opera t ion of a t m . oxygen . N a s c e n t ferrous h y d r o x i d e is 
far m o r e powerfu l a s a r e d u c i n g a g e n t t h a n t h e freshly p r e c i p i t a t e d ferrous h y d r o x i d e 
t o w a r d s n i t r i t e s . I t is a s s u m e d t h a t fe r rous h y d r o x i d e abso rbs oxygen , f o rming 
ferrous peroxyhydroxide : [ F e ( H 2 O ) 6 ] ( O H ) 2 ^ O 2 = [ F e O 2 ( H 2 O ) 5 ] ( O H ) 2 - I - H 2 O , o t h e r 
wise exp res sed : F e ( O H ) 2 + 0 2 = Q ^ > F e ( O H ) 2 . T h e pe rox ide so formed, in v i r t u e 

of i t s i r o n nuc leus , h a s t h e p o w e r of a c t i v a t i n g t h e o x y g e n subs id ia ry va lenc ies of 
o t h e r s u b s t a n c e s a n d fo rming u n s t a b l e c o m p o u n d s w i t h t h e m . S. H . Carsley s a i d 
t h a t O. B a u d i s c h a n d co -worke r s p r e p a r e d t h e i r h y d r a t e d ferrous oxide a t different 
t e m p . , so t h a t t h e i r r e s u l t s a r e c o m p l i c a t e d b y differences in t h e degrees of agglo
m e r a t i o n of t h e h y d r a t e d ox ide . T h e effect of o x y g e n on h y r d a t e d fer rous ox ide 
is t o f o r m a n u n s t a b l e h ighe r o x i d e — F e 2 O 4 o r F e O 3 — a s O. Baud i sch a s s u m e d . 
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O. Baudiscl i a n d co -worke r s s h o w e d t h a t fe r rous p e r o x y h y d r o x i d e c a n a c t a s a n 
oxidizing agen t , a s is s h o w n b y t h e conve r s ion of a lcohol t o a l d e h y d e a n d b y i t s 
behav iou r t o w a r d s s t a r c h a n d sugar . I t a c t s in t h i s r e spec t i n t h e s a m e m a n n e r a s 
l ight ene rgy a lone or in t h e p re sence of t r a c e s of i r on . I t c a n effect t h e r e d u c t i o n of 
a lka l i n i t r a t e t o a m m o n i a . T h e first a c t i o n is s u p p o s e d t o invo lve a r e a c t i o n w i t h 
t h e p e r o x y h y d r o x i d e a n d t h e n i t r a t e : F e 0 2 ( O H ) 2 H - 2 N a N 0 3 = F e ( O H ) 2 - f - 2 N a N O 2 
+ 2 O 2 , a n d t h e n i t r i t e is t h e n r e d u c e d b y t h e h y d r a t e d fe r rous ox ide t o a m m o n i a . 
B o t h t y p e s of r e a c t i o n c a n t a k e p lace i n one a n d t h e s a m e soln . F o r m a l d o x i m e 
a n d t r a c e s of n i t r o m e t h a n e a re f o r m e d w h e n a m e t h y l a lcohol soln. of n i t r i t e is 
t r e a t e d w i t h fe r rous s u l p h a t e a n d a n excess of s o d i u m h y d r o c a r b o n a t e a n d s h a k e n 
w i t h a i r . T h e n i t r i c ac id is r e d u c e d t o h y p o n i t r o u s ac id , w h i c h r e a c t s w i t h t h e 
f o r m a l d e h y d e p r o d u c e d b y t h e o x i d a t i o n of m e t h y l a lcohol , y ie ld ing f o r m h y d r o x a m i c 
ac id , w h i c h is in p a r t c o n v e r t e d i n t o f o r m a l d o x i m e . B o t h i ron a n d fer rous p e r 
o x y h y d r o x i d e a re f e r romagne t i c , b u t fer rous h y d r o x i d e is n o t so . A c c o r d i n g t o 
O. B a u d i s c h a n d I i . A. WeIp , -when t h e p r e c i p i t a t e of h y d r a t e d fer rous ox ide is 
s t o r e d i n t h e absence of a i r — a l t h o u g h a p p a r e n t l y s t a b l e e v e n -when bo i l ed— i t 
g r a d u a l l y loses i t s p o w e r of r educ ing n i t r a t e s t o n i t r i t e s , a n d of c a t a l y s i n g t h e 
o x i d a t i o n of o rgan ic c o m p o u n d s such a s urac i l a n d lac t i c acid , a l t h o u g h o n 
e x p o s u r e t o a i r t h e y s t i l l a b s o r b o x y g e n . T h e loss of t h e r a p e u t i c efficacy u n d e r 
gone b y c e r t a i n m i n e r a l w a t e r s t h r o u g h keep ing h a s b e e n co r r e l a t ed w i t h a 
p r e c i p i t a t i o n a n d c o n s e q u e n t i n a c t i v a t i o n of fer rous sa l t s ana logous t o t h e age ing 
process desc r ibed a b o v e ; i t was found t h a t t h e age ing of t h e m i n e r a l w a t e r w a s 
acce l e r a t ed b y e x p o s u r e t o l igh t . T h e age ing process is a t t r i b u t e d t o t h e g r a d u a l 
pa s sage of t h e h y d r a t e f rom t h e a m o r p h o u s t o t h e c rys ta l l ine s t a t e . 

Gr. S c h m i d t found t h a t d r i ed fe r rous h y d r o x i d e r a p i d l y a b s o r b s carbon dioxide , 
b e c o m i n g a t t h e s a m e t i m e h o t a n d b l ack . Acco rd ing t o E . Deiss a n d Gr. Sch iko r r , 
t h e ox id iz ing ac t i on a t t r i b u t e d t o c a r b o n d iox ide is rea l ly d u e t o t h e o x y g e n d isso lved 
i n t h e w a t e r . P . N . R a i k o w found t h a t fer rous h y d r o x i d e r e a c t s w i t h c a r b o n d iox ide 
t o f o rm fer rous c a r b o n a t e a n d h y d r o c a r b o n a t e . F . K . C a m e r o n a n d W . O. R o b i n s o n 
a lso s t u d i e d t h i s r e a c t i o n . H . C. Allen, a n d S. M i y a m o t o obse rved t h a t "ferrous 
h y d r o x i d e in a soln. of a lka l i h y d r o x i d e a lso r educes n i t robenzene t o an i l ine a t 
o r d i n a r y t e m p . E . J . M o r g a n a n d J . H . Quas t e l f o u n d t h a t m e t h y l e n e b lue is 
decolor ized ; a n d E . Eeigl , t h a t benz id ine is n o t co loured b lue b y fer rous h y d r o x i d e . 
Xi. C r a m e r n o t e d t h a t g e la t in is c o a g u l a t e d b y fer rous h y d r o x i d e . C C . P a l i t a n d 
N . R . D h a r s t u d i e d t h e a c t i o n of t h e h y d r o x i d e as a c a t a l y s t i n t h e o x i d a t i o n of 
g lycero l ; a n d N . R . D h a r , i n t h e i n d u c e d o x i d a t i o n of fa t s , p r o t e i n s , sugar , s t a r c h , 
fo rmic ac id , e t c . C. H . H e r t y a n d co-workers s t u d i e d t h e r e a c t i o n b e t w e e n s i l i con 
a n d fe r rous oxide , a n d found for t h e equ i l i b r i um c o n s t a n t , K, in t h e r e a c t i o n 
S i - f - 2 F e 0 ^ 2 F e + S i 0 2 , J5 t=O000165 . W . A. R o t h a n d co -worke r s d e t e r m i n e d 
t h e r m o c h e m i c a l l y t h a t in t h e r e a c t i o n w i t h s i l ica , 2 F e O - f - S i 0 2 q u a r t z = F e 2 S i 0 4 
-f-8-1 CaIs. O. v o n K e i l a n d A. D a m m a n n , J . H . W h i t e l e y a n d A . F . H a l l i m o n d 
s tud i ed t h e r eac t i on w i t h s i l ica . 

Gr. G r u b e a n d H . G m e l i n f o u n d t h a t b y anod ica l ly po la r i z ing i ron in a 40 p e r 
cen t . soln. of s o d i u m hydroxide , a n d a low c u r r e n t dens i t y , i n t h e absence of a i r , 
t h e i ron goes i n t o soln . a s s o d i u m hypoferri te , N a 2 F e O 2 . A t h ighe r t e m p , t h i s 
fo rms fer r i tes a n d fe r ra te—v ide infra. W . B i l t z a n d co -worke r s p r e p a r e d spinels 
w i t h fe r rous ox ide a n d a l u m i n a , ferric ox ide , o r c h r o m i c ox ide . J . H . A n d r e w a n d 
co-workers found t h a t m i x t u r e s of m a n g a n e s e ox ide a n d fer rous ox ide f o r m a 
c o m p l e t e series of sol id soln . w i t h a m . p . r i s ing a l m o s t l i nea r ly f rom t h a t of fe r rous 
ox ide a t 1410° t o t h a t of m a n g a n e s e ox ide a t 1585°. T h e l i qu idus is w i t h i n 20° of 
t h e sol idus t h r o u g h o u t t h e whole r a n g e . 

A c c o r d i n g t o A . Lievol, cupric hydroxide a n d cupric sa l t s a r e r e d u c e d b y fe r rous 
h y d r o x i d e . T h e r e a c t i o n w a s s t u d i e d b y H . R . El l i s a n d W . H . Collier, F . F S r s t e r 
a n d V . H e r o l d , H . F r i s che r , F . H e r r m a n n , an^d T . S. H u n t . A c c o r d i n g t o E . Mul ler 
a n d F . Kape i l e r , t h e r e d u c i n g power of a soln . c o n t a i n i n g fe r rous a n d ferr ic ions 
inc reases w i t h t h e r a t i o Fe**/Fe*\ F o r e x a m p l e , (i) A t m o s p h e r i c o x y g e n d o e s n o t 
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oxidize a n ac id soln . of fe r rous s u l p h a t e , b u t is qu ick ly a b s o r b e d if a n a lka l i is 
a d d e d . I n t h e foraier , t h e r a t i o c a n n o t m u c h exceed 103 , 'whereas in p r e s e n c e of 
n o r m a l a lka l i i t is 1-5 X l O 2 2 , owing t o t h e g rea t e r so lubi l i ty of fe r rous h y d r o x i d e , 
(ii) So ln . of fer rous s u l p h a t e a n d cupric su lphate do n o t r eac t , b u t c u p r o u s ox ide 
is p r e c i p i t a t e d if p o t a s s i u m fluoride is a d d e d t o t h e n e u t r a l m i x t u r e , a n d me ta l l i c 
c o p p e r if i t is a d d e d t o t h e acidic soln. I n th i s case, t h e r a t i o is inc reased b y t h e 
convers ion of ferric ions i n t o complex ions con t a in ing i ron a n d fluorine. I n n e u t r a l 
soln . t h e c u p r o u s ions p r o d u c e d b y t h e r e d u c t i o n s e p a r a t e as h y d r o x i d e , whi l s t 
i n ac idic soln. , owing t o t h e h igher cone , r eached , t h e y y ie ld meta l l ic coppe r a n d 
cupr ic ions, (iii) T h e ox ida t i on of hyd r iod ic ac id t o iodine b y ferric ions, 2 1 ' + 2 F e " " 
= I 2 - f - 2 F e " , is also r eve r sed b y t h e a d d i t i o n of p o t a s s i u m fluoride. R . C. Wel l s 
r e p r e s e n t e d t h e m a i n r eac t i on b e t w e e n fer rous h y d r o x i d e a n d cuprous sal ts b y 
3 ! F e O - j - 2 C u C l = 2 C u 4 - F e 2 0 s + F e C l 2 , especia l ly w h e n t h e c u p r o u s sa l t is in excess ; 
w i t h a decrease in t h e l a t t e r , t h e r e a c t i o n is 4 F e O + 2 C u C l = 2 C u + F e 3 O 4 4 - F e C l 2 . 
T h e r e a c t i o n Cu*-f-Fe*"^Cu-f-Fe"* r e su l t s i n t h e s e p a r a t i o n of c o p p e r w h e n t h e 
H*-ion c o n c e n t r a t i o n 2>n>5-0 . H- O s t o b s e r v e d t h a t fe r rous h y d r o x i d e r e a c t s w i t h 
m a g n e s i u m chloride t o fo rm ferrous ch lor ide a n d m a g n e s i u m h y d r o x i d e ; a n d 
s imi la r ly w i t h m a g n e s i u m su lphate ; b u t E . Deiss a n d G-. Sch iko r r o b s e r v e d n o 
r e a c t i o n w i t h m a g n e s i u m s u l p h a t e . C. A . G r a u m a n n obse rved t h a t a m i x t u r e of 
z i n c sulphide a n d fer rous oxide , w h e n h e a t e d , does n o t g ive off z inc v a p o u r . 
C. W . H e m p e l f o u n d t h a t fer rous h y d r o x i d e r e d u c e d mercur ic chlor ide t o 
m e r c u r o u s chlor ide ; H . Os t , t h a t i t fo rms a l u m i n i u m h y d r o x i d e w h e n a d d e d t o 
n e u t r a l soln. of a l u m ; E . Deiss a n d G. Sch ikor r , t h a t c h r o m i c hydrox ide is n o t 
r e d u c e d b y ferrous h y d r o x i d e ; a n d C. W . H e m p e l , t h a t p l a t i n u m tetrachloride 
is r e d u c e d t o t h e m e t a l . 
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§ 29. Ferrosic Oxide ; or Magnetic Oxide of Iron 
T h e Chinese h a v e b e e n c r ed i t ed w i t h k n o w i n g s o m e t h i n g a b o u t t h e m a g n e t i c 

need le so far b a c k a s 1100 B.C. I n h i s IJepC Xidcov, w r i t t e n a b o u t 325 B.C., 
T h e o p h r a s t u s referred t o t h e p o w e r of a t t r a c t i o n w h i c h some s tones—e .g . t h e 
\C0os crLSrjpovctyoCcra,—have for i ron—v ide t h e h i s t o r y of m a n g a n e s e ; a n d t h e 
sub j ec t w a s d iscussed b y O. L e n z . 1 A t t h e beg inn ing of o u r era , P l i n y , i n h i s 
Historia naturalis (36 . 25), d iscusses t h e m i n e r a l magnes wh ich h a s t h e p o w e r of 
a t t r a c t i n g i ron ; a n d a d d e d t h a t i n E t h i o p i a , t h e r e is a m o u n t a i n in wh ich t h e 
s t o n e theamedes i s f o u n d ; t h i s m i n e r a l r epe l s a n d re jec ts i ron . This r e p o r t m a y 
b e f o u n d e d o n t h e r epu l s ive a c t i o n of t h e l ike poles of t w o m a g n e t s . T h e p r o p e r t y 
of p o l a r i t y wh ich d i s t i ngu i shes t h e lodestone (or loadstone) is excep t iona l . P l i n y 
a lso m e n t i o n s t h e m a g n e t i c p r o p e r t i e s of t h e siderites or herachion. Th is mine ra l is 
a l so t h e fjbayvrjs \C0os, m e n t i o n e d b y Dioscor ides in his first-century work Uept v\r)s 
tcLTpiKijs. Acco rd ing t o E . W i e d e m a n n , t h e A r a b i a n Abu. M u s a Gabir b e n H a j j a n 
m e n t i o n e d t h a t a s a m p l e of m a g n e t i c i r on ore l i f ted 100 d i r h e m s of i ron, b u t a f t e r 
i t h a d s t o o d for s o m e t i m e i t cou ld n o t lift 80 d i r h e m s of i ron. T h e A r a b i a n , Al 
D i m a s c h q u e , a lso w r o t e on t h e sub jec t a b o u t 1320. Magne t i c i ron ore w a s desc r ibed 
b y A. Aphrod i s i ens i s , a n d t h e sub jec t w a s discussed b y M. S te inschneider , a n d 
V. Rose . I t w a s cal led Siegelstein b y G. Agr icola ; t h e mineraferri nigricans magneti 
arnica, o r magnet of J . G. Wa l l e r i u s ; t h e minera ferri attractoria of A. C r o n s t e d t ; 
t h e magnetischer Eisenstein of A. G. W e r n e r ; a n d t h e magnet i t e of W . H a i d i n g e r . 
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Analyses were reported by H. Arsandaux,2 J . J . Berzelius, W. Bornhardt , 
A. Breithaupt, A. Cathrein, A. H . Chester, F . W. Clarke, E . Classen, C. Despretz, 
E. Dittler and H. Hueber, J . N. von Fuchs, J . TJ. Gay-Ijussac, P . F . Grout and 
T. M. Broderick, B . J . Harr ington, M. F . Heddle, T. H. Holland, E . Hugel, 
C. J . B. Karsten, A. Knop, F . von Kobell, G. A. Koenig, A. Lacroix, S. M. Iiosa-
nitsch, D. Lovisato, G. W. Maynard, J . A. Michaelson, W. G. Miller, T. Nordstrdm, 
G. Nyiredy, T. Petersen, W. B. Phillips, F . J . Pope, C. F . Rammelsberg, 
L. Ricciardi, F . Scafile, B . Schwalbe, E . Sochting, J . del Pan , A. Stanojevic, 
J . Thiel, G. P . Tschernik, J . H . L. Vogt, T. L. Walker and A. L. Parsons, 
C- H . Warren, M. Weibull, and F . Zambonini. The results are, in the main, in 
agreement "with the formula of iron tritatetroxide, or ferrosic oxide, Fe3O4 , or 
FeO.Fe2O3 , for the idealized mineral. The ferropicotite of A. Lacroix, found 
in Madagascar, has the composition (Fe,Mg)O.(Al9Fe)2O3. F . von Sandberger 
reported either stannous or stannic oxide in the magneti tes of Hirschberg. 
Manganous oxide may be present, and M. Weibull writes t he formula 
(Fe ,Mn)CFe 2 O 3 ; some magnesia and alumina were found by A. Knop to be 
associated with the mineral thus making the formula (Fe,Mg)0.(Al,Fe)208 ; and 
for the chromiferous varieties described by A. Cathrein, FeO.(Fe9Cr)2O3 ; while 
the titaniferous varieties may have FeTiO3 or MgTiO8 in solid soln. with Fe 2 O 3 ; 
but , as shown by W. B . Phillips, magneti te exhibits a wide variation in composition, 
for the extremes in 30 analyses were : 

Fe as FeO Fe as Fe8O8 FeO : Fe2O3 
M a g n e t i t e ( ideal) . . . 24-11 48-29 1 : 2 0 0 
O c t a h e d r a f rom Voge l sbe rg . . 39-85 15-22 1 : 0-38 
S h e p e r d Mt . , Missour i . . . 1-36 63-95 1 : 47-02 

T. XJ. Walker found the dominant mineral in loadstone from Bon Accord, 
Transvaal, to be (Fe,Ti)2O3. J . D. Dana classed the magnetites as (1) ordinary 
massive, crystalline or sandy magnetites ; (2) magnesian magnetites ; (3) niccol-
iferous magnet i tes ; (4) titaniferous magnetites ; (5) manganesian magnet i tes ; and 
(6) ochreous magnetites. W. N. Har t ley and H. Ramage observed the presence of 
sodium, potassium, rubidium, silver, copper, gallium, manganese, lead, and nickel. 

The existence of ferrosic oxide as a chemical individual was demonstrated b y 
J . L. Gay I/ussac, and J . J . Berzelius. J . L. Gay Lussac regarded it as a particular 
stage in the oxidation of iron, bu t J . Dalton, and J . J . Berzelius considered i t t o be 
a compound of ferrous and ferric oxides. The graphic formula is usually based 
on the assumption t h a t the oxide contains both ferric and ferrous iron, as is 
exemplified by the presence of both salts of iron when ferrosic oxide is dissolved 
in acids. The graphic formula is O = F e — O — F e — O — F e = O , or Fe(FeOg)2* 
S. H . Emmens, and W. G. Brown preferred formulae in which the iron a toms were 
supposed to be quadrivalent. The formula Fe (Fe0 2 ) 2 agrees with the spinel 
structure deduced by M. L*. Huggins from the space-lattice. 

According to S. Hilpert, the formation of the magnetic ferrosic oxide from non
magnetic, hydrated ferrous and ferric oxides shows t h a t the magnetic proper ty 
lies primarily in the combination of the two—where ferric oxide acts as an acid 
anhydride, and ferrous oxide as a base. This makes magnetic ferrosic oxide a 
ferrous ferrite, Fe(Fe0 2 ) 2 , *•«• a member of the family of spinels. That t he magnetic 
property depends on the acidic property of the ferric oxide is shown by the fact 
tha t the ferrous oxide can be replaced by cupric, cobaltous, calcium, bar ium, a n d 
potassium oxide to form magnetic ferrites—vide infra. Indeed, cupric ferrite, 
(CuO) + (Fe 2O 3)- , is as strongly magnetic as (FeO) + (Fe 2O 3 ) - . I t is possible t o 
oxidize magnetite t o magnetic ferric oxide ; b u t in t h e compound FeO-Fe2O8-, 
only the ferrous iron can be oxidized to furnish. (Fe2O3) + (2Fe 2O 3)- , or ferric ortko-
ferritet Fe**'(FeO3)***, and this red powder is t h e t rue magnetic ferric oxide (g,v.).. 
The cobalt ferrite, (CoO)+ (Fe2Oa)-^CaU be similarly oxidized to (Co2O8) + (2Fe 2 O 8 ) - . 
O. Mugge's study of the reduction products of haematite and t h e oxidation products 
of magnetite led h im t o suggest t h a t magnet i te is a solid soln* of ferric oxide in 
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t h e c u b i c fo rm of fe r rous ox ide ; a n d t h i s v i ew is f a v o u r e d b y A . G a w a l o w s k y , a n d 
K . H o f m a n n . A. K r a u s e a n d J . Tu leck i o b t a i n e d m a g n e t i c fe r rous fe r r i t e , a t 18°, 
(i) b y a d d i n g a m m o n i a t o a n ac id soln. of fer rous ch lor ide c o n t a i n i n g m e t a ferr ic 
h y d r o x i d e i n suspens ion ; a n d (ii) b y a d d i n g a m m o n i a t o a m i x e d so ln . of 
fe r rous a n d ferric ch lor ides . T h e l a t t e r v a r i e d i n compos i t i on owing t o o x i d a 
t i o n , a n d c o n t a i n e d m o r e w a t e r t h a n t h e fo rmer ; t h e former a p p r o x i m a t e d c losely 
t o F e ( F e 0 2 ) 2 — J H 2 O . 

S. Bre i s lak , s J . J . F e r b e r , C. W . C. F u c h s , F . Ga l i an i , G. Gioeni , P . G r o t h , 
A . J o h n s e n , A . Lac ro ix , T . Mont ice l l i a n d N . Covelli , L . P i l la , S. C. P o n t e , J . S. P r e s l , 
C. F . R a m m e l s b e r g , A. Scacchi , G. S t r t tve r , D . F . Wiser , a n d F . Z a m b o n i n i f o u n d 
t h a t m a g n e t i t e occurs a s a s u b l i m a t i o n p r o d u c t in t h e l a v a of Vesuv ius a n d E t n a . 
J . H . I i . V o g t r e g a r d e d m a g n e t i t e a s a p r o d u c t of m a g m a t i c d i f ferent ia t ion ; t h u s , 
J . Morozewicz obse rved t h a t i n art if icial m a g m a s , m a g n e t i t e is eas i ly fo rmed w h e n 
t h e p r o p o r t i o n of sil ica is low, for a n y i ron in excess of t h a t n e e d e d t o c o m b i n e w i t h 
silica is l iab le t o b e d e p o s i t e d a s m a g n e t i t e . T h e o r d e r of i t s s e p a r a t i o n w i t h r e spec t 
t o o t h e r mine ra l s is n o t i n v a r i a b l e . M a g n e t i t e , l ike o t h e r sp ine ls , m a y b e f o r m e d 
b y t h e b r e a k i n g d o w n of o t h e r m i n e r a l s , o r b y r e a c t i o n s b e t w e e n t h e m ; i.e. 
m a g n e t i t e m a y b e a p r o d u c t of c o n t a c t m e t a m o r p h i s m . T h u s , C. D o e l t e r o b t a i n e d 
i t b y fusing v a r i o u s rocks w i t h l i m e s t o n e ; t h e fusion of a c m i t e fu rn i shes m a g n e t i t e 
a n d a glass ; a n d g l a u c o p h a n e g a v e a m i x t u r e in w h i c h m a g n e t i t e occu r r ed . T h e 
fusion of b io t i t e , a n d microc l ine g a v e F . F o u q u e a n d A . Miche l -Levy m a g n e t i t e , 
l euc i t e , a n d ol ivine ; J . !Lenarcic f o u n d m a g n e t i t e i n t h e m a s s p r o d u c e d b y fusing 
a m i x t u r e of leuci te a n d a u g i t e , b u t w h e n m a g n e t i t e is d i s so lved b y fused l a b r a d o r i t e , 
a u g i t e is fo rmed . C. F . W . A . Oe t l ing f o u n d i t i n t h e p r o d u c t s of t h e fus ion of 
f e l spa th ic b a s a l t . M. V u c n i k , a n d B . V u k i t s f o u n d m a g n e t i t e a m o n g t h e p r o d u c t s 
of m i x t u r e s of a n o r t h i t e a n d h e d e n b e r g i t e , a l b i t e a n d h e d e n b e r g i t e , o l iv ine a n d 
a u g i t e , elseolite a n d a u g i t e , a n d elaeolite a n d d iops ide . Th i s sub jec t w a s d iscussed 
b y H . I J . Ai l ing, A. B a u e r , R . Beck , G. B e r g , K . B o g d a n o v i c h , K . Busz , R . A. D a l y , 
O. A . D e r b y , S. Fos l ie , P . Geiger , V. M. G o l d s c h m i d t , V. H a m m e r l e , A. G. H o g b o h m , 
E . H u s s a k , E . P . J e n n i n g s , H . E . J o h a n n s o n , J. F . K e m p , T. Kjerulf, ~L. d e L a u n a y , 
W . L i n d g r e n , G. Medan ich , JL. P e t r a s c h , H . S jogren , R . B . S o s m a n , A. C. Spencer , 
O. S t u t z e r , A . E . T o r n e b o h m , H . S. W a s h i n g t o n a n d E . S. !Larsen, a n d 
G. H . W i l l a m s , e t c . Acco rd ing t o F . W . Cla rke , m a g n e t i t e occurs a s a n accessory 
m i n e r a l in rocks of al l classes, a n d i t s o m e t i m e s fo rms t h e p r inc ipa l c o n s t i t u e n t . 
I t is m o s t a b u n d a n t in rocks r ich in f e r romagnes i an minera l s—e .g . t h e n o r i t e s , 
d i a b a s e s , g a b b r o s , or p e r i d o t i t e s ; b u t i t m a y b e also a s soc ia ted w i t h nephe l ine 
r o c k s a n d a n o r t h i t e s . I n m a n y cases i t f o rms la rge ore masse s wh ich a re h igh ly 
t i t a n i f e r o u s ; i ndeed , s o m e ores s h a d e b y i m p e r c e p t i b l e g r a d u a t i o n s i n t o i lmen i t e 
w i t h ove r 40 p e r cen t , of t i t a n i c ox ide ; t h e y f r e q u e n t l y c o n t a i n sp ine l , a n d 
c o r u n d u m . T h e m a g n e t i t e - i l m e n i t e o res were s t u d i e d b y S. B r u n t o n , F . F . O s b o r n e , 
P . R a m d o h r , G. M. S c h w a r t z , M. K a m i y a m a , J . T . S ingewald , a n d C. W a r r e n . 

I n m a n y cases , m a g n e t i t e is n o t of d i r e c t igneous or igin. H . Ros i e r obse rved 
i t i n c l ay d e p o s i t s f r o m r ive r s a n d seas . C. R . v a n H i se found i t a s soc ia t ed 
w i t h g r u n e r i t e a n d ac t ino l i t e in t h e s l a t e s a n d che r t s i n t h e g r e a t i r on depos i t s 
of L a k e Supe r io r reg ion , a n d t h e a d j a c e n t p a r t s of Michigan, Wiscons in , a n d 
M i n n e s o t a . T h e m a g n e t i t e of t h e Mesab i d i s t r i c t is , a cco rd ing t o C. K . L e i t h , 
d e r i v e d f rom t h e l each ing of a h y d r a t e d i ron s i l icate w h i c h h e called greenalite. 
C. W . v o n G u m b e l , a n d L . W . Collet a n d G. W . L e e obse rved m a g n e t i t e in t h e 
freshly f o r m e d s e d i m e n t s a t t h e b o t t o m of t h e sea . T h e minera l itabirite {vide 
ferr ic oxide) i s t h o u g h t b y E . H u s s a k t o h a v e been fo rmed a s a chemical s e d i m e n t . 
O b s e r v a t i o n s o n t h e f o r m a t i o n of m a g n e t i t e i n t h i s w a y were m a d e b y K . B o g 
d a n o v i c h , F . F . O s b o r n e , P . K r u s c h , R . B r a u n s , J . A h l b u r g , G. Rose , e t c . T h e 
f o r m a t i o n of m a g n e t i t e i n col loidal soln. h a s b e e n discussed b y G. Be rg , K . C. B e r z , 
S . H i l p e r t , a n d H . S t r e m m e . C. R . v a n H i s e also a d d e d t h a t m a g n e t i t e m a y b e 
f o r m e d f r o m m a r c a s i t e a n d p y r i t e , a n d f rom t h e o x i d a t i o n of s ider i te , a n d b y 
f u r t h e r o x i d a t i o n , i t m a y p a s s i n t o heemat i t e a n d l imon i t e , a n d t h r o u g h t h e a g e n c y 
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of c a r b o n a t e d wa te r s , t r a n s f o r m e d b a c k i n t o s ider i te . L . d e Liaunay d iscussed t h e 
r educ t ion of haemat i te t o m a g n e t i t e b y t h e r e d u c i n g a c t i o n of b i t u m i n o u s s u b s t a n c e s 
associa ted w i t h q u a r t z v e i n s a t Grangesbe rg , Sweden . A. J . Moses d e s c r i b e d 
m a g n e t i t e p s e u d o m o r p h s a f te r haemat i t e ; a n d E . Dol l , af ter b r e u n n e r i t e ; 
E . X. P e r r y , a f te r ch ryso t i l e ; a n d A. L ive r s idge f o u n d m a g n e t i t e p r e s e n t i n many-
mine ra l s a n d rocks . 

T h e occur rence of m a g n e t i t e a s a n inc lus ion in m e t e o r i t e s w a s r e p o r t e d b y 
J . Antipoff,4 J . J . Berze l ius , A . Brez ina , S. Cloez, E . Cohen , A . D a m o u r , A. D a u b r e e , 
J . M. D a v i s o n , C. G. E h r e n b e r g , E . E . H o w e l l , A . K r a n t z , S. Meun ie r , C. F . M o h r , 
J . M u r r a y a n d A. F . R e n a r d , F . P i s a n i , G. v o m R a t h , C. v o n R e i c h e n b a c h , G. R o s e , 
C. XJ. S h e p a r d , G. T s c h e r m a k , a n d G. H . F . Ul r i ch . M a g n e t i t e also occur s i n s o m e 
a t m o s p h e r i c d u s t s . 

M a g n e t i t e , ferrosic ox ide , or pierre d'aimant, m a y b e f o r m e d as a n a c c i d e n t a l 
p r o d u c t in i ndus t r i a l processes or p r o d u c t s . T h u s , i t f o rms a l a rge p r o p o r t i o n of 
t h e smithy scale or iron scale of t h e b l a c k s m i t h . G. E . A l l an a n d J . B r o w n 5 a s s u m e 
t h a t t h e s e a t of t h e m a g n e t i z a t i o n in t h e case of t h e c r e a t e d ore , e t c . , is ferrosic 
ox ide . E . L . P e r r y obse rved f ibrous m a g n e t i t e f o rmed a f te r chryso t i l e o n Caspe r 
M o u n t a i n , W y o m i n g . J . F . Xi. H a u s m a n n obse rved m a g n e t i t e f o rmed i n t h e 
m a s o n r y of a l ead fu rnace a t Goslar ; A . L a u r e n t , in a n i r on fu rnace a t Cha t i l lon-
sur -Se ine ; H . Wieser , i n a b las t - fu rnace a t P l o n s ; G. M. S c h w a r t z , in i ron ores 
t h a t h a d b e e n s in t e red ; J . B . J . D . B o u s s i n g a u l t , in a r o a s t i n g fu rnace for i ron ores 
a t R i o (Pyrenees -Or ien ta les ) ; J . F . L . H a u s m a n n , F . S a n d b e r g e r , a n d T. Scheere r , 
i n t h e sole of a p u d d l i n g fu rnace ; a n d A . K r a n t z , A. Xacro ix , a n d H . v o n D e c h e n , 
in t h e debris f rom fires a t H a m b u r g , e t c . W . G. Muller , a n d J . Spil ler o b s e r v e d 
i t in c rys ta l s a m o n g t h e i ron res idues o b t a i n e d in t h e r e d u c t i o n of n i t r o b e n z e n e t o 
an i l ine ; R . K a t t w i n k e l , i n s t e a m - p i p e s 20 y e a r s old ; C. F . R a m m e l s b e r g , i n t h e 
s u l p h a t e p a n of a Xeb lanc soda works ; E . S v a l a n d e r a n d J". X a n d i n , i n a n i ron p a n 
u s e d for h e a t i n g a m i x t u r e of s o d i u m chlor ide a n d h y d r o s u l p h a t e ; J . H . L . V o g t , 
a t t h e b o t t o m of a c o n v e r t e r sme l t i ng c o p p e r o re ; F . K . L . K o c h f o u n d t h a t i ron 
p l a t e s l a id b e n e a t h t h e h e a r t h s of i ron - sme l t ing fu rnaces a n d e x p o s e d t o a~ r e d - h e a t 
a r e in t h e course of 6 or 10 y e a r s c o m p l e t e l y c o n v e r t e d b y t h e m o i s t u r e of t h e soil 
i n t o m a g n e t i c ox ide , p a r t l y c rys ta l l ine a n d p a r t l y a m o r p h o u s . T h e s a m e c o m p o u n d 
is sa id t o b e fo rmed on t h e u n d e r - s i d e of ref ining h e a r t h s w h e r e t h e i r on comes i n 
c o n t a c t w i t h w a t e r v a p o u r — v i d e aupra, t h e c o m p o s i t i o n of r u s t . A. L a u r e n t a n d 
C. H o l m s o b s e r v e d t h a t o n t h e h e a r t h s of p u d d l i n g fu rnaces t h e r e is f o r m e d a 
m i x t u r e of fe r rous s i l icate a n d m a g n e t i c ox ide ; a n d t h e l a t t e r c rys ta l l izes i n geodes 
i n r e g u l a r t e t r a h e d r a , t r u n c a t e d o c t a h e d r a , a n d r h o m b o i d a l d o d e c a h e d r a . 
J . H . XJ. V o g t o b s e r v e d t h a t m a g n e t i t e occurs in f u r n a c e s lags ; E . Kel le r , i n 
b l a s t - fu rnace a n d r e v e r b e r a t o r y fu rnace m a t t e s ; M. F a r a d a y , i n p o t t e r y ; 
P . P . S u s t c h i n s k y , i n po rce la in f rom Car l sbad ; J . W . Mellor , i n b o n e - c h i n a ; a n d 
A . H o p w o o d , in fired c l ay -ware . R . B o y l e obse rved t h a t fired b r i cks a r e m a g n e t i c , 
a n d if t h e r e d - h o t b r i ck be a l lowed t o cool i n t h e s a m e pos i t i on i t b e c o m e s m a g n e t i z e d 
i n t h e s a m e d i rec t ion a s t h e e a r t h ' s m a g n e t i c field ; a n d J . B . B e c c a r i a a lso o b s e r v e d 
t h a t b r i cks or f e r rug inous s tones s t r u c k b y l i g h t n i n g b e c o m e p e r m a n e n t l y m a g 
n e t i z e d i n t h e s a m e d i r e c t i o n a s t h e e a r t h ' s m a g n e t i c field. G. G h e r a r d i a l so 
e s t ab l i shed t h e ex i s t ence of a p e r m a n e n t m a g n e t i s m i n a l l k i n d s of a n c i e n t a n d 
m o d e r n c l ay -wares , a n d s h o w e d t h a t edifices m a d e f rom m a g n e t i c b r i cks m u s t h a v e 
a n inf luence o n m e a s u r e m e n t s of t e r r e s t r i a l m a g n e t i s m , a sub j ec t s t u d i e d b y 
J . X a m o n t , F . K o h l r a u s c h , R . W . Wi l son , a n d C. C. M a r s h . G. F o l g h e r a i t e r s a id 
t h a t t h e v a r i o u s c l ay -wares f o u n d i n e x c a v a t i o n s a n d a n c i e n t t o m b s afford a n 
indel ible r eco rd of t h e s t a t e of t h e e a r t h ' s m a g n e t i s m a t t h e e p o c h a n d p l ace of 
m a n u f a c t u r e , a n d t h e r e b y furn ish a n i n d i r e c t m e a n s of m e a s u r i n g t h e secu la r 
va r i a t i on of t h e m a g n e t i c i nc l ina t ion of t h e e a r t h s ince t h e c l ay -wares were m a n u 
fac tu red . O b s e r v a t i o n s o n t h i s sub j ep t we re m a d e b y O. A . G a g e a n d 
"*** E . Lawrence , F . Pocke l s , B . B r u n h e s a n d P . D a v i d , a n d P . Xi. M e r c a n t o n . 

Wke preparation of terrosic o x i d e . — A c c o r d i n g t o E . Mi t sche r l i ch , 6 i n t h e 
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r a p i d c o m b u s t i o n of i ron , e i t he r i n o x y g e n or a i r , ferrosic ox ide is f o rmed . W h e n 
i r o n is h e a t e d t o du l l r e d n e s s i n a i r i t a c q u i r e s a t h i n film w h i c h h a s success ive 
s h a d e s of yel low, red , b lue , a n d g r e y ; a n d t h e ana lyses of H . A k e r m a n n a n d 
O. G. S a r n s t r o m , A. L a u r e n t , a n d J . F . L». H a u s m a n n g a v e for t h e p r o d u c t 
F e C F e 2 O 3 . R . R u e r a n d M. N a k a m o t o f o u n d t h a t w h e n ferric ox ide is h e a t e d 
i n n i t r o g e n for a long t i m e a t 1150°, t h e p r o d u c t is ferrosic ox ide w i t h 2 p e r c en t , 
of d issolved fer rous ox ide ; a n d w h e n t h e ferr ic ox ide is me l t ed a t 1550°, t h e p r o d u c t 
is ferrosic ox ide w i t h 4, p e r cen t , of d i sso lved fe r rous ox ide . P . R a m d o h r d iscussed 
t h i s r eac t i on . Acco rd ing t o C. G. M o s a n d e r , t h e o u t e r m o s t l ayer of t h e scale fo rmed 
•when i ron is h e a t e d in a i r , is ferrosic ox ide , b u t w i t h i n , t h e compos i t ion a p p r o x i 
m a t e s Fe 8 O 4 .wFeO. T h e sk in of ox ide w h i c h is f o r m e d m a y b e d e t a c h e d b y b e n d i n g 
or h a m m e r i n g t h e cold m e t a l , o r b y p l u n g i n g t h e h o t m e t a l i n t o cold wate r . The 
p r o d u c t is cal led hammer-slag, iron scale, o r scaly iron. T h e scale fo rmed in t h e 
s teel- rol l ing mil ls is cal led roll scale. C. G. M o s a n d e r f o u n d t h e e x t e r n a l l aye r in one 
case a p p r o x i m a t e d t o F e O - F e 2 O 3 , a n d t h e i n n e r l aye r t o 6 F e O - F e 2 O 3 . If t h e oxida
t i o n be a l lowed t o c o n t i n u e , t h e ferrosic ox ide fo rms ferr ic ox ide . T h u s , J . P e r c y 
found t h e o u t e r m o s t l aye r i n one case a p p r o x i m a t e d F e 2 O 3 ; i n t h e m i d d l e l ayer , 
7 F e O . 3 F e 2 O 4 ; a n d t h e i n n e r l ayer , 5 F e O . F e 3 O 4 . F . S. Barff app l i ed r u s t - p r o t e c t i v e 
coa t ings t o i ron b y expos ing t h e surface of i ron a t a b o u t 730° t o t h e a c t i o n of s t e a m 
for severa l successive 1-hour t r e a t m e n t s w i t h i n t e r m e d i a t e cool ing in air . 
R . M. Bozo r th o b t a i n e d X - r a d i o g r a m s of t h e p r o d u c t s . H e f o u n d t h r e e l ayers 
c o n t a i n i n g t h r e e ox ides in t h e following sequence a n d t h i c k n e s s : F e 2 O 3 , 0-2/x ; 
F e 3 O 4 , 2-OfJL ; a n d F e O , 97'8/u,. P . P . FedoteefE e x a m i n e d t h e s t r u c t u r e of t h e s a m e 
p r o t e c t i v e c o a t i n g p r o d u c e d a t 1000° t o 1100°. O c t a h e d r a l c rys t a l s w i t h deep , 
e t c h e d p i t s were obse rved , b u t n o l aye r f o r m a t i o n cou ld b e d e t e c t e d . T h e l aye r 
of ox ide w a s op t ica l ly h o m o g e n e o u s , t h o u g h chemica l ly i t w a s r i cher in fer rous 
ox ide n e x t t o t h e m e t a l . JJ. B . Pfei l obse rved t h a t w h e n i ron a n d steels a r e 
ox id ized a t a r e d - h e a t in a i r , t h e scale wh ich is formed n o r m a l l y c o n t a i n s t h r e e 
l ayers : (i) a n o u t e r l aye r m a i n l y ferric o x i d e — a b o u t 70 p e r cent , ferrosic oxide a n d 
3O p e r cen t , of ferric ox ide ; (ii) a m i d d l e l aye r w i th fer rous a n d ferric oxides in 
t h e p r o p o r t i o n 3 : 1 ; a n d (iii) a n i n n e r m o s t l aye r main ly fer rous oxide—v ide supra, 
t h e corros ion of i ron . 

T h e o x i d e c o a t i n g s p r o d u c e d b y E . S. Barff, a n d G. B o w e r for t h e p r o t e c t i o n of i r o n a n d 
s tee l f rom r u s t i n g , w e r e d i scussed b y J. P e r c y , Gt. W . M a y n a r d , S. Cornel l , P . A s k e n a s y , 
Sixnson a n d Co. , R . K a t t w i n k e l , R . S t u m p e r , B . H . T h w a i t e , C. P i a t t , Gr. W e i g e l i n , 
W . E . R u d e r , A . H . S a n g , P . S. B r o w n , a n d M . Matweeff . O t h e r w a y s of p r o d u c i n g t h e 
o x i d e c o a t i n g h a v e b e e n sugges t ed—e .g . b y t h e a c t i o n of c a r b o n d i o x i d e a t a n e l e v a t e d 
t e m p . ( C a n d A . S. B o w e r , W e s t e r n E l e c t r i c Co. , a n d G . R . T w e e d i e ) ; b y t r e a t i n g t h e 
m e t a l w i t h a b a t h of fused a l k a l i (M. H o n i g m a n n ) ; i r nmer s ion i n a b a t h of fused a lka l i 
n i t r a t e -with o r -wi thout m a n g a n e s e d i o x i d e ( W . B . Greenleaf , C. S. A . T a t l o c k , a n d 
E . B l a s s e t t ) ; a n d b y a n o d i c o x i d a t i o n in a lka l i - lye (A. d e M e r i t e n s , a n d L . R e v i l l o n ) . 

Accord ing t o K . A . H o f m a n n , in t h e o x i d a t i o n of i ron , a l aye r of ferric ox ide is 
first f o rmed o n t h e surface ; t h e a d j a c e n t i r on t h e n a c t s a s a r e d u c i n g agen t , caus ing 
a g r a d u a t i o n f rom ferric o x i d e t h r o u g h a z o n e of m a g n e t i c i r on ox ide and ferrous 
ox ide t o a n u n d e r l y i n g l aye r of me ta l l i c i ron . T h e finer t h e gra in-s ize , a n d therefore 
t h e g r e a t e r t h e free surface a r ea , t h e h i g h e r t h e p r o p o r t i o n of ferric oxide in t h e 
p r o d u c t . I r o n c o n t a i n i n g finely d i s s e m i n a t e d ferric ox ide g a v e a py rophor i c 
p r o d u c t a f te r a s h o r t r e d u c t i o n i n h y d r o g e n be low 600° . E x o t h e r m i c absorp t ion of 
o x y g e n o n t h e surface of t h i s m a t e r i a l i n air" causes a r i se of t e m p , p ropor t iona l t o 
t h e r a t i o surface : m a s s . S p o n t a n e o u s c o m b u s t i o n t a k e s p lace if t h i s r a t i o is 
sufficiently la rge . T h e p y r o p h o r i c p r o p e r t y is r e m o v e d b y h e a t i n g for a long t i m e , 
or a t a h i g h t e m p , in a n i n e r t a t m o s p h e r e . P . Oberhoffer a n d K . d ' H u a r t r e g a r d e d 
h a m m e r s lag as a m i x t u r e of fe r rous a n d ferr ic ox ides which a p p r o x i m a t e d F e 3 O 4 ; 
b u t P . Oberhoffer a lso sugges t ed t h a t i t m i g h t b e a solid soln. of ferrous a n d ferric 
ox ides . 

O b s e r v a t i o n s sur les baUitures defer were also m a d e b y P . F . G. Boul lay , G. Bower , 
a n d P . B e r t h i e r , w h o g a v e for i t s compos i t i on 4 F e O . F e 2 O s ; J . W . Dobere iner , w h o 
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gave 3FeCFe2O3 ; and M. Beaujeu and C. Mene, who gave Fe8O9 and FeIiO1 2 . 
E. J. Maumene gave 20FeC9Fe2O3 , i.e. Fe8SO47, which is very near Fe3O4. 
H. Chandra, A. Kaufmann and F. Haber described a bluish-black oxide of the 
composition 2FeCSFe2O3 , or Fe8O11 , obtained by the action of potassium nitrate on 
a boiling soln. of ferrous sulphate rendered alkaline "with ammonia ; and H. Chandra, 
and O. Hauser obtained a 4FeO.Fe203 by dehydrating the hydrate (q.v.). E . J. Kohl-
meyer also obtained indications of the formation of FeO-SFe2O3 ; 3FeO.5Fe2O3 ; 
and 3FeC4Fe 2 O s ; and complex products were obtained by H. Wicht—vide infra, 
solid soln. of ferric oxide and ferrous oxide—but R. Ruer and M. Nakamoto, and 
A- Simon and T. Schmidt could not confirm this. H. St. C. Deville considered that 
the oxide FeCFe 3O 4 , or rather Fe4O6, is formed when steam acts on iron at an 
elevated temp. ; but P. P. Fedoteeff and T. N. Petrenko showed that at 1000° to 
1100°, the oxidation with steam or carbon dioxide proceeds Fe->FeO—> Fe3O4 ; and 
with mixtures of steam and air, Fe->FeO—^Fe3O4-^Fe2O3. F. Wiist obtained 
2FeO-Fe2O3 by heating ferric oxide in vacuo at 1100° ; and 3FeO-Fe2O3, at 1200°. 
J. W. Ddbereiner heated ferrous carbonate and obtained 3FeCFe 2 O 3 ; E. Glasson, 
4FeCFe 2O 3 ; and J. N. von Fuchs, A. Knop, and C. F. Rammelsberg, 5 F e C 2 F e 2 0 3 ; 
whilst from the oxalate, C. F. Rammelsberg obtained 4FeO.Fe2O3. The physical 
properties of these mixtures or solid soln. were examined by G. K. Burgess and 
P. D. Foote, E. Greulich, S. Hilpert and J. Beyer, R. B. Sosman and J. C. Hostetter, 
and H. Wicht. Analyses of mill scale were reported by A. Ledebur. 

What was formerly called anhydrous cethiops martialis, or Voxyde de fer noir, 
or black oxide of iron, approximates to ferrosic oxide, and was prepared by the 
incomplete oxidation of iron by air or steam. F. Kiispert described a demonstration 
experiment for the combustion of iron in oxygen. Near the beginning of last 
century, ferrosic oxide was prepared by oxidizing iron in air by J. L. Gay Lussac, 
F. Stromeyer, and H. Davy. J. J. Berzelius showed that ferric oxide dissociates 
forming ferrosic oxide when it is heated, so that ferrosic oxide is formed when iron 
is heated in air at a high enough temp, even if ferric oxide were first produced. 
C Bauer and E. Deiss, and A. Kropf said that the principal product obtained by 
burning iron in oxygen is ferric oxide ; most others say ferrosic oxide. E. Mitscher-
lich obtained ferrosic oxide in octahedral crystals by burning iron in a blast-flame. 
W. G. Mixter, and W. A. Roth observed that the conversion of iron into ferrosic 
oxide is not complete when iron burns in oxygen, even at 12 to 15 atm. press. 
When the non-oxidized iron is removed by a magnet, W. G. Mixter obtained a 
product approximating Fe3O4. H. Wicht found that the fused product obtained 
by burning iron in oxygen has 2*5 to 10 FeO, Fe2O3 ; A. Mittasch's product with 
oxidizing gases under press, was Fe3O4 ; R. W. G. Wyckofl: and E. D. Crittenden's 
product approximated Fe3O4 ; and E. Deiss and H. Leysaht added that with the 
slow combustion of iron in oxygen, ferric oxide is formed, and with rapid com
bustion, ferrosic oxide. 

F. Bergius found that the reaction between iron and liquid water under press, 
furnishes ferrosic oxide in a form which is easily reduced ; and E. V. Shannon 
regarded magnetite as a transient intermediate and unstable stage in the atmo
spheric oxidation of meteoric iron to limonite ; and A. Payen, H. Ost, N. J. B. G. Gui-
bourt, A. Ackermann, E. Deiss and G. Schikorr, and J. Huggett observed its 
formation in the earlier stages of the rusting of iron in aerated water. According 
to J. IJ. Gay Xiussac, and C. Despretz, red-hot iron in contact with steam forms 
hydrogen and ferrosic oxide. Red-hot iron filings repeatedly sprinkled with water 
also yield the black oxide. Unlike C. N. A. de Haldat du Xys, H. V. Regnault 
found that the oxidation of heated iron by steam does not progress farther than 
ferrosic oxide. J. A. N. Friend and co-workers found that when iron is heated in 
steam to 820° to 950°, i t acquires a film of magnetic oxide, and the layers under
neath contain various proportions of ferrous oxide associated with the magnetic 
oxide in solid soln. If the iron is in thin sheets, the product, with a prolonged 
heating in steam, is all ferrosic oxide. S» Hilpert and J. Beyer observed that the 



I R O N 737 

compos i t i on of t h e ox ide so o b t a i n e d is v a r i a b l e ; t h u s , if ferr ic o x i d e b e h e a t e d t o 
700° , i n a c u r r e n t of h y d r o g e n , sa t . w i t h w a t e r v a p o u r a t 30°, c o n t a i n s 8 5 p e r cen t - , 
a n d a t 800° , 92 p e r cen t , of fer rous ox ide . P . P . Fedoteeff a n d T . N . P e t r e n k o a d d e d 
t h a t fe r rous ox ide is first fo rmed a n d t h a t a c o n t i n u o u s series of sol id so ln . i s 
fo rmed ; a n d t h a t t h e e n d - p r o d u c t of t h e r e a c t i o n a t 1000° t o 1100° is fer ros ic 
ox ide . G. C h a u d r o n obse rved t h a t be low 570° t h e r e a c t i o n is 3 F e + 4 H 2 O ^ F e 3 O 4 
-1-4H2 ; a n d a b o v e 570°, fe r rous ox ide is first f o rmed : F e + H 2 O ^ F e O 4 - H 2 , a n d 
t h e n ferrosic ox ide : 3 F e O - J - H 2 O ^ H 2 - J - F e 3 O 4 . H . Moissan found t h a t w h e n i ron 
is h e a t e d t o du l l r edness i n a c u r r e n t of h y d r o g e n , s a t u r a t e d w i t h s t e a m a t 90° , 
ferrosic ox ide is fo rmed. 

T h e equ i l ib r ia b e t w e e n ferrosic ox ide i n t h e p re sence of c a r b o n m o n o x i d e a n d 
c a r b o n d iox ide , a n d i n t h e presence of h y d r o g e n a n d w a t e r v a p o u r , h a v e b e e n 
d iscussed p rev ious ly in connec t ion w i t h fe r rous ox ide a n d w i t h t h e r e a c t i o n s in t h e 
b las t - fu rnace ; l ikewise a l so t h e r a n g e of s t a b i l i t y h a s b e e n discussed i n connec t ion 
w i t h ferric ox ides . H . Moissan s h o w e d t h a t if r e d u c e d i ron is h e a t e d t o 440° i n 
a c u r r e n t of c a r b o n d iox ide , ferrosic o x i d e is p r o d u c e d . J . D o n a u obse rved t h a t if 
i r on wi re b e h e a t e d t o 1200° in a c u r r e n t of c a r b o n d iox ide , c rys t a l s of ferrosic o x i d e 
e x h i b i t i n g m a g n e t i c p o l a r i t y a r e f o r m e d ; t h e p re sence of m o i s t u r e fac i l i t a tes t h e 
f o r m a t i o n of l a rge c rys t a l s . P . P . Fedoteeff a n d T . 1ST. P e t r e n k o o b t a i n e d s imi la r 
r e su l t s w i t h c a r b o n d i o x i d e as were o b t a i n e d w i t h s t e a m a t 1000° t o 1100°. 
G. C h a u d r o n r e p r e s e n t e d t h e r eac t i on be low 570° b y 3 F e 4 - 4 C O 2 ^ F e 3 O 4 4 -4CO ; 
a n d a b o v e t h a t t e m p , fe r rous ox ide is first f o rmed : F e - J - C O 2 ^ F e O - J - C O , a n d t h i s 
p r o d u c t is s u b s e q u e n t l y ox id ized t o ferrosic ox ide : 3 F e O 4 - C O 2 ^ F e 3 O 4 - J - C O . 
T h e r a n g e of s t ab i l i t y of t h e p h a s e s F e O , a n d F e 3 O 4 i n t h e s y s t e m : C—O—Fe h a s 
b e e n p rev ious ly d iscussed . G. L e p e t i t o b t a i n e d ferrosic ox ide b y t h e a c t i o n of a 
3 : 1 m i x t u r e of c a r b o n d iox ide a n d c a r b o n m o n o x i d e o n i ron a t 700° a n d 720° a t 
a press , of one t o o n e - t h i r d a t m . 

I r o n c a n b e oxid ized t o ferrosic ox ide b y o t h e r ox id iz ing a g e n t s . L . N . V a u q u e l i n , 
E . J . Kloblmeyer , a n d C. F . Bucho lz p r e p a r e d ferrosic ox ide b y h e a t i n g t o a h igh 
t e m p , a n i n t i m a t e m i x t u r e of p o w d e r e d i ron a n d ferr ic ox ide t i g h t l y p a c k e d i n a 
closed cruc ib le . A c c o r d i n g t o J . P e r c y , t h e m a g n e t i c ox ide is fo rmed b y bo i l ing 
a n excess of i ron filings w i t h w a t e r a n d freshly p r e c i p i t a t e d , u n d r i e d , h y d r a t e d 
ferr ic ox ide . T h e w a t e r is d e c o m p o s e d w i t h t h e evo lu t i on of s o m e h y d r o g e n , a n d 
t h e bo i l ing is c o n t i n u e d u n t i l sufficient fe r rous ox ide h a s been fo rmed t o c o n v e r t 
t h e ferric ox ide i n t o t h e m a g n e t i c ox ide . W . S p r i n g exposed a m i x t u r e of i ron 
a n d ferric h y d r o x i d e t o a p ress , of 1000 t o 1200 a t m . a n d o b t a i n e d ev idence of t h e 
f o r m a t i o n of ferrosic ox ide . W . B r u h n s h e a t e d a m i x t u r e of finely p o w d e r e d i ron 
a n d a m o r p h o u s t i t a n i c ox ide -with hydrof luor ic ac id a t 270° t o 300° for 24 h r s . 
N u m e r o u s p l a t e s of i lmen i t e a n d o c t a h e d r a of m a g n e t i t e were fo rmed . C. Doe l t e r 
o b t a i n e d t h e c rys ta l s w i t h o u t t h e fluoride. E . W e i n s c h e n k a d d e d i ron t o a n 
a m m o n i a c a l soln. of c o p p e r ox ide , a n d h e a t e d t h e m i x t u r e t o 151°, in a sea led t u b e , 
for 6 h r s . S. L a s z c z y n s k y ox id ized i ron b y h e a t i n g i t i n a b a t h of c h l o r a t e s o r 
p e r c h l o r a t e s ; a n d W . B . Greenleaf, C. S. A . Ta t l ock , a n d E . B l a s s e t t , b y h e a t i n g 
i t i n a b a t h of a lka l i n i t r a t e — W . V a u b e l found t h a t a m m o n i u m n i t r a t e a lso c o n v e r t s 
i r o n i n t o ferrosic ox ide—v ide supra, t h e p r o d u c t i o n of a n ox ide coa t i ng t o p r o t e c t 
i r o n f rom r u s t i n g . A. Gorgeu p r e p a r e d m a g n e t i t e b y a d d i n g i ron t o m o l t e n i ron 
s u l p h a t e ; i t is s a i d t h a t t h e s u l p h a t e a c t s ca t a ly t i ca l l y , b e i n g a l t e r n a t e l y r e d u c e d t o 
s u l p h i t e b y t h e i r on a n d oxid ized t o s u l p h a t e b y t h e o x y g e n of t h e a t m o s p h e r e . 
I n s t e a d of i ron , i r o n su lph ide can b e used , a n d i n s t e a d of i ron s u l p h a t e , a lka l i 
s u l p h a t e or su lph ide , o r s u l p h u r c a n b e u sed . F . M a r t i n a n d O. F u c h s o b t a i n e d 
ferrosic ox ide b y h e a t i n g i ron w i t h s u l p h a t e s of t h e a lka l ine e a r t h s ; a n d K . A. Hof-
m a r m a n d K . Hosche l e b y h e a t i n g i ron w i t h m a g n e s i u m chloride in a w e a k l y 
r e d u c i n g a t m o s p h e r e . 

T h e f o r m a t i o n of ferrosic ox ide in t h e r eac t ion : 4 F e O = F e - J - F e 3 O 4 o b s e r v e d 
b y G. C h a u d r o n t o occu r be low 570° h a s b e e n d iscussed in connec t ion w i t h fe r rous 
ox ide . I t i s a lso f o r m e d b y t r e a t i n g fer rous ox ide by processes e m p l o y e d for 
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converting iron into ferrosic oxide. H . V. Regnault, and C. R. A. Wright and 
A. P . LuflE obtained ferrosic oxide b y t h e oxidation of hammer-slag, and roll-scale. 
I t was also obtained by F . Wohler by heating the hydra te , Fe3O4-H2O, in a closed 
vessel, and by H . Moissan a t a temp, of 300° in an indifferent gas. T. Sidot observed 
tha t octahedral crystals of ferrosic oxide are produced when ferric oxide is heated 
for a long t ime a t a high temp. , bu t not sufficient t o fuse the oxide, and he added 
t h a t the product exhibits magnetic polarity if the tube containing the oxide^ be 
placed in the earth 's magnetic meridian. According to A. Simon and T. Schmidt, 
in the decomposition of ferric oxide a t a constant press, of 10 mm., the isobar for 
the decomposition has a sharp break a t 1300°, corresponding with the complete 
conversion of ferric to ferrosic oxide, without the formation of any solid soln., or 
intermediate oxide. The X-radiograms of ferric oxide were of an unknown type ; 
those of ferrosic oxide, of the spinel type ; and those of partially decomposed ferric 
oxide corresponded with a mixture of ferric and ferrosic oxides, and included no 
other lines. G. Rose obtained ferrosic oxide by heating ferric oxide with borax 
in a reducing flame ; H . V. Thompson, by heating ferric oxide with an excess of 
sodium chloride for several hours ; K. A. Hofmann and K. Hoschele, by heating 
ferric oxide with magnesium chloride in a weak reducing atmosphere ; F . Knapp , 
by heating 40 per cent, of ferric oxide with glass as a flux, and subsequently removing 
the glass by t rea tment with hydrofluoric acid ; and E . Weinschenk, by strongly 
heating a mixture of ferric oxide, ammonium chloride and sulphur—if the temp, be 
not high enough, iron disulphide is produced. According to O. Mugge, and 
A. A. Read, when ferric oxide is maintained a t 1500° in nitrogen, or, according to 
H . Moissan, if it be heated in the electric furnace, in air, it is converted into 
magnetite. H . Wicht said t h a t the product obtained by fusion varies in composition 
between FeO and Fe2O3 . H . Moissan thought t ha t ferrosic oxide represents a 
definite stage in the reduction of ferric oxide or its hydra te a t 350° to 400° in 
hydrogen, bu t , as shown in connection with ferrous oxide, the reduction is a con
t inuous process. H. Moissan stated t h a t if ferric oxide is heated to dull redness 
in hydrogen, saturated with -water vapour a t 90°, ferrosic oxide is formed. S.- Hilpert 
and J . Beyer recommended heating the ferric oxide a t 400° in hydrogen, saturated 
with water vapour a t 50°, and so arranged t h a t the gas and vapour passes over a 
heated copper spiral before i t passes over the ferric oxide. H. Moissan heated, a t 
420°, ferric oxide in carbon monoxide and obtained ferrosic oxide ; G. Lepet i t 
preferred a 1 : 3-mixture of carbon monoxide and dioxide a t 700° to 720° and a t 
one to one-third a tm. press. R. Schenck, and A. Laurent obtained ferrosic or ferrous 
oxide by a similar process. H . R. Gregory and G. MacDonald used producer gas ; 
and K. Elbe, and S. LiIja, organic residues from distillation processes. Ii. de Launay 
obtained impure ferrosic oxide by heating in a sealed tube , a t 250°, a mixture of 
ferric oxide and petroleum. 

J . Durocher prepared ferrosic oxide by heating to redness a mixture of ammonium 
carbonate and ferrous chloride—some haematite is also formed ; H . St. C Deville 
and H . Caron, by melting iron fluoride and boric acid in a p la t inum crucible 
suspended above the fluoride, and all contained in a hermetically sealed carbon 
crucible ; H . St. C. Deville, by passing hydrogen chloride over ferrous oxide heated 
a t a high temp. ; J . L. Gay Lussac, F . Stromeyer, A. Gautier, and E . A. Parnell, 
by passing steam over ferrous chloride a t a dull red-hea t ; and A. Gorgeu, by heating 
molten ferrous chloride to bright redness in an incompletely closed crucible ; J . von 
Ldebig and F . Wohler obtained the magnetic oxide as a heavy, black powder by 
fusing in air a mixture of ferrous chloride a t a low red-heat with d ry sodium 
carbonate and extracting the sodium carbonate with water. C. von Hauer obtained 
ferrosic oxide by heat ing to redness ammonium ferrous chloride, and also b y 
passing a mixture of air and steam over heated ferrous chloride ; E . St irnemann, 
by the action of t he vapour of ferric chloride and -water on heated china clay, 
or a mixture of silica, sodium aluminate, and calcium carbonate ; or, by heating 
in a bomb for 12 hnu, a t 570° t o 580°, a mixture of ferrous and ferric chlorides 
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and water ( 5 : 8 : 2 ) ; and M. Kuhara, by boiling a soln. of ferrous chloride, in the 
absence of air, for many hours along -with finely powdered calcspar, siderite, pyrites, 
or iron silicate—if some ferric chloride be also present, some haematite is formed. 
R. Klemm could not verify this. 

J. S. C. Wells found that at 200°, precipitated iron sulphide forms a mixture of 
ferrosic and ferric oxides. H. V. Regnault found that when steam is passed over 
red-hot iron sulphide, ferrosic oxide is formed, and A. Gautier showed that the 
reaction in a closed vessel is reversible : 3FeS 4 -4H 2 O^Fe 3 O 4 +3H 2 S -f-H2. Accord
ing to W. S. Millar, iron sulphides are oxidized to ferrosic oxide when heated in 
sulphur dioxide. According to A. Gorgeu, iron sulphides act energetically on fused 
alkaline sulphates, with evolution of a large quantity of sulphur dioxide, and 
ultimate formation of magnetite and an alkaline sulphate. The alteration in weight 
is due to the loss of the sulphur originally present in the sulphide, and the absorption 
of 1*33 times its weight of oxygen by the iron in the sulphide. The yield is better 
the greater the intermediate formation of a double alkaline ferrous sulphide, and is 
best of all when a mixture of sodium sulphide and sulphite is used instead of the 
sulphate. F. Kuhlmann obtained ferrosic oxide by heating calcium chloride and 
ferrous sulphate in a closed crucible. 

H. Moissan obtained ferrosic oxide by heating ferrous carbonate slowly in a 
current of nitrogen, or carbon dioxide at dull redness—if heated rapidly some 
ferrouB oxide is produced. F. Duffschmid added that the composition of the 
product varies from 3-2FeO-Fe2O3 to 3-5FeO-Fe2O3. A. Gautier obtained ferrosic 
oxide by heating siderite to dull redness in a current of steam ; and H. Kramer, 
by heating the siderite in a mixture of 2 vols, of carbon dioxide and 1 vol. of 
carbon" monoxide. Li. H. Twenhofel observed that when ferric oxalate is heated to 
550° in a current of carbon dioxide, ferrosic oxide is formed ; and K. A. Hofmann 
and K. Schumpelt, likewise obtained it by heating ferric formate at 150° in a 
rapid current of moist carbon dioxide. T. Ishiwara observed the formation of 
magnetite in the oxidation of iron carbide, Fe 3 C W. IpateeJfif and N. Kondyreff 
obtained crystals of ferrosic oxide by the action of hydrogen at 250° and 135 
atm. press, on a soln. of ferrous cyanide—if ferrous formate or acetate is used, 
much ferric oxide is also formed ; W. Ipateeff and A. KisselefF also obtained 
ferrosic oxide with soln. of potassium ferrocyanide or ferricyanide at 350°, and 
200 atm. press. ; and with ferrous sulphate soln. at 330°, and 20O atm. press. ; but 
with soln. of ferrous nitrate, ferrosic and ferric oxide were produced in proportions 
dependent on the temp., press., and time of action. Water gas at 330 atm. press, 
forms magnetite when its acts on a soln. of ferrous acetate at 350° to 360°. 

H. Debray obtained crystals of magnetite by heating to redness a mixture of 
ferric phosphate with 3 to 4 parts of potassium or sodium sulphate. H. Grandeau 
added that a temp, of 1400° to 1500° is necessary for the development of the crystals ; 
if the temp, is too low, a complex alkali ferric phosphate is formed. M. Schlapfer 
obtained magnetite in his experiments on the hydrothermal decomposition of the 
calcium carbonate with iron silicate, and slowly cooling the mass ; and A. Gautier, 
and A. Brun, "by heating iron silicates at 750° to 800° in a current of steam. 
F. Fouque and A. Michel-Levy, H. Andesner, F. Angel, K. Bauer, C. Doelter, 
W. Hammerle, G. Medanich, J. Morozewicz, K. Petrasch, H. H. Reiter, J. H. L. Vogt, 
and M. Vucnik obtained magnetite by melting ferruginous silicates—vide supra. 

R. Phillips found that if a mixture of ferrous sulphate and sodium carbonate 
be treated with sufficient potassium chlorate added all at once, hydrated ferric 
oxide is formed, but if added in small portions at a time, the black ferrosic oxide 
is formed and is not affected by subsequent addition of the chlorate. W. Gregory 
found that when a soln. of ferrous sulphate is divided into two equal parts, and 
one part is oxidized and mixed with the other, and both precipitated from the 
boiling soln. by ammonia, a black, highly magnetic oxide is formed—vide infra, 
hydrated ferrosic oxide. J. Attfield described a similar process. In C. F. Wiilffing's 
process, as described hy F. J", R. Carulla, some ammonia is added to a ferrous liquor 
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-—say, waste liquor used for pickling iron—and air is blown into the mixture t o 
oxidize the lower oxide. More ammonia is added to decompose completely the 
ferrous salt in soln., and the combination of the two oxides is brought about b y 
means of heat and steam, or air press. The product is used as a magnetic oxide 
paint for protecting iron from corrosion. According to F . A. Abel and C. L. Bloxam, 
when ammonia is added to a soln. of a ferrous salt, a white precipitate is formed if 
air be excluded ; in contact with air, the precipitate becomes bluish-green, dark 
green, and finally black. I n this s ta te the precipitate is insoluble in water. If a 
mixture of ferrous and ferric salts be similarly t reated, two distinct precipitates 
are formed, namely, the bluish-white ferrous hydroxide, and the brown ferric 
hydroxide. On standing for a short t ime, or on boiling, a reaction takes place 
between the two hydroxides, and one of the magnetic oxides results. S. Hilpert 
said t h a t i t is impossible for the two precipitates in such a mechanical s ta te of 
division to react with one another. For a reaction to take place, one of t hem mus t 
be dissolved. Ferric hydroxide is insoluble in water and in soln. of ammonium salts, 
b u t ferrous hydroxide is easily soluble in an excess of ammonium salt. The com
bination of t he two hydroxides is therefore brought about by the precipitated 
ferrous hydroxide dissolving, and in this s tate penetrat ing and diffusing through 
the ferric hydroxide. The combination occurs slowly if there is no great excess 
of the ammonium salt, bu t with much greater rapidity in the presence of a con
siderable excess. If the precipitation is made in a cone. soln. of ammonium chloride, 
only ferric hydroxide is precipitated, b u t this immediately combines with the 
dissolved ferrous hydroxide with such violence and rapidi ty t h a t the soln. becomes 
quite hot. Hence it is easy to produce the magnetic oxide by adding the mixed 
salt soln. to an excess of aq. ammonia. If the precipitation is carried out without 
excluding air, or with an insufficient excess of ammonia, the product is never 
homogeneous, bu t consists of ferric hydroxide which has combined with some of 
the ferrous hydroxide, and of ferrous hydroxide which has been par t ly oxidized, 
and thus rendered insoluble. If the salts in soln. are compounded so as to furnish 
Fe3O4 , t he composition of the precipitate will approximate to this formula. If a 
soln. of ammonium chloride, containing ferrous and ferric salts in the proportions 
required for Fe3O4 , be boiled for several hours, the combination is never complete 
and some ferrous hydroxide remains dissolved so t h a t the precipitate contains some 
unchanged ferric hydroxide. I t is t hus difficult to prepare the definite compound 
FeO.Fe 2O 3 by this method, and much more so with respect to other complexes 
(FeO)1(Fe2O3) n. O. Baudisch and L. A. WeIo found t h a t nitric oxide is a good 
reagent for oxidizing precipitated ferrous oxide to hydra ted f errosic oxide when the 
gas is bubbled through the freshly prepared pulp. The subject was studied by 
E . Deiss and G. Schikorr. 

T h e manufacture a n d use of ferrosic ox ide l ias been described b y t h e Acieries de Grenne-
villiers, G. Bredig a n d co-workers, W . Eminger , P . F ireman, T. Goldschmidt , A . T . Larson 
and C. N". Richardson, J . L a u x , A . Lucas , Metall-Gesel lschaft A.-G. , E . Muller, E . A . C. S m i t h , 
and If. W i c h t ; and the preparat ion of magnetite electrodes, b y P . Askenasy , P . A s k e n a s y 
a n d J . N e u s t a d t , H . B l a o k m a n , Chemische Fabr ik B u c k a u , Chemische Fabrik Griesheixn-
Elektron, Consort ium fur E lektrochemische Industr ie , P . P . Fedoteeff a n d T . N . P e t r e n k o , 
F . A . J . Fitzgerald, J . F . Ginsberg, H . O. Hubbe l l , S. Laszczynaky , B . Leps ius , W . Seeger, 
a n d M- de K a y T h o m p s o n a n d T. O. Atch i son . 

The physical properties of ferrosic oxide.—-Magnetite occurs in iron-black 
crystals, or massive with a laminated, coarse or fine, granular s tructure. I t may also 
occur as an impalpable powder. The mineral is opaque, bu t th in dendrites in, say, 
mica are nearly t ransparent , and their colour is pale brown to black. According 
to A. W. Wright,7 th in films are greyish-brown in t ransmit ted light. According 
to F . E. E . Germann, the black pigment employed by t h e prehistoric North American 
Indians was magneti te. F . J . R. Carulla found t h a t the mixed oxides, prepared 
by C. F . Wulfling's process, containing Fe 8 Q 4 associated with Fe 2O 3 , varied over the 
range black, bluish-black, brownish-black, greenish-black, to green. J . B . I*. Rome 
4e I'Isle, and R. J . Haiiy showed t h a t magneti te forms octahedral crystals 
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be long ing t o t h e cub ic s y s t e m ; a n d H . S t . C. Devi l le s h o w e d t h a t t h e c r y s t a l s a r e 
c h a r a c t e r i s t i c of t hose be long ing t o t h e sp ine l fami ly . M a g n e t i t e c rys ta l l i zes i n t h e 
ho lohed ra l cubic s y s t e m ; b u t cubic c rys t a l s a r e r a r e . T h e h a b i t is m o r e c o m m o n l y 
o c t a h e d r a l or d o d e c a h e d r a l , w i t h t h e faces s t r i a t e d para l l e l t o t h e (110) : ( l l l ) - e d g e . 
T h e c rys t a l s a r e s o m e t i m e s cons ide rab ly modif ied. L . B r u g n a t e l l i , R . S c h e i b e , 
G. K a I b , a n d H . P . W h i t l o c k h a v e descr ibed v a r i o u s fo rms of c rys ta l s . T h e c r y s t a l s 
a r e r a r e l y r h o m b o h e d r a l . J . del P a n , a n d J . Morozewicz sa id t h a t r h o m b o d o -
d e c a h e d r a l forms s e p a r a t e f rom m a g m a s r ich in fer rous a n d ferric oxides . . M a g m a s 
r ich i n i ron m a y g ive ske l e ton fo rms , g r a in s , a n d rods . C. D o e l t e r found t h e n u m b e r 
of nuc le i deve loped i n u n i t v o l u m e in u n i t t i m e is r e la t ive ly l a rge , b u t t h e ve loc i ty of 
crysta l l izat ion is smal l . F . S a u e r w a l d a n d G. E i s n e r f o u n d t h a t t h e m e c h a n i c a l 
s t r e n g t h of ferrosic ox ide increases w i t h t h e t e m p , of ca l c ina t ion , a n d t h i s is a t t r i 
b u t e d t o a n increase i n t h e a d h e s i v e force b e t w e e n t h e sur face of t h e c rys ta l l i t e s . 
T w i n n i n g occurs a b o u t t h e ( l l l ) - p l a n e , a n d , acco rd ing t o A . C a t h r e i n , O. Mtigge, 
K . C h u d o b a , a n d H . S jogren , s o m e t i m e s p o l y s y n t h e t i c t w i n n i n g furnishes laminae 
wh ich p r o d u c e s t r i a t i o n s o n a n o c t a h e d r a l face, a n d o f ten a p seudo-c l eavage . 
T h e c l e a v a g e is n o t d i s t i n c t ; b u t , a cco rd ing t o A. Gr i ihn , A. Ca th re in , O. Miigge, 
a n d J . S t r i iver , a n o c t a h e d r a l p a r t i n g is o f t en h igh ly deve loped . A c c o r d i n g t o 
F . B e c k e , J . B e c k e n k a m p , F . R i n n e a n d H . Mielke, F . F . Osborne , G. K a I b , O. Miigge, 
a n d Li. B r u g n a t e l l i , t h e corros ion figures deve loped b y hydroch lo r i c , n i t r i c , a n d 
s u l p h u r i c ac ids a n d p o t a s s i u m h y d r o s u l p h a t e on a n o c t a h e d r a l face a r e i n v e r t e d 
t r i a n g u l a r p i t s of ten h a v i n g t r u n c a t e d edges ; r e c t a n g u l a r p i t s a p p e a r on t h e 
d o d e c a h e d r a l faces ; while on a cubic face, q u a d r i l a t e r a l e l eva t ions a r e p r o d u c e d 
b y d o d e c a h e d r a l p l anes , or p l anes n e a r l y co inc id ing w i t h t h e m . T h e chief e t c h i n g 
zone , i n wh ich t h e p l a n e s fo rming t h e cor ros ion figures l ie , is t h a t of t h e t r i g o n a l 
t r i s o c t a h e d r a , a n d a s e c o n d a r y zone of t h e t e t r a g o n a l t r i s o c t a h e d r a . K . V e i t 
s t u d i e d t h e g l id ing p l a n e s . 

O b s e r v a t i o n s on t h e c r y s t a l s w e r e a l so m a d e b y E . A r t i n i , F". B e c k e , J . B e c k e n k a m p , 
J . B l u m r i e h , Gr. Boe r i s , A . B r e i t h a u p t , W . C. B r o g g e r , S. B r u n t o n , H . B u c k i n g , A . d e s 
Clo izeaux , H , C redne r , J . D . D a n a , H . v o n D e c h e n , C. JDoelter, Gr. P l i n k , J . H . G l a d s t o n e , 
B . G r a n i g g , A . Gorgeu , P . G r o t b , "W. H a i d i n g e r , B . J". H a r r i n g t o n , C. H a r t m a n n , E . H a t l e , 
J . A . H e d v a l l , P . H e s s e n b e r g , P . R,. v a n H o r n , E . H u s s a k , L . J a c z e w s k y , P . v o n J e r e -
mejeff, M . Jerofejeff, K . J i m b o , G. K a I b , J . F . K e m p , G . A . K e n n g o t t , F . v o n ICobeli, 
N . v o n Kokscharof f , A . L a c r o i x a n d C. B a r e t , J . L e h m a n n , C. C. v o n L e o n h a r d , G. L e o n -
b a r d , A . I .£vy , L . L i e b e n e r a n d J . V o r h a u s e r , A . M i c h e l - L e v y , W . H . Miller, J . Mil loseck, 
T . Mont ice l l i a n d N . Covel l i , J . Morozewicz , O . Miigge , P . Nigg l i , S. N i s h i k a w a , A . E . Nor -
densk jo ld , T . P e t e r s e n , M . P i c t o r s k y , F . A . Q u e n s t e d t , G. v o n R a t h , C. F . R a m m e l s b e r g , 
F . R i n n e a n d H . Mie lke , H . B o s e n b u s c h , G. R o s t e r , A . S a d e b e c k , F . S a n d b e r g e r , A . Scaccb i , 
R . Sche ibe , M. Sch lap fe r a n d P . ISTiggli, A . S c h m i d t , H . S c h n e i d e r h o h n , G. M. S c h w a r t z , 
J . B . Sc r iveno r , G. Sel igrr iann, G. S i lbe r s t e in , S. T . S ingewa ld , H . S j6g ren , F . S. S t a r -
r a b b a , J . S t r i i ve r , E . T a c c o n i , T . W a d a , C. H . W a r r e n , E . W i l d s c h r e y , G. W o i t s c h a c h , 
T . L . W a l k e r a n d A . L . P a r s o n s , H . P . W h i t l o c k , J . F . W i l l i a m s , F . Z a m b o n i n i , V . R . v o n 
Z e p h a r o v i c h , e t c . 

Accord ing t o W . H . B r a g g , t h e X - r a d i o g r a m s co r r e spond w i t h a space - l a t t i ce 
of t h e d i a m o n d t y p e — 5 . 39 , 8—in wh ich if a r e p r e s e n t s t h e l e n g t h of t h e s ide of 
a c u b e c o n t a i n i n g one molecule , a = 4 - 1 8 A. ; t h e face d i agona l h a s a l e n g t h 5-92 A. , 
a n d t h e c u b e d i agona l , a l e n g t h 7-25 A. A c u b e c o n t a i n i n g e igh t molecules of 
F e 7 / ( F e 7 / 7

2 0 4 ) ha s twice t h e s e d imens ions . I n o rde r t o m a i n t a i n t h e t r i gona l 
s y m m e t r y , t h e four o x y g e n a t o m s , O , F i g . 5 1 1 , a r e a r r a n g e d a t t h e corners of a 
r e g u l a r t e t r a h e d r o n , a n d t h e t e t r a h e d r o n is so o r i e n t e d t h a t t h e l ines d r a w n f rom 
t h e c e n t r e t o t h e four corners of t h e t e t r a h e d r o n a re para l l e l t o t h e four d i a g o n a l s 
of t h e c r y s t a l cube . T h e o x y g e n t e t r a h e d r a t a k e t h e p lace of t h e ca rbon a t o m s of 
t h e d i a m o n d , a n d a r e a r r a n g e d so t h a t t h e four p e r p e n d i c u l a r s f rom t h e co rne r s o n 
t h e faces a r e pa ra l l e l t o t h e four c u b e d i agona l s . T h e b i v a l e n t a t o m s of i ron , O , 
F i g . 5 1 1 , a r e p l a c e d one a t t h e c e n t r e of e a c h o x y g e n t e t r a h e d r o n . I n o rde r t o 
sa t i s fy t h e cond i t ions of s y m m e t r y , t h e t e r v a l e n t a t o m s of i ron , O , F i g . 5 1 1 , a r e 
a r r a n g e d so t h a t e a c h of four a t o m s of i ron , Z>, E9 F9 G9 F ig . 5 1 1 , is p l aced on one 
of t h e four p e r p e n d i c u l a r s f rom t h e t e t r a h e d r o n on oppos i t e faces, a n d ha l f -way 
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between two tetrahedra so as to be shared equally by them. In the diagram, 
Fig 511, illustrating the trigonal symmetry, BH, BJ, BK, and BO are trigonal 
axes ; BD=DH=BE=EJ=BF=FK=BG=5*4: A. ; and AB=S-QO A. The struc

ture was depicted another way by 
S. Nishikawa who represented the 
lattice of ferrosic oxide by Fig. 512. 
The eight Fe"-atoms of the eight 
Fe"(Fe'"204) molecules are arranged 
like the carbon atoms in the dia
mond, A, Fig. 512; two cubes of 
the unit cell are represented by B 
and O, Fig. 512. Four of the cubes, 
B9 Fig. 512, contain a Fe"-atom in 
the middle, and each of the four 
cubes, C, Fig. 512, has Fe'"-atoms 
on the diagonals at the corners of 
tetrahedra. The oxygen atoms are 
also situated on the diagonals of the 
small cubes at the corners of tetra
hedra. Observations on this sub
ject were made by J. A. Hedvall, 
P. Niggli, H. Groebler and P. Ober-
hoffer, P. F. Kerr, H. Forestier, 
Gr. Frebold and J. Hesemann, 
A. Simon and T. Schmidt, J. Cates, 
and M. TJ. Huggins—see Fig. 512. 
According to R. W. G. Wyckoff and 

E. D. Crittenden, the unit cube of magnetite has an edge of 8*37 A.; W. H. Bragg 
gave 8-30A. ; A. A. Claassen, 8-40A. - G. L. Clark and co-workers, a=8-374A. ; 
J. Thewlis, 8-4 A. ; T. Gebhardt, 8*367 A. ; and S. Holgersson, 8-40 to 8-417 A., 
or 8-412 A. for natural and 8-417 A. for artificial magnetite. J. A. Hedvall, 
G. Frebold and J. Hesemann, and S. Holgersson obtained identical values for 

natural and synthetic ferrosic oxide. According 
to J. Thewlis, there are two kinds of iron atoms 
in the Fe3O4 lattice, namely Fe** and Fe***, and 
one kind of oxygen atom. Each Fe* "-atom is in 
the middle of a tetrahedron of oxygen atoms ; 
and each Fe" "-atom is ill the middle of an octa
hedron of oxygen atoms. Each oxygen atom is 
at the corner of three octahedra and one tetra
hedron of oxygen atoms—cf. Fig. 514 in connec
tion with ferric oxide. According t o L . A. WeIo 
and O. Baudisch, J. Thewlis, and R. B. Sosman 
and E. Posnjak, the lattice of ferrosic oxide can 
accommodate oxygen atoms up to Fe2O8 with
out change—vide infra. K. T. Compton and 
E. A. Trousdale, A. H. Compton and O. Rognley, 
S. Holgersson, and M. de Broglie observed no 
change in the relative intensities or positions of 
the JC-ray spectral lines when ferrosic oxide is 

According to R. W. G. Wyckofi* and E. D. Crjtten-
iron is associated with the ferrosic oxide, it 

511.—-Il lustrat ion of t h e T r igona l 
S y m m e t r y of M a g n e t i t e . 

F i a . 512 .—The Space -La t t i c e of 
Fe r ros i c Oxide. 

placed in a magnetic field. 
den, if an excess of ferrous 
appears as a separate phase, which disappears when an equivalent amount of 
alumina, silica, or zirconia is added, as promoter for the ferrosic oxide used as a 
catalyst. With alumina, ferrous aluminate is formed and enters into solid soln., 
whilst the composition of the oxide tends towards that of ferrosic oxide. The unit 
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c u b e of m a g n e t i t e c o n t a i n i n g p o t a s s i u m a l u m i n a t e differs b u t l i t t l e i n s ize f r o m 
t h e u n i t c u b e of ferrosic o x i d e , a n d i t i s imposs ib le t o s ay w h e t h e r or n o t so l id so ln . 
occu r s . P r o m o t e r s m a i n t a i n a l a rge sur face of i ron i n ca ta lys i s b y i n h i b i t i n g 
s i n t e r i n g of t h e r e d u c e d m e t a l , so t h a t t h e c ry s t a l s of t h e l a t t e r g r o w o n l y v e r y 
s lowly . M. I J . H u g g i n s d i scussed t h e e lec t ron ic s t r u c t u r e ; a n d J . F o r r e s t , t h e 
m a g n e t i c l a t t i c e . 

T h e micros tructure of m a g n e t i t e w a s e x a m i n e d b y A. Lacro ix , P . H a m d o h r , 
O. Mligge, C H . W a r r e n , S. B r u n t o n , S . T . S ingewald , G. M. S c h w a r t z , a n d 
H . S c h n e i d e r h o h n ; i n c l u s i o n s of i l m e n i t e , e t c . , b y B . Gran igg , L . T h i e b a u t , a n d 
B . H u s s a k . O. M u g g e s t u d i e d t h e corros ion figures of m a g n e t i t e a n d o t h e r spinels . 
W. H a i d i n g e r , A . Scacch i , C. !F. R a m m e l s b e r g , J . W . G r u n e r , G. Se l igmann , and 
H . B u c k i n g d iscussed o v e r g r o w t h s o r paral le l g r o w t h s of m a g n e t i t e w i t h haemat i t e ; 
J . W . G r u n e r , w i t h sp ine l ; J . L>. D a n a , a n d A. I i ac ro ix , w i t h m i c a ; J . F . Wi l l i ams , 
w i t h h y p e r s t h e n e ; A . B r e i t h a u p t , w i t h ch lo r i t e ; T . N o r d s t r o m , w i t h b ronz i t e ; 
F . J . P o p e , F . B e c k e , A . C a t h r e i n , J . W . G r u n e r , a n d M. K a m i y a m a , w i t h i lmen i t e ; 
a n d G. S e l i g m a n n , A. C a t h r e i n , a n d O. Miigge, w i t h r u t i l e ; a n d P . v o n Jeremejeff , 
•with p e r o w s k i t e . J . H . !L. V o g t r e g a r d e d t h e N o r w e g i a n t i t a n o m a g n e t i t e a s a 
m i x t u r e of m a g n e t i t e a n d i lmen i t e . T h e misc ib i l i ty of m a g n e t i t e w i t h F e T i O 3 , 
F e T i 2 O 4 , i n b a s a l t i c s lags w a s s t u d i e d b y V. M. G o l d s c h m i d t . B . J . H a r r i n g t o n 
cons ide red t h a t t h e t i t a n i u m i n m a n y t i t a n i f e r o u s m a g n e t i t e s c a n be r e g a r d e d a s 
b e i n g p r e s e n t a s T i 2 O 3 , or a s F e T i O 3 , i n w h i c h t e r v a l e n t i ron rep laces t e r v a l e n t 
t i t a n i u m . E . H u s s a k cons ide red t h a t t h e t i t a n i u m in t h e titanomagnetites—of 
A. V e n d l , J . Szabo , W . G. Miller, A. !Knop, T . N o r d s t r o m , A. Ca th r e in , F . Schaea rz ik , 
a n d P . Roz lozsn ik a n d E . E m s z t — i s p r e s e n t r a t h e r a s inc lus ions , a n d t h a t t i t a n o 
m a g n e t i t e Tcein. selbstandiges Mineral ist. R . R a m d o h r f o u n d t h a t i n t h e slow-
cool ing of t i t a n o m a g n e t i t e , i l m e n i t e s e p a r a t e s i n p l a t e s ; sp ine l also s e p a r a t e s o u t , 
a s MgO-Al 2 O 3 , or F e O . A l 2 O 3 . T h e s u b j e c t w a s also d i scussed b y M. K . P a l m u n e n . 
L . W . F i s h e r s t u d i e d t h e i s o m o r p h i s m of t h e m i n e r a l w i t h k r e i t t o n i t e , dys lu i t e , 
g a h n i t e , magnes io fe r r i t e , a n d spinel . C. U . S h e p a r d desc r ibed s lender , r h o m b i c 
p r i s m s of m a g n e t i t e occu r r i ng o n t h e cub ic o c t a h e d r a a n d d o d e c a h e d r a of m a g n e t i t e 
of Monroe , N e w Y o r k ; a n d h e called t h e m i n e r a l d imagnet i t e , s ince i t s c o m p o s i t i o n 
is t h e s a m e as t h a t of m a g n e t i t e . J . D . D a n a r e g a r d e d d i m a g n e t i t e a s a 
p s e u d o m o r p h of m a g n e t i t e poss ib ly af te r i l va i t e . 

A s i n d i c a t e d a b o v e , S. H i l p e r t 8 a n d co-workers be l i eve t h a t f e r rous a n d ferrosic 
ox ides f o r m a series of solid soln. , p e r h a p s w i t h l i m i t e d misc ib i l i ty , a n d p e r h a p s 
wi th t h e f o r m a t i o n of i n t e r m e d i a t e c o m p o u n d s . T h e a n a l y s e s of s u b s t a n c e s equ i 
v a l e n t t o hammer-s lag—v ide , supra—indicate t h a t v a r i o u s m i x t u r e s m a y b e fo rmed . 
S u c h m i x t u r e s were a lso o b t a i n e d b y A . M a t s u b a r a , E . T e r r e s a n d A . P o n g r a c z , 
R . R u e r a n d M. N a k a m o t o , Li. W o h l e r a n d O. BaIz , a n d o t h e r s . E . D . E a s t m a n 
f o u n d t h a t u p t o 1100° ferrosic a n d fe r rous ox ides d o n o t f o r m a c o n t i n u o u s series 
of solid soln. t h o u g h t h e y d o dissolve i n o n e a n o t h e r t o a l i m i t e d e x t e n t . I r o n c a n 
d issolve 2O t o 25 m o l a r p e r c en t . , i.e. 6 t o 8 p e r c e n t . , oxygen , a l t h o u g h m e t a l l i c 
i r o n is n o t a p p r e c i a b l y so lub le i n t h e o x i d e — v i d e supra, fe r rous ox ide . O. Miigge 
c o n c l u d e d f rom h i s s t u d y of t h e r e d u c t i o n p r o d u c t s of haemat i te , a n d t h e o x i d a t i o n 
p r o d u c t s of m a g n e t i t e , t h a t m a g n e t i t e itself is a sol id soln. of ferrosic ox ide in cub ic 
f e r rous ox ide . R . W . G. Wyckoff a n d E . D . C r i t t e n d e n e x a m i n e d a m i x t u r e c o n t a i n 
i ng 75*24 p e r c en t , t o t a l i ron ; 3*34 p e r c e n t , f ree i ron , 4 0 4 9 p e r cen t , ferrous i ron , 
a n d 31*41 p e r c e n t , ferric i ron . Th i s s h o w e d u n d e r t h e mic roscope c rys ta l s of ferrosic 
o x i d e e m b e d d e d i n a fine-grained e u t e c t i c m i x t u r e of m a g n e t i t e a n d ferrous o x i d e . 
If m a g n e t i t e c a n d isso lve fe r rous ox ide , a n d if t h e l a t t e r can dissolve m a g n e t i t e , a t 
o r d i n a r y t e m p . , t h e r e s h o u l d b e a shif t i n t h e l ines of one or o the r o r b o t h of t h e 
s t r u c t u r e s . A c o m p a r i s o n of t h e r e s u l t s 'with t h o s e w i t h ferrosic ox ide g ives n o 
e v i d e n c e of sol id so ln . , a t o r d i n a r y t e m p . , of fer rous ox ide in ferrosic ox ide . 
H . Groeb le r a n d P . Oberhoffer , h o w e v e r , o b t a i n e d t h e X - r a d i o g r a m s i n d i c a t e d in 
F i g . 507—cf, Big . 5 1 3 , f e r rous o x i d e — w i t h m i x t u r e s con t a in ing t h e p r o p o r t i o n s of 
f e r rous , a n d ferrosic o x i d e i n d i c a t e d . T h e l ines w i th Nos . 1 t o 3 w i t h u p t o a b o u t 
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5 per cent, ferrous oxide have the shift characteristic of solid soln. I n No. 4, new-
lines appear along with the lines of the solid soln., and these are the lines of ferrous 
oxide ; they persist with samples up to No. 9, and they can be recognized in samples 
NOB. 10 to 12 along with the lines of metallic iron. At a reduction temp, of 800°, 
therefore, 5 per cent, of ferrous oxide can form a solid soln. with ferrosic oxide ; with 

higher proportions, the 
ferrous oxide occurs as a 
second solid phase, and 
with about 31*9 per cent. 
Fe3O4 , the ferrosic oxide 
lattice disappears, and the 
lines due to t h a t of ferrous 
oxide alone appear. The 
iron dissolved in ferrous 
oxide, Nos. 10 to 12, causes 
no shift of the lines, thus 
indicating the absence of a 
solid soln. The vanishing 
of the X-ray spectrum of 
magneti te when the com
position approaches 61 per 
cent, of FeO, and 31-9 per 
cent, of magnetite is ex
plained by assuming t h a t 
magnetite begins to take 
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on the cubic lattice of ferrous oxide a t this dilution, and tha t the extra oxygen 
atoms are distributed haphazard in the interstices between the other iron and 
oxygen atoms. They call the oxygen atoms tha t fail to take par t in the X-ray 
spectrum "vagabond atoms"—der iiberschiissige Sauerstqfffrei imGittervagabundiert. 
R. M. Bozorth, in his examination of the ferrosic oxide protective coatings on iron, 
observed no evidence of the formation of solid soln. of ferrous and ferrosic oxide, 
because he found no evidence of a variation in atomic spacing greater than 0-5 per 
cent. Negative evidence in the application of the X-ray method does sometimes 
occur—e.g. i t fails to show iron tri tacarbide in steel specimens where the Fe3C areas 
and crystals are plainly visible under the microscope. A. Simon and T. Schmidt 
could detect no solid soln. in the conversion of ferric to ferrosic oxide by heat. 

According to H . Moissan,9 and M. Berthelot, there are two allotropic forms of 
ferrosic oxide. Ferrosic oxide prepared by heating ferric oxide or metallic iron, 
reduced by hydrogen, in a current of hydrogen sat. with aq. vapour a t 90° ; or 
by heating ferrous carbonate to dull redness in a current of carbon dioxide ; or by 
heating reduced iron in a current of carbon dioxide a t 440°, is a black, magnetic 
powder of sp. gr. 4-86 ; i t is readily at tacked by cone, nitric acid ; and when heated, 
becomes incandescent, forming ferric oxide. The other modification of ferrosic 
oxide is produced when ferric oxide, obtained by oxidizing the first modification, is 
heated above 1500°, when oxygen is given off leaving a black magnetic oxide of sp. gr. 
5-00 to 5-09 ; it is almost unat tacked by boiling cone, nitric acid, and does not form 
ferric oxide when heated. Indeed, i t is one of the most stable oxides of iron. When 
the low temp, form of ferrosic oxide is heated to whiteness in a current of nitrogen, 
it agglomerates, increases in density, no longer forms ferric oxide when heated in 
air, and is, indeed, identical with the second, inert form of ferrosic oxide. The 
fact t ha t the high temp, form does not give ferric oxide when heated is explained 
by assuming tha t when the lower temp, form of ferrosic oxide is converted into 
ferric oxide, the heat evolved is less than t ha t evolved when the low temp, form is 
converted into the high temp, form, and therefore the formation of ferric oxide 
from the nigh temp, form of ferrosic oxide would be an endothermic reaction— 
W0e *nfra, the thermal expansion (P. CheVenard), the sp . h t . (G. S. Parks and 
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K . K . Ke l ley , R . W . Millar , a n d A. P i c c a r d a n d co-workers) , e lec t r ica l c o n d u c t i v i t y 
(C. C. B idwel l , J . K o n i g s b e r g e r , a n d J . Kon igsbe rge r a n d K . Schil l ing), t h e t h e r m o 
elec t r ic force (C. C. Bidwel l ) , a n d m a g n e t i c p rope r t i e s (P . Weis s a n d co -worke r s , 
J . Kon igsbe rge r , G. E . A l l an , F . R i n n e , J . H u g g e t t a n d G. C h a u d r o n , a n d 
P . CheVenard) of t h i s o x i d e ; a n d also t h e calorescence of ferric o x i d e . 
J . A. H e d v a l l o b s e r v e d n o difference i n t h e c rys ta l l ine s t r u c t u r e , for t h e X - r a d i o -
g r a m s of t h e a l leged a l lo t rop ic fo rms a r e t h e s a m e . Accord ing t o L . A. WeIo a n d 
O. B a u d i s c h , t h e c a t a l y t i c a c t i v i t y of different s a m p l e s of m a g n e t i t e va r i e s w i t h t h e 
m o d e of p r e p a r a t i o n , t h o s e m a d e b y p r e c i p i t a t i o n of a m i x t u r e of ferrous a n d ferric 
s u l p h a t e b e i n g m u c h m o r e a c t i v e t h a n t h o s e m a d e b y p rec ip i t a t i on of fer rous 
s u l p h a t e a n d s u b s e q u e n t p a r t i a l o x i d a t i o n . T h e a c t i v i t y of a c t i v e m a g n e t i t e is 
n o t d e s t r o y e d b y o x i d a t i o n , b u t b o t h a c t i v i t y a n d m a g n e t i c p rope r t i e s a r e lost on 
h e a t i n g a t 550° . C o m p a r i s o n of t h e w a t e r a b s o r p t i o n a n d X - r a y diffraction spec t ra 
of a c t i v e a n d i n a c t i v e o x i d e s i n d i c a t e s t h a t t h e c ry s t a l s of t h e fo rmer a r e smal ler 
t h a n t h o s e of 4 h e l a t t e r . I t is t h o u g h t t h a t b o t h m a g n e t i c p r o p e r t i e s a n d c a t a l y t i c 
a c t i v i t y a r e r e l a t e d t o t h e s p a t i a l a r r a n g e m e n t of t h e a t o m s wi th in t h e molecule . 
I n a d d i t i o n t o t h e c h a n g e w h i c h o c c u r s a t t h e Curie p o i n t , C. C. Bidwel l r e p o r t e d 
b r e a k s i n t h e c u r v e s of e lect r ica l c o n d u c t i v i t y a n d t h e r m o e l e c t r i c force be tween 
600° a n d 800° ; a n d H . H . R e i t e r , a t r a n s f o r m a t i o n p o i n t a t 1260°. 

T h e specific grav i ty of m a g n e t i t e , o r ferrosoferric ox ide , r anges f rom 4-96 t o 
5 -40—average , 5-16. R . B o t t g e r 1O g a v e 4-960 t o 5-094 ; G. A. K e n n g o t t , 4-90 t o 
5-20 for c o m p a c t m a g n e t i t e , 5-168 t o 5-180 for c rys ta l l ine m a g n e t i t e , a n d 5-27 af ter 
h e a t i n g for a long t i m e ; H . K o p p g a v e 5*12 a t 0° ; C. F . R a m m e l s b e r g , 5-106 t o 
5-185 ; H . A r s a n d a u x , 5-065 ; W . H e r a p a t h , 5-300 a t 16-5° ; P . F . G. Bou l l ay , 
5-400 t o 5-480 ; E . M a d e l u n g a n d R . F u c h s , 5-1718 ; V. Q u i t t n e r , 5-252 ; S. HoI -
gersson , 5-194 ; H . N a t h o r s t t a b u l a t e d t h e sp . gr . of t h e Swedish m a g n e t i t e s a n d 
found t h a t t h e y r a n g e d f rom 4-24 t o 5-11 . T h e p re sence of i m p u r i t i e s in t h e 
m i n e r a l m u s t m a k e t h e sp . gr . v a r y . E . Wi l son a n d E . F . H e r r o u n o b t a i n e d a low 
va lue—4-10 t o 5 -06—and E . M a d e l u n g a n d R . F u c h s a h igh one—5*5471. F . Sauer -
w a l d a n d G. E i sne r , a n d P . C h e v e n a r d e x a m i n e d t h e effect of h e a t on t h e sp . gr . ; 
a n d J . J . Sas l awsky t h e obse rved a n d ca l cu l a t ed m o l . vo l . L . P l ay fa i r a n d 
J . P . J o u l e , 5-453 a t 3-9°. H . Moissan g a v e 4-86 for ferrosic ox ide p r e p a r e d a t a 
low t e m p . , a n d 5-00 t o 5-09 for t h a t p r e p a r e d a t a h igh t e m p . ; a n d for t h e ar t i f icial 
c rys t a l s , A . Gorgeu g a v e 5-21 t o 5-25. W . Bi l t z s t u d i e d t h e m o l . vo l . T h e h a r d n e s s 
of m a g n e t i t e is 5-5 t o 6-5 ; a n d A. Gorgeu g a v e for t h e art if icial c ry s t a l s , 6-0 t o 6*5 ; 
J . D o n a u g a v e 6*0 for a s a m p l e p r e p a r e d a t 1100° t o 1200° ; a n d for a s a m p l e 
o b t a i n e d f rom t h e s u l p h i d e , 6-0 to 6-5. P . Pfaff f o u n d t h a t t h e s c r a t c h i n g h a r d n e s s 
of m a g n e t i t e on a n o c t a h e d r a l face is 22 w h e n t h e h a r d n e s s of t a l c is u n i t y . 
P . J . H o l m q u i s t c o m p a r e d t h e h a r d n e s s offered i n t h e s l i t t i ng m a c h i n e ; 
J . IJ. C. S c h r o d e r v a n d e r KoIk , t h e c l eavage a n d h a r d n e s s ; E . F r i ede r i ch , t h e 
h a r d n e s s , a t . mol . , a n d v a l e n c y ; G. A . K e n n g o t t , a n d J . L . C. S c h r o d e r v a n 
d e r K o I k , t h e h a r d n e s s a n d a t . vo l . ; a n d A . R e i s a n d L . Z i m m e r m a n n , a n d S. H o I -
gersson , t h e h a r d n e s s a n d t h e l a t t i c e s t r u c t u r e . A. G r u h n s tud i ed t h e g l iding p lanes 
of t h e c r y s t a l s u n d e r p ress , u p t o 30,0OO a t m . F . D . A d a m s t r i ed t h e effect of 
c o m p r e s s i o n , u p t o 43 ,000 lb s . a p p l i e d in 17 m i n s . , on a c rys t a l of m a g n e t i t e , a n d 
f o u n d t h a t t h e m i n e r a l b r o k e t o p ieces , a n d t h a t t h e f r agmen t s h a d t h e form of 
l i t t l e p l a t e s w h i c h s e p a r a t e d f rom t h e c r y s t a l para l le l t o t h e oc t ahed ra l faces. 
T h e r e w e r e n o s igns of p l a s t i c d e f o r m a t i o n . P . W . B r i d g m a n gave for t h e com
press ib i l i ty , £ = 0 - 0 e 5 9 o r dv/vo=5'397p—2'01p* a t 30°, a n d dv/vo=5'376p+2'01pz 

a t 70° , w h e r e dv d e n o t e s t h e dec rease in vo l . w i t h a r ise of press , of p k g r m s . pe r sq . 
c m . for v a l u e s of p b e l o w 12,000 k g r m s . p e r sq . c m . L,. H . A d a m s g a v e £ = — 0-0655, 
a n d d^/dp=0'0114: ; a n d E . M a d e l u n g a n d R . F u c h s g a v e 0 0 6 5 4 t o 0 0 6 5 7 m e g a b a r s 
p e r sq . c m . w h e n t h e v a l u e for m e r c u r y is 3-86 X 10~ 6 . F . Sauerwald a n d G. E i s n e r 
m a d e s o m e o b s e r v a t i o n s o n t h e m e c h a n i c a l s t r e n g t h of samples h e a t e d t o different 
t e m p . F . B . H o f m a n n m a d e s o m e o b s e r v a t i o n s o n t h e a c c u m u l a t i o n of t h e p o w d e r 
a t t h e boundary surface of water a n d organic l i qu ids . 
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H. Kopp " observed tha t the cubic coeff. of the thermal expansion of magnetite 
is 0000029 between 17° and 50° ; and F . Pfaff gave for the mean linear coeff. 
0-0000954O. H. Forestier observed a break in the dilation curve between about 
570° and 965°. G. Chaudron and H. Forestier observed tha t the dilation increases 
continuously up to 570° and then decreases. There is a sudden fall a t 695°. With 
artificial magnetite, a contraction was observed; and a t 550° the expansion was 
normal. P . Weiss and G. Foex observed an anomaly a t 570° ; a t 0°, ct=0-058, 
and a t 570°, a—0-0424 ; above 570° there is a decrease in the value of ex ; and a t 
680°, there is a break in the curve at t r ibuted to the effects of the Curie transforma
tion, although P . Chevenard observed tha t the change in Curie's constant between 
625° t o 765° did not influence the expansion perceptibly. T. Okamura studied 
the subject. H. de Senarmont found tha t the thermal conductivity of magnetite in 
different directions is the same, and the isothermal lines are circular. J . Krucken-
berg gave &—0003 to 0-006 cal. per cm. per degree per second for the thermal 
conductivity of magnetite. F . E . Naumann gave 0-1641 for the specific heat of 
magnetite ; H. V. Regnault, 0-16023 between 10° and 99° ; H. Kopp, 0 1 5 3 to 
0-159 ; R. Ulrich, 01687 between 20° and 98° ; and A. Abt, 016505 to 0-16582 
between 15° and 96°. W. Bertram gave : 

96-5° 
0 - 1 5 9 2 

219° 
0 1 7 6 6 

448° 
0 1 9 8 2 

586° 
O-2095 

678° 
0 - 2 1 3 7 

738° 
0 - 2 1 7 6 

and c=O-1487-f-O-OOO148(0—2O) 
101° 198° 

S p . l i t . . 0 1 6 7 9 1 0 1 7 5 7 2 

for which c=O-161178+O-O3111140+O-O6155102. 
585°, after which : 

-0-07725(#—2O)2. P . N. Beck gave : 
304° 

0 1 8 5 0 9 
395° 

0 1 9 3 4 1 
496° 

0 - 2 0 3 4 6 
540° 

0-20788 

783° 
0 2 1 8 8 

580° 
0 - 2 1 2 3 5 

There is a transition point a t 

S p . h t . 
593° 

0 - 2 1 3 3 6 
020° 

0 - 2 1 4 3 7 
048° 

0 - 2 1 5 1 9 
704° 

0 - 2 1 7 3 5 
726° 

0 - 2 1 8 3 5 
748° 

0 - 2 1 9 5 2 
791° 

0 - 2 2 2 5 9 

800° 
F i a . 5 1 4 . — T h e E f f e c t o f T e m 

p e r a t u r e on. t h e S p e c i f i c H e a t 
of Magnetite. 

for which c=0-161699--0-00296961^+0-0623718^2. There are striking peaks in 
the sp. ht . curve at —156° and a t 593°. The latter is approached the more gradually 

as the temp, is raised, bu t falls off precipitately-
after the peak is passed. This type of peak is 
characteristic of ferromagnetic materials as they 
pass their Curie points and become paramagnetic. 
P . Weiss and P . N. Beck showed tha t as magnetite 
passes from the ferromagnetic to the paramagnetic 
state at the critical temp., heat is rapidly absorbed, 
so t ha t the sp. ht . rises to a maximum, then de
creases, and again increases. The mean values of 
the sp. ht. , dQJdd, a t different temp, are indicated 
in Fig. 514. K. Honda and J . Okubo consider t ha t 
the discontinuity near the Gurie point is not an 

effect of magnetic energy, bu t rather an effect of the heat of the transformation 
of iron from one form to another. O. C. Kalston added tha t i t is doubtful if the 
peak in the curve, Fig. 514, is a discontinuity in the sp. ht . , bu t the t ip of the 
peak rather represents the point on a magnetization-temperature curve, where the 
ferromagnetism is being lost more rapidly before the point is reached where only 
paramagnetism remains. H. A. Lorentz calculated Sc-0-0644 for the differential 
of the sp. h t . on the assumption tha t the magnetic molecule is ^Fe8O4 . P . Weiss 
and co-workers showed tha t a t the Curie point d/(8c)/d& will be zero. J . B . Ash-* 
-worth, and A. Dumas discussed the relation between Sc a n d the Curie point, 
I . Maydell studied the mol. h t . J . K. Ash worth studied the relations between the 
thermal and magnetic constants. 

P . Weiss and co-workers gave for the sp. h t . of artificial magnetite and of tha 
natural mineral from Traversella, Piedmont : 
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N a t u r a l 
A r t i f i c i a l 

800° 
— 

. 0 1 9 9 

40O° 
„ — 

0 - 2 2 2 

600° 
0 - 2 5 9 
0 - 2 5 5 

660° 
0 - 2 8 1 
0 - 2 7 7 

BS&* 
0 - 2 9 9 
0 - 2 9 5 

585° 
0*2255 
0 - 2 9 5 

503-5 
0 - 2 2 6 
O-300 

503-5 
0 - 2 2 6 
0 - 2 2 1 

625° 
0 - 2 2 9 
0 - 2 2 3 

«70° 
0 - 2 3 2 
O-226 

T h e y a lso o b s e r v e d a difference i n t h e r e s u l t s b e t w e e n 18° a n d 175° for samples 
t h a t h a d a n d h a d n o t b e e n p r e v i o u s l y h e a t e d t o 300° . M. Tigerschiold ca lcu la t ed a 
m o l . h t . of 36*08 a t 17°, f r o m A . M a t s u b a r a ' s obse rva t i ons on gaseous equ i l ib r ia . 
G. S. P a r k s a n d K . K . Ke l l ey g a v e for t h e s p . h t . p e r g r a m : 

0 K . 9 0 - 0 ° 9 6 - 9 ° 1 6 3 - 2 ° 1 9 3 - 5 ° 1 9 7 - 2 ° 
Op . 0 - 0 4 8 8 0 - 0 5 5 0 0 - 0 9 6 8 0 1 1 8 6 O-1205 

°IC . 2 7 6 - 3 ° 2 7 8 - 7 ° 2 9 2 - 1 ° 2 9 5 0 ° 
Cp . 0 1 5 1 3 O l 5 2 5 0 1 5 5 8 O - 1 5 7 0 

a n d R . W . Millar, for t h e m o l . h t . : 
0 K . 60-5° 87-6° 100-7° 110-4° 114-7° 124-8° 153-7° 206-2° 2611° 
Cp . 5-495 10-36 13-67 19-25 36-27 18-95 22-63 28-59 32-68 
T h e r e s u l t s a r e p l o t t e d , a l o n g w i t h t h o s e for fe r rous ox ide , i n F i g . 504. W . A. R o t h 
a n d W . B e r t r a m g a v e for t h e s p . h t . , c, b e t w e e n 6° a n d 20°, c = O - 1 4 8 7 + O O 3 1 4 8 ( 0 — 2 0 ) 
—O-O7725(0—20)2 ; a n d for t h e mo l . h t . , a t 6°: 

100° 
3 9 - 5 9 

200° 
4 5 - 1 2 

300° 
4 9 - 6 6 

400° 
5 3 - 2 0 

600° 
5 5 - 7 3 

6O0° 
5 7 - 2 3 

700° 
5 7 - 7 4 

J . L e h m a n n f o u n d t h a t w h e n m a g n e t i t e is h e a t e d , a n d s u d d e n l y cooled b y cold 
w a t e r , i r r egu la r c r acks a p p e a r o n t h e o c t a h e d r a l a n d d o d e c a h e d r a l faces. !F. Saue r -
w a l d a n d G. E i s n e r s t u d i e d t h e s i n t e r i ng of p o w d e r e d ferrosic ox ide . A c c o r d i n g t o 
S. H i l p e r t a n d E . J . K o h l m e y e r , pur i f ied ferrosic o x i d e h a s a me l t ing -po int , o r 
r a t h e r t h e f .p. , 1527° ; a n d t h e r e is a b r e a k i n t h e cool ing c u r v e b e t w e e n 1250° 
a n d 1350°. E . J . K o h l m e y e r l a t e r g a v e 1600° ; O. Ruff a n d O. Goecke , 1538° ; 
B . G a r r e , 1527° ; J . Kleffner a n d E . J . K o h l m e y e r , 1580° in a n a t m . of n i t r o g e n ; 
J . C. H o s t e t t e r a n d H . S. R o b e r t s , 1590° ; a n d R . B . S o s m a n , 1580°. P . Cur ie ' s 
v a l u e , 1377°, is t o o low. A. B r u n g a v e 1260° for t h e m . p . of m a g n e t i t e f rom Z e r m a t t ; 
a n d C. D o e l t e r f o u n d t h a t t h e m i n e r a l b e g i n s t o sof ten a t 1195°, a n d is fluid a t 1210°, 
a n d t h a t i t s m . p . is a p p r o x i m a t e l y t h e s a m e a s t h a t of o r thoc l a se ; C. S c h u b e r t 
g a v e 1080° t o 1090°. O b s e r v a t i o n s w e r e a l so m a d e b y H . H . R e i t e r . T h e low 
v a l u e s o b t a i n e d w i t h t h e n a t u r a l m i n e r a l a r e u s u a l l y a t t r i b u t e d t o t h e p resence of 
i m p u r i t i e s . R . R u e r a n d M. N a k a m o t o f o u n d t h a t a m i x t u r e of fe r rous a n d ferrosic 
ox ides (4 : 96) beg ins t o m e l t s l igh t ly o v e r 1550°. 

J . A . H e d v a l l s a id t h a t t h e o x i d e is s t a b l e a t a r e d - h e a t . R . R u e r a n d 
M. N a k a m o t o f o u n d t h a t i n a c u r r e n t of n i t r o g e n ferrosic o x i d e beg ins t o 
d e c o m p o s e o v e r 1300°, a n d t h a t t h e c o m p o s i t i o n of t h e o x i d e h e a t e d t o 1500° 
is F e : O = I : 1-32. P . T . W a l d e n f o u n d t h a t ferrosic o x i d e d o e s n o t show a n 
a p p r e c i a b l e d i s soc ia t ion pressure a t 1350° ; b u t A . S i m o n a n d T . S c h m i d t sa id 
t h a t i t a m o u n t s t o a b o u t 1 m m . a t 1350° . H . v o n J u p t n e r ca lcu la ted for t h e 
r e a c t i o n : 2 F e 8 O 4 = B F e O - I - O 2 , log [ O 2 J = I O g 2 > = 3 2 2 5 4 T - i - J - l * 7 5 log T + 2'8 ; a n d 
for t h e r e a c t i o n : F e 8 O 4 = S F e - I - ^ O 2 , log [O2]== log J O = — 2 9 6 2 8 T - 1 -f-1-75 log 
T + 2 ' 8 . T h e d i s soc ia t ion p re s s . , i n a t m . , a r e : 

2O00° 2400° 
0 0 7 2 8 1 7 0 0 4 1 8 8 9 
O O e 5 7 9 2 0 0 , 2 3 4 6 

N o d e t e r m i n a t i o n s of t h e d i s soc ia t ion p ress , h a v e b e e n m a d e ; b u t e s t ima te s h a v e 
b e e n m a d e b y L . W 6 h l e r a n d co-workers , A . M a t s u b a r a , K . H o f m a n n , W . B i l t z , 
A . McCance, a n d F , W t l s t a n d P . R i i t t e n . T h e r educ t i on of m a g n e t i t e b y p l a t i n u m 
s h o w s t h a t some d i s soc i a t i on of m a g n e t i t e occurs ; a n d t h e ga in of 3 p e r c e n t . 
excess f e r rous o x i d e w h e n ferrosic o x i d e is h e a t e d t o 1550° shows t h a t t h e o x y g e n 
press* a t t h i s t e m p , i s app rec i ab l e . T h i s e x p l a i n s a possible difficulty in d e t e r m i n i n g 

P 
Pl 

600* 
• 0 0 4 e 8 0 3 8 
. 0 0 4 1 1 9 1 4 

1000Q 

0 0 , 4 6 2 5 2 
0 0 a i 2 6 4 2 

1400° 
0 0 X 4 l 8 5 0 
0 0 1 8 1 3 8 9 

180O* 
0 - 0 , 3 7 8 3 
0 O 7 1 0 8 8 
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t h e in .p . , s ince t h e m . p . will b e lowered b y t h e c o n t a m i n a t i o n of t h e ferrosic o x i d e 
wi th ferrous ox ide . 

H . D u l o n g , a n d T . A n d r e w s m a d e some o b s e r v a t i o n s o n t h e h e a t of f o r m a t i o n of 
ferrosic ox ide . Acco rd ing t o M. B e r t h e l o t , t h i s a m o u n t s t o ( F e O , F e 2 O a ) = 4 - 4 C a I s . ; 
b u t W . G. M i x t e r found 9-2 CaIs. for t h e t h e r m a l v a l u e of t h i s r e a c t i o n . 
H . Ie Cha te l i e r g a v e for 3 F e 2 0 3 ( c a l c i n e d ) = 2 F e 3 O 4 H - O - 4 5 - 1 8 CaIs. ; a n d H . v o n 
J t i p t n e r , 52-4 CaIs. O. Ruff a n d E . G e r s t e n g a v e ( 3 F e , 2 0 2 ) = 2 6 5 - 2 t o 2 6 7 1 CaIs. ; 
E . D . E a s t m a n a n d R . M. E v a n s , 258*0 t o 266-98 CaIs. ; L . W o h l e r a n d R . G i in the r , 
264-8 CaIs. ; M. B e r t h e l o t , 267-4 t o 270-8 CaIs. ; W . A . R o t h a n d co -worke r s , 
265-7 CaIs. ; J . Jermiloff, 274-6 CaIs. ; A . C. H a l f e r d a h l , 267-28 CaIs. ; W . D. T r e a d -
well , 247*2 CaIs. a t 1000° ; W . G. Mix t e r , 265-7 CaIs. ; O. D o e p k e , a n d W . A. R o t h , 
265-4 CaIs. ; M. Tigerschiold , 217-0 CaIs. ; a n d H . v o n J t i p t n e r , 270*8 CaIs. 
W . A . R o t h a n d co-workers g a v e F e O - J - F e 2 O 3 = F e 3 O 4 - f - 7 * 0 CaIs. G. P r e u n e r 
c a l cu l a t ed for t h e h e a t of o x i d a t i o n of i ron t o ferrosic ox ide a t 960°, 237,740 cals . , 
a n d E . B a u r a n d A. Glassner , 236,240 cals . a t 960°, a n d 267-38 Cals. a t 490° . T h e 
b e s t r e p r e s e n t a t i v e v a l u e is 265-7 Cals. E . D . E a s t m a n a n d R . M. E v a n s g a v e for 
t h e h e a t of f o r m a t i o n Q=-2,643,630+1 l -OOT-f -0-0112T2—000000248T 3 , f rom 
t h e c a r b o n m o n o x i d e r e d u c t i o n e q u i l i b r i u m ; a n d Q = — 256 ,377—3-76T—0-006594T2 
-[-0-00000296T 3 , f rom t h e h y d r o g e n r e d u c t i o n equ i l i b r ium. A n e g a t i v e h e a t of 
f o r m a t i o n , of course , m e a n s a n e v o l u t i o n of h e a t . H . Ie Cha te l i e r g a v e for t h e 
( 3 F e O , 0 ) = 7 6 - 6 Cals. ; O. Ruff a n d E . G e r s t e n , 85-8 Cals . ; a n d H . v o n J t i p t n e r , 
73-7 Cals. H . v o n J t i p t n e r g a v e 3 F e 2 O 3 = 2 F e 3 O 4 + O - f - 5 2 - 4 Cals. , a n d H . Ie 
Chate l ie r , 3 F e C O 3 + O = F e 3 O 4 + 3 C O 2 + 0 Cals . W . G. M i x t e r found t h e h e a t of 
f o r m a t i o n of fused m a g n e t i t e t o b e 265-2 Cals. , a n d o r d i n a r y m a g n e t i t e 265-7 Cals . , 
l e av ing 0-5 CaI. for w h a t h e cal led t h e h e a t of p o l y m e r i z a t i o n , a s s u m i n g , of course , 
t h a t t h e e r ro r of e x p e r i m e n t is ze ro . XJ. H o f m a n n a n d E . Grol l c a l c u l a t e d for 
t h e r e a c t i o n 3 F e + 4 C 0 2 = F e 3 0 4 + 4 C O — 5 3 8 0 cals . , w h e n [ > c o 2 ] 4 = ^ ! > c o ] 4 , a t 
1 a t m . p ress . : 

550° 500° 450° 400° 350° 300° 250* 
K . 0-927 2-22 6-25 2 2 1 
joco • 0-5048 0-451 0-388 0-316 
Q . — 10,295 — 9273 — 8148 cals . 

a n d for F e 3 O 4 + 6 C O = F e 3 C + 5 C O 2 + 4 1 , 8 5 0 cals . , w h e n [ p - c o ] 6 = = - * ^ - ^ ] 6 : 
550° 500° 450° 400° 350° 300° 250° 

log i f — 1 1 3 —2-82 —6-Ol —7-96 
j>00 . 0-415 0-260 — 0-13O 0-046 
Q . 46 ,023 — 46,097 — 44 ,000 — cals . 

M. B e r t h e l o t g a v e 46-8 cals. for t h e h e a t of so lu t ion of ferrosic ox ide in h y d r o 
chlor ic ac id . E . D . E a s t m a n ca lcu la t ed t h e free e n e r g y of ferrosic ox ide t o b e : 

600° 700° 800° 900° 1000° 
Free energy . —198,320 —190,425 —182,550 —174,735 —166,980 ca ls . 

O b s e r v a t i o n s o n t h e s u b j e c t were m a d e b y F . W u s t a n d P . R u t t e n , a n d A . McCance . 
R . D a l l w i t z - W e g e n e r d i scussed t h e sub j ec t . G. S. P a r k s a n d K . K . K e l l e y g a v e 
81-0 for t h e entropy* 27-10 Cals. for t h e h e a t of f o r m a t i o n , a n d —246-8 for t h e free 
ene rgy a t 25° ; wh i l s t R . W . Mil lar g a v e 34-69 for t h e e n t r o p y a t 25° . A . C. Ha l fe r 
d a h l g a v e —83-1 u n i t s for t h e c h a n g e of e n t r o p y i n t h e f o r m a t i o n of m a g n e t i t e a t 25° . 
O. C. R a l s t o n c a l c u l a t e d f rom t h e s p . h t . d a t a , v a l u e s for t h e c h a n g e in e n t r o p y , 
SS, wh ich occurs w h e n a mo l . of F e 3 O 4 is f o rmed f rom i t s e l e m e n t s : 

25° 100° 200° 300° 400" 600° 585° 700° 800° 
BS . —81-5 —78-9 —76-3 —71-7 ^ 7 1 - 1 — 6 8 - 1 —65-4 —63-9 —63-7 

T h e ca lcula t ions of E . D . E a s t m a n a n d R . M. E v a n s , a n d G. N . L e w i s a n d M. R a n d a l l 
fuamish for t h e free e n e r g y - - 2 6 4 , 6 3 0 — 1 1 T log T—O-112T-2_}_0.000001242Ts 
*=»?11*342T, f rom t h e c a r b o n m o n o x i d e e q u i l i b r i u m ; a n d f rom t h e h y d r o g e n equi l i -
brium, — 256-320—3-763T log 2 ^ 0 - 0 0 6 6 T a - 0'00000T*+4Q*&6T. O . C. R a l s t o n 
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g ives a s t h e b e s t r e p r e s e n t a t i v e v a l u e —269-246—8-1425T log ^ 4 - 0 - 0 0 0 3 4 1 T 2 

+ 1 3 6 - 3 3 2 T . T h e free e n e r g y of m a g n e t i t e is 

25° 100° 200° 400° 585° 
cals. . —241,500 —235,415 —227,800 -212,980 —199,278 

700° 900° 1100° 1300° 
cals. . —19,960 —176,995 —162,195 —148,163 

S. L*oria 1 2 f o u n d for ar t i f icial m a g n e t i t e , -with l igh t of wave- leng th A = 4 3 9 , 
589-6, a n d 665-5/x/x,, t h e ind ices Oi re tract ion r e spec t ive ly 2-46, 2-42, a n d 2-45 ; a n d 
t h e ex t inc t ion coeff icients r e s p e c t i v e l y 0*69, 0-55, a n d 0-50 ; a n d S. Lo r i a a n d 
C. Z a h r z e w s k y o b t a i n e d s imi la r r e su l t s for n a t u r a l ferrosic ox ide , viz. : 

A . . 4390 4 6 6 0 5030 5330 5896 6330 6655 7040 
M . . 2-46 2-43 2-42 2-41 2-42 2-44 2-45 2-42 
Jc . . 0-69 0-66 0-60 0-57 0-55 0-53 0-5O 0-45 

W . W . Coblen tz f o u n d t h e u l tra-red ref lect ing p o w e r r ises un i fo rmly f rom a b o u t 
4 p e r c en t , a t IJJL t o 38 p e r cen t , a t 13/x. S. Ho lge r s son ca lcu la t ed 27*55 for t h e 
m o l e c u l a r refract ion w i t h t h e /*2 f o rmu la . O b s e r v a t i o n s on t h e emiss iv i ty of 
ferrosic o x i d e were m a d e b y H . Ie Cha te l i e r a n d co-workers , B . Monasch , a n d 
E . D o m e k . G. K . B u r g e s s a n d R . G. W a l t e n b e r g g a v e for l i gh t of w a v e - l e n g t h 
0-65^t, 0*63 w h e n t h e v a l u e for p l a t i n u m is 0*33 ; t h e y a lso g a v e for t h e m o l t e n 
ox ide 0-53. G. K . B u r g e s s a n d P . D . F o o t e found t h e m o n o c h r o m a t i c emiss iv i ty , 
E*', a t different t e m p , t o b e : 

800° 900° 1000° 1100° 1200° 
E' . . 0-98 0-97 0-95 0-93 0-92 

a n d t h e t o t a l emiss iv i ty , E : 
500° 600° 700° 800° 600° 1000' 1100° 1200° 

JS7 . . 0-85 0-85 0-87 0-87 0-87 0-88 0-88 0-89 

Surfaces of m o l t e n i ron a n d s teel qu i ck ly a c q u i r e a c o a t i n g of ox ide whose o u t e r 
sur face is essent ia l ly m a g n e t i t e . T h e a b o v e r e s u l t s fu rn i sh a t a b l e of cor rec t ions 
for op t i ca l a n d r a d i a t i o n p y r o m e t e r s s i gh t ed o n sur faces of i r o n ox ide cons i s t ing 
m o s t l y of m a g n e t i t e . T h e t e m p , d r o p s t h r o u g h t h e l a y e r of ox ide , so t h a t t h e t r u e 
t e m p , of t h e m e t a l b e n e a t h t h e o x i d e l a y e r is h i g h e r t h a n i t is a t t h e ou t s ide 
of t h e ox ide l ayer . T h u s , for o b s e r v a t i o n s -with op t i c a l a n d r a d i a t i o n p y r o m e t e r s : 

O b s e r v e d t e m p . . 500° 600° 700° 800° 900° 1000° 1100° 1200° 
T r u e / O p t i c a l . 600° 700° 801° 902° 1004° 1106° 1210° 
t e m p . \ R a d i a t i o n 530° 630° 735° 835° 940° 1040° 1145° — 

P . D . F o o t e s t u d i e d t h e K e r r effect ; t h e r e is a m a x i m u m in t h e c u r v e for t h e K e r r 
effect a t w h i c h t h e e l e c t r o m a g n e t i c ro ta t ion c h a n g e s ; a n d t h e r e is p r o b a b l y a lso 
a m i n i m u m . P . D z i e w u l k y m a d e o b s e r v a t i o n s o n t h e m a g n e t o - o p t i c r o t a t i o n . 
S. Lo r i a , a n d H . E . J . G. d u Bo i s s t u d i e d t h e effect of m a g n e t i c fields of different 
s t r e n g t h ; S. !Loria, H . E . J . G. d u Bo i s , a n d L . R . Ingerso l l , t h e effect of l igh t of 
different w a v e - l e n g t h s ; a n d P . M a r t i n , t h e effect of t e m p . J . K e r r obse rved t h a t a 
su spens ion of finely p o w d e r e d ferrosic ox ide is d o u b l y re f rac t ing in a m a g n e t i c field. 
J . I i . Glasson s t u d i e d t h e X - r a y s p e c t r u m . C. D o e l t e r obse rved t h a t m a g n e t i t e , 
l ike t h e sp ine ls genera l ly , is fa i r ly o p a q u e t o t h e X - r a y s , s t a n d i n g in th i s r e spec t 
b e t w e e n q u a r t z a n d r o c k sa l t . A. D i m a f o u n d t h e photoelectr ic effect w i th m a g 
n e t i t e t o b e v e r y s m a l l ; a n d F . Kr t tge r a n d E . T a e g e observed t h a t if some h y d r o g e n 
s u l p h i d e is p r e s e n t t h e effect is m o r e m a r k e d . C. H . K u n s m a n found t h a t a fused 
m i x t u r e of i r on ox ide w i t h 1 p e r cen t , of a n a lka l i o r a lka l ine ea r th oxide , w i t h o r 
w i t h o u t a l u m i n a , w h e n u s e d a s a h o t a n o d e , o r e m p l o y e d as a coa t ing for p l a t i n u m 
a n o d e , g a v e , a f te r p a r t i a l r e d u c t i o n , s t e a d y pos i t ive i on currents u p t o 1 0 - * a m p . 
p e r sq . c m . i n a v a c u u m of 1 0 - 6 m m . A . J . D e m p s t e r observed no reflection of 
pos i t i ve i ons by c r y s t a l s of m a g n e t i t e . E . K u p p a n d E . Schmid s tud ied t h e reflec-
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t ion of electrons from films of ferrosic oxide . A. W . W r i g h t o b t a i n e d hy cathodic 
splut ter ing in vacuo a t h i n mi r ro r of m a g n e t i t e which w a s g rey i sh-brown i n t r a n s 
mi t ted l ight. E . T. W h e r r y found m a g n e t i t e t o b e a poor rad io-de tec tor . 

R. J . Ha i iy x 8 found t h a t m a g n e t i t e acqui res a nega t ive charge of frictional 
electricity when r u b b e d w i th a handkerchief ; a n d H . F . Vieweg s tud ied t h e sub jec t . 
F . Crook no t ed t h a t i t is a t t r a c t e d b y a r u b b e d s t i ck of shellac. P . Weiss s t u d i e d 
t h e electrostatic m o m e n t of magne t i t e . T h e observa t ions of J . F . Li. H a u s m a n n 
a n d F . C. Henr ic i , F . v o n Kobel l , 6 . Cesaro, E . W a r t m a n n , F . Bei jer inck, a n d 
W . Skey showed t h a t t h e electrical conduct ivi ty of ferrosic oxide is less t h a n t h a t 
of copper . E . W e i n t r a u b found t h e conduc t iv i ty of m a g n e t i t e t o b e 0 - 0 1 1 6 x 1 0 * 
m h o s pe r cm. cube when t h a t of copper is 64 X10* m h o s pe r cm. cube . T h e con
d u c t i v i t y increases wi th rise of t e m p . H . B a c k s t r o m found t h a t a t 40° t h e electrical 
res istance of rods c u t paral lel t o t h e cubic a n d t h e dodecahedra l n o r m a l s a r e t h e 
same . T h e electrical res is tance decreases slowly wi th a rise of t e m p . A. A b t 
found t h a t t h e res is tance of a cm. cube of magne t i t e from Morav i t za r a n g e d from 
7*06 t o 4900 ohms ; t h e var ia t ion is a t t r i b u t e d t o t h e va r i a t i on i n t h e p r o p o r t i o n 
of con ta ined q u a r t z as impur i t y . R . D . H a r v e y , a n d H . L o w y s tud ied t h e subjec t . 
The effect of va r i a t ions of t e m p , were measured b y S. P . T h o m p s o n , H . B a c k s t r o m , 
C. C. Bidwell , a n d C. F e r y . S. L. B r o w n gave 562*5 o h m s pe r cm. cube for t h e s p . 
res is tance , R, of fused m a g n e t i t e a t 20° a n d for t h e res is tance a t 6° b e t w e e n —3° 
a n d 365°, i?=562-5(l-82—0-05240—0-000570*). C. Doe l te r found t h a t t h e electr ical 
res is tance is 1-198 o h m a t 15°, i t is 0-614 o h m a t 115° ; a n d be tween 500° a n d 600° 
t h e resul t s were i r regular . J . Konigsberger and K . Schill ing m e a s u r e d t h e electr ical 
res is tance, JRB ohms , of artificial ferrosic oxide, a t different t e m p . , F ig . 515 . T h e 
resul t s show a b r e a k a t a b o u t 530°, a n d a m i n i m u m a t 220°. A n u m b e r of samples 
b roke on pass ing 530°. F o r ct-ferrosic oxide : 

R 
15° 

O-0O794 
82° 

0 0 0 5 8 2 
192° 

0 0 0 4 4 6 
221° 

0 0 0 4 3 4 
240° 

0 0 0 4 3 5 

a n d for )8-ferrosic oxide , t h e r e is a m i n i m u m a t 815° 

R 
550° 

0 0 0 6 9 
605° 

0 0 0 6 8 
660° 

0OO 6 4 
710° 

0 - 0 0 5 9 
765° 

0 0 0 5 6 

280° 
0 0 0 4 4 6 

815° 
0 - 0 0 5 4 

410° 
0 0 0 7 7 0 

840° 
0 - 0 0 5 5 

485° 
O O H 2 

905° 
0 0 0 6 0 

43 

tZO 
110 
/00 
90 
80 
70 
60 
50 
40, 

400 

S. Veil also no t ed a d i scon t inu i ty in t h e conduc t iv i ty cu rve b e t w e e n 500° a n d 600° 
a t t h e Curie po in t ; C. C. Bidwel l a t t r i b u t e d t h e effect a t 600° t o 800° t o a p a r t i a l 

ox ida t ion of t h e ferrosic oxide . Observa t ions 
were also m a d e b y B . Y o u n g , R,. v o n H a s -
slinger, E . Renschler , T . O k a m u r a , a n d 
J . Konigsberger . E . Wilson a n d E . F . H e r -
r o u n found t h a t t h e res i s tance of m a g n e t i t e 
va r ies w i t h t h e impressed vo l t age , t h e resist
ance decreas ing as t h e p o t e n t i a l difference w a s 
increased. T h e effect of h e a t i n g a n d sub -

^̂ o ^,o<^^,o an~°» s equen t ly cooling t o t h e o r d i n a r y t e m p . , was 
- 20cr 4°° 600 80° t o d imin i sh b o t h t h e res i s tance a n d t h e t e m p . 

F io . 515.—The Effect of Temperature coeff., whi ls t t h e app l i ca t ion of m a g n e t i c force 
n e t i £ e E l e d t r i c a l R e s i s t o n o e o f Mag- o r compress ive s t ress a lso caused a decrease 

in res is tance . A press , of 887 k g r m s . p e r sq . 
cm. decreased t h e res is tance 1-1 t o 3*9 p e r cen t . I n one case a s amp le w i t h h igh 
magne t i c r e t e n t i v i t y b e h a v e d except ional ly , i t s res is tance be ing scarcely affected 
b y va r i a t ion in t h e app l i ed po t en t i a l difference o r b y a l t e r n a t i n g changes of t e m p . ; 
fur thermore , t h e app l i ca t ion of a magne t i c field m a d e re la t ive ly l i t t le difference i n 
t h e resis tance, a l t h o u g h t h i s was diminished b y compress ive s t ress . C. W . H e a p s 
found t h a t for a magnet ic field of s t r eng th 4000 t o 5000 g a u s s , t h e r a t i o dR/R 
a t t a i n s a m a x i m u m . T . W . Case observed n o change i n t h e e lectr ical res i s tance 
OH exposure t o l igh t . T h e electrical res is tance of compressed p o w d e r s w*M» 
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measured by J . Konigsberger and K. Reichenheim, F . Streintz, S. Veil, R. von 
Hasslinger, J . Konigsberger, B . Young, E . Renschler, and C. C. Bidwell. R. von 
Hasslinger inferred t l ia t with artificial ferrosic oxide, the conductivity a t high 
temp, is electrolytic ; bu t C. Doelter said t h a t the conductivity is electronic, *.e. 
metallic, both a t ordinary and a t elevated temp. The subject was discussed by 
O. Lehmann, J . Konigsberger and co-workers, R. von Hasslinger, W. Nernsfc, and 
S. Veil. 

Some observations on the thermoelectric force of magnetite were made by 
T. J . Seebeck, and W. G. Hankel . J . Weiss and J . Konigsberger found tha t the 
thermoelectric force of magneti te against copper is 6 X 10~5 volt per degree, so 
t h a t the current flows through the warm, junction to the copper. S. L. Brown 
and L. O. Shuddemagen represented the results for the Fe : Fe3O4 couple by 
i£=0*427(#—20) ; and they found the thermoelectric force of the couples of 
magnetite with iron, copper, and cuprous oxide to be : 

Fe Cu Cu2O 
t * , , *. , , * ^ 

H o t j u n c t i o n . 90° 517° 639° 102° 315° 550° 92° 312° 650° 
V o l t a g e . . O03O 0-211 0-300 0-035 0-125 0-225 0-112 0-405 0-77O 
C. Fery also measured the thermal e.m.f. of magnetite against iron ; and C. C. Bid-
well, against pla t inum—at 200°, the temp. coeff. of the e.m.f. was —0*00005 volt 
per degree ; and in the curve representing the effect of temp. , there is a t rans
formation point between 700° and 800°. 

P . Bechtereff found the electromotive force of the cell with molten sodium 
hydroxide Fe3O41 N a O H + K M n 0 4 1 C rises with temp, up to 0*9 volt, and then 
gradually falls as the mixture approaches its b .p. C. A. IL. de Bruyn observed tha t 
the e.m.f. of the cell Fe3O4 | 0*12V-Fe*SO4-f-Fe*"2(SO4)3 | JV-BLCl,Hg2Cl2 | Hg is a little 
less t han the observed value for plat inum. The results are : 

Fe-* . . 6 7 - 5 48-5 36 16 1 p e r c en t . 
F e - . . 32-5 51-5 64 84 99 „ 
E . . 0-334 0-366 0-378 . 0-401 0-480 v o l t . 

Gr. Tammann also made some observations with magnetite containing some 
haematite, and found for the cell Fe3O4 | 42V-ZnSO4 | Zn, 1*20 volt ; Fe3O4 f PbCl2 sat. 
soln. I Pb , 0*60 volt ; Fe 3O 4 | 22V-CuSO4 | Cu, 0 1 4 volt ; and Fe3O4 | Ag2SO4 sat. 
soln.|Ag, 0*03 volt. H . Backstrom observed that while the electrical conductivity 
of magneti te is isotropic, different electrode potentials are developed by the contact 
of different faces of a crystal with electrolytes, and consequently different faces 
of the crystal in the electrolyte set up a difference of potential and an electric 
current results. A. von Hansen also found t h a t an octahedral face is negative 
towards a cubic face. Irregular results were obtained using different concen
trat ions of hydrochloric or sulphuric acid. W. D. Tread well found the potential, 
E volt, of ferrous oxide against ferrosic oxide from measurements of the cell 
FeO9Fe3O4 | electrolyte | O2, to be : 

875° 950° 970° 980° 1000° 1010° 1020° 1090° 1100° 
E . . 0-967 0-898 0-915 0-927 0-897 0-88O 0-890 0-856 0-838 

E. Baur and co-workers, working with the cell FeOjFe3O4 | electrolyte | Cu0,Cu 2 0, 
obtained 2?=0-9 volt a t 900°. Calculations based on equilibrium data in an atm. 
of hydrogen and s team were made by E . Baur and A. Glassner, G. Chaudron, 
G. Premier, W. D . Treadwell, and L. Wohler and R. Giinther. R. C. Wells measured 
the electrode potential of magneti te in 2V-soln. of sulphuric acid, and found 0-91 vol t ; 
potassium chloride, 0*40 volt ; and sodium hydroxide, —0-22 vo l t ; P . Bechtereff 
found the potential of magneti te against molten sodium hydroxide to be the same 
as t h a t of iron, cobalt, nickel, plat inum, gold, silver, copper, and constantan 
between 330° and 650°. This is taken to mean tha t the observed result is a gas 
potential and not the potential of ferrosic oxide. E. Renschler studied the behaviour 
of ferrosic oxide electrodes and found t h a t as a cathode the oxide behaves similarly 
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t o iron, b u t as a n o d e i t is cha r ac t e r i z ed b y a lower p o t e n t i a l . I n t h e e lec t ro lys is 
of a m m o n i u m s u l p h a t e a n d s o d i u m ch lo ra t e—for t h e p r e p a r a t i o n of p e r s u l p h a t e 
or p e r c h l o r a t e — t h e y ie lds w i t h t h e ferrosic o x i d e a n o d e a r e v e r y smal l , a n d i n t h i s 
respect t h e b e h a v i o u r r e sembles t h a t of p l a t i n i z e d p l a t i n u m ; a n d i n t h e e lec t ro lys is 
of a soln. of a m m o n i u m s u l p h a t e , t h e e l ec t rode is a t t a c k e d . I n t h e e lect rolys is of 
iod ide soln. , t h e b e h a v i o u r is v e r y l ike t h a t of p l a t i n u m ; w i t h b r o m i d e soln . , t h e 
y ie ld is less t h a n w i t h p l a t i n u m ; a n d w i t h ch lor ide soln. , w i t h o u t a d i a p h r a g m , t h e 
y ie ld is smal le r t h a n w i t h p l a t i n u m , a n d falls be low 66 p e r c e n t . If t h e e lec t rodes 
a r e s m o o t h , t h e y ie lds a r e h igher ; a n d if r o u g h , t h e e l ec t rode is s t r o n g l y a t t a c k e d 
a n d t h e c u r r e n t efficiency is r e d u c e d . T h e o x y g e n o v e r - v o l t a g e m e a s u r e d b y 
H . C. H o w a r d is i n n o r m a l s o d i u m c h l o r a t e soln . 0*4 t o 0*6 v o l t less t h a n is t h e case 
w i t h p l a t i n u m . B . Ia Croix v o n L a n g e n h e i m sa id t h a t i n a 16 p e r c e n t . so ln . of 
s o d i u m h y d r o x i d e , a m a g n e t i t e c a t h o d e is s lowly r e d u c e d . O b s e r v a t i o n s w e r e 
m a d e b y P . P . Fedoteeff, a n d K . E l b s . 

M a g n e t i t e shows t h e p r o p e r t y of f e r r o m a g n e t i s m t o a m a r k e d degree—v ide 
supra, i ron . A. L . HoIz 1 4 s t a t e d t h a t i n a s t r o n g m a g n e t i c field, t h e r a t i o of 
t h e p e r m a n e n t m a g n e t i s m of m a g n e t i t e t o t h a t of g l a s s -ha rd s teel is a s 1-5 : 1 ; 
a n d A. A b t g a v e 1-82 : 1 t o 2*21 : 1. O b s e r v a t i o n s were m a d e b y C. B . Gre iss , 
JB\ F. H o r n s t e i n , a n d G. A. K e n n g o t t . P . Weis s found t h e s a t u r a t i o n i n t e n s i t y 
of m a g n e t i z a t i o n r a n g e s f rom 435 t o 469 g a u s s . H . E . J . G. d u Bois o b t a i n e d a 
l im i t t o t h e i n t e n s i t y of m a g n e t i z a t i o n , / = 3 5 0 , showing t h a t s a t u r a t i o n is com
p l e t e w h e n t h e m a g n e t i z i n g force ,HT=I-SOO. V. Q u i t t n e r g a v e I00 = 4 8 2 g a u s s ; 
P . D . F o o t e , 290 gauss ; S. Lo r i a , 360 g a u s s . F o r art if icial ferrosic ox ide , P . We i s s 
g a v e 476*5 gauss ; S. Lor i a , 450 gauss ; a n d A. D r o z , 455 gaus s . A . Droz , a n d 
P . W e i s s o b t a i n e d different va lue s for t h e s a t u r a t i o n v a l u e of t h e i n t e n s i t y of 
m a g n e t i z a t i o n w i t h c rys t a l s sec t ioned a b o u t different a x e s of s y m m e t r y . P . We i s s 
a n d H . K . Onnes found t h e s a t u r a t i o n i n t e n s i t y a t —257*2° t o b e 90-75 g a u s s ; 
a n d a t —253° , 95-9 gauss . T h e sub j ec t w a s i n v e s t i g a t e d b y P . Weiss , W . K o p p , 
W . L e n z , a n d W . H . K e e s o m . L . A . WeIo f o u n d t h a t t h e r e m a n e n t m a g n e t i s m 
increases u n d e r p ress . , so t h a t a t 1200 a t m . a n d a field-strength of 40 g a u s s , t h e r e 
is a 45 t o 50 pe r cen t , inc rease . H . E . J . G. d u Bois a lso o b s e r v e d : 

M a g n e t i c f o r c e , H 
I n t e n s i t y o f m a g n e t i z a t i o n , I 
I n d u c t i o n , JE? 
P e r m e a b i l i t y fj. 

E . Wi l son a n d E . !F. H e r r o u n o b s e r v e d t h a t w i t h a field-strength of H=55 gauss , 
t h e m a x i m u m p e r m e a b i l i t y , /tx—35 ; t h e coerc ive force, Hc=20-7 g a u s s ; a n d t h e 

r e m a n e n t i n d u c t i o n , Z ? r = 1 1 6 8 g a u s s ; for c o m p r e s s e d 
powder , t h e p e r m e a b i l i t y , /JL, a t t a i n s a m a x i m u m of 
9-16 w i t h H=103. C. W . H e a p s f o u n d t h e pe r 
m e a b i l i t y of a m a g n e t i t e c ry s t a l r a n g e d b e t w e e n 1*2 
t o 1 -38 as t h e field-strength w a s ra i sed t o 5000 g a u s s . 
M a g n e t i t e w i t h a h igh m a x i m u m suscep t ib i l i t y m a y 
give a sma l l e r r e m a n e n c e t h a n s a m p l e s w i t h a sma l l e r 
m a x i m u m suscep t ib i l i t y . O b s e r v a t i o n s we re m a d e 
b y A . A b t , E . B e c q u e r e l , J . C. S t e a r n s , G. R . W a i t , 
L . F . B ley , J . D o n a u , P . E l i a s , C. B . Gre iss , a n d 
A. L . HoIz . E o r t h e h y s t e r e s i s loops of m a g n e t i t e , 
b y R . B . S o s m a n a n d E . P o s n j a k , vide F i g . 526 . 
T h e r e l a t i o n b e t w e e n t h e r e m a n e n c e of r e m a n e n t 
m a g n e t i s m , B, a n d t h e field s t r e n g t h , H, is i l l u s t r a t e d 
b y F i g . 516 , w i t h t h a t for n i cke l for c o m p a r i s o n . 
C. W . H e a p s s t u d i e d t h e B a r h a u s e n e f f ec t ; a n d 
T . D. Y e n s e n , t h e m a g n e t i z a t i o n of t h i n films. 
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M. C B a n d y s u p p o s e d t h a t l o a d s t o n e h a s been formed b y l i g h t n i n g s t r i k i n g 
o u t c r o p s of m a g n e t i t e o re . H . F o r e s t i e r o b s e r v e d t h a t t h e remanence of n a t u r a l 
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a n d art if icial m a g n e t i t e is inc reased a f te r h e a t i n g a n d cool ing . P . E r m a n , 
M. F a r a d a y , W . M. Mordey , a n d E . Co la rdeau m a d e some o b s e r v a t i o n s o n t h i s 
sub jec t . J . K u n z d iscussed t h e m a g n e t i c m o m e n t of t h e e l e m e n t a r y magnet s . 
G. R . W a i t s t u d i e d t h e p e r m e a b i l i t y of m a g n e t i t e in a l t e r n a t i n g fields of h i g h 
f r equency ; V. Q u i t t n e r , t h e m a g n e t i c hys te res i s , a n d A. Per r i e r , t h e effect of t e m p , 
o n t h e hys te res i s . T h e r e l a t ion b e t w e e n t h e m a g n e t i z a t i o n a n d t h e s t r e n g t h of t h e 
field w a s m e a s u r e d b y C. Bened icks , G. G. B r i n g , a n d H . N a t h o r s t . R . Cheval l ier 
o b s e r v e d t h a t w i t h artificial ferrosic ox ide , t h e i n t e n s i t y of m a g n e t i z a t i o n , Z g a u s s : 

Fie ld-strength, H . O 60 120 18O 195 gauss 
, / increasing, H . O 3 7-7 12-6 13-8 

(decreasing, H . 2-3 6-2 9-9 13-2 13-8 ,, 

F . S t u t z e r a n d co-workers g a v e 75-00 X I O - * t o 97-35 x 1 0 ~ 6 for t h e ooeff. of 
m a g n e t i z a t i o n of m a g n e t i t e ; E . Wi l son a n d E . F . H e r r o u n f o u n d t h e suscep t ib i l i ty 
t o b e 30O X 10 -6 t o 615 X 1 0 - « ; a n d W . R . Crane , 37 X 1 0 - « . H . Wi lde a t t r i b u t e d t h e 
a p p a r e n t inc rease in m a g n e t i s m on r a i s ing t h e t e m p . , t o a surface r e s i s t ance which 
d i s a p p e a r s o n r a i s ing t h e t e m p . , on inc reas ing t h e m a g n e t i z i n g force, or o n d imin i sh ing 
t h e m a s s of t h e s u b s t a n c e . T h e m a g n e t i c suscep t ib i l i ty of m a g n e t i t e is d e p e n d e n t 
on t h e field-strength, H> a n d E . Wi l son a n d E . F . H e r r o u n o b s e r v e d t h a t t h e 
c h a n g e is g r e a t e r t h e l a rger t h e suscep t ib i l i ty . E . H o l m i n v e s t i g a t e d t h i s sub j ec t ; 
a n d W . S u c k s m i t h , a n d J . W . F i s h e r s t u d i e d t h e g y r o m a g n e t i c effect o b t a i n e d 
w h e n t h e m a g n e t i z a t i o n of m a g n e t i t e is c o n d u c t e d in a r o t a r y field. M. F a r a d a y , 
P . E r m a n , a n d E . Becque re l obse rved t h a t a t a r ed -hea t , t h e m a g n e t i s m of m a g n e t i t e 
is los t , b u t is r e s t o r e d a g a i n on cooling. F . R i n n e showed t h a t t h e m a g n e t i z a b i l i t y 
of m a g n e t i t e g r a d u a l l y r ises w i t h inc reas ing t e m p , and t h e n s u d d e n l y falls ; whi l s t 
o n cool ing, t h e p h e n o m e n a a r e r eve r sed . P . Cur ie f o u n d t h a t t h e r e is a n inve r s ion 
i n t h e m a g n e t i c suscep t ib i l i t y of m a g n e t i t e a t a b o u t 535° ; E . H . B a r t o n a n d 
W . W i l l i a m s sa id 557° ; F . R i n n e , 575° ; H . E . J . G. d u Bois , 555° ; J . Huggetfc 
a n d G. C h a u d r o n , 570° ; S. Veil , 550° ; P . We i s s a n d P . N . Beck , 580° a n d 588° ; 
P . Weiss , A. P i c c a r d a n d A. C a r r a r d , 593-5° ; P . Weiss , A. P i c c a r d a n d A. Ca r r a rd , 
593° ; Chemische F a b r i k G r i e s h e i m - E l e k t r o n , 585° ; P . Weiss a n d G. F o e x , 581° ; 
S. Wologd ine , 525° ; G. E . Al lan , 550° ; T. I s h i w a r a 580° for t h e n a t u r a l a n d 510° 
for art if icial m a g n e t i t e ; a n d H . T a k a g i , 515° for n a t u r a l m a t e r i a l . R . F o r r e r 
s t u d i e d t h e sub jec t . !K. H o n d a a n d T . Sone ' s v a l u e , 690°, refers t o a n artificial 
s a m p l e w i t h m u c h ferric ox ide ; for n a t u r a l m a g n e t i t e t h e y gave 580°. T h e 
a c t u a l t e m p , is inf luenced b y t h e m a g n i t u d e of t h e i n d u c t i o n or of t h e m a g n e t i z i n g 
force. A t t e m p t s h a v e b e e n m a d e t o d e t e c t d i scon t inu i t i e s in o t h e r phys ica l 
p r o p e r t i e s a t t h e Cur ie p o i n t . P . C h e v e n a r d obse rved a b r e a k in t h e t h e r m a l 
e x p a n s i o n c u r v e of m a g n e t i t e a t a b o u t 570° , a n d G. C h a u d r o n a n d H . Fores t i e r , 
a s imi la r one w i t h ferrosic ox ide ; G. E . Al lan o b s e r v e d a t h e r m a l effect accom
p a n y i n g t h e m a g n e t i c t r a n s f o r m a t i o n ; a n d J . Kon igsbe rge r a n d K . Schi l l ing found 
a b r e a k i n t h e e lect r ica l c o n d u c t i v i t y c u r v e of m a g n e t i t e n e a r 530°. S. Veil a lso 
m a d e o b s e r v a t i o n s o n t h i s sub jec t ; Hi. F . B a t e s , J . R . Ash w o r t h , a n d L . A . WeIo 
a n d O. B a u d i s c h s t u d i e d t h e r e l a t ion b e t w e e n t h e Curie p o i n t a n d t h e i n t e n s i t y of 
m a g n e t i z a t i o n ; a n d G. R . W a i t , t h e p e r m e a b i l i t y in osci l la t ing fields. 

T h e rec ip roca l of t h e m a g n e t i c suscep t ib i l i ty , ^ , w h e n p l o t t e d a g a i n s t t h e 
a b s o l u t e t e m p . , T9 u s u a l l y g ives a s t r a i g h t l ine , C=x(T—O)* whe re 0 d e n o t e s t h e 
Curie point, or t h e t e m p , of m a g n e t i c inve r s ion ; C is cal led t h e Curie constant. 
P . Cur ie f o u n d t h a t b e t w e e n 850° a n d 1360°, t h e m a g n e t i c suscept ib i l i ty , x» decreases 
r egu l a r ly w i t h a r i se of t e m p . , T°, so t h a t x X 1 0 6 = 2 8 , 0 0 0 T - 1 . Accord ing t o 
P . We i s s a n d G. F o e x , w h e n t h e r e su l t s a r e p l o t t e d , t h e cu rve consis ts of a series 
of four s t r a i g h t l ines : 

581° to 622° 622° to 680° 680° to 710° 710° to 770° 770° to 900° 900° to 1360° 
Curie po in t . 681 658 — 433 194 O 
Curie cons tant . 0 0 0 4 4 5 0 0 0 6 8 2 0 0 1 0 6 0 0 1 8 0 0 0 2 8 
P . We i s s a r g u e d t h a t w h e r e v e r t h e l i ne c h a n g e d d i r ec t ion , a new form of m a g n e t i t e 

VOI*. XIII. 3 ° 
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is responsible for some other physical change. No other investigator has noticed 
changes in other physical properties corresponding with those for the magnetic 
change reported by P . Weiss. P . Curie's curve shows no sharp change in direction. 
The following is a selection from the data : 

— 13S° —21-5° 19° 216° 616° 627° 656° 913° 1332° 
X X10« . 2 2 1 36-8 37-6 37-0 60-2 4 5 0 3 1 0 13-8 10-6 

By the method of t rea tment , the samples must have been converted into ferric 
oxide before the measurement was made. The critical temp, of inversion is not 
sharply denned. Observations were also made by H. Takagi. Li. H. Adams and 
J . W. Green found t h a t pressure has no perceptible influence on the critical t emp. 
The passage from the ferromagnetic to the paramagnetic state was formerly thought 
t o be accompanied by a sharp discontinuity. The results of P . Weiss and P . N . Beck 
show t h a t the change is not abrupt . Actually, the intensity does not fall t o zero, 
bu t rather to a low, nearly constant value. The susceptibility is reversible ; bu t 
between 920° and 680°, the susceptibility on the cooling curve is rather less t h a n 
on the heating curve. C. H . Li found tha t the magnetic properties changed 
abrupt ly a t —160°, the temp, a t which R. W. Miller observed t h a t the thermal 
capacity suddenly increases to a maximum. 

J . Hugget and G. Chaudron found the transformation point on the temperature-
magnetization curve of magnetite occurs a t 570°, there are anomalies when the 
magnetite is heated in air owing to superficial oxidation. There is the irreversible 
Curie point a t 570°. If magnetite be heated in air a t 330° i t forms an unstable, 
strongly magnetic compound with a composition between Fe 2 O 3 and Fe8O4 . 
Martite and oligist are unstable a t 570° and 675°. K. Renger observed tha t the 
effect of a magnetic field of H gauss on the transformation temp. 0, is 0 = 5 6 3 
+0-08H, and P . Weiss gave 

FI . . . 0 1438 2903 5094 8144 10,430 11,930 
0 . . . 563° 566° 567-5° 569° 570-4° 671° 572° 

R. Forrer observed tha t , a t —153°, magnetite has a singular change of s ta te which 
manifests itself by a discontinuous variation in magnetization due to an abrupt 
decrease in the coeff. of magnetic hardness. I t does not affect the magnetic moment, 
or the law of thermal variation of saturation. T. Okamura studied the pheno
menon a t low temp. W. Sucksmith and H. H . Pot ter discussed the P . Weiss 
relation between the sp. ht . and the magnetization of magneti te ; and J . R. Ash-
worth, the application of an equation of state—vide iron. K. T. Compton and 
E . A. Trousdale, and A. H. Compton and O. Rognley showed tha t no change in 
t he structure of single crystals occurs in a strong magnetic field. E . Wedekind, 
and E . Wilson and E . F . Herroun studied this subject ; and P . Weiss the residual 
magnetism. Y. Ka to and T. Takei made magnets of iron oxide. 

S. Hilpert and J . Beyer prepared mixtures of ferrosic and ferrous oxides, which 
were non-magnetic, by reducing ferric oxide in a s t ream of hydrogen and s team 
a t 400° to 1100°. No crystalline structure was observed in the black masses. The 
higher the proportion of contained ferrous oxide, the more rapid the dissolution in 
acids. The magnetic susceptibility fell to zero with proportions of ferrous oxide 
approximating 74 per cent, of ferrous oxide. I t is considered t ha t when all the 
ferrosic oxide is in solid soln. in the ferrous oxide, i t loses i ts ferromagnetism. This 
is in agreement with the failure of the X-radiograms to detect ferrosic oxide in the 
mixture. The bend in the curve with between 20 and 25 per cent., say 21*5 per 
cent., of ferrous oxide probably represents a sat. solid soln. of ferrous in ferrosic 
oxide. The complex 2FeO.Fe2O3 occurs a t 23-6 per cent, of ferrous oxide. 
W^ Borchers found t h a t the ferrous and cuprous sulphides in copper mat tes reduces 
the ferric oxide as far as 2FeCFe 2 O 8 . A solid soln. with 74 per cent, of ferrous 
oxide is hence taken to represent a sat . soln. of Fe8O4 in FeO a t about 1000°. The 
kink in the curve with 61 per cent, of FeO, corresponding with OFeO-Fe2O8, m a y 
have no significance. J . Hugget t and G. Chaudron paxtially reduced ferric oxide 
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i n h y d r o g e n , a n d homogen i zed t h e s a m p l e s b y h e a t i n g t h e m for 30 h r s . a t 6 5 0 ° . 
T h e p r o d u c t s c o n t a i n i n g fer rous ox ide sp l i t u p w i t h ferrosic ox ide a n d i ron n e a r 
300° ; a t 575° , a m a g n e t i c a n o m a l y occur red owing to t h e Cur ie p o i n t of m a g n e t i t e ; 
a t a b o u t 600° , t h e decompos i t i on c o m p o n e n t s of t h e fe r rous ox ide r e c o m b i n e d so 
t h a t a n o t h e r m a g n e t i c a n o m a l y occur red . P . Weiss a n d G. F o e x o b s e r v e d a f a i n t 
t r a c e of m a g n e t i s m in art if icial ferrosic ox ide u p t o 678°, b u t R . B . S o s m a n a t t r i 
b u t e d t h i s t o t h e p re sence of a l i t t l e m a g n e t i c ferric ox ide p r o d u c e d b y t h e o x i d a t i o n 
of t h e m a g n e t i t e . H . T a k a g i d id n o t o b t a i n a d i s c o n t i n u i t y in some s a m p l e s of 
m a g n e t i t e w h e n b e a t e d b e t w e e n 600° a n d 900°. H . Sacbse s t u d i e d t h e m a g n e t i z a -
b i l i t y of ferrosic ox ide d i spe r sed in a l u m i n a , sil ica, or s t r o n t i u m s u l p h a t e . 

L o r d K e l v i n (W. T h o m s o n ) found t h a t c r y s t a l s b e l o n g i n g t o t h e cub ic s y s t e m 
a r e m a g n e t i c a l l y i so t rop ic , b u t t h i s is n o t t h e case w i t h m a g n e t i t e , for t h e c rys ta l s 
a r e magne t i c a l l y an i so t rop i c . Acco rd ing t o P . Weiss , t h e m a g n e t i c p e r m e a b i l i t y of 
m a g n e t i z a t i o n va r i e s w i t h t h e i nc l ina t ion of t h e m a g n e t i z i n g field t o t h e crys ta l lo-
g r a p h i c a x i s ; t h u s , t h e r e su l t s w i t h r o d s c u t pa ra l l e l t o t h e axes (111), (HO) , 
a n d (100), o r pa ra l l e l t o t h e cube , o c t a h e d r o n , a n d r h o m b i c d o d e c a h e d r o n faces, 
exp re s sed i n c.g.s. u n i t s , for a n e x t e r n a l field H, a t o t a l m a g n e t i s m / , a n d a 
remanence JBrt are : 

(111) 

(HO) 

(100) 

If ; 
Ii : 
Ii : i 

22-9 
172-4 

49-6 

39-7 
162-2 

40-5 

1 8 1 
1 7 4 1 

61-6 

43-3 
263-8 

6 1 0 

38-4 
249-3 

50-8 

39-8 
233-4 

7 4 0 

7 9 1 
347-0 

70-5 

75-0 
3 2 3 0 

58-6 

78-4 
271-3 

83-6 

146-2 
399-O 

75-9 

144-5 
376-6 

63-4 

151-9 
307-5 
89-3 

239-3 
414-3 

75-6 

2 3 8 1 
3 9 2 1 

63-7 

251-7 
340-6 

89-7 

326-8 
418-2 

75-6 

316-5 
403-8 

64-6 

342-4 
365-2 

90-6 

4 3 6 0 
422-2 

75-2 

499-6 
410-1 

65-6 

435-6 
3 8 7 0 

89-3 

These r e su l t s show t h a t m a g n e t i t e is m a g n e t i c a l l y an i so t rop i c . T h e eelotropic 
m a g n e t i c p r o p e r t i e s of m a g n e t i t e s h o w t h a t t h e theor i e s which r e g a r d m a g n e t i 
z a t i o n as r e su l t i ng from t h e o r i e n t a t i o n of pa r t i c l e s of fixed m a g n e t i c m o m e n t a r e 
n o t sufficient t o exp l a in t h e m a g n e t i z a t i o n of c rys ta l l ine bodies . The sub jec t w a s 
d i scussed b y V. Q u i t t n e r , J . B e c k e n k a m p , W . Voig t , J . K u n z , S. Sano , C H . L i , 
W . P e d d i e , F . W a l l e r a n t , K . H o n d a a n d J . O k u b o , G. R . W a i t , A. Droz , a n d 
B . B a v i n k . J . C. S t e a r n s t r i e d unsuccessful ly t o d e t e c t a c h a n g e in t h e i n t e n s i t y 
of t h e X - r a y b e a m reflected f rom a c r y s t a l of m a g n e t i t e w h e n u n d e r t h e influence 
of a m a g n e t i c field. H e conc luded t h a t e lec t rons r evo lv ing in o rb i t s w i t h i n t h e 
a t o m c a n n o t a c c o u n t for f e r r o m a g n e t i s m . 

C. W . H e a p s a n d J . T a y l o r obse rved t h e B a r k h a u s e n effect w i t h da rk -co loured 
m a g n e t i t e showing wel l -deve loped c leavage p l anes , b u t n o t w i t h spec imens showing 
r o u n d e d corners , a n d u n e v e n faces. T h e sub j ec t w a s d i scussed b y «T. B e c k e n k a m p , 
a n d W . Voig t . O b s e r v a t i o n s were a lso m a d e b y B . B a v i n k , F . R i n n e , A. D r o z , 
V. Q u i t t n e r , E . Wi l son a n d E . E . H e r r o u n , a n d E . Wi lson—v ide supra, t h e f o r m a t i o n 
of m a g n e t i t e i n b r i cks , e t c . F o r t h e hys t e re s i s loop, see F ig . 2 9 1 . 

E . Wi l son obse rved t h a t w i t h tens i le s t resses u p t o 130 k g r m s . p e r sq. m m . in 
a g i v e n field, t h e suscep t ib i l i ty of m a g n e t i t e a t first increases w i t h s t ress , decreases , 
a n d t h e n i t e x h i b i t s a r eversa l a s in t h e case of i ron . T h e m a g n e t i c force a t wh ich 
t h e p e r c e n t a g e inc rease i n p e r m e a b i l i t y h a s a m a x i m u m v a l u e is less t h a n t h e force 
for w h i c h t h e m a x i m u m suscep t ib i l i ty occurs . I . K r u c k e n b e r g observed n o p r o 
p o r t i o n a l i t y b e t w e e n t h e c h a n g e in l e n g t h , dl/l, of m a g n e t i t e a n d t h e p e r m e a b i l i t y . 
Acco rd ing t o K . Y a m a d a , t h e coerc ive force of m a g n e t i t e is g rea t e r t h a n t h a t of 
soft i r on ; a n d t h e i n t e n s i t y of m a g n e t i z a t i o n is a b o u t half t h a t of n ickel . T h e 
hys t e r e s i s resembles t h a t of i ron in w e a k fields. T h e ene rgy d i s s ipa ted d u r i n g a 
cycle for 27=-4-288 is a b o u t 54,400 ergs . T h e c h a n g e of l eng th in w e a k fields is 
s low, b u t goes o n inc reas ing a t a s t e a d y r a t e , so t h a t t h e m a x i m u m e longa t ion w a s 
n o t a t t a i n e d w i t h severa l h u n d r e d gauss . 
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C. W. H e a p s f o u n d t h a t t h e m a g n e t o s t r i c t i o n of a n o c t a h e d r a l c ry s t a l of 
m a g n e t i t e a long t h e t h r e e axes , w i t h field-strengths, H9 u p t o 5000 gaus s , g a v e c u r v e s 
which were al l s imi lar i n form—firs t c o n v e x t o w a r d s t h e / / - a x i s , a n d t h e n c o n c a v e , 
t e n d i n g t o w a r d s a m a x i m u m n e a r 5000 g a u s s . W i t h a l o n g i t u d i n a l field of 5000 
gauss , t h e d i agona l a x i s e x p a n d s 3 O x I O - 4 p e r cen t . , t h e t r i g o n a l ax i s , 1 2 X l O - 4 

p e r c en t . ; a n d t h e t e t r a g o n a l ax i s c o n t r a c t s 4 X 1O - - 4 p e r c en t . W i t h a n e q u a l 
t r a n s v e r s e field, t h e p e r c e n t a g e c h a n g e s a r e a c o n t r a c t i o n of t h e d i a g o n a l a x i s of 
4 4 X l O - 4 p e r cen t . , a c o n t r a c t i o n of t h e t r i g o n a l a x i s of 2 8 x l 0 ~ 4 p e r cen t . , a n d a n 
e x p a n s i o n of t h e t e t r a g o n a l ax i s of 4 X 1 O - 4 p e r c en t , r e spec t ive ly . T h e effect 
p e r p e n d i c u l a r t o a p l a n e is i n d e p e n d e n t of t h e d i r e c t i o n of t h e field in t h a t p l a n e . 
N o d e p a r t u r e f rom cub ic s y m m e t r y w a s e s t ab l i shed . T h e m a g n e t o s t r i c t i o n c u r v e 
is s u p p o s e d t o b e t h e r e s u l t a n t of t w o supe rposed effects, a n d t h e Vi l la r i r eve r sa l 
p r o b a b l y a consequence of t h e h e t e r o g e n e o u s c r y s t a l a r r a n g e m e n t i n t h e i ron . 
!F. Gross sa id t h a t s ince ferrosic ox ide is t h e o n l y m a g n e t i c ox ide of i ron , i t is n o t 
i m p r o b a b l e t h a t t h e m a g n e t i c p rope r t i e s of i ron in gene ra l a r e d u e t o t h e p r e sence 
of t h e a t o m i c g r o u p : 

A . K r a u s e a n d J . Tu leck i a t t r i b u t e d t h e m a g n e t i c p r o p e r t i e s t o t h e p re sence 
of t h e g r o u p : 

— F e < C ^ > F e — 

a n d r e p r e s e n t e d t h e c o n s t i t u t i o n {vide y — F e 2 O 3 ) : 

F e - O - F e - O - F e 
6 6 OO 

F e - O — F e - O — F e 

M a g n e t i t e c ry s t a l s a r e s o m e t i m e s m a g n e t i c a l l y po la r ized , a n d t h e y fo rm s t r o n g 
p e r m a n e n t m a g n e t s ; i ndeed , t h e h i s t o r y of m a g n e t i s m is closely a s soc ia ted w i t h 
t h e d i scovery of t h e l odes tone b y t h e a n c i e n t s . O n t h e o t h e r h a n d , m o s t n a t u r a l 
m a g n e t i t e is n o t polar ized ; a n d t h e cause is u n k n o w n . T h e n a t u r a l m a g n e t i t e 
which possesses p o l a r i t y l ike a m a g n e t i c need le , o r m a g n e t , is cal led loadstone. 
T h e r e a r e all g r a d a t i o n s b e t w e e n o r d i n a r y m a g n e t i t e w i t h l i t t l e o r no p o l a r i t y , a n d 
t h a t i n w h i c h a f r a g m e n t wil l p i ck u p la rge i ron na i l s . W . H . N e w h o u s e a n d 
W . H . Ca l l ahan , a n d W . H . N e w h o u s e sugges t ed t h e l o a d s t o n e is genera l ly fo rmed 
f rom oxid ized m a g n e t i t e — f e r r o m a g n e t i c ferric o x i d e — w h i c h possesses a h ighe r 
r e m a n e n c e t h a n o r d i n a r y magne t i t e—fer ro - fe r r i c ox ide . T h e p o l a r i t y is f u r t he r 
s u p p o s e d t o h a v e b e e n i n d u c e d b y a c o n c e n t r a t i o n of t h e e a r t h ' s field chiefly a t t h e 
e n d s of a n ore b o d y , b u t occas iona l ly a t p o i n t s w i t h i n m a g n e t i t e ore bod ies d u e t o 
i r regu la r i t i es of m i n e r a l i z a t i o n or t h e f au l t ing . J . W . G r u n e r does n o t ag ree w i t h 
t h i s conclus ion , a n d a d d e d t h a t n o b r o w n i s h ox id ized ore w a s obse rved b y himself , 
o r b y P . R a m d o h r , o r F . F . Osbo rne . T h e po la r m a g n e t i s m of m a g n e t i t e w a s 
s t u d i e d b y T . L . W a l k e r , a n d F . H o r n s t e i n . W . S u c k s m i t h f o u n d t h e r a t i o for t h e 
g y r o m a g n e t i c effect t o b e a b o u t 0*495—vide supra, t h e m a g n e t i s m of i ron . 

As p r ev ious ly i nd i ca t ed , S. H i l p e r t a s s u m e d t h a t t h e m a g n e t i c qua l i t i e s of 
m a g n e t i t e , r e g a r d e d a s fe r rous fer r i te , F e C F e 2 O 3 , a n d of o t h e r ferr i tes a r e d e p e n d e n t 
on t h e p re sence of t h e a c i d a n h y d r i d e , F e 2 O 3 . E . T a k e a s s u m e d t h a t t h e m a g n e t i c 
p r o p e r t i e s of H e u s l e r ' s non- fe r rous a l loys d e p e n d o n t h e spac ing a n d a r r a n g e m e n t 
of t h e a t o m s ; J . F o r r e s t , a n d R . B . S o s m a n a lso a s s u m e d t h a t w i t h m a g n e t i t e , 
f e r romagne t i c ferric ox ide , a n d i ron , t h e m a g n e t i c p r o p e r t i e s a r e b o u n d u p w i t h t h e 
spac ing a n d a r r a n g e m e n t of t h e i r on a t o m s w i t h o u t r e g a r d t o t h e o t h e r a t o m s 
p re sen t . T h e a r g u m e n t is m a i n l y based o n t h e inve r s ion t e m p , a t w h i c h t h e m a g 
n e t i s m in all t h e s e s u b s t a n c e s is los t . A. H . C o m p t o n a n d O. R o g n l e y o b s e r v e d t h a t 
m a g n e t i z a t i o n a n d d e m a g n e t i z a t i o n h a v e n o effect o n t h e c r y s t a l s t r u c t u r e of 
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m a g n e t i t e . J . R . Ash w o r t h s t u d i e d t h e r e l a t ions b e t w e e n t h e t h e r m a l a n d m a g n e t i c 
c o n s t a n t s ; a n d K . Gosh, t h e r e l a t ion b e t w e e n t h e e lec t r ica l c o n d u c t i v i t y a n d 
m a g n e t i s m . 

T h e Chemical properties Of ferrosic o x i d e . — T h e t r a n s f o r m a t i o n of m a g n e t i t e 
i n n a t u r e i n t o haemat i te , m a r t i t e , e t c . , h a s b e e n discussed b y J . R o t h , 1 5 W . L . U g l o w 
a n d F . F . Osborne , K . C. Berz , P . Jeremeieff , A. Lac ro ix , B . S t a l h a r e a n d T. M a l m -
be rg , J . F . Wi l l i ams , W . H . N e w h o u s e , W . H . N e w h o u s e a n d W . H . Ca l l ahan , 
L . H . Twenhofe l , A. R e u s s , a n d C. R . v a n Hise . T h e genera l cha rac t e r i s t i c of 
ferrosic ox ide p r e p a r e d a t h igh t e m p , is i t s r e s i s t ance t o m a n y chemica l a g e n t s , 
a n d accord ing ly , W . G. G u n t h e r 1 6 p r o p o s e d u s ing i t in chemica l p l a n t s for res i s t ing 
chemica l r e agen t s . Acco rd ing t o J . Ti. G a y L u s s a c , m a g n e t i t e is r e d u c e d t o m e t a l 
b y hydrogen a t all t e m p , a b o v e 400°, a n d genera l ly a t t h e s a m e t e m p , as w a t e r is 
d e c o m p o s e d b y i ron , a r e a c t i o n s t u d i e d b y H . V. R e g n a u l t , H . F le i ssner a n d 
F . D u f t s c h m i d , W . Muller , a n d G. Gal lo . Acco rd ing t o F . Glaser , t h e r e d u c t i o n 
b y h y d r o g e n beg ins a t a b o u t 305°. P . H . B m m e t t a n d J . F . S h u l t z g a v e for t h e 
equ i l i b r i um c o n s t a n t , K, of t h e r e a c t i o n : F e 3 O 4 - J - H g - S F e O - J - H 2 O , JK-J)11 0 / J ? H 
= 1-18 a t 700°, a n d 2-37 a t 800°. F o r W . B i l t z a n d H . Mul le r ' s o b s e r v a t i o n s on t h e 
r a t i o s F e 3 O 4 : F e O , a n d F e 3 0 4 / F e , vide supra, fe r rous ox ide . T h e revers ib le r e a c t i o n 
w i t h h y d r o g e n h a s b e e n p rev ious ly d i s c u s s e d — a n d vide infra, ferric o x i d e . 
M. Tigerschio ld s t a t e d t h a t a b o v e 800° , ferrosic ox ide is m o r e read i ly r e d u c e d b y 
h y d r o g e n , a n d be low 800°, b y c a r b o n m o n o x i d e . A. de H e m p t i n n e found t h a t 
ferrosic ox ide is r e d u c e d in a n a t m . of d r y h y d r o g e n in a n e lec t r ic d i s cha rge -when 
t h e ox ide is in c o n t a c t w i t h one of t h e e lec t rodes . K . H o f m a n n e m p h a s i z e d t h e 
i m p o r t a n c e of surface p h e n o m e n a in t h e r e d u c t i o n . T h e r e d u c t i o n of m o l t e n i ron 
ox ide b y h y d r o g e n w a s s t u d i e d b y J . Reese , M. Bois te l , C A d a m s , C. K r o g e r , a n d 
S. L.. M a d o r s k y ; a n d P . H . E m m e t t a n d J . F . S h u l t z s t u d i e d t h e s y s t e m : 
F e 3 O 4 - H 2 - F e - H 2 O . 

Accord ing t o H . Moissan , ferrosic ox ide p r e p a r e d be low 500° oxidizes t o ferric 
ox ide w h e n h e a t e d t o r edness in air, b u t t h e ox ide p r e p a r e d a t a h igh t e m p , is n o t so 
r ead i ly c h a n g e d t o ferric ox ide . R . R u e r a n d M. N a k a m o t o found t h a t ferrosic 
ox ide a t 1370° is c o m p l e t e l y c o n v e r t e d t o ferric ox ide , b u t a t 1400°, t h e ferric ox ide 
beg ins t o decompose . E . Greul ich sa id t h a t t h e u p p e r l imi t is 1380°. K . H o n d a 
a n d T. Sone found t h a t a t 1100°, m a g n e t i t e in a i r is c o n v e r t e d i n t o ferric ox ide ; 
a n d t h e c h a n g e is c o m p l e t e d a t 1300°. T h e y a d d e d t h a t be low 1300°, haemat i te is 
m o r e s t ab l e t h a n m a g n e t i t e . T h e pecu l i a r f e r romagne t i c p r o p e r t i e s of ferric ox ide 
p r e p a r e d b y t h e o x i d a t i o n of m a g n e t i t e h a v e been d iscussed b y R . B . S o s m a n a n d 
E . Posn jek—v ide infra, ferric ox ide . G. F r i e d e l f o u n d t h a t if h e a t e d i n a i r , 
m a g n e t i t e c a n b e c o n v e r t e d i n t o m a r t i t e w i t h o u t los ing i t s form. T h e t e m p , a t 
wh ich o x i d a t i o n beg ins d e p e n d s on t h e gra in-s ize of t h e powder , a n d , a s s h o w n b y 
F . Glaser , a n d H . A b r a h a m a n d R . P l an io l , t h e p o w d e r p r e p a r e d a t a low t e m p , 
m a y b e p y r o p h o r i c . O. Mugge found t h a t b o t h t h e n a t u r a l a n d art if icial ox ide a r e 
oxid ized w h e n h e a t e d for a long t i m e . E . Greul ich obse rved t h a t w h e n m a g n e t i t e 
is h e a t e d i n air , o x i d a t i o n beg ins a t a b o u t 400°, b u t t h e ferric ox ide a c t s a s a p r o 
t e c t i v e sk in wh ich r e t a r d s t h e progress of t h e r eac t ion , so t h a t even a t 1000°, o n l y 
95*6 p e r cen t , w a s ox id ized in 100 h r s . A b o v e t h a t , t h e r a t e of o x i d a t i o n increases 
m o r e r ap id ly , so t h a t i t is n e a r l y comple t e i n 2 h r s . a t 1100°, a n d in 1 hr . a t 1200°. 
A b o v e 1380° n o fu r the r r e ac t i on c a n occur , a n d a t 1450° t h e p r o d u c t is n o m o r e 
ox id ized t h a n t h e or ig ina l m a g n e t i t e . Th i s shows t h a t ferric oxide b r e a k s d o w n 
i n t o ferrosic ox ide a t t h e s e e l eva t ed t e m p . A t 1500° t o 1550°, t h e p r o d u c t h a d a n 
excess of fer rous ox ide , showing t h a t t h e m a g n e t i t e decomposes i n to ferrous ox ide . 
W . E i t e l d i scussed t h e r e a c t i o n 2 F e 8 O 4 - t - £ 0 2 ^ 3 F e 2 0 3 . J . W . Grune r o b s e r v e d 
t h a t ox ida t i on beg ins a t 150° on t h e o c t a h e d r a l faces of t h e c rys ta l s . G. Gi lbe r t 
s u p p o s e d t h a t m a g n e t i t e m a y fo rm ferric ox ide b y surface ox ida t ion in h o t , d r y 
c l ima te s , b u t m o r e usua l ly , h y d r a t e d ferric ox ide is formed. The sub jec t w a s 
d i scussed b y T . M. Brode r i ck , J . W . G r u n e r , R . B . S o s m a n a n d J . C. H o s t e t t e r , 
L . H . Twenhofe l , a n d P . A . W a g n e r . I*. H . Twenhofe l found t h a t in t h e first 
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ox ida t ion of m a g n e t i t e , t h e o x y g e n a t o m s a r e i r r e g u l a r l y s p a c e d w i t h i n t h e 
m a g n e t i t e l a t t i ce . A . B icke l a n d C. v a n E w e y k o b s e r v e d t h a t a sample of m a g n e t i c 
oxide of i ron r e t a i n e d i t s p o w e r t o g ive t h e benz id ine r e a c t i o n a f te r k e e p i n g i n con
d u c t i v i t y w a t e r for 5 m o n t h s , a n o t h e r s a m p l e (ferrosic c a r b o n a t e ) w h i c h w a s 
or iginal ly n o n - m a g n e t i c b u t g a v e a power fu l benz id ine r e a c t i o n , w i t h s imi l a r t r e a t 
m e n t b e c a m e u n a b l e t o g ive t h e r e a c t i o n . 

A . Gorgeu f o u n d t h a t boi l ing w a t e r does n o t a t t a c k ferrosic ox ide , n o r w a s a n y 
a t t a c k o b s e r v e d b y s t e a m a t a b r i g h t r e d - h e a t — v i d e swpra, r e a c t i o n s i n t h e b l a s t 
fu rnace . R . Miiller f o u n d t h a t w a t e r , s a t . w i t h c a r b o n d i o x i d e a t 3-5 a t m . p ress . , 
d i sso lved f r o m t w o samp le s of m a g n e t i t e r e spec t ive ly 0*307 p e r c e n t , a n d 2*428 
p e r c en t , of fer rous ox ide i n 50 d a y s . J . W . G r u n e r f o u n d t h a t in 77 d a y s , p e a t -
w a t e r d issolved 31 p a r t s of i ron p e r mi l l ion f rom p o w d e r e d m a g n e t i t e ; a n d i n 182 
d a y s , 41 p a r t s . H . D . R a n k i n c o n v e r t e d m a g n e t i t e i n t o a so luble f o r m b y h e a t i n g 
i t t o r edness , a n d a f t e rwards t r e a t i n g i t u n d e r p ress , w i t h a lka l i - lye . 

H . Moissan found t h a t fluorine does n o t a c t on m a g n e t i t e i n t h e cold, b u t a t a 
dul l r e d - h e a t , a w h i t e f luoride is fo rmed . H . D a v y obse rved t h a t ch lor ine r e a c t s 
o n m a g n e t i t e v e r y m u c h m o r e qu ick ly t h a n i t does on ferric o x i d e (q.v.) a t a red-
h e a t ; b u t W . K a n g r o a n d R . F l u g g e d i d n o t ag ree . T h e y o b s e r v e d t h a t a t 1000°, 
99-4 p e r cen t , of i ron w a s r e m o v e d a s ferr ic ch lor ide i n 270 h r s . L . M a t h e s i u s 
f o u n d t h a t a n a q . soln . of b r o m i n e does n o t a c t on m a g n e t i t e ; a n d H . Moissan sa id 
t h a t t h e ox ide p r e p a r e d b y t h e r e d u c t i o n process does n o t decolor ize a n a q . soln. 
of i od ine p r o v i d e d me ta l l i c i ron is a b s e n t . E . Za l i n sky f o u n d t h a t a n excess of 
hydrofluoric acid, a c t i n g for 20 h r s . , d issolved m a g n e t i t e c o m p l e t e l y ; a n d 
K . TP. S t a h l a d d e d t h a t m a g n e t i t e is m o r e r ead i ly d issolved b y hydrof luor ic ac id 
t h a n i t is b y a n y o t h e r ac id . E . D e u s s e n sa id t h a t i t r e q u i r e s 5 t o 10 h r s . t o d issolve 
h a m m e r - s l a g , a n d if a longer t i m e b e a l lowed, less i ron is dissolved o w i n g t o t h e 
f o r m a t i o n of a spar ing ly-so luble oxyf luor ide . T h e p o w d e r e d m i n e r a l is also com
p le t e ly so luble in hydrochlor ic ac id , a n d J . J. Berze l ius sa id t h a t if t h e m i n e r a l b e 
in excess , a n d t h e ac id d i l u t e , fe r rous ox ide passes i n t o soln. , a n d r e d ferric ox ide 
r e m a i n s und i s so lved . A c c o r d i n g t o A. Gorgeu , m a g n e t i t e is n o t a t t a c k e d b y t h e 
dil . ac id (1 : 10), b u t i t is s lowly a t t a c k e d b y t h e cone , a c id ; w h e n some of t h e solid 
soln. a p p r o x i m a t i n g E e 3 O 4 a r e t r e a t e d w i t h hyd r och lo r i c ac id , some fe r rous o x i d e 
dissolves a n d ferric ox ide r e m a i n s . J . I a e b i g a n d F . W o h l e r , a n d V. N e u w i r t h n o t e d 
t h a t m a g n e t i t e does d issolve in h y d r o c h l o r i c ac id ; a c c o r d i n g t o G. Gi lbe r t , i t 
dissolves m o r e r ead i ly i n a h o t h y d r o c h l o r i c a c i d soln. of s t a n n o u s ch lor ide ; a n d 
A. D a m o u r n o t e d t h a t t h e p re sence of po tass ium, iod ide acce le ra tes t h e r a t e of 
d i sso lu t ion . Acco rd ing t o K . A . H o f m a n n a n d K . Ritfcer, m a g n e t i t e is n o t a t t a c k e d 
b y a soln. of c a l c i u m hypochlor i te . E . Miiller d i scussed t h e u s e of m a g n e t i t e 
e lec t rodes in p r e p a r i n g b l each ing l iquor b y elect rolys is . F . L e t e u r showed t h a t 
m a g n e t i t e is r ead i ly d issolved b y h e a t i n g i t -with cone , hyd roch lo r i c a c i d , s p . gr . 
1-18, in a closed vessel a t 65° t o 70°. F . B e c k e s tud i ed t h e e t c h i n g of m a g n e t i t e 
wi th t h i s ac id . 

J . J . Berze l ius , a n d H . R o s e o b s e r v e d t h a t w h e n t h e m i n e r a l is h e a t e d w i t h 
su lphur , s u l p h u r d iox ide , a n d fer rous s u l p h i d e a r e fo rmed . A. G a u t i e r f o u n d t h a t 
a t a w h i t e - h e a t i n a c u r r e n t of h y d r o g e n su lphide , f e r rous su lph ide , h y d r o g e n , 
s u l p h u r d iox ide , a n d a l i t t l e s u l p h u r t r i ox ide a r e fo rmed ; a n d C. D o e l t e r f o u n d 
t h a t w h e n m a g n e t i t e is h e a t e d w i t h a n a q . soln . of h y d r o g e n s u l p h i d e a t 80° t o 90° , 
some p y r i t e i s fo rmed . D . L . H a m m i c k o b s e r v e d t h a t t h e r e is n o a p p r e c i a b l e 
r e a c t i o n w i t h su lphur dioxide a t a r e d - h e a t . A c c o r d i n g t o H . L»otz, w h e n a p l a t e 
of m a g n e t i t e is e x p o s e d t o t h e a c t i o n of m o i s t a i r c h a r g e d w i t h 1 p e r c e n t , of 
s u l p h u r d iox ide a n d 19 p e r cen t , of c a r b o n d iox ide , a n d t h e p l a t e "washed w i t h w a t e r , 
t h e fer rous ox ide w a s m o s t v igorous ly a t t a c k e d : 

MgO CuO M D O "EeO AlaOfl Fe2O3 
Magnetite contained . 2-47 1-64 9*32 24*24 8-47 53-93 per cent. 
Water contained . 0-0728 00208 0-OOO8 0-3396 0-0232 0-0052 

B*. Becke s t u d i e d t h e e t c h i n g of m a g n e t i t e w i t h su lphur ic aoid. O- Miigge f o u n d 
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t h a t a c r y s t a l of m a g n e t i t e is on ly s l igh t ly a t t a c k e d b y fused p o t a s s i u m h y d r o -
su lphate , n e a r i t s m . p . , b u t a t a h igher t e m p . , t h e m i n e r a l is v igorous ly a t t a c k e d . 
F . B e c k e s t u d i e d t h e e t c h i n g of t h e c rys t a l s w i t h t h i s sa l t . 

U . Sborg i a n d E . Gag l i a rdo found t h a t boron nitride r e a c t s w i t h ferrosic o x i d e 
a t 750°, fo rming n i t r i c ox ide . J . J . Berze l ius n o t e d t h e f o r m a t i o n of n i t r o g e n i z e d 
i r o n w h e n ferrosic ox ide is h e a t e d i n d r y a m m o n i a ; a n d h e also o b s e r v e d n o c h a n g e 
occurs w h e n h a m m e r - s l a g is loca ted w i t h a n aq . soln. of a m m o n i u m ch lo r ide . 
A . T . L a r s o n a n d A. P . B r o o k s obse rved t h a t ferrosic ox ide is a good c a t a l y s t for 
t h e s y n t h e s i s of a m m o n i a ; a n d A. K . B r e w e r s h o w e d t h a t pho tochemica l l y , t h e 
c a t a l y s t h a s t h e s a m e pho toe lec t r i c t h r e s h o l d a s e lec t ro ly t i c i ron . F . E m i c h f o u n d 
t h a t n i tr ic ox ide c o n v e r t s h e a t e d ferrosic ox ide t o ferric ox ide . 

G. T a m m a n n a n d G. B a t z obse rved t h a t p r e c i p i t a t e d s i l ica beg ins t o r e a c t 
w i t h ferrosic ox ide a t 800° , a n d w i t h q u a r t z a t 950°. As i n d i c a t e d in connec t i on 
w i t h t h e a l lo t rop i sm of ferrosic ox ide , H . Moissan s h o w e d t h a t t h e h igh t e m p , fo rm 
of t h i s ox ide is a l m o s t inso lub le i n boi l ing , cone , n i tr ic ac id , whi le t h e low t e m p . 
f o r m is so luble in t h e cone , ac id b u t n o t in di l . ac id . A. G o r g e u also f o u n d t h a t 
t h e di l . a c id (1 : 10) scarce ly a t t a c k s ferrosic o x i d e u n t i l i t s t e m p , h a s b e e n r a i s ed 
n e a r l y t o t h e b . p . T h e cone , ac id a t t a c k s t h e ox ide s lowly. H . Li. H e a t h c o t e s a i d 
t h a t ferrosic o x i d e is m o r e soluble in cone , t h a n in di l . n i t r i c ac id , for ac id of sp . gr . 
1-4, 1-3, a n d 1-15 d i sso lved r e spec t ive ly 0 0 2 3 3 2 , 0 0 1 7 5 2 , a n d 0 0 0 1 2 4 g r m . of 
ferrosic ox ide pe r 10 c.c. of ac id . F . B e c k e s t u d i e d t h e e t c h i n g of m a g n e t i t e w i t h 
t h i s ac id . A. Gorgeu found t h a t ferrosic ox ide is s lowly a t t a c k e d b y a q u a regia . 
G. H a w l e y found t h a t on ly a l i t t l e m a g n e t i t e is d issolved b y a bo i l ing m i x t u r e of 
e q u a l vo ls , of cone , n i t r i c ac id a n d a 15 p e r c en t . a q . soln. of s o d i u m c h l o r a t e . 

Acco rd ing t o P . Be r th i e r , w h e n m a g n e t i t e is h e a t e d w i t h carbon i t is r e d u c e d t o 
t h e m e t a l — v i d e supra, t h e r e a c t i o n s in t h e b l a s t - fu rnace . G. T a m m a n n a n d 
A. S w o r y k i n d iscussed t h e r e a c t i o n w i t h c a r b o n . H . H . M e y e r f o u n d t h a t t h e 
r e d u c t i o n of ferrosic ox ide b y s u g a r cha rcoa l beg ins a t 760° ; w i t h wood charcoa l , 
900°. F e r r o u s ox ide is f o r m e d a t 860° w i t h s u g a r cha rcoa l ; a t 880° t o 920°, w i t h 
coke ; a t 690°, w i t h w o o d cha rcoa l , o r a t 900° if t h e wood charcoa l h a s been first 
h e a t e d t o 1000° in n i t r ogen . T h e r e a c t i o n was s t u d i e d b y W . B a u k l o h a n d 
B . D u r r e r . J . B o k m a n n s t u d i e d t h e r e a c t i o n w i t h i ron carbide: Fe 3 O 4 - J -SFe 3 C 
^ 1 2 F e - h 2 C O - f - C 0 2 . O. Meyer a n d W . E i l e n d e r s t u d i e d t h e r e d u c t i o n of m a g n e t i t e 
w i t h m e t h a n e . C. D e s p r e t z , B . S t a l h a n e a n d T . M a l m b e r g , W . Miiller, F . Gobe l , 
H . F le i s sner a n d F . D u f t s c h m i d , a n d F . L e p l a y a n d A. L a u r e n t n o t e d t h a t carbon 
m o n o x i d e r educes r e d - h o t ferrosic ox ide t o t h e me ta l l i c s t a t e , a n d c a r b o n d iox ide 
is f o rmed , a n d converse ly t h a t r e d - h o t i r o n is ox id ized t o ferrosic ox ide b y c a r b o n 
d iox ide a n d c a r b o n m o n o x i d e is f o rmed . T h e m e a n of A. C. H a l f e r d a h l ' s v a l u e s 
for t h e free ene rgy of t h e r e a c t i o n Fe 3O 4H-CO== 3 F e O + C O 2 is — 2 6 5 1 1 3 + 7 9 , 3 8 3 T , 
a n d t h e t r i p l e p o i n t 4 F e O = F e 3 O 4 - I - F e is n e a r 572° . T h e free e n e r g y of m a g n e t i t e 
a t 25° is —241,950 cals . A. L a u r e n t o b s e r v e d t h a t a m i x t u r e of e q u a l vols , of 
carbon dioxide a n d m o n o x i d e c o n v e r t s r e d - h o t i ron i n t o ferrosic ox ide . T h e s e 
b a l a n c e d r eac t i ons h a v e b e e n p r e v i o u s l y d iscussed—v ide supra, ferr ic ox ide . 
E . K . B iede l s t u d i e d t h e r e d u c t i o n of t h e ox ide w i t h wa te r -ga s , A. Gorgeu f o u n d 
t h a t ferrosic ox ide a t a b r i g h t r e d - h e a t is n o t a t t a c k e d b y c a r b o n d iox ide . 
C. M. B o u t o n d i scussed t h e r e a c t i o n w i t h m e t h a n e . H . Moissan o b s e r v e d t h a t 
ferrosic ox ide is n o t a t t a c k e d b y ace t i c ac id a t 8 ° ; a n d H . C. B o l t o n found t h a t i t 
is n o t a t t a c k e d in a s h o r t t i m e b y boi l ing cone . soln. of citric ac id or tartaric ac id ; 
b u t cone , c i t r ic a c id shows s igns of a t t a c k i n g t h e ox ide d u r i n g 8 d a y s ' e x p o s u r e . 
F . W . O. d e Con inck a n d A. R a y n a u d f o u n d t h a t a t a du l l r ed -hea t , ferrosic o x i d e 
r e a c t s w i t h c a l c i u m oxa la te t o f o rm fe r rous ox ide , c a l c ium c a r b o n a t e , a n d c a r b o n 
d iox ide 

I*. K a h l e n b e r g and ' J . W . J . T r a u t m a n n s t u d i e d t h e r eac t ion w i t h s i l i con . 
J . Lenarcic f o u n d t h a t 1 p a r t of m a g n e t i t e dissolves in 20 p a r t s b y we igh t of 
m o l t e n labradorite a t 1220° ; a n d C. B o e l t e r , t h a t fused m a g n e t i t e m a g m a a t 1200° 
to 1230° did not attack corundum and quartz, but olivine, lencite, and orthoclase 
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were corroded. G. T a m m a n n a n d G. Ba tz sa id t h a t ferrosic ox ide does n o t r e a c t 
wi th silica un t i l o x y g e n is g iven off t o fo rm fer rous ox ide . J . H . Iu. V o g t sa id t h a t 
con t inuous series of sol id soln. a r e f o r m e d -with sp inel a n d m a g n e t i t e w i t h a e u t e c t i c 
on t h e f .p. c u r v e w i t h 3 p e r cen t , of sp inel . P . R a m d o h r s t u d i e d t h e a c t i o n of 
ferrosic ox ide o n i lmen i t e , F e T i O 3 . 

J . L». G a y L u s s a c a n d I i . J . T h e n a r d , a n d J . J . Berze l ius f o u n d t h a t m a g n e t i t e 
is r e d u c e d b y s o d i u m or p o t a s s i u m a t a b o u t 300°, a n d i ron is fo rmed . B . G a r r e 
sa id t h a t t h e r e a c t i o n b e t w e e n ferrosic ox ide a n d m a g n e s i u m beg ins a t 575° , a n d 
evolves 710-2 CaIs. of h e a t . R . B . S o s m a n a n d J . C. H o s t e t t e r found t h a t in c o n t a c t 
w i th p l a t i n u m a t 1200°, i ron is fo rmed a n d o x y g e n is e v o l v e d — t h e i r o n fo rms a 
solid soln. w i t h t h e p l a t i n u m . P . Cur ie d id n o t obse rve a n y a t t a c k on p l a t i n u m 
by ferrosic ox ide a t a h igh t e m p . C T . A n d e r s o n s t u d i e d t h e r e d u c t i o n of ferrosic 
ox ide b y i ron a t 1350° t o 1550° ; a n d V. Shu le ik in a n d X . So lovova , t h e r a d i a t i o n 
of h e a t in t h e t h e r m i t e r eac t ion w i t h a l u m i n i u m . 

H . Moissan obse rved t h a t c a l c i u m oxide a t a h igh t e m p , c o n v e r t s ferrosic ox ide 
i n t o ca l c ium ferr i te ; A. Gorgeu , t h a t ferrosic ox ide is ox id ized b y m o l t e n s o d i u m 
su lphate w i t h o u t c h a n g i n g i t s c rys ta l l ine form ; a n d J . W . Grune r , t h a t 4 m o n t h s ' 
exposure to molar soln. of sodium chloride, sodium carbonate, or magnesium 
su lphate does n o t c h a n g e m a g n e t i t e . F o r t h e a c t i o n on ferrous su lphide , vide 
infra; for t h e a c t i o n o n m a n g a n o u s sulphide , vide 1 2 . 64, 2 1 . W . O. H i c k o k 
s t u d i e d t h e ac t i on of s t a n n o u s chloride ; H . v o n W a r t e n b e r g a n d E . P r o p h e t , 
t h e a c t i o n of t h e ox ide on m a g n e s i a ; a n d H . v o n W a r t e n b e r g a n d H . J . R e u s c h , 
t h e ac t ion of a l u m i n a . 

T h e so lubi l i ty r e l a t i ons b e t w e e n ferrous ox ide a n d ferrosic ox ide h a v e b e e n 
p rev ious ly d iscussed. S. H i l p e r t a n d J . B e y e r 1 7 first p o i n t e d o u t t h e ex i s t ence 
of solid soln. of t h e t w o oxides . P . P . Fedoteeff a n d T. N . P e t r e n k o a s s u m e d t h a t a 
c o n t i n u o u s series of solid soln. of t h e t w o ox ides is fo rmed w h e n iron is oxidized b y 
s t e a m b e t w e e n 1000° a n d 1100°. R . W . G. WyckofE a n d E . D . C r i t t e n d e n o b s e r v e d 
n o ev idence in t h e X - r a d i o g r a m s of t h e fo rma t ion of solid soln. of fer rous ox ide in 
ferrosic ox ide a t o r d i n a r y t e m p . ; t h e e l e m e n t a r y cells of fe r rous oxide a p p e a r t o b e 
en l a rged a l i t t l e in t h e p re sence of m u c h ferrosic ox ide . U n d e r t h e mic roscope , 
t h e c rys t a l s of ferrosic ox ide a p p e a r t o b e e m b e d d e d in a e u t e c t i c m i x t u r e of ferrosic 
a n d p r o b a b l y fer rous ox ide . H . Groeble r a n d co-workers obse rved t h a t t h e fe r rous 
ox ide o b t a i n e d b y r e d u c i n g ferric ox ide in a m i x t u r e of e q u a l vols , of c a r b o n 
m o n o x i d e a n d d iox ide a t 800° c o n t a i n s 39 pe r cen t , of ferrosic ox ide a n d t h e l a t t i c e 
d i m e n s i o n s of t h e fe r rous ox ide a re n o t a l t e r ed . Th i s p h e n o m e n o n is exp l a ined 
in t e r m s of t h e h y p o t h e s i s of G. F . H i i t t i g t h a t t h e e x t r a o x y g e n ex is t s as v a g a b o n d 
a t o m s i n t h e spaces i n t h e l a t t i c e . T h e d i a g r a m , F i g . 517, b a s e d on t h e obser
v a t i o n s of E . I ) . E a s t m a n a n d R . M. E v a n s , R . B . S o s m a n a n d J . C. H o s t e t t e r , 
R . Schenck , G. C h a u d r o n , P . v a n Gron ingen , L . W o h l e r a n d R . G u n t h e r , 
A. McCance , a n d A. M a t s u b a r a , enables t h e solubi l i t ies of fer rous ox ide in ferrosic 
ox ide , a n d of ferrosic ox ide in ferrous ox ide , t o be t a b u l a t e d . O. C. R a l s t o n com
piled t h e r e su l t s of t he se a n d v a r i o u s o t h e r observers . J . H u g g e t t a n d G. C h a u d r o n 
gave 31 for t h e p e r c e n t a g e p r o p o r t i o n of F e 3 O 4 i n F e O ; R . Schenck g a v e for F e 3 O 4 
a n d F e O , a n d F e O in F e 3 O 4 , r e spec t ive ly 35 a n d 0 a t 700° ; E . D . E a s t m a n a n d 
R . M. E v a n s , 32 a n d 6-35 a t 772° ; R . Schenck , 32 a n d 0-75 a t 800° ; a n d H . Groeble r 
a n d P . OberhofEer, 39 a n d 5 a t 800° ; A . M a t s u b a r a , 38 a n d 6-35 a t 863° ; R . Schenck , 
28 a n d 19 a t 950° ; S. H i l p e r t a n d J . Beye r , 26 a n d 21-5 a t 1000° ; A. M a t s u b a r a , 
(51) a n d 15-7 a t 1070°, a n d 26 a n d 6-35 a t 1175°. T h e a g r e e m e n t i s poo r . T h e 
re la t ions b e t w e e n fer rous a n d ferrosic ox ides h a v e been s u m m a r i z e d in F ig s . 2O 
t o 3 1 . T h e cu rves for t h e solubil i t ies of fer rous ox ide in ferrosic ox ide , a n d 
conversely , s h o u l d a p p r o a c h one a n o t h e r so t h a t in t h e m o l t e n s t a t e t h e t w o ox ides 
should haii5« u n l i m i t e d miscibi l i ty . T h e c o n s t i t u t i o n a l d i a g r a m of C. B e n e d i c k s 
a n d H . Xidfquist, F i g . 486, shows t h e ex is tence of a n i n v a r i a n t p o i n t w h e r e i ron a n d 
fer rous a n d ferrosic ox ides c a n c o e x i s t ; be low t h a t t e m p . , i ron a n d ferrosic o x i d e 
a r e p resen t , a n d a b o v e i t , o n o n e s ide , ferrous oxide a n d i ron a r e s t ab l e , whi l s t o n t h e 
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o t h e r s ide , ferrous a n d ferrosic oxides a r e s t ab l e . Gr. C h a u d r o n , I J . W o h l e r a n d 
R . Gi in ther , a n d E . D . E a s t m a n a n d R . M. E v a n s g a v e 570° for t h e t e m p , of t h e 
u n i v a r i a n t p o i n t ; P . v a n Gron ingen gave 571° ; a n d J . B . F e r g u s o n , b e t w e e n 526° 
a n d 577°. G. C h a u d r o n ' s m a g n e t i c m e a s u r e m e n t s g a v e b e t w e e n 550° a n d 580° ; 
G. C h a u d r o n and H . Fo res t i e r ' s d i l a t ion m e a s u r e m e n t s , 570° ; a n d M. T igerscb io ld ' s 
ca lcu la t ions , based o n A. M a t s u b a r a ' s obse rva t ions , gave 534°. 

R . Vogel a n d E . M a r t i n s t ud i ed t h e s y s t e m : F e O - F e 3 O 4 . IJ. B . Pfei l ' s s t u d y 
of t h e s y s t e m : F e O - F e 2 O 3 is s u m m a r i z e d in F ig . 517. T h e b o u n d a r i e s of t h e 
F e 2 O 3 - p h a s e h a v e n o t b e e n d e t e r m i n e d , a n d , as s h o w n b y R . B . S o s m a n a n d 
J . C. H o s t e t t e r , i t is p r o b a b l e t h a t d issoc ia t ion occurs a t h igh t e m p , t o fo rm 
m a g n e t i t e . T h e so lubi l i ty of i ron i n ferric ox ide is r e p r e s e n t e d b y t h e JEO9 
F i g . 517 ; F occurs n e a r 72*2 pe r cen t , of i ron , a n d 1590° ; G, a t 72-6 pe r cent , of 
i ron , a n d 1430° ; a n d GM a n d FN i n d i c a t e a decreas ing so lubi l i ty as far as a b o u t 
1000° ; H, a t 75 pe r cen t , of i ron , a n d 1430°, r ep re sen t s t h e m a x i m u m solubi l i ty 
of oxygen ; Z>, t h e eu t ec t i c of i ron a n d fer rous ox ide , a t 77-28 p e r cen t , of 
i ron , a n d 1370°, is i n acco rd w i th t h e 
obse rva t i ons of F . S. T r i t t o n a n d 
JD. H a n s o n , a n d t h e sub jec t w a s 
s t u d i e d b y R . W . G. Wyckoff a n d 
E . D . C r i t t e n d e n , A. McCance , a n d 
P . OberhofEer a n d KL. d ' H u a r t ; / r e 
p r e s e n t s t h e m a x i m u m solubi l i ty of 
i ron , in ferrous ox ide , a n d occurs a t 
76-9 p e r cent , of i ron ; IL, t h e solu
b i l i ty cu rve of i ron in fer rous ox ide , 
is ve r t i ca l because n o decrease in solu
b i l i ty could b e d e t e c t e d b e t w e e n 1370° 
a n d 575° ; HL r e p r e s e n t s t h e so lub i l i ty 
of m a g n e t i t e in fer rous ox ide ; a n d 
ML, a t 575°, r ep re sen t s t h e t r a n s i t i o n 
cu rve for all spec imens c o n t a i n i n g 
t h e ferrous p h a s e . Spec imens cooled 
r a p i d l y f rom a b o v e 575° a re v e r y 
slowly a t t a c k e d b y cone, hydroch lo r i c 
ac id , a n d spec imens cooled slowly a re 
r a p i d l y a t t a c k e d b y 0-1 pe r cen t , 
hydroch lo r i c acid. I n b o t h cases t h e 
fer rous p h a s e is p re fe ren t ia l ly a t t a c k e d . 
I n a g r e e m e n t wi th G. Chaudron , A. M a t s u b a r a , a n d E . D . E a s t m a n , t h e ferrous 
p h a s e , in all cases, is uns t ab l e a t a b o u t 575°, a n d be low t h a t t e m p , decomposes 
i n t o a eu tec to id of i ron a n d ferrosic oxide . P . P . Fedoteeff a n d T. N . P e t r e n k o 
m a d e obse rva t ions on solid soln. of ferric a n d ferrosic ox ides . Un l ike R . B . S o s m a n 
a n d J . C. H o s t e t t e r , G. Gi lber t does n o t consider t h a t a solid soln. is fo rmed u n d e r 
geological condi t ions—vide infra, ferric oxide . 

H . W a d a found t h a t a c t i ve m a g n e t i c ox ide a d m i n i s t e r e d t o r a b b i t s caused t h e 
u r i n a r y C : N r a t i o t o increase cons iderab ly , t h e a d m i n i s t r a t i o n of t h e i n a c t i v e 
ox ide h a d on ly a s l ight ly de l ayed effect. 

As i n d i c a t e d a b o v e in connec t ion w i t h t h e p r e p a r a t i o n of ferrosic ox ide , if 
w h i t e h y d r a t e d fer rous ox ide b e exposed t o a i r , for a sho r t t i m e , or if a m i x t u r e of 
soln. of a fer rous a n d ferric sa l t b e t r e a t e d w i t h alkal i - lye, green hydrated ferrosic 
ox ide is fo rmed which , on exposu re t o air , u l t i m a t e l y passes i n to r u s t y b r o w n 
h y d r a t e d ferric ox ide . A. A c k e r m a n n , 1 8 E . Deiss a n d G. Schikorr , H . Ost , A. P a y e n , 
a n d N . J . B . G. G u i b o u r t obse rved t h e f o r m a t i o n of t h i s h y d r a t e b y t h e a c t i o n of 
a e r a t e d w a t e r on i ron , w h e n t h e h y d r a t e d ferrosic oxide a p p e a r s as a n i n t e r m e d i a t e 
s t age of r u s t i n g . E . R a m a n n sa id t h a t i t is fo rmed as a b lack film on i ron w h e n t h e 
m e t a l is d i p p e d i n n i t r i c ac id or a soln. of s o m e o the r oxidizing agent—v ide supra, 
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pass iv i ty . J . von L ieb ig a n d F . W o h l e r , A. K r a u s e , V- P a i s s a k o w i t s c h , O. F a u s t , 
a n d H . Chandra obse rved i t s f o r m a t i o n in t h e o x i d a t i o n of h y d r a t e d fe r rous ox ide , 
or of a lower ox ide t h a n F e 3 O 4 , as i n d i c a t e d i n connec t i on w i t h t h e a c t i o n of a i r o n 
ferrous h y d r o x i d e . M. Roloff, O. F a u s t , a n d V. P a i s s a k o w i t s c h n o t e d i t s f o r m a t i o n 
i n t h e a n o d i c o x i d a t i o n of i r o n or fe r rous h y d r o x i d e , i n t h e p resence of a lka l i - lye , 
or a m m o n i a . Acco rd ing t o J . v o n Liiebig a n d F . W o h l e r , F . W o h l e r , H . A b i c h , 
J . Mercer , F . J . R . Carul la , C. F . Wul fnng , W . Gregory , L . A . W e I o a n d O. B a u d i s c h , 
a n d S- H i l p e r t , if a hyd roch lo r i c ac id soln. of m a g n e t i t e , or a m i x e d soln. of fe r rous 
a n d ferric sa l t s in t h e m o l a r p r o p o r t i o n 1 : 1, b e t r e a t e d w i t h a lka l i - lye , a n d w a s h e d , 
a b l a c k h y d r a t e d ferrosic ox ide is f o rmed . T h e m i x e d soln. of fe r rous a n d ferr ic 
s a l t s w a s o b t a i n e d b y m i x i n g su i t ab l e p r o p o r t i o n s of soln. of t h e t w o sa l t s ; b y 
m i x i n g a c e r t a i n p r o p o r t i o n of n i t r i c ac id t o t h e soln. of a fe r rous s a l t — R . Ph i l l ips 
u s e d p o t a s s i u m ch lo ra t e as t h e oxid iz ing a g e n t , a n d Iu. A . WeIo a n d O. B a u d i s c h , 
p o t a s s i u m n i t r a t e . J . Lefor t r e c o m m e n d e d p o u r i n g t h e soln. of t h e m i x e d i ron sa l t s 
i n t o a n excess of boi l ing po t a sh - lye . T . C. Es te l l e o b s e r v e d t h a t ferrosic ox ide c a n 
b e h y d r a t e d b y h e a t i n g i t w i t h soda- lye a s in t h e case of ferric ox ide (q.v.). 
R . B o t t g e r , a n d J . Noe l r e c o m m e n d e d t r e a t i n g a soln. of fer rous s u l p h a t e w i t h 
s o d i u m c a r b o n a t e , w a s h i n g t h e p r e c i p i t a t e once b y d e c a n t a t i o n , a n d bo i l ing i t w i t h 
cone, p o t a s h - l y e . E . S o u b e i r a n o b t a i n e d b y t h i s p rocess a p r e c i p i t a t e w h i c h g a v e 
off c a r b o n d iox ide w h e n t r e a t e d w i t h a c i d s . Acco rd ing t o E . De i s s a n d G. Sch iko r r , 
t h e b r o w n l i qu id o b t a i n e d b y m i x i n g fe r rous a n d ferric h y d r o x i d e soln. , r a p i d l y 
changes t o a g reen colour , a n d finally t u r n s b l a c k w i t h c o m p l e t e p r e c i p i t a t i o n of 
t h e colloid. T h e g reen s u b s t a n c e p r o b a b l y r e su l t s f rom t h e c o m b i n a t i o n of o n e 
molecule of fer rous h y d r o x i d e w i t h o n e of ferric h y d r o x i d e , b u t a t t e m p t s t o i so la te 
t h e c o m p o u n d h a v e been unsuccessful . J . P r e u s s boiled a m i x t u r e of 4 p a r t s of 
p o w d e r e d i ron a n d 5 p a r t s of ferric ox ide i n w a t e r . H y d r o g e n is evo lved , a n d 
t h e m i x t u r e becomes d a r k b r o w n a n d finally b lack . T h e p r o d u c t is w a s h e d , 
w r a p p e d in b ibu lous p a p e r , a n d d r i e d i n h o t a i r . T h e so-cal led Eisenmohr, iron-
black, h y d r a t e d cethiops martialis, o r cethiops martialis JLerneryi, was p r o d u c e d a s a 

- b l ack p o w d e r , b y I i . L e m e r y , b y expos ing a m i x t u r e of i r on filings a n d a n excess 
of w a t e r for a long t i m e in air , a n d f r e q u e n t l y s t i r r i ng t h e m i x t u r e . T h e l igh t , 
b l a c k p o w d e r is co l lec ted f rom t i m e t o t i m e . G. Cavezza l i k e p t t h e i r on filings 
mo i s t for a b o u t 5 d a y s , a n d o b t a i n e d t h e b l a c k powder—Voxyde defer noir—by 
lev iga t ion . P . S a b a t i e r a n d J . B . S e n d e r e n s o b t a i n e d t h e h igh ly m a g n e t i c h y d r a t e 
b y t h e a c t i o n of n i t r i c ox ide a n d m o i s t a i r on i ron ; a n d H . B o l l e n b a c h a n d E . L u c h -
m a n n , b y boi l ing a s t r o n g l y a lka l i ne soln. of p o t a s s i u m fe r r i cyan ide a n d a n excess 
of fe r rous s u l p h a t e . 

T h e compos i t ion of t h e s e p r o d u c t s is v a r i a b l e , b u t i n s o m e cases a p p r o x i m a t e s 
t o h y d r a t e d ferrosic ox ide , F e 3 0 4 . n H 2 0 , w h e r e n m a y b e 1 t o 1*5. Acco rd ing t o 
J . !Lefort, w h e n t h e p r e c i p i t a t e is dr ied ove r ca l c ium ox ide a n d s u l p h u r i c ac id , i t 
a p p r o x i m a t e s F e 3 O 4 - H 2 O ; J. v o n Xiebig a n d F . W o h l e r g a v e 3 F e 3 0 4 . 2 H 2 0 . T h e 
compos i t ion was d iscussed b y I i . A . WeIo a n d O. B a u d i s c h , a n d t h e c o n s t i t u t i o n 
b y O. B a u d i s c h a n d P . M a y e r , a n d E . D e i s s a n d G. Sch ikor r . T h e y r e p r e s e n t e d 
t h e h y d r o x i d e fo rmed b y t h e s i m u l t a n e o u s p r e c i p i t a t i o n of a m i x e d so ln . of e q u i -
m o l a r p a r t s of fe r rous a n d ferrosic h y d r o x i d e s a s a h y d r a t e d fe r rous h y d r o f e r r i t e : 
F e ( O H ) 2 - H F e ( O H ) 3 = H 2 0 - t - H O . F e . O . F e ( O H ) 2 , a n d i n t h e p re sence of a n o t h e r 
molecu la r p r o p o r t i o n of ferr ic h y d r o x i d e : H O . F e . 0 . F e ( O H ) 2 - J - F e ( O H ) 8 = H 2 O 
4 - ( H Q ) 2 F e . O . F e . 0 . F e ( O H ) 2 . Consequen t ly , h y d r a t e d ferrosic ox ide is cons ide red 
t o b e a h y d r a t e d fer rous fer r i te : 

F e < : 0 - F e < O H ) 2 
* e < : 0 — F e ( O H ) 2 

A c c o r d i n g t o F . W o h l e r , t h e b l ack h y d r a t e fo rms , w h e n d r i ed , a b r o w n i s h - b l a c k , 
b r i t t l e , s t r o n g l y m a g n e t i c m a s s . J . W o o s t , a n d O. F a u s t m e a s u r e d t h e e lec t rode 
p o t e n t i a l of h y d r a t e d ferrosic o x i d e . J . v o n I a e b i g a n d F . W d h l e r , J . I iefor t , 
H . Ab ich , a n d N . J". B . G. G u i b o u r t obse rved t h a t t h e d r y a s wel l a s t h e h y d r a t e d 



I R O N 7 6 3 

ferrosic ox ide are equal ly magnet ic ; and A. Quartaroli a d d e d that t h e m a g n e t i c 
suscep t ib i l i t y of ferrosic ox ide is a h u n d r e d t i m e s g r e a t e r t h a n t h a t of t h e h y d r a t e d 
ferric ox ide . L. A. WeIo a n d O. B a u d i s c h f o u n d t h a t t h e m a g n e t i c permeabi l i ty 
of t h e p o w d e r of s p . gr . 1*32, l ies b e t w e e n 2*6 a n d 3-4 ; t h e r e m a n e n t m a g n e t i s m 
i s a b o u t 8 p e r c en t . ; a n d t h e coercive force 14 gauss . O t h e r p r e p a r a t i o n s g a v e 
34 p e r cen t , r e m a n e n t m a g n e t i s m , a n d a coercive force of 149 gauss . H y d r a t e d 
ferrosic ox ide c o n t a i n s a b o u t 7 p e r cen t , of w a t e r , wh ich , acco rd ing t o J . Le fo r t , is 
g iven off a t a b o u t 90°—cf. h y d r a t e d fer rous ox ide . 

J . v o n I i iebig a n d F . W o h l e r o b s e r v e d t h a t h y d r a t e d ferrosic ox ide is s t a b l e i n 
a i r ; whi l s t J . Lefor t f o u n d t h a t t h e m o i s t ox ide is s lowly ox id ized , b u t t h e d r i ed 
ox ide is s t ab l e . O. F a u s t , a n d L . A. WeIo a n d O. B a u d i s c h f o n n d t h a t t h e h y d r a t e d 
ox ide is a p t t o ox id ize w h e n i t is b e i n g w a s h e d and d r i ed . S. H i l p e r t sa id t h a t i t 
c a n b e a l m o s t whol ly d e h y d r a t e d in v a c u o ove r cone , s u l p h u r i c ac id ; a n d J . Lefor t , 
F . W o h l e r , S. H i l p e r t , a n d H . A b i c h a d d e d t h a t w h e n i t is h e a t e d i n t h e absence 
of a i r , a l l t h e w a t e r c a n b e expel led . T h e p r e c i p i t a t e d ^ h y d r a t e c a n n o t b e dr ied 
b y h e a t , because i t r e ad i l y oxid izes i n a i r t o f o rm ferric ox ide . F . W o h l e r a d d e d 
t h a t i n t h e p r e p a r a t i o n of t h e h y d r a t e , t h e i ron d o e s n o t r e d u c e t h e ferr ic o x i d e 
d i r ec t ly , b u t t h e r e d u c t i o n is effected b y t h e n a s c e n t h y d r o g e n p r o d u c e d b y t h e 
a c t i o n of t h e i ron o n t h e w a t e r . I n t h e w o r d s of F . Woh le r , " t h e ferr ic ox ide 
does n o t g ive u p o x y g e n t o t h e i ron , b u t i n d u c e s t h e d e c o m p o s i t i o n of t h e w a t e r 
b y i t s p r ed i spos ing affinity for fe r rous ox ide " ; a n d h e a d d e d t h a t z inc is n o t 
oxidized b y boi l ing i t w i t h w a t e r a n d h y d r a t e d ferric ox ide . T h e h y d r a t e s of 
a l u m i n a a n d c h r o m i c ox ide d o n o t oxid ize t h e i ron . F . W o h l e r , J . P r e u s s , a n d 
J . Le fo r t o b s e r v e d t h a t h y d r a t e d ferrosic ox ide fo rms a ye l low soln. w h e n t r e a t e d 
w i t h hyd roch lo r i c ac id ; J . Lefor t f o u n d t h a t i t is soluble i n h y d r i o d i c ac id ; a n d 
in cone , su lphu r i c ac id . S. H i l p e r t o b s e r v e d t h a t t h e f reshly p r e c i p i t a t e d h y d r a t e 
is ox id ized u n d e r w a t e r b y p e r s u l p h a t e s . O. F a u s t sa id t h a t t h e h y d r a t e is n o t 
soluble in a q . a m m o n i a i n t h e p re sence of a m m o n i u m sa l t s ; E . R a m a n n , t h a t i t is 
r ead i ly so luble in di l . n i t r i c ac id , a n d b u t spa r ing ly soluble i n t h e cone, ac id ; a n d 
J . Lefor t , t h a t i t is spar ing ly soluble in p h o s p h o r i c ac id , i n a r sen ic acid , a n d i n 
h y d r o c y a n i c ac id , a n d soluble in ace t i c , oxa l ic , a n d t a r t a r i c ac ids . S o m e sa l t s of 
ferrosic ox ide r e g a r d e d a s a ba se h a v e b e e n r epo r t ed—v ide infra. 

J . Le fo r t o b t a i n e d a p r e c i p i t a t e 6 F e O . F e 2 O 3 . 4 H 2 O from a soln. of 6 eq . of 
fe r rous s u l p h a t e a n d 1 eq . of ferric s u l p h a t e . O. H a u s e r , a n d H . C h a n d r a o b t a i n e d 
a h y d r a t e d ferrosic ox ide b y t h e a c t i o n of a h o t , cone . soln. of p o t a s s i u m h y d r o x i d e 
o n ferrosic a m m o n i u m c a r b o n a t e ; w h e n t h e p r o d u c t is d r i e d a t 100° i t s compos i t i on 
is 4 F e O . F e 2 O 3 . 5 H 2 O , or F e 6 O 7 . 5 H 2 O . I t is r ead i ly a c t e d on b y air , y ie ld ing 
h y d r a t e d ferric ox ide . A . K a u f m a n n , L . A . WeIo a n d O. B a u d i s c h , F . H a b e r , a n d 
H . C h a n d r a also p r e p a r e d t h e h y d r a t e d ox ide F e 8 O 1 1 - ^ H 2 O , or 2 F e O . 3 F e 2 O 3 . ^ H 2 O , 
b y a d d i n g 22 g r m s . of a 20 p e r c en t . soln . of a m m o n i a w i t h 21 g r m s . of c rys t a l l i ne 
fe r rous s u l p h a t e d i sso lved i n 200 g r m s . of w a t e r , t o t h e bo i l ing soln. of 2*55 g r m s . 
of n i t r i c ac id , a n d boi l ing for 15 mins.—wide supra for t h e a n h y d r o u s ox ide . J . W o o s t 
m e a s u r e d t h e p o t e n t i a l s of t h e p r e c i p i t a t e d h y d r a t e s ; a n d P . F i r e m a n , 
F . J . R . Carul la , C. F . W i i l m n g , A. K a u f m a n n , a n d F . H a b e r d i scussed t h e 
a p p l i c a t i o n of t h e h y d r a t e d ox ide as a b l a c k p i g m e n t . 
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§ 30. Ferric Oxide 
I l fa i t d a n s u n p l u s g r a n d n o m b r e d e s u b s t a n c e s t e r r e u s e s e n c o r e l a fonc t ion d e p r i n c i p e 

c o l o r a n t . O n p o u r r o i t d i r e , d u m o i n s p a r r a p p o r t a n r e g n e m i n e r a l , q u e q u a n d la n a t u r e 
p r e n d Ie p i n c e a u , e ' e s t t r e s - s o u v e n t Ie fer o x y d 6 qxii es t s u r l a pa le t t e . -—R. J . HAfjY. 

I n h is ITepC Xidtov, w r i t t e n 325 B.C., T h e o p h r a s t u s referred t o haemat i te , o r 
r a t h e r a.lfx.cLTCTrjs—from aXynx, b lood—a mine ra l so n a m e d because i t h a d t h e 
a p p e a r a n c e of h a v i n g been formed of conc re t ed b lood ; a l t h o u g h , a c c o r d i n g t o 
A. H. B a u m g a r t n e r , 1 a n d K. C. Schmiede r , i t is n o t c e r t a i n if T h e o p h r a s t u s r ea l ly 
refer red t o t h a t m i n e r a l n o w k n o w n a s h sema t i t e . T h e a n c i e n t Greek also desc r ibed 
a second k i n d of hsematite—0.IfJLCLTiTr]S ^cuvOnq-—which h a d a ye l lowish-whi te 
colour , a n d which w a s p r o b a b l y a ye l low ochre or l i m o n i t e k n o w n for a long t i m e 
a s b r o w n hsemat i t e . I n t h e first c e n t u r y , Dioscor ides , in h is He pi VATJS la.TpiKr}s 
(5 . 143 , c. 40) , a lso m e n t i o n e d t h e s a m e m i n e r a l ; a n d P l i n y , in his Historic/, naturalis 
(86. 25 , 37 , 38 , c. 77), sa id t h a t haematites is a s t one of a b lood- red colour which , 
w h e n p o w d e r e d , y ie lds a t i n t l ike t h a t of b lood o r of saffron. P l i n y also sa id t h a t 
schistos a n d TicBmatites h a v e a ce r t a in affinity. T h e s e v a r i e t i e s were d i scussed b y 
A. Nies . Virgi l , in h is ^Eneid (10. 174), t h u s referred t o t h e depos i t s of t h e m i n e r a l 
on t h e i s l and of Elba—-I lva . . . insula inexhaustis chalybum generosa metallis. 
( E l b a , a n i s l and d i s t ingu i shed b y i n e x h a u s t i b l e i ron-mines . ) Al lus ions t o hcsfnalites, 
ox Blutstein a n d schistos, o r Glaskopfe, were desc r ibed b y G. Agr icola , J . I i . B a u s c h , 
a n d A . B . d e B o o d t . 

J . G. Wal l e r iu s 2 descr ibed t h r e e va r i e t i e s of t h i s m i n e r a l : (i) Miner a ferri 
speoularis ; (ii) Hcematites ruber ; a n d (iii) Ochra trtiura rubra—Speglande Eisen-
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glimmer ; R . J . Ha i iy , described (i) Fer oxyde rouge ; a n d (ii) Fer oligiste ; a n d 
J . B . Li. R o m e d e TIsIe, (i) hematite, o r terre martiale en stalactites ; a n d (ii) Mine 
de fer grise or fer speculaire. A m o n g t h e older minera logis t s , t h e t e r m haemat i t e 
i nc luded fibrous, s t a l ac t i t i c , a n d o t h e r solid, mass ive var ie t i e s a s well a s l i m o n i t e 
a n d tu rg i t e—v ide infra. J . D . D a n a gives t h e following classification of t h e m a i n 
var ie t i e s of haemat i te : (i) Specular hcematite—specularite—has a meta l l i c l u s t r e , 
a n d t h e c rys ta l s a r e of ten glossy or sh in ing—hence t h e t e r m specular iron, o r 
Eisenglanz, or oligiste. W h e n t h e s t r u c t u r e is fol iated, t h e minera l is cal led 
micaceous hcematite, or Eisenglimmer ; a n d if t h e micaceous haemat i te is soft a n d 
u n c t u o u s , i t is cal led Eisenrahm. T h e t e r m hcematite is also u sed for some of 
t h e less h y d r a t e d n a t u r a l ferric ox ides . W . Li. v o n Eschwege , E . H u s s a k , 
F . Zirkel , W . H a i d i n g e r , a n d A. P e l i k a n called t h e mine ra l specular schist, or 
itabiryte—or itabirite—from I t a b i r a , Braz i l—is a schist—Eisenglimmer-schiefer— 
con ta in ing m u c h specu la r haemat i te i n g ra in s or scales, or i n t h e micaceous 
form, (ii) Compact columnar hcematite, o r fibrous hcematite, occurs in r a d i a t i n g masses 
w i t h a submeta l l i c or me ta l l i c l u s t r e , a n d coloured b rowni sh - r ed t o i ron-b lack . 
I t is also called red hcematite. W h e n i t occurs in r e m f o r m masses w i t h a s m o o t h 
f r ac tu re , i t is cal led kidney ore, bloodstone, Glaskopf, a n d Eisenniere. (iii) Red 
ochre—the Rotheisenocker of A. G. W e r n e r — i s a red , e a r t h y v a r i e t y . T h e so-called 
reddle o r ruddle, Rothel or Rothstein, a n d red chalk, a r e va r ie t i e s of red ochre m i x e d 
w i t h m o r e or less c lay , (iv) Clay ironstone—Thoneisenstein—or argillaceous 
hcematite is b rownish-b lack , r edd i sh -b rown or deep red , a n d h a r d ; w i t h a s u b -
meta l l i c l u s t r e or no lu s t r e . I t is m i x e d w i th m o r e or less c lay or s a n d . T h e 
reddish v a r i e t y w i th a jasper- l ike t e x t u r e is called jaspery clay ironstone ; a n d t h e 
v a r i e t y occur r ing in m i n u t e , flattened concre t ions , lenticular iron ore, or fossil ore— 
accord ing t o A. F . F o e r s t e , t h e oolitic ore f rom t h e Cl in ton g r o u p , O h i o — h a s t h e 
r e m a i n s of b r y o z o a n corals . Accord ing t o A . F renze l , A. B r e i t h a u p t cal led a 
v a r i e t y of j a s p e r y c lay i rons tone jaspohdmatite. 

T h e mine ra l is v e r y wide ly diffused i n n a t u r e ; i t w a s ana lyzed b y C. F . Bucho lz , 3 

a n d J . H . Hassen f ra t z . A t first, t h e p r o p o r t i o n of o x y g e n was r ega rded as va r i ab le 
-—e.g., b y A . B r e i t h a u p t , R . K i r w a n , a n d A . G. Werne r . Analyses were r e p o r t e d 
b y A. S c h m i d t , J . Lioczka, A. K o c h , J . Kon igsberge r a n d O. R e i c h e n h e i m , 
A. F . B r a i n e r d , J . Konigsberger , F . v o n Kobel l , G. B . H o g e n r a a d , C. F . R a m m e l s -
berg , M. D i t t r i c h , R . R o h r e r , A. Be rgea t , M. F . H e d d l e , A. J . Moses, F . Z a m b o n i n i , 
e t c . Artificial p r e p a r a t i o n s were ana lyzed b y C. F . Bucholz , J . L*. G a y L u s s a c , 
F . S t r o m e y e r , J . J . Berze l ius , T . T h o m s o n , J . W . Dobere ine r , J . Samsonowicz , a n d 
H . S t . C. Devi l le . T h e r e su l t s a re i n a g r e e m e n t w i t h t h e fo rmula for ferric ox ide , 
or iron sesquioxide, F e 2 O 3 . C. F . R a m m e l s b e r g , M. D i t t r i c h , R . R o h r e r , A. S c h m i d t , 
J . Loczka , a n d A. K o c h found some c rys ta l s free f rom t i t a n i c ox ide , b u t several 
o the r s r e p o r t e d t h e p resence of t i t a n i c o x i d e — J . J . Berzel ius , H . Rose , F . v o n Kobe l l , 
Li. J . I ge l s t rom found in some Swedish samples m o l y b d e n u m , a n d t h a l l i u m ; 
W . N . H a r t l e y a n d H . R a m a g e obse rved spect roscopica l ly in va r ious s amples , R b , 
N a , Mn, Cu, Ag, Ca, P b , Ga, I n , Tl , a n d N i . 

T h e fo rma t ion of ferric oxide f rom t h e colloidal or h y d r a t e d ox ide , e tc . , h a s 
b e e n discussed b y J . M. v a n B e m m e l e n , 4 O. Ruff, H . Wolb l ing , H . W . F ischer , 
TT. S t r e m m e , L . H u g o u n e n q a n d J . Loiseleur , F . F . Osborne , A. N . Z a v a r i t s k y , 
M. Godlewicz, G. W . Stose , E . C. H a r d e r a n d T. C. Chamber l in , J . J o h n s t o n a n d 
E . D . Wi l l i amson , R . B . Sosman , a n d O. Mugge ; a n d i t s fo rmat ion in n a t u r e b y 
t h e o x i d a t i o n of s ider i te , b y H . Wolb l ing . 

W h a t m i g h t b e cal led t h e acc iden ta l f o rma t ion of ferric ox ide has been n o t i c e d 
u n d e r va r ious condi t ions in chemica l a n d meta l lu rg ica l processes. E . Mitscher l ich 5 

obse rved ferric ox ide c rys ta l s i n t h e m a s o n r y of a po t t e ry oven where sa l t w a s 
u s e d for t h e glazing ; J . K n e t t , i n sa l t -g lazed s toneware—v ide infra, aventurine 
glazes ; J . J . N o g g e r a t h , i n some c lay of t h e Wiel iczka sa l t -mine after some t i m b e r 
in t h e v ic in i ty h a d b e e n b u r n e d ; F . K u h l m a n n , a n d A. des Cloizeaux, ferric 
ch lor ides ; J . F . L . H a u s m a n n , i n t h e m a s o n r y of a b las t - furnace in t h e H a r z ; 
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J . B . J . D . Bouss ingau l t , i n cav i t i e s i n a fu rnace a t R i a , P y r e n e e s - O r i e n t a l e s ; 
F . von H o c h s t e t t e r , A. A r z r u n i , H . V a t e r , C. F . R a m m e l s b e r g , a n d K . B . D o s s , i n 
t h e m a s o n r y of t h e su lpha t e - fu rnaces of s o d a - w o r k s of H r u s c h a u , Silesia, a n d of 
Schonebeck, M a g d e b u r g ; a n d A. K r a n t z , i n t h e r e m a i n s of a fire i n H a m b u r g . 
J . K n e t t o b s e r v e d t h a t c r y s t a l s of ferr ic o x i d e a r e f o r m e d i n sa l t g lazes ; a n d 
W . G. F e a r n s i d e s , w h e n t h e v a p o u r s f r o m s a l t y coals m e e t a t m o s p h e r i c a i r i n t h e 
firebricks, a n d w h e n d a m p i ron - s tone is ca lc ined i n t h e o p e n b y s a l t y coal i n t h e 
i n t e r io r of t h e h e a p ; a n d M. Bel l iere f o u n d t h e c ry s t a l s on p o t t e r y in a sa l t -g laz ing 
k i ln . A depos i t of c rys t a l l ine haemat i t e is f o rmed a s a s u b l i m a t e , cove r ing all t h e 
surfaces fair ly t h i c k l y , a n d c e m e n t i n g t o g e t h e r t h e n e i g h b o u r i n g i ron - s tone b locks 
j u s t w h e r e t h e v a p o u r s f rom t h e in t e r io r m e e t t h e a i r . H . E* M e r w i n a n d 
J . C. H o s t e t t e r obse rved t h e f o r m a t i o n of h s e m a t i t e c r y s t a l s i n t h e a t t e m p t t o 
r e d u c e t h e a m o u n t of i ron i n glass p o t s b y p a s s i n g ch lo r ine i n t o t h e cove r ed p o t for 
severa l h o u r s a t 1100° ; whe re t h e effluent ch lor ine a n d ferric ch lor ide v a p o u r m e e t s 
t h e a i r , c ry s t a l s of h semat i t e a r e fo rmed . C. E . M u n r o e o b s e r v e d t h e f o r m a t i o n of 
h semat i t e i n t h e i ron p ipes a l t e r n a t e l y c a r r y i n g h y d r o g e n ch lor ide a n d a i r i n 
D e a c o n ' s process for ch lor ine ; W . Miiller found hsemat i t e c ry s t a l s i n t h e r e s idues 
o b t a i n e d i n t h e r e d u c t i o n of n i t r o b e n z e n e t o an i l ine . A . P a y e n found c r y s t a l s of 
specu la r ferric ox ide i n t h e i r o n - r u s t of a b u i l d i n g r e p u t e d t o b e 700 t o 800 y e a r s o ld . 
T h e depos i t of ferr ic ox ide w h i c h a p p e a r s o n glass g lobes a n d ref lectors of g a s 
l a m p s is a t t r i b u t e d b y H . E . R o s c o e a n d I J . T . T h o m e , H . M o r t o n , a n d A . G u n t z 
t o t h e decompos i t i on of t r a c e s of i ron c a r b o n y l i n t h e g a s which w a s f o r m e d f rom t h e 
i r on u s e d a s d e s u l p h u r i z i n g a g e n t . 

T h e preparat ion of ferric o x i d e . — F e r r i c ox ide is t h e e n d - p r o d u c t of t h e 
o x i d a t i o n of i ron , of i t s lower ox ides or h y d r o x i d e s , a n d of m a n y of i t s s a l t s . I n 
some cases t h e p r o d u c t is wel l c rys ta l l i zed , a n d i n o t h e r cases i t a p p e a r s a s a n 
a m o r p h o u s powder , a l t h o u g h J . A. H e d v a l l 6 p o i n t e d o u t t h a t t h e ox ide is a l w a y s 
c rys ta l l ine e v e n w h e n i t a p p e a r s as a n i m p a l p a b l e powder . A . A r z r u n i h a s compi l ed 
a b i b l i o g r a p h y of t h e m o d e s of p r e p a r i n g art if icial c rys t a l s of h sema t i t e . As p o i n t e d 
o u t b y E . L«. S c h u b a r t h , t h e ea r ly c h e m i s t s k n e w t h a t w h e n i ron is r o a s t e d in a i r , 
i t fo rms ferric ox ide—v ide supra. W . G u n t h e r , a n d D . T a s s a r a desc r ibed t echn ica l 
app l i ca t i ons of t h e p rocess of o x i d a t i o n ; a n d R . O. Sne l l enberger f o u n d t h a t t h e 
p resence of fer rous or cup r i c s u l p h a t e acce le ra te s t h e o x i d a t i o n of i r o n b y a i r . 
P . S a b a t i e r a n d J . B . S e n d e r e n s o b s e r v e d t h a t i ron r e d u c e d hy h y d r o g e n a t a 
low t e m p . , w h e n h e a t e d t o 200°, b u r n s w i t h incandescence , f o r m i n g ferr ic ox ide ; 
Li. W . W i n k l e r , P . P . BudnikofE, a n d W . Miiller m a d e a n a l o g o u s o b s e r v a t i o n s . B u r n t , 
p y r o p h o r i c i r on -was f o u n d b y J . A. H e d v a l l t o yield ferric o x i d e w h e n i t is h e a t e d t o 
1000° in a i r . Accord ing t o P . P . Fedo tee f i a n d T . N . P e t r e n k o , t h e e n d - p r o d u c t 
of t h e o x i d a t i o n of i ron in a i r a t 1000° t o 1100° is ferric ox ide , a n d fe r rous a n d 
ferrosic oxides a r e fo rmed a s i n t e r m e d i a t e p r o d u c t s . C N . A . d e H a l d a t d u L y s 
s t a t e d t h a t s t e a m a c t s on i ron t u r n i n g s a t a r ed -hea t , fo rming r h o m b o h e d r a l c rys t a l s 
of ferric oxide , b u t H . V. R e g n a u l t o b t a i n e d ferrosic ox ide , n o t ferric ox ide , b y t h i s 
p rocedure . H . A r c t o w s k y o b t a i n e d c r y s t a l s b y t h e a c t i o n of t h e v a p o u r of 
a m m o n i u m chlor ide a n d a i r on r e d - h o t i ron . J . L». G a y !Lussac p a s s e d t h e v a p o u r 
of n i t r i c a c i d o v e r r e d - h o t i ron a n d o b t a i n e d ferr ic ox ide ; P . S a b a t i e r a n d 
J . B . S e n d e r e n s f o u n d t h a t i ron , r e d u c e d b y h y d r o g e n b e l o w 400° , b u r n s v igo rous ly 
i n c o n t a c t w i t h n i t r o g e n p e r o x i d e , f o r m i n g ferr ic ox ide ; a n d i r o n r e d u c e d a t a 
du l l r e d - h e a t r equ i r e s h e a t i n g t o 340° for c o m p l e t e o x i d a t i o n . F . E m i c h s a i d t h a t 
finely-divided i ron h e a t e d i n a c u r r e n t of n i t r i c o x i d e fo rms ferr ic o x i d e , b u t a t 
200°, P . S a b a t i e r a n d J . B . Sende rens sa id t h a t t h e p r o d u c t a p p r o x i m a t e s t o f e r rous 
oxide . Acco rd ing t o Xi. H a c k s p i l l a n d R . G r a n d a d a m , if i r o n is h e a t e d w i t h a lka l i 
h y d r o x i d e , c a r b o n a t e , n i t r a t e , o r s u l p h a t e i n v a c u o , i t is ox id ized t o ferr ic o x i d e . 
S. Meunier found t h a t l a rge , g l i s ten ing plates-of ferr ic ox ide a r e p r o d u c e d w h e n a n 
i n t i m a t e m i x t u r e of p o t a s s i u m d i c h r o m a t e , fe r rous c a r b o n a t e , a n d i r o n ( 1 4 8 ; 
6 8 : 56 grms.) is cove red w i t h a l ayer of c ryo l i te a n d s t r o n g l y h e a t e d i n a c ruc ib le . 
Hi. O t t l ikewise o b t a i n e d c r y s t a l s b y cooling a soln . of i r o n i n mol ten sodium hepta-
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m o l y b d a t e . A. C. Becquere l covered a n i ron p l a t e w i t h a p a s t e of l e a d c h r o m a t e , 
t h e n c e m e n t e d t h e r e o n a glass p l a t e so a s t o p r e v e n t t h e e v a p o r a t i o n of w a t e r , 
a n d f o u n d t h a t c rys t a l s of b o t h ferric a n d fer rous ox ides a r e f o r m e d a s wel l a s 
i ron c h r o m a t e a n d lead ox ide . C. M o n n e t t , a n d R . L o r e n z o b t a i n e d t h e h y d r a t e d 
ox ide b y u s i n g a n i ron a n o d e in t h e e lectrolysis of a soln. of a lka l i ch lor ide . 

T h e lower ox ides , a n d t h e h y d r a t e d ox ides genera l ly furn ish ferric ox ide when 
roas t ed in a i r . T . W . R i c h a r d s a n d G. P . B a x t e r o b t a i n e d t h e ox ide of a high 
degree of p u r i t y for t h e i r a t . w t . d e t e r m i n a t i o n s b y r o a s t i n g t h e h y d r a t e p r e c i p i t a t e d 
b y a m m o n i a f rom a soln. of t h e n i t r a t e . A n a l o g o u s processes were employed b y 
A. F . B e n t o n a n d P . H . E m m e t t , A. S i m o n a n d T. S c h m i d t , a n d C. R . A. W r i g h t 
a n d A. P . Luff. C. M o n n e t t a lso ox id i zed h y d r a t e d fe r rous ox ide . G. F r i ede l 
o b t a i n e d ferric ox ide p s e u d o m o r p h o u s w i t h m a g n e t i t e b y h e a t i n g m a g n e t i t e for 
severa l h o u r s in t h e ox id iz ing b l o w p i p e flame. J . Gill , a n d J . L a u x oxid ized 
m a g n e t i t e . W . C. H a n s e n a n d Li. T . B r o w n m i l l e r o b s e r v e d t h a t p r e c i p i t a t e d ferric 
ox ide changes t o haemat i te a t 300° . T h e n a t u r a l haemat i tes c o n t a i n a deficiency of 
o x y g e n eq . t o 0 4 t o 5 - 0 p e r cen t , of fer rous ox ide . S u c h a p r o d u c t r equ i r e s 
h e a t i n g in a i r for a long t i m e before i t t a k e s u p e n o u g h oxygen t o a p p r o a c h ferric 
ox ide in compos i t i on . E . Greu l ich found 1 h o u r ' s h e a t i n g a t 1200° will suffice, 
b u t a t 1000°, 1OO h r s . a r e necessa ry . O. B a u d i s c h dissolved i ron, de r ived f rom 
t h e c a r b o n y l , i n hyd roch lo r i c acid , a n d ob t a ined y-Fe203.OH, b y a u t o x i d a t i o n 
i n t h e p re sence of p y r i d i n e . This on d e h y d r a t i o n g a v e w h a t h e cal led active iron, 
y - F e 2 0 3 . C. M. L o a n e m a d e t h e a c t i v e oxide b y t h e low t e m p , o x i d a t i o n of 
p y r o p h o r i c i ron . 

A. F r e n z e l a lso h e a t e d in a covered cruc ib le t h e h y d r a t e d ox ide c o n t a m i 
n a t e d w i t h m u c h a m m o n i u m chlor ide a n d o b t a i n e d r h o m b o h e d r a l c r y s t a l s ; a n d 
E . Millosevich observed t h e fo rma t ion of t h e c rys ta l s a r o u n d fu rmaro les e m i t t i n g 
v a p o u r s of i ron chlor ide . T. L . P h i p s o n p r e p a r e d c rys t a l s s imi la r t o t hose found 
on Vesuv ius , b y t h e ac t i on of t h e v a p o u r of a m m o n i u m chlor ide on ferric ox ide a t 
a h igh t e m p . H . A r c t o w s k y also o b t a i n e d haemat i t e c rys t a l s de la plus grande 
beaute in a s imilar w a y . W . B r u h n s o b t a i n e d r ed h e x a g o n a l p l a t e s b y h e a t i n g in a 
sealed t u b e a m i x t u r e of w a t e r , h y d r a t e d ferric ox ide m i x e d w i th a l i t t le a m m o n i u m 
fluoride ; C Doe l t e r , a n d G. F r i ede l o b t a i n e d a s imilar c rys t a l b y work ing w i t h o u t 
t h e a m m o n i u m fluoride a t 450° t o 5 0 0 ° — a t a b o u t 280°, p o w d e r e d ferric ox ide is 
fo rmed. P . P . BudnikofE a n d K . E . K r a u s e found t h a t a l l t h e -water is exx>elled 
f rom t h e h y d r a t e a t 650°. T h e p r e p a r a t i o n of ferric ox ide b y h e a t i n g t h e h y d r a t e d 
ox ide in v a r i o u s w a y s w a s descr ibed b y H . a n d W . P a t a k y , J . L a u x , H . F . S a u n d e r s , 
A. R . D a v i s , O. S. Nei l , W . H . Giles a n d H . A. Wi lson , R . a n d C. S t e i n a u , G. L u n g e 
a n d F . M. L y t e , J . Gill, P . F i r e m a n , a n d J . F . N . M a c a y ; a n d b y h e a t i n g t h e 
h y d r o x i d e w i t h w a t e r , b y N . M. Culloch, a n d T. S t o r e r a n d C. J . A. Tay lo r . 
R . W i l l s t a t t e r a n d co-workers p r e p a r e d ferr ic h y d r o x i d e f rom ferric a m m o n i u m 
a l u m , a m m o n i a , a n d a m m o n i u m s u l p h a t e in w e a k l y a lka l ine soln. , a n d d r i e d i t b y 
ace tone . H . d e S e n a r m o n t h e a t e d h y d r a t e d ferric ox ide s u s p e n d e d in w a t e r or 
in a s a t . soln. of s o d i u m or ca l c ium chlor ide for 48 b r s . a t 200°, o r 8 d a y s a t 160° 
t o 180°, a n d o b t a i n e d ferric ox ide as a r e d p o w d e r , b y -working a t 300° ; s o m e t a b u l a r 
c rys t a l s were fo rmed . S imi lar r e su l t s were o b t a i n e d b y h e a t i n g a soln. of ferric 
chlor ide w i t h s o d i u m or ca l c ium c a r b o n a t e ; a n d H . N . S tokes , l ikewise, b y h e a t i n g 
p y r i t e or m a r c a s i t e w i t h a lkal i - lye . A. Ves t e rbe rg o b t a i n e d p s e u d o m o r p h s of 
ferric o x i d e af ter ferr ic s u l p h a t e b y h e a t i n g h y d r a t e d ferric ox ide , p r e p a r e d a s a 
p s e u d o m o r p h a f te r ferric s u l p h a t e . 

J . D . H e d v a l l p r e p a r e d ferric ox ide of different colours b y roa s t i ng fe r rous 
su lph ide for 4 h r s . a t 600° ; p y r o h o t i t e for 10 h r s . a t 700° ; a n d m a r c a s i t e for 
6 h r s . a t 700°. L ikewise , a lso, b y r o a s t i n g fer rous s u l p h a t e for 9 h rs . a t 700° ; a n d 
a m m o n i u m fer rous s u l p h a t e for 5 h r s . a t 700° a n d t h e n 3 h r s . a t 1000°. A. Gorgeu 
o b t a i n e d ferric ox ide c rys t a l s b y h e a t i n g fe r rous or ferric s u l p h a t e or a m i x t u r e 
of t h e t w o i n fused s o d i u m s u l p h a t e . J . A . R e a v e l l , a n d O. S. Nei l l o b t a i n e d 
t h e ox ide for use a s a p i g m e n t in t h i s w a y ; a n d E . Mitscher l ich, M. L a c h a u d a n d 
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C. Lepierre, a n d H. O. Hofman and W . Mostowitsch obta ined crystals of haematite 
b y roas t ing ferric s u l p h a t e , o r a m m o n i u m ferrous sulphate. V. R o d t found t h a t 
t h e hyd rox ide o b t a i n e d b y ox id iz ing h y d r a t e d ferrous or ferric sulphide is" FeO(OH) 
a n d free su lphur , n o F e S 2 is fo rmed . If t h e p r o d u c t is h e a t e d t o 210°, the ox ide is 
fe r romagnet ic - A. M a t t h i e s s e n a n d S. P . Szczepanowsky m i x e d purif ied fe r rous 
s u l p h a t e a n d d r i ed s o d i u m s u l p h a t e in n e a r l y equa l p r o p o r t i o n s , a n d i n t r o d u c e d i t 
g r a d u a l l y i n t o a r e d - h o t p l a t i n u m crucib le . T b e m a s s w a s k e p t in fusion u n t i l t h e 
evo lu t ion of s u l p h u r d iox ide ceased. T h e cruc ib le w a s t h e n a l lowed t o cool, and 
t h e fused m a s s e x t r a c t e d wi th w a t e r . If t h e t e m p , b e p r o p e r l y r e g u l a t e d , t h e 
whole of t h e i ron w a s left as a ve ry fine c rys ta l l ine ox ide . Th i s ox ide w a s t h o r o u g h l y 
w a s h e d b y d e c a n t a t i o n in o rder t o r e m o v e e v e r y t r a c e of t h e s o d i u m s u l p h a t e . 
C. F . R a m m e l s b e r g , and A. D i t t e u s e d s o d i u m chlor ide i n p l ace of s o d i u m s u l p h a t e . 
P rocesses invo lv ing t h e p r o d u c t i o n of i ron s u l p h a t e s a n d t h e convers ion of t h e 
s u l p h a t e t o ferric ox ide , so as , i n some cases , t o recover t h e s u l p h u r , w e r e desc r ibed 
b y R . Ph i l l ips , J . C. H e c k m a n , E . A. P a r n e l l , K . S h i b a t a a n d T . K o h n o , O. S. Nei l l , 
J . Leech a n d J . Nea le , T . Terre i l , C. V . B a c o n , R . Vida l , C. A. W e e k s , A. J . M o x h a m , 
J . M c F e t r i d g e , M. N . d ' A n d r i a , E . F . J . Duc los , a n d A. Crossley a n d H . A. Al lpor t . 
F . Wibe l f o u n d t h a t a soln . of copper a n d ferric s u l p h a t e s , h e a t e d t o 210° for 10 h r s . , 
fu rn ished sca ly c rys t a l s of ferric ox ide . 

T h e v a r i o u s ha l ides of i ron furnish ferric ox ide w h e n h e a t e d in a i r or o x y g e n . 
J . I J . Gay-Liussac h e a t e d m o l t e n fe r rous ch lor ide in a s t r e a m of o x y g e n a n d f o u n d 
t h a t chlor ine w a s evo lved a n d ferric ox ide fo rmed ; w i t h mo i s t a i r in p lace of o x y g e n , 
some h y d r o g e n chlor ide w a s also evo lved . J . A. H e d v a l l found t h a t 4 h r s . a t 600°, 
or 1 h r . a t 1000°, sufficed. A. Gorgeu h e a t e d fer rous ch lor ide in a p a r t i a l l y closed 
crucible , a n d o b t a i n e d ferric ox ide a t a dul l r e d - h e a t a n d ferrosic ox ide a t a b r i g h t 
r ed -hea t . H . Schulze s t u d i e d t h e r eac t ion . A. D u b o i n p r e p a r e d r e d p l a t e s of 
ferric ox ide f rom a m o l t e n m i x t u r e of ferrous chlor ide , a n d p o t a s s i u m hydrof luor ide 
a n d f luoride. J . A. H e d v a l l r o a s t e d a m m o n i u m ferrous chlor ide 4 h r s . a t 600°, 
a n d o b t a i n e d ferric ox ide ; a n d E . S t i r n e m a n n o b t a i n e d microscopic , h e x a g o n a l 
p l a t e s b y h e a t i n g ferric oxych lo r ide , FeOCl , a t 450° in a sea led t u b e . J . Ja. G a y 
I iussac , a n d H . Schulze also o b t a i n e d ferric ox ide b y h e a t i n g ferric ch lor ide i n a 
c u r r e n t of o x y g e n ; G. F . H i i t t i g a n d H . Gars ide w a s h e d o u t a n y u n c h a n g e d 
chlor ide w i t h a lcohol . T . K a t s u r a i a n d T . W a t a n a b e o b t a i n e d c rys t a l s w i t h t h e 
s t r u c t u r e of hcemat i te b y h e a t i n g a soln. of ferric ch lor ide i n a n a u t o c l a v e a t 150°. 
J . L . G a y L u s s a c p r e p a r e d c rys ta l s of ferric ox ide r e sembl ing t h e so-cal led sublimed 
hcematite f ound on t h e wal ls of t h e c r a t e r of Vesuv ius , b y d e c o m p o s i n g h e a t e d ferric 
chlor ide b y s t e a m ; h e a s s u m e d t h a t t h e m i n e r a l is f o rmed in n a t u r e b y t h e a c t i o n 
of s t e a m o n a m i x t u r e of sod ium chlor ide a n d i ron s u l p h a t e ; a n d t h a t s i l icates in 
t h e p resence of s o d i u m chlor ide a re decomposed b y s t e a m . R . B u n s e n d iscussed 
t h e p r o d u c t s ; a n d E . S t i r n e m a n n , t h e process . M. Coppola , E . A. P a r n e l l , 
E . W . W e s c o t t , S. J . L e v y and G. W . G r a y , D . Tyre r , a n d P . T s c h i r w i n s k y 
also p r e p a r e d t h e c rys t a l s b y J . L . G a y Lussac ' s process . H . E . Merwin a n d 
J. C. H o s t e t t e r o b s e r v e d t h e fo rma t ion of c rys ta l s of haemat i te in t h e r e m o v a l of 
i ron f rom fireclay p o t s a t 1000° t o 1100°. H . S t . C. Devi l le found t h a t a m o r p h o u s 
ferric ox ide b e c o m e s c rys t a l l ine if i t is h e a t e d t o redness in a c u r r e n t of h y d r o g e n 
ch lor ide ; t h i s is s u p p o s e d t o exp la in h o w crys ta l s of ferric ox ide h a v e b e e n f o r m e d 
in t h e cav i t i e s of vo lcan ic l a v a . T h e h a b i t of t h e c rys ta l s va r i e s w i t h t h e t e m p . , 
a n d W . B r u h n s o b t a i n e d r h o m b o h e d r a l p r i sms of ferric ox ide a long w i t h s o m e ferrosic 
oxide b y w o r k i n g a t a b o u t 960° . P . Haute feu i l l e a n d A. P e r r e y p a s s e d a m i x t u r e 
of h y d r o g e n ch lo r ide a n d s t e a m over a m o r p h o u s ferric ox ide a n d o b t a i n e d c ry s t a l s 
r e sembl ing h sema t i t e . A s i n d i c a t e d above , T . L . P h i p s o n , A. F r enze l , G. A . K e n n -
go t t , a n d H . A r c t o w s k y o b t a i n e d c rys ta l s of t h e ox ide b y t h e a c t i o n of t h e v a p o u r s 
of a m m o n i u m chloride o n ferric ox ide a t a h igh t e m p . E . "Weinschenk observed 
some ferric oxide crystals are formed in t h e syn thes i s of pyri tes from a mixture of 
ferric ox ide , sulphur, arid ammonium chloride. A. Daubree also obtained t h e 
crystals b y t h e act ion of t h e v a p o u r of ferric chlor ide o n h e a t e d qu i ck l ime . J . M. v a n 
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B e m m e l e n a n d E . A. K l o b b i e t h o u g h t tha t calcium ferrite is more l ike ly t o b e 
produced . J . D u r o c h e r p r e p a r e d t h e ox ide b y h e a t i n g t o r ednes s a m i x t u r e of 
fer rous chlor ide a n d a m m o n i u m c a r b o n a t e — s o m e ferrosic ox ide is formed a t t h e 
s a m e t i m e ; a n d M. K u h a r a , b y t h e a c t i o n of soln. of i ron chlor ides o r s u l p h a t e s 
on c a r b o n a t e s or s i l icates a t 100°—R. K l e m m could n o t verify t h i s . A. J . E v a n s , 
a n d E . Mitscher l ich o b t a i n e d ferric ox ide b y h e a t i n g t h e n i t r a t e ; a n d A. F . B e n t o n 
a n d P . H . E m m e t t r e c o m m e n d e d 135 h r s . a t 525° ; whi ls t J . A. H e d v a l l sa id t h e 
r eac t i on is c o m p l e t e d in 4 h r s . a t 700°, a n d in I J h r s . a t 1000°. -T. W . R i c h a r d s 
a n d G. P . B a x t e r sa id t h a t t h e p r o d u c t is p rac t i ca l ly free f rom gas af ter be ing h e a t e d 
m a n y h o u r s a t 900°. D a r k red , finely p o w d e r e d ferric ox ide was o b t a i n e d b y 
F . K . Bel l a n d W . A. P a t r i c k b y h e a t i n g t h e bas ic n i t r a t e 2 h r s . a t 900°, a n d 1 h r . 
m o r e a t 900° af ter p o w d e r i n g t h e p r o d u c t . B . L a m b e r t a n d J . C. T h o m s o n h e a t e d 
t h e n i t r a t e in i r i d ium in preference t o p l a t i n u m vessels . 

L . B r a n d t r e c o m m e n d e d t h e fol lowing process for p r e p a r i n g ferric ox ide of a 
h igh degree of p u r i t y , a n d for use in t h e s t a n d a r d i z a t i o n of t h e soln. used in t h e 
v o l u m e t r i c d e t e r m i n a t i o n of i ron . H . K i n d e r said t h a t t h e p rocess does n o t r e m o v e 
p h o s p h o r u s if i t b e p r e s e n t in t h e in i t i a l p r o d u c t s . 

I r o n , a s free a s poss ib le f rom p h o s p h o r u s a n d c o b a l t , is d i s so lved i n h y d r o c h l o r i c ac id , 
a n d a f t e r d i l u t i o n a n d p r e c i p i t a t i o n w i t h h y d r o g e n su lph ide , t h e f i l t ra te is e v a p o r a t e d t o 
a s m a l l v o l . , ox id i zed w i t h n i t r i c ac id , e v a p o r a t e d t o d r y n e s s w i t h h y d r o c h l o r i c ac id , d is 
so lved in w a t e r , a n d e x t r a c t e d w i t h e t h e r , w h e r e b y a n e t h e r e a l so ln . of ferr ic a n d fe r rous 
ch lo r ides i s o b t a i n e d . T h e e t h e r is d i s t i l l ed off a n d t h e r e s idue , d i s so lved i n a l i t t l e d i l . 
h y d r o c h l o r i c ac id , is c o m p l e t e l y r e d u c e d w i t h s u l p h u r d i o x i d e w i t h t h e a d d i t i o n of a t r a c e 
of i od ine , a n d t h e c lea r f e r rous ch lo r ide so ln . p r e c i p i t a t e d w i t h a n excess of a m m o n i u m 
o x a l a t e . T h e fe r rous o x a l a t e , a f t e r t h o r o u g h w a s h i n g , i s f inal ly i gn i t ed i n q u a r t z - g l a s s 
vesse ls t o c o n s t a n t -weight. 

G. S c h m i d t , J . Pe louze a n d E . F r e m y , a n d F . D u f t s c h m i d t p r o d u c e d ferric 
ox ide b y roa s t i ng ferrous c a r b o n a t e ; a n d J . A. H e d v a l l a d d e d t h a t 4 h r s . a t a b o u t 
700°, or 2 h r s . a t 1000°, m a y suffice. O. L . E r d m a n n a n d R . F . M a r c h a n d , a n d 
O. P a t t e n h a u s e n o b t a i n e d finely d iv ided ferric oxide b y h e a t i n g ferrous o x a l a t e 
t o r edness in a i r or o x y g e n ; A. Vogel r e c o m m e n d e d 200° ; and H . Moissan, a dul l 
r e d - h e a t . J . A. H e d v a l l d iscussed t h e effect of t i m e a n d t e m p , on t h e colour of t h e 
p r o d u c t — v i d e infra. T h e process w a s also e x a m i n e d b y T. W . R i c h a r d s a n d 
G. P . B a x t e r , G. F rebo ld , H . K i n d e r , a n d L . Brandt—^vide supra. J . M. E d e r a n d 
E . V a l e n t a r e c o m m e n d e d roa s t i ng a m m o n i u m ferric o x a l a t e a t 160° t o 170° ; 
J . A. H e d v a l l , ferric a c e t a t e for 6 h r s . a t 700°, or 2 h r s . a t 1000°. V. N . Ipatieff 
a n d W . W e r c h o w s k y p r e c i p i t a t e d ferric ox ide f rom soln. of ferric a c e t a t e a t 350° 
b y h y d r o g e n a t 230 a t m . press . ; a n d a t 400°, b y h y d r o g e n a t 420 a t m . press . 
L . B r a n d t , a n d A. Terre i l ob t a ined ferric ox ide b y r o a s t i n g p o t a s s i u m fe r rocyanide ; 
V. N . Ipatieff a n d I . N . Kondyreff , b y t h e ac t ion of h y d r o g e n u n d e r press , on 
a soln. of ferric t h i o c y a n a t e ; a n d A. M i t t a s ch a n d co-workers , b y ox id iz ing i ron 
ca rbony l . 

G. R o s e , C. Doe l t e r , a n d W . F lo r ence obse rved t h a t s o m e s ix-s ided p l a t e s of 
ferric ox ide were formed w h e n ferric ox ide is h e a t e d w i t h b o r a x in t h e ox id iz ing 
flame of a b lowpipe . C. v o n H a u e r o b t a i n e d c rys ta l s of heomat i te b y h e a t i n g a 
m i x t u r e of powdered ferric ox ide a n d b o r a x , a n d w a s h i n g t h e p r o d u c t w i t h h y d r o 
chloric ac id . F . F o u q u e a n d A. Miche l -Levy obse rved t h a t ferric ox ide c rys t a l s 
a r e often fo rmed when fe r rug inous s i l icates a r e me l t ed , b u t J . H . L . V o g t o b s e r v e d 
t h a t c rys t a l s of ferric ox ide a re ra re ly , if ever , found in o r d i n a r y furnace s lags . 
Accord ing t o J . H . L . Vog t , a n d F . W . Clarke , ferric oxide can s e p a r a t e f rom 
si l icate m a g m a s on ly w h e n ferrous c o m p o u n d s a re e i ther absen t , or p r e s e n t o n l y 
i n s u b o r d i n a t e p r o p o r t i o n s , because ferrous ox ide u n i t e s w i t h ferric ox ide t o f o rm 
m a g n e t i t e . H e n c e , m a g n e t i t e is cha rac te r i s t i c of rocks r ich in f e r romagnes ian 
mine ra l s , whi le h sema t i t e occurs chiefly in t h e m o r e siliceous a n d f e l spa th ic g r a n i t e s , 
syen i t e s , t r a c h y t e s , r hyo l i t e s , andes i t e s , a n d phono l i t e s ; a n d i t is a lso f o u n d in 
the crystall ine sch is t s ; m a g n e t i t e , howeve r , is t h e m o r e c o m m o n pyrogen ic mineral. 
I n igneous rocks, as F . W. Clarke has shown, ferrous oxide general ly exceeds t h e 
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ferric o x i d e — t h e p r o p o r t i o n s b e i n g r o u g h l y a s 1*3 : 1*0, a n d t h i s excess s eems t o 
de t e rmine t h e m o r e f r e q u e n t f o r m a t i o n of m a g n e t i t e . F e r r i c p y r i t e , a n d fe r rous 
p y r r h o t i t e a p p e a r t o follow t h e s a m e ru le of a s soc ia t ion . J . Morozewicz a lso 
observed t h a t ferric ox ide is f o r m e d on ly i n s i l icates w i t h a low p r o p o r t i o n of fe r rous 
i ron , a n d is p r o d u c e d b y m e l t i n g acidic r a t h e r t h a n bas ic s i l ica tes . 

Spang le s of w h a t is poss ib ly ferric ox ide a r e f r e q u e n t l y deve loped i n p o t t e r y 
glazes h igh ly c h a r g e d w i t h ferric ox ide ; a n d w h e n de l ibe ra t e ly p r o d u c e d , t h e 
p r o d u c t s a r e called aventurine glazes, sunstone glazes, e t c . , t h o u g h a v e n t u r i n e effects 
a r e p r o d u c e d in glazes a n d glasses in o t h e r w a y s . I n t h e case of g lazes h i g h l y 
c h a r g e d w i t h ferric ox ide , t h e firing t e m p , a n d r a t e of cool ing a r e i m p o r t a n t f ac to r s 
in p r o d u c i n g t h e effects. T h e sub jec t w a s d i scussed b y H . Mackle r , P . E b e l l , 
I i . P e t r i k , e t c . T h e f o r m a t i o n of ferric ox ide i n m o l t e n s i l ica tes was also e x a m i n e d 
b y F . Angel , C. Doe l t e r , V . H a m m e r l e , G. M e d a n i c h , J . Morozewicz, K . P e t r a s c h , 
H . H . R e i t e r , a n d J . H . L . Vog t . F . K u h l m a n n crys ta l l i zed t h e ox ide f rom m o l t e n 
ca l c ium chlor ide ; a n d F . P a r m e n t i e r , f rom m o l t e n p o t a s s i u m m o l y b d a t e . 
H . B . K o s m a n n descr ibed a depos i t of s t r ong ly m a g n e t i c l i m o n i t e a t H a r t e b e r g , 
Silesia ; t h e h y d r a t e d ferric ox ide c o n t a i n e d n o ferrous ox ide , a n d h e a sc r ibed t h e 
f e r romagne t i c p r o p e r t y t o a '* pecu l ia r molecu la r g r o u p i n g . " F e r r o m a g n e t i c 
haemat i t e occurs a s a l igh t choco la t e -b rown p o w d e r in t h e gossan depos i t a t t h e 
I r o n M o u n t a i n , California, a n d M. S a r z e a u , a n d J . L . S m i t h desc r ibed m i n e r a l s 
which m a y h a v e b e e n f e r romagne t i c ferric ox ide , b u t t h e ev idence is n o t c lear . 
P . A. W a g n e r obse rved i t n e a r J o h a n n e s b e r g , S o u t h Africa, a n d t h e depos i t -was 
descr ibed b y G, Gi lber t . P . A. W a g n e r p r o p o s e d t o call i t m a g h e m i t e . T h e t e r m 
oxymagnite w a s sugges ted b y A. N . Winche l l . G. F r e b o l d a n d J . H e s e m a n n be l ieve 
t h a t t h e f e r romagne t i c haemat i t e is f o rmed in n a t u r e on ly u n d e r a r e s t r i c t e d s u p p l y 
of o x y g e n u p t o t h e t e m p , of 320°, whi l s t o r d i n a r y haemat i t e is p r o d u c e d a t a lower 
t e m p . J . H u g g e t t obse rved t h a t n a t u r a l haemat i te a n d m a r t i t e s a l w a y s c o n t a i n e d 
some m a g n e t i c ox ide . 

J . R o b b ins desc r ibed t h e p r e p a r a t i o n of a f erromagnet ic ferric ox ide , F e 2 O 3 , 
b y t h e o x i d a t i o n of m a g n e t i t e b y h e a t i n g i t i n air , or b y fusing i t w i t h p o t a s s i u m 
n i t r a t e . H e showed t h a t t h e p r o d u c t w a s free f rom fer rous i ron , a n d t h a t i t cou ld 
n o t in consequence owe i t s m a g n e t i c p r o p e r t i e s t o t h e p re sence of ferrosic ox ide , 
a s is t h e case w i t h o r d i n a r y m a g n e t i c haemat i t e . T h e m a g n e t i c v a r i e t y w a s also 
p r e p a r e d b y F . J . M a l a g u t i b y t h e o x i d a t i o n w i t h p o t a s s i u m ch lo ra t e of fe r rous 
h y d r o x i d e a n d o t h e r h y d r a t e d i ron ox ide , a n d s u b s e q u e n t ign i t ion . W . L . D u d l e y , 
O. H a u s e r , a n d A. F r e n z e l also o b t a i n e d i t b y h e a t i n g h y d r a t e d ferric ox ide . 
A. L ive r s idge o b s e r v e d t h a t some spec imens of i ron r u s t a r e f e r romagne t i c e v e n 
w h e n free f rom fer rous i ron . Th i s p r o d u c t w a s also o b t a i n e d b y E . F . H e r r o u n 
a n d E . Wi l son . R . Cheval l ier h e a t e d in air , a t 350°, commerc ia l , p o w d e r e d , b l a c k 
m a g n e t i c ox ide c o n t a i n i n g some free i ron . H . A b r a h a m a n d R . P l an io l r e d u c e d 
ferric oxide wi th h y d r o g e n or c a r b o n m o n o x i d e a t 500°, a n d o b t a i n e d m a g n e t i t e 
which on r a p i d r e -ox ida t ion a t h igh t e m p , g ives red , p a r a m a g n e t i c ferric ox ide , 
b u t on slow ox ida t i on in a i r a t 200° t o 250° g ives ye l lowish-b rown, s t r o n g l y m a g n e t i c 
ferric ox ide . R . B . S o s m a n a n d E . P o s n j a k p r e p a r e d t h e f e r r o m a g n e t i c o x i d e b y 
ox id iz ing p r e c i p i t a t e d ferrosic ox ide , a n d also b y d e h y d r a t i n g l ep idocroc i t e , 
F e 2 O 3 . H 2 O , whi l s t t h e y found t h a t d e h y d r a t i n g g o e t h i t e , F e 2 0 3 , H 2 0 , g ives on ly 
p a r a m a g n e t i c ferric ox ide . J . H u g g e t t o b t a i n e d a n a l o g o u s r e su l t s . 

E . W e d e k i n d a n d W . A l b r e c h t conc luded t h a t t h e h y d r a t e d ox ides a r e a l w a y s 
m o r e m a g n e t i c t h a n t h e co r r e spond ing ox ides ; t h a t i n t h e r a n g e of 22 t o 4 3 p e r 
cent , of w a t e r , t h e m a g n e t i c suscep t ib i l i ty dec reases a s t h e w a t e r of h y d r a t i o n 
increases ; a n d t h a t o x y h y d r a t e s , l ike artificial g o e t h i t e , p r e c i p i t a t e d i n t h e u s u a l 
m a n n e r a n d h e a t e d in a n a u t o c l a v e , a t v a r i o u s p re s s . , a r e f e r romagne t i c—v ide 
infra, h y d r a t e d ferric ox ide . Th i s sub jec t w a s d i scussed b y E . F . H e r r o u n a n d 
E . W i l s o n , G. C h a u d r o n a n d A . G i r a rd , G. G i l b e r t , W . H . N e w h o u s e a n d W . H . Ca l l ahan , 
P . A. W a g n e r , W . H . N e w h o u s e , a n d L,. H . TWenhofel. L . A . WeIo a n d O. R a u d i s c h 
obtained t h e f e r romagne t i c ox ide b y p r e c i p i t a t i n g h y d r a t e d ferr ic ox ide f rom a soln . 
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of eq . p r o p o r t i o n s of fer rous a n d ferric s u l p h a t e s , b y m e a n s of a n excess of a h o t , 
cone . soln . of s o d i u m h y d r o x i d e . T h e b l a c k p r e c i p i t a t e is t h e n w a s h e d , d r i e d , 
a n d ox id ized a t 220° t o 230° in a i r . O. H a u s e r , A. K a u f m a n n a n d F . H a b e r , a n d 
S. H i l p e r t p r e p a r e d t h e f e r romagne t i c ox ide b y ox id iz ing m a g n e t i t e , o r f e r r o u s 
h y d r o x i d e , w i t h so luble , ox id iz ing a g e n t s . R . Cheval l ier t r e a t e d cone . so ln . of 
fe r rous s u l p h a t e -with a n excess of s o d i u m h y d r o x i d e , a n d oxid ized "the r e s u l t i n g 
fe r rous h y d r o x i d e b y h y d r o g e n d iox ide . T h e p r e c i p i t a t e d ox ide was d r i e d severa l 
weeks in v a c u o . T h e m o r e cone , t h e soln . of s o d i u m h y d r o x i d e , a n d t h e g r e a t e r 
t h e excess , t h e m o r e h i g h l y m a g n e t i c w a s t h e r e su l t i ng ferric oxide . T h e o p t i m u m 
t e m p , of p r e c i p i t a t i o n w a s 45° t o 50° ; w h e n t h e p r e c i p i t a t i o n -was m a d e a t a h i g h e r 
t e m p . , t h e p r o d u c t w a s less m a g n e t i c . R . Cheval l ier a d d e d t h a t t h e s e p r o d u c t s 
los t t h e i r f e r romagne t i c qua l i t i e s if h e a t e d t o 100° for a n h o u r , o r t o 200° for a few 
m i n u t e s , "whereas t h e o r d i n a r y fo rms of f e r r o m a g n e t i c ferr ic ox ide r e t a i n t h e i r 
m a g n e t i c qua l i t i e s u p t o a b o u t 600°. O. C. R a l s t o n cons iders t h a t R . Cheval l ier 
p r o d u c e d some s o d i u m fer r i te , o r f e r r a t e , w h i c h c o n t a m i n a t e d h i s ferric ox ide , a n d 
t h a t t h e obse rved m a g n e t i s m w a s d u e e i t h e r t o t h e s e p r o d u c t s d i r ec t ly , or t o t h e i r 
decompos i t i on p r o d u c t s . S. Veil o b t a i n e d f e r r o m a g n e t i c ferric ox ide b y ox id iz ing 
fe r rous su lph ide s u s p e n d e d i n w a t e r , a n d a f t e r w a r d s d e h y d r a t i n g t h e r e s u l t i n g 
h y d r a t e d ferr ic ox ide ; C L . J a c k s o n a n d J . H . D e r b y , b y r o a s t i n g fer rous iod ide ; 
L . V . P r a t i s , b y h e a t i n g a m u s h of fe r rous s u l p h a t e o b t a i n e d b y t h e a c t i o n of i ron 
o n di l . su lphu r i c ac id ; M. S a r z e a u , by. .boi l ing a soln. of fe r rous h y d r o c a r b o n a t e ; 
F . F r a n k e n b u r g e r a n d co-workers , b y t h e a c t i o n of w a t e r on l i t h i u m ferric n i t r i d e , 
L i 3 F e N 2 ; F . J . M a l a g u t i , a n d E . F . H e r r o u n a n d E . Wi l son , b y r o a s t i n g fe r rous 
o x a l a t e , c i t r a t e , or t a r t r a t e , or ferric a c e t a t e . 

U . R . E v a n s 7 o b t a i n e d films of ferric ox ide o n s t r i p s of i r o n b y a n o d i c o x i d a t i o n 
i n 0'1.ZV-NaOH ; or b y d i p p i n g t h e i r on in a soln . of iod ine i n a 10 p e r c en t . soln . 
of p o t a s s i u m iodide . A. K r a u s e o b t a i n e d films o n glass a n d po rce l a in from 
hydroso l s p e p t i z e d b y ac ids . A. K u n d t o b t a i n e d films b y c a t h o d i c s p l u t t e r i n g of 
i r o n i n a t u b e n o t comple t e ly freed f rom o x y g e n . W . N . H a r t l e y o b t a i n e d films 
i n a n a n a l o g o u s m a n n e r j F . H . Cons t ab l e , b y h e a t i n g a l aye r of a p a s t e m a d e of 
fe r rous o x a l a t e or ferric ox ide w i t h oleic ac id , a n d s u b s e q u e n t l y ox id iz ing t h e 
film of g rey i ron ; a n d H . Zocher a n d K . J a c o b s o h n b y t h e slow h y d r o l y s i s of 
ferric ch lor ide soln. V . K o h l s c h u t t e r a n d J . L . Tusche r , G. J a n d e r a n d A . W i n k e l , 
a n d S. S. K i s t l e r p r e p a r e d a n aerosol b y v a p o r i z i n g t h e m e t a l i n a n e lec t r ic a r c , 
a n d c a r r y i n g t h e v a p o u r b y a c u r r e n t of a i r , or o t h e r gas , i n t o a c h a m b e r "where 
i t is s u d d e n l y chil led. A. M i t t a s c h o b t a i n e d t h e finely-divided ox ide b y b u r n i n g 
i r o n c a r b o n y l a lone or m i x e d w i t h o t h e r c o m b u s t i b l e or i n e r t gases . J . Y . J o h n s o n 
s p r a y e d t h e c a r b o n y l m i x e d w i t h a c o m b u s t i b l e v a p o u r , s a y a lcohol , i n t o a s p r a y 
of a i r or oxygen , a n d ign i ted t h e m i x t u r e w i t h p l a t i n i z e d a sbes to s . W . E . G ibbs , 
a n d S. S. K i s t l e r s t u d i e d t h e aerosol . 

F e r r i c ox ide is p r o d u c e d a s a b y - p r o d u c t in t h e r o a s t i n g of p y r i t e s t o o b t a i n 
s u l p h u r d iox ide for t h e m a n u f a c t u r e of s u l p h u r i c ac id : 4 F e S 2 H - I l O 2 = S F e 2 O 3 
-1-8SO2- F e r r i c ox ide is a lso f o r m e d w h e n i ron , or ferrosic ox ide , o r h y d r a t e d ferr ic 
o r fe r rous ox ide is h e a t e d for a cons ide rab le t i m e i n c o n t a c t w i t h a i r , a n d t h e 
p r o d u c t "was once cal led crocus mortis adstringens ; "while t h e ferric ox ide o b t a i n e d 
b y def lagra t ing a m i x t u r e of i ron filings "with t h r e e t i m e s i t s "weight of n i t r e , a n d 
r e m o v i n g t h e so luble a lka l i b y w a s h i n g w i t h "water, w a s cal led crocus martis zwelferi ; 
a n d t h e ferr ic ox ide o b t a i n e d b y i gn i t i ng fer rous or ferric s u l p h a t e w a s ca l led 
colcothar, a n d also caput mortuum vitrioli. Ye l low or yel lowish-red ferric ox ide 
w a s genera l ly cal led crocus martis, a t e r m wh ich a p p e a r s in t h e L a t i n ve r s ion of 
G e b e r t : 8 " M a r s is filed a n d ca lc ined u n t i l i t is well rubified a n d b e c o m e a n i m 
p a l p a b l e p o w d e r w h i c h is cal led crocus martis.'* L . L ^ m e r y called t h e b l a c k o x i d e 
of i ron cethiops martis ; Bas i l V a l e n t i n e , a n d A . L i b a v i u s descr ibe t h e p r e p a r a t i o n 
of t h e s e r e d ox ides i n v a r i o u s w a y s . J . Zwelfler, in 1652, o b t a i n e d w h a t h e cal led 
crocus martis b y h e a t i n g i ron w i t h n i t r e a n d a f t e rwa rds wash ing o u t t h e so luble 
m a t t e r s . I n t h e s i x t e e n t h c e n t u r y t h e caput mortuum vitriolis of t h e a l c h e m i s t s 
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w a s also a b y - p r o d u c t i n t h e p repa ra t ion , of f u m i n g s u l p h u r i c a c i d (q.v.). Bas i l 
Va len t ine called i t colcothar o r colchotar. E . O. v o n L i p p m a n n d i scussed t h e 
origin of t h e t e r m s . 

Accord ing t o F . E . E . G e r m a n n , t h e r e d p i g m e n t e m p l o y e d b y t h e p r e h i s t o r i c 
N o r t h A m e r i c a n I n d i a n s w a s haemat i t e . T h e r o a s t i n g of fe r rous s u l p h a t e , o b t a i n e d 
in t h e w e a t h e r i n g of i ron p y r i t e s , fu rn i shes ferr ic ox ide for u s e a s a p i g m e n t ; a n d 
t h e p i g m e n t is also o b t a i n e d f rom w a s t e ac id ic l i quor s i n t h e p ick l ing of i ron , e t c . 
T h e fe r rous sa l t is ox id ized t o t h e ferric s t a t e b y n i t r i c ac id or b l e a c h i n g p o w d e r , 
a n d t h e ferric h y d r o x i d e p r e c i p i t a t e d b y l ime . F e r r i c ox ide is p r o d u c e d b y r o a s t i n g 
fer rous ox ide , c a r b o n a t e , or o t h e r sa l t of a vo la t i l e ac id—e .g . T . L . P h i p s o n , a n d 
A . "Vogel r e c o m m e n d e d t h e o x a l a t e . 

The physical properties of ferric oxide.—The colour of the ferric oxide is 
d e t e r m i n e d b y t h e t i m e a n d t e m p , of t h e r o a s t i n g of t h e fe r rous sa l t . J . A. H e d v a l l 
s a id t h a t t h e possible colours r a n g e f rom b r i g h t ye l low t o b lu i sh -b lack . H e sa id 
t h a t w h e n ferric ox ide is h e a t e d a t 650° t o 1000° all t h e va r i e t i e s b e c o m e b r o w n o r 
d a r k v io le t , a n d a b o v e 1000°, t h e y b e c o m e b l a c k or b lu i sh -b l ack . T h i s s t a t e m e n t 
does n o t cover t h e fac ts . A. S a l v e t a t f ound t h a t t h e o r a n g e - r e d ferr ic ox ide , or 
rouge orange, c a n b e o b t a i n e d on ly w h e n some zinc or a l u m i n i u m sa l t is a s soc i a t ed 
w i t h t h e fe r rous s u l p h a t e , a n d t h e m i x t u r e is ca lc ined a t a du l l r ed -hea t— rouge 
sombre. L . A . K e a n e , J . H . Yoe , a n d F . H . Schee tz a t t r i b u t e d t h e ye l low co lour 
of s o m e p i g m e n t s a n d of b r icks t o t h e v e r y finely d iv ided ferric ox ide b e i n g p r e v e n t e d 
b y a l u m i n a f rom a g g l o m e r a t i n g t o r e d ferric ox ide . F r e e a l u m i n a , h o w e v e r , is 
r a r e ly p r e s e n t in t h e b r i ck c lays , w h i c h b u r n buff-yellow. Acco rd ing t o A . S a l v e t a t , 
a n a s t u r t i u m - r e d , or rouge capucine, is p r o d u c e d b y ca lc in ing t h e fe r rous s u l p h a t e 
a t t h e lowes t possible t e m p . , du l l r ednes s ; a b lood- red , or rouge sanguine, is p r o 
d u c e d if t h e t e m p , b e r a t h e r h igher t h a n du l l r ednes s ; f lesh-red, or rouge de chair, 
is o b t a i n e d a t a st i l l h ighe r t e m p . ; a n d b y w o r k i n g a t p rogress ive ly h i g h e r a n d 
h ighe r t e m p e r a t u r e s , t h e colours p a s s f rom ca rmine - red , or rouge carmine, t o r e d -
l ake or rouge laquex, t o p a l e v io le t - red , or rouge violatre pale, t o v io le t - red , or rouge 
violatre, w h i c h is o b t a i n e d a t a v e r y h igh t e m p . D a r k e r t i n t s a r e p r o d u c e d b y 
as soc ia t ing m o r e a n d m o r e m a n g a n e s e sa l t w i t h t h e fer rous s u l p h a t e , a n d ca lc in ing 
t h e m i x t u r e a t a v e r y h i g h t e m p . I n t h i s w a y were o b t a i n e d d e e p v io le t - red , or 
rouge violatre fonce ; v e r y d e e p v io le t - red , or rouge violatre tres fonce ; a n d i ron-
g rey , or gris defer. Ce r t a in m a n u f a c t u r e r s h a v e specia l ized in p r o d u c i n g p a r t i c u l a r 
t i n t s , and t h e p r o d u c t s h a v e rece ived spec ia l n a m e s — e . g . P a n n e t i e r ' s r e d s , e t c . 
T h e v a r y i n g colours of t h e ferr ic ox ide a r e , a cco rd ing t o XJ. W o h l e r a n d C. Condrea , 
d e t e r m i n e d b y t h e a v e r a g e gra in-s ize of t h e pa r t i c l e s r a t h e r t h a n b y v a r i a t i o n s 
i n t h e mol . s t r u c t u r e . T h u s , b r o w n a n d v io le t s amp le s c a n b e c h a n g e d t o yel lowish-
r e d b y a l t e r n a t e g r i n d i n g a n d w a s h i n g ; a n d G. Meir o b t a i n e d l o w - t e m p , t i n t s b y 
s e p a r a t i n g t h e finest pa r t i c l e s f rom d e e p r eds p r e p a r e d a t a h igh t e m p . W . O s t w a l d 
sugges t ed a s imi la r h y p o t h e s i s . J . A. H e d v a l l a s s u m e d t h a t t h e r e a r e severa l 
s t ab l e , c rys ta l l ine modi f ica t ions of ferric ox ide , a n d t h a t t h e difference in t h e 
reflect ion of l igh t f rom c r y s t a l s of different shapes a c c o u n t s for m o s t of t h e differences 
i n colour . T h e b r i g h t ye l low v a r i e t y consis ts of t h i n p l a t e s , a n d t h e o t h e r s , of sma l l 
g r a i n s or p r i s m s . All va r i e t i e s g ive t h e s a m e X - r a d i o g r a m , a n d be long t o t h e s a m e 
c r y s t a l s y s t e m . T h e s u b j e c t w a s s t u d i e d b y H . W a g n e r . W h e n t h e l igh t -ye l low 
f o r m d a r k e n s a t 600° , t h e leaflets lose t he i r forms a n d b e c o m e g r a n u l a r . T h e 
s u b j e c t w a s d iscussed b y J . W . Mellor. 

A r a n g e of v a r i o u s s h a d e s of r ed is p r o d u c e d b y r o a s t i n g h y d r a t e d i ron 
oxides , e.g. t h e ochres , t o furnish burnt ochre; s i e n n a - e a r t h s , t o fu rn i sh burnt 
sienna; a n d u m b e r s , t o furnish burnt umber. T h e colours h a v e a lso r ece ived 
v a r i o u s t r a d e - n a m e s — e . g . Chinese red, Naples red, terra rosa, Indian red, Venetian 
red, Japanese red, Turkey red, a n d scores of o t h e r t e r m s a r e i nd i ca t ed i n t h e t r a d e 
ca t a logues . T h e so-cal led sequence of colours , mars yellow, mars orange, mars red, 
mars violet, a n d mars brown, were o b t a i n e d i n a s imi la r w a y . E a c h dea l e r h a s 
m o r e o r less h is o w n n a m e s for t h e different t i n t s , a n d t h e s e a r e n o t necessar i ly t h e 
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s a m e a s t h o s e of a n o t h e r dea l e r ' s . T h u s o n e dea le r ' s caput mortuum m a y b e a n o t h e r 
dea le r ' s colootTiar, a n d vice versa. T h e J a p a n e s e r ed o b t a i n e d b y r o a s t i n g gres de 
Thiviers, a f e r rug inous h y d r a t e d si l ica, is f a m e d for i t s re la t ive ly g r e a t p e r m a n e n c e 
of t i n t a t a h igh t e m p . T h e d o m i n a n t co lour ing ox ide in all t hese cases is ferr ic 
ox ide assoc ia ted w i t h m o r e or less ferrosic ox ide . W . H . B r u c k n e r o b t a i n e d T u r k e y -
r e d t i n t e d ferric ox ide b y a n o d i c o x i d a t i o n i n a soln. of sod ium su lpha t e . 

Accord ing t o R . B . S o s m a n a n d J . C. H o s t e t t e r , t h e s e t w o oxides fo rm a con
t i n u o u s series of solid soln . A. B o u c h o n n e t f o u n d s imi la r re la t ions b e t w e e n t h e 
different t i n t s of a g iven och re a n d t h e r o a s t i n g t e m p . , as those o b t a i n e d b y cal
c in ing fe r rous s u l p h a t e s . T h e colour of t h e ochres g r a d u a l l y deepens on h e a t i n g 
f rom 100° t o 250°, a n d b e t w e e n 230° a n d 260° c h a n g e s s h a r p l y f rom yel low t o red . 
T h e t r a n s i t i o n t e m p , d e p e n d s o n t h e p a r t i c u l a r och re e m p l o y e d . A b o v e th i s t e m p , 
t h e colour deepens u p t o 700° t o 800° ; a n d a t a b o u t 900°, t h e r e is a m a r k e d 
c o n t r a c t i o n . B e t w e e n 1000° a n d 1100°, t h e colour u s u a l l y c h a n g e s t o b l ack as 
ferric ox ide is c h a n g e d t o m a g n e t i c or ferrosic ox ide . T h e d u r a t i o n of t h e h e a t i n g 
inf luences t h e colour o n l y be low 700° a n d a b o v e 1000°, a n d t h e r a t e of cool ing h a s 
n o influence on t h e t i n t . T h e sp . g r . g r a d u a l l y increases f rom t h e n a t u r a l ye l low 
ochre u p w a r d s w i t h t e m p , t o 1600°. T h e p l a s t i c i t y also decreases w i t h r ise of t e m p . , 
a n d d i s a p p e a r s comple t e ly a t 800° t o 850° . T h e ye l low a n d r e d ochres a r e soluble 
in ac ids , b u t t h e va r i e t i e s o b t a i n e d a b o v e 950° a r e insoluble in cold o r h o t a c i d s — 
e x c e p t i n g t h e hydrof luor ic ac id . T h e ochre f rom Vauc luse becomes m a g n e t i c even 
whi le sti l l yel low, a n d t h i s is a s s u m e d t o show t h a t a n ot-variety of ochre ex i s t s . 
T h e m a g n e t i c p r o p e r t y d i s a p p e a r s on p ro longed h e a t i n g , b u t r e a p p e a r s a t 1600°. 
I n genera l , t h e colour changes a r e a t t r i b u t e d t o differences i n t h e a v e r a g e g ra in -
size, r a t h e r t h a n t o differences in t h e degree of d e h y d r a t i o n . Acco rd ing t o 
T . Carnel ley a n d J . W a l k e r , t h e d e h y d r a t i o n of t h e h y d r a t e d ferric ox ides is c o m p l e t e 
a t 500°, so t h a t on ly be low t h a t r o a s t i n g t e m p , c a n t h e t i n t of t h e p i g m e n t h a v e 
a n y r e l a t ion t o t h e s t a t e of h y d r a t i o n of t h e p r o d u c t . 

Accord ing t o G. R . M a c C a r t h y , t h e n a t u r a l ye l lows, b r o w n s , a n d reds in rocks 
a r e d u e t o t h e p resence of ferric c o m p o u n d s . H y d r o u s ferrosic mine ra l s a r e b lue 
i n colour , a n d a re respons ib le for t h e b lues f r equen t ly exh ib i t ed b y clays a n d sha les . 
These t i n t s a r e n o t p r o d u c e d b y d i s s e m i n a t e d o rgan ic m a t t e r . T h e g reens a r e 
p r o d u c e d b y m i x t u r e of i ron-b lues a n d i ron-yel lows, for no ev idence of t h e ex i s t ence 
of a n y single g reen c o m p o u n d h a s b e e n found . T h e chocola te - red of haemat i te 
s o m e t i m e s a p p r o a c h e s p u r p l e , b u t t h e t r u e p u r p l e colours of shales a n d s la tes a re 
p r o d u c e d b y m i x t u r e s of i ron- reds a n d i ron-b lues . A n h y d r o u s ferrosic c o m p o u n d s 
p r o d u c e on ly g reys a n d b l acks , l ike t h e c a r b o n a c e o u s m a t t e r t h a t is genera l ly p r e s e n t 
in b lack , arg i l laceous rocks . T h e sub jec t w a s d iscussed b y D . S. H a g e r , P . F i r e 
m a n , a n d H . W a g n e r . A . Veneui l sa id t h a t t h e s a p p h i r e owes i t s colour t o ferric 
a n d t i t a n i c ox ides . 

T h e green colour of t h e old Chinese , a n d J a p a n e s e ce l adon (or se ladon) g lazes 
can b e i m i t a t e d b y firing su i t ab l e f e r rug inous glazes i n t h e r educ ing a t m o s p h e r e . 
A blue colour s o m e t i m e s a p p e a r s in glasses , g lazes , a n d s lags w h e n t h e y a r e p a r t i a l l y 
devi t r i f ied. I m u s t s a y t h a t t h e b lue opa lescence effects o n r ed Chinese glazes, a n d 
h u n d r e d s of glazes a n d s lags wh ich h a v e c o m e u n d e r m y no t i ce , do n o t r equ i re a n y 
h y p o t h e s i s o t h e r t h a n inc ip i en t devi t r i f ica t ion , sugges t ed b y J . F o u r n e t , t o a c c o u n t 
for t h e r e su l t s . H o w e v e r , o t h e r s h a v e seen different ly. B . Si l l iman said t h a t 
fe r rous ox ide c a n i m p a r t a b l u e co lour t o v i t r e o u s bodies ; a n d R . Z s i g m o n d y 
p r e p a r e d b lue glasses coloured w i t h i r o n o x i d e u n d e r r educ ing condi t ions . J . Beck-
m a n n desc r ibed b l u e glasses w h i c h h e s u p p o s e d were p roduced b y i ron ox ide a s 
t i n c t o r i a l a g e n t , a n d h e q u o t e d t h e a n a l y s e s of J . F . Gmel in t o show t h a t b l u e 
co lours c a n b e p r o d u c e d o n glasses, a n d e n a m e l s , a n d t h a t t h e b lue p i g m e n t o n 
Chinese porce la in c o n t a i n s i ron , b u t n o t coba l t . H e also ob ta ined s imilar r e su l t s 
w i t h s o m e old R o m a n , b l u e t i l es , a n d w i t h s o m e b lue p a i n t on a n E g y p t i a n m u m m y . 
J . J . F e r b e r also desc r ibed b lue vo lcan ic s lags a n d scoriaa "which U . F . B . B r u c k m a n n 
sa id were p r o b a b l y u s e d b y a n c i e n t g lass m a k e r s t o p r o d u c e b l u e co lours . 
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C. J . B . K a r s t e n , a n d J . J . Berze l ius cons ide red t h e b l u e co lour of t h e s lags w a s 
p roduced b y t i t a n i c ac id ; C. J . B . K a r s t e n a l so re fe r red t h e b l u e co lour i n s o m e 
cases t o v a n a d i u m , a n d i n o t h e r s t o a k i n d of ar t i f icial u l t r a m a r i n e . J . F o u r n e t , 
M. D a r t i g u e s , a n d J . P e r c y a t t r i b u t e d t h e co lour t o t h e p re sence of i r o n o x i d e . 
G. B o n t e m p t s a lso s h o w e d t h a t i r on o x i d e c a n i m p a r t a b lue co lo ra t ion t o g lass ; 
a n d C. Mene obse rved t h a t t h e b lue colour m a y b e d e v e l o p e d in s lags c o n t a i n i n g n o 
t a r t a r i c ac id . M. E . Chevreu l f a v o u r e d Li. C. A. Bar re swiTs a s s u m p t i o n t h a t t h e r e 
is a b l u e co loured ox ide of i ron i n t e r m e d i a t e b e t w e e n fe r rous a n d ferr ic ox ide . 
Gr. R . M a c C a r t h y a r g u e d t h a t t h e g reen colours p r o d u c e d b y i ron ox ide a r e d e r i v e d 
f rom t h e b l u e a n d yel low c o m p o n e n t ox ides . K . A. H o f m a n n a n d F . R e s e n s c h e c k , 
W . S p r i n g , a n d G. R . M a c C a r t h y cons ide red t h a t " a l l i r on sa l t s w h i c h a r e of a 
dec ided b l u e colour c o n t a i n b o t h fe r rous a n d ferric i r on in t h e s a m e m o l e c u l e . " 
T h i s ag rees w i t h t h e o b s e r v a t i o n s of M. E . Chevreu l , J . F . Pe r soz , a n d J . N a p i e r . 
W . D . Banc ro f t a n d co-workers h a v e p r e p a r e d b o r a t e glasses co loured b l u e b y i r o n 
ox ide , a n d t h e y a t t r i b u t e t h e co lo ra t ion t o t h e ex i s t ence of a n u n s t a b l e b lue 
modi f ica t ion of ferric ox ide which is s tabi l ized chiefly b y fer rous ox ide , a n d a lso b y 
o t h e r s u b s t a n c e s . T h e y r e p o r t t h a t i n a lka l i b o r a t e glasses, fe r rous ox ide is colour
less, ferric ox ide is yel low, a n d m i x t u r e s of t h e t w o m a y b e b lue or g reen . If t h e 
r a t i o of fe r rous t o ferr ic ox ide r eaches 3 in b o r a t e glasses , t h e b l u e glass is a l m o s t 
free f rom a g reen t i n g e , a n d w h e n t h e r a t i o r eaches 4 , t h e b lue is well deve loped . 

A . N a b l , a n d E . F . H o l d e n refer red t h e colour of c i t r ene t o t h e p re sence of s u b -
microscopic h y d r a t e d ferric ox ide ; a n d a p i n k v a r i e t y of q u a r t z c o n t a i n e d 
inc lus ions of red hsemat i t e of microscopic d imens ions . W . S p r i n g a t t r i b u t e d t h e 
yel low colours of s e d i m e n t a r y rocks t o h y d r a t e d ferric ox ides ; t h e r eds t o a n h y d r o u s 
ferric ox ide ; a n d t h e g reens t o ferrosic s i l icates . Colours o b t a i n e d w i t h special 
m i x t u r e s h a v e also b e e n descr ibed . T h u s , T . Terre i l o b t a i n e d a r e d co lour f rom a 
m i x t u r e of fe r rous s u l p h a t e a n d s u l p h u r , a n d t h e s u l p h u r d iox ide p r o d u c e d : 
4 F e S O 4 - f - S = 2 F e 2 0 8 + 5 S O 2 , w a s used in t h e m a n u f a c t u r e of s u l p h u r i c ac id . 
M. N . d ' A n d r i a o b t a i n e d a colour b y r o a s t i n g a m i x t u r e of m a g n e s i u m a n d fer rous 
s u l p h a t e s ; a n d o t h e r s were descr ibed b y N . McCulloch, A. B u n t e r o c k , H . S t e i n , 
e t c . ; a n d t h e m a n u f a c t u r e of t h e s e co lours is i n d i c a t e d in books , e tc . , b y F . R o s e , 
J . G. Gen te le , G. Zer r a n d R . R i i b e n c a m p , H . W a g n e r , G. H . H u r s t , S. Mierz insky , 
a n d J . A . Reave l l . 

T h e colour of t h e d i t r i g o n a l s ca l enohedra l a n d r h o m b o h e d r a l c ry s t a l s of haemat i t e 
is d a r k s tee l -grey or i ron-b lack , a n d in t h i n l aye r s i t is b lood- red b y t r a n s m i t t e d 
l igh t ; w h e n e a r t h y , t h e m i n e r a l is r ed . I n l aye r s of a b o u t 0 0 2 m m . i t is t r a n s p a r e n t 
for r e d l i gh t , b u t i n t h i n n e r l aye r s i t b e c o m e s t r a n s p a r e n t t o m o s t of t h e spec t r a l 
r a y s of v is ib le l i gh t . W h e n w a r m e d , t h e t r a n s p a r e n c y decreases , b u t is r ecove red 
o n cool ing. C F . S c h o n b e i n , 9 F . Muck , a n d E . J . H o u s t o n no t i ced t h a t t h e co lour 
of ferric ox ide d e e p e n s a s i t s t e m p , is ra i sed . T h e revers ib le colour c h a n g e w h i c h 
occurs a t 650° was d i scussed b y J . A. H e d v a l l . T h e s t r e a k of p o w d e r e d m i n e r a l is 
che r ry - r ed o r r e d d i s h - b r o w n . J . Iu. C. Sch roede r v a n d e r K o I k sa id t h a t t h e r e d 
s t r e a k becomes b l a c k w h e n h o t , a n d on cooling, r ed . T h e c rys t a l s of h s e m a t i t e 
a r e o p a q u e e x c e p t in t h i n l aye r s . M. L a c h a u d a n d C. L e p i e r r e o b t a i n e d ferric ox ide 
i n ye l low h e x a g o n a l p l a t e s b y h e a t i n g a m m o n i u m ferr ic s u l p h a t e . A c c o r d i n g t o 
E . A . Wulf ing , t h e m i n e r a l is o p a q u e d o w n t o a t h i c k n e s s of O l m m . , a n d t h e n t h e 
colour passes f rom d e e p red t o yel lowish-red, a n d ye l lowish-grey . O. A n d e r s o n 
o b t a i n e d p l a t e s of h s e m a t i t e O- lft t h i ck , a n d found t h e m t o b e ye l low b y t r a n s m i t t e d 
l i g h t ; w i t h p l a t e s of i nc rea s ing th i ckness , t h e colour pas se s f rom r e d d i s h - b r o w n , 
t o deep b rowni sh - r ed , t o b lood- red . As i n d i c a t e d a b o v e , I i . W o h l e r a n d C. C o n d r e a 
a lso found t h a t if t h e gra in-s ize of t h e pa r t i c l e s is sma l l t h e co lour is y e l l o w ; if l a rger , 
r ed . W . R . M o t t p r e p a r e d a n h y d r o u s r e d a n d ye l low ferr ic ox ide b y vo la t i l i z a t i on 
a n d found t h e gra in-s ize of t h e yel low pa r t i c l e s t o b e t h e smal le r . A c c o r d i n g t o 
J. B o h in, a n X - r a y s t u d y of ferric oxide shows t h a t t h e ca lorescence or g l o w w h i c h 
m a y occur a ccompan ie s t h e t r a n s i t i o n of t h e m a t e r i a l f r o m t h e a m o r p h o u s t o t h e 
c rys t a l l ine s t a t e . G. C h a u d r o n a n d H . F o r e s t i e r f o u n d t h a t t h e g low w h i c h occur s 
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b e t w e e n 400° a n d 600° is a lso a t t e n d e d b y t h e c h a n g e from, t h e a m o r p h o u s t o t h e 
c rys ta l l ine s t a t e . T h e v a r i a t i o n i n t i n t of p r e p a r a t i o n s of p u l v e r u l e n t fe r r ic o x i d e 
h a s j u s t b e e n discussed. 

T h e obse rva t ions of H . A b r a h a m a n d R . P lan io l , R . Cheval l ier , R . B . S o s m a n 
a n d E . Posn j ak , a n d E . Wi l son a n d E . P . H e r r o n n agree t h a t f e r romagne t io ferr ic 
ox ide—v ide infra—is inc l ined t o b e yel lower , a n d d a r k e r in colour t h a n is t h e case 
w i t h t h e o r d i n a r y p a r a m a g n e t i c ox ide . E . Wi lson a n d E . P . H e r r o u n p r e p a r e d 
samples r a n g i n g i n colour f rom d e e p r e d t o ye l lowish-brown ; Iu. A . WeIo a n d 
O. B a u d i s c h , d a r k r e d ; C. P r e b o l d a n d J . H e s e m a n n , r edd i sh -b rown ; whi l s t t h a t 
o b t a i n e d b y P . P r a n k e n b u r g e r a n d co-workers b y t h e ac t i on of w a t e r on l i t h i u m 
n i t r i de is a l m o s t b lack . 

T h e m i n e r a l occurs i n c o l u m n a r , b o t r y o i d a l , lamel lar—e .g . flaky specularite-— 
granu la r , friable, or c o m p a c t masses . T h e c o m p a c t fo rms a r e b r i t t l e , t h e t h i n 
lamellee a r e e las t ic ; a n d some scaly va r i e t i e s feel soft a n d u n c t u o u s . T h e f rac tu re 
is subconcho ida l , u n e v e n , or e a r t h y . N . H . Winchel l , a n d W . S. Gresley descr ibed a 
fo rm of fibrous hcernatite. T h e crystals m a y occur in t h i c k or t h i n p l a t e s para l le l t o 
t h e (OOOl)-face, a n d t h e y m a y b e g r o u p e d i n para l le l pos i t ions or t h e y m a y form 
rose t t e s . The re m a y b e o t h e r c o m b i n a t i o n s . T h e c rys ta l s also occur in cube- l ike 
r h o m b o h e d r a , w i t h t h e r h o m b o h e d r a l (1014)-face s t r i a t ed , a n d often r o u n d e d over 
in c o n v e x forms. T h e (0001)-faces m a y also b e s t r i a t ed . Haemat i t e m a y also 
fo rm c o l u m n a r , b o t r y o i d a l , or s t a l ac t i t i c shapes , or i t m a y fo rm lamel la r masses 
w i t h t h e t h i c k or t h i n laminae jo ined para l le l t o (OOOl), a n d b e n t in v a r i o u s w a y s . 
S o m e obse rva t i ons o n t h e r h o m b o h e d r a l c rys ta l s were m a d e b y R . J . H a i i y , 
A . G i r a r d a n d G. C h a u d r o n , a n d L . A. E m m e r l i n g . T h e t r i gona l -hexagona l -
r h o m b o h e d r a l c rys ta l s we re found b y N . v o n KLokscharofE t o h a v e t h e ax i a l 
r a t i o a : c = l : 1-36557 ; G. Melczer g a v e 1 : 13654 ; E . Kle infe ld t , 1 : 1-3651 t o 
1 : 13656 ; a n d S. d i F r a n c o , 1 : 13668. T w i n n i n g occurs ; t h e r e a re p e n e t r a t i o n 
t w i n s a b o u t t h e (OOOl)-plane, a n d t h e compos i t ion face m a y b e pe rpend icu l a r t o 
t h e (OOOl)-face ; t w i n n i n g also occurs less c o m m o n l y a b o u t t h e ( l O l l ) - p l a n e 
p r o d u c i n g p o l y s y n t h e t i c t w i n n i n g lamellae showing a fine s t r i a t ion on t h e (0001)-
face, a n d g iv ing r ise t o a d i s t inc t or pseudo-c leavage para l le l t o (1011). Th i s 
t w i n n i n g w a s s t u d i e d b y F . Mohs , W . Ha id inge r , M. B a u e r , O. Mugge , a n d 
O. V. Jeremeeff. T h e r e is n o definite c l eavage , b u t t h e r e a re p a r t i n g s a b o u t (0001) 
d u e t o t h e lamel la r s t r u c t u r e , a n d a b o u t (1011) d u e t o t w i n n i n g . P . P . Osborne , 
G. K a I b , a n d G. Melczer s t ud i ed t h e corrosion figures o b t a i n e d wi th hydroch lo r i c 
ac id . F e r r i c ox ide is d i m o r p h o u s ; i n a d d i t i o n t o t h e r h o m b o h e d r a l c rys ta l s j u s t 
desc r ibed t h e r e is a cub ic form—vide infra, f e r romagne t i c ferric oxide . N u m e r o u s 
m e a s u r e m e n t s h a v e b e e n m a d e on t h e c rys t a l s of t h e r h o m b o h e d r a l form : 

O b s e r v a t i o n s o n t h e c r y s t a l s of h a e m a t i t e h a v e b e e n r e p o r t e d b y A . d ' A c h i a r d i , 
G . d ' A c h i a r d i , G. Aminoff, A . A r z r u n i , M . B e r e k , A . B e r g e a t , H . B i a s c h , J". R . B l u m , 
O . B . Bogg i ld , A . B r e i t h a u p t , A . B r e z i n a , T . M- B r o d e r i c k , W . C. B rogge r , L . B u c c a , 
H . B i i ck ing , L . B u s a t t i , K . B u s z , H . B u t t g e n b a c h , M . Car re re , E . J . C h a p m a n , J". H . Coll ins , 
L . C o l o m b a , F . C o r n u , E . I>all , H . D u f e t , P . A . D u f r e n o y , G. F i n k , S. d i F r a n c o , 
W . F . F o s h a y , A . F r e n z e l , V . G o l d s c h m i d t , F . G o n n a r d , J. P . Graffenauer , R . P . G r e g a n d 
W . G. L e t t s o m , P . G r o t h , W . H a i d i n g e r , R . W . H a r r e , R . J . H a i i y , M. F . H e d d l e , F . H e s s e n -
b e r g , T . S. H u n t , P . V . Jeremeeff , W . P . J e r v i s , G . K a I b , G. A . K e n n g o t t , E . K le in fe ld t , 
F . v o n K o b e l l , A . K o c h , A . K r a n t z , A . L a c r o i x , A . L a c r o i x a n d P . G a u t i e r , F . v o n L a s a u l x , 
E . L a v a l , I . L e a , C. C. v o n L e o n h a r d , A . L e v y , O . M . L iebe r , J". Loczka , O. L u e d e c k e , 
E . M a n a s s e , J . S. M a r t i n , G . W . M c K e e , F . M o h s , A . J . Moses , F . Mil losevich, O . Miigge , 
C . F . N a u m a i m , J . J . N o g g e r a t h , W . N o w a o k i , F . P a p p , A . P e l i k a n , F . Pfaff, L . V . P i r s s o n , 
G . v o n R a t h , J . B . L . R o m e d e l ' I s le , G. R o s e , P . A . d e S a x e - C o b o u r g - G o t h a , A . S a d e b e c k , 
A . Scacch i , A . a n d E . Scacch i , T . Schee re r , A . S c h m i d t , A . S c h w a n t k e , J . Schwe i t ze r , 
G . SiUem, B . Siuixnan, L . J . Spence r , A . d e S te fan i , J . S t r i iver , P . v o n S u s t s c h i n s k y , 
V . V . Syedel tschikoff , H . T e r t s c h , H . T r a n b e , P . T s c h i r w i n s k y , G. TJzielli, T . W a d a , E . W e i n -
sehenk, I>. F . Wise r , V . v o n Z e p h a r o v i c h , K . Z i m a n y i , a n d F . Zirkel , e t c . A b i b l i o g r a p h y 
w a s c o m p i l e d b y H . B i a s c h . O b s e r v a t i o n s o n t h e ar t i f icial c rys t a l s we re m a d e b y 
H . A r o t o w s k y , A . Arzr txni , K . B . Doss* W . F l o r e n c e , G. F r i ede l , F . v o n H o c h s t e t t e r , 
Bt. E . Merwin a n d J". C. Hoste t ter , W . Mul le r , C. F . R a m r a e l s b e r g , H . V a t e r , e t c . 

L. Paul ing and S. B . Hendricks, W . H . a n d W . IJ. B r a g g , H . Sachse , J . A. H e d v a l l , 
VOL. XTTl. 3 B 
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V. M. Goldschmidt, W. H- Zachariasen, W. C. Hansen and Ii. T. Brownmiller, 
P . E. Wretblad, J . Bohm and F . Ganter, and J . Topping studied the X-radiograms 
of haematite and corundum, and found them similar. Li. Pauling and S. B . Hendricks 
found that the rhombohedral space-lattice of haematite has a-55° 17', and the side 
of unit triangle, a=5-420 A. ; he said t ha t the hexahedral mol. of ferric oxide can 
be assumed to consist of an equilateral triangle of oxygen with a metal a tom 
immediately above and below the centre of the triangle ; and t ha t the lattice has 
3 mols. per unit prism. The side of unit triangle is a=5-035 A. ; the axial rat io 
a : c = l : 1-363, and the calculated density, 5-243. T. Katsurai and T. Watanabe 
gave a = 5 - 4 2 A., and <x=55° 17' ; V. M. Goldschmidt and co-workers, a=5 -42 A., 
a n d a = 5 3 ° 14 ' ; R. Brill, «=5-429 A., and ct=54° 5 8 ' ; S. Katzoff, a=5-4135 A., 
and a = 5 5 ° 17-5' ; L. Passerini, «=5-020 A., and c=6-860 A., a : c = l : 1-366, and 
v=148-6 X 10—24 c.c. for the hexagonal cell, and a = 5 - 4 3 A., and a = 5 5 ° 6' for the 
rhombohedral cell; and W. H. Zachariasen, a = 5 8 ° 14' ; a = 5 - 4 2 A. ; and a : c 
= 1 : 1-367, and the calculated density, 5-25. E . A. Harrington gave a = 5 5 ° 17', 
and a=5-406 A. ; and P . E . Wretblad, edge of lat t ice=5-419 A. ; a=55-28° ; 
a=5-027 A., c=13-73 A. ; and a : c = l : 2-7306. A hexahedral molecule is assumed 
consisting of an equilateral triangle of oxygen with a metal a tom immediately 

FiQ. 518 .—Lat t i ce Structure of FiQ. 519 .—Latt ice Structure of 
Fe sO«. y - F e , O s . 

above and below the centre of the triangle. W. Jansen studied the fibrous 
varieties, and found tha t the crystals are hexagonal with a=5*035 A., and 
c=13-726 A. IJ . Pauling and S. B. Hendricks inferred tha t the arrangement oi 
the atoms in the lattice is such tha t each metal atom is surrounded by 6 oxygen 
atoms which are not a t the corners of a regular octahedron. Three of these 
atoms are a few per cent, nearer the metal t han the others. This indicates t ha t 
the location of the electrons in the outer shells of an ion causes i t to have different 
effective radii in different directions. Each oxygen atom is surrounded by 4 metal 
atoms, 3 of which are nearer than the other two. The interionic distances of 
haematite are : the smallest oxygen-oxygen distance, 2-545 A . ; and the metal-oxygen 
distances, 2*060 A. and 1-985 A. Ii. A. WeIo and O. Baudisch, and J . Thewlis 
found t h a t the lattices of ferrosic and y-f erric oxides are analogous, and of similar 
dimensions. The uni t cube of ferrosic oxide contains 8 molecules and is repre
sented by Fe2 4O3 2 , and the unit cube of y-ferric oxide has 12 molecules and is 
represented by Fe2 4O3 6 . Consequently, room for 4 additional oxygen atoms has 
to be found in the uni t cube of Fe8O4 . J . Thewlis* representation of the structure 
of ferrosic oxide has been previously discussed, and is illustrated in Fig. 518, and 
the structure of y-ferrie oxide with its four additional oxygen atoms is illustrated 
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i n F i g . 519 . O n e of t h e cond i t i ons necessa ry for f e r r o m a g n e t i s m , o n W . H e i s e n -
b e r g ' s t h e o r y is t h a t e a c h a t o m m u s t h a v e 8 n e a r e s t n e i g h b o u r s ; H . S a c h s e 
app l i ed t h i s t e s t t o F e 3 O 4 , Ct-Fe2O8, a n d y - F e 2 0 3 , a n d found t h e c o n d i t i o n sat isf ied 
b y F e 8 O 4 a n d y - F e 2 0 8 , b u t n o t b y Ct-Fe2O3 . Th i s cond i t i on is a lso sat isf ied b y 
J . Thewlis* r e p r e s e n t a t i o n s , F i g s . 518 a n d 519. J . T o p p i n g s t u d i e d t h e p o t e n t i a l 
e n e r g y of t h e c r y s t a l s ; a n d N . Akuloff a n d M. D e g t i a r , t h e s l ip-l ines. 

O b s e r v a t i o n s o n t h e c rys t a l s were m a d e b y A . S i m o n a n d T . S c h m i d t , J . B o h m , 
G. K a I b , P . F . K e r r , W . P . D a v e y , V. Schmae l ing , C. M a u g u i n , J . W a s a s t j e r n a , 
a n d H . Groeb le r a n d P . Oberhoffer—vide supra, fe r rous a n d ferrosic oxides , F i g . 512 . 
O b s e r v a t i o n s o n k i d n e y ore , b y J . A. H e d v a l l , J . B 6 h m , a n d F . R i n n e , show t h a t i t 
is a fo rm of haemat i te . J . A. H e d v a l l , E . A. H a r r i n g t o n , G. F r e b o l d , a n d G. F r e b o l d 
a n d J . H e s e m a n n f o u n d t h a t t h e space - la t t i ces of n a t u r a l a n d art if icial ferric ox ides 
a r e t h e s a m e . K . H o n d a a n d T . Sone o b s e r v e d a s t r u c t u r a l c h a n g e a t 1300° ; 
whi l s t K . T . C o m p t o n a n d E . A. T r o u s d a l e cou ld d e t e c t n o c h a n g e i n t h e space-
l a t t i c e u n d e r t h e inf luence of a m a g n e t i c field. R . D . W i l l i a m s a n d J . Thewl i s 
n o t e d t h a t t h e c rys t a l s of t h e a -ox ide or t r i g o n a l ox ide , f o r m e d f rom y- lep idocroc i t e , 
a r e of t h e o rde r of 1 O - 4 c m . across , a n d t h o s e of t h e y - o x i d e o r cub ic ox ide a r e of 
t h e o rde r 1 O - 7 c m . across -when first fo rmed , b u t t h e i r final size, j u s t before t h e y 
a r e t r a n s f o r m e d i n t o t h e t r i g o n a l form, is of t h e o rde r 1 O - 6 c m . T h e t r a n s f o r m a t i o n 
occurs ove r t h e r a n g e 500° t o 600°. 

Li. A. WeIo a n d O. B a u d i s c h obse rved a loss in c a t a l y t i c p o w e r in p a s s i n g f rom 
t h e cub ic t o t h e t r i g o n a l form, b u t S. R o g i n s k y a n d E . Schulz f o u n d n o difference 
i n t h e c a t a l y t i c decompos i t i on of p o t a s s i u m p e r m a n g a n a t e . F . PfafE, a n d J . S t r i ive r 
h a v e no t i ced t h e s imi l a r i ty b e t w e e n t h e c r y s t a l fo rms of haema t i t e a n d c o r u n d u m ; 
a n d A. H a m b e r g , t h e r e semblance b e t w e e n t h e c rys t a l s of i l m e n i t e a n d p y r o p h a n i t e . 
I t was infer red t h a t t h e s e mine ra l s h a v e a s imi la r c o n s t i t u e n t : 

Fe(FeO8) A(AlO8) Fe(TiO8) Mn(TiO8) 
H a e m a t i t e C o r u n d u m I l m e n i t e P y r o p h a n i t e 

P . J . H o l m q u i s t s t a t e d t h a t t h e r e a r e t w o c rys ta l l ine fo rms : a-ferric ox ide , s t a b l e 
a t a low t e m p . ; a n d )3-ferric ox ide , s t a b l e a t a h igh t e m p . H . F o r e s t i e r a n d 
G. C h a u d r o n obse rved a b r e a k in t h e t h e r m a l e x p a n s i o n c u r v e a t 680° ; R . B . S o s m a n 
a n d J . C. H o s t e t t e r , a s h a r p revers ib le e n d o t h e r m a l b r e a k in t h e h e a t i n g c u r v e a t 
678°, a n d a smal l i r r egu l a r i t y b e t w e e n 775° a n d 785° ; E . J . K o h l m e y e r , b r e a k s a t 
1036°, a n d b e t w e e n 1250° a n d 1350° ; a n d C. C. Bidwel l , a b r e a k a t 1320°—but t h e s e 
h a v e n o t b e e n e s t ab l i shed a s defini te t r a n s f o r m a t i o n p o i n t s . K . H o n d a a n d 
T . Sone obse rved a b r e a k i n t h e t h e r m o m a g n e t i c c u r v e a t 1300° ; G. G. B r o w n a n d 
C. C. F u r n a s o b s e r v e d w h a t t h e y r e g a r d e d a s b r e a k s in t h e s p . h t . , a n d t h e r m a l 
c o n d u c t i v i t y c u r v e s a t 360°, a n d ca l cu l a t ed t h e t h e r m a l v a l u e of t h e c h a n g e a t 
360° t o 4*85 cals . p e r g r a m , o r 776 cals . p e r mo l . H . Ie Cha te l i e r n o t e d a c h a n g e 
in t h e h e a t of f o r m a t i o n c u r v e a t a b o u t 9 0 0 ° ; J . d ' A n s , a n d G. K e p p e l e r a n d J. d ' A n s 
s t a t e d t h a t a p o l y m o r p h i c t r a n s f o r m a t i o n occurs a t 640°, a n d t h a t is t h e o p t i m u m 
t e m p , for t h e a c t i v i t y of ferric ox ide a s a c a t a l y s t for t h e o x i d a t i o n of s u l p h u r 
d iox ide ; a n d C. C. Bidwel l , a b r e a k a t a b o u t 720° in t h e c u r v e s for t h e e lec t r ica l 
c o n d u c t i v i t y , a n d t h e r m o e l e c t r i c force. H . B . S o s m a n a n d co-workers n o t e d a 
d r o p i n t h e m a g n e t i c suscep t ib i l i ty a t 678° ; L*. B l a n c , a n d G. C h a u d r o n , a t 600° ; 
a n d J . H u g g e t t a n d G. C h a u d r o n obse rved t h a t t h e Cur ie p o i n t occurs a t 675° . 
C. C. F u r n a s found t h e t h e r m a l v a l u e of t h e c h a n g e b e t w e e n 650° a n d 825° , 
a s s u m i n g t h a t i t is a l l o n e c h a n g e , t o b e 41*8 cals . p e r g r a m , or 6692 ca ls . 
p e r mo l . W . G. M i x t e r cou ld d e t e c t n o p o l y m e r i z a t i o n w h e n t h e ferric o x i d e 
is h e a t e d , a n d J . A. H e d v a l l o b s e r v e d n o c h a n g e in t h e X - r a d i o g r a m s . T h e 
s u b j e c t w a s also d i scussed b y S. H i l p e r t . N . P a r r a v a n o a n d G. M a l q u o r i 
o b s e r v e d t h a t t h e o x i d e s f o r m e d b y h e a t i n g t h e hydroge l , o r b y r o a s t i n g t h e 
ch lo r ide o r n i t r a t e , h a v e t h e s a m e X - r a y s p e c t r u m , a n d show n o ev idence of 
p o l y m e r i c fo rms . Xi. A. WeIo a n d O . B a u d i s c h , a n d R . B . S o s m a n a n d E . P o s n j a k 
f o u n d t h a t t h e X - r a d i o g r a m s of m a g n e t i t e a n d of f e r romagne t i c ferric o x i d e , 
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n a t u r a l ' or artificial, a r e iden t i ca l . T h e f e r r o m a g n e t i c f o r m w a s ca l led b y 
F . H a b e r , a n d J . H e s e m a n n , V-Fe 2 O 8 . T h e r e is a n i r revers ib le t r a n s f o r m a t i o n , 
7 - F e 2 O 3 - ^ a - F e 2 O 8 , b e t w e e n 400° a n d 700° ; a n d t h e Cur ie p o i n t is b e t w e e n 500° 
a n d 700°. A t a b o u t 700°, f e r r o m a g n e t i c ferr ic ox ide w i t h t h e cub ic l a t t i c e of 
m a g n e t i t e or m a r t i t e is t r a n s f o r m e d i n t o p a r a m a g n e t i c haemat i t e w i t h r h o m b o -
hedra l c rys ta l s . T h e u n i t c u b e of m a g n e t i t e m a y b e symbo l i zed Fe2AO3 2 , a n d 
af ter o x i d a t i o n F e 2 4 O 8 6 . T h e u n i t c u b e of m a g n e t i t e t h u s h a s r o o m e n o u g h t o 
a c c o m m o d a t e 4 e x t r a o x y g e n a t o m s . A. S i m o n d iscussed t h e s t r u c t u r e of ferr ic 
ox ide ; Xi. Pa s se r i n i , t h e so lubi l i ty ; a n d O. H a h n a n d O. Mtiller, t h e sur face b y 
t h e a d s o r p t i o n of r a d i u m e m a n a t i o n s . 

T h e r e a r e t h u s t w o fo rms of ferric o x i d e — o n e cubic , one t r i g o n a l or r h o m b o h e d r a l . 
T h e o b s e r v a t i o n s of H . A b r a h a m a n d R . P l an io l , R . Cheval l ier , J . H u g g e t t a n d 
G. C h a u d r o n , S. B . H e n d r i c k s a n d W . A l b r e c h t , O . H a u s e r , R . B . S o s m a n a n d 
co-worker s , I J . A. WeIo a n d O. B a u d i s c h , a n d E . W e d e k i n d a n d W . A l b r e c h t s h o w 
t h a t (i) t h e X - r a d i o g r a m s of t h e t w o fo rms a re i nd i s t i ngu i shab l e one f r o m t h e 
o t h e r ; (ii) t h e m a g n e t i c p e r m e a b i l i t y of cub ic f e r romagne t i c ox ide is n o t d i s 
t i n g u i s h a b l e f rom t h a t of ferrosic ox ide ; (iii) t h e cubic fo rm c a n b e c h a n g e d t o t h e 
m o r e s t ab l e r h o m b o h e d r a l form b y h e a t i n g i t t o v a r i o u s t e m p , b e t w e e n 550° a n d 
1000° ; a n d t h e c a t a l y t i c a c t i v i t y of t h e cubic fo rm is g r e a t e r t h a n is t h e case w i t h 
t h e r h o m b o h e d r a l v a r i e t y . T h e t r a n s i t i o n t e m p , a p p e a r s t o d e p e n d o n t h e m o d e 
of p r e p a r a t i o n . T o c o n v e r t ferrosic ox ide t o t h e i s o m o r p h o u s cub ic ferr ic ox ide , 
4 o x y g e n a t o m s m u s t b e c rowded i n t o t h e u n i t l a t t i c e of t h e ferrosic ox ide . 
Li. A. WeIo a n d O. B a u d i s c h cons ide red t h a t t h e e x t r a o x y g e n r e q u i r e d for t h e 
c h a n g e 2 F e 3 O 4 - > 3 F e 2 O a c a n b e i n s e r t e d in t h e c rys t a l - l a t t i ce , w i t h o u t u n d u e s t r a in , 
so as t o l eave t h e s t r u c t u r e essent ia l ly u n c h a n g e d . J . W . G r u n e r , L . H . Twenhofe l , 
G. F r e b o l d a n d J . H e s e m a n n , J . B o h m , a n d P . M. Wolf a n d H . Zegl in d i scussed 
c h a n g e s in t h e X - r a d i o g r a m s in t h e o x i d a t i o n of m a g n e t i t e t o f e r romagne t i c ferr ic 
ox ide . 

J . B e y e r 1 0 obse rved t h a t t h e chemica l r eac t i ons of i ron , a n d ferric ox ide w i t h 
h y d r o g e n a n d s t e a m , a n d t h e m a g n e t i c p r o p e r t i e s of t h e p r o d u c t s , ag ree w i t h t h e 
a s s u m p t i o n t h a t solid soln. a r e fo rmed b e t w e e n ferrous a n d ferrosic ox ides ; R . R u e r 
a n d M. N a k a m o t o also n o t e d t h e f o r m a t i o n of solid soln. S. H i l p e r t ca l led t h e 
complexes of F e O a n d F e 2 O 3 , o t h e r t h a n F e 8 O 4 , indef in i te mixtures—vid-e infra, 
fe r rous ferr i tes . R . B . S o s m a n a n d J . C. H o s t e t t e r a d d e d t h a t ferric ox ide fo rms a 
c o n t i n u o u s series of sol id soln . w i t h ferrosic ox ide {vide infra), a n d t h e y called t h e m 
marti.tes. E . D . E a s t m a n s h o w e d t h a t a t 1100° a n d u p w a r d s ferric a n d ferrosic 
ox ides fo rm a c o n t i n u o u s series of sol id soln. , b u t p r o b a b l y t h e soln. is l i m i t e d be low 
1000°. J . B e y e r found a s imi la r s t a t e of t h i n g s w i t h fe r rous a n d ferric ox ides . 
E . D . E a s t m a n also sa id t h a t a t a n d a b o v e 1100°, t h e t w o ox ides fo rm a c o n t i n u o u s 
series of solid soln., a l t h o u g h t h e r e a r e i nd i ca t ions t h a t be low 1000° t h e y m a y n o t 
b e soluble in one a n o t h e r in al l p r o p o r t i o n s . H a e m a t i t e is h e x a g o n a l a n d m a g n e t i t e 
cubic , a t o r d i n a r y t e m p . , a n d h e n c e i t m a y a p p e a r t o b e a circuluo in probando t o 
a s s u m e t h a t t h e r e is a h e x a g o n a l v a r i e t y of m a g n e t i t e w h i c h fo rms a solid soln. , 
i.e. a n i s o m o r p h o u s m i x t u r e w i t h haemat i t e . A c c o r d i n g t o R . B . S o s m a n , a con
s ide ra t i on of t h e p o i n t s y s t e m s f rom w h i c h t h e c r y s t a l classes c a n b e m a d e u p , shows 
t h a t t h e r e is i n r e a l i t y a c o n t i n u o u s t r a n s i t i o n f rom cub ic t o h e x a g o n a l . S u p p o s e 
a cubica l p o r t i o n of s o m e cub ic l a t t i c e t o b e s t a n d i n g on one of i t s co rne r s ; t h e n 
if i t b e compres sed a long t h e v e r t i c a l d i a g o n a l ax i s i t c h a n g e s i n t o a r h o m b o h e d r o n 
which b e c o m e s flatter w i t h increas ing compress ion , a n d t h e r h o m b o h e d r o n is a 
h e x a g o n a l fo rm. Th i s t r a n s i t i o n r e q u i r e s , of course , t h a t t h e l a t t i c e of t h e i s o m e t r i c 
a n d h e x a g o n a l f o rms b e t h u s t r a n s f o r m a b l e . T h e s u b j e c t w a s d i scussed b y 
T . M. Broder i ck , P . Gei jer , G. Gi lber t , A . Liavenir, C. F r i ede l , J . W . G r u n e r , a n d 
P . R a m d o h r . H . F o r e s t i e r a n d G. C h a u d r o n d i scussed t h e f o r m a t i o n of solid 
coin, -with ferric ox ide a n d ch romic ox ide , a n d a l u m i n a — v i d e a l u m i n i u m a n d 
chromium fer r i tes . W . Bi l tz a n d co-workers f o u n d t h a t i n t h e sp ine ls , M C F e 2 O 8 , 

Jfee mo l . vol . of t h e F e 2 O 8 i n Z n O . F e 2 O s is 30-4 ; a n d i n t h e CuO* M g O , C d O , M n O , 



I R O N 7 8 9 

F e O , CoO, a n d N i O spinels , t h e mol . vo l . of t h e F e 2 O 3 is r o u n d a b o u t 33-4. H e n c e 
t h e y infer t h a t t h e r e a r e t w o forms of ferric ox ide : <x-Fe203 w i t h m o l . vo l . 30*4, a n d 
- / - F e 2 O 8 w i t h a mol . vol . 33-4. 

A . J o h n s e n d iscussed c a m all i t e a n d haemat i te . G. F r i ede l d i s cus sed 
pseudomorphs of ferric ox ide af ter m a g n e t i t e . A. B r e i t h a u p t desc r ibed a c u b i c 
v a r i e t y of ferric ox ide occur r ing in o c t a h e d r a or d o d e c a h e d r a , l ike m a g n e t i t e . T h e 
p s e u d o m o r p h is n o t f e r romagne t i c a n d i t w a s cal led mart i te . Th i s m i n e r a l w a s 
e x a m i n e d b y F . v o n Kobe l l , C. F . R a m m e l s b e r g , J . F . L . H a u s m a n n , R . v a n A u b e l , 
J . R . B l u m , H . R o s e n b u s c h , G. v o m R a t h , A. !Lavenir, a n d H . Gorce ix . T h e 
genera l conclus ion is t h a t m a r t i t e is a p s e u d o m o r p h af ter m a g n e t i t e . A. Scacchi 
o b t a i n e d a v a r i e t y of ferric ox ide in ac icu la r needles , t h o u g h t t o be rhombic. I t 
occurs in t h e t u f a of P i a n u r a a n d F i a n o , C a m p a n i a , a n d w a s n a m e d raphisiderite— 
from petals, needle ; a n d crtSijpeos, i ron . P s e u d o m o r p h s of ferric ox ide after iron 
pyrites were r e p o r t e d b y H . T r a u b e , A. S c h w a n t k e , W . F . P e t t e r d , H . Rosen 
b u s c h , J . R . B l u m , A . K r a n t z , E . Dol l , R . P . Greg a n d W . G. L e t t s o m , G. v o m 
R a t h , H . Gorceix , a n d A. L a v e n i r ; a f ter lievrite, b y J . R . B l u m ; af ter siderite, 
b y J . R . B l u m ; af ter cerussite, b y A. H o f m a n n ; a f ter pyromorphite, b y J . R . B l u m , 
a n d D . F . Wise r ; a f te r calcite, b y A . B r e i t h a u p t , J . J . N o g g e r a t h , J . R . B l u m , 
G. Si l lem, H . A. Miers , O. Miigge, G. R o s e , A. F renze l , a n d W . H a i d i n g e r ; a f te r 
dolomite, b y J . R . B l u m ; a f te r ftluorite, b y J . R . B l u m , G. Sil lem, a n d A. B r e i t h a u p t ; 
a f te r baryta, b y A. B r e i t h a u p t , M. F . H e d d l e , J . R . B l u m , a n d R . P . Greg a n d 
W . G. i»e t t som ; a f t e r anhydrite, b y P . G r o t h , a n d J . R . B l u m ; af ter olivine, b y 
G. T s c h e r m a k ; af ter bronzite, b y J . R . B l u m ; af ter garnet, b y J . R . B l u m ; af ter 

felspar, b y J . R . B l u m : a n d af ter ferric sulphate, b y A. Ves te rbe rg . J . W . G r u n e r , 
P . R a m d o h r , a n d G. M. S c h w a r t z d iscussed in tergrowths w i t h i lmen i t e a n d 
haemat i te (q.v.) ; a n d H . B a u m h a u e r , i n t e r g r o w t h s of ru t i l e a n d haemat i te . 

A . F r e n z e l " g a v e 4*914 t o 4-917 for t h e specific grav i ty of haemat i t e ; 
C. F . R a m m e l s b e r g , 5-075 t o 5-283 ; G. R o s e , 5-191 t o 5-230 ; F . E . N e u m a n n , 
5*079 ; J . Loczka , 5-289 ; M. L a c h a n d a n d C. Lep ie r re , 4-95 a t 14° ; A. Be rgea t , 
4*998 a n d , af ter s e p a r a t i n g impur i t i e s , 5-247 ; G. D e w a l q u e , 4-35 ; M. F . H e d d l e , 
4-8 ; J . Jo Iy , 4-644 t o 4-923 ; J . Mai l lard , 4-9O ; A . Ves te rberg , 5-06 ; A. B r e i t h a u p t , 
5*261 ; P . V. Jeremeeff, 5*02 • E . M a d e l u n g a n d R . F u c h s , 4*8986 t o 5-1568 ; 
E . F . H e r r o u n and E . Wi lson , 4-75 t o 4-91 ; A. L a v e n i r , 5-194 t o 5*205 ; a n d 
P . F . G. Bou l l ay , 5-225. F o r t h e art if icial ox ide , W . H e r a p a t h gave 5*059 for t h e 
sp . g r . a t 16*5° ; H . K o p p , 5*121 a t 12-5° ; L . P lay fa i r a n d J . P . J o u l e , 4-679 a t 
3-9° for t h e p r e c i p i t a t e d a n d 5-135 for t h e i gn i t ed ox ide . P . P . Budnikoff a n d 
K . E . K r a u s e found t h e sp . gr . of t h e ox ide ca lc ined a t different t e m p , t o b e : 

450° 650° 850° 1000° 
S p . g r . . . . 5*102 5*183 5-19O 6 1 9 5 

D . T o m m a s i g a v e 5-11 for t h e sp . g r . of t h e b r o w n ox ide o b t a i n e d b y d e h y d r a t i n g 
t h e p r e c i p i t a t e f rom a ferric s a l t b y a lkal i - lye , a n d 4-95 for t h a t of t h e r e d or 
ye l lowish- red ox ide o b t a i n e d b y ox id iz ing h y d r a t e d fer rous or ferrosic ox ide or 
fer rous c a r b o n a t e ; a n d H . R o s e g a v e 5-169 for t h e p r e c i p i t a t e d a n d 5-037 for t h e 
i gn i t ed ox ide . H e a t i n g t h e ox ide w a s found b y H . Rose , G. W e y m a n n , a n d 
F . S a u e r w a l d a n d G. E i s n e r t o increase t h e sp . gr . T h u s , L . B l a n c obse rved t h a t 
t h e sp . gr . of t h e ox ide h e a t e d t o 500° t o 600° is 4*910; t o 650° t o 700°, 5-040 ; t o 
750° , 5-110 ; a n d t o 850°, 5*175; R . R u e r a n d J . K u s c h m a n n , 5-200 a t 15°/4° 
for a s a m p l e h e a t e d t o 700°, a n d 5-1597 a t 15°/4° af ter be ing h e a t e d t o 1000°. 
A . D u b o i n g a v e 5-16 ; B . Aarn io , 5-09 ; a n d S. H i l p e r t and J . Beyer , 5-1. Obser 
v a t i o n s were also m a d e by F . Muck , a n d O. H a u s e r . H . P . W a l m s l e y f o u n d t h e 
s p . g r . of t h e h e x a h e d r a l pa r t i c l e s of d i spersed ferric ox ide t o 5-274, a n d of t h e 
cub i c fo rm, 5-400. F . J . M a l a g u t i a n d A. L a l l e m a n d found for t h e n o n - m a g n e t i c 
ox ide d r i ed a t 300°, 4-784 ; for t h e n o n - m a g n e t i c ox ide which h a s been h e a t e d t o 
rouge wif, 5 -144 ; a n d for t h e s t rong ly m a g n e t i c ox ide , 4-686. E . J . K o h l m e y e r 
a n d S- H i l p e r t found t h e s p . g r . of a s a m p l e t h a t h a d been fused t o be 5-190 ; a n d 
E . J . Kohf ineyer g a v e 5-187 t o 5*193 for s a m p l e s of h igh ly purified oxide which h a d 
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been h e a t e d h igh e n o u g h t o c o n v e r t s o m e of t h e ferr ic o x i d e i n t o ferrosic ox ide . 
IJ. B lanc a n d G. C h a u d r o n p r e p a r e d t h e ox ide b y ca lc in ing t h e n i t r a t e o r s u l p h a t e 
a t different t e m p . , a n d f o u n d t h a t w h e n m a d e a t 500° t o 600° , t h e l a rge g r a i n s h a d 
a sp . gr . 4-910 ; a t 620° t o 700° , t h e fine g r a in s h a d a sp . g r . of 5*040 ; a t 750° , 
t h e g r a in s of inc reas ing size h a d a sp . gr . of 5*1 IO ; a n d a t 850° , t h e g r a i n s 
of inc reas ing size h a d a sp . gr. of 5*175. T h e y a t t r i b u t e d t h e dec rease i n t h e 
gra in-s ize b e t w e e n 600° a n d 700° t o a n effect of t h e e v o l u t i o n of g a s a c c o m 
p a n y i n g d i s in t eg ra t i on , b u t t h e r e is a p o l y m e r i c t r a n s f o r m a t i o n a t a b o u t 678° . 
N . P a r r a v a n o a n d G. Ma lquor i f o u n d t h a t t h e a p p a r e n t sp . gr . of sma l l cy l inde r s 
of compres sed ferric ox ide is scarce ly c h a n g e d b y ca l c ina t ion u p t o 700° ; b u t 
a b o v e 800° , t h e a p p a r e n t sp . gr . i nc reased a n d t h e cy l inde r s were less f r iable . 
X - r a d i o g r a m s show t h a t t h e difference b e t w e e n t h e a g g r e g a t e d a n d n o n - a g g r e g a t e d 
o x i d e is solely one of grain-s ize . T h e genera l r e su l t s of t h e s p . gr . d e t e r m i n a t i o n s 
s h o w t h a t t h e bes t r e p r e s e n t a t i v e v a l u e of ferrosic ox ide is 5*12 w i t h t h e s p . v o l . 
0*1954, a n d mol . vol . 31*2, whi l s t for n a t u r a l h sema t i t e t h e s p . gr . is 5-24 ; t h e 
sp . vol . 0-1910 ; a n d t h e mol . vo l . 30*5. T h e dens i t i e s 5-25 b y W . Z a c h a r i a s e n ; 
5*355 b y L . Passe r in i ; a n d 5-243 b y W . P . D a v e y , were ca l cu l a t ed f rom t h e X - r a d i o -
g r a m d a t a . W . Bi l t z , a n d J . J . Sas l awsky c o m p a r e d t h e obse rved mol . vo l . w i t h 
t h a t ca l cu l a t ed b y t h e a d d i t i v e law. W . Os twa ld a n d W . Ha l l e r obse rved t h a t 
w h e n t h e p r o d u c e d ox ide is suspended in h e x a n e , a n d o t h e r o rgan ic l iqu ids , a n d t h e n 
s e p a r a t e d , t h e sp . vol . decreases in t h e o rde r CCl4, C 6 H 1 4 , C 6 H 6 , CH 3 Cl, ( C 2 H 5 ) 2 0 , 
CH 3 -COOH, C 2 H 5 O H , a n d (CH 3 ) 2 CO. T h e effect is a t t r i b u t e d t o t h e a d s o r p t i o n 
of so lven t films—ht/oadsorpfion. 

T h e hardness of t h e c rys ta l s is ove r 5 a n d m a y a t t a i n a v a l u e f rom 5*5 t o 6*5. 
J . A. v o n D e u r s a n d P . E . R a a s c h o u 1 2 s t u d i e d t h e f luidi ty of s l i p — w a t e r a n d 
ferric oxide . A. R e i s a n d I J . Z i m m e r m a n n s t u d i e d t h e h a r d n e s s a n d mol . vo l . 
W . Voig t g a v e for t h e e last ic m o d u l u s , Ey i n k i log rams p e r sq. m m . , 2 ? o = 2 3 , 0 0 0 ; 
, #45=21 ,800 ; .#45=18,700 ; a n d Bg0=23t100 ; whi le t h e cubica l coeff. of c o m 
pressibil i ty is 1 * 0 4 x 1 0 - 6 . E . M a d e l u n g a n d R . F u c h s found t h e compress ib i l i ty 
be tween 5O a n d 200 k g r m s . pe r sq. cm. t o be b e t w e e n 0-0658 a n d 0*05106. A c c o r d i n g 
t o F . S a u e r w a l d a n d G. E i sne r , b r i q u e t t e s m a d e from t h e compressed a n d ca lc ined 
ox ide h a v e a compress ive s t r e n g t h d e p e n d e n t on t h e t e m p , of ca lc ina t ion . M. C. L e a 
was u n a b l e t o d e t e c t a n y s igns of t h e d issoc ia t ion of ferric i n t o fer rous ox ide b y 
m e c h a n i c a l p ress . 

H . F i z e a u found t h e coeff. of t h e r m a l e x p a n s i o n t o b e , <x=0-05829 a n d 0-0 5836, 
r e spec t ive ly para l le l a n d ve r t i ca l t o t h e p r inc ipa l ax i s ; t h i s g ives for t h e coeff. 
of cub ica l e x p a n s i o n , 0-00002501, a t 40° . H . K o p p g a v e 0-00004 for t h e coeff. of 
cub ica l e x p a n s i o n ; a n d 0*000007 for t h e coeff. of l i nea r expans ion . H . B a c k s t r o m 
o b t a i n e d for t h e l e n g t h , I, a t 6°, b e t w e e n 4° a n d 82°, i n a d i rec t ion para l l e l t o t h e 
p r inc ipa l ax i s , Z=Z0(I-f-0-0676109#-|-0-084901#2) , a n d in a d i rec t ion p e r p e n d i c u l a r 
t o t h e p r inc ipa l ax i s , I=I0(14-0-05576918#-f-0-07l2OOO02), whe re I0 d e n o t e s t h e 
l e n g t h a t 0° . I t follows t h a t t h e coefficient of e x p a n s i o n in a d i r ec t ion per 
p e n d i c u l a r t o t h e p r inc ipa l ax i s is t h e g r e a t e r ; b u t t h e coefficients of e x p a n s i o n s 
i n b o t h d i rec t ions a r e t h e s a m e a t —5*7°, n a m e l y , 0*057555 ; a n d be low t h a t t e m p . , 
t h e coeff. of expans ion para l l e l t o t h e p r inc ipa l a x i s is t h e g rea t e r . H . F o r e s t i e r 
a n d G. C h a u d r o n obse rved a b r e a k in t h e d i l a t ion c u r v e a t a b o u t 675°. 

C. C. Bidwel l found t h e thermal conduct iv i ty of t h e compres sed p o w d e r t o b e 
0*00141 cal . pe r sec. p e r sq . c m . p e r degree a t 200° ; 0*00189, a t 400° ; 0 0 0 2 3 5 , a t 
600° ; 0 0 0 2 6 2 , a t 720° ; 0 0 0 2 9 4 , a t 800° ; a n d 0*00390, a t 1050°. C. H . L e e s 
g a v e Jc=—0*003 cal . p e r c m . pe r sec. p e r degree ; J . K o n i g s b e r g e r a n d J . "Weiss 
gave £ = 0 0 3 5 ; a n d J . K r u c k e n b e r g , &=0*006. C. C. B idwel l g a v e t h e fol lowing 
resu l t s : 

159° 258° 415° 068° 854° 1047° 
k . 0 0 0 1 3 0 0 0 0 1 5 4 0OO189 0*00251 0 0 0 3 1 7 0 0 0 3 9 0 

G. G. B r o w n a n d C. C. F u r n a s g a v e for t h e t h e r m a l c o n d u c t i v i t y , k ca ls . p e r sec . 
j>er sq . c m . p e r degree , of p o w d e r e d ferric o x i d e : 
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125° 
0 0 , 9 1 8 

160° 
0 0 8 9 2 5 

300° 
0 0 , 9 4 0 

400° 
0-00108 

500° 
0 0 0 1 1 3 

600° 
0 0 0 1 2 2 

700° 
000133 

760° 
0 0 0 1 3 8 

The results of C. C. Furnas on rods of powder, and those of C. C. Bidwell on prepared 
rods are summarized in Fig. 520. Ht. de Senarmont made some observations on 
the thermal conductivity of the crystals ; and E . Jannetaz observed t h a t the rat io 
for the conductivities in the direction of the principal axis and a t r ight angles 
thereto is 1*232; N. Botez and H . Hertenstein 
gave 1*198 ; and H. Backstrom, 1-064 to 1-12 a t 
50°. According to F . M. Jager, the quotient of 
the electrical and thermal conductivities of all 
metals is a constant, independent of their chemical 
nature, bu t directly proportional to the absolute 
t emp. This ratio is not constant for the con
ductivities of haematite measured in the directions 
of the crystal axes. 

J . JoIy gave 0-1683 for the specific heat of 
haematite between 7-8° and 100° ; P . E . W. Oeberg, 
01645 to 0-1647 between 15° and 99° ; A. Abt, 
0-17425 between 16° and 95° ; H. Kopp, 0 1 5 4 to 
0-159 for the sp. h t . of haematite ; R. Ulrich, 
0-1627 between 19° and 98° ; F . E . Neumann, 
0-16695 to 0-1692. H . V. Regnault gave 0-16695 for the sp. ht . of haematite 
between 15° and 98° ; while for calcined colcothar he gave 0*17167 ; for strongly 
calcined colcothar, 0-16921 ; and for yet more strongly calcined colcothar, 0-16814. 
G. G. Brown and C. C. Furnas gave for the sp. ht. , in cals., of ferric oxide : 

F i o . 5 2 0 . — T h e T h e r m a l 
d u c t i v i t y a n d M o l e c u l a r 
of F e r r i c O x i d e . 

/000° 
Con-
H e a t 

o 
0 1 5 5 0 

40° 
0 1 6 4 0 

80° 
0 1 7 5 0 

120° 
0 1 8 4 5 

200° 
0-2025 

300° 
0-2250 

400° 
0-2645 

500° 
0-2955 

650° 
0-3420 S p . h t . 

The results for the molecular heats, Cp, from 298° K to 633° K, can be sum
marized by C„=14-13-f-'0-0378Z' ; and between 633° K and 951° K, by 0^=9-16 
+0-04912\ W. Bertram gave : 

95° 
0 1 5 9 8 

225° 
0 1 7 4 6 

350° 
0 1 8 5 4 

461° 
0-1952 

520° 
0 1 9 9 5 

569° 
0-2027 

685° 
0-2084 

764° 
0-2106 

824° 
0-2110 

and c=O1514+OOOO1239(0—20)— O-O7577(0—20)2. Decomposition sets in a t 
temp, exceeding 700°. G. S. Parks and K. K. Kelley found the sp. ht . a t —184-0°, 
—123-7°, and 17-5° to be respectively 0-0408, 0-0842, and 0-1550, and the mol. ht . 
respectively 6*5, 13-4, and 24-8.. The results of A. S. Russell, G. S. Parks and 
K. K. Kelley, P . E . W. Oeberg, A. Abt, J . JoIy, C. C. Furnas , and H. V. Regnault 
fall about the mol. h t . curve, Fig. 520. A. S. Russell gave 0-0726 between 191-9° 
and —81-0° ; 01318 between —73-7° and 0° ; and 0-160O between 3-5° and 44-0°. 
The corresponding mol. ht . are respectively 11-59, 21-05, and 25-53. W. A. Ro th 
and W. Ber t ram gave for the sp. ht. , c, between 0° and 20°, c=O-151-f-O-Os1239(0—20) 
—O-O7577(0—20)2 ; and for t rue mol. h e a t : 

100° 200° 300° 400° 600° 600° 700° 
G . 27-08 30-32 3 3 0 1 3 5 1 5 36-73 37-75 38-23 

I . Maydel studied the mol. ht . F . J . Malaguti and A. Lallemand found the sp. ht . 
of non-magnetic ferric oxide dried a t 300° t o be 0-1863, and heated to redness, 
0*1743 ; while the sp. h t . of the magnetic oxide heated to redness is 0-1730 ; and 
the sp. h t . of strongly magnetic ferric oxide is 0-1794. 

J . J . Berzelius observed t h a t precipitated, hydrated ferric oxide when heated 
loses water, and "when passing from dull redness to bright redness i t shows a 
calorescence similar to t h a t described in connection with alumina, chromic oxide, 
and zirconia. The oxide thus becomes denser, less at tacked by acids, and generally 
less sensitive chemically. Li. Wohler found t h a t ferric oxide is calorescent only 
when precipitated from boiling soln.; t h a t precipitated from cold soln. becomes 
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ealorescent only when well washed with hot water. J . Bohm said t h a t t h e hydra ted 
oxide caloresces as well when precipitated from cold soln. as i t does from hot soln. 
JL. P . de St. Gilles observed no calorescence with aged gels heated with water. 
F. Muck, and D. Tommasi observed no calorescence with the hydrogel obtained 
by oxidizing ferrous hydroxide or carbonate. J . J . Berzelius, and -L. Wohler 
observed no change in weight occurs during the calorescence, although H . Forestier 
and G. Chaudron obtained a marked shrinkage ; J . J . Berzelius found the ra te of 
solution in acids is decreased during the calorescence. The heating curves, obtained 
by K. Endell and R. Rieke, R. Wallach, and I J . Blanc, show a sharp hump during 
the recalorescence period. K. Endell and R. Rieke observed t h a t the material 
which showed the phenomenon had 0-5 per cent, of water. The calorescence t emp, 
is 538°. Ii. Blanc observed the calorescence temp, to be 400° with the oxide 
precipitated cold, and it is feebler with the oxide precipitated from boiling soln. 
The temp, depends on the previous history of the hydra ted oxide. N. S. Kurnakoff 
and E. J . Rode gave 325°-400° for t he calorescence t emp, of bog iron ore. 
A. A. Baykoff gave 380° for the beginning and 550° for the end ; R. "Wallach gave 
400° ; K. Endell and R. Rieke, 450° ; H . Ie Chatelier, 950° ; T1. Wohler, 540° ; 
and a t first it was assumed t h a t two allotropic modifications exist. TJ. Wohler 
regarded the phenomenon as due to an increase in the grain-size of the oxide. 
K. Endell and R. Rieke, and R. Ruer, to a change from the amorphous to the 
crystalline s tate ; and this hypothesis is in agreement with the X-radiograms of 
J . Bohm of samples before and after calorescence. J . A. Hedvall, however, said 
t h a t no oxide is amorphous, they are all crystalline or cryptocrystalline, and give 
identical X-ray spectra before and after heating to 1150°, showing t h a t the 
calorescence is not caused by a change in structure. W. G. Mixter found t h a t 
the thermal values of ferric oxide before and after the glow differ by 9*0 CaIs. per 
mol. He calls this difference, the heat of polymerization. 

E. J . Kohlmeyer said t h a t finely powdered ferric oxide sinters and shrinks in 
volume on passing through 920° to 950°, and there is a kink in the heating curve 
in this region. C. C. Furnas observed tha t jus t before sintering, powdered ferric 
oxide becomes very active, and tends to flow like water, assuming an almost zero 
angle of repose al though no liquid is present. The phenomenon may be caused 
by an evolution of gas, or by an accumulation of electric charges on the particles— 
e.g. the " boiling " of plaster of Paris, and other powders when heated, and the allied 
phenomenon which occurs in the roasting of some sulphide ores. H . Rose, 
C. Zenghelis, and L. Eisner observed t h a t there is an appreciable volatility of ferric 
oxide in the porcelain oven <Cl600° ; and H . Moissan added t h a t a t 2000° ferric 
oxide can be sublimed in a crystalline form. A. A. Read, and U . Rose, however, 
showed t h a t a t these temp, the ferric oxide is more or less dissociated, forming a 
magnetic or ferrosic oxide, consequently, not ferric oxide bu t rather ferrosic oxide 
would volatilize a t these temp. Even magneti te has a dissociation press, approxi
mat ing an a tm. a t 2500°. H . von Wartenberg and W. Gurr found t h a t t he mixture 
of oxides formed by the fusion of ferric oxide volatilizes rapidly a t 1800°. 

I n 1848, H . Rose noticed t h a t when ferric oxide is heated in a porcelain oven, a t 
about 1400°, and the cold product dissolved in acid, a blue precipitate is formed when 
potassium ferricyanide is added to the soln. This was t aken to mean t h a t some 
ferric oxide is transformed by heat into ferrous oxide. C F . Bucholz, J . J . Berzelius, 
and E . Mitscherlich showed by weighing t h a t ferric oxide is dissociated a t a white-
heat, b u t J . Li. Proust , C. Ii. Berthollet, and J . H . Hassenfratz did no t agree. 
J . A. Hedvall said t h a t the oxide is stable a t a red-heat ; H , Moissan, t h a t 
oxygen is lost when ferric oxide is heated in the electric arc furnace ; H . Rose, 
in the porcelain o v e n ; H . Tholander, a t a whi te-hea t ; and W. Suida, a t a 
bright red-heat. H.. War th added t h a t the association of alumina with t h e ferric 
oxide makes i t less liable to decompose. E . D . Clarke said t h a t the oxide on 
charcoal is reduced to metal in the oxyhydrogen flame, and t h a t the metal then 
burns as a brilliant scintillation. 
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W . Su ida found t h a t a t t h e t e m p , of a B u n s e n bu rne r , ferric ox ide is n o t r e d u c e d 
p r o v i d e d r educ ing a g e n t s b e exc luded ; b u t a t a b r i g h t r e d - h e a t o r w h i t e - h e a t , 
ferric ox ide a n d ferric si l icates do suffer an apprec iab le r educ t ion in a i r , o r i n a n 
a t m . of n i t rogen . If h e a t e d w i th mo l t en bo rax , ferric oxide a n d ferric s i l ica tes 
suffer a l i t t le r educ t ion in air , o r in a n a t m . of n i t rogen or ca rbon m o n o x i d e , b u t i n 
a n a t m . of oxygen , t h e r educ t i on is sehr gering. T h e obse rva t ions of CX F . R a m m e l s -
berg , C. Bodewig , R . H e r m a n n , a n d F . L . H a h n a n d M. H e r t r i c h , N . A. Tananaeff , 
E . Selch, A. A. R e a d , a n d H . R o s e also show t h a t v e r y l i t t l e loss occurs a t t h e t e m p , 
of t h e b las t gas -name . According t o E . J . R o d e , t h e r e is a t e r race in t h e h e a t i n g 
cu rve of ferric oxide a t 745°, a n d t h i s is a t t r i b u t e d t o t h e fo rmat ion of a n a l lot ropic 
oxide ; t h e fluctuations in t h e curve a t 1280° a re a t t r i b u t e d t o t h e e l iminat ion of 
oxygen . If h y d r a t e d ferric oxide is s imilar ly t r e a t e d , t h e r e is a n endo the rmic 
r eac t ion cor responding wi th a n u n s t a b l e modif icat ion of ferric oxide which is con
v e r t e d i n t o t h e s t ab le , c rys ta l l ine oxide a t 320° t o 340°, w i t h t h e evolu t ion of h e a t ; 
t h e c rys ta l l ine ox ide unde rgoes a n o t h e r t r a n s f o r m a t i o n a t 450°. J . C. H o s t e t t e r 
a n d H . S. R o b e r t s s t a t e d t h a t t h e d issocia t ion of ferric oxide in to ferrous ox ide 
a n d o x y g e n when i t is d issolved i n m o l t e n glasses occurs a b o v e 1300°, t h e e x a c t 
t e m p , is d e p e n d e n t o n t h e compos i t ion of t h e glass. T h e colour of p o t t e r y glazes, 
a d m i x e d w i th ferric oxide , is v e r y m a r k e d l y a l t e red b y va r i a t ions of t e m p , m u c h 
be low th i s . F . Wt i s t r e p o r t e d t h a t t h e evolu t ion of oxygen commences a t 600°, 
a n d a t 1050° t h e res idue is F e 2 0 3 . F e O ; a t 1100°, F e 2 O a . 2 F e O ; a n d a t 1200°, 
F e 2 0 3 . 3 F e O . W. Bi l tz found t h a t w i th t h e pa r t i a l press , of oxygen t h e s ame as 
i t is in t h e a tmosphere , , t h e equi l ib r ium dissociat ion temperature for t h e F e 2 O 3 
- > F e 3 0 4 is 1970°, a n d for t h e dissociat ion F e 2 O 3 - ^ F e , 3025° ; while W . O . Treadwel l 
obse rved t h a t a t 1322°, t h e dissociat ion pressure of t h e o x y g e n from ferric oxide is 
0*21 a t m . , a n d 1 a t m . a t 1405°. G. P . B a x t e r a n d C R . H o o v e r observed a c o n s t a n t 
difference in weigh t of a b o u t 0*004 pe r cent , in ferric ox ide h e a t e d in t h e ne ighbour
h o o d of 1100° in a c u r r e n t of air , a n d in a c u r r e n t of oxygen . The oxygen va lue 
was higher , a n d t h e y g a v e for t h e dissociat ion press . , p m m . : 

1150° 1200° 1260° 1280° J200° 
p . . 0-5 1-0 2-0 4O 100 mm. 

G. C h a r p y a n d S. B o n n e r o t gave 0-18 m m . a t 800°, a n d 0-36 m m . a t 900°. R . B . Sos-
m a n a n d J . C. H o s t e t t e r showed t h a t t h e r e is a measu rab le dissociat ion of ferric 
ox ide h e a t e d in a i r a t all t e m p , be tween 100° a n d 1300°, a n d t h a t t h e a m o u n t of 
d issocia t ion increases w i th t e m p . P . T . W a l d e n r epo r t ed for t h e dissociat ion press. , 
p m m . , of ferric oxide : 

1100° 1150° 1200° 1250° 1300° 1350° 1400° 
p. . 6-O 7-0 9-0 2 0 0 59-5 1 6 6 0 4 5 4 0 

so t h a t t h e press , a t 1350° is a p p r o x i m a t e l y equa l t o t h e p a r t i a l press , of t h e oxygen 
of t h e a t m o s p h e r e . W . H e m p e l a n d C Schube r t , a n d C. S c h u b e r t sa id t h a t t h e 
reac t ion : 6 F e 2 O 3 = 4 F e 3 O 4 - f - O 2 se ts in slowly a t 1250°, a n d is comple te a t 1500°. 
R . R u e r a n d M. S a k a m o t o found t h a t ferric oxide in d r y n i t rogen loses n o weigh t 
w h e n h e a t e d u p t o 1125° ; a t 1150°, oxygen is lost un t i l ferrosic oxide wi th 2 pe r 
cen t , of dissolved ferric ox ide is formed ; a n d a b o v e 1200° u p t o 1550°, oxygen is 
los t con t inuous ly w h e n t h e subs tance mel t s , a n d when cold, t h e p r o d u c t is ferrosic 
ox ide w i t h 4 pe r cen t , ferrous oxide i n solid soln. T h e y found t h e dissocia t ion 
press , of ferric ox ide in oxygen a t 1150° is scarcely measu rab l e ; a t 1383° i t is 0-20 
a t m . ; a n d a t 1455°, i t is 1 a t m . Th i s agrees w i t h t h e observa t ions of F . Greul ich, 
H . O. Hofman a n d W . Mostowitsch, A. Gi ra rd a n d Gr. Chaudron , and E . J . K o h l -
m e y e r . W i t h a c o n s t a n t press , of 10 m m . , t h e i sobar of ferric oxide was found , 
b y A . S i m o n a n d T. S c h m i d t , t o show a s h a r p b r e a k a t 1300° corresponding w i th 
comple t e convers ion of ferric t o ferrosic ox ide w i t h o u t t h e format ion of a n y solid 
soln . , o r i n t e r m e d i a t e oxide-—vide supra, ferrosic oxide . H . von J i i p t n e r ca lcu la ted 
for t h e d issocia t ion press , a t equi l ib r ium for 2 F e 2 O 3 = 4 F e + 3 0 2 , log 3>=28884T * 
-f-1-75 log T + 2 - 8 ; for 2 F e 2 O 8 = 4 F e O ~ h O 2 , log ; p = — 2 9 1 4 6 ^ - 1 + 1 - 7 5 l o g T+2-8 ; 
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a n d for 3 F e 2 O 8 = 2 F 8 O 4 + O , log y = - 1 1 4 6 6 T - i + 1 - 7 5 log .T-f-2-8. 
p a t ra . , ca lcu la ted f rom t h e s e e q u a t i o n s , a r e r e spec t ive ly : 

T h e v a l u e s of 

Products 
F e 
F e O 
F e 4 O 4 

Products 
F e 
F e O 
F e 8 O 4 

600° 
0-0 4 03326 
0 0 8 0 1 2 1 7 

1600° 
0 0 , 2 2 6 3 
0 0 9 1 5 5 2 

17-41 

1000° 
OO a o1466 
0 0 8 1 8 0 1 7 
0 0 8 3 8 3 7 

2000° 
0 0 6 1 3 6 4 
0 0 5 l 0 0 9 

617-9 

1400° 
0-0 1 8 4724 
0-0 x a 3070 
1-394 

2400° 
0 0 8 3 7 9 1 
0 0 3 3 7 2 6 

8 6 6 8 0 

Calcu la t ions were also m a d e by G. G. B r o w n a n d C. C. F u r n a s , L . W o h l e r a n d 
O. BaIz , W . Bi l t z , H . O. H o f m a n a n d W . Mos towi t sch , a n d F . W i i s t a n d P . R u t t e n . 
S. H i l p e r t cou ld n o t verify P . T . W a l d e n ' s o b s e r v a t i o n s because t h e r e su l t s v a r i e d 
c o n s i d e r a b l y w i t h t h e m e t h o d of p r e p a r a t i o n , a n d t h e p r e v i o u s t r e a t m e n t of t h e 
ferr ic ox ide , for t h e ve loc i ty a t which equ i l i b r i um is a t t a i n e d , is e x t r e m e l y s low. 
T h e a m o u n t of fer rous ox ide fo rmed in a i r a t 1300° d id n o t exceed 5 p e r c en t . H e 
a lso sa id t h a t t h e app l i c a t i on of t h e t h e r m o d y n a m i c fo rmula t o ca lcu la t e t h e d is 
soc ia t ion is u n t r u s t w o r t h y . Accord ing t o R . B . S o s m a n a n d J . C. H o s t e t t e r , t h e 
sol id p h a s e p r o d u c e d b y t h e d issoc ia t ion , 3 F e 2 0 3 = 2 F e 3 0 4 - h O , is a series of solid 
soln. r a n g i n g f rom F e 2 O 3 t o a p o i n t v e r y n e a r , if n o t a t , F e 3 O 4 . Th i s h y p o t h e s i s is 
conf i rmed b y t h e op t i ca l p r o p e r t i e s of t h e r e s idues w i t h ove r 18 p e r cen t . F e O , a n d 
b y t h e p re s su re -compos i t i on i s o t h e r m s a t 1100° a n d 1200°. If F e O d e n o t e s t h e 
p e r c e n t a g e of fe r rous ox ide i n t h e sol id soln. , a n d p m m . , t h e p ress , of t h e o x y g e n 
i n t h e solid soln. , F i g . 522 : 

F e 3 O 4 
F e O . 
*, / 1 1 0 0 ° 
^ \ 1 2 0 0 ° 

2-90 
0-90 
0-37 
5 0 

5-80 
1-80 
0-22 
3-6 

8-73 
2-71 
0-17 
3 0 

14-57 29-30 4 4 1 5 59-2 74-4 89-7 1 0 0 0 0 
4-52 9 0 9 13-70 18-37 2 3 0 7 27-83 3 1 0 3 
0 1 3 0-10 0 0 9 2 0 0 8 5 0 0 6 9 0-052 <C0-005 
2-6 2 1 5 1-80 1-55 1-27 0-85 < 0 - 0 4 

0-8 

M a g n e t i t e d i sso lved i n ferric ox ide lowers t h e d i ssoc ia t ion p ress . T h e r e s u l t s a r e 
p l o t t e d in F i g . 5 2 1 . S ince t h e compos i t i on of t h e solid p h a s e d e p e n d s o n t h e r e l a t i on 

b e t w e e n t h e we igh t of t h e cha rge a n d t h e vol . 
of t h e space in wh ich t h e o x y g e n col lects , t h e 
r e su l t s i n wh ich t h e s e fac t s h a v e n o t b e e n t a k e n 
i n t o cons ide ra t i on a r e u n t r u s t w o r t h y . M. Tiger-
schio ld w r o t e t h e d i ssoc ia t ion e q u a t i o n : 6 F e 2 O 3 
- 4 F e 3 O 4 - J - O 2 , a n d u s ing R . B . S o s m a n a n d 
J . C. H o s t e t t e r ' s d a t a , g a v e for t h e equ i l i b r i um 
c o n s t a n t , K, wh ich is he re also t h e o x y g e n press . , 
logK=logp=— 2 0 , 9 4 6 T - J + 3 - 5 log T-f-0-001157T 
—0-6332. O. C. R a l s t o n , c o m b i n i n g t h e s e d a t a , 
a n d a lso t h o s e of P . T . W a I d e n , g a v e log p= 
- 2 3 , 5 5 O J T - 1 H - I S - S S . F e r r i c ox ide a t 1348° h a s 
a n o x y g e n press , of 0-207 a t m . , so t h a t i t is s t a b l e 
i n a i r u p t o t h i s t e m p . , a n d b e y o n d t h a t t e m p , i t 
wil l lose o x y g e n . F e r r i c ox ide wou ld e x e r t 1 a t m . 
p ress , a t 1430°, a n d i t cou ld b e h e a t e d i n a n a t m . 
of o x y g e n u p t o t h i s t e m p , w i t h o u t los ing o x y g e n . 
M a g n e t i t e d issolved i n ferric ox ide wou ld lower t h e 

Pier cent. Fe3O4 

F i a . 621.—-Dissociation Pressures 
i n t h e S y s t e m : F e 8 O 8 - F e 8 O 4 . 

dissoc ia t ion p ress . N o ev idence w a s o b t a i n e d of t h e ex i s t ence of c o m p o u n d s of t h e 
t w o ox ides a b o v e 1000°. T h e shapes of t h e cu rves a r e t a k e n t o s h o w t h a t t h e r e is 
a c o n t i n u o u s series of solid soln. f rom F e 2 O 3 t o 90 p e r c en t . F e 8 O 4 . T h e s t e e p e r 
e n d s of t h e c u r v e s , a n d t h e flatness of t h e c e n t r a l p o r t i o n of t h e c u r v e a t 1100° w h e n 
c o m p a r e d w i t h t h a t of t h e cen t r a l p o r t i o n of t h e 1200° c u r v e , i n d i c a t e d t h a t i t is 
poss ib le t h a t a t a lower t e m p , t h e c e n t r a l p o r t i o n will b e h o r i z o n t a l . I n t h a t case , 
t w o immiscible sol id soln. will b e in equ i l i b r ium w i t h one a n o t h e r — o n e soln. will 
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/000 

1300° /400° /500° 

F i « . 522. —- O x y g e n P r e s 
sures i n t h e S y s t e m F e 8 O 3 -
F e 3 O 4 a t Different T e m 
p e r a t u r e s . 

b e F e 2 O 8 w i t h some dissolved Fe 3 O 4 , a n d t h e o the r con juga te soln. , F e 3 O 4 w i t h s o m e 
dissolved F e 2 O 8 . T h e s loping ends of t h e curves would a p p l y t o u n s a t u r a t e d soln . 
M. Tigerschidld d e d u c e d for t h e oxygen press . , p, of solid soln. w i th 97*1 p e r cen t , 
of F e 2 O 3 , log <p= — 2 0 , 9 4 6 T - i + 3 - 5 log T-J-O-OOl 1 5 7 ( T - 6 0 0 ) + 0 - 0 6 1 ; a n d for solid 
soln. w i t h 10-31 pe r cent , of F e 2 O 3 , log ^ = - 2 2 , 0 8 0 T - i + 3 - 5 log T - f -0001157 
(T-600)-j-0-061. These a r e t h e a p p r o x i m a t e boun
dar ies of t h e solid soln. of t h e sys t em w i t h ferric a n d 
ferrosic oxides . T h e resul t s , p lo t t ed in F ig . 522, show 
t h e fields of s tab i l i ty of t he se t w o oxides—vide infra, 
ferric oxide . E . R . W a g n e r discussed t h e decom
pos i t ion of t h e ox ide in v a c u u m t u b e s . 

A. S m i t s a n d J . M. Bi jvoe t sa id t h a t t h e t w o 
oxides a r e n o t i somorphous , and t h a t i t is v e r y im
p robab l e t h a t t h e r e is a con t inuous series of solid soln. 
of ferric a n d ferrosic ox ides ; a n d A. S imon a n d 
T. S c h m i d t expla ined t h e l imi ted solubi l i ty of ferrosic 
in ferric ox ide a s a n e x a m p l e of Gr. F . H i i t t i g ' s t h e o r y 
of v a g a b o n d a t o m s wi th in t h e c rys ta l l a t t i ce . P . P . F e -
doteeff a n d T. N . P e t r e n k o o b t a i n e d solid soln. of t h e 
t w o oxides b y oxidiz ing i ron w i t h a m i x t u r e of s t e a m a n d air be tween 100° 
a n d 1100°, b u t n o t in t h e ox ida t i on of i ron b y air a lone. J . H u g g e t t a n d co-workers 
sa id t h a t t h e i r m a g n e t i c m e a s u r e m e n t s ind ica te t h a t 20 per cent , of ferrosic oxide 
can be dissolved in ferric oxide a t 650°. T h e subjec t was also discussed b y S. H i lpe r t 
a n d J . Beyer , H . S. R o b e r t s a n d H . E . Merwin , P . R a m d o h r , C. Benedicks a n d 
H . Lofqu is t , a n d E . D . E a s t m a n . R . R u e r a n d M. N a k a m o t o o b t a i n e d t h e com
pos i t ion cu rve of ferric oxide af ter h e a t i n g i t i n n i t rogen a t different t e m p . N o 
apprec iab le loss in we igh t occur red un t i l a b o u t 1150°, when a n a b r u p t loss occurred 
a n d t h e p r o d u c t con t a ined a b o u t 98 pe r cent , of ferrosic oxide a n d 2 p e r cent , of 
ferric oxide . F u r t h e r losses occur red as t h e t e m p , was raised. I t is a s sumed t h a t 
no solid soln. a re fo rmed u n t i l t h e p r o d u c t wi th 98 pe r cent . F e 3 O 4 is a t t a i n e d . T h e 
resul t s c o n t r a d i c t t h o s e of p rev ious observers , unless some o the r i n t e rp r e t a t i on is 
possible. T h e equ i l ib r ium condi t ions of ferric oxide in t h e presence of c a rbon 
monox ide a n d h y d r o g e n were s tudied b y A. M a t s u b a r a , a n d others—vide supra, 
Figs . 500 a n d 501 . W . v o n W . Schol ten t i t r a t e d e lect rometr ica l ly a soln. of ferrous 
s u l p h a t e w i t h a soln. of hypoch lor i t e , a n d observed t h a t in a n acidic soln., t h e 
va lues of t h e p o t e n t i a l furnished a s m o o t h cu rve f rom ferrous t o ferric su lpha t e , 
b u t i n a lka l ine soln., t h e r e w a s a n i r regu la r i ty cor responding w i th t h e presence of 
a solid soln. of ferrous a n d ferric hyd rox ides . 

E . J . K o h l m e y e r observed t h a t ferric oxide begins t o s in te r a t a b o u t 950°, a n d 
i t is v e r y m a r k e d a t 1360° ; F . Saue rwa ld a n d G. E i sne r s tud i ed t h e subjec t ; 
H . O. H o f m a n a n d W . Mostowitsch observed a m a r k e d s in te r ing after h e a t i n g for 
half a n h o u r a t 1460°. T h e sub jec t was also e x a m i n e d hy J. A. H edva l l , 
a n d J . A . H e d v a l l a n d E . Hel in . A. B r u n gave 1300° for t h e mel t ing-point ; 
C. Schube r t , 1500° ; H . v o n W a r t e n b e r g a n d W . Gurr , 1570° ; B . Gar re , 1560° ; 
a n d C. Doel te r , 1350° t o 1400°. These d a t a do n o t represen t t r u e m .p . , because 
R . R u e r a n d M. N a k a m o t o found t h a t t h e p r o d u c t which mel t s in n i t rogen a t 1550° 
is ferrosic oxide w i th a b o u t 4 per cent , of dissolved ferrous oxide in solid soln. 
T h e m . p . of ferric oxide in t h e presence of enough oxygen t o p reven t dissociat ion 
h a s n o t b e e n de te rmined . W . W i c h t observed t h a t when ferric oxide is fused in 
t h e electr ic furnace , below 2000°, t h e p r o d u c t has t h e mol. p ropor t ion F e O : F e 2 O 3 
= 10 : 1 ; H . Rose also no t iced t h e p a r t i a l r educ t ion of ferric oxide du r ing fusion 
-—vide supra. S. H i l p e r t a n d E . K o h l m e y e r found 1565° for a sample which, 
af ter me l t i ng , c o n t a i n e d 10 per cent , of F e 3 O 4 . C. G. F i n k a n d C. L . Mante l l 
obse rved t h a t a s a m p l e a t 1492° showed signs of softening, a n d i t became fluid a t 
1503°. Obse rva t ions were also m a d e b y O. Ruff a n d O. Goecke. T h e possible 
allotropic c h a n g e s h a v e been discussed elsewhere. There is a definite t r ans fo rma-
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t ion po in t a t a b o u t 700°, a n d t h e b e s t r e p r e s e n t a t i v e v a l u e of t h i s t ransformat ion 
point is t a k e n t o b e 678°. H . Fores t i e r a n d G. C h a u d r o n found t h a t m i x t u r e s of 
ferric oxide w i th ferrosic ox ide , a l umina , or ch romic ox ide , lower t h e t r a n s i t i o n 
t e m p . ; a n d H . W a r t h found t h a t a l u m i n a m a k e s ferric ox ide m o r e s t ab l e a t h igh 
t e m p . 

E . J . K o h l m e y e r found t h a t r e d ferric ox ide becomes b l ack a t 920° t o 950° ; 
i t s in te r s s t rong ly a t 1370° a n d t h e evo lu t ion of o x y g e n beg ins ; t h e p r o d u c t 
(solid soln.) me l t s a t 1470°, a n d becomes q u i t e l iqu id b e t w e e n 1525°, a n d 1600°. 
T h e m . p . of ferric ox ide i n o x y g e n gas is 1562° t o 1565°. T h e r e is a b r e a k i n t h e 
cooling cu rve b e t w e e n 1250° a n d 1350°, a n d a second b e t w e e n 1028° a n d 1035°. 
E . J . K o h l m e y e r i n t e r p r e t s his obse rva t ions b y a s s u m i n g t h a t n e a r 1525°, w h e n 
r e -me l t ing occurs , t h e ma te r i a l h a s t h e compos i t ion 3 F e C d F e 2 O 3 ; t h a t t h e m e l t 
•which g a v e t h e longest p a u s e a t 1470° h a d t h e compos i t ion 3 F e O . 5 F e 2 O 8 ; a n d 
t h a t which gave t h e longes t p a u s e a t 1370° h a d t h e compos i t ion F e O . 3 F e 2 O 8 . 
F r o m these resul t s , h e se t u p a t e m p e r a t u r e - c o n s t i t u t i o n ferric oxide . R . B . S o s m a n 
a n d J . C. H o s t e t t e r r egard t h e alleged c o m p o u n d s as solid soln.—vide supra. 
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F i a . 6 2 3 . — T h e Effect of F o r e i g n Ox ides 
o n t h e T r a n s i t i o n T e m p e r a t u r e of F e r r i c 
O x i d e . 

F I G . 5 2 4 . — E q u i l i b r i u m D i a g r a m of t h e 
B i n a r y S y s t e m : F e 2 O 3 - F e 3 O 4 . 

H . Ie Chatel ier g a v e for t h e h e a t of format ion ( 2 F e , 3 0 ) = 194-4 CaIs., a n d 
( 2 F e O , 0 ) = 6 5 - 2 CaIs. ; a n d for t h e convers ion of o r d i n a r y t o calc ined ferric ox ide , 
h e g a v e 2-14 CaIs. G. H . Brod ie and co-workers g a v e ( 2 F e , 3 0 ) = 2 6 7 - 4 CaIs. pe r 
mo l . ; W . A. R o t h , 198-5 CaIs ; W . G. Mix t e r g a v e ( 2 F e , 3 0 ) = 192-2 CaIs., ( 2 F e O , 0 ) 
= 6 3 - 7 CaIs., a n d 2 F e 8 0 4 + 0 = 3 F e 2 0 8 + 5 4 - 5 CaIs. ; a n d A. S i m o n a n d T. S c h m i d t 
ca l cu la t ed for 2 F e 8 O 4 - ^ S F e 2 O 8 + 36-815 CaIs. W . A . R o t h a n d co-workers 
g a v e F e 2 0 3 + 3 C l 2 = 2 F e C l 3 + 3 0 + 7 - 4 CaIs. ; a n d F e O + F e 2 O 3 = F e 8 O 4 + 7 0 CaIs. 
M. Tigersohiold g a v e (2Fe ,30 ) = 197-1 CaIs. W . D . Treadwel l g a v e 2 F e 3 0 4 + £ 0 2 
= 3 F e 2 O s + 4 9 - 5 CaIs. O. D o p k e g a v e (2Fe ,30 ) = 1 9 7 - 4 CaIs. H . v o n J i i p t n e r 
e s t i m a t e d 4 F e + 3 O 2 = 2 F e 2 O 8 + 1 3 2 CaIs. • 4 F e O + 0 2 = 2 F e 2 0 8 + 1 3 3 - 2 CaIs. ; a n d 
2 F e 8 0 4 + 0 = 3 F e 2 0 8 + 5 2 * 4 CaIs. O b s e r v a t i o n s were m a d e b y T . A n d r e w s . 
G. S. P a r k s a n d K . K . Ke l l ey ca lcu la ted 197-5 CaIs. for t h e h e a t of fo rma t ion , —63-9 
for t h e entropy, a n d —178-4 for t h e free e n e r g y a t 25° . A . C. Ha l fe r s t e in g a v e 
— 1 0 7 , 7 4 8 + 6 3 - 5 5 1 T cals . for t h e free ene rgy of t h e r e a c t i o n 6 F e 2 O 8 = 4 F e 3 O 4 + O 2 , 
a n d for t h e free e n e r g y of ferric ox ide , —194*666+63-514T, so t h a t t h e free ene rgy 
a t 25° is —-175,780 cals . J . C h i p m a n a n d JJ. W . M u r p h y s t u d i e d t h e sub jec t . 
R . Da l lwi tz -Wegener discussed t h e free ene rgy of t h e c o m p o u n d , a n d K . K . Ke l l ey , 
t h e e n t r o p y . 

E . A. Wulfing observed t h a t t h e indices of refract ion of haemat i t e for t h e 
A-, a-, B- , a n d C-lines a r e respec t ive ly a>=2-904, .2-949, 2*988, a n d 3-042, a n d 
€=2-690, 2-725, 2-759, a n d 2-797 ; while C. Fo r s t e r l i ng g a v e for r ed , yel low, g r e e n , 
a n d b lue l igh t respec t ive ly o>=3-05, 3-11, 3-17. a n d 2*7 ; a n d c = 2 - 8 7 , 2-88, 2*92, 
a n d 2-84. U . R . E v a n s , a n d F . H . Cons tab le s t u d i e d t h e op t i ca l p r o p e r t i e s of t h i n 
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films of t h e ox ide . O b s e r v a t i o n s were also m a d e b y A . K u n d t . G-. K a I b , a n d 
I*. Michel obse rved t h a t t h e birefringence is s t r o n g ; a n d t h e opt ica l c h a r a c t e r is 
n e g a t i v e . Accord ing t o R . B . S o s m a n a n d J . C. H o s t e t t e r , t h e o b s e r v a b l e o p t i c a l 
p r o p e r t i e s of c rys t a l s of c o m p l e t e l y ox id ized m a g n e t i t e , a n d of haemat i t e a r e n o t 
d i s t i ngu i shed ; t h e y a r e un i ax i a l , a n d n e g a t i v e ; € = 2 - 7 4 for A=700/xf t ; t h e b i r e 
fr ingence is g r e a t e r t h a n 0*21'; a n d t h e co-absorpt ion is g r e a t e r t h a n t h e e - abso rp t i on . 
F o r s amples of ferric ox ide h e a t e d a t 1200°, a n d c o n t a i n i n g F e O p e r cen t , of f e r rous 
ox ide : 

F e O . 0-58 5-60 12-99 16-11 17-79 
c . . 2-74 2-73 2-72 2-71 2-71 

a n d co—e in t h e first case exceeds 0-21, a n d in t h e p e n u l t i m a t e case exceeds 0-16. 
T h e re f rac t ive i n d e x of m a g n e t i t e is 2*42 for A=700/xjLt, a n d t h a t of haemat i te is 
2*74, so t h a t t h e re f rac t ive i n d e x is lowered b y d isso lved m a g n e t i t e , b u t t h e lower ing 
is n o t p r o p o r t i o n a l t o t h e a m o u n t of ferrosic ox ide i n soln . All t h i s agrees -with t h e 
a s s u m p t i o n t h a t solid soln. of ferric a n d ferrosic ox ides a r e f o r m e d w h e n ferric ox ide 
is h e a t e d t o t h e t e m p , a t w h i c h o x y g e n is g i v e n off. T . M. B r o d e r i c k s t a t e d t h a t 
some of t h e spec imens of haemat i te a s s u m e d b y R . B . S o s m a n a n d J . C. H o s t e t t e r 
t o b e solid soln. , c o n t a i n e d r e s idua l free m a g n e t i t e wh ich w a s visible on pol i shed 
sur faces u n d e r t h e mic roscope . H e a d d e d t h a t before a s s u m i n g t h e p resence of 
solid soln. i n n a t u r a l haemat i te , t h e effect of free m a g n e t i t e m u s t be a c c o u n t e d for, 
a n d op t i ca l h o m o g e n e i t y m u s t b e s h o w n i n m a t e r i a l s c o n t a i n i n g b o t h F e 2 O 3 a n d 
F e 3 O 4 . T h e v a r i a t i o n in t h e colour of ref lected l igh t f rom a d j a c e n t g ra ins s imi lar ly 
o r i e n t e d ; t h e a p p a r e n t l a ck of e n o u g h m a g n e t i t e t o a c c o u n t for t h e m a g n e t i c 
p r o p e r t i e s ; a n d t h e differences in t h e b e h a v i o u r of t h e g ra ins on e tch ing , all s u p p o r t 
t h e h y p o t h e s i s t h a t solid soln . a r e p r e s e n t . 

C. Fors te r J ing f o u n d t h e absorpt ion coefficients for r ed , yel low, g reen , a n d b lue 
l igh t t o b e r e spec t ive ly 0-0875, 0-135, 0-173, a n d 0-377 for t h e o r d i n a r y r ay , a n d 
0-0670, O H l , O-126, a n d 0-305 for t h e e x t r a o r d i n a r y r a y . M. K i m u r a a n d 
M. T a k e w a k i s t u d i e d t h e sub jec t . F e r r i c ox ide colours glass a ye l lowish-brown, 
a n d fer rous ox ide a b lu ish-green . T h e t i n c t o r i a l effect of t h e l a t t e r is g r ea t e r t h a n 
t h a t of t h e former . S. Eng l i sh a n d co-workers i nves t i ga t ed t h e effect of t h e s e ox ide 
o n t h e t r a n s m i s s i o n of l igh t of s h o r t w a v e - l e n g t h b y glass . T h e l imi t s of t r a n s 
miss ion w i t h t h e smal le r p r o p o r t i o n s of ox ide a r e : 

Oxide . . 0-005 0-01O 0 0 3 0 0 0 6 0 per cent . 
F e a 0 8 - g l a s s . 2600 2670 2840 2960 A . 
FeO-glass . . 2600 260O 278O 2870 A . 

O b s e r v a t i o n s were a lso m a d e b y Gr. J a e c k e l , a n d D . S t a r k i e a n d W . E . S. T u r n e r . 
T h e effect changes o n e x p o s u r e t o l igh t , owing t o t h e t r a n s f o r m a t i o n of fe r rous 
i n t o ferric ox ide . T h e conver se effect was no t i ced b y W . W . Cob len t z a n d 
R . S t a i r w h e n t h e glass is h e a t e d in a gas-f lame, owing t o t h e p r e s u m e d r e d u c t i o n 
of some ferric t o fe r rous ox ide . T h e s u b j e c t was s t u d i e d b y A. R u t t e n a u e r , a n d 
A . S a l m o n y . T h e s c a t t e r i n g of l igh t b y s u s p e n d e d pa r t i c l e s w a s m e a s u r e d b y 
G. I . P o k r o w s k y . W . W . Coblen tz obse rved t h a t t h e u l t r a - r ed reflecting p o w e r 
w a s a b o u t 12 p e r cen t , f rom 1/x t o 13/x; whi l s t J . K o n i g s b e r g e r found for l igh t 
v i b r a t i n g p e r p e n d i c u l a r t o t h e p r inc ipa l ax i s , 25-71 p e r cent . , or for l i gh t 
v i b r a t i n g pa ra l l e l t o t h e chief a x i s , 22-86 p e r cen t . J . H o f m a n n f o u n d t h e 
emiss ion s p e c t r u m in t h e b lue is g r e a t e r t h a n in t h e r ed . R . E i sensch i t z a n d 
A . R e i s , a n d E . D o m e k m a d e obse rva t i ons o n t h i s sub jec t . M. K a h a n o w i c z f o u n d 
t h a t t h e ene rgy , E9 e m i t t e d b e t w e e n 300° a n d 1100° follows t h e four th p o w e r l aw, 
E=1'30 X 1O-io^4g-880-6/2\ T h e r a d i a t i o n e n e r g y w a s also discussed b y E . S c h m i d t , 
V . P o l a k , C. P . R a n d o l p h a n d M. J . Overholser , I . L a n g m u i r , F . W a m s l e r , 
M. K a h a n o w i c z , a n d F . P a s c h e n . Acco rd ing t o J . Konigsberger , t h e a b s o r p t i o n 
coeff., a, for t h e long h e a t w a v e s a r e a = 2 6 for A = 0 - 5 t o 4-0/A ; a = 2 4 for A = l - 6 t o 
4*0/4.; a—17 for A = 4 - 0 t o 4 t y t ; a n d «==47 for A=^=15 t o 4O)Lt. F . R i n n e f o u n d t h a t 
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t h e p leochroism of s a m p l e s f rom T v e d e s t r a n d a n d S t ra se fu r t i s <o b rown i sh - r ed , a n d 
c yel lowish-red ; a n d H . T e r t s c h , w i t h a s a m p l e f rom V e s u v i a n a s h , o t>=dark b lood-
red, a n d c ye l lowish-red . T h e spark s p e c t r u m of haematite w a s o b s e r v e d b y 
A. de G r a m o n t , a n d W . N . H a r t l e y a n d H . R a mage. M. Kimura a n d M. T a k e w a k i 
found t h a t t h e ox ide is o p a q u e for u l t r a -v io l e t l i gh t . G. K . B u r g e s s a n d P . D . IToote 
found t h a t t h e u l tra-red e m i s s i v i t y of ferr ic ox ide for r a d i a t i o n of w a v e - l e n g t h 
A=065ju . va r i e s f rom 0*98 t o 0-92 ove r t h e i n t e r v a l 800° t o 1200° ; a n d t h e t o t a l 
emiss iv i ty increases f rom 0-85 a t 500° t o 0*89 a t 1200°. K . Hi Id s t u d i e d t h e 
t o t a l r a d i a t i o n of t h e ox ide a t 800° t o 1400° . H . A. B a r t o n a n d co -worke r s 
s t u d i e d t h e emiss ion of pos i t ive i o n s b y t h e ferric o x i d e c a t a l y s t for a m m o n i a . 
J . E w l e s , a n d A. P o c h e t t i n o found t h a t t h e mine ra l e x h i b i t s a g r een c a t h o d o -
l u m i n e s c e n c e , b u t W . Crookes obse rved n o n e . M. I s h i b a s h i s t u d i e d t h e effect 
of c a t h o d e rays . C. B . T h w i n g f o u n d t h e dielectric c o n s t a n t of ferr ic o x i d e 
t o b e 14*20. Accord ing t o J . A. F l e m i n g a n d J . D e w a r , t h e d ie lec t r ic c o n s t a n t of 
w a t e r a t —185° is v e r y g r ea t l y inc reased i n t h e p re sence of ferr ic ox ide , b u t , f rom 
t h e s lope of t h e c u r v e , a t lower t e m p . , t h e effect w o u l d p r o b a b l y b e c o m e less. 
A. D u f o u r showed t h a t t h e spec t r a l l ine 5789-7 A. shows t h e Z e e m a n effect w h e n 
in a m a g n e t i c field of 28,00O gauss para l l e l t o t h e l ines of force. C Doe l t e r , a n d 
W . A c k r o y d a n d H . B . K n o w l e s m e a s u r e d t h e absorpt ion of X - r a y s b y ferric ox ide ; 
a n d C. H . K u n s m a n , t h e emiss ion of pos i t ive i o n s . P . M a r t i n obse rved t h e Kerr 
effect pa ra l l e l t o t h e chief a x i s ev idenced b y a pos i t i ve r o t a t i o n of 0«2" a n d i t increases 
t o w a r d s t h e v io le t : a n d H . E . J . G. d u Bo i s obse rved n o !Kerr effect v e r t i c a l t o t h e 
chief ax i s of h e m a t i t e . S. L o r i a o b s e r v e d a smal le r r o t a t i o n t h a n 0 -2" w h e n t a k e n 
para l le l t o t h e base . G. A. D i m a f o u n d t h a t t h e photoe lec tr ic effect of ferr ic 
ox ide is smal ler t h a n t h a t of ferrous ox ide . H . A. B a r t o n a n d co-workers , a n d 
E . B a d a r e u obse rved t h e l i be ra t ion of pos i t ive ions b y h e a t e d ferric ox ide . 
A. W e h n e l t observed n o emission of e lec t rons a t 1600°, b u t F . J e n t z s c h obse rved 
t h e effect. T h e t h e r m i o n i c emiss ion of e lec t rons b e t w e e n 2000° a n d 2500° was 
s t u d i e d b y G. P . T h o m s o n , G. W . C. KLaye a n d W . F . H i g g i n s , a n d A. K . B r e w e r ; 
t h e surface e lec t rons , b y J . E . N y r o p ; a n d t h e ref lect ion of e l ec t rons f rom a film 
of ferric ox ide , b y E . ' R u p p a n d E . S c h m i d t . R . W h y t l a w - G r a y a n d co-worker s , 
a n d E . T h o m s o n f o u n d t h a t t h e pa r t i c l e s w h i c h e x h i b i t t h e B r o w n i a n m o v e m e n t 
fo rm s t r a i g h t cha in s u n d e r t h e inf luence of a n e l ec t ro s t a t i c field. 

R . J . H a i i y obse rved t h a t haemat i t e is electrif ied l ike g lass w h e n i t is r u b b e d 
w i t h a handkerch ie f . T h e e lectrical conduct iv i ty of ferr ic o x i d e is g o o d c o m p a r e d 

w i t h t h a t of m a n y o t h e r m e t a l ox ides . 
G. Cesaro r e p o r t e d t h a t t h e e lec t r ica l con
d u c t i v i t y of h e m a t i t e is negl ig ib ly smal l ; 
a n d F . Be i j e r inck o b t a i n e d a s imi la r r e su l t , 
b u t a d d e d t h a t m a r t i t e is a g o o d con
d u c t o r , a n d t h a t t h e c o n d u c t i v i t y in 
creases w i t h r i se of t e m p . O b s e r v a t i o n s 
w e r e m a d e b y P . J . Pe l l e t i e r , S. P . T h o m p 
son , J . F . X». H a u s m a n n a n d F . C H e n -
r ic i , E . W a r t m a n n , W . S k e y , F . v o n 
K o b e l l , a n d T . d u Moncel . A . A b t f o u n d 
t he electrical resistance of haematite to 

v a r y f rom 1430*52 t o 6500 o h m s . R . D . H a r v e y s t u d i e d t h e sub jec t . H . B a c k -
s t r o m f o u n d t h a t t h e m i n e r a l is a good c o n d u c t o r , a n d t h a t t h e c o n d u c t i v i t y 
of t h e c r y s t a l is dif ferent i n different d i r ec t ions . T h u s , t h e c o n d u c t i v i t y i n t h e 
d i r ec t ion of t h e p r i n c i p a l ax i s (0001) is n e a r l y d o u b l e w h a t i t is w h e n p e r p e n d i c u l a r 
t o t h a t ax i s . If Rc d e n o t e s t h e electr ical r e s i s t ance in t h e d i r e c t i o n of t h e p r i n c i p a l 
ax i s , a n d Ra, t h e e lec t r ica l res i s tance i n a d i r ec t ion inc l ined t o t h a t a x i s , t h e n , a t 0 ° , 
# c *=80-8 , a n d Ra=4&~& ; a t 17°, ^ = 6 8 - 7 , a n d ig a==35-l ; a n d a t 100°, # c « = 3 3 - l 
r educed t o a l e n g t h of 1 sq. m m . sec t ion ; a n d / ? 0 —18-3 . T h e r a t i o s RJRn a r e 
respect ively 1-98, 1-96, a n d 1-81. while a t 236-7°, t h e r a t i o is 1-55, F o r a t e m p . 0° , 
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b e t w e e n 0° a n d 80° , t h e re s i s t ance , R1 i n a d i r ec t ion pa ra l l e l t o t h e chief a x i s , is 
R=R0(I +O-O141780+O-O31253302—O-O65162103) ; a n d t h e r e s i s t a n c e i n a d i r e c t i o n 
p e r p e n d i c u l a r t o t h e chief ax i s , R=R0( 1—00127960+0-O 8110802—O-O 64646403). 
T h e res i s t ance of haemat i te w a s 38-4 o h m s a t 19-9° w h e n 3*01 p e r cen t , of m o i s t u r e 
w a s p r e s e n t . H e a t i n g a s p e c i m e n t o 1000° a n d cool ing r a p i d l y g a v e a s p e c i m e n 
wh ich w a s a p o o r c o n d u c t o r , b u t w i t h slow cooling t h e c o n d u c t i v i t y w a s g r e a t e r . 
J . K o n i g s b e r g e r a n d co-workers , O. R e i c h e n h e i m , a n d K . B a e d e k e r o b t a i n e d r e s u l t s 
i n a g r e e m e n t w i t h t h e s e v a l u e s . J . R o s e n t h a l o b s e r v e d t h a t t h e c o n d u c t i v i t y of 
c o m p r e s s e d ferric ox ide is pe rcep t ib l e a t 300°, a n d increases a s t h e t e m p , r i ses . 
A . A. Somervi l le f o u n d t h e r e s i s t ance of a r o d a t 252° -was 10 7 o h m s , a n d on ly 
80 o h m s a t 1100°. O b s e r v a t i o n s were m a d e b y S. H i l p e r t a n d E . K o h l m e y e r , 
J . A . Os teen , J . K o n i g s b e r g e r , S. Veil , C. C. Bidwel l , G. R e b o u l a n d E . B o d i n , 
G. R e b o u l , a n d E . B o d i n . C. C. B i d w e l F s r e su l t s for ferr ic ox ide a r e s u m m a r i z e d 
i n F i g . 5 2 5 . T h e e lect r ica l r e s i s t ance is r e p r e s e n t e d i n t e r m s of l og 1 0 JK/T 3 ' 2 , w h e r e 
T d e n o t e s t h e a b s o l u t e t e m p . , a n d R t h e r e s i s t ance . T h e r e a r e b r e a k s i n t h e c u r v e 
a t 1320° a n d a t 730° . T . W . Case o b s e r v e d n o c h a n g e i n t h e e lect r ica l r e s i s t ance 
of haemat i t e on e x p o s u r e t o l igh t . E . D i e p s c h l a g a n d E . Wul fes t i eg s t u d i e d t h e 
h igh t e m p , e lec t r ica l c o n d u c t i v i t y of ferrosic ox ide m i x e d w i t h silica, m a g n e s i a , 
or a l u m i n a . T . F r e y o b s e r v e d n o u n i p o l a r i t y in t h e compres sed p o w d e r of ferric 
ox ide . 

O b s e r v a t i o n s o n t h e thermoelec tr ic force of ferric ox ide were m a d e b y T. J . See-
beck , a n d W . G. H a n k e l . Acco rd ing t o H . B a c k s t r o m , t h e the rmoe lec t r i c force 
b e t w e e n coppe r a n d haemat i t e is such t h a t a c u r r e n t flows f rom t h e b a s e of t h e 
c r y s t a l t h r o u g h t h e h o t j u n c t i o n t o t h e c o p p e r w i t h a n e.m.f. of 0-0002879 v o l t p e r 
degree r ise of t e m p . , b u t if t h e h o t j u n c t i o n is pa ra l l e l t o t h e chief ax i s , t h e e.m.f. 
is 0-0003138 vo l t p e r degree . J . K o n i g s b e r g e r a n d J . We i s s o b t a i n e d 0-0005 vo l t 
p e r degree a t a b o u t 50° . C. C. B i d wel l ' s r e s u l t s for ferric ox ide a g a i n s t p l a t i n u m 
a r e s u m m a r i z e d i n F i g . 5 2 5 . T h e r e is a t r a n s f o r m a t i o n p o i n t b e t w e e n 710° a n d 
730° , a n d o n e a t 1320°. T h e r e is a r eve r sa l i n s ign a t 1125°. J . Kon igsbe rge r 
d iscussed t h e t h e o r y of t h e t he rmoe lec t r i c force of ferric ox ide aga in s t t h e m e t a l s . 

W . D . Treadwe l l m e a s u r e d t h e p ress , of t h e o x y g e n i n t h e t r a n s f o r m a t i o n 
F e 2 O 3 - ^ F e 3 O 4 f rom t h e e l ec tromot ive force of t h e ox ide a g a i n s t a n e lec t rode of 
m o l t e n s i lver sa t . w i t h o x y g e n i n t h e cell F e 3 O 4 9 F e 2 O | m o l t e n b o r a x or glass | 0 2 , A g 
b e t w e e n 800° a n d 1193°. T h e resu l t is 0-262 vo l t , f rom w h i c h i t is ca l cu l a t ed 
t h a t 2 F e 3 0 4 + 4 0 2 = 3 F e 2 0 3 - | - 6 1 - 3 CaIs. ; 0-897 vo l t w a s o b t a i n e d for t h e cell 
F e , F e O | e l ec t ro ly te | O 2 ,Ag , f rom which i t follows t h a t 3 F e O - + - | 0 2 = F e 3 0 4 + 7 4 - 2 
CaIs. ; a n d 1-040 v o l t for t h e cell F e 9 F e O | e l ec t ro ly te | O 2 ,Ag , f rom which i t follows : 
F e - f - £ 0 2 = F e O - h 6 6 - 6 CaIs. W . D . T readwe l l g a v e for t h e e.m.f. of t h e cell 
F e 3 O 4 9 F e 2 O 3 | e l ec t ro ly t e | O 2 , i n vo l t s : 

980° 1000° 1010° 1018° 1050° 1080° 1080° 1100° 
E.m.f . . 0-285 0-262 0-285 0-251 0-229 0-213 0-225 0-200 

a n d t h e v a l u e a t 1100° is i n good a g r e e m e n t w i t h t h e v a l u e ca l cu l a t ed f r o m 
t h e d issoc ia t ion p re s s . E . !Liebreich, a n d E . L iebre ich a n d F . S p i t z e r 
g a v e for t h e e.m.f., E vo l t , a t 20°, of t h e cell F e 2 O 3 [ K C l 9 H 2 S O 4 | F e , ^ = 0 - 0 9 0 ; 
F e 2 0 3 | K C l , H 2 S 0 4 | K C l , H g C l 2 | H g , # = — 0 - 5 2 6 , a n d F e 2 O 3 | K C l , N a O H | K C l 9 H g C I 2 1 
H g , JE=—0-520. F o r s ingle c rys ta l s i n t h e c e l l : F e 2 0 3 n a t U r a i | Cone, feebly 
acidif ied ^soln. Z n S O 4 | Z n , G. Szivessy g a v e # = 1 - 3 3 3 5 v o l t a t 18°. V. H . G o t t s -
c h a l k a n d H . A . B u e h l e r f o u n d t h a t t h e e l e c t r o m o t i v e force of hcemat i te a g a i n s t 
c o p p e r i n d is t i l led w a t e r is 0-08 t o 0-26 vo l t . S. B . Chr is ty , a n d A . v o n 
O e t t i n g e n m e a s u r e d t h e p o t e n t i a l of ferric ox ide i n soln. of p o t a s s i u m c y a n i d e . 
K . F i s c h b e c k a n d E . E i n e c k e obse rved on ly 1 p e r cen t , r educ t ion of ferr ic ox ide 
u s e d a s c a t h o d e , a n d t h i s w a s a t t r i b u t e d t o t h e effect of impur i t i e s , o r of occ luded 
h y d r o g e n . F . P e t e r s , w h e n c o m p a r i n g t h e capac i t i e s of a ccumula to r s wi th n e g a t i v e 
p l a t e s of n a t u r a l a n d art i f icial ferric ox ide , o b t a i n e d n o evidence of t h e e lec t ro ly t ic 
i n a c t i v i t y of ferric o x i d e i n d i c a t e d b y T . A . E d i s o n , a n d P . de B e a u x . T h e sub jec t 
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was discussed by O. Pat tenhausen. K. Fischbeck and E . Einecke studied the 
electrolytic reduction of solid ferric oxide ; K. R. Dixit, the po ten t i a l ; and 
S. Borowik, the electrolytic valve action of ferric oxide. 

Ferric oxide is usually paramagnetic, bu t it also exists in a ferromagnetic form 
both in nature and as a synthetic p roduc t ; and this even in the absence of magneti te. 
Haematite may not only have a feeble magnetic power, bu t i t may also exhibit 
polar magnetism. J . Plucker said t h a t the relative magnetic powers of iron and 
haematite are as 100,000 : 759. The magnetic power of haematite was also noted 
by M. Faraday, Li. F . Nilson and O. Pettersson, T. J . Seebeck, A. C.-Beequerel, 
E . Colardeau, C. B. Greiss, C. F . Rammelsberg, A. Streng, H . A. J . Wilkens and 
H. B. C. Nitze, F . Bitter, R. Forrer, and T. L. Phipson. W. M. Mordey said t h a t 
an alternating current magnet with haematite powder does not form radical lines 
of force about the poles as with ordinary ferromagnetic substances, bu t the 
powder arranges itself in rings. According to J . L. Smith, ferric oxide is 
magnetic when it contains small proportions of cobalt or nickel oxide. The 
magnetic properties of ferric oxide have been at t r ibuted by F . J . Malaguti, 
S. de Luca, J . L. Smith, S. H. Emmens, G. Gilbert, A. Collon, O. Miigge, 
T. T. Smith, W. H . Newhouse and W. H. Callahan, L. Duparc and co-workers, 
S. Hilpert and co-workers, R. Chevallier, R. B. Sosman and J . C. Hostet ter , 
P . A. Wagner, G. Frebold and J . Hesemann, D. P . R. Chaudhuri, V. Daniloff 
and Co--workers, O. Baudisch, A. Quartaroli, G. Jouravsky and co-workers, 
H. Sachse, G. E . Allan, and G. E . Allan and J . Brown to the presence of ferrous 
oxide, ferrosic oxide, or a ferrite. H . A. J . Wilkens and H. B . C. Nitze, and 
S. Veil discussed the magnetic separation of haematite. 

According to S. Hilpert, since ferrosic oxide (g.v.) is constituted FeO-Fe2O3 , 
i.e. ferrous ferrite, Fe(Fe0 2 ) 2 , o r (FeO) + (Fe2O3)", the magnetic property is at t r i 
buted to the acidic radicle. When ferrosic oxide is oxidized to red, ferromagnetic 
oxide, only the base ferrous oxide is oxidized to form ferromagnetic ferric oxide 
constituted (Fe2O3) + (2Fe2O3) ~~. Consequently, S. Hilpert assumes tha t metastable, 
magnetic ferric oxide is constituted T?G'"(FeOB)'", ferric orthoferrite, whilst the 
non-magnetic ferric oxide is constituted Fe 2 " 'O 8 " . R. B. Sosman referred the 
magnetic qualities to the spacing and orientation of the iron atoms, -without reference 
to the other atoms of the molecule. E . V. Shannon said t h a t terrestrial ferro
magnetic ferric oxide is not the same as the product of the oxidation of meteorites. 

G. E . Allan and J . Brown found t h a t both haematite and artificial ferric oxide 
become magnetic when heated in a magnetic field, and on cooling from 1000°, 
both oxides become permanently magnetized, presumably owing to the formation 
of ferrosic oxide. I n hydrogen, the temp, a t which the magnetic power is acquired 
is higher (300°), and is more sharply denned than it is in air. The curve showing 
the relation between the magnetic power and temp. , in hydrogen, has maxima a t 
425°, 575°, and 750°, and these breaks are supposed to indicate the opt imum temp, 
for the various stages in the reduction of ferric oxide by hydrogen. H . Moissan 
observed t h a t ferric oxide becomes magnetic when heated in the electric furnace, 
and A. A. Read, when it is heated in the oxyhydrogen flame. The phenomenon is 
here a t t r ibuted t o the formation of magnetic ferrosic oxide, and not to the forma
tion of ferromagnetic ferric oxide. V. Rod t obtained the ferromagnetic oxide 
by heating the product of the oxidation of hydrated ferrous or ferric oxide to 210°. 
W. H . Albrecht and E . Wedekind found t h a t the magnetic susceptibility, x 13 â-Ss 
units, of the hydroxide prepared by R. Willstatter and co-workers' process had a 
susceptibility : 

Age . . . 0 1 1-5 4 6 25 3O . 
MoIs. Hl8O . 2 0 1 1-6 1-31 1-27 1-22 1-08 l-O 
XX XO8 . . . 116 191 192 192 165 99 6O 

When prepared by precipitation from ferric n i t ra te soln., by ammonia at different 
t emp. : 
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Hot-washed Cold-washed 
/ * s / " . 

T e m p . . 0° 25° 50° 100° 0° 25° 50° 100° 
MoIs . H 8 O 1-43 1-52 1-45 1 1 2 2-37 2 1 1 2 0 9 1*38 
X X10« . 285 324 323 255 203 261 257 23O 

F o r t h e different h y d r a t e s : 

H 8 O . . 4 0 3-5 2-1 1-2 0-5 
X X l O * . . 85 140 158 159 21O 

a n d for ferr ic ox ide p r e p a r e d , a t different t e m p . , f r o m i r o n p e n t a c a r b o n y l : 

815° 725° 575° 450° 
X X 1 0 « . . 2 6 0 0 1 1 0 0 16OO 1 2 0 0 

A c c o r d i n g t o E . Wi l son , if t h e m a g n e t i c s u s c e p t i b i l i t y of m a g n e t i t e is 10, 
t h a t of r e d haemat i t e is 0-00020. P . H a u s k n e c h t , T . T . S m i t h , G. D u p o u y , J . R . Ash-
w o r t h , G. F . H i i t t i g a n d H . K i t t e l , L . B l a n c a n d G. C h a u d r o n , H . Sachse , A. Serres , 
M. F a r a d a y , J . K o n i g s b e r g e r , S. Meyer , E . F e y t i s , P . Weiss a n d R . F o r r e r , 
J . P l i i cker , G. W i e d m a n n , F . J . M a l a g u t i , L . K u I p , S. H e n r i c h s e n , A. D i t t e , 
F . R i n n e , C. F . R a m m e l s b e r g , A . Delesse , G. A. K e n n g o t t , A. L*iversidge, 
T . JJ. P h i p s o n , G. B . H o g e n r a a d , A. A b t , F . Schalch , F . S t u t z e r a n d co-workers , 
J . K u n z , B . B a v i n k , a n d E . Wi l son a n d E . F . H e r r o u n m a d e c o m p a r a t i v e m e a s u r e 
m e n t s of t h e m a g n e t i c suscep t ib i l i t y of ferric ox ide . W . H a g e n c o m p a r e d t h e 
suscept ib i l i t i es of ferr ic ox ide a n d ch lor ide . R . W a l l a c h m e a s u r e d t h e r e l a t i v e 
suscept ib i l i t i es of ferric ox ide p r e p a r e d (i) b y a m m o n i a p r e c i p i t a t i o n f rom a cold 
di l . soln. of ferr ic ch lo r ide ; (ii) f rom h y d r a t e d ferr ic h y d r o x i d e o b t a i n e d a s j u s t 
i n d i c a t e d , b u t h e a t e d i n bo i l ing w a t e r ; a n d (iii) b y t h e a c t i o n of w a t e r o n s o d i u m 
fe r r i t e . T h e first ox ide g a v e a m a r k e d b r e a k i n t h e h e a t i n g c u r v e a t a b o u t 350°, 
a n d t h e t h i r d g a v e a b r e a k a t a b o u t 750° . W . H . A l b r e c h t f o u n d t h a t ferric ox ide 
o b t a i n e d b y ca lc in ing ferrosic ox ide a t 650° , 700°, a n d 1000°, in o x y g e n , h a d a 
m a g n e t i c suscep t ib i l i t y r a n g i n g f r o m 3*4 X10—6 t o 8 8 X 10—6 m a s s u n i t ; a n d 
s a m p l e s p r e p a r e d b y h e a t i n g h y d r a t e d ferr ic ox ide h a d v a l u e s r a n g i n g f rom 22 X 1 0 ~ 6 

t o 3 4 x 1 0 - 0 m a s s u n i t . G. W i s t r a n d g a v e 6 0 - 7 x 1 0 - ° ; E . W e d e k i n d a n d 
W . H . A l b r e c h t g a v e x = 2 2 0 x l O - o t o 2 6 0 0 x l 0 ~ 6 for ferr ic o x i d e o b t a i n e d b y t h e 
c o m b u s t i o n of i ron p e n t a c a r b o n y l ; L . A . WeIo a n d O. B a u d i s c h , 144,000 X10—6 for 
t h e ox ide o b t a i n e d f rom ferrosic ox ide a t 300° , a n d 2700 X 1 O - 6 for t h e ox ide o b t a i n e d 
f r o m ferrosic ox ide a t 550° . E . F . H e r r o u n a n d E . Wi l son , 2 2 , 8 0 0 x 1 0 - » t o 
55 ,000x10—6 for t h e o x i d e o b t a i n e d b y d e h y d r a t i n g l ep idocroc i te , y - F e 2 0 3 . H 2 0 ; 
1 2 8 , 0 0 0 x 1 0 - 0 for t h e ox ide o b t a i n e d f r o m ferric o x i d e ; 34 ,700 X 1 0 ~ 6 for t h e 
o x i d e o b t a i n e d f rom fer rous o x a l a t e ; 63 X 1 O - 6 for t h e ox ide o b t a i n e d f rom bas ic 
ferr ic a c e t a t e ; a n d 4400 X 1 O - 6 for p o w d e r e d i r on - ru s t free f rom fer rous ox ide ; 
K . H o n d a a n d T . Sone o b t a i n e d for c o m m e r c i a l ferric ox ide , 2 0 - 6 x 1 0 — 6 a t 10-5° 
t o 1 7 - 5 ° ; G. B e r n d t , 2 6 2 x l O ~ o for # = 2 7 gauss , a n d 3 5 4 x 3 0 ~ o for # = = 2 0 1 - 7 
g a u s s ; a n d I i . Cheval l ier , 122,000 X 1 0 ~ 6 for t h e ox ide o b t a i n e d f rom ferrosic ox ide 
a t 4 0 0 ° ; a n d 12,700 X 10~o for t h e ox ide o b t a i n e d f rom fer rous s u l p h a t e soln. , 
soda - lye , a n d h y d r o g e n d iox ide . T h e effect of i m p u r i t i e s o n t h e suscep t ib i l i t y 
w a s e x a m i n e d b y E . F . H e r r o u n a n d E . Wi l son , J . H u g g e t t a n d G. C h a u d r o n , a n d 
S . VeU. J . Kon igsbe rge r , S. Meyer , a n d G. B e r n d t f o u n d t h a t t h e suscep t ib i l i ty , x> 
dec rea se s w i t h a n inc rease in t h e s t r e n g t h of t h e m a g n e t i c field ; b u t L.. A . WeIo 
a n d O . B a u d i s c h f o u n d t h a t t h e suscep t ib i l i ty of ferric oxide ob t a ined b y ox id iz ing 
ferros ic o x i d e inc reases as t h e field-strength increases u p t o 65 gauss . G. F . H t i t t i g 
a n d H . K i t t e l f o u n d t h a t t h e v a l u e s v a r i e d w i t h t h e m o d e of p r e p a r a t i o n ; for a 
s p e c i m e n of F e 2 O 8 , t h e m a g n e t i c suscep t ib i l i ty w a s 2 2 - 8 x l 0 ~ « m a s s u n i t ; a n d 
a f t e r h e a t i n g i n o x y g e n 4 h r s T a t 600°, 57-6 X 10 -« m a s s u n i t . T h e dissolved o x y g e n 
t h u s r a i se s t h e su scep t i b i l i t y . T h e o x y g e n is a d s o r b e d on t h e surface, or i t is 
diffused i n t h e l a t t i c e . A . K r a u s e a n d co-workers a t t r i b u t e d t h e m a g n e t i c 

V O L . X I I I . 3 F 
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proper t ies to t h e — F e = O a - F e -
ferromagnet ic y - F e 2 O s , b y 

g r o u p , a n d r e p r e s e n t e d t h e c o n s t i t u t i o n of 
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Accord ing t o E . F . H e r r o u n a n d E . Wi lson , for a m a x i m u m f ie ld-s t rength , 
H=180 gauss , t h e pe rmeab i l i t y is a m a x i m u m , /u,=3-68 ; t h e coercive force, He~64:'7 
gauss ; a n d t h e r e m a n e n t i nduc t ion , # , . = 2 5 2 gauss . T h e r e m a n e n c e w a s s t u d i e d 
b y E . H o l m , C. B . Greiss , A. Delesse, A. A b t , a n d R- B . S o s m a n a n d J . C. H o s t e t t e r . 

T . T . S m i t h obse rved t h a t t h e 
600 1—1—1—1—T—1—T—1—1—r—T—I—J. ft1. L - f - l n o r m a l m a g n e t i z a t i o n c u r v e of 

haemat i te h a s a s h a r p r ise followed 
b y a s low increase w h i c h is p r o 
po r t i ona l t o t h e field-strength. T h e 
loss of ene rgy b y hys te re s i s in
creases w i t h a n increase in t h e 
m a x i m u m field u n t i l i t a t t a i n s a 
c o n s t a n t va lue , a b o u t 150 gauss . 
H . F o r e s t i e r a n d G. C h a u d r o n found 
t h a t t h e coeff. of m a g n e t i z a t i o n of 
ferric ox ide va r i e s -with t h e t h e r m a l 
a n d m a g n e t i c t r e a t m e n t t o "which 
t h e s amp le is sub jec ted . S t a r t i n g 
w i th a n ox ide devo id of all m a g 
ne t i za t ion , t h e m a g n e t i z a t i o n - t e m 
p e r a t u r e cu rve shows a n increase 
in t h e coefficient of m a g n e t i z a t i o n 

u p t o 600° ; t h i s is followed b y a s h a r p decrease , which ends a t 675°. T h e 
m a g n e t i z a t i o n - t e m p e r a t u r e cu rve o b t a i n e d on cooling is s e p a r a t e d f rom t h a t 
o b t a i n e d on h e a t i n g be low 600°, a n d t h e coefficient of m a g n e t i z a t i o n increases 
on cooling d o w n t o t h e o r d i n a r y t e m p . On r e p e a t i n g t h e e x p e r i m e n t w i t h t h e 
s a m e sample , a cu rve is o b t a i n e d which is r igorously revers ib le a n d superposab le 
on t h e cooling cu rve of t h e first e x p e r i m e n t ; moreove r , t h e s a m p l e is n o w 
polar ized . Magne t i za t ion c a n b e d e s t r o y e d b y h e a t i n g b e y o n d 675° a n d cool ing 
in a n o n - m a g n e t i c field. U n d e r t h e s a m e condi t ions w i th m a g n e t i t e a n d ferr i tes , 
a v e r y s h a r p increase in t h e coefficient of m a g n e t i z a t i o n is o b t a i n e d . T h e 
sub jec t was also discussed b y J . H u g g e t t a n d G. C h a u d r o n , R . Chevall ier , a n d 

G. B e r n d t . R . B . S o s m a n a n d E . P o s n j a k 
found t h a t t h e hys te res i s loops of m a g 
n e t i t e , a n d f e r romagne t i c ferric o x i d e — 
n a t u r a l a n d artif icial — a re different , 
F i g . 526. C. W . H e a p s , a n d C. W . H e a p s 
a n d J . Tay lo r obse rved t h e B a r k h a u s e n 
effect i n t h e m a g n e t i z a t i o n of c rys t a l s of 
heemat i te . J . K r u c k e n b e r g s t u d i e d t h e 
m a g n e t o s t r i c t i o n of ferric ox ide . 

vrsr« KO-7 T^ x?**~~+ * rr* j m Accord ing t o H . Sachse , a n d H . Sachse 
I1IO. 527.—The Effect of Time and. Tern- J T» TT e J.L 1 * *.-

perature on the Magnetic Susceptibility a n d R- H a a s e , t h e regu la r f e r romagne t i c 
of Ferromagnetic Ferric Oxide. ^ e ^ i c ox ide is u n s t a b l e a t all t e m p . T h e 

suscep t ib i l i ty los t a b o u t 60 p e r cen t , of 
i t s original va lue in 4 yea r s , a n d a t t h e s a m e t i m e , t h e f acu l ty of t r a n s f o r m a t i o n 
is g rea t ly increased. T h e effect of t e m p , a n d t i m e on t h e suscep t ib i l i ty is i l l u s t r a t ed 
in F i g . 527. The curves show a 'per iod of i n d u c t i o n . T h e u n s t a b l e f e r r o m a g n e t i c 

F I G . 5 2 6 . — H y s t e r e s i s L o o p s of M a g n e t i t e a n d 
F e r r o m a g n e t i c F e r r i c Ox ide . 
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ox ide is a p e e u d o m o r p h a f te r m a g n e t i t e , a n d th i s c h a n g e s t o t h a t of o r d i n a r y , 
s t a b l e ferr ic ox ide . H . S a c h s e s t u d i e d t h e X - r a d i o g r a m s . 

E . F . H e r r o u n a n d B . Wi l son found t h e m a g n e t i c suscep t ib i l i t y of h a e m a t i t e t o 
r a n g e f rom 25*0 X 1 O - 6 t o 36*8 X10—° m a s s u n i t , a n d t h a t of specu la r i r o n o re f r o m 
1 0 7 x 1 0 — 6 t o 5 1 7 x 1 0 — ° . G. G r e n e t o b t a i n e d va lue s r ang ing f rom 3 1 6 x 1 0 — ° t o 
9 x 1 0 — 6 for t h e coeff. of m a g n e t i z a t i o n . T . D . Y e n s e n s t ud i ed t h e m a g n e t i z a t i o n 
of t h i n films. J . T y n d a l l a n d H . K n o b l a u c h , J . K u n z , O. Mtigge, A. G i r a r d a n d 
G. C h a u d r o n , B . B a v i n k , a n d T . T. S m i t h s t u d i e d t h e r e l a t ion of t h e m a g n e t i c field 
a n d t h e axes of t h e c r y s t a l o n t h e m a g n e t i z a t i o n . J . W e s t m a n found t h a t a c rys t a l 
of haemat i t e is p a r a m a g n e t i c in all d i r ec t ions , b u t t h e m a g n e t i c suscep t ib i l i ty i n t h e 
d i r ec t i on of t h e p r i n c i p a l ax i s , (0001), is on ly a few h u n d r e d t h s of i t s v a l u e t a k e n 
p e r p e n d i c u l a r t o t h e chief ax i s . T h u s , t h e m a g n e t i c suscep t ib i l i t i e s in abso lu t e 
u n i t s , w i t h a field-strength, H3 a r e : 

H . . . . . . . 48 60 72 Mean 
Perpendicular t o chief ax i s . 1-780 1-840 1-900 1-840 
Paral le l t o chief a x i s . . 0-050 0-073 0-093 0-072 

K . H o n d a a n d T. Sone found t h a t t h e m a g n e t i c suscep t ib i l i ty , x m a s s u n i t s , of 
p a r a m a g n e t i c ferric ox ide increases as t h e t e m p , r ises f rom —173° s o m e w h a t as 
follows : 

— 173° —52° —4-5° 104° 371° 596° 696° 817° 1301° 
X X l O 6 . 13-9 15-4 20-4 21-2 25-1 32-4 14-7 14-7 12-6 

T h e r a p i d increase in t h e suscep t ib i l i ty in pa s s ing f rom a b o u t 0° t o 596° is a t t r i b u t e d 
t o t h e p re sence of t r a c e s of m a g n e t i t e . T h e r a p i d dec rease i n t h e s u s c e p t i b i l i t y 
f rom a b o u t 596° r e p r e s e n t s t h e k n o w n m a g n e t i c t r a n s f o r m a t i o n o n m a g n e t i t e a t 690°. 
T h e c u r v e F i g . 527 , r e p r e s e n t s t h e suscep t ib i l i t y of haemat i t e a t e l e v a t e d t e m p . 
H e n c e , i t is infer red t h a t t h e suscep t ib i l i t y of p u r e haemat i t e wou ld suffer a smal l 
dec rease o n ra i s ing t h e t e m p , f rom —190° t o 1300°. W h e n o r d i n a r y p a r a m a g n e t i c 
ferr ic ox ide is cooled, t h e suscep t ib i l i t y falls r a p i d l y d o w n t o —40° , a n d the rea f t e r 
v e r y s lowly ; f rom —40° t o —185° , t h e c u r v e is revers ib le , b u t w h e n w a r m e d a b o v e 
— 4 0 o , if i n a m a g n e t i c field, t h e haemat i t e becomes f e r romagne t i c , so t h a t a t r o o m 
t e m p . , t h e suscep t ib i l i ty is nea r ly tw ice t h e v a l u e of t h e or ig ina l s amp le . W i t h 
fu r the r h e a t i n g t o a b o u t 600°, t h e suscep t ib i l i t y increases i r revers ib ly in t h e m a g n e t i c 
field, a n d t h e n r a p i d l y falls t o t h e or ig ina l v a l u e a t a b o u t 690°. A b o v e t h i s t e m p . , 
n o m a r k e d c h a n g e occurs , a n d w h a t t h e r e is , is revers ib le . O n cool ing be low 690° 
i n a m a g n e t i c field, t h e suscep t ib i l i ty increases as t h e t e m p , d r o p s t o r o o m t e m p . 
T h e suscep t ib i l i ty i n d u c e d b y t h i s h e a t - t r e a t m e n t is m u c h be low t h a t of m a g n e t i t e , 
b u t d u r i n g t h e c h a n g e of t e m p , f rom —40° t o 600°, if c a r r i e d o u t in a m a g n e t i c field, 
t h e m a t e r i a l becomes f e r romagne t i c . 

S. H i l p e r t g a v e 500° for t h e Cur ie p o i n t , h e also found a n i r revers ib le t r a n s 
f o r m a t i o n w h i c h occupies s o m e d a y s a t 400° , a few h o u r s a t 500° ; a n d is a l m o s t 
i n s t a n t a n e o u s a t 700°. J . H u g g e t t a n d G. C h a u d r o n g a v e 675° for t h e Cur ie p o i n t ; 
a n d t h e r e is a n a n o m a l y a t 570° which is a t t r i b u t e d t o t h e p re sence of a l i t t l e 
m a g n e t i t e . R . B . S o s m a n a n d E . P o s n j a k f o u n d t h a t n a t u r a l f e r r o m a g n e t i c ferr ic 
ox ide b e c o m e s p a r a m a g n e t i c a t 750°. E . F . H e r r o u n a n d E . Wi l son o b s e r v e d t h a t 
t h e effect of t e m p , on t h e suscep t ib i l i ty is g r e a t l y inf luenced b y t h e m o d e of p r e 
p a r a t i o n of t h e s a m p l e s ; a n d L . B l a n c a n d G. C h a u d r o n , b y t h e gra in-s ize of t h e 
m a t e r i a l . R . B . S o s m a n a n d E . P o s n j a k also found t h a t f e r romagne t i c ferric o x i d e 
u n d e r g o e s t w o t y p e s of inve r s ion a t h i g h t e m p . : (1) A revers ib le invers ion , con
s i s t ing i n a r e l a t ive ly s u d d e n c h a n g e f rom fe r romagne t i c t o p a r a m a g n e t i c a t a t e m p , 
n o t far a b o v e 500° . O n cool ing, t h e f e r romagne t i c cond i t ion is aga in a s s u m e d . 
T h i s i nve r s ion is s imi la r t o t h o s e i n me ta l l i c i r on a n d in m a g n e t i t e , a l t h o u g h a t a 
different t e m p . (2) A n i r revers ib le inve r s ion , cons i s t ing in a comple te loss of t h e 
f e r romagne t i c p r o p e r t y , t h e ox ide b e c o m i n g l ike o r d i n a r y p a r a m a g n e t i c F e 2 O 8 
a n d p e r h a p s iden t i ca l w i t h i t . T h i s c h a n g e occurs a t a n increas ing r a t e a s t h e 
t e m p , r ises , b e i n g s low a t 500° , while i t is c o m p l e t e in a few m i n u t e s a t 650° a n d 
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higher. Li. A. WeIo and O. Baudisch observed that when magnetite is oxidized 
to ferric oxide at 220°, there is an increase in the maximum magnetic permeability 
from 2-93 to 3*39, and when magnetic ferric oxide is heated to 560° in nitrogen, the 
permeability falls to 1*045, the value for non-magnetic haematite. Magnetite can 
be heated at 800° in an inert atm. without permanent loss of permeability. 
L. H. Twenhofel observed the transition from ferromagnetic to paramagnetic ferric 
oxide occurs at 500°, and by heating natural ferrosic oxide, ferromagnetic ferric 
oxide can be obtained at 800°. J. Huggett and G. Chaudron also found that ferro
magnetic ferric oxide is irreversibly transformed, into the non-magnetic variety, 
•when heated to a high enough temp., and heat is at the same time evolved. The 
reversibility -with the ordinary, impure oxide is attributed to the elevation of this 
temp, above the point of magnetic transformation. The magnetite break occurs 
at 570° with specular ferric oxide, and martite. The Curie point occurs at 620°. 
There is a maximum in the curve with the purified oxide at 360°, and this is taken 
to represent the transformation temp, for the passage of ferromagnetic ferric oxide 
to the ordinary oxide. R. Yoshimura noted that the presence of chromic oxide 
lowers the transformation temp. H. Abraham and R. Planiol, Li. Blanc, and 
IJ. Blanc and G. Chaudron observed that the magnetic form is converted into the 
non-magnetic from at 600° to 650° ; R. Chevallier said that there is a rapid decrease 
in the ferromagnetism at 600° to 700°, but is not completely gone at 745° ; R. B. Sos-
man and E. Posnjak said that the irreversible change is slow but noticeable at 500°, 
and that it is rapid at 650°. The change at approximately 678°, which may involve 
a re-crystallization of the oxide, is probably associated with the rearrangement of the 
atoms in the molecule where the metastable, ferromagnetic molecule forms the 
stable molecule of paramagnetic haematite. The Curie point where there is a 
reversible loss of ferromagnetism is probably not associated with any molecular 
rearrangement of the molecule of ferric oxide; at any rate, the X-radiograms of 
iron, and of magnetite show that no change occurs in the space-lattice of the crystals. 
The reversible loss of the ferromagnetism of ferric oxide occurs just over 500°, 
a temp, which is lower than 593-5°, the Curie point of magnetite. It is thought 
that the magnetic change is associated with the electrons in one of the first three 
shells of electrons of the atom of iron. K. T. Compton and E. A. Trousdale, and 
A. H. Compton and O. Rognley could not detect any change in structure when 
crystals of haematite are placed in a strong magnetic field. 

J. Beyer found that in a series of solid soln. of ferric and ferrosic oxides, the 
magnetizability decreases as the proportion of ferric oxide increases, and with 
over 82 per cent., it becomes zero. J. Huggett and G. Chaudron examined the 
magnetic properties of mixtures of ferric and ferrosic oxides as they were raised 
quickly to 800°, and then cooled. The regular magnetic transformation of magnetite 
at 570° appears in all mixtures with up to 90 per cent, of ferric oxide ; there is a 
magnetic anomaly at 670° with high proportions of ferric oxide, and at 650° with 
mixtures having from 10-35 to 80-54 per cent, of ferrosic oxide. The anomaly 
could be faintly traced with mixtures having a little more ferrosic oxide. It is 
assumed that mixtures with up to 10*35 per cent, of ferrosic oxide are solid soln. of 
ferrosic oxide in an excess of ferric oxide, and that the transformation point is 
lowered by increasing proportions of ferrosic oxide until, at 10*35 per cent., the 
solid soln. is saturated, and any further addition of ferrosic oxide will remain as a 
new solid soln. of ferric oxide in ferrosic oxide, and the new solid soln. does not 
mix with the sat. soln. of ferric oxide in ferrosic oxide. The solid soln. of ferrosic 
oxide in ferric oxide is sat. when 80*54 per cent, of ferric oxide has dissolved, and 
any further addition of ferrosic oxide produces soln. of magnetite that are not sat. 
with ferric oxide. The magnetic transformation of ferrosic oxide in the range 
tested is not altered by the ferrosic oxide being in solid soln. The temp, of the 
polymorphous change of the ferric oxide is definitely lowered by increasing pro
portions of ferrosic oxide. R. B. Sosman and J. C. Hostetter found the suscepti
bility to be proportional to the amount of ferrosic oxide present in soln. No 
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i n d i c a t i o n of i n t e r m e d i a t e c o m p o u n d s w a s o b s e r v e d by* R . B . S o s m a n a n d 
J . C. H o s t e t t e r or b y J . H u g g e t t a n d G. C h a u d r o n . R . B e c k e r a n d H . W . F . F r e u n d -
lich s t u d i e d t h e d i spos i t ion of colloidal pa r t i c l e s of ferric ox ide o n t h e su r f ace of 
a m a g n e t i z e d i ron p l a t e . * 

T h e c h e m i c a l properties of ferric o x i d e . — T h e t r a n s f o r m a t i o n s of h a e m a t i t e 
i n n a t u r e h a v e b e e n d iscussed b y J . R . B l u m , i s A. H . d e B o n n a r d , E . v o n Federoff 
a n d S. N . N i k i t i n , A . F renze l , T . G r a n d j e a n , G. G r a t t a r o l a , R . C. v a n H i s e , 
H . A. Miers , R . P u m p e l l y , a n d G. T s c h e r m a k . H . W e d d i n g a n d T. F i s c h e r f o u n d 
t h a t haemat i t e a b s o r b s 0-0002 t o 0-0008 m g r m . of h y d r o g e n p e r g r a m — W . A . L a z i e r 
a n d H . A d k i n s sa id t h a t n o n e is a b s o r b e d . F e r r i c ox ide is r e d u c e d t o i r o n w h e n 
h e a t e d i n h y d r o g e n . G. M a g n u s sa id t h a t t h e lowes t t e m p , a t w h i c h r e d u c t i o n 
occurs is a l i t t l e a b o v e t h e b . p . of m e r c u r y , n a m e l y , 357° . If r e d u c e d a t t h e lowes t 
poss ib le t e m p . , t h e m e t a l is p y r o p h o r i c ; H . Moissan o b t a i n e d t h e p y r o p h o r i c m e t a l 
b y r e d u c i n g t h e ox ide a t 440° ; if, howeve r , t h e ox ide b e r e d u c e d a t h ighe r t e m p . 
-—e.g. 600°—the p r o d u c t is n o t p y r o p h o r i c . O b s e r v a t i o n s o n t h e a c t i o n of 
h y d r o g e n on ferric ox ide were m a d e b y G. E . Al len a n d J . B r o w n , A. B r u n , 
H . F le i ssner a n d F . D u f t s c h m i d , A . C. F i e l d n e r a n d A . I i . Fe i ld , C. G. F i n k 
a n d C. Li. Man te l , S. H a u s e r , P . S a b a t i e r a n d J . B . S e n d e r e n s , H . N i s h i m u r a , 
C. K r o g e r , M. O. K h a r m a d a r y a n a n d G. V. M a r c h e n k o , a n d F . S t r o m e y e r . 
R . Y o s h i m u r a d iscussed t h e use of ferric ox ide in ox id iz ing t h e h y d r o g e n in 
w a t e r gas . W . A. !Lazier a n d H . A d k i n s d iscussed t h e a d s o r p t i o n of h y d r o g e n . 

C. R . A. W r i g h t a n d A. P . Luff sa id t h a t t h e r e d u c t i o n occurs a t 245° ; a n d 
F . Glaser sa id t h a t t h e r e d u c t i o n occurs a t 245° ; r e d u c t i o n w a s obse rved d u r i n g 
4 h r s . ' h e a t i n g a t 283° . E . Vollgold sa id t h a t h y d r o g e n a c t s v igorous ly a t 475° . 
M. S iewer t r e p o r t e d t h a t ferr ic ox ide is n o t r e d u c e d a t 270° t o 280° b y h y d r o g e n ; 
a t 280° t o 300°, fe r rous ox ide is fo rmed ; a n d a b o v e 300° , a t a b o u t 357°, t h e m e t a l 
is p r o d u c e d . H . S. T a y l o r a n d R . M. B u r n s found t h a t e v e n af ter 26 d a y s , t h e 
r e d u c t i o n of ferric ox ide b y h y d r o g e n is n o t c o m p l e t e d a t 450°. G. B . T a y l o r a n d 
H . W . S t a r k w e a t h e r sa id t h a t ferric ox ide gel is r e d u c e d t o ferrosic ox ide a t 350° , 
a n d t o meta l l i c i ron a t 450° ; i gn i t ed ferric ox ide is n o t a p p r e c i a b l y r educed a t 350° , 
b u t i t p a s s e d t o t h e m e t a l a t 450° ; a l u m i n a a n d ch romic ox ide r e t a r d t h e r e d u c t i o n . 
T h e coppe r (or nickel) first p r o d u c e d d u r i n g t h e r e d u c t i o n of coppe r (or nickel) 
ox ide b y h y d r o g e n a c t s as a c a t a l y t i c a g e n t on t h e s u b s e q u e n t course of t h e r e a c t i o n , 
b u t P . H . E m m e t t , a n d A. F . B e n t o n a n d P . H . E m m e t t obse rved no a u t o c a t a l y s i s 
d u r i n g t h e r e d u c t i o n of ferric ox ide b y h y d r o g e n . P . H . E m m e t t l ikewise o b 
se rved n o ev idence of t h e a u t o c a t a l y s i s of t h e r e a c t i o n b y t h e i ron as i t is r e d u c e d 
f rom t h e ox ide . F o r t h e r e d u c t i o n of t h e m o l t e n ox ide , vide supra, ferrosic ox ide . 

F . W i i s t a n d P . R t i t t e n s h o w e d t h a t t h e t e m p , of t h e b e g i n n i n g of t h e r e d u c t i o n 
a s well a s t h e speed of t h e r e d u c t i o n d e p e n d s on t h e p r e v i o u s h i s t o r y of t h e ferric 
ox ide . T h u s , acco rd ing t o W . Mi i l l e r -Erzbach , m o i s t ferric ox ide , o b t a i n e d b y t h e 
r o a s t i n g of i ron , beg ins t o b e r e d u c e d a t 293° , a n d if d r y , a t 305° t o 330° ; m o i s t 
ferric ox ide o b t a i n e d b y r o a s t i n g t h e o x a l a t e is r e d u c e d a t 278°, t h a t o b t a i n e d f rom 
t h e h y d r a t e , a t 286° , a n d haemat i te , o r v e r y s t rong ly ca lc ined ferric ox ide , a t a 
r e d - h e a t . A. F . B e n t o n a n d P . H . E m m e t t f o u n d t h a t t h e ox ide , o b t a i n e d hy 
calc in ing t h e n i t r a t e a t 525°, is r educed less r ead i ly a t 300° t h a n is t h e p r e c i p i t a t e d 
ox ide , d r i ed a t 250°, a n d i t is r e d u c e d a t 285°. S. H i l p e r t found t h a t ferric o x i d e 
o b t a i n e d f rom t h e o x a l a t e a t 800°, 1000°, a n d 1200°, beg ins t o b e r educed b y h y d r o g e n 
re spec t ive ly a t 280° t o 290° , a t 290°, a n d a t 330° t o 350° ; a n d ferric ox ide o b t a i n e d 
b y h e a t i n g t h e h y d r a t e d ox ide t o 400°, 850°, 950°, a n d 1200°, beg ins t o b e r e d u c e d 
r e spec t ive ly a t 280°, 280° t o 290°, 300°, a n d a t 330° t o 350°. P . H . E m m e t t a n d 
TC1 S. IiOve found t h a t t h e r a t e of r e d u c t i o n of t h e cub ic ferric ox ide is r a t h e r q u i c k e r 
t h a n is t h e case w i t h t h e r h o m b o h e d r a l ox ide . T h e r a t e of r e d u c t i o n of e i t he r o x i d e 
is r e d u c e d 50 t o 90 p e r cen t , if t h e ox ide h a s b e e n h e a t e d a t 550° i n s t e a d of a t 300° . 
T h e p re sence of a l u m i n a does n o t affect a p p r e c i a b l y t h e r a t e of r e d u c t i o n of F e 2 O 3 
t o F e 8 O 4 , b u t i t m a r k e d l y r e t a r d s t h e s p e e d of r e d u c t i o n of F e 3 O 4 t o F e . K . Hof-
n i a n n f o u n d t h e speed of r e d u c t i o n of ferric ox ide is g r ea t e s t w h e n t h e gra in-s ize is 
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be tween 0-02 a n d O-05 m m . d i a m e t e r ; w i t h smal ler g ra ins , s in te r ing r e t a r d s t h e 
react ions. J . Pe rcy sa id t h a t i n t h e r e d u c t i o n b y h y d r o g e n , ferrosic ox ide a p p e a r s 
t o be first formed, a n d if t h e r educ t i on occurs a t a low t e m p , t h e p r o d u c t will 
somet imes be found t o consis t a lmos t en t i re ly of t h e m a g n e t i c ferrosic ox ide a n d 
i t is t h e n coloured b lack , n o t g rey . Accord ing t o E . Berger , t h e cu rve r ep re sen t i ng 
t h e q u a n t i t y of ferric oxide r educed in h y d r o g e n a t 209*5° af ter different i n t e rva l s 
of t i m e , h a s a b r e a k cor responding w i th !Fe3O4, b u t n o t w i t h F e O . A. F . B e n t o n 
a n d P . H . E m m e t t found t h a t a t 285° t o 300°, t h e speed of r educ t i on is g r e a t e s t a t 
t h e beg inn ing a n d decreases con t inuous ly u n t i l t h e compos i t ion h a s a t t a i n e d E e 8 O 4 , 
or j u s t a l i t t l e b e y o n d th i s s t age , w h e n i t p roceeds a t a n e a r l y c o n s t a n t r a t e . 
K . H o f m a n n observed t h a t ferrosic oxide is r educed m o r e slowly t h a n ferrous oxide 
u n d e r s imi lar condi t ions . T h e speed of r educ t ion of p o w d e r e d ferric ox ide is a 
m a x i m u m a t a b o u t 550°, a n d a t a b o u t 100° ; t h a t t h e r e a re m i n i m a in t h e cu rve a t 
a b o u t 750°, a n d be tween 900° a n d 925°. These m i n i m a also occur w i t h ferrosic 
ox ide . K . H o f m a n n also said t h a t i t is un l ike ly t h a t ferric ox ide is r educed in 
s tages : F e 2 O 8 - > F e 3 0 4 — > F e O - » F e , because below 564°, ferrous oxide does n o t 
a p p e a r in t h e equi l ib r ium d i ag ram, F ig . 20, a n d ferrous oxide is fo rmed more 
read i ly t h a n ferrosic ox ide or i ron ; whi ls t a b o v e 564°, ferrosic oxide is n o t formed. 
F . Glaser, a n d H . Moissan supposed t h a t t h e r educ t ion proceeds in t h e s tages j u s t 
ind ica ted , b u t S. H i l p e r t also snowed t h a t t h i s a s s u m p t i o n is nicht richtig. Accord
ing t o E . J . R o d e , t h e t i m e - t e m p , cu rve of ferric oxide in h y d r o g e n exh ib i t s t w o 
b r e a k s ; one a t 300° t o 325° cor responds w i t h t h e fo rmat ion of ferrosic oxide , a n d 
t h e o ther , a t 350° t o 370°, cor responds w i th t h e r educ t ion of ferrosic oxide t o 
i ron. The re is no evidence of t h e i n t e r m e d i a t e fo rmat ions of ferrous oxide. 

H . K a m u r a measu red t h e speed of r educ t ion of haemati te b y hyd rogen . N e a r l y 
perfect r educ t ion can be effected in a b o u t 2 h rs . a t 500°. As t h e t e m p , rises f rom 

500° t o 600°, t h e h igher t h e t e m p . , t h e 
faster t h e r educ t ion , Eig . 528 . P r o b 
a b l y t h e r educ t ion proceeds in s tages : 
F e 2 O 3 - > F e 3 O 4 - > F e O - > F e . H e also 
measu red t h e re la t ion b e t w e e n t h e 
t e m p , a n d t h e vol . of h y d r o g e n passed 
over t h e h e a t e d haemat i te , a n d t h e re
su l t s a r e in genera l ag r eemen t w i t h t h e 
resu l t s for t h e equ i l ib r ium c o n s t a n t , 
K=[H2O] / [ H 2 ] , which increases as t h e 
t e m p , increases . A t 600°, t h e speed of 
r educ t ion increases rap id ly , a n d t h e vol . 
of hyd rogen employed decreases sud
denly , p r e s u m a b l y owing t o t h e appea r 
ance of t h e new phase , F e O , which 
could n o t exis t be low 570°. A b o v e 600°, 
t h e speed of t h e r educ t ion does n o t in

crease as i t does a r o u n d th i s t e m p . , a n d t h e vol . of h y d r o g e n u s e d does n o t m a k e 
m u c h difference. H e n c e , H . K a m u r a inferred t h a t t h i s would b e t h e m o s t economical 
t e m p , for t h e r educ t ion of i ron ores b y hyd rogen . T h e sub jec t was s t u d i e d b y 
S. Mi ta , a n d H . Sai to . G. E . Allan a n d J . B r o w n sugges ted t h a t t h e b r e a k s observed 
in t h e cu rve rep resen t ing t h e magne t i c p rope r t i e s of t h e p r o d u c t s o b t a i n e d b y t h e 
ac t ion of hydrogen o n ferric oxide r ep re sen t va r ious s tages in t h e r educ t ion of ferric 
oxide. S. Hi lpe r t , a n d J . Beye r found t h a t a t 500°, t h e r e is a s h a r p b r e a k in t h e 
veloci ty of t h e r eac t ion when t h e compos i t ion a p p r o x i m a t e s F e 8 O 4 ; a t h igher 
t e m p . , t h e p roduc t s—sol id so ln .—conta in m o r e a n d more ferrous oxide , u n t i l a t 
1100°, 98*5 pe r cent , ferrous oxide is p r e sen t . If w a t e r v a p o u r be a b s e n t , a n d 
h y d r o g e n alone be employed as r educ ing agen t , definite i n t e r m e d i a t e r e d u c t i o n 
p r o d u c t s c a n n o t be isolated. M. Tigerschidld said t h a t t h e reac t ions 3Fe38O8 -f-CO 
* = C 0 2 4 -2Fe 8 O 4 a n d 3 F e 2 O 3 - J - H 2 = H 2 O 4 - 2 F e 8 O 4 a r e p rac t ica l ly i r revers ib le . 

Time in seconds 
14€ 

FiO. 5 2 8 . — T h e Effect of T e m p e r a t u r e on 
t h e Speed of R e d u c t i o n of Haemat i t e b y 
H y d r o g e n . 
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K . Hofmann emphas i zed t h e effects of surface p h e n o m e n a d u r i n g t h e r e d u c t i o n , 
a n d d i d n o t o b t a i n ferrosic ox ide a s a n i n t e r m e d i a t e p r o d u c t . A. F . B e n t o n a n d 
B- H . E m m e t t conc luded t h a t t h e r e d u c t i o n of ferric t o ferrosic ox ide is a ** n o n -
in ter fac ia l " reac t ion—v ide n ickel ox ide . H . D e b r a y , H . S t . C. Devi l le , E . B a u r 
a n d A. Glassner , a n d G. P r e u n e r m a d e obse rva t ions o n t h e equ i l i b r ium c o n d i t i o n s , 
a sub jec t which h a s b e e n p rev ious ly discussed. L . Woh le r a n d O. BaIz g a v e for 
J S : = = [ H 2 0 ] / [ H 2 ] , i n c o n v e r t i n g F e 2 O 8 t o F e 3 O 4 , K=7-5 a t 350° a n d 17-9 a t 950°. 
F o r W . Bi l t z a n d H . Miil ler 's obse rva t ions on t h e equ i l i b r ium Fe2OsZFe3O4=PHZO/PU*> 
vide supra, fer rous ox ide . T h e gas p h a s e in t h e 3-phase equi l ibr ia : F e O + F e - f - G , 
a n d Fe 3 O 4 -HFeO-HG h a s been s t ud i ed b o t h a s [ C 0 ] / [ C 0 2 ] a n d [H 2 ]Z[H 2O]. T h e 
s y s t e m s a re u n i v a r i a n t a t c o n s t a n t press . , b u t t h e r e l a t ions a re i n d e p e n d e n t of 
press . , so t h a t t h e r e is n o need t o k e e p t h e press , c o n s t a n t . F . E . C. Scheffer s tud ied 
t h e sub jec t f rom t h e p o i n t of v iew of t h e p h a s e ru le . Accord ing t o A. Bo rn t r age r , 
ferric oxide is r educed b y n a s c e n t h y d r o g e n so t h a t if ferric ox ide b e a d d e d t o 
hydroch lo r i c ac id in which meta l l ic i ron is d issolving, i t is qu ick ly r e d u c e d a n d 
dissolved as ferrous chlor ide . A. F . B e n t o n s t u d i e d t h e a d s o r p t i o n of h y d r o g e n b y 
ferric ox ide . W . A. B o n e a n d B-. V. W h e e l e r n o t i c e d t h a t ferric ox ide , l ike 
p l a t i n u m , a c t s ca t a ly t i ca l l y i n t h e surface c o m b u s t i o n of h y d r o g e n in o x y g e n — 
vide infra. 

B . R u e r a n d J . K u s c h m a n n found t h a t ferric ox ide , which h a s been calcined a t 
700°, a d s o r b s air t o t h e e x t e n t of 0 0 0 2 5 pe r cen t , a t r o o m t e m p . J . Mi lbauer 
obse rved t h a t if ferric ox ide be h e a t e d t o 480° in o x y g e n u n d e r 12 a t r a . press . , no 
chemica l c h a n g e occurs , a n d n o h igher ox ide is fo rmed. A. F . B e n t o n s t u d i e d t h e 
a d s o r p t i o n of oxygen b y ferric oxide . Severa l oxides b e t w e e n ferric a n d ferrosic 
ox ide h a v e been r e p o r t e d . T h e i r regular i t ies in t h e d issoc ia t ion press , of ferric 
ox ide led S. H i l p e r t t o suspec t t h e f o r m a t i o n of i n t e r m e d i a t e oxides . E . J . K o h l -
m e y e r ' s obse rva t ions o n t h e cooling cu rves of ferric ox ide , wh ich h a d been h e a t e d 
r a p i d l y t o i t s m . p . , s h o w e d b r e a k s co r r e spond ing w i t h t h e t h r e e oxides , ferrous 
tr%ferric oxide, F e O . 3 F e 2 O 3 , triferrous pentaferric oxide, 3 F e 0 . 5 F e 2 O 3 , a n d triferrous 
tetraferric oxide, 3 F e O . 4 F e 2 O 3 , a s well a s invers ion po in t s a t 1028° t o 1035° a n d 
a t 1250° t o 1350° ; b u t B-. B . S o s m a n a n d J . C. H o s t e t t e r were u n a b l e t o d e t e c t 
a n y ev idence of t h e s e c o m p o u n d s or t h e s e invers ion p o i n t s . T h e y d id find a s h a r p 
invers ion on t h e cooling c u r v e a t 678°, a n d a ba re ly d e t e c t a b l e i r regu la r i ty b e t w e e n 
755° a n d 785°. O. H a u s e r , a n d H . C h a n d r a o b t a i n e d tetraferrous ferric oxide, 
4FeO-Fe 2 O 3 —v ide supra; a n d F . K a u f m a n n , H . C h a n d r a , a n d F . H a b e r also r e p o r t e d 
diferrous triferric oxide, 2 F e O . 3 F e 2 O 3 , t o b e depos i ted o n h e a t i n g , in t h e absence of 
a i r , t h e golden-yel low soln. o b t a i n e d b y e lec t ro lyz ing a t 0° a soln. of a m m o n i u m 
n i t r a t e u s ing a c a r b o n a n o d e a n d a n i ron c a t h o d e , a n d a c a t h o d e c u r r e n t dens i ty 
of 0-00002 a m p . p e r sq . c m . I t is sa id t o b e o b t a i n e d b y boi l ing a soln. of 21 g rms . 
of c rys ta l l ine fer rous s u l p h a t e in 220 g r m s . of w a t e r a n d 22 g r m s . of 20 pe r cen t , a q u a 
a m m o n i a ; a d d i n g 2*5 g r m s . of p o t a s s i u m n i t r a t e , i n smal l q u a n t i t i e s a t a t i m e , 
a n d c o n t i n u i n g t h e boi l ing for 15 m i n s . T h e p r o d u c t is b lu i sh-b lack while ferrosic 
ox ide is b rownish -b lack . H . C h a n d r a sa id t h a t a l t h o u g h t h i s p r o d u c t c a n be d r i ed 
a t 180°, i t is u n s t a b l e a t h igher t emp .—v ide supra, ferrosic oxide . B . B . S o s m a n 
a n d J . C. H o s t e t t e r were u n a b l e t o find a n y ind ica t ion of i t s ex is tence b e t w e e n 1100° 
t o 1200°, a n d , a s i n d i c a t e d above , t h e y showed t h a t ferric a n d ferrosic oxides fo rm 
a c o n t i n u o u s series of solid soln. over t h e r a n g e s r ep re sen t ed b y these p r o d u c t s . 
A. S i m o n obse rved n o solid soln. of ferric a n d ferrosic oxides . R . R u e r a n d 
J . K u s c h m a n n found t h a t ferric ox ide which h a d been h e a t e d t o 700° a d s o r b s a i r , 
b u t t h i s p r o p e r t y is a lmos t comple te ly los t w h e n t h e oxide is h e a t e d t o 1000°. 
E . K e i c h a r d t a n d E . B l u m t r i t t obse rved t h a t 100 g r m s . of ign i ted ferric ox ide 
a b s o r b e d 3 9 g r m s . of gas f rom t h e a t m o s p h e r e , a n d t h a t gas con ta ined 83 p e r cen t , 
of n i t r o g e n , 13 p e r cen t , of oxygen , a n d 4 p e r cen t , of c a r b o n d ioxide . P . H . E m m e t t 
a n d K . S. L o v e obse rved t h a t t h e c a t a l y t i c decompos i t ion of o z o n e a t —74° is 
e q u a l l y r a p i d w i t h t h e cubic a n d t r i gona l fo rms of oxide , b u t i t is less r a p i d w i t h 
va r i e t i e s of e i t he r ox ide which h a v e b e e n h e a t e d t o 550° t h a n those h e a t e d t o 
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300°. A. Mailfert s t a t e d t h a t ozone does n o t a c t o n d r y ferr ic ox ide , b u t i n t h e 
presence of p o t a s s i u m h y d r o x i d e , a f e r ra t e is formed. 

O- IJ. E r d m a n n , L . B r a n d t , a n d W . M u l l e r - E r z b a c h d iscussed t h e a d s o r p t i o n 
of water v a p o u r , or t h e hygroscop ic p r o p e r t i e s of ferric ox ide ; S. S. B h a t n a g a r a n d 
S. L . B h a t i a s t u d i e d t h e r a t e of e v a p o r a t i o n of a d s o r b e d w a t e r f rom ferric ox ide . 
B . A a r n i o sa id t h a t if ferric ox ide h a s b e e n c o m p l e t e l y d e h y d r a t e d i t is n o t h y g r o 
scopic. H . F r e u n d l i c h a n d co-workers s t u d i e d t h e a b s o r p t i o n of w a t e r b y t h e 
ox ide ; a n d L . V. L y u t i n , suspens ions of t h e ox ide in w a t e r . P . H . E m m e t t a n d 
K . S. L o v e found t h a t t h e adso rp t i on of w a t e r is 10 t o 60 p e r cen t , less w i t h 
cub ic ferric ox ide t h a n i t is w i t h t h e r h o m b o h e d r a l form. I n gene ra l , t h e 
a d s o r p t i o n w i t h b o t h forms of ox ide is 75 t o 8 0 p e r cen t , less w i t h ox ides 
wh ich h a v e b e e n h e a t e d t o 550°, t h a n w i t h t hose w h i c h h a v e b e e n h e a t e d 
on ly t o 300° . T h e c a t a l y t i c ac t iv i t i e s of t h e t w o va r i e t i e s of ferr ic ox ide o n t h e 
r a t e of c o m b i n a t i o n of h y d r o g e n a n d o x y g e n a r e a p p r o x i m a t e l y t h e s a m e w i t h 
s amp le s of b o t h which h a v e been h e a t e d t o 250°, o r t o 550° . O. Ruff a n d 
A. R i e b e t h p r e p a r e d p las t i c m i x t u r e s of ferric ox ide w i t h w a t e r , N-HQl a n d JV-KOH. 
A. Q u a r t a r o l i , a n d E . K o s e n k r a n z s t u d i e d t h e c a t a l y t i c a c t i on of t h e ox ide o n 
hydrogen dioxide. 

G. Sch iko r r d iscussed t h e a c t i o n of h y d r a t e d ferric ox ide on wa te r—v ide infra, 
t h e cor ros ion of i ron . F e r r i c ox ide is genera l ly cons ide red t o be insoluble i n w a t e r , 
b u t C. D o e l t e r f o u n d t h a t if heemat i t e be h e a t e d on a w a t e r - b a t h , a t a b o u t 80° , 
w i t h dis t i l led w a t e r i n a sea led t u b e , t h e w a t e r dissolves a b o u t 0*13 p e r cen t . ; a 
sa t . soln. of s o d i u m chlor ide u n d e r s imi la r cond i t i ons d i sso lved 2*74 p e r cen t , i n 
23 d a y s ; whi le a 10 p e r cen t . soln. of s o d i u m c a r b o n a t e s imi la r ly d isso lved 1*987 
p e r cen t , in 26 d a y s . J . W . G r u n e r obse rved t h a t p e a t - w a t e r d i sso lved f rom 
haemat i te 25 p a r t s of i ron p e r mil l ion in 77 d a y s , a n d 27 p a r t s i n 182 d a y s . R . R u e r 
a n d J . K u s c h m a n n s t u d i e d t h e a d s o r p t i o n of a t m . m o i s t u r e b y ferric o x i d e . 
A c c o r d i n g t o H . Wolb l ing , a n h y d r o u s heemat i t e c a n n o t b e h y d r a t e d b y m i x i n g i t 
w i t h a q . soln. of ac ids , bases , a n d sa l t s , for n o s ign of such a c h a n g e w a s o b s e r v e d 
af te r t w o y e a r s ' c o n t a c t ; b u t t h e h y d r a t e d forms of haemat i t e m a y f o r m h i g h e r 
h y d r a t e s i n t h i s w a y . O. Ruff s t u d i e d t h e h y d r a t i o n of t h e ox ide u n d e r p r e s s . — 
vide infra. P . H . E m m e t t a n d K . S. L o v e f o u n d t h a t t h e c a t a l y t i c a c t i v i t y of t h e 
t w o forms of ferric ox ide o n t h e o x i d a t i o n of benz id ine or g u a i a c u m b y hydrogen 
dioxide is nea r ly t h e s a m e p r o v i d e d t h e ox ides h a v e b e e n h e a t e d t o 300° ; if h e a t e d 
t o 550° , t h e ac t iv i t i e s of b o t h fo rms a r e a l m o s t annu l l ed . F o r t h e ac t ion of s o d i u m 
dioxide, vide infra, f e r ra t e s a n d pe r fe r ra t e s . 

H . Moissan found t h a t fluorine does n o t a c t o n ferric ox ide in t h e cold, b u t w h e n 
w a r m e d ferric fluoride is fo rmed . H . D a v y sa id t h a t a t a r ed -hea t , chlor ine does n o t 
a c t o n ferric ox ide , b u t i t decomposes ferrosic ox ide a t a lower t e m p . A c c o r d i n g t o 
R . W e b e r , a n d H . Schulze , w h e n ferric ox ide is h e a t e d t o a h igh t e m p , i n a c u r r e n t 
of chlor ine , a smal l p r o p o r t i o n of ferr ic ch lor ide is formed ; b u t E . Mal le t a n d 
P . A. G u y e obse rved n o a c t i o n a t o r d i n a r y t e m p . W . K a n g r o a n d R . Fl i igge 
obse rved t h a t s o m e t h i n g is w r o n g w i t h s o m e of t h e s e s t a t e m e n t s , for, -with haemat i t e 
a t 1000°, 100 p e r cen t , of i r on w a s vo la t i l i zed a s ch lor ide i n 210 m i n s . , a n d a t 
800° , 88-1 p e r cen t , i n 420 m i n s . I n a n o t h e r case , w i t h a n h o u r ' s h e a t i n g : 

600° 700° 800° 900° 1000° 

L O B S i n i r o n . . . 0-9 14-2 29-6 60-2 75-8 p e r c e n t . 

a n d a t 9 0 0 ° : 

T i m e i n h o u r s . . 1*5 4*5 12*6 20*4 
L o s s i n i r o n . . . 14-O 29*6 60-2 70-0 p e r c e n t . 

H e n c e , t h e a c t i o n i s q u i t e p e r c e p t i b l e a t 7 0 0 ° , a n d i t i s r a p i d a t 9 0 0 ° . W . A . R o t h 
g a v e F e 2 O 3 + 3 C l 2 = S F e C a 8 - f 3 0 - f - 7 - 4 C a I s . a t 9 7 ° . R . W a s m u h t o b s e r v e d t h a t 
f e r r i c o x i d e a l o n e r e a c t s w i t h c h l o r i n e a t a b o u t 5 2 5 ° ; i f c a r b o n i s p r e s e n t , a t 6 0 0 ° ; 
a n d i f s u l p h i d e o r p h o s p h i d e i s p r e s e n t , a t 2 5 0 ° . V . S p i t z i n a l s o o b s e r v e d t h a t 
c h l o r i n e b e g i n s t o a c t o n f e r r i c o x i d e a t 4 0 0 ° . L . M a t h e s i u s o b s e r v e d t h a t b r o m i n e 
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w a t e r does n o t a t t a c k ferric ox ide , b u t a w a r m soln. of b r o m i n e a n d a m m o n i u m 
a c e t a t e dissolves t h e o x i d e — a cold soln. does n o t d o so . I . L . Bel l f o u n d t h a t a n 
a q . soln. of iodine does n o t a t t a c k ferric ox ide . 

As s h o w n b y J . J . Berze l ius , a n d H . R o s e , ferric ox ide is m o r e or less so lub le 
in ac ids ; b u t H . Ie Chate l ie r obse rved t h a t ferric ox ide which h a s b e e n ca lc ined a t 
950° is inso luble in ac ids . G. Gore s t u d i e d t h e a c t i o n of l i qu id h y d r o g e n fluoride 
on ferric ox ide . C. W . Scheele n o t e d t h a t ferr ic o x i d e is so luble in hydrofluoric 
ac id ; a n d E . Za l in sky sa id t h a t , un l i ke m a g n e t i t e , haemat i t e is b u t s p a r i n g l y 
soluble in hydrof luor ic ac id . K . F . S t a h l f o u n d t h a t ca lc ined ferric ox ide dissolves 
m o r e r ead i ly in hydrof luor ic ac id t h a n i t does in o t h e r ac ids . Accord ing t o 
E . D e u s s e n , t h e r a t e of so lu t ion of ferr ic ox ide in ac ids is smal ler , t h e h igher t h e 
t e m p , a t wh ich i t h a s b e e n p rev ious ly ca lc ined. H e f o u n d t h a t t h e fol lowing 
q u a n t i t i e s of ferric ox ide were dissolved b y 10 c.c. of hydrof luor ic ac id , a n d hydro 
chlor ic ac id , a t 25° : 

Calcined F e 2 O 8 Non-calcined F e 2 O 3 

, « ^ / *-— ^ 
T i m e . 4£ 43£ 139£ 4£ 2 I f 45£ l i r s . 
JSV-HF . 0 0 8 8 9 0-2035 0-2194 0-1581 0-2235 0-2279 g r m . 
JV-HCl . 0-0224 0 1 0 0 0 0-1910 0 0 4 0 9 0 1 2 3 0 0-2125 g r m . 

W i t h unca l c ined ferric ox ide a n d 10 c.c. of 0-52V-acid a t 25° a c t i n g for 2 § , 23£, 
a n d 56£ h r s . , t h e a m o u n t s of ferric ox ide dissolved b y ^ i V - H F were r e spec t ive ly 
0-0579, 0-1045, a n d 0-1162 g rm . , a n d w i t h £2V-HC1, r e spec t ive ly 0-0126, 0-0382, 
a n d 0-0672 g r m . S imi la r ly , w i t h 10 c.c. of £2V-acid a c t i n g for 2f, 24£, a n d 142£ h r s . , 
t h e a m o u n t s of ferr ic ox ide d issolved b y J i V - H F were r e spec t ive ly 0-0180, 0-0475, 
a n d 0-0534 g rm. , a n d b y J iV-HCl, r e spec t ive ly 0-0040, 0 0 1 2 O , a n d 0 0 3 0 6 g r m . 
W i t h a m i x t u r e of e q u a l vols , of 2V-HC1 a n d 2V-HF, t h e a m o u n t s of non -ca l c ined 
ferric ox ide d issolved in 2§ , 23f, 96, a n d 264 h r s . were r e spec t ive ly 0-1011, 0-1976, 
0-2223, a n d 0-2297 g r m . ; a n d b y e q u a l vols , of iV-HCl a n d 2V-NaF in 2f, 23f, 72£, 
a n d 215 h r s . , r e spec t ive ly 0-0444, 0-0743, 0-0757, a n d 0-0766 g r m . T h e sub jec t w a s 
s t u d i e d b y P . P . BudnikofT a n d K . E . K r a u s e , w h o s h o w e d t h a t w i th 22V-HC1 : 

Calc ined a t . 450° 650° 750° 850° 950° 1000° 
So lub i l i t y . 100-00 94-91 9 1 0 2 71-44 36-28 29-92 p e r c e n t 

H . D e b r a y obse rved t h a t w h e n ferric ox ide is h e a t e d t o r edness in a c u r r e n t 
of h y d r o g e n chloride, ferric chlor ide a n d w a t e r a r e fo rmed . T h e r eac t i on w a s 
s t u d i e d b y J . L . G a y L u s s a c , J . B . Moyer , F . A. Gooch a n d F . S. H a v e n s , V. Sp i tz in , 
a n d F . W . Clarke a n d E . A . Schne ider . F e r r i c ox ide dissolves in cone, hydroch lo r i c 
a c i d m o r e qu i ck ly t h a n m a g n e t i t e , a n d m o r e slowly t h a n i lmen i t e . F . L e t e u r sa id 
t h a t t h e ox ide is r ead i ly d issolved b y cone , hydroch lo r i c ac id , sa t . w i t h h y d r o g e n 
ch lor ide , w h e n h e a t e d in a closed vessel a t 65°. E . W e i n s c h e n k , a n d C. R . F r e s e n i u s 
sa id t h a t t h e ox ide p r e p a r e d a t a high t e m p , dissolves b u t s lowly in t h e ac id . 
G. Melezer obse rved t h a t t h e basa l faces of t h e r h o m b o h e d r a l c rys t a l s a r e m o r e 
r a p i d l y a t t a c k e d t h a n t h e p r i s m a t i c faces. Acco rd ing t o A. Classen, ca lc ined ferric 
ox ide dissolves qu ick ly i n hydroch lo r i c ac id if t h e finely p o w d e r e d ox ide h a s been 
d i g e s t e d or boi led w i t h a di l . soln. of p o t a s s i u m ox ide . H . B o r n t r a g e r f o u n d t h a t 
t h e p resence of a l i t t l e m a n g a n e s e d iox ide w i t h t h e hyd roch lo r i c ac id enab le s i g n i t e d 
ferric ox ide t o b e dissolved w i t h g r e a t ease . T h e effect is a t t r i b u t e d t o t h e ch lo r ine 
evo lved , s ince al l t h e ha logens h a s t e n t h e so lu t ion of ferric ox ide in hydroch lo r i c ac id . 
H . B o r n t r a g e r also obse rved t h a t s t r ong ly ca lc ined ferric ox ide dissolves r e a d i l y i n 
hyd roch lo r i c ac id c o n t a i n i n g a l i t t l e free ch lor ine , b r o m i n e , iodine , or h y d r o g e n 
d iox ide ; a n d F . P . D u n n i n g t o n , a n d N . A. TananaefE m a d e a s imi lar o b s e r v a t i o n 
w i t h r e spec t t o t h e h y d r o g e n d iox ide . A c c o r d i n g t o H . B o r n t r a g e r , t h e d i s so lu t ion 
is a lso fac i l i t a t ed if n a s c e n t h y d r o g e n , s a y f rom i ron wire , is p r o d u c e d in t h e s y s t e m ; 
a n d N . A. TananaefX found t h a t t h e p r e sence of a l i t t l e s t a n n o u s chlor ide acce le ra tes 
t h e d i s so lu t ion of ca lc ined ferric ox ide i n hyd roch lo r i c acid . W . R . E . H o d g k i n s o n 
a n d F . K . S. L o w n d e s , E . J . Mills a n d G. D o n a l d , F . E . B r o w n a n d W . C. O. W h i t e , 
a n d G. J . F o w l e r a n d J . G r a n t obse rved t h a t t h e p resence of ferric ox ide fac i l i t a tes 
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the decomposition of potassinm chlorate, and more chlorine is given off when 
ferric oxide is used as catalytic agent t h a n is the case with manganese dioxide. 
R. Chenevix found tha t ferric oxide dissolves in chloric acid ; and A. J . Balard, 
tha t it dissolves in hydrobromio a d d . 

R. Weber observed t h a t when ferric oxide mixed with sulphur is heated t o red
ness, sulphur dioxide and iron sulphide are formed. A. C. Halferdahl found t h a t 
ferric oxide is reduced to ferrosic oxide by sulphur, and t h a t the free energy of the 
reaction 6Fe 2 O 3 -4-JS 2 =4Fe 3 O 4 +SO 2 is —15,900 cals. a t 600°, and —52,600 cals. 
a t 1400°. K. Hilgenstock studied the action of the vapour of sulphur on ferric 
oxide. A. Gautier found tha t with hydrogen sulphide a t a white-heat, the reaction 
symbolized : 2 F e 2 O 3 + 7 H 2 S = 4 F e S + 3 S O 2 + 7 H 2 , occurs. G. Weyman found t h a t 
the hydra ted or anhydrous ferric oxide, prepared between 100° and 650°, is equally 
active as regards the absorption of hydrogen sulphide in the cold ; this is taken 
to mean tha t the activity of the oxide is dependent primarily on the mol. 
s tructure, and not on the degree of hydration. P . Nicolardot also explained the 
behaviour of ferric oxide towards hydrogen sulphide by assuming differences in 
the mol. s tate . The reaction was studied by K. Hilgenstock. H . Diecke, R. Cox, 
and E . Brescius found tha t in the reaction a t about 100°, the product contains more 
sulphur than corresponds with ferric sulphide, and Li. T. Wright regarded the pro
duct as a mixture of ferrous and ferric sulphides -with free sulphur. L. Gedel said 
t h a t under alkaline conditions, the product is wholly ferric sulphide, and under 
acidic conditions, a mixture of mono- and di-sulphides and free sulphur ; E . T. Allen 
and co-workers found it to be a mixture of ferrous sulphide and sulphur—the former 
being completely soluble in cold, dil. hydrochloric acid, after the free sulphur has 
been extracted with ammonium polysulphide. In the absence of air, and 'with the 
hydrated ferric oxide suspended in water, W. Mecklenberg and V. Rod t obtained 
ferric sulphide which "was pyrophoric when dried ; and V. Rod t added t h a t the 
moist ferric sulphide is readily converted by air into oxide and free sulphur ; the 
ferric sulphide changes into a mixture of ferrous sulphide and iron disulphide on 
standing, and. the formation of colloidal sulphur when ferric sulphide is dissolved 
in dil. hydrochloric acid makes i t appear as if a ferrous salt is a product of the 
original reaction. L. T. Wright concluded t h a t the action between hydrogen 
sulphide and hydrated ferric oxide involves : (i) F e 2 O 3 - H 2 O - > F e 2 S 3 + 4 H 2 0 , and 
F e 2 O 3 . H 2 O - > 2 F e S + S + 4 H 2 0 — t h e second reaction applies to 17 to 30 per cent, 
of the hydrated oxide. T. G. Pearson and P . L. Robinson, and L. A. Sayce found 
that the reaction varies considerably with t emp. ; a t and below 100°, the primary 
product is ferric sulphide : Fe 2 O 3 +3H 2 S=SH 2 O-I -Fe 2 S 3 , and the ferric sulphide 
partially decomposes to ferrous sulphide and iron disulphide : F e 2 S 3 = F e S + F e S 2 ; 
above 100°, these reactions give place more and more to the direct production of 
ferric disulphide, until, in the region above 300°, the only reaction concerned is : 
F e 2 0 3 + 4 H 2 S = 2 F e S 2 + 3 H 2 0 + H 2 . Between 400° and 500°, the iron disulphide 
gives place to a product soluble in hydrochloric acid with the liberation of sulphur. 
This material can be regarded as a mixture of ferrous and ferric sulphides, though 
some ferrosic sulphide, Fe3S4 , may be formed. W. A. Damon studied the subject. 
J . C. Wi t t found t h a t when ferric oxide is t rea ted with an excess of sodium 
sulphide, a black, amorphous substance is formed. On removing most of the 
remaining sodium sulphide and adding water, a brilliant green soln. is produced. 
The results obtained on studying the soln. indicate t h a t the colour is due to a 
colloid and not to a pure soln. of some iron compound. The exact composition 
of the disperse phase has not been determined, bu t apparently i t contains neither 
sulphur nor sodium in chemical combination. The colloid is reversible. 

According to F . Wohler and F . Mahla, when ferric oxide is heated in su lphur 
dioxide, i t is reduced to ferrosic oxide, and sulphur trioxide is formed. G. KLeppeJer 
represented the reaction with sulphur dioxide, between ©00° and 800°, hy 3Fe2C)3 
+ S 0 2 = 2 F e 3 0 4 + S 0 3 . D . L. Hammick could not obtain ferrous oxide b y the 

/^action of sulphur dioxide a t 300°, bu t a black powder was formed which, a t a higher 
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t e m p . , in s u l p h u r d iox ide fo rms su lphur , s u l p h u r t r i ox ide , i r o n s u l p h i d e , a n d ferr ic 
ox ide . B . N e u m a n n a n d E . Goebe l s t u d i e d t h e a d s o r p t i o n of t h e g a s b y ferr ic 
6x ide . T h e c a t a l y t i c a c t i v i t y of ferric ox ide i n fac i l i ta t ing t h e o x i d a t i o n of s u l p h u r 
d iox ide beg ins a t a b o u t 400° , a n d a t t a i n s a m a x i m u m a t a b o u t 625°. T h i s s u b j e c t 
w a s d i scussed b y G. L u n g e a n d co-workers , C. W . J o h n s o n , K . H i l g e n s t o c k , 
B . N e u m a n n , a n d G. K e p p e l e r a n d co-workers—vide s u l p h u r t r i ox ide , 1 0 . 57 , 27 . 
R . D . H a l l n o t e d tha t su lphur monoch lor ide v a p o u r pas sed over h e a t e d ferric 
ox ide fo rms ferric chlor ide . Accord ing t o H . B . N o r t h a n d A. M. H a g e m a n n , 
th iony l chloride does n o t a c t on ferric ox ide a t o r d i n a r y t e m p . , b u t a t 150°, t h e 
r e a c t i o n wh ich occurs is symbol i zed : F e 2 0 3 + 3 S O C l 2 = = 2 F e C l 3 + 3 S 0 2 , a n d t h e 
ferric chlor ide crys ta l l izes f rom t h e l iqu id in g r een h e x a g o n a l p l a t e s . T h e r eac t ion 
w i t h sulphuryl chloride w a s s t u d i e d b y W . Hesse , a n d b y H . D a n n e e l a n d 
W . Hesse . W . L . R a y also obse rved t h a t whi ls t l i qu id s e l e n i u m oxydichloride 
a c t s v e r y slowly on ferric ox ide a t r o o m t e m p . , t h e v a p o u r a t 400° fo rms ferric 
ch lor ide a n d se len ium d iox ide . J . J . Berze l ius , a n d H . R o s e s t a t e d t h a t ferric 
ox ide is s lowly a t t a c k e d b y su lphuric ac id ; A . Mi tscher l ich f o u n d t h a t d i s so lu t ion 
occurs m o s t r a p i d l y in a m i x t u r e of 8 p a r t s of t h e cone , ac id , a n d 3 p a r t s of w a t e r ; 
a n d JLi. S t o r c h sa id t h a t t h e i gn i t ed ox ide is r ead i ly d issolved -when w a r m e d w i t h 
4O p e r cen t , s u l p h u r i c ac id . A. a n d P . Bu i s ine obse rved t h a t su lphur i c ac id of 
s p . gr . 1-530 t o 1-712 beg ins t o dissolve calcined ferric ox ide in t h e cold ; t h e 
a c t i o n is s low a n d i n c o m p l e t e ; w i t h w a r m ac id , t h e ac t i on is c o m p l e t e d in a few 
h o u r s , a n d i t p rogresses m o r e r ap id ly , t h e h igher t h e t e m p . I t is n o t necessa ry 
t o p roceed a b o v e 300°. J . A. H e d v a l l a t t r i b u t e d t h e t a r d y d i sso lu t ion of t h e 
ca lc ined ox ide t o coagu la t i on of t h e g ra in s r educ ing t h e surface a r ea . T h e 
r e a c t i o n was s t ud i ed b y M. M. P . Muir . 

E . J . B . Wi l ley sa id t h a t n i t rogen is n o t a b s o r b e d w h e n ferr ic ox ide is h e a t e d 
i n a n a t m . of t h a t gas . A. S m i t s found t h a t h e a t e d ferric o x i d e r eac t s v igorous ly 
w i t h m a g n e s i u m nitride ; a n d l ikewise 
w i t h t i t a n i u m nitride—vide swpra, fe r rous 
ox ide . F . E p h r a i m obse rved t h a t w h e n 
h e a t e d w i t h a n excess of sodamide , ferric 
ox ide is r educed s p o n t a n e o u s l y t o i ron . 
F e r r i c ox ide is n o t d issolved b y a q . a m 
m o n i a ; b u t , a cco rd ing t o A. W . F . Kog-
s t a d i u s , t h e B a d i s c h e Ani l in- u n d Soda-
F a b r i k , J . J . Berze l ius , a n d H . I J . Buff, 
w h e n a m m o n i a is pa s sed over t h e r e d - h o t 
ox ide , w a t e r a n d i ron n i t r i d e a r e re
d u c e d . N". N i k i t i n ' s m e a s u r e m e n t s of t h e a b s o r p t i o n of a m m o n i a b y ferric 
ox ide a t 11-8° a n d a t different p ressu res a r e s u m m a r i z e d in F i g . 529 . B . D i r k s 
o b s e r v e d t h a t ferric s u l p h a t e is fo rmed w h e n ferric ox ide is h e a t e d w i t h 
a m m o n i u m su lphate a t 250°, a n d a t a h ighe r t e m p . , s u l p h u r t r i ox ide is e v o l v e d ; 
a n d H . A r c t o w s k y , t h a t w i t h a m m o n i u m chloride a t 350°, ferric ch lor ide is 
fo rmed . N . N i k i t i n found t h a t ferric ox ide , o b t a i n e d b y i gn i t i ng t h e fresh 
h y d r o g e l a t 350° , r ead i ly a d s o r b s a m m o n i a ; a n d b y increas ing t h e t e m p , of ign i t ion 
of t h e ferr ic ox ide , t h e c a p a c i t y for a d s o r p t i o n is r educed . F . E p h r a i m o b s e r v e d 
t h a t n o i ron n i t r i d e is fo rmed w h e n ferric ox ide is h e a t e d w i th sodamide . F o r t h e 
a c t i o n of h y d r o x y l a m i n e , vide supra, fer rous ox ide . E . B r i n e r a n d A. R iv ie r s t u d i e d 
t h e f o r m a t i o n of n i tr ic ox ide i n t h e ferric ox ide a r c . P . S a b a t i e r a n d J . B . Sende rens 
o b s e r v e d t h a t ferric ox ide a t 500° is n o t r e d u c e d b y n i t r i c oxide . C. F . Bucho lz 
f o u n d t h a t ferr ic ox ide dissolves v e r y s lowly in nitric ac id , b u t t h e ign i t ed ox ide is 
n o t a t t a c k e d . U . R . E v a n s a lso n o t e d t h e t a r d y d isso lu t ion of ferric oxide in cone , 
nitric acid, a t r o o m t e m p . ; a n d H . d e S e n a r m o n t obse rved t h a t t h e a t t a c k of t h e 
ca lc ined o x i d e b y n i t r i c ac id is s low. E . S . H e d g e s obse rved t h a t freshly ca lc ined 
ferr ic ox ide d issolves p e r c e p t i b l y in cone, n i t r i c ac id a t t h e t e m p . , 74*5° t o 75-5°, 
a t w h i c h i ron n o longer becomes pass ive . M. Z. Jov i t s ch i t s ch found t h a t cone . 
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n i t r i c ac id does n o t d issolve s t r o n g l y ca lc ined ferric o x i d e 'when h e a t e d i n a sea led 
t u b e a t 170° for 10 h r s . ; b u t w h e n w a r m e d o n a n a sbes to s p l a t e , a t o r d i n a r y p re s s . , 
i t dissolves in t h e ac id in 8 t o 10 h r s . H . B o r n t r a g e r n o t e d t h a t calcined ferric ox ide 
does n o t dissolve comple t e ly in a q u a r e g i a . R . W e b e r f o u n d t h a t w h e n phosphorus 
pentachloride is h e a t e d w i t h ferric ox ide i t r e a c t s w i t h i n c a n d e s c e n c e ; a n d 
H . B a s s e t t a n d H . S. T a y l o r Observed t h a t phosphoryl chlor ide fo rms ferr ic ox ide 
a t o r d i n a r y t e m p . ; a n d a t 100°, E . E r l e n m e y e r a n d O. H e i n r i c h found ferric ox ide t o 
b e soluble i n phosphoric ac id . 

C. J . B . KLarsten a n d o t h e r s s t a t e d t h a t if ferric ox ide m i x e d w i t h carbon b e 
g e n t l y h e a t e d , i t is r e d u c e d t o ferrosic o x i d e ; a n d if h e a t e d s t rong ly , me ta l l i c i ron 
is fo rmed . E . Vollgold said t h a t carbon—-coke—acts energe t ica l ly a-t 875° ; a n d 
H . W e d d i n g found t h a t t h e ac t i on beg ins a b o u t 700° , a n d G. T a m m a n n a n d 
A. Sworyk in , a t 625° w i t h sugar -charcoa l . G. C h a r p y a n d S. B o n n e r o t a d d e d t h a t 
ferric ox ide is n o t r e d u c e d b y solid c a r b o n be low 950° p r o v i d e d r e d u c i n g gases 
a r e exc luded . If n o c a r b o n m o n o x i d e b e p r e s e n t , C. Li. Man te l l sa id t h a t c a r b o n 
does n o t r educe t h e ox ide a t 1000°. O b s e r v a t i o n s we re m a d e b y C. E . W i l l i a m s 
a n d co-workers , F . K o r b e r a n d H . H . Meyer , J . P a r r y , a n d H . H . Berger . 
R . S c h e n c k obse rved t h a t t h e r e d u c t i o n of ferric ox ide b y i ron t r i t a c a r b i d e i n 
v a c u o , beg ins a t a b o u t 400°, b u t w i t h free c a r b o n a r e a c t i o n is pe r cep t i b l e a t 
680°. H . H . Meyer found t h a t t h e r e d u c t i o n of ferric t o ferrosic ox ide b y sugar -
cha rcoa l beg ins a t 450° ; b y wood-charcoa l , h e a t e d t o 1000° i n n i t r ogen , a t 500° ; 
a n d b y coke , a t 600°. E . J . R o d e sa id t h a t t h e t i m e - t e m p , c u r v e of a m i x t u r e 
of ferric ox ide a n d cha rcoa l shows t h r e e b reaks—(i ) a t 400° t o 650° d u e t o t h e 
e x o t h e r m i c r e d u c t i o n of ferrosic ox ide ; (ii) a t 750° t o 830°, t o t h e e n d o t h e r m i c • 
r e d u c t i o n of ferrosic t o fer rous ox ide ; a n d (iii) a t 875° t o 995°, t o t h e r e d u c t i o n 
of fer rous ox ide t o i ron . W . B a u k l o h a n d R . D u r r e r s h o w e d t h a t a n i n t i m a t e 
m i x t u r e of ferric ox ide a n d c a r b o n beg ins t o evolve c a r b o n d iox ide i n v a c u o 
a t 300° t o fo rm ferrosic ox ide which is f u r t he r r e d u c e d t o fe r rous ox ide (q.v.) 
b e t w e e n 400° a n d 600°. P . Ber th i e r , F . M a r g u e r i t t e , a n d J . P e r c y s h o w e d t h a t 
i t is n o t necessa ry for t h e oxide a n d t h e c a r b o n t o b e in c o n t a c t w i t h one 
a n o t h e r . !Lumps of ferric oxide a few inches in d i a m e t e r , m a y b e r e d u c e d t o 
meta l l i c i ron b y i m b e d d i n g t h e m in coarse ly p o w d e r e d cha rcoa l , a n d h e a t i n g t h e 
c o n t a i n i n g cruc ib le t o b r i g h t r edness for severa l h o u r s . A t first, t h e m a s s is 
r e d u c e d t o ferrosic ox ide ; i ron is p r o d u c e d on t h e surface a n d t h e n in t h e in te r io r , 
a n d finally r eaches t h e cen t r e . A . F . E . D e g e n , a n d A. C. Becque re l a s s u m e d t h a t 
t h e i n t e r n a l r e d u c t i o n is t h e r e su l t of a n electrolysis , b u t acco rd ing t o F . L e p l a y 
a n d A . L a u r e n t , t h e r e d u c t i o n in t h e in te r io r is d u e t o t h e p e n e t r a t i o n of c a r b o n 
m o n o x i d e which is fo rmed in t h e crucible—vide supra, h y d r o g e n , a n d c o n c e n t r a t i o n . 
J . H . J o n e s a n d co-workers found t h a t t h e r e a c t i v i t y of coke , C - f - C 0 2 = 2 C O , is 
inc reased b y a d m i x t u r e w i t h ferric ox ide . J . N . P r i n g obse rved t h a t a t a h igh t e m p , 
ferric ox ide is r educed by- a l u m i n i u m carbide ; l ikewise w i t h s i l i con , c h r o m i u m , 
a n d m o l y b d e n u m ca rb ides—v ide supra, f e r rous ox ide ; R . S c h e n c k s h o w e d t h a t 
i r o n t r i t a c a r b i d e beg ins t o r e d u c e t h e ox ide a t 400°. J . B d k m a n n s tud ied t h e 
r eac t i on b e t w e e n i ron ca rb ide a n d ox ide . 

F . Gobel found t h a t w h e n ferric ox ide is h e a t e d in carbon m o n o x i d e , i t r a p i d l y 
forms fer rous ox ide , a n d a t a h igher t e m p , i t is comple t e ly r e d u c e d t o p y r o p h o r i o 
i ron . H . W e d d i n g obse rved t h e r e d u c t i o n of ferric t o fe r rous o x i d e occurs a t a b o u t 
700°. I . B r a i t h w a i t e obse rved t h a t a t 700° , t h e r e a c t i o n w i t h c a r b o n m o n o x i d e is 
symbol ized b y 3 F e 2 O 3 + C O = C O 2 - + - 2 F e 3 O 4 , a n d a t a n d be low 850° some i ron ca rb ide 
is fo rmed . K . S t a m m e r also n o t e d t h e f o r m a t i o n of s o m e i r o n c a r b i d e . 
O. B o u d o u a r d found t h a t a t t e m p , be low 1000°, d r y c a r b o n m o n o x i d e is a m o r e 
effective r educ ing a g e n t t h a n t h e mo i s t -gas , b u t a t 1050°, m o i s t a n d d r y c a r b o n 
m o n o x i d e b e h a v e a l ike . S. H i l p e r t showed t h a t t h e t e m p , of r e d u c t i o n d e p e n d s , 
a s i n t h e case of h y d r o g e n , u p o n t h e p r e v i o u s h i s t o r y of t h e ferric ox ide . T h e 
o b s e r v a t i o n s of O. B o u d o u a r d , K . S c h e n c k a n d co -worke r s , a n d E . B a u r a n d 
A . Glassner on t h e e q u i l i b r i u m cond i t ions h a v e b e e n p r e v i o u s l y discussed——picte 



I R O N 8 1 3 

supra, h y d r o g e n . F . L e p l a y a n d A . L a u r e n t sa id t h a t a m i x t u r e of e q u a l vo l s , of 
c a r b o n m o n o x i d e a n d d iox ide mere ly r educes ferric t o ferrosic ox ide . T h e s u b j e c t 
w a s d iscussed b y J . L . G-ay L u s s a c , H . A b r a h a m a n d R . P l an io l , O. B o u d o u a r d , 
F . B r i n k m a n n , M. Deca r r i e r e a n d J . A n t h e a u m e , J . Ecke l l , H . A . B a h r a n d 
V. J e s s e n , A . G a u t i e r a n d P . C l a u s m a n n , F . H a h n , H . K a m u r a , O. O. L a u d i g , 
L . M a t h e s i u s , R . S c h e n c k a n d F . Z i m m e r m a n n , F . W t i s t a n d P . R i i t t e n , a n d 
R . Y o s h i m u r a , F . Gobel observed t h a t t h e - f o r m a t i o n of ferrosic ox ide is a n 
i n t e r m e d i a t e s t a g e i n t h e r e d u c t i o n of ferric ox ide t o i ron—v ide supra, h y d r o g e n . 
J . L . P r o u s t , a n d W . N a a s e found t h a t ferric ox ide is r e d u c e d t o m e t a l i n a 
porce la in o v e n , doub t l e s s b y t h e a c t i o n of t h e c a r b o n m o n o x i d e . S. H i l p e r t 
f o u n d t h a t t h e r e d u c t i o n w i t h c a r b o n m o n o x i d e beg ins a t 240°. C. R . A . "Wright 
a n d A. P . Luff f o u n d t h a t t h e r e d u c t i o n beg ins a t 202° t o 220°, d e p e n d e n t on 
t h e phys i ca l s t a t e of t h e ferric ox ide . J . A. SokolofE sa id t h a t t h e r e d u c t i o n of 
ferric ox ide , p r e p a r e d a t 400°, beg ins a t 200° t o 230°, a n d if t h e ferric ox ide h a s 
b e e n p r e p a r e d a t a h ighe r t e m p . , a h ighe r t e m p , is n e e d e d t o i n a u g u r a t e t h e 
r e d u c t i o n , a n d is i n d e p e n d e n t of t h e p r o p o r t i o n CO : C O 2 i n t h e gaseous p h a s e , 
b u t t h e t e m p , a t w h i c h fe r rous o x i d e is f o rmed is lowered b y ra i s ing t h e p r o 
po r t i on of c a r b o n m o n o x i d e . C a r b o n beg ins t o a p p e a r w h e n fer rous ox ide is 
fo rmed . B. H i l p e r t a n d T. D i e c k m a n n obse rved t h a t d r y c a r b o n m o n o x i d e 
r e d u c e s ferr ic ox ide c o m p l e t e l y t o i r o n a t 950° a n d v e r y l i t t l e c a r b o n is formed ; 
i r o n t r i t a c a r b i d e a p p e a r s a t 850°. H . T r o p s c h a n d W . K r o n i g found t h a t a t 
720° , t h e c a r b o n which s e p a r a t e s is n e a r l y al l free, on ly a l i t t l e is c o m b i n e d as 
ca rb ide . H . Sa i to s h o w e d t h a t ferric ox ide , which h a s b e e n ca lc ined a t 800° , 
beg ins t o b e r e d u c e d b y c a r b o n m o n o x i d e a t 320° ; t h e s e p a r a t i o n of c a r b o n 
beg ins a t 320° , a n d a t t a i n s a m a x i m u m a t 500° . Acco rd ing t o W . A. B o n e a n d 
co-workers , c a r b o n m o n o x i d e m i x e d -with n i t r o g e n , b u t free f rom h y d r o g e n , beg ins 
t o r e d u c e haemat i t e b e t w e e n 380° a n d 650° ; c a r b o n beg ins t o s e p a r a t e w h e n t h e 
ox ide is p a r t i a l l y r e d u c e d . T h e p re sence of 2 p e r cen t , of h y d r o g e n f avour s t h e 
r e d u c t i o n a n d lessens t h e t e n d e n c y of c a r b o n t o s e p a r a t e . H . Wil leke found t h a t 
t h e r e d u c t i o n of ferric ox ide b y c a r b o n m o n o x i d e is n o t inf luenced b y t h e p resence 
of be ry l l i um ox ide , b u t t h a t t h e e q u i l i b r i u m is d isp laced b y z inc or m a n g a n o u s 
ox ide ; a n d H . F r a n z o b s e r v e d t h a t t h e p resence of ca l c ium ox ide or a l u m i n a 
h i n d e r s t h e r e d u c t i o n . T h e r e a c t i o n w a s s t u d i e d b y G. C h a r p y , H . T r o p s c h a n d 
A. v o n P h i l i p p o v i c h , Gr. C h a u d r o n , e tc .—v ide supra, r e a c t i o n in t h e b las t - fu rnace . 
H . F le i s sner a n d F . D u f t s c h m i d s t ud i ed t h e r e d u c t i o n of t h e ox ide b y wa te r -ga s , 
a n d b y p r o d u c e r gas . E . F . A r m s t r o n g a n d T . P . H i ld i t ch , a n d K . I w a s e a n d 
M. F u k u s h i m a f o u n d t h a t t h e p re sence of ferric ox ide f avoured t h e ox ida t i on 
of c a r b o n m o n o x i d e b y s t e a m . W . A. Laz i e r a n d H . A d k i n s found 100 g rms . of 
ferric o x i d e a b s o r b e d 65 c.c. of c a r b o n m o n o x i d e a t n .p .0 . C. J . E n g e l d e r a n d 
co-workers s t u d i e d t h e c a t a l y t i c a c t i v i t y of ferric ox ide w i t h t i t a n i c ox ide or w i t h 
coba l t i c ox ide o n t h e o x i d a t i o n of c a r b o n m o n o x i d e ; a n d R . Y o s h i m u r a , a n d 
N . A . Y a j n i k a n d F . C. T r e h a n a , t h e c a t a l y t i c a c t i v i t y of ferr ic ox ide in t h e p h o t o 
c h e m i c a l decompos i t i on of c a r b o n d iox ide . A . F . B e n t o n s t u d i e d t h e a d s o r p t i o n of 
c a r b o n m o n o x i d e , a n d of carbon dioxide b y ferric ox ide . N . N i k i t i n f o u n d t h a t 
ferr ic ox ide o b t a i n e d b y i gn i t i ng t h e fresh hydroge l , a t 350°, r ead i ly a d s o r b s c a r b o n 
d i o x i d e , a n d t h a t t h e c a p a c i t y for a d s o r p t i o n is r e d u c e d b y ca lc in ing t h e h y d r o g e l 
a t a h i g h e r t e m p . — v i d e supra, F i g . 529 . S. G. L a s k y , B . S. Bu t l e r , a n d H . v o n 
E c k e r m a n n d iscussed t h e geological func t ion of c a r b o n d iox ide on t h e F e 2 O 8 : F e O -
r a t i o i n l i m e s t o n e c o n t a c t depos i t s . K . H i l g e n s t o c k s t u d i e d t h e ac t ion of c a r b o n 
disulphide . E . Vollgold sa id t h a t t h e ac t iv i t i e s of c a r b o n monox ide , m e t h a n e , 
a n d h y d r o g e n a r e r e l a t ive ly a s 1 : 2 : 5 . O. Meyer a n d W . E i l ender s t u d i e d t h e 
r e a c t i o n . W . Mi i l l e r -Erzbach f o u n d t h a t m e t h a n e , a t t h e t e m p , of a B u n s e n flame, 
r e d u c e s ferr ic o x i d e t o ferrosic ox ide , a t a r a t h e r h ighe r t e m p . , t o ferrous ox ide , a n d 
finally, a t a s t i l l h ighe r t e m p . , t o me ta l l i c i ron . T h e Gelsenkirchener B e r g w e r k s 
f o u n d t h a t t h e r e d u c t i o n of i ron ores w i t h m e t h a n e occurs below 700° if a l i t t l e 
p o w d e r e d i r o n b e p r e s e n t t o s t a r t t h e r eac t ion . W . P . Y a n t a n d C. O. H a w k 
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studied the oxidation of methane with a ferric oxide catalyst . Tlie reduction of 
ferric oxide earths by methane has been studied by C. E . Williams and co~ workers, 
and by C. M. Bouton. H. W. Walker observed t h a t e thylene a t a high t emp, 
reduces ferric oxide to ferrosic oxide, and ult imately t o iron ; t he adsorption of 
ethylene and hydrocarbons, a t lower temp. , was studied by J . N . Pearce and 
A. M. Alvarado, H. Hollings and R. H . Griffith, and W. A. Lazier and H. Adkins, 
and they found 100 grms. absorbed 588 c.c. a t n.p.0. G. Chariot studied the 
oxidation of toluene, with ferric oxide as catalyst. C. M. McDowell and IP. L. Usher 
studied the behaviour of suspensions in toluene,, amyl aceta te , and in chlorinated 
hydrocarbons. 

J . Percy said tha t ferric oxide is reduced to the metal when heated in a current 
of Cyanogen. J . von Liebig, F . KLorber and H . H . Meyer, and L. Hackspill and 
R. Grandadam observed tha t molten potass ium cyanide reduces ferric oxide 
t o the metal ; bu t a t 570° to 750° with sodium cyanide in vacuo, iron and 
sodium in nearly equivalent proportions are formed as well as nitrogen, carbon 
monoxide and dioxide, and finely-divided carbon. I t is supposed t h a t sodium 
carbimide is first produced and tha t this decomposes to form sodium, nitrogen, 
carbon, and carbon oxides. J . Tscherniak found tha t potassium thiocyanate 
a t 400° to 500° forms ferrous sulphide and potassium cyanate with the evolution 
of oxygen; and by a similar reaction, J . Milbauer obtained ferrous sulphide, 
potassium ferrous sulphide, KFeS 2 , and potassium cyanide, and H . N. Warren, 
artificial pyrites, FeS2- A. KLutzelnigg a t t r ibuted the oxidizing action of powdered 
ferric oxide on a soln. of potassium ferrocyanide to adsorbed oxygen. J . Aloy 
and C. Rabau t found t h a t hydrolysis of the benzolated cyanonydrins in the 
presence of acetic acid does not occur in the presence of ferric oxide. E . Deussen 
showed t h a t 10 c.c. of a normal soln. of oxalic acid, a t 25°, dissolves 0-0310, 
0-0790, 0-1960, and 0-2320 grm. of ferric oxide respectively in If, 6§, 22, and 
94 hrs. N. J . Harrar and co-workers found the solubility of ferric oxide, expressed 
in milligrams of Fe per 100 c.c. of soln., a t 25°, in 4O and 60 days, to be for 
formic acid, respectively, 0-951 and 1-249 ; acetic acid, 0-327 and 0-439 ; p ro 
pionic acid, 0-344 and 0-374 ; oxalic acid, 97-463 and 36-222 ; malonic acid, 
4-159 and 6-260 ; succinic acid, 0-255 and 0-494 ; lactic acid, 2-025 and 2*054 ; 
tartaric acid, 3-175 and 4-386 ; citric acid, 2-961 and 3-372 ; benzoic acid, 0-428 
and 0-428 ; salicylic acid, 4-891 and 5-124 ; and sulphuric acid, 20-320 and 27*813. 
N. J . Har ra r and F . E . E . Germann studied the solubility of hydrated ferric oxide 
in various organic acids, and found for the solubilities, # grms. per 250 c.c. of soln., 
and colours ; 1-008^-formic acid, #=1*040 (red t o yellow) ; l-0542V-acetic acid, 
# = 0 - 9 5 8 (red to yellow) ; l-0082V-propionic acid, #=0-702 (red to yellow) ; 0-7822V-
butyric acid, #=0 -411 (red to yellow) ; 0-9902V-oxalic acid, #=1*009 (vivid green) ; 
0-991iV-malonic acid, # = 0 - 9 4 1 (green) ; 0-968iV^-succinic acid, # = 0 - 4 9 8 (red to 
orange) ; 0-985iV-glutaric acid, # = 0 - 2 0 4 (orange) ; 0-315iV-adipic acid, #=O-081 
(orange) ; l-020iV-tricarballylic acid, # = 0 - 1 5 6 (orange) ; 0-936iV^-maleic acid, 
# = 0 - 9 2 3 (red to green) ; 0-1262V-fumaric acid, # = 0 - 0 0 4 (colourless) ; 0-4042V-
mesaconic acid, # = 0 - 0 1 4 (colourless) ; 1-O94i^-chloroacetic acid, #==0*985 (red to 
green) ; l*062JV-dichloroacetic acid (yellow to green) ; l*049iNT-trichloroacetic acid 
(pale green) ; 0-026-ZST-benzoic acid, #=0*006 (colourless) ; 0-1292V-phenylaoetic 
acid, # = 0 0 0 3 (orange) ; 0*087iV-phthalic acid, #=0*026 (colourless) ; 0-9762VT-
hydrochloric acid, #=0-917 (green); and 0*962iV-sulphuric acid, #==1-014 (pale 
green). If the acids be arranged in the order of their ionization constants, the 
strong acids furnish green coloured soln., and the weak acids, red coloured soln. 
D. Talmud and N. M. Lubman found the floatability of ferric oxide in oleic acid 
and in mixtures of oleic acid and ammonia t o be a maximum when J»H---*#-
Xi. Kahlenberg and BC. W. Hillyer observed no a t tack b y a boiling soln. of potassium 
tartrate. F . W. O. de Coninck and A. Raynaud found t h a t with calc ium oxalate 
a t a dull red^heat, i t forms ferrous oxide, calcium carbonate, and carbon 6UOaEId1C. 
yf. Muller-Erzbach studied the adsorption of ether vapour by ferric oacicfo. 
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W* Haller studied the adsorption of ether, acetic acid, alcohol, and acetone by 
powdered ferric oxide ; and N. A. Yajnik and F. C. Trehana, the photochemical 
reduction of sugars. M. Rakusin observed that egg albumin is not adsorbed from 
its aq. soln. by ferric oxide. B. Ullmann studied the diffusion of ferrum oxydatum 
saccharatum solubile ; and F. H. Rhodes and co-workers, the effect of ferric oxide 
on the oxidation of linseed Oil. N. R. Dhar discussed the oxidation of insulin 
with ferric oxide as catalyst. 

H. Moissan found that boron acts as a reducing agent on ferric oxide at a red-
heat. C. H. Burgess and A. Holt noted that ferric oxide is not soluble in molten 
boric oxide, and C. Mazzetti and F. de Carli said that there is a feeble reaction 
between the ferric and boric oxides at 820° ; and the reaction was studied by 
J. A. Hedvall and N. von Zweigbergk. U. Sborgi and co-workers found that boron 
nitride reduces ferric oxide to ferrous oxide, forming boric oxide and nitric oxide. 
E. Vigouroux found ferric oxide is reduced when it is heated with silicon; and the 
reaction was studied by IJ. Kahlenberg and W. J. Trautmann. G. Rauter found 
silicon tetrachloride in a sealed tube with ferric oxide at 180° to 190° forms silica 
and ferric chloride ; no reaction is perceptible at 140° to 150°. H. Ie Chatelier and 
B. Bogitsch, J. A. Hedvall and P. Sjoman, and A. Duboin noted that silica reacts 
with ferric oxide at an elevated temp, forming 
iron silicate. J. Kleffner and E. J. Kohlmeyer 
observed silica has no effect on the dissociation 
of ferric oxide. J. A. Hedvall and P. Sjoman 
observed evidence of reactions at 575° and 900°. 
G. Tammann and G. Batz found that whilst 
quartz begins to react with ferric oxide at 950°, 
precipitated and calcined silica begins to react at 
800°, but that the reaction is not really with 
ferric oxide but rather with ferrous oxide. 
When hornblende or basalt is mixed with wood 
charcoal and a small proportion of lime or 
sodium carbonate and heated first at 600° and 
then at 1400°, the iron is reduced almost quan
titatively. In the absence of alkali, or when 
heated directly to 1400°, the reduction is less Per cent. ZrOx 
complete, and it is further diminished by the FIQ 5 3 0 . _ M e l t i P o i n t C u r v e f o r 
addition of quartz. When ferric oxide, mag- the Binary System: ZrO3-Fe2O8. 
netite, or ferrous oxide is heated with precipi
tated and ignited silica, each begins to react at 800°, but the reaction with quartz 
does not begin below 950°. More heat is evolved with the silica than with the 
quartz. When iron silicates, prepared by heating ferric oxide and silica, are reduced 
with hydrogen for 1 hr. at 850°, the proportion of the iron reduced falls from 24-4 
per cent, when the molecular proportion of silica is 0-375 to 0-600. When the 
silica content is further increased the proportion of the iron reduced rapidly 
increases, and is 38*4 per cent, when the molecular proportion of the silica is 0-92O. 
S Hilpert and E. Kohlmeyer found that with calcium metasilicate at about 1220°, 
ferromagnetic calcium ferrite is formed. F. S. Tritton and D. Hanson found that 
mixtures with a low proportion of ferric oxide can be fused in china day pots, 
without serious attack, but some ferric oxide is absorbed by the pot. S. English 
and co-workers, and V. Dimbleby and W. E. S. Turner studied the action of ferric 
oxide on glass ; and J. H. Whiteley and A. F. Hallimond, A. H. Kuechler, and 
J W Mellor on firebricks, and fireclays. P. Ramdohr studied the effect of 
titanic oxide'in the system : FeO-Fe2O3-TiO2. F. Halla, and G. Tammann and 
co-workers observed that ferric oxide reacts with titanic oxide at an elevated temp. 
T I.- Walker applied the term maghemite to the magnetic (FcTi)2O3 from Bush-
veld,* Transvaal. P- A. Wagner used the same term for magnetic ferric oxide 
other than martite. P. Bamdohr studied the action of ferric oxide on ilmenite, 
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FeTiO3. H. von Wartenberg and W. Gurr obtained the m.p. curve, Fig. 530, for 
mixtures of zirconia and ferric oxide. 

J. JL. Gay Lussac and Xi. J . Thenard found t h a t potassium reduces ferric oxide 
to iron ; and similarly with sodium. M. Rosenfeld said t h a t when sodium is 
t r i turated with ferric oxide, the mixture glows and iron is formed. Ferric oxide is 
reduced to metal when it is heated with magnesium; B . Garre said t ha t the 
reaction begins a t 575° and evolves 239-5 CaIs. of heat . E . Donath observed t h a t 
when the oxide is heated with zinc i t is easily reduced to the metal. JL. Franck 
observed tha t iron oxides are also reduced to metal when heated with aluminium; 
and T. W. and W. T. Richards tried to measure the cohesive force between aluminium 
and ferric oxide. According to J . Percy, when ferric oxide is " strongly " heated 
in contact with iron, it is reduced to ferrosic oxide. M. Billy obtained a similar 
result. R. B . Sosman and J . C. Hostet ter found tha t when heated to 1200° with 
platinum* in air, ferric oxide is reduced to the metal which forms a solid soln. with 
the plat inum. The loss in weight of plat inum heated to 1000° to 1200° is much 
increased if it be in contact with ferric oxide. 

For the reactions of ferric oxide with the meta l Oxides, vide infra, the ferrites ; 
find for reactions with ferrous oxide, and ferrosic oxide, vide supra. Li. Passerini 
studied the action of ferric oxide on alumina ; and H. G. Fisk and W. J . McCaughey, 
on magnes ium oxide. J . E . AdadurofT and G. K. BoreskofE precipitated a mixture 
of ferric oxide and vanad ium pentoxide on broken firebrick for use as a catalyst. 
P . E . Wretblad found tha t mixtures of ferric oxide with chromic oxide form a 
continuous series of solid soln. in which the dimensions of the lattice change 
linearly from those of Fe 2 O 3 to those of Cr2O3. The rhombohedral angle, <x, shows 
a maximum : 

F e 3 O 3 : C r 8 O 3 . . . 1 : 0 3 : 1 1 : 1 1 : 3 0 : 1 
L e n g t h of e d g e . 5-419 5-395 5-376 5-362 5-348 
a 55-28° 65-37° 55-44° 55-28° 55-11° 

L. Passerini, and H. Forestier and G. Chaudron also made observations on th is 
subject, and R. Yoshimura discussed the action of chromic oxide on ferric oxide 
in the production of hydrogen by the water-gas reaction. Mixtures of ferric oxide 
and mangan ic oxide with 1OO to 75 per cent. Mn2O3 give the same X-radiogram ; a 
mixture with 45 per cent, of Mn2O3 shows a faint trace of ferric oxide lines ; a mixture 
with 30 per cent. Mn2O3 shows the lines of Mn2O3 stronger than those of Fe 2 O 3 ; 
and mixtures with less than 15 per cent. Mn2O3 show only the Fe 2 O 3 lines. There 
is, therefore, a break in the series of solid soln. There is no evidence of an inter
mediate phase. S. Li. Penfield and H . W. Foote's mineral bixbyite, discussed in 
connection with the permanganites, was shown by W. Zachariasen to belong to the 
isomorphous series of sesquioxides, Mn2O3, Fe2O3 , Y2O3 , etc. I t s formula is, there
fore, written (Mn,Fe)2O3, and not Fe(MnO3), or FeO.MnO2 . JJ. Pauling and 
M. JD. Shappel observed t h a t the body-centred lattice has a—9*365 A., and contains 
16(Mn,Fe)203 . W. M. Bradley described a mineral which he called skemrnatite, 
3MnO2-Fe2O8.6H2O, as an alteration product of pyroxmangite, (Fe,Mn)SiOa. 
J . Percy said t ha t ferric oxide is no t a t tacked hy soln. of the o-llrqli hydroxides. 
P . Villard, J . d'Ans and J . Liofner, V. S. Yatloff, and S. Matsui and co-workers 
studied the conversion of sodium carbonate into sodium hydroxide by heating it 
with ferric oxide—vide infra, sodium ferrite. P . Kohland found a soln. of calcium 
hydrocarbonate slowly dissolves ferric oxide, and the dissolution is hastened by 
the presence of alkali or calcium sulphates. E . Mallet and P . A. Gnye recom
mended ferric oxide for use as a diaphragm in the electrolysis of sodium salts 
in the production of sodium hydroxide which does not a t tack the ferric oxide. 
T. C. Estelle observed tha t ferric oxide can be hydrated by boiling it with a 70 per 
cent. soln. of soda-lye a t 100° to 120°. This is of significance in connection with 
the electrolytic process for iron in which a cone. soln. of sodium hydroxide containing 
sodium ferrite is electrolysed. Ferric hydroxide is dissolved from the ferric oxide 
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a n o d e b y t h e cone , soda- lye , a n d i ron is depos i t ed on t h e c a t h o d e . T h e h y d r a t i o n 
of ferr ic ox ide b y h o t cone , soda- lye invo lves t h e fo rmat ion of a fe r r i te w h i c h is 
s u b s e q u e n t l y d e c o m p o s e d o n cool ing and d i lu t ing t h e l iquor . D u r i n g t h e a c t i o n 
20 p a r t s of ferric ox ide a r e t a k e n u p b y 80 p a r t s of sod ium h y d r o x i d e w h e n t h e 
h e a t i n g is c o n t i n u e d severa l h o u r s . R . B . S o s m a n a n d J . C. H o s t e t t e r sa id t h a t 
t h e b e s t con t a ine r for ferric ox ide a t 1100° t o 1200° is fused a lumina ( a l u n d u m ) . 
T h e a l u n d u m vessel r e m a i n s c o n s t a n t i n w e i g h t a t t he se t e m p . , b u t loses we igh t 
a t h ighe r t e m p . H . W a r t h o b s e r v e d t h a t a l u m i n a r e t a r d s t h e reduc t ion of ferric 
ox ide t o ferrosic ox ide a t e l eva t ed t e m p . L . Passe r in i observed t h a t m i x t u r e s of 
a l u m i n a a n d ferric ox ide fo rm solid soln. a n d h e m e a s u r e d t he i r l a t t i ce cons t an t s . 
T h e sub jec t was s t u d i e d b y H . F o r e s t ier a n d G. C h a u d r o n , T . V. W . B a r t h a n d 
E . Posn j ak , a n d H . v o n W a r t e n b e r g a n d H . J . R e u s c h . S. I z a w a found t h a t 
t h e p resence of ferr ic ox ide d id n o t inf luence t h e l uminescence of a l u m i n a in t h e 
c a t h o d e r a y s . D . T u r n e r , a n d F . S. T r i t t o n a n d D . H a n s o n found t h a t crucibles 
of a l u m i n a or a l u n d u m , chromi te , z i rconia , a n d l i m e , c r a c k a n d slag wi th fused 
m i x t u r e s of i ron w i t h a h igh p r o p o r t i o n of ox ide ; b u t b o n d e d crucibles of m a g n e s i a 
c a n b e used for t h e p u r p o s e ; m a g n e s i a p o t s a b s o r b t h e ox ide . H . K i t t e l a n d 
G. F . H i i t t i g s t u d i e d t h e m a g n e s i a ferric ox ide spinels . L . J a c q u e o b s e r v e d 
t h a t w i t h l ime , some ferrosic ox ide i s fo rmed a t 1220°—vide infra, fe r r i tes . 
G. B . T a y l o r a n d G. A . H u l e t t found t h a t t h e p resence of ferric ox ide f a v o u r e d t h e 
t h e r m a l decompos i t i on of mercur ic ox ide . G. T a m m a n n a n d co-workers o b s e r v e d 
no r eac t i on w h e n ferric ox ide is h e a t e d w i t h m o l y b d e n u m tr iox ide ; a s l igh t r e a c t i o n 
wi th t u n g s t e n trioxide ; a n d a b o u t 15 p e r cen t , r e a c t i o n w i t h u r a n i u m trioxide. 
F o r solid soln. of ferric ox ide a n d ferrous ox ide or ferrosic ox ide , vide supra. 
H . S. R o b e r t s a n d H . E . Merwin f o u n d t h a t i n t h e b i n a r y s y s t e m F e O - F e 2 O 3 , t h e 
s t ab l e p h a s e a t t e m p , be low 1386° is a hsomatifce solid soln. w i t h less o x y g e n t h a n 
F e 2 O 3 ; a n d j u s t a b o v e 1386°, t h e s t a b l e p h a s e is a m a g n e t i t e solid soln. w i th 
cons ide rab ly m o r e o x y g e n t h a n F e 3 O 4 . E . D iepsch lag a n d E . H o r n s tud ied t h e 
a c t i o n of m a n g a n o u s , fe r rous , a n d ca l c ium su lph ides o n ferric ox ide . 

J . KLrutwig s h o w e d t h a t t h e p re sence of ferric ox ide favours t h e fo rma t ion of 
s o d i u m s u l p h a t e f rom fused m i x t u r e s of s o d i u m chlor ide a n d i ron p y r i t e s i n a i r . 
G. T a m m a n n s t u d i e d t h e a c t i o n of l i gh t on a 0-05.ZV-soln. of s i lver nitrate i n c o n t a c t 
w i t h ferric ox ide . K . A. H o f m a n n a n d K . Hosche l e f o u n d t h a t if ferric ox ide is 
m e l t e d w i t h d r y m a g n e s i u m chloride, t h e i ron is a l m o s t all vo la t i l i zed as ferric 
chlor ide . H . A. v o n Vogel o b s e r v e d t h a t ferr ic ox ide is n o t r e d u c e d b y a boi l ing 
soln. of s t a n n o u s chlor ide , a n d W . O . H i c k o k o b s e r v e d n o a c t i o n w i t h s t a n n o u s 
ch lor ide a s a n e t c h i n g l iqu id . C. A . G r a u m a n n , a n d V. L e p i a r c z y k o b s e r v e d only 
a s l igh t r e a c t i o n b e t w e e n z i n c su lphide a n d ferr ic ox ide a t 1280° ; i n a s low c u r r e n t 
of a i r a t 1280°, s u l p h u r d iox ide a n d z inc v a p o u r a r e g iven off, b u t t h e r e a c t i o n soon 
comes t o a s t ands t i l l ; a n d i n a c u r r e n t of c a r b o n m o n o x i d e , i r o n is fo rmed , a n d 
t h e i r o n l i be ra t e s z inc w i t h t h e p r o d u c t i o n of i ron s u l p h i d e . F o r t h e ac t ion o n 
ferrous sulphide , vide infra; a n d for t h e a c t i o n o n m a n g a n o u s sulphide, vide 
m a n g a n e s e su lph ide , 1 2 . 64, 2 1 . E . D iepsch l ag a n d E . H o r n , a n d Li. Wohler a n d 
co-workers s t u d i e d t h e a c t i o n of c a l c i u m su lphide . W . H . M a c l n t y r e a n d 
W . M. S h a w f o u n d t h a t i gn i t ed ferric ox ide shows n o t e n d e n c y t o absorb appre 
c iab le a m o u n t s of c a l c i u m su lphate f rom s o l n . ; J . E . Adadurof f a n d V. P . PIi gu-
noff s h o w e d t h a t ferric ox ide f avour s t h e t h e r m a l decompos i t ion of ca lc ium 
s u l p h a t e . C. A . G r a u m a n n found t h a t w i t h z i n c su lphide in a reduc ing a t m o 
sphe re , ferr ic ox ide is c o n v e r t e d i n t o me ta l l i c i r on a n d t h a t ac t s on t h e sulphide. 
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J . C. Hos te t t e r , Joum. Washington Acad., 5. 293 ,1915 ; Journ. Amer. Chem. Soc., 88 . 807, 1188, 
1916 ; V. Spitzin, Zeit. anorg. Chem., 189. 337, 1930 ; K. F . Stahl, Zeit. angevo. Chem., 9. 229, 
1896 ; K . Stammer, Pogg. Ann., 82. 136, 1851 ; L . Storch, Zeit. angew. Chem., 6. 542, 1893 ; 
Ber. Oesterr. Ges. Chem. Ind., 15. 9, 1893 ; F. Stromeyer, Pogg. Ann., 6. 471, 1826 ; 1>. Talmud 
and N . M. Lubman, KoIl. Zeit., 50. 159, 1930 ; G. Tammann, Zeit. anorg. Chem., 114. 161, 1920 ; 
G. Tammann and G. Batz, ib., 151. 129, 1926 ; G. Tammann and H. Raising, ib., 149. 73, 1926 ; 
G. Tammann and W. Rosenthal, ib., 156, 21, 1926 ; G. Tammann and A. Sworykin, ib., 170. 62, 
1928 ; G. Tammann and F. Westerhold, ib., 149. 35, 1925 ; N. A. Tananaeff, ib., 136. 187, 1924 ; 
H. S. Taylor and R. M. Burns, Journ. Amer. Chem. Soc, 48. 1276, 1921 ; G. B. Taylor and 
G. A. Hulett, Journ. Phys. Chem., 17. 565, 1913 ; G. B. Taylor and H. W. Starkweather, Journ. 
Amer. Chem. Soc, 52. 2314, 193O ; R. Thenard, Compt. Rend., 49 . 289, 1859 ; M. Tigerschiold, 
Jemkontorets Ann., (2), 78. 67, 1923 ; F . S. Tritton and D . Hanson, Joum. Iron Steel Inst., 110. 
ii, 9O, 1924 ; H . Tropsch and W. Kronig, Fischer's Geeammelte Abhand Kohle, 7. 46, 1925 ; 
H . Tropsch and A. von Philippovich, Abh. Kenntnis Kohle, 7. 44 , 1925 ; G. Tschermak, Sitzber. 
Akad- Wien, 49. 340, 1854 ; J. Tscherniak, German Pat., JD.R.P. 39694, 1896 ; I>. Turner, Trans. 
Faraday Soc, TR. 112, 1931 ; Trans. Cer. Soc, 88. 1, 1934 ; E- U l lmann , ZeU. Physik, 41. 301 , 
1927; E. Vigouroua:, Compt. Rend., 120. 367, 1161, 1895; 188. 1168, 1904; JLe silicium et 
les siliciures m&aUiques, Pa r i s , 1896 ; Ann. Chim. Phys., (7), 12. 5 , 1897 j P . Vil lard, Compt. 
Rend., 198. 681, 1931 ; H. A. von Vogel, Kastnerys Arch., 23. 85, 1 8 3 2 ; E . Vollgold, Ueber 
die Reduction dee Rotheisensteins, Got t ingen, 1 8 6 9 ; P . A. W a g n e r , Econ. Geol., 22. 846, 1927 ; 
Mem. Geol. Sur. South Africa, 26, 1928; H . W . ,Walker , Journ. Phys, Chem., 8 1 . 978, 1927 ; 
T. L. Walker, Geol. Studies, Univ. Toronto, 29, 1930 ; H. N. Warren, Chem. News, 68. 2 8 7 , 1 8 9 2 ; 
S^ von Wartenberg and W. Gurr, Zeit. anorg. Chem., 190. 374, 1981 j H. von Wartenberg and 
J3L <J. Reuflch, ib., 207. 1, 1 9 3 2 ; H. Warth, Chem: News, 84. 305, 19Ol ; R. Wasmuht, Zeit. 
angew. Chem., 43. 98 ,1930 j R. Weber, Pogg. Ann., 107. 382, 1869 ; 112. 819» 1861 ; H. Wedding, 
Amfuhrlivhes Handbueh der ffltetobtmenkunde, Braunschweig, 1. 429 , 189« ;A H . Wedd ing and 
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T. Fischer, Stahl Eisen, 2 3 . 708 , 1903 ; E . Weinsohei ik, Zeit. Kryst., 17. 488, 189O ; G. W e y m a n , 
Journ. Soc. Chem. Ind., 87. 338» T , 1918 ; J . H . Whi te ley a n d A. F . Hallimoxid, Jo-urn.. Iron Steel 
Inst,, 100. ii , 159, 1919 ; BL Willefce, Ueber die Beduktion das Eisenoxyds mit Kohlenoocyd bei 
Gegemoart von Zinkoscyd, Manganoxydul und der BerylUumoxyd, Miinster, 1927 ; E . J. B . Willey, 
Journ. Soc Chem. Ind., 48. 209 , T , 1924 ; C. E . Wi l l iams , E . P . B a r r e t t a n d B . M. Larsen , Bull, 
U.S. Bur. Mines, 270, 1927 ; J . C. W i t t , Journ. Amer. Chem. Soc., 43 . 734, 1921 ; F . Wohle r a n d 
F . Mah la , IAebig's Ann., 81. 256, 1852 ; L Wohle r a n d O. BaIz, Zeit. Elektrochem., 2H. 418, 1921 ; 
L.. W o h l e r a n d R . GKinther, Zeit. Elektrochem., 20 . 282, 1923 ; L . Wohler , F . Mar t in and 
E . S c h m i d t , Zeit. anorg. Chem., 127. 273 , 1923 ; H . Wolbl ing , Stahl Eisen, 3 1 . 1273, 1911 ; Zeit. 
prakt. Geol., 20 . 131 , 1912 ; P - E . W r e t b l a d , Zeit. anorg. Chem., 189. 329, 1930 ; C. R . A. Wr igh t 
a n d A . P . Luff, Journ. Chem. Soc., 88. 1, 504 , 1878 ; L . T . W r i g h t , Journ. Chem. Soc, 48 . 156, 
1883 ; F . Wi is t a n d P . R i i t t e n , Mitt. Inst. Eisenforsch., 5 . 5 , 1924 ; N . A . Yajn ik and 
F . C. T r e h a n a , Journ. Chim. JPhys., 28 . 617, 1931 ; W . P . Y a n t a n d C. O. H a w k , Journ. Amer. 
Chem. Soc., 40 . 1454, 1927 ; V . S. Yatloff, Journ. Buss. Chem. Ind., 6. 1020, 1929 ; R . Yoshimura , 
Chem. News, 148. 267, 1931 ; 144. 314, 315 , 1932 ; Journ. Soc. Chem. Ind., 34. 271 , 1931 ; Journ. 
Japan. Chem. Soc., 86. 4 8 , 282, 306, 1 9 3 3 ; W . Zaohar iasen, Zeit. Kryst., 67. 455, 1928 ; E . Zalinsky, 
Centr. Min„ 648, 1902. 

§ 31 . Hydrated Ferric Oxide—Hydrosol 
If a soln . of ferr ic ch lo r ide b e t r e a t e d with, h y d r a t e d ferric oxide, a d d e d in smal l 

q u a n t i t i e s a t a t i m e , o r if a m m o n i u m c a r b o n a t e b e g r a d u a l l y a d d e d to ferric chlor ide, 
so long a s t h e p r e c i p i t a t e d ox ide c o n t i n u e s t o b e re-dissolved on s t i r r ing , a b rownish-
red soln . of ferr ic h y d r o x i d e is p r o d u c e d . These soln. were inves t iga ted b y 
J . M. O r d w a y , 1 J . J e a n n e ! , A . B e c h a m p , a n d A . Scheu re r -Kes tne r . T h e r a t e of 
d i s so lu t ion of t h e h y d r a t e d o x i d e is s low ; a n d if t h e d iges t ion in t h e cold is con t inued 
for a l ong t i m e , t h e h y d r a t e d o x i d e d isso lves u n t i l a b o u t 18 eq. h a v e pas sed i n t o 
soln. i n 5 m o n t h s . F e r r i c sa l t s of t h e m o n o b a s i c acids—c.g. hydroch lo r ic a n d 
n i t r i c a c i d s — s e r v e for p r e p a r i n g s u c h soln. , b u t sa l t s of t h e poly basic acids—e.g. 
s u l p h u r i c a c i d — g i v e inso lub le bas ic s a l t s . 

A c c o r d i n g t o T . G r a h a m , t h e r e d l i qu id is a col loidal so lu t ion of h y d r a t e d ferric 
oxide ; a n d t h e hydroso l c a n b e freed f rom t h e excess of t h e pep t i z ing ferric chlor ide 
b y d ia lys i s . T h e d i a lyzed hyd roso l i s clear, a n d deep r edd i sh -b rown in colour ; a n d 
a f te r 19 d a y s ' d ia lys i s , c o n t a i n e d 1-5 p e r cen t , of hydroch lo r i c ac id , or 1 eq. of 
a c id t o 30*3 eq. of ferr ic ox ide . T h e sol r e m a i n e d l iquid for 20 d a y s , a n d t h e n 
s p o n t a n e o u s l y flocculated t o fo rm t h e nydroge l . A hyd roso l p r e p a r e d i n t h i s way-
is s o m e t i m e s called. Graham's solution, o r dialyzed iron. T h e r e a r e v a r i o u s 
p h a r m a c e u t i c a l p r e p a r a t i o n s which a r e essen t ia l ly hyd roso l s of h y d r a t e d ferric 
oxide—e.g. liquor ferri oxychlorati dialysati, ferrum oxydalum dialysatutn liquidurn, 
and solutio ferri hydrati oxydali coUozdalis. E . Henrrjean and W . Kopaczewsky 
discussed t h e p re sence of t h e h y d r o s o l i n m i n e r a l w a t e r s . 

T h e h y d r o s o l of h y d r a t e d ferr ic o x i d e w a s also p r e p a r e d b y T . G r a h a m b y t h e 
d ia lys i s of cold soln. of ferr ic a c e t a t e ; a n d a f te r 18 d a y s ' d ia lys is , a b o u t one half 
t h e i r o n w a s los t b y diffusion a n d t h e r e r e m a i n e d a r e d l iqu id i n -which 1 p a r t of 
ace t i c ac id w a s a s s o c i a t e d w i t h 15 t o 16 p a r t s of ferric oxide . R . F a b r e a n d 
H . P e n a u f o u n d t h a t t h e s p e e d of h y d r o l y s i s is g r e a t l y increased hy agitating the 
d ia lyz ing l i q u i d b y a c u r r e n t of a i r or i n e r t gas . L . P . d e St . Gilles p r e p a r e d a 
col loidal soln . of ferr ic o x i d e b y t h e cont inued, bo i l ing of a soln. of ferric a c e t a t e ; 
t h e r e d d i s h - b r o w n co lour of t h e a c e t a t e b e c o m e s b r i ck- red a s t h e boi l ing con t inues , 
a n d t h e peculiar t a s t e of ferr ic sa l t s g ives w a y t o t h a t of ace t ic ac id . T h e colloid 
a p p e a r s t u r b i d or opa l e scen t i n ref lected l i gh t , a n d clear in t r a n s m i t t e d l igh t . The 
brown ochreous p r e c i p i t a t e o b t a i n e d w h e n t h e hydroso l is t r e a t e d wi th a t r a c e of 
sulphuric ac id or of a n a l k a l i n e sa l t , u n l i k e o r d i n a r y h y d r a t e d ferric ox ide , is 
relat ively insoluble i n t h e m o r e cone , a c i d s ; a n d w h e n t h e soln. is p o u r e d i n t o 
hydrochloric ac id , t h e finely d i v i d e d , granular, b r i ck - red p rec ip i t a t e is in m a n y 
respects unl ike ordinary hydrated ferric oxide. I t was accordingly called meta-
ferrio oxide, b y ana logy w i t h meta-alumina (5, 33 , 11). To dis t inguish th i s colloidal 
soln. f rom those soln. w i t h t h e properties of G r a h a m ' s hydrosol , i t is somet imes 
called St. GiUes* sol. The hydrosol was also p r e p a r e d f rom soln. of ferric chlor ide 
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b y J . O. Ufer, E . H a t s c h e k , J . M. v a n B e m m e l e n , P . W . C. K r e c k e , H . B . Weise r , 
a n d G. H . Ayres a n d C. H . S o r u m . H . N e u r a t h a n d W . P a u l i d i scussed t h e con
d i t ions t o o b t a i n a p r o d u c t of a h igh degree of p u r i t y . 

C. F . S c h o n b e i n , S. H a u s m a n n , E . Be i l s t e in a n d R . L u t h e r , a n d E . A . S c h n e i d e r 
obse rved t h a t w h e n a n a q . soln. of ferric n i t r a t e is boi led , a b lood- red , col loidal soln . 
of ferric ox ide is fo rmed . A. S c h e u r e r - K e s t n e r o b t a i n e d i t b y a l lowing a n a q . soln . of 
t h e n i t r a t e t o s t a n d for a long t i m e , or b y h e a t i n g in a sea led t u b e , o n a w a t e r - b a t h , 
a soln. of t h e bas i c n i t r a t e . F . W . C. K r e c k e p r e p a r e d G r a h a m ' s sol b y t h e h y d r o l y s i s 
of ferric n i t r a t e soln . w i t h o u t d ia lys i s ; A . S c h e u r e r - K e s t n e r , a n d R . W i n t g e n 
o b t a i n e d i t b y d ia lys i s of t h e n i t r a t e soln . T . Cohen sugges t ed i n t r o d u c i n g a m e t a l 
l ike c o p p e r filings, or z inc d u s t , t o t a k e u p t h e n i t r i c ac id l i b e r a t e d d u r i n g t h e 
h y d r o l y s i s of t h e ferr ic n i t r a t e . R . W i n t g e n e s t i m a t e d t h a t t h e d i a l y z e d so ln . 
c o n t a i n s less t h a n 0*002 p e r cen t , of ferric ox ide . G. A l m k v i s t f o u n d t h a t t h e 
so lub i l i ty of ferric h y d r o x i d e is 1-4x10—6 mol . pe r l i t r e a t 20° . 

H . D e b r a y o b t a i n e d t h e hyd roso l b y w a r m i n g a n a q . soln . of ferric ch lo r ide t o 
70° , a n d t h e n d ia lyz ing t h e p r o d u c t . F . W . C. K r e c k e o b s e r v e d t h a t t h e cone , of 
t h e sol so p r e p a r e d d e p e n d s o n t h e t e m p , a n d d u r a t i o n of t h e h e a t i n g , a n d h e 
r e c o m m e n d e d slowly d r o p p i n g one c.c. of a 32 p e r cen t . soln. o i ferric ch lor ide i n t o a 
l i t r e of boi l ing w a t e r . C. H . S o r u m d r o p p e d 40 c.c. of a m o l a r soln. of ferric ch lor ide 
i n t o 5 l i t res of bo i l ing w a t e r a n d d i a l \ z e d t h e h o t l i qu id . T h e sol so p r e p a r e d is 
c lear , d e e p wine- red , a l m o s t free f rom chlor ide , a n d i t c o n t a i n s 2*07 t o 3*60 g r m s . 
of i ron p e r l i t r e ; on ly v e r y di l . so ln . a r e s t a b l e . T h e h y d r o s o l w a s a lso p r e p a r e d 
b y J . M. v a n B e m m e l e n , A . P . B u n t i n , E . Deiss a n d G. Sch ikor r , A . J a n e k a n d 
B . J i r g e n s o n s , B . KurilofE, M. Ne id le , A . W . T h o m a s a n d J . D . G a r a r d , a n d J . G. Ufer . 
Kl. R u e g g r e c o m m e n d e d r e m o v i n g t h e ac id f rom t h e a q . soln . of ferr ic ch lo r ide 
b y t h e a d d i t i o n of h y d r a t e d a l u m i n a . J . T r i b o t a n d H . Chre t i en sa id t h a t t h e 
ch lor ide w h i c h a l w a y s pers i s t s in t h e hyd roso l p r e p a r e d b y t h e d ia lys is of a soln . 
of h y d r a t e d ferric ox ide in ferric chlor ide c a n b e r e m o v e d b y e lec t rod ia lys i s i n 
w h i c h t h e colloidal soln . c o n t a i n i n g t h e c a t h o d e is p l a c e d in t h e i n n e r cell of t h e 
d ia lyzer , a n d t h e a n o d e i n t h e o u t e r vessel c o n t a i n i n g t h e w a t e r which is f r e q u e n t l y 
r e n e w e d . 

H . F r e u n d l i c h a n d S. Wosnes sensky , a n d H . F r e u n d l i c h a n d S. L o e b m a n n 
o b t a i n e d t h e hydroso l b y t h e hydro lys i s of i ron c a r b o n y l ; E . G r i m a u x , P . A. Th ies -
sen a n d O. K o r n e r , a n d O. K o r n e r , b y p o u r i n g a n a lcohol ic soln. of ferric e t h y l a t e , 
F e ( O C 2 H s ) 3 , i n w a t e r — G r i m a u x ' 8 sol; P . A . Th ies sen a n d O. K o r n e r , b y 
h y d r o l y z i n g ferric e t h y l a t e ; a n d F . W . O. d e Coninck , b y a d d i n g sal icyl ic ac id t o 
a soln. of ferric a c e t a t e , a n d keep ing t h e m i x t u r e some m o n t h s . 

N . N . GavrilofE f o u n d t h a t t h e o x i d a t i o n of a soln. of fe r rous h y d r o c a r b o n a t e 
b y a i r , y ie lds on ly a p r e c i p i t a t e of h y d r a t e d ferric ox ide which is n o t p e p t i z e d b y 
smal l a m o u n t s of hydroch lo r i c ac id or of ferric chlor ide ; b u t w i t h la rger p r o p o r t i o n s 
of ferric chlor ide , t h e hydroso l of ferric ox ide is fo rmed solely f rom t h e a d d e d ferric 
chlor ide . H y d r o g e n d iox ide gives a w h i t e p r e c i p i t a t e w i t h fer rous h y d r o c a r b o n a t e , 
b u t i n t h e presence of ferric chlor ide or hyd r och lo r i c ac id a colloidal soln . of ferr ic 
h y d r o x i d e is r ap id ly fo rmed . G. StadnikofE a n d co-workers , a n d V . Br i in ig a lso 
ox id ized fer rous h y d r o c a r b o n a t e b y hypoch lo r i t e s , ch lor ine , or ch lor ine w a t e r . 
T h e m i n i m u m a m o u n t of ferric ch lor ide neces sa ry for p e p t i z a t i o n in t h e o x i d a t i o n 
of fer rous h y d r o c a r b o n a t e is a b o u t 7 p e r cen t , of t h e t o t a l i ron . G. StadnikofE a n d 
N . N . GavrilofE f o u n d t h a t t h e hyd roso l of ferric ox ide for u se a s a c o a g u l a t o r i n 
t h e d r y i n g of p e a t c a n b e p r e p a r e d b y t h e o x i d a t i o n of so lu t ions of fe r rous h y d r o 
c a r b o n a t e b y m e a n s of ch lor ine "water o r h y p o c h l o r o u s ac id . T h e neces sa ry cone . 
(0*04 pe r cen t , of fe r rous i ron) c a n b e o b t a i n e d o n a c o m m e r c i a l scale b y t h e t r e a t 
m e n t of i ron t u r n i n g s w i t h "water a n d a c u r r e n t of flue g a s . 

M. Neidle a n d J . N . C r o m b i e o b t a i n e d t h e h y d r o s o l b y ox id iz ing fe r rous ch lo r ide 
in. t h e cold w i t h potass ium p e r m a n g a n a t e a n d d i a l y z i n g ; M. Ne id le , a n d 
IT. Z*. B r o w n e , b y ox id iz ing fer rous ch lo r ide w i th h y d r o g e n d iox ide a n d d i a lyz ing 
t h e h o t soln. T h e d i spe r sed solu. of i ron s p l u t t e r e d f rom t h e e lec t r ic a r c wi th i r on 
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e lec t rodes , u n d e r w a t e r , a s i n d i c a t e d b y T . S v e d b e r g , A . S o h m a u s s , B . F . B a r t o n , 
a n d A . W a n d e r , is p r o b a b l y a h y d r o s o l of h y d r a t e d ferr ic ox ide . 

A . W . D u m a n s k y a n d Z. P . C h e s c h e v a o b t a i n e d a m i x e d fe r rous a n d ferric 
h y d r o s o l b y t h e e lec t ro lys is of a so ln . of ferr ic ch lor ide , u s ing a p l a t i n u m c a t h o d e , 
a n d a n a n o d e of i r on a m a l g a m ; a n d a lso b y s h a k i n g i ron a m a l g a m w i t h a soln . of 
p o t a s s i u m h y d r o x i d e c o n t a i n i n g s o m e m a n n i t o l , a n d h y d r o g e n d iox ide . 

A s i n d i c a t e d a b o v e , f r e sh ly -p rec ip i t a t ed a n d w a s h e d h y d r a t e d fer r ic ox ide is 
p e p t i z e d b y a soln. of ferric ch lor ide ; a n d t h e h y d r o s o l c a n , t he re fo re , b e o b t a i n e d 
D v (*) p a r t i a l p r e c i p i t a t i o n of a soln. of ferr ic ch lo r ide b y a m m o n i a , e t c . , a n d 
a g i t a t i n g t h e m i x t u r e ; o r (ii) a d d i n g t h e h y d r a t e d ox ide d i r e c t l y t o a soln . of ferric 
ch lor ide , a s w a s d o n e b y A. B e c h a m p , F . L . B r o w n e , R . F a b r e a n d H . P e n a u , 
B . Sz i la rd , T . G r a h a m , J . J e a n n e l , A. Miiller, J . G. O b e r h a r d , N . P a p p a d a , 
H . P i c t o n a n d E . Ziinder, A. S c h e u r e r - K e s t n e r , O. S c h m a t o l l a , a n d A. W . T h o m a s 
a n d A. F r i e d e n . T . G r a h a m o b t a i n e d t h e h y d r o s o l b y a p rocess e q u i v a l e n t t o t h e 
p e p t i z a t i o n of t h e hyd roge l , for h e g r a d u a l l y a d d e d a m m o n i u m c a r b o n a t e t o a soln. 
of ferric ch lor ide a s long as t h e p r e c i p i t a t e d i sso lved w h e n t h e l iqu id w a s s t i r r ed . 
T h e l iqu id w a s t h e n d ia lyzed . T h e p rocess w a s a lso e m p l o y e d b y F . L . B r o w n e 
a n d J . H . M a t h e w s , A. W . D u m a n s k y , F . L . B r o w n e , a n d J . G. TJfer. W . W o b b e , 
H . S c h w e i k e r t , A. W . T h o m a s a n d co-workers , a n d T. L,. W r i g h t o b t a i n e d t h e 
hyd roso l b y a d d i n g aq . a m m o n i a t o a soln. of ferric ch lor ide so long as t h e p r e c i p i t a t e 
re-dissolves on s t i r r ing . T h e clear , d a r k b r o w n soln. so o b t a i n e d scarcely t a s t e s of 
i ron . I t is e v a p o r a t e d u n t i l i t c o n t a i n s 3*5 p e r cen t , of i ron , a n d h a s a sp . gr . 1-05. 
T h e l as t t r a c e s of ch lor ine c a n n o t b e r e m o v e d b y dia lys is , a n d t h e p r o d u c t st i l l 
c o n t a i n s 0-75 p e r cen t , of ferric chlor ide , b u t i t is free f rom a m m o n i u m sa l t s . 
G. D . K r a t z a d d e d t h a t t h i s process does n o t g ive a cone . soln. of t h e colloid, b u t i t 
a v o i d s t h e necess i ty of w a s h i n g a n d d ia lyz ing a ge l a t i nous p r e c i p i t a t e . T h e p rocess 
is b e s t c o n d u c t e d b y p o u r i n g a IO pe r c en t . soln. of ferric ch lor ide i n t o a l a rge excess 
of cone , a m m o n i a , t h e colloidal ferric ox ide p r o d u c e d is c o a g u l a t e d b y t h e a m m o n i u m 
chlor ide . O n e v a p o r a t i n g t o d r y n e s s a n d w a s h i n g w i t h w a t e r , t h e a m m o n i u m 
chlor ide is first w a s h e d o u t , a n d t h e n t h e ferric ox ide def loccula tes a n d passes 
t h r o u g h t h e filter-paper a s a d a r k or b r i g h t r ed colloidal soln. If t h e or ig ina l 
p r e c i p i t a t e is left for some t i m e in c o n t a c t w i t h i t s a m m o n i a c a l m o t h e r - l i q u o r , 
s p o n t a n e o u s c h a n g e s occur , so t h a t a f te r e v a p o r a t i o n i t is f o u n d t o b e inso lub le . 
M. Neid le a n d J . B a r a b o b t a i n e d t h e h y d r o s o l b y t h e h o t d ia lys i s of a soln . of ferr ic 
ch lor ide t o which w a s a d d e d e n o u g h a q . a m m o n i a t o r e a c t w i t h 60 p e r c en t , of t h e 
sa l t . R . Bradf ie ld r e c o m m e n d e d r e m o v i n g t h e excess of p r e c i p i t a t i n g a g e n t b y 
w a s h i n g t h e p r e c i p i t a t e in a cent r i fuge m a k i n g 32,500 revs , p e r m i n . T h e m a i n 
a d v a n t a g e s a r e (i) t h e r e m o v a l of t h e e lec t ro ly tes fo rmed o n p r e c i p i t a t i o n is more 
c o m p l e t e ; (ii) t h e a d d i t i o n of a p e p t i z i n g a g e n t a n d i t s c o n s e q u e n t incomple te 
r e m o v a l b y e i the r p ro longed boi l ing o r d ia lys is is u n n e c e s s a r y ; (iii) sols of a more 
u n i f o r m degree of d i spers ion c a n be p r e p a r e d , s ince pa r t i c l e s of s imi lar size a n d of 
s imi la r degrees of h y d r a t i o n a r e depos i t ed in t h e s a m e zone of t h e centr i fuge bowl ; 
(iv) sols of a n y des i red c o n e , f rom a semi-gel t o t h e m e r e s t t r ace , c an be p r e p a r e d 
b y t h e a d d i t i o n of w a t e r t o t h e m o r e cone , fo rm, a n d all cone, a r e v e r y s t ab le . 

A. Miiller m a d e t h e hydroso l b y u s ing 0-52V-KOH as p r ec ip i t a t i ng a g e n t in 
p lace of a m m o n i a ; a n d A. W . D u m a n s k y a n d co-workers e m p l o y e d va r ious car
b o n a t e s , ox ides , or h y d r o x i d e s . Accord ing t o H . P i c t o n a n d E . L inder , w h e n t h e 
h y d r o g e l of h y d r a t e d ferric oxide is p r e c i p i t a t e d b y u n i v a l e n t an ions i t is m u c h 
m o r e r ead i l y p e p t i z e d b y w a s h i n g w i t h w a t e r t h a n is t h e case w i th po lyva l en t a n i o n s . 
P . S c h m i d t u sed 0*05 p e r cen t , n i t r i c ac id , o r 0*O67 p e r cent , hydroch lor ic a c i d a s 
p e p t i z i n g a g e n t . A . v o n B u z a g h o b s e r v e d t h a t t h e q u a n t i t y of pep t i z ing a g e n t — 
ferric ch lor ide , hyd roch lo r i c ac id , or s o d i u m o lea te—requi red for t h e p e p t i z a t i o n 
of t h e h y d r o g e l of ferric ox ide is d e p e n d e n t on t h e q u a n t i t y of gel, which is t a k e n 
t o m e a n t h a t t h e p e p t i z a t i o n is d e p e n d e n t on a n an te r io r adsorp t ion . C. H . S o r u m , 
W o . O s t w a l d a n d W . R d d i g e r d iscussed t h e pep t i za t i on wi th hydroch lo r i c a c i d ; 
a n d A. M. Belousoff a n d co-workers , b y copper a n d silver sa l t s . A. W . T h o m a s 

vol . . XHT. 3 H 
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and A. Freiden, and A- J. Rabinowitsch and V. A. Kargin attributed the stability 
of the ordinary hydrosol to the presence of adsorbed ferric chloride. The subject 
was discussed by W. D. Bancroft, W. von Neuenstein, S. LiepatofE, and Wo. Ostwald. 
The peptization of the hydrogel by glycerol, sugar, and other hydroxylic 
organic compounds in alkaline soln. was studied by H. J. Babel, N. G. Chatterji 
and N. R. I>har, H. W. Fischer, P. Goldschmidt and co-workers, T. Graham, 
E. Grimaux, C. Mannich and C A . Rojahn, A. W. Dumansky and L.. G. Krapiwina, 
M. R. Mehrotra and K. C. Sen, A. Miiller, J. Puis, H. Rose, C. Gropengiesser, 
K. C. Sen and N. R. Dhar, and K. C. Sen. The peptization of the hydrogel by 
acetic acid was studied by A. F. G. Cadenhead and W. H. Vining, and H. B. Weiser ; 
by arsenious acid, by A. Boutaric and G. Perreau, E. Grimaux, M. R. Mehrotra and 
K. C. Sen, and by K. C. Sen and co-workers ; and A. Fodor and A. Reifenberg, 
by silicic acid. A. J. Rabinowitsch and V. A. Kargin studied the behaviour of the 
acid soln. on dilution. 

Colloidal soln. can also be prepared by the use of protective colloids. O. Fisseler 
obtained colloidal soln. by mixing 3 grms. of sodium protalbinate or lysalbinate, 
dissolved in lukewarm water, with the calculated quantity of ferric chloride in aq. 
soln. The precipitated ferric protalbinate or lysalbinate was dissolved in soda-lye, 
and the dark red soln. dialyzed until salt no longer passed through. The residue 
on the dialyzer was filtered, and evaporated on a water-bath, and dried over 
sulphuric acid in vacuo. The dark red plates form a clear, colloidal soln. with 
water. The colloid is flocculated by adding dil. sulphuric acid ; a soln. of sodium 
chloride in the cold has no visible action, but if heated, yellow flecks separate from 
the turbid soln. A 10 per cent. soln. of calcium chloride acts similarly ; but a 
IO per cent. soln. of sodium phosphate does not give a precipitate in hot or cold 
soln. C. Paal and W. Hartmann, and Kalle and Co. employed an analogous process. 
F. Sichel used starch xanthogenate as protective colloid ; A. W. Dumansky and 
Z. P. Chescheva, mannitol; H. Freundlich and G. Lindau, haemoglobin, and globin ; 
W. Bachmann, glycol, glycerol, mannitol, dextrose, sucrose, dextrin, and starch ; 
and J. Miiller, cherry gum. J. N. Mukherjee attempted to find a relation 
between the stability and degree of dilution of the hydrosol. J. W. Bain and 
W. Li. McClatchie studied the ultra-filtration of the hydrosol. 

The general idea of H. Debray, L. P. de St. Gilles, T. Graham, and "Lt. M. de la 
Source was that the hydrosol of hydrated ferric oxide is an allotropic, soluble 
modification which is associated with some impurities. Numerous observations— 
by A. Be champ, H. Debray, J. Duclaux, F. Giolitti, A. Hantzsch and C H . Desch, 
E. Heymann, H. Picton and E. Liinder, M. Neidle, P. Nicolardot, J. M. Ordway, 
R. Ruer, A. Scheurer-ICastner, I/. M. de la Source, J. G. Ufer, H. P. Varma and 
S. Prakash, and G. N. Wyrouboff —show that some salt must be present, presumably 
adsorbed, in order that the colloidal soln. be stable. The hydrosol has not the inky 
or ferruginous taste characteristic of ferric salts, rather does the hydrosol produce a 
rough sensation on the tongue. H. W. Fischer and E. Kuznitzky also found that in 
well-dialyzed hydrosols, a ferro-cyanide soln. does not give the prussian blue colour 
produced by ferric salts. E. Grimaux, and E. A. Schneider found that hydrogen 
sulphide acts on the cold hydrosol to form ferric and ferrous sulphides. K. Haerting 
found that the hydrosol reacts with cellulose to form a complex iron-cellulose. 
C. Doelter observed that when the hydrosol is shaken with a soln. of calcium or 
magnesium chloride, ferric hydroxide is precipitated. Silver nitrate does not precipi
tate a chloride from the hydrosol, even though T. Graham, R. Ruer, J. G. Ufer, etc., 
have demonstrated the presence of chlorides. A. Hantzsch and C. H. Desch said 
that the failure of silver nitrate to produce the chloride reaction is because of the 
formation of a complex between the hydrated ferric oxide and the ferric chloride. 
R. Ruer showed that the phenomenon is more likely to be due to the protective 
action of the ferric chloride on the colloid. As indicated above, A. W. Thomas 
and A. Freiden, and A. J. Rabinowitsch and V. A. Kargin considered that the 
colloidal particles owed their stability as a hydrogel to the adsorbed ferric chloride ; 
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a n d R . R u e r sugges ted t h a t in t h e sol skate , t h e ch lor ide is p a r t i a l l y i on i zed , o w i n g 
t o t h e i nva r i ab l e p resence of, say , ferric chlor ide in t h e colloidal ferric ox ide p r o d u c e d 
f rom t h a t sa l t . 

M a n y o b s e r v e r s — J . D u c l a u x , A. W . D u m a n s k y , E . J o r d i s , N . K i i h n l a n d 
W . P a u l i , EL P i c t o n a n d E . L i n d e r , G. Malf i tano a n d co-workers , Li. Michel , M. Ne id l e , 
P . N ico l a rdo t , W . P a u l i a n d co-workers , A. W . T h o m a s a n d A. F r e i d e n , a n d 
G. N . Wyrouboff a n d A. Verneu i l—cons ide red t h e colloid t o b e a chlor ide of a 
p o l y m e r i z e d or c o n d e n s e d ferric h y d r o x i d e or a n oxych lo r ide of va r i ab l e com
pos i t ion , [ (FeO 3 H 3 ) n Fe] , # * (CF)3 . N . J . H a r r a r a n d F . E . E . G e r m a n n s t u d i e d t h e 
effects w i t h sa l t s of o rgan ic ac ids . T h e w o r k of H . W . F i sche r , F . TL. C a m e r o n a n d 
W . O. R o b i n s o n , F . Giol i t t i , a n d R . B . S m i t h a n d P . M. Giesy furn ishes no s u p p o r t 
for t h e h y p o t h e s i s t h a t a n oxych lo r ide is fo rmed . P . N i c o l a r d o t o b t a i n e d complexes 
w i t h eq. r a t i o of F e : Cl=^ 125 : 6. A . B e c h a m p g a v e 7 : 1 ; J . M. O r d w a y , 3 : 1 ; 
G. N . Wyrouboff a n d A. Verneu i l , 8 : 1 ; a n d J . D u c l a u x , 30O : 1. T h e sub jec t 
w a s d i scussed b y G. Malf i tano, a n d L . Michel . A c c o r d i n g t o N . K i i h n l a n d 
W . P a u l i , t h e hydroso l s of ferric o x i d e p r e p a r e d b y p e p t i z a t i o n of p r e c i p i t a t e d 
h y d r a t e d ox ide w i t h ferric ch lor ide c o n t a i n on t h e a v e r a g e t e n t i m e s as m u c h i ron 
a n d t w e n t y t i m e s a s m u c h ch lor ine a s t h o s e p r e p a r e d b y hydro lys i s . T h e r a t i o of 
a c t i v e t o t o t a l ch lor ine is f rom 1 : 5 t o 1 : 6 in h y d r o l y z e d sols a n d is l i t t l e affected 
b y d ia lys i s ; b u t i t decreases f rom 1 : 3 t o 1 : 17 on dialysis of pep t i zed sols, whi ls t 
t h e t o t a l o x y c h l o r i d e p e r colloid eq. increases m o r e t h a n sixfold. T h e e x t e n t t o 
w h i c h ch lor ine is s u b s t i t u t e d b y s u l p h a t e a n d o x a l a t e a n i o n s on coagu la t ion is 
t h r o u g h o u t cons ide rab ly h ighe r for h y d r o l y z e d t h a n for p e p t i z e d sols. B y dia lys is , 
t h e oxych lo r ide p o r t i o n of t h e so l - subs tance is p rogress ive ly d imin i shed , m o r e 
m a r k e d l y so in h y d r o l y z e d soln. T r a n s p o r t n u m b e r s a r e m u c h t h e s a m e for b o t h 
va r i e t i e s . M. Neidle be l ieved t h a t t h i s p a r t i c u l a r r a t i o is m o r e d u e t o chance , b u t 
sugges ted t h a t a c o m p l e x is fo rmed w i t h t h e r a t i o a t 21 : 1 ; a n d A. W . T h o m a s 
a n d A. F r e i d e n cons ide red t h a t i t r equ i r e s a mol . of ferric chlor ide t o k e e p 21 mols . 
of ferric ox ide in t h e colloidal s t a t e . T h e r e is a v e r y wide va r i a t i on in t h e F e : Cl 
r a t i o found b y different obse rve r s . T h u s , M. Ne id le o b t a i n e d 84 : 1 ; R . Bradfield , 
396 : 1 ; a n d J . G. Ufer, 2700 : 1. M. Neid le also showed t h a t t h e m a x i m u m 
degree of p u r i t y a t t a i n a b l e before coagu la t ion occurs increases w i t h decreas ing i ron-
c o n t e n t of t h e soln. H . S iebourg s t u d i e d t h e effect of d i lu t ion on t h e equ i l ib r ium 
b e t w e e n t h e hyd roso l a n d t h e d ispers ion m e d i u m . 

E . H e y m a n n o b s e r v e d t h a t w i t h a g e d soln. of ferric chlor ide in wh ich t h e 
p r o p o r t i o n of col loidal h y d r a t e d ferric ox ide is c o n s t a n t , t h e q u o t i e n t of t h e ac t ive 
masse s [HCl] 3 / [FeCl 3 ] is n o t c o n s t a n t , b u t unde rgoes a s t e a d y c h a n g e w i t h a v a r i a t i o n 
of a b o u t 30 p e r c en t . T h i s i nd i ca t e s t h a t t h e ac t i ve m a s s of t h e colloidal ferric 
h y d r o x i d e c a n n o t b e r e g a r d e d a s c o n s t a n t . T h e size of t h e pa r t i c l e s also influences 
t h e equ i l i b r ium, a n d t h e ch lo r i ne - con t en t of t h e colloid pa r t i c l e s is g r e a t e r w h e n t h e y 
h a v e b e e n fo rmed b y hydro lys i s t h a n w h e n t h e s y s t e m h a s been p r e p a r e d b y 
a d d i n g hydroch lo r i c ac id t o colloidal ferric hydrox ide—v ide infra, t h e hyd ro ly s i s 
of ferric chlor ide . All t h i s m e a n s t h a t , a s H . B . Weiser p u t s i t , i nves t i ga to r s w h o 
a s s u m e t h e ex is tence of definite c o m p o u n d s a re u n a b l e t o agree o n t he i r compos i t ion . 
T h e sub jec t w a s d iscussed b y E . I . Sp i t a l sky a n d co-workers . R . Z s i g m o n d y 
cons ide red t h e hyd roso l t o consis t of e lectr ical ly cha rged mycel ia l pa r t i c l e s w i t h 
e n t r a i n e d m o t h e r - l i q u o r ; a n d a s imilar h y p o t h e s i s w a s favoured b y P . B a r y , 
A. C o t t o n a n d H . M o u t o n , S. I . D i a t s c h k o w s k y , J . D u c l a u x a n d R . Ti te ica , 
J . D u c l a u x , H . F r e u n d l i c h , G. Malf i tano, L . Michel, a n d R . W i n t g e n a n d O. K u h n . 
J . D u c l a u x sa id t h a t t h e r e is a s t a t e of equ i l ib r ium b e t w e e n t h e chloride ions in soln. 
a n d i n t h e myce l i a ; a l t h o u g h A. W . D u m a n s k y sa id t h a t t h e p a r t i t i o n of a m m o n i u m 
ch lo r ide b e t w e e n t h e soln. a n d t h e myce l i a does n o t follow H e n r y ' s l aw. 
W o . O s t w a l d , H . F r e u n d l i c h , A. L o t t e r m o s e r a n d P . Mania , a n d P . Mania , however , 
o b s e r v e d t h a t t h e a d s o r p t i o n agrees w i t h t h e u s u a l adso rp t ion formula . R . R u e r 
cons ide r ed t h a t p a r t of t h e a d s o r b e d chlor ide is pa r t i a l l y ionized, whi ls t R . W i n t g e n 
a n d co -worke r s e s t i m a t e d t h a t 70 t o 90 p e r cen t , of t h e adsorbed chlor ide is n o t 
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ionized. The subject was also discussed by W. Pauli, A. W. Dumansky, J . Matula, 
and R. Zsigmondy. H . Freundlich considered t h a t the mycelia are built up of 
positively-charged FeO'-ions or Fe"*-ions associated with the complex. T h u s : 

"where in one case i t was estimated t h a t n=75-35, and w»—7*86. According to 
J . Bohm, the X-radiograms of fresh hydrosols show t h a t a basic salt is present, 
bu t the deposit from old soln. consists of goethite. H . Freundlich and S. Wosnes-
sensky also discussed this subject. G. L. Clark, A. Krause and W. Buczkowsky, 
P . P . Lazareff, and J . Duclaux and R. Titeica studied the mycellar equilibrium of 
the hydrosol. G. Schikorr, and A. W. Thomas and E . R. Hamburger studied the 
hydrosol of the corresponding ferric oxybromide. 

The colloidal hydrated ferric oxide as usually prepared is a positive hydrosol, 
but negative hydrosols have been obtained. H. Rose found t h a t the presence of 
glycerol, mannitol, sucrose, and glucose prevent the precipitation of hydrated ferric 
oxide by the addition of alkali-lye, or a soln. of ammonia to a soln. of a ferric salt. 
H . W. Fischer dialyzed a soln. obtained by adding a sodium hydroxide soln. to a 
mixture of ferric chloride and glycerol ; and P . Rona and F . Lipmann used a some
what similar process. E. Riffard said t h a t invert sugar is seven times as effective 
as cane-sugar in preventing precipitation. There is a converse action, the presence 
of traces of hydrated ferric oxide hinders the crystallization of cane-sugar, and 
higher proportions of molasses are formed if raw sugar is kept in iron vessels. 
E . Grimaux at t r ibuted the solubility of the hydrated oxide to the formation of a 
negative sol stabilized by the preferential adsorption of hydroxy lions. A. W. Duman
sky and T. P . Tyazhelova obtained the negative hydrosol from ferric chloride in the 
presence of a soln. of alkaline citrate. F . Hazel and C. H. Sorum obtained the 
negative hydrosol by the hydrolysis of prussian blue. N. G. Chatterji and 
N. R. Dhar observed t h a t hydrated ferric oxide can be peptized by adding an 
alkali hydroxide to a soln. of a ferric salt in the presence of glycerol, or sucrose ; 
and N. R. Dhar and K. C. Sen found t h a t boric, molybdic, malonic, and tar tar ic 
acids could be used as peptizing agents ; and KL. C. Sen and co-workers, sodium 
arsenite, ta r t ra te , or citrate. A. Schmauss, and J . Billitzer found t h a t the colloid 
obtained by the spluttering of iron electrodes from an arc under a soln. of gelatin 
is negatively charged ; and the hydrosols obtained by E . Grimaux, D. Vorlander, 
and P . A. Thiessen and A. Koerner are also negatively charged. A. Boutaric and 
G. Perreau studied the mutual flocculation of the positive and negative hydrosol. 

F . Powis, and A. Boutaric obtained a stable, negative sol without protective 
colloid ; he found tha t by adding colloidal hydrated ferric oxide to a dil. soln. of 
sodium hydroxide of suitable cone , it may be changed from positive to negative, 
coagulation being prevented by mixing in this order. I t may also be directly 
prepared as a negative colloid by allowing the hydrated ferric oxide particles to 
form in the presence of a dil. soln. of sodium hydroxide. The view Is taken tha t 
the potential difference a t the surface of colloidal particles is due to adsorption 
of ions from the soln., and t h a t its sign depends on whether the cations or anions 
are in excess in the layers nearest the particles. The negative sol so prepared is 
brownish-yellow, and showed no sign of precipitation after standing for three weeks. 
Sols of ferric oxide prepared by the electrical disintegration of iron electrodes under 
water are usually charged positively, but , according to T. Malarsky, filtration through 
filter-paper, fat-free cotton, glass-wool, or sand, may make the charge less positive, 
neutral , or negative, and he explained the phenomenon as an effect of contact 
electrification. By successive nitration of the sol of hydrated ferric oxide through 
filter-paper, the potential difference of the double layer is diminished, and con
sequently, the velocity in an electrical field is also diminished ; repeated filtration 
will reduce the potential difference to zero and finally change the'sign of the charge* 
H . Freundlich and S. Wosnessensky found t h a t a hydrosol obtained by oxidizing 
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iron pentacarbonyl wi th hydrogen dioxide and flocculated b y boil ing, furnishes a 
negat ive hydrosol when pept ized b y sodium or potass ium hydroxide ; t h e pos i t ive ly 
charged hydrosol is also discharged b y shaking i t with dil. alkali-lye. H . R . K r u y t 
and J. v a n der Spek also found that the positively-charged hydrosol is discharged hy 
shaking i t with a soln. of s o d i u m h y d r o p h o s p h a t e ; H . M a y a n a g i , t h a t po tass ium 
ferrocyanide a c t s s i m i l a r l y ; a n d P . B o n a a n d F . L i p m a n n , t h a t t h e p o s i t i v e 
hydroso l becomes n e g a t i v e w h e n s h a k e n w i t h sod ium c i t r a t e . 

The c lear soln. of ferric p e p t o n a t e p r e p a r e d b y M. R o b i n b y a d d i n g a m m o n i u m 
ch lor ide t o a m ixed soln. of glycerol , p e p t o n e , a n d ferric chlor ide , was a n e g a t i v e 
soln. of h y d r a t e d ferric ox ide p e p t i z e d b y glycerol a n d p e p t o n e . O r d i n a r y pos i t ive 
colloidal soln. of h y d r a t e d ferric ox ide c a n n o t be u sed for i n t r a v e n o u s inject ions , 
s ince i t p r ec ip i t a t e s t h e nega t ive ly c h a r g e d s e r u m of t h e b lood , b u t a nega t ive soln. 
c o n t a i n i n g a lkal i a n d glycerol does n o t p r e c i p i t a t e s e r u m , a n d was r e c o m m e n d e d 
b y H . W . F i sche r in a r sen ica l po i son ing , a n d b y L». Dozz i , in t h e t r e a t m e n t of 
ansemia. 

H . B . Weiser a n d G. Xi. M a c k p r e p a r e d a lcoholso l s of ferric oxide w i t h m e t h y l 
a n d p r o p y l a lcohols . P . R e h l i n d e r a n d E . W e n s t r o m s tud i ed t h e s tabi l iz ing of 
suspens ions of ferric ox ide in benzene , t o l u e n e , a n d h e p t a n e . 

A c c o r d i n g t o A. C o t t o n a n d H . M o u t o n , t h e hydroso l of h y d r a t e d ferric ox ide 
c o n t a i n s pa r t i c l e s of t w o k i n d s . T h e par t i c les in t h e lower p a r t of t h e sol a re 
specifically heav ie r , a n d h a v e pos i t ive birefr ingence, whils t t hose in t h e u p p e r p a r t 
h a v e a n e g a t i v e birefr ingence. N . P . Peskoff, a n d A. Szegvar i also found t w o k inds 
of pa r t i c l e s in t h e hydroso l , a n d discussed w h a t is called barophoresis. X - r a d i o -
g r a m s b y J . B o h m , J . B o h m a n d H . Niclassen, H . F reund l i ch , H . Zocher , H . Zocher 
and K . J a c o b s o h n , H . Zocher a n d W . Hel le r agree t h a t t h e lower l ayers of pa r t i c l e s 
a r e r i cher in ferric h y d r o x i d e t h a n t h e u p p e r layers . P . B a r y also cons idered t h a t 
h is e x p e r i m e n t s o n t h e d r y i n g of t h e hydroso l s showed t h a t t w o k inds of par t i c les 
a r e p r e sen t . G. Q u i n c k e also s t u d i e d th i s sub jec t . Accord ing t o H . F reund l i ch , 
H . Diesse lhors t a n d H . F r e u n d l i c h , a n d B . L a n g e , t h e op t ica l p roper t i e s of t h e 
hydroso l s h o w t h a t t h e aged hyd roso l is an i so t rop ic , and con ta ins t abu l a r , a n d 
rod- l ike p a r t i c l e s — H . Zocher sa id d isc-shaped . R . W i n t g e n and M. Bil tz , W. P a u l i 
a n d co-workers , a n d L . Tier i m a d e e s t i m a t e s of t h e sizes of t h e par t i c les ; 
R . W i n t g e n , A. W . D u m a n s k y , a n d N . K i ihn l a n d W . P a u l i , of t he i r d e n s i t y ; a n d 
R . W i n t g e n a n d O. K i i h n , a n d N . K i ihn l a n d W . Pau l i , of t h e m a g n i t u d e of t h e 
cha rge . G. J a n d e r a n d A. W i n k e l found t h a t in t h e hydro lys i s of t h e ferric sa l t s , 
a series of bas ic s t a t e s a r e p r o d u c e d -which a re s t ab le u n d e r definite condi t ions of 
e q u i l i b r i u m . T h e s t a t e of equ i l ib r ium is v e r y sens i t ive t o t h e H ' - ion concen t r a t i on . 
T h e s t ab l e s t a t e s r a n g e f rom t h e un imo lecu l a r ferric sa l t t o t h e po lymolecu la r 
ferric h y d r o x i d e . Sma l l c h a n g e s in t h e H ' - i on c o n c e n t r a t i o n p r o d u c e large changes 
i n t h e mol . w t . of t h e p r o d u c t of hydro lys i s . 

F . Gio l i t t i showed t h a t t h e phys ica l c h a r a c t e r of t h e p r e c i p i t a t e d hyd roge l of 
h y d r a t e d ferric ox ide va r i e s w i t h t h e n a t u r e of t h e p r e c i p i t a t i n g agen t . T h u s , t h e 
h y d r o g e l p r o d u c e d b y t h e a d d i t i o n of a t r a c e of s u l p h u r o u s , su lphur ic , se lenious , 
iodic , per iod ic , bor ic , o r phosphor i c acid , is ge la t inous , a n d i t is n o t re -pep t ized b y 
w a t e r ; while t h e hyd roge l p r o d u c e d b y a d d i n g t r aces of hydroch lor ic , h y d r o b r o m i c , 
hyd r iod i c , n i t r i c , perch lor ic or pe rb romic acid , is a finely d iv ided , br ick-red p o w d e r ; 
and the hyd roge l p r o d u c e d b y t h e a d d i t i o n of a larger p r o p o r t i o n of t h e m o n o b a s i c 
acid is r ead i ly p e p t i z e d b y wa te r . H . B . Weiser found t h a t th i s a n o m a l o u s 
behaviour is i n d e p e n d e n t of t h e v a l e n c y of t h e p r ec ip i t a t i ng ion. T h e m o s t 
v o l u m i n o u s p rec ip i t a t e s a r e fo rmed w h e n t h e r e is a r a p i d coagula t ion t h r o u g h o u t 
the entire soln. , and when t h e p r e c i p i t a t i n g a g e n t h a s no solvent ac t i on o n t h e 
particles. Ge la t inous p rec ip i t a t e s a r e fo rmed when t h e finely d iv ided pa r t i c l e s 
of the hydrate are p r o d u c e d u n d e r cond i t i ons f avour ing t h e fo rmat ion of a n e t w o r k 
enmeshing t h e mo the r - l i quo r . Jus t a s l a rge c rys ta l s a re formed b y t h e slow 
deposit ion from a super-saturated soln., and small c rys ta l s , b y r ap id prec ip i ta t ion , a 
condit ion which m a y also form a gelatinous mass, so, in L. P . de St . Gilles' soln., finely-
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divided particles are present which, if allowed to agglomerate slowly, may form more 
or less granular masses entangling very little water ; bu t , if allowed to agglomerate 
rapidly, the particles have not t ime for orientation and a network may form 
entangling a relatively large amount of mother-liquor. This produces a relatively 
voluminous precipitate. Low concentrations of polyvalent ions cause rapid coagu
lation, and produce gelatinous precipitates. The solvent action of the precipitant 
also comes into play ; thus , potassium chloride has no solvent action, and t h e 
stabilizing influence of the potassium ion is slight, hence rapid coagulation and a 
voluminous precipitate is formed, bu t with hydrochloric acid, the H*-ion has a 
stabilizing influence, and the precipitate is slightly soluble in the acid. The 
smallest particles are most readily at tacked, and this will hinder the formation 
of a network enmeshing the mother-liquor, and restrict the amount of mother-
liquor which can be entangled in the precipitate. This reduces the vol. of the pre
cipitate ; actually, the precipitate is usually granular. The colour of t he precipi
t a t e furnished by L. P . de St. Gilles' soln. is not always brick-red ; it varies with the 
conditions of precipitation. H . B. Weiser found t h a t it is possible t o make a 
transition from brown to yellow by increasing the size of the particles. This may 
be effected by heating water to which ferric chloride has been added. The yellow 
colloidal hydrated oxide is not readily dehydrated a t 100° and probably contains 
adsorbed ferric salt. A yellow colloidal soln. was prepared by L. P . de St. Gilles' 
method by allowing the acetate soln. to remain for a few days before diluting and 
boiling. The slow hydrolysis of the acetate favours the formation of yellow-
hydroxide stabilized by adsorbed ferric salt. When the soln. is boiled, a stable 
yellow colloid is formed instead of the usual brick-red one. J . N. Mukherjee studied 
the effect of dilution on the stability of the hydrosol ; A. F . G. Cadenhead and 
W. H. Vining, the reversibility of the process ; and H. Handovsky, t he effect of 
ageing the soln. 

According to G. H. Ayres and C. H . Sorum, the size of the particles in t he 
hydrosols of ferric oxide, prepared by the hydrolysis of soln. of ferric chloride 
between 100° and 145°, range from 52/x/x to 76/u/*—average 60/u/z. The size is not 
influenced by the temp, of preparation, or by the cone, of its reactants . The 
colour of colloidal hydrated ferric oxide varies from yellow to brick-red and brownish-
red. According to E . F . Holden, the colour of colloidal soln. of hydra ted ferric 
oxide when a thickness of 10-5 cms. is viewed against a white background, is pale 
yellow for soln. with 0-0007 per cent. Ee2O8 ; yellowish-orange, with 0*0034 per 
cent. ; orange, with 0-0059 per cent. ; red, with 0-034 per cent. ; and dark red, with 
0-068 per cent. G. Malfitano, and H. W. Fischer recognized t h a t the variation in 
colour from yellow to red to brown is associated with an increase in the size of the 
particles—vide supra, ferric oxide. E . A. Schneider observed tha t the hydrosol 
becomes brick-red when heated to 200° ; and observations were also made by 
Li. P . de St. Gilles. H . B. Weiser's experiments on the hydrolysis of ferric chloride 
showed t h a t the two factors are co-related. Finely-divided brown particles can 
be transformed into larger yellow, and still larger brick-red particles by heat ing 
them under suitable conditions. J . B. Nichols and co-workers, P . L. du Noiiy, 
R. Audubert , R. Zsigmondy and C. Carius discussed the sizes of the colloidal particles. 
The observations of U. Antony and G. Giglio, Wo. Ostwald, E . Schaer, T. Svedberg, 
R. Bradfield, H . M. Goodwin, and C L . Wagner on the hydrolysis of ferric chloride 
soln., -whereby a colourless, dil. soln. changes spontaneously first to yellow and then 
to reddish-brown, make it appear t h a t the yellow particles are smaller than the 
brown. The colour of a dil. colloidal soln. is not necessarily the colour of t h e 
particles. R. Bradfield found tha t a colloidal soln. of hydra ted ferric oxide contains 
varying proportions of small, highly hydrated , reddish-brown particles and also 
larger, less hydrated yellowish-brown par t ides which can be separated from one 
another by the centrifuge. Both forms can be converted into larger, still less 
hydrated, brick-red particles by heating them to 100°. If the conditions are such 
t h a t t he red particles remain in colloidal soln., then L. P . St. de Gilles' sol is formed. 
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A yellow St. Gilles' sol does not become red by a prolonged boiling of the soln. ; this 
is a t t r ibuted by H. B. Weiser to the fact tha t the yellow particles, formed under 
certain conditions, lose water a t 100° less readily than the reddish-brown particles. 
W. D. Bancroft pointed out t h a t the yellow colloid is formed under conditions where 
the adsorption of a ferric salt is possible. H. B. Weiser showed tha t the adsorption 
of the ferric salt does not always produce the yellow colloid, bu t it may be t h a t t he 
yellow colloid, which is not converted to red by heating a t 100°, is stabilized by the 
adsorbed ferric salt. The subject was discussed by G. D. Grane, P . P . Lazareff, 
H . W. Kohlschiitter and H . Siecke, and B. W. Desai and co-workers. M. Annetts 
discussed the filtration of colloids. 

R. Wintgen found t h a t the specific gravity, a t 2574°, of the hydrosol prepared 
by the dialysis of a soln. of ferric ni t rate with the cone, of Fe(OH)3 , expressed in 
grams per 100 grms. of the dispersion medium : 

F e ( O H ) 3 . 0-23036 0-60683 1 0 0 3 0 1 0 7 2 8 2-2759 
Sp . gr. . . 0-99856 1-00095 1-00356 1-00405 1 0 1 1 9 9 

K. Grossmann expressed the cone, in grams Fe per 100 c.c. of soln., and found : 
F e ( O H ) 8 . 0-408 0-815 1-222 1-630 2-445 3-260 
S p . g r . . . 1 0 0 3 1 1 0 0 8 4 1-0135 1 0 1 8 7 1 0 2 9 1 1 0 3 9 2 

Observations were also made by N. Sahlbom, and G. H. Ayres and C. H. Sorum. 
A. Gatterer peptized the hydrogel with acetic acid, and evaporated the dil. soln. 
by warming i t under reduced press. The following are the results, Table L X X X I X , 
reduced to water a t 4°, determined in vacuo. Both R. Wintgen, and A. Gatterer 

T A B L E L X X X I X . — S P E C I F I C G R A V I T I E S O P T H E H Y D B O S O L OF H Y D B A T B D FEKJRIC 
O X I D E . 

15° 

0-9991 
10002 
1-0018 
10023 
10057 
10066 
10106 
1-0109 
10191 
10211 

20° 

0-9982 
0-9993 
10009 
10014 
10048 
10057 
10098 
IOIOO 

i 10182 
10202 

25° 

0-9971 
0-9982 
0-9998 
10002 
10037 
1-0046 
1-0087 
10089 
10171 
1-0191 

I 30° 
I 

0-9957 

0-9984 
.— 
— 

10031 
— • 

1-0075 
! 10157 
! 

observed t h a t the sp. gr. and the Specific volume of the hydrosol are a linear function 
of the concentration. H. Picton and E . Linder, and H. R. Kruy t and J . van der 
Spek observed t h a t a small dilation, just exceeding the errors of observation, occurs 
when the hydrosol coagulates. 

H. Picton and E . Linder found t h a t the coagulation of the hydrosol is at tended 
by an expansion. They a t tempted to measure the osmotic pressure of colloidal 
soln. of hydrated ferric oxide prepared in various ways, bu t consistent results could 
not be obtained. H . Picton and E . lander observed no perceptible change of temp, 
during the coagulation of the hydrosol of ferric oxide by the addition of electrolytes. 
Observations were also made by F . van der Feen, W. Biltz and A. von Vegesack, 
and G. Malfitano. J . Duclaux said t h a t the osmotic press, increases with con
centration bu t is no t proportional to i t ; R. Zsigmondy, and J . Duclaux found 
t h a t the osmotic press, decreases slightly with a rise of temp. ; and J . Duclaux, and 
G. Malfitano found t h a t the osmotic press, of the soln. do not vary directly with the 
electrical conductivity—the lat ter decreases with dilution more rapidly than the 
former. I t is assumed t h a t the colloidal soln. contain hypothetical, complex 

Fe(OH)8 
(per cent.) 

0 
0-252 
0-425 
0-514 
1042 
1-196 
1-825 
1-875 
3 1 0 3 
3-446 

5° 

10000 
10011 
— 

1-0030 
10066 
— -

1-0115 
— 
— 

10221 

10° 

0-9997 
10008 
10024 
10027 
10063 
1-0072 
10112 
10114 
1-0197 
1-0218 

Sp.gr
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oxy-sa l t s possessing t h e v e r y p rope r t i e s u n d e r i n v e s t i g a t i o n ! I t i s n o t su rp r i s ing 
t h a t the colloidal soln. show a s l ight o smot i c press . , a n d f . p . effect, because , genera l ly , 
some adsorbed soluble sa l t s a r e p r e s e n t . J . L i n d e m a n n s h o w e d t h a t t h e e l ec t ro ly te 
c o n t e n t of a sol c an d e t e r m i n e t h e osmot i c p ress . T h e m o r e di l . t h e hydroso l , t h e 
less t h e re la t ionsh ip b e t w e e n osmot i c press , a n d t h e c o n e , a n d t h i s is a t t r i b u t e d t o 
nega t ive osmosis . S. H o r i b a a n d co-workers found t h a t t h e o smot i c p ress , of 
t h e hyd roso l does n o t increase in l ight . T . Y a m a t o r i s t u d i e d t h e d ia lys is of t h e 
hydroso l , a n d found t h a t ferric ions d ia lyze comple t e ly "when t h e H*-ion cone . 
is pH=3-7 t o 3*9. H . F r e u n d l i c h a n d co-workers (1932) d iscussed t h e a c t i o n of 
s o u n d w a v e s on t h e t h i x o t r o p i c gels. R . Wi l son a n d T . C. P o u l t o n f o u n d t h a t t h e 
hydroso l is i m m e d i a t e l y coagu la t ed w h e n s u b j e c t e d t o a pressure of 300 a t m . , a n d 
in 30 m i n s . w h e n t h e press , is 100 a t m . 

H . P i c t o n a n d E . Lander found t h a t t h e surface t ens ion of w a t e r is n o t affected 
b y t h e p resence of t h e colloid. N . S a h l b o m m a d e some o b s e r v a t i o n s o n t h e cap i l l a ry 
m o v e m e n t s of t h e hydroso l . W . L . R o l t o n a n d R . S. T r o o p obse rved n o c h a n g e 
in t h e surface t ens ion of t h e hydroso l in a m a g n e t i c field of 16,0OO gauss . J . A l e x a n d e r 
d iscussed t h e re la t ion b e t w e e n surface t ens ion a n d t h e k ine t i c a c t i v i t y . G. J a n d e r 
a n d A. W i n k e l m e a s u r e d t h e re la t ion b e t w e e n t h e coeff. of diffusion a n d t h e 
H"-ion c o n c e n t r a t i o n ; a n d E. -TJl lmann, t h e r a t e of diffusion of f e r r u m o x y d a t u m 
s a c c h a r a t u m solubile . K . G r o s s m a n n found t h a t w i t h hydroso l s of ferric h y d r o x i d e 
h a v i n g C g r m s . of F e p e r c . c , t h e v i scos i ty , rj, a t 25°, is : 

C . . . 0 - 4 0 8 0 - 8 1 5 1 -222 1-63O 2 - 4 4 5 3-26O 
r, . . . 0 0 0 9 1 4 0 - 0 0 9 5 2 0 0 0 9 8 1 0 0 1 0 3 0 0 0 1 1 0 5 0 - 0 1 2 1 5 

M e a s u r e m e n t s -were also m a d e b y N . S a h l b o m , a n d A. d u P r e D e n n i n g . H . F r e u n d 
lich a n d E . Schalek, E . Scha lek a n d A. Szegvar i , G. H . A y r e s a n d C. H . S o r u m , 
J . H . Yoe a n d E . B . F r e y e r , R . N . M i t t r a a n d N . R . D h a r , A. G a t t e r e r , N . R . D h a r 
a n d V. Gore , H . Meerbre i , a n d H . W . W o u d s t r a obse rved t h e effect of pressure, 
p m m . , t o be such t h a t w i t h hydroso l , ove r 4 y e a r s of age , con ta in ing 9*5 p e r c e n t . 
F e 2 O 3 , a t 20°, t h e viscosi t ies in a r b i t r a r y u n i t s were : 

p . . . IO 2O 3O 4O 5 0 
V i s c o s i t y . 0 0 3 3 8 0 0 3 1 3 0 0 2 9 9 0 0 2 8 9 0 0 2 8 0 

A 10 p e r cen t , hydroso l d id n o t c h a n g e i t s v iscosi ty , rj = 0 * 1 3 6 8 , a t 20°, ove r t h e r a n g e 
2>=10 t o 50 m m . , a n d t h e sol w a s there fore a b o u t 13 t i m e s m o r e v i scous t h a n 
w a t e r . More dil . hyd roso l s h a v e p e r c e p t i b l y smal le r va lues . T h e effect of 
temperature w a s m e a s u r e d b y H . Meerbre i , N . R . D h a r a n d D . N . C h a k r a v a r t i , a n d 
A. G a t t e r e r . H . W . W o u d s t r a obse rved : 

20° 25° 30° 86° 40° 45° 50° 55° CO° 
v 0 - 0 1 0 6 9 0 0 0 9 5 0 0 - 0 0 8 4 9 0 -O0766 0 - 0 0 7 0 3 0 - 0 0 6 3 9 0 0 0 5 8 5 0 - 0 0 5 3 4 0 - 0 0 4 9 0 

A. W . T h o m a s a n d E . R . H a m b u r g e r ' s resu l t s w i t h t h e hydroso l s of ferric oxych lo r ide 
(Cl) a n d o x y b r o m i d e (Br) a re s u m m a r i z e d in F ig . 5 3 1 . A . G. B a n u s a n d M. Masr ie ra 
s tud ied t h e effect of a m a g n e t i c field o n t h e v i scos i ty . T h e effect of age ing is t o 
decrease t h e viscosit ies in b o t h cases . T h e o b s e r v a t i o n s of H . W . W o u d s t r a , 
N . R . D h a r a n d D . N . C h a k r a v a r t i , a n d K . G r o s s m a n n s h o w t h a t b y r e d u c i n g t h e 
d ispers ion of t h e hyd roso l b y ra i s ing t h e t e m p . , o r b y t h e a d d i t i o n of sma l l 
p r o p o r t i o n s of a n e lec t ro ly te , t h e v i scos i ty decreases u n t i l t h e v i scos i ty c u r v e 
a t t a i n s a m i n i m u m v a l u e . A. F e r n a u a n d W . P a u l i o b s e r v e d also t h a t t h e B-rays 
of r a d i u m a t first depress t h e v iscos i ty , a n d t h e n r a p i d l y a u g m e n t i t . J . H . Y o e 
a n d E . B . F r e y e r s t u d i e d t h e effect of t h e H"-ion cone , o n t h e v i scos i ty of t h e 
hydroso l , a n d C. H . S o r u m , t h e diffusion. G. Ross i a n d A . M a r e s c o t t i f o u n d t h a t 
t h e surface t ens ion a n d s t ab i l i t y a r e n o t a l t e r e d b y t h e a d d i t i o n of 0-04 p e r c e n t , 
of ge la t in . N . R . D h a r a n d S. P r a k a s h o b s e r v e d t h a t a m i x t u r e of 4 c.c. 0 - 5 J f - F e O s , 
1 c.c. 3 f - ( N H 4 ) 2 S 0 4 , 2 c.c. 3-52V-CH3-COONa, 12-5 c.c. of w a t e r , a n d 0-5 e.e. of 
S ^ i V - N H 4 O H se ts t o a jel ly in 6 h r s . T h e viscosi t ies of t h e soln . a t 30° w e r e : 

£§5° . • • O 3O 6 0 9O 1 0 7 1 3 2 m i n e . 
V«BOO«ity . 0 * 0 0 9 3 2 4 0 0 0 9 3 2 4 0 O 0 9 3 4 9 0 1 1 6 8 0 0 1 7 3 1 0 - 0 1 9 2 8 
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F . Doer inckel found t h e specific heat of t h e hydroso l a n d hydroge l s of h y d r a t e d 
ferric oxide : 

Fe 8O 8 • 1-6 
0-982 
0-981 

3-3 
0-966 
0-979 

6-5 
0-938 
0-967 

8-6 
0-915 
0-946 

1O-8 per cent. 
0-901 
0-941 

/0° 3 'k 40 24 28 32 36 
Ratio fkto Cl or Br 

F i a . 531.—Propert ies* of t h e H y d r o s o l s of 
F e r r i c O x y b r o m i d e (Br) a n d Oxyclxloride 
(Cl). 

A. B r a n n , J . H . W a l t o n a n d A. B r a n n , a n d H . F reund l i ch a n d F . O p p e n h e i m e r 
obse rved t h a t under-cooled hydrosols of h y d r a t e d ferric oxide freeze more r ap id ly 
t h a n is t h e case w i t h w a t e r a lone, a n d 
t h e crys ta ls a r e t a b u l a r . Measu remen t s 
of t h e lowering of t h e freezing-point 
were m a d e b y F . Krafft , G. Malfi tano 
a n d L . Michel, H . P i c t o n a n d E . l a n d e r , 
A. W . T h o m a s a n d A. F r i eden , A. Sa-
banejeff, A. W . D u m a n s k y , A. Ga t t e r e r , 
a n d G. B r u n i a n d N . P a p p a d a , b u t t h e 
effect, if a n y , is ou t s ide t h e l imi ts of 
t h e expe r imen ta l e r rors of obse rva t ion . 
F . Li. B r o w n e found t h a t t h e effect of 
d e x t r o s e on t h e f .p . of t h e colloidal soln. 
shows t h a t p rac t ica l ly all t h e w a t e r i n 
t h e sol a c t s a s so lvent for t h e subs tances 
dissolved in t h e sol. J . H . Glads tone 
a n d W . H i b b e r t o b t a i n e d a lowering of 
t h e f .p . cor responding wi th a mol . w t . 
of 5000 ; A. W. D u m a n s k y ca lcu la ted 
a mol . w t . of 3120 ; J . D u c l a u x , 115,0OO ; 
a n d R . W i n t g e n a n d co-workers , 32,00O. These resul ts , however , h a v e no pa r t i cu la r 
mean ing . G. Malfi tano discussed t h e size of t h e colloidal par t ic les , since t h e whole 
bas is of t h e ca lcula t ion is inva l id . G. B r u n i a n d N . P a p p a d a ob ta ined nega t ive 
resul t s in t h e a t t e m p t t o measu re t h e effect of t h e colloid on t h e vapour pressure 
of wa te r . 

M. Ber the lo t , a n d H . P i c t o n a n d E . Hinder observed t h a t t he re is a small 
evo lu t ion of h e a t du r ing t h e coagula t ion of t h e hydroso l—heat of coagulat ion. 
F . L . B r o w n e , a n d F . L . B r o w n e a n d J . H . Ma thews ob ta ined t h e same va lue for 
t h e h e a t of coagula t ion w i th sols p r e p a r e d b y t h r e e different me thods , ind ica t ing 
t h a t ferric oxide hydroso ls r ep resen t a n equi l ib r ium which is defined b y t h e t e m p . , 
press . , c o n e , a n d p u r i t y . T h e change in t h e degree of dispersion of ferric oxide 
d u r i n g coagu la t ion does n o t involve a measu rab le h e a t effect. The h e a t effects 
obse rved du r ing t h e coagu la t ion of sols of low p u r i t y a re due t o t h e d i lu t ion of t h e 
ferric chlor ide a n d hydroch lo r ic ac id con ta ined in t h e sols, t o t h e mix ing of these 
e lec t ro ly tes w i th t h e a d d e d coagula t ing e lect rolyte , a n d t o changes in t h e adso rp t ion 
equi l ibr ia . The sub jec t was s tud ied b y F . Doe r incke l ; a n d H . R . K r u y t a n d J . v a n 
de r Spek observed w i th sod ium su lpha t e coagula t ion, t h e h e a t developed is a b o u t 
2 cals . pe r g r a m of F e 2 O 3 , a n d i t increases w i t h t h e cone, of t h e chloride in t h e sol. 
T h e h e a t of coagula t ion var ies g rea t ly w i th concen t ra t ion of t h e hyd roso l ; a n d i t 
increases w i t h t h e p r o p o r t i o n of adso rbed sal t . T h e h e a t of coagula t ion w i th 
p o t a s s i u m oxa l a t e is t h r e e t imes as g rea t as w i th a l u m i n i u m su lpha te ; t h e h e a t of 
coagu la t ion is g rea te r in dil . t h a n in cone, soln., b u t no h e a t is developed w h e n t h e 
hydroso l is d i lu ted w i t h wa te r . Differences in t h e resul ts wi th different p r e p a r a t i o n s 
of t h e s a m e hydrosol a r e d u e t o differences in t h e p ropor t ion of adsorbed sa l ts . 
F . Doer incke l observed t h a t t h e hea t of di lut ion of a n aged 10-8 pe r cent hydroso l 
w a s zero : b u t F . L . Browne a n d J . H . M a t h e w s found t h a t fresh hydrosols h a v e a 
pos i t ive h e a t of di lu t ion, a n d t h a t t h e va lue decreases dur ing t h e dialysis, becoming 
zero , t h e n nega t ive , a n d finally zero. G. J . Bouyoucos discussed t h e hea t of reac t ion 
w i t h soln of t h e a lkal i hyd rox ides . . , , ^ 1 i 

H . P i c t o n a n d E . L inder , a n d A. G a t t e r e r s tud ied t h e dispersion of t h e hydroso l 
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as exhibited by the Tyndall effect—1. 13, 7. TJltramicroscopic observations were 
made by H. Diesselhorst and H . Freundlich, H . Freundlich and co-workers, 
T. Tevreli, A. Boutaric and C. Tourneur, A. W. Dumansky, N. Kiihnl and W. PauK, 
B. Kuriloff, R. Wintgen and M. Biltz, and R. Wintgen and O. Ktihn. B . Lange 
found the depolarization of the TyndalTs beam of light by the particles of the 
hydrosol is much greater with green light t h a n i t is with red light. R. Wintgen 
found t h a t the index of refraction, ft, of the hydrosol fx/D is a linear function of the 
concentration, where JD represents the sp. gr. of the soln. ; and t h a t with hydrosols 
having a concentration of C grms. of Fe(OH) 3 per 100 grms. of dispersion medium, 
the indices are : 

C . . . 0-23036 0-6O683 1-0030 1-0728 2-2759 
fj. . . . 1-33300 1-33364 1-33443 1-33463 1-33697 

S. Prakash studied the extinction coeff. during the coagulation of the hydrosol. 
V. Henri and A. Mayer, and C. Doelter observed no coagulation in radium rays ; 

bu t A. Righi, A. Fernau and W. Pauli, and W. P . Jorissen and H. W. Woudstra 
observed a slow coagulation. J . A. N. Friend made some observations on this 
subject. P . LaI and P . B. Ganguly studied the action of ultra-violet light ; 
S. S. Bhatnagar and co-workers, and J . A. Crowther and J . A. V. Fairbrother, 
the action of X-rays ; A. Cotton and H. Mouton, and O. Scarpa, the rotation of the 
plane of polarization in a magnetic field ; and F . Allison and B. J . Murphy, and 
W. Heller and H. Zocher, the magneto-optic properties. W. Zimmermann observed 
t h a t the photoelectric effect is not perceptible. 

O. Majorana observed t h a t hydrosols of hydra ted ferric oxide are birefringent 
in a magnetic field, the so-called Majorana effect. The hydrosol traversed by a 
ray of light a t right angles to the lines of magnetic force exhibits double refraction 
sometimes as great as t h a t of quartz. The birefringence disappears when the 
magnetic field is extinguished. O. Majorana, and A. Cotton and H. Mouton found 
tha t the birefringence is accompanied by a perceptible dichroism of the hydrosol. 
A. Schmauss inferred t h a t the magnetic field caused an orientation of the particles. 
The phenomenon was discussed by O. Wiener, !Lord Rayleigh, J . Kerr, Jj. Tieri, 
A. du Pre Denning, R. Gans and H. Isnardi , A. Pontremoli , H . Freundlich, 
and F . Braun. A. Cotton and H. Mouton observed t h a t after ultra-filtration through 
collodion, the filtrate remained inactive, while the double refraction of the colloidal 
residue was increased. While ordinary coagulation gives an inactive gel, coagula
tion in a magnetic field gives a gel with a permanent double refraction even in the 
absence of a magnetic field. The turbidi ty and double refraction depend on the 
age of the hydrosol ; and the ageing is hastened by raising the temp.—thus, 4 hrs. ' 
heating a t 100° raised the birefringence forty-fold. The turbidi ty and viscosity 
increase during the warming so t h a t the greater the grain-size of the particles, 
the greater is the birefringence. Some sols prepared by the electric process have 
particles which are visible under the ordinary microscope, and the long particles 
become oriented in the magnetic field, and the hydrosol is then birefringent. The 
double refraction is, therefore, a t t r ibuted to the orientation of lamellar or rod-like 
particles in the magnetic field, bu t the rods or flakes do no t form threads. The 
reason the small particles give a smaller effect is due to the more vigorous brownian 
movement disturbing the orientation. A. Cotton and H. Mouton inferred t h a t 
the Majorana effect is due to the na ture of the particles themselves as well as to 
their orientation ; and this is in accord with the observations of H . Freundlich, 
Or. Quincke, H . Diesselhorst and co-workers, D . Grafli, A. Pontremoli, and L. Tieri, 
t h a t the ferric oxide hydrosol exhibits double refraction when stirred mechanically, 
or when an electric current is passed through the liquid. C. von Nageli had 
previously explained the optical and other properties of colloids on the assumption 
t h a t they consist of anisotropic ultramicrons having a great resemblance to minute 
crystals. A. W. Ewell, L. Tieri, and O. M. Corbino studied the effect of a variable 
nfagnetic field on the Majorana effect. 
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The colour and dickroism of the hydrosol have been previously discussed. 
B . Lange studied the absorption of light by the hydrosol of ferric oxide. O. Scarpa 
found tha t the absorption spectra of the hydrosols are not in accord with Beer 's 
l a w ; with a decreasing concentration, the absorption in the red increases, and 
decreases in the violet. The absorption 
spectra observed by B . E . Moore with 
hydrolyzed soln. of ferric chloride, and 
hydrosols of hydrated ferric oxide, are sum
marized in Fig. 532. B . Jirgensons found 
t h a t when the hydrosol is coagulated, the 
limit of absorption is a t first displaced to
wards the red, but with complete coagulation, 
it is displaced towards the violet. A. Boutaric 
also studied the effect of nocculation on 
the coeff. of absorpt ion; Gr. Jander and 
A. Winkel, the effect of the H'-ion concen
trat ion ; and V. Petrescu, the depolarization 
of light by the colloidal soln. M. Matsui 
and co-workers, B . Kuriloff, and S. Prakash 
investigated the change in the extinction coefficient with the ageing of the 
hydrosol, and with the hydrosol mixed with different proportions of hydrochloric 
acid. B . Lange applied Lamber t and Beer's law to the hydrosol. T. Ewan 
observed t h a t when a completely hydrolyzed soln. of ferric chloride is diluted, the 
extinction coeff., h, has a higher value—wave-length of light constant ; and t h a t 
when the cone, of the hydrosol is C mols. of Fe(OH)3 per litre, and the mean 
wave-length of the light is A: 
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S. S. Bhatnagar and co-workers observed no marked change in the velocity of 
cataphoresis before and after exposing the hydrosol to X-rays. The electrophoresis, 
or ra ther the cataphoresis, of the positive colloid was studied by W. Biltz, H . Pic ton 
and E . Linder, J . N. Mukherjee and co-workers, S. H . Whang, F . Hazel and 
G. H . Ayres, W. B . Hardy , A. Reychler, R. Audubert , and W. Spring. The negative 
form of the colloid was discussed above, likewise also the reversal of the electric sign 
of colloids by adding varying proportions of positive or negative anions. The speed 
of migration of the colloidal particles of the positive hydrosol with a potential 
difference of 1 volt per cm. was found by R. Wintgen and M. Biltz to be 24*1 
to 35-1 cms. per sec. ; A. J . Rabinowitsch and V. A. Kargin gave 3 7 1 cms. per sec. ; 
W. Pauli and co-workers—N. Kiihnl, L.. Engel, F . Rogan, and G. Walter—approxi
mately 4-4 ; and W. Pauli and J . Matula, 57 to 336. The latter value is considered 
by R. Wintgen and M. Biltz t o be too large, because the conductivity of the inter-
mycellary fluid was ignored. H . Puiggari measured the electrical t ransport of the 
colloidal particles for the hydrosol, a t 17° using a current of 0-003 amp. and an e.m.f. 
of 23 volts across the electrodes. The amount of spongy, dark-orange coloured 
coagulum which separated on the plat inum cathode was directly P/°Portional to 
the current, averaging 3 0 4 x l 0 ~ 5 g. per amp. per sec. for currents of 0-003 to 0-01 
amp. , irregularly l n d progressively smaller for 0-036 to 0065 amp., and i n m b t e 
for less t h a n O-0003 amp. The electrical t ransport is increased by rise of temp. 
The subject was discussed b y S. S. Bhatnagar and D. C. ^ a h l A. Boutaric and 
G Perreau, H . Puiggari, F . Hazel and co-workers, A. J . Rabinowitsch and 
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E . F o d i m a n , a n d H . F r e u n d l i c h a n d G. L i n d a u . H . F r e u n d l i c h a n d S. W o s n e s -
sensky, P . B o n a a n d F . L i p m a n n , a n d F . P o w i s d iscussed t h e speed of migration, 
or r a t h e r t h e anaphores i s , of t h e colloidal pa r t i c l e s of t h e n e g a t i v e hyd roso l , a n d 
t h e value works o u t t o be b e t w e e n 15 a n d 30 c m s . p e r sec. T h e speed of m i g r a t i o n 
of t h e c a t a p h o r e t i c pa r t i c l e s w a s found b y H . F r e u n d l i c h a n d H . P . Zeh t o b e 
lowered b y t h e a d d i t i o n of complex c y a n i d e s p r o p o r t i o n a l l y w i t h t h e v a l e n c y ; 
a n d H . F r e u n d l i c h a n d G. V. S l o t t m a n found t h a t t h e lower ing of t h e speed b y 
sa l t s of t h e su lpho-ac ids increases as t h e sa l t s r ise i n t h e homologous ser ies . 
H . F r e u n d l i c h a n d P . R o n a obse rved t h a t s u b s t a n c e s l ike c a m p h o r or t h y m o l lower 
t h e speed of m i g r a t i o n ; a n d S. W . Y o u n g a n d L . W . P i n g r e e f o u n d t h a t l i gh t 
p r o d u c e s a s imi lar resu l t . T h e sub jec t w a s d iscussed b y L . E n g e l a n d W . P a u l i . 
E . H . B i i chner a n d A. H . H . v a n R o y e n found t h a t w h e n a t h i n s t r e a m of t h e 
hyd roso l of ferric h y d r o x i d e flows t h r o u g h t h e d ispers ion m e d i u m b e t w e e n t w o 
ve r t i c a l e lec t rodes , t h e s t r e a m b r o a d e n s o u t in all d i rec t ions . T h e effect is n o t 
one of ca taphores i s , a n d i t is a t t r i b u t e d t o differences in e lec t r ica l c o n d u c t i v i t y 
of t h e hydroso l a n d t h e dispers ion m e d i u m . A. L o t t e r m o s e r a n d Ta-Yi i C h a n g 
s t u d i e d t h e effect of d i lu t ion on t h e electr ic cha rge of t h e sol. 

T h e sp . e lectrical conduct iv i ty of t h e hydroso l va r ies w i t h i n wide l imi t s a n d i t 
d e p e n d s on t h e p r o p o r t i o n of chlor ide assoc ia ted w i th t h e hydroso l . R . W i n t g e n 
a n d M. Bi l t z found t h e s p . c o n d u c t i v i t y in m h o s for hydroso l s w i t h t h e following 
a t o m i c p r o p o r t i o n s of C l : F e t o b e : 

Cl : F e . 0 1 4 7 2 0-1354 0 1 2 3 8 0-1236 0-1132 0 0 9 9 4 0-0605 
Mho X l O 3 . 1-525 1-246 0-8509 0-7544 0-6460 0-5073 0-4622 

Obse rva t i ons were also m a d e b y W . K o p a c z e w s k y , R . W i n t g e n a n d c o - w o r k e r s — 
M. Vohl , a n d O. K u h n — W . P a u l i a n d co -worke r s—N. Ki ihn l , G. W a l t e r , J . M a t u l a , 
F . R o g a n , a n d L . E n g e l — A . G a t t e r e r , A. H a n t z s c h a n d C. H . Desch , N . R . D h a r , 
a n d N . R . D h a r a n d D . N . C h a k r a v a r t i . T h e c o n d u c t i v i t y of t h e sol inc reases w i t h 
ageing, a n d a p p r o a c h e s a c o n s t a n t va lue . K . C. Sen a n d co-workers g a v e 3O X 1 0 ~ 6 

t o 244 x 1 O - 6 m h o for t h e c o n d u c t i v i t y of t h e n e g a t i v e hyd roso l . G. Malf i tano found 
t h a t soln. of ferric ch lor ide will p a s s t h r o u g h a collodion m e m b r a n e w i t h o u t c a u s i n g 
a c h a n g e in e lectr ical c o n d u c t i v i t y ; b u t J . D u c l a u x o b s e r v e d t h a t G r a h a m ' s sol, 
w i th 0*032 g r a m - a t o m of i ron p e r l i t re , g ives a colourless l iqu id b y u l t r a - f i l t r a t ion 
t h r o u g h a collodion m e m b r a n e , so a s t o s e p a r a t e t h e myce l i a f rom t h e i n t e r m y c e l l a r y 
l iquid . T h e or ig inal soln. h a d a c o n d u c t i v i t y of 1 1 3 x 1 0 — 8 m h o ; t h e f i l t ra te , a 
c o n d u c t i v i t y of 82 X 1 O - 6 m h o ; a n d t h e res idue , o n e - t e n t h t h e or iginal , h a d a 
c o n d u c t i v i t y of 2 8 O x I O - 6 m h o . T h e r e m o v a l of t h e myce l i a dec reased t h e con
d u c t i v i t y ; t h e i n t e rmice l l a ry l iquid is n o t c h a n g e d b y i t s pa s sage t h r o u g h t h e 
m e m b r a n e . T h e a d s o r p t i o n of t h e e lec t ro ly te b y t h e m e m b r a n e is negligible . Th i s 
sub jec t w a s discussed b y R . W i n t g e n a n d M. Vohl , R . W i n t g e n a n d M. B i l t z , 
J . D u c l a u x , E . H e y m a n n , A. L o t t e r m o s e r , R . Z s i g m o n d y , a n d W o . O s t w a l d . 
Accord ing t o H . H a n d o v s k y , t h e longer t h e hyd roso l of ferr ic ox ide is d i a lyzed , t h e 
g r e a t e r t h e increase in c o n d u c t i v i t y w i t h t h e age ing of t h e s o l ; t h e inc rease in 
c o n d u c t i v i t y is sa id t o t a k e p lace chiefly i n t h e i n t e r m y c e l l a r y l iquid i n t o w h i c h t h e 
ions m o v e s lowly f rom t h e myce l i a . A. W . T h o m a s a n d E . R . H a m b u r g e r ' s r e su l t s 
w i t h t h e hydroso l s of ferric oxych lo r ide (Cl), a n d o x y b r o m i d e (Br) a r e s u m m a r i z e d 
i n F ig . 532. T h e effect of age ing is t o increase t h e c o n d u c t i v i t y i n b o t h cases . 

R . W i n t g e n a n d co-workers a t t e m p t e d t o ca l cu l a t e t h e n u m b e r of molecu les 
i n a single colloidal pa r t i c l e f rom m e a s u r e m e n t s of t h e e lec t r ica l c o n d u c t i v i t y a n d 
t h e t r a n s p o r t n u m b e r s , invo lv ing a n u m b e r of v e r y d e b a t a b l e a s s u m p t i o n s . I t w a s 
f o u n d t h a t a n a g e d hydroso l , w i t h 1-601 g n u s . F e 2 O 8 a n d 0-06014 g r m . Cl p e r 
1O0 grm a. of sol, a s s u m i n g al l t h e pa r t i c l e s h a v e t h e s a m e size, h a d t h e a v e r a g e c o m 
pos i t i on of [75-35Fe 2O 3 .7-86HCl.ajH 2O)FeOJ10-230H-10-230Cl / . A. L o t t e r m o s e r 
found t h a t t h e H*-ion cone , of t h e u l t r a - n i t r a t e s f rom a n aged, sol t o b e t h e s a m e as 
t h a t of the sol itself, a n d t h e mycel ia a r e s u p p o s e d t o c o n t a i n n e u t r a l ch lo r ide 
a n d ch lor ide ions . T h e pos i t ive charge of t h e col loid is a t tr ibuted t o t h e s t r o n g e r 
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a d s o r p t i o n of t h e H*-ion, a n d h e r e p r e s e n t e d t h e c o m p o s i t i o n of t h e pa r t i c l e s b y 
[(ajFe203.yHCL5fH20)H"]n- |-(n—q)Cl' t w h e r e qCY r e p r e s e n t s t h e ch lor ide ion corre
s p o n d i n g t o t h e a d s o r b e d H*-ion. T h e s p . c o n d u c t i v i t y of t h e sol is g r e a t e r t h a n 
t h a t of t h e u l t ra - f i l t r a tes , a n d A. L io t te rmoser r e g a r d e d t h e difference a s t h e t r u e 
c o n d u c t i v i t y of t h e myce l i a . T h e m o b i l i t y of t h e myce l i a r ises a b n o r m a l l y -with 
inc reas ing d i lu t ion i n sol c o n t a i n i n g b u t a sma l l p r o p o r t i o n of chlorine- Th i s is 
t a k e n t o m e a n t h a t t h e myce l i a a r e a d s o r p t i o n c o m p l e x e s , a n d t h e a b n o r m a l i t y 
i s a t t r i b u t e d t o t h e d i s p l a c e m e n t of a d s o r p t i o n a n d hyd ro ly s i s equi l ib r ia b y d i lu t ion . 
H . B . Weise r a d d e d t h a t t h e r e is n o n e e d t o a s s u m e t h a t t h e h y d r o s o l is a n e lec t ro ly te 
w i t h c o m p l e x oxych lo r ide t o a c c o u n t for t h e o b s e r v e d fac t t h a t on ly p a r t of t h e 
ch lor ine p r e s e n t a p p e a r s t o b e ionic . H e a r g u e d t h a t a n indef in i te ly l a rge n u m b e r 
of h y d r a t e d ferric ox ides a r e poss ib le , a n d differing a m o n g s t t h e m s e l v e s in t h e 
a v e r a g e gra in-s ize , a n d there fore a lso i n t h e a m o u n t of sa l t o r sa l t - ions adso rbed 
a t t h e sur face ; a s s h o w n b y F . L . B r o w n e , a n d P . Maffia, t h e colloid of G r a h a m ' s 
sol a d s o r b s ferric ch lo r ide a n d hyd roch lo r i c ac id a s wel l a s Fe*"*-, H*-, a n d Cl '- ions, 
i n p r o p o r t i o n s d e p e n d e n t on t h e n a t u r e of t h e colloid, t h e sp . adso rp t ion , a n d t h e 
cone . T h e p re fe ren t i a l a d s o r p t i o n is i n f a v o u r of t h e ferric a n d h y d r o g e n i o n s — 
t h e ch lor ide ion is n o t a d s o r b e d so s t rong ly . T h e r e is a s t a t e of equ i l ib r ium be tween 
t h e p r o p o r t i o n a d s o r b e d a n d t h e p r o p o r t i o n in soln. P r o l o n g e d dialysis invo lves a 
loss of t h e a d s o r b e d ions , a n d t h i s decreases t h e s t ab i l i t y of t h e sol. The a d s o r b e d 
ch lo r ide is m a s k e d or p r o t e c t e d b y t h e h y d r a t e d ferric oxide , a n d does n o t r e s p o n d 
t o t h e o r d i n a r y t e s t s , a n d i t h a s a negligible effect on a chlor ine e lec t rode a n d is n o t 
d e t e c t a b l e b y t h e p o t e n t i o m e t e r . H e n c e , c o n t i n u e d H . B . Weiser , i t is t o b e 
e x p e c t e d t h a t t h e a m o u n t of ionic ch lor ine is less t h a n t h e t o t a l ch lor ine of t h e 
soln . W . L . McCIatchie s t u d i e d t h e H - i o n c o n c e n t r a t i o n of sols of ferric h y d r o x i d e . 
H . P u i g g a r i p r e p a r e d t h e hydroso l , w i t h t h e H*-ion cone . eq . t o joH==3*8, b y g r a d u a l l y 
a d d i n g a q . a m m o n i a (9O g r m s . of 2 8 p e r cen t . N H 3 a n d 180 c.c. of wa te r ) t o 1000 
g r m s . of a soln. of h e x a h y d r a t e d ferric ch lor ide in 200O c.c. of w a t e r , a n d d ia lyz ing 
for 264 h r s . T h e cone , of t h e H*- a n d Cl ' - ions were d e t e r m i n e d e lec t romet r ica l ly 
b y W . P a u l i a n d J . M a t u l a , N . K i i h n l a n d W . P a u l i , A. J . Ttabinowitsch a n d 
V. A. K a r g i n , P . R o n a a n d F . L i p m a n n , R . W i n t g e n a n d M. Bi l t z , F . L . B r o w n e , a n d 
A. W . T h o m a s a n d A. F r i e d e n . A. J . R a b i n o w i t s c h a n d V. A. K a r g i n , a n d H . Pa l l -
m a n s t u d i e d t h e H*-ion a c t i v i t y of t h e d i spe r sed p h a s e . A . L o t t e r m o s e r a n d 
W . R i e d e l c o m p a r e d t h e e lec t ro ly t ic a n d e l ec t rok ine t i c p o t e n t i a l s . S. S. Kis t le r 
discussed the dielectric constant. 

A. T u r p a i n a n d B . d e L a v e r g n e o b s e r v e d t h a t a m a g n e t i c field h a s no effect 
o n t h e d i spers ion of ferric h y d r o x i d e , b u t if some i ron, nickel , coba l t , o r c h r o m i u m is 
p r e s e n t , c o a g u l a t i o n occurs . S. B e r k m a n a n d H . Zocher o b t a i n e d ^ ; = —0-03x10— 6 

for t h e m a g n e t i c suscept ibi l i ty of t h e hyd roso l p r e p a r e d b y t h e dia lys is of a soln. of 
ferric c h l o r i d e ; P . P a s c a l g a v e —0*019x10— 6 for a hyd roso l w i t h 4*93 g r m s . F e 
p e r l i t re ; a n d O. S c a r p a o b t a i n e d —0-4 x 1 O - 6 t o 0-7 x 10—« for hydroso l s p r e p a r e d 
b y electr ical s p l u t t e r i n g . T h e m a g n e t i c suscep t ib i l i ty w a s a lso e x a m i n e d b y 
G. W i e d e m a n n , a n d A . d u P r e D e n n i n g . W . H a g e n obse rved t h a t t h e m a g n e t i c 
suscep t ib i l i ty dec reased l inea r ly w i t h t h e t e m p . ; a n d R . Gans a n d H . I s n a r d i 
f o u n d t h a t i t dec reased w i t h t h e t e m p . , a n d increased w i t h t h e field-strength. 

Acco rd ing t o H . F r e u n d l i c h , t h e smal les t concen t r a t i ons i n mols p e r l i t re , 
r e q u i r e d for t h e p r e c i p i t a t i o n of t h e hyd roge l f rom t h e hydroso l of h y d r a t e d ferric 
ox ide , a r e : 

K N O . *Ba<NOa)a NaCl 4BaCl4 K 2 S O 8 MgSO4 K 2 C r 2 O 7 

0 O l 1 9 0 0 1 4 0 0 0 0 9 2 5 0 0 0 9 6 4 0 - 0 0 0 2 0 000022 000019 

T h e n e g a t i v e ion a p p a r e n t l y e x e r t s t h e d o m i n a n t ac t ion, a n d b iva len t ions a r e 
m o r e e l e c t i v e t h a n u n i v a l e n t ions . H . F r e u n d l i c h found t h e order of t h e prec ip i 
t a t i n g p o w e r of t h e a n i o n s t o be : c h r o m a t e > s u l p h a t e > h y d r o x i d e > s a U c y l a t e > 
b e n z o a t e > c h l o r i d e > n i t r a t e > b r o m i d e > i o d i d e ; a n d H . B . Weiser a n d E . B . Midd le -
t o n , u s ing IJ. P . d e S t . Gilles* sol, found : f e r r o c y a n i d e > f e r n c y a m d e > - d i c h r o m a t e > -
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tartrates sulphate > oxalate ;> chroma te Z> iodate > bromate>thiocyanate>> chloride 
>• chlorate>nitrate>bromide>-iodide. According to H. B. Weiser, hydrochloric 
acid has two precipitation values for L. P. de St. Gilles' sol, one above the other 
with a zone of non-precipitation between, in which the colloid is less stable than 
the original colloid. The degree of reversibility of the precipitation of hydrous 
ferric oxide is determined mostly by the specific adsorbability of the precipitating 
ion, although the physical character of the precipitate has an influence. Non-
electrolytes, even in cone, soln., have very little action. A. W. Dumansky found 
that when the hydrosol is boiled with Fehling's soln., the colloid is precipitated 
along with cuprous oxide. O. Baudisch and W. H. Albrecht studied the subject. 
N. R. Dhar and R. N. Mittra discussed the rhythmic coagulation of ferric 
hydroxide sol. 

Observations on the coagulation of the hydrosol by electrolytes were made by 
H. Freundlich and co-workers—H. P. Zeh, K. Jacobsohn, V. Birstein, O. V. Slott-
man, S. Wosnessensky, A. Brossa, and M. Aschenbrenner—E. Weitz and H. Stamm, 
H. R. Kruyt and J. van der Spek, J. Traube and E. Rackwitz, A. W. Dumansky 
and co-workers, E. Schalek and A. Szegvari, W. Knaust, F. Hardy, H. D. Murray, 
S. I. Dyachkovsky, J. N. Mukheriee and co-workers, B. N. Desai and P. M. Barve, 
J. Xasiecky, N. R. Dhar and V. Gore, C. H. Sorum, S. Liepatoff, H. Mayanagi, 
S. G. Chaudhury and A. Ganguli, H. Picton and E. Hinder, E. S. Moore and 
J. E. Maynard, M. N. Chakravarti and co-workers, G. Rossi and A. Marescotti, 
W. V. Bhagwat and N. R. Dhar, A. J. Rabinowitsch and V. A. Kargin, E. Deiss 
and G. Schikorr, A. von Buzagh, W. Pauli and co-workers, A. Yanek, 
K. Jablczynsky and co-workers, A. Ivanitzkaja and L. Orlova, W. P. Jorissen 
and H. W. Woudstra, W. B. Hardy, A. Boutaric and co-workers—M. Dupin and 
G. Perreau—N. Pappada, S. Ghosh and N. R. Dhar, N. R. Dhar, D. Deutsch and 
S. Loebmann, W. W. Taylor, S. S. Joshi and V. L. Narayan, and P. Rona and 
F. Lipmann. The results show that univalent anions like the Cl'- Br"- and I'-ions 
are not very different in their action, but the F'-, CyS'-, and OH'-ions have a 
particularly high coagulating value. Soln. of sodium phosphate act between two 
limiting concentrations ; the coagulating value of the complex cyanides increases 
with their valency ; and the coagulating values of the fatty acids, and of the 
sodium salts of the sulpho-salts, are greater the higher their position in the 
homologous series. K. Hakozaki attempted to express the coagulating power of 
electrolytes by an empirical formula. H. Freundlich, and S. Ghosh and N. R. Dhar 
found the coagulating values are independent of the age of the hydrosol. A. Bou
taric and G. Perreau, H. Freundlich, KL. C. Sen and co-workers, H. B. Weiser and 
H. O. Nicholas, H. R. Kruyt and J. van der Spek, and O. Fodor and R. Riwlin 
observed that the coagulating power increases with the concentration of the 
hydrosol, but T. Takamatsu found that whilst the coagulating powers of the 
OH'-, SO4"-, CO3"-, HPO4"-, FeCy6""-, and Cr207"-ions are proportional to the 
cone, of the hydrosol, that of the I'-, and CH3COO'-ions is dependent on the cone, 
of the hydrosol, and that of the Cl'- and N03 '-ions is independent of the cone, 
of the hydrosol. E. F. Burton and E. Bishop found that with some colloids : 
The precipitating power—pp.—of univalent ions increases, that of bivalent ions 
remains unchanged, and that of tervalent ions decreases with a decreasing con
centration of the sol. H. B. Weiser and H. O. Nicholas observed that the rule 
does not apply for the hydrosol of hydrated ferric oxide; their results, plotted in 
Fig. 533, were obtained with a hydrosol having 1-7 grms. of the colloid per litre as 
100 per cent. : 

Cone, of colloid 
(KBrO 3 

P p . va lue ^K 8 SO 4 
( K 4 F e C y 6 

On the other hand, R. C. Judd and C. H. Sorum found that with a hydrosol quite 
free from chlorides, the coagulation follows E. F. Burton and E. Bishop's rule. 

1OO 
4 O l 

0-68 
0-57 

5 0 
34-4 ~ 

0-41 
o-so 

2 5 
28-0 

0-25 
0 1 6 

12*5 per cent . 
2 5 0 

0-16 
0-08 
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Under these conditions, the amount of coagulating univalent ion decreases as the 
cone, of the sol increases. N. R. Dhar and co-workers found that the more con
centrated the highly purified sols the greater the amount of electrolyte required for 
coagulation, irrespective of the valency of the 
coagulating ion. 

A. W. Thomas and E. R. Hamburger studied the 
limiting value, or the average of the amounts of 
sodium sulphate, in milhmols per litre, required just 
to precipitate and just not to precipitate the hydro-
sols of ferric oxychloride (Cl) and oxybromide (Br), 
and the results are summarized in Fig. 532. J. Du-
claux found that in the coagulation of ferric oxide ^ KOO m, ~ _ A. 
hydrosol 10 c.c. of the hydrosol, with 00203 gram- *£"^SsSrt » S 5 ? c S S ^ 
atoms of iron and 000166 gram-atom of chlorine 
per litre, required almost eq. quantities of anions for coagulation, regardless of 
their valency. 

.§ 

I 

J-O 
0-8 
0-6 

0-2 
0 

\-M& 
^j S^" 

I y p 
eP* 

0 ZS 50 75 JOO 
/^brcentage concentiation colloid 

S O 4 " 
1 7 x 1 0 - « 

P O , ' " 
1 9 x 1 0 - « 

<CII2)2C(OH>(COO)3' 
16-5 X 10-« 

CrO4" 
1 5 - 2 x 1 0 - « 

OH' 
1 6 1 X l O -

TeCy6"" 
13 X10~« 

NO3 ' 
1 8 8 0 X 1 0 - « 

G O 3 " 
17 X10-« 

Cl' 
2000 X10-« 

The nitrate and chloride ions were found to be exceptional. The amount of sulphate 
or hydroxide ion necessary for precipitation was almost eq. to the chloride-content 
of the hydrosol. He thus regarded the process of coagulation as a definite stoichio-
metrical, chemical action, i.e. a double decomposition of the ordinary type. 
F. Hazel and C. H. Sorum, H. Freundlich and G. Lindau, and P. Rona and F. Lip-
mann found that the coagulating value increases with the H"-ion cone, of the soln., 
but the order of the coagulating power of the anions is but little affected by the 
cone, of the H*-ion. Graham's sol is stabilized by adsorbed H*-ions, and probably 
also by ferric ions. Different concentrations of electrolytes are required to neutralize 
the adsorbed ions and to precipitate the sol. The cone, of the acids required for 
precipitation are greater than those of the potassium salts because the stabilizing 
H"-ion is more strongly adsorbed than the K.*-ions. W. Pauli and co-workers— 
J. Matula, G. Walter, F. Rogan, and W. KLiihnl—discussed the displacement of the 
chloride associated with the hydrosol by the coagulating anion ; and A. J. Rabino-
witsch and V. A. Kargin, the effect of the H"-ion concentration on the exchange of 
ions. 

H. Freundlich and G. Lindau studied the coagulation value of albumen--
egg-albumen, haemoglobin, paraglobulin, gelatin, globin, and trypsin ; and A. Janek 
and JB. Jirgensons, methyl, ethyl, propyl, and isobutyl alcohols. H. M. Stark 
found that the hydrosol is coagulated by bubbling some gases through the liquid ; 
carbon dioxide caused no coagulation ; but the iron precipitated by a litre of 
gas was 273 X10—7 grm. with nitrogen ; 317 X 10~7 grm. with air ; 428 X 10—7 grm. 
with hydrogen ; and 453 X 1O-7 grm. with oxygen. A. W. Dumansky found that 
when a soln. of carbamide is added to a colloidal soln. of hydra ted ferric oxide, 
the time of coagulation increases as the cone, of the carbamide is diminished, 
but the cone, of the colloid has no effect on the process. Until the occurrence 
of coagulation, the cone, of the coagulating substance is less than its calculated 
value, but after coagulation the colloid retains hardly any of the coagulating 
substance. The process of coagulation is assumed to occur thus: carbamide 
passes readily through the walls of the bubbles of the colloid suspended in the 
water, consequently no coagulation appears at first, but the carbamide soln. is 
concentrated within the cells of the colloid until the strain causes them to burst 
and coagulation takes place. Under certain conditions, the bubbles of the 
colloid do not burst, but they stretch, thus occupying a larger vol. and finally 
cause the formation of a jelly. A. W. Dumansky prepared colloidal soln. of 
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h y d r a t ed ferric ox ide c o n t a i n i n g 8*69 gr ins , of b a r i u m n i t r a t e , o r 2-152 g r m s . of 
po t a s s ium chlor ide, o r 4 g r m s . of p o t a s s i u m n i t r a t e . C o n d u c t i v i t y m e a s u r e m e n t s 
of m i x t u r e s , i n v a r i o u s p r o p o r t i o n s , of col loidal h y d r a t e d ferr ic ox ide soln . a n d 
a m m o n i u m chlor ide soln. , s h o w t h a t i n t h e s e m i x e d soln . t h e a m m o n i u m ch lor ide 
d i s t r i bu t e s itself b e t w e e n t w o so lven t s , n a m e l y , w a t e r a n d t h e mols . of t h e col loid. 
C. E . I a n e b a r g e r conc luded t h a t i t is v e r y un l ike ly t h a t t h e coagu l a t i on o r gelatiniza-
t i o n of t h e hydroso l is c o m p a r a b l e w i t h c rys ta l l i za t ion f rom s u p e r s a t u r a t e d soln . , 
b e c a u s e t h e a d d i t i o n of a smal l a m o u n t of a s u b s t a n c e h a v i n g t h e p o w e r t o s t a r t 
c o a g u l a t i o n in one p a r t of a colloidal soln . does n o t cause t h e coagu la t i on t o s p r e a d 
a t a c e r t a i n r a t e t h r o u g h o u t t h e whole soln., such as w o u l d occur w i th c rys t a l l i za t ion 
f rom a s u p e r s a t u r a t e d soln. K . J a b l c z y n s k y a n d M. S o r o c z y n s k y s t u d i e d t h e 
k ine t i c s of t h e process of coagu la t i on of sols of ferric h y d r o x i d e b y e lec t ro ly tes ; 
K . J a b l c z y n s k y a n d M. K n a s t e r s h o w e d t h a t t h e speed of coagu l a t i on increases 
w i t h t h e t e m p , b e t w e e n 5° a n d 45° ; a n d K . J a b l c z y n s k y a n d co-workers f o u n d t h a t 
t h e coagu la t i on veloci t ies w i t h different u n i v a l e n t a n i o n s a r e in t h e p r o p o r t i o n s 
V : B r ' : N O 3 ' : C r = I : 7-92 : 72-9 : 169. A. F o r d o r a n d R . R iwl in d i scussed t h e 
speed of coagu la t i on of t h e hydroso l . Accord ing t o G. H . A y r e s a n d C. H . S o r u m , 
t h e flocculation of hyd roso l s showed n o r egu la r v a r i a t i o n w i t h t h e t e m p , of p r e p a r a 
t ion , b u t s amples h e a t e d t o different t e m p , were less s t ab l e t o a flocculating a g e n t 
t h e h ighe r t h e p r e - h e a t i n g t e m p . O p a q u e sols of a n o range - r ed colour , p r o d u c e d 
a t a h igh t e m p . , s h o w e d cons ide rab le s e d i m e n t a t i o n on s t a n d i n g . T h e co lour a n d 
t u r b i d i t y of t h e sols i n d i c a t e t h a t t h e ox ide is less h y d r a t e d t h e h igher t h e t e m p , 
of p r e p a r a t i o n , a n d t h e ox ide is t h e n less s t ab l e t o w a r d s e lec t ro ly tes t h a n sols 
p r e p a r e d a t a lower t e m p . T h e decrease i n s t ab i l i t y a n d increase i n t u r b i d i t y 
a r e n o t d u e t o a n increase in t h e grain-s ize of t h e pa r t i c l e s . W . K n a u s t d i scussed 
t h e coagu la t ion of t h e sol p e p t i z e d b y p h o s p h o r i c ac id . E . S. H e d g e s a n d 
R . V. H e n l e y s t u d i e d t h e per iodic coagu la t i on of t h e hydroso l . 

T h e coagu l a t i on of t h e n e g a t i v e h y d r o s o l of ferric ox ide b y e lec t ro ly tes w a s 
s t u d i e d b y H . F r e u n d l i c h a n d S. Wosnes sensky , P . R o n a a n d F . L i p m a n n , K . C. Sen 
a n d co-workers , a n d A. B o u t a r i c a n d G. P e r r e a u . 

M i x t u r e s of some e lec t ro ly tes i n s t e a d of a d d i t i v e l y s t r e n g t h e n i n g one a n o t h e r ' s 
ac t ion , r educe t h e i r m u t u a l ef fec t ; hence t h e t e r m an tagon i s t i c e lectrolytes . T h u s , 
m i x t u r e s of ferric a n d p o t a s s i u m chlor ides , o r of a l u m i n i u m n i t r a t e a n d p o t a s s i u m 
s u l p h a t e , a c t a s a n t a g o n i s t i c colloids i n t h e flocculation of t h e h y d r o s o l of h y d r a t e d 
ferric ox ide . T h e p h e n o m e n o n w a s first o b s e r v e d b y H . P i c t o n a n d E . Lander i n 
c o n n e c t i o n w i t h t h e effects of p a i r s of e l ec t ro ly tes on t h e coagu la t i on of t h e hyd roso l s 
of a r sen ic t r i s u l p h i d e . T h e sub j ec t w a s d iscussed b y EL. C. Sen, A. R a b i n e r s o n , 
A. L o t t e r m o s e r a n d K . M a y , a n d S. G h o s h a n d N . R . D h a r . I t is s u p p o s e d t h a t t h e 
a n t a g o n i s t i c effect is d u e t o t h e in te r fe rence of t h e one p r e c i p i t a t i n g ion on t h e 
a d s o r p t i o n of t h e o the r . A. B o u t a r i c a n d M. D u p i n o b s e r v e d t h a t in t h e m u t u a l 
flocculation of t h e hydroso l s of h y d r a t e d ferric ox ide , a n d a r sen ious su lph ide , w h e n 
a n insufficient q u a n t i t y of e i t he r sol t o cause t h e flocculation of t h e o the r , is a d d e d , 
a n d t h e m i x t u r e is a l lowed t o s t a n d a few d a y s , t h e soln . b e c o m e s inc reas ing ly 
sens i t ive t o f u r t he r a d d i t i o n s , so t h a t a t o t a l q u a n t i t y of so l i t t l e a s o n e - t w e n t i e t h 
of t h e q u a n t i t y r e q u i r e d o n a first a d d i t i o n is n e e d e d t o p r o d u c e flocculation. 
T h e p h e n o m e n o n is a n a l o g o u s w i t h anaphylaxis, w h e r e a n a n i m a l , a few w e e k s 
af te r a single in jec t ion of p r o t e i n , b e c o m e s e x t r e m e l y sens i t ive t o a second 
in jec t ion w h i c h w o u l d o the rwi se b e h a r m l e s s . N* P . Peskoff a n d V . I . Sokoloff 
f o u n d t h a t w h e n t h e h y d r o s o l is t r e a t e d w i t h j u s t sufficient m a g n e s i u m s u l p h a t e t o 
s t a r t coagula t ion , t h e a d d i t i o n of low c o n c e n t r a t i o n s of h y d r o c h l o r i c ac id inc rease 
t h e s t ab i l i ty of t h e colloid, wh i l s t h igh c o n c e n t r a t i o n s dec rease i t , a l t h o u g h coagu la 
t i o n is n e v e r comple t e . W h e n s u l p h u r i c Acid is u sed a s c o a g u l a n t , t h e p r e sence of 
hydroch lo r i c ac id increases t h e i n s t a b i l i t y t o a greater e x t e n t t h a n i n t h e c a s e of 
magnes ium s u lpha t e . 

P r o t e c t i v e colloids, or retarders, a c t b y h i n d e r i n g t k e coagulat ion o* hydrosols , 
vj|&<i t h u s m a k e hydroso l s m o r e s t ab le—v ide supra. S o m e substances , cal led 



IRON 849 

sensitizers, increase the sensitiveness of the hydrosol to coagulation by electrolytes 
—particularly by univalent chlorides, bromides, iodides, or ni trates which have a 
weak coagulating value. Thus, H . Freundlich and P . Rona observed this to be 
the case in the presence of urethane, camphor, thymol, amyl alcohol, acetone, 
phenolthiourea, and tr ibutyrine. Electrolytes which have a stronger coagulating 
value—like the fluorides, sulphates, and citrates—do not have so marked an effect. 
H . R. K r u y t and O. F . van Duin observed t h a t the presence of phenol, or, better, of 
isoamyl alcohol, favours the coagulation power of potassium chloride or sulphate ; 
A. J anek and B . Jirgensons observed t h a t methyl, ethyl, propyl, and isobutyl 
alcohols have a similar effect on the precipitation value of soln. of sodium chloride ; 
B . N . Ghosh found t h a t thymol, urethane, and amyl alcohol accelerate the coagula
t ion of the hydrosol ; H . Freundlich and G. Liindau, egg-albumen, and serum 
paraglobulin ; and S. G. Chaudhury and A. Ganguli found t h a t the hydrosol is 
more sensitive towards coagulation in the presence of methyl and ethyl alcohols, 
a n d pyridine ; urea sensitized i t towards potassium chloride and sulphate ; and 
glycerol, towards potassium sulphate and ferrocyanide. 

According to A. Brossa and H. Freundlich, when the hydrosol is added to a soln. 
of albumin, free from electrolytes, the particles of albumin and of hydrated ferric 
oxide are positively charged, bu t no t so strongly as the particles of hydrated ferric 
oxide when alone. Hence, the hydrosol of hydrated ferric oxide and albumin 
behaves as a positive suspensoid, which is precipitated by small cone, of electrolytes. 
In the precipitation by electrolytes the nature of the anion, its valency, and tendency 
to adsorption are of importance. The quant i ty of electrolyte necessary to precipi
t a t e the complex sol is much less than t h a t required to precipitate the pure hydra ted 
ferric oxide sol ; consequently the complex sol has become more sensitive. The 
sensitiveness can be further increased by adding albumin sol to the albumin-ferric 
oxide sol. With large cone, of electrolytes, the particles first precipitated are 
re-dissolved; in this case, as in the peptization of globulin and casein sols, the nature 
of the anions is determinative, in so far as the high valency anions and organic 
anions (for example, SO 4 " , picrate ion, citrate ion) show their action a t much smaller 
cone, t han the others. AJbumin is not quanti tat ively combined with the hydrated 
ferric oxide sol, bu t divided between the sol and the soln. The partit ion does not 
follow a simple adsorption isotherm, bu t the quanti ty adsorbed is proportional to 
the concentration for small albumin cone. ; whilst a t high c o n e , a saturation value 
is reached. The adsorption does no t appear to be reversible. With increasing cone, 
of hydra ted ferric oxide, the sensitiveness of the complex sol decreases, and 
approaches more nearly to the pure hydra ted ferric oxide sol in its properties. The 
albumin hydra ted ferric oxide sol is somewhat more turbid than the hydrated ferric 
oxide sol, bu t i t cannot be resolved into i ts constituents in the ultra-microscope. 
This is easier in the region where no precipitation is possible, and most easy in 
those sols to which an excess of albumin soln. has been added. The whole of the 
phenomena of precipitation and re-solution are explained by the adsorption of the 
anions of the soln., and depend on the discharge and then re-charging of the particles. 
If instead of adding an electrolyte to a hydrated ferric oxide-albumin sol an albumin 
sol containing an electrolyte is precipitated with hydrated ferric oxide sol, i t is seen 
t h a t in many respects the relationships are identical, particularly in the amount of 
hydra ted ferric oxide combined with the albumin. Differences noticeable in the 
na ture of the precipitation can be explained by assuming t h a t the changed conditions 
have affected the ra te of coagulation. The action was also studied by W. Pauli and 
Ii, Flecker, H . Freundlich and G. Lindau, H . Freundlich and co-workers—G. landau , 
a n d S. Wosnessensky—and J . Reitstotter. A similar effect was observed with 
soln. of albumin, paraglobulin, hsemaglobin, and globin ; and W. Beck found t h a t 
lecithin and cholesterin, R. Wintgen and E . Meyer, gelatin, and S. Ghosh and 
1ST, R-. X>har, gelatin, albumin, and tannin, act in the same manner. The sensitiza
tion effect is a t t r ibuted t o the lowering of the surface charge on the particles as a 
result of t he adsorption of a substance with a lower dielectric constant than water ; 

WI*. XIII. 3 * 
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but IJ. Michaelis and P . B o n a could not detect a n y adsorption of these non-
electrolytes by the hydrosol of ferric oxide, nor could t h e y detect any effect due t o 
their presence o n the adsorption of electrolytes. The subject was discussed b y 
U . Freundlich and co-workers—P. Rona , and G. L indau—and b y W . Paul i and 
Ia. Flecker. Y . Matsuno, V. Henri a n d A. Mayer, and W . P . Jorissen and 
H. W. Woudstra found also that exposure to the /3-rays of radium favours the 
coagulation of t h e hydrosol b y electrolytes. 

H . R. "Weiser and E . B . Middleton showed tha t when a posit ive colloid like 
hydrated ferric oxide is coagulated b y electrolytes, the negat ive precipitating ion 
is adsorbed ; but the order of precipitating power and the order of adsorption are 
n o t the same. This is because the adsorption measured is ion adsorption plus 
adsorption of neutral salt, so that one effect m a y mask the other. H . Freundlich 
observed t h a t colloids m a y show a kind of acc l imat iza t ion , for the hydrosol of ferric 
ox ide requires less electrolyte for precipitation when i t is added all a t once t o w h a t 
is required, than when it is added step-wise with long intervals of t ime, and particu
larly w h e n the slow addit ion produces a fractional precipitation of the sol. This is 
expressed b y saying that the colloid becomes acclimatized t o i ts surroundings w h e n 
the electrolyte is added slowly, and so more is required to produce a g iven result. 
V. N . Krestinskaja and O. S. Moltschanova said that the effect is due to s low chemical 
changes produced b y a reaction of the colloid wi th the added electrolyte. 
H . B . Weiser added that the effect of the addit ion is not necessarily due to the 
adaptabi l i ty of the colloid t o the electrolyte, because fractional precipitation n o t 
only removes ions b y adsorption but i t alters the stabil i ty of the soln. b y decreasing 
i ts concentration. The factors which determine the excess for s low rates of precipi
ta t ion are : (i) the ex tent of the fractional precipitation ; (ii) the adsorbing power 
of the colloid ; (iii) the adsorption of the precipitating ions ; and (iv) the effect of 
the dilution of the soln. on the precipitation cone, of electrolytes. 

The m u t u a l c o a g u l a t i o n of hydrosols .—A. Lottermoser, and W. Bil tz observed 
t h a t a posi t ively charged hydrosol like tha t of hydrated ferric oxide is coagulated 
b y a negat ive ly charged hydrosol. Complete flocculation occurs only within certain 
l imiting proportions of the t w o hydrosols ; w i th other proportions, the coagulat ion 
is incomplete . The phenomenon was observed wi th silicic acid, by T. Graham, 
W. M. Simakoff, W. Bi l tz , A. W. Thomas, and N . Pappada ; wi th the hydrosols of 
selenium, cadmium sulphide, stannic acid, tungsten-blue, molybdenum-blue , and 
plat inum, b y W. Bi l tz ; w i th humus, b y H. Udluft ; w i th mastic , b y M. Neisser 
and U . Fr iedemann; wi th arsenic or ant imony trisulphides, b y W . Biltz , H . Freund-
lich, A. W . Thomas, J. Billitzer, and M. Neisser and U . Friedemann ; manganese 
dioxide, b y E . Deiss , H . Udluft , and W . M. Simakoff ; w i th vanadic acid, by W. Bi l tz , 
a n d H . Freundlich and W. Leonhardt ; w i th ferrous hydroxide, by E . Deiss and 
G. Schikorr ; with gold, by W. Biltz, and A. Galecki and M. S. Kastorskij ; and 
with silver, b y A. Rabinerson, and F . Doerinckel, who found tha t the heat of coagula
t ion reaches a m a x i m u m with 60 to 70 per cent, of silver hydrosol, and then falls 
off rapidly. rOpti$0tt*m coagulation occurs wi th 70 , to 8 0 per cent, of si lver col loid. 
R. W i n t ^ i ^ a n i ^ S l e y e r , R. Wintgen and M. Vohl, D . C. Bahl , H . B . Weiser and 
co-v? ai*flMil. Freundlich and G. Lindau observed tha t the hydrosol of 
gelatin coagulates the hydrosol of hydrated ferric oxide. According t o R. Wintgen 
and E . Meyer, when constant amounts of a sol of hydrated ferric oxide are m i x e d 
with increasing amounts of gelatin soln. and water to g ive constant final vols . , t w o 
types of flocculation are obtained according as the necessary amount of water is 
added to the hydrated ferric oxide or the gelatin soln. W h e n the water is added t o 
the gelatin soln., flocculation commences at a well-defined point and the a m o u n t of 
precipitate increases t o a m a x i m u m . When.water is added t o the sol of hydrated 
ferric oxide, for increasing amounts of gelatin, the commencement of the floccu
lat ion is well marked, this i s fol lowed b y an increasing flocculation t o a rather 
indefinite maximum, there is then a sudden fall t o a po int of n o flocculation, and 
finally, a renewal of increasing flocculation. The a m o u n t of gelat in required for 
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the first flocculation decreases with increase in the cone, and the age of t h e initial 
gelatin soln. For a series of dilutions of ferric hydroxide sols of different origin, 
the amount of gelatin required for flocculation decreases in a linear manne r "with 
the dilution for typical colloidal sols, bu t decreases in a linear manner with the 
cone, of semi-colloidal sols, containing much hydrochloric acid. The first case is 
regarded as a simple mutual flocculation, and the second as involving, in addition, 
an increasing dispersion of the gelatin with increasing amounts of hydrochloric 
acid. H. Udluft found also t h a t coagulation occurs -when the hydrosol of hydra ted 
ferric oxide is mixed with humus ; A. Rabinerson, with prussian blue, night blue, 
dextrin, albumin, or silver ; M. Neisser and U. Friedemann, with mastic ; and 
R. Ellis, with oil emulsion. E . A. Schneider observed no flocculation of the 
hydrosol of hydrated ferric oxide by the hydrosol of gold sulphide. 

According to W. Biltz, complete coagulation occurs only when a sol of one sign 
is neutralized by adsorption of an amount of colloid carrying eq. ions of the opposite 
sign. The amounts required for the purpose vary with their nature . I n one case, 
the positive hydrosol of ferric oxide was more effective t han the hydrosol of cerous 
oxide, and less effective than the hydrosol of thoria in coagulating the hydrosol of 
gold ; "while the hydrosols of both thoria and cerous oxide were more effective 
than positive hydrosols of hydrated ferric oxide in coagulating the hydrosols of 
ant imony and arsenic sulphides. A. W. Thomas and Ja. Johnson found t h a t there 
is a chemical equivalence between the peptizing agents of the positive hydrosol of 
hydrated ferric oxide peptized by ferric chloride and hydrosols of silicic acid peptized 
by sodium silicate, provided the ratio of the peptizing agent to the disperse phase 
falls within a certain range; outside this range, the coagulation appeared to be erratic. 
The precipitations showing chemical equivalence between the peptizing agents a t 
maximum coagulation exhibit little variation in the coagulation ratios with dilution, 
whilst those showing a divergence from chemical equivalence approach the chemical 
equivalence on dilution. The mutual coagulation of hydrosols of hydrated ferric 
oxide and silicic acid is thus assumed to be due to the removal of the peptizing agent 
by chemical action between them. I t is also possible t ha t the mutual coagulation 
of the hydrosols of arsenic trisulphide and of hydrated ferric oxide is due to the 
chemical reaction : S"-f-2Fe*** = S-{-2Fe"*. H . B. Weiser added tha t in order to 
obtain data supporting the chemical reaction theory, it appears to be necessary to 
choose the experimental conditions to fit the case. R. Wintgen and H. Lowenthal 
found the reciprocal coagulation of oppositely charged sols is a maximum when the 
cone, of the sols expressed in equivalent aggregates are the same, meaning when 
equal numbers of charges of opposite sign are mixed. J . Billitzer found t h a t 
gelatin forms a positive sol in acid or neutral soln., and so precipitates negative 
sols, bu t not positive ones like the hydrosol of hydrated ferric oxide ; on the other 
hand, gelatin in ammoniacal soln. forms a negative sol, and precipitates the hydrosol 
of hydrated ferric oxide. If gelatin is first added to the colloidal ferric oxide and 
afterwards ammonia, a stable mixture of positive sols is changed to a stable 
mixture of negative sols. 

F . Po wis observed t h a t the positively charged hydrosol of hydrated ferric oxide 
is precipitated by the negatively charged hydrosol, and vice versa. The positively 
charged hydrosol of ferrous hydroxide was found by A. Schmauss to be coagulated 
by the negatively charged hydrosol of hydrated ferric oxide ; but D. Vorlander 
found tha t , in general, the negative hydrosol of hydrated ferric oxide is not coagu
lated by negative hydrosols. 

N . Pappada observed tha t , in general, the coagulation of the hydrosols by non-
electrolytes does not occur ; thus, A. Janek found t h a t the hydrosol of hydra ted 
ferric oxide is not coagulated by benzene, chloroform, and ether, or by mixtures of 
these liquids, bu t a partial coagulation was produced by carbon disulphide. 
Y. Matsuno found t h a t sugar soln. are inactive, bu t cone. soln. of ethyl alcohol 
flocculate the hydrosol. A. W. Dumansky found t h a t urea coagulates the hydrosol 
very slowly ; whilst F . P . von Weimarn and A. W. Alexejeff observed t h a t when 
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the hydrosol is shaken with turpentine, a coagulum collects a t the boundary surface 
of the two liquids ; and H . Freundlich and S. Loebmann obtained an analogous 
result with benzene. 

A. W. Dumansky observed that the coagulation of the hydrosol by mechanical 
agitation can be produced. For instance, the hydrosol is slowly coagulated when 
it is t reated in a centrifuge having 4000 revolutions per minute. H . Freundlich 
and H . Kroch observed t h a t the hydrosol obtained from iron pentacarbonyl 
coagulates readily during 20 hrs. ' stirring with 500 revolutions per minute, bu t no t 
so with the hydrosol produced by the hydrolysis of ferric chloride. H . Freundlich 
and S. Loebmann compared the result with the coagulation produced with turpent ine 
or benzene—vide supra—but here the coagulation occurs a t the boundary surface 
of hydrosol and air. According to E . Schalek and A. Szegvari, if a 5 or 10 per cent, 
hydrosol of hydrated ferric oxide is mixed with a small proportion of an electrolyte, 
i t gradually forms a pasty hydrogel which easily becomes liquid when it is agitated. 
Gelatinization again occurs on standing, and the al ternate sequence of changes : 
sol—>gel—>sol—> . . . can be repeated indefinitely. This isothermal, reversible 
transformation : Sol^Gel , by mechanical agitation, was called by T. Peterfi, 
thixotropy—from $l£is, the act of touching ; and vpeireiv, to change. The phe
nomenon was studied by H. Freundlich and co-workers—A. Rosenthal, W. Rawitzer, 
and K. Sollner—N. Marinesco, A. de Waele, A. Paris, E. A. Hauser, S. S. Kistler, 
W. Heller, D. Deutsch, P . Barry, E . L. McMillen, H. A. Ambrose and A. G. lioomis, 
and A. Kutzelnigg and W. Wagner. The speed of gelatinization is reduced 
in the presence of some hydroxylic hydrophiles like the amino-acids, sugar, and 
increasing cone, of the H*-ions ; and i t is increased by a rise of temp. , the addition 
of sensitizers—like ethyl alcohol, agar-agar, gelatin, and saponin—and by 
electrolytes with anions of a high valency. R. Wilson and T. C. Poulton found t h a t 
there is a coagulation by pressure of a colloidal soln. of ferric hydroxide—in 
30 mins. a t 100 atm., and immediately a t 30O atm. press. 

N. Sahlbom found tha t coagulation by capillary act ion occurs when long 
strips of filter-paper are immersed in positive hydrosols, the precipitation takes 
place a t the surface of contact ; bu t negative hydrosols rise through the capillary 
network without hindrance. The precipitation of the positive colloids is not due 
to chemical action, bu t to the setting up of an e.m.f. as a consequence of the stream
ing of the liquid through the capillaries ; this potential difference brings about the 
discharge of the positively charged colloidal particles. If the capillaries are no t 
sufficiently narrow, the resulting e.m.f. is not large enough to give rise to complete 
precipitation, and a rise of the positive colloid is observed. According to F . Fichter, 
•when a drop of a dialyzed hydrosol of hydrated ferric oxide is placed on a glass 
plate, and a second plate is allowed to sink slowly so as to make a pair of parallel 
plates, the thin layer of soln. between the plates exhibits a sharply defined, circular, 
opalescent zone in consequence of the precipitation of the positive colloid. The 
critical distance between the plates necessary for the precipitation is 0*0322 mm. 
Negative colloids do not show the phenomenon; and A. W. Thomas and 
J . D. Garard observed the phenomenon only with concentrated, positive hydrosols. 

H. Picton and E . Linder observed t h a t in many cases coagulation by fî ifiBBittg 
occurs so t h a t the hydrosol is flocculated by freezing, or by alternate freezing 
and,thawing, bu t with the hydrosol with much adsorbed chloride, no change occurs. 
Similar results were obtained by O. Bobertag and co-workers, A. Heiduschka, 
N. Ljubawin, and A. W. Thomas and A. Frieden. S. I . Dyachkovsky found t h a t 
the coagulation by freezing is prevented by alcohol. The coagulation by heat 
was examined by N. R. Dhar and S. Prakash. T. Katsurai and T. Watanabe heated 
the hydrosol between 120° and 180° in an autoclave, and found the products all 
possessed good quality red colours with X-radiograms like t h a t of hsematite^—vide 
***#***, hydrogels. W. Knaust found tha t the hydrosol of ferric hydroxide coagulated 
hi, 4© ruins, a t 100° ; in 150 mins. a t 80° ; and in 4SO mins. a t 60*, H . Stintzing, 
ti^Jftoy and N. R. Dhar, J . R. I. Hepburn, A. Lottermoser ai»4"'l& Langfexificheidfc 
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and A. Boutaric and Y. Maniere observed no tendency to coagulation liy exposure 
to light ; bu t P . LaI and P . B . Ganguly noted the coagulation of the hydrosol in 
ultra-violet light, and A. Boutaric and J . Bouchard found t h a t if fluorescent sub
stances—eosin, rhodamine, fluorescein or erythrosin—are present in the soln. t h e 
flocculation is faster in daylight, and faster still in ultra-violet light. V. Henr i 
and A. Meyer, and W. P . Jorissen and H. W. Woudstra observed no tendency to 
coagulation by exposure to the£-rays of radium, although A. Boutaric and M. Roy, 
and A. Fernau and W. Pauli said t h a t coagulation does occur with a prolonged 
exposure to the /J-rays. H . Picton and E . Linder, and W. Biltz observed t h a t 
Coagulation by an electric current occurs as a flocculation about the cathode— 
vide supra, electrophoresis. H . Puiggari observed t h a t the rate of coagulation is 
proportional to the current-strength and t ime ; with a current-strength of 0-003 
ampere, no coagulation occurs. A rise of temp, favours coagulation. B . N . Ghosh 
found t h a t the coagulation of the hydrosol, by potassium chloride, sulphate, 
oxalate, or ferricyanide, by sodium hydroxide, or by aniline sulphate, begins when 
the electrokinetic potential falls below 32 millivolts. 

Adsorption phenomena.—According to H. Udluft, dolomite adsorbs the 
hydrosol of ferric oxide bu t not t h a t of manganese dioxide ; clay adsorbs both. The 
two hydrosols exert a protective action on one another, bu t humus precipitates 
from the hydrosol hydrated ferric oxide bu t not hydra ted manganese dioxide. 
Hydrocarbonates precipitate hydrated ferric oxide when unprotected, bu t not 
hydrated manganese dioxide and humus soln. M. Geloso also examined the 
adsorption of the hydrosol by manganese dioxide. N. Carli observed t h a t china 
clay adsorbs the hydrosol very slightly, if a t all. P . Rohland pointed out t h a t the 
adsorptive powers of clays depends on the colloidal mat te r present in the clay ; 
and some clays contain virtually none. H . Freundlich and A. Poser, and H. Udluft 
also observed tha t china clay adsorbs the hydrosol. A. Fodor and A. Rosenberg 
found t h a t china clay adsorbs colloidal ferric hydroxide from soln. of ferric chloride, 
partially hydrolyzed, bu t colloidal alumina is not adsorbed, so t ha t a separation of 
the two can be effected. The acid formed by the hydrolysis is not adsorbed by 
the clay, so t ha t the hydrolysis reaches a s ta te of equilibrium. Talc also adsorbs 
the colloidal hydroxide and also neutralizes the acid, so t ha t talc causes a complete 
hydrolysis of the soln. of ferric chloride. Finely-ground sea-sand was also found to 
adsorb the hydrosol. H . Freundlich and A. Poser observed no adsorption by 
alumina. E . Wedekind and H. Rheinboldt observed tha t the hydrosol is decolorized 
when it is shaken with hydrated zirconium oxide. N. Carli found tha t the adsorption 
of the hydrosol by animal charcoal does not follow the usual adsorption law, for the 
amount of adsorption is independent of the vol. of the hydrosol and the amount 
of colloid present, bu t is directly proportional to the weight of the charcoal. On 
the other hand, A. W. Thomas and T. R. Ie Compte said t h a t purified charcoal 
adsorbs no hydrosol. The action of technical charcoal is not due to adsorption, bu t 
to a flocculation in consequence of the presence of electrolytes. A. Fodor, and 
H. Freundlich and A. Poser also observed the flocculation of the hydrosol by 
charcoal. 

According to Y. Matsuno, the hydrosol of ferric oxide readily adsorbs acid-dyes ; 
H . Haber studied the adsorption of potassium ferricyanide, and potassium cuprous 
cyanide ; H . Freundlich and W. Rawitzer, tyrosine ; and L. Michaelis and P . Rona, 
albumen—grape sugar is not adsorbed. A. Boutaric and F . Banes observed t h a t 
the mycelial liquid adsorbs dyes more readily than does the coagulum. E . Baur 
and O. Nagel said t ha t the hydrosol can be employed to adsorb the noble metals 
from sea-water. The adsorption of electrolytes has been previously discussed in 
explaining some of the phenomena connected with the flocculation of the hydrosol. 
The subject was discussed by N. Schiloff and A. Iwanitzkaja, and S. Ghosh and 
K. R. Dhar . A. Lottermoser and P . Mania, and Wo. Ostwald found t h a t the 
adsorption of chlorine ions by the mycelia proceeds in accord with the normal 
isotherm. S. Ghosh and N. R. Dhar found t h a t the H'-ions are strongly adsorbed. 
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H. B. Weiser, and H. B. Weiser and E . B . Middle ton noted tha t the adsorption of 
the anions proceeds in the following order : phosphates >>-citrates > tar t ra tes ]>-
oxalates;>sulphates>iodates>dichromates ; and H . B. Weiser and E . E . Porter 
found tha t with increasing pji-values, the oxalates are less and less adsorbed. 

The solubility of gases in the hydrosol of hydrated ferric oxide.—According to 
A. Findlay and B. Shen, the solubility of hydrogen in the hydrosol of hydrated ferric 
oxide is not appreciably different from its solubility in water ; and Gr. Geffcken 
made a similar remark with respect to oxygen, for the solubility of tha t gas in the 
hydrosol a t 25° is 0-03084, and in water, 0-03080. The solubility of nitrous oxide 
in the hydrosol a t 25° is less than i t is in water, for the respective solubilities in the 
hydrosol and in water are 0-5793 and 0-5942. A. Findlay and H. J . M. Creighton 
observed for the solubility, S, a t different press., p mm., of soln. with C grm. of 
Fe(OH)3 per 100 c.c. of sol : 

C = 0-625 

C = 1-49 

0 = 4-061 

{% 
{% 
is 

. 758 
0-590 

. 734 
0-586 

. 754 
0-578 

846 
0-586 

828 
0-579 

835 
0-573 

934 
0-584 

935 
0-577 

883 
0-571 

IOIO 
0-588 

1078 
0-581 

1093 
0-574 

1121 
0-588 

1215 
0-585 

1208 
0-579 

1383 ram. 
0-588 

1432 m m . 
0-586 

1358 m m . 
0-580 

Observations were also made by A. Findlay and O. R. Howell. A. Gatterer found 
for the solubility of acetylene in the hydrosol, expressed in terms of the vol. of gas 
absorbed by unit vol. of liquid a t the given temp, and press. : 

/0-8712^- . 
10-52IiV- . 
J0-336AT- . 
1012JV-

30° 
. 0-9400 
. 0-9360 
. 0-9495 
. 0-9450 

25° 
1018 
1-016 
1-029 
1026 

20° 
1-111 
1111 
1-126 
1126 

15° 
1-22.7 
1-224 
1-241 
1-236 

10° 
1-364 
1-364 
1-383 
1-379 

C = 0-569 

C = 0-854 

The solubility of carbon dioxide in the hydrosol is greater than i t is in water alone ; 
and it does not follow Henry's law. G. Geffcken stated t ha t with carbon dioxide 
there is a comparatively rapid initial adsorption followed by a slow continuation of 
the adsorption. A. Findlay and H. J . M. Creighton found tha t the slow adsorption 
is barely appreciable even a t high press., and, in general, for press, below atmospheric, 
the increase in solubility is proportional to the cone , C grm. Fe(OH)8 per 1OO c.c. 
of the hydrosol. 

(p . 750 846 928 1015 1146 1356 m m . 
\S . 0-848 0-843 0-841 0-842 0-845 0-846 
(p . 750 847 923 1090 1234 1322 m m . 
XS . 0-862 0-858 0-856 0-857 0-860 0-861 

^ - 1 9T7 \P • 746 841 985 1071 1133 1256 mm. 
o — Y-AII ^ 0-886 0-881 0-880 0-878 0-878 0-887 
r*—i AAi IP • 7 4 7 8 3 1 9 l 8 1 O 0 2 1 1 G O 1 2 " 7 
c—xoox I ^ o-904 0-901 0-896 O-900 0-90O 0-902 

A. Gatterer found the effect of temp, on the solubility, expressed as the vol. of gas 
absorbed by unit vol. of solvent, a t the given temp, and press., t o be : 

30° 20° .15° 10° 5° 
{0-0712NT- . . 0-8533 0-9610 1095 1-267 1-471 
|0-1442\T- . . 0-8764 0-987O 1123 1-297 1-503 

tf <0-2932NT- . . 0-9063 1016 1164 1-326 1-534 
|0-5132V- . . 0-9526 1066 1-204 1-379 1-584 
V0-967JV- . . 1032 1149 1-291 1-470 1-680 

Observations were also made by A. Findlay and co-workers—W. H . Harby, 
O. R. Howell, G. King, and T. Williams. The deviations of the solubility of carbon 
dioxide in the hydrosol were at tr ibuted by R. Luther and B . Krsnjavi to the 
formation of complexes. 

H. B. Weiser and G. L. Macks obtained organosols with methyl and propyl 
alcohols. J . Duclaux,3 and R. J . Kepfer and J . H . Walton studied the catalytic 
action of the colloid on hydrogen dioxide ; and R. Stumper, the effect of the colloid 
on the rate of evaporation of water. 
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§ 32. The Hydrated Ferric Oxides—Hydrogels 
A highly gelatinous precipitate of hydrated ferric oxide, the so-called ferric 

hydroxide, is thrown down when an alkali is added to a soln. of a ferric salt which 
is no t too dil. According to W. Hampe , 1 the precipitates obtained from soln. of 
ferric chloride a t different temp, have the following compositions : 

0* 2 0 ° 2 5 ° SO° 40° 6 0 ° 80° 1 0 0 ° 
F e . O * . - • 54-6 51-4 50-4 4 6 1 43-9-52-2 66-2 7 0 1 72-3-92-7 
H a b . . . 45-4 48-6 49-6 53-9 5 6 1 - 4 7 8 33-8 29-9 2 7 - 7 - 7-3 
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There is here no evidence of the formation of definite hydrates. After tshe precipi
tation of the hydrated oxide by adding aq. ammonia to a cold or hot soln. of a ferric 
salt, it is washed by decantation with water, and kept in a desiccator over sulphuric 
acid or potassium hydroxide, and pressed between porous tubes or washed with 
alcohol and ether. This is the ordinary mode of preparation, and it was used by 
G. Almkvist, J. M. van Bemmelen, E. Brescius, K. EndelJ and R. Rieke, O. Hahn 
and M. Biltz, W. G. Mixter, J. H. Perry, T. W. Richards and G. P. Baxter, O. RufE, 
E. Selch, S. Veil, E. Wedekind and W. Albrecht, H. Wolfram, etc.—vide infra. 
Ii. T. Wright, and A. Simon and T. Schmidt emphasized the tenacity with which 
the chlorides are retained by the precipitated colloid. G. F. Hiittig and H. Garside 
washed the precipitate until the wash-water gave no turbidity with silver nitrate, 
and yet retained 0*12 per cent, of chlorine. J. Jeannel, and O. F. Cross also 
emphasized the adsorption, or rather the tenacity, with which the hydrogel retains 
saline and other impurities. R. Willstatter and co-workers prepared the colloid 
as follows : 

A so ln . of 100 grma. of a m m o n i u m ferric sulphate in 200 c.c . of -water a t ordinary t e m p , 
is powdered in to a so ln . of 10*8 grants, of a m m o n i a , 27*5 grms. of a m m o n i u m sulphate , a n d 
8OO c.c. of water, w i t h v igorous stirring. After be ing stirred for half a n hour, t h e clear 
l iquid i s decanted , a n d t h e product is washed m a n y t i m e s b y decantat ion w i t h a m m o n i a c a l 
water . T h e gel i s m i x e d w i t h d r y ace tone , a n d centrifuged. T h e last traces of ace tone 
are removed b y decanta t ion w i t h ether, a n d t h e hydrogel i s t h e n e x p o s e d t o a h i g h v a c u u m . 

L. Schaffner said that if the precipitation is made with aq. ammonia, the pre
cipitate is free from contamination by the precipitant. If alkali-lye be used in 
place of aq. ammonia, R. Fricke, W. Ramsay, and H. Wolfram found that the 
precipitate is difficult to wash. The alkali hydroxide may even decompose the 
nitroprussides (L. Playfair, J. M. van Bemmelen and E. A. Klobbie, O. Pavel, and 
G. Stadeler), and the nitrosyl salts of Z. Roussin as shown by Z. Roussin, J. M. van 
Bemmelen and E. A. Klobbie, and J. O. Rosenberg. J. J. Berzelius noted that 
entrained alkali is retained very tenaciously ; and according to J. Huggett and 
G. Chaudron, a small proportion of sodium ferrite may be formed, otherwise the 
precipitate is considered to be insoluble in an excess of lye. J. Hausmann noted 
the layer formation of the colloid when a soln. of potassium hydroxide diffuses into 
gelatine containing some ferric chloride. W. Ramsay found that baryta-water, 

V. Vincent, lime-water, H. Rose, and A. Mailhe, mercuric 
oxide, and D. Vitali, silver oxide, precipitate the hydrated 
oxide from soln. of ferric salts. 

TJ. J. Curtman and A. D. St. Johns found that the 
precipitation occurs in the presence of 0*062 mgrm. of 
iron in soln. H. E. Patten and G. H. Mains said that 
colloidal hydrated ferric oxide is precipitated from 
soln. containing 0*03 per cent. Fe, by ammonia or 
sodium hydroxide, when the H*-ion cone, is p-B.—3*3,-
H. T. S. Britton found that with 100 c.c. of a soln. con
taining 0-0202,V-HCl and 0-0133JIf-FeCl3, the electro-
metric titration with 0-1005iV-NaOH furnished the re
sults indicated in Fig. 534. Freshly prepared soln. of 
ferric chloride, or soln. containing an excess of free acid 
are only slightly coloured, but the soln. on standing 
begins to redden, and finally the colour approaches that 
of hydrated ferric oxide. I t was found that the end of 
the neutralization of the free acid is indicated by an 

inflexion, at 20*1 c.c. of sodium hydroxide. ^As the soln. was rendered more basic, 
the colour gradually changed from yellow to reel. I t became quite red after addition 
of 30 c.c. of sodium hydroxide, when the composition of the solute had become 
Fe(OH)0.74Cl2.26» » n d with 39 c.c. it began to opalesce. Afterwards the soln. 
became increasingly colloidal and became opaque at p^S, which, as will be seen from 
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t h e c u r v e , occur red j u s t w h e n t h e s u d d e n c h a n g e in h y d r i o n c o n c e n t r a t i o n h a d b e g u n . 
Coagu la t ion s e t i n w h e n t h e p& h a d b e c o m e 6*6 a n d 58 c.c. of a lka l i h a d b e e n added, 
t h e compos i t i on of t h e bas ic chlor ide t h e n be ing F e ( O H ) 2 . 8 5 C 1 0 . 1 5 . T h e col lo idal 
so ln . pe r s i s t ed u n t i l n e a r l y al l t h e ch lor ide h a d r e a c t e d ; a t t e m p t s we re m a d e t o 
p r e v e n t coagu la t i on d u r i n g t h e a b r u p t fall i n H*-ion c o n c e n t r a t i o n . A q . so ln . 
of ferric ch lor ide m o r e di l . t h a n 0-042V-, o n boil ing, a c q u i r e d a d e e p r e d colour , 
a n d of ten r e m a i n e d colloidal on t r e a t m e n t w i t h OlOiV-alkal i i n s l ight excess . Sma l l , 
r ed , a m o r p h o u s p r e c i p i t a t e s s e p a r a t e d i n some cases, b u t e v e n t h e n t h e p r e c i p i t a t i o n 
w a s i n c o m p l e t e a n d t h e sol ids d i d n o t s e t t l e u n t i l s eve ra l h o u r s h a d e lapsed . T h e 
p re sence of a l i t t l e hyd roch lo r i c ac id i n t h e soln. before h e a t i n g h a d some s tab i l iz ing 
effect o n t h e col loidal soln . w h i c h we re s u b s e q u e n t l y p r o d u c e d . I n one case t h e 
col loidal soln . r e m a i n e d s t a b l e for n e a r l y 3 m o n t h s . T h i s soln . w a s p r e p a r e d b y 
a d d i n g 55 c.c. of OlOiV-sod ium h y d r o x i d e t o 5OO c.c. of a boi l ing soln. c o n t a i n i n g 
1OO c.c. of 0*04iV-ferric ch lor ide a n d IO c.c. of O-1 OiV-hydrochloric ac id . I t s eems 
c e r t a i n t h a t t h e r e d colour of bo i led ferr ic ch lo r ide soln . w a s d u e t o d i spe r sed ferr ic 
h y d r o x i d e pa r t i c l e s , a n d c o n s e q u e n t l y t h e inc rease i n t h e size of t h e bas ic ch lo r ide 
pa r t i c l e s c a u s e d b y r e n d e r i n g t h e soln . a lka l ine w a s n o t so g r e a t a s t h a t occu r r ing 
in a n unbo i l ed soln. , a n d the re fo re d id n o t p r o d u c e coagu la t ion . T h e inc reased 
s t a b i l i t y of t h e col loidal soln . p r e p a r e d f rom acidified ferric ch lor ide soln . w a s 
p r o b a b l y d u e t o t h e effect of t h e ac id i n suppres s ing t h e g r o w t h of t h e col loidal 
pa r t i c l e s on boil ing, t h e r e b y g iv ing rise t o a m o r e h igh ly d i spersed a n d m o r e s t a b l e 
col loidal soln. P r o l o n g e d boi l ing d e c o m p o s e d t h e s e a lka l ine col loidal soln. , a n d 
t h e y were r ead i ly c o a g u l a t e d on a d d i t i o n of e lec t ro ly tes in sufficient a m o u n t s . I n 
acco rd w i t h t h e genera l ly a c c e p t e d t h e o r y of t h e s t r u c t u r e of gels (6 . 40 , 21) , 
H . B . Wei se r sa id t h a t w h e n a lkal i - lye or a q . a m m o n i a is a d d e d t o t h e soln . of 
a ferric sa l t , t h e r e is a r e l a t i ve ly l a rge s u p e r s a t u r a t i o n before p r e c i p i t a t i o n occurs , 
a n d t h i s f avour s t h e f o r m a t i o n of m i n u t e pa r t i c l e s ; t h e o r i e n t a t i o n of t h e s e pa r t i c l e s 
i n t o a n e t w o r k of myce l i a e n t r a i n i n g t h e m o t h e r - l i q u o r , p r o d u c e s t h e hyd roge l . 
T h e b u l k y m a s s , o n s t a n d i n g , g r a d u a l l y loses w a t e r a n d becomes m o r e c o m p a c t 
a n d g r a n u l a r . 

Colloidal ferric h y d r o x i d e , or h y d r a t e d ferric ox ide , is a p r o d u c t of n u m e r o u s 
r eac t ions . I t is fo rmed w h e n i ron r u s t s in t h e p resence of w a t e r a n d o x y g e n — 
vide supra—as n o t e d b y M. H a l l , N . J . B . Gr. G u i b o u r t , D . T o m m a s i , A . P a y e n , 
A. A c k e r m a n n , W . R . D u n s t a n a n d co-workers , P . F i r e m a n , a n d L . P . d e S t . Grilles ; 
b y t h e ac t i on of a n acidified soln. of h y d r o g e n d iox ide o n i ron , as obse rved b y 
G. C. We l t z i en , a n d G. T . M o o d y ; b y t h e a c t i o n of soln. of a m m o n i u m sa l t s a n d a i r 
on i ron , a s f o u n d b y W . V a u b e l , a n d A . F r i c k h i n g e r ; a n d b y t h e a n o d i c o x i d a t i o n 
of i ron in soln. of p o t a s s i u m n i t r a t e , p o t a s s i u m h y d r o x i d e , a m m o n i u m s u l p h a t e , e tc . , 
a s o b s e r v e d b y R . !Lorenz, O. F a u s t , a n d G. A . Ie R o y . Colloidal ferr ic h y d r o x i d e 
is f o rmed d u r i n g t h e o x i d a t i o n of fe r rous h y d r o x i d e b y a i r o r ox id iz ing a g e n t s 
( E . Deiss a n d G. Sch ikor r , A. K r a u s e , a n d F . H a b e r ) , o r anod ica l l y ( H . BecquereJ , 
O. F a u s t , a n d V. Pa i s sakowi t s ch ) . 

T h e o x i d a t i o n of c h a l y b e a t e -waters, o r w a t e r c o n t a i n i n g fe r rous h y d r o c a r b o n a t e 
i n soln. , furn ishes h y d r a t e d ferric ox ide a s o b s e r v e d b y G. Bischof, F . B e h r e n d , a n d 
H . Molisch. A s s h o w n b y H . K l u t , O. K r o h n k e , a n d A. S c h m i d t a n d K . B u n t e , 
c h a l y b e a t e w a t e r s also depos i t i ron i n t h e fo rm of h y d r a t e d ferric ox ide , a n d , a s 
i n d i c a t e d b y D . El l i s , T). I ) . J a c k s o n , E . M. Mumford , e tc .—vide infra—the a c t i o n 
is f a v o u r e d b y t h e so-called i ron -bac te r i a . S. d e L u c a , a n d A . K r a u s e s t u d i e d 
t h e o x i d a t i o n of fe r rous c a r b o n a t e b y a i r in t h e p resence of w a t e r . T h e h y d r a t e d 
ferr ic ox ide is f o r m e d w h e n m a n y fer rous s a l t soln. a r e oxidized b y h y d r o g e n 
d iox ide (G. C. Wel t z i en ) , s o d i u m d iox ide (G. Kassner, a n d T . Po leck) , b a r i u m d iox ide 
( W . K.wasnik) , p o t a s s i u m h y p o c h l o r i t e ( F . M u c k ) , p o t a s s i u m ch lo ra t e ( R . Ph i l l ips , 
a n d R . H . P a r k e r ) , o r au r i c ch lor ide ( E . Beu t e l ) . F . B e h r e n d , a n d H . Molisch 
observed t h a t soln. of fe r rous s u l p h a t e , acidified w i t h c i t r ic acid , g ive a p r e c i p i t a t e 
of h y d r a t e d ferr ic ox ide w h e n e x p o s e d t o l i g h t ; O. B a u d i s c h a n d L . W . B a s s , 
H . W . F i scher , J . M a t u s c h e k , a n d C. F . S c h o n b e i n o b t a i n e d a s imi lar r e su l t b y 
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exposing a soln. of potassium ferrous cyanide to l igh t ; and W. A. Macfadyen 
observed tha t the hydrated oxide is formed during the electrolysis of a soln. of 
ammonium ferrous sulphate. 

The hydrogel of ferric oxide is formed during the hydrolysis of some ferric salt 
soln,—e.g. G. Keppeler and J . d 'Ans observed t h a t i t is deposited during the 
hydrolysis of basic ferric sulphate—and in the decomposition of aq. soln. of ferrites, 
perferrites, and ferrates (q.v.). O. Hauser observed t h a t the hydra ted oxide is 
deposited during the evaporation of a soln. of ammonium ferric ca rbona te ; 
Gr. Kassner, and G. Grube, during the hydrolysis of a soln. of potassium ferricyanide, 
and, according to C. F . Schonbein, and J . Matuschek, the reaction is favoured b y 
exposure to l ight ; J . H. Paterson, by the electrolysis of soln. of ferric salts with 
plat inum electrodes, a low cone , and a small current density. XJ. Mond and 
co-workers, and M. Berthelot found t h a t the hydrolysis of iron pentacarbonyl 
furnishes the hydrated oxide. S. Kern found t h a t an aq. soln. of ferric chloride in 
contact with magnesium yields hydrated ferric oxide ; H . W. Fischer obtained a 
similar result with zinc ; and G. McP. Smith, by the action of mercury in the 
presence of alkali hydroxide. If an alkaline soln. of potassium ferricyanide be 
heated with an excess of ferrous sulphate, H . Bollenbach and E . I /uchmann found 
t h a t hydrated ferric oxide is precipitated. 

The hydrogel may be also produced by the coagulation of the hydrosol under 
suitable conditions. The formation of the hydrogel from the hydrosol was observed 
by JJ. P . de St. Gilles, N. R. Dhar and D. N . Chakravarti , R. Griessbach and J . Eisele, 
S. Veil, J . Bohm and H. Niclassen, A. Simon and T. Schmidt, E . Wedekind and 
W. Albrecht, K. CharitschkofT, etc.—vide supra. Slow, uniform precipitation of 
the hydrosols throughout their entire mass produces the so-called ferric oxide 
jellies, whilst rapid, uneven precipitation results in contraction and the formation 
of a gelatinous precipitate. E . Grimaux's sol, obtained by the addition of water to 
an alcoholic soln. of ferric ethylate—vide supra—forms a jelly more readily t h a n 
Graham's sol because, being produced by rapid hydrolysis in the cold, i t contains 
finer, and more hydra ted particles ; and for a similar reason, Graham's sol is 
more readily coagulated to a jelly t han is the case with St. Gilles' sol. R. Brad-
field used the centrifuge for isolating the hydrogel. E . Schalek and A. Szegvary, 
and H . Freundlich and A. Rosenthal obtained the coagulum from Graham's sol as 
a jelly by adding electrolytes in amounts below the precipitation values to colloidal 
soln. containing 6 to 10 per cent, of ferric oxide, and allowed the sols to s tand quietly. 
The mixture set to a clear jelly. The jelly formed a sol on shaking up and this 
solidified slowly to a hydrogel. The logarithm of the t ime required for solidification 
after the shaking of the jelly, -was found to be inversely proportional to the temp, 
and to the cone, of the coagulating electrolyte—vide supra, thixotropy. No change 
in the average distance of the particles and no formation of secondary particles 
could be detected by the ultramicroscope during the liquefaction. The subject 
was studied by H. Freundlich and W. Rawitzer, and H. Freundlich and K. Sollner. 
H . B . Weiser a t t r ibuted the reversible sol-gel transformation to a breaking up and 
subsequent re-alignment of the orienting forces amongst the particles. 

E . Grimaux's sol coagulates spontaneously to form a t ransparent jelly when i t 
is allowed to s tand without agitation, a t room temp. , or more rapidly when heated ; 
or when it is t rea ted with electrolytes—carbonic, sulphuric, or tar tar ic acid ; n i t ra te , 
chloride, or bromide of potassium ; the chloride of sodium, barium, etc. E . Grimaux 
also prepared a jelly by the dialysis of a negative sol prepared by the peptization of 
hydrated ferric oxide with alkali-lye and glycerol; if ammonia is used in place of 
alkali-lye, and the sol be exposed to air, the slow loss of the peptizing agent, ammonia, 
b y evaporation, forms a jelly. H . W. Fischer also produced a firm jelly by t h e 
prolonged dialysis of a hydrosol containing 1 per cent, of iron. This preparat ion 
formed a gelatinous mass when it was warmed, stirred, or frozen. H . B . Weiser 
also mentioned the formation of a jelly by the slow evaporation of a cone. 
G r a h a m s sol of a high degree of puri ty. S. Prakash and N . R. Dha r studied 



I R O N 863 

t h e f o r m a t i o n of t h e gel. D . H . G h o s h o b t a i n e d ferric h y d r o x i d e a s a r h y t h m i c 
p r e c i p i t a t e . 

A. W . Bu l l a n d J . R . A d a m s ' o b s e r v a t i o n s o n t h e a d s o r p t i o n of a lka l i b y h y d r a t e d 
ferric ox ide a r e i n d i c a t e d in connec t ion w i t h s o d i u m ferr i te . W . N . Simakoff s t u d i e d 
t h e rec iproca l ac t i on of sols of ferric h y d r o x i d e , a l u m i n i u m h y d r o x i d e , m a n g a n e s e 
d iox ide , a n d silicic ac id . T h e s p a r i n g so lub i l i ty or inso lubi l i ty of m a n y h y d r a t e d 
oxides is , a cco rd ing t o JT. J e a n n e l , c o n n e c t e d w i t h t h e p resence of t r ace s of s u l p h a t e , 
b u t J . At t f ie ld d id n o t ag ree w i t h t h i s . Accord ing t o F . Muck , t h e h y d r a t e d ox ide 
fo rms a v o l u m i n o u s , ge l a t i nous p r e c i p i t a t e w h i c h s h r i n k s cons ide rab ly on d r y i n g t o 
fo rm a ye l lowish-brown, b r i t t l e m a s s . T h i s p r o d u c t loses w a t e r w h e n g e n t l y 
h e a t e d , a n d , a s t h e t e m p , is ra i sed , i t b e c o m e s ca lorescen t—v ide supra—without 
fu r the r loss i n we igh t , t o f o rm a b lack , l u s t r o u s m a s s , h a r d e n o u g h t o s c r a t ch glass . 
O n t h e o t h e r h a n d , t h e h y d r a t e d ferric ox ide , p r e p a r e d b y t h e o x i d a t i o n of h y d r a t e d 
fer rous ox ide , is p u l v e r u l e n t — p a r t i c u l a r l y if p r e p a r e d f rom h o t soln. ; i t does n o t 
s h r i n k m u c h on d r y i n g , a n d t h e n fo rms a fr iable m a s s . T h i s p r o d u c t does n o t 
e x h i b i t ca lorescence w h e n h e a t e d , a n d i t f o rms a r e d d i s h - b r o w n , fr iable m a s s w i t h o u t 
l u s t r e . Th i s recal ls t h e p r e v i o u s d i scuss ion o n t h e S t . Gilles ' sol, a n d G r a h a m ' s sol, 
a n d t h e supposed a l lo tropic f o r m s of t h e h y d r a t e d ox ide . Acco rd ing t o 
TJ. T . W r i g h t , r e c e n t l y p r e c i p i t a t e d , ge l a t inous ferric h y d r o x i d e , w h e n s u s p e n d e d in 
w a t e r a n d s a t u r a t e d w i t h h y d r o g e n su lph ide , is comple t e ly soluble i n a soln. of 
p o t a s s i u m c y a n i d e fo rming p o t a s s i u m fe r rocyan ide a n d su lph ide : F e S + 6 K C y 
== K 2 S - J -K 4 FeCy 6 ; b u t if t h e ferric h y d r o x i d e be k e p t some t i m e , a c e r t a i n p r o 
p o r t i o n is c o n v e r t e d i n t o a n i nac t i ve form, n o t affected b y h y d r o g e n su lph ide . 

Acco rd ing t o D . T o m m a s i , t h e r e a r e t w o series of h y d r a t e d oxides , ye l low, a n d 
r ed o r b r o w n , wh ich a r e i somer ic o r a l lo t rop ic fo rms of one a n o t h e r . T h e m e m b e r s 
of t h e r e d series a r e p r o d u c e d b y p r e c i p i t a t i n g a soln. of a ferr ic sa l t w i t h a n a lka l i ; 
t h e p r o d u c t is v o l u m i n o u s , soluble i n dil . ac ids , a n d , a c c o r d i n g t o A. E . D a v i e s , is 
d e h y d r a t e d b y boi l ing w a t e r . T h e m e m b e r s of t h e ye l low series a re o b t a i n e d b y 
t h e o x i d a t i o n of h y d r a t e d fer rous ox ide o r c a r b o n a t e — s a y , b y p o t a s s i u m c h l o r a t e , 
p o t a s s i u m h y p o c h l o r i t e , o r if i ron b e s lowly oxid ized u n d e r w a t e r . R . Ph i l l ips 
found t h a t if t h e ch lo r a t e be a d d e d t o t h e fer rous s u l p h a t e a n d s o d i u m c a r b o n a t e 
in smal l p o r t i o n s a t a t i m e , b l a c k ferrosic ox ide is fo rmed , a n d is n o t ox id ized t o 
r ed ferric ox ide b y s u b s e q u e n t a d d i t i o n of t h e ch lo ra t e . T h e yel low h y d r a t e s a r e 
dense r t h a n t he . r ed , t h e y a re spa r ing ly soluble in cone , ac ids , r equ i r e a h ighe r t e m p , 
for d e h y d r a t i o n , a n d r e t a i n a mol . of w a t e r e v e n w h e n boi led for a long t i m e u n d e r 
w a t e r . D . T o m m a s i t h u s s u m m a r i z e s t h e p r o p e r t i e s of t h e t w o series of h y d r a t e d 
ferric ox ides : 

R E D O R <X-SERIES. Y E L L O W O R / ? - S E R I E S . 
1. O b t a i n e d b y p r e c i p i t a t i n g a ferr ic sa.lt 1. Obta ined , b y o x i d i z i n g hydra / t ed f e r rous 

"with a lka l i - lye . o r fer ros ic o x i d e , o r f e r rous c a r b o n a t e . 
2 . T h e d i h y d r a t e b e g i n s t o d e h y d r a t e a t 2 . T h e d i h y d r a t e b e g i n s t o d e h y d r a t e a t 

60° . 105°. 
3 . T h e m o n o h y d r a t e i s d e h y d r a t e d a t 92° . 3 . T h e m o n o h y d r a t e is d e h y d r a t e d a t 150°. 
4 . T h e a n h y d r i d e i s b r o w n . 4 . T h e a n h y d r i d e i s r e d o r ye l lowish - red . 
6. T h e s p . g r . of t h e a n h y d r i d e i s 5-11. 5 . T h e s p . g r . of t h e a n h y d r i d e i s 3*95. 
6. T h e h y d r a t e s a r e so lub le i n d i l . a c i d s , a n d 6. T h e h y d r a t e s a r e s p a r i n g l y so lub le i n 

i n so ln . of ferr ic ch lo r ide . cone , ac id s , a n d i n so ln . of fer r ic 
ch lo r ide . 

7. T h e h y d r a t e s a r e d e h y d r a t e d i n bo i l i ng 7. T h e h y d r a t e s a r e d e h y d r a t e d in bo i l i ng 
w a t e r . w a t e r . 

A. K r a u s e sa id t h a t t h e yel low, ox ide , w h i c h h e cal led meta-ferric oxide o r f3-ferric 
oxide, is t h e m o r e s t a b l e form, b e c a u s e t h e b r o w n ox ide , w h i c h h e cal led ortho-ferric 
oxide o r a-ferric oxide, passes i n t o i t w h e n k e p t u n d e r w a t e r . Con t r a s t i ng t h e t w o 
oxides , h e sa id t h a t w h e n d r i ed i n a i r , t h e o r t h o - o x i d e b r e a k s u p , fo rming b l a c k 
p ieces w h i c h furn ish a b r o w n p o w d e r , w h i c h c o n t a i n s some c a r b o n d iox ide , a n d 
w h e n d r i ed , 70*0 p e r cen t , of F e 2 G 3 . T h e m e t a - o x i d e w h e n d r i ed fo rms a v i t r e o u s 
m a s s w h i c h does n o t b r e a k u p , a n d fu rn i shes a ye l low p o w d e r w i t h a r e d d i s h t i nge . 

sa.lt
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I t conta ins no ca rbon dioxide , a n d t h e d r i ed mass h a s 82*5 p e r cen t . Fe 2 Qs- B o t h 
forms are soluble in cone, hydroch lo r ic ac id . T h e o r tho -ox ide dissolves a lmost 
complete ly in cone, ace t ic ac id forming a b r i ck- red soln. wh ich yie lds c rys ta l s of t h e 
ace ta te ; t h e me ta -ox ide is a l m o s t insoluble i n cone, ace t ic acid , a n d t h e soln . does 
n o t form c rys ta l s of t h e a c e t a t e . T h e o r tho -ox ide is p e p t i z e d b y dil . ace t i c ac id , 
a n d t h e hydroso l is yel low, o range , o r d a r k red , accord ing t o t h e p r o p o r t i o n of 
con t a ined ferric ox ide ; t h e m e t a - o x i d e forms a n o range hydrosol ,"and w h e n v e r y di l . , 
i t is greenish-yel low. T h e o r tho-ox ide is n o t p e p t i z e d b y 10 p e r cen t . a q . a m m o n i a , 
while t h e me ta -ox ide is pep t i z ed t o a greenish-yel low hydroso l . BoiUng 76*4 p e r 
cen t , soda- lye does n o t dissolve t h e o r tho -ox ide comple te ly , b u t t h e m e t a - o x i d e 
read i ly forms a colourless soln. A m m o n i u m s u l p h a t e coagu la tes t h e hyd roso l of 
t h e m e t a - o x i d e m o r e readi ly t h a n t h e o r tho-ox ide . J . M. v a n B e m m e l e n showed 
t h a t t h e r a t i o of oxide t o w a t e r in t h e r edd i sh -b rown series d e p e n d s en t i r e ly on t h e 
m e t h o d of t r e a t m e n t , a n d t h a t all t h e definite h y d r a t e s w h i c h h a v e been r e p o r t e d 
a re nur zufallig be ing d e p e n d e n t on t h e acc iden ta l cond i t ions used in d ry ing . 
D . T o m m a s i r ep resen ted t h e r edd i sh -b rown h y d r a t e b y t h e fo rmula : 

?r°\o 
F e - O ^ 

a n d t h e yel low h y d r a t e O = F e - O - F e — O each wi th one, t w o , or t h r e e mols . of 
H 2 O ; b u t , a d d e d J . M. v a n B e m m e l e n , alles dies ist nichts als reine jtharUasie. T h e 
differences be tween t h e yel low a n d red h y d r a t e d oxides a r e d e t e r m i n e d solely b y 
differences in phys ica l s t r u c t u r e . H . B . Weiser a d d e d t h a t t h e l a t e r w o r k of 
E . P o s n j a k a n d H . E . Merwin—vide infra—has shown t h a t t h e g rea t e r t e n a c i t y of 
t h e w a t e r in t h e yellow h y d r a t e s m a y b e d u e t o t h e fo rma t ion of a definite h y d r a t e . 
P . N ico la rdo t cons idered t h a t h e h a d es tab l i shed t h e exis tence of six modif ica t ions 
of h y d r a t e d ferric ox ide . H e said t h a t t h e m a j o r i t y of t h e crys ta l l ine ferric sa l t s 
a r e whi te , a n d h e therefore conc luded t h a t t h e n o r m a l h y d r a t e d ox ide shou ld 
also be wh i t e . H e found t h a t t h e wh i t e h y d r a t e d ox ide is fo rmed w h e n a freshly 
p r epa red , cone . soln. of a ferric sa l t is a d d e d t o a cooled soln. of a m m o n i a , b u t i t 
r ap id ly becomes coloured. H e said t h a t t h e six different fo rms of t h e h y d r a t e d 
ox ide differ i n t he i r phys ica l a n d chemica l p roper t i e s , a n d i n t h e i r w a t e r - c o n t e n t . 
Toutes sont des jtolymeres de Vhydrate ferrique, b u t t h e i r degrees of po lymer i za t i on 
a r e different. Gr. N . Wyrouboff a n d A. Verneu i l sugges ted t h a t t h e ferric ox ide 
o b t a i n e d a t t h e h igher t e m p . , a n d wh ich is v e r y l i t t le affected b y acids , a n d forms a 
r e d h y d r a t e on sa l t dialysis , is a h y d r a t e of a po lymer ized oxide , (Fe 2 Os) 4 4 , which 
h e calls para-oxide. T h e p r o d u c t o b t a i n e d b y I i . P . d e S t . Gilles w a s (Fe203)4 4 .4:HCl. 
T h e p r o d u c t o b t a i n e d b y t h e dialysis of cold soln. of ferric h y d r o x i d e i n a n e u t r a l 
ferric sa l t con ta ins t w o p o l y m e r s b o t h of which can u n i t e w i t h acids t o fo rm clear, 
r edd i sh -b rown soln. T h e one oxide, (Fe 2 O s ) 4 4 , called meta-oxide, is po lymer ized 
du r ing dialysis t o fo rm a h y d r a t e or s a l t of (Fe 2Og) 5 6 . T . G r a h a m ' s p r o d u c t w a s 
r ep resen ted a s ( F e 2 0 8 ) S 6 . 4 H C l . Th i s subjec t , h a s been p rev ious ly d i s c u s s e d ; 
J . M. v a n B e m m e l e n wou ld also h a v e cal led all t h i s p u r e p h a n t a s y ; whi le 
H . W . F i s c h e r sa id t h a t t h e hypo thes i s is experimentell unzureichend gestiitz und 
verfefdt. 

T h e ferric ferr i te o b t a i n e d b y t h e i n t e r a c t i o n of h y d r a t e d o r t h o - a n d m e t a -
ferric ox ide w a s found b y A. K r a u s e t o b e read i ly p e p t i z e d b y dil . ac ids af ter i t 
h a d been igni ted . T h e resul t ing sol c o n t a i n s pos i t ive ly c h a r g e d par t i c les , a n d i t s 
h y d r o p h o b i c n a t u r e is ev iden t f rom t h e r ead iness w i t h w h i c h i t depos i t s a ferr ic 
oxide mi r ro r on t h e wal ls of t h e con ta in ing vessel . Or tho-fer r ic h y d r o x i d e is p a r t l y 
c o n v e r t e d i n t o ferric ferr i te b y ageing u n d e r wa t e r , o r soda- lye yie lds t h e same sol 
a f te r i t h a s been ign i ted . N e i t h e r o r tho - n o r meta - fe r r ic h y d r o x i d e is p e p t i z e d b y 
acids af ter igni t ion, b u t t h e meta -ox ide , un l ike t h e o r tho -ox ide a n d ferric fer r i te , 
i s pep t i z ed b y dil. a q . a m m o n i a after i t h a s been ignited. T h e h y d r o s o l of meta-
ferric a c e t a t e h a s on ly a s l ight t e n d e n c y t o p r o d u c e a mirror, a n d ortho-ferric 
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a c e t a t e h a s none , a n d i t even exe r t s a s tabi l iz ing influence on t h e me ta - fe r r i c ox ide , 
a n d ferric ferr i te sols. H e n c e , A. K r a u s e conc luded t h a t t h e r e a r e t h r e e ser ies of 
ferric oxides a n d hyd rox ides . 

A t t e m p t s h a v e been m a d e t o find h o w t h e w a t e r is associa ted wi th t h e h y d r a t e d 
ferric oxides , a n d t o es tab l i sh t h e chemica l ind iv idua l i ty of p a r t i c u l a r h y d r a t e s . 
So long a s t h e earl ier worke r s rel ied u p o n ana lys i s a lone, t h e r e w a s no l imi t t o t h e 
n u m b e r of possible h y d r a t e s , for, a s J . M. v a n B e m m e l e n h a s p o i n t e d o u t , t h e 
resu l t s d e p e n d e d m o r e or less o n t h e a c t u a l choice of t h e m e t h o d of d ry ing . I n 
on ly one case does t h e h y d r a t e exis t i n a c rys ta l l ine form, viz. , F e 2 O 3 J l I 2 O ; in all 
o t h e r cases, t h e p r o d u c t s a r e a m o r p h o u s , a n d h a v e t h e c h a r a c t e r of hydroge l s . 
T h e h y d r a t e s are u sua l ly hygroscopic s u b s t a n c e s so t h a t t h e p ropor t i ons of w a t e r 
t h e y c o n t a i n a t a n y m o m e n t f luc tua tes w i t h t h e t e m p , a n d h u m i d i t y of t h e a t m o 
sphere . N a t u r e also furnishes a series of e igh t mine ra l s wh ich h a v e t h e c h a r a c t e r 
of h y d r a t e d ferric oxide , a n d of t hese on ly t w o occur in t h e c rys ta l l ine s t a te—v ide 
supra, t h e hydroso l s . P r e c i p i t a t e d ferric, a n d severa l o t h e r h y d r o x i d e s m a y b e 
r e g a r d e d as soln. of w a t e r in ferric ox ide , e tc . , or in one of t h e i r lower h y d r o x i d e s . 
J . M. v a n B e m m e l e n cal led t h e m a d s o r p t i o n c o m p o u n d s , a n d cons idered t h a t t h e 
mo i s t p rec ip i t a t e s c o n t a i n (i) w a t e r mechan ica l ly m i x e d wi th t h e p rec ip i t a t e , a n d 
(ii) ab so rbed wa t e r . T h e a m o u n t of a b s o r b e d w a t e r is d e p e n d e n t on t h e structure 
of t h e ge la t inous m a s s wh ich in t u r n is d e p e n d e n t on (i) t h e m e t h o d of fo rma t ion , 
(2) t h e t i m e , (3) t e m p . , a n d (4) t h e presence of foreign subs tances . If t h e a d s o r b e d 
w a t e r be dissolved in t h e oxide or lower h y d r o x i d e , w h e n t h e w a t e r is g r a d u a l l y 
w i t h d r a w n from t h e sys t em, t h e v a p . press , of t h e m i x t u r e will r e m a i n c o n s t a n t so 
long as free w a t e r is p r e s e n t mechan ica l ly m i x e d w i t h t h e p r ec ip i t a t e , a n d c o m m e n c e 
t o decrease w h e n t h e free w a t e r h a s d i s appea red . T h e compos i t ion of t h e res idue 
a t t h i s s t age will r ep re sen t t h e compos i t ion of t h e sa t . soln. of w a t e r in t h e oxide 
u n d e r cons idera t ion . H e n c e , a t a c o n s t a n t t e m p . , h y d r a t e d ferric oxide, p r e p a r e d 
in different ways , shou ld show t h e s a m e compos i t ion a t t h e p o i n t where t h e v a p . 
press , begins t o change , p r o v i d e d t h e s y s t e m is in equ i l ib r ium. H . W. F o o t e found 
t h i s t o b e t h e case w i t h ferric, a l u m i n i u m , a n d z i rcon ium hydrox ides . T h e com
posi t ion changes w i t h t e m p . , a s wou ld be expec t ed if these h y d r o x i d e s a r e b u t soln. 
of w a t e r in t h e f u n d a m e n t a l oxide or in some lower h y d r a t e . A t 25°, w i t h h y d r a t e d 
ferric ox ide t h e cr i t ica l p o i n t occurs w h e n t h e h y d r a t e con ta in s 47-75 p e r cen t , of 
ferric ox ide ; -with h y d r a t e d a l u m i n i u m oxide , 50-35 p e r cen t , of a l u m i n a ; a n d 
w i t h h y d r a t e d z i r con ium oxide , 32-12 pe r cent , of zirconia. T h e difficulties in 
accep t ing t h i s hypo thes i s d e p e n d on t h e fac t s : (1) If t h e dissolved w a t e r b e r e m o v e d 
b y evapora t i on , i t c a n n e v e r b e comple te ly r e s to red ; (2) w h e n a mois t h y d r a t e is 
a l lowed t o d r y s p o n t a n e o u s l y t h e r e is n o s ign of a n a b r u p t change i n t h e r a t e of 
e v a p o r a t i o n . 

W . R a m s a y , a n d Gr. T s c h e r m a k t r i ed t o find if t h e ex is tence of definite h y d r a t e s 
could b e es tab l i shed b y measu r ing t h e r a t e of t h e d r y i n g of t h e hydroge l a t a g iven 
t e m p . J . M. v a n B e m m e l e n ' s h y d r a t i o n a n d de
h y d r a t i o n curves a r e i l l u s t r a t ed i n F ig . 535 . 
I n d ry ing , t h e loss of w a t e r is con t i nuous w i t h 
t h e decrease in t h e v a p . press , of t h e w a t e r . T h e 
genera l r e su l t resembles t h a t o b t a i n e d -with silicic 
ac id . A t O, t h e d ry ing gel becomes w h i t e a n d 
o p a l e s c e n t ; t h e r e - h y d r a t i o n of t h e gel does n o t 
follow t h e s a m e t r a c k . R . Zs igmondy a n d co
workers , W . B a c h m a n n , a n d J . S. A n d e r s e n also 
m e a s u r e d t h e v a p . press , of t h e h y d r a t e d oxide 
d u r i n g d ry ing . T . Carnel ley a n d J . W a l k e r , a n d 
A . I J . BaikofJ s t u d i e d t h e d e h y d r a t i o n of t h e 
hyd roge l a t different t e m p . A t 55°, t h e compos i t ion of t h e h y d r a t e d oxide app rox i 
m a t e s F e 2 O 3 - S H 2 O ; a n d a s t h e t e m p , r ises, m o r e w a t e r is evolved un t i l , a t 385°, 
t h e p r o d u c t h a s t h e compos i t ion 1 0 F e 2 O 8 ^ 2 O , a n d t h e weight r e m a i n s c o n s t a n t 
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dur ing several hours ' hea t ing be tween 385° a n d 415°. A t 500°, t h e d e h y d r a t i o n is 
complete. Observat ions on t h e subjec t h a v e been m a d e b y 0 . F . Cross, A. E . Davies , 
IJ. P . de St . Gilles, A. Kjrieger, L. G. l ie roy, F . Liimberger, F . Muck, W . R a m s a y , 
G. Rousseau a n d co-workers , Z. Rouss in , I J . Schafmer, H . Schiff, W . Spr ing , 
D. Tommas i a n d G. Pell izzari , G. C. Wi t t s t e in , D . Ba la rew a n d S. K r a s t e w , 
L.. T. Wr igh t , P . A. Thiessen a n d R . K o p p e n , a n d G. F . H i i t t i g a n d A. Zorner— 
vide infra. According t o t h e v a p . press , curves of J . M. v a n Bemmelen a n d 
co-workers, E . Brescius, T . Camel ley a n d J . Walke r , H . W . F o o t e a n d co-workers , 
W . B . H a r d y , W . R a m s a y , E . Y . R o d e , A. S imon a n d T. Schmid t , a n d G. Tsche rmak , 
ferric oxide hydrogel does n o t form a chemical compound . R . Wi l l s t a t t e r a n d 
Co-workers do n o t consider t h e resul ts decisive, a n d t h e conclusion is n o t p roven . 
A. V. R a k o v e k y s tudied t h e subject . R . E . Wilson a n d T. F u w a inves t iga ted t h e 
abso rben t power of t h e gel for mois tu re in air. F o r t h e ac t ion of h e a t on t h e 
d e h y d r a t e d gel, vide supra, ferric oxide. 

E . Wedek ind a n d W . Albrecht found t h a t t h e magne t i c suscept ibi l i ty of ferric 
oxide is 4 or 5 t imes less t h a n t h a t of t h e h y d r a t e d oxide, a n d t h e y consequent ly 
inferred t h a t a c o m p o u n d is formed. R . Wi l l s t a t t e r a n d co-workers t r e a t e d t h e 
gel successively wi th d r y ace tone a n d e ther , followed b y t h e p rese rva t ion of t h e 
sample in a h igh v a c u u m for some t ime . This is said t o r emove all t h e a d h e r e n t 
wa te r . The p r o d u c t t r e a t e d a t 10° t o 20° h a s r a t h e r less w a t e r t h a n is needed for 
Fe (OH) 3 , a n d t h e a m o u n t decreases slowly w h e n i t is k e p t for a p r o t r a c t e d per iod 
in con tac t wi th wa te r . A p repa ra t ion dr ied w i th ace tone a t —15° h a d t h e approx i 
m a t e composi t ion Fe (OH) 3 -H 2 O. A. Simon, a n d R . Zs igmondy d o u b t e d if these 
p roduc t s are chemical individuals . 

I n H . W . F o o t e a n d B . Sax ton ' s s t u d y of t h e changes in vol . which occur on 
freezing t h e hydrogel , owing t o t h e wa te r expanding^ w h e n i t forms ice, if t h i s 
a m o u n t of wa te r be sub t r ac t ed from t h e t o t a l loss on ignit ion, t h e difference is t a k e n 
t o represent t h e wa te r chemically combined which c a n n o t be frozen. This corre
sponded wi th F e 2 O3.4 -25H 2 O. The wa te r which freezes g radua l ly w i th a fall of 
t e m p , is held in t h e capillaries—capillary water. I t w a s a s s u m e d t h a t t h e loosely 

a t t a c h e d w a t e r freezes a t 
a b o u t —5° ; a n d t h a t t h e ca
pi l lary w a t e r freezes a t —30°. 
T h e d e b a t a b l e a s sumpt ion 
m a d e is t h a t t h e failure of 
w a t e r t o freeze a t a given 
t e m p , de te rmines w h e t h e r 
t h e wa te r is dissolved or ad
sorbed. N o evidence of t h e 
format ion of s imple ra t ios 
be tween ferric oxide a n d 
w a t e r w a s observed dur ing 
t h e d e h y d r a t i o n of t h e h y -
drogels , so t h a t t h e t e r m 
chemical ly combined w a t e r 
w a s unde r s tood t o refer t o 
w a t e r he ld in solid soln., in 
definite propor t ions , a n d n o t 
adsorbed water . K.. H a k o -
zaki discussed t h e swelling 
of t h e h y d r o g e l ; P . B a r r y , 
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and R . E . Liesegang, t h e s t ruc tu re of t h e slowly dr ied g e l ; a n d A. a n d E . L o t t e r -
inoser, t h e ageing of t h e gel. 

A. S imon a n d T. Schmid t p repa red h y d r a t e d ferric oxide : I , b y p rec ip i t a t ion 
f rom a soln. of ferric n i t r a t e a t 40° b y a m m o n i a ; I I , b y p rec ip i t a t ion f rom a co ld 
'•0fai..!Q& ferric chloride b y ammon ia ; a n d I I I , b y t h e dialysis of a eoln. of ferric 



I R O N 867 

n i t r a t e u n t i l t h e h y d r o g e l p r e c i p i t a t e d a n d t h e r e s i d u e w a s free f r o m n i trate . 
Sample I w a s r e l a t i ve ly c o a r s e ; I I , r e l a t i ve ly fine ; - I I I , w a s of in termedia te 
fineness. T h e d e h y d r a t i o n cu rves , F i g . 536 , a r e al l c o n t i n u o u s , a n d s h o w n o 
i nd i ca t ions w h a t e v e r of h y d r a t e s c o n t a i n i n g 1, 2 , 3 , o r m o r e mol s . of w a t e r . X - r a d i o -
g r a m s s h o w e d t h a t I w a s a m o r p h o u s w h e n d r i e d in air , b u t s h o w e d a m i c r o s c o p i c 
c r y s t a l s of ferric ox ide if h e a t e d h igh e n o u g h t o d r ive off al l t h e w a t e r ; whi le t h e 
a i r -d r i ed ox ide I I I , o b t a i n e d b y slow h y d r o l y s i s , s h o w e d a -weak in te r fe rence p a t t e r n 
different f rom t h a t of J . B o h m for a n h y d r o u s ferr ic ox ide . Th i s is t a k e n t o m e a n 
t h a t c e r t a i n ge la t inous s u b s t a n c e s m a y c o n t a i n -water in solid soln. b e t w e e n t h e 
o r i e n t e d mols . of t h e space- la t t i ce , j u s t a s B . P o s n j a k a n d H . E . Merwin found t h a t 
w a t e r m o l s . m a y a s s u m e a fixed pos i t ion i n t h e ferr ic o x i d e l a t t i ce t o f o rm t h e 
m o n o h y d r a t e F e 2 O 3 - H 2 O . 

J . B 6 h m s h o w e d t h a t t h e hyd roge l , f reshly p r e c i p i t a t e d i n t h e cold, shows n o 
c rys ta l l ine s t r u c t u r e w h e n e x a m i n e d b y t h e X - r a d i o g r a m process ; n o r does t h e 
h y d r o g e l p r e c i p i t a t e d f rom t h e boi l ing soln . g ive a n y ev idence of t h e f o r m a t i o n of a 
def ini te h y d r o x i d e , b u t a bas i c ferr ic ch lo r ide is a s soc ia t ed w i t h t h e p r e c i p i t a t e . 
T h e m a i n conclus ion h e r e i n d i c a t e d agrees w i t h t h e w o r k of G. F . H u t t i g a n d 
H . Gars ide , A. S i m o n a n d T . S c h m i d t , a n d F . H a b e r . T h e s u b j e c t w a s a lso dis
cussed b y E . H e y m a n n , E . W e d e k i n d a n d W . A l b r e c h t , a n d D . B a l a r e w a n d 
S. K r a s t e w . P . A. Th iessen a n d R . K o p p e n sa id t h a t t h e d e h y d r a t i o n c u r v e of t h e 
h y d r a t e d ox ide o b t a i n e d b y expos ing a soln. of ferric e t h y l a t e , in a b s o l u t e a lcohol , 
t o w a t e r v a p o u r , agrees w i t h t h e a s s u m p t i o n t h a t t h e r e a r e e igh t h y d r a t e s 
2 F e 2 O 3 - ^ H 2 O , w i t h w = 8 , 7, 6, 5, 4, 3 , 2 , a n d 1, a s well a s t h e m o r e d o u b t f u l cases 
of n=9 a n d 10. W . C. H a n s e n a n d L . T . B r o w n m i l l e r f o u n d t h a t n o c rys t a l l ine 
s t r u c t u r e a p p e a r s w h e n t h e h y d r o g e l is h e a t e d a n h o u r a t 200° , b u t if h e a t e d a n 
h o u r a t 300°, t h e s t r u c t u r e of haemat i t e a p p e a r s ; a g e d hyd roge l s , n a t u r a l or art if icial , 
we re f o u n d b y J . B o h m a n d co-workers t o show t h e s t r u c t u r e of haemat i te w i t h some 
d i s t o r t i o n w h i c h E . "Wedekind a n d W . A l b r e c h t , a n d A . S i m o n a n d T. S c h m i d t 
a t t r i b u t e t o t h e i n t r o d u c t i o n of a n u m b e r of H 2 0 - m o l e c u l e s in t h e spaces i n t h e 
l a t t i ce . J . A. H e d v a l l a lso f o u n d t h a t t h e d r i ed h y d r a t e d h y d r o x i d e h a s a c rys t a l l i ne 
s t r u c t u r e . 

Accord ing t o M. Bi l tz , t h e h y d r o g e l h a s a sponge- l ike s t r u c t u r e in w h i c h t h e r e 
a r e t w o k i n d s of cap i l l a ry c a n a l s — p r i m a r y a n d s econda ry . T h e a d s o r p t i o n of 
w a t e r b y t h e d r i ed gel is d u e t o t h e fillings of t h e p r i m a r y cana l s followed b y t h e 
filling of t h e s e c o n d a r y cana l s w h e n t h e v a p . press , of t h e w a t e r h a s a t t a i n e d a h igh 
v a l u e , so t h a t , accord ing t o F . H a b e r , t h e gel is bu i l t u p of agg rega t e s of molecules 
s e p a r a t e d f rom one a n o t h e r b y l ayers of w a t e r . A. S i m o n a n d T . S c h m i d t sa id t h a t 
t h e a m o u n t of -water a s soc i a t ed w i t h t h e h y d r o g e l d e p e n d s on t h e grain-s ize or degree 
of d i spers ion of t h e m o l e c u l a r a g g r e g a t e s ; a p r e p a r a t i o n w i t h finely d i spersed 
a g g r e g a t e s h a d F e 2 O 3 : H 2 O = I : 36*29 ; one w i t h m e d i u m dispers ion , 3 : 30-36 ; 
a n d w i t h a coarse r d ispers ion , 1 : 14-58. T h e force w h e n t h e w a t e r is r e t a i n e d b y 
t h e h y d r o g e l is g r e a t e r t h e g r e a t e r is t h e degree of d ispers ion . T h e s t r u c t u r e of t h e 
h y d r o g e l w a s also d iscussed b y G. Malf i tano a n d M. S igaud , a n d P . P . v o n W e i m a r n ; 
W . K r a u s t f ound t h a t t h e X - r a d i o g r a m s of t h e fresh p r e c i p i t a t e showed t h a t t h e 
p r o d u c t is a m o r p h o u s , b u t on s t a n d i n g , i t g r a d u a l l y becomes c rys ta l l ine . 

T . K a t s u r a i o b s e r v e d t h a t w h e n t h e h y d r o g e l is h e a t e d w i t h a s l ight excess of 
a lka l i i n a n a u t o c l a v e a t 5 t o 10 a t m . p ress . , a r e d p o w d e r is p r o d u c e d . A c c o r d i n g 
t o O. Ruff, w h e n r e d colloidal ferric ox ide is h e a t e d w i t h w a t e r u n d e r t h e e n o r m o u s 
p ress , of 5000 a t m . , i t becomes h y d r a t e d . T h u s , b e t w e e n a b o u t 30° a n d 42-5°, i t 
y ie lds a ye l low h y d r a t e 2 F e 2 O 3 - S H 2 O , co r r e spond ing w i t h n a t u r a l b r o w n i r o n s t o n e 
o r l imonite ; and b e t w e e n 42-5° a n d 62-5° i t y ie lds t h e ye l lowish-brown h y d r a t e 
F e 2 O 3 - H 2 O , co r r e spond ing w i t h t h e m i n e r a l g o e t h i t e ; a n d a t a h ighe r t e m p , i t 
fu rn i shes a hemihydrate 2 F e 2 O 3 - H 2 O , e q u i v a l e n t i n compos i t ion t o t u r g i t e . 
H . Wolbl ing said t h a t only t h e h y d r a t e d haemat i tes c a n b e h y d r a t e d u n d e r o r d i n a r y 
condit ions of t e m p , and p r e s s . ; a n d a d d e d t h a t O. Ruff 's p r o d u c t s were in all 
probabi l i ty mixtures of anhydride and a h y d r a t e . T h e mol . vols, of b r o w n i ron-
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s tone , goeth i te , a n d t u r g i t e a r e sa id t o b e smal ler t h a n t h e mo l . vols , of t h e com
ponen t s , because inc reas ing t h e p ress , f avou r s t h e f o r m a t i o n of t h a t c o m p o u n d 
which is fo rmed w i t h a decrease i n vol . T h e r e d h y d r o g e l a t o r d i n a r y t e m p , 
g r adua l ly passes i n t o a s t ab le r , less h y d r a t e d , a n d dense r s t a t e , w i t h o u t p r o d u c i n g 
a definite h y d r a t e . I t is , the re fo re , a s s u m e d t h a t t h e h y d r o g e l v e r y s lowly loses 
w a t e r a n d passes i n t o t h e a n h y d r o u s ox ide . T h e d e h y d r a t i o n process , however , a t 
o r d i n a r y t e m p , is n e v e r comple t e because a n o t h e r s i m u l t a n e o u s r eac t i on occurs so 
t h a t t h e h e m i t r i h y d r a t e is formed, a n d t h i s h y d r a t e , t h e b r o w n i rons tone or l imon i t e 
of t h e minera log is t , is t h e m o s t s t ab l e of t h e h y d r a t e s of ferric ox ide . O. Ruff 
r e p r e s e n t e d t h e success ive s t ages : C o l l o i d — > a n h y d r i d e - > h e m i h y d r a t e - » m o n o -
h y d r a t e — ^ h e m i t r i h y d r a t e . H e found t h a t t h e ye l low colloid d id n o t c h a n g e in 
t h e t e m p , i n t e r v a l 40° t o 70°, like t h e r e d hydroge l , a n d h e accord ing ly infer red t h a t 
t h e yel low colloid is n o t rea l ly a colloid b u t a t r u e h y d r a t e , poss ib ly of t h e c h a r a c t e r 
of x a n t h o s i d e r i t e ; b u t O. Ruff himself a d d e d t h a t l imon i t e a t 70° or 75°, a n d 
t u r g i t e a t 40° t o 50° , d id n o t b e h a v e a s t h e y w o u l d do if O. Ruff ' s h y p o t h e s i s were 
correc t , a n d fo rm respec t ive ly t u r g i t e a n d l imoni te . H . W . F i s c h e r f a v o u r e d t h e 
h y p o t h e s i s t h a t m a n y of t h e colloidal or a m o r p h o u s ferric ox ides a r e defini te com
p o u n d s . H e sa id t h a t t h e r e a r e t h r e e definite h y d r a t e s : t h e yel low h y d r a t e s — 
artificial a n d n a t u r a l — o f t h e l imoni te t y p e ; t h e r edd i sh -b lack colloid of t h e 
haemat i te t y p e ; a n d t h e r e d d i s h - b r o w n colloids s t ud i ed b y J . M. v a n B e m m e l e n . 
H e based h is op in ion r e g a r d i n g l imoni te on i t s h a v i n g a cha rac te r i s t i c d e h y d r a t i o n 
cu rve . Th i s m i g h t fit t h e op in ion t h a t t h e yel low colloids c o n t a i n a definite h y d r a t e 
of t h e goe th i t e t y p e , a n d C. H i n t z e r e g a r d e d l imon i t e a s colloidal goe th i t e . 
H . W . F i sche r ' s r e m a r k s on t h e o t h e r colloids a r e t o be r e g a r d e d m o r e a s 
opin ions , since t h e y were n o t b a s e d on e x p e r i m e n t a l work—cf. fe r rous ox ide . 
J . R . I . H e p b u r n found t h a t t h e colloid af ter a p ro longed freezing h a s some 
p r o p e r t i e s u sua l ly r e g a r d e d as charac te r i s t i c of t h e c rys ta l l ine s t a t e . Gr. G r a u e , 
a n d O. H a h n a n d G. G r a u e d iscussed t h e surface a rea of t h e gel. 

W . Sp r ing found t h e specific grav i ty of t h e hyd roge l p r e c i p i t a t e d b y a m m o n i a , 
a n d dr ied in air , t o be 2-436 a t 15° ; G. B e r n d t g a v e 1-264 for t h e i m p u r e hyd roge l 
o b t a i n e d b y t h e s low o x i d a t i o n of fer rous c a r b o n a t e i n a i r ; A . E . D a v i e s found 
4-545 for t h e sp . gr. of a n aged hydroge l , boi led for a long t i m e w i t h w a t e r , a n d con
t a i n i n g a b o u t 5 p e r cen t , of w a t e r ; wh i l s t B . Aa rn io g a v e 3-6 for a spec imen wh ich 
h a d been h e a t e d t o 200°, a n d w h i c h c o n t a i n e d 1*5 p e r cen t , of w a t e r . F . M u c k 
emphas i zed h o w t h e f resh ly-prec ip i ta ted , v o l u m i n o u s h y d r o g e n sh r inks e n o r m o u s l y 
a s i t dr ies t o a b i i t t l e , h a r d m a s s ; a n d R . W i l l s t a t t e r a n d co-workers sa id t h a t 
t h e drying o i the hydrogel is a t t e n d e d b y a m a r k e d coagu la t i on of t h e molecu la r 
aggrega tes . T h e sub jec t w a s discussed b y E . Bresc ius , a n d W . H a m p e . B . Aa rn io 
sa id t h a t t h e hydroge l p r e c i p i t a t e d b y a m m o n i a , a n d d r i ed a t r o o m t e m p . , 
r e t a in s t h e following p r o p o r t i o n s of "water on dehydrat ion a t : 

100° 200° 300° 700° 
R e t a i n e d w a t e r . . . 10 1-5 1-0 0-0 p e r c e n t . 

T h e sub jec t w a s discussed b y T . Carnel ley a n d J . W a l k e r , W . R a m s a y , A. S i m o n 
a n d T . S c h m i d t , R . W a l l a c h , a n d R . W i l l s t a t t e r a n d co-workers—v ide infra, t h e 
special h y d r a t e d oxides . T. W . R i c h a r d s a n d G. P . B a x t e r e m p h a s i z e d t h e difficulty 
i nvo lved in d r iv ing off t h e l a s t t r a c e s of m o i s t u r e f rom t h e hydroge l , d u e i n p a r t , 
sa id N . A. Tananaeff , t o t h e fo rma t ion of h a r d c rus t s o n t h e surfaces of t h e g ra ins . 
H . F r e u n d l i c h n o t e d t h e l iquefac t ion of t h e gel b y u l trasonic w a v e s . F o r 
t h e ca lorescence w h e n h e a t e d , -vide supra, ferric ox ide . T h e age ing , a n d poss ib le 
c rys ta l l i za t ion of t h e h y d r a t e d oxide w h e n sub j ec t ed t o freezing, w a s d iscussed b y 
J . M . v a n B e m m e l e n a n d E . A. Klobb ie , H . W . F o o t e a n d B . S a x t o n , a n d F . L i m -
b e r g e r a n d G. C. W i t t s t e i n . Accord ing t o J . R . I . H e p b u r n , p r a c t i c a l l y n o 
d e h y d r a t i o n of h y d r a t e d ferric ox ide occurs d u r i n g f r e e z i n g ; t h e a b s e n c e of 
m o t h e r - l i q u o r du r ing freezing does n o t afEect t h e d e h y d r a t i o n c u r v e o r t h e 
c o m p o s i t i o n af ter des icca t ion . I n genera l , t h e p r o d u c t s of freezing a r e colloidal , 
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b u t t h e y m a y p r e s e n t some phys i ca l cha rac te r i s t i c s of t h e c rys t a l l i ne s t a t e ; t h u s , 
op t i ca l a c t i v i t y m a y be de tec ted , b u t i t is r a t h e r t h e r e su l t of s t r a i n s s e t u p b y 
pressuie t h a n t h e effect of a c rys ta l l ine s t r u c t u r e . J . T h o m s e n o b t a i n e d for t h e 
h e a t Of format ion ( 2 F e , 3 0 , n H 2 0 ) = 1 9 1 - 1 3 CaIs., a n d M. B e r t h e l o t , 191-2 CaIs. 
T h e sub jec t w a s discussed b y F . H a b e r . J . T h o m s e n g a v e for t h e h e a t of 
dissolut ion of Fe2O8-WH2O in su lphur ic acid, 33-75 CaIs. ; i n chloric ac id , 32-34 
CaIs. ; a n d in hydroch lo r ic acid, 33-45 CaIs. ; M. B e r t h e l o t g a v e for dil . h y d r o 
chloric acid, 34-2 CaIs. ; a n d in hydrof luor ic acid, O. Mule r t g a v e 47-55 CaIs. ; 
a n d E . Pe t e r s en , 47-72 CaIs. 

F o r F . Doer inckeFs obse rva t ions on t h e specific h e a t of t h e hydroge l , vide 
supra, t h e hydroso l . F o r t h e e lectrical properties, vide supra, t h e hydroso l . 
Some obse rva t ions on t h e m a g n e t i c properties of t h e h y d r o g e l of ferric ox ide were 
m a d e b y J . Pl i icker , S. H . E m m e n s , S. de L u c a , J . L . S m i t h , a n d G. W i e d e m a n n ; 
a n d n u m e r o u s obse rva t ions h a v e been m a d e o n t h e m a s s m a g n e t i c suscep t ib i l i ty of 
t h e hydroge l p r e p a r e d in different w a y s . T h u s , E . W e d e k i n d a n d W . A l b r e c h t 
found for a s amp le p r e c i p i t a t e d b y a m m o n i a f rom a m m o n i u m ferric s u l p h a t e , a n d 
d r i ed b y ace tone , X = I O O x I O - 6 ; i t c o n t a i n e d 23-5 p e r cen t . H 2 O . A s a m p l e 
s imi lar ly t r e a t e d a n d o b t a i n e d f rom ferric s u l p h a t e , con t a ined 22-3 p e r cen t . H 2 O , 
a n d h a d ^ = 2 2 4 X 1 O - 6 . W h e n s imilar s amples were dr ied below 100° t o 14-4 p e r 
cen t . H 2 O , E . F . H e r r o u n a n d E . Wi l son observed t h a t # = 102 X 10-6 t o 115 X 10-« , 
a n d if d r i ed t o 10-1 p e r cen t . H 2 O , x = 1 2 7 x 1 0 ~ 6 t o 147 X 10~ 6 . A s a m p l e o b t a i n e d 
b y u l t ra - f i l t r a t ion of a d ia lyzed soln. of ferric chloride, a n d dr ied b y ace tone , g a v e 
X==32-5x 1 O - 6 , a n d i t con t a ined 22-3 p e r cen t . H 2 O ; a n d a s amp le o b t a i n e d b y t h e 
ac t i on of h y d r o g e n d ioxide on i ron p e n t a c a r b o n y l , w h e n d r i ed in air , g a v e 
X = 4 6 x 1 O - 6 , a n d i t con ta ined 31-6 p e r cen t . H 2 O ; wh i l s t a s a m p l e d r ied b y a c e t o n e 
g a v e ^ = 6 5 X 10—°, a n d i t c o n t a i n e d 22-4 p e r cen t . H 2 O . S. B e r k m a n a n d H . Zocher 
found t h a t a s ample o b t a i n e d b y d ia lyz ing a soln. of ferric chlor ide g a v e x—39 X 1 O - 6 . 
A. Qua r t a ro l i obse rved t h a t a s ample p r e c i p i t a t e d b y a m m o n i a f rom a cold soln. of 
ferric chlor ide g a v e ^ = 5 8 - 1 6 x 1 0 — 6 ; 24 h r s . af ter f i l t rat ion, ^ = 7 9 - 9 X 1 0 ~ 6 ; a n d 
w h e n dr ied be tween n i t e r -pape r , ^ - 1 1 8 - 4 X 10~ 6 . R . W i l l s t a t t e r a n d co-workers 
obse rved t h a t t h e suscept ib i l i ty increased du r ing t h e progress ive d e h y d r a t i o n of 
t h e hydroge l . T h u s , w i t h a p r ec ip i t a t ed a n d dr ied hydroge l : 

H 8 O . . 2 2 1 24-3 24-7 2 5 1 3 0 0 32-8 40-5 42-8 p e r c e n t . 
X X 10° . 155 117 105 103 88 80 73 71 

a n d w i t h a hyd roge l p r e p a r e d b y hydro lys i s w i t h w a t e r in a sealed t u b e , a n d dr ied 
b y ace tone : 

H 2 O . . 24-7 22-4 1 9 0 12-8 101 9-2 6-9 5-9 per cent. 
X X10° . 105 150 208 286 155 114 6-9 5-9 

E . W e d e k i n d a n d W . Alb rech t , a n d G-. W i e d e m a n n obse rved t h a t t h e age ing of 
t h e hydroge l a t o r d i n a r y t e m p , is a t t e n d e d b y a r ise in t h e suscep t ib i l i ty ; a n d 
S. Veil s t u d i e d t h e c h a n g e wh ich occurs in t h e suscep t ib i l i ty w h e n t h e gels a r e 
h e a t e d "with w a t e r . W . A lb rech t obse rved t h a t as t h e p r o p o r t i o n of c o n t a i n e d 
w a t e r is r educed , t h e suscept ib i l i ty rises t o a m a x i m u m a t ; ^ = 4 2 0 X l O - 6 , a n d a 
m i n i m u m a t ^ = 2 8 0 X10—°. R . W a l l a c h found t h a t w h e n d e h y d r a t e d a t different 
t e m p . , t h e r e is a m a x i m u m a t 200°, a n d a m i n i m u m a t 650° ; these t e m p , a l t e r a 
l i t t l e w i t h different p r e p a r a t i o n s . T r e a t m e n t of t h e gels w i t h h y d r o g e n d iox ide 
w a s found b y S. Veil t o depress t h e suscep t ib i l i ty ; a n d S. H i l p e r t found t h a t t r e a t 
m e n t w i t h p e r s u l p h a t e m a k e s t h e gel s t rong ly m a g n e t i c . O. H a u s e r found t h a t t h e 
h y d r a t e F e 6 O 7 . 5 H 2 O furnishes s t rong ly m a g n e t i c h y d r a t e d ferric o x i d e — n o t so, 
a d d e d H . C h a n d r a , if F e 6 O 7 . 5 H 2 O b e t r e a t e d w i t h soda- lye a n d h y d r o g e n d iox ide . 
G. B e r n d t obse rved t h a t h y d r a t e d ferric ox ide , o b t a i n e d b y t h e ox ida t ion a n d 
h y d r a t i o n of fer rous c a r b o n a t e , h a s a vol . suscept ib i l i ty which is d e p e n d e n t on t h e 
field-strength, a n d i t a lso exh ib i t s m a g n e t i c hys teres is . S. Veil also s t u d i e d t h e 
m a g n e t i c p rope r t i e s of t h e h y d r a t e d ox ide . 
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I n general , as C. W h i t e h e a d showed , severa l of t h e acid-forming e l e m e n t s -
phosphorus , arsenic , ant imony, t in , selenium, a n d tel lurium—are precipitated a s 
insoluble c o m p o u n d s -when a n excess of ferric sa l t i s a d d e d t o a m m o n i a c a l soln. 
The adsorption of phosphor i c ac id b y h y d r a t e d ferric ox ide w a s e x a m i n e d b y 
E . Angelesen a n d G. B a l a n e s e n ; a n d R . B u n s e n a n d A . A . B e r t h o l d s tud ied t h e 
a d s o r p t i o n of a r sen ious ac id b y freshly p r ec ip i t a t ed , h y d r a t e d ferric ox ide so t h a t 
t h i s r e a g e n t c a n b e u s e d a s a n a n t i d o t e for a rsenica l p o i s o n i n g — a s u b j e c t d iscussed 
b y I>. Mac lagan , R . H . B r e t t , J . M. Clavera , K . C. Sen , A. B o u t a r i c a n d G. P e r r e a u , 
J . H . O r t o n , T . a n d H . S m i t h , J . Zeller, a n d N . J . B . G. G u i b o u r t . W h i l e 
A. R e y c h l e r , T . O r y n g , e tc . , ho ld t h a t complex , spa r ing ly soluble a r sen i t e s a r e 
fo rmed, W . Bi l tz s h o w e d t h a t t h e effect is rea l ly a n a d s o r p t i o n process , for t h e 
p ropor t i on of a r sen ic t a k e n u p b y t h e h y d r a t e d ox ide va r i e s c o n t i n u o u s l y "with t h e 
cone , of t h e a r sen ious ac id soln. T h e i s o t h e r m a l c u r v e va r i e s c o n t i n u o u s l y •without 
a b reak . G. L o c k e m a n n a n d M. P a u c k e f o u n d t h a t t h e m o s t c o m p l e t e a d s o r p t i o n 
o c c u r s w h e n t h e h y d r o g e l is p r e c i p i t a t e d w i t h a s to ich iomet r i ca l p r o p o r t i o n of 
a m m o n i a , a n excess of a m m o n i a or p r ec ip i t a t i on w i t h a lkal i - lye decreases t h e 
a d s o r p t i v e power . R . Bradfie ld showed t h a t such a p r o p o r t i o n of a m m o n i a g ives t h e 
m o s t finely d iv ided a n d m o s t r ead i ly p e p t i z e d par t i c les of h y d r a t e . G. L o c k e m a n n 
a n d F . L u c i u s found t h a t t h e e q u i v a l e n t a m o u n t of hydroge l , E m g r m s . , r e q u i r e d 
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g iven b y E—kAp, w h e r e K a n d p 
a re c o n s t a n t s w h i c h v a r y w i t h t h e 
t e m p . M. C. Boswel l a n d J . V. 
D ickson , a n d W . M e c k l e n b u r g found 
t h a t t h e e q u a t i o n is on ly a p p r o x i 
m a t e . F o r H . W . F i scher , a n d 
H . W . F i s c h e r a n d B . K u z n i t s k y 
on t h e use of colloidal ferric ox ide for 
i n t r a v e n o u s in jec t ions i n a r sen ica l 
po i son ing , vide supra. M. CJ. Bos 
well a n d J . V. D i c k s o n showed t h a t 
t h e a d s o r p t i o n of a r sen ious ac id is 
inc reased if s o d i u m h y d r o x i d e b e 
p r e s e n t , a n d t h a t t h e a d s o r p t i o n of 
s o d i u m h y d r o x i d e is i nc reased if 
a r sen ious ac id b e p r e s e n t . T h e 

a d s o r p t i o n of a r sen ious ac id b y h y d r a t e d ferric ox ide w a s s t u d i e d b y K . C. Sen , 
A . R e y c h l e r , L . H e r b o t h , a n d J . M. Clavera—vide a rsenic t r iox ide . J . H . Y o e 
f o u n d t h a t t h e r a t e of a d s o r p t i o n of a r sen ious ac id b y h y d r a t e d ferric ox ide is v e r y 
r a p i d , for 75 p e r cen t , o r m o r e is a d s o r b e d in t h e first few m i n u t e s , a l t h o u g h t h e final 
s t a t e of equ i l i b r ium is n o t a t t a i n e d un t i l a f te r 12 h r s . T h e a d s o r p t i o n p o w e r is 
lessened, a s s h o w n in F i g . 537, t h e h igher t h e t e m p , of f o r m a t i o n of t h e h y d r o g e l . 
Those fo rmed a t 0° a n d a t 25° follow t h e s imple a d s o r p t i o n e q u a t i o n : x/m==kC1/n— 
vide 5 . 39 , 9. 

E . Angelesen a n d G. Ba l anesen i n v e s t i g a t e d t h e a d s o r p t i o n of p h o s p h o r i c ac id . 
H . N . McCoy a n d C. H . Viol, a n d J . A. C r a n s t o n a n d co -worke r s s t u d i e d t h e a d s o r p 
t i o n of t h e B - a n d C-member s of t h e r a d i u m a n d t h o r i u m series b y h y d r a t e d ferric 
o x i d e . T h e a t . r a t i o of t h o r i u m - B t o t h o r i u m - C a d s o r b e d is g r e a t e r t h a n t h e a t . 
r a t i o of r a d i u m - B t o r a d i u m - C . O. E r b a c h e r a n d H . Kading, O. H a h n and M. Bi l tz , 
a n d O. H a h n s tud i ed t h e a d s o r p t i o n of r a d i u m e m a n a t i o n b y t h e h y d r a t e d o x i d e ; 
I . K u r b a t o f i , t h e effect of t h e ac id i ty of t h e soln. o n t h e a d s o r p t i o n of t h o r i u m - X 
b y t h e g e l ; a n d D . C. L i c h t e n w a l n e r a n d co-workers , t h e a d s o r p t i o n of salts of 
m a g n e s i u m , ca lc ium a n d p o t a s s i u m b y h y d r a t e d ferr ic o x i d e gels. T h e o r d e r of 
adsorpt ion of t h e ca t i ons w a s found t o b e ca lc ium, m a g n e s i u m , ar id p o t a s s i u m ; a n d 
of t h e an ions , p h o s p h a t e , s u l p h a t e , a n d n i t r a t e . I n t h e case of n i t r a t e s , adsorption 

. .w*i»very s l ight . T h e t i m e t a k e n t o a t t a i n equ i l i b r ium w a s considerably greater 
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for p h o s p h a t e s t h a n for o t h e r sa l t s . T h e a m o u n t of a d s o r p t i o n of a p a r t i c u l a r s a l t 
i nc reased w i t h i nc r ea sed cone . T h e a d s o r p t i o n of a c a t i o n d e p e n d e d t o s o m e e x t e n t 
o n t h e p a r t i c u l a r a n i o n w i t h w h i c h i t w a s assoc ia ted . P h o s p h a t e s r e p l a c e d a d s o r b e d 
s u l p h a t e s , b u t t h e reverse c h a n g e d i d n o t occur . S u l p h a t e s a n d n i t r a t e s a d s o r b e d 
b y h y d r o g e l s cou ld b e r e m o v e d b y w a s h i n g , b u t a b o u t t w o - t h i r d s of t h e a d s o r b e d 
p h o s p h a t e cou ld n o t b e l e ached o u t . If h y d r a t e d ferric ox ide is p r e c i p i t a t e d b y 
a m m o n i a f rom soln . c o n t a i n i n g a c o p p e r or a n icke l sa l t , s o m e h y d r a t e d c o p p e r o r 
n icke l ox ide is a d s o r b e d , t h e a m o u n t d e p e n d i n g on t h e p r o p o r t i o n s of t h e t w o s a l t s 
p r e s e n t , a n d t h e a m o u n t of a m m o n i a a d d e d ; t h e h y d r a t e d c o p p e r a n d n icke l o x i d e s 
c a n n o t b e r e m o v e d b y w a s h i n g ; a n d A. C h a r r i o u o b s e r v e d a n ana logous r e su l t 
w h e n t h e p r e c i p i t a t i o n is m a d e in t h e p resence of a c a l c i u m sa l t , a n d of a m a g n e s i u m 
sa l t . F . B e h r e n d , K . R u e g g , N . R . D h a r a n d co -worke r s , E . Toporescu , a n d 
A . C h a r r i o u s t u d i e d t h e a d s o r p t i o n of o t h e r h y d r o x i d e s — C a , Mg, Cu, N i , Fe (ous ) , 
Zn , Cd ; A . C. C h a t t e r j i a n d N . R . D h a r , t h e a d s o r p t i o n of t h e h y d r o s o l of ferric 
ox ide ; O. H a h n a n d M. B i l t z , t h o r i u m e m a n a t i o n ; M. B i l t z , r a d i o t h o r i u m , a n d 
r a d i u m e m a n a t i o n s ; a n d O. N a g e l , t h e effect of a d s o r p t i o n o n geochemica l p r o 
cesses. M. Geloso o b s e r v e d t h a t p r e 
c i p i t a t e d h y d r a t e d m a n g a n e s e d iox ide 
l ikewise a d s o r b s p r e c i p i t a t e d h y d r a t e d 
ferr ic ox ide . E . D i t t l e r f o u n d t h a t 
s u l p h u r i c ac id m a y b e a d s o r b e d b y 
p r e c i p i t a t e d h y d r a t e d ferric ox ide ; 
A . Cha r r i ou , c a l c ium h y d r o x i d e ; 
K . F l e r o w , p o t a s s i u m n i t r a t e ; V. H . 
H a l l , p o t a s s i u m s u l p h a t e ; F . I b b o t s o n 
a n d H . B r e a r l e y , n icke l sa l t s ; I . M. 
L e v y , c o p p e r a n d n icke l sa l t s ; H . B u s c h , 
m a n g a n o u s , n ickel , coba l t , a n d z inc 
s a l t s ; N . N ik i t i n , a m m o n i a ; W . A. 
L a z i e r a n d H . A d k i n s , h y d r o g e n a n d 
e t h y l e n e ; A . F . B e n t o n , h y d r o g e n , 
o x y g e n , c a r b o n m o n o x i d e , a n d c a r b o n 
d iox ide ; W o . O s t w a l d a n d W . Ha l l e r , 
CCl4 , C 6 H 3 4 , C 6 H 6 , CH 3 Cl , ( C 2 H 5 ) 2 0 , 
C H 3 - C O O H , C 2 H 5 O H , a n d (CH 3 ) 2 CO ; 
H . N . H o l m e s a n d C. J . B . T h o r , t h e 
a d s o r p t i o n of o leos tea r ine f r o m soln. i n 
vo la t i l e o rgan ic s o l v e n t s ; H . B . Wei se r 
a n d E . E . P o r t e r , a n d C. E . W h i t e 
a n d N . E . G o r d o n , P . R o h l a n d , a n d 
Li. Michael i s a n d P . R o n a , o rgan ic d y e s ; 

O 0-5 1-0 1-5 Z-O 
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F i O . 5 3 8 . — T h e A d s o r p t i o n of S o m e O r g a n i c 
A c i d s b y F e r r i c H y d r o x i d e . 

K . C. Sen , c i t r ic , r a cemic , oxal ic , 
su lphu r i c , ma l i c , succinic , h i p p u r i c , a n d benzoic ac ids ; K . C. Sen ' s r e su l t s for 
t h e a d s o r p t i o n of s o m e o rgan ic ac ids a r e s u m m a r i z e d in. F i g . 538 . J . H . P e r r y 
f o u n d t h a t i n t h e a d s o r p t i o n of v a p o u r s f rom m i x t u r e s of v a p o u r a n d air , (i) t h e 
a d s o r p t i o n efficiency is n e v e r 100 p e r cen t . , a n d decreases con t i nuous ly u n t i l t h e 
s a t u r a t i o n v a l u e is r e a c h e d (chloroform, a c e t o n e , etc.) ; (ii) t h e a d s o r p t i o n is 1OO 
p e r c e n t , efficient for s o m e t i m e , a n d t h e n p roceeds t o t h e s a t u r a t i o n p o i n t , w h i c h 
i s r e a c h e d on ly a f te r a long t i m e ( c a r b o n t e t r a c h l o r i d e , e t h y l a lcohol , benzene ) ; 
(iii) t h e c u r v e s a r e a l m o s t l inear u p t o s a t u r a t i o n , p r o b a b l y ind ica t ing chemica l 
r e a c t i o n ( m e t h y l a lcohol) . T h e a d d i t i o n of a i r t o s u l p h u r d ioxide or a m m o n i a 
c a u s e s a m a r k e d lower ing of t h e s a t u r a t i o n c a p a c i t y of t h e gel. T h e gel a b s o r b s 
a b o u t 15 p e r c en t , of i t s w e i g h t of w a t e r w i t h 1OO p e r cen t , efficiency, a f t e r w h i c h 
t h e efficiency falls off u p t o s a t u r a t i o n (18 p e r cen t , of i t s we igh t of w a t e r ) . 
J . C. P h i l i p d i scussed t h e revers ib i l i ty of t h e a d s o r p t i v e process a s i l l u s t r a t e d b y 
t h e fa i lu re of t h e s o r p t i o n a n d d e s o r p t i o n c u r v e s of ferric ox ide gel a n d b e n z e n e t o 
co inc ide ; a n d B . L a m b e r t a n d A. G. F o s t e r , t h e p re s su re -concen t r a t ion equi l ib r ia 
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be tween ferric oxide gels a n d w a t e r , e t h y l a lcohol , a n d b e n z e n e . J . K.. Chowd-
h u r y a n d M. N . P a l , a n d B . L a m b e r t a n d A . M. Clark , a n d A. G. F o s t e r 
s tudied t h e a d s o r p t i o n of b e n z e n e ; D . P . G r e t t i e a n d R . J- Wi l l i ams , p ipe r id ine , 
nicot ine, a rg in ine , qu inol ine , a d e n i n e , caffeine, c r ea t ine , b e t a i n e , ace tan i l ide , u r e a , 
a ce t amide , glucose, succ in imide , g lycine , v ic ine , a s p a r a g i n e , g l u t a m i c ac id , a n d 
a spa r t i c ac id ; G. Ma lquor i , n i co t ine , caffeine, a n d q u i n i n e ; H . F r e u n d l i c h a n d 
G. L i n d a u , p r o t e i n s ; E . A b d e r h a l d e n a n d J . H e u m a n n , t r y p s i n ; A . W . Bu l l 
a n d J . R . A d a m s , s o d i u m al izar in ; a n d A. B o u t a r i c a n d M. Dolad i lhe , o rgan ic 
dyes . W . S to l l enwerk a n d M. v o n W r a n g e l l f o u n d t h a t w i t h ferric ox ide gels 
in soln . of s o d i u m h y d r o - , d i h y d r o - , a n d n o r m a l p h o s p h a t e , t h e p h o s p h a t e is 
a d s o r b e d i n c o n t i n u a l l y increas ing a m o u n t s u n t i l a m a x i m u m is a t t a i n e d i n a b o u t 
12 h r s . , a n d a l t e r t h a t t h e r e is a retrograde adsorption> for t h e a d s o r b e d p h o s p h a t e i s 
g r a d u a l l y g iven u p aga in . M. A. R a k u z i n o b s e r v e d t h a t n e i t h e r t h e a n h y d r o u s 
n o r t h e h y d r a t e d ferric ox ide e x e r t s a pe rcep t ib l e a d s o r p t i o n w h e n i m m e r s e d for 
24 h r s . in a n a q . soln. of egg-a lbumin . P a r t l y d e h y d r a t e d o r a n h y d r o u s ferric ox ide 
h a s a r e la t ive ly h igh a d s o r p t i v e power for gases a t e l e v a t e d t e m p . H e n c e i t s use in 
b u r n i n g h y d r o g e n su lph ide for t h e r ecove ry of s u l p h u r a n d in a p rocess for m a k i n g 
sa l t cake , d iscussed b y E . J o b l i n g , a n d E . K . R i d e a l a n d H . S. T a y l o r ; a n d in 
t h e c o n t a c t p rocess for su lphur i c ac id , d i scussed b y G. L u n g e a n d K . R e i n h a r d t , 
G. K e p p e l e r a n d co-workers , J. K r u t w i g , a n d L . a n d P . W o h l e r a n d co-worker ; 
T . I t o s t u d i e d t h e ac t i on of s i lver n i t r a t e on h y d r a z i n e h y d r a t e , h y d r o q u i n o n e , a n d 
s o d i u m h y d r o s u l p h i t e in a m e d i u m c o n t a i n i n g t h e h y d r a t e d ferric ox ide . 

H . Moissan obse rved t h a t h y d r o g e n a t 440° r educes h y d r a t e d ferric ox ide t o 
ferrosic ox ide . T h e loss of water , a n d t h e d i m i n u t i o n in a b s o r p t i v e p o w e r a n d 
chemica l a c t i v i t y wh ich occur w h e n t h e hyd roge l is k e p t u n d e r w a t e r we re d i scussed 
b y J . Lefor t , G. A. Ie R o y , a n d P . L i m b e r g e r a n d G. C. W i t t s t e i n . T h e c h a n g e s — 
r e d u c e d dispers ion , c rys ta l l i za t ion a n d loss of w a t e r — w h i c h occur i n t h e h y d r o g e l 
w h e n i t is h e a t e d u n d e r w a t e r were e x a m i n e d b y E . Ber l a n d F . v a n T a a c k , 
J . B o h m , W . B r u h n s , A. E . Dav ie s , L . P . d e S t . Gilles, H . d e S e n a r m o n t , E . W e d e -
k i n d a n d W . A lb rech t , a n d S. Veil—vide supra ; a n d t h e c h a n g e w h i c h occurs w h e n 
t h e h y d r o g e l is h e a t e d w i t h w a t e r a t a h igh press , w a s i n v e s t i g a t e d b y O. Ruff. 
F o r t h e so lubi l i ty i n w a t e r , a n d for t h e so lubi l i ty p r o d u c t , vide infra, ferr ic 
h y d r o x i d e . A. Mail fer t obse rved t h a t t h e h y d r a t e d ox ide dissolves i n a soln . 
of p o t a s s i u m h y d r o x i d e in t h e p re sence of o z o n e , f o rming p o t a s s i u m fe r r a t e . 
L . J . T h e n a r d found t h a t h y d r a t e d ferric ox ide h a s n o ac t i on o n h y d r o g e n 
dioxide . R . J . Kep fe r a n d J . H . W a l t o n , I . S. Teletoff a n d E . A. Alekseeva , a n d 
G. F . H i i t t i g a n d A. Zorner s t u d i e d t h e r e d u c t i o n w i t h age in t h e a c t i v i t y of 
h y d r a t e d ferric ox ide as a c a t a l y t i c a g e n t i n t h e decompos i t i on of h y d r o g e n 
d iox ide . T h e a c t i v i t y decreased f rom 18-5 sees, w h e n 14 d a y s old, t o 20 sees, 
w h e n 41 d a y s old, t o 22-5 sees, w h e n 55 d a y s old. 

Accord ing t o G. Calcagni , C. E . J a n s s e n , G. A. Ie R o y , F . L i m b e r g e r a n d 
G. C. W i t t s t e i n , B . Re in i t ze r , O. F . Tower , a n d G. C. W i t t s t e i n , t h e r a t e of d is 
so lu t ion of t h e h y d r a t e d ox ide in o rgan ic a n d ino rgan ic ac ids d e p e n d s on i t s p r e v i o u s 
h i s t o r y ; t h e aged h y d r o g e l dissolves i n ac ids s lowly. O. Mule r t , E . P e t e r s e n , a n d 
A. S p e r a n s k y f o u n d t h a t t h e fresh h y d r o g e l dissolves i n hydrofluoric ac id , f o rming a 
soln. of ferric fluoride ; a n d for t h e w o r k of E . Bresc ius , A. E . D a v i e s , H . R . ElUs 
a n d W . H . Collier, F . L . H a h n a n d M. H e r t r i c h , F . H e r r m a n n , W . G. Mix te r , 
H . Schiff, D . T o m m a s i a n d G. Pel l izzar i , S. Veil , a n d R . W i l l s t a t t e r a n d co-workers , 
vide supra. T h e a c t i o n of hydrogen su lphide is d i scussed i n connec t ion w i t h ferric 
ox ide . P . B e r t h i e r , A . Gelis, C. J . K o e n e , L . M a r i n o , J . Meyer , J . S. M u s p r a t t , 
K . S e u b e r t a n d M. E l t e n , a n d H . C. H . C a r p e n t e r f o u n d t h a t w i t h s u l p h u r o u s 
ac id i t fo rms su lph i t e a n d d i t h i o n a t e . H . J . H a r r a r f o u n d t h a t 100 c.c. of 
sulphuric ac id , a t 25°, dissolves d u r i n g 40 a n d 60 d a y s ' a c t i o n r e spec t ive ly 12*245 
a n d 14-236 m g r m s . of F e . 

F . E p h r a i m o b s e r v e d t h a t w h e n t h e h y d r o g e l i s r u b b e d "with s o d a m i d e , m u c h 
h e a t is deve loped a n d ferr ic ox ide is fo rmed . O. F a u s t , a n d A . G u y a r d f o u n d t h a t 
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t h e hydroge l is n o t soluble in a q . a m m o n i a i n t h e p resence of a m m o n i u m sa l t s , 
b u t if some organic c o m p o u n d s a re p resen t , G. P . B a x t e r a n d R . A . H u b b a r d , a n d 
o the r s obse rved t h a t t h e hydroge l passes i n t o soln. C. F . Cross, a n d E . S c h i r m 
obse rved t h a t du r ing t h e wash ing of t h e p r ec ip i t a t ed h y d r a t e , i t a p p e a r s t o d i sso lve 
— o r i t m a y be t h a t t h e colloid is pep t i zed . Accord ing t o G-. P . B a x t e r a n d 
R . A. H u b b a r d , " t h e solubi l i ty of h y d r a t e d ferric ox ide in a q . a m m o n i a is c a u s e d 
b y s o m e organic i m p u r i t y in t h e a m m o n i a , " a n d t h e y t r i ed , w i t h o u t success , t o 
r e p r o d u c e t h e p h e n o m e n o n b y mix ing m e t h y l - , e thy l - , d ie thy l - , a n d i soamyl -amines , 
e thy l ened iamine , ani l ine , a n d p h e n y l h y d r a z i n e w i t h a m m o n i a . H . v o n H e l m o l t 
sa id t h a t t h e hydroge l is soluble in a h o t soln. of a m m o n i u m fluoride, b u t n o t i n a 
soln. of a m m o n i u m chloride, and , accord ing t o W . Vaube l , n o t i n a soln. of 
a m m o n i u m nitrate . T h e adso rp t ion of phosphoric acid a n d p h o s p h a t e s h a s b e e n 
i n d i c a t e d p rev ious ly ; E . E r l e n m e y e r f o u n d t h a t i t d issolves in a h o t , 48 p e r cen t , 
soln. of phosphor i c ac id ; a n d R . M. Caven no t i ced t h a t t h e fresh h y d r o g e l r e a c t s 
w i t h a boil ing soln. of a m m o n i u m phosphate t o fo rm ferric p h o s p h a t e . T h e 
a d s o r p t i o n of arsen ious ac id b y t h e h y d r o g e l h a s j u s t been d i s c u s s e d ; a n d 
A . R o s e n h e i m a n d S t . T h o n obse rved t h a t if h e a t e d in a sealed t u b e w i t h a soln. 
of arsenious. acid, bas ic ferric a r sen i t e is * formed—v ide supra, a d s o r p t i o n . 
H . N . H a r t s h o r n e s t u d i e d t h e ac t i on of a rsen ic acid. Accord ing t o P . de C l e r m o n t 
a n d J . F r o m m e l , t h e fresh hydroge l does n o t r e a c t w i t h arsenic trisulphide. 

Accord ing t o J . A. Sokoloff, carbon m o n o x i d e begins t o r educe t h e hyd roge l 
a t a b o u t 150°. F . K . C a m e r o n a n d W . O. Rob inson , a n d P . N . R a i k o w o b s e r v e d 
n o r eac t ion w i th carbon dioxide, b u t J . T i l lmans a n d co-workers s t a t e d t h a t t h e 
h y d r a t e d oxide does abso rb c a r b o n d ioxide . G. M a c K i n n e y , N . R . D h a r , G. R a o 
a n d A. R a m , G. R a o a n d N . R . D a h r , a n d E . B a u r a n d A. R e b m a n n s t u d i e d t h e 
p h o t o - r e d u c t i o n of c a r b o n d ioxide t o f o rma ldehyde w i t h colloidal ferric oxide a s 
c a t a l y s t . Accord ing t o E . W e d e k i n d a n d W . A lb rech t , a n d H . W . F ischer , freshly 
p r e c i p i t a t e d ferric h y d r o x i d e g r a d u a l l y becomes b lack in c o n t a c t w i t h 4 p e r cent . 
hydrocyanic acid, whi ls t t h e l iquid acqu i re s a n in t ense reddish-v io le t colour, t h e 
cause of -which h a s n o t been asce r ta ined . W i t h increas ing age of t h e ferric h y d r o x i d e , 
t h e colour becomes less in tense , a n d is scarcely pe rcep t ib le w i t h a p r e p a r a t i o n 20 d a y s 
old. W i t h spec imens which h a v e been p re se rved dur ing 5 t o 6 weeks , t h e b lacken ing 
of t h e solid or viole t colour of t h e soln. is n o t observed . T h e b lack p rec ip i t a t e consis ts 
of a m i x t u r e of p ru s s i an b lue a n d ferric h y d r o x i d e ; i t is also formed w h e n freshly 
p r e p a r e d ferric h y d r o x i d e is b r o u g h t i n t o c o n t a c t w i t h p rus s i an b lue . T h e ageing 
of t h e h y d r o x i d e affects on ly t h e first p h a s e of t h e change , viz. , t h e r educ t i on of 
ferric t o ferrous h y d r o x i d e b y h y d r o c y a n i c ac id . G. A. Goyde r f o u n d t h a t w h e n t h e 
hyd roge l is t r e a t e d w i t h a soln. of p o t a s s i u m cyanide , p o t a s s i u m fer rocyanide is 
fo rmed . N . Ta rug i , a n d K . C. Ba i ley found t h a t t h e fresh hydroge l dissolves i n 
th iocyan ic acid t o fo rm ferric t h i o c y a n a t e ; E . Belloni , A. Scheu re r -Kes tne r , a n d 
O. F . Tower , t h a t i t dissolves in formic ac id . C. L.. P a r s o n s a n d S. K . B a r n e s f o u n d 
t h a t t h e hydroge l is insoluble in a 10 p e r cen t , boil ing soln. of s o d i u m hydrocarbonate . 
A. B e t t e , F . H a b e r a n d G. v o n Oord t , C. E . J a n s s e n , G. Mankiewicz , S. XJ. P i cke r ing , 
a n d B . Re in i t ze r also found t h a t t h e hydroge l is soluble in acet ic acid ; W . G. B a t e -
m a n a n d A. B . Hoe l , i n chloroacet ic ac id ; F . K . C a m e r o n a n d W . O. R o b i n s o n , 
J . M. E d e r a n d E . Va len t a , a n d A. Rosenhe im , in oxal ic acid ; F . K . C a m e r o n a n d 
W . O. R o b i n s o n obse rved t h a t t h e hyd roge l dissolves in oxalic acid t o a n e x t e n t 
p r o p o r t i o n a l t o t h e cone, of t h e acid, a n d n o definite basic oxa l a t e w a s f o r m e d a t 
25° . Soln. of oxal ic ac id of sp . gr . S dissolve t h e following pe rcen tage a m o u n t s of 
h y d r o x i d e , e s t i m a t e d a s F e 2 O 3 : 

S 1 0 0 7 1-015 1 0 3 1 1 0 4 0 1 0 5 0 "" 1-064 
F e 8 O 3 . . . 0-48 0-95 1-86 2-33 2-98 3-62 per cent . 

A. B u s s y obse rved t h a t t h e hyd roge l is soluble in a lkal i oxa late soln. ; H . MaIfat i 
f o u n d t h a t t h e hydroge l is soluble in tartaric ac id ; E . L a n d r i n , a n d S. U . P i cke r ing , 
in m a l o n i c acid, t a r t a r i c acid , a n d in citric ac id ; G. W e r t h e r , a n d E . Soube i r an 
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and H. Capitaine, in alkali tartrate soln. ; and G. Calcagni, in glycolhc and, lactic 
acids. According to H . J . Harrer , the solubility of limonite expressed in milligrams 
of Fe per 1OO c .c , a t 25°, during 40 and 60 days ' action, is for formic acid respectively 
4-329 and 4-352 ; acetic acid, 0-505 and 0-535 ; propionic a d d , 0-259 a n d 0-381 ; 
oxalic acid, 6-645 and 3-825 ; malonic acid, 10-520 and 12125 ; succinic acid, 
1-213 and 1-220 ; lactic acid, 8-845 and 10-958 ; tar tar ic acid, 10-528 and 16-098 ; 
citric acid, 16*159 and 18-582 ; benzoic acid, 5-888 and 6-039 ; and salicylic acid, 
21-568 and 21-335. There is a definite relation between the strengths of the acids 
and the quantities of ferrous and ferric oxides and limonite dissolved. The hydroxy-
acids which form complex anions with iron dissolve abnormal proportions, and the 
soln i undergo striking changes of colour. Some of the supposedly weak organic 
acids dissolve remarkable quantities of iron, and in natural soln. would be the most 
effective of all solvents. J . B . Bur t found t h a t a 12-5 per cent, excess of citric acid 
is necessary to dissolve ferric hydroxide. He also examined the reducing action 
of light on elixir of iron in the presence of quinine and strychnine. J . Wolff observed 
t h a t the hydrated oxide is soluble in ammonium salicylate, and is precipitated from 
the soln. by hydrogen sulphide. M. Leprince found adsorption products were 
formed with methylarsinic acid. A. Naumann found t h a t the hydrogel is insoluble 
in benzonitrile ; and P . Vignon, insoluble in trimethylamine ; A. Muller observed 
tha t the hydrogel is soluble to some extent in glycerol ; J . M. van Bemmelen and 
E. A. Klobbie said t h a t i t is dehydrated by boiling glycerol ; H . MaKatti observed 
tha t i t is soluble in polyhydric alcohols, glycerol, and sugar soln. ; and G. Buchner, 
t h a t it is soluble in soln. of albumen. C. F . Schonbein found t h a t tincture of 
guaiacum is not oxidized by hydrated ferric oxide. 

G. Rousseau and J . Bernheim found t h a t the hydrated oxide dissolves in fused 
sodium hydroxide—vide infra, goethite. G. Zirnite observed t h a t if a current of 
air be passed into hot, cone, soda-lye containing hydrated ferric oxide in suspension, 
a little ferric oxide dissolves -without colouring the liquor, and when the soln. has 
stood for some days, i t becomes turbid owing to the separation of hydra ted oxide. 
The turbid soln. is clarified when it is warmed—vide infra, alkali ferrites, and 
ferrates. The hydrogel dissolves in some soln. of metallic salts to form complex 
salts. C. L. Parsons and S. K. Barnes found t h a t the hydrogel is insoluble in a 
10 per cent, boiling soln. of sodium hydrocarbonate. H . Ost observed no reaction 
with soln. of magnesium chloride, and O. T. Christensen, t h a t when fused with 
potassium hydrofluoride, potassium ferric fluoride is formed. W. O. Hickok 
observed t h a t a soln. of stannous chloride acts on goethite. J . Jeannel , and 
P . Nicolardot found t h a t soln. of the hydra ted oxide in one of ferric chloride have an 
acidic character, they decompose carbonates, and are said to contain an oxychloride 
or basic chloride (q.v.). According to E . A. Schneider, the hydrated oxide dissolves 
in a cone. soln. of aluminium sulphate, forming a brown liquor which can be 
evaporated 'without decomposition, bu t if water be added, a basic sulphate is 
precipitated. A. Charriou studied the adsorption of ferric hydroxide by precipi
tates of barium sulphate, and calcium oxalate. E . S. Hopkins discussed t h e use 
of hydra ted ferric oxide as a flocculant in the purification of water. 

A red, ear thy ore, sometimes mistaken for limonite and called red ochre, as well 
as hcBmatite, occurs in the Turginsk copper-mine near Bogoslovsk, Urals ; in t he 
KoIyvan district, Altai ; near Hof, Bavaria, near Siegen and Diisseldorf, Prussia ; 
etc. A. Bre i thaupt 2 called i t hydrohcematite ; and H , R. Hermann , turgite, or turtle 
or turjite, according to the spelling adopted for t he Russian name. The word 
turgi te is an incorrect German transliteration from the Russian. Analyses were 
reported by P . A. Schemjatschensky, J . Samojloff, C. F . Rammelsberg, F . M. Heddle, 
G. J . Brush, E . Manasse, E . Posnjak and H . E . Merwin, J . Eyerman, H . R. He rmann , 
and G. C. du Bois. Turgite was also described by E . S. von Fedoroff and S. N . Nikit in, 
and, A, Kxasnopolsky. The results in some cases approximate to hemihydrated 
ferric oxide, 2 F e 2 0 3 . H 2 0 . Wi th the analyses of N. S. Kurnakoff and E . F . Rode , 

jfche'percentage water in hydroheematite ranges from 5*91 to 7*9$, and a sample of 
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r e d Gloskopf h a d 0*60 p e r cen t . J . D . D a n a r e g a r d e d t u r g i t e a s i d e n t i c a l w i t h 
h y d r o h a s m a t i t e . GT. T s c h e r m a k , F . Zirkel , F . K l o c k m a n n , a n d P . G r o t h d iscussed 
t h e r i g h t of t u r g i t e t o b e r e g a r d e d a s a defini te m i n e r a l species ; L . J . S p e n c e r f o u n d 
t h a t t h e d e h y d r a t i o n c u r v e is different f rom t h o s e of l imon i t e a n d g o e t h i t e , a n d h e 
f a v o u r e d t h e h y p o t h e s i s t h a t t h e m i n e r a l is a d i s t i nc t m i n e r a l species , a n d M. B a u e r 
r e p r e s e n t e d i t b y t h e f o r m u l a H 2 F e 4 O 7 . H . W . F i s c h e r d i d n o t r e g a r d i t a s a 
def ini te i n d i v i d u a l , a n d E . P o s n j a k a n d H . E . Merwin f o u n d t h a t t h e f ac t s fitted 
t h e a s s u m p t i o n t h a t i t is a solid soln . of haemat i t e a n d g o e t h i t e w i t h enc losed (or 
capi l la ry) a n d a d s o r b e d w a t e r . O. Ruff o b t a i n e d a h e m i h y d r a t e b y h e a t i n g ferr ic 
o x i d e a n d w a t e r u n d e r a p ress , of 500O a t m . a b o v e 62-5°. H . Wolb l ing r e g a r d e d 
t h e p r o d u c t a s a m i x t u r e of a n h y d r i d e a n d h y d r a t e . Accord ing t o E . P o s n j a k 
a n d H . E . Merwin , t u r g i t e i s n o t necessa r i ly a d e h y d r a t i o n p r o d u c t of g o e t h i t e or 
lep idocroc i te ; b u t p s e u d o m o r p h o u s t u r g i t e m a y h a v e r e s u l t e d f rom t h e d e h y d r a t i o n 
of f ibrous g o e t h i t e , a n d f rom t h e o x i d a t i o n a n d s l ight h y d r a t i o n of m a g n e t i t e a n d 
t h e m a r t i t e s . P s e u d o m o r p h o u s t u r g i t e is i n t e r m e d i a t e b e t w e e n h s e m a t i t e a n d 
p r i m a r y t u r g i t e . A . P e l i k a n , w h o o b s e r v e d t u r g i t e — w h i c h h e cal led l i m o n i t e — o n 
s o m e fibrous goe th i t e , c o n c l u d e d t h a t t u r g i t e cou ld n o t h a v e b e e n fo rmed b y t h e 
d e h y d r a t i o n of g o e t h i t e , b u t w a s r a t h e r depos i t ed t h e r e d i rec t ly . H . S t r e m m e , 
a n d F . C o r n u cons ide red t h a t t h e d e h y d r a t i o n of t h e h ighe r h y d r a t e s of ferric ox ide 
t a k e s p l ace in n a t u r e u n d e r t h e influence of sa l t soln. o r b y a t m o s p h e r i c w e a t h e r i n g , 
s ince i t is imposs ib le for severa l h y d r a t e s t o b e s t a b l e u n d e r a g iven se t of con
d i t i ons . E . P o s n j a k a n d H . E . Merwin , however , q u e s t i o n w h e t h e r t h e a s s u m e d 
ser ies of h y d r a t e d ferric ox ide rea l ly ex is t s . T h e m o n o h y d r a t e is p r o b a b l y s t a b l e 
a t a n y t e m p , "which t h e e a r t h ' s surface m a y n o r m a l l y r e a c h , a n d i t is t he re fo re 
un l ike ly t h a t i n n a t u r e t h e r e d ferric ox ide is de r ived b y t h e direct d e h y d r a t i o n of 
t h e yel low. I t is p r o b a b l e t h a t b o t h r e d a n d yel low s u b s t a n c e s m a y be fo rmed a t 
o r d i n a r y t e m p , b y s o m e w h a t different chemica l r e ac t i ons ; b o t h a r e re la t ive ly s t ab l e 
u n d e r t h e cond i t i ons u sua l l y m e t w i t h n e a r t h e e a r t h ' s sur face . Accord ing t o 
J . B o h m , t h e na tu r a l l y -occu r r i ng h y d r a t e d ferric oxides , e x c e p t r u b y mica , consis t 
of i m p u r e g o e t h i t e ; i n t h e case of t u r g i t e , t h e X - r a d i o g r a m s co r r e spond w i t h t h e 
hsemat i t e s t r u c t u r e , so t h a t t u r g i t e is p a r t i a l l y d e h y d r a t e d goe th i t e . X - r a d i o g r a m s 
of t h e hyd roge l s give n o i nd i ca t i on of t h e p resence of a n y c rys ta l l ine h y d r o x i d e , b u t 
if t h e y b e h e a t e d w i t h 2 iV-KOH, a t 150°, t h e l ines of goe th i t e a p p e a r . T h e hyd roso l s 
a p p e a r t o c o n t a i n a bas ic sa l t , b u t a g e d sols show t h e goe th i t e l ines. E . D a v i e s 
p r e p a r e d w h a t h e r e g a r d e d a s t h e h e m i h y d r a t e , 2 F e 2 O 3 - H 2 O , b y a d d i n g a q . a m m o n i a , 
o r soda- lye , or p o t a s h - l y e t o a soln. of a ferric sa l t , h e a t i n g t h e p r e c i p i t a t e w i t h t h e 
m o t h e r - l i q u o r for 100 h r s . a t 100°, or 1000-2000 h r s . a t 50° -60° , w a s h i n g t h e 
p r e c i p i t a t e , a n d d r y i n g i t b e t w e e n 50° a n d 100°. 

XJ. J . S p e n c e r sa id t h a t t u r g i t e u s u a l l y occurs a s a l aye r on l imoni t e , a n d fo rms 
h a r d , l u s t rous , m a m i l l a t e d or b o t r y o i d a l m a s s e s w i t h a rad ia l ly- f ibrous a n d con
cent r ic -she l ly s t r u c t u r e . I t is b l a c k of ten w i t h a r edd i sh t i n g e of co lour . T h e 
s t r e a k is d a r k che r ry - red , a n d v e r y t h i n fibres t r a n s m i t a c r imson colour . 
E . D a v i e s ' p r o d u c t h a d a sp . gr . of 4-545. A. B r e i t h a u p t g a v e 4-29 t o 4-681 for t h e 
s p . g r . of t h e m i n e r a l t u r g i t e ; H . R . H e r m a n n g a v e 3*54 t o 3-74 ; J . Samojloff, 
4-63 ; G. J . B r u s h , 4-14 ; a n d C. B e r g e m a n n , 4-681. N . S. Kurnakof f a n d E . J . R o d e 
g a v e 4-41 t o 4-57 for t h e sp . gr . of h y d r o h s e m a t i t e . E . P o s n j a k a n d H . E . Merwin 
found t h a t t h e sp . gr . of t u r g i t e r a n g e s f rom 4-607 t o 4*978 a t 25°/25° ; a n d if cor
r e c t e d for t h e c o n t a i n e d silica a n d s ider i te , t h e sp . gr . r a n g e s f rom 4*648 t o 5-050 ; 
w i t h s p . vo ls , f rom 0*198 t o 0-215. If t h e w a t e r is ad so rbed , t u r g i t e s h o u l d h a v e 
v e r y n e a r l y t h e s p . vo l . of t h e s u m of t h e sp . vo ls , of w a t e r a n d ferric ox ide ( sp . g r . 
5*2). The s p . vo l . c u r v e w o u l d t h e n b e t h a t r e p r e s e n t e d b y t h e t h i n l ine in F i g . 539 . 
T h e observed r e su l t s d e v i a t e f rom t h i s , a n d He m o r e n e a r l y o n t h e sp . vol . c u r v e of 
mixtures of haemat i t e a n d goe th i t e r e p r e s e n t e d b y t h e t h i c k line i n F ig . 539. T h i s 
agrees w i t h t h e a s s u m p t i o n t h a t t u r g i t e is a solid soln. of ferric ox ide (hsemat i te) 
a n d monohydrated ferric ox ide (goe th i t e ) . "L. J . Spence r found t h a t t h e h a r d n e s s 
of turgi te i s near 6*5 ; and t h a t turgite d e c r e p i t a t e s v io len t ly w h e n h e a t e d . T h e 
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dehydra t ion curve, w i th a 4 m o n t h s ' hea t ing a t each t e m p . , i s a con t inuous l ine. 
This was confirmed b y E . P o s n j a k a n d H . E . Merwin, w h o found t h a t t h e c u r v e i s 
different from t h e corresponding curves of goe th i te , l imoni te , lepidocroci te , a n d 
xanthosider i te—vide infra. T h e s m o o t h cu rve shows t h a t t h e w a t e r is g iven off 
gradual ly , a s t h e t e m p , rises. The re is n o s u d d e n decompos i t ion a n y w h e r e . I t is 
therefore inferred t h a t t h e w a t e r is adso rbed or in solid soln., or b o t h . T h e r e h y d r a 
t ion of d e h y d r a t e d tu rg i t e was n o t successful, so t h a t t h e d e h y d r a t i o n is n o t a 
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reversible process, a n d consequent ly i t is doubt fu l if t h e w a t e r is mere ly adsorbed . 
T h e w a t e r is supposed t o b e he ld in solid soln. E . Posn j ak a n d H . E . Merwin found 
t h e hea t i ng curve of tu rg i t e shows a sl ight exo the rma l b r e a k a t 110°, a n d no o t h e r 
s ingu la r i ty occurs be tween t h a t t e m p , a n d 600°. The hea t ing curve is unl ike t h e 
corresponding curves wi th t h e o the r h y d r a t e s . If t u rg i t e be a solid soln. of haemati te 
a n d goeth i te , i t m i g h t h a v e been expec ted t h a t t h e hea t i ng cu rve wou ld resemble 
t h a t of goethi te—vide infra. 

N . S. Kurnakoff a n d E . J . R o d e showed t h a t t h e d e h y d r a t i o n curves of t h e 
n a t u r a l h y d r a t e d ferric oxides can be subd iv ided in to t h r ee groups , a n d t h e y 
furnish t h r e e phases . T h e first g roup , i l lus t ra ted b y curve I , F ig . 5 4 1 , h a s a con

t i nuous d e h y d r a t i o n curve ana logous t o 
t h e d e h y d r a t i o n curves of t h e zeolites. 
The re m a y be a b r e a k a t 125° t o 130°— 
vide infra. Th is g roup includes t h e 
tu rg i t es a n d t h e hydrohaemat i tes . T h e 
sp . gr. is 4-4 t o 4-8. The colour is red, 
a n d t h e s t r eak differs from t h e s t r eaks 
of t h e subs tances in t h e o the r classes. 
T h e second g roup , i l lus t ra ted b y cu rve 
I I , inc ludes goe th i te , lepidocroci te , a n d 
l imoni te w i t h 8 or more p e r cen t , of 
wa te r . These subs t ances h a v e 9-9 t o 
13*2 pe r cent , of wa te r . W a t e r exceed
ing Fe 2 O 3 -H 2 O— i . e . 10-1 p e r cen t .—is 
p r o b a b l y p r e s e n t i n solid soln. T h e 
sp . gr. is 3-5 t o 4-2 ; a n d t h e s t r e a k 
is pa le yel low t o d a r k b rown . T h e 
d e h y d r a t i o n cu rves h a v e a cha rac 
ter is t ic t e r r a c e — t h e goe th i t e t e r r a c e — 
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i n t h e vic ini ty of 200°, shown b y curves I I a n d I I I . Th i s t e r r ace cor responds w i t h 
£ne beginning of t h e b reak ing of t h e a-phase-soHd soln. of w a t e r i n haemat i te . T h e 
J iydra tes of g roup I a r e typica l ly ct-solid soln. I n s u b s t a n c e s w i t h t h e h igher p r o -
por teons of wa te r t h e r e is a te r race be tween 125° a n d 135°, cor responding wi th t h e 
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beg inn ing of t h e b r eak ing u p of t h e £ - p h a s e or solid soln. of w a t e r in g o e t h i t e . 
The t h i r d g roup , i l l u s t r a t ed b y c u r v e I I I , inc ludes x a n t h o s i d e r i t e , b o g ores , a n d 
l imon i t e . T h e y h a v e 13-8 a n d m o r e p e r cen t , of w a t e r . T h e d e h y d r a t i o n c u r v e s 
show t h e goe th i te t e r r ace ; a n d t h e t e r r ace a t 120° t o 150° where t h e jS-phase o r 
solid soln. begins t o decompose ; be low t h a t t e m p , t h e r e is t h e y -phase , o r w h a t 
N . S. Kurnakoff a n d E . J . R o d e call t h e xan thos ide r i t e soln., o r t h e y-sol id soln. 
is p re sen t . Curve I I I r ep resen t s t h e decompos i t ion of t h e bog i ron ore, t h e sp . gr . 
of wh ich is 2-7 t o 3-8, a n d t h e s t r e ak pa le yel low or d a r k b r o w n . P . A. Thiessen 
a n d ~R. K o p p e n ' s s t u d y of t h e d e h y d r a t i o n cu rves of goe th i t e show t h a t i t is 
a h e m i h y d r a t e ; t h e v a p . press , cu rves of h y d r a t e d ferric oxide, a t different 
t e m p . , h a d b r e a k s cor responding w i t h t h e tetrahydrate, F e 2 O 3 . 4 H 2 O ; t h e hemi-
heptahydrate, 2 F e 2 0 3 . 7 H 2 0 ; t h e trihydrate, F e 2 0 3 . 3 H 2 0 ; t h e hemipentahydrate^ 
2 F e 2 O 3 . 5 H 2 O ; t h e dihydrate, F e 2 0 3 . 2 H 2 0 ; t h e hemilrihydrate, 2 F e 2 O 3 . 3 H 2 O ; 
t h e monohydrate, F e 2 O 3 - H 2 O ; a n d t h e hemihydrate, 2 F e 2 O 3 - H 2 O . T h e r e a re 
p r o b a b l y also t h e pentahydrate, F e 2 O 3 . 5 H 2 O ; a n d t h e hemienneahydrate, 
2 F e 2 O 3 . 9 H 2 O . G. F . H u t t i g a n d A. Zorner , G. F . H u t t i g a n d H . Gars ide , O. Ruff, 
a n d C. S lonim s tud i ed t h i s sub jec t . 

T u r g i t e is op t ica l ly n e g a t i v e . B . Manasse found t h a t i t is n o t d o u b l y ref rac t ing . 
Accord ing t o E . P o s n j a k a n d H . E . Merwin, fibrous r ed oxide of i ron con ta in ing 
va r i ab l e a m o u n t s of w a t e r — 4 t o 6 p e r c e n t . — c a n n o t be definitely cha rac te r i zed . 
D e t a c h e d sp l in ters h a v e para l le l ex t inc t ion , n e g a t i v e e longat ion , a n d n e g a t i v e , 
a p p a r e n t l y uniax ia l , op t ica l p roper t i e s . T h e ref rac t ive indices r ange f rom <x (or ^) 
= 2-3 t o 2-6, a n d /3 (or ct»)=2-5 t o 2-7. T h e y found a = 2 - 4 6 t o 2-58 for Na- l igh t , a n d 
£ — y = 2 - 3 8 t o 2-52 for Li- l ight . T . W . Case found t h a t t h e res is tance does n o t 
change on exposure t o l ight . E . D a v i e s found t h e artificial p r o d u c t dissolves 
r ead i ly in hydroch lor ic acid, a n d slowly in n i t r i c acid. 

I n 1789, J. P . Beche r 3 descr ibed w h a t h e cal led Rubinrotherz Eisenglimmer, 
which occur red a t Siegen, i n t h i n scales of a r u b y - r e d colour ; a n d la te r IL. A . E m m e r -
ling, an Eisenglimmer w i t h a colour, r ed , s teel -grey or b l ack ; F . Mohs, a fibrous 
i rons tone , coloured hyac in th - r ed , or b lood-red , a n d forming four-sided p l a t e s ; 
while J . F . L. H a u s m a n n said t h a t JBrauneisenstein occurs (i) in th in , red, sca ly or 
t a b u l a r c rys ta l s , in Hubinglimmer, a n a m e s y n o n y m o u s w i t h J . C. U l l m a n n ' s 
pyrrhosiderite—from rrvppos, fiery r e d ; crl&rjpos, i r o n — a n d which D . G. J . L e n z 
cal led goethi te—after J . W . Goe the ; (ii) scaly a n d fibrous, e.g. t h e lepidoerocite o r 
lepidohrokite—\G7TLS, scale ; a n d /C/OOKI'S" o r KpoKvs, fibre—of J . C. XJllmann ; 
(iii) ac icular , or cap i l la ry (no t flexible) c rys ta l s , or i n s lender p r i sms somet imes 
g rouped , e.g. t h e yel lowish-red, fibrous needle-ironstone or N adeleisenerz of 
A. B r e i t h a u p t . K . W i l l m a n n considers r u b i n g l i m m e r a n d nadeleisenerz t o b e 
defini te var ie t ies . A v a r i e t y occur r ing a t P r i b r a m , h a s a v e l v e t y surface a n d w a s 
called Sammetblende or velvet blende, a n d i t is t h e przibramite of E . F . Glocker . 
T h e r e is also (iv) a b r o w n or b lack , fibrous v a r i e t y cal led Glashopf'; (v) a d ros sy 
v a r i e t y cor responding w i t h J . C. U l l m a n n ' s stilpnosiderite—<yTi\-m>6$, s h i n i n g — 
which is a fo rm of l imoni te (q.v.) ; (vi) a c o m p a c t form ; a n d (vii) a n ochreous v a r i e t y 
— b o t h t h e c o m p a c t a n d ochreous var ie t i es a r e p r o b a b l y l imoni tes . T h e stainerite 
of V. Cuvelier , a n d A. Schoep a n d V. Cuvelier a p p r o x i m a t e s ( C o , F e , A l ) 2 0 3 . H 2 0 . 
T h e chileite of A. B r e i t h a u p t is a fo rm of goe th i t e , a n d t h e acicular goe th i t e 
wh ich p e n e t r a t e s t h e q u a r t z found on a n i s land in L a k e Onega, Russ ia , w a s 
cal led onegite b y C. C. Ajidre, a n d fullonite—after a Mr . F u l l o n — b y A. B r e i t h a u p t . 
F . C o r n u called a colloidal v a r i e t y w i t h t h e " c o m p o s i t i o n " of goe th i te , Ehren-
werthite—after A. E h r e n w e r t h . T h e c rys ta l s i n some forms of fieches d'amour, 
a n d in some aventurine felspars—e.g. sunstone—are supposed t o be goe th i te . F . v o n 
K o b e l l showed t h a t needle- i rons tone , goe th i t e , a n d lepidoeroci te h a v e t h e genera l 
formula F e 2 O s . H 2 0 , whi le var ie t ies of l imoni t e h a v e t h e compos i t ion 2 F e 2 0 3 . 3 H 2 0 . 
Ana lyses of goe th i t e were also r e p o r t e d b y A. B r e i t h a u p t , G. J . B rush , I . D o m e y k o , 
P . A. Duf renoy , C. W . v o n G u m b e l , B . J . H a r r i n g t o n , T. H a e g e , F . M. H e d d l e , 
H . K . Hermann, A. Xiacroix, E . Manasse, J . J . Nogge ra th , W . F . Pfaff, E . P o s n j a k 

file:///g7tls


878 INORGANIC AND THEORETICAL CHEMISTRY 

and H. E. Merwin, C. F . Rammelsberg, G. Rose, J . B . Sohober, M. Weibull, K. WiIl-
mann, and P . Yorke. N. S. Kurnakoff and E . J . Rode found 9-89 to 11-17 
per cent, of H2O in the samples they analyzed. The analyses of goethite and 
Jepidocrocite are in general agreement with the formula for the monohydrated 
ferric oxide, Fe2O3 .H2O, or, with less justification, ferric oxyhydroxide, FeO(OH). 
N. S. Kurnakoff and E . J . Rode, however, are not satisfied t h a t this substance is 
really a chemical individual. The formation of goethite in na ture has been discussed 
by F . Babanek,4 W. Bernhardt , O. Miigge, and A. E . Reuss, from which i t appears 
t h a t in some cases, limonite represents an intermediate stage in its formation, bu t 
in other cases—e.g. the inclusions of geothite in quartz, etc.—it is no t probable 
t h a t i t was formed from limonite. According to Ii. P . de St. Gilles, when a soln. of 
a ferric salt is t reated with ammonia, and the precipitate washed until free from 
ammonia, and then dried a t 100°, the colour slowly changes from yellowish-brown 
to brick-red, and i t then contains water eq. to Fe2O3-H2O. G. Fownes obtained an 
analogous product by the action of potassium hydroxide on ammonium potassium 
ferric sulphate. Observations on this subject were made by C. W. C. Fuchs, 
H. Schiff, H. de Senarmont, H . Debray, and F . W. C. Krecke. According to 
G. Rousseau, this hydra te is obtained in crystals by the action of boiling water on 
ferric oxychloride. F . Muck obtained the amorphous monohydrate by the action 
of a mixture of sodium carbonate and hypochlorite on a boiling soln. of ferrous 
sulphate ; and G. Rousseau and J . Bernheim reported violet plates contaminated 
with a little soda, to be formed a t 1100° by the action of dry, hydra ted ferric oxide 
on sodium carbonate. The needle-like crystals produced by the last-named were 
said to be rhombic and different from ordinary goethite, so t h a t this hydra te was 
said to be dimorphous. J . D . Dana, however, did not accept these s ta tements ; 
and C Doelter could not obtain the dimorphous crystals, and said t h a t the synthesis 
mus t be regarded as very doubtful. For D. Tommasi 's observations on the a-
and ^-monohydrate , vide supra. D . Tommasi oxidized hydra ted ferrous carbonate 
or hydrated manganosic oxide with potassium chlorate, he also oxidized ferrous 
hydroxide, and oxidized iron under water to form in all cases the yellow bydrogel 
hydrated ferric oxide. F . Muck said t h a t the oxidation is complete when sodium 
hypochlorite is employed. O. Ruff, J . M. van Bemmelen, and E . Posnjak and 
H. E. Merwin regarded the yellow hydrogel as a t rue monohydrate . H . W. Fischer 
obtained a yellow hydrogel by the hydrolysis of a hot soln. of ferric chloride ; S. Veil, 
and V. Rod t by the oxidation of ferrous or ferric sulphide suspended in water by 
means of a current of air ; O. Baudisch and co-workers, the action of an azide or 
organic base on ferric chloride ; and A. Krause, by oxidizing ferrous hydroxide. 

H . Brunck and C. Grabe obtained a substance resembling goethite from a molten 
sodium hydroxide, a t 400°, contained in an iron boiler. According to W. I*. Dudley, 
iron is at tacked by fused sodium dioxide to form dark red, tabular crystals of the 
monohydrate. A. Frickhinger, obtained the monohydrate by the action of a soln. 
of ammonium chloride on iron in a closed vessel ; and F . Wibel, by the action of 
soln. of ferrous salts on copper or on cuprous oxide. Z. Roussin obtained this 
hydrate by heating iron nitrosylsulphide, or sodium nitroprusside with cone, 
alkali-lye. J . M. van Bemmelen and E . A. IQobbie found t h a t the hexagonal 
plates of sodium ferrite, NaFeO 2 , when t reated with water a t 15°, furnish & ferrous 
acid, H-FeO2 ; the crystals lose water a t 100°, and consequently this hydra te cannot 
be the same as goethite, which retains its water a t a much higher temp. They also 
doubted if goethite can be produced under the conditions of t emp, which prevailed 
in G. Rousseau's, and H . Brunck and C. Grabe's experiments. A. Vesterberg 
obtained monohydrated ferric oxide, pseudomorphous after ferric sulphate, by 
drying his dihydrate—vide infra—in a desiccator. The product was not very 
Stable, for i t began to lose water at 100° ; and, unlike some other forms, it is hygro-
ocopic. E . Posnjak and H . E . Merwin found t h a t the yellow hydrated ferric oxide 
resembling the natural , amorphous oxide was formed below approximately 120°, 
: | i i^ ?©ply above t h a t temp, was red, hydrated ferric oxide, resembling turgite and 
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haemat i te , p r o d u c e d . O. Ruff o b t a i n e d t h e m o n o h y d r a t e , g o e t h i t e , b y h e a t i n g t h e 
h y d r a t e d ox ide w i t h w a t e r b e t w e e n 42-5° a n d 62-5° ; a t a h i g h e r t e m p , a less 
h y d r a t e d ox ide w a s fo rmed , a n d a t a lower t e m p , a m o r e h y d r a t e d p r o d u c t w a s 
p roduced—v ide supra. H . Wolb l ing r e g a r d e d O. Ruff ' s p r o d u c t a s a m i x t u r e of 
a n h y d r i d e a n d h y d r a t e . C. Doe l t e r f o u n d t h a t t h e p r e c i p i t a t e of h y d r a t e d ferr ic 
ox ide becomes c rys ta l l ine af ter be ing s h a k e n for 88 d a y s ; a n d t h a t t h e g e l a t i n o u s 
p r e c i p i t a t e g r a d u a l l y fo rms t h e c rys ta l l ine m o n o h y d r a t e w h e n h e a t e d o n t h e w a t e r -
b a t h . T h e syn theses of c rys ta l l ine g o e t h i t e h e r e r e p o r t e d a r e n o t , in genera l , 
sa t i s fac to ry ; a n d t h o s e of t h e m o n o h y d r a t e d ferric ox ide w h i c h y ie ld a col loidal 
o r a m o r p h o u s p r o d u c t l eave i t o p e n for d e b a t e w h e t h e r or n o t t h e p r o p o r t i o n of w a t e r 
o b s e r v e d is on ly d u e t o a n a r b i t r a r y se lec t ion of t h e cond i t i ons of d r y i n g . Accord ing 
t o W . H . A lb rech t , a n d E . W e d e k i n d . a n d co-workers , w h a t F . H a b e r ca l led t h e 
a-hydra£e, a - F e O ( O H ) , i den t i ca l w i t h goe th i t e , is p r e p a r e d b y o x i d a t i o n of fer rous 
h y d r o g e n c a r b o n a t e soln. b y h y d r o g e n d iox ide , b y a c u r r e n t of a i r or oxygen , or b y 
a p ro longed exposu re of t h e soln. t o a i r a t 37° . I n t h e l a s t case , fe r rous i r o n is 
p r e s e n t a s well . T h e y-hydrate, y - E e O ( O H ) , iden t i ca l w i t h lep idocroc i te , is o b t a i n e d 
b y t h e o x i d a t i o n of v e r y dil . soln. of a fe r rous sa l t b y t h e eq . a m o u n t of s o d i u m 
i o d a t e in p resence of s o d i u m t h i o s u l p h a t e . B o t h h y d r a t e s a r e c rys ta l l ine . T h e 
t e m p , of d e c o m p o s i t i o n of t h e s y n t h e t i c h y d r a t e s is m a r k e d l y lower t h a n t h a t of 
t h e n a t u r a l s u b s t a n c e s . T h e r a t i o H 2 O : Ke 2 O 3 is n o t c o n s t a n t , t h e w a t e r - c o n t e n t 
be ing u s u a l l y h ighe r t h a n t h e theo re t i ca l . 

PT. F r e u n d l i c h a n d S. L o e b m a n n , a n d P . v o n M u t z e n b e c h e r p r e p a r e d a colloidal 
soln. of g o e t h i t e b y cent r i fuging a m i x t u r e of p e r h y d r o l a n d i ron p e n t a c a r b o n y l . 
T h e y found t h e speed of coagu la t i on t o b e a q u a d r a t i c func t ion of t h e r a t e of s t i r r ing . 
Coagu la t ion occurs a t t h e in te r face of sol a n d ai r . T h e speed of coagu la t i on passes 
t h r o u g h a m i n i m u m on a d d i n g increas ing a m o u n t s of e lec t ro ly tes . S ma l l a m o u n t s 
of p r o p y l a lcohol f a v o u r coagu la t ion , l a rge r a m o u n t s d e l a y i t . / s o a m y l a lcohol 
f a v o u r s coagu la t ion , m e t h y l a lcohol i nh ib i t s i t . H . F r e u n d l i c h a n d B . S. Greens-
felder also s t u d i e d t h e sub jec t . 

G o e t h i t e occurs in r en i fo rm or s t a l ac t i t i c masses w i t h a concen t r i c a n d r a d i a t e d 
s t r u c t u r e ; i t a lso occurs fibrous a n d fo l ia ted or in scales, a s well a s i n p r i s m a t i c 
c ry s t a l s wh ich a r e ve r t i ca l ly s t r i a t ed , a n d of ten f l a t t ened i n t o scales or p l a t e s 
para l l e l t o t h e (OlO)-face. T h e colour is yel lowish-, r edd ish- , a n d b l ack i sh -b rown ; 
of ten b lood- red b y t r a n s m i t t e d l igh t . T h e s t r e a k is b rownish-ye l low or ochre -
yel low. J . I J . C S c h r o d e r v a n de r K o I k 5 sa id t h a t t h e co lour of t h e p o w d e r is l ike 
t h a t of a r ipe o r a n g e ; a n d B . P o s n j a k a n d H . E . Merwin a d d e d t h a t t h e fine p o w d e r 
is du l l o range-ye l low. T h e t h i c k e r g r a in s show a s l ight p l eochro i sm i n orange-yel low 
a n d b r o w n s ; b u t t h e t h i n n e r g r a in s a r e n o t p e r c e p t i b l y p leochroic , a n d t h e y a re 
c lear ye l low. K . W i l l m a n n sa id t h a t t h e m i n e r a l is feebly p leochroic—yel lowish-
o r a n g e i n t h e d i rec t ion of t h e c-axis ; a n d b rowni sh , p e r p e n d i c u l a r t o t h a t ax i s . 
O. Miigge sa id t h a t w h e n t h i n p l a t e s a r e w a r m e d , b e t w e e n crossed nicols , t h e co lou r 
pas se s f rom green t o r ed , b u t t h e g r een co lour r e t u r n s o n cooling. A c c o r d i n g t o 
W . Phi l l ips , t h e r h o m b i c c ry s t a l s of need le i r ons tone h a v e t h e ax ia l r a t i o s a : b : c 
= 0 * 9 1 8 5 : 1 : 0-6068 ; a n d E . P o s n j a k a n d H . E . Merwin g a v e 0-90 ( to 0*92) : 1 : 0-600 
( t o 0*605). T h e e longa t ion of t h e p r i s m a t i c , b l aded , a n d fibrous var ie t i es is pa ra l l e l 
t o (001). T h e (OIO)-cleavage is per fec t , a n d t h e (100)-cleavage is good. I n one 
s a m p l e , t h e op t i c ax ia l ang le 2E=c. 80° for 600^/u, ; a n d i n a n o t h e r s a m p l e , 
2 ^ = 9 0 ° for 675/LUX, a n d 120° for 5 4 6 / ^ , or 2 F = 3 5 ° t o 40°. E . P a l l a g a v e 
2 ^ = 5 0 ° ; A . P e l i k a n , 2 ^ = 5 8 ° 3 1 ' for r e d l ight , a n d 67° 4 2 ' for yel low l igh t . 
O. Miigge f o u n d t h a t w i t h t h e 577/^u, a n d 579^u, yel low m e r c u r y doub le l ine , t h e 
effect of t e m p , on t h e op t i ca l ax ia l ang le is : 

0 . 12-0° 31-0° 55-7° 63° 74-1° 102-5° 116-3° 
2JS7 , 83° 1 1 ' 63° 14 ' 24° OS' 0° 46° 2 2 ' 96° 11' 119° 2O' 

The o p t i c a l c h a r a c t e r i s ' n e g a t i v e . R . G a u b e r t f ound t h a t t h e efiect of t e m p , o n 
t h e variat ion of the d i spers ion of t h e op t i c axes of goe th i t e a n d l imoni te , a n d t h e 
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ac t ion of hydrochlor ic a n d hydrof luor ic ac ids show t h a t fibrous l imoni t e is i m p u r e 
goethi te . K . W i l l m a n n r e g a r d e d t h e sca ly r u b i n g l i m m e r , a n d ac icu la r need le -
i rons tone as t w o different fo rms of t h e m o n o h y d r a t e , so t h a t g o e t h i t e is cons idered 
to be d i m o r p h o u s , a n d r u b i n g l i m m e r is cal led y -goe th i t e , a n d need le - i rons tone , 
a - g o e t h i t e . T h e y - fo rm is t a k e n t o inc lude lepidocroci te—vide infra—and 
pyr rhos ide r i t e . F o r t h e coagu la t ion of colloidal soln., vide hydroso l s of ferr ic 
oxide . O- Baud i sch a n d I i . A . WeIo d e h y d r a t e d y - F e 2 0 3 . H 2 0 b y frict ion, fo rming 
r e d y - F 2 0 3 . 

Accord ing t o J . B o h m , t h e X - r a d i o g r a m s show t h a t p r e c i p i t a t e d h y d r a t e d ferric 
ox ide is a m o r p h o u s , b u t af ter slow d r y i n g i t g ives hsemat i t e , a n d w h e n h e a t e d w i t h 
po ta sh - lye , goe th i t e . T h e a - m o n o h y d r a t e h a s a r h o m b i c ho lohed ra l l a t t i c e w i t h 
a = 4 - 6 0 A., 6 = 1 0 - 0 1 A. , a n d c = 3 0 4 A. , o r a : b : c = 0 - 4 5 9 : 1 : 0-303, a n d a sp . g r . 
4-195 ; t h e y - fo rm h a s a = 3 8 5 A. , 6 = 1 2 - 5 A. , a n d c = 3 - 0 7 A. , or a : 6 : o 
= 0 - 3 0 8 : 1 : 0-246, a n d a sp . gr . 3-97. These va lues for t h e a- a n d c-axes a r e a b o u t 
half t hose genera l ly accep ted . J . B o h m g a v e for t h e d imens ions of t h e e l e m e n t a r y 
cell, CT=4-60A., 6 = 1 0 0 1 A., a n d c = 3 - 0 4 A. S. G o l d s z t a u b g a v e a = 6 - 6 4 A. , 
6 = 1 0 - 0 A. , a n d c—3-03 A. for goe th i t e ; a n d for lepidocroci te , a = 3 - 8 7 A. , 
6 = 1 2 - 4 A., a n d c—3-06 A. ; a n d W . F . d e J o n g g a v e for goe th i t e , a = 4 - 5 5 A. , 
6 = 9 - 9 0 A., a n d c = 3 - 0 1 A. ; a n d he sa id t h a t i t is n o t i somorphous w i t h s t a i n e r i t e — 
cf. ferrous ox ide . G. Tune l l a n d E . P o s n j a k , a n d P . F . K e r r s t ud i ed t h e X - r a d i o 
g r a m s of goe th i t e . J . B o h m g a v e for Nadeleisenerz t h e ax i a l r a t i o s a : 6 : c 
= 0 - 9 1 8 : 1 : 0-606 ; a n d for Rubinglimmer, 0-64 : 1 : 0-43. O b s e r v a t i o n s on t h e 
c rys ta l s were also m a d e b y F . B a b a n e k , M. B a u e r , A. B r e i t h a u p t , K . Busz , J . Ca tes , 
G. Cesaro a n d A. A b r a h a m , J . H . Collins, J . D . D a n a , A. P . Duf renoy , R . P . Greg 
a n d W . G. L e t t s o m , F . M. H e d d l e , A. J o h n s e n , G. A. K e n n g o t t , A. Lac ro ix , 
A. Michel-L6vy a n d A . Lac ro ix , L . Michel, E . Pa l l a , A. Pe l i kan , F . A. Q u e n s t e d t , 
C. F . R a m m e l s b e r g , A. E . R e u s s , G. Rose , H . T r a u b e , a n d D . F . Wiser . 

F o r t h e sp . gr. , G. R o s e gave 4-7 ; D . F . Wiser , 4-111 ; F . M. H e d d l e , 3-768 t o 
4-146 ; A . B r e i t h a u p t , 4-006 ; J . D . D a n a , 4-0 t o 4-4 ; a n d O. Mugge , 4-193 t o 
4-481 ; a n d af te r d e h y d r a t i o n , t h e sp . gr . w a s 4-318 t o 4*524. E . P o s n j a k a n d 
H . E . Merwin f o u n d t h e sp . gr. of t h e i r s amples r a n g e d f rom 4-091 t o 4-263 a t 
27°/27° ; a n d w h e n co r rec ted f rom t h e ana lyses for t h e c o n t a i n e d s ider i te , m a n g a n i t e , 
a n d silica, t h e y r a n g e d f rom 4-29 t o 4-32 a t 27°/27° ; N . S. KurnakofE a n d E . J . R o d e 
g a v e 4-20 for t h e sp . gr . T h e h a r d n e s s is b e t w e e n 5 a n d 5*5. 

T h e a - fo rm is also cal led f e r r i c metahydrox ide , a n d t h e y - fo rm fe r r i c o r t h o -
l iydroxide. Accord ing t o A. K r a u s e , a n d O. B a u d i s c h a n d L . A. WeIo , t h e m e t a -
h y d r o x i d e h a s acidic p rope r t i e s , i t s isoelectr ic p o i n t be ing ps=5-2, whi l s t t h e o r t h o -
h y d r o x i d e is m o r e bas ic t h a n acidic h a v i n g a n isoelectr ic p o i n t j t?H=7-7 ; whi l s t 
goe th i t e , J . B o h m ' s c t -Fe .O.OH, h a s n o acidic p rope r t i e s . F o r t h e fer rous ferr i tes 
f rom these t w o h y d r a t e d ferric oxides , vide infra, fer rous ferr i tes . Since or thofer r ic 
h y d r o x i d e furnishes A g 3 H ( F e O 2 ^ , w h e n h e a t e d w i t h s i lver n i t r a t e , A. K r a u s e 
a n d K . P i I awsky sugges ted t h a t n o t al l t h e O H - g r o u p s h a v e t h e s a m e v a l u e , a n d , 
i n t h e absence of a knowledge of t h e mo l . w t . , sugges t ed t h a t t h e g r a p h i c formulae 
of t h e o r t h o - a n d m e t a - h y d r o x i d e s a r e respec t ive ly a s follows :— 

HO.Fe.O.Fe.OH 
O H OH OH O O 

HO.Fe.O.Fe.O.FeO HO.Fe.O.Fe.OH 
Orthohydroxide Metahydroxide 

According t o G. Schikor r , t h e X - r a d i o g r a m s of r u s t s h o w t h a t b o t h a - a n d 
y - F e O ( O H ) c a n b e f o r m e d i n t h e r u s t i n g of i ron . T h e t w o fo rms a r e c rys ta l lo -
graphica l ly different a n d t h e y a re r e p r e s e n t e d b y t h e m i n e r a l s g o e t h i t e — o r 
c t -FeO(OH)—and lep idocroc i te—or y - F e O ( O H ) . G. Sch iko r r obse rved t h a t w h e n 
ferrous chloride i n a q . so ln . is oxidized s p o n t a n e o u s l y i n a i r , Ct-FeO(OH) is f o r m e d ; 
w h e n ferrous h y d r o x i d e i s r a p i d l y ox id ized i n w a t e r t h r o u g h w h i c h o x y g e n i s 
p a s s e d , a - F e O ( O H ) is f o r m e d ; a n d a - F e O ( O H ) is p r o d u c e d w h e n t h e h y d r o x i d e is 
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slowly oxidized. W h e n a soln. of ferrous hydrox ide in a m m o n i u m chlor ide is 
r ap id ly oxidized, a -FeO(OH) is formed, a n d if slowly oxidized, y - F e O ( O H ) is p r o 
duced ; a n d if a soln. of ferrous hyd roca rbona t e in s a t u r a t e d carbonic ac id is slowly 
oxidized ct-FeO(OH) is formed, b u t if t h e carbonic acid is in only sl ight excess, some 

yC t P ^ H ^ i s f o r m e d * E - S t i r nemann observed the format ion of t h e y- form in 
t h e hydrolys is of ferric oxychloride. According t o G. Schikorr, r u s t which is formed 
in con tac t w i th i ron, u n d e r wate r , consists of 
y -FeO(OH) , p re sumab ly because i t has been pro
duced b y t h e ox ida t ion of a ferrite ; whereas r u s t 
formed a t some dis tance from t h e i ron consists 
of Ct-FeO(OH), p r e sumab ly because i t h a s been 
formed b y t h e direct ox ida t ion of a ferrous sal t . 
i t . D . Wil l iams a n d J . Thewlis p r epa red crys ta ls 
of t h e y -hydrox ide , i.e. lepidocrocite, b y precipi
t a t i o n from a soln. of ferrous chloride w i th ca lc ium 
hydrox ide , a n d subsequen t ox ida t ion a t r o o m 
t e m p . The crys ta ls a re of t h e order 10~ 5 cm. 
across, a n d those of t h e ct-oxide, a re of t h e order 
1O-* cm. across. W h e n hea ted , t h e a -hydrox ide 
passes in to cubic ferric oxide, a n d la te r in to t h e 
r h o m b o h e d r a l oxide. T h e t rans format ion from 
t h e y -hydrox ide t o t h e ^-oxide (cubic) is roughly 
be tween 250° a n d 300°. R . Ka t tw inke l , F . H a b e r , 
O. K r o h n k e , H . Schwiersch, a n d F . Drexle r also s tud ied th i s subjec t . T h e 
d e h y d r a t i o n of t h e oxyhydrox ide was examined b y O. Ruff, H . W . Fischer , 
P . Nicolardot , GL F . H u t t i g a n d co-workers, J . B o h m , a n d A. S imon a n d T. Schmid t . 
G. Schikorr represented b y F ig . 542 t h e dehydra t i on curves of t h e two forms 
p r e p a r e d b y slow a n d rap id oxida t ion of soln. of ferrous hydrox ide in aq . soln. of 
a m m o n i u m chloride. W . H . Albrech t a n d E . W e d e k i n d t h u s summar ized t h e 
re la t ions be tween t h e different oxides a n d h y d r a t e s : A. Krause a n d co-workers 
concluded from the i r s t u d y of silver ferrite t h a t t he ferric hydroxides include : 

I . T h e o r t h o h y d r o x i d e a n d p o l y o r t h o h y d r o x i d e 'with chain- l ike molecules . 
I I . — Y e l l o w h y d r o x i d e w i t h r ing- l ike molecules e.g. t h e m e t a h y d r o x i d e s e m b r a c i n g 

(1) t h e fe r rous ac id , ( H F e O j ) n e i the r a m o r p h o u s , or c rys ta l l ine y -FeO(OH) ; a n d (2) 
g o e t h i t e , ( F e a O a . H g O ) m t o -which t h e a -hyd rox ide a n d a m o r p h o u s goe th i t e be long . 

y - h y d r a t e ( h y d r a t e d ) 

40 200° 80° 120° /60° 
Drying temperature 

FIG. 542. — T h e D e h y d r a t i o n 
Curves of t h e t w o Fe r r i c O x y -
h y d r o x i d e s . 
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J . W. Gruner ' s l imoni te w a s p r o b a b l y goe th i t e , a n d he f o u n d : 
The stability of limonite in the presence of -water was tested a t 250° and 300° in sealed, 

thick-Trailed pyrex tubes . At 250° limonite showed no change. At 3O0 ° it -was found t h a t 
limonite in the tube above the -water turned a brilliant red, -whereas the limonite under 
-water remained unchanged. The t ime of the experiment -was 21 days. On analysis i t 
was found tha t the whole sample in the tube contained 5*95 per cent, volatile ma t t e r after 
drying a t 105°, and the ignition loss of the original material after drying a t 106° was 12-13 
per cent. This very peculiar behaviour of ferric hydroxide a t these temperatures -will be 
investigated further. I t is probable, however, tha t , as J . M. van Bemmelen pointed out 
long ago, limonite is stable in the presence of water and under corresponding pressures a t 
temperatures -which approach 300°. 

According t o G. Tune l l a n d E . Posn j ak , t h e convers ion of goe th i t e t o haemat i te 
p r o b a b l y proceeds a t a m u c h lower t e m p . , for w i t h boil ing 0*IiV-HCl, goe th i t e 
passes i n t o haemati te ; a n d in J . W . G r u n e r ' s expe r imen t s , a p r o d u c t w i t h a slow 

r a t e of decompos i t ion w a s m i s t a k e n for a s t a b l e 
s t a t e . Var i a t ions were observed owing t o differences 
in t h e r a t e s t>f hea t ing , a n d differences in t h e phys i ca l 
cha rac t e r of t h e subs tance—e .g . size of g ra in . D e 
h y d r a t i o n e x p e r i m e n t s in wh ich t h e s u b s t a n c e w a s 
h e a t e d for 4 m o n t h s a t different t e m p . , a n d t h e 
losses of we igh t de t e rmined , showed t h a t t h e de 
h y d r a t i o n c u r v e consis ts of t h r e e p a r t s , F i g . 543 . 
T h e midd le p o r t i o n r ep re sen t s t h e loss of -water 
a t t e n d i n g t h e decompos i t ion of t h e goe th i t e , a n d i t 
is a c c o m p a n i e d b y a c h a n g e in colour f rom yellow-
t o red . T h e u p p e r a n d lower po r t i ons of t h e c u r v e 
r ep re sen t losses of w a t e r n o t chemica l ly combined , 
a n d -which is in all p r o b a b i l i t y adso rbed a n d cap i l l a ry 
w a t e r he ld in p ropo r t i ons which v a r y largely w i t h t h e 
s t r u c t u r e of t h e m a t e r i a l . T h e r e - h y d r a t i o n cu rves 
show t h a t , rough ly , t h e p ropor t i on of w a t e r t a k e n u p 

b y t h e d e h y d r a t e d m a t e r i a l i n a h u m i d a t m o s p h e r e is t h e s a m e a s t h e a m o u n t los t 
i n t h e first s t age of t h e hea t i ng . Goe th i t e which -was crys ta l l ine before d e h y d r a t i o n , 
t o o k u p v e r y l i t t le w a t e r ; while t h e fibrous var ie t ies , a n d pa r t i cu l a r ly t h e a m o r p h o u s 
var ie t ies , t o o k u p la rger p ropo r t i ons . L . J . Spencer also found a b r e a k in t h e 
d e h y d r a t i o n cu rve of goe th i t e j u s t be low 250° ; a n d O. Mugge also o b t a i n e d one 
a t a p p r o x i m a t e l y 250°. N . S. Kurnakoff a n d E . J . R o d e ' s obse rva t ions on t h i s 
sub jec t h a v e been discussed in connec t ion w i t h tu rg i te—v ide supra. E . P o s n j a k 
a n d H . E . Merwin ' s b r e a k a t 200° w a s o b t a i n e d w i t h a 4 m o n t h s ' h e a t i n g a t t h e 
different t e m p . ; t h e o the r s were o b t a i n e d w i t h a few h o u r s ' hea t ing , so t h a t equil i
b r i u m w a s m o r e n e a r l y a t t a i n e d t h a n w a s t h e case wi th L . J . Spencer ' s , a n d 
O. Miigge's m e a s u r e m e n t s . Exp re s s ing t h e t i m e i n h o u r s a n d in b r a c k e t s , t h e 
pe rcen tage losses of w a t e r a t different t e m p , w i t h a s amp le of coarse-gra ined goe th i t e , 
f rom Crys ta l P a r k , were a s follows ( the sample w h e n d r i ed a t 126° suffered a n 
insignificant loss ) : 
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Fio . 543.—Dehydration and 
Re - hydrat ion 
Goethite. 

Curves of 

Loss 
153° (3) 

0 - 0 4 
192° (3) 

0 0 5 
244° (7) 

0-24 
264° (3) 

0-9O 
282° (2) 303°(21) 

1-37 7-77 
305°(24) 
9 - 6 2 

376°(16) 
9-72 per cent. 

T h e loss over 376 
were : 

132° (1) 
Loss . . 0-19 

(4) was 10-38 p e r cen t . W i t h a fine-grained s ample , t h e losses 

220°(16) 
0 - 5 4 

275°(22) 
6 -28 

804° (7) 
9-51 

S53°(16) 
9 - 7 4 

400° (22) 
9*79 

>400° (0*5) 
10*06 per cent. 

H e n c e , t h e finer t h e grain-size, t h e fas ter t h e d e h y d r a t i o n a t t h e lower t e m p . T h e 
p o w d e r d e h y d r a t e d a t 354°, t o o k u p on ly 0-04 w h e n exposed t o a h u m i d a t m o s p h e r e . 
T h e r e is a s h a r p change in t h e opt ica l p rope r t i e s of t h e s a m p l e h e a t e d t o 250° . T h e 
IHX gr. rose f rom 4-193 t o 4-318. C. F . Cross found t h a t m o n o h y d r a t e d ferric ox ide , 
o b t a i n e d b y d r y i n g a t 100° t h e o rd ina ry p rec ip i t a t e , w h e n exposed t o a s a t . atttwfr-
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sphere a t 18°, gradually absorbs moisture, forming in about 67 hrs. a mix tu re eq. 
t o Fe2O3-SH2O, and in 192 days, one eq. to Fe2O3 .11H2O. The daily fluctuations 
of t emp, gave variable results for the composition of the hydra ted oxide. Observa
tions were made by L. Hackspill and E . Stempfel, and P . A. Thiessen and R. Koppen . 

E . S. Larsen gave for the indices of refraction of the rhombic crystals, ct—2*21; 
and /3=y=2*33 to 2-35 for Li-light. E . Posnjak and H . E . Merwin gave C L = 2 - 2 6 , 
£=2'394: , a n d y=2«400 for rhombic goethite ; and said with respect t o fibrous 
goethite, t h a t aggregates of th in blades and fibres, sub-parallel with respect to the 
c-axis, va ry considerably physically and chemically. They usually appear micro
scopically homogeneous, bu t their refractive indices are low; they contain water, silica, 
etc., as impurities, and they show confused interference figures; they are uniaxial 
a t shorter wave-lengthB than is the case with goethite, owing to lack of parallel 
orientation "with respect to the a and b axes. If the fibres or blades, elongated 
parallel to c, are fine—below 0'5/u, in diameter—they can be packed without pore-
space and with random orientation with respect to a and 6, then slices of the 
apparent ly parallel-fibrous aggregates would have a maximum refractive index, 
parallel to the elongation, equal to 2-4O, and a minimum, throughout the plane 
perpendicular to the elongation, equal to 2-33. Absorption would be slightly greater 
in the direction of the elongation. If instead of the random orientation, there is a 
tendency towards parallelism, there will be for any bundle of fibres considered as 
a unit , three principal refractive indices, namely, y—2-40, fi variable between 2-40 
and 2-33, and a. variable between 2*26 and 2-33. Observations were also made by 
E . Palla, A. Michel-Levy and A. Lacroix, and G. Cesaro and A. Abraham. 
F . Beijerinck found t h a t goethite is a non-conductor of electricity. T. W. Case 
observed no change in the resistance of goethite on exposure to light. W. H . Albrecht 
found the magnetic susceptibility of artificial goethite to be 40 X 1O - 6 mass unit ; 
J . Hugget t and O. Chaudron studied the magnetic properties. E . F . Herroun 
and E . Wilson gave 28-5 X 10—6, and added t h a t the susceptibility of Ot-Fe2O3.H2O 
does not change when i t is heated. According to J . Hugget t and G. Chaudron, 
goethite is paramagnetic, bu t i t becomes ferromagnetic when heated in air a t 360°. 
The magnetizability increases in vacuo owing to the removal of water, and a t 570° 
i t diminishes further. Goethite dehydrated in vacuo a t 600° behaves like magneti te . 
Lepidocrocite, and rust conduct themselves similarly. G. F . Hiitt ig and H . Kit tel 
studied the subject. G. Grenet gave 3 6 0 x l 0 ~ 6 for the coeff. of magnetization of 
goethite. S. Berkman and H . Zocher studied the magnetic properties of FeO(OH). 
G. F . Hii t t ig and H. Kit te l found the magnetic susceptibility to vary from 30-7 X 1O - 6 

to 43-7 X 10—6 mass uni t according to the mode of preparation—vide supra, ferric 
oxide. G. Chaudron studied the magnetization curve of goethite ; and lepidocrocite, 
heated in air. There is the magnetic transformation of magneti te a t 570°, and an 
anomaly with ferric oxide a t 660°. Goethite dissolves slowly and completely in 
cone, hydrochloric acid, bu t more easily in nitric acid. A residue of insoluble 
silica m a y appear. 

G. F . Hiit t ig and H. Garside examined the hydrogel and found t h a t when freshly-
prepared i t is amorphous, and t h a t most of the water is united chemically with the 
ferric oxide, possibly as Fe(OH) 3 or Fe(OH)3 .H2O, but a certain proportion of water 
in the colloid is mobile. If dehydrated to Fe2O3-H2O, it is probable t h a t water is 
all chemically united with the ferric oxide, and it cannot be removed without the 
application of heat . The heat transforms a pa r t of the substance into crystalline 
ferric oxide. During ageing, the hydrogel becomes less active chemically, and the 
sp. h t . changes. The end-product of the ageing is Fe2O3-H2O, or crystalline ferric 
oxide associated with water no t chemically bonded. The stable form between 77° 
and 228° is goethite, and above 228°, crystalline ferric oxide associated with water 
no t chemically combined. I n ageing, pa r t of the amorphous hydrogel forms 
crystalline ferric oxide, and a par t forms goethite. The X-radiograms show t h a t t h e 
space-lattice of t h e unstable ferric oxide associated with the water is expanded, b u t 
becomes normal when i t passes into the stable form. The sp. ht . , Table XC, 
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and the vap. press, of the unaged hydrogel is less, and i ts activity in the catalyt ic 
decomposition of hydrogen dioxide is greater, t han t h a t of the aged hydrogel. 
S. Loebmann discussed the mechanical coagulation of goethite sols. P . P . von 
Weimarn and T. Hagiwara found t h a t goethite can be transformed into haematite 
by mechanical disintegration. 

T A B L E X C . — S P E C I F I C H E A T O F H Y D B A T E D FJSEEIO O X I D E , F e a 0 8 , n H a O . 

Sa
m

pl
e 

j 

- I 

1 A3I 

J 
B 1 

C 1 
C 2 
C 8 
C 4 

Age 
in 

days 

2 
I 1 4 

3 6 
8 0 

2 

2 3 
4 1 
7 8 

3 
1 4 
3 6 
7 9 

3 
2 1 
4O 
7O 

2 
2 

3 6 
? 

n 

3 - 7 9 1 
3 - 7 2 1 
3 - 7 2 1 
3 -721 

I 2 - 0 8 5 
2 - 2 4 7 
2 - 2 4 7 
2 - 2 4 7 

1 - 2 0 9 5 
1-233 
1 -233 
1 2 3 3 

0 - 2 6 6 7 
0 - 2 3 7 
0 - 2 3 7 
0 - 2 3 7 

l-OO 

0 - 8 7 2 
0 - 6 2 6 9 
O-1442 
0 - 0 8 5 8 

Temp. 

3 - 8 5 ° - 5 7 - 6 ° 
2 -8° - 3 6 - 8 ° 
3 -7° - 4 8 - 3 ° 
3 -9° - 5 2 - 1 ° 

4 -2° - 8 2 - 2 ° 
4 - 2 ° - 7 3 - 3 ° 
4 -6° - 8 1 - 5 ° 
4 - 0 ° - 7 1 - 9 ° 

4 - 2 ° - 8 5 - 2 ° 
3 -7° - 8 5 - 6 ° 
3 - 7 ° - 8 5 - 7 ° 
3 - 5 5 ° - 8 2 - 4 ° 

3 - 5 5 ° - 8 3 - 9 ° 
3 -5° - 8 5 - 2 ° 
3 -7° - 9 0 - 4 ° 
3 -7° - 8 9 1 ° 

5 - 4 ° - 9 2 - 7 ° 

3 -3° - 9 0 - 2 ° 
3 - 5 ° - 8 9 - 4 ° 
3 - 7 ° - 9 7 - 0 ° I 
3 -2° - 8 7 - 8 ° 

Moan sp. 
ht . 

0 - 3 8 1 8 
0 - 3 7 8 0 
0 - 3 7 5 8 

I 0 - 3 6 5 9 

0 - 3 0 0 6 
0 - 3 0 6 2 

I 0 - 3 0 1 0 
0 - 2 9 0 9 

0 - 2 4 0 1 
0 -234O 
0 - 2 4 1 5 
0 - 2 4 0 3 

0 1 8 3 7 
0 1 8 4 2 
0 1 8 5 5 
0 1 8 5 6 

0 - 2 0 4 0 

0 - 2 1 5 5 i 
0 - 2 0 4 7 
0 - 1 7 9 5 
0 1 7 0 7 

MoI. 
ht. 

8 7 0 2 
8 5 - 6 8 
8 5 1 8 
8 2 - 9 3 

5 9 - 2 8 
6 1 - 2 8 
60*24 
5 8 - 2 2 

4 3 - 5 5 
4 2 - 5 6 
4 3 - 9 4 
4 3 - 7 0 

3 0 - 8 7 
30-2O 
3 0 - 4 1 
3 0 - 4 3 

3 6 - 4 0 

3 7 - 8 0 
3 5 0 0 
2 9 1 3 
2 7 - 5 2 

Deviation 
from sum 

of mol. hts . 

6 - 8 9 3 
— 6-97 
— 7-47 
— 9 - 7 2 

— 3 - 9 3 
I — 4 - 8 4 
I — 5 - 8 8 

— 7 - 9 0 

— 3 - 8 9 9 
— 3 - 3 1 
— 1-93 
— 2 1 6 6 

- f 0 - 3 9 
+ 0 - 2 5 
+ 0 - 4 6 
+ 0 - 4 8 

— 7-3O 

— 3 - 5 7 I 
— 1-96 
— 0 - 7 7 
4 - 0 - 3 0 

Apparent 
heat 

capacity 
of water 

6 1 - 3 5 
60-OO 
5 9 - 5 0 
5 7 - 2 5 

3 3 - 6 0 
3 5 - 6 0 
3 4 - 5 6 
3 2 - 7 8 

1 7 - 8 7 
1 6 - 8 8 
1 8 - 2 7 
1 8 0 3 

5 1 9 
4 5 2 
4 - 7 3 
4 - 7 5 

1 0 - 7 2 

1 2 1 2 
9 - 3 2 
1-82 
1-84 

Apparent 
mol. h t . 
of water 

1 6 - 1 8 
1 6 1 3 
1 5 - 9 9 
1 5 - 3 8 

1 6 - 1 1 
1 5 - 8 4 
1 5 - 3 8 
1 4 - 5 9 

1 4 - 7 8 
1 3 - 6 9 
1 4 - 8 1 
1 4 - 6 2 

1 9 - 4 6 
1 9 0 7 
1 9 - 9 6 
2 0 0 4 

Apparent 
mol. ht . 
of ferric 

oxide 

1 8 - 7 7 
1 8 - 7 0 
1 8 - 2 0 
1 5 - 9 5 

2 1 - 7 5 
2O-84 
1 9 - 8 0 
1 7 - 7 8 

2 1 - 7 8 
2 0 - 3 6 
2 1 - 7 5 
2 1 - 5 1 

2 6 0 7 
2 5 - 9 3 
2 6 - 1 4 
2 6 1 6 

1 0 - 7 2 I 1 8 - 4 0 

13-9O 
1 4 - 8 7 
1 2 - 6 2 
2 1 - 4 4 

2 2 - 1 1 
2 3 - 7 8 
2 6 - 5 4 
2 5 - 9 8 

A 1 i s t h e hydrogel Fe 8 O 4 . 3 -721H 8 O ; A 8 i s t h e s a m e preparat ion dried, a t 30° for 
5 hrs. F e 8 0 8 . 2 - 2 4 7 H 8 0 ; A 3 , t h e s a m e dried another 5 hrs . a t 30° F e 8 O 8 I - 2 3 3 H 8 O ; 
A 4 , i s A 8 dried over phosphorus p e n t o x i d e a t 4 0 ° — F e 8 O 8 . 0 - 2 3 7 H 8 O . B 1 i s goe th i t e from 
B o h e m i a ; C 1 i s ferric ox ide dried i n air a t 60°, and C 8 , C8 , a n d C4 are preparat ions 
d e h y d r a t e d i n v a c u o a t 2OO° over phosphorus pentox ide ; a n d n,, m o l s . of H 8 O . 

A. Laeroix 6 s tated t h a t the optical properties of the reddish, scaly crystals of 
rubinglimmer and lepidocrocite—i ^ e supra—show t h a t they should be classed 
together as one mineral species, bu t are separated from goethite, with which they 
had previously been regarded as similar. J . SamojlofT, and P . A. Schemjatschensky 
reported crystals of a mineral optically similar to lepidocrocite, bu t containing more 
water t han goethite, and he called the mineral hydrogoethite. The mineral was 
found associated with limonite near Lipetsk, and DankofF, Government Tula, 
Russia. The mineral is sometines regarded as the y-goethite. F . Li. H a h n and 
M. Hertrich obtained i t by boiling a neutral or feebly acidic soln. of a ferrous salt 
with sodium thiosulphate and iodate ; or a ferric salt soln. with sodium thiosulphate. 
The reaction was studied by A. Stock and C. Massaciu. V. Rodt , and W. Mecklen
burg and V. Rodt obtained i t by exposing ferric sulphide, in the presence of alkalies, 
to air ; and W. H . Albrecht, by oxidizing a soln. of ferrous chloride in the presence 
of pyridine. J . Hugget t obtained lepidocrocite by the prolonged immersion of 
iron in aerated -water. 

The analyses of J . Samojloff, P . A. Schemjatschensky, and K. A. Nenadkewitsch 
correspond with 3Fe 2 0 3 . 4H 2 0 . N. S. Kurnakoff and E . J . Rode found 10-89 to 
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11*22 p e r cen t . H 2 O i n t h e s amples t h e y a n a l y z e d . T h e a n a l y s e s of E . P o s n j a k 
a n d H . E . Merwin closely a p p r o x i m a t e t o E e 2 O 3 - H 2 O , so t h a t t h e c o m p o s i t i o n i s 
t a k e n t o b e t h e s a m e a s t h a t of g o e t h i t e . T h e colour a n d s t r e a k a r e b r i c k - r e d , o r 
o range- red . T h e p l eochro i sm in t h i c k e r g ra in s shows a,—clear yel low, / 3 = d a r k 
r edd i sh -o range , a n d y = a d a r k e r r e d d i s h - o r a n g e ; i n t h i n n e r g ra ins , a. i s n e a r l y 
colourless or s l igh t ly yel low, fi a n d y a r e o r a n g e t o yel low accord ing t o t h e t h i c k n e s s . 
K . W i l l m a n n also d iscussed t h e co lour a n d p leochro i sm of t h e m i n e r a l . T h e 
m i n e r a l fo rms r e d o r o range - red , micaceous or sca ly c rys t a l s o n g o e t h i t e ; a n d i t 
also occurs in b l aded , fibrous, or sca ly agg rega t e s . T h e c rys t a l s a r e r h o m b i c , a n d , 
acco rd ing t o E . P o s n j a k a n d H . E . Merwin , a n d G. Cesaro a n d A . A b r a h a m , t h e 
ax ia l r a t i o s a r e a : b : c = 0 * 4 3 : 1 : 0-64—vide supra, y - g o e t h i t e . J . B o h m f o u n d 
t h a t t h e X - r a d i o g r a m s ag reed b e t t e r w i t h h a l v i n g t h e va lue s for t h e a- a n d c-axis , 
t h u s m a k i n g a : b : c—0-308 : 1 : 0-246, a n d a sp . gr . of 3-97. T h e d i m e n s i o n s of 
t h e e l e m e n t a r y l a t t i ce a r e a = 3 - 8 5 A. , &=12-5 A. , a n d c = 3 * 0 7 A. T h e (OIO)-cleavage 
is perfec t , a n d t h e (OOl)-cleavage is n o t so good. T h e o p t i c a x i a l ang l e 2 1 ^ = 8 3 ° , 
a n d t h e a x i a l d i spers ion is s l ight . T h e op t i ca l c h a r a c t e r is n e g a t i v e . P . G a u b e r t 
f ound t h a t goe th i t e a n d lep idocroc i te b e h a v e different ly in t h e v a r i a t i o n of t h e 
d ispers ion of t h e i r op t i ca l a x e s w i t h t e m p . P . A. S c h e m j a t s c h e n s k y g a v e 3-53 
for t h e sp . gr. , a n d J . Samojloff, 3-73. N . S. K m n a k o f f a n d E . J . R o d e f o u n d t h e 
sp . g r . t o b e b e t w e e n 3-88 a n d 3-95. E . P o s n j a k a n d H . E . Merwin g a v e 3-841 t o 
3-854 for t h e sp . gr . a t 25 0 /25° , a n d w h e n co r rec t ed for t h e c o n t a i n e d s ider i t e , 
silica, a n d m a n g a n i t e , 4-07 t o 4-12 a t 25°/25°. T h e sp . gr . is the re fo re smal le r t h a n 
t h a t of goe th i t e . T h e h a r d n e s s is 4 . T h e h e a t i n g c u r v e closely r e sembles t h a t of 
goe th i t e , a n d s imi la r ly also w i t h t h e d e h y d r a t i o n c u r v e . T h e y - m o n o h y d r a t e is 
n o t a l t e r e d w h e n i t is h e a t e d in a sea led t u b e w i t h w a t e r a t 100°. T h e ind ices of 
re f rac t ion a r e , <x=l-94 , y8==2-20, a n d y — 2 - 5 1 . H e n c e , a l t h o u g h t h e chemica l com
pos i t ion of lep idocroc i te is t h e s a m e as t h a t of g o e t h i t e , t h e c rys t a l log raph ic con
s t a n t s , t h e sp . gr. , a n d t h e re f rac t ive i n d e x of t h e c rys t a l s a r e q u i t e d i s t inc t . 
Consequen t l y , m o n o h y d r a t e d ferric ox ide is d i m o r p h o u s , a n d t h e t w o fo rms a r e 
r e p r e s e n t e d b y goe th i t e a n d lep idocroc i te ; whi le h y d r o g o e t h i t e is a v a r i e t y of 
l ep idocroc i te . Accord ing t o W . H . A l b r e c h t a n d co-workers , a n d O. B a u d i s c h 
a n d W . H . A lb rech t , t h e m a g n e t i c p r o p e r t i e s of artificial spec imens of t h e h y d r a t e d 
ferric ox ide show a d i s t i nc t c h a n g e w i t h t h e age of t h e spec imen , w h e r e a s d e t e r m i n a 
t i ons of t h e w a t e r - c o n t e n t a n d t h e X - r a d i o g r a m s i n d i c a t e s t ab i l i t y . Age ing u n d e r 
w a t e r causes a d i m i n u t i o n of t h e suscep t ib i l i ty of b o t h h y d r a t e s , w h e r e a s desic
c a t i o n a t 100° in a c u r r e n t of a i r d imin i shes t h e suscep t ib i l i ty of t h e a - h y d r a t e 
b u t increases g r e a t l y t h a t of t h e y - h y d r a t e . T h e n a t u r a l or s y n t h e t i c a - h y d r a t e 
is m o r e s t ab l e t h a n t h e y - h y d r a t e ; d e h y d r a t i o n of t h e a - h y d r a t e affords t h e 
a -ox ide , w h e r e a s t h e y - h y d r a t e g ives t h e y -ox ide w h i c h pas ses a t a h i g h e r t e m p , 
i n to t h e a -ox ide . W . H . A l b r e c h t o b s e r v e d t h a t t h e p r e p a r a t i o n o b t a i n e d 
f rom t h e fer rous sa l t soln. h a d a m a g n e t i c suscep t ib i l i ty b e t w e e n 37 x lO—6 a n d 
7 4 x 1 0 - « ; E . F . H e r r o u n a n d E . Wi l son g a v e 42 x 10~ 6 . W h e n h e a t e d , t h e 
suscep t ib i l i ty rises r a p i d l y t o 39 ,500x10—°, a n d t h e n falls aga in . F o r J . H u g g e t t 
a n d G. C h a u d r o n ' s obse rva t i ons , vide goe th i t e . 

I n t h e first c e n t u r y of ou r e ra , Dioscor ides , i n his UepC vArjs icL-rpiK-qs s p o k e of 
the crxC<rros XCSos, and Pl iny , in his Historia naturalis, of the schistos ; and 
G. Agr icola , 7 J . G. Wal l e r iu s , a n d A. C r o n s t e d t r e g a r d e d t he se m i n e r a l s a s 
e q u i v a l e n t t o t h e r e d i ron ore , or Glaskopf—that is , w i t h b lack , b r o w n , o r r e d 
hcBtnatites hemisphcericus. Th i s sub jec t w a s d i scussed in connec t ion w i t h h a e m a t i t e 
or ferric ox ide . T h e u>xp&> o r ochres, m e n t i o n e d i n t h e IJept XCOcov of T h e o p h r a s t u s 
a b o u t 315 B.C., is r e p r e s e n t e d b y t h e ochra nativa o r t h e Berggeel of G. Agr icola ; 
t h e ochra nativa, t h e Berggelb, a n d t h e ye l low och re of C. Gesner ; a n d t h e ochriger 
Brauneisenstein of A . G. W e r n e r , a n d D . L . G. K a r s t e n . J . G. Wal l e r iu s , 
A. G. W e r n e r , R . H e r m a n n , Ti. A. E m m e r l i n g , a n d A. B r e i t h a u p t c o - o r d i n a t e d w i t h 
t h e i r o n o res—Braune isens te in , a n d Haseneisenstein—various e a r t h s i nc lud ing 
minora ferri subaquosa, minera ferri lacuotris, and miner a ferri palustris, as 
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well as brown ironstone, brown hcematite, brown ochre, marsh ore, bog ore, meadow 
ore, etc., and Sumpferz, Modererz, Pfennigerz, Morasterz, Wiesenerz, etc. 
J . S. Kennedy objects t o the use of t h e t e rm c* brown haematite " for limonite. 
J . F . Li. Hansmann included in t he t e rm Brauneisenstein various iron ores : Rtibin-
glimmer, or ruby mica, ledpidocrocite, and Sammetblende ; drossy, compact, and 
ochreous iron ores ; Pecheisenstein or Eisenpecherz ; Glanzeisenstein ; Hyposiderite ; 
Quellerz ; Gelbeisenstein, etc., mentioned by C. K- Stifft, J . Branner, J . L . Jordan , 
and J . C. Ullmann. The yellow, waxy, pitch-like ore was called by J . C. Ullmann 
stilpnosiderite—from OrTtATr̂ oS', shining; and o-i8r)pos, iron—only in very exceptional 
cases can this be regarded as a shining ore ; and D . L. G. Karsten, and 
M. H . Klaproth, pittizite—from TTVTTLZ>OJ or 7rio-o"t£co, waxy ; b u t J. F . I*. Hausmann'e 
t e rm limonite-—-from Xeyuojv, a meadow—is usually employed for Eisenoxydhydrat 
mit dem Minimum des Wassers. F . S. Beudant employed the t e rm " limonite " i n a 
more general sense t han the " yellow bog ore " of J . F . L. Hausmann. A. Brei thaupt , 
F . von Kobell, C. C. von Leonhard, and E . F . Glocker made observations on this 
subject. The early analyses reported by J . F . d'Aubuisson de Voisins, R. J . Haiiy, 
J . F . I J . Hausmann, J . C. Ullmann, J . Li. Proust , and M. H . Klaproth showed t h a t 
the varieties of yellow bog ore had a composition ranging from 2Fe2O8-SH2O to 
Fe2O3 .2H2O ; while R. Hermann 's Quellerz was represented by Fe2O8-SH2O, and 
J . D . Dana applied the te rm limiiite—from XCfjuvrj, a lake—to this earth, while 
2Fe2O3-SH2O was regarded as the composition of limonite, the te rm xanthosiderite 
—from £CLV86S, yellow ; oxo^pos", iron—was applied by E . E . Schmid to the yellow 
ochreous, bog ore, or the Gelbeisenstein of J . F . L. Hausmann, to which the formula 
Fe2O3 .2H2O had been assigned. This subject was discussed by G. Tschermak, 
J . Bohm, M. Bauer, and C. Hintze. The Hungar ian kaliphite of M. Ivanoff is, 
according to J . D. Dana, a mixture of limonite, manganese oxides, and silicates of 
calcium and zinc. 

J . D. Dana said t h a t limonite has various shades of brown, generally dark and 
dull, and t h a t it sometimes has a black, varnish-like, or pitch-like exterior ; and 
when earthy, i t is brownish-yellow, or ochreous-yellow. The streak is yellowish-
brown. I t does not occur crystalline, and commonly occurs in stalactitic, botryoidal, 
or mammillary forms having a fibrous or sub-fibrous structure ; i t also occurs con
cretionary, massive, and earthy. The varieties are : (i) Compact—with a sub-
metallic or silky lustre, often stalactitic, botryoidal, etc. I t includes brown Glaskopf. 
(ii) Ochreous—is brownish-yellow to buff-yellow and ear thy ; and i t often contains 
impurities like clay, sand, etc. (iii) Bog ore—from marshy places, is loose or porous 
in texture , and contains fossilized leaves, wood, etc. (iv) Brown clay ironstone—in 
compact masses or concretionary nodules with a brownish-yellow streak different 
from the streak of clay ironstone. Brown clay ironstone may be (a) pisolitic, or in 
aggregate concretions the size of peas—bean ore or Bohnerz ; and (6) oolitic. The 
brown limonite, found in !Luxemburg, Lorraine, and the Rhineland, consists of 
oolitic grains bound together by a cement of chalk, clay, or silica. I t is called 
minette . According to E . Schroedter, W. Gill, and H . Wandesleben, i t is used in 
the manufacture of basic steel. Numerous analyses of limonite have been reported-

For example, L. C. Beck, C. Bergemann, A. W. G. Bleeck, R. Bttttger, G. C. du Bote, 
A. Breithaupt, A. Brunlechner, G. J. Brush, C. F. Bucholz, A. BZ. Church, E. Cohen, 
J. D. Dana, A. S. Eakle, C. F. Eichleiter, J. Eyerman, G. Einecke and W, Kohler, R. Fluhr, 
H. B. von Foullon, C. Gabert, C. W. von Gumbel, E. Hatle, C. von Hauer, S. Haughton, 
F. M. Meddle, R. Hermann, T. C. Hopkins, T. S. Hunt, W. Jaworsky, C. von John, 
F. Katzer, W. Knaust, G. A. Kenngott, F. Klockmann, F. von Kobell, W. Kohlmann, 
F. Kretschmer, A. Lacroiac, H. Leitmeier and M. Goldschlag, T. Liebisch, E. Manaase, 
A. Muller, T. £,. Phipson, J". jr. Pohl, B. Popoff, E. Poenjak and BI. E. Merwin, F. Prime, 
C. F. Ranxmelsberg, G. von Rath, B. W. Raymond, A. Sachs, J. Saraojloff, P. A. Sohem-
jatschensky, E. E. Schmid, J. B. Schober, H. Schonberg, A. von Schrotter, H. Simons, 
E. G. Smith, J. L. Smith, J. W. E. SOchting, H. Struve, J. Thiel, G. Tschermak, 
«T. C. XJllmann, N. Watitach, F. Weltzien, A. J. F. W'iegmann, T. Wieee, and S. WitUch. and 

fB. JTeumann. N. S. Kumakoff and E. J. Bode found 10&d to 16-58 per cent, of H.O i» 
*fee samples they analyzed. • « * -
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Many of the samples of limonite contain silica, according to F. Wohler, mainly 
as silicates, or clay ; others contain alumina as clay, bauxite, or laterite—a subject 
discussed by M. Bauer ; phosphates, sulphates, and manganese compounds are 
commonly present; R. Bottger, T. Bodemann, A. Muller, F. J. Otto, V. Merz, 
L- R. von Fellenberg,- and T. Ii. Phipson found vanadium present in some of the 
limonites ; and W- N, Hartley and H. Ramage detected spectroscopically, sodium, 
potassium, rubidium, silver, copper, calcium, manganese, nickel, thallium, 
chromium, gallium and indium in different limonites. The ochres are yellow earthy 
varieties of limonite contaminated with clay, etc. They were discussed by G. Gin, 
G. H. Hurst, A. Bouchonnet, F. Rose, A. G. Gentele, G. Zerr and R. Rubencamp, 
etc. Likewise also with the terra di siena, or the siennas, which derive their name 
from the Italian town of Sienna. The siennas are redder than the ochres, and they 
were discussed by G. H. Hurst, F. Rose, A. G. Gentele, G- Zerr and R. Rubencamp, 
etc. Some of the red earths are called hole, Indian red, Venetian red, raddle, etc. 
The umbers are browner than either the ochres or the siennas. Their name is 
derived from Umbria, an Italian town now known as Spoleto. They were dis
cussed by G. H. Hurst, F. Rose, A. G. Gentele, G. Zerr and R. Rubencamp, etc. 
Some dark brands of umber are called Casset brown, and Cologne earth. 

Attempts to find a formula for limonite gave F. von Kobell, E. Manasse, and 
F . S. Beudant hemitrihydrated ferric oxide, 2Fe 2 0 3 . 3H 2 0 , or H 6 Fe 4 O 9 , results 
commonly used to represent the composition of limonite. J. F. L. Hausmann said 
that J. Ii. Proust's analysis agreed better with Fe2 .03 .2H2O. E. Posnjak and 
H. E. Merwin found that when an allowance is made for impurities, and for capillary 
and adsorbed water, the composition approximates closely to Fe2O3-H2O ; and this 
agrees with F. von KobelFs hypothesis, that limonite or stilpnosiderite is wahrschein-
Itch Goethite im amorphen Zustande. C. Hintze also supported the hypothesis that 
limonite is colloidal monohydrated ferric oxide, or colloidal goethite—vide infra. 
P. A. Thiessen and R. Koppen found that the dehydration curves agreed best with 
the assumption that limonite is a hemihydrate, Uke goethite, but with adsorbed 
water. R. Gaubert came to a similar conclusion in his study of the dispersion of 
the optic axes of the two minerals, and also of the action of hydrochloric and 
hydrofluoric acids on fibrillar limonite and goethite. 

There are numerous deposits of limonite and the hydrated ferric oxides being 
formed as deposits from spring waters, etc., at the present day. H. Leitmeier and 
M. Goldschlag observed brown xanthosiderite on the walls of a mine in Payerbach, 
Austria, where, after two years' exposure to the atmosphere, the colour darkened, 
and the structure became granular and crystalline. Thus, E. C. Case 8 found a 
deposit being formed by the well water near Lawrence close to the Kansas River. 
The cellular structure of the so-called boxtvorh limonite was discussed by F. P. Boswell 
and R. Blanchard. E. Cohen observed stilpnosiderite in the meteorite from 
Beaconsfield, Australia. C. G. Ehrenberg noticed that yellow ochre or limonite 
contains extremely delicate branched threads indicating the presence in the original 
waters of an organized body containing an extremely large proportion of iron. 
J. C. Brown, D. Ellis, and H. Molisch have shown that the slimy streamers which 
develop in water conduit pipes, and on the walls and bottoms of shallow, water-
storage reservoirs, are masses of hydrated ferric oxide whose existence is due to the 
activities of iron bacteria—Leptothrix ochracea, Gallionella ferruginea, Spirophyllum 
ferrugineum, Crenothrix polyspora, Cladothrix dichotoma, etc. The nodular 
excrescences, and tubercular incrustations found in iron pipes conveying water are 
due to the chemical action of dissolved carbon dioxide in the water, and the local 
enrichments of carbon dioxide facilitate the change of iron into soluble carbonate 
•which is then oxidized to hydrated ferric oxide. The ferruginous incrustations 
found on the -walls of iron conduit pipes (the walls, however, are not corroded) are 
considered to be the work of iron bacteria, assisted possibly by other organisms. 
The formation of spongy iron in iron water-pipes is due to the attack of acids in 
the water, or soil, and not to iron bacteria. This subject has been discussed by 
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O. Aschan, J. M. van Bemmelen, A. Beythien and co-workers, O. Casagrandi, 
N. Cholodny, F. Conn, C. L.. Dake, W. D. Francis, N . Gaidukoff, J . W. Gruner, 
E. C. Harder, N. J . Harrar , W. H . Herdsmann, C. R. van Hise, K. Hoflich, 
A. Irving, D. D. Jackson, J . D. Kendall, J . Lafar, C. Mettenheimer, W. Migula, 
A. Molisch, E . M. Mumford, B. V. Pyaskovsky, E . Raumer , O. Rossler, W. RuIl-
mann, C. Sauvageau and M. Radais, J . B . Schober, H . Schwers, H . C. Sorby, 
R. Ii. Starkey and H . O, Halvorson, C. Tolomei, S. Winogradsky, C. Zapffe, a n d 
W. Zopf—vide supra, the corrosion of iron. J . W. Gruner summarized his 
conclusions on the action of humic acids as follows : 

SoIn. from decay ing p lants dissolve al l ox ides a n d carbonates of iron, a n d m o s t of t h e 
s i l icates , b u t do n o t s e e m t o a t tack pyr i t e appreciably . T h e s trength of̂  such so ln . i s 
s imilar t o t h a t of carbonic ac id . I t i s poss ible t h a t carbonic acid i s the chief ac id of t h e 
so-called " natural organic acids " b u t t h e organic colloids in such so ln . g ive special 
properties t o t h e m . One of t h e differences bet-ween natural organic soln . a n d carbonic 
ac id i s t h a t t h e organic soln . reduce ferric iron compounds t o soluble ferrous sa l t s , whi le 
carbonic acid does no t . 

The solvent action of carbonated waters was discussed by W. B . and R. E . Rogers, 
R. Muller, W. P . Headden, and J . W. Gruner—vide infra. O. Schreiner and 
E. C. Shorey observed t h a t : 

H y d r o x y - a c i d s of t h e f a t t y series are v e r y wide ly dis tr ibuted i n t h e vegetable k i n g d o m 
—mal i c , citric, tartaric, g lycol l ic , lact ic , butyric , formic, a n d acet ic a c i d s ; there i s n o 
d o u b t t h a t vegetable acids of th i s group are added t o soils in large quant i t ies and become , 
temporari ly a t least , a part of t h e organic m a t t e r of t h e so i l ; 

while E . C. Harder stated t h a t " according to the extent to which organic acids are 
present, iron may be carried in soln. as salts of those acids. I t is not impossible t h a t 
such organic salts as iron formate, iron butyra te , iron lactate, or iron citrate may 
occur in iron-bearing waters ." The subject was investigated by N. J . Harrar . 

There are many and varied deposits of limonite in various parts of the world. 
The limonite is in all cases assumed to have been formed by the alteration of 
ferruginous minerals and rocks by exposure to air, moisture, etc. The subject was 
reviewed by F . W. Clarke,9 C. Doelter, and F . Beyschlag and co-workers. Pseudo-
morphs of limonite after copiapite, cerussite, and copper pyrites were mentioned 
by A. F . Rogers ; after anhydri te and diabantite, by B. V. Emerson ; and after 
marcasite, by H . Laubmann, P . von JeremejefE, P . N. Tschirwinsky, H . B . North , 
N. Watistsch, and L. Diirr. Outcrops of sulphide ores—e.g. pyri te or chalcopyrite 
—are often altered to masses of porous limonite ; and pseudomorphs after pyrite 
are very common—e.g. R . "W. Raymond, etc. The gossan caps of limonite on sul
phide ores have also been formed by the oxidation and hydrat ion of the mineral— 
vide the formation of manganese deposits, 12. 64, 2. E . Newton said t ha t the 
manganiferous iron ores of Minnesota were part ly formed by the leaching of 
ferruginous limestone by alkaline soln. ; and the removal of iron by the leaching 
of iron silicate rocks was discussed by J. W. Gruner, T. S. Covering, L. Cayeux, 
and R. A. F . Penrose ; while L. Dieulafait, J . P . Kimball, C. W. Hayes, C. W. Hayes 
and E. C. Eckel, S. W. McCaIUe, H . C. Sorby, G. Keller, and A. F . Foerste discussed 
the pseudomorphous replacement of limestone by percolating soln. of iron salts, 
and the formation of residual limonite from ferruginous limestone b y the simul
taneous oxidation of ferrous carbonate, and the dissolution of calcium carbonate. 
The formation of limonite from pyri te and marcasite has been described by 
G. Bischof, P . N. Tschirwinsky, M. Watanabe , E . Cohen, H . M. Chance, F . Coram 
and H . Leitmeier, O. Miigge, A. Pelikan, and J . von R o t h ; and from siderite 
by G. Bischof, K. von Billow, E . Hatie, R. Helmhacker, and K. A. Redlich. 
E . V. Shannon said t h a t the presence of chlorides promotes the formation of 
hydra ted ferric oxide. 

Limonite m a y be found as a residual deposit where i t was formed, and, according 
to O. K. I*eith and W. J . Mead, J . F . Kemp, W. G. Miller, W. E . P ra t t , G. O. Smith 
and B . Willis, A. C. Spencer, and C M . Weld, i t may have been formed b y processes 
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analogous to those concerned in the production of laterites—6. 33, 8. !Limonite, 
like clays, may have been mechanically transported by streamlets from surrounding 
hills and deposited as bog ore in marshy places, and in pools where the velocity of 
the streamlet is sluggish, and the excess may be carried by rivers into the sea. The 
iron may also be t ransported in soln. dissolved as (i) hydrocarbonate in carbonated 
waters, (ii) as sulphate in water with acids derived from the oxidation of the sulphur 
in pyrites, or (iii) as a salt of an organic acid in peaty and other waters. I t may have 
been deposited from such waters in the form of bog ore, or in stalactitic, tuberose, 
and other concretionary forms. Carbonated waters extract iron as ferrous hydro-
carbonate from silicate rocks or from disseminated magnetite, and the soln. of the 
hydrocarbonate in carbonated waters, or the soln. of iron as sulphate from oxidized 
pyrites m a y deposit limonite when oxidized either by exposure to air, or, according 
to N. S. Shaler, by contact with oxygen given off by the respiration of aquatic plants 
—e.g. bog ores are more abundant along the margins of swamps, and are often 
wanting a t the centre. The decomposition of the soln. of ferrous hydrocarbonate 
may be facilitated or produced by iron-bacteria which adsorb iron and re-deposit 
i t in the form of hydrated ferric oxide, as indicated by G. Tolomei, J . M. van 
Bemmelen, W. D. Francis, E . C. Harder, etc.—vide supra—and E . S. Moore discussed 
the formation of bog ore by the action of algae and lower plants on chalybeate 
waters. H . Molisch, for instance, found t h a t under the influence of light, there 
is a separation of hydrated ferric oxide from soln., and an evolution of oxygen. 
Sulphate soln. may oxidize on exposure to air to form hydrated ferric oxide, and 
sparingly soluble basic salts ; or they may precipitate the hydrate by contact 
with limestone or other carbonates, or phosphates, or with organic mat ter . I n 
illustration of the solvent action of the organic acids in peaty and swamp waters, 
A. Kindler said : 

O n t h e dec l iv i t i es of s and -h i l l s p l a n t e d -with p i n e t r e e s , a n d w h e r e s p r i n g s , l y i n g lower 
d o w n , c a u s e falls of e a r t h , d e a d r o o t s -which p e n e t r a t e t h r o u g h t h e f e r rug inous q u a r t z 
s a n d a b s o r b t h e r a i n - w a t e r f i l te r ing t h r o u g h . A. d e c o m p o s i t i o n c o m m e n c e s , b y w h i c h ac id s 
a r e f o r m e d , w h i c h a r e c a p a b l e of d i s so lv ing l a rge q u a n t i t i e s of fe r rous o r ferric ox ide ; for 
i n a few m o n t h s t h e s a n d b e c o m e s a s w h i t e a s if i t h a d b e e n t r e a t e d w i t h ac id . T h e a c t i o n 
of a r o o t , t w o l ines i n t h i c k n e s s , e x t e n d s t o a d i s t a n c e of f rom o n e t o t w o i n c h e s . T h i s 
p h e n o m e n o n also p r e s e n t s itself i n w o o d s a n d g a r d e n s , for decolor ized s a n d is found e v e r y 
w h e r e u n d e r r o t t i n g l e a v e s . 

K. J . H a r t m a n and R.. M. Dickey discussed the formation of banded iron formations 
by the diffusion of iron salts in silica gels. 

A. Daubree also observed this decolorization of ferruginous sands by roots. 
If a decaying root and quartz sand coloured with iron oxide be often moistened 
with water, the filtrate -will be found to contain iron. When such soln. are oxidized, 
hydrated ferric oxide is deposited. As mentioned by G. Bischof, the rus ty deposits 
about chalybeate springs, and the iridescent films of hydrated ferric oxide on the 
surface of marshes and swamp waters illustrate this reaction. This subject was 
discussed by J . M. van Bemmelen, W. Spring, and O. Aschan. W. H . Weed explained 
the formation of iron-sinter by an analogous process. When the waters deposit 
their ferruginous load where air has free access, limonite is formed, bu t if the 
deposition occurs in the presence of decaying organic ma t t e r and carbon dioxide, 
ferrous carbonate or siderite may be deposited. Hence, also—as noticed by 
H . Taylor, R. Phillips, and P . Kremers—the presence of ferrous iron in ferruginous 
clays, and soils. O. C. S. Carter observed a ferruginized tree in which par t of the 
wood was replaced by brown haematite. H . Hess found some stag antlers changed 
to iron ore in the bog-iron ore deposit of Posen. The cementing action of hydrated 
ferric oxide in rocks like sandstones was discussed by W. Spring. According 
to K. Endell, rust, or hydra ted ferric oxide is found in meteorites penetrating into 
t h e iron mass in the form of a tube which exhibits a rhythmic structure. The 
formation is held to be due to the setting up of local electric currents when the 
mass is moist, whereby ferrous hydroxide is first formed ; this is oxidized, and 



890 I N O R a A N I C A N D T H E O R E T I C A L C H E M I S T R Y 

t h e ferric hyd rox ide is depos i t ed . R . J . H a r t m a n and. R . M. D i c k e y d i scussed 
t h e r h y t h m i c p h e n o m e n o n i n t h e i ron ores of L a k e Super io r . 

The formation of l imoni te -was also discussed b y B . Aarnio , J . Ahlburg, J . p . Arend, 
O. Aschan, A . Bergeat a n d A - W . Stelzner, B . B lanchard a n d P . F . Boswel l , A . W . G. Bleeck , 
B . A . Brauns , E . v a n d e n Broeck, A . Brongniart , K . v o n Bi l low, J . M. Campbel l , 
L . C a y e u x , C. B . B a k e , A . Baubree , C. BefEner, E . Bo l l , G. E inecke a n d W . K o h l e r , A.Gartner , 
A . Gressley, A . de Grossouvre, G. B . Hubbard , P . v o n JeremejeflF, F . JKatzer, K . Kei lhack, 
J. F . K e m p , A. Kindler, J. Klarding , P . Krusch , A . E . Kupffer, M. Bazarevic , C. K . B e i t h a n d 
W . J . Mead, A . Beppla , J . Beval lo is , A . Merle, W . G. Miller, E . S. Moore, M. N e u m a y r , 
J . S. Newberry , BI. W . Nicho l s , W . E . Prat t , B . W . R a y m o n d , G. Reinders , G. Schmidt , 
F . Senft , H . Sjogren, G. O. S m i t h a n d B . Wil l i s , A . C. Spencer, F . M. Stapff, M. Tecklenburg, 
E . Thirria, B . T o k o d y , P . v o n Tschirwinsky, A . Vierschil l ing, C. M . W e l d , B . A . Wendeborn , 
a n d F . Zirkel. The formation of pisolit ic ores w a s discussed b y A. Berg-eat and A. W . Stelzner, 
F . Beysch lag , M. Brauhauser, C. Chelius, C. Beffner, R . D e l k e s k a m p , B . F a c h , O. F . Fraas , 
B . Hoffmann, E . H o l l m a n n , F . K l o c k m a n n , W . K u h n a n d W . Meigen, R . Bang-, A . Moos , 
H . Minister, F . W . Pfaff, H . S imons , H . S tremme, H . Tasche , a n d F . W . V o i t ; a n d t h e 
format ion of oolitic ores or mimet te , b y A . Bencke , B . Cayeux , F . Gaub, B . Hof fmann , 
J . M. Jegunoff, W . K o h l m a n n , A. E . Kupffer, B . Popoff, H . Schneiderhfthn, C. H . S m y t h , 
J . Thoreau, and B . v a n Werveke . 

T h e h e m i t r i h y d r a t e d ferric oxide , 2 F e 2 O 3 . 3 H 2 O , fo rmer ly supposed t o r e p r e s e n t 
t h e compos i t i on of l imon i t e , w a s r e p o r t e d b y J . J . Berze l ius 1 0 t o b e f o r m e d a s 
iron-rust, o r crocus rnartis apertttvus, w h e n i ron oxidizes in a e r a t e d w a t e r . J . Befor t 
o b t a i n e d t h i s h y d r a t e b y p r e c i p i t a t i n g a h o t soln. of a ferric sa l t w i t h a lka l i - lye a n d 
d r y i n g t h e w a s h e d p r o d u c t ove r su lphur i c ac id ; L . P . d e S t . Gilles used a q . a m m o n i a 
a s p r e c i p i t a n t , a n d dr ied t h e p r o d u c t i n v a c u o . F . M u c k sa id t h a t t h e trttapenta-
hydrate, 3 F e 2 O 3 . 5 H 2 O , is p r o d u c e d w h e n a bas ic ferric s u l p h a t e is a d d e d t o m o l t e n 
p o t a s s i u m h y d r o x i d e , a n d af ter a s h o r t t i m e t h e p r o d u c t is cooled, w a s h e d w i t h 
w a t e r , a n d d r i ed a t 100°. O. Ruff o b t a i n e d a s imi lar h y d r a t e b y h e a t i n g r ed , 
col loidal ferric ox ide w i t h w a t e r b e t w e e n 30° a n d 42*5°, a n d a t 5000 a t m . p re s s . 
H . W o l b l i n g r e g a r d e d O. Ruff ' s p r o d u c t s a s m i x t u r e s of a n h y d r i d e a n d h y d r a t e . 
F r o m t h e p r e c e d i n g discuss ion, i t follows t h a t desp i t e p l aus ib l e formulae b a s e d o n 
ana lyses , t h e r e is n o t h i n g t o show t h a t a defini te h y d r a t e is f o r m e d a s a chemica l 
i nd iv idua l , for t h e c o m p o s i t i o n d e p e n d s o n t h e a r b i t r a r y cond i t i ons se lec ted for t h e 
des icca t ion . G. C. W i t t s t e i n a d d e d t h a t if t h e a m o r p h o u s h y d r a t e b e k e p t u n d e r 
w a t e r a couple of y e a r s i t b ecomes c rys ta l l ine . Accord ing t o A. KLrause, fe r rous 
h y d r o x i d e p r e c i p i t a t e d f rom a soln. of fe r rous s u l p h a t e b y a n e q u i m o l a r q u a n t i t y 
of s o d i u m h y d r o x i d e , y ie lds on a t m . o x i d a t i o n , h y d r a t e d ferr ic ox ide , b u t if t h e 
soda- lye is h igh ly c o n c e n t r a t e d , t h e ox id ized p r o d u c t a l w a y s c o n t a i n s fe r rous ox ide , 
t h e h i g h e s t r a t i o be ing F e O : F e 2 O 3 - 0 * 3 : 1. A s t h e fe r rous ox ide inc reases , t h e 
colour changes f rom yel low t o b lack , w i t h a dec rease i n t h e w a t e r - c o n t e n t cor re 
s p o n d i n g w i t h a c h a n g e f rom rnetai&Tric h y d r o x i d e t o fe r rous fer r i te . T h e isoelectr ic 
p o i n t of t h e h y d r o x i d e w i t h t h e compos i t i on a p p r o x i m a t e l y F e 2 O 3 . 2 H 2 O , is n e a r l y 
j t ?n~5-2 . Conf i rmat ion of t h i s h y p o t h e s i s of fer r i te f o r m a t i o n is o b t a i n e d b y 
oxid iz ing fer rous h y d r o x i d e in t h e p r e sence of m a g n e s i u m h y d r o x i d e , w h e n 
m a g n e s i u m ferr i te is fo rmed . T h e m e t a - f o r m of ferr ic h y d r o x i d e differs f r o m t h e 
b r o w n o r tho - fo rm i n h a v i n g i t s isoelectr ic p o i n t ^ H : = 7 * 7 , i t s ease of p e p t i z a t i o n , 
a n d i t s g r e a t e r gra in-s ize . T h e o r t h o - f o r m is less s t a b l e u n d e r w a t e r , w h e r e i t 
g r a d u a l l y passes t o t h e m e t a - f o r m . T h i s c h a n g e is m u c h a c c e l e r a t e d b y t h e p re sence 
of O H ' - i o n s , a n d a t t h e s a m e t i m e , t h e isoelectr ic p o i n t c h a n g e s f r o m J O H : = 5 * 2 t o 7#7. 
T h e d r i e d m e t a - o x i d e c o n t a i n s less w a t e r t h a n t h e o r tho - fo rm, i t i s b rown i sh -
yel low i n s t e a d of b lack , is m o r e fr iable , a n d a d h e r e s m o r e firmly t o g lass . T h e 
m e t a - o x i d e c a n b e r ead i ly p e p t i z e d b y e i t h e r di l . a c id o r a m m o n i a , b u t n o t so w i t h 
t h e o r tho -ox ide . 

T h e co lour of l imon i t e r anges f rom d a r k b r o w n ~to l i gh t ye l lowish-brown, d a r k 
yelkfwv aaad ochre-yel low. A . B e r g e a t " cons ide red t h a t t h e co lour d e p e n d s o n t h e 
;pro|fatortjton of c o n t a i n e d c lay , a n d n o t o n t h e p r o p o r t i o n s of i r o n o r m a n g a n e s e . U e 
found;;^Ftih t h r e e s a m p l e s : 



I R O N 8 9 1 

Clay Fe per cent. Ma per cent. 
Dark chestnut-brown . . scarcely any 59*90 O* 17 
Chestnut-brown . a li t t le 67-61 - 0-11 
Ochre-brown . . . . much 44-0O 0-29 

W . D . B a n c r o f t a t t r i b u t e d t h e co lour t o a d s o r b e d i ron sa l ts—vide supra. F o r 
R . G a u b e r t ' s o b s e r v a t i o n s o n t h e i d e n t i t y of fibrillar l imon i t e w i th g o e t h i t e , vide 
supra, g o e t h i t e . J . B o h m e x a m i n e d t h e X - r a d i o g r a m s of x a n t h o s i d e r i t e , l i m o n i t e , 
a n d l imn i t e . E . W e d e k i n d a n d W . A l b r e c h t n o t e d t h e a p p e a r a n c e of in te r fe rence 
l ines in t h e X - r a d i o g r a m s d u r i n g t h e age ing of t h e gels. J . W . E . Soch t ing g a v e 
3*40 t o 4*17 for t h e specific grav i ty of l i m o n i t e ; C. B e r g e m a n n , 3-908 ; E . P o s n j a k 
a n d H . E . Merwin , 3-841 t o 4*172 a t 25°/25° ; a n d w h e n a n a l lowance is m a d e for 
t h e c o n t a i n e d s ider i te , m a n g a n i t e , a n d silica, 4-30 t o 4-34 a t 25°/25°. N . S. Kurnakof f 
a n d E . J . R o d e f o u n d t h e s p . gr . t o r a n g e f rom 2*7 t o 4*01. B r o w n c o m p a c t l imon i t e 
h a s a h a r d n e s s of a b o u t 5, a n d w h e n freshly d u g , s o m e t i m e s ove r 5 ; b u t t h e h a r d n e s s 
of o t h e r k i n d s r a n g e s f rom 1 t o 5 . F . I ) . A d a m s f o u n d a cub ic p s e u d o m o r p h of 
l imon i t e a f t e r p y r i t e w a s c r u s h e d t o p o w d e r u n d e r a compres s ion of 43,000 lbs . 
a p p l i e d i n 17 m i n s . , w i t h o u t showing s igns of p l a s t i c d e f o r m a t i o n . J . J o I y f o u n d 
t h e m e a n specific h e a t of l imon i t e t o b e 0*2263 b e t w e e n 13*3° a n d 100° ; a n d of 
l i m o n i t e p s e u d o m o r p h o u s af te r p y r i t e , 0*2215 b e t w e e n 13*6° a n d 100°. T h e v a l u e s 
c a l c u l a t e d b y t h e a d d i t i v e ru le a r e r e spec t ive ly 0-22632 a n d 0*22155. R . U l r i ch 
g a v e 0*2235 for t h e s p . h t . b e t w e e n 17° a n d 98° . E . P o s n j a k a n d H . E . M e r w i n 
f o u n d t h a t t h e h e a t i n g curves of l imon i t e m a y show a s l ight t h e r m a l effect a t a b o u t 
100°. N . S. Kurnakof f a n d E . J . E o d e ' s o b s e r v a t i o n s o n t h i s s u b j e c t h a v e b e e n 
d iscussed i n connec t i on w i t h t u r g i t e {q.v.). H . W . F i s c h e r f o u n d t h a t t h e d e h y d r a 
t ion c u r v e s of l imon i t e s h o w t h a t w a t e r is los t r a p i d l y be low 100°, t h e n spa r ing ly , 
t h o u g h c o n t i n u o u s l y , u p t o 165°, a n d b e y o n d t h a t t e m p , t h e loss is v e r y la rge , a n d 
is a c c o m p a n i e d b y a c h a n g e i n co lour f r o m ye l low t o r ed . H e sa id t h a t t h i s 
b e h a v i o u r is cha r ac t e r i s t i c of t h a t of a col loidal h y d r a t e , a n d a m a r k e d effect a t 
a b o u t 300° . B y m e a s u r i n g t h e loss of w a t e r w h e n s p e c i m e n s a r e k e p t a t different 
t e m p , ove r 4 m o n t h s , t h e y o b t a i n e d a c u r v e v e r y s imi la r t o t h a t o b t a i n e d w i t h 
g o e t h i t e . Th i s , coup led w i t h t h e sp . gr . d a t a , e t c . , f a v o u r s t h e h y p o t h e s i s t h a t 
l i m o n i t e is col loidal g o e t h i t e or m o n o h y d r a t e d ferr ic o x i d e . W h e n bog- i ron ore is 
h e a t e d t o 325° t o 400° , F . M u c k , N . S. K u r n a k o f f a n d E . J . R o d e , e t c . , f ound t h a t a 
ca lorescence occurs—v ide supra, h s e m a t i t e . T h e s u b j e c t w a s s t u d i e d b y R . G a u b e r t . 
E . P o s n j a k a n d H . E . M e r w i n f o u n d t h a t l i m o n i t e c o n t a i n s l aye r s , sp l in te rs , fila
m e n t s , o r o t h e r p o r t i o n s w i t h a retract ive i n d e x 1*99 t o 2*07 ; a n d i n some cases 
w i t h a r e d m a t e r i a l h a v i n g a re f rac t ive i n d e x of 2-2 t o 2*3 r e s e m b l i n g tu rg i t e , a n d 
in o t h e r cases h a v i n g a r e f r ac t ive i n d e x of 2*4 a n d a s t r o n g d o u b l e re f rac t ion like 
t u r g i t e . A . P e l i k a n g a v e y—<x=0-048 for t h e doub le re fract ion . As a r e su l t of 
t h e i r e x a m i n a t i o n of v a r i o u s l imon i t e s , E . P o s n j a k a n d BE. E . M e r w i n sa id : W h e n 
m o n o h y d r a t e d ferr ic ox ide is p r e c i p i t a t e d a n d h a r d e n e d u n d e r n a t u r a l cond i t ions 
w h i c h d o n o t p e r m i t def ini te c rys t a l l i za t i on , a p o r o u s m a s s is fo rmed con ta in ing 
cons ide rab l e excess of w a t e r , bes ides o t h e r i m p u r i t i e s . So indef in i te is t h e ma te r i a l 
t h a t i t c a n n o t b e c h a r a c t e r i z e d v e r y sa t i s fac tor i ly . I t s co lour in fine powder is 
s ca rce ly d i s t i ngu i shab l e f rom t h a t of fibrous g o e t h i t e . A l t h o u g h often occurr ing 
i n c o m p a c t l a y e r e d o r b o t r y o i d a l fo rms , i t does n o t possess dec ided fibrous f rac ture . 
T h e e a r t h y v a r i e t i e s cons i s t of m i n u t e , loose ly a g g l o m e r a t e d spheroidal gra ins . 
A i r - d r i e d m a t e r i a l possesses s o m e p o r e s of s u c h size t h a t , a l t h o u g h microscopical ly 
inv i s ib le , t h e y r e a d i l y fill w i t h s u c h l i qu ids a s a r e u s e d t o immerse t h e gra ins for 
microscopic s t u d y . T h u s , r e f r ac t ive i n d e x d e t e r m i n a t i o n s c a n n o t be definitely 
i n t e r p r e t e d ; a i r - d r i e d m a t e r i a l d o e s h a v e o b s e r v e d a p p a r e n t refract ive indices 
w i t h i n t h e r a t h e r n a r r o w l im i t s of a b o u t 2-00 t o 2*IO w h e n s a t u r a t e d wi th a l iquid 
of c o r r e s p o n d i n g r e f r ac t i ve i n d e x . S u c h m a t e r i a l is he re r ega rded a s l imoni te . 
D o u b l e r e f r a c t i o n is c o m m o n i n s u c h m a t e r i a l , u sua l l y i t is indefinite a n d n o t s t r ong , 
b u t occas iona l ly i t r e a c h e s 0*04 a n d is a l m o s t a s definite as in fibrous goeth j tes . F o r 
example , in t h e cy l ind r i ca l c r u s t s a r o u n d s t a l ac t i t e s a n d in t h e spheroidal g r a m s , 
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t h e r a y v ib ra t i ng a long t h e r a d i u s is n o t s t r o n g l y r e f r ac t ed a s i n fibrous g o e t h i t e . 
I n r a re cases a dec ided t e n d e n c y for m i n u t e f r a g m e n t s t o b e s p l i n t e r y m a k e s t h i s 
ma te r i a l look s o m e w h a t l ike fibrous g o e t h i t e . E . P u s e d d u a n d A. Mar in i f o u n d 
t h a t l imon i t e f rom B e n a d e P a d r u , S a r d i n i a , c o n t a i n s r a d i o a c t i v e i m p u r i t i e s . 
F . Be i je r inck o b s e r v e d t h a t t h e e lectr ical conduct iv i ty is negl igible . R . D . H a r v e y 
s t u d i e d t h e sub j ec t . T . W . Case o b s e r v e d n o c h a n g e i n i t s r e s i s t ance o n e x p o s u r e 
t o l igh t . E . E . F a i r b a n k s f o u n d t h e dielectric c o n s t a n t t o b e 9-9 t o 15 . H . B . K o s -
m a n n o b s e r v e d t h a t t h e l i m o n i t e f r o m H a r t e b e r g , Silesia, is m a g n e t i c F . S t u t z e r 
a n d co -worke r s g a v e 222 X 1 O - 6 for t h e coeff. of m a g n e t i z a t i o n of l i m o n i t e ; a n d 
G. G r e n e t o b t a i n e d v a l u e s r a n g i n g f r o m 2 7 x l O ~ « t o 1 6 O x I O - 6 . A . A b t o b s e r v e d 
t h a t a s a m p l e of l i m o n i t e shows scarce ly a n y m a g n e t i c m o m e n t . F o r t h e m a g n e t i c 
suscep t ib i l i ty , vide infra* t h e trihydrate. T h e m a g n e t i c s e p a r a t i o n of l i m o n i t e w a s 
d iscussed b y C. J o n e s , W . B . Phi l l ips , a n d H . A. J . W i l k e n s a n d H . B . C. N i t z e . 
A. Q u a r t a r o l i p r e p a r e d a m a g n e t i c v a r i e t y — v i d e supra, m a g n e t i c ferric a x i d e . 

Accord ing t o Li. P . d e S t . Gilles, t h e h y d r a t e d ferric ox ide dissolves i n ace t i c ac id . 
T h e p re sence of a l i t t l e a m m o n i a h i n d e r s t h e d i sso lu t ion . F . C o r n u f o u n d t h a t 
l imon i t e m a y e x h i b i t a s t r o n g acidic r eac t i on , poss ib ly owing t o t h e p re sence of bas ic 
s u l p h a t e s — w h i c h E . Cohen f o u n d in l imon i t e s de r ived f rom p y r i t e . L i m o n i t e is 
soluble in hydrochlor ic ac id , a n d i t m a y l eave b e h i n d a si l iceous s k e l e t o n — t h e 
silica i n l i m o n i t e w a s d i scussed b y F . W o h l e r , J . F . L . H a u s m a n n , C. H . S m y t h , 
F . M. Stapff, a n d Xi. v a n W e r v e k e . T h e a c t i o n of hydrof luor ic ac id a n d of h y d r o 
chlor ic ac id w a s s t u d i e d b y R . G a u b e r t ; of h y d r o g e n s u l p h i d e , b y M. M a i n z a n d 
M. Mi ih lendyck ; a n d t h e r e d u c i n g a c t i o n of m e t h a n e , b y O. M e y e r a n d W . E i l e n d e r . 

J . F . L . H a u s m a n n 1 2 f o u n d s i lky need les of h y d r a t e d ferr ic ox ide a s soc i a t ed 
w i t h t h e m a n g a n e s e ores a t I l m e n a u , a n d e lsewhere . I t w a s ca l led xanthos ider i t e 
—v ide supra—by E . E . S c h m i d . I t fo rms golden-ye l low need les o r f ibres w h i c h 
m a y a l so a p p e a r b r o w n or b rown i sh - r ed . A s a n och reous e a r t h i t is different s h a d e s 
of b r o w n or b rowni sh - r ed . T h e need les m a y occur i n r a d i a t i n g o r concen t r i c 
a g g r e g a t e s . X a n t h o s i d e r i t e m a y h a v e a s i lky, g reasy , p i t ch- l ike , or a n e a r t h y 
lu s t r e ; a n d t h e s t r e a k is och reous yel low, o r p a l e b r o w n t o d a r k b r o w n . A n a l y s e s 
were r e p o r t e d b y J . F . IJ. H a u s m a n n , E . E . S c h m i d , C. F . R a m m e l s b e r g , a n d 
S. H a u g h t o n , a n d as a r e s u l t i t c a m e t o b e r e g a r d e d a s d ihydrated ferric ox ide , 
F e 2 O 3 . 2 H 2 O , or, w i t h less jus t i f ica t ion , F e 2 O ( O H ) 4 . J . L . P r o u s t ' s ana lys i s of a 
s u b s t a n c e l ike l imon i t e a g r e e d w i t h t h e dihycLrate fo rmu la . N . S. K u r n a k o f f a n d 
E . J . R o d e f o u n d 11-84 t o 13-83 p e r c en t , of w a t e r . S a m p l e s e x a m i n e d b y 
E . P o s n j a k a n d H . E . M e r w i n h a d 9-92 t o 10-22 p e r cen t , w a t e r , a n d t h e n h a d m o r e 
t h e c h a r a c t e r a n d c o m p o s i t i o n of g o e t h i t e . J . Le fo r t sa id t h a t d i h y d r a t e d ferric 
ox ide is p r o d u c e d -when i t is p r e c i p i t a t e d f rom a cold som. of a ferric s a l t b y cold 
a lka l i - lye , a n d d r i ed ove r su lphu r i c a c i d ; a n d F . Wel t z i en , b y m i x i n g a soln . of 
fe r rous s u l p h a t e w i t h p o t a s h - l y e , a n d t h e n w i t h a n excess of h y d r o g e n d iox ide , a n d 
d r y i n g t h e p r o d u c t a t 100°. E . Bresc ius f o u n d t h a t w h e n t h e p r e c i p i t a t e o b t a i n e d 
b y a d d i n g a m m o n i a t o ferr ic ch lor ide is w a s h e d a n d d r i e d o v e r s u l p h u r i c ac id , 
for 3 m o n t h s , i t c o n t a i n s 13-6 p e r cen t , of w a t e r ; whi le if t h e p r e c i p i t a t e b e 
w a s h e d w i t h a lcoho l a n d t h e n w i t h e t h e r , a n d d r i e d for 2 m o n t h s u n d e r t h e s a m e 
cond i t i ons , i t s c o m p o s i t i o n c o r r e s p o n d s w i t h t h e d i h y d r a t e F e 2 O 3 . 2 H 2 O , w h i c h loses 
half i t s w a t e r a t 10O°. F o r D . T o m m a s i ' s o b s e r v a t i o n s o n t h e a,- a n d jS -d ihydra t e s , 
vide supra. A . V e s t e r b e r g o b t a i n e d t h e d i h y d r a t e d ox ide , p s e u d o m o r p h o u s a f te r 
ferric s u l p h a t e , b y a d d i n g r e d u c e d i ron p o w d e r t o h o t , d i l . s u l p h u r i c ac id (1 : 1) , a n d 
h e a t i n g t h e m i x t u r e u n t i l t h e ac id beg ins t o f u m e a n d t h e i r o n is t r a n s f o r m e d i n t o 
a fa in t ly red , c rys ta l l ine p o w d e r of ferric s u l p h a t e . T h e ac id is p o u r e d off a s c o m 
p le t e ly a s poss ib le a n d t h e c rys ta l s , w i t h o u t be ing w a s h e d , a r e p l a c e d i n w a t e r 
a n d s h a k e n w i t h a soln . of s o d i u m h y d r o x i d e (1 : 2) . T h e copper -co loured , c r y s t a l 
l ine m e a l is finally w a s h e d w i t h h o t w a t e r a n d d r i e d a t t h e o r d i n a r y t e m p . T h e 
substance fo rms s ix- o r e ight -s ided , i so t rop ic p l a t e s , h a s a ye l lowish^brown o r 
r e d d i s h - b r o w n colour , a n d is v e r y fr iable. T h e sp . gr . of x a n t h o s i d e r i t e , r e p o r t e d 
I ^ ^ . S. Kurnakof f a n d E . J . R o d e , is 3 - 7 6 ; A. V e s t e r b e r g g a v e 3-234 a t 15° . 
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ES. E . Sehmid gave 2*5 for the hardness. A. Vesterberg's product passed into the 
monohydrate in a desiccator, and lost more water a t 100°. J . Lefort 's product 
also lost water a t 75°. E . Posnjak and H . E . Merwin obtained a dehydrat ion curve 
very like t h a t obtained for goethite (q.v.). H . W. Fischer discussed this sub jec t ; and 
N . S. Kurnakoff and E . J . Rode's observations are also indicated in connection with 
goethite. I t is supposed t h a t a colloidal y-solid soln. of xanthosiderite and water * 
decomposes a t 1200—150°, forming the /3-solid soln. of goethite and water ; and t h a t 
this, a t about 200°, forms the <x-solid soln. of haematite and water. E. Muck said 
t h a t the dihydrate does no t show a calorescence when heated. E . Posnjak and 
H . E . Merwin's samples of xanthosiderite had fibres with the index of refraction cc 
near 2-27, fi near 2*33, and y near 2-37, b u t all were variable. The yellow colour 
was a t t r ibuted to the presence of minute pores and inclusions. A. Vesterberg said 
t h a t the dihydrate dissolves rapidly in 20 per cent, hydrochloric acid. 

According to J . D. Dana , 1 3 the analyses of A. H . Church, R. Hermann, and 
C. J . B . Karsten of bog ore, the Quellerz of R. Hermann, and Raseneisenerz, approxi
mate in composition to trihydrated ferric oxide, F e 2 0 3 . 3 H 2 0 , and J . D. Dana 
called the earth limnite—from Xiyuvq, a marsh—vide supra. E . F . Glocker had 
previously proposed the te rm as a subst i tute for limonite. I t occurs as an ear thy, 
yellow ochre ; and in stalactites and tuberose forms resembling limonite. I t is no t 
regarded as a definite mineral species, bu t rather as a hydrated limonite ; the 
hydra te is also designated ferric hydroxide, Fe(OH)3 , bu t here again there is little 
evidence in favour of the assumption of a definite hydroxide in the chemical sense 
of the word. P . A. Thiessen and R. Koppen's dehydration curves indicate t h a t 
limonite is goethite with absorbed water. G. C. Witts tein obtained wha t he 
regarded as this substance by adding ammonia to a soln. of ferric sulphate, and 
washing the product, and drying it first a t a gentle heat and then a t 100°. The 
amorphous, yellow product, under freezing water, forms a granular, yellowish-
brown powder which appears to consist of microscopic crystals. P . Fireman, and 
R. S. Penniman and N. M. Zoph observed the formation of a hydrated oxide with 
13-63 per cent, of water by passing air through a soln. of an iron salt in the presence 
of iron. J . Matuschek observed the formation of the hydra ted oxide when soln. 
of potassium ferrocyanide are exposed to light. F . L. H a h n and M. Her t r ich 
obtained the hydrated oxide in a heavy, powdery form which is easily filtered and 
washed, and which is free from basic salt, b y warming on a water-bath a neutral 
soln. of a ferric salt—containing, say, 0-2 grm. Fe 2 O 3 per 40O c.c.—with sodium 
thiosulphate until the soln. is colourless ; the soln. of ferrous salt is then warmed 
with a slight excess of potassium iodate : 2 F e " + 3 H 2 O + 1 O 3 ' + 4 S 2 O s " = 2Fe(OH)3 
4 - 1 ' + 2S 4O 6" . H . V. Kohlschiitter studied the product obtained by the action of 
aq. ammonia on crystals of ferric sulphate. D. N. Ghosh observed the rhythmic 
precipitation of the hydroxide. N. J . Har ra r and F . E . E . Germann studied the 
colours of soln. of ferric hydroxide in various acids ; and G. G. Rao and N. R. Dhar, 
the catalytic action on the photo-synthesis of formaldehyde from alkali hydro-
carbonates. According to H . Mplisch, hydra ted ferric hydroxide is precipitated by 
the action of light on certain dil. soln. containing salts of iron ; for example, iron 
ammonium citrate ; whilst a soln. of ferrous sulphate and ferrous hydrogen car
bonate deposits ferric hydroxide on remaining even in t he dark. J . Thomsen gave 
for the heat of formation ( 2 F e , 3 0 , 3 H 2 0 ) = 1 9 1 : 15 CaIs. ; and (2Fe(OH)2 ,0,H20) 
=54-59 CaIs. K. Inoue studied the hea t of dehydrat ion of bog-iron ore. 
K. Jellinek and H . Gordon gave 

10-38 for the solubility product [Fe'"J[OH']3 , and 
G. F . Hu t t ig and H. Ki t te l found t h a t the magnetic susceptibility varies with the 
mode of preparation. Samples with F e 2 O s . n H 2 0 , with n = 3 1 6 2 , 2-434, and 1-699, 
had the respective values 105-4 x 10~o, 114-3x10-« , and 124-5 x 10~6 mass umt. 

Observations on the magnetic susceptibility were made by M. Faraday, 
C. B . Greiss, and A. Abt . E . F . Herroun and E. Wilson obtained for limonite 
31-6XlO-O mass u n i t ; G. Wistrand, 123-8x10-« ; and F . Stutzer and co-workers, 
59-4 X 10-o. s . Veil found t h a t the magnetic susceptibility depends on the previous 
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states through which the material has passed, and the temp, to which i t has been 
heated. W. Albrecht found t h a t the magnetic susceptibility of the hydrated ferric 
oxides depends on the mode of preparation, etc.—e.g. dehydration in open or 
sealed tubes under water a t 100° ; interaction of iron pentacarbonyl and an alcoholic 
soln. of hydrogen dioxide ; adding anhydrous ferric sulphate, or ammonium ferric 
sulphate to 35 per cent, ammonia, etc. Wi th hydrated oxides containing varying 
proportions of -water, there is a maximum in the curve corresponding approximately 
with Fe2O3 .3H2O, bu t hydrates having almost identical proportions of -water m a y 
differ greatly in their magnetic properties. P . Hausknecht found the susceptibility 
of the t r ihydrated oxide to be five times as great as t h a t of the anhydrous oxide— 
vide supra, ferric oxide. 

J . W. Gruner observed t h a t peat-water dissolved 14 par ts of iron per million 
from limonite in 77 days, and 30 par ts in 182 days. B . Aarnio found t h a t hydrated 
ferric oxide precipitated by ammonia, and dried a t 100°, contains 10 per cent, of 
water, and has a hygroscopicity of 34 per cent. ; when dried a t 200°, the corre
sponding values are 1*5 and 42 per cent. ; dried a t 300°, respectively 1*0 and 29*6 
per cent. ; and when dried a t 700°, the hydrate becomes anhydrous, and loses i ts 
hygroscopicity. When various hydrated oxides are heated in chlorine to 900°, 
W. Kangro and R. Fliigge found tha t 88 to 100 per cent, of the iron is removed as 
ferric chloride in about 150 mins. The t r ihydrated oxide readily dissolves in acids 
to form ferric salts. According to G. Bodlander, the solubility of this hydrate in 
water is represented by 3-73 X 1O - 1 2 gram-equivalent of Fe(OH)3 per l i t r e ; 
G. Almkvist gave 1*51 X 10~4 grm. per litre for the solubility a t 20° ; K. Jellinek and 
H . Gordon, 3XlO-1O mol per l i t r e ; and E . Muller, 1-35X 10~® mol per litre. 
G. Bodlander represented the solubility product as [Fe" •][OH /]3=6-5 X 10~*7 on 
the assumption t h a t the ionization is complete. H . T. S. Bri t ton said t h a t the 
solubility product with very weak bases like hydrated ferric oxide, has probably 
very little meaning. K. Jellinek and H. Gordon's value for the solubility product 
[Fe-][OH']3=10~37-9. O. Ruff and B. Hirsch's value is l l x l O - 3 6 ; a n d 
E. Muller's 6 -5XlO - 4 7 . JSi. Jellinek and H . Gordon measured the H'-ion cone, 
with the hydrogen electrode of soln. of ferric chloride, containing potassium chloride 
to coagulate the colloidal soln., to which varying amounts of sodium hydroxide had 
been added. H. T. S. Bri t ton added t h a t if i t be assumed t h a t in the t i t ra t ion 
the appearance of opalescence marked the point a t which ferric hydroxide actually 
began to separate, and t h a t the amount of free ferric ions was eq. to the remaining 
amount of alkali to be added to decompose the ferric chloride completely, the value 
for the solubility product becomes 10~3 7 '7 . Thus, opalescence occurred on the 
addition of 39 c.c. of 0-lOiNT-alkali ; 3?H=2-3. Hence, [OH'] = 10-ii*s and [ F e " ] 
= 10—2 3—vide supra, hydrated ferric oxide. P . P . von Weimarn estimated the 
solubility to be much less than tha t of hydrated alumina because of the concentra
tion of the soln. required for the separation of gelatinous precipitate. G. Almkvist 
gave for the solubility, 0-151 mgrm. of Fe(OH)3 per litre a t 20°—vide supra for t he 
hydrosol. 

E . Reichardt and E . Blumtr i t t found t h a t 100 grms. of air-dried hydra ted ferric 
oxide absorbed 375 c.c. of gas from the air, and the gas contained 26 per cent, of 
N 2 , 4 per cent, of O2, and 90 per cent, of CO2 ; and A: von Dobeneck found t h a t 
hydrated ferric oxide absorbed 6*975 grms. of carbon dioxide a t 0°, 5*702 grms. a t 
10° ; 5 0 5 4 grms. a t 20° ; and 4-274 grms. a t 30°. I,. P . de St. Gilles observed t h a t 
when tr ihydrated ferric oxide is boiled with water for several hours, i t gradually 
becomes brick-red, and passes into the monohydrated oxide. P . Nicolardot 
inquired why is hydrated ferric oxide not white when the normal ferric salts are 
white ? H e found t h a t by adding a freshly prepared, cone, of soln. of ferric salt 
to cooled, aq. ammonia, the hydrate obtained is white, bu t i t rapidly turns brown, 

f ue, he supposed, to polymerization—vide supra. J>. Tommasi and G. Pellizzari 
>und that when hydra ted ferric oxide is kept under water for a year, it loses "its-

gelatinous s tructure, and changes in colour from brown to yellowish-red. About 
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3O per cent, passes into a modification insoluble in dil. acids, and a b o u t OS per 
cent, is converted into a soluble modification identical with Graham's colloidal 
hydra te . The change is very slightly, if a t all, affected by light. For the solubility 
of limonite in various menstrua, vide supra, hydra ted ferric oxide. O. Meyer a n d 
W. Eilender discussed the reduction of limonite with methane. For W . von 
W. Scholten's observations on the solid soln. of ferrous and ferric hydroxides, vide 
supra, ferric oxide. H . Handovsky found t h a t ferric hydroxide, bu t not iron, 
ferrous sulphate, ferrosic oxide or the hydrosol of ferric oxide, acts catalytically in 
the oxidation of leucine. 

A mineral was obtained by L. J . Igelstrom from the Langban iron-mine in 
Sweden, and he called i t pyriaurite ; M. F . Heddle obtained a similar mineral from 
the serpentine of Haaf-Orunay, Scotland, and called i t igelstromite. The analysis 
by L.. J*. Igelstrom, M. F . Heddle, and G. Aminoff and B. Broome corresponds with 
magnesium ferric hydroxide, Fe(OH)3-SMg(OH)2-SH2O. I t occurs in golden or 
silvery, six-sided plates, and with an obscure fibrous s tructure. G. AminofE and 
B. Broome found t h a t the crystals are of two types : (i) The six-sided plates have 
X-radiograms corresponding with a hexagonal cell having a=3-097 A., and 
c=15*56 A., or a : c = l : 5-024 ; and (ii) small rhombohedral crystals having a 
trigonal cell with a = 3 - 0 8 9 A., and c=23-23 A., or a : c=l : 7-520. 

According to A. S. Eakle and W. T. Schaller,14 a mineral occurs in Esmeralds Co., 
Nevada? and it was accordingly called esmeraldite. I t s composition approximates 
tetrahydrated ferric oxide, Fe2O3 .4H2O, after making due allowance for impurities. 
I t occurs in the ear thy limonite as pod-shaped masses of a coal-black colour ; bright, 
vitreous lustre ; and glassy fracture. The edges are translucent, and appear 
yellowish-red by t ransmit ted light. The streak is yellowish-brown. The sp. gr. 
is 2-578 ; and the hardness of the britt le mineral is 2-5. W. Spring reported a 
te t rahydra te to be formed when the voluminous precipitate of hydra ted oxide, 
obtained by adding ammonia to a dil. soln. of ferric sulphate or chloride, is allowed 
to dry in air. The black, vitreous mass appears red by t ransmit ted light. I t s 
sp. gr. is 2-436 a t 15° ; it is not decomposed by press. ; and it loses water in a 
desiccator. P . A. Thiessen and R. Koppen obtained the te t rahydrate by the slow 
hydrolysis of a boiling, dil. soln. of ferric ethylate in absolute alcohol. The crystals 
are probably cubic ; and the sp. gr. is 3-0 to 3-1. 
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Eisenhuttenwesen, 4. 357, 1931 ; Stahl Eisen, 57. 294, 1931 ; E . Midler, Zeit. Elektrochem., 14. 
77, 1908 ; Das Eisen unci seine Verbindungen, Dresden , 281 , 1917 ; P . Nicolardot , Recherches sur 
Ie sesquioxyde defer, Pa r i s , 1905 ; A?m. Chim. Phys., (8), 6, 334, 1905 ; Compt. Rend., 140. 310, 
1 9 0 5 ; E . Re i cha rd t a n d E . B l u m t r i t t , Journ. prakt. Chem., (1), 98. 476, 1866 ; A. Rosenhe im, 
Zeit. anorg. Chem., 11. 175, 225, 1896 ; G. Rousseau a n d J . Be rnha im, Compt. Rend., 106. 1530, 
1888; R . S. P e n n i m a n a n d N . M. Zoph , U.S. Pat. No. 1327061, 1920; G. G. R a o a n d N . R. D h a r , 
Journ. Phys. Chem., 35. 1418, 1424, 1931 ; O. Ruff a n d B. Hirsch, Zeit. anorg. Chem., 146. 395, 
1925 ; W. von W. Schol ten, !Corrosion Metallschutz, 4. 73, 1928 ; F . S tu tzer , W. Gross a n d 
K . B o r n e m a n n , Metall. Erz., 6. 1, 1918 ; 15. 7, 1918 ; P . A. Thiessen a n d R. K o p p e n , Zeit. anorg. 
Chem., 189. 113, 193O; IX T o m m a s i a n d G. Pell izzari , Bull. Soc. Chim., (2), 37. 196, 1 8 8 2 ; 
S. Veil, Zeit. anorg. Chem., 176. 1923 ; 186. 753 , 1928 ; Rev. Scient., 64. 8, 1926 ; E . Wedekind 
a n d W. Albrech t , Ber., 159. B , 1726, 1926 ; 60. B , 2239, 1927 ; G. W e y m a n , Journ. Soc. Chem. 
Ind., 37. 333 , T , 1918 ; M. F a r a d a y , Phil. Traits., 136. 43 , 1846 ; A. A b t , Ann. Physik, (4), 6. 
782, 1901 ; C. B . Greiss, Pogg. Ann., 98. 484, 1856 ; G. W i s t r a n d , Magnetiska succeptibilitetes 
hos Kuxtrts, Tellur, och ndgra Holmiumfoeningar, Uppsa la , 1916. 

14 A . S. E a k l e a n d W . T . Schaller , Bull. JDept. Geol. Univ. California, 2 . 316, 19Ol ; W . Spring, 
Rec Trav. Chim. Pays-Bos, 17. 222, 1898 ; Bull. Soc Chim., (3), 2 1 . 87, 1899 ; P . A. Thiessen a n d 
R . K o p p e n , Zeit. anorg. Chem., 200. 18, 1931. 

§ 33. The Ferrites and Perferrites 
Ferric oxide unites with many bases to form salts commonly called ferrites, 

just as the salts of chromic oxide with the bases are called chromites, and those of 
manganic oxide with the bases, tnanganites. To keep the nomenclature more or 
less uniform, the salts of the acid anhydride MnO2 are called permanganites, and 
those of the acid unknown anhydride, FeO2 , are called perferrites. Similarly, the 
salts of the acid anhydride CrO3 are called chromates, those of MnO3, manganates, 
and those of FeO3 , ferrates. The ferrites can thus be regarded as salts of a mono
basic ferrous acid, HFeO 2 , which was obtained by J . M. van Bemmelen and 
E . A. Klobbie 1 as indicated below. I t may be convenient to regard the ordinary 
ferrites as metaferrites, K ' F e 0 2 , and the acid, HFeO 2 , as metaferrous acid. The 
orthoferrites, Rs'FeOjj, are then regarded as salts of a tribasic orthoferrous acid, 
H 8 FeQ 8 . The " ous " and " ic "nomenc la tu re unfortunately goes wrong with the 
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chromites, manganites, and ferrites ; the orthoferrous acid, H8FeO3, is analogous 
with ferric hydroxide, Fe(OH)8 ; and the iron is in the " ic " form. In a special 
case, discussed previously, it was convenient to consider ferric oxide, Fe2O8, as 
ferric orthoferrite, Fe(FeO8). Some polyferrites are known. The ferrites were 
discussed by L. E. R. Dufau, H. Ie Chatelier, S. Hilpert, etc. 

A. Chondew observed that a f errite is probably formed when potassium hydroxide 
is fused in an iron crucible, for, when the cold mass is boiled with water, some 

ferric oxide remains in soln. ; and a similar soln. is 
produced when hydrated ferric oxide is boiled with 
cone, alkali-lye. The alkali ferrites are formed by the 
interaction of fused or cone. aq. soln. of the alkali 
hydroxides and ferric oxide or iron-rust. The removal of 
ferrites from caustic alkali-lye picked up in the evapo
rators is an important operation in the finishing of com
mercial caustic alkalies. Reducing agents—e.g. sulphur 
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FIG. 544. The Adsorption 
of Sodium Hydroxide by 
Hydrated Ferric Oxide. 

—is one method employed in reducing the ferrites and 
causing the iron hydroxides to separate from the soln. 
and ultimately to settle as a deposit at the bottom of 
the caustic pot. The dilution of the lye to less than 
40 per cent. NaOH will precipitate most of the iron as 

hydrated oxide. G. C Wittstein said that hydrated ferric oxide is slightly 
soluble in cone, alkali-lye, but L. Schafiner observed that this is a mistake, for 
the ferric oxide is only in a state of fine mechanical suspension. A. W. Bull and 
J. R. Adams studied the adsorption of sodium hydroxide by hydrated ferric 
oxide, and the results are summarized in Fig. 544. There is here no sign of the 
formation of a ferrite. 

E. Posnjak and T. F. W. Barth prepared lithium ferrite, Li(FeO2), or Li2O-Fe2O8, 
by heating a cone. soln. of lithium hydroxide and ferric hydroxide in a press, bomb 
below 600°. The crystals were anisotropic. If the temp, exceeds 600°, an isotropic, 
cubic modification is produced, and also when lithium carbonate and ferric oxide 
in theoretical proportions are heated to redness. The X-radiograms show that the 
cubic form has one Li2O.Fe208-molecule per unit cube which is of the sodium chloride 
type. The length of one edge is 4-141 A. ; the sp. gr. is 4-368 ; and the refractive 
index, 2*40 for Li-light. S. Hilpert and co-workers studied the magnetization of 
this salt. 

F. von Schaffgotsch prepared sodium ferrite, with the formula—presumably 
from the analyses of W. F. Salm-Horstmar, and J. M. van Bemmelen and 
E. A. Klobbie—Na2O-Fe2O3, or NaFeO2. F. yon Schaffgotsch found that a 
mixture of a mol, or 78 parts of ferric oxide and a small excess of anhydrous sodium 
carbonate at a red-heat, gives off a little more than a mol or 23-9 parts of carbon 
dioxide, forming a liver-brown sodium ferrite which does not readily melt. The 
fracture is waxy and conchoidal. On exposure to air, sodium ferrite becomes 
reddish-brown and dull. Hot and cold water extract the alkali, leaving ferric oxide 
behind. W. F. Salm-Horstmar, O. Loew, and E. Mitscherlich prepared the salt 
in a similar way ; M. O. Charmandarian and G-. V. Martschenko, by heating 
a mixture (3 : 1) of iron oxide and sodium carbonate at 950° ; and E. Mitscherlich, 
by calcining sodium ferric oxalate in air. The yellow product is decomposed by 
acids. J. d'Ans and J. Xionler obtained the ferrite by the action of ferric oxide 
on sodium hydroxide ; and G. Rousseau and co-workers, by heating hydrated 
ferric oxide mixed with sodium hydroxide or carbonate up to 800° or 1000°. 
J. M. van Bemmelen and E. A. Klobbie prepared the alkali ferrites by the pro
longed heating of ferric oxide with cone, alkali-lye, the resulting ferrite is partially 
soluble and gradually crystallizes. The crystals of the sodium salt appear at first 
te be crossed prisms, but they afterwards form hexagonal plates which sometimes 
become rhombohedxal and spherical, or else they form long needles. The same 
ĉjig?!$$a|s: are produced when ferric oxide is heated with fused alkali carbonate or 
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chlor ide . E x c e p t i n g t h e h e x a g o n a l p l a t e s , t h e c r y s t a l s of s o d i u m fe r r i t e a r e 
d e c o m p o s e d b y w a t e r w h e n t h e y a s s u m e a t first a p s e u d o c r y s t a l l i n e f o r m , a n d t h e n 
p a s s i n t o a m o r p h o u s , h y d r a t e d ferric ox ide . 

T h e h e x a g o n a l p l a t e s of s o d i u m fer r i te , w h e n t r e a t e d w i t h w a t e r , f u rn i sh ferrous 
acid, F e 2 O 8 - H 2 O , o r H F e O 2 , w i t h t h e s a m e c rys t a l l ine fo rm, t r a n s p a r e n c y , a n d 
op t i ca l p r o p e r t i e s a s t h e or ig ina l fe r r i te . S. G o l d s z t a u b f o u n d t h a t t h e r h o m b o -
h e d r a l c r y s t a l s h a v e t h e p a r a m e t e r s a = 5 59 A. , a = 3 5 ° 2 0 ' , a n d t h e d e n s i t y 4 ' 2 3 . 
F e r r o u s ac id is n o t hygroscop ic , a n d i t beg ins t o lose w a t e r a t 100°, w h e r e a s 
g o e t h i t e c a n b e h e a t e d t o 300° w i t h o u t los ing w a t e r . 

Acco rd ing t o Gr. Z i rn i t e , w h e n a s t r o n g c u r r e n t of a i r is b l o w n i n t o a h o t , cone , 
soln . of s o d a c o n t a i n i n g a b o u t 34 p e r c en t , of h y d r o x i d e , s t a n d i n g in a n i r o n vessel , 
o r t o w h i c h finely d i v i d e d h y d r a t e d ferr ic ox ide h a s b e e n a d d e d , pe r cep t i b l e q u a n t i t i e s 
of i r on a r e d i sso lved w i t h o u t co lour ing t h e l iqu id . T h e soln . r e m a i n s c lear a n d 
colourless for severa l d a y s a t t h e o r d i n a r y t e m p . , b u t u l t i m a t e l y b e c o m e s t u r b i d , 
yel low, a n d finally r e d , owing t o t h e s e p a r a t i o n of t h e h y d r a t e d ferr ic ox ide ; t h i s 
colour , h o w e v e r , d i s a p p e a r s a g a i n o n h e a t i n g . W h e n t h e colour less soln. is d i lu t ed , 
t h e ferric ox ide is p r e c i p i t a t e d in a b o u t half a n h o u r , b u t is re -d issolved b y con
c e n t r a t i n g t h e di l . so ln . H y d r o g e n s u l p h i d e a t first p r o d u c e s a d e e p , che r ry - r ed 
co lo ra t ion i n t h e colour less l iquid , a n d o n c o n t i n u i n g t h e a c t i o n a g reen i sh-b lack 
p r e c i p i t a t e i s fo rmed , l eav ing a c lear soln. free f rom i ron , b u t s l igh t ly ye l low f rom 
t h e p re sence of s o d i u m su lph ide . G. Z i rn i t e a s s u m e d t h a t s o d i u m fe r ra t e is fo rmed , 
b u t t h i s h y p o t h e s i s does n o t ag ree w i t h F . H a b e r ' s o b s e r v a t i o n s , w h i c h show t h a t 
s o d i u m ferr i te is p r o d u c e d . A c c o r d i n g t o F . H a b e r , w h e n a soln. of s o d i u m fe r r a t e 
is boi led for a sufficiently long t i m e , i t b e c o m e s colourless or p a l e yel low, p r o v i d e d 
t h a t ca re h a s b e e n t a k e n t o use m a t e r i a l s -which a r e free f r o m m a n g a n e s e . T h e 
ye l lowish soln. c o n t a i n s a so luble fe r r i te , a n d w h e n k e p t , depos i t s colourless c rys t a l s 
of a c o m p o u n d w h i c h v e r y qu i ck ly d e c o m p o s e s w h e n i t is r e m o v e d f rom t h e s t rong ly 
a lka l ine l iqu id . T h e s a m e soln. of ferric ox ide is o b t a i n e d b y boi l ing ferric h y d r o x i d e 
w i t h a cone . soln. of s o d i u m h y d r o x i d e . A d d i t i o n of a n a lka l ine su lph ide gives a 
r e d co lo ra t ion , d u e t o t h e f o r m a t i o n of t h e d o u b l e a lka l i i ron su lph ide t o w h i c h t h e 
r ed l iquors of L e b l a n c ' s a lka l i m a n u f a c t u r e owe the i r colour . W h e n p u r e i ron is 
boi led g e n t l y for a few m i n u t e s w i t h cone , s o d i u m h y d r o x i d e soln. , t h e l iqu id is 
f o u n d t o c o n t a i n fe r rous ox ide . W h e n exposed t o air , t h i s soln. r ead i ly oxid izes 
t o t h e ferr ic ox ide soln . B o t h t h e soln. of fer rous a n d ferr ic ox ide a r e r ead i ly 
ox id ized t o f e r ra t e b y e lec t ro ly t ic o x y g e n . O. L o e w sa id t h a t t h e sa l t is soluble 
in a cone . soln . of s o d i u m h y d r o x i d e ; b u t O. S a c k u r o b s e r v e d t h a t i t is inso luble 
in m o l t e n a lka l i ch lor ides or c a r b o n a t e s , a n d i n m o l t e n a lka l ine e a r t h chlor ides . 
W. G. M i x t e r g a v e for t h e t h e r m a l v a l u e of t h e r e a c t i o n : Fe 2O 3 -J- n N a 2 0 
= F e 2 O 3 . » N a 2 0 - f - 5 8 Gals. M. M a t s u i a n d co-workers f o u n d for t h e h e a t of t h e 
r eac t i on N a 2 O H - F e 2 O 3 = 2 N a F e O 2 - f - 4 4 - 8 2 CaIs. ; N a 2 C O 3 - + - F e 2 O 3 = 2 N a F e O 2 + C O 2 
—32-06 CaIs. ; ( 2 N a , 2 F e , 2 0 2 ) = 2 N a 2 F e 0 2 H-248-08 CaIs. ; a n d 2 N a F e O 2 H - H 2 O 
= 2 N a O H a q . H-Fe 2 O 3 —101-32 CaIs. V. I . Sokoloff f o u n d t h a t t h e d e c o m p o s i t i o n 
of s o d i u m ferr i te b y w a t e r is e n d o t h e r m a l — 5 5 - 1 4 Ca I s .—and t h e h e a t of f o r m a t i o n 
( N a 2 0 , F e 2 0 3 ) — 5 8 CaIs. T h e r eac t i on b e t w e e n ferric ox ide a n d s o d i u m c a r b o n a t e 
begins a t 820° ; a n d t h e p ress , of t h e gas is g iven b y l o g j t ? = — 7 5 3 9 - 6 T - 1 + 1-75 
log T—O-0O1626T-+-6-O8O8, f rom w h i c h i t follows t h a t 2 N a F e O 2 H - C O 2 = N a 2 C O 3 
H-Fe 2 O 3 4-34-873 CaIs. a t 25°. G. G r u b e a n d H . Gmel in s h o w e d t h a t w h e n i ron 
w h i c h h a s been r e n d e r e d a c t i v e b y c a t h o d e t r e a t m e n t is anod ica l ly po la r i zed b y a 
l ow-cu r r en t d e n s i t y i n a 40 p e r c e n t . soln. of s o d i u m h y d r o x i d e a n d in c o m p l e t e 
absence of a i r , i t passes i n t o soln. , i n t h e b i v a l e n t cond i t ion , a s sodium hypqferrite, 
N a 2 F e O 2 . a t 80° , w i t h a c u r r e n t d e n s i t y of 0-166 a m p . p e r sq . d c m . , 0-026ikf-soln. 
of s o d i u m fer r i te is fo rmed . S o d i u m fer r i te c a n b e o b t a i n e d b y t h e anod ic o x i d a t i o n 
of a n a lka l ine soln . of fe r rous h y d r o x i d e , or b y t h e c a t h o d i c r e d u c t i o n of s o d i u m 
fe r r a t e u s ing p l a t i n u m e lec t rodes . A soln. of s o d i u m ferr i te is m u c h m o r e c o m p l e x 
t h a n a n a lka l ine soln . of fe r rous h y d r o x i d e . T h e anod ic soln. of b i v a l e n t i r on in 
40 p e r cen t , s o d i u m h y d r o x i d e t a k e s p l ace a t 80° a t p o t e n t i a l s c H —0-84 t o —0-82 
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vo l t . A t a s l ight ly h igher p o t e n t i a l , c H —0-8 t o —0*7, t h e o x i d a t i o n p rocess 2 F e O / ' 
_}_2££> ̂  F e 2 O 4 " t a k e s p lace . I n 40 p e r cen t , s o d i u m h y d r o x i d e soln. , t h e equi l ibr ium. 
po t en t i a l of t h e process F e + 2 3 5 ^ 2 F e " lies a t cH——0*86 vo l t . T h e s u b j e c t w a s 
discussed b y L . Kol la a n d R . Sa lan i . S. H i l p e r t a n d co-workers s t u d i e d t h e m a g n e t i 
za t ion of t h e ferr i tes . W . G. M i x t e r r e p o r t e d t h e fer r i te N a 8 F e O 3 ; T . W a l l a c e 
a n d A. F leck , N a 2 F e 3 O 6 o r N a 3 F e 5 O 9 ; a n d W . H . S c h r a m m , N a 2 F e 2 O 5 . 

W . F . S a l m - H o r s t m a r , E . Mi tscher l ich , a n d J . M. v a n B e m m e l e n a n d 
E . A. K l o b b i e p r e p a r e d p o t a s s i u m ferrite, K 2 O - F e 2 O 8 , o r K F e O 2 , b y t h e p roces s 
e m p l o y e d for t h e s o d i u m sa l t . T h e c ry s t a l s of t h e p o t a s s i u m sa l t a p p e a r a t 
first t o b e r h o m b i c p l a t e s , b u t , a s t h e h e a t i n g is c o n t i n u e d , a n d t h e w a t e r expe l led , 
t h e y b e c o m e r egu la r o c t a h e d r a . "W. F . S a I m - H o r s t m a r ' s ana lys i s ag rees w i t h 
3 K 2 O ^ F e 2 O 3 , b u t J . M. v a n B e m m e l e n a n d E . A . K l o b b i e f o u n d K F e O 2 . A c c o r d i n g 
t o G. R o u s s e a u a n d J . B e r n h e i m , p o t a s s i u m fe r r a t e is r a p i d l y d e c o m p o s e d b y fused 
p o t a s s i u m chlor ide or h y d r o x i d e t o f o r m p o t a s s i u m ferr i te a n d o x y g e n . T h e 
a l k a l i n i t y of t h e flux h a s n o influence o n t h e resu l t , a s is a lso t h e case w i t h b a r i u m 
fe r ra t e . If p o t a s s i u m h y d r o x i d e b e e m p l o y e d , t h e fer r i te is n o t c h a n g e d b y con
t i n u e d h e a t i n g a t b r i g h t redness , b u t if t h e flux is a m i x t u r e of h y d r o x i d e a n d 
ch lor ide , t h e ferr i te is g r a d u a l l y c o n v e r t e d i n t o r edd i sh , t r a n s p a r e n t c ry s t a l s of 
h y d r a t e d ferric h y d r o x i d e , c o n t a i n i n g a b o u t 3 p e r cen t , of a lkal i . T h e gene ra l 
p r o p e r t i e s of p o t a s s i u m a n d s o d i u m fer r i te a r e s imilar . S. H i l p e r t a n d co-workers 
f o u n d t h a t t h e a lka l i fer r i tes p r e p a r e d in t h e w e t w a y a r e indifferent i n a s t r o n g 
m a g n e t i c field, b u t w h e n p r e p a r e d i n t h e d r y w a y , t h e y a r e s t r o n g l y m a g n e t i c . 
T h e m a g n e t i c p r o p e r t i e s a r e los t a t 150°. S. H i l p e r t a n d A . L i n d n e r p r e p a r e d t h e 
p o t a s s i u m ferr i tes K 2 O - F e 2 O 3 , K 2 0 . 2 F e 2 O 3 , a n d K 2 0 . 7 F e 2 O 3 , a n d e x a m i n e d t h e i r 
X - r a d i o g r a m s . S imi la r ly w i t h t h e rub id ium ferrite, ! R b 2 C F e 2 O 3 ; a n d w i t h t h e 
c a e s i u m fe r r i t e , Cs 2 O-Fe 2 O 3 . 

C. F r i ede l found a d a r k g r ey m i n e r a l o n t h e l i t h o m a r g e of E k a t e r i n b u r g , S iber ia , 
a n d h e cal led i t de l a fos s i t e—af te r Gr. Delafosse . I t occurs in smal l , t a b u l a r c r y s t a l s 
w h i c h a r e c leavab le i n t o t h i n , o p a q u e laminae of s p . gr . 5:07. A c c o r d i n g t o 
A. F . R o g e r s , delafossi te occurs in m i n e s a t Bisbee , Ar izona , a n d t h e ana ly s i s 
co r r e sponds -with c u p r o u s f e r r i t e , C u F e O 2 . T h e r h o m b o h e d r a l c rys t a l s a r e t r i g o n a l 
wi th t h e ax ia l r a t i o a : c==l : 1*94. T h e h a r d n e s s is 5-5. T h e m i n e r a l fuses eas i ly 
a n d becomes m a g n e t i c . I t is soluble in hyd roch lo r i c a n d s u l p h u r i c ac ids , b u t n o t 
in n i t r i c ac id . S. H i l p e r t m e l t e d t o g e t h e r c u p r o u s ox ide a n d ferric ox ide a t 1250° 
in a n a t m . of n i t r o g e n a n d o b t a i n e d a b l a c k , m a g n e t i c m a s s ; b y t r e a t i n g a m i x e d 
soln. of c u p r o u s a n d ferric sa l t s w i t h a lka l i , c u p r o u s fer r i te is fo rmed , a s a flocculent 
b l a c k m a s s w h i c h b e c o m e s c rys ta l l ine a t 900° . A. C. H a l f e r d a h l f o u n d t h a t c o p p e r 
fe r r i te m e l t s a t 1458° ; a n d F . S. W a r t m a n a n d Gr. L . O l d r i g h t sa id t h a t c o p p e r 
fer r i te p r o b a b l y ex is t s in t h e slags f rom p y r i t e sme l t ing . E . V. S h a n n o n d iscussed 
t h e f o r m a t i o n of f e r romagne t i c C u O - F e 2 O 3 . K . L i s t o b t a i n e d cupric ferrite* 
Cu(FeO 2 J 2 , b y h e a t i n g a p o w d e r e d m i x t u r e of cup r i c a n d ferr ic ox ides ; 
V. Y . Mos tov ich a n d G. S. U s p e n s k y sa id t h a t t h e r e a c t i o n beg ins a t 600° , a n d p r o 
ceeds r a p i d l y a t 750° . P . T . W a l d e n r e c o m m e n d e d h e a t i n g t h e m i x t u r e in a n 
e lec t r ic fu rnace , a n d r e m o v i n g t h e excess of ferr ic ox ide b y a m a g n e t a n d l ev iga t ion ; 
a n d W . S t a h l r e c o m m e n d e d h e a t i n g a m i x t u r e of 5 g r m s . of c u p r o u s ox ide a n d 16*7 
g r m s . of ferric ox ide a t 750° t o 800° i n a cove r ed po rce l a in c ruc ib le i n a muffle. 
K . L i s t a l so o b t a i n e d i t b y h e a t i n g t o r e d n e s s a m i x t u r e of c u p r i c a n d fe r rous n i t r a t e s , 
a n d b y a d d i n g p o t a s h - l y e t o a m i x e d soln. of ferr ic ch lo r ide a n d cup r i c s u l p h a t e t o 
p r e c i p i t a t e all t h e c o p p e r a n d i ron . T h e d i r t y ye l low p r e c i p i t a t e w h e n d r i e d i n 
v a c u o o v e r su lphu r i c ac id fo rms a c i n n a m o n - b r o w n p o w d e r of t h e pentahydrcUe. 
I t b e c o m e s a n h y d r o u s a t a r e d - h e a t . K . L i s t a lso p r e p a r e d c u p r i c fer r i te b y t r e a t i n g 
a so ln . of ferric ch lor ide w i t h cupr ic ox ide , w h e n a b rown i sh -ye l l ow p r e c i p i t a t e i s 
f o r m e d . S . Ho lge r s son f o u n d t h a t t h e X - r a d i o g r a m s of t h e spinel - l ike c r y s t a l s 
h a d t h e l a t t i c e p a r a m e t e r a = 8 - 4 4 5 A. T h i s w a s conf i rmed b y H . F o r e s t i e r . 
W . I $ $ t S « » d co-workers found t h a t t h e C u ( F e 0 2 > 2 sp ine l h a d t h e m o l . vo l . 45*3, 

r*m$0m:%^'&t& h a s t h e m o l . vo l . 12-6, a n d t h e F e 2 O 3 , 32-7. $ . Fonss t i e r f o u n d ttUfcfc 
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the curve showing the expansion at different temp, has a break at 455°. S. Loria 
and C. Zakrzewsky found the indices of refraction, /u,, and the coeif. of extinction, Jc9 

for light of wave-length, A, to be : 

A . 
fj, . 

k . 

4390 
2-77 
0-69 

4660 
2-76 
0-59 

5530 
2-73 
0-47 

6896 
2-71 
0-29 

6330 
2-67 
0-25 

704O 
2-59 
0-16 

250 

200 

The brownish-black cupric ferrite is magnetic. S. Hilpert obtained cupric ferrite 
as in the case of cuprous ferrite ; and by compressing a mixture of powdered cupric 
and ferric oxides, and sintering at 100°. The magnetic permeability disappears 
at 280°. O. C. Ralston observed the formation of zinc and copper ferrites in the 
roasting of sulphide ores at about 650°, and the cupric ferrite so formed resists the 
action of the 5 to 10 per cent, sulphuric acid used in leaching, so that losses occur. 
H. Forestier and G. Chaudron obtained the ferrite by precipitation from a mixture 
of the component chlorides,by sodium hydroxide, and then heating the precipitate. 
The mean magnetic susceptibility of copper ferrite obtained by H. Forestier and 
G. Chaudron, is 102x10—3 mass 
unit between 0 and IOO gauss. 300 \ 
S. Hilpert and co-workers, and 
A. Serres made observations on this 
subject. H. Forestier observed that 
the magnetization decreases slowly 
with rise of temp., but there is an 
abrupt decrease at 420° which ends 
at 450°, a temp, corresponding with 
the Curie point. The relation be
tween the strength of the magnetic 
field and the intensity of magnetiza
tion is shown in Fig. 545. A. Serres, 
and S. Veil studied the magnetic 
properties of copper ferrite. E. Wil
son and E. F. Herroun found that 
the ferrites have higher magnetic 
susceptibilities than ferric oxide, 
and observed values for cupric 
ferrite. V. Y. Mostovich and G. S. 
Uspensky found that the ferrite is 
insoluble in soln. used for extracting 
copper oxide in hydrometallurgy. It 
is decomposed by sulphur dioxide at 
500° to 600° ; and by calcium oxide, 
and other strong bases. P. T. Walden 

I /SO 

too 

^O3JSrO 

50 100 /50 
Strength magnetic fIeId1 H 

F i o . 545 . M a g n e t i z a t i o n of F e r r i t e s . 

200 

said that no blue precipitate is formed 
when cupric ferrite is treated with a soln. of potassium ferricyanide. 

H. Rose prepared silver hemiferrite, Ag4O-Fe2O3OrAg2FeO2, by adding ferrous 
sulphate to an excess of an ammoniacal soln. of silver oxide in ammonia. 
N. W. Fischer found that instead of producing a black, granular precipitate, the 
colour is yellowish-brown if too much ammonia is used, and green, if too much 
ferrous sulphate is added. Ammonia extracts a little silver oxide from the pre
cipitate and colours it yellowish-brown. Hydrochloric acid converts it iuto ferric 
chloride and a precipitate of reddish-grey silver chlorides, and if the precipitate be 
treated with ammonia, metallic silver remains undissolved, suggesting that the 
precipitate contains silver suboxide. It is probable that this product contains some 
ferric hydroxide associated with colloidal silver. According to M. C. Lea, a soln. 
of ferric alum readily dissolves silver at the ordinary temp., with production of a 
ferrous salt, and if the ferric compound is in excess, the whole of the silver is 
dissolved. When ferrous sulphate soln. is mixed with successive quantities of 
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silver oxide until a fresh quant i ty of the lat ter is no longer affected, t he whole of 
the iron is precipitated, and a black product is obtained which is probably the 
compound Ag40.2FeO-Fe2O3 obtained by H . Rose in the same way. When a soln. 
of ammonium ferric a lum is mixed with a large excess of finely divided silver in a 
well-closed vessel and allowed to remain for several days, with frequent agitation, 
the liquid acquires a deep red colour, which m a y persist for several days, b u t then 
gradually disappears, the soln. becoming greenish, al though i t still contains a con
siderable quant i ty of ferric salt. I t follows t h a t the reducing action of silver on 
ferric salts is limited and ceases before reduction is complete, even -when the silver 
is present in large excess. K. PiIawsky, and A. Krause and K. PiIawsky prepared 
silver ferrite, (AgFeO2) n, by the action of a soln. of silver n i t ra te on yellow meta-
ferric hydroxide, FeO. OH, obtained by the action of air on ferrous hydroxide, or 
ferrous acid, (HFe0 2 ) n , in soln. of pm—5-2, and peptized in OOliV-acetic acid ; if 
brown orthoferric hydroxide, obtained by the action of alkali on a ferric salt, j P H = 7 ' 7 , 
is used, then silver hydroferrite, Ag3H(FeO2)2 , is formed. The salt was studied by 
A. Krause and W. Buczkowsky. 

The bleaching action of calcium oxide on the yellowish or reddish-brown colour 
produced by ferric oxide in clays has long been known in the ceramic industries, 
and a t t r ibuted to the formation of a calcium ferrite of paler t in t . Thus, the effect 
is mentioned by H . Seger. According to J . Percy, ferric oxide forms fusible com
pounds with calcium oxide if the mixture in theoretical proportions for calcium 
ferrite, CaO-Fe2O3, or (CaFe0 2) 2 , he heated to whiteness in an oxidizing atmosphere. 
The mass of dark brown, interlacing, acicular crystals is magnetic, and i t has a 
sp. gr. 4-693. The composition is said to be analogous to t h a t of magneti te with 
ferrous oxide replaced by calcium oxide, or to t h a t of a spinel wi th alumina 
replaced by ferric oxide. S. Hilpert and A. Lindner examined the X-radiograms 
of CaO-Fe2O3 . H . O. Hofmann and W. Mostowitsch prepared a crystalline calcium 
ferrite by heat ing equimolar proportions of calcium sulphate and ferric oxide. 
Sulphur dioxide and oxygen were given off a t 1100°, and a t 1250° the mass was 
molten. The calcium ferrites in Por t land cements were described by H . Kiihl, 
and R. Nacken and M. E . Grtinewald. C. E . Swartz and F . C. Krauskopf obtained 
non-magnetic calcium ferrite by heating calcium oxide and ferric oxide above 
650°. I J . Jacque found t h a t the first clear signs of fusion with mixtures of ferric 
and calcium oxides were obtained a t the following t emp. : 

CaO . 0 5 10 20 26 30 4 0 50 60 7O per cen t . 
T e m p . . > - 1 6 0 0 ° 1455° 1290° 1230° 1220° 1220° 1245° 1370° 1430° > 1 5 0 0 0 

If t he mixtures are kept until completely fused, a port ion of the ferric oxide is 
dissociated, and some ferrous oxide is formed. This reduces the f.p. of the mixture. 
The rat io Fe 2 O 3 : FeO approaches 2*22 on prolonged heating, and the rat io 2-22 
corresponds with Fe3O4 . J. Pelouze obtained a product , which he represented by 
the formula 4CaO-Fe2O3, by adding an excess of potash-lye to a soln. containing 
a mol of ferric and 4 mols of calcium chloride ; H . Forestier and G. Chaudron 
obtained calcium ferrite by a similar process ; K. List, by adding lime-water to a 
soln. of ferric chloride, washing the product with lime-water, and heating i t t o redness. 
S. Hilpert prepared calcium ferrite by the fusion process. J . Guillissen did not 
obtain definite results for the temp, a t which t h e reaction between ferric oxide and 
calcium carbonate begins. H . Forestier observed t h a t the ferromagnetic crystals 
are not cubic, and may have a face-centred, te tragonal latt ice with a : c = 1 : 0-8. 
The ferromagnetic property relates t o an unstable s ta te which is lost a t higher 
t emp . 

S. Hilpert and E . J . Kohlmeyer studied the binary system, CaO-Fe 2 O 8 , 
thermally, and their results a re summarized in the curve, Fig. 546. Under the 
conditions of the experiments, mixtures with less t h a n 31 molar per cent, of ferric 
oxide were very viscid, and the last port ion solidified a t 1410°* The calcium oxide 
formed well-developed crystals. Wi th less t h a n 75 molar per cent, of calcium oxide, 
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t he pr imary crystallization is t h a t of calcium orthoferrite, 3CaCFe 2 O 3 , which 
melts a t 1410°, and disintegrates, like calcium orthosilicate, when cooled. The 
next^compound formed is 3CaO.2Fe2O3, or calcium tetraferrite, which melts a t 
1450°. This solid, a t 1220°, undergoes a reaction forming a compound pentacalcium 
hexafenite, 5CaO.3Fe2O3, resembling the corresponding aluminate, 5CaO-3Al2Os. 
E . D . Campbell obtained a ferrite, 5CaO.3Fe2O3, and said t h a t i t is isomorphous with 
5Ca0.3Al 20 3 . R. Nacken and M. E . Grunewald examined the red crystals of this 
salt and found them to be doubly refracting. N. M. Yasuirkin gave 6*9 CaIs. for 
the heat of formation of 3 C a C F e 2 O 3 ; and 2-9 CaIs. for t h a t of 4CaCFe 2 O 3 . 

J. Pe louze , a n d W . P u k a l l reported 4CaO.Fe a O a ; W . Pukal l , a n d E . Diepschlag and 
E . H o r n , 3CaO.Fe 8 O a ; R . N a c k e n a n d M. E . Grunewald, 5 C a 0 . 3 F e a 0 3 ; F . Martin and 
O. F u c h s , 3CaO.2Fe 4 O 8 ; a n d Z. W e y b e r g , 2CaO.5Fe 8 O 8 . E . Mart in reported t h e hydrate , 
C a 0 . 4 F e 8 0 8 . 6 H a O , or CaO.3Fe 8 O 8 . 5H 2 O ; a n d C a 0 . 2 F e a 0 8 . 2 H a O ; CaO-Fe 2 O 3 -H 8 O ; 
3 C a 0 . 2 F e a 0 8 . 3 H a O ; 4CaO.2Fe 2 O 8 . 3H 8 O ; 6CaO.2Fe 8 O 8 . 3H 2 O ; W . Michaelis , 3CaO. 
F e a 0 8 . 3 H 8 0 ; a n d H . Ie Chatelier, 4CaO.Fe a O a . 12H a O. 

Returning to S. Hilper t and E . J . Kohlmeyer 's diagram, Fig. 546, there is a 
eutectic a t 1200°, and 50 mol. per cent, of calcium oxide ; and a second maximum a t 
1400°, corresponding with dicalcium hexaferrite, 2CaC3Fe 2 O 3 . Below the eutectic 

temp. , calcium metaferrite, CaCFe 2 O 3 , or Ca(Fe0 2) 2 , is present. The behaviour 
of mixtures rich in ferric oxide is complicated, par t ly owing to the escape of 
oxygen, and the formation of magneti te. Calcium metaferrite was also prepared 
by W. C. Hansen and co-workers—vide infra—W. F . SaIm-Horstmar, W. Pukall , 
K. List, S. Peacock, K. Endel , C. E . Swartz and E. C. Krauskoj f, H. O. Hofmann 
and W. Mostowitsch, O. Schott, H . Moissan, and J . Percy ; whilst E . Diepschlag 
and E . Horn prepared the 2 : 1 , 5 : 3 , and the 1 : 1 ferrites. R. B. Sosman and 
H . E . Merwin could not confirm S. Hilpert and E . J . Kohlmeyer's five calcium 
ferrites. The equilibrium diagram is summarized in Fig. 547, and only two 
ferrites were observed. The compound 2CaCFe 2 O 3 dissociates and is in equilibrium 
with calcium oxide and liquid a t 1436°, and all mixtures with less than 36 molar 
per cent, of calcium oxide, up to pure calcium oxide, liquefy in par t a t this temp. , 
leaving pure calcium oxide as the solid phase in excess. The compound CaO-Fe2O3 
dissociates and is in equilibrium with 2CaO-Fe2O3, and liquid a t 1216°, and all 
mixtures between about 35 and 62 molar per cent. Fe 2 O 3 liquefy in par t a t 1216°, 
forming liquid, and 2CaO-Fe2O3 as solid phase in excess. This dissolves as the 
temp, rises and disappears a t the liquidus curve. The compound CaO-Fe2O3 
dissociates and is nearly all liquefied a t 1216°—J. Konarzewsky gave 1251°—and 
a t 1250° t h e solid phase, 2CaO-Fe2O8, formed by dissociation, all disappears. The 
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eutectic at 1203° between calcium metaferrite and ferric oxide has between 76 and 
9O per cent, ferric oxide and is probably nearer the former amount . No optical 
evidence of solid soln. of calcium oxymetaferrite with calcium oxide or calcium 
metaferrite, or of calcium metaferrite with calcium oxymetaferrite or ferric 
oxide was observed. M. E . Griinewald verified the results with 4O to 65 molar 
per cent, of calcium oxide. E. D. Campbell studied the mixed crystals with 
calcium aluminate. N . M. Yasuirkin gave 1*5 CaIs. for the heat of formation 
of CaCFe 2 O 3 . S. Nagai and K. Asaoka found t h a t calcium metaferrite is not 
acted on by water. E . Diepschlag and E. Horn said t ha t the orthoferrite reacts 
with calcium sulphide a t 800°, but not with ferrous sulphide below 1150°. Calcium 
oxymetaferrite, or calcium oxyferrite, 2CaO-Fe2O3 or Ca2O(FeOg)2, is formed a t 
1436° in well-developed, black crystals, which are yellowish-brown by t ransmit ted 
light. M. E . Griinewald also obtained tabular crystals of calcium oxymetaferrite. 
E . Martin gave 1300° to 1325°, R. Nacken and M. E . Griinewald, 1380° to 1420° ; 
J . Konarzewsky, 1440° ; O. Schott, 1500° ; and O. Andersen, 1436° for the incon-
gruent m.p. of the oxymetaferrite. This compound was also prepared by 
C. W. Hansen and co-workers, and by S. Nagai and K. Asaoka, W. Pukall , 
V. Vincent, W. Lerch and R. H. Bogue, and O. Schott—vide infra. According to 
R. B. Sosman and H . E . Merwin, the melted substance may be under-cooled to 
1385°, bu t i t always shows traces of the dissociation products, calcium metaferrite 
and oxide. Calcium oxymetaferrite furnishes positive, biaxial crystals with a 
moderate optic axial angle. N. M. Yasuirkin gave 32-03 CaIs. for the heat of 
formation of 2CaO.Fe2O3. The indices of refraction for !Li-light are : <x=2*200, 
/3=2-220, and y=2-290 ; and for Na-light, a=2*25, whilst /3 and y have a lower dis
persion. The transition temp, a t which the metaferrite dissociates and is in equili
brium with the oxymetaferrite is 1216°. Calcium metaferrite forms deep red 
crystals which are negative, and uniaxial. E . Martin gave 1225° to 1250° ; 
R. Nacken and M. E. Griinewald, 1220° to 1230° ; H . O. Hofmann and 
W. Mostowitsch, 1250° ; S. Hilpert, 1200° ; and O. Andersen, and R. B . Sosman 
and H. E . Merwin, 1216°, for the incongruent m.p. of the metaferrite. According 
to R. B . Sosmann and H . E. Merwin, the refractive indices are : o>==2-465 
and e=2-345 for Li-light ; and for Na-light, to — 2-58 and e=2 -43 . S. Nagai and 
K. Asaoka observed t h a t 2CaO.Fe2O3 is slowly decomposed by water. According to 
R. B . Sosman and H . E . Merwin, a considerable amount of ferrous oxide or 
magneti te was formed with mixtures containing less t h a n 50 mol. per cent, of 
lime, b u t with higher proportions of lime, the amount of ferrous oxide formed 
below 1600° is relatively small. 

O. Andersen, R. Nacken and M. E . Griinewald, and E . D. Campbell obtained 
results confirming R. B . Sosman and H. E . Merwin's view t h a t there are only two 
definite calcium ferrites. According to E. Martin, the calcium ferrite which is formed 
on heating a mixture of ferric oxide and calcium carbonate depends on the propor
tions in which the ingredients are mixed, and not on the temp, a t t a ined ; thus , a t 
1200°, the 1 : 1 mixture furnishes the metaferrite, and the 1 : 2 mixture, the oxymeta
ferrite. The powdered metaferrite has a sp. gr. near 4, i t is magnetic, and non-
hydraulic ; the powdered oxymetaferrite has a sp. gr. below 4, i t is magnetic, and 
has a hardness of 6. H . Forestier said t h a t the structure, from the X-radiograms, 
is not cubic. R. Nacken and M. E . Griinewald said t h a t in the presence of much 
molten calcium chloride, the metaferrite forms rhombic needles, and the oxymeta
ferrite, plates. Only these two compounds are formed in the presence of a n excess 
of molten calcium chloride. When equimolar proportions of ferric and calcium 
oxides with half their weight of calcium chloride are melted 2 to 4 days at 1200°, 
5Ca0 .3Fe 2 0 3 is formed, and if 3 mols or more of calcium oxide and 1 mol of ferric 
chloride be treated in a similar way, calcium oxymetaferrite is formed. The 
fusion curve of calcium metaferrite and aluminate is shown in Fig. 547. 

According to S. Hilpert and E. J. Kohlmeyer, molten mixtures of calcium and 
ferric oxides furnish brown top black products—those with a large proportion of 



IRON 9 1 3 

ferr ic ox ide a r e s tee l -grey , a n d t h e co lour b e c o m e s p a l e r with, i n c r e a s i n g p r o p o r t i o n s 
of c a l c i u m ox ide . M a n y different t i n t s w e r e obse rved , a c c o r d i n g t o t h e t e m p , a t 
w h i c h t h e different m i x t u r e s we re s in t e red . M. E . Gr i i newa ld f o u n d t h e c r y s t a l s 
of C a C F e 2 O 8 a r e r h o m b i c . T h e h a r d n e s s decreases w i t h inc reas ing p r o p o r t i o n s of 
c a l c i u m ox ide . T h e sp . vo l . c u r v e shows a s h a r p c h a n g e of d i r ec t i on w h e n 
C a O - F e 2 O 3 is fo rmed , a n d a n o t h e r , less d i s t i n c t b r e a k occurs n e a r 20 m o l a r p e r 
c en t . C a O . T h e following is a se lect ion f rom t h e sp . gr . a n d sp . vo l . d a t a for 
different m o l a r p e r c e n t a g e s of ca lc ium ox ide of sp . gr . 3-316, a n d ferric ox ide , of 
s p . gr . 5-190 : 

C a O . IO 17 -5 2 2 2 7 4 1 5O 5 6 6 4 
S p . g r . . 5 - 0 2 5 4 - 8 7 8 4 - 8 4 4 4 - 7 8 5 4 - 7 2 4 4 - 6 8 3 4 - 4 8 0 4 - 2 1 3 
S p . v o l . . 0 - 1 9 8 2 0 - 2 0 1 8 0 - 2 0 6 4 0 - 2 0 8 9 0 - 2 1 7 7 0 - 2 1 3 5 0 - 2 2 3 2 0 - 2 3 7 4 

R . N a c k e n a n d M. E . Gr i inewa ld g a v e 5-08 for t h e sp . gr . of C a C E e 2 O 3 ; 3-98 
for t h a t of 2 C a O - E e 2 O 3 ; a n d 4-02 for t h a t of 5 C a 0 . 3 E e 2 0 3 . T h e e lect r ica l con
d u c t i v i t y is v e r y sma l l e v e n w i t h fused ferric ox ide , w h i c h is o n l y 1 0 ~ 1 0 of t h a t of 
i ron . Sol id soln. a r e n o t fo rmed . T h e m a g n e t i c p r o p e r t i e s d imin i sh w i t h t h e 
p r o p o r t i o n of i ron , a n d b e c o m e ins ignif icant w i t h ove r 67 m o l a r p e r cen t , of ca lc ium 
ox ide . H . E o r e s t i e r a n d G. C h a u d r o n g a v e 4 2 - 3 x 1 0 — s m a s s u n i t for t h e m e a n 
m a g n e t i c suscep t ib i l i t y of c a l c i u m ferr i te b e t w e e n 0 a n d IOO gauss ; a n d t h e y 
f o u n d t h a t i t loses i t s m a g n e t i c p rope r t i e s i r revers ib ly w h e n h e a t e d t o 700°. T h e 
h e a t i n g a n d cooling m a g n e t i z a t i o n t e m p , c u r v e s coincide , unless t h e h e a t i n g h a s 
b e e n a b o v e t h e Curie p o i n t , i n wh ich case t h e Curie p o i n t is depressed f rom 425° 
t o 150°, so t h a t i t i s comple t e ly t r a n s f o r m e d i n t o a p a r a m a g n e t i c s u b s t a n c e if 
k e p t a t a h i g h t e m p , for s o m e t i m e . H . E o r e s t i e r ' s o b s e r v a t i o n s o n t h e r e l a t i on 
b e t w e e n t h e s t r e n g t h of t h e m a g n e t i c field, a n d t h e i n t e n s i t y of m a g n e t i z a t i o n 
were d i scussed in c o n n e c t i o n w i t h F i g . 5 4 5 . S. H i l p e r t a n d co-workers a d d e d 
t h a t t h i s ferr i te loses i t s m a g n e t i c p e r m e a b i l i t y a t 160°. T h e ca lc ium ferr i tes 
we re a lso s t u d i e d b y S. N a g a i a n d K . A s a o k a . S. H i l p e r t a n d E . J . K o h l m e y e r 
o b s e r v e d t h a t t h e ca l c ium ferr i tes a r e m u c h less r ead i ly a t t a c k e d b y r e a g e n t s 
t h a n t h e si l icates, a n d h e n c e t h e y a r e b e t t e r t h a n si l icates in c e m e n t s for res i s t ing 
t h e a t t a c k of sea -wa te r . M i x t u r e s -with 6O t o 70 m o l a r p e r cen t , of c a l c i u m 
o x i d e a r e h y d r a u l i c . W . P u k a l l , S. N a g a i a n d KL. A s a o k a , E . M a r t i n , a n d 
J . K o n a r z e w s k y sa id t h a t C a C F e 2 O 3 is n o t c h a n g e d b y long c o n t a c t w i t h w a t e r , 
a n d i t possesses n o h y d r a u l i c p r o p e r t i e s , b u t C S c h o t t , a n d K . Z u l k o w s k y d i d 
n o t a c c e p t t h i s conc lus ion . J . !Konarzewsky, W . P u k a l l , S. N a g a i a n d K . A s a o k a , 
a n d K . Z u l k o w s k y n o t e d t h a t 2 C a C E e 2 O 3 does possess h y d r a u l i c p rope r t i e s in 
h a r d e n i n g u n d e r w a t e r , b u t n o t so m u c h a s P o r t l a n d c e m e n t . Ca lc ium ferr i tes 
a r e less r e a d i l y r e d u c e d t h a n ferric ox ide . W . Odl ing sa id t h a t h y d r o g e n su lph ide 
d o e s n o t a t t a c k ca l c ium fer r i te . A c c o r d i n g t o E . M a r t i n , t h e m e t a f e r r i t e is 
inso lub le i n IO p e r c e n t , ace t i c ac id , a n d in a h o t o r co ld soln . of s o d i u m c a r b o n a t e , 
o r of a m m o n i u m chlor ide . I t is s l igh t ly so lub le in a soln . of l ime a n d suga r , a n d i t 
is s lowly a t t a c k e d b y oxa l ic ac id . A n excess of a l u m i n a decomposes t h e fer r i te a t 
a h i g h t e m p . , 1200°, w h i l s t w i t h silica, siUcoferrites a r e fo rmed . T h e o x y m e t a f e r r i t e 
r e s e m b l e s t h e m e t a f e r r i t e i n i t s chemica l b e h a v i o u r , e x c e p t t h a t i t is a t t a c k e d s lowly 
b y 10 p e r c e n t , ace t i c ac id , i t is a lso s l igh t ly a t t a c k e d b y a boi l ing soln. of s o d i u m 
c a r b o n a t e , a n d is en t i r e ly d e c o m p o s e d b y a h o t soln . of a m m o n i u m ch lor ide . 
W . H . M a c l n t y r e a n d W . M. S h a w o b s e r v e d t h a t whi l s t i gn i t ed ferric ox ide s h o w s 
n o t e n d e n c y t o a b s o r b app rec i ab l e a m o u n t s of c a l c ium s u l p h a t e , freshly p r e c i p i t a t e d 
ferr ic o x i d e a n d l ime , i n t h e p r o p o r t i o n s 3 C a O : E e 2 O 3 , r ead i ly does d o . H . Ie 
Cha te l i e r , a n d K . Xi s t o b t a i n e d a c a l c i u m dichlorometaferri te , CaCl 2 .Ca(FeO 2 ) 2 »/>r 
Ca (C l )EeO 2 , i n b r i g h t , p r i s m a t i c c rys t a l s , b y dissolving ca l c ium a n d ferric ox ide 
i n fused c a l c i u m ch lor ide . I t is n o t d e c o m p o s e d b y w a t e r o r a i r . 

H . E o r e s t i e r p r e p a r e d s t r o n t i u m ferrite, S r C E e 2 O 3 , a n d o b s e r v e d a n i r r e g u l a r i t y 
in, t h e d i l a t i o n c u r v e n e a r 480° , t h e Cur ie p o i n t . T h e r e l a t ion b e t w e e n t h e m a g n e t i c 
field a n d i n t e n s i t y of m a g n e t i z a t i o n a r e s h o w n i n E ig . 545 . H . Eo re s t i e r sa id t h a t 

voi«. xixx. ** N 
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t h e X - r a d i o g r a m ind ica t e s a h e x a g o n a l l a t t i ce w i t h t h e r a t i o a : c — 0 : 1-8. 
F . Mar t in a n d O. F u c h s p r e p a r e d 2 S r O . F e 2 O 8 ; a n d H . B o r c k r e p o r t e d a h y d r a t e d 
s t r o n t i u m ferr i te . S. H i l p e r t a n d A . !Lindner s t u d i e d t h e X - r a d i o g r a m s of t h e 
s t r o n t i u m ferr i tes S r O - F e 2 O 3 , 2 S r 0 . 3 F e 2 0 3 , S r 0 . 2 F e 2 O a , a n d S r 0 . 4 F e 2 0 3 . 
E . M a r t i n p r e p a r e d bar ium ferrites a s i n t h e case of c a l c ium ferr i tes ; a n d 
s imi lar ly w i t h E . J . M a u m e n e , a n d W . Mos towi t sch . J . Guil l issen f o u n d t h a t 
t h e r e a c t i o n b e t w e e n ferric ox ide a n d b a r i u m c a r b o n a t e beg ins a t a b o u t 830° , 
a n d w i t h b a r i u m ox ide a t a b o u t 1300°. T h e r e a c t i o n w a s s t u d i e d b y J . Guill is-
sen a n d P . J . v a n Rysse lbe rghe . G. R o u s s e a u a n d J . B e r n h e i m f o u n d t h a t if 
b a r i u m fe r ra te is i n t r o d u c e d i n t o b a r i u m chlor ide or b a r i u m b r o m i d e fused a t 800° 
t o 1300°, i t r a p i d l y decomposes w i t h effervescence, owing t o t h e l i be ra t i on of 
oxygen , a n d leaves a r es idue of ferric ox ide . If, howeve r , a b o u t 3 g r m s . of 
b a r i u m fe r ra te a r e a d d e d g r a d u a l l y t o a fused m i x t u r e of 15 g r m s . of b a r i u m 
chlor ide or b r o m i d e , a n d 5 g rms . of b a r i u m oxide , a n d t h e p r o d u c t is t r e a t e d 
w i t h w a t e r , i t y ie lds b rownish-b lack c rys ta l s of b a r i u m ferr i te . A t 1100°, a b o u t 
6 g r m s . of b a r i u m ox ide a re r equ i red t o p r e v e n t t h e decompos i t i on of t h e ferr i te , 
a n d a t a n o range- red h e a t 12 g rms . a r e necessary . I t follows f rom t h e s e resu l t s , 
t h a t w h e r e a s b a r i u m fer ra te , if h e a t e d a lone, decomposes i n t o oxygen , ferric ox ide , 
a n d b a r i u m oxide , y e t , w h e n h e a t e d -with b a r i u m oxide , i t y ie lds o x y g e n a n d b a r i u m 
ferr i te . T h e decompos i t ion of t h e fe r ra te in p resence of n e u t r a l o r s l ight ly bas ic 
fluxes is ana logous t o t h e decompos i t ion of a lcohola tes b y d i lu t ion , b u t t h e l a t t e r is 
progress ive whi ls t t h e fo rmer t a k e s p l ace s u d d e n l y a s soon a s t h e p r o p o r t i o n of 
b a r i u m ox ide h a s fallen be low a ce r t a in l imi t . If b a r i u m c a r b o n a t e is p r e sen t , i t 
crysta l l izes f rom t h e oxych lor ide w h i c h is fo rmed, a n d t h e c rys t a l s a r e n o t r e ad i l y 
s e p a r a t e d f rom those of t h e ferr i te . S. H i l p e r t p r e p a r e d b a r i u m ferr i te in t h e w e t 
w a y a s in t h e case of ca lc ium ferr i te . I t is n o n - m a g n e t i c un less i t h a s b e e n h e a t e d t o 
800° a n d cooled. S. H i l p e r t a n d A . L i n d n e r s t u d i e d t h e X - r a d i o g r a m s of t h e b a r i u m 
ferr i tes B a O . F e 2 0 3 , 2 B a 0 . 3 F e 2 0 3 , B a 0 . 2 F e 2 0 3 , B a 0 . 3 F e 2 0 3 , a n d B a 0 . 4 F e 2 0 3 . 
H . Fo re s t i e r sa id t h a t t h e X - r a d i o g r a m of B a O - F e 2 O 3 co r r e sponds w i t h a h e x a 
gona l l a t t i ce . H . Fo re s t i e r a n d G. C h a u d r o n p r e p a r e d b a r i u m ferr i te a s i n t h e 
case of ca lc ium ferr i te , a n d found t h a t i t s m e a n m a g n e t i c suscep t ib i l i ty is 9*9 X 1 O - 5 

m a s s u n i t b e t w e e n 0 a n d 100 gauss . H . Fo re s t i e r o b s e r v e d a b r e a k in t h e d i l a t ion 
cu rve n e a r 445°, a n d t h i s t e m p , is a lso t h e Cur ie p o i n t . T h e r e l a t i on b e t w e e n t h e 
s t r e n g t h of t h e m a g n e t i c field, a n d t h e i n t e n s i t y of m a g n e t i z a t i o n is s h o w n i n 
F i g . 547 . S. H i l p e r t a n d co-workers s t u d i e d t h e m a g n e t i c p r o p e r t i e s of t h e s e 
fer r i tes . 

H . F o r e s t i e r a n d M. G a l a n d p r e p a r e d bery l l ium ferrite, B e ( F e O a ) 2 , a n d f o u n d 
t h a t t h e c r y s t a l l a t t i ce h a s t h e s t r u c t u r e of lep idocroci te ; so t h a t B e O i n t h e ferr i te 
p l a y s t h e p a r t of -water i n lepidocroci te . T h e ferr i te decomposes a t 360° i n t o B e O 
a n d F e 2 O 3 . S. H i l p e r t a n d co-workers s t u d i e d t h e m a g n e t i c p rope r t i e s . C. F . R a m -
mel sbe rg descr ibed c rys t a l s of a m i n e r a l r e sembl ing m a g n e t i t e -which w a s o b t a i n e d 
i n t h e v ic in i ty of t h e fumaro les of Vesuv ius , a n d p a r t i c u l a r l y a b o u t t h o s e of t h e 
e r u p t i o n of 1855. H e ca l led t h e m i n e r a l rnagnoferrite, G. A . K e n n g o t t , rnagne-

ferrite, a n d J . D . D a n a , magnes ioferr i te . T h e c r y s t a l s a n d t h e i r a s soc ia t ions 
were desc r ibed b y A . Scacchi , G. v o m R a t h , H . Bi ick ing , G. !Leonhard, A . L a c r o i x , 
a n d F . Z a m b o n i n i . Before C. F . R a m m e l s b e r g ' s e x a m i n a t i o n , t h e c r y s t a l s h a d 
b e e n m i s t a k e n b y T . Mont ice lh a n d N . Covell i , D . F . Wise r , A . Scacch i , a n d 
A . K r a n t z , for m a g n e t i t e , haemat i te , o r m a r t i t e . Acco rd ing t o F . Cornu , m a g n e s i t e 
crucibles m a d e f rom s in t e r ed m a g n e s i t e c o n t a i n c ry s t a l s of per ic lase a n d of m a g n e s i o 
ferr i te . T h e ana ly se s of C. F . R a m m e l s b e r g c o r r e s p o n d w i t h 3 M g 0 . 4 F e 2 0 3 , b u t 
t h e p re sence of ferric ox ide a s a n i m p u r i t y i n t h e s a m p l e s l e a d h i m t o s u g g e s t t h e 
f o r m u l a for m a g n e s i u m ferrite, M g C F e 2 O 3 , o r M g ( F e O a ) 2 . W . W e y l , a n d S. H o l g e r s -
son o b t a i n e d c rys t a l s b y s in te r ing a t 1200° a ! m i x t u r e of e q u i m o l a r p a r t s of m a g n e s i a 
a n d ferr ic ox ide , a n d h e a t i n g t h e p r o d u c t w i t h t h r e e t i m e s i t s w e i g h t of p o t a s s i u m 
ch lor ide a t 1200° in a p l a t i n u m crucible for 40 h r s . K . A . H o f m a n n a n d K . Hosche le 
^f111Ml t h » t m a g n e s i u m chlor ide is a n excel len t mineralizer for m^jng c r y s t a l s of 
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t h i s spinel. Analyses were r epor t ed b y T. L . W a t s o n , G. S. Rogers , a n d E . H u g e l . 
i"", : H o f m a n n a n d K . Hoschele h e a t e d t h e m i x t u r e wi th a n excess of m a g n e s i u m 

chloride ; H . Miiller hea t ed ferric oxide w i th a n excess of p o t a s s i u m m a g n e s i u m 
su lpha te ; and F . H u n d e s h a g e n hea t ed t h e m e t a l wi th mo l t en h y d r a t e d m a g n e s i u m 
chloride. H . St . C. Devil le, E . Posn jak , a n d R . N a c k e n a n d M. E . GrUnewald 
p r e p a r e d magnesioferr i te crys ta ls b y hea t ing a m i x t u r e of magnes ia a n d ferric 
oxide in a cu r r en t of hydrogen chloride. J . Morozewicz ob ta ined c rys ta l s of 
magnesioferr i te , associated wi th spinel, on hea t ing silicate m a g m a r ich in ferric 
oxide, magnesia , a n d a lumina . T. Weyl , a n d R . N a c k e n a n d M. E . Grunewald 
said t h a t t h e cons t i t uen t oxides do n o t r eac t a t t e m p , u p t o 1200°, b u t K . Ende l , 
L . E . R . Dufau , C. W . P a r m e l e e a n d co-workers , a n d C. E . Swar t z a n d 
F . C. Krauskopf ob t a ined magnes ium ferri te b y hea t i ng a n i n t i m a t e m i x t u r e of 
magnes ia w i th ferric oxide above 650°—H. Fores t i e r said t h a t t h e reac t ion com
mences a t a b o u t 350° ; W . C. H a n s e n a n d L . T . Brownmil le r r ecommended a 
calc inat ion t e m p , of 1450°. K . A. Red l i ch r epo r t ed t h a t some b lack c rys ta l s h e 
observed in some magnes i t e refractories employed in t h e l ining of a steel furnace 
were p r o b a b l y t hose of m a g n e s i u m ferr i te . 

H . S. R o b e r t s a n d H . E . Merwin s tud ied t h e t e r n a r y sys tem M g O - F e O - F e 2 O 3 
a b o v e 1000°, a n d w i t h a n oxygen pressure on t h e i sobar 0-2 a t m . T h e y observed 
t w o solid soln. fields : The solid soln. A begins a t MgO below 1000° a n d ex tends 
w i th increasing t e m p , t o w a r d s M g ( F e 0 2 ) 2 a n d F e O . I n Fig . 548, t h e field A is 

FIG. 548.—Portion of the Equilibrium Diagram of the Ternary System : 
MgO-FeO-Fe aO 3 . 

b o u n d e d b y curve I , t h e M g O - F e 2 O 3 side of t h e t r iangle . A l iquid phase appea r s 
a t 1770°, where t h e solid soln. con ta ins i ron oxide equ iva len t t o 73 per cent , of 
F e 2 O 3 . T h e solid soln. B e x t e n d s w i th increasing t e m p , from M g ( F e 0 2 ) 2 t o w a r d s 
t h e i ron oxide b o u n d a r y which i t reaches a t 1386°. Solid soln. of a b o u t 1 pe r cent . 
of MgO in M g ( F e 0 2 ) 2 m a y occur be tween 1750° a n d a b o u t 1000°. I n F ig . 548, t h e 
field B is b o u n d e d b y t h e curves I I I a n d V. T h e isotropic gra ins h a d t h e index of 
refract ion 2-34 for Li- l ight . X - r ad iog rams of t h e crys ta ls were ob ta ined . I t forms 
a solid soln. -with 91 per cent . MgCXAl2O3. The s t r u c t u r e was also s tud ied b y 
H . Fores t ie r , a n d T. F . W . B a r t h a n d E . Posn jak . F o r solid soln. of magnes ium 
ferri te "with ferric oxide a n d w i th magnesia , see F ig . 548. T h e subjec t was discussed 
b y H . 8. R o b e r t s a n d H . E . Merwin, R . N a c k e n a n d M. E . Grunewald , C. E . Swar t z 
a n d F . C. Krauskopf , a n d R . Schenck a n d T. D i n g m a n n . 

According t o C. F . Rammelsbe rg , a n d H . St . C. Deville, t h e cubic c rys ta ls of 
magnesioferr i te occur in oc tahedra , or oc t ahed ra wi th t r u n c a t e d edges. W . W e y l ' s 
observa t ions w i th t h e X- rad iog rams show t h a t t h e crysta l - la t t ice is of t h e spinel 
t y p e . E . P o s n j a k found a—8*36 A. , for t h e un i t la t t ice conta in ing 8 mols . 
M g ( F e 0 2 ) 2 pe r u n i t c e l l ; G. L . Clark a n d co-workers gave a—8-366 A. ; a n d 
S. Holgersson gave a—8*342 A. ; a n d "Lt. Passer ini , a—8*360 A. M. Lt. Hugg ins 
discussed t h e electronic s t ruc tu re . E . P o s n j a k found t h a t t h e ca lcula ted dens i ty 
i s 4*518 a n d t h e observed 4*481. L . Passer in i gave 4*436 ; a n d S. Holgersson, 
4*53 ; W . Bil tz a n d co-workers found t h e mol . vol . t o b e 44*1 w i th 11*3 belonging 
t o MgO, a n d 3*28 t o F e 2 O 8 . T h e i ndex of refraction for Li-l ight is 2*34. T h e 
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sp . gr. ranges from 4-568 t o 4-654 ; A. Bergeat gave 4*998 to 5-247. The hardness 
ranges from 6-0 t o 6*5. H . Forestier observed a reversible break in the dilation 
curve a t a b o u t 315° . R. Nacken and M. E . Grunewald found the m.p. t o be too 
high for t h e m t o o b t a i n a n equ i l ib r ium d i a g r a m of the b i n a r y s y s t e m M g O - F e 2 O 8 , 
T h e y obse rved no r eac t ion occur red w i t h the wel l -mixed, p o w d e r e d c o m p o n e n t s a t 
1200°. K . A. H o f m a n n a n d K . Hosche le o b t a i n e d m a g n e s i u m ferr i te in solid soln. 
w i t h m a g n e t i t e , a n d in o c t a h e d r a l c rys ta l s b y fusing m i x t u r e s of m a g n e s i a a n d 
ferric ox ide w i t h a n excess of d e h y d r a t e d m a g n e s i u m chlor ide . R . N a c k e n a n d . 
M. E . G r u n e w a l d e x a m i n e d t h e effect of h e a t on v a r i o u s m i x t u r e s of the com
p o n e n t s a n d in e v e r y case o b t a i n e d n o c o m p l e x o t h e r t h a n Mg(FeO 2 ) 2 \ t h e y 
e m p l o y e d H . St . C. Devi l le ' s process a n d o b t a i n e d b lack , o c t a h e d r a l c rys t a l s of 
sp . gr. 3*6. T h e r e w a s ev idence t h a t b e t w e e n 1350° a n d 1450° some c h a n g e occurs 
in t h e c rys ta l s ; t h e r e w a s no sign of fusion a t 1550°. H . S. R o b e r t s a n d 
H . E . Merwin said t h a t t h i s c o m p o u n d dissocia tes s l ight ly a n d begins t o m e l t a t 
1750°, a n d t h e y obse rved t h e fo rma t ion of a solid soln. w i t h magnes i a . H . F o r e s t i e r 
g a v e 1650° t o 1700° for t h e m . p . F . Bei jer inck sa id t h a t magnes iofer r i te is a good 
electr ical conduc to r . H . Fo res t i e r a n d G. C h a u d r o n gave 1700° for t h e m . p . a n d 
a d d e d t h a t i t is s t ab l e be low t h a t t e m p . T h e y obse rved t h e t e m p , of t h e m a g n e t i c 
t r a n s f o r m a t i o n of m i x t u r e s of magnes i a w i t h 2 t o 50 p e r cen t , of ferric ox ide t o 
r e m a i n c o n s t a n t a t 310°, a n d m a g n e s i u m ferr i te r e m a i n s in t h e free s t a t e ; w i t h 
50 t o 56 p e r cent , of ferric oxide , t h e t e m p , rises t o 400°, a n d a solid soln. of t h e 

ferr i te in ferric ox ide is f o rmed ; w i t h 56 t o 1OO 
pe r cen t , of ferric ox ide , t h e t e m p , is 675° corre
spond ing w i t h t h a t of ferric oxide a lone . T h e 
m e a n m a g n e t i c suscep t ib i l i ty of m a g n e s i u m ferr i te 
is 54 x 10—3 m a s s un i t . T h e Curie p o i n t obse rved 
b y H . Fo res t i e r w i t h different m i x t u r e s is shown 
in F ig . 549. T h e re la t ion b e t w e e n t h e s t r e n g t h 
of t h e m a g n e t i c field a n d t h e i n t e n s i t y of m a g 
ne t i za t ion is shown in F ig . 545 . S. H i l p e r t a n d 
co-workers , A. Serres , S. Holgersson a n d A. Serres , 
a n d E . Wi lson a n d E . F . H e r r o u n s t ud i ed t h e sus 
cep t ib i l i ty of m a g n e s i u m fer r i te . S. H i l p e r t sa id 
t h a t m a g n e s i u m ferr i te p r e p a r e d in t h e w e t w a y 

is n o n - m a g n e t i c u n t i l fused. A. Serres s t u d i e d t h e m a g n e t i c p r o p e r t i e s of m a g 
n e s i u m ferr i te . H . S t . C. Devi l le obse rved m a g n e s i u m ferr i te is insoluble in h o t 
n i t r i c ac id ; a n d C. E . S w a r t z a n d F . C. Krauskopf , t h a t i t is insoluble in 
a lkal i - lye , a n d in dil. acids , b u t soluble in cone, hydroch lo r i c ac id . 

K . K r a u t a d d e d a m i x e d soln. of a m o l of a ferric sa l t a n d 6 mol s of a m a g n e s i u m 
sa l t t o po ta sh - lye of sp . gr. 1-1, a n d boiled t h e m i x t u r e for s o m e hou r s . T h e b r o w n 
p rec ip i t a t e first fo rmed becomes wh i t e . I t c an be d r i ed w i t h o u t c h a n g e of colour 
a t 120°, b u t if h e a t e d t o redness , i t becomes a r u s t - b r o w n colour . I t s compos i t i on 
was a s s u m e d to b e t h a t of t h e enneahydrate of m a g n e s i u m pentoxyferrite , 
5 M g O . M g ( F e 0 2 ) 2 - H 2 0 . I t a t t r a c t s carbon dioxide from the air ; i t becomes green 
w h e n in c o n t a c t w i t h a m m o n i u m su lph ide for 24 h r s . ; i t is n o t changed b y a m m o n i a ; 
a n d w h e n i t is h e a t e d w i t h ammonium chloride, i t forms ferric oxide and magnes ium 
chlor ide. Accord ing t o L. J . I ge l s t r om, golden ye l low or si lvery white scales of a 
minera l occur in the i ron -mine of Langban, Wermland, Sweden, and i t was called 
pyroaurite—M. F . H e d d l e p roposed cal l ing i t igelstrdmite. The m i n e r a l a p p r o x i m a t e s 
t o t h e pentadecahydrate, 5 M g O . M g ( F e 0 2 ) 2 . 1 5 H 2 0 , or Fe(OH) 3 . 3Mg(OH) 2 . 3H 2 O. I t 
occurs in six-sided p l a t e s belonging to the hexagonal sy s t em, or else i n masses wi th 
a fibrous s t ruc tu re—v ide supra, ferric hydroxide. II . Sjdgren, and G. Fl ink described 
the yel low to yellowish-brown crystals of pyroaurite, a n d said t h a t t h e y are optical ly 
negat ive wi th a low birefringence. The axial ratio is a,.;.' c = l : 1-6557. The sp. gr. 
is;$*07, and the hardness 2-5. 

F t Berthier described a mineral from Franklin Furnace, New* Jersey, and n a m e d 
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i t franklinite—after B . F r a n k l i n . T h e m i n e r a l also occurs n e a r E i b a c h , N a s s a u ; 
a n d a t A l t e n b e r g n e a r Aix- la-Chapel le . I t is n o w cal led f rankl in i te . A n a l y s e s 
r e p o r t e d b y P . B e r t h i e r , T . T h o m s o n , H . Abich , G. J . B r u s h , H . S tef iens , 
C. F . R a m m e l s b e r g , F . v o n Kobe l l , G. H . S e y m s , G. C. S t o n e , a n d C. P a l a c h e 
c o r r e s p o n d w i t h ( F e , M n , Z n ) 0 . ( F e , M n ) 2 0 3 , w i t h t h e z i n c ferrite, Z n ( F e 0 2 ) 2 , o r 
Z n O - F e 2 O 8 , p r e d o m i n a n t . A. D a u b r e e p r e p a r e d c rys t a l s of z inc fer r i te b y p a s s i n g 
t h e v a p o u r s of t h e chlor ides of zinc a n d i ron ove r r e d - h o t ca l c ium oxide ; J . J . E b e l -
m e n h e a t e d a m i x t u r e of t h e c o m p o n e n t ox ides w i t h bor ic ac id a t a h igh t e m p . ; 
F . R e i c h , a n d C. E . S w a r t z a n d F . C. Krauskopf , b y s t r o n g l y h e a t i n g a n i n t i m a t e 
m i x t u r e of finely d iv ided z inc a n d ferric ox ides ; J . Guil l issen a n d co-workers f o u n d 
t h a t ferric a n d z inc ox ides r e a c t a t a b o u t 620° t o 650° y ie ld ing zinc ferr i te ; a n d 
O. C. R a l s t o n p o i n t e d o u t t h a t t h e z inc fe r r i t e f o r m e d i n t h e roa s t i ng of su lph ide 
ores is difficult t o e x t r a c t b y 5 t o IO p e r cen t , s u l p h u r i c a c i d u sua l ly e m p l o y e d in 
t h e l each ing of t h e r o a s t e d ore . T h e fe r r i te c a n b e d e c o m p o s e d b y t r e a t m e n t w i t h 
h o t 20 t o 30 p e r c e n t , s u l p h u r i c a c i d n e a r t h e b . p . ; o r b y h o t dil . ac id a c t i n g for 
a long t i m e . T h e z inc fe r r i te be ing f e r r o m a g n e t i c c a n b e r e m o v e d b y m a g n e t i c 
c o n c e n t r a t i o n a n d t r e a t e d s e p a r a t e l y ; o r t h e fer r i te c a n b e d e c o m p o s e d b y us ing a 
c a r b o n a c e o u s r e d u c i n g a g e n t — s a y , b y sp r ink l ing coa l -dus t on t h e h o t calc ine before 
i t is d i s c h a r g e d f r o m t h e r o a s t i n g fu rnace . Y . K a t o a n d T. Take i o b t a i n e d zinc 
fe r r i te b y h e a t i n g a m i x t u r e of z inc a n d ferric ox ides a b o v e 700°, a n d e x t r a c t i n g t h e 
p r o d u c t w i t h a soln . of a m m o n i u m chlor ide so as t o l eave insoluble zinc ferr i te . 
T h e c o m p o u n d f o r m s w i t h app rec i ab l e ve loc i ty a t 600°, a n d r a p i d l y a b o v e 700°. 
T h e r e a c t i o n w a s s t u d i e d b y J . Guill issen a n d P . J . v a n Rysse lbe rghe , G. I J . O ld r igh t 
a n d D . P . Niconoff, E . H . H a m i l t o n a n d co-workers , G. M u r r a y a n d T>. M c i n t o s h , 
C. W . P a r m e l e e a n d co-workers , V. Tafel a n d H . Grosse , a n d K . L is t . W . F l o r e n c e 
r e p o r t e d t h a t h e h a d o b t a i n e d c rys ta l s b y fusion i n a m i x t u r e of l ead ox ide a n d 
b o r a x . Accord ing t o A . Gorgeu , t h e c r y s t a l s a r e f o r m e d w h e n a soln. of a mo l 
of s o d i u m s u l p h a t e , 1 t o 2 mols of z inc s u l p h a t e , a n d 0-25 t o 0-5 mol of ferric 
s u l p h a t e is e v a p o r a t e d t o d r y n e s s , a n d t h e p r o d u c t fused a t a che r ry r ed -hea t , 
a sma l l q u a n t i t y of t h e m i x t u r e be ing r e m o v e d f rom t i m e t o t i m e a n d t r e a t e d 
w i t h boi l ing w a t e r . W h e n n o t h i n g b u t o c t a h e d r a a p p e a r i n t h e l iquid , t o g e t h e r 
-with some bas ic z inc s u l p h a t e , fusion is s t o p p e d , a n d t h e cooled m a s s is e x t r a c t e d 
w i t h boi l ing w a t e r , t h e bas ic z inc s u l p h a t e be ing r e m o v e d b y m e a n s of di l . 
ace t i c ac id . T h e f o r m a t i o n of z inc fer r i te u n d e r t h e s e cond i t ions is d u e to t h e 
a c t i o n of t h e ferric ox ide , f o r m e d b y t h e d e c o m p o s i t i o n of t h e ferric s u l p h a t e , on 
t h e m i x t u r e of s o d i u m s u l p h a t e a n d bas i c z inc s u l p h a t e . T h e ferr i te c a n , in fact , 
a l so b e o b t a i n e d b y t h e a c t i o n of p o w d e r e d haemat i t e o n a m i x t u r e of zinc a n d 
s o d i u m s u l p h a t e s , fused a t a c h e r r y r e d - h e a t . If t h e haemat i t e c o n t a i n s sand , 
c r y s t a l s of wi l lemi te a p p e a r a f t e r t h e f o r m a t i o n of f r ank l in i t e , a n d before thti 
f o r m a t i o n of c rys ta l l i zed z inc ox ide . T h i s f ac t ass is ts in e x p l a i n i n g t h e assoc ia t ion 
of t h e s e t h r e e m i n e r a l s i n c e r t a i n ve ins . F r a n k l i n i t e c a n also be fo rmed f rom zinc 
ch lo r ide o r f luoride. T h e chlor ide is h e a t e d in m o i s t a i r w i t h ferric chlor ide , or w i t h 
p o w d e r e d haemat i t e . I n t h e case of t h e fluoride, 4 p a r t s a r e m i x e d w i t h 6 p a r t s 
of p o t a s s i u m fluoride, a n d 2 p a r t s of ferric fluoride o r 1 p a r t of ferric ox ide . A n y 
c r y s t a l s of z inc i t e w h i c h a r e f o r m e d a r e r e m o v e d b y t r e a t m e n t w i t h dil . ace t ic ac id . 
A f r ank l in i t e i den t i ca l w i t h t h e n a t u r a l rn inera l is o b t a i n e d b y fusing t o g e t h e r 
sod ium s u l p h a t e a n d 10 p e r cen t , e a c h of z inc , m a n g a n e s e , a n d ferric s u l p h a t e s , 
a n d a d d i n g a sma l l q u a n t i t y of a r e d u c i n g a g e n t , s u c h a s fer rous su lph ide , d u r i n g 
fus ion. T h e smal l q u a n t i t y of fer rous ox ide t h u s f o r m e d combines w i t h some of 
t h e ferr ic ox ide a n d fo rms m a g n e t i t e , w h i c h crys ta l l izes w i t h t h e z inc fe r r i te . 
K . L i s t , a n d H . F o r e s t i e r a n d G. C h a u d r o n o b t a i n e d zinc ferr i te b y a d d i n g s o d i u m 
h y d r o x i d e t o a m i x e d so ln . of z inc a n d ferr ic chlor ides , a n d s t rong ly h e a t i n g t h e 
p r e c i p i t a t e ; a n d S. H i l p e r t u s e d a s o m e w h a t s imi lar m e t h o d . J . S. Wel ls r e p o r t e d 
t h e c o m p o u n d s 2 Z n O - F e 2 O 8 , a n d 4 Z n O - F e 2 O 8 . 

F r a n k l i n i t e i s a n i ron -b l ack m i n e r a l w i t h a r edd i sh -b rown or b l ack s t r e a k ; 
artificial z inc fer r i te i s r e d d i s h - b r o w n w i t h a yel lowish-red s t r eak . F r a n k l i n i t e 
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m a y occur in coarse o r fine g r a n u l a r o r c o m p a c t masses , a n d i n o c t a h e d r a l c rys t a l s 
belonging t o t h e cub ic s y s t e m . T h e r e is a n o c t a h e d r a l pseudo-c leavage o r p a r t i n g 
as wi th m a g n e t i t e . F . B e c k e found t h a t t h e corros ion figures w i t h 17*5 p e r c e n t , 
hydrochlor ic ac id r e semble t h o s e of spinel or m a g n e t i t e ; a n d O. Mugge o b t a i n e d 
similar resu l t s w i t h p o t a s s i u m h y d r o s u l p h a t e , e t c . O b s e r v a t i o n s o n t h e c ry s t a l s 
were also m a d e b y A . H . Phi l l ips , F . R . v a n H o r n , W . J . M e a d a n d C. O. S w a n s o n , 
a n d H . Mierke ; a n d J . KLonigsberger s t u d i e d t h e op t i ca l a n i s o t r o p y . A. G or geu 
sa id t h a t t h e art if icial c rys t a l s a p p e a r in r egu la r o c t a h e d r a modif ied b y face ts of t h e 
r h o m b o i d a l d o d e c a h e d r o n . P . F . K e r r s t u d i e d t h e X - r a d i o g r a m s . E . P o s n j a k 
f o u n d t h e cub ic space- la t t i ce is of t h e spinel t y p e w i t h e igh t molecules p e r u n i t cell, 
a n d w i t h a = 8 - 4 1 A. ; G. L». Clark a n d co-workers g a v e a = 8 * 4 2 3 A. ; a n d S. Ho lge r s -
son g a v e a ==8*403. M. L . H u g g i n s d i scussed t h e e lec t ronic s t r u c t u r e . T h e 
ca l cu l a t ed d e n s i t y is 5-349, a n d t h e o b s e r v e d 5*290. G. C. S t o n e g a v e 5*09 t o 
5*215 for t h e sp . gr . of f rankl in i te ; A. Gorgeu , 5*09, a n d for artificial z inc ferr i te , 
5*33, whi le J . J . E b e l m e n g a v e 5-12. W . B i l t z a n d co-workers f o u n d t h a t t h e m o l . 
vo l . is 44*6, of wh ich 14*3 be longs t o Z n O , a n d 30*3 t o F e 2 O 3 . T h e h a r d n e s s of 
f r ank l in i t e is 5*5 t o 6*5 ; a n d of art if icial z inc ferr i te , 6*5. H . F o r e s t i e r o b s e r v e d 
n o anomaly on t h e d i l a t ion c u r v e u p t o 800° . G. Spezia sa id t h a t t h e m i n e r a l is 
infusible before t h e b low-pipe . E . S. L a r s e n g a v e 2*36 for t h e i n d e x of re f rac t ion ; 
a n d E . Posn j ak , 2*31 for l a - l i gh t . E . T . W h e r r y found f rankl in i te t o be a m e d i u m 
r a d i o d e t e c t o r . F . Bei je r inck found t h a t t h e m i n e r a l is a good c o n d u c t o r of 
e lec t r ic i ty , p a r t i c u l a r l y a t h igh t e m p . E . E . F a i r b a n k s g a v e > 8 1 ( w a t e r 81) for 
t h e dielectr ic c o n s t a n t . A. Gorgeu sa id t h a t t h e art if icial fer r i te is n o n - m a g n e t i c , 
whi le f rankl in i te is m a g n e t i c ; S. H i l p e r t f ound t h a t art if icial z inc ferr i te is non
m a g n e t i c u n t i l i t h a s b e e n fused ; a n d H . F o r e s t i e r a n d G. C h a u d r o n s t a t e d t h a t 
z inc ferr i te gives a m a g n e t i z a t i o n - t e m p , c u r v e w i t h n o d i s con t inu i ty , a n d which is 
revers ib le t h r o u g h o u t . T h e m e a n m a g n e t i c suscep t ib i l i ty of zinc ferr i te is 
0-16 XlO"-"3 m a s s u n i t . F . S t u t z e r a n d co-workers found t h e coefT. of m a g n e t i z a t i o n 
of f rank l in i t e t o be 3 5 - 6 4 X l O - 6 ; a n d E . F . H e r r o u n a n d E . Wi lson , t h e m a g n e t i c 
suscep t ib i l i ty t o be 455 X 10—6, a n d W . R . Crane , 33 X 10~° . Accord ing t o Y . K a t o 
a n d T. Take i , t h e m o s t h igh ly m a g n e t i c p r o d u c t s a r e o b t a i n e d b y h e a t i n g z inc a n d 
ferric ox ides in t h e p r o p o r t i o n 2 : 3 . T h e p r o d u c t o b t a i n e d b y h e a t i n g t h i s m i x t u r e 
a t 1130° a n d t h e n q u e n c h i n g , w a s b l ack a n d a l m o s t n o n - m a g n e t i c , b u t if a l lowed t o 
cool s lowly in t h e a i r i t w a s r e d d i s h - b r o w n a n d e i t he r m a g n e t i c o r n o n - m a g n e t i c , 
a c c o r d i n g t o t h e r a t e of cooling. B l a c k spec imens t u r n e d r e d d i s h - b r o w n a n d 
b e c a m e m o r e m a g n e t i c w h e n h e a t e d a t 450° . T h e m a g n e t i c c h a r a c t e r of t h e b r o w n 
spec imens is a t t r i b u t e d m a i n l y t o m e c h a n i c a l l y m i x e d ferric ox ide . M a g n e t i t e c a n 
f o r m solid soln . w i t h z inc fer r i te a n d t h e r e b y g r e a t l y inc rease i t s m a g n e t i c c h a r a c t e r . 
S. H i l p e r t a n d co-workers , a n d S. Ho lge r s son a n d A. Serres s t u d i e d t h e m a g n e t i c 
p rope r t i e s of t h e ferr i tes . H . K i t t e l a n d G. F . H i i t t i g sa id t h a t m i x t u r e s of t h e 
c o m p o n e n t oxides w h e n ca lc ined a t 620° s h o w n o m a r k e d c h a n g e in m a g n e t i c 
p r o p e r t i e s or in t he i r X - r a d i o g r a m s ; a t 620° t o 670°, t h e m a g n e t i c suscep t ib i l i t y is 
i nc reased ; a n d a t 670° t o 770°, t h e c o m p o u n d becomes f e r r o m a g n e t i c , a n d t h e r e is 
a c h a n g e in i n t e r n a l s t r u c t u r e . H . A. J . W i l k e n s a n d H . B . C. N i t z e d iscussed t h e 
m a g n e t i c s e p a r a t i o n of f rank l in i t e . H . F o r e s t i e r cou ld n o t fix a defini te Curie p o i n t . 
A. Gorgeu sa id t h a t z inc ferr i te is a t t a c k e d v e r y s lowly b y a c i d s ; f rank l in i t e d issolves 
in hydroch lo r i c ac id w i t h t h e e v o l u t i o n of a l i t t l e c h l o r i n e — t h i s is a t t r i b u t e d t o t h e 
effect of t h e a d m i x e d m a n g a n i c ox ide . C. E . S w a r t z a n d F . C. K r a u s k o p f o u n d 
t h a t zinc ferr i te c a n be p a r t i a l l y d e c o m p o s e d b y c a l c i u m ox ide or m a g n e s i u m ox ide 
a t 850°. V . Tafel a n d H . Grosse o b s e r v e d t h a t a t 1050°, z inc fer r i te is r e d u c e d b y 
c h a r c o a l as r a p i d l y as z inc ox ide , b u t be low t h i s t e m p . , i t i s r e d u c e d m o r e s lowly ; 
zinc ox ide is m o r e easily r educed b y me ta l l i c i r o n ; t h e a d d i t i o n of s ome l ime t o t h e 
f e r r i t e f avours r educ t i on . T h e t r a n s f o r m a t i o n s of franklinite i n n a t u r e w e r e d i s 
c u s s e d b y J . R o t h ; a n d A. R . Leeds r e p o r t e d a pseudomorph of franklinite after 
calcite . 

, ^ ; Forest ier and G. Chaudron prepared c a d m i u m ferri te , Cd (FeO^) 2 , b y t h e 
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m e t h o d s t h e y e m p l o y e d for zinc ferr i te . T h e m a g n e t i c p r o p e r t i e s d i s a p p e a r on 
h e a t i n g , a n d u l t i m a t e l y d i s appea r a t t h e Curie po in t , a b o u t 400°, b u t a r e r e s t o r e d 
on cooling ; t h e h e a t i n g a n d cooling c u r v e s g ive co inc iden t c u r v e s un less h e a t e d 
a b o v e t h e Curie p o i n t , w h e n t h i s p o i n t is depressed, a n d b y keep ing t h e fer r i te a t a 
h igh t e m p , for some t i m e i t c a n b e t r a n s f o r m e d i n t o a p a r a m a g n e t i c fo rm. 
E . P o s n j a k found t h a t t h e cubic space- la t t i ce is of t h e spinel t y p e w i t h 8 mols . 
p e r u n i t cell, a n d a = 8 * 6 7 A. ; t h e ca lcu la t ed d e n s i t y is 5-835, a n d t h e observed , 
5-764. S. Holgersson g a v e a = 8 - 7 3 1 A . W . Bi l tz a n d co-workers found t h e mol . 
vol . is 50-0, of wh ich 15-8 be longs t o CdO, a n d 34-2 t o F e 2 O 3 . H . Fores t i e r sa id t h a t 
t h e l a t t i ce is h e x a g o n a l w i t h t h e r a t i o a : c = l : 1-64. P a r a m a g n e t i c c a d m i u m ferri te 
loses i t s m a g n e t i s m w h e n h e a t e d . T h e r e is a n a l lo t ropic c h a n g e w i t h t h e ferro
m a g n e t i c s t a t e u n s t a b l e . T h e i n d e x of re f rac t ion w i t h Li - l ight is 2-39. H . Fores t i e r 
obse rved t h a t t h e m a g n e t i c t r a n s i t i o n t e m p , is n o t revers ib le , be ing a b o u t 250° 
on t h e h e a t i n g cu rve , a n d 150° on t h e cool ing c u r v e . T h e r e l a t ion b e t w e e n t h e 
s t r e n g t h of t h e m a g n e t i c field a n d t h e i n t e n s i t y of m a g n e t i z a t i o n is s h o w n in F i g . 545 . 

N o a l u m i n i u m ferrite h a s b e e n p r e p a r e d . A. S a l v e t a t obse rved t h e b leaching 
ac t i on of a l u m i n a o n ferric ox ide . A. B e c h a m p f o u n d t h a t freshly p r e c i p i t a t e d 
a l u m i n i u m h y d r o x i d e a d d e d t o a di l . o r cone . soln. of ferric chlor ide slowly wi th 
d r a w s t h e i r on f rom soln. a s h y d r a t e d ferric oxide , b u t t h e reverse ac t ion does n o t 
occur , s ince freshly p r e c i p i t a t e d ferric h y d r o x i d e does n o t dissolve in dil. or cone, 
soln. of a l u m i n i u m chlor ide . I n some of t h e baux i t e s 
a n a l y z e d b y P . Ber th i e r , H . S t . C. Devi l le , a n d 
M. v o n LiIl, some ferric oxide seems t o rep lace 
a l u m i n a i somorphous ly . Accord ing t o N . K u h n l a n d 
W . Pau l i , w h e n p r e c i p i t a t e d a l u m i n i u m h y d r o x i d e is 
p e p t i z e d w i t h ferric chlor ide , o r ferric h y d r o x i d e 
w i t h a l u m i n i u m chlor ide, b r o w n sols a r e o b t a i n e d 
c o n t a i n i n g r o u g h l y e q u i v a l e n t a m o u n t s of a l u m i n i u m 
a n d i ron , t h e p r o p o r t i o n s v a r y i n g w i t h t h e m o d e of 
p r e p a r a t i o n . I n t h e r e p l a c e m e n t of chlor ine b y 
coagu la t i ng an ions , a n d i n t h e re la t ions e x h i b i t e d b y 
t h e t r a n s p o r t n u m b e r s , a n d t h e size of pa r t i c l e s , t hese 
sols r e semble p u r e ferric h y d r o x i d e p e p t i z e d sols. 
I t is sugges t ed t h a t t h e sol pa r t i c l e s h a v e t h e s a m e 
c o n s t i t u t i o n a s solid soln. H . Fo re s t i e r o b s e r v e d t h a t 
t h e b r e a k in t h e d i l a t ion c u r v e of different m i x t u r e s 

v a r i e d a s i n d i c a t e d i n F i g . 550. S. H i l p e r t a n d co-workers s tud ied t h e 
m a g n e t i c p r o p e r t i e s of t h e a l u m i n i u m ferr i tes or solid so ln .—Al 2 O 3 -SFe 2 O 3 . 
T h e m i n e r a l hercynite, a n a l y z e d b y B . Q u a d r a t , a n d syn thes i zed b y J . J . Ebe l -
m e n , is a fer rous a l u m i n a t e — 6 . 3 3 , 12. Acco rd ing t o H . W a r t h , w h e n m i x t u r e s 
of a l u m i n a a n d ferric ox ide a r e h e a t e d before t h e b low-pipe , t h e y become p u r e 
w h i t e i n colour p r o v i d e d t h e p r o p o r t i o n of t h e ferric ox ide does n o t exceed 7 p e r 
cen t . ; b e y o n d t h a t s t age , t h e m i x t u r e s a r e b r o w n af ter t h e y h a v e been h e a t e d . 
T h e b l each ing a c t i o n of a l u m i n a o n ferric ox ide w a s obse rved b y A. Sa lve t a t , a n d 
a t t r i b u t e d b y L . A . K e a n e , F . H . Schee tz , a n d J . H . Yoe , t o be d u e t o t h e fine 
p a r t i c l e s of p e p t i z e d ferric ox ide be ing p r e v e n t e d f rom agg lomera t ing t o r e d ferric 
o x i d e b y a l u m i n a . F'or ferric aluminate, vide infra* ferric chlor ide. 

A c c o r d i n g t o E . D . Campbe l l , if a soln. of l ime in m o l t e n 5 C a 0 . 3 A l 2 0 3 c o n t a i n s 
a l u m i n a a n d ferric ox ide in t h e m o l a r p r o p o r t i o n 1 : 3 , a n d is slowly cooled, a solid 
so ln . of ferr ic ox ide a n d a l u m i n a crys ta l l izes o u t in t h e r a t i o 1 : 7 unt i l t h e r a t i o in 
t h e so ln . h a s inc reased t o 1 : 3-5, w h e n c rys t a l s of t h e solid soln. in th i s r a t io c rys ta l 
lize o u t , a n d t h e r a t i o i n t h e soln. h a s a t t a i n e d 1 : 1 a t a b o u t 1370°. T h e so lubi l i ty 
of ca lc ium ox ide i n fused ca l c ium a l u m i n a t e s in which p a r t of t h e a l u m i n a is rep laced 
b y ferric ox ide is less t h a n in p u r e a l u m i n a t e s . H . Fores t i e r a n d G. C h a u d r o n 
found t h a t t h e p re sence of a l u m i n a in ferric ox ide does n o t lower t h e t r a n s i t i o n 
point , 675°, of ferric oxide if t h e m i x t u r e h a s prev ious ly been h e a t e d t o 400 . T h i s 
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i s t a k e n t o s h o w a mere j u x t a p o s i t i o n of t h e t w o o x i d e s , n o t s o l i d s o l n . M i x t u r e s 
h e a t e d t o 7 0 0 ° a f f o r d e v i d e n c e of t h e f o r m a t i o n of s o l i d s o l n . , w h i c h i s c o m p l e t e d 
a t 9 0 0 ° in. 2 h r s . T h e a d d i t i o n of u p t o 1 2 p e r c e n t , of a l u m i n a d e c r e a s e s t h e t r a n 
s i t i o n p o i n t t o 5 7 5 ° , b u t f u r t h e r a d d i t i o n s p r o d u c e n o o t h e r c h a n g e . H . Ie 
C h a t e l i e r b e l i e v e d t h a t a c a l c i u m a l u m i n a t o f e r r i t e , 3 C a O - A l 2 O g - F e 2 O 8 , e x i s t s ; 
w h i l e E . S . S h e p h e r d a n d c o - w o r k e r s o b s e r v e d t h a t c a l c i u m o x y f e r r i t e , 2 C a 0 . F e 2 0 8 , 

r e a c t e d w i t h 5 C a 0 . 3 A l 2 0 8 . W . C. H a n -
Al2O3 s e n , a n d L . T . B r o w n m i l l e r a n d R . H . 

B o g u e s t u d i e d a p a r t of t h e t e r n a r y 
s y s t e m : A l 2 O 3 - F e 2 O 8 - C a O , a n d t h e i r 
r e s u l t s a r e s u m m a r i z e d i n F i g . 5 5 1 . 
T h e a r e a A i s t h e z o n e w h e r e c a l c i u m 
o x i d e o c c u r s a s p r i m a r y p h a s e ; B, t h e 
a l u m i n a t e , 3 C a O - A l 2 O 3 ; C, t h e a l u m i n -
a t e , 5 C a O . 3 A l 2 O 3 ; £>, t h e c o m p l e x 
4 C a O - A l 2 O 3 - F e 2 O 3 ; a n d E> t h e z o n e of 
s o l i d s o l n . of 4 C a O - A l 2 O 3 - F e 2 O 3 a n d 
2 C a O - F e 2 O 3 . T h e d o t t e d l i n e i s n o t a 
t r u e b o u n d a r y l i n e s i n c e , o w i n g t o t h e 
f o r m a t i o n of a c o n t i n u o u s s e r i e s of 
s o l i d s o l n . , t h e r e c a n b e n o t r u e b o u n 
d a r y l i n e s e p a r a t i n g t h e fields w h e r e 
4 C a O . A l 2 0 3 . F e 2 0 3 a n d 2 C a O - F e 2 O 3 

o c c u r a s p r i m a r y p h a s e s . C r y s t a l l i n e 
calcium aluminatoferrite, 4CaO. Al2O8.-

F e 2 O 3 — a l s o c a l l e d brownmilleriter—is r e a d i l y f o r m e d b y h e a t i n g a m i x t u r e of i t s 
c o m p o n e n t s b e l o w 1 4 0 0 ° . I t h a s a s p . g r . 3 -77 , a n d i t m e l t s c o n g r u e n t l y a t 1 4 1 5 ° . 
T h e c o m p o u n d i s b i a x i a l , a n d n e g a t i v e ; i t h a s a m e d i u m o p t i c a x i a l a n g l e ; t h e r e 
i s o c c a s i o n a l p o l y s y n t h e t i c t w i n n i n g , a n d t h e p r i s m a t i c g r a i n s h a v e t h e e x t i n c t i o n 
a n g l e a g a i n s t t h e p r i s m a t i c f a c e s v e r y s m a l l ; t h e p l e o c h r o i s m y i s b r o w n , a n d 
a, y e l l o w i s h - b r o w n . T h e i n d i c e s of r e f r a c t i o n a r e : a=1-96, £ — 2 - 0 1 , a n d y = 2 - 0 4 
f o r L i i - l i g h t ; a n d c t , = l * 9 8 , ) S = 2 - 0 5 , a n d y = 2 - 0 8 f o r t h e y e l l o w m e r c u r y l i n e , A = 5 7 8 . 
S . S o l a c o l n e s t a b l i s h e d t h e i n d i v i d u a l i t y of t h i s s a l t . I t i s s t a b l e i n t h e p r e s e n c e 
of a n e x c e s s of l i m e , a n d f o r m s s o l i d s o l n . w i t h d i c a l c i u m f e r r i t e . A c c o r d i n g t o 
W . C . H a n s e n , a n d L . T . B r o w n m i l l e r a n d R . H . B o g u e , t h e f . p . c u r v e of c a l c i u m 
a l u m i n a t o f e r r i t e w i t h c a l c i u m o x i d e f o r m s a e u t e c t i c m i x t u r e m e l t i n g a t 1 3 9 5 ° , 

3CaO. 5Al1O3 jf 

CaO. AL2O3 / 

SCa.0.3'Al2O3^C\ 

JCaO-AL2O3 / \ ^ H f i | 
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Fe2O3 

F I G . 5 5 1 . — P h a s e D i a g r a m of a P o r t i o n of 
t h e T e r n a r y S y s t e m : C a O - A l 8 O 8 - F e 2 O 3 . 
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F I G . . 5 5 2 . — F r e e z i n g - p o i n t C u r v e s of t h e 
S y s t e m : 4 C a C A l 2 O 8 - F e 8 O 3 a n d CaO. 
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F I G . 553.-—Melt ing-points a n d R e f r a c t i v e 
I n d i c e s of Sol id S o l u t i o n s of 4 C a O . -
A l 8 O 3 - F e 8 O 8 a n d 2 C a O . F e 8 O a . 

F i g . 5 5 2 . M i x t u r e s of c a l c i u m a l u m i n a t o f e r r i t e , a n d c a l c i u m o x y f e r r i t e , F i g . 5 5 3 , 
f o r m a c o m p l e t e s e r i e s of s o l i d s o l n . T h e o x y f e r r i t e d i s s o c i a t e s a t 1 4 3 5 ° i n t o 
c a l c i u m o x i d e a n d l i q u i d . T h e i n d i c e s of r e f r a c t i o n of t h e s o l i d s o l n . a r e s h o w n i n 
F i g . 5 5 3 . T h o s e r i c h i n 4 C a O . A l 2 O 8 . F e 2 O 8 a r e n e g a t i v e , t h o s e r i c h i n 2 C a O . F e 2 O 8 

a r e p o s i t i v e . M i x t u r e s of c a l c i u m a l u m i n a t o f e r r i t e w i t h c a l c i u m d i o x y t r i a l u m i n a t e , 
I K k U X S A l 2 O 8 , o r 2 C a 0 . 3 C a ( A 1 0 2 ) 2 , h a v e a e u t e c t i c a t 1 3 3 5 ° , F i g . 5 5 4 . W i t h t h e 
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s y s t e m calcium aluminate a n d ferr i te , F i g . 555 , t h e r e is a eu t ec t io a t 1205°. 
W . C. H a n s e n a n d L . T- Brownmi l l e r m a d e a p a r t i a l s t u d y of t h e f .p . of t h e s y s t e m : 
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FiO. 554.—Freezing- point Curve of t h e 
S y s t e m : 4CaO.Al 4 O 3 -Fe 8 O 8 and 5CaO.-
3Al 2 O 8 . 

FiQ. 555. F r e e z i n g - p o i n t C u r v e of t h e 
S y s t e m : C a O - F e 8 O 3 a n d CaO-Al 2 O 3 . 

M g O - I C a C A l 2 O 3 - F e 2 O 3 , a n d t h e resu l t s a r e s u m m a r i z e d in F ig . 556. T h e solid 
soln . d issocia te a t 1370° ; a n d u n d e r g o a t h e r m a l c h a n g e a t 1300°. A c a l c i u m 
m a g n e s i u m aluminatoferr i te , 4CaO.2MgO.Al 2 O 3 -Fe 2 O 3 , is formed, which dissociates 
a t 1370°, a n d changes f rom a n a- t o a /?-form a t 1300°. I t s sp . gr. is 3-72 ; t h e 
c rys ta l s a r e un iax ia l or b iaxia l , w i th a v e r y smal l op t i c axia l angle ; ex = 1-92, a n d 
y = l - 9 7 for Li- l ight . T h e pleochroic c rys ta l s h a v e 
<x=yel lowish-brown, a n d y = d a r k b r o w n a l m o s t 
o p a q u e . T h e X - r a d i o g r a m s were e x a m i n e d . 
T . F . W . B a r t h a n d E . P o s n j a k s t u d i e d t h e ferr i te , 
a n d f avoured t h e s t r u c t u r e F e " M g F e 0 4 . 

H . v o n W a r t e n b e r g a n d W . G u r r obse rved t h a t 
n o z i rcon ium ferrite is fo rmed b y h e a t i n g m i x t u r e s 
of t h e c o n s t i t u e n t oxides—see F ig . 530. S. H i l p e r t 
a n d co-workers s t u d i e d t h e m a g n e t i c p rope r t i e s of 
t h e s tannic ferrites, S n O 2 ^ F e 2 O 3 a n d S n 0 2 . 3 F e 2 0 3 . 
Accord ing t o K . L is t , l ead ferrite, P b ( F e O 2 ) 2 , is 
fo rmed b y t h e ac t ion of lead oxide on a soln. of 
ferric chlor ide ; accord ing t o O. P r o s k e , w h e n lead 
s u l p h a t e is decomposed b y ferric oxide ; a n d , 
accord ing t o H . Fores t i e r a n d G. C h a u d r o n , a n d 
S. H i l p e r t , b y a d d i n g a lkal i - lye t o a m i x e d soln. 
of l ead a n d ferric chlor ides , a n d h e a t i n g t h e p re 
c ip i t a t e t o redness . H . F o r e s t i e r sa id t h a t t h e 
X - r a d i o g r a m s co r r e spond w i t h a h e x a g o n a l l a t t i ce . 
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F i o . 556. F reez ing -po in t Cu rves 
of t h e S y s t e m : 

M g O - 4 C a O . Al a 0 3 . F e 2 0 3 . 

_ S. H i l p e r t a n d A . L i n d n e r 
e x a m i n e d t h e X - r a d i o g r a m s of t h e l ead f e r r i t e s : P b O - F e 2 O 3 , P b O . 2 F e 2 O 3 , a n d 
P b O . 8 F e 2 O 3 . E . J . K o h l m e y e r o b t a i n e d cool ing cu rves of m i x t u r e s of l ead a n d 
ferric oxides , a n d o b t a i n e d ev idence of t h e possible ex is tence of c o m p o u n d s w i t h 
t h e m o l a r r a t i o , P b O : F e 2 O 3 = 3 : 1, 3 : 2 , 1 : 1, 2 : 3 , a n d 1 : 2 . T h e m i c r o s t r u c t u r e 
of t h e m i x t u r e s agrees w i t h t he se r e su l t s . T h e sp . gr . a n d sp . vol . of t h e m i x t u r e s 
were : 

P b O . 
S p . gr-
S p . v o l . 

100 
9-514 
0-105 

75 
8-17O 
0 1 2 2 

60-22 
7-896 
0 1 3 7 

51-48 
6-936 
O-144 

4O-12 
6-337 
0 1 5 8 

28-26 
5-974 
0 1 6 7 

18 39 
5-461 
0 1 7 7 

9-71 
5-353 
0-187 

T h e c u r v e w i t h full d a t a h a s b r e a k s co r r e spond ing w i t h 3 : 1 , 3 : 2 , a n d 2 : 3 . T h e 
h a r d n e s s increases w i t h increas ing p r o p o r t i o n s of ferric oxide . The cu rve of t h e 
re la t ive m a g n e t i c pe rmeab i l i t i e s h a s a sma l l m a x i m u m wi th t h e 1 : 1 c o m p o u n d , 
a n d t h e r e is a b r e a k co r re spond ing w i t h t h e 1 : 2 c o m p o u n d . E . J . K o h l m e y e r , a n d 
M. Feiser o b s e r v e d t h a t t h e l ead is less vo l a t i l e t h a n i t is w i th l i tharge . Accord ing 
t o E . J . !Kohlmeyer, t h e co lour of al l t h e m i x t u r e s i n h y d r o g e n da r kens a t 220° ; a n d 
a t 260° t o 280° s o m e m e t a l is fo rmed . W h e n h e a t e d in a i r o r oxygen s o m e r e d 
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lead is formed, and water extracts a little lead oxide ; if exposed to air and water, 
a skin of basic lead carbonate is formed ; boiling cone, hydrochloric acid extracts 
the lead oxide ; hydrogen sulphide blackens the moist powder ; and nitric acid 
extracts most of the lead bu t leaves a little behind as lead dioxide. The lead ferrites 
are decomposed when heated with silica. H . Forestier observed no break in the 
dilation curve up to 600° ; the Curie point is a t 335°, and i t is nearly reversible. 
The relation between the strength of the magnetic field and the intensity of magneti
zation is shown in Fig. 545. H . Sachse studied the Curie po in t ; and S. Hilpert 
and co-workers, the magnetic properties. A. Serres studied the magnetic properties 
of lead ferrite. L. J . Igelstrom, and G. AminofT described a mineral from the 
Jacobsberg mine, Nordmark, Wermland, Sweden. He called i t plumboferrite. 
I t s composition approximates Pb(Fe02>2 irL which pa r t of the lead is replaced by 
calcium, magnesium, manganese(ous), and iron(ous). I t occurs in nearly black, 
cleavable masses, with a red streak, and a hardness of 5. K. Johansson calculated 
from the analysis the formula (Pb9Mn5Fe)0.2Fe2O3 . The axial ratio of the hexagonal 
crystals is a : c—1 : 3-9719 ; and the X-radiograms correspond with a hexagonal 
lattice having a = l l - 8 6 A., and c=47-14 A., or a : c=l : 3-9747. There are 42 mols. 

or 504 atoms in each elementary parallelopipedal 
cell. The sp. gr. is 6-07. The mineral acts feebly 
on a magnet. According to H. Forestier and co
workers, the magnetization decreases as the temp, 
rises, and disappears a t the Curie point ; the 
heating and cooling curves coincide ; and the 
mean magnetic susceptibility is 1-2x10—3 mass 
unit . S. Hilpert said t h a t lead ferrite prepared 
in the wet way is non-magnetic until fused. The 
transformation point of lead ferrite is near 200°. 
A mixed lead and cupric ferrite is as strongly 
magnetic as pure cupric ferrite if rapidly cooled 
from 1000°, bu t loses this property if slowly 
cooled, or if melted a t 1300°. The permeability 
is restored by heating to 900° and slowly cooling. 
H. Sachse, and S. Hilpert studied the subject. 
G. AminoS described magneto-plumbite as a 

related mineral from Langban, Sweden. I t has a complex composition approxi
mating 2RO.3Fe2O3 or 3RO.4Fe2O3—the X-radiogram favours the former. I t 
occurs in black, acute, hexagonal pyramids with the axial ratio a : c = l : 3-91 ; 
the basal cleavage is perfect. The X-radiogram indicates a holohedral, hexagonal 
crystal with a unit cell of dimensions a—606 A., and c=23-69 A., containing four 
mols. 2RO.3Fe2O3 . The streak of magnetoferrite is brown ; the sp. gr., 5-517 ; 
and the hardness, about 6. Unlike plumboferrite, magnetoferrite is strongly 
magnetic. K. Johansson described a mineral from Jacobsberg, Wermland, and 
he called it hamatophanite. I t occurs in th in plates with a mica-like cleavage. 
The mineral is dark reddish-brown ; t he powder is yellowish-red. When in very 
thin plates, the colour by t ransmit ted light is blood-red. The analysis corresponds 
with lead chloroferrite, Pb(Cl,OH).4PbO.2Fe2O8 . The tetragonal crystals have 
the axial rat io a : c = l : 1-95, a n d the X-radiogram shows t h a t the lattice has 
a=^=7-801 A., and c=15-23 A., or a : c = l : 1-952. There are 3 mols. in each 
parallelopipedal cell. The sp. gr. is 7*70 ; and the hardness, 2 to 3 . 

No chromic ferrite has been prepared—vide ferrous chromite. H . Forestier 
and G. Chaudron observed t h a t the addition of chromic oxide t o ferric oxide lowers 
the transit ion point of ferric oxide 230° when 4O per cent, has been added, and there 
is no sharp break in the temperature-chromic oxide curve. Wi th high percentages 
of chromic oxide, the effect on the transition point is less. Ferric a n d chromic 
oxides are miscible in all proportions in agreement with the fact t h a t the rat io of 

mol. vols, is nearly unity. H. Forestier observed t h a t the anomalies in the 

ZO 40 60 80 /00 
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F i « . 5 5 7 . — F r e e z i n g - p o i n t C u r v e 
of M i x t u r e s of L e a d a n d F e r r i c 
O x i d e s . 
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d i l a t i on c u r v e s of different m i x t u r e s of c h r o m i c a n d ferr ic o x i d e s v a r y a s s h o w n i n 
F i g . 550 . S. H i l p e r t a n d A . Wil le s t u d i e d t h e sub jec t . T h e chronbUite of M . Z. J o v i c i c 
is a m i n e r a l f rom W e s t e r n Siber ia whose ana lys i s co r r e sponds a p p r o x i m a t e l y w i t h 
Cr 2 O 8 . F e 2 O 3 , b u t t h e fe r rous a n d ferric i r o n were n o t s e p a r a t e d in t h e a n a l y s i s — 
vide c h r o m i t e . A . Wolff p r e p a r e d s o m e tungstatoferri tes—vide t u n g s t a t e s , 1 1 . 
62, 14 a n d 16. 

J . H . A n d r e w a n d co -worke r s o b s e r v e d t h a t m a n g a n o u s a n d fe r rous ox ides 
f o r m solid soln . ; a n d P . Oberhoffer a n d O. v o n Ke i l m a d e some d e t e r m i n a t i o n s of 
t h e m . p . of m i x t u r e s of t h e ox ides . K . L i s t a d d e d a lkal i - lye t o a m i x e d soln . of 
e q u i m o l a r p r o p o r t i o n s of m a n g a n o u s a n d ferr ic ch lor ides a n d o b t a i n e d a d a r k 
b r o w n p r e c i p i t a t e , wh ich , a f t e r ca lc ina t ion , w a s r e g a r d e d a s a m a g n e t i c m a n g a n o u s 
ferrite, M n ( F e 0 2 ) 2 ; b u t S. H i l p e r t r e g a r d e d i t a s a fe r rous m a n g a n i t e . E . D i e p -
sch lag a n d E . H o r n , a n d C. W . P a r m e l e e a n d co -worke r s , o b s e r v e d t h a t a t a 
h i g h t e m p . , m a n g a n o u s a n d ferr ic ox ides u n i t e t o f o rm t h e fer r i te . E . W i l s o n 
a n d E . E . H e r r o u n s t u d i e d t h e m a g n e t i c su scep t ib i l i t y of m a n g a n e s e fer r i te . 
A . D a m o u r desc r ibed a b l a c k m i n e r a l , jacobs i te , f rom J a c o b s b e r g , W e r m l a n d , 
S w e d e n . A n a l y s e s w e r e r e p o r t e d b y A . D a m o u r , C. F . R a m m e l s b e r g , O. L i n d -
s t r o m , Li. J . I g e l s t r o m , G. E l ink , a n d F . K o v a r , a n d t h e resu l t s ag ree w i t h 
(Mn 9 Fe)O-(Fe 9 Mn) 2 O 3 . T h e d i s t o r t e d o c t a h e d r a l c ry s t a l s be long t o t h e cub ic 
s y s t e m . K . J o h a n s s o n g a v e M g F e 2 0 4 + ( M n , F e ) F e 2 0 4 . 
T h e X - r a d i o g r a m s of t h e cub ic c r y s t a l s i n d i c a t e a l a t t i c e 
of s ide a—8*42 A. , L . Pas se r in i g a v e a==8*515 A. ; a n d 
t h e l a t t i c e i s of t h e m a g n e t i t e t y p e , w i t h 8 mols . , 
(Mg 1 Mn)Fe 2 O 4 , p e r u n i t cell. T h e sp . g r . is 4-76 ; 
L . Pas se r in i g a v e 4-436. S. Ho lge r s son g a v e for art if icial 
M n ( F e 0 2 ) 2 , a = 8 - 5 7 2 A. ; a n d G. L . Cla rk a n d co -worke r s , 
a = 8 * 4 5 7 A. A. D a m o u r g a v e for t h e s p . gr . 4*75, a n d 
for t h e h a r d n e s s , 6. W . BiI tz a n d co -worke r s g a v e 47-3 
for t h e m o l . vol . , of wh ich 13*3 be longs t o t h e M n O , 
a n d 3 4 0 t o F e 2 O 3 . H . F o r e s t i e r g a v e 54 X 10~6 for t h e 
m a g n e t i c suscep t ib i l i ty . S. H i l p e r t a n d A . Wil le s t u d i e d 
t h e m a g n e t i c p rope r t i e s . Accord ing t o F . A. G e n t h , a 
v a r i e t y of b l ack Eiservmulm, c a n b e r e p r e s e n t e d a s a 
m a n g a n i f e r o u s m a g n e t i t e , ( F e , M n ) 0 . F e 2 O 3 ; i t s sp . gr . w a s 3-76 ; and^M. Weibu l l , 
E . H u g e l , a n d A. H . Ches te r also desc r ibed m a n g a n i f e r o u s m a g n e s i a n m a g n e t i t e s , 
(Fe 9 Mn 9 Mg)O 1 (Fe 9 Mn) 2 O 3 . W . M. B r a d l e y desc r ibed a m i n e r a l , s k e m m a t i t e , f rom 
I v a , S o u t h Caro l ina . I t s c o m p o s i t i o n is 3 M n 0 2 . 2 F e 2 0 3 . 6 H 2 0 , a n d i t is a n 
a l t e r a t i o n p r o d u c t of p y r o x m a n g i t e , (Fe ,Mn)S iO a . I t s h a r d n e s s is.5*5 t o 6 , a n d 
i t i s so lub le i n h y d r o c h l o r i c ac id . P . E . W r e t b l a d o b s e r v e d n o s ign of t h e 
f o r m a t i o n of m a n g a n i c ferrite, M n 2 0 8 . F e 2 0 3 . 

F o r f errous ferrite , F e ( F e 0 2 ) 2 , vide supra, m a g n e t i t e , a n d ferric ox ide , a n d 
h y d r o x i d e . A c c o r d i n g t o S. H i l p e r t , ferric h y d r o x i d e p r e p a r e d b y oxid iz ing f reshly 
p r e c i p i t a t e d fe r rous h y d r o x i d e w i t h a m m o n i u m p e r s u l p h a t e is n o n - m a g n e t i c , b u t if 
first ox id i zed b y a i r t o t h e F e g 0 4 - s t a g e , t h e p e r s u l p h a t e gives a h igh ly m a g n e t i c 
p r o d u c t w h i c h b e c o m e s o r d i n a r y ferr ic ox ide a t 400° . T h e ferric h y d r o x i d e o b t a i n e d 
b y t h e a c t i o n of a i r o n f e r rous c a r b o n a t e is n o n - m a g n e t i c if r a p i d l y p r e p a r e d , b u t if 
o x i d i z e d s lowly so t h a t ferroso-ferr ic ox ide is first fo rmed, t h e final p r o d u c t is 
m a g n e t i c . T h e m a g n e t i c fe r r i tes al l c o n t a i n F e 2 O 8 a s a n ac id-forming oxide , a n d i t 
is p r o b a b l e t h a t t h e magnet ic ferr ic ox ides desc r ibed also r e t a i n t h e s a m e c o n s t i t u 
t i o n : 2 ( F e O + - + - 2 ( F e 2 0 8 ) - - f - 0 = ( F e 2 0 8 + . 2 ( F e 2 O 8 ) - ; t h i s molecu la r a r r a n g e m e n t , 
h o w e v e r , b e i n g u n s t a b l e , w a s c h a n g e d o n h e a t i n g . T h e resu l t s of E . J . K o h l m e y e r 
a r e summarized i n F i g . 558 , w h e r e t h e r e a r e ind ica t ions of t h e f o r m a t i o n of t h e 
f e r rous fe r r i t es , F e O : F e 2 O 8 = I : 1, 3 : 4 , a n d 3 : 5—vide supra, solid soln. of ferric 
a n d f e r rous o x i d e s ; a n d a l so ferrosic ox ide . 

F e r r o u s ferrites c a n b e o b t a i n e d : (i)from orthohydroxide. F . Wonle r , J . R e t o r t , 
a n d L.. A . W e I o a n d O . B a u d i s c h o b t a i n e d fe r rous ferr i te b y t r e a t i n g a m i x e d soln. of 
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C u r v e s of M i x t u r e s of 
F e r r o u s a n d F e r r i c 
O x i d e s . 
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ferrous and ferric salts with alkal i ; A. Krause and co-workers by the action of an 
excess of ammonia on a mixture of peptized yellow ferric metahydroxide in 
0OlN-TlCl and ferrous chloride a t 18° ; and E. Deiss and G. Schikorr obtained i t 
by mixing hydrosols of ferrous hydroxide and ferric orthohydroxide. The product 
is brownish-black. The ferrous ferrites can also be obtained (ii) from metaJiydroxide. 
J . Ldebig and F . Wohler, and R. Bottger obtained ferrous ferrite by treat ing a so In. 
of a ferrous salt with alkali-lye, and oxidizing the boiling mixture with oxygen ; 
and A. Krause and co-workers, by treating a mixed soln. of ferrous and ferric 
chlorides with an excess of aq. ammonia a t 18° ; and E . Kaufmann and F . Haber , 
by treat ing a soln. of ferrous sulphate with ammonia, and oxidizing the boiling 
mixture with sodium nitrate . The product is deep black with a bluish streak. 

A. Krause and J . Tulecki found t h a t the ferrite prepared from the orthohydroxide 
is more hydrated t han the other ferrite. The ferrite obtained from the meta
hydroxide, unlike t h a t from the orthohydroxide, is stable in air and not readily 
oxidized. The ferrite from the metahydroxide contains ra ther more ferrous iron 
than t h a t from the orthohydroxide. The preparation richest in ferrous iron had 
the composition FeO : Fe 2 O 3 : H a O = I : 1-13 : 0-54, or F e / , ( F e , , , 0 2 ) 2 . n H 2 0 . Both 
types are ferromagnetic. W. Biltz and co-workers gave 45-1 for the mol. vol. 
of ferrous ferrite, and of this, 12*0 belongs to the FeO, and 33-1 to the Fe 2O 8 . 

T. F . W. Bar th and E . Posnjak discussed the t i tanium salt, FeTiFeO4 , or 
Ti(FeO2) 2—titanium ferrite. E . J . Kohlmeyer also reported a lead ferrous 
ferrite, PbO-FeO^Fe 2 O 3 . For ferric orthoferrite, Fe(FeO8), see magnetic ferric 
oxide. H . Forestier and G. Chaudron found the mean magnetic susceptibility to 
be 8 O x I O - 3 mass unit . S. Hilpert 's product was obtained by precipitating a 
soln. of a mixture of ferrous and ferric salts with soda-lye. The black precipitate 
becomes red when calcined in air, and its magnetic transformation point is 525°. 

According to S. Hilpert, if a colloidal soln. obtained by treating an aq. soln. 
of cobaltous ni t ra te and ferric chloride with iV-NaOH is t reated with ammonia, 
the precipitated cobaltous ferrite, Co(Fe02)2 , is distinctly magnetic. S. Hilpert 
and A. Wille studied the magnetic properties. The amorphous black powder when 
dried and heated to 280° to 290° loses its magnetic properties, bu t they are restored 
on cooling. S. Holgersson found the spinel-like crystals had the lattice parameter 
«=8-359 A., G. Na t t a and L. Passerini gave «==8-36 A. ; the vol., 584 X 10~2 4 c.c. ; 
and sp. gr. 5-19. S. B. Hendricks and W. H. Albrecht gave a—8-35 A., and sp. gr. 
5*5. R. J . Elliot obtained cobaltous ferrite by joint precipitation, with ammonia, 
from a mixed soln. of cobaltous and ferric salts and heating the mixture in a 
crucible. The sp. gr. is 4-82 a t 10°. W. Biltz and co-workers gave 44-5 for the 
mol. vol., of which 11*7 belongs to the CoO, and 32-8 to the Fe2O3 . When heated 
in a current of hydrogen sulphide, i t forms a magnetic sulphide. S. Veil observed 
tha t the magnetization coeff. of the ferrites are more t h a n 1000 times as great 
as those of the pure constituents. There is a maximum in the magnetization 
coeff. of calcined mixtures of the consti tuent oxides of cobalt ferrite corresponding 
with t h a t of the pure ferrite. E . V. Shannon discussed the formation of ferro
magnetic cobalt ferrite. S. B . Hendricks and W. H . Albrecht found t h a t the 
X-radiograms of cobalt ferrite prepared by adding a mixed soln. of cobalt chloride 
and ferrous ammonium sulphate to boihng sodium hydroxide, are analogous t o 
those of Co8O4 and Fe8O4 . Cobalt ferrite is paramagnetic . The compound cannot 
be completely dehydrated a t 100°, the residual water being merely adsorbed. The 
magnetic susceptibility of preparations oxidized in varying degree indicates an 
increase of this property with diminishing content of Co 2 0 8 .2Fe 2 0 8 , t he value for 
the homogeneous material being 45*6x10—6 mass unit . The oxidized product 
exhibits the same X-ray spectrum as the oxide, CoO-Fe2O8, bu t the lines are less 
sharply denned. When the substance is heated, t h e lines become more distinct 
and completely identical with those of the lower oxide if t he temp, has been raised 
above 3550°. The magnetic properties were examined b y S. Hilpert , P . Martin, 

,JSL l?eil, a n d E. F . Herroun and E. Wilson. S. B . Hendricks and W. H . Albrecht 
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p r e p a r e d w h a t m a y be cobal t ic ferrite, Co 2 O 3 -Fe 2 Os, i n * n e h o m o g e n e o u s s t a t e , b y 
adding p o t a s s i u m p e r s u l p h a t e t o t h e soln. e m p l o y e d for m a k i n g o o b a l t o u s f e r r i t e . 

H . F o r e s t i e r a n d G. C h a u d r o n p r e p a r e d n i c k e l o u s ferrite, N i ( F e 0 2 ) 2 , 0 T a d d i n g 
a lka l i - lye t o a m i x e d soln . of n icke lous a n d ferric chlor ides , a n d h e a t i n g t h e p r e 
c i p i t a t e t o r edness . L . Pas se r in i f o u n d t h a t t h e space - l a t t i ce of t h e cub i c sp ine l 
h a s t h e s ide 8-340 A. ; t h e vo l . 580-09 X 1 0 - 2 * c c . ; a n < j . s p . gr . 5-268. H . F o r e s t i e r 
sa id t h a t t h e sa l t h a s a sp ine l l a t t i ce . .W. B i l t z a n d co-workers g a v e 44-7 for t h e 
m o l . vo l . , of w h i c h 11*0 be longs t o t h e N i O , a n d 33-7 t o t h e F e 2 O 3 . J . A . H e d v a l l , 
K . L i s t , a n d S. Ho lge r s son p r e p a r e d b r o w n m a g n e t i c n ickel ferr i te i n a s imi la r 
m a n n e r . BE. Fo re s t i e r a n d Gr. C h a u d r o n f o u n d t h a t i t s m e a n m a g n e t i c suscep t i 
b i l i t y i s 78 X 1 0 — 8 m a s s u n i t ; a n d i t s m a g n e t i c t r a n s i t i o n p o i n t is 590°. BE. F o r e s t i e r 
o b s e r v e d a b r e a k i n t h e d i l a t i on c u r v e n e a r 590° , a n d t h e Cur ie p o i n t i s a b o u t t h e 
s a m e t e m p . T h e r e l a t i on b e t w e e n t h e s t r e n g t h of t h e m a g n e t i c field a n d t h e 
i n t e n s i t y of m a g n e t i z a t i o n is s h o w n i n F i g . 545 . Nicke l fe r r i t e is s t a b l e a t a h i g h 
t e m p . A. Serres , a n d H . Sachse a lso s t u d i e d t h e Cur ie p o i n t , a n d S. H i l p e r t a n d 
A. Wil le , t h e m a g n e t i c p rope r t i e s . S. Vei l o b t a i n e d r e s u l t s w i t h t h e m a g n e t i z a t i o n 
coeff. of n icke l ferr i te s imi la r t o t h o s e -which she o b t a i n e d w i t h c o b a l t fe r r i te . 
W . S t a h l , a n d A. Ser res s t u d i e d t h e n icke l fer r i tes . A . F . Grosse desc r ibed a 
b l ack n ickel m a g n e t i t e w h i c h w a s cal led trevorite . A n a l y s e s b y A . F . Grosse , a n d 
T . L . W a l k e r co r r e spond w i t h N i ( F e O 2 ) 2 . E . V. S h a n n o n d i scussed t h e fo rma t ion 
of f e r romagne t i c t r e v o r i t e . I t s sp . gr . is 5-165, a n d i t s h a r d n e s s 5 . 

H i g h e r ox ides t h a n ferric ox ide h a v e b e e n a s s u m e d t o ex i s t . T h u s , C. Z i m m e r -
m a n n 2 exp l a ined t h e r eac t i on b e t w e e n p o t a s s i u m p e r m a n g a n a t e a n d fe r rous ch lor ide 
in t h e p resence of hyd roch lo r i c ac id o n t h e a s s u m p t i o n t h a t a h i g h e r i ron ox ide 
w a s f o r m e d ; J . B r o d e , t h e ac t i on of h y d r o g e n d iox ide o n a so ln . of ferric ch lor ide ; 
A . B a c h , t h e ac t i on of a i r o n i ron ; a n d C. W . B e n n e t t a n d W . S. B u r n h a m , a n d 
W . D . Bancro f t , t h e a c t i o n of n i t r i c ac id o n i ron . A l t h o u g h t h e ox ide w i t h quad r i 
v a l e n t i ron , i ron dioxide , F e O 2 , h a s n o t b e e n p r e p a r e d , some sal ts—perferrites 
— s u p p o s e d t o c o n t a i n t h i s ox ide a s a n a c i d a n h y d r i d e h a v e been r e p o r t e d b y 
L . Moser a n d H . Borck . Acco rd ing t o G. Pe l l in i a n d D . Meneghin i , w h e n h y d r o g e n 
d iox ide a c t s on ferrous o r ferric ch lor ide , o r o n ferrous or ferric h y d r o x i d e , t h e r e 
is f o rmed a v e r y u n s t a b l e , pa le r e d s u b s t a n c e re sembl ing colloidal ferric h y d r o x i d e , 
b u t h a v i n g t h e proj jer t ies of a t r u e p e r o x i d e . T h e compos i t ion could n o t be 
e s t ab l i shed w i th c e r t a i n t y , b u t e x p e r i m e n t s s h o w t h a t t h e r a t i o F e : O is n o t less 
t h a n 2 a n d n o t g r e a t e r t h a n 3 . I t is t h o u g h t t h a t t h e p r o d u c t is iron peroxide, 
O = F e - O - O - F e : O, or 

T h e y also f o u n d t h a t a n a lcohol ic soln . of f e r rous chlor ide e x h i b i t s a ye l lowish-green 
co lo ra t ion , t h e i n t e n s i t y of wh ich is o n l y s l igh t ly d imin i shed b y i n t e n s e cold ; w i t h 
ferr ic ch lor ide , t h e soln. h a s a ye l lowish-brown colour , w h i c h fades a p p r e c i a b l y on 
codl ing. T h e soln. of t h e fer rous s a l t r e a c t s energe t i ca l ly w i t h h y d r o g e n d iox ide , 
deve lop ing a cons iderab le a m o u n t of h e a t a n d a n i n t ense b r o w n colora t ion , wh ich 
is n o t sens ib ly l i g h t e n e d b y cooling ; t h e soln. of t h e ferric sa l t r eac t s feebly 
w i t h h y d r o g e n d iox ide , t h e l iqu id o b t a i n e d n o t differing a p p r e c i a b l y f rom t h e 
o r ig ina l soln. , a n d losing i t s co lour in t h e s a m e w a y on cooling. Th i s b e h a v i o u r 
i n d i c a t e s t h a t s o m e s o r t of chemica l c o m b i n a t i o n t a k e s p lace b e t w e e n t h e f e r rous 
s a l t a n d h y d r o g e n d iox ide , whi l s t w i t h ferric chlor ide such c o m b i n a t i o n t a k e s p l a c e 
e i t h e r n o t a t al l o r on ly e x t r e m e l y s lowly. W . M a n c h o t a n d F . Glaser s u p p o s e d 
t h a t t h e d iox ide is f o r m e d w h e n fer rous c o m p o u n d s a r e oxid ized w i t h free o x y g e n ; 
Li. L o s a n a , a s f e r rous f e r ra t e , F e ( F e O 4 ) , w h e n b a r i u m fer ra te is t r e a t e d w i t h a soln. 
of fe r rous n i t r a t e ; a n d C A. O. Rosel l , w h e n b a r i u m fe r ra te is t r e a t e d w i t h a soln . 
of ferr ic ch lor ide . I n c o n n e c t i o n w i t h t h e fe r ra tes o b t a i n e d b y L . L o s a n a — v i d e 
ift/ra—ferrous f e r r a t e , F e ( F e O 4 ) , h a s t h e u l t i m a t e compos i t ion F e O 2 ; a n d ferr ic 
ferrate, F e s ( F e 0 4 ) 3 , t h e u l t i m a t e compos i t i on F e 6 O 1 2 . 
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According to L . Moser a n d H . B o r c k , if a m i x t u r e of cone . soln . of a m o l of ferr ic 
n i t r a t e a n d 1 t o 2 znols of s t r o n t i u m n i t r a t e b e e v a p o r a t e d t o d r y n e s s , a n d t h e 
finely p o w d e r e d res idue h e a t e d t o a t e m p , n o t exceed ing 600°, i n a c u r r e n t of o x y g e n , 
un t i l a l l t h e n i t r o g e n ox ides a r e expe l led , a c o m p o u n d is o b t a i n e d w h o s e c o m 
pos i t ion co r r e sponds w i t h s t r o n t i u m perferrite, S r O - F e O 2 , o r S r F e O 8 , a n d n o t w i t h 
2 S r O 2 - F e 2 O 3 . A h y d r a t e d p r o d u c t is o b t a i n e d a s a ye l lowish -b rown p r e c i p i t a t e 
on w a r m i n g on a water - rbath for some t i m e a suspens ion of f reshly p r e c i p i t a t e d 
ferric h y d r o x i d e in a cone . soln. of s t r o n t i u m h y d r o x i d e . W h e n h e a t e d , i t loses 
w a t e r a n d becomes b r o w n , a n d a t t e m p , exceed ing 300° , i t a b s o r b s o x y g e n t o f o r m 
S r C F e O 2 . I t c a n a lso b e o b t a i n e d b y ox id iz ing a m i x t u r e of f reshly p r e c i p i t a t e d 
l e r r i c h y d r o x i d e a n d a cone . soln. of, s ay , l i t h i u m h y d r o x i d e , w i t h b r o m i n e , a n d 
a lso b y h e a t i n g t h e f e r r a t e u n t i l t h e o x y g e n is evo lved , a n d t h e n h e a t i n g t h e b r o w n 
p r o d u c t in a i r or o x y g e n so a s t o re -oxid ize i t t o pe r fe r r i t e . T h e sa l t w a s a lso 
p r e p a r e d b y W . E i d m a n n a n d !L. Moser ; a n d K . A l b e r t a n d H . Schulz r e c o m m e n d e d 
i t a s a c a t a l y s t for t h e o x i d a t i o n of s u l p h u r d iox ide . Tt. Moser a n d H . B o r c k 
p r e p a r e d bar ium perferrite, B a F e O 3 , b y h e a t i n g t o 400° , i n a c u r r e n t of o x y g e n , a 
m i x t u r e of b a r i u m a n d ferric h y d r o x i d e s ; a n d i t w a s s t u d i e d b y Tt. L o s a n a . I m p u r e 
l i t h i u m perferrite, L i 2 F e O 3 , w a s p r e p a r e d b y L . Moser a n d H . B o r c k , b y ox id iz ing a 
m i x t u r e of l i t h i u m a n d ferric h y d r o x i d e s w i t h b r o m i n e . If a m i x t u r e of b a r i u m or 
s o d i u m a n d ferric h y d r o x i d e s be ox id ized w i t h b r o m i n e , t h e pe r fe r r i t e s a r e p r o d u c e d . 

T h e s e per fe r r i t es a r e b l a c k s u b s t a n c e s w h i c h a re s t a b l e be low 640°, b u t b e y o n d 
t h a t t e m p , t h e y d e c o m p o s e s lowly w i t h t h e e v o l u t i o n of o x y g e n ; t h e r e a c t i o n : 
4 S r F e O 3 ^ 4 S r O + 2 F e 2 O 3 - J - O 2 is r evers ib le . T h e per fe r r i t e s a r e s lowly d e c o m 
p o s e d b y w a t e r w i t h t h e e v o l u t i o n of o x y g e n : 4 S r F e O 3 - f - 1 0 H 2 O — 4 S r ( O H ) 2 
+ 4 F e ( O H ) 3 - J - O 2 ; t h e r e is a v io l en t r e a c t i o n w i t h h y d r o g e n d iox ide : 4 S r F e O 3 
+ 2 H 2 0 2 + 8 H 2 0 = 4 S r ( O H ) 2 + 4 F e ( O H ) 3 + 2 0 2 ; w i t h h y d r o c h l o r i c ac id , b o t h 
ch lo r ine a n d o x y g e n a r e evo lved : 2 S r F e O 3 + 1 0 H C l = 2 S r C l 2 + 2 F e C l 3 + 5 H 2 O + O , 
a n d O + 2 H C l = H 2 O + C l 2 . I t c a n b e a s s u m e d t h a t a n u n s t a b l e i ron t e t r a c h l o r i d e , 
FeCl 4 , is f o r m e d : 2 S r F e O 3 + 1 2 H C l = 2 S r C l 2 + 2 F e C l 4 + 6 H 2 O fol lowed b y 2FeCl 4 
= 2 F e C l 3 + C l 2 ; w i t h s u l p h u r i c ac id , o x y g e n is e v o l v e d ; 4 S r F e O 3 + 1 0 H 2 S O 4 
= 4 S r S O 4 + 2 F e 2 ( S O 4 ) 3 + 1 0 H 2 O + O 2 ; w i t h n i t r i c ac id , o x y g e n is v igo rous ly e v o l v e d 
a n d n i t r a t e s a r e f o r m e d ; w i t h ace t i c ac id , a c e t a t e s a r e f o r m e d a n d o x y g e n is 
evo lved ; w i t h oxa l i c ac id , o x y g e n a n d c a r b o n d iox ide a r e f o r m e d ; t h e r e is n o 
pe r cep t i b l e r e a c t i o n w i t h d r y c a r b o n d iox ide a t o r d i n a r y t e m p . , b u t a t a r e d - h e a t , 
t h e pe r fe r r i t e is c o m p l e t e l y d e c o m p o s e d ; t h u s , a t 600° t o 700° t h e r e a c t i o n is 
s y m b o l i z e d : 4 S r F e O 3 + 4 C O 2 ^ 4 S r C O 3 + 2 F e 2 O 3 + O 2 , a n d t h e r e a c t i o n is r eve r s ib le , 
b u t t h e r e a r e s ide r e a c t i o n s : S r C O 3 ^ S r O + C O 2 , a n d 6 F e 2 O 3 = 4 F e 3 O 4 + O 2 ; m o i s t 
c a r b o n d iox ide s lowly d e c o m p o s e s t h e pe r f e r r i t e a t o r d i n a r y t e m p . ; a n d m i x t u r e s 
of a i r a n d a lcohol o r o t h e r i n f l ammab le v a p o u r s , w h e n led o v e r t h e h e a t e d pe r fe r r i t e , 
a r e ox id ized t o w a t e r a n d c a r b o n d iox ide , a n d w h e n once t h e c o m b i n a t i o n h a s 
s t a r t e d , c o m b u s t i o n p r o c e e d s of i t s o w n a c c o r d . T h e pe r fe r r i t e s a r e fa i r ly s t a b l e 
t o w a r d s a lka l ine l iqu ids ; t h u s soln. of t h e a lka l i o r a l k a l i n e e a r t h h y d r o x i d e s d e c o m 
pose t h e per fe r r i t e less a n d less w i t h i nc rea s ing c o n c e n t r a t i o n ; s imi la r ly a l so w i t h 
soln . of a lka l i c a r b o n a t e s a n d p h o s p h a t e s . 

"W. M a n c h o t a n d O. W i l h e l m s in fe r red t h a t i n t h e l i b e r a t i o n of i od ine f rom 
p o t a s s i u m i o d i d e b y h y d r o g e n d iox ide i n t h e p r e s e n c e of a fe r rous sa l t , t h e i ron 
does n o t a c t c a t a l y t i c a l l y b u t is itself ox id i zed i n s u c h a w a y t h a t e v e r y 2 a t o m s of 
fer rous i ron r equ i r e 2 m o l s of h y d r o g e n d iox ide , a n d 2 a t o m s of iod ine a r e l i b e r a t e d . 
Al lowing for t h e o x i d a t i o n of fer rous t o ferr ic i ron , t h i s m e a n s t h a t a n iron peroxide 
— i r o n hemipentox ide , F e 2 O 5 , o r i ron p e n t i o d i d e , F e I 6 — i s f o r m e d . A g a i n , if half 
a m o l of h y d r o g e n d iox ide b e a d d e d t o a soln . of a m o l of f e r rous s u l p h a t e , t h e 
w h o l e of t h e l a t t e r is ox id ized t o ferric s u l p h a t e ; b u t if a m o l of fe r rous s u l p h a t e 
so ln . b e a d d e d t o a soln . of 0*5 mol t o 1-4 m o l s of h y d r o g e n d iox ide , b o t h f e r rous 
a n d fer r ic s a l t s ex i s t s ide b y s i d e — p a r t i c u l a r l y a t 0 ° — a n d v a r y i n g q u a n t i t i e s of 
o x y g e n a r e evo lved . W i t h a m o l of fe r rous s a l t a n d 1*5 m o l s of h y d r o g e n d i o x i d e 
# t # , b e t w e e n 1 a n d 1£ mol s of h y d r o g e n d iox ide a r e consumed, corresponding, a s 
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before, with the formation of iron hemipentoxide. In acidic soln., the interaction 
of ferrous salts, hydrogen dioxide, and potassium iodide is more complex, the iodine 
being liberated more slowly ; the iron here acts catalytically, and there is no well-
defined end-point of the action. The addition of dil. sulphuric acid to a soln. of 
hydrogen dioxide containing sufficient ferric ammonium sulphate to destroy the 
whole of the dioxide in about 70 hrs., practically prevented the iron from changing 
the cone, of the soln. Acid also retards the oxidation of ferrous salts by hydrogen 
dioxide and the addition of oxygen (or hydrogen dioxide) to ferric salts. Ferric 
salts destroy hydrogen dioxide more slowly than do ferrous salts. W. Manchot 
also drew similar conclusions from the action of hydrogen dioxide, potassium per
manganate and chromic acid on a ferrous compound in the presence of an acceptor ; 
and N. R. Dhar, for the induced oxidation of sodium formate. The reactions were 
studied by A. K. Goard and E. K. Hideal, R. Kuhn and A. Wassermann, C. S. Mum
mery, W. Manchot and G. Lehmann, and H. Wieland and W. Franke. 
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§ 34 . iron Trioxide.—Ferric Acid and the Ferrates 
a . B. Staid,1 in hie Spectmene Becheriano (Franckfurth, 1702), said tha t when 

iron is heated with nitre, and the product digested with water, the alkali produced 
by the decomposition of the nitre takes up some iron to form an amethyst or purple 
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soln. Again, if a very dil. soln. of iron in nitric acid be poured by small portions 
a t a time into cone, potash-lye, and the liquid be agitated, the iron dissolves to 
form a blood-red soln. According to C. Neumann, 

A mix ture of equal parts of iron filings a n d nitre, injected i n t o a s trongly h e a t e d crucible, 
and , after de tonat ion , t h r o w n i n t o water , t inges t h e l iquor of a v io l e t or purple-blue colour. 
Thi s so ln . , however , i s n o t permanent . T h o u g h t h e l iquor a t first passes t h r o u g h a filter 
w i t h o u t a n y separation of iron, y e t , on s tanding for a few hours , t h e m e t a l falls t o t h e b o t t o m 
in t h e form of a brick-coloured powder . I t i s pre t ty singular, t h a t vo lat i l e alkal ies in s ta n t ly 
precipitate the iron from t h i s fixed alkaline soln. 

A. G. Ekeberg also observed t h a t when gadolinite is fused with potassium hydroxide, 
a dark red soln. is obtained which, on standing, deposits a brick-red precipitate ; 
and he added t h a t the red colour is not due to manganese ; for the alkali hydroxide 
can dissolve iron, producing a beautiful purple colour. A. C. Becquerel found t h a t 
when ferric oxide is heated with 4 to 6 t imes its weight of potassium hydroxide in a 
silver crucible, some ferric oxide dissolves, bu t separates out again with the simul
taneous evolution of oxygen when the product is dissolved in water. The escape 
of oxygen was a t t r ibuted to the decomposition of potassium peroxide formed in 
the reaction. R. Phillips discussed ferric acid in 1843, and E . Fremy, in his 
Recherches sur les acids metalliques, 1844, showed t h a t a salt of a ferric acid, or of 
iron trioxide, FeO8 , is formed and decomposed in A. C. Becquerel's experiment. 
At tempts to prepare the trioxide have not been successful ; i t is, however, con
sidered to be the anhydride—-ferric anhydride—of ferric acid, H 2FeO 4 , a reputed 
parent of a series of salts formed by the union of this dibasic acid with the basic 
oxides. The salts are called ferrates, and are symbolized R2

7FeO4 . W. Manchot 
and O. Wilhelms assumed t h a t this oxide is formed as an intermediate product in 
the oxidation of a ferrous salt with hypochlorous acid ; and the subject was dis
cussed by W. D. Bancroft. D . R. Hale supposed t h a t JFeO8 is formed as an inter
mediate compound when hydrogen dioxide or potassium permanganate acts on 
neutral soln. of a ferrous s a l t ; and t h a t Fe 2O 4 is the intermediate oxide formed 
when oxygen acts on ferrous iron in alkaline soln. J . W. Retgers ' experiments on 
the solid soln., or isomorphous mixtures formed by potassium ferrate are in harmony 
in t h a t definite ferrates are formed. These formulae are also in accord with the 
analyses of E . Fremy, J . D. Smith, H . Rose, and J . de Mollins. 

According to E . Fremy, if a fireclay crucible containing 5 grms. of iron filings 
be heated to redness, and 10 grms. of the powder of fused potassium ni t rate be 
projected therein, a lively reaction occurs, and a portion of the mixture may be 
thrown out of the crucible. The covered crucible is then allowed to cool. A reddish-
violet mass of potassium ferrate, K 2FeO 4 , is formed. H . Trommsdorff recommended 
projecting a mixture of finely divided iron and nitre, in the proportions 1 : 2, into a 
crucible a t a dull red-heat. If the temp, is too high, the ferrate may be decomposed 
as fast as i t is formed. H. W. F . Wackenroder said t h a t if the crucible be too hot, 
t he nitre fuses without deflagrating, and the mass mus t then be poured into an iron 
mortar , powdered, and again projected into the crucible. The crucible should be 
so heated t h a t i t is perceptibly red only a t the bot tom and a few inches up the 
sides, and the mixture projected into the middle and somewhat to the side. The 
deflagration occurs in a few seconds, i t is a t tended by a bright glow, and an 
intumescence of the mass. The crucible is removed from the fire during or im
mediately after the deflagration. The product is contaminated with alkali nitr i te 
so t h a t the red soln. i t forms with water, quickly loses i ts colour owing to the 
reduction of the ferrate. E . Fremy found t h a t t he reddish-brown, highly 
deliquescent mass which is obtained by heating ferric oxide for a considerable 
t ime with potassium hydroxide, contains the ferrate ; bu t i t is best prepared b y 
strongly igniting a mixture of ferric oxide, and potassium ni t ra te and hydroxide for 
some minutes. If the heat is too low, potassium nitr i te remains undecomposed, 

: and then, on the addition of water, the ferrate is reduced to ferric oxide. A. W. Hof* 
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m a n n used a s imilar process . J . D . S m i t h r e c o m m e n d e d t h e following m o d e of 
p r e p a r a t i o n . H e sa id : 

Wash the ferri eeaqxiioxidwm, of the shops with boiling water unt i l free from sulphate 
of soda, d ry and ignite a t a low red-hea t ; th i s furnishes a very pure oxide of iron a n d in a 
s ta te of minute division ; 1 pa r t of th is is to be intimately mixed wi th 4 of dried ni t re , 
reduced to fine powder ; place th is mixture in a crucible of about twice t h e capaci ty of t he 
bulk of t he mixture, lute a well-fitting cover on, making a few small holes in t h e lute to 
allow the escape of gas, and ignite a t a full red-heat for about an hour, if 6 or 8 ounces 
are made : the t ime of ignition depends much on the quant i ty prepared, and t h e tempera
ture should never be raised above a full red-heat. When well prepared i t presents t h e 
appearance of a dark reddish-brown porous mass, rapidly deliquescing on exposure t o the 
air, so t h a t I have found i t advantageous to powder i t -whilst still warm, when i t m a y be 
preserved for use, in a -well-stoppered bottle, apparently for any length of t ime. 

A soln. of p o t a s s i u m fer ra te is fo rmed b y dissolving t h e d r y sa l t i n ice-cold 
w a t e r ; s ome h e a t is deve loped in t h e a c t of soln. , a n d t h e r e is a l w a y s a s l ight de 
compos i t ion a n d a n evo lu t ion of oxygen , owing , sa id D . S m i t h , t o t h e decompos i t ion 
of p o t a s s i u m perox ide . T h e soln. m u s t b e s e p a r a t e d f rom t h e und isso lved p o r t i o n 
b y subs idence a n d d e c a n t a t i o n , n o t b y n i t r a t i o n t h r o u g h filter-paper. E . F r e m y 
o b t a i n e d a soln. of t h e sa l t b y pass ing chlor ine t h r o u g h cone, po ta sh - lye i n wh ich 
ferric ox ide is suspended , u n t i l t h e ox ide is all dissolved, t o fo rm a r e d soln. 
of p o t a s s i u m fe r ra te : F e £ O 3 . 3 H 2 O + 1 0 K O H - j - 3 C l ^ = 6 K C l + 8 H 2 O - | - 2 K 2 F e O 4 . 
H . W . F . W a c k e n r o d e r sa id t h a t 5 p a r t s of h y d r a t e d ferric oxide d r i ed b e t w e e n 
b ibu lous p a p e r , 10 p a r t s of p o t a s s i u m h y d r o x i d e , a n d 16 p a r t s of -water c a n b e used . 
T h e h y d r a t e d ox ide qu ick ly dissolves a s ch lor ine is pa s sed i n t o t h e l iquid. T h e r e is 
a g r a d u a l r ise i n t e m p . , a n d p o t a s s i u m ch lo ra t e is depos i t ed b y t h e cooling l iqu id . 
If t o o m u c h wa te r , or t o o m u c h h y d r a t e d ferric oxide be used, t h e l iqu id r e m a i n s 
colourless ; a n d H . Rose a d d e d t h a t if a n excess of chlor ine is used , t h e fe r ra te will 
b e decomposed . L . L o s a n a , C. A. O. Rosel l , G. Merz, a n d L . E . R i v o t a n d 
co-workers also used chlor ine as t h e oxidiz ing a g e n t ; A . Mailfert sa id t h a t t h e 
chlor ine c a n be rep laced b y ozone ; A . M e n n e t , M. M u s p r a t t a n d E . S. S m i t h , 
Gr. B l a t t n e r , a n d W . F o s t e r u sed ca lc ium or s o d i u m hypoch lo r i t e ; D . K . Gora lev ich , 
p o t a s s i u m n i t r a t e ; C. !L. B l o x a m , a n d C. A. O. Rosel l , b romine—iod ine d i d n o t 
w o r k sa t is factor i ly ; a n d W . F o s t e r , h y p o b r o m i t e . Accord ing t o H . G. E l l edge , t h e 
r e d co lour w i t h some hypoch lo r i t e soln. is n o t d u e t o a lka l i f e r ra te , b u t t o p e r 
m a n g a n a t e . "Li. Moser r e c o m m e n d e d t h e following process : 

^ Gradually add 50 grms. of bromine to a suspension of 80 to 90 grms. of hydra ted ferric 
oxide in a cooled soln. of 50 grms. of potassium hydroxide in 80 grms. of water ; more 
potassium hydroxide is then added, and the mixture kept a t 50° t o 60° for 30 mins. The 
ferrate from the cold soln. is drained on a tile, and the excess of alkali removed b y alcohol. 
The potassium bromide is then removed by dissolving the product in a little -water, and 
re-precipitating i t -with alcohol. 

F . H a b e r a n d W . P i c k obse rved t h a t soln. of fe r rous a n d ferric sa l t s a r e r ead i ly 
oxid ized t o f e r r a t e b y e lec t ro ly t ic oxygen . J . C Poggendorff passed a c u r r e n t of 
e lec t r ic i ty f rom 6 p a i r s of G r o v e ' s b a t t e r i e s for 24 h r s . t h r o u g h a n anode of cas t -
i r on i n t o a s a t . soln. of p o t a s s i u m h y d r o x i d e con ta in ing a clay cyl inder w i th t h e 
plat inum c a t h o d e . T h e who le is cooled b y ice. H . Rose said t h a t t he p r epa ra t i on 
is less s t a b l e if di l . p o t a s h - l y e b e e m p l o y e d . N o oxygen is evolved a b o u t t h e 
a n o d e excep t i ng j u s t a t t h e ' b e g i n n i n g o r e n d of t h e electrolysis. If t h e cu r r en t be 
long c o n t i n u e d , microscopic c rys t a l s of p o t a s s i u m fer ra te m a y be deposi ted on t h e 
i r o n a n o d e , a n d a l i t t l e i r on m a y collect o n t h e p l a t i n u m ca thode . F . H a b e r a n d 
W . P i c k f o u n d t h a t i m m e d i a t e l y a f te r closing t h e circuit , all variet ies of i ron a r e 
oxidized t o ferrate, a n d t h a t t h e a c t i o n is con t inuous p rov ided a cone. soln. of 
alkali-lye a n d a low c u r r e n t d e n s i t y — s a y , O-0O1 a m p . pe r cm.—be employed, l n e 
y ie ld of f e r r a t e is g r e a t e s t w i t h c a s t i ron a n d smal les t wi th w r o u g h t i ron ; i t is also 
g r e a t e r w i t h s o d i u m t h a n w i t h p o t a s s i u m hyd rox ide , possibly on accoun t of t h e 
g r e a t e r solubil ity of sodium f e r ra te . T h e q u a n t i t y of fer ra te reduced a t t h e c a t h o d e 
of p la t inum wi re , i n a cell w i t h o u t a d i a p h r a g m , is compara t ive ly trifling. X h e 
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yield of ferrate depends on the temp. , so t ha t under comparable conditions, traces 
only of ferrate were formed a t 0°, whilst a t 70°, the current efficiency was almost 
1OO per cent. According to W. Pick, when iron, especially one of t he purer kinds, 
is used as anode in a soln. of an alkali hydroxide, a temporary formation of ferrate 
occurs; by reversing the current for a short t ime after the formation of ferrate 
has ceased, the iron returns to the condition in which i t can be oxidized to ferrate, 
and after several repetitions of the t rea tment this condition becomes permanent . 
The same result is obtained by using the iron as anode in a cone. soln. of an alkali 
hydroxide and passing a very small current for some time. The iron is found to 
be covered by a dark grey skin which prevents a tm. oxidation. Q-. Grube and 
H. Gmelin found t h a t increasing the temp, and cone, of the soda-lye increases the 
yield ; and t h a t by increasing the current density, the yield rises to a maximum, 
and then falls with any further increase in the current density. The current-yield 
of sodium ferrate can be considerably increased by superimposing an alternating 
current over the direct current. The increase in the yield for constant direct current 
reaches a maximum for a definite alternating current density. Using as electrolyte 
40 per cent, sodium hydroxide with an iron anode and a plat inum cathode, and 
electrolysing a t 35° with a direct current of 3*33 amps, per sq. dcm. and an al ternating 
current of 5-0 amps, per sq. dcm., an increase of 160 per cent, in the yield of sodium 
ferrate is obtained. I n the preparation of cone. soln. of ferrates, the anode and 
cathode should be separated, and since ferrates lose oxygen a t 50°, and yield a 
precipitate of hydrated oxide, this temp, mus t not be exceeded in the preparation, 
and the velocity of formation must be increased by imposing an alternating current 
on the direct current. I n this way undecomposed sat . soln. and the crystalline . 
salts may be obtained. The oxidation potential for the conversion of a ferrite to a 
ferrate is 0*78 volt a t 20° to 70° ; and the potential of cone, alkali-lye towards 
active iron is —0-6 volt. Gr. Grube and H . Gmelin also observed t h a t the anodic 
dissolution of iron in cone. soln. of soda-lye, a t a high temp. , occurs in two stages ; 
in the first stage, iron dissolves in the bivalent condition ; and in the second stage, 
the iron in soln. passes into the sexivalent condition as ferrate with the simultaneous 
evolution of oxygen. Nowhere does the iron pass into soln. in the tervalent s ta te— 
vide sodium ferrite. In a 4O per cent. soln. of sodium hydroxide, the equilibrium 
potential of the process Fe+2£B^Fe** lies a t eH—0-86 v o l t ; t h a t of the process 
Fe* *+(J^F2Fe* ** a t eH—0-69 vo l t ; and t h a t of the process Fe*" +3<3)^Fe : : : a t 
eH+0*55 volt. Hence, the potential of the reaction Fe+3@^Fe*** is —0-80 v o l t ; 
and t h a t of the reaction F e + 6 ® = F e : : : is —0-13 volt. 

According to L. Moser, potassium ferrate forms a reddish-black powder. 
P . Niggli and W. Nowaski discussed the crystal s tructure of t h e ferrates. 

J . W. Retgers added t h a t a soln. 
of the ferrate can be kept some 
days without decomposition, and 
t h a t i t m a y be crystallized a t a 
gentle hea t in black, microscopic, 
rhombic prisms or p y r a m i d s ; i t 
forms solid soln. with potassium 
sulphate, selenate, chromate, tung-
state, and molybdate, and i t is 
therefore isomorphous with these 
s a l t s ; b u t no isomorphous mix* 

tures could be obtained with potassium tell urate. The solid soln. with potas
sium chromate range in colour from pink through d a r k red to dark brown. 
V. I/. Bohnson and A. C. Robertson found t h a t t he energy of formation of the 
ferrate ion, FeO 4 " , is near —140,000 cals. V. IJ . Bohnson and A. C. Robertson 
measured the absorption spectra of soln. of potassium a n d bar ium ferrates, and 
the results are summarized in Fig. 559. The absorption spectrum was examined 

:|g^ B . Baschieri, and B . Hard tmann . L. Moser found t h a t when 

Z. IFeCl3 

BaFeO+ 
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Fia. 559.—The Absorption Spectra of Potassium 

and. Barium Ferrates. 



I R O N 933 

ferrate is ignited, i t loses oxygen and passes into green ferrite, ^ which is very 
deliquescent, and, on exposure to air, rapidly oxidizes into potassium hydroxide , 
and hydra ted ferric oxide. O. !Liebknecht and A. P . Wills said t h a t potassium 
ferrate is paramagnetic, and he measured the susceptibility of the aq. soln. 

Potass ium ferrate is very soluble in water, and the aq. soln. is deep red. 
E . Fremy, and J . D . Smith found t h a t an aq. soln. of potassium ferrate is of a deep 
amethyst-red or cherry-red and t h a t i t is pervious to light only -when i t is in thin, 
s t ra ta . The aq. soln., on standing for some t ime, loses i ts colour, gives off oxygen, 
and deposits hydra ted ferric oxide. Li. Moser found t h a t alkali ferrate hydrolyzes 
in aq. soln., 2 N a 2 F e 0 4 + 5 H 2 0 ^ 4 N a O H + 2 F e ( O H ) 8 - f - 3 0 . This decomposition is 
faster with the more dil. soln., and when the temp, is raised. A cone. soln. m a y 
be kept in closed vessels for several months without complete decomposition, and 
when evaporated, i t leaves a reddish residue. In some cases, the cone. soln. can 
be boiled without decomposition, b u t i t afterwards deposits hydra ted ferric oxide 
more quickly than if i t had not been boiled. The dilution of the soln. of the ferrate 
with various ftllr^H salts makes the soln. more stable t han if i t is diluted with water. 
H . Hose, and C A. O. Rosell observed t h a t if the decomposed soln., after the deposi
t ion of hydra ted ferric oxide, is green, some manganese salt is present, probably 
derived from the iron employed in the preparation of the salt, the green colour is 
not due to the presence of ferrous iron, as was thought to be the case by J . D . Smith. 
O. Kassner said t h a t the addition of sodium peroxide t o the aq. soln. precipitates 
ferric hydroxide. The ferrate is quickly decomposed by reducing agents. 
C. A. O. Rosell said t h a t in their oxidizing properties, the ferrates resemble the 
manganates more closely t h a n the chromates. E . Fremy, and J . D . Smith found t h a t 
hydrochloric acid forms a double potassium ferric chloride with the evolution of 
chlorine, while with a smaller quant i ty of acid, hydra ted ferric oxide is precipitated. 
H . Rose, and H. W. F . Wackenroder found t h a t by treat ing the soln. with hydrogen 
sulphide* dark green or black iron sulphide is formed. The green soln. reported by 
E . F remy is, according to C. A. O. Rosell, produced by manganese present as 
impuri ty. L. Moser said t h a t potassium ferrate is converted by allrali sulphides 
into a green substance, possibly a sulphoferrate. H . Rose observed tha t sulphurous 
acid forms potassium sulphate and hydra ted ferric oxide ; and E . Fremy, t h a t 
sulphuric acid forms potassium ferric sulphate with the liberation of oxygen. 
H . Rose, and H. W. F . Wackenroder observed t h a t ammonia, and all ammonium 
salts decompose the ferrate because the ammonia which is evolved reduces the ferric 
acid t o ferric oxide. C. A. O. Rosell made a similar observation with respect to the 
oxidation of ammonia by the ferrates. C. A. O. Rosell found t h a t the ni tr i tes are 
readily oxidized by ferrates. E . F remy found t h a t nitric acid forms potassium 
ferric n i t ra te with the liberation of oxygen. 

According to E . Fremy, all organic substances reduce the ferrate so t h a t the 
soln. cannot be filtered through paper without decomposit ion; and L. Moser 
observed t h a t paper, wood, and other organic substances are slowly oxidized by a 
dilute soln. of potassium ferrate, bu t the action is slower t h a n with potassium 
permanganate . Potassium ferrate is insoluble in ether, and in chloroform. 
Ii. Moser observed t h a t alcohol can have up to 20 per cent, of water, without 
exercising any solvent action, or without decomposing potassium ferrate. Alcohol 
precipitates potassium ferrate from i ts aq. soln. H . Rose found t h a t alcohol 
is oxidized to aldehyde ; while sugar decolorizes the soln. quickly with the precipi
ta t ion of hydrated ferric oxide ; and egg-^buniin decolorizes the soln. without 
precipitation. H . W. F . Wackenroder found t h a t the soln. of ferrate is decolorized 
by potassium ferrocyanide ; and H. Rose, that alkali racemates, tartrates, and 
malates quickly decolorize the soln. without precipitating hydrated ferric oxide ; 
alkali citrates act slowly with the occasional precipitation of hydrated ferric oxide ; 
while potassium oxalate, formate, acetate, and benzoate decolorize the liquid 
as slowly as the inorganic salts of po tass ium; and potassium succinate acts still 
more slowly. C. A. O. Rosell found t h a t the ferrates readily oxidize tar t ra tes , and 
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glycerol ; and also oxalates, alcohol, and urea, as well as most soluble organic 
compounds with the exception of acetates. J. T>. Smith observed that when the 
soln. is treated with a zinc salt, oxygen is slowly evolved ; with nickel salts and 
manganese salts, the peroxides are precipitated; L. Moser found that silver nitrate 
gives a precipitate, probably silver ferrite, and oxygen is given off ; and similarly 
with mercuric chloride, and with copper sulphate ; while H. W. F. Wackenroder 
showed that alum, and the heavy metal salts decolorize the liquid, and the metal 
base is precipitated along with hydrated ferric oxide—vide infra. 

According to 3J. Moser and co-workers, when barium ferrate is digested with * 
alkali carbonate, a soln. of the alkali ferrate is formed, and in this way, rubidium 
ferrate, Rb2FeO4, and caesium ferrate, Cs2FeO4, were produced. W. Eidmann and 
Li. Moser recommended strontium ferrate in place of the barium salt. E. Fremy 
found that sodium ferrate, Na2FeO4, can be prepared by the methods used for the 
potassium salt {q.v.) ; C. A. O. Rosell could not prepare the sodium salt in the dry 
way by calcining ferric oxide with sodium hydroxide, carbonate and nitrate, and 
with mixtures of sodium hydroxide and nitrate, and also with sodium nitrate and 
carbonate ; but it was obtained by heating ferric oxide with sodium dioxide, and, 
by treating the cold mass with ice, instead of water, a soln. of sodium ferrate was 
obtained. A soln. of this salt was also prepared by the action of chlorine on soda-
lye holding hydrated ferric oxide in suspension. The salt was also prepared by 
J. d'Ans and J. Loftier. T. Wallace and A. Fleck, and C. Zengelis and S. Horsch 
passed carbon dioxide over a mixture of sodium dioxide and finely-divided iron ; 
and A. Holt obtained the ferrate by the action of sodium hydroxide on ferric oxide. 
The treatment of barium ferrate with lithium carbonate furnishes lithium ferrate, 
Li2FeO4. W. Eidmann and L. Moser recommended strontium ferrate in place of 
the barium salt. 

JL. Lrosana prepared copper ferrate, CuFeO4.H2O, by the action of copper 
nitrate on barium ferrate, suspended in water, washing the green powder with 
water, and drying it over sulphuric acid. The salt decomposes in vacuo over 
sulphuric acid, so that the anhydrous salt was not obtained. The salt begins to 
decompose when heated to about 50°, giving off water and oxygen. The reaction : 
K2FeO4 -|-2AgNOs—2KNO3-J-Ag2FeO4, is not suitable for the preparation of silver 
ferrate, Ag2FeO4, but if barium ferrate, suspended in water, be treated with silver 
nitrate, silver ferrate is produced as a black powder with a pink reflexion. It can 
be washed and dried at 15° over sulphuric acid. When heated to 30°, the salt 
begins to decompose in accord with 4Ag 2 FeO 4 -4A^ 2 O -1-2Fe2O3-I-SO2. 

When a soln. of potassium ferrate is treated with an excess of a dil. soln. of a 
barium salt, J. D. Smith, and L. Losana found that a bulky, carmine-red precipitate 
of barium ferrate, BaFeO4-H2O, is formed. The precipitate is washed, and 
dried over sulphuric acid, or at 100°. The precipitate when fresh is cochineal-red, 
but after washing and drying, it is brick-red. C. Ii. Bloxam prepared barium 
ferrate as a purple precipitate by adding barium chloride to a soln. of the calcium 
ferrate ; by C. A. O. Rosell, by adding barium carbonate to a soln. of sodium 
ferrate ; and J. A. Hedvall and N. von Zweigbergh, by the action of barium 
peroxide on ferric oxide. J. D . Smith said that when barium ferrate is heated, it 
loses water and turns green, and at a higher temp., it gives off oxygen and loses its 
colour. Ii. Losana found that the salt begins to lose weight at 105°. The losses in 
weight of two grams of the salt, after heating it to different temp., was as follows 
(the time in hours is indicated in brackets) : 

60° 100° 106* 108* 
Weight 20O00 20002(4) 1*9988(6) 1*8772(26) grmm. 

116° 12S° 144* 160* 
Wolgfet -£ . 1-8772(S) 1-7584(3) 1-7004(8) VTOOS(S) gratis. 

This £* I ferrate examined which did not lose oxygen continuously, mo that 
ion: 4BaFe0 4 =4BaO-4-2Fe 2 0 8 - | -30 2 is thought to proceed vid 
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the formation of BaFeO 8 as an intermediate compound. The anhydr ide can also 
be obtained by gently heating the hydra te ; bu t the hydra te is s table over cone, 
sulphuric acid in vacuo. Barium, ferrate was said by C. A. O. Rosell, J . IX Smith, 
and H . W . F . Wackenroder to be insoluble in water, and before drying t o be readily 
decomposed by all the*acids, even carbonic acid ; bu t after drying i t is no t so easily 
acted upon. E . Fremy sta ted t h a t bar ium ferrate is one of the most stable salts of 
the series. I t can be suspended in water, and boiled without decomposition. 
A. Baschieri found t h a t dil. hydrochloric acid, of sp. gr. 1-09, decomposes barium 
ferrate with the formation of ferric and bar ium chlorides, a n d the evolution of 
chlorine ; -with more dil. hydrochloric acid, in the cold there is a vigorous evolution 
of chlorine, the precipitate gradually disappears, and the soln. assumes a vermilion 
colour ; this liquid continues to evolve chlorine for about a day and slowly turns 
colourless. The vermilion colour of the soln. is due, no t to the intermediate forma
tion of a chloroferrate, b u t to the presence of the ion FeO 4 " . J . de Mollins found 
tha t the reaction 2 B a F e 0 4 + 8 K I + 1 6 H C l = 2 B a 0 2 + 2 F e C l 2 4 - 8 K C l + 8 I I 2 0 - J - 4 I 2 is 
quant i ta t ive. A. Baschieri found t h a t bar ium ferrate is no t decomposed by dil. 
sulphuric acid, bu t decomposition increases as the t emp, rises until i t becomes 
complete in the boiling acid. The action of sulphuric acid was also discussed by 
H. W. F . Wackenroder, and J . D. Smith. A. Baschieri found t h a t the salt is 
instantly decomposed by nitric acid ; -while the salt dissolves in soln. of organic 
acids, the solubility and intensity of colour imparted to the soln. increases as the 
acid becomes more energetic. E. Fremy said t h a t while the salt is decomposed 
immediately by mineral acids, i t forms a red soln. when t reated with acetic acid. 
According to C. A. O. Rosell, an alkali sulphate decomposes bar ium ferrate if i t 
has no t been dried, forming barium sulphate and hydrated ferric oxide, and giving 
off oxygen. A. Naumann found barium ferrate to be insoluble in acetone. 
W. E idmann and L. Moser prepared strontium ferrate, SrFeO4 , by the double 
decomposition of potassium ferrate with a sat., neutral soln. of s trontium bromide, 
and -washing the precipitate with alcohol and ether. Some admixed ferric oxide is 
present. L. Losana obtained the strontium salt by the process employed for the 
bar ium salt, and found t h a t when dried over sulphuric acid it forms the dihydrate, 
S r F e 0 4 . 2 H 2 0 . This salt forms a dark red amorphous powder ; i t begins to decom
pose a t about 52°, for the weight of 2 grms. after heating 3 hrs. a t 25°, was as follows 
(the t ime of heating, in hours, is indicated in brackets) : 

25° 35° 52° 68° 85° 160° 
W e i g h t . 2 -0000(5) 1-9978(6) 1-7000(11) 1-5062(16) 1-5062(10) 1-5066 (3) grms. 

The anhydride can be prepared by gently heating the hydrate . W. Eidmann and 
Li. Moser observed t h a t s t ront ium ferrate is sparingly soluble in water, and t h a t 
the soln. is readily decomposed with the evolution of oxygen, forming strontium 
hydroxide and hydra ted ferric oxide. I t is insoluble in alcohol, and ether. 
W. Eidmann and Li. Moser prepared calcium ferrate, CaFe0 4 . 2H 2 0 , by double 
decomposition of a calcium salt with s trontium ferrate ; C L . Bloxam, by boiling 
a mixture of ferric chloride and bleaching powder ; and E. Fremy, and Li. Losana, 
by the action of a calcium salt soln. on potassium ferrate. A gram of the salt heated 
5 hrs. a t 20° lost O-lllO grm. in 18 hrs. a t 44°. E . Fremy said tha t the salt is not 
soluble in water, b u t C. A. O. Rosell, and L. Losana found i t to be soluble. The 
anhydride was no t obtained, since the dihydrate decomposes in vacuo over sulphuric 
acid. Observations were made by C. L. Bloxam, and T. L. Bailley and P . H . Jones . 

W. Eidmann and Li. Moser prepared magnesium ferrate, MgFeO4, by double 
decomposition of s trontium ferrate and a magnesium sa l t ; bu t L. Losana did not 
succeed in obtaining i t b y the action of magnesium nitrate on barium ferrate ; ^ or 
by t h e action of magnesium n i t ra te on potassium ferrate. L. Losana obtained zinc 
ferrate, ZnFeO4 , b y the action of a soln. of zinc nitrate on barium ferrate. The rose-
coloured powder forms a rose*red soln. with water ; and when dried for 3 hrs. a t 
20°, the salt loses 0 3 0 per cent, in 4 hrs. a t 30°, and 11*32 per cent, in 11 hrs. a t 30°. 
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Ii. Losana obtained mercurous ferrate, Hg 2FeO 4 , b y the action of a soln. of mercurous 
nitrate on barium ferrate. The salt decomposes during ihe drying. No definite 
mercuric ferrate, HgFeO 4 , was obtained b y the action of a soln. of mercuric ni t ra te 
on barium ferrate ; bu t with aluminium ni t ra te and bar ium ferrate, aluminium 
ferrate, Al2(Fe04)8 , was obtained as a rose-red powder, which decomposed on drying. 
IJ . Losana did not obtain a definite thallium ferrate, Tl2FeO4 , by the action of a 
soln. of thallous ni t rate on barium fer ra te ; thorium ferrate, Th(Fe0 4 ) 2 , was 
obtained by the action of thorium ni t rate on barium ferrate, b u t the salt decomposed 
on drying. Li. Losana prepared lead ferrate, PbFeO 4 , by the action of a soln. of 
lead ni t ra te on bar ium ferrate. The rose-coloured powder lost 0*22 per cent, when 
heated 3 hrs. a t 30°, and 3*58 per cent, in 5 hrs. a t 40°. I n the a t t emp t to prepare 
chromium ferrate, Cr2(Fe04)8 , by the action of chromic ni t ra te on barium ferrate, 
a voluminous yellow precipitate was obtained containing bar ium chromate and 
ferric oxide. I t is probable t h a t t he reaction proceeds 6BaFeO4H-^Cr(NO8)S 
=6Ba(N0 8) 2-f-2Cr 2(Fe0 4) 8 ; followed by 2 C r 2 ( F e 0 4 ) 8 + 4 H 2 O = 4 H 2 C r 0 4 + 6 F e O 2 , 
and 6 F e O 2 - 3 F e 2 O 8 + 3 O ; while the chromic acid reacts with two-thirds of the 
barium ni t ra te : 4 H 2 C r 0 4 + 4 B a ( N 0 8 ) 2 = 4 B a C r 0 4 + 8 H N 0 8 ; and p a r t of the 
ferric oxide reacts with the nitric ac id : Fe2O8-f-6HNO8—2Fe(NO8)3-f-3H2O. No 
definite manganese ferrate, MnFeO4 , was obtained by the action of manganese 
ni t ra te on barium ferrate ; and ferrous ferrate, Fe(FeO4), obtained by the action 
of ferrous ni t ra te on bar ium ferrate decomposes on drying ; and similarly also with 
ferric ferrate, Fe 2 (Fe0 4 ) 8 , obtained b y the action of a soln. of ferric n i t ra te on 
bar ium ferrate. Li. Losana prepared rose-violet cobalt ferrate, CoFeO4, b y the 
action of a soln. of cobalt n i t ra te on bar ium ferrate. The powder dried for 5 hrs. 
a t 20° lost 2-18 per cent, when dried 5 hrs. a t 25°, and 11-1 per cent, in 18 hrs. a t 
the same temp. Similarly with nickel ferrate, NiFeO4 , which gives a greyish-green 
powder. The powder dried for 5 hrs. a t 20° lost 1*88 per cent, when heated 3 hrs. 
a t 30°, and 7*46 per cent, in 18 hrs. a t the same temp. 

O. Baudisch and P . Mayer 2 assumed t h a t perferric acid, FeO8(OH)2 , or H 2 FeO 4 , 
is produced when freshly precipitated ferrous hydroxide is oxidized b y oxygen. 
D. K. Goralevich said that iron tetroxide, or perferric anhydride, FeO4, or 
perferric acid, H 2 FeO 5 , is probably formed as a volatile, unstable compound when 
barium perferrate, BaFeO 5 , is t reated -with an excess of dil. sulphuric acid, a t a low 
temp. Perferric anhydride is insoluble in water, b u t soluble in dil. acids. H e 
prepared bright green potassium perferrate, EL 2Fe0 5 .nH 20, b y fusing ferric oxide 
with potassium hydroxide and an excess of potassium ni t ra te , or, bet ter , chlorate. 
The salt can be purified b y sublimation ; i t decomposes very slowly "when kept in 
air ; explosively, when warmed, on t rea tment with cone, sulphuric acid, or on impact 
if mixed with sulphur, phosphorus, or charcoal. I t is quite stable in alkaline soln., 
bu t acids readily decompose it, with evolution of oxygen and, in the case of hydro
chloric acid, chlorine. Oxidizing agents like chlorine and hydrogen peroxide give a 
deep red soln. of potassium ferrate, wi th evolution of oxygen. Neutral soln. of the 
perferrate give no reaction for ferric ions until , on the addit ion of acid, decom
position has commenced. Similarly with sodium perferrate, t he alkaline ear th 
perferrates were obtained as white precipitates on adding a soln. of a salt of an 
alkaline earth to a soln. of potassium perferrate ; with bar ium salt, barium per
ferrate, BaFeO 5 .7H 2O, is produced ; and with a s t ront ium salt, strontium per
ferrate, S r F e 0 5 . 7 H 2 0 . These salts are white and insoluble in water, alcohol, and 
ether. 
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Acetic acid, 613, 615 
anhydr ide , 615 

Acetone, 615 
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hydroxides , 608 
Alloys, h e a t resisting, 457 

iron, 526 
Alum, 615 
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copper-iron alloys, 557 
ferra te , 936 
ferri te, 919 
-iron alloy, 549 

manganese alloys, 667 
magnes ium-i ron alloys, 557 
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su lpha te , 615 
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Ammonia , 608, 612, 615 
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chloride, 609, 615 
n i t r a t e , 615 
svdphate, 609, 615 

Apples , 615 
Argillaceous heemati te , 775 
Aven tu r ine , 877 
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B a r i u m ferra te , 934 
ferr i te , 914 
-iron alloy, 641 
perferrate, 936 
perferrite, 926 

Barophoresis, 837 
B e a n ore , 886 
Beer , 615 
Benzene , 615 
Benzol, 613 
Berggeel, 885 
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Bromine , 615 
B u r n t pig, 558 
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Cassium ferrate , 934 
ferri te, 906 

Calcium a lumina tofer r i te , 920 
chloride, 615 
dichlorometaferr i te , 913 

— ferrate , 935 
ferrite, 910 
(di) hexaferr i te , 911 
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-iron al loys, 541 
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te t raferr i te , 911 
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Carbolic acid, 613, 615 
Carbon disulphide, 613 
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te trachloride, 615 
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Cerium-iron alloys, 557 
Chileite, 877 
Chinese red, 782 
Chlorine, 615 
Chlorosulphonic acid, 615 
Chromic ferrite, 922 
Chromit i te , 923 
Chromium - a luminium - molybdenum - iron 

alloys, 626 
steels, 616 9 3 9 
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m o l y b d e n u m c a r b i d e , 62O 

- i ron a l l o y s , 6 2 6 
-s i l icon s t e e l s , 6 1 6 
t e t r i t a c a r b i d e , 5 9 2 
- t i t a n i u m s t e e l s , 6 1 6 
- t u n g s t e n s t e e l s , 642 

v a n a d i u m - i r o n a l l o y s , 6 4 3 
s t e e l s , 642 

- v a n a d i u m - m o l y b d e n u m - i r o n a l l o y s , 
6 2 6 

s t e e l s , 6 1 7 
6 1 6 - z i r c o n i u m s t e e l s 

C h r o m o f e r r i t e , 691 
C ide r , 6 1 5 
C i t r i c a c i d , 6 1 3 , 6 1 5 
C l a y i r o n s t o n e , 775 
C o b a l t f e r r a t e , 936 
C o b a l t i c f e r r i t e , 9 2 5 
C o b a l t o u s f e r r i t e , 9 2 4 
C o e r c i v e fo rce , 2 4 6 
C o e r c i v i t y , 2 4 6 
Coffee, 6 1 5 
C o l c h o t a r , 782 
C o l c o t b a r , 7 8 1 , 782 , 7 8 3 
C o l d s h a r e i r o n , 61 
C o l d s b o r e i r o n , 61 
C o l e s b i r e i r o n , 61 
C o l o g n e e a r t h , 887 
Co l sa r , 61 
Co l sh i r e i r o n , 61 
C o l u m b i u m - i r o n a l l o y s , 5 8 6 
C o p a l , 6 1 5 

v a r n i s b , 6 1 5 
C o p p e r - a l u m i n i u m - i r o n a l l o y s , 557 

c a r b o n a t e , 6 1 5 
c h l o r i d e , 6 0 9 , 6 1 5 
c h r o m i u m s t e e l s , 6 1 6 

f e r r a t e , 934 
• i r o n a l l o y s , 527 

m a n g a n e s e a l l o y s , 6 6 6 
s i l i con a l l o y s , 57O 
z i n c a l l o y , 5 4 5 

l e a d - i r o n a l l o y s , 579 
m o l y b d e n u m - i r o n a l l o y s , 626 
s i l ve r - i r on a l l o y s , 5 4 0 

s u l p h a t e , 6 1 5 
t i n - l e a d - i r o n a l l o y s , 5 7 9 

C o r r o s i o n , a c i d t h e o r y , 4 0 8 
co l lo id t h e o r y , 4 3 5 
effect of c o m p r e s s i v e s t r a i n s o n , 4 6 6 

of i m p a c t s t r a i n s o n , 4 6 6 
of t e n s i l e s t r a i n s o n , 4 6 5 
of t o r s i o n s t r a i n s o n , 4 6 5 

e l e c t r o t h e r m a l t h e o r y , 4 1 2 
f a c t o r s a f f ec t ing , 4 2 6 
f a t i g u e of i r o n , 4 6 7 
h y d r o g e n d i o x i d e t h e o r y , 4 3 3 
i n t e r c r y s t a l l i n e , 4 2 3 
i o n i c h y p o t h e s i s , 4 0 5 
s t e e l {mee i r o n ) 

— — w a t e r - l i n e , 4 4 9 
C o r r o s i r o n , 5 5 9 
C r o c u s m a r t i s , 7 8 1 
— • a p e r i t i v u s , 89O 

C u p r i o f e r r i t e , 9 0 6 
C u p r o u s f e r r i t e , 9 0 6 
C u r i e ' s c o n s t a n t , 2 6 7 

l a w , 2 6 7 

r> 
D e l a f o s s i t e , 9 0 8 
O i a m a g n e t i s m , 2 4 4 
D i f e r r o u s t r i f e r r i o o x i d e , 807 
!Differential a e r a t i o n of m e t a l s , 4 2 1 
O i m a g n e t i t e , 7 4 3 
Eh i r i r on , 5 5 9 

E 

E h r e n w e r t h i t e , 877 
E i s e n g l a n z , 7 7 5 
E i s e n g l h n m e r , 776 , 877 
E i s e n m o h r , 762 
E i s e n m u l m , 9 2 3 
E i s e n n i e r e , 7 7 5 
E i s e n p e c h e r z , 8 8 6 
E i s e n r a h m , 7 7 5 
E i s e n s c h i e f e r , 7 7 5 
E i s e n s t e i n m a g n e t i s c h e r , 7 3 1 
E l a s t i c l i m i t , 5 3 3 
E l i a n i t e , 5 5 9 
E s m e r a l d i t e , 8 9 5 
E t h e r , 6 1 5 
E t h y l c h l o r i d e , 6 1 6 

F 

F e r r a t e s , 702 , 9 2 9 , 93O 
F e r r i l i q u o r , 8 3 1 

h y d r a t e , 8 3 1 
o x y c h l o r a t e , 831 

F e r r i c a c i d , 9 2 9 , 93O 
a l u m i n a t e , 9 1 9 
a n h y d r i d e , 93O 
c h l o r i d e , 6 1 5 
c h l o r i n e , 6 0 9 
f e r r a t e , 9 3 6 
h y d r o x i d e , 8 5 9 , 8 9 3 
m e t a h y d r o x i d e , 88O 
m e t a o x i d e , 8 6 3 , 8 6 4 
o r t h o h y d r o x i d e , 88O 
o r t h o x i d e , 8 6 3 
o x i d e , 7 0 2 , 7 7 4 , 775 

a- 8 6 3 
fi.p 8 6 3 
a e r o s o l , 7 8 1 
a l c o h o l s o l s , ,837 
a l l o t r o p i c f o r m s , 8 6 3 
c o l l o i d a l s o l u t i o n , 831 
d i h y d r a t e d , 8 9 2 
f e r r o m a g n e t i c , 7 8 0 

— films, 7 8 1 
— G r a h a m ' s s o l u t i o n , 8 3 1 

G r i m a u x ' s o l u t i o n , 8 3 2 
h e m i t r i h y d r a t e d , 8 8 7 
h y d r a t e d . 8 3 1 , 8 5 9 

a l lo tropio forms , 8 6 3 
h y d r o s o l , 8 3 1 



INDEX 941 

Fer r ic oxide, hydroge l , 831 , 85», 882 
hydrosol , nega t ive , 836 

pos i t ive , 836 
- jellies, 862 

m o n o h y d r a t e d , 878 
colloidal, 887 

p r epa ra t i on , 776^ 
proper t i es , chemical , 805 

phys ica l , 782 
S t . Gilles solut ion, 831 
t e t r a h y d r a t e d , 895 
t r i h y d r a t e d , 893 
t r i t a p e n t a h y d r a t e , 890 

oxyhydrox ide , 878 
pa raox ide , 864 

Fe r r i t e s , 702, 905 
F e r r o c h r o m i u m , 586 
F e r r o m a g n e t i s m , 244 
F e r r o m o l y b d e n u m , 617 
Fer rop ico t i t e , 732 
Ferros ic oxide , 702, 731 , 732 

h y d r a t e d , 761 
Ferrosi l icon, 558 
F e r r o t i t a n i u m , 571 
F e r r o t u n g s t e n , 626 
F e r r o u s fer ra te , 936 

ferr i te , 732, 923 
h y d r o x i d e , 718 

• hydrosol , 72O 
lead ferri te, 924 

r or thoferr i te , 732 
oxide , 702 

h y d r a t e d , 718 
p e r oxyhydrox ide , 725 
subox ide , 702 
tr iferric oxide, 807 

F e r r o - v a n a d i u m , 579 
F e r r u m l iqu idum, 831 
F ix ing solut ion, 615 
Fleches d ' a m o u r , 877 
F l u x dens i ty of m a g n e t i s m , 245 
Food-pas t e s , 615 
F o r m a l d e h y d e , 615 
F o r m i c acid , 613, 615 
F r a n k l i n i t e , 917 
F r u i t ju ices , 613 
Fu l lon i t e , 877 

G 

Gall ium-iron al loys, 557 
Gar r i son i te , 629 
Gelbeisenstein, 886 
Ge rma n ium- i ron a l loys , 576 
Glanzeisens te in , 886 
Glaskopfe , 774, 775 
Glaskopf, 877, 885 
Glazed p ig , 558 
Goe th i t e , 877 

a-, 880 
y-. 880 
colloidal , 887 

Gold- i ron a l loys , 540 
Graphititis, 445 
Graphitization, 445 
Greases, 613 
Ores de Th iv ie r s , 783 
Grey gold, 541 

H 

Haemati te , 774, 874 
brown, 886 
columnar , 775 
compac t , 775 
fibrous, 775, 785 
hemisphoericus, 885 
micaceous, 775 
red, 774, 775 
specular , 774, 775 

Haematophan i te , 922 
H a r d n e s s , 14 

abras ive , 26 
Heat - res i s t ing al loys, 457 
H e m a t i t e , 775 
H e r c y n i t e , 919 
High-speed s teels , 634 
Horse - rad i sh c ream, 615 
Hydroch lo r i c acid , 609, 615 
Hydrof luor ic ac id , 615 
H y d r o g e n , 606 
H y d r o g o e t h i t e , 884 
Hydrohsema t i t e , 874 
H y d r o q u i n o n e , 615 
Hypos ide r i t e , 886 
Hys te res i s , m a g n e t i c , 247 

Ige l s t r ami t e , 895, 916 
I n d i a n red , 782, 887 

steel , 550 
I n d u c t i o n , m a g n e t i c , 245 
I n k s , 615 
Iod ine , 615 
Ioz i t e , 702 
I r o n absorp t ion s p e c t r u m , 177 

accumula to r , 225 
acoust ic p roper t i e s , 34 
ac t ion , a e r a t e d wa t e r , 409 

d a m p ai r , 407 
m i x e d sa l t solut ions , 448 
sa l t so lu t ions , 438 
sea-water , 445 
w a t e r on , 404 

ac t ive , 777 
affinity, 495 
air , ac t ion of, 309 
a lkal i hydroxides , act ion, 365 

n i t ra tes , act ion, 346 
al loys, 526 
a lumin ium alloy, 549 

chromium-molybdenum alloys, 
626 

-copper alloys, 557 
-magnesium alloys, 557 
-silicon alloys, 570 
-zinc alloys, 557 

-amalgams, 545 
amines , act ion, 342 
ammonia , action, 340 
a m m o n i u m azide, action, A4cZ 

persulphate , action, 335 
Salts, action, 341, 342 

anomalous dispersion, 171 
an t imony , act ion of, 353 

compounds , action, aoa 
arc discharge, 236 
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Iron, arc spectrum, 175 

argon, action of, 297 
arsenic, action, 351 

— compounds, action, 352, 353 
atomic disruption, 496 

number, 496 
radius, 14 
refraction, 171 
weight, 494 

bacteria, 887 
barium alloy, 541 

Barkhausen effect, 261 
bending angles, 71 

test, 70 
-beryllium alloy, 542 
birefringence, 171 
bismuth, action, 353 

salts, action, 353 
black, 7 

— bleaching powder, action, 321 
boiling-point, 157 
boron, action, 364 

alloys, 548 
trichloride, action, 364 

bromine, action of, 314 
cadmium alloys, 545 

-calcium alloys, 541 
cancer, 445 
carbides, action, 353 
carbon, action, 353 

alloys (see iron, chem. prop.) 
dioxide, action, 356 
monoxide, action, 354 

casting shrinkage, 139 
cathode rays and, 18O 
ceride, 557 
cerium alloys, 557 

chemical properties, 297 
chloric acid, action, 321 

— chlorine, action of, 314 
— trifluoride, action of, 314 

chromium alloys, 586 
__—_ carbide, 591 

molybdenum alloys, 626 
tungsten carbide, 629 

-vanadium alloys, 643 
coercive force, 259 
colour, 169 
-columbium alloys, 586 
compressibility, 98 
Compressive strains, effect on corro

sion, 466 
cooling shrinkage, 139 
co-ordination number, 495 
-copper alloys, 527 

-lead alloys, 579 
molybdenum alloys, 626 

-silicon alloys, 57O 
— -tin-lead alloys, 679 

— zinc alloy, 545 
Corbino effect, 235 
corrodibility of different kinds of, 458 
corrosion, 403 

_ by bacteria, 429 
_ cement, 449 
••••„•••' •/ ..— coal gas, 43O 

__ .„,,.••...- concrete, 449 
'-r-^-r-x;:' ': r , fatigue, 467 
• .'•'•';", v."1 1V "'::#P 1JMIV 4 5 1 

:.*i> '•'<••<%;~-~~*.*oila, 4 3 O 

INBBX 
Iron, creep, 68, 93 

critical potentials, 181 
Curie point, 267 
decitaceride, 558 
decomposition voltage, 225 
dialuminide, 650 
dialyzed, 831 
diberylUde, 542 
dichroism, 171 
dichromide, 687 
dielectric constant, 236 
diffusion, 28 
dihydride, 309 
dimolybdide, 619 
dioxide, 702, 925 
distannide, 676 
ditungstide, 629 
dodecazincide, 544 
ductility, 67 
effect carbon-content on corrosion, 461 

vibrations, 84 
elastic after-effect, 68 

hysteresis, 68 
modulus, 35 

— recovery, 68 
strain, 68 

elasticity in shear, 76 
electrical conductivity, 189 

properties, 189 
resistance, 135, 190 

electroaffinity, 221 
— electrochemical series, 212 

electrode potential, 205 
electrolytic valve action, 224 
electromotive force, 213 
electronic structure, 496 
electrons and, 180 
electrostenolysis, 228 

- -•-- emissivity, 172 
endurance limit, 87 

- - enhanced lines, 176 
enneadecazincide, 544 

- - ennitastannide, 576 
entropy, 162 
Ettingshausen effect, 235 

_ _ -Nernst effect, 236 
- evaporation, rate of, 157 

extinction coefficient, 171 
Faraday effect, 173 
fatigue, 67, 88 
fireclay, action, 364 
flame spectrum, 173 
flexibility, 71 
fluorine, action of, 314 
fluosulphonic acid, action, 327 
free energy, 162 
friction, 33 

internal, 28 
molecular, 28 

frictional electricity, 189 
-gallium alloys, 567 
-germanium alloys, 576 
glass, action, 364 
gold alloys, 540 

growth of cast, 142 
Hall effect, 234 
hardness, 14 

abrasive, 26 
heat ionization, 2©6 

of fusion* 157 
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Iron, h e a t of vaporizat ion, 158 
— — hel ium, act ion of, 297 
— hemiceride, 6 6 7 

hemiohromide, 687 
hemimolybdide , 619 

— hemiox ide , 702 
hemipenta luminide , 551 
hemipentasi l ic ide , 561 
hemipentox ide , 920 
hernistannide, 676 
hemitr is tannide , 576 -
hemitungst ide , 627 
heptaz inc ide , 544 
hexahydr ide , 309 
hexas tannide , 576 
hexitaceride, 568 
hydraz ine , act ion , 342 
hydrazoic Etcid, act ion, 342 
hydride , 309 
hydriodic acid, ac t ion of, 314 
hydrobromic ac id , ac t ion of, 314 
hydrocarbons , ac t ion , 354 

• hydrochloric ac id , ac t ion of, 314 
hydrofluoric acid, ac t ion of, 314 
hydrogen , ac t ion of, 297 

chloride, ac t ion of, 314 
dioxide , ac t ion of, 313 
fluoride, act ion of, 314 
overvol tage , 223 

— selenide, act ion, 336 
— sulphide, act ion, 236 

telluride, act ion, 336 
hydrox ides of meta l s , ac t ion , 365, 366, 

367 
hypochlorous acid, act ion, 321 
hysteres is loss, 259 

(magnet ic) , 259 

Iron-manganese-uranium a l loys , 668 
v a n a d i u m al loys , 668 

Matteucci effect, 278 
mechanical properties, 1, 34 
melt ing-point , 155 
mercury al loys , 545 

t in al loys , 579 
— metal salts , act ion, 367, 368, 369, 370, 

371 
meta l s , action, 364 
methane , act ion, 353 
modulus of transverse elast icity, 76 
molecular friction, 28 
m o l y b d e n u m alloy, 617 

carbide, 619 
tritacarbide, 620 
tungs ten al loys , 643 

-vanad ium al loys , 626 

imides , act ion, 342 
i m p a c t strains, effect on corrosion, 466 

tes t , 78 
index of refraction, 170 
intermetall ic compounds , 526 
internal friction, 28 

pressure, 27 
iodic ac id , ac t ion , 321 
iodine, ac t ion of, 314 
ionizat ion energy, 205 
i sotopes , 496 
J o u l e effect, 278 
Kerr effect, 173 
lag, 68 
- lanthanum al loy , 557 
- lead al loys , 579 
Leduo effect, 236 
l imi t of proportion, 68 

of rest i tut ion, 68 
— l i t h i u m nitride, act ion, 342 
— luminescence spectrum, 176 
— -magnes ium al loy, 543 

z inc a l loys , 545 
— m a g n e t i c hardness , 259 

properties , 135, 244 
v iscos i ty , 259 

— magnetos tr ic t ion , 278 
— -manganese a l loy , 644 

-a luminium al loys , 667 
carbide, 648 

— — _ „ -copper a l loys , 666 
— - m o l y b d e n u m al loys , 668 

- tungs ten a l loys , 608 

molybd ide , 618 
monosi l ic ide, 661 
monox ide , 702 
neutrons and , 18O 
nitric acid, ac t ion , 342 

ox ide , act ion , 342 
ni trogen, ac t ion , 336 

peroxide , act ion , 342 
ni trosyl chloride, act ion, 342 
ni trous ox ide , act ion , 342 
normal potent ia l s F e ~ > F e — , 207 

F © . — > F e - , 208 
F e - > F e , 21O 

opt ical properties , 169 
organic compounds , act ion, 358, 359, 

360 , 361 , 362, 363 
overstrain, 68 
oxide , black, 736 

magnet ic , 731 
of meta ls , act ion, 364, 367 

oxygen , act ion of, 309 
overvoltage, 224 

ozone, action of, 312 
pass ive , 499 
pass iv i ty , 498 
Pelt ier effect, 233 
pentastannide, 576 
pentitadiceride, 557 
pent i tahexastannide , 576 
penti tazincide, 544 
perchloric acid, act ion, 321 
periodic dissolution, 515 
permanent set , 68 
permeabi l i ty (magnetic) , 263 

t o gas , 4 
peroxide, 925 
phosphoric acid, act ion, 350 
phosphorus, act ion, 347 

compounds , act ion, 35O 
-silicon al loys , 571 

photoelectric effect, 181 
photophoresis , 182 
photovol ta ic effect, 205 
physiological act ion, 375 
plast ic flow, 32 

strain, 68 

Elasticity, 32 
'oisson's ratio, 74 

polarization, 226 
pole effect, 176 
porosity , 4 
posi t ive ions and , 180 



VWTL I N D E X 
I r o n , p o t a s s a n x i d e , a c t i o n , 3 4 2 

- p o t a s s i u m a l l o y s , 6 2 6 
— c h l o r a t e , , a c t i o n , 3 2 1 

p e r c h l o r a t e , ac t ioxx, 3 2 1 
— p e r o x i d e , ac t ioxx of, 3 1 3 

p e r s u l p h a t e , ac t ioxx, 3 3 6 
r a d i o a c t i v i t y , 1 8 1 

— — r a d i o d e t e c t o r , 2 3 3 
a-ra,yB a n d , 1 8 0 
/ S - r a y s a n d , 1 8 0 
y - r a y s a n d , 1 8 0 
X - r a y s , 1 7 9 

s p e c t r a , 1 7 8 
r e a c t i o n s of a n a l y t i c a l i n t e r e s t , 3 7 1 
r e c o v e r y , 6 8 
r e f l e c t i n g p o w e r , 1 7 1 
r e f r a c t i o n e q u i v a l e n t s , 1 7 1 
r e l u c t i v i t y , 2 5 9 
r e s i d u a l r a y s , 1 7 6 
r i g i d i t y , 7 4 
r u s t , 8 9 0 
r u s t i n g , e f f e c t a c i d i t y , 4 3 6 

a e r a t i o n , 4 2 1 
H ' - i o n c o n e , 4 3 6 
o x y g e n , 4 2 7 

s c a l e , 7 3 4 
s e l e n i c a c i d , a c t i o n , 3 3 5 
s e l e n i u m , a c t i o n , 3 3 5 

m o n o b r o m i d e , a c t i o n , 3 3 6 
m o n o c h l o r i d e , a c t i o n , 3 3 6 
o x y b r o m i d e , a c t i o n , 3 3 6 

s e n s i t i v e n e s s of s p e c t r u m , 1 7 6 
s e r i e s s p e c t r a , 1 7 7 
s e s q u i o x i d e , 7 7 5 
s h e a r i n g s t r e s s , 7 2 
s h o c k t e s t , 7 8 
s i l i c a t e s of m e t a l s , a c t i o n , 3 6 4 
s i l i c i d e , 5 6 1 
s i l i c o n , a c t i o n , 3 6 4 

a l l o y s , 5 5 8 
t e t r a c h l o r i d e , a c t i o n , 3 6 4 

s i l v e r a l l o y s , 3 5 9 , 5 3 9 
c o p p e r a l l o y s , 5 4 0 

n i t r a t e , a c t i o n , 3 4 6 
s i n t e r , 8 8 9 
s o d a m i d e , a c t i o n , 3 4 2 
s o d i u m a l l o y s , 5 2 6 

a z i d e , a c t i o n , 3 4 2 
d i o x i d e , a c t i o n of, 3 1 3 
h y p o c h l o r i t e , a c t i o n , 3 2 1 
p e r s u l p h a t e , a c t i o n , 3 3 5 
s i l i c a t e , a c t i o n , 3 6 4 
s u l p h i d e , a c t i o n , 3 2 6 
t h i o s u l p h a t e , a c t i o n , 3 3 5 
x a n t h a t e , a c t i o n , 3 2 6 

s o l a r s p e c t r u m , 1 7 6 
s o l u t i o n p r e s s u r e , 2 2 1 
s p a r k s p e c t r u m , 1 7 4 

—-<— s p e c i f i c c o h e s i o n , 2 7 
g r a v i t y , 1 
h e a t , 15O 
v o l u m e , 1 1 

s p e c t r u m — a r c , 1 7 5 
flame, 1 7 3 
l u r n i n e s c e n c e , 1 7 6 
s e n s i t i v e n e s s of, 1 7 6 
s o l a r , 1 7 6 
s p a r k , 1 7 4 

—»__.:„ _ u l t r a - r e d , 1 7 6 
—*. —ultra-violet, 176 

Iron, stannic chloride, action, 364 
starxnide, 676 
Stark effect, 176 
starvation, 376 
stellar spectra, 177 
strontium alloys, 541 

sulphur, action, 321 
dioxide, action, 327 

— monochloride, action, 327 
sulphuric acid, action of, 328 

— sulphurous acid, action, 327 
sulphury 1 chloride, action, 328 

fluoride, action, 327 
surface tension, 27 

— — -tantalum alloy, 585 
tarnishing in air, 451 
tellurium, action, 335 
tensile strains, effect on corrosion, 466 

strength, 35 
tetritaluminide, 550 
tetritapentastannide, 676 
tetritastannide, 576 
tetritoxide, 702 
tetroxide, 702, 936 
-thallium alloys, 557 
thermal changes during transforma

tions, 159 
limit, 68 
properties, 130 

thermoelectric force, 229 
thionyl chloride, action, 328 
Thomson effect, 173, 234 
tin alloys, 676 

bismuth alloys, 579 
titanium alloys, 571 

fluoride, action, 364 
nitride, action, 340 
tetrachloride, action, 364 

— vanadium alloys, 585 
torsion modulus, 74 
torsional strain, effect on corrosion, 

465 
stress, 72 

transformation, heat of, 159 
points, 158 
thermal changes during, 159 

transport number, 205 
transverse strength, 71 

— trialurninide, 55O 
triboelectric effect, 205 
triboelectrioity, 189 
trioxide, 702, 929, 930 
tritadecazincide, 544 
tritadialuminide, 65O 
tritadimolybdide, 618, 619 
tritadisilicide, 560 
tritaditungstide, 628 
tritadizirconide, 674 
tritasilicide, 560 
tritastannide, 576 
tritatetrastannide, 576 

— — • tritatetroxide, 732 
tritatungstide, 628 
tritazincide, 544 
tritoxide, 702 
trizincide, 644 
tungsten alloy, 626 

carbide, 629 
-silicon alloys, 642 
tritaoarbide, 629 
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I r o n - t u n g s t e n . - v a n a d i u m , a l l oys , 626 

u l t i m a t e r a y s , 176 
—^— ul t ra - rod . s p e c t r u m , 176 

u l t r a - v i o l e t s p e c t r u m , 176 
u r a n i u m a l loys , 643 

v a l e n c y , 494 
- v a n a d i u m a l l oys , 579 

c h r o m i u m - m o l y b d e n u m a l l oys , 
626 

— v a n a d y l t r i ch lo r ide , a c t i o n , 363 
v a p o u r p r e s s u r e , 157 
v e l o c i t y s o u n d in , 34 
v i b r a t i o n f r e q u e n c y , 181 
Vi l la r i r eve r sa l , 2 7 5 

— v i scos i ty , 28 
vo l a t i l i z a t i on , 157 
V o l t a effect, 205 
-water, a c t i o n of (see co r ros ion of i r o n ) , 

312 
W i e d e m a n n ' s effect , 278 
Z e e m a n effect, 176 
z inc a l l oys , 5 4 3 

_ - m e r c u r y s y s t e m , 548 
- z i r c o n i u m a l loy , 574 

I r o n a c , 559 
I r o n s t o n e , b r o w n , 886 

c l ay , 886 
c l ay , 775 

j a s p e r y , 775 
oo l i t i c , 886 

I t a b i r i t e , 775 
I t a b i r y t e , 775 

J 
J a o o b s i t e , 923 
J a p a n e s e r e d , 782 
J a s p e r y c l a y i r o n s t o n e , 775 
J a s p o h a m a t i t e , 775 

K a l i p h i t e , 886 
K i d n e y o r e , 775 

L 

L a c t i c a c i d , 6 1 5 
L a n t h a n u m - i r o n a l loy , 557 
L e a d oh lorofer r i t e , 922 

c o p p e r - i r o n a l loys , 579 
- t in - i ron a l loys , 579 

f e r r a t e , 936 
fe r r i t e , 921 
f e r rous fe r r i t e , 924 
- i ron a l loys , 579 

L e m o n , 6 1 5 
L e p i d o c r o c i t e , 877, 884 , 886 
L e p i d o k r o k i t e , 877 
L i m e , 6 1 5 
- - ju ice , 6 1 5 
L i m e s t o n e , 6 1 5 
Limni te , 886 , 893 
Limoni te , 886 

b o x w o r k , 887 
L i t h i u m f e r r a t e , 934 

f e r r i t e , 906 
perferrite, 9 2 6 

L ' o x y d e de fer noi r , 736 
L u b r i c a t i n g oils, 613 , 615 
Lyso l , 615 

M 

M a g h e m i t e , 780 
Magnefe r r i t e , 914 
M agnes io ferr i te , 914 
M a g n e s i u m - a l u m i n i u m - i r o n a l loys , 557 

c a l c i u m a l u m i n a t o ferr i te , 921 
ch lo r ide , 615 
f e r r a t e , 935 
fe r r i te , 914 
- i ron a l loy , 543 
p e n t o acy fer r i te , 916 
s u l p h a t e , 615 
z inc - i ron a l loy , 545 

M a g n e t i c m o m e n t , 245 
M a g n e t i s m , 244 

p e r m a n e n t , 246 
r e s i d u a l , 246 

M a g n e t i t e , 731 
M a g n e t i z a t i o n , i n t e n s i t y , 245 

specific, 245 
s a t u r a t i o n v a l u e , 246 

M a g n e t o - p l u m b i t e , 922 
M a g n o f e r r i t e , 914 
M a n g a n e s e - c h r o m i u m - s t e e l s , 667 

f e r r a t e , 936 
i r o n a l loy , 644 

a l u m i n i u m al loys , 667 
c a r b i d e , 648 
-copper a l loys , 666 

m o l y b d e n u m - i r o n a l loys , 668 
-silicon s teels , 667 

t i t a n i u m s teel , 667 
t u n g s t e n - i r o n a l loys , 668 
u r a n i u m - i r o n a l loys , 668 
v a n a d i u m - i r o n al loys , 668 

M a n g a n i c fer r i te , 923 
Manganofe r r i t e , 651 
M a n g a n o u s ferr i te , 923 
M a r s b r o w n , 782 

red , 782 
v io le t , 782 
ye l low, 782 

M a r s h o re , 886 
M a r t i t e s , 702, 788 
M e a d o w o re , 886 
Mercur ic ch lo r ide , 609 

f e r r a t e , 936 
M e r c u r o u s f e r r a t e , 936 
M e r c u r y - i r o n a l loys , 545 

- t in - i ron a l loys , 579 
z inc- i ron s y s t e m , 548 

Metaferr io ac id , 905 
ox ide , 831 

Meta fe r r i t e s , 905 
Me ta l s , p o r o s i t y , 423 
M e t a m a g n e t i c a l loys , 245 
Met i l lu re , 559 
M e t o l h y d r o q u i n o n e , 616 
Milk , 615 
Mine w a t e r s , 611 
Minora ferr i a t t r a c t o r i a , 731 

laouot r i s , 885 
p a l u s t r i s , 885 
s u b a q u o s a , 885 
n ig r i cans m a g n e t i a rn ica , 731 
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M o d e r e r z , 8 8 6 
M o i s t s a l t , 6 1 6 
M o l y b d e n o f e r r i t e , 62O 
M o l y b d e n u m - a l u m i n i u m - c h r o m i u m - i r o n 

a l l o y s , 6 2 6 
c h r o m i u m c a r b i d e , 62O 

- i r o n a l l o y s , 6 2 6 - c o p p e r - i r o n a l l o y s , 6 2 6 
- i r o n a l l o y , 6 1 7 

c a r b i d e , 6 1 9 
t r i t a c a r b i d e , 62O 
• v a n a d i u m a l l o y s , 6 2 6 

- m a n g a n e s e - i r o n a l l o y s , 6 6 8 
t u n g s t e n - i r o n a l l o y s , 6 4 3 

- v a n a d i u m - c h r o m i u m - i r o n a l l o y s , 6 2 6 
M o r a s t e r z , 8 8 6 
M u s k e t s t e e l , 6 3 4 

N 

N a d e l e i s e n e r z , 8 7 7 
N a p l e s , r e d , 7 8 2 
N e i d l e i r o n s t o n e , 8 7 7 
N i c k e l f e r r a t e , 9 3 6 
N i c k e l o u s f e r r i t e , 9 2 5 
N i t r i c a c i d , 6 1 2 , 6 1 5 

o x i d e , 6 1 2 
s u l p h u r i c a c i d , 6 1 5 

N i t r o g e n , 6 1 1 
N i t r o u s a c i d , 6 1 5 
N o n - c o r r o s i v e s t e e l s , 6 0 6 . 

O c h r a n a t i v a , 8 8 5 
O c h r e b r o w n , 8 8 6 

b u r n t , 7 8 2 
r e d , 8 7 4 

O c h r e s , 8 8 5 , 8 8 7 
O l e i c a c i d , 6 1 5 
O l i g i s t e , 7 7 5 
O n e g i t e , 8 7 7 
O o l i t i c o r e , 7 7 5 
O r a n g e s , 6 1 5 
O r t h o f e r r i c a c i d , 9 0 5 
O r t h o f e r r i t e s , 9 0 5 
O x a l i c a c i d , 6 1 3 , 6 1 5 
O x o f e r r i t e , 7 0 4 
O x y a u s t e n i t e s , 7 0 2 , 7 0 4 
O x y f e r r i t e s , 7 0 2 , 7 0 4 

P a r a f f i n , 6 1 3 , 6 1 5 
P a r a m a g n e t i s m , 2 4 4 
P a r e g o r i c c o m p o u n d , 6 1 5 
P a s s i v i t y o£ i r o n , 4 9 8 
P e c h e i s e n s t e i n , 8 8 6 
P e r f e r r a t e s , 7 0 2 
P e r f e r r i c a c i d , 9 3 6 
^-A-t . a n h y d r i d e , 9 3 6 
P e r f e r r i t e a , 7 0 2 , 9 0 5 , 9 2 5 
Perttfteabflity, m a g n e t i c , 2 4 5 
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M I d , 613, 615 

P h o s p h o r u s - i r o n - s i l i c o n a l l oys* $ T 1 
P i c k l e s , 6 1 5 
P i c r i c a c i d , 6 1 5 
P i e r r e d ' a i m a n t > 7 3 4 
P i t t i z i t e , 8 8 6 , 
P l u m b o f e r r i t e , 9 3 2 
P o l y f e r r i t e s , 9 0 5 
P o r o s i t y , m e t a l s , 4 2 3 
P o t a s h - a l u m , 6 0 9 
F o t a s a u m , d i f e r r i d e , 5 2 7 

f e r r a t e , 9 3 0 
f e r r i t e , 9 0 8 
n i t r a t e , 615 . 
p e r f e r r a t e , 9 3 6 
t r i f e r r i d e , 5 2 7 

P r z i b r a m i t e , 8 7 7 
P y r i a u r i t e , 8 9 5 
P y r o a u r i t e , 9 1 6 
P y r o g a l l o l , 6 1 5 , 6 1 6 
P y r r h o s i d e r i t e , 8 7 7 

Q u e l l e r z , 8 8 6 

R 

R a d d l e , 8 8 7 
R a p i d s t e e l s , 6 3 4 
R a s e n e i s e n s t e i n , 8 8 5 
R e d c h a l k , 7 7 5 
R e d d l e , 7 7 5 
R e l u c t i v i t y , m a g n e t i c , 2 4 5 
R e m a n e n c e , m a g n e t i c , 2 4 6 
R e t e n t i v i t y , m a g n e t i c , 2 4 6 
R i v e r - w a t e r , 6 0 8 
R o u g e , c a r n i i n e , 7 8 2 

d e c h a i r , 7 8 2 
l a q u e x , 7 8 2 
s a n g u i n e , 7 8 2 
v i o l a t r e , 7 8 2 

R u b i d i u m f e r r a t e , 9 3 4 
f e r r i t e , 9 0 6 

R u b i n g l i m m e r , 8 7 7 
R u b i n r o t h e r z e i s e n g l i m m e r , 8 7 7 
R u b y m i c a , 8 8 6 
R u d d l e , 7 7 5 
R u n n i n g w a t e r , 6 1 6 
R u s t , 4 3 1 

b y - p r o d u c t s , 4 3 3 
n a t u r e of, 4 3 1 

R u s t i n g , a c t i o n c o l l o i d s , 4 5 1 
R u s t l e s s s t e e l s , 6 0 6 

S 

S a l t s , 6 0 8 
S a m m e t b l e n d e , 8 7 7 , 8 8 6 
S a u c e s , 6 1 6 
S c h i s t o s , 8 8 5 
S e a - w a t e r , 6 0 8 , 6 1 6 
S e b a c i c a c i d , 6 1 6 
S e l f - h a r d e n i n g s t e e l s , 6 3 4 
S h o r t n e s s , 6 1 

b l u e , 6 1 £.,. 



Shortness , co ld , 61 
h o t , 61 

— r e d , 6 1 
Siegels te in , 731 
Sienna, 887 

b u r n t , 782 
S i l i con -a lumin ium- i ron a l loys , 570 

- c h r o m i u m s tee l s , 616 
— -iron, a l loys , 658 

c o p p e r a l loy , 570 
— p h o s p h o r u s a l loys , 571 

m a n g a n e s e s t ee l s , 667 
• t i t a n i u m s tee l , 667 

- t u n g s t e n - i r o n a l loys , 642 
S i lumin , 57O 
Si lver f e r r a t e , 934 

fe r r i t e , 910 
• hemi fe r r i t e , 909 

h y d r o f e r r i t e , 9IO 
i ron a l loys , 539 

c o p p e r a l l oys , 540 
S k e n u n a t i t e , 816, 923 
S m i t h y sca le , 934 
S m o k e , 613 
S o d i u m ch lor ide , 616 

c i t r a t e , 616 
— f e r r a t e , 934 

fe r r i t e , 906 
h y d r o x i d e , 616 
p e r f e r r a t e , 936 
s u l p h i d e , 616 
t h i o s u l p h a t e , 616 

S p e c u l a r i r o n , 775 
sch i s t , 775 

S p e c u l a r i t e , 775 
flaky, 785 

S t a i n e r i t e , 877 
S ta in l e s s s t ee l s , 606 , 613 
S t a n n i c fe r r i t e , 921 
Stee l , co r ros ion , 4 0 3 
S t e r r o - m e t a l , 545 
S t i l pnos ide r i t e , 886 
S t i l pos ide r i t e , 877 
S t r o n t i u m f e r r a t e , 935 

fe r r i t e , 913 
- i ron a l loy , 541 

—— p e r f e r r a t e , 936 
p e r f e r r i t e , 926 

S u l p h u r ch lo r ides , 6IO 
S u l p h u r i c ac id , 610, 616 

n i t r i c ac id , 615 
S u l p h u r o u s ac id , 61O 
S u m p f e r z , 886 
S u n s t o n e , 877 

g lazes , 780 
Sus c e p t i b i l i t y , m a g n e t i c , 246 

T 

T a n n i c ao id , 613 , 616 
T a n t a l u m - i r o n a l loy , 585 
T a n t i r o n , 569 , 570 
T a p - w a t e r , 608 
T a r t a r i c ao id , 6 1 3 , 616 
T e r r a d i s iena , 887 

r o s e , 782 
Tetraferrous ferr ic o x i d e , 807 
T h a l l i u m f e r r a t e , 936 

T h a l l i u m - i r o n a l loys , 657 
Thermis i l id , 559 
T h i x o t r o p y , 852 
T h o r i u m fe r ra te , 936 
Tin-copper - lead- i ron a l loys , 579 

i ron a l loys , 576 
b i s m u t h a l loys , 579 

m e r c u r y - i r o n a l loys , 579 
T i t a n i u m - c h r o m i u m s tee ls , 616 

fe r r i te , 924 
i ron a l loys , 571 

-manganese-s i l icon s teel , 667 
v a n a d i u m - i r o n a l loys , 585 

Tone i sens t e in , 775 
T r e v o r i t e , 925 
Tr i f e r rous pen ta fe r r i c ox ide , 807 

t e t r a f e r r i c ox ide , 807 
T u n g s t a t o f e r r i t e s , 923 
T u n g s t e n c a r b i d e s tee l s , 634 

c h r o m i u m s tee l s , 642 
- v a n a d i u m - i r o n a l loys , 643 

s t ee l s , 642 
i r o n a l loy , 626 

c a r b i d e , 629 
c h r o m i u m ca rb ide , 629 
t r i t a c a r b i d e , 629 

m a n g a n e s e - i r o n a l loys , 668 
m o l y b d e n u m - i r o n a l loys , 643 
s i l icon- i ron a l loys , 642 

- v a n a d i u m - i r o n a l loys , 626 
T u r i t e , 874 
T u r j i t e , 874 
T u r k e y r e d , 782 

U 

U m b e r , b u r n t , 782 
U n o x i d i z a b l e c a s t i ron , 545 
XJranium-iron a l loys , 643 

m a n g a n e s e - i r o n al loys , 668 
U r e a , 613 

V 

V a n a d i u m - c h r o m i u m - m o l y b d e n u m - i r o n 
loys , 626 

_ s tee l s , 617 
- - t u n g s t e n - i r o n a l loys , 643 

s tee l s , 642 
i ron a l loys , 579 

m o l y b d e n u m al loys , 626 
m a n g a n e s e - i r o n a l loys , 668 
t i t a n i u m - i r o n - a l l o y s , 585 
t u n g s t e n - i r o n a l loys , 626 

V e l v e t b l e n d e , 877 
V e n e t i a n r e d , 887 
ViUari r eve r sa l , 275 
Vinega r , 613 , 616 

W 

W a h l i t e , 62O 
W h i t e b r a s s , 545 
Wiesenerz , 886 
W o o t z , 550 
W o r k - h a r d e n i n g , 19 
Wfis t i te , 702, 704 
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X 

Xantnosiderite , 886, 892 

Z 

Zinc, 616 
-aluminium-iron al loys , 657 
chloride, 616 

INJOEX 

Zinc ferrate, 935 
ferrite, 917 
iron al loys , 543 

copper al loy, 545 
mercury s y s t e m , 548 

-magnesium-iron a l loys , 545 
pentitahenicosizinoide, 514 

Zirconium-chromium steels , 616 
ferrite, 921 
iron al loy, 574 
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