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IV PREFACE

and by the chapter on aluminum in volume 5 of Mellor’s treatise on
inorganic chemistry (2i). Each of these deals with the subject from

a somewhat different point of view than does this circular. These
books will be found of value in a study of the subject, and they should

be available to every student of the subject.

Matters fully dealt with in these books have therefore been given

more brief reference than would otherwise have been required. The
scope of the subject has become so great that it is not possible to go

into detail on all phases. The effort has been to give briefly the most
important and fundamental properties of the metal and its alloys

and to make clear through the bibliography and the references to it

the sources of more detailed information. Since the bibliography has

been classified the sections of it pertinent to the particular phase being

looked up should be consulted, since reference can not be made in the

text to all or even the most important publications dealing with it.

Extensive bibliographies are given by Anderson and by Mellor.

Much of the most valuable recent information on aluminum alloys

has resulted from systematic research by the McCook Field Station

of the United States Army Air Corps, by the Naval Aircraft Factory,

by the United States Bureau of Mines, by the research staff of the

Aluminum Co. of America, and by the National Physical Laboratory,

of England, as well as by individual investigators in this and other

countries, all reported in periodical technical literature. Such data,

together with that collected in the previous edition of this circular, as

well as the published and unpublished investigations of the Bureau of

Standards itself, form the basis for this compilation.

The first edition was compiled by P. D. Merica, with the collabora-

tion of many others of the bureau staff. This edition has been com-
piled by Miss M. G. Lorentz, with the aid of many others in the

bureau, each of whom has aided in the phases upon which his experi-

ence best fitted him to pass. 2 Most of the sections have been read by
members of the technical staff of the Aluminum Co. of America,3 and

that on duralumin by representatives of the Baush Machine Tool

Co. as well. The section on magnesium has been read by the technical

staff of the American Magnesium Corporation 3 and by that of the

Dow Chemical Co. Many useful suggestions have been received from

these readers, to whom grateful acknowledgment is made
The section on silicon and beryllium has been read by representa-

tives of the Carborundum Co., the Electro-Metallurgical Corpora-

tion, and the Beryllium Corporation of America.

2 Among those who have thus aided materially are W. Blum, H. C. Dickinson, J. R. Freeman, jr,, H. J.

French, H. W. Gillett, G. E. F. Lundell, W. F. Meggers, S. N. Petrenko, P. Hidnert, G. W. Quick, H. S.

Rawdon, J. A. Scherrer, F. Sillers, jr., H. N. Solakian, W. Souder, M. R. Thompson, L. B. Tuckerman,

H. C. Vacher, G. W. Vinal, M. Van Dusen, and F. Wenner.
3 Especial thanks are due for much information and for constructive criticism from J. D. Edwards, of

the Aluminum Co. of America; S. K. Colby, of the American Magnesium Corporation; R. W. Daniels, of

the Baush Machine Tool Co.; and J. A. Gann, of the Dow Chemical Co.
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ABSTRACT

The physical and mechanical properties of aluminum and magnesium and of

their light alloys, and the variation in properties caused by changing the com-
position of the alloy, by the presence of impurities, by mechanical working, by
changes in conditions of manufacturing operations, and by heat treatment are

given. The selection of the data available has been made and the data have
been checked by representatives of the light-alloy industries in order to present

reliable data. Equilibrium diagrams for the important alloy systems are given.

The metallography, corrosion resistance, and methods of protection against

corrosion, the theory of heat treatment, and the application of the alloys to in-

dustry are discussed. A selected and classified bibliography is appended.
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A. ALUMINUM
L COMMERCIAL ALUMINUM

1. SOURCES, METALLURGY

Although the element aluminum constitutes approximately 8 per

cent of the earth’s crust, mainly in the form of clay, feldspar, and
other double or complex silicates, it is from a less common but rather

widespread ore that commercial aluminum is manufactured. This ore

is bauxite, which is a hydrated oxide of aluminum with minor amounts
of iron oxide, silica, and titanium oxide. It takes its name from the

town of Baux, France, where it is found. Commercial deposits are

located in France, Dalmatia, Istria, Yugoslavia, India, British

Guiana, Surinam, and in the States of Arkansas, Georgia, Ala-

bama, and Tennessee, to name only a few of its places of occurrence.

Cryolite (Na3AlF6 ) is a relatively rare mineral used in the manu-
facture of aluminum

;
the only commercial deposit is found at Ivigtut,

Greenland. A considerable amount of the cryolite used in the manu-
facture of aluminum is made artificially.

The distribution of the ores is discussed by Spurr (2b).2

The first preparation of metallic aluminum by reduction of alum-

inum chloride with potassium amalgam was described by Oersted in

1825 (4b). Wohler reduced aluminum chloride with potassium in

1827. Thus, the metal has been isolated for over a century, though

it was merely a laboratory curiosity for the first 25 or 30 years.

Production by reduction with sodium, the Deville method, was
taken up, and by 1855 bars of the metal were available in such size

that the physical properties could be studied.

The sodium-reduction method was expensive and the product

likely to be contaminated with sodium. Not until Hall and Heroult

invented the present electrolytic method of manufacture, about

1886, did the commercial possibilities for the use of aluminum become
apparent.

The present-day metallurgy of aluminum is based on the experi-

ence of the last 40 years, in which period a huge industry has been

developed and the metal has been applied to a myriad of engineering

and household uses.

The manufacture of metallic aluminum consists properly of two
operations: (a) The preparation of pure raw materials, aluminum
oxide (A1203 ) and cryolite (Na3AlF6 ), and (b) the electrolysis of the

aluminum oxide dissolved in a fused mixture of cryolite, with or

without other fluoride compounds.

2 The figures given in parentheses here and throughout the text relate to the reference numbers in the

bibliography given at the end of this paper.

7
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Bauxite as mined contains from 1 to 30 per cent of both iron oxide

(Fe203 ) and silica, from which it must be freed before its addition to

the electrolytic bath, since otherwise these metals would pass into

the cathode metal in large quantities, being more readily separated

from their oxides than aluminum. Two processes for doing this are

in use. The older process, due to Le Chatelier and Morin, commonly
known as the Deville process, consisted in roasting the powdered
bauxite with soda, whereby sodium aluminate (NaA102 ), silica

(Si02 ), and iron oxide (Fe203 ) are formed. The sodium aluminate is

then dissolved in water, leaving undissolved iron oxide and silica.

From this solution aluminum hydroxide (Al(OH) 3 ) is obtained by
passing carbon dioxide (C02 ) through it, by which aluminum hydrate
is precipitated, forming soda (Na2C'03 ) anew. The aluminum hydrate

is calcined to oxide. The Bayer method produces the sodium alumi-

nate by treatment of bauxite with sodium hydroxide solution under
pressure (five atmospheres of steam pressure). From this solution

the greater part of the aluminum hydrate is precipitated by stirring

with pure aluminum hydrate.

The natural cryolite is generally used in this country, but some
artificial salt is produced, particular^ abroad.

The electrolysis is carried out in carbon-lined pots, say, 3 by 4 by
7 feet long, using a bath of oxide and cryolite (with or without

other fluoride additions, such as aluminum fluoride, fluorspar, etc.)

containing not more than 20 per cent of oxide. The carbon lining

serves as the cathode and carbon blocks as anodes.

Since 0.75 to 1 pound of anode carbon is consumed in the produc-

tion of 1 pound of aluminum, the manufacture of the anodes is an
important part of the process. In order to secure sufficiently pure
metal the anodes must be of very pure carbon—petroleum coke, for

example. Since such metallic oxides as those of iron and silicon are

reduced in the electrolysis more readily than is aluminum oxide,

their presence in any but very small amounts must be rigorously

avoided both in the anodes and in the aluminum oxide. The puri-

fication of the ore and the need for pure carbon account for a con-

siderable proportion of the total cost of production.

Molten aluminum has a lower specific gravity than the solid metal,

and the specific gravity of the molten bath is scarcely 10 per cent

less than that of the molten metal. The composition of the bath
has to be chosen and kept adjusted so that the deposited metal will

sink to the bottom of the bath. The concentration of A1203 in the

bath must not be allowed to drop below that at which the “anode
effect,” the formation of a gas film about the anode, appears. The
first sign of the anode effect (shown by an increase in the voltage of

the cell) is a signal for the stirring into the bath of more A1203 which
has been resting on the surface crust of the bath to be preheated.
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The electrolysis is usually carried out at a temperature of from
900 to 1,000° C., using a current density of about 700 amperes per

square foot and a bath potential of 6 to 8.5 volts. The heating is

accomplished by this current, the theoretical decomposition voltage

being about 2.1 volts (2c). Approximately 12.5 kilowatt-hours are

required for the production of 1 pound of metal.

As the electrolysis proceeds aluminum oxide is added to replace

that decomposed by the electrolysis. The molten aluminum is

tapped from the reduction pots every one to four days into small ladles

and from this into a large ladle. From this mixing ladle it is poured

into ingot molds, furnishing commercial aluminum, which is usually

remelted with other lots for further mixing.

The details of the electrolytic method of production as to purifica-

tion processes, size of reduction pots, bath composition, etc., Vary

considerably in different plants and are less fully described in the

literature than is the case in regard to the smelting of any other

metal of major importance. A general but not detailed picture of

commercial practice may be gained from references (2c) and (4a).

While much has been said about making aluminum from clay,

bauxite continues to be used as the only ore. Lower-grade bauxites

are continually being used, but when the cost of purification plus

freight on near-by lower-grade ore exceeds those costs upon a more
remotely located higher-grade ore a plant controlling sources of both

grades of ore will naturally use the latter. Various processes for

production of pure alumina suitable for reduction to metal as a by-

product in production of other materials, such as fixed nitrogen through

the aluminum-nitride process, have been suggested or tried, but none

seems to be on a commercial basis.

Purification of aluminum oxide by other means than in the wet
way, through sodium aluminate, is still in the development stage.

The A1203 must be in such a condition that it is readily soluble in the

cryolite bath. The only variation in the usual procedure receiving

much publicity at present appears to be the Haglund process (4c),

involving electrothermal purification of bauxite to produce a rela-

tively pure mixture of aluminum oxide and sulphide, which is said

to be undergoing commercial trial by the German Government (96g).

Those who were mainly instrumental in developing the present

type of electrochemical reduction process for aluminum were Hall

(1886), Heroult (1886), Kiliani (1889), and Hoopes (1900) (4e).

2. COMMERCIAL GRADES, SPECIFICATIONS

In this country three commercial grades of aluminum are pro-

duced: (u) Grade A, containing 99 per cent or more aluminum, and
(b) grade B, containing from 98 to 99 per cent aluminum, the third

grade containing 94 to 98 per cent aluminum. The first grade is

largely used for wrought aluminum ware and for the preparation of
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light alloys for rolling and castings. The second grade is used in the

steel industry, and sometimes for casting alloys, and the third grade

is used entirely in the steel industry.

Within grade A the purest metal is generally reserved for manu-
facture of electrical conductors on account of its lower electrical

resistivity. “Conductor grade” is therefore the purest metal now
available in large quantity, being exceeded in purity only by the

special electrically refined grade.

Metal next lower in purity is employed for uses involving

severe deformation, as in “ deep-drawn’ J stamped products and
much wrought aluminum ware. For some cases where extreme

deformation is required, as in collapsible tubes for ointments and
creams, for example, the desired deformation can be obtained only

in the special refined grade. The least pure of the grade A metal

finds use in castings, but unless the metal has been specially selected

it is rare that metal much above 99.4 per cent aluminum is avail-

able for casting purposes.

The impurities in commercial aluminum are chiefly iron and sili-

con, although minor amounts of copper are sometimes found. In

the A grade the aluminum content will normally average about 99.2

per cent, with silicon varying from 0.15 to 0.40 per cent and iron

varying from 0.25 to 0.70 per cent. The iron content is usually

greater than the silicon content. Copper will vary from a trace only

to over 0.05 per cent. Sodium is in recent years found only in traces

if present at all. The B grade is characterized by the presence of

more iron and a somewhat greater silicon content.

In commercial operation the metal is graded only on the basis of

the minimum aluminum content, no guaranty being given on the

maximum percentages of individual impurities in any of the commer-
cial grades.

Aluminum containing 99.983 per cent aluminum (by difference)

with 0.005 Si, 0.005 Fe, 0.007 Cu has been made by the Aluminum
Co. of America by the special refining process described under the

heading “ Electrolytically refined aluminum.” Metal made by this

process is commercially available in several grades with a purity of

99.8 per cent aluminum and higher.

Aluminum comes on the market in several forms:

Ingotsjor remelting .—Either “waffle” ingots, consisting of series of

square plaques 3 by 3 by % inches, connected by a thin web, or

notched-bar ingots about 14 inches long by 134 inches wide as well as

a variety of other sizes and shapes.

Bolling ingots of different sizes.—3^> by 12 by 24 inches; 3 by 12 by
32 inches; 2 by 12 by 20 inches; 1% by 12 by 18 inches.

Bolling slabs .—Ingots broken down to about % inch in thickness.

In Table 1 are given the compositions of aluminum ingots for

.remelting as given by specifications from various sources.
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Table 1.—Specifications for aluminum ingot for remelting

Specification Designation Grade

Alumi-
num
(mini-
mum)

Copper
(maxi-
mum)

Si plus Fe
(maximum)

Mn,
Cu, and
other
impur-
ities

Cu and
Zn

Mn, Mg, Zn,
Cd, etc.

Total
impur-
ities

(maxi-
mum)

p q n i 104.

{ a

r 99.5

Per cent
99.0

Per cent Per cent
0.80

Per cent
0. 25

Per cent Per cent Per cent

T . O. X>. 4 107 ...
98.0 1. 50 .50

99.5 0. 10 Allowable. Not admis-

A. S. T, M, 2 __ B24-26T
\ 99.0 99.0 .25 ...do

sible.

do
0.5
1.0

l 98 98.0 .45 . do. do 2.0

AATTfl q Virgin alumi-
num. 4

199. 5 99.5 0.5 0.05UJNlijr a

-<99 99 1.0 . 10
(98-99 98-99 2.0 .10

ONORM,
M3426.

199 99
Remelted 4___m 98

197 97

1 F. S. B.=Federal Specifications Board, Bureau of Standards, Washington, D. C.
2 A. S. T. M.=American Society for Testing Materials, 1315 Spruce Street, Philadelphia, Pa.
3 ONIG=6sterreichischer Normenausschussfiir Industrie und Gewerbe, Wien 111, Lothringerstrasse 12.

t.Specific gravity, 2.7.

ONORM=Austrian standard.

3. ELECTROLYTICALLY REFINED ALUMINUM

In the previous edition of this circular the purest samples of

aluminum mentioned as obtained up to 1919 were one of 99.66 per

cent described by Richards and Thomson in 1897, and one of 99.67

per cent used by Northrup in 1917. The Bureau of Standards

standard melting point sample prepared in 1923 has a purity of

99.66 per cent. Only rarely had metal of 99.7 per cent been produced

up to that time. The most carefully selected metal used for

scientific investigations of the properties of the metal and its alloys

has in the past seldom been better than 99.6 per cent, and much
such work has been done with 99.4 to 99.5 per cent metal as the best

available to the particular worker at the time the work was done.

Since 1924, however, aluminum refined by the Hoopes process has

been prepared as pure as 99.983 per cent. Substantial quantities

have been produced with a purity above 99.95 per cent, with a still

larger amount running over 99.9 per cent.

This great advance in purity has been obtained by subjecting to a

second electrolysis aluminum that has first been prepared by the

usual method and has been alloyed with copper to raise the specific

gravity. This heavy alloy lies molten at the bottom of a cell and

forms the anode layer from which aluminum is to be dissolved into

the electrolyte and redeposited. The second layer is the electrolyte,

a molten cryolite, aluminum fluoride, barium fluoride mixture.

The top layer, the cathode, consists of purified aluminum. All three

layers are molten and are kept separated by gravity.
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When impurities, such as iron, silicon, and copper, are dissolved

in the cryolite bath in the usual or primary electrolysis of A1 203 with

an insoluble anode, they tend to be deposited at the cathode before

the aluminum. When the impurities are in the anode, however,

they are the last to dissolve in the electrolyte. Thus, practically

aluminum alone, with only minor traces of impurities, goes into the

electrolyte for deposition at the cathode.

The process was described by Frary (4e) in 1925, and at the same
time Edwards (33b) reported on some of the properties of the pure

metal. The ductility of the pure material is much above that of the

purest unrefined metal, the tensile strength lower, the electrical

conductivity higher, the resistance to atmospheric corrosion and to

attack by some chemicals higher, and, in general, all its properties

vary from those of the purest material formerly available in the

direction that would be expected. Hence an entirely new set of

physical constants for the purest obtainable aluminum, in so far as

those constants have been determined, is available for inclusion in

this revision of this circular.

Similar revision of the properties of the alloys of aluminum will

ultimately be available when scientific study of the various binary,

ternary, and more complex systems has been made. Such studies

are under way, and since most scientists will use the purest materials

for study of aluminum alloys the properties of the alloys made with

refined aluminum will in time be put on record.

One case of a notable increase in properties through the use of

very pure aluminum has already been recorded. Archer and Jeffries

(35a) have obtained a tensile strength of 50,000 lbs./in.
2 with an elonga-

tion of 10 per cent, and in some cases even better figures on heat-

treated sand-cast aluminum-copper alloys made from high-purity

aluminum, while alloys of similar composition and treatment made
from commercial aluminum show 31,000 lbs. /in.

2 and 8 per cent.

Even these latter figures are decidedly in advance of those shown
by unheat-treated alloys of similar composition, in which 20,000

lbs. /in.
2 and 2 per cent elongation would be considered satisfactory

figures.

However, while it is probable that in other cases alloys with new or

markedly improved properties may be developed, it is unlikely that

the difference in properties between the old and the new alloys will,

in general, be as marked as in this case or between the old and the

new metal itself. Alloying aluminum with another metal generally

produces a harder alloy, and for most purposes this increased hard-

ness and the increase in other properties that accompanies it, are
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what is desired. Since the hardening produced by the amounts of

alloying elements normally used in the alloys is far greater than that

produced by the 0.3 to 0.5 per cent of iron, silicon, and copper found
as impurities in the best commercial unrefined aluminum, it is not to

be expected that any very great difference would be found in the prop-

erties of most alloys of commercial compositions, whether 99.5 or

99.9 per cent aluminum were used in their preparation. An increase

of 0.5 per cent in the amount of intentionally added alloying element

would very often bring to the alloy made with 99.9 per cent aluminum
properties quite similar to those made from 99.5 per cent aluminum.

A much better understanding of the effect of iron and silicon as im-

purities in alloys with other metals will be obtainable when the

alloys may be made up free from iron and silicon, and with this better

theoretical understanding commercial advances will be made that

will be well worth having. Alloys that are now considered as binary,

being made up of commercial aluminum, with a little iron and silicon,

plus an intentional alloying element, will come to be considered as

quaternary. But from the engineering and commercial point of

view greater advances are in sight in. respect to the unalloyed metal

for such uses as electrical conductors and for deep-drawing and form-

ing under extreme distortion than in the alloy field as a whole.

Thus, while for a great many present uses of pure aluminum and for

those new ones which will appear as a result of acquaintance with the

properties of the refined metal, considerable commercial changes w’ ]
l

be wrought when refined metal is available in any quantity desired,

the probable lack of material differences in the properties of most

common alloys of aluminum and the extra cost of the metal due to the

added refining process do not presage many immediate commercial

changes in the alloy field.

The data given herein for the properties of alloys made from com-

mercial, unrefined metal may therefore be expected to be applicable

for most commercial purposes for some time to come.

Since the refining process uses a copper aluminum alloy as anode,

there is a possibility that the old Cowles process for the reduction of

A1203 with carbon by the electrothermal method in the presence of

copper to form an aluminum copper alloy might to some extent serve

as a primary smelting process instead of the present electrolytic

method. Since the Cowles process is adapted only to alloys rather

rich in copper, such a method could hardly be relied upon to produce

direct an alloy suitable for refining without addition of more aluminum
made by the electrolytic method,

51409°—27—

2
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Von Goler and Sachs (33a) have compared aluminum of 99.93 per

cent purity (American electrolytically refined) with commercial

aluminum of 99.09 and of 98.70 per cent purity. The 99.09 per cent

grade contained about 0.5 per cent Si and 0.4 per cent Fe with traces

of Cu and Zn while the 98.70 per cent grade contained, besides Fe
and Si, about 0.25 per cent Cu and 0.10 per cent Zn. Sheet cold-

rolled from 5 to 1 mm (96 per cent reduction) was annealed for one-

half hour at various temperatures. Complete annealing was obtained

in all specimens at about 250° C. Grain growth and consequent

decrease of elongation in the tensile test was much more marked at

temperatures above 375° C. in the purest material than in the impure

ones. X-ray studies by the pinhole method helped to establish the

facts as to grain growth.

On the basis of a very small increase in tensile strength of the 99.93

per cent material on quenching after heating at 500°, over that of

the fully annealed material, Von Goler and Sachs conclude that the

0.010 per cent Si and 0.024 per cent Fe present are not in stable solid

solution at room temperature.

4. PRODUCTION, PRICE

Table 2 gives a general idea of the world’s production and con-

sumption of aluminum. Both production and consumption have
increased within the past 20 years at a remarkable rate. The United

States leads the world in production.

Table 3 gives the average yearly prices for ingot aluminum from

the beginning of its manufacture on a commercial scale, and Table 4,

the value of domestic production, imports, and exports from 1913 to

1925, inclusive.
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Table 2.—World’s production of aluminum (in metric tons) 1

Year Austria Canada France Ger-
many

Great
Britain

Italy Norway Switzer-
land

United
States

2

Total

1902 1,500 3 2,700 650 3, 650
1903 1,800 3 2,700 760

1904 1,900 3 3,300 760

1905 3, 300 3 3, 300 1, 100

1906 4,400 3 3, 850 1, 100

1907 6,600 3 4, 400 1, 980

1908 6,600 3 4,400 2, 200 660

1909 6,600 3 5,500 3, 100 880 660 14,550
1910 10,500 3 8,800 5,600 880 990 17,750
1911 11, 000 3 8,800 5,500 880 990 19,850

1912 14, 300 3 13, 20C 8,300 880 1, 650 19, 850
1913 4 5,000 5,916 8 13, 503 800 10, 000 8 874 2, 500 10, 000 29,500 78, 093
1914 4,000 6,820 8 9, 967 800 8, 000 8 937 2,500 10,000 40, 600 82, 924
1915 2,500 8,490 8

6, 020 2. 000 6,000 8 904 3, 500 12, 500 45,000 86, 914
1916 5,000 8,800 8 9, 604 8,000 4,000 8

1, 126 6,000 15,000 63, 000 120, 233

1917 5,000 11,800 8 11, 066 15,000 6,000 8 1, 740 8,000 15, 000 90,700 164,306
1918. 8, 000 15,000 8 12, 023 25,000 14,000 8

1, 715 7,500 15, 000 102, 000 200, 328
1919 5.000 15, 000 8 10, 255 15,000 10,000 8

1, 673 4,000 15,000 90, 000 165, 929
1920 2,000 10,000 8 12, 304 10,000 8, 000 8 1, 238 5,000 12, 000 90, 000 150,542
1921 2,000 6,000 8 8, 380 10,000 5,000 8 744 4,000 10, 000 28, 750 74, 874

1922 4,000 9,000 8
7, 494 12, 000 9,500 *810 6,000 12, 000 52,000 112, 804

1923 4,000 16,500 8 14, 343 15, 900 9,000 8
1, 473 8 13, 319 12, 000 95, 000 181, 535

1924 3, 000 16,000 18,500 18, 400 7, 000 8 2, 058 8 19, 948 19,000 85,000 188, 006
1925. 4,000 17,000 20,500 25, 000 9, 000 *1, 830 23, 000 20, 000 93, 000 213, 330
Capacity... 10, 000 6 20, 000 33,000 40,000 15,000 8,000 30,000 30, 000 125, 000 311, 0CM3

1 All of these values except those marked b s, s, are taken from an assembly of statistics by Krause (21)

which he states are in many cases only estimates, and are from reports of the Metallhandelgesellschaft
Frankfurt A. M., and from reports appearing in Zeit. f. Elektrochemie. Further import and export sta-
tistics are given there also.

2 From Geological Survey data (2k) (4h).
3 Including Austria and Switzerland.
4 1913-1923 estimated figures taken from (3e).
8 Official figures.
6 According to McBride (4a), the estimated world production of primary aluminum was 150,000 tons in

1925 and the present construction in the new Canadian plant of the Aluminum Co. of Canada (affiliated

with the Aluminum Co. of America) will add capacity for production of perhaps 25,000 tons, while projected
future construction, to utilize the full power that will be available, would increase this to 300,000 tons at
this one plant.

Table 3.—Price of aluminum 1

1852.

1854.

1855.

1856.

1857.

Year Price per
pound

$545. 00
272. 20
113. 30
34. 00
27. 20

1857-1886.

1886
1888

1890
1891

11. 33
7. 94
5.39
2. 43
.87

1892.

1893.

1894.

1895.

1896.

.566

.453

.34

.295

Year
Price per
pound Year Price per

pound

1897 $0,283
.249

1912 $0. 198

1898... 1913. 2 .236
1899 .249 1914. 2

. 186

1900. .227 1915 2 .340

1901 .227 1916 3.607

1902 .269 1917 2 .516

1903 .269 1918. 3.334

1904.. .269 1919 3.333

1905... .396 1920 3.360

1906 .396 1921 3.212

1907 .412 1922... 4 .20

1908 .187 1923.. 3.258

1909 . 156 1924.. 3.275

1910. .. . 164 1925. 8 . 28

1911. .131 1926.. 3.275

1 Figures from 1852 to 1912, inclusive, refer to general market price (Krause 21).
2 From Eng. and Min. J. (4i). These apply to the United States only.
3 From Chem. and Met.
4 From Geological Survey. Figures for 1913 to 1926 apply to the United States only.
8 Bureau of Mines.
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Table 4.—Value of aluminum 'produced and consumed in the United States

,

1913 to 1925, inclusive, in $1,000, to the nearest $1,000

Year

Domestic production

Imports 2 Exports 3

Apparent
consump-

tionPrimary
metal

Secondary
metal 1

1913- $9, 450 $2, 199 $3,846 $966 $14, 529
1914. 10, 080 1, 673 2,801 1, 547 13,008
1915 16,280 5,802 1,808 3,682 20,208
1916 33,900 23, 430 1, 786 15,417 43,699
1917 45,882 (

4
) 57 14,586 3 31, 352

1918 41, 159 10, 114 555 10,869 40,958
1919. 38, 558 12, 015 4,569 3, 890 51,310
1920 41.375 9, 489 13, 077 5,631 58, 310
1921 10,906 3, 775 8,890 3, 109 20,462

1922. 13, 622 6,086 9,695 2,836 26, 567
1923 __ 28, 305 10, 825 8, 743 3, 572
1924 37, 607 14, 596 7, 145 4, 172
1925- 36,430 6 24, 816 10, 107 6,057

1 Value based on average open-market price, as quoted by Eng. and Min. J. for 1913 to 1917, and by Am.
Metal Market for 1917 to 1922.

2 Imports for consumption, figures for 1913 to 1917 from Department of Commerce reports. All figures
include aluminum in crude form, leaf, sheets, plates, bars, strips, wire, rods, and all manufactures of; table,
kitchen, and hospital ware.

2 Exports 1913 to 1917 from Department of Commerce reports. Include ingots, metal and alloy, plates
and sheets, and all manufactures of (1918 to 1922).

* No statistics available.
5 This includes primary metal alone in 1917.
6 The seemingly large increases in the recovery of secondary aluminum are attributed to the fact that statis-

tics are more complete in recent years, and because the use of aluminum and its alloys for castings has
expanded in recent years, the reuse in this field being more rapid than with respect to the use of aluminum
for all other purposes. Imports contribute in equal proportion with material of domestic origin. Anderson
(5b) states that the production of secondary metal now amounts to 29 per cent of the total aluminum supply
in the United States.

Note.—Taken from Mineral Resources of the United States, 1917, 1922, and 1925.

5. APPLICATIONS OF ALUMINUM

The story of the uses and applications of aluminum is a long one.

As might be expected, it has made a place for itself everywhere where

lightness, malleability, high electrical conductivity, and its resistance

to corrosion are service features, and where the low modulus of

elasticity is not a drawback. There is large use of aluminum alloys

in the automobile and aircraft industries.

The major uses of the commercially pure metal are for cooking

utensils and vessels of all kinds, for electrical conductors to replace

copper, for rectifiers, and lightning arresters. Aluminum is also

used as a deoxidizing agent in the manufacture of iron and steel,

the 94 to 98 per cent A1 grade being used exclusively in the steel

industry. Large amounts of 98 to 99 per cent are used in castings

when the impurities are not objectionable, and to a limited extent in

certain fabricated material and in the Goldschmidt thermit process.

Aluminum is used as a substitute for stone in lithographic work, as

wrapping foil, as paint powder, as a constituent of the explosive

ammonal. It is manufactured in every commercial form—bars,

tubes, sheets, powder, foil, sections, and ingots. A large tonnage of

metal is also supplied to the trade in the form of casting alloys.

Different shapes and sizes of ingots are used to distinguish the

different grades and alloys, such as notched ingots.
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Richards (6d) listed about 200 commercial and technical uses of

aluminum in 1915, and over 400 uses for aluminum and its alloys

were listed by Anderson (2d) in 1919. Among the varied articles

for which aluminum and its alloys are used may be mentioned auto-

mobile and bus bodies, crank cases, oil pans, pistons, oil pumps,
carburetor bodies, cam-shaft housings, camera parts, etc.; dirigible

framework; sheathing for railway cars, metal furniture, wire, cable,

powder, paint, etc. Only a few of these uses will be considered here.

The1*eader is referred to Anderson’s book (2d) and to the bibliography

for more detailed accounts of the uses of aluminum.
As Ralston (4f) and Jacobson (4d) point out, scrap aluminum and

dross obtained from skimmings in melting aluminum or reclaiming

scrap and which contains tiny metallic globules may be combined
with chlorine to form aluminum chloride, a compound of major
importance in petroleum refining and cracking,

6. ALUMINUM AS SUBSTITUTE FOR OTHER METALS

It may be worth while to point out that aluminum may be used as a

substitute in many cases for metals which are either more expensive

or are difficult or impossible to obtain. Aluminum foil has been in

use for some time and can be used to replace tin and tin-lead alloy foil.

In view of the probable continued high price of tin this use for

aluminum will doubtless increase. Aluminum bronze castings may
sometimes be used to replace tin bronzes. The greater cost per

pound of aluminum over metals, such as lead and zinc, should not be

allowed to give a false impression of its cost. In mam/ cases, such as

that of foil, of small manufactured articles, and of many castings, the

size and shape of the article is determined by its use, so that it is the

cost per unit of volume of the material, not that per unit of weight,

which must be considered.

The metal screw caps used on glass jars for household canning,

for example, have been usually made of a very pure grade of zinc,

the purity being necessary for sufficient ductility to allow the large

distortion of the metal in forming the piece. When the war need of

pure zinc for cartridge cases made it necessary to find substitutes for

other uses of such zinc, wherever possible aluminum caps were

substituted at a saving in cost at the prices then obtaining.

II. METALLOGRAPHY

i. SPECTRUM LINES

The ultimate ray for neutral atoms of aluminum (excited in flame

or arc spectra) has a wave length of 2961.54 A, and lines of slightly

less sensitiveness are represented by 3944.03, 3082.16, 3092.72, and

3092.84 A. The sensitive lines for ionized atoms of aluminum

(excited in condensed spark spectra) lie still further out in the ultra-
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violet; the ultimate ray has wave length 1670.98 A and other sensi-

tive lines occur at 1856.00, 1858.13, and 1862.48- A. On account of

the difficulty of making observations so far in the ultra-violet, the

lines first named are, in practice, relied upon to reveal the presence

of aluminum in spark as well as in arc sources. The spectral test

for aluminum is very sensitive, amounts of the order of 0.01 per

cent being detected with ease. Observations must be made photo-

graphically since all the sensitive lines lie in the ultra-violet.

2. CRYSTAL STRUCTURE OF ALUMINUM AND MAGNESIUM, THEIR
ALLOYS AND COMPOUNDS

Aluminum crystallizes in the cubic system. The length of the

unit cube (lattice constant) is 4.043 Angstrom units. The density

calculated on this basis is 2.692 g/cm3
. The closest approach of

atoms was calculated as 2.859 A.

The crystal structures of aluminum, magnesium, and compounds
of these metals as determined from X-ray data are summarized
in Table 5. The crystal structures of some alloys are given in

Table 6. Data for both tables were obtained from the International

Critical Tables, vol. 1, pp. 338 to 353; 1926.

Table 5.—Crystal structure of compounds of aluminum and of magnesium

Crystal
system

Unit cell, A
Calcu-

I

Chemical symbol

a0 C0
Mole-
cules

lated
density

;

Reference

A1 c 4.043 4 13-a, f, g, b, i, j; 31-1; 42-e, j, k, m.
13-k.AlSb c 6. 13 4- 4.28

CuAl h 3. 89(94° 36')

3.47
4 13-a, b, 1.

CU3A] 1 c 4 31-m, 1.

CuAb i 6.05 4.88 4 4. 35 13—a, b.
NiAl i c 2.82 1 6. 25 31-m.
Mg

|Mg2Si I

h
c

3.22
6. 39

5.23 2
4

1.709
1.94

42-k, n, o; 31-1.

13-k.
Mg2Sn_ ] c 6.78 4 3. 54 31-n; 13-1.

Mg2Pb. ! c 6. 75 4 5.47 13-m.
AlsMgj. c 4.80 2.62 31-m.

c=cubic. h =hexagonal. £= tetragonal.

Table 6.—Crystal structure of alloys of aluminum and of magnesium

Alloy Percentage composition Crystal type Unit cell, A Reference

Al-Zn. 0-20 Zn_. f. c. c 4. 043-4. 034 13-g.
20-95 Zn_ 1 f. c. c.+h. c. p
95-100 Zn

|
h. c. p

Al-Mn-Cu
Al Mn Cu

15. 9 23. 9 60.

3

f. e. c 3.70 31-o, p.
14.3 28.6 57.1

|

f. c. c.+b. c. c 2.98
Mg-Sn 0-67 Mg Sn-j-MgaSn 13-1.

67-100 Mg -1 Mg2Sn-KMg
Mg-Pb. 0-67 Mg Pb 13-1.

PbMga
67-100 Mg . PbMg2 -

Pb
Mg-Al 91.2 Al f. c .c 4. 106 13-f.

7. 3 h. c. u / 3. 151 (Ao)

\ 5.23 (Co)

1

f. c. c.=face centered cube. h. c. p =hexagonal close packing. b. c. c.=body centered cube.
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Al-Cu alloys .—Data for these alloys from the same source are

summarized in Figure 1 (13a, d 31k, e).

Al-Ag alloys .—When aluminum is dissolved in silver the volume
of the latter is said (13f) to be increased, although the aluminum
has a smaller atomic volume.

Duralumin .—Anderson (43 tt) states that the crystal structure

of duralumin is face-centered cubic with lattice parameter 4.046 ±
0.005 A “ substan-

tially identical with

the aluminum lat-

tice.” Davey (13d)

gave 4.046 ±0.004 A
as the value of alu-

minum. Clark and

Brugmann ( 1 3 e )

,

however, found that

the duralumin lat-

tice is like that of

aluminum, but with

a lattice parameter

of 4.052 A as con-

trasted with 4.046 A
for aluminum.
Lange (13 j) stated

that when duralu-

min is aged a new
lattice structure

with a slightly larger

lattice parameter

is observed.

Diffraction pat-

terns were obtained

at the bureau of

duralumin which
had been quenched

from above the
CuA12 solution line

and material which
had been furnace

cooled from the

same temperature. The pattern of the former was similar to that

of aluminum while the latter showed in addition the pattern of the

precipitated CuA12 . The CuA12 pattern was identified by direct

comparison of patterns of that compound. It was further noted

that in the furnace cooled specimen the pattern was of the “dashed”
type, indicative of coarser grain size.

Fig. 1 .—Diffraction data for copper-aluminum alloys

(International Critical Tables

)

1, A1 pattern, face-centered cubic.

2
,
a phase. Copper structure with values of A0 shown below. Face-

centered cubic.

3, a fine-grained mixture of a and 7 phases. Preliminary attempts

to study phases stable at high temperatures are yet inconclusive.

4, pattern of 7 phase. Cubic with A0 values, .as shown above.

Composition of crystalline phase uncertain.

5, it has been considered that an alloy of this composition is the

compound CuAl and a structure has been assigned to it. Probably

incorrect.

6, a mixture of 7 and n phases

. 7, Pure v phase. Compound CuAlj.

8,
mixtures ofv phase (CuAh) and A1 patterns in varying proportions.
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3. MICROSTRUCTURE

Aluminum exists in only one solid phase or form so far as is known.
Some of the earlier investigators (29c, e) interpreted the results of

their calorimetric measurements on aluminum as indicating the

existence of a thermal transformation at 560° C. (approximately).

The absorption of heat at this temperature (about 5 calories per

gram (29e)) can be accounted for, however, by the fusion of the

eutectic of aluminum and silicon at this temperature. Thermal
analyses made at the Bureau of Standards of aluminum (99.6 per

cent) have shown heat evolutions or absorptions corresponding to

the solidification or fusion of the two eutectics commonly present in

commercial aluminum and resulting from the presence of a small

amount of iron and of silicon. The eutectic of aluminum and the

iron-aluminum compound, FeAl3 ,
fuses at 655° C. and that of alumi-

num and silicon at 576° C. No other thermal arrests have been
found.

(a) PREPARATION OF SPECIMENS

The preparation of the surface of an aluminum specimen for

microscopic examination is difficult. Precautions must be taken

(a) that the surface shall not be distorted by the sawing, grinding,

and polishing operations, (b ) that particles of the abrasive shall not

be forced into the metal surface, and (c) that the final polishing

process shall not dull the surface.

Light pressures and the use of fine saws and files will aid in pre-

venting the first difficulty. The microtome has also been used with

success in the preparation of a flat, smooth surface suitable for the

final polishing operation (11a). The second difficulty can be pre-

vented, in large measure, by moistening the fine emery papers with

a solution of paraffin in a suitable solvent. The use of alcohol or

light oil for moistening the emery papers has also been found useful.

For the final polishing, magnesia is very generally used, according

to the recommendation of Hanson and Archbutt (Ilf), who followed

an earlier suggestion of Rosenhain.

The following recommendation was prepared by Dix and Keith

(11c) for the American Society for Testing Materials (11b) for the

preparation of metallographic specimens of aluminum and aluminum
alloys

:

It is recommended that, following the cut on the file, two coarse emery papers,

No. 2 and No. 1, be used, preceding the use of the finer metallographic polishing

papers. The papers should be prepared by applying a solution of paraffin in

kerosene and working well into the surface. The polishing must be done by
hand. The papers may be used as so prepared or moistened with additional

solvent. It is not always necessary to use this solution on the coarse papers,

No. 2 and No. 1. The hand polishing may be stopped at either No. 000 or No.
0000 paper and the polishing continued on a wheel revolving at approximately

200 r. p. m. For the first cut on the wheel a coarse grade of broadcloth is used

with a grade of abrasive similar to 65-F alundum. The next cut is made using

a softer broadcloth and “heavy magnesium oxide” applied as follows: The pad
is moistened with distilled water and approximately one teaspoonful of powder
applied evenly to the surface and thoroughly rubbed in, all hard and coarse
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Fig. 2.—Structure of annealed aluminum sheet. X 10

Etched in 8.7 per cent HF, 13 per cent HCI. (Flick, Aluminum Com-
pany of America)

Fig. 3.—Structure of ingot aluminum. X 500

Etched in 1 per cent HF to which a few drops of HNO 3 were added.
Illustrates the “Chinese script’’ formation of the iron constituent
appearing in ingot aluminum of 99.14 per cent purity. Only one
iron constituent appears in this specimen. (Aluminum Company
of America)
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particles being brushed off with the hand. After the scratches left by the 65-F
material have been removed the pad is washed clean and a smaller quantity of
powder worked in as before. This time the cut is made at right angles to the
first treatment. This procedure may be repeated several times until the speci-

men shows a brilliant reflecting surface and under the microscope the aluminum
solid solution matrix appears clear white and the constituents stand out in even
colors, free from tarnish. Only distilled water should be used during the polish-

ing with the magnesia powder, otherwise there is danger of forming particles of

carbonate, which are harsh and scratch the specimen. It is good practice to
frequently raise the specimen from the pad and revolve it 180° before replacing.

The pressure and quantity of water to be used can only be determined after

considerable practice and varies with the nature of the alloy.

(b) ETCHING

In etching aluminum and its alloys for examination for macroscopic
structure by the unaided eye or at low magnifications a combination
of hydrofluoric acid and hydrochloric acid has been found to give

excellent results. The etching may be done in two stages (llg), the

concentrated hydrochloric acid being the second one and lasting for

only a few seconds. A simpler method, however, consists in mixing
the two acids in the proper proportions (lie), as shown in Table 7.

Figure 2, macrograph of 99.2 per cent, annealed aluminum sheet

etched in 8.7 per cent, HF-13 per cent HC1, X 10, as shown by
Flick, was revealed by means of this reagent. A sodium hydroxide

solution (10 per cent by weight) also is a satisfactory etching reagent

for revealing the macrostructure. In Table 7 are listed the etching

reagents which have been recommended as being most useful for use

in the study of the microstructure of aluminum.

Table 7.

—

Etching reagents for aluminum 1

No. Reagent Concentration Specific use Authority Reference No.

1 HF and HC1 2... 10 to 20 per cent alcoholic Macroscopic Czochralski... llg.
HF and concentrated
HC1.

2 HF and HC1 2... 10 parts HF, 15 parts
HC1, .90 parts H2O.

do Flick. lie.

3 HF 0.1 to 10 per cent. General Various Ilf, h, i, j, k, 1
,

in, n, 0 , p.

4 NaOH 0.1 to 10 per cent do do Ilf, h, i, k, 1
, m.

n, 0 , p.

5 NaOH 0.1 per cent in 10 to 50 per
cent of alcohol.

do Merica Ho.

6 HN0 3 1 per cent in alcohol Mg2Al3 Hanson Ilf.

7 HNO 3 .. 10 per cent in alcohol. Mg2Al3 do Ilf.

8 HNO 3 20 per cent 3 quench . CuAb . do Ilf.

9 HNO 3 25 per cent 3 auench “X” Const, from Dix... llq.

FeAls.
10 Ferric sulphate ..

Picric acid.
10 per cent CuAb from FeAl3 .

CuAl2

Anderson llj.

llr.11 4 per cent in alcohol Meyer
12 H2SO 4 10 per cent 3 at 60 to 70° C.

HNO 3 1 vol.; HF, 2 vols.

FeAl 3 . . . ...do ... llr.

13 HNOs+HF in
glycerol.

Alternate polish
and etch. Re-

Villela 11s.

glycerol, 3 vols.

veals residual
coring.

1 Table 7 has been based largely upon the work of Dix and Keith (lie) . The reference numbers have been
changed to agree with the present bibliography and one additional reagent, No. 13, has been added.

2 Czochralski originally etched for grain by using from 10 to 20 per cent of concentrated HF in 100 cc

absolute alcohol, followed by dipping in concentrated HC1 solution. Flick has very satisfactorily modified
this etch by using a single solution prepared as follows: 10 cc of commercial HF and 90 cc of distilled water
and 15 cc of concentrated HC1.

3 By the 20 and 25 per cent nitric acid quench is meant the procedure of heating the solution to exactly
70° C. and immersing the specimen for a period from 2 or 3 seconds to 30 seconds and then immediately
quenching the specimen in cold water. This same procedure may be used with the sulphuric acid etch
although the quench is not essential.



22 CIRCULAR OF THE BUREAU OF STANDARDS

Fig.

4
.

—

Scheme

for

metallographic

identification

of

constituents

in

aluminum

and

its

alloys,

after

Dix



Bureau of Standards Circular No. 346

Fig. 5.—Average structure of No. 12 alloy (8 per cent Cu) in

cast notch bar

Showing network of iron constituent in halftone in the form of delicate

“Chinese script’’ figures and CuAh which appears as dark, rounded
particles with black borders. (Aluminum Company of America)

Fig. 6.—Structure of cast aluminum of high purity (99.976 per cent). X 50

Etchant, dilute HF. Note the absence of any hardening constituent such as shown in

Figure 2



Bureau of Standards Circular No. 346

a. Quenched in ice water from 500° C. Etched in 1 per cent HF, for

20 seconds. X 250.

b. Furnace cooled from 500° C. Etched in 1 per cent HF for 20 seconds.
X 250.
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Dix (lie) has stated"that the most useful etching method for alumi-

num is that of swabbing the polished surface with a 0.5 per cent
solution of hydrofluoric acid. On the other hand, he has stated that,

with proper polishing technique, the differences in color and shape of

a number of constituents, especially in cast alloys, is pronounced
enough, provided the polishing has been properly done, to serve as a

means for their identification. However, for the more complicated

constituents a means of differentiation by etching is required. Etch-
ing to remove the surface flow is also required for structures contain-

ing finely dispersed constitutents. Figure 4 from Dix is given as a

guide for the identification of the constituents in commercial alumi-

num alloys based upon the appearance of these constituents as seen

in the unetched condition and also after etching. This also serves

as a fist of the various constituents which may occur in such alloys.

In many cases the exact composition of the constituent is unknown
and it has been referred to simply by the principal elements known
to be present. The microstructure of commercial aluminum (99.14

per cent) in the cast or ingot form is shown in Figure 3. This type

of structure; that is, a soft matrix embedded in which is a more or

less continuous skeleton of the harder constituents, and generally

referred to as the “cast structure” is characteristic of the cast alloys,

in general. This is illustrated by Figure 5, which shows the commer-
cial copper-aluminum alloy known as “No. 12.” The degree to which

the skeleton framework of the harder constituents is developed

depends upon the amount of the alloying elements used. Cast

aluminum of very high purity (99.976 per cent), Figure 6, shows none

of the “hardening” constituents.

The “cast structure” is more or less broken up during the mechani-

cal working of the alloys and in material, such as sheet, which during

the process of fabrication is subjected to very severe mechanical

working, both hot and cold, as well as to various intermediate anneal-

ing treatments, no trace of it remains. The microstructure of sheet

duralumin, as shown in Figure 7 (a) and (5), is typical of such material.

III. CHEMICAL PROPERTIES

The atomic weight of aluminum is 26.97. Aluminum is a very

active element and under proper conditions reacts readily with

other elements and substances, such as chlorine, sulphur, oxygen.

Its molecular heat of combustion is (for A1203
= 101.9 g), 391,350

calories.

The ease, however, with which aluminum reacts with oxygen,

water, etc., is very dependent upon the physical state of the metal.

As an amalgam, for example, it reacts very readily at ordinary temper-

ature with air, water, and other substances, as one would expect from
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its high heat of reaction. As a solid mass, however, its rate of reaction

with the same substances is very much slower, often unnoticeable.

Commercial aluminum powder does not react visibly with moist

air or water at room temperature. Such cases of the “chemical

stability ” of aluminum are undoubtedly due to its protection by a

thin coating of reaction product, be it oxide, hydrate, or other material

which readily forms on the fresh surface when first exposed. An
important corollary of this fact is that the rate of corrosion of alumi-

num and of its fight alloys depends on whether this protective coating

of oxide once formed remains in place, protecting the remainder of

the metal, or whether it is removed as it is formed. Thus, the corro-

sion of the metal and its alloys is much more rapid in running water,

and under conditions in which air and water erosion also play a part,

than in still water. This phase will be considered in more detail in

the section on “corrosion.”

Aluminum in the solid form is corroded only slowly and superfi-

cially by pure water. In the air, damp or dry, it is also only super-

ficially oxidized. When heated to 400° C. for 10 minutes in air, an

incipient oxidation is noticed which increases slowly up to 800° C.

and then increases rapidly. Very finely divided aluminum will de-

compose water very slowly, but noticeably at 100° C., until a pro-

tective film is formed.

Ammonium hydroxide attacks aluminum slowly, forming alumi-

num hydrate. Sodium and potassium hydroxides (NaOH and KOH)
dissolve it rapidly.

Sulphur, free or dissolved in carbon disulphide (CS2), does not

affect aluminum at ordinary temperatures.

A solution of a mercury salt attacks aluminum. The mercury

liberated by the reduction of the salt amalgamates the aluminum.

The aluminum in this amalgam is very active and from it aluminum
oxide is very rapidly formed by the action of water. Aluminum
articles must, therefore, be protected from the action of mercury

salts.

Commercial aluminum, in general, is inactive in the presence of

metallic mercury; the oxide film serves to protect the metal. In

order to cause amalgamation it is necessary that the surface of the

aluminum be abraded while immersed in the mercury. Aluminum
higher in purity than approximately 99.5 per cent may amalgamate

without abrasion. In general, the more alloying constituent added

to aluminum, the less likely it is to amalgamate. It is not safe,

however, to use any aluminum in contact with mercury where there

is any acid present or the possibility of forming a salt of mercury

which would amalgamate the aluminum.
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Cold concentrated or dilute nitric acid (HN03) attacks aluminum
only very slowly. The metal becomes “ passive” under the action

of this acid. Dilute and concentrated sulphuric acid (H2S04)

attacks aluminum but slowly when cold. When concentrated sul-

phuric acid is heated with aluminum the latter is attacked with forma-

tion of sulphur dioxide (S02). Dilute and concentrated hydrochloric

acid (HC1) readily dissolve aluminum, as do other mineral acids in

the presence of metal chlorides. The purity of the metal is an

important factor influencing the rate of solution. Edwards (14g)

has reported that a sample of 99.9 per cent aluminum sheet immersed

in a solution of concentrated hydrochloric acid 5 parts (by volume)

and water 95 parts was still bright and showed no appreciable corro-

sion after six weeks 7

exposure.

Seligman and Williams (14e, f) have carried out extensive tests of

the resistance of aluminum to corrosion by acids, particularly nitric,

sulphuric, and acetic acids, the results of which are of decided prac-

tical value in view of the extensive use of aluminum for kitchen

utensils and for acid vats and condensers. Their conclusions follow:

The rate of attack of aluminum by cold acetic acid is small; it

increases with increasing dilution of the acid. Aluminum vessels can

be used for containing concentrated nitric acid when cold; with hot

nitric acid of any concentration aluminum has but a limited life.

Dilute cold nitric acid also can be handled in aluminum vessels, but

the life of the latter is not as long as with the concentrated acid. In

the discussion of a paper by Edwards (14g) it was stated that the use

of aluminum for the transport of nitric acid in Germany is in connec-

tion with acid made from air nitrogen, whereas in this country the

presence of small traces of chlorine in commercial nitric acid has

made its use impossible for tank cars.

The corrosion of aluminum is greater in mixed sulphuric and nitric

acids than in either alone (contrary to opinion previously held), and
aluminum vessels should be used only with caution for handling such

mixed acids.

Investigating the corrosion of aluminum by acids, bases, and

water, Maass and Wiederholt (17e) concluded that when solutions of

equal concentrations are used the bases attack aluminum the most
strongly. The loss of weight of metals in acids and bases is in little

relation to the concentration of the hydrogen and hydroxyl ions but

is strongly influenced by other ions present in the solutions. A
typical attack of the ions concerned is also noticeable in salt solutions.

The influence of the cations is shown in that the potassium promotes

the attack the most and sodium, ammonium, calcium, and magnesium
the least. Of the anions, chlorine was the most dangerous, for it led
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to strongly local attack besides the uniform attack. The decomposi-

tion of aluminum was least vigorous in solutions in which sulphate

and nitrate ions were present. In electrolytes containing carbonic

acid the severe effect of the cations with the presence of potassium and

sodium salts is shown and, because of the high degree of alkalinity of

the solution, leads to severe corrosion. In acids the surface attack

was uniform and proceeded without the formation of visible corrosion

products, while the decomposition of the metal in bases and salt

solutions proceeds with the formation of aluminum hydroxide. It

has recently been shown (14a) that the rate of solution of aluminum
by sulphuric acid is decidedly accelerated by the presence of small

amounts of a chloride or fluoride. The presence of bromide or iodide,

however, had no appreciable effect upon the rate of solution.

The bureau often receives inquiries relative to the toxic properties

of aluminum, particularly in reference to its use as a cooking utensil.

The following opinion was expressed by the Public Health Service

concerning this matter:

There is no evidence available which would indicate that aluminum cook-

ing utensils represent a potential danger to health. There is no question that if

strongly acid or alkaline foods are prepared in such containers a certain

amount of the metal will be dissolved and will pass over into the food. It is very

doubtful, however, whether a sufficient amount of metal will be found under such

circumstances in food so as to produce a deleterious effect on the health of persons

consuming this food. It should be remembered that certain widely used baking

powders contain considerable quantities of aluminum salts and while certain

objections have been raised to the use of these aluminum baking powders, the

question of their injuriousness has not been definitely established. In the use of

aluminum cooking utensils it may, perhaps, be advisable to avoid strongly acid

foods. It may also be desirable not to let food stand for many hours in the

aluminum cooking utensil.

1. CORROSION

No sharp distinction can be made between the “ chemical resist-

ance” of aluminum as illustrated by Table 8 and “corrosion resist-

ance.” The term “corrosion” as used in this section applies partic-

ularly to the chemical attack of the metal occurring as a result of

the conditions encountered in ordinary service or usage, such as

exposure to the weather, to water, etc.

Table 8 shows opinions as reported from a variety of sources of

the attack on aluminum of various chemicals. In cases where the

report was merely that a corrosive attack was obtained, without

specifying the amount, the material has been listed under “slight

attack.” Some materials are listed under more than one heading,

according to the condition of the material. The original sources

should be consulted for more detail.
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Table 8.—Chemical attack upon aluminum

Reported no attack Reported slight attack Reported severe attack

Acetic acid, 99 per cent, 17-h.

Acetic acid, glacial, 7-b; 17-r.

Acetylene, 17-r.

Alcohols, aromatic, 7-c.

Aliphatic acids, 7-D.
Alkaloids, 7-b.
Ammonium hydroxide (free from

alkali salt impurities) 7-b, c;

17-h, r.

Ammonium nitrate, 7-c.

Ammonium sulphide, 7-b.
Beer, 7-b; 17-r.

Benzol, 7-b.
Butyric acid, boiling, 99 per cent,

17-r.

Calcium chlorate, 7-b.
Calcium nitrate, hot, 7-b.
Camphor, 7-b.
Chlorides of alkali metals and
Mg, 17-h.

Chromic oxide, 7-b.
Citric acid, 17-r.

Copal, 7-b.
Cresol, not over 99 per cent,
7-b; 17-r.

Distilled water, 7-b.
Dyes, 7-a, b.
Ether, 7-b.
Ethereal oils, 7-b.
Ethyl acetate, anhydrous, 7-b.
Fatty acids, 7-b, 17-r.

Ferric chloride, concentrated or
dilute, 20-a.

Ferrous sulphate, very dilute at
room temperature, 7-a.

Formaldehyde, 7-a, 17-r.

Gallic acid, 17-r.

Gelatin, 17-r.

Glue, 7-b.
Glycerine, 7-b.
Glycerol, 17-r.
Glycol, 17-r.

Hot basic solutions, 7-b.
Hydrocyanic acid, 17-r.

Hydrogen sulphide, 17-r.

Lactic acid, 7-b, c; 17-r.

Ketones, 7-b.
Linseed oil varnish, 7-b.
Lead azide, 7-b.
Madder lake, 7-b.
Milk, 7-b.
Mustard, 7-a.
Naphthol, 7-b.
Nitrates of alkali metals, 17-h.
Nitric acid, 17-r; 90 per cent or

over, 7-c.
Nitric acid, cold or boiling, 29.

Nitrocellulose, 7-b.
Paraffin, 7-b.
Paraldehyde, 7-b.
Pharmaceutical preparations, 7-a.
Phosphoric acid, below 1 per cent,
7-b.

Acetic acid (over 1 per cent),
17-r, h, k.

Acetic acid, 1-10 per cent, 7-a, c.

Acetic anhydride, 17-r.
Amyl alcohol, anhydrous, at high
temperature 17-r.

Boiling distilled water in pre-
sence of air, 17-1.

Boric acid, 17-r.
Ca (OH) 2

,
17-k.

Ethereal oils, 7-a.
Fruit acids, 7-a.
Gunpowder, 17—j.
Hard industrial waters, 17-n.
Iodine, 17-r.

Magnesium sulphate, 17-r.
Methyl alcohol, 17-r.
Nitric acid, dilute, cold, 17-k.
Ozone, 17-r.

Potassium hydroxides, dilute or
concentrated, 17-k.

Potassium nitrate, 17—1.

Potassium sulphate, 17-1.

Sodium bicarbonate, 17-r.
Sodium chloride, 17-1.

Sodium nitrate, 17-1.

Sulphuric acid dilute, cold, 17-r;
warm, 17-k.

Tannin, 17-r.
Vinegar, 7-b.
Wine, 7-a.

Conflicting reports

Alcohols, 17-h, r.

Varnish, 7-a.
Pharmaceutical preparations, 7-b.
Calcium chloride, 17-r.
Calcium sulphate, 17-r.
Carbon dioxide in water, 7-a, b;

17-r.

Hydrogen peroxide, 17-r.
Sodium chloride, 17-r.

Acetic acid (up to 1 per cent), 17-r,
h, k.

Alkalis, caustic, 17-r.
Ammonium alum, 7-b.
Aluminum sulphate, 7-b.
Amino-hydrocarbon, 7-c.
Aniline, near boiling point, 17-h,

r; 7-c.

Azide, 17-r.

Barium chloride, 7-a.
BaOaH2 ,

17-k.
Benzaldehyde (in acid solutions).

17-r.

Bromine, 17-r.

Butyl alcohol, anhydrous at high
temperature, 17-r.

Butyric acid, over 99 per cent,
17-r.

Calcium silicate, 7-b.
Chlorine, 17-r.

Cresol, above 99 per cent, 7-b.
Ethyl chloride, 7-b.
Ferrous sulphate, high tempera-
tures 7-a.

Ferric acid solution, 17—f.

Formic acid, all concentrations,
7-a, c; 17-r.

Hydrochloric acid, almost all

conditions, 7-b; 17-r.
Hydrofluoric acid, 7-b.
Mercury, i 7-b; 17-r.
Mercury salts, 7-b; 17-r.
Naphthols, anhydrous at high
temperature, 17-r.

Naphthylamines, 17-r.
Nitric acid, dilute, hot, 7-a, 17-k.
Oxalic acid, 17-r.
Potassium lye, warm, 17-k.
Palmitic acid, anhydrous, 17-r.
Phenol, anhydrous, at high tem-

peratures, 7-b; 17-r.
Phosphoric acid, 7-b; 17-r.
Picric acid, 7-b.
Pigments, 17-r.
Potassium carbonate, aqueous,

17-r.

Potassium hydroxide, aqueous,
17-r.

Propronie acid, over 99 per cent,
17-r.

Soda, 7-b; 17-r.
Sodium chloride, hydrous, 7-b.
Sodium hydrosulphite, 7-c.
Sodium hydroxide.
Sulphuric acid, hot, concentrated,

17-r; 15 per cent, 7-a, b.
Tar oil, 7-b.
Tin chloride, 7-b.
Toluidine, 17-r.

Picric acid, 17-r.
Potassium ferrocyanide, 7-b.
Potassium nitrate, fused, 17-r.
Potassium solutions, 7-b.
Propronie acid, 99 per cent, 17-r.
Pyrogallol, 17-r.
Pyrotechnical inflammables, 7-b.
Quinol

;
17-r.

Resorcinol, 17-r.
Rhodium salts, 7-b.
Rosin, 7-b.
Soap, 17-r.
Stearic acid, 17-r.
Sugar solutions, 7-b.
Sulphur, 17-r.
Sulphur dioxide, 17-r.
Sulphuric acid,cold, dilute, 17-k,r.
Tartaric acid, 17-r.
Trichlorethylene, 7-b.
Yeast, 17-r.

See also p. 24.
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(a) SHEET METAL

Following an extensive “epidemic” of the deterioration of alumi-

num cooking vessels in storage, by exfoliation, cracking, and blister-

ing, Heyn and Bauer (17q) made a rather thorough investigation of

the corrodibility of sheet aluminum, the results of which have been

widely accepted, and, in large measure, form the basis of our knowl-

edge of the corrosion of aluminum. It should be pointed out, how-
ever, that the serious deterioration which prompted the investiga-

tion by Heyn and Bauer was in all probability characteristic of some
of the metal as made at that time (about 1910) and does not occur

to the same degree in present-day aluminum.

According to Heyn and Bauer, the corrosion of aluminum may be

of two general types (a) a uniform surface attack in which a coating

of oxide forms over the surface, and (b ) a local attack resulting in

the formation of pits, blisters, and exfoliation. They found the

latter type of corrosion to be restricted almost exclusively to metal in

the cold-rolled or work-hardened condition and to occur most readily

in certain types of tap water or salt solutions, especially calcium

salts. Distilled wrater did not cause corrosion of this type in the

hard-rolled sheet. Annealed sheets even after several months’

immersion, under the same conditions as resulted in pronounced

localized attack of the cold-rolled sheets, showed only slight uniform

surface attack.

For distilled water, with access of air, they report that the dimi-

nution in thickness (0.8 to 1.2 mm thick) in 207 days was 0.0045 mm
for hard sheet, 0.0048 mm for medium sheet, and 0.0054 mm for soft

sheet. Water, in the absence of air or oxygen, did not attack the

metal. Medium hard sheet aluminum showed the following decrease

in thickness after 61 days’ immersion in sodium-chloride solution of

the following concentrations: 0.34 ANaCl, 0.0015 mm; 0.86 WNaCl,
0.0024 mm; 3.42 N NaCl, 0.0029 mm.

According to Heyn cold-worked aluminum is electronegative

(Heyn designated it “electropositive”) with respect to the same
metal in the annealed' state, by about 0.03 volt when immersed in

tap water. This will account, in part, for the greater susceptibility

of the cold-worked metal toward corrosive attack, though not for

the nonuniform attack. Initial stresses in the severely worked
metal may possibly play a part in this also. Seligman and Williams

(17n) concluded that the composition of the water and the mechanical

imperfections in the metal account largely for the corrosion of alumi-

num, impurities and physical differences contributing also. They
attributed the formation of blisters to the presence of water in

cavities initially present in the metal. They reported that no cor-

rosion occurred in water freed from oxygen by boiling or in water

under an inert atmosphere, such as hydrogen or carbon dioxide.
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The fact that the condition of the surface, especially of sheet ma-
terial, has an important bearing on the corrosion resistance of alu-

minum is well established. A well-polished surface resists corrosion

much longer than a rougher one does. Even after the corrosive

attack has well advanced, material which initially lacked polish

corrodes differently from well-polished material, usually at a some-

what higher rate. Scratches and surface imperfections, according

to Maass (17a) continue to affect the corrodibility of aluminum long

after the surface layer of metal has been removed, the attack of the

metal along the scratches being noticeably greater than the average

rate of attack of the metal.

(b) CAST ALLOYS

Concerning the relative corrodibility of cast and worked aluminum
diametrically opposite statements have been made (14c, 17g). The
fact that cast material is always more or less porous renders an accu-

rate determination of the rate of corrosion very uncertain. The
matter is of but little practical importance, however, since the two

types of material are seldom used for the same purpose.

Sayre and Basch (17i) have investigated the resistance of cast

aluminum alloys to salt water corrosion by determining the tensile

properties before and after corrosion. They concluded that initial

high tensile strength is no criterion of corrosion resistance. Accord-

ing to their results the manganese-aluminum and the silicon-aluminum
alloys of relatively low tensile strength showed the greatest resistance

to corrosion in salt water. They also reported that the heat-treated

aluminum-copper alloy showed a considerably greater resistance to

corrosion than did the ordinary copper-aluminum casting alloys.

(c) WROUGHT ALLOYS

Where somewhat greater strength than can be obtained with pure

aluminum, combined with good resistance to corrosion, is desired,

the alloy with 1 to 1 per cent manganese is used, since manganese
appears to be the least harmful of the available strengthening

elements. Such alloys under some conditions of exposure are

practically as free from corrosion as aluminum itself.

Duralumin is somewhat less resistant, but for ordinary exposure

to the weather its resistance is better than that of iron or steel when
both are exposed in equal thickness and both are bare.

Figure 8 shows an airship member made up of duralumin and
steel which was exposed to the weather on the roof of one of the build-

ings at the Bureau of Standards for approximately three years.

Rusting and scaling of the steel is apparent, while the duralumin is

relatively free from surface corrosion,

51409°—27 3
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Unprotected wrought heat-treated aluminum-copper alloy (25S,

see p. 242) is being used for the radiator shell of one automobile which
is in large production, and seems to have given little trouble from
corrosion.

Care must be taken in the use of aluminum and its alloys to avoid

conditions under which rain or condensed moisture will be held in

contact with the aluminum. Thus, in aircraft construction the

placing of wood or canvas in contact with aluminum alloys is avoided

on account of the danger of retention of moisture at the junction,

which would cause rapid corrosion. When protective coatings are

inapplicable, frequent rubbing over with an oily rag is advisable to

keep the surface water repellant.

(d) IMPURITIES

It is generally recognized that the purer grades of aluminum
do not corrode so readily as the impure material. In any discussion

of the effect of impurities upon the “natural” corrosion of aluminum,

the previous thermal treatment, as a result of which the form in

which such impurities occur and the uniformity of their distribution

are effected, must be considered. As a general rule, wrought-aluminum
alloys in which the alloying elements are held in solid solution, as a

result of quenching from a relatively high temperature, are more
resistant to corrosion than the same alloys after an aging treatment

that results in the precipitation from solid solution of the alloying

elements, usually in the form of a compound with aluminum. If

the aging is carried out at a temperature considerably above room
temperature, the resistance of the alloy to corrosion is less than if

aged at room temperature.

In discussing the effect of silicon upon the corrosion resistance of

aluminum, Wiederholt (18f) states that material heated to 300° C.

has very low resistance to corrosion as compared with that of the

same material heated at temperatures above 300° C., and then

quenched so as to retain the silicon in solid solution.

Czochralski (20a) recently investigated the “blackening” of

aluminum cooking utensils and concluded that the alkalinity of the

water used was largely responsible for this behavior of aluminum.

The purity of the met al, however, is also a factor. If iron is present

in the metal, the iron bearing constituent, that is, the compound
FeAl3 is dissolved in preference to the aluminum matrix and the iron

may then be precipitated from solution on the surface of the metal

as a black film. Both copper and sodium, according to Bailey (17o),

lower the corrosion resistance of aluminum. The presence of copper

as an alloying element appears to be intimately related to the sus-

ceptibility of certain of the aluminum alloys to embrittlement by
intercrystalline corrosion. Isgarischew and Jordansky (14a) have
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Fig. 8.—End of experimental duralumin girder show-

ing steel plates after atmospheric exposure of ap-

proximately three years at the Bureau of Standards
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Fig. 9 .—Effect of corrosion on sheet duralumin. In each case the

micrograph shows a section perpendicular to the corroded surface,

unetched. X 500

a. Sheet duralumin, corroded with a calcium chloride solution, showing a roughened
and pitted surface. This is the more common type of corrosive attack.

b. Sheet duralumin in which an intercrystalline corrosive attack occurred under
atmospheric exposure conditions.
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determined the effect of addition of copper, nickel, and magnesium
upon the rate of solution of aluminum in hydrochloric acid and in

potassium hydroxide. They reported that the accelerating effect

of copper is decidedly greater than that of nickel. The results ob-

tained with the magnesium alloys were inconclusive.

2. INTERCRYSTALLINE CORROSION

The usual effect of corrosion on aluminum and its alloys is a rough-

ening of the surface which may often take the form of pitting or

other localized attack. In addition to a corrosive attack of this

kind, duralumin, and some of the other high-strength (heat treat-

able) wrought alloys occasionally are subject to intercrystalline

corrosion, the surface evidence of the attack being very slight.

(Fig. 9.) Although the two forms of corrosion may occur simul-

taneously on the same material, usually one or the other predominates.

Wrought alloys containing copper appear to be more susceptible

to the intercrystalline form of corrosive attack, as developed by
laboratory corrosion tests, than those free from copper but alloyed

with Mg2Si. This does not apply, however, to the other and more
common form of corrosion attack.

As a result of intercrystalline corrosion, the tensile properties

may be very materially affected, the greatest change being a pro-

nounced lowering of the elongation. If the material is in the form

of sheet or wire, it may be very decidedly embrittled, according to

the severity of the attack. Chloride solutions are most active in

producing a corrosive attack of this kind. The different suscepti-

bility of various lots of duralumin to intercrystalline corrosion depends

upon several factors, chief among which are the heat treatment which

the material has received and the mechanical treatment (cold-

working) after heat treatment. Knerr (17m) has shown that the

corrodibility of duralumin, in general, is affected by the method of

quenching used in the heat treatment, being less for cold water than

for hot water. This point has been investigated further at the

Bureau of Standards and it has been shown that cold-water quench-

ing renders sheet duralumin much less susceptible to intercrystalline

corrosive attack than does oil quenching or hot-water quenching

although the mechanical properties, in general, are scarcely affected

by these variations in the quenching media. Intercrystalline cor-

rosion is a matter for serious consideration in the case of sheet

materials. In the case of forgings and other pieces of relatively

large cross section, however, nothing has ever been observed to

indicate that it need be regarded very seriously in relation to such

materials. In contrast to sheet duralumin, sheet aluminum does

not appear to be susceptible to intercrystalline corrosion to any

extent.
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LeChatelier (17p) has described a case of the disintegration of

aluminum very suggestive of an intercrystalline attack. The metal,

which was designated as “impure,” can not be considered as repre-

sentative of aluminum as made at the present time, however.

The subject of the deterioration of aluminum alloys by reason of

intercrystalline corrosion has only comparatively recently received

serious consideration. Much more information is needed, for exam-
ple, such as that obtained from carefully supervised exposure tests

before very definite conclusions can be reached concerning the rate

at which such a corrosive attack progresses or the factors which

promote it.

3. CORROSION TESTS

The corrosion resistance of aluminum and its alloys in the past has

practically always been determined by carrying out a “small-scale”

experiment in which the essential features of the service for which

the material was intended were reproduced. Usually such tests

consisted simply of immersion in a chosen liquid and the change of

weight per unit area was determined. Most of the data in Table 5

were obtained by such tests.

Mylius (14d) has proposed a thermal-hydrochloric acid test as a

means for determining the relative resistance of sheet aluminum
specimens against attack by chemicals, the maximum temperature

attained in the reacting acid being used as measure of the speed of

reaction. A piece of the sheet material of 20 cm2 area rolled into

a cylinder is immersed in 5 cm3 of hydrochloric acid (4 per cent

solution). The maximum temperature (t) attained is noted as well

as the time in minutes (m) for attaining this temperature. The
f_20

quotient, is termed the reaction figure and is stated to be a

measure of the corrosion resistance of the material. For iron-free

aluminum, it was found to vary from 0 to 4; for technically pure

aluminum, 4 to 10; and soft aluminum alloys are in classes varying

from 0 to 20. The protective action of an initial surface film of

aluminum oxide can readily be shown by the lower reaction figure

for such a material.

Mylius (14b) has also used a hydrogen peroxide solution (3 per

cent), to which sodium chloride (1 per cent) has been added as a

means for demonstrating the relative resistance of specimens of

worked aluminum to sea-water corrosion. The loss of weight of the

specimen and the amount of alumina on the surface were used as a

measure of the attack. Mylius states that a secondary surface oxide

layer limits the attack and concludes that technically pure aluminum

can not be designated as resistant to salt water, but that carefully

rolled thin sheets can be rendered highly passive to salt-water attack

by heating them to 300 to 400° C. in the air.
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A critical study of the “oxidizing sodium chloride ” test has

been made by Rackwitz and Schmidt (17b). Thejr showed that

light has an effect upon the rate of corrosion by affecting the stability

of the reagent; hence, in carrying out the test, the specimens and

solution should be protected from bright light. Heat also affects

the test results and a temperature of 15 to 20° C. was recommended.

Rackwitz and Schmidt also concluded that a relatively large solu-

tion of a concentration considerably less than that recommended by
Mylius, with frequent renewal of the solution, was necessary in

order to obtain reproducible results.

This sodium chloride-hydrogen peroxide solution has been used

extensively at the Bureau of Standards in the study of the suscep-

tibility of sheet duralumin and similar aluminum alloys to inter-

crystalline corrosion. The degree of the intercrystalline corrosive

attack by this solution as well as by ammonium chloride, varies

decidedly for different materials, and appears, on the whole, to be a

suitable means for the laboratory study of the service deterioration

of aluminum alloys by intercrystalline embrittlement. The change

in the tensile properties resulting from the corrosive attack is a very

much better criterion to use, however, than is the loss of weight in

the case of sheet material. The corrosion specimens are made in the

form of tension specimens, and the tensile properties are determined

after corrosion, for comparison with the initial properties of the

material, according to the method described by Blough (!7d).

The results of corrosion tests reported by Rackwitz and Schmidt

(17b) for a series of light alloys, each of which was subjected to several

different corrosion tests, have strikingly corroborated this fact, that

the drop in tensile properties resulting from a corrosive attack can

not be estimated with any degree of assurance whatever from the

results of “loss of weight” corrosion tests.

4. PROTECTION OF ALUMINUM AGAINST CORROSION

Both aluminum and its light alloys are attacked by sea or salt

water to a considerable extent. Many of the alloys are attacked by
fresh water also although aluminum is much more resistant. The
protection of these materials against corrosion, especially when used

for construction purposes, is therefore of importance. Of particular

significance is the question of the protection of aluminum alloys used

for aircraft construction. Frames, beams, struts, and other stress-

bearing members are built up out of sheet material the corrosion of

which would affect the mechanical properties to a very much greater

extent than would a similar attack of a more massive piece; that is,

one of greater cross section. The means used for protecting against

corrosive attack are varied and, of course, are governed by the severity

of the service conditions to be met.
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(a) ELECTROPLATING

Aluminum can be electroplated, but this is done primarily for im-

proving the appearance rather than for protecting against corrosion.

The coating metals available are all electropositive 3 toward alum-

inum; hence all such coatings afford no electrochemical protection

against corrosion of the underlying metal, but only a mechanical

protection. Electroplated coatings when exposed to severely cor-

rosive conditions, as a rule, readily peel from the base when once the

coating has been perforated. These points will be dealt with in the

section on electrodeposition.

(b) OXIDE COATINGS

It has already been mentioned that aluminum owes its stability,

in large measure, when exposed under ordinary atmospheric condi-

tions to the oxide film which forms readily on any freshly cut or

polished surface. Consideration of this fact has led to the develop-

ment of a method for the protection of aluminum and its alloys

against corrosion by a preliminary intensifying of the surface oxida-

tion. This is accomplished by an anodic oxidation process; that is,

the aluminum is made the anode of a suitable electrolytic cell. Skin-

ner and Chubb (20b) were among the first to utilize anodic reactions

in a practical way for producing a protective coating on aluminum,

their aim being to obtain a coating thick enough to serve as electrical

insulation on wire. Their best results were obtained by using a

sodium silicate solution as the electrolyte, the applied voltage being

relatively high (approximately 400 volts). Very adherent coatings,

0.0001 to 0.0004 inch thick, were obtained.

Recently, since duralumin has come to be used extensively as a

material for aircraft construction, the anodic oxidation treatment

has been utilized for increasing the corrosion resistance of the mate-

rial. A warm solution of chromic acid as the electrolyte has been

found to give excellent results (18k) and is generally used, although

a borax solution as the electrolyte has also given promising results

(19c).

The oxide coating on aluminum and aluminum-rich alloys formed

by anodic oxidation in a chromic-acid solution has a very smooth
glassy surface, and no visible cracks are formed on severely bending

a coated sheet specimen. The coating forms in all crevices or holes

into which the solution can penetrate.

The protection afforded by such an oxide coating can be greatly

increased by the addition of a grease film. The grease which need

be only very slight in amount—for example, 0.03-0.05 ounce per

square foot of surface—is applied by immersing the coated article in

a solution of a grease, such as lanoline, lard oil, etc., in a suitable

3 The designation of the other common metals as electropositive with respect to aluminum is in accord-

ance with the recommendation of the American Electrochemical Society.
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volatile solvent like gasoline. Information showing the behavior of

aluminum treated in this way when exposed for long periods in the

atmosphere is not available. In laboratory corrosion tests, however,

excellent resistance to mildly corrosive agents has been demonstrated.

A somewhat similar coating can be obtained without electrolysis,

the article being simply immersed for 15 to 30 minutes in a hot

solution. Rather complex solutions, generally containing a chro-

mium salt and potassium bichromate, are used (18k). The results

vary quite decidedly according to the solution used and the condition

of the surface of the specimen treated. For best results the surface

should be freshly rubbed with a fine abrasive before treatment.

The degree of protection afforded by such coatings as a rule is

comparable to that given by the “ anodic oxide” coatings; that is,

they are intended for mildly corrosive conditions, such as atmos-

pheric, and not for severe corrosion as in sea water. The use of an

oxidizing treatment on aluminum or its alloys before the application

of a coating of the varnish or enamel type has been recommended
as advantageous.

An oxidation method suggested by Tevis (18i) which may be

applicable to castings or forgings of relatively large cross section,

though not to sheet material, consists in covering the surface with

a layer of a chromate or other easily reducible chromium salt by
brushing or by immersion and then heating to a red heat, whereby a

coating consisting probably of mixed oxides of aluminum and
chromium is formed.

If aluminum or its alloys is to be immersed in a definite volume of

water for long periods, the metal can often be protected by a suitable

treatment of the water (18g) by the addition of oxidizing salts, such

as a bichromate or a nitrate, the former being the most effective.

The formation of an adherent scale renders the metal “ passive.”

(c) SODIUM SILICATE

The addition of a small amount of sodium silicate (water glass)

has been found to exert an appreciable protective action on aluminum
or aluminum alloys immersed in water or certain solutions. Seligman

and Williams (18h) studied this effect in 5 per cent soda solutions

and Rohrig (18h) in connection with the dye industry. In solutions

of sodium hydroxide, sodium carbonate, and potassium sulphide the

protection was appreciable. The protection afforded by the sodium

silicate may be enhanced somewhat by the addition of a bichromate,

as mentioned above (18g).

A preliminary treatment of the surface with a solution of sodium
silicate followed by baking at a temperature of 300° F. (150° C.) for

several hours (18,d,e) has been found to give a coating which protects

the metal very appreciably against rather severe corrosion, such as

that of the “salt-spray” box in which a 20 per cent sodium chloride
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was used. In the case of castings, this treatment also serves to

decrease the porosity very decidedly. This has proved a very

decided advantage in the case of aluminum alloy carburetor parts.

(d) VARNISH, PAINTS, AND ENAMELS

For severely corrosive conditions—for example, sea water—the

use of a paint, varnish,
;

or enamel coating appears to be the most

satisfactory method for protecting aluminum. The experiments by

Sabin in 1896 (18j) indicate the degree of protection obtainable by

such means. In one series of tests, 30 plates of aluminum and various

alloys coated in different ways were immersed in sea water 5 to 6

feet below the surface for 19 months at the New York Navy Yard.

At the end of 6 months the following coatings were found to have

given practically perfect protection: Baked pipe-coating enamel;

“durable metal coating,” both baked and unbaked; chromium oxide

in Kauri resin-oil varnish, unbaked; spar varnish, baked and unbaked;

and white zinc in Kauri resin-oil varnish. The plates were reim-

mersed for 13 months. Some were lost, but those which were

examined were still uncorroded.

In a second series of tests, 25 coated plates were immersed at the

Norfolk Navy Yard for 2 years. The results in general confirmed

those of the first tests and indicated in addition that coatings in

which oil alone was the vehicle were not suitable for such severe

conditions.

At present, the most commonly used coatings of this class are of

three general types, clear spar varnish, aluminum-pigmented spar

varnish and bituminous varnish. The last one is used as a protection

against severe corrosion, such as sea-water immersion. The varnish

coatings are used primarily for atmospheric service, the pigmented

varnish having a very much greater protective value than the plain

varnish coating of equal weight. Both wdll “blister,” however, under

severely corrosive conditions. The tendency of bituminous paints to

check on exposure can be eliminated by giving them a protective

coating of aluminum paint made with spar varnish. With a suitable

varnish, the black undercoat will not “bleed” through the aluminum
paint and the finished surface will closely resemble the original

aluminum sheet.

A rather comprehensive series of exposure tests is now in progress

in cooperation with the Bureau of Aeronautics, United States Navy
Department (18c). The results to date have served to emphasize

the decidedly longer life of pigmented nitrocellulose and varnish

coatings as compared with the corresponding clear coating. The
linseed-oil paints because of their great flexibility appear to be

exceptionally well suited for the protection of aluminum and its

alloys. Such coatings are not suitable, however, for service involving

appreciable abrasion.
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A varnish type of coating which is scratched off in places or which
blisters or peels in spots exposes those localities to corrosion, and
repair of the coating at such spots may be too long postponed. Coat-
ings which are not truly permanent, but which may be very readily

renewed, have many points in their favor. A simple rubbing over
with a thin film of slushing compound (93-a), an adherent oil, has
been found to offer very good protection under rather severe condi-

tions of service,
4 especially when dusted over with aluminum “bronze”

powder. The powder may serve to combine with the moisture or

other corroding agents which would otherwise attack the underlying

metal, and its adherence shows that the film of oil is complete. Such
a coating has desirable flexibility, but is much stiffer and less readily

rubbed off than might be expected, and can be readily repaired as

required. Such methods of protection preferably applied over an
anodic coating deserve serious consideration in competition with the

varnish type.

5. ALUMINUM FOR PROTECTION OF OTHER MATERIALS

(a) METAL SPRAYING AND “ALCLAD ” PRODUCTS

A coating of aluminum applied by the metal spraying process has

been found by laboratory corrosion tests at the Bureau of Standards,

and by exposure tests on the seacoast, which have so far extended for

a period of a year, to protect duralumin very efficiently. So far as is

known such a coating had not previously been used for this purpose.

Very recently this scheme of protecting duralumin with a coating

of pure aluminum has been applied to sheet by the Aluminum Co.

of America. While the details of the method of applying the coat-

ing have not yet been made public, the resultant product appears

as if it were made by placing thin sheets of pure aluminum each

side of a heavier sheet of duralumin and hot-rolling the pack so as

to secure welding of the sheets together. Duplex or triplex alumi-

num clad steel and copper sheets, also apparently produced by weld-

ing during hot-rolling, have been produced abroad, and such speci-

mens have been examined at the Bureau of Standards.

The weld between copper or steel and aluminum in the specimens

examined did not appear as good as that between aluminum and

duralumin in the domestic product.

While the addition of the aluminum coatings over the duralumin

decreases the strength of the resultant sheet, as compared with an

all-duralumin sheet of equal thickness, the “Alclad” material, as

the product is called, has, nevertheless, after heat treatment, a

strength within, say, 5,000 lbs./in.
2 of an unprotected duralumin

sheet when the thickness of the pure aluminum coating is not too

great.

4 Private communication from C. W. Hall.
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Preliminary tests by the Aluminum Co. of America on the resist-

ance to corrosion of duralumin so coated with aluminum corroborate

the previous experience of the Bureau of Standards as to the ability

of an outside layer of aluminum to protect an underlying layer of

duralumin against corrosion, especially of the intercrystalline type.

Dix (18-a) states that the aluminum exerts an electrolytic protection

over cut edges or bare spots at which the duralumin is exposed in a

fashion similar to the protection of small exposed areas of iron or

steel in a zinc-coated sheet.

The use of an aluminum coating, either alone or in combination

with one of the varnish or the slushing compound type, appears to

offer advantages, obtainable in almost no other way, for the avoid-

ance of the intercrystalline type of corrosion of the duralumin type

of alloys.

Aluminum has been sprayed commercially by the Schoop process

upon other metals (21—j), though its application to duralumin by
metal spraying appears to have been confined to the experiments

of the Bureau of Standards. Sprayed at the rate of 1 lb./hour, it

will cover superficially an area of 30-40 square feet to a thickness of

0.0012 inch (21—f). In Germany aluminum is sprayed on grate bars

to reduce wear, prevent the scaling of the iron, and adherence of

slag. The iron and aluminum combine =and an outer skin of alumi-

num oxide is formed (21-c) which has a melting point of 3,200 to

4,000° F. It is necessary to replace the coating from time to time.

(b) ALUMINUM PAINT

Aluminum powder, often called aluminum “bronze” powder, is

made of fine flakes of aluminum suspended in a suitable vehicle.

Powdered or atomized aluminum is granular in form and not suitable

for use in making aluminum paint. The vehicles used include

bodied linseed oil, short and long oil varnishes, gloss oils, and pyroxylyn

lacquers. Linseed-oil paints give a softer surface when dry than

varnish-base paints (17h). Walker and Hickson (22e) state that

aluminum paint consisting of 25 to 30 per cent aluminum powder in

boiled linseed oil, or linseed oil and spar varnish, will be durable for

outside paint when applied in three coats. Two coats will give good
service on metal; one coat is not recommended. Aluminum paint

containing 15 per cent powder in spar varnish is not nearly equal to

one containing 25 to 30 per cent as above. For extreme durability

for outside use 2 Yi pounds of powder to a gallon of vehicle is recom-

mended, while for interior use 1 Yi to 2 pounds powder to a gallon is

sometimes sufficient. The Aluminum Co. of America recommends
20 to 25 per cent by weight of powder. A new paint (22c) contains

flake silica and graphite pigment, in addition to aluminum, in boiled

linseed oil.
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Aluminum paint reflects 70 per cent of the light energy (22f) which
falls upon it, and for this reason it is used for painting oil tanks and
structures which must be kept as cool as possible. Aluminum paint

also has a low emissivity and is used on ovens, furnaces, stacks, etc.,

where it is desired to radiate as little heat as possible. It is used in

protecting metal against corrosion and wood against weathering.

Aluminum paint is unaffected by hydrogen sulphide. The polished

powder has the property of “ leafing” in oils and varnishes, the

aluminum flakes collecting at the surface to form an apparently con-

tinuous bright metallic film. The unpolished powder does not have
this property. Edwards and Wray (22d) recommend the use of two
coats of aluminum-bronze powder mixed with shellac as a protection

against warping and cracking of wood patterns. The use of the paint

also increases the ease with which the patterns may be withdrawn
from the mold. For detailed discussion of aluminum paint reference

should be made to Edwards (22a).

(c) CALORIZING AND OTHER PROTECTIVE METHODS

Aluminum finds some use as a protection on other metallic sur-

faces, being generally applied by calorizing (21e, g, i), sometimes by
spraying, or even applied as foil. Euder (21i) describes the cal-

orizing process of coating metals with aluminum by heating in a

mixture of aluminum and aluminum oxide at high temperatures.

This is accomplished at from 700 to 800° C. for copper and from

900 to 950° C. for iron and steel. The layer formed varies from

0.0009 to 0.0004 inch in thickness. Guillet (21g) describes methods
making use of granular aluminum, alumina, and aluminum chloride at

about 800° C. He finds that materials that have been mechanically

worked calorize better than cast material. The coating produced is

very hard and may be polished. Guillet states that calorized mate-

rial lasts five to twenty times as long at temperatures of 700 to

800° C. as uncalorized material and two to four times as long at

higher temperatures. It may be applied to condenser tubes, furnace

parts, or other parts used at high temperatures. Guillet states that

calorization changes the electrical resistance of aluminum. Kayser

(21b) states that oxygen or air, carbon dioxide, ammonia, and coal

gas have no effect on aluminized nickel-chromium-iron alloys or steel,

or on nickel-chromium-iron up to at least 1,000° C. Above 1,000° C.

aluminized steel is attacked to a limited degree. Sulphur-bearing

gases lead to rapid destruction of aluminized steel, the effect being

most marked in reducing atmospheres, and a minimum in dry oxidiz-

ing atmospheres. The use of aluminized steel is restricted to uses

in which it is not called upon to withstand even small stresses.

Cournot (22b) experimented with the use of powdered ferroalumi-

num on steel low in carbon, and found that a porous outer layer

resulted under which was formed a continuous, resistant inner layer.
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This inner layer developed by diffusion toward the interior. The
time of cementation had a clear influence, but the chemical composi-

tion of the iron-aluminum powder had no appreciable influence on
the coating. The resistance of the coating to heat is influenced by
the initial thickness of the coating and the freshness of the powder-

The protective effect was not so satisfactory on an eutectoid steel,

and on cast iron the results were very poor. Howe and Brophy (21e)

state that in the case of the calorization of cast iron the penetration

appears to be retarded relative to the amount of free carbon present.

The work of Martin on covering iron alloys by dip coatings, painting

with A1 and Fe203 ,
treatment with A1 vapor and volatilization of an

aluminum salt is described and discussed by Cournot (2 Id). Guillet

(21a) describes methods of cementation of copper and its alloys with

aluminum, using an aluminum-copper alloy containing 20:100 Cu-Al.

Ammonium chloride is also used in applying these coatings, and
Guillet regards the chloride as the real agent of cementation. Brass,

bronze, and cupronickel were found to be sharply hardened by the

treatment, except the 84 per cent Cu bronze, which was softened.

Tests on nickel gave a very feeble penetration, without any very

interesting improvement of properties. Tests at higher tempera-

tures gave deeper penetration, often double for the same length of

time.

Calorizing is now being done on a rather large scale by a hot-

dipping process. The articles are tinned first to cause them to take

a better coating when immersed in the molten aluminum. The
aluminum-coated articles are then heated to cause the diffusion of

the aluminum into the iron base. Such caloiized coatings are much
thinner, however, than those made by the older process, but are

much cheaper.
6. ALUMXNOTHERM

Y

Very extensive use is made of aluminum in the production of pure

metals, such as chromium, vanadium, manganese, silicon, and ferro-

alloys by the Goldschmidt thermit process. This process depends on

the reduction at high temperatures of the oxides of these metals by
finely divided aluminum. The Metal & Thermit Co. has published

quite a bit of literature describing the alloys and metals which are

thus produced.

The reaction between finely divided aluminum and the oxides of

iron is also utilized as a welding process for steel and iron. In this

process the crank or cavity is cleaned out and a sand mold built up

around it. Into this mold the reaction mixture, finely divided alu-

minum with iron oxide, is placed and, when ignited, forms molten

iron which flows into the cavity and unites with the edges of the arti-

cle to be welded. The aluminum oxide floats to the top of the weld

mold. Welding by this method is very suitable for heavy repair

work. The details are described in books on welding (41o).
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7. CHEMICAL ANALYSIS OF ALUMINUM AND ITS ALLOYS
(GRAPHITIC SILICON, OXIDE)

The analytical methods in widest commercial use are those given

in a pamphlet issued by the Aluminum Co. of America (15g) and
those of the American Society for Testing Materials (15h).

The analysis of aluminum and aluminum alloys is usually carried

out on at least two portions of sample. One portion is usually de-

composed by acid mixture for the determination of silicon, copper,

and iron. Decomposition by acid is also used for determination of

titanium. The second portion is decomposed by sodium hydroxide

and analyzed for nickel, calcium, and magnesium. Manganese, tin,

antimony, zinc, etc., are customarily determined on separate samples.

Tin is titrated with iodine solution after suitable reduction, anti-

mony is titrated with permanganate, manganese is determined by the

persulphate method, with the bismuthate method optional, and zinc

is separated as the sulphide and finally weighed as the oxide.

The methods cited do not include that for the determination of

“graphitic” silicon. It is a question whether the determination of

“graphitic” silicon by chemical analysis gives any real knowledge of

the state in which the silicon existed in the alloy before chemical

attack, or whether the size of the silicon particles governs the degree

to which they are oxidized on chemical attack, so that the distinc-

tion between so-called “combined” and “graphitic” silicon is, in

part at least, an artificial one.

Analytical figures for graphitic silicon, of course, have a partial

relation to the condition of the silicon in the alloy itself. Schweizer

(15c) points out that by heating specimens from which samples for

analyses were to be taken to 550 to 600° C. for an hour, followed

by quenching in water, the silicon determination can be made with

avoidance of complication by “graphitic” silicon. Koster and

Miiller (15a, 76b) show how the amount of “graphitic” silicon found

by analysis varies in alloys of different silicon content with various

temperatures at which the alloys are heated, and have even given a

curve for the solubility of silicon in aluminum determined on the

basis that silicon held in solid solution is recovered on analyses as

Si02 and that in the eutectic as “graphitic” Si.

American practice now disregards “graphitic” silicon on the basis

that the analytical figure is without great metallurgical significance

and considers that the figure obtained in a “graphitic” silicon de-

termination is governed not only by the condition of the silicon in

the alloy but also by the conditions of the analytical procedure.

After decomposition of the sample some of the iron is in the ferrous

and some in the ferric state, depending on the conditions of analyses.

Similarly, the condition of the silicon after decomposition of the
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sample depends on the conditions of analysis too largely for the

figures to have metallurgical value. Hence, only total silicon is

reported just as only total iron is.

Methods for the determination of aluminum oxide in aluminum
are found in the literature, but it is now generally recognized that

these methods give false values, and metallurgists generally agree

with the conclusion of Withey and Millar (15b, 16a) that metallic

aluminum is not capable of dissolving A1 203 and that any oxide that

would be found on a correct analysis would merely represent the

infinitesimal coating of oxide on the surface of the sample. See also

Rosenhain (15d).

Mechanically entangled oxide or dross, not being uniformly dis-

tributed throughout the metal, would present a difficult sampling

problem even if reliable methods of analysis were available. The
detection of entangled dross is better carried out by microscopic

examination or by mechanical tests, than by chemical analysis.

Selected papers on methods of analysis are listed in the bibli-

ography, page 340. *

The Bureau of Standards is now working on the preparation of

samples of No. 12 alloy and duralumin for inclusion in its list of

Standard Samples for Analysis. It is hoped that these will be ready

for distribution in 1928.

8. ELECTROCHEMISTRY
(a) ELECTROPLATING

The deposition of aluminum from a bath of its fused salts has

already been described (p. 11). The electrolytic separation of alu-

minum from its aqueous solutions, on the other hand, has so far

proven to be extremely difficult, if not impossible, under ordinary

conditions. This difficulty may be due in part to the very high heat

of formation of aluminum compounds and in part to the low solu-

bility of aluminum hydroxide, and its consequent precipitation if

through hydrogen evolution the pH of the cathode film exceeds 6.

Tucker and Thomssen (19m) have announced the electrodeposi-

tion of traces of aluminum, usually in finely divided condition, from

a pasty, aqueous solution of aluminum chloride, at an extremely

high-current density and on a cathode rotated at great speed. Others

have reported somewhat similar results, but so far as is known de-

tailed confirmation is lacking, and the prospect of commercial appli-

cation seems extremely remote.

It appears somewhat easier to obtain aluminum from nonaqueous

solutions, as Plotnikoff (19p) announced the deposition from a

solution of aluminum bromide in ethyl bromide, which was later

confirmed by Patten (19o). While in this case it appears possible

to deposit some aluminum under ordinary conditions of deposition,

the method holds little commercial promise.
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The electroplating of other metals on aluminum and high aluminum
alloys can be readily effected in many cases if special precautions are

taken to secure a clean and preferably slightly etched or roughened
surface in order to get good adherence. In practice the metal
deposited is commonly zinc or nickel; other metals are usually

plated over a preliminary coat of one of those metals. Although
marked deposition by immersion might be expected on account of

the position of aluminum in the electromotive series, actually there

is very little such action. This is probably due to the passivity of

aluminum in nearly neutral solutions, which passivity may likewise

explain some of the difficulty in securing good adherence.

Due to the marked tendency of aluminum toward slow corrosion

through pores in the plated metal, which latter tends to accelerate

this corrosion, it is doubtful whether plated aluminum products

will prove satisfactory where much handling or outdoor exposure

are involved. Promising results based on accelerated corrosion tests,

however, have been reported from France. The process involves a

preliminary coat of nickel, then a coat of copper from the acid sul-

phate bath, which is buffed, followed by a final coat of nickel. The
three coats have a total thickness of about 0.03 mm (0.0012 inch).

In this way it is claimed that the deposit is made nearly impervious.

Kegelsberger (19k) gives numerous references to processes and
patents for plating various metals on aluminum, most of which have

probably had little application. The methods most used for plating

nickel on aluminum have been developed by French investigators

(19d, h, i, j, 1, n).

These depend upon cleaning the aluminum in a mildly alkaline

solution and then immersing it in hydrochloric acid (1 to 1 or about

6N) containing a small amount (about 2 g/L) of some metal, such as

iron. This is usually added as ferrous chloride, but sometimes as

ferric chloride, which latter might have more initial etching effect

but would gradually be reduced to ferrous chloride. Manganous,
zinc, and cadmium chlorides have also been suggested. The alumi-

num is then rinsed and plated in the usual way in any suitable nickel

bath. There seems to have been some difference of opinion as to the

function of the foreign metal in the acid dip, whether it forms a

protective film through deposition by immersion on the aluminum
surface or merely causes an accelerated etching effect.

Another method (19g) of preparation of the aluminum surface for

plating involves sand blasting (or pumice scrubbing), which both

cleans and roughens the surface so that the nickel adheres better.

In plating aluminum it may be generally advantageous to make
connection with the electrical circuit before immersing the article.

Desch and Vellan (19a, b) report good results by plating aluminum
with cadmium for protection against corrosion, although other
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methods proved on the whole more useful. Two different ways of

preparing the aluminum for plating were tried, based on the French
processes. The first, which seems to be given the preference, in-

volved sand blasting, then a light coating of copper deposited from
the copper cyanide bath, followed by another sand blasting. The
other method was similar, except that electrolytic etching (anodic

and then cathodic treatment) in a slightly acid bath containing

ferrous and calcium chlorides was substituted for the coppering.

Various cadmium baths were tried, but for this specific purpose

the most permanently satisfactory results were obtained by using

an ammoniacal cadmium sulphate bath containing peptone.

In the electrometallurgy of zinc (19f) it has long been the practice

to deposit zinc from acid solutions upon aluminum cathode plates,

the zinc being subsequently removed by stripping and the aluminum
plates returned to the cells. Aluminum proves to be quite durable

under such conditions.

From present information and experience it appears probable that

better protection of aluminum is obtainable by means of a varnish

or paint (p. 36) than by electroplating with any metal.

(b) ELECTROLYTIC SOLUTION POTENTIAL

Neumann (19q) measured the electrode potential of amalgamated
aluminum (purity not stated) in normal solutions of aluminum
sulphate, chloride and nitrate, finding respectively, eh

= — 1.31,

-1.29, and -1.05 V.

Kahlenberg and Montgomery (19r) have also measured the electrode

potential of aluminum and of its binary alloys with copper, zinc, and
nickel, in a normal aluminum chloride solution. Much more negative

potentials were obtained in each case after amalgamation and these

were considered to be nearest to the correct values. The potentials

were not constant, but became less negative quite rapidly due to

oxidation. The alloys had less negative potentials than alumi-

num. The results with amalgamated aluminum (over 99 per cent

aluminum) varied from eh
= — 1.28 to eh

= — 1.36 V, depending on
purity, condition, and technique. The results which are more
negative than Neumann’s may be explained by differences in material

and experimental conditions.

The computation of the “ standard” or normal potential eQ for

such measurements involves the degree of dissociation or “ activity

”

of the aluminum salts used, on which there are apparently little

exact data. Allemand and Ellingham (2c) assign to this standard

potential a value of — 1.34 V, which is at least roughly consistent with

the most negative value of —1.36 V obtained by Kahlenberg.

Drosbach (19s) has recently computed a value of eh
= — 1.33

±

0.01 V for the “standard” potential of aluminum, based on heats of

reaction and specific heats.
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Burgess and Hambuechen (12a) give results obtained by Mott on
the potential of unamalgamated aluminum in solutions of various

acids, alkalies, and salts, which indicate that such potentials are

variable and probably have little quantitative significance.

Kahlenberg and French (19t) have measured the potential of

aluminum in N KC1 solution and found it to vary depending upon
whether oxygen, air, nitrogen, or hydrogen was passed through the

solution.

Neumann and Richter (19u, v) have measured the decomposition

voltage of fused salts of aluminum and computed the electrode

potential for solutions at room temperature.

Smits (19w) has concluded from measurements of the potentials

of aluminum amalgams that the potential of aluminum in N A1C13

solution would be eh = — 1 .43 V.

(c) ELECTROLYTIC BEHAVIOR, FORMATION OF FILM

If aluminum is made the anode or positive terminal in an elec-

trolytic cell containing any one of a number of electrolytes, an oxide

film is formed on its surface. The properties of this film depend upon
the potential difference applied, the temperature, and the kind of

electrolyte used. If the film is formed in an electrolyte containing

an ammonium or alkaline salt of some of the weak acids, such as

borates, phosphates, oxalates, citrates, etc., it has the property of

passing electric current readily from the electrolyte to the aluminum,

and of preventing the passage of current from the aluminum to the

electrolyte. It also has the property of being an insulator when dry.

Such films serve as an essential element in electrolytic condensers

and lightning arresters using aluminum plates, in electrolytic

rectifiers in which one of the electrodes is aluminum, and in one class

of insulation for aluminum wire.

The film may be formed by passing either a direct or an alternating

current through an electrolytic cell of which one or both of the

electrodes are aluminum and the electrolyte is of the type mentioned

above. If direct current is used, the film is formed only on the elec-

trode, which is at the higher potential and serves as the anode. If

alternating current is used, a film is formed on both of the electrodes;

that is, if both are of aluminum. When such an electrolytic cell is

first connected into an electric circuit, the current may be fairly

large, but gradually decreases as the film forms. The current con-

tinues to decrease as the thickness of the film increases to a point at

which it no longer passes current from the aluminum to the electro-

lyte by conduction. If now the applied potential difference is in-

creased, current will again pass while the thickness of the film further

increases. With one of the more suitable electrolytes, especially if it

is kept cool, a film formed in this way conducts but very slightly, even

51409°—27 4
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when the potential drop from the aluminum to the electrolyte is

made as large as several hundred volts. At the same time it conducts

readily when the potential drop is from the electrolyte to the alumi-

num. Such films, if kept in the electrolyte, are not very strong

mechanically and are not very stable electrolytically. When not in

use they gradually lose their electrical strength and are weakened
by an increase in the temperature. Even in use, especially if the

applied potential is fairly high, they are more or less continually

breaking down. However, a weakened film is quickly restored by
subjecting it to the conditions under which it was formed, and in

most cases conditions of use are such that a film when broken down
automatically re-forms itself. A breakdown of the film is accom-

panied by a series of sparks between the aluminum and the electro-

lyte, and in certain applications there is a small amount of sparking

almost continuously.

A film which has been in use for some time may appear to be
rather thick and spongy, but the part of it which is effective from the

electrolytic standpoint, and which is adjacent to the aluminum, is

always very thin.

(d) ELECTROLYTIC CONDENSERS, LIGHTNING ARRESTERS

If a number of aluminum plates are placed parallel in a suitable

electrolyte and alternating plates connected to common terminals,

the arrangement constitutes an electrolytic condenser, or, at any rate,

becomes an electrolytic condenser as soon as oxide films of the

requisite thickness are formed over the plates. Such condensers are

not of a quality comparable with the so-called mica condensers in

which sheets of metal are separated by sheets of mica, or even paper

condensers in which sheets of metal are separated by sheets of paper

impregnated with paraffin or similar material. However, because

of the high dielectric strength and extreme thinness of the oxide

film, the electrical energy which may be stored in such a condenser

for a given volume is much larger than that which may be stored in a

mica or paper condenser. It has the further advantage that in case

of a breakdown the oxide film is readily and usually automatically

re-formed.

An important commercial application of these condensers is in

radio broadcasting and receiving equipment.

Lightning arresters depending for their action upon the properties

of an aluminum oxide film in an electrolyte are made by nesting

together a large number of aluminum trays. These trays are sepa-

rated slightly by insulators and filled with a suitable electrolyte.

This type of lightning arrester is connected between the line con-

ductors and ground by a suitable gap to prevent power loss. The

films are formed by applying a suitable alternating potential differ-

ence to the arrester. As they are gradually destroyed by the action of
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the electrolytes, the process of formation must be repeated frqm
time to time and this is generally done in accordance with a definite

schedule. The gap between the line conductors and the arrester

is such that a certain excess of potential difference above normal
results in * a discharge through it and the arrester. If the excess

potential difference is of very short duration it may break down
only half of the films, in which case the discharge should cease as soon
as the sign of the potential difference changes; that is, within a sixtieth

of a second in the case of a 60-cycle power circuit. In case the

current continues to pass for several cycles, new films form at the

points broken down. This reduces the discharge current, allowing the

electrodes of the gap to cool to a point at which the gap no longer

conducts.
(e) ELECTROLYTIC RECTIFIERS

If one of the electrodes of an electrolytic cell is aluminum and
other ferrosilicon, carbon, or a metal similar to lead, such a cell after

the film is formed will pass current from an alternating-current circuit

such as that ordinarily used to supply light in the home, in one direc-

tion readily and scarcely at all in the other. A cell of this type may
therefore be used as a “ trickle ” charger for radio A batteries and as an

element in B battery eliminators. It may also be used as a rectifier

for charging small batteries, such as radio B batteries. Such recti-

fiers are described at length in Bureau of Standards Technologic

Paper No. 265, Theory and Performance of Rectifiers, so need not be

considered further here.
(f) OXIDE INSULATION

The oxide film which forms naturally on aluminum is an insulator.

However, it is so extremely thin that it breaks down with an applied

potential difference of less than 1 volt. If the film is formed by mak-
ing the aluminum an anode, as outlined above, and then dried, it

will withstand an applied potential difference of 100 volts or more.

The film formed in sodium silicate with an applied potential difference

of 425 volts is from 0.0001 to 0.0004 inch in thickness, smooth to

the touch, not brittle, but abrasive. Two wires so insulated and

twisted together without rubbing will withstand an applied potential

difference up to from 200 to 500 volts. However, the slightest relative

motion of the wires results in a grinding between the surface, which

causes a short circuit.

IV. PHYSICAL PROPERTIES

1. ELECTRICAL, MAGNETIC
(a) ELECTRICAL RESISTIVITY

The resistivity of electrolytically refined (99.968 per cent) aluminum
as recently determined at the Bureau of Standards for hard-drawn

and annealed wire at 20° C. is, respectively, 2.688 and 2.674 /* per cm.
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The density at 20° C. was 2.698. The temperature coefficient of

resistance per °C., at 20° C., is 0.00421 for hard drawn, and is esti-

mated as 0.00423 for annealed.

Edwards (33b) gave 2.669 /x-cm at 20° C. and a temperature

coefficient of 0.00425 for annealed wire of 99.971 per cent purity,

and converted this figure to other bases of reference as follows:

Volume conductivity, compared with International Standard

copper of same, length and cross section, 64.6 per cent.

Mass conductivity, compared with International Standard copper

of same, length and mass, 212.9 per cent.

Specific mass resistivity-ohms per meter gram 0.0720.

Commercial samples, not refined, but selected for purity have been

previously examined. Richards and Thomson (23p) have given lower

values of resistivity than those given above on samples of aluminum
which they described as having a purity of 99.58 and 99.66 per cent.

Their figures, reduced to 20° C. by their value for the temperature

coefficient become for hard-drawn wire 2.789 and 2.646 ju-cm, re-

spectively. In view of more recent data on purer samples, the low

value for the 99.66 per cent sample can no longer be accepted.

For commercial conductor grade aluminum the American Institute

of Electrical Engineers standard is, for hard-drawn material, 2.828

ju-cm resistivity, 0.7644 ohm grams per meter2 or 17.01 ohm circular

mils per foot at 20° C.; temperature coefficient of resistance 0.00403;

density at 20° C., 2.703; length-temperature coefficient 0.000023

(temperature in ° C.); volume and mass conductivity (compared with

International Standard copper) 60.97 and 200.53 per cent, respec-

tively, while the change of resistivity with change of temperature is

0.0115 M-cm per ° C.

The temperature coefficient, ranging from about 0.0042 for pure

material down to 0.0040 or 0.0039 for less pure material, holds over

the temperature range 0 to 100° C. (23n, p). Pressure coefficients of

electrical resistance are given by Bridgman (33c), and quoted by
Edwards (33b).

Tests by the bureau (23k) on seven hard-drawn American samples

averaging about 99.6 per cent pure (impurities about one-third iron,

two-thirds silicon) gave, at 20° C., values varying from 2.7845 to

2.8175, with a mean of 2.806.

Tests at the Bureau of Standards on 28 samples of commercial

aluminum of British manufacture gave, at 20° C., resistivities of

2.844 to 2.857 for hard drawn, and 2.817 to 2.825 u-cm. Densities

ran from 2.698 to 2.705.

Bureau of Standards tests on samples of French manufacture gave,

for “extra pure” annealed, 2.76 8 and 2.774 ;
for the same hard drawn,

2.776 ,
for ordinary purity, annealed 3.05i and 3.057 ,

for the same,

hard drawn, 3.048 and 3.05i ju-cm. Analyses or density of these

specimens are not available.
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Further values for resistivity have been given by Jaeger and
Dieseihorst (23n) and Northrup (23o).

The trend of the effect of the usual impurities, chiefly Fe, Si, and
Cu, in commercial hard-drawn aluminum upon the resistivity is

shown in Figure 10. This curve is only a rough approximation, but

represents within reasonable limits the available data for the indi-

vidual impurities as well as for combinations of them. The effect

of calcium, as given by Edwards and Taylor, is also roughly repre-

sented by this curve. With larger amounts of impurities the curve

does not continue straight, but for most impurities will bend down
toward the hori-

zontal axis.

According to

Grogan (46a, 57a)
/ZQ

and Kosenhain and

Grogan (96e) the

effect of Si can be

to a certain extent 1/6

neutralized by suit-

able additions of

calcium in amount /t/2

just sufficient to

combine with the

Si to form the in-

soluble compound
CaSi 2 . If an ex-

cess of either Ca or

Si is present, the /m
conductivity must
fall, according to

Edwards and Tay-
lor, though Grogan ’

,

claims that a slight Fig

excess of Ca is not

harmful.

Since the impurity present in largest amount in most commercial

aluminum is iron, calcium additions would not be expected to be of

much practical value, since the iron would not be affected.

The resistivity of hard-drawn commercial aluminum can be

decreased by annealing at the proper temperature for the proper

time, as indicated by Figure 11, but overannealing makes the resis-

tivity increase again. The curve of Figure 11 is taken from Wunder
(27a) and represents tests on hard-drawn wire of 4 mm diameter and

of a purity of 99.3 per cent. The shape of the curve is characteristic

\

. 10 .—Approximate effect of total amount of common
mpurities on resistivity of commercial hard-drawn

luminum
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of results on hard-drawn aluminum conductor, but the depth of the

loop is greater than is obtained on American conductor wire of greater

purity.

Northrup (34e) gives a curve showing the change in resistivity of

solid and molten aluminum from room temperature to 1,100° C.

The purity of the aluminum is not stated.

(b) USE OF ALUMINUM FOR ELECTRICAL CONDUCTORS

While copper is the material most used for electrical conductors,

aluminum has had extensive application for this purpose. Owing
to its lower conductivity it is necessary to use a larger cross section

of aluminum to get

the same conduct-

ance. Since the
conductivity of alu-

minum is about 61

per cent that of cop-

per, a cross section

about 64 per cent

larger is necessary

for equal conduct-

ance. The density

o f aluminum being

only about 3 0 per
cent that of copper,

the weight of an alu-

minum conductor of

the same conduct-

ance is less than for

copper.

The larger cross

j.oz

A 00

.950

.960

‘9W

920
o 9 /oo° 2.00° 300 ° 400 ° joo c section of aluminum

Fig. 11 .
—Effect of annealing for one hour upon resis- for the same con-

tivity of hard-drawn 99.3 per cent aluminum. ductance as copper
(Wunder)

results in a slightly

smaller self-inductance and a slightly larger electrostatic capacity

and charging current. The voltage at which corona appears is

higher for a larger diameter and this effect becomes of some impor-

tance at very high transmission voltages.

An aluminum conductor is weaker than one of copper having the

same conductance. To provide greater strength aluminum con-

ductors may be made up with a core of steel and the material is

generally used in this way where strength becomes a controlling

consideration. The accompanying tables (9 and 10) show the

strength of stranded conductors of aluminum and of aluminum with

steel core. In both cases the breaking load of the cable is assumed
to be about 90 per cent of the sum of the breaking loads of the

individual strands.
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Table 9.—Data for stranded aluminum conductors 1

Size in circular mils
Diame-

ter
Area Usual

stranding

Copper
equiva-
lent in
circular
mils

Elastic
limit

Break-
ing load

874,500 — Inches
1.077

Square
inch
0. 687 37X0. 154 550, 000

Pounds
9,600

Pounds
14, 800

795,000 1.026 .624 37X . 146 500, 000 8, 750 13, 500
750,000 .994 .589 37X . 142 472, 000 8, 250 12, 700
715,500 .974 .562 37X . 139 450, 000 7, 870 12, 100
636,000 .918 .500 37X • 131 400, 000 7, 000 10, 800

556,500 — .856 .437 19X • 171 350, 000 6, 120 9, 450
500,000 .810 .393 19X . 162 314, 500 5,500 8, 500
477,000 .793 .375 19X .158 300, 000 5,240 8, 100
397,500 .724 .312 19X .145 250, 000 4,370 6, 750
300,000 .621 .236 19X -126 188, 800 3, 300 5,100

336,400 .657 .264 19X . 133

A. W. G.
No.

4/0 3,700 5, 700
266,800 .586 .209 7X • 195 3/0 2,940 4,550

A. W. G. No.:
4/0 .522 .166 7X . 174 2/0 2,330 3, 570
3/0 .464 . 132 7X . 155 0 1,845 2, 860
2/0 .414 .104 7X .138 1 1, 465 2, 270
0 .368 .083 7X • 123 2 1, 160 1, 790
1 .328 .066 7X . 109 3 920 1, 420

i Data supplied by the Aluminum Co. of America.

Table 10.—Data for aluminum cables
,
steel-reinforced 1

Size in circular mils

Equivalent
copper in
circular
mils

Stranding

Total Breaking
load

Diameter

Aluminum Steel
area

795,000 - 500, 000

Inches

1. 093 54X0. 1214 7X0. 1214

Square
inch
0. 7060

Pounds

25, 150
715,500 450, 000 1.036 54X . 1151 7X .1151 .6350 22, 680
636,000 400, 000 .977 54X . 1085 7X . 1085 .5640 20, 060
477,000 300, 000 .883 30X .1261 7X .1261 .4620 20, 700
397,500 - 250, 000 .806 30X . 1151 7X .1151 .3850 17, 250

336,400

A. W. G. No.
0000 .741 30X .1059 7X .1059 .3260 14, 580

266,800 000 .633 6X .2108 7X .0705 .2370 8,450

A. W. G. No.
0000 00 .564 6X . 1880 IX .1880 . 1939 7,590
000 0 .501 6X .1670 IX .1670 .1537 5, 995
00 1 .447 6X . 1490 IX . 1490 .1219 4, 770
0 2 .398 6X .1327 IX .1327 .0967 3, 780
1 3 .355 6X .1182 IX .1182 .0766 3,000

2 4 .316 6X .1052 IX .1052 .0608 2, 394
3 5 .281 6X .0938 IX .0938 .0482 1,890
4 6 .250 6X .0834 IX .0834 .0383 1,500

1,1835 7 .223 6X .0743 IX .0743 .0303
6 8 .198 6X .0661 IX .0661 .0240 940

1 Data supplied by the Aluminum Co. of America.

While aluminum can be soldered and both soft and hard solders

are available for this purpose, the operation is not /so readily accom-

plished as with copper. Soldering is usually resorted to in connect-

ing conductors to switch terminals, etc., but joints in transmission

lines are usually made with mechanical devices. Satisfactory forms

of clamps for this purpose have been worked out. Tie wires for

aluminum conductors should always be made of aluminum.
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The subject of proper sags and tensions in stringing aluminum
conductors is fully covered in Handbook No. . 10 of this bureau,

entitled “Safety rules for the installation and maintenance of elec-

trical supply and communication lines,” in which tables are given

for conductors of different sizes and for different temperatures and
different geographical locations. The same tables will also be found
in the latest edition of the National Electrical Safety Code, Handbook
No. 3. The values given there and in the tables above are based

upon data furnished by the Aluminum Co. of America and accepted

by the committee which revised the National Electrical Safety Code.

In that work the weight of stranded aluminum conductors is taken

as 1.194 pounds per square inch of cross section per foot of length.

The modulus of elasticity is taken as 9,000,000 lbs. /in.
2

. The coeffi-

cient of thermal expansion is taken as 12.8 X 1CT6 per 0 F. For cables

having steel reinforcement these values vary with the size of cable.

For cables of sizes Nos. 6 to 0000, the modulus of elasticity is taken

as 12,000,000 lbs. /in.
2

;
the weight per square inch of cross section

per foot of length as 1.52 pounds, and the coefficient of thermal

expansion as 10.5 X1CT6 per °F.

Williams (23f) states that compared with hard-drawn copper

of the same conductivity aluminum-steel cable has an ultimate

strength 18 to 63 per cent greater than that of copper, depending

on the relative amounts of steel and aluminum. The span length

of steel-aluminum cables is much greater than for either aluminum
or copper (23g): there is greater security against corona losses with

increasing transmission voltages than with copper (231), which enables

the use of longer spans. The inductance of steel-aluminum cable is

the same as for a homogeneous conductor of the same diameter (23g).

The aluminum used should be at least 99 per cent pure (23h, i, j).

Aluminum cables have 3, 7, 19, 37, or 61 strands (23a), while steel-

cored cables have 7, 37, or 61 strands in which the stranding is 1

and 6, 7 and 30, 7 and 54 steel and aluminum (23a). There appears

to be some difference of opinion as to the necessity of zinc coating

the steel to prevent electrolytic corrosion. Dusaugey (23c) and
Williams (23f) state that a thick coating of zinc is necessary, while

Hiller (23h) states that there is no appreciable corrosion from
electrolytic action between steel and aluminum. Legros (23d)

states that abnormal atmospheric attacks may occur with unusually

hardened metal or in an atmosphere of excessive humidity. The
Fifteenth Commission de TUnion des Syndicats de i’Electricite (23j)

specified that aluminum must not contain impurities other than

Fe or Si, and must not contain Na to which is attributed atmospheric

attack. The relative costs of the two materials (Cu and Al) must
necessarily vary with the market conditions. In 1924 Dusaugey
(23c) calculated that there was a saving of expense of 55 per cent in

the use of aluminum over copper conductors of the same section, 37

per cent if calculated for the same heating and 25 per cent if

calculated for the same conductivity.
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(c) THERMOELECTROMOTIVE FORCE

The thermal e. m. f. of 99.968 per cent electrolytically refined

aluminum wire against pure platinum (Pt29 ,
the platinum standard)

has recently been determined by the Bureau of Standards, and the

data are given in Table 11.

The e. m. f. corresponds to the temperatures of the hot junction,

the cold junctions being at 0° C. The plus sign indicates that the

aluminum was connected to the plus terminal; that is, the aluminum
was at a higher potential than the platinum.

Table 11.—Temperature versus electromotive force for very pure aluminum

Degrees centigrade
Interna-

tional milli-

volts
Degrees centigrade

Interna-
tional milli-

volts
Degrees centigrade

Interna-
tional milli-

volts

0 +0-000
.062

240 1.374 460 3.480
3. 703
3. 931
4.164

20 260 1.538 480 . .

40. .135 280 1.708 500
60 .218 300. 1. 884 520

80 .312 320 . 2. 065 540 4.403
100 .416 340 2. 252 560 . . 4. 647
120 . 529 360 2. 444 580 4.896
140 .651 380 2. 641 600 5.150

160 .781 400 2. 843 620 5.409
180 .919 420 3. 050 640 5. 673
200 . 1.064 440 . 3. 262 660 5. 942
220 1. 216

Several samples of electrolytically refined aluminum were tested

at 100° C. with the following results:

Table 12.—E. m. f. of aluminum at 100° C.

Purity (per cent)
E. m. f.

millivolts

99.972 0. 41s
99.97 .418
99.968.... .416
99.86 . 41?

Since the third decimal place is in doubt by at least one or two

units, thermal e.m.f. determinations would have to be made at tem-

peratures higher than 100° C. to differentiate between different sam-

ples of the refined metal of varying purity.

Data on less pure metal (99.67 per cent) against copper at 100,

232, and 419° C. are given by Northrup (25a). His results may be

expressed by the following equation:

(A1 to Cu) 106 E (volts) = 4.51#-0° .0122#2 + 0°. 0000433#3

(A1 to Cu 10°^ (volts) =4.51-0° .02441 + 0° .000129912
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Other measurements are by Wagner (25b) and Jaeger and Diesel-

dE
horst (25c), whose values for at temperatures between 0 and 100°

C. are lower than Northrup’s. The samples of aluminum used by
them were not as pure as that used by Northrup.

Edwards (33b) has given figures on the effect of various impurities

on the thermal e.m.f. of refined grade aluminum which are shown in

Table 13.

Table 13.—Effect of impurities on the thermoelectric properties of aluminum

Thermoelectric e. m. f.

against 99.971 per cent Al.
Hot junction 660° C . Cold
junction 0° C.

Added constituent

Thermoelectric e. m. f.

against 99.971 per cent Al.
Hot junction 660° C. Cold
junction 0° C.

Added constituent

Microvolts
+5

Per cent

0. 037 silicon.

0. 157 silicon.

0. 336 silicon.

0. 692 silicon.

0. 080 iron.
0. 166 iron.

0. 370 iron.

0. 746 iron.

Microvolts
Maximum +4 \

Per cent

0. 060 copper.

0. 160.

0. 820 copper.

0.048 manganese.

+6 Final 4-1. 1/
Maximum —11 \+8. 5

4-i n. i Final - 4/
Maximum —25 \4-15. 5

-{-20. 5 Final - 4 /
+704-23.2 -

+31

(d) MAGNETIC SUSCEPTIBILITY

Aluminum is paramagnetic. Honda (24a) finds the following val-

ues for the susceptibility (Jc) at 18° C. for impure material.

Material
Susceptibility

(*)

TTahlbairm alnminmn in rods (Fp.=0.80 per eotitl +0. 695X10-6
+. 685X10-6
+.65 X10-6

Siemens-Halske aluminum in wire (Fe=0.42 per cent)
Neuhausen A. G. aluminum east (Fe=0.08 to 0.24 per cent)

The susceptibility diminished from + 0.695 X 10“6 at 18° C. to

+ 0.GQX10"6 at 657° C., and remained sensibly constant up to

1,050° C.

Honda’s values of & are lower than values obtained by Wills (24b).

2. THERMAL

(a) CHANGE OF STATE (MELTING AND BOILING POINTS)

The value of the melting or freezing temperature of aluminum of

99.97 per cent purity is 659.

8

0
° C., and that of 99.75, 658.

9

6
° C.,

according to Edwards (33b) who determined these values by com-
parison with the standard sample of 99.66 per cent (Fe = 0.18,

Si = 0.15 per cent), whose melting point this bureau has determined

as 658.68° C. and which it furnishes as one of its standard samples

for thermometric fixed points. (See Circular No. 66.) According

to the most probable extrapolation, the melting point of aluminum

100 per cent pure would be very close to 660° C.
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There is a considerable discrepancy between the two values for

the boiling point of aluminum given by V. Wartenberg (26e) as

over 2,130° C. and by Greenwood (26d) as 1,800° C. The latter

value may be accepted probably as more nearly accurate, but it is

very possibly only within ± 50° C. of the correct value. Experi-

mental data from which to deduce the form of the vapor pressure

curve are not available, but, by analogy, Johnston (26b) calculates

it to be expressed by the equation

logp= - 11,500

T + 8.41.

The heat of fusion of aluminum may be taken from measurements

by Laschtschenko (29c) as approximately 64 cal/g. Genders (lid)

quotes the figure 208 cal/cc or 72 cal/g from Kaye and Laby. The
heat of vaporization has never been determined. Richards (2h)

calculates it to be 61,480 cal/g (that is, “ about 23 times the tem-

perature, absolute, at the boiling point”)? and Johnston calculates

it as 52,600 cal/mole.

(b) THERMAL CONDUCTIVITY

No thermal conductivity determinations on really pure, electrolyti-

cally refined aluminum appear to have been made as yet.

The thermal conductivity at 50° C. (approximate) as determined

Cell
by this bureau —

8
'_ 1 Q n for “Standard Sample Aluminum,

sec. cm i v/.

1922,” of 99.66 per cent is 0.52 . 0 r,
•

S6C. oxn i

Genders (lid) quotes figures by Schofield showing 0.53 2 at 129° C.,

and 0.542 at 372° C. for metal whose purity is not stated. Lees

(27b) gives 0.504 and 0.502 at 18 and 0° C., respectively, for metal

stated to be “99 per cent.” He also gives values for lower tempera-

ture which are cited in Sec. VI. Other values, by Jaeger and Diesel-

horst (23n, 27c), are lower, due most probably to a high percentage

of impurity (including copper, 0.36 per cent) in the sample tested.

(c) THERMAL EXPANSIVITY

Three important series of measurements of the linear thermal

expansivity of aluminum have been made. Two of these at least,

by Dittenberger (28b), and by this bureau, were carried out with

sufficient precision of measurement. That by Brislee (28a) was

carried out with the purest material available at that time, but

material of a higher degree of purity has since been studied at this

bureau. The values of Dittenberger and Brislee are given below:

Dittenberger (A. E. G. “pure” aluminum): Between 0 and 610° C.

+ = (23.536<+ 0.007071/2
)
10~6 a)
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Brislee (Si= 0.25 per cent, Fe= 0.25 per cent): Between 0 and

100° C. ~ *

A1 _ f24.5t X 10"6 annealed} r9 >.

|24'.3f X 10-6 hard
j

^ '

Bureau of Standards investigations (28c) on aluminum containing

0.014 per cent silicon, 0.015 per cent iron, 0.018 per cent copper, and

99.952 per cent aluminum (by difference) gave values of expansion

Fig. 12 .—Linear expansion of two samples of pure aluminum {99.S

5

per cent)

coefficients given in Table 14. The most probable second degree

equation for the expansion coefficient of cast 99.95 per cent pure

aluminum from room temperature to about 610° C. is

Lt = Zo[(l+(22.58* + 0.00989*2
)
10~ 6

] (3)

A length at any temperature calculated from this equation is accurate

to ± 0.00002 per unit length.

The average coefficients of the two samples of aluminum agree

fairly well. The largest variation in the coefficients is 0.3 X10“6
.

The observations on cooling are generally slightly above the heating

curves, as may be seen from Figure 12. At the end of the expansion

tests, S821 was about 0.01 per cent longer than before the test and

S828 was about 0.02 per cent longer.
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Table 14.—Average coefficients of expansion of aluminum

Temperature range (in
0 C.)

Average coefficients of expan-
sion per degree centigrade

Sample
S821

Sample
S828

Average 1

20 to 100 -

X10-

6

23.8
xio~6

23.7
xio-6

23.8
100 to 200 25.6 25.5 25. 5

200 to 300 27.5 27.5 27. 5

300 to 400 29.4 29.6 29.5
400 to 500 --- - 31.4 31.6 31.5

500 to 600 33.3 33.6 33. 5

300 to 600 - 31.4 31.6 31.5

20 to 200 24.8 24.7 24.7

20 to 250 - - - 25.3 25.2 25. 2

20 to 300 25.8 25.7 25.7

20 to 400 -- -- --- - 26.7 26.7 26. 7

20 to 500 27.7 27.7 27. 7

20 to 600 28.7 28.§ 28.7

1 Coefficients given in the last column were computed from the equation.

Fig. 13.—Linear expansion of two samples of commercial aluminum (99.15

per cent)

Expansion determinations from room temperature to about 600°

C. were also made on two duplicate samples (S843 and S844) cut

from commercially pure aluminum sheets, rolled to one-fourth inch.

The composition of these specimens was as follows:
Per cent

Silicon 0. 32

Iron . 36

Copper . 10

Manganese. . 07

Aluminum (by difference) 09. 15
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loo

G-95

The Brinell hardness number was 45. The Aluminum Co. of

America states that practically all of the rolled commercially pure
aluminum sheet used in the United States consists of aluminum
similar to S843 and S844.

The observations obtained on the two samples of commercial
aluminum are shown graphically in Figure 13. Both expansion

curves are regular.

At the end of the

test sample S844
was found to be

about 0.01 per cent

longer than before

the test. The
length of the other

specimen was prac-

tically the same be-

fore and after the

test.

Table 15 gives
average coefficients

of expansion which
were computed from
the expansion
curves.

The mean varia-

tion in the coeffi-

cients of expansion
f /0 /S % of the two samples

-Effect of added elements on the relative expan- of commercial alu-
sion of aluminum. (Guertler 2ii) mimirn is 0 2 X 10-6 .

For nearly all temperature ranges, the coefficients of expansion of

the two samples of commercial aluminum are larger than the cor-

responding coefficients of the two samples of pure aluminum. (See

Tables 14 and 15.)

The effect of alloying elements upon the thermal expansion is shown
in Figure 14 after Guertler (2ii). *

0.90

Fig. 14.-

Table 15.

—

Average coefficients of expansion of commercial aluminum

Temperature range (in ° O.)

20 to 100.

20 to 200.

20 to 250.

to 300.

to 400.

to 500.

to 600.

Average coefficients

of expansion per
degree centigrade

Sample Sample
S843 S834

X10~* X1O-0

23.9 24.0
26.1 25.7
26.6 26.4
26.8 26.6
27.3 27.0
28.0 27.8
28.7 28.6
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(d) SPECIFIC HEAT

Determinations of specific heat are lacking on the refined grade of

aluminum.

Accurate data on the specific heat of impure aluminum are given

by Jaeger and Dieselhorst (23n). They give two values for an alumi-

num containing 0.48 per cent Fe, 0.3 per cent Cu (Si not determined),

of a mean specific heat over a very small temperature interval, prac-

tically the true specific heat, as follows:

% (18° C.) = 0.2143 “~o7T
at

v y gram, °C.

$ (100° C.) = 0.2228
C

-
a
--
o/T

at gram, °C.

Brislee (29b) by calorimetric measurements determined the mean
specific heat of 99.6 per cent aluminum to be:

Cal
From 300 to 20° C.: <rm= 0.2354

From 200 to 20° C.: <rm= 0.2240

gram, °C.

Cal

gram, °C.

From these results the equations are deduced:

^ (from 18 to 100° C.) = 0.2124+ 0.000104£ (Jaeger and Dieselhorst)

dg

dt
(from 0 to 300° C.) = 0.2012 + 0.000228* (Brislee)

Jaeger and Dieselhorst’s values are probably more accurately deter-

mined at least at temperatures of from 0 to 100° C. than Brislee’s,

although Brislee used a purer aluminum.
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Laschtschenko’s results on the mean specific heat of aluminum
between higher and ordinary temperatures indicate that the total

heat per gram of aluminum from 0 to 658° C., the melting point, is

187 calories. Recently, Umino (26a) has given the mean specific

heat of aluminum of 99.116 per cent purity between 100 and 1,000° C.

The results agree fairly well with those of Laschtshenko (29c).

Figures cited by Genders (lid) from Griffiths and Kaye and Laby
for material whose purity is not stated are recalculated to calories

per gram-degree 0.21 at 0° C., 0.22 at 15° C., and 0.28 at 600° C.

3. OPTICAL

The absorption index and the refractive index for aluminum (no

further description given) have been given by Drude (30d).

N (for X= 0. 589) = 1.44

K (for \=0. 589) = 5. 32

jThe reflecting power of this metal is given by Drude (30d) as 83 per

cent for A = 0.583, and by Coblentz (30b) as 68.5 per cent for \=»0.60.

Coblentz (30c) has studied the ultra-violet reflecting power of

duralumin (94.19 Al, 4.2 Cu, 0.37 Fe, 0.51 Mn, 0.54 Mg. 0.19 Si) and
magnalium (Al 69, Mg 31). The results are shown in Figure 15.

4. MECHANICAL PROPERTIES

(a) PROPERTIES OF SINGLE CRYSTALS OF ALUMINUM

Carpenter and Elam in 1921 (31g) first described a systematic

method of producing large single crystals of aluminum (99.6 per cent

Al). The method of production was based on the well-known fact

that under certain conditions of strain followed by heating exceptional

grain growth occurred. They found that by properly adjusting the

critical relations that exist between a preliminary annealing, strain-

ing, and subsequent time and temperature of heating, the entire

reduced portion of test specimens of flat sheet or round bar could be

transformed into a single crystal. Single crystal test pieces 9 inches

long by 0.564-incli diameter were obtained. It was not found

possible to produce single crystals in square bars because owing to

their shape they do not strain uniformly.

Details of the method of production are given briefly by Carpenter

(31a) in the May lecture, 1926, before the Institute of Metals from
which much of the following discussion is taken:

The test pieces must, in the first place, be accurately machined along the

parallel portion. In order to convert this into a single crystal three treatments

are necessary—the first thermal, the second mechanical, the third thermal.

The first treatment is necessary to soften the metal completely and produce new
equiaxed crystals of as far as possible uniform size, the average diameter being
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1/150 inch. The second consists in straining these crystals to the required

amounts, and the third in heating the strained crystals to the requisite tempera-

ture, so that the potentiality of growth conferred by strain could be brought

fully into operation. The most suitable temperature of the first heating was
found to be 500° C. and the time six hours. The precise degree of strain for the

aluminum used was an elongation of 1.6 per cent on 3 inches produced by a

stress of 2.4 tons/in.2 (5,380 lbs. /in.2). The final heat treatment was begun at

450° C. and the temperature raised at about 25° C. per day up to 550° C. It

was then brought finally up to 600° C. for one hour, in order to complete the

absorption of small crystals on the surface, which persistently remained at lower

temperatures. On an average, one test piece in four is converted into a single

crystal in this way.

The growth of a large crystal in this way appears the more re-

markable when one considers that in some cases the volume of the

single crystal produced exceeded 2 cubic inches which previous to

treatment contained approximately 7,000,000 crystals.

Single crystals may also be formed under similar conditions when
the specimen is subjected to compressive instead of tensile strain.

The tensile properties of these single crystals are very different

from the properties as determined on the crystalline aggregate.

The tensile strength and elongation value instead of being compara-
tively uniform and consistent vary from specimen to specimen over a

considerable range which has been shown to be due to differences in

the orientation of the crystal in the test piece. These variations in

tensile properties are accompanied by a marked difference in the

method of stretching and the types of fractures produced. Instead

of giving the ordinary cup and cone fracture a cylindrical single

crystal specimen becomes narrower over the length of the reduced

section on one diameter only while the other diameter remains

practically constant. As the maximum extension is approached a

characteristic lens-shaped figure is formed and as the bar is pulled

apart this becomes a smaller fracture eventually taking place first

at each side and finally in the middle. The final result is that the

fractured surface of each half of the test piece is a very acute ellipse

or wedge, the metal being grooved in each case. Characteristic

flow lines* also appear on the test specimens corresponding to the

stretching of the metal.

The tensile strength of cylindrical specimens of single crystals

varies between 6,700 and 9,000 lbs./in.
2
,
and the elongation from 57

to 85 per cent, depending upon the orientation of the crystal relative

to the direction of stress.

The great ductility and malleability of a single crystal is very

remarkable. It can be cold-rolled into a strip or drawn cold into

wire, and although hardened apparently retains its malleability.

Detailed studies have been made by Taylor and Elam (3 Id, f) of

the distortion under tensile stress of a single crystal bar machined
51409°—27 5
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from cylindrical specimens. Under tensile stress the -bar is pulled

out and assumes a final shape of a parallelopiped with two broad

and two narrow sides. The surfaces of the bar remain smooth and

the corners sharp in spite of an elongation of over 75 per cent. The
investigators showed that of the 12 crystallographically similar

modes of shearing, the one for which the component of shear stress

in the direction of shear was greatest was the one which actually

occurred. During the first part of the deformation slip generally

occurred on one crystal plane, but during the latter part slip always

occurs on two planes. Fracture can not occur by slipping on a single

crystal plane. Single crystals of aluminum have no primitive elastic

limit (31b).

Brinell hardness tests of single crystals indicate very clearly the

directional properties. The impression is never circular, although a

spherical ball is used, but is always square with slightly rounded

corners. According to O’Neill (31e), the rhombic dodecahedral (Oil)

face has the greatest hardness, the Brinell hardness being 23.3. The
octahedral face (111) is softer, being 21.3, and is apparently slightly

harder than the cube face (001), which is 20.6.

Tests of single crystals in compression (31c) indicate that the dis-

tortion is similar to distortion under tensile stress.

Gough, Hanson, and Wright (31b, h, i, j) have investigated the

endurance properties of single crystals of aluminum under reversed

direct stresses and reversed torsional stresses as well as single-blow

tensile impact tests and slow cycles of repeated tensile loading.

The following general conclusions have been drawn by them:

Single crystals of aluminum possess no primitive state of elasticity;

plastic strain occurring under the lowest stresses applied. In all

cases the plastic strain consists of shear in the direction of a principal

line of atoms on one or more of the octahedral planes of the crystal.

Slip bands appear on the polished surfaces of the crystal which are

traces of these planes. The effect of slip on any plane is, at first,

to increase its resistance to further slip. At the same time a similar

hardening effect is produced on other planes parallel to the original

slip planes and intersecting the original slip planes; apparently the

resistance to slip is increased to a greater degree on the former than

on the latter planes.

Studies of the properties of single crystals of aluminum (and other

metals) have opened up a vast and new field of research. Formerly,

all theories of the properties of metals were necessarily based on the

results of tests on crystalline aggregates, an essentially complex

structure in which the individual properties of the two chief “com-
ponents,” the crystal grain and the boundary material were not known.

The obtaining of single crystals has made possible the study of these

component parts. The results obtained so far have shown that many
theories must be entirely rejected or considerably revised.
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There is not space here to discuss even briefly the numerous new
theories that have been advanced as a result of these investigations.

The reader is necessarily referred to the references given in the

bibliography (p. 353).

(b) METHODS FOR TESTING SHEET METAL

Aluminum, duralumin, and various other alloys of aluminum are

largely used as sheet. The testing of thin sheet metal to determine

the mechanical properties presents some difficulties. These are

chiefly due to tearing action and to the effect of the concentration of

stresses at the ends of the reduced portion of a tensile specimen.

Considerable attention has been paid during the last few years to the

testing of thin sheet metal and much progress has been made in

developing satisfactory methods.

The following precautions should be taken in testing any thin sheet

metal

:

(a) To obtain elongation values which are free from the effect of

the ends the reduced portion should be at least 4 inches for the gauge

length of 2 inches.

(5) The width of the reduced portion should be }/% inch for thin

sheet.

(c) The radius of the fillets should be sufficiently large (at least %
inch) to avoid high concentration of stresses and the possibility of

failure of the specimen at the fillets.

(d ) The high concentration of stresses may be further reduced by
using a width of ends that is 13 per cent greater than the width of the

reduced portion.

(e) A taper of 0.003 to 0.005 inch in width from the fillets to the

middle of the reduced section is desirable to assist in obtaining

fractures in the middle third of the gauge length.

(/) The gripped length of the specimen should be at least 2 inches

at each end.

(g) When the specimen is sheared from the sheet its width should be

sufficient to permit the removal of sufficient material from each edge

to eliminate the effects of the shearing from the reduced section.

(h

)

By using self-aligning grips, the effect of eccentric loading is

reduced.

As aluminum and its alloys are more ductile than some other metals,

tensile specimens which differ considerably from the specimens

recommended here may be used and satisfactory results obtained.

However, the results obtained from different specimens may not be

identical.

In many cases, there is a commercial advantage in using the tensile

specimen recommended by the American Society for Testing Ma-
terials (32b) which has a reduced portion 2M inches long, fillets
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Yz inch radius, and ends which are 2% inches long having a width
which does not exceed the width of the reduced portion by more than

50 per cent.

This subject is very fully discussed in references (32b, c, d, e).

In Table 32 are collected the properties of sheet aluminum as given

in specifications from several sources.

(c) ELASTICITY

The best value for E, the (Young’s) modulus of elasticity is given,

by private correspondence with the Aluminum Co. of America, for

commercial aluminum bars and wire as: E= 10,000,000 lbs. /in.
2 at

17° C. The value for bars is given by Brislee (33f), K= 9,840,000

lbs./in.
2

;
for wire, K= 9,790,000 lbs. /in.

2 Koch and Dannecker (34d)

give the modulus of torsion at 20° C. as 3,870,000 lbs. /in.
2 For

values at higher temperatures, see page 71.

Poisson’s ratio (ji) is given by the Aluminum Co. of America as

0.31 to 0.32 and by Schaefer as 0.359. Katzenelsohn finds that p
increases 15.7 per cent between 0 and 100° C.

(d) TENSILE PROPERTIES

The tensile properties of electrolytically refined aluminum are

compared below with the average properties of the commercial

grade, both as given by Edwards for wrought, annealed material

tested in standard 0.505-inch diameter, 2-inch gauge length speci-

mens, as well as with the average for commercial material. ^

Purity Tensile strength
Elonga-
tion in 2
inches

Reduc-
tion of

area

Brinell
50 kg Ys-
inch ball

99.97

Lbs./in. 2

8,465
13.000
14.000

kg/cm 2

595
Per cent

60
Per cent

95 15-16

99.4 _ _ _ . 912 45 80 22
Commercial 983 40 75 24

!

The “ yield point” of commercial aluminum is usually taken as

3,000 to 6,000 lbs. /in.
2 or 550 to 630 kg/cm2 but the material has

no true yield point. The yield-point figures correspond to the stress

for extension under load of one-half of 1 per cent. The propor-

tional limit is very low.
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Fig. 16.—The effect of cold-working on the tensile properties of aluminum sheet;

taken from the data of the Aluminum Co. of America

The abscissas represent the ratio of the thickness of the sheet tested to that of the original annealed sheet

from which it was rolled. The curves represent the average of 15 tests of sheet rolled from 12, 14, and 16

gauge annealed sheet. The portion of the curve beyond a ratio of 30 per cent—that is, between 30 per cent

and 0—is drawn from results of tests of 22, 24, and 26 gauge sheet drawn without annealing from %to%
Inch hot-rolled sheet.
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Table 16 will give an idea of the tensile properties of this metal
in other forms.

Table 16.— Tensile 'properties of commercial aluminum 1

Form Tensile
strength “Yield point"

Elonga-
tion in 2
inches

Reduc-
tion of
area

Sand cast
Lbs./in .

a

11.

000-

13, 000
12.

000-

14, 000

12.

000-

15, 000
18.

000-

22, 000
22.

000-

35, 000
25.000
28.000
30.000

18.

000-

26, 000
25, 000-55, 000

31, 000
28.000
25, 000
22,000

Lbs./in*
4.

000-

6, 000
9,000

3.

000-

6, 000
9, 000-12, 000

12, 000-25, 000

Per cent

15-

30

16-

25

12-35
5-12
1-7

15-20
15-20
15-20
5-15

Per cent
30-50

Chill cast
Sheet:

Annealed 20-40
2040
20-40

Half-hard _

Hard .

12-gauge
16-gauge..-
20-gauge

Bars (hard). 14.

000-

23, 000
16.

000-

33, 000
3040
40-60Wire (hard)..

40-mil
80-mil
120-mil
200-mil

]

1 These figures are by the Aluminium Co. of America (2g) and others.

The effect of cold working is shown in Figure 16.

Wilson and Gavey (23m) have found that the duration of applica-

tion of stress has a marked effect on the ultimate tensile stress.

Hard-drawn aluminum wires which had been in service as electrical

conductors for a few months and had become somewhat corroded

showed the ultimate tensile stress given in Table 17.

Table 17 .—Effect of duration of stress upon aluminum wire

Time of application of ultimate breaking load
Breaking
load

Tensile
strength ‘

Ordinary tensile test

Pounds
325

Lbs./in*
25. 300
23. 300
21, 800
18, 700
17,100

One-half hour 300
6 hours .. . 280
118 horns. 240
525 hours - 220
1,900 hours 2 . . .

1 Wire weighed 75 pounds per mile and was apparently No. 10 British wire gauge. The values in column
3 are calculated on this basis.

2 Not broken but still stretching.

(e) COMPRESSION

Aluminum will show a strength in compression equal to or greater

than that which it possesses in tension. The high values obtained

in test are misleading and are due to the fact that aluminum flows

under pressure, and at the time fracture occurs in the standard

compression test specimen, the actual area is very much greater

than the original area which is used in calculating results. The

elastic limit in compression is normally the same as that in tension.
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(f) HARDNESS, COMPRESSIBILITY

For hardness of the pure metal see page 64. The scleroscope hard-
ness (magnifying hammer) of annealed or of cast commercial alumi-

num varies from 4 to 6. The hardness of cold-rolled sheets is in-

creased to from 13 to 15; the Brinell values varying from 22 to 55
according to the temper of the sheet; the Brinell hardness (500

kg, 10 mm ball, 30 seconds) of cast aluminum varied from 23 to 28.

Bohner (33j) has discussed the relation between hardness and ten-

sile strength.

Bridgman (33c) gives values of compressibility of drawn annealed

rod of electrolytically refined aluminum at 30° C., as — 10-7

AV
(13.34 — 3.5 X 10~5

p)p and at 75° C., as ~ = - KT7 (13.91-3.5

X 10“6
^)^, and for cast aluminum at 30° ~10~7 (13.43

-5.0X10~5
p)p and at 75° C., ~= - l<r7 (13.76- 5.1 X 10~5

p)p

when F=vol. at 30° C., and atmospheric pressure. Previous meas-

urements on material of commercial purity gave lower values.

(g) DUCTILITY (ERICHSEN TEST)

The ductility of soft annealed aluminum sheets, such as are used

for stamping and drawing, is well indicated by the Erichsen test.

Average Erichsen values (32a, 42g) are given below for different

gauges of commercial aluminum sheets:

Table 18 .—Erichsen value for commercial aluminum sheet

B. & S. gauge
Thickness
in inches

Erichsen
value B. & S. gauge

Thickness
in inches

Erichsen
value

28 0. 0126
.0159
.0201
.0253
.0319

5. 5-7.

5

7. 0-8.

0

7. 0-8.

0

7. 0-8. 5

7. 5-9.

0

18 0.0403
.0508
.0840
.0808
. 1018

8. 0- 9.

5

9.

0-

10. 5
10.

0-

11.

5

10. 5-12.

0

11.

0-

12.

5

26 16
24 14.

22 . 12
20. 10...

Curves showing the behavior of aluminum in slow-bending tests

are given by Dix (45f).

(h) ENDURANCE LIMIT

Moore (46h) has determined the endurance limit of 99.24 per cent

aluminum in -inch diameter rolled bar, cold worked to a tensile

strength of 22,600 lbs. /in.
2

, 16 per cent elongation in 8 inches, 45

Brinell hardness number (500 kg), 23 Rockwell hardness number
(hg-inch ball), as ±10,500 lbs./in.

2
(stress range 21,000 lbs. /in.

2
) by

rotating beam tests.

Most endurance test data in respect to aluminum are upon the

alloys rather than on the metal itself. (See page 273.)
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(i) DENSITY

The density of electrolytically refined aluminum (99.97 per cent)

at 20° C. referred to water at 4° C. is 2.698 g/cm3 for annealed

material. Hard-drawn wire of this purity showed identical

results. With less pure material there is an appreciable decrease

in density on cold working. Annealed metal having a density of

2.702 will have a density of about 2.700 when in the hard-drawn or

fully cold-worked

condition.

Seven samples of

hard-drawn wire of

from 99.52 to 99.60

per cent aluminum
tested at this bu-

reau averaged
2.6991 in density,

ranging from
2,6983 to 2.6996

(23k). Brislee
(33e, g) has shown
that the density of

aluminum depends

upon the heat
treatment and

amount of me-
chanical working it

has received. He
found that the

increase of

seven samples of

densitv of cold-

Fig. 17 .—Effect of iron, copper, and silicon upon the mean
density of aluminum, cold-rolled % inch diameter rod .

{Edwards, 33b)

worked metal upon annealing was 0.0017, or 0.063 per cent.

Edwards and Moorman (33d) give the following for 99.75 per cent

and 99.5 per cent aluminum:

Table 19 .—Effect of physical treatment upon density of Al

Purity of
|

sample
|

Condition and treatment of sample
Density
(20° C.)

99.75 Sample sawed from pig .

g/cm3

2. 6827

Do
Same, cold rolled from % to }/% inch
Preceding sample, annealed 15 minutes at 450° C
Same, annealed 2 hours longer .. -

2. 6861
2. 7031
2. 7030
2. 7030

99.5 Hard-drawn aluminum wire, 10-gauge 2. 7029

Same, after annealing. . J 2.7063
Hard-drawn aluminum wire, 6-gauge - J
Same, after annealing . . .

2.7019
2.7048



LIGHT METALS AND ALLOYS 69

The low density for cast metal (sawed from pig) is probably due to

voids or blowholes. Arcbbutt (94b) gives values for cast metal of

99.5 per cent purity varying from 2.64 to 2.70, depending on whether

solidification has taken place in such a way as to retain or release

dissolved gas, so that the casting contains, or is free from, pinholes.

The effect of impurities upon density is shown in Figure 17 after

Edwards.

The density in the liquid state is given by Edwards and Moorman
as follows:

Table 20 .—Density of aluminum from 20 to 1,000° C.

Temperature Condition
99.75 per
cent A1

99.4 per
cent A1

98.25 per
cent A1

20 Solid 2.703
(2. 69)

(2. 67)

(2. 62)

(2. 55)
2. 382
2. 371
2.343
2.316
2.289
2.262

2.706 2. 727
100 do.
200 do .

400 do
658.7... do
658.7 Liquid 2. 384

2. 373
2.345
2.318
2. 291
2. 264

2.405
2. 394
2.366
2. 339
2.311
2.285

700 do .-

800. do
900 do
1,000 do
1,100 . . _• do_. _ -

Values in parentheses are calculated from expansion formulas.

Density of liquid A1 (99,75 percent) expressed byDt = 2.382— 0.000272

(t—658°) where D% is the density at the specified temperature, t.

Other studies of the density of liquid A1 have been made by Pascal

and Jouniaux (33h) and by Richards (33i).

The shrinkage of aluminum is given by Edwards and Moorman as

:

Shrinkage of aluminum

Total of solidification
and liquid shrinkage
from t° C. to solid at
658° C. Percentage
of original volume

0 C.

658 6.6
700 7.2
800 8.2

Edwards and Moorman give the total change of volume, due to

thermal expansion in the liquid state and to change of volume on

solidification—that is, from liquid metal at the temperature given to

solid metal at the melting point, as 8.2 per cent from 800° C. and

7.2 per cent from 700° C., while the change of volume from liquid

metal to solid metal, both at the melting point, is 6.6 per cent.

(j) WEAR OF ALUMINUM AND MAGNESIUM

Aluminum, magnesium, and their light alloys are seldom used

industrially where resistance to wear is an important requirement and

are not usually considered to have good “ bearing properties.’’ Some
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instances of commercial use for purposes involving- resistance to wear,

as in certain gears, have been successful, but it would be difficult to

predict, from present knowledge, under just what conditions such use

will or will not be successful.

Experiments can be cited on the wear of these metals, but care must
be used in the interpretation of data, as it is not yet possible to trans-

late with certainty the results obtained under one set of conditions

into others.

The results of abrasive wear tests carried out by Brinell (95c) and

by Robin (95d) are summarized in Table 21. BrinelTs tests showed
that aluminum with a somewhat lower Brinell hardness had a much
higher wear resistance than magnesium. In Robin’s wear .tests

aluminum and certain aluminum-nickel alloys,^as shown in Table 21,

were compared to a bronze coinage alloy. In general, the weight

losses in unit time were greater for the aluminum and its alloys than

for the bronze.

Table 21 .—Experiments relating to the wear of aluminum, magnesium, and
their alloys

[For details of tests refer to references given in text]

Investigators Metal

Brinell
hardness

No.
(500kgload)

1 Wear re-

sistance 1
Wear (weight loss)

Brinell A1 33 694
Mg 36 220
90 Mg, 10 Zn 55 199

Robin..

96 Al, 2 Mg, 2 Cu

A1

80

22

632
mg in 1 minute *:

115.

98 Al, 2Ni 33 110.

97 Al, 3 Ni 47 100.

Bronze coinage 74 85.

95 Al, 3 Ni, 2 Cr 53
mg in 2J4 minutes *:

36.

96 Al, 4 Ni 47 41.

Bronze coinage 78 35.

Al
mg in 3 minutes *:

160.

Bronze coinage 140.

Honda and Yamada

—

Cu

gm per h. p. when friction co-
efficient=0.3:

0.67.

Cd 1.10.

Mg 1.27.

Pb 1.27.

Sn ! . 1.33.

Sb 2.93.

Zn 3.40.

! Bi 14.73.

1 Reciprocal of the volume of metal removed by 1 mm diskXl,000.
1 Different abrasives or contact pressures used. These three sets of tests not directly comparable.

Honda and Yamada (95b) determined the weight loss per unit of

frictional work when magnesium and other metals were rubbed in

contact with cast iron. The weight loss in grams per horsepower,
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when the coefficient of friction was kept constant at 0.3, is shown for

a number of metals in Table 21. The value for magnesium is the

same as that for lead and almost twice as high as copper.

French and Herschman made tests with hardened-steel plug

gauges operating in hardened steel, cast iron, and a heat-treated and
aged aluminum piston alloy containing about 10 per cent copper,

1J4 per cent iron, and one-fourth of 1 per cent magnesium. They
used a testing machine designed for the study of the wear of plug

gauges (95a), but found that under otherwise comparable conditions

the weight losses for the heat-treated aluminum piston alloy were

roughly five to ten times that of hardened high-carbon steel and

ten to twenty times that of their grey cast iron.5

V. PHYSICAL PROPERTIES OF ALUMINUM AND ITS ALLOYS
AT HIGHER AND LOWER TEMPERATURES

Koch and Dannecker (34d) give the following values for the

modulus (F) of torsion (E= (approximately) 2.72 F) at higher tem-

peratures (

E

is the modulus of elasticity in tension)

:

Table 22 .—Modulus of torsion of aluminum at elevated temperatures

1

Temperature in
degrees centigrade

Modulus of

torsion in
pounds per
square inch

20 3. 870. 000
3. 730. 000
3. 450. 000
3, 100, 000
2, 630, 000
2, 030, 000

680, 000

100
200
300
400
450. -

500

As temperature increases above room temperature the tensile

strength and hardness of aluminum decrease rapidly, the elongation

and reduction of area increasing. The effect of temperature on the

properties of aluminum and a few of its alloys is considered below.

Niccolai (34g, 231) has determined the specific electrical resistivity

of aluminum at temperatures from — 189 to 400° C. His values are

given in Table 23 and plotted in Figure 18. Lees (27b) also gives

similar values for the electrical resistivity at lower temperatures.

Northrop (34e) gives a curve for resistivity of solid and molten

aluminum up to 1,100° C.

* Taken from data in a forthcoming report by French and Herschman, Bureau of Standards.
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Fig. 18.—Effect of temperature on electrical resistivity of aluminum.
(.Niccolai ,

3Jig)

Table 23.—Effect of temperature on the electrical resistivity of “ Kahibaum”
aluminum 1

(Niccolai , 34g)

Temperature in degrees centigrade

Electrical
resistivity in
microhms
per cubic
centimeter

Temperature in degrees centigrade

Electrical
resistivity in
microhms
per cubic
centimeter

-189 0.641 +125 4. 192
—175 .795 +150. .. 4.496
—150 1.038 +175 4. 827
—125 1.282 +200 5. 172
—100 1. 535 +225 5. 518
—75 1.782 +250 5.850
—50 2. 067 +275 6.204

—25 2. 321 +300 6. 559

±0 2.618 +325 6. 917

+25 2.925 +350 7.274

+50 3. 237 +375 7.638

+75 __ 3. 662 +400 .7. 991

+100.. 3. 858

Purity not given.
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Fig. 19 .—Effect of temperature on the atomic heat of aluminum. {Nernst, 29d)

Lees (27b) gives the following values for the thermal conductivity

of 99.0 per cent aluminum:

Table 24 .—Thermal conductivity at low temperatures

Temperature in degrees centigrade

Thermal
conductivity
in calories

per second
per cubic cen-
timeter per

1 ° O.

Temperature in degrees centigrade

Thermal
conductivity
in calories

per second
per cubic cen-
timeter per
1°C.

—170 _. (0. 524)
.514
.508
.491
.492

—75 (0. 493)
.496
.499
.502
.504

-160 —50
—160 -25..
-125 0
-100 +18
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The effect of low temperatures upon the atomic heat of aluminum
is shown in Figure 19 from data by Nernst (29d). Guillet and
Cournot (34c) give the values for Brinell hardness of commercial
aluminum at —20° C., —80 °C., and liquid air temperature as 25, 24,

and 53, respectively, the resistance to shock at the same temperatures

showing no appreciable drop down to liquid air temperatures.

Total heat of aluminum at higher temperatures ha§ been measured
by Laschtschenko (29c) from t° to 24° C. His results are plotted

in Figure 20.

The specific heats of aluminum at 100, 200, 300, 400, 500, and
600° C. have been determined by Eastman, Williams, and Young
(29a) as 6.16, 6.42, 6.68, 6.95, 7.21, and 7.47 calories per ° C., the

results being estimated as accurate to within 1 per cent.

Tables 25, 26, and 27 give high-temperature tests by several

investigators. (See also fig. 21.)

Table 25.—Tensile tests of hard-drawn aluminum tubes (Breuil , ^2%)

EFFECT OF ANNEALING » TESTS AT ROOM TEMPERATURE

Temperature of anneal in degrees centigrade

Tensile properties

Tensile
strength

Yield
point

Elonga-
tion in

2.7 centi-
meters

Reduc-
tion of

area

Hard
Lbs./in.

2

31, 600
35, 800
31. 600
21. 600

Lbs.tin.
2

30, 900
31, 600
18, 100
15, 000

Per cent
4.0
6.6
5.6

22.2

Per cent
18
15
31
42

100
200
300.

TESTS AT ELEVATED TEMPERATURES. EFFECT OF TEMPERATURE ON
PROPERTIES 2

Temperature of test, ° C.

20 31, 600
29, 900
20,800
10, 100

30. 900
29.900
15,800
10, 100

4.0 18
24100 9.6

200 22.2 41
300 31.4 35

1 Tubes were annealed in oil (time not given) and tested at room temperature.
2 Tests made at temperature indicated.
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Tensile properties of 99.57 aluminum (with 0.21 per cent Fe, 0.22

per cent Si) and of quite impure (98.87) aluminum have more recently

been studied by Martin (34b) and the results obtained on the 99.57

aluminum areshown

o m wi Iboo
in Figures 22 to 24.

In the figure, by
“slow” is meant a

rate of loading 0.36

inch/min. and by
“fast” 1.07 inch/min.

Ingalls (34a) does

not obtain as smooth
a curve as Martin.

The hardness of

aluminum, 12 per

cent copper-alumi-

num, 12 per cent

zinc and 3 per cent

copper, 4 per cent

copper, duralumin,

and of aluminum
with varying per-

centages of copper

at elevated tempera-

tures are given by
Grard (2e) and are

shown in Figures 25

to 30. Tensile properties, Brinell hardness and mass strength of

various piston alloys at elevated temperatures as given by Aitchison

(lOd) are shown in Table 28.

Table 26.— Tensile tests of aluminum bars at higher temperatures 1
(Baumann ,

SJfX)

ANNEALED

Fig. 21.-

Temperahire, deg. Fahr*.

-Effect of temperature on tensile properties of

aluminum, according to Bengough

Tensile properties

Temperature in degrees centigrade
Tensile
strength

Elongation
in 5 centi-

meters
(1.97 inches)

Reduc-
tion of

area

20

Los./inJ
14,000

Per cent
43.3

Per cent

64.5
60. 12, 600

9, 960
5, 890

3, 360

49.9 71.9
100 66.8 76.6
200- 78.

1

87.2
300 - 79.8 92.8

NOT ANNEALED

20. 19,900
13,700
9,230
4,270

16.3 43.7
100. 35.8 66.0
200- 44.7 76. 9
300 59.9 83.7

1 These tests were made on 99 per cent aluminum bars 17, 12, 8, and 4 mm thick. The values given are
averages of the results for the bars of the four thicknesses.
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Table 27.—Effect of temperature on the tensile properties of aluminum 1
(Bengough

Sfffi)

Tensile properties

Temperature of test in degrees centigrade
Tensile
strength

Elongation
in 2 inches

Reduc-
tion of
area

20
Lbs./in.2

19,200
19, 200
14.100
11. 100

7,600
3,800
2,150

Per cent
11

Per cent

75
20 12 75
200 15 78
275 17.2 79

330 20.3 88
375... .. 25 88
396 56 90
450 65 96

520 900 68.5 0
0
0

92

565 . 640 70.3
610 660 75
625 420 39

1 The metal tested contained 99.56 per cent aluminum.
2 Reduction of area to finest possible point.

Table 28.—Properties of piston alloys at high temperatures (lOd

)

Tensile properties Condition

A1 plus 12 per cent Cu ...
Y alloy
A1 plus 14 per cent Cu, 1 per cent Mn.
A1 plus 8 per cent Cu
A1 plus 13 per cent Zn, 3 per cent Cu.

C hill-cast.

do
do

—

do
do...

BRINELL HARDNESS

A1 plus 12 per cent Cu

A! plus 8 per cent Cu

Al plus 13 per cent Zn, 3 per cent Cu.

Y alloy.

[Sand-cast.

\
Chill-cast.

/Sand-cast.
1 Chill-east.

[Sand-cast.
1C hill-cast.

[Sand-cast.
\Chill-cast.

Maximum
stress at 250° C.

Maximum
stress at 350° C.

Lbs./in. 2 Lbs./in.2

15, 400 10, 500
25,300 11,400
22, 400 14, 100
15,700 7,400
9,400 3, 300

Brinell hardness No. at —

15° C. 200° C. 300° C. 400° C.

67 58 33 14
82 63 35 13

55 43 25 11

60 48 28 12

79 36 15
62 35 16

71 61 46 17

76 68 53

Maximum stress/specific gravity

MASS STRENGTH

Al plus 12 per cent Cu
Al plus 14 per cent Cu, 1 per cent Mn.
Al plus 8 per cent Cu
Al plus 13 per cent Zn, 3 per cent Cu.
Y alloy
Cast-iron A
Cast-iron B

Chill-cast.

do

—

do...
do
do...

Sand-cast.
do-_.

250° C. 350° C.

5,100 3,400

7, 400 4,700
5,400 2, 700

3, 100 1, 100
13,900 4,000
3, 800 3,800
3,400 3, 100

51409°—27 6
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The relative weakening at high temperatures of the alloys con-

taining zinc and the effect of manganese in tending toward the reten-

tion of strength at high temperatures is shown, as in Aitchison’s data,

by data obtained several years ago in the laboratories of the Alumi-

num Castings Co.,

cited below. The
provisions for insur-

ing that the temper-

ature measured act-

ually represented the

temperature of the

specimen were not
complete enough to

insure accuracy, and
the indicated tem-
peratures are prob-

ably higher than the

true ones. The fig-

ures are comparable

among themselves,

but should be taken

as of comparative

value only. All the

alloys were sand-cast.

Iron is said tohave
2 4 <5 <3 /0 /2

/o
Cu an effect rather simi-

Fig. 30.—Variation in hardness under 500 kg load, with
}ar ^at of man-

copper content at different temperatures. (Grard ,
2e) ra a \g£iI16S6

Figures 31 to 34 also show the sudden drop in strength at about

250° C. (480° F.) of most alloys, the worthlessness of the alloys high

in zinc for high temperature service and the beneficial effect of

manganese.

Table 29 .— Tensile strength of cast alloys at higher temperatures

Tensile strength at

—

Alloy Room
tempera-

ture

150° C. 260° C. 370° C.

8 per cent Cu _ _

Lbs./in*
22, 800
21, 600
18,000
33, 700
46,400

1

Lbs./in 2

20,800
21, 500
18,000
26,600
35,000

Lbs./in 2
|

19, 300

20,900
17.000
19, 500
26.000

Lbs./in.2

17,800
20, 300
16,200
13.000
17.000

8 per cent On, per cent Mn
2 per cent Mn
2!^ per cent. On, 19 per cent Zn
1% per cent Cu, 30 per cent Zn
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Figure 35, after Basch and Sayre, shows that the silicon alloys

lose strength at high temperatures in much the same way that the

copper alloys do.

The strength of the 12 per cent copper alloy at increasing tempera-

tures is given by Swan (92b, 61g) as 22,500 lbs. /in.
2 at 15° C., 18,500

at 150° C., and 15,500 at 250° C., and by Anderson and Boyd (lOf)

as 21,000 lbs. /in.
2 at 20° C., 15,000 lbs. /in.

2 at 200° C., and 10,000

Fig. 35.

—

Variation of tensile properties of some alu-

minum alloys of copper and of silicon vnth temperature.

(Basch and Sayre, 76w)

lbs./in.
2 at 350° C. The coefficient of expansion is given by both

as 26.4 X 10“6
. Anderson and Boyd recommend pouring the 10 per

cent copper alloy at 725 to 775° C.

Data on the properties of duralumin and of an alloy of Al-Zn-Cu-Mg
at low temperatures, given by Cohn (43gg), Table 30, show that both

strength and ductility increase at temperatures below room temper-

ature.
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Table 30.— Tensile 'properties of aluminum-zinc-magnesium alloy and of dural-
umin at low and slightly elevated temperatures (Cohn, 4$99)

Test conditions
”

Tensile properties

Alloy Tem-
pera-
ture

Medium
Ultimate
tensile
strength

Elonga-
tion 1

°C.
-80 COj snow

Lbs./in.2

50.500
46.500
45. 300
45,900
45.000

38.500

35.000

31.600
40.000
46.500
45.000
44.000
42.600
35, 800
67. 300

Per cent
20.3

-20 Ice and salt 13.3
0 Ice and water 16.0

| [Air 16.

1

Cu 0.32 per cent, Zn 9.40 per cent,
jMg 0.39 per cent extruded (and

drawn).

20

70

Water 70°, 1 hour in contact with iron
I then tested in air.

(Stressed in tension, load released, held
2 hours in water in contact with iron,

l tested in water.
(Stressed in tension load released and

J
held M hour in water 70° C.

|
As above, held 1 hour 70° in water

15.3

2 6.

4

2 5-7

4.2
|l hour in oil _ 11.5

-80 COs snow 19.8
Above alloy annealed 400° C., j

quenched in water, aged 1 week, ;

room temperature.

—20 Ice and salt . 21.1
21.

1

0 Ice and water..
20 Air 20.8
70 Water 17.4

; -80 GOj snow 22.5

Duralumin (composition not
'

stated) heat-treated.

-20 Ice and salt. _ 64. 800
64.400
62. 400
60,000
78.000
76.000
75, 300
76,000
75,100

72.800

21. 7
0 Ice and water 20. 0
20 Air 20. 0
70 Water 20.0

-80 CO* snow 6.8
-20 Ice and salt 7.0

Duralumin heat-treated and
cold-worked.

0 Ice and water 6.9
,Air 6.

1

20

70

(Stressed in tension, load released, held
3 hours in water in contact with iron.

'Water

6.9

5.5

1 Gauge length not given. 2 Broke outside gauge length.

VI. TECHNOLOGY
1. CASTING

Pure aluminum is too soft, machines with too much difficulty, and
has too great a propensity toward shrinking and piping to be widely

useful in the cast state. Except for experimental purposes or for

cases where cast shapes of high electrical conductivity or resistance

to some types of chemical corrosion must be produced, castings are

made only in the alloys of aluminum and will be discussed under

that heading (p. 160).
2. WORKING

Sheet aluminum is usually rolled from one of the standard rolling

ingots. The ingots are reheated after casting to about 425 to 450° C.

and rolled down hot in from 10 to 12 passes to a sheet, 34 to inch

thick. This is then rolled cold to gauge without intermediate anneal-

ing. Sheet as thin as 0.0003 inch may be rolled; this is, of course,

foil. If soft sheet is desired, the cold-rolled sheet is annealed, gener-

ally at from 350 to 500° C. for 2 to 5 hours, and cooled in air. The
effect of cold rolling on inhomogeneous aluminum cast blocks has

been reported by Seidl and Schiebold (39h) and this work should be

consulted for information on the effect of rolling on crystal structure.

The weights of aluminum sheets and slabs in various gauges and

thicknesses are given in Table 31.
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Table 31 .—Weights per square foot of aluminum sheet and slab

Sheet gauge, A. W. G. Thickness
Weight

j

per square
foot

Sheet gauge, A. W. G. Thickness
Weight

per square
foot

Inch Pound \ Inch Pound
oooo 0. 4600 6.406 : 19 0. 0358 0.499
000 .4096 5.704 i 20-.- .0319 . 445
00 .3648 5.080

i

21 .0284 .396
o .3248 4.524 1 22 .0253 .353

i. .2893 4.029 23 .0225 .314

2 .2576 3.588 |
24 .0201 .279

3 .2294 3. 195
|

25 .0179 .249
4 .2043 2.845 26 .0159 .221

5 . 1819 2.534 | 27 .0141 . 197

6 . 1620 2.256
j

28 - .0126 . 176

7 |
. 1442 2.009

j

29 .0112 .156
8 . 1284 1. 789 30 .0100 . 139
9 . 1144 1. 594 31 .0089 . 124

10 . 1018 1.418 32 .0079 . 110

11 .0907 1.264 33 .0070 .098
12 .0808 1 . 126 34 .0063 .087
13 .0719 1.002 35

!

.0056 .078
14 .0640 .892 36 .0050 .069

15 ! .0570 .796 37 .0044 .062
18 .0580 .707 38

1

.0039 .055
17 .0452 .630 39 t... ! . 0035 .049
18 .0403 .561 40 .0031 .043

For suggested tolerances in thickness, width, and length of sheet see specifications (Table 32).

Rods and wire are first hot-rolled and then drawn cold to size,

the methods differing but little from those in vogue for copper.

Wire, for example, may be rolled hot from a square section billet

weighing about 85 pounds (usually about 4 inches square in section

and 5 or 6 feet long), to from % to % inch. These rods are drawn
cold to the wire sizes desired. Sometimes, particularly in European
practice, all of the rolling is done cold instead. Tallow is used as a

lubricant, and the wire may be drawn at from 150 feet (initial) to

600 feet per minute final speed.

Tubes are made by the cupping of plates, followed by drawing
on the press, and then on the standard draw bench. This is done
cold with intermediate annealing if necessary.

Sections, rods, and tubes are also made by extrusion at higher

temperatures (about 400° C.) by hydraulic pressure. Sections up
to 6 inches in diameter are made in this manner with wall thicknesses

as small as inch. Continuous tubing may be made also by this

method.

Aluminum is very readily stamped, drawn, and spun. Cooking
utensils and vessels of various kinds are produced by spinning

annealed aluminum sheet. In thicknesses above No, 20 B. & S.

gauge, aluminum will take a draw of from one-fourth to one-third

more depth than will copper, brass, or steel (39f). '

Aluminum foil, 0.0005 inch in thickness may be still further

beaten into aluminum leaf almost as fine as gold leaf.

The effect of cold working upon 98.98 per cent pure aluminum
sheet, as well as upon the alloy with 1 per cent manganese, has
been discussed by MeAdam (39c), who gives several curves for

strength, hardness, and ductility of sheet at different degrees of

reduction.
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3. MACHINING

9 Wrought aluminum and its industrial alloys, which are nearly all

furnished in various tempers, show some differences in machin-
ing qualities. However, there are certain fundamentals to be
observed for the successful machining of any of these alloys, as well

as those which are ordinarily used in the cast condition.

The three important factors to be taken into account are tool

design, tool finish, and the cutting compounds used. In general,

tools used for the machining of aluminum alloys should have small

included angles in comparison with those found in similar tools to be

used on mild steels. The tools should be sharp and finished smooth;

hence, the grinding which is used in shaping the tools should pref-

erably be followed by stoning with a rather fine oilstone.

Tool angles, which are important, will vary for different alloys and
the conditions under which they are to be machined. Recommenda-
tions can generally be secured from suppliers, but certain numerical

values may be cited for guidance. The quoted figures are not neces-

sarily the best, but are indicative of the form of tools found to ma-
chine aluminum satisfactorily.

Turning tools may have a clearance of around 10°, top rake of

50°, side rake of 15°, which makes the total angle of the cutting edge

around 30 or 35°. Considerable side rake is desirable whenever

possible. For planer and shaper work, the roughing tool should do

nearly all of its cutting on the side of the tool and should be followed

by a tool which has a clearance, cutting edge, and top rake indicated

for above turning tools, but with a greater side rake in the neighbor-

hood of 40 to 60°. For ordinary engine lathe work a round nosed

tool may be used when set for the proper clearance and so as not to

curl the chip any more than necessary. It is also advisable to set

the tool higher on the work than when machining steel or brass. On
the other hand, inside tools, such as boring bars and threading tools,

should be set below center.

Milling cutters, end mills, straddle mills, etc., should be of the

high-speed spiral coarse-tooth type. Ordinary twist drills work fairly

well for drilling aluminum, but the straight fluted drills often used

for brass are not suitable. Thinning the point of a twist drill has

advantages when using large sizes. A “gun” tap is preferable to the

ordinary hand tap for tapping aluminum. This tap has but two

flutes which are cut to have more top rake to the cutting edges than

ordinary taps.

The cutting compound used in machining aluminum and many of

its alloys is generally of great importance. For heavy cuts and slow

feeds such as are used in roughing work pure lard oil is satisfactory.

Paraffin base cutting compounds, such as are used for cutting brass,

are unsatisfactory for machining aluminum. A mixture of equal
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parts of lard oil and kerosene is generally useful but may be replaced,

economically, for milling, sawing, and drilling by the soluble cutting

oils.

The cutting speeds and feeds which may be used will vary greatly,

depending upon the conditions of cutting. In general, the finer the

feed the higher the speed, but the more curl there is to the chip the

lower the speed. To increase the amount of metal removed from the

stock in a given time it is often better to increase cutting speed than

feed for there is a decided tendency for aluminum to heat when using

coarse feeds. Since the coefficient of linear expansion of aluminum
is high the stock will tend to warp.

Additional information on the machining of aluminum will be

found in the references in the bibliography, page 371.

4. WELDING

Aluminum can be welded by several different processes, the princi-

pal difficulty being the removal of the layer of oxide from the surface

before the metal can flow together.

Recently two new welding processes have been brought out by
the General Electric Co.—the hydrogen atmosphere arc and the

atomic hydrogen flame (41a), (41b, c).

In these two methods the difficulties with the oxide film are said

to be much reduced. It is claimed by some that the use of a flux

may be found unnecessary, while others feel that even the oxide film

which forms at room temperature will in itself be sufficiently thick

to cause difficulty and require the use of a flux for best results.

Experience with these methods has not as yet been sufficient to enable

a judgment to be formed as to their field of usefulness.

Aluminum sheet is generally welded by the oxyhydrogen torch

(oxvacetylene or oxygas is also used), the edges being butted for all

but light gauges, for which they are lapped or flanged. In these

methods a flux should be used for sheet welding, and consists of a

mixture in varying proportions of the chlorides and fluorides of

sodium, potassium, lithium, aluminum, and calcium. The flux

should contain no acid or alkali which is injurious to the metal (4 In),

For aluminum cooking utensils, a recommended analysis of flux

consists of 3 per cent potassium carbonate, 6 per cent lithium fluoride,

40 per cent sodium chloride, and 51 per cent potassium chloride (41 j).

The flux is used mixed with water, the flux being partly in solution and

partly in suspension, and is suitable for any type of weld. A few

typical compositions of fluxes are given in Table 33.
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Table 33 .—Composition of welding fluxes (Pannell (6c) and others)

Sodium
chloride

Sodium
fluoride

Sodium
sulphate

Lithium
chloride

Potas-
sium

chloride

Potas-
sium

fluoride

Potas-
sium

sulphate

Calcium
chloride Cryolite

1

Per cent

30
Per cent Per cent

3

Per cent

15

Per cent
45

Per cent
7

Per cent Per cent Per cent

2__ 33 33 33
3 12.5 20.8 62. 5 4.0
4. 16 79 5.

0

5 17 83
6 6. 5 4.0 23.5 56 10
7 60 30 6

|

Castings may be welded in the same manner, but autogenous

welding with the use of a puddling rod rather than flux to break down
the oxide is the more common practice (41 j). The casting should

be well supported, so that no stress comes upon the welded joint

while it is hot, as the metal is fragile and brittle at a temperature a

little below the melting point. Welding is used to repair broken

machinery parts and defective castings, but the advisability of welding

is questionable if the welded parts must carry stresses (41 j, k). Con-
servatively used, welding of castings permits salvage of many other-

wise scrap castings, and since castings are normally designed over-

strong to take care of internal defects not detectable on inspection,

or because the thickness of section required from the foundry point

of view is greater, than that required from the point of view of use,

may often be used without decreasing the utility of the casting.

But the location of the defect to be welded should always be carefully

studied in respect to the stresses the casting is to bear before welding

is permitted. In welding castings, they should preferably be pre-

heated in order that internal stresses caused by shrinkage are not

left in the welded casting when cool. The preheating temperature

should not exceed 450 to 500° C. (4 Id).

Rods and wires are best butt welded by a combined heating and

pressure method. The older methods of Heroult and of Cowper-

Coles consisted in squaring off the ends of bars, heating these ends

to about 400° C., and bringing them together and hammering them
(Heroult)

,
or under pressure (Cowper-Coles) . The electric-resistance,

butt-welding machines have, however, furnished a much more suitable

means of heating and applying pressure than the older processes,

and are in general use. Skinner and Chubb (41p) have described

a method of welding applicable to aluminum.

Spot welding of sheet aluminum is in the development stage.

While it does not seem to give as reliable a joint as the oxyacetylene

process, it promises to be applicable to some problems.

The structure of the weld is that of cast material, while the zone

surrounding the weld shows a softening due to heating. The strength

51409°—27 7
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of both the weld and the surrounding zone may be increased by ham-
mering in sufficiently malleable alloys (41g). Rohrig (41i) found
that the recrystallized zone was attacked least in a corrosive media
of brine solution, but when hammered the zone showed no difference

in degree of attack from the rest of the material. A similar result

was obtained by Knerr on duralumin (41m), the region 1 inch from
the weld showing corrosion in brine, the weld itself being unattacked.

Duralumin may be heat treated following welding to prevent corro-

sion and to increase the strength of the welds (41m). Welding of

wrought heat-treated dualumin should be avoided unless the thick-

ness of the welded joint and of the parts affected by the welding tem-

perature is made sufficient to compensate for the loss of strength.

Heat treatment of a weld is poorly effective because the metal of the

weld is cast, not wrought, and will not respond so readily to heat

treatment as does wrought metal, nor will it assume as good physical

properties as will wrought metal. (See p. 254 on heat treatment of

castings.) Mechanical joints are usually to be recommended in

stressed parts.

Welded joints can be expected to show small corrosive attack in

the atmosphere and even with gasoline or benzol in which sulphur is

present there is no attack (41m), although impurities taken up by the

metal from the oxyacetylene flame, and pores present in an unskillful

weld may serve as the focus for corrosive attack (411,f,j).

Welding, chiefly oxyhydrogen or oxyacetylene, is now quite widely

practiced, both on aluminum castings and on sheet. Large numbers
of welded aluminum vessels, pans, and containers of various sorts are

manufactured each year. The welds are in most cases so perfect

that they can not be detected in the finished article. However, the

welding of aluminum by any of the above methods is not easy, and

requires experience. Welders familiar only with iron and steel work
will generally make a complete failure of their first aluminum work.

5. SOLDERING

Although welding is the only process to be recommended where the

joint must have strength and is exposed to weather, it may, in some
instances, be advisable to solder aluminum articles instead of welding

them as in the repair of slight defects in aluminum castings which are

not subject to stress (40d). The application of solder is easier, does

not require as skilled an operator, and since the temperature of appli-

cation is not so high, there may be less buckling or distortion in the

soldered piece. On the other hand, few of the aluminum solders

can be classed as entirely successful since the metals used in such

solders are all electropositive to aluminum, and the joints tend to

disintegrate in the presence of water or moisture. Only when the

joint may be varnished or protected, or for very heavy joints where
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slight corrosion would not be serious may solders be relied upon with

entire confidence.

There is a large variety of solders on the market, some of which have

been described in Circular No. 78 of this bureau on Solders for

Aluminum. Many others have been suggested, and a complete

list would include about 500.

Most of the solders are proprietary articles, put out with an abun-

dance of extravagant claims and a dearth of metallurgical and

engineering information.

Many of these solders differ but little from the composition 60 per

cent tin, 40 per cent zinc, although small amounts of nearly every

metal in the periodic table have been added by various inventors.

It is doubtful if any of the proprietary solders offer much that can

not be had in simple solders in the range 55 to 70 per cent tin and 45

to 30 per cent zinc.

The addition of aluminum to Sn-Zn base solders is generally

harmful from the corrosion point of view, though it tends to in-

crease the strength of the joint as immediately tested and after

aging (40g). The effect of the addition of 1 per cent of copper to

Sn-Zn-Al alloys produced little change in properties (40h), but the

addition of 3 per cent copper had more effect. The best solder of this

group from the standpoint of strength and fusibility is said to be the

alloy of 56.4 per cent Sn, 37.6 per cent Zn, 3 per cent Cu, 3 per cent

Al. Aged soldered joints made with such alloys tend, in general,

to be of lower strength than joints tested immediately after soldering.

Solder is best applied without a flux. Metallic salts, such as zinc

chloride, are especially to be avoided. Any traces of such a flux

retained in the joint will greatly hasten corrosion. The edges of the

aluminum are filed clean and tinned with the solder, which should

be thoroughly rubbed into the surfaces with a wire brush or a pad of

steel wool. The joint is then readily made in the usual manner be-

tween tinned surfaces, using an iron if necessary. Hydrofluoric acid

is used to brighten inaccessible parts that can not be filed or scratch

brushed. The acid has to be kept in wax bottles and will produce

painful bums if it comes in contact with the skin. It should be
pointed out that soldering and welding should not be used for heat-

treated alloys, for the heat of the operation will make them lose

their acquired properties. Solder joints should not be quenched
but should be allowed to cool slowly.

Eyles (40b) states that the “hard” aluminum solders, which
consist largely of aluminum itself, and which have recently been

advocated in Germany, have melting points so high that they can not

be applied with a soldering iron but must be applied with a torch.

He considers that such solders have little or no real value in industry.

When such solders are needed, the problem is far better handled by
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autogenous welding. Eostosky and Liider (40c) deny that the

objections to solders high in aluminum are well founded. German
interest in solders for aluminum seems to be much more active than
in other countries, as the Deutsche Geselischaft fur Metallkunde
held a competition in 1923 for aluminum solders (40e).

Solders rather high in aluminum are sometimes used in American
practice for filling up blowholes in castings when the strength of

the casting is not injured by the defect and where the casting will

not come in contact with moisture. Holes that appear on the ma-
chined face of a crank case, and which are not objectionable except

on the score of oil-tightness, are sometimes filled with moistened plaster

of Paris or plaster of Paris aluminum powder mixtures. Mixtures of

powdered sulphur and powdered aluminum are sometimes used, the

sulphur being melted into the hole to be plugged. Compositions of

this sort are sometimes offered to the housewife for plugging holes

in cooking utensils. Such a composition is dangerous as slight

overheating results in almost explosive combustion.

All these methods of soldering or plugging are applicable chiefly

to problems where no real joint is required. Joints that must stand

stress, unless absolutely protected from moisture, may be unreliable.

In electrical meters, for example, it is sometimes necessary to solder

an aluminum wire to a copper wire to secure electrical connection.

If the aluminum wire is copper plated (see p. 34) a joint can be

made with ordinary solder, provided the copper plating adheres

to the aluminum wire, but the uncertainty as to such adhesion is

great. “Tinning” the aluminum wire with the tin-zinc solder, and

the copper wire with ordinary solder, after which the two are joined

with ordinary solder, is the usual procedure.

All soldered joints in aluminum should be designed so that there

can be no heavy stress upon the joint and the joint is preferably

covered with some moisture-proof coating.

Edwards (40a) states that out of some 460 aluminum solders

examined only about 10 were exceptionally good.

While the soldering of aluminum with most of the solders put for-

ward for the purpose gives results of doubtful utility, joints made
with some solders, after careful cleaning of the aluminum surface,

with the avoidance of a corrosive flux and with the best workman-

ship, have stood up well. Nevertheless there is not available any

recent published discussion of the subject by which the few good

proprietary solders can be differentiated from the many poor ones,

and claims for the utility of any particular solder should be carefully

scrutinized before acceptance as facts.
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6. MISCELLANEOUS

(a) FINISH

Aluminum is given several types of finish. The two most impor-

tant are the polished and the satin finish. The former is obtained

in the usual manner by buffing with rouge. The latter is obtained

:

1. By Caustic Dipping.—The metal is cleaned in benzine,

dipped in boiling concentrated caustic soda, washed, dipped in hot

strong nitric acid, washed in boiling water, and dried very quickly.

2. By Scratch Brushing.—The metal is carefully freed from

grease and then brushed on the wire-brush wheel.

3. The anodic and the chemical oxidation processes described

under protection of aluminum against corrosion are also applicable

for decorative purposes, some such finishes being of pleasing appear-

ance. The oxide coating so formed can be dyed. It serves also as

a base over which paints and varnishes can be applied that would
not adhere well to the smooth unoxidized metal. Paint or varnish

coatings adhere much better to sand-blasted, or otherwise roughened

surfaces than to a polished surface.

Gardner (18c, 43i) describes a number of paints for protective

purposes.
(b) GRANULATING

Granulated aluminum has been produced to put the metal into a

form convenient for use in deoxidation of steel. It may be made by
pouring molten aluminum in thin streams into cold water, which is

stirred. The metal may for this purpose be poured through a sieve.

If commercial aluminum which is somewhat impure so that it

does not have a sharp melting point, but rather a melting range, is

cooled very slowly from just above the melting point and vigorously

stirred while cooling the crystals may be to some extent kept from

coalescing so that when the mass is finally solid, it may be rather

readily crushed into granulated form.
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VII. PROPERTIES OF ALUMINUM AS AFFECTED BY
MECHANICAL WORK AND BY ANNEALING

When alinninmn is cold worked, the hardness or tensile strength

is increased and the ductility or elongation in the tensile test de-

creased. The manner in which these properties vary with different

amounts of cold working is shown in Figure 16.

The Shore scleroscope hardness number (magnifying hammer)
increases also from 5 to 6 for annealed aluminum sheet to from 15 to 20

for hard sheet.

Annealing produces a recrystallization and softening of the metal.

Carpenter and Taverner (42h) have made a systematic study of the

rate of softening of aluminum sheet by annealing at different tem-

peratures. They used sheet cold-rolled to 0.125 inch (probably

from three-eighth inch, but the exact amount of cold reduction

was not known to the authors) of four materials of the following

average analysis: Silicon, 0.75 per cent (0.70 to 0.80 per cent);

iron, 0.34 per cent (0.34 to 0.36 per cent); copper, 0.03 per cent.

A general idea of the results of their tests is gained from Figures 36

and 37. The principal facts developed by this investigation are:

1. The hardness caused by mechanical work is lost very rapidly

upon annealing at from 300 to 500° C. The same final tensile strength

of about 12,700 lbs./in.
2

is obtained in all cases.

2. The softening is most marked within the first portion of the

annealing period.

3. No increase in hardness was noticed, on annealing cold-worked

aluminum, although such a phenomenon is observed in some stages of

the annealing process upon copper and brass.

4. Below 300° C. the decrease in hardness is very slow, but occurs

within the temperature range 100 to 200° C. with no increase of

ductility.

The authors did not study the effect of previous cold reduction on

the rate of softening by annealing, but there is no doubt but that the

extent of this reduction has a great effect upon the annealing of the

metal, as has been shown to be the case with copper.

While hard-worked material will give the results indicated, it is also

true that aluminum gradually softens at temperatures which are very

much below the instantaneous annealing temperatures noted. For

purposes of design it is, therefore, not safe to use values higher than

those obtained with annealed metal for any installation which must

withstand high temperatures over long periods of time even though a

harder temper is initially used.

Anderson has published several articles on annealing of aluminum

which are summarized in his book (2d).
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B. LIGHT ALUMINUM ALLOYS

I. CONSTITUTION

1. EQUILIBRIUM DIAGRAMS AND COMMENTS

Up to this point the properties of pure aluminum and the influence

of impurities upon those properties have been dealt with, without

reference to the alloys of aluminum, save as considerations of space

made it desirable to include some reference to the properties of the

alloys, as under the headings of “corrosion, ” and “physical properties

at higher and lower temperatures,” for example, and to some extent

under “uses.”

Equilibrium diagrams will be given with brief comments on the

high aluminum or light alloy end of the series for the binary alloys,

and for such of the ternary alloys as have been described. The most
useful alloying elements will be further considered under wrought
alloys, cast alloys, and heat-treatable alloys.

It is observed from the equilibrium diagrams that some of the

metals form compounds with aluminum. There is often some
question wdiether or not a compound really is formed, but the inter-

pretation of the author whose diagram was chosen as most closely

representing the probable facts in regard to any system, has been

taken in such cases. The equilibrium diagrams are plotted on the

basis of percentage by weight. The solubility of the second metal

or of an aluminum-rich compound in the solid aluminum is generally

low. The three prominent exceptions to this are zinc, copper, and

magnesium.

The useful light alloys of aluminum even with these metals usually

contain only small quantities of the added metal, as with increasing

amounts the alloy quickfy becomes brittle.

Metallographically, the light alloys are therefore usually hetero-

geneous, with a groundmass of almost pure aluminum and crystals of

the compound of aluminum with the added metal. These are

generally hard and brittle.

(a) BINARY ALLOYS OF ALUMINUM

(1) Arsenic.—Arsenic alloys have been studied by Mansuri (51a)

who reports that no action takes place between aluminum and

arsenic up to 600°, or even 750° if the pressure of the arsenic vapor

is too high. Al3As2 forms at 800° under low pressures and does not

melt at that temperature, or dissolve in molten aluminufn. Al3As2

is stable at high temperatures, but begins to break up at lower

temperatures; it evolves arsenic trihydride freely when exposed to

moisture. Heated in air the compound oxidizes to alumina and

arsenous oxide. The solid compound does not seem to dissolve in

molten aluminum nor does it alloy with arsenic to form an eutectic.
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(2) Antimony.—Antimony under 5 per cent is said to increase the

resistance to corrosion (3d) of aluminum, but the mechanical prop-

erties are little changed. The diagram is given in Figure 38 and the

specific volume of antimony-aluminum alloys as determined by
Sauerwald is shown in Figure 39. Webster (3a) states that antimony-

aluminum alloys may be hot-rolled, with partial lamination from 8

per cent antimony on
;
the addition of 1 per cent antimony increases

the ductility after which it falls.

(3) Beryllium.—Beryllium alloys have been studied by Oesterheld

(53c), who reports that the solubility of beryllium in solid aluminum
is very small. (Fig. 40.) These alloys have not been thoroughly

described. Available information on them is given on page 316.

(4) Bismuth.—Bismuth is reported to have an injurious effect on

aluminum (3a, d). It is insoluble in solid or liquid aluminum.

(Fig. 41.)

(5) Boron.—Alloys of boron with aluminum (see fig. 42) have

been studied by Haenni (55a, b), who investigated alloys of aluminum
containing up to 4 per cent boron, aluminum-copper alloys containing

4, 8, and 12 per cent copper, and 0 to 8 per cent boron, as well as

silicon-aluminum, nickel-aluminum, aluminum-copper-nickel, dura-

lumin with boron. Haenni concluded that, on the whole, boron

improves the tensile strength and hardness and decreases the elonga-

tion, and that the addition of boron to aluminum-silicon alloys of the

nature of “Alpax” seems to produce a refining similar to that of

sodium, and the alkali fluorides. Corrosion data given do not show
any consistent improvement in resistance of the alloys on addition

of boron.

(6) Cadmium.—The influence of cadmium on the mechanical

properties of aluminum has been studied by Budgen (56a), who
found that cadmium and aluminum were almost completely im-

miscible in both the solid and liquid states. With high cadmium
content (10 per cent or more) there was considerable segregation.

Budgen found that cadmium caused no systematic change of physical

properties and had no marked effect in removing the undesirable

qualities of “burnt” aluminum which had been claimed for it.

Figure 43 shows the diagram, after Groyer (56b).

(7) Calcium (fig. 44).—The effect of calcium on the resistivity

of aluminum has been studied by Edwards and Taylor (57b), who
state that the resistivity is proportional to the calcium content in the

ranges studied, the resistivity of cast material being higher than for

the rolled material. In cast material the resistivity rose from 2.988

ju/cm for 0.89 per cent calcium to 3.632 fx for 3.34 per cent calcium,

while in rolled material, it rose from 2,742 n for 0.25 per cent calcium

to 3.168 ju for 2.32 per cent calcium. The density of the cast alloys

at 20° C. fell from 2.677 for the 0.89 per cent calcium alloy to 2.636
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Fig. 38.—Antimony-aluminum system. (Tamman, 52b,

Bornemann, 62a)

Fig. 39.—Specific volume of the antimony-aluminum
alloys. (Sauerwald ,

by Guertler, 28d)
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Fig. 42.—Boron-aluminum system . Corson’s imaginary

diagram
,
designed to represent the few facts known

about this system. This represents probabilities rather

than actual data

Fig. 43.—Cadmium-aluminum system. (Gwyer
,
56b

)
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for the 3.34 per cent calcium alloy, while in the rolled condition the

density fell from 2.693 for the 0.25 per cent calcium alloy to 2.658 for

the 2.32 per cent calcium alloy.

Calcium used to replace magnesium in duralumin has been studied

by Kroll (9 If), who concluded that the calcium addition raised the

temperature most favorable for aging duralumin. Meissner (44e)

does not agree with these results and believes the higher strength

obtained is the result of a favorable aging treatment and has nothing

to do with the calcium addition. Grogan (57 a) states that the

solubility of the calcium compound in aluminum is less than 1 per

cent by weight, and that it exerts slight effect on the mechanical

properties of aluminum, to which it imparts no hardening properties.

The CaSi2 also produces no hardening.

(8 ) Cerium (fig. 45).—The alloys of cerium and aluminum have
no commercial application and it has not yet been proved conclusively

that cerium exerts a beneficial influence upon aluminum. An
improvement in properties is claimed by some German investigators.

This improvement is attributed in part by Barth (58e) to the decrease

of silicon and gas content, by Schulte (58e) to the decrease of nitride

content, and by Meissner (58b) to the breaking up of FeAl3 . An
investigation of the Bureau of Mines (58c) on the effect of the

addition of cerium to copper- aluminum alloys lead to the conclusion

that cerium had no useful effect on the alloys, and probably no marked
effect either way. The expense of the alloys, in connection with the

doubtful improvement caused by the cerium, makes it seem probable

that the alloys will not prove of any extensive use. Webster (58a)

states that cerium-aluminum alloys are resistant to corrosion.

(9) Cobalt.—The alloys of cobalt with aluminum have been

studied by Gwyer (59e), Schirmeister (59d), and more recently by
Daniels (59a).

Although Gwyer’s diagram has been reproduced (fig. 46), it should

be noted that according to Daniels (59a) the AI-C03AI13 eutectic is

at about 0.6 per cent cobalt instead of, as shown by Gwyer’s diagram,

the eutectic being so close to zero per cent cobalt that it can not be

shown in a diagram of the scale used. It is also to be noted that the

existence of the transformation at 550° C. shown in Gwyer’s diagram

is doubtful.

Daniels states that the strength of sand-cast alloys containing up

to 20 per cent cobalt did not exceed that of pure aluminum. The
alloys are dense and resistant to corrosion and free from pitting,

being superior in that respect to the 8 per cent copper alloy. An
alloy containing 0.94 per cent cobalt and one containing 9.9 per cent

cobalt act the same in salt spray corrosion. The 9.9 per cent cobalt

alloy is better than the 0.94 per cent alloy in distilled water, but

neither of them is as resistant as pure aluminum (59 a).
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Fig. 44.

—

Calcium-aluminum system . (Donski,
57c.)
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Rolling is possible with alloys containing up to 11 per cent cobalt,

but 4 per cent cobalt is the most advantageous composition. The
melting point of alloys poor in cobalt is not far above that of the

eutectic (644° C.), but with alloys containing over 2 per cent cobalt

the melting point increases rapidly with the increase of cobalt.

The addition of more than 1 per cent cobalt to aluminum is detri-

mental from every standpoint (59a). The presence of only 0.5 per

cent cobalt materially increases the solidification shrinkage, and

more cobalt enhances this condition, regardless of the pouring

temperature. The best properties are obtained when the alloys are

poured as cold as possible. The strength of aluminum-rich alloys

of cobalt reaches the low maximum of 15,000 lbs./in.
2 at 1 per cent

cobalt, while the elongation suffers a sharp decline. The best tensile

properties are obtained with 0.4 per cent cobalt, giving 14,500 lbs. /in.
2

tensile strength and 28 per cent elongation. Schirmeister, however,

stated that alloys containing 9 to 12 per cent cobalt possess the

greatest tensile strength. Brinell hardness and specific gravity

increased with cobalt content. Daniels finds that cobalt carries its

peculiarities over to ternary and quarternary alloys. One per cent

cobalt added to the 4 per cent copper-aluminum alloy increased the

piping tremendously, while the tensile strength, elongation, and

Brinell improved from 17,780-4.0-44 to 23,390-6.0-47, respectively.

The sand-cast 2 per cent ternary alloy had inferior properties of

20,760 lbs. /in.
2 tensile strength, 3.3 per cent elongation, and 50 Brinell

with heavy shrinkage and coarsely crystalline fracture. The addition

of 1 per cent silicon to 4.75 per cent copper counteracted the shrinkage

due to 0.5 per cent cobalt. Quenching and aging binary alloys

containing 0.5 and 2.0 per cent cobalt was without beneficial effect.

Alloys of higher cobalt content are reported from Germany (59c),

the more common composition being alloys of 8 to 10 per cent cobalt

to which either 1.2 per cent tungsten or 0.6 to 1 per cent molybdenum
are added. In this report, the cobalt rich alloys are stated as prefer-

able for casting, the lower cobalt contents for forging and rolling. It

is said that as the cobalt content of the tungsten alloy reaches the

upper limits, the rolling properties and tensile strength increase.

The same results are obtained with the molybdenum alloys except

that the hardness is somewhat less than with the corresponding

tungsten alloys.

Webster (59b) states that cobalt gives the same effect as nickel

and shows no advantages over it.

(10) Chromium (fig. 47).—These alloys have been studied by

Sisco and Whitmore (60a), who report that they have heavy shrink-

age, which prevents their use for casting thin sections. Chromium
exercises a hardening effect on aluminum in the cast condition. In

the 1 per cent alloy the ultimate strength is increased approximately
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(See text for comment)
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35 per cent, the elongation being decreased 50 per cent. The Brinell

hardness is increased about 35 per cent. Heat treatment does not

improve the physical properties in any way. The addition of chro-

mium decreases brittleness. Beyond 3 per cent chromium the crystals

are coarse (3a). The alloys up to 4 per cent chromium may be rolled

at 500° C., giving greatly increased strength but low ductility.

(11) Copper.—The constitution of the copper-aluminum alloys has

been studied by Gwyer, Carpenter and Edwards, Curry, Guillet,

Obtani and Hemmi, and others (61 j, s, t, v, w). (Fig. 48.) The solu-

bility of copper in aluminum was given in 1919 by Merica, Walten-

berg, and Freeman (6 Ip) as 4 per cent at 525° C. and 1 per cent at

300° C. In 1921 Rosenhain (61m), of the National Physical Labora-

tory, gave 5 per cent at 540° C. and 3 per cent at 20° C., and in the

same year Obtani and Hemmi gave values of 4.8 per cent at 525° C.,

2.6 per cent at 460° C. and 1.5 per cent at 420° C. New data (61a)

show that the solubility of copper in aluminum decreases rapidly

with falling temperature from over 53^ per cent copper at 548° C. to

about 2 per cent at 430° C. (See fig. 101.) The rate of decrease of

solubility slows from 430 to 300° C. From 300 to 200° C. there is

slight change. The solubility at normal temperatures is given in this

new work as less than one-half of 1 per cent. Hardness measurements

with a 5 mm ball, 125 kg load, gave the following results for a 4.05

per cent copper alloy: Chill cast, 44; slowly cooled, 39; chill cast and

slowly cooled from 540° C., 30.4; chill cast and quenched from 540°

C., aged at room temperature 1 year 65.8; subsequent aging at

200° C. for 9 days gave 68.

This is one of the few cases in which equilibrium relations have

been studied in an alloy made with the pure, electrolytically refined

aluminum.

Since the aluminum-copper alloys are the most important of the
commercial casting alloys they will be described under that heading,

page 161. They will also be considered under heat-treatable alloys,

page 255.

X-ray investigations of the copper-aluminum alloys by Jette,

Phragmen, and Westgren (6 Id) confirm previous knowledge that at

ordinary temperature four different stable phases appear in this

system. (See fig. 1.) The CuA12 phase has a tetragonal structure

with an axial ratio of 0.805. The elementary prism is body centered

and contains four molecules of CuA12 . The phase present in the

range 16 to 25 per cent aluminum has a cubic lattice. In the 16

per cent alloy the elementary cube contains 52 atoms and in the

25 per cent alloy the corresponding number is only 49. The solu-

tions within the range are thus formed by a complex substitution.

The curve of the change of density is in closest agreement with that

obtained by supposing that three copper atoms in the lattice are

replaced by two aluminum atoms. A photogram of a quenched
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Fig. 48.—Copper-aluminum system. (Guillet, 61 a, Curry,

61 v, Dix and Richardson
,
61 a)

62a)
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specimen containing 12.5 per cent aluminum showed lines correspond-

ing to a phase stable only at higher temperature.

(12) Germanium.—The properties of the aluminum-germanium
series (fig. 49 after Kroll (62a) ) have not yet been described. Since

germanium is in some properties similar to silicon, in others similar

to tin, it is possible that interesting alloys might be produced were

the metal available in sufficient quantity.

(13) Gold (fig. 50).—Light alloys of aluminum and gold have

not been described. The alloys at the gold end of the series have

been studied by Saeftel and Sachs (3c). Regelsberger (3d) states

that the 6 per cent gold allo}T is white, 10 per cent gold violet, 21.5

per cent gold purple.

(14) Iron.—The iron-aluminum alloys (fig. 51) have been studied

by Schirmeister (64j), Guillet and Portevin (64h), Tamman and

Sotter (64f), Kurnakow, Urassow and Grigoriero (64i), Krause (64g),

Czochralski (64e), and Masing and Dahl (64a), and recently by
Dix (64c).

The binary light alloys of iron and aluminum find no commercial

employment and are not suitable for engineering structures (64d).

The alloys may be made by the direct addition of iron to molten

aluminum at about 1,000° C., by the addition of intermediate Fe-Al

alloys to the melt, or by the thermit process whereby Fe203 is reduced

by adding it to aluminum (64d).

The rolled alloys have been studied by Schirmeister (64j) and by
Czochralski (64e). Czochralski states that iron affects the rolling

of aluminum only in that more power is required and less bending to

prevent tearing at the edges. He states that ordinarily a high

content of iron is not found around rolling edge defects.

The addition of small percentages of iron up to 2 per cent raises

the tensile strength in sand and chill castings (2d). The tensile

strength is raised more rapidly with up to 1 per cent iron than by the

same amount of copper, but from 0 to 2 per cent it results in little

increase of strength and above 2.5 per cent iron the strength falls

rapidly (64d), though Webster (64b) states that the strength increases

slowly up to 4 per cent Fe and then falls slowly while the ductility

falls rapidly. The ductility of cast alloys is low.

Electrical conductivity and hardness of the alloys have been

studied by Kurnakow, Urassow, and Grigoriero (64i), while the

electrochemical behavior of alloys of high-iron content has been

studied by Tamman and Sotter (64f).

Masing and Dahl (64a) have investigated the apparent expansion

of aluminum-iron alloys on freezing as evidenced in the exudation of

metal through cracks as an ingot freezes. They found the expansion

to be only apparent and to be caused by the passing of gases from the

solution, hydrogen being the most soluble in iron-aluminum alloys.
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Fig. 50.—Gold-aluminum, system. (Bornemann 63a,

Heycock and Neville
,
63b

,
Corson, 2a)

Fig. 51.—Iron-aluminum system. (Guillet ,
modified

after Dix, 64c

)
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The experiments showed the alloys to be too porous to be of prac-
tical use.

The high-iron alloys of aluminum find some use as deoxidizers for

steel.

Iron is used as an intentional hardening element in some aluminum-
copper alloys, and is regularly present in amounts of, say, 1 per
cent in die-casting alloys which are made from metal continually

held molten in iron melting pots. Its action as impurity or inten-

tional addition in commercial alloys of aluminum with other metals

will be dealt with under commercial alloys.

(15) Lead.—Lead is not soluble in molten or solid aluminum, and
forms no compounds with it. When present as an impurity, it ap-

pears in small globules, themselves lacking in strength, so that the

strength of the aluminum alloys is impaired. Lead is therefore

considered a most undesirable impurity and is never intentionally

introduced. When it is introduced by accident, as through the use

of borings contaminated with lead alloy borings, its action is detri-

mental, although Webster (3a) states that in pure aluminum it has

no bad effect but no advantages, and that up to 0.5 per cent, it may
even increase ductility.

On account of the great difference in specific gravity of aluminum
and lead, lead present as impurity tends to collect at the bottom of

the melting pot and to make the inhomogeneous mixture of the two
metals taken from the bottom useless for casting purposes.

(16) Lithium.—In a recent investigation of lithium-aluminum

alloys (fig. 52), Assmann (66d) found that alloys of more than 10

per cent lithium oxidized quickly in air and would decompose water,

giving off hydrogen. The chips ignited spontaneously in air. The
alloy of 12.1 per cent lithium had an almost glassy brittleness.

At normal temperatures 2.2 per cent lithium goes into solid solu-

tion in aluminum, and at 598° C., 3.5 per cent.

With the addition of lithium to aluminum the hardness increases

to a maximum of 130 for 12.1 per cent lithium. A sharp increase

occurs for lithium alloys after overstepping the saturation limits.

On adding equal amounts by weight of lithium and magnesium to

aluminum the hardening due to lithium is greater than that due to

magnesium, but if equal atomic percentages of each is added the

hardness due to magnesium is greater.

The use of lithium in heat-treatable alloys of aluminum is a fairly

recent development, being used in some of the Scleron alloys developed

by Metallbank u Metallurgischen Gesellschaft, Frankfort, A. M.
The analysis of these alloys is not available, but they are understood

to contain copper, nickel, zinc, manganese, and silicon as well as

lithium (66b). The effect of the lithium is said to be somewhat

similar to that of magnesium in duralumin (66b). The improvement
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Fig. 53.—Magnesium-aluminum system. (Hanson
and Gaylor, 67a)
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is thought to be related to the silicon present, the hardening in-

creasing with increasing mixture of a Li3Si compound similar in effect

to Mg2Si. The Scleron alloys are said to be strong and highly

elastic. Assmann (66e) claims that 0.3 per cent lithium is sufficient

for the improvement of commercial aluminum, while 1 per cent

lithium spoils the alloy in almost all cases.

Heat-treated Al-Li, Al-Li-Cu and Al-Li-Zn alloys showed re-

sults similar in many cases to those obtained for Mg-Al alloys. In

many alloys a slight increase of hardness was obtained which in-

creased with the annealing temperature and was the greatest for the

quenched material. The highest value for hardness was always in

the region of the saturation limit. Aging of the annealed and quenched
alloy at 100° C. exerted little influence on the hardness, but aging at

200° C. was detrimental in all cases. The sensitiveness of heat-

treated alloys at aging temperatures higher than 100° C. appears to

be an essential characteristic of lithium-containing alloys. The
effect of heat-treatment on Al-Li-Cu and Al-Li-Zn alloys is also dis-

cussed by Assmann.
In the present stage of knowledge of lithium alloys, it is doubtful

if properties are being obtained by its use superior to those obtainable

with other alloys that are cheaper and more easily handled.

(17) Magnesium (fig. 53).—The use of alloys of aluminum with

magnesium is limited to the two upper ranges, that is, to aluminum
alloys containing small percentages of magnesium (up to about 6 per

cent) and to magnesium containing small percentages of aluminum
(up to about 12 per cent aluminum). For these, see page 298.

These alloys are extremely light.

At the aluminum end the 2 to 10 per cent magnesium alloys are

used for sand castings (2d). The 5 per cent magnesium alloy is

used for electrical castings, having a specific gravity when sand cast

of 2.5, tensile strength, 20,000 lbs./in.
2
,
0.5 to 2 per cent elongation.

Among the aluminum-rich aluminum-magnesium alloys are the

Magnaliums, the analyses of typical American Magnaliums being

shown in Table (34). The 12.7 per cent Mg, 85.9 per cent A1 Mag-
nalium has a coefficient of expansion /3 = 23.8X10-6 from 12 to 39°

(2ii). The density of the 30 per cent Mg alloy is given by the Ameri-

can Magnesium Corporation as 2.00 g/cc or 124.8 lbs. /ft.
3

Table 34.—Composition of typical American Magnaliums

Sample Cu Si Fe Mg Mn Ni A1 Specific
gravity

1 0.25
.25

2.00
.67
1.78

0.23
.18
.35
.56

0.50
.50
.80
.92
.61

4. 75
5.58
2. 75
1.99
.97

0.06
.06
.03
.02

Diff
Dill ...

2.64
2.67
2.67

2
3 0.97

.57
Diff

4 Diff
5..
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Fig. 54.

—

Thermoelectric force and temperature coeffi-

cient of resistance of Al-Mg alloys. (Halstead and

Smith, 105b)

Fig. 55.

—

Manganese-aluminum system. (Hindrichs

,

68k)

(See test for shape of solubility curve at the aluminum end of the

diagram)
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Mehl (105cc) and Halstead and Smith (105b) have worked with

these alloys of magnesium with aluminum in the range of 32 to 48

per cent magnesium. The alloys in this range are porous and brittle

and have no commercial applications. The curves for temperature

coefficient of resistance and thermal e. m. f. as given by Halstead

and Smith are shown in Figure 54.

The alloys of magnesium and aluminum have attained some recog-

nition as suitable for large optical mirrors. Mach and Schumann
(30a) have studied the adaptability of these alloys for this purpose.

The alloy containing 46 per cent aluminum and 54 per cent magne-
sium is the best of the series. It is hard, and when polished has a

reflecting power equal to or better than a silvered glass mirror.

Special precautions must be taken to prevent the formation of blow-

holes. This is done by melting under a flux of salts, preventing the

absorption of gas.

Waltenberg and Coblentz (105dd) found that the alloy best com-
bining high reflectivity with fair resistance to tarnish corresponded

to the composition of the compound Al3Mg4 alleged by Grube (67c)

to be present in this system, and also considered to be present by
Merica, Waltenberg, and Freeman (67b).

Besides these two alleged compounds various others have been

thought to exist, but Hanson and Gayler find only two com-
pounds, AlsMg2 and Mg3Al2 . Halstead and Smith consider, on the

basis of the thermal e. m. f . and the temperature coefficient of resist-

ance of alloys (fig. 54) in Hanson and Gayler’s /3 field, that this region

consists of two fields instead of one and suggest the possibility of the

existence of a compound Al^Igs.

The middle of the diagram seems still to be speculative, but the

equilibrium relations at the two ends, covering the commercially

used binary alloys, appear fairly well established, at least as to the

general form of the curves.

It is probable (107a) that the solubility of aluminum in magnesium
is slightly greater at 435° C. than is shown by Hanson and Gayler’s

diagram (fig. 53) and that the solubility decreases more rapidly with

falling temperature; that is, both edges of the diagram are very

similar, and a similar opportunity for heat treatment by solution

quenching and precipitation hardening exists in alloys of about 10

per cent aluminum and those of about 10 per cent magnesium.

(18) Manganese.—The complete diagram for the manganese-

aluminum alloys as given by Hindrichs (60c) is shown in Figure 55.

On the scale to which it is drawn, the modification added by Dix and

Keith (68a) can not be shown. Dix and Keith find that the line

separating the field of complete solid solution of manganese in alu-

minum from that in which MnAl3 exists, together with solid solution,

is curved, and not straight as shown by Hindrichs. At the eutectic
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69d)

Fig. 57.

—

Nickel-aluminum system. (Gwyer, 7Oh)
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temperature, 651° C., about 0.65 per cent manganese is in solution,

but with decreasing temperature the solubility falls to less than 0.23

per cent at 550° and to less than 0.14 per cent at 200° C.

For comment on some unusual features of the mechanism of the

change of solubility and the resultant microstructure, the paper by
Dix and Keith should be consulted.

The alloys of aluminum with manganese find limited use in cast

and rolled form and are described on pages 143 and 185. As a minor
alloying element, manganese finds use in duralumin and in a number
of casting alloys.

(19) Molybdenum.—The alloys of molybdenum with aluminum
have been studied by Kerman (69c, d) (fig. 56), who attempted to

produce a sulphur-free alloy through aluminothermic reduction of

the ore, but found this method unsuccessful. Investigations of the

binary alloys, as well as ternary alloys, with copper, nickel, magnesium,

and zinc appeared to show that there was no very great advantage

to be gained by the use of molybdenum. The molybdenum appeared

to exert no very great influence on the physical properties, while the

alloys appeared difficult to cast and too brittle to roll. The alloys

have no commercial applications.

(20) Nickel.—As will be seen by comparing Figures 48 and 57,

the nickel-aluminum system bears a marked similarity to that of

copper-aluminum. Because of the higher cost of nickel and the

greater difficulty of alloying it with aluminum on account of its

higher melting point, nickel has been supplanted by copper as an

alloying element for aluminum, although were no copper available

the nickel-aluminum alloys would be useful.

(21) Niobium.—Niobium-aluminum alloys are said to be more
resistant to HC1 and concentrated H2S04 than pure aluminum (3d).

(22) Phosphorus.—Phosphorus is claimed to increase the tensile

strength of aluminum (3d) and the resistance to corrosion, but it is

doubtful if either statement is correct.

(23) Platinum.—The platinum-aluminum system has been studied

by Chouriguine (73a, b) whose diagram, with the addition of dotted

lines as given by Corson, is given in Figure 58. The two inter-

metallic compounds formed are PtAl3 and PtAl2 . An eutectic occurs

at 9 per cent platinum.

(24) Potassium.—Potassium, like sodium, is insoluble in alumi-

num. (Fig. 59.) The utility of these elements in the “modification”

of the Al-Si alloys will be referred to under that system.

(25) Selenium.—The selenium-aluminum system has been studied

by Chikashige and Aoki (75a),whose diagram is shown in Figure 60.

The alloys are readily decomposed by moist air giving hydrogen

selenide. Solid solutions are not formed but there are two eutectics.
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Fig. 58.—Platinum-aluminum system. (Chouriguine

,

78a, Corson
,
2a)

Fig. 59.—Potassium-aluminum system. (Guillet, 681)
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(26) Silicon (fig. 61).—Alloys of aluminum containing up to 15

per cent silicon are finding increasing use, due to their fluidity in

pouring, small shrinkage, and the soundness of the casting produced.

These alloys may be in either the “normal” or “modified” condi-

tions.

The normal alloy may be produced by melting silicon with alumi-

num (76m) or by melting aluminum in contact with pure silica sand

in the electric furnace at high temperatures (76v). An intermediate

silicon-rich alloy is first produced, which is subsequently used for

making up the alloys. The 50:50 silicon-rich hardener melts at

1,050°’ C. Castings of the normal alloys usually contain from 5 to

10 per cent silicon (76m).

The addition of silicon to aluminum makes manipulation easier,

diminishes shrinkage, porosity, hot shortness, and increases fluidity

(76j). In binary metals silicon improves the ultimate strength

rapidly for additions up to 5 per cent, then slowly to a maximum of

22,000 pounds at 11 per cent silicon. The strength declines slowly

but continuously. The alloys have a relatively low proportional

limit and modulus of rupture in bending. The aluminum silicon

alloys are lighter than aluminum and considerably lighter than the

copper-aluminum or zinc-aluminum alloys (76k).

The densities of the normal alloys have been studied by Edwards
(76bb) and range between 2.689 for the 0.11 silicon alloy at 20° to

2.631 for the 14.95 per cent silicon alloy. At 200° C. the 0.11 per

cent silicon alloy has a density of 2.653, the 7.81 per cent silicon

alloy 2.647 as compared with 2.680 at 20°, and the 11.63 per cent

silicon alloy has a density of 2.6.61 to 2.663 at 20° C., 2.626 to 2.635

at 200° C. and 2.560 at 563° C.

Table 35.—Chemical compositions and average coefficients of expansion of alumi-
num-manganese and aluminum-manganese-copper alloys

Labo-
ratory
No.

Material

Composition Average coefficients of expansion per
degree centigrade

All Mn Cu Si Fe 20 to
100°

20 to
200°

20 to
250°

20 to
300°

20 to
400°

20 to
500°

20 to
600°

S845 2 __

S846.

3 S sheet, rolled to %
inch.

Duplicate of S845

P.ct.
97.78

P.ct.
1. 05

P.ct.
0. 19

P.ct.
0.41

P.ct.

0.57
X10-6

23.8

23.7
23.1

23.1

23.6

23.7

X70-«
25.7

25.6
24.2

24.4

25.2

24.2

xio-

«

26.1

25.9
24.7

25.2

26.7

25.7

xio-«
25.9

25.5
25.5

25.8

26.9

26.8

xio-«
26.5

26.1
25.9

26.4

26.8

X10-6
27.5

27.4
27.0

27.5

27.5

X10-i
28.6

28.4
27.9

5837

5838

Manganese alloy, sand
cast.

Cut from same bar as
S837.

Manganese, copper
(McKinney) alloy,
sand cast.

Cut from same bar as
S839.

96.73 1.80 .23 .40 .84

S839 3..

S840L.

96.20 1.08 1. 91 .30 .51

•

1 Per cent aluminum determined by difference.
1 Brinell hardness No. 56.
8 Used at the Washington Navy Yard to a considerable extent.
* Sample tested to 300° O. in an oil bath. All other samples of this series were heated in an air furnace.
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Fig. 61.—Silicon-aluminum system. (Fraenkel, 76;

Archer and Kempf, 76d)

(The dotted lines represent in a qualitative way conditions when
undercooling takes place, as in the presence of sodium)
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As silicon contracts on melting and expands during solidification

the shrinkage of many of these alloys is less than that of pure alu-

minum. The shrinkage of the 11.63 per cent (eutectic) alloy is 3.8

per cent as compared with 6.6 per cent for pure (99.75 per cent)

aluminum. The shrinkage of the 7.8 per cent silicon alloys is 5.6 per

cent. The 7 per cent silicon alloy may be cast around a steel liner

and will not crack on cooling (76s). The coefficients of expansion of

some silicon alloys as determined by this bureau (28c) are given in

Table 36. (See figs. 62 to 64.) This freedom from cracking in the

mold combined with the low specific gravity have brought the silicon

alloys into prominence in recent years. The very low proportional

limit is a drawback to these alloys.

Fig. 62 .—Linear expansion of three aluminum-silicon alloys (4, 7, and 10

per cent silicon
,
respectively)

The electrical conductivity of the 5 per cent silicon alloy is 35 (76k),

of the 12 per cent silicon alloy 34 (76t), and the 13 per cent alloy 40

(76k) as compared with 56 per cent for pure aluminum (76k) when

copper is taken as 100. The thermal conductivity is slightly higher

for these alloys than for the No. 12 copper-aluminum alloy (76t).

The high-silicon alloys are brittle and can not be worked (76v).

The 0 to 10 per cent silicon alloys are workable and ductile (76v),

the 5 to 7 per cent silicon alloys being considered best for rolling

(76s). The machining qualities are not so good as for the No. 12

alloy as the metal drags under the tool and excess of silicon tears

out (76 1).
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The “modified” alloys first developed by Paez in 1920, and de-

scribed in patents (96a, k, 1, o, n) have also been described by Jeffries

(76u), Edwards and Archer (76n), Archer and Kempf (76d), Guillet

(76r), Basch and Sayre (76w), Grogan (76e), Gwyer and Phillips

(76f), Stockdale and Wilkinson (76h). These modified alloys may
be produced electrolytically (76bb) by the addition of small percent-

ages of sodium or potassium, or both, by the addition of the fluorides

of the alkaline earths. Arsenic, antimony, and bismuth and cadmium
also act as modifying agents (76f) and the use of antimony and bis-

Fig. 63 .—Linear expansion of a normal and a modified aluminum-silicon

alloy (12.5 per cent silicon)

The observations on first tests are represented by circles and the observations on a second test by squares.

The light symbols represent observations on heating and the dark symbols those on cooling.

muth for this purpose has been patented by Edwards. Usually, how-

ever, the sodium, potassium, or alkaline earth fluorides are used.

The modification process is carried out almost entirely on the 13 per

cent silicon alloy (76d). The process involves the suppression of the

primary silicon, refinement of the structure of the “eutectic” and

shifting of the apparent “eutectic” toward a higher silicon content

(76d). X-ray studies of structures of the normal and modified

alloys made by Jeffries (76u) and Edwards and Archer (76n) show

51409°—27 9
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that the same pattern is obtained for both the normal and modified

alloys, the pattern of free silicon being superposed upon that of

aluminum, no intermetallic compounds being formed. Obtani (76g)

regards the modified alloys as ternary alloys of aluminum, silicon,

and sodium.

Several theories have been advanced to account for the difference

in structure (figs. 65 and 66) and properties produced by modifica-

tion. One of these is based on the insolubility of sodium in solid alu-

minum, the sodium being precipitated out and being considered to

offer mechanical obstruction to crystal growth (76n). Another

theory regards sodium as being in colloidal dispersion in the alloy,

Fig. 64.--Relations between coefficients of expansion and silicon content of

aluminum-silicon alloys

The light symbols represent values for normal alloys and the dark symbols for modified alloys. Where
the values of two alloys are equal, a tagged symbol was employed as shown.

being absorbed preferentially by the silicon nucleus and inhibiting

its growth. The slow rate of crystallization of silicon relative to

aluminum is considered to be retarded even more by the continual

condensation of a film of sodium on the silicon nuclei (76n).

In the more recent work of Gwyer and Phillips (76f) it is suggested

that at some stage during the modification process the silicon and
aluminum aggregates will be of “ colloidal dimensions.” The rate

of coalescence of these particles may be accelerated or diminished by
the addition of appropriate reagents, and the authors believe the

modifying agents to act as these colloid protectors. They do not

consider the protector necessarily to be metallic sodium, the nature

being regarded as unsolved.





Bureau of Standards Circular No. 346

Fig. 65. —Structure of 13 per cent silicon alloy, unmodified. X 100—
unetched

Shows silicon-aluminum eutectic and primary particles of silicon in a 13 per cent silicon-
aluminum alloy. Tensile strength, 20,000 lbs. per sq. in., elongation 2.5 per cent.
(Aluminum Company of America)

Fig. 66.

—

Structure of 13 per cent silicon-aluminum alloy, modified.

X 100—unetched.

Refined silicon-aluminum eutectic and primary dendrites of aluminum solid solution

in a 13 per cent silicon-aluminum alloy modified with Pacz flux. Tensile strength

29,500 lbs. per sq. in., elongation 9.5 per cent. (Aluminum Company of America)
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Table 36.—Average coefficients of expansion and length changes of aluminum-
silicon alloys

Labo-
ratory
No.

6866 i ..

8871

8941

8942

—

Material

4 per cent silicon

alloy, sand cast,

heated to 400° O.,

and cooled in fur-

nace—
7 per cent silicon

alloy, etc

10 per cent silicon

alloy, etc..

12.5 per cent silicon

alloy cast in green
sand..

Cut from same bar
as S939

Modified 12.6 per
cent silicon alloy. ..

Cut from same bar
as S941

Chemical analysis

Alu-
mi-
num 1

P.ct.
96. 00

91.98

89.47

186.81

Sili-

con

P. ct.

4. 16

7.28

9.81

12.55

Iron

P.ct.
0.52

.47

.50

.66

Cop-
per

P.ct
0.33

.27

.22

.08

[Same as S939 except
that it has had 0.1 per

t cent metallic sodium
added to the molten
metal just before cast-

;
ing.3

Average coefficients of expansion per
degree centigrade

20 to
100

°

C.

22.2

21.8

21.1

4 19. 4

20.1
4 19.

4

22.2

19.8
19.2

20 to
200°

C.

X10-4
23.2

22.8

21. 9

21. 5

21.4
21.0
22.1

20.8
20.2

20 to
300°

C.

X1G-

e

24.1

23.6

22.9

24.8
22.1
24.4
22.8

22.2
22.2

20 to
400°

C.

X10-9

24.8
22.6
24.3
23.2

23.0
22.9

20 to
500°

C.

X10~«

24.7
22.9
24.2
23.2

23.0
23.0

300 to
500
C.

Changes
in length
due to
heat
treat-

ment
received
during
test

XlO-o

24.5
24.0
24.1
23.8

24.1
24.1

Per cent
-0.01

+.00

+.00

+. 11

+.02
+.08
+.03

-.02
-.01

J Aluminum by difference.
8 Submitted by the engineering division, Air Service of the War Department, McCook Field, Dayton,

Ohio. (Chemical analysis by Aluminum Co. of America.)
8 This is according to the process described in United States Patent 1410461. J. D. Edwards, of the

Aluminum Co. of America, states that this treatment results in giving the silicon particles a very high
degree of dispersion. He also says that sample S939 (normal alloy) will show a rather coarse fracture, but
sample S941 (modified alloy) will show a very fine fracture very much like that of steel.

4 Values on this horizontal line were obtained on a second heating.

In the preparation of the modified alloys, when a fluoride reagent

is used, the agent, consisting of an amount of flux equal to 3 per cent

by weight of the metal treated, may be stirred into the molten

aluminum-silicon alloy (76d). When metallic sodium is used, it is

recommended by Archer and Kempf (76d) that the sodium be placed

into the bottom of a preheated crucible and the molten metal poured

onto it at a temperature of 775° C. These authors found that the

amount of sodium required is definite for a given alloy and given

casting conditions. The sodium requirement varies with the silicon

content, rate of solidification, variation of temperature and time of

standing before pouring. The tensile strength and elongation

increase steadily to maximum values with time and then fall to values

for the unmodified alloy, but the maximum tensile strength and
maximum elongation do not occur at the same time, the elongation

reaching its maximum before the tensile strength and decreasing

more abruptly.

The effect of time after treatment on properties, effect of iron and
effect of silicon on the physical properties are shown in curves (figs.

82 to 84) from the work of these authors. The effect of the modify-

ing agent is lost if the molten metal stands too long before casting,
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ana it is lost on remelting. Pacz (96i) claims that manganese has a
beneficial effect on the grain size of high-silicon alloys, and that by
adding manganese during modification the effect is not lost on stand-

ing or remelting, while Parravano and Scortecci (76o) claim that the

refinement obtained with copper, nickel, magnesium, and manganese
is of a temporary nature.

(27) Silver (fig. 67).—Silver gives aluminum greater hardness

and tensile strength (3d), good working qualities, and chemical

resistance. Kroll (77a) has studied the replacement of magnesium
by silver in age-hardening alloys and found the effect of silver to be

similar to that of magnesium due to the precipitation of AlAg2 ,

although the final hardness and strength is less because the initial

strength is less. The strength of alloys containing both magnesium
and silver is higher than that of magnesium-silicon-aluminum or

silver-aluminum alloys because of presence of both MgSi2 and AlAg2 .

The alloys containing silver experience little improvement at room
temperature, but must be aged at temperatures between 140 to 170° C.

The maximum attainable strength of aluminum-silver alloys on aging

is about 11,000 lbs. /in.
2 lower than the 5 per cent aged aluminum-

copper alloys, while that of the aluminum-silver-magnesium alloys is

about 7,000 lbs./in.
2 lower than the strength of duralumin.

(28) Sodium (fig. 68).—Sodium, like potassium, is insoluble in

aluminum. Its use as a modifier has been discussed under the

silicon-aluminum alloys.

(29) Tantalum.—Tantalum-aluminum alloys are said to be more
resistant to HC1 and concentrated H2S04 than pure aluminum (3d).

(30) Tellurium.—Although Chikashige and Nose (80a) have

worked out an equilibrium diagram for the tellurium-aluminum

system, Sisco and Whitmore (80b) have shown that aluminum forms

a compound with tellurium which is entirely insoluble in liquid

aluminum. The traces of telluride that remain are entrapped as

segregations, and exert an exceedingly injurious effect upon the

properties of aluminum.

(31) Thallium.—Like lead, thallium is not miscible with alumi-

num and forms no compounds with it. The diagram of the system

as given by Doerinckel (81a) is shown in Figure 69.

(32) Tin (fig. 70).—Tin increases the tensile strength (3d) and
gives sharp castings, decreasing piping (3d), but with too much
tin the alloys are brittle and easily oxidizable so that a 15 per cent tin

alloy falls to powder after a few days in the air (3d). The high-tin

alloys have been studied by Losane and Carozzi (91z). Cold-rolling

is successful up to 5 per cent tin (3 a), hot-rolling is not successful

above 200° C.
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Fig. 69.

—

Thallium-aluminum system. (Doerinckel,
81a)
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Tin in amounts below 2 per cent is used by some foundrymen in

various casting alloys, such as those with copper, sometimes in an

attempt to avoid cracked castings, sometimes to add ductility, or

to give a whiter looking alloy. Some firms have used such an addition

of tin in automobile crank-case castings, but the practice is generally

discontinued. In view of the high price of tin, its use in aluminum
alloys probably brings no advantage commensurate with the cost or

which would not be obtained as readily by other means. On the

other hand, a small amount of tin accidentally introduced by the use

of scrap would ordinarily not be considered a very detrimental

impurity.

Mortimer (82b) states that in England the alloy known there as

3-L-ll, containing about 7 per cent copper, and practically identical

with the American No. 12, may still contain up to 1 per cent tin, and

the tin content was at one time specified, although “it is not quite

clear why it was ever included.’

*

(33) Titanium.

—

Titanium-aluminum alloys have been studied by
von Erckelens (fig. 71) (83b), who states that alloys of over 0.5 to 1 per

cent titanium show poorer tensile and working properties. Tita-

nium used as a refining agent, he says, gives improved tensile strength

and elongation, hardness, better workability, and increased resistance

to corrosion. The electrical conductivity falls somewhat. The
favorable effect of titanium is attributed by von Erckelens to reaction

with the oxygen and nitrogen present. Manchot and Leber (83a) were

unable to produce clean alloys with a titanium content of more than

37.3 per cent. They discuss the structure of the alloys and state

that the hardness of the alloy increased with increasing titanium

content.

Webster (3 a) states that the alloys may be hot-rolled up to 6 per

cent, and that the strength rises rapidly to 1 per cent and then slowly,

the ductility falling in a similar manner.

(34) Vanadium.—Vanadium is said to improve the mechanical

and chemical properties of aluminum (3d). Up to 4 per cent vana-

dium the alloys roll well at 500° C. (3 a), the tensile strengths and
hardness increasing up to 2 per cent, the ductility falling slowly.

The diagram is shown in Figure 72.

Small amounts of vanadium have been used commercially in alumi-

num-copper alloys, with no appreciable effect one way or the other

upon the properties.

(35) Zinc.—The constitution of the aluminum-zinc series has been

studied by Rosenhain and Archbutt (85r), Shepherd (85t), Tanabe
(85k), Isihara (85f, a), Hansen and Gayler (85m), and others.

In spite of the fact that this system has been studied by a large

number of investigators, there is no close agreement as to the equi-

librium diagrams determined by these workers. In practically all
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Fig. 71 .

—

Titanium-aluminum system. (von Erckelens, 83b)

imaginary diagram
,
designed to represent facts found

by Czako. This represents probabilities rather than
actual data)
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of these diagrams there is a fair agreement on many points, but the

exact shape and location of the limits of the field of solid solution

of zinc in aluminum still remain a subject of controversy.

The diagram reproduced in Figure 73 is that of Isihara, who used

the electro-resistance method to determine the diagram, making use

also of microscopic examination, the dilatometric method
,
and X-ray

analysis as supplementary methods. Tiedman (85d) states that the

diagram of the aluminum-zinc system separates distinctly, between

2.5 and 5 per cent zinc, into two ranges which can be related to a

“new solubility

limit.”

It is to be noted

that the alloys from

about 30 to 60 per

cent aluminum are

susceptible to heat

treatment and age

hardening.

Fig. 73.

—

Zinc-aluminum system. {ISahara, 85a)

(b) TERNARY ALLOYS
OF ALUMINUM

Equilibrium dia-

grams for ternary

alloys are often ex-

tremely complex,
and most work
upon the ternary

and more complex

alloys of aluminum
has been confined

to the alloys at the

high aluminum
comer of the trian-

gular ternary diagram. The chief systematic work has been done by
the National Physical Laboratory of England, which has studied

the various temaiy diagrams concerned in the complex alloys,

duralumin (Al, Cu, Mg, Si) and “Y” alloy (Al, Cu, Ni, Mg, Si).

Thus, the Al-Mg-Cu (43w, x), Al-Cu-Ni (89c, e, g), and the Al-
Cu-Mg-Si (43v) diagrams for alloys high in aluminum are fairly

well known. Other important diagrams that have been quite

thoroughly studied are Al-Cu-Zn (86b) and (Al-Mg-Zn-Si (43u)).

Some work has been done on the Al-Zn-Sn (91z), Al-Cu-Sn (91y),

Al-Cd-Zn (91ii), and the Al-Mo-Ni (91g) diagrams.

In all the cases the original articles (see bibliography sections on
duralumin, page 365, and complex alloys, page 385) should be con-

sulted, since the diagrams are too complex to be discussed in abstract.
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II. TECHNOLOGY AND PROPERTIES

1. APPLICATIONS OF COMMERCIAL LIGHT ALLOYS
(a) COMPARISON OF DENSITY AND MECHANICAL PROPERTIESOF ALUMINUM ALLOYS,

WITH OTHER MATERIALS OF CONSTRUCTION

In Table 37 are compared the tensile properties for several materials

used for construction in relation to their densities. Steels have been

chosen for comparison which have approximately the same ductility

as the duralumin. Douglas fir has been included as representing the

best wood available for aircraft wood construction. The values given

bring out the fact that, weight for weight, duralumin and similar light

alloys are as strong as the best steels and for the same strength give

greater stiffness. There appears to be no doubt of the adequacy of

such light alloys as substitutes for both steel and wood in construction

in which both strength and lightness are a prime requisite.

While only two light alloys are given in the table, similar compari-

sons could be made for several other alloys of the same general type

as duralumin and for some of the modern alloys of magnesium. In

castings, as well as in wrought alloys, the alloys of aluminum and of

magnesium show many advantages over steel, cast iron, brass, and

bronze on the basis of strength per unit of volume. Many such

comparisons are found in the literature. (See Bibliography, p. 393.)

Naturally, these advantages have been largely made use of in air-

craft and automobiles.

(b) MAJOR USES OF CAST AND WROUGHT ALUMINUM ALLOYS

Pure aluminum, even in the hard-rolled condition, is a weak mate-

rial of construction, and is chosen in preference to its alloys only when
ease of fabrication, as in spinning household utensils; high electrical

conductivity, as in transmission lines; or resistance to corrosion, as

in chemical apparatus or cooking utensils; is sought.

Strengthening for castings is brought about by the use of alloying

elements, such as copper, zinc, manganese, magnesium, silicon, iron,

or nickel. Only these seven elements, or combinations of them, are

used in the important commercial alloys of aluminum. The amount
of alloying elements required to produce the optimum combination

of properties seldom rises over a total of 10 per cent, except in the

case of zinc, or, very rarely, in that of copper. Hence, the light

alloys, containing 90 per cent or more of aluminum, have specific

gravities under 3. Those with silicon may be lighter than pure

aluminum.

Further strengthening of the alloys is brought about by cold 'work-

ing; that is, rolling, forging, drawing, etc. The alloys most suitable

for cold-rolling more often approach 95 per cent of aluminum than

90 per cent, and, hence, have even lower specific gravities than the

casting alloys.
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Ratios

of

some

physical

values

of

round

bars

of

different

materials

of

same

length

dimensioned

to

support

the

same

working

load

to

those

of

duralumin

taken

as

unity

(using

values

of

allowa-

ble

working

stress

given

in

column

8)
Ratio of

energy

ab- sorbed

in

de-

forma-

tion

to

yield point

1.26
.85 .50

1.00 2.

06
1.20 1.63

Ratio of tensile stiff-
ness

2
0.82 1.22 1.

96
1.00

.50 .83
2.

05

1

Ratio of
trans-

verse stiff-
ness

(sim-

ple

beam)

2*
3

0.

53
.88

1.70 1.00
.39 .77

4.70

Ratio of
diam-

eter

0.52
.64 .81

1.00
.71 .91

3.54

Ratio of weight 0.

75
1.12

1.
82

1.00
.58 .98

2.06

Ratios

of

some

physical

values

of

round

bars

of

different

materials

of

same

length

and

of

same

weight

to

those

of

duralumin

taken

as

unity

Ratio of
energy

ab- sorbed

in

de-

forma-

tion

up

to

yield

point

1
1.75

.74 .27
1.00

3.
60

1.24
.79

Ratio of tensile
stiff-

ness

3
1.08 1.08 1.08 1.00

.87 .87 .99

Ratio of
trans-

verse
stiff-

ness
(sim-

ple

beam)
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Some alloy combinations are capable of still further strengthening

by heat treatment. The heat treatable alloys do not respond as

readily to heat treatment in the cast as in the worked condition.

For quite a period the heat treatment of wrought alloys was common
and that of cast alloys rare. As the details of heat treatment of cast

alloys became better understood, heat treatment of castings became
more common, and at present the tonnage of heat-treated aluminum
alloys is about equally divided between castings and wrought prod-

ucts. The wrought heat-treatable alloys of the duralumin type are

those in which the highest strength can be developed.

By alloying, working, and heat treatment it is possible to produce

tensile strengths covering the entire range from 8,500 lbs. /in.
2 for

annealed aluminum of the highest purity to 75,000 Ibs./in.
2 for a

special wrought heat-treated duralumin, within a specific gravity

range of 2.65 to 3.00.

The outstanding need for materials of such combinations of strength

and light weight is in aircraft structures.

(1) Advantages of Light Alloys for Aircraft Structures.

—

Compared with wood, metal has the advantage of greater strength,

and for a given metal the strength and other properties do not vary

much from the average values for that material. It is therefore

customary to use a smaller factor of safety in designing metal aircraft

structures than in designing similar structures of wood.

If an aircraft member is subjected to tensile forces only, the mate-

strength
rial should be selected by choosing the one having the highest ^ensp-y

~

ratio, if the price or difficulties in fabrication do not make its use

impracticable.

If these ratios for metals are compared it is evident that heat-

treated alloy steels are preferable to other materials.

For aircraft members subjected to compressive stresses, as in

beams or struts, the resistance to secondary failure must be con-

sidered. For these members the light alloys have the great advantage

over other metals, such as steel, which is stronger but heavier, that

the thickness of a light alloy structural member is much greater than

the thickness of equivalent steel section. The greater thickness

offers much greater resistance to secondary failure, such as local

buckling.

For the structures of dirigibles the light alloys are the only prac-

ticable material because the girders and other load-carrying members
are fabricated from thin sheets of metal. Failure occurs in the

longitudinals and lattices by buckling under compressive load.

For machinery having reciprocating parts, such as engines, the

use of light alloys reduces the weight and, therefore, the inertia

stresses. The high-thermal conductivity of the light alloys makes
their use for cylinders and pistons highly desirable.
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If castings are used, as in aircraft engines, it is impracticable to

make the thickness less than the minimum which will give sound

castings. In many cases light alloy castings are sufficiently strong

and the weight is much less than for castings of other metals. About
one-third the weight of the Liberty motor is made up of aluminum
alloys.

The light alloys have rapidly replaced wood for aircraft propellers

because these metal propellers are lighter and are more efficient.

The higher efficiency of the metal propellers is due to the fact that

it is practicable to fabricate metal propellers which more closely

approximate the theoretical form. In addition, the higher modulus

of elasticity of the metal propellers reduces the torsional vibration

or “fluttering.”

Propellers made from light alloys are more durable and the tip

erosion is less than in wooden propellers, which often fail at the

glued joints.

At the present time the light alloys are very extensively used for

propellers and engines and for the structural portions of dirigibles.

They are rapidly replacing wood for the structures of airplanes.

Table 38 gives some of the more common aircraft alloys.

(2) Advantages of Light Alloys for Automobile Construc-
tion.—While light weight is not as vital for automobile use as for

aircraft, the avoidance of unnecessary weight makes for high gasoline

mileage and good acceleration. Cutting down on weight in one

part of the machine by substitution of an aluminum alloy for a

heavier one not only reduces the weight of that part alone but requires

less heavy frame, springs, etc., to carry the total weight. Thus
savings of weight are cumulative rather than merely additive.

The list of 1927 specifications for passenger-car engines (9a)

includes materials of construction for about 100 different makes
and models. The crank-case upper half is of cast aluminum alloy

in 24 and the lower half in 18 of these, the others being cast iron or

pressed steel.

Thirty-three of the 100 use aluminum alloy pistons, while the

list of British, French, Belgian, Italian, German, and Austrian

models show that the proportion using aluminum pistons abroad

is fully twice as great as in the United States. Three American
models use duralumin or similar aluminum alloy connecting rods.

About 10 of the larger cars made in America use some aluminum in

body construction.

The use of aluminum for crank cases and pistons is not as wide-

spread in the United States as the above figures for the proportion

of models using it would indicate because the cheaper cars produced
in the largest quantities seldom use it.
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A moderate reduction in the price of aluminum would result in a

largely increased use in automobile construction. Designs have

been worked out for engines and cars in which far larger amounts of

aluminum are required than is the normal practice, and such designs

have many definite advantages. Construction of some of the

higher-priced cars is tending toward the use of more aluminum,

but the medium-priced cars use it sparingly and the lowest-priced

cars avoid it almost entirely.

Pressed steel has made inroads on the use of aluminum for oil

pans, but on the whole aluminum pistons seem to be gaining on cast-

iron pistons. Individual manufacturers may use one material one

year and another the next, but such changes are often ascribable to a

desire to use an improved mechanical design which may be more
readily worked out in one material than in the other.

(3) Aluminum Alloys for Automotive Pistons.—Aluminum
alloy pistons when used in automobile and aircraft engines have the

advantages of lighter weight and better thermal conductivity and

the disadvantage of higher coefficient of thermal expansion, more
rapid wear or abrasion of the surfaces, and greater liability to sticking

of piston rings.

The advantages noted above are common to all aluminum alloy

pistons in somewhat varying degrees. The design may be modified

to secure either a minimum weight with some sacrifice of heat dis-

tribution or to secure more uniform distribution of heat at the expense

of greater weight. As engine speeds increase the use of alloy pistons

becomes rapidly more important, being practically essential for very

high engine speeds. For aircraft engines alloy pistons are practi-

cally universal, more for reduction of engine weight and to reduce

bearing pressures than on account of high speed.

The disadvantages noted above are subject to wide variation with

difference in the alloys used and in design of the piston. There are

designs of alloy pistons which practically overcome the effect of

greater thermal expansion by allowing sufficient flexibility in the

piston structures. There are also composite pistons in which the

diameter is controlled by sections of other metals such that the work-

ing expansion can be made almost anything desired.

Wear and scoring of the surface is largely a matter of alloy. If

aluminum alloys can be used, which approach the rigidity and hard-

ness of cast iron, it is probable that the rate of wear and danger of

scoring will be comparable with the latter. Such alloys also should

eliminate sticking of the rings which results from peening of the

metal between the ring grooves by impact with the cylinder walls.

Close fitting of the piston, which is possible when the difference in

thermal expansion is minimized, will also assist in preventing stick-

ing of the rings.
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Gibson (10a) found that in a test on a particular engine the alumi-

num piston gave 18.10 horsepower as compared with 17.05 for cast

iron, and used 7 per cent less gas per brake horsepower hour. The
aluminum piston works at a much lower temperature than the cast

iron (10b). Gibson (10a) states that the maximum temperature of a

cast-iron piston is 200° higher than in an aluminum piston. Schapira

(10c) gives the maximum temperature at the bottom of the aluminum

piston as 450° C., a figure which is obviously in error, while Kerpely

(lOg) states that it does not rise above 250° C. Lea (8c). gives the

maximum temperature of a 9 per cent Cu 2 per cent Mi-Al alloy piston

as 233° C. Lea considers that burning occurs only after the pistons

have been heated some time at 240° C., and afterwards heated to a

temperature high enough to soften the CuA12 eutectic enough to

allow it to be exuded. Gibson (10a) states that the tendency to burn

appears to be greatest in cylinders fitted with inclined spark plugs.

Excessive clearance admits hot gases and increases temperature,

which probably breaks down the lubrication and allows friction, pro-

ducing temperatures high enough to cause burning. Most of the

burning occurred in engines hi which the supply of lubricant was
below normal.

While many of the pistons are produced from the 9 to 11.5 per

cent Cu alloys there is no uniformity of practice. A variety of

alloys has been recommended, the compositions and design of the

pistons changing from year to year. In Table 39 are given the alloys

used for pistons according to Johnson (8a) and Pannell (10k). Alloys

ranging from 4 to 12 per cent copper have been recommended in

English practice (10k, i, d, e).

The vast majority of aluminum pistons made in this country at

present contain about 10 per cent copper, usually about 0.25 per

cent magnesium with or without added iron.

Becker (lOj) states that the lowest Brinell number to give good

service life is 100. It may be noted that the alloys in the heat-

treated condition mentioned by Johnson meet this requirement,

whereas the hardness numbers of the copper-aluminum, Cu-Zn-Al

alloys mentioned by Aitchison (lOd) all fall far below 100. Aitchison

gives data on the thermal conductivity, expansion, and high-tempera-

ture properties of the alloys he favors for piston use.

(4) Aluminum Alloys as Bearing Metals.—Attempts have
been made to use aluminum alloys as a bearing metal alloy, but

without very marked success. Daniels (43z) reports that duralumin

bearings compared to genuine babbitt bearings have less friction and
show less wear under severe conditions. Duralumin forgings are

used successfully for worm wheels in contact with hardened steel.

The alloy may, accordingly, be suitable for some fairly heavy-duty
bearings to be used in place of bronze. It should not be used in con-

tact with soft steel.
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Table 39.—Aluminum alloys used for pistons 1

Chemical composition

mna or source

Al Cu Zn Mg Mn Ni Sn Fe

Corb n
Per cent

87.5
Per cent

12. 5

Per cent Per cent Per cent Per cent Per cent Per cent

Be gan 90.5 2.5
German 93 7
Curtiss 95.2 2.5 1.5
Aerolite.. - 86 12 2

f 89 10 1

British 2 1 88 12

l 85 14 1
Benz Aviatek 80 6 12 Trace. Trace. 1.5
British 94.8 5.5

Magnalite' 94.2 2.5 .5 1.3 1.5
Magnalium 95 5
N. P. L 92.5 4 1.5 2

|
88 10 .25 1. 5

Lynite i 90 8 .5 1.

5

1 88.5 10 .5 1.0

1 According to Panne! 2 British Air Board specification.

Experiments at the Royal Aircraft Factory (6e) on alloys con-

taining 91 per cent Al, 7 per cent Cu, 1 per cent Zn, 1 per cent Sn, and

85 per cent Al, 14 per cent Cu, 1 per cent Mn, and 77 per cent Al, 3

per cent Cu, 20 per cent Zn indicated the frictional resistance of these

alloys to be approximately twice that of white metal bearing alloys

and the maximum bearing pressure to be only about a fourth. Com-
plete film lubrication could not be maintained. The alloys showed a

marked tendency to seize.

Tests in the main bearings of a 100 horsepower automobile engine

(6b) of aluminum-copper and aluminum-zinc-tin alloys were un-

successful. The shaft was badly scored in all cases presumably due

to the CuA12 compound in the alloys. On the other hand, aluminum
copper alloy castings, under light pressure, have in some cases shown
good performance.

Risman (69a) has reported tests on bearings of aluminum contain-

ing 1 per cent of molybdenum with copper, magnesium, and nickel.

His results tended to confirm others that aluminum is not suitable as

a matrix for a bearing metal.

In general, aluminum alloys serve as bearings only when the

pressure is light and the lubrication thorough and when the shaft is of

hard steel.

2. PREPARATION OF COMMERCIAL LIGHT ALLOYS

(a) WROUGHT ALLOYS

(1) Rolling, Forging, Etc., of Aluminum Alloys.—Mechani-
cal Working.—The rolling and forging of aluminum alloys is car-

ried out in a similar manner and with similar type of equipment to

that used in the working of aluminum.
51409°—27 10



142 CIRCULAR OF THE BUREAU OF STANDARDS

The temperatures used for the hot working of aluminum alloys

are, in general, necessarily lower due to the lower melting point of

the alloys. The approximate hot-working temperatures of some of

the more common alloys are: For 98.5 Al, 1.5 Mn, 450° C.; duralu-

min, 450 to 480; Y alloy, 300 to 450. In some cases the “ working”
temperatures are quite critical, due to the tendency of these alloys

toward “hot shortness” and the more rapid increase in hardness

with lower temperatures. Consequently, greater care and more
exact temperature control must be maintained. The alloys are, in

general, more “tender” and require more careful handling in both

hot and cold rolling. They also tend to “work harden” more
rapidly in cold rolling. Accordingly, smaller pass reductions and
more frequent intermediate annealing is required.

Rosenhain (2f) emphasizes particularly the necessity for obtaining

a casting that is to be rolled or forged free from shrinkage, cavities,

and surface defects in order to avoid cracking during working. He
also emphasizes the importance of adequate lubrication of the rolls

to prevent sticking of the metal to the rolls. This may be accom-

plished with kerosene or old machine oil.

Strauss (39g) has recently described forging practice in some
detail.

Aluminum alloys may be drawn into rods, wires, tubes, and other

shapes. At the present time, however, because of the greater ad-

vantages of the extrusion process, most of the rod, tube, and shapes

are extruded rather than drawn.

The drawing is all done cold with suitable intermediate annealing.

Anderson (43q) states that tallow is the most suitable lubricant.

For very small sizes of wire diamond dies are used.

In the extrusion process it is particularly advantageous to work

at as high a temperature as possible because of the greater plasticity

of the metal and consequent saving in power. The temperature is,

of course, limited by the melting point and other properties of the

particular alloy to be extruded. One of the especial advantages of

the extrusion process is the ability to extrude to a desired shape and

size within quite close limits of tolerance.

Aluminum alloy forgings are, in general, made from hot-rolled

forging billets or bar stock. Forging may be done in dies similar to

those used in the manufacture of bronze forgings. Alloys of the

duralumin type are used for forgings, such as the connecting rods of

internal-combustion engines and as aircraft propellers. In general,

alloys for forgings should be used the best physical properties of

which can be developed by heat treatment after forging rather than

to rely on finishing the forging at a relatively low temperature to

obtain physical strength.

In the forming of many shapes used in aircraft construction by

cold pressing in dies of sheet that has been stamped out into suitable
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shapes the Naval Aircraft Factory has used only one special die

instead of two. The place of the die that would otherwise be used

on the platen of the press is taken by a pad or thick sheet of rubber

which conforms under pressure to the contour of the upper die.

Since the sheet being formed is obviously shaped more gradually

and with less restraint as the pressure increases than when matched

dies are used, this method has been found to have many advantages

beside the mere saving of the cost of one die. The method has been

described by Weyerbacher (39b).

Aluminum alloy sheet may be spun similar to brass, but some-

what higher speeds are required. Both steel and wood forms and

tools are used.

An increasing use for extruded shapes and for sheet is in motor-

bus bodies. An analagous use is in Pullman cars, and even in

freight-car construction. In such uses wrought alloys used without

heat treatment find some application, though the stronger, heat-

treated wrought alloys are, perhaps, more commonly used.

Portable apparatus, such as vacuum cleaners and outboard

motors, for example, obviously require very light construction and
use much aluminum.

Automatic screw-machine products and drop forgings made from

aluminum alloys are being used extensively to replace similar articles

which were formerly made from other metals and subsequently

nickel plated. This is also true of other parts in which the desired

finish can be produced on the metal itself without the necessity of

using a plated finish which wears off in use and exposes the base

metal.

A myriad other uses can be found on every hand, many of which
are cited by Anderson (39d) and in pamphlets published by the

Aluminum Co. of America and the British Aluminum Co.

(2) Wrought Alloys used Without Heat Treatment.

—

Alloys for rolling or forging generally contain smaller percentages of

the “ hardener” metal than those for casting. Except when zinc is

used, the total content of added metal to such alloys rarely exceeds

6 per cent and is usually less.

{a) Aluminum-manganese alloy .—An alloy (No. 3-S) containing

about 1 }4 per cent manganese is rolled by the Aluminum Co. of

America, particularly into sheet, for use wherever a stiffer material

than aluminum is desired. This alloy is superior in its resistance to

corrosion to most other alloys of aluminum. The tensile properties

of this alloy in sheet form average:

Hard Soft

Tensile strength pounds per square inch.. 30,000
2

15, 000
25Elongation in 2 inches per cent..
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The wrought 1)4 per cent Mn alloy (3—S) is used, like the 2 per

cent Mn casting alloy, to reduce the tendency to electrolytic cor-

rosion in pipe and tube. Streeter and Faragher'(68e) state that the

cold-worked alloys strain harden, the tensile strength, yield point,

and hardness increasing in proportion to the amount of reduction

up to a certain limit, beyond which the rate of hardening increases

progressively. Sheet in hard temper is produced by reducing the

thickness by cold rolling 12 or more gauge numbers after annealing

(68e). The properties of hard-rolled 1.5 per cent Mn sheet are

given by Anderson (68g) as tensile strength 31,000 to 47,000 lbs. /in.
2

,

elongation 5 to 1 per cent, Brinell hardness 62 to 70 for No. 8 to 32

gauge, and for dead-soft annealed, tensile strength 18-20,000

lbs. /in.
2
,
elongation 26 to 16 per cent, Brinell hardness 32 for No. 8

to 32 gauge.

The addition of manganese lowers the thermal and electrical con-

ductivity. The effect of atmospheric exposure on electrical con-

ductivity has been studied by Wilson (68f).

These alloys are also discussed under “casting alloys, ” page 185.

(5) Alloys of aluminum
,
manganese, and copper.—An alloy con-

taining 1 to 2 per cent copper and 1 per cent manganese used at the

Naval Gun Factory (35q) for small forgings may be readily forged

at a temperature of about 525° C. If finished at a temperature of

about 250° C., the forging is much harder. Forgings of this alloy

give the following tensile properties:

Finished
cold

Finished
hot

Tensile strength .... pounds per square inch.. 27, 500
15,000

12
47

21,000
Yield point do 12,000

27
48

Elongation in 2 inches
Reduction of area

per cent..
do....

The alloy is said to be quite satisfactorily resistant to corrosion in

sea air.

(c) Aluminum-zinc alloys.—An alloy of from 10 to 15 per cent

zinc was formerly recommended for general forgings. This is said

to flow well in the dies and to have useful physical properties. Com-
pare Schirmeister’s data for rolled material (p. 148).

(d) Aluminum-silicon alloys (5 to 7 per cent silicon).—These may
be rolled. The hard-worked alloys may give the following properties:

Tensile strength pounds per square ineh__ 35, 000

Elongation in 2 inches per cent__ 5

McAdam (39c, 46g) has studied the effect of cold working on com-
mercial aluminum and on an alloy with 1 per cent manganese in sheet

form, as well as of similar materials in bar form. His data are

plotted against per cent increase in tensile strength due to cold
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working, but the base tensile strength is not given. More complete

data will doubtless be given in a future paper.

Wrought alloys whose strength is obtained by cold working only,

though applicable to many industrial uses, are inferior in properties

to those whose strength is obtained by heat treatment; that is, duralu-

min and similar alloys. For aircraft construction the heat-treated

alloys are used almost exclusively. These alloys will be discussed

on page 212.

(e) Other alloys .—Nickel alloys, up to about 2 per cent nickel and

copper alloys up to about 5 per cent copper have found slight com-
mercial use in wrought form, in their natural state. The former is

not now in use in this country and the latter is chiefly used in the

heat-treated condition. It will be discussed in later sections.

(3) Schirmeister’s Investigations of Wrought Binary
Alloys.—A very comprehensive investigation of the mechanical

properties of rolled binary light alloys of aluminum was carried out

jn 1915 by Schirmeister (lb).

Schirmeister rolled out several compositions of many binary alloys

systems of aluminum and tested their hardness and tensile strength.

His method of preparation for the alloys was the same for all series

and was as follows:

About 900 g of the alloy were melted up in a small gas crucible

furnace, poured into a chili mold to plates 25 mm thick. These were

rolled in a 30-horsepower mill at the rate of 40 m per minute. The
plates were first reheated after casting to from 400 to 500° C. and
rolled with intermediate annealing, with reductions of each pass of

from 1 to 3 mm, to a thickness of 4 mm. They were then annealed

and rolled cold to from 1.3 to 1.5 mm thickness. Only those alloys

of which the melting point was very considerably lowered by the

additions were rolled at lower temperatures or cold. Specimens cut

from these sheets were then annealed at from 300 to 350° in a
muffle furnace, allowed to cool, and tested after several days.

His results are given in Table 40.
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Table 40.—Mechanical 'properties of rolled binary aluminum alloys (Schirmeister)m
Per cent

composition
Tensile
strength

Elongation
in 5 cm

Brinell
hardness
(B. H. N.)i

Lbs./in*
14,900

Per cent
34 29

14,600 37

14, 600 40 29

14,600 38

14, 800 36 30
14, 900 32
14,900 29

15,400 23 27

14, 900 17

16,300 32
16,600 33

17, 800 31

16,500 30
15, 800 30

16,300 32 31

16,500 33

16, 300 35 40

16, 300 36

16, 500 34 42

16,500 32
16,600 32 40

13, 500 41 26

17,600 26 37
21,200 17 44

22,100 17 47

19, 600 21
17,500 22 38
17,600 21

18, 300 19 42
18,900 11

14,900 34 29

15,500 35 32
17,100
17,500

28
25

18,300 21 47
22,100 18

23, 600 14 .50

23, 500 11 51

24,200 11

25, 300 6 61

14,900 34 29
19,200 30
21,900 26 41

24, 300 23 46
25, 600 22 48
25, 300 21 49

25, 600 21 49
26, 600 19 52

27, 700 16

14,900 34 29

15, 500 36
16, 300 33 33

17, 500 31

17,900 29 37
17,800 25

17, 600 18 38
17, 100 12

16,600 8 44
16,200 7

hardness numeral was determined wit

Remarks

Antimony:
0. 00—
0. 4
1.0
2 . 0
3. 2
4. 5

6. 0
8. 0
10.5—

Bismuth:
0. 0—
0.4...
1. 2...
3.0—
4.8—

Cadmium:
0. 0-.-.

0.4—
1. 3—

.

1. 8—
2.7.-.
4.0—

.

6. 0

Chromium:
0.

0

0.

3

0. 6
0.

9

1 . 4
1.9
2 . 6

3. 7
4. 5

Cobalt:
O.O..

0.

6..
1 . 6-
2.3..
3. 5..

5.5..
7 . 5..
9. 4..
10. 5 .

12. 0-

Copper:
0.0. -

0.5-
1 .0 -.
2 . 1 ..

3 .5 -.
6.1—
7.1—
8.9..
11 .0 .

Iron:
0.9.

.

I.3-
1 .8—
2.7..
3.7..

5.0.

.

6 .8 ..
8 .8 .

.

II

.

1 .

12.5.

Rolled at 450 to 500° C.,8m per minute, to 1.4 mm;
it is only possible to roll these alloys up to 11 per
cent of antimony; even at 8 per cent a certain

amount of tearing and cracking takes place; anti-

mony is seen to be an undesirable addition to
aluminum.

Rolled cold, 8 m per minute, to 1.4 mm; the work-
ing properties, both hot and cold, are very un-
favorably affected by the influence of bismuth;
the physical properties attained indicate that bis-

muth is an undesirable addition to aluminum.

Rolled at 100 to 150° C., 8 m per minute, to 1.4 mm;
these alloys may be rolled up to 6 per cent or more;
results show that there is no advantage in the
addition of cadmium.

Rolled at 500° C.,8m per minute to 1.4 mm; chro-
mium may be added to aluminum in amounts as
great as 5 or 6 per cent and can be rolled at 500°

up to a content of 4 per cent; chromium does not
seem to offer any advantages as an addition to
aluminum, although it might be used to harden
it in amounts up to 1 per cent.

Rolled 450 to 500° C:, 8 m per minute, to 1.4 mm;
these alloys may be rolled up to approximately
11 per cent of cobalt; 4 per cent of cobalt is about
the most favorable composition.

Rolled at 400 to 450° C.,8m per minute, to 1.4 mm;
these alloys may be rolled hot up to 12 per cent of

copper; the author considers 3 to 4 per cent of

copper to be the most advantageous composition.

Rolled at 450 to 500° C., 8 m per minute, to 1.4 mm;
these alloys may be rolled up to a composition of

12 per cent, although it presents some difficulty in

most of the alloys; the author considers that
although the iron-aluminum alloys do not show
properties which would make them of any utility

it is shown by his work that 2 or 3 per cent of iron

in aluminum alloys is not harmful.

determined with a 2.5 mm ball, using a pressure of 62.5 kg.
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Table 40.—Mechanical 'properties of rolled binary aluminum, alloys (Schirmeister)

(lb)—Continued

Per cent
composition

Lead:
0.0

0.4

0.9

1.5
2.5

4.0

Magnesium:
0.0

0.3

0.6

1.2

1.6

2.6

4.0
6.0

Manganese:
0.0

0.4

0.6

0.8

1.3
2.4
3.2
4.8

Molybdenum
0.0

0.4

0.7

0.9

1.2
1.9
3.7
4.9

Nickel:
0.0

0.6

1.0

1.9
3.1
4.5
6.2

8.1

10.3

Silicon:

0.5

1.7.

3.1
4.9
7.0
9.8

12.4
15.1
18.8

Tantalum:
0.0

0.3

0.8

1.5

2.2

3.5

Tin:
0 .0 .

0.4

1.0

1.9

3.0

4.8

6.4

8.2

10.3
12.4

Tensile
strength

Elongation
in 5 cm

Brinell
hardness
(B. H.N.)

Remarks

Lbs.tin.
14, 900

Per cent
34 Rolled at 300° C., 8 m per minute, to 1.4 mm; these

alloys can be rolled hot quite readily up to 4 per14, 200 40

14, 100 37 cent or more; the addition of lead in small
14, 400 35 amounts is not of any value; at the same time
14, 500 34 it has no marked ill effect upon the properties

14, 200 34 of the aluminum alloys.

14, 900 34 29 Rolled at 450° C., 8 m per minute, to 1.4 mm; it is

possible to roll these alloys up to approximately 615, 500 34 33

16, 200 33 33 per cent; above that the alloys crack and splinter;

15, 900 33 33 the author does not consider that magnesium is a
16, 200 33 34 valuable addition to aluminum for a rolling alloy.

21, 700 25 42

30, 000 22 54

41, 800 21 69

13, 500 41 26 Rolled at 500° C., 40m per minute, to 1 .4 mm; man-
14, 800 36 ganese-aluminum alloys may be rolled to approxi-

15, 300 33 31 mately 5 per cent without much tearing; the au-

16, 200 34 thor considers that 1 or 2 per cent of manganese
17, 100 28 35 might be added with advantage to aluminum.
18, 700 22 39

19, 100 19

19, 500 18 46

13, 500 41 26 Rolled at 500° C., 40m per minute, to 1.4 mm; these
alloys can be rolled up to 5 per cent of molyb-15, 900 36 33

16, 800 34 denum; the series shows, however, no improve-
ment in properties.16, 800 33 34

16, 400 29 33

16, 500 25

16, 900 16 42

17, 200 16

13, 500 34 29 Rolled at 400 to 500° O., 8m per minute, to 1.4 mm;
15, 900 33 these alloys can be rolled up to from 11 to 12 per
16, 300 32 34 cent nickel without very considerable tearing; the
18, 100 29 author considers those alloys containing approxi-

20, 900 27 44 mately 4 per cent of nickel the best alloys of the

21, 600 25 series.

21,300 22 45

21,200 16 47

23,500 8 53

13, 500 41 26 Rolled at 450 to 500° C., 40m per minute, to 1.4 mm;
14,900 41 these alloys may be rolled up to 20 per cent of sili-

15,900 40 31 con; the author finds that the resistance to at-

17, 800 35 mospheric corrosion of this series is fairly good in

19, 300 32 38 spite of the fact that it has been claimed that sili-

21, 600 27 43 con causes a great corrodibility in aluminum; the

23, 800 23 45 author believes that an addition of silicon is of ad-

22, 300 17 47 vantage, and that from 5 to 7 per cent of silicon

23, 300 11 may be added for rolling and forging alloys.

13,500 41 26 Rolled at 500° O., 40 m per minute, to 1.4 mm; only
a few alloys were made of this series; results14, 200 38

15, 100 38 30 show that tantalum can not be considered as a

14, 600 38 technical utilizable constitutent for aluminum
14, 600 39 28 alloys.

14, 800 39

15, 500 37 31 Rolled cold, 40 m per minute, to 1.4 mm; tin di-

minishes the ease of working aluminum at higher15, 400 33
15,200 31 temperatures; it is possible to roll these alloys only

15, 300 29 31 cold; tin is an undesirable addition to aluminum.
15, 600 27

15, 600 24

16, 100 26 32
16, 600 20

17, 400 17

18,500 15 31
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Table 40 .—Mechanical properties of rolled binary aluminum alloys (Schirmeister

)

(lb )—Continued

Per cent
composition

Tensile
strength

Elongation
in 5 cm

Brinell
|

hardness i

(B.H.N.)

Titanium: Lbs./in. Per cent

0.0 13, 500 41 26

0.4 15, 600 31 34

0 8 16, 400
16, 100
16, 400

31

1.2 31

1.6 30 33

2.1 16, 800
17, 400

27

3.1 23 35

4.5 18, 500
20, 100

19

6.2 16 42

Tungsten:
0.0 13, 500 41 28

0.3 14, 200 42 29

0.6 14,800 1

15,500 i

42

1.1 40 32

2.0
|

15,400 36 34

3.5 15, 500
j

15,400
33

6.0 32 33

Vanadium:
0.0 13,500 41 26
0.4 15,500

16, 100
j

38

0.8 36 33

1.2 16,800 34 34

2.0 17,800
j

28 38

2.8 17,800 !

17, 500
27

3.7 29 39

Zinc:
0.0 14,900

|

34 29

0.6 18,400
17,900

1

32
1.3 24
3.0 I 17,800 ! 27 34

4.0 17.800
j

18.800
|

27
5.7 26 37
7.8 20,200

|

24, 200
28

10.3 32 42
12.7 29,000

25, 600
33

16.0 26 60
18.5 41, 000

50, 100
53, 500

20
23.0 . 17
25.3 15 124

Zirconium:
0.0 13, 500 41 26
0.4 15, 100

15, 200
34

0.8 34 31
1.2 15, 100 34
1.6 15, 400 34 31

2.4 15, 800
16, 100

34
3.2 33 33
4.5 16, 900

17, 800
!

28
6.0 __ 25

1

37

Remarks

Rolled at 500° C., 40 m per minute, to 1.4 mm; these
two metals are quite readily alloyed, although a
high pouring temperature is necessary; up to 6

per cent of titanium the alloys of this series are
readily rolled; the physical properties are not
such that to the alloys may he attributed any
technical importance.

Rolled at 500° C., 40 m per minute, to 1.4 mm; the
ease of rolling hot is not unfavorably affected by
tungsten, which can be added to aluminum up
to 6 per cent; tungsten does not seem to offer any
advantages as an addition to aluminum.

Rolled at 500° C., 40 m per minute, to 1.4 mm; the
addition of vanadium to aluminum presents
some difficulty, but it can be added and rolled up
to 4 per cent; the author states that for a roiling

alloy 1 or 2 per cent of vanadium might well be
used.

Rolled at 8 m per minute, 350 to 400° C., to 1.4

mm; can be rolled up to 30 per cent; most suitable-

compositions are from 12 to 14 per cent, these
alloys can be rolled up to 30 per cent of zinc;

the author considers that the most suitable of

them are those with from 12 to 14 per cent of zinc.

Rolled at 500° C., 40 m per minute, to 1.4 mm; zir-

conium acts much as does titanium as an alloy
constituent of aluminum; alloys may be rolled up
to 6 per cent of zirconium, do not show any re-

markable good physical properties, however.

(b) COMMERCIAL CASTING ALLOYS, NOT HEAT-TREATED

(1) Sand, Die, and Permanent Mold Casting.— (a) Melting

practice .—Pure aluminum is but rarely used in the cast form, owing

to its softness, high shrinkage, and poor machining qualities. Its

alloys, however, with copper, silicon, magnesium, or zinc, or combina-

tions of these, give, with proper care, excellent castings.

In general, casting practice for aluminum alloys follows that for

brasses and bronzes. The alloys are melted, in commercial practice,

in reverberatory or open-flame oil or gas furnaces, upon a refractory

hearth; in iron pots heated by oil or gas; in crucibles heated by oil,

gas, coke, or coal; and to a small extent in electric furnaces of various

types. The reverberatory type of furnace is used for remelting the
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metal taken from the reduction pots and for making up alloys to be

sold in ingot form and in reclaiming scrap to be poured direct into

castings or to be sold as ingot. This type is commonly used only

when rather large tonnage is dealt with. Appreciable contamination

of the melt by silicon reduced from the fire cla3
r or fire brick hearth

occurs in such practice only at unnecessarily high temperatures. The
hot furnace gases are in direct contact with the melt, hence, the

opportunity for solution of these gases in the metal is greatest with

this type of furnace.

Most castings are made from alloys melted in cast-iron pots. Con-
tamination by iron dissolved from the pot, and the introduction of

hard, undissolved particles of the iron-aluminum alloy which forms

on the inside of the pot, and which, if knocked off into the melt may
appear as hard spots in the casting, have to be guarded against in

this type of furnace.

Crucible melting is generally resorted to only when small amounts
are to be melted. In any method of melting care should be taken

not to overheat the metal, as it then oxidizes, absorbs gases, and is

more likely to absorb impurities from the hearth, pot, or crucible.

(b) Recovery of secondary aluminum .—Perhaps 30 per cent of the

metal used for the production of aluminum castings to-day is derived

from recovered metal (5b) (see Table 4). Old castings from junked
automobiles, old cooking utensils, sheet clippings, borings, turnings

and millings from machining operations, and dross skimmed from

melting pots all serve as sources of secondary metal.

Since the vast majority of castings used in this country have been
made from the alloy of 8 per cent Cu, 92 per cent Al, and the balance

chiefly from alloys which do not differ greatly from that alloy,

reclaimed metal from miscellaneous heavy scrap castings generally

approximates the composition and properties of that alloy. Since

some alloys containing zinc are likely to be present in any lot of junk

aluminum castings, and since steel studs, etc., may have to be left

in the scrap until melted and then taken out, which as well as a mere
second melting in an iron pot tends to raise the iron content of the

melt, secondary metal is likely to contain small amounts of zinc and a

higher iron content than would be found in new metal. If the amount
of the various hardening elements, such as copper, zinc, and iron, is

kept low enough by adding pure aluminum to compensate for the

extra iron, etc., picked up, castings whose properties are quite suitable

for most uses can be obtained. In fact, some producers prefer the

alloy with high iron and a little zinc but with lower copper (S. A. E. 33)

to the No. 12 alloy, and would use such a composition even if it were

to be made entirely from new metal.

As the silicon-aluminum alloys come into wider use the composition

of miscellaneous junk castings will vary still more widely. But
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alloys of 8 per cent Cu, 12 per cent Zn, 2 per cent Mn, 5 per cent Mg,

6 per cent Si, 6 per cent Ni, 734 per cent Cu+1 per cent Zn, 6 per

cent Cu + 5 per cent Zn, 4 per cent Cu+10 per cent Zn, 7 per cent

Cu + 2 per cent Sn, 7 per cent Cu + 1 34 Per cent Fe, 3 per cent Cu +134
per cent Mn, 7 per cent Cu + 34 Per cent Mg, 4 per cent Cu+ 4 per

cent Si, 334 per cent Cu+134 per cent Fe+ 4 per cent Si, all have

tensile strengths which do not differ materially, say, from 18,000 to

21,000 lbs./in.
2

,
and mixtures of such alloys in almost any proportion

would fall in the same range of tensile strength and would be usable

for most purposes for which castings are required. Hence, mis-

cellaneous aluminum junk castings make better castings when
remelted than would be the case with most any other class of alloys.

Such heterogeneous scrap would doubtless give more trouble to the

foundryman than would a single composition made up of new metals,

but the finished castings, after passing rigid inspection for cracks,

shrinks, and other flaws, would be serviceable for most automobile

uses, and will in many cases be cheaper than when new metal is used.

The reason why such a wide range of compositions, varying to some
extent in physical properties, are interchangeable from the engineering

point of view in castings is that in order to make possible the molding

of most automobile castings the cross section of the casting usually

has to be larger than would be required from considerations of the

stresses the castings must withstand in service, so that there is a

margin of safety due to the inability of the foundryman to produce

castings in quantity with as thin walls as would satisfy the engineer.

Stiffness, rather than strength, is often what the engineer really

seeks. If sections are used which are stiff enough, they may often

be strong enough even if a relatively weak alloy is used.

For aeronautic work, or for automobile work where there is no
comfortable margin of safety between calculated stresses and the

minimum strength of the casting, the use of metal reclaimed from
miscellaneous junk is inadvisable and the, strict specifications can

only be met by the use of new metal.

The amount and character of machining to be done on castings

may govern the amount of scrap that can be safely used. While
the slightly greater proportion of hardening elements normally

present as a result of using scrap may improve the average machining

quality, yet the uniformity of the product from scrap is not as good
and the danger of hard spots is increased, so that the lower cost of

castings due to the use of a high proportion of scrap may be partly

or wholly balanced by higher machine-shop costs. In balancing

the two factors it is usually found that some proportion of scrap is

economically used.

In any case the use of a charge containing a large proportion of

ingot reclaimed from borings or drosses requires great care. The
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aluminum is oxidized in remelting to a larger extent than the alloying

elements are, so that unless suitable amounts of scrap unalloyed

aluminum are added to the melt before ingoting the ingot will usually

be so high in alloying elements that too hard, brittle castings will

result. When the ingot is used in mixtures calculated to give a

correct balance of the various constituents on the basis of chemical

analysis the results may be satisfactory, but the reclamation process

is liable to produce material that is not as clean, contains more en-

tangled oxide and more dissolved gases than material made from new
metals or from the remelting of heavy scrap.

The remelting of scrap aluminum alloy in coarse form offers no

particular difficulty, but that of borings and chips is extremely difficult

(5d), owing to the fact that each particle is covered with an extremely

tenacious coating of A1203 ,
which effectually prevents its coalescence

with its neighbor. Two remelting methods are in commercial use.

In one the chips are puddled in iron pots until a pasty mass of metal

accumulates, which is then heated to a red heat until the dross and
dirt rises, leaving clear metal. In the other the chips are mixed with

a chloride and fluoride flux and melted in a crucible until the metal

collects at the bottom. In a modification of this method (5d) a

low melting point chloride-fluoride flux is melted down in a crucible

and the aluminum chips fed into it. The oxide is fluxed off of the

chips, which melt and collect at the bottom.

By these methods from 50 to 95 per cent recovery of metal is

accomplished, depending on the cleanliness of the chips. The metal

should not be used as a large part of the charge, except for unimpor-

tant castings of which the mechanical properties are not a prime con-

sideration. Chips of magnalium, remelted by a method described

by Coulson (lOOr) gave much lower tensile strength than the original

virgin metal and practically no ductility. The use of a deoxidizer,

such as metallic calcium, is claimed to have caused a partial recovery

of the former mechanical properties. It is doubtful if any deoxidation

practice can be relied upon for this purpose.

A more recent development has been the practice of briquetting

light scrap of aluminum alloy (5c). Tests made by Hirsh (5e)

indicated a shorter melting time and a lower melting loss for remelted

briquetted “ aluminum’ ’ than for remelted chips (8.1 per cent as

against 13.8 per cent melting loss), but other experience indicates

that briquettes disintegrate on heating, so that when the melting

temperature is reached the condition is the same as if the chips were
charged in loose form, so that briquetting would offer notable advan-

tage only through convenience in handling, storage, and shipment.

(c) Gases in aluminum alloys .—The solubility of gases in aluminum
has been studied and described by Czochralski (94e), who found that

the absorption of gases by aluminum seems to start at 900° C. It

is the least for nitrogen and increases in the following order: Carbon
monoxide, air, oxygen, sulphurous acid, carbonic acid, illuminating
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gas, hydrogen. The temperature at which the metal begins to take

up gas lies comparatively high for all these gases, so that in ordinary

practice no considerable amount is taken up, such absorption oc-

curring only with great overheating of the metal. Bircumshaw
(94a), however, states that there is evidence of a considerable solu-

bility of hydrogen in aluminum just above the melting point; he
found that aluminum which has been heated to expel the gas, on
introduction of hydrogen, continued to absorb the gas for a long

period, the metal not being saturated after a period of 20 hours.

Grogan (35b) finds that Charpy impact tests on chill cast material

showed reduced values as the result of overheating in an atmosphere
of N and CO, and further reduction by passing gas through the metal

while still overheated, the reduction being practically independent

of the gas used. The notched bar impact figure is partially restored

by remelting the gassed material in air, and still more in vacuo.

Hydrogen passed through molten aluminum at casting temperatures

lowers the test figure very appreciably; C02 is less harmful; N appears

to be beneficial, though the evidence for this is somewhat contra-

dictory. Overheating or repeated melting of aluminum in an electric

furnace did not injure its properties after rolling if the metal was
allowed to cool to the normal pouring temperature before casting

(35m, 94f).

Lobley (35n) pointed out that while this agreed with general

experience it did not appear to hold for reverberatory melting where
products of combustion might be absorbed. Norton (34f) described

an apparatus for studying the hot-shortness of aluminum casting

alloys. On such a test an alloy of 8 per cent Cu, 92 per cent A1 made
from aluminum severely overheated in an open-flame oil furnace

would withstand only about one-eighth the stress without cracking

that the alloy would withstand when made from aluminum of es-

sentially identical chemical analysis but never overheated.

Archbutt (35h) finds that metal containing dissolved gases which
tend to be given out on solidification and produce pinholes in the

casting (which, while not necessarily especially detrimental to the

strength of the casting, are to be avoided both for the sake of the

appearance of a polished surface and from their effect in increasing

corrosion difficulties) can be improved by allowing it to solidify very

slowly in the crucible or the hearth in which it was melted, so that the

gas may escape from the melt and remelting at once. Rapid cooling,

as in an ingot mold, did not give a marked improvement.
Bubbling nitrogen through the melt before slow solidification

appeared to sweep out the gas held by the melt. Lyon (35rr) had

previously found that bubbling air through a melt of piston alloy

did not injure the properties of the metal and in some cases slight

improvement was noted.

The tests made by Archbutt did not show entirely consistent

results, but, on the whole, the slow solidification method gave higher

density, freedom from pinholes, and slightly improved physical prop-
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erties. Corson (2a) lias corroborated Archbutt’s findings. Similar

methods have been applied to copper by Edwards and Prytherch
(6 lx). It has for a long time been common practice at the Bureau
of Standards, in making up alloys by fusion in vacuo which are then

allowed to solidify in the crucible, to remelt after the first solidifica-

tion in order to produce alloys free from blowholes.

(d) Temperature control.—Good practice favors keeping the tem-

perature of any aluminum alloy during melting practically at its

melting point by the continuous addition of solid metal. Pouring

should be done at the lowest temperature at which the metal will

completely fill the mold. A low-pouring temperature is particularly

important for aluminum castings because of the high specific heat

of the metal. If poured at a high temperature, the metal in cooling

heats the mold so hot that the rate of cooling is very slow. A coarse

grain and weak metal result.

(e ) Effect of casting section and pouring temperature on mechanical

properties.—Gillett (38c) has studied the effect of pouring tempera-

ture on the mechanical properties of aluminum alloy castings.

A heat of No. 12 alloy (8 per cent Cu) was poured at 703° C. into

test bars of different sizes, the test results of which are given in Table

41. It is seen that the greater the cross section of the casting the

lower is the resulting tensile strength.

Table 41 .— Tensile properties of No. 12 casting alloy (Gillett ,
38c)

A. EFFECT OF CASTING SECTION

Dimensions of section in inches
Area of
section

Tensile
strength

0.9 by 0.4

Square
inches

0. 36
Lbs./in. 2

16,000
18,000
20, 000
19. 000
18. 000
16, 000

13, 500

0.75 by 0.25 .188
0.40 round <. .126
0.45 round .159
0.50 round.. . 196
0.75 round .442
1.00 round.. .785

B. EFFECT OF POURING TEMPERATURE

Temperature in degrees Fahrenheit
Tensile
strength

Temperature in degrees Fahrenheit
Tensile
strength

1,200

Lbs./in.2

20, 000
19, 500

1,450
Lbs./in.2

17, 800

17, 500

17, 000
16, 000

1,250 1,500

1,300 19, 200
18, 500
18,000

1,550 .

1,350 1,600
1,400

In part B of the same table are given Gillett ’s results on the effect

of pouring No. 12 alloy into a (S. A. E.) cast-to-size test bar (0.5

inch diameter) in green sand from different temperatures. The
strength decreases with increasing pouring temperature. Gillett

tested the effect of pouring temperature on 53 alloys in all (see Table

42), and concludes that, in general, the alloys are weaker by approxi-

mately 20 per cent when poured hot (1,550 to 1,600° F.) than when
poured cold (1,225 to 1,250° F.). An exception was noted in the case

of the 5 per cent magnesium and of the 2 per cent manganese alloy.
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Table 42 .—Effect of pouring temperature on the tensile strength of light aluminum
alloys (Grillett ,

SSc)
1

Lower pouring
temperature

Higher pouring
temperature

Chemical composition
Pouring
tempera-

ture

I

Tensile
strength

Pouring
tempera-

1

ture
j

Tonsils
strength

Pure aluminum ... . .

O

8
Lbs./in.t

10,500
°C. \

871
Lbs./in.

-

8,000
Copper-aluminum alloys:

2 per cent copper.. 663 13,800 871 11,500
4 per cent copper 663 15,500 871 13,000
6 per cent copper .. .. ... 663 17, 600 871 14.500

15.5008 per cent copper. . . 663 20, 000 871
10 per cent copper 663 21,000 871 16,000

!
17,50012 per cent copper... 663 22, 500 871

Zinc-aluminum alloys:

4 per cent zinc ... ... 663 13,000 843
I

10,000
663 17,000

21, 000
843 12, 700

12* per cent zinc ... . 663 843 14, 000
16 per cent zinc 663 24,000 843 17,000

20 per cent zinc 663 27,000 843 20,000
24 per cent zinc 663 30,000 843 24, 500

663 33.000
35.000

843 27, 500
30,00032 per cent zinc 663 843

36 per cent zinc. 663 37, 000 843 33,000

Copper-zinc-aluminum alloys:

8 per cent copper and 0.25 per cent zinc 663 20,000 843 17,000
8 per cent copper and 0.5 per cent zinc 663 20, 500 843 17,000
7.5 per cent copper and 1 per cent zinc 663 18,000 843 14,000
7 per cent copper and 3 per cent zinc 663 19,500 843 15,500
7 per cent copper and 9 per cent zinc 663 25,000 843 18,000

6 per cent copper and 5 per cent zinc 663 20. (XX) 843 15,000
5 per cent copper and 10 per cent zinc 663 24,000 843 18,500

17,0004 per cent copper and 8 per cent zinc ,663 23, 500 843

4 per cent copper and 15 per cent zinc 663 32,000 843 23,000
3 per cent copper and 3 per cent zinc 663 17,000 843 13,000

3 per cent copper and 6 per cent zinc 663 19,000 843 13, 500
3 per cent copper and 12 per cent zinc 663 26,000 843 18,500
3 per cent copper and 15 per cent zinc 663 28,500 843 19,500
3 per cent copper and 25 per cent zinc 663 37, 500 843 29,500
2.5 per cent copper and 19 per cent zinc .. 663 33, 000 843 25,000

2 per cent copper and 10 per cent zinc 663 23,000 843 15,500
2 per cent copper and 22 per cent zinc 663 36,000 843 28,000
2 per cent copper and 25 per cent zinc 663 37,000 843 33,000
1.75 per cent copper and 30 per cent zinc . 663 42,000 843 34,000
3 per cent copper, 15 per cent zinc, and 0.50 per cent man-
ganese 663 30,000 843 20,000

Miscellaneous:
2 per cent manganese. 649 19,000 843 18,500
5 per cent magnesium 676 20,500

20,000
760 20,000

17,5008 per cent copper and 0.25 per cent manganese 649 814
7 per cent copper and 0.33 per cent manganese 649 19,000 814 16,000

6 per cent copper and 0.5 per cent manganese 676 18,500 814 16,500
4 per cent copper and 1 per cent manganese. 676 16,000 814 15,000
8 per cent copper and 2 per cent tin.. 657 18,000 802 15,750
5 per cent copper and 3 per cent tin.. 657 16,800 814 15,000

6 per cent copper and 1 per cent nickel 703 18, 200 871 14,500

8 per cent copper and 0.25 per cent titanium 676 19,000 814 18, 400
8 per cent copper and 0.25 per cent chromium 649 19,500 814 15,900
8 per cent copper and 0.25 per cent antimony .. 676 20,000 814 17, 400

8 per cent copper and 0.25 per cent vanadium.. 676 20,000 814 18, 500

8 per cent copper and 0.25 per cent cadmium 676 18,600 814 15,800
8 per cent copper and 0.25 per cent bismuth 676 18,000 814 14,000
4 per cent copper and 4 per cent silver 703 19, 700 843 15,400

8 per cent copper, 1.5 per cent iron, and 0.75 per cent silicon.. 676 21,000 814 18,000

1 The bars were poured into the S. A. E. cast-to-size test bar in greensand. Aluminum containing 0.3

per cent iron and 0.2 per cent silicon was used in the preparation of the alloys.
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Rosenhain and Lantsberry (87n) have studied the effect of pour-

ing temperature on the tensile properties of a chill-cast aluminum-

manganese-copper alloy No. 10 and find the following results:

Pouring temperature in degrees centigrade
Tensile
strength

Elongation
in 2 inches

775 to 737 . _ — -

Lbs./in ,
2

12, 900
Per cent

2

687 to 675 - - 26,000 8

650 — ---- - — 25,300 8

Other tests have been made by Donaldson (85q, discussion), who
finds a falling off in tensile strength and elongation for an alloy of 19

per cent zinc and 1 per cent copper when poured between 800 and

850° C.

Pouring temperature in degrees centigrade
Tensile
strength

Elongation
in 2 inches

850 - -

Lbs./in*
20, 400
29, 300
22,000

Per cent

1.8
4.0
2.5

800
700

Tests by Carpenter and Edwards (61u) give the following results for

chill castings of an alloy of 4.63 per cent copper, balance aluminum:

Pouring temperature in degrees centigrade
Tensile
strength

Elongation
in 2 inches

650
Lbs./in .2

21.700
15. 700
10, 900

Per cent

8.5
5.5
3.0

724
707

Tests by Rosenhain (85q discussion), contribute the following

- values for chill castings of an alloy of 20 per cent zinc and 1 per cent

copper

:

Pouring temperature in degrees centigrade
Tensile
strength

Elongation
in 2 inches

850 - _

Lbs./in .2

24,000
30,800
31,500
31, 700
30, 900

Per cent
2.5
4.0800

750— 3.0
700 4.0
650 5.0

Pyrometric control of pouring temperatures is not difficult and is

in vogue in all modern foundries making aluminum castings. (38a, d.

)

Hurren (35r) examined several English aluminum-zinc-copper alloys

as well as an 11 per cent Cu piston alloy and “Y” alloy. He found
that all these classes of aluminum alloys gave better mechanical

properties the lower the casting temperature, down to the point
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where mis-runs and cold shuts appear. The results of the repeated

impact test were very markedly affected by the pouring temperature.

(See p. 273.)

(2) Sand Castings.— (a) Fluxes.—No flux should be used in melt-

ing down, and the surface should not be covered with charcoal, as

this may be included in the casting. Just before pouring, however,

a small amount of zinc chloride is sometimes added to clean the sur-

face and thus prevent dross from entering the casting. Skimming
will accomplish the same result without the flux. Anderson (5a)

discusses very fully the fluxes used for smelting secondary aluminum
and aluminum alloys, giving the types of flux for different purposes,

requirements, and characteristics of each.

(b) Sand molds and cores
,
pattern-makers’ shrinkage.—In molding

castings to be poured in aluminum alloys the characteristics of the

particular alloy to be used should be borne in mind. Some of the

alloys are quite brittle or “hot-short” and fragile at temperatures

just below the melting point, while the silicon alloys are quite free

from this trouble. In casting most other alloys extreme care should

be taken that the mold should not be too hard. Ordinary green-

sand, not too fine, is used, and hard ramming is to be avoided. A
large percentage of bad castings is probably due to nonadherence to

this principle. Albany 00 sand is generally used for molds (351). No
special facing is used, additions to make a smooth surface tending

to make the sand impervious to steam and gases. Cores should be

soft to give to the shrinkage of the metal. A core sand composed of

sharp sand and molding sand is held together by the minimum possi-

ble amount of a binder, such as rosin, flour, or core oil. More trouble

from cracked aluminum castings has its origin in the core room that

produces too hard cores than from all other sources put together.

The mold should be poured carefully and not too rapidly, as the

metal may otherwise fail to fill finer parts of the mold. The casting

should be stripped as soon as set in order to prevent cracking. Owing
to the lightness of the alloys, chaplets are rarely needed in anchoring

cores.

For the usual alloys 0.158 inch per foot is accepted as the pattern

maker’s allowance for shrinkage; for commercially pure aluminum
this is 0.203 inch per foot. The shrinkage of a number of alloys of

aluminum as given by Anderson (35s) is shown in Table 43.

(c) Porosity and methods for treating porous castings.—Aluminum
castings may have internal defects which are not visible from the

outside and are not located by ordinary means when it is not desirable

to cut into the castings. In such cases X rays may be used to locate

defects (35d). Such methods have been used to show the difference

in quality of die-cast and permanent mold-cast material, showing the

permanent mold-cast product to be uniformly sound while die castings

are porous and have blowholes beneath the surface skin. Sand cast-
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mgs are often porous due to intercrystalline shrinkage cavities or

dross films. Porosity may also be tested for use by methylene blue

in gasoline (35e), water pressure, air pressure, or steam pressure, the

test being chosen according to the service for which the aluminum is

to be used.

Table 43 .
—Linear contraction of light aluminum alloys (.Anderson (35s))

0.5-inch bar,
poured at 700° C.
in sand molds

0.5 by 1.0 inch
bar, poured
at 700° C. in

sand molds

1.0 by 1.0 inch
bar, poured
at 700° C. in
sand molds

1.0 by 1.0 inch
bar, poured
at 900° C. in
sand molds

contraction

s

poured

at

3d

at

900°

C.

Nominal composition

Linear contraction 1

u
« « 3o
S _ a
— g>

Inch

per

foot

Patternmaker’s
scale

Per

cent

Inch

per

foot

Patternmaker’s
scale

Per

cent

Inch

per

foot

Patternmaker’s
scale

Per

cent

Inch

per

foot

Patternmaker’s
scale

Percent

CO

p).S 2
«o -£

° n‘

S318*8

100 A1 0.201 1/59 1.68 0. 197 1/60 1.64 0.202 1/59 1.68 0.192 1/62 1. 60 +0.08
98.5:1.5 Al-Mn .201 l/5£ 1. 68 .202 1/59

1/60

1. 68 .210 1/56

1/60
1.75 .216 1/55

1/62

1. 80 -.05
+. 0597:2:1 Al-Cu-Mn .196 1/60 1. 63 .198 1. 65 .198 1. 65 . 192 1.60

92:8 Al-Ni .193 1/61 1.61 .190 1/62 1. 58 .192 1/62 1. 60 .192 1/62 1. 60 .00
90:10 Al-Zn .184 1/64 1. 53 .185 1/64 1.54 .189 1/62 1.58 .186 3/64 1. 55 +.03
Duralumin. . 180 1/66 1.50 .184 1/64 1.53 .184 1/64 1.53 .179 1/66 1. 49 +. 06

95.3:3:1:0.5 Al-Cu-Fe-Mg. .180 1/66 1.50 .182 1/65 1.52 .185 1/64 1.54 .184 1/64 1.53 +.01
90:2:8 Al-Cu-Zn. .179 1/66 1. 49 .179 1/66 1. 49 .179 1/66 1.49 . 180 1/66 1.50 -. 01
92:8 Al-Sn .179 1/66 1.49 .180 1/66 1. 50 .184 1/64 1. 53 .178 1/67 1. 48 +. 05
90:8:2 Al-Cu-Mn
95.5:1.5:1.5:1.5 Al-Cu-Mg-

.178 1/67 1.48 .173 1/68 1. 44 .185 1/64 1. 54 .178 1/67 1. 48 +. 06

Ni... .178 1/67 1.48 .178 1/67 1.48 .177 1/67 1. 48 .179 1/66 1. 49 01

96:4 Al-Mg .176 1/67 1. 47 .179 1/66 1. 49 .179 1/66 1. 49 .180 1/66 1.50 -. 01
97:3 Al-Si
86.5:7:1:1.5:4 Al-Cu-Mn-

.174 1/68 1. 45 .172 1/69 1.43 .175 1/67 1. 46 .166 1/71 1. 38 +.08

Ni-Zn .172 1/69 1.43 .169 1/70 1. 41 .172 1/69 1.43 .173 1/68 1. 44 -. 01
90:8:2 Al-Cu-Fe. .172 1/69 1. 43 .178 1/67 1. 48 .170 1/69 1. 42 .172 1/69 1. 43 -.01
90:10 Al-Si.. .172 1/69 1. 43 .170 1/69 1.42 .172 1/69 1.43 .162 1/73 1. 35 +.08

96:4 Al-Cu._ .172 1/69 1.43 .176 1/67 1.47 .188 1/63 1. 57 .178 1/67 1.48 +. 09
92:8 Al-Cu . 170 1/69 1.42 .164 1/72 1.37 .172 1/69 1. 43 .168 1/70 1. 40 +. 03
80:20 Al-Zn .170 1/69 1. 42 .165 1/72 1. 38 .167 1/71 1. 39 .171 1/69 1. 43 -.04
85:14:1 Al-Cu-Ni... .169 1/70 1. 41 .171 1/69 1.43 .167 1/71 1.39 .167 1/71 1.39 .00
91:7:1:1 Al-Cu-Sn-Zn .169 1/70 1. 41 .168 1/70 1.40 .173 1/68 1. 44 .173 1/68 1. 44 .00

90:10 Al-Cu... .168 1/70 1.40 .167 1/71 1. 39 .168 1/70 1. 40 .164 1/72 1. 37 +.03
88:8:4 Al-Cu-Fe *.. .168 1/70 1. 40 .169 1/70 1.41 .170 1/69 1. 42 3 .168 1/70 1.40 +. 02
90:8:2 Al-Cu-Ni.. .168 1/70 1. 40 .168 1/70 1.40 .173 1/68 1.44 .166 1/71 1. 38 +. 06
90:8:2 Al-Cu-Sn .167 1/71 1.39 .165 1/72 1. 38 .170 1/69 1.42 .165 1/72 1. 38 +.04
90:8:2 Al-Cu-Zn ..... .164 1/72 1.37 .160 1/74 1. 33 .170 1/69 1.42 .171 1/69 1. 43 -.01

85:14:1 Al-Cu-Mn .163 1/73 1.36 .161 1/74 1.34 .165 1/72 1.38 .165 1/72 1. 38 .00
88:12 Al-Cu... .162 1/73 1.35 . 164 1/72 1. 37 .168 1/70 1. 40 .152 1/78 1. 27 +. 13
77:3:20 Al-Cu-Zn . 162 1/73 1.35 . 160 1/74 1. 33 .166 1/71 1.38 .162 1/73 1. 35 +.03
92.5:4:1.5:2 Al-Cu-Mg-Ni. . 161 1/74 1.34 .164 1/72 1. 37 .164 1/72 1. 37 .165 1/72 1.38 -.01
85:3:12 Al-Cu-Zn.. .161 1/74 1.34 . 156 1/76 1. 30 .171 1/69 1.43 .175 1/67 1. 46 -.03

88:8:4 Al-Cu-Sn . 157 1/75 1.31 . 162 1/73 1.35 . 160 1/74 1. 33 .162 1/73 1. 35 -.02
86:14 Al-Cu .156 1/76 1. 30 .160 1/74 1. 33 .160 1/74 1.33 .158 1/75 1. 32 +. 01
91.5:8:0.5 Al-Cu-Mg . 156 1/76 1.30 .156 1/76 1. 30 .166 1/71 1.38 .167 1/71 1. 39 -.01
85:5:10 Al-Cu-Sn
76:3:0.5:0.5:20 Al-Cu-Mg-

. 156 1/76 1.30 . 154 1/77 1 . 28 .163 1/73 1. 36 .158 1/75 1 . 32 +.04

Mn-Zn .156 1/76 1.30 .162 1/73 1. 35 .162 1/73 1. 35 .161 1/74 1. 34 +. 01

66:1:33 Al-Mn-Zn .155 1/77 1. 29 .155 1/77 1. 29 . 156 1/76 1. 30 .150 1/79 1. 25 +. 05
67:33 Al-Zn .153 1/77 1 . 28 .152 1/78 1. 27 .152 1/78 1.27 .152 1/78 1.27 .00
90:8:2 Al-Cu-Si. .149 1/80 1.24 . 152 1/78 1.27 . 159 1/74 1.33 .147 1/81 1.23 +. 10
92:8 Al-Mg . 147 1/81 1. 23 . 146

.1471
1

1/81 1 . 22 . 147 1/81 1. 23 .152 1/78 1. 27 -.04
90:8:2 Al-Cu-Mg . 146 1/83 1.22 1/81 1. 23 . 149 1/80 1. 24 . 148 1/80 1.23 +. 01

1 Alloys are arranged in order of decreasing contraction for 0.5 inch bar.
1 Poured at 850° C.
3 Poured at 950° C.

51409°—27 11
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In cases where the castings are sufficiently porous to require treat-

ment, several methods have been used, including application of

bakelite sprayed under pressure, bakelite. and aluminum powder,

boiled linseed oil applied under pressure and baked, sodium silicate

solution, zinc chloride solution, ammonium chloride solution, alumi-

num powder and sulphur, peaning, welding, or soldering (35f). Of
the methods utilizing the application of solutions the ones chiefly

used are the sodium silicate solution and the bakelite method. The
sodium silicate used is the ordinary commercial water glass. In

America the casting is soaked in the silicate at least 1 hour or treated

under pressure, immersed 1 to 2 minutes in 3 to 5 per cent HC1 or

10 per cent H2S04 ,
washed in cold water, then baked above 100° C.

for at least 1 hour (96f). The British process differs somewhat from

the American process. In either case the effect is probably due to

deposition in the holes of a corrosion product from the aluminum, of

silica or some other solid. The specification given by the Bureau of

Aeronautics, United States Navy Department, for sodium silicate

to be used for castings treatment is—alkalinity (calculated as NaO)
14 per cent, water not more than 45 per cent, specific gravity at

65° F., not less than 1.7. In using bakelite it may be used as a dip,

or may be poured in, brushed on, or sprayed. The casting is then

air-dried and baked about 2 hours at 150° C. In using more than

one coat each coat is allowed to cool before applying the mixture.

Welding is suitable, and soldering may be used in a limited number
of cases.

(3) Die Casting.—The term “die casting” is used in England to

connote the casting of metal in metallic molds either with or without

the mechanical application of pressure (gravity and pressure die

castings), but in this country it is customary to use the term “die

casting” to apply to casting in metal molds with the application of

pressure, and to refer to casting in metal molds without pressure as

“permanent mold” casting.

Die castings may readily be made of aluminum alloys; the alumi-

num silicon alloys are especially suitable (96b), the copper-aluminum

alloys are also suitable for this class of work. Aluminum-zinc alloys

are difficult to handle because of their hot-shortness (Norton, 35ss).

Norton describes the use by the Aluminum Castings Co. of No. 12

alloy for permanent mold castings. This metal gives die castings

which are of smooth surface, dense, and dimensionally true within

a very small margin (±0.005 inch). Mechanical properties for die

castings of No. 12 average:

Sand
castings

Die
castings

Tensile strength.. ... _

Yield point (stress for 0.01 inch elongation in 2 inches)

.

Elongation in 2 inches
Dp.nsitv _ _ _

.pounds per square inch..
.do

per cent..

20, 000
13, 000

1.7
2.84

25, 000
13,000

3.1
2.87



LIGHT METALS AND ALLOYS 159

Many articles are now die cast in this alloy, such as parts of cash

registers, typewriters, and adding machines.

Pack (36c) describes an aluminum-copper alloy which is being

commercially die cast under pressure. The chief commercial diffi-

culty with the die casting of aluminum is the cracking, or heat

checking, of the iron or steel molds used (36b). Cracks appear in

the mold after a few thousand castings have been made in it.

An extensive investigation of aluminum die casting alloys by the

American Society for Testing Materials is now under way. The

following compositions are under test.

Table 44.—Compositions of aluminum die-casting alloys under test by A. S. T. M.
B-2-VIII Section

[List of aluminum alloys agreed on for die-casting investigation]

Number Copper Silicon Nickel Iron 1 Aluminum 2

Per cent Per cent Per cent Per cent Per cent

1 4 PA-2 Balance.
2 .. 10 PA-2 Do.
3 14 PA-2 Do.
4 5 PA-2 Do.

5 . : 13 1A-2 Do.
6 . 2 3 PA-2 Do.
7 4 5 PA-2 Do.
8 PA M PA-2 Do.

9 4 V/2 4 PA-2 Do.
10 2 5 PA-2 Do.
11 2 8 PA-2 Do.
12 8 1 PA-2 Do.

1 The iron content represents a minimum below which it would probably be difficult to go, due to the
nature of the die-casting process and molds.

2 The alloys are preferably to be free from manganese and magnesium (max. each, 0.05 per cent).

Table 45 gives the specifications of the Army Air Service for

aluminum die castings.

Table 45.—Specifications for aluminum die castings

Specification

Chemical requirements

Physical properties.

Permissible variations.

United States Army Air Service, No. 11302, September 15, 1926.

{

Copper per cent.. 3.5 to 4.5
Silicon do 4.5 to 5.5
Other impurities ...do l.o
Aluminum Remainder

(

Tensile strength (minimum) lbs./in. 2.. 28,000
Elongation in 2 inches (minimum) per cent.. 2.5
Brinell hardness (minimum) 60
[Permissible variations per inch of diameter or length shall be plus or minus
< 0.0025 inch. This may be further reduced when a dimension amounts to

l several inches, as stated in the contract or purchase order.

(4) Permanent Mold Castings.—Automotive pistons from light

aluminum alloys are now more commonly made, in this country, in

chill molds (permanent cast-iron molds) than in sand. The advan-

tages are the better physical properties of the product, due to the

finer grain of the chilled casting, to the freedom from pinholes if the

mold has been properly designed and gated, and to the smaller

amount of machining, due to the ability to produce castings close to
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the desired dimensions. On repetition work, where very large

numbers of identical piston castings are desired, the cost of produc-

tion is probably somewhat less than in sand basting, even though the

making of the mold is an expensive matter.

Other castings of fairly regular outline, even though somewhat
larger and more complex than pistons, are also produced in perma-

nent molds, but very large or very complex castings are not thus

made commercially in the United States. In Europe, especially in

the case of the “Cothias” castings made in France, permanent molds

are often used for quite complex and quite large castings which
American foundrymen find to be more cheaply made in sand.

In order to allow a permanent mold casting to be separated from

the mold before contraction causes cracking, the cores must be so

made as to be instantly collapsed or withdrawn. The-design of such

a mold is a task requiring much experience.

Permanent mold castings in No. 12 alloy show 25 per cent higher

tensile strength and double the elongation that the same alloy

would give in sand. While there is difficulty in designing the mold,

cores, and gate so as to avoid trapped air and consequent blowholes,

once the proper design is obtained, and care taken in pouring, the

permanent mold castings are free from the porosity found under the

skin of die castings made under air pressure.

The subjects of die castings and permanent mold castings are

quite fully discussed by Anderson (2d) in his book, and more fully

in a number of articles by Anderson and others, references to which
will be found in Anderson's bibliography. Mortimer (36a) has also

given a very full discussion of die-casting problems.

(c) THE MORE IMPORTANT COMMERCIAL LIGHT CASTING ALLOYS

(1) Testing Cast Alloys.—The physical properties of light cast-

ing alloys with which one is concerned are the tensile properties and

the resistance to alternating stresses. The tensile properties of

commercial alloys are, of course, well known. Little data on the

resistance to alternating stresses of these alloys are published,

although such data are of the utmost importance in view of the use

of such castings for machine parts subject to vibration, such as

motor crank cases.

Some confusion exists with respect to the description of tensile

properties. In this country a test specimen cast to size in green

sand is usually used to determine these properties. This is usually

0.5 inch in diameter over the reduced section. In Great Britain a

specimen cast to size in a chill is often used. Experience has shown

that the tensile strength of chill-test castings of light alloys will

usually average from 3,000 to 5,000 lbs. /in.
2 higher than for sand-cast

ones. This should always be borne in mind in comparing tests of

these alloys.
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It should also be noted that standard test bars, whether attached

to the casting (35s) or cast separately, do not give the properties

of the casting itself. Skillman (35t) points out that attached test

bars of 92 per cent aluminum, 8 per cent copper, will show a tensile

strength of 18,000 to 20,000 lbs. /in.
2

if the casting is poured at the

proper temperature, while sections of the casting itself inch thick

might have a tensile strength of 12,000 lbs. /in.
2 and those inch

thick might have one of 22,000 lbs. /in.
2

.

Jeffries (35c) also points out that parts of the casting that are

about ]/i inch in section approximate the properties of the )^-inch

diameter test bar, while the heavier sections may have as low as 70

per cent and lighter sections over 100 per cent of the strength shown

by the test bar.

Dix and Lyon (35u) found similar differences in specimens cut from

large crank cases of several different aluminum alloys. These varia-

tions and those between sand and chill castings are caused by the

difference in rate of crystallization during freezing, which depends on
the chilling effect of the mold. (See effect of casting section, p. 153.)

Not only is the tensile strength of chill castings higher than that

of sand castings, but (with the exception of the modified silicon alloys),

the elongation also. In general, any variation of casting condition

which increases the tensile strength of a casting alloy increases also

its ductility (elongation) and a double gain of hardness and toughness

is thereby obtained.

Satisfactory results are obtained either on a cast-to-size test coupon,

poured horizontally in sand with gate and riser, or with the Webber

t

type of cast-to-size coupon, cast in core sand and fed along its whole

length by a gate and pouring head. The Naval Gun Factory (Wash-

ington) uses the latter form with a gate five-eighths inch thick.

(2) Alloys of Aluminum and Copper.—Among the copper alloys,

the one most commonly used is the No. 12 alloy (8 per cent copper,

92 per cent aluminum). The preparation of the No. 12 alloy has

been studied in detail by Anderson (6 In). The alloy may be pre-

pared by the direct addition of copper to molten aluminum, by use

of the 33:67 copper-aluminum alloy and by use of the 50:50 copper-

aluminum alloy. The last method is the one most favored as the

melting temperature can be held down, the 50 : 50 alloy melting at a

temperature lower than that of aluminum. The 50 : 50 alloy is pre-

pared by the direct addition of molten copper to molten aluminum.

In the preparation of these alloys there is an increase of temperature

usually amounting to about 40 to 250° C., and sometimes even higher.

This rise of temperature may be due partly to the heat of formation

of the copper-aluminum compounds, to the interaction of aluminum
and copper oxides or of aluminum and oxygen or to both. Carpenter

and Edwards (6 It) concluded that the rise of temperature was not
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due to the combination aluminum-copper, but aluminum and oxygen.

Other investigators find that if sufficient aluminum is added to

reduce all the copper oxide in a melt of oxidized copper, subsequent

additions of aluminum will not produce any further considerable

rise in temperature.

Although the composition of No. 12 alloy is usually given as 8

per cent copper, 92 per cent aluminum, it frequently contains a high

percentage of iron, sometimes up to 1.75 per cent. In die castings

the iron content may be as high as 3 per cent. Small amounts of

Fig. 74.—The tensile properties of aluminum-eopper sand-cast alloys. (Carpenter

and Edwards
,
61u)

The text specimens were cast to size, 0.564 inch in diameter

magnesium, zinc, manganese, or tin are sometimes intentionally

added or may be unintentionally added through the use of scrap.

The tensile properties of aluminum-copper alloys have been

studied by Carpenter and Edwards (61u) and are shown in Figures

74 and 75. From this curve it is to be noted that the tensile strength

of the alloy increases with increase of copper content, although

Anderson (6 In) states that the increase of ultimate strength ceases

at 6 per cent copper, after which there is a decrease.

The following properties for the No. 12 alloy are given by Ander-

son (61n).
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Table 46.—Properties of “No. 12” aluminum-copper alloy

Property

Westinghouse
Electric

Manufactur-
ing Co.

Bureau of
Mines

Lumen
Bearing
Co.

TTltimatA strp.ngt.h, phill past. 20-24, 000
16-20, 000TTlf.ima.tft pf.rfingth, pand east 19,800

Poured hot- - - - - - 15,500
20,000Poured cold _ _

"Elastic limit, lhs./in. 2 5,000
0.8Elongation in 9. innhp.s pp.r ftp.nt. 1.5 1. 0-2.

0

‘Rprinptinn nffl.rp.ft do 4.9
Brinell hardness - - 50
finfipifift eravitv 2. 83 2.84 2. 80
Shrinlragp in 19-innh bar . . ineh 0. 175 -h
Cop.fTip.iAnt of pxnansion . _ _ °C 0. 000024

Fig, 75.—The tensile properties of aluminum-copper chill-cast alloys. (Carpenter

and Edwards
, 61u)

Test specimens were cast to size, 0.564 inch in diameter

Jeffries 6 finds that this alloy when properly cast to give from
20,000 to 24,000 lbs. /in.

2 tensile strength will withstand 1,000,000

alternations of stress between 0 and 12,000 lbs./in.
2 tension without

failure. The alloy is not as strong in impact test as No. 31.

Broniewski (61r) finds the electrical resistance of an alloy of this

approximate composition to be 5.75 //-cm.

6 Private communication from Z. Jeffries.
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Figures for specific gravity are given by Carpenter and Edwards
(6 It) as follows:

Table 47.—Specific gravity of aluminum-copper alloys

Composition Condition of alloys

Al-Cu Sand cast Chill cast Rolled bars Drawn bars

99.14 2.72 2.73 2.73 2.73
1.90 2.73 2. 75 2.75 2. 75
2. 77 2.75 2.77 2.77 2.77
3.76 2.77 2. 79 2.79 2.79
4.97 2.78 2. 81 2. 81
6. 15 2. 81 2.83 2.83
6. 91 2.82 2. 85 2. 85
8.09 2.85 2.88 2.88—

The density of alloys at higher temperatures are given by J. D.

Edwards (61k) as follows:

Table 48.—Density of aluminum-copper alloys at temperatures up to 1,000° C.

1

Temperature in degrees centigrade
j

Condition Copper 0
per cent

Copper 7.84

per cent
Copper 30
per cent

Copper 59.9

per cent

20
j

Solid 2.706
j

2.857 3.433 4.680
700- . T/iqnid 2.373 ! 2. 524 3.068 4. 345
800 do 2.345 i 2. 494 3.032 4.300
900 do_ 2.318 1 3.464 2.997 4.254
1,000 do 2.291 2.434 2.962 4.208

In the work of Carpenter and Edwards (6 It), tests were made
upon sand castings to ascertain the effect of heat treatment, con-

sisting of quenching from 450° C. and annealing at 450° C. The
alloy containing 8.08 per cent copper showed, as sand cast, a tensile

strength of 16,600 lbs. /in.
2 with approximately 2 per cent elonga-

tion; as sand cast and annealed, a tensile strength of 15,900 lbs. /in.
2

;

as sand cast and quenched, 18,000 lbs. /in.
2

. Quenched alloys were

consistently higher in tensile strength than the cast or cast and
annealed alloys.

Ingots 3 inches in diameter and 20 inches long were heated to

400° C. and rolled in round grooves to a diameter of 134 inches.

From this rod, portions were both hot-rolled to H inch in diameter

and drawn after annealing to H inch diameter. From 0 to 8 per

cent of copper all of the alloys rolled well, and from 0 to 4 per cent

of copper they could be drawn sound. In Figures 76 and 77 are

shown the results of the tests of 0.05-inch sheets and 1 34-inch diameter

hot-rolled bars. The bars rolled to H-inch diameter showed through-

out a higher tensile strength than those rolled to 1 34 inches, amount-
ing to 2,000 to 3,000 lbs. /in.

2 The bars drawn with and without

annealing showed a higher tensile strength, but also a smaller elonga-

tion. In Table 49 are shown the test results of an alloy containing

3.76 per cent of copper in different conditions.
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Fig. 76.—The tensile 'properties of aluminum-copper alloys in the form of sheet,

0.05 inch thick. (Carpenter and Edwards)
The ingots were cast % inch thick, hot-rolled to H inch, cold- rolled to M inch, annealed, cold-rolled to 0.1

inch, annealed, cold-rolled to 0.05 inch

m

70

60

50

40

50

SO

10

Fig. 77.—The tensile properties of aluminum-copper alloys. (Carpenter and

Edwards)
These results were obtained on 1.25-inch diameter bars hot-rolled from 3-inch ingots to size
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Table 49 .— Tensile properties of an aluminum-copper alloy (Carpenter and
Edwards, 6It) 1

Tensile
strength

“Yield
point”

Elongation
in 2 inches

Reduction
of area

Lbs./in. 2 Lbs./in. 2 Per cent Per cent

21,500 12,100 10.5 21.46
37, 700 20, 100 20.0 38. 21

38, 000 26, 000 21.0 49.76
37, 900 34,600 8.0 21.79
44,900 41, 500 7.5 20.84

Chill casting.
134 inch hot-rolled bar
if inch hot-rolled bar
if inch bar drawn with annealing
ft inch bar cold drawn, without annealing.

Alloy containing 3.76 per cent copper, in different forms.

Sheets were rolled from an ingot 6^ by 9% by inches by hot-

rolling to inch, allowing to cool and cold-rolled to 34 inch. The
resulting slab was
then cut into por-

tions, and the por-

tions rolled down to

different thicknesses

with intermediate

,c annealing. In Fig-

ure 76 are shown the

results of tests upon
a sheet rolled to 0.05

inch in thickness.

The tensile test

results on these

sheets are very simi-

lar to those obtained

on the same alloy in

the form of rolled or

drawn bars. The au-

thors draw the con-

clusion that there is

nothing to be gained

by adding more than

4 per cent of copper

for a rolling or forging alloy, as well as for a casting alloy. Their

conclusion as regards the casting alloy is not in accord with modern

practice which favors the use of an alloy containing 8 per cent copper.

The Charpy impact resistance of copper-aluminum alloys decreases

with increase of copper content within the limits of experiments

performed (fig. 78).

The coefficient of expansion of copper-aluminum alloys as deter-

mined at the Bureau of Standards are shown in Table 50 and Figure

79. The relation between the copper content and the coefficients

of expansion of the alloys is shown in Figure 80.

Fig. 78.—Comparison of Charpy impact with yield

point, tensile strength, and hardness of copper-

aluminum alloys. (J)ix, 4-5/.)
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Fig. 79.—Linear expansion of three aluminum-copper alloys {approximately

4, 8, and 12 per cent copper, respectively

)

PER -CENT COPPER

Fig. 80.—Relations between the copper content and the coefficient of expansion
,

of aluminum-copper alloys
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Carpenter and Edwards (6 It) studied the corrosion of alloys con-

taining up to 6 per cent copper in fresh w~ater and sea water. Plates

exposed to fresh water were slightly corroded, but gained in weight

due to the coating of aluminum hj^drate formed. Those exposed to

sea water were badly corroded and pitted, the loss of weight ranging

from 0.008 lb./ft.
2/month for 0.00 per cent copper, 0.93 per cent

copper and 1.57 per cent copper to 0.003 !b./ft.
2/month for 5.34 per

cent copper. The loss of weight is considerable; for the first three

alloys about three and one-half times that which would be experi-

enced by mild steel under the same conditions. It is concluded that

these alloj^s are not suitable for construction which will be exposed

to sea water. More recently the corrosion of a variety of aluminum
alloys, including copper-aluminum, was reported by Hewlett and

Basch (61h) and by Sayre and Basch (61c) and the results would

appear to uphold those obtained by Carpenter and Edwards.

Carpenter and Edwards also studied the corrosion of copper-

aluminum alloys of the same compositions in boiling tap water, 1 per

cent aqueous acetic acid, 1 per cent aqueous citric acid, and 1 per

cent aqueous oxalic acid. The losses in weight were 0 for tap water,

from. 0.0002 lb./ft.
2
/hr. to 0.0003 lb./ft.

2
/hr. for 100 per cent aluminum

to 5.34 per cent copper in the acetic acid; 0.0001 to 0.0003 for the

same alloys in nitric acid, and 0.0010 to 0.0023 in oxalic acid.

The 96 Al, 4 Cu alloy is used for sand-cast cooking utensils, the

90:10 and 88:12 for die and permanent mold castings. The 1 to 6

per cent Cu alloys may be rolled. The 96:4 alloy is suitable for

sheets and shapes. (Commercial production of these forms is chiefly

in the a 25S” alloy, containing about 4 per cent Cu plus Mn and Si,

which will be described under heat-treatable alloys.) The Cu-Al
alloys can be hammered up to 10 per cent Cu, but above 10 per cent

Cu they are brittle (61i). The binary light aluminum copper alloys,

without addition of other elements, are chiefly used in the cast condi-

tion.

Liberty motor crank cases averaged from 8.06 to 8.21 Cu, 0.92 to

1.04 Fe, 0.28 to 0.40 Si, and balance aluminum.
Copper alloys containing from 8.5 to 14 per cent copper are used

for castings which are to be subjected to high temperatures, such as

manifolds, pistons (see Table 28), and also for castings to withstand

pressure, such as for pumps, etc.

The 8.5 to 11 per cent alloy is generally used for pistons, and the

11 to 14 per cent alloy used for pressure castings.

These alloys will ordinarily give the following physical properties:

Tensile strength, lbs./in.2 18,000-19,000

Elongation in 2 inches Usually less than 1 per cent.

Density 8.5 to 11 per cent copper 2.95

Density 11 to 14 per cent copper 3.00
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Certain of the casting alloys which were manufactured by the
Aluminum Castings Co. and sold under the trade name “Lynite"
are almost identical with the alloys mentioned above. The composi-
tion and physical properties of the “Lynite" alloys as guaranteed
by the company were as follows:

Lynite No. 122 (for castings for use at higher temperatures, pistons,

etc.) (or S. A. E. No. 32)

:

Copper per cent__

Other elements do
Aluminum do
Density

Permanent mold—tensile strength lbs./in. 3__

Lynite No. 109 (for pressure castings)

:

Copper per cent__

Other elements do
Aluminum do
Density

Sand cast—tensile strength lbs./in.2__

9.25-10.75.

Not over 2.

Balance.

Not over 2.95.

About 28,000.

11.5-13.5.

Not over 1.7.

Balance.

Not over 2.97.

19,000.

(3) Alloys of Aluminum and Silicon.—Some points in regard to

these alloys, such as the fact that by “modification" there can be

produced a condition of unstable equilibrium, in which the eutectic

composition appears to be higher in silicon than in the normal or

unmodified alloys, and the freedom of these alloys from hot shortness

and shrinkage cracks have been previously mentioned under the

silicon aluminum equilibrium diagram, page 122. (See figs. 62 to 64,

p. 124, 125, and 126, for thermal expansion.)

The chief drawback of these alloys is their very low proportional

limit (fig. 81). Where this is not an important objection, the alloys

are very useful and are coming more and more into commercial use,

especially where lightness is of major importance. Silicon has a

lower specific gravity than aluminum, and hence the alloys are slightly

lighter than pure aluminum. They are more resistent to corrosion

than most other alloys suitable for castings and are being employed

for outdoor exposure (76c). Their most notable advantages are

their ductility, and their superior casting properties, which include

relative freedom from cracking and leaking, and a degree of fluidity

which makes possible the casting of unusually thin sections and fine

details.

The alloys containing up to about 13 per cent silicon may be cast

in the “normal," or the “modified" condition. The “modified"

condition is the more common for the alloys of the higher silicon

content, but the unmodified or normal alloy with 5 per cent silicon is

probably used more widely in this country at present than the

higher silicon type. The “Alpax" alloys, which belong to this class,

may be considered as having the following properties:
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Tensile strength

Elongation in 2 inches.

Brinell hardness

Specific gravity

_lbs./in.3__ 25,600-32,700

per cent__ 5-10

52

2.60-2.65

Daniels (76j) gives the physical properties of aluminum-silicon

alloys as follows

:

Table 51.—Properties of normal Al-Si alloys

Silicon
Ultimate
strength

Elonga-
tion in 2
inches

Brinell
hardness

Specific
gravity

014 .

Lbs./in. 2

11, 050
12, 240
12, 270
13, 830
16, 370
18, 310

Per cent

29.2 20 2. 68

0 50 18.0 23 2. 66

0.64 12.8 24 2. 67

1.20 12.5 28 2.66

2.80 - - 10.2 31 2.64

4.80 7.8 34 2.62

AS QUENCHED AND AGED

0 50 — 12, 850
13, 690
16, 270
18, 160
19, 990

25.3 22 2. 67
0.64 19.7 24 2.67
1.20 - 17.2 29 2. 66
2.80 13.8 30 2. 64
4.80 17.0 32 2.63

AS ANNEALED 550 TO 1,025° F.; 96 HOURS, FURNACE COOLED

0.50... 11, 630
11, 210

26.0 19 2.67
0.64 19.2 23 2. 67
1.20 11,210

11, 180
10, 800

19.5 21 2. 68
2.80 9.8 22 2.59
4.80 6.0 22 2.62

The properties were obtained on normal (unmodified) alloys cast

to size (0.505 inch diameter) in green sand. The iron content of the

alloys was about 0.32 per cent. Up to 2.8 per cent silicon the

alloys piped like pure aluminum. From 2.8 to 4.8 per cent they

piped less and were sounder. Quenching and aging effected little

improvement in ultimate strength and hardness of the alloys. The
4.80 per cent silicon alloys showed an increase in ductility on heat

treatment without loss of strength or hardness.

Grogan (76e) has given data for modified aluminum-silicon alloys

of higher silicon content than those described by Daniels. Table

52 gives his results. All his data for the various properties

studied may be plotted as straight lines against silicon content.

The data of Archer and Kempf (76d) (fig. 82) are averages of many
tests and are more representative than the data of the tables. Archer
and Kempfs tests were made on specimens cast to size (0.505 inch

diameter) in green sand. The copper content of the alloys was less

than 0.05 per cent and, unless noted, the iron content was about 0.35

per cent.
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Fig. 81.—Load deformation curve of modified alloy con-

taining 10 per cent silicon. {Archer and Kempf, 76d)

Fig. 82.—Physical properties of normal and modified
aluminum-silicon alloys containing about 0.35 per
cent iron. {Archer and Kempf, 76d)
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Table 52.—Mechanical tests of silicon-aluminum alloys, “flux” modified

CHILL

Analysis

Density
Brinell
hard-
ness 1

Prcof
stress *

Ultimate
stress

Elonga-
tion in 2
inches

Charpy 8

foot-

pounds
Silicon Iron

Lbs./in .
2 Lbs./in.* Per cent

7.8 0.3 2.682 50.4 12, 500 27, 000 19.0 1.34
9.8 .3 2. 673 55.3 14, 500 28, 500 13.5 1. 01
12.0 .4 2. 663 60.5 17, 000 30, 000 11.0 .89
13.5 .45 2.658 61.5 4 16, 800 30, 500 11.0 .56
14.

1

.45 2.655 65.0 17, 500 31, 000 10.0

SAND. MOLDED HORIZONTALLY

7.8 0.3 2.680 43.9 11, 000 23, 500 16.5 0.80
10.0 .3 2. 671 46.9 12, 500 24,000 15.0 .66
12.0 .4 2. 661 50.8 14, 000 26, 000 9.5 .45
13.0 .5 2. 651 55.1 16, 000 27, 000 10.5 .44
14.3 .65 2. 651 56.8 14, 500 26, 500 8.0

1 Brinell hardness, ball, 10 mm.; load, 500 kg.
s The proof stress is that stress which will produce a permanent deformation of 0.5 per cent in a length of

2 inches.
8 Charpy test-piece dimensions: Cross section =5 by 5 mm.

Bottom of notch=5 by 3.5 mm.
Form of notch= “V” angle 45°, root radius =0.25 mm.
4 Proof stress on a 13 per cent chill east alloy for permanent deformation of 0.15 per cent in 2 inches instead

of 0.5 per cent, is only 11.500 Ibs./in. 2
.

Grogan tried the addition of about 5 and 10 per cent zinc and of

0.4 to 0.7 per cent magnesium to each of the 8 and 12 per cent silicon

alloys and obtained inferior physical properties, especially in elonga-

tion, in all.

The mechanical properties of normal sand-cast silicon aluminum
alloys of varying silicon contents as given by different writers are

listed below.

Table 53—Properties of normal Al-Si alloys of 5, 8, and 18 per cent Si

Silicon
Ultimate
strength

Propor-
tional
limit

Elongation
Brinell
hardness

Specific
gravity Reference

6

Lbs./in*
18,000
18, 100

17, 800
17, 850

18, 500

21, 000

Per cent
5-6

7.8
5.3
5.3
5.5
2

(76t)

<76x)
(76k)
(76w)
(76k)
(76t)

6. 3,200 34
40
40
40

2.62
2. 63-2. 685

5 3,000
8
13

Modification may be brought about by sodium or potassium

fluoride, according to the method of Pacz (961) or by metallic sodium

or potassium, according to the method of Edwards, Frary, and

Churchill (96a). The latter method is now the more generally used.

The properties of the modified aluminum-silicon alloys have also

been discussed by Stockdale and Wilkinson (76h). The “modified”

alloys include those known as “Alpax,” and “Silumin.” These

alloys have a specific gravity of 2.60 to 2.65 (76y, w, z, k). The
51409°—27 12
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thermal coefficient of expansion is slightly under 20 X 10“6
(88g).

The thermal conductivity is stated to be 0.386, electrical conductivity

40 (76z), but the thermal conductivity is probably higher than the

figure stated. The Alpax alloys have a tensile strength of 25,600

to 32,700 lbs./in.
2
,
elongation 5 to 10 per cent (76r), Brinell hardness

52 at 18° C., 45 at 100° C., and 18 at 350° C. (76r). Tapsell (761)

states that the tensile strength falls steadily with rising temperature,

being much lower at 250° C. than that of “Y” alloy as cast. The
alloys are primarily casting alloys but the mechanical properties of

rolled Alpax are superior to those of rolled aluminum up to 300° C.

(76r). For a comparison of high temperature properties of various

alloys, see page 77. Rolled annealed Alpax has a tensile strength of

22,800 lbs. /in.
2
,
elongation 28 to 30 (76r); hard worked Alpax has a

tensile strength of 35,000 lbs./in.
2

,
elongation 5 per cent. Wear

under friction is said to increase with increasing per cent of silicon

(76r) although this is the opposite of what would be expected. Iron

may be present as FeAl3 ,
FeSi or iron-aluminum silicide. The iron

content has an influence on the properties of the modified alloys as

shown in curves (figs. 83 and 84) and should be kept low. The
refinement exerts only a small effect on the size and distribution of the

iron silicide grains so that presence of iron results in a sudden loss of

elongation (76k). The iron content that can be present without

effect varies with the silicon content, the more silicon being present,

the less iron should be present.

The improvement attainable by modification of sand castings is

shown in Figure 82. Chill casting tends toward modification (fig. 85).

The alloys lose strength at elevated temperatures much as the copper

aluminum alloys do (fig. 86). (See also figs. 31 and 32.)

The amount of modifier must be sufficient, and varies with the

amount of silicon in the alloy (figs. 87 and 88). If the modified

melt is held long enough for the sodium to “burn” out partly, the

remaining amount of sodium may not be sufficient (fig. 89).

Heat treatment by quenching and aging is said by Swan (76aa) to

have no effect on the alloys, but this statement does not agree with

the data of Daniels (76j). Long annealing at low temperatures

(300 to 350° C.) produces little effect. As the temperature increases,

coalescence of the silicon grains in the eutectic commences, reaching

a maximum at 550° C. (76aa) and causing a softening. Prolonged

heating just below the melting point of the eutectic decreases tensile

strength and increases the elongation (96p); also Archer (76d).

The cast Alpax alloys are more resistant to concentrated nitric

acid than other aluminum alloys (76r), but the loss of weight of

rolled Alpax is greater. Investigations of the General Electric Co.

showed that after eight weeks in nitric acid the 5 per cent silicon

alloy was not appreciably attacked, and the 8, 10, and 13 per cent

silicon alloys were in good condition throughout (76k).
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(4) Alloys of Aluminum and Magnesium.—This alloy is one of

the earliest commercial alloys. The term “Magnalium” originally

connoted an alloy of aluminum containing from 5 to 30 per cent of

magnesium but was later extended to cover a variety of commercial
alloys containing magnesium and also small quantities of copper
and nickel.

A “magnalium” used at one time by the Westinghouse Electric &
Manufacturing Co. (61q) contained 5 per cent of magnesium. This
alloy may be depended on to give the following tensile properties:

Tensile strength lbs./in.2__ 20, 000
Elongation in 2 inches per cent-- 0. 5-2

Specific gravity 2. 63

With care a tensile strength of 25,000 lbs./in.
2 and an elongation of

5 per cent may be obtained on this alloy.

Such alloys, up to about 10 per cent magnesium, were formerly

used when ultra-light castings were needed but have been superseded

by the aluminum-silicon alloys.

(5) Alloys of Aluminum and Zinc.-—Although binary aluminum-
zinc alloys formerly found extensive use in England, other alloys

are coming into use there (85c), and the zinc alloys have never

found extensive use in this country. The 67 : 33 Al-Zn alloy was
formerly used to some extent for castings in this country (85g),

and while the 80 : 20 Al-Zn alloy, which may be cast, rolled, or

extruded (85g) has been said to have the best combination of

mechanical properties, present practice seldom exceeds 15 per cent

in the binary alloys, and even these are very little used. The 5 to

10 per cent zinc alloys may be drawn.

The alloys are prepared by the direct combination of aluminum
and zinc, no intermediate alloy being necessary. Iron-pot practice

should be carried out with care as the alloys dissolve iron rapidly

(S5g).

The principal investigation of this alloy series is that of Rosenhain

and Archbutt (85q) who, besides their study of the constitution of

the alloy series, carried out tensile, impact, and alternating stress

tests of cast and wrought alloys. The tensile properties were

studied at higher temperatures and corrosion tests made on castings.

For sand cast Al-Zn alloys, there is a gradual increase in tensile

strength with increasing zinc to a maximum at about 50 per cent

zinc. The strength of chill castings is slightly greater at all com-

positions than that of the sand castings. The strength of the sand

cast alloy (fig. 90) rises from 12,000 lbs./in.
2 for the 5 per cent zinc

alloy to 42,000 lbs./in.
2 for the 50 per cent alloy, the yield point

rising from 6,000 lbs./in.
2 to 29,000 lbs./in.

2
,
and the elongation

dropping from 16 to 2 per cent. With the chill cast alloy (fig. 91)

the strength rises from 15,000 lbs./in.
2 for the 5 per cent zinc alloy
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to 48,000 lbs./in.
2

,
for the 50 per cent alloy, the “yield point” rising

from 6,500 lbs./in.
2 to 12,000 lbs./in.

2 and the elongation falling from

29 per cent to 1 per cent (85g, 85q). The specific tenacity of the

sand cast alloys is shown in Figure 92.

Tests for possible spontaneous disintegration of cast alloys con-

taining 9 to 75 per cent zinc over a period of 15 months showed no

disintegration (85q), the conclusion being that this type of aging

process must be of an extremely gradual character. It was found,

however, that in every case there had been an increase of tensile

strength, varying
from 500 to 4,000

lbs./in. 2 accom-
panied in some cases ^
by decrease, in

others by increase

of elongation. This

agrees with practical z5
experience with
these alloys in that

immediately after
casting they are not

readily machined,

but “drag.” After

aging for a few weeks /6
a marked improve-

ment in machine- /2

ability occurs. For
the effect of a variety 6

of heat treatments on
the properties of

alloys containing up
to 20 per cent zinc,

reference is made to Fig. 89.

—

Effect of time of holding after addition of

the extensive investi- sodium on physical properties of modified aluminum-

eation of Tiedmann silicon alloy 13.7 per cent silicon. {Archer and

(g5(j).
Kempf, 76d)

Recent work of Fraenkel and Goez (85e) on the decomposition of

the compound Al2Zn3 showed a definite evolution of heat on break-

ing up of the compound accompanied by a contraction of volume of

about one-third per cent. The authors give the range of stability of

Al2Zn3 as extending from 256 to 460° C., the melting point. Below
256° C. the compound breaks up. Bauer and Heidenhain (85h)

have also studied the limits within which Al-Zn alloys tend to insta-

bility. Between 0 and 15 per cent aluminum, and 40 to 100 per cent

aluminum following quenching at 320° C., there is an increase in

T/ME, AFTER TREATMENT SN1TH Na . MINUTES.

5 /Q 20 2S
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Fig. 90.—The tensile properties of aluminum-zinc sand-cast alloys. (Rosen

-

hain and Archbutt, 85q

)

Test specimens were cast to size, 0.5G4 inch in diameter

Fig. 91.—The tensile properties of aluminum-zinc chill-cast alloys. (Rosen

-

hain and Archbutt, 85q )

Test specimens were cast to size, 0.564 inch in diameter
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length, between 15 and 40 per cent aluminum a decrease; the com-
pound Al2Zn3 breaks up immediately after quenching with an
evolution of heat accompanied by a decrease in length. The authors

attribute the change of length to the breaking up of Al2Zn3 to alpha

and gamma crystals which have a different volume. They advise

avoiding alloys containing 0.75 to 83 per cent aluminum for chill

castings.

In the investigation of Rosenhain and Archbutt (85p) the 25 per

cent zinc-aluminum alloy was rolled fairly readily, but the 30 per

Fig. 92.—The specific tenacity of sand-cast zinc-aluminum alloys. (Rosenhain and
Archbutt

, 85q

)

cent alloy cracked considerably, so that 25 per cent may be looked

upon as the maximum composition which can be rolled. Experi-

ments showed that the malleability increases with increase of

temperature up to 400° C., but at 450° C. the test specimens cracked,

and at 500° C. broke into coarse powder. Alloys containing up to

15 per cent zinc stood cold drawing well.

There is a general tendency of Al-Zn alloys containing more than

15 per cent zinc to deteriorate with work, the greater the amount of

work and the higher the zinc content, the greater the deterioration in

strength. In considering the strength of cold-drawn bars drawn to
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thirteen-sixteenths inch diameter from the hot-rolled 1 34-inch diam-

eter rods it is remarkable that the ultimate strength of the cold-

drawn bars is very little higher than that of the original hot-rolled

bars from which they were drawn. Alloys higher in zinc (above

15 per cent) show a lower ultimate strength in the cold-drawn than

in the hot-rolled state. No amount of further work, whether applied

to the metal when hot or cold, increases the tensile strength of the

25 per cent aluminum alloy beyond that which is attained in the form

of lj^-inch hot-rolled bars, the only marked effect of cold-work
being to bring about some reduction in the ductility of the alloy.

Tensile tests at elevated temperatures on the 13 per cent alloy, as

seven-eighths-inch rolled bars, showed a decrease in tensile strength

from 32,100 lbs./in .

2 at 18° to 11,900 lbs./in .

2 at 200°. The yield

point increased from 15,700 lbs./in .

2 at 18° to 18,350 lbs./in .

2 at 50°,

and then fell to 11,100 lbs./in .

2 at 200°. A yield point so near to

ultimate strength is surprising, and since Rosenhain and Archbutt

do not state their criterion for yield point, seems open to doubt.

The figure for proportional limit would probably be considerably

lower. The elongation fell from 31 per cent at 18° to 29 per cent at

75°, and then rose to 48 per cent at 200°. As shown on page 82, the

zinc alloys are not desirable for high temperature use.

These alloys and any of the alloys of considerable zinc content are

much more liable to crack in the mold, due to hot-shortness (34-f)

than the aluminum copper alloys, and very much more so than the

aluminum-silicon alloys. This, combined with their poor resistance

to corrosion and their high specific gravity, has in this country out-

weighed the advantage of high strength of the binary or ternary

alloys with zinc.

The coefficient of thermal expansion of three-sixteenths inch

diameter rolled bar between 0 and 18° C. is 0.0000227 for 5 per cent

Zn, 0.0000231 for 15 per cent Zn, and 0.0000234 for 20 per cent

Zn (seven-eighths-inch bar). An investigation of Schulze (85o) of the

thermal expansion of aluminum-zinc alloys showed that between

250 and 280° the values obtained for alloys containing up to 62.5

per cent aluminum are smaller when determined with rising tem-

perature than with falling temperature, indicating a chemical trans-

formation. The irregularities in the curves are attributed to the

formation and decomposition of Al2Zn3 . Since, however, this com-
pound is only present in the approximate region 1 to 70 per cent

aluminum, the measurements indicate that a hysteresis phenomenon
is first manifested in the expansion in the alloy containing 62.5 per

cent aluminum. Measurements of the coefficients of expansion of

aluminum-zinc alloys containing approximately 12, 77, and 95 per

cent zinc have been made at the Bureau of Standards and the results

are shown in Table 54.
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Corrosion tests on sand and chill castings in sea water showed the

chili castings to be superior to the sand castings in this respect. The
investigation of Bauer and Heidenhain (85h) with 1/50 N HC1, 1/50 N
caustic soda and 1 per cent salt solution showed the greatest solu-

bility in the HC1 at the Al2Zn3 composition (21.65 per cent aluminum)

from which the solubility fell regularly to that of pure aluminum.

The results for 1 per cent salt solution were similar, while those for

the caustic soda showed the reverse, the minimum attack occurring

at A12Zii3 composition and rising to the solubility of pure aluminum.

The hardness of the 15 per cent and 30 per cent zinc alloys at low

temperatures has been given by Guillet and Cournot (851), the hard-

ness of the 15 per cent zinc alloy falling from 55 at 20° to 47 at —20°;

48 at —80°, and then rising to 76 at the temperature of liquid air.

For the 30 per cent zinc alloys, the hardness rises from 129 at 20° to

137 at —20°, falls to 121 at —80°, and then rises to 192 at the tern-

perature of liquid air.

The linear shrinkage of the 15 per cent zinc alloy may be taken as

17/100 inches per foot (lOe). The density of the 5 per cent zinc

alloy is 2.76 (85j), of the 16 per cent zinc 2.99, of the 23 per cent

Zn 3.15.

The work of Bosenhain and Archbutt may be summarized as

follows

:

(1) It has been found possible to roll out bars and even draw into

wire an alloy containing as much as 26 per cent zinc. This alloy

attains its maximum tensile strength when in the condition of hot-

rolled bar 1J£ inches in diameter, the maximum strength being

61,000 lbs. /in.
2 This alloy has a density of 3.24 when hot-rolled.

(2) Further rolling down of this alloy does not improve, but dimin-

ishes the tensile properties of the material.

(3) Both the binary and ternary alloys referred to differ from the

majority of nonferrous alloys in the fact that in the rolled condition

they exhibit a definite and well-marked yield point similar to that of

mild steel.

(4) A great defect of this group of alloys is their great sensitiveness

to rise of temperature in relation to their tensile strength. Thus,

the alloy containing 25 per cent zinc loses 26 per cent of its tensile

strength at 20° C. when the temperature is raised to 100° C. The
highest tensile strength of the cast alloys determined was 42,000

lbs. /in.
2 for an alloy containing 50 per cent of zinc. The highest for

the wrought alloys was that of the lj^-inch hot-rolled bars of 26 per

cent zinc content and having a tensile strength of 61,000 lbs./in.
2
,

a yield point of 56,000 lbs./in.
2

,
and an elongation of 16.5 per cent

on 2 inches.

(5) Single-blow impact tests made on the Izod machine showed
that the work absorbed by fracture reaches a maximum for a zinc



LIGHT METALS AND ALLOYS 185

content lying between 15 and 20 per cent. This, for an alloy con-

taining 15 per cent of zinc, is 5.8 foot-pounds. Under the Arnold
alternate bending test the resistance of the alloys falls rapidly with

the increase of zinc content.

(6) Alloys of Aluminum and Manganese.—A 2 per cent man-
ganese alloy is used for small castings that are resistant to the corro-

sive attack of salt water and weak organic acids (68b) or for cases

where ductility is desired and a low proportional limit can be endured.

Above 1 per cent, manganese additions increase shrinkage and
porosity, little strength and elongation being gained by adding more
than 2 per cent manganese (68c). The 4.6 per cent manganese
alloy machines like cast iron (68c) and the 9.6 per cent manganese
alloy is subject to internal stresses sufficient to cause exudation of

the liquid eutectic (68c). A homogeneous metal can not be obtained

above 12 per cent manganese (68j).

Manganese makes aluminum at first harder and stronger, but

less ductile, and then decreases the strength (68i). The alloys

have been studied by Daniels (68c), who gives the following figures

for properties of the sand-cast and quenched and aged alloys.

(See Table 55.)

Table 55.— Tensile properties of Al-Mn alloys

SAND CAST

Manganese Ultimate
strength

Elonga-
tion

Brinell
number

Specific
gravity

0.54

Lbs./in*
11, 750
13, 930
14, 900
16, 860

12, 560

Per cent
38.5 20 2.68

1.02 27.2 - 25 2.691
2.88 - 2.6 36 2. 713
4.56 - 3.0 39 2.720
9.60 0 46 2.765

QUENCHED AND AGED

0.54 - 13, 960
15, 430
15, 300

35.8 24 2.690
1.02 - 23.3 27 2.697
2.88 .... 3.3 35 2. 715
4.56 16, 930

11, 300
2.3 40 2. 723

9.60 0 48 2.768

Streeter and Faragher (68e) give properties of 16,000 to 20,000

lbs./in.
2 tensile, 3.5 to 6.5 per cent elongation, 6,000 lbs./in. 2 approxi-

mate yield point, and 40 Brinell hardness for the alloy No. 106

(2 per cent manganese).

Daniels (68c) states that the extent of corrosion of the man-
ganese alloys was about the same as for pure aluminum, but less

for the 8 per cent copper alloy. An increase in manganese over 1

per cent and heat treatment did not alter the behavior. The alloys

are more resistant to salt spray than to distilled water. All are
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superior to the 8 per cent copper alloy and compare favorably with

the aluminum-silicon alloys. The resistance to corrosion is thought

to be due to a film of manganese oxide which forms and retards

further corrosion (68g).

The 25:75 manganese-aluminum alloy is used to some extent in

adding manganese to aluminum or other alloys. This alloy is sub-

ject to disintegration. It may be made by adding solid manganese

to liquid aluminum, the temperature of the aluminum being kept

low to avoid excessive oxidation (68g). The 1.5 per cent manganese
alloy may be made by adding part of the calculated amount of the

25:75 alloy to molten aluminum, the remainder being added alter-

nately with the remainder of the aluminum. An excess of the

intermediate alloy is required to make large heats of specified com-

position, the manganese content being made higher than desired

and then reduced by adding aluminum.

Measurements of the coefficients of expansion of some man-
ganese-aluminum and copper-manganese-aluminum were made by
the Bureau of Standards (68d) and the average coefficients are

given in Table 35, page 122.

The effect of manganese in causing retention of strength at high

temperatures of various alloys in which it is used, has already been

commented on. A small amount added to the light copper-aluminum

alloys appears to give them a whiter and smoother surface. Most
foundrymen consider that up to, say, 0.25 per cent at least, man-
ganese is a welcome addition in most cast alloys, and it is used in

various heat-treatable alloys probably because it tends toward a

smaller grain size. While these small amounts do have a definite

strengthening effect of their own, the benefits in the foundry itself

are difficult to evaluate, but seem generally acknowledged.

(7) Alloys of Aluminum and Nickel.—Although nickel pro-

duces about the same effect on aluminum as is produced by copper,

and the nickel alloy was one of the earliest to be used commercially

in this country for castings (70f), no alloys of this class are used

commercially to-day, the alloys being more expensive (70f) and more
difficult to make.

The alloys may be made by the direct addition of nickel in the form
of thin sheet scrap, or electrolytic nickel, to the molten aluminum,
or by the use of intermediate alloys, preferably containing about

20 per cent nickel (70c). Although strips of electrolytic nickel will

go into solution in molten aluminum fairly readily at 800° C., it is

probably preferable to use the intermediate alloy. The 20 per

cent nickel alloy is preferable to the 50 per cent nickel alloy, as the

latter is subject to rapid disintegration on standing (70c).

For casting the percentage of nickel should not exceed 5 per cent.

Up to 5 per cent nickel the strength and yield point of chill castings
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increase, the 1.11 per cent nickel alloy having a strength of 14,900

lbs./in.
2
,
“yield point” 5,800 lbs. /in.

2
,
elongation 20.8 and reduction

of area 36.2 per cent, while for the 5 per cent nickel alloy the tensile

strength is 21,700 lbs. /in.
2
,
“yield point” 9,000 lbs./in.

2
,
the elonga-

tion and reduction of area falling to 9.0 and 11.1 per cent, respec-

tively (70g). Above 5 per cent nickel the addition of nickel

decreases the elongation (70b). Reiman (69d) investigated the effect

of small percentages of molybdenum (up to 1 per cent) on a low nickel

series of alloys and found it had little influence on ductility, rolling,

or hardness, but appeared to decrease the impact strength. Regels-

Fig. 93.—The tensile 'properties of nickel-aluminum chill-cast alloys.

{Read and Greaves, 70g)

Specimens were cast to size 0.564 inch in diameter

berger (70e) states that the 5 per cent nickel alloy is not resistant to

weathering, while Hewlett and Basch (70d) found the nickel alloys

failed to meet the salt-spray test.

Pannell (70a) states that the addition of magnesium to nickel-

aluminum alloys makes them capable of responding to heat treat-

ment.

Some of the results of the influence of nickel on the properties of

chill-cast aluminum are shown in curves in Figure 93.

The chief present use of nickel in light aluminum alloys is as a

constituent of the heat-treatable “Y” alloy used to some extent in

England.
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(8) Alloys of Aluminum, Copper, and Zinc.—The S. A. E. No.
30 alloy (A. S. T. M. alloy C) (Aluminum Co. of America No. 12),

specified to contain 7 to per cent copper, and not over 0.2 per

cent zinc, is sometimes replaced by S. A. E. “No. 33” (A. S. T. M.
“D”) (Aluminum Co. of America No. 112) in which the copper is

not allowed to rise above 8 per cent, and may fall to 6 per cent, and

up to 234 per cent zinc is allowed, together with a nominal iron

content of 1.25 ±0.25 per cent.

This recognizes the fact that an alloy of per cent copper, 1

per cent zinc, or one of 7 per cent copper, 2 per cent zinc, has almost

identical properties with those of the 8 per cent copper alloy. Only

when service at high temperatures is concerned, would the difference

in properties be noteworthy.

Such alloys were originally hardly to be considered as intentionally

of the ternary Al-Cu-Zn group, since the presence of zinc generally

came from the use of scrap which contained a small proportion of

alloys of higher zinc content. Now that the use of this alloy has

become common (86c) zinc is often intentionally added.

When the advantages of higher tensile strength are sought and

the disadvantages of greater specific gravity, greater tendency to

hot shortness and marked loss of strength at high temperatures can

be borne, recourse is generally had to the alloy containing 12 to 15

per cent zinc and 2 to 3 per cent copper, which gives 25,000 to 30,000

lbs./in.
2 tensile strength with a specific gravity of about 3. With

the addition of one-half of 1 per cent manganese, this is the Aluminum
Co. of America’s “No. 31” alloy which is now seldom used, having

been practically superseded by the “No. 145” alloy which contains

10 to 12 per cent zinc and 2 per cent copper with the intentional

addition of iron to bring the iron content to about l}/£ per cent,

since iron improves the physical properties. This alloy, cast to size

in greensand, gives 25,000 to 37,000 lbs./in.
2

tensile strength with

an elongation of 3 to 6 per cent.

An alloy of 2^ to 3 per cent copper, 19 to 20 per cent zinc, specific

gravity 3.10 to 3.15 gives 30,000 to 35,000 lbs./in.
2
tensile, with an

elongation of only about one-half of 1 per cent in sand castings and

has had some commercial use. This alloy has also been suggested

by Rosenhain for wrought material. (86f.)

Another alloy, formerly quite extensively used, was “No. 31”

(zinc 15 per cent, copper 3 per cent, aluminum balance, with or with-

out one-half per cent of manganese): Melting range, 625 to 440° C.;

shrinkage, 0.156 inch per foot.

Alloys of this type have been used more extensively abroad, par-

ticularly in Great Britain and in Germany, than in this country.

Its higher tensile strength as compared with No. 12 has not in this

country outweighed the doubt in the minds of many as to its liability

to crack in service or to deteriorate upon aging.
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This t3rpe of alloy is decidedly “ hot-short ” and will not crush

hard cores without cracking. It has a tendency toward shrinks and
draws. Complicated castings of variable cross section are more
difficult to make from this alloy than from alloys that contain only

negligible amounts of zinc. If the patterns are properly filleted, if

the alloy is poured at the lowest possible temperature, and if soft

cores are used, it is usually possible to make good castings, free from

cracks. The poor reputation of this type of alloy in service is due

more to poor foundry practice and lax inspection, whereby unde-

tected cracks were present in castings before they were put in service,

than to the properties of the alloy itself. A perfectly sound casting

of this alloy should be as dependable in service under stresses for

which it would be chosen by a designer as one of any other casting

alloy.

This alloy can usually be depended on to give the following

properties:

Tensile strength lbs./in.2__ 22, 000-25, 000

Elongation in 2 inches per cent__ 0. 5-3

Specific gravity 3

When poured properly and at a low temperature a tensile strength

of 30,000 lbs./in.
2 may be obtained with this alloy.

This alloy is tougher in impact than the copper alloys.

Another alloy of this type, containing per cent copper, 19 per

cent zinc, balance aluminum, has a density of 3.1, tensile strength

33.000 lbs. /in.
2

,
elongation in 2 inches, 0.5 to 1 per cent, and has

the highest strength per unit weight of any of the nonheat-treated

casting alloys.

An English alloy of this class designated as 2-L-5 by the British

Engineering Standards Association contains 13.5 per cent zinc, with

an allowed variation of ± 1 per cent, and 2.75 per cent copper, with

an allowed variation of ±0.25 per cent. Mortimer (85c) says this

is less hot short than the alloys higher in zinc and free from copper.

The British specifications call for chill-cast specimens, and results

of such tests are not exactly comparable to those obtained on sand-

cast bars. Jeffries (85b) points out that there is a small amount of
“ aging” in this alloy at room temperature.

Only rarely are the alloys used that are still higher in zinc, such as

those with lj^ to 3 per cent copper and 25 to 30 per cent zinc,

with specific gravities of 3.30 to 3.35, tensile strengths of 37,000 to

42.000 lbs. /in.
2 with elongation almost zero.

The tensile strengths of 20 different Al-Cu-Zn alloys are given in

Table 43, page 157.

Rosenhain (86d) has studied the properties of the ternary alloy

containing 3 per cent copper and 20 per cent zinc. In this alloy

51409°—27 13
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the “yield point” for hot-rolled rod of inch to 1% inches diameter
varies from 39,000 to 41,400 lbs./in.

2
,

tensile strength 59,100 to

61,400 lbs./in.
2
, elongation 17 to 30 per cent,- reduction of area 29.8

to 36.5 per cent. For hot-rolled sheet the “yield point” varied

between 27,700 and 60,500 lbs./in.
2

,
tensile strength 49,700 to 73,900

lbs./in.
2
,
elongation 13 to 28 per cent. Cold-rolled sheet had a yield

point of 58,200 lbs./in.2
,
66,300 lbs./in.

2
,
tensile strength, 11 per cent

elongation. Reference should be made to the tables given in this

work for more exact figures for the alloy in different conditions.

Reference should be made to the table given by Anderson (86c)

for the tensile strength and elongation of chill-cast alloys which
contain copper and zinc in varying proportions.

Rosenhain has also described the properties of other Cu-Zn-Al
alloys (86f). For use at ordinary temperatures he recommends a

2 to 3 per cent Cu, 25 to 30 per cent Zn alloy, which has a strength

of about 42,500 lbs./in.
2 in sand-cast condition and 45,000 lbs. /in.

2

in chill-cast condition. Alloy “L5,” having a strength of 24,500

lbs./in.
2 and 4 per cent elongation on 2 inches, may be improved by

aging, showing an increase of 30 per cent in strength during the first

10 months. It contains 12 }/% to 14 per cent Zn and 2}^ to 3 per

cent Cu.

Among the wrought alloys are those containing 3 per cent Cu and

20 per cent Zn, and 3 per cent Cu and 25 per cent Zn. It is possible

to produce thin sheet 0.0035-inch thick from these alloys having a

tensile strength of over 50,000 lbs./in.
2 The increase of strength of

the first alloy on aging is most marked in the thin sheet. Immedi-
ately after rolling the strength is 60,000 to 65,000 lbs./in.

2 and after

five years it rises to 72,000 lbs./in.
2

.

The effect of various contents of copper and zinc have been studied

by Waehlert (86g). He finds that in casting the piping is less with

the addition of copper and zinc than with copper alone. The addi-

tion of zinc to Cu-Al alloys does not appreciably influence the hard-

ness up to 3 per cent zinc. From 3 per cent on the hardness increases

slowly at first and reaches a maximum at 6 to 7 per cent zinc, and

then decreases again. The effect of the addition of copper to Zn-Al

alloys is similar. The strength increases with Cu and Zn, the

elongation decreasing.

With regard to corrosion, Anderson (86c) states that, in general

the Cu-Zn-Al alloys corrode less than the Zn-Al alloys and more
than the Cu-Al alloys. The rate of corrosion may be said to in-

crease with increasing zinc and decrease with increasing copper.

The constitution of the alloys of aluminum, copper, and zinc have
been studied by Levi-Malvano and Marantonio (86h) and Hanson
and Gayler (86b), and constitutional diagrams are given for alloys

containing 5, 10, 15, 20, and 25 per cent Cu and Zn from 0 to 100.

Since, as has been pointed out (p. 131), no one equilibrium diagram

for the Al-Zn series as yet finds universal acceptance among metal-

lurgists, that for the Cu-Zn-Al series is also in doubt.
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In an investigation of the effect of small amounts of Mg on Cu-
Zn-Al alloysj Dix and Lyon (86e) concluded that the use of Mg in

the alloys is not advisable. The tensile strength and elongation of

a 2 per cent Cu, 10 per cent Zn alloy containing 0.5 per cent Mg is

less than for the same alloy containing 1 per cent Fe and without

the Mg
?
while the hardness is increased. The tensile strength and

hardness of alloys in the Mg-Zn series may be increased at the

expense of the elongation by suitable heat treatment, but have low

ductility and higher specific gravity, and are inferior to duralumin.

(9) Alloys of Aluminum, Copper, and Manganese.—Rosen-
hain and Lantsberry (87n) have carried out some tests on light

alloys of the manganese-copper-aluminum series. Their investiga-

tion was primarily concerned with the alloys rich in copper. Only a

few tests were made of the strength of the alloys at the aluminum end
of the diagram. Table (56) shows the results of tests of sand and chill

castings of different compositions of alloys up to about 4 per cent

of copper and 2 per cent of manganese.

The specimens were machined from castings and immersed for

121 days. The resistance to corrosion in sea water of the alloys

was reported to be superior to that of commercially pure aluminum.
These results are contrary to usual experience with relative corrosion

resistance of aluminum and its light alloys (87p) and are open to

considerable question.

Tests of resistance to corrosion by sulphuric acid and nitric acid

of alloys of from 1 to 10 per cent manganese showed that these

alloys were less resistant to the attack of these acids than pure

aluminum.
The 1 per cent manganese, 2 per cent copper alloy is used for

sand castings (87g). This alloy is soft and has low strength, but is

corrosion resistant (87b). It is not suitable for castings subject to

vibration (87a). The 2 per cent copper, 1.50 per cent manganese
alloy is used for casting and forging at the United States Naval Gun
Factory (87m).

Table 56 .—Tensile properties of cast aluminum-copper-manganese alloys (Rosen

-

hain and Lantsberry
,
87n)

No.

Chemical compo-
sition

Tensile properties

Sand cast Chill cast

Copper Manga-
nese

Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Per cent Per cent Lbs./in. 2 Lbs.jin 2 Per cent Lbs./in. 2 Lbs./in. 2 Per cent
022 2. 15 0.88 13, 800 10, 500 5 19, 100 12, 400 6
023 . 3. 11 .67 15, 400 11, 300 4 18, 500 11,300 5.5
024.. 3. 28 .98 14, 000 11, 300 4 18,800 14, 200 5
025 1.27 2.06 15, 300 12, 600 4.7 13, 900 13, 800 6

026 2.02 1. 90 14, 300 13, 200 3 21, 900 13, 900 7
026A 2. 15 1. 91 18, 100 15, 000 5 22, 400 17, 500 5
027 2.89 1.76 17, 100 14, 300 3. 5 15, 200 13, 600 5
028 4. 13 1. 92 3,200 3,200 2.6 18, 600 14, 300 3.6
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This alloy is described by McKinney (35q) and is suitable both for

casting and for forging. Cupromanganesa may be used in preparing

it, and it is apparently not too difficult an alloy to handle in the foun-

dry, although it has very marked piping qualities. This alloy will

usually have the following tensile properties or better:

Tensile strength lbs./in.2__ 18, 000

Elongation in 2 inches per cent__ 8

Specific gravity about__ 2. 80

The proportional limit is very low. With care this alloy may
be cast to have a tensile strength of 20,000 lbs./in.

2
,
with an elon-

gation in 2 inches of 10 per cent. This alloy is quite largely used

by the Naval Gun Factory, Washington, D. C., but not by many
other foundries.

The 2 per cent manganese, 3 per cent copper alloy is used for

forgings (p. 144). The 6 per cent copper, 3 per cent manganese
alloy is known as United States Naval N alloy and has been said

to be used for general casting purposes, but is too high in manganese

to work well in the foundry (87i). It has an ultimate strength of

20,000 lbs./in.
2

,
elastic limit 4,500 lbs./in.

2 and 8 per cent elongation.

The 8 per cent copper, 1 per cent manganese alloy is sometimes used

for cylinders (87f). The 5 per cent copper, 1 per cent manganese
alloy is said to be suitable for pistons (87h, j), but is much lower

in copper than the usual piston alloys. The 12 per cent copper, 2 per

cent manganese alloy is a piston alloy known as Aerolite (871), and
has a tensile strength of 22,000 lbs./in.

2
. This also is so high in

manganese that it would be difficult to handle.

The copper-manganese-aluminum alloys possess high ductility and
corrosion resistance, but are difficult to cast (87c). Rosenhain

(87k) states that the addition of 1 per cent manganese to the 8 to 14

per cent copper alloys causes an increase in tensile strength with rise

in temperature up to 250° C. where it is 2,200 lbs./in.2 greater than

at normal temperature. Above 250° C. the strength decreases, but

at 350° C. is still better than that of the simple copper-aluminum

alloy. The effect of deformation on the copper-manganese-aluminum

alloys has been discussed by Guillet (87e), who states that the smallest

amount of drawing produces noteworthy hardening which increases

progressively with the amount of drawing. The elastic limit ap-

proaches the breaking load and the percentage of elongation dimin-

ishes after drawing. No change of microstructure accompanies

these changes.

The alloy containing 14 per cent copper, 1 per cent manganese has

been suggested for permanent-mold cast pistons (87g). The man-
ganese acts as an agent to increase the strength at moderately

elevated temperatures (87b), Rosenhain (87k) stating that the

strength of this alloy rises from 20,000 lbs./in.
2 to 22,500 at 250° C.
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and then fails to 14,300 lbs./in.
1

2

at 350° C. The difference between

sand and chill castings disappears at 350° C. Annealing at 450° C.

improves the alloy. Haas (87b) states that there is a loss of thermal

conductivity of the 1 per cent manganese, 14 per cent copper alloy

after quenching from 450° C., but the thermal conductivity may be

restored by annealing at 454° C. (87a). The alloy has an ultimate

strength of 22,000 lbs./in.
2
, 1 per cent elongation and 75 Brinell.

It is sometimes termed the N. P. L. alloy L 7, or 14 :1 . The properties

at elevated temperatures have been discussed by Aitchison (87h).

(10) Alloys of Copper-Silicon and Aluminum.—Many foun-

drymen prefer a copper-silicon-aluminum alloy to either the straight

copper alloy or the straight silicon alloy, modified or unmodified,

since available copper alloy scrap can be used in part, since the

freedom from cracking in the mold approaches that obtained with

the silicon alloys, and the proportional limit is higher than with sili-

con alone. An example of such alloys is given by Dix and Lyon (881)

:

Copper
Silicon

Tensile strength

Proportional limit

Elongation in 2 inches. _

Brinell hardness number

4.17 per cent.

4.92 per cent.

22,000 lbs./in. 2

About 6,000 lbs./in.2 .

Ip2 per cent.

59.

Dix and Lyon (88j) got better results as to tensile strength and

elongation, but a lower proportional limit (not only on separately

cast test bars, but on attached coupons and on specimens cut from

a large crank case), with an alloy of 3 34 per cent copper, 4 per cent

silicon, 1 34 Per cent iron than with one of 8 per cent copper, %
per cent silicon, J4 per cent iron. The modified 13 per cent silicon

alloy “Alpax” and a heat-treated “Lynite” 434 per cent copper,

34 per cent iron, 34 per cent silicon, -jy per cent magnesium, yg-

per cent manganese alloy gave higher strengths, but the former had
a still lower proportional limit than the copper-silicon-aluminum

alloy and the latter was not considered to be as desirable for castings

liable to shrink or draw.

In another account of an investigation of the Cu-Si-Al alloys

with and without manganese, Dix and Lyon (88k) concluded that

alloys of A1 containing 3 to 5 per cent silicon in combination with

Cu within the same limits are suitable for the same general casting

purposes as the 8 per cent Cu alloy, the value of silicon alloys lying

in their freedom from casting difficulties. The use of 1 per cent

manganese raises the strength of the alloys at high temperatures,

but impairs the casting properties. The authors concluded that the

mechanical properties of the copper-silicon alloys are about the same
as for the 8 per cent Cu alloy, the ductility being slightly better and
the specific gravity slightly less while the machining properties are
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inferior to those of the 8 per cent Cu. It is recommended to use the

copper in the upper limits and the silicon in the lower limits of the

contents specified.

The aircraft alloys of aluminum with 5 per cent Cu, 1 per cent

Si, and 4 per cent Cu, 3 per cent Si have been discussed by Daniels

(88e). Anderson (88i) considers that the 4 per cent Cu, 4 per cent

Si, 92 per cent A1 alloy is the most suitable for general casting pur-

poses. Other compositions used are 87:3:10, 90:8:2, 91:6:3,

90:5:5, 95:2.5:2.5 Ai-Cu-Si. The development of alloys of this

type has been largely due to Pacz (96q), Johnston, Archer, and

Jeffries (96c), and to the investigators of the Army Air Corps.

Fig. 94 .—Linear expansion of an aluminum-silicon-copper alloy and an

aluminum-silicon-copper-manganese alloy

This class of alloys is useful for general casting (88i), some of

them having better physical properties than the 92:8 Al-Cu alloy,

and better casting properties. They contract less than correspond-

ing copper-aluminum alloys and may be cast around hard cores

without cracking. An investigation of the coefficient of expansion

of sand-cast Cu-Si-Al and Cu-Mn-Si-Al alloys (furnished by the

Air Corps, McCook Field, Dayton, Ohio) was made at the Bureau

of Standards (88g). The material was heated to 400° C. and allowed

to cool in the furnace before measuring. The results are given in

Table 57 and curves for two of the runs are shown in Figure 94.

Figure 95 shows the effect of composition on the coefficient of
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expansion. The thermal conductivity of Cu-Si-Al alloys as deter-

mined by the Bureau of Standards is given below:

Cu Si A1 Mn
Thermal
conduc-
tivity

2 3 95 0.29
3 4 93 .32
4 6 90 .30
2 3 94 1 .28

Alloys containing 3, 6, and 9 per cent silicon and 0, 2, 4, 6 per cent

copper have been studied by Dix and Lyon (881) who find the most

Fig. 95 .—Portion of triangular diagram indicating the effect of composition

on the coefficient of expansion of aluminum-rich ternary alloys between 20

and 300° C.

desirable compositions to lie between 3 and 5 per cent for both

copper and silicon. These alloys are as good as the No. 12, and the

authors state that they have casting qualities superior to any other

alloys of aluminum known to them. For good elongation, without

particular machining qualities, the copper content should be low,

while for good machining qualities, copper should be in the upper

limits and silicon low. Testing the as-cast specimens one month
after casting gave practically the same results as after 24 hours.
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In the machined specimens the average tensile strength was 860
lbs. /in.

2 lower than for specimens with the skin on. The alloys

retain their strength up to 300° F. At 600° F. the strength is the

same as that obtained from the 10 to 12 per cent copper alloys.

Table 57 .—Average coefficients of expansion of aluminum-silicon-copper and
aluminum-silicon-copper-manganese alloys

Laboratory No.

5869.
S867.
5870.
5872.

5873.

5876.
S875.
5877.

5878.
S880.
5879.
5874.

Chemical composition 1
Average coefficients of expan-
sion per degree centigrade

AD
l

Si Cu Fe Mn 20 to
100° C.

20 to
200° C.

20 to
250° C.

20 to
300° C.

Per Per Per Per Per
cent cent cent cent cent X10-6 xio-s X10-* X10~*
93.91 3.33 2.2 0. 55 0.01 23.4 23.9 24.2 24.4
89. 62 7.42 2. 43 .53 Nil. 21.7 22.5 23.0 23.4
87.11 9. 96 2.33 .60 Nfl. 20.7 21.7 22.2 22.7
91. 27 3. 75 4.41 4,57 Nil. 22.4 23.4 23.8 24.1

88.29 6. 61 4.53 .57 Nil.
f 21.4

\ 21.5
22.5
22.3

23.1
22.8

(
3
)

23.1
84. 60 10.28 4.58 .54 Nil. 20.4 21.3 21.8 22.1
88. 66 4.08 6.62 .64 Nil. 21.8 22.9 23.4 23.6
83.73 9. 45 6.29 .53 Nil. 20.6 21.6 22.0 22.2

93.00 3. 12 2.4 . 55 .93 22.2 23.4 23.7 23.8
86.39 9. 97 2. 32 .50 .82 20.4 21.5 22.0 22.4
85.84 10.22 2.49 .56 .89 20.8 21.5 22.0 22.3
85.48 10. 18 2.47 .70 1.17 20.4 21.5 ' 22.0 22.3

1 Chemical analyses made by Aluminum Co. of America on all samples of this series except S869 and
S878, which were analyzed by J. A. Scherrer, of this bureau.

2 Aluminum by difference.
3 Observation wire broke at about 300° C. The results obtained on a repeated test are given in the next

line.

(11) Unimportant Ternary Alloys.—A few unimportant ter-

nary casting alloys which have been studied more or less thoroughly

may be mentioned here before taking up the important class of

heat-treatable ternary alloys.

(a) Alloys of aluminum, copper and nickel .—The alloys of copper

and nickel with aluminum find little use in this country. Their

general mechanical properties are good. They cast and machine

well and take a good polish, but it is difficult to introduce the nickel

into the alloys. The alloys used contain up to 14 per cent copper

and up to 4 per cent nickel (89b). The 2 per cent nickel 8 per cent

copper alloy is used for sand and die castings. The 2 per cent nickel

10 per cent copper, and the 1 per cent nickel 14 per cent copper

alloys have been used for permanent-mold cast pistons.

Read and Greaves (70g) have made a study of the properties,

microstructure and corrosion of light aluminum alloys with nickel

and copper. Tests of working properties showed that the 2 per cent

nickel 2 per cent copper alloy was perfectly sound and uncracked

after cold-rolling, with necessary annealings, to 0.10 inch; then

without further annealing to strip of thickness of 0.02 inch. The
alloys containing 3 per cent nickel 2 per cent copper, and 1 per cent

nickel 4 per cent copper could be drawn from yq inch diameter to
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wire of 0.033 inch diameter without cracking or hollow drawing.

The 2 per cent nickel 4 per cent copper and 5 per cent nickel 2 per

cent copper alloys could be forged hot from by 1 by inches

to a thickness of bs inch after heating to 450° C. and remain per-

fectly sound.

The results of tests of physical properties of alloys with varying

percentages of copper and nickel are shown in Table (58).

Table 58.— Tensile properties of aluminum-copper-nickel alloys (Read and
Greaves 89g, h)

PHYSICAL PROPERTIES

%

No.

Chemical composi-
tion of chill-cast

alloys
As chill cast

Copper Nickel
Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Reduc-
tion of
area

23C _

Per cent Per cent
1.11

Lbs./in. 2

14, 600
16,900
18,200
21, 700

18, 200

Lbs. /in. 2

5, 800
Per cent

20. 8

Per cent
36.2

24C 2. 22 6, 500 16.7 22.1
25C 3. 38 7, 400 13.5 21.1
26C 5. 52 9,000

6, 200

9.0 11.1

27C 1.01 1.10 19.1 29.2
28C 1.00 2. 18 18, 600

23, 500

24, 800

21, 700

7, 400
8, 100

10.0 15.3
29C 1.03 4.03 12.1 14.2
30C 1.02 5. 51 10, 700 6.1 8.5

11C 2.04 1.11 7,200
8, 100

20.6 24. 6
12C 1.92 2.18 22, 600

24, 500

28, 600

24,100
23, 400
21, 200

11.4 15.8
13C 1. 97 3. 69 9, 000 7.2 9.2
14C 1.99 5. 27 10, 300

9,000

5. 7 7.4

15C 3.94 1.08 7.5 11. 7
16C 4.05 2.02 8, 300 6.1 7.0
17C. 3.84 3.50 9,900

9,900
5.0 6.9

18C 4.04 4.36 25, 200 4.4 5.0

No.

Chemical composi-
tion of wrought
alloys

Cold-drawn rods 1

Copper Nickel
Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Reduc-
tion of
area

23C
Per cent Per cent

1. 87
4. 31

Lbs. /in. 2

22, 700
Lbs./in. 2

19, 700
Per cent

12.6
Per cent

36.9
24C 27, 900

32, 200

30, 600

33, 900

22, 900

26, 200
26,000
29,700

31, 700

31, 400

31, 700

29, 900
29, 600

8.5 24.0
25C 2.00 1. 12 16.0 47.7
26C 1.97 2.22 11.8 33.1
27C 2. 13

2. 10

3.74

5. 33

7.4 12.4

28C__ 37, 800

37, 400

36, 300
34, 100

36, 800

7.5 15.3
29C 4.07 1.12 12.1 28.8
30C 4. 13

4. 07
4.08

2. 16 8.0 19.3
11C 3. 21 2.5 3.9
12C 4. 30 3.8 6.2

1 The same as (
3
) cold-drawn to % inch in 2 passes.
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Table 58.—Tensile properties of aluminum-copper-nickel alloy (Read and
Greaves 89g, h)—Continued

No.

Chemical composi-
tion of wrought
alloys

Annealed rods 3

Copper Nickel
Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Reduc-
tion of

area

Per cent Per cent Lbs./in.2 Lbs./in.2 Per cent Per cent

23C 1. 87 16, 300 5,600 34.1 55.8
24C

t”
4. 31 20,200 9,900 26.2 42.1

25C 2.00 1.12 23,400 8, 300 30.5 56.6
26C__ 1.97 2. 22 22,900 6, 300 28.9 44.7
27C 2. 13 3.74 23,800 6, 300 27.2 37.8

28C 2. 10 5.33 26, 500 9,900 25.0 36.3
29C - 4.07 1. 12 29,000 7,400 28.7 44.3
30C 4. 13 2. 16 27,200 8,100 24.8 t 30.9
11C 4.07 3. 21 25. 400 6,300 22.8 28.0
12C 4. 08 4.30 25; 300 7, 200 23.5 29.7

No.

Chemical composi-
tion of wrought
alloys

Hot-rolled rods 3

Copper Nickel
Tensile
strength

Yield
point

Elonga-
tion in 2
inches

Reduc-
tion of
area

Per cent Per cent Lbs./in. 2 Lbs./in. 2 Per cent Per cent
23C 1. 87 18,200

22,300
11,900

13, 500
28.4 52.5

24C 4.31 22.0 36.4
25C 2.00 1.12 25,400 14, 300 27.8 52.0
26C 1.97 2. 22 26,600 17,000 21.3 38.6
27C 2. 13 3.74 28,600 17,900 17.8 29.6

28C 2. 10 5.33 31,500 18,160 16.0 23.6
29C 4.07 1.12 32.000 18,400 20.7 36.9
30C 4.13 2.16 30,700 17,900 17.8 28.0
11C... 4. 07 3. 21 28.700 17,300 14.6 18.2
12C 4.08 4. 30 29, 500 17,000 13.5 18.6

2 The same as (
3
) annealed at 450° C.

8 234. by 18 inches ingot, chill-cast, heated to 400° C., rolled-hot to 1 inch diameter.

The constitution of alloys of aluminum with copper up to 12 per

cent and nickel up to 10 per cent has been studied by Bingham and
Haughton (89e)

;
who find that the addition of 2 per cent Ni to an

8 per cent Cu-Al alloy causes the disappearance at higher tempera-

tures of CuA12 present in the binary alloy, but this compound comes

out of solution at 270° C. The alloy of 4 per cent Cu, 2 per cent Ni
(the basis of Y alloy), undergoes no phase changes from the solidus

to 200° C.

The authors also observed that the superiority shown by the

nickel-aluminum alloys to ordinary corrosion in water was not

maintained when dilute vinegar, oxalic acid, citric acid, and tartaric

acid were used.

The authors draw no general conclusions from their work, but it

is evident that all the compositions were definitely inferior to dura-

lumin.
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Rosenhain (89f) states that the addition of nickel raises the tensile

strength 9,500 pounds, and over 6,500 pounds at 250° C. (to 22,500

lbs. /in.
2
). At 350° C. the strength is decreased.

(b) Alloys of aluminum, copper, and magnesium .—Cu-Mg-Al alloys

in the rolled condition have already been described in another pub-

lication of this bureau (43jj). Cast alloys containing 7 to 8.5 per

cent Cu and 0.1 to 0.3 per cent Mg are used in the foundry as a

variation of the 8 per cent copper alloy (43q). Anderson (43q)

states that the effect of small additions of magnesium to 8 per cent

copper alloy is to increase the strength, reduce elongation, and

reduce contraction on freezing.

Small amounts of magnesium are used in some piston alloys (see

p. 141) with still higher copper, but the chief alloy in this class is

duralumin, with still lower copper. This last is generally used in

the heat-treated condition and will be described later, page 212.

An investigation of the ternary alloys of aluminum with magne-
sium and copper was made by Gayler (43w). The ternary system

Mg-Cu-Al is also discussed by Fuss (43s).

The magnesium containing alloys of aluminum and copper are

said to corrode more rapidly than the binary alloys free from mag-
nesium (43q). This statement probably does not hold for all the

alloys in all physical conditions. The addition of magnesium also

reduces the thermal conductivity (43kk).

(c) Alloys of aluminum, molybdenum
,
and nickel.—These alloys

were studied by Pfautsch (911) in the high nickel end, the aluminum
and molybdenum contents being less than 25 per cent in every case.

(d) Alloys of aluminum, copper, and tellurium.—These alloys have
been studied by Sisco and Whittmore (91w), who used alloys of 5

per cent copper with additions of 0.25, 0.50, 1,75, 1, 2, 3, 4, and 5

per cent tellurium. Only traces of the tellurium were found in the

alloys, such tellurium as was left being segregated. Aluminum-
telluride probably formed and came to the top as slag. The addition

of tellurium to a 5 per cent copper alloy decreases the ductility; in

the quenched condition it decreases the ultimate strength. It also

produces erratic results in the same melt.

(e) Alloys of aluminum, cadmium, and zinc.—The alloys of alumi-

num with cadmium and zinc have been studied by Budgen (91q); the

alloys examined containing 0 to 24 per cent zinc, 0 to 10 per cent

cadmium. In forging tests at 400° each of the alloys was so fragile

that it fell to pieces before 5 per cent reduction of cross section had
been made. Many of the alloys broke at all temperatures down to

room temperature. In rolling tests at 300° to give 10 per cent

reduction most of the alloys fell to pieces at the first pass. Lower
temperatures gave almost equally unsatisfactory results. There

was found to be no marked or systematic variation of tensile proper-
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ties of aluminum-rich zinc alloys through the addition of cadmium,
though the general tendency is a slight strengthening. The strongest

chill-cast alloy was that containing 6 per cent cadmium and 20

per cent zinc, and having a strength of 39,000 lbs. /in.
2
,
but only 3

per cent elongation. The addition of up to 10 per cent cadmium
does not produce any marked or systematic change in the tensile

properties, but causes a slight weakening and no appreciable increase

of elongation except for the 6 per cent zinc series. Brinell hardness

tests indicate a slight hardening by the addition of cadmium to each

series containing a constant proportion of zinc, except for 24 per cent

zinc, where softening is evidenced. The general effect of cadmium
is to render zinc-aluminum alloys more malleable.

(j) Alloys oj aluminum
,
magnesium, and cadmium.—These alloys

have been described by Valentin and Chaudron (91o), who give a

discussion of the constitution of the alloys.

(g) Alloys oj aluminum, iron
,
and zinc.—These alloys have been

discussed by Waehlert (91 jj), who states that the addition of iron

to zinc-aluminum alloys is not favorable. The tendency to pipe is

stronger than in other alloys and other properties are unfavorably

influenced.

(h) Alloys oj aluminum
,
copper, and tungsten.—These alloys have

been investigated by Whitmore and Sisco (91p), who found that the

tungsten segregated and did not alloy with aluminum or aluminum
plus 10 per cent copper in amounts greater than 1.5 to 2 per cent.

The addition of tungsten has a great influence on the melting point

which is raised about 260° C. above the melting point of a similar

alloy without tungsten. Tungsten has little effect on the ultimate

strength and elongation. The alloys do not appear to offer possi-

bilities of commercial development.

(i) Alloys oj aluminum, tin, and zinc.- -Taylor (17r) has studied

the zinc-tin-aluminum system in relation to their physical properties

and corrosion resistance, but only one alloy tested by him, one of

79 per cent aluminum, 21 per cent zinc, without tin, could be classed

among light alloys.

A study of the ternary diagram of alloys of tin, zinc, and aluminum
has been made by Losana and Carozzi (91z), who paid most attention

to the heavier alloys.

(j) Alloys oj aluminum
,
zinc, and lead.—An alloy containing 15

per cent zinc and 1.5 per cent lead is described by Guillet and Cournot
(9 lee). This alloy was tested for hardness and resistance to shock
at 20°, —20°, —80°, and in liquid air. The hardness decreased

somewhat to —80° and then showed a hardness of 83 at liquid-air

temperature as compared with 55 at 20°. There was practically no
change in resistance to shock at the lower temperatures.

(k) Alloy oj aluminum, nickel, copper, chromium, and manganese .

—

Samples of a cast alloy called “Verilite” of the following approximate
composition: Aluminum, 95.5 per cent; nickel, 1.5 per cent; copper,

1.0 per cent; chromium, 1.5 per cent; and manganese, 0.5 per cent
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were tested at the Bureau of Standards, an l showed a tensile strength

of but 16,000 lbs. /in.
2 and an elongation of 4 per cent.

The expansion curves for this alloy from room temperature to

300° C. were found to be regular and may be represented by the

following second degree equation

:

L t = L 0 [1 + (21.05 t+ 0.01473 t
2
)
10" 6

]

where L t is the length at any temperature t between 14 and 302° C.,

and L 0 the length at 0° C. The length at any temperature, t, as

determined from this equation is accurate to ±0.000015 per unit

length.

The observations on cooling lie above the expansion curves on

heating. At the end of these tests, the specimens were found to be

0.03 per cent longer than before the tests.

Table 59 gives the average coefficients of expansion for several

temperature ranges. These values were derived from the expansion

curves on heating.

Table 59.—Average coefficients of expansion of a complex alloy of Al, Ni ,
Cu, Cr,Mn

Average coefficients of expansion per
degree centigrade

Laboratory No.
20 to

100° C.
20 to

200° C.
20 to

250° O.
20 to

300° C.

S425
X10-

6

23.2
23.3

Xf0-c
24.2
24.2

xio^
25.0
25.0

25.8
25.8S426 _ .

A comparison of the average coefficients of expansion of various

light alloys is given in Table 60.

The compositions, so far as they are known, and trade names of a

number of alloys are given in Table 61. Many of these are no
longer produced, and many of them were never of any commercial

importance.

Some miscellaneous alloys for which tensile values are available

are listed in Table 62.

Table 60.—Average coefficients of expansion of aluminum and various
aluminum alloys

Series

Alumi-
num

content

Average coefficients of expansion
per degree centigrade

20 to
100° C.

20 to
200° C.

20 to
300° C.

1. Aluminum:
(a) Pure aluminum __

Per cent
99. 95

xio-6
23.8

X10
24.7

XIO-s
25.7

(b) Commercial aluminum 99. 15 23.9 25.9 26.7
26. 4-29. 22. Aluminum-copper alloys 87-95 22. 2-24. 6 23. 6-26. 8

3. Aluminum-silicon alloys _ 87-95 19. 2-22. 2 20. 2-23. 2 22. 2-24. 8
4. Aluminum-zinc alloys ___ 5-86 24. 3-33. 3 27. 3-37.

2

1 28. 3-40. 7
5. Aluminum-manganese and aluminum-manganese-cop-

per alloys... ... 96-98 23. 1-23. 8 24. 2-25.

7

25. 5-26.

9

6. Aluminum-silicon-copper and aluminum-silicon-cop-
per-manganese alloys 84-94 20. 4-23.

4

21. 3-23. 9 22. 1-24. 4
7. Duralumin .. 94-95 21. 9-23. 8 22. 9-26. 0 24.7-26. 9
8. “VeriUte” 95.5 23.2 24.2 25.0

1 From 20 to 250° C.
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(d) SPECIFICATIONS FOR CASTING ALLOYS

In Table 63 are given the compositions of several alloys in ingot

form as required by specifications of the American Society for Test-

ing Materials, and in Table 64 is given an abstract of specifications

for aluminum casting alloys collected from various sources.

Table 63.—Specifications for aluminum base sand cast alloys in ingot form.
(A. S. T. M., Bo8-26 T)

Chemical composition

Alloy
Alumi-
num Copper

Iron
maxi-
mum

Silicon
Magne-
sium

Manga-
nese

Zinc Remarks

A
B
C

Per cent

>96.5
>92.5
>90.0

88-92

Per cent
1.0 to 1.5

>.6
7.0 to 8.5

Per cent

0.5
.8

Per cent

<0.5
4.5 to 6.0

Per cent

Trace.
Trace.

Per cent

0.7 to 2.0

<0.2

Per cent

Trace.
<0.20
<0.20

<2.50

i

Total of Fe, Si,

Mn, Zn, and Sn
not to exceed 1.70

per cent.
Total of Si, Mn,
and Sn not to ex-

ceed 1 per cent.

D 6.0 to 8.0
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3. HEAT-TREATED ALUMINUM ALLOYS

While the aluminum-copper-zinc alloys are still used abroad for

castings, the aluminum-copper and the aluminum-silicon and alu-

minum-copper-silicon alloys seem to be displacing them there. Even
five years ago, in this country, probably 95 per cent of the casting

production was in the “No. 12,” 8 per cent copper alloy, this having
displaced the nickel-aluminum alloy that was the first important

casting alloy in the United States.

The silicon alloys now form a large proportion of the tonnage of

castings in this country and are finding increasing use. An ever

increasing tonnage is also made of heat-treated castings of the dura-

lumin type.

In the field of wrought aluminum, pure aluminum, and the “hard
sheet” or aluminum manganese alloy hold their places for many uses,

but an increasing amount of the strong, heat-treated alloys of the

duralumin type is being called for.

For electrical conductors, pure aluminum shows no signs of being

displaced, although experiments are reported from Europe in the use

of heat-treated alloys with a low content of alloying elements, these

also being of the duralumin type.

Duralumin and the alloys allied to it, by virtue of their ability

to be strengthened by heat treatment, thus form an extremely

important section of the light-alloy field. Experience with the

wrough t alloys of this type is of longer duration and farther advanced

than with the cast alloys. Since the general principles governing the

heat treatment of all the alloys of this type are the same, duralumin

will first be considered, but the discussion must necessarily deal with

the alloys as a group more than as individuals, and both wrought and

cast materials have to be dealt with from similar points of view.

(a) WROUGHT DURALUMIN, COMPOSITION AND PROPERTIES

The most remarkable light alloy of aluminum is undoubtedly

duralumin, the behavior and properties of which were discovered by
Wilm (43ii) during his investigation during the years from 1903 to

1911. The remarkable feature about it is that its mechanical proper-

ties may be vastly improved by heat treatment; also that part of the

heat treatment goes on “spontaneously” at room temperature.

The composition of this alloy varies somewhat. The following

range of compositions is common:
Per cent

Copper 3. 5-4. 5

Magnesium .4- .8

Manganese . 4-1. 0

Silicon .2- .8

Iron (impurity) . 3-1. 0

Aluminum Balance
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The alloy can readily be rolled or forged. It is generally used in

the wrought condition, since the development of its highest physical

properties involves the application of mechanical work to it.

Duralumin ingots are made from hardeners of copper, manganese,

and magnesium alloyed with aluminum, which are added to the

aluminum at about 800° C. The alloy is then cast in iron molds at a

temperature between 690 and 710° C. (43 1). Scrap may be remelted

at a temperature of 700 to 750° C., using zinc chloride as a flux. The
properties of such metal are almost as good as those of the original

(43dd).

The electrical resistivity of annealed duralumin is 3.43 ju-cm. In

the heat-treated condition, however, in which it is used, the resistivity

Aging of duralumin (Cohn)

Fig. 96.—Increase of hardness of duralumin

upon aging after quenching. {Cohn, 43rr, ss)

is much higher, being 4.73 ^-cm. In this condition it has approxi-

mately 35 per cent of the volume conductivity of copper. Its thermal

conductivity is about 31 cal. sec./cm3
.

The density of duralumin varies from 2.75 to 2.84 g/cm3
. Its

melting range is about 540 to 650° C.

When this alloy is heated for a few minutes at about 520° C. and
quenched in water, the hardness is very little increased over that

which would be obtained by slowly cooling the same alloy. But upon
aging the quenched alloy for several days at ordinary temperature

both the hardness and the ductility are increased from 15 to 50 per

cent, depending on the composition of the alloy and the quenching

temperature (fig. 96). Thus an alloy showed the following changes

of properties.
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Tensile strength.
Elongation

After roll-

ing, before
hardening

After hard-
ening

(quenching
and aging)

-lbs./in. 2-. 37,000
percent.. 17

58,000
23

Fig. 97.—Effect of cold-working on the tensile properties of duralumin.

{Cohn, JfSrr, ss)

(Samples were rolled cold from a thickness of 7 mm)
Curves 1, tensile strength and elongation of hardened duralumin

Curves 2, tensile strength and elongation of rolled but not hardened duralumin

After hardening this alloy by quenching and aging it may be still

further hardened by cold work at the cost, of course, of ductility.

(Fig. 97.)

The hardness produced by cold working is, of course, lost upon
annealing at rather low temperatures. The curve of Figure 98 shows
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the effect of annealing at different temperatures followed by air cooling

upon the hardness and ductility of a work-hardened duralumin.

Duralumin, even in large sections, hardens slightly even when cooled

in air, and air cooling of thin sheets produces almost as much harden-

Effoct of annealing on physical properties of duralumin (Cohn)

Fig. 98.—Effect of annealing on the tensile properties of duralumin. {Cohn)

The samples were annealed and cooled in air; curve l^is that of the tensile strength; 2, of the elongation

ing as water quenching. It is, of course, the cooling rate, rather than

the cooling medium, that is important.

Duralumin loses its hardness at higher temperatures. Figure 26

(see p. 80) shows the effect of higher temperatures upon the hardness

of this alloy.
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SS35 sand-cast. S456 hot-rolled. S430 quenched from 520° C. and aged two days at 120° C.
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Fig. 100 .—Linear expansion of two samples of duralumin

S935 hard-rolled. S937 heated to 500° C. and quenched
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The coefficient of expansion of duralumin as determined at the

Bureau of Standards (88g) is given in Table 65 and linear expansion

curves are given in Figures 99 and 100. It is nonmagnetic, takes a

good polish and in the annealed condition can be drawn, spun,

formed and stamped. Sheet duralumin shows the following prop-

erties

:

Table 66.— Tensile properties of sheet duralumin after Knerr (43dd)

Property

Ultimate tensile strength.
“Yield point”
Elongation in 2 inches . .

.

Brinell hardness
Scleroscope

.lbs./inA
do...

per cent.

Condition

Heat treated Annealed Hard-rolled

55.

000-

62, 000
30.

000-

36, 000
18-25

25,000-35,000

67.000-

72,000

55.000-

65,000
3-810-14

93-100 54-60 130-140
23-27 9-12 37-42

Anderson (43 e) gives the properties of duralumin sheet shown in

Table 67.

The properties of duralumin sheet vary somewhat in transverse

and longitudinal sections. The strength decreases about 10 per cent

for an increase of temperature of 100° C. (43dd). Unger (43kk)

finds a slight increase in the ultimate strength and elongation of

duralumin at— 190° C. over that at room temperature as well as a slight

increase in strength and a decrease of elongation on “weathering”

for a period of two years, the latter probably due to intercrystalline

corrosion which is discussed on page 31.

Table 67.—Effect of heat treatment upon 18 gauge duralumin Anderson (4$e)

Treatment
Propor-
tional
limit

Tensile
strength

Reduc-
tion of
area

Elonga-
tion in
4 inches

As rolled (not treated)

Lbs/in .
2

40, 650
Lbs/in.2

51, 740
29,900

Per cent
12.9

Per cent
2.7

Air cooled from 350° C. 1 7,210 22.5 11.3
Furnace cooled 350° C. 1 5, 080

14, 080
25, 310 39.0 15.0

Air cooled from 400° C.1 .. — 42, 250 24.1 15.4
Air cooled from 500° C.i 27, 770 60,480 24.4 18.5

Furnace cooled from 500° C 7,430 32,290 22.6 15.3
Ice-brine quenched at 512° C. 1 28,620 61, 030 26.7 19.6
Oil quenched at 512° C.1 . 28, 570 61, 670 26.3 18.6
Freshly quenched in water at 512° C. 2 14, 850 42,280 28.3 21.5
Water quenched at 512° C., drawn 1 hour at 100° C 20,740 55, 250 27.1 18.5

Water quenched at 512° C., drawn 10 hours at 100° C 20,440 55, 590 27.7 19.8
Water quenched at 512° C., drawn 1 hour at 200° C. 18, 930 49,900 27.3 18.3
Water quenched at 512° C., drawn 1 hour at 300° C 14, 710 38, 430 22.1 10.3
Water quenched at 512° C., aged 144 hours in air 28, 470 61, 170 27.3 17.6
Water quenched at 512° C., aged 1,440 hours in air 28, 290 61, 650 25.7 18,3

1 After heating for 30 minutes at the temperature indicated and aged six days at ordinary temperature
after the treatment. (144 hours in air.)

1 Not aged.
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Phillips (43m, t) gives the coefficient of friction of duralumin to

duralumin as 0.33, duralumin to steel, 0.25, duralumin to brass, 0.27.

Properties of duralumin under tension, compression, shear, and

torsion are given by R. R. Moore (4311).

Ericksen cupping tests on sheet are given by Anderson (43e).

The relation between properties and heat treatment is brought out

in the following section on heat treatment, and is also shown in

Table 68.

Unless otherwise noted the properties given in Table 68 below are

for sheet tested longitudinally. Thicker sections of duralumin will

have properties in the fully heat treated condition which vary in

strength, according to Knerr (43dd) as follows:

Table 68.—Comparative strength of duralumin in different sections

Tensile strength Elongation

Lbs./in.2

55, 000-62, 000
55.000
50.000
45.000

Per cent
18-25

18
18
18

Bar stock 34
_1 inch - -

Bar stock 1-134 inches .. __

Bar stock over 134 inches _ __

According to one producer these tensile strengths for bar stock

are minimum, and the elongation on sizes over lj^-inch diameter

will not be as high as 18 per cent. Compare Tables 69, 70, and 71

for specification values.

Other alloys will show similar effects of size. This effect is due

both to changes in rate of quenching and to the less thorough me-

chanical working received by the interior of a piece of large cross

section.
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Physical

properties

Bend

»

diam-
eter

“N”

!

III! II

Yield

point

i i

5
j

Min.

30,

000

30,

000

30,

000

30,

000

Elonga-

tion

2-in.

Per

cent
j j j j j

Tensile

strength

|
i

1 —

Min.

55.000

Min.

55,000

Min.

55,000

Min.

55,000

Max.

35,000

Max.

35,000

Max.

35,000

Max.

35,000

Max.

35,000

Thickness

Inch

0.

013-0.

030

.

037-

.

050
,070 ,091 tnd her

,

103

,

005
,020

.

128
.258 .500 .032 .064

,

128
,258 ,500

,

051-

.

,

071-

.

092

£
hea\

.250-

.

,

102-

.

,1 .

013-

.

.

021-

.

.

129-

,

.

259-

,

.

013-

,

.

033-

.

.

065-

.

,

129-

.

.259-

.

3

Type

Heat

treated

Annealed

Chemical

composition

3 §

Mg
0.

2-0.

75

0.4-1.00

3

lO

i
e

o

Grade

Designation

Proposed

aluminum

alloy

sheets.

Specification

Federal

Specifications

Board.
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(feet)
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tr:EAXT (D]F STANDARDS

0000

Maximum

percent-

age

by
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of

short
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0000

9 01 * 8888

8 019 OOO
CO CO CO

OI 018 00

Zl oi OI
i i

i i

i i

0
to
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81 J9AO

OlO
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81 oi oi

1

1

1
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88880
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i
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paqonanft
S (M 1C lO lO l

^ i

po[B9uny
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Yield

point
papoi pub paqouanft

^poo
ts§§
gssfs

paqouanfr
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4§o 88
;O 00 CO lO 1

^ CO CM CM CM
j
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strength

pa[[oi puB paqouan£)
Lbs.

/in*

65,

000

65,

000

63,

000

paqouanf)
Lbs.

/in.

2

55,

000

55.

000

53.000

50,

000 1

1

1

1

l

1

pa[Bauny
e O o o O
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|
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0100

-

0.

0201

.

0226-

.
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.
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.

2576

.
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over.

.

0100-

.

0142

.0159-

.0254

.

0285-

.

0403

.

0453-

.

1019

.

1144-

.

1819

.

2043-over.

.

1019

and

less.

Over

.

1019

Per

cent

by

weight

required

OOOOlOPNOO

Nominal

or

stock

length

CM O 00 O

Specifications

United

States

Army,

Ordnance

Depart-

ment,

No.

57-152,

Mav

25.

1923.j

1

1

Aluminum

alloy

must

have

a

maximum

specific

gravity

of

2.

85.

Annealed

sheets,

plates,

and

strips

shall

not

show

a

scleroscope

hardness

exceeding

12.

2

Bend

test

specimens

cut

from

any

direction

of

the

sheet

shall

withstand

bending

through

an

angle

of

180°

around

a

diameter

equal

to

“N”

times

the

thickness

of

the

sheet

without

cracking.
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Transverse properties, as noted above, are lower than those in the

longitudinal direction. A forged, heat-treated duralumin airplane

propeller tested at the Bureau of Standards gave 57,500 lbs. /in.2

tensile strength on longitudinal specimens and 49,500 on transverse

specimens. These differences are more marked in heavy, forged

sections than in sheet.

The “ yield point’ ’ of duralumin and alloys of that type is not as

definite a property of the alloy as is the case with mild steel. The
stress-strain diagram for these aluminum alloys does not show a

definite kink in the curve, but instead a slowly curving knee (43dd, e).

Drop-of-beam methods of testing will not serve. Divider tests, as

usually made, tend to give results decidedly higher than the truth.

There is, with sufficiently sensitive and accurate equipment and test

methods, a proportional limit which is considerably lower than the

figure usually given for yield point. The “ yield point” in tests of

Table 72 with Bureau of Standards given as source, is the stress at

which an extension, under load, of 0.012 inch in 2 inches or 0.006

inch per inch, is shown by the extensometer. In those tests with

American Society for Steel Treating Recommended Practice as

source, it is the same for alloys with “yield points” between 40,000

and 50,000 lbs. /in.
2

,
while for alloys with “yield points” below

40,000 and above 50,000 lbs. /in.
2 the extension under load is 0.005

and 0.007 inch per inch, respectively. Templin (32f) suggests using

different percentages of extension under load to define the “yield

point” of various nonferrous alloys, according to the modulus of

elasticity of the alloy in question. In Templin’s scheme, the exten-

sion at the “yield point,” in per cent is given by the equation

0 15E
where / is the yield point factor (100 times the unit defor-

mation in inches per inch) and E is Young’s modulus. For alumi-

num, and its alloys with E= 107 lbs. /in.
2 the unit deformation is 0.0015

of an inch per inch. Data from other sources seldom give in detail

the method of testing for “yield point.” In such alloys, it would

seem more logical to follow the German practice (Scheur, 43d) and

use the terminology “0.0001 inch per inch,” “0.002 inch per inch”

or “0.006 inch per inch limit,” to define the test conditions, rather

than to call it a “yield point,” but data available in the literature

are too indefinite to allow adopting such a practice in this circular.

It would be still better were more data available on proportional

limit, such as are given by Strauss (39g) in Table 72b.
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000-50,
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63.
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70,
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59.
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67.

000
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22.

000-

28,

000

50,
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65.

000-

65,

000

67.

000-

72,

000

55.

000-

63,

000

32.
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61.000

72.
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000

42,

500

61,

500

63.

000

27,

500
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17SO. 17ST

_

A17SO

_

A17ST.. B17SO B17ST
Special

17SO

Special

17SW

Special

17ST

Superduralumin

high

silicon.

Duralumin

AD

Duralumin

AT

Duralumin

BD

Duralumin

BT

Duralumin

BH.

.

_

(BT

hard

rolled

after

aging.)

11S.

17

R 17ST 17ST

worked

17ST 17ST
17S

type

without

Mn.

17S

type

low

Cu_.

•17S

type

low

Cu

and

low

Mn.

17S

type

low

Fo

and

Si.

17S

type

high

Fe...

Duralumin

B2

do..
Duralumin

work-

ed.

Duralumin.

A.

S.

S.T-

Archer

and

Jeffries

A.

S.

S.

T

Colvin,

F.

H
>

l
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Data on the metallography of duralumin, on the corrosion resistance,

the resistance to repeated stress, and to impact, and the high tempera-

ture properties of duralumin will be found in other sections of this

circular.

Sadtler and Gregg (43c) find that duralumin cold-rolled after

aging shows a greater elongation under constant load above the

proportional limit than is the case when cold-rolling is done immedi-

ately after quenching and before aging.

Long-time dead-weight tests have been made on B. & S. 22 gauge

heat-treated duralumin sheet in the laboratories of the Aluminum
Co. of America. This material tested in the normal way showed the

following mechanical properties:

Tensile strength lbs./in.2__ 61, 500

Yield point do 40, 000

Proportional limit do 35, 000

Elongation in 2 inches per cent__ 16. 5

The specimens are being tested under stresses as follows, and have

shown deformations as indicated after a period of 14 months:

Table 73 .—Deformation of duralumin under 14 months * loading

Specimen No. Stress
Ultimate
strength

Unit deformation

Deformation
after 14

months under
dead load

Usual tensile
test

1

Lbs./in. 2

55.000
50.000
40. 000
35.000
30.000
25. 000
20.000

Per cent

89.6
81.5
65.2
57.0
48.9
40.7
32.6

Inch per inch
0.090
.040
.005
.003

Negligible.
Negligible.
Negligible.

Inch per inch
0. 0770

. 0365

.0045

.0035

.0030

.0025

.0020

2
3
4
5 _

•6

7 .

Although additional deformation measurements have not yet been

taken, none of the specimens had been broken after a duration of

load of 18 months.

(b) HEAT TREATMENT OF ALUMINUM ALLOYS OF THE DURALUMIN TYPE

(1) Theory.—The theory underlying the heat treatment of alu-

minum alloys whose properties may be improved by heat treatment

was in its early stages when the first edition of this circular was
prepared. Merica and coworkers at the Bureau of Standards were

then studying the reasons for the age-hardening of duralumin,

which had not been explained, although the fact that quenched

duralumin did age-harden had been discovered by Wilm (43ii) in

the period 1903-1911.

According to Guertler 7 the discovery was accidental.

7 Guertler, W. The Light Metal Alloys. Lecture before Washington, D. C., Chapter of Am. Soc. for

Steel Treating, Oct. 15, 1926.
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600

£00

Although considerable commercial use had been made of duralu-

min, the suitable range of compositions and the heat treatment to

give the improvement in properties were fairly well defined, the metal-

lurgical explanation for the choice of composition and of heat treat-

ment was not known.

Merica and coworkers (43mm) determined the range of solu-

bility of the compound CuA12 in aluminum, using aluminum of

99.71 per cent purity, and explained the heat treatment of duralumin

in relation to the equilibrium diagram. Dix and Richardson (43h)

later, using aluminum of 99.92 per cent, and in some cases of over

99.97 per cent purity,

made a more com-
plete study of the

solubility relations.

Their diagram (fig.

101) is of the same
form as that given by
Merica.

Merica’s theory of

age hardening of dur-

alumin is, in brief, 406

that when an alloy of,

say, 3.5 per cent Cu,

is heated to 500° C.

for a sufficient length

of time all the CuA12

compound is taken in-

to solid solution in alu-

minum. On quench-

ing, the alloy is rap-

idly cooled to room
temperature without

immediate precipita-

tion of CuA12 from
the solid solution as would be the case were the cooling to take

place slowly. The quenched alloy is still soft, not hard like a

quenched steel, although somewhat harder than in the annealed condi-

tion
;
but the tendency of the CuA12 to come out of solution is sufficient

so that, with the lapse of time at room temperature (the natural

aging process), particles of CuA12 ,
too fine to be seen with the micro-

scope, are precipitated and with further lapse of time agglomerate to

larger, but still invisible particles. CuA12 is itself hard, and the dis-

semination of particles of it through the soft aluminum matrix is be-

lieved to harden and strengthen the alloy. The dispersion of fine

300

zoo

Fig. 101 .

rich end.

2 4 6

Aluminum-copper system

d70 Cu
at aluminum-

(Dix and Richardson
,
61a)
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particles is thought to “key” the material against slip and thus

harden it. The slip-interference theory of Jeffries and Archer (44)

involves the conception, which Merica had advanced, that hardness,

that is, resistance to deformation, increases as the fine particles

agglomerate and grow to a critical size. Further growth, beyond the

critical size, produces a softening, the matrix being freed from some
of the restraint previously put upon it by the myriads of fine particles.

Still further growth induced at sufficiently high temperatures brings

about full softening; that is, annealing.

It is questionable whether the interference with slip is due to a sort

of mechanical keying, as suggested by Jeffries and Archer, to the

effect of atomic forces acting between the tiny particles and their

surroundings (44k), the particles being of colloidal size (91e), “rump-
ling” of the slip-planes or upsetting of the space lattice, (39a) lattice

distortion without necessary precipitation of particles (43a) or the

formation of pseudomolecules and hardening by bending of electrons

at lattice discontinuities (44a).

That particles of CuA12 are precipitated during the aging process is

made more certain by experiments of Dix and Richardson (43h),

who demonstrated the appearance of a fine precipitate of CuA12 in a

4 per cent Cu alloy, quenched from 540° C. and reheated two vreeks at

200° C. The chief objection (43k) to the precipitation theory is that

the electrical resistivity increases during aging. In most alloys

precipitation of a compound from a solid solution decreases the

resistivity. But, as Merica (431) points out, quenched duralumin is

in an unstable state and that various factors may come in in such a

condition to alter the relations found in alloys that are in equilib-

rium. Corson (2a) has also attempted an explanation of the

apparent anomaly.

Whether or not such an explanation of hardening is correct or com-
plete in all details, the phenomena met in heat-treatment of dura-

lumin and other aluminum alloys susceptible of heat treatment, are

consistent with the idea that the mechanism of heat treatment con-

sists in obtaining a solid solution by heating to a temperature within

the solid solution field of the equilibrium diagram, above the slanting

line denoting the boundary between the solid solution or single-

phase field and a field in which a precipitation of a compound within

the solid solution matrix (two-phase field) is the stable form. By
quenching the solid solution with sufficient rapidity the alloy is

obtained in an unstable state, the precipitation of the compound
being retarded. An approach to equilibrium through precipitation

and agglomeration of the particles of the compound takes place, the

rate of approach and the degree of completeness depending on both

temperature and time. As the agglomeration of the particles proceeds

the strength and hardness of the alloy increase up to a certain critical
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size and dispersion of the particles. When agglomeration proceeds

beyond this point, the strength and hardness decrease up to the fully

annealed state as a limit.

This explanation holds equally well not only for most of the heat-

treatable aluminum alloys, but also for other alloys, such as lead-

antimony (44a) and iron-tungsten (43o), and the generalization can

be made that alloys whose equilibrium diagrams show solubility

relations of the same nature as is exhibited by the high-aluminum end

of the Al-Cu diagram are at least potentially capable of heat treatment.

Fuller explanation of the theory involved is given by many writers,

including Merica (44m), Knerr (43dd), Archer (44n), Jeffries (43ff),

Jeffries and Archer (3b), and in many of the publications of the

National Physical Laboratory of England on aluminum alloys. For
other theories, see Meissner (43k), Fraenkel and Scheuer (43r), and
Konno (44j )

.

As a consequence of the theory, it follows that the composition

chosen must be one in which the necessary solubility relations hold,

and that heating before quenching should be to a temperature and
for a time that will effect the solution of the hardening compound
without bringing about a partial melting by overstepping the liquidus

line of the diagram. It will be seen from Figure 78 that with a low

copper content, say 2 per cent, there will be wide latitude in quench-

ing temperature as the range between the liquidus and the CuA12

solubility line is large, but that only a small amount of CuA12 will be

precipitated as equilibrium is set up. With copper at 5 per cent

the temperature range between that necessary to get a complete solid

solution and that of the liquidus is very narrow. The presence of

other elements affecting the solubility of the hardening compound
also has to be taken into consideration.

If the composition, the temperature, or the time of heating, is such

that not all the hardening compound goes into solution, the excess

may act as nuclei for precipitation of more of the compound during

quenching or on aging and too little compound may be left in solid

solution to bring about the full improvement of properties due to the

controlled precipitation and agglomeration of the compound.

After the solid solution has been obtained by heating within the

proper range, the rate of chilling; that is, the size of the specimen and

the nature and temperature of the quenching medium, also affect the

amount of unprecipitated compound left to be controlled.

After quenching, the control of precipitation is affected by regu-

lating the temperature and time at temperature. The plasticity of

the matrix and the mobility of the precipitate increase with tem-

perature. At liquid-air temperatures, the aging is greatly slowed

down. At ordinary room temperatures, it goes on automatically in

duralumin which contains Cu, Mg, and Si, and progresses with lapse

51409°—27 16
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of time practically as far as it can usefully be brought at higher tem-
peratures. In an alloy of the duralumin type free from copper, there

is some aging at room temperature, but to develop full hardening

higher temperatures must be used, while in the Cu-Ai alloy without
Mg, practically no aging takes place at room temperature, and higher

temperatures have to be used.

It is a most fortunate fact that in all these three types of alloy the

agglomeration of the precipitate does not go on automatically at

room temperatures with lapse of time to a degree which brings about
softening; that is, once the alloys are hardened by aging or artificial

aging, they do not complete the cycle that they would complete at

higher temperatures. They do not self-anneal and are industrially

stable as to hardness.

There are two hardening agents in duralumin, the compound
CuA12 and the compound Mg2Si. The equilibrium diagram for

magnesium and aluminum (67a) shows a curved solubility line between

the alpha and beta solid solutions, but the alloys high in aluminum
do not show the possibility of precipitating a compound from solid

solution. The amount of magnesium used in the alloys of the

duralumin type is within the alpha solid solution range and their

ability to harden is not ascribable to the magnesium by itself, though

Mg2Si and secondary effects of magnesium are concerned.

But the system Al-Mg2Si has an equilibrium diagram (43ee)

exactly similar in nature to that shown in Figure 48 for CuAl2 in

aluminum. About 1.6 per cent Mg2Si (1 per cent Mg, 0.6 per cent

Si) is in solution at about 580°, whereas less than 0.30 per cent is

soluble at room temperatures. The retention of solid solution by
quenching and the subsequent precipitation of hardening particles of

Mg2Si takes place just as in the case of CuA12 ,
save that to harden

the alloy with CuA12 materially (in wrought form) aging must be at

elevated temperatures, while that with Mg2Si hardens somewhat at

room temperature.

It happens that ordinary commercial aluminum contains sufficient

Si as accidental impurity, so that no additional Si need be alloyed with

the material to produce a composition capable of hardening. If

Wilm had been working with aluminum free from silicon he would not

have made his accidental discovery, and the development of heat-

treatable aluminum alloy might have been long delayed.

Merica (441) ascribed the hardening of duralumin mainly to CuA12 ,

but since the alloys free from magnesium do not harden on room
temperature aging the National Physical Laboratory (2f) ascribed

it to Mg2Si. Later experience has shown that both are precipitation

hardeners, and both these types of alloys are in commercial use, as

well as duralumin itself, in which both hardening agents are concerned.
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The more complex case, that of duralumin itself, involves the

effect of Cu on the solubility of Mg2Si and of Mg on the solubility of

CuA12 ,
as well as the changes in rate of precipitation and agglomera-

tion of both compounds on aging, brought about by the presence of

the additional elements.

The solubility relations for the duralumin type of alloy with both

Cu and Mg have been studied by Miss Gayler (43w). To the in-

formation brought out in her work, Archer (44n) adds the obser-

vation that the presence of Mg, without Si, confers the property of

age hardening a t

room temperatures o

upon the A1-CuA12 ^
alloys made from 7

very pure refined

aluminum. 6

Miss Gayler’s
data on solubility of

Mg2Si and CuA12 at s

500 and 250° C. for

the ternary system ^
Al-CuAl2-Mg2Si are

shown in Figure 102.

(2) Effect of 3

Alloying Elements
and Added El e- g
me nts.

—

(a) Man-

ganese.—Most dural-

umin and Al-CuAl2
7

alloys contain 0 . 5 to 1

per cent manganese. ...

Dix and Keith (68a)
/ z 3 4 s

have studied the lfIG - 102.—Solubility of MgzSi and CuAh in alloys an-

equilibrium on the nealed at 500° C. and quenched in waterfrom 500° C.

hi°*h A1 end of the (so^d Hnes) and 250° O. (dotted lines) . (Gaylor ,
4$v)

diagram between A1 and the compound MnAl3 . Again, the form of

diagram is similar to that of the A1-CuA12 system. At 650° C. about

0.65 per cent Mn is soluble; at 550° C., less than 0.23 per cent; and

at 200° C., less than 0.14 per cent; so that hardening by quenching

and precipitation is again possible, and MnAl3 may enter into the

hardening of duralumin. There is also an undercooling effect pro-

ducing a dispersion of very finely divided particles upon chill casting

which can be agglomerated on annealing.

Corson (681) states that one effect of Mn is in inhibiting grain

growth on heating prior to quenching, as well as in decreasing the

crystal size in the original casting.
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The exact role of Mn in duralumin has not been fully explained.

The addition of small amounts of Mn to alloys of A1 with Cu, with

Zn, or both has been generally found at least harmless and probably

beneficial on mechanical properties of the cast alloys, and the Al-Mn
alloy itself is a good wrought alloy. Archer and Jeffries (91i) state

that ^ln increases strength and imparts a somewhat fibrous struc-

ture. If the quenching temperatures of 550 to 565° C. reported

by Portevin and Le Chatelier (91u) for an alloy with 6 per cent Cu
and over 1 per cent Mn are correct it would appear that Mn may
raise the temperature of the solidus and thus permit more latitude

in quenching temperature.

(b) Silicon “25S ” “LautaV’ (without magnesium).—The addition

to duralumin of an excess of Si above that required to form Mg2Si

with the Mg used also has an effect, which, again, has not been fully

described though Archer and Jeffries ascribe at least a part of its

action to combination with iron present as impurity to form an iron

silicide or ternary Fe-Al-Silicide, which puts the iron in a less harm-
ful form. Archer and Jeffries find that with an alloy of 4.3 per cent

Cu, 0.8 per cent Si, 0.5 per cent Mg, and 0.5 per cent Mn, Fe content

not stated (that is, decidedly higher in Si than duralumin made from

ordinary commercial A1 without intentional addition of Si) forged,

water quenched from 500 to 515° C., gave the following results, which

may be compared with usual values for ordinary wrought duralumin.

Table 74 .—Properties of “ superduralumin”

Tensile
strength

I
Elonga-
tion

Ordinary duralumin fully aged
i Lbs./in.2

i

57,000
Per cent

20
Special high Si duralumin:

3 days at room temperature 59.000
67.000
75.000

25
70 hours at 120° C
20 hours at 150° C-.

20
13

The high Si duralumin has been termed u superduralumin’ J

(43b). A high-silicon content is used in a modification of the copper-

aluminum alloys, called “Lautal” (88f, h), which contains around

4 per cent Cu and 2 per cent Si and no Mg. This acts much like

the plain Al-Cu alloy. (Kroll (91tt), however, gives 4}^ per cent

Cu, per cent Si as the composition of Lautal.) The effect of

heat treatment and the chemical properties of this alloy have been

studied by Meissner (88h), who found that there was comparatively

little improvement of this alloy on aging at room temperature.

Aging for 16 and 24 hour periods at different temperatures showed

that the maximum hardness is obtained at 150°, the maximum
elastic limit at 165°, the maximum strength at 160°, maximum
elongation at 100° for the 16-hour period, while for the 24-hour
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period the maximum elastic limit was obtained at 165°, maximum
strength at 140°, maximum elongation at 125°. Meissner declares

that every aging temperature has a definite aging period related to

it in which the critical degree of dispersion of CuA12 is obtained in

Mg-free aluminum alloys, and that overstepping the critical dis-

persivity permits a coagulation to larger particles accompanied by
a decrease of strength and a renewed increase of capacity for change
of shape, and finally of elongation. With further temperature

increase, coagulation is sufficiently great to be seen under the

microscope.

The chemical resistance of Lautal was expected to decrease with

increase of aging temperature, and Meissner found that with 16-hour

aging the corrosion in sea water increases gradually to 100° C.,

rapidly from 100 to 150° C., and again gradually from 150 to 200° C.

With 24-hour aging the corrosion increases abruptly from 60 to 150°

and from 175 to 200° C. Although overstepping the critical disper-

sion causes a sharp decrease in strength the corrosion curve shows
only a slight increase. The critical dispersion is so sharply defined

that overstepping it slightly has a very unfavorable influence on the

properties. Aging Mg-free alloys at elevated temperatures has the

disadvantage that when high tensile properties are obtained the

resistance to sea-water corrosion is already diminished, though

immediately after quenching the alloys show small corrosion.

Lautal can be cold-rolled, bent, forged, drawn, but not folded

(88f). It can be welded, and Fuss and Bohner (88f) state that it can

also be used as an aluminum solder. The specific gravity of normal

Lautal is 2.74, electrical conductivity 40 per cent of that of pure

copper and over 70 per cent of that of pure aluminum (88f).

Portevin and Le Chatelier (91u) have discussed the influence of

quenching temperature and aging temperatures. They point out,

in discussing Brinell hardness numbers, that specimens aged at

different temperatures to the same Brinell hardness are not identical

in other properties. They noted a peculiar slippage during the

higher stress range of a tensile test of material not fully aged and
think that it is due to the unstable condition of the material, since it

disappears when aging is complete. On the other hand, it reappears

if the material is given a softening anneal, which is not in accord

with this idea. Moreover, Knerr (43dd) reports similar false yield

points in both freshly quenched and aged duralumin.

The effect of increasing the quenching temperature of a 3.5 per

cent copper alloy appears to be to cause no change in hardness for

alloys quenched from 350, 424, and 550° C. and aged, but the hard-

ness of the alloy quenched but not aged increases from 35 at 350° C.

to 42.7 at 550° C. (611). The effect on a 2 per cent copper alloy

appears to be a decrease of hardness for both the quenched and

quenched and aged alloy at 425° C. with increase at 550° C.
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In their investigation of high-strength aluminum alloys, Archer

and Jeffries (61b) state that there is no hardening of the aluminum
copper type of alloy on room temperature aging after quenching, but

that an increase of hardness is obtained on reheating at 100 to

175° C. Archer and Jeffries in discussing the solution heat treat-

ment, or treatment required for solution and diffusion of soluble

constituents, state that there is probably a critical rate of cooling

from solution treatment that will just retain the solid-solution

structure, and that this rate probably varies with the composition of

the alloy, temperature of solution treatment, and time at heat. The
solid solution resulting from the solution treatment is unstable at

ordinary temperatures, there being a tendency for precipitation

which is opposed by the rigidity of structure. From 100 to 200° C.

there is a gradual increase of strength and hardness up to a maximum
followed by gradual decrease. The maximum of hardness is attained

after the maximum of tensile strength. In commercial aluminum-

copper alloys, the copper may be in solid solution or atomic disper-

sion, as fine highly dispersed particles of CuA12 produced by precipi-

tation from solid solution at temperatures below 200° C. or as rela-

tively large particles of CuA12 that have never been in solid solution.

The second form is most effective as a hardening agent. Hardness

is expected to increase with copper, but less rapidly after the limit of

maximum solubility is exceeded. (See also (61e).) The following

figures are given by Archer and Jeffries for the properties of a com-
mercial copper-aluminum alloy (25S), which contains about 4.2 per

cent Cu, 0.9 per cent Si, and 0.7 per cent Mn.

Table 75 .—Properties of an Al-Cu-Si alloy “25S”

1

Tensile
strength

Yield point 1
Elonga-
tion

Brinell
hardness

Extruded
r Lbs.lin .

2

30, 000-40, 000
25, 000-35, 000

45, 000-53, 000

53, 000-63, 000

Lbs./in.
2

15, 000-20, 000 10-18
15-20
15-20

18-25

50-65
45-55
70-85

90-110

Annealed 350° C., slowly cooled
Quenched 515 to 540° C _

Heat-treated; tempered for 4 to 15 hours at 100 to
160° O

18.

000-

25, 000

30.

000-

40, 000

1 Stress for 0.005 inch per inch extension under load.

(c) Iron .—Study of the high A1 end of the Al-Fe system has not been

reported in sufficient detail to establish thoroughly the equilibrium

relations between A1 and FeAl3 . Since Dix (64c) found the iron con-

stituent visible in specimens quenched from 640 to 645° C. and in those

annealed at and slow cooled from that temperature, when the alumi-

num contained only 0.06 per cent Fe, it does not appear that iron

in itself enters into the hardening of duralumin on aging. Iron

produces hard eutectic particles which might act as nuclei for pre-
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cipitation and disturb the conditions that would hold in its absence.

Iron in too large amounts does interfere with the precipitation-

hardening process in the A1-CuA12 alloys. Archer and Jeffries cite

the case of a 3.8 per cent Cu alloy containing 1.2 per cent Fe which
fails to harden at all on aging 18 hours at 150° C. (which, with the

usual content of iron, would age to about 55,000 lbs. /in. 2
tensile). A

similar alloy with 1.2 per cent Si hardened to 42,500 lbs./in. 2 tensile

strength, thus showing that silicon was able to counteract part of

the harm, done by iron. On the other hand, a similar alloy, contain-

ing 0.50 per cent Mn, 0.24 per cent Si, and 0.63 per cent Mg, aged

at room temperature, hardened to 53,000 lbs. /in.
2 tensile strength, its

elongation being 16 per cent, somewhat under that for corresponding

tensile strength of material lower in iron, so that relatively large

amounts of iron do not appear as harmful in duralumin as in the

A1-CuA12 alloy.

(d) Calcium .—Some duralumin-type alloys in the past have con-

tained calcium up to, say, 0.10 per cent, and the properties of the

alloy were reputed to be approximately those of the alloy without

calcium. According to Grogan (57a, c) the compound CaSi2 is

formed in the presence of both Ca and Si, but has very low solubility

in Al, and does not cause age hardening. It might, therefore, be

expected to withdraw useful silicon that would otherwise form Mg2Si.

According to Frary (96m) the addition of 0.3 to 0.6 per cent Ca to an
alloy of 4 per cent Cu, 0.6 to 1.0 per cent Mn, 0.3 to 1.0 per cent Mg,
is used to remedy hot shortness and increase the ability to withstand

cold work. Kroll (91 tt) and Meissner (43 j) have discussed the effect

of calcium and other alkaline earth and alkali metals and do not

agree as to the effect of Ca.

(e) Chromium .—Chromium up to about 0.10 per cent is used in

commercial duralumin by one American producer on the basis of

improvement in machining properties without having other detri-

mental effects. There seems to be no appreciable difference in

properties of the alloy with and without it. According to Knerr
(43dd) the presence of chromium improves the burnishing qualities.

(J) Nickel “Y” alloy.—

A

variant of duralumin is the “Y” alloy

containing, besides the usual amount of copper, 2 per cent nickel and

lJ/2 per cent magnesium (or about double the usual amount) which

the National Physical Laboratory of England has advocated both

for castings and for wrought material, but which, outside of a small

use in pistons, seems to have little commercial use in England and

almost no use in America. Posenhain (39a) states that none of the

heat-treatable alloys, including the lithium-bearing Skleron; the

silicon-stiffened Lautal, or the nickel-bearing “Y” alloy attain figures

for tensile strength or ductility markedly superior to duralumin. He
states that “Y” alloy can not be described as a variety of duralumin
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because the presence of nickel prevents that of CuA12 (by taking it

into the ternary Cu-Ni-Al compound), so that hardening by CuA12

plays no part. However, since there is such a similarity in the heat

treatment of the various alloys hardened by Mg2Si and by CuA12 it is

more convenient for the purposes of this circular to group all such

alloys under the class of duralumin.

Nickel has very little effect on the solubility of Mg2Si in aluminum
(2f), but it increases the solubility of CuAl2 (89e). An alloy of 4 per

cent Cu, 2 per cent Ni, without Mg does not age harden at room
temperature to any marked degree.

Besides the precipitated Mg2Si, there is present in “Y” alloy a

little NiAl3 (possibly some CuAl2 ,
but probably not), and a consider-

able amount of a ternary compound containing both CuA12 and NiAl3 .

The equilibrium relations of the ternary compound, usually desig-

nated as “T, ” are quite complex and with some proportions of Ni
and Cu, “T” may first take up some of the excess NiAl3 and. then

decompose, giving up NiAl3 again, as the temperature falls, but an

alloy of the Cu and Ni content specified for “Y” but without Mg
does not have phase changes in the solid state, at least down to 200° C.

The mechanism of hardening of “Y” is doubtless much the same as

in ordinary duralumin. Archbutt and Grogan (44b) have recently

stated that essentially the same properties are developed in wrought

“Y” alloy on aging for 30 minutes at 100° C. as are obtained on

long aging at room temperatures. Results on castings were variable,

but they recommend two hours at 100° C. for chill castings.

The high temperature properties of “Y” alloy are probably due to

the presence of the ternary compound, and the nickel serves a useful

purpose when strength is to be retained at high temperatures as in

automotive pistons. For other uses as a competitor of duralumin at

ordinary temperatures, the nickel-bearing duralumin seems to offer

no marked advantages, and its ductility is somewhat below that of

duralumin.

Another similar heat-treatable alloy, also used for pistons to some

extent is called “Magnalite” and contains 2 per cent Cu, 1.5 per

cent Ni, 1 per cent Mg, and 0.6 per cent Si.

(g) Zinc
,

“Constructed.”—Zinc-duralumins are known in which

Mg2Si and CuA12 are presumably the chief means of hardening.

Nevertheless, age hardening is possible in the Al-Zn alloys without

Mg. Yvbile the more recent equilibrium diagrams (85 u, v, m, n, k, a)

for this system vary widely in some details, all agree in that an alloy

of 75 per cent A1 at 400° C. is a solid solution, gamma, and that on

cooling this breaks down first to gamma and beta and then to gamma
and alpha. The solubility line between gamma and the other fields

is a curved one of the general shape foimd in equilibrium diagrams of

heat-treatable alloys. Instead of a compound, as is met in the
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AI-CuA12 and Al-Mg2Si diagrams, a solid solution is here involved.

After quenching from the homogeneous gamma field, the breakdown
into gamma and beta, and, in turn, into gamma and alpha is extra-

ordinarily rapid.

The first result is hardening, within a few seconds after quenching;

due to fine particles of alpha in critical dispersion. Coalescence then

takes place, and the alloy then softens with time. This phenomenon
is considered quite analogous to the hardening and tempering of steel,

but, contrary to the case of steel, the tempering occurs at room
temperature.

The majority of the recent workers find that below 18 per cent

zinc the gamma solid solution alone exists at any temperature below

the liquidus, so that heat-treatment of straight Al-Zn alloys below

18 per cent zinc would be without results. Tanabe (85k) shows that

within that range the properties are the same after annealing at 300°

C. and after quenching from 500° C. and aging seven days. Tied-

mann (85d), however, found some changes taking place on aging in

alloys ordinarily supposed to lie in the homogeneous gamma field.

Four per cent zinc showed no change while 11 per cent zinc did.

Nishimura (85i) states that he has observed age hardening in alloys

above 5 per cent zinc. The concensus of opinion, however, seems to

be that in the age hardening of the complex aluminum alloys con-

taining zinc up to about 20 per cent, the hardening is due chiefly to

the other elements.

Eger (43oo) has discussed the thermal equilibrium of the Al-Zn-Mg
alloys. Sanders and Meissner (91bb) have described some
Al-Zn-Mg-Si alloys, one of which with 5 per cent zinc, 1J^ per cent

magnesium, % per cent silicon, after quenching and aging approxi-

mates to the physical properties of duralumin. See Tables 72a and

72b. Hanson and Gayler (86b) have shown that the solubility of

CuA12 in aluminum is decreased by the addition of zinc.

Although the generic name “ Construetal,” as is so often the case

with these trade names, applies to any alloy made by a certain

foreign firm, it is probable that this term applies primarily to alloys

containing zinc in amounts below those which would allow of heat

treatment on the basis of the usual equilibrium diagram, plus

magnesium in the approximate amounts necessary to form MgZn2 .

The high strength “ Constructal ” probably contains about 9 per

cent of this compound. It is understood that an excess of either

zinc or magnesium results in inferior workability and poor properties.

This alloy is susceptible of heat treatment, and is reputed to have

mechanical properties similar to, or perhaps better than duralumin,

a tensile strength of 75,000 lbs./in.
2 being claimed. The resistance

to corrosion of any aluminum alloy containing zinc would ordinarily

be expected to be inferior, though if the zinc were all combined as
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MgZn2 this might not necessarily be true. Corson (2a) who dis-

cusses such alloys makes the definite statement that the alloys are

too sensitive to corrosion to be of much use. In the absence of

data giving exact composition, heat treatment and resulting mechan-
ical properties, and of tests made on aluminum free from silicon,

neither the claims for commercial usefulness of alloys of the “Con-
structai” type nor the mechanism of their hardening by heat treat-

ment can be intelligently discussed. A recent patent to Guertler and
Sander (96n) describes such alloys.

Rosenhain, Archbutt, and Hanson (85p) showed that in an alloy

of 15 per cent Zn plus Mg2Si, but without copper, aging took place at

room temperature, but the maximum hardening occurred on aging

at 150° C. The effect of zinc on the solubility of Mg2Si at various

temperatures has not been clearly established. The zinc duralu-

mins are quenched from about 400° C., instead of about 510° C., as is

the case with copper duralumins; corresponding to differences in the

equilibrium diagrams.

Unless the added elements change the solubility relations of CuA12

or Mg2Si so that heat treatment can not be carried out, modified

duralumins could be produced by the addition of many different

elements and with a wide range of compositions. For example,

Kroll (91 tt) showed that duralumin in which Cu was replaced by
Ag has its usual aging properties.

Rosenhain, Archbutt, and Hanson (91gg) have described several

heat-treatable Al-Cu-Zn-Mg-Mn-Si alloys. Much difficulty was met
in working the alloys with zinc, but by proper combination of forging

and rolling, or extrusion and rolling, they were prepared in wrought

form. They are strong in the as-rolled condition, and the strength

can be somewhat increased by heat treatment. The difficulties of

working the high-zinc alloys, their high specific gravity and their

poor resistance to corrosion have kept them from any large practical

use. (See Table 72.)

(h) Lithium, “ Scleron ”—The lithium-aluminum alloys, according

to Assman (66d) show a decrease in solubility of Li with decrease in

temperature and he at first suggested that such alloys were to some

extent capable of heat treatment. He later found (66e) that the

response to heat treatment was ascribable to the solution and pre-

cipitation of a lithium silicide Li3Si instead of to Li alone; that is,

an alloy of the duralumin type can be produced in which Li is sub-

stituted for Mg. Thus, a 4 per cent Cu duralumin and a 12 per

cent Zn duralumin each of which contained Li3Si instead of Mg2Si

were found by Assman to show very similar characteristics as to

quenching temperature, hardening on aging, and softening on

annealing, as are found in the Cu and Zn duralumins containing

Mg2Si.
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These lithium duralumins have had some commercial exploitation

abroad under the name of “Scleron.” Some of these alloys are

described by Reuleaux (66b), who does not give the exact composi-

tion, but states that copper, zinc, nickel, manganese, and silicon, as

well as lithium, play a part in these alloys.

The properties reported by Reuleaux (see Table 72) do not indicate

that any notable improvement is brought about by the substitution

of Li for Mg.

(i) Beryllium .—Kroll (53a) and Corson (2a) suggest that beryl-

lium may form a silicide wdiich would act like Mg2Si or Li3Si. On
room temperature aging of alloys containing 4.5 per cent Cu, 0.6 to

0.7 per cent Be, 1 per cent Si for eight days after quenching, the

Brinell hardness rose from an average of 60 to one of 84. The
properties he gives for “ Beryllium Lautal” (see Table 72) do not

indicate any notable improvement over those of other alloys of the

duralumin group. For other types of aluminum beryllium alloys

see pages 316, 317.

(j) Germanium .—Kroll also thinks that germanium may also act

to replace silicon, a magnesium germanide being formed which is

dissolved and precipitated. The experimental work on this point

is not very convincing because the aluminum used contained enough
silicon so that the effect of a magnesium germanide without side

effects from Mg2Si was not established.

Since he states that the germanide is violently attacked by water,

it is probable that such alloys would have little practical value even

if sufficient germanium were available for their preparation in

commercial quantities.

(k) Magnesium (“51S”) {without Cu).—Just as it is possible, by
omitting the magnesium from the duralumin composition to secure

an alloy, such as “25S,” hardened by CuA12 only, which approaches

duralumin in mechanical properties after heat treatment but which

needs higher temperature aging, so is it possible by omitting the

copper to secure an alloy hardened by Mg2Si only, which again has

nearly as good mechanical properties as duralumin after heat treat-

ment, and which again needs higher temperature aging. This latter

type of alloy, known in this country as “51S,” contains 0.45 to 0.80

per cent magnesium and 0.60 to 1.20 per cent silicon, without copper.

Its properties are given in Table 72 and comment on its behavior in

heat treatment has been made above under “ theory,” and will be

dealt with further below.

(3) Effect of Temperature.—Inasmuch as the effect of heat

treatment of alloys of the duralumin type depends on the quenching

temperature and the time at that temperature, the rate of quenching

(size of specimen and nature and temperature of the quenching

medium) and on the time and temperature at which the precipitation



248 CIRCULAR OF THE BUREAU OF STANDARDS

hardening or aging takes place, all these factors have to be considered

for each composition of alloy.

Practically all the heat treatable aluminum alloys are harder after

quenching than in the fully annealed condition, but are still rela-

tively soft. Duralumins containing both Mg2Si and CuA12 show
appreciable aging in one hour at room temperature, and aging is

practically complete in two days. Since cold working of the aged

material raises its tensile strength but decreases its ductility and

increases its corrodibility, it is customary, in order to avoid embrit-

tling the material, to perform any forming or straightening operations

that may have to be done after quenching within one hour after

quenching and as much sooner as is practical. Rivets, for example,

are usually not driven after more than an hour has elapsed since

quenching, but are reheated and requenched. Aging is accelerated

at temperatures above room temperature.

Alloys such as “51S,” which contain Mg2Si alone as the hardening

agent, age to a considerable extent at room temperature, but to

secure full hardening elevated temperatures must be employed. On
account of slower aging, the time available for forming operations is

increased over that available with duralumin. The maximum
strength attainable with this type of alloy is,lower than with dura-

lumin. This type becomes very soft and workable on annealing

and is suitable for heavy-forming operations on annealed material

before quenching.

Alloys such as “25S,” free from Mg2Si, but hardened by CuA12

only, do not age to an appreciable extent at room temperature.

Aging must be carried out at elevated temperatures to accomplish

hardening. Conversely, as much time as may be desired is available

for forming the material before aging. This convenience makes the

alloy suitable for heavy-forming operations after quenching, and for

some purposes offsets the necessity of an added heating as compared

with duralumin, which ages automatically without heating. Such

alloys, however, withstand severe forming operations better after

annealing than they do in the quenched state.

(a) Accelerated aging .—When accelerated aging is resorted to in

duralumin itself, the temperature of boiling water is seldom exceeded.

A temperature of 100° C. for one hour gives nearly complete aging,

but longer time does no harm, since 10 days at that temperature does

not soften the alloy. Duralumin sheet quenched from 950° F.

(520° C.) aged at room temperature and at 100° C. for periods up to

10 days gives the following (A. S. S. T. Recommended Practice):
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Table 76 .—Effect of accelerated aging on duralumin

ROOM TEMPERATURE

Time Yield
point 1

Tensile
strength Elongation

1 hour .

Lbs./in. 2

21, 000
32, 500

33, 000
34, 500

34, 500

Lbs. /in. 2

45. 000
54, 500
56, 000
56, 500
57. 000

Per cent
19

19

19

19H
19H

1 day - -

2 days - -

6 days
10 days

100° C.

1 hour 30, 000 53, 500 22
1 day. 32, 500 55, 500 21
2 days 33, 000 56, 500 22
10 days - 33, 500 56, 000 21H

1 Stress for 0.005-inch per inch extension under load.

Aging one hour at 150° C. does not appreciably soften duralumin

(43e), but at higher temperatures the strength drops rapidly at one

hour of heating. Very brief heating at higher temperatures could be

used but the difficulty of stopping before softening sets in makes
higher temperatures inadvisable. Prolonged treatment at 120° C.

brings about some softening.

With alloys like 51S, containing Mg2Si but no CuA12 ,
the aging

temperature and time varies from 4 to 18 hours at 100 to 160° C.

(91i). Optimum properties for most uses are obtained at 150° C. for

18 hours (A. S. S. T. Recommended Practice), a treatment that

would soften duralumin itself, considerably.

With the 253 type of alloy, containing CuA12 as the only agent for

precipitation hardening, 8 to 15 hours at 140° C. give optimum
properties (A. S. S. T. Recommended Practice).

It should be remembered that at temperatures below room temper-

ature (winter weather) the aging of duralumin will go on more slowly

than at normal temperature. Summer temperatures may be

sufficient to hasten materially the rate of hardening. Similarly, in

the other alloys, as the temperature of the accelerated aging process

is raised, the time required is decreased.

Typical curves of changes in properties of duralumin during normal

aging, and at different temperatures, are shown, after Anderson in

Figures 103 and 104.

Similar data for Al-Cu alloys free from Mg are shown in Figures

105 and 106 after Portevin and Le Chatelier (61f). The copper and

manganese content of the alloy used by Portevin and Le Chatelier

was higher than is normal for commercial alloys in this country, but

the form of the curves is typical for alloys of its class.

(b) Annealing .—Annealing of all the three types, that with Mg2Si

alone, with CuA12 alone or with both, is accomplished at 300 to 350°
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C., and is preferably followed by slow' cooling, especially if the higher

temperature has been used, since rapid cooling wdll retain whatever

CuA12 or Mg2Si has been brought into solution by heating above the

solubility line. Material that has been fully aged is heated to 425°

C. and very slowly cooled to below 260° C. for complete annealing.

Annealing is generally done in air. Figure 107 after Grard (2e)

shows the effect of various annealing temperatures upon cold-worked

material.

Fig. 103 .—Some mechanical properties of No. 18 gauge dura-

lumin sheet as affected by water quenching from 512° C., fol-

lowed by aging for 1 hour in the range 20 to 800° C. (Ander-

son
,
43e)

(4) Precautions in Heat Treatment.—The three types differ

less in the temperatures required for solution treatment before

quenching than they do in the required temperatures for precipita-

tion hardening. Duralumin should be heated to 505 to 515° C.

(940 to 960° F.) while for the other two types the temperature range

is 515 to 525° C. (960 to 980° F.).

(a) Quenching temperature
,
“burning.”—Very careful pyrometric

control of temperature is required as is very complete uniformity of
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temperature. If the temperature rises above the solidus line of the
equilibrium diagram, partial fusion of the eutectic will take place
and the metal will be “burnt” and ruined so that it can not be
salvaged by reheat-treatment, but must be remelted.

If the “burning” temperature has not been reached, retreatment
can be carried out as many times as may be desired. The required
quenching temperature is lower in the case of duralumin-type alloys

containing considerable amounts of zinc than is the case with the

more commonly used alloys free from zinc.

Fig. 104.—Some mechanical properties of No. 18 gauge
duralumin sheet as affected by water quenching from 512° C. }

followed by aging to 1 to 1,4-40 hours at the ordinary tempera-
ture. (Anderson ,

43e)

(b) Quenching medium .—The time at temperature had best be
sufficient to take practically all the precipitate into solid solution.

The greater the previous mechanical working, the more quickly
full solution is attained. In general, one-fourth to one-half hour is

sufficient for sections below one-half inch thick. Very thick pieces

may require hours. Heating is done in a nitrate bath or in air. For
safety precautions to be taken in the use of nitrate baths see A. S. S. T.
Recommended Practice. A stirred nitrate bath is often used on
account of its temperature uniformity.
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Fig. 105.—Influence of aging temperature on the rate of

hardening an aluminum copper-manganese alloy

without magnesium {4.3 per cent copper and 0.8 per

cent manganese). Specimens quenched in water at

565° C. {Portevin and LeChaielier
, 61f)

The quenching medium may be air in the case of very thin sheets

or very small pieces, but water is generally used. The physical

properties are little altered whether the water is hot or cold. Where
accelerated aging

at 100° C. is to be
done, the pieces are

usually quenched
in boiling water
and left in it for

aging. Boiling
water dissolves
adhering nitrate
salts better than
cold water. Cold-

water quenching
has been found to

give to duralumin
better resistance to

the intercrystalline

type of corrosion

than hot water or

oil quenching.

Oil quenching often stains the articles to some extent, and may be

objectionable from the point of view of appearance. From the

point of view of physical properties, hot water and oil act about the

same as quenching

media for these
alloys.

The principles

and practice of

heat treatment of

duralumin and

o th e r heat-treat-

able light wrought

aluminum alloys
are given by Cohn
(43gg), Merica and

coworkers (44m),

Grard (2e), Porte-

vin and LeCha-
telier (91u), Por-

tevin and Che-
venard (9 la a),

Fig. 106.—Effect of aging a quenched aluminum copper-

manganese alloy without magnesium, quenched in air

from 575° C., aged at 110° C. {Portevin and Le

Chatelier, 6If)

Hanson and, Gayler (43ee), Gayler (43aa, v) Guiliet and coworkers

(91ee, hh, e) Knerr (43dd), Anderson (43e, f, q) Meissner (44p),

Assman (44f), Archer and Jeffries (91i), Jeffries (44h, 43ff), Archer

(44n), Schweizer (91m), Heyn and Wetzel (43cc), and various others.
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The effect of changes in composition or of the amounts of impuri-

ties have been discussed above to some extent. If the aluminum
matrix is hardened by the addition of Cu, Mg, or Si above the amounts
necessary to form as much CuA12 and Mg2Si as will be taken into

solution on heating before quenching, the excess of these elements,

and such amounts of other hardening elements such as Zn, Mn, Fe,

etc., as may be present will, in general add somewhat to the strength

of the alloy, but such additions are likely to result in lowering the

ductility, as well as (except in the case of Si) increasing the specific

gravity.

If the added ele-

ment can combine
with Si, with Mg,
or with Cu so that

the amount of CuA12

or Mg2Si available

for solution and
precipitations is cut

down, there will be

a specific effect of

such addition. Iron

forms some complex
combinations with

Si and A1 (see p. 240,

in regard to “X” con-

stituent). Nickel

forms a ternary com-

pound “T” with Cu
and Al.

Further effec ts are

shown in cases where
the solubility of

Mg2Si or CuA12 is

v <1

I *

* *
.?*

$ ^

40

20

TeniS/'/g Strength

10

£/. Limit

gripet/
m
(/oop Ap.)

- ‘Shock Resistance

ZOO soo 4-60 500 oq

Fig. 107.

—

Variation in mechanical properties of dural-

umin with annealing temperature. (Grard ,
2d)

Metal subject to 50 per cent cold work, annealed and code d very-

slow

altered by the presence of other elements. As Table 72 shows,

decrease in copper content below about 4 per cent tends to decrease

the strength of the heat-treated alloys hardened in whole or in

part by CuA12 ,
with, in general, a slight increase in ductility. In

general, commercial aluminum carries enough Si to form sufficient

Mg2Si for the development of full hardening of duralumin. Table

72 contains several duralumins with 0.20 to 0.25 per cent Si which

are little if any weaker than those with higher Si. As the refined

grade of aluminum comes into greater commercial use (over half

a million pounds have been produced so far) scrap aluminum of that

class will require admixture of silicon or of other scrap high in Si

if it is to be used for making up duralumin,

51409°—27 17
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Schweizer (91m) gives a number of curves showing the effect of

progressive changes in magnesium, silicon, and copper content of

duralumin.

(c) Welding after heat treatment .—It is often desirable to join

built-up duralumin parts by welding. Since welding heats the metal
far beyond the softening temperature for some distance away from
the fused part of the joint, the effect of heat treatment will be des-

troyed in the regions so heated. Heat treatment after welding con-

fines the region of inferior properties more nearly to the fused part.

The fused part is in the condition of a casting (and generally one
of imperfect soundness). The cast structure does not respond to

heat treatment anywhere near as readily as does thoroughly worked
metal, so that a weld in the heat-treatable alloys can not be made
to have as good properties as unwelded metal. For this reason

riveting is largely resorted to in aircraft structures.

Of course, if sufficient metal is added in a weld, the strength of the

structure may be made sufficient, even though the unit strength of

the metal in the cross section of the weld is low. Welding of dura-

lumin and similar alloys is covered by many articles mentioned in

the bibliography, page 361. Special attention is directed to the

articles by Knerr (41m) and Nelson (41q).

(5) Stability of Heat-Treated Alloys.—The stability of heat-

treated alloys over long periods of time is a question that naturally

presents itself in the case of duralumin “5lS” and other alloys which

age at room temperatures. In alloys completely protected from cor-

rosion of any type, so that only internal change, but not surface

attack, is considered, any alteration which takes place at normal

temperatures is believed to be well within the variation of properties

found in testing sister specimens.

Some loss of ductility has been noted in specimens after long

periods of time, but such a loss of ductility has been noted in speci-

mens stored for several years at the Bureau of Standards, even

though not exposed to the weather, and has been definitely connected

by metallographic examination, with slight intercrystalline embrittle-

ment. Thus, a decrease in ductility can not be ascribed to internal

changes only unless there is no possibility of corrosion. No tests

have been reported to show appreciable deterioration when corrosion

was entirely prevented.

Whether any internal change would take place on long storage in

tropical climates is not definitely known.

^c) HEAT-TREATABLE CASTING ALLOYS

Heat treatment, involving establishment of a solid solution by

heating, preservation of the solid solution by quenching, and aging at

room temperature or elevated temperature to bring about controlled
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precipitation of CuA12 ,
Mg2Si, etc., is obviousty applicable to cast

alloys of suitable compositions as well as to wrought alloys.

It is much more difficult to bring about complete solution of the

network of CuA12 and Mg2Si, which separate out on cooling, in a

sand casting, than it is in a thoroughly worked wrought alloy in

which these particles have been broken up and distributed more uni-

formly. The coarse structure of a casting is inherently weaker than

that of a wrought alloy of the same composition. Therefore, it is not

possible to secure the same properties by heat treatment of castings

as of forgings or rolled stock.

The difference between castings and forgings is wider in the alu-

minum alloys than in steel, because the grain refinement brought

about in steel by normalizing by passing through the transformation

from austenite to ferrite and pearlite, can not be accomplished in the

aluminum alloys to the degree obtained in steel, since there is no
change in aluminum comparable to that of gamma to alpha iron.

An important step in making a cast alloy of any suitable composi-

tion which will respond effectively to heat treatment is to make it as

fine-grained as is practical. This is accomplished by rapid solidifica-

tion; that is, by using a low pouring temperature, and, if practical

(as it seldom is, save in permanent mold castings for pistons, etc.),

to cast in a chill mold instead of a sand mold. For example, Daniels,

Lyon, and Johnson (43pp) cast an alloy of 4.35 per cent Cu, 0.22

per cent Mg, 0.52 per cent Si, 0.95 per cent Fe in different molds.

Upon heat treatment, 495° C. (925° F.) 96 hours, quenched in cold

water, aged 8 hours at 150° C. (300° F.), they gave the properties

shown in Table 77.

Table 77.—Tensile 'properties of cast duralumin specimens made in different

types of molds

Tensile
strength

Elonga-
tion in 2
inches

Dry Albany molding sand
Ibs./in .

2

30. 000
34, 800
33. 000
33.500
35.500
38.000

Per cent

2'A
4Green Albany molding sand

Dry carborundum fire sand VA
4Green carborundum fire sand - -

Cast-iron mold, mold temperature 460° C. (850° F.)_. 4
Cast-iron mold, mold temperature 230° C. (450° F.) 6^

Strasser (98d) points out the improved properties obtained on

heat treatment of chill-cast duralumin and similar alloys.

(1) Cast Alluminum-Copper Alloys.—In castings of alloys in

which a eutectic (as of A1 and CuA12 ) is formed, the eutectic, in most

alloys, first appears at a composition lower in the alloying element (in

copper, in the Al-Cu alloys) than the equilibrium diagram would indi-

cate. To set up equilibrium conditions and take this eutectic into
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solution requires very long annealing. As the content of alloying

element increases, the tendency of the eutectic, which because of its

lower melting point, forms around the grains of the matrix, to form a

thick network about the grains, increases, and it becomes increas-

ingly difficult to get the network into solution. Remnants of a net-

work composed of a brittle material like CuA12 tend to produce low
ductility in the casting.

The composition of a cast alloy for heat treatment should thus be
low enough in alloying elements to avoid the retention of the net-

work.

The familiar “No. 12” alloy of 8 per cent copper is not usuallj"

considered suitable for heat treatment because its composition is so

high in copper that, even under equilibrium condition, excess CuA12

is still present and the network can not be destroyed. Corson (2a),

however, claims that heating and quenching No. 12 improves im-

pact and bend tests and reduces corrodibility.

Due to “over-shooting’ 7

of equilibrium during freezing and the

establishment of a thick network in alloys of higher copper content,

it results that 4 per cent copper is about as high as can be used with

most satisfactory results in a casting to be heat treated. Wilm
(96j) stated in 1907 that the tensile strength of the cast 4 per cent

Cu alk^ could be raised by heat treatment to about 32,000 lbs./in.
2

tensile strength with an elongation of 7 per cent, thus obtaining at

that early date results similar to those now commercially obtained

with this alloy. Wilm’s patent covered the temperature used to-day

for the solution-heating before quenching, although his idea of the

upper limit of the permissible range of temperature was in error.

Early experiments at the Bureau of Standards (35p) on heat

treatment of aluminum alloys in which quenching was avoided and

solution heat treatment was followed only by air cooling, and aging

was at room temperature, brought about only slight improvement in

properties, even of Cu, Mg, Si, A1 alloys. Later work by Jeffries

and Gibson (35o) in which oil or water quenching was used established

the necessity of quenching, and the necessity for aging the Al-Cu

alloys, without Mg, at elevated temperature was also brought out.

The time of heating before quenching was too short in those tests,

and the full value of heat treatment was not yet brought out. Alloys

high in iron were favored as a result of this work because the full

benefits of heat treatment were not obtained, and the strength given

by iron to the alloys as cast was such that the sum of the residual

strength from that source and that added by a heat treatment that

would now be considered incomplete made them seem preferable.

Later work by Archer and Jeffries (35 j, a) has shown that a much
longer soaking time before quenching gives best results and that the

iron should be kept low, preferably even below 0.25 per cent (which
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is difficult of attainment with commercial aluminum, though feasible

with the extra-pure refined grade), while increase in silicon was an

improvement. The usefulness of silicon is thought to be in combin-

ing with iron (as was noted in wrought alloys, see p. 240). Hence,

in the heat-treated Al-Cu alloys silicon is often intentionally added

even though it does not enter into the precipitation-hardening com-

pound as it does when Mg is also present.

Archer and Jeffries (35a) point out that remarkable properties

are obtained in alloys practically entirely free from iron and silicon.

Using refined aluminum of 99.93 per cent purity, alloys wdth 4J^ per

cent copper gave the following results:

Table 78 .—Properties of a cast Al-Cu alloy made from aluminum of exceptional
purity

Yield
point

(0.5 per
cent ex-
tension
under
load)

Tensile
strength

Elonga-
tion in
2 inches

Brinell

As cast (tested 2 days after casting)
Lbs./in .

2

9,000
22. 500
22. 500

Lbs./in .
2

i 20, 000
Per cent

7.50 46
540° C. 1 hour, water 2 days, 20° C 32.000

40. 000
5. 50 76

540° C. 8 hours, water 2 days, 20° C 14.50 75
540° C . 40 hours, water 2 days, 20° C 24,000

17, 500
42. 000
38.000

19.00 83
540° C. 40 hours, water tested at once, no aging 20. 50 62

1 Unless otherwise noted, all tensile-test data given in this section are for unmachined, cast-to-size, sand-
cast test bars.

One test bar, artificially aged, gave 54,000 lbs./in.2 tensile and 15

per cent elongation. These results are far superior to those obtained

with metal of ordinary commercial purity and indicate a possible

large-scale commercial use for electrolytically refined metal where

maximum strength and toughness are required in castings.

These results clearly show that room temperature aging can take

place in cast alloys hardened by precipitation of CuA12 even though

it does not take place appreciably in the commercial wrought “258”

alloy. The purer the aluminum used hi making up the aluminum
copper alloys, the more marked is their room temperature aging.

With a given composition and purity, castings show a greater tendency

to age harden at room temperatures than does the wrought alloy.

It has been suggested as a possible explanation that both the presence

of impurities and mechanical working somewhat increase the rigidity

of the alloy, thus opposing precipitation of CuA12 ,
which is ac-

companied by an increase in volume.

(2) Cast Aluminum-Copper-Silicon Alloys.—Daniels and
Warner (88b) have described tests on a sand-cast alloy of this

class of 4.3 to 4.9 per cent Cu, 0.8 per cent Si, 0.6 per cent Fe, 0.03

per cent Mn, heated to 510° C. (950° F.) 24 hours, quenched in
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boiling water and aged at 100 to 150° C. (212 to 300° F.) for two hours.

The specimens were cast to size or close to size. The following aver-

age values were obtained

:

As cast Heat treated

Tensile strength (2 inches by H inch) .. ..lbs./in. 2 ..

Tensile proportional limit (8 inches by % inch) do.. .

21,500
5,000
2.2

35,000
6,500

19, 500
3,600
4,700

1.4
58
71

31.000
9,000

5

44.000
11, 500

2“3, 000-29, 500
3, 000- 7, 000

4,700
3

77
85

Elongation in 2 inches per cent..
Compression strength .. .. .lbs./in. 2

.

Compression proportional limit do
Torsion, ultimate strength... lbs./in. 2 ..

Torsion, proportional limit do
Torsion, modulus of rigidity
Charpy impact, round notch ft.-lbs..

Brinell 500-kg. 10-mm ball

Rockwell J^-inch ball

Heat treatment improved all the properties of the sand-cast

alloys except the modulus. The machined specimens were inferior

in strength and generally in ductility to the unmachined, whether

cast or heat treated. The tensile properties of bars of small cross

section were superior to those of large cross section. The impact

resistance was at least doubled by heat treatment, the impact value

being greater for the alloy having lower Cu content. The Brinell

hardness was raised by heat treatment.

Other data for this type of alloy (No. 195 of the Aluminum Co.

of America) give 37,000 lbs./in.
2
tensile, 12 per cent elongation (96p)

28,000 to 38,000 and 6 to 12 per cent (88d) with 31,000 and 8 per

cent as the averages, 29,500 and 5^ per cent (88c), 28,000 to 35,000

and 53^ to 11 per cent (44j), 29,000 and 43^ per cent minimum (88e).

Archer and Jeffries (88a) state that to obtain highest ductility

the alloy should not be aged at elevated temperatures. They give

the following average values:

Table 79 .—Properties of cast
,
heat-treated Al-Cu alloy No. 195

Tensile
strength

Elonga-
tion in 2
inches

Brinell
hardness
1,000 kg,
10 mm

Quenched and aged at room temperature
Lbs./in*

31,000
Per cent

8 65
Quenched and aged in boiling water 33,500 4J^ 75
Quenched and aged at higher temperature 41,000 1H 100

The “yield point” (extension under load of 0.5 per cent) shortly

after quenching is 14,000 to 18,000 lbs./in.
2
,
but on aging at room

temperature it increases to 20,000 to 25,000, the elongation also

decreasing slightly. Aging at higher temperatures gives still higher

“yield points.”

Dix and Lyon (88j) compared specimens cut from a Liberty

motor (8 cylinder) crank case made from No. 195 analyzing 4.57
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per cent Cu, 0.55 per cent Fe, 0.45 per cent Si, 0.11 per cent Mn,
0.10 per cent Mg, heat treatment not given, with attached, cast-to-

size test bars, all being cast in sand. The specimens cut from the

crank case itself averaged 24,500 lbs. /in.
2 tensile strength and 8,000

proportional limit, with 2

3

^ per cent elongation, while the attached

test bars gave 32,000 lbs. /in.
2 tensile and 5 per cent elongation.

Similar castings of “ modified’’ 13 per cent Si alloy, 8 per cent Cu
alloy and an alloy of 3^ per cent Cu, 4 per cent Si, 1J4 per cent Fe,

were cut up and gave, respectively, 20,000, 3,500, 3% per cent;

15,000, 8,000, less than one-half per cent; 18,000, 5,500, lj^ per cent

for tensile strength, proportional limit and elongation. Thus, the

heat-treated alloy was superior for the purpose in hand, especially

as to proportional limit. Dix and Lyon point out that complicated

castings that would be liable to warp, and work in heat-treatment

may require changes of design so as to make heat treatment practical.

Daniels (88e) points out that the solution heat treatment of the

Al-Cu-Si alloys may have to be extended up to 96 hours at 510° C.

(950° F.). Archer and Jeffries (88a) state that 48 hours at slightly

below 500° C. is not as satisfactory as 5 hours at 520°. In chill

castings, with finer grain to start with, 2 hours at 520° are equiva-

lent to 22 hours at 500° C.

(3) Cast Aluminum-Magnesium-Silicon Alloys.—Just as in

the wrought alloys precipitation hardening can be produced by
either CuA12 or Mg2Si, either hardening compound can be used in

cast alloys, though in commercial practice the alloy hardened by the

Mg2Si compound is as yet little used.

Daniels (43qq) has reported on tests of alloys hardened by Mg2Si.

Some of his results are given in Table 80.

Table 80.—Physical 'properties of aluminum-magnesium-silicon alloys . According
to Daniels (4#(7<Z)

Heat treated

•

Composition As sand cast 96hours at 552° C. (1,025° F).

cold water 8 hours at 150°

C. (300° F.)

Annealed 96 hours at 552° C.
(1,025° F.) furnace cooled

Mg Si i
Tensile
strength

Elonga-
tion in 2
inches

Brinell
No.

Tensile
strength

Elonga-
tion in 2
inches

Brinell
No.

Tensile
strength

Elonga-
tion in 2
inches

Brinell
No.

0. 46 0.34
Lbs./in*

17,000
Per cent

15 30
Lbs./in. 2

18,000
Per cent

14 31
Lbs./in.2

11,700
Per cent

26^ 20
.90 .47 18,000 5 40 30,000 9 60 11,300 20 20
.98 .66 16, 500 36 30,000 8 61 11, 900 17H 22

1.16 1.02 18, 000 3 48 34,000 6 65 11,600 14 22
1.70 1.00 18, 500 2 48 25,000 6K 56

i Fe content 0.55 to 0.60 per cent.
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The optimum properties for this heat treatment were obtained on

alloys of 0.9 to 1.2 per cent Mg, 0.5 to 1.0 per cent Si. With smaller

or larger amounts of Mg, the response to heat treatment was dimin-

ished. The best composition tried, with about 1.2 per cent Mg and

1 per cent Si has an excess of Si over that required to form Mg2Si.

Other alloys, with 4 per cent Mg, 2 per cent Si, 5 per cent Mg, 3 per

cent vSi and 9 per cent Mg, 5 per cent Si were tested, but gave poorer

results.

The work was not carried far enough to establish the best time and

temperature for the solution treatment before quenching, and the

temperature used seems high; the effect of variation in iron content

was not studied, nor were variations in the time and temperature of

accelerated aging.

However, the work established that properties of the same general

order as those for the heat-treated 4 per cent Cu alloy may be obtained

with the Mg-Si alloy.

(4) Cast Duralumin (Al-Cu-Mg-Si Alloys).—Obviously, the

combination of CuA12 and Mg2Si will produce hardening on heat

treatment in cast duralumin, just as in the wrought alloy.

The 4 per cent Cu alloy (No. 195) may be altered by increasing the

copper a trifle and adding up to 0.20 per cent Mg and is then desig-

nated by the Aluminum Co. of America as No. 196 (88a). The crank

case examined by Dix and Lyon (88j) and designated by them as No.

195 showed 0.10 per cent Mg and hence, is more properly to be classed

as duralumin. Archer and Jeffries (88a) state that the amount of

Mg (}/2 to 1 per cent) used in wrought duralumin of that copper

content is too high for best results in castings. With 4.0 per cent Cu,

0.20 per cent Mg, 0.25 per cent Fe heat-treated sand castings have

been obtained with up to 50,000 lbs. /in.
2 tensile strength and 8)4

per cent elongation. Hanson and Gayler (91k) state that in duralu-

min the iron content may be ignored as it does not affect the solu-

bility of Mg2Si. In view of American data on the effect of iron in the

heat-treatable casting alloys, it does not seem safe to ignore the

possible effect of iron hi cast duralumin, although its effect in cast

alloys containing Mg2Si has not yet been completely determined.

The effects of manganese, and of excess silicon are also incompletely

known.

Jeffries and Gibson (35o) studied a series of alloys with considerable

variation in composition. Those of 3 to 3)4 per cent Cu, 1)4 to 1)4
Fe, J4 to 1)4 per cent Mg, heat treated at 500° C. for one hour,

quenched in oil, and reheated to 150° C. for one hour gave 33,000 to

38,000 lbs./in.
2 tensile strength, and 1)4 to 3 per cent elongation.

From later developments of this work there was evolved an alloy of

2)4 to 3 per cent Cu, 1)4 to 1)4 per cent Fe, 34 to % per cent Mg,
which according to Daniels (88e) and to Johnson (88c) has been
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found in use at McCook Field by the Army Air Corps, to average

28,000 to 31,000 lbs. /in.
2

tensile, 3 per cent elongation, 67 to 70

Brinell, after heating to 525° C. (975° F.) two hours, quenching into

boiling water and aging two hours at 150° C. (300° F.).

Daniels, Lyon, and Johnson (43pp) have studied variations in the

copper content of this alloy and find that its increase to 4 per cent

reduces the elongation proportionally more than it increases the tensile

strength.

Alloys of 0.40 per cent Mg, 0.25 per cent Si, 1.15 per cent Fe with 2,

3, and 4 per cent Cu were heated at 495° C. (925° F.) five hours,

quenched in boiling water and held in it two hours. Specimens

tested 15 and 554 days after heat treatment gave the following:

Table 81.—Properties of cast, heat-treated duralumin

Cu (per cent)

15 days 554 days

Tensile
strength

Elonga-
tion

Tensile
strength

Elonga-
tion

2
Lbs./in*

27, 800
27, 400
29, 600

Per cent

5.7
2.8
2.5

Lbs./in.-

30, 200
28, 800
32, 000

Per cent
4.0
2.1
1.7

3

4

Daniels, Lyon, and Johnson conclude that two hours in boiling

water does not complete the aging process, but that heating for

eight hours at 150° C. (300° F.) produces full hardening and a stable

condition.

(5) Piston Alloys.—An alloy of the Al-Cu-Mg-Si-Fe group,

higher in copper and in duralumin, and used for pistons, is described

by Daniels (43p, 88e, 89a). This contains 934 to 10 per cent Cu,

34 per cent Mg, 34 to 34 per cent Si, 134 per cent Fe. Sand-cast test

bam gave:
Table 82.—Properties of heat-treated piston alloy

Tensile
strength

Elonga-
tion in 2
inches

As cast, within 1 week after casting
Lbs./in*

25, 500
27, 300
36, 000

Per cent
1.0

. 5

.7

As cast, 6 months after casting
Heated to 495° C. (925° F.) 5 hours, quenched and aged 16 hours, in boiling water

Daniels (88e) states that four hours at 510° C. (950° F.) followed

by a boiling water quench and reheating to 200° C. (400° F.) for two
hours, gives 37,000 tensile, 0.5 per cent elongation, 120 Brinell; that

is, equivalent results to the longer treatment. Temperatures above
510° C. gave poor or erratic results.

(6) “Y” Alloy.—Y alloy or “L-24” (4 Cu, 2 Ni, 134 Mg, 0.7

Si), an alloy developed by the National Physical Laboratory, has in
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the sand cast and heat treated condition the following properties;

according to Jeffries (35-c).

Maximum stress lbs./in.2__ 35, 000

Elongation in 2 inches per cent__ 1. 5

Brinell hardness about__ 90

Better properties can be developed on chill cast, or on wrought

material, see page 197.

Jeffries classes this as a versatile alloy, giving good results in sand

castings, chill castings, and in wrought form, but states that for no

single use does it excel other cheaper alloys.

Hurren (38b) states that in commercial practice he was never

able to obtain anything like the high figures published by the Light

Alloys Research Committee.

Strauss (39g) says that of the strong aluminum alloys it is the

most difficult to cast and to work satisfactorily, and that it is not

particularly resistant to corroding media.

The heat treatment of this sand-cast “Y ” or British “L-24” alloy

in the range 3% to Cu, 1% to 2 34 Ni, 1M to 1 Mg, *4 Si

(maximum), % Fe (maximum) used for piston alloys and recom-

mended by Mortimer (36a) for general high-duty service in the heat-

treated condition has been described by Lyon and Daniels (89a, d).

The “Y” ages after casting, without quenching to a similar extent

that the alloy just described above does. Daniels (89a) finds the

510° C. (950° F.) four hours boiling water quench, 200° C. (400° F.)

one-hour treatment gives 36,000 tensile, 0.5 per cent elongation, 95

Brinell on sand-cast test bars. With extended heating at 510° C.

values as high as 50,000 tensile, 0.5 per cent elongation, 110 Brinell

are sometimes obtained. Cylinder heads with pins that might warp
in quenching are air cooled instead of quenched, the other conditions

of heat treatment being as above given. This lowers the strength

to 33,000 lbs./in.
2 but does not lower the hardness.

Daniels (89a) finds that the “Y” alloy runs about 2,000 lbs. /in.
2

lower in tensile strength than the Al-Cu-Mg-Si-Fe alloy, but is less

erratic in hardness. The “Y” alloy seems to respond somewhat
more reliably to heat treatment. The “ Y” alloy anneals less readily,

as shown by tfests of the strength at room temperature after reheat-

ing to various temperatures. The fact that the “Y” alloy is strong

when tested at elevated temperatures has been discussed under pis-

tons (p. 77). Jeffries (35c) considers the properties of “Y” for use

as pistons at high temperatures to be no better than those of a 12

per cent Cu, three-fourths to 1 per cent Mn alloy, which is, of course,

cheaper than “Y.”
Rosenhain, Archbutt, and Wells (91cc) have discussed the various

precautions necessary in making chill castings of “Y” alloy. The
usual results for chill castings properly made and handled heated

five hours at 520 to 530° C. quenched in boiling water and aged
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eight clays were 40,000 to 46,500 lbs. /in. 2
tensile, 4 to 7 per cent

elongation. In salt bath heating 525° C. was the maximum tempera-

ture that could be used without blistering the bars, while with air

heating, 530° C. was safe.

Without proper precautions, the strength may be as low as 30,000

pounds after heat treatment, even in a chill casting.

The British Engineering Standards Association draws its specifi-

cations on the basis of tests of chill-cast test bars (36a) so that most
British data for “L-24” or “Y” are on a different basis from Ameri-

can data. According to Mortimer, the properties of heat-treated

chill cast specimens of “Y” give 38,000 to 49,000 lbs./in.
2 tensile

strength with 3 to 6 per cent elongation; such figures may be com-
pared with the figures previously given for heat-treated sand castings.

Another name for “Y” alloy is Magnalite (89d). Swan (9 lx)

gives the conlposition of magnalite as similar to “Y” alloy save

that the copper is only 2 per cent and the nickel only 1 J/£ per cent.

(7) Alloys Containing Zinc.—An alloy containing copper and
zinc, with high iron, designated as No. 145 b}7- the Aluminum Co. of

America, and containing about 11 per cent Zn, 2 per cent Cu,

l }/2 per cent Fe, shows a slight age hardening on standing at room
temperatures without quenching. Sand castings show' 25,500 to

34,000 lbs./in.
2 tensile strength and 3 to 6 per cent elongation.

Rosenhain, Archbutt, and Hanson (91gg) find that alloys of 15 per

cent Zn, 3 per cent Cu increased in strength in nine months as much
as from 29,500 lbs. /in.

2 to 39,000 lbs./in.
2
,
although the behavior

was erratic.

Alloys of this class to which Mg is added, naturally have age-

hardening properties. A chill-cast alloy of 8.2 per cent Zn, 0.80

per cent Cu, 0.44 per cent Mg, 0.38 per cent Si, 0.65 per cent Fe,

submitted to the Bureau of Standards for test, was stated to be age

hardened, but no information was given as to the heat treatment

used nor the period of aging. It showed 40,000 lbs. /in.
2

tensile

strength with 43^ per cent elongation, Brinell 80. The specific

gravity was 2.875.

On account of the higher specific gravity of the alloys containing

zinc and their liability to crack, commercial attention has been

centered on other alloys for castings to be heat treated.

The uniformity found in wrought heat-treated alloys can not

be expected in castings, the heat treatment takes a longer time,

and many complicated castings can not be heat treated without

danger of warping and cracking.

For service where a better combination of strength and ductility

is needed in a casting than can be obtained with alloys not amenable

to heat treatment, heat-treated castings of suitable alloys offer

advantages which often outweigh the extra cost of production.
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4. DYNAMIC PROPERTIES OF LIGHT ALLOYS

The light aluminum alloys having the most useful dynamic
properties; that is, resistance to impact' in single or repeated blow

notched bar tests, and resistance to repeated stress, are, in general,

heat-treated alloys.

Since data on results of dynamic tests are less complete than

those on other mechanical tests, it is more convenient to discuss

together such tests for all the alloys, and for wrought and cast

materials, rather than under the individual alloys. For the same
reason magnesium alloys, which, in general, show up well in such tests,

are considered here rather than in the section dealing with magnesium.

(a) SINGLE-BLOW NOTCHED BAR IMPACT TESTS

Because of the diversity of shape of specimens and notches,

single-blow-impact tests are not capable of accurate general inter-

comparison, and it is necessary to confine comparisons of various

alloys to series of tests made under the same test conditions.

The tests most used are the Charpy, in which the specimen is

supported at both ends, and is struck back of a notch at the middle

of the specimen, and the Izod, in which the specimen is gripped at

one end and struck on the notched side upon the free end above the

notch. In either test the notch may be cut at various depths and
angles or may be made by drilling so that the base of the notch is

circular. See Dix (45f).

Petrenko (45d) has made impact tests upon heat-treated dural-

umin. The notches used were standard (60°, 34 mm radius at

base); sharp (60° sharp angle at base); round (2 mm diameter at

edge similar to that used by Strauss)
;
deep (same, but base at center

of specimen, similar to that used by Dix). The test results follow:

Table 83.—Izod tests on duralumin

Material

Composition
Yield Tensile Elon-

Reduc-
tion of

area

Bri-
nell

500 kgCu Mg Mn Si Fe
point 1 strength gation

A. 4.0 0.00 0.58 0.54 0.58 42,000
Lbs./in*

61. 000 16 17'A 113

B 3.7 .46 .48 . .28 1.00 36, 500 58,500 15 28 106

C 3.7 .36 .49 .32 .90 35,000 57, 000 24 32K 100

Izod foot-pounds notch

Material Standard Sharp Round Deep

X y X y X y X y

A 10. 60
13.30
16. 38

7.64
9.52

12. 93
B
C

13.08
15. 30

8.6
10. 97

16. 33
20. 45

13. 02
17.47

8. 05
10. 30

7. 38
9.45

1 Stress for extension of 0.003 inch per inch, under load.

x=notch in the plane of rolling.

y= notch at right angles to the plane of rolling.
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Knerr (43dd) quotes impact tests from Unger and Schmidt showing

that the impact resistance of heat-treated duralumin remains the

same from 20° C. down to —190° C. (liquid-air temperature).

Greaves and Jones (45c) have studied the impact strength of heat-

treated duralumin at various temperatures and find that there is a

minimum at 250°, the impact strength then being about half that

which it is at room temperature, but that the impact strength rises

with further increase in temperature till at 400° it is double its room-

temperature value, then falling rapidly with further rise of tempera-

ture.

The maximum coincides with the usual hot-rolling temperature for

the alloy.

They also studied aluminum of 99.78 per cent purity and found

variable impact results at —80° C. At —50° C. the impact figure

(Charp}^ V notch 2 mm deep mm radius at base) was 5 kgm fall-

ing to 3 kgm at 200° C., remaining constant up to about 400° C. and

then falling to 1.5 kgm at 600° C.

Lea (45g) has given impact tests with the British Standard Izod

specimens.
Table 84 .—Izod tests on sand and chill-cast alloys

Composition

How east
Tensile

Izod
notched

barCu Zn Ni Fe Mn Sn
strength

2. 50 1.0 Sand ('from crank case)
Lbs.jin.2 Ft.-lbs.

3. 2 -4. 25
12 Chill 21,500-27, 000

19, 500

19, 500
18,000

16, 500

15, 500
17, 000-25, 000

24, 500

16,000
15,500

0. 55-1.

1

12 Sand . _ . 55- . 75
11.3 Chill . 45- . 70
11.3 1.4 do . 40- . 50

10 1 2 do ... 1.25
9 2 do 1. 5

8 1 __do 1. 2 -1. 5
9 1.50 2 _ ..do 1. 55-2.

1

9 1.50 2 Sand 1. 1 -2.

0

12 1 5.50 do .6 - .8

12 1 5. 50 Chill . 88- . 95

7 1 1 do _ 1. 9 -2.

4

7 1 1 Sand 1. 85-2. 13

5 fl hill 16. 500
28, 000
23. 500

1.8

2.50 12.50 do _ . .. . 2. 4 -4. 65
2.50 12. 50 Sand _ _ 2. 85-3.3

1

Batson (45e) gives Charpy impact tests (notch 1 mm deep, root

radius % mm angle 90°) at room temperature (about 20° G.) and at

approximately 250° C. on sand cast and chill cast alloys and on some
wrought alloys.
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Table 85.—Charpy tests on sand and chill cast alloys at 20 and 250° C.

Composition

How cast
Tensile

strength at
20° C.

Charpy, kgm

Cu Zn Sn Mn 20° 250°

7 1 1 Sand
Lbs./inJ

0. 032-0. 082 0. 011-0. 015
7 1 1 Chill. .072 .014

10 1 Sand .024 .008
12 2 1 Chill... .011 .011
9 1. 50 2 do . 021- . 051

2.50 12. 50 Sand .043
2.50 12.50 Chill .134

7 1 1 Sand .032 .013
7 1 1 Chill .072 .014

12 Sand 19.

500-

21,000

23.

500-

26, 500
28, 500

.011- .013 .013- .016

12 Chill .019- .022 .020- .033
2. 50 12.50 do. .130 .100

14 1 1 Sand .007 .009
14 1 Chill .008 .011
14 1 1 do 17,500

18,000
18,000-24,000

.011 .007

14 1 1 1 . . do. .010 .006
8 1 ..do .034 .036
8 1 From chilled piston casting _ . 010- . 013 . 013- . 016
9 1. 50 2 Sand 19, 500

24, 500

17, 500
26, 500
20, 000

.021
9 1.50 2 Chill. .051 .009

10. 50 1. 25 Sand .018
10.50 1.25 Chill .020

12 2
--

do .011 .006- .011

9 1. 50 2 From chilled piston casting . 016- . 022 . 007- . 008
2.50 12.50 Sand

20.000-

26, 500

19.000-

26,500
17, 500
19,000
16, 500

. 11 - . 15 .09 - .15

2. 50 12. 50 Chill.. . 19 - . 20 . 19 -
. 28

12.50 1 Sand.. .012- .015 . 012- . 016
12. 50 Chill .032- .040 . 024- . 026

6 Sand... .056 .056

6 Chill 19, 500

15, 500

.140 .097

8 Sand. .030 .032

8 Chill 19, 500
17. 000
22. 000

.010 .061
14 1 Sand .008 .008
14 1 Chill.. .017 .016

Composition
|

How cast
Tensile

Charpy, kgm

Ou Zn Mn Ni Mg Si

strength
20° 250°

4 1. 75 1. 50 Sand
Lbs./in.'2

24.500
29.500
24.500
26.500

0.009 0.010
4 1.75 1. 50 Chill. .013 .015

8 2 1. 50 Sand .017 .017

8 2 1.50 Chill .. .046 .035

150° 240°

3 1 . 50 1 Rolled .076 0.C67
5 .50 .75 .75 do .043 .037 0.020
6 .50 .50 1 do... .032 .030 .016
3 20 do... .53 .66
2.50

4

20 .50 . 50 1 ..do . .. .31 .44

2 1. 50 .25 do .26 .24 .15
4 . 50 2 1. 50 . 25 do... .24 .19 .13
4 .50 2 . 50 . 75 do .26 . 27 .21

2 1.50 1 .50 do .39 !§5 .17

Dix (45f) has used a Charpy bar with a 2 nun drilled hole as the

base of the notch, the base being at the center of the specimen; that

is, 5 mm deep. Results are also given for unnotched bars, as are

slow-bending tests. Dix gives the following for sand-cast alloys

containing up to 12 per cent copper:
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Table 86.—Charpy tests on sand-cast alloys of various copper contents

Composition
Tensile Elonga-

tion
Brinell Charpy

test
Cu Fe Si

strength 500 kg

0.09 0.28 0. 34
Lbs./inJ
13,500
12, 250

Per cent

20 24
Ft.-lbs.

8.9
.07 .39 .35 18 23 10.5

2.16 .39 .30 19, 000 11 40 5.4
3. 99 .45 .34 21,000

23,000
5.50 55 1.8

8.09 .46 .25 2. 75 72 1.0
12.04 .45 .27 22, 500 .75 85 .8

R. R. Moore (46k) has given Charpy (round notch) and Izod

figures on some wrought aluminum and magnesium alloys on which
endurance properties have been cited (p. 279).

Table 87 .—Impact tests on aluminumi and magnesium alloys

Material How worked Tensile
strength

Charpy Izod

Aluminum Rolled
Lbs./in*

22, 500

32, 500
41. 000
30. 000
28.000

35.000
39.000

41, 500
44,500

39.000

51.000
51.000
25. 000
36, 500

Ft.-lbs.

18.7
2.9
1.8
1. 35
1.5

3.6
3.3

3.0
2.9

1.7

13.9
19.4
17.3
2.9

Ft.-lbs.

24
4
4
2.3
2.5

Magnesium Extruded..
Magnesium alloy 8.7 per cent Cu

Do
Forged..
Longitudinal transverse

Do . As cast...

Magnesium alloy 4 per cent A1 Extruded
Magnesium alloy 4 per cent Al, %
per cent Mn.

Magnesium alloy 63^ per cent Al

.do

do
Mg alloy 6J^ per cent Al, M per cent
Mn.

Mg alloy 10 per cent Cu

do

do

Duralumin Rolled and heat treated
Do Rolled and twice heat treated
Do Rolled and annealed

Electron (Mg with 4.4 Zn, 0.4 Cu) ... Rolled
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Gwyer and Phillips (45a) give the following for modified silicon

alloys

:

Table 88.—Izod tests on modified silicon alloys
,
effect. of variation in Si and Fe

AVERAGES COMPARED WITH STANDARD ALLOYS

Composition

How cast Tensile strength
Elon-
gation

Izod

Si Cu Zn Fe

11

8
2.50

Chill
Lbs./in. 1

20.

000-

25, 500
24, 500-33, 500
29.

000-

31, 500

Per cent
3- 4
3- 9
10-15

Ft.-lbs.

1. 2-1. 6

2. 5-3.

0

0-8
12. 50 do

..do

EFFECT OF VARIATION IN SILICON

8.18 Chill 28, 000 14. 50 8.4
8. 92 do 29, 500 18 10. 0
9. 89 do 29,500 15. 50 7. 4

11. 08 do 30,500 12. 50 7. 6

12. 15 do 31, 000 15. 50 6.5
13. 12 do 29, 000 9 4.5
13. 69 do 23, 500 3 2.9
14. 98 do 23, 500 2 2.3

8.18 Sand .. 22,500 11 7. 8
8.92 . .do 23, 500 10 7.2
9. 89 .. ..do.. 26, 500 14.50 7.0

11. 08 do 25, 500 14 6.1

12.15 do 26, 000 13 4.8
13. 12 .. ..do 23, 500 3.50 3.6
13. 69 .. do 24, 500 3.50 3.7
14. 98 do.. 21, 500 3 3.1

EFFECT OF IRON

Composition
Tensile
strength

(sand cast)

Elonga-
tion
(sand
cast)

Izod

Si Fe Sand cast Chill cast

10. 68
10.82
11.16
11.06
11. 12
10.73

0.34
.55
.71
.91
1.09
1.42

Lbs./in*
31.000
24. 000
24.000
19.000
17.000
10,500

Per cent

11

8.50
4.50
3
3
1.50

Ft.~lbs.

5.6
3.7
3.4
1.9
1.3
1.1

Ft.-lbs.

8.4
6.0
5.9
1.8
1.1

.8

Strauss (45b) has used the Izod test with a 2 mm diameter drilled

hole as notch, but with the base of the notch only 2 mm from the

surface of the specimen instead of at the center. His tests were on

sand castings and are given in Table 89,
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Table 89.—Comparison of impact and tensile properties of various aluminum
casting alloys

Essential nominal composition Propor-
tional
limit

Tensile
strength

Elonga-
tion in
2 inches

Reduc-
tion of

area

Impact
(Izod)

Foot-
note

Si Fe Cu Mn Mg Ni Zn Ai

Per Per Per Per Per Per Per Per Per Per
cent cent cent cent cent cent cent cent Lbs./in.2 Lbs./in.2 cent cent Ft.-lbs.

99.8 1,000 8, 850 34.0 66.9 13.

3

99.4 2, 000 13, 000 29.

1

53.0 17. 3
1.5 97. 7 5,600 20, 850 4.9 7.7 6. 6

0. 7 1.5 0.7 96.4 9,500 21,200 .2 -.3 2.

1

5.0 94.2 9,300 25, 850 4.7 7.1 5.0

10 0 89.2 17,300 23, 150 .2 .0 1. 5
5.0 94.4 17, 270 3.4 2.0
5.0 94.4 15, 970 4.1 1. 9
5.0 94.4 2, 600 18,200 5.0 6. 5 2.4
5.0 94.4 2,400 17, 100 4.4 5.5 2.5

5.0 94.4 17, 310 4.0 1.0
5.0 94.4 16, 800 5.2 4. 9 (i)

12.0 0.5 86.9 22, 900 5.2 4.0 (2)

12.0 1.0 86.9 20, 250 5.7 2. 4 (i)

13.3 86.1 24, 630 12.3 3.9 (i)

13.3 86.1 3,600 24,800 17.5 19.6 3.7 (i)
'

13.3 .5 85.6 5,100 25, 200 18.2 17.5 5.8 (
2
)

1.2 .8 97.3 20, 300 10.9 7.9
1.2 .8 97.3 21, 830 10.3 6.3
1.2 .8 97.3 2, 700 21,250 12.1 10.0 9.

1

1.3 1.3 2.0 94.7 4, 700 25, 700 6.4 10.

1

4.

1

2.0 3.0 .6 93.9 5,700 23, 700 1.7 1.8 1.8
2.0 3.0 .6 93.9 11, 000 33, 100 2.3 3. 2 2.0 (

3
)

3.5 95.8 10, 000 27,200 3.3 7.6 6.9 (
3
)

3.5 95.8 20,400 33, 350 1. 2 3.9 4.3 (
3
)

4.0 95.3 5, 100 22,000 2.2 4.4 3.6
1.0 4.0 .6 93.9 11,600 31, 900 4.3 11.6 4.8 (

3
)

.8 4.5 .2 94.0 20, 900 30, 250 3.4 10.1 2.9 (
3
)

3.0 4.0 92.5 19, 930 .9 1.5
3.0 4.0 92.5 21, 270 .8 1.0

1.0 4.2 .2 94.1 31, 730 2.0 4.5 (
3
)

1.0 4.2 .2 94.1 33,800 3.5 5.4 (
3
)

8.0 91.3 19, 480 .6 1.5
8.0 91.3 19, 200 1.0 1.6

10.0 89.3 11,200 30,700 .9 1.2 1.5
1.2 11.0 .2 87. 4 30, 630 .4 1.0
1.2 11.0 .2 87.4 33, 600 .4 1.0

4.0 1.5 2.0 91. 8 21, 800 31, 850 .3 1.1 1.0 (
3
)

4.0 1.5 2.0 91.8 21, 900 25, 750 .0 .0 1.1 (
3
)

3.5 95.7 3,600 18,600 8.0 10.6 3.3 (
4
)

3.5 2.5 93.4 2, 100 19,600 3.9 5.2 2.0
1.5 97.7 2,000 18, 050 16.7 25.0 8.4

3.0 . 6 .5 2.0 93.2 15,000 19, 450 .2 .0 1.1
2.3 1.0 7.0 89. 4 24, 100 32, 600 .5 . 4 1.0
1.0 3.0 .4 8.0 87.4 26,000 28, 750 .2 .0 2.0

30.0 69.2 17,900 42, 300 1.1 3.3 2.5
1

i Modified by sodium process. 3 Quenched and tempered.
1 Modified by Pacz process. * Cast 1A inches thick in chill.

51409°—27 18
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Strauss comments on his data as follows:

For strengths above 20,000 lbs./in.2 combined with high resistance to impact
use may be made of the 1.5 per cent magnesium; the 13 per cent silicon or the

1.2 per cent copper—0.8 per cent manganese alloys. Of these, the first possesses

the highest proportional limit, the second the highest tensile strength, and the

third the highest impact value.

In the alloys of higher proportional limit only the 5 per cent magnesium and
the heat-treated alloys of 3 to 5 per cent copper (with or without small amounts
of other elements) possess good resistance to impact loading. Of these, the last-

mentioned group may be produced to yield the better combination of mechanical

properties. Based upon this fact alone, the heat-treated, copper-bearing alloys

undoubtedly will play a prominent role in the rapidly expanding field for aluminum-
base metals.

Both strength and ductility play a part in the resistance to notched-

bar impact, but, as Strauss shows, there is no simple relation which

will allow calculation of the impact resistance from the values of a

tensile test. In castings the common copper-zinc aluminum alloys

exceed the 8 per cent copper alloy in impact resistance because of

their greater strength, the ductility being of the same order of mag-
nitude, while the silicon alloys, of similar tensile strength, exceed

the 8 per cent copper alloy in impact resistance because of their

greater ductility. If the silicon or the iron is increased to the point

where the ductility is low the impact resistance is also low.

The heat-treated light alloys that combine strength and ductility

have a very useful impact resistance.

(b) REPEATED IMPACT TESTS

Repeated impact tests on notched bars are difficult to interpret.

For a weight of hammer and height of fall that will break the bar

in a small number of blows, say 100,000, they give results which

rate the alloys rather similarly to a single-blow notched-bar test.

Under conditions in which the bar is broken after a larger number
of blows, the results are more of the nature of those from an endur-

ance test, but differ from it in that the endurance test is made on

bars very carefully shaped to avoid local concentration of stress,

while the notched bar repeated impact test has very high stress

concentration at the notch, and the actual stresses can not be ac-

curately estimated.

Most available data are for Stanton tests, or those made with similar

apparatus, a cylindrical notched bar being supported at both ends

and struck over the notch by a hammer, the bar being turned 180°

between blows.

Gibson (46n), using a sharp 60° notch and a 5.46-pound hammer,
studied some aluminum alloys. His curves indicate the following

relations.
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Table 90 .—Effect of height and fall of hammer in repeated impact test

Height of fall of hammer (inches)

Number blows to fracture
8 per cent
Cu alloy

3 per cent
Cu-8 per
cent Zn
alloy

Forged and
heat-treated
duralumin

10 1 2

100 - --- . 5 1 3

1,000 - .3 .5 1

10,000 - - .25 .3 .6

100,000 .20 .4

i Not determined.

The greater resistance of the Cu-Zn-AI alloy, compared to the

8 per cent Cu alloy, at very large loads is not so apparent at lighter

ones, and the curves may finally cross, since true endurance tests

indicate that the latter probably has a slightly greater endurance

limit.

R. R. Moore (46h, k) has made Stanton tests. His curves indicate

the following:

Table 91.—Stanton tests on duralumin and magnesium base alloy

Foot-pounds energy of impact

Number blows to fracture Heat-
treated
forged

duralumin

Extruded alloys of magnesium

6A per cent
A1

&A per cent
Al, per
cent Mn

4 per cent
Al

4 per cent
Al, per
cent Mn

10 per cent
Cu

500 1.0 0.5 0.6 0.4 0.5 0.32

1,000 - .8 .38 .5 .3 .38 .27

5,000 .4 .22 .22 .18 .22 .18

10 000 .3 .18 .18 .18

50 OUO .18
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Stanton tests of various sand-cast aluminum alloys, using the 60°
sharp notch, were made by the Aluminum Castings Co., and gave
the following results:

Table 92.—Stanton tests on sand-cast aluminum, alloys

Composition Number of blows to
failure at 0.30 inch drop

Cu Zn 4.7-pound 2.3-pound
hammer hammer

1 2,200
2 4, 500
4 200 5,000
6 8,000
8 300 7,000

10 30 5,000
12 4, 000

4 500 2,500
8 1, 300 4, 500
12 4,000 20,000

16 5. 000 50,000
20 6,000 65,000
24 10,000 80,000
28 15,000 100,000
32 16,000 130,000

36 20,000 160,000
6 5 400 15,000
5 10 8,000 90,000
3 2 15 14,000 100,000
4M 15 15,000 120,000

2V2 19 20,000 175,000
2 25 24,000 190,000
IK 30 25,000 200,000
2 22 23,000

3 3 900
3 6 1,000
3 12 5,000
4 8 1, 500

2 10 4,000
2 9 180
7 3 250
8 5 150

* Commercial Al.
s Also y2 Per cent Mn.

Welter (46d) has used a. test similar to the Stanton, but with a
reduced section instead of a sharp notch, and has compared various
cast alloys as follows:

Table 93.—Repeated impact tests of various cast-aluminum alloys

Alloy Number of blows to failure with hammer of stated weight—

Cu Zn Si 4.2 kg 1.5 kg 0.75 kg 0.50 kg 0.30 kg 0.25 kg

8
2

1.0
.8
.5

More than 4,000,000.

4.000.

000.

750.000.

2.000.

000.

More than 4,000,000.
1,600,000.

10

12.8
12.8
12.8
12.8

14

84
350
935

8,228
2,340 9,250

6,000
16,000
11,000

696, 000

43 625 1, 905
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Hurren (38b) made repeated impact tests with an Eden Foster

machine (using a test bar similar to that employed in the Stanton

test, a 2-pound hammer and a 1-inch fall) upon chill-cast specimens of

aluminum alloys with, respectively, per cent copper, 12 per cent

zinc, and 3 per cent copper, 10 per cent zinc. The former varied

from 10,500 to 22,500 and the latter from 1,200 to 30,500 blows

before fracture. The lower values were given by metal poured too

hot or overheated in melting and the higher ones by metal not over-

heated and poured cold. Tests on “Y” alloy, with 3.8 per cent

copper, 2.4 per cent nickel, 1.5 per cent magnesium, 0.4 per cent iron,

gave—as cast, 1,000 to 4,000 blows, and, as heat treated, 13,000 to

42,000 blows. The higher pouring temperature gave the worst

results on the alloy as cast but the best results on the alloy as heat-

treated.
(c). ENDURANCE TESTS

Data on the endurance properties of aluminum alloys—that is,

their resistance to repeated stress—are meager, and much of that

given in the literature is none too reliable.

Endurance testing is tedious enough on steels where the hardest

steels may require testing to 2 million and the softest ones to 10

million alternations of stress before the endurance limit can be taken

as sufficiently established, but nonferrous .alloys generally require

testing to at least 100 million cycles before sufficiently definite results

are obtained, unless the exact type of alloy in question has previ-

ously been thoroughly tested by long-time runs and the fact thor-

oughly established that an endurance limit may be shown at a smaller

number of cycles. Indeed, in duralumin, R. R. Moore has had bars

break after 200 million cycles of stress, so that if the accepted defi-

nition of an endurance limit as “that stress which the material will

endure without failure no matter how many times the stress be re-

peated,” be taken, it is not yet certain that there is a real endurance

limit for duralumin, though McAdam (46b) is satisfied that one exists

at least for practical purposes.

The relationship between the logarithm of the stress and the loga-

rithm of the number of cycles to failure in a series of endurance tests

is best represented for most materials by a straight line from the

proportional limit of the material down to the endurance limit, but

if a real endurance limit exists the graph should become horizontal,

parallel to the log-cycle axis, at the stress corresponding to the en-

durance limit, and specimens tested at any stress below the endurance

limit should remain unbroken, no matter how long the test may be

continued.

R. R. Moore (46p) shows a graph for annealed and one for quenched

and aged duralumin, both of which fail to become asymptotic, though

tests were carried to 400 million cycles. Templin (46i) has carried



274 CIRCULAR OF THE BUREAU OF STANDARDS

a test of quenched and aged duralumin out to more than 2 billion

cycles at a stress range of 8,000 lbs./in.
2 without failure.

Even this long test does not prove absolutely that there is an

endurance limit for duralumin, because the point obtained by Temp-
fin’s test lies below R. R. Moore’s log stress-log cycle curve for dura-

lumin, and does not establish a break in the curve.

Hence, it is necessary, in reviewing endurance-limit data for alum-

inum alloys, to state the number of cycles to which tests were carried

in order to show upon what basis the endurance limits given by dif-

ferent investigators were determined. This does not mean that a

test carried only to 100 million or even 10 million cycles is valueless,

but only that “endurance-limit” figures so determined should be

taken only for what they really show.

Tests on aluminum alloys made by the so-called rapid methods,

such as the rise-of-temperature test, or the change-in-rate-of-

deflection method, may be dismissed as valueless so far, on the

evidence of Templin (46i), Moore (46h, k), and Gough (2j).

Tests made by running a few million cycles at a low initial stress

which does not break the bar, then raising the stress and running a

few more million cycles, and so on till the bar breaks, can not be

accepted as satisfactory, because of the likelihood that the phenomenon
of “strengthening by understressing” will be met. Such a phenom-
enon is thoroughly established for steel, and occurs to a less marked
extent in some nonferrous metals. If the phenomenon does occur, a

test made in that fashion will give results that are too high and values

that are unsafe for the use of the designer. Quite a number of tests

on aluminum alloys made at the National Physical Laboratory during

the war rush and before correct methods of endurance testing were

understood were made in such fashion, and care has to be taken in

reading the literature of such tests to examine the test methods as

well as the tabulated data so as to be able to accept or reject the

tabulated figures. The method of loading from low stresses up is

now repudiated by the National Physical Laboratory, since Gough,
of that laboratory, now characterizes (2j) such a method as “quite

futile,” and states that a fatigue range so obtained is nearly always

too high.

Rosenhain (46m) has lately recognized that strengthening by under-

stressing definitely occurs in “Y” alloy. McAdam (46c, e, g), has

clearly shown it for annealed duralumin, and R. R. Moore (46h, k, 1),

has shown it in magnesium, in a magesium aluminum alloy, and has

found indication of it for pure aluminum. Hence, strengthening is

to be expected to a greater or less degree in all the light alloys.

Retesting a strengthened bar at a higher stress may give valuable

corroborative evidence that it would have lasted far longer at the

lower stress and affords a useful means of saving time (46r) (see foot-
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note to Table 94 also), but they tell nothing whatever about the

behavior of a nonstrengthened bar at the higher stress.

Most endurance data for light alloys have been obtained in rotat-

ing beam or rotating cantilever tests on material rolled or forged to

approximately 1-inch diameter. These rotating tests give com-
pletely reversed stress, the maximum unit tensile and compressive

stresses in the surface of the specimen being equal. The endurance

limit reported for such tests is the maximum stress regardless of sign;

that is, it is half the stress range.

Very few figures are available on tests of aluminum alloys made
by axial loading methods, either under completely reversed stress or

under varying axial stresses; for example, from no load to a definite

tensile load. Whether rotating tests can be taken as giving identical

results with those that would be obtained on axial loading tests is

still a moot point, no axial tests having been made on aluminum, and

data on other materials being as yet insufficient to settle the question

(46s, h, k, 1, 2j). Axial loading tests are under way in the labora-

tories of the Aluminum Co. of America and useful data may be

expected on this point.

It is not yet settled whether there may or not be a size factor in

endurance testing; that is, whether, for example, a 1-inch diameter

bar and a 0.1-inch or 0.01-inch thick sheet otherwise comparable

will show the same endurance limit. In reversed bending tests at

the Bureau of Standards no consistent relation was found between

thickness of sheet, ranging from 0.024 to 0.120 inch and endurance

properties, and it is probable that any apparent size factor is, instead,

ascribable to differences in the exterior and interior of a thick section

rather than to a true size factor.

Similarly, the effect of speed is not yet thoroughly understood. It

is generally assumed that up to 2,000 cycles per minute variations in

speed have no effect, if the test methods are such that dependable

stress values are obtained, but it is not certain that this holds at

much higher speeds.

Finally, it should be noted that test values unless otherwise noted

refer to apparently sound material.

Tests at the Bureau of Standards indicate that sheet duralumin

which has been somewhat corroded on exposure and shows perceptible

intercrystalline embrittlement may have its endurance properties

lowered by, say, 25 per cent.

Tests by McAdam (461) indicate that, under a continuous stream

of fresh or salt water, rotating endurance test specimens of duralumin

may show a “corrosion-fatigue limit”; that is, roughly, perhaps,

one-half that shown by similar tests in air, and that on commercial

aluminum and aluminum-manganese alloy the reduction of the

endurance limit due to simultaneous repeated stress and corrosion
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may be as great or greater than in duralumin. (See footnotes to

Tables 94 and 95.)

Irrespective of the condition of working or heat treatment, McAdarn
finds the following “ corrosion-fatigue” limits:

Fresh water Salt water

Commercial aluminum . __

Lbs.fin?
±4, 000-5, 000
±5, 000-6, 000

±7, 000-9, 000

Lbs./in*
±2, 500-3, 500

±3, 500-4, 500

±6, 000-8, 000
Aluminum manganese (1J4 per cent Mn) _ _

Duralumin. . ... . ...

R. R. Moore (46p) has shown that corrosion by salt water prior to

carrying out the endurance test may give, on thin sheet duralumin,

an endurance limit some 35 per cent lower than is obtained on the

material prior to corrosion, even though the tensile strength is but
slightly diminished.

McAdam’s tests (46t) on other materials have indicated that

simultaneous corrosion and repeated stress give a lower endurance

limit than does a comparable amount of corrosion of the specimen

prior to testing. Wrought, heat-treated alloys of the duralumin

type have naturally received more attention in regard to endurance

properties than have the wrought alloys of lower static strength or the

cast alloys.

Data on heat-treated duralumin and duralumin type alloys and on
two tests of annealed duralumin are given in Table 94.

Question marks have been placed after the data in the column
headed “Safe at” in the case of tests that were obviously carried to

too few cycles to give acceptable results.

In the Bureau of Standards tests on sheet duralumin attempts

were made to correlate the endurance behavior of the 14 lots (7 each

of two different compositions) with various other properties without

success. From the other data available, it is unlikely that the dif-

ference in composition is directly responsible for the difference found
in endurance properties.

R. R. Moore (461) found perceptible differences in the endurance
properties of the same material as received in the heat-treated condi-

tion and after retreatment, supposedly the same as had been
previously used.

McAdarn (46b, e) got perceptible differences between two lots of

similar composition of unstated heat treatment (tested as received

from the manufacturer). One lot was lower in tensile strength than
the other, but Gibson (46n) used material of even lower tensile

strength and got higher endurance properties than did McAdarn on
his weaker material.

It is evident that the endurance properties of heat-treated dural-

umin can not be taken as fixed and definite; they appear to vary
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from lot to lot according to some unknown variable. The tempera-

ture to which the alloy is heated before quenching and the time the

material is held at that temperature govern the homogeneity of the

solid solution before quenching, and are also important in determining

whether or not the material is damaged by incipient melting of the

eutectic. The rate of cooling in quenching; that is, whether the

material is quenched in cold water, hot water, or oil, regulates the

degree of retention of the solid solution during quenching.

The separation from the unstable solid solution of the compounds
that cause hardening is in turn regulated by the temperature at

which aging takes place. All these variables together are concerned

in the heat treatment of duralumin, and there is a considerable

likelihood that changes in the details of heat treatment may have a

greater effect in altering the endurance properties than they do in

altering the static tensile properties. When the endurance properties

have been studied in relation to the heat treatment of duralumin it

may be possible regularly to secure the resistance to repeated stress

shown by one lot of sheet material tested at the Bureau of Standards,

which, although tested without machining or polishing the surface of

the rolled sheet, showed, in no thickness, and irrespective of whether
the specimen was taken longitudinally or transversely, no test

results on sound, uncorroded metal that would indicate a poorer

resistance to repeated stress than the ability to withstand 200 million

cycles at ± 19,000 lbs. /in.
2 or more.

From preliminary results, it is expected that lower values may be
found in tests in the high-speed fatigue machine operating at about

12,000 cycles per minute now being developed at the Bureau of

Standards, but reasonable extrapolation of the tangent line on all

graphs available for heat-treated duralumin meeting the United

States Navy Specifications (55,000 lbs. /in.
2 tensile strength, etc.)

and tested at speeds below 2,000 cycles per minute indicate in every

case that the sound, uncorroded and unnotched material would
withstand 10 billion cycles at ± 10,000 lbs./in.

2
.

Templin’s test of a specimen that ran 2 billion cycles at ±8,000
lbs. /in.

2 without breaking adds credibility to the extrapolation.

At an engine speed of 2,000 r. p. m. an airplane in continuous flight

for 10 years would pass through about 10 billion stress cycles.

Knerr (43dd) cites German authorities to the effect that duralumin

cold-worked after heat treatment to 6 per cent elongation will safely

withstand stress variations from 0 to 20,000 lbs. /in.
2 in tension.

This stress range is the same as the ± 10,000 lbs. /in.
2 taken above as

safe to 10 billion cycles.

R. R. Moore has given data on tests of certain wrought alloys

continued to a sufficient number of cycles to establish rather definitely

that there is an endurance limit for the materials tested. (461.)

His data, together with some from McAdam (46t) are reproduced

in Table 95.
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Table 95.—Endurance tests of wrought aluminum and of wrought magnesium
alloys

Composition

Working

Static tests

Endur-
ance
limit

Tested
to mil-
lion of
cyclesA1 Mg Cu Fe Si Mn Tensile

strength
Elon-
gation

Reduc-
tion of

area

Per Per Per Per Per Per
cent cent cent cent cent cent Lbs.linJ Per cent Per cent Lbs./in*
Bal. 0. 12 0.49 0. 15 Rolled 22. 500 16 65 ±10, 500 80

Bal. .02 .02 Extruded 32, 500 6 4 ±7, 800 100
8.68 Bal. .03 .04 .02 Forged 41, 000 4 ±15, 000 60
8. 68 Bal. .03 .04 .02 Longitudinal forged 30,000 3 ±13, 000 35
4. 20 Bal. .03 Transverse extrud-

ed... 35, 000 22 28 ±12, 000 100
4. 40 Bal. .03 0.26 do 39,000 15A 31 ±15, 000 100
6. 70 Bal. .04 do 41,000 16 20 ±13, 000 20
6.80 Bal. .04 .26 do 44, 500 14 17 ±15,000 80
9. 65 Bal. .04 do 39,000 3 4 ±11, 000 60
Bal. . 12 .30 .22 Hard.. 20, 500 18 64 ±i 8, 500 200
Bal. . 12 .30 .22 Half hard 16,000 23H 75 ±2 7, 200 100
Bal. .12 .30 .22 Annealed 12, 500 48 81 4-3 6, 000 40

[Hard... 29, 500 12H 46 ±410,800 80
Bal. . 16 .29 .35 1. 22 {Half hard 24, 000 19^ 57 ±510,000 100

{Annealed 16, 500 44' 70 ±6
7, 000 100

1 In a stream of fresh water a specimen stressed at ±5,000 lbs./in. 2 broke after 20 million cycles; one in
salt water at ±6,000 lbs./in. 2 broke after 50 million cycles.

2 In a stream of fresh water a specimen stressed at ±6,000 lbs./in. 2 broke after 60 million cycles; one in
salt water at ±5,000 lbs./in. 2 broke after 20 million cycles.

3 In a stream of fresh water a specimen stressed ±3,500 lbs./in. 2 broke after 30 million cycles; one in salt

water at ±5,500 lbs./in. 2 broke after l lA million cycles.
4 In a stream of fresh water a specimen stressed at ±5,500 lbs./in. 2 broke after 40 millions cycles; one in

salt water at ±4,000 lbs./in. 2 broke after 50 million cycles.
5 In a stream of salt water a specimen stressed at ±3,300 lbs/in. 3 broke after 70 million cycles.

« In a stream of salt water a specimen stressed at ±2,200 lbs./in. 2 broke after 25 million cycles.

Archbutt and Jenkin (100s) obtained the following endurance

and impact results on hot-rolled magnesium and its alloys:

Commer-
cial mag-
nesium

6 per cent
aluminum

alloy

Endurance limit on basis of 20 million reversals
Impact, Charpy .

Impact, Izod

lbs./in. 2..

ft .-lbs..

do

±10,000
14.3

3.8

±14, .500
2 5.1
4.6

Specimen 10 by 10 mm, notch 45°, 2 mm deep, M mm root radius.

1 Rose to 4.75 on annealing 100 hours at 350° C.
2 Rose to 8.6 on annealing 100 hours at 350° C.

The bulk of the recorded data on various aluminum piston alloys

tested in England at ordinary and elevated temperatures, has to be

discarded because of the method of testing which did not take account

of the likelihood of error due to strengthening by understressing.

Other early data have to be discarded because tests were carried to

too small a number of cycles, and also, in some cases, because of

improper fillets on test bars. The remaining data available are

included in Table 96.

The data of Welter (46d) are taken from his plotted values, with

certain assumptions as to the meaning of some conventions he used

in plotting which are not explained in his paper.
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It appears that the endurance limit (if a true limit exists for these

alloys) of sound sand castings of No. 12 alloy (8 Cu, 92 Al) is not

above A 7,000 lbs./in.
2
,
and that the endurance properties of the

statically stronger Cu-Zn-Al light alloys are no better than and
probably slightly inferior to those of No. 12.

Table 96.—Endurance properties of light cast alloys
,
not heat-treated

,
sand-cast

unless noted

Nominal composition Static properties

Safe at

—

Tested
to,

millions
of cycles

Source

Cu Zn Mn Si Mg Tensile
strength

Elon-
gation

Reduc-
tion of

area

Per
cent
8
1. 75
3

8
3. 50
12
8
2

Per
cent

Per
cent

Per
cent

Per
cent Lbs./in .2

21,000
23. 000
36. 000
23.000
29, 500

Per cent

2J4
8
2

1M
5

Per cent

1

8
2

Lbs./in .2

Less than ±7,000. 100
37
68
20
20
15
6
8

20

20
73
5
5

5
1

l 46v

|
46n

|

46u

46t

46a

J

46d

46h

1. 75 Less than ±5,000
14 Less than ±6,000

Less than ±8,500
8 Less than ±8,500

±7,000. _

6
12

20,000
27. 000

/ 21,500-

\ 23,000
28. 000
28,000
21,000
22, 500
29. 000
28. 000

2

1M

}
3-14

17
5

±5,000
±5,000..

( 10-

\12. 50
2 8.50
12.50

}(‘> 3K-15 ±5,800-±6,300

±9,200
±5,700. .

8
2

. 50
8. 50

2
I

|

±7,100..
10 5

2
4

±7,100.
12. 50 ±7,100.

Bal. ±12,500...

Note—All alloys except the last are alloys of aluminum, the last contains 91M per cent magnesium.

* Alloys "modified.” 3 Chill cast.

Unpublished tests by the Aluminum Co. of xAmerica are stated by
Dr. Z. Jeffries to indicate that the endurance limit of the heat-treated,

sand-cast “No. 195” alloy (4.5 per cent Cu, 0.8 per cent Si) (see

p. 258) is approximately 50 per cent higher than that of No. 12.

Although Grogan’s test (46a) on an alloy of 8% per cent silicon

in chill castings would indicate slight superiority to No. 12, this is

not borne out by the tests on sand castings of Gwyer and Phillips

(45a), nor by those of Welter, who says that the silicon alloy (12%
per cent silicon) is inferior in endurance properties unless from % to

1 per cent of copper is added when it becomes equal to or better

than No. 12.

The cast magnesium aluminum (8% Al, 91% Mg) alloy shows

good endurance properties in comparison with the light aluminum
casting alloys. A comparison of the test on magnesium alloys in

Tables 95 and 96 with those on aluminum alloys shows that the

magnesium alloys give practically as good an endurance limit as

all but the best heat-treated duralumin. No tests have yet been

recorded to show how the magnesium alloys will behave in the

“corrosion-fatigue” test.

As a basis for comparison of the light alloys with ferrous alloys,

it may be noted that the rotary beam endurance limit of steel
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generally runs about half the tensile strength, varying from, say, 40
per cent to, say, 55 per cent. Moore and Lyon (46u) have recently

studied cast iron and find the rotary beam endurance limit to run
from ±7,000 to ±12,000 lbs. /in.

2 The ordinary cast aluminum
alloys show values of the same order of magnitude while the mag-
nesium alloys and the heat-treated duralumin type alloys, at least in

wrought form, are quite definitely superior in endurance limit to

cast iron.

C. MAGNESIUM

I. METALLIC MAGNESIUM
1. SOURCES

Magnesium constitutes approximately 2 per cent of the earth’s

crust, occurring as magnesite (MgCOs ), dolomite (MgC03.CaC03 ),

carnallite (MgCl2.KCl6H20), kieserite (MgS04H20), kainite

(MgS04.KCl3H20), brucite (MgOH20), and in various silicates

(lOOq). Carnallite and magnesite, both used as sources of metallic

magnesium, occur in Stassfurt, in Germany. Magnesite occurs in

Greece and Austria, in the northern part of South America and in

the western part of the United States. The bittern obtained as a

by-product in the purification of common salt may also be used as a

source of magnesium.

2. HISTORY, PRODUCTION, AND PRICES

The element magnesium was first isolated in 1808 by Sir Humphrey
Davy (lOOq) nearly 20 years before aluminum was obtained in metal-

lic form, but it was not until 1859 that attempts were made to produce

the metal on a commercial scale. In America the earliest commercial

production of magnesium was from 1865 and intermittently to 1892,

but the European War (1914-1918) stimulated the output for war
purposes.

In Table 97 are shown statistics for domestic metallic magnesium
sold or used in the United States from 1918 to 1926.

Table 97.—Domestic metallic magnesium sold or used in the United States, 1916—
1926 1

Year
Number
of pro-
ducers

Pounds Value Year
Number
of pro-
ducers

Pounds Value

1916 _ 4 75, 400
115, 813
284,118
127, 465

(
2
)

48, 000

$311, 462
233, 626
615, 217
247, 302

(
2
)

86, 000

1922 2 3 60, 000
3 125, 000
3 128, 000
245, 000
322, 650

3 $89, 000
3 155, 000
3 150, 000
274, 400
390, 400

1917 5 1923 2
1918. 4 1924. 2
1919 3 1925 2
1920 2 1926 2
1921---.

1 Mineral Resources of the United States in 1925, Bureau of Mines.
3 Bureau of Mines not at liberty to publish figures.
3 Estimate.
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The statistics for magnesium imported for consumption in the

United States are shown in Table 98, and the average price per

pound from 1919 to 1925, inclusive, is shown, in Table 99.

Table 98 .—Magnesium imported for consumption in the United States, 1918-1925

Year Pounds Value Year Pounds Value

1918, July to December 1 11, 899 $16, 259
13,583
25, 055

30, 592

1922 ... 182,939
13, 974

8,738
8,326

$54,448
11, 5761919 . 13, 239

29, 275
39, 913

1923
1920 - 1924.. 6,561

7,0701921 .. 1925

1 Prior to 1915 the entire domestic supply was imported, but such imports are not separately shown
until July, 1918.

Table 99 .—Average price per pound of magnesium imported 1

Year Price Year Price

1919 $1.02
.85
.77

». 30

1923 $0.83
.75
.85

1920 - - 1924

1921 1925
1922 - -

1 Mineral resources of the United States, 1923, 1925.
2 This price was abnormal, importations were largely scrap metal from Germany with the dollar at a

premium.

According to a Department of Commerce bulletin, dated April 1,

1927, over 73 per cent of the magnesium produced in the United

States in 1926 was sold in ingot form at prices ranging from 69 to 98

cents a pound, and such sales increased nearly 19 per cent as compared

with 1925. Sales of castings in 1926 were 36,940 pounds and were

over 11 times greater than in 1925. Sales of wire and tubing increased

fourfold as compared with 1925, but sales of sheet were nearly 9,000

pounds less than those in the previous year. The average price of

domestic ingot metal in 1926 was 80 cents a pound, that of powder

SI.64 a pound, and of castings $2.57 a pound.

3. COMMERCIAL FORMS

Magnesium may be obtained commercially as ingot, sheet, rods,

tubes, powder, wire, ribbon, and castings.

The ingot is offered by one manufacturer in three grades, grade No.

0 containing 99.99 per cent (minimum) magnesium, grade No. 1,

99.85 per cent (minimum) magnesium, and grade No. 2, 98.00

to 99.00 per cent (98 per cent minimum) magnesium. Grade No. 0

is an extra pure metal for special purposes. No. 1 is a commercially

pure metal used largely as a base for alloys to be fabricated. No. 2

is a grade suitable for deoxidizing or for alloying, when the elements

included in the maximum of 2 per cent impurities, mainly silicon,

iron, and aluminum, are permissible in the amounts present.
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These grades are listed in the following sizes of ingot all 12 inches

long.

Pounds

0.816 inch square
3^

0.922 inch d&imeter

1.312 inch diameter 1

Triangular section 2

Another manufacturer lists one grade only, classed as 99.8 per cent

minimum magnesium content, and states that improvements in

process now under way are expected to raise this purity to about

99.95 per cent. This grade is marketed in square pigs 3 by 3 by 15

inches, weighing about 8 pounds and in round bars 1% inches diam-

eter and 27 to 32 inches long.

There are no standard sizes for sheet and plate, but they can be
obtained in any thickness from % inch to No. 30 B. & S. gauge, in

widths up to 12 inches, and in lengths to 10 feet for sheet. From 14

to 20 B. & S. gauge, 24-inch widths are obtainable.

Tubing is difficult to manufacture and has to be obtained on

special order. Rod is produced in any size or shape from % inch to

\ X
/L inches maximum dimension, in random lengths. Wire is sold

from No. 22 B. & S. gauge (0.025 inch diameter) to No. 00 (0.3648

inch diameter). Ribbon can be obtained in any size. Powder is

graded by mesh and sold as in grades 35, 48, 65, 100, 150, 200, and
200 and finer, or in combinations of these sizes.

Castings in several alloys can be made from patterns suitable

for aluminum alloys.

4. METALLURGY, IMPURITIES, METHODS OF ANALYSIS

Magnesium is prepared commercially by two processes—the

chloride process and the oxide process.

The chloride process, used in Europe, makes use of MgCl2.6H20,

which is mixed with sodium chloride or potassium chloride to prevent

decomposition of the material into the oxide or oxychloride (lOOd).

After careful dehydration the molten mixture is decomposed electro-

lytically, the electrolysis being usually carried out in an iron pot,

which serves as the cathode, with a centrally located graphite anode

(lOOq). Magnesium is plated out at the cathode and rises to the

surface of the bath in small globules which must be protected from

the chlorine evolved at the anode. The magnesium obtained con-

tains some electrolyte and must be refined by remelting and skim-

ming, which must be very carefully carried out to eliminate chlorides,

which are detrimental in accelerating corrosion. The batch process

used in the electrolysis of the chloride in European practice has been

supplanted in this country by the continuous process using dehy-

drated or partially dehydrated magnesium chloride. Detailed ac-

counts of the present process are lacking. The chloride process is
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used in the production of the greater part of the magnesium pro-

duced in the United States.

The oxide process uses magnesium oxide as the source of the

metal. The oxide is decomposed electrolytical^ at 900 to 1,050° C.

in a bath of fused fluorides of magnesium, barium, and sodium.

Since no fused commercial fluoride, save that of lithium is lighter

than molten magnesium, the specific gravity of the electrolyte is

made high, so that the magnesium floats and is removed from the

surface of the bath.

Other suggested thermal, substitution and direct electrolytic

processes have been discussed by Allen (100k).

The impurities in commercial magnesium, as stated by the pro-

ducers, are as follows:

Table 100 .—Impurities in commercial magnesium

CHLORIDE PROCESS i

Copper and nickel 0. 010-0. 020
Manganese .003- .007
Silicon . 015- . 025
Iron and aluminum . 020- . 030
Barium
Chlorine . 010- . 020

OXIDE PROCESS i

Grade 0 Grade 1 Grade 2

Silicon 0. 002-0. 004 0. 017-0. 047 0. 51-0. 57
Iron and aluminum . 005- . 007 . 029- . 049 . 14- . 81

Barium .. . None-Trace.

ENGLISH MAGNESIUM 2

Ingot Test rod
Commer-
cial rod

Copper and nickel 0.032

(
3
)

.025

.076

(
3
)

(
3
)

0.02

(
3
)

.06

m
' 03

|

c,

0. 048

(
3
)

.075

.060

(
3
)

(
3
)

Manganese. . . ..

Silicon
Iron and aluminum . . .

Barium ... . .

Chlorine

1 American product. 2 Data from Archbutt and Jenkin (100s). 3 Not determined.

Method of analysis of magnesium for silicon, barium, iron, alumi-

num, calcium, and sodium have been described in the Handbook of

the American Magnesium Corporation, by Guerin (101a), and by
Pretete and Ecoffet (101b), all of which should be consulted on this

point.

5. ATOMIC PROPERTIES, SPECTRUM LINES; CRYSTAL STRUCTURE,
ATOMIC WEIGHT

Magnesium is readily detected by spectral methods, amounts of

the order of 0.001 per cent, or even less, being revealed by charac-

teristic spectral lines. Photographic observations, with quartz or
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grating spectographs, are required, since all the sensitive lines of mag-
nesium lie in the ultra-violet. The ultimate ray for neutral atoms of

magnesium (excited in flame or arc spectra) has a wave length of

2852.11 A. Lines of somewhat smaller sensitivity are represented by
3838.29, 3832.31, and 3829.36, their strength decreases in the order

named. The ultimate rays for the ionized atoms of magnesium
(excited in condensed spark spectra) occur at 2795.52 and 2802.70 A,

the former being the stronger and more sensitive.

Magnesium crystallizes in the hexagonal system. The unit cell

has the following dimensions: a
,
the side of the hexagonal base =

3.22 A, and c, the height of the hexagonal prism= 5.23 A, the axial

ratio c/a being 1.62. The density calculated from these data is 1.709

g/cm3
. Data on crystal structure of magnesium and some of its

alloys are given in Tables 5 and 6.

The atomic weight of magnesium is 24.32 (100c, 1, o).

6. CHEMICAL PROPERTIES, CORROSION

Pure water is slightly decomposed at 100° C. by magnesium,
MgO and H being formed (1001). Magnesium is unaffected by
alkalies of any concentration, even when hot (lOOg, 1); is readily

attacked by saline solutions (100c), even when dilute (1001) ;
is readily

attacked by weak acids (100c), by concentrated hydrofluoric acid

(lOOg, c), or by mixed sulphuric and fuming nitric acids at ordinary

temperatures (1001). In humid air a layer of magnesium hydroxide

is formed which protects it against further oxidation (lOOn). The
oxide film formed in air is not progressive or injurious if the metal is

clean (lOOo).

The tendency of magnesium to react to air moisture and weak acids

decreases markedly as the purity of the metal increases (lOOq). The
impurities which may exist in commercial forms of magnesium and
magnesium base alloys may be metallic or nonmetallic. The general

effect of the nonmetallic class of impurities is to weaken the metal

through a loss of integrity of section (lOOq). If the impurity happens
to be a hygroscopic salt, such as magnesium chloride, still greater

harm results, since the chloride, as it becomes exposed, absorbs mois-

ture and forms a saline solution which corrodes this metal very

rapidly and with continuous action (lOOt).

The presence of metallic impurities in an exposed surface of magne-
sium may in several ways promote corrosion. If the impurity itself

oxidizes readily, any reaction with moisture will caus.e local corrosion

and tend to break the continuity of the protective oxide (or hydrox-

ide) coating normally formed. The presence of sodium and potas-

sium is especially harmful for this reason. The position of the

impurity in the electromotive series is a factor of importance. Any
51409°—27 19
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segregated element electropositive to magnesium will, in the pres-

ence of moisture, cause a' continuous electrolytic action with a conse-

quent focus of corrosion. If the impurity readily forms solid solu-

tions with magnesium, this tendency is reduced to a minimum, as in

the case of aluminum. Iron does not alloy in any proportions with

magnesium, and is an impurity to be avoided. Calcium, in small

amounts, is said to have little, if any, effect.

Portevin (102a) states that there is no relation between the speed

of corrosion and the chlorine content of the magnesium, but that

silicon seems to be the impurity which plays the leading part in accel-

erating corrosion.

The effect of traces of chlorides resulting from manufacture by
the chloride process is somewhat in dispute. There is no question

but that the large amounts of chlorides included in the European
product of, say, 10 years ago (which would disintegrate in storage

unless kept from contact with moist air by a coating of paraffin or

some similar device), played a considerable part in the atmospheric

corrosion of such magnesium. With better methods for prevention

of trapping of chlorides or for their elimination on remelting the

chloride impurity in the metal sold is now generally very small.

Statements as to the danger from or the harmlessness of the residual

traces of chlorides do not appear to be substantiated by published,

accounts of impartial comparisons of the metal made by the chloride

and the oxide processes. At any rate, it was not until the amount
of chloride was reduced to practically nothing in the oxide process

and to traces in the present chloride process that magnesium was
commercially produced which was sufficiently resistant to atmospheric

corrosion to be seriously considered as a material for engineering

construction.

In a recent investigation of the corrosion of magnesium and mag-
nesium aluminum alloys containing manganese, Boyer (102b) drew

the following conclusions:

1. Pure magnesium of ordinary ingot grade is quite resistant to

corrosion by salt water.

2. The addition of aluminum increases the rate of corrosion, but

the presence of a small amount of manganese counteracts to a large

extent the effect of the added aluminum.

3. No relation can be traced between the presence of undissolved

constituents and the rate of corrosion of the magnesium-aluminum

alloys.

4. There is a definite relation between cored structure and corro-

sion. The magnesium-rich dendrites are eaten out as if by direct

attack.

5. Coring is not the cause of corrosion, but is merely responsible

for the dendritic nature of the attack.
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6. Magnesium silicide is inactive during corrosion.

7. The aluminum constituent, at least when present in small

amounts, is inactive.

8. Nonmetallic inclusions are inactive during the initial corrosion

attack, but the inclusions may act as nuclei for the crystallization of

the magnesium-rich dendrites. The latter are attacked by salt

water and give the appearance in the corroded specimen of a relation

between inclusions and corrosion.

9. A critical amount of manganese is necessary to inhibit the

corrosion of the magnesium-aluminum alloys. The amount increases

with the quantity of aluminum in solid solution. At least three-

tenths per cent manganese should be present in a 4 per cent aluminum
alloy.

10. Alloys which do not contain the critical amount of manganese

corrode until completely disintegrated.

11. An excess of manganese over the critical amount slightly

decreases the resistance to corrosion, but does very little harm. It

is better to have too much than too little manganese present.

12. Heat treatment of the aluminum alloys containing too little

manganese makes them much less resistant to corrosion. If sufficient

manganese is present, heat treatment has practically no effect.

13. The protective film forced on corrosion-resistant specimens

does not stop electrochemical action by actual insulation. A change

in potential relations of less than one-tenth volt will cause the libera-

tion of hydrogen.

14. The electrical resistance of the film is small and is of the order

of magnitude of a few ohms.

15. When a specimen covered by a protective film is connected to

a metal of low overvoltage the magnesium corrodes rapidly and the

film is activated so that hydrogen comes from both the magnesium
anode and the metal acting as cathode.

16. Overvoltage of impurities and not their position in the electro-

motive series is the factor which determines whether they are active

or inactive during corrosion.

17. Pitting is probably due to the activation of the film on the

anodic areas by the formation of magnesium chloride during elec-

trolysis. As long as current flows the action will be continuous.

18. Aluminum apparently lowers the overvoltage of magnesium.
Hydrogen is liberated at a much lower potential during corrosion

than is the case with pure magnesium.

It is concluded that manganese raises the overvoltage of the

aluminum alloys back to practically that of pure magnesium.
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7. PHYSICAL PROPERTIES

(a) DENSITY

The density of magnesium in different conditions and at different

temperatures may be seen in the following table:

Table 101.—Density of magnesium

Mg Tempera-
ture

Density Form Authority

Per cent °C. g/cm3

99. 99 20 1. 7388 Extruded % inch diameter Research Bureau of Aluminum Co.
of America.

99. 99 20 1. 7388 Same, annealed 2.5 hours at 400° C Do.
99. 95 20 1. 7381 Extruded inch diameter Do.
99.90 20 1. 7381 do Do.
99. 90 20 1. 737 As cast.. Bureau of Standards.

99.99 650 1.642 Calculated at melting point Research Bureau of Aluminum Co.
of America.

99. 99 650 1. 572 Extrapolated at melting point Do.
99. 99 667 1. 560 Edwards and Taylor (103d).

667 1. 565 Do.

673 1. 562 Do.
711 1.538 Do.
768 1.445 Do.
822 1. 478 Do.

Other waiters give values for density of magensium as 1.74 (100

c, h, 106c) and 1.72 g/cm3 at 15° C. (100b, o, m).

(b) THERMAL PROPERTIES

(1) Melting Point.—The melting point of magnesium is 651° C.

(103n). The boiling point of magnesium is 1,120° C. (100c, o, q).

The low boiling point is made use of in the production of extremely

pure metal by distillation in vacuo or in an inert gas.

(2) Heat of Fusion.—The heat of fusion of magnesium, or the

heat absorbed in converting a unit weight of the metal from solid to

liquid at the melting point without changing the temperature is

70.0 gram-calories per gram of metal, as determined by Roos (103e).

(3) Heat of Vaporization.—The heat of vaporization, or the

quantity of heat in calories absorbed in converting a unit weight of

magnesium from a liquid state to a gas without changing the tem-

perature, is 1,700 gram-calories per gram of metal, as determined by
Nuesceleanu (103g).

(4) Specific Heat.—The specific heat of magnesium, or that

quantity of heat, in calories, necessary to raise 1 gram of a given

substance through 1° C., over several ranges of temperature is given

in Table 102.
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Table 102.—Mean specific heat of magnesium

Temperature
(°C.)

Specific
heat

Authority Temperature
(°C.)

Specific
heat Authority

-190 to +17..

-85 to +20...

/ 0.2046 Schimpff (103h).
Behn (1031).

Nordmeyer and Be-

0 0. 2456 Jones (100c).
Flusin (lOOo), Guillet

(100m).
Maybrey (lOOj).

Gaillard (1001).

Stucker (103k).

\ . 2090
.2220 15 to 100 j

* 248

f .2284
mouli (103nn).

Schimpff.
Brunner (103i).

Behn.

20...
1 .246

.222
-79 to +17... < . 2311 20 to 100 .2492

l . 2330 20 to 350. .2808

-17 to +100.. / . 2495 Brunner. 20 to 650 . 32996

\ . 2460 Voight (103m).

The mean specific heat of magnesium from 0° to any temperature

is expressed by Stucker (103k) in the equation:

0
(o-t)

= 0.2372 + 0.000093&+ 0.00000068562

where t is expressed in degrees centigrade. Behn (1031) gives the
following equation for the mean specific heat between any two tem-

peratures, ti and t2 :

CtJz = 0.232 + 0.0001 12 + f2)
- 0.000000423 + 12

2
)

The true specific heat, or the limiting value of the ratio of the

increase in total internal heat of a unit mass of a substance, divided

by the change in temperature thus produced, as the increase in tem-

perature becomes infinitely small, is calculated by Behn and Schimpff

from observed values of the mean specific heat over various tempera-

ture intervals. The equations are:

^ = 0.232 + 0.000224i— 0.051270i2 (Behn)

and

^ = 0.241455 + 0.0002058996 (f- 17) - 0.0000010884(1- 17)
2

(Schimpff), when q represents the total interval heat of a unit mass of

the substance, ^ represents the true specific heat, and t the tem-

perature in degrees centigrade.

Calculated values for the true specific heat of magnesium are given

in the table below:

Table 103 .—True specific heat of magnesium

Temperature
(°C.)

Specific
heat

Authority
Temperature

(°C.)
Specific
heat

Authority

—150 0. 1767 Schimpff (103h).
Do.

100 0. 2525 Schubel.
—100.. .2025 200 .2627 Do.
—50. .2228 Do. 300 .2728 Do.
0 . .2376 Do. 400 .2815 Do.
50 .2471 Do. 500 .2884 Do.
50
60

.2460

.2492
Schubel (103f).

Stucker (103k).
625 .4352 Stucker.
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(5) Linear Expansion.—The coefficient of linear expansion, or

the ratio of the increase in length per degree rise in temperature to

the dimension at zero degrees Centigrade may be expressed by the

equation (applicable between —63 and +300° C.)

L t =L0 (1 + 25.031 X 1(T6+ 0.00892J2 X 10"6

The instantaneous coefficient a t at any temperature t is given by

a t= 23.909 X 10"8
-f 0.01784(#+ 62.7)10“6

(Hidnert (103o)).

The coefficient of expansion as measured at the Bureau of Standards

is 25.9 XKT6 from 0-100° C., and 25.7 X10"8 at 40° C.

(6) Thermal Conductivity.—The thermal conductivity of mag-
nesium, or the amount of heat in gram-calories transmitted through

a cube 1 cm thick and 1 cm2 in area, when the difference in tempera-

ture between the faces is 1° C., is given in Table 104.

Table 104.—Thermal conductivity of magnesium

Temperature
(°C.)

Conduc-
tivity

Authority

0 to 100 0.376
.35
.376
.34
.38

Lorenz (103p).
Williams.
Jones (100c), Gaillard (1001).

Archbutt (100b).
Flusin (lOOo), Maybrey (lOOj).

Guillet (100n).

101 to 250
18

8. OPTICAL PROPERTIES, REFLECTING POWER

The reflecting power of magnesium has been given by Coblentz

(103j) as follows:

Table 105.—Reflecting power of magnesium

Wave
length (ji)

Reflecting
power

0.5
Per cent

72
.6 73
.8 74
1.0 74
2.0 77
4.0 84
7.0 91

Both indices of refraction of magnesium are less than 0.5 in the

range of wave lengths which has been studied (103b).

9. ELECTRICAL CONDUCTIVITY, RESISTIVITY

Pure magnesium has a volume conductivity equal to 38.6 per cent

of copper. The mass conductivity is 197.7 per cent of copper. The

specific resistivity of magnesium (or the resistance of a centimeter
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cube of the material) as determined by the Aluminum Co. of America
are given below:

Table 106.—Specific resistivity of magnesium

Description Specific resistivity at
20° C.

1. Magnesium, extruded, 99.99 per cent 4.4611 X10-6 ohms/cm3
.

4.4699X10-6.
4.4774X10-6.

10.712X10-6.
16.661X10-6.
7.72X10-6.

2. Magnesium, extruded, 99.95 per cent
3, Magnesium, extruded, 99.90 per cent
Magnesium-aluminum alloys: 1

96 per cent Mg+4 per cent A1 _ _

90 per cent Mg+10 per cent Al.. . _

90 per cent Al+8 per cent Mg+2 per cent Ni

1 Determined by Northrup.

The volume conductivity compared with copper, mass resistivity,

mass conductivity, and specific resistivity are given below:

Table 107 .—Conductivity and resistivity of magnesium

VOLUME CONDUCTIVITY COMPARED WITH COPPER

Copper
standard

International annealed copper standard _ _

Per cent
100. 00
38.65
38.57
38.61

Magnesium, extruded, 99.99 per cent
Magnesium, extruded, 99.95 per cent..
Magnesium, extruded, 99.90 per cent

MASS RESISTIVITY OF MAGNESIUM, ALUMINUM, AND COPPER

Copper standard

International annealed copper standard 0.15328 ohm (meter-gram).
.07753 ohm (meter-gram).
.07768 ohm (meter-gram)

.

.07780 ohm (meter-gram).

.07640 ohm (meter-gram).

Magnesium, 99.99 per cent
Magnesium, 99.95 per cent
Magnesium, 99.90 per cent
Aluminum, conductor grade

MASS CONDUCTIVITY OF MAGNESIUM, ALUMINUM, AND COPPER

Copper
standard

International annealed copper standard
Per cent

100.00
Magnesium, 99.99 per cent 197. 71
Magnesium, 99.95 per cent 197. 33
Magnesium, 99.90 per cent 197. 01
Aluminum, conductor grade 200. 70

Temperature
(°C.)

Resistivity Authority

-183
vlcm 3

1.00 Dewar.
-78 2.97 Do.

0 4. 35 Do.
98.5 5.99 Do.

400 11.90 Nicolai.
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10. MECHANICAL PROPERTIES

The mechanical properties of pure magnesium as given by the

American Magnesium Corporation are to be seen in Table 108.

Table 108.—Mechanical 'properties of pure magnesium

Density

Process

of

manufacture

Condition

or

heat

treat-

ment

Tensile

strength

Per

cent

elongation

in

2

inches

Per

cent

reduction

of

area

Proportional

limit

Pounds

per

square

inch

for

A

per

cent

extension

under

load

Compressive

strength

Shear

strength

Hard-
ness

Grams

per

cubic

centimeter

Pounds

per

cubic

inch

Brinell

hardness

500

kg

load,

10

mm

ball

[
Shore

scleroscope

j

Lbs./ Lbs./
Lbs./in

?

Lbs./inJ in. 2 in .
2

(Casting (sand). As cast 13,000 6 6 500 3,000 32,000 14,000 30 20

T TOO 1 Extrusion As extruded 28,000 8 8 1,000 6,500 45, 000 16,000 35 23
1. /oy U. (Jo2y

1 Rolling (sheet)

_

As rolled 25,000 4 5 2, 500 9,500 14,000 40 31

1

1 Rolling (sheet). Annealed 25, 000 5 6 2,000 9,000 i

1

14,000 33 27

(As rolled 30,000 2 to 3,500 to
to 12H 6,000

Rolling 1 (rod). j 35,000
Annealed at 31,000 &A Very low

l 350° C. or none.

* These data from Arehbutt and Jenkins.

Pure magnesium has an extremely low proportional limit, and one

of the important features to be considered in the choice of alloying

elements is their effect on the proportional limit. Cold working

improves the proportional limit.

The modulus of elasticity is also low, even the stronger alloys having

a modulus of only 5 to 6 million lbs. /in.
2 against 10 million for

aluminum and 30 million for steel.

II. APPLICATIONS

The density of pure magnesium is slightly less than two-thirds that

of aluminum. Its selling price in ingot form varies between twice

and three times that of aluminum on a weight basis, or, say, 50 per

cent higher than that of aluminum on a volume basis. One producer

states that the present cost is largely regulated by the relatively small

output, and that production figures are in sight which may allow the

sale of magnesium at a price equal to that of aluminum on a volume
basis and that it is not impossible that in the future it may even com-
pete on a weight basis.

At present the price advantage between the metals in ingot form

is in favor of aluminum and is greater in the fabricated or partly

fabricated condition than in the ingot because of small production

plus the difficulties of fabrication. Unless some other property of

magnesium brings other advantages than merely that of a slightly
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greater reduction of weight, aluminum alloys will be chosen under
present prices for many ordinary uses, because magnesium has a

somewhat greater need for protection against atmospheric corrosion,

especially under salt-water conditions, and because it is attacked by
organic acids. On the other hand, were aluminum not available,

magnesium would be used in many of the important uses for which the

former now holds the field.

No magnesium alloys are known whose mechanical properties can

be brought up to those of duralumin or other heat treatable aluminum
base alloys, and the availability of duralumin again limits the prob-

able applications of the magnesium base alloys, since on a strength-

weight basis the best magnesium alloys are but slightly better than

duralumin.

When a given volume is essential rather than a minimum section,

the advantage may be on the side of the magnesium alloys, and with

further development of the alloys greater use, especially in aircraft,

is expected.

For widespread commercial utilization of magnesium, applications

must be found for which its various unique properties fit it, even in

competition with aluminum and duralumin. The endurance prop-

erties of some of the alloys (p. 279) and their relative freedom from

warping and distortion point out certain applications in aeronautical

work and in production of accurate jigs and fixtures. A peculiar

sonorous quality makes it applicable in certain types of automo-

bile horns. It also finds application in some wet and dry current

rectifiers.

(a) MINOR ALLOYING

An important use is as a minor but essential constituent of dura-

lumin and certain other heat treatable aluminum base alloys.

(b) DEOXIDATION

Another large use for magnesium continues to be the deoxidizing

or desulphurizing of other metals, particularly nickel amd. Monel
metal (lOOe). This field is gradually broadening as the cost of mag-
nesium decreases. Magnesium has also been used in the deoxidation

and desulphurization of copper, and a considerable quantity is used

for scavenging low-grade scrap brass. Still further application is in

the zinc-base die-casting alloys.

Magnesium has a greater affinity for oxygen than has any other

common metal (lOOq). When magnesium does not alloy with the

metal, mechanical agitation is desirable to bring the molten mag-
nesium or magnesium vapor in contact with all parts of the melt.

Where it does alloy readily with the metal to be deoxidized it is most

successfully introduced by adding an alloy of proper proportions.
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(c) POWDER

The rapidity with which finely divided magnesium removes the

combined oxygen from salts such as nitratesr chlorates, and peroxides,

and the high temperatures instantly effective for expanding the vol-

umes of released gases, makes magnesium important as a constituent

of explosives (lOOq).
(d) PHOTOGRAPHY

The flame of burning magnesium is unique in that 75 per cent of

the total heat of combustion is emitted as radiant energy (lOOq).

The light rays are of high actinic power; the spectum of burning

magnesium is, in the violet, ten times as brilliant as a gas flame of

equal luminous intensity, and in the yellow it surpasses the brilliancy

of the electric arc. These properties make magnesium an important

source of light in photography. A powder of 100 mesh and finer

mixed with salts rich in oxygen is used. Uses somewhat allied to

that as flash-light powder are in flare shells and tracer bullets.

(e) OTHER APPLICATIONS

Magnesium also finds use in organic synthesis as a dehydrating

agent, as a cathode in electrolysis, and in thermit reactions. Mag-
nesium-alloy castings are used for aircraft motor parts, including

crank cases, oil pans, fuel-line fittings, pistons, supercharger parts,

and instrument cases; also for lens holders, field glasses, parts of

moving-picture machines, receivers and transmitters for radio sets,

artificial limbs, motor-cycle engine parts, shuttles, bobbins, spools

for weaving machinery, rotating parts of air compressors and vacuum
pumps, gasoline-line and carburetor fittings, railway-signal instru-

ment parts, and balloon-valve frames. Pistons, golf-club heads, and
similar pieces are cast in permanent molds. Small flat forgings or

pressed parts, such as diaphragm resonators, are also produced.

Magnesium sheet has been produced suitable for experimental

development in the following uses: Moving parts of precision instru-

ments, celluloid-covered drafting rulers, meter disks, scale pointers,

chemical-balance parts, hydrofluoric-acid containers, dry-battery

elements, speedometer parts, metal buttons, and portable drafting

tables (lOOe). The principal requirement in the production of

satisfactory sheet metal is an ingot free from flaws, which in turn

involves special melting and alloying equipment and careful regula-

tion of temperature. Magnesium wire has been largely used in the

development of vacuum bulbs for radio work. The wire is raised to

its melting point inside the bulb and eliminates the last traces of

oxygen and nitrogen by chemically combining with them.
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II. TECHNOLOGY

1. SOLDERING AND WELDING MAGNESIUM

Magnesium is subject to rapid surface oxidation, as is aluminum,
and is electronegative to the low melting point metals ordinarily used

in solders (lOOq). The surface of magnesium may be tinned, the

molten tin being rubbed on with a wire brush, forming an alloy. The
treated surfaces are then sweated together. Soldered joints should

be protected; otherwise the magnesium will corrode.

Magnesium may be welded, but requires special technique because

of the rapid oxidation. A flux is used that removes the surface

deposit and serves as a covering that permits the flow of molten metal

without burning (lOOq).

2. WORKING MAGNESIUM

(a) EFFECT OF WORKING AND TEMPERATURE ON MAGNESIUM

Magnesium hardens very rapidly with cold working. At normal

temperatures the work hardening is permanent and can be eliminated

only by heating. From 350 to 450° C. magnesium is quite plastic

and deformation at this temperature can be carried on without

hardening. In fabrication of magnesium the working temperature

should approximate 350° C.

(b) HOT PRESSING

The flow of magnesium on hot pressing is similar to aluminum,

except that in the case of magnesium a gradually increasing pressure

is preferable to a sharp blow.

(c) FORGING

Magnesium can not be forged by the ordinary processes with cold

metal and tools, the metal cracking along parallel planes of cleavage.

Further cold work results in complete shattering. The forging may
be accomplished most successfully when the blank is made roughly

to the dimension of the die, with an excess of thickness. The metal

is heated so that a single application of pressure is enough to fill the

die completely before the heat of the metal is lowered sufficiently to

cause cracking.
(d) SPINNING

Magnesium can not be spun by the ordinary processes owing to the

rapid hardening of the material with cold work. Annealing the metal

does not change its crystalline character, and mere heating of the

metal gives no substantial improvement. When the metal, the chuck,

and the tool are heated to the temperature range within which

magnesium becomes plastic, a flow of metal is possible.
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(e) DRAWING

Drawing offers the same difficulties as spinning. The collar, punch,

and die of the press may be heated within the temperature range

necessary for the metal to become plastic. This process is not as yet

fully worked out.
(f) MACHINING

Magnesium is readily machined. The metal does not tear, there

is no drag on the cutting edges of a tool, and a higher speed may be

used than with brass. Carbon-steel tools may be used. Lubrication

is unnecessary on any ordinary machining operation. In screw-

machine work a mixture of lard oil and kerosene will prevent any
possible overheating of the work.

(g) GRINDING

Magnesium may be readily ground, lubrication with kerosene or

water being necessary to prevent clogging of the wheel.

3. SURFACE FINISH

Magnesium takes a high polish with a buffing wheel. A mat
surface may be obtained either by acid dipping or by use of a scratch

brush. It may be painted or lacquered, a bitumastic solution being

a fairly stable protection against salt water and spar varnish or

Bakelite varnish against sea water and mild acids.

Magnesium may be electroplated, the best results being obtained

with alkaline, neutral, or cyanide solutions. The surface is prepared

by sand blasting, and may then be plated with copper, silver, zinc,

brass (lOOq). Just as with aluminum it is difficult to secure electro-

deposited coatings that are really adherent.

It is stated that heating under pressure in the presence of, and
above the boiling point of, water produces a surface coating that

gives substantial protection (lOOu).

4. CASTING MAGNESIUM AND ITS ALLOYS

Magnesium requires special care in the foundry because of its

rapid oxidation near and above its melting point, and because its

extreme lightness causes a tendency to trap air and gases. Pure
magnesium is more difficult to handle than most of its alloys (lOOq).

The commercial magnesium-base alloys have lower melting points

than the pure metal, and therefore do not oxidize as readily. Not
only does the rapidity of oxidation decrease with temperatures but

the start and spread of burning is checked by a lower temperature of

the molten metal.

In casting magnesium the molds are thoroughly baked to eliminate

water. A thin solution of water glass may be sprayed on the face of

the mold before baking. The mold should be rammed lightly,
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vented freely, and poured rapidly. Cores must be baked free from
moisture and should crush easily. A binder, such as water glass,

should be used that will not give off gases when in contact with hot

metal.

In order to avoid the use of dry sand molds, sand may be tempered

with glycerine or ethylene glycol instead of water and the sand so

tempered used for green sand molds (lOOx). The use of boric acid

(lOOv, w) or of sulphur in green sand molds is also said to allow the

avoidance of dry sand molds.

Magnesium may be melted in iron or mild steel pots which do not

contain appreciable percentages of nickel. Air should be excluded

as much as possible either by melting in a partial vacuum under inert

gas or in a pot having a tightly fitting cover, the latter method being

the most practical. The furnace should be either of a tilting or a

bottom tap type.

Sufficient metal is charged in the beginning to complete the molds,

as no metal should be charged after melting down. The melt is

tapped as soon as it has reached the proper temperature. Some
foundry men consider use of fluxes is inadvisable on the ground that

they tend to mix with the metal and cause faulty castings. Others

(lOOy) consider melting under a flux as a better and more practical

method of excluding air. The flux is skimmed back and the metal

may be dipped out by a hand ladle, with, it is claimed, complete

separation of metal and flux if the proper flux is used.

Archbutt and Jenkin (100s) tried a mixture of 72 parts anhydrous

magnesium chloride, 28 parts magnesium fluoride, but abandoned

its use in favor of one of 68 parts anhydrous magnesium chloride,

24 parts potassium chloride, 4J4 parts sodium fluoride, 3 parts

calcium fluoride.

The first was viscous enough to be held back in pouring, but did

not always form a perfect cover; the second was sufficiently fluid,

but it was difficult to skim it back so as to prevent it entering the

mold with the metal.

In general, the temperature of the metal in the furnace should

range from 650 to 690° C. A safe holding temperature and one suit-

able for casting is 670° C. The lowest possible casting temperature

should always be used.

Magnesium lends itself readily to casting in permanent iron molds

or in iron molds with a sand core. The physical properties of a chill

casting are better than those of a corresponding sand casting.

(a) DIE CASTING

Experiments have proved that magnesium will flow freely and fill

a heated die. Owing to the reaction of air with molten magnesium,

the process will probably be developed in connection with the use

of a plunger type of pressure machine rather than by compressed air.
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III. MAGNESIUM ALLOYS

1. MAGNESIUM-ALUMINUM

The most important alloys of magnesium are those with aluminum.
The equilibrium diagram is shown on page 115. The various equi-

librium diagrams for other alloys have been collected in the Handbook
of the American Magnesium Corporation.

In the high-magnesium range, the alloys generally considered prefer-

able are those having 4 to 12 per cent aluminum (lOOf). The mechan-
ical properties of the 4, 6, 8, 10, and 12 per cent aluminum alloys

as given by the American Magnesium Corporation (lOOq) are shown
in Table 109.

The last alloy in the table is a 4 per cent aluminum alloy with

the addition of 0.4 per cent manganese which the American Mag-
nesium Corporation has recently advocated as combining superior

average corrosion-resisting properties with maximum mechanical

properties consistent with minimum foundry and fabrication diffi-

culties.

Attention is called to the proportional-limit figures in this table.

Much data on magnesium alloys, especially from foreign sources,

evades or omits to bring out the fact that these low proportional limits

exist, a matter which may or may not be important in engineering

design depending on the structure in question, but which, if neglected

in an application where it is important, may be serious.
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Archbutt and Jenkins (100s) tested the 6 per cent aluminum alloy

in commercial hot-rolled rod and on an experimental lot. They
obtained:

Table 110 .—Mechanical 'properties of the magnesium alloy with 6 per cent aluminum

Commer-
cial 1

Commer-
cial 2

Experi-
mental

Experimental an-
nealed at 350° C.

as rolled

5 hours 100 hours

Tensile strength lbs./in. 2__ 52, 000 41, 000 40, 500
5,500

19

38, 500
5, 500

15

37, 000
4, 000
12.50

Prnpnrtirvna.1 limit do
Elongation in 2 inches per cent 3. 50 11
Rprinr.tinn nf arpa do 4 17

The variations are doubtless due to variations in finishing tempera-

tures, giving different amounts of cold work.

The thermal conductivity of the alloys are given by the American

Magnesium Corporation and Aitchison (105c) as follows:

Table 111 .—Thermal conductivity of alloys with aluminum

Temperature K (calories)

4 per cent Al, 96 per cent Mg
°C.
106-250 0.17

6 per cent Al Not stated. .18 (105c)
.178 per cent Al, 92 per cent Mg 106-250

11 per cent Al _ - - - Not stated. .211 (105c)
.1512 per cent Al, 88 per cent Mg . 110-250

The volume resistivity is given below:
Specific resistivity at 20° C.

96 per cent Mg, 4 per cent A1 10.712X 10~6

90 per cent Mg, 10 per cent A1 16.661X 10-6

Aitchison (105c) gives the tensile strength of the cast 11 per

cent aluminum alloy at 250° C. as 12,500 lbs. /in. 2 and at 350° C. as

/. o r™ , . i
maximum stress * ,,

10,300 Ibs./m. 2
. The mass strength or ^ of the alloy

’ 1 specific gravity

at the same temperatures is 6,900 lbs. /in.2 and 5,600 lbs. /in.
2
,

respectively.

The effect of the addition of aluminum (as well as of Ni, Cu, and

Zn) on the tensile properties of magnesium is shown in Figures

108 to 114. As will be seen by comparison of Tables 109 and 112

with Figure 108, Archbutt’s data, which indicate that the tensile

strength is less in the alloy with 4 per cent aluminum than in the

pure metal, are not corroborated by other available data. It is

generally considered that the addition of up to 4 per cent aluminum
increases the tensile strength, elongation, and hardness. Above 4

per cent aluminum further addition increases the tensile strength

and hardness, but at the expense of the elongation. Beyond 10

per cent aluminum both tensile strength and elongation are reduced,
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but hardness increases. The addition of aluminum also markedly

increases the proportional limit. These facts are brought out in

Figure 110, after Gann (109a). The addition of 0.1 per cent Mn to

magnesium-base aluminum alloys increases the proportional limit

materially.

The effect of heat treatment and mechanical treatment on the

magnesium-aluminum alloys is to increase the strength of the alloy

and shift the position of maximum tensile strength toward higher

aluminum contents. Compare Figure 111 with 112 and Figure

113 with 114. The hardness of the 12 per cent aluminum alloy is

raised from 65 to 79 for the sand-cast alloy and from 80 to 100 for

the chili cast by heating two hours at 430° C., quenching in water,

and reheating four hours at 170° C. (107a). The alloy did not show
any change on aging at room temperature for seven days.

Neither Mg nor Mg-base A1 alloys yield readily to cold bending.

The 4 per cent Ai alloys will bend without cracking around a radius

of about three times the thickness of the sheet.

These alloys are used for casting purposes when toughness is

desired. The 4 to 8 per cent aluminum will give the best results;

when hardness is desired the heat-treated 12 per cent aluminum
alloy is best; for worked metal with good physical properties and
working qualities the 4 to 6 per cent aluminum alloy is superior.*

2. DOW METAL

Dow metal is used by the manufacturers as a generic term for a

series of magnesium-base alloys containing aluminum or copper as

the chief alloying elements (lOOf, k).

The properties of these alloys as stated by the manufacturers are

given in Table 112. Data for the older alloy "A” (8 per cent

aluminum) are taken from Gann’s paper (109a).

3. ELECTRON

Electron is a German term for magnesium-base alloys containing

small percentages of (1 or more of) aluminum, zinc, copper, man-
ganese. The composition of the electron alloys varies widely and
in most cases the compositions are not available.

Much of the comment on these alloys in the literature is of so

general a character that it gives little real information, mechanical
properties being claimed without statement of composition or degree

of mechanical working. Some of the earlier electron alloys for casting

purposes contained 5 to 6 per cent of alloying elements, both zinc

and aluminum being used in varying proportions. These appear
to be designated by the symbol “ AZ.” In the cast form these appear
to have the same general order of strength as the 4 per cent aluminum
alloys of Tables 109 and 112, but rather lower elongation. Few
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data have been found giving both chemical composition and me-
chanical properties. Beckinsale (110b) examined three specimens

of rod 0.31 inch diameter thought to have been extruded. They
contained about 0.5 per cent copper and 4.5 per cent zinc, and showed

36.000 to 41,000 ibs./in.
2 tensile strength, 13 to 19 per cent elongation

in 0.64 inch (test pieces 0.18 inch diameter). In compression test of

0.31 inch diameter cylinders of equal length, the crushing strength

was about 39,000 lbs./in.
2

. The stress at a compression of 0.5 per

cent with load on varied from about 6,700 to 18,500 lbs./in.
2 and the

permanent reduction in length at a load of 22,400 lbs./in.
2 varied from

1 to 4 per cent.

Archbutt and Jenken (100s) studied a rod of commercial electron

which contained 4.38 per cent zinc, 0.22 per cent copper, 0.15 per

cent aluminmn, 0.14 per cent silicon. This gave 40,000 lbs./in.2

tensile strength, and 11,000 proportional limit, 15 per cent elongation,

19 per cent reduction of area.

Anderson (110a) gives data for extruded rod “Zl” containing 5

per cent zinc and a trace of copper which showed tensile strength of

36,500 to 39,500 lbs./in.
2
,
elongation of 17.5 to 22.5 per cent, and

reduction of area of 20 to 30 per cent. The proportional limit varied

from 6,000 to 13,000 lbs./in.
2

.

The “VI” alloy, containing 10 per cent aluminum and a trace of

copper, was claimed by the maker to have a proportional limit of

24.000 lbs./in.
2

. Anderson found that the proportional limit was
10,900 lbs./in.

2
. Even this figure is higher than that indicated for

extruded material of this composition in Table 109.

The shape of the stress-strain diagram for these magnesium alloys

is of such shape that the sensitivity of the extensometer used plays

a controlling part in the magnitude of the values recorded for pro-

portional limit. The yield point, likewise, depends on the arbitrary

conditions chosen for the test. Figures for proportional limit and

yield point from different observers are seldom directly comparable,

and any indication of superiority on the basis of such tests must be

viewed with suspicion unless the tests of each alloy were made under

identical conditions.

The other values reported by Anderson for the extruded 10 per

cent aluminum or “Vl” alloy are tensile strength 47,500 lbs./in.
2
,

elongation 13 per cent, reduction of area 12 per cent. He also gives

for annealed sheet of 10 per cent aluminum and 4 per cent aluminum
content, respectively, 47,500 and 33,500 lbs./in.

2 tensile strength,

11.000 and 10,500 lbs./in.
2 proportional limit, 13 and 17 per cent

elongation. Anderson also reported on an alloy “AZM” containing

5 per cent aluminum, 3 per cent zinc, and 1 per cent manganese,

which, as extruded, gave 13,500 lbs./in.
2 proportional limit, 49,000

lbs./in.
2 tensile strength, and 16^ per cent reduction of area*



LIGHT METALS AND ALLOYS 305

Fig.

1
12.

—

Mechanical

properties

of

magnesium-aluminum

Fig.

113.

—

Mechanical

properties

of

magnesium-aluminum

alloys

cast,

quenched,

and

aged.

(American

M

agnesium

alloys

as

extruded.

(American

Magnesium

Corporation,

Corporation,

lOOq)

100

q

)



306 CIRCULAR OF THE BUREAU OF STANDARDS

The effect of relatively large amounts of manganese is shown by
tests reported by Anderson on alloys containing 96 per cent magnesium,

4 percent aluminum, and 95 per cent magnesium, 4 per cent aluminum,

and 1 per cent manganese, each rolled to sheet 0.012 inch thick and
presumably annealed. The tensile strengths were, respectively,

33,500 and 28,500 lbs. /in. 2
,
elongations 15 and 5 per cent, and pro-

portional limits 10,500 and 11,500 lbs. /in.
2

. The effect of manganese
upon the proportional limit seems to be less marked in annealed

than in cold-worked material.

Electron alloys take on a protective film of oxide in air (lOOp), are

not readily flammable (1001), may be soldered (103b), and may be

worked and forged between 220 to 350° C. (103o). The AZ casting

alloys have a shrinkage of about 1.1 per cent and are brittle above
500° C. (lOOg). The thermal expansion of electron is given by Disch,

as follows:

Temperature
range, ° C.

Average
coefficient

of expan-
sion per
degree

centigrade,
X10-6

0 to 100 28.4
100 to 200... 28.7
200 to 300... 29.1

The material does not tend to absorb oxygen and nitrogen while

in the molten condition (lOOo). Electron is said to be unaffected by
rain water (103a), alkalines, gasoline, benzine, oils, and fats free from

acids (lOOg), but is susceptible to acids, even organic (103c), salt

solutions, or chlorides and sulphates of heavy metals and ammonia
salts of river waters (103a, lOOg). Electron finds use in the optical

automotive, electrical, textile, and aircraft industries, for die cast-

ings, and other purposes (lOOg).

4. MAGNESIUM-COPPER ALLOYS

These alloys have found limited application abroad as piston

alloys (100m). The strength of the 13 per cent copper alloy at

moderately high temperatures is said to be higher than that of the

4 per cent aluminum alloy (100a). Cook and Jones (106d) studied

the properties of copper-magnesium alloys containing 1.15 to 9.84

per cent copper. The effect of increasing percentages of copper on

ultimate stress, reduction of area, and elongation are shown in

Figure 115. The specific gravity of the alloys increased from 1.759

for the 1.15 per cent copper alloy to 1.871 for the 9.84 per cent copper

alloy. Increasing the amount of copper caused a corresponding in-

crease in hardness. These results show that the copper-magnesium

alloys do not harden on aging. The alloys machine without difficulty,

and there was little appreciable difference in the behavior of the

alloys.
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Hansen (106a) also found no perceptible change of hardness on
aging at room temperature in alloys of copper 5.83 to 15.44 per cent

quenched from 450° C. Hansen attributes this as possibly due to

the fact that the atomic mobility is sufficiently great to permit the

compound to precipitate in the form of microscopical particles during

quenching, slow cooling causing these particles to coagulate to larger

ones, accompanied by a small decrease in hardness and a considerable

decrease in elongation and reduction of area.

Cook and Jones (106d) give figures for the properties of chill cast-

ings ranging from 1.15 to 7.69 per cent copper as: Proportional limit

3,500 to 7,000 lbs./in.
2
,
ultimate stress 16,500 to 17,500 lbs./in. 2

,

elongation 7.0 to 0.2 per cent, reduction of area 5.4 to 0.3 per cent,

while values given for the copper-magnesium alloys as given by other

authors (100b, j, h) show a specific gravity of 1.77 to 1.90 from 2 to

13 per cent copper, thermal conductivity 0.34 for the 3 per cent

copper alloy and 0.308 to 0.32 for the 13 per cent copper alloy, casting

shrinkage 0.14 inch per foot for the 3 per cent copper alloy, and 0.15

inch per foot for the 13 per cent copper alloy. Brinell hardness

numbers given by Cook and Jones for the 0.23 to 15.44 per cent copper

alloys vary from 39 to 60 for the quenched alloys, and from 35.5 to

54.0 for the slowly cooled alloys. The strength of the 13 per cent

copper at room temperature is 35,500 lbs./in. 2
,
elongation 3 inches,

and reduction of area 2.77 per cent; at 400° F., about 9,000 lbs./in.2

higher than that of magnesium.

Archbutt and Jenken (100s) have studied commercial rolled rod of

3 and 13 per cent copper. These gave, respectively, tensile strength,

lbs./in.
2 33,000 and 39,000; proportional limit, not determined and

7,000; elongation 4.50 and 2.50 per cent; reduction of area 5 and 2.50

per cent.

While the high thermal conductivity of magnesium alloys with

copper has led to interest in them as automotive pistons, the poor

mechanical properties, and especially their extremely rapid cor-

rosion under normal atmospheric conditions, make them of little com-

mercial importance.

Hansen (106a) finds Mg2Cu is soluble in magnesium to the extent

of about 0.4 to 0.5 per cent copper at 485° C., the solubility decreasing

with decreasing temperature to about 0.1 per cent copper, and hence

that solution quenching and precipitation hardening is possible in this

alloy. He also gives the mechanical properties of alloys with 6, 8, 10,

and 15 per cent copper. The alloys also contained 0.1 to 0.2 per cent

silicon.

A magnesium-copper alloy with the addition of aluminum and

cadmium (see alloy “T”) Table 112, which may be used in the cast

or forged condition, is preferred in this country for pistons, and is

considered by its makers to be the most successful magnesium alloy

yet developed for the purpose.
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MAGNESIUM-CADMIUM ALLOYS

The 1 per cent Cd alloy is suitable for rolling, extruding, forging.

The properties of this alloy are given by Aitchison (103c) as follows:

Table 113.—Mechanical 'properties of magnesium-cadmium alloys

Condition
Elastic
limit

Proof
stress

Maximum
stress

Elongation Reduction
of area

Cast bar
Fnrjrpd bar

Lbs./in. 2

2,700

Lbs./in. 2

6,500

25, 500
25, 000
25, 000

Lbs./in.2

9,900

31. 500
26,000
25. 500
26, 000
21. 500

i

Per cent

3.5 (4VA)
5.0 (3VA)

1. 0 (2 inches)
. 75 (2 inches)

Per cent

3.1

6.9

Itollcd strip / 13,000

l 13,000

JExtruded rod
|

6.

MAGNESIUM-NICKEL ALLOYS

Aitchison (lOOh) gives the properties of magnesium-nickel alloys

as follows:

Table 114.—Mechanical properties of magnesium-nickel alloys

Nickel
(per cent)

Maximum
stress

Elongation
in 2 inches

Specific
gravity

3

Lbs./in 2

19,500
Per cent

4 1.78
6 21, 000 2 1.82
9 23, 500 2 1.86
12 24,500 1 1. 90
16 24, 000 0 1.94
20 25, 000 0 1.97

7.

MAGNESIUM-ZINC ALLOYS

Stoughton and Miyake (106c) give the following properties for the

magnesium-zinc alloys :

Table 115.—Mechanical properties of magnesium-zinc alloys

Zinc (per cent)
Maximum

stress

Specific
gravity

Zinc (per cent)
Maximum

stress

Specific
gravity

4
Lbs./in 2

12,300
13, 500
17, 200
21, 000
25, 000

1. 78 9
Lbs./in 2

21, 300
18,000
17, 200
16,600

1. 85
5 1. 79 10 1.87
6 1. 81 11 1. 89
7. 1.82 12 1. 91
8 1. 84

'Si

Values for the strength of these alloys as given by Aitchison (lOOh)

are somewhat lower. A yf-inch chill-cast bar of 3 per cent zinc

alloy has a yield point of 11,200 to 12,200 lbs. /in.
2

,
maximum stress

27,800 to 24,000 lbs. /in.
2
,
elongation 4 to 6 per cent, Brinell 36 to

39 (103c). The forged bar had a yield point of 26,400 lbs. /in.
2

,
maxi-

mum stress 28,400 lbs. /in.
2

,
elongation 1.5 per cent, Brinell 38. The

alloy did not forge well. It is easily corroded.
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The mechanical properties of magnesium-zinc alloys may be
improved by heat treatment, Stoughton and Miyake stating that the

alloys may be hardened materially by quenching from a temperature

below the solidus, followed by reheating to a temperature higher

than room temperature (artificial aging). The effect is especially

great in high-zinc chill-cast alloys.

8. GENERAL COMMENT

Accurate data on the properties and behavior of magnesium alloys

in commercial production from other sources than the producers of

magnesium itself are scarce, and, hence, many of the data given

above for the various alloys are not so thoroughly checked up as is

the case with the more common alloys of aluminum. Much of the

published data from foreign sources are given for “Elektron,” and

as that term covers a range of alloys of various compositions, such

information is of iittle definite value.

The low proportional limit and the tendency toward corrosion of

magnesium have had to be remedied in order to make its alloys

applicable to many engineering uses. Much has been done along

both lines so that these drawbacks are somewhat under control. The
good endurance properties, which are discussed on pages 279 to 281,

offer a counterbalancing advantage over some of the aluminum alloys

for some uses. The question whether combined corrosion and

repeated stress will, in practice, minimize this apparent advantage

over aluminum alloys can not yet be answered, as no work on

corrosion fatigue of magnesium alloys has so far been reported.

The Army Air Service specification No. 11301 for Magnesium
Alloy Castings, is as follows:

United States Army Air Service, No. 11301. Any composition containing not

less than 85 per cent magnesium shall be acceptable, provided the manufacturer

states the composition he intends using and the chemical requirements he can

maintain.

The specific gravity of this alloy shall not exceed 1.85.

This alloy shall have the following physical properties:

Tensile strength (minimum) lbs./in.a__ 20, 000

Elongation in 2 inches (minimum) per cent__ 4

Brinell hardness (500 kg) 40-50

IV. SILICON, BERYLLIUM, AND THEIR ALLOYS

Aluminum and magnesium are both ductile and capable of being

wrought, even when not very pure. These light metals therefore

early came into use in wrought form. Two other light metals

—

silicon and beryllium—would have, were they ductile, possibilities

not exceeded by those of aluminum and magnesium, since the specific

gravities of the metals are, aluminum 2.88, silicon 2.34 ±, beryllium

1.84 ±, magnesium 1.74. The atomic weights are, beryllium 9.02,
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magnesium 24.32, aluminum 26.97, silicon 28.06. Silicon and beryl-

lium are both very resistant to atmospheric corrosion and to attack

by many chemical reagents. Their melting points are much higher

than those of the ductile metals, the order being silicon 1,420± 15° C.,

beryllium 1,280 to 1,300° C., aluminum 660° C., magnesium 651° C.

Silicon is volatile at temperatures above its melting point, and this

fact has to be taken into account in electric smelting of the metal.

The actual boiling point is not known; estimates range from those

of Mott (lllg) at 1,600 to 1,800° C. to those of Zimmerman at

2,000 to 2,500° C.

Light high-melting metals resistant to corrosion are, however, of

little industrial use in the pure state unless they can be wrought or

at least cast. Silicon, even in purest form, such as that prepared

at the National Physical Laboratory by Tucker (111a) by chemical

purification of the commercial metal, is brittle, and no method of

fabrication hot or cold, other than casting, has been found possible.

While attempts have been made (1 1 li) to develop cast silicon vessels

for chemical use, its brittleness has made it so unpromising that in

spite of the widespread distribution of very pure silica that would

serve as ore and of the comparative ease of preparation by smelting

silica with carbon or carborundum in an electric furnace (lllp),

silicon to-day finds use as a pure metal chiefly as electrode in wet or

dry electrolytic rectifiers. In attempting to make castings the use

of a slag on the metal to avoid oxidation and the avoidance of too

high a solicon content are advisable. Castings with 85 to 88 per

cent silicon are made with less difficulty than those of higher silicon

content. Silicon also serves as a source of hydrogen, since it reacts

with caustic soda to give hydrogen and sodium silicate (lllh).

The production of ferrosilieon is large and of fundamental impor-

tance in the steel industry, but discussion of ferrosilieon has no place

in a description of fight alloys. Calcium-silicon and other alloys of

silicon intended for use as deoxidizers are on the market.

In similar fashion to the use of aluminum as a reducing agent in the

thermit reaction, the high heat of oxidation of silicon, given as 6,400

to 7,600 calories per gram (II In, m, o), makes it suitable for use as a

metallurgical reducing agent (11 If, 113a, b). A multitude of patents

for processes of manufacture of various chromium alloys and “ stain-

less steels” involve as one step the reduction of chromium oxide by
silicon. In such uses extreme purity of the silicon is required only

when its impurities would be detrimental in the alloy to be produced.

Beryllium also has a high heat of oxidation, about 14,500 to 15,000

calories per gram (112i, j, k), but is still too expensive for use as a

reducing agent.

Silicon is peculiar among metals in that its temperature coefficient

of electrical resistance may change sign in some temperature range,



LIGHT METALS AND ALLOYS 313

the exact behavior varying with the impurities. At red heats, the

resistance changes in such fashion that it was at one time planned
by Weintraub (113c) to use graphite or tungsten rods coated with
silicon to make a resistor which would have the same resistance

regardless of temperature, the change in resistance of the silicon

with temperature being calculated to balance that of the other

material. While this plan did not succeed, cast silicon resistors were
tried in experimental use (llle) and the fact established that oxida-

tion of the metal is slow even at high temperatures because of the

protective oxide coating which forms.

Some attempts have been made to utilize silicon or ferrosilicon as

a coating (111b, c, d), to give corrosion-resisting properties to the

surface of another metal or alloy and, in a finely crushed state, as a

pigment.

None of these actual or suggested applications, however, depend
primarily upon the low specific gravity of the metal. In its appli-

cations to light alloys, the chief use and a very large one, of silicon

is in the aluminum silicon casting alloys which have been described

on page 170 and for addition in case the aluminum used does not

carry a sufficient amount of silicon in itself, to alloys of the duralumin

type which are hardened in whole or in part by the precipitation of

magnesium silicide during aging, as described on page 238.

As the detrimental action of iron upon some of the aluminum
alloys has become better known, and the fact that the iron could be

brought into a form less harmful to these alloys by causing it to

combine into complex iron-aluminum-silicon compounds (see p. 240),

a small use of pure silicon has developed for addition to commercial

aluminum in order to raise the silicon content to the proper amount
to balance or control the iron content when such control is desirable

on account of the use to which the aluminum is to be put.

Obviously for such uses the silicon should be as free as possible from

iron. Hence, the purity is controlled, first by selection of raw
material, and second by a refining process which presumably consists

of chemical treatment after crushing to dissolve undesirable impur-

ities, followed by remelting, along the general lines described by
Tucker (111a). A complete analysis of a typical commercial silicon

is

—

Per cent

Silicon 92. 42

Iron 4. 24

Silicon carbide .41

Aluminum 1. 48

Calcium . 02

Magnesium . 04

Per cent

Manganese > 0. 05

Phosphorus . 025

Titanium . 15

Sulphur .02

Copper Trace.

One lot of a higher grade showed 94.5 per cent silicon, 2.8 per cent

iron, and 1.7 per cent aluminum.
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Treatment of silicon 90 to 95 per cent pure with hydrofluoric acid

followed by remelting the purified material produces refined silicon

such as is used for making aluminum-silicon alloys.

Commercial silicon, before refining, may contain as main impur-

ities about 8 per cent iron, 2 per cent aluminum in the 90 per cent

grade used for generation of hydrogen (lllh), and in the 95 per cent

grade, about 5 per cent iron plus aluminum (11 If).

Refined commercial silicon contains 98 per cent or higher silicon,

the chief impurities being up to about 0.7 per cent iron, up to about

0.6 per cent aluminum and up to about 0.4 per cent calcium.

Tucker produced metal of 99.94 per cent purity containing only

0.02 per cent each of iron and aluminum, about 0.01 per cent cal-

cium and a trace of nonmetallics.

The physical properties of material of this last grade have not

been fully described. Many properties, such as are given in previous

sections of this circular for aluminum and magnesium, can only be
satisfactorily determined upon wrought metals. This and the

knowledge that the mechanical brittleness of the material would bar

it from most industrial uses, account for the lack of accurate data

upon the pure material.

In its uses for alloying with aluminum the low specific gravity of

silicon is an advantage. The commercial aluminum silicon alloys

are lighter than aluminum itself.

The alloys of silicon have been studied to some extent (111k, 1),

the more recent work being chiefly on the magnesium silicon system

in connection with Mg2Si and its behavior in duralumin. Nothing

of commercial promise seems to have been found in the binary

systems.

The possibilities in light alloys which might consist of a high

percentage of silicon and a small one of some heavy metal, may not

have been exhausted, but, in general, the brittleness of silicon is not

destroyed in such combinations. Hence, the story of the light silicon

alloys is a short one to date, and there seems to be no immediate

likelihood of the development of such alloys.

Beryllium, or glucinum as it is sometimes called, has approximately

the same specific gravity as magnesium. Hence, one does not look

to alloys of beryllium because of exceptional lightness, but because

of the possibility of other useful properties. Although beiyllium

has been described by some writers as a ductile metal, this statement

can not yet be accepted as correct. Metallic beryllium, manufac-

tured by the Beiyllium Corporation of America, has been upon the

American market for a year or so at a price of about $200 a pound,

in purity of around 98.7 per cent, the chief impurities being about

1.1 per cent iron, 0.20 per cent barium, and a little silicon. The
density of this material is 1.86 g/cm3

. This material is far from
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ductile in the cold. It is, instead, coarsely crystalline, reminding

one of antimony or bismuth, is hard and brittle, and apparently

incapable of being wrought cold.

Metal more recently produced is said to be better than 99.5 per

cent pure, with about 0.2 per cent iron and 0.1 per cent silicon.

Some lots are semimalleable cold, and can be rolled hot into thin

sheet.

Cooper 8 states that it is expected to be possible to lower the price

to not far from $50 per pound in the near future, and that in the more
distant future, with the development of a market for large quantities,

substantial reductions from this figure may be looked for.

Stock and coworkers (112g) and Hopkins and Meyer (112h)

studied the preparation of the metal, while Burgess (112f) discussed

other methods. Vivian (112e) has prepared beryllium by electrol-

ysis of sodium beryllium fluoride plus barium fluoride, quite analo-

gous to the methods used for production of aluminum and magnesium,
and has made metal of 99.8 per cent, or better, purity. The impuri-

ties are ordinarily iron, carbon, aluminum, and magnesium, each in

amounts approximating 0.05 per cent. Nitrogen is present to about

0.005 per cent. Some material practically free from carbon and
with only about 0.02 per cent iron has been produced by sublimation

in a vacuum. Analytical difficulties prevent accurate statement of

the purity obtained, but all Vivian’s products were brittle, and had
a Brinell number of 90 to 112.

Cooper 8 states that while the process of Stock and Goldschmidt
is one of the outstanding developments in the history of beryllium,

operation at about 1,300° C. with molten fluoride is difficult because

of the corrosive action of the fluoride and the loss by volatilization.

He says that in the Cooper process (not described) the voltage required

is but 5 to 6, the temperatures low and yields high, better than 80

per cent even in the present stage of development.

Uyman (l-14a) has claimed that beryllium, even when quite

impure, can be drawn down to fine wire, and Corson (112d) also

claims it to be ductile. It is probable that with proper methods hot

working of the pure metal can be done.

The pure wrought metal would be interesting because of the claim

by Negru (1121) that the metal has very high electrical conductivity.

A study of the thermal and electrical conductivity of beryllium is

under way at Cornell University, but results are not yet available.

Cooper 8 states that the electrical conductivity is 18 /x per cc or about
the same as that of lead. Bassett (112a) has found that small

amounts of beryllium strengthen copper, with relatively little reduc-

tion in the electrical conductivity of the copper so that, with sufficient

beryllium available at a price that would allow its use, electrical

conductors of superior properties might be produced. The modulus
of elasticity of beryllium, and, hence, of the alloys high in beryllium,

8 H. C. Cooper, personal communication.
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is expected to be high. According to Corson (112d) the modulus of

the pure material may be higher that that of steel.

Another interesting property is the coefficient of thermal expansion.

Tests at the Bureau of Standards (112b) also—Hidnert and Sweeney
(112m)—upon cast material of the commercial grade, probably about

98.9 per cent, and having a density of 1.835 at 20° C., indicate the

expansion coefficient to be about the same as that of cast iron (see

Table 116). Could the casting and machining difficulties be over-

come and the price be brought down to a point where the material

could be used, a light piston for automotive engines might be pro-

duced which might have advantages over present light alloy pistons.

Table 116 .—Coefficients of thermal expansion of impure metallic beryllium

Temperature range (° C.)

-100- 50
X/+*

7.0
-120+ 20 8.1
- 50+ 20 9.8

+ 20 100- 12.3

+ 20 200 13.3

+ 20 300 — 14.0
+ 20 400

+ 20 500
14.8
15.5

+ 20 600 16.1

+ 20 700- 16.8

Coefficient
expansion

The melting and casting of beryllium is not easy, but by melting

with a flux of 90 per cent barium chloride and 10 per cent barium
fluoride it is possible to handle such melts in fairly satisfactory

fashion, although experience is required.

Alloys of silver and beryllium have been claimed to resist tarnish,

but experiments at the Bureau of Standards (112m, n) have not sub-

stantiated this claim.

Both Corson (112d) and Kroll (112n, o) suggest that beryllium

might serve in duralumin, either as an inhibitor of grain growth or

as a magnesium beryllide or beryllium silicide precipitable on aging

after quenching, but Kroll’s data on such alloys (p. 247) indicate no
advantage over ordinary duralumin. Cooper 9 expects increased

resistance to salt-water corrosion and better physical properties. No
proof of the value of beryllium in duralumin has yet been adduced.

Corson (112d) claims that it is difficult to alloy more than a few

per cent of beryllium with aluminum. This is obviously incorrect.

Kroll (112p) has made and rolled to sheet an alloy with 20 per cent

beryllium. Alloys up to about 50 per cent beryllium are being tested

for thermal expansion at the Bureau of Standards and will be reported

on later; and it is reported that an alloy of 70 percent beryllium and

30 per cent aluminum, rolled to very thin sheet, is being studied for

its possibilities as a diaphragm for a radio loud speaker. It is said

that this hard-rolled 70 per cent beryllium alloy, in thin sheet, has a

8 H. C. Cooper, personal communication.
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tensile strength of about 100,000 lbs. /in. 2 in the direction of rolling,

but only about 70,000 lbs./in.
2 in the transverse direction. This is

said to have a specific gravity of 2 and to be unaffected by salt water.

An alloy of 90 per cent beryllium 10 per cent aluminum has been
rolled.

Kroll (112p) gives the following for a series of aluminum-beryllium
alloys rolled to sheet and annealed at 420° C. The alloys contain

about 0.10 per cent silicon as impurity, besides iron.

Table 117 .—Mechanical properties of aluminum-beryllium alloys in sheet form
{Kroll, 112p)

Beryllium Iron
Tensile
strength

Elongation

Per cent Per cent Lbs./in.2 Per cent
None. 0. 25 9,500 2234

0.30 .40 11,000 3434
1.30 .45 12, 500 29
2.06 .55 13, 000 30y2
6.06 .84 16,500 33
9.87 2.70 17, 000 36

20.23 1. 35 23, 000 39

Webster (58a) reports a tensile strength of 26,500 lbs./in.
2 and an

elongation of 10 per cent for an aluminum alloy with 2 per cent

beryllium.

Kroll (112.) does not see much future in beryllium or the aluminum-
beryllium alloys, stating that beryllium is more of a metalloid than a

metal and that it greatly resembles silicon. He even states that, in

whatever way alloyed with light metals, it is doubtful if it has prop-

erties that silicon does not equally possess. He says, “A good deal

of the confidence with which beryllium was regarded either as a

metal for use in construction or for its properties on being alloyed

with aluminum or magnesium, has already proved misplaced.”

Cooper (personal communication) states that there is no parallel

at all between the alloying action of silicon and that of beryllium with

aluminum and feels that the industrial future of beryllium lies in the

development of the beryllium-aluminum alloys.

Kroll estimates that the cost of production could hardly be reduced

in the near future, at least, to less than about $45 a pound.

The ores of beryllium would be gadolinite and beryl, more probably

the latter, which contains, in the crystalline beryl, free from gangue,

only around 5 per cent of the element itself and which must be sepa-

rated from the impurities of the ore by tedious and costly chemical

processes. Beryl is not a very rare mineral, and were uses found

for the metal to justify mining the mineral where it is now found and
prospecting for other deposits sufficient ore deposits could presumably
be located to provide for a considerable supply of the metal. Never-

theless, the scarcity of the ore in comparison to the sources of aluminum
and magnesium, the low metallic content of the ore, the certainly

greater difficulties in purification, and the probably greater diffi-

51409°—27 21
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culties in electrolytic reduction to metal, made it obvious that what-
ever the future price of the metal may be it will always, as far as one can
predict, be essentially much more costly than the other light metals.

In view of the great scarcity of accurate data upon the properties

of beryllium and its alloys and because of the relatively small amount
of scientific work being done upon them, no definite idea can yet be

had as to whether or not beryllium and its alloys will find commercial
use. No immediate large-scale use seems probable, yet the chances

of securing the pure metal or its alloys in usable form and with proper-

ties quite different from most other light alloys seem good enough to

justify brief mention of a few of the scanty data so far published on
them, because any alloy of unusual or unique properties is likely to

be of service for some application or other.

Data on the average coefficients of expansion of beryllium and
aluminum-beryllium alloys and chemical analyses and densities of

beryllium and aluminum-beryllium alloys are given in Tables 118

and 119.

Table 118.—R6sum6 of average coefficients of expansion of beryllium, and aluminum-
beryllium alloys

Material

Average coefficients of expansion per
degree centigrade

20 to
100° C.

20 to
200° C.

20 to
300° C.

20 to
400° C.

20 to
500° C.

Beryllium (98.9 per cent)
Aluminum-beryllium alloy (4.2 per cent beryllium).

xio~*
12.3

xio-*
13.3

xio-*
14.0

xio-

1

14.8 1

xio-*
15.5

22. 2
|

23.2 24.4 25.1 26.5
Aluminum-beryllium alloy (10.1 per cent beryllium) 21.4

I

22.5 23.3 241 ! 25.4
Aluminum-beryllium allov (18.6 per cent beryllium) 20.0 20.8 22.1 23.0

1
24.0

Aluminum-beryllium alloy (27.5 per cent beryllium) 18.8 19.8 21.1 22.0 1 23.0
Aluminum-beryllium alloy (32.7 per cent beryllium) 17.9 19.2 20.6 21.3 22.3

Table 119.—Chemical analyses and densities of beryllium and aluminum-
beryllium alloys 1

Chemical analyses 2

Density 3

Sample Material
Alumi-
num

Beryl-
lium

Sili-

con
Cop- !

per
|

Iron
Man-
ganese

in g/cm 3

at 20° C.

1223

4

.

.

Beryllium 3 __

Per cent

(
6
)

66.3

! Per cent

98.9
Per cent

0.18
Per cent

0.06

' Per cent
0.90

Per cent
0.20 1. 835

1224 AlnminTim-hp.ryllinm alloy 32.7 . 11 .09 .84 .06 2.225
1225 do. - 71.9 27.5 .10 .08 .58 . 05 2.202
1226 do 81.0 18.6 . 12 .11 . 36 .05 2.242
1227 do. 89.7 10.1 . 12 .09 .19 .01 2.401
1228 do._ - 95.7 42 .10 .10 .12 .01 2.416

1 The chemical analyses and the densities were determined after the expansion measurements were made
on the samples.

2 Determined by J. A. Scherrer, of this bureau. Magnesium, calcium, lead, zinc, nickel, and selenium
were not detected.

3 Determined by Miss E. E. Hill, of the volumetric section of this bureau.
4 Dr. W. F. Meggers, of this bureau, made a spectrochemical analysis of this sample by means of its

spark spectrum. The following additional impurities were found: Chromium, selenium, aluminum,
magnesium, calcium, silver (trace), and bismuth (doubtful).

c The electrical resistivity of this rod of beryllium was found to be 10.2 microhm-cm at 21.5° C. by Dr.
F. Wenner, of this bureau. Assuming the resistivity temperature coefficient to be 0.004 per degree C.,

the resistivity at 20° C. is 10.1 microhm-cm. The value given is probably not in error by as much as 5 per
cent.

6 Not detected.



V. APPENDIX

A. DEFINITIONS OF PHYSICAL TERMS

Absorption index .—When monochromatic light traverses a dis-

tance equal to its own wave length, X, in a material the ratio of the

amplitude of the emergent J\ to that of the entering light, J\°, is

when k is the absorption index.

(A variety of usage prevails regarding the definition of this term.

This definition is used in the Smithsonian physical tables.)

Density .—The density of a substance is the mass per unit volume.

It is usually expressed in terms of grams per cubic centimeter.

Electrical conductivity and resistivity (x, p).—There are two methods

of expressing electrical resistivity in common use, each being defined

quantitatively in terms of the resistance of a unit specimen. The
volume resistivity is p in the equation

R-&

in which R — resistance, 1 = length, and s = cross section. The vol-

ume resistivity thus defined may be expressed in various units,

such as microhm-ein (microhm per centimeter cube), ohms per foot

of a uniform wire 1 mil in diameter, etc. The commonly used units,

in abbreviated terminology, are:

microhm-cm.

microhm-inch,

ohm (meter, mm),
ohm (meter, mm2

),

ohm (mil, foot).

The other kind of resistivity is mass resistivity, and is defined as

d in the equation

in which m= mass of the wire. The usual units of mass resistivity

are:

ohm (meter, gram),

ohm (mile, pound).
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Per cent conductivity.—The term “conductivity” means the re-

ciprocal of resistivity, but it is used very little in wire calculations.

In connection with copper, however, extensive use is made of the

per cent conductivity, which is calculated in practice by dividing

the resistivity of the International Annealed Copper Standard at

20° C.(X 100) by the resistivity of the sample at 20° C.

Temperature coefficient of resistance.—The temperature coefficient

of electrical resistance is the fractional change of resistance per degree

change of temperature. Its value varies with the temperature,

and hence the temperature from which the resistance change is

measured must always be stated or understood. For a tempera-

ture tu the temperature coefficient ti is defined, for a metal like

copper, by
R i= Bi

l
[i

Jr atft
— h)L

in vdiich R t
= resistance at the temperature ti and R t = resistance

at any other temperature t. The temperature coefficient that is

usually used at 20°, for example, is

R t
~R20

a20~R2o(<-20)‘

Boiling point.—The boiling point of a liquid is the temperature

at which it boils under atmospheric pressure, or better the temper-

ature at which its vapor pressure is equal to the external pressure.

BrineTl test.—Am indentation is made, by pressure, on a polished

plane surface of the material, by using a hardened steel ball. There

are several ways of expressing the hardness:

The most common definition of the Brinell hardness is the pressure

in kilograms per unit area (square millimeters) of the spherical

indentation. (Hardness numeral = H. N.)

-g- ^ Pressure P
area of spherical indentation tirD

where
t=D/a

- -Jipu-pu

P = pressure used,

t= depth of indentation,

T) = diameter of sphere,

d= diameter of indentation.

Electrolytic solution potential (E).—At the junction of a metal

and any conducting liquid there is developed an electrical potential,

which is a measure of the free energy change of the chemical reaction

which is possible at the surface of the metal liquid. In particular

if the chemical reaction consists in the solution of the metal, forming

ions, the e.m.f. is given by the formula.
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E=RT , P
nF loge

p

R= the gas constant,

T= absolute temperature,

n= valence of metal,

F= 96,500 coulombs, the Faraday constant,

P — solution pressure of metal,

p = osmotic pressure of metal ion formed in solution.

In any electrolytic cell the sum or difference of two such potentials

is measured, one of which may be a standard electrode; for example,

the hydrogen or the calomel electrode. The e. m. f. of an electro-

lytic cell of the following type: Metal-solution-normal hydrogen

electrode is often called the single potential (eh) for the metal in the

solution; that is, the ‘e. m. f. of the normal hydrogen electrode is

taken as the zero of reference. These potentials are expressed in

terms of the potential of the metal with respect to the solution.

Thus, the normal potential of zinc/zinc ions is —0.76 volt and of

copper/cupric ions is +0.34 volt.

Emissivity (E or Ex)-—The coefficient of emissivity E for any

material represents the ratio A of the intensity, J\

,

of radiation of

some particular wave length or color, X, emitted by the material at

an absolute temperature T to that, emitted by a black body
radiator at the same temperature.

The coefficient of total emissivity E for any material represents

J
that ratio of the intensity of radiation of all wave lengths, Ju

emitted by the material at an absolute temperature, T
,
to that, J,

emitted by a black body radiator at the same temperature.

This coefficient is always less than 1, and for metals is equal to 1

minus the reflection coefficient for normal incidence (KirchhofFs

law).

For any optical pyrometer using monochromatic light a value of

the observed or “black body” temperature of any substance (not

inclosed) is reduced to the true temperature by the following formula:

1 1 X loglO Ex

T T0 6232

T — true absolute temperature,

Tq = observed absolute temperature,

X —wave length in microhm (0.001 mm),
Ex= relative emissivity of substance for wave length.

Erichsen test .—This test is carried out to determine the ductility

of sheets. An indentation is made in the sheet with a die with
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hemispherical end. The greatest depth of indentation which can

be made without incipient cracking of the sheet, measured in inches

or millimeters, is known as the Erichsenwaltie for the sheet.

Heat offusion .—The heat of fusion of a substance is the quantity

of heat absorbed in the transformation of unit mass (1 g) of the solid

substance to the liquid state at the same temperature.

Magnetic 'properties .—The usual magnetic characteristics of a

substance are given either by the permeability, /*, or the suscepti-

bility, k. Permeability is the ratio of the magnetic induction

(B: in maxwells per square centimeter) to the magnetizing force

(H: in gilberts per centimeter). This is indicated by the relation

B
M~H

Susceptibility is given, in corresponding units, by

For all materials except iron and a few other ferromagnetic metals

ix is very nearly unity and k is only a small decimal. When k is

negative in sign the substance is diamagnetic. The susceptibility

as thus defined is sometimes called volume susceptibility and indi-

cated by kv . A quantity called mass susceptibility is also used, and

is equal to the volume susceptibility divided by the density of the

material; it is represented by xm .

Melting point .—The melting or fusing point of a substance is the

temperature at which it fuses (under atmospheric pressure), or,

more accurately, the temperature at which the solid and the liquid

substance are in equilibrium with each other.

Peltier effect (ir).—When at the junction of two metals current

flows from one to the other, heat is, in general, absorbed or liberated

(see “thermoelectromotive force” below); the coefficient, the amount

of heat liberated when a unit quantity of electricity flows across the

junction, is known as ir (measured either in calories per coulomb, or

in volts), the Peltier effect.

Refractive index .—The ratio of the velocity of light in vacuum to

that in any material is called the refractive index (n) of that material.

(This physical quantity ceases to have a meaning at or near an

absorption band in the material.)

Scleroscope test (Shore ).—A hardened hammer fails from a con-

stant height onto a polished surface of the material, and the dis-

tance of rebound is measured on a scale 10 inches long, divided into

140 equal parts. The scleroscope hardness is expressed as the

distance of rebound on this arbitrary scale, the value 100 represent-

ing the hardness on this scale of hardened (martensitic) steel.
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Specific heat (<r).—The true specific heat of a substance is ^
when u is the total internal heat or energy of unit mass of the sub-

stance. The mean specific heat is defined as
ii —to

per unit mass

when g is the quantity of heat absorbed during a temperature change

from t2 to ti. It is generally considered as the quantity of heat

(calories) required to raise the temperature of unit mass (grams) by
unity (degrees centigrade), either at constant volume or at constant

pressure. Unless otherwise noted the specific heat of solids refers

to that at constant (atmospheric) pressure. The true specific heat

(constant pressure) of metals may usually be expressed sufficiently

by an equation of the type

cr=A -r Bt+ (Ct2
)

Tension test.—The quantities in the tension test are the following:

The ultimate tensile strength is the maximum load per unit area of

original cross section borne by the material.

The “yield point ” (American Society for Testing Materials) is the

load per unit of original cross section at which a marked increase in

the deformation of the specimen occurs without increase of load.

Without further definition, “yield point” is a vague value upon alloys

of the class described in this circular. There is no true yield point

comparable to that found in mild steel. In commercial testing of

aluminum alloys yield point is usually taken as the stress at which a

given extension occurs under load, the extension being chosen so as

to lie somewhere on the Imee of the stress-strain curve. The exten-

sion chosen varies with the experimenter and the equipment he has

available. Yield-point values cited from various sources in this

circular are only roughly intercomparable because of failure of most
investigators to report in sufficient detail the exact criterion chosen

for yield point. (See p. 84.)

The elastic limit (American Society for Testing Materials) is the

greatest load per unit of original cross section which does not produce

a permanent set.

It is seldom determined on aluminum alloys. Values given for it

in the literature usually refer to some yield point well above the true

elastic limit.

The proportional limit (American Society for Testing Materials)

is the load per unit of original cross section at which the deformations

cease to be directly proportional to the loads.

The percentage elongation is the ratio of the increase of length at

rupture between arbitrary points on the specimens to the original

length between these points.



324 dSCULAK OF THE BUREAU OF STANDARDS

The percentage reduction of area is the ratio of the decrease of cross

section at the “neck” or most reduced section when ruptured, to

the original section.

Thermal conductivity (X).—The coefficient of thermal conductivity

(X) expresses the quantity of heat (small calories) which flows in

unit time (seconds) across a unit cube (centimeter) of the material

whose opposite faces differ in temperature by unity (1° C.). The
mean temperature coefficient of thermal conductivity is expressed as

kt- \o
t0

\o(t-to)

Thermal expansion .—If l t is any linear dimension of a solid at

any temperature,
j

is the linear thermal expansivity of that solid

in the direction of I. It is not in general proportional to the tem-

perature except approximately over small temperature intervals,

but may be expressed in the following manner:

I dl
, 7 o

ldt~a ' U+ d ' ' ’

For small temperature intervals a mean coefficient (a) is often

determined
;
that is,

_ It l to

ho{t-to)

Thermoelectromotive force (E).—In an electric circuit composed

of two dissimilar conductors, the two junctions being at different

temperatures, there exists in general an electromotive force, called

the thermoelectromotive force, between the two metals, the value

of which is a function both of the temperature and the difference

of temperature between the two junctions. It is shown thermo-

dynamically that this emf is related to the Thomson and Peltier

effects in the following manner:

tr=

G\— <j2
— —

T dE
J dt

Td 2E
J dt 2

and expressed in calories per coulomb

/=
418 dynes X IQ 6

calories

dE
when E is the thermal emf, T the absolute temperature, the

thermoelectric power (see below), and a1— a2 the difference in the

Thomson effect of two materials. The form of the function

E=E(T) is not known. In general, the equation
dE
dt

A +BT
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satisfactorily fits the experimental data over a limited range of

temperature of a few hundred degrees.

It has been shown that the Thomson effect for lead is practically

zero. This metal has served as a comparison metal in studying the

thermoelectric forces of others.

Thermoelectric power .—If E is the thermoelectromotive force of

any two dissimilar metals,
dE
dt
= the thermoelectric power; it is at any

temperature therefore approximately the thermal emf of a couple

of which the temperatures of the two junctions differ by 1° C.

The Thomson effect .—When a current flows in a conductor from

a point at one temperature to one at another, heat is in general

liberated, or absorbed, and an emf or counter emf is produced. The
coefficient of the Thomson effect is the amount of heat liberated or

absorbed when unit quantity of electricity flows from a point at

temperature, t, to one at a temperature, t+ dt, and is equal to <rdt

calories per coulomb where a is the so-called Thomson specific heat

of electricity. It is called positive for any material when heat is

generated in that material as a current flows from a region of higher

to one of lower temperature.
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433-439; Chem. Abst., 19, p. 2019; Eng., 120, p. 180; J. Inst. Met., 35, 1926, p. 533; Brass
Wld., 21, pp. 377, 424; Auto. Mfgr., 67, pp. 11, 27; J. Inst. Met., 36, 1926, p. 430.

Sulfrian, A., On the production of aluminum, Metallborse, 15, pp. 706, 764-765, 820-821;

J. Inst. Met., 36, 1926, p. 562.

Sulfrian, A., The manufacture of aluminum, Metallborse, 15, pp. 1630-1631, 1686-1687,

1741-1742, 1793-1794, 1821-1822, 1849-1850; J. Inst. Met., 36, 1926, p. 580.

Aluminum Co. of America, Strong aluminum alloys, 25S and 51S.

Anonymous, Aluminum and its alloys, Met. Ind. (Lond.), 25, p. 351.

Anonymous, Pure aluminum, J. Four. Elec., 33, p. 244; Chem. Abst., 19, 1925, p. 442.

Anonymous, Aluminum and nonferrous alloys, Iron Age, 114, p. 1065.

Guillet, L., History of the light alloys of aluminum and the present position of their manu-
facture, Aerotechnique, 21, p. 124; Suppl. to Aeronautique, 6, p. 64; Genie Civil, 84,

1925, pp. 298, 319, 356; J. Inst. Met., 33, 1925, p. 489; Chem. Abst., 20, 1926, p. 33.

Livermore, F. A., Metallurgy of aluminum, I., Fdy. Tr. J., 30, pp. 163-164, 187-189, 205-206,
265-267.

1924

1924
1924

1923
1923
1923

1923
1923

1923
1923

1923

1923
1923

1922
1922
1922
1922

1922
1922

1922
1922
1922

1922
1921
1921

1921

1921
1921

1921

1920
1920
1920

1920
1920
1920

1920

Pecheux, H., Mechanical characteristics of nickel and aluminum and of their industrial
alloys, Arts et Metiers, 77, pp. 74-76; J. Inst. Met., 31, p. 376.

Regelsberger, F., Die leichtmetalle in legierangen, Zeit. f. Angewandte Chem., 127, p. 235.
Smalley, Bibliography on p. 689 of Anderson’s Metallurgy of aluminum and aluminum

alloys.

Anonymous, Aluminum, Hoeganas-Billesholms a-b, Sweden, 54, p. 221.
Anonymous, Researching aluminum. Brass Wld., 19, p. 263.
Anonymous, Aluminum alloys and their use in castings, Raw Mat!., 6, p. 24; Chem. Abst.,

17, p. 719; J. Inst. Met., 29, p. 752.
Anonymous, Alloys of aluminum, Fdy., 51, p. 572a.
Cain, T. B. L., Some new and important alloys of aluminum. Met. Ind. (Lond.) 22, p.

413; J. Inst. Met., 39, p. 472; Chem. Abst., 18, p. 2319.
Hanzel, I., Researching aluminum. Brass Wld., 19, pp. 263-264.
Hanzel, I., Resea ch work on aluminum, iron, and electron. Can. Fdyman., 14, January,

p. 26; February, p. 24.
Siebers, W., Aluminum and aluminum alloys, Giesserei-Ztg., 20, pp. 124-127, 148-152;

J. Inst. Met., 30, p. 410; Chem. Abst., 18, p. 2318.
Taylor, J., Interesting data on aluminum and its alloys, Can. Fdyman., 14, March, p. 33.
Wetzel, E., Progress in research on aluminum, Metallborse, 13, pp. 737-738, 936-938,

984-985, 1032-1034; J. Inst. Met., 31, 1924; p. 409; Chem. Abst., 18, 1924, p. 1973.
Aluminum Co. of America, Alloys of aluminum. Am. Mach., 56, p. 740.
Anonymous, Aluminum alloys for castings Brass Wld., 18, p. 330.
Anonymous, Data on aluminum alloys, Fdy., 50, p. 758a.
Anonymous, New light aluminum alloy having strength of soft steel, Eng. and Contr.,

57, p. 615.

Anonymous, Aluminum, Elektrotechnisehe Zeit., 43, p. 1242; J. Inst. Met., 29, 1923, p. 752.
Anonymous, Notes on aluminum alloy for easting, Chem. Met. Eng., 27, pp. 501-503; Brass
Wld., 18, pp. 330-332.

Frarv, F. C., Aluminum alloy of high strength, Chem. Met. Eng., 27, . 1042.
Gillett, H. W., Nonferrous alloy progress in 1921, J. Ind. and Eng. Chem., 14, p. 865.
Guillet, L., Light alloys; their recent progress. Rev. de Met., 19, p. 688; J. Inst. Met., 31,

1924, p. 515.
Hackh, D. R., Coming of the aluminum age, Brass Wld., 18, p. 53.
Anderson, R. J., Aluminum, Mineral Ind., 30, pp. 9-26; J. Inst. Met., 29, 1923, p. 596.
Guillet, L., Bibliographie de raluminium et de ses alliages. Rev. de Met., 18, p. 517; J.
Inst. Met., 29, 1923, p. 596.

Guillet, L., L’aluminium sa fabrication, ses proprietfis, ses alliages, Rev. G£n. Elect., 19,

pp. 21-22; Rev. de Met., 18, p. 461; J. Inst. Met., 32, 1924, p. 634.
Guillet, L., Note supplementaire sur les alliaees d’aluminium, Rev. de Met., 18, p. 681.
Livermore, F. A., Aluminum and its alloys, Met. Ind. (Lond.), 19, pp. 297-298, 317-318,

397-398, 420-422, 496-500; Met. Ind. (Lond.), 20, 1922, pp. 25-29; J. Inst. Met., 29, 1923,
p. 599.

Schultz, Standardization work for nickel and aluminum, Metallborse, 11, p. 69; J. Inst.
Met., 36, 1926, p. 594.

Anderson, R. J., Some theoretical principles of alloying, Chem. Met. Eng., 23, p. 317.
Anonymous, Aluminum alloys patented in the United States and abroad, Fdy., 48, p. 524a.
Anonymous, Legiertes Aluminium-zusammenstellung moderner Aluminium Legierangen,

Zeit. f. Met., 12, p. 98.
Carpenter, R. E., Developments in alloyed aluminum, J. Soc. Auto. Eng., 7, p. 86.
Devaux, M., Aluminum, L’age de Fer, 36, pp. 2, 35, 67, 108, 184, 264.
Jeffries, Z., Aluminum alloys, J. Soc. Auto. Eng., 7, p. 295; Aviation, 9, p. 154; Mach.,

27, p.383.
Schulz, E. H., Die gegenwSrtige bedeutung der aluminum legierangen, Zeit. f. Met., 12,

1919
1918

1914
1914
1914

1914

Anderson, R. J., Study common aluminum alloys, Fdy., 47, p. 827.
Merica, P. D., Aluminum and its light alloys, TJ. S. Nat. Adv. Com. for Aeros., 4th report

p. 350.

Anonymous, Light aluminum alloys, J. Inst. Met., 1, p. 299.
Anonymous, Aluminum alloys, Elektrochem, Zeit., 20, pp. 264-265.
Elmendorf, A., Tables and charts resulting from the test of cast aluminum, Am. Mach.

41, pp. 811-812.
Law, E. F., Alloys and their industrial applications.
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8. GENERAL ARTICLES—Continued

Text
refer-

ences
Year Name and title

e 1914
1913
1913
1913

1912

1911
1911

1910

1910

1908
1907
1907
1906
1903
1902

1902

1901

Law, E. F., Improvement of aluminum, Elektrochem. Zeit., 20, p. 295.

Anonymous, Light aluminum alloys, Metaux et Alliages, 9, p. 214.

Ivinson, C. H., Aluminum alloys, Met. Ind. (N. Y.) il, (n. s.), pp. 340-341.

McAdams, W. A., Aluminum alloys, Met. and Chem. Eng., 11, p. 658; Met. and Chem.
Eng., 12, 1914, p. 352.

Levi-Malvano and Marantonio, Light aluminum alloys, Gaz. Chim. Italiana, 42 (l)

p. 353.

Anonymous, Alloys of aluminum, Fdy., 38, p. 228.

Anonymous, Aluminum, its alloys and impurities, Zeit. f. Dampfkessel u. Machinenbe-
trieb, January 6, p. 10.

Belin, J. M., Aluminum alloy and process for manufacturing it (French patent), Solder
for aluminum alloy (French patent), J. Soc. Chem. Ind., 24, p. 1211.

Lane, H. M., Use of magnesium in deoxidizing aluminum alloys, Amer. Brass Founders
Assoc., pp. 103-116.

Portevin, A., Les alliages d’aluminium, Rev. de Met., 5, p. 274.

Pecheux, H., Contribution a l’etude des alliages de 1’aluminium, Rev. Gfin. Sci., 18, p. 109.

Stacy-Jones, J. E., Light aluminum alloys, Ind. Wld., May 11, pp. 593-596.

Hoskins, Apparatus for granulating aluminum, Met., 3; p. 612.

Richards, J. W., Light aluminum alloys, Eng. and Min. J., 76, p. 508.

Campbell, W., and Matthews, J. A., Alloys of aluminum, J. Amer. Chem. Soc., 24, pp.
253-266.

Guillet, L., Alloys of aluminum, Bull. Soc. d’Encouragement p. l’lnd. Nat., 101 (2), pp.
221-273.

Houtzschel, Proc. Inst. Civ. Mg., 146, p. 49.

Aluminum Co. of America, aluminum casting alloys.
Aluminum Co. of America, strong aluminum alloys.

Aluminum Co. of America, aluminum, light, strong, durable.

4. SMELTING AND REFINING

b

1927
1927
1927
1927

1927
1927
1927

1927

1926

1926

1926

1926

1926

1926

1926
1926

1926

1926

1926

1926

1925
1925
1925
1925

1925
1925

Anonymous, New lights on German aluminum industry, Brass Wld., 23, p. 66.

Fulda, Die technische darstellung des aluminiums, Zeit. f. Met., 19, p. 3.

Gornandt, R. Die aluminium-fertig industrie Deutschlands, Zeit. f. Met., 19, p. 38.
McBride, R. S., Modern technology in producing pig aluminum, Chem. and Met. Eng

34, p. 76.

Mengen, Die aluminiumwerke in Deutschland, Zeit. f. Met., 19, p. 4.

Robak, G. A., Scandinavian letter, March News Edn., Ind. Eng. Chem., p. 6.

Scheuer, E., Die welterzeugung an aluminium seit seiner entdeckung, Zeit. f. Met
19 p. 6.

Tosterud, M., Edwards, J. D., The “discovery” of aluminum, Amer. Electrochem. Soc.,
preprint No. 10.

Anonymous, The aluminum industry of Italy, J. Four. Elect., 35, p. 166; Chem. Abst..
20, p. 3134.

Anonymous, La fabrication de I’alumine par le proced6 Haglund, J. du Four Elect., 35,
p. 181.

Arndt, K, Electrolysis of the light metals, Metall. u. Erz, 23, p. 302; Chem. Abst., 20,
p. 3393.

Bjerrum, N., The discovery of aluminum, Zeit. f. Angew. Chem., 39, p. 316; Chem Abst

.

20, p. 1342.

Ginori-Conti, P., The production of aluminum and magnesium in Italy, Rass. Min. Met.
Chim., 65, p. 30; Chem. Abst., 20, p. 3416.

Haglund, T. R., The Haglund process, etc., Ind. Eng. Chem., 18, p. 67.

Pitaval, R., Histoire du nitrure d’aluminium, J. du Four Elect., pp. 193-195.
Robak, C. A., Recovering alumina from bauxite; more about alumina, Scandinavian

letter, Ind. and Eng. Chem., June 10, news ed.
Sevin, R.. The aluminum industry in Canada, The new plant at Arvida, J. du Four

£lect., 35, p. 97; Chem. Abst., 20, p. 2621.

Sevin, R., The German aluminum industry during 1925, J. du Four Elect., 35, p. 49; Chem.
Abst., 20, p. 1358.

Treadwell, W. D., Kohl, A., Anodic formation of carbon tetrafluoride in the production
of aluminum, Helvetica Chim. Acta., 9, p. 681; Chem. Abst., 20, p. 3393.

Yamazaki, J., Furukawa, J., Production of alumina from alunite, J. Soc. Chem. Ind.
Japan, 29, p. 147’ Chem. Abst., 20, p. 3335.

Yamazaki, J., Study of the production of pure aluminum in the aluminum industry from
insoluble aluminous materials, such as clay or alunite, J. Soc. Chem. Ind. Japan, 29, p.
154; Chem. Abst., 20, p. 3335.

Anderson, R. J., Aluminum and bauxite, Mineral Ind., 34, p. 8; Chem. Abst., 20, p. 3674.
Anonymous, Manufacture of aluminum from clay, Min. J., 148, p. 235.
Anonymous, High purity aluminum, J. Ind. Eng., 7, p. 363.
Anonymous, Fifty-seventh annual review and yearbook number, Eng. Min. J. Press,

121, No. 3; Chem. Abst., 20, 1926, p. 888.
Anonymous, L’industrie de Paluminium en France, J. du Four Elect., 34, p. 123.
Anonymous, Metals from fused electrolytes (aluminum, magnesium), Iron Age, 115, p.

1925 Anonymous, Belgians to make aluminum at Vancouver Island, Chem. Met. Eng., 32,
p. 397.

1925 Anonymous, How aluminum is manufactured, Canad. Eng., 49, p. 483.
1925 Anonymous, Development of the aluminum industry. Can. Engr., 49, p. 237,
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4. SMELTING AND REFXNIMG—Continued

Text
refer-

ences
Year Name and title

e

d

1925
1925

1925
1925

1925

1925
1925

1925

1925
1925

1925

1925

1925

1925
1924

British Aluminum Co. (Ltd.) article, Ind. and Eng. Chem. News, February 10, p. 5.

Burgess, L., Separation of aluminum, beryllium, and zirconium from their ores, Am.
Electrochem. Soc., 47, p. 317.

Cameron, A. D., French production of bauxite, Commerce Repts., Tune 29.

Daugherty, W. T., German development of the alloys of aluminum and magnesium. Com-
merce Repts., February 2.

Daugherty, W. T., Larger German consumption of nonferrous metals, Commerce Repts.,
February 23.

Frary, F. C., Manufacture of pure aluminum, Chem. Tr. J., 76, p. 665,
Frary, F. C., Electrolytic refining of aluminum, Chem. Met. Eng,, 32, p. 485; Am. Elec-
trochem. Soc., 47, p. 275.

Goldschmidt, K., The discovery of aluminum, Chimie et Ind,, 14, p, 368; Chem. Absfc.,

29, 1926, pp. 129, 2434; Zeit. Angewandte Chemie, 38, p. 1057.

Jacobson, B. EL, Disc, of paper by Burgess, Tr. Amer. Electrochem. Soc., 47, p. 325.
Matignon, C., Faurholt, C., La decouverte da 1’aluminum par Oerstad en 1825, J. du Four

Elect., 34, p. 36; Chem. et Lad., 13, p. 8; Chem. Abst., 19, p. 1212.

Pitaval, R., L’industrie de 1’aluminium aux Etats-XJnis et au Canada, J. du Four Elect.,
34, p. 205.

Regelsberger, E., History of aluminum production, Zeit. f. Angew. Chem,, 38, p. 367;
Chem. Abst., 19, p. 1820.

Roush, G. A., Miyake, M., The equilibrium of the series cryolite-alumina, Am. Elec-
trochem. Soc., 48, p. 153.

Tiepolt, P., From copper to aluminum, Helios, 31, pp. 113-115; J. Inst. Met., 34, p. 575.
Anderson, R. J., Aluminum and bauxite, Min. Ind., 33, p. 11; Chem. Abst., 19, 1925, p.

3452.
1924
1924
1924
1924
1924

1924

1924

1924

1924

1924
1924
1924

1924

1924

1923

Anderson, R. J., Case of aluminum, the commercial aspect, Brass Wld., 39, p. 413,
Anonymous, Aluminum and the tariff, Eng. Wld., 25, p. 300.

Anonymous, Aluminum industry in America, Met. Ind., 32, p. 450.
Anonymous, Crisis in the French aluminum industry, Chem. Met. Eng., 31, p. 893.
Anonymous, The aluminum industry in England and the United States, J. du Four.

Elect., 33, p. 81-83; Chem. Abst., 18, p. 1788.

Anonymous, Aluminum manufacturers, J. Frank. Inst., 198, p. 580.

Anonymous, The French aluminum industry, J. du Four Elect., 33, p. 210; Chem. Abst.,
19, 1925, p. 12.

Arndt, K.» Aluminum, its manufacture and commercial application, Elektroteehn. Zeit.
Spec. No. 2; Application of aluminum for high tension lines, M. NeUstatter, Ibid. 6-8;
Chem. Abst., 18, p. 3324.

Brook, G. B., The manufacture of aluminum, Met. Ind. (Lond.), 35, p. 570; J. Inst. Met.,
34, 1925, p. 560.

Hubbell, A. H., Marketing of aluminum, Eng. and Min. J. Press, 118, p. 851.
Jones, O. L., Shortage of aluminum in Prance, Commerce Repts., December 8,

Mauge, L., Preparation of pure alumina, Ceramique et Verrerie, Qctober-November

;

Ind. Chim., 12, 1925, p. 116; Chem. Abst., 19, 1925, p. 1758.

Ruegg, K., Present status of the German aluminum industry, Maschinen-Konstrukteur,
57, p. 250.

'

Specketer, H., liber die entwicklung der aluminium-industrie in Deutschland, Zeit.
Angew. Chem., 27, p. 447.

Anderson, R. J., Aluminum and bauxite. Mineral Ind., 33, p. 7; J. Inst. Met., 33, 1926,

f

g

i

h

1923
1923
1923

1923
1923

1923

1923
1922
1922
1922
1922
1922

1922
1921
1921
1921
1921

1920
1920

1918
1916
1908

p. 486.

Anonymous, Aluminum in 1.922, Iron Age, 111, p. 891.
Anonymous, Aluminium industry for 1922, Met. Ind., 21, p. 17.

Anonymous, Management data. Common materials used in manufacture, Management
and Administration, 8, p. 387-389; J. Inst. Met., 33, 1925, p. 481.

Guerin, R., Leprogres dans l’industrie de Paluminium, Genie Civil, 82, p, 455-456.
Hill, J. M., Bauxite and aluminum in 1922, U. S. Geol. Survey Mineral Resources of U. S.

1922, pt. 1, pp. 87-96.

Koordumov, A. P., The problem of organizing the aluminum industry in Russia, Tr.
Inst. Econ. Mineralogy and Petrography (Moscow), No. 6, p. 1; Chem. Abst., 2®, 1926,

p. 1358.

Ralston, O. C., Anhydrous aluminum chloride, Bureau of Mines Tech. Paper 321.
Anderson, R. J., Aluminum and bauxite, Min. Ind., 31, p. 8; J. Inst. Met., 31, 1924, p. 518.
Anonjunous, Aluminum industry for 1921, Met. Ind., 20, p. 5.

Anonymous, Aluminum: the world’s output and producers, Min. J., October 28 (Lond.).
Anonymous, Production of aluminum in 1921, Iron Age, 108, p. 1750.
Maynard, T. P., Bauxite and aluminum, Chem. Age, 30, p. 86-88; J. Inst. Met., 38, 1926,

p. 485.

Scott, A. L., Nonferrous metal industry; aluminum-zinc, Brass Wld., 18, p. 121-123.
Anonymous, Aluminum, Min. and Sei. Press, 123, p. 507.
Anonymous, Aluminum producers of the world, Met. Ind., 19, p. 190.

Saeter, H. B., Aluminum industry in Norway, Met. Ind., 19, ip. 150.

Stemer-Rainer, R., Gegenwart uhd zukunft du deutschen aluminiumindustrie, Zeit. I
Met., 13, p. 353.

Anonymous, Manufacture of aluminum, Min. and Sci. Press, 121, p. 15,

Descrois. L., Status of aluminum industry in Germany during and after the war, Chem.
and Met. Eng., 33, p. 298; Rev. de Met., 17, p. 275.

Anonymous, The aluminum industry in 1917, Eng. and Min. J., 105, p. 67.
U. S. Geological Survey, Mineral resources of the United States, p. 166.
Turrentine, J. W., Action of ammonium persulphate on metals, J. Physic. Chem.. 11,
p. 623.
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5. SECONDARY METAL

Text
refer-

ences
Year Name and title

1927
1927
1926

1926

1926

1925

1924

1923

Anonymous, Note on the melting of aluminum alloys, Brass Wld., 23, p. 110.

Anonymous, New metallurgical process for aluminum scrap recovery, Iron Age, 119, p. 189.

Anderson, It. J., Smelting secondary aluminum and aluminum alloys. III. Constitu-
tion and evaluations of high aluminum scraps, Met. Ind. (N. Y.), 24, p. 63-65; J. Inst.

Met., 36, p. 635; Chem. Abst., 29, p. 1201.

Anderson, R. J., Smelting secondary aluminum and aluminum alloys. IV. Fluxes used
in secondary smelting, Met. Ind., 24, p. 187-189.

Anderson, R. J., Smelting secondary aluminum and aluminum alloys. V. Oxidation or

its prevention, Met. Ind., 24, p. 455.

Anderson, R. J-, Production of secondary aluminum and aluminum alloys from scrap,

Min. Mag., p. 13; Chem. Abst., 21, 1927, p. 726.

Anderson, R. J., Smelting secondary aluminum and aluminum alloys. II. Met. Ind.,

23, pp. 10-12, 368-370; J. Inst. Met., 34, p. 625; J. Inst. Met., 36, 1926, p. 635; Met. Ind.

24, 1926, p. 63.

Knerr, H. C., Aluminum alloy castings from sheet scrap, Met. Ind., 22, p. 481; Am.
Fdymens. Assoc., 32, p. 293-308; Fdy. Tr. J., 30, p. 506-507; J. Inst. Met., 36, 1926, p. 640.

Anonymous, Aluminum scrap conservation, Mach. (Lond.), 22, p. 560; J. Inst. Met., 33

c

d

1923

1922

1921
1920

1917
1916
1915

1914

1925, p. 533.

-Weil, W. M., Use of secondary aluminum in foundry practice, Am. Fdymens. Assoc.,

30, p. 613-620; J. Inst. Met., 31, 1924, p. 545.

Krause, H., The constitutional diagrams of the most important aluminum alloys, Alumi-
nium, 4, p. 9.

Schulte, W., Economical treatment of scrap aluminum, Waste Trade Wld., 19, p. 6.

Bezzenberger, F. K., The evaluation of aluminum dross, J. Ind. and Eng. Chem., 12,

pp. 78-79.

Stillman, A. L., Briquetting of nonferrous light metal scrap, J. Am. Inst. Met., 11, p. 207.

Gillett, H. W., James, G. M., Melting aluminum chips, U. S. Bur. Mines, Bull. No. 108.

Gillett, H. W., Melting aluminum, chips, Met. Ind. (n. s.), 13, pp. 417-418; Foundry, 43,

pp. 462-463; Iron Trades Rev., 57, pp. 942-943; Am. Inst. Met., 9, pp. 205-210.

Anonymous, Review of literature on light aluminum alloys, Metaux et Alliages, 7, No. 4

e 1914
1910

p. 5.

Hirsh, E. F., Metall-briketts, Elektrotech. Ztschr., 35, p. 1093.

Anonymous, Remelting of aluminum chips or borings, Brass Wld., 6, p. 278.

6. USES, GENERAL

1927
1927

1927

1927
1927
1927

1927
1927

1927

1927
1927

1927
1927
1927

1927

1927
1927

1927

1927
1927

• 1926
1926

1926

a 1926

1926

1925
1925

Anonymous, Testing aluminum for canning purposes, Brass World, 23, p. 306.

Anonymous, Die hersteUung eines aluminiumrohres, Zeit. f. die Gesamte Giessereipraxis,
48, p. 95.

Anonymous, Fortschritte der leiehtmetaU-verwcndung im fahrverkehr, Aluminium,
9 (12), pp. 6-7.

Anonymous, Leichtmetalle in der elektrotechnik, Aluminium, 9 (9), pp. 5-6.

Anonymous, Zerstorung von eisbergen mit aluminum-thermit, Aluminium, 9 (12), pp. 1-2.

Anonymous, Street cars of aluminum, Met. Ind. (Lond.), 36, p. 84; Iron Age, 118, 1926,

p. 1633.

Anonymous, Aluminum street cars for Cleveland, Brass Wld., 23, p. 145.

de Bruyne, N. A., Sanderson, R. W. W., The electrostatic capacity of aluminum and tan-
talum anode films, Tr. Faraday Soc., 23, p. 42.

Burklin, A. Mechanical safety of aluminum and aluminum-steel lines, Elekt. Zeits., 48,

pp. 355-357; Sci. Abst., 80S, p. 363.

Edwards, J. D. ? Aluminum paint, Chem. Catalogue Co. (in press).

Faragher, P. V., Commercial iorms and applications of aluminum and aluminum alloys.
Am. Inst. Min. Met. Eng. Tech. Pub., 33.

Housley, J. E., Aluminum as a gasket material, Power, 65, p. 374.

Huhnen, H., Das leiehtmetall im verkehrswesen, Zeit. f. Met., 19, p. 22.

Kloumann, S., Light metals (preparation and uses), Teknisk Tidskrift, 57, pp. 122-127;
129-133; Trans. Am. Soc. Steel Treat, 11, p. 1002.

Lloyd, W. XL, Bremer, E., Aluminum castings crown Pittsburgh shrine, Fdy., 55, pp.
292-296.

Mortimer, G., Light alloy castings in marine engineering, Met., p. 2.

Pommerenke, II.; Herman, P., Use of aluminum alloys on a commercial scale, Rev. Met.,
24, pp. 297-306; Chem. Abst., 21, p. 2867.

Ralston, O. C., Twenty-five years progress of electrolytic zinc, Am. Electrochem. Soc.,

preprint.
Rohrig, E. H., Die aluminum-kasewannen, Aluminium, 9 (7), pp. 5-8.

Serger, H., Aluminum for food cans, Chemiker Zeitung, May 18, pp. 370-372; May 25,

pp. 391-393; June 1, pp. 441-443; Chem. Met. Eng., 34, p. 440.

Anonymous, Markets aluminum base nail, Brass Wld., 22, p. 266.

Hyman, H., Aluminum alloys in engineering, The Roy. Tech. College Metallurgical Club
J., Glasgow, p. 21.

Kruppa, E., Removing the lead danger in chromium plating plants, Metallwaren-Ind.
Galvano. Tech., 24, p. 310; Chem. Abst., 21, 1927, p. 1414.

Pannell, E. V., Aluminum alloys develop greater commercial applications, Fdy., 54,

pp. 105-107; J. Inst. Met., 36, p. 430.

Peterson, Z., Nonferrous metals, industrial utilization, Zeit. f. Angewandte Chemie, 39, p.

1170; Tr. Am. Soc. Steel Treat., 11, 1927, p. 141.

Anonymous, Cast alpax railroad coach door, Eng., 120, p. 353.

Dwyer, P., Cast aluminum washer tubs, Fdy., 53, pp. 556-559, 563; J. Inst. Met., 36, 1926,
I p. 639.
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Text
refer- Year
ences

1925
1925
1925
1925
1924
1924
1924
1924
1924

1924

1924

1924

1924
1923

1923
1922
1922

1922
1922

e 1921

1921

1921

1921

1921

1920
1920

b 1920

1919
1917
1916

1915
1915

1915

d 1915

1915

1912

1912
1912

1911

1911

1911

1911
1909
1906

1905
1904

1902

1900

1897
1895

1894

1889
1890

Name and title

Dwyer, P., Selling east aluminum washing machines, Fdy., 53, p. 469.

Haas, W., Uber aluminiumlegierungen und ihre verwendung, Giesserei-Ztg., 22, p. 491.

Jacobson, B. H., Discussion—Tr. Am. Electrochem. Soc., 47, p. 325.

Micks, R., Aluminum and its uses, Can. Fdyman, 16, October, p. 26.

Anonymous Aluminum in galvanizing, Chem. and Met., Eng., 34, p. 592.

Anonymous, Colored aluminum noncorrosive condenser tubes, Iron Age, 113, p. 1610.

Anonymous, New uses for metals, Met. Ind., 22, pp. 1-4, 55; Chem. Abst., 18, p. 1974.

Anonymous, New uses for aluminum, Aluminum, 6 (2) p. 6; J. Inst. Met., 33, 1925, p. 485.

Anonymous, The M-0 valve works. Electricity, 38, pp. 549-559; J. Inst. Met., 34, 1925,

p. 572.

Guillet, L., Aluminum and its uses, Bull. Soc. Ind. Mulhouse, 90, p. 454; J. Inst. Met.,
33, 1925, p. 485; Chem. Abst., 18, p. 3587.

Holler, H. D., Schrodt, J. P., Theory and performance of rectifiers, Bureau of Standards
Tech. Paper No. 265.

Pay, W. H., A new aluminum blasting cap, Can. Mining J., 45, p. 604; Chem. Abst., 19,

1925, p. 3019.

Wunder, W., Use of aluminum in industry, Elektrotech. Ztsch. Festschrift, p. 9.

Hewlett, E. M., Basch, D., Aluminum and aluminum alloys for use on board ship, J. Am.
Soc. Naval Eng., 35, p. 675; 36, 1924, pp. 1, 288; J. Inst. Met., 32, p. 629; Chem. Abst.,
19, 1925, p. 2019.

Ralston, O. C., Anhydrous aluminum chloride, Bur. Mines. Tech. Paper No. 321.

Anonymous, Engineering uses of nonferrous metals, Met. Ind. (Lond.), pp. 49-51, 80-82.

Anonymous, Making shingles of aluminum, Railway Rev., 70, p. 767; J. Inst. Met., 33,

1925, p. 487.

Anonymous, Die Verwendungsgebiete des Aluminiums, Zeit. f. Met., 14, p. 1.

Rieger, K., Manufacture of aluminum flasks, Werkstatts-Technik, 16, p. 1; J. Inst. Met.,
29, 1923, p. 754.

Anonymous, Aluminum alloys as bearing metals, Roy. Aircraft Factory, Light alloys
subcom. Rept. A. R. C. pp. 322-328.

Anonymous, L’exposition des nouvelles applications industrielles de l’aluminium, du
magnesium, du calcium, et du sodium, Genie Civil, 79, p. 36.

Guerin, R., Emploi de 1’aluminium et de ses principaux alliages, Conservatoire Nationale
des Arts et Metiers.

Guerin, R., L’emploi de raluminium dans les industries chimiques et les procfidSs de fab-
rication du material en aluminium, Rev. de Met., 18, p. 577.

Guillet, L., L’aluminium, sa fabrication, ses propriety s, ses alliages, Rev. de Met., 18,

p. 451.

Anon., New alloy for railway use, Elec. Ry. J., 55, p. 821.

Anonymous, Aluminum in the rubber industry, India Rubber W., 62, p. 513.

Anonymous, Experiments with substitute bearing metals at the “ Praetorius, ” Der
Motorwagen, 23, pp. 44-46.

Hirsh, W. C., Commercial aspects of aluminum, Raw Math, I, pp. 419-425.
Richards, J. W., Aluminum, Met. and Chem. Eng., 17, p. 269.

Reinhold, O. F., Modern developments of the aluminum industry, Metal Record and
Electroplater, 11, No. 5, pp. 127-131.

Anonymous, Aluminum in the gas industry, J. Ind. Eng. Chem., 7, pp. 255-256.
Anonymous, Aluminum as a check to sulphide segregation in steel ingots, Iron Age, 96,

p. 130.

Pannell, E. V., Recent developments in aluminum, Met. Ind. (n. s.), 13, pp. 453-455;
Am. Inst. Met., p. 167.

Richards, J. W., The engineering uses of aluminum, Tr. Intemat. Eng. Cong., 5, Paper,
112, pp. 558-575.

Sherbondy, E. H., Analyzing heat flow; use of aluminum for automobile motor construc-
tion, Auto., 33, pp. 834-835.

Anonymous, Report to, the French Government by Mr. St. Germain on “aluminium
coinage,” J. du Four Elect., 21, p. 148.

Rosenhain, W., Some alloys suitable for instrument work, Proc. Optical Convention, II.

Seligman, R., Modem uses of the metal aluminum, Sci. Amer. Suppl., 73, No. 1904, pp.
405-407.

Anonymous, Aluminum railway bearings, The Engr., 112, p. 489.

Anonymous, The use of aluminum spark-emitting alloys, Brass Wld., 7, p. 250.

Hughes, G., Nonferrous metals in railway work, J. Inst. Met., 6, pp. 74-134.

Stanley, F. A., Aluminum as a material for jigs, Am. Mach., 34, p. 959.

Echevarri, J. T. W., Aluminum and some of its uses, J. Inst. Met., 1, pp. 125-143, 144-163.

Laren, Aluminum sheets as book-making material for blind persons, Archiv. f. Buehge-
werbe, 43, p. 425.

Talbot, B., Use of aluminum to reduce segregation in steel ingots, Eng. News, 54, p. 443.

Simon, Use of aluminum for weaving appliances (as a substitute for wood), Rev. Indus-
trielle, 35, pp. 185-186.

Pastrovich, P., Use of aluminum in the stearin industry, Chem. Rev. Fett.-u- Harz-
Industrie, 9, No. 12, pp. 278-279.

Anonymous, Nickel-aluminum as bell metal, Uhlands’ Verkehrszeitung und Ind. Runds-
chau, 14, p. 229.

Hunt, Utilization of aluminum in the arts, J. Frank. Inst., 144, pp. 81—113.

Yarrow, A. F., Aluminum for construction purposes, such as building torpedo boats,

etc., J. Inst. Naval Architects, 36, p. 269; Eng., 59, pp. 470-472.

Hart, G. J., Notes on the application of aluminum for naval construction, Mem. Soc. Ing.

Civils de France, 47 (2). pp. 601-614.

) Blake, The use of aluminum in the construction of instruments of precision, Tr. Am.
/ Inst. Min. Eng., 18, p. 503.
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Text
refer-

ences

b

c

Year Name and title

1927

1927
1927

1927

1927

1927

1926

1926
1926

1926

1926

1925

1925

1925

1925

1925

1925

1925

1925

1925

1925
1925

1924

Anonymous, Das aluminum in der chemische apparate-industrie, Aluminium, 9 (12),
pp. 5-6.

Anonymous, Aluminum in the brewery, Met. Ind. (Lond.), 30, p. 431.
Brgdo, Aluminum equipment for use in the brewing industry, Bull. Trimes. Assoc.
Eleves Ecole Sup. Brassiere Univ. Louvain, 27, pp. 65-132; Chem. Abst. 21, p. 1517.

Buschlinger, H., Aluminium als werkstoff in der anorganischen chemie, Zeit. f. Met., 19,

pp. 101-106; Chem. Abst., 21, p. 1569.

Buschlinger, The use of aluminum in organic chemistry, Zeit. f. Met., 19, pp. 25-36, 101;
Trans. Am. Soc. Steel Treat, 11, p. 1002; J. Inst. Met., 37, p. 488.

Rohrig, H., Aluminum as a construction material in the chemical industries, Chem. Ztg.,
51, pp. 237-238; Chem. Abst., 21, p. 1569.

Anonymous, Aluminum lined coagulating tanks (for rubber), Indian Eastern Eng., 58,
p. 10a; Chem. Abst., 20, p. 2431.

Anonymous, Aluminum alloy for ammonia stills, Chem. Met. Eng., 33, p. 611.

Anonymous, Use of aluminum tanks in the transportation of heavy chemicals, Apparate-
bau, 38, p. 39.

Anonymous, Materials of construction. Use of aluminum in chemical industry, Appa-
ratebau, 38, p. 113; Chem. Met. Eng., 33, p. 432; Chem. Abst., 20, p. 2433.

Mertens, A., Use of aluminum in breweries, Bull. Assoc. Ecole Sup. Brasserie Louvain,
26, p. 34; Chem. Abst., 20, p. 794.

Anonymous, Aluminum in the cocoa, chocolate, and sweetmeats industry, Apparatebau,
37, p. 172; J. Inst. Met., 34, p. 576.

Anonymous, aluminum in the chemical industry, Helios 31, p. 94; J. Inst. Met., 34,

p. 575.

Anonymous, Repl es to questionnaire sent to German chemical works for the results of
their experience with aluminum, Chem. Zeit., 43, p. 571; J. Inst. Met., 34, p. 575.

Anonymous, Supplement No. 2 to the results of the questionnaire of the aluminum inves-
tigation bureau to chemical manufacturers on their experiences in the use of aluminum,
Apparatebau, 37, p. 83; Chem. Abst., 19, p. 1641; J. Inst. Met., 34, p. 575.

Anonymous, Another steam boiler made of aluminum, Apparatebau, 37, p. 159; J. Inst.
Met., 34, p. 576.

Braham, J. M., Reference made to aluminum tanks for transportation of nitric acid in
Norway, Nitrates from the Air, Chem. Met. Eng., 32, p. 322.

Buschlinger, H., Aluminum as a material in the apparatus-building industry, Apparate-
bau, 37, pp. 241, 253, 273, 285, 297; Chem. Abst., 26, 1926, p. 127.

Emslander, Fr., Large (aluminum) fermentation vats, Woch. Brau., 42, pp. 146-149;
Korrosion u. Metall., 1, p. 186; J. Inst. Met., 35, 1926, p. 569.

Lutje, A., Use of aluminum in mineral water and liquor industries, Aluminium, 7, p. 1;
J. Inst. Met., 34, p. 576.

Mylius, E., Die oxydische kochsalzprobe fur aluminium, Zeit. f. Metallk., 17, p. 148.

Trillet, A., Harmlessness of aluminum as cooking utensils, Aluminium, 7, p. 3; J. Inst.
Met., 34, p. 576.

Anonymous, Use of aluminum, especially in the chemical industry, Zeit. Ges. Giesserei-

1924

1924

1924

1924

1924
1924

1924
1924

1923
1923

1922
1921
1921

1921

1921

1921

1921

1920

praxis, 55, p. 357.

Anonymous, Fields for the use of aluminum with special regard to the chemical industry,
Apparatebau, 36, pp. 292, 301; Chem. Abst., 19, 1925, p. 587.

Anonymous, Aluminum in chemical plant construction, Chem. Trade J. and Chem. Eng.,
November 28.

Anonymous, Erfahrungen mit aluminium in der chemische industrie, Chem. Ztg., 48,

pp. 65, 90, 921.

Anonymous, Experiences with aluminum as a material of construction in chemical engi-
neering industries, Chem. Met. Eng., 39, p. 1022; Chem. Zeit., 16, pp. 16, 89; J. Inst.

Met., 34, 1925, p. 575.

Anonymous, Aluminum tea kettles, Met. Ind., 22, p. 187; J. Inst. Met., 34, 1925, p. 576.

Pallaski, M., Suitability of aluminum for the construction of apparatus, Apparatebau,
36, p. 204; Chem. Abst., 18, p. 3495; J. Inst. Met., 34, 1925. p. 575.

Tinkler, C. K., The corrosion of aluminum cooking utensils, Analyst., 49, p. 30.

Walter, E., Use of aluminum in chemical works, Zeit. Ver. Deut. Kupferschmiedereien
(45, 46); Chem. Abst. 19, 1925, p. 3039.

Blough, E., Aluminum for chemical construction, Chem. and Met., Eng., 28, p. 686.

Whittaker, H. F., Materials of construction for chemical apparatus, Tr. Am. Inst. Chem.
Eng., Pt. 1, 15, pp. 114, 153; J. Inst. Met., 33, 1925, p. 478.

Anonymous, How to build aluminum tanks for automotive use, Auto, Ind., 47, p. 21.

Drouilly, E„ Use ol aluminum in dairying, Le Lait, 1, pp. 228-242; Chem. Abst., 15, p. 3694.

Ehrhardt, U., Pfleiderer, Corrosion of metals by the phenols of low temperature tar,

Brenstoff-Chem., 2, p. 9; Chem. Abst., 15, p. 942.

Guerin, M. R., L’emploi de 1’aluminium dans les industries chimiques et les procedes de
fabrications du material en aluminium, Rev. de Met., 18, p. 572; Genie Civil, 79, p. 38;

Bull, de la Soc. d’ Encouragement pour l’lndustrie Nationale, 133, p. 841; J. Inst. Met.,
29, 1923, p. 753; Chem. Abst., 16, p. 549.

Jones, O. B., Materials of construction used in a chemical works, Chem. Age (Lond.),
4, pp. 394-395, 416-417; Chem. Abst., 15, p. 2135.

Trillat, M., Use of aluminum in the fermentation industries, Bull, de la Soc. d’Encourage-
ment pour I’lndustrie Nationale, 133, p. 813; Genie Civil, 79, p. 36; Rev. de Met., 18,

p. 597; J. Inst. Met., 29, 1923, p. 753.

Trillat, A., The use of aluminum in brewing, milk, and cheese industries, Bull. Soc. Encour.
Ind. Nat., pp. 133, 813; Chem. Abst., 16, p. 549.

Utz, Practicability of aluminum in dairy practice, Zeit. Angew Chem., 32, 1, p. 345; Chem.
Abst., 14, p. 784.
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Text
refer-

ences
Year

1919

1918

1917

1916

1915

1914
1914

1913

1913

1913

1913
1912
1912

1912

1912
1908

1907

1905
1897

Name and title

Anonymous, Aluminum in the construction of a chemical plant, Brit. Al. Co. (Ltd.),
Booklet, Electrician, 83, p. 97 (review); Chem. Abst., 13, p. 2304.

Seligman, R., Williams, P,, The inhibitory effects of water on the interaction of aluminum
and (a) the fatty acids, (6) phenol, cresol, a- and /3- napthols, (c) methyl, ethyl, butyl,
amyl and benzyl alcohols, J. Soc. Chem. Ind., 37, p. 159; Chem. Abst., 12, p. 1737; J.

Inst. Met., 20, p. 314.

Seligman, R., Williams, P., Action of acetic acid on aluminum, J. Soc. Chem. Ind., 36,

pp. 409-415; J. Inst. Met., 17, p. 316; Chem. Abst., 11, p. 2175.

Boes, J., and Weyland, H., Aluminum alloys and their use for canteens and cooking
utensils, Zeit. Nahr.-Genussm., 30, pp. 300-305; Chem. Abst., 10, p . 498.

Trillat, A., Use of aluminum in the food industries, Bull. Soc. Encour. Ind. Nat., 122,

pp. 555-574; Chem. Abst., 9, p. 2687.

Anonymous, Aluminum and aluminum wares, Board of Trade Bull., No. 77, London.
Fendler, C., Steuber, W., Use of aluminum alloy (duralumin) for the manufacture of
domestic and cooking utensils, Hygien. Rundschau., 24, p. 59; Chem. Zentralblatt, Pt.

1, p. 693.

Karpinski, A., Rudiger, Resistance of aluminum toward alcohol, Zeit. Spiritsind., 35,

pp. 660-661; Chem. Abst., 7, p. 2829.

Rudiger, Karpinski, A., Effect of alcohol, wines, and spirits on aluminum, J. Soc. Chem.
Ind., p. 41.

Zike's, EL, Influence of aluminum on yeast and beer, Allgem. Zeit. Bierbrau. u. Malsfahr.,
41, pp. 71-74, 83-87.

Zikes, EL, Effect of beer on aluminum., J. Soc. Chem. Ind., p. 248; Chem. Abst., 7, p. 1783.
Anonymous, Effect of beer on aluminum, J. Soc. Chem. Ind., p. 789.

Bleisch, C., Zur frage der aluminium gar-und lagergefasse, Zeit. Ges. Brauw., 35, pp. 49-

53; Chem. Zeit. BE, I, 83, p. 1060; J. Soc. Chem. Ind., p. 199; Chem. Abst., 6, p. 1052.

Chapman, A. C., Investigation of aluminum with reference to its stability for the con-
struction of a brewery plant, J. Inst. Brew. 17, pp. 660-678; J. Soc. Chem. Ind., 31, p. 87;
Chem. Abst., 6, p. 1052.

Wild, J., Aluminum gargefasse, Zeit. ges Brauw., 35, pp. 61-65; Chem. Zn. BE, 1, p. 1060.
von Fillinger, F., Solvent effect of milk, wine, and salt solutions on aluminum, Zeit. Nahr.-
Genussm. 16, pp. 232-234; Chem. Abst., 2, p. 3247.

Kohn-Abrest, Action of aluminum upon certain rums and commercial alcohols, Bull.
Assoc. Chim. Suer. Disk, 24, pp. 1395-1401; Chem. Abst., 1, p, 2157.

Schoenfeld, F., Use of aluminum for beer filters, Wochenschr. f. Brauerei, 22, pp. 79-80.

Norton, T. EL, The use of aluminum condensers, J. Amer. Chem. Soc., 19, pp. 153-156.

8. USES, AIRCRAFT

1927

1927

1927
a 1926

1926
1926

1926

b
1926
1925

C 1925
1924
1924

1924

1924

1924

1924

1924

1923

1923

1922
1922

1921

Angstrom, T. K., Light alloys as material in aeronautical design, Ingeniors Vetenskapsa-
kademien Eland. No. 51, pp. 5-30; J. Inst. Met., 37, p. 447.

Anonymous, United States aircraft industry developing into important factor in aluminum
and light alloys, Am. Metal Market, 34, p. 3; Trans. Am. Soc. Steel Treat, 11, p. 1002.

Knerr, H. C., Aircraft metallurgy, Am. Soc. Steel Treat Convention, September.
Johnson, J. B., Relationship of metallurgy to the development of aircraft, Tr. Am. Soc.

Steel Treat., 9 (4), p. 517.

Lehmann, E. A., The safety of the Zeppelin airship, Mech. Eng., 48, p. 115.

Colvin, F. EL, How Curtiss makes metal aircraft propellers, Am. Mach. (Eur Edn), 63,

p. 1009; J. Inst. Met., 37, p. 651.

Miller, A. B., Metal aeroplane construction, J. R. Trans. Junior Inst. Eng., 36, pp. 325-343;
J. Inst. Met., 37, 1927, p. 651.

Upson, R. H., Metalclad rigid airship development, J. Soc. Auto. Eng., 19, p. 391.

Daniels, S., Aircraft castings in aluminum alloys, Am. Fdymen’s Assoc., 33, p. 213; Fdy.,
53, p. 1003; Chem. Abst., 20, 1926, p. 733; J. Inst. Met., 36, 1926, p. 639.

Lea, F. C., Aluminum alloys for aeroplane engines, J. Roy. Aero. Soc., 29, pp. 338-403.
Carroll, R. O., Metals used in airplane construction, Iron Age, 113, pp. 1203-1206.
Colvin, F. H., Data on aluminum alloys for airplane structural work, Am. Mach., 60,

pp. 235-238.
Junkers, H., The Junkers metallic aeroplane, Aeronautique, 6, p. 41; J. Inst. Met., 33,

1925, p. 482.

North, J. D., Aitchison, L., Materials in aircraft construction. Flight, 16, pp. 36, 48; J.

Inst. Met., 33, 1925, p. 482.

Portevin, A. M., deFleury, R., Ultra light alloys and their utilization on aircraft, Tech.
Memo. 262; Chem. Abst., 19, 1925, p. 3468.

Rohrbach, Large all metal seaplanes, J. Roy. Aero. Soc., 28, p. 655; J. Inst. Met., 33, 1925,
p. 489.

Schulz, E. H., The nonferrous metals considered, especially for aircraft, Zeit. Ver. Deut.
Ing., 68, p. 545; J. Inst. Met., 32, p. 626.

Anonymous, The Junkers all metal monoplane, Flight, 15, p. 35; J. Inst. Met., 33, 1925,
p. 482.

Junkers, H., Metal aeroplane construction, J. Roy. Aero. Soc. 27, p. 406; Flight, 15, p. 24;
J. Inst. Met., 31, 1924, p. 512; J. Inst. Met., 33, 1925, p. 482.

Anonymous, L’emploi des alliages Mgers en aeronautique, Genie Civil, 80, p. 404.
Stout, W. B., The modern airplane and all metal construction, J. Soc. Auto. Eng., 11,

p. 495.

Grard, C., Les alliages legers et leur emploi en aeronatique, Bull. Soc. d’Enc., 133, p. 863;
Rev. de Met., 18, p. 567; Rev. Gen. Elect., 16, p. 27; Chem. and Met. Eng., 26, 1922, p.
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Text
refer- Year Name and title

1921

1920
1917

1915

Stout, W. B., Duralumin, its properties and commercial possibilities, Aerial Age, 14,
p. 105; Auto. Ind., 45, pp. 659-660; Aviation, 11, p. 455; Am. Soc. Steel Treat., 3, 1922,
p. 196; J. Inst. Met., 32, 1924, p. 635.

Panned, E. V., Aluminum in airship construction, Met. Ind., 18, p. 262.
Gibson, A. H., Temperatures and temperature distribution on 4J4 by 5J4 inches R. A. F.
8T2 aluminum cylinder on single cylinder air-cooled engine, Aero. Res. Com. Internal
Combustion Eng. Sub-corn. Reports, 8; J. Inst. Met., 31, 1924, p. 514.

Anonymous, Aluminum aeroplane motor castings. Auto., S3, p. 371.

9.

USES, AUTOMOBILES

1927
a 1927

1927

1925
1924

1924

1923

1922

1922

1922

1922

1922

1922
1922

1921

1921
1921

1921

1921

1920

1920
1915
1915

1915
1914

1914
1914
1914
1914
1913

Anonymous, Tells merits of cast aluminum pistons, Fdy., 55, p. 310.
Anonymous, Auto. Ind., 56, p. 244.

Anonymous, Light alloys in the automobile, Am. Metal Market, 34, pp. 3-6, 15; Am.
Soc. Steel Treat., 11, 1927, p. 476.

Anonymous, Light ahoy connecting rods, Auto.Eng., 15, p. 47; J. Inst. Met., 34, p. 580.

Beeman, R., Further experimental work on Diesel engines, Tr. Inst. Naval Arch., 66,

p. 114; J. Inst. Met., 31, p. 513.

Carver, W. L., Rigid deep section aluminum crank case is feature of new Waukesha bus
engine. Auto. Ind., 51, p. 854.

deFleurv, R., Light alloys in automobile work, Tech. Mod., 15, p. 705; J. Inst. Met., 32,

1924, p. 628.

Anonymous, Light metal research will affect future car and truck design, Auto. Ind., 46,

p. 1278.

Becker, G., Vervollkommung der kraftfahrzeugmotoren den leichtmetallkolben, Verlag
von R. Oldenbourg, Berlin.

Dierfeld, B. R., German car of novel design employs many aluminum parts. Auto. Ind.,
46, p. 701.

Heller, Thermal improvement of automobile motors, Archiv. f. Warmewirtschaft 3,

p. 67; Chem. Abst., 17, 1923, p. 257; J. List. Met., 29, 1923, p. 755.

Pomeroy, L. H., Advantages of lightweight reciprocating parts, J. Soc. Auto. Eng., II,

p. 508; J. Inst. Met., 32, 1924, p. 630.

Pomeroy, L. H., Forged aluminum v. steel for connecting rods, Auto. Ind., 47, p. 978.

von Selve, Review of, Germans study light alloys in high-speed engines, Auto. Ind., 47,

p. 323.

Colvin, F. H., Building motors on the Pacific Coast; making aluminum alloys. Am. Mach.,
54, p. 46.

Dat, A., Connecting rods in aluminum. Arts et Metiers, 1, pp. 141-144.

deFleury, R., The light metals in mechanical construction, particularly in the automobile
industry. Rev. de Met., 18, p. 590; J. Inst. Met., 32, 1924, p. 628.

Rosenhain, W., Use of wrought aluminum alloys in automobile construction, Auto. Ind.,

45, pp. 862-864.

von Selve, W., Neue erfahrungen mit leichtmetallen in schnell-laufenden motoren, Zeit.

f. Met., 13, p. 316.

Jehle, F., The use of aluminum in the present and future motorcar, J. Soc. Auto. Eng.,
6, p. 367.

Schiffer, J. E., Status of aluminum in the automobile engine, Auto. Ind., 43, p. 468.

Clayden, A. L., Aluminum in automobile chassis, Auto., 33 (8), p. 330.

Clayden, A. L., How scientific design and use of aluminum alloys will cheapen motoring.
Auto., 34, pp. 225-230.

Moncrieff, V. I., Aluminum or iron crank cases, The Horseless Age, 35, p. 582.

Anonymous, Aluminum in automobile industry, Metaux et Alliages, 7, p. 7; J. Inst. Met.,
12, p. 295.

Anonymous, Aluminum in motor industry, Electrochem. Zeit., 20, p. 264.

British Aluminum Co. (Ltd.), Progress of aluminum. Bull. No. 144.

McAdams, W. A., A new aluminum alloy (patent), Met. and Chem. Eng., 12, p. 352.

Schipper, J. E., Aluminum, a featherweight, The Auto., 36, pp. 673-677.

Anonymous, Alloys for motor bus construction, Eng., 95, p. 99.

10.

USES, PISTONS

1927
1927
1926

Gleason, E. D., Making aluminum pistons in composition molds, Met. Ind., 25, p. 323.

Welty, G. D., Light-alloy pistons, J. Soc. Eng., 31, pp. 146-150.

Anonymous, Use of aluminum, silumin, and magnesium for pistons, Brass Wld., 22, p.
331.

a

b

1926
1926
1926
1926

1926

1925

1925

Anonymous, Aluminum pistons growing in favor, Fdy. Tr. J., 33, p. 75

Anonymous, Aluminum, silumin, and magnesium pistons, Met. Ind. (Lond.), 29, p. 560.

Daniels, S., Piston alloys, Tr. Am. Inst. Min. and Met. Engrs., 73, p. 480.

deFleury, R., Les pistons en aluminium, en alpax et en magnesium, Comptes Rendus,
182, p. 628; J. Inst. Met., 36, p. 583.

. .

Gibson, A. EL, Piston temperatures and beat flow in high-speed petrol engines (aluminum),
Eng., 121, pp. 150, 183; Proc. Inst. Mech. Engrs., 1, pp. 221-249.

Anderson, R. J., Aluminum alloys for piston castings must meet varied requirements,

Auto. Ind., 53, pp. 1030-1034; Eng. Index, 35; J. Inst. Met., 36, 1926, p. 583.

Livermore, F. A., Aluminum alloy pistons, properties and advantages of these heat resist-

ing alloys, Brass Wld., 21, p. 55.
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Text j

refer- Year
\

Name and title

ences

e
d

e

f

g

h, i

3

1925
1924

1924

1924

1924

1923

1922

1922
1922
1922
1922
1922

1922

Schapira, B., Making aluminum pistons in Europe, Fdy., 53, p. S.

Aitehison, L., Light alloys for pistons and connecting rods, Met. Ind. (Lond.), 24, pp
424, 447, 470, 494; Proc. Inst. Auto. Eng., 18, p. 557; J. Inst. Met., 34, 1925, p. 579.

Aitehison, L., Aluminum and magnesium pistons have many advantages, Auto. Ind.,
50, pp. 924-931.

Anderson, R. J.. Boyd, M. E., Production of aluminum alloy pistons in permanent molds,
Tr. Am. Fdyme-n’s. Assoc., 32, p. 226.

Dumanois. L’emploi des alliages legers pour les pistons de moteurs k explosion, Genie
Civil, 54, p. 602; Compt. Rend., 178, p. 1957; J. Inst. Met., 32, p. 629.

: Kerpely, K., The production of cast aluminum pistons and crankcases. Met. Ind. (Lond.'',

23, p. 87.

:
Anonymous, Some experiences of aluminum and its alloys for motor pistons. Met. Ind.

j

(Lond.), 20, p. 321.

i Anonymous, French light alloy piston work, Auto. Ind., 46, p. 12S2.

|
Anonymous, Aluminum pistons. Auto. Eng., 12, p. 277; J. Inst. Met., 31, 1924, p. 513.

l Anonymous, Hudson adopts aluminum piston. Auto. Ind., 46, p. 1001.
1 Anonymous, Composite aluminum and cast iron piston, Auto. Ind., 47, p. 972.

Becker, G., Perfection of petrol motors by the use of light alloy pistons, Der Motorwagen,
25, p. 163; J. Inst. Met., 29, 1923, p. 754.

Chase, H., Automotive engineering development rests largely on fuel research, Auto.
Ind., 46, p. 1219.

Colvin, F. H., Reo aluminum alloy pistons. Am. Mach., 56, p. 772; J. Inst. Met., 33, 1925,

k

1922
1922

1921
1921
1921
1921

1921

1921
1921

1921

1920
1920
1920
1920
1920
1919
1916
1915
1915

p. 523.
Diamond, J. D.. Aluminum alloy piston, Soc. Auto. Eng.. 11, p. 25S.
Williams, W. D., Light metal alloys for pistons. Raw Mat!., 5~, p. 259; Chem. Abst., 16,.

p. 3459; J. Inst. Met., 29, 1923. p. 754.

Anonymous, German trials of aluminum pistons. Auto. Ind.. 45, p. 904.

Anonymous, Waddell aluminum piston. Auto. Ind., 45, p. 170.

Becker, G., Light metal pistons, Zeit. f. Met., 13, p. 474; J. Inst. Met., 34, 1925, p. 579.
Dat, A., Les pistons en aliiage Mger, 1, a base d'aluminium, 2, k base de magnesium, Arts

et Metiers, 1, p. 84.

Jardine, F., Jehle, F., Aluminum pistons, Soc. Auto. Eng. J., 8, p. 397; Aerial Age, 18,

pp. 22S, 250; Tr. Soc. Auto. Eng* 17 (2), 1922, p. 2S5.

Pannell, E. V., Aluminum alloy pistons, Met. Ind., 19, pp. 15-17.

Rosenhain. W., Problems, and possibilities of the aluminum piston, Auto. Ind., 44„
p. 1264; J. Inst. Met., 29, 1923. p. 754.

Schiuer, J. E., Precision machine work in the production of aluminum pistons. Auto.
Ind., 45, p. 722.

Anonymous, Tabelle, Legiertes aluminium, Zeit. f. Met., 12, p. 9S.

Anonymous, Magnesium ahoy for motor pistons, Mach., 27, p. 652.

Anonymous, Aluminum pistons for Diesel engines. Power. 52, p. 854.

Colvin, F. H., Cast iron and aluminum pistons. Am. Mach., 53, p. 416.
Lennon, P. T., Machining aluminum pistons, Am . Mach., 52, p. 1175.
Vickers, Aluminum alloy for auto. eng. piston, Fdy., 47, p. 447.

Diamond, Aluminum alloy piston design, Soc. Auto. Eng., 11, 1, p. 238.

Anonymous, Aluminum pistons pass unchanged, The Auto., 32, pp. 1116-1117.
Gruenewald, Aluminum alloy pistons, Soc. Auto. Eng., 10, n, p. 135.

1L METALIOGRAPEY, GENERAL

1927

1926

1926
1925

1926

1926

1926

1925

1926

1926

1925

1925

1925

1 1925

Lucas, F. F., Application of microtome methods to the preparation of soft metals for

microscopic examination. Am. Inst. Min. and Met. Engrs. preprint.
Anonymous, Report of Subcommittee I of E—1 on selection and preparation of samples.
Am. Soc. Test. Matls.. 26 (1), pp. 565-568.

Daniels, S. D., Sand-cast aluminum-manganese alloys, J. Ind. and Eng. Chem., IS, p. 2.

Dix, E. H., jr., Richardson, H. H., Equilibrium relations in aluminum-copper alloys of
high purity, Am. Inst. Min. and Met. Engrs., 73, pp. 560-579.

Dix, E. H., jr.. Keith, W. D., The etching characteristics of constituents in commercial
aluminum alloys. Am. See. Test. Matls.. 26 (2), pp. 317-334.

Genders, R., The interpretation of the macrostructure of cast metals, J. Inst. Met., 35,

p. 264.

Lennartz, A., Henninger, W.. Microscopic structure of duralumin allovs, Zeit. f. Met.,
IS, pp. 213-252; Chem. Abst.. 20, p. 2972.

Meissner, K. L.. The microstructure of aluminum. Tr. Am. Inst. Min. Met. Eng., 73, p.
622; Chem. Abst., 20, p. 2143; Min. and Met., 7, p. 74: J. Inst. Met.. 35, p. 460.

VileEa, J. R., New etching medium brings out in aluminum and its light alloys hitherto
undeveloped crystal formations and constituents, Iron Age, 117, pp. 903-907; Chem.
Abst., 20, p. 2640; J. Inst. Met.. 36, p. 481.

Vilella, J. R., Etching media for aluminum and aluminum alloys. Met. Ind. (Lond.),
28, p. 389.

Czochralski, J., Dislocated reflection in the service of metallography, Zeit. Anorg. Chem.,
144, pp. 131-141; J. Inst. Met., 34, p. 473.

Czochralski, J.. Radiotechnic in the service of metallographv, Zeit. Anorg. Allgem. Chem.,
144, pp. 263-266; Chem. Abst.. 19, p. 2627.

Czochralski. J., Relation of metallography to physical research, Naturw., 13, pp. 425-435,

455-464; Zeit. f. Met.. 17, p. 1; Chem. Abst., 19, p. 2625.
Dix, E. H., A note on the microstructnre of aluminum-iron alloys of high purity, Proc.
Am. Soc. Test. Matls., 25 (II), pp. 120-129.
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11. METALLOGRAPHY, GENERAL—Continued

Text
refer-

ences

j

k

r

h

f

o

¥
g

Year Name and title

'

1925

1925

1925

1924
1924

1924

1923

1923

1923

1923
1922

1921

1919
1919
1919

1919

1918
1918
1915

Dorn, E., Skiegil, M., Korngrenzenatzung von aluminium und seinen legierungen, Zeit.
f. Met., 17, pp. 133-134; J. Inst. Met., 35, p. 602; Chem. Abst., 21, 1927, p. 3036.

Flick, F. B., Etching aluminum and its alloys for macroscopic and microscopic examina-
tion, Am. Inst. Min. Met. Eng., 71, pp. 816-827; Min. and Met., 6, n. 532; J. Inst. Met.,
34, p. 472; Chem. Abst., 20, 1926, p. 1381.

Kastzenko, G. A., Metallographic investigations of kolchoogalumin, Tr. Inst. Econ.
Mineral, and Petrography (Russia), p. 76; Chem. Abst., 20, 1926, p. 1974.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by Baird & Co.
Daniels, S. D., Cast alloys of aluminum containing small amount of magnesium, Ind. and
Eng. Chem., 16, pp. 1243-1248.

Lyon, A. J., and Daniels, S., Metallography of sand-cast aluminum alloys, Air Service
Circ., 5, March 1, No. 449.

Czochralski,- J., Foreign inclusions in aluminum, Zeit. f. Met., 15, pp. 273-283; Chem.
Abst., 18, 1924, p. 1973.

Dix, E. H., Observations on the occurrence of iron and silicon in aluminum, Proc. Am.
Inst. Min. and Met. Engrs., 69, pp. 957-971.

Meyer, A., Etching reagents for distinguishing the special constituents of aluminum alloys,
Zeit. f. Met., 15, pp. 257-258; J. Inst. Met., 31, 1924, p. 443; Chem. Abst., 18, 1924, p. 1972.

Roberts, F. T., Polishing aluminum. Met. Ind., 21, p. 450; J. Inst. Met., 32, 1924, p. 669.
Dix, E. H., Polishing aluminum and its alloys for metallographic study, Chem. Met.
Eng., 27, pp. 1217-1220.

Anderson, R. J., Ferric sulphate as a new etching reagent in the metallography of alumi-
num, Met. Ind., 19, pp. 69-70; Chem. Abst., 15, p. 1482.

Anderson, R. J., Metallography of aluminum, J. Frank. Inst., 187, pp. 1-47.

Davis, E. J., Metallography applied to nonferrous metals, Fdy., 47, pp. 304-307.
Hanson, D., Archbutt, S. L., The micrography of aluminum and its alloys, J. Inst. Met.,

21, pp. 291-318.

Merica, P. D., Waltenberg, R. G., Freeman, J. R., jr., Constitution and metallography
of aluminum, and its light alloys with copper and with magnesium, Sci. Paper No. 337,
Bureau of Standards.

Anderson, R. J., Metallography of aluminum, Met. and Chem. Eng., 18, pp. 172-178.

Merica, P. D., Aluminum and its light alloys, Chem. and Met. Eng.. 19, p. 135.

Czochralski, J., Etching phenomena and reagents, Stahl, u. Eisen, 35 (2), pp. 1073-1078.

12. ATOMIC STUDY

1927

1927

1926

1926

1925

1925

1925

1925

1925

1924

1924

1924

1924

1924

1924

1922

1921

1920

a 1903

Stetter, G., The determination of the mass of the atom fragments of aluminum, carbon,
boron, and iron, Z. Physik, 42, pp. 741-758; Chem. Abst., 21, p. 2219.

Wetterblad, T., The spark lines of the K spectrum of sodium, magnesium, and aluminum,
Z. Physik, 42, p. 611; Chem. Abst., 21, p. 2226.

Frayne, -J. G., Smith, A. W., The absorption spectra of the vapors of aluminum, gallium,
indium, and thallium, Phys. Rev., 27, p. 23; J. Inst. Met., 36, p,500; Chem. Abst., 20,

p. 1356.

Sur, N. K., Majumdar, K., The absorption spectra of aluminum and cobalt, Phil. Mag.
(7), L, p. 451; Chem. Abst., 20, p. 1357.

Eriksson, G., Hulthen, E., The band spectrum of aluminum, Zeit. f. Physik, 34, p. 775;
Chem. Abst., 20, 1926, p. 1561.

Krepelka, H., Nikolic, N., Revision of the atomic weight of aluminum, III. Analysis of
aluminum chloride, Chem. List., 19, p. 158; J. Inst. Met., 34, p. 342.

Majunder, K., Swe, N. K., On the absorption spectrum of aluminum, Nature, 115, p.
459; J. Inst. Met., 34, p. 498.

Paschen, F., The spark spectra of aluminum, I and II, Ann. Physik., 71, IV, pp. 142-161,

537, J. Inst. Met., 34, p. 497.
Schmidt, E. A. W., Disintegration of aluminum by alpha rays, Akad. Wiss. Wein. Ber.»

34, 2a, No. 7-8, p. 385; Sci. Abst., 29a, 1926, p. 489.

Krepelka, II., Revision of atomic weight of aluminum, II. Analysis of aluminum chlo-
ride, J. Am. Chem. Soc., 4G (1), p. 1343; Chem. Abst., 18, p. 3497.

Lyman, T., Series in the spectra of aluminum and magnesium in the extreme ultra-violet.

Nature, 114, pp. 641-642; Science, 40, p. 388; J. Inst. Met., 33, 1925, p. 400.

Norikofer, W., The band spectra of aluminum, Verhandl. Naturforsch. Ges. Basel. 36,

p. 35; Chem. Abst., 19, 1925, p. 3218.
Russel, H. N., Singlet series in the spark spectrum of aluminum, Nature, 113, p. 163; J.

Inst. Met., 34, 1925. p. 497.
Turner, L. A., Relative sizes of the kernels of ten electrons of sodium, magnesium, alu-

minum, and silicon derived from homologous spectra, and their relation to the L X ray
levels of the light atoms, Astrophys. J. 60, p. 81; Chem. Abst., 19, 1925, p. 437; J. Inst.

Met., 34, 1925, p. 496.
von Wisniewski, F. J., On the theory of the spark spectrum of aluminum, Physikal. Zeit.

25, pp. 477-480; J. Inst. Met., 34, 1925, p. 497.

Davisson, C., Kunsman, C. H., The scattering of electrons by aluminum, Proc. Am.
Phys. Soc.; Phys. Rev., II, 19, p. 543; J. Inst. Met., 34, 1925, p. 343.

Shallenberger, G. D., Two new lines in the aluminum spectrum and their possible series

relations, Proc. Am. Phys. Soc. (Dec.); Phys. Rev. II, 19, 1922, pp. 398-399; J. Inst.

Met., 34, 1925, p. 497.

Richards, T. W., A revision of the atomic weight of aluminum, The analysis of aluminum
bromide, J. Am. Chem. Soc., 42, p. 2221.

Burgess, C. F., Hambeuchen, C., Some laboratory observations on aluminum, Elec-
trochem. Ind., 1, pp. 165-168.



338 CIRCULAR OF THE BUREAU OF STANDARDS
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Text !

refer-

1

ences

!

Year

1927

e 1927
1927

1927

1926

1926

1925

1925

h
d

1925
1925

3

1925
1925

i 1925

1925

1925

g 1925
1925

1925

1 1925

mj

1925
1925

(

1925

! 1925
! 1925

f

1924
1924

a 1924

1924

1924

k

1924
1924
1924
1924

b
1924
1924

1924

Name and title^

Bearden* J. A., Measurement and interpretation of the intensity of X rays reflected from
sodium chloride and aluminum* Phys. Rev., 29, pp. 20-33; J. Inst. Met., 37, p. 374.

Clark, G. L., Applied X rays, McGraw-Hill Co., New York, p. 209.

Glocker, R., Widmann, H., Untersuehungen uber den rekristaliisationsvorgang bei silber,

kunfer, und aluminium, Zeit. f. 3. let., 19, p. 41.

Wetterblad, T., The K/Si lines of sodium, magnesium, and aluminum and the dependence
of their wave lengths on chemical composition, Z. Physik, 42, pp. 603-610; Chem. Abst.,
21, p. 2226.

Gough, H. J., Wright, S. J., Hanson, D., Some further experiments on the behavior of
single crystals of aluminum under reversed torsional stresses, J. Inst. Met., So, p. 173.

Schmid, E.; Wassermann, G., Rontgenographic experiments on the duralumin problem,
Naturwiss., 14, p. 980; J. Inst. Met., 37, 1927, p. 521.

Blau, M., Photographic effect of H rays ejected from paraffin and aluminum (by a-Par-
ticles), Zeit. Physik., 34, pp. 285-295; J. Inst. Met., 35, 1926, p. 460.

Buckley, H. E., Vernon, W. S., The crystal structure of magnesium fluoride, Lond. Ed.
and Dub. Phil. Mag. and J. Sci., 49, p. 945.

Davey, W. P., Phys. Rev., 25, p. 753.
Ferrari, A., I reticoii cristallini dei fiuoruri di lit-io e magnesio e il loro isomorfismo, Atti.

della Reall Aceademia Naxionale del Lincei, 1, p. 664.

Goldschmidt, Barth, and Lunde, Sprifter norske videnskaps aeademi, No. 5.

Lange, H., Rontgenspektroskopische untersuchung einiger metallegierungen mittels der
methods von Seemann-Bohlin, Annal. der Physik.. 78, p. 478.

Oishausen, S. V., Structure investigations by the Debye-Scherrer Powder method (alumi-
num), Zeit. Exist, 61, p. 463; Chem. Abst., 2ff, 1926, p. 131.

Ono, A., X-ray examination of the inner struetu e of strained metals, HI. Copper and
aluminum under extension, compression, and torsion, Mem. Coll. Sci. Kyushu Imp.
Univ. 3, pp. 195-224; I. Inst. Met., 34, p. 484.

Pauling, J., Hendricks, S. B., The crystal structures of hematite and corundum, J. Am.
Chem. Soe., 47, p. 781.

Phebus, W. C., Blake, F. C., The X-ray analysis of certain alloys, Phys. Rev., 25, p. 107.
Sachs, G., Schiebold, E., Lattice arrangements in deformed metal crystals and crystal
agglomerations, Naturw., 13, p. 964; Chem. Abst., 20, 1926, p. 683.

Sachs, G., Schiebold, E., Recrystallization and loss of strength as shown by rontgeno-
graphs, Zeit. f. Met., 17, p. 400; J. Inst. Met., 35, p. 459: Chem. Abst., 20, 1926, p. 1155.

Sacklowski, A., Rontgenographische strukturuntersuchungen einiger legierungen, Annal,
der Physik, 77. p. 241.

Schiebold, Zeit. f. Krystal., 57, p. 579.
van Arkel, Physiea, Nederlandsch Fijdschrift voor natuwrkunde, 5, p. 182.
Weiss, W., The application of X rays to the studv of alloys, Proc. Roy. Soc., London,

108A, p. 643.
Wyckoff, R. W. G., Merwin, H. E., The space group of diopside, Am. J. Sei,, 9, p. 379.

Wyckoff, R. W. G., Crystal structure of silver phosphate and silver arsenate, Am. J. Sci.,

10, p. 107.

Aminoff, Zeit. f. Krystal., 80. p. 262.
Davey, W. P., Application of X-ray analysis to metallurgy, Tr. Am. Soc. Steel Treat.,

8, p. 375.

Jetts, E. R., Phragmen, G., Westgren, A. F.. X-ray studies on the copper-aluminum
alloys, J. Inst. Met., Si, pp. 193-216; Eng., 137, p. 304; Engng., 117, p, 361; Met. Ind.
(Lond.), 24, p. 282.

Levi, G. R., Ferrari, A., I reticoii cristallini dei carbonati romboedriei di metalli bivalenti,
Atti. della Reale Aceademia Naxionale dei Lincei, 33, p. 516.

Manguin, C., Sur la structure cristalline du corindon et de 1’oligiste, Compt. Rend. Heb-
domadaires des Stances de TAcad. des Sei, de lTnst. de France, 178, p. 785.

Mark and Wigner, Zeit. f. Physikal. Chemie., Stockiom. u. Verwand., Ill, p. 398.
Ott, H., Das gitter des aluminium-nitrids, Zeit. f. Physik., 22, p. 201.
Owen and Preston, Proc. Phys. Soc. (Lond.), 36, p. 341.
Pauling, J., The crystal structures of ammonium fluoferrate, fluo-aluminate, and oxyfluo-
molybdate, J. Am. Chem. Soc., 46, p. 2738.

Rinne, Leonhardt and Hentschel, Zeit. f. Krystal., 59, p. 548.
Westgren, A,, Phragmen, G., On the structure of solid solutions, Nature (Lond.), 133,

p. 122.
'

Wyckoff, R. W. G., Merwin, H. E., Am. J. Sci., 8, p. 447.

14. CHEMICAL PROPERTIES, SOLUBILITY

a

1927
1927

1927

1927

1928

1926

1926

Bushlinger, H., Aluminum als werkstoff in der organische chemie, Zeit. f. Met., 19, p. 25.

Evans, TJ. R., The passivity of metals. I. The isolation of the protective film, J. Chem.
Soc., pp. 1020-1040; Chem. Abst., 21, p. 2836.

Isgarischew, N., Iordansky, W., Ein beitrag zur kenntnis der korrosion, Kor. u. Met., 3,

p. 54.

Rohrig, H., Aluminiumzerstorung durch quecksilber und ihre bekampfung, Korrosion u.

Metallschutz, 3, p. 121-123.
Centnerszwer, M., Zabloeki, W., Rate of solution of aluminum, Zeit. f. Physik. Chemie,

122, p. 455-481; Tr. Am. Soc. Steel Treat., 11, 1927, p. 133; J. Inst. Met., 37, p. 374.
Centnerszwer, M., On the thickness of the passive layer of the surface and the speed of

solution of aluminum, Roczniki, Chem., 8, pp. 384-402; J. Inst. Met., 37, p. 374.
Feld, G.. Behavior of alumina when heated with soda, Zeit. Angew. Chem., 39, p. 174;
Chem. Abst., 20, p. 2564.
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refer-
!
Year

ences
Name and title

1926

1926

1926

1926
1926

1926

1926

Hahn, F. L., Schleipen, R., Investigations of the rate of decomposition and reducing
power of aluminum amalgam, Zeit. Anorg. Chem., 153, pp. 94-114; J. Inst. Met., 38,
1926, p. 446.

Jablczynski, K., Hermanowicz, E. Kinetic investigations on the velocity of solution of
aluminum in acids, alkalis, Roezniki Chem., 6, pp. 466-482; J. Inst. Met., 37, 1927, p. 374.

Ongkiehong, B. L., Jorissen,W. P., Regions of reaction, X. The reaction regions Fe-S-SiOa,
Fe-Mg-S, and Fe-Al-S, Recueil des Travaux Chimiques des Pays-Bas, July 15.

Phillips, M., Use of aluminum chloride in the dye industry, Chem. Met. Eng., 33, p. 173.

Wache, X., Rate of solution of aluminum in hydrochloric acid, Chim. et Ind. Special
No., 471-472; Chem. Abst., 21, 1927, p. 558.

Werner, M., Rate of dissolution of aluminum in hydrochloric acid, Z. Anorg. Allgem.
Chem., 154, pp. 275-293; Chem. Abst., 21, 1927, p. 2420; J. Inst. Met., 37, 1927, p. 487.

Wiederholt, W., Influence of heat treatment of aluminum on its rate of dissolution in
hydrochloric acid, Zeit. Anorg. u. Allgem, Chem., 154, p. 226-237; Tr. Am. Soc. Steel

g

b
c

d

f

1926

1925
1925

1925
1925

1925

1924

1924

1924

1924

1923

1922

1921
1921

1921

1921

1920
1919

1917

1916
1916

1915

Treat., 10, p. 1006.

Wiederholt, W., Uber den einfiuss der thermisehen und mechanischen behandlung von
aluminium auf seine korrosionsbestandigkeit, Kor. u. Met., 2, pp. 126-133.

Edwards, J. D., Properties of pure aluminum, Am. Electrochem. Soc., 47, pp. 287-300.
Maier, C. C., Vapor pressure of the common metallic chlorides and a static method at
high temperatures, Bureau of Mines Tech. No. 360, 1; Chem. Abst., 20, 1926, p. 2603.

Mylius, E., Die oxydische kochsalzprobe fur aluminium, Zeit. f. Met., 17, pp. 148-154.

Wache, X., Chaudron, G., Effect of thermal and mechanical treatment on the rate of
solution of aluminum in hydrochloric acid, Compt. Rend., 180, p. 1495.

Yoe, J. H., Effect of temperature of formation on the physical character of hydrous alumi-
num oxide, J. Phys. Chem., 29, p. 1419.

Budnikov, P. P., Preparation of aluminum chloride from materials containing alumina,
Zeit. Angew. Chem., 37, p. 100; Chem. Abst., 18, p. 2058.

Hahn, F. L., Thieler, E., Concerning aluminum-amalgam, hydroxide and oxide, Ber., 57,

p. 671; J. Inst. Met., 32, p. 533; Chem. Abst., 18, p. 1958.

Mylius, F., Thermisehe prohen fur aluminium dunnblech in reagenzrohr, Zeit. f. Met.,
i6, p. 81.

Rohrig, H., Borchert, W., Der einfiuss der Gluhbehandlung auf die Reaklionsfahigkeit
von Aluminium, Zeit. f. Met., 16, p. 398.

Strishov, I. N., The use of aluminum chloride in the production of petroleum, Neftjano©
I. Slancevoe Chozjajstvo, 5, p. 246; Chem. Zentr., 1924, 1„ p. 2623; Chem. Abst., 19,' 1925,

p. 2124.

Mylius, F., Die thermisehe Salzsaureprobe und die Reaktionsklassen fur aluminium,
Zeit. f. Met., 14, p. 233.

Bailey, G. H., Chemical properties of aluminum, Thorpe’s Diet, ofApplied Chem., 1, p. 163.

Fogh, I., Study of aluminum amalgam, Kong. Danske. Videnslc. Math. Fysiske Medd.,
3, 15, 6; Chem. Zentr. 84, III, 1923, p. 993; J. Inst. Met., 31, 1924, p. 421.

Matignon, C., Action of iodine on various metals in the cold. Detection of chlorine in the
atmosphere, Compt. Rend., 172, p. 532; Chem. Abst., 15, p. 1866.

Prins, H J., Acceleration of solubility of metals in acids by reducible compounds, Proc.
Acad. Sci. Amsterdam, 23, pp. 1449-1454; Verslag. Akad. Wetenschappen Amsterdam,
29, pp. 1224-1229; Chem. Abst., 16, p. 3785.

Anonymous, Acid resisting qualities of aluminum, Chem. Met. Eng., 22, p. 230.

Kohn-Abrest, E., Spontaneous oxidation of aluminum in air, Compt. Rend., 169, pp.
1393-1395; Chem. Abst. 14, p. 684.

Seligman, R., Williams, P., Action of acetic acid on aluminum, J. Soc. Chem. Ind., 35,

pp. 88-93; J. Soc. Chem. Ind., 36, pp. 409-415; Met. and Chem. Eng., 17, p. 38.

Briner-Senglet, The carbides of aluminum, nickel, and copper, Rev. de Met., p. 155.

Seligman, R., Williams, P., Action of HNO3 on aluminum, J. Soc. Chem. Ind., 35, p. 665;

J. Inst. Met., 16, p. 216; Chem. Abst., 11, p. 1101.

Anonymous, Properties of the binary aluminum alloys, Stahl, u. Eisen, 35, pp. 649, 873,

1915

1915

1914

1913

1913

1913

1913
1912

1911

1910

1910

1908
1907

1905

Hale, A. J., Foster, H. S., Action of dilute solutions of acids, alkalis, and salts upon certain
metals; J. Soc. Chem. Ind., 34, p. 464; Chem. Abst., 9, p. 2371.

Trillat, A., Action of nitric acid on aluminum, Bull. Soc. Encour. Ind. Nat., 122, pp.
547-554; Chem. Abst. 9, p. 2627.

Droste, R., Action of 3 per cent hydrogen peroxide on aluminum, Chem. Ztg., 37, p. 1317;

Chem. Abst., 8, p. 1245.

Bamberger, M., and V., Jueptner, H., Explosion of aluminum when granulating, Zeit.

Angew. Chem., 26, pp. 353-355.
Cohn, L. M., Anderung dei Eigenschaften von aluminium, Elektroteeh. u. Maschinenbau,

31, p. 430; Elekt. Masch., pp. 430-433.

Kohn-Abrest, E., Application of activated (amalgamated) aluminum for the precipita-

tion of tannin, Bull. Assoc. Chim. Suer., 30, pp. 862-868.

Matignon, C., Reduction of magnesium by aluminum, Compt. Rend., 156, pp. 1157-1159.

Nicolardot, P., Action of salts of mercury and mercury upon aluminum; application to the
analysis of aluminum, Bull. Soc. Chim. (4), 11, pp. 410-413.

Kohn-Abrest, E., Some new applications of amalgamated aluminum and its use in analysis,
Bull. Assoc. Chim. Suer., 28, pp. 938-943.

Carpenter, H., and Edwards, M. C., Oxalic acid and aluminum, Inst. Mech. Engrs. 9th
rept. of Alloys Research Com., January 21.

Kohn-Abrest, E., Action of heat on aluminum in vacuo in presence of carbon, Bull. Soc.
Chim., 7, pp. 277-283.

Matignon, C., Preparation of aluminum carbide, Bull. Soc. Chim., (4), 3, pp. 355-361.

van Deventer, C. M., So-called “passivity” of aluminum toward nitric acid, Chem.
Weekblad., 4, pp. 69-72; Chem. Zentrabl., II, 78, p. 1017.

Watts, O. P., Use of aluminum as a reducing agent, Tr. Am. Electrochem. Soc., 8, p. 101;

J. Soc. Chem. Ind., 24, p. 1116.
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14. CHEMICAL PROPERTIES, SOLUBILITY—Continued

Text
refer- Year Name and title

ences -
• V

1901

1900

Duboin, A., Reducing properties of magnesium and aluminum, Compt. Rend., 132,
No. 13, pp. 826-828.

Matignon, C., Certain properties of aluminum and the preparation of phospine, Compt.
Rend., 130, No. 21, pp. 1391-1394.

15. CHEMICAL ANALYSIS

h

h

b

d

1927

1927

1927

1927

1926

1926

1926

1926

1926
1926

1925

1925

1925

1925

1925

1925

1925

1925

1924

1924

1924
1924

1924

1924

1924

1924
1924
1924

1924

1924

1924

1924

1924

1924

1924

1924

. American Society for Testing Materials Com. B-2 Kept., Revision of tentative methods
for analyzing aluminum alloys, Am. Soc. Test. Matls, 27, (1), reprint No. 18.

: Jander, G.; Baur, F., Notes on the determination and separation of aluminum and its

companion elements as well as the oxidic impurities in alloys rich in aluminum
,
Z.

j

Angew. Chem., 40, pp. 488-490; Chem. Abst., 21, p. 2239.

;

Roster, W., Muller, F., Uber die loslichkeit des siliziums in aluminium, Zeit. f. Met., 19,
! p. 52.

I Prettner, Gibt es ein sicheres quantitatives verfahren um SiOj neben silicium bei der
analyse des aluminiums zu bestimmen? Chemiker Ztg., 51, p. 261; Chem. Abst., 21,

1927, p. 1944; Trans. Am. Soc. Steel Treat, 12, p. 129.

I Adan, R., Spectrodetection and detection of impurities in aluminum and its alloys. Bull.

;

Soc. Chim. Belg., 35, pp. 447-451.

American Society for Testing Materials, Tentative methods of chemical analysis of alumi-
num and light aluminum alloys, Serial Designation B40-26T, Proc. Am . Soc. Test.
Matls., 26, p. 718.

Lundell, G. E. F., Knowles, H. B., The rapid detection of small amounts of aluminum in
certain nonferrous materials, Ind. Eng. Chem., 18, p. 60.

Pretet, E., Escofiet, L., Methodes d’analyse des alliages industriels de magnesium, Chimie
Ind., 16, p. 459

Shepherd, H. H., Analysis of aluminum alloys, Fdy. Tr. J., 34, p. 284.

Withey, W. H., Millar, H. E., The determination of aluminum oxide in aluminum metal,
J. Soc. Chem. Ind., 45, 170T; Chem. Abst., 20, p. 2800; J. Inst. Met., 36, p. 524.

Feigl, and Krauss, G., A chemical complex method for the volumetric determination of

the acidity, basicity and aluminum content of aluminum solutions, Ber. 58B, pp. 398-400.

i
Losana, L., Ferero, G., Rapid analysis of light alloys of aluminum, Ann. Chim. Applicata.,

15, pp. 116-120.

! Lundell, G. E. F., Knowles, H. B., Determination of aluminum in nonferrous alloys, Ind.
and Eng. Chem., 17, p. 78.

Otto, C., An improvement of the cobalt aluminate test for aluminum, J. Am. Chem.
Soc. 48, pp. 1604-1605.

! Salaja, B., New gravimetric method for determining aluminum and its separation from
manganese by means of mercuric ammo-chloride, Chem. Ztg., 49, pp. 337-338.

Schmidt, M., The determination of small amounts of zinc in aluminum, Metall. u. Erz.,

22, pp. 77-78.

Schweizer, Disc, on new developments in high strength aluminum alloys, by Archer and
Jeffries, Am. Inst. Min. and Met. Eng., 71, p. 859.

Wilke-Dorfurt, Locher, E., The use of paper pulp to aid the filtration of Fe(OH)8 and
i

A1 (OH)s, Zeit. Anal. Chem., 64, pp. 436-441.

!
Bertiaux, L., Commercial aluminum, Bull. Soc. Chem., 35, pp. 64-72; Ann. Chim. Anal.
Chim. Applicata., 6, pp. 4-10; Chem. et Ind., 11, pp. 40-44.

j

Brook, G. B., Fairlie, D. M., Determination of sodium in aluminum, Met. Ind. (Lond.),

! 25, p. 281.

Brophy, D. H., Aluminum in alloys, Ind. and Eng. Chem., 16, p. 963.

j

Budgen, N . F., The estimation of cadmium in aluminum alloys, Chem. News, 128, pp.
232-234; J. Inst. Met., 35, 1925, p. 423.

j

Congdon, L. A., Carter, J. A., Critical studies on methods of analysis, IV. Aluminum,
Chem. News, 128, pp. 98-100.

I Fairlie, D. M., Brook, G. B., Determination of sodium in aluminum, Chem. Abst., 19,

p. 23.

Fetkenheuer, B., Konorsky, A., The determination of magnesium in aluminum, zinc, and
lead alloys, Wiss. Veroffentl. Siemens-Konzern, 3, No. 2, pp. 19-21.

Gat, J. D., Silicon in silicon-aluminum alloys, Ind. and Eng. Chem., 16, pp. 959-960.

Hahn, R., Die bestimmung des Kohlenstoffs in aluminium, Zeit. f. Met., 16, p. 59.

Kayser, L., Hydrolysis of sulphates of quadrivalent titanium as the basis of a separation of

titanium from aluminum in sulfuric acid solution, Z. Anorg. AHgem. Chem., 138, pp.
43-64.

Kling, A., Lassieur, A., Separation of aluminum from zinc, manganese and nickel by the
acetate process, Ann. Chim. Analyt., 6, H, pp. 225-226; J. Inst. Met., 33, 1925, p. 432.

Kollo, C., Geargain, N., Separation of aluminum from calcium by means of hexameth-
ylenetetramine, Bull. Soc. Chim. Romania, 6, pp. 111-112.

Lobley, A. G., A note on nonmetallic inclusions in metals, with special reference to alumi-
num, Tr. Faraday Soc., 29, p. 183; J. Inst. Met., 33, 1925, p. 294.

Rosenhain, W., Archbutt, S. L., Use of fluxes in the melting of aluminum and its alloys,

Tr. Faraday Soc. (advance proof).
Schantle, E., The Goppelsroeder test for aluminum and its application to michrochemistry
Michrochemie, 2, pp. 174-185; J. Inst. Met., 33, 1925, p. 420.

Scheel, E. W., The complete analysis of aluminum allovs, Chem. Eng. Min. Rev.,

17, pp. 117-119.

Sehurmann and Schob, Alkali determination in aluminum and aluminum alloys, Chem.
Ztg., 48, pp. 97-98.

Stamm, H., The determination of carbon in aluminum, Zeit. f. Met., 16, pp. 190-191;

Chem. Zentr., II, p. 1717; Chem. Abst., 18, p. 3158.
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15. CHEMICAL ANALYSIS—Continued

Text
refer-

ences
Year Name and title

1924

1924

e 1923
1923

1923

1923
1923

1923

1923

1923

1923

1923

1923

1923
1923

1922

1922

f 1922

1922

1921

1921
1920

1920
1919

Treadwell, W. D., Stern, H., A determination of the deposition potential of aluminum
in aqueous solution, Helvetica Chim. Acta., 1, p. 627.

Vittorf, N., Separation of aluminum sulfate from iron by means of alcohol, Tr. Inst.
Econ. Mineral and Petr. (Russia), No. 8, p. 1; Chem. Abst., 20, 1926, p. 1497.

Anonymous, The analysis of light aluminum alloys, Met. Ind. (Lond.), 23, pp. 45-47.
Anonymous (F. W. R.), Estimating of silicon in aluminum silicon alloys, Met. Ind.

(Lond.), 23. p. 185; J. Inst. Met., 31, 1924, p. 481.

Gillett, H. W., Schnee, V. H., Cerium in aluminum alloys, Ind. and Eng. Chem., 15,

p. 709.

Guerin, R., Silicon in aluminum, Ann. Chim. Anal. Chim. Appl., 5, pp. 4-8.

Jander, G., Weber, B., The quantitative determination and separation of aluminum,
Zeit. Angew. Chemie, 36, pp. 586-590.

Lavins, X. P., Rapid method for the determination of silicon in aluminum alloys, Chem.
Analyst., 40, p. 19; J. Inst. Met., 31, 1924, p. 481.

Losana, L., and Rossi, C. E., The determination of phosphorus in the light alloys of alumi-
num, Ann. Chim. Applicata, 13, pp. 200-204.

Lundell, G. E. F., Knowles, H. B., The separation of iron and aluminum from manganese
and certain other elements, J. Am. Chem. Soc., 45, pp. 676-681.

Moser, L., The separation of uranium from titanium, iron and aluminum, Monatsh.,
44, pp. 91-95.

Orcel, J., Employment of cupferron in the analysis of silicates and aluminates, Bull. Soc.
Franc. Mineral., 46, pp. 66-72.

Pascal, P. H., A commercial method for the analysis of light aluminum alloys, Chem. et
Indus., 9, pp. 264-269.

Walker, G. W., Rapid analyses of aluminum alloys, Chem. Met. Eng., 28, p. 242.

Wohlk, A., Titrimetric determination of aluminum, Arch. Pharm. Chem., 30, pp. 302-
306, 320-326.

Lundell. G. E. F., Knowles, H. B., The determination of aluminum as phosphate, J.

Ind. and Eng. Chem., 14, pp. 1136-1137.

Ohtani, B., Determination of magnesium in the aluminum alloys, Adds tartaric acid to
form aluminum complex, J. Chem. Ind. (Japan), 25, pp. 1305-1310.

Rosenhain, W., Grogan, J. D., The effects of overheating and repeated melting on alumi-
num, J. Inst. Met., 28, p. 197; discussion, p. 211.

Wintermeyer, Aluminum and its importance in the electrical industry, Electrotech.
Anzeiger, 39, pp. 1142-1144; J. Inst. Met., 29, p. 753.

Gunther-Schulze, A., Electrolytic behavior of aluminum, Zeit. f. Electrochemie u. Ange-
wandte, Phys. Chemie, 27, p. 293.

Kraus, E. J., Volumetric determination of aluminum, Chem. Ztg., 45, p. 1173.

Berry, R. M., A rapid and systematic method for the analysis of light aluminum casting
alloys, Ind. and Eng. Chem., 17, p. 78.

Sondal, J. A., Determining carbon in aluminum, Tid. Kemi., 17, pp. 234-245.

Rhodin, J. G. A., Chemistry of aluminum and aluminum alloys, Tr. Faraday Soc., 14,

1918
1918
1917

1916

1916
1916
1915

1915

1915

1913

1913
1913

1911
1911
1910

1909
1909

1908
1902
1902

pp. 134-149.

Collitt, B., Regan, B., The analysis of aluminum alloys, J. Soc. Chem. Ind., 37, p. 91-5T.
Travers, A., Analysis of hard aluminum alloys, Chemie et Industrie, 1, pp. 708-711.

Belasio, R., Analysis of commercial aluminum and its light alloys, Ann. Chim. Applicata,
I, pp. 101-110.

Clennell, J. E., Estimating metallic aluminum in aluminum dust, Eng. and Min. J.

102, pp. 309-310.
Smith, T„ The analysis of aluminum alloys, Met. Chem. Eng., 9, pp. 85-86.

Withey, W. H., Analysis of aluminum and its alloys, J. Inst. Met., 15, p. 207.

Charcass, D., Analysis of aluminum, Chem. Analyst., 13, pp. 12-14.

Kohn-Abrest E., Analysis of aluminum products by direct determination of metallic
aluminum, Ann. Chim. Anal. Appl., 14, pp. 285-289; Chem. Abst., 3, p. 2916.

Weirick, H. C., A method for the separation of aluminum and zinc in aluminum alloys,

Chem. Analyst., 13, pp. 5-6.

Boulanger, C., Bardet, J., Presence of gallium in commercial aluminum, and its sepa-
ration, Compt. Rend., 157, pp. 718-719.

Czochralski. J., Chemical analysis of aluminum, Zeit. Anorg. Chem., 26, pp. 501-503.

von John, W. E., Contribution to the constitution and analysis of aluminum alloys,

Chem. Ztg., 37, p. 363.

Kleist, G., Analysis of aluminum and its alloys, Chem. Ztg., 35, pp. 668-669.
Smith, T., Analysis of aluminum alloys, Met. and Chem. Eng., 8, pp. 85-86.

Seligman, R., Willott, F. J., Analysis of aluminum and its alloys, J. Inst. Met., 3, p. 138;

J. Soc. Chem. Ind., 29, p. 217.

Delachanal, B., Gases occluded in common metals, Compt. Rend., 148, pp. 561-563.

Kohn-Abrest, E., Analysis of aluminum, direct determination of metallic aluminum, Ann.
Chim. Anal., 14, pp. 285-289.

Kohn-Abrest, E., Analysis of powdered aluminum, Compt. Rend., 147, pp. 1293-1296.

Goldschmidt, Silicon content of aluminum, Zeit. Elektrochemie, 8, p. 123.

Haber and Geipert, On the silicon content of aluminum, Zeit. Elektrochemie, 8, pp. 163-

164.

g Aluminum Co. of America, Standard methods of analysis, Pamphlets published by said
company. Methods of analysis in use in the laboratories of this company.
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18. IMPURITIES AND INCLUSIONS

Text
refer-

ences
Year

1927

1927

1926

a 1926

1925

1924

1923

1922

1922

1912

1909

Name and title

Anderson, R. J., Alumina in aluminum and its light alloys, Met. Ind. (Lond.), 30, pp.
337-3.59.

Stendal, H., Einschlusse in leichtmetallen und ihre wirkung auf die mechanischen eigen-
schaften, Zeit. f. Met., 19, pp. 129-137.

Anderson, R. J., Alumina in aluminum and its light alloys, Am. Met. Market, 33, pp.
5-7, 15; Tr. Am. Soc. Steel Treat., 11, 1927, p. 133.

Withey, W. H., Millar, H. E., The determination of aluminum oxide in aluminum metal,
J. Soc. Chem. Ind., 45, pp. 170-174T.

Earada, T., On the influence of various metals in small quantities on the nature of alumi-
num alloys.—I., Mem. Coll. Eng. Kyoto Imp. Univ., 3, pp. 231-265; J. Inst. Met., 36,
1926, p. 431.

Guillet, L., Conductibilite electrique de raluminium commercial—Influence des im-
purities et des traitements, Rev. de Met., 21, pp. 12-17.

Czochralski, J., Foreign inclusions in aluminum, Zeit. f. Met., 15, pp. 273-283; Chem.
Abst., 18, 1924, p. 1973.

Anderson, R. J., Inclusions in aluminum alloy sand castings, Bureau of Mines, Tech.
Paper 290.

Schreiber, K. A., The influence of different added elements on aluminum and its more
common alloys, Met. Ind. (Lond.), 21, pp. 362-367; J. Inst. Met., 30, p. 467; Chem.
Abst., 18, p. 2318.

Kohn-Abrest, E., Rivera-Maltes, Influence of various impurities on the activation of
aluminum, Compt. Rend., 154, pp. 1600-1602.

Peeheux, H., Influence of impurities on the thermoelectric properties and electric resist-
ance of aluminum, Compt. Rend., 148, pp. 627-628.

17. CORROSION

1927 Anonymous, Corrosion tests on aluminum alloys, Metallurgist, January 28, p. 16.

1927 Anonymous, Les alliages d’aluminium et la corrosion par 1’eau de Mer, Fond. Mod., 21,
p. 236.

a

r

c

1927

1927

1927
1927

1927

1927

1927

1927

1927

1927

1927

1927
1927

1926

1926

1926

1926

1926

1926

1926

Callendar, L. H., Influence of boundary films on corrosion action, Proc. Roy. Soc. Lond.,
115 A, pp. 349-372; Chem. Abst., 21, p. 3038.

Dix, E. EL, jr., “ Alclad,” a new corrosion resistant aluminum product, Tech. Notes, Adv.
Com. Aero. No. 259; Min. and Met., 8, pp. 395-396.

Evans, U. R., The corrosion of metals at joints and crevices, J. Roy. Soc. Arts, 75, p. 543.
Hansen, J., Problems of corrosion research at 1926 meeting of National Committee for
Metal Protection, Z. f. Flugteehnik u. Motorluftschiffahrt, 9, pp. 201-203; Trans. Am.
Soc. Steel Treat, 12, p. 504.

Maas, E. Die abhangigkeit der korrosionsursachen des aluminiums von seiner physika-
lischen und chemischen beschaffenheit, Aluminium, 9, (3), pp. 2-3.

Maass, E., Die abhangigkeit der korrosionsursachen des aluminiums von seiner physika-
lischen und chemischen beschaffenheit, Kor. u. Met., 3, pp. 25-30; Chem. Abst., 21, p.

I 2650.

McAdam, D. J., Corrosion fatigue of nonferrous metals, preprint No. 36; Proc. Am. Soc.
Test. Mat., 27 (2).

Meissner, K. I., Die veredelbaren legierungen des aluminiums; Die neuere entwicklung
der veredelungsverfahren im besonderen bei aluminium gusslegierungen, Zeit. f. Met.,
19, p. 9.

Moore, R. R., Effect of corrosion upon the fatigue resistance of thin duralumin, preprint
No. 37; Proc. Am. Soc. Test. Mat., 28 (2).

Rackwitz, E. Schmidt, E. K. O., Testing light metals for corrosion, Korrosion u. Metall-
schutz, 3, pp. 58-62; Chem. Abst., 21, p. 2650.

Rackwitz, E., Schmidt, E. K. O., Korrosions versuche mit alkalischreagierender wasser-
stoff-superoxyd-kochsalzlosung auf verschiedene leicht metallegierungen. Kor. u. Met.,
3, pp. 5-10.

Sutton, H., The corrosion of aluminum alloys, Met. Market, 25, pp. 36-37.
Taylor, N. O., Corrosion and physical properties of some alloys of aluminum, zinc and

tin, Am. Inst. Min. and Met. Engrs., preprint.
Biegler, H., Oxidic salt tests and intercrystalline corrosion with aluminum and its alloys,

Zeit. f. Met., 18, pp. 288-289; Chem. Abst., 20, p. 3680.
Haass, L. W., Researches on the attack of aluminum by water, I., Zeit. Elektrochem.,

32, p. 286; Chem. Abst., 20, p. 2972; Sci. Abst., 29a, p. 819; J. Inst. Met., 36, p. 458.
Jablonski, L., Korrosion und schutz des aluminiums, Kor. u. Met., 2, p. 213-218; J. Inst.
Met., 37, 1927, p. 487.

Maass, E., Wiederholt, W., Korrosionsercheinungen an aluminiumlegierungen, Kor. u.
Met. 2, pp. 187, 234.

Mertens, A., Corrosion of aluminum by concentrated sodium chloride solution, Bull.
Assoc. Ecole Sup. Brasserie—Louvain, 26, p. 137-138; Chem. Abst., 20, p. 3438; J. Inst.
Met., 37, 1927, p. 487.

Mylius, F., Corrosion tests of aluminum and aluminum alloys, Met., October 27, p.
156-157.

Rackwitz, E., Schmidt, E. K. O., Die anwendung der oxydischen kochsalzprobe nach
Mylius auf verschiedene leichtmetalle legierungen, Kor. u. Met., 2, p. 257-261; J. Inst.
Met., 37, 1927, p. 488.

Schultz, D., Testing aluminum in sea water, Apparatebau, 38, p. 262; Chem. Abst., 21,
1927, p. 217. Zeit. V. deut. I. Kupferschmied, 38, p. 304.

Uchida. S.. Sasaki, K., The action of nitric acid on aluminum J. Soc. Chem. Ind. (Japan),
29, pp. 93-94; Chem. Abst., 20, pp. 2292-2293; J. Inst. Met., 37, 1927, p. 373.
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17. CORROSION—Continued

Text j

refer- 1 Year Name and title

ences
I

/

d

e

f

g

h

i

3

k

r

1

m

1926

1925

1925

1925

1925

1925

1925

1925

1925

1925

1924

1924
1924

1924

1924
1924

1924

1924

1924

192,4

1923

1923

1923

1923

1923

1923

1922
1922

1922

1922
1922

1922

1922

1922
1922

1922
1921

1921

1921

1921

1921

1921

i

Wilson, E., The corrosion products and mechanical properties of certain light aluminum
alloys as affected by atmospheric exposure, Phys. Soc. Proc. 39 (1), p. 15-23; J. Inst. Met
37, 1927, p. 486.

Anonymous, Electrochemical corrosion of aluminum fuse seat liners, Army Ordnance J..

5, p. 471.

Blough, E., The evaluation of corrosion tests, Proc. Am. Soc. Test. Matls. (II) 25, pp.
156-160.

Maass, E., Wiederholt, W., Korrosionserscheinungen an aluminium, Zeit. f. Met., 17,
p. 115; Chem. Abst., 19, p. 3244; J. Inst. Met., 35, 1926, p. 568.

Meissner, K. L., Aluminum alloys and sea water corrosion, Zeit. f. Met., 17, p. 148;
MetallurgistMay 27, 1927, p. 71.

Meissner, K. L., The influence of the aging treatment on the resistance of aluminum
alloys to corrosion, Kor. u. Met... 1, pp. 206-208; J. Inst. Met., 35, 1926, p. 569.

Mylius, F., The oxidic-sodium chloride test for aluminum, Zeit. f. Met., 17, p. 148; Chem.
Abst., 19, p. 3242; Kor. u. Met., 1, p. 70: J. Inst. Met., 35, 1926, p. 569.

Rohrig, H., Corrosion of welded aluminum sheets, Zeit. f. Met.. 17, p. 198; Chem. Abst.,
19, p. 3245.

Wiederholt, W., Corrosion phenomena of aluminum. Metallborse, 14, p. 677; Chem.
Abst., 19, p. 3471; Chem. Zentr., 1924, II, p. 238.

Zimmerman, A. C., Corrosion of some cast aluminum alloys and a method of protection,
Ind. and Eng. Chem.. 17, p. 359; Chem. Abst., 19, p. 1398.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird
& Co.

Anonymous, How metals stand up against corrosion, Chem. Met. Eng., 31, p. 72.

Anonymous, Aluminum and its alloys. III. Corrosion and protection of aluminum,
Met. Ind. (Lond.), 2a, p. 475.

|

Basch, D., Sayre, M. F., Resistance of various aluminum alloys to salt water corrosion,
Mech, Eng., 46, pp. 199-201; J. Inst. Met., 36, 1926, p. 458.

Finlayson, D., Corrosion of aluminum alloys (radiators), J. Inst. Met., 32, p. 261.

|

Gardner, H. A., Recent observations regarding the corrosion, cleansing, and protection
of aluminum, Mech. Eng., 46, p. 206; J. Inst. Met., 36, 1926, p. 459.

Mylius, F., Thermische proben fur aluminium Dunnblech in Reagenzrohr, Zeit. f. Met.,
I 16, p. 81-90.

Schulz, E. H., Corrosion of metals in contact with black gunpowder, Zeit. f. Met., 16,

p. 136; J Inst. Met., 32, p. 544.

i Widerholt, W., Corrosion phenomena of aluminum, Metallborse, 14, pp. 677-678, 705-706;
I J. Inst. Met., 36, 1926, p. 459.

Williams, C. S., Corrosion of aluminum, Textile Color., 46, p. 701; J. Inst. Met., 34, 1926,

I p. 458.

j
Anonymous, Phenomena of aluminum corrosion, Mitt. Material, 41, p. 15; J. Inst. Met.,

1
32, 1924, p. 546.

I Anonvmous, Protect aluminum solders against moisture, Elect. Wld., 82, p. 133; J. Inst.
Met., 34, 1925, p. 592.

Calcott, W. S., Whetzel, J. C., Laboratory corrosion tests, Tr. Am. Inst. Chem. Eng.,
June.

Hadfield, W. H., Corrosion as affecting the metals used in the mechanical arts, Engr.,
134, pp. 639-643; Engng., 114 (1922), pp. 747-748; Bull. Cleveland Tech. Inst., 2, No. 3,

p. 167; Chem. Abst., 17, p. 1946.

Samuel, Action of solutions on aluminum and its alloys and on some rust-protecting agents,
Mitt. Kali-Forschungsanstalt, pp. 103-105; Chem. Zentr, 97 (2), 1927, p. 518; J. Inst.
Met., 37, 1927, p. 488.

Whittaker, H. F., Corrosion of aluminum, Res. Inf. Surveys on Corrosion of Metals, Nat.
Res. Council.

Aluminum Co. of America, Properties of aluminum alloys, Am. Mach., 56, p. 805.

Crowe, C. H., Action of several salt solutions on aluminum, copper, lead, and zinc. Can.
Chem. and Met., 6, p. 151; Chem. Abst., 16, p. 2817.

Jeffries, Z., Aluminum silicon alloys, Chem. Met. Eng., 26, pp. 750-754; Chem. Abst., 16,

p. 1927.

Knerr, H. C., Digest of information on duralumin, Tr. Am. Soc. Steel Treat., 3, p. 13.

j

LeGrix, Failures in aluminum welding, Rev. de la Soudure Autogene, p. 401; Chem.
Abst., 17, 1923, p. 965; J. Inst. Met., 29, p. 771.

Mylius, F., The hydrochloric-acid-heat test for aluminum and the reaction classifications,

Zeit. f. Met., 14, pp. 233-244; Chem. Abst., 16, p. 3862.

Rawdon. H. S., Krynitsky, A. I., Berliner, J. F. T., Brittleness developed in aluminum
and duralumin by stress and corrosion, Chem. Met. Eng., 26, p. 154; Chem. Abst., 16,

p. 1064.

Ritter, W., Signs of decay and disintegration in aluminum, Aluminium, 4, Nos. 3 and 4.

Rolla, L., Frassinatti, M., Bulb, M., Corrosion of some alloys of aluminum, Gass. Chim.
Ital., 52 (I), pp. 79-87; J. Inst. Met., 27, p. 420; Chem. Abst., 16, p. 1732.

Rosenhain, W., Some cases of failure in aluminum alloys, J. Inst. Met., 27, p. 219.

Hiller, G., Aluminum cables and steel reinforced aluminum cables for transmission pur-
poses, Electrotechn. Zeit., 42, pp. 1447-1450; Chem. Abst., 16, p. 532.

Hodges, E. R., Aluminum, Chem. News, 123, p. 141; J. Inst. Met., 27, p. 419; Chem.
Abst., 16, p. 214,

Merica, P. D., Miscellaneous alloys of nickel, Chem. Met. Eng., 24, pp. 649-653; Chem.
Abst., 15, p. 2270.

Pascal, Garnier, Labourrasse, Corrosion of metals by sulphuric acid-nitric acid mixtures,
Bull. Soc. Chim., 29, pp. 701-709; Chem. Abst., 16, p. 45.

Rosenhain, W., Aluminum and its alloys, J. Roy. Soc. Arts, 68, pp. 791-798, 805-817, 819-

827; J. Inst. Met., 26, p. 477; Chem. Abst., 15, p. 2409.

Wunder, Experiences with aluminum for electrical purposes, Zeit. f. Met., 13, pp. 179-184;

J. Inst. Met., 26, p. 594; Chem. Abst., 15, p. 3032.
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Text
refer-

ences
Year Name and title

n

1920

1920

1920
1920

1920

1920

1919

1919

1919

1919

1919

1919

1918

1918
1918

1918

1918

1917

1917

Anonymous, Acid resisting qualities of aluminum, Chem. Met. Eng., 22, p. 230; Chem.
Abst., 14, p. 870.

Bailey, G. H., Rate of corrosion of aluminum, Tr. J. Soc. Chem. Ind., 39, p. 118-T;
J. Inst. Met., 24, p. 404; Chem. Abst., 14, p. 2610.

Brunskill, W. B., Treatment of aluminum alloys, Brit, patent, Chem. Abst., 16, p. 708.

Gray, G. P., Hulbert, E. R., Physical and chemical properties of liquid hydrocyanic acid,
Calif. Agr. Expt. Sta. Bull. No. 308, pp. 408-428; Chem. Abst., 14, p. 204.

Grossfeld, J., Simple method for removing scale from aluminum utensils, Chem. Ztg.,

44, pp. 402-403; Chem. Abst., 14, p. 2523.

Seligman, R., Williams, P., Action on aluminum of hard industrial waters, J. Inst. Met.,
23, p. 159; Engng., 109, p. 362; Chem. Abst., 14, p. 1956.

Gardner, H. A., Aluminum corrosion as affected by basic pigments, Paint Mfgr. Assn, of

U. S., Circ. No. 79; Chem. Abst., 14, p. 1049.

Hodges, E. R., Note on aluminum and a double salt, Chem. News, 119, p. 64; Chem. Abst.,

13, p. 2822.

Krynitsky, A. I., Decomposition of metals, Chem. Met. Eng., 20, pp. 277-282, 421-424;

Chem. Abst., 13, p. 2187.

Merica, P. D., Waltenberg, R. G., Finn., A. N., Mechanical properties and resistance to

corrosion of rolled light alloys of aluminum and magnesium with copper, nickel, and
manganese. Bureau of Standards Tech. Paper No. 132; Chem. Abst., 13, p. 3146.

Rudnick, P., Corrosion tests on commercial calcium chloride used in automobile “anti-
freeze” solutions, J. Ind. Eng. Chem., 11, p. 668.

Seligman, R., Williams, P., A case of disintegration of a copper aluminum alloy, J. Inst.

Met., 20, pp. 197-198; Chem. Abst., 13, p. 222.

Bauer, O., Corrosion of iron in contact with other metals and alloys, Zeit. f. Met., 10, pp.
129-204; Mitt. Kgl. Mati. Prufungsamt., 36, pp. 114-208.

Bauer, O., Vogel, O., Chem. Abst., 13, p. 2187.
Escard, J., The alterability of aluminum; corrosion and disintegration. Rev. Sci., 56, pp.

331-336; Chem. Abst., 13, p. 702.

Hodgkinson, W. R., Some reactions of acetylene, J. Soc. Chem. Ind., 37, pp. 86-87-T; Chem.
Abst., 12, p. 1366.

Schultz, E. H., Phenomena of diseases in metals, Metall., pp. 113-115; Chem. Zentr., n,
p. 157; Chem. Abst., 14, p. 923.

McKinney, P. E., Aluminum castings and forgings, Tr. Am. Inst. Met.; J. Inst. Met.,
16, p. 246; Chem. Abst.. 11, p. 29.

vonZeerleder, Influence of iron, tungsten, and nickel upon the resistance of aluminum to
acids. Met. u. Erz., 14, pp. 325-330; J. Soc. Chem. Ind., 37, p. 424A; Chem. Abst., 12, p.
2533.

1917
1916

1916

1916

1915

1915

1915
1914

1913

1913

1913

1913

1913

1913

1913

1913

1913
1912

1912

1912

1912
1912

1912

Williams, H. M., The swelling of zinc base die castings, J. Am. Inst. Met., 11, pp. 221-225.

Petit, P., Deterioration of aluminum, Brasserie et Malterie, 6, pp. 273-277; Chem. Abst.,

11, p. 2017.
Salkowski, E., Behavior of metals toward acids containing hydrogen peroxide, Chem.

Ztg., 40, p.p 448-449; J. Soc. Chem. Ind., 35, p. 741; Chem. .Abst., 10, p. 2559.

Sastry, S. G., Action of certain chlorinated hydrocarbons on some metals in the presence of

moisture, J. Soc. Chem. Ind., 35, pp. 94-95.

Foster, S. L., Overhead electrolysis and porcelain strain insulators. Am. Electrochem.
Soc., 28, p. 401.

Jorissen, W. P., Action of lead, copper, nickel, tin, zinc, and aluminum on water, Chem.
News, 111, pp. 56-57, 67-70, 78-80, 91-92, 102; Chem. Abst., 9, p. 1597.

Scott, J., Aluminum: its origin and susceptibility, Met. Ind., 13, pp. 105-106.

Pikos, P., Destruction of aluminum apparatus by the galvano-catalytic action of copper,
Zeit. Anorg. Chem., 27, p. 152; Chem. Abst., 8, p. 1687.

Anonymous, Soiubilitv of impure aluminum in distilled water, Atti. Accad. Lincei, 22, 1,

pp. 95-102; Chem. Abst., 7, p. 1684.

Bailey, G. H., The corrosion of aluminum, J. Inst. Met., 9, pp. 79-108; J. Soc. Chem. Ind.,

32, p. 293; Engng., 95, pp. 374, 379; Ironmonger, 142, np. 529-532; Met. Ind., 11,

pp. 204-205, 260-261; Chem.~Abst., 7, p. 1885.

Cohn, L. M., Corrosion of aluminum and aluminum utensils, Elektrotechnik u. Maschi-
nenbau, 31, pp. 415-416; Chem. Abst., 7, p. 3590.

Guillet, L., The influence of “drawing” on the properties of metallurgical products, Rev.
de Met., 10, pp. 769-777.

Mohr, O., Gefahrdung von aluminiumgefassen durch quecksilber, Wochschr. Brau, 30,

pp. 309-310; Chem. Zeit. Bl. (5), 17, II, p. 320; Chem. Abst., 7, p. 2829.

Regelsberger, F., Old and new methods for galvanizing aluminum, Electrochem. Zeit., 19,

pp. 181-184, 213-222; J. Inst. Met., 9, p. 207; Chem. Abst., 7, p. 3275.

Scala, R., Action of distilled water on impure aluminum, Atti. Accad. Lincei, Roma, 22,

I, pp. 43-47, 95-102; J. Soc. Chem. Ind., 32, p. 368; Chem. Abst., 7, p. 1684.

Schoenfeld, F., Hixnmelfarb, G., Behavior of aluminum toward beer, water, and air, Woch-
schr. Brau., 29, pp. 409-413; Chem. Abst., 7, p. 2086.

Wilson, E., Exposure tests of copper, aluminum, and duralumin, Eng., 86, p. 387.

Barille, A., Action of seltzer water on aluminum, J. de Pharmacie et de Chimie, VII, 6,

p.110; Schweiz. Wochschr., 50, pp. 602-603; J. Inst. Met., 8, p. 316; Chem. Abst., 7, p. 763.

Goldberg, G., Disintegration of aluminum articles. Giesserei-Ztg., 9, p. 534; J. Inst., Met.,

8, p. 333.

Kohn-Abrest, E., Action ofwater on aluminum “activated” by mercury, Bull. Soc. Chim.,
II, pp. 570-576.

Mott, W. R., Noncorrosive alloys, Engr., 113, p. 651; J. Inst. Met., 8, p. 326.

Nicolardot, P., Action ofHg salts on aluminum, Bull. Soc. Chem., 11, p. 410; Chem. Abst.,

6, p. 1891.
. Tr ^

Strunk, H., Ursache von fleckenbildung auf geschwartzten aluminium kochgeschirr, V6rh.

a. d. Gebiete des Militar-Sanitatswesen, Heft 52; Chem. Zeit. Bl., p. 1937.
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Text
refer-

ences
Year Name and title

q

P

1911

1911
1911

1910

1910

1910

1910

1909

1908

1904

1903
1903

1901

1895

1892
1876

Heyn, E., Bauer, O., Corrosion of aluminum and aluminum ware, Mitt. Kgl. Material-
priifungsamtes, 29, pp. 2-28; J. Inst., Met., 5, p. 309; Chem. Abst., 5, p. 2242.

LeChatelier, H., Alterability of aluminum, Compt. Rend., 152, pp. 650-652.
Saposchnikov, J., The action of metals on fused picric acid, Zeit. ges Schiess-Sprengstoffw.,

6, pp. 183-185; Chem. Abst., 5, p. 2724.

Davis, E. K., Use of aluminum for noncorrosive purposes, Met. Ind., 8, pp. 109, 121-122;
Chem. Abst., 4, p. 1734.

Kohn-Abrest, E., Action of mercuric chloride on aluminum, Bull. Soc. Chim., 7, pp. 283-286;
Chem. Abst., 4, p. 1853.

Kohn-Abrest, E., Action of heat on aluminum in vacuo in presence of carbon and silicon.

Bull. Soc. Chim., 7, pp. 277-283; Chem. Abst., 4, p. 1852.

Law, E. F., The failure of the light engineering alloys, particularly the aluminum alloys,
Tr. Far. Soc., 6, pp. 185-198.

Kohn-Abrest, E., Action of hydrochloric acid gas on aluminum, and quantitative analysis
of metallic aluminum. Bull. Soc. Chim., 5, pp. 768-775; Chem. Abst., 3, p. 2660.

Rowland, W. S., Electrolytic corrosion of copper aluminum alloys, J. Rhys. Chem., 13,

pp. 180-206.

Smith, W., Action of certain solutions upon aluminum and zinc, J. Soc Chem. Ind., 33,

pp. 475-477.
Steinmetz, J. A., Note on corrosion of aluminum, Tr. Am. Electrochem. Soc., 3, p. 217.

Wilson, E., Electrical conductivity of certain aluminum alloys as affected by exposure to
London atmosphere, Electrician (Lond.), 51, p. 898,

Kershaw, J. B. C., Aluminum as an electric conductor, with new observations upon the
durability of aluminum and other metals under atmospheric exposure, J. Inst., Elect.
Eng. Electrician, 46, pp. 464-466.

Hunt, H. F., Steele, L. J., Notes on the spontaneous oxidation of aluminum in contact
with mercury, J. Soc. Chem. Ind., II, 15, pp. 849-850. (discussion).

Richards, J. W., Resistance to corrosion of some light aluminum alloys, -J. Frank. Inst.,

139, pp. 69-72.

Winkler, C., On the durability of aluminum, Zeit. Anorg. Chem., p. 69.

Mallet, J. W., On aluminum nitride and the action of metallic aluminum on sodium car-
bonate at high temperatures, J. Chem. Soc. (Lond.), 36, pp. 349-354.

18. PROTECTION AGAINST CORROSION

1927

1927
1927
1927

b

k

1927

1927

1927

1927

1926

1926
1926

1926

1926

1926
C 1926

1926

1926
d 1926
f 1926

1925

g 1925

1925

1925

Anonymous, Die haltfestigkeit von olfarbanstrichen auf aluminium, Aluminium, 9 (2),

p. 6-8.

Anonymous, Protection of aluminum from corrosion, Met., January 28, pp. 7-8.

Anonymous, Anodic oxidation of aluminum, Brass Wld., 23, p. 137.

Cournot, J., Bary, J., Perot, E., Sur les recouvrements de l’aluminium, du magnesium et

des alliages legers et ultra-legers, Compt. Rend., 184, p. 1172-1174; Chem. Abst., 21, p.
2867.

Dagouy, A., La protection de l’aluminium et du duralumin contre l’attaaue de l’eau de
mer, Genie Civil, 91, p. 98.

Dix, E.H., jr., “Alclad,” a new corrosion resistant product, Lecture, Public Session

—

Com. on Matls. for Aircraft, Natl. Adv. Com. for Aero., May 24.

Rawdon, H. S., Protective metallic coatings (in press). Monograph, Am. Chem. Soc.,

Chemical Catalog Co.
Sutton, H., Sidery, A. J., The protection of aluminum and its alloys against corrosion,

J. Inst. Met., preprint 439.
Anonymous, Anodic oxidation of aluminum and its alloys as a protection against corrosion,
Dept. Sci. Ind. Res. Brit. Repts; Chem. Abst., 21, 1927, p. 1438.

Anonymous, Protecting aluminum against corrosion, Auto. Ind., 55, p. 461.

Bengough, G. D., Sutton. H., Protection of aluminum and its alloys against anodic corro-
sion, Met. Ind. (Lond.), 29, pp. 153-154,175.

Bengough, G. D., Sutton, H., The protection of aluminum and its alloys against corrosion
by anodic oxidation, Engng., 132, p. 274; Chem. Abst., 20, p. 3648.

Cournot, J., Bary, J., Electrolytic protection of aluminum and its light alloys and their
resistance to corrosion by sea water, Compt. Rend., 183, p. 789; Sci. Abst., 30a, 1927,

p. 351.

Fraenkel, Aludur (or Aladar, aluminum magnesium alloy) Zeit. f. Met., 18, p. 189.

Gardner, H. A., Protective coatings for duralumin and similar lightweight alloys for ex-

posed construction, Iron and Paint Inst., Wash., D. C.; Am. Paint and Varnish Mfrs.
Assn. Circ. No. 296, 1927, pp. 1-26; Chem. Abst., 21, 1927, p. 657.

Gradenwitz, A., Effect of oxygen and protection of aluminum and aluminum alloys, Met.
Ind., 24, p. 472.

U. S. Patent 1607676. B. Jirotka, Metal coatings on aluminum and aluminum alloys.

U. S. Patent 1608775. Daniels and Zimmerman, Process for coating metals.
Wiederholt, W., Uber den einfluss der thermischen und mechanischen behandlung von
aluminium auf seine korrosionsbestandigkeit, Kor. u. Met., 2, pp. 126-133.

Anonymous, Protective treatment of aluminum or duralumin with sodium silicate, U. S.

Naval Aircraft Factory, Eng. Dept. Rept. No. 1, 24-3a, April 7, p. 6.

Callendar, L. II., Passification and scale resistance in relation to the corrosion of aluminum
alloys, J. Inst. Met.. 34, p. 57; Met. Ind. (Lond.), 27, p. 263; Chem. Abst., 19, p. 3241;

Met. Ind., 35, 1926, p. 17.

Kayser, J. F. Surface treatment of metals with aluminum. Metallurgist, Mar. 27, pp.
34-37; J. Inst. Met., 34, p. 578; Chem. Abst., 21, p. 3037.

Krause, H. K., The surface treatment of aluminum, Schleifen u. Polieren, 2, pp. 124-126;

Kor. u. Met., 1, p. 190; J. Inst. Met., 35, 1926, p. 595.
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18. PROTECTION AGAINST CORROSION—Continued

Text
refer-

ences
Year

6 1925
1924

1924

1924
1923

h 1923

1921

i 1920

j 1906
1904

Name and title

U. S. Patent 1540786, Daniels and Zimmerman, Metal process.
Bureau of Aeronautics, Navy Dept., Protection of aluminum and duralumin, Navy Dept.
Tech. Ord. 67.

Commentz, C., Protective coatings for aluminum, Chem. Met. Eng., 31, p. 698; J. Inst.
Met., 33, 1925, p. 375.

Maas, E., Metal protection, Zeit. Ver Deut. Ing., 68, p. 880; J. Inst. Met., 34, 1925, p. 462.
Anonymous, Protection of duralumin against sea water, Aeronautique, 5, p. 300; J. Inst.
Met., 33, 1925, p. 379.

Rohrig, H., The effect of water glass on the corrosion of aluminum by alkalis, Met. Ind.
(Lond.), 23, p. 125; Chem. Zeit., 47, p. 528.

von Grothuss, L., Protective coating for aluminum, Met. u. Erz, 17, p. 39; J. Inst. Met.,
24, p. 501; Chem. Abst., 15, p. 1858.

Tevis, M., Protecting the surface of aluminum from corrosion, Sci. Amer., 122, p. 321.

Sabin, Technology of paint and varnish.
Mott, W. R., The corrosion of aluminum and its prevention, Eleetrochem. Ind., 2, pp.

129-130.

Anonymous, The anodic oxidation of aluminum and its alloys as a protection against cor-
rosion, Dept. Sci. Ind. Res, (Brit.); Brit. Library of Information, 44 Whitehall Street,
London.

19. ELECTROPLATING AND ELECTROLYTIC SOLUTION POTENTIAL

1927

1927
s 1927

1927

t I 1927

a

b

u

1926

1926

1926

1926

1926

1925

1925
1925

1925

1925

v I 1925

I 1925
x

j

1925

j

1924

1924

C 1924

w 1924

1924

1923
1923

d 1922
e 1922

1921

1921

Anonymous, Herstellung einer aluminium-plattierung auf eisenblechen oder stahlbandern,
Aluminium, 9 (9), pp. 8-9.

Anonymous, Nickelniederschlage auf aluminium. Aluminium, 8 (11), p. 4.

Drosbach, P., Das theoretische potential des aluminiums, Zeit. f. Elektrochemie, 33, pp.
114-117; J. Inst. Met., 37, p. 373.

Gge, H., Erzeugung festhaftender aluminumuberziige auf metalle. Zeit. f. Gesamte
Giessereipraxis (das Metall), 31, p. 134.

Kahlenberg, L., French, S. J., On the potential of aluminum in aqueous solutions, pre-
print, Phila. meeting of Am. Eleetrochem. Soc., April 28-30; Tr. Am. Eleetrochem.
Soe., 51; J. Inst. Met., 37, p. 373.

Anonymous, Metallic coatings on aluminum, Metallwarenind. u. Galvano-Tech., 24,

p. 8; Chem. Abst., 20, p. 2461; J. Inst. Met., 36, p. 571.

Cournot, J., Bary, J., Electrolytic protection of aluminum and its light alloys and their
resistance to corrosion by sea water, Compt. Rena., 183, p. 789; Sci. Abst., 30a, Apr.
1927, p. 351; Tr. Am. Soe. Steel Treat., 11, 1927, p. 305,

Czochralski, J., Die metallbetriebe und ihre teehnischwissensehaftliche entwieklung in
den letzten jahren (Zn, Sn, Pb, A1 with and without Cd coating), Zeit. i. Met., 18, p. 43.

Hedges, E. S., The periodic electrochemical passivity of iron, cobalt, nickel, and aluminum,
J. Chem. Soc., 129, pp. 2878-2887; J. Inst. Met., 37, 1927, p. 631.

Muller, R., Studies in the electrochemical behavior of aluminum, Zeit. Anorg. Allgem.
Chem., 156, pp. 56-64; Chem. Abst., 21, 1927, p. 201.

Anonymous, Galvanic precipitation on aluminum and aluminum alloys, Ztsch. Ges.
Giessereipraxis, 46, p. 53.

Ballard, W. E., Electroplating aluminum alloys, Met. Ind. (Lond.), 27, p. 398.

Desch, C. H., Vellan, E. M., The electrolytic deposition of cadmium and other metals on
aluminum, Tr. Faraday Soc., 21, pp. 17-22; J. Inst. Met., 35, 1926, p. 715.

Desch, C. H., Vellan, E. M., Plating aluminum, Met. Ind. (Lond.), 26, p. 209; J. Inst.

Met., 36, 1926, p. 571.

Neumann, B., Richter, H., Die potentials der metalle der alkalisehen erden und der
seltenen erden, bestimmt durch messung der zersetzungsspannungen der geschmolzenen
chloride, bromide und jodide, Zeit. f. Elektrochemie, 31, pp. 296-304.

Neumann, B., Richter, H., Das potential des fluors, bestimmt durch messung der zerset-

zungsspannungen geschmolzener fluoride, Zeit. f. Elek., 31, pp. 481-488.

Proctor, C. H., Plating difficult work, Met. Ind., 23, p. 453.

Smits, A., Gerding, H., II., Zeit. f. Elek., 31, pp. 304-308.

Anonymous, Electrolytic coating on aluminum, Brass Wld., 20, p. 325; Met. Ind. (Lond.),
25, p. 126.

Anonymous, Electroplating aluminum, Met. Ind. (Lond.), 25, p. 350; J. Inst. Met., 34,

1925, p. 565.

Gunther-Schulze, A., Protective coating of aluminum by electrolysis, Zeit. f. Met., 18,

p. 177; Chem. Abst., 19, 1925, p. 1099.

Smits, A., Das elektromotorische verhalten des aluminiums, I., Zeit. f. Elek., 30, pp.
423-435.

Treadwell, W. D., Stern, H., A determination of the deposition potential of aluminum
in aqueous solution, Helvetica Chim. Acta., 7, p. 627; Chem. Abst., 18, p. 3526.

Anonymous, Preparation of aluminum for nickel plating, Chem. Age, 31, p. 473.

Anonymous, Electroplating of aluminum, Can. Fdyman, December 14, p. 29.

Ledin, T., Nickel plating aluminum, Met. Ind., 29, pp. 351-352.

Tassilly, E., Treatment of aluminum before nickel plating, Bull. Soc. Chim. de France,
4th series, 31, pp. 973-976.

Gunther-Schulze, A., Electrolytic behavior of aluminum, Zeit. f. Elektrochemie u.

Angew. Physik. Chem., 27, pp. 293-295.

Mazuir, M. A., Nickelage de l’aluminium, La Tech. Mod., 13, p. 28; Ann. de Chim. Analy.,
II, 25, 1920, p. 335; La Tech. Mod., 12, 1920, p. 395.
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19. ELECTROPLATING AND ELECTROLYTIC SOLUTION POTENTIAL—Continued

Text
refer- Year Name and title

ences

f

g

h

1921

1920
1920

1920

1920
1919

Ralston, O. C., Electrolytic deposition and hydrometallurgy of zinc, McGraw-Hill
Book Co.

Guillet, L., Nickel plating aluminum, Mem. Soc. Ing. Civ. de France, 73, pp. 453-470.
Quillet, L., Gasnier, M., Upon the nickeling of aluminum and its alloys, Compt. Rend.,

170, pp. 1253-1256; Genie Civil, 76, p. 437; Rev. de Met., 17, p. 351.

Kremann, R., Muller, R., Das elektromotorisc’ne verhalten efniger binare metall-legie-
rungen, Aluminium-quecksilber, Zeit. f. Met., 12, p. 289.

Mazuir, A., Nickel plating aluminum, Annales de Chim. Anal., 2nd series, 2, pp. 335-336.
Browne, A. W., Holmes, M. E., King, J. S., Behavior of the nitrohydrogens and their
derivatives in liquid ammonia. VI. Electrolytic nitridation of various anodes in a
solution of ammonium azide, J. Am. Chem. Soc., 41, pp. 1769-1776; Chem. Abst., 14,

p. 28.

1919

r 1919

1917

1917

1916

i 1915

j 1915

1914

1914
k 1912
1 1909

m 1909

n 1905
o 1904

p 1902

q 3894

Kahlenberg, L., Montgomery, J. A., The effect of amalgamation upon the single potential
of aluminum, Tr. Am. Electrochem. Soc., 36, pp. 277-288.

Kahlenberg, L., Montgomery, J. A., The effect of amalgamation upon the single potentials
of the binary alloys of aluminum with copper, zinc, and nickel, Tr. Am. Electrochem.
Soc. 36, pp. 289-322.

Anonymous, Nickel plating on aluminum (Refers to Canac and Tassilly method), Met.
Ind., 15, p. 14.

Newbery, E., Recent work on overvoltage, Mem. Proc. Manchester Lit. Phil. Soc., 6!,
(II and III), Mem. No. 9, p. 20; Chem. Abst., 12, p. 2496.

Newbery, E., Overvoltage tables, Cathodic and anodic overvoltages, J. Chem. Soc.
(Loud.), 109, pp. 3051-1066; Chem. Abst., 11, p. 12.

Anonymous, Nickel plating on aluminum, Sci. Amer. Suppl., 80, p. 197.

Canac, J., Tassilly, E., Plating aluminum with nickel, Bull. Soc. d’Encour. del’Ind.
Nat.; Brass Wld., 11, pp. 229-230.

Canac, J., Tassilly, E., Electroplating aluminum with nickel, Compt. Rend., 158, pp.
119-121; J. Soc. Chem. Ind., 33, p. 142; Chem. Abst., 8, p. 2529.

Tassilly, E., Nickel plated aluminum, Rev. de Met., 11, pp. 670-673.
Regelsberger, F., Galvanizing aluminum, Elektrochem. Zeit., pp. 213-220.

Szarvasy, E. C., Aluminum methoxide and the coating of aluminum with metals, Proc.
7th Int. Cong. Applied Chem., London, Sec. X, pp. 62-63.

Tucker, S. A., Thomssen, E. G., The deposition of aluminum from aqueous solutions
using rotating cathodes, Tr. Am. Electrochem. Soc., 15, pp, 497-504.

Lodyguine, Electrodeposition of metals on aluminum, Electrochem. Ind., 3, pp. 177-178.
Patten, H. E., An analytical study on the electrodeposition of aluminum from ethyl
bromide solution, Tr. Am. Electrochem. Soc., 6, pp. 9-12.

Plotnikoff, W. A., J. Russ. Phys. Chem. Soc., 3, p. 466.

Neumann, B., Uber das potential des Wasserstoffs und einiger Metalle, Zeit. Phys. Chem.,
14, p. 193.

20. OXIDE COATINGS, INSULATION, FILMS, CONDENSERS, RECTIFIERS

1927

1927

1927

1927
1927

1926

1926

1925

1922
1922

1920
1914
1914
1914

Anonymous, Festigkeitsuntersuchungen zur normung der stahl-aluminium seile, Zeit.

Ver. Dent. Ing., 71, p. 884.

de Bruyne, N. A., Sanderson, R. W. W., Electrostatic capacity of aluminum and tantalum
anode films, Tr. Faraday Soc., 23, pp. 42-51; Chem. Abst., 21, p. 1586.

Guillet, L., Un nouveau precede d’ornamentation de Taluminium et de ses alliages, Genie
Civil, SO, p. 131.

|
Slepiari, J., Thin film rectifiers, Am. Electrochem. Soc. preprint 4.

Sutton, H., Willstrop, J. W. W., The nature of the film produced by anodic oxidation
of aluminum, J. Inst. Met., preprint 440.

Bengough, G. D., Stuart, J. M., The anodic oxidation of aluminum and its alloys as a
protection against corrosion, Engng., 122, pp. 274-277; J. Inst. Met., 37, 1927, p. 486.

Neumann, E., Surface treatment of metals with aluminum, Zentr. Hutt. u. Walzwerke,
30, pp. 554-556; J. Inst. Met.. 37, 1927, p. 505.

Newman, F. H., An oscillograph study of the aluminum valve (Wehnelt interrupter),
Phil. Mag. (VI), 49, p. 1029; J. Inst. Met., 34, p. 554.

Anonymous, Aluminum films, Sci. Am., 127, p. 43; J. Inst. Met., 32, 1924, p. 634.

Yagi, H., Okochi, J., The behavior of the aluminum cell arrester, Denki Gakkwai, Zasshi,
42 (407), pp. 470-476; Jap. J. Eng. Abs., 2, p. 27; J. Inst. Met., 36, 1926, p. 561.

Czochralski, J., Schwarzungserscheinungen an aluminiumgeschirr, Zeit. f. Met., 12, p. 430.

Creighton, E. E. F., Proc. Am. Inst. Elec. Engrs., 33, p. 1094.

Pannell, E. V., Electrolytic insulation of aluminum, Elec. Wld., 64, p. 916.

Skinner, C. E., Chubb, L. W., Electrolytic insulation of aluminum wire, Tr. Am. Elec-
trochem. Soc., 26, pp. 137-147; Met. and Chem. Eng., 12, pp. 712-713; Elect. Wld,, 64, p.

1913
1913
1913
1913

1909

1908

1908
1908

Creighton, E. E. F., Charging of aluminum lightning arresters, Gen. Elec. Rev., 16, p.248.
Dill, G. C., Electrolytic lightning arresters, Elec. J., 10, p. 752.

Randolph, J. A., Aluminum-cell lightning arrester, Power, 38, p. 362.

Zenneck, J., Das verhalten von aluminum-ventilzellen besonders bei hochfrequenz.,
Phys. Zeit., 14, p. 535.

Schultz, G., Aluminum electrolytic condensers of high capacity, Elek. u. Maschb., 27,
March 14, Electrochem. & Met. Eng., 7, p. 216.

Barnes, H. T., Shearer, G. W., Nature of surface film formed on aluminum, Tr. Am.
Electrochem. Soc., 13, p. 169; Electrochem. Met. Ind., 6, p. 243.

Creighton, E. E. F., Aluminum cell lightning arresters, Elec. Wld., 52, p. 345.

Hammer, W. J., Surface properties of aluminum and zinc, Tr. Am. Electrochem. Soc., 11,

p. 383; Chem. Abst., 2, p. 23.
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Text
refer- Year Name and title

ences

1908 Schultz, G., Uber die electrolytische gleichrichtung von wechselstrom., Zeit. Elektrochem.,
14, p. 333.

1904-5 Zimmerman, C. I., The aluminum electrolytic condenser, Tr. Am. Electrochem. Soc., 5,

p. 147; 7, p. 309.

21. METAL SPRAYING, CALORIZING, ETC.

1926

a 1926

1926

b 1926
1925

j 1926
c 1926

1925
1925

d 1925

1925

1924

1924

1923

1923

1922
1922

e 1922
f 1922

g 1921

h 1920

1919
1918

i 1915
1914

1913

Cournot, J., Perot, E., Cementation of aluminum by copper, Compt. Rend., 133, p. 12S9;
Chem. Abst., 21, p. 1246.

Quillet, L., Sur la cementation du cuivre et de ses alliages par l’aluminium, Compt. Rend.,
182, p. 1447.

Hopfelt, R., Metal coating with aluminum, Warme, 49, pp. 899-900; Am. Soc. Steel Treat.,
11, 1927, p. 481.

Karg, H. R., Coating fire bars with aluminum by the metal spray process, Zentr. Hutt. u.
Walzwerke, 30 (6); Kor. u. Met., 2, p. 205; J. Inst. Met., 36, p. 581.

Kayser, J. F., Surface treatment 'of metals with aluminum, Met., March 27, p. 34.
Langmuir, I., Flames of atomic hydrogen, J. Western Soc. Eng., 31, p. 373; Chem. Abst.,

21, 1927, p. 1036.

Turner, L. H., Budgen, N. F., Metal spraying, Lippincott Co., Phila., Pa.
Weightman, H. E., Protecting furnace parts from oxidation, Forging-Stamping-Heat

Treat., 12, p. 196.

Anonymous, Aluminum as a protective coating for grate bars, Power, 61, p. 874.

Anonymous, New method for coating with aluminum, J. Roy. Aero. Soc., August; Chem.
Age, August 1, p. 12.

Cournot, J., Resume of Edwin Dudley Martin’s researches on the covering of iron alloys
with aluminum, Rev. de Met., 22, p. 139; Chem. Abst., 19, p. 2021; J. Inst. Met., 34,

p. 463; Iron and Steel Inst., 112, p. 515.

Kayser, .T. F., Surface treatment of metals with aluminum, Met., March 27, p. 34; J. Inst.

Met., 34, p. 578.

Anonymous, Grate bars with an aluminum coating, Shipbuilding and Ship Age, p. 419;

Rev. Univ. Mines, 7 (7), p. 116; Chem. Abst., 19, 1925, p. 3364.

Anonymous, Aluminum protection for fire bars, Liverpool J. Commerce, July 31; J. Inst.
Met., 34, 1925, p. 577.

Long, E. W., Calorizing and oil refining, Oil Tr. J., 14, pp. 54, 56, 58, 60, 62, 64, 66, 6S; Eng.
Index, p. 437; J. Inst. Met., 34, 1925, p. 464.

Weiss, H., Introduction to the study of metallic cementation, Ann. Chim., 19, IX, p. 201;

Ann. Chim., 20, IX, p. 131; J. Inst. Met., 34, 1925, p. 450.

Guillet, L., Protection by aluminum, Iron Age, 110, p. 276.

Guillet, L., Coating by aluminum, Rev. de Met., 19, p. 296; J, Inst. Met., 31, 1924, p. 435.

Howe, G. H., Brophy, G. R., Calorizing and calite, Gen. Elec. Rev., 25, p. 267.
Skerrett, R. G., Protective coatings of sprayed metal, Iron Age, 110, p. 286.

Guillet, L., Les mSthodes de protection des metaux et la “calorisation,” Rev. de Met.,
18, p. 283.

June, R., Preventing rust at high temperatures; aluminum coated metals that will go to
the melting point without formation of scale, Sci. Amer., 123, p. 404.

Dunlap, M. E., Keeping the propeller dry, Aviator, 6, p. 636.

Leighton, A., The inflammability of aluminum dust, Bur. Mines Tech. Paper No. 182.

Ruder, W. E., Calorizing metals, Tr. Am. Elec. Chem. Soc., 27, p. 253.

Allison, H. B. C., Hawkins, L. A., Calorizing—coating metals with a layer of aluminum
alloy for protection against high temperatures, Met. and Chem. Eng., 12, p. 730.

Uyeno, S., Coating iron with aluminum, Gas Wld., 58, p. 490; Chem. Abst., 7, p. 2034.

22. POWDER AND PAINT

a

b

c
d

1927
1927

1926

1926
1926
1926
1926
1926
1926

1926
1925
1925
1925
1925

1925

1925

Edwards, J. D., Aluminum paint, Chem. Catalog Co., (in press).

Edwards, J. D., Wray, R. I., Protecting wood with aluminum paint, Ind. and Engng.
Chem., 19, pp. 975-977.

Anonymous, Aluminum paint and heat radiation, Mech. Wld., 89, p. 340; J. Inst. Met.,
37, 1927, p. 506.

Anderson, R. J., Aluminum paint, Met. Ind. (N. Y.) 24, p. 65; J. Inst. Met., 36, p. 476.

Andrews, E., Aluminum paint, discussion, Am. Mach., 64, p. 228.

Anonymous, Use of aluminum paint extending, Fdy. Tr. J., 33, p. 54.

Cournot, J., La cementation des alliages ferreux par I’aluminium, Genie Civil, 88, p. 303.

Edwards, J. D., Aluminum paint, a heat saver, Chem. Met. Eng., 33, p. 551.

Miskella, W. J., The growing field of aluminum paint, Factory, 36, pp. 1085-1095; J. Inst.

Met., 36, p. 476.

Wray, R. I., Aluminum paint for industrial plants, Can. Fdyman., 17, December, pp. 11, 30.

Anonymous, Aluminum paint in the power plant, Power, 61, p. 146.

Anonymous, New aluminum graphite paint introduced, Min. and Met., 6, p. 593.

Edwards, J. D., Wray, R. I., Protecting patterns with paint, Iron Age, 116, p. 1588.

Edwards, J. D., Aluminum paint in the factory, Iron Age, 115, p. 1715; J. Inst. Met., 34,

p. 578.

Edwards, J. D., Wary, R. I., Some special properties of aluminum paints, Ind. and Eng.
Chem., 17, p. 639; J. Inst. Met., 34, p. 578.

Edwards, J. D., Aluminum-bronze powder, Paint, Oil, and Chem. Rev., 80 (16), p. 10, 12;

Chem. Abst., 1926, 20, p. 671; J. Inst. Met., 36, 1926, p. 588.
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Text
refer-

ences
Year Name and title

9

f

1925

1925

1925

1925

1924

1923

1923

1923

1923

1918

1916
1908

1906
1905
1904

1902

1902

Edwards, J. D., Fundamental facts about aluminum paint, Paint, Oil, and Chem. Rev.,
80 (20), pp. 10-12; J. Inst. Met., 36, 1926, p. 476.

Gardner, H. A., Zinc and aluminum powder paint tests, U. S. Paint Mfgr. Assoc. Circ.
No. 231, pp. 1-26; Brit. Chem. Abst. (B), p. 460; J. Inst. Met., 36, 1926, p. 596.

Smalley, O., The manufacture of high-grade aluminum and bronze powders, continued
(gold and bronze powders), Met. Ind. (Lond.), 27, pp. 1, 283.

Smalley, O ., Manufacture of high-grade aluminum and bronze powders. Bronze powder

—

The selection of grease and polishing, Met. Ind. (Lond.), 27, p. 185.

Smalley, O., The manufacture of high-grade aluminum and bronze powders, Met. Ind.
(Lond.), 24, pp. 273, 297, 445, 493, 569; Met. Ind. (Lond.), 25, pp. 169, 360; J. Inst. Met.,
33, 1925, p. 486; J. Inst. Met., 34, 1925, p. 576.

Walker, P. H., Hickson, E. F., Some observations on aluminum paints, Chem. Met.
Eng., 31, p. 693; J. Inst. Met., 33, 1925, p. 376.

Edwards, J. D., Aluminum paint for outside work. Chem. and Met., 29, p. 927; J. Inst.
Met., 31, 1924, p. 515.

Edwards, J. D., Aluminum paint, Paint, Oil, Chem. Rev., 76 (18), p. 10; Paint, Oil, Chem.
Rev., 76 (19), p. 10; J. Inst. Met., 31,1924, p. 514.

Gardner, H. A., Miscellaneous exposure tests on paint, Circ. No. 187, Paint Mfgrs. Assoc,
of U. S.

Price, D. J., Baker, R. M., Hazard of flammable dust shown in a recent explosion of
aluminum powder, Chem. Met. Eng., 29, pp. 878-882.

Ronceray, P., Double catalytic action in the oxidation of aluminum in the presence of
mercury; oxidation of aluminum powder at ordinary temperatures, Bull. Sci. Pharmacol,
25 (2). pp. 193-198; Chem. Abst., 12, p. 2289.

Clevenger, G. H., Aluminum dust, Min. and Sci. Pres., 112, p. 118.

Van Rijn, W., The action of finely divided metals on water, Chem. Weekblad., 5, pp. 1-5;
Chem. Abst., 2, p. 1243.

Anonymous, Aluminum paints, Paint, Oil and Drug Rev., August 15, p. 30.

Kohn-Abrest, E., Oxidation of aluminum powder, Compt. Rend., 141, pp. 323-324.
Kohn-Abrest, E., Aluminum powder and the oxidation of aluminum, Bull. Soc. Chem.

(3), 31, pp. 232-339.

Alt, M., Discharging paranitraniline red with aluminum powder, Meeting Soc. Ind.
Mulhouse, March 14; J. Soc. Chem. Ind., 21, p. 546.

Weiss, R., Discharges with powdered aluminum and magnesium in tissue printing, Bull.
Soc. Ind. de Mulhouse, No. 2, pp. 4-6.

Aluminum Co. of America, aluminum paint.

23. ELECTRICAL CONDUCTIVITY, CONDUCTORS

1927

1927
1927

1927

1927

1927

1927

1926

1926

1925

1925

1925

1925

1925

1925

1925

Berling, G., Rossler, W., Strength investigation for the standardization of steel-aluminum
cables, Zeit. Ver. Deut. Ing., 71, p. 884; Trans. Am. Soc. Steel Treat., 12, p. 498.

Bohner, H., Die elektrische leitfahigkeit des reinaluminiums, Zeit. f. Met., 19, p. 288.

Bosshard, M., The electrical conductivity of pure aluminum, Schweiz, Elektrotechnischer
Verein, 18, np. 113-122; Trans. Am. Soc. Steel Treat., 11, p. 1002; Sci. Abst., 30B,
p. 351.

Drossbach, P., The theoretical potential of aluminum, Z. Elektroehem. Angew. Physik.
Chem., 33, pp. 114-117; Chem. Abst., 21, p. 1918.

Hahnel, O., The durability of aluminum overhead line wires, Elektrizitatswirtschaft,

26, pp. 101-113; Tr. Am. Soc. Steel Treat., 11, p. 809.

Matuyama, Y., On the electrical resistance of molten metals and alloys, Sci. Rept. Tohoku
Imp. Univ.. 16, May.

Scheller, O., Steel-aluminum transmission-line cables, Elektrol J., 7, p. 117-120; Trans.
Am. Soc. Steel Treat., 12, p. 498.

Calthrop, J. E., The effects of torsion upon the thermal and electric conductivities of

aluminum with special reference to single crystals, Proc. Phys. Soc. (Lond.), 38, p. 207;
Chem. Abst., 20, p. 2436.

Masing, G., Haase, E., Uber die elektrische leitfahigkeit des teehnisehen aluminiums,
Wiss. Veroffen, aus dem Siemens-Konzern, 5, (2), pp. 183-192; Chem. Abst., 21, 1927, p.
1438; J. Inst. Met., 37, p. 372.

Dusaugey, E., A new system of joining metal wires and cable and particularly electrical

conductors, Rev. Gen. Elect., 27, p. 679; J. Inst. Met., 34, p. 591.

Masing, G., Hohorst, G., Electrical conductivity of cold rolled aluminum, Wiss. Veroff.
Siemens-Konzern., 4, pp. 91-8; J. Soc. Chem. Ind., 44, p. 675b; J. Inst. Met., 34, p. 342;
Chem. Abst., 21, 1927, p. 218.

Masumoto, H., On the thermal and electric conductivities of some aluminum alloys,

Sci. Rep. Tohoku Imp. Univ. 13, p. 229; Chem. Abst., 19, p. 2320; J. Inst. Met., 34, p.
416.

Schofield, F. H., The thermal and electrical conductivities of some pure metals, Proc.
Roy. Soc. 197a, pp. 206-227; J. Inst. Met., 33, p. 331; Chem. Abst., 19, p. 1220.

Soulier, A., Electrolytic condenser, Bull. Soc. Franc. Electriciens, No. 46; Chem. Abst.,

20, 1926, p. 874.

Thoresen, J. J., Mounting steel aluminum cables for the electric power line Solbergfoss-
Osle, Teknisk Ukeblad., p. 285; J. Inst. Met., 34, p. 577.

Wilson, E., Electrical conductivity of light aluminum alloys and copper conductors as

affected by atmospheric exposure, Inst. El. Eng. J., 63, p. 1108; Sci. Abst., 291>, p. 78;

J. Inst. Met., 35, 1926, p. 533; Chem. Abst., 20, 1926, p. 3679.

51409°—27 23
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23. ELECTRICAL CONDUCTIVITY, CONDUCTORS—Continued

Text
refer-

ences
Year

B 1924

b 1924

c 1924

1924

1924

1924

1924

1924

1924

1923

1923
1923

1923

1923

d 1923

e 1923

f 1923

g 1922
1922

1922

1922

1922

1922

1921

h
1921
1921

1921

1921

i

i

1920
1920

1916

1915

1914

1914
1913
1913

1912

1912
1910

k
1910
1910

1909

1909

Name and title

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

Burklin, A., Steel aluminum cables, Elektrotech. Zeit. 45, p. 1143; J. Inst. Met., 34, 1925. p.
57 /

.

Dusaugey, M., Use of aluminum in electric construction, Rev. Univ. des Mines, 7, (1),
p. 362; Chem. Abst., 18, p. 1952.

Gatinel, J. A., Aluminum steel cables for the transmission of electricity, Sci. et La Vie,
26, p. 253; J. Inst. Met., 33, 1925, p. 488.

Guillet, L., Conductibilite electrique de raluminium commercial—Influence des impuri-
ties et des traitements, Rev. de Met., 21, pp. 12-17.

^

Higgins, Tells of “happy medium” wire, Telephone Eng., 28 (10), p. 28; J. Inst. Met.,
33, 1925, p. 492.

Melsom, S. W., Booth, H. C., The current-carrying capacity of solid bare copper and
aluminum conductors, J. Inst. Elect. Eng., 62, p. 909 J. Inst. Met., 34, 1925, p. 582.

Strand, O., Date for steel cored aluminum cables, Elekt. Zeit., 45, p. 654; Sci. Abst.,
27b, p. 386; J. Inst. Met., 34, 1925, p. 577.

Wunder, W., Aluminum, its natural occurrence, production, properties, and its applica-
tion in electrical engineering, Elektrotechn. Zeit., 45, pp. 1108, 1115; Chem. Abst., 19,

1925, p. 1820; J. Inst. Met., 34, 1925, p. 577.

Dusaugey, E., Aluminum in electricity, J. Four Elec. 32, p. 132; J. Inst. Met., 31, 1924,

p. 514; Rev. Gen. Elec., 10, 1921, p. 23; J. Inst. Met., 32, 1924, p. 630.

Erftwerk, A. G., Experiences with aluminum wires, Elec. IV., 81, p. 113.

Grassi, G., Resistivity of aluminum at different temperatures, Atti. Aeead. Sci. Torino,
58, pp. 143-148; J. Inst. Met., 30, p. 411; Chem. Abst., 18, 1924, p. 2278.

Guillet, L., Electrical resistivity of metallic products. Bull. Soc. Franc. Elec., 3, p. 641;
Chem. Abst., 18, 1924, p. 3027.

Jouaust, Researches made at the Laboratoire Centrale d’ Electricite on the Properties of
Aluminum, Bull. Soc. France. Elect., 3 (4), pp. 663-669; Sci. Abst., 29, 1924, t>. 547; J.

Insr. Met., 33, 1925, p. 343.

Legros, L., Comparative study of the use of aluminum and copper for electric conductors
of aerial lines, Rev. Gen. Elec., 14, pp. 157, 191; J. Inst. Met., 32, 1924, p. 632; Chem.
Abst., 19, 1925, p. 2023.

Legros, L., Aluminum cables, plain and steel cored for transmission lines, Rev. Gen.
d’Elec., 14, p. 668; Sci. Abst., 27b, 1924, p. 189; J. Inst. Met., 33, 1925, p. 487.
Williams, H. G., Aluminum electrical conductors for overhead power transmission, J. R.
Tr. Junior Inst. Eng., 34, p. 405; J. Inst. Met., 34, 1825. p. 576.

Anonymous, Aluminum overhead transmission lines, Elec. Rev. (Lond.), 91, p. 220.
Anonymous. Use of aluminum in technical electricity, Elektrotec. Zeit., 43, p. 792; J. Inst.
Met., 29, 1923, p. 753.

Anonymous, Experiences with aluminum conductors, Elektrotec Zeit., 43, p. 1458; J. Inst.
Met., 29, 1923, p. 753.

Anonymous, Aluminum field coils for replacing copper save 60 per cent weight, Elect.
Ry. J., 60, p. 10; J. Inst. Met., 33, 1925, p. 488.

Susuki, M., On mechanical characteristics of the aluminum Steel conductor, J. Inst. Elec.
Eng. Japan No. 407, p. 437; J. Inst. Met., 31, 1924, p. 514.

Wintermeyer, Aluminum and its importance in the electrical industry, Elektrotech.
Anzeiger, 39, pp. 1142-1144; J. Inst. Met., 29, 1923, p. 753; Chem. Abst., 18, 1924, p. 1807.

Anonymous, Aluminum in the telegraphic and telephonic services, Electricien, 52, (2),

p. 87; J. Inst. Met., 33, 1925, p. 488.

Dusaugey, E., L’emploi de raluminum en electricite, Rev. de Met., 18, p. 559.

Hiller, G., Aluminum cables and steel reinforced aluminum cables for transmission pur-
poses, Elektrotec. Zeit., 42, p. 1447; Chem. Abst., 16, 1922, p. 532; J. Inst. Met., 29, 1923,

p. 754.

Wunder, Experiences with aluminum for electrical purposes, Zeit. f. Met., 13, pp. 179-184;
J. Inst. Met., 26, p. 594; Chem. Abst., 15, p. 3032.

Zetter, C., The employment of aluminum in electrical appliances. Electricien, 52 (2), p.
299; J. Inst. Met.. 33, 1925, p. 488; Rev. de Met., 18, p. 572; Genie Civil, 79, p. 37.

Anonymous, JL’emploi de 1’alum inium pour les lignes electriques, Genie Civil, 77, p. 509.

Anonymous, L’aluminium dans l’industrie electrique, Rapports de la 15 e Commission de

TUnion des Syndicats de 1’ Electricite.
Wyssling, D., The use of aluminum for electric current transmission lines, Bull. Assoc.

Suisse des Electriciens, VII, No. 5, pp. 121-134.
Foster, S. L., Overhead electrolysis and porcelain strain insulators, Tr. Am. Electrochem.

Soc., 28, p. 401; Chem. Abst., 10, p. 1731.
British Aluminum Co., Pamphlet on aluminum network feeders, Iron and Coal Trades

Rev., 89, p. 203.

Bureau of Standards, Copper Wire Tables, Circ. No. 31, p. 13.

Anonymous, Aluminum for electrical work, Eng., 95, p. 812.

Pannell, E. V., Value of aluminum line conductors. Elec. News (Canadian), November
15, pp. 46-47.

Broniewski, W., Electrical properties of aluminum alloys, Ann. de Chim. etde Physique
(VHI), 25, p. 5.

Stein, A., Melting point and electrical resistance, Phys. Zeit., 13, p. 287.

Anonymous, Aluminum lightning arresters for underground cables, J. Elec. Power and
Gas, August 27.

Hobart, H. M., Bare aluminum cables, Elec. Times, 37, p. 356.

Wolff, F. A., Dellinger, J. H., The electrical conductivity of commercial copper, Bureau
of Standards Sci. Paper No. 148, p. 7; Bull. No. 7, 1911, p. 103.

Buono, V. del., Use of aluminum as electrical conductor, Atti. Assoc. Ellettroteen Ital.,

13, pp. 261-289.
Pecheux, H., Influence of impurities on the thermo-electric properties and electric resist-

ance of aluminum, Compt. Rend., 148, pp. 627-628.
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23. ELECTRICAL CONDUCTIVITY, CONDUCTORS—Continued

Text
refer-

ences

1

Q

m

B

O

P

Year

1908

1907

1904
1904

1904

1903

1903

1903

1902

1902
1901

1900
1900
1900

1898

1898

1898

1897

1893

Name and title

Lees, C. H., Thermal and electrical conductivity of metals and alloys at low temperatures.
Phil. Trans., pp. 208, 381.

Niccolai, G., The electrical resistance of some metals at higher and lower temperatures.
Lincei Rend. (5), 16, pp. 757-766, 906-909; II, p. 185.

Anonymous, Electrical conductivity of aluminum alloys, Eng., 78, p. 333.
Buck, H. W., Use of aluminum as an electrical conductor, Internat. Elec. Cong. Tr„ 2,

p. 313.

Km 11, F., Application of aluminum wire for electrical transmission, Zeit. Anorg. Chem.,
17, pp. 1058-1060.

Kershaw, J. B. C., The use of aluminum as an electrical conductor, Electr. Rev. (N. Y.),
43, p. 470-471.

Stillwell, Use of aluminum for electric power transmission in the United States, Zeit. Ver.
Deut. Ing., 47, pp. 1826-1828.

Wilson, E., Electrical conductivity of certain aluminum alloys as affected by exposure to
London atmosphere, Elect. (Lond.), 51, p. 898.

Wilson, E., Physical properties of certain aluminum alloys and some notes on aluminum
conductors, J. Inst. Elec. Eng., 31, pp. 321-338.

Wilson, E., Gavey, Stretching under long applied stress, J. Inst. Elec. Engrs., 31, p. 154.
Kershaw, J. B. C., Aluminum as an electric conductor, with new observations upon the
durability of aluminum and other metals under atmospheric exposure, Inst. Elec. Eng.;
Elect., 46, pp. 464-466.

Guillaume, Use of aluminum for electrical conductors, Eclairage Electrique, 22, pp. 345-377.
Jaeger, W., Dieselhorst, H., Wiss. Abhl. P. T. R., 3, p. 269.

Perrine, F. A. C., Baum, F. G., The use of aluminum line wire and some constants for
transmission lines, Tr. Am. Inst. Elec. Eng., 17, pp. 391-423.

Hunt, Aluminum as a rival of copper and brass for electrical conductors, Iron and Coal
Trades Rev., 56, pp. 339-350.

Northrup, E. F., Conductivity of aluminum, Elec. Wld., 32, p. 698; Eclair. Elect., 17,

p. 576.

Wilson, E., Aluminum as an electrode in cells for direct and alternating currents (alumi-
num rectifier cells), Proc. Roy. Soc., 63, pp. 329-347.

Richards, J. W., Thomson, J. A., Recent determinations of electrical conductivity of
aluminum, J. Frank. Inst., 143, pp. 195-199.

Dewar and Fleming, The electrical resistance of metals and alloys, Phil. Mag. (5), 36,
p. 271.

Aluminum Co. of America, Pittsburgh, Pa., Aluminum electrical conductors.

24. MAGNETIC

a 1910

1909

b 1905
1901

Honda. K., Thermomagnetisehe eigenschaften der elemente, Ann. d. Phys., (4), 32, pp.
1027-1063.

Ross, A. D., Gray, R. C., Magnetic properties of alloys of manganese, aluminum, and
copper, Zeit. Anorg. Chem., 63, pp. 349-352.

Willis, A. P., Phys. Rev., 20, p. 188.

Richardson, S. W., Lownds, L., The magnetic properties of the alloys of cast iron and
aluminum, Phil. Mag., 6, pp. 601-624.

25. THERMAL ELECTROMOTIVE FORCE

a

b

c

1926

1825

1925

1924

1924

1922

1922

1916
1909

1908

1904
1900
1895

Dadieu, A., On the electromotive behavior of aluminum, Monatsh, 47, pp. 497-510; J.

Inst. Met., 37, 1927, p. 373; Chem. Abst., 21, p. 2417.

deGruyter, C. J., Electromotive behavior of aluminum, Rec. Trav. Chim. 44, pp. 937-969
Chem. Abst., 20, 1926, p. 864; J. Inst. Met., 35, 1926, p. 459.

Smits, A., Gerding, H., The electromotive behavior of aluminum, II., Zeit. Elektrochem,
31, pp. 304-308; Chem. Abst., 19, p. 3417; J. Inst. Met., 34, p. 341.

Siegler, E., Cernatesco, R., The potential of metals in pure liquids, Ann. Sci. Univ. Jassy,

12, pp. 15.5-220; Physik. Ber., 5, pp. 994-995; J. Inst. Met., 32, p. 519.

Smits, A., Electromotive behavior of aluminum, I., Zeit. Elektrochem., 30, p. 423; Chem.
Abst., 19, 1925, p. 2302.

Kremann, R., Wostall, H., Schopfer, H., The electrometric behavior of binary alloys,

XVIII. The alloys of calcium with bismuth, silver, tin, lead, zinc, magnesium, alumi-
num, mercury and cadmium, Forschungsarheiten zur Metallk., 5; J. Inst. Met., 32,

p. 529; Chem. Abst., 19, 1925, p. 2162.

Muller, R., Holzl, F., Electromotive behavior of aluminum, Zeit. f. Anorg. u. Allgem.
Chem., 121, pp. 103-109; J. Inst. Met., 29, 1923, p. 599.

Northrup, E. F., Resistivity and thermal emf., Met. and Chem. Eng., 15, pp. 193-197.

Pecheux, H., Influence of impurities on the thermo-electric properties and electric resistance

of aluminum, Compt. Rend., 148, pp. 627-628.

Pecheux, H. Electrical properties of copper aluminum alloys (thermo-electricity and resist-

ance), Compt. Rend., 148, p. 1041.

Wagner, E., Uber den einfluss des hydrostatischen Druckes auf die Stellung der Metalle in
der thermoelektrisehen spannungsreihe, Ann. d. Phys. (4), 27, pp. 955-1001.

Pecheux, H., Thermoelectricity of aluminum alloys, Compt. Rend., 139, pp. 1202-1204.

Jaeger, W., Dieselhorst, H., T. E. F., Wiss. Abh., 3, p. 269.

Dewar and Fleming, Thermo-electric power of metals and alloys between the temperature
of the boiling point of water and the boiling point of liquid air, Phil. Mag., 40, (5), p. 96.
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26.

THERMAL, CHANGE OF STATE

Text
refer-

ences
Year

1926 ;

a 1926

1924

b 1917

1915 I

c 1914 i

d 1909
!

e 1908

Name and title

Awbery, J. H., Griffiths, E., The latent heat of fusion of some metals, Phys. Soe. (Lond.)
Proc., 38, p. 37S; Tr. Am. Soc. Steel Treat., 11, 1927, p. 140.

Umino, S., On the latent heat of fusion of several metals and their specific heats at high
temperatures, Sci. Kept. Tohoku Imp. Univ., 15, pp. 597-617.

Honda, K., Igarasi, I., Has pure aluminum a transformation point? Sci. Repts. Tohoku
Imp. Univ. 13, p. 305; Chem. Abst., 18, p. 3351.

Johnston, J., The vapor pressure and volatility of several high boiling metals, J. Ind.
Eng. Chem., 9, p. 873.

Bureau of Standards, Melting points of chemical elements, Circ. No. 35.

Cohen, Allotropy of metals, Proc. Roy. Akad. of Sci. (Amsterdam), 17, p. 200.

Greenwood, H. C., Proc. Roy. Soc., 82, p. 396.

Wartenberg, H., Zeit. Anorg. Chem., 58, p. 320.

27.

THERMAL CONDUCTIVITY

a

b

c

1924

1924

1924

1913

1909

1908

1900

Jakob, M., Die warmeleitfahigkeit technish wichtiger metalle und legierungen, Zeit. f.

Met., 16, pp. 353-358.
Wood, R. J. C., Heating of large steel cored aluminum conductors, J. Am. Inst. Elect.
Eng., 43, pp. 1021-1024; J. Inst. Met., 33, 1925, p. 487.

Wunder, W„ Vorkommen, Gewinnung, Eigenschaften und Venvendung des Aluminiums
unter Elektrotechnik, Electrotech. Zts., 45, p. 1109.

Geweeke, H., The effect of heat treatment on the conductivity of aluminum. The Elec-
trician, 72, pp. 450-451.

Pecheux, H., Electrical properties of copper aluminum alloys (thermoelectricity and
resistance), Compt. Rend., 148, p. 1041.

Lees, C. H., Thermal and electrical conductivity of metals and alloys at low temperatures,
Phil. Trans., pp. 208, 381.

Jaeger, W., Dieselhorst, H., Wiss. Abhandl. P. T. R., pp. 3, 269.

28.

THERMAE EXPANSIVITY

d

c

1

b

1926

1926

1925

1924

1924

1924

1922

1922

1921
1913
1912
1911

1910

1909
1907

1902

1869

Buffington, R. M., Latimer, W. M., The measurement of coefficients of expansion at low
temperatures. Some thermodynamic applications of expansion data, J. Am. Chem.
Soc., 48, p. 2305; Chem. Abst., 29, p. 3376.

Guertler, W., Metallographie., 2 Band. Die Eigenschaften der metalle und ihre legierun-
gen. 2 Teil. Physikalische Met.

Hidnert, P., Thermal expansion of aluminum and various important aluminum alloys.

Bureau of Standards Sci. Paper No. 497.

Endo, H., The thermal expansion of crystalline substances, Tohoku Univ. Aeronaut.
Res. Inst. 1, pp. 225-246; Sci. Abst., 1925, 28A, p. 308; J. Inst. Met., 34, 1925, p. 390.

Endo, H., Volume changes of alloys during solidification, Sci. Rept. Tohoku Imp. Univ.,
13, p. 219.

Honda, K., Okubo, Y., On the measurement of the coefficients of thermal expansion for

aluminum alloys and alloys of nickel-iron and cobalt-iron, Sci. Rept. Tohoku Imp.
Univ., 13, p. 101; Iron and Steel Inst., Ill, 1925, p. 575.

Schulze, A., Thermal expansion of aluminum zinc alloys, Wiss. Abhandl. Physikal. Tech.
Reichaust., 5 (2), pp. 295-298; Physikal Zeit., 1921, 22, pp. 403-406; J. Inst. Met., 31,

1924, p. 410; Chem. Abst., 15, 1921, p. 3608.

Souder, W. H., Hidnert, P., Thermal expansion of nickel, Monel metal, stellite, stainless
steel, and aluminum, Bureau of Standards Sci. Paper No. 426.

Scheel, K., Thermal expansion of certain solids, Zeit. f. Physik., 5, p. 157.

Chamberlain, J. H., A study of the volume change in alloys, J. Inst. Met., 10, pp. 193-234.

Smirnoff, W., Thermal expansion of aluminum zinc alloys, Compt. Rend., 155, pp. 351-352.

Brislee, F. J., A redetermination of density and coefficient of linear expansion of alumi-
num, Tr. Faraday Soc., 7, p. 221; J. Soc. Chem. Ind., 31, p. 30.

Ewen, D., Turner, T., Shrinkage of antimony and lead alloys and of the aluminum zinc
alloys during and after solidification, J. Hist. Met., 4, p. 128.

Turner, T., Murray, M., The volume change in copper zinc alloys, J. Inst. Met., 2, p. 98.

Henning, F., Uber die ausdehnung fester Korper bei tiefer temperatur, Ann. d. Phys.
(4), 22, pp. 631-639.

Dittenberger, W., Uber die Ausdehnung von Eisen, Aluminium, Messing u. Bronze in
hoher Temperatur, Zeit. Ver deutsch Ing., 46, pp. 1532-1536.

Fizeau, H., Warme ausdehnung verschiedener einfacher metallischen und nicht-metal-
lisehen korper, so wie einiger kohlenwasserstoff-verbindungen, Pogg. Ann., 138, p. 26;

Compt. Rend., 68, p. 1125.

29.

SPECIFIC HEAT

a
|

1924 Eastman, E. D., Williams, A. M., Young, T. F., The specific heats of magnesium, cal-
cium, zinc, aluminum, and silver at high temperature, Am. Chem. Soc., 46 (1), pp.
1178-1183; J. Inst. Met., 33, 1925, p. 305; Chem. Abst., 18, p. 1938.

b 1 1916 Brislee, F. J., The specific heat of hard and soft aluminum, Paper read at the meeting of

I the Faraday Soc. (Paper II), Tr. Far. Soc., 12, p. 57.
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29. SPECIFIC HEAT—Continued

Text
refer-

ences
Year Name and title

c 1914 Laschtschenko, P. N., Specific heat of aluminum, J. Russ. Phys. Chem. Soc. (X), 56, p.

Nemst, W., Schwers, F., Specific heat at low temperatures, Setzungsber. der Kgr. Akad.
Wiss., Berlin, p. 355.

1914

d 1911 Nernst, W., Lindemann, Specifisehe Warme u. Quantentheorie, Zeit. Elektrochem., 17,
p. 817.

1910 Schimpff, H., Uber die Warmekapazitat von Metallen und Metallverbindungen, Zeit.
f. Phys. Chem., 71, p. 257.

1904 Glaser, Schmelzwarmer- und specifisehe Warme Bestimmungen von Metallen bei hoheren
temperaturen, Met., 1, pp. 103, 121.

Tilden, Atomic and specific heats, Proc. Roy. Soc., 71, p. 220.

Le Verrier, M., Sur la chaleur specifique des mfitaux, Compt. Rend., 114, p. 907.

1903
e 1892

1892 Richards, J. W., The specific heat of aluminum, J. Frank. Inst., 133, pp. 121-124; Chem.
News, 65, p. 97.

30. OPTICAL PROPERTIES

1924

1924

1920

c
b

1913
1913
1911
1899

Belaiew, N. T., Steel v. lighter alloys, Inst. Aero. Engrs., Minutes of Proceedings, 13, p.
15; Iron and Steel Inst., Ill, 1925, p. 576.

Coblentz, W. W., Hughes, C. W., Ultra-violet reflecting power of some metals and sul-
phides, Bureau of Standards Sci. Paper No. 493.

Waltenberg, It. G., Coblentz, W. W., Preparation and reflective properties of some alloys
of aluminum with magnesium and with zinc, Bureau of Standards Sci. Paper No. 363.

Coblentz, W. W., Diffuse reflecting power, Bull. Bureau of Standards, No. 195, 9, p. 281.
Coblentz, W. W., Bureau of Standards, Bull., 7, p. 197.

Littleton, J. T., Optical constants of alloys, Phys. Rev., 33, p. 453.

Mach, L., Schumann, L., Uber ein neues Spiegelmetall, Sitzungsb. Wien. Akad. p

C-VIII-A, p. 135.

Drude, Ann. der Phys. u. Chem., 39, p. 481.

81. SINGLE CRYSTALS

a

b

h

i

j

c

1927

1927

1927

1927

1927

1927

1926

1926

1926

1926

1925

1925

1925

1925

1925

Aston, R. L., Some developments in X-ray analysis of single crystals, Proc. Cambridge
Phil. Soc., 28, pp. 561-577; Chem. Abst., 21, p. 1572.

Aston, R. L., Tensile deformation of large aluminum crystals at crystal boundaries, Proc.
Cambridge Phil. Soc., 23, pp. 549-560; Chem. Abst., 21, p. 1572.

Griffiths, E., The thermal and electrical conductivity of a single crystal of aluminum,
Proc. Roy. Soc., 115A, p. 236.

Karnop, R.; Sachs, G., Behavior of aluminum crystals on stretching. I. Theoretical.
II. Experimental. Zeit. f. Physik, 41 (2-3), pp. 103-139; Sci. Abst., 30A, p. 553.

Sachs, G., Technical properties of aluminum crystals, Zeit. Ver. Deut. Ing., 71, pp. 577-

584; Trans. Am. Soc. Steel Treat., 12, p. 129; Chem. Abst., 21, p. 2651; Sci. Abst., 30A,
p. 614.

von Goler, Sachs, G., Karnop, R., The behavior of aluminum crystals in experiments on
stretching, I. Geometrical principles, II. Experimental part, Zeit. Physik, 41, pp. 103, 116;

J. Inst. Met., 37, p. 372.

Calthrop, J. E., The effects of torsion upon the thermal and electric conductivities of

aluminum with special reference to single crystals, Proc. Phys. Soc. (Lond.), 38, pp.
207-213; Chem. Abst., 20, p. 2436; J. Inst. Met., 37, p. 371.

Carpenter, H. C. H., The production of single crystals of metals and some of their proper-
ties, Met. Ind. (Lond.), 28, p. 575; Met. Ind. (Lond.), 29, p. 31; Chem. Abst., 20, p. 3419.

Gough, H. J., Hanson, D., Wright, S. J., The behavior of single crystals of aluminum
under static and repeated stresses, Tr. Roy. Soc. (Lond.), 226a, 1, Chem. Abst., 20, p.

2254; J. Inst. Met., 35, p. 458.

Gough, H. J., Hanson, D., Wright, S. J., An experiment to determine if slip can be detected

during the unloading portion of a cycle of repeated tensile stresses, Rept. and Mem. No.
1022, Aeronautical Res. Com.

Gough, H. J., Hanson, D., Wright, S. J., Some further experiments on single crystals of

aluminum employing reversed direct stresses, Rept. and Mem. No. 1024, Aero. Res.

Com.; J. Inst. Met., 38, p. 173.

Gough, H. J., Hanson, D., Wright, S. J., A test on a specimen consisting of three crystals

under reversed torsional stresses, Rept. and Memo. No. 1025, Aero. Res. Com.
Taylor, G. I., Farren, W. S., Distortion of crystals of aluminum under compression, I.,

Proc. Roy. Soc. Aero., Ill, p. 529.

von Goler, Karnop, R., Sachs, G., The behavior of aluminum crystals on elongation,

Naturw., 14, pp. 1282-1283; Chem. Abst., 21, 1927, p. 1385; J. Inst. Met., 37, p. 371.

Carpenter, H. C. H., Elam, C. F., Experiments on the distortion of single crystal test

pieces of aluminum, Proc. Roy. Soc., 107, p. 171; J. Inst. Met., 38. p. 390.

Davey, W. P., Plasticity of single crystals, J. Phys. Chem., 29, p. 1211; Chem. Abst., 20,

p. 529.

Elam, C. F., Tensile tests of crystals of an aluminum-zinc alloy, Proc. Roy. Soc. Lond.,
109A, pp. 143-149; J. Inst. Met., 34, p. 421; Chem. Abst., 20, 1926, p. 893.

Fujiwara, T., The arrangement of microcrystals in aluminum wire, Memo. Coll. Sci.

Kyoto Imp. Univ. 8a, p. 339; Chem. Abst., 20, 1926, p. 131; Sci. Abst., 29a, 1926, p. 139;

J. Inst. Met., 35, 1926, p. 608.

Michel, A., The structure of solids and their mechanical properties, Tech. Mod, 17, p.

456; J. Inst. Met., 34, p. 478.
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31. SINGLE CRYSTALS—Continued

Text
refer-

ences
Year Name and title

d 1925 Taylor, G. I., Elam, C. F., Plastic extension and fracture of aluminum crystals, Proc.
Roy. Soc. Aero., 108, p. 28; J. Inst. Met., 34, p. 341; Chem. Abst., 19, p. 2287.

Muller, A., On the determination of the crystal axes in “single crystal’' aluminum bars
by means of X rays, Proc. Roy. Soc.. 105, p. 500; J. Inst. Met., 33, 1925, p. 390.

Anonymous, Procede d’obtention de cristaux d’aluminium, Genie Civil, 82, p. 636.
Becker, K., Die kristallstruktur der metalle, mischkristalle und metallverbindungen,

Zeit. f. Met., 15, p. 303.

1924

1923
k 1923

m 1923 Becker, K., Ebert, F., Rontgenspektroskopie an metallverbindungen, Zeit. f. Phys., 16,

p. 165.

O’Neill, H., Hardness tests on crystals of aluminum, J. Inst. Met., 30, p. 299.e 1923
1 1923 Owen, E. A., Preston, G. D., X-ray analysis of solid solutions, Proc. Phys. Soc. (Lond.),

36, p. 14.

n 1923 Pauling, L., The crystal structure of magnesium stannide, J. Am. Chem. Soc., 45, p. 2777.
Taylor, G. I., Elam, C. F., Distortion of an aluminum crystal during a tensile test, Engng.,

115, p. 403.

f 1923

P 1923 Young, J. F. F., The crystal structure of various Heusler alloys by the use of X rays,
London, Edinburg, and Dublin Phil. Mag. and J. of Sci., 46, p. 291.

Andrews, M. R., X-ray analysis of three series of alloys, Phys. Rev., 18, p. 245.
Carpenter, H. C. H., Elam, C. F., Stages in the recrystallization of aluminum sheet on
heating; with a note on the birth of crystals in strained metals and alloys, J. Inst. Met.,
25, p. 259; Engng., Ill, p. 302.

0 1921
1921

g 1921 Carpenter, H. C. H., Elam, C. F., Production of single crystals of aluminum and their
tensile properties, Proc. Roy. Soc. London, 100, pp. 329-353; Chem. and Met., 26, p. 514.

32. TESTING SHEET METALS

1927

f 1927

1926

b 1926

e 1926

d 1925
e 1924

1924
1921

a

Downes, T. W., Hardness testing of thin duralumin sheet, Forging-Stamping-Heat
Treating. 13, pp. 18-23; J. Inst. Met., 37, p. 605.

Templin, R. L., Methods for determining the tensile properties of thin sheet metals, Proc.
Am. Soe. Test. Matls., 27 (2), Preprint No. 31.

American Society for Testing materials, Report on testing of thin sheet metals. Com. E-l,
Proc. Am. Soc. Test. Matls., 26 (1), p. 531.

Siebe, P., The determination of Brinell hardness of thin aluminum sheet, Zeit. f. Met.,
18, pp. 295-296; J. Inst. Met., 37, 1927, p. 605.

Templin, E. L., Effects of size and shape of testspecimen on the tensile properties of sheet
metals, Proc. Am. Soc. Test. Matls., 26 (2), pp. 378-398.

Otey, N. S., Testing materials for aircraft, Iron Age, 116, pp. 1660, 1797.

Anderson, H. A., Tension tests of thin gauge metals and light alloys, Proc. Am. Soc. Test.
Matls., 24 (2), pp. 990-1011.

Otey, N. S., Tension testing of thin plate metals, Iron Age, 113, p. 1008.

Otey, N. S., Standard type of test specimen for'duralumin sheet (17 S aluminum alloy),

U. S. Naval Aircraft Factory, Phila. Test. Eept. 2T21-7.
Holz, H. A., booklet describing the Erichsen machine.

33. PHYSICAL PROPERTIES OF PURE ALUMINUM

5

a

b

1927

1927

1927
1927

1926

1925

1925

1925

C 1925

t 1924

d

1923
1922
1922
1921

1914
1913

r 1913

g 1911

Baumann, R., Hardness and tensile strength, Zeit. f. Met., 19, pp. 71-72; Chem. Abst.,

21, p. 1614.

Bohner, H., Tiber den zusammenhang zwischen Brinellharte und zugfestigkeit bei rein-

aluminium und vergutbaren aluminium legierungen, Zeit. f. Met., 19, pp. 211-214.

Guillet, L., Les proprietes de l’aluminium pin, Compt. Rend., 185, p. 163.

vonGoler, Sachs, G., Gefiige und festigkeitseigenschaften von sehx reinem aluminium,
Zeit. f. Met., 18, pp. 90-93; Chem. Abst., 2i, p. 1615; J. Inst. Met., 37, p. 372.

Richards, T. W., Further evidence concerning the magnitude of internal pressures, espe-

cially that of mercury, J. Am. Chem. Soc., 48, pp. 3963-3980; Chem. Abst., 21, 1927, p. 677.

Caswell, A. E., Thermoelectric properties of pure metals and alloys, Phys. Rev., 26,

p. 286; Chem. Abst., 21, 1927, p. 2595.

Edwards, J. D., The properties of pure aluminum, Tr. Am. Electrochem. Soc., 47, pp.
287-300; Chem. Abst., 19, p. 1683.

Hoffman, R., Stahl, W., The characteristics, especially density, cubical contraction and
quality of refined aluminum from Grevenbroich, Met. u. Erz., 22, pp. 103-107; Chem.
Abst., 19, p. 2429.

Subrahinanyam, G., Variation of logarithmic decrement with amplitude and viscosity of

certain metals, II., Phil., Mag., 50, p. 716; Chem. Abst., 20, 1926, p. 132.

Moeller, M., Miething, H., Radiation emission of molten aluminum, Giesserei-Ztg., 21,

pp. 444-446; Chem. Abst., 19, 1925, p. 2602.

Bridgman, P. W., Proc. Am. Acad. Arts and Sci., 59, p. 125.

Rosenhain, W., Physical properties of aluminum, Fdy., 50, p. 834.

Wilson, H. A., Ratio of mass to weight for bismuth and aluminum, Phys. Rev., 20, p. 75.

Edwards, J. D., Moormann, T. A., Density of aluminum from 20 to 1000° C., Chem. and
Met. Eng., 24, p. 61; Rev. de Met., 18, pp. 527-532.

Pascal, J., Rev. de Met., 11, p. 1609.

Brislee, F. J., Density of aluminum, Tr. Far. Soc., 9, pp. 162-173; J. Soc. Chem. Ind., 32,

p. 539.

Brislee, F. J., Elastic modulus of aluminum, Tr. Far. Soc., 9, pp. 155-161.

Brislee, F. J., Redetermination of the density and linear coefficient of expansion of alumi-
num, Tr. Far. Soc., 7, pp. 221-228.
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88. PHYSICAL PROPERTIES OF PURE ALUMINUM—Continued

Text
refer- Year Name and title

ences

i

1907

1903

1902

1902
1894
1890
1890

Schnurpfeil, The properties of aluminum, its manufacture and alloys, Giesserei Ztg., 4,

pp. 558-559.

Burgess, C. F., Hambuechen, C., Some laboratory observations on aluminum, Electro-
chem. Ind. (Phila.) pp. 165-168; J. Soc. Chem. Ind., 22, p. 1135.

Cardani, P., Direkte Bestimmung der Poissonschen Beziehung in Drahten, Phys. Zeit.,

4, p. 449.

Granger, A., The pasty state of aluminum below its melting point and the utilization of
this property in subdividing the metal, Bull. Soc. Chem. de France, 27, p. 789.

Wilson, Gavey, Stretching under long applied stress, J. Inst. Elec. Engrs., 31, p. 154.

Richards, J. Frank. Inst., 38, p. 51.

Drude, Ann. der Phys. u. Chem., 39, p. 481.

Hunt, E. A., Langley, J. W., Hall, C. M., Properties of aluminum, Eng. and Min. J., 49,

pp. 284-285, 314-316, 334-336; Tr. Am. Inst. Min. Eng., 18, pp. 528-563.

34. PROPERTIES OF ALUMINUM AND ITS ALLOYS AT HIGHER AND LOWER TEMPERATURES

c

3

d

f

h

i

g

1927

1927

1926

1926

1926

1926

1926

1924

1924

1924

1924

1924

1924
1924

1924
1924

1923

1922

1921
1921

1920

1916
1915

1914

1914

1914

1913

1912

1911

1907

Losana, L., The fluidity of metals and alloys in the liquid state. II, Notiz. Chim.-Ind.,
2, pp. 63-66; Chem. Abst., 21, p. 2641.

Schwarz, M. V., Die warmfestigkeit von reinaluminium, Zeit. f. Met., 19, pp. 170-171;
I. Inst. Met., 37, p. 372.

Irmann, R., The behavior of aluminum at elevated temperatures in contact with iron,
Zeit. f. Met., 18, p. 121; Chem. Abst., 20, p. 2143; J. Inst. Met., 35, p. 459.

Read, H. S., An effect of temperature on X-ray absorption, Phys. Rev., 27, p. 373; Chem.
Abst., 20, p. 2616.

Rohrig, H., Brinell hardness of Lautal between 20 and 500° C., Zeit. f. Met., 18, p. 324;
J. Inst. Met., 37, 1927, p. 450.

Ruff, Q., Konschak, M., Researches at high temperatures, vapor pressure measurements
for copper, gold, alumina, silica, silicon and silicon carbide, Zeit. f. Elek., 32, pp. 515-525;
Chem. Abst., 21, 1927, p. 681.

Von Schwartz, M., The strength of pure aluminum at high temperatures, Z. Bayer,
Revisions No. 17; Aluminium, 8 (20), pp. 8-9; J. Inst. Met., 37, 1927, p. 372.

Anonymous, Tensile properties of aluminum at high temperatures, Soc. Afr. Eng., 35,

p. 53.

Collins, E. H., Effect of temperature on the regular reflection of X rays from aluminum
foil, Phys. Rev., II, 24, p. 152; J. Inst. Met., 34, 1925, p. 343.

Eastman, E. D., Williams, A. M., Young, J. F., The specific heats of Mg, Ca, Zn, Al,
and Ag at high temperatures, J. Am. Chem. Soc., 48 (1), p. 1178.

Ingall, D. H., Relation between tensile strength, temperature, and cold work in some pure
metals and single solid solutions, J. Inst. Met., 32, p. 41.

Martin, T., Tensile properties of aluminum at high temperatures, J. Inst. Met., 31, p.
121; Met. Ind., (Lond.), 24.

Martin, T., Aluminum at high temperatures, Iron Monger, March 15, p. 179.

Parravano, N., Scortecci, A., Hardness of hot light alloys, Atti. Congr. Naz. Chim. Ind.,

pp. 281-290; J. Inst. Met., 34, 1925, p. 416.

Sauerwald, F., Die abhangigkeit der harte von der temperature, Zeit. f. Met., 16, p. 315.

Symposium on Effect of Temperature upon the Properties of Metals, Am. Soc. Test.
Matls., 24, (2).

Grass!, G., Resistivity of aluminum at different temperatures, Atti. della Scienzi de
Torino, 58, p. 143; J. Inst. Met., 30, p. 411.

Bornemann, K., Sauerwald, F., Dichtemessungen von metallen und legierungen bei
hohen temperaturen mit besondere berucksichtigung des flussigen zustandes, Zeit. f.

Met., 14, p. 154.

Guillet, L., Cournot, J., Sur la variation des proprietes mecaniques de quelques metaux
et alliages aux basses temperatures, Rev. de Met., 19, p. 215.

Anonymous, Tensile tests of aluminum alloys, Am. Soc. Test. Matls., p. 430.

lokibe, K., Sakai, S. , Effect of temperature on modulus of rigidity and the viscosity of solid

metals, Sci. Rep. Toboku Imp. TJniv., 10, p. 1.

Lea, F. C., Effect of temperature on some of the properties of metals. Engng., 110, p. 293-

298; Proc. Inst. Civil Engs., (Brit.) 209, 1921, pp. 394-412; Engng., 113, 1922, pp. 829-832;

Eng., 135, 1923, pp. 182-183.

Ludwik, P., Change of hardness with temperature, Zeit. Phys. Chem., 91, p. 232.

Koch, K. R., Dannecker, C., Elasticity at high temperatures, Ann. d. Physik., 47 (IV),

p. 197.

Nemst, W., Schwers, F., Specific heat at low temperatures, Sitzungsber, der Kgr. Akad.
Wiss., Berlin, p. 355.

Northrup, E. F., Electrical conduction at high temperatures, Tr. Am. Eleetrochem. Soc.,

25, p. 373.

Norton, A. B., A hot shortness testing machine for aluminum alloys, Am. Inst, of Met.,
8, pp. 124-127; J. Soc. Chem. Ind., 33, p. 1013.

Rosenhain, W., Ewen, D., Intercrystalline cohesion of metals, J. Inst. Met., 10, pp. 119-

149; J. Soc. Chem. Ind., 32, No. 18, p. 914.

Bengough, G. D., A study of the properties of alloys at high temperatures, J. Inst. Met.,

7, pp. 123-190.

Baumann, R., Tests with welded and nonwelded aluminum at ordinary and at high tem-
peratures, Mitt, tiber Forschungsarbeiten auf dem Gebiete des Ingenierwesen, No. 112,

pp. 23-40; Zeit. Verein Deut. Ingenieure, p. 2016.

Niccolai, G., The electrical resistance of some metals at higher and lower temperatures,
Lincei Rend. (5), 16, pp. 757, 906, II, p. 185.
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refer-

ences
Year Name and title

1927

1927

1927

1927

Anderson, R. J., Intermediate aluminum alloys (hardeners) for use in preparing light
aluminum alloys, Am. Mach., July.

Anderson, R. J., Wasters in the production of aluminum alloy castings in permanent
molds, Fdy. Tr. J., 35, p. 151.

Anonymous, Impregnating aluminum castings with silicate of soda, Met. Ind. (Lond.),
30, p. 109.

Faitz, J. W., Pierce, H. L., Making aluminum match plates, Western Machy. Wld., 18,

a

b

c

1927
1927
1927
1926
1926

1928

1926

1926

1926

1926
1926

1926

1926

1926
1926
1926

1926

1926

p. 173.

Meissner, K. L., Zeit. f. Met., 19, p. 9.

Richards, E., Das schmelzen und giessen des aluminiums, Giesserei-Ztg., 24, pp. 156-160.
Smallwood, H. H., Cleaning and baking aluminum castings, Br. Wld., 23, p. 145.

Anderson, R. J., Aluminum fluxes. Brass Wld., 22, pp. 129-131.

Anderson, R. J., The production of secondary aluminum and aluminum alloys from scran,
Min. Mag., 35, pp. 142-154; Chem. Abst., 21, 1927, p. 726.

Anderson, R. J., X-ray examination of aluminum alloy castings for internal defects, Tr.
Amer. Fdy. Assoc., 33, pp. 261-278; J. Inst. Met., 36, p. 551.

Anonymous, Properties of high strength aluminum casting alleys. Met. Ind. (Lond.),
29, p. 462; Chem. Abst., 21, 1927, p. 1439.

Anonymous, How Cadillac operates its aluminum shop, Fdy., 54, pp. 690-693; J. Inst.
Met., 36, p. 627.

Anonymous, The casting of aluminum, Brass Wld., 22, pp. 255-256; Chem. Abst., 26,

p. 3416.

Archer, R. S., Jeffries, Z., Aluminum castings of high strength, Am. Inst. Min. Met. Eng.
preprint 1590-E; J. Inst. Met., 36, p. 431.

British Aluminum Co., Aluminum foundry work.
deFleury, R., Some notes on the founding of light alloys, Tr. Am. Fdy. Assoc., 33, pp.

235-260; J. Inst. Met., 36, pp. 635, 1026.

Grogan, J. D., Report of the “burning” of aluminum. Aero. Res. Com. Rent, and Memo.
1035.

Jeffries, Z., Disc, on “ Casting aluminum alloys,” by G. Mortimer, Am. Soc. Test. Matls.,
26 (2), p. 346.

Micks, R., Aluminum casting output, its difficulties, Can. Fdyman., 17, pp. 32, 37.

Mortimer, G., paper on die casting of aluminum alloys, disc. Fdy. Tr. J., 33, pp. 233, 355.
Mortimer, G., Aluminum foundry practice, Fdy. Tr. J., 33, pp. 279-281, 293-295, 307-310,

329-332, 355-356; Met. Ind. (Lond.), 28, pp. 319-320; J. Inst. Met., 36, p. 627.

Reiniger, H., The improvement of light metal casting alloys with the aid of the deoxi-
dizing additions to the molten alloy, Z. Ges. Giessereipraxis (das Metall), 47, pp. 129-

130; 133-134; 138; J. Inst. Met., 37, 1927, p. 446.
Springer, J., Der Spritzguss (excerpts from book), Werkstattstechnik, 20, pp. 99-120,

177-202.

d

e

f

g

h

i

j

1925

1925

1925

1925

1925

1925

1925
1925

1925

1925

1925

1925

1925

1925
1925

1925

1925

1925
1924
1924

1924

1924

Anderson, R. J., Aluminum foundry practice, Fdy. Tr. J., 32, p. 518; J. Inst. Met., 36,

1926, p. 627.

Anderson, R. J., Prove aluminum castings with the X ray, Fdy., 53, pp. 606-008; J. Inst.
Met., 36, 1926, pp. 551-552.

Anderson, R. J., X-ray examination of aluminum alloy castings for internal defects. Am.
Fdymens. Assoc., October 1-19; J. Inst. Met., 34, p. 548.

Anderson, R. J., Testing for porosity in aluminum castings. Met. Ind. (Lond.), 27, pp.
145-146; J. Inst. Met., 34, p. 548.

Anderson, R. J., Treatment of porous aluminum alloy castings, Met. Ind. (Lond.), 27,

pp. 363-364.

Anderson, R. J., Inspecting aluminum castings with X ray. Iron Tr. Rev., 77, pp. 374-

376; Chem. Abst., 20, 1926, p. 167.

Anderson, R. J., Pratique de la fonderie d’aluminium, La Fond. Mod., 19, pp. 185-186.

Anonymous, Aluminum-sandguss, Kckillen-oder-spritzguss? Deut. Optische Wochen-
schrift, 11, pp. 774-776.

Archbutt, S. L., A method of improving the properties of aluminum alloy castings, J.

Inst. Met., 33 pp. 227-252; Chem. Abst., 19, p. 1683; Met. Ind., 23, p. 230.

Arehbutt, S. L., Eliminating pinholes from aluminum alloy castings. Met. Ind. (Lond.),
26, pp. 261, 288.

Archbutt, S. L., Improving the properties of aluminum alloy castings, Engng.; 119, p. 336;

J. InsL Met., 34, p. 670; Aero. Res. Com. (Repts. and Mem.) No. 959, M28 (London).
Archer, R. S., Jeffries, Z., New developments in high strength aluminum alloys, Am. Inst.

Min. and Met. Eng., 71, pp. 828-863.
deFleury, R., Some notes on the founding of light alloys, Amer. Fdy. Assoc. Oct.; J. Inst.

Met., 34, p. 632.
Dwyer, P., Cast aluminum washer tubs, Fdy., 53, pp. 556-559, 563.
Eggert, K., Light metal “mold casting” and its importance for automobile and aircraft

construction, Metallborse, 15, pp. 1183-1184, 1239; J. Inst. Met., 36, 1926, p. 643.
Guillet, L., Galibourg, J., Ballay, M., Intercrystalline voids—“microretassures,” Rev. de
Met., 22, pp. 253-272; J. Inst. Met., 34, p. 469.

Krause, H„ The casting of aluminum, Prakt. Masch. Konstr., 58, pp. 751-752, 813; Eng.
Index, p. 31; J. Inst. Met., 36, 1926, p. 639.

Mundy, A. H., Die casting, Met. Ind. (Lond.), 26, pp. 81-82, 96.

Anderson, R. J., Castings of light aluminum alloys, Iron Age, 107, pp. 433-436.

Anonymous, The casting of aluminum, Metallborse, 14, p. 658; J. Inst. Met., 36, 1926,

p. 639.

Archbutt, S. L., A method to improve the properties of aluminum alloy castings, Rept.
Mem. Aero. Res. Com. Brit. No. 959, pp. 537-544; Mech. Eng., 47, 1925, p. 1151; Natl.
Phys. Lab. report for 1925, p. 200.

Dean, N., A note on the difficulties of casting aluminum alloys, Fdy. Tr. J., 29, p. 167;

J. Inst. Met., 31, p. 552.
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Text
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1924

1924
1924

1924

1924

1924

1924
1924
1924
1924
1924
1924

1924

1923

1923

1923

1923

1923

1923

1923

1923

1923

1923
1923

1923

1923

1923

1923

1922
1922

1922
1922

1922
1922

1922
1921

1921
1921
1921
1921

1921
1921
1921
1921
1921
1921

1921
1920
1920
1920

deFleury, R., Some points in the foundry of light metals (aluminum), La Fond. Mod.,
18, pp. 147-160; Chem. Abst., 19, 1925, p. 460; Am. Fdy. Assoc., 33, 1925, translated by
R . J . Anderson, pp . 235-260

.

Dicken, C., Aluminum castings, Fdy. Tr. J., 30, pp. 466-468; J. Inst. Met., 34, 1925, p. 632.
Dix, E. H., Lyon, A. J., The casting and mechanical properties of certain aluminum

alloys; J. Inst. Met., 32, p. 27; Met. Ind. (Lond.), 25, p. 273; Am. Soc. Test. Matls.,
22 (2), 1922, p. 250; Chem. Abst., 19, 1925, p. 1685.

Endo, H., On the measurement of the change of volume in metals during solidification,
Sci. Rep. Tohoku Imp. Univ., 13.

Hurren, F. H., Influence of casting temperature on aluminum alloys, Met. Ind. (Lond.),
24, p. 77.

Irresberger, C., Central European practice (foundry), Fdy., 52, pp. 258-262; J. Inst. Met.,
33, 1925, p. 526.

Knerr, H. C., Aluminum alloy castings from sheet scrap, Am. Fdy. Assoc., 32, pp. 293-308.
Lyon, A. J., Study aluminum hard spots, Fdy., 52, p. 396.
Mills, W. A., Casting aluminum automobile radiator shells, Am. Fdy. Assoc., 31, p. 467.
Mortimer, G., Aluminum casting alloys, Met. Ind. (Lond.), 25, pp. 129-130.
Price, B. K., Cleaning automobile castings, Fdy., 52, p. 355; J. Inst. Met., 33, 1925, p. 537.
Rosenhain, W., Archbutt, S. L., Use of fluxes in the melting of aluminum and its alloys.
Met. Ind. (Lond.), 24, pp. 419-421; Tr. Faraday Soc., p. 179.

vonZeerleder, Preparation of aluminum castings, Met. u. Erz, 21, pp. 99-101
; J. Inst. Met.,

31, p. 552.

Anderson, R. J., Linear contraction and shrinkage of a series ox light aluminum alloys, Am.
Fdymans. Assoc., 31, pp. 392-466.

Anderson, R. J., Cracks in aluminum alloy castings, Tr. Am. Inst. Min. and Met. Eng.,
68, p. 833; Min. and Met., 178 (II), 1921, p. 43; Fdy., 50, 1922, p. 669; J. Inst. Met., 31,

1924, p. 409.

Anderson, Contraction of light aluminum alloys, Fdy., 51, pp. 832a, 872a, 912a, 954a, 990a;
Fdy., 52, pp. 42a, 80a.

Anderson, R. J., Contraction and shrinkage of nonferrous alloys as related to casting prac-
tice, Brass Wld., 19, pp. 231-256.

Anonymous, Mixing, molding, and shrinkage of aluminum, Can. Fdyman., 14, August,
p. 19; J. Inst. Met., 32, 1924, p. 674.

Anonymous, Melting, finishing, and testing of aluminum (die casting), Gan. Fdyman.,
14, September, pp. 23-24; J. Inst. Met., 32, 1924, p. 670.

Anonymous, Casting of aluminum—marvelous development, Can. Fdyman., 14, July,

pp. 18-19.

Anonymous, Aluminum foundry practice, Eng. Prod., 6, pp. 61-63; J. Inst. Met., 32, 1924,

p. 670.

Botta, R., Peening or impregnating porous aluminum castings, Bur. of Aero. Navy Dept.
Tech. Note 109, December 10.

Dwyer, P., Alumimum sweeper castings, Fdy., 51, pp. 209-215.

Hines, J. F., Casting aluminum match-plate patterns, Machy., 29, pp. 932-933; J. Inst.

Met., 33, 1925, p. 530.

Lange, J. A., Melting aluminum for rolling into sheet, Am. Fdyman. Assoc., 30, pp. 551-

561; Brass Wld., 19, pp. 272-273; Fdy. Tr. J., 26, 1922, p. 80; J. Inst. Met., 29, p. 779; J.

Inst. Met., 31, 1924, p. 550.

Mills, W. A., Casting aluminum automobile radiator shells, Am. Fdyman. Assoc., 31,

p. 467; Met. Ind., 21, p. 187; J. Inst. Met., 31, 1924, p. 552.

Tyson, E. H., Aluminum foundry practice, Fdy. Tr. J., 27, pp. 129-132; J. Inst. Met., 29,

p. 777.

Tyson, E. H., How British cast aluminum, Fdy., 51, pp. 905-907; J. Inst. Met., 31, 1924,

p. 552.

Aluminum Co. of America, Molds for aluminum castings, Am. Mach., 56, pp. 896-898.

Aluminum Co. of America, Molding practice for aluminum alloys, Chem. Met. Eng., 27,

pp. 555-557.

Anderson, R. J., Cracking in aluminum alloys, Fdy., 50, pp. 669-674.

Anlie, P., The shrinkage of aluminum, La Fond, Mod., 15, p. 193; J. Inst. Met., 29, p. 597;

Chem. Abst., 18, p. 1973.

Lobley, disc, of following paper, J. Inst. Met., 28, p. 210

Rosenhain, W., Grogan, J. D., Effects of overheating and repeated melting on aluminum,
J. Inst. Met., 28, pp. 197-212.

Wright, M., A difficult die casting aluminum alloy, Am. Mach., 56, p. 777.

Anderson, R. J., Losses in aluminum and aluminum alloy melting; U. S. Bur. Mines Rep.
Inves. No. 2239; Am. Fdyman. Assoc., 29, pp. 459-490; J. Inst. Met., 33, 1925, p. 535.

Anderson, R. J., Castings of light aluminum alloys, Iron Age, 107, pp. 433-436.

Dix, E. H., Casting an aluminum head on a steel cylinder, Auto. Ind., 45, p. 474.

Dix, E. H., Testing aluminum castings, Auto. Ind., 45, p. 681.

Edwards, J. D., Gammon, H. T., Causes of piping in aluminum ingots, Chem. Met. Eng.,

24, pp. 338-340.

Jeffries, Z., Gibson, W., Am. Inst. Min. and Met. Eng., 64, p. 270.

Livermore, F. A., Casting aluminum zinc alloys, Chem. and Met., 25, p. 516.

Livermore, F. A., Aluminum easting, Brass Wld., 17, pp. 231-233.

Pannell, E. V., Testing aluminum castings, Auto. Ind., 45, p. 431.

Rosenhain, W., Specification and testing of castings, Auto. Ind., 45, pp. 217-219.

Schulte, W., The casting of aluminum, Metallborse, 11, pp. 1853-1854; J. Inst. Met., 36,

Schultz^ W., Casting aluminum, Met. Ind. (Lond.), 19, pp. 337-338.

Anonymous, British aluminum foundry practice, Met. Ind., 18, pp. 163-165, 221-224.

Jeffries, Z., Aluminum castings, Mech. Eng., 42, p. 427.

Vickers, C., Some causes of defects in aluminum, Fdy., 48, p. 691,
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Text
refer-

ences
Year Name and title

P

q
ss

1919

1919
1918
1916
1916
1914

Anderson, R. J., Blowholes, porosity, and unsoundness in aluminum alloy castings, Bur.
Mines Tech. Paper No. 241.

Merica, P. D., Karr, C. P., Amer. Soc. Test. Matls., 19 (2), p. 298.

Anderson, R. J., The practice of melting and casting aluminum, Fdy., 46, p. 104.

Hall, I., Furnaces for metal melting (AC), Brit. Pat. 3874; Chem. Abst., 10, p. 2088.

McKinney, P. E., Aluminum eastings and forgings, Tr. Am. Inst. Met., 10, pp. 166-172.

Norton, A. B., Making aluminum test specimens on castings, Tr. Am. Inst. Met., 8, pp.
128-134.

t

1914

1913

1913
1912
1912
1911

Norton, A. B., Aluminum die castings, Am. Inst. Met., 8, pp. 104-109; J. Soc. Chem. Ind.,
33, p. 1013.

Ivinson, C. H., Alloying of aluminum, Brit. Fdyman. Assoc., June 21, pp. 1-6; J. Soc.
Chem. Ind., 32, p. 702; Fdy. Tr. J., 15, p. 446.

Skillman, The nonferrous alloy test specimen question, Tr. Am. Inst. Met., 7, p. 362.

Anonymous, Practical hints on molding and casting aluminum, Mech. Eng., "29, p. 299.

Thurman, J. B., Peculiarities of aluminum eastings, Mech. Eng., 29, pp. 116-117.

Anonymous, Use of magnesium in deoxidizing aluminum alloys. Castings, February,
p. 164.

1911
1910

1909

1909

1907
1907
1907
1905
1902

McEwin, D., Shrinkage of aluminum alloys, Met. Ind., 9, p. 69.

Jones, J. L., Zinc hardened vs. copper hardened aluminum for making aluminum cast-
ings, Met. Ind., 8, p. 16.

Anonymous, Use of chloride of zinc in melting aluminum, Mech. Eng., September 3; J.

Inst. Met., 2, p. 320.

Anonymous, Casting aluminum in green sand molds, Mech. Eng., September 3, p. 301; J.

Inst. Met., 2, p. 311.

Fay, Cast aluminum for automobile work, Auto., 17, pp. 229-231.
Lake, Aluminum castings, Fdy. (Cleveland), 30, pp. 160-165.
McAdams, Method of casting aluminum alloys, Am. Mach., 30 (2), p. 347.

May, Cored work in aluminum casting, Perct. Eng., 32, pp. 71-72.

Anonymous, Rules for casting aluminum, Mech. Wld., 31, p. 298.

36. DIE CASTING

1927
1927
1926
1926
1926

1925

1925
1925

1925
1925
1925

1925
1925
1924

1924
1924
1923
1923

1923

1923
1921

1915

Anonymous, Spritzgussteehnik, Aluminium, 9 (5), pp. 3-6.

Livermore, F. A., Notes on aluminum die casting, Met. Ind. Lond,, 30, p. 571.

Anonymous, Effect and cost of zinc and aluminum on die castings, Machy., 32, p. 567.

Anonymous, Die casting of aluminum alloys, Brass Wld., 22, p. 200.
Mortimer, G-., Die casting of aluminum alloys; a review of current methods, Fdy. Tr. J.,

33, pp. 187, 207; Met. Ind. (Lond.), 28, pp. 260, 247, 298; Engng., 121, pp. 344, 379; J.

Inst. Met., 35, pp. 371-405; Auto. Ind., 54, p. 572.

Anonymous, Das spritzguszverfahren in der massenfertig, Werkstattstechnik, 19, pp. 352-
356.

Anonymous, Fortsehritte in der spritzgussteehnik, Werkstattstechnik, 19, pp. 284-285.

Anonymous, Die castings made of nonferrous metals, Soc. Auto. Engrs. J., 17, pp. 254-

259; disc., pp. 259-262.

Anonymous, Die easting, Western Machy. Wld., 16, pp. 5-7, 59-60, 104-106, 109.

Colwell, D. L., Four classes of die casting alloys. Iron Age, 115, pp. 1122, 1171.

Ehrmann, F., Herstellung und verwendung von spritzgussteilen, Zeit. f. Met., 17, pp.
329-333.

Hellings, S. A., Fundamentals of die easting, Iron Tr. Rev., 76, pp. 1070-1072.
Praetorius, Pressure casting aluminum

, Motorwagen, 28, p. 121.

Conrad, R., Aluminum pressure casting of large pieces in America, Motorwagen, 27, pp.
219-222.

Frommer, Pressure casting of aluminum, Prak. Masch.-konstrukteur, 57, p. 643.

Swan, S., Die easting aluminum, Met. Ind. (Lond.), 24, p. 123; J. Inst. Met., 31, p. 552.

Anonymous, Die castings, J. Ind. and Eng. Chem., 15, pp. 25-28.

Carman, A. G., Metals used for die eastings, Mach., 29, pp. 516-518; J. Inst. Met., 33,

1925, p. 481.
Robinson, L. J., Producing aluminum die castings at Hamilton, Ont., Canada, Canad.
Mach., 38, pp. 30-31; J. Inst. Met., 32, 1924, p. 680.

Tour, S., Die eastings (brass), Ind. and Eng. Chem., 15, p. 25.

Livermore, F. A., Notes on aluminum die castings, Chem. Met. Eng., 25, p. 664; Auto.
Eng., 12, 1922, p. 341.

Pack, C., Aluminum die easting, Met. Ind., 13, p. 412; Tr. Am. Inst. Met., 8, pp. 145-158.

Aluminum Co. of America, Aluminum die castings.
Aluminum Co. of America, Aluminum castings and forgings.

37. PERMANENT MOLD CASTING

1927

1926

1926

1926

Anonymous, Water-cooled molds, Metallurgist, April 20, pp. 56-58; Trans. Am. Soc. Steel

Treat., 11, p. 1009.

Anderson, R. J., Aluminum allov permanent mold castings, Fdy. Tr. J., 33, pp. 93, 105,

173, 237, 255.

Anonymous, Aluminum castings made in permanent molds by five processes, Auto. Ind.,

54, p. 572.

Chaffe, J. B., Permanent mold aluminum castings and their field of usefulness, Tr. Am.
Fdy. Assoc., 33, pp. 280-293; J. Inst. Met., 36, p. 646; Am. Mach. (Eur. edn.), 63, 1925,

pp. 743-744; J. Inst. Met., 34, 1925, p. 627.
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Text
refer- Year Name and title

1925

1925
1924

a 1924

1924
1924

1922

1922
1914
1914

Buschlinger, H., Chill casting pistons of aluminum alloys, Maschinen. Konstruktur, 58,
p. 699.

Lohrke, E., Modern aluminum chill casting, Werkstatts Technik, 11, p. 384.
Anderson, R. J., Boyd, M. E., Production of castings in permanent molds, Met. Ind.

(Lond.), 24, pp. 545-549, 573-575; Am. Fdyman. Assoc.
Anderson, R. J., Boyd, M. E., Casting aluminum alloy pistons in metal molds, Met. Ind.

(Lond.), 25, pp. 494-496, 517-518; J. Inst. Met., 34, 1925, p. 627.

Anonymous, Intensive manufacture of chill cast aluminum objects, Ind. Mec., 7, p. 45.

Anonymous, Aluminum and its alloys. I. Aluminum foundry practice, Met. Ind.
(Lond.), 25, pp. 351-353.

Kalpers, H., Aluminum castings in iron molds, Aluminium, 4, (1), pp. 1-3; J. Inst. Met.,
29, 1923, p. 782.

Reardon, W. J., Casting aluminum pistons in iron chills, Met. Ind., 20, p. 8.

Anonymous, Sollis’ aluminum centrifugal casting method.
Anonymous, Aluminum in automobile industry (chill casting superseding), Metaux et

Alliages, 7, p. 7.

38. FURNACE PRACTICE AND TEMPERATURE CONTROL IN CASTING

1927

a 1927
1926
1926

1926

1925

1925

1924

1924

1924

1924

b 1924

1924

1923

1923

1923

1922

1922

1922
1922
1922

1921

1921

1918

1916
1915

C 1912

d 1911

1906

Anonymous, La fusion de 1’aluminium aux differentes types de fours, JI. du Four Elec.,

36, p. 22.

Marsh, K., Control aluminum temperature, Fdy., 55, pp. 177, 213-216.
Anonymous, British foundry turns to gas (aluminum), Brass Wld., 22, pp. 231-232.
Reininger, H., The refinement of light metal cast alloys with the aid of deoxidizing melts,

Zeit, f. die Gesamte Giessereipraxis ('Das metall), 47, pp. 129-130, 133-134, 138.

Thews, E. R., Aluminum melting takes care, Fdy., 54, up. 268-271; J. Inst. Met., 36, p.
635.

Richarz, E., On the melting of aluminum, Chem. Ztg. 49, pp. 813-814; Chem. Abst., 26,

p. 31.

Von Zeerleder, Influence of metal temperatures on aluminum casting and temperature
measurement in liquid aluminum, Met. u. Erz, 22 (1), pp. 54-58; Chem. Abst., 19, p.
2630.

Anderson, R. J., Refractories for use in aluminum melting, Fdy., 52, pp. 357-358; J. Inst.
Met., 33, 1925, p. 562.

Anderson, R. J., Das schwindmass von aluminiumlegierungen, Zeit, f. Met., 16, pp.
238-239, 283-285.

Anonymous, Fusion furnaces for aluminum. Fond. Mod., 18, pp. 154-157; J. Inst. Met.,
32, p. 685.

Guillet, L., Disc, of Influence de la vitesse de refroidissement sur les propri6t§s d’alumi-
nium industriel, by Le Chatelier Compt. Rend., 178, pp. 2081-2083; Genie Civil, 84, p.
625; J. Inst. Met., 32. p. 647; Chem. Abst., 19, 1925, p. 2022.

Hurren, F. H., Influence of casting temperature of aluminum alloys, Fdy. Tr. J., 29, pp.
75-79, 96-97: Proc. Inst. Brit. Found., 17, p. 459; Met. Ind. (Lond.), 24, pp. 77-81; J.
Inst. Met., 35, 1926, p. 534; J. Inst. Met., 36, 1926, p. 639.

Rohn, W., Small capacity electric furnace for melting white metal and aluminum, Zeit.
f. Met., 16, p. 396-398; J. Inst. Met., 34, 1925, p. 637.

Anderson, R. J., Metallurgical requirements of refractories for use in the aluminum in-

dustry, J. Am. Cer. Soc., 6, pp. 1090-1093; Brass Wld., 19, pp. 405-406; .T. Inst. Met.,
33, 1925, p. 562.

Anderson, R. J., Aluminum and aluminum alloy melting furnace, Tr. Am. Fdyman.
Assoc., 30, pp. 562-612; J. Inst. Met., 31, 1924, p. 555.

Anderson, R. J., Refractories for the aluminum industry, Met. Ind. (Lond.), 23, pp.
441-442."

Aluminum Co. of America, Melting and pouring of aluminum alloys, Am. Mach., 57,

pp. 1-4.

Anderson, R. J., Aluminum melting practice, Fdy., 50, pp. 737-741, 792-796, 823-826, 866-870,
919-924.

Anonymous, Melting and pouring aluminum alloys, Am. Mach., 57, p. 1.

Anonymous, Overheating aluminum, Iron Age, 110, p. 990.

Diller, H. E., Melts aluminum in electric furnace, Fdy., 50, pp. 345-347; J. Inst. Met.,
32, 1924, p. 674.

Schulte. W., The melting of aluminum. Metallborse, 11, pp. 1304-1305, 1360-1361; J. Inst.

Met.," 36, 1926, p. 635.

Schulte, W., The melting of aluminum alloys, Metallborse, 11, pp. 835-836; J. Inst. Met.,
36, 1926, p. 635.

Anderson, R. J., The practice of melting and casting aluminum, Fdy., 46, pp. 104-106,

164-166.

Anonymous, Melting of aluminum, Met. and Chem. Eng., 14, p. 221.

Anonymous, Melting aluminum by gas, J. Gas Lighting and Water Supply, 130, p. 752.

Gillett, H. W., Influence of pouring temperature on aluminum alloys; 8th Internat. Cong.
Applied Chem., Sec. II, Grig. Com. 2, pp. 105-112; Met. Ind., 11, 1913, pp. 167-169.

Gillett, H. W. Skillman, The pyrometer in the aluminum foundry, Tr. Am. Brass
Founders Assn., 5, p. 63.

May, Melting aluminum and its alloys, Mech. Wld., 40, p. 165.
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39. WORKING, ROLLING, FORGING, ETC.

Text
refer-

ences
Year Name and title

a

g

b

c

h !

d

e

f

1927

1927

1927

1927
1927

1927
1927
1927

1926

1926

1926

1926

1925
1925
1925
1925

1925

1924

1924

1924

1924
1924

1923

1923

1922
1922

1922
1921

1920

1920
1917
1917
1915
1910
1909
1903

Anonymous, Turning tool for aluminum alloys, Eng. Progress, 8, p, 6; Am . Soc. Steel
Treat., 11, p. 479.

Rosenhain, W., "Wrought light alloys, Met., Suppl. to Engr., March 25, p. 39; J. Inst.
Met., 37, p. 446.

Stillman, K. W., How autocar aluminum crank train is machined and assembled, Auto.
Ind., 56, p. 710.

j

Strauss, J., Forging of aluminum alloys, Forging-Stamp.-Heat Treat., 13, pp. 162-169.
I Strauss, Aluminum alloy forgings, Forging-Stamping-Heat Treating May; Metallurgist,

I
August 26, p. 124.

I Templin, It. L., Machining aluminum. Am. Inst. Min. Met. Eng. Tech. Pub. 31.

Vogelsang, P., Die bearbeitung von aluminium, Zeit, f. Met., 19, p. 117,

Weyerbacher, R. D., A low cost method of producing metal aircraft pressings, Auto. Ind.,
56, p. 586.

Anonymous, La fabrication des pieces en alliages d’aluminium, Minet. Rene. La Fond.
Mod., 20, p. 103.

Anonymous, Drop forging of nonferrous alloys. I. Aluminum alloys, Met. Ind. (Lond.)
28, p. 149; Met. Ind., 24, pp. 141, 183.

Korber, F ., Muller, H., Strengthening ofmetallic materials during drawing and compression,
Mitt. Kaiser Wilhelm Inst. Eisenforsch. Dusseldorf, 8, pp. 181-199; Chem. Abst., 21, 1927,

p. 1433.

Leon, M., Effect of hot forging on mechanical properties of alloys of copper and of alumi-
num, Acad, des sei.; Compt. Rend., 183, pp. 541-544: Am. Soc. Steel Treat., 11, 1927, p. 308.

Anderson, R. J., Aluminum sheet rolling costs, Met. Ind. (Lond.), 27, pp. 503, 527.

Anonymous, Aluminum hollow-ware tariff enquiry, Met. Ind. (Lond.), 27, p. 383.

Krause, H., Working of aluminum, Aluminium, 7 (12), p. 1; J. Inst. Met., U, p. 599.

McAdam, D. J., jr., Effect of cold working on endurance and other properties of metals,
I. . Amer. Soc. Steel Treat., 8, p. 782.

Seidl, E., Schiebold, E., The behavior of inhomogeneous aluminum castings on cold-
rolling, Zeit. f. Met., 17, pp. 221, 283, 320, 365; Met., December 25, p. 189; Chem. Abst.,
20, 1926, p. 733; J. Inst. Met., 35, 1926, p. 458.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird
& Co.

Anonymous, The working of aluminum and its uses, Brit. Eng. Export J., 5, p. 493;

J. Inst. Met., 32, p. 660.

Anonymous, Aluminum and its alloys, II, Working of aluminum, Met. Ind. (Lond.),
25, p. 421.

Anonymous, Manufacture of aluminum sheet, Zeit. Ges. Giessereipraxis, 45, p. 377.

Obermuller, H., The manufacture of pressed metal articles, Der Apparatebau, 36, p. 255;
Chem. Abst., 19, 1925, p. 1.

Carpenter, H. C. H., Smith, E. C., Tests of work-hardened aluminum sheet, J. Inst.

Met., 29, p. 29.

Thomas, J., Considerations upon the manufacture of articles of uniform thickness from
thin sheet steel, brass, and aluminum, Rev. de Met., 20, pp. 235-247, 307-319; J. Inst.
Met., 32, 1924, p. 661.

Anonymous, Progress made in forging aluminum, Auto. Ind., 46, p. 1280.

Anonymous, Aluminum sheet and strip, Soc. Auto. Eng. Spec. D122, L6, Soc. Auto. Eng.
J. 10, p. 482.

Eyles, A., Working sheet aluminum in car construction. Sheet Met. Worker, 13, p. 575.

Schulte, W., Experiments in the manufacture of aluminum alloy sheets, Metallborse, n,
pp. 1405-1406, 1461-1462; J. Inst. Met., 36, 1926, p. 580.

Anderson, R. J., Anderson, M. B., Aluminum rolling mill practice, Chem. Met. Eng.,
22, pp. 489-491, 545-550, 599-604, 647-650, 697-702.

Eyles, A., Working sheet aluminum, Machy., 27, p. 1138.

Krom, L. J., Manufacture of seamless tubes, Met. Ind., 15, pp. 1-3.

Lyon, G.. ir.. Aluminum rolling mill practice, Met. Ind., 4, p. 109.

Anonymous, Working aluminum at 400° F., Horseless Age. 36, p. 373.

Anonymous, Sheet aluminum, its advantages, Metaux et Alliages, December, p. 161.
ATrrmirmTn Co. of America, Methods of working aluminum.
Woodworth, Working aluminum (samples of pure aluminum ware), Am. Mach., 26, pp.

434-436.

1902

1895
1891

Granger, The pasty state which aluminum assumes on heating near its fusion point and
the application of this property to the division of this metal, Bull. Soc. Chim., Paris,

27, pp. 789-790.

Pittsburgh Reduction Co., A train for rolling aluminum, Iron. Age, 56, p. 1091.

Smith, Aluminum in the drawing press, Tr. Am. Inst. Min. Eng., 18, p. 476.

40. SOLDERING

a

b

1927
1927
1927
1927
1926
1926

1925

I
1925

! 1925

Edwards, J. D., Aluminum from Oersted to Arvida, Am. Electrochem. Soc., preprint.
Evans, U. R., The corrosion of metals at joints and crevices, J. Roy. Soc. Arts, 75, p. 543.

Eyles, A., Some practical notes on soldering and welding aluminum, Eng., 143, p. 121.

Huth, F., Patentierte verfahren zum loten von aluminium, Aluminium, 9 (11), pp. 1-2.

Darwell, E., Repairing aluminum alloy castings by soldering, Machy.. 32, p. 974.

Rostosky, L., Luder, E., Uber das Loten von Aluminium in der Vereinigten Staaten von
Amerika und in Deutschland, Zeit. f. Met., 18, p. 224; J. Inst. Met., 36, p. 207.

Andrews, E., Aluminum solder—discussion, Am. Mach., 62, p. 437.

Anonymous, Soldering aluminum castings, Fdy. Tr. J., 32, p. 207; J. Inst. Met., 34, p. 592.

Darwell, E., Aluminum solder, discussion, Am. Mach., 63, p. 236; J. Inst. Met., 38, 1926,

p. 606.
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40. SOLDERING—Continued

Text
refer-

ences
Year Name and title

d

1925 Rostosky, L., Luder, E., Soldering and welding of aluminum, Masckinenbau, 4, pp. 120-
121; J. Inst. Met., 33, p. 508.

1924 Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

1924 Anonymous, New aluminium solder, Aluminium, 6 (3-4), p. 10; I. Inst. Met., 33, 1925, p.
508.

e, f

g

h

1924

1924

1924

1924

1924

1923

1923

1923

1923
1922

1920
1915
1915
1915
1915
1912
1911
1903
1894

Boyd, M. E., Anderson, R. J., Salvage and reclamation of aluminum alloy castings by
soldering and welding, Am. Fdyman. Assoc., 32, p. 395; Met. Ind. (Lond.), 25, p. 571.

Higgins, P. K., Tells of “happy medium” wire, Telephone Eng., 28, pp. 28-34; J. Inst.
Met. 33, 1925, p. 492.

Rostosky, L., Zur frage des aluminiumlotes, Zeit. f. Met., 16, pp. 359-361; J. Inst. Met.,
34, 1925, p. 592.

Rostosky, L., Soldering aluminum, Zeit. f. Angew. Chem., 37, p. 754; Chem. Abst., 19,
p. 811.

Spengler, O., Soldering aluminum, Der Apparatebau. 36, p. 219; Chem. Abst., 18, p. 3596;
Zeit. f. Angew. Chem., 37, pp. 918-919; Chem. Age, 32, p. 366; Aluminium, 6 (15-16),

pp. 6-8; Chem. Abst., 19, 1925, p. 811; J. Inst. Met., 33, 1925, pp. 508; J. Inst. Met., 36,
1926, p. 606.

Anonymous, Protect aluminum solders against moisture. Elect. Wld., 82, p. 133; J. Inst.
Met., 34, 1925, p. 592.

Bauer, O., The prize competition for an aluminum solder, Zeit. f. Met., 15, pp. 321-327;
J. Inst. Met., 31, p. 529.

Rohrig, H., Borchert, W., Grain boundary diffusion in soldered aluminum joints, Zeit.
f. Met., 15, pp. 335-336; J. Inst. Met., 31, p. 529; Chem. Abst., 18, p. 3354.

Vickers, C., Metals and their alloys, publ. by E. C. Baird & Co.
Anonymous, Tests of aluminum solder, Auto. Ind., 47, p. 168; Air Service Inf. Circ. No.

298, 3, February 15.

Anonymous, New aluminum solder successful, Aviation, 9, p. 358.
Anonymous, Autogenous soldering or welding of aluminum, Machy., 21, p. 369.
Anonymous, A new aluminum solder, Auotcar., 35, p. 156.
Anonymous, Aluminum solder, Elect. Rev. and West. Elect., 67, p. 670.
Anonymous, Soldering and brazing, Machy. (Brit.), 5, No. 117, p. 397.
Hartmann, Busch, Aluminum solder (patent). Met. and Chem. Eng., 10, p. 309.
Anonymous, A new aluminum solder, Turbine, August 5, p. 388.
Lange, H., Soldering aluminum, Am. Mach., 26, p. 1185.

Richards, J. W., Method of soldering aluminum, J. Frank. Inst., 137, p. 160.
McCook Field Serial Report No. 1692.

41. WELDING

b
c

1927
1927

1927

1927

1927

1927

1927
1927

1927
1927

1927

1926

1926

1926

1926

1926

1926

1926
1926
1926

1926

1926

1928

Anonymous, Welding pure aluminium, Engng. News Record, 99, p. 519.

Anonymous, How to weld cast aluminum, Br. Wld., 23, p. 47; Diesel Oil Eng. J., 2, pp.
39-41; Am. Soc. Steel Treat., 11, p. 487.

Anonymous, Welding pure aluminum sheet, Oxy-Acetylene Tips, 5, p. 188; Trans. Am
Soc. Steel Treat, 12, p. 137.

Atlantic Aircraft Corp., Welding on the long distance aircraft. Am. Welding Soc., Sep-
tember meeting.

Bert, J., Soudure autogene des pieces en alliages d’aluminium employees en construction
automobile., Rev. de Met.; 24, pp. 337-344; Chem. Abst., 21, p. 2867.

Heldt, P. M., Economy effected by welding body panels out of small sheets, Auto. Ind.,

56, p. 608.
Johnson, J. B., Airplane welding. Am. Welding Soc., September meeting.
Klein, F. E. A., Hoff, G. C., Welding of aluminum sheets in the construction of Pierce-
Arrow bodies, J. Am. Weld. Soc. (May or June).

Louden, E., Proper use of welding torch (aluminum), Brass Wld., 23, pp. 113-114.

Nelson, W., Duralumin welding, Aviation, 22, pp. 130-132; Tr. Am. Soc. Steel Treat.,

11, p. 479; J. Inst. Met., 37, p. 682.

Rostosky, L.
,
On the question of welding and soldering of aluminum, Zeit. Ver. deut.

Kupferschmid, 39, pp. 55-57; J. Inst. Met. 37, p. 680.

Anonymous, How to weld aluminum, Soudeur-Coupeur (10), pp. 3-7; J. Inst. Met., 37,

1927, p. 681.

Anonymous, Welding and brazing aluminum. Schmelzschweissung May; Weld. J., 23,

p. 218; J. Inst. Met., 37, 1927, p. 680.

Anonymous, Welding of aluminum, Elektrotech. Anzeiger, 43, pp. 865-866; J. Inst.'Met.,

37, 1927, p. 680.

Anonymous, Welding cast aluminum, Oxy-Acetylene Tips, January; Weld. J., 23, p. 90;

J. Inst. Met., 37, 1927, p. 681.

Anonymous, Problems of welding an aluminum crank case, Welding J., 23, pp. 149-150;

J. Inst. Met., 37, 1927, p. 682.

Anonymous, Repair of automobile casings, Soudeur-Coupeur (9), pp. 3-6; J. Inst. Met.,
37, 1927. p. 682.

Anonymous, Two new welding discoveries employ atomic hydrogen, Power, 63, p. 438.

Anonymous, Atomic hydrogen used in welding, Iron Age, 117, p. 989.

Anonymous, Atmosphere of hydrogen eliminates brittleness of seam welds, Auto. Ind.,

54, p. 500.
Anonymous, Welding of aluminum, Eng., 121, p. 202; Mech. Wld., 79, p. 137; J. Inst. Met.,

36, p 610; Chem. Tr. J. and Chem. Eng., February 19.

Eyles, A., Welding aluminum alloy castings, Machy., 32, pp. 560-562; J. Inst. Met., 37,

p. 681.

Eyles, A., Repairing aluminum alloy castings by soldering, Machy., 32, p. 485.
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41. WELDING—Continued

Text
refer-

ences
Year Name and title

d

i

i

j

1926

1926
1926

1926

1925

1926

1926
1926

1926
1926

1925

1925

1925
1925
1925

1925
1925

1925
1925

1925

1925

1925

1925

1925

1925

1925

1924

Eyles, A., Autogenous welding of aluminum and its alloys, Am. Mach., 64, pp. 275, 353;
Am. Soc. Steel Treat., 9, p. 642; J. Inst. Met., 37, 1927, p. 681.

Eyles, A., Cast welding aluminum, Machinery, 32, p. 572; J. Inst. Met., 37, 1927, p. 682.

Hird, H. B., Tests in connection with gas and metal arc welding as applied to aircraft con-
struction, Am. Soc. Nav. Engrs., 38, pp. 879-892; Tr. Am. Soc. Steel Treat., 11, 1927, p. 145.

|

Horn, H. A., Welding and soldering of aluminum, Zeit. Ver. deut. Kupfersehmied., 38,

pp. 345-353; J. Inst. Met., 37, 1927, p. 680.

!
Huth, F., Autogenous welding of aluminum, Zeit. Ver. deut. Kupfersehmied, 37, pp.

|

134-136; J. Inst. Met., 37, 1927, p. 681.

i

Langmuir, I., Flames of atomic hydrogen, Sci., 62, p. 463; Chem. Abst., 20, p. 319; J. West.

I

Soc. Eng., 31, p. 373; Chem. Abst., 31, 1927, p. 1036
' Luder, E., Welding aluminum, Apparatebau, 38, p. 57; Chem. Abst., 20, p. 1585.
! Meadowcroft, J. W., Oxyacetylene welding of sheet aluminum, Acetylene J., 27, p. 591;

1
J . Am. Weld. Soc., 5, p. 47; J. Inst. Met., 36, p. 610.

Miller, D. H., Welds aluminum by two methods, Fdy., 54, p. 117; J . Inst. Met., 36, p. 610.

Painton, E. T., Some notes on the welding of aluminum, Engng., 141, p. 189; Mech. Wld.,
79, p. 290; J. Inst. Met., 36, p. 610.

Anderson, R. J., Boyd, M. E., Aluminum alloy castings reclaimed. Weld. Engng., 16,

pp. 37-40.

Anonymous, Welding saves aluminum jacketed kettles. Weld. Engng., 10, (5), pp. 43-46;
J. Inst. Met., 36, 1926, p. 610.

Anonymous, Welding of aluminum, Soudeur Coupeur (3), p. 3; J. Inst. Met., 34, p. 596.

Anonymous, Job welding of aluminum. Weld. J., 22, p. 312.

Anonymous, Welding aluminum by the spraying process, Apparatebau, 37, p. 30; J. Inst.
Met., 33, p. 514; Aluminium, 6, (17), 1924, p. 7 (23), pp. 6-7.

Anonymous, Welded aluminum vessels, Weld. J., 22, p. 79; J. Inst. Met., 34, p. 596.

Anonymous, Electrical welding of aluminum and other good conductors of heat, Autogene
Metallbearbeitung, 18, p. 8; J. Inst. Met., 33, p. 512.

Fuss, V., Schweissen von aluminium und aluminium-legierungen, Zeit. f. Met., 17, p. 28.

Granjor, R., Rosenberg, P., Desgranges, A., Practical ideas and exercises in the autoge-
nous welding of aluminum. Rev. Aluminium, 2, pp. 102-104; J. Inst. Met., 36, p. 610.

Huth, F., Autogenous welding of aluminum, Apparatebau, 37, pp. 120-121; J. Inst. Met.,
34, p. 596.

Kautny, T., Autogenous welding of light metals, Autogene Metallbearbeitung, 18, pp.
3-7, 63-65; J. Inst. Met., 33, p. 513.

Miller, D. H., Job welding of aluminum, J. Am. Weld. Soc., 4 (7), p. 31; J. Inst. Met.,
34, p. 596.

Miller, S. W., Gas-welding aluminum, J. Am. Weld. Soc., 3, p. 44-50; J. Inst. Met., 33,

p. 512; Chem. Abst., 20, 1926, p. 1212.

Rohrig, H., Untersuchungen an geschweisten aluminiumhlechen, Zeit. f. Met., 17, pp.
198-199; Chem. Abst., 19, p. 3245; J. Inst. Met., 35, 1926, p. 459.

Sehoop, M. V., The theory of the occurrences during the autogenous welding of aluminum,
Der Apparatebau, 37, pp. 16-17; Chem. Abst., 19, p. 964; J. Inst. Met., 33, p. 513.

Thum, E. E., Welding aluminum castings demands great care, Fdy., 53, pp. 231-232; J.

Inst. Met., 34, p. 596.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird
& Co.

k 1924

1924

1924

1924

1924
1924

1924

1924

1924

1924

1924

1924
1924

1924

1924

1924

1924

1924

Anderson, R. J., Boyd, M. E., Salvage and reclamation of aluminum alloy castings by
soldering and welding, Am. Fdyman. Assoc., 32, p. 395.

Anonymous, Aluminum and copper fabricated by welding, Met. Ind., 22, pp. 108-109; J
Inst. Met., 34, 1925, p. 596.

Anonymous, Making joints in aluminum vessels by grooving and seaming, Mech. Wld.,
76, p. 117; J. Inst. Met., 33, 1925, p. 506.

Anonymous, Some practical notes on joining aluminum, Mech. Wld., 76, pp. 39-40; J.

Insc. Met., 33, 192-5, p. 514.

j

Anonymous, Autogenous welding of aluminum, Werkstatts Tech., 18, p. 650.

i Anonymous, Properties of aluminum; strength of welded aluminum, Soudeur-Coupeur
(7), pp. 6-7; J. Inst. Met., 33, 1925, p. 514.

i Henderson, S. W., Aluminum welding, how and why, Weld. Eng., 9, p. 21; J. Inst. Met..,

36, 1926, p. 610.

Huth, F., Autogenous welding of aluminum, Aluminum
, 8 (19), pp. 2-5; J. Inst. Met.,

33, 1925, p. 513.

Kinsey, A. S., Oxy-aeetylene welding of nonferrous metals, J. Am. Weld. Soc., 3, (6),pp.
27-51; J. Inst. Met., 33, 1925, p. 510.

I McGiehan, D. C., Tanks for airnlanes fabricated from sheet aluminum by welding, Am.
Mach., 60, p. 406; J. Am. Weld. Soc., 3 (1), pp. 23-27; J. Inst. Met., 33, 1925, p. 514.

i Meadowcroft, J. W., Electric spot welding of aluminum or duralumin, J. Am. Weld.

;

Soc., 3 (9), pp. 10-11; J. Inst. Met., 33, 1925, p. 512; Chem. Abst., 20, 1926, p. 1212.

!

Miller, S. W., Gas welding of aluminum, Can. Machy., 32, August 7, p. 33.

Nagle, C. F., Fusion welding of aluminum, Acetylene J., 26, p. 17; J. Am. Weld. Soc., 3

(3), pp. 35-44; J. Inst. Met., 33, 1925, p. 513; Chem. Abst., 20, 1926, p. 1212.

Rostosky, L., The processes used to join aluminum and other metals together, Apparate-
bau, 36, pp. 55-58; Aluminium, 6 (15-16), p. 3-6; J. Inst. Met., 34, 1925, p. 595; J. Inst. Met.,

33, 1925, p. 507.

Rostosky, L., The process of joining aluminum with aluminum and other metals, Zeit.

Ver. deut. Kupfersehmied, 36, pp. 78-80; J. Inst. Met., 37, 1927, p. 681.

Sehoop, M. U., Note on the theory of the process for the autogenous welding of aluminum.
Autogene Metallbearbeitung, 17, pp. 269-270; J. Inst* Met., 33, 1925, p. 513.

Spraragen, W., Fluxes and slags in welding, J. Am. Weld. Soc., 3 (4), pp. 36-47; J. Inst.

Met., 33, 1925, p. 511.

Thum, E. E., Hints for welding an aluminum casting, J. Am. Weld. Soc., 3, pp. 26-30;

J. Inst. Met., 33, 1925, p. 513; Chem. Abst., 20, 1926, p. 1212.
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1924
1923

1923

1923

1923

1923

Wade, S., Oxy-acetylene welding of aluminum castings, Can. Fdyman., 15, Apr., p. 18.
Anonymous, Autogenous welding of alloys of aluminum and zinc, Soudeur-Coupeur, 12,
pp. 4-5; J. Inst. Met., 31, 1924, p. 532.

Eyles, A., Autogenous welding of aluminum and aluminum alloys, Met. Ind. (Lond.).
23, pp. 2-3; J. Inst. Met., 30, p. 646; Chem. Abst., 18, p. 2322.

Eyles, A., The autogenous welding of aluminum sheet by the oxy-acetylene process,
Machy. (Lond.), 23, pp. 822-824; J. Inst. Met., 33, 1925, p. 513.

Hill, F. B., How welding is used in fabricating aluminum stills, Chem. Met. Eng., 29, pp.
921-922; J. Inst. Met., 31, 1924, p. 531.

Knerr, H. C., Welding aluminum in automotive parts construction. Auto. Ind., 47, pp.
726-731.

1

m

n

o

P

1923

1923

1923

1923

1922

1922
1922

1922

1922

1922

1922

1921
1921
1921
1921
1921

1920
1919
1917
1916
1916

1915
1915
1915
1915

1915
1915
1915
1915
1915
1915

1914
1914
1914

1913
1913
1912

1911
1911

1910
1909

1909
1909
1909
1909
1908
1907
1906
1904
1903

1903

Knerr, H. C., Autogenous welding of duralumin, Rev. Soudure Autogene, 15, pp. 560-566;
J. Inst. Met., 33, 1924, p. 655.

LeGrix, Failures in aluminum welding, Acet. and Weld. J., 30, pp. 228-229, 333-334; J,

Inst. Met., 31, 1924, p. 531.
L’Hoir, G., The autogenous welding ofaluminum, Soudeur-Coupeur, No. 8; J. Inst. Met.,

31, 1924, p. 531; Chem. Abst. 18, 1924, p. 3354.
Rostosky, L., Methods of welding aluminum to aluminum, Autogene Metallbearbeitung,

16, pp. 289-294; J. Inst. Met., 34, 1925, p. 595.

Anonymous, Welding thin sheets of aluminum, Rev. Soudure Autogene, p. 507; J. Inst.
Met., 33, 1924, p. 654.

Anonymous, How to build aluminum tanks for automotive use. Auto. Ind., 47, pp. 21-22.
Eyles, A., Jointing aluminum, Motor Transport, 35, pp. 271-272, 303, 330-331, 365-366,
388-389; J. Inst. Met., 32, 1924, p. 651.

Kautny, T., Autogenous welding of aluminum, Aluminium, 4 (19), pp. 1-6; (20) pp. 1-12;
J. Inst. Met., 39, p. 771; Chem. Abst., 18, 1924, p. 1973.

Knerr, H. C., Welding duralumin—some experimental work and its results, Auto. Ind.,
46, pp. 964-968.

LeGrix, Failures in aluminum welding, Rev. de la Soudure Autogene, p. 401; J. Inst. Met.,
39, p. 771; Chem. Abst., 17, 1923, p. 965.

Nelson, S. W., Booth, H. C., The efficiency of overlapping joints in copper and aluminum
busbar conductors, J. Inst. Elect. Eng., 60, pp. 889-899; J. Inst. Met., 33, 1924, p. 639.

Anonymous, Erfahrungen mit aluminiumleitungen, Zeit. f. Met., 13, pp. 179-184.
Blair, P. W., Oxy-acetylene welding of cast and sheet aluminum, Met. Ind., 19, p. 402.
Heyes, F. J., Electric arc welding applied to aluminum, Mech. Wld., 69, p. 181.
Livermore, F. A., Welding difficulties overcome, Brass. Wld., 17, pp. 231-233.
Miller, S. W., Gas welding of aluminum, J. Am. Weld. Soc., 3 (3), pp. 44-50; Acetylene J.

26, p. 13.

Viall, E., Welding various metals and the fluxes used, Am. Mach., 52, p. 223.
Bowman, T. P., Practical methods in welding aluminum, Motor Age, 36, October, 23.
Baxter, D., Welding aluminum, The Weld. Engr., 2, p. 31.

Anonymous, Welding of sheet aluminum, Met. and Chem. Eng., 14, p. 548.

Miller, S. W., Oxy-acetylene welding of aluminum, Machy., 22, pp. 461-467; Ind. Press,
New York, 1st ed., p. 184.

Anonymous, Autogenous soldering or welding of aluminum, Machy., 21, pp. 369-371.
Anonymous, Methods of joining aluminum, Machy. 21, pp. 470-473.
Anonymous, A new aluminum solder, Autocar, 35, p. 156.

Anonymous, Successful acetylene aluminum, Metal Worker, Plumber and Steam Fitter,

84,, pp. 173-174.

Anonymous, Aluminum solder, Elect. Rev. and West. Elect., 67, pp. 670-671.
Anonymous, Jointing of aluminum, Machy., 5, p. 708 (British); J. Inst. Met., 13, p. 332.
Anonymous, Welding of aluminum, Machy., 5, p. 488 (British); J. Inst. Met., 13, p. 331.
Anonymous, Soldering and brazing aluminum, Machy., (Brit.), 5S pp. 397-399, No. 117.
Pannell, E. V., Aluminum welding, J. Am. Inst. Met., 9, pp. 182-193.

Panned, E. V., Recent developments in aluminum: some notes on autogenous welding,
Tr. Am. Inst. Met., 9, p. 167.

Hart, R. N., Welding.
Mawson, R., Oxy-acetylene welding on aluminum parts, Am. Mach., 41, p. 1065.
Skinner, C. E., Chubb, L. W., Electrolytic insulation of aluminum wire, Tr. Am. Elec-
trochem Soc., 26, pp. 137-147; Met. and Chem. Eng., 12, pp. 712-713; Elec. Wld., 64, p 766

Anonymous, Aluminum and aluminum welding, Acet. J., 15, p. 17.

deSyo, E., Autogene schweissung von aluminium, Zeit. f. Prakt. Met., 2, p. 53.

Camevali, F., Autogenous welding by means of oxygen and acetylene of copper and its

principal alloys and ahiminum, J. Inst. Met., 9; J. Soc. Chem. Ind., 31, p. 990.

Anonymous, A new aluminum solder, Turbine, August 5, p. 388.

Baumann, R., Tests with welded and non-welded aluminum at ordinary and high tem-
peratures, Mitt, uber Forschungsarbeiten auf dem Gebiete des Ingenierwesen, No. 112,

pp. 23-40; Zeit. Ver Deut. Ing., 55, p. 2016.
Suscipi, L. G., A new flux for oxy-acetylene welding of aluminum, Acetylene J., 12, p. 204.

Auel, C. B., Autogenous welding, with special reference to the use of the oxy-acetylene
process, Elec. J., 6, pp. 453-472.

Schoop, M. V., Autogenous welding of aluminum, Electrochem. and Met. Ind., 7, p. 151.

Schoop, M. V., Autogenous welding, Electrochem. and Met. Ind., 7, p. 1093.

Schoop, M. V., Aluminum welding, Electrochem. and Met. Ind., 7, pp. 193-194.

Seligman, R., The welding of aluminum, J. Inst., Met., 2, pp. 281-287.

Wust, Legier- und Lotkunst (Leipzig).
Schoop, M. V., The autogenous welding of aluminum, Chem. Ztg., 31, pp. 749-750.

Anonymous, Cowper-Coles process for welding aluminum, Giesserei Ztg., 3, pp. 281-283.

Cowper-Coles, S., Aluminum welding, West. Elect., 34, p. Ill; Int. Marine Eng., 26, p. 71.

Cowper-Coles, S., Some notes on the welding of aluminum, Electrochemist and Metall.,

3, pp. 240-243.

Lange, H., Soldering aluminum, Am. Mach., 26, pp. 1185-1186.
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c

1927

1927

1927

1927

1927

1926

1926

1926

1926

1926

1926

1926

1926

1926

1926

1925

1925

1925

1925

1925

Glocker, R.,lWidmann, H., Investigation of the recrystallization process in silver, copper,
and aluminum, Zeit. f. Met., 19, pp. 41-43; Chem. Abst. 21, p. 1615; J. Inst. Met., 37,

p. 517.

Karnop, R.; Sachs, G., Researches on the recrystallization of metals. Zeit. Physik, 42,

pp. 283-301; Chem. Abst., 21, p. 2204.

Tammann, G., Heinzel A., Uber die kristalliten-orientierung im aluminium, Zeit. f. Met.,
19, pp. 338-341.

Van Arkel, A. E.; Bruggen, M. G. V., Recrystallization phenomena in aluminum, Zeit.

f. Phys., 42, pp. 795-806; Sci. Abst., 30A, p. 613; J. Inst. Met., 37, p. 517.

Von Goler, Sachs, G., Rolling and recrystallization texture of regular face-centered metals,
Z. Physik, 41, pp. 873-888; Chem. Abst., 21, p. 2640.

Schiebold, E.; Sachs, G., Graphic determination of the lattice orientation of crystals by
means of the Laue process. Regular growth of aluminum crystals during recrystalliza-
tion, Z. Krist., 63, pp. 34-48; J. Inst. Met., 37, 1927, p. 521.

Bailey, R. W., Note on the softening of strain hardened metals and its relation to creep,
J. Inst. Met., 35, pp. 27-43; Engng., 121, p. 351; Chem. Abst., 20, p. 3416.

Baumann, R., Tensile strength and hardness of light metals and brass, Zeit. Ver. Deut.
Ing., 70,' p. 1225; Chem. Abst., 20, p. 3678; Fdy. Tr. J. 34, p. 438.

Feitknecht, W., Crystal growth in recrystallized metals, J. Inst. Met., 35, p. 131; Chem.
Abst., 20, p. 1581.

Guillet, L., Transformations of certain aluminum alloys under the effects of deformations,
Rev. de Met., 23, p. 48; Chem. Abst., 20, p. 1209; J. Inst. Met., 35, p. 533.

Guillet, L., De l’influence du corrage sur les propri6t6s mecaniques des alliages de cuivre
et des alliages d’aluminium, Compt. Rend., 183, p. 541

Owen, E. A., Preston, G. D., Effect of rolling on the crystal structure of aluminum, Phys.
Soc. (Lond.), 38, pp. 132-147; J. Inst. Met., 36, pp. 487-488.

Tammann, G., Riedelsberger, W., Vibration figures on rolled sheets, Zeit. f. Met., 18,

pp. 105, 149; Chem. Abst., 20, p. 3277.
Wiederholt, W., Influence of heat treatment of aluminum on its rate of dissolution in hy-

drochloric acid, Zeit. Anorg. u. Allgem. Chem., 154, p. 226; Tr. Am. Soc. Steel Treat.,
10, p. 1006.

Wiederholt, W., Uber den einfluss der thermischen und mechanischen behandlung von
aluminium auf seine korrosionbestandigkeit, Kor. u. Met., 2, pp. 126-133.

Farren, Taylor, The heat developed during plastic extension of metals, Proc. Roy. Soc.,

(A) 107, pp. 422-451.

Guillet, jl,., Influence of deformations on the transformations of some light aluminum
alloys, Compt. Rend., 181, p. 639; Sci. Abst., 29a, 1926, p. 198; J. Inst. Met., 35, 1926,

p. 532.

Matsuda, T., Effect of cold-working and annealing on some physical properties of copper,
aluminum and their alloys, Sci. Rep. Tohoku Imp. Univ., 14, p. 343; Chem. Abst., 20,

1926, p. 732.

Mouillac, R., The Herbert pendulum for hardness tests, Rev. de Met., 22, pp. 223-250; J.

Inst., Met., 34, p. 546.

Rohrig, H., Zur kenntnis des rekristallisationsvorganges, Zeit. f. Met., 17, p. 63; Chem.

d 1925
Abst., 19, p. 2804.

Sachs, G., Schiebold, E., The effect of three dimensional (wechselseitige) compression on
aluminum, Zeit. Ver Deut. Ing., 69, pp. 1557-1561; 1601-1604; Chem. Abst., 20, 1926, p.
1155.

e

f

1924

1924

1924

1924

1923

1923

1922
1922

1922

1921

Ingalls, D. H., Relation between tensile strength, temperature and cold work in some pure
metals and single solid solutions, J. Inst. Met., 32, p. 41.

Rohrig, H., Borchert, W., Influence of heat treatment on the reactivity of aluminum, Zeit.

f. Met., 16, p. 398; Chem. Abst., 19, 1925, p. 2023.

Rohrig, H., Annealing of a uminum, Zeit. f. Met., 16, pp. 265-270; Chem. Abst., 19, 1925,

p. 1122; J. Inst. Met., 33, 1925, p. 505.

Wetzel, E., translation of Recrystallization erscheinungen beim aluminum, (Zeit. f. Met.,
16, p. 65); Brass Wld., 20, October.

Anonymous, Note on the strengthening of aluminum sheet by annealing, Mitt. Material.,

41, p. 59; J. Inst. Met., 32, 1924, p. 498.

Carpenter, H. C. H., Smith, C. C., Tests on work hardened aluminum sheet, Engng. 115,

pp. 316-318; J. Inst. Met., 29, pp. 29-70.

Anonymous, Annealing aluminum, Mech. Wld., 71, p. 6.

Rohrig, II., Borchert, W., Recrystallization, Aluminium, 45 (4), pp. 8-10; J. Inst. Met., 29,

p. 665; Chem. Abst., 18, 1924, p. 1973.

Wetzel, E., Heat treatment and recrystallization of aluminum, Mitt. aus. dem Kaiser
Wilhelm Inst. f. Metallforschung, 1, pp. 24-40; Chem. Zentr., 94 (2), 1923, p. 394; J. Inst.

Met., 29, 1923, p. 666.

Portevin, A., Philippon, J., Sur la trempe d’un laiton h Faluminium, Rev. de Met., 18,

1921

1921

n 1920

1920
1919
1919
1919

g 1918

1 1918

p. 533.

Rassow, E., Influence of the mode of deformation on the recrystallization diagram of alu-

minum, Zeit. f. Met., 13, p. 558; J. Inst. Met. 27, p. 362.

Rassow, E., Velde, L., Das rekristallisationsdiagramm des technischen aluminiums, Zeit.

f. Met., 13, p. 557.

Bohlin, H., Anordnung fur rontgenkristallographische untersuchungen von kristallpulver,

Annal. der Physik, 61, p. 421.

Davey, W. P., Hoffman, E. O., Crystal analysis of metallic oxides, Phys. Rev., 15, p. 333.

Aminoff, Geologiska Foreningens i. Stockholm Forhandlingar, 41, p. 407.

Anderson, R. J., Annealing aluminum, Sci. Amer. Supl., 87, p. 123.

Hull, A. W., The positions of atoms in metals, Proc. Am. Inst. Elec. Eng., 38, p. 1171.

Anderson, R. J., Annealing and recrystallization of cold-rolled aluminum sheet, Met. and
Chem. Eng., 18, pp. 523-527.

Scherrer, P., Das raumgitter des aluminiums, Physikal. Zeit., 19, p. 23.
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Year

1918

1917

1917
1917
1917
1917

1916

1916

1915
1915
1915

1915

1914
1914

1913

1913

1913
1913

1911
1909
1907

1906

Name and title

Niggli, P., Die Bestimmung der Kristallstructur komplizierter Verbindungen, Physikal.
Zeit., 19, p. 225.

Carpenter, H. C. EL, Taverner, L., The effect of heat at various temperatures on the rate
of softening of cold-rolled aluminum sheet, J. Inst. Met., 18, pp. 115-156; 156-171.

Hull, A. W., The crystal structure of aluminum and silicon, Phys. Rev., 9, p. 564.
Hull, A. W., A new method of X-ray crystal analysis, Phys. Rev., 10, p. 661.
Hull, A. W., The crystal structure of magnesium, Proc. INatl. Acad. Sei., 3, p. 470.
Nishikawa, S., Crystal structure of a garnet, Proc. Physico-Mathematical Soc. of Japan,

9, p. 194.

Seligmann, R., Williams, P., Annealing of aluminum, paper read at meeting of Faraday
Soc.; Tr. Far. Soc., pp. 64-65.

Vegard, L., Results of crystal analysis, London, Edinburgh and Dublin Phil. Mag. and
J. Sci., 32, p. 65.

Beevers, L., Annealing of aluminum stampings, Mech. Wld., 58, p. 135.
Bragg, W. H., The structure of magnetite and the spinels, Nature (Lond.), 85, p. 561.
Lowry, T. M., Parker, R. G., The properties of cold-worked metals, Pt. I., J. Chem. Soc.,

107, p. 1005.

Nishikawa, S., Structure of some crystals of spinel group, Physico-Math. Soc. Japan
Proc., 8,e p. 199.

Hanriot, Lahure, Annealing of aluminum, Compt. Rend., 158, p. 263.
Terada, Proc. Phvsico-Math. Soc. of Japan, 7, p. 292.
Gewecke, H., The effect of heat treatment on the conductivity of aluminum, The Elect.,

72, pp. 450-451.
Guillet, L., The influence of “drawing” on the properties of metallurgical products, Rev.
de Met., 10, pp. 769-777.

Muller, W., Thermische behandiung der metalle, Met. u. Erz, 1, p. 219.
Robin, F., Recherches sur le developpement des grains des metaux par recuit apres fierouis-

sage, Rev. de Met., 10, p. 722.

Matweef, M., Notes sur Ie recuit des metaux, Rev. de Met., 8, p. 708.
Aluminum Co. of America, Fabricated aluminum.
Breuil, P., Fabrication a froid des tubes et profiles, Genie Civil, 51, pp. 369-388; Proc. Inst.

Civil Eng., II, p. 360.

Morley, A., Tolinson, G. A., Tensile overstrain and recovery of aluminum, copper and
aluminum bronze, Phil. Mag., 11, pp. 380-392.

Bragg and Bragg, X-rays and crystal structure, 4th ed., London.
Leonhardt, Centralblatt fur Mineral., Geol. u. Palaon.

48. DURALUMIN AND SIMILAR ALLOYS

a

b

c

d

f

tt

1927
1927
1927

1927

1927
1927

1927
1927

1927
1927
1927
1927
1927

1927
1926

1926

1926

1926

1926

1926
1926
1926
1926

1926

Anonymous, Lautal in ship construction, Met. Ind. (Lond.), 30, p. 141.

Anonymous, Duralumin rivets, Forging-Stamping-Heat Treating, 13, p. 279.

Aitchison, L., Light alloys. The characteristics and treatment of duralumin and other
alloys, Auto. Eng., 17, pp. 229-222.

Anderson, R. J., Drawing qualities of duralumin sheet as affected by heat treatment, Am.
Metal Market, 34, pp. 5-7; Trans. Am. Soc. Steel Treat, 12, p. 133.

Anonymous, Tension tests on spot-welded duralumin, Welding Eng., 12, p. 39.

Bain, E. C.. Note on the atomic behavior of hardenable copper alloys, Am. Inst. Min.
and Met. Engrs. preprint 1657-E.

Beck, R., Duralumin, Zeit. f. Met., 18, pp. 12-14; J. Inst Met. 37, 1927, p. 450.

Downes, T. W., Hardness testing of thin duralumin sheet, Forging-Stamp.-Heat Treat.,

13, pp. 18-23; Tr. Am. Soc. Steel Treat., 11, p. 388.

Downes, T. W., Tension tests of spot-welded duralumin, Chem. Met. Eng., 34, p. 355.

Jeffries, Z., A “Super-duralumin” developed, Iron Age, 119, p. 704.

Meissner, K. L., Die veredelbaren legierungen des aluminiums, Zeit. f. Met., 19, p. 9.

Nelson, W., Duralumin and its corrosion, Nat. Adv. Com. Aero. Rept. No. 408.

Sadtler, C. B., Gregg, J. L., Deformation of an'aluminum alloy by a constant load, Am.
Inst. Min. and Met. Engrs. preprint 1645-E; Min. and Met., 8, p. 160; Chem. Abst.,

21, p. 1619.

Scheur, Zeit. f. Met., 19, p. 16.

Aitchison, L., Duralumin, Flight, 18, pp. 178a-c, 260g-i, 308g-h, 362f-h, 464a-c, 636 a-c,

702d-e; Tr. Am. Soc. Steel Treat., 11, 1927, p. 137.

Anderson, R. J., Some mechanical properties of duralumin sheet as affected by heat treat-

ment, Proc.Am. Soc. Test. Mails., 26 (2), pp. 349-375; Chem. Abst., 20, p. 2641; J. Inst.

Met, 37, 1927, p. 450.

Anderson, R. J., Effect of heat treatment on duralumin, Forging-Stamping-Heat Treat.,

12, pp. 169-172, 208-211; J. Inst. Met., 36, p. 432.

Anderson, R. J., Heat treatment effect on some properties of duralumin sheet, Brass Wld.,
22, pp. 41-43.

Anderson, R. J., An atomic picture of duralumin and its crystal structure, J. Frank. Inst.,

201, p. 465; Met. Ind. (Lond.), 29, July, 23, 30, August 6.

Anonymous, Vergutbare aluminiumlegierungen, Met. u. Erz, 23, p. 356.

Anonymous, Navy makes device to engrave charts, Prof. Eng., November, p. 21.

Anonymous, Covering airships with metal (duralumin), Iron Age, 118, p. 1401.

Anonymous, Hardness and tensile strength of aluminum, duralumin, and brass, Zeit.

Ver Deut. Ing., 70, p. 1225; Met., November, 26 p. 164.

Anonymous, Duralumin motor boat launched, Brass Wld., 22, p. 302.
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1926

1926

1926

i
1

1926
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1925
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p
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1925

1925
1925

1925

1925

1925

kk 1925

1925

1925

1925

q
1924
1924

1924
1924

r 1924

s 1924

1924
1924

Name and title

Anynomous, Endurance of annealed brass, hard-drawn brass, copper and duralumin,
: Met. Ind. (Lond.), 29, p. 490.

Anonymous, Aldal, a new light metal, Met. ind. (Lond.), 29, p. 323.

Anonymous. Intercrystalline embrittlement of duralumin. Twelfth Kept. Nat. Adv.
Com., Aero., pp. 3S-39.

Archbutt, S. L.. Grogan, J. D., Report on the accelerated aging ofY alloy, Brit. Aero. Res.
Com. Repts. and Memo. No. 1038 (M 47), ApriL

Assman, P., The importance of silicon for the mechanical improvement of aluminum
by lithium or magnesium, Zeit. f. Met., 18, pp. 256-260; J.'Inst. Met., 36, p. 433.

|

Bingham, K. E., The constitution and age hardening of some ternary and quartenary
alloys of aluminum containing nickel, J. lost. Met.. 38, p. 137.

Daniels, S. D., Effect of reheating on the aiuminum-copper-nickel-magnesium and
alum innm-copper-iron-magnesium (piston) alloys, Tr. Am. Inst. Min. and Met. Engrs.,
73, p. 479; Chem. Abst., 29, p. 2651; J. Inst. Met., 35, p. 537.

Daniels, S. D., Properties of some sand cast aluminum magnesium silicide alloys, Ind.,Eng.
Chem., IS, pp. 12S0-1285; Chem. Abst.. 21, 1927, p. 559.

Dix, E. H., Richardson. H. H., Equilibrium relations in aluminum copper alloys of high
i purity, Tr. Am . Inst. Min. and Met. Engrs., 73, p. 560.

! Gardner, H. A., Protective coatings for duralumin and similar light weight alloys for
exposed construction. Paint and Varnish Inst., Wash., D. C.

! Guertler, W., The light metal alloys, Lecture before Wash. Chapter, Am. Soc. Steel Treat.,
October 29.

Hay, R.. Some physical properties of duralumin, J. Roy. Tech, Coll. (Glasgow). 3, pp.
102-112; J. Inst. Met.. 37, 1927, p. 449.

Lennartz, A., Henninger, W., Microscopic structure of duralumin alloys, Zeit. f. Met., IS,

pp. 213-215; Chem. Abst., 20, p. 2972.
Meissner, K. JL., Met. u. Erz., p. 357.
Meissner. K. L.. Aging of aluminum alloys. Met. Ind. (L-ond.), 38, p. 367.
Merica, P. D., Disc, of above, Am. Soc. Steel Treat., 10, p. 74S.

Nelson, W.. Duralumin and its corrosion. Aviation, 21, pp. 738-741; Tr. Am. Soc. Steel
Treat., 10, p. 1009.

Nelson, W., The protection of duralumin from corrosion. Aviation, 21, pp. 795-799; Tr.

|
Am. Soc. Steel Treat., 11, 1927, d. 137.

i Phillips, S. H., The properties of duralumin, Chem. Age, 15, pp. 41-43; Chem. Abst., 21,

1927, p. 1091.

Sander, W., Meissner, K. L., The influence of the compound MgZnj on the workability
of aluminum alloys, Zeit. Auorg. Allgem. Chem.. 154,* p. 144: Chem. Abst., 20, p. 3425;
Met., November 26, p. 173; Tr. Am. Soc. Steel Treat., 11, 1927, p. 133.

Sykes, W. P., The iron tungsten system. Tr. Am. Inst. Min. and Met. Engrs., 73, p. 968.

Upson, R. H., All metal airship design {duralumin). Auto. Ind.. 54, p. 177.

Anonymous, Behandlung des duralumins, Autoteehnik, 14, p. 25; J. Inst. Met., 36, 1926,

l
p. 459; Kor. u. Met., 2, 1926, p. 111.

;

Anonymous, The heat treatment of duralumin castings, Met., April 24, p. 60.

Anonymous, Russische duraluminahnliche legierung, Zeit. f. Met., 17, p. 63.

! Daniels, S. D., Lyon, A. J., Johnson, J. B., Casting and heat treatment of some aluminum
|

copper magnesium alloys (duralumin), Tr. Am. Inst. Min. and Met. Eng., 71, pp. 864-

|

868; Chem. Abst., 19, p. 1844; Am. Fdyman. Assoc., 1924; Disc. Am. Inst. Min. and Met.
I

Engrs., 71, p. S85; J. Inst. Met., 35, 1926, p. 536.

!
Daniels, S. D.. Heat treatment of cast aluminum copper iron magnesium alloy, Forging-
Stamping-Heat Treat.. 11, pp. 346-352; J. Inst. Met., 36, 1926, p. 601.

Eynac, L., Duralumin, Rev. Aluminium, 2, pp. 71-75: J. Inst. Met., 35, 1926, p. 536.

Eraenkel, W., The duralumin nrohlem, Zeit. Angew. Chem., 33, p. 696; Chem. Abst., 20,

1926, p. 2653.

Guillet, L., Veredelungsversuche an gegossenem duralumin, Zeit. f. Met., 17, p. 101; Rev.
de. Met., 21, 1924, pp. 734-741; Chem. Abst., 19, p. 1845.

Hidnert, F., Thermal expansion of aluminum and various important aluminum alloys.

Bureau of Standards Sci. Paper No. 497.

Meissner, K. L.. Foreign alloys resembling duralumin, Zeit. f. Met., 17, pp. 64-65; J. Inst.
Met., 35, 1926, p. 536.

Meissner. K. L.. The agine at elevated temueratures of self-improving aluminum alloys,

Zeit. f. Met., 17, p. 77; Chem. Abst., 19, u. 3241.

Saldau, P. J., The reason for “aging’-
-

of alloys of the duralumin type, J. Russ. Met. Soc.,

1, p. 41; J. Inst. Met., 34, p. 417.

Weaver, E. R., Report of static test of aeromarine (experimental) duralumin spar (second
article). Air Serv. Info. Circ. No. 1, July 1, 6, p. 524.

Whiteley, H. A., Some notes on duralumin forging, Eorgmg-Stamping-Heat Treat., 11,

p. 260.

Aluminum C-o. of America, Strong aluminum alloys, 25S and 51S.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, PubL by H. C. Baird &
Co.

Anonymous, Duralumin, J. Roy. Aero. Soc., June, p. 331.

Beck. R,, Duralumin
; its properties and applications, Zeit. f. Met., 16, p. 122; Sci. Abst.,

27.b p. 338; Chem. Abst., IS, p. 3594; Zeit. Ges. Giesserei-Praxis, 47, pp. 81-82, 85-86; J.

Inst. Met., 36, 1926, p. 433.

Fraenkel. W., Scheuer, E., The duralumin problem, Testing, 1, pp. 33-39; Chem. Abst.,

18, p. 1808.

Fuss, V., Uber die konstitution von dreistoSegierungen des aluminiums, Zeit. f. Met.,

|

16, p. 24.

: Guillet, L., Trempe des moulages de duralumin, Rev. de Met., 21, pp. 734-, 41.

! Knerr, H. C., Duralumin, how it is treated, handled, and protected against corrosion,
i Auto. Ind., 51, pp. 648-650; J. Inst. Met., 34, 1925, p. 5S0.
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Phillips, S. H., Duralumin, its composition and treatment, Am. Mach. (Eur. edn.), 61,
pp. 371, 374; J. Inst. Met., 33, 1925, p. 346; Chem. Abst., 20, 1926, p. 3424.

Sander, W., Meissner, K. L., Range of the mixed crystal phase rich in aluminum in the
quartenary system aluminum magnesium silicon zinc, Zeit. f. Met., 16, pp. 12-17; J.
Inst. Met., 31, p. 412.

Swan, J. B., Light alloys. A general survey of modern practice, Auto. Eng., 14, p. 293.
Thompson, W. W., Column, crushing and torsional strength of duralumin tubing, Air

Serv. Info, Circ. 5 (2), July 1.

Anonymous, Protection of duralumin against sea water, Aero., 5, p. 300; J. Inst. Met., 38,
1925, p. 379.

Binnie, J. A., Practical heat treatment of duralumin, Am. Mach., 58, pp. 221-224.
Colvin, F. H., Machining duralumin connecting rods, Am. Mach., 58, pp. 321-323.
Daniels, R. W., Manufacture and uses of duralumin, Soc. Auto. Eng., 13, p. 427.
Gayler, M. L. V., Constitution and age hardening of the quartenary alloys of aluminum,
copper, magnesium and magnesium silicide, J. Inst. Met., 30, pp. 139-166.

Gayler, M. L. V., Constitution and age hardening of ternary alloys of aluminum with
magnesium and copper, J. Inst. Met., 29, p. 507; Tech. Rep. Adv. Com. Aero., 2,
1922-23, pp. 461-489.

Moore, R. R., Endurance of duralumin, electron metal, and manganese bronze, Chem.
Met. Eng., 29, p. 58; J. Inst. Met., 31, 1924, p. 412.

Obtani, B., Ternary alloys of aluminum, copper, and magnesium, J. Chem. Ind. Japan,
26, pp. 427-448; J. Inst. Met., 31, 1924, p. 411; Chem. Abst., 18, 1924, p. 2318.

Portevin, A., LeChatelier, F., Wells, S. A. E., Production by heat treatment of aluminum
light alloys of high resistance and not containing magnesium, Compt. Rend., 177, p.
311; Genie Civil, 83, p. 136; J. Inst. Met., 31, 1924, p. 527.

Sander, W., Meissner, K. L., Studies of equilibrium in the quartenary system aluminum
magnesium silicon zinc, Zeit. f. Met., 15, pp. 180-183; J. Inst. Met,, 31, 1924, p. 411.

Werner, EL, Duralumin motor boats, Motorwagen, 26, pp. 189-190; J. Inst. Met. 33, 1925,

p. 490.

Anonymous, Bausch duralumin metal, Sheet Metal Worker, 13, p. 744.

Anonymous, Engineering uses of nonferrous metals, Met. Ind. (Lond.), 20, p. 49.

Anonymous, Gears of a new metal in place of steel, Sci. Amer., 126, p. 88.

Anonymous, Properties and methods of using duralumin, Auto. Ind., 47, p. 370.
Daniels, R. W., Duraluimn and its use as a gear material, Machy. (Lond.), 20, p. 29; J.

Inst. Met., 33, p. 490.

Daniels, R. W., Duralumin for gears, Mech. Wld., 71, p. 24; Met. Ind. (Lond.), 19, p. 428;
J. Inst. Met., 33, p. 399; Iron Age 108, 1921, p. 1020.

Daniels, R. W., Duraluimn, Soc. Auto. Eng. J., 11, p. 477; Am. Mach., 57, p. 62; Tr. Soc.
Am. Eng., 17 (2), p. 751.

Daniels, S., Investigation of the heat treatment of sand cast duralumin, Air Serv. Info.
Circ., 5, No. 408.

Gayler, M. L. V., Constitution and age hardening of alloys of aluminum with copper,
magnesium and silicon in the solid state, J. Inst. Met., 28, pp. 213-252; Tech. Rept. Adv.
Com. Aero., 2, pp. 433-460.

Gianelli, A., Modulus of elasticity for duralumin, Mech. Wld., 71, p. 65.

Heyn, E., Wetzel, E., The measurement of small changes of length in quenched duralumin
and in a tin-aluminum alloy by means of the Martens’ mirror apparatus, Mitt. Aus d.
Kaiser Wilhelm. Inst. f. Metallforschung, 1, pp. 19-23; Chem. Zeit., 47, 1923, Rep. 72;
J. Inst. Met., 29, 1923, p. 634.

Knerr, H. C., Welding duralumin, some experimental work and its results, Auto. Ind.,

46, pp. 964-968.
Knerr, H. C., Duralumin, Digest of information, Tr. Am. Soc. Steel Treat., 3, pp. 13-42.

Sander, W., Meissner, K. L., Das aluminiumreiche mischkristallgebiet im vierstoffsystem
aluminium-magnesium-silizium-zink, Zeit. f. Met., 16, p. 12.

Stout, W. B., Duralumin, Met. Ind., 20, p. 59.

Stout, W. B., Duralumin properties and commercial possibilities, Brass Wld., 18, p. 129.

Anonymous, Investigation of physical and chemical properties of aluminum and aluminum
alloy sheet. III. Duralumin sheet, Air Serv. Info. Circ. No. 3

;
May 30.

Hanson, D., Gayler, M. L. Vv The constitution and age-hardening of the alloys of alumi-
num with magnesium and silicon, J. Inst. Met., 26, p. 321.

Otey, N. S., Standard type of test specimen for duralumin sheet (17 S aluminum alloy),

U. S. Nav. Aircraft Factory, Phila. test report 2t21-7, December 16.

Stout, W. B., Duralumin, its properties and commercial possibilities, Aerial Age, 14, p.
105; Auto. Ind., 45, p. 659; Aviation, 11, p. 455; Am. Soc. Steel Treat., 3, 1922, p. 226;

J. Inst. Met., 33, 1925, p. 490; Sci. Am., 126, 1922, p. 196; J. Inst. Met., 32, 1924, p. 635.

Anonymous, New alloy for railway use, Elec. Ry. J., 55, p. 821.

Fraenkel, W„, Vergutbare aluminiumlegierungen, Zeit. f. Met., 12, p. 427.

Fraenkel, W., Seng, R., Studien an vergutbaren aluminium-legierungen, Zeit. f. Met.,

12, p. 225.
. ,

Unger, E., Schmidt, E., Duralumin, Aerial Age, 11, p. 772; Aviation, 9, p. 49; Am. Mach.,
53, p. 803.

Jeffries, Z., Micromechanism, J. Inst. Met., 22, p. 329.

Merica, P. D., Waltenberg, R. G., Finn, A. N., Mechanical properties and resistance to

corrosion of rolled light alloys of aluminum and magnesium with copper, with nickel,

and with manganese, Bureau of Standards Tech. Paper No. 132.

Merica, P. D., Waltenberg, R. G., Freeman, J. R., jr., Constitution and metallography of

aluminum and its light alloys with copper and with magnesium, Bureau of Standards
Sci. Paper No. 337. .

Vogel, R., Uber ternare legierungen des aluminiums mit magnesium und kupfer, Zeit. f.

Anorg. Chem., 107, p. 265.
Koch, K. R., Dannecker, C., Elasticity at temperatures near their melting points, Ann.

d. Phys. IV, 47, p. 197.
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1914 Fendler, C., Stueber, W., Use of aluminum alloy (duralumin) for the manufacture of
domestic and cooking utensils, Hvgien. Rundschau, 24, p. 59; Chem. Zentralblatt (1),
p. 693.

gg 1913 Cohn, L. M., Changes in the physical properties of aluminum and its alloys, with special
reference to duralumin, Elektrotech. u. Maschin., 31, p. 430.

1913 Cox, C. E., Aluminum alloys, Soc. Auto. Eng., 8, p. 322.

hh 1913 Eger. E., Studie uber die konstitution der temaren Mg-Al-Zn legierungen, Int. Zeit.
Metallog., 4, p. 46.

00 1913 Eger, E., Magnesium aluminum zinc alloys, Constitution of these ternary alloys, Int.
Zeits. Metallog., 4, pp. 29-128.

IT 1912 Cohn, L. M., Duralumin, Elektrotechnik. u. Maschin., 30, pp. 809-829.
Sehirmeister, H., Light aluminum alloys (hardening of), Metallurgie, 8, p. 650.1911

ii 1911 Wilm, A., Physico-metallurgical investigations of aluminum alloys containing magnesium,
Metallurgie, 8, p. 225.

ss 1910 Cohn, L. M., Duralumin, Ver. z. Ford. d. Gewerbefieisses, 89, p. 643.

44. PRINCIPLES OF HEAT TREATMENT

1927

1927

1927

1927

a 1927

1927

1927

1926

b 1926

n 1926

1926

e 1925

1926

d 1926

1926

1926

1926

e 1926

1926

P 1926

1926

1926

i 1925

1925

1925

1925

1925

1925

Anonymous, In the realm of metallurgy; New processes and materials (Lautal), Auto. Ind.,
56, p. 592.

Anonymous, Duralumin, new metal for airplanes made possible by gas heat treating,
Forging-Stamping-Heat Treat., 13, p. 157.

Archer, It. S., Heat treatment of wrought aluminum alloys of high strength, Iron Age,
119, pp. 1536-1537.

Archer, R. S., Rawdon, H. S., Knerr, H. C., Heat treatment of wrought aluminum
alloys of high strength, Am. Soc. Steel Treat, handbook, section A-5601, pp. 1-13.

Dean, R. S., Gregg, J. L., General theory of metallic hardening. Am. Inst. Min. and Met.
Engrs., reprint 1644-E.

Fraenkel, W., Spanner, J., Anwandlung von zink-aluminiumlegierungen im festenzu-
stand, Zeit. f. Met., 19, p. 58.

Sachs, G., Das problem der veredelbaren aluminiumlegierungen, Metall Wirstchaft.,
6, p. 7; J. Inst. Met., 27, p. 446.

Anonymous, First heat treatment of aluminum alloy an accident, Auto. Ind., 55, p. 247;
Brass Wld., 22, p. 280.

Archbutt, S. L., Grogan, J. D., Report on the accelerated aging of Y alloy. Aero. Res.
Com. Repts. and Memo. No. 1038 (M 47), April.

Archer, R. S., Hardening of metals by dispersed constituents precipitated from solid solu-
tions, Tr. Am. Soc. Steel Treat., 10, p. 718.

Bingham, K. E., The constitution and age hardening of some ternary and quartenary
alloys of aluminum containing nickel, J. Inst. Met., 36, p. 137.

Dean, R. L., Zickrick, S., Nix, F. C., Lead antimony system. Am . Inst. Min. and Met.
Engrs., 73, p. 968.

Fraenkel, W., The processes for improving compensated aluminum alloys, Zeit. f. Met.,
18, pp. 189-192; J. Inst. Met., 36, 1926, p. 430.

Guillet, L., Transformations of certain aluminum alloys under the effects of deformation.
Rev. de Met., 23, p. 48; Chem. Abst., 20, p. 1209; J. Inst. Met., 35, p. 533; Compt. Rend.,
181, 1925, pp. 639-641.

Guillet, L., Galibourg, J., La trempe des alliages lagers aluminium cuivre renfermant plus
de 5 pouf cent cuivre, Genie Civil, 88, p. 70.

Kroll, W., Improvement of aluminum alloys. Met. u. Erz, 23, pp. 613-616; Tr. Am. Soc.
Steel Treat., 11, 1927, pp. 305-306.

Kroll, W., Aluminum alloys that improve on aging. Met. u. Erz, 23, pp. 225-230; J. Inst.
Met., 36, p. 432.

Meissner, K. L., Aluminum alloys exhibiting aging phenomena, Met. u. Erz, 23, pp.
357-358; J. Inst. Met., 36, p. 432.

Meissner, K. L., The process of aging in the self hardening aluminum alloys, Zeit. Ver
Deut. Ing., 70, pp. 391-401; J. Inst. Met., 27, 1927, p. 446; Chem. Abst., 20, p. 1241;
Am. Soc. Steel Treat., 10, p. 314.

Meissner, K. L., Aging of aluminum alloys. Its effect upon the electrical conductivity
and chemical resistance. Met. Ind. (Lond.), 26, pp. 363, 391, 439; Chem. Abst., 20, p.
2469; J. Inst. Met., 38, p. 433.

Portevin, A., Chevenard, P., Complexity of the phenomena of the hardening of certain
alloys, Compt. Rend., 182, p. 1143; Chem. Abst., 20, p. 2478.

Schmid, E., Wassermann, G., X-ray experiments on the duralumin problem, Naturw.,
14, p. 980; Chem. Abst., 21, 1927, p. 560.

Assmann, P., The development of the problem of thermal improvement of technical alloys
of aluminum, Met. u. Erz, 22, p. 506; Chem. Abst., 20, 1926, p. 1381.

Gayler, M. L. V., The effect of artificial ageing upon age hardened aluminum alloys, Met.
Ind. (Lond.), 27, p. 30; Chem. Abst., 19, p. 3470; J. Inst. Met., 34, 35, 1926, pp. 418, 532.

Maass, E., Wiederholt, W., Korrosionserseheinungen am aluminium, Zeit. f. Met., 17,

pp. 115-121; Chem. Abst., 19, p. 3244; J. Inst. Met., 35, 1926, p. 568.

Meissner, K. L., The effect of artificial ageing upon the age hardened aluminum alloys.

Met. Ind. (Lond.) 26, p. 623; Chem. Abst., 19, p. 3469; Met. Ind. (Lond.), 27, 1926, pp.
333-338.

Meissner, K. L., Change of length and increase of hardness of quenched aluminum alloys
on aging, Zeit. f. Met., 17, pp. 201-202; J. Inst. Met., 35, 1926, p. 536.

Yur’ev, K. M., Influence of thermal treatment on the mechanical qualities of Kolchoog-
alumin, Tr. Inst. Econ. Mineral and Petrography (Russia), No. 15, p. 34; Chem. Abst.,

20, 1926, p. 1974.
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1924

1924

1924

1924

1924
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1923

1923

1923

1923
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1922
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1921

1921

1921

1920
1920

1919

1919

1919

Boutalov, Koltchougalumin, Mess. Ind. Met. Russe, 1-3, pp. 109-128; Chem. Abst., 29,
1926, pp. 893-894; J. Inst. Met., 36, 1926, p. 434.

Fraenkel, W., Scheuer, E., The duralumin problem, Testing, pp. 33-39; Chem. Abst., 18,

p. 1808.

Gillett, H. W., Colloidal phenomena in metals and alloys, Chapt., 20, “Colloidal Be-
havior,” By R. H. Bogue, p. 503.

Iytaka, I., A new heat treatment of light aluminum alloys containing copper, J. Chem
Ind. Japan, 27, pp. 61-65; Chem. Abst., 18, p. 2319.

Jeffries, Z., Archer, R. S., The Science of Metals.
Nishimura, EL, On the age hardening of aluminum rich zinc aluminum alloys, Mem.

Coll. Kyoto Imp. Univ., 3, pp. 133-183; J. Inst. Met., 36, 1926, p. 436.

Portevin, A., LeChatelier, F., Heat treatment of aluminum copper alloys, Tr. Am. Soc.
Steel Treat., 5, p. 457.

Bingham, K. E., Haughton, J. L., The constitution of some alloys of aluminum with
copper and nickel, J. Inst. Met., 29, p. 71.

Hanson, D., Gayler, M. L. V., Heat treatment and mechanical properties of alloys of
aluminum with small percentages of copper, Engng., 115, p. 343.

Konno, S., Honda, K., An investigation of duralumin, Sci. Rep. Tohoku Imp. Univ., 11,

p. 269; Fdy. Tr. J., 27, p. 65.

Portevin, A. M., Chevenlard, P., Dilatometric study of transformations and thermal
treatment of light aluminum, J. Inst. Met., 30, p. 329.

Rosenhain, W., Hardness and hardening, Chem. Met. Eng., 28, p. 899.

Fraenkel, W., Scheuer, E., Studies in the strengthening of aluminum alloys, Zeit. f. Met.,
14, pp. 49-58, 111-118; Chem. and Met., 37, p. 510.

Guillet, L., Les phenomenes de tremp et leur generalization, Rev. de Met., 19, p. 162.

Merica, P. D., A discussion of the slip interference theory of hardening, Chem. Met.
Eng., 26, p. 881.

Guillet, L., Le traitment thermique de certains alliages complexes d’aluminium, Genie
Civil, 79, pp. 520-521.

Jeffries, Z., Archer, R. S., Slip interference theory of the hardness of metals, Chem. Met.
Eng., 24, p. 1057; Science of Metals (1924).

Portevin, A., Philippon, J., Sur la trempe d’un laiton a raluminium, Rev. de Met., 18,

p. 533.

Anonymous, Heat treatment of the alloys of aluminum, Auto. Ind., 42, p. 1351.

Guillet, L., Durand, J., Galibourg, J., Contribution a l’Stude de la trempe de certains
alliages d’aluminium, Rev. de Met., 17, pp. 202-215; Compt. Rend., 189, 1919, pp. 508-511.

Jeffries, Z., Gibson, W. A., Heat treatment of aluminium alloy castings, Am. Inst. Min.
Eng. Bull., 153, pp. 2493-2512.

Merica, P. D., Waltenberg, R. G. f Freeman. J. R. jr., Constitution and metallography
of aluminum and its light alloys with copper and with magnesium, Bureau of Standards
Sci. Paper No. 337.

Merica, P. D., Waltenberg, R. G., Scott, H., The heat treatment of duralumin, Bureau of

Standards Sci. Paper No. 347.

45. IMPACT TESTS

a 1926 Gwyer, A. G. C., Phillips, H. Wr
. L., The constitution and structure of the commercial

aluminum silicon alloys, J. Inst. Met., 38, p. 283.
b 1926 Strauss, J., Impact tests show fitness of cast aluminum alloys, Fdy., 54, p. 426; Chem.

Abst., 20, p. 2654.

c 1925 Greaves, R. H., Jones, J. A., The effect of temperature on the behavior of metals and
alloys in the notched bar impact test, J. Inst. Met., 36, p. 85.

d 1925 Petrenko, S. N., Comparative slow bend and notched bar tests on some metals, Tr. Am.
Soc. Steel Treat., 8, p. 519.

1925 Sauerwald, F., Wieland, H., Impact tests according to Schule-Moser and the impact
resistance of a few brasses, copper, and aluminum at low and high temperatures, Zeit.

f. Met., 17, pp. 358, 392; Chem. Abst., 20, 1926, p. 1210; Sci. Abst., 29b, 1926, p. 112.

e 1921 Batson, R. G., Report on notched bar impact tests at 20 and 250° C. of specimens from
light alloy castings, Rept. Light Alloys Subcom. Brit. Adv. Com. for Aero., pp. 248-255,

270.

Dix, E. H., jr., Charpy impact test as applied to aluminum alloys, Tr. Am. Inst. Min.
and Met. Engrs., 64, p. 466.

f 1921

g 1921 Lea, F. C., Impact tests on aluminum alloys, Rept. of Light Alloys Subcom. Brit. Adv.
Com. for Aero., p. 244.

1920 Gibson, W. A., Fatigue and impact tests of aluminum alloys, Am. Soc. Test. Matls.,
20 (2), p. 115.

h 1919 Dix, E. H., jr., Single blow notched bar impact test as used in the American industry,
Proc. Am. Soc. Test. Matls., 19 (2), p. 721.

1912 Guillet, L.. Manufacture of aluminum foil and powder, Rev. de Met., 9, pp. 147-159.

46. ENDURANCE TESTS

t

1927
1927

1927
1927

Gough, H. J., Fatigue of metals and alloys, Int. Crit. Tables IT, p. 595.

McAdam, D. J., Corrosion fatigue of nonferrous metals, preprint No. 36, Proc. Am. Soc.
Test. Matls., 27 (2).

Moore, H. F., Kommers, J. B., The fatigue of metals, McGraw-Hill Book Co.
Moore, H. F., Manual of endurance of metals under repeated stress, Eng. Foundation,
N. Y., Pub. No. 13.
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1909

Name and title .

Moore, H. F., Lyon, S. W., Fatigue tests of cast iron, preprint 27-1, Am. Fdyman. Assn.
Moore, R. R., Effect of corrosion upon the fatigue resistance of thin duralumin, preprint
No. 37, Proc. Am. Soc. Test. Matls., 27 (2).

Gough, H. J., Tapsell, H. J., Aero. Res. Com. Repts. and Memo., No. 1012, April.
Grogan, J. D., Some mechanical properties of silicon aluminum alloys, J. Inst. Met.,

36, p. 269.

Gwyer, A. G. C., Phillips, H. W. L., The constitution and structure of the commercial
aluminum silicon alloys, J. Inst. Met., 36, p. 283.

McAdam, D. J., jr., Endurance properties of nonferrous metals, Pt. II, Am. Inst, Min.
and Met. Engrs., preprint 1537-D.

McAdam, D. J., jr., Corrosion fatigue of metals as affected by chemical composition,
heat treatment, and cold working, Tr. Aon. Soc. Steel Treat., 11, p. 355; Amer. Soc.
Test. Matls., 26 (2).

Welter, G., Silumin, an improvement of its dynamic elastic qualities and endurance limit
by the addition of copper, J. Inst. Met., 36, p. 325.

Irwin, Fatigue of metals by direct stress, Proc. Am. Soc. Test. Matls., 25 (2), p. 53.

McAdam, D. J., jr., discussion of Moore’s paper, Proc. Am. Soc. Test. Matls., 25 (2),

p. 84.

McAdam, D. J., jr., Endurance properties of nonferrous metals, Am. Inst. Min. and
Met. Engrs., preprint No. 1506-E.

McAdam, D. J., jr., Effect of cold working on endurance and other properties of metals,
Pt. I, Tr. Am. Soc. Steel Treat., 8, p. 782.

Moore, R. R., Some fatigue tests on nonferrous metals, Proc. Am. Soc. Test. Matls., 25,

(2), p. 66.

Templin, R. L., Disc. Proc. Am. Soc. Test. Matls., 25 (2), p. 96.

Gillett, F. W., Mack, E. L., Notes on some endurance tests of metals, Proc. Am. Soc.
Test. Matls., 24 (2), p. 476.

Gough, H. J., Fatigue of metals, pp. 108, 258.

Hatfield, W. H., Quoted by H. J. Gough, Fatigue of Metals, appendix, Material, Ref
No. 113.

Lea, F. C., quoted by H. J. Gough, Fatigue of Metals, appendix.
McAdam, D. J., jr., Accelerated fatigue tests and some endurance properties of metals.
Am. Soc. Test. Matls., 24 (2), pp. 454-475; J. Inst. Met., 34, 1925, p. 541.

Moore, H. F., Univ. 111. Eng. Expt. Sta. Bull. No. 142, pp. 27, 47, 73.

Moore, R. R., Resistance of metals to repeated static and impact stresses, Proc. Am. Soc.
Test. Matls., 24 (2), p. 547.

Moore, R. R., Resistance of manganese bronze, duralumin, and electron metal to alternating
stresses, Am. Soc. Test. Matls., 23 (2), pp. 106-129; Met. Ind. (Lond.), 23, p. 50.

Rosenhain, W., Archbutt, S. L., Wells, S. A. E., Production and heat treatment of chill

castings in an aluminum alloy “ Y,” J. Inst. Met., 29, p. 191.

Knerr, H. C., Duralumin, Digest of information, Tr. Am. Soc. Steel Treat., 3, p. 13.

Templin, R. L., Disc., Proc. Am. Soc. Test. Matls., 22 (2), p. 305; Iron Age, 110, p. 356.
Anonymous, Fatigue resistance of duralumin ,

Verslagen en verhandelingen von den Rijbs
Studiedienst von de Luchtvaart (Amsterdam), Pt. 1, Rept. M 17A., Translated by Natl,
Adv. Com. Aero.

Gibson, W. A., Fatigue and impact tests of aluminum alloys, Proc. Am. Soc. Test. Matls.,
20 (2), p. 115.

Merica, P. D., Karr, C. P., Some tests of light aluminum casting alloys, the effect of heat
treatment, Proc. Am. Soc. Test. Matls., 19 (2), p. 295.

Smith, A., The elastic breakdown of nonferrous metals, J. Inst. Met., 2, pp. 151-230.
Bureau of Standards unpublished data. Flexual fatigue tests on duralumin sheet, 14 lots,

7 thicknesses ranging from 0.024 to 0.120 inch, from two makers.

47. ALUMINOTHERMICS

1920
1913
1908

1905
1902

1900

1898

1898

Vie, G., Industrial uses of aluminum; the thermite process, L’Age de Fer., 36, pp. 701-703.

Hart, R. N., Welding, McGraw-Hill Book Co., New York, N. Y.
Weston, F. E., Ellis, H. R., Heats of combustion of aluminum, calcium, and magnesium,
Faraday Soc. Tr., 4, p. 130; J. Soc. Chem. Ind., 28, 1909, p. 94.

Goldschmidt, EL, Aluminothermics, Intemat. Elec. Cong. Tr., 2, p. 85.

Bertin, H., Heating by aluminum and its applications, Mem. de la Soc. des Ing. Civils

de France, 55 (2), pp. 218-249.

Matignon, C., Metallurgy founded on reduction with aluminum and the production of

high temperatures, Moniteur Scientifique, June, pp. 353-366.

Goldschmidt, H., New process for producing metals and alloys by means of aluminum
powder, Liebig’s Annalen der Chemie, 301, pp. 19-28.

Goldschmidt, H., Vautin, C., Aluminum as a heating and reducing agent, J. Soc. Chem.
Ind., 17, pp. 543-545; Disc. pp. 649-650.
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48. ALUMINUM FOIL

Text
refer-

ences
Year Name and title

1925

1924

1922
1913
1912
1907
1906

Hartig, H. E., Apparent transmission of low velocity electrons through aluminum foil,

Phys. Rev., 28, p. 221.
Terrill, H. M., Absorption of cathode rays in aluminum foil, Phys. Rev., 24 (II), pp.

616-621; J. Inst. Met., 34, 1925, p. 344.

Paullsen, H. C., Aluminum foil, Aluminium, 4, (25); J. Inst. Met., 31, 1924, p. 514.
Anonymous, Aluminum foil, Eng., 116, p. 199.

Guillet, L., Manufacture of aluminum foil and powder, Rev. de Met., 9, pp. 147-159.
Fournier, Industry of aluminum foil, Nature (Paris), 35 (II), pp. 147-150.
Goutschi, Jaquier, Manufacture of flexible aluminum foil, Erfindungen u. Erfrahrungen
(Neueste), 33, pp. 114-115.

49. MACHINING, POLISHING, FINISHING

1927
1927

1926
1926

1926
1925
1925
1924

1924

1924

1924

1923
1923

1923

1922
1922
1922

1922

1921

1921
1915
1914
1913

Colvin, F. H., Duralumin connecting-rod machining methods, Am. Mach., 66, pp. 697-699.
Stillman, K. W., How Autocar aluminum crank train is machined and assembled, Auto.

Ind., 56, pp. 760-761.

Anonymous, New aluminum process found (coloring), Auto. Ind., 55, p. 1085.
Anonymous, Colored aluminum (aluminum plus copper, manganese, cohalt, zinc, lead,
chromium, tin, silver, gold, nickel), Brass Wld., 22, p. 74.

Blair, P. W., Machining duralumin, Met. Ind., 24, p. 11.

Anonymous, Milling operations on aluminum casting, Maehy., 32, p. 230.
Anonymous, Make aluminum auto castings, Fdy7

., 53, pp. 16-18; J. Inst. Met., 34, p. 633.
Anonymous, Machinability of cast aluminum alloys, in particular of silumin, Zeit. Ver
Deut. Ing., 68 (1), p. 11; J. Inst. Met., 31, p. 538.

Hahn, O., Rumbling polishing process for aluminum, Aluminium, 8 (9-10), p. 304; J. Inst.
Met. 83, 1925, p. 525.

Roberts, H. T., Polishing aluminum castings, Machy. (Lond.), 24, p. 43; J. Inst. Met.,
33, 1925, p. 525.

Quimby, W. S., Press tools for bending strip aluminum, Am. Mach. (Eur. edn.), 61, p.
133; .T. Inst. Met., 33, 1925, p. 523.

Colvin, F. H., Machining duralumin connecting rods, Am. Mach., 58, pp. 321-323.
Haas, B., Manufacture of polishing pastes for aluminum, Metallborse., 44, pp. 37-39;

J. Inst. Met., 32, 1924, p. 668.

Parsons, F. A., Power required for cutting metals, Mech. Eng., 45, pp. 35-41; J. Inst.
Met., 34, 1925, p. 607.

Anonymous, Grinding aluminum, Abrasive Ind., 3, p. 114; J. Inst. Met., 32, 1924, p. 666.
Anonymous, Polishing aluminum. Abrasive Ind., 3, p. 143; J. Inst. Met., 32, 1924, p. 669.
Anonymous, Coloring aluminum brown, Aluminium, 4 (21), pp. 3-4; J. Inst. Met., 29,

1923, p. 756.

Stanley, F. A., Press tools for aluminum ware, Am. Mach. (Eur. edn.), 56, pp. 437-438;
J. Inst. Met., 33, 1925, p. 522.

Anonymous, How to machine aluminum, Elect. Ry. J., 58, p. 448; J. Inst. Met., 33, 1925,

p. 523.

Anonymous, Polishing aluminum, Abrasive Ind., 2, p. 211; J. Inst. Met., 32, 1924, p. 668.
Anonymous, Cutting aluminum rapidly with a buzz planer, J. Frank. Inst., 180, p. 634.

Anonymous, Polishing aluminum castings, Fdy., 41, p. 302.

Deinhardt, K., The machining of aluminum and white metals, Maehy., 19, p. 970.

A uminum Co. of America, Machining wrought aluminum.

50. COMPARISON WITH OTHER MATERIALS OF CONSTRUCTION

1927
1926
1926

1925
1924

1922

1921

1920

1915

1913

Hardeeker, J. F., Standardization in the air, Auto. Ind., 56, p. 575.

Anonymous, Light alloys or steel? Engng., May 21.

Hoblyn, J. B., Commercial aluminum alloys from the users’ point of view, Fdy. Tr. J.

33, p. 3; disc., p. 34.

Knerr, H. C., Am. Inst. Min. and Met., Engrs., 71, p. 853.

Aitehison, L., Steel and light alloys as engineering materials, J. West Scot. Iron and Steel
Inst., 32, p. 10; Iron Coal Trades Rev., 110, 1925, p. 174; Chem. Abst., 19, 1925, p. 1844;

Mech. Wld., 77, 1925, p. 327; J. Iron and Steel Inst., Ill, 1925, p. 576.

Ellis, O. W., Use of light alloys for engineering construction, Can. Eng., 43, p. 553; Eng. and
Contr., 58, p. 140.

Rhodin, G. A., Aluminum and its alloys in engineering, The Engr., 131, pp. 488, 501, 531,

559, 586, 622, 635, 659.

Rollason, G. M., Alloyed aluminum as engineering material, Ind. Management, 59, pp.
387, 456; Mech. Eng., 42, p. 495.

MoncreiS, V. J., Aluminum or iron crank cases, a comparison of the two materials on the
basis of weight, strength, and cost, Horseless Age, 35, pp. 582-583.

Wyss, W., Resistance to bending, extension, specific gravity, and hardness of cast rods of

aluminum, cast iron, and bronze, Ferrum, 16, pp. 167-184, 207-217.
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51. ARSENIC

Text
refer- Year Name and title

ences

a 1922 Mansuri, G. A., Intermetallic action, The system aluminum-arsenic, J. Chem. Soc., 121,

p. 2272.

52. ANTIMONY

a
b

1919
1910
1906
1901

Anonymous, J. Roy. Phys. Chem. Soc., p. 461.

Bornemann, K., Die binaren metallegierungen, Metallurgie, 7, p. 572.

Tammann, G., Uber aluminium-antimonlegierungen, Zeit. f. Anorg. Chem., 48, p. 53.

Lippmann, Density of aluminum antimony alloy, Compt. Rend., 132, No. 21, pp.
1266-1267.

53. BERYLLIUM

1927
1927

a 1926

1926

b
c

1925
1916

Anonymous, Alloys of aluminum with germanium, Met., January 28, p. 6.

Kroll, W., The mechanical properties of the binary aluminum-beryllium alloys, Met.
Ind. Lona., 30, pp. 615-616.

Kroll, W., Uber die darstellung des berylliums (vergutbare aluminiumlegierungen), Met.
u. Erz, 23, p. 590.

Kroll, W., Die mechanischen eigenschaften die binaren aluminium-beryllium-legierungen,
Met. u. Erz, 23, pp. 616-618; J. Inst. Met.. 37, 1927, p. 447.

Anonymous, Alloys of beryllium and aluminum, Natl. Phys. Lab. report for 1925, p. 205.

Oesterheld, G., Alloys of beryllium with aluminum, copper, silver, iron, Zeit. Anorg.
Chem., 97, pp. 1, 6.

54. BISMUTH

a 1906

1906

1905

1904

Gwyer, A. G. C., Uber aluminium-wismut-und aluminium zinnlegierungenr Zeit.f. Anorg.
Chem., 49, pp. 311-319.

Pecheux, H., Determination of melting points of aluminum-lead and aluminum-bismuth
alloys by thermo-electric pyrometers, Compt. Rend., 143, pp. 397-398.

Pecheux, H., Sur une propriety des alliages etain-aluminium, bismuth-aluminium, mag-
nesium-aluminium, Compt. Rend., 140, p. 1535.

Pecheux, H., Sur les alliages de l’aluminium avec le bismuth et le magnesium, Compt.
Rend., 138, pp. 1501-1503.

55. BORON

a 1926 Haenni, P., Le bore dans l’aluminium et les alliages d’aluminium, Rev. deMet., 23, pp.
342-352; J. Inst. Met., 36, p. 431; Metallurgist, 2, pp. 157-159.

b 1925 Haenni, P., Boron in aluminum and aluminum alloys, Compt. Rend., 181, pp. 864-866;
Chem. Abst., 20, 1926, p. 894; Ind. and Eng. News Edn., February 20, 1926; J. Inst -

Met., 35, 1926, p. 534; Met., October 29, 1926, p. 157.

56. CADMIUM

a 1926

b

1926
1924

1908

Budgen, N. F., Influence of cadmium on aluminum, Brass Wld., 22, pp. 349-353; Tr.
Am. Soc. Steel Treat.., 11, 1927, p. 133; J. Inst. Met., 37, 1927, p. 448.

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. .T., 34, p. 393.

Budgen, N. F., Influence of cadmium upon the mechanical properties of aluminum, Met.
Ind. (Loud.), 25, pp. 141-147, 172-174; Chem. Abst., 18, p. 3351.

Gwyer, A. G. C., Aluminum cadmium alloys, Zeit. Anorg. Chem., 57, p. 149.
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67. CALCIUM

Text
refer-

ences
Year Name and title

1927 Edwards, J. D., Taylor, C. S., The electrical resistivity of ahnninum-caleium alloys.

Am. Electrochem. Soc., 50, pp. 391-400.

c 1927 Grogan, J. D., The influence of calcium on aluminum containing silicon, Met. Ind. (Lond.),
30, pp. 383-385.

1927 Ward, P. G., The influence of calcium on aluminum containing silicon. With an appen-
dix on The estimation of calcium in aluminum alloys, J. Inst. Met., March.

1926 Doan, G., Uber das system aluminium-kalzium-sihzium, Zeit. f. Met., 18, p. 350; Met.
Ind. (Lond.), 30, p. 144; Chem. Abst., 21, 1927, p. 886.

b 1926 Edwards, J. D., Taylor, C. S., Electrical resistivity of aluminum-calcium alloys, Met. Ind..
(Lond.), 29, pp. 359-360; Brass Wld., 22, pp. 323-324; Tr. Am. Electrochem. Soc., 50,

Chem. Abst., 20, p. 2972; J. Inst. Met., 37, 1927, p. 448.

a 1922 Grogan, J. D., Report of the influence of calcium and calcium plus silicon on aluminum.
Tech. Rept. Adv. Com. Aero., 2, p. 425.

1910 Breckenridge, Aluminum-calcium alloys, Met. and Chem. Eng., 8, p. 349.

c c 1908 Donski, L., Uber die legierungen des calciums mit zink, cadmium, aluminium, thallium,
blei, zinn, wismut, antimon und kupfer, Zeit. f. Anorg. Chem., 57, pp. 185-219; Chem.
Zntr., 1, pp. 1035-1038.

58. CERIUM

a 1926
1925

1925

b 1924
c 1923

1922

1921
d 1921

e 1912
1912
1911

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. J., 34, p. 393.

Meissner, K. L., Influence of cerium on aluminum, Met. u. Erz, 22, p. 511; J., Inst. Met.,
35, 1926, p. 534.

Schulte, J., Der einfluss des cers auf aluminium, Met. u. Erz, 22. p. 452; J. Inst. Met., 35,

1926, p. 534; Chem. Abst., 21, 1927, p. 3036.

Meissner, K. L., Influence of cerium upon aluminum, Met. u. Erz, 21, pp. 41-44.

Gillett, H. W., Schnee, V. H., Cerium in aluminum alloys, Ind. and Eng. Chem., 15, pp.
709-711.

Search, R. E., Influence of cerium on aluminum and other light metal alloys, Met. Ind.,

20, pp. 142-144.

Guillet, L., Note supplementaire sur les alliages d’aluminium. Rev. de Met., 18, p. 681.

Schulte, J., Uber den einfluss des cers auf die eigenschaften des aluminiums und einiger
wichtiger legierungen von leichtmetall, Met. u. Erz., 18, p. 237.

Barth, Metallurgie, 8, p. 261.

Vogel, R., Uber cer-aluminiumlegierungen, Zeit. f. Anorg. Chem., 75, p. 41.

Barth, O., Increase in chemical resistance of alloys capable of being mechanically worked,
and suitable for constructional use, Pt. II, Aluminum; Influence of cerium on its me-
chanical and chemical properties, Metallurgie, 9, pp. 261-276.

69. COBALT

a

b
c

d

e

1926

1926
1925

1923
1922
1922

1918

1911

1910
1908
1908

1908

Daniels, S., Some sand east alloys containing cobalt, Ind. and End. Chem., 18, pp.
686-691; Chem. Abst., 20, p. 2813; J. Inst. Met., 37, 1927, p. 449.

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. J., 34, p. 393.

Anonymous, Zur kenntnis der aluminiumlegierungen, Zeit. f. Gesamte Giessereipraxis,

33, p. 141.

Regelsberger, F., Die leichtmetalle in legierungen, Zeit. f. Angew. Chem., 37, p. 235.
Guillet, L., Les alliages legers: leurs recents progres, Rev. de Met., 19, p. 688.

Krause, II., The constitutional diagrams of the most important aluminum alloys, Alumi-
nium, 4, p. 9.

Drury, C. W., Cobalt, its occurrence, metallurgy, uses and alloys, Rept. Ontario Bur.
Mines, 27 (3)

.

Schirmeister, H., Investigation of the mechanical and chemical properties of light cobalt
aluminum alloys, Metallurgie, 8, p. 650; Stahl u. Eisen, 1915, 35, pp. 649, 873, 996.

Bornemann, K., Cobalt and aluminum, Metallurgie, 7, pp. 577, 578.

Gwyer, A. G. C., Aluminum and cobalt, Zeit. Anorg. Chem., 57, p. 140.

Gwyer, A. G. C., Alloys of aluminum with copper, iron, nickel, cobalt, lead, and cadmium,
Zeit. Anorg. Chem., 57, pp. 113-153; Chem. Zentral., 79 (I), pp. 1033-1035.

Portevin, A., Aluminum alloys, Rev. de Met., (Memoirs), 5, p. 274.

Neuburger, A., Improving the properties of aluminum (aluminum cobalt alloys) Elek-
trochem. Zeit., 26, p. 295.
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60. CHROMIUM

Text
refer-

ences
Year Name and title

a 1925 Sisco, F. T., Whitmore, M. R., Properties and structures of some alloys of aluminum-
chromium, Ind. and Eng. Chem., 17, p. 956; J. Inst. Met., 35, 1926, p. 534.

b 1923 Tamman, G., Sotter, E., Electrochemical behavior of alloys of iron-chromium, iron-
molybdenum, iron-aluminum, Zeit. f. Anorg. Chem., 127, pp. 257-272; J. Inst. Met.,
31, 1924, p. 420.

d 1921 Guillet, L., Note supplemental sur les alliages d’aluminium, Rev. de Met., 18, p. 682.

c 1908 Hindrichs, G., Uber einige chrom- und manganlegierungen, Zeit. f. Anorg. Chem., 59,

pp. 433-449.

61. COPPER

1927
1927

1927
1926

a 1926

1926

1926

1926

b 1925

c

d

1925

1925

1925

1924

1924

1924

8 1924

f 1924

g

1924

1924
1923

h 1923

i 1923
1922

1922
1922

1922
1922

3

k

1922
1922
1921
1921

1 1921

m 1921
1920

1920

n 1920

1920

Anonymous, Light aluminum copper alloys, Fdy. Tr. J., 35, p. 54.

Claus, W., Danyo, B., Zur kenntnis der entmischimgserscheinungen bei aluminum-
kupfer-legierungen, Zeit. f. Met-., 19, pp. 358-360.

Schuer, Aeron, Zeit. f. Met., 19, p. 16.

Anonymous, Characteristics of Ampco metal (copper-aluminum)
,
Am. Mach., 65, p. 377.

Dix, E. H., Richardson, H. H., Equilibrium relations in aluminum copper alloys of high
purity, Am. Inst. Min. and Met. Eng., 73, pp. 560-579; J. Inst. Met., 35, p. 535.

Guillet, L., Galibourg, J., Recherches sur le traitement thermique des alliages aluminium-
euivre, Rev. de Met., 23, p. 179: J. Inst. Met., 35, p. 535.

Leon, M., Effect of hot forging on mechanical properties of alloys of copper and of alumi-
num, Acad, des Sci.; Compt. Rend., 183, pp. 541-544; Tr. Am. Soc. Steel Treat., 11,

1927, p. 308.

Meissner, K. L., Die loslichkeit des kupfers in aluminium hohen reinheitsgrades, Zeit. f.

Met., 18, p. 197.

Archer, R. S., Jeffries, Z., New developments in high strength aluminum alloys, Am.
Inst. Min. and Met. Engrs., 71, pp. 828-863; Min. and Met., 6, p. 534; Brass Wld., 21,

pp. 414-416; J. Inst Met,, 34, p. 417; Mech. Wld., 77, p. 280.

Chevenard, P., Dilatometric anomaly of alpha solid solutions of copper and aluminum,
Compt. Rend., 189, pp. 1937-1939; Chem. Abst., 19, p. 3053; Sci. Abst., 28a, p. 744.

Guillet, L., Galibourg, J., Hardening of light aluminum-copper alloys containing over 5
per cent of copper, Compt. Rend., 181, p. 1107; Chem. Abst., 20, 1926, p. 1209.

Masing, G., Koch, L., On the constitution of copper-aluminum alloys, Wiss. Veroff.
Siemens Konzem, 4, p. 109; J. Inst. Met., 34, p. 424; Chem. Abst., 21, 1927, p. 218.

Anderson, R. J., Metallurgv of aluminum and aluminum alloys, publ. by H. C. Baird
& Co.

Basch, D., Sayre, M. F., Resistance of various aluminum alloys to salt water corrosion,
Mech. Eng., 46, p. 199.

Jette, E. R., Phragmen, G., Westgren, A. F., X-ray studies on the copper aluminum
alloys, J. Inst. Met., 31, pp. 193-216; Eng., 137, p. 304; Engng. 117, p. 361; Met. Ind.
(Lond.), 24, p. 282.

Parravano, N., Scortecci, A., Hardness of hot light alloys, Atti. Congr. Naz. Chim. Ind.,

pp. 281-290; J. Inst. Met., 34, 1925, p. 416.

Portevin, A., LeChatelier, F., Heat treatment of aluminum-copper alloys, Tr. Am. Soc.
Steel Treat., 5, pp. 457-478; Rev. de Met., 21, pp. 233-246: J. Inst. Met., 33, p. 345;

Chem. Abst., 18, p. 1972.
Stockdale, D., The aluminum-copper alloys. Alloys of intermediate composition. J. Inst.

Met., 31, pp 275-295; Met. Ind. (Lond.), 24, p. 282.

Swan, J. B., Light alloys, a survey of modem practice, Auto. Eng., 14, p. 293.

Hanson, D., Gayler, M. L. V., Heat treatment and mechanical properties of alloys of

aluminum with small percentages of copper, J. Inst. Met., 29, pp. 491-528; Engng., 115,

p. 343; Tech. Rept. Adv. Com. Aero., 2, pp. 478-489.

Hewlett, E. M., Basch, D., Aluminum and aluminum alloys for use on board ship, J.

Am. Soc. Nav. Eng., 35, pp. 675-692.
Regelsberger, F., Die leichtmetalle in legierungen, Zeit. f. Angew, Chem., 37, pp. 235-239.

Anderson, R. J., Preparation of light aluminum-copper casting alloys, U. S. Bureau Mines
Tech. Paper No. 287; Fdy. Tr. J., 27, p. 104; J. Inst. Met., 31, 1924, p. 416.

Anonymous, Light aluminum-copper castings, Iron Age, 110, p. 1687.

Bomemann, K., Sauerwald, F., Density measurement of metals and alloys, Systems
copper-tin and copper-aluminum, Zeit. f. Met., 14, pp. 145-159, 254-258, 457-461.

Guillet, L., Les alliages legers; leurs recents progres. Rev. de Met., 19, p. 688.

Krause, H., Constitutional diagrams of the most important aluminum alloys. Aluminium,
4, p. 9.

Obtani, B., Hemmi, T., Alloys of aluminum and copper, J. Chem. Ind. Japan, 24, p. 1353.

Stockdale, D., The copper rich aluminum-copper alloys, J. Inst. Met., 28, pp. 273-296.

Anderson, R. J., Aluminum copper alloys, Am. Electrochem. Soc., 40, pp. 405-434.

Edwards, J. D., Mechanism of solidification of a copper-aluminum alloy, Chem. Met.
Eng., 24, pp. 217-220.

Guillet, L., Le traitement thermique de certains alliages complexes d’aluminium, Genie
Civil, 79, p. 520.

11th report to Alloys Research Committee, Inst. Mech. Engrs.
Anderson, R. J., Manufacture of rich copper aluminum alloys or hardeners, Chem. Met.
Eng., 23, pp. 617-621.

Anderson, R. J., Foundry methods for light aluminum copper alloys, Chem. Met. Eng.,

23, pp. 735-737.

Anderson, R. J., Experiments in manufacturing No. 12 alloy, Chem. Met. Eng., 23, pp.
883-887; Aluminium, 5, 1923, p. 6.

Anderson, R. J., Diffusion of solid copner in liquid aluminum, Chem. Met. Eng., 23, pp.
575-577.
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81. COPPER—Continued

Text
refer-

ences

1

J

Year

0

P

I

1920
1919

1919

1916
1915

1915

q 1912

1910

r 1909

1909

s 1908

t 1907

u 1907

V 1907
1907

w 1905

1903

1903

1902

X

1902
1901

Name and title

Dix, E. H., Charpy impact test as applied to aluminum alloys, Min. and Met., 160, p. 31.
Merica, P. D., Waltenberg, R. G., Freeman, J. R., jr., Constitution and metallography of
aluminum and its light alloys with copper and with magnesium, Bureau of Standards
Sci. Paper No. 337.

Seligman, R., Williams, P., A case of disintegration of a copper aluminum alloy, J. Inst.
Met., 20, pp. 197-198; Chem. Abst., 13, p. 222.

Edwards, C. A., Copper aluminum alloys, Met. Ind. (Lond.), 9, pp. 47-49.
Andrew, J. H., Some experiments upon copper aluminum alloys, J. Inst. Met., 13, p. 249.
Rolla, L., Thermochemistry of copper aluminum series, Gazz. Chim. Ital., 55, I. pp.

192-196.

Broniewski, W., Propri6t6s electriques des alliages d’aluminium, Ann. d. Chim. et d’Phy-
sique, 25, p. 5.

Jones, J. L., Zinc-hardened aluminum vs. copper hardened aluminum for making aluminum
castings, Met. Ind., 8, pp. 16-17.

Broniewski, W., Electrical properties of aluminum copper alloys, Compt. Rend., 149, pp.
853—855.

Peeheux, H., Electrical properties of copper aluminum alloys (thermo-electricity and
resistance), Compt. Rend., 148, p. 1041.

Gwyer, A. G. C., Aluminum alloys with iron, copper, nickel, cadmium, lead, etc., Zeit.
Anorg. Chem., 57, pp. 113-153; Chem. Zentr., 79 (I), pp. 1033-1035.

Carpenter, H. O. H., Edwards, C. A., Alloys of aluminum and copper,Appendix to Eighth
report of Alloys Research Committee of Inst. Mech. Eng. (Lond.), Eng., pp 259-385;
J. Soc. Chem. Ind., 26, p. 206.

Carpenter, H. C. H., Edwards, C. A., Alloys of aluminum and copper, 8th report to Alloys
Res. Com. Inst. Mech. Eng., (1-2), pp. 57-388; Eng., 83, pp. 127-129, 158-162.

Curry, B. E., Constitution of aluminum bronzes, J. Phys. Chem., 11, pp. 425-436.
Curry, B. E., Woods, S. H., Tensile strength of copper aluminum alloys, J. Phys. Chem.,

11, pp. 461-491.
Guillet, L., Etudes theorique et industrielle des alliages de cuivre et d’aluminium, Rev. de
Met., 2, p. 567; Compt. Rend., 141, p. 464.

Anonymous, Thermal examination of some alloys of aluminum and copper, Arch. Sci.
Phys. Nat. Geneve, 15 (IV), pp. 49-77.

Longouinine, W., Schukareff, A., Thermal examination of some alloys of copper and
aluminum, Arch. Sci. Phys. et Nat. Geneve, 15 (4), pp. 49-77; Chem. Zentr., 1 (9), p. 498;
J. Soc. Chem. Ind., 22, p. 368.

Anonymous, The aluminum nickel and copper alloys and their applications tpartinium
and nickel-aluminum) Metallarbeiter, 28, (2), pp. 658-657.

Campbell, W., Mathews, J. A., Alloys of aluminum, J. Am. Chem. Soc., 24, pp. 253-266.
Guillet, L., Alloys of a um num and copper, Compt. Rend. 133, pp. 684-686.
Edwards, J. D., Prytherch, British Nonferrous Research Assn.

62.

GERMANIUM

1927

1926

a 1926

1919
1910
1906

Kroll, W., Alloys of aluminum with germanium, Metallurgist, 3, pp. 6-7; J. Inst. Met.,
37, 1927, p. 451.

Kroll, W., Aluminum alloys showing aging phenomena. Replacement of silicon with
germanium, Metall u. Erz, 23, pp. 684-685; J. Inst. Met., 37, 1927, p. 451.

Kroll, W., Germanium-aluminum, Met. u. Erz, 23, pp. 682-684; Met. Ind. (Lond.),
30, 1927, p. 432; J. Inst. Met., 37, 1927, p. 451.

Anonymous, J. R. Ph. Ch. S. J., p. 461.

Borneman, K., Die binaren metallegierungen, Metallurgie, 7, p. 572.
Tamman, G., Uber aluminium-antimonlegierungen, Zeit. f. Anorg. Chem., 48, p. 53.

63.

GOLD

b
a

1914
1910
1900

1891

Heycoek, C. T., Neville, F. EL, Aluminum-gold alloys, Phil. Tr. Roy. Soc., 214 (A), p. 267.

Borneman, K., Die binaren Metallegierungen, Metallurgie, 7, p. 572.

Heycock, C. T., Neville, F. H., Gold aluminum alloys, Proc. Roy. Soc., 66, pp. 20-21;

Phil. Tr., 194A, p. 201; 214A, 1914, p. 267.

Roberts-Austen, W. C., On the melting points of the gold-aluminum series of alloys,

Proc. Roy. Soc., 56, p. 367.

64.

ISON

1927

1926

1926

1926

Gwyer, A. G. C., Phillips, H. W. L., The constitution of alloys of aluminum with silicon

and iron. J. Inst. Met. preprint.
Masing, G., Dahl, O., The expansion of aluminum-iron alloys on freezing, Metallurgist,

2, p. 110; J. Inst. Met., 37, p, 451.

Masing, G., Dahl, O., On the solidification of aluminum containing iron, Wiss. Veroff.

Siemens-Konzern, 5, pp. 152-155; J. Inst. Met., 37, 1927, p. 451.

Masing, G., Dahl, O., The expansion on solidification of ferriferous aluminum, Zeit.

Anorg. Allgem. Chem., 154, pp. 189-196; Chem. Abst., 20, p. 2972; Met., July 30, p. 110;

J. Inst. Met., 37, 1927, p. 451.



376 CIRCULAR OF THE BUREAU OF STANDARDS64.

IRON—Continued

Text
refer-

ences
Year

a 1926

b 1926
c 1925

1925

1925

d 1924

e 1924

1924

1923

1923

1923

f 1923

g 1922

k 1921
1921

h 1920

i 1918

1917

j 1915

1908

1908
1902

1901

1901

Name and title

Masing, G., Dahl, O., Solidification phenomena of aluminum containing appreciable iron,
Wiss. Veroffentlich. Siemens Konzern, 5, p. 152; Chem. Abst., 20, p. 3152.

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. J., 34, p. 393.

Dix, E. H., ir., A note on the microstructure of aluminum iron alloys of high purity, Am.
Soc. Test. Matls., 25 (2), pp. 120-229; Chem. Abst., 19, p. 2803; J. Inst. Met., 35, 1926,

p. 538.

Schmidt, A. W., The absorption of iron by aluminum, Zeit. f. Met., 17, pp. 96-97; Chem.
Abst., 19, p. 3242; J. Inst. Met., 35, 1926, p. 459.

Tamman, G., Siebel, G., Die anlaufiarben auf eisenkohlenstofflegierungen und auf den
eisenmischkristallen Fe-Ni, Fe-V, Fe-Al, Zeit. f. Anorg. Allgem. Chem., 148, pp. 297-
312.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird
& Co.

Czochralski, J., Der einfluss von silizium und eisen auf die eigenschaften des aluminium,
Zeit. f. Met., 16, pp. 162-173.

Goto, M., Mishima, T., On the influence of iron upon alloys consisting of aluminum and
silicon, Nihon-Kogyokwaishi, 40, (474), pp. 695-702; Jan. J. Eng. Absts., 4, p. 46; J. Inst.

Met., 36, 1926, p. 435.

Anonymous, Magnesium vs. iron for hardening a complex aluminum alloy, Chem. Met.
Eng., 29, p. 19.

Dix, E. H., Observations on the occurrence of iron and silicon in aluminum, Proc. Am.
Inst. Min. and Met. Engrs., 69, pp. 957-971.

Kurnakow, N., Urasow, G., Grigoneff, A., Alliages Fe-Al, Al., Rev. de Met. Extraits,

20, p. 66; J. Russ. Phys. Chem. Soc., 1, 1919, p. 31.

Tamman, G., Sotter, E., Electrochemical behavior of alloys of iron-chromium, iron-

molybdenum, iron-aluminum, Zeit. f. Anorg. Chem., 127, pp. 257-272; J. Inst. Met.,
31, 1924, p. 420.

Krause, EL, The constitutional diagram of the most important aluminum alloys. Alumi-
nium, 4 (34), p. 9,

Guillet, L., Note supplementaire sur les alliages d’aluminium, Rev. de Met., 18, p. 681.

Report to Light Alloys Research Committee, Inst. Mech. Engrs.
Guillet, L., Portevin, A., L’influence du fer sur les proprictes mecanique de I’aluminium
brut de coulee, Rev. de Met., 17, p. 286.

Kurnakow, N., Urasow, G., Grigoriero, A., Alloys of iron and aluminum, J. Russ. Physieo.
Chem. Soc., 59, p. 270; J. Inst. Met., 29, p. 666; Zeit. f. Anorg. Chem., 125, 1922, pp. 207-

229; J. Soc. Chem. Ind., 42, 1923, pp. 146A-147A.
Yenson, T. D., Gatward, W. A., Magnetic and other properties of iron aluminum alloys
melted in vacuo, Bull. No. 95, Univ. of Illinois, January 29.

Schirmeister, H., Zur kenntnis der binaren aluminiumlegierungen, Stahl, u. Eisen, 35,

pp. 649-652, 873-877, 996-1000.

Gwyer, A. G. C., Alloys of aluminum with copper, iron, nickel, cobalt, lead, and cadmium,
Zeit. Anorg. Chem., 57, pp. 113-153; Chem. Zentralblatt, 79 (I), pp. 1033-1035.

Portevin, A., Les alliages d’aluminium, Rev. de Met., 5, pp. 274-305.

Guillet, L., Alloys of aluminum with iron and with manganese, Compt. Rend., 134, (4),

pp. 236-238.
Brunck, O., Uber einige krystallisirte, metallische verbindungen des aluminiums, Ber. d.

Deut. Chem. Gesellsehaft, 34, pp. 2733-2735.
Richardson, S. W., Lownds, L., The magnetic properties of the alloys of cast iron and
aluminum, Phil. Mag., 6, pp. 601-624.

65.

LEAD

Gwyer, A. G. C., Alloys of aluminum with copper, iron, nickel, cobalt, lead, and cadmium,
Zeit. Anorg. Chem., 57, pp. 113-153; Chem. Zentralb., 79 (I), pp. 1033-1035.

Gwyer, A. G. C., Aluminum lead alloys, Zeit. Anorg. Chem., 57, p. 147.

Pecheux, EL, Lead aluminum alloys, Compt. Rend., 139, pp. 1042-1044; Metailurgie, 1, p.
513.

66.

LITHIUM

d 1926

e 1926

a 1926
1925
1925

b 1924

c
|

1924

Assmann, P., Ueber vergutbare aluminium-lithiumlegierungen, Zeit. f. Met., 18, p. 51;

Chem. Abst., 20, p. 1585; J. Inst. Met., 35, p. 538.

Assmann, P., Die bedeutung des siliziums fur die vegutbarkeit des aluminiums durch Li
Oder Mg., Zeit. f. Met., 18, p. 256.

Welter, Zeit. f. Met., 18, pp. 95, 117.

Anonymous, Hardening aluminum alloys, Brass Wld., 21, p. 302.

Assmann, P., Die entwicklung des problems der thermischen vegutung technischer alumi-
niumlegierungen, Met. u. Erz., 22, p. 506.

Reuleaux, O., Scleron alloys, Zeit. f. Met., 16, p. 436; J. Inst. Met., 33, 1925. p. 346; Chem.
Abst., 19, 1925, p. 3469.

Regelsberger, F., Die leiehtmetalle in legierungen, Zeit. f. Angew Chem., 127, p. 235.
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67. MAGNESIUM

Text
refer-

ences
Year Name and title

1926

1924

1924

1924

1923

1922

1922
1921

a 1920
b 1919

1914

1913

C 1905
1905

1904

1901

Assmann, P., Die bedeutung des siliziums fur die vergutbarkeit des aluminiums durch
lithium oder magnesium, Zeit. f. Met., 18, p. 256.

Daniels, S. D., Cast alloys of aluminum containing small amounts of magnesium, Ind.
and Eng. Chem., 16, pp. 1243-1248.

Hallman, K., The aludur alloys as workshop materials, Masehinenbau, 3, p. 1084; J. Inst.
Met., 33, 1925, p. 345.

Hallman, K., Aludur, Zeit. f. Met., 16, p. 433; Chem. Abst., 19, 1925, p. 3240; J. Inst.
Met., 34, 1925, p. 425.

Anonymous, Magnesium vs. iron for hardening a complex aluminum alloy, Chem. Met.
Eng., 29, p. 19.

Krause, H., Constitutional diagrams of the most important aluminum alloys, Aluminium,
4, p. 9.

Obtani, B., Alloys of aluminum and magnesium, J. Chem. Ind. Japan, 25, p. 36.
Hanson, D., Gayler, M. L. V., Constitution and age-hardening of the alloys of aluminum
with magnesium and silicon, J. Inst. Met., 26, p. 321.

Hanson, D., Gayler, M. L. V., J. Inst. Met., 24, p. 201.

Merica, P. D., Waltenberg, R. G., Freeman, J. R., jr., Constitution and metallography
of aluminum and its light alloys with copper and with magnesium, Bureau of Standards
Sci. Papers No. 337.

Schirmeister, H., Erzeugung des aluminium, magnesium, zustanddiagrammes, Met. u.
Erz., 2, p. 522.

Eger, G., Studie uber die konstitution des ternaren Mg-Al-Zn legierungen, Intern. Zeit.
f. Metallog., 4, p. 29.

Grube, G., Ueber magnesium-aluminiumlegierungen, Zeit. f. Anorg. Chem., 45, p. 225.
Pecheux, H., Alloys of aluminum with tin, bismuth, and magnesium, Compt. Rend., 140,

pp. 1535-1536.

Pecheux, H., Alloys of aluminum with magnesium and with antimony, Compt. Rend.,
138, pp. 1606-1607.

Boudonard, O., Les alliages d’aluminium et de magnesium, Bull. Soc. d’Encour. pour
rindustrie Nat., 101, p. 773; Compt. Rend., 132, p. 1325.

68. MANGANESE

1

b

c
d

f

g

h

i

j

11

k

1927

1927

1927

1926
1926

1926
1925
1925

1925

1925

1924

Anonymous, Die verwendung von aluminium-mangan-legierungen in huttenbetrieb,
Metall Wirtschaft, 6, pp. 317-318.

Corson, G. M., Manganese in nonferrous alloys, Am. Inst. Min. and Met. Engrs., pre-
print 1655-C-E; J. Inst. Met., 37, p. 452.

Dix, E. H., Keith, W. D., Equilibrium relations in aluminum manganese alloys of high
purity, Am. Inst. Min. and Met. Engrs., preprint 1663-E.

Daniels, S. D., Sand-cast aluminum manganese alloys, Ind. and Eng. Chem., 18, p. 2.

Haas, W., On sand-cast manganese aluminum alloys, Giesserei-Zeit., 23, pp. 328-329:
J. Inst. Met., 36, 1926, p. 435.

Strauss, J., Impact tests show fitness of cast aluminum alloys, Fdy., 54, p. 426.
Daniels, S. D., Sand-cast aluminum manganese alloys, Ind. and Eng. Chem., 18, p. 125.
Hidnert, P., Thermal expansion of aluminum and various important aluminum alloys,

Sci. Papers of Bureau of Standards, No. 497.

Streeter, R. L., Faragher, P. V., Aluminum and its lighter alloys, Brass Wld., 21, pp.
377-379, 424-426.

Wilson, E., Electrical conductivity of certain light aluminum alloys and copper con-
ductors as affected by atmospheric exposure, J. Inst. Elec. Eng., 63, pp. 1108-1114; Sci.
Abst., 29b, 1926, p. 78.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

1924 Guillet, L., Historique des alliages legers d’aluminium, Genie Civil, 84, pp. 298-303, 319,
356-359.

1923

1923

1922

1922
1922

1921
1920

1919
1915

1902

Anonymous, Effect of silicon and manganese on aluminum alloys, Chem. Met. Eng., 29,
p. 364; J. Inst. Met., 31, 1924, p. 410.

Hewlett, E. M., Basch, D., Aluminum and aluminum alloys for use on board ship, J.
Am. Soc. Naval. Eng., 35, pp. 675-692.

Aluminum Company of America, Melting and pouring aluminum alloys, Am. Mach.,
56, p. 1.

Guillet, L., Les alliages 16gers: leur recent progres, Rev. de Met., 19, p. 688.

Schreiber, K. A., Influence of different added elements on aluminum and its more com-
mon alloys, Met. Ind. (Lond.), 21, pp. 362-367.

Guillet, L., Note supplementaire sur les alliages d’aluminium, Rev. de Met., 18, p. 681.

Anderson, R. J., Anderson, M. B., Aluminum rolling-mill practice, Chem. Met. Eng.,
22, pp. 489-491, 545-550, 599-604, 647-650, 697-702.

Anderson, R. J., Study common aluminum alloys, Fdy., 47, pp. 827-828.

Schirmeister, H., Zur kenntnis der binaren aluminiumlegierungen, Stahl u. Eisen, 35,
pp. 649-652, 873-877, 996-1000.

Hindriehs, G., Ueber einige Chrom-und Manganlegierungen, Zeit, Anorg. Chem., 59,

pp. 414-449.

Guillet, L., Contribution to the study of the alloys of aluminum-iron and aluminum-
manganese, Compt. Rend., 134, pp. 236-238.
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69. MOLYBDENUM

Text
refer-

ences
Year Name and title.

a
1926
1925

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. J., 34, p. 393.

Risman, H., The use of molybdenum for the improvement of aluminum alloys, Zeit. f.

Met., 14, pp. 195-203.

Tamman, G., Sotter, E., Electrochemical behavior of alloys of iron-chromium, iron-b 1923

c 1922

molydbenum, iron-aluminum, Zeit. f. Anorg. Chem., 127, pp. 257-272; J. Inst. Met.,
31,, 1924, p. 420.

Reiman, H., Untersuchungen fiber aluminium-molybdanlegierungen , Zeit. f. Met., 14,

d 1922
pp. 119-123.

Reiman, H., Die verwendbarkeit des molybd&ns zur veredlung von aluminiumlegierungen.

e

1908

1901

Zeit. f. Met., 14, pp. 195-203.

Guillet, L., Sur les alliages d’aluininium. Combinaisons de raluminium et du molyb-
dene, Compt. Rend., 132, p. 1322.

Guillet, L., Alloys of aluminum and molybdenum, Compt. Rend., 133, (5), pp. 291-293.

70. NICKEL

1927

1927
1926

1926
a 1926

1926
b 1925

1925

C 1924

1924
1923

d 1923

e 1923
f 1922

1922

g 1915

1915

h 1908

1900

Corson, M. G., Manganese in nonferrous alloys, Am. Inst. Min. and Met. Engrs., pre-
print No. 1655-C.

Gleason, E. D., Nickel aluminum bronzes, Met. Ind., (Lond.), 30, p. 459.

Bingham, K. E., The constitution and age hardening of some ternary and quartenary
alloys of aluminum containing nickel, J. Inst. Met., 36, p. 137; Met. Ind. (Lond.), 29,

p. 509.

Corson, M. G., Aluminum and its alloys, D. Van Nostrand Co., p. 131.

Pannell, E. V., Aluminum alloys develop greater commercial applications, Edy., 54, p. 105.

Strauss, J., Impact tests show fitness of cast aluminum alloys, Fdy., 54, p. 426.

Haas, W., Uber aluminiumlegierungen und ihre verwendung, Giesserei Ztg., 22, p. 491.

Wilson, E., Electrical conductivity of light aluminum alloys and copper conductors as
affected by atmospheric exposure, J. Inst. Elec. Engrs., 63, p. 1108.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, Publ. by H. C. Baird
& Co.

Anonymous, History of the light alloys of aluminum, Genie Civil, 84, pp. 298, 319, 356.

Anonymous, The analysis of light aluminum alloys, Met. Ind. (Lond.), 23, p. 45.

Hewlett, E. M., Basch, D., Aluminum and aluminum alloys for use on board ship, J. Am
Soc. Nav. Eng., 35, p. 675.

Regelsberger, F., Die leichtmetalle in legierungen, Zeit. f. Angew. Chem., 37, p. 235.

Aluminum Co. of America, Alloys of aluminum, Am. Mach., 56, p. 740.

Krause, H., The constitutional diagrams of the most important aluminum alloys, Alu-
minium, 4, p. 9.

Read, A. A., Greaves, R. H., The properties of some nickel aluminum and copper nickel
aluminum alloys, J. Inst. Met., 13, pp. 100-159.

Schirmeister, H., Zur Kenntnis der binaren Aluminiumlegierungen, Stahl u. Eisen, 35,

pp. 649, 873, 996.

Gwyer, A. G. C., Alloys of aluminum with copper, iron, nickel, cobalt, lead, cadmium,
Zeit. Anorg. Chem., 57, pp. 113-153; Chem. Zentralblatt, 79, (1), pp. 1033-1035.

Anonymous, Nickel aluminum as bell metal, Uhlands’ Verkehrszeitung u. Ind. Rund-
schau., 14, p. 229.

j

71.

NIOBRIUM

72.

PHOSPHORUS

73.

PLATINUM

a
b

1912
1912

Chouriguine, M., Aluminum platinum alloys, Compt. Rend., 155, p. 156.

Chouriguine, M., Alloys of platinum and aluminum, Rev. de Met., 9, pp. 874-883.

74. POTASSIUM

1907
1906

Anonymous, Zeit. Anorg. Chem., 56, p. 109.

Mathewson, Alloys of aluminum with potassium and sodium, Zeit. Anorg. Chem., 48, p.
192.

75. SELENIUM

a
1926
1917

Kroll, W., Vergutbare aluminiumlegierungen, Met. u. Erz, 23, pp. 225, 390, 531.

Chikashige, M., Aoki, T., Aluminum selenides, Mem. Coll. Sci. Kyoto, 2, p. 249; J. Inst.
Met., 19. 1918, p. 251.
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76. SILICON

Text
refer- Name and title

1927

1927
1927

1927

1927
1927

1927

1927

1927
1927

1927

1927

1927

1927
1927

1927

1927
1927

1926
1926

1926

1926

1926

1926

1926

1926

1926

1926
1926

1926

1926
1925
1925
1925
1925

1925

1925
1925
1925

1925

1925

1925

1925
1924

1924

1924

Anonymous, Mode d’emploi du silico-aluminium et du mangano-silicure d’aluminium,
J. du Four. Elect., 36, p. 102.

Anonymous, Aluminum silicon alloys, Met., January 28, pp. 8-14.

Archer, R. S., Kempf, L. W., Hobbs, D. B., Heat treatment of aluminum-silicon alloys.
Am. Soc. Steel Treat, convention, September; Am. Inst. Min. Met. Eng. Tech.
Pub. 23.

Archer, R. S., Kempf, L. W., Gives useful pointers on modifying aluminum silicon alloys,

Fdy., 55, p. 391.

Czochralski, J., Silumin, Zeit. f. Met., 19, pp. 14-16.

Dix, E. H. jr., Heath, A. C., jr., Equilibrium relations in aluminum-silicon and aluminum-
iron-silicon alloys of high purity, Am. Inst. Min. Met. Eng. Tech. Pub. 30.

Dix, E. H., jr., Smith, A. C., Equilibrium relations in aluminum silicon and aluminum
iron, Am. Soc. Steel Treat, comvention, September.

Ehlermann, H., Aluminum silicon alloys, Eng. Progress, 18, pp. 75, 76; Tr. Am. Soc. Steel
Treat., 11, p. 810.

Gayler, M. L. V., The undercooling of some aluminum alloys, J. Inst. Met., preprint 442.
Grogan, J. D., The influence of calcium on aluminum containing silicon, Met. Ind. (Lond.),

30, pp. 383-385; J. Inst. Met. 37, pp. 77-91.

Gwyer, A. G. C., Phillips, H. W. L., La constitution et la structure des alliages aluminium-
silicium, La Fond. Mod., 21, p. 15.

Gwyer, A. G. C., Phillips, H. W. L., The constitution of alloys of aluminum with
silicon and iron, J. Inst. Met. preprint 443.

Koster, W., Muller, F., Uber die loslichkeit des siliziums im aluminium, Zeit. f. Met., It,

pp. 52-57; Chem. Abst. 21, p. 1615; J. Inst. Met.. 37, p. 453.

Lloyd, B., Aluminum castings crown Pittsburgh snrine, Fdy., 55, pp. 292-296.

Meissner, K. L., Researches on aluminum-silicon alloys in the year 1926, Zeit. f. Met.,
19. pp. 119-121; 167-169; J. Inst. Met., 37, p. 453.

Mortimer, G., Light alloy castings in marine engineering, Met., 143, pp. 2-4; Chem. Abst.,
21, p. 1440.

Scheuer, E., Scleron and aeron, Zeit. f. Met., 19, pp. 16-19; J. Inst. Met., 37, p. 454.
Ward, P. G., The influence of calcium on aluminum containing silicon. With an appendix
on The estimation of calcium in aluminum alloys, J. Inst. Met. (March).

Anonymous, Aluminum, silumin and magnesium pistons, Met. ind. Lond., 29, p. 560.

Anonymous, Silumin, an improvement of its dynamic elastic qualities and endurance limit
by the addition of copper, J. Inst. Met., 36, p. 325.

Anonymous, Properties of high strength aluminum casting alloys, Am. Soc. Test. Matls
Report, Com. B-2.

Archer, R. S., Kempf, L. W., Modification and propertiesof sand cast aluminum silicon

alloys, Am. Inst. Min. and Met. Engrs., 73, pp. 581-619; J. Inst Met., 35, p. 539.

Assmann, P., Die bedeutung des siliziums fur die vergutbarkeit des aluminiums durch
lithium Oder magnesium, Zeit. f. Met., 18, p. 256.

Doan, G., Uber das system aluminium-kalzium-silizium, Zeit. f. Met., 18, p. 350; Met.
Ind. (Lond.), 30, p. 144; Chem. Abst., 21, 1927, p. 886.

Grogan, J. D., Some mechanical properties of silicon aluminum alloys, Met. Ind. (Lond.)
29, pp. 269, 291; Fdy. Tr. J., 34, p. 267; Engng., 122, p. 341; J. Inst. Met., 36, p. 269.

Gwyer, A. G. C., Phillips, H. W. L., Constitution and structure of the commercial alu-
minum silicon alloys, Fdy. Tr. J., 34, p. 247; J. Inst. Met., 36, p. 283.

Gwyer, A. G. C., Phillips, H. W. L., Aluminum silicon alloys, Met. Ind. (Lond.), 29, p
236.

Obtani, B., Silumin and its structure, J. Inst. Met., 36, p. 243; Engng., 122, p. 336; Met.
Ind. (Lond.), 29, p. 292; Sci. Rept. Tohoku Imp. Univ. No. 15, pp. 679-719.

Pannell, E. V., Aluminum alloys develop greater commercial applications, Fdy., 54, p. 105.

Petit, A., Les alpax speciaux, Rev. de Met., 23, pp. 418, 465; Chem. Abst., 20, p. 3423; J.

Inst. Met., 36, p. 435.

Stockdale, D., Wilkinson, I., Properties of the modified aluminum silicon alloys, Fdy.
Tr. J., 34, p. 223; J. Inst. Met., 36, p. 283.

Strauss, J., Impact tests show fitness of' cast aluminum alloys, Fdy., 54, p. 426.

Anonymous, Aluminum alloy alpax, Engng., 119, p. 46; J. Inst. Met., 35, 1926, p. 539.

Anonymous, Light alloys, Report of Natl. Phys. Lab., p. 200.

Anonymous, Cast alpax railroad coach door, Engng., 129, p. 353.

Basch, D., Sayre, M. F., Founding and properties of aluminum silicon alloys, Met. Ind.
(Lond.), 26, 'pp. 105, 134, 156, 181; J. Inst. Met., 36, 1926, p. 636.

Daniels, S. D., Normal sand cast alloys of aluminum containing small amounts of silicon,

Ind. and Eng., Chem., 17, p. 485; Chem. Abst., 19, p. 3470; J. Inst. Met., 35, 1926, p. 420.

Edwards, J. D., Density of aluminum silicon alloys, Met. Ind., (Lond.), 26, p. 406.

Esselbach, H., Die aluminium silizium legierungen, Giesserei Ztg., 22, p. 161.

Guillet, L., A new aluminum alloy, Alpax, Fdy, Tr. J., 31, pp. 161-165, 177-180; J. Inst.

Met., 36, 1926, p. 436.

Petit, A., Contribution to the study of aluminum silicon alloys, Compt. Rend., 181, pp.
718, 719; J. Inst. Met., 35, 1926, p. 539.

Streeter, R. L., Faragher, P. V., Aluminum and its lighter alloys, Brass Wld., 21, pp. 377,

424.

Tapsell, H. J., Some mechanical tests of cast bars of Alpax, Am. Res. Com. Rept. and
Memo. No. 1011 (Dec.).

Tullis, D. R., The specific gravity of aluminum silicon alloys, Met. Ind. (Lond.), 26, p. 211.

Aitchison, L., Aluminum and magnesium alloys have many advantages, Auto. Ind., 59,

p. 924.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

Anonymous, Historique des alliages 16gers d’aluminium, G6nie Civil, 84, pp. 298, 319, 356;

Chem. Abst., 29, 1926.
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76. SILIC02I—Continued

Text
refer-

ences
Name and title

1924

1924

1924
1924

1924

1924
1924
1924

1924

1924

1924

1924
1924

1924
1924

1923

1923

1923

1923

1923

1923

1923

1923
1923
1923

1923

1922
1922

1922

1922
1922

1922

1922

1922

1922
1922
1922

1921
1921

1921
1915

1914

1911
1909
1908

1907

1905

Anonymous, Aluminum and its alloys, I. Aluminum foundry practice, Met. Ind. (Lond.),
25, p. 351.

Anonymous, A new alloyof aluminum. Bull. Tech. Suisse Eomande, 1922, p. 261; J. Inst.
Met., 31, p. 410.

Anonymous, Aluminum silicon alloys, Auto. Eng., 14, p. 170.

Basch, D., Sayre, M. F., Foundry treatment and physical properties of silicon aluminum
sand castings, Am. Fdymans. Assoc., 32, p, 350.

Czochralski, J., Effect of silicon and iron on the properties of aluminum, Zeit. f. Met., 16

p. 162; Chem. Abst., 19, 1925; p. 1122.

Edwards, J. D., Archer, R. S., New aluminum silicon alloys, Chem. Met. Eng., 31, p. 504.

Gat, J. P., Silicon in aluminum silicon alloys, Ind. and Eng. Chem., 16, p. 959.

Goto, M., Mishima, T., On the influence of iron upon alloys consisting of aluminum and
silicon, Nihon-Kogyokwaishi, 40 (474), pp. 695-702; Jap. J. Eng. Absts., 4, p. 46; J. Inst.

Met., 36, 1926, p. 435.

Johnston, R. L., Note on silicon in aluminum alloys, Chemist-Analyst, 41, p. 9; J. Inst.
Met., 32, p., 591.

Lvon, A. J. Aluminum silicon alloys, Auto. Eng., 14, p. 170; J. Inst. Met., 32, p. 636; Chem.
Abst., 19, 1925, p. 2020.

Parravano, N., Scortecci, A., Modification in the structure of alloys of aluminum con-
taining large percentages of silicon, Atti. Congresso Naz. Chim. Ind., p. 291; Chem.
Abst., 19, 1925, p. 1685; J. Inst. Met., 34, 1925, p. 420.

Rosenhain, W., Light alloys of aluminum, Met. Ind., (Lend.), 25, 3; Engng., 117, p. 751.

Rosenhain, W., Archbutt, S. L., Light alloys of aluminum. Empire Min . ana Met/Cong.
Proc., 5, p. 5.

Swan, J. B., Light alloys. A general survey of modem practice. Auto. Eng., 14, p. 293.
Swan, J. B., Aluminum silicon alloys. Auto. Eng., 14, pp. 102, 223; J. Inst. Met., 32, p.

636; Chem. Abst., 19, 1925, p. 2020.
Anonymous, Effect of silicon and manganese on aluminum alloys, Chem. Met. Eng., 29,

p. 364; J. Inst. Met., 31, 1924, p. 410.

Anonymous, Recent progress in the application of aluminum alloy Alpax in the foundry.
Am. Fdyman. Assoc., preprint 398, April-May.

Anonymous, MachinabiUty of cast aluminum alloys in particular of silumin, Werkstatts-
technik, September 15; Zeit. f Deut. Ing., 68, 1924, p. 11; J. Inst. Met., 31, 1924, p. 538.

Anonymous, Method of manufacture of aluminum and the aluminum silicon alloy, J.

Four. Elect., 32, p. 102; J. Inst. Met., 31, 1924, p. 501.

Cain, T. B. L., Some new and important alloys of aluminum. Met. Ind. (Lond.), 22, p.
413.

Dix, E. H., Observations on the occurrence of iron and silicon in aluminum, Proc. Am.
Inst. Min. and Met. Engrs., 69, pp. 957-971.

Edwards, J. D., Jeffries, Z., Thermal properties of aluminum silicon alloys, Chem. Met.
Eng., 28, p. 165.

Edwards, J. D., Archer, R. S., Chem. Met. Eng., 28, p. 504.

Guerin, R., Silicon in aluminum, Ann. Chim. Anal. Chim. Appl., 5, pp. 4-8.

Guillet, L., A new aluminum alloy, Alpax, Genie Civil, 82, p. 413; Am. Fdyman. Assoc.,
32, 1924, p. 309; J. Inst. Met., 34. 1925, p. 420; Am. Inst. Min. and Met. Engrs., 32 (I),

1925, p. 309; J. Inst. Met., 35, 1926, p. 540.

Hewlett, E. M., Basch, D., Aluminum and aluminum alloys for use on board ship, J. Am.
Soc. Nav. Eng., 35, p. 675.

Anonymous, Alloys of aluminum with silicon, Fdy., 50, p. 30.

Anonymous, A new alloy of aluminum, Bull. Tech. Suisse Romande, p. 261; J. Inst. Met.,
31, 1924, p. 410.

Anonymous, Some experiences of aluminum and its alloys for motor pistons. Met. Indi
(Lond.), 20, p. 321.

Curran, J. J., Modification of aluminum silicon alloys, Chem. Met. Eng., 27, p. 360.

de Fleury, R., New alloy of aluminum. La Fond. Mod., p. 114; J. Inst. Met., 29, 1923, p,
632; Chem. Abst. 18, 1924, p. 1972.

de Fleury, R., Alpax, a new aluminum alloy, Fdy. Tr. J., 26, p. 304; J. Inst. Met., 29,

1923, p. 634.

Edwards, J. D., Properties and manufacture of aluminum silicon alloys, Chem. Met.
Eng., 27, p. 654.

Guillet, L., Les alliages aluminum silicium et leurs emplois industriels, Rev. de Met.,
19, p. 303; J. Inst. Met., 31, 1924, p. 515.

Jeffries, Z., Aluminum silicon alloys, Chem. Met. Eng., 26, p. 750; Chem. Abst., 16, p. 1927.

Search, R. E., New aluminum silicon alloys. Met. Ind., 20, p. 183.

Sutton, H., Alloys of aluminum with silicon, Met. Ind. (Lond.), 20, p. 365; J. Inst. Met.,
29, 1923, p. 633; Chem. Abst., 18, 1924, p. 1972.

Czochralski, J., Silumin, eine neue leichtlegierung, Zeit. f. Met., 13, pp. 507-510.

Edwards, J. D., Thermal properties of aluminum silicon alloys, Chem. Met. Eng., 27,

p. 61.

11th report to Alloys Research Com., Inst. Mech. Engrs.
Schirmeister, H., Zur Kenntnis der binaren aluminiumlegierungen, Stahl, u. Eisen, 35,

pp. 649, 873, 996.

Roberts, C. E., The alloys .of aluminum and silicon, Chem. Soc. (Lond.) Tr., 105, pp.
1383-1386.

Frilley, R., Recherches sur quelques alliages metalliques silicies, Rev. de Met., 8, p. 457.

Portevin, Silicon-aluminum, Rev. de Met., pp. 951-962.

Fraenkel, W., Silicon aluminum alloys, Zeit. Anorg. Chem., 58, pp. 154-158; Chem. Zen-
tralbl., n, p. 143.

Vigouroux, E., Action of silicon on pure and impure aluminum, Bull. Soc. Chim., 1, pp.
789-792.

Vigouroux, E., Action of silicon on impure and pure aluminum; aluminosiiieides, Compt.
Rend., 141, pp. 951-953.
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77. SILVER

Text
refer-

ences
Year Name and title

a

b

1926

1925

1912
1910

1906

Kroll, W., Vergutbare aluminium-silber legierungen, Met. u. Erz, 23, pp. 555-557; Metal
lurgist, June 24, pp. 83-85.

Saeftel, F., Sachs, G., Festigkeitseigenschaften und struktur einigen begrenzter misehkris-
tallreihen (Ag-Mg, Ag-Al, Ag-Sb, Ag-Sn, Ag-Zn, Ag-Cd, Ag-Mn), Zeit. i. Met., 17,
p. 258.

Anonymous, Argental—an aluminum silver alloy, Met. Xnd., 4, p. 368.
Broniewski, Electrical properties of aluminum silver alloys, Compt. Rend., 150, pp.

1754-1757.
Petrenko, G. I., Uber silber aluminiumlegierungen, Zeit. f. Anorg. Chem., 46, p. 49.

78. SODIUM

1906 Mathewson, C. XL, Natrium-aluminium-, natrium-magnesium- und natrium zinkle-
gierungen, Zeit. f. Anorg. Chem., 48, p. 191.

79 „ TANTALUM

80. TELLURIUM

b
a

1924
1917

1906

Sisco, F. T., Whitmore, M. R., J. Ind. and Eng. Chem., p. G38.

Ohikashige, M., Nose, J., Aluminum tellurides, Mems. Col. Sci. Kyoto, 2, p. 227; J. Inst.
Met., 19, 1918, p. 251.

Hoenigschmidt, O., Alloy of thorium and aluminum, Compt. Rend., 142, pp. 280-281.

81. THALLIUM

a 1906 Doemickel, F., Die legierungen des thalliums mit kupfer und aluminium, Zeit. f. Anorg.
Chem., 48, p. 185.

82. TIN

b 1920
1923

a 1922
1913

1906

1906

1904
1904
1903
1902
1902

Mortimer, G., Aluminum casting alloys, Proc. Am. Soc. Test. Matls., 26 (2), p. 335.

Losana, L., Carozzi, Le leghe ternarie di alluminio, zinco et stagno, Gass. Chim. Ital.,

63, p. 646.

Aluminum Co. of America, Alloys of aluminum, Am. Mach., 56, p. 740.

Lorenz, R., Plumbridge, D., Das binare system aluminium-zinn, Zeit. f. Anorg. Chem.,
83, p. 243.

Gwyer, A. G. C., Uber aluminium-wismut und aluminium-zinnlegierungen, Zeit. f.

Anorg. Chem., 49, p. 311.

Pecheux, H., Alloys of aluminum with tin, bismuth, and magnesium, Compt. Rend., 140

pp. 1636-1536.
Pecheux, H., Properties of tin aluminum alloys, Compt. Rend., 138, pp. 1170-1171.
Shepherd, E. S., Aluminum tin alloys, J. Phys. Chem., 8, pp. 233-347.
Anderson and Lean, Properties of the aluminum tin alloys, Proc. Roy.’ Soc., 72, pp. 277-284.

Campbell and Mathews, Aluminum tin alloys, J. Am. Chem. Soc., 24, p. 258,

Guiilet, L., Contribution to the study of the tin aluminum alloys, Compt. Rend., 133,

pp. 936-937.

83. TITANIUM

1920

a 1926

b 1923

Manchot, W., Leber, A., Aluminum-titanium alloys, Met., p. 48; Zeit. f. Anorg. Chem.,
160, 1925, pp. 26-31.

Manchot, W., Leber, A., Compounds and alloys of titanium with aluminum, Zeit. f.

Anorg. Allgem. Chem., 159, p. 26; Chem. Abst., 20, p. 721.

Von Erckelens, E., Aluminum-titanium legierungen und der einfluss des titans auf alu-

minium. Met. u. Erz, 22, pp. 206-210; Chem. Abst., 18, 1924, p. 1458.

84. VANADIUM

1913 Czako, N., Vanadium aluminum alloys, Compt. Rend., 156, pp. 140-142.

51409°—27 25
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85. ZIBTC

Text
refer-

ences
Year

1927

1926
1926

a 1926

b 1926

c

d

1926
1926
1926

1925

1925

e 1925

f 1925

1925

1925

g 1924

h 1924

i 1924

1924

i
1924
1924

1923
1923

1923

1923

l 1922

m 1922

1922

n 1922

P

0

1921
1921
1921

1917

u 1916

V 1915

1914

q 1912

r

1912
1911
1911

1911

i

1910

:

1910

> 1909

Name and title

Fraenkel, W., Spanner, J., Umwandlung von zink-alumimumlegierungen im festen

zustand, Zeit. f. Met., 19, pp. 58-60; Chem. Abst., 21, p. 1619.

Anonymous, Defects of a zinc alloy rich in aluminum, Met. Ind. (Lond.), 29, p. 463.

Bauer, O., Heidenhain, "W ., The behavior of the aluminum zinc alloys, Mitt. Matl. Sonder-
heft. No. 2, pp. 1-11; ,T. Inst. Met., 36, p. 437.

Isihara, T., A further investigation on the equilibrium diagram of the aluminum zinc
system, Sci. Rep. Tohoku Imp. Univ., 15, pp. 209-224; Chem. Abst., 29, p. 2813; J.

Inst. Met., 36, p. 436.

Jeffries, Z., Disc, of Mortimer’s paper on Aluminum casting alloys, Proe. Am. Soc. Test.
Matls., 26 (2), p. 345.

Mortimer, G., Aluminum casting alloys, Proc. Amer. Soc. Test. Matls., 26 (2), p. 335.

Pannell, E. V., Aluminum alloys develop greater commercial applications, Fdy,, 54, p. 106.

Tiedman, C. f Study of the system aluminum-zinc, Zeit. f. Met., 18, pp. 18-21, 221-222;

Chem. Abst., 20, p. 1209; J. Inst. Met., 35, p. 540; 38, p. 437.

Bauer, O., Heidenhain, O., Properties of the aluminum zinc alloys, Zeit. f. Met., 17, pp.
61—62; J. Inst. Met., 35, 1926, p. 540; Disc. Zeit. f. Met., 17, p.'Ol.

Elam, C. E., Tensile tests of crystals of an aluminum-zinc alloy, Proc. Roy Soc., 109A,
pp. 143-149.

Fraenkel, W., Goez, W., Kinetic studies on solid metals. Decomposition of the compound
AljZna, Zeit. f. Met., 17, pp. 12-21; Chem. Abst., 19, p. 2157; J. Inst. Met., 35, 1926, p. 540.

Isihara, T., On the equilibrium diagram of the aluminum-zinc system, J. Sci. Rep. Tohoku
Imp. Univ., 13, pp. 427-442.

Honda, K., Bauer, O ., The equilibrium diagram of the aluminum-zinc alloys, Zeit. f. Met.,
17, pp. 100, 101; J. Inst. Met., 35, 1926, p. 540.

Masumoto, H., On the thermal and electric conductivity of some aluminum alloys, SoL
Rep. Tohoku Imp. Univ., 13, pp. 229-242.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

Bauer, O., Heidenhain, W., Properties of aluminum-zinc alloys, Zeit. f. Met., 16, pp.
221-228; Chem. Abst., 19, 1925, p. 1123; J. Inst. Met., 33, 1925, p. 347.

Nishimura, H., On the age hardening of aluminum rich zinc-aluminum alloys, Mem.
Coll. Eng. Kyoto Imp. Univ., 3, pp. 133-163; J. Inst. Met., 36, 1925, p. 436.

Parravano, N., Scortecci, L., Hardness of hot light alloys, Atti. Congr. Naz. Chim. Ind.,

pp. 281-290; J. Inst. Met., 34, 1925, p. 416.

Rosenhain, W., Light alloys of aluminum, Engng., 117, pp. 750-752; 780-782.

Tanabe, T., Studies in the aluminum-zinc system, J. Hist. Met., 32, pp. 415-453; Fdy.
Tr. J., 30, p. 269.

Anonymous, Aluminum -zinc alloys, Fdy., 51, p. 534a.
Bauer, O., Heidenhain, W., Shrinkage of aluminum-zinc alloys, Mitt. Material, 41, pp.

56, 57; J. Inst. Met., 32, 1924, p. 683.

Brauer, H. E., Pierce, W. M,, Effect of impurities on the oxidation and swelling of zino
aluminum alloys. Am. Inst. Min. and Met. Eng., 68, pp. 796-832; Min. and Met., 188,

1922, p. 39.

Pierce, W. M., Studies on the constitution of binary zinc base alloys. Am. Inst. Min. and
Met. Eng., 68, p. 767.

Quillet, L., Cournot, J., Sur la variation des propriStes mecaniques de quelques metaux
et ailiages aux basses temperatures, Rev. de Met., 19, p. 215.

Hanson, D., Gayler, M. L. V., A further study of the alloys of aluminum and zinc, J. Inst,
Met., 27, pp. 267-306; Engng., 113, pp. 538-540, 666, 667,

Krause, H., The constitutional diagrams of the most important aluminum alloys, Alu-
minium, 4, p. 9.

Sander, W., Meissner, K. L., Zur Kenntnis der konstitution der aluminiumzinklegie-
rungen, Zeit. f. Met., 14, pp. 385-387; J. Inst. Met., 29, 1923, p. 633.

Eleventh report to Alloys Research Committee, Inst. Mech. Engrs.
Livermore, F. A., Casting aluminum -zinc alloys, Chem. Met. Eng., 25, p. 516.
Schulze, A., Thermal expansion of aluminum-zinc alloys, Physikal. Zeits., 22, pp. 403-406;
Chem. Abst., 15, p. 3608; Wiss. Abhandl. Physikal. Tech. Reichanst., 5 (2), 1922, pp.
295-298; J. Inst. Met., 31, 1924, p. 410.

Fedorov, A. S., The conversion of aluminum -zinc alloys into a crystalline form, J. Russ.
Phys. Chem. Soc., 49, pp. 394-407; Chem. Abst., 18, p. 1457.

Bauer, O., Vogel, O., Aluminum-zinc alloys. Lit. Zeit. Met., 8, p. 101; J. Inst. Met., t?9
1917, p. 328.

Bauer, O., Vogel, O., Information on aluminum -zinc alloys, Mittl. aus dem Kgl. Material-
prufungsamt., 83, pp. 146-198; Met. u. Erz, 13, pp. 158-161.

Petrenko, G. I., Hardness of the systems Ag-Zn and Ag-Al, J. Russ. Phys. Chem. Soc.,
46, p. 176; Bull. Soc. Chem., 16, pp. 738, 739.

Rosenhain, W., Archbutt, S. L., Alloys of aluminum and zinc, 10th report to the Alloys
Res. Com. (with an appendix on a ternary alloy of aluminum with zinc and copper),
Inst. Mech. Eng., 1-2, pp. 319-515; J. Soc. Chem. Ind., 31, p. 493.

Smirnoff, W., Thermal expansion of aluminum-zinc alloys,Compt. Rend., 155, pp. 351, 352.
Portevin, A., Aluminum-zinc alloys, Rev. de Met., 8, pp. 721-727.
Rosenhain, W., Archbutt, S. L., The constitution of alloys of aluminum and zinc, Proc.
Roy. Soc. (Lond.), 85 (Ser. A), No. 580, pp. 389-392.

Rosenhain, W., Arehbutt, S. L., Alloys of aluminum and zinc, J. Inst. Met., 6, pp. 236-258.
Ewen, D., Turner, T., Shrinkage of aluminum-zinc alloys during and after solidification*

J. Inst. Met., 4, pp. 128-162.
Jones, J. L., Zinc-hardened aluminum vs. copper-hardened aluminum for making alumi-
num castings, Met. Ind., 8, pp. 16, 17.

Bancroft, W. D., The tensile strength of aluminum-zinc alloys, Tr. Am. Brass Founders*
Assn., pp. 47-54.
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Text
refer-

ences

s

t

Year Name and title

1908 Saposknikow, A., Hardness of aluminum-zinc alloys, J. Russ Phys. Chem. Soc., 40, pp.
95-100.

1907

1907

1907

1905

1904

1904
1902

1901

Anonymous, Aluminum alloys cracking (aluminum-zinc) overcome by addition of a very
small percentage of copper, Pract. Eng., 35, p. 738.

Anonymous, Alzene and its properties (two-thirds aluminum and one-third zinc, melted
together), Mech. Wld., 41, p. 41; Durand’s tests on the strength and other character-
istics.

Pecheux, H., Contribution & l’etude des alliages de 1’aluminium, Eev. Gen. Sci., IS, pp.
109-114; Chem. Abst., 1, p. 1967.

Shepherd, E. S., Aluminum-zinc alloys, J. Phys. Chem., 9, pp. 504-512; Chem. Zentralbl.,
II, pp. 537, 538.

May, Casting aluminum and aluminum-zinc alloys, Engl. Mechanic and World of Science,
79, p. 420-422.

Pecheux, H., Zinc-aluminum alloys, Compt. Eend., 138, pp. 1103, 1104.
Lougouinine, W., Schukareff, A., Thermal investigation of certain alloys of aluminum
and zinc, Arch. Sci. Phys. et Nat., Geneva, 13 (4), pp. 5-29.

Richards, J. W., Aluminum-zinc alloys, Eng. and Min. J., 72 (22), p. 715.

89. CO?PEE-ZIEC-ALUSm?UM

a 1927

1926

1925
b 1925

1925

C 1924

d

e

1924
1923
1923

f 1921

g 1921

1919

1919

1912

h 1912

Anderson, R. J., Aluminum castings and their heat treatment (talk before Cincinnati
chapter), Am. Soc. Steel Treat., 11, p. 322.

Anonymous, Properties of high-strength aluminum casting alloys, Am. Soc. Test. Matls.
Report Com. B-2, 26 (1), pp. 182-185.

Anonymous, Aluminum castings, some practical suggestions, Met. Ind., 23, p. 57.

Hanson, D., Gayler, M. L. V., On the constitution of alloys of aluminum, copper, and zinc,
J. Inst. Met., 34, p. 125.

Streeter, R. L., Faragher, P. V., Aluminum and its lighter alloys, Brass Wld., 21, pp. 377,
424.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, Publ. by H. C. Baird
& Co.

Rosenhain, W., Light alloys of aluminum, Engng., 117, p. 750.
Anonymous, Aluminum-zinc-copper alloys, Fdy., 51, p. 534a.
Dix, E. H., Lyon, A. J., Physical and metallographic properties of copper-zinc-aluminum

alloys containing small amounts of magnesium, Air Serv. Info. Circ., 4, No. 393; Eng.
Index, p. 29; J. Inst. Met., 32, 1924, p. 526; Chem. Abst., 19, 1925, p. 2020.

Eleventh report to Alloy Research Committee, Inst. Mech. Engrs.

Waehlert,_M., Uber ternSre Aluminiumlegierungen, Met. u. Erz, 18, p. 298,

Jares, V., liber das ternare system Al-Cu-Zn mit besonderer Beriicksichtigung der Zwecke,
Zeit. f. Anorg. Chem., 119, p. 1.

Schulz, E. H., Waehlert, M., A. Study of copper-aluminum-zinc alloys high in zinc. Met.
u. Erz, 16, pp. 170, 195; Chem. Abst., 13, p. 3145.

Carpenter, H. C. H., Edwards, C. A., The liquidus curves and constitutional diagram of
the ternary system aluminum-copper-zinc, Internat. Zeit. Metallog., 2, pp. 209-242.

Levi-Malvano, M., Marantonio, M., Light alloys of aluminum, zinc, and copper, Gaz.
Chim. Ital., 42, pp. 353-360; J. Soc. Chem. Ind., 31, p. 494.

87. COPPER-MAUGANESE-ALUMmBM

a 1926

b
c

1926
1926

1926
1925

f

h
1925
1924

g 1924

i 1924

j 1922

k
1

m
n

1921
1921
1919
1910

P
o 1910

Daniels, S. D., Sand-cast aluminum-manganese alloys, Ind. and Eng. Chem., 18, pp. 125-

130; Chem. Abst., 20, p. 733; Met. Ind. (Loud.), 29, pp. 169-189; J. Inst. Met., 35, p. 539.

Haas, W., liber aluminum-mangan (sandguss)-legierungen, Giesserei Ztg., 23, pp. 328,329.
Pannell, E. V., Aluminum alloys develop greater commercial applications, Fdy., 54,

p. 105.

Strauss, J., Impact tests show fitness of cast aluminum alloys, Fdy., 54, p. 426.

Guillet, L., Influence of deformations on the transformations of some light aluminum
alloys, Compt. Rend., 181, p. 639.

Lea, F. C., Aluminum alloys for aeroplane engines, J. Roy. Aero. Soc., 29, p. 338.

Aitchison, L., Light alloys for pistons and connecting rods. Met. Ind. (Lond.), 24, pp. 424,

447, 494.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, Publ. by H. C. Baird
& Co.

Swan, J. B., Light alloys, A general survey of modern practice, Auto. Eng., 14, p. 293.

Anonymous, Some experiences of aluminum and its alloys for motor pistons, Met. Ind.
(Lond.), 29, p. 321.

Eleventh report to the Alloys Research Committee, Inst. Mech. Engrs.
Pannell, E. V., Aluminum alloy pistons, Met. Ind., 19, p. 15.

Anderson, R. J., Study common aluminum alloys, Fdy., 47, p. 827.

Rosenhain, W., Lantsberry, F. C., Properties of some alloys of copper, aluminum and
manganese; 9th report to the Alloys Res. Com., with an appendix on the corrosion of

alloys of copper and aluminum when exposed to the sea; Inst. Mech. Eng., pp. 119—339;

J. Soc. Chem. Ind., 29 (6), p. 356.
Seligman, R., disc, on above.
Rosenhain, W., Lantsberry, F. C., On the properties of some alloys of copper, aluminum
and manganese, 9th report, Alloys Res. Com., Inst. Mech. Engrs.
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88. CGPPER-SILICON-AITJMINUM

Text
refer-

ences
Year

1927
1927
1926

a 1926

b 1926

c 1926
d 1926
e 1925

f 1925

g 1925

h 1925

i 1924

j 1924

1924
k 1923

1 1922

1919

Name and title

Anonymous, The wrought light alloy “ Lautal,” Mech. Eng., 49, p. 426
Fuss, Lautal, Zeit. f. Met., 19, pp. 19-21; J. Inst. Met., 37, p. 450.

Anonymous, Lautal, Met. Ind. Lond., 29, p. 108.

Archer, R. S., Jeffries, Z., Aluminum eastings of high strength. Am. Inst. Min. and Met.
Engrs. reprint No. 15QO-E.

Daniels, S., Warner, D. M., Mechanical properties of the aluminum-copper-silicon alloy
as sand cast and as heat treated, Am. Inst. Min. and Met. Engrs., 73, pp. 464-478; Min.
and Met., 6, 1925, p. 529; J. Inst. Met., 35, 1925, p. 418.

Johnson, J. B., Am. Soc. Steel Treat., 9, n. 517.

Report of Com. B-2, Appendix 2, Am. Soc. Test. Matls., 28 (1), p. 182.

Daniels, S., Aircraft castings in aluminum alloys, Fdy., 53, pp. 1003-1006; 1015-1016; Am.
Fdyman. Assoc., 33, 1926, p. 213; J. Inst. Met., 37, 1927, p. 449.

Fuss, V., Bohner, H., Lautal, Zeit. f. Met., 17, pp. 22-24; Chem. Abst., 19, p. 2804; J. Inst.

Met., 35, 1926, p. 537.

Hidnert, P., Thermal expansion of aluminum and various aluminum alloys. Bureau of
Standards Sci. Paper No. 497.

Meissner, K L., Der einfluss der alterungstemperatur auf die physikalischen und chemi-
schen eigenschaften des Lautais, Zeit. f. Met., 17, pp. 369-373; Sci. Abst. 29a, p. 199;
Chem. Abstv 20, 1926, p. 894; J. Inst. Met., 35, 1926, p. 537.

Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

Dix, E. EL, Lyon, A. J., Comparative tensile properties of copper, silicon, aluminum and
other aluminum alloys as obtained on separately cast specimens and specimens cut from
a crank-case casting, J. Inst. Met., 32, p. 27; Inst. Mech. Eng. Brit. (Oct.).

Fuss, V., Lautal, Zeit. f. Met., 16, p. 343; J. Inst. Met., 33, 1925, p. 346.
Dix, E. EL, Lyon, A. J., Investigation of copper-silicon-aluminum alloys with and without
manganese, Air. Serv. Info. Circ., 4, No. 385, pp. 1-27; Eng. Index, p. 28; J. Inst. Met.,
32, p. 526; Chem. Abst., 19, 1925, p. 2020.

Dix, E. EL, Lyon, A. J., Physical properties ofsome copper, silicon, aluminum alloys when
sand cast, Proc. Am. Soc. Test. Matls., 22 (2), p. 250.

Anonymous, Aluminum alloy combines strength with toughness. Auto. Ind., 41, p. 108.
Roberts C. E., Alloys of aluminum and silicon, Tr. Chem. Soc. (Lond.), 105 (1), p. 1383.

89. Y ALLOY AND ALUMINUM-COPPEE-NICKEL

1926

1926

1925
1924

1924

1924

1923

1923

1923

1922
1922
1921
1915

1914

1901

Daniels, S., A rapid method for the heat treatment of the aluminum copper nickel magnesi-
um (piston) alloy, Tr. Am. Soc. Steel Treat., 10, pp. 872-882.

Daniels, S., Effect of reheating on the aluminum-copper-nickel-magnesium and aluminum-
copper-iron-magnesium (piston) alloys, Tr. Am. Inst. Min. and Met. Engrs., 73, p. 479;
Chem. Abst., 20, p. 2651; J. Inst. Met., 35, p. 537.

Parravano, N., Quartenary alloys, Bull. Soc. Chim. (Dec.), p. 1485.
Anderson, R. J., Metallurgy of aluminum and aluminum alloys, publ. by H. C. Baird &
Co.

Iytaka, I., Investigations of the ternary alloy system copper-aluminmn-nickel, Letsu-to-
Hagaue 18 (1), pp. 1-33; Jap. J. Eng. Abst., 4, p. 41; J. Inst. Met., 36, 1926, p. 440.

Lyon, A. J., Daniels, S., Notes on a sand cast aluminum copper nickel magnesium alloy,
Soc. Auto. Eng., 14, pp. 173-181, 431-432; J. Inst. Met., 35, 1926, p. 536.

Austin, C. R., Murphy, A. J., The ternary system copper-aluminum-nickel, J. Inst. Met.,
29, p. 327.

Bingham, K. E., Haughton, J. L., The constitution ofsome alloys ofaluminum with copper
and nickel, J. Inst. Met., 29, p. 71.

Rosenhain, W., Archbutt, S. L., Wells, S. A. E., Obtaining uniform strength in chill cast
rods of Y alloy, Chem. Met. Eng., 29, pp. 106-110.

Anonymous, Y alloy, Chem. and Met. Eng., 26„ pp. 785-787.
Guillet, L., Les ailiages legers; leurs recents progres, Rev. de Met., 19, p. 688.
11th report to Alloys Res. Com., Inst. Mech. Engrs.
Read, A. A., Greaves, R. EL, The properties of some aluminum-nickel and copper-nickel-
aluminum alloys, J. Inst. Met., 13, pp. 100-159.

Read, A. A., Greaves, R. H., Influence of nickel on some copper aluminum alloys, J. Inst.

Met., 11, p. 169; J. Soc. Chem. Ind., 33, p. 316.
Haentzschel, New alloys of nickel, copper, and aluminum, Verhandl. des Vereins zur
Beford des Gewerbefleisses; Proc. Inst. Civil Eng., 146 (4), p. 39; J. Soc. Chem. Ind.,
20, p. 1217.

80. TRADE ALLOYS

1927

1927
1927

1927
1927

1927
1926

Dusaugey, E., Aluminum alloy Almelec of high rupturing strength, Rev. Gen. de l’Elec.,

21, pp. 303-305; Tr. Amer. Soc. Steel Treat., 11, p. 810.

Fuchs, Aluminiumlegierungen “Aldrey,” Zeit. f. Met., 19, pp. 361-362.
Meissner, K. L., Aluminum alloys (Constructal 2 and 8), Zeit. f. Angew. Chem., pp.

61-62; Chem. Met. Eng., 34, p. 176.

Sander, W., Constructal (and Montegal), Zeit. f. Met., 19, p. 21; J. Inst. Met., 37, p. 445.

Schwerher, P., Ursachen und bekampfung der blasenbildung bei blechen aus vergiitbaren
aluminium-legierungen, Aluminium, 9 (8), pp. 1-2; (7), pp. 1-5.

Sterner-Rainer, R., Die legierungen “ KS-Seewasser,” Zeit. f. Met., 19, p. 282.

Anonymous, Koltchougalumin, Russian metal, Auto. Ind., 54, p. 605.
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30. TRADE ALLOYS—Continued

Text
refer-

ences
Year Name and title

1925
1925

1925
1925

1925

1925

1925

1924

1923

1923

1922
1922

1919

1911

Anonymous, Alterium, Rev. Aluminium, 3, pp. 81-82; J. Inst. Met., 35, 1926, p. 535.
Anonymous, A new light alloy for mechanical constructions—Alferium, English Me-

chanic, 131, p. 188; J. Inst. Met., 35, 1926, p. 536.

Anonymous, New aluminum alloy for sheet metal—Vitalu, Auto. Ind., 52, p. 952.
Daniels, S., Lyon, A. J., Johnson, J. B., Casting and heat treatment of some aluminum
copper magnesium alloys (duralumin), Tr. Am. Inst. Min. and Met. Engrs., 71, p. 864;
Chem. Abst., 19, p. 1844; Am. Fdyman. Assoc., 32, 1924; disc., Am. Inst. Min. and
Met. Engrs, 71, p. 885; Hanson and Gayler, J. Inst. Met., 35, 1926, p. 536.

Kastzenko, G. A., Metallographic investigations of Kolchoogalumin, Tr. Inst. Econ.
Mineral and Petrography (Russia), p. 76; Chem. Abst., 20, 1926, p. 1974.

Shaposhnikov, N., The mechanical qualities of Kolchoog-alumin and their alterations by
aging, Tr. Inst. Econ. Mineralogy and Petrography (Russian), No. 15, p. 7; Chem.
Abst., 20, 1926, p. 1974.

Yur’ev, K. M., The influence of thermal treatment on the mechanical qualities of
Kolchoog-alumin, Tr. Inst. Econ. Mineral, and Petrography (Russia), No. 15, p. 34;

Chem. Abst., 20, 1926, p. 1974.

Boutalov, V., Koltchougalumin, Messager de lTndus. des Metaux Russe Nos. 1-3, pp.
109-128; Rev. de Met., 22, 1925, Extraits, pp. 426-429; Chem. Abst., 20, 1926, p. 893;
Auto. Ind., 54, 1926.

Rosenhain, W., Archbutt, S. L., Wells, S. A. E., Obtaining uniform strength in chill

cast rods of Y alloy, Chem. Met. Eng., 29, p. 106.

Sander, W , Meissner, K L., Gleichgewichtstudien im vierstoffsystem aluminum-
magnesium-silizium-zink, Zeit. f. Met., 15, p. 180.

Anonymous, Y alloy, Chem. Met. Eng., 26, p. 785.

Fraenkel, W., Scheuer, E., Studies on aluminum alloys capable of improvement by
aging, Chem. Met. Eng., 27, p. 510; Zeit. f. Met., 14, pp. 49, 111.

Merica, P. D., Waltenberg, R. G., Finn, A. N., Mechanical properties and resistance to
corrosion of rolled light alloys of aluminum and magnesium with copper, with nickel,
and with manganese, Bureau of Standards Tech. Paper No. 132.

Anonymous, “ Atherium,” a new alloy, The Electrician, 66, p. 525

91. COMPLEX AKD MISCELLANEOUS ALLOYS

I

1927

1927

1927

1927
1927
1927

a 1927
1927

c

qq

p
§!

I

1926

1926
1926

1926

1926
1926

1926
1926

ii

b

e

tt

f

1927

1926
1926
1926
1926
1926

1926

g 1926

1926
1926

h 1925

Aitchison, L., Properties of aluminum with iron, magnesium, manganese, nickel, nickel-
copper, silicon, and silicon-copper, Int. Crit. Tables, II, p. 542.

Anonymous, Quelques precisions a propos du K. A. (Koltchougalumin) Afirotechnique,
9, p. 145; Am. Soc. Steel Treat., 12, p. 497.

Archbutt, S. L., Properties of aluminum and its alloys with copper, magnesium, man-
ganese, nickel, silicon, tin, and zinc containing more than 50 per cent aluminum, Int.
Crit. Tables, H, p. 533.

Bannard, W., Aluminum alloys and their castings, Met. Ind., 25, pp. 366-368.

Dusaugey, E., Almelec, A new alloy for wires and cables, Rev. Gen. d’Elcc., 21, pp. 303-305
Gayler, M. L. V., Equilibrium diagrams; aluminum alloys, Int. Crit. Tables, II, p. 400.
Sander, W., Zeit. f. Met., 19, p. 21.

Schwerber, P., Die erzielung von festigkeitshochstwerten bei der fabrikation vergutbarer
aluminiumlegierungen (leichtstahle) . Zeit. f. Gesamte Giessereipraxis (das Metall),
48, pp. 117-118, 121-122.

Ward, P. G., The influence of calcium on aluminum containing silicon. With an appen-
dix on The estimation of calcium in aluminum alloys, J. Inst. Met. (March).

Anonymous, Met. Ind. (Lond.), 29, p. 323.
Anonymous, Chem. Abst., 20, p. 893.

Anonymous, Zr-Al alloys, Met. Ind., 24, p. 29.

Anonymous, Montago, New aluminum alloy, Iron Age, 117, p. 1552.

Archer, R. S., Jeffries, Z., Aluminum castings of high strength, Am. Inst. Min. and Met.
Engrs., preprint No. 1590-E.

Bingham, K. E., The constitution and age hardening of some ternary and quarternary
alloys of aluminum containing nickel, J. Inst. Met., 36, p. 137; Met. Ind. (Lond.), 29,

p. 509.

Budgen, N. F., Aluminum cadmium zinc alloys, Brass Wld., 22, pp. 247-250; J. Inst.

Met. 37, 1927, p. 448.

Corson, M. G., Aluminum and its alloys, p. 183.

Daniels, S., Properties of some sand cast alloys of aluminum containing silicon and mag-
nesium, Ind. and Eng. Chem., 18, pp. 393-398; J. Inst. Met., 37, 1923, p. 451.

Doan, G., Uber das system aluminium-kalzium-silizium, Zeit. f. Met., 18, pp. 350-355
Met. Ind. (Lond.), 39, p. 144; J. Inst. Met., 37, 1927, p. 448.

Guillet, L., Genie Civil, 84, p. 70.

Jares, V., Constitution of alloys of aluminum, zinc, and tin, and aluminum, zinc, and cad-
mium, Am. Inst. Min. and Met. Engrs. preprint; J. Inst. Met., 36, p. 437.

Kroll, W., Vergutbare aluminiumlegierungen, Met. u. Erz, 23, pp. 225, 390, 551.
Kroll, W., Vergutbare aluminiumlegierungen. Ersatz des siliziums durch beryllium.
Beryllium-duralumin-lautal-und aludur, Met. u. Erz. 23, pp. 613-616, 684; J. Inst. Met.
37, 1927, p. 447.

Pfautsch, H., The system aluminum-molybdenum-niekel, Zeit. f. Met., 17, p. 122; Chem.
Abst., 20, p. 2970.

Sander, W., The influence of the compound MgZn2 on the improvability of aluminum
alloys, Zeit. Anorg. Allgem. Chem., 154, pp. 144-151; J. Inst. Met., 37, 1927, p. 452.

Stockdale, D., The copper rich aluminum copper tin alloys, J. Inst. Met., 35, p. 181.

Valentin, J., Ternary alloys; alloys of aluminum, magnesium, and cadmium, Rev. de Met.,
23, pp. 209, 295; Chem. Abst., 20, p. 2812.

Anonymous, New aluminum alloy for sheet metal, Auto. Ind., 52, p. 952
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91. COMPLEX AND MISCELLANEOUS ALLOYS—Continued

Text
refer- Year
ences

i 1925

j 1925
k 1925
1 1925
m 1925
n 1925

0 1925

P 1925

1924

r 1924
s 1924

t 1924

q 1924

1924

1924

1924

1924

1924

u 1924

V 1924
1924

w 1924

X 1924
1923
1923

y 1923

z 1923

aa 1923

cc 1923

bb 1923

dd 1922
1922

ee 1922

ff 1922

gg 1921
1921

ii 1921
ss 1920

1920

1920
hh 1920
rr 1911

1909

1909

1909

1906
1901

kk
11

mm
nn
00

Name and title

Archer, R. S., Jeffries, Z., New developments in high strength aluminum alloys, Tr. Am.
Inst. Min. and Met. Engrs., 71, p. 828.

Haas, W., Uber aiumininmlegierungen und ihre verwendxmg, Giesserei Ztg., 22, p. 491.

Hanson, D., Gayler, M. L. V., Dis., Am. Inst. Min. and Met. Engrs., 71, p. 886.
Pfautsch, H., Das system Al-Mo-Ni, Zeit. f. Met., 17, p. 125.

Schweizer, Disc. Tr. Am. Inst. Min. and Met. Engrs., 71, p. 854.

Streeter, R. S., Faragher, F. V., Aluminum and its light alloys, Mech. Eng., 47, p. 433;
Brass Wld., 21, pp. 377, 424.

Valentin, J., Chaudron, G., Solidification of ternary alloys of aluminum, magnesium, and
cadmium, Compt. Rend., 180, p. 61; J. Inst. Met., 34, p. 420; Sci. Abst., 28c, p. 413;
Chem. Abst., 19, p. 1123.

Whitmore, M. R., Sisco, F. T., Alloying tungsten with aluminum containing ten per
cent copper, J. Ind. and Eng. Chem., 17, p. 15; J. Inst. Met., 35, p. 419.

Anonymous, Sand-cast (aluminum copper nickel magnesium) ahoy, J, Soc. Auto. Eng.,
14, p. 230; J. Inst. Met., 35, 1926, p. 537.

Anonymous, Zeit. Ver Deut. Ing., 68, p. 545.

Anonymous, Zeit. Anal. Chem., 64, p. 473.

Anonymous, Met. Ind. (Lond.), 25, p. 351.

Budgen, N. F., Mechanical properties of aluminum zinc alloys containing cadmium,
J. Soc. Chem. Ind., 43, p. 273T; Chem. A_bst., 18, p. 3351.

Budgen, N. F., Ternary alloy system aluminum-cadmium-zinc, J. Chem. Soc., 125, p.
1642; Chem. Abst., 18, p. 3350.

Daniels, S., Cast alloys of aluminum containing small amounts of magnesium, J. Ind.
and Eng. Chem., 16, p. 1243.

Fuss, V., A new aluminum alloy, Zeit. f. Met., 16, p. 343; Chem. Abst., 19, 1925, p. 2626;
Sci. Abst., 28a, p. 81.

Fuss, V., Constitution of ternary aluminum alloys, Zeit. f. Met., 16, p. 24; Chem. Abst.,
18, p. 2636.

Lyon, A. J., Daniels, S., Notes on a sand-cast aluminum, copper, nickel, magnesium alloy,

Soc. Auto. Eng., 14, o. 173.

Portevin, A., LeChatelier, F., Tr. Am. Soc. Steel Treat., 5, p. 457.

Reuleaux, O., Scleron-legierungen, Zeit. f. M6t., 16, p. 437.

Rosenhain, W., Light alloys of aluminum, Engng., 117, p. 750.

Sisco, F. T., Whitmore, M. R., Properties and structure of some alloys of aluminum copper
tellurium, J. Ind. and Eng. Chem., 16, p. 838; Chem. Abst., 19, 1925, p. 1845; J. Inst.
Met., 35, 1925, p. 419.

Swan, J. B., Light alloys. A general survey of modem practice, Auto. Eng., 14, p. 293.

Anonymous, Research work on aluminum, iron, and electron, Can. Fdyman, 14, p. 27.

Anonymous, Magnesium v iron for hardening a complex aluminum alloy, Chem. Met.
Eng., 29, p. 19.

Goto, M., Tokushichi, M., On the aluminum-copper-tin alloys of high aluminum content,
Nihon-Kogyokwaishi, 39 (464), pp. 714-721; Jap. J. Eng. Absts., 4, 1924, p. 44; J. Inst.

Met., 36, 1926, p. 433.

Losana, L., Carozzi, E., Le leghe temarie di aluminio, zinco e stagno, Gazz. Ohim. Ital.,

53, p. 546.

Portevin, A., Chevenard, P., Etude dilatrometrique des alliages d 'aluminium avec le

magnesium et le silicium, Genie Civil, 82, p. 184; Compt. Rend., 176, p. 296.

Rosenhain, W., Archbutt, S. L., Wells, S. A. E., Obtaining uniform strength in chill east

rods of Y alloy, Chem. Met. Eng., 29, p. 106; J. Inst. Met., 29, p. 191.

Sander, W., Meissner, K. L., Gleiehgewichtstudien im vierstoff-system Al-Mg-Si-Zn,
Zeit. f. Met., 15, p. 180.

Campbell, W., A list of alloys, Proc. Am. Soc. Test. Matls., 22, (4), p. 213.

Frary, F. C., Aluminum alloy of high strength, Chem. Met. Eng., 27, p. 1042.

Guillet, L., Cournot, J., Sur la variation des proprigtes mecaniques de quelques metaux
et alliages aux basses temperatures. Rev. de Met., 18, p. 215.

Iytaka, I., Some researches on the ternary alloys copper-alumimlm-nickel (especially as

materials exposed to moderately high temperatures, as turbine blades, valves, etc.,),

J. Soc. Mech. Eng. Tokyo, 25 (72), pp. 1-27; Jap. J. Eng. Abst., 2, p. 7; J. Inst. Met.,
36, 1926, p. 439.

11th report to Alloys Res. Com., Inst., Mech. Engrs.
Jeffries, Z., Gibson, W., Heat treatment of aluminum alloy castings, Tr. Am. Inst. Min.
and Met. Engrs., 64, p. 270.

Waehlart, M., IJbsr tcrnare aluminiumlegierungen, Met. u. Erz, 18, p. 298.

Anonymous, Zeit. f. Met., 12, p. 98.

Bauer, O., Zerfall einer uberwurfmutter aus einer kupfer aluminium zink legierung, Zeit. f.

Met., 12, p. 129.

Dix, E. H., Charpy impact test as applied to aluminum aloys, Min. and M9t., 160, p. 31.

Guillet, L., Rev. de Met., 17, p. 202.

Anonymous, A new alloy, Electrician, 66, p. 525.

Andres, J. H., Edwards, C. A., Liquidus curves of aluminum, copper, tin alloys, Proc.

Roy. Soc. (Series A), 83, pp. 568-579.

Edwards, C. A., Andrew, J. K., The constitution and properties of the aluminum, copper,

tin alloys, J. Inst. Met., 2, p. 29; Proc. Roy. Soc., 82A, p. 568.

Ross, A. D., Gray, R. C., Magnetic properties of alloys of manganese, aluminum, and
copper, Zeit. Anorg. Chem., 63, pp. 349-352.

Honigschmid, O., Sur un alliage de thorium et d 'aluminium, Compt. Rend., 142, p. 280.

Guillet, L., Alloys of aluminum and tungsten, Compt. Rend., 132 (18), pp. 1112-1115.

Judge, A. W., Aircraft and automobile materials.
Krause, Das aluminium.
Ecole Centrale des Arts et Manu., Correspondence.
Bureau of Standards analysis.
Fontane, C. A., U. S. Patent 1563079.
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92. LIGHT ALLOYS—GENERAL PROPERTIES

Text
refer-

ences
Year Name and title

1927
1927

1927

1927
1927

Anonymous, Light alloys, Met., pp. 1-2; J. Inst. Met., 37, p. 447.
Haas, W., Aluminum alloys and their importance in technology, Centralblatt der Hutten

u. Walzwerke, Si, pp. 115-117.

Losana, L.; Frova, E., Contribution to the study of aluminum alloys, GiornaJe di Chimica
Industraie ed Applicata, 8, pp. 511-515.

Meissner, K.L., New aluminum alloys, Apparatebau, 39, pp. 65-66; J. Inst. Met., 37, p. 445
Meissner, K. L., Aluminum alloys (Constructal 2 and 8), Zeit. f. Angew. Chem., pp. 61-62-
Chem. Met. Eng., 34, p. 176.

1927

1926

1926

Pommerenke, H.; Hirman, P„ A propos de 1’utilisation industrielle des alliages d’aluminx-
um, Rev. de Met., 24, pp. 297-306.

Anonymous, The properties of high-strength aluminum casting alloys, Proc. Am. Soc
Test. Matls., 26 (1), p. 182.

Czochralski, .T., Mitt, der Deut. Gesellschaft fiir metallk: ausschuss fur aluminum und
leichtlegierungen, Zeit. f. Met., 18, p. 64.

to

e

d

1926

2926

1926

1925

1925

1925

1924

1924

1924

1924

1924

1923

1923

1922
1921

1921
1921

1920

1916

1904

Daniels, S., Properties of some sand-cast aluminum-magnesium-silicide alloys, Ind. and
Engng. Chem., 18, pp. 1280-1285; J. Inst. Met., 37, 1927, p. 452.

Webster, G. R., Useful alloys of aluminum and their properties. Fdy. Tr. J., 34, p. 393:
J. Inst. Met., 37, 1927, p. 447.

Westgren, A., Phragmen, G., Structure analogies of alloys, Arkiv. Mat. Astron. Fysik.,
19b; Chem. Abst., 2®, p. 2654.

Archer, R. S., Jefferies, Z., New developments in high-strength aluminum alloys, Tr. Am.
Inst. Min. and Met. Engrs., 71, p. 828; Min. and Met., 6, p. 534; Brass Wld., 31, p. 414;
J. Inst. Met., 34, p. 417; Mech. Wld., 77, p. 280; J. Inst. Met., 35, 1926. p. 535.

Hyman, H., The properties of some aluminum alloys, Met. Ind. (Lond.), 37, pp. 213, 238;
J. Inst. Met., 34, p. 207.

vonSchwartz, M., Simple method for the determination of the specific gravity of light
alloys, Aluminium, 7, p. 4; J. Inst. Met., 34, p. 447.

Blough,E., High strength of light alloys, Proc. Am. Soc. Test. Matls., 24 (1), p. 258; Chem.
Abst., 19, 1925, p. 1684.

Dix, E. H., Lyon, A. J., Comparative tensile properties of aluminum alloys as obtained
on separately cast specimens and specimens cut from a crank case casting, Fdy. Tr. J ,

30, pp. 217-220; Auto Ind., 52, 1925, pp. 738-740.

Mortimer, G., Aluminum casting alloys, Met. Ind. (Lond.), 25, p. 129; J. Inst. Met., 33,
1925, p. 539.

Rosenhain, W., Archbutt, S. L., Light alloys of aluminum, Empire Min. and Met. Cong.
Proc., 5, P- 5; Met. Ind. (Lond.), 25, pp. 3, 27; Engng., S17, pp. 750, 780; Chem. Abst.,
19, 1925, p. 1685; J. Inst. Met., 34, 1925, p. 415.

Swan, J. B., Light alloys, a general survey of modern practice, Auto. Eng., 14, p. 293; J.
Inst. Met., 34, 1925, p. 578.

Anonymous, Aluminum alloys for casting purposes Metallborse, 13, pp. 841-842; J. Inst.
Met., 36, 1926, p. 640.

Welter, G., Properties of aluminum alloys, Werkstatt. Technik., 17, No. 18; Rev. de
Met., 21, 1924, pp. 203-204; Chem. Abst., 18, 1924, p. 2122.

Anonymous, Properties of aluminum alloys, Am. Mach., 58, p. 805.

Anderson, R. J., Castings of light aluminum alloys. Iron Age, 167, p. 433; J. Inst. Met.,
28, 1923, p. 782.

Dyrion, J., Light aluminum alloys, La Houille Blanche, 20, pp. 109-113.

Schulte, W., Aluminum alloys for casting purposes, Metallborse, 2, pp. 1026-1027; J. Inst.
Met., 36, 1926, p. 639.

Hales, B. V/., The relationship between specific gravity and composition of light alumi-
num alloys, Engng., 129, p. 429.

Ludwik, P., The hardness of metal alloys, Zeit. Anorg. u. Allgem. Chem., 94, No. 2;
Met. u. Erz, 13, pp. 156-158.

Campbell, W., The structure of alloys (aluminum alloys), J. Am. Chem. Soc., 26, pp.
1290-1306.

1902 Wilson, E., The physical properties of certain aluminum alloys, and some notes on alumi-
num conduction, J. Inst. Elec. Eng., 31, p. 321.

1901 Tetmayer, Methods and results of tests of aluminum and alloys of the same, M'etallar-
beiter, 27, pp. 656-857; Stahl, u. Eisen, 21, pp. 811-815.

83. SPECIFICATIONS

1926

1925

1925

1924

1924

1924

1924

1924

Mortimer, G., Aluminum casting alloys: the British engineering standards association
specifications reviewed, Proc. Am. Soc. Test. Matls., 26 (2), p. 335.

Horsfield, B. T., Oxides of aluminum, magnesium or other metals, British, 248, 360; Chem.
Abst., 21, 1927, p. 630.

Tentative specifications for aluminum base alloy sand castings, Am. Soc. Test. Matls.
B26-25T, 25, 1, p. 574.

Tentative specifications for aluminum sheet, Am. Soc. Test. Matls. B25-19T, p. 101; J.

Inst. Met., 33, 1925, p. 486.

Tentative specifications for aluminum ingots for remelting and for rolling, Am. Soc. Test.
Matls., B24-22T, p. 99; J. Inst. Met., 33, 1925, p. 486.

Tentative methods of chemical analysis of aluminum and light aluminum alloys, Am.
Soc. Test. Matls., p. 110-32; J. Inst. Met., 33, 1925, p. 418.

Tentative specifications for aluminum for use in the manufacture of iron and steel, Amer.
Soc. Test. Matls. B37-20T, p. 104-6; J. Inst. Met., 33, 1925, p. 486.

Tentative specifications for light aluminum casting alloys, Am. Soc. Test. Matls. B26-
24T, 24 (1), pp. 785-788; 26 (1), 1926, p. 1114; J. Inst. Met., 34, 1925, p. 579.
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63. SPECIFICATIONS—Continued

Text
refer-

ences
Year Name and title

1924 Tentative revisions of A. S. T. M. standards. Standard specification for light aluminum
casting alloys, Am. Soc. Test. Matls. B26-21, 24, (1), p. 1119; J. Inst. Met., 34, 1925, p. 579.

1924 Tentative revisions of A. S. T. M. standards. Standard specifications for light aluminum
casting alloys, Am. Soc. Test. Matls. B26-21T, p. 721; J. Inst. Met., 83, 1925, p. 488.

1924 Campbell, W., Report of Committee B-2 on nonferrous metals and alloys. Am. Soc. Test.
Matls., 24 (1), pp. 242-252; J. Inst. Met., 34, 1925, p. 570.

Aluminum; specifications and contracts. Mining J., 146, pp. 99-100; J. Inst. Met., 29, p,
752.

U. S. Government Master Specification for heavy rust preventive compound, Bureau of
Standards Cire. No. 200.

1923

a

94. GASES IN ALUMINUM

a

b

1926

1925

1925

c,d 1924

e 1922
t 1922

1919

1912

1910

Bircumshaw, L. L., Solubility of hydrogen in tin and aluminum at high temperatures,
Phil. Mag. J. Sci., 1, 7th series, pp. 510-522.

Archbutt, S. L., Eliminating pin holes from aluminum alloy castings, Met. Ind. (Lond.)
26, pp. 261, 28S.

Archbutt, S. L., Improving the properties of aluminum alloy castings, Engng., 119, p. 336;
J. Inst. Met., 33, p. 227; J. Inst. Met., 34, p. 670; Aero Res.. Com. (Repts. and Memo.)
No. 959, (M 28), London; Met. Ind., 23, p. 230; Chem. Abst., 19, p. 1883.

Archbutt, S. L., Rosenhain, W., A method to improve the properties of aluminum alloy
castings, Rept. and Mem. Aero. Res. Com. Brit. No. 959, December; Mech, Eng., 4?9
1925, p. 1151; Nat. Phys. Lab. report for 1925, p. 200.

Czochralski, J., The solubility of gases in aluminum, Zeit. f. Met., 14, pp. 277-285.
Rosenhain, W., Grogan, J. D., Effects of over heating and repeated melting on aluminum,

J. Inst. Met., 28, pp. 197-212.
Anderson, R. J., Blowholes, porosity and unsoundness in aluminum alloy castings. Bur.
Mines, Tech. Paper No. 241.

Guichard, M., Jourdain, P. R., Gases in aluminum, Compt. Rend., 155, p. 160; J. Inst.
Met., 8, p. 321; Chem, Abst., 6, p. 2898.

Kohn-Abrest, E., Action of heat on aluminum in vacuo, Compt. Rend., 150, pp. 169-172;
Chem. Abst., 4, p. 1275.

95. WEA1

a 1926 French, H. J., Herschman, H. K., Wear of steels with particular reference to plug gauges,
Tr., Am. Soc. Steel Treat., 10 (5), p. 683.

1925 Hettwer, F., The inner friction of several metals, Sitzb. Akad. Wiss. Wien., 134, pp. 51-67;
Chem. Abst., 21, 1927, p. 1386.

b 1925 Honda, K., Yamada, R., Some experiments on the abrasion of metals, Sci. Repts. of the
Tohoku Imp. Univ., Ser. 1, 14 (1), p. 63.

c 1924 Holz, H. A., Brinell’s researches on the resistance of iron, steel, and some other materials to
wear, Testing, 1, p. 104.;

Robin, F., Report on the wear of steels and on their resistance to crushing, Iron and steel
Inst., Carnegie Scholarship Mem. (2), p. 270.

d 1910

96. PATENTS

Aluminum Chloride

United States

1165065 1354818 1422560

451405 1083903 al410461
662951 1224362 P1508556
662952
697544

1254987 1518760

171996 171997 219346

1445082

Binary Alloys

United States

1553298 bl572459 C1572489
1557431 1572487 ql572502
1570893 1572488 1578979

British

231185 252160

1579481
1683549
1584688

Castings

United States

1695218
1596020
1606616

528181
586095
624605

<1244441

936339 1147398
1098137 1156093
1476192

1247977
1293426

1305166
1318702

1333965
1350891

1352271
1352272

1453254
1480846

British
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96. PATENTS—Continued

Commercial Aluminum

British

6211027
Heat Treatment

1394534 1562269

United States

Light Aluminum Alloys

United States

44086 652833 451406 1212374 1223362 1146185 1092500 1099561

633743 867194 684207 1227174 1175655 1130785 1095653 1102618

British

252028
German

144777 125334 244554 170085 230095 242313 134582 203557
113935 204543 112546 218970 1 231060 137003 268.515 257868
119643

Manufacture ef Articles

United States

139678 1431237 1518190 1526701 1534322 1537540 1572253 1614684
1261987 1625598

British

221873 237341 240594 244478

Canadian
267484

Plating and Coating

United States

1011203 1515658 1535492 1551613 156-5496 1594061 1607676 1608775
1077480 1526127 fl540766 1565495 1591983 1627900

British

223994 226776 233648 237072 245746 252070

Production

United States

220149 1348458 1518872 1534315 1534321 1562654 1578044 1599869
580711 1442773 1519648 1534316 1535458 1566694 1585786 1812642
1292582 1512420 1524470 1534318 1550192 1569483 1591798 1615009
1321684 1512462 1534031 1534319 1552728 1576080 1630361 1636881

British

224488 225494 232549

251381 267264

1323520 1416924 1550987

g242958 254050 258580

Canadian

Solders

United States

1556022 1584219

British

265733

s Describes the properties of alloys of aluminum, copper, manganese, and silver.
3 Describes the properties of alloys of aluminum with cobalt and tungsten.

Riibel (Krause, (2 p. 129)) describes the properties of alloys of aluminum with phosphorus.
Uyeno (Krause, (2) p. 132)) describes alloys of aluminum with mercury and zinc which are used to gen-

erate hydrogen (with hot water) for balloons.
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96. PATENTS—Continued

1011203 1077480 1540766

223995 252070

Surface Treating, Etc-.
-

United States

1573825 1573826 1584647

Beitish

Ternary and Complex Alloys

United States

38301 639600
373221 646442
443943 652833
446351 684707
451406 6S9216
480445 721814
501553 743566
611016 759617
629084 856392
633743 867194

886597 1099561
938422 1102618
995113 1104369
1019963 1117308
1072017 1121267
1076137 1121268
1080155 1121269
1080156 1130785
1092500 1146185
1095653 1175656

1175658 1418303
1212374 1422591
1277174 1508556
1254854 1510242
1261987 1518321
1280706 1540006
1300058 1546657
1304229 1553298
1310309 1555959
1365178 1556953

1558066 1595219
1560845 1606616

hl563079 1606752
1572357 1612642
1572382 * 539740
1572502 T1629699
1572489
1572490
1572593
1595058

British

220602 221082 228143 230326 244478 252028

242938

153S355 1542753 1550280

Canadian

Welding

United States

1552443 1604698 1636656

British

226187 227471 239413 241058

j868383 kl387000

Miscellaneous

United States

113S7900 ml412280 nl453928 01464625

! Serial application number.

MAGNESIUM

100. GENERAL, METALLURGY, PRODUCTION, AND USES

Text
j

refer-
j

Year Name and title

! 1927
1927
1927

1927
1927

1927

1927

1927

1927

1927

1927
1927

1927

Anonymous, Castings, magnesium alloy, U. S. Army Specification No. 11301-A.
Anonymous, Magnesium, Metallurgist, June 24, pp. 81-82.

Anonymous, Magnesium and its alloys, Met., January 28, p. 14; Am. Mach., 6S, p. 66;

Tr. Am. Soc. Steel Treat., 11, p. 482.

Anonymous, 1926 production of magnesium, Iron Age, 119, p. 1084.

Brentano, J., Dawson, W. E., Determination of the lattice spacing and of the rhombohe-
dral angle of magnesium carbonate from a mieroerystalline powder, Phil. Mag., 8, p. 411.

Gann, J. A.; Winston, A. W., Magnesium and its alloys, Ind. and Engng. Chem.. 19,

pp. 1193-1201.
Hambeuchen, C., Twenty-five years in retrospect: The electrolytic rectifier, electrolytic
iron, the dry cells, Am. Electrochem. Soc., preprint.

Hume-Rothery, W., Researches on intennetallic compounds. VI, The reaction between
solid magnesium and liquid tin, J. Inst. Met., preprint 405.

Jones, W. R. D., Magnesium and its alloys, Met, Ind. (Bond.), 29, p. 433; Ohem. Abst.,
21, p. 1089.

Keyes, D. B.. Review of research work of the manufacture of magnesium, Am. Electro-
chem. Soc., preprint.

Laffitte, P., Magnesium silver alloys. Bull. Soc. Chim., 41, p. 32; Chem. Abst., 21, p. 1962.

Nagaoka, H., Nukiyama, D., Futagami, T., Reversal of magnesium lines by disruptive
discharge in different gases, Proc. Imp. Acad. Japan, 3, pp. 212-215; Chem. Abst., 21,

p. 3020.

Porter, L. C., Prideaux, G. F., The gaseous conductor (neon) lamp, Gen. Elec. Rev., 30,

p. 149; Chem. Abst., 21, p. 1415.
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100. GENERAL, METALLURGY, PRODUCTION, AND USES—Continued

Text
refer-

ences
Year Name and title

e

d

f

h

1927

1926
1926
1926
1926

1926
1926
1926

1926

1926

1926

1926

1926

1926

1925

1925
1925
1925
1925

1925

1925

1925
1925

1925
1925

1925

1925
1925

1925

1924

Portevin, A.; Pretet, E., Etude de la vitesse de dissolution des alliages du magnesium
ultra-legers, Compt. Rend., 185, p. 125.

Anonymous, Herstellung von magnesiumlegierungen, Giesserei Ztg., 28, p. 134.
Anonymous, Another new light alloy (beryllium-magnesium), Brass Wld., 22„ p. 329.
Anonymous, Magnesium beryllium alloy, Met. Ind., (Lond.), 29, p. 530.

Anonymous, Magnesium and its alloys, Engng., 132, p. 714; Met. Ind. (Lond.), 29, p. 534:
Chem. Abst., 21, 1927, p. 559.

Anonymous, Magnesium and its properties, Met. Ind. (Lond.), 28, p. 314.
Archbutt, S. L., Magnesium and its alloys, Met., 2, p. 26; J. Inst. Met., 35, p. 551.
Archbutt, S. L., Jenken, J. W., Mechanical properties of pure magnesium and certain
magnesium alloys in the wrought condition, Areo. Res. Com. Repts. and Memo. No.
1037 (M 46), February.

De Fleury, R., Magnesium: melting, castings, foundries, Rev. de Met., 33, pp. 649-657;
J. Inst. Met., 37, 1927, p. 711.

Effenterre, P., Electrolytic production of magnesium, Electricien, 42, p. 349; Chem. Abst.,
20, p. 3269.

Jones, W. R. D., Notes on magnesium and its alloys, J. Roy. Aero. Soc., SO, pp. 743-761;
Met. Ind. (Lond.), 29, pp. 433, 459; J. Inst. Met., 37, 1927, p. 468.

Liddell, D. M., Handbook of nonferrous metallurgy. II. Chapt. 20, p. 754, Metallurgy
of magnesium and magnesium alloys, by R. J. Anderson.

Stoughton, B., Miyake, M., A preliminary study of magnesium-base alloys, Am. Inst.
Min. Met. Eng., 73, pp. 541-557.

Wohler, L., Schliephake, O., The silicides of calcium and magnesium, Zeit. Anorg. Chem.,
151, pp. 1-20; J. Inst. Met., 36, p. 438.

Anonymous, Magnesium and magnesium alloys, Zeit. Ges. Giesserei-Praxis, 46, p. 145;
J. Inst. Met., 35, 1926, p. 551.

Anonymous, Magnesium and its alloys, Mech. Eng., 47, p. 796.
Anonymous, Electrolytic manufacture of magnesium, J. du Four. Elect., 34, p. 207.
Daniels, S., Magnesium and its alloys, Mech. Eng., 47, p. 769; Chem. Abst., 19, p. 3240.
Daniels, S., Sisco, F. T., Metallurgy in aircraft construction, U. S. Army Air Service, Eng.
Div.

Harvey, W. G., Production of metallic magnesium from fused salts, Am. Electrochem.
Soc., 47, p. 327; Chem. Met. Eng., 32, p. 573.

Hill, J. M., Loughlin, G. F., Magnesium and its compounds, Chem. News, 18®, pp. 53-54;

J. Inst. Met., 36, 1926, p. 592.

Mineral Resources of the United States, 1923.

Miyake, M., Butts, A., Metallurgy of magnesium, Eng. Min. J. Press, 119, pp. 843-846;
Chem. Abst., 19, p. 2319; J. Inst. Met., 35, 1926, p. 471.

Nass, C. V., Test magnesium as a brass deoxidizer, Fdy., 53, p. 527; J. Inst. Met., 34, p. 631.

Nelson, W., Magnesium and its alloys, Roy. Tech. Coll. (Glasgow) Met. Club J., 4, pp.
30-33; J. Inst. Met., 35„ 1926, p. 550.

Ruff, O., Busch, W., Production of magnesium by the fused oxide process, Zeit. Anorg.
Allgem. Chem., 144, p. 87; Chem. Abst., 19, p. 2167.

Sidney, L. P., Magnesium; a metal with a future, Chem. Age, 13„ p. 33.

Sieverts, A., Roell, E., Cerium, mixed lanthanum metals, cerium-magnesium alloys and
hydrogen, Zeit. Anorg. Allgem. Chem., 146, p. 149; Chem. Abst., 19, p. 3046.

Sulfrian, A., On the production of aluminum (magnesium and calcium), Metallborse, 15,

pp. 706, 764, 820; J. Inst. Met., 36, 1926, p. 562.

Aitchison, L., Light alloys for pistons and connecting rods, Met. Ind. (Lond.), 24, pp.

g 1924
1924
1924
1924

i 1924
1924

1924

1923

j 1923
t 1923

1923

424, 447, 494.

Anonymous, Magnesium, Chem. and Met. Eng., 31, p. 383; Fdy. Tr. J., 3®, p. 302.

Anonymous, Magnesium in the foundry, Mech. Wld., 75, p. 12.

Anonymous, Uses of magnesium, Iron and Steel Inst, of Canada, 7, p. 243.

Colby, S. K., Marketing of magnesium, Eng. and Min. J. Press, 118, p. 51.

Maybrey, H. J., Explains use of magnesium, Fdy., 52, p. 96.

Narayan, A. L., Guinnaiya, D., Rao, K. R., Absorption of magnesium vapor, Astropbys.
J., 60, p. 204; Chem. Abst., 19, 1925, p. 438; J. Inst. Met., 34, 1925, p. 502.

Waeser, B., The possibilities of the magnesium industry and magnesium alloys, Metall-
borse, 14, pp. 635-636, 782, 830, 879-880; J. Inst. Met., 36, 1926, p. 592.

Kent’s Mechanical Engineers’ Handbook, pp. 536-538.

Maybrey, H. J., Magnesium and its alloys, Fdy. Tr. J., 27, pp. 391-392.

Maybrey, H. J., Magnesium in the foundry, Fdy. Tr. J., 28, p. 227; Met. Ind., 21, p. 398;

Met. Ind. (Lond.), 23, p. 315; Fdy., 52, 1924, p. 96; Mech. Wld., 75, 1924, p. 12; J. Inst.

Met., 32, 1924, p. 671.

Mellor, J. W., A comprehensive treatise on inorganic and theoretical chemistry, 4, pp.
249-397.

1923

1923

1922

1922
k 1922

1922

1 1922

m 1922

Portevin, A., Magnesium and its ultra light alloys, Rev. de Met., 2®, p. 428; Mem. Soc.
Ing. Civils de France, 76 (8), No. 445, p. 486; Bull. Soc. Ing. Civils, 76, p. 486; Genie
Civil, 82, p. 452; J. Inst. Met., 34, 1925, p. 435.

Waeser, B., The production of magnesium, Metallborse, 13, p. 653; J. Inst. Met., 36, 1926,

p. 592.

Anonymous, Le magnesium et son utilisation en fonderie, La Fond. Mod., 15, p. 17;

Giesserei Ztg., 19, p. 189; J. Inst. Met., 29, 1923, p. 778.

Anonymous, Magnesium alloys in engineering, Prac. Eng., 65, p. 404.

Allen, S. T., Production of metallic magnesium (from the chloride), Electrician, 88, p. 92;

Chem. and Met. Eng., 26, p. 987.

Boynton, K. S., Langford, V., Hicks, J. F. G., Verne., Electrolytic recovery of magnesium
from salt works residue, J. Ind. and Eng. Chem., 14, p. 146.

Gaillard, J., Magnesium and its use in the foundry, La Fond. Mod., 15 (1), p. 17; Chem.
Abst., 18, p. 2322; J. Inst. Met., 30, 1923, p. 636.

Guillet, L„ Le.s alliages legers: leurs recents progres, Rev. de Met., 19, p, 688,
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Text
refer-

ences

n

o

P

r

q

Year

1921

1921

1921
1920
1920

1920

1915

Name and title

Anonymous, The magnesium industry in France, Indus. Elect., 50, p. 15S; J. du Four.
Elect., March 1; J. Inst. Met., 32, 1924, p. 641.

Backer, C., The metals of the future, especially magnesium, Teknisk Ukeblad., pp. 107,

122; J. Inst. Met., 33, 1925, p. 498.

Flusin, Le magnesium, le calcium, et lo sodium, Rev. de Met., 18, p. 586.

Anonymous, New high magnesium alloys, Auto. Ind., 42, p. 1343.

Jenkins, E. J., New alloy of magnesium, Iron Age, 106, p. 193; J. Inst. Met., 29, 1923,

p. 642.

Phalen, W. C., Notes on the magnesium industry in the United States, U. S. Bur. Mines
Rept. Inves. 2125, p. 1; J. Inst. Met., 33, 1925, p. 498.

Coulson, J., Reclamation of magnalium from turnings, Met. Ind., 13, p. 455; Tr. Am.
Inst. Met., September-October.

American Magnesium Corpn., Magnesium.
A survey of American chemistry, I. Natl. Research Council, pp. 38-41.

PATENTS

u U. S. 1451755 (Reissue 16340).
1476192,

X 1533892.

y 1558062.
V 1584072.
w 1614820.

101. CHEMICAL ANALYSIS

a 1926

b 1926

1925

1925

1925

1924

1924

1922

1921

Guerin, R„ Analysis of commercial magnesium. Well chosen methods given for the
accurate determination of Cl, Si, Fe, Mn, Cu, Pb, Al, Zn, and Ca, Ann. Chim. Anal.
Chim. Appl., 8, pp. 34-40.

Pretete, E., Escoffet, L., Methods of analysis of commercial magnesium, Chim. et Ind.,
Spec., September, p. 459; Chem. Abst., 21, 1927, p. 1074.

Jander, G., Wiederhorst, E., Weber, B., On the determination of minute quantities of

magnesium as magnesium-ammonium phosphate in the presence of much aluminum,
Zeit. Anorg. Chem., 142, p. 329; J. Inst. Met., 33, p. 426.

Schurmann and Schob, Determination of small quantities of magnesium in copper zinc
alloys. Forms azure blue color with organic salt, Chem. Ztg., 49, pp. 625-626.

St. Gadient, The microestimation of magnesium, Helv. Chim. Acta., 6, p. 729; J. Inst.

Met., 33, p. 426.

Tetkenheuer, B., Konorsky, A., The determination of magnesium in aluminum, zinc,

and lead alloys, Wiss. Veroffentl. Siemens-Konzem, 3 (2), pp. 19-21.

Wilke-Dorfurt, E., Points out error in former method, Wiss. Veroffentl. Siemens-Konzern,
3 (2), pp. 9-11.

Obtani, B., Determination of magnesium in the aluminum alloys, J. Chem. Ind. Japan,
25, pp. 1305-1310.

Wilke-Dorfurt, E., Determination of magnesium in alloys, Wiss. Veroffentl. Siemens-
Konzern, l,pp. 84-85.

102. CORROSION

b

c

1926

1925

1924

Boyer, J. A., The corrosion of magnesium and of the magnesium aluminum alloys contain-
ing manganese, Nat. Adv. Com. for Aero. Rept., 248.

Portevin, A., Magnesium. Notes on the corrosion of the metal. Rev. Aluminum, 2, pp.
161-164; J. Inst. Met., 35, 1926, p. 574; Chem. Abs., 21, 1927, p. 3038.

Maybrey, H. J., Explains use of magnesium. Fdy., 52, p. 96.

103. PROPERTIES OF MAGNESIUM

1927

1926

1926

a 1926

b 1925

1925

1925

Friauf, J. B., Crystal structure of magnesium dizincide, Phys. Rev., 29 (2), pp. 34-40; J.

Inst. Met., 37, p. 523.

Archbutt, S. L., Jenkins, J. W., Mechanical properties of pure magnesium and certain
magnesium alloys in the wrought condition, Brit. Aero. Res. Com. Rept. and Memo.
1037.

Graber, M. E., The optical constants of magnesium and zinc crystals, Phys. Rev., 26, p.
380; Chem. Abst., 20, p. 329.

Portevin, A., LeChatelier, F., Quelques proprigtes physiques des alliages de magnesium
ultra legers, Genie Civil, 88, p. 214.

Graber, M. E., Optical constants of magnesium and of zinc crystals in the visible spectrum,
Phys. Rev., 25 (2), p. Ill; J. Inst. Met., 34, p. 353.

Petersen, M., Greene, J. B., Wave lengths and pressure shifts in the spectrum of mag-
nesium, Astrophys. J., 62, p. 49; J. Inst. Met., 34, p. 502.

Templin, R. L., Some mechanical properties of magnesium and magnesium alloys at
elevated temperatures. Aluminum Co. of America.
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103. PROPERTIES OF MAGNESIUM—Continued

Text
refer-

ences
Year

P
Name and title

1924 Anderson, H. A., Tension tests of thin gauge metals and light alloys, Proc. Am. Soc. Test.
Matls., 24 (2), p. 990; J. Inst. Met., 34, 1925, p. 542.

1924 Greene, J. G., Petersen, M., Double excitation spectra of magnesium and related elements,
Proc. Am. Phys. Soc., (Dec.); Phys. Rev., 25 (2), p. 238; J. Inst. Met., 34, 1925, p. 501.

1924 Muller, R., Remarks on A. S. Smit’s article on the electromotive behavior of magnesium,
Zeit. Electro-Chem., 30, p. 552; J. Inst. Met., 34, 1925, p. 353.

1924 Petersen, M., Greene, J. B., Pressure shift measures in the spectrum of magnesium, Phys.
Rev., 25 (2), p. 239; J. Inst. Met., 34, 1925, p. 501.

c 1923 Aitchison, L., Light metal tests, The mechanical properties of magnesium alloys, Met.
Ind., 21, p. 279; Met. Ind. (Lond.), 22, p. 222; J. Inst. Met., 29, p. 17; Engng., 115, p. 312;
Min. and Met., 4, p. 288.

d 1923 Edwards, J. D., Taylor, C. S., Density of magnesium from 20 to 700° C., Min. and Met.,
4, p. 209.

1923 Muller, R., Kraus, W., Electromotive behavior of magnesium and magnesium amalgams.
Zeit. Anorg. Allgem. Chem., 130, p. 173; Chem. Abst., 19, 1925, p. 207.

0 1919 Hidnert, P., Determination of the* linear thermal expansion of magnesium. Thesis for
M. S. Degree, George Washington University.

e 1916 Roos, G. D., t)ber die Schmelzwarme und die Bildungswkrme von metallverbindungen,
Zeit. Anorg..Chem., 94, p. 329.

f 1914 Schubel, P., Uber die Warmekapazitat von metallen und metallverbindungen zwischen
18 u. 600°, Zeit. Anorg. Chem., 87, p. 81.

g 1912 Nuesceleany, Miscellaneous, Bull, de 1’Acad. Ronne., 1, pp. 145-151; Ber. Phys. Ges.. pp.
1032-1034.

h 1910 » Schimpfl, H., Uber die Warmekapazitat von metallen und metallverbindungen, Zeit.
Phys. Chem., 71, p. 257.

i 1906 Brunner, Dissertation, Zurich.

i 1906 Bureau of Standards Bull., 2, Radiometric investigations of infra-red absorption and
reflection spectra, W. W. Coblentz, p. 457; 7, Reflecting power of various metals, W. W.
Coblentz, 1911, p. 197.

Nordmeyer and Bernouli, Verb. Phys. Ges., 6, pp. 202-206.nn 1906
k 1905 Stueker, Weir. Ber., 114, pp. 657-658.

Behn, U., Ann. der Phys. (Drude), 1, p. 257.1 1900
m 1893 Voight, W., Die speciflschen Warme Cp und Cv einiger quasi-isotroper metalle, Wied.

Ann., 49, p. 714.

P 1881 Lorenz, Wied. Ann., 13, p. 442.

n — Bureau of Standards Circular No. 35, Melting points of chemical elements, and other
standard temperatures.

104. CASTINGS

1927

1926
1926

1926

1924
1922

Reiniger, H., Melting and casting of magnesium alloys, Giesserei, 14, pp. 17-21, 182-190;
Am. Soc. Steel Treat., 11, p. 817.

Anonymous, The founding of magnesium alloys, Fdy. Tr. J., 34, p. 404.

de Fleury, R., Le magnesium, fusion, coulee d’ebauchfis, Fonderie, Rev. de Met., 23, p. 649;
Tr. Am. Soc. Steel Treat., 11, 1927, p. 482

de Fleury, R., Casting of magnesium: peculiarities and recent nrogress, Tech. Modeme,
18 (14), pp. 426-429; Chem. Abst., 20, p. 3152; J. Inst. Met., 38, p. 641.

Maybrey, H. J., Explains use of magnesium, Fdy., 52, p. 96.

Irresberger, C., Magnesium castings, Giesserei Ztg., 19, p. 599; J. Inst. Met., 29, 1923, p. 784;
Mech. Eng., 45, 1923, p. 48.

105. MAGNESIUM ALUMINUM ALLOYS (See also 67)

d
b

1927

1927
1926

1926
1926

1926
1926
1926

1926
1926

1926
1926

1925
1925
1925

Portevin, A. M., Properties of magnesium and alloys with more than 50 per cent mag-
nesium, Int. Grit. Tables, II, p. 544.

Reiniger, H., Melting and casting magnesium alloys, Giesserei, 14, pp. 182-188.

Reiniger, H., Improving light metal alloys by adding deoxidizing fluxes, Zeit. Ges Giesser,

47, pp. 129-130, 133-134, 138; Chim. et Ind., 17, 1927, pp. 421-422; Chem. Abst., 21, 1927,

p. 1787.
Anonymous, Manufacture of electron, Met. Ind. (Lond.), 29, p. 104; Brass Wld., 22, p. 184.

Anonymous, Physical properties of extra light magnesium alloys. Met. Ind. (Lond.), 29,

p. 151.

Anonymous, Herstellung von magnesiumlegierungen, Giesserei Ztg., 23, p. 134.

Anonymous, Founding of magnesium alloys, Fdy. Tr. J., 34, p. 404.

Archbutt, S. L., Jenkins, J. W., Mechanical properties of pure magnesium and certain
magnesium alloys in the wrought condition, Brit. Aero. Res. Com. Rept. and Memo.,
No. 1037.

Archbutt, S. L., Magnesium and its alloys, Met. January 29, pp. 4-6; February 26.

Halstead, T., Smith, D. P., Constitution of the alloys Al-Mg from 32 to 48 per cent Mg,
Am. Electrochem. Soc., 49, pp. 291-312; J. Inst. Met., 35, p. 538.

Jones, W. R. D., Magnesium and its alloys, Met. Ind. (Lond.), 29, p. 433.

Portevin, A., LeChatelier, F., Quelques propriStes physiques des alliages de magnesium
ultra lfigers, Genie Civil, 88, p. 214.

Anonymous, Magnesium und magnesiumlegierungen, Zeit. Ges. Giessereipraxis, 46, p. 145

Daniels, S., Magnesium and its alloys, Mech. Eng., 47, p. 796.

Hahn, F. L., Magnesium-aluminum. Ein beitrag zur kritischen beurteilung analytischer
verfahren, Zeit. f. Anorg. Chem., 144, p. 142.
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105.

MAGNESIUM ALUMINUM ALLOYS (See also 67)—Continued

Text
refer-

ences
Year Name and title

1925

c 1924

1924

1924
1924

CC 1924

1924

1923

1923

1922
1922

1922

1920

dd 1920

1914

1911

1911
1908
1905
1905
1901

1900

Templin, It. L., Some mechanical properties of magnesium and magnesium alloys at
elevated temperatures, Aluminum Co. of America.

Aitchison, L., Light alloys for pistons and connecting rods, Met. Ind. (Lond.), 24, pp.
424, 447, 494.

Anderson, H. A., Tension tests of thin gauge metals and light alloys, Proc. Am. Soc. Test.
Matls., 24 (2), pp. 990-1003; J. Inst. Met., 34, 1925, p. 542.

Anonymous, Magnesium alloy a substitute for aluminum, Can. Fdy., 15, p. 26.
Daniels, S., Cast alloys of aluminum containing small amounts of magnesium, J. Ind. and
Eng. Chem., 16, pp. 1243-1249; Chem. Abst., 19, 1925, p. 963; J. Inst. Met., 34, 1925,
p. 419.

Mehl, It. F., The preparation of pure alloys. Am. Electrochem. Soc., 46, pp. 149-180; J.

Inst. Met., 32, p. 526.

Urazov, G. G., Nature of aluminum magnesium alloys, Ann. Inst. Physico-Chem. Anal.
Leningrad, 2, p. 480; Brit. Chem. Abst., (B), 1925, p. 522; Chem. Abst., 29, 1926, p. 1021;
J. Inst. Met., 36, 1926, p. 434.

Aitchison, L., Light metal tests. The mechanical properties of magnesium alloys, Met.
Ind, 21, p. 279.

Portevin, A., Le magnesium et les alliages ultra 16gers, Rev. de Met., 20, p. 428; Mem
Soc. Ing. Civils de France, 76, 8th ser., No. 445, April-May; Bull. Soc. Ing. Civils, 76
p. 486; Genie Civil, 82, p. 452.

Guillet, L., Les alliages legers; leurs recents progres, Rev. de Met., 19, p. 688.

Heyn, E., Wetzel, E., Researches on aluminum alloys containing magnesium, Mitt. aus.
dem Kaiser Wilhelm Inst. f. Metallforschung, 1, pp. 10-18; J. Inst. Met., 29, 1923, p. 633.

Irresberger, C., Magnesium castings, Giesserei Ztg., 19, pp. 599-602; J. Inst. Met., 29, 1923,

p. 784.

Gayler, M. L. V., Hanson, D., Constitution of alloys of aluminum and magnesium, J.

Inst. Met., 24, p. 201; Engng., 110, p. 788.

Waltenberg, R. G., Coblentz, W. W., Preparation and reflective properties of some alloys
of aluminum with magnesium and with zinc, Bureau of Standards Sci. Paper No. 363.

Schirmeister, H., Supplement to the phase diagram of aluminum magnesium alloys. Met.
u. Erz, 11, pp. 522-523; Chem. Abst., 8, p. 3412.

Broniewski, W., Electrical properties of aluminum magnesium alloys, Compt. Rend., 152,

pp. 85-87.

Wilm, A., Physical properties of magnesium aluminum alloys, Metallurgie, 8, p. 225.

Portevin, A., Les alliages d’aluminium, Rev. de Met., 5, p. 274.

Barnett, Magnalium and other light alloys, J. Soc. Chem. Ind., 24, pp. 832-834.
Grube, Magnesium aluminum alloys, Zeit. Anorg. Chem., 45, pp. 225-237.
Boudouard, O., Alloys of aluminum and magnesium, Bull, de la Soc. d’Encour. pour

l’lnd. Nat., 101 (6), pp. 773-780; Compt. Rend., 132, d. 1325; J. Soc. Chem. Ind., 21,

p. 814; J. Soc. Chem. Ind., 22, 1902, p. 258.

Miethe, Production and properties of magnalium and of products made therefrom, Verh.
Vereins. Zeit. Beford. Gewerbefleisses, Ltz., B, pp. 93-98.

106.

MAGNESIUM COPPER

d

b

c

1927

1927

1927

1926

1926

1926

Anonymous, Magnesium kupfer legierungen, Zeit. f. die Gesamte Giessereipraxis (das
Metall), 48, p. 110.

Cook, W. T., Jones, W. R. D., The copper-magnesium alloys. II, J. Inst. Met., preprint
434.

Hansen, M., Note on the magnesium rich magnesium copper alloys, Met. Ind. (Lond.),
30„ p. 361.

Cook, W. T., Jones, W. R. D., Preliminary experiments on the copper magnesium alloys,

J. Inst. Met., 36, pp. 157-172.

Portevin, A., LeChatelier, F., Physical properties of ultra light magnesium alloys, Compt.
Rend., 182, p. 382; Chem. Abst., 29, p. 2653; Genie Civil, 88, p. 214; J. Inst. Met., 35,

p. 550.

Stoughton, B., Miyake, M., A preliminary study of magnesium base alloys, Tr. Am. Inst.
Min. and Met. Engrs., 73, p. 541; J. Inst. Met., 35, p. 550; Min. and Met., 7, p. 71.

107.

MAGNESIUM ZINC

1927

a 1926

1910

1906

1904

Friauf, J. B., The crystal structure of magnesium di-zincide, Phys. Rev., 29, pp. 34-40;

Chem. Abst., 21, p. 1384.

Stoughton, B., Miyake, M., A preliminary study of magnesium base alloys, Tr. Am.
Inst. Min. and Met. Engrs., 73, pp. 541-549.

Bruni, G., Sandonnini C., Quercigh, E., liber die temaren legierungen von Mg, Zn, und
Kadmium, Zeit. Anorg. Chem., 68, p. 73.

Grube, G., Uber die legierungen des magnesium mit kadmium, zink, wismut. und
antimon, Zeit. Anorg. Chem., 49, p. 77.

Boudouard, O., Les alliages de zinc et de magnesium, Compt. Rend., 139, p. 424.
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108. MAGNESIUM-CADMIUM

Text
refer-

ences
Year Name and title

1927 Hume-Rothery, W., Rowell, S. W., The system magnesium-cadmium, J. Inst. Met., pre-
print 445.

1926 Vinogorov, Petrenko, The potentials of cadmium-magnesium alloys, Zeit. Anorg. Allgem.
Chem., 150, p. 254; Chem. Abst., 20, p. 1165.

1910 Bruni, G., Sandounini, C., Quercigh, E., Uber die temaren legierungen von Mg, Zn und
Kadmium, Zeit. Anorg. Chem., 68, p. 73,

1906 Grube, G., Uber die legierungen des magnesium mit kadmium, zink, wismut. und anti-

mon, Zeit. Anorg. Chem., 49, p. 77.

109. DOW METAL

a

b

1922 Gann, J. A., Dow metal and its applications, Tr. Am. Soc. Steel Treat., 2, pp. 607-615;
J. Inst. Met., 29, 1923, p. 642.

1922 Gann, J. A., Recent progress in magnesium alloys, J. Ind. and Eng. Chem., 14, p. 864;
J. Inst. Met., 35, 1926, p. 551; Raw Material, 5, p. 394.

110. ELECTRON

1927
1927
1927
1927

1926

1926
1926
1925
1925

1924

1923
1922
1922
1921
1921

1921

1920

Anonymous, Elektron als spritzgussmetall, Zeit. f. die Gesamte Giessereipraxis, 48, p. 96.

Anonymous, Isotta Fraschini airplane engine is 12-cylinder V type, Auto. Ind., 56, p. 681.
Meissner, K. L., Age-hardening tests with elektron alloys, J. Inst. Met., preprint 436.

Mayer-Sidd, Das elektron, seine eigenschaften und bearbeitung, Zeit. f. die Gesamte
Giessereipraxis, 31, p. 129.

Anonymous, Precautions in working electron metal, Apparatebau, 38, p. 88; Chem. Abst.,
20, p. 2143; J. Inst. Met., 38, p. 614.

Anonymous, Manufacture of elektron, Brass Wld., 22, p. 184; Met. Ind. (Lond.), 29, p. 104.
Schmidt, W., The alloy elektron. Met. Ind. (Lond.), 28, p. 130; J. Inst. Met., 35, p. 551.
Anonymous, Electron metal, Machy. (Lond.), 31, p. 691.

Schreiber, G., Neuwhal, R., Electronmetall., Maschinenbau, 4, p. 7; J. Inst. Met., 33,
p. 356.

Anderson, H. A., Tension tests of thin gauge metals and light alloys, Proc. Am. Soc. Test.
Matls., 24 (2), p. 990.

Thomas, F., Le metal electron, Fond. Mod., 17, p. 74.

Anonymous, The metal electron, Electricien, 53 (2), p. 297; J. Inst. Met., 33, 1925, p. 366.
Bregman, A., Electron metal, Met. Ind., 20, pp. 1-5.

Anonymous, Electron, Tech. Rev., 8, p. 162; Verkstadema., October 16, 1920, p. 118.

Beckinsale, S., The magnesium alloy: electron, J. Inst. Met., 28, p. 375; Engng., 112, p.
641; Fdy., 49, p. 821; L’Electrician, 53, 1922, p. 297.

Weinwurm, E., Das elektronmetall., Chem. Zeit., 45, p. 579; Elekt. u. Masch., 39, p. 616;
Genie Civil, 79, p. 593.

Thomas, F., Uber das vergiessen von elektronmetall, Stahl u. Eisen, 46, pp. 290-297; Brass
Wld., 16, p. 342; Met. Ind. (Lond.), 17, p. 107.

111. METALLIC SILICON AND ITS ALLOYS

19z7

a 1927

b 1926
c 1926

1926

d 1926

1926
1925

e 1922

f 1921

g 1918

1916

1916

h 1916
i 1913

j 1913
k 1910
1 1909

Siiberstein, J., Manufacture of ferrosillcon in the electric furnace, Fuels and Furnaces, 6,

p. 751.

Tucker, N. P., Preparation of high purity silicon (Part VII, Alloys of iron research), pre-
print, Iron and Steel Inst. May meeting.

Guillet, L., La cementation des aciers par le ferrosilicium, J. du Four Elect., 85, p. 167.
Quillet, L., The cementation of steel by silicon, Compt. Rend., 182, p. 1588; Chem. Abst.,

20, p. 3150.

Roll, F., Reactivity of silicon, Zeit. Anorg. Allgem. Chem., 158, pp. 343-348; Chem. Abst.,
21, 1927, p. 1582.

Sanfourche, A., Cementation of iron by silicon chloride, Compt. Rend., 183, p. 791; Sci.
Abst., 30a, 1927, p. 342.

Webster, G. R., Useful alloys of aluminum and their properties, Fdy. Tr. J., 34, p. 393.
Mellor, J. W., A comprehensive treatise on inorganic and theoretical chemistry, VI.
Gillett, H. W., Mack, E. L., Electric brass furnace practice, Bur. Mines Bull. No. 202,

p. 82.

Kahlenberg, L., Trautmann, W. J., Reduction by means of silicon, Tr. Am. Electrochem.
Soc., 39, p. 377.

Mott, W. R., Relative volatilities of refractory materials, Tr. Am. Electrochem. Soc., 34,

p. 255.
Ardery, E. D., Hydrogen for military purposes, Tr. Am. Electrochem. Soc., 29, p. 549
Fischer, F., Baerwind, E., Uber sUicium und seine stellung in der thermoelektrischen
spannungsreihe, Zeit. f. Anorg. Chem., 97, p. 56.

Hutchins, disc, on Hydrogen for military purposes, Tr. Am. Electrochem. Soc., 29, p. 559.

Anonymous, Silicon castings for the chemical industries, Met. and Chem. Eng., 11, p. 102.

Wartenberg, Uber die reduktion der kieselsaure, Zeit. Anorg. Chem., 79, p. 71.

Baraduc-Muller, L., Silieures metalliques, Rev. de Met., 7, p. 657; J. Inst. Met., 5, p. 316.

Portevin, A., Les alliages de silicum, Rev. de Met., 6, p. 951; J. Inst. Met., 2, p, 309.
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111. METALLIC SILICON AND ITS ALLOYS-Continued

Text
refer-

ences
Year Name and title

m 1909 Zimmerman, C. I., Some physical properties of crystalline silicon, Tr. Am. Electrochem.
Soc., 15, p. 395.

B 1907 Mixter, W. G., The heat of combustion of silicon and of silicon carbides, Am. J. Sci., 24,

pp. 130-140.

0 1907 Potter, H. N., A bomb calorimeter for use with substances whose oxides are solids, Tr.
Am. Electrochem. Soc., 11, p. 263.

P 1905 Tone, F. J., Production of silicon in the electric furnace, Tr. Am. Electrochem. Soc., 7,

p. 243.

112. METALLIC BEBYLLIUM AND ITS ALLOYS

b
ffi

mm
c

d

n
o

P

f

g

h

i

3

k

1

1627
1927
1927

1927

1927

1927
1927
1927

1927
1927

1926
1926
1926
1926
1926

1926
1926
1926
1926

1926

1926

1926

1926

1926

1925

1925
1925

1925

1924

1924

1924

1924

1923
1923

1923

1923

1923

1921

1919
1917
1916

1912

Anonymous, Beryllium, ein neues leichtmetall der technik. Aluminium, 9 (10), pp. 1-2.

Anonymous, Beryllium, a light metal, La Nature (2757), p. 251; J. Inst. Met., 37, p. 375.

Anonymous, Die bedeutung des leichtmetalles beryllium, Zeit. f. die Gesamte Giesserei-

praxis, 48, p. 82.

Bassett, W. H., Beryllium-copper alloys. Am. Inst. Min. and Met. Engrs., preprint No.
1634-E.

Becker, J., Beryllium, ein neues leicht-metall der technik, Zeit. f. Elektrochemie, S3,

pp. 181-182; Chem. Abst., 21, p. 2863.

Bureau of Standards, Tech. News Bull. Thermal expansion of beryllium.
Hidnert, P., Sweeney, W. T., Thermal expansion of beryllium, Phys. Rev., 29, p. 616.

Jordan, L. Grenell, L. H., Herschman, H. K., The tarnish resistance and some physical
properties of silver alloys, Am. Inst. Min. and Met. Engrs., preprint No. 1661-E.

Kroll, W., The making of beryllium, Met. Ind. (Lond.), 30, p. 357.

Matignon, C.; Marchal, G., Heat of oxidation of beryllium, Compt. Rend 183, p. 927-929;

Chem. Abst., 21, p. 1915.

Anonymous, Beryllium and its possibilities as an alloying metal, Iron Age, 117, p. 220.
Anonymous, Beryllium, Forging-Stamping-Heat Treat., 12, p. 109; Engng., p. 673.

Anonymous, Beryllium; Canada a possible source of supply. Met. Ind. (Lond.), 29, p. 51.

Anonymous, New Beryllium metal ($200 per lb.), Brass Wld., 22, p. 43.

Bodforss, S., The electrochemistry of beryllium, Zeit. Physik. Chem., 124, pp. 66-82;
Chem. Abst., 21, 1927, p. 524.

Corson, M. G., Aluminum and its alloys, publ. by D. van Nostrand Co.
Hlig, K., Beryllium and its production, Zeit. f. Met., 18, p. 149; Chem. Abst., 20, p. 3147.

Kroll, W., Vergiitbare aluminium legierungen. Met. u. Erz, 23, p. 226.
Kroll, W., Uber die darsteliung des berylliums (Ersatz von silizium durch beryllium).
Met. u. Erz, 23, pp. 590-594; J. Inst. Met. 37, p. 375.

Kroll, W., Die mechanischen eigenschaften der binSren aluminium-beryllium legierungen.
Met. u. Erz, 23, p. 617.

Matignon, C., Marchal, G., Thermo-chemistry of glucinum, Bull.-Soc. Chim. France 39

(4), p. 167-190; J. Inst. Met. 37, 1927, p. 375.

Paton, R. F., Sanders, W. H., The spectrum of beryllium, Phys. Rev., 27 (2), p. 106;
J. InsL Met., 36, p. 500.

Sidney, L. P., Beryllium; its sources, production and properties, Chem. Age (Lond.), 14,

No. 355, Met. Sec. 25; Chem. Abst., 20, p. 1890.
Vivian, A. C., Beryllium, Faraday Soc., 22, pp. 211-225; Sci. Abst., 30a, 1927, p. 152.

Chem. Abst., 21, 1927, p. 2615.
Anonymous, Pure beryllium, Ber. Deut. Chemischem Gesellschaft, 58, p. 1571; Zeit. f.

Met., 17, p. 408; Mech. Eng., 48, 1926, p. 265.
Beryllium, National Physical Laboratory report for 1925, p. 205.
Burgess, L., Separation of aluminium, beryllium and zirconium from their ores, Tr. Am.
Electrochem. Soc., 47, p. 317.

Stock, A., Praetorius, P., Priess, O., The preparation of beryllium, Ber., 58, p. 1571; Chem.
Abst., 20, 1926, p. 880.

Engle, A., Hopkins, B. S., Metallurgy and alloys of beryllium, Tr. Am. Electrochem. Soc.,

45, p. 483; J. Inst. Met., 31, p. 502.

Engle, A., Hopkins, B. S., Extraction of beryllium from beryl, Eng. and Min. J. Press,

118, p. 49.

Hopkins, B. S., Meyer, A. W., Electrolytic production of beryllium, Am. Electrochem.
Soc., 45, p. 475.

Moose, J. E., Parr, L. W., A redetermination of the heats of oxidation of certain metals,
J. Am. Chem. Soc., 46, p. 2656.

Copaux, H., Philips, C., Heat of oxidation of glucinum, Compt. Rend., 176, p. 579.

MeKeehan, L. W., Crystalline structure of potassium, beryllium, etc., Bell Telephone
Quarterly (Jan.).

Mellor, J. W., A comprehensive treatise on inorganic and theoretical chemistry, 4, pp.
204-248.

Nisclek, K., Studies on double decompositions between metals or metal oxides and carbon,
Zeit. Elektrochem., 29, p. 373.

Pfeiffer, P., Uber die stellung von beryllium und magnesium im periodischen system der
elemente, Zeit. f. Angewandte Chem., 127, p. 41.

Mielenz, W., Wartenberg, H. F., Uber die bildungswfirme von beryllium oxyd und-chlorid,
Zeit. f. Anorg. Chem., 116, p. 267.

Negru, J. S., Glucinum, Chem. and Met. Eng., 21, pp. 353, 417.

Anonymous, Glucinum and its alloys, Sci. Amer., 74, p. 92.

Oesterheld, G., Ailoys of beryllium with aluminum, copper, gold, and iron, Zeit. Anorg.
Aligem. Chem., 87, p. 6; J. Chem. Soc., 112, 1917, p. 89.

Parsons, C. L., The chemistry and literature of beryllium, the vagaries of beryllium, Bureau
of Mines bulletin.
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113. SILICON PATENTS

Text
refer-

ences
Year Name and title

a Becket, F. M. U. S. 854018
866561
891898

b Price, E. F. 852347
862996
865609

Tone, F. J. 745122
833427
842273
869276
939570
939930

c Weintraub, E. 1118387
1134788

114. BERYLLIUM PATENTS

United States:
1333965
1359813
1418527
1427919

a 1622604

British:
120565
155805
164608

51409°—27 26
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Accelerated aging of duralumin type alloys.. 248

“Aerolite” 192

“Aeron” 229

Aging of duralumin 248
‘

Aircraft, advantages of light alloys for 136

alloys for.. 138,365,368

“Alclad ” duralumin 37

“Alpax” 170,193

“Aludur” 230

Aluminum alloys

See Name of alloying element.

aluminothermics 40,370

Aluminum “bronze” (powder) 38

Aluminum chloride, use of metal in making. 17

Aluminum magnesium alloys 116, 177, 247, 298

Aluminum oxide, analysis of aluminum for.. 42

Amalgamation of aluminum 22, 24

Analysis of aluminum 41

magnesium 284

Annealing, effect on properties 75, 98, 99

Annealing, effect on resistivity 50,364

of duralumin 249

Anodic oxidation process 34

Antimony aluminum alloys 102, 103

Applications, see Uses.

Arsenic aluminum alloys 101

Atomic heat, effect of temperature on 73

Atomic weight of aluminum 22

of magnesium 284

Automobiles, advantages of light alloys for.. 137

B

Bearing metals, aluminum alloys for. 140

Beryllium aluminum alloys 102

Beryllium, metal and alloys of. 104, 314, 316

in duralumin 247

in copper alloys 315

Bismuth aluminum alloys 102

Boiling point of aluminum 55

of magnesium 288

Borings, use of 150

Boron aluminum alloys 102

Briquetting of borings 151

C

Cable, electric 52

stranded, properties of. 51

steel-reinforced properties of 51

Cadmium aluminum alloys 102

Cadmium magnesium alloys 310

Calcium, effect in duralumin 243

effect in aluminum for electrical conductors. 49

Calcium aluminum alloys 102

Calorizing 39
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Casting 86
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Cerium aluminum alloys 106
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of magnesium for 283
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Chemical attack of various reagents on alu-
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Chemical properties of aluminum 22
of magnesium 285

Chill castings 159

of duralumin 260

Chromium aluminum alloys 108

Chromium, effect in duralumin 243

Cobait aluminum alloys 106

Cold working, effect on aluminum 86

Commercial aluminum, properties 66, 350, 355

Comparison, aluminum with other materials

of construction 134, 371

Composition of trade-named alloys 202,207

Compressibility. 67

Compression testing 66

Condensers, electrolytic 46,348

Conductivity, electric, of aluminum 48, 350

electric, of magnesium 290

thermal, of aluminum 55

thermal, of magnesium 290

Constitution of aluminum alloys.. 101-131,372-383

“Constructal” 244

Cooking utensils, effect on health of use of

aluminum for.. 26

Copper aluminum alloys 110, 111, 161, 374

at aluminum rich end 235

cast 161

diffraction data for 19, 338

from high purity aluminum 257

heat-treated. 255

properties - 162, 163, 165, 166, 167

with magnesium 199, 302, 306

with manganese - 144,191

with nickel 196

with silicon 193,259

with tellurium 199

with tungsten 200

with zinc 188

Copper aluminide CuAb 235

Copper magnesium alloys 306,394

Corrosion 26,342

by salt water 29

of copper aluminum alloys 169
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