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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.



C O N T E N T S
PAGE

TRANSLATORS' NOTE vii
AUTHOB'S NOTE . . . . . . . . . . ix

INTRODUCTION . . . . . . . . . . zd

BOOK I

ALUMINIUM

PART I—PRODUCTION OF ALUMINIUM
CHAPTER

I. METALLURGY OF ALUMINIUM . . . . . . . 3
II. WORLD'S PRODUCTION . . . . . . . . 9

PART H—PBOPERTIES OF ALUMINIUM

I. PHYSICAL PROPERTIES 15

II. CHEMICAL PROPERTIES—ANALYSIS AND GRADING . . . 1 6

III. MECHANICAL PROPERTIES . . . . . . . 1 8

A. TENSILE PROPERTIES—
(i) Variation in Tensile Properties with amount of Cold Work 20

(ii) Variation in Tensile Properties with Annealing Tempera-
ture 29

B. HARDNESS AND SHOCK RESISTANCE—
(i) Variation of these Properties with amount of Cold Work . 36

(ii) Variation of these Properties with Annealing Temperature 39
C. CUPPING VALUES—DEPTH OF IMPRESSION AND BREAKING

LOAD—
(i) Variation of these Properties with amount of Cold Work . 41
(ii) Variation of these Properties with Annealing Temperature 44

D. SUMMARY 47

E. CONTEMPORARY LITERATURE . . . . • . 5 1

IV. MICROGRAPHY OF ALUMINIUM 56

V. PRESERVATION OF ALUMINIUM 58

VI. SOLDERING OF ALUMINIUM . . . . . . . G2



ALtTMINIUM AND ITS ALLOYS

BOOK II

ALLOYS OF ALUMINIUM
_, PAOE
CLASSIFICATION 67

PART? III—LIGHT ALLOYS OF ALUMINIUM FOB CASTING
PUBPOSES 71

PART IV—LIGHT ALLOYS OF GREAT STRENGTH . . . 87
CHAPTKB

I. (a) VARIATION IN MECHANICAL PROPERTIES WITH AMOUNT OP
COLD WORK . . . . . . . . 89

(6) VARIATION m MECHANICAL PROPERTIES WITH ANNEALING
TEMPERATURE . . . . . . . . 91

II. QUISNCHING 96
Efect of Quenching Temperature . . . . . 95
Kate of Cooling . . . . . . . . 1 0 1
Agoing after Quenching . . . . . . . 1 0 3

III. VARIATION IN MECHANICAL PROPERTIES WITH TEMPERATURE
OF BEANNEAL AFTER QUENCHINa 110

IV. RESULTS or CUPPING TESTS AFTER VARYING TEERMAX TREAT-
MENT 114

V. HAKDNESS TESTS AT HIGH TEMPERATURES . . . . 1 1 6

PART V—CTJPHO-ALUMINIUMS OR ALUMINIUM BRONZES . 117

I. GENERAL PROPERTIES 118

II. MECHANICAL PROPERTIES 120
Alloy Typo I (90 % Cu, 10 % Ai) 121
Alloy Typo II (80 % Cu, 10 % Al, 1 % Mn) . . . . 1 3 2
Alloy Typo III (81 % Cu, 11 % Al, 4 % Ni, 4 % Fe) . . 137

1IJ. MICROGRAPHY . . 1 4 2

APPENDICES
APPENDIX

I. ANALYTICAL METHODS 147

II- EXTBACTS I'ROM THE FRENCH AERONAUTICAL SPECIFICATIONS
FOR Al/UMINIUM AND LlGHT ALLOYS 03? GitEAT STRENGTH . 151

HI. REPORT OF TESTS CARRIED OUT AT THE CONSERVATOIRE DES
ABTS ET METIERS ON THE COLD WORKING OF ALUMINIUM . 155

IV. REPORT OF THK TESTS CARRIED OUT AT THE CONSERVATOIRE DES
ABTS ET METIERS ON ANNEALING THIN SHEET ALUMINIUM
AFTBR. COLD WORK 158

V. BEPOBT OF TESTS CARRIED OUT AT THE CONSERVATOIRE DES
ABTS ET METIERS ON THE ANNEALING or THICK (10 in.)
SHBBT ALUMINIUM AFTER COLD WORK . . . . 1 6 7

VI. PAPEB SUBMITTKD TO THE ACADEMIE DES SCIENCES BY LT.-COL.
GRARD, ON THE THERMAL TREATMENT OF LIGHT ALLOYS OF
GREAT STRENGTH . . . . . . . . 1 7 4



L I S T O F P L A T E S

Calypso Works Frontispiece

BOOK I

ALUMINIUM

PART I—PRODUCTION .AOSTD METALLURGY

PLATE TO FACE PAGE
I Norwegian Nitrides and Aluminium Company . . . . 1 3

Photograph 1. Works at Eydehavn near Arendal
„ 2. Works at Tyssedal on the Hardanger Fjord

II. Saint Jean de Maurienne . . . . . . . 1 3
Photograph 1. Cylindrical dam

„ 2. Aqueduct across the Arc
III. Engine-room at Calypso . . . . . . . 1 3

PART II—PROPERTIES or ALUMINIUM

I AND II. Micrography of Aluminium . . . . . . 57
Photograph 1. Aluminium ingot, chill cast (K. J. Anderson)

„ 2. Aluminium ingot, sand cast (R. J. Anderson)
„ 3. Aluminium, cold worked (50 %)
„ 4. Aluminium, cold worked (100 %)
„ 5. Aluminium, cold worked (300 %)
„ C. Aluminium, cold worked (300 %) and subsequently

annealed at 350° for 10 minutes
„ 7. Aluminium annealod at 595° for 60 minutes (R. J.

Anderson)
„ 8. Aluminium annealed at 595° for 4 hours (R. J.

Anderson)

BOOK I I

ALLOYS OF ALUMINIUM

PART III—CASTING ALLOYS

III AND III A. Micrography of casting alloys . . . . . 8 6
Photograph 1. Copper 4 %, aluminium 96 %

„ 2. Copper 8 %, aluminium 92 %
„ .3. Copper 12 %, aluminium 88 %

4. Copper 3 %, zinc 12 %, aluminium 85 %
„ 3. Copper 11 %, tin 3 %, nickel 1 %, aluminium 85 %

xv



xvi ALUMINIUM AND ITS ALLOYS
PLATE TO FACE PAGE

PABT V—CUPRO-ALUMINIUMS
I. Micrography of cupro-almninium, Type I, forged and annealed 143

Photograph 1. As forged. x 60
„ 2. As forged. X225
„ 3. Forged and subsequntly annealed at 300°.

X60
„ 4. Forged and subsequently annealed at 300°.

X225
IB. Micrography of cupro-alummium, Type I, showing eutectic

structure . . . . ' . . . . . 1 4 3
Photograph A. Etched with alcoholic FeCl3. X 500

(Portevin)
„ B. Etched with alcoholic FeCl3. X 870

(Portevin)
„ C. Etched with alcoholic FeCl3, showing cellular

and lamellar formations. x500 (Por-
tevin)

„ D. Etched with alcoholic FeCl3, showing eutectic
+ 7. Hypereutectoid alloy. X200
(Portevin)

II. Micrography of cupro-aluminium, Type I, forged and subse-
quently annealed. . . . . . . . 1 4 3

Photograph 5. Forged and subsequently annealed at 700°.
X60

„ G. Forged and subsequently annealed at 700°.
X225

„ 7. Forged and subsequently annealed at 900°.
X60

„ 8. Forged and subsequently annealed at 000°.
X225

III. Micrography of cupro-aluminium, Type I, forged and subse-
quently quenched . . . . . . . 1 4 3

Photograph 9. Forged and subsequently quenchod from
500°. xCO

„ 10. Forged and subsequently quenched from
500°. X225

„ 11. Forged and subsequently quenched1 from
600°. x 60

„ 12. Forged and subsequently quenched from
600°. X225

IV. Micrography of cupro-aluminium, Type I, forged and eubso-
quently quenched (Breuil) . . . . . . 1 4 3

Photograph 13. Forged and subsequently quenchod from
700°. x (50

„ 14. Forged and subsequently quenched from
700°. x 225

„ 15. Forged and subsequently quenched from
800°. x 60

„ 16. Forged and subsequently quenchod from
800°. X 225



LIST OF PLATES xvii
PLATE TO PACE PAGE

V. Micrography of cupro-aluminiura, Type I, forged and subse-
quently quenched (Breuil) . . . . . . 1 4 3

Photograph 17. Forged and subsequently quenched from
900°. X 60

„ 18. Forged and subsequently quenched from
900°. X225

VI. Micrography of cupro-alumiraium, Type I, forged, quenched,
and reannealed . . . . . . . . 144

Photograph 19. Forged, quenched from 900°, reannealed at
300°. x 60

„ 20. Forged, quenched from 900°, reannealed at
300°. X 225

„ 21. Forged, quenched from 900°, reannealed at
600°. x 60

„ 22. Forged, quenched from 900°, reannealed at
600°. x 225

VII. Micrography of cupro-aluminium, Type I, forged, quenched,
and reannealed . . . . . . . . 1 4 4

Photograph 23. Forged, quenched from 900°, reannealed at
700°. X 60

„ 24. Forged, quenched from 900°, reannealed at
700°. X 225

„ 25. Forged, quenched from 900°, reannealed at
800°. X 60

„ 26. Forged, quenched from 900°, reannealed at
800°. x225

VIII. Micrography of cupro-aluminium, Type I, cast and annealed . 144
Photograph 27. As cast. x 60

„ 28. As cast. x225
„ 29. Cast and annealed at 800°. X 00
„ 30. Cast and annealed at 800°. X 225

IX. Micrography of cupro-aluminium, Type I, cast and annealed . 144
Photograph 31. Cast and annealed at 900°. X 60

32. Cast and annealed at 900°. X 225
X. Micrography of cupro-aluminium, Type I, cast and quenehed 144

Photograph 33. Cast and quenched from 500°. X 60
„ 34. Cast and quenched from 600°. x 00
„ 35. Cast and quenched from 700°. X 00
„ 36. Cast and quenched from 800°. x 60
„ 37. Cast and quenched from 900°. x 00

XI. Micrography of cupro-aluminium, Type II, forged and an-
nealed . . . . . . . . . 144

Photograph 38. As forged. x 00
39. As forged. x225

„ 40. Forged and subsequently annealed at 800°.
X60

„ 41. Forged and subsequently annealed at 800°.
X225

h



xviii ALUMINIUM AND ITS AXLOYS

Micrography of cupro-aluminium, Type II, quenched and re-
armealed . . . . . . . . . 14.4.

Photograph 42. Quenched from 900°, rearmealed at 600°.
X60

„ 43. Quenched from 900&, reannealed at 600°.
X225

XIII. Micrography of cupro-aluminrum, Type III, forged and an-
nealed . . . . . . . . . 144

Photograph 44. As forged. x CO
45. As forged. x 225

„ 46. Forged and annealed at 600°. y 60
„ 47. Forged and annealed at 600°. x 225

XIV. Micrography of cupro-aluminium, Type III, forged and an-
nealed . . . . . . . . 144

Photograph 48. Forged and annealed at 800°. x 60
„ 49. Forged and annealed at 900°. x 225

XV. Micrography of cupro-aluminium, Type III, forged and
quenched . . . . . . . . . 144

Photograph 50. Quenched from 500°. x 60
„ 51. Quenched from 500°. x225
„ 52. Quenched from 800°. x60
„ 53. Quenched from 800°. x225

XVI. Micrography of cupro-aluminium, Type III, forged and
quenched 144

Photograph 64. Quenched from 900°. X 60
55. Quenched from 900°. x225

XVII. Micrography of cupro-alumiaium, Type III, quenched and
reannealed 144

Photograph 56. Quenched from 900°, reannealed at 500°.
X60

„ 57. Quenched from 900°, reannealed at 500*.
X225

„ 58. Quenched from 900°, reannealed at 600°.
X60

„ 59. Quenched from 900°, reannealed. at 600°.
X225



L I S T O F I L L U S T R A T I O N S I N T E X T

BOOK I

ALUMINIUM

PART I—PRODUCTION AND METALLURGY

FIGURE PAGE
1. Melting-point curve of mixtures of cryolite and alumina . . 5
2. World's production of bauxite . . . . . . 9
3. Map of the South of France, showing distribution of bauxite and

situation of aluminium and alumina factories . . . 1 1

PART II—PROPERTIES

4. Variation in mechanical properties (tensile) of thin aluminium
sheet (1 mm. thick) with cold work . . . . . 23

5. Variation in mechanical properties (tensile) of thick aluminium
sheet (10 mm. thick) cut longitudinally to the direction of
rolling, with cold work. . . . . . . . 2 6

6. Variation, in mechanical properties (tensile) of thick aluminium
sheet (10 mm. thick) cut transversely to the direction of rolling,
with cold work . . . . . . . 27

7. Variation, in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 0-5 mm. thick. Prior cold
work 50 % 28

8. Variation in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 0-5 mm. thick. Prior cold
work 100% 29

9. Variation in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 0*5 mm. thick. Prior cold
work 300 % 30

10. Variation in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 2-0 mm. thick. Prior cold
work 50 % 31

11. Variation in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 2 0 mm. thick. Prior cold
work 100 % 32



xx ALUMINIUM AND ITS ALLOYS

PA.GE
12« Variation in mechanical properties (tensile) of aluminium with

annealing temperature. Test pieces 2-0 mm. thick. Prior cold
work 300 % 3

13. Variation in mechanical properties (tensile) of aluminium with.
annealing temperature. Test pieces 10 mm. thick. Prior cold
work 100 % 35

14. Variation in mechanical properties (tensile) of aluminium with
annealing temperature. Test pieces 10 mm. thick. Prior cold
work 300 % 36

15. Variation in mechanical properties (hardness and shock) with cold
work. Test pieces 10 mm. thick . - . . . . 3 7

16. Variation in mechanical properties (hardness and shock) on anneal-
ing after 100 % cold work. Test pieces 10 mm. thick . . 39

17. Variation in mechanical properties (hardness and shock) on anneal-
ing after 300 % cold work. Test pieces 10 mm. thick . . 40

18. Persoz apparatus for cupping tests 42
19. Cupping tests. Variation in breaking load and depth of impression

with cold work. Test pieces 2-0, 1-5, 1-0, 0-5 mm. thick . . 43
20. Cupping tests. Variation in breaking load and depth of impression

with thickness at specified amounts of cold work (0, 50, 100,
and 300%) 44

21. Cupping tests. Variation in breaking load and depth of impression
on annealing after 50 % cold work. Test pieces 0-5 mm. thick 45

22. Cupping tests. Variation in breaking load and depth of impression
on annealing after 100 % cold work. Test pieces 0-5 nun. thick 46

23. Cupping tests. Variation in breaking load and depth of impression
on annealing after 300 % cold -work. Test pieces 0-5 mm. thick 47

24. Cupping tests. Variation in breaking load and depth of impression
on annealing after 50 % cold work. Test pieces 2-0 mm. thick 48

25. Cupping tests. Variation in breaking load and depth of impression
on annealing after 100 % cold work. Test pieces 2-0 mm. thick 49

26. Cupping tests. Variation in breaking load and depth of impression
on annealing after 300 % cold work. Test pieces 2-0 mm. thick 50

27. Cupping tests. Variation in depth of impression with thickness.
Annealed aluminium sheet (R. J". Anderson) . . . . 5 3

28. Cupping tests. Variation in depth of impression with thickness.
Cold worked aluminium, sheet (R. J. Anderson) . . . 54

29. Aluminium sheet. Effect of annealing for different lengths of
time at 430° (R. J. Anderson) 55



1 I S T OF ILLUSTEATIONS IN TEXT xxi

BOOK II

ALLOYS OF ALTJMINIUM
T-i - PA.GE
iL.q_u.ili"briuin diagram of copper -aluminium alloys (Curry) . . 69

PART III—CASTING ALLOYS
*>• Hardbiess of aluminium at high temperatures (500 kg. load) . 73

"archness of aluminium-copper alloy (i % Cu) at high tempera-
"tixxes (50Oand 1000 kg.) 77

** * -Ha,r<fLness of aluminium-copper alloy (8 % Cu) at high tempera-
t u r e s (SOOand 1000 kg.) 77

KarcLness of alximiniurn-copper alloy (12 % Cu) at high tempera-
t u r e s (5 00 and 1000 kg.) 79

*i4. Var ia t ion in hardness with copper content (load 500 kg.) Tem-
peratures 0°, L00°, 200°, 300°, 350°, 4=00° . . . . 79

-*•*. Hardness of aluminium-zinc-copper alloy (12 % Zn, 3 % Cu) at
hxgfci temperatures (500 and 1000 kg. load) . . . . 8 1

• M#. Hardness of aluminium-copper-tin-nickel alloy (11 % Cu, 3 % Sn,
1 % iNi) at high temperatures (500 and 1000 kg. load) . . 83

•**. Mol t ing -point cuive for zinc-aiurninium alloys . . . . 83

PART TV—LIOHT AXX.OYS OP GBEA.T STRENGTH
*^H. Teixsile test piece (thick sheet) 89
*M. Tens i l e test piece (thin sheet) 89-
1 f). "Vttiriation. in mechanical properties (tensile and shock) of duralumin

wi th cold wort. Metal previously annealed at 450° and cooled
i n air. Test pieces cut longitudinally to direction of rolling . 90

•* I« Variation in mechanical properties (tensile and shock) of duralumin
wifch cold work. Metal previously annealed at 450° and cooled
i n air. Test pieces cut transversely to direction of rolling . . 91

4 2. Var-iation in mechanical properties (tensile, hardness, and shock) of
duralumin, with annealing temperature. Metal subjected to
50 % cold work, annealed, and cooled very slowly. Longitudinal
•best pieces . . . . . . . . . . 9£

4!i~ Variation in mechanical properties (tensile and shock) of
cL-uralumin, -with annealing temperature. Metal subjected to
GO % cold Tffork, annealed, and cooled in air. Longitudinal test
pieces . . . . . . . . . . 93

•4 !•- Variation in mechanical properties (tensile, hardness, and shock)
of doiralumin, -with annealing temperature. Metal subjected to
f>0 % cold work, annealed, and cooled very slowly. Transverse
•test pieces . . . . . . . . . . 93

<#S- Variation in mechanical properties (tensile and shock) of
clujalumin, with annealing temperature. Metal subjected to
45O % cold Trork, annealed, and cooled in air. Transverse test
jpieces . . . . . . . . . . 94



xxii ALUMINIUM AND ITS ALLOYS

FIGURE PAGE
46. Duralumin compared with pure aluminium, using dilatometer . 96
47. Variation in mechanical properties of duralumin, with time after

quenching (from 300°). . . . . . . . 9 7
48. Variation in mechanical properties of duralumin with time after

quenching (from 350°) 98
49. Variation in mechanical properties of duralumin with time after

quenching (from 400°) 99
50. Variation in mechanical properties of duralumin with time after

quenching (from 450°) 99
51. Variation in mechanical properties of duralumin with time after

quenching (from 500°) 100
52. Variation in mechanical properties of duralumin with time after •-

quenching (from 550°) 100
53. Variation in mechanical properties of duralumin with quenching

temperature (after 8 days) . . . . . . . 1 0 1
54. Variation in mechanical properties of duralumin with time after

quenching from 475° (during first 48 hours) - . . . 1 0 3
55. Variation in mechanical properties of duralumin with time after

quenching from 475° (during first 8 days) , . . . 1 0 4
56. Variation in mechanical properties of duralumin with annealing

temperature. Metal quenched from 475°, reannealed, and cooled
very slowly. . . . . „ . . . . 1 1 0

57. Variation in mechanical properties of duralumin with annealing
temperature. Metal quenched from 475°, reannealed, and cooled
in air . . . . . . „ . . . 1 1 1

58. Variation in mechanical properties of duralumin with annealing
temperature. Metal quenched from 475% reannealed, and
quenched in water . . . . . . . . 1 1 2

59. Duralumin. Chipping tests. Variation in breaking load and depth
of impression with annealing temperature. Anneal followed by
cooling at various rates . . . . . . . 1 1 4

60. High temperature hardness tests (500 kg.) on duralumin quenched
from 475° 116

PART V—CUPRO-ALUMINIUMS

61. Tensile test piece (round bars) . . . . . . . 1 2 0
62. Aluminium bronze, Type I, critical points . . . . 1 2 1
63. Aluminium bronze, Type I, allowed to cool in furnace . . 1 2 2
64. Aluminium bronze, Type I, Blow cooling . . . . . 122
65. Aluminium bronze, Type I, temperature not exceeding Ac3 . 122
66. Variation in mechanical properties (tensile and impact) with an-

nealing temperature. Cast aluminium bronze, Typ« I (Cu 90 %,
A110%) . . . 1 2 3



LIST OF ILLUSTRATIONS IN TEXT
FIGTOBE
67. Variation in mechanical properties (tensile and impact) with an-

nealing temperature. Forged aluminium bronze, Type I . 1 2 4
68. Variation in mechanical properties (tensile and impact) with

quenching temperature. Cast aluminium bronze, Type I . 1 2 5
69. Variation in mechanical properties (tensile and impact) with

quenching temperature. Forged aluminium bronze, Type I . 126
70. Variation in mechanical properties (tensile and impact) with

temperature of reanneal after quenching from 700°. Forged
aluminium bronze, Type I . . . . . . . 127

71. Variation in mechanical properties (tensile and impact) with.
temperature of reanneal after quenching from 800°. Forged
aluminium bronze, Type I . . . . . . . 128

72. Variation in mechanical properties (tensile and impact) with
temperature of reanneal after quenching from 900°. Forged
aluminium bronze, Type I . . . . . . . 120

726. High-temperature hardness tests (500 kg.) on aluminium bronze,
Type I, as cast, worked, and heat treated . . . . 1 3 1

73. Aluminium.bronze, Type II, critical points . . . . 132
74. Aluminium bronze, Type II . . . . . . 1 3 2
75. Variation in mechanical properties (tensile and impact) with

annealing temperature. Forged aluminium bronze, Type II
(Cu 89 %, Mn 1 %, Al 10 %) 133

76. Variation in mechanical properties (tensile and impact) with
quenching temperature. Forged aluminium bronze, Type II . 134

77. Variation in mechanical properties (tensile and impact) with.
temperature of reanneal after quenching from 800°. Forged
aluminium bronze, Type II . . . . . . . 135

78. Variation in mechanical properties (tensile and impact) with
temperature of reanneal after quenching from 900°. Forged
aluminium bronze, Type II . . . . . . . 1 3 5

78b. High-temperature hardness tests (500 kg.) on aluminium bronze,
Type II. Quenched from 900°, reannealed at 600°. . . 1 3 6

79. Aluminium bronze, Type III, critical points (dilatometer) . . 137
80. Aluminium bronze, Type III, critical points, temperature time

curve . » • • • • • • • • 138
81. Variation in mechanical properties (tensile and impact) with

annealing temperature. Forged aluminium bronze, Type III
(Cu81%,Ni4%,Fe4%,Al l l%) 138

82. Variation in mechanical properties (tensile and impact) with.
quenching temperature. FoTged aluminium bronze, Type III 139

83. Variation in mechanical properties (tensile and impact) with
temperature of reanneal after quenching from 900°. Forged
aluminium bronze, Type III .,..•,.....,,..•., . . . . 140

836. High-temperature hardnejf.-tests (500 kg.) on aTtooinium bronze,
Type IK A l ^ 9 0 t o °



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



PLATE III.

ENGINE-ROOM AT CALYPSO.



WORLD'S PRODUCTION IS

ALUMINA WOKKS.

The alumina works are situated near the bauxite beds in
Herault, Var, and Bouches-du-Rhone, at Gardanne and La
Barasse (Bouches-du-Rhone) and at Salindres (Gard).

(b) Great Britain.
Output about 6000 tons.

There are two companies :—
(i) The British Aluminium Company (Scotland and Norway),
(ii) The Aluminium Corporation (works a t Dolgarrog, North

Wales).

(c) Italy.
Output 1500-2000 tons.

(d) Switzerland.
Output 12,000-13,000 tons, from works a t Neuhausen

(canton of Schaffhausen) and at Chippis and Martigny (canton
of Valais). I t is noticeable tha t in Switzerland there are no
works for the preparation of alumina from bauxite, hence the
materials required for the manufacture of aluminium, alumina
and cryolite are imported.

(e) Norway.
The Norwegian output has been:—

1913 . . approximately 1000 tons
1917 . . „ 7000 „
1918 . . „ 6000 „

I ts possible production may be about 15,000-16,000 tons.
Alumina is imported mainly from the works at Menessis
(Somme) and Salzaete (Belgium), belonging to L'Aluminium
fran?aise, which have been damaged during the war.

(f) United States and Canada.
The output of the United States and of Canada in recent

years has been about 30,000 tons ; it is capable of great
development, bu t i t is difficult to give precise details on the
subject.

The " Rapport sur Flndustrie fran£aise " of the Minister
of Commerce gives, as a probable figure for 1917, 70,000 tons,
which might rise to 80,000 with further increase in prospect.

The two large American companies are the Aluminium
Company of America, and the Northern Aluminium Company
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of Canada, having their main works at Niagara Falls, at
Massena, at Quebec and a t Sehawinigan Falls respectively.

(g) Germany and Austria.
I t is really difficult to give precise returns on the capacity

for production of these two countries. I t has been given as
approximately 10,000 tons, though it is not possible actually
to verify this figure.

In conclusion, the following table of actual world's production
may be given, omitting all more or less hypothetical specula-
tions :—

United States and Canada .
France . . . .
Switzerland
Great Britain
Norway . . . .
Italy
Germany and Austria .

Total, about

. 70,000 tons (?)

. 15,000 „

. 12,000 „
6,000 „
6,000 „

. 2,000 „

. 10,000 „ (?)

120,000 tons



PART II

PROPERTIES OF A L U M I N I U M

CHAPTER I

PHYSICAL PROPERTIES

Density : 2-6 (as annealed), 2-7 (as worked, or when impurities
(iron and copper) are present).

This places aluminium among the lightest metals (lead,
11*4; nickel, 8-94; iron, 7-8; tin, 7-3; zinc, 7 ; anti-
mony, 6).

Atomic Weight: 26-9.

Specific Heat: 0-22, increasing with rise of temperature. I t
finally reaches 0-308 a t about the melting point.

Thermal Conductivity : 36 (silver=100).
Aluminium is a substance, therefore, having a great specific

heat, and a high thermal conductivity, which renders it
particularly suitable for the manufacture of cooking utensils.

Electrical Conductivity and Resistance.
The electrical conductivity is very high, being about 60 %

of that of copper. I t s specific resistance is 2-78 microhms per
centimetre cube.

Melting Point: about 660°.
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ANALYSIS AND GRADING

T H E division of aluminium into grades is based upon the
amount of impurities present. The chief impurities are :—

Group I: Iron and silicon.

Group II: Carbides, sulphides, copper, zinc, tin, sodium,
nitrogen, boron, t i tanium.

Group III: Alumina.
The electrodes, in particular the anodes, form the principal

source of the impurities. The anodes can be made of petroleum
coke, anthracite, or gas carbon, using tar as a binding material.
All manufacturers prefer petroleum coke, which, before the
war, contained 1 % of ash, and during the war, 2-3 %. The
other materials, anthracite and gas carbon, contain 4-5 %
of ash.

Group I: Iron and silicon.
The presence of more than 1 % of iron usually causes faulty-

castings which are useless. As a rule, the amount of silicon
is about one-third of tha t of the iron, and rarely exceeds one-
half.

Group II: Various impurities, other than alumina.
These impurities, with careful working, are present only in

relatively small quantities, less than 1 %, but their estimation
is necessary, since, owing to some accident during the working,
they may at tain abnormal proportions.

Group III: Alumina.
I t is impossible to emphasise too much the importance of

this impurity. For a long time, it was customary to estimate
the iron, silicon and other impurities, and, ignoring the
alumina, to determine the aluminium by difference. This
method, in which alumina is returned as metallic aluminium,
is unsatisfactory, for experience has shown that excessive
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quantit ies of alumina are very harmful on account of its
infusibility at casting temperatures,* its higher density, t
and its insolubility in the molten metal.

This impurity must therefore be estimated. Furthermore,
a high percentage of alumina seems to favour the formation of
blow-holes. For these reasons, the melting up of aluminium
scrap, more or less oxidised, gives poor results.

G R A D E S OF ALUMINIUM.

As already stated, the usual industrial practice is to estimate
only iron and silicon, the aluminium content being determined
b y difference—this obviously gives a fictitious value.

Grade I: Aluminium nominally 99-5 %. i.e. the total amount
of iron and silicon being equal to or less than 0-5 %.

Grade II: Aluminium nominally 99-0 %. i.e. the to ta l
amount of iron and silicon being equal to or less t h a n
1-0 %.

Grade III: Aluminium nominally 98-99 %. i.e. the to ta l
amount of iron and silicon being equal to or less than 2 %.

Though retaining this long-established system of classifica-
t ion, the foregoing grading should be modified, so as to take
ix>to account the impurities of the second group as well as
those of the first, still, however, ignoring the alumina.

We then have the following grades :—%

Grade I: Aluminium content (by difference) 99-5 % or over.

Grade II: Aluminium 99-99-5 %.

Grade III: Aluminium 98-99 %.
I n the first two grades, the impurities of the second group

(carbides, sulphides, copper, zinc, t in , sodium, nitrogen,
boron, and titanium) should not exceed 0-3 % ; in the th i rd
grade these impurities should not exceed 0-4 %, the iron 1 %,
a n d the silicon 0-6 %.

Alumina is not considered in calculating the purity, bu t
should not exceed 0-4 % for Grade I , 0-6 % for Grade I I ,
a n d 0-8 % for Grade I I I . These are safe limits to allow,
without interfering with, or reducing, the production.

* Melting point of alumina 3,000° C., of aluminium 650° C.
t Density of alumina 3-75, of aluminium 2-6.
J This system of grading is adopted in the French Aeronautical Specifica-

tions, and the analytical methods are given in Appendix I. A variation of
0-25 % in the aluminium content is allowed in Grade I, 0-50 % in Grade II,
and 0-75 % in Grade III.



CHAPTER I I I

MECHANICAL PROPERTIES

T H E mechanical properties can be grouped as follows :—

A. Tensile Properties: Tensile Strength, Elastic Limit, and
Elongation.

B. Hardness and Shock Resistance.

C. Cupping Value : Depth of Impression and Breaking Load.

Tests have been carried out on metal of varying thickness,
as shown below :—

0-5 mm. sheet : Tensile and Cupping Tests.
2 mm. sheet: Tensile, Cupping, and Hardness (scleroscope)

Tests.
10 mm. sheet : Tensile, Shock, and Hardness Tests.

The variations in these properties with
(i) different amounts of cold work;
(ii) different anneals subsequent to varying degrees of work,

have been investigated. An account of the experiments and
results will be given in the following form :—

A. TENSILE PROPEKTIES.

(i) Variation in tensile properties with the amount of cold
work.

(a) Thin test pieces.
(b) Thick test pieces.

Discussion of Results.
(ii) Variation in tensile properties with increasing annealing

temperature, following varying amounts of cold work.
(a) Thin test pieces.
(b) Thick test pieces.

Discussion of results.

B. HARDNESS AND SHOCK RESISTANCE.

(i) Variation of these properties (Brinell Hardness a n d
Shock Resistance) with amount of cold work, using test pieces
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of 10 mm. thick sheet, and variation of Scleroscope Hardness
with the amount of cold work for sheets of the thin series.

Discussion of results.
(ii) Variation of Brinell Hardness and Shock Resistance

with increasing annealing temperature, after varying amounts
of cold work, using test pieces from sheets 10 mm. thick (thick
series).

Discussion of results.

C. CUPPING VALUE.

Depth of impression and breaking load, using test pieces of
metal comprising the thin series only.

(i) Variation of these properties with amount of cold work.
(ii) Variation of these properties with increasing annealing

temperature following varying amounts of cold work.
Discussion of results.

D. FINAL SUMMARY.

E. CONTEMPORARY LITERATURE ON THE SUBJECT.

A. TENSILE PROPERTIES

Thin Series

Dimensions of test pieces.
T Y P E I A . (Length 100 mm.

Between shoulders j Breadth 20 mm.
(Thickness 0-5 mm.

Area of cross section 10 sq. mm.*
Gauge length (for measuring elongation)= \/66-61$

= 3 0 mm.
T Y P E I B . [Length 100 mm.

Between shoulders < Breadth 20 mm.
[Thickness 1 mm.

Area of cross section 20 sq. mm.
Gauge length= V66 : 67i=36 mm.

T Y P E I C . (Length 100 mm.
Between shoulders -J Breadth 20 mm.

(Thickness 1-5 mm.
Area of cross section 30 sq. mm.
Gauge length=v /66*67s=45 mm.

* These values are only approximate. In each case the breadth and
thickness were measured, to the nearest -01 mm., and the exact cross section
calculated from these figures.
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I D . [Length 100 mm.
Between shoulders \ Breadth 20 mm.

[Thickness 2 mm.

Area of cross section 40 sq. mm.
Gauge length= ^

Thick Series
T Y P E I I . [Length 100 mm.

Between shoulders J Breadth 15 mm.
[Thickness 10 mm.

Area of cross section 150 sq. mm.
Gauge length= ^66-678= 100 mm.

TESTING LABORATORIES.

The experiments on the variation of mechanical properties
with cold work (thin series) and the cupping tests (both in t h e
worked and annealed states) were carried out at the " Chalais
Meudon" Laboratory. The experiments on the effect of
annealing a t different temperatures after cold work were
carried out at the Conservatoire des Arts et Metiers. Reports
of the latter, experiments are given in the appendices.

I . Variation of the Tensile Properties (Tensile Strength, Elastic
Limit, and Elongation) with the amount of cold work.

OF COLD WORK.

A metal, which, as the result of work " i n the cold," i.e. a t
relatively low temperatures, has undergone permanent defor-
mation, is said to be "cold worked " or " work hardened."
The properties of the metal, thus treated, are changed, and
the amount of this change is a measure of the cause—the
so-called cold work. A metal which has been completely
annealed has, "by definition, zero cold-work.

If S he the initial section of a bar in the annealed state and
if s be the final section after cold work (drawing or rolling),
the cold work may be defined in terms of the deformation as
follows:—

Cold work__S(initial)—s(final)
~ i S S 3 x m

As has been pointed out in the author's work on " Copper
and Cartridge Brass," the " percentage cold work " given by
the above formula is a function of the deformation only, and
does not give any indication of the value of the mechanical
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properties. The latter may actually remain stationary, while
the percentage of deformation continues to increase with the
deformation itself. We can therefore distinguish two values :—

(a) The cold work in terms of deformation (theoretical
cold work).

(6) The cold work in terms of the change in mechanical
properties (effective cold work).

In this book, unless otherwise stated, it is always the former
that is meant, and this allows of easy evaluation in course of
manufacture.

(a) Thin Series

The tests on the thin series were carried out on test pieces
cut respectively from sheets of the thicknesses specified :—

Type l a . . Thickness 0-5 mm.
,, 16 . . „ 1-0 mm.
,, Ic . ,, 1*5 mm.
„ Id . . „ 2-0 mm.

Sheets of each of the above thicknesses were subjected to
the following amounts of cold work, and the results investigated.

Cold work 0 % Ratio S/sO (completely annealed)
5 0 % „ 1-5

1 0 0 % „ 2
3 0 0 % „ 4

Method of working sheets and slabs so as to obtain required
amounts of cold work.

Two methods were employed in the preliminary working
of the sheets and slabs.

FIRST METHOD.

Annealed Metal. A slab 40 mm. thick at an initial tempera-
ture of 450° is reduced to the required thickness by hot rolling,
without intermediate reheating, and is finally annealed a t
350°.

Gold-Worked Metal. Assuming tha t 100 % cold work is
desired, a sheet 40 mm. thick is reduced by hot rolling, without
intermediate reheating, to double the final thickness required.
I t is then annealed at 350°, and cold rolled so as to reduce
the section by one-half. A similar process is employed for
the other degrees of cold work investigated.



22 ALUMINIUM AND ITS ALLOYS

SECOND METHOD.

A slab 40 mm. thick, at an initial temperature of 450°, is
reduced to a uniform thickness of 8 mm. by hot rolling.

Annealed Metal. The sheet, 8 mm. thick, is reduced to the
required thickness by cold rolling, with intermediate annealing
at 350° every 2 mm. reduction, and is finally annealed a t 350°.

Cold-Worked Metal. Assuming that 100 % cold work is
desired, the sheet, 8 mm. thick, is reduced by cold rolling,
with intermediate annealing every 2 mm. reduction, to double
the final thickness required. I t is then annealed a t 350°, and
cold rolled so as to reduce the section by one-half. A similar
process is employed for the other degrees of cold work in-
vestigated.

A comparative study of the cold working of thin sheets
was carried out by both these methods, whereas in the study
of the cold working of thick sheets, and in the study of annealing
alone, the second method only was employed. Although the
second method is more uniform and more sound, it has not
given results superior to those of the first.

As will be seen below, it seems as if, up to a certain limit,
large amounts of cold work need not be avoided in manufacture,
provided that this is only an intermediate stage, and is followed
by a re-softening anneal.

ANALYSIS

Thickness
Iron
Silicon

Iron
Silicon .
Alumina .

I ron
Silicon
Alumina .

I ron
Silicon
Alumina .

Cold work 0 %
0-5 mm. 1 mm.

. 0-93

. 0-56

Cold
. 0-88
. 0-25
. 0-36

Cold
. 0-81
. 0-32
. 0-24

Cold i
. 0-88
. 0-31
• 0-17

% 0-82%
0-52

: work 50 %
0-84
0-26
0-30

work 100 %
0-83
0-38
0-29

work 300 %
0-77
0-46
0 1 6

1-5 mm.
0-98 %
0-56

0-97
0-39
0-26

0-70
0-23
0-26

0-85
0-56
0-24

2 mm.
0-95 %
0-45

0-93
0-41
0-34

0-81
0-23
0-24

0-72
0-46
0-22
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NUMBER OF TESTS.

For each degree of cold work, two sheets were used for the
tensile tests, and in each sheet three test pieces were cut
longitudinally and three transversely.

THIN SERIES
(Sheet 1 mm. t h i c k )

5 0 TOO 150 200

Cold Work'
2 5 0 300%

F I G . 4 » — V a r i a t i o n i n M e c h a n i c a l ( t e n s i l e ) P r o p e r t i e s w i t h
C o l d "Work.

R E S U L T S O F T E S T S .

F i g . 4 s u m m a r i s e s t h e r e s u l t s f o r t e s t p i e c e s o f t h e T y p e 1 6

( 1 m m . t h i c k n e s s ) c u t l o n g i t u d i n a l l y .

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

p o i n t o u t t h e v a r i a t i o n s o b s e r v e d , d u e t o t h e d i f f e r e n t t h i c k -

n e s s e s o f t h e s h e e t s c o m p r i s i n g t h e t h i n s e r i e s , a n d t o t h e
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direction, longitudinal or transverse, in which the test pieces
were cut.

Cold work 0 % (annealed state):—
Elastic Limit: 4-5 kg. per sq. mm. (2-86 tons per sq. in.).
Tensile Strength : 9-0 kg. per sq. mm. (5-72 tons per sq. in.).
Elongation : 40 %.

Cold work 50 % :—
Elastic Limit: 12-0 kg. per sq. mm. (7*62 tons per sq. in.).
Tensile Strength : 14*0 kg. per sq. mm. (9-09 tons per sq. in.)
Elongation: 11 %.

Cold work 100 % :—
Elastic Limit: 14-0 kg. per sq. mm. (8-89 tons per sq. in.).
Tensile Strength : 15-0 kg. per sq. mm. (9-52 tons per sq. in.)
Elongation : 9 %.

Cold work 300 % :—
Elastic Limit: 17-5 kg. per sq. mm. (11-11 tons per sq. in.).
Tensile Strength: 18-0 kg. per sq. mm. (11 -43 tons per sq. in.).
Elongation: 6 %.

(i) Merely cold working to the extent of 50 % has completely
changed the properties of aluminium, and the Elongation has
been reduced to a quarter of its original value. Consequently,
if work hardening is undesirable, even a very small amount of
deformation must be avoided, since the changes in the
properties take place very markedly from the outset.

(ii) The maximum cold work, beyond which deterioration
and disintegration may set in, is reached when the Tensile
Strength is approximately doubled.

(iii) If cold work be expressed, no longer in terms of the
deformation, bu t in terms of the changes in the properties, then,
choosing as variable the Tensile Strength, and employing the
formula

Cold w o r k = where R=Tensile Strength
r (cold worked)

r=Tensile Strength
(annealed)

we have, in the case of the thin series, the following results :—
Cold work (deformation) 0 % Cold work (effective) 0

/
ioo %
300%
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I t seems, therefore, tha t 200-300 % cold work is the maximum
for the working of aluminium, giving what might be called the
" Maximum Effective Cold Work."

LOXUENCE OE THICKNESS (THIN SERIES) .

The variation in thickness between 0-5 mm. and 2-0 mm.
exerts only a slight effect on the results, so tha t the mean
curve given for test pieces of 1-mm. thickness may be taken
as the curve for all the thin series.

EFEECT ON TENSILE PROPERTIES OE THE DIRECTION I N WHICH

TEST PIECES WERE CUT.
The Elongation in the transverse test pieces is less t h a n tha t

in the longitudinal.
Cold work 0 % Difference 10 %
Cold work 50 % and above Maximum difference 40 %

In the Tensile Strength and Elastic Limit there is practically
no difference.

(b) Thick Series
The tests on the " Thick Series " have been carried out on

test pieces of Type I I , thickness 10 mm., cut from sheets of
this thickness.

The following different amounts of cold work were investi-
gated :—

Cold work 0 % Ratio : I n i t i f Sec t ion^ Q ( l e t e l

Final Section annealed)
5 0 % „ 1.5

„ 1 0 0 % „ 2
» 3 0 0 % „ 4

ANALYSIS.

Cold work 0 % :—
Aluminium . . . . 99-00 %
Iron 0-64 %
Silicon . . . . 0-33 %
Carbon . . . . 0-03 %
Alumina . . . . traces.

Cold work 50 % :—
Aluminium . . . . 98-80 %
Iron 0-72 %
Silicon . . . . 0-35 %
Carbon . . . . 0 - 0 8 %
Alumina . . . . traces.
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Cold work 100 % :—
Aluminium
Iron .
Silicon
Carbon
Alumina

98-60 %
0-84 %
0-41 %
0-07 %

traces.

THICK SERIES
(Longitudinal)

11

10

50 250T 5 o T$o 2ocT

Cofd W o r k

F I Q 5»—Var ia t ion i n Mechan ica l P r o p e r t i e s w i t h Cold W o r k .

Cold work 3 0 0 % : —

A l u m i n i u m

I r o n .

S i l i c o n

C a r b o n

A l u m i n a

9 9 - 0 1 %

0 - 6 1 %

0 - 3 3 %

0 - 0 3 %

t r a c e s .
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Figs. 5 and 6 summarise the variations in properties in the
case of the thick series (sheets 10 mm. thick).*

FIG-. 5. TESTS ON LONGITUDINAL T E S T P I E C E S .

As can be seen, the variations in the properties with cold
work (deformation) are similar to those of the thin series.

THICK SERIES
(Transverse)

50 100 150 200 250
C o l d W o r k

F I G . 6 .—Variation i n Mechanical Properties w i th Cold Work.

I n e v e r y c a s e t h e m i n i m a a n d m a x i m a a r e a p p r o x i m a t e l y t h e

s a m e .

Tensile Strength. M i n i m u m , 1 0 k g . p e r s q . m m . ( 6 - 3 5 t o n s

p e r s q . i n . ) .

M a x i m u m , 1 6 k g . p e r s q . m m . ( 1 0 - 1 6 t o n s

p e r s q . i n . ) .

* Cf. Appendix I I I . B e p o r t of the Conservatoire des Axis e t Metiers.
N o . 13456, February 5th, 1919.
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Elongation. Minimum, 8 %. Maximum, 38 %.
In" the case of aluminium in thin sheets as compared with

thick,
(i) The cold work, whatever its amount, is more homogeneous

throughout the thickness.
(ii) The effect of annealing is more complete.

THIN SERIES
(Test Pieces 0.5 mm. thick)

1 0 0 200 300 400

Temperature
5 0 0

F I G . 7 . — V a r i a t i o n i n M e c h a n i c a l P r o p e r t i e s o n A n n e a l i n g a t
d i f f e r e n t T e m p e r a t u r e s a f t e r 5 0 % C o l d W o r k .

F I G . 6 . T E S T S O K T B A N S Y E R S E T E S T P I E C E S .

T h e T e n s i l e S t r e n g t h a n d E l a s t i c L i m i t a r e l i t t l e a f f e c t e d b y

t h e d i r e c t i o n i n w h i c h t h e t e s t p i e c e s a r e c u t , b u t , o n t h e o t h e r

h a n d , t h e E l o n g a t i o n u n d e r g o e s v a r i a t i o n s o f t h e o r d e r o f

1 5 t o 2 0 % .
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I I . Variation of Tensile Properties with increasing Annealing;
Temperature following varying amounts of Gold Work.

(a) Thin Series

EXPEEIMEKTAL DETAILS OP THE TESTS.
The tests were carried out on two series of tensile test pieces

from sheets of aluminium, the one 0-5 mm. thick, Type l a ,

THIN SERIES
(Test Pieces 0'5mm. thick)

TOO 200 300 400
T e m p e r a t u r e

5 0 0 6 0 0 °C

F I G . 8 .—Var ia t ion in Mechan ica l P r o p e r t i e s o n A n n e a l i n g
a t di f ferent T e m p e r a t u r e s af ter 100 % Cold W o r k .

t h e o t h e r , 2 - 0 mm. t h i c k , T y p e Id. E a c h o f t h e s e s e r i e s

i n c l u d e s m e t a l i n t h r e e d e g r e e s o f c o l d w o r k , 5 0 , 1 0 0 , a n d

3 0 0 % .
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INVESTIGATION OF THE DURATION OF TIME NECESSABY FOB

COMPLETE ANNEAL AT VABIOTJS TEMPEBATUBES.

Preliminary tests have been carried out with a view to
determining the minimum time necessary to give the properties
characterising each temperature.*
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FIG. 9.—Variation in Mechanical Properties on Annealing
at different Temperatures after 300 % Cold Work.

T h e f o l l o w i n g r e s u l t s w e r e o b t a i n e d for t h e t w o ser ies : —
Bath Temperature Duration of Time

Oil . . . 1 0 0 ° — 1 5 0 ° — 2 0 0 ° — 2 5 0 ° — 3 0 0 ° 5 m i n u t e s .
S o d i u m n i t r i t e . 3 5 0 ° — 4 0 0 ° — 4 5 0 ° — 5 0 0 ° 3 m i n u t e s .
P q t ^ s s i u m n i t r a t e . 5 5 0 ° — 6 0 0 ° 1 m i n u t e .

* Ci Appendix IV. Beport of the Conservatoire des Arts et Metiers.
No. 13357, January 24th, 1919.
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TEST PIECES 0-5 mm. T H I C K . T Y P E 1A.

Tigs. 7, 8, and 9 summarise the results obtained.

STAGES OP ANNEALING.

Whatever the amount of work, the following stages can be
distinguished:—

(i) Region of cold work,
(ii) Region of softening,

(iii) Region of complete anneal,
(iv) Region of f alling-off of Elongation.

THIN SERIES
(Test pieces 2mm.thick)

100 5 0 0 6 0 0 ° C200 300 400
Temperature

FIG. 10.—Variation in Mechanical Properties on Annealing
after 50 % Cold Work.

(i) Region of Cold Work ; 0-150°.

W i t h i n t h i s r a n g e , t h e p r o p e r t i e s r e m a i n s i m i l a r t o t h o s e
w h i c h t h e m e t a l p o s s e s s e s i n t h e p a r t i c u l a r c o l d - w o r k e d s t a t e ,



32 ALUMINIUM AND ITS ALLOYS

as given in Fig, 4. The effect of temperatures up to 150° is
therefore insignificant.

(ii) Region of Softening ; 150-350°.
This is a transition stage, in which the aluminium becomes

softer, and gradually acquires the properties of completely
annealed metal .

THIN SERIES
(Test Pieces 2mm. thick)

100 200 300 400

Temperature
500

- • 1 1

• 1 0

F I G . 1 1 . — V a r i a t i o n i n M e c h a n i c a l P r o p e r t i e s o n A n n e a l i n g

a f t e r 1 0 0 % C o l d W o r k .

( i i i ) R e g i o n of Complete A n n e a l ; 3 5 0 - 4 5 0 ° .

T h i s i s t h e r e g i o n i n w h i c h t h e e x t e n t o f a n n e a l r e m a i n s

a p p r o x i m a t e l y c o n s t a n t ; t h a t i s t o s a y , i n w h i c h t h e p r o p e r t i e s

o f t h e m e t a l a r e a l m o s t t h e s a m e a f t e r a n n e a l i n g a t a n y t e m p e r a -

t u r e w i t h i n t h i s r a n g e .
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350° t o 450° is, therefore, the optimum annealing range of
tempera ture .

(iv) Region of Falling-off of Elongation ; 450-500°.
In t h i s region there is a decrease in the Elongation, without

any appreciable change in the Tensile Strength and Elastic
Limit.

I 8 Kg per
mm2

THIN SERIES
(Test Pieces 2mm.thick)

100 200 300 400 500 600°C
Temperature

F I G . 12.—Variation in Mechanical Properties on Annealing
after 300 % Cold Work.

N O T E S O N T H E R E S U L T S .

(i) T h e s o f t e n i n g i s t h e m o r e a b r u p t a s t h e o r i g i n a l c o l d
w o r k i n c r e a s e s .

(ii) T h e t e m p e r a t u r e of c o m p l e t e a n n e a l ( c h a r a c t e r i s e d b y
m a x i m u m e l o n g a t i o n ) b e c o m e s l o w e r a s t h e c o l d w o r k i n c r e a s e s .
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Amount of Original Cold Work
50 % .

100 %
300 %

Temperature of Maximum
Elongation

425°
400°
350°

(iii) The values of the properties in the completely annealed
state increase with the amount of original cold work, up to
300 %.

Amount of
Cold Work

50%
100 %
300 %

Tensile Strength

Kg./nam. *

10-8
11-0
11-2

Tons/in.2

6-SO
6-99
7-11

Elastic Limit

Kg. /mm

4-8
4-5
5-2

2 Tons/in.2

3-05
2-86
3-31

Elongation

340
37-5
40-0

This shows that , in the t reatment of aluminium, it is advisable
to employ extensive cold ivork, up to a maximum amount
varying between 200 % and 300 %, always provided that the
work is followed by an anneal adequate in duration and at
a suitable temperature.

Large amounts of cold work—
(i) lower the length of time necessary for complete anneal,

(ii) lower the temperature of complete anneal,
(iii) improve the properties.

TEST P I E C E S 2 mm. T H I C K . T Y P E I D .

Figs. 10,11, and 12 summarise the results. The same regions
are noticeable as in Figs. 7, 8, and 9, and lie, approximately,
within the same limits of temperature, and the same remarks
may be made as to the results obtained after varying cold work.

(b) Thick Series

EXPERIMENTAL DETAILS OF TESTS.

Tests were carried out on test pieces (Type No. I I , 10 mm.
thick) taken from sheets of t h a t thickness having been cold
worked to the extent of 100 and 300 %.

INVESTIGATION OF THE DURATION OP TIME NECESSARY FOR
COMPLETE ANNEAL AT VARIOUS TEMPERATURES.

As in the case of the th in test pieces, preliminary tests were
carried out with a view to determining the time required to
give the properties characterising each temperature.*

* Of. Appendix V. Report of the Conservatoire des Arts et Metiers.
No. 13463.
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The results are as follows :—

Bath
Oil .
Sodium nitrite .
Potassium nitrate

Temperature
100-125-150-175-200-225-250°
275-300-325-350-375-400-425-450°
475-500-525-550-575-600°

35

Duration of
Time

6 minutes.
4
2

Tigs. 13 and 14 summarise the variations in mechanical
properties for the thick series (sheets 10 mm. thick).

THICK SERIES

40

35

O 30

a
"00
c

25
UJ

20

10

0u
r

Kg
per
mm2

Elongation

Elastic

Limit

10

9

8

7

6£

5 Q.
tn

c

3

2

100 200 300 400
Temperature

500 600°C

F I G . 13.—Variat ion i n Mechanical Propert ies o n Annea l ing
after 100 % Cold Work.

F I G S . 1 3 ( 1 0 0 % C O L D W O R K ) A N D 1 4 ( 3 0 0 % C O L D W O R K ) .

A s i n t h e c a s e o f t h e t h i n s e r i e s , t h e s a m e r e g i o n s a r e n o t i c e -

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

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

o b t a i n e d a f t e r a s u b s e q u e n t a n n e a l .
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B. HABDNESS AND SHOCK RESISTANCE

I . Variation of the Brinell Hardness and Shock Resistance with
the amount of cold work, using test pieces taken from
sheets 10 mm. thick, and of the Shore scleroscope hardness,
with the amount of cold work, for sheets of the thin series.

HARDNESS T E S T S .

(a) Brinell Tests on thick sheets.
These were carried out under a load of 500 kg. and 1000 kg.

respectively, using a ball 10 mm. in diameter. The results are
shown in Fig. 15.

THICK SERIES
(Test Pieces 10mm. thick)

'O 1~5O200 300 460 500 600*0
Temperature

FIG, 14.—Variation in Mechanical Properties on Annealing
after 300 % Gold Work.]
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As is evident from a comparison of Fig. 15 and Fig. 5, the
curves of Tensile Strength and Elastic Limit plot ted against
cold work are of the same general form as the hardness curves

42

41

40

39

38

37

36

3

g34

3 3;

I31

| 30

29

28

27

26

25

24

23

22

21

THICK SERIES

Brine//

Shock
Resistanc

50 100 150 20O
Cold Work

250 300%

F I G . 1 5 . — V a r i a t i o n i n M e c h a n i c a l P r o p e r t i e s ( H a r d n e s s
a n d S h o c k ) w i t h Cold W o r k .

u n d e r 5 0 0 k g . a n d 1 0 0 0 k g . T h e s e h a r d n e s s c u r v e s u n d e r

5 0 0 a n d 1 0 0 0 k g . d e v i a t e v e r y l i t t l e f r o m e a c h o t h e r , a n d t h e

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

s p o n s i b l e , n e e d n o c o m m e n t .
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Annealed aluminium possesses a Brinell Hardness of 23
under 500 or 1000 kg., corresponding with a Tensile Strength
of approximately 10 kg. per sq. mm. (6-35 tons per sq. in.).
In the case of the thick series, the maximum hardness, as also
the maximum Tensile Strength, occurs at 200 % cold work.

(b) Shore Scleroscope Tests on thin sheets.

As ball tests are impossible on thin sheet, rebound tests
were made, using the Shore apparatus, on sheets of the thin
series, possessing respectively 50 %, 100 %, and 300 % cold
work.

The average scleroscope numbers of sheets 1 and 2 mm. thick
are as follows :—

Average scleroscope number
Test pieces 1 mm. thick 2 mm. thick

As annealed . . 4-5 5-5
5 0 % cold work . 16-0 11-5
100 % cold work . 24-0 14-0
300 % cold work . 28-0 16-0

The scleroscope numbers vary with the thickness, but,
whatever the thickness, the scleroscope number of completely
annealed metal varies between 4 and 6, providing, therefore,
a convenient means of verifying the extent of anneal.

SHOCK TESTS.

These were carried out on test bars, 5 5 x 10X10 mm., with
a Mesnager notch of 2 mm. depth, using a 30 kg. m. charpy
pendulum of the Conservatoire des Arts et Metiers.

The results are also shown in Fig. 15. If the Shock Resistance
curves (longitudinal and transverse) of Fig. 15 be compared
with the Elongation curves of Figs. 5 and 6, it will be seen tha t
they are of identical shape.

At 50 % cold work, the Shock Resistance reaches almost its
minimum value. In the annealed state, the Shock Resistance
varies between 8 and 8-5 kilogramme-metres per sq. cm.,
without any appreciable difference between test pieces cut
longitudinally or transversely. This difference, however,
becomes more marked as the cold work increases.

Minimum Shock Resistance, 300 % cold work (longitudinal)
5 kg. m. per sq. cm.

Minimum Shock Resistance, 300 % cold work (transverse)
3 kg. m. per sq. cm.
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I I . Variation of Brinell Hardness and Shock Resistance with

increasing annealing temperature after varying amounts

of cold work, using test pieces taken from sheets 1 0 mm,

thick.

F i g s . 1 6 a n d 1 7 , c o r r e s p o n d i n g w i t h 1 0 0 % a n d 3 0 0 % c o l d

w o r k r e s p e c t i v e l y , s u m m a r i s e t h e r e s u l t s .

THICK SERIES
(Test Pieces 10mm. thick)

37

100 200 300 400
Temperature

500 600°C

F I G . 1 6 . — V a r i a t i o n i n Mechan ica l P r o p e r t i e s ( H a r d n e s s a n d
Shock) o n A n n e a l i n g af te r 100 % Cold W o r k .

H A K D N E S S .

T h e h a r d n e s s c u r v e s u n d e r 1 0 0 0 k g . a n d 5 0 0 k g . a r e s h o w n

i n t h e figures. T h e s e c u r v e s d i v e r g e l i t t l e ; t h e y a r e p r a c t i c a l l y -

i d e n t i c a l i n t h e r e g i o n o f c o l d w o r k , a n d d i v e r g e c h i e f l y i n t h e

r e g i o n o f a n n e a l , w h e r e t h e h a r d n e s s u n d e r 1 0 0 0 k g . i s s l i g h t l y

g r e a t e r t h a n t h a t u n d e r 5 0 0 k g . T h e o b j e c t i n o b t a i n i n g
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these curves is not so much to compare the actual hardness
numbers under 500 and 1000 kg., as to gain some indication
of the trend of these values under two different loads. The
advantage of this is evident; for instance, in the case of high
temperature tests, where the determination of hardness under

40

39

38

37

36

35

34

S3

£ 3

| 31

| 3 0

I 2 8

27

26

25

24

23

22

21
201

1000 Kg

THICK SERIES
(Test Pieces 1 Omm. thick)

Shock
Resistance
Kg.m
per

Shock
Resistance

10

9

8

7

[6

5
4

100 500 600°C200 300 " 400
Temperature

FIG. 17.—Variation in Mechanical Properties (Hardness and
Shock) on Annealing after 300 % Cold Work.

1 0 0 0 k g . w o u l d n o t b e p o s s i b l e , t h e h a r d n e s s m u s t b e d e t e r m i n e d
u n d e r 5 0 0 k g . S i n c e w e h a v e a l l t h e n e c e s s a r y d a t a , w e m a y t h e n
e x t e n d o u r r e s u l t s , a n d m a k e s u c h d e d u c t i o n s a s a r e use fu l .

I t i s e v i d e n t f r o m F i g s . 1 6 a n d 17 t h a t t h e h a r d n e s s c u r v e s
e x h i b i t t h e s a m e r e g i o n s a s t h e c u r v e s f o r t h e T e n s i l e p r o p e r t i e s ,
a s n o t e d a b o v e .
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SHOCK RESISTANCE.

I t should be observed tha t in the cold-work region (0°-150° c.)
the Shock Resistance remains approximately constant, having
a value of about 4 kg. m. per sq. cm. for 300 % cold work.
I t rises gradually in the softening region, and in the completely
annealed zone it reaches 8 kg. m. per sq. cm. on annealing a t
400° c. after 100 and 300 % cold work. I t continues to increase
slowly up to 9 kg.m. per sq. cm. on annealing at 600° after 100 %
cold work, and even to 10 kg. m. per sq. cm. on annealing at this
temperature after 300 % cold work.

C. CtrpprsrG TESTS

Depth of Impression and Breaking Load

EXPERIMENTAL DETAILS.

Cupping tests were carried out on sheet metal by means of
the Persoz apparatus (Fig. 18) in the Chalais laboratory.

This apparatus consists, essentially, of a graduated rod
furnished a t one end with a plate and at the other with a ball
20 mm. in diameter. This ball rests on a circle 90 mm. in
diameter taken from the sheet to be tested and gripped between
two serrated annular rings of 50 mm. internal diameter.

B y subjecting the whole apparatus to a compressional stress
between the two plates of a testing machine, steadily increasing
pressures can be applied to the centre of the circle, through the
ball. This compression is continued right up to the point of
rupture of the dome which forms, in the sheet, under the
pressure of the ball.

The breaking load, and the depth of the impression made
in the sheet, a t the point of rupture, can thus be measured.
The apparatus permits the measurement of the depth of
impression with a maximum error of -02 to -03 mm.

I . Variation of Depth of Impression and Breaking Load with
the amount of Gold Work.

Figs. 19 and 20 summarise the results. The values depend
upon two variables :—

(i) The percentage of cold work,
(ii) The thickness of the sheets.

The degrees of cold work investigated were 0 % (annealed),
50 %, 100 %, and 300 %, and the sheets, on which tests were
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I

FIG. 18.—Persoz Apparatus for Cupping Tests.
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carr ied ou t , were t hose compr i s ing t h e t h i n series ; 0-5 m m . ,
1-0 m m . , 1-5 m m . , a n d 2-0 m m . in th i ckness respec t ive ly .

F ig . 19 shows for each th ickness t h e v a r i a t i o n of t h e D e p t h
of I m p r e s s i o n a n d B r e a k i n g L o a d w i t h cold work .

THIN SERIES

16

15-

14

13

12

E n
E
c 1 0

o
*« 9
tn

a. S
£

*o
X-MQ.
Q 5

1000
B r e a k i n g

L o a d
Load (2 mmj

Qepth\ X -̂̂ ^ /)ep^// o/ Impression
\ \l '0 m/nT's, "*• (o

Loadfl mm.)

lnad(0'5

50 100 150 200
Cold Work

250 300%

F I G . 19 .—Cupp ing T e s t s : V a r i a t i o n in ' B r e a k i n g L o a d a n d
D e p t h of I m p r e s s i o n w i t h Cold W o r k . T e s t p ieces of
th i ckness specified (2-0, 1-5, 1-0, a n d 0 - 5 m m . ) .

I t s h o w s c l e a r l y t h a t t h e v e r y s l i g h t i n c r e a s e i n t h e B r e a k i n g

L o a d d u e t o t h e c o l d w o r k i s o n l y o b t a i n e d a t t h e e x p e n s e o f

t h e D e p t h o f I m p r e s s i o n a t r u p t u r e .

W e m a y t h e r e f o r e d e d u c e t h e f o l l o w i n g g e n e r a l c o n c l u s i o n :
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T h e a b s o l u t e m i n i m u m c o l d w o r k s h o u l d b e s p e c i f i e d f o r s h e e t

a l u m i n i u m r e q u i r e d f o r p r e s s i n g o r o t h e r w o r k o f a s i m i l a r

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

s t a n d , i s c l e a r l y s u p e r i o r t o t h a t w h i c h s h e e t , w o r k e d e v e n

v e r y l i t t l e , c a n s u p p o r t .

1000 Kg. T H 1 N S E R I E S

Breaking

300%
WO % Cold
'50 % Work
0 %

0*5 10 1*5

Thickness of Sheet
2*0 mm.

F I G . 20 .—Cupping Tes t s : Variat ion i n Breaking Load and D e p t h of
Impress ion w i t h thickness , a t specified amounts of Cold Work
(0, 50, 100 a n d 300 % ) .

P i g . 2 0 , w h i c h i s d e r i v e d f r o m T i g . 1 9 , s h o w s t h e v a r i a t i o n o f

B r e a k i n g L o a d a n d D e p t h o f I m p r e s s i o n w i t h t h i c k n e s s i n t h e

c a s e o f t e s t p i e c e s h a v i n g b e e n s u b j e c t e d t o 0 % , 5 0 % , 1 0 0 % ,

a n d 3 0 0 % c o l d w o r k r e s p e c t i v e l y .

I t s h o w s t h a t a n i n c r e a s e o f t h i c k n e s s m u s t b e r e s o r t e d t o ,

i f a n i n c r e a s e d c u p p i n g v a l u e i s d e s i r e d .

C O N C L U S I O N . W h a t e v e r t h e t h i c k n e s s , a l l s h e e t d e s t i n e d f o r

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

i n c l u d e d i n s p e c i f i c a t i o n s .

I I . Variation of Depth of Impression and Breaking Load

with increasing annealing temperature, after varying amounts

of Gold Work.

I n v e s t i g a t i o n s w e r e m a d e o n t e s t p i e c e s o f t h e t h i n s e r i e s :

Type la ( 0 - 5 m m . ) a n d T y p e Id ( 2 - 0 m m . ) , t a k e n f r o m s h e e t c o l d



MECHANICAL PROPERTIES 45

worked to 50 %, 100 % and 300 %. Figs. 21, 22, and 23
summarise the results obtained on Type la (0-5 mm. thick).
They show t h a t the maximum values of the Depth of Impres-
sion and Breaking Load are reached in the region 375O-425O,
and these values remain approximately constant up to 600°.

THIN SERIES
(Test Pieces 0'5mm. thick) .

15

14

13

12

E 1 1

o

2
Q.

JC 6

fao

Breaking
Load

Kg

210

200 j

190

180

J
170 /

160 /

Uepth of

^*mJ0' Impression

/ Load

100 500 600°C200 300 400
Temperature

F I G . 21.—Chipping Tests : Variation in Breaking Load and Depth
of Impression on Annealing after 50 % Cold Work.

T h e y s h o w , f u r t h e r , t h a t t h e final r e s u l t s ( D e p t h of I m p r e s s i o n
a n d B r e a k i n g L o a d ) a r e h i g h e r a s t h e i n i t i a l c o l d w o r k i s
g r e a t e r .

T h e f o l l o w i n g t a b l e s u m m a r i s e s t h e r e s u l t s : —

Initial Cold Work
5 0 %

1 0 0 %
3 0 0 %

S H E E T S 0-5 m m . T H I C K

After Complete Anneal
Breaking Load Depth of Impre&sion

1 8 5 k g . 1 1 m m .
1 9 5 k g . 12 m m ,
2 0 0 k g . 12-5 m m .
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F i g s . 24:, 2 5 , a n d 2 6 g i v e t h e r e s u l t s for T y p e Id (2-0 m m .
t h i c k ) . T h e y s h o w t h a t for s h e e t 2-0 m m . t h i c k , a s i n t h e
c a s e of s h e e t 0-5 m m . t h i c k , t h e D e p t h of I m p r e s s i o n a n d
B r e a k i n g L o a d r e a c h t h e i r m a x i m u m v a l u e s i n a p p r o x i m a t e l y
t h e s a m e t e m p e r a t u r e r a n g e , b u t s l i g h t l y e x t e n d e d (3rJ5°-4:50o)y

THIN SERIES

14

13

12

o
*S5 9
0)

I8

a.
Q

Breaking
Load

Kg

200

190 ^S

180 V

170 > ^

160

150
0 100 200

Depth of
j f Impression

/
r v**^" Breaking

S Load

/

300 400 560 60
Temperature

FIG. 22.—Cupping Tests: Variation in Breaking Load and
Depth of Impression on Annealing after 100 % Cold Work.

a n d t h e s e v a l u e s r e m a i n a p p r o x i m a t e l y c o n s t a n t u p t o 6 0 0 ° .
T h e s a m e r e m a r k s a s b e f o r e a p p l y a s t o t h e r e l a t i o n b e t w e e n
t h e i n i t i a l c o l d w o r k a n d t h e final v a l u e s ( B r e a k i n g L o a d a n d
D e p t h of I m p r e s s i o n a t r u p t u r e ) . T h e f o l l o w i n g t a b l e m a y
t h e r e f o r e b e d r a w n u p : —

Initial Cold Work
5 0 %

1 0 0 %
3 0 0 %

S H E E T S 2-0 m m . T H I C K

After Complete Anneal
Breaking Load Depth of Impression

8 5 0 k g . 16 m m .
880 k g . 16-2 m m .
9 5 0 k g . 16-4 m m .
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D . F I N A L S U M M A R Y

I n t h i s c h a p t e r t h e f o l l o w i n g p r o p e r t i e s h a v e b e e n c o n -
s idered :—

(a) T e n s i l e p r o p e r t i e s .
(&) H a r d n e s s a n d S h o c k R e s i s t a n c e .
(c) C u p p i n g p r o p e r t i e s .

THIN SERIES
15 Breaking (Test Pieces O'Smm. thick)

14

13

12

Q

Load

Depth of

Impression

Breaking

Load

150,
100 200 300 400

Temperature
500 600°C

FIG. 23.—Cupping Tests : Variation in Breaking Load and
Depth of Impression on Annealing after 300 % Cold Work.

T h e w o r k h a s b e e n carr ied o u t f r o m a t w o f o l d s t a n d p o i n t —

(i) I n f l u e n c e of c o l d w o r k ,
(ii) I n f l u e n c e of a n n e a l i n g af ter c o l d w o r k ,

a n d w i t h o u t e n t e r i n g i n t o m i n u t e d e t a i l s , a l r e a d y g i v e n u n d e r
t h e i r r e s p e c t i v e h e a d i n g s , w e m a y d r a w t h e f o l l o w i n g c o n -
c l u s i o n s : —
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(i) COLD WORK.

This may be considered under two headings :—

(a) The intermediate cold-worked state during manu-
facture, whose effect is removed by a final anneal.

(b) The final cold-worked state of the manufactured
product.

THIN SERIES
(Test Pieces 2mm thick)

Depth of
Kg

15

14

13

12

I"
o 1 0

'55

I

I *

S

I
Q 5

1000
Breaking
Load

950

Impression

900

850

800

Breaking

Load

700

100 200 300 400
Temperature

500 600 C

F I G . 24 .—Cupping T e s t s : Variation in Breaking Load and
D e p t h of Impress ion on Annealing after 60 % Cold Work.

( a ) Intermediate Cold Work.

T h e u t i l i s a t i o n o f l a r g e a m o u n t s o f c o l d w o r k , 2 0 0 a n d 3 0 0 % ,

p o s s e s s e s c e r t a i n d e c i d e d a d v a n t a g e s . I t i n c r e a s e s g e n e r a l l y

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

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

i n d i s p e n s i n g w i t h u s e l e s s i n t e r m e d i a t e a n n e a l s .
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(b) Final Cold Work,

Cold work is far from advisable, particularly in aeronautical
work. I t hardly seems to constitute a stable state, and should
especially be avoided in material subjected to constant vibration.

We are therefore of the opinion tha t aluminium should be
used in the annealed condition, certainly as regards aero-
nautical work; the increased strength, which results from
cold work, as described in this chapter, should be attained
by other means, such as increase of thickness, or the employ-
ment of alloys.

THIN SERIES
(Test Pieces 2mm. thick)

16

15

14

13

12

£
E
c 10
o

'5>
</>
o
a. 8
Z. 7

o
-c 6
a.
<D el

Kg
1000
Breaking
Load

950

9 0 0

Depth of
Impression

Breaking

Load

850

800

750

700

100 200 300 400
Temperature

500 600°C

FIG. 25.—Cupping Tests : Variation in Depth of Impression
and Breaking Load on Annealing after 100 % Cold Work.

(ii) ANNEALING.
W e have pointed out the existence of regions of cold work,

softening, complete anneal, and of falling off of ductility.
Only one region, that of complete anneal, produces a techni-
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cally finished product.* This fixes an optimum mean annealing
temperature of 400°, and gives, in the metal, after a suitable
initial cold work (200 %-300 %) , the following properties :—

Elongation % = 4 0
Tensile Strength == 11 kg. per sq. mm. (6-98 tons per sq. in.).
Elastic Limit = 5 „ „ (3-17 „ „ ).
Shock Resistance=8-5 kg. m. per sq. cm.
Brinell Number = 2 3

THIN SERIES
(Test Pieces 2mm.

16

15

14

13

12

£
£
c 10
o
8 9
CD
| s

ê - 7
O

-C

a 5

Breaking
Load
Kg

Breaking

Load

900

850

800

750

700

100 200 300 400
Temperature

500 600°C

F I G . 2 6 . — C u p p i n g T e s t s : V a r i a t i o n i n D e p t h of I m p r e s s i o n
a n d B r e a k i n g L o a d o n Annea l ing after 300 % Cold W o r k .

* A n i n t e r m e d i a t e s t a t e , p r o d u c i n g i n a l u m i n i u m a Tensi le S t r e n g t h
h i g h e r t h a n t h a t possessed h y t h e annea led m e t a l , m a y b e s tud ied . As w e
h a v e seen, t h i s c a n n o t b e a c h i e v e d b y a s l ight cold work ing , wh ich depr ives
t h e m e t a l of a p o r t i o n of i t s E l o n g a t i o n , b u t on ly b y s u b m i t t i n g i t t o a n
a n n e a l in t h e sof ten ing r e g i o n — a n incomple te annea l . B u t t h e i m p r o v e m e n t
i n t h e Tens i le S t r e n g t h , a m o u n t i n g t o some t o n s pe r sq. in. , is o n l y rea l i sed
a t t h e e x p e n s e of t h e E l o n g a t i o n , a n d of t h e r egu la r i t y of t h e r e su l t s . T h e
g r e a t s lope of t h e c u r v e s for Tens i le S t r e n g t h , a n d E l o n g a t i o n % , i n t h i s
sof ten ing z o n e s h o w s t h a t a v e r y s l ight v a r i a t i o n of t e m p e r a t u r e h a s a n
e n o r m o u s inf luence o n t h e p r o p e r t i e s — h e n c e t h e i r regu la r i ty .
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E. CONTEMPORARY LITERATURE DEALING WITH THE SUBJECT
OF THE MECHANICAL PROPERTIES AFTER COLD W O R K
AND ANNEALING.

As regards the variation in mechanical properties with cold
work and annealing, aluminium has been subjected to very
detailed investigation by Robert Anderson,* who has published
the following articles :—

(1) Erichsen Tests on Sheet Aluminium ( " I ron Age,"
11th April, 1918, pp. 950 and 951).

(2) Annealing and Recrystallisation of Cold-Rolled Alu-
minium Sheet (" Metallurgical and Chemical Engineering,"
Vol. XVII I , No. 10, pp. 525-7, 15th May, 1918).

(3) Tests on Sheet Aluminium. Softening of Cold-Rolled
Sheet by heating for an extremely short time a t different
temperatures. Better Properties for Drawing. Effect of Over-
annealing ( " I ron Age," 18th July, 1918).

For the complete report we must refer the reader to the
original papers dealing with these most interesting investiga-
tions, of which we can only give an abridged summary. We
may say, at once, that , where comparison is possible, there is no
contradiction between Anderson's results and our own, as given
in this chapter. Certain experimental methods are different.

ANDERSON'S DEFINITION OF MAXIMUM SOFTENING OR ANNEAL.

The maximum softening is defined in terms of the Shore
scleroscope number. The metal may be regarded as completely
annealed when the scleroscope hardness is 4-5, this being the
maximum softness from the point of view of practical rolhng.
" Sheets having this degree of hardness," says Anderson, " are
as soft as is usual, though occasionally cases arise where
the scleroscope number falls to 3-5."

ANDERSON'S DEFINITION or COLD W O R K .

Anderson defines " cold work " or " percentage reduction
of area " by the formula :—

•D i x- * /o/ \ S(initial) — s(final) _nA

Reduction of area (%)=-*— ' \ ' x 100.
w S (initial)

This gives, for the same deformation, a lower percentage than
that calculated from our formula.

* Prior to the work of Anderson, a paper was published by Carpenter and
Taverner, " The effect of heat at various temperatures on the rate of softening
of cold-rolled aluminium sheet." " Journal of the Institute of Metals," 1917,
and " Engineering," Vol. CIV, 1917, No. 8, p. 312.
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I n his paper on "Anneal ing and Becrystallisation of Cold-
Rolled Aluminium Sheet," the author proposes particularly
to show t h e influence of the duration of an anneal at different
t empera tu res on the production of metal suitable for drawing
a n d pressing under the best conditions.

The percentage reduction of area is determined. The Shore
scleroscope number shows the hardness and hence the degree
of softness. The Erichsen machine* shows the suitability of
t h e me ta l for further work, not only by the depth of the dome,
b u t by t h e large or small appearance of the grains. The
anneals were carried out in a laboratory electric furnace, tem-
pera tures being measured to the nearest 5 ° C , and the times
being recorded.

P A P E R O P 1 5 T H M A Y , 1918 (" METALLURGICAL AND CHEMICAL

E N G I N E E R I N G " ) . I N F L U E N C E or TEMPERATURE AND

DURATION OF ANNEAL.
Anneal ing cold-rolled aluminium sheet of different thick-

nesses for twenty-four hours at 370° gave, for a Shore sclero-
scope number between 4 and 5, Erichsen domes showing gross
crystall isation, a n d metal little suitable for drawing.

Systemat ic tes ts were carried out on sheet of thickness and
percentage reduction of area given in the following table :—

No.
1
2
3
4
5
6
7
8
9

10

Thickness
mm. inches

2-58
2-05
1-70
1 32
109
0-79
0-68
0-54
0-40
0-30

•1087
-0841
-0650
-0512
-0401
•0321
•0275
•0220
•0169
•0128

% Reduction
of Area

54-85
63-30
71-60
77-60
82-60
86
88
90-50
92-70
94-50

Gaugef

10
12
14
16
18
20
22
24
26
28

M I N I M U M TEMPERATURE NECESSARY FOR OBTAINING A SCLERO-

SCOPE N U M B E R OF 4-5 .

At a temperature of 300°. I n the case of sheets 1 to 5 (inclusive),
60 minutes will hardly suffice to give a scleroscope number
of 4 - 5 . 30 minutes suffice for sheets 6 and 7, and 20
minutes for 8, 9, and 10.

* It should be noted that in the Erichsen machine, only the Depth of
Impression, and not the corresponding Breaking Load, is measured,

f Brown and Sharpe gauges.
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At 350°. 30 minutes are sufficient for sheet 1.
20 minutes are sufficient for sheets 2 and 3.
15 minutes are sufficient for sheets 4 to 10 (inclusive).

At 400°. 10 minutes are sufficient for all sheets.
At 600°. 10 minutes are sufficient for reaching a scleroscope

number very near the lower limit.

Anderson's experiments, in agreement with ours, show that
annealing has a more rapid effect, the greater the initial cold
work. They further show that , from the point of view of
working and of fineness of grain, it is necessary to investigate the
greatest depth of impression given after an anneal of the
shortest possible duration, and at the lowest possible tempera-
ture, consistent with a scleroscope hardness of 4-5 and a
smooth Erichsen dome. Anderson has thus established the
following curve (Fig. 27) which, for the conditions just stated,

1 O

Erichsen
Number

1 1

10
(Depth .of
lmpression)Q

(mm.) *
8
7

/

0-5 V0 1-5 2*0 2*5 mm.
Thickness

FIG. 27.—Variation in Depth of Impression with Thickness.
Annealed Aluminium Sheet.

gives the curve of indentation plotted against thickness for
annealed aluminium sheet. Fig. 28 gives the curve of indenta-
tion plotted against thickness for cold-rolled aluminium sheet.

RECRYSTALLISATION.

Anderson has carried out microscopic examinations of
differently worked samples annealed for 30 minutes a t 350°.

The samples having percentage reduction of area of 54-85,
63-30, and 71-60 respectively were not recrystallised. Re-
crystallisation occurred for higher percentages of deformation,
which shows, again, the effect of cold work on the result of
an anneal.
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Anderson's work shows tha t prolonged annealing is very
harmful, and also tha t not only must the temperature be
carefully selected, but also the minimum time required at this
temperature. We have determined this minimum time by
tests preliminary to the annealing experiments. The times
thus determined are different from those of Anderson, for they

11

Erichsen
Number

8
(Depth of
Impression) 7

(mm.)
6

O 5 1-0 1-5 2-0 2*5 mm.
Thickness

FIG. 28.—Variation in Depth of Impression with Thickness.
Cold-Rolled Aluminium Sheet.

refer to annealings in liquid baths (oil or salt), for which the
length of time is different from tha t required in electric or gas
furnaces.

P A P E R OF 1 8 T H J U L Y , 1918 (" I R O ^ AGE ") .

Returning to the question in this paper, Anderson discusses
the harmful effects of prolonged annealing—" over-annealing."

He points out, first of all, the inferior results, as regards the
grain size of the metal, of annealing aluminium sheet, 1-70 mm.
thick (-0650 in., No. 14 gauge) for 25 hours at 370°, and shows
the good results obtained by annealing metal of this thickness
for 2 hours a t 400°. The best results are obtained by very
short anneals (cf. Fig. 29, showing the effect of annealing for
different lengths of time at 430°)—considerations which, from
the industrial and commercial standpoint, are of value.

Further, two types of anneal may be distinguished :—
(i) Intermediate.

(ii) Final.
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Intermediate anneals can be carried out in t i e neighbourhood
of the upper limit of the region of complete anneal, 450° or even
500°, employing the shortest possible t ime consistent with the
softening of the metal. The employment of a temperature
Mgher than those indicated, necessitates an extremely short

12
Erichsen
Number

1 V
( D e p t h

of
Impression

mm.)
10

10 15 20- 25 30 35 40 45 50 55 60 65

Time (minutes)

FIG. 29.

annea l ; a sl ight v a r i a t i o n , therefore , in t h e l e n g t h of t i m e ,
difficult t o aToid in works p rac t i ce , m a y lead t o la rge i r regu-
lar i t ies .

F i n a l anneals , which m u s t "be ca r r i ed ou t v e r y precisely, in
order to oh ta in r egu la r i ty In t h e finished p r o d u c t , a r e c o n d u c t e d
a t t h e t e m p e r a t u r e specified above (i.e. 375°-425°) for t h e
m i n i m u m leng th of t ime possible, w h i c h is eas i ly d e t e r m i n e d
for t h e par t i cu la r t e m p e r a t u r e employed .



CHAPTER IV

MICROGRAPHY OF ALUMINIUM

T H E micrography of pure aluminium presents special diffi-
culties, not generally met with in the case of its alloys. The
numerous set-backs experienced in this method of examination
have hindered its standardisation.

The difficulties lie as much in the technique of polishing as
in tha t of etching.

POLISHING.

The difficulty in polishing is due chiefly to the softness of
the metal, which tends to flow or to become hardened under
the pressure employed ; this pressure must, therefore, be very
slight—a matter of practice and touch.

The particles and dust of the emery paper become embedded
in the pores of the metal. R. J . Anderson pointed out this
difficulty and recommended the following method of over-
coming it, based upon tha t of Gwyer :—

" T h e surface is levelled off with a fine file, followed by
dry, coarse emery paper, and then by No. 0. The operation
is continued, using papers No. 00, 000 and 0000, covered by
a thin layer of paraffin wax. This paraffin film prevents the
entrance of the fine emery particles into the metal, and gives
a very satisfactory polish. Melted paraffin is poured on the
surface, and smothered with a flat, warmed file. The papers
are secured to wooden boards or to a polishing disc. The last
scratches, caused by the 0000 paper, are removed by polishing
on cloth with fine Tripoli and water. The darkening of the
surface caused by the Tripoli is removed by polishing on a
fine cloth with a non-alkaline metal polish."

ETCHING.

Both potash and soda (KOH, NaOH) have been used as
etching reagent, the black deposit which forms being removed
by immersion in a dilute solution of chromic acid, as recom-
mended by Archbutt.

The best results have been obtained using hydrofluoric



PLATE I.

PHOTOGRAPH 1.
ALUMINIUM INGOT. CHILL CAST.

X40.
(Robert J. Anderson.)

PHOTOGRAPH 2.
ALUMINIUM INGOT. SAND CAST.

X 50.
(Robert J. Anderson.)

PHOTOGRAPH 3.
ALUMINIUM. COLD WORKED (50 %)

XlOO.

I°HOTOGRAPH 4.
ALUMINIUM. COLD WORKED (100 %).

XlOO.
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