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ABBREVIATIONS

aq. == agueous

atm. = atmospheric or atmosphere(s)

at. vol. = atomic volume(s)
at. wt. = atomic weight(s)
T° or °K = absolute degrees of tempecrature

b.p. = boiling point(s)

6° = centigrade degrees of temperature

coeff. == coefficient
conc. = concentrated or concentration
dil. = dilute

eq. = equivalent(s)

f.p. = freezing point(s)
m.p. = melting point(s)
gram-molecule(s)

mol(s) = gram-molecular
__fmolecule(s)
mol(s).= molecular

mol. ht. = molecular heat(s)
mol. vol. = molecular volume(s)

mol. wt. = molecular weight(s)

press. = pressure(s)

sat. = saturated

soln. == solution(s)

sp. gr. == specific gravity (gravities)

sp. ht. = specific heat(s)

sp. vol. = specific volume(s)
temp. = temperature(s)
vap. = vapour

In the eross references the first number in clarendon type is the number of the
volume ; the second number refers to the chapter; and the succeeding number refers to the
<« §,” section. Thus 5. 38, 24 refers to § 24, chapter 38, volume 5.

The oxides, hydrides, halides, sulphides, sulphates, carbonates, nitrates, and phosphates
are considered with the basic elements; the other compounds are taken in connection with
the acidic element. The double or complex salts in connection with a given element include
those associated with clements previously discussed. The ocarbides, silicides, titanides,
phosphides, arsenides, etc., are considered in connection with carbon, silicon, titanium, etc.
The intermetallic compounds of a given element include those associated with elements
previously considered.

The use of triangular diagrams for representing the properties of three-component
systems was suggested by G. G. Stokes (Proc. Roy. Soc., 49. 174, 1891). The method was
immediately taken up in many directions and it has proved of great value. With practice it
becomes as useful for representing the properties of ternary mixtures as squared paper is for
binary mixtures. The principle of triangular diagrams is based on the fact that in an equi-
lateral triangle the sum of the perpendicular distances of any point from the three sides is
a constant. Given any three substances 4, B, and C, the composition of any possible
combination of these can be represented by a point in or on the triangle. The apices of the

vii
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viii ABBREVIATIONS

triangle represent the single components 4, B, and C, the sides of the triangle represent binary
mixtures of 4 and I3, I3 and (', or C and 4 ; and points within the triangle, ternary mixtures.
The compositions of the mixtures can be represented in percentages, or referred to unity, 10,
etc. In Fig. 1, pure 4 will be represented by a point at the apex marked A. 1f 100 be the

B 8 6 <+ 2 ©
Fra. 1. Fia. 2. Fra. 3.

standard of refercnce, the point A represents 100 per cent. of 4 and nothing else; mixtures
containing 80 per cent. of A arc represented by a point on the line 88, 60 per cent. of 4 by a
point on the line €6, etc. Similarly with I and C—Figs. 3 and 2 respectively. Combine
Figs. 1, 2, and 3 into one diagram by superposition, and Fig. 4 results. Any point in this

B
7} 20 FO 60 &0 /o% wor C
1700 80 60 +0 20 o%aor B

Fi1G. 4.—Standard Reference. Triangle.

dingram, Iig. 4, thus represents » ternary mixture. For instance, the point M represents a
mixture containing 20 per cent. of 4, 20 per cent. of B, and 60 per cent. of C.



CHAPTER 1.XVIII
NICKEL
§ 1. The History of Nickel

THE mineral kupfernickel described by U. Hidrne,! in 1694, has the appearance
of a copper ore, but not the smallest particle of copper can be extracted from it.
According to F. X. M. Zippe, the word ‘“ nickel ’’ appears to have been used amongst
the miners as a Schempf name, that is, a disparaging or derogatory term derived
maybe from Nikolaus ; if so, then, as suggested by A. (. Charleton, the term
“ kupfernickel ” might be translated *“ Old Nick’s copper,”” and so J. Woodward
called it cuprum nicolar. Weare told—wvide cobalt—that the medisval Saxon miners
working the silver ores encountercd minerals which had the appearance of good
silver ores, but, when smelted, emitted a disagreeable smell, and yielded no silver.
The miners concluded that these ores were bewitched by the Nixes and Cobolds
that dwelt underground. The objectionable minerals were thrown on to the
waste-heaps, and called contemptuously Nires’ ore and Cobolds’ ore. Centuries
afterwards these minerals were found to be the arsenides of two new metals, and
the names of the metals, cobalt and nickel, are thus derived from a medixval
superstition. The history was discussed by W. H. Baldwin.

The mineral has been previously discussed—9. 51, 10-—as niccolite, its modern
cognomen. The idea that kupfernickel is a copper compound seems to have
prevailed at the end of the seventeenth and beginning of the cighteenth century,
for in 1726, J. 1. Linck said that it is a cobalt ore mixed with copper; and
J. (. Wallerius, that it is a copper-red ore consisting of cobalt, iron, and arsenic.
Analogous views were held by J. A. Cramer, J. F. Henckel, and (. von Linnaus
in the first half of the ecighteenth century.

In 1751, A. F. Cronstedt 2 published in Stockholm a report of his examination
of some ores in the cobalt mines of Helsingland, Sweden. When the earth under
examination was weathered, it acquired a green crust, which furnished long crystals
of a green sulphate or vitriol. When the sulphate was calcined, it furnished a grey
calx, or colcothar, which when reduced yielded a yellowish, hard, brittle metal
with a white fracture. The metallic part of the vitriol furnished with borax a
brown glass. He therefore inferred that the earth contained in addition to iron
and cobalt a new semi-metal. When the soln. of the semi-metal in acid was treated
with a fixed alkali, it yielded a greenish-white precipitate free from copper.
A. F. Cronstedt then showed that the new semi-metal was the dominant base in
kupfernickel, and he accordingly retained the affix of reproach—nickel—for the
new semi-metal. He found that the kupfernickel of Freiberg contained arsenic,
sulphur, nickel, and iron ; and that the speiss obtained in the preparation of smalt
contained a relatively large proportion of nickel. Nickel or nickel calx was found
to unite readily with sulphur, forming a yellow compound which when roasted
furnished nickel calx. Nickel forms a hard, white alloy with copper, which, unlike
nickel free from copper, forms in the borax bead a green glass, and a soln. of the
alloy in acid gives a precipitate of copper when treated with zinc or iron. These
facts were considered to demonstrate that nickel itself is free from copper.

Most chemists accepted A. F. Cronstedt’s nickel as a new element, but, as
T. Bergman stated, some—e.g., B. G. Sage (1772), and A. G. Monnet (1775)—

VOL. XV. 1 B




2 INORGAN1IC AND THEORETICAL CHEMISTRY
* were led rather by vague conjecture and specious appearance than by satisfactory
experiment,” and retained the¢ old opinion that kupfernickel is a corppound of
iron, copper, cobalt, and arsenic. They also considered cobalt and nickel to be
the same element. T. Bergman then examined the new clement with the idea of
finding if the characteristics of A. F. Cronstedt’s nickel were sufficient to establish
its right to recognition as an element swi generis. T. Bergman concluded that
whilst with the knowledge then available ‘“ 1t was not possible to obtain a perfect
and complete purification of nickel from all heterogencous mixtures,” suflicient
was known to establish the right of nickel to recognition as a metal with distinct
roperties of its own which persist in all its combinations. He added :
Vague suspicions that nickel, cobalt, and manganese can be generated from iron

because of the difficulty involved in preparing tho metals free from iron, must give way to
phenomona and propertics which are coustant, and the metals themsclves must be regarded
as of an origin altogether distinct and peculiar to themselves. There is no doubt that
many well-known meotals, acknowledged to be distinet substances, would not endure more
sovere tiials than does nickel. . . If the genesis of natural productions is to be established
by fanciful motamorphoses, tho whole truth and certainty of natural philosophy must
soon bo overturned.  So long as plausible conjectures are substituted for opinions formed
on thoe suro basis of experimoent, we shall always crubrace the shadow for the substance.

N. Lceblane raised some objections to T. Bergiman’s conclusion that nickel 1s a
chemical individual swi generis, but the work of J. L. Proust, J. B. Richter,
I.. J. Thénard, and R. Tupputi removed all doubts, and since that time nickel has
occupied a place in the list of clements.  The history of nickel has been discussed
by M. E. Weeks, D. F. Hehnemann, W. . Baldwin, R. Kirwan, and F. Kapfl.

The work of (i. Kruss and F. W. Schmidt led them to attribute the anomalous
positions of nickel and cobalt in the periodic table to the presence in ordinary
nickel and cobalt of an unknown, foreign clement which was named gromium, but
this opinion was not supported by the work of C. Winkler, L. Mond and co-workers,
P. Schiitzenberger, and T. W. Richards and A. S. Cushman. A new element was
reported by I.. C. von Vest to be present in nickel ore, and he proposed to call it
Junonium or swrium, whilst L. W. Gilbert suggested oestdiume or vestzum, but the
alleged clement, was shown by M. Faraday to be a mixture of nickel, iron, sulphur,
and arsenic.  T. Dahll 1reported a new clement - named norwegium—in gersdorffite,
but the report has not been confirmed.

The analysis of the early Chinese alloy, packfong, by G. von Engestréom, in 1776 ;
and the analyses of Bactrian coins, probably 200 B.c., by W. Flight, and
A. G. Charleton, show that, at these remote periods, the ores employed for making
coinage metal contained some nickel—woide infra, the copper-nickel, and the copper-
nickel-zinc alloys. 1In 1777, J. C'. F. Meyer noted that a Siberian metcorite when
treated with sulphuric acid gave a green soln. which became blue when treated
with ammonium chloride, but J. l.. Proust, in 1799, is generally considered to
have been the first to demonstrate the presence of nickel in meteoritic iron—wide

tnfra, nickel-iron alloys.
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§ 2. The Occurrence of Nickel

According to K. Kraut,? and T. Carnclley, nickel is much more widely dis-
tributed in nature than was formerly supposed, it is closely allied to cobalt, and the
two elements are almost always associated with one another and with iron.
According to V. M. Goldschmidt, during the cooling and solidification of the carth,
the molten mass separated into three layers-—— a metallic layer, a sulphide layer,
and a silicate layer——eide iron. The occurrence of the two metals cobalt and
nickel in association with iron was supposed to form the central core of the earth,
and, from the analogy with meteoric iron, it is possible that the iron in the central
core contains 6 to 10 per cent. of nickel, and that the proportion of nickel and
cobalt is approximately as 15:1. The terrestrial minerals awaruite and josephinite
represent native nickel. The cobalt and nickel in the sulphide layer, (Fe, Ni, Co)S,
amount to 1 to 4 per cent. Nickel is thus a primary constituent of many sulphides,
arsenides, antimonides, and tellurides. Nickel has been frequently detected in
igneous rocks, and F. W. (larke noticed that nickel is specially characteristic of
magnesian igneous rocks, where it is generally associated in them with chromium.
Nickel also occurs primarily in silicate rocks. P.Pondal observed that the pro-
portion of nickel in basic rocks is greater than in acidic rocks, where the proportion
is low or zero : in fifteen samples of Galician magmas, he found 0-0 to 0-42 per
cent. of NiO. The subject was discussed by J. H. L. Vogt.

According to F. W. Clarke, nickel is distributed more abundantly than copper,
for whilst the igneous rocks of the earth’s crust contain approximately 4-56 of iron
to 0-02 of nickel, the proportion of copper is about 0-010, and the proportion of
the common metals, zine and lead, is still less. According to F. W. Clarke and
II. 8. Washington, the relative abundance of nickel in the igneous rocks of the
carth’s crust is 0-020 when that of cobalt is 0-001, and that of iron is 5-01 per cent.
J. H. 1.. Vogt gave 0-005 per cent. for nickel ; W. Vernadsky gave 0-01 ; G. Berg,
0-018 per cent. ; and F. W. Clarke. 0-0274 per cent. of oxide. W. and J. Noddack
and O. Berg gave 3 <1075 for the absolute abundance of nickel when that of cobalt
is 31076 and that of iron, 1072, A. K. Fersmann calculated 0-0029 for the per-
centage number of atoms of nickel in the carth’s crust. The general subject was
discussed by K. Kraut, E. Dittler, G. Berg, P. Niggli, G. Tammann, E. Herlinger,
O. Hahn, W. Lindgren, J. Joly, and A. von Antropoff.

According to A. Terrcil,2 the metal occurs associated with the magnetic platinum
ores of Nischne-Tagilsk, Urals ; whilst T. Petersen found it in the magnetic iron
of Pregattin, Tyrols; A. Sella, alloyed with 26-6 per cent. of iron in the sands of
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Elvo, Piemont ; and R. A. A. Johnston, in the sands of Yukon. Some native
alloys of iron and nickel have received special names—awaruite, FeNi,, observed
by W. Skey in Awarua Bay, New Zealand ; josephinite, Fe,Ni;, by W. H. Melville,
m the placer sands of Josephine and Jackson Counties, Oregon, and by
G. 8. Jamieson, in the sands of Smith River, California ; souesite, FeNig, by
G. C. Hoffmann, 1n the sands of Frazer River, British Columbia ; oectibbehite,
Fe,Niz, by W. J. Taylor in Oectibbeha, Missouri; and catharinite, Fe,Ni, by
S. Mecunier, from Santa Catharina, Brazil—vide nfra, the iron-nickel alloys.
E C(Casoria, and (i. Paris observed nickel amongst the products of the Vesuvian
eruption of 1906. The occurrence of extra terrestrial nickel in meteorites is
discussed 1 connection with the iron-nickel alloys, and in connection with extra
terrestrial rron.  The first definite proof of the presence of nickel in meteorites
was made in 1799 by J. L. Proust. . Berg, and E. Herlinger gave 1-53 per cent.
for the average nickel content of stony meteorites, and 8-51 per cent. for iron
meteorites. (. P. Mernll estimated that the analyses of meteorites published up
to 1916 showed that meteorites contained 1-15 per cent. of metallic nickel, and
0-48 per cent. of oxide- eruptive terrestrial rocks contained 0-025 per cent. of
nickel oxide. J. and W. Noddack’s estimates of the percentage atomic distribution

relative to oxygen umty are :

Earth's crust Igneons rochrs Mcteoric iron Troilite Atomie distribution
I-8 <10 ¢ 2-01 < 10-3 8-46 < 103 2-88 x 10 2 4-2%x 102

The subject was discussed by H. von Kluber, O. C. Farrington, F. Behrend and
G. Berg, G. P. Merrill, J. and W. Noddack, W. Crookes, ctc.— vide iron. G. Kirchoff,
A. J. Angstrom, A. Cornu, and J. N. Lockyer obtained spectroscopic evidence of
the existence of nickel in the sun. Confirmatory observations were made by
A. Cornu, H. A. Rowland, 11. von Kluber, F. Behrend and G. Berg, H. N. Russell,
H. M. Verron, S. A. Mitchell, F. McClean, G. E. Hale and W. S. Adams, and
A.de Gramont. A. Albrecht observed nickel lines in the spectrum of Germinorum ;
and H. M. Pillans, in that of B-Lyrx. The occurrence of nickel lines in stellar
spectra was discussed by H. von Kluber, (. J. Kreiger, W. W. Morgan and GG. Farne-
worth, O. Struve and P. Swings, (1. P. Merrill, J. Stebbins, W. .. Rufus, (. E. Hale
and co-workers, C. D. Shane, F. J. M. Stratton, and J. Storey. F.S. Hogg reported
the spectral lines of nickel in comets.

Native nickel occurs in nature alloyed with iron in meteorites, and in a few
terrestrial minerals, but the native element is a curiosity of no industrial importance.
Workable deposits of nickel are rare ; the most important deposits occur in Ontario,
Canada, and in New (Caledonia. These deposits control the world’'s market for
the metal. The uscful ores of nickel furnish three classes :

(i) Sulphides—e.g., pentlandite, polydymite, linnaxite, and millerite. The
sulphide ores accompanying pyrrhotite and chalcopyrite are always associated with
a subsilicic rock like norite, peridotite, and sometimes diabase or diorite. The ores
arce usually at or near the margin of laccoliths, and are partly massive metal sul-
phides, and partly disseminated in the marginal zone of the rock. The Sudbury,
Ontario, deposits, for example, occur in an enormous laccolith which occupies the
interior of a basin-like depression, and it is overlaid with a considerable thickness
of sedimentary and pyroclastic rocks. Two main theories have been proposed to
explain the origin of the Sudbury deposits : (a) the igneous or magmatic segregation
theory assumes that the nickel, copper, and iron sulphides cooled and segregated
from a molten state like the igneous rocks; and (b) the hydrodeposition theory
assumes that the ores have been deposited from hot aqueous solutions circulating
along zones of crushing and faulting. The theory that the Sudbury ores were
produced by molten injections which solidified in the fissures as veins, etc., is
favoured by R. Bell,3 J. W. Gregory, C. F. Tolman and A. F. Rogers, J. F. Kemp,
J. H. L. Vogt, W. Campbell and C. W. Knight, D. C. Davies, H. B. von Foullon,
T. L. Walker, A. P. Coleman. A. E. Barlow, etc. D. H. Browne observed that in
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the cooling of a copper-nickel matte, the copper sulphides favour the margins of
the mass, and the nickel sulphides concentrate near the centre, and the sulphides
at Sudbury are similarly distributed. In the alternative theory advocated by
R. Beck, W. G. Miller, C. W. Dickson, and W. Campbell and C. W. Knight, it is
assumed that the ores were formed by the circulation of heated waters containing
a soln. of the components of nickel, copper, and iron sulphides, and, to a minor
extent, lime, magnesia, silica, etc. The nickel, copper, and iron sulphides were
then precipitated as pentlandite, chalcopyrite, and pyrrhotite. K. Weinschenk
considered that the nickeliferous pyrrhotites of southern Schwarzwald are not
magmatic. Synthetic experiments show that these minerals may be formed by
both dry and wet processes. The origin of nickel ores was also discussed by
A. M. Bateman, E. R. Bush, S. St. Clair, F. W. Clarke and C. Catlett, J. H. Collins,
W. H. Collins, M. A. Dresser, J. Garnier, W. H. Goodchild, H. M. Roberts and
R. D. Longyear, I.. I’. Silver, and T. L. Walker.

(i1) Arsenides—e.g., niceolite and chloanthite. F. Gillman considered the
niccolite deposits in the serpentine of Malaga, Spain, to be magmatic. The arsenide
ores of Cobalt, Ontario, occur in narrow veins cutting metamorphosed, fragmental,
pre-Cambrian rocks which have been intruded by a high mass of dolerite. The
vein also contains barytes, fluorspar, dolomite, and quartz, all typical of minerals
deposited from aq. soln. W. G. Miller considered thut the mineralization was
produced by magmatic waters which accompanied or followed the dolerite eruption.
F. W. Voit considered that the arsenide ore of Dobschau, Hungary, was deposited
from circulating soln. The arsenides occur in a carbonate gangue at or near
contacts of diorite. (. R. Keyes discussed metasomatic replacements in limestone ;
and the oxidation or carbonation of sulphides and arsenides of nickel and cobalt
was discussed by J. F. Kemp, F. Gillman, etc.

(1iil) Hydrated silicates-—e.g., garnierite, genthite, connarite, and nepouite
found in New Caledonia; Riddles, Oregon; North Carolina; Revda, Urals;
Frankenstein, Silesia ; and Mount Avala, Serbia. These silicates have a more or
less indefinite composition. They occur in weathered zomnes of basic igncous
rocks—e.g., peridotites—and are frequently altered to serpentine in which the
contained nickel is considered to have been a primary constituent. In some cases,
during the weathering, the nickel minerals were dissolved and deposited from soln.
in shrinkage cracks and seams, and in breceiated portions of the mother rock.
These minerals were discussed by W. L. Austin, A. E. Barlow, H. J. Riddle,
F. W. Clarke, H. B. von Foullon, G. F. Kay, J. 8. Leckic, D. Levat, W. Schornstein,
A. Liversidge, K. Dittler, and F. D. Power.

Nickel occurs as an essential or accessory constituent of many minerals, but
workable deposits are comparatively rare. The chief nickel minerals are as follow :

Aarite, or arite, an antimmonial nickel arsenide. Alipite, an impurce hydrated nickel sili-
cate. Annabergite, Ni,(AsO,),.8H,O. Awaruite, IeNi,. Badenite, (Co,Ni,Fe),(As,Bi);.
Beyrichite, Ni,S,, or 2NiS.NiS,. Black nickel, vide nicomelane. Blueite, a nickeliferous
pyrite approxirnately NiS,.12FeS,. Bravoite, a nickelifcrous pyrite. Breithauptite,
NiSb. Bunsenite, NiO. Cabrerite, (Ni,Mg).,(AsQ,),.8H,O. Catharinite or catarinite,
Fe,Ni. Chathamite, « variety of chloanthite. Cheleutite, a nickeliferous smaltite,
Chloanthite, NiAs,. Cobalt nickel pyrite, (I'¢,Co,Ni)S,. Connarite, H,Ni,Si,O,,. Copper
nickel, wvide mniccolite. Corynite, a form of gersdorffite with part of the arsenic
replaced by antimony. Desaulesite, a hydrated silicate of zinc and nickel associatoed
with chloanthite. Emerald nickel, wv7de texasite. Folgerite, a form of peut-
landite.  Forbesite, (Ni,Co)HAsO,.4H,O. Garnierite, (Ni,Mg)SiO,.»H,O. Genthite,
H,Mg,Ni (Si0,);.4H,0, or (Mg,Ni),Si;O0,.nH,O. Gersdorflite, Ni,AsS. Gunnarite, =«
form of pentlandite. Hauchecornite, possibly (Ni,C0),.(S,131,Sb),. Heazlewoodite, «
form of pentlandite. Hengleinite, (Co,Ni,Fe)S,. Heubachite, 3(Co,Ni.Fe),0,.4H,0.
Horbachlte, (¥e,Ni),S;, or 4Fe,S,;.Ni,S,. Josephlnite, Te,Ni;. Kallilite, N:BiS, or
NiS,;.NiBi,. Kerzinite, a peat containing nickel silicate. Kupfernickel, old mname
for nicecolite. Lawrencite, (¥e,Ni)Cl,. Lillhammerite, pentlandite. Lindackerite,
NiyCug(OH),80,(As0,),.5H,0. Linnsite, (Ni,Co),S,. Maucherite, Ni,As,; or NizAs,.
Maufite, a silicate of nickel, aluminium, etc. Melonite, Ni,Te,. Millerite, NiS. Morenosite,
NiSO,.7H,0. Nepoulte, (Ni,Mg),;Si,0,.2H, 0. Niccolite, NiAs. Nickel bloom, or
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annabergite. Nickel glance, gersdorfiite. Nickel greem, or annabergite. Nickel-gymnite,
a gymnite with part of the magnesium replaced by nickel as in genthite. Nickel ochre.
or annabergite. Niekel smaragd, or =zaratito. Nickel stibine, or ullmannite. Nickel-
skutterudite, (Ni,Co,e)Asg. Nickeline, NiAs. Nicomelane, Ni;O;,. Nic;opyrlte, pent-
landite. Noumeaite, or noumeite, a dark green form of garnierite which is usually pale
green. Numite, or noumecite. Octibbehite, Fe,Ni,. Pentlandite, (Ni,Fe)S. Pimelite,
an impure hydrated nickel silicate. Placodite, or plakodine, a form of .xnaucherlte.
Polydymite, Ni,S,. Pyromelane, wvide moresonite. Rammelsbergite, (Ni,Co,Fe)As,.
Rewdanskite, (Ni,Mg,Fe),Si,0,.2H,0. Réttisite, Ni,Si;0,.2H,0. Safllorite, (Co,Ni,Fe)As,.
Saynite, a mixture of polydymite and bismutite. Smaltite, (Co,Ni,Fe)As,. Souesite,
FeNi,. Spathiopyrite—safflorite. Temiskamite, Ni,As,. Texasite, 3NiO.CO,..5H,O.
Transvaalite, an impure nickeliferous, arsenical, cobalt silicate. Trevorite, NiO.Fe,0;.
Ullmannite, NiSbS. Villamaninite, (Cu,Ni,Co,Fe)(S,Se),. Violarite, a copper nickel
sulphide. Whartonite, a nickeliferous pyrite. White nickel, vide chloanthite. Williamite,
(Ni,Co)SbS. Willyamite, (Ni,Co)S,Sb,. Winklerite, an impure cobalt, nickel arsenate.
Wolfachite, Ni(As,Sb)S. Zaratite, Ni(OH){Ni(OH)},CO3.4H,0.

The sulphide ores are represented by the pyrrhotite-chalcopyrite ores of Sud-
bury, and Norway. Similar ores have been mined to a relatively small extent in
Pennsylvania, Tasmania, Sweden, Italy, South Africa, etc. The sulphides
associated with the lead ores of south-east Missouri have also been worked for
cobalt and nickel. The arsenical ores have been worked for cobalt and nickel
in Saxony, Bohemia, France, and principally at Cobalt, Ontario. Silicate and
oxidized ores have becn worked in Greece, Madagascar, North Carolina, Oregon,
and principally in New Caledonia. Before the opening of the New C(Caledonia
mines, mines were operated in Norway, Sweden, Germany, Austria, and Italy.
Norway was the largest producer up to 1877, when she was eclipsed by New
Caledonia. The mine at Lancaster Gap, Pennsylvania, began to produce nickel
about 1863, but it had to close down in 1891 owing to competition with the richer
deposits of New Caledonia, and Sudbury. Since the advent of the New Caledonian
ore in 1875, and of the Sudbury ore in 1886, other sources of supply have become
relatively insignificant. Basic igneous rocks in many parts of the world contain
sufficient nickel to make them of economic value, but other poorer deposits are
not likely to be seriously exploited so long as the deposits like those at Sudbury

are available.
The map, Fig. 1, summarizes the geographical distribution of the principal
deposits of nickel. There are many general reports on the occurrence of nickel ores.4

Europe.—In Great Britain,® a numbor of deposits have been reported and in some
cases worked, but to-day these deposits are of no economic value. W. Borlase, in 1758,
noted theo occurrence of nickel at I’eengreepju Gwennap ; and, according to W. G. Rum-.
bold, niccolite was raised at the Pengelly mine, St. Ewe. Nickel and cobalt ore was also
raised from St. Austell Consols, Fowey Consols, and FEast Pool mines between 1854 and
1861. Other deposits in Cornwall have been reported at Dolcoath, and other mines in
the Camborne and Illogan districts. Pentlandite has been found in the Wheal Jane 1nine,
Truro ; mniccolite, in the South Tresavean mine ; millerite, at Wheal Spavnon; and
nickel, silver, copper and uranium ores as well as pyrite in the Roskrow-United mines,
Ponsanooth. Millerite occurs in the clay ironstones of the South Wales Coal Mcasures
e.g., at Merthyr Tydfil ; and nickel minerals occur associated with the iron ores at Moel
Hiraddug, Cwm, Flintshire. Zaratite occurs at Warren Carr, Darley Dale, Derbyshire.
Pentlandite was mined at Gille-Braghad near Inverary, in Scotland, between 1854 and
1867. There is also a deposit at Craignure near Inverary ; and nickeliferous pyrrhotite
occurs near Palnure Burn, Kirkcudbrightshire. The mining of niccolite at Hilderstone,
Linlithgowshire, has been conducted in a desultory way between 1606 and 1873. In
France,? there are no known nickel deposits of any commercial importance. There aro
small deposits at Chalanches, Dauphine. These ores were first worked for silver, and the
slags were aftorwards treated for nickel and cobalt. 1In Portugal,” there are nickeliferous
ores at Mirando do Corvo. In Spain,® there are deposits of nickel in the serpentines of
Malaga. Somo garnierite in Los Jarales near Carratraca was mined for a time, but could
not compete with the New Caledonian ore. There are also similar ores in the Sierra
Alpujata near Ojen. In Italy,? there are small unimportant deposits at Varallo in Pied.
mont in the Lake Maggiore district, but they have yielded little ore on a commercial
scale. In Switzerland,?® nickel and cobalt ores are said to occur in the Gollyre and Grand
Praz mines necar Ayer, Val d’Anniviers ; and at Kaltenburg, Turtmanntal. In Germany,!*
a few deposits of nickel are known but none is of any economic importance. There are
deposits of the garnierite type near Frankenstein, Silesia ; there is a deposit at Aeussert,
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Sohland ; Steben and Lichtenberg in Bavaria ; Horbach in the Black lorest ; and near
Dillenburg, Nassau. The once-famous cobalt deposits of Schneeberg and Annaberg have
yielded small quantities of nickel. In Austria,’? there are mines on the Nockoberg, near
Leogang, and at Mitterberg in the Salzburg Alps; the Leo lode near Salzburg and in the
Kitzbiihel district in the Tyrol. In Czechoslovakia,'®> there are small deposits in the
Joachimsthal district, and at Schluckenau in Bohemia ; and at Dobschau in the Deptau
mountains, formerly in Hungary. In Yugoslavia,’* no important nickel deposits have
been discovered. Small deposits of millerite have been found in the Mount Avala lead
mines ; in the Zavlaka zinc-lead deposits ; and at Sadyevats near Ivanjitsa. In Sweden,!?
small deposits occur at Klefva, Smialand ; Kusa, Dalarne ; and at Ruda, Ostergotland.
In Norway,!'® about 40 deposits of nickel orc are known—e¢.g. at Skorovas, near Trondhjem,
the Lillebjeldklumpen mine near Lake Tunsjs ; Flaad mine in Satersdsl; the Fasco
mine near Haugesund ; and the Ertch mine near Ringerike. In Finland,'’ at Petsamon.
In Russia,l® there is a deposit of the garnierite type at Reodinsk in the Urals; in the
Nijni-Karkadinsk mine, the Khudyakoosk mine, the Staro-Cheremshansk mine, and the
Tunkinsk mine in the Urals. In Greece,!® there are nickel ores of the garnierite type, and
also chromiferous iron ores containing nickel—on the i8lands IKubceea, and Skyros of the
Greek Archipelago ; the districts of Locris and Boeotia.

Asia.—In Siberia,?° north.east of Balkash land. In Asiatic Turkey,?! an occurrcence of
nickel ore at Kastamuni; and there is also one at Aidin. In India,?2? nickeliferous
pyrrhotite has been reported in various places in Rajputana; in the reefs of
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Kolar; and in the pyrite of the Henzada district, Burma. There are also complex
sulphide ores in Tobala, South Travancore. In Dutch East Indies,?? there is a deposit
of mickeliferous, chromiferous iron ore on Sebuku Island off the coast of Borneo. Nickel.
iferous iron ore of the lateritic type has been reported north of Malili, in Celebes.?¢ In
China,?5 there are nickel ores south.east of Yun.nan ; in the Tungohwan district ; in the
Red River district west of Kochfu; near Wei-ning, north-west of Kwei-chow ; and in
Shen-si. The alloy packfong has been used for a long time in China for domestic utensils,
and it was made from a nickeliferous copper ore mixed with tin, lead, and zinc. In Japan,2?$
the Natsume nickel deposits were formerly worked. In the Philippine Islands,?? there is
chromiferous iron ore on the island of Mindanao. In New Caledonia,?® the deposits of
garnierite are of second importance to the Sudbury deposits. They were discussed by
J. Garnier in 1865.

Africa.—In Egypt,?° there is a deposit of the silicate type on St. John’s Island in the
Red Sea. In Abyssinia,3® nickel and copper ores have been found in the Walaga Province.
In Madagascar,?! there are nickel ores of the garnierite type. There is one deposit at
Valzoro near Amboutra, in the province of Fianarantsoa ; and another deposit near
Ambatondrazaka, on the Ombe River. In Nyasaland,?? there is a deposit of nickel-
iferous pyrrhotite in the Blantyre district. In the Union of South Afriea,3® there is a
deposit of nickeliferous pyrrhotite at Insizwa, Cape Province ; a deposit at Blauwbank,
Transvaal, and at Vlakfontein in the Rustenburg district. There are also deposits at
Derde Geld, Lydenburg; and near the Sheba Bridge, Barberton district. In Natal,34
there ig an occurrence of the garnierite type in the Nkandhla district, Zululand.

North America.—In Canada,?® there are numerous deposits of nickel, but only the
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nickeliferous pyrrhotite deposits about Orntario have been worked. The largest and richest
known deposits in the world occur on the north side of Lake Huron, in the Sud't')ury
region. The ores here are of two types—marginal deposits occur at the basal margin of
the norite lying between it and the adjoining rock ; and offset deposits are connected on
the basic edge of the norite intrusion by dyke-like projections. There are also deposits
in Dundonald near Matheson ; fiear Shebandowan Lake ; and near Nairn Centre, south
of Worthington. Nickel also occurs as a minor constituent of the complex silver.cobalt
ores of Cobalt, Ontario. In British Columbia, there is an occurrence on the Jordan River,
Vancouver Island ; in New Brunswick, at St. Stephen ; in Maniétoba, in the Maskwa
River area, and in the Oiseau River area : and in Quebec, there are deposits in Orford,
and Calumet. In Newfoundland,3® there are sulphide ores associated with the Tilt Cove
copper ores. In the United States,?? only a few nickel deposits are known, and these are
not of much economic importance. Some nickel has been obtained as a by-product from
the smelting of the lead ores of M<issouri. There are sulphide ores in the Fredericktown
district. Nickel ores also occur in the Lancaster county, Pennsylvania ; at the Key
West Mine, Nevada ; Piedmont region, ¥auquier Co., Amherst Co., and IFloyd Co.,
Virginia ; in Jackson county, North Carolina ; Riddles, South Oregon ; in the Fremont
county, Colorado; and mear Wickenburg, Arizona. A. F. Buddington described the
nickel ores of Alaska. In Mexico,3% nickel.cobalt ores occur in Western Chihuahua ; in
the Toliman district, Queretaro ; and the Esmeralds and Pilmano mines of Jalisco. In
Porto Rico,?® there is a deposit of nickeliferous ore west of Mayaguez. In Cuba,*® there are
nickeliferous ores in the districts of Mayari, San Felipe or Cubitas, and Moa on the north
coast of the island. In Santo Domingo,*! there is a low.grade nickel ore at the
Perseverancia mine at Sierra Priota.

South America.—In Brazil,*? nickeliferous pyrrhotite occurs near Villa de Livrarnento,
Minas Geraes. In Chile,*® there is a deposit on the Pajonales, department of Copiapo,
Atacama. In Peru,*? there is a group of nickel and cobalt ore veins in the Vilcabamba
district, Cuzco. In Venezuela,'® there are deposits in Neuva Providencia.

Australasia.—In Queensland,*® there are no deposits of cconomic value. In New
South Wales,?? small deposits of nickel have been reported from timc to time. The one
at Port Macquarie consists of a nickeliferous asbolite or earthy cobalt. 1In Tasmania,*®
sinall deposits of nickelifgrous pyrrhotite occur in the North Dundas district near Zeehan.
Veins of garnierite occur near Trial Bay on the wost coast. Other small deposits have
been reported. In New Zealand,*® W. Skey, in 1885, reported an oc¢currence of a native
nickel.iron alloy. It was described by G. H. F. Ulrich.

Reliable statistics 80 for the world's production of nickel are not available.
Only in the caseof Canada are official returns of the ores mined and treated available,
but since Canada now produces 80 to 85 per cent. of the total, a close approximation
can be estimated. The New Caledonian output was considerably reduced during
the Great War owing to transport difficulties, etc. W. G. Rumbold compiled
the following data up to 1920, for the world’s production of nickel ore cxpressed
in terms of the metal content in metric tons :

Per cent.

Nickel 1913 1914 1918 1919 1920
Canada . . Metal 22,533 20,646 41,973 20,211 27,829

Germany . 2-00 271 251 1,871 583 —_

Greece . . 0-50 87 68 60 S _—
Norway . . 1-03 690 794 33 200 422

Sweden . . 1-00 — 2 25 4 —
New Caledonia 5-6 5,219 5,272 874 87 181
. 45-0 2,651 2,379 1,771 1,716 2,028
United States . qpoqa) 219 384 400 464 331
World’s production . 31,670 29,796 47,007 23,270 30,791

Many European countries import ores and mattes from other countries from
which refined nickel is obtained. According to the Metallgesellschaft, the world’s
production of refined nickel is :

1896 1900 1905 1910
Germany . . . 822 1,376 2,700 4,500
France . . . . 1,545 1,700 2,200 1,500
England . . . 340 1,450 3,100 3,500
America . . . 1,700 3,000 4,500 10,000
Other Countries . . — _ — 600

Total 4,407 7,626 12,500 20,100
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The prices have not varied very much. The following represent average London
prices per long ton :

1917 1918 1919 1020 1921 1922
£200 £210 £200 £226 £195 £158

Nickel appears as an accessory constituent of many minerals. J. H. L. Vogt,51
and W. Schornstein discussed the occurrence of nickel in igneous and other rocks.
W. N. Hartley and H. Ramage observed nickel in numerous iron ores ; and it has
thus been reported in azkinite by M. H. Boye, W. Gregory, and R. Hermann ;
in abloclastite by W. Gregory ; in animikite by H. Wurtz ; in antimonial fahlerz
by A. Daubrée ; in arsenopyrite by D. Forbes, G. Tschermak, A. Frenzel, H. How,
J. Rum}nf, W. F. Hillebrand, A. Arzruni, and A. Guyard ; in carrollite by C. L. Faber,
and J. I.. Smith and G. J. Brush ; in chathamite by F. von Kobell ; in cheleutite by
L. W. McCay ; in copper ores by H. Viyrynen ; in chloanthite by 1.. W. McCay,
and G. Rose ; in chromite by K. Bechi; in chromopocotite by T. Petersen; in
clays by L. Azema ; in cobaltiferous manganese ore by L. W. McCay, and (i. la Valle ;
in copper pyrites by H. Bowman, and S. G. T. Bryan ; in danaite and glaucodote
by A. Breithaupt, D. Forbes, and (. C. Hoffmann ; in dowmeykite by A. Weisbach ;
in epiboulangerite by M. Websky ; in erythrite by M. H. Boye, J. Lindaker,
J. ¥. Vogl, T. Petersen, and G. la Valle; in faklerz by H. Peltzer, T. Petersen,
F. Sandberger, and A. Hilger ; in frigidite by A. Funaro; in gabbro by ). Forbes,
C. F. Naumann, and O. Kottig ; in gneiss by A. W. Stelzner; J. A. Smythe,
goslarite, epsornite, and melanterite ; in kdmmererite by J. B. Pearse ; in kottigite
by M. H. Boye ; in lavendulite by E. Goldsmith ; in linnwite by T. Petersen ; in
lithiophorite by A. Frenzel and C. Winkler, and A. Weisbach ; in linwonite
by F. Pisani; in magnretite by T. Petersen; in marcasite by 13. Kosmanu ;
in noresnetite by H. Risse; in nephrite by A. Kenngott; in olivine,
chrysolite, and peridote by F. A. Genth, R. Beck, R. Beck and R. Hermann,
W. 8. von Waltershausen, A. Erdmann, L. Ricciardi and S. Speciale, IT. B. von
Foullon, and W. Jung ; in pennite by R. Hermann ; in picrolite by B. Silliman ;
in native platinum by S. P. de Rubies; in pyrites by T. l.. Walker, W. Gregory,
M. H. Boye, K. T. Liebe, J. B. Mackintosh, C. W. Dickson, F. Sandberger, H. Hahn,
A. Knop, E. 8. Dana and B. J. Harrington, A. Hilger and L. Mutschler, A. Streng,
K. Vrba, A. Funaro, and B. Neumann ; in pyrolusite by W. Gregory ; in pyrrhotite
by J. H. L.. Vogt ; in schuchardtite by A. Schrauf, and G. Starkl; S. P. de Rubies
in chromite, and in native platinum ; in serpentine by R. Hermann, J. L. Smith
and G. J. Brush, T. S. Hunt, E. von Fellenberg, and A. Cossa ; in pallasite by
P. N. Tschirvinsky ; in stalactitic limestone by B. Kosmann ; in talc by F. Stolba,
T. Scheerer and R. Richter, F. A. Genth, M. F. Heddle, and 1. A. Bachman ; in
tectites by E. Preuss; in bismuthiferous tesserel pyrites by W. Ramsay ; in felra-
hedrite by W. Gregory ; in uranochalcite by R. Hermann ; in wad by ('. P. Williams ;
in wattevillite by S. Singer ; and in wavellite by A. Gages. W. Baker, O. L. Erdmann,
and H. Weiske observed nickel in some samples of commercial lead and #ron, and
E. D. Campbell in American pig irons. S. P. de Rubies reported 0-1 per cent. of
nickel in native platinum from Kitbim, Urals ; and the subject was discussed by
A. Daubrée. J. Sebelien observed the presence of small proportions of nickel
and cobalt in some ancient Egyptian and Mesopotamian bronzes; R. A. Dart,
and T. G. Trevor, 3 per cent. of nickel in an ancient bronze from the Transvaal.

Many basic igneous rocks contain small proportions of nickel. Thus : 52

the trapp dyke that outcrops at the Rideau canal, Ontario, has 0-612 per cent. Ni; the
serpentines of Quebec contain small proportions—0-15 to 0-26 per cent. N1O; and a
peridotite (dunose) from British Columbia has 0-10 per cent. NiO. F. W. Clarke obscrved
that the Massachusetts serpentines had 0-17 to 0-53 per cent. NiQ) ; Connecticut—horn.
blende norite, 0-9 per cent.; New York—peridotite, 0-9 per cent.; Pennsylvania
pyroxenite, 0-5 per cent.; North Carolina—pyroxemite, 0-11 per cent.; Kentucky-—
periodotite, 0-10 per cent.; Missouri—granite, 0-20 per cent., and a porphyry, 0-15 per
cent.; Texas—nepheline basalt, 0-06 per cent.; Michigan——peridotite, 0-21 per cent.,
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and a diabase, 0-10 per cent.; Minnesota—hypersthene gabbro, 0-06 per cent., and an
olivine gabbro, 0-16 per cent.; Yellowstone National Park-—pyroxene.mica-diorite, 0-09
per cent., a quartz.pyroxene-mica diorite, 0-05 per cent., an allgite-andesite porphyry,

0-06 per cent., a monzonite, 0-10 per cent., a quartz-diorite _porphyry, 0:-19 per cent.,
a quartz.mica-diorite porphyry, 0-17 per cent., and a ba:na.kxte dyke, 0-14 per_cent. ;
Montana—hornblende picrite had 0-09 per cent., pyro:::en_lte, 0-11 per cent., peridotite,
0-16 per cent., and shonkinite, 0-07 per cent. ; Idaho—diorite, 0-12 per cent. ; Colorado
perovskite —magnetite rock, 0-05 per cent.; Arizona—mica basalt, 0-08 per cent.;
Nevada—andesitic perlite, 0-07 per cent.; California—quartz diorite, 0-05 per cent.,
alterod peridotite, 0-09 per cent., diorite, 0-05 per cent., gabbro, 0-06 per cent., and
pyroxonite, 0-11 per cent.; Oregon—peridotite, 0-10 per cent., olivine, 0-26 per cent.,
hypersthenoe—augito andesite, 0-05 per cent., and serpentine, 0-13 per cent.; and
Hawaiian Islands-—picritic basalt, 0-09 per cent., plagioclase basalt, 0-05 per cent.,
porphyritic gabbro, 0-12 per cent., olivine basalt, 0-08 per cent., and olivine, 0-34 per
The subject was discussed by T. G. Bonney, and C. S. Ross and E. V. Shannon.

cent.
M. Mazade,53 O. Henry, and H. J. Homberg observed nickel in the mineral
water of Nérac, and Ronneby ; and S. S. Miholic studied the subject. A. Martini
obscrved the presence of traces of nickel in many plants. W. Vernadsky discussed
the subject. J. S. McHargue also observed the occurrence of traces of nickel and
cobalt in soils, plants, and animals. Nickel also occurs in coals and in peats ;
V. M. Goldschmidt and C. Peters found it in coals; and, according to E. de Golyer,
it occurs in petroleum. (. Bertrand and M. Mokragnatz found very small pro-
portions of nickel and cobalt occurring in most plants—wvide the occurrence of cobalt.
J. A. Buchner and C. G. Kaiser found nickel to be present in the ash of some gum
benzoin ; K. Kraut, and A. Braun, in the ash of peats and coals; and G. Tissandier,
in some samples of atm. dust. A. Martini observed that nickel 1s a normal con-
stituent of bones; and H. M. Fox and H. Ramage found nickel in some animal
tissues. The foot of the Haliotis, for instance, had 0-004 per cent. of nickel but no
cobalt. Usually the nickel is accompanied by a small proportion of cobalt.
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§ 3. The Extraction of Nickel

Nickel was extracted on a commercial scale at Schneeberg, Saxony, and the
chief ores were the arsenical minerals associated with the cobalt deposits of Saxony
and Bohemia. In 1838, a plant for working the Swedish pyrrhotic ores was
erected, and soon afterwards Norway began producing the metal from similar ores
carrying 1:4 to 1-7 per cent. of nickel, and Norway became the main source of the
world's supply. In 1877, the Norwegian ores were superseded by the garnieritic
ores from New Caledonia ; in 1886, Canada became a competitor with pyrrhotic
ores, and, since 1905, she has been the main producer for the world’s market.

The methods of extracting nickel vary according to the type of ore employed—
sulphide, arsenide, or hydrosilicate. The ores furnish nickel, and in the two former
cases, copper. In addition there are in some cases the by-products cobalt, gold,
silver, and the platinum metals to be recovered. Some ores contain mercury.

The Sudbury ores are hard and compact so that the ore is mined without special
difficulty, and mainly by underground workings. The ore is crushed and that
portion which passes l-inch trommel holes is known as jfinre. This amounts to
about 30 per cent. of the ore mined. The ore is then carried on picking belts,
where the so-called rock is picked out by hand. The rock thus discarded amounts
to about 19 per cent. of the material hoisted from the mines. The discarded rock
carries about 0-62 per cent. of nickel, and about 0:60 per cent. of copper, while the
ore carries 3-58 per cent. of nickel and 1-58 per cent. of copper. The richer ore is
directly smelted, whilst the lower grade ore has to be concentrated before smelting.
The New Caledonia ore is friable and the depth of the workable ore is restricted to
depths of 25 to 30 feet so that they are obtained from open pits. The ore is picked
or barred down, and then sorted. The payable portion is gathered into heaps
and then transported for shipment, or other treatment, and the waste is trammed
to a dump. Flotation methods of concentration are not in general use at Sudbury,
or New Caledonia. Magnetic concentration has been tried by C. E. Hugoniot,!
and G. C. Mackenzic ; oil flotation was tried by H. E. T. Haultain, but the results
were not successful.

Quite a number of papers 2 have been written on the extraction of nickel;
and there are also a number of special works devoted to the subject :

L. Ouvrard, Industries du chrom, du manganese, du nickel, et du cobalt, Paris, 1910 ;
H. L. Herrenschmidt and E. Capelle, Le cobalt et le nickel, Rouen, 1888 ; H. Copaux,
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Recherches expérimentales sur la cobalt et le nickel, Paris, 1905 ; J. Meunier, Cobalt et nic{cel,
Paris, 1889 ; pA. M. Villon, Cobalt et nickel, Paris, 1891 ; W. Bol;chers, Mgtallhﬁuenbetnebe
— Nackel, Halle a. S., 1917 ; H. Moissan and L. Ouvrard, Le nickel, Paris, 1}896; Report
of the Royal Ontar.o Nickel Commission, Toronto, 1917 ; A. P. Coleman, The Nickel Induatr.-y,
Ottawa, 1913 ; P. D. Merica, 7rans. Canada Inst. Mwn. Met., 29. 1, 1926 ; W. H. Baldwin,
Journ. Chem. FEduc., 8. 2325, 1931 ; A. J. Wadhams, Metals Aloys, 2. 165, 1931 ;
W. P. Blake, (hem. News, 48. 87, 1883 ; (. . Urasoff and M. L. Tschernomorsky, The

Metallurgy of Neckel, Moscow, 1931.

The general procedure in dealing with the sulphide ores involves, (i) Roasting
of the ore. Pyritic smelting as employed for copper ores does not necessitate
roasting ; the process for nickel was tried by E. H. Robie.3 (ii) Smelting the
roasted ore for a regulus or crude matte. (ili) Enriching the crude matte ; and
(iv) Converting the enriched matte into crude metal.

The roasting of the sulphide ore.—The Sudbury ore is first roasted to remove
part of the sulphur. The roasting may be conducted in heaps when the agricultural
work in the surrounding country is of so little value that there is no risk of com-
pensating damages for the injury to vegetation by the escaping noxious sulphurous
fumes. In Norway one plant had to abandon heap roasting, and even smelting
could not be conducted in the summer months on account of injury to neighbouring
forests. In heap roasting, the ore, crushed to a convenient size, is piled on a bed
of brushwood, 5 to 15 feet high, so as to allow a circulation of air. One pile may
contain a few thousand tons, and after the brushwood has started the combustion,
the heap may burn from six to twenty weeks. Roasting in reverberatory furnaces
is more costly, and the same remark applies to special roasting furnaces. In
cxceptional cases there may be a market for products like sulphite liquor, and
sulphuric acid, which can be manufactured from the flue gases up the roasting
furnaces. The roasting is not allowed to oxidize fully the ore; enough sulphur
is allowed to remain so that it can combine with the nickel, copper, and some of
the iron in the first smelting to form a crude sulphide matte.

The smelting of the ore for a crude matte.—The partially roasted ore is smelted
with the correct proportions of coke and siliceous fluxes in blast-furnaces so as to
yield a matte of iron, copper, and nickel sulphides. In some cases, the roasted
ore is self-fluxing. In the smelting the pyrrhotite in these ores is almost entirely
converted into iron silicate in the smelting furnace. The ferric oxide present is
reduced in the furnace by the sulphur of the pyrites to form ferrous oxide, which,
in the presence of silica, forms a slag : FeS+3Fey,03+4+nSi0;=80,+7Fe0.nS8i0,.
Any nickel monoxide which may be present reacts with an equivalent amount of
ferrous sulphide to form nickel sulphide and ferrous oxide, which in turn passes
The slag is somewhere between a monosilicate and a disilicate, although

into slag.
in some cases it approaches a subsilicate. The slags from two different plants
contained :
810, Al,0, FeO CaO Mgo
Blaat~fu1'na,ce{ 1 : 38-56 7-61 35-64 13-55 4-79 per cent.
slag 1I 38-0 10-0 43-0 4-5 2-5 »

The copper and nickel in the slag range up to about 0-4 per cent. The slags may
be rejected, or part may be used again in similar smeltings, or in later stages of
the concentration process. The matte must contain sufficient iron to prevent
nickel passing into the slag. The crude matte from two different furnaces con-

tained approximately :

Copper Nickel Cobalt Iron Sulphur
I . 225 20-5 —_— 30-0 -— per cent.
Crude m“te{n . 132 17-8 0-45 42-0 21-4° ,,

The precious metals in the ore accumulate in the matte, and in the latter case,
there were present 1-90 ozs. of silver, 0-35 oz. of platinum, and 0-35 oz. of palladium
per ton. According to G. P. Schweder, the sulphur in the matte is present as mono-
sulphides of silver, copper (ous), nickel, and iron; and if insufficient sulphur is
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present to form NiS, and FeS, the excess of metal dissolves in the molten sulphide.
Any nickel silicate which may be formed is decomposed by the iron sulphide to
form iron silicate and nickel silicate, and so long as enough iron sulphide is present,
only a very small proportion of nickel can pass into the slag—oprills of matte may
be imprisoned in the slag if its viscosity in the furnace is too great. If the ores
have been over-roasted nickel will appear in the slag, and in that case some unroasted
ore is mixed with the furnace charge. Copper silicate behaves like nickel silicate,
but the cobalt silicate does not react so easily with the iron sulphide, and when
cobalt silicate is produced, it will pass into the slag. Any antimonates or arsenates
are reduced and volatilized in the furnace; if only small proportions of arsenic
and antimony are present, they pass into the matte. Gypsum in the ore is reduced
to sulphide, and it acts like iron sulphide on iron and copper oxides. V. Tafel
and F. Klewata discussed the reaction.

The enriching of the crude matte.—In former times, in some localities, the crude
mattes had so low a proportion of copper and nickel that the matte was subjected
to a preliminary concentration before being refined. This was done by roasting
the crude matte in heaps, stalls, shaft furnaces, reverberatory furnaces, or muffles,
and again smelting it with a suitable flux—quartz, glass, or slag—in shaftor
reverberatory furnaces. This treatment removes a relatively large proportion of
iron from the matte. The subject was discussed by E. F. Kern and H. W. Walter,
and H. W. Walter. C. Schnabel thus described the chemical changes involved in
the smelting of the roasted matte :

Ferric oxide is reduced to ferrous oxide by the undecomposed sulphide of iron present ;
this passes into the slag, and sulphur dioxide is formed ; a further gquantity of sulphide of
iron is changed to ferrous oxide by the nickel and copper oxides, and also slagged, the
oxides of these metals meanwhile becoming sulphides ; further copper oxide and undecom-
posed copper sulphide give metallic copper and sulphur dioxide. This copper is
reconverted into sulphide at the expense of some iron sulphide. The iron thus separated
is partly taken up by the matte, partly acts upon a corresponding amount of ferric oxide,
giving more ferrous oxide to be slagged. There is no action between nickel oxide and
sulphide. The various metallic sulphides unite to form the concentrated matte.

D. H. Browne made observations on this subject. Under modern conditions
this preliminary concentration of the crude matte is unnecessary, and they can
be refined directly ; but, in any case, the coarsc matte can be concentrated or
refined by an oxidizing roasting followed by a reducing smelting as just
indicated for the treatment of poor mattes, or the crude matte is enriched
as in the case of copper by melting it in a cupola and running it into a ladle
whence it is charged into a bessemer converter, or the molten matte may be
run into ladles directly from the blast-furnace, and thence on to the converter.
The converter is made like those used in purifying copper, and they have
a quartz lining. During the blow, which may occupy 25 to 90 minutes dependent
on the proportion of iron, quartz sand is added to slag the iron, and to prevent
undue corrosion of the lining. When the proportion of iron has been reduced to
about 0-5 per cent., the blast is stopped, and the matte is poured. The refining
of the matte by a blast of iron was suggested by T. GiLb and C. Gelstharp in 1870.
Attempts to carry the refining process further have not been successful because
up to a certain stage the nickel is more easily oxidized than sulphur, and because
the heat liberated by the oxidation of the sulphur is not sufficient to keep the
matte in a fluid condition. The slag from one converter contained approximately :

FeO SiOg Cu Ni 8

Converter slag . 670 28-0 1-0 1-7 0-5 per cent.

the copper and nickel are present partly as silicates, and partly as a mechanical
mixture. The slag is returned to the ore smelting blast-furnace. The refined
matte from two different plants contained :

Ni Cu Fe s 810,
I . 3778 41-40 0-65 18-37 0-19 per cent.
Refined matte { II . 39-96 43-36 0-30 13-76 — .,
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The proportion of sulphur is much less than is needed to form sulphides with the
metals present. The copper is probably present as cuprous sulphide, and the
nickel and iron partly as sulphides and partly as solutions of the meta.l's in the
mixed sulphides. The refining process at Port Colborne was described by
R. L. Peek, and there are several modifications—e.g., 1}y J. Savelsberg.

The conversion of the refined matte into crude mnickel.—The so-called Orford
process for separating copper and the nickel, devised by J. L. Thomson,
R. M. Thompson, and C. C. Bartlett, in 1893, is practised at the Orford Company’s
Works, at Constable Hook, New Jersey. The process was described by V. von
Ehrenwerth. The process depends on the fact that copper sulphide combines
with an alkali sulphide, forming a fusible double sulphide, whilst nickel sulphide
does not do so; consequently, if a mixture of copper and nickel sulphides be fused
with an alkali sulphide and allowed to cool, it will separate into two layers, with
most of the copper above, and most of the nickel below. The two products are
tapped separately from the melting-furnace. The charge is a mixture of sodium
sulphate and coke which forms alkali sulphide in the furnace. By repeating the
process on the bottom layer, a mixture of iron and nickel sulphides is produced.
The top layers of both operations are allowed to weather and are then fused with
more matte, the bottom layer is returned to be treated with the second fusion
with alkali sulphide, while the top layer is leached with water to recover the alkali
sulphide by evaporating the soln. to dryness. The insoluble sulphide is then
treated for copper. The nickel sulphide still contains iron. It is roasted to remove
some of the sulphur, and then melted. This furnishes nickel sulphide freed from
iron sulphide and a slag of ferrous silicate mixed with some nickel, and it is rejected.
The nickel sulphide is roasted, and a little nitre is added to complete the oxidation,
and a little common salt to convert any copper into the chloride. The roasted
oxide is washed with water, and it is then ready for reduction to metal. Any
platinum metals in the matte are also converted into chlorides during the
chloridizing roast, and they pass into soln. during the leaching process. The nickel
oxide can be reduced as indicated below. Two samples of nickel oxide obtained

from Canadian matte had the compositions :

(N1,C0)O  Cuo Fe,0p As s . Si0,
. . i . 975 0-4 1-5 0-3 0-03 0-3 per cent.
Nickel oxide { 1 . 9874  0-30 0-70 0-04 0-02 0-20 .

The so-called Mond process, devised by L. Mond and C. Langer, in 1889, depends
on the formation and decomposition of volatile nickel and iron carbonyls under con-
ditions where copper does not form a gaseous carbonyl. The bessemerized matte
is ecrushed and roasted, in the roaster, to produce it as free as possible from sulphur.
The crushed and screened product is treated with dil. sulphuric acid which removes
about two-thirds of the copper oxide and about 1 per cent. of nickel oxide. The
residue contains 45 to 60 per cent. of nickel oxide. The soln. is evaporated and
the copper sulphate crystallized out; the iron and nickel sulphates accumulate
in the mother-liquor, which is then evaporated to dryness, heated to decomposc
the sulphate, and the oxides introduced into the main process. The washed and
dried residue, containing copper, nickel, and iron oxides, is treated with water-
gas, in the so-called reducer, at a temp. below 300°; this reduces the nickel and
copper oxides, but not the iron oxide. The product at 50° is then treated with
carbon monoxide—obtained by passing the gas from the reducer over red-hot coke.
The gas containing nickel carbonyl is then passed through a filter and into a chamber,
the decomposer, at about 200°, when the nickel carbonyl is decomposed with the
separation of nickel ; the regenerated carbon monoxide returns to the volatilizer.
The decomposer is a tower containing nickel shot. A layer of nickel forms on the
shot. To prevent the granules adhering, they are kept in motion by the constant
withdrawal of some of them from the bottom of the decomposing tower by means
of a worm conveyor. The granules are passed over a screen. The larger shot
are removed, and the smaller ores return to the top of the tower to receive another
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deposit of nickel. The shot being alternately exposed to and withdrawn from the
action of this gas, a series of concentric rings of nickel are deposited about the
original nucleus. When a Mond-nickel shot is hammered on an anvil, the various
coatings will be broken open, and its structure revealed. The residue in the
volatilizer still contains some nickel ; and it is returned to the reducer. When
most of the nickel has been extracted the residue is returned to the roaster. The
process was described by A. P. Coleman, W. C. Roberts-Austen, and G. B. Shipley.
Two specimens of nickel obtained by the Mond process had the composition :

Ni Te s C Insoluble
Nickel I . . 99-82 0-10 0-0068 0-07 — per cent.
lekelyrx . . 99-43 0-43 0-0099 0-087 0-026 vs

Other methods have been suggested for treating the refined copper-nickel matte.
V. von Ehrenwerth described a method for removing copper from nickel mattes
by blowing in a converter with a lining of a basic material or coke. The iron is
first slagged off, then the nickel, and the copper scparates out lastly as metal.
The process has not been successful. S. H. Emmens proposed a chloridizing
roasting of the matte in the presence of steam ; extracting the chlorides of copper
and other metals with water; and smelting the residue of nickel and iron oxides
with sodium sulphide, and charcoal. The nickel matte is roasted, and the resulting
nickel oxide reduced to metal. N. V. Hybinette and A. R. Ledoux proposed to
separate nickel from its molten matte by adding manganese dioxide, because,
under these conditions, manganese and copper combine more readily with sulphur
than is the case with nickel. The nickel and its sulphide settle to the bottom, and
the layer of sulphides of copper and manganese float on top. The upper layer is
removed and the residue again treated with manganese. This completes the
isolation of the nickel. The top layers are used for the extraction of copper and
manganesc.

If the enriched matte be roasted, and the resulting oxide reduced by carbon,
an alloy of nickel and copper is formed which may be used for making German
silver, or other alloys. The process was described by D. Levat, C. A. M. Balling,
C. Schnabel, and G. P. Schweder. Analyses of the nickeliferous copper- - Garkupfer
—were reported by C. Schnabel, F. A. Genth, G. W. Wille, F. Heusler,
G. P. Schweder, C. A. M. Balling, G. Hamprecht and L. Schlecht, and V. Tafel
and F. Kleweta. The compositions of a refined matte and the resulting alloy
were :

N1 Cu Fe s As,Sb
Refined matte . 32-59 52-00 0-41 17-71 0-11 per cent.
Alloy . . . 3995 59-5 0-64 —_— — »s

The extraction of mnickel from arsenical ores—e.g., niccolite or kupfernickel,
chloanthite, and nickel glance. Arsenical ores are now very little worked. The
ores, freed from gangue, were first roasted to remove some of the arsenic. The
iron can be nearly all oxidized and slagged before the nickel arsenide is attacked.
This furnishes a crude speiss. The crude speiss is again roasted and enriched by
a second fusion to furnish an enriched speiss. The operations are here analogous
to those employed in the preparation of the coarse and enriched mattes in working
with sulphide ores, only now, in the roasting, stable arsenates are formed. The
roasted charge is therefore mixed with carbon strongly heated so as to reduce the
arsenate to arsenide. The arsenic can also be removed by heating the nickel
arsenide with nitre and soda whereby the nickel furnishes nickel oxide, and the
arsenic a soluble arsenate which can be removed by leaching with water. The
arsenic can also be removed as volatile chloride by the chloridizing roast with
common salt. The nickel oxide can then be reduced in the usual mannecer.

T ke extraction of nickel from garnierite.—Many analyses of the New Caledonian
ore—garnierite—have been reported. The composition is usually taken to lic
between the following limits :

o NiO Si0, Fe,O Al;0g Ngo H,0
Garnierite . 9to 17 41to46 5told 1to 7 6to9 8to 16 per cont.
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For a time, the ore was reduced with suitable fluxes—fluorspar, cryolite, soda,
manganese ore—and powdered coal or coke, in a blast-furnace, and the resulting
ferro-nickel obtained approximated :

Ni Fe si s c
68-20 27-82 1-62 1-02 2-50 per cent.
It was found better to smelt the ore in a blast-

furnace with sulphur so as to form a regulus or matte. The sulphur was added
in the form of alkali waste (calcium sulphite), or as gypsum, or iron pyrites. Suit-
able fluxes are added to form a slag. The mixture is briquetted and smelted.
The resulting regulus or matte contains up to B0 per cent. of nickel. The regulus
is then enriched either by roasting and melting, or in a converter as in the case of
the mattes from the sulphide ores. The enriched matte is then roasted for oxide
and reduced. The ore contains no copper, so that the resulting nickel oxide can
be directly reduced to nickel. The extraction of nickel from garnierite in Brazil
was discussed by E. de Oliviera, J. L. Fohlen, A. Guerreiro, M. Ballay, E. Reitler,
and H. E. de Aranjo; and from silicate ores, by B. Bogitch, T. Tatebe, and
J. Hissink.

The cxtraction of nickel from metallurgical products—Copper ores may contain
nickel which collects in the blister copper if but little arsenic is present in the ore.
The nickel is obtained by subjecting the copper to a blast which gives a dross
containing nickel (and cobalt), and copper with a reduced proportion of nickel.
The dross, when smelted in a blast-furnace, yields a copper-nickel alloy. The
treatment—blowing and smelting—of the copper-nickel alloys so obtained can be
repeated until finally an alloy with the desired proportion of nickel is obtained.
The dross can also be smelted with pyrites to form a nickel matte; or with
barytes and arsenical pyrites to form a speiss and a copper matte ; or it can be
treated by a wet process. €. H. Fulton gave the following for the by-products

obtained from 100 tons of blister copper :

F¥erro-nickel

The process was not satisfactory.

Gold Silver Platinun Palladium Nickel

(oz8.) (0z8.) (0zs.) (0z8.) (1bs.)
Garfield, Utah 288 3,480 0-342 1-183 40
Stoptoe, Nevada . 169 550 1-016 4-402 60
Omaha, Nebraska . 36 23,090 1-825 6-486 944
Mountain, California . 1,418 10,990 1-320 0-607 11-5
Tacoma, Washington . 2,187 8,710 0-710 3-327 770
Aguascalientes . . 482 67,300 0-416 0-226 12
Cerro de Pasco . . 170 9,900 0-319 0-589 32
Mount Lyell . . 464-5 7,205 0-624 1-374 166

Nickeliferous speiss obtained as a by-product in the treatment of some copper,
lead, and silver ores contains nickel, and it can be worked up by a modification of
the process used for extracting nickel from arsenical ores. In the refining of dross
copper, and in the treatment of nickel ores, slags may be obtained which contain
nickel. The slags may be smelted in a blast-furnace with pyrites or arsenical
pyrites to form a matte or speiss, and treated as indicated before. The speiss
may be treated for cobalt. The nickel present in ¢ron sows may be recovered as a
nickel copper alloy by treatment in a small refining hearth. The iron oxide formed
by the blast is slagged with quartz. J. L. Fohlen obtained nickel matte by passing
the gases from the destructive distillation of lignite over a mixture of garnierite
and calcium sulphide, and recovered the hydrocarbons of low b.p. formed as a
by-product. )

Wet processes for the extraction of nickel from its ores.— Wet processes are used
in some cases to extract nickel from speiss and matte containing mickel, cobalt,
and copper ; but whilst several methods have been suggested for extracting nickel
directly from its ores, none seems to have been established as an economic success.
It is cheaper to concentrate the nickel to a speiss or matte in the dry way, and
particularly so with sulphide and arsenide ores. When a sulphide or arsenide ore
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is to be treated by a wet process, it is roasted before being submitted to the action
of solvents. H. C. Mabee and A. E. Smaill 4 proposed to smelt the nickeliferous
pyrrhotitic ore with an alkali flux under non-oxidizing conditions to obtain a low-
grade matte containing all the copper, nickel, and precious metals. This matte,
on exposure to the air, disintegrates into a fine powder, which is roasted in a two-
stage mechanically-rabbled furnace, in the first stage of which the temperature is
maintained at 400° and in the second stage at 600°. The product is mixed with
10 per cent. of its weight of sodium chloride, damped with water, and again roasted
at 400°, the issuing vapours being absorbed in water. This water is then used to
leach the roasted product, and lecaching is continued with 10 per cent. sulphuric
acid. The residue contains practically all the iron and the greater part of the
nickel, but only a small proportion of copper and sulphur, and is amenable to direct
smelting for the production of nickel steel. The leach liquor is electrolysed for
the recovery of copper, then treated for the removal of iron, and again electrolysed
to recover the nickel. Over 90 per cent. of the copper and 40 per cent. of the nickel
are said to be obtained as pure metals.

S. H. Emmens suggested dissolving the nickel from pyrrhotite orcs by the solvent
action of a soln. of ferric sulphate, but the solvent action is more rapid with the roasted
ore. Nickel ig precipitated from the soln. as hydrate. 1In the most favourable cases it
was found that only one-third the armnount of nickel and two-thirds the amount of copper
in the ore are dissolved by the soln. of ferric sulphate. H. I.. Herrenschmidt heated the
ore with a soln. of ferric chloride, and precipitated cobalt and nickel from the soln. by
manganese sulphide or hydroxide. C. W. B. Natusch, and W. Schoncis extracted the
roasted ore with a soln. of ferric chloride, evaporated the soln. to dryness, and heated it
until the iron chloride was decomposed. On extracting the soln. with water, nickel,
cobalt, copper, gold, silver, and zinc chlorides pass into soln. ©T. Macfarlane subjected
tho partially roasted ore to a chloridizing roast with common salt, at a low red-heat ;
and to tho extract in hot water added a little sodium hydroxide to precipitate any iron,
sodium sulphide to precipitate any copper, and the sodium hydroxide to precipitato the
nickel as hydroxide. A. Drouin digested the ore, roasted at a low temp., with an acidified
20 to 25 por cent. soln. of sodium chloride. The lead was procipitated as chloride by cooling
the soln., the copper was precipitated by iron, the iron by calciumn carbonate, and the
nickel by lime-water. P. de P’. Ricketts dissolved the nickel and copper with dil. sulphuric
acid, and precipitated the nickel as a basic sulphate by alkalies and alkali sulphates. The
basic sulphate is converted into oxide by calcination, and tho copper is precipitated from
the soln. electrolytically. C. G. Richardson dissolved the copper and nickel in hydrochlorie
acid, and separated the two salts by fractional distillation in hydrochloric acid. H. Grosse-
Bohle precipitated the cobalt and nickel from their hot soln. in hydrochloric or sulphuric
acid by means of zinc. The copper was first precipitated from the soln. by iron. C. Perron
digested the ore in an ammoniacal soln. of ammonium sulphide, and precipitated the
nickel from the soln. in the usual manner. The Metals lixtraction Corporation extracted
the nickel by means of a soln. of magnesium chloride at 250°. 1. Lance found that
when the soln. in a soln. of ammonia or an amine is heated, the metals are precipitated
in the order: Zinc, cadmium, cobalt, nickel, copper, and silver. G. Schreiber treated
the soln. with calcium carbonate to precipitate iron, aluminium, and arsenic; with
hydrogen sulphide to precipitate copper ; with soln. of alkalies or alkaline earths, say milk
of lime, to precipitate cobalt and nickel, and lastly manganese. A. Scigle digested the
ore with hydrochloric acid, chlorine water, and potassium cyanide. . Giinther and
R. Franke devised a process for extracting nickel from the anode slimes obtained in the
refining of copper. E. R. Thews discussed the re-melting aud refining of scrap nickel.

Many wet methods have been proposed for extracting the nickel from ores of
the type of garnierite, rewdanskite, etc. Methods were described by E. André,s
A. Badoureau, F. R. Bode, B. Bogitch, A. Cahen, J. J. Hissink, F. O. Kichline,
H. C. Mabee and A. K. Smaill, W. A. Dixon, R. Lake, and H. Parkes.

R. Hermann dissolved rewdanskite in sulphuric acid, and evaporated the soln. until
acid began to vaporize; the mass was then lixiviated with water, the iron in the soln.
oxidized with salt and nitre, and then precipitated by calciuin carbonate. The nickel
was precipitated by sodium sulphide. J. P. Laroche and J. P. Pratt treated garnierite
with sulphuric acid; added to the soln. an amount of ammonium sulphate equivalent
to the proportion of nickel present to precipitate ammonium nickel sulphate; and
added sodium carbonate to the soln. of ammonium nickel sulphate in boiling water
to precipitate nickel carbonate. In place of ammonium sulphate, an alkali oxalate can
be added to precipitate nickel oxalate, and the oxalate furnishes nickel carbonate when
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boiled with a soln. of sodium carbonatoe. . Rousseau treated the hydrochloric acid soln.
with bleaching powder to oxidize the iron, and precipitated the iron with calcium carbonate ;
then precipitated the nickel with mnilk of magnesgia. I. Kamiensky oxidized the iron in a
hydrochloric acid soln. by chlorine, and precipitated it with magnesium carbonate ;
nickel was precipitated from the decanted soln. by sodium carbonatc. M. Araud heated
in retorts a paste made of the ore with hydrochloric acid so as to volatilize the chlorides
which were condensed in wator. The iron was precipitated from the soln. by calcium
carbonate, and the nickel by milk of lime. M. Sebillot crystallized ammonium nickel
sulphate from a sulphuric acid soln. of the ore to which ammonjum gulpha.te had been
added. In a second process, the ore was heated with sulphuric acid in a reverberatory
furnace ; the solid mass was leached with water ; iron was precipitated from the soln.
by calcium carbonate after oxidation with bleaching powder ; magnesium was precipitated
by sodiuin phosphate ; and nickel sulphate was crystallized from the mother-.liquor.
(3. G. Urazolf and M. M. Romanoff treated the washed ore with sulphur dioxide or sul-
phurous acid as solvent, and obtained good yields with ore having 0-9 to 5-08 per cent. of
nickel. A, H. Allen treated the ore with a mixture of sulphuric acid and sodium nitrate ;
heatod the mmass to redness ; lixiviated with water ; precipitated from the soln. the
c¢hromium and iron by calcined magnesia, and the nickel by hydrogen sulphide. P. Christofle
suggestod several processes. (i) The hydrochloric acid soln. of the ore was treated with
calcium carbonate or hydroxide to precipitate iron, and with milk of lime to precipitate
the nickel ; (ii) tho ore was heated with a cone. soln. of oxalic acid, the nickel remained
undissolved, and the residue reduced for nickel ;3 (iii) a hot, conc¢. hydrochloric acid soln.
of the oro when cold was treated with bleaching powder, and nickel oxalate precipitated
by oxalic acid ; or the iron and aluminium were precipitated by calcium carbonate, and
the nickel by lime water and bleaching powder. H. L. Herrenschmidt treated the ore
witlhh a solun. of forrous sulphate to dissolve manganese, cobalt, and nickel as sulphates
whilst forric oxide remains as a residue. The addition of sodium sulphides precipitates
cobalt and nickel as sulphides, and any mangancse sulphide in the residue is removed by
treatment with a soln. of ferric chloride. The manganese is recovered as calcium
manganito. Tho mixed sulphides of cobalt and nickel are roasted to sulphates, and the
cobalt and nickel are separated from the soln. of the sulphates in hot water. In another
process, H. L.. Horrensehmidt precipitated the iron from the soln. by copper carbonato,
and the copper by nickel hydroxide or carbonate, and the remaining soln. of nickel and
cobalt sulphate was treated for cobalt and nickel. T. Storer digested the garnierite with a
soln. of ferri: chloride at 187° in an autoclave ; the nickel passes into soln. as chloride,
whilst tho iron is loft as oxide.

Wet methods have been suggested for the treatment of the nickel copper mattes.
The matte is soluble in acids.  With unroasted mattes, some copper sulphide con-
taminated with cobalt and nickel remains as a residue whilst the iron and most
of nickel and cobalt pass into soln. The residue thus requires another special
treatment for these two metals. It i1s therefore preferable to roast the matte
before it is treated with acids—sulphuric or hydrochloric acid. With a successful
roasting very little iron dissolves in either acid. Any arsenic present remains in
the residue as ferric or copper arsenate. The treatment of the matte was described
by C. Schnabel, H. Lundberg, A. Badoureau, L. Knab, and J. de Coppet ; of speiss,
by C. Schnabel, A. Badoureau, W. A. Dixon, and J. A. Phillips ; and of slags, by
C. Schnabel, M. Herter, and H. H. Vivian. T. Tatcbe reduced the garnierite ore
with carbon monoxide and hydrogen at 800° to 850°, and lcached the product
concurrently with aq. ammonia and a soln. of ammonium carbonate in air or
oxygen. The nickel dissolved as NiCOg(NHj),,. Calcination of the solid furnishes
ammonia, carbon dioxide, and nickel oxide.

The older chemists obtainced their nickel from copper-nickel-cobalt speiss which was
usually ‘‘ opened up ’>’ by roasting it at a gentle heat to prevent caking, and to volatilize
the greoater portion of the arsenic. Since some of the arsenic formed a nickel arsenate
during the roasting, it was found advisable to mix the roasted ore with charcoal and
roast the mixture. The operation was repeated as long as the vapour of arsenic was
evolved. O. L. Erdmann ® recommended keeping the roasted speiss moist in a cellar
until it is hydrated, when it is more quickly attacked by the acid. A. Laugier, R. Tupputi,
H. W. F. Wackenroder, P. Berthier, E. F. Anthon, J. Berzelius, and O. L. Erdmann dis.
solved the roasted speiss in nitric acid, or in aqua regia ; J. Berzelius, O. L. Erdmann, and
S. Cloez dissolved the roasted speiss in hydrochloriec acid ; A. Patera, O. L. Erdmann,
R. Hermann, J. L. Proust, and T. Thomson used sulphuric acid. J. von Liebig heated the
roasted speiss with 1 part of fluorspar and 35 parts of sulphuric acid above 100° ; F. Wahler
fused the unroasted speiss with 3 parts of potassium carbonate and 3 parts of sulphur,
and extracted the product with water. S. F. Hermatiidt fused the speiss with 3 parts of
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nitre ; I’. Berthier used 1 part of speiss with 1-5 parts of nitre and 2 parts of potassium
carbonate ; and R. Wagner, 6 per cent. of sodium nitrate and 10 per cent. of anhydrous
sodium carbonate. C. R. Hayward described a process involving an oxidation roasting
followed by leaching, ete.; A. B. Baghdasarain, and F. L. Duffield, a process involving a
chloridizing roast of the sulphides, or oxides ; P. Louyect described a process in use at a
works in Birmingham in which the material was fused with chalk and calcium fluoride,
and the resulting regulus roasted and taken up with hydrochloric acid. L. Thompson
also used a somewhat similar process, and he dissolved the regulus in sulphuric acid.
T’. Berthier opened up the unroasted speiss by fusing it with 2 parts of lead oxide, and
dissolving the product in nitric acid or in aqua regia. M. I. Gutman and A. D. Mayantz
studied the precipitation of nickel hydroxide by magnesia or magnesium carbonate.

Electrolytic processes for the extraction of nickel.— The clectrolytic extraction
of nickel from 1ts ores has not been successful : firstly, because the ores are too
impure, and contain too little metal to be used as anodes or to he dissolved in any
other way within the circuit ; and secondly, because the preparation of nickel soln.
from ores outside the circuit is difficult and expensive. The electrolytic method,
however, can be used for nickel-copper mattes, and it has been profitably used in
the separation of nickel-copper alloy since the operation is difficult when conducted
by a dry process. In separating nickel from its mattes or alloys, the copper is
deposited from an acidified electrolyte on the cathode whilst the nickel passes into
soln. The soln. is then freed from other metals, and the nickel is deposited from
its soln. by insoluble anodes.

The decomposition potential of nickel is greater than that of copper and many
other metals. According to M. le Blane,? for instance, the decomposition voltage
of nickel sulphate is 2-:09 volts, and of nickel chloride, 1-:85 volts. Nickel is more
electropositive than hydrogen, and the overvoltage on nickel is not great, and
accordingly nickel is deposited from feebly acidic soln. This subject was discussed by
F. Forster, who showed that in order to get thick deposits of nickel, the electrolyte
must be hot, say, 60° to 70°, and the strength of the current, between 3-5 and 8-5
ampeéres per sq. ft. at 3 to 6 volts according to the nature of the electrolyte.
W. Borchers found with insoluble anodes, using salts of cresolsulphonic acid, 5-5
amperes per 8q. ft., and 2 to 2-5 volts were neccessary ; and K. Brand, using a soln.
of the sulphate sat. with ammonia, and a carbon or iron anode, found 2-8 amperes
per sq. ft., and 2-4 volts were necessary. According to (. Schuabel, a current of
914-9 amperes is needed to separate a kilogram of nickel per hour; and the energy
for this is 24 ><914-9 watts, or 299 H.P.; or allowing for a 12 per cent. loss in
converting mecchanical into electric energy, and a 25 per cent. loss in the current
through conversion into heat, etc., 4-48 H.P., or about 9 kgrms. of coal, are necded
for the deposition of a kilogram of nickel per hour.

E. Wohlwill investigated the separation of copper and nickel using an alloy
as the anode, and a soln. of nickel and copper sulphates as electrolyte. The
separation depends on the soln. of both metals and the precipitation of copper
at the anode only at a particular voltage and current density. More copper is
deposited at one electrode than is dissolved at the other, for the copper deposited
at the cathode is equivalent to the copper and nickel dissolved at the anode;
consequently, during the deposition of the copper, the decrease in the conc. of
the copper and the increase in the cone. of the nickel proceed rapidly, so
that very soon hydrogen is liberated at the cathode. An amount of copper,
as sulphate, cquivalent to the amount of nickel dissolved at the anode must
be added to the electrolyte at intervals. When about 124 lbs. of nickel
sulphate per cubic foot has accumulated in the electrolyte, the electrolysis is
stopped ; insoluble anodes are substituted for the nickel-copper anodes. Lead
anodes are used when there is no risk of the formation of lead peroxide as is the case
when ferrous sulphate is present. When most of the nickel has been removed
from the electrolyte, the mother-liquor is evaporated and crystallized for the
metal sulphates. W. Borchers studied the treatment of an alloy of nickel, copper,
and iron (2 : 1 : 1) used as anode with an acid soln. of copper sulphate as electrolyte.
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As soon as the liquor had become sat. with the sulphates of iron and nick.el, the
copper was precipitated by scrap iron, and the nickel separated from the iron as
ammonium nickel sulphate. The latter salt was converted into nickel sulphate.

E. F. Giinther found that the copper deposit is good so long as the conec. of: the
copper in the electrolyte does not fall below 1 per cent. Poor results were obtained
with ammonium nickel sulphate as electrolyte owing to its low solubility.
E. F. Giinther also studied the deposition of nickel from soln. of nickel sulphate,
using insoluble and soluble anodes—lead, zinc, and copper. Diaphragm cells were
employed ; two salts were placed in the anode compartment, one which formed
a soluble and the other an insoluble salt with the anode metal regenerating at the
same time as the first salt. In the experiments with lead anodes, sodium chlorate
was used along with sodium chloride, sulphate, or chromate, which fO!"l’I'l lnsoll'lble
lead salts. The deposits were good in all cases, but the regeneration with spdlum
sulphate was not so good. With copper anodes, the solvent and precipitant
were respectively sodium sulphate and carbonate. The nickel deposit was fair.
With zinc anodes, the .solvent salt was sodium chloride or sulphate, and the
precipitant was sodium carbonate. The nickel deposits were good. The precipi-
tated salts were not good as pigments. W. Borchers devised a cell suitable for
the production of pigments in the anode compartment, and of nickel in the cathode
compartment. . . . . .

In 1877, E. André proposed extracting nickel from nickeliferous matte, speiss,
or alloys, cast in the form of anode plates, and suspended in dil. sulphuric acid.
The current was to be so regulated that the copper alone deposited on the cathode
of carbon or copper, leaving a soln. of iron and nickel sulphates in the electrolyte.
Tle iron was to be precipitated from the electrolyte by evaporating the ammoniacal
soln. in a current of air. The soln. of nickel sulphate was to be decanted from the
precipitated ferric hydroxide, and worked up for nickel sulphate, oxide, or metal.
In the last case, the nickel could be obtained by electrodeposition. W. Stahl, and
B. Neumann suggested a modification of the process. G. A. Guess added a little
glue to the electrolyte for the deposition of nickel, and recommended lead anodes,
and a current density of 250 amps. per 8q. ft. He also recommended adding finely-
divided calcium carbonate in suspension to the eclectrolyte, and to suspend the
cathodec in a sack diaphragm. The calcium carbonate forms a double basic sulphate
of copper which precipitates.

C. Hoepfner suggested several modifications of a process for extracting nickel
electrolytically. In one modification of the process, the nickel ore was partially roasted
to make the iron insoluble ; and it was then extracted with a soln. of calcium chloride
containing cupric chloride in the form of anode liquor from a subsequent stage of the
process. The copper and nickel dissolved as cuprous and nickel chlorides respectively.
The silver and iron were removed cherically, and the purified soln. of calcium, cuprous
and nickel chlorides was electrolyzed to precipitate the copper. The remaining copper
was removed chemically. The soln. of calcium and nickel chlorides on electrolysis with a
sheet nickel cathode, and graphite anode gave a good deposit of nickel. The process
was not successful ; it was modified by J. Savelsberg and G. Wannschaff. 1. Basse and
G. Selve added organic substances—acetic or citric acid, glycerol, or dextrose—to neutral
or slightly acid soln. of nickel, cobalt, iron, and zinc so as to prevent the precipitation of
the hydrated oxides by alkalies. On electrolysis of the soln., made alkaline by the addition
of potassium or sodium hydroxide, iron, cobalt, and zinc are deposited on the cathode
whilst nickel either remains in soln. or is precipitated as hydrated oxide according to the
conc. of the soln., or if the passage of the current is prolonged. Ammonium carbonate is added
to the soln. to convert the free alkali into carbonate, and the soln. is then electrolyzed for
nickel. D. de P. Ricketts electrolyzed a soln. of nickel and copper sulphates mixed with the
sulphate of an alkali metal. Copper is deposited on the cathode and a sparingly soluble double
sulphate collects at the bottom of the bath. 7. le Verrier separated iron and nickel by
electrolyzing a soln. containing ammonium nickel sulphate or ammonium nickel chloride
and sodium chloride. The soln. was kept alkaline by means of a soluble hypochlorite.
The anode was an alloy of nickel and iron. Hydrated ferric oxide was precipitated in
the bath, and nickel deposited on the cathode. M. Kugel used hot nickel salt soln.
acidified with perchloric, bromiec, or sulphuric acid; the anodes were nickel matte.
The acid content of the bath was maintained by the addition of a conc. soln. of a magnesium
salt of the acid—e¢.g. magnesium sulphate for nickel sulphate. H. A. Frasch used for the
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anode a copper plate on which rested coarsely crushed matte ; a layer of sand over the
matte served as diaphragm ; a soln. of sodium chloride just covered the diaphragm, and
over that a dil. soln. of sodium carbonate served as a cathode compartment. On electrolysis
the chlorine formed at the anode acted on the matte, forming a soln. of nickel and copper
chlorides which were alternately deposited electrolytically on the cathode.

In 7. Ulke’s process anodes of cast cakes of the bessemerized matte, and sheets
of copper as cathodes are employed. The electrolyte was prepared by dissolving
granulated matte in sulphuric acid, and it contained about 8 per cent. excess acid.
The acid required replenishing from time to time. The copper deposited on the
cathode, and copper and nickel dissolved at the anode ; the anode slime contained
the precious metals. When the percentage of copper in the soln. is small, the liquor
is syphoned off, and the residual copper precipitated by sodium sulphide or by
filtering through nickel sulphide. The iron in the soln. can be precipitated by
adding hydrated nickel oxide. The nickel in the soln. can be precipitated as
carbonate, or it can be deposited electrolytically. The precious metals in the
slimes are recovered by the process of B. Moebius—8. 22, 3. In D. H. Browne's
process, the copper-nickel alloy is cast into anode plates, and while copper is being
deposited, copper sheets are used for the cathode. The electrolyte is a soln. of
chlorides of copper and nickel, which is replenished by making it flow continuously
through a tower where it comes in contact with nickel-copper matte, a soln. of
sodium chloride and chlorine. The chlorine is generated from the nickel chloride
soln. The copper is deposited first, and when the nickel in the electrolyte has
attained a suitable concentration, the liquor is run ofi, the copper is first precipitated
and then the iron. The soln. is then electrolyzed with carbon anodes and nickel
sheet cathodes. The chlorine from the anodes passes up the tower indicated
above. In N. V. Hybinelte's process the copper-nickel matte is roasted, and the
resulting oxides are leached with 10 per cent. sulphuric acid. This removes most
of the copper but very little nickel. The residue is then heated with sulphuric
acid to the temp. at which the sulphates become anhydrous, and again leached
with dil. sulphuric acid. The residue is heated with hydrochloric acid and again
leached with sulphuric acid. The solid residue is then smelted, and the metal
is cast into anodes for electrolysis. A soln. of nickel sulphate is used as electrolyte.
Cathodes consisting of iron plates thinly coated with graphite are employed,
G. Haglund studied the process.

Modified processes have been discussed by T. Barton and T. B. McGhie, B. Bogitch,
O. W. Brown, C. F. Burgess and C. Hambuechen, IR. S. Carreras, A. Chalas, C. C. Cito,
P. ¥. Cowing, F. L. Duflicld, S. Fraser, S. Giertsen, J. H. Gillis, . Goldborg, Ii. K. Giinther,
E. ¥. Gliinther and B. Franke, FF. Haber, J. Heibling, W. Mc. A. Johnson, T. H. Kelley,
R. G. Knickerbocker, G. Langbein, C. Langer, A. McKechnie and F. C. DBeasley,
H. M. Merriss, B. Mohr and C. B. Heberlein, L.. Miinzing, K. W . Palmaer and O. E. Griep,
IF. Peters, J. N. Pring, W. Salversberg, G. Schreiber, E. W. von Siemens and J. G. Halske,
E. A, Sjostedt and J. H. James, R. C. Stanley, T. Storer, J. Strap, R. L. Suhl and
co-workers, J. C. Underwood, G. Vortinann, and H. L. Wells and J. C. King. The
separation of cobalt and nickel has been discussed in connection with cobalt.

J. Garnier 8 treated fused nickel matte in an carthenware tube provided with
carbon electrodes, with a current of 23 ampeéres at 10 volts, and found that the
conductivity of the mixture remained very regular, but the voltage gradually
diminished, although the temp. of the furnace was practically constant. The
following table gives the composition of the original substance and of the products
round the anode and cathode after passing the current for an hour and then cooling

slowly :

Sulphur Iron Nickel Copper
Original substance . . 21-10 33-30 16-30 29-00 per cent.
Anode product . . . 16-60 35-40 5-13 39-90 s,
Cathode product . . . 4-70 49-10 19-10 26-13 ,s

The sulphur is, to a large extent, eliminated probably as carbon disulphide,
and the remainder is concentrated at the anode. The quantity of nickel increases
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from the anode to the cathode, whilst that of copper increases in the reverse
direction. The iron, on the whole, tends to accumulate at the cathode.
C. T. Henning discussed the electric smelting of nickel ores. . )

The impurities in commercial nickel.—Formerly, coarse nickel might contain
60 to 90 per cent. of nickel, but to-day the metal is extracted from a variety of
orcs and it contains 98 to 99 per cent. of nickel. The most common impurities
are cobalt, copper, iron, zinc, sulphur, arsentc, gilicon, carbon, and magnesium,
whilst lead, antimony, manganese, and aluminium may be present. Commercial
nickel appears on the market as (a) grains, cubes, rondelles, or powder reduced at
a relatively low temp. from nickel oxide, and not fused in the process ; (b) nickel
deposited in concentric layers from nickel carbonyl and not fused in the process ;
(c) nickel deposited electrolytically as cathode sheets ; (d) nickel made by reducing
the oxide above the m.p. of the metal, and casting it, without deoxidation, in the
form of blocks; or pouring it into water, when it appears in the form of shot ;
(¢) malleable nickel prepared by reduction from the oxide above the m.p. of the
metal, and mixed with some deoxidizer before it is poured or tecemed into ingots or
manufactured into rods, sheet, strip, wire, tubes, etc.

In illustration of the composition of earlier examples of coarse nickel,
C. Schnabel gave for the percentage composition of samples from I, Joachimsthal ;
II, Klefva ; and III, Schladming :

Ni . Cu Fe Co As 3 Si0,

1 . 71-4-86-5 0-—-18-9 0-2-1-3 0-9-12-0 0 -0-06 0-0-1 0-3-5
I . 83 -90 1-3—- 2-0 0-2-0-4 5-5-11-2 — 0-7—-1-4 0-7-0-9
11T . 86-7 88 1-8- 1-9 1-8-1-9 6-8— 7-4 0-7-0-8 0-7-1-4 0-1-0

The Klefva nickel also contained 0-9 to 2-0 per cent. of Na; and the two other
samples were reported to contain respectively 0-06 to 1-6 and O to 0-8 per cent. of
residue insoluble in acids. Amnalyses were reported by R. Fresenius,? W. E. Gard,
C. E. Guillaume, R. A. Hadfield, F. Heusler, A. Hollard, A. Hollard and L. Bertiaux,
J. H. James and J. M. Nissen, A. Julien, A. Kébrich, J. L. Lassaigne, P. . Mecrica,
L. Moissenet, 1I. Nissenson and A. Mittasch, J. J. Pohl, P. Reiman, W. von Seclve,
8. P. 1.. Sérensen, L. Thompson, and P. Weselsky.

Table I includes a selection, made somewhat at random, of a dozen examples

TABLE I.— THE PERCENTAGE COMPOSITION OF COMMERCIAL SAMPLES OF NICKEL.

Ni Co Cu Ye C S Si
Norway . . 99-52 0-89 0-6 0-36 — — —
Canadian . . 99-80 0-01 0-12 - - — —
Orford . . . 99-82 0-80 0-01 0-14 — trace —
Electrolytic . . 99-80 — 0-05 0-15 nil nil nil
Mond . . . 99-86 nil 0-008 0-040 0-030 nil 0-007
New Caledonian . 98-11 —_ 0-50 1-60 — - - 0-13
Cubes . . . 99-28 -— 0-065 0-32 0-41 - e
Rondelles . . 99-20 - —_— 0-45 0-15 0-01 0-10
Grain . . . 99-17 —_ 0-13 0-51 _ _— —_
Shot . . . 99-25 0-25 0-06 0-50 nil 0-014 nil
Ingots . . . 99-10 0-80 0-13 0-50 0-10 0-60 0-10
Sheet . . . 97-99 0-88 0-12 0-49 — — —

from the reports of D. H. Browne and J. F. Thompson, the Report of the Royal
Ontario Nickel Commission, and the Circular of the Bureau of Standards. The
subject was discussed by F. Mylius, who showed that technical nickel can be obtained
with only 0-029 per cent. of impurities. The presence of cobalt as an impurity was
discussed by R. J. McKay, and W. R. Barclay. The ‘‘ingots’’ had 0-015 per
cent. As and 0-015 per cent. Sn and Sb; and the ‘“ sheet’ 1-:32 per cent. of
manganese. The ‘ impurities > have not been determined in all cases. In some
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cases the reported Ni includes both cobalt and nickel. No particular conclusion
as to the relative merits of samples from different localities i1s to be drawn from
these data. Another table could have been just as easily compiled to show another
order of merit. The data are to be taken as a whole, showing what may be expected
from modern commercial nickel. Vessels for melting nickel were studied by
I.. Jordan and co-workers, and are discussed in connection with iron.

The purification of nickel.—Nickel can be refined electrolytically or by dry
processes. The commercial electrolytic processes have been indicated above. 1In
some cases, efforts are directed to obtaining a purified nickel oxide, and reducing
that to the metal. According to C. Schnabel,10 the purification of nickel by an
oxidizing fusion in a kind of puddling furnace, removes only those impurities which
are more readily oxidized than is nickel itself—e.g., carbon, silicon, and iron.
P. Manhes, and P. C. Gilchrist and S. G. Thomas exposed the metal to the action
of oxidizing agents like air, nitre, etc., at a red-heat. J. Garnier proposed to
remove sulphur by heating the metal in a reverberatory furnace with a bed of
powdered limestone which, giving off carbon dioxide, agitates the metal, and the
lime takes up the sulphur. R. Fleitmann used manganese to remove sulphur
from the metal. P. Manhes removed sulphur by heating the metal with a mixture
of lime and calcium chloride on a basic hearth in a reverberatory furnace.
W. 8. Smith and co-workers used lime and silica with some fluorspar for desul-
phurizing the molten metal ; O. Lellep, and H. Watle used gases containing oxygen.
The Berndorfer Metallwarenfabrik removed carbon by soaking cubes of nickel,
reduced at a moderate heat, in a 4 per cent. soln. of alkali manganate or per-
manganate, and fused the product at a high temp. J. Garnier removed iron by
smelting the metal with quartz as a flux. L Jordan and co-woikers recommended
crucibles made from purified magnesia, for melting nickel.

‘When nickel is fused in erucibles or furnaces during the reduction of nickel oxide,
the product may contain nickel oxide which remained dissolved in the metal as
in the corresponding cases of copper and iron. This makes the nickel brittle.
Carbon monoxide may be absorbed by the nickel, making the metal inclined to
springiness ; and nickel cyanide may be formed which, according to T. Fleitmann,
makes the metal brittle. T. Fleitmann showed that if magnesiumn be added to
molten nickel, these three impurities are decomposed. The refining of unickel
was described by C. Schnabel, E. T. Richards, G. Masing and L. Xoch, K. Styfle,
and R. Fleitmann. From one-twentieth to one-eighth per cent. of magnesium may
suffice, and the resulting metal—the so-called malleable nickel—is ductile, and
it can be welded to itself or to iron and steel. Without some such purifying agent
nickel, in general,~cannot be rolled or forged. The amount of magnesium required
can in some cases be reduced if hydrocarbons, carbon monoxide, or hydrogen be
first blown through the metal. C. Schnabel reported the following results of the

fusion of nickel with 1-5 ozs. of magnesium per 70 1bs. of metal in graphite crucibles
lined with fireclay :

Ni Co Fe Cu Si o 8i0, C S Mg

1 {Beforo. 97-87 1-45 0-45 0-10 0-19 trace 0-05 -
After . . 98-24 1-09 0-36 0-10 0-06 - 0-11
11 Before. . 98-21 1-19 0-25 0-07 0-24 trace trace _
After . . 98-38 1-04 0-32 0-07 0-07 - - 0-12

Other substances can be used, but less advantageously, than magnesium—e.g.
aluminium, calcium, or a calcium-zinc alloy; black flux and coal have been tried,
and here it is thought that the deoxidation is due to the formation of the vapour
of potassium. The Société Anonyme Fonderie de Nickel et Métaux Blancs recom-
mended aluminium or potassium cyanide. J. Garnier, and G. A. Boeddicker recom-
mended, say, 15 to 3 per cent. of manganese as a purifier; F. Osmond, R. Fleit-
mann, G. Selve and F. Lotter proposed mixing manganese dioxide with the nickel
oxide before the oxide is reduced ; P. D. Merica used aluminium. H. C. C. de
Ruolz, H. C. C. de Ruolz and A. L. M. de Fontenay tried phosphorus to deoxidize
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nickel, but J. Garnier said that if over one-three thousandth part of phosphorus is
present the nickel becomes harder, but less malleable ; he therefoye recommended
a phosphor-nickel with about 6 per cent. of phosphorus as a deoxidizer. L. Schmal
used a magnesium-manganese phosphide ; this was discussed by C. Roberts.

P. D. Merica and R. G. Waltenberg showed that the magnesium, etc., act not
by removing oxygen, for they found that the presence of carbon, silicon, iron,
copper, arsenic, cobalt, manganese, and oxygen had little effect on the malleability
of nickel, and similarly also with the occluded gases carbon monoxuie.and donJ..de,
hydrogen, and nitrogen. They found that sulphur, and sulphur alone, is responsible
for the brittleness of ordinary nickel. Commercial nickel with less than 0-005
per cent. of sulphur is malleable both hot and cold, before and after remelting,
and without any addition of manganese, and magnesium. As little as 0-01 of
sulphur makes the metal almost completely non-malleable. This profound effect
is due to the formation of a film of nickel sulphide which surrounds each metallic
grain of nickel and lowers the intercrystalline cohesion of the mass even at low
temp. The addition of 0-5 to 1-O per cent. of manganese improves the malleability
of nickel with 0-01 per cent. of sulphur; and the addition of 0-5 to 0-10 per cent.
of magnesium completely restores i1ts malleability. The facts also apply to monel
metal.

A number of wet processes have been employed for purifying nickel. Thus,
H. St. . Deville 11 evaporated the nitric acid soln. of the metal in order to remove
the iron ; the residue was taken up with water and treated with hydrogen sulphide.
The filtrate was boiled and filtcred to remove sulphur, and then treated with oxalic
acid and boiled a few minutes ; nickel oxalate separates from the acid soln. The
oxalate was tlien treated in a lime crucible while protected from air. The oxalate
can also be reduced by heating it in dry air, and then in hydrogen. Modifications
of the process were employed by R. Schneider, H. Baubigny, and C. Zimmermann.
L. Thompson finally fused the mietal under borax in a fireclay crucible. Methods
of purification were also employed by F. Claudet, G. Delvaux, P. Dirvell,
N. W. Fischer, P. J. Robiquet, F. Gauhe, A. Guyard, M. Ilinsky and G. von Knorre,
A. Laugier, J. von Liebig, A. Patera, R. Phillips, F. Pisani, F. Rose, H. Rose,
R. Schneider, S. P. L. Sérensen, A. Terreil, and 1.. Thompson. The separation of
nickel and cobalt is discussed in connection with the latter clement.

Elaborate methods of purification have been employed in atomic weight
determinations (q.v.) ; thus, C. Winkler dissolved the carbonate in hydrochloric
acid, heated the soln. repeatedly with blecaching powder to precipitate iron and
cobalt oxides ; precipitated arsenic and copper by hydrogen sulphide ; heated the
liquid freed from hydrogen sulphide with sodium carbonate ; dissolved the washed
carbonate in hydrochloric acid and evaporated the soln. to dryness; sublimed
the nickel chloride in a current of dry chlorine ; and finally reduced the chloride
in a current of purified hydrogen. T. W. Richards and A. S. Cushman treated a
soln. of the commercial salt (or nickel derived from the carbonyl) with hydrogen
sulphide ; boiled the filtrate to drive off the excess of hydrogen sulphide ; oxidized
the soln. with a few drops of nitric acid, and made the soln. alkaline with ammonia ;
the filtered liquid was treated with hydrogen sulphide; the precipitated nickel
sulphide was washed with hot water and dissolved in hydrochloric acid; the
filtrate was evaporated to dryness and taken up with hot water; the clear soln.
was twice fractionally precipitated as hydroxide by the method of E. F. Anthon ;
the hydroxide was transformed into bromide by heating it in a porcelain tube in
a current of hydrogen bromide; and the sublimed bromide was then purified as
nickel hexamminobromide. C. Winkler obtained the metal by the following
electrolytic process from the purified sulphate :

An aq. soln. of nickel sulphate with 32:84 grms. of nickel per litre was prepared, and
200 c.c. mixed with 30 grms. of ammonium sulphate, 50 grms. of aq. ammonia of sp. gr.
0:905, and 250 c.c. of water. The cathode was a polished nickel plate 9-7 cms. by 7-9 cms.
and the anode was a piece of platinum foil of the same dimensions. A current of 0-8
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ampeére at 2-8 volts was employed. As soon as the nickel deposit had acquired a certain
thickness, it curled off the cathode in flakes of white lustrous metal with a yellowish tint.
The metal had a high degree of purity since repeated heating in hydrogen failed to produce
any loss of weight.
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§ 4. The Preparation of Nickel

At the beginning of the nineteenth century, P. Berthier,® J. B. Richter, and
O. L. Erdmann prepared the nickel in the laboratory by heating nickel oxide or
carbonate, alone, or mixed with charcoal, or made into a stiff paste with oil, with
or without a layer of glass, in a covered crucible, and at the temp. of a blast-furnace.
The nickel dissolves a small quantity of carbon. If the temp. be kept as low as
possible, a grey, porous mass of nickel is produced with very little carbon. J. von
Licbig and F. Wghler, A. Laurent, G. Charpy, G. Magnus, G. Grassi, W. N. Ipatéefl,
and C. Kiinzel obtained mnickel in an analogous manner. E. W. von Siemens and
J. G. Halske reduced the oxide with carbon in an electric furnace. E. D. Clarke
observed that nickel oxide is reduced to the metal in the oxyhydrogen flame.
Nickel oxide is also reduced by heating it in a current of hydrogen, and, according
to W. Miiller, a suboxide—wide infra—is formed at 194°, and the reduction is com-
plete at 270°. M. Mayer and V. Altmayer showed that nickel reduced in hydrogen
absorbs much gas—wvide infra. W. N. Ipatéeff found that soln. of nickel salts
are reduced to the metal when heated under press. in hydrogen. Thus,
with hydrogen at 100 atm. press. 0-2N-NiSO, deposits mnickel at 186°, and
of a 0-2N-soln. of nickel acetate, at 168°. J. von Liebig and F. Woéhler, and
A. Laurent reduced the oxide by heating it in a current of carbon monoxide ; and
I. L. Bell noted that at a high temp. much carbon is formed.

J. W. Débereiner, and J. J. Berzelius prepared the metal by heating to redness
nickel oxalate, or ammonium nickel oxalate under a layer of powdered glass free
from heavy metal. KE. Péligot, P. Schiitzenberger, and H. Rose obtained lustrous
crystals of nickel by heating nickel chloride in a current of hydrogen ; and F. Vorster
by heating the chloride in a current of dry ammonia. L. Mond and co-workers,
and M. Berthelot prepared the metal by heating nickel carbonyl to 200°.
A. C. Becquerel found that copper in a soln. of sodium nickel chloride precipitates
nickel ; Z. Roussin, that magnesium precipitates nickel from slightly acidified soln.
of nickel salts; A. Commaille, that magnesium precipitates nickel from soln. of
nickel sulphate ; and A. Merry, and J. L. Davis, that nickel is precipitated by zinc
from ammoniacal soln. of its salts. H. Moissan obtained the metal by distilling
nickel-amalgam in a current of hydrogen. A. Damour found that zinc¢ amalgam
precipitates nickel from neutral soln. of zine salts, and forms an amalgam. . Méme,
and F. Stolba found that a soln. of nickel sulphate and zinc chloride deposits
nickel on iron in contact with zinc; but F. M. Raoult observed no deposit of
nickel from acidic or neutral, hot or cold soln. of nickel salts in contact with a
nickel-gold couple. For the production of nickel from mnickel carbonyl, wvide
supra. H. E. Fierz and H. A. Prager, A. E. van Arkel, and C. Miiller and
W. Schubardt used this process.

Nickel is deposited on the cathode during the electrolysis of ammoniacal, neutral,
or acidic soln. of its salts,and, as shown by R. Bottger,2 J. M. Merrick, and C. Winkler,
the metal so obtained has a high degree of purity, but, as shown by J. M. Merrick,
it may be contaminated with oxides.

In 1842, R. Bottger showed that densc and lustrous deposits of nickel could be
obtained by the electrolysis of a soln. of nickel and ammonium sulphate, or of an
ammoniacal soln. of nickel sulphate. He also emphasized many valuable qualities
of the nickel deposits, which attracted attention only after R. Bottger’s work had
been forgotten, and the facts discovered anew. In 1868, W. H. Remington patented
a process for the electrodeposition of nickel ; in 1869, I. Adams patented the use of
nickel ammonium sulphate as an electrolyte in conjunction with cast nickel anodes ;
and in 1871, N. S. Keith patented the use of tartrates—e.g., Rochelle salt—in the
electrolytic bath. At ordinary temp., the use of a current density of about 5 amp.
per sq. ft. was considered to give the best results. The corresponding rate of
deposition was comparatively slow. The use of higher temp. hastened the rate of
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deposition, but this was considered inconvenient under manufacturing conditions.
In order to produce a higher concentration of nickel in the bath than is possible with
ammonium nickel sulphate, which has a relatively low solubility, as pointed out
by A. Brochet, a portion of the complex salt was replaced by the simple salt nickel
sulphate. In 1878, E. Weston showed that the ammonium sulphate could be
advantageously omitted if boric acid be added along with nickel sulphate. A higher
rate of anodic corrosion was then needed to enable higher rates of deposition to be
employed. W. D. Bancroft pointed out that a relatively small proportion of a
soluble chloride in the bath would greatly improve anodic corrosion, and electrolytes
containing nickel sulphate, boric acid, and a soluble chloride came into favour. In
1916, O. P. Watts found that with soln. containing per litre 240 grms. of nickel
sulphate, 20 grms. of boric acid and 20 grms. of nickel chloride gave good deposits
with a current density of 200 amps. per sq. ft., and under commercial conditions,
50 to 100 amps. per sq. ft. The subject was studied by V. I. Lainer and
co-workers, N. V. Hybinette, C. C. Downie, R. L. Suhl and co-workers, W. A. Mudge,
A. H W. Aten and co-workers, G. A. Guess, N. R. IL.aban, and C. G. Fink
and F. A. Rohrman discussed the conditions favourable to the preparation
of pure, electrolytic nickel.

Although the equilibrium potential of nickel in N-NiSOy4 at room temp. is about
—0-25 volt, a large excess of anodic polarization is necessary to inaugurate the
dissolution Ni+4-2@®->Ni". Thus, E. P. Schoch found a nickel anode in N-NiSO,
at 26° dissolves only at current densities below 0:036 amp. per sq. dm. If this
value be exceeded, the anode becomes passive, and oxygen is evolved when the
potential is about +-0-28 volt, 7.e., an excess polarization of 0-53 volt. The passivity
decreases as the temp. is raised or in the presence of Cl’-ions or H-ions. Hence, by
raising the temp., or in acidic soln., or soln. with a soluble chloride, a nickel anode
can be subjected to greater current densities without the anode assuming the
passive state. As shown by O. W. Brown, the potentials at the anode vary with
the physical state of the metal; thus electrolytic nickel requires a high potential, and
cast nickel with its surface roughened dissolves more readily than any other form of
anode. Wrought iron of uneven structure may yield slimes containing undissolved
metal. Since the equilibrium potential of nickel in N-NiSO, is —0-26 volt, nickel
cannot be deposited from soln. containing even moderate quantities of free acid.
The work of E. P. Schoch, and A. Schweitzer shows that the hydrogen overvoltage
of nickel at room temp. is at least 0-2 volt, but this is counterbalanced by the fact
that the slowness of the reaction Ni"—>Ni-}-2@ at the cathode necessitates a higher
cathodic polarization than corresponds with the equilibrium value. N. A. Isgari-
sheff and C. M. Ravikovitsch found that the cathode polarization with nickel
chloride is affected by the addition of various chlorides in the order CdCl,<ZAlCly
<< LiCl << CoCly << MgCly, << NiCl, << NaCl << KCl << CaCl, << SrCly; << NH,Cl << BaCl,
< ZnCl,. At room temp., 16°, A. Schweitzer found that the following cathode
potentials arc needed for the deposition of nickel from N-NiCl, in an atm. of
hydrogen, and an equilibrium potential about —0-31 volt :

0-01 0-03 0-06 0-11 0-9 amp. per sq. dm.

Current density . 0
—0-486 —0-510 —0-535 ~—0-645volt.

Cathode potential —-0-31 —0-462
Hence, the excess polarization increases with the current density, but it decreases
with a rise of temp., being only about 0-1 volt at 90°. It therefore follows that the
H'-ion conc. must be low, or the current efficiency for the deposition of nickel will
be low. There is a Scylla to this Charybdis because if the H'-ion conc. be too low,
basic salts may be formed, the bath fouled, and the quality of the deposit impaired.

The effect of the H .ion conc. on the deposition of nickel has been studied by M. Ballay,
J. Barbaudy and A. Petit, J. Barbaudy and co-workers, W. Blum and N. Bekkedahl,
W. Blum and M. R. Thompson, A. E. Brewer and G. H. Montillon, C. E. Clindinin,
A. K. Graham, L. 1. and V. E. Grant, H. E. Haring, R. Harr, J. C. Krotchmer,
H. Kurrein, W. Lockerbie, D. J. MacNaughtan and R. A. F. Hammmond, D. J. MacNaughtan
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and co-workers, H. B. Maxwell, G. H. Montillon and N. S. Cassel, W. A. Mudge,
J.B. O’Sullivan, H. C. Parker and W. N. Greer, L.. C. Parn, W. H. Phillips, W. M. Phillips,
K. Pitschner, A. Regmunt, R. G. Suman, W. A. Taylor, M. R. Thompson, S. Triandafil,
and O. P. Watts—wide infra.

W. Wernicke observed that nickel peroxide is formed at the anode in alkaline
soln.—say, an alkaline soln. of sodium tartrate and nickel hydroxide. The reaction
in the nickel-plating bath was studied by A. Brochet, H. S. Carhart, F. Férster and
F. Kruger, R. L. Dorrance and W. C. Gardiner, F. Forster, P. K. Frélich and
G. L. Clark, and F. E. Lathe. C. Russo studied the rate of anodic solution in
N-H,S0,.

There is a difficulty in obtaining thick deposits of nickel at ordinary temp.
‘With other than low current densities, the deposit peels off in thin flakes, and a
coherent film cannot be obtained. In the case of iron, a similar effect has been
attributed to the irregular occlusion of hydrogen by the metal producing strains in
the deposit ; but K. Engemann showed that the solubility of hydrogen in nickel is
probably too low to produce such an effect, and he attributed the phenomenon to
the presence of traces of iron in the electrolyte depositing on the cathode more
readily than nickel, so that the first layers contain a higher proportion of iron than
the subsequent layer. As a result, strains are set up and flaking occurs. He
obtained no flaking with electrolyte and anode quite free from iron. A low temp.,
a low H -ion conc., and a high current density all favour an irregular deposition of
iron and also flaking. F. Forster obtained good thick deposits at a higher temp.,
say B50° to 90°, even when the current density is high, say 2-5 amps. per sq. dm.
Hot soln. were also recommended by M. Kugel, G. Langbein, W. S. Barrows,
R. F. Clark, W. G. Horsch, and A. E. Shepherd.

F. Forster showed that compact and thick deposits, used with crude nickel
anodes, can be obtained at temp. between 50° and 80°.  A. (lassen recommended
hot, neutral soln. of nickel sulphate and ammonium oxalate for the electrodeposition
of nickel. F. Forster obtained much better results with sulphate soln. than with
chloride soln. as electrolytes. Very little separation was effected with nickel, iron,
and cobalt, but carbon, silicon, copper, and manganese could be eliminated. When
the proportion of iron is high, the deposit curls off the cathode. With chloride soln.
bubbles of hydrogen form more readily on the cathode, and these tend to produce
warty deposits. N. Fedotieff and R. Kinkulsky, and E. F. Kern and F. (G. Fabian
examined the effect of varying concentrations of acid, temp., and current. density
on the current efficiency, and on the nature of the deposits; and their results
with soln. containing 8 per cent. of Ni are in part summarized in Table II.
The heavy deposits are due to the formation of basic salts, and this is particularly
marked with neutral soln. of nickel chloride.

‘“ Conducting *’ salts are added to the bath to decrease the electrical resistance
of the bath. The resistance of the bath was studied by R. L. Dorrance and
W. C. Gardiner, A. E. Nicol, H. E. Haring, L. D. Hammond, C. W. Heil, and
E. F. Kern and M. Y. Chang. The effect of superposing an alternating current on
the direct current employed in the deposition of nickel, and its alloys, was studied
by H. C. Cocks, A. Copperado, N. A. Isgarisheff and S. Berkmann, W. G. Ellis,
V. Kohlschutter and H. Schodl, and S. A. Tucker and H. G. Loesch ; and the effect
of high current densities by N. R. Laban. G. Langbein considered that potassium,
sodium, magnesium, or ammonium salts are best suited for this purpose, but the
ammonium chloride is not good, and that sodium acetate, barium oxalate,
ammonium nitrate, ammonium-alum, and the like are unsuitable. In general, the
additions of chlorides, and baths prepared with nickel chloride or nitrate, are not
suited for the solid nickeling of iron. P. A. Nichol and O. P. Watts found the use
of nitrates objectionable. D. W. Robinson emphasized the use of magnesium
sulphate in raising the ccnductivity of the soln., improving the character of the
deposit, increasing the weight deposited in a given time, dissolving the anodes more
evenly, and avoiding pitting. Small proportions of fluorides or chlorides—sodium,
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TaBLE II.—THE EvrFecr o¥ BATH CONDITIONS ON THE ELECTRODEPOSITION OF NICKEL

. NiCl, NiSO, NiSIF,
Electrolyte I %)?;::iltl;
addition Temp. | amp. per Voltage Current Voltage | Current Voltage Current
sa-1e) | ot | BMolney | velty | BMCIRX| olt) | HUERE,
20° 0-49 3-20 0-89 0-86 0-96 0-78
0-501 -froo : 40° 10 0-36 1-25 0-65 0-62 0-78 1-64
acid 60° 0-21 1-01 0-42 0-39 0-61 1-80
o-1M-free || 20 0-73 62-6 0-91 1-50 0-82 2-20
i 40° 10 0-52 79-0 0-78 1-60 0-83 4-90
aci Il 60° 0-35 71-0 0-51 1-50 0-61 4-80
20)° 0-86 67-2 0-97 0-0 1-02 7-8
0‘05Md'f“"e ; 40° 12 0-53 75-7 0-79 0-7 0-90 7-1
aci 60° 0-44 80-7 0-61 2-8 0-82 8-5
20° 0-78 96-6 1-50 102-2 1-05 po-1
Neutral . { 40° 10 0-59 99-4 1-35 106-9 0-94 92-4
60° 0-44 99-2 0-88 101-1 0-73 89-8
j| 2o 1-06 91-2 3-45 — 1-45 96-8
Neutral . 40° 20 0-73 94-7 2-30 _— 1-24 100-0
{| se0° 0-64 88-3 1-40 — 1-01 90-3
0-5M-Nua f 20° 20 1-02 90-2 3-12 10-2 —_ —
salt | 60° 60 0-58 99-7 0-96 99-8 — —

ammonium, magnesium, or nickel-—however, act by reducing the tendency of the
anode to become passive, and by favouring the corrosion of the anode. The use of
baths of nickel cyanide in soln. of potassium cyanide, recommended by R. H. Marshall,
and P. and Q. Marino, were found by G. Langbein to give poor deposits. Whilst the
presence of a dil. acid is desirable, the addition of strong acids is to be avoided, but
weak acids, like citric or acetic acid, etc., can be recommended. 'The salts of the
organic acids act by rcgulating the acidity of the bath, by dissolving basic salts of
nickel, iron, etc., and reducing the rate of deposition of nickel by more positive
metals as in the electroplating of zinc and of its alloys. J. Powell recommended
benzoic acid, and E. Weston, J. Barbaudy and A. Petit, E. M. Baker, ctc., boric
acid. The boric acid has a favourable effect in producing silvery-whiteness ;
prevents the formation of basic salts, and it makes the deposit more adherent,
softer, and flexible. The yellowness of electrodeposited nickel is attributed to the
presence of basic nickel salts, but this has not becen proved. G. Langbein, and
F. Forster said that the deposit with boric acid is harder than it is with a free
organic acid, and that they cannot be made so thick as is readily attained with the
nickel ethyl sulphate baths. L. D. Hammond showed that boric acid acts by
maintaining more uniformly the H -ion conc. of the soln., and that although good
deposits can be obtained from soln. slightly acidified with strong or weak acids,
none of the acids were so good as boric acid for continued service. The addition
of glycerol is claimed by P. and Q. Marino, J. A. Murphy, and H. Gardner to act as
a depolarizer and allow lustrous nickel deposits to be produced of great homo-
geneity. G. Langbein was unable to produce better deposits in the presence
of glycerol than in its absence. The addition of carbon disulphide to nickel baths
is said to prevent the nickel deposit from becoming dull when it has attained a
certain thickness, but G. Langbein found no advantage attends the use of this agent.
The general subject, and the use of glycine were discussed by G. Fuseya and
co-workers ; and the effect of foreign metals, by B. Setlik.

According to I. Adams, in the search after solutions from which metals can be
practically deposited, the rule-of-thumb method prevailed and had to prevail. In
the search for a practical silver-plating solution, doubtless hundreds of silver salts
were tried before the rather out-of-the-way double cyanide of silver and potassium
was found. In the case of untried metals, the experimenter could not safely draw
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inferences from similar combinations. There were no rules, and few theories to
guide, and it is much the same to-day. All this means that in the quest for solutions
suitable for electroplating, the method of trial and failure, hit or miss, has to be
followed. J. M. Merrick reported trials with ammoniacal soln. of nickel chloride,
sulphate, and nitrate, as well as with the complex salts with the corresponding
ammonium or potassium salts. A. Smee, and J. M. Merrick tried nickel acetate ;
J. M. Merrick, potassium nickel cyanide; E. F. Kern and F. G. Fabian, nickel
fluosilicate, dithionate, chloride, and sulphate; J. Powell, L. E. Stout and
C. L. Faust, J. H. Potts, and A. Watt, acetates, benzoates, chlorides, citrates,
lactates, tartrates, and formates; G. Gore, selenate; A. Hollard, dichromates, and
pyrophosphates ; M. le Couteulx, ammonium persulphate ; D. J. MacNaughtan
and R. A. F. Hammond, chromic acid or chromic sulphate; (. P. Madsen,
W. G. Ellis, and the Madsenell Corporation, hydrogen dioxide, and chlorine ;
K. A. Ollard, ozone or ozonized air; W. Blum, and Q. Marino, fluorides ; P. and
Q. Marino, sulphanilic acid, borotartrates, glyceroborates, glycerobenzoates, boro-
benzoates, phosphates, bromates, glucose, borocitrate, and borotartrate ; A. Classen,
liquorice root; V. Garin, gelatin or albuminous substances; E. N. Todd and
W. R. King, gum tragacanth; N. A. Isgarishefi and S. Berkmann, gelatine;
and B. H. Divine, glue. E. F. Kern studied the function of addition agents in
electrolytes, and K. Pitachner, the buffer action.

Numerous recipes for baths for the clectrodeposition of nickel have been pub-
lished. For instance, W. R. Barclay and C. H. Hainsworth recommended
(NH,)oNi(80,4).6H,0, 375 grms.; NiS0,.7TH,0, 94 to 125 grms. made up to
5 litres with water at 20°, using a current density of 5 amps. per sq. ft. initially at
5 volts and subsequently falling to 3 volts or even less. They also recommend
(NH,),Ni(8S0,):.6H,0, 312 grms. ; NiSQ,.7,0, 125 grms. ; potassium or sodium
chloride, 31 to 47 grms. made up to 5 litres with water, and worked at a current
density of 10 amps. per sq. ft. O. P. Watts recommended a soln. containing
NiSO4.7TH,0, 240 grms. ; NiCl,.6H,0, 20 grms. ; and boric acid, 20 grms. per litre.
E. A. Ollard gave NiSO,.7TH,0, 300 grms. ; HzBO,, 25 grms. ; NaF, 6 grms. ; and
NiCl,.6H,0, 2 grms. per litre, with a current density of 15 to 70 amp. per sq. {t.,
and Py, =57 to 5-9.

Other recipes or processes have been recommended by I. Adams, K. Altimannsberger,
R. Appel, E. M. Baker, M. Ballay, G.I3. Barham, C. W. Bennett and co-workers, A. F. Berry,
. Blassoet, W. Blum and co-workers, M. Boden, B. Bogitch, H. . Boughay, I£. Breuning
and O. Schneider, P. S. Brown, T. Brown, A. Cachornaille, D. F. Calhane and A. I.. Gam-
mage, J. Canac and E. Tassilly, IX. R. Canning, IR. Carl, C. I¥. Chandler, M. Chirade and
J. Canac, R. ¥. Clark, A. Copperado, S. Corncll, S. O. Cowper-Coles, H. D. Cunningham,
J. W. Cuthbertson, G. Dary, N. H. M. Dekker, M. Delval and M. Pascales, C. H. Desch and
E. M. Vellan, E. J. Dobbs, F. M. Dorsey, H. 1. Dow and co-workers, T. A. IEdison, (. Eger,
C.H. Eldridge, D. T. Ewing and co-workers, T. Fearn, S. Ficld and A.D. Weill, L.. C. Flowers
and J. C. Warner, B. ¥Foss, . K. ¥Frolich and G. L. Clark, J. Galibourg, H. Gardner, V. Garin,
E. I’. M. Gat and 1. M. L. Carriére, S. Gordon, C. B. Gordon-Sale, . A. Govaerts and
P. M. Wenmaekors, C. H. R. Gower and 8. O’Brien, A. K. Grahani, G. A. Guess, L. Guillet
and M. Gasnior, V. M. Guskov and A. Z. Rivkind, J. Haas, G. Haglund, I.. D. Hammond,
H. E. Haring, W. E. Harris, W. J. Harshaw and co.workers, R. J. Hazucha, C. Heberlein,
S. Herrick, M. Hess, G. B. Hogaboom, A. Hollard, A. W. Hothersall, W. K. Hughes,
N. V. Hybinette, H. Jacobi, Y. Kato, M. de Kay Thompson, R. Kayser, 1. ¥. Kern and
co-workers, H. Kersten, W. R. King. ¥. Kirschner and J. Hess, ¥. V. Knauss. W. G. Knox,
J. C. Kretchmer, L.. J. Krom, H. Kurrein, N. R. Laban, V. I. Laincer and co-workers,
E. P. Later, ¥, C, Lea, T. Ledin, F. J. Liscomb, k. G. Lovering, D. J. Mac-
Naughtan and co.workers, C. P. Madsen, ¥. Marino, Q. Marino, M. Martin and
M. Delarnotte, ¥. C. Mathers and co-workers, I. Matuschck, A. Mazuir, Madsenell
Corporation, B. Mendelsohn, P. D. Merica, O. Meycr, E. Monel, J. A. Murphy,
L. F. Nelissen, E. Newbery, W. Obst, E. A. Ollard, L. C. Pan, A. Passalacqua,
W. P. Pfanhauser, W. M. Phillips, E. Potter, J. H. Potts, J. Powell, C. H. Proctor
and O. J. Sizelove, M. Quentin, A. V. Re, R. Riedal, 1>. W. Robinson, . . Romanoff,
A. Rosenberg, S. W. Rowsbar, R. Saxon, M. Schlétter, L. Schulte, O. Silvestri, 8. C Smith,
R. C. Snowden, Société Anonyme Le Nickel, B. C. Soyenkoff, H. Stiiger, I£. IX. Stafford,
J. Stedman, W. W. de Sveschnikoff and H. EE. Haring, A. Sviguin, E. Tassily, F. T. Ta.y}or,
H. T. Ter Doest, C. T. Thomas and W. Blum, M. R. Thompson, E. N. Todd and W. R. King,
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T. H. T . J. Unwin. W. Voss, E. A. Vuilleumier, J. Walters, I. W. Wa_rk,
T.T. B. 1’?1\-;\;(;11"1'011, O. P. Watts, H. Webb and S. O’Brien, W. H. Webber, E. E. B. Welgle
; I. W. Wark discussed the energy efficiency
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and E. Jancz, }¥. Wernor, and T. ID. Yensen.
of the clectrolytic process.

In the so-called black nickelling, instead of trying to obtain a silver-white
deposit, a black or dark brown coloured deposit is produced. The bath then
employed contains some thiocyanate and arsenic. Thus, E. Blasset recommended
a bath of ammonium nickel sulphate 12 ozs., potassium thiocyanate 2-75 ozs.,
copper carbonate 2 ozs., and arsenious acid 2 ozs., made up with 95 galls. of water.
The subject was discussed by G. B. Hogaboom and co-workers, J. Haas,
A. Classen, W. 8. Barrows, K. Tamaki, H. B. Maxwell, C. H. Proctor, R. H. Slater,
J. Haas, O. P. Watts, and W. Blum. H. Kersten and J. Maas found that the
structure of black nickel is amorphous.

In analytical work, nickel, as well as cobalt, can be deposited electrolytically
fromn soln. of their double cyanides or oxalates, or from soln. of the sulphates mixed
with alkali acetates, tartrates, or citrates, or from ammoniacal soln. E. F. Smith
said that ammoniacal soln. are best adapted for the electrodeposition, and the
presence of ammonium sulphate or sodium phosphate favours the separation. A
rotating cathode may be employed. In illustration, H. Fresenius and F. Bergmann
commended using as clectrolyte 50 c.c. of a soln. of nickel containing 0-1233 grm.
Ni, 100 c.c. of aq. ammonia of sp. gr. 0-96, 10 c.c. of a soln. of 305 grms. of ammonium
sulphate per litre, and 100 c.c. of water. The clectrodes can be 0-5 to 0-67 cm.
apart ; the current density 0-5 to 0-7 amp. per 100 sq. cm. at 2-8 to 3-3 volts at
ordinary temp. ; and the time required for a complete separation of the nickel was
4 hrs. The separation of nickel from copper, cobalt, and iron was studied by
C. G. Fink and F. A. Rohrman. A. Glazunoff and J. Krieglstein discussed the iron

content of electrodeposited nickel.

The subjsact was studied by R. Bottger, M. Boudreaux, A. Brand, K. D. Campbcll
and W. H. Andrews, M. S. Cheney and IE. H. S. Richards, A. Classon, A. Classen and
A. von Reis, A. Coehn and M. Glaser, K. Klbs, ¥. F. Exner, A. Fischer, A. Fischer and
R. J. Boddaert, F. Forster and co-workers, R. von Foregger-Greiffenturn, H. Fresenius
and ¥F. Bergmann, Ii. Gaiffe, O. W. Gibbs, ¥'. A. Gooch and H. E. Medway, L. Grafenberg,
P. Grésy, W. Hampe, M. Herpin, J. Herzog, M. Hess, A. Hollard, C. B. Jacobs, R. Kayser,
C. A. Kohn and J. Woodgate, ¥. W. Kuster, A. Kundt, E. Langbein, S. von Laszczynsky,
C. Luckow, Mansfeldsche Berg- und Hiittendirektion in Irsleben, M. Martin and
M. Delamotte, H. Meidinger. J. M. Merrick, T. Moore, R. Namais, P. Nauhardt,
H. H. Nicholson and S. Avery, H. Nisscnson and H. Daniel, W. Ohl, ¥. M. Perkin,
F. M. Perkin and W. Q. Prebble, O. Piloty, A. Riche, IE. H. Riesenfeld, M. Roloff and
k. Siede, M Roloff and H. Wehrlin, J. I&. Root, G. A. le Roy, F. Riidorff, A. Schumann,
G. P. Schweder, 8. P. Sharples, A. Siomens, O. Silvestri, 1. ¥. Smith and co-workers,
R. C. Snowden, F. Stolba, W. T. Taggart, A. Thiel, H. Thomiilen, B. Tougarinoff,
C. Tubandt, G. Vortmann, T. T. P. B. Warren, J. Westerson, . Weston, . Winkler,
G. C. Wittstein, I, Wrightson, and J. Zedner.

O. Meyer 3 showed that nickel may be deposited from a soln. of the chloride in
alcohol ; R. Taft and H. Barham, from soln. of mnickel salts in liquid ammonia ;
R. D. Blue and F. . Mathers, and 1.. Y. Yntema and L. F. Audrieth, from soln. of
salts in formamide or acetamide, although H. Réhler obtained no deposit from soln.
in formamide ; and H. S. Booth and M. Merlub-Sobel obtained a deposit from a
soln. of nickel thiocyanate in liquid ammonia.

According to (¢. Lambris,4some carbon may contaminate the deposit of nickel, and
he concluded that the absorption of carbon is entirely due to a gas reaction, and that
carbon dioxide or acetylene may introduce carbon into nickel or cobalt. Oxalic
acid is partly reduced to acetylene on platinum and nickel, but not when copper,
iron, or tin cathodes are employed. The carbon in electrolytic nickel is
present in the form of a carbide. The subject was discussed by P. K. Frélich, and
C. P. Madsen.

_ L. E. and V. E. Grant studied the variations in the thickness of electrodeposited
nickel. W. Blum showed that the crystals of electrodeposited nickel decreased in
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size as the current density increased up to 2 amps. per sq. dm. ; the size of the
crystals decreased with temp. ; and with a decrease in the conc. of the metal ion.
According to G. L. Clark and P. K. Froilich, a low current density, a low temp.,
and the presence of gelatin favour a fibrous or oriented structure—the evolution of
hydrogen is unfavourable. The orientation of the structure is parallel to that
of the cathode metal in the case of platinum. W. S. Barrows studied the
effect of the nature of the anodes. The microstructure of the deposits was
studied by R. Audubert, H. Stiger, W. D. Bancroft, G. HKger, A. K. Graham,
A. N. Kuznetzoff and 8. A. Baranoff, W. (. Burgess and W. Elenbaas,
W. E. Hughes, G. L. Clark and P. K. Frolich, W. A. Wood, M. Z. Wolfmeyer,
C. P. Madsen, C. Upthegrove and E. M. Baker, H. Kersten and J. Maas, V. Kohl-
schiitter and co-workers, and B. Waser and E. H. Schultz. X-radiograms were
observed by R. M. Bozorth, R. Glocker and E. Kaupp, J. D. Hanawalt and
L. R. Ingersoll, H. Hirata and H. Komatsubara, and 8. Procopiu. Most of the heavy
metals—copper, silver, zinc, and lead—are normally deposited from simple acid
soln. in a coarsely crystalline form, but with nickel, cobalt, and iron, under similar
conditions, the metal is deposited in a finely crystalline form. Owing to its electro-
positive character, nickel is always deposited along with some hydrogen ; this is
not the case with copper, silver, or lead, and only to a small extent with zinec.
Consequently, V. Kohlschiitter suggested that the liberated hydrogen interferes
with the growth of the crystals of nickel. S. Glasstone suggested that nickel is
deposited in an unstable atomic form which is rapidly transformed into a more
stable modification with the consequent interference of crystal growth. V. Kohl-
schiitter and H. Schecht showed that the presence of colloidal metal hydroxides
may have reduced the size of the crystals of electrodeposited nickel so as to produce
a mirror-like surface ; and H. J. 8. Sand suggested that a similar effect may be
produced by inorganic colloids 1n the course of electrolysis. According to
J. B. O’Sullivan, the eclectrodeposits from buffered nickel sulphate soln. become
smoother and more fine-grained as the P’ of the bath is raised so that neither the
hypothesis of V. Kohlschiitter nor that of S. Glasstone explains the results. He
suggested that the efiect is due to the presence of colloidal nickel hydroxide or basic
salt in the cathode film. This is supported by the fact that electrodeposits contain
a little oxygen. H. T. 8. Britton found that nickel hydroxide is precipitated from
nickel sulphate soln. when Py, == 6-66, and nickel borate probably behaves similarly ;
and D. J. MacNaughtan and A. W. Hothersall observed that on adding a soln. of
sodium hydroxide to a nickel sulphate-boric acid plating bath, permanent pre-
cipitation begins when Py=—6-6, but in an ammonium nickel sulphate bath it begins
when Py=-7-6. In general, J. B. O'Sullivan found that as the value of Py is raised
the deposits become smoother and finally more brittle—wvide supra. J. B. O'Sullivan
continues the discussion as follows :

According to P. K. Frélich, colloids affect the structure of an electrodeposit by
forming a more viscous layer at or near the cathode, so that the diffusion thither of
metal ions is hindered, and he visualized two ways in which this might take place.
Firstly, the colloid may become pressed against the cathode owing to its particles
carrying a positive charge. The metal ions will then have to pass through the
channels of the sponge-like mass produced, and will be discharged immediately they
reach the cathode surface, irrespective of the orientation of the metal atoms
previously deposited. Thus the growth of existing crystals will be interfered with,
and there will be a tendency for the metal to be deposited in needle-shaped crystals
in the channels of the colloid mass until this becomes embedded in the metal
deposit. If, however, the colloid is so firmly held against the cathode that this can
take place, it is, to all intents and purposes, being electrolytically deposited with
the metal. Also the quantity of colloid enclosed in the deposit would be so great
as to constitute an extreme case, such as those described by W. D. Bancroft and
T. R. Briggs, and by R. Marc, who obtained slimy deposits from solutions containing
organic colloids. The latter describes his deposits as consisting of extremely thin
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flakes, not needles, of metal, set in a collagenous mass. The other case suggested
by P. K. Frélich is that in which the colloid has an amphoteric character, and the
P, of the cathode film is distinctly higher than that of the bulk of the solution.
Such a case would be that of gelatine in a nickel or zinc plating bath. If the bath
is sufficiently acid, the positively charged colloid will migrate towards the cathode,
but at a definite distance from this it will encounter a region where the Py is the
same as its isoelectric point ; beyond this region the £ will be higher, so that the
colloid would migrate away from the cathode. In the intermediate region, the
colloid will be held, forming a diaphragm which will offer a resistance to the passage
of metal ions, so that the colloid free liquid between this diaphragm and the cathode
may become depleted of metal ions. But, according to W. E. Hughes, decreased
concentration of metal ions in a simple solution results in slower deposition of
metal, and consequently in the formation of a more coarse-grained, not a more fine-
grained deposit. On the other hand, if there is produced at or near the cathode a
viscous layer which is difficultly permecable to metal ions, the effect will be that the
concentration of these in the cathode film will diminish, so that a greater number
of hydrogen ions will be discharged, and the Py of the cathode film will rise. Conse-
quently, more colloidal metal hydroxide will be formed, and if it is produced in the
cathode film more rapidly than it is being electrolytically deposited, the conditions
will continue to be accentuated until all the available metal has been converted into
hydroxide, whereafter this can only be replenished as more metal ions migrate or
diffuse to the cathode film.

L. R. Ingersoll, F. Kirchner, and R. Glocker and E. Kaupp showed that the
fibre axis represents the direction in which the velocity of deposition is a maximum.
If the current density is too high, the crystals lose all regular orientation.
R. M. Bozorth thought that the orientation of the crystals of iron, cobalt, nickel,
during their electrodeposition is associated with strains. The subject was also
studied by K. N. Oesterle. E. S. Hedges observed that a periodic electrodeposition
could be obtained with a soln. of potassiuin nickel cyanide.

K. Okimoto & discussed the electric melting of nickel. As with iron (q.v.),
L. Jordan and co-workers found that crucibles made from commercial, fused
zirconia, magnesia, or alumina are not suitable for melting the purified metal ;
but crucibles made from the purified oxides gave good results. They preferred
those made with purified magnesia. A. Dingwell and co-workers referred to the
contamination of nickel by molybdenum when fused in a molybdenum resistance
furnace.

G. Magnus ¢ found that when the oxide is reduced at a low enough temp.,
pyrophoric nickel is formed, and W. N. Ipatéeff showed that in hydrogen the nickel
is pyrophoric if reduced at temp. below 270°. G. Grassi obtained the pyrophoric
metal by heating the oxalate or oxide in hydrogen at about 280°. According to
H. Moissan, pyrophoric nickel is formed below 270° as a black powder which does
not burn so brightly as iron reduced at 440° when it is exposed to air. If reduced
at 270° to 280° it is oxidized by dry air or oxygen only. G. Tammann and
N. Nikitin discussed the effect of grain-size on the pyrophoric quality above 350° ;
moisture favours the oxidation so that in moist air or oxygen the powder is oxidized
at a lower temp.

L. Graf 7 prepared single crystals of nickel. L. R. Ingersoll, and A. C. G. Beach
prepared nickel mirrors and nickel films by spluttering nickel cathodes in hydrogen,
nitrogen, and argon, or neon, with a direct current generator of 1000 volts, and
allowing the metal to deposit on a cooled surface. These films, as well as films
obtained electrolytically-—vide supra—were studied by K. Lauch and W. Ruppert,
J. Hanawalt and L. R. Ingersoll, L. R. Ingersoll and co-workers, R. M. Bozorth,
K. M. Oesterle, O. G. Keiko, R. K. Cowsik, H. Bracchetti, F. Kirchner, F. H. Con-
stable, C. Miiller, J. Jolist, E. O. Hulburt, J. H. Howey, J. Strong and C. H. Cart-
wright, A. W. Gauger, R. Glocker and E. Kaupp, H. Hirata and H. Komatsubara,
S. Procopiu, and V. Kohlschiitter and co-workers—wvide iron mirrors. F. W. Laird,
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C. F. van Duin, and C. G. Fink and W. G. King found that by admitting nickel
carbonyl vapour suddenly into an evacuated flask uniformly heated to 180° to 200°
the walls may be coated with a bright, adherent, uniform deposit of nickel. The
presence of traces of air, oxygen, chlorine, etc., is to be avoided because it leads to
dark deposits. A preliminary flushing of the flask with hydrogen is effective in
producing bright deposits, but is unneccessary if the vessel is evacuated to 5 to
10 microns press. Z. Debinska found that mirrors obtained by vacuum distillation
exhibit orientation of the microcrystals. J. E. Henderson obtained a mirror of
nickel by evaporating that metal from a heated tungsten filament. J. Manning
prepared nickel membranes for ultra-filtration.

According to M. Kimura,® when metallic nickel is heated to incandescence and
quickly plunged into distilled water, a colloidal solution of nickel and of nickel
hydroxide is formed. G. Bredig did not have success in preparing the hydrosol
by electrically spluttering the mectal under water, but D. Zavrieff, A. 1. ¥rden-
brecher, ¥. Ehrenhaft, J. Billitzer, E. Thorén, C. II. von Hoessle, T. Svedberg,
O. Scarpa, and E. Thorén obtained the colloid in this manner. D). Zavrieff also
prepared colloidal soln. by electric disintegration. C. Paal found that colloidal
nickelous hydroxide is reduced to a colloidal soln. of nickel by hydrogen in the
presence of a hydrosol of palladium. The stability of the colloid is increased if
sodium protalbinate be present as protective colloid. The hydrosol so obtained is
a brilliant chestnut-brown in transmitted light, and black in reflected light. The
corresponding hydrogel forms blackish-brown, brittle lamillee, and its state is
reversible. L. Hogounenq and J. Loiseleur used glycogen as protective colloid.
According to C. Kelber, a soln. of nickel formate and gelatine in glycerol at 200° to
210°, when submitted to the action of a stream of hydrogen, assumes a chestnut-
brown colour. The colloidal soln. remains unaltered in the air and is miscible with
alcohol, but on treatment with water and centrifuging, it deposits the colloidal metal
as a dark brown solid, containing 25 to 30 per cent. of nickel, which can again yield
colloidal nickel soln. in dilute acetic acid, acidified water, glycerol, or alcohol.
Other reducing agents can be applied to the same purpose ; nickel formate at 220°
in glycerol soln. in the presence of gelatine is reduced by hydrazine hydrate with
formation of a colloidal nickel solution of similar properties to that just described.
Formaldehyde, hydroxylamine, and hypophosphorous acid can also be applicd as
reducing agents for the purpose, whilst gum arabic can be used in place of gelatin.
The nickel formate can be replaced by nickel acetate or freshly-precipitated nickel
hydroxide. B. C. Soyenkoff prepared colloidal nickel soaps. H. Freundlich and
W. Seifriz studied the electric charge of the colloid. According to Wo. Ostwald, when
a soln. of nickel carbonyl in benzene is boiled, carbon monoxide is evolved, and a
violet-grey organosol, or benzenosol, of nickel remains. T. Svedberg obtained an
alecoholsol by the clectrical spluttering of nickel in isobutyl and other alcohols, and
an ethersol using ethyl ether as the dispersion medium ; S. R. Rao, and C. G. Mont-
gomery, with ¢sopropyl alecohol ; and S. J. Folley and D. C. Henry, an acetonesol,
where traces of water reduce the stability of the sol, and traces of sulphuric, hydro-
chloric, or m-hydroxybenzoic acid, or m-nitroaniline, make the sol more stable.
E. Hatshek and P. C. L.. Thorne obtained sols by dissociating nickel carbonyl in
benzene, toluene, and paracymene with rubber as protective colloid ; and
F. Haurowitz obtained a stable sol of nickel in benzene. H. B. Weiser and
G. L. Mach discussed the subject. W. K. Gibbs and H. Liander prepared aerosols

of nickel.
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§ 5. Nickel as a Catalyst

Numerous examples of the work of nickel as a catalyst are indicated in con-
nection with the chemical properties of nickel. Nickel intended for use as a
catalytic agent is usually prepared by reducing the green hydroxide with hydrogen
at a temp. below 300° ; if the metal be reduced at a higher temp. than this, it is
less reactive ; and if it be reduced at a bright red heat, the nickel is almost inert.
The presence of halogens, arsenides, phosphides, or sulphides, poisons the catalyst,
z.e. these agents reduce the activity of the catalyst. Consequently, as emphasized
by P. Sabatier and J. B. Senderens,! and A. W. Crossley, it is necessary to employ
purified hydrogen for hydrogenation reactions with nickel as catalyst. T. Kusama
and Y. Uno discussed why the catalyst prepared from nickel chloride is less active
than when it is prepared from thie nitrate, and they concluded that it was due to
the presence of unreduced chlorides. The poisoning of the nickel catalyst was
studied by B. Kubota and K. Yoshikawa, F. Wolff, K. Yoshikawa, M. C. Boswell
and C. H. Bayley, and . Roberti.

In some cases, C. Kelber found it better to scatter, say, the carbonate, over some
inert material like asbestos, kieselguhr, or animal charcoal, and then reduce the
carbonate. Nickel reduced from the carbonate at 450° has no action on a mixture
of hydrogen and oxygen at ordinary temp., but if the nickel be spread over an inert
substance, its activity is augmented. It is still more active if reduced at 300°.
W. E. Gibbs and H. Liander reduced the nickel from the carbonyl, and observed that
it has but little catalytic effect on the reduction of carbon monoxide, or of ethylenc
by hydrogen. X. Schirmacher and co-workers associated the catalyst with silica
gel ; and P. Breteau obtained finely-divided nickel by reducing a hot soln. of nickel
sulphate with sodium hypophosphite. I.. R. Ingersoll examined the catalytic
effect of films of nickel spluttered in nitrogen. According to K. Maschkilleisohn,
nickel has an optimum degree of dispersion for use as a catalyst, any finer dispersion
is accompanied by a reduction, and finally by a cessation of its activity. The
subject was studied by A. A. Balaudin, L.. H. Reyerson, E. Biesalsky and co-
workers, A. Brochet, C. F. Fryling, C. R. Glass and I.. Kahlenberg, K. Heinze,
S. Iki, T. Kusama and Y. Uno, M. Lietz, C. M. Loane, E. J. Lush, E. Masch-
killeisohn, W. Normann, J. E. Nyrop, K. Omiya, A. Quartaroli, B. Kubota, M. Raney,
K. Schirmacher and co-workers, A. Svizuin, R. Thomas, F. Thorén, and E. Wolfson.
G. M. Schwab and L. Rudolph, and H. N. Huntzicker and L. Kahlenberg, discussed
the nature of the catalyst; G. Bredig and R. Allolio, the X-ray properties of the
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catalyst ; H. L. Waterman and M. J. van Tussenbroek, and H. Adkins and
L. W. Covert, the mode of preparation of the catalyst; F. Fischer and K. Meyer,
the reduction temp.; G. M. Schwab and H. Schultes, and F. H. Constable, the
surface area ; A. Bag, the re-activation of nickel ; A. W. Gauger and H. S. Taylor,
the effect of various supports for the catalyst ; T. Kusama and Y. Uno, the effect
of chlorine ; W. W. Russecll and H. S. Taylor, the effect of thoria. C. Kelber studied
the effect of water ; F. Wolff, the effect of ferric and nickel hydroxides; and
G. F. Schoorel and co-workers, the effect of high pressures on the hydrogenation.
O. Schmidt compared the hydrides of the metal.

E. Bosshard and E. Fischli,2 W. Norman, W. Norman and W. Pungs, W. Meigen,
and W. Meigen and G. Bartels favour the opinion that it is not nickel oxide, but
rather the free unoxidized metal which behaves catalytically. F. Bedford and
E. Erdmann, J. B. Senderens and J. Aboulenc, and W. Siegmund and W. Suida
consider that no reduction of nickel oxide to the metal occurs during hydrogenation ;
and they suggested that possibly the suboxide, NiyO, described by I. Bellucci and
R. M. Corelly, is formed. The hydrogen transfer takes place v¢d an intermediate
phase represented by :

H : C—Ni~_ H.Ni~_
H:C-Ni-— © or by H.Ni— ©

1t is also possible that the transfer takes place through the decomposition of water,
forming nascent hydrogen : NigO-+H,O0=2NiO+2H, which then unites with the
compound being reduced whilst the nickel monoxide is again reduced to the sub-
oxide by the hydrogen. G. Bartel’s experiments on the speeds of the reaction with
nickel and with the alleged suboxide did not support this hypothesis, nor did
W. N. Ipatéeff’s experiments on the reduction of benzene. The subject was dis-
cussed by C. Kelber, and M. C. Boswell.

Another hypothesis is that the hydrogen is activated by passage into the atomic
state, by occlusion or adsorption by the nickel—wvide supra, the action of hydrogen
on nickel. Yet a third hypothesis assumes that the hydrogen and the compound
to be reduced mutually form a kind of surface film on the nickel, and that the
juxtaposition enables the molecular hydrogen to do work that it could not perform
by simple contact. The subject was discussed by M. Polyakofl, and R. Foresti.

B. S.Srikantan discusscd the relation between the atomic energy and the efficiency
of nickel as a catalyst; C. F. Fryling, R. Kuhn, O. Schmidt, H. P. Cady and
W. E. White, and A. A. Balandin, the mechanism of reductions with nickel as
catalyst ; and B. Kubota and K. Yoshikawa, the formation of the metal hydride in
hydrogenations with nickel as catalyst. G. L. Clark and co-workers showed that
differences in the activities of nickel catalysts are not due to differences in the type
or dimensions of the lattice.

According to H. S. Taylor, X-radiograms show that metallic catalysts possess
the definite lattice structure of the crystalline material, and there are, on the surface,
groups of atoms in which the crystallization process is incomplete. The surface is
to be regarded as composed of atoms in varied degrees of saturation by neighbouring
metal atoms, varying from those one degree less saturated than interior atoms to
those which are held to the solid surface by a single constraint only, and it is by this
constraint alone that these outermost atoms differ from gaseous metal atoms.
These atoms can attach to themselves or adsorb three molecules, the linking between
which and the nickel atom is identical with that obtaining in nickel carbonyl. This
concept introduces a mechanism whereby both constituents of a hydrogenation
process may be attached to one nickel atom and obviates the necessity, inherent
in the Langmuir scheme, of having both reactants adsorbed on adjacent elementary
spaces. The idea of metallic atoms detached to varying extents from the normal
crystal lattice is in harmony with observations on such catalytic surfaces. Accord-
ing to E. F. Armstrong and T. P, Hilditch, the attraction between the unsaturated
organic molecule and unsaturated nickel atom is held to be strong enough to loosen
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the nickel atom from its adjacent atom or atoms, so that when catalytic change
actually occurs the nickel atom loses all contact with its neighbours. For the
moment, there may exist, actually apart from the solid surface, a combination of
nickel, unsaturated compound, and probably hydrogen as well. F.P. Bowden and
E. K. Rideal studied the effect of cold-work and annealing on the areas of catalytic
activity.
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§ 6. The Physical Properties ot Nickel

The colour of nickel is silver-white with a grey tinge, and, when electrodeposited,
the metal may be bright and lustrous, or, as pointed out by J. M. Merrick,! dark
and matte. Nickel can take a high polish so that it reflects a large proportion of
the light falling on a polished surface. This makes the metal valuable for electro-
plating. A. W. Wright found that thin films of nickel viewed in transmitted light
appear grey or brownish-grey ; and G. T. Beilby said olive-green, or blue.
W. L. Dudley observed that the incandescent vapour appears bluish-green. E. van
Aubel discussed the colour and transparency of nickel. W. T. Brandt compared
the decolorizing power of nickel, zinc, and tin on copper :

Copper (per cent.) Cu-Ni ALLOY Cu—-Sn ALLOY Cu-Zn ALLOY

Paler than copper Red (golden) yvellow Almost copper-red

90 Light copper-red Reddish-.grey-yellow Yellowish.reddish

85 Pale red Reddish.yellow Reddish.yellow

80 ‘White pink tinge Reddish-grey Reddish-yellow

78 Nearly white Yellowish.grey Reddish-.yellow

75 Nearly white Reddish-white Pale yellow

70 Silver-white White Yollow

G. Rose observed that the crystalline fracture shows that the erystals belong
to the cubic system, though S. Kalischer was unable to establish this by corrosion
figures. R. M. Bozorth and F. E. Haworth, and H. H. Potter and W. Sucksmith
studied the corrosion figures. G. J. Sizoo, and C. H. Mathewson discussed the
twinning of the crystals ; and A. Schrader and E. Weiss observed no twinning of
the crystals, nor did they find any twinning or grain-growth develop during anneal-
ing. F.C. Thompson and W. E. W, Millington, and J. A. Ewing and W. Rosenhain
observed slip-bands and twinning lamell®e in nickel. A. Schrader and E. Weiss
studied the twinning of nickel. G. T. Beilby observed that the polished metal has
a transparent glass-like skin which may pass into minute scales or granules.
W. G. Burgers and W. Elenbaas studied the zone-like structure of electrolytic
nickel. The microstructure after etching the polished surface is fairly typical of
polycrystalline metals. I. S. Davenport discussed the sub-crystalline boundaries.
The microstructure of nickel was studied by W. Velguth, and R. Vogel. According
to P. D. Merica and R. G. Waltenberg, nickel oxide or sulphide, and manganese
sulphide are sometimes visible ; if over 0-4 per cent. of carbon is present, it usually
occurs as graphite. The intercrystalline brittleness was shown by H. S. Rawdon
and co-workers to be due to the oxidation or sulphurization of the grains so that
their cohesion is destroyed. G. Tammann studied the effect of annealing on the
adsorption of dyes by nickel wires; and G. Tammann and A. Rithenbeck, the welding
power of nickel. H. C. H. Carpenter examined the effect of the imprisoned gas.

The etching of the metal was studied by J. Czochralsky, and H. S. Rawdon
and co-workers. According to W. A. Mudge, the microstructure can be
developed by etching with 5 to 100 per cent. nitric acid—say, by diluting a
soln. of the 50 to 75 per cent. acid with commercial 50 per cent. acetic acid.
H. S. Rawdon and M. G. Lorentz recommended conc. hydrochloric acid ; or a soln.
of ferric chloride acidified with hydrochloric acid ; and for electrolytic etching, a
current density of 0:01 amp. per sq. cm. and an electrolyte of sulphuric acid,
22 parts by vol., 3 per cent. hydrogen dioxide, 12 parts by vol., and 66 per cent. of
water by vol.; or else, as electrolyte, a 5 per cent. soln. of a mixture of nitric and
sulphuric acids, 3 : 1.

A. H. Hull reported that the X-radiograms of nickel correspond with both a
face-centred and a body-centred cubic lattice, and that the lattice constant length
of edge of cube of the face-centred form is a=—3-54 A. F. Wever found no evidence
of the existence at ordinary temp. of two forms of nickel with different space-
lattices. The atomic arrangement is uniformly that of a body-centred, cubic
lattice with a parameter =519 <108 cm. Impurities may increase the distances
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between the atoms. Non-magnetic or 8-nickel, like B-iron, cannot be regarded as
an allotropic form with a lattice structure different from that of ordinary or a-nickel.
S. B. Hendricks and co-workers could detect no evidence of any allotropic change
in nickel up to 1015°, and the body-centred form has not been detected by other
observers, but the lattice constant of the face-centred form was found by
W. P. Davey, and G. L. Clark and co-workers, to be 3-499 A. ; F, Wever, and
L. W. McKeehan, 3-51 A.; H. Lange, 3518 A.; A. Osawa, 3-508 A.; L. Mazza
and A. G. Nasini, 3-514 A.; S. Holgerson, 3-52 A.; H. Bohlin, and L. Vegard and
H. Dale, 3-53 A.; A. Westgren and A. Almin, 3-519 A.; W. C. Phebus and
F. C. Blake, 3-521 A.; Z. Jefiries and R. 8. Archer, E. C. Bain, A. W. Hull,
R. W. G. Wyckoft, and A. Sacklowsky, 3-54 A.; R. G. Kennedy, 3-525 A. for
99-94 per cent. nickel ; F. Wever, 3-51 A.; L. W. McKeehan, 3-510 A.; and
E. A. Owen and J. Iball gave a=3-5179 A.; and they calculated the closest
approach of the atoms to be 2:487 A. The subject was discussed by R. Brill and
H. Pelzer, M. I. Gen and co-workers, A. O. Jung, E. Piwowarsky, R. Riedmiller,
P. Rontgen and W. Koch, J. BE. L.. Jones and B. M. Dent, W. Biissem and F. Gross,
H. Karlsson, E. A. Owen and E. L. Yates, H. Kersten and J. Maas, K. Becker,
E. R. Jette and F. Foote, and E. C. Bain. G. L. Clark and co-workers observed
that nickel catalysts prepared in different ways, and with different activities, all
gave identical lattices with a=3-536 A. W. P. Jesse found the length of the edge
of the cubic lattice of nickel at :
20° 900° 1000° 1100° 1200°
a A. . . 3-518 3-568 3-H575 3-583 3-592

L. Mazza and A. G. Nasini, G. Higg and G. Funke, H. Bohlin, R. M. Bozorth,
N. Uspensky and S. Konobejewsky found that nickel obtained by electrodeposition,
by the decomposition of nickel carbonyl, and by the reduction of the oxide, crystal-
lizes in face-centred cubes. The dimensions of the crystal particles are 1072 to
1075 cm. The length of the elementary cell is 3-514 A. L. H. Germer said that
with single crystals of nickel, the X-radiograms show patterns due (i) to the face-
centred cubic space-lattice of the crystal ; (i1) the first or outermost layer of nickel
atoms ; (iil) a monatomic layer of adsorbed gas; and (iv) an outer thicker layer
of absorbed gas. S. Dembinska, and W. Biissem and F. Gross studied the crystal
structure of thin films. W. Hume-Rothery studied the relations amongst the
lattice constants of nickel, and other elements.

G. Greenwood discussed the fibrous texture of nickel wires. The unit face-
centred, cubic lattice of cold-drawn nickel wire has the edge a=3-515 A.; and the
crystals are arranged so that the (111) and (100)-faces are parallel with the axes of
the fibres. G. Tammann found that in rolling nickel, the icositetrahedral and
octahedral planes tend to form parallel to the surface. W. A. Wood studied the
distortion of the lattice with electrodeposited nickel; C. B. Hollabaugh and
W. P. Davey, the orientation of the crystals by cold-rolling ; S. T. Konobejewsky,
and E. van Aubel studied the distortion of the space-lattice by mechanical work ;
and F. von Géler and G. Sachs, F. Krau, G. Tammann-and co-workers, W. A. Wood,
E. Schmid, M. Bonzel, G. W. Brindley and F. W. Skiers, W. E. Schmid and
E. A. W. Miiller, S. T. Konobejewsky, and C. B. Hollabaugh and W. P. Davey, the
effect of cold-rolling on the lattice structure.

Pure, cold-drawn nickel, after various heat-treatments, although sometimes
showing peculiar re-crystallization effects, alwaysa crystallizes in face-centred, cubic
crystals ; the re-crystallization cannot be detected by X-ray analysis for temp. up
to 940°; the appearance of characteristic re-crystallization structures is observed
only when the metal has been annealed at temp. upwards of 1000°. A prolonged
annealing at 1200° for 30 hrs. produces coarse grains, irregularly oriented, giving
rise to a marked reduction of ductibility and tensile strength. Quenching does not
produce any change in the lattice structure. I. Schottky and H. Jungbluth said
that the first signs of re-crystallization occur at 500°; and G. Wazau, and
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Z. Jeffriecs and R. 8. Archer gave 600° for the temp. of re-crystallization, and the
theory of the subject was studied by J. A. M. van Liempt. F. Sauerwald discussed
the grain-growth of nickel during sintering. G. Tammann and W. Salge gave 200°
to 220° for the beginning of re-crystallization.

G. Bredig and R. Allolio said that some samples of electrolytic nickel deposited
in an atm. of hydrogen at a few tenths of a mm. press., seemed to have a close-
packed, hexagonal structure when that of electrodeposited nickel is a typical face-
centred cube, with a=3-514 A. According to G. Wazau, the structure of electro-
lytic metal usually consists of parallel lines of crystals packed in layers parallel to
the surface of the cathode. After annealing at 600°, in the absence of air, the metal
shows signs of re-crystallization characterized by a widening of the lines, and their
separation into elongated crystals. After annealing at 900°, the re-crystallization
is complete, and the new crystals are the smaller the greater is the press. to which the
metal has been previously subjected. The hardness rapidly falls on the annealing
temp. changes from 500° to 700°, and it thereafter falls more slowly. Annealing
does not reduce the brittleness due to occluded hydrogen. The orientation of
the electrodeposited crystals was studied by G. L. Clark and P. K. Frélich,
C. Upthegrove and E. M. Baker, G. W. C. Kaye, R. Glocker and E. Kaupp,
A. K. Graham, R. M. Bozorth, D. J. Macnaughtan and co-workers, and
G. E. Gardam and D. J. Macnaughtan.

L. R. Ingersoll and J. D. Hanawalt found that the film of nickel formed by
spluttering the metal in hydrogen is non-magnetic, and it is initially amorphous, or
else the crystals are too small to detect. It then crystallizes with a lattice like that
of the massive metal, or else the lattice may be more or less distended. The
distorted lattice is face-centred and cubic, being about 6 per cent. larger than that
of ordinary nickel. If the film be de-gassed by heating it to about 400°, normal
crystals are formed. If the nickel be spluttered in nitrogen, a non-magnetic,
metallic film is produced, and it has a face-centred, tetragonal lattice with
a=—3994 A., and ¢=3-760 A., so that the axial ratio a:¢ is 1:0:92. Nickel
en masse has a face-centred, cubic lattice with a=3-517 A. W. P. Jesse
observed no new form of nickel between 450° and 1200°. S. Valentiner and
G. Becker observed a normal, face-centred, cubic lattice, with edge a=-3-51 A_,
in all nickel films obtained by spluttering in hydrogen. G. P. Thomson
said that films of nickel deposited by spluttering on rock-salt, in an atm. of
argon, exhibit a hexagonal structure with a lattice having =406 A., and
c=8-86 A. This result is different from that observed by G. Bredig and
R. Allolio, but G. Bredig and E. Schwarz von Bergkampf found that nickel splut-
tered from a cathode hydrogen gives a non-magnetic mirror of the metal with a
hexagonal lattice, and that if the mirror be heated in hydrogen, the metal then has
the ordinary cubic lattice. E. Rupp examined the effect of adsorbed hydrogen on
the space-lattice; and O. Werner, the diffusion of radium emanation. V. Kohl-
schiitter and co-workers, M. I. Gen and co-workers, G. D. Preston, M. Miwa,
W. Biissem and F. Gross, and S. Dembinska studied the crystal structure of thin
films ; and H. Reininger, the structure of sprayed films. -

The specific gravity of nickel given by the early observers was determined on
more or less impure samples. The reduced nickel may also appear as a more or
less compact sponge with numerous voids or pores, and hence A. K. Huntington and
W. G. McMillan 2 stated that the data may often be misleading. T. Bergman
reported 9-00. R. Tupputi gave for the metal which had been reduced from the
oxide by carbon and then melted, 8-38 at 12-5°; R. J. Haiiy, and H. Schréder gave
8-9. The metal reduced by carbon monoxide was found by J. B. Richter to have
a sp. gr. of 8279 ; and C. D. Tourte gave 8402 at 12-5°; whilst for the metal
reduced by hydrogen, C. F. Rammelsberg gave 8:975 to 9-261 ; S. Bottone, 8279
at 15-5° ; and L. Playfair and J. P. Joule, 7-803 to 7-861. C. Brunner found 8-637 ;
M. J. Brisson, 7-807 ; A. Arndtsen, 8-88 at 4°; L. Thompson, 8575; C. H. Lees,
8-80 for 99 per cent. nickel ; D. F. McFarland and O. E. Harder, 8:69 ; R. Béottger,
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8477 to 8-713; W. F. Barrett, 83; H. Tomlinson, 8707 for hard-drawn, and
8-739 for annealed nickel wire; I.. Thompson, 8-575 for the purified metal ;
C. Winkler, 7-5185 at 20°; O. Bloch, and W. A. Tilden, 8790 at 21°/4°; and R. von
Dallwitz-Wegner, 8-90; W, von Selve, 8:6 to 89 for the rolled metal ; P. D, Merica,
870 to 8-90 for malleable or electrolytic nickel, and 77 to 8-0 for spongy nickel
or nickel powder. J. A. Fleming found the sp. gr. of annealed clectrolytic nickel to
be 896 at 18°. L. Mond and co-workers found that nickel powder reduced by
hydrogen from nickel oxide obtained from nickel deposited by the carbonyl process,
has a sp. gr. 8-2834 at 15-4°, and 8-2928 at 15-1°. D. H. Browne and J. F. Thompson
found samples of commercial nickel with a sp. gr. ranging from 7-993 to 8-873 ; and
samples of malleable nickel ranging from 8-71 to 8-90—average, 8-84. P. D. Merica
and co-workers gave 8-85-4-0-03 for the sp. gr. of commercial, 99-2 per cent. nickel.
H. Copaux gave 8:8 for the metal at 15°/4°, and this may be taken to be the best
representative value. R. Tupputi gave 8-820 for the sp. gr. of the rolled metal, at
12-5°, and 8-380 for the cast metal; analogous results—respectively 8-666 and
8.279—were obtained by J. B. Richter; respectively, 8932 and 8-402, by
C. D. Tourte ; respectively, 8-8404 and 8-8209, by W. Schlett ; respectively, 8-9 and
8-85, by M. Maclean ; and, respectively, 8-8 and 8-3, at 15°/4°, by H. Copaux.
G. W. A. Kahlbaum and E. Sturm found that the cold-drawn wire had, at 20°/4°,
a sp. gr. 87599, and when annealed, 8-8439; similarly, with wire twisted in the cold,
the sp. gr. was 8:8273, and when annealed, 8-8412 ; T. Ueda also studied the cffects
of torsion. T. M. Lowry and R. G. Parker gave 8-:8583 for the metal in bulk and
8-8299 for the cold-worked metal (filings). E. L. Peffer found the sp. gr. of cast
nickel—99-94 per cent. Ni—to be 8-907 at 23°; that of a cold swaged rod 0-225 in.
diam., 8-901 at 25°; and that of the annealed rod, 8-902 at 25°. A coarsely
crystalline ingot which had received no mechanical work had a sp. gr. 8-907, and
when reduced by cold-work, either annealed or not annealed, 8-90. The results
were discussed by F. C. A. H. Lantsberry, and C. B. Hollabaugh and W. P. Davey.
R. G. Kennedy calculated from the lattice parameters the sp. gr. 8-917 ; G. L. Clark,
9-1; Z. Jeffries and R. S. Archer, 8:8; and L. W. McKeehan, 8953. R. A. Had-
field gave 8-839 for ordinary cast nickel and 8-826 for forged nickel. S. Kaya found
the sp. gr. of single crystals exceeded that of the polycrystals by 0-110 per cent.
K. Honda and co-workers gave 2-:06 per cent. for the expansion which occurs with
the solidification of nickel with 2-2 per cent. of carbon. C. Benedicks and co-
workers found the specific volume of nickel is 0-1258 at 1422°, and 0:1288 at 1500° ;
and J. A. Groshans, and E. Donath and J. Mayrhofer madec observations on the
sp. vol. of nickel ; and T. W. Richards gave 6-7 for the atomic volume. W. Biltz
and K. Meisel calculated 557-26 for the at. vol. at absolute zero. W. L. Bragg gave
for the atomic radius 1-35 A. G. Natta and L. Passerini found that if the at. radius
of oxygen is 1-32 A, that of nickel is 0-77 A. Observations were made by
A. Kapustinsky, A. Ferrari and F. Giorgi, V. M. Goldschmidt, E. H. Westling,
H. G. Grimm, J. C. Slater, E. Herlinger, E. J. Cuy, G. Natta and L. Passerini,
W. P. Davey, L. Pauling, and E. T. Wherry, from which it follows that for tervalent
nickel atoms, the effective radius is 0:35 A. ; for bivalent atoms, 0:69 to 0:78 ; and
for neutral atoms, 124 t0 1:39 A. M. L. Huggins gave 1-59 to 1-77 ; A. Kapustinsky
studied the effect of solvation on the ionic radius. J. A. M. van Liempt discussed
the atomic constants of nickel ; and P. Vinassa, the molecular number.

J. B. Dumas observed that the hardness of nickel is such that it is scratched by
glass of hardness 2:6 on Mohs’ scale; S. Bottone gave for the cutting hardness
1410 when that of cobalt is 1450, iron, 1375, and copper, 1360 ; H. Copaux found a
hardness of 35 on Mohs’ scale ; and T. Turner reported the hardness of nickel to
be 1410 when that of cobalt is 1450 ; that of copper, 1360 ; that of the diamond,
3010 ; and that of iron is 1375. L. Thompson stated that the purified metal which
he prepared was as soft as copper. F. Robin found the penetrative hardness of
nickel to be 105 to 190, and, when annealed, 130 to 150. The value for copper is
52 to 54. M. Waehlert gave 56 for the Brinell’s hardness of nickel ; C. A. Edwards,
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144-0; and A. Krupkowsky, 59-1. W. B. Price and P. Davidson obtained.for
Brinell’s hardness of bars which had been cold-rolled from 0-5 in. to 0-134 in.:

As rolled Annealed at
250° 350° 450° 550°
Hardness . . . . 235 262 255 248 228

L. Jordan and W. H. Swanger gave for the scleroscope hardness of 99-94 per cent.
nickel, 5-0; for the Rockwell hardness, 42 to 44 ; and for Brinell’s hardness, 68 to
78. They also found for cold-worked, and nickel annealed 30 min. at different

temp. :

Cold-worked Annealed J{or 30 min.
" 850° 750° 860° 950°
Rockwell . . . 63 -68 52-59 51-59 35-52 15-18
Scleroscope . . 12-19 8-13 8-13 7-11 4—6

The results of F. Sauerwald and co-workers on the impact hardness of nickel are
summarized in Fig. 2. Mecasurements were also made by H. Pécheux, T. Kawai,
W. A. Mudge and L. W. Luff. D. J. MacNaughtan and A. W. Hothersall found
the Brinell’s hardness of clectrodeposited nickel is increased from 162 to 250 by
additions of sodium sulphate, and the substitution of potassium chloride by sodium

fluoride in the bath of nickel sulphate, boric

8400r——1— <77 acid, and potassium chloride. M. Guichard
L /7\ and co-workers found the hardness of
E 5_8300 5 electrodeposits to vary from 155 to 420;
23 D. J. MacNaughtan studied the porosity of the
w ] 8200 deposits. F.Sauerwald observed that the drop
g 100 \ hardness decreased slowly between 20° and
=S 300°, then more rapidly between 300° and 400°,

8000 increased slightly at 450°, decreased rapidly

0% 200° 400° 600° 800" 1000° between 600° and 700°, increased slightly at
Annealing temperature 800°, and then decreased on to 914°. The
F16. 2.—Brinell’s Hardness of Nickel decrease between 300° and 400° is attributed
annealed at Different Temperatures. to the magnetic transformation; and the
o maximum at 450° is ascribed to blue-brittleness
similar to that of iron. L. Guillet, and J. Cournot and S. Silva measured the hardness
and fragility of nickel at temp. ranging from 20° to —190°. T. K. Rose found that
the metal hardened by cold-work is softened by annealing between 530° and 700°.
Mcasurements were also made by A. Kurth. According to K. Ito, the Brinell’s
hardness, H, of nickel is :
—43° —18°  ©0° 35° 61° 65° 82°  109°  125°  148°
H . . 91-5 894 89-0 874 866 870 86-6 860 84-8 84-0

and the relation can be represented by log H,—log H;—a(2—1), where the temp.
coeff. a=0-00015. The temp. coeff. of the hardness a and the m.p. T,, on the
absolute scale of a number of metals are related by T,,(a—0-00145) —=2-5—vide iron.
F. Sauerwald and E. Jinichen studied the adhesion of the compressed powder.
O. Schwarz found for the percentage reduction by rolling, the Brinell’s hardness :

Reduction . 0 6-0 9-1 20-8 39-5 60-2 80-0 88-0 per cent.
Hardness . 420 102-8 1160 156-1 192-8 216-0 231-2 238-0

Observations were also made by G. Tammann, B. Bogitch, F. Sauerwald and
K. Knehans, F. Krau, H. Schottky and H. Jungbluth, H. O’Neill, G. Wazau,
H. J. Tapsell and J. Bradley, F. P. Romanoff, M. Guichard and co-workers,
G. Kroll, and W. Kroll. D. H. Browne and J. F. Thompson found that the effects
of varying physical and chemical conditions on the Brinnell’s and Shore’s hardness
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of nickel are shown by the following tests for nickel bars hot-rolled, and afterwards
cold-rolled to the reduction stated :

0-06 perfent.. C. 0-08 per cent. C. 0-09 per cent. C. 0-26 per cent. C.
Brinell Shore Brinell Shore Frinell Shore Brinell Shore

Hot.rolled . ) . 29 13 103 15 112 13 137 14
. 25 per cent. 170 28 170 28 187 28 241 34
E"%‘é‘f&mn 50 v . 196 28 212 29 217 33 293 39
rg;un 66 vs . 217 33 217 33 235 35 302 44
g 75, . 228 35 223 35 235 35 332 40
Annealed at 900° ) 89 9 92 9 92 9 99 11

D. H. Browne and J. F. Thompson found for the Brinell’s hardness of nickel with
different proportions of carbon :

Carbon . . . . . . 0-06 0-08 0-09 0-26 per cent.
Annealed at 900° . . . . 89 92 92 29
Hot-rolled— 75 per cent. reduction . 99 103 112 137
Cold.rolled—75 per cent. reduction . 228 223 235 332

A.. Mallock found the velocity of sound in nickel to be 4973-4 metres per second.
G. W. Pierce studied the subject. J. Kleiber found that the velocity of sound in
metals is proportional to the sq. root of the product of the sp. ht. and the linecar
coefl. of expansion. W. F. Barrett found that the conductivity of nickel for sound
is 14-9 when that of air is unity. F. Robin studied the acoustic properties, and
found that purified nickel exhibits little resonance. T. Gnesotto and L. A. Alberti
observed breaks in the viscosity and rigidity curves of nickel at the Curie point.
The curve, Fig. 3, for forgeable annealed nickel shows that the duration of sound
diminishes as the temp. rises to about 60°,
after which the curve remains horizontal or
falls very slowly up to about 150°. The
resonance falls again up to 300°, after which,
under the influence of the allotropic change,
B-nickel, it rises up to 340°, subsequently
falling again once for all, until, on reaching a
red-heat, the sound is extinguished. The
curves for stresscd and annealed nickel are
also shown in Fig. 8. Ordinary and somewhat
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impure nickel possesses fairly considerable 00" 50° T00° 756° 200° 250° 300° 350°
resonance. As the result of interstrain the ¥'1G. 3.—The Acoustic Properties
peculiarity exhibited in the curve at about of Nickel.

150° disappears, and the sinuosity of the
curve at the peculiar point just noted is greatly diminished. Annealing restores to
the metal its original properties, and the curve of the duration of the sound
becomes parallel with that of pure annealed nickel.

Some of the mechanical properties of nickel were noted by the carly workers.
J. B. Richter 3 observed that nickel is hard and susceptible of a high polish, it is
very ductile, and may be hammered, either hot or cold, into plates izth in. thick,
or drawn into wires Z;th in. in diam. In more recent times it has been rolled into
sheets 0-0008 in. in thickness, and drawn into wires of 0-0004 in. in diam.
O. W. Ellis studied the malleability. According to L. Thompson, the malleability
of purified nickel is so great that it can be rolled out nearly to the thickness of tin-
foil. R. Tupputi said that nickel wears down a file rapidly, and when bent, it
becomes hot, and shows an indented fracture. Its malleability is diminished by
dissolved carbon or manganese. C. Brunner, and O. L. Erdmann emphasized the
brittleness of the nickel which they prepared, and added that when broken by
repeated hammering it may exhibit a lustrous, coarse-grained fracture. II. St.
C. Deville showed that the metal can be forged without undue oxidation, and the
wires are nearly 15 times as tough as iron wires of equal thickness.
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T. Fleitmann found that additions of zinc or magnesium augment the toughness
and malleability of nickel, and several other metals—Cd, Sn, Pb, Mn, and Fe-—can
be alloyed with nickel without impairing its working properties. W. C. Roberts-
Austen added that the effect of 0-001 part of magnesium is marked. H. Wedding
observed that manganese favoured the tensile properties of nickel ; and J. Garnier
found that 0-003 part of phosphorus enhances the working properties of nickel.
H. Wedding, and G. von Selve and F. Lotter added that the cracking and poor
working propertics of some varieties of nickel are due to the presence of oxygen as
nickelous oxide, and this can be overcome by adding deoxidizing agents—e.g.,
manganese, magnesium, etc.—to the molten metal.

Commercial nickel is not always malleable, and this is satisfactory when the
metal is required for making alloys, but for making rods, wires, sheets, etc., malle-
ability is an essential quality. If the metal be cast without magnesium, it is weak,
and not malleable hot or cold, and a section of the casting is often honeycombed
with blow-holes ; cast with the magnesium—malleable nickel, previously described
—the nickel is sound, homogeneous, and strong ; it can be worked hot or cold ; and
in this malleable state it can be forged, rolled, cast, drawn into wire, spun, and
otherwise worked. D. H. Browne and J. F. Thompson recommended 1200° for
hot-rolling, and added that a temp. much in excess of this produces a condition
approaching red-shortness ; and that annealing begins at about 750°, full softness
being attained at 900°—the temp. recommended for annealing. (. E. Gardam
and D. J. MacNaughtan found that annealing elcctrodeposited nickel reduces the
tensile strength.

According to J. B. Richter, and L. Thompson, nickel can be welded like iron, but
C. D. Tourte succeeded in welding the metal only imperfectly. D. H. Browne and
J. F. Thompson observed that nickel cannot be welded in the ordinary sense, viz.
heating in a blacksmith’s forge and hammering to a solid weld as with wrought iron.
This is due to the absence of a proper flux to dissolve and remove the nickel oxide
produced by heating. If the operation be conducted in a reducing atmosphere,
nickel recadily welds. Nickel can also be welded by means of the oxyacetylene
flame, by electric spot-welding, or by butt-welding, where the two pieces form the
electrodes and are pushed together so as to extrude the oxide from the weld. In
this way it is possible to weld nickel wire to iron to form tips or points for spark-
plugs, etc. F. Sauerwald and E. Jaenichen studied the adhesion between surfaces
of the metal.

M. F. Angell found that the elasticity of nickel is greatly reduced by quenching,
but it can be increased to its original value by annealing at a high temp. The
elastic modulus, or Young’s modulus, was found by M. Cantone to be 22,790 kgrms.
per sq. mm. ; G. S. Meyer gave 21,680 kgrms. per sq. mm. ; H. J. Tapsell and
J. Bradley, E. Griineisen, O. Faust and G. Tammann, J. Galibourg, A. Wassmuth,
K. F. Slotte, and W. Meissner, 20,000 to 22,000 kgms. per sq. mm. ; and W, Voigt,
20,300 kgrms. per 8q. mm. G. Searle gave 23,950 kgrms. per sq. mm. for the drawn
metal, and C. Schaefer, 23,544 kgrms. per sq. mm. W. Sutherland noted that the
recorded results gave the average value 22,400 kgrms. per sq. mm. H. Tomlinson
gave 2271 < 106 grms. per sq. cm. for hard-drawn wire, and 2175108 grms. per
sq. cm. for anncaled wire. A. L. Kimball and D. E. Lovell gave 21 <1011 dynes
per sq. cm. for the cold-rolled metal ; and K. Honda and T. Tanaka, 1-930 x 1012
dynes per 8q. cm. D. K. Froman’s results for Young’s modulus with small stresses
are summarized in Fig. 4. L. C. Tyte observed that nickel, like other metals
examined, shows a deviation from Hooke’s law over the whole experimental range
examined ; the actual deviation was found to vary with the heat treatment, and
cold working.

W. Widder discussed the effect of temp. on the elastic constants, and gave
E=E,,{1-0-0006983(0 —20)}. A. Mallock gave 1-12 for the ratio of Young’s
modulus at —273° to its value at 0°. C. Schaefer observed that for temp. between
20° and —186°, the modulus increased 2463 kgrms. per sq. mm. per 100° difference
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of temp. K. R. Koch and C. Dannecker found that the elastic modulus of nickel
has a minimum near 100°, a maximum near 300°, another minimum near 1200°,
and a maximum near 1250°, indicating a second transformation temp. besides that
between 300° and 400°—Fig. 5. J. Zacharias found Young’s modulus decreases
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Fia. 4.—Young’s Modulus for Small Fiag. 5.—The IEffect of Tomperature on
Stresses. the Elastic Modulus of Nickel.

about 13 per cent. for annealed nickel between 20° and 200°; there is then an
increase of about 6 per cent. up to the Curie point; and above the Curie
point there is a linear decrease. The results of K. R. Koch and C. Dannecker, and
E. P. Harrison, in kgrms. per sq. mm., are, for the torsion and Young's moduli :

20° 27-H° 096° 110° 200° 300° 400° 600° 1000° 1300°
Torsion . — 7,300 —_ 6,430 6,860 1,390 7,120 6,080 3,730 2,480
Young’s . 22,000 — 21,300 — -— — 15,700

E. P. Harrison represented the effect of temp. on the elastic modulus, &, of nickel
by E=EFE )1 —0-0002860 —0-048465602), where E;==22,200 kgrms. per sq. mm. up to
300°. Above 325°, the modulus decreases rather more rapidly, reaching a minimum
just below 400°; it then remains nearly constant to 425°, above which a rapid
decrease occurs. Above 425°, some structural change occurs in which Hooke's law
does not apply, for small loads then produce a permanent stretch which does not
recover with time. This temp. is near to that at which critical points occur in the
magnetism, thermoelectricity, electrical resistance, and thermal expansion. As
with steel, the elastic after-effect increases with temp. Loading above a certain
value, and subscquently unloading, is followed by a recovery of length, but not of
elasticity. K. Honda and T. Terada gave for the elastic modulus of purified nickel
1-708 < 1012 dynes per sq. cm. for a load of 1599 grms. per sq. mm., and 1-902 x 1012
dynes per sq. cm. for a load of 10,480 grms. per sq. mm. ; and for commercial nickel,
1-818 < 1012 dynes per sq. cm. for a load of 1376 grms. per sq. mm., and 2-212 <1012
dynes per 8q. cm. for a load of 9023 grms, per sq. mm. T. Kawai studied the cffect
of cold-work on Young’s modulus. G. W. Pierce studied the subject. T. Kawai
examined the effect of cold-work on Young’s

modulus—wvide iron—and found that with 0° 200°  400°  600°  800°

-4

the given maximum stress in stretching, 's 224 | 1—1=-1%3

kgrms. per sq. mm. (dotted curve, Fig. 6), the ~ 220 = >< 03

corresponding modulus of elasticity, kgrms. = 5.6 - /ﬁ é\&"o‘f_;} 20 E

per sq. cm. X 1074, were as shown in Fig. 6. § O e 1T Sl “pperatarg) | &

The effect of annealing the cold-worked metal = S

at different temp. is also shown in the same s 20— 8 7576 20 24 26 33° —
=

Percentage elongation

diagram, Fig. 6. A. Ancelle studied the
subject. M. F. Sayre investigated the elastic g;q. 6.—The Effect of Cold-work, and
after-effect. G. A. Tomlinson discussed the of the Tempeorature of Annealing on
relations between the elastic and ocohesive the Elastic Modulus of Nickel.
forces ; A. L. Bernoulli, J. Kleiber, and

A. H. Stuart, the relations between the elastic forces and the sp. ht. ; A. Mallock,
the relation between the temp. coeff. of the elastic modulus and the m.p.; and
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A. Press, E. Griineisen, S. Ratnowsky, and J. P. Andrews, the relation between‘the
coeff. of thermal expansion, the at. vol., and the elastic constants. B. Boglf;ch
studied the effect of the mode of preparation of nickel on its physical properties.
F. C. Thompson and W. E. W. Millington observed that a specimen of nickel for
which the elastic limit was 5570 kgrms. per sq. cm. showed slip-bands under a
stress of 788 kgrms. per sq. cm.

J. R. Benton gave 0-33 for Poissan’s ratio ; and A. Wassmuth, K. F. Slotte,
and W. Meissner gave 0:30. H. Rolnick calculated Poissan’s ratio, w, from
w=—=0-6— 2FEk, where £ denotes Young’s modulus such that E=20-2x10"1 c.g.s.
units, and % is the compressibility, 0-542 c.g.s. units, consequently w=0-318.
E. Griineisen observed 0-31.

According to W. Gowland, the tensile strength of wrought nickel is 42-4 tons
per sq. in. W. B. Parker gave 40 to 45 tons per sq. in. for the maximum stress of
commercial nickel, and for purified nickel, 18 to 20 tons per sq. in.; the pro-
portional limit for the commercial metal is 18 to 20 tons per sq. in., and for the
purified metal, 6 to 10 tons per sq.in.; the elongation in 8 in. is 4-5 to 2 per cent.
for the commercial metal, and 8 to 15 per cent. for the purified metal. H. Copaux
gave 18,000 lbs. per sq. in. for the tensile strength of nickel—vide cobalt ; 1. Jordan
and W. H. Swanger, 46,400 lbs. per sq. in. for 99-94 per cent. nickel ; and W. von
Selve, 42 kgrms. per sq. mm. and an elongation of 32 per cent. for the metal annealed
after rolling. D. H. Browne and J. F. Thompson gave for samples of commercial,
malleable nickel : yield-point, when cold-rolled, 90,000 to 110,000, and, when
annealed, 20,000 to 30,000 lbs. per sq. in.; tensile strength, when cold-rolled,
100,000 to 120,000, and, when annealed, 63,000 to 90,000 lbs. per 8q. in. ; elongation
in 2 in., when cold-rolled, 15 to 20, and, when annealed, 40 to 50 per cent. ;
and the reduction of area, when cold-rolled, 40 to 50, and, when annealed, 45 to
55 per cent.

R. A. Hadficld found for the tensile properties expressed in tons per sq. in.
to be :

Klastic Tensile % FElongation % Reduction
limit strength in 2 inches of area Fracture
Cast bar unannecaled . . 11 16-25 4-50 9-76 Franular
unannealed . 14 32-20 45-50 57-04 Fibrous, silky
Forged bar . 1oaled .7 31-25 54-00 52-50  Fibrous, silky

J. Kollmann gave 38-9 tons per sq. in. for the tenacity of nickel containing 0-05 per
cent. of magnesium. Observations were made by H. J. Coe, M. Combe, S. Erk,
H. J. French and W. A. Tucker, C. E. Guillaume, T. Kawai, R. Koch and
R. Dieterle, P. D. Merica and R. G. Waltenberg, H. . Moore and T. M. Jasper,
W. A. Mudge and L. W. Luff, C. E. Ransley and C. J. Smithells, and A. Schulz.

P. Ludwik, and W. del Regno observed that the tensile strength of nickel
gradually falls as the temp. rises until it attains a value of 485 kgrms. per sq. mm.
at 400°, and it then falls nine times more rapidly to 35-8 kgrms. per sq. mm. at 500°.
The break near 400° corresponds with breaks also found in the rigidity, resistance,
thermo-electric power, and emissive power. F. Robin found that the maximum
brittleness occurred at 300 to 350°; I. M. Bregowsky and L. W. Spring gave for the
tensile strength, and yield point in lbs. per sq. in. at different temp. :

21° 149° 232° 315° 399° 460° 482° 499° 5388°
Tensile strength . 38,000 40,900 36,700 35,900 36,600 28,500 27,800 31,900 16,800
Yield point . 23,800 25,100 25,100 22,900 22,600 — 14,200 _— _

and A. le Chatelier gave for the tensile strength, 7 kgrms., and the elongation,
E per cent., of a wire at different temp. :

16° 100° 150° 200° 250° 300° 350° 400° 460°
T . . 55-2 55-2 55-1 55-0 54-0 51-0 46-0 370 30-4
F o . . 16 16 16 17 20 21-6 23 21 15

The fall in the tensile strength and the corresponding drop in the elongation and
reduction of area have been attributed to an allotropic change corresponding with



NICKEL 59

the change in magnetic properties. This does not agree with observations on the
space-lattice, and Z. Jefiries and R. S. Archer attribute the effect to a spontaneous
hardening of the metal, such as occurred with the samples tested by W. P. Sykes
for Brinell’s hardness. The hardening is attributed to the spontaneous healing
of slip-planes formed during deformation. In W. P. Sykes’ tests, nickel wires
freshly cold-drawn from 0-090 in. to 0-025 in. diameter, were placed in a muffle
for heat treatment, or kept in liquid air until tested for the tensile strength, in 1bs.
per sq. in.—the object of the liquid air treatment was to prevent self-hardening
which is known to occur in iron, but very slowly at low temp. :

Tested after 250° 2560° 275°
15 min. in (45 min. after (2 hrs. after
liquid air drawing) drawing)
e e - ' ~
Time heating . . . 1 5 20 5 15 5 20 30
Tensile strength x 10—-3 125-75 126 128 130 128 130-5 130-5 132 131

W. P. Sykes’ curves, Fig. 7, discussed by Z. Jefirics and R. S. Archer, for the
tensile strength of annealed and cold-drawn nickel show the tendency of the metal
to decrease in strength with a rise of temp. The
break in the annealed wire between 200° and 300° 1601
has just been discussed. The discontinuity with \r
the cold-drawn wire is less apparent. Annealing ‘z/y\

| *“0’% [ S I
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occurs rapidly between 600° and 800°. The

elongation curves for the same wires are shown 100 =N _—
in Fig. 8. DBelow the temp. of recrystallization o i

of the annealed wire, there is a gcneral tendency g0 AN =L

to increasing elongation with decrease of temp. 60— =)

This is interrupted at 200° to 400°, and the minimum ) 3\

H
=~

in the eclongation at 200° corresponds with the
horizontal portion of the tensile strength curve. — ~J
The slight drop in the elongation on cooling from 0 S N .\DQ -
room temp. to the temp. of liquid air is attributed - 200° 0° 200" 400" 600" 800" 1000
to the beginning of low temp. brittleness. It is Fic. 7.—The Tensile Strength
probable that at some intermediate temp. the (’)ilﬁrt“‘l‘:{f: at Different Tem-
eclongation will be higher than at any point on the t )

curve. The elongation of cold-drawn wire increases continuously as it is cooled
from 200° down to the temp. of liquid air. There is no drop in clongation at low
temp., and this corresponds with the general observation that cold-drawn metals
remain ductile at lower temp. than do annealed metals. The rise in elongation
in the cold-drawn wire
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above 400° is due to
annealing. The elongation
curves, Fig. 9, refer to
wire reduced the same
amount (61 per cent.) at
room temp. and at 400°,
respectively. The clonga-
tion of the latter is higher
in agreement with the
general observation that -
the effect of cold-work is N Copl, 1oe%®
is the 0 . L ==t o e 1l et T L o
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Z%I:&e d.at vr;h ecre lis 1: Fias. 8 and 9.—The ElfoxI:Ig‘a,lt{icin~Texnpera,tum Curves
distinct minimum  in oF Treke " .
elongation at 300° corresponding with the horizontal zone in the tensile strength
curve for annealed nickel. The minimum in the elongation, Fig. 10, is attributed,
in part at least, to a blue-heat phenomenon. Observations on the effect of temp.
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on the tensile properties of nickel were made by B. Bogitch, A. le Chatelier,
P. Chevenard, E. W. Colbeck and W. E. MacGillivray, F. A. Fahrenwald,
P. Goerens and P. Mailinder, L. Guillet and J. Cournot, W. J. de Haas and
R. Hadfield, D. H. Ingall, K. R. Koch and R. Dieterle, W. Lode, P. Ludwik,
W. del Regno, F. Sauerwald and co-workers, W. P. Sykes, H. J. Tapsell and
J. Bradley, and C. Upthegrove and A. E. White.

O. Schwarz observed for the effect of rolling, expressed as a percentage reduction,
on the tensile strength, expressed in kgrms. per sq. mm.

Reduction . (o) 6-0 9-1 20-8 395 60-2 800 88-0 per cent.

Tenacity . . 43-6 451 46-6 0544 65-2 770 845 956-1
L.. Guillet and co-workers, and M. Weidig observed that annealing the metal at
400° to 800°, and then cooling it in air, reduced its tensile strength, expressed in

tons per sq. in. :
Annealed at
Original p - -
metal 400° 600° 800°
Tensile strength . . . 48-0 47-9 40-1 34-5 per cent.
Elongation . . . 3-5 11-0 11-5 32-5 .

L. Guillet examined the effect of annealing on the tensile strength of hard-drawn
nickel wires. In all cases the temp. of complete annealing corresponded with a

rapid fall in the maximum strength and elastic limit, and a rapid increase in the
clongation, and it was

140 Py — e .
5 g Lomgrtudinal practically independent of
s 3 Transve the amount of cold work.
S8 120 ransverse 3 . A
= The tensile strength, elastic
& limit, and elongation of

| E hardened nickel arc mnot
‘ affected by heating the
| metal to a temp. below
400°; a slight deflection
occurred at about 400°, and
a marked alteration between

8
1
!

=]
Q

Tensile Strength and Yield Point in
and Reduction of Area in percen

[~

)

thousands of 1bs. per sq.in.;

40

700° and 750°. The temp.

20 of complete annealing for

nickel is between 700° and

o e~ e s i k= 750°. L. Guillet also con-

Annealing temperatures c!uded that  the eﬁect_of

F1e. 10.—The Effoct of Anneali the Tensil time on the ~anncaling
. o= 1e 1uftoct o nealing ol © ensile 1ss 1

Properties of Cornmercial Nickel. %?0(;8;)1;261'&811:{;0})}; ‘21(;1:';:1

represented the effect of annealing on the tensile properties of commercial, cold-
rolled nickel by the curves, Fig. 10. The tests were made with and across the
grain. The annealing range is between 600° to

19

8 > N 300 g 800°. Commercially, the metalisannealed at about
EFT 1T £ 900°. No difference has been noticed in quick or

AR N 2%0 £3  slow cooling from the annealing temp.
g1 ) £ J. Galibourg, and A. Ancelle studied the effect
Ersp—t ] 2002 § of ageing on the cold-worked metal at 15°, at 175°
T I =<  to 180°, and at 225° to 235° ; J. McNeil, the effect
13l _ i} ~l50 & ofthecasting temp.; F.C. Lea, the effect of hydro-
ano 11 —2—-0;1 . 4100d b 600 St N gen—see iron;. P. D'. Merica and R. G. Waltenberg,
" and Har(c)h;:e?s ;;fagtick ;le“gt the effect of impurities—wvide infra, the alloys of
: nickel ; and G. Tammann, the effect of cold-work.

F. Sauerwald and T. Sperling studied the notched-bar test, and the results are
summarized in Fig. 11. There is a minimum near 380°, and a maximum near 450°,
and these singular points also occur in the hardness curve. A. Jacquerod and
H. Miigeli observed the bending elasticity of drawn nickel to be 22,100 kgrms. per
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sq. mm. at 0° and of annealed nickel, 20,400 kgrms. per sq. mm. The temp.
coefl. between 0° and 100° are, respectively, 0-0003108 and 0-001056. J. Cournot
and M. 8. Silva found that the creep-stress of nickel is about twice that of steel at
temp. between 500° and 700°. P. L. Irwin, H. J. Gough and D. G. Sopwith,
G. A. Hankins, H. F. Moore and T. M. Jasper, and J. M. Lessels studied the fatigue
and corrosion fatigue strength of nickel. D. J. McAdam obtained data for some
static tests, and also for the endurance limit of nickel under cyclic stresses—
rotating and alternating torsion. The results are expressed in lbs. per sq. in. :

Hot-ro_lled
. As received Annealed -
Tens’l_le strength . . . . 60,500 to 176,200 59,100 to 75,90
Torsana.l strength . . . . 66,300 to 71,100 73,400
Shearing strength . . . 43,500 to 49,700 46,900 to 56,100
Elastic modulus . . . —_— 29,400,000
s s (TOtAtIing . . 24,000 to 31,000 —_

Endurance limit {altemate torsio. ’ f— 20,000

Cold drawn

As received o T Annealed

Tensile strength . .

Torsional strength .
Shearing strength . . .
Elastic modulus

84,500 to 100,800
67,000
57,600 to 65,600

63,800 to 78,000
84,200
49,700 to 55,900

... (rotating 23,000 to 29,000 34,000 to 37,500
Endurance limit {Tfatne — 19,000
Cold-rolled
As received Anncaled

Tensile strength . . . 115,800 to 166,200 72,400 to 165,500
Torsional strength . . . . 81,500 to 96,900 55,700 to 106,900
Shearing strength . . . . 65,500 to 94,900 50,400 to 94,900
Elastic modulus . . . — —

a s+ {rotating 25,500 to 40,000 25,600 to 49,000
Endurance limit lalternate torsion 17,000 15,000 to 18,000

D. J. McAdam found that samples of cold-rolled, 98-96 per cent. nickel which were
given a low temp. anneal to relieve the stress, and also fully annealed, gave the

following static mechanical tests :

Elastic Proportional Elongation Reduction

Tensile limit (1bs. 1mit (1bs. (Per cent. of area
strength per 8q. in.) per sq. in.) i 2 ins.) (Peor cent.)
Low annealed 131,700 86,000 85,000 16-2 34-1
Fully annealed . 77,600 19,300 19,000 49-3 75-2
The simultaneous action of corrosion 120 000 —— | — - = |

and fatigue—corrosion-fatigue—
may cause failure at stresses far

Eo-

N
S
|

below the ordinary endurance limit— 700 000{“ T -
vide the corrosion of iron. The = . i _T — |
results of the tests are represented in & ! Amnealed ; |
the form of graphs of the stress, and & % 000} —— o ! - 'JT B
the logarithm of the numbers of — - - = -
- . Q | 1
cycles for failure. The specimens = _ | | | ! R
were simultaneously exposed to the _ 7| A E
action of fatigue and corrosion in air §£ oSl oNE 1 T T ;
: = — EBNGS |
(fatigue curve), fresh, carbonate < _,,,, R = SN\ Ko P S 1 ﬂ
water, and salt water having about Anﬁ‘ég led !
one-third the saline content of sea- bl — PRAATRS <1 -
water, and stresses alternating at 20 000 : =
104 10° 706 107 10% 10

1450 revs. per minute, gave the
results for corrosion-fatigue indicated
in Fig. 12. O. Behrens studied the

subject.
C. Schaefer gave 9518 kgrms. per sq. mm. for the forsion modulus, or the

Logarithm of the number of cycles

Fra¢. 12.—The Fatigue and Corrosion-Fatigue
of Nickel.
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rigidity of nickel ; W. Voigt gave 7820 kgrms. per sq. mm. ; and E. Griineisen,
A. Wassmuth, K. F. Slotte, and W. Meissner gave 7800 kgrms. per sq. mm.
H. Tomlinson obtained 723 < 106 grms. per 8q. cm. for the rigidity of hard-drawn
and annealed nickel wires. K. Honda and T. Tanaka gave 7-50:<1011 dynes per
8q. cm. for the rigidity of nickel ; and B. Gutenberg and H. Schlechtweg obtained
8> 1011 dynes per sq. cm. K. Iokibe and S. Sakai found the rigidity of wires of
length 27-2 cm., and diameter 0-326 mm., to be
27° 58° 127° 208° 330° 402° 490° 572°
Rigidity x 10-11 . 7-23 7-21 7-09 6-95 6-68 6-31 5-38 4-29

The results are plotted in Fig. 14. The diminution of the rigidity with rise of temp.
is relatively small in the ferromagnetic region up to 400°, but above that temp. the
decrease is rapid. W. del Regno noted a break in the rigidity-temperature curve
near 400°. W. Voigt said that the temp. coeff. of the torsion modulus, in per-
centages between 20° and —186°, is —3-18. Observations were made by T. Gnesotto
and L. A. Alberti, T. Kawai, C. E. Guye and H. Schapper, S. Higuchi, K. Honda and
S. Konno, T. Kikuta, G. Subrahmanian, and H. J. Tapsell and J. Bradley.
P. W. Bridgman found that with an increase in press. up to 10,000 kgrms. per
sq. cm., the rigidity modulus increases 1-84 per cent. W. Lode discussed the rate
of flow under the influence of press. and of tension. T. Kawai measured the effect
of cold-working on the rigidity of nickel, and obtained the results summarized in
Fig. 13 for the metal annealed at 15° and at 100°. K. R. Koch and C. Dannecker’s,
and E. P. Harrison’s results are indicated
above, and those of D. J. McAdam, below.
T. Lonsdale studied the changes in the
dimensions of nickel produced by torsion, and
he found that if ¢ denotes the elongation of
nickel wire as a percentage of the initial
length ; 7', the twist in turns per cm. ; 7, the

- b= - -, initial torsion in kgrms. per sq. cm.; and D,
0 "Pe,{gen[’gqeme,aiga‘;ﬂm * 40 the diameter in cm., then e=DT(5-8 +-0-0237).
¥ra. 13.—The Effoct of Cold-Work L. di Lazzaro observed that when torsiongl and

on the Rigidity Modulus of Nickel.  tensile stresses are simultaneously applied to
nickel, the modulus of torsion is diminished,
and restored when the tension is relcased. C. Schaefer observed that the relation
between the torsion modulus and the m.p. is the same as that observed between
the hardness and the m.p.; and D. Schenk studied the effect of torsional
oscillations on the rigidity of nickel.

H. Tomlinson gave 0-002005 for the logarithmic decrement (base 10), A, of a
torsionally-oscillating, hard-drawn nickel wire, and for the annealed wire, 0-000852.
K. Iokibe and S. Sakai measured the logarithmic decrement of nickel wires at
different temp., and for wires with the moment of inertia 33,358 grms. per sq. cm.,
length 27-2 cm., and diameter 0-326 mm., they found

220 72° 115° 205° 239° 338° 492° 546°

AXx 108 . . 160 147 151 180 163 252 2730 4130
The results are plotted in Fig. 14. For ordinary temp., and up to 80°, the
logarithmic decrement decreases ; then increases to a maximum at 160° ; decreases
slightly to 250°, and then increases rapidly. The existence of the maximum is a
resultant of the increasing effect due to temp., and the decreasing effect due to the
magnetic transformation of nickel. J. Cournot and M. 8. Silva, and M. Ishimoto
also studied the internal viscosity of nickel ; and T. Gnesotto and L. A. Alberti,
and K. Honda and S. Konno, the rigidity and viscosity at the Curie point.

T. W. Richards gave B=0-0443 for the average compressibility of nickel at 20°
between 100 and 500 megabars press.; L. H. Adams gave 8=0-0g54, and for
dB/dp, —0-0,,4 ; R.F. Mehl gave 8=0:04495 ; and P. W. Bridgman gave 8=0-0¢516
up to 12,000 kgrms. press. per sq. cm. The low result obtained by g_l‘ W. Richards

—

Modulus ngidity-
Kgrms per sq. mm
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is attributed to the internal strains introduced by the heavy forging which was
found necessary to eliminate flaws in the metal. P. W. Bridgman observed for
commercial nickel rods, at 30°, dv/vg=—0-0g525p+0-0,;21p2 and, at 75°, Sv/v,
=-—0-0¢528p10-0,,21p2 ; and for drawn wire of the purified metal, at 30°,
3v/vg=—0-0g529p40:0;,21p2 ; and, at 75° &v/vg=—0:04535p-10-0;,21p2.
T. W. Richards gave 508 kilomegabars. J. P. Andrews, K. Griineisen,
S. Ratnowsky, and A. Press discussed the relation between the coeff. of thermal
expansion, the at. vol.,, and the isothermal compressibility ; and F. Bergfeld, the
relations between compression and tension when the nickel is considered as a liquid
of great tenacity.

R. F. Mehl gave 508 kilomegabars for the internal pressure of nickel, and
1890 kgrms. per sq. mm. for the maximum disruptive internal pressure. 1. Traube,
and J. H. Hildebrand and co-workers calculated relative values for the internal
press. of the clements. R. von Dallwitz-Wegner gave 315,558 to 357,140 atm. for
the cohesive pressure of nickel at 0°, and 212,020 to 301,948 atm. at 100°. M. Born
and O. F. Bollnow calculated the cohesive force hetween the atoms in the space-
lattice to be 3-6 X 1011 dynes per sq. cm.

W. Lode, W. Rohn, G. Sachs, and F. C. Thompson and W. E. W. Millington
discussed the plastic flow of nickel ; and J. Garnier, the fluidity. A. L. Kimbal]
and D. E. Lovell gave 1-55 <105 c.g.s. units for

the internal friction of the cold-rolled metal ; G 8
and B. Gutenberg and H. Schlechtweg gave 7 2t '?{(},(J; 18y
2x108 c.g.s. units for the internal friction. 68 4 e
K. Honda and S. Konno gave 0:722 <108 for the _ j ko)
coeff. of viscosity of rolled nickel. J. Garnier, = { 4 -7 S
T. Gnesotto and L. A. Alberti, and W. Sutherland < gor | 0 &
made observations on the viscosity of the metal ; = | | R
and J. Cournot and S. Silva found that the &°° } 1% e
viscosity of nickel at 500° to 600° is nearly double < 52 } 6 =
that of an ordinary soft, or semi-soft steel. g § ‘ =
K. Tokibe and S. Sakai studied the cffect of tem- [ ] | £
erature. S. Sato measured the internal energ L N oy ‘2
gue to cold-work. P E. Shaw ar%(}i, 4 ai.\—JT/\ togel™ | {0

E. W. L. Leavey studied the friction of nickel 0% 100° 200" 300" 400" 500” 600"
Fra. 14.—The Rigidity and Loga-

in vacuo against nickel, copper, silver, aluminium, bhimiie Deorem oy ok
and 1iron ; ?.nd observations were also made by different Temperaturo.
G. A. Tomlinson.

The change in size of cast-nickel between the customary pouring temp. and
room temp. was found by D. H. Browne and J. F. Thompson 4 to be about } in.
per foot—or 0-244 in. per foot. N. B. Pilling and T. Kihlgren also studied the
casting shrinkage of nickel and its alloys. The coeff. of thermal expansion of
nickel is very near to that of steel. This is of great practical importance, because
it allows the two metals to be used in conjunction under conditions of varying
temp. without distortion or relative changes of size or shape. W. II. Souder and
P. Hidnert found that the average coeff. of expansion of ten samples of commercial
nickel varied from 0-0,129 to 0-04,135 for the range 25° to 100°, and these data are
approximately 10 to 20 per cent. greater than those for ordinary steel in the same
range of temp. E. Griineisen gave for a rod a metre long at 0°, up to 10007,
81=1000{0-0413460(05—6;) +0-053315(622—6,2)} mm. ; and for the coeff. of expan-
sion, he gave a=0-041021 between —190° and 17°, and 0-0,1335 between 177 and
100°. H. Donaldson gave for the lemgth of a rod at ° which is unit length at 0°,
I1x106=1-}+0-35040-001662. H. Fizeau observed that the coeff. of lincar, thermal
expansion for nickel reduced by hydrogen and compressed is 0-00001279 at 40°.
This value increases 0-0g71 for each degree variation of temp. R. von Dallwitz-
Wegner gave 0:04357 to 0-04444 for the cubic coeff. at 0°, and 0:04419 to 0-0,468

at 100°.
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H. le Chatelier gave 0-04125 for the coeff. of expansion of nickel at ordinary
temp., and 0-0,130 at 1000°; W. Voigt, for the expansion of unit length at 6°,
0-0,13154+0-0,413(0—30) ; J. A. N. Friend and R. H. Vallance, 0-04133, between
10° and 100°; H. Masumoto, 0-0,1276 for electrolytic nickel, and 0-041290 for
Mond nickel; H. Masumoto and S. Nara, 0041358, between 30° and 100°;
A. E. H. Tutton, for nickel reduced from carbonyl, 0-0,1248+4-0-0;1480. L. Holborn
and A. L. Day found for the average coefl. of expansion between 0° and 250° was
00,138 ; three days later, 0-:0,139; and five days later, 00,142 ; between 250°
and 375°, the coeff. was 0-04,162; between 250° and 500°, 0-04162, and five days
later, 0-04162 ; between 375° and 500°, 0-04164 ; between 500° and 750°, 0-04179,
and five days later, 0:0,179; between 0° and 750°, 0-04159, and the same five
days later; and between 750° and 1000°, 0-04192, and the same five days later.
They represented the results by 0-04134600+4-0-0g331562 for temp. above 375°.
F. Henning gave 0-041031 between —191° and 16°; and

—198° to 16° 16° to 250°  16° to 875°  16° to 500°  B00° to 750° 500 to 1000°

a . . 0-0.101 0-0,140 0-0,147 0-0,152 0-0,176 0-0,184

Observations were made by N. L. Mochel, A. Eucken and W. Dannéghi, C. Williams,
and P. Chevenard. P. Hidnert gave for the average coeff. of thermal expansion,
a, for 99-94 per cent. nickel :
25° to 100° 25° to 800° 300° to 600°  600° to 900°
ax10-° . . . 13-3 14-4 16-5 17-8

There is an irregularity in the region near 350°. C. E. Guillaume obtained for
purified nickel of commerce, 0-0412666-}0-0g5420 ; and for various samples of
commercial nickel, the coefl. ranged from 0-0412491 4 0-0g70260 to 0-04655+40-0g5500.
A. Krupkowsky gave for the mean coeff. of linear expansion of nickel, 8:10<x1076
between —252:6 and 10°; 10:-12x1076 between —183° and 10°; 14-04x1076
between 18° and 217°; and 15-11 X106 between 18° and 444°; whilst for the
coeff. a and 2b in l=I3(1+ab-+b6602) he obtained between —183° and 217°,
a=11-86 108 and 2b=2:01 x1076; and between 18° and 444°, a=12-83 < 10—6
and 2b=1-03x<10"8. C. E. Guillaume observed that the thermal expansion of
commercial nickel of 1911 was distinctly lower than that of some 1891 samples.
J. Disch found for the linear expansion in mm. per metre between 0° and 6° :
—190° —78° o° 100° 200° 300°
Expansion . —1-885 —0-92 o 1-30 2-7356 4-30 mm. per m.
W. H. Souder and P. Hidnert found that the annealing of hot-rolled samples
(N1, 99-02; C, 0-08; Cu, 0-12; Fe, 0:37; Mn, 0-22; Si, 0-16) generally caused a
slight increase in the coeff. of thermal
70,000 I - T 18-0 expansion. The average coeff. between
' ] 25° and 300° for samples containing
- 98-76 to 99-06 per cent. nickel are
0-04144 for the hot-rolled and 0-04145
for the annealed samples. For the
range 25° to 600°, the coeff. of five
hot-rolled samples varied from 0-0,149
to 004156, and for five annealed

16-5

Expansion in millionths per umt length
Coefficient of expansion X 10°

2.000—- ear 1760 specimens from 004154 to 0-04157.
eats - -
< Coolimg | They represented their observations
0 S . T__118 5 i i
0 00" 2005 3005 306" 500° 500t on the expansion and contraction of

X . rods of commercial nickel by the
Fi1a. 15.—Thermal ﬁiﬁ:ﬁsmn of Commercial curve, Fig. 15. Only a slight irregu-

larity was perceptible in the region
of 350°, but no marked change occurs. This agrees with E. P. Harrison’s statement
that the effect with impure metals may be masked or modified by changes of
a chemical nature. H. Wedding observed no essential difference in the thermal
expansion of cast and wrought nickel.
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F. Simon and R. Bergmann’s results for the coeff. of thermal expansion of
nickel between —178° and 2° are indicated in Fig. 16. F. L. Uffelmann’s values
of the coeff. of thermal expansion on heating and cooling curves are indicated in
Fig. 17. G. A. Tomlinson discussed the relations between the interatomic forces
and the thermal expansion. E. P. Harrison found for purified nickel for temp.
up to 300°, 0-0,1280+40-05750+10-0,035602, and for the coeff. between 0° and 50°,
0-0,128 ; 50° and 100°, 0-04136 ; 150° and 200°, 0-04151 ; 250° and 300°, 0-04174 ;
300° and 350°, 0:04191 ; and 350° and 365°, 0-0,205; 380° and 400°, 0:04191 ;
400° and 450°, 0-0,189; 450° and 500°, 0-0,192; and 500° and 550°, 0-0,4190.

6~ 77 71— —
2 : ——{2{74 ]
=)
2t — e ~
>
=10 -
8 _ |

M 7 2 o ) o . 4 g & o
°K 140°  180°  220° 260°  300° 100° 200° 300° 400° 500° 600" 700
Fia. 16. Coefficient of Thermal Expansion Fia. 17.—Coefficient of Thermal Expansion
of Nickel. on Rising and Falling Temperatures.

E. P. Harrison added that up to about 365°, the curve is regular, but between 365°
and 380° there is an anomalous change in the expansion, whilst above 380° the
curve is again regular and linear, with a different shape from the part which precedes
it. No difference in the position or shape of the anomalous portion of this curve
was noticed, whether the temp. was rising or falling, and in every case the wire
returned after heating to its original length. There was no permanent elongation.
The anomalous portion of the curve extends from 340° to 370°, and it is approxi-
mately the range over which changes occur in the thermoelectric force, electrical
resistance, and magnetic permeability —the magnetic susceptibility vanishes
at 370°. The anomalous change in the expansion was attributed to changes
in the metal itself; though with impure metals, the truc effect might be
masked or modified by changes of a chemical nature. E. Jdinecke observed a break
in the expansion curve at 347° to 360°, but M. Werner observed no abrupt change
in volume. H.M. Randall’s, and H. F. Colby’s mecasurements indicated a critical
region in the thermal expansion of nickel between 280° and 370°. W. F. Barrett
observed an anomalous momentary expansion occurred in the cooling of a nickel
wire, and this was coincident with a temporary, spontaneous re-heating of the
wire. L. Holborn and A. L. Day said that a transformation occurs at about 370°,
and that a rod originally 482-6 mm. at 0° was approximately 0-02 mm. shorter after
cach test. Observations were made by W. P. Davey. W. F. Colby measured the
coeff. of thermal expansion of nickel in the neighbourhood of the Curie point, 374°,
and the results are summarized in Fig. 15. Whilst iron shows an anomalous
increase in passing from the non-magnetic to the magnetic state, nickel shows an
anomalous contraction. F. C. Powell calculated the contraction at 220° to be
dl/l=—0-9 X 10~4—ypede iron.

W. H. Souder and P. Hidnert also observed that after heating to 600° and
cooling rods of commercial nickel to atm. temp., the rods were 0-004 to 0-065 per
cent. shorter than before. E. P. Harrison observed no change with purified nickel ;
and H. G. Jones found that when nickel is quenched from 525°, it contracts for
about 10 min., and for some hours it suffers very little change in length, but, after
that, a gradual contraction occurs. A. Merz discussed the subject. A. Press,
J. P. Andrews, E. Griineisen, and S. Ratnowsky studied the relation between
the thermal expansion, compressibility, and at. vol.

W. F. Barrett 5 found the thermal conductivity of nickel to be 0-131 when that
of silver is unity. L. R. Ingersoll gave 0-1428 c.g.s. units for the thermal con-
ductivity of nickel ; W.Jager and H. Diesselhorst found for Ni, 97; Co, 1-4; Mn,

VOL. XV. ¥
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1-0; Fe, 0-4; C, 0-1; and Si, 0-1, the conductivity 0-140 at 18°, 0:129 at —160°,
and 0-1384 at 100°, and the temp. coeff. —0-31 per cent. ; E. H. Hall gave for Ni,
85-4; Fe, 7-6; and Si, 0-4, 0-106 at 116°; and W. C. Ellis and co-workers, 0-168
cal. per cm. per sec. per degree ; C. H. Lees obtained for 99 per cent. nickel, 0-129
at —160°, and 0-140 at 18°; K. Honda, 0-:0833 at 30° ; and H. Masumoto, 0-1821
at 30°. T. C. Baillie observed for the conductivity, k£ in c¢.g.s. units, of Ni, 97-22 ;
Fe, 0+75; Mn, 1-68; and Mg, 0-28:
40° 60° 80° 100° 120° 140° 150°
k . . . 0-118 0-125 0-133 0-137 0-139 0-140 0-142

Measurements were made by M. S. van Dusen and S. M. Shelton. F. H. Schofield’'s
values in c¢.g.s. units, at difterent temp., were :

100° 140° 196° 290° 355° 491° 703° 733°
k. . 0-145 0-144 0-138 0-128 0-128 0-128 0-136 0-133

R. H. Frazier studied k/c—1-3269 1-0-0012, where c denotes the sp. ht. M. F. Angell
gave 0-126 at 300°; 0-104 at 500°; 0-069 at 700°; 0-065 at 950° ; and O-058 at
1200°. His results, plotted in Fig. 18, show a break in the curve near 700°. This
break was not observed by K. Honda and T. Simidu, who found, for ¥ in c.g.s. units :

0° 100° 200° 300° 400° 500° 600° * 700° 800° 900°
k. (0-132) 0-132 0-130 0-124 0-117 0-123 0-130 0-135 0-140 (0-142)

P. W. Bridgman measured the effect of pressure on the thermal conductivity
and found a linear decrease of 14-1 per cent. for a press. of 12,000 kgrms. per sq. cm.
The press. coeff. of the thermal conductivity is

\ 0"5f\ 177 T —0:0,12; and in tension, under a load of 1900
2 013 kgrms. per sq. cm., the proportional change of the
= \\ thermal conductivity is 0-076 per cent., or 0-0¢40
|597 kgrm. per sq. cm. F. Gibler, R. Kikuchi, and
S 3009 M. Jakob studied the subject; and K. Dittrich,
£, o N M. Jakob and S. Erk, and G. F. Sager, the
= - application of Wiedemann and Franz’s con-

008 S o™ 400° 600" B60° Tooc"Te0 ductivity law—wide infra, nickel-copper alloys.

Fic. 18.—The Thermal Con. A J ohnstone found that the thermal gonductivity
ductivity of Nickel. is raised above 0-5 per cent. by a tension of about
L 0-7 of the elastic limit, and the original con-
ductivity is restored when the tension is withdrawn. G. Tammann and W. Boehme
found that the thermal conductivity is decreased by cold-working the metal.
J. Dalton 6 gave 0-10 for the specific heat of nickel, and P. L. Dulong and
A. T. Petit gave 0-1035. H. V. Regnault found the sp. ht. of nickel containing
some carbon to be 0:11095 between 21° and 98° ; and for a sample of a higher degree
of purity, 0-1108 between 12° and 97°. Another sample gave 0-10752 between 17°
and 97°. W. F. Barrett gave 0-1091 for the sp. ht. of nickel ; and L. R. Ingersoll,
0-1168 between 25° and 100°; W. Voigt, 0-1084 for the sp. ht. of a sample of
commercial nickel ; P. Schiibel, 0-1086 between 18° and 100°, and 0-1254 between
18° and 600° ; H. Copaux, 0:108 between 20° and 100°; W. Jiger and H. Diessel-
horst, 0-1065 at 18°, and 0-1159 at 100°; H. E. Schmitz, for nickel with Co, 0-9 ;
Fe, 0-6 ; and Cu, 0-7, between the b.p. of liquid oxygen and 0°, 0-:0826, and between
20° and 100°, 0-1094 ; and A. Naccari :
18° 50° 100° 150° 200° 250° 800°
Sp. ht. . . 01057 0-1090 0-1137 0-1185 0-1232 0-1279 0-1327

or ¢=0-10596-40-0,946(0—15). W. A. Tilden obtained for nickel prepared from
nickel carbonyl, and fused in hydrogen, between 15° and

—182° —78° 100° 1856° 350° 416° 435° b660° 830°
c. 00838 0-0975 0-1084 0:1101 0-1186 0-1227 0-1240 0-1240 0-1246
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W. H. Keesom and C. W. Clark studied the atomic heat between —271-9° and
—254°, W. Schlett found between 0° and
20-86° 50-41° 101-37° 110-50° 200° 309°
c . . . 0-10347 0-10534 0-10790 0-10842 0-11190 0-11740

or ¢==0-10280-+40-0000470160. F. Wiist and co-workers found that from 0° to 320°
the mean sp. ht. is 0-1095040-0,52400, and the true sp. ht., 0-1095040-0;1480 ;
between 330° and 1451° the mean sp. ht. is 0:410-140-12931 4+0-:04116, and the
true sp. ht., 0-129314+0-04226. P. N. Beck obtained :

124° 198° 248° 295° 318° 340° 350° 361°
c . 0-11278 0-11530 0-11879 0-12151 0-12288 0-12379 0-12500 0-12583

or ¢=0-095451+40-032360—0-04307202 between 0° and 361°; and between 376°
and 800° ¢=0-155485—0-03128920 - 0-0415859602, or

376° 400° 445° 500° 599° 648° 752° 800°
c . 0-12692 0-12686 0-12703 0-12732 0-21821 0-12877 0-13107 0-13195

A. Dumas gave for the sp. ht. of purified nickel between 17° and

98° 197° 266° 321° 366° 406° 595° 612°
c. . 0-1090 0-1118 O0-1145 0-1174 0-1200 0-1208 0-1221 0-1221
G. Tammann and A. Rohmann gave for the heat capacity, ¢;o¢ cals. per gram-atom :
—200° to —100° —100° to 0° 0° to 100° 100° to 200° 200° to 300° 300° to 400° 400° to H00
€100 . 384-36 548-07 635-89 665-43 695-36 737-02 741-72

H. Schimpff gave 0-1092 for the sp. ht. between 17° and 100°, 0-0975 between
17° and —79°, and 0-0829 between 17° and —190°; U. Behn, for 98 per cent.
nickel, 0-0572 at —186° O0-0888 at —79° 0-0934 at 0° and 0-1053 at 18°;
T. W. Richards and F. G. Jackson, 0-0869 between 19-6° and —185-6°; P. Nord-
meyer and A. I.. Bernoulli, 0-0918 between 20° and —185°; J. Dewar, 0-0208
between —253° and —196°; and E. Griineisen gave c¢,=:0-0844 between —190°
and 17°; and 0:1094 between 17° and 100°. F. Simon and M. Ruhemann,
E. Ahrens, N. F. Mott, and M. S. van Dusen and S. M. Shelton studied the subject.

W. Geiss and J. A. M. van Liempt showed that the temp. coeff. of the sp. ht.
of cold-drawn nickel is 0-00505, and of nickel annealed at 1000°, 0-00636 ; and
the sp. hts. are, respectively, 0-1035 and 0-1036, so that the difference is outside
the range of measurement. M. A. Audins found that the sp. ht. of nickel is slightly
increased by permanent deformation; and W. Schlett, that the sp. ht. of nickel
cold-drawn from 2 mm. to 0:36 mm. is 0-1068 (sp. gr. 8-8209) when that of the
annealed metal is 0-1057 (sp. gr. 8-8442). The more dense the metal, the lower
sp. ht. The results are plotted in Fig. 19. It is inferred that a risc of temp. causes
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Fias. 19 and 20.—The Specific Heat of Nickel.

molecular changes to take place which are very different from those brought about

by mechanical treatment.

J. Pionchon obtained 0-10836 at 0°, 0:117292 at 200°, 0-1300 at 250°, 0-126 at
400°, 0-15759 at 350°, and 0:1665 at 1000°. He said that there are breaks in the
curve at 230° and at 400°, so that he represented the sp. ht. between 0° and 230° by
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¢=0-10836-10-0,44660, between 230° and 400° by c¢=0-183493-}0-035640
+0-051399998602, and between 400° and 1150° by ¢=0-099-40-0,617560. P. Weiss
and co-workers found the maximum sp. ht. to be 0-1527 between 361° and 376°.
They gave for the variation in the thermal capacity, @, with temp., 8, that is, the

sp. ht. :

17° 123°7°  247°7°  350°  375'6° 400° 5002  7052°  751°6°  799°6°
dQ/de . 0-0977 0-1124 0-1316 0-1457 0-1527 0-1259 0-1330 0-1391 0-1526 O0-1445
The part of the sp. ht. due to demagnetization is estimated to be 0-025. The
subject was discussed by P. Weiss, L. F. Bates, K. E. Grew, W. M. Latimer,
M. Gaudino, F. Simon, and C. Schwarz. Measurements were also made by E. Horn,
and C. Drucker. For A. W. Foster’s observations, see the nickel-chromium alloys.
H. Klinhardt found a maximum in the sp. ht. at 360° corresponding with the Curie
point—wvide iron—but, added W. Sucksmith and H. H. Potter, contrary to P. Weiss’
theory of ferromagnetism, beyond that point the sp. ht. falls continuously and not
discontinuously. 8. Umino’s values for the mean and true sp. ht. plotted roughly

in Fig. 20, are

100° 200° 300° 390° 500° 600° 700° 800° 900°
Mecan . 0-1079 0-1107 0-1134 0-1173 0-1203 0-1216 0-1218 0-1220 0-1228
True . 0-111 0-116 0-122 0-131 0-134 0-123 0-124 0-126 0-130

1000° 1100° 1200° 1250° 1300° 1400° 1500° 1550° 1650°
Mean . 0-1243 0-1251 0-1265 0-1270 0-1279 0-1289 0-1783 0-1783 0-1783
True . 0-132 0-134 0-136 — 0-139 0-142 0-181 0-181 0-181

There is thus, as with other ferromagnetic metals, an abnormal change in the
ferromagnetic range, C,=—=6-25{0-0011477. The results of A. Dumas, and of
J. Dorfman and R. Jaanus are summarized in Figs. 21 and 22. C. Lapp observed
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Fias. 21 and 22.—The Specific Heats of Nickel at Different Temperatures.

between —175° and 460°, a rise towards the Curie point with a region between 353-5°
and 360°, where the curve is discontinuous, and a paramagnetic region where the

sp. ht. rises slowly——cf. Fig. 22, magnetism.
A. Eucken and co-workers obtained for the atomic heat of recrystallized nickel

at constant press. and temp., and for Debye’s constant ®—the x of 1. 13, 14-—the
values:

17° K. 15-05° 18-06° 40-93° 82-30° 123-96° 168-74° 185-57° 204-05°
Cp . 0-04646 0-06260 0-5637 2-536 4-000 4-975 5-205 5-432
Cy . 0-04646 0-06260 0-56356 2-530 3-976 4-924 5-144 5-359
[c] . 324 353 378 3567 368 334 323 300
and for pressed nickel :

7° K. 17-70° 22-30° 32-25° 84-90° 139-32° 171-76° 175-23° 188-51°
Cp . 0-05577 0-0917 0-2819 2-638 4-402 5-005 5-063 5-232
Cy . 0-0558 0-0917 0-282 2-631 4-369 4-9653 4-999 5-169
e . 361 383 379 376 359 337 335 332

F. M. Jiger gave 6-34 Cals. for the at. ht., C,, of nickel at 50°; at 100°, 6-65
Cals. for C,, and 6-30 for C,; at 365°, 7-95 Cals. for C, and 7-13 Cals. for C,. For
B-nickel C,, is 7-30 to 7-40 Cals. up to 600°, and C,, 6-38 te 6-18 Cals. H. A, Jones
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and co-workers gave for the at. ht. of nickel at a temp. 7° K., C,,—4-394-0-004117.
The values calculated from the sp. hts. of J. Dewar, W. J dger and H. Diesselhorst,
U. Behn, and J. Piochon are :

—253° —186° —79° 18° 100° 800° 1000°

Atomic heat . . 1-22 4-30 5-80 6-24 6-80 7-36 8-71
I. Maydel gave for the at. ht. C,,==8-639—938-9(354) 1. W. H. Rodebush and
J. C. Michalek found the values for the at. ht., C,,, of nickel at low temp. agree very
closely with those for iron :

—208° —190° —183° —178° —73° 25°

Cp . . . 1-980 2-480 2-900 3-300 5-52 7-24
E. D. Eastman and co-workers calculated C,,—C,=0-16 Cal. per degree per mol.
F. Wiist and co-workers gave 50-:216714-0-13380 for the mean sp. ht. of the molten
metal between 1451° and 1520°, and for the true sp. ht. 0-13380. S. Umino observed
no variation of the true sp. ht. of nickel with temp. after fusion. G. A. Tomlinson
discussed the relations between the sp. ht. and the interatomic forces; A.L. Bernoulli,
and A. H. Stuart, the relations between the elastic constants and the sp. ht. ; and
P. S. Epstein, and J. R. Ashworth, the rclations between the thermal and magnetic
constants.

J. B. Richter,?” and R. Tupputi said that nickel is as easily melted as is manganesc;
O. L. Erdmann, that it is as easily melted as cast-iron ; and L. Thompson, that it is
more easily melted than cobalt and iron. The oxidation of the metal while molten
was discussed by C. L. Winkler, I. Wharton, and C. W. Siemens and A. K. Hunting-
ton; R. Ruer and K. Kaneko found that molten nickel dissolves the oxide, the
f.p. is accordingly lowered, and the metal rendered brittle. L. Pebal discussed
the ready union of the molten metal with carbon. R. C. Smith found that filings
of the metal sintered at 650°, and the precipitated metal at 700°. A. Schertel
gave 1392° to 1420° for the melting point of nickel; R. Pictet gave 1450°.
P. H. van der Weyde, and T. Carnelley somehow got wide of the mark, for they
gave 1600° for the m.p. of the metal. H. le Chatelier gave 1420°; H. Copaux,
1470°; E. M. Terry, and O. Ruff and W. Bormann, 1452°; G. K. Burgess and
R. G. Waltenberg, 1452°; A. L. Day and R. B. Sosman, 1452-3°; I.. Holborn
and W. Wein, 1484°; G. Petrenko, and M. Levin, 1484°; A. G. C. Gwyer,
W. Guertler and G. Tammann, N. Konstantinoff, K. Losseff, H. Giebelhausen,
A. D. Dourdine, and G. Voss, 1451°; K. Friedrich, 1484°; N. Baar, 1456°;
S. F. Schemtschuschny and co-workers, 1484°; G. K. Burgess, 1435° for 99-95
per cent. nickel ; C. G. Fink and F. A. Rohrman, 1458°; H. C. Cross, 1455°;
and L. Jordan and W. H. Swanger, and H. T. Wensel and W. F. Roeser, 1455° 4 for
the m.p. or f.p. of 99-94 per cent. nickel. W. Guertler and M. Pirani, and L. I. Dana
and P. D. Foote gave 1452° for the best rcpresentative value. T. Carnclley dis-
cussed the relation between the m.p. and the coeff. of thermal expansion; and
K. Honda and H. Masumoto, and G. A. Tomlinson, the relation betwecen the
m.p. and the interatomic forces; W. Crossley, the relation between the at. vol.
and the m.p.; A. Stein, the relation between the resistance and the m.p.;
R. Forrer, the relation between the m.p. and the lattice structure; and
J. A. M. van Liempt and J. A. de Vriend, the time of melting thin fuses.

‘W. Crookes estimated the volatility of nickel to be 10-99 when that of gold is
100 ; W. N. Hartley observed that nickel is volatile in the oxy-hydrogen flame ;
and H. Moissan showed that nickel distils in the electric furnace more readily
than cobalt. 150 grms. were distilled in 5 min., in an electric arc furnace, and
200 grms. in 9 min. O. Ruff and W. Bormann gave 2340° for the boiling
point of nickel under 30 mm. press. W. R. Mott estimated the b.p. to be 2700° ;
H. A. Jones and co-workers, 3377°; and R. W. Millar calculated 3075° at 760 mm.,
2950° at 500 mm., 2560° at 100 mm., and 1840° at 1 mm. press. H. A. Jones and
co-workers calculated the b.p. to be 3377°. O. Ruff and co-workers said that an
alloy saturated with carbon begins to boil at about 12,500°. R. W. Millar repre-
sented the vapour pressure, p mm., of molten nickel by log p=-—1-448 log T
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—1834071-413-451. H. A. Jones and co-workers calculated values for the rate
of evaporation, m, of nickel filaments, log,o m=40-218/4-577 —(851001-400)/4-577T
—(0-971/4-577) log,o T —0-00206 T /4-577 —4340/4-577 < 1725 ; and for the vap. press.,
p,logio p = 40-218/4-577 +3-475— (4340 4400)/4-577 x 1725—(0-971 —0-5) logso T
—0-002067T/4-577 ; or

7° K. 500° 1000° 1500° 2000° 2600° 3000° 3650°
p . 1:62x10-2° 1-34 x10-7 294101 2-9x10% 2-4x10% 1-6x10% 1-0x10%

Nickel becomes non-magnetic when heated above about 350°. J. Plicker 8
observed that the magnetic power of nickel is five times smaller at 350° than it is
at 50°. K. Becquerel added that the magnetic power of nickel is completely lost
at 400°. Whilst iron undergoes transformations at about 890° and 770°—wide
iron—-cobalt undergoes a magnetic transformation at about 1143°, and nickel at
about 340°, when magnetic, or a-nickel passes into the non-magnetic, or S-nickel.
The corresponding transformation with iron is lowered continuously by increasing
proportions of nickel up to 25 per cent., so that C. E. Guillaume suggested that
a-iron and a-nickel are isomorphous. Similarly, the behaviour of iron alloyed
with higher proportions of nickel led F. Osmond, F. Osmond and G. Cartaud, and
W. Guertler and G. Tammann to assume that y-iron and 8-nickel form isomorphous
mixtures—wvide infra, iron-nickel alloys. The magnetic change is often regarded
as an allotropic change, but E. C. Bain, and F. Wever found that the space-lattice
of nickel at 500° is the same as it is at ordinary temp., and therefore the magnetic
change is not due to a rearrangement of the atoms. J. Hopkinson found that an
impure sample becomes non-magnetic at 310°, and H. E. J. T. du Bois found 300°
for another impure sample. J. M. Gaugain gave 350° for the transition tempera-
ture ; and, for nickel free from cobalt, of a high degree of chemical purity, and melted
in hydrogen, H. Copaux obtained 340°. The point is depressed by the presence
of impurities. Various observations, with more or less pure samples, were made
by W. Guertler and G. Tammann, 325°; J. Hopkinson, 310°; T. P. Harrison,
374° ; P. Curie, 340° ; H. Pécheux, 335° to 345°; 1. I. Schukoff, and H. le Chatelier,
340°; K. Jianecke, 347° to 360°; P. Weiss and R. Forrer, 357°: P. Weiss and
co-workers, 363°; A. Krupkowsky, 368-3°; H. Masumoto, 376°; H. Copaux,
340°; B. Stark and 1). Tararczenko, 370°; D. and H. E. Hanson, 348° and 393°
respectively obtained from the cooling and heating cu