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Thermal Expansion of Aluminum and éome Aluminum

Alloys
Pater Hidnert and H. S. Krider

Data are given on tha linesr thermpal expabgion of alimingm and some alumiogin-
beryllium, sluminum-copper, aluminum-silleon, aluminum-copper-iron, aluminum-copper-
magnesium, sluminum-copper-nickel, aluminum-silicon-copper, aluminum-silicon-magne-
ginm, slumicum-popper-nickel-magoesium, aluninum-copper-tin-zine, alominum-ailicon-
copper-manganese, aluminum-ailicon-sopper-nickel, aluninum-silicon-nickel-coppar-manga-
nese, And aluminum-sllicon-nickel-copper-molybdenum Rlloys for varions temperature Fanges

between —50° and 44007 C.

and ailiecon has the greateat affent of theas three alloyin
shown thet indicats the effects of compovition on the coeflizients of e

The addition of berylium, copper, or sfllicon 1o Bluminum
caused b decroase in the cooffelonts of expansion. Coppe

T has A groater cffeet than berylliom,
alarnents.  Tarbhary diagrams are
najon of aluminurmo-

ropper-nicke]l and aluminum-zilicon-copper aﬂoﬁg’. Tha eifects of additions of two or theea
en

elements {copper, nickel, mAnganese, and mo
sluminum-silicon slloye are in irated in B figu

1. Introduction

Date on the linesr tharmal ex on of the
samples of aluminum and of some aﬁuminum elloys
(binary, ternary, queternary, etc.) listed in table 1
were obtained during the past quarier of a century.'
These resulte are based on & number of independent
testa and investigations, the specific purposes of
which in general were not 1‘el£|.taf_'nfe

It is the ¢bject of this paper t¢ report coefficients
of expansion during hemting and cooling of the
samples for various tempersture ranges betwaen
- 56 and +400° C and to eatablish correlations
hetween the coefficients of expansion and the chem-
icel composition of the annealed sluminum alloys.

2. Materials Investigated

The samples of aluminum and of aluminum alloys
were obtagined from Aluminum Company of America,
Cleveland, Ohic and New ington, Pa., Brush
Beryllium Co., Cleveland, Ohio, Bureau of Aero-
nautics, Navy Depi., Washington, D. C., Cooper-
Wiltord Beryilium Cao., Phlladgelphiu, Pa., National
Advisory Committea for Aeronautics, Washington,
D. ., and Naval Atrcraft Factory, Fhiladelphis, Ps.
The length of each sampile used in the determinations
of linear thermal expansicn was 200 mm (7.9 in.)
for the range from —50° to +20° C. and 300 mm
f11.8 in.) for the range from +20° to 400° C. The
cross sections of the samples, their treatments, and
chemical compositions are given in table 1. o8t
of the values for chemical compozition were furnished
by the manufacturers or organizations that submitted

e samples.

3. Apparatus

The fused-quartz tube and dial-indieator mathod
and the precision micrometric method were usad for
determinations of linear thermal expension of the
samplag for the ranges from —50° to +20° 7 and

| W T. Sweenay of the Buresu smisted (he sandor author durlng the sarly smirk.,
1 Flgureg fiv naekals idisate the [araturs rafenan g al the stid of this paper.

Ly

um) on the ooefficients of expansion of

re.

from +20° to 400° C, respectively. These methoda
were described by Hidnert and Souder [3].

4, Results and Discussion

Expansion curves on heating and on ecoling werse
ploited from the observations on the samples of
aluminum and alominum alloyz at various temper-
atures between —50° and +4060° C. Table 1 gives
coefhicients of expansion and coefficients of coatrac-
tion that were computad from these curves, some of
which are shown in figures 5 to 9, inclusive, The
last column of the table shows, for most of the
samples, the changes in length {at room temperature}
that ocenrredd as 2 result of the heating and conling
in the thermal-axpansion tests.

Table 1, &, pives coefficients of expansion of two
samples of caat aluminum and two semples of an-
nealed aluminum. The coefficients of expansion of
the samples of annesaled aluminum are ahightly leas
than the cocflicients for cast alnminum.

Table 2 gives & comparison of coefficients of expan-
sion of annealed aluminum in the present investiga-
tion, with those determined hy Nix and MacNair [4]
and Taylor, Willey, Smith, and Edwards [5] by the
interference method. ‘Taylor and his coworkers in-
dicated that recrystallization and grain growth, or
changes at the interfoces batween specimen and the
inter?emmeter plates, such as growth of the oxide
film on the alominum, are aome of the sources of
error,

Table 1, B, gives coefficients of expansion of three
sluminum-bervllium alloys containing 35, 4¢, and 71
percent of beryllium by weight (62, 67, and 88 atomie
percent). )

Figure 1 indicates coefficients of expansion for
aluminum-beryllium alloys of the present investi-

tion and those obtained by Hidnert and Sweeney
6] in & previous 1nvesl.ié’ga,tiun, for the ranges 20° to
1040% C and 20° 1o 200° The coefficients of expan-
gion obtained in the second heating are indicated in
the figure nnd represent valves for annesled alloys.
The coefficients of expansion obtained in the first
hesting of the cast slloy {gample 1630} contzining
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the highest content of beryllium and mean velues ?
for annealed sluminum (09 of berglliuin) ore ineluded
in the figure. This figure shows that the addition
of beryllmm to eluminum decreases the coefficients
of expansion, The relation between the chemicsl
composition {atomie percent} and the coefficients of
expansion for each temperature range is approxi-
mately linear,! which is in agreement with the theory
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sluminum-herpllinm allogps.
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'Fm tnhle
+ I figares 1 o 4, the Strakghl Hes wore not extended to O abomic percent

banguse There arm uu]Jd. soluklons reir IHis pereentame,

for the eutectiferous portion of the equilibrium dia-
gramn (7] for aluminum-beryllium alloys.

Table 1, O, gives coafficients of expaosicn of nine

samples of annealed aluminum-~copper alloys con-
tammg from 5.8 to 11.9 percent of copper by weight
{2.6 to 5.4 atomic percent). For each sample, the
coefficients of expansion on heating agree clu-sely
with the corresponding coefficients on .cooling. Thea
maximum deviation ia £0.2107%,

Figure 2 shows the relniions hetween the chemical
composition (atomic percent of copper) of annealed
aluminum-copper alloys and the average coefficients
of expansion for three temperature ranges on heating.
This figure includes coefficients of e ion obtained
by Bo]%e“nrat.h [8), Kempf [2], and ey and Fink [4]
on annealed aluninum-copper alloys and mean values
{table 2) on annealed sluminum (09 of copper).
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The values for annealed aluminum-copper alloys for
ench temperature range may be represented by a
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straight line and indicate that the eoefhcient of
expansion decreases-with increase in the etomic per-
cent of copper. A linear ralation is to be expocted
batwean t.lllle chemical composition (atomic percent)
and the coofficients of expansion of theee allo
represented by the eutectiferous portion of the sl
minum end of the eluminum-copper equilibrinm dia-
gram [10].

Figura 3 shows the average coeflicients of expan-
sion of two sumnples of annealed wluminum-silicon
alloyz in table 1, [¥, and the cocflicients of expanaion
of other annealed aluminum-silicon alloys investi-
ﬁ{nted by H.ldnert 1], Bronieweld and Smialowaki [11],

empf [2 arber [12], for three temperature
ranges. he sﬂimn content of the alloya range from
1.3 to 40 percent hy weight (1.2 to 39 atomic pereent).
As Bronlewski and Smizlowski appeared to have
made messuramentz only at roem temperature, the
beiling peint of naphthalene (218° C), and at liquid-
air tempersture [13], the coaffieiants of 10n ¢
that were comput "from their data for t range
20% to 200* C only, are shown in figure 3.

The relation between the chemiecgl composition
(atomic percent) of these eutectiferous elloys [14]
and the ecafficianta of expansion for each temperaturo
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Tavre 3. Uveficients of szponsion of annealed aluminvm-dron ond eluminum-copper-iron slfoys by other obtervers
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range may ba represented by a etraight line ? similar
to the lingar relations indicated in figures 1 and 2
for the eutsctiferous aluminum-bery!livm and alu-
minnm-copper alloys, The coefficients of expansion
of the alumicum-silicon alloys for the threa temper-
atura ed decrease with incressa in the atomic
percent of silicon. .

It haz been shown that the addition of beryllium,
coppar, or silicon to alyminum cansss a decragae in
the coefficienta of expansien. Figura 4 shows &
comparison of the effacta of thess alloying elements
{atomiic percent) for three temperature ranges.
Copper has a greater effect than beryllium, and
pilicots has the greatest effoct of these theee alfaying
eletnents,

Table !, E, zives averaga coafficienta of expansion
of three samples of aluminum-copper-iron alloys con-
taining 9 anﬁ 10 percent of copper and 1 percent of
iron by weight, respectively. 'Bhe SXPANOGION CUCYe
{fig. 5} of caat sample 1096 shows & marked increase
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Ficuek 5. Lincar thermal exrpansion (in millionthe per unil
length) of cosd aluminum-copper-fron alloy contaiming 10.1
percent of copper and 1.1 pereend of iron by weight.

T deieing the etealght Une R the ratgs 20° g 300 O, the gathars Ignoced

Ermp's valus for the coafficient of expansion of the sluminom-silcon alloy con-

in the rata of expansion on heating betwaen 1507
and 200° C, probahly dua to precipitation or solution
of soluble conatituents, recrystallization, or release of
straina. The curve on cooling from 200° C to room
temperature was found to be regular. After cooling
to room temperature, the sample was 0.050 percent
longer than the length befors heating.

he expansion curves ¢f annealed samples 1087
and 1353 wera found to be regular on heating and
cooling. After cooling to room temperature, these
gamples were only 0.001 percent longer than the
lengths before henting. Tﬁa coeflicients of expan-
sion of these samples are slighily less than the co-
efficients of expansion of the annealed samples con-
taining 10 percent of copper and 0.4 percent of iron
{table 1, C}.

Table 3 gives coeflicients of expansion of several
annealed nlguminumhirun and aluminum-copper-iren
alloys investigated by Kempf [2] and Maresea [15].
The coefficientz of expunszion of the annealed alu-
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Fiouee 6. Linear thermal erpansion (in millionihe per unfl

} af aluminum-copper-magnesfun alfoys coniaining 4.4
pereent of copper and 1.4 pereend of magnestust by weipht.

Bampde 17718, zaluthn beat-treabed sk fo0* F (4937 C) for 1 br, goenched ln water
m?{#&lﬂ OO tamperatunt: 1TTA, dats ITaalmeng &y Bampls 1773, then
at F (371° ) for 100 hr; £76B, samme treakosnt as s 1775, e at
8007 F (£27° O} for 500 br.
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minum-~copper-iron alloys of the present inveatigation
are about 110" greater than those reported by
Eempi for an alloy containing 9.9 percent of copper
and 1.1 pevcent of iron.

In an investigation of the phyeical properties of
sluminum alloys at elevated temperstures as one
?hﬂﬂﬂ of research hy National Advisory Commitice

o1 Acronsutics on pircraft engins matorialy, determi-
nations of the linear thermas! expansion of sampley
of rolled aluminum-copper-maghesium, aluminum-
copper-nickel, aluminum-gilicon-magnesium, and alu-
mintm-copper-nickel-mapgnesium alloys were mada.
The chemical composition and heat treatment of
these samples are indicated under F, &, L, and J of
table I. . .

The observations obtained on heating and cocling
the samples of aluminnm-gopper-meagnesium, slumi-
num - copper - nickel, aluminum -silicon - magnesium,
and aluminum-copper-nickel-magnesiom alloys to
various termperatures between room temperature and
800° F {427° C) nre shown in fgures § t0 9. The
expansion curves indicate thet the linear thermal
expabksion of the samples inereases with temperature,
The contraction curves of the samples aged at 700* F
{371° (0 and st 300° F (42779 () lie closer to the
expansion curvae than the contraction snd expansion
curves of the samples aged at lower temperatures.

F,.G, 1 anddJ D?i:a.ble 1 give coeflicients of expon-
sion and coefficients of contraction of the heat-
treated sluminum-copper-magnesinm, alyminym-

copper-nickel, alumihum-silicon-magnesium, and
aluminum-gopper-nickel-mapnesinm  alloye.  Thesa
.

V1

o

o e,
N
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K

coefficients were decived from the expansion and
coniraction curves wh figures 6 to 9, B ATETAZS
difference between the coofficiants of expansion of
the samples aged at 700° P (371° C) and at 800° F
{427° C) compared to the corresponding coefficienta
of the samples aged at lower temperatures is £0.6 %
1074 deg C, but the average difference between the
coeflicients of contraction of the su.mg]as agad at
T00° F (371° C) and at 800° F (427° C) compared
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Ficore 8.  Livear thermal expansion (in mitlfonths per unél
length)  of eluminum-silicon~megnesum afloys containing
I2.8 percend of silicon and 1.8 percent of mognesium by
toeight.

Barapls 1718, solntlon best.treated wt 860" B (516* O} for 1 br, quenshed I

mrﬁd 07 F (1™ O) for 12 Hr; 1I780A, damks teapinnand aa saogpde 177

W,
at 0¥ F (371% ) for 100 hr; ITHE, same treatmwent a8 sample 15778,
then aged at BN F (4277 O) for 60O e,

b
w
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TEMFERATURE “¢

Fioure 7. ILirear thermal erponeton (Pn milliondhe per undl
lengih) of sluminum-copper-nickel Gllopr condnining 4.0 per-
cont of copper and £.0 perceni of mickel by weight.

hent-treatad at @50% P (06* O) for 1| b, guenched 1o
water, And agaed at 3407 F (171* C) for 10 hr; 17044, sums irpalment a2 zumie

I77E, them pgad &t 700° F {3717 O for 100 hr: 17708, pame trealiput ad ssmD

1776, ther aged it 800° F (4277 O for 800 Br.
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Frauae % Linsar thermol erponeion (fn millionths per unfi
Tenpth) of aluminum-copper-nickel-magnestum olioys ton-
tntning 3.9 percent of copper, 8.1 percend of nickel, and 1.4
percent of magnesivm by we:'g:'u.

L] L] dasahed kn

e o DA B (1715 G 1ok 10 bes 11T, sme GoaaAehoht 53 sarDIo H17%,

then at TI® F (3717 C) for 100 br.
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COPPER, PERGENT
Figure 10, Pelion of lernary diggram indicoting e effects
of composilion (peree by weighl) on the cogfficiends of
finear erpamsion (in mallionths per degres cemfigrade) of
annguéad alemivum-copper-nfckel alloya fg:r the range 20° 1o
3007 C. .

), Prom dstain Bgure 3; £, mothors (24.5) Willey snd Fink (24.2); @ Eomp.

to the corresponding coefficients of the samples aged
at lower temperaturee is only +0.2X107%deg C.
The coefficients of expansion of the aluminym-
silicon-magnesium slloy containing 12 percent of
silicon are nearly 15 percent less than those for the
aluminum-copper-magnesium, &alumintm-copper-
nickel, and aluminum-cepper-nickel-magnesium al-
loyes containing about 4 percent of copper.

The ditnensional of the semples of
aluminum-copper-magnesivm, aluminum-copper-
nickel, ﬂluminum-aiﬁcun-rgﬁgneaium, nad aluminum-
copper-nickel-magnesium alloys at reom temperature
after heating and cooling during the thermal-expan-
sion determinations were less for the samplss aged at
700° F (371° C) and at 2800° F {427° C) than for
th]':f: ?ged at lower temperatures (last column of
ta 1).

Figura 10 indicates average cosfficients of expan-
gion of annealed aluminum-copper-nickel alloys for
the rapge from 20° to 300° C.  Values obtained by
Eempf [2] and Willey and Fink [9] are included in
the ternary diagram. Coefficients of expansion of
aluminum—copper alloys were taken from the straigit
lina {20° to 306" ') shown in figure 2. The curves
n figure 10 were derived from the date shown in this
terbary diagram. curve for straight line)
called an isodil,” Tepresents a constant cient of
expansion for various ternary compositions for a
definite temperatura range.

The ieodils for the annealed aluminum-copper-
nickel alioys are nearly perpendicular to the afumi—

T The word ieodii™ was darized In 1931 by Hidnert, frong s (Gredk irer,
meaning sqoaly aod frm the Aest threa letters of " gikatariom™,

@ 12 ! 24
SILICON » FERCENT
Fiaore 11,  Portion of ternary dlagram indicaling the effects of
tompasiiion l{perneﬂtuﬁ by wetght} on the 2 of linear
erpansion (#n milliontha per degree contigrode ;;f annealed or
beal-treaied  aluminum-silicon—copper alloye for the range
B0 kg 300° C.
€1, Auth

~£ﬁ.)&nmdaumm2;ﬂ,mmmnms:¢,muwﬂ};
=, Mz B

am, and indicate

num-hickel side of the ternary di
a coofficients of

the affects of composition on

ansion of these alloys.

he goefficients of expansion of the heai-treated
sluminum-silicon-mugnesium alloy containing about
12 percent of silicon and 1 percent of esiim are
in close agreement with the coefficients o neion
reperted by Wi]lgj;ioand Fink [9] for an annealed and
& heat-troated ¥ of approximately the same
eomposgition.

Table 4 gives coefficients of expansion of alumi-
num-copper-hickel-magnesinm al]uﬁinvesngated by
Bollenrath [8] and Barber [12]. e mean of the
coeflicients of expansion of these alloys for the ranges
frem 20° to 100° C and from 207 to 200° Cis 0.7 x 16~
smeller than the mean of the coefficients of expan-
sion ef the samples of the aluminum-sopper-nickel-
magnesium alloys of the present investigation for
tha eorresponding temperature ranges. For the
range from 20° to 300° C, the corresponding differ-
enca between the means of the me&cienta of ex-
pansion 12 0.3 107%

Figure 11 indicates average coefficients of expansion
of snnesled or heat-treated aluminum-siticon-eopper
alloys for the range from 20° to 300° . Values
reported by Mareses [15] end Barber? [12] are
included in the ternary dingrem. Coefficients of
expangion of aluminum-coppar and aluminum-silicon
were taken from the straight lines (20° to 300° ()
zshown in figures 2 &nd 3.

! Barber reporied valoes ranging bom 906 (0 2.0:210-8 for 4 samples sentafnfng
TL0% of Ao gd 109 of opper,  The apread of the valDes ut]iag-nmind aﬁ:

My pomins] vahies were reportod for the chamiben] oot posd
ﬁmt 8 aToraye af Ivis valoey (212 x 104, Indicgtad in Agure 11, wax ignared In
dwl%lngthenurm
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TasLw 4, Coeficfenis of scporsfon af ufum:'nuwmpper-m’cket—magn_ca:’um afloys by other obaervers

1 v
’ Chemnical com posithon [y weight) ] Average coafficlents of expansior par degrse sen bl
{rhserver Date Treatinent
Als[ Cu | Wi | Mg | &L Fr .’3}“tuI.tl]“Glz}’mm]j"‘c:m"‘wm“ﬂm“mm‘ﬂm“wm“ﬂ
% | &% | % % | % ' |
Bollentath....| 193 [#25 | o 2 1% ______ ... | Annealsd at 507 Cfor 3 bourtend | 2520000 | R 8w 0e | P A0 | B 3RID (D6 DX 10
];mbed ta MDD Lermparstire in 26 H
GUFE,
Wrought, goenehed foom M7 Cin | B4 b4} < - R (R
I&myt?;t wnut.gr. and sged at
TR0 re.
Barber....... IMg (9T 20 ( Q.75 | LBF [ 133 ) 043 [ D40 Mammﬁmpmﬂ[ng,mn 9,5 .7 = I
E!‘;w atapdlity heat freatment at.
h ® .
» By Jilferends, WEMNT PERCENTASE SILICONW

10

o
4 The isodils for the annealed or heat-treated alumi- 24
num-silicon-copper alloye are neacly perpendicular
to the alvminum-gilicon side of the ternary diagram, | ,5k=
and indieate the effects of composition on the
coefficients of expansion of these alloys.

Coeflicients of expansion of a cast and of an an- 20—
nealed sluminum-copper-tinsinc salloy containing
about 2 percent of copper, 1 percent of tin, and 1
percent of zine are given in table 1, K. The coefli-
clents of expansion of the annealed sample for the
temperature ranges to 200° {0 are less than the el
coeflicients of expansion of the cast sample.

A comparison of the coafficient of expansion of the 209 To 008

sarnple (1205) of annealed slumioum-gilicon-copper- 14
manganese alloy® from 20° te 300° C with the isodils
for annealed aluminom-silicon-copper alloys in figure

]
L]

11 indicates that the addition of 1,1 percent of
manganess and nearly 1 percent of iron to a ternary
sluminum-silicon-copper alloy containing 20 percent
of silicoo and 3 percent of copper, reduces the cocffi-
cient of expansion.

The effacts of additions of copper and nickel to
aluminum-gilicon alloys are indicated in ficure 12,
which was prepared from the data shown in table 1, M,
and in figure 3-and from data by Bollenrath [8],
Bungardt and Schait-herger{lf‘?i], end Barber [12]. In
every ¢ase except one, the additions of copper and
nickel cansed a decrease in the coefficients of
eXPAnsIon.

he effecta of the addition of 4.2 percent of nickel,
3.1 percent of copper, and 1.1 percent of manpganose
and of 4.4 percent of nickel, 4.1 percent of copper,
and 1.4 percent of moelybdenum to aluminum-silicon n
alloys are alae indicated in Sgure 12, These addi-
tions caused a decrease of about 2X 10-%/deg C in

- ~ s
& [r3 ﬁ &

COEFFIGIEMT OF EXPANSION % |08

-

BO¥ TR zdDeC

the coefficients of expansion. 1z
* Alse containt nearly 155 of irco.

2
20  '@a2 -
o gt
Froure 12 ects of addiifons of Moo or Mhree elementy (Cu, W 7
Ki, Mn, and Mo, percevioge by weiphf] on coefictents of - 5‘ -
Enear expanaion of gluminum-atlioon aflogs, L]
OeeMidients of cxpmoston of elominum-silicon allevs tepresented by atralght
Hpu fromn Bgure 3. @, AHSCo-W sllops; O, AMBENECo-3o slloys; W, | G —
AFEEMECoMesllors, 1. Cuvh NITEZ Cudd M4 3 Cuds Nz £
Cu LI, Hi L & Hi 44, Cu 4L, Mo L4 8 Culn W47 Cudn M4 8 Cu 2o° TO 1009
48 M 159 Ni4d Cull, Mo L) W Co L5, HL 1 peresnt by welght. 1, 2,3, | | | } 1
5 6 7, wod & anthors; 4, Barber {1045 5, Bungardt and Bslisdtheeger (10395 10, ity T3] 24 ET7) *0
Bolenmath (15M), ATOMIC PERCENTAGE ZWLICON
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