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T R A N S L A T O R S 1 N O T E

IN this translation of Col. Grard's book on " Aluminium and
its Alloys/ ' the original text has been adhered to, with the
exception of certain of the appendices. Certain of the con-
ditions of the French aeronautical specifications, dealing with
sampling and identification of material, have not been con-
sidered of sufficient interest to English readers to warrant
their inclusion, but the clauses dealing with methods and
results of tests have been given.

The centigrade scale of temperatures has been retained
throughout the book.

In statistics of a general nature—as, for instance, in the
case of approximate output—the tonne and ton have been
regarded as equivalent. In exact statistics, however, an
accurate conversion has been made, and both sets of values
given.

Where prices are given, the rate of exchange has been taken
as twenty-five francs to the pound sterling, whatever the date
of the statistics in question.

The Tensile Strength and Elastic Limit are expressed in
kilogrammes per square millimetre and in tons per square
inch—at the express wish of the author, both sets of values
are given throughout the book, in the tables and diagrams.

In the case of Hardness and Cupping Tests, no conversion
has been attempted, the metrical values being in general use
in this country. As regards Shock Resistance also, no con-
version has been attempted. On the Continent the term
" Resilience " is employed to denote the energy absorbed in
impact, expressed in kilogramme-metres per square centimetre
of cross section of the test piece at the bottom of the notch,
whilst in this country, it is employed to denote a different
property. Tho area of cross section a t the foot of the notch
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is not taken into consideration, but the Shock Resistance is
expressed simply by the energy, in foot-pounds, absorbed by
impact upon a test piece of standard dimensions.

Assuming that the conversion from kilogramme-metres
per square centimetre to foot-pounds is an arithmetical possi-
bility, the figures would still not be comparable, as the
numerical value depends to a very great extent on the precise
form of the test piece employed, especially on the angle and
radius at the foot of the notch, which is different in British
and Continental practice.

The translators would wish to express their thanks to
Dr. A. G-. C. Gwyer, Chief Metallurgist to the British Alu-
minium Co., Ltd., for his valuable advice and for his assistance
in the reading of proofs.

C. M. PHILLIPS .

H. W . L. PHILLIPS.
WABRINGTON,

November, 1920,



A U T H O R ' S N O T E

FOR carrying out the numerous tests required for this work,
we have utilised the following Government laboratories:—

Le Laboratoire d'Essais du Conservatoire national des Arts
et Metiers (chemical analyses, mechanical tests).

Le Laboratoire d'Essais de la Monnaie et des MMailles
(chemical analyses).

Le Laboratoire de la Section technique de FArtillerie
(chemical analysis).

Le Laboratoire de l'Aeronautique de Ch&lais-Meudon
(mechanical tests and micrography).

The results, from which important deductions have been
made, possess, therefore, the greatest reliability.

We must also thank the following private laboratories:—

Les Laboratoires de la Soci6te Lorraine-Dietrich (heat
treatments and mechanical tests),

Les Laboratoires de l'Usine Citroen (mechanical tests and
micrography),

for the readiness with which they have placed their staflE and
laboratory material at the disposal of the A6ronautique. By
their assistance tests were multiplied, inconsistencies removed,
and the delays, incidental to the carrying out of this work,
minimised.

Thanks also to the courtesy of the Society de Commentry-
Fourchambault, M. Ghevenard, engineer to the Company,
has investigated, by means of the differential dilatometer of
which he is the inventor, the critical points of certain alloys,
whose thermal treatment (quenching and reannealing) is of
vital importance.
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GENERAL ARRANGEMENT OF CONTENTS

T H E chief characteristic of aluminium is its low density, being
second only to magnesium, and, for this reason, it is valuable
for aircraft. Aluminium would be ideal if this lightness could
be combined with the mechanical properties of the Ferrous
metals.

The ore, from which alumina, for the preparation of the
metal, is extracted, is widely distributed, and France is
particularly favoured in this respect.

Whatever the method of working and thermal treatment,
pure aluminium only possesses a low strength, which prohibits
its use for articles subjected to great stresses. Fortunately,
certain of the mechanical properties of the metal can be
improved by the addition of other constituents, and in some
of the alloys thus formed the density is little changed. These
are the so-called light alloys, in which aluminium is a main
constituent, and which can be divided into :—

(i) Light alloys of low strength,
(ii) Light alloys of great strength.

In others, aluminium is present in such small quantity that
the alloy loses its characteristic lightness, to the advantage
of some of the mechanical properties. The most important
are those in which copper is the principal constituent. These
are

(iii) Heavy alloys of great strength.

The alloys of aluminium, which can thus be divided into
three groups, are very numerous, and there can be no question
of considering them all. In each group we shall study the
ones which seem the most interesting—those in which
aluminium plays an important part . We shall not lay much
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stress upon those in which aluminium is of minor import-
ance.

Adopting the classification here given, arbitrary, no doubt,
but which, from the aviator's point of view, has its value,
since it puts side by side the properties of lightness and strength,
we shall consequently arrange this work according to the
following scheme:—

Booh I.—Aluminium, comprising two parts :—

Part I. Production of aluminium.
Part I I . Properties of aluminium.

Booh II.—Alloys of aluminium, comprising three parts :—

Part I I I . Light alloys for casting purposes.
Part IV. Light alloys of great strength.
Part V. Heavy alloys of great strength.

Throughout, a large number of tests has been made on
each type. In particular, an exhaustive study has been
carried out on the properties as functions of cold work and
annealing, and on the hardness at all temperatures. The
reliability of the results is guaranteed by the standard of the
testing laboratories, and by the reputation of the experimenters.
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A l u m i n i u m a n d i t s A l l o y s

PART I

P R O D U C T I O N O F A L U M I N I U M

CHAPTER I

METALLURGY OF ALUMINIUM

ALUMINIUM is prepared by the electrolysis of alumina dissolved
in fused cryolite. The electric energy is derived from water-
power. The essential materials for the process are therefore

(i) Alumina,
(ii) Cryolite.

ALUMINA.

Alumina is prepared from bauxite [(Al, Fe)2O82H aO] or
from certain clays [Al2O3.2SiO2].

(a) From Bauxite.
Bauxite is a clay-like substance, whitish when silica is pre-

dominant, or reddish when oxide of iron is largely present. I t
is found in great quantity in France, in the neighbourhood of
the village of Baux, near Aries (hence the name, bauxite),
and more commonly in the Departments of Bouches-du-
Rhone, Gard, Ariege, H6rault, and Var. I t is found in Calabria,
Iceland, Styria, Carniola, and in the United States of America
in Georgia, Arkansas, Alabama, and Teimessee.

Commercial bauxite has the following composition :—*

Alumina (A12O8) . 57 % A premium of -20 to -40 francs
per kilo (roughly Id. to 2d. per
lb.) was, in 1909, paid for each
per cent over 60 %.

Silica (SiOa) . . 3 % If below 2 %, a premium of -20
fr. per kg. (roughly Id. per lb.)
was paid per -1 %.

• Lodin, "Annales des Mines," Nov., 1909.
3
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Iron Oxide (Fe2O 3) . 1 4 % For each per cent above this
value, up to the maximum
allowed, 17 %, -20 fr. per kg.
(roughly Id. per lb.) was de-
ducted. Some works allow as
much as 25 % Fe2O3 .

White bauxites are chiefly used for the production of
aluminium sulphate and the alums. Red bauxites form the
raw material for the preparation of alumina, and therefore of
aluminium. Intermediate or refractory bauxites, fused in an
electric furnace, give artificial corundum.

Bauxite is treated either by Deville's method or by tha t of
Bayer, the latter being almost exclusively employed. A third
method depends upon the production of aluminium nitride.
This is obtained by heating bauxite in air to 1800°-1900° in
an electric furnace. I t is then decomposed in an autoclave in
presence of soda solution, giving (i) ammonia, used as a manure
in the form of its sulphate, (ii) sodium aluminate, from which
commercially pure alumina can be obtained.

(b) From Clay.
Clays are treated either by the Cowles-Kayser or by the

Moldentrauer process, yielding alumina from which aluminium
is prepared by electrolysis.

CRYOLITE.

Cryolite, which is so called on account of its high fusibility,
is a double fluoride of aluminium and sodium of the formula
Al2F6.6NaF. I t is obtained from Western Greenland, where
it occurs in beds up to one metre thick, but the high price of
this material has led to the manufacture of synthetic cryolite,
using calcium fluoride (fluor-spar), which is found in con-
siderable quantities.

ELECTBIC FURNACES.

The furnace consists of a vat, containing electrodes (anodes),
and a conducting hearth (the cathode) sloping towards tho
tapping hole. Aluminium, formed by electrolysis of the
alumina, collects on the floor of the v a t ; oxygen is liberated
at the anode, which it attacks, forming carbon monoxide
and finally carbon dioxide.

The current is used at a potential difference of 8 to 10
volts, and at a density of 1-5 to 3 amps, per square centimetre
of electrode. The furnace is regulated by raising or lowering
the electrodes, or by varying the quantity of alumina. When
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the latter is present in small quantities, the fluorides decom-
pose, and the voltage (normally 8-10 volts) rises. This is
indicated by the change in intensity of a lamp. In this case
sodium is formed at the cathode, and has deleterious effects
on the quality of the metal.

METHOD OP TAPPING ALUMINIUM.

Since aluminium is very easily oxidised, it cannot be sub-
jected to a final refining process, but must possess, at this early
stage, its commercial purity. I t is therefore essential to avoid
oxidation during the manufacturing process, and the cryolite,

1000-

975

950-

925-

900-

0 5 10 15 2 0

F I G . 1 .—Melt ing-point C u r v e of M i x t u r e s of A l 2 F f l . C N a F a n d A1 2 O 3 . (Pryn.)

c o n t a i n i n g a l u m i n a i n s o l u t i o n , f u r n i s h e s t h e m e a n s t o t h a t

e n d . T h e m e t a l l i c a l u m i n i u m m u s t n o t float, b u t s i n k t o t h e

b o t t o m o f t h e v a t , w h e r e t h e f u s e d s a l t s p r o t e c t i t a g a i n s t

o x i d a t i o n . T h e s a l t s m u s t h a v e , t h e r e f o r e , a l o w e r d e n s i t y

t h a n t h e m e t a l .

T h e t h e o r y o f t h e p r e p a r a t i o n o f t h e m e t a l i s m a d e c l e a r

b y a s t u d y o f t h e m e l t i n g - p o i n t c u r v e o f m i x t u r e s o f c r y o l i t e

( A l 2 F 6 . 6 N a P ) a n d a l u m i n a , d u e t o P r y n . *

P u r e c r y o l i t e m e l t s a t 1 0 0 0 ° , a n d t h e m i x t u r e o f m a x i m u m

f u s i b i l i t y ( 9 1 5 ° ) c o n s i s t s o f 9 5 % c r y o l i t e w i t h 5 % a l u m i n a .

A s t h e a l u m i n a c o n t e n t i n c r e a s e s f r o m 5 t o 2 0 % , t h e m e l t i n g

p o i n t r i s e s f r o m 9 1 5 ° - 1 0 1 5 ° , t h e c u r v e o f f u s i b i l i t y c o n s i s t i n g

o f p o r t i o n s o f s t r a i g h t l i n e s o f v a r y i n g s l o p e .

* P r y n , " M i n e r a l I n d u s t r y , " Vol . X V , p . 19.
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Certain definite mixtures of cryolite, calcium fluoride or
aluminium fluoride, and alumina have still lower melting
points, the limiting value being 800° (Hall). In practice the
melting point of the bath ranges from 900°-950° ; i t is there-
fore evident that the manufacturer has a choice of mixtures
which will fulfil these conditions.

The respective densities of the cryolite mixture and of
aluminium are :—

Cryolite mixture

Aluminium .

lliquid,
/solid,
lliquid,

2-92
2-08
2-6
2-54

which satisfy the conditions above mentioned.
T&LJurnace is tapped about every forty-eight hours. The

liquid flows first into a receiver, in which the fluorides carried
over are retained in the solid state, and from this vessel into
moulds, giving ingots which can easily be divided.

OUTPUT.

According to Flusin, the output is as follows :—
210 kg. to 275 kg. of aluminium per kilowatt-year

(i.e. 463lb.-606-llb. per kw. year),

or, 154-200 kg. per " Force de cheval" year
(i.e. 344-1-447 lb. per horse-power year),

which works out a t :—

31-41 kilowatt hours per kg. of aluminium
(i.e. 14-1-18-7 kw. hours per lb.),

assuming an average efficiency of 70 %, and a maximum
efficiency of 78 %.

CONSUMPTION OF MATEEIAL.

Alumina per kg. of aluminium : theoretically 1*888 kg.
practically 2-0 k g . ;

formerly this figure was higher, but then the voltage was 15
to 20 v. (i.e. 1*888 tons and 2-0 tons of alumina per ton of
aluminium, respectively).

Cryolite, per kg. of aluminium 0-150 kg. on an average
(i.e. 3 cwt. cryolite per ton of aluminium).

Calcium and aluminium fluorides, per kg. of aluminium,
0-200 kg. (i.e. 4 cwt. per ton of aluminium).

Anodes, per kg. of aluminium, 0-8 to 1-0 kg. (i.e. 16 cwt . - l
ton per ton of aluminium),
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From these data we can draw the following conclusions con-
cerning the cost price. For the production of a ton of alu-
minium two tons of alumina are required and also one ton of
carbon for the electrodes ; while, for the production of the
alumina itself, six tons of carbon are required. Since alumina
is made near the spot where bauxite is found, it is necessary
to consider the effect of the following transport charges upon
the cost price:—

(i) Carriage of carbon to alumina works,
(ii) Carriage of carbon to aluminium works,

(iii) Carriage of alumina to aluminium works.

I t is evident tha t those aluminium works which can obtain
only hydraulic power locally, so tha t the transport charges,
just mentioned, are heavy, are at a disadvantage in competing
with works more favourably situated. The French aluminium
works are especially favoured in this respect.*

ROLLING OE ALUMINIUM:.

The ingots of aluminium are first melted in a furnace—often
a revolving furnace, heated by gaseous fuel. The aluminium
is then cast into slabs, which, in France, usually are of the
following dimensions:—

(1) 80 kg.=0-55m. X 0-65m. x 0-08m.(21-6in. X 25-5in. X 3-15in.)
(2) 55 kg.=0-56m. X 0-66m. x 0-055m.(22-0in. X 25-9in. X 2-16in.)
(3) 27kg.=0-35m. xO-7m. xO-O4m.(13-8in. x27-5in. xl-57in.)

* Lodin established in the following manner the cost price in 1909 :—
Alumina . 1 -950 kg. per kg. of Al at 0-3 fr. per kg. . 0-585 fr.
Cryolite . . 0125 kg. „ „ 0-6 „ . 0-075,,
Electrodes . 0-800 kg. „ „ 0-35 „ . 0-280,,
Labour . . 0025 „ 5 0125,,
Electrical energy 40 kw. at -006 fr. per kw. . 0-240 „

Total . l-305fr.
per kg. of aluminium (i.e. roughly 6d. per lb.), to which, in general, transport
charges must be added.

In the United States of America, the cost price of aluminium in 1906
would be, according to "The Mineral Industry," roughly 7Jd. per lb. The
price of aluminium has varied in a very noticeable manner since 1855, having
passed through the following stages:—

1855 . . . .
1886 .
1890 .
1900 .
1908 (end of Hero
1908-1914 .
1916 .

ult patents]

Fr. per kg.
1230

78
19
2-5
2

1-5-2-1
6'8~7-0

Price per lb.
£22 5 3

1 8 3
6 10

11
8£
6i-9

2/0-2/6*
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Aluminium is often cast into billets, frequently cylinders of
3 kg. in weight, 80 cm. high and 4 cm. in diameter (31-5 in. X
1-57 in.). The slabs or billets are cast from a mixture of ingots,
and therefore a fresh analysis must be carried out to give the
quality.

The temperature of casting is usually 750-775°, and the
temperature of rolling 400-450°, roughly the temperature of
smouldering wood.

BOLLING OF ALUMINIUM INTO THIN SHEETS.*

Aluminium can be rolled into sheets -01 cm. thick (*0039 in.),
similar to tinfoil. The process has been carried out by Drouilly
—a strip initially 0-35 cm. thick (-138 in.) is rolled in the cold
to 0-04cm. (-016in.); the reduction is made in six passes
with intermediate annealing. The second stage consists in
reducing the sheets to a thickness of -01 cm., either by means
of blows from a 150 kg. (roughly 3cwt.) pneumatic hammer,
giving 300 blows per minute, or by further rolling.

EXTRUSION.

Tubes and sections can be obtained by extrusion, f

ALUMINIUM D U S T .

Powdered aluminium, in the form of paint, is applied to
finished metallic goods, resulting in a galvanisation effect.
For literature on this subject, the work of Guillet (loc. cit.)
should be consulted.

* For details of process, see Gurllet, "Progr6s des Metallurgies autreque
la Side*rargie et letir 6tat acfruel en France," pp. 264-268. (Dunod et Pinat,
1912.)

t Cf. Breuil, " G6nie Civil," 1917. Nos. 23 and 24.



CHAPTER I I

WORLD'S PRODUCTION
I . BAUXITE.

T H E French Minister of Commerce gives the following par-
ticulars concerning the world's production of bauxite :—*

1910
1911
1912
1913

U.S.A.

Tonnes

152,070
158,107
162,685
213,605

Tons

149,698
155,610
160,110
210,228

France

Tonnes

196,056
254,831
258,929
309,294

Tons

193,358
250,800
254,836
304,410

Great Britain

Tonnes

4,208
5,103
5,882
6,153

Tons

4,142
5,022
5,789
6,056

I ta ly

Tonnes

6,952

Tons

6,842

I t is therefore evident tha t up to 1914, there were only two
important centres in the world for the production of bauxite,
namely, France and the United States of America.
POSITION IN 1913.

The distribution of bauxite in 1913 (527,536 tons) is shown
in the following diagram (Kg. 2 ) :—

S c a l e
10,000
Tons O

U.S.A.
210,228 tons

France
304,410 tons

I taly
6 8 4 2
Gt .
Britain
6056

F I G . 2.—Distribution of Bauxite.

* Vol. I , " Rappor t g6n6ral sur l'industrie fran^aise, sa situation, son
avenir," based on the work of sections of the "Comite" consultatif des Arts
et^Manufactures " and of the "Direction des Etudes techniques," April, 1919,
(Director: M. Guillet).
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Sixty-five per cent of the French production was exported,
half of which (i.e. 32 %) was sent directly or indirectly to
Germany, approximately 15 % to Great Britain, and a certain
proportion to the United States, which is rapidly falling off, as
the new beds are developed in that country, in Tennessee and
North Carolina.

Of the 7365 tons (7483 tonnes) of alumina exported, 80 %
goes to supply the Swiss factories.

The Report of the French Minister of Commerce (loc. cit.)
shows the influence of the war on the production of bauxite.

ka) France.

1915
1916
1917

Bauxite for
Aluminium

Tonnes

37,894
68,866

101,748

Ton

37,296
67,779

100,150

Bauxite for
other purposes

Tonnes

48,628
37,334
19,168

Tons

47,860
36,743
18,865

Total

Tonnes

86,522
106,200
120,916

Tons

85,156
104,520
119,015

The diminution in production is clearly due to the large falling
off of exports.

(b) United States.
1915 .
1916 .
1917 .

(c) Great Britain.
1915 .
1917 .

293,253 tons (297,961 tonnes) of bauxite.
418,640 „ (425,359 „ )
559,750 „ (568,690 „ )

11,726 tons (11,914 tonnes) of bauxite.
14,714 „ (14,950 „ )

The whole of this amount was imported from the French beds
at Var. The discovery of beds in British Guiana, where there
are large waterfalls, will probably affect the British production
very considerably.
(d) Italy.

Position unchanged.

(e) Germany.
Germany has been unable to import French bauxite, and

has, therefore, since the war, begun to work the beds at Frank-
fort-on-Main.

(f) Austria-Hungary.
Austria-Hungary has supplied the needs of Germany during

the war. Just when war was declared, very important beds
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Fia. 3.—Map of South of Franco,, to ahow distribution of Bauxite and situation of
Alumina and Aluminium Works.
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(20,000,000 tons) were discovered in Hungary (Siebenbergen).
The bauxite was sent to Germany, and works wore erected,
on the spot, for treating the mineral. In addition, there are
mines in Dalmatia, Herzegovina, Istria and Croatia, which
are either being worked or are ready to be worked. The quality
of this bauxite seems on the whole very inferior to that of the
French.

I I . ALUMINIUM.

A statement of production figures can only be made with
caution, discriminating between possible and actual output.
The latter, a fraction of the former, depends upon the demand,
and also upon the possibility of obtaining materials for the
production of other substances—for instance, the manufacture
of aluminium replacing that of chlorates, and conversely.

Statistics, from this point of view, are often lacking in clear-
ness. Nevertheless, bearing in mind these two considerations,
we can consider the following figures as sufficiently accurate,
referring to an average annual production.

(a) France.
Prance, as is shown in the accompanying map (Fig. $), is

favourably situated for the production of aluminium. The
close proximity of the bauxite "beds, the alumina works, and
the water power necessary for the electro-metallurgy, forms a
unique combination, and, in addition, carbon can be easily
conveyed t o the works*

Actual output, 12,000-15,000 tons per annum.
Possible output, 18,000-20,000 tons per annum.

ALUMINIUM W O R K S .

The French works are amalgamated, forming " L1 Aluminium
frangaise," and are grouped into companies :—

(i) The "Soci£t6 !5lectro-m6taUurgique franpaise," with
works at P raz , and at St. Michel de Maurienne in the valley of
the Arc, a n d at Argentiere in the valley of the Durance.

(ii) The " Compagnie des Produits chimiques (TAlaiB ct de
la Carnargue," possessing the Calypso works (at St. Michel do
Maurienne), and works at St. Jean de Maurienne in the valley
of the Arc.

(iii) The "Societe d'filectro-chimie," works a t Prenaont, in
the valley of the Arc.

(iv) " La Soci6te Electro-chimiqiie des Pyrenees," with works
at Auz&t (Ariege).



PLATE I.

PHOTOGRAPH 1.—NORWEGIAN NITRIDES AND ALUMINIUM COMPANY.
Works at Eydehavn near Arendal (25,000 H.P.), situated on an arm of the sea.

PHOTOGRAPH 2.—NORWEGIAN NITRIDES AND ALUMINIUM COMPANY.
Works at Tyssedal (35,000 H.P.) on the Hardanger Fjord.

To face



PLATE IT.

SAINT-JEAN—CYLINDRICAL DAM.

WORKS AT SAINT-JEAN—AQUEDUCT ACROSS THE ARC.
To face pagê l 3


