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Thermal Expansion of Aluminum and Some Aluminum 
Alloys 

Peter Hidnert and H . S. Krider 

Data are given on the linear t hermal expansion of aluminum and some a luminum­
berylliu.m, aluminl!m-copper, al~minum-sillc~m, al~J?inum-copper-iron , aluminum-copper­
magneslUm, . alummum-col?per-lllckel, . alumInum-~llIcon-copper, aluminum-silicon-magne­
SIUm, a lummum-copper-mckel-magneslUm, a luilllnum-copper-t in-zillc aluminum-silicon­
copper-mangan.ese, aly ill in ul!l-silicon -copper-nickel, alu min u m -s ilico n-dickel-cop per-manga­
nese; and al u~lllum-slhcon.;-n--!ck~l-copper~ Jl;lO lybdenum ~lloys fo r various t emperature ranges 
be t"een - 50 and + 400 IJ . Ihe addItIOn of beryll lUm copper or silicon to aluminum 
cal1 se~ ~ decrease in the coeffic ients of expansion. Copper h~s a great er effect than beryllium, 
and SilICon J;tas. the greatest effect of thes.e . three allOYIng elements. T ernary diagrams are 
shown th.at llldlCate t he .effe cts .~f compOSitIOn on the coefficients of expansion of a luminl1m­
copper-nICkel and a lummum-slhcon-copper alloys. Thc effects of additions of t\yO or three 
elem~nts (c? ,?per, nickel, m::ng~nese , ~nd molybdcnum) on th e coefficients of expansion of 
alummum-sll lCon alloys a re mdlCated III a figure. 

1. Introduction 

D ata on Lh e linear thermal expansion of Lhe 
sa~ples of aluminum and of some aluminum alloys 
(bll1ary, ternary, quaternary, etc. ) listed in table· 1 
were obtained during th e past quar te r of a cen turyl 
These results are .based on a numbe~· of independent 
tes~s 3:nd mvestlgatlOns, the speCIfi c purposes of 
whLeh III general ~were not related. 

It is the obj ect of this paper to report coefficien ts 
of expansion cLl~ring heating and cooling of the 
samples for van ous temperature ranges between 
- - 50° and + 400° C and to establish correlations 
between the coefficients of expansion and the ch em­
ical composition of the annealed aluminum alloys. 

2 . Materials Investigated 

The sa~ples of alumin~m and of aluminum alloys 
were obtamed ~rom Alummum Company of America, 
Clevel.and, OhIO and New K eJ? sington, Pa., Brush 
Bery~lllm Co. , Clevela.nd, 01110, Bureau of Aero­
na:utlCs, Navy. D ep t ., Washington, D . C., Cooper­
Wilf?rd Berylhu~ Co., Philadelphia, Pa., National 
AdVIsory Commltt~e for Aeronautics, ·Washington, 
D. C., and Naval Au·craft Factory, Philadelphia, Pa. 
The length of each sample used in th e determinations 
of linear thermal expansion was 200 mm (7.9 in. ) 
for the range from - 50° to + 20° C . and 300 mm 
(11 .8 in. ) for th e range from + 20° to 400° C. The 
cross sections of the samples, their treatments and 
chemical compositions are given in table l.2 Most 
of the values for chemical composition were furnished 
by the manufacturers or organizations that submi tted 
the samples. 

3 . Apparatus 

The fused-quartz Lube and dial-indicator method 
and th e precision micrometric method were used for 
determinations of linear thermal expansion of the 
samples for the ranges from - 50° to -+ 20° C and 

~ .\y. . rr . S\.vccncy of th~ B~lrcau ass i~ ted the senior author during the ea rl y w0rk . 
. l' lgures 111 brackets indicate the hterature rcfcrenccs at the end of this paper. 

from + 20° to 400° C,respectivdy. These methods 
were de cri bed by H idnert and Souder [3] . 

4. Results and Discussion 
I:xpansion curves o n heaLing and on coolin o· were 

plotted from th e observations on the saml~les of 
aluminum and aluminum alloys at various temper­
atures between - 50° and + 400° C. T able 1 o-ives 
coefficients of expansion and co effi cien ts of contr ac­
tiOl: that were computed from these curves, some of 
whIch are shown in fi gures 5 to 9, inclusive. The 
last column of th e table shows, for most of th e 
samples, th e changes in length (at room temperature) 
~hat occurred as a resylt of the heating and cooling 
III t he thermal-expan IOn test. 

T a ble 1, A , gives coefficients of expansion of Lwo 
samples of cast aluminum and two samples of an­
n ealed aluminum. The coeifLCien ts of expansion of 
the samples of annealed aluminum are sligh tly less 
than the coefficients for cast aluminum. 
. T able 2 givesa comparison of coefficients of expan­

s ~on of .annealed alumil"!-um in th e present investiga­
tIOn, WIth those determllled by N ix and M acNair [4] 
!1ncl Taylor, Willey, Smith, and Edwards [5] b y th e 
ll~terference m ethod. Taylor and his coworkers in­
dICated that re~rystallization and grain growth, or 
ch anges at th e lllterfaces between specimen and th e 
interferom eter plates, s uch as growth of th e oxide 
film on th e aluminum, are some of th e sources of 
error. 

Table 1, B , gives coeffi cien ts of expansion of thrce 
aluminum-beryllium alloys containing 35, 40, and 71 
percent of beryllium by weight (62 , 67, and 88 atomic 
percent). 

Figure 1 indicates coefficicnts of expansion for 
aluminum-ber yllium alloys of the present investi­
gation and th ose obtained by Hidner t and Sweeney 
[6] in a previous investigation, for th e r ano-es 20° to 
1.00° C an.d 20 ~ to 300° C. The coefficientsbof expan­
SIOn obtallled III the second heating are indicated in 
th e figure and r epresent values for annealed allo\-s. 
The coeffioients of expansion obtained in th e fi"i·st 
heating of the cast alloy (sample 1630) containing 
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TABLE 1. Coefficients of linear expa~sion of aluminum and some aluminum alloys 

Cbemieal eompositioll (by weight) A veragc coeffi cients of exoan sion per degree Cbange 
Diameter centigrade in lengtb 

Treatment or cross Test after 
Sample 

1 1 
Si~i l Fe 1 Mn 1 Be 1 

section of NO.b beating 

Al a C ll S I Otber sample _500 to l 200 to 1 200 to 1 200 to 1 200 to 1 200 to and 
l; ll elements + 200 C 1000 C 2000 C 2500 C 3000 C 4000 C cooling 0 

A. ALUMINUM 

% % % % % % % % % % ~ X IO-6 X 10"" X IO-6 X 10"" X IO-6 ~ 821 d .. {H byH6 ._ HI ---- 23. 8 24.8 25. 3 25. 8 26.7 
828 d Cast In graph Ite mold_________ ')16 by ~16_ IH ---- 23.7 24. 7 25. 2 25. 7 26.7 (') 

{lH ---- 23.5 24. 6 ---- 25.5 ---- }-O.OOO r by yr6 __ IC .--. 23.4 24. 6 ---- 25.6 ----821AN 
2IT 23.5 24.6 25.5 -- .... - } -.001 99.952 0. 019 0. 014 0. 015 -- -- --- -

---- -- -- _. -- -- -- -------- Allnealed at 5000 C for 1 hr 

(~ 
---- 23. 7 24.6 ---- 25. 5 ----

and cooled slowly in furnace . ---- 23.3 24. 4 ---- 25. 3 ---- } -. 002 
828AN 

I 
ti6 by ~16_ l C ---- 23. 2 24. 4 ---- 25.4 - ---

2H -- -- 23.3 24. 4 ---- 25.4 ---- } - . 001 

I 2C ---- 23.4 24. 4 ---- 25.5 ----
-

B . ALU MINUM-BERYLLIU M ALLOYS 

to.:) -o 

-

0.5 to I 
X 10"" X 10"" XIO-6 X 10"" 

{FOrged, solution heat treated 

}%_-------- fH 
---- 16. 7 17. 9 18.2 - --- } - 0. 005 

1671 66.5 0.5 to 35 at about 6000 F (3160 C), I C ---- 16. 6 - --- 18. 3 18.5 ----
-- --- -- -- -- -- ------------ quen cbed, and aged at abou t 2H 16. 3 18.3 18.6 } + . 002 1.0 1.0 ---- -- -- -- --

3000 F (1490 C). 2C ---- 16. 6 -- -- 18. 2 18. 5 - ---r'"" "... F «,,,,.C), .... 
)% 

treated at 1,0250 F (5520 C) 
for 24 hr, h ot forged to % 

p H ---- 16. 6 17. 3 -- -- 17. 4 --- - -. 007 1657 60 --- -- ---- -- -- -- -- -- 40 -- Ag trace ___ inch diameter , annealed 4 2H 16.6 17. 1 17. 8 ---- +. 006 hours at 1,0250 F (5520 C), --- - ----

quenched in water, cold 
worked to %-io . diameter. 

1630 27.9 Not de· < 0. 04 0.5 -- 0. 25 -- 71. 3 -- ------------ Cast in iron mold _____________ %.-------- IH ---- 14. 8 • 15. 1 -- -- 16.6 (h) --- ---
tected 

C . ALUMINUM-COPPER ALLOYS 

X 10"" X 10"" X 10-< X 10"" 

fH 
---- 22. 9 23. 9 --- - 24. 6 --- - } - O. 004 

967AN 

}93. 41 
t6 by !-1--

1C 22. 8 23. 9 ---- 24. 8 --- -
{Heated cast sample to 5000 C '2H 20.9 

5.81 0.36 -- -- -- 0. 42 -- -- -- -- - - - - - - -- - ~ and cooled slowly; reheated 
{~li 

20. 9 
to 3000 C an d cooled slowly. ---- 23.0 24.0 ---- 24. 8 --- - } - . 003 968AN %6 by " ._ l C 23. 0 23.9 --- - 24. 9 --- -

2H 21. 0 
{Heated cast sample t.o 5000 C }%6 by !-1 -- {lH ---- 22. 7 23. 7 ---- 24.5 --- - } -. 005 830AN 91 . 14 7.68 . 39 ---- -- . 46 0. 33 -- -- - -- -- ------- and COOled slowly; reheated 10 22.8 23. 7 ---- 24. 6 ----

to 300° C and cooled slowly. 2H 20. 7 

r~w '"" ~,"" . '" 000' C }H by H6-- {lH ---- 22.7 23. 7 --- - 24 . 4 ---- } -. 006 831 AN 

}9J.13 

and cooled slowly; reheated lC 22. 7 23. 7 --- - 24. 6 ----

7.87 . 33 .45 .22 to 3000 C and cooled slowly. 2H 20.6 ---- -- -- -- -- --------- - H eated cast sam pIe to 3000 C } ~i _ by yr_. &12AN and cooled slowly; reheated { IH --- - 22. 4 23. 5 ---- 24. 4 ---- } -.005 
to 3000 .. C_and cooled slowly. 1C - --- 22.4 23.5 ---- 24. 5 ----

{lH ---- 22.5 23. 6 ---- 24. 3 --- - } -.003 969AN 

}80. 22 
{Heated cast sample to 5000 C r- bY !-1 --

1C 
2ii~ 8 

22.4 23. 6 ---- 24. 4 ----
2H 9. 95 .39 ---- -- . 44 -- -- -- --------- -- - and cooled slowly; reheated {lH 22. 5 23.6 24. 4 } -. 003 970AN to 3000 C and cooled slowly. 11 6 by !-1 -- ---- ---- --- -

10 ---- 22.5 23. 7 ---- 24.5 -- --
{IH ---- 22. 2 23.2 -- -- 24. 1 --- - } -.004 971AN 

}87.30 
} H eated cast sample to 5000 C r6 b Y !-1 --

10 22. 4 23.3 ---- 24. 2 ----
2H 20.7 11.88 . 39 --- - -- . 43 -- -- -- ------ ------ and cooled slowly; reheated {lH 22.5 23.5 24. 2 } -. 003 972AN to 3000 C a nd cooled slowly. ')S bY!-1 __ . - --- ---- --- -
1C --- - 22. 4 23. 5 -- -- 24.3 --- -



I>:) --

..... 

1203 
lZ03A 
1204 
1204A 

k I 1353 

h 1096 

h 1097 

n 1778 

n 1778A 

° 1778B 

·1776 

° 1776A 

• 1776B 

1198 
1198A 

p 1098 
p 1099 

1199 
1l99A 
1207 
1270A 

}S6.01 

}al.80 

I~: 

93.09 

92.23 

}81. 80 

}80. 45 . 

}78.00 

}76.74 

-V 

0. 15 

. 12 

9. 0 

10. 09 

4. 41 

3. 98 

4.03 

9.08 

7.91 

14. 14 

13. 08 

17. 27 

0. 4 

. 21 

0. 10 

0.58 

13.35 

10. 16 

13.35 

8.31 

See footnotes at end of table. 

J 

0.3 

. 26 

1. 41 0. 01 

0. 64 2.01 

y ~ 

D.ALUMINUM-SILICON ALLOY S 

0.76 --- cooled slowly). ~i6 ________ IH 
. 81 1 _ _ ____ 1 _ ___ _ _ 1 ______ 1 ______ . 

I{Normalized (1 hr a t400· 0 and 1 {~16--------I IH 

{Normalized (1 hr at 400° 0 and {'i16________ IH 
--- cooled slowly). 916 ________ IH 

E.! ALUMINUM-OOPPER-IRON 'ALLOYS 

I. 0 0. 03 ________________________ {Heated ~od20 hr at 22.,0 0 and }!i16 rH 
. alf coo e . -------- 2H 

11 {oast in iron mold. L ________ Ul5 
. 4 ------ ------ ------ ------------ Heated to 750° F (399° C) and } eH 

cooled very slowly. L _________ lC 

F. ALUMINUM-COPPER-MAGNESIU1VI ALLOYS m 

0.25 {

Zll 0. 02, 
er . 01 , 

0.67 1 _____ -1 ______ 1 Ph. 01, 
B i.O l , 
'ri.01. 

Solut ion heat treated at 920· F I} 
(493° C) for 1 hr, quenched I IH 
in water and aged at room ---------- Co 
temperature. 

Same treatm en t as sample I} {IH 
1778, then aged at 700° F I' L _________ IC 
(371 ° C) for 100 hr. 

Same treatment as sample } {Ill 
1778, t hen aged at 800° F L _________ 10 
(427° C) for 500 hr. 

G. ALUMI NUM-COPPER-NICKEL ALLOYS m 

0.45 jzn 0.02, 
Cr . 01 , 

0.05 1 ______ 1-- ___ -1 Pb. 01, 
Bi .01, 
'ri . 01. 

Solution heat treated at 960° F I} 
(516° C) for 1 hr, quenched lH 
in water, and aged at 340° F L _________ Lc 
(171° C) for 10 hr. 

Sam e treatment as sample 1 {IH 
1776, then aged at 700° F [1---------- lC 
(371 ° C) for 100 hr. 

Same treatment ·(as sample } {I H 
1776. t hen age,l at 800° }' L _________ lC 
(427· C) for 500 hr. 

H . ALUMINUM-SILICON-COPPER ALLOYS 

0. 82 1 ______ 1 ______ 1 _____ -1- ____ . {Normalized ( I hr at 400° C {W-------- U~ 
and cooled slowly). ~'6. _______ IH 

.31 1 ______ 1 ______ 1 _____ -1- ____ . {
Cast in iron mold L _________ lH 
Heated to 750· F (399° C) and IH 

cooled very ~lo\\'ly.; ". . .,- }L _________ Cc 

{ Normalized ( I hr at 400° C {516 ________ {IH 
------1 and cooled slowly). 5, •. _______ lH 

{Nonnalized (1 hr at 400· C {~f6 _______ {IH 
.:and cooled slowly). ~i6. _______ IH 

74 1 1------1------1·--· 
. 81 ____________________ . 

~ -----v-

-~;;·~-I-~~~~~ -I- ~~~~~ -I-~~~-I- ~~~~-l::::::::l-~~~~~ ------- 18.8 19.1 19. 7 20. I ________ - . 003 
17. 1 _________________________________________________ _ 

X:~a~~~~ __ ~~~; __ ~~~~~ __ ~~~~~_ :::::::: +0.001 

[
--------
--------

~~: ~ ~g: ~ :::::::: :::::::: :::::::: }+ 050 

~~: ~ ~: ~ :::::::: ::':::::: :::::::: }+ 000 

X II)-< 1 X lO-<I 

23. 1 
22.4 

23. 0 
22.8 

22.8 
23.0 

X 10- 6 

23. 0 
22. 4 

~2. 4 
22.3 

23.0 
22. Z 

23. 4 
23.5 

23. 6 
23.7 

23.7 
23.9 

X 10-6 

23.6 
23.4 

23.2 
23.4 

23.7 
23.4 

X lO-<I 1 X 10- 6 

23.8 

24 .5 

24.3 

--------'--------1 

X 10-' 

25.2 

24. I 

24.5 

24.9 I} 26. 2 - 0.051 

25.9 I} 26.0 -.001 

25.5 1 
25.8 f-' 009 

X 10-' 

25. 91 }+ O. 029 25. 1 

24.8 
25. 2 

25.4 
25. 2 

}-.014 

}+. 007 

X to-. 1 X to-6 j 19.8 
.X IO-'1 X II)-< 
J 20.6 21. 0 

X 10- 6 

j 21. 4 
21. 6 ::::::::1}-0.006 

17.7 

17.6 

18. 3 

20.4 
ZO.O 
20.4 

j 19.4 

22. 3 
21. 0 
21. 0 

; 20. 1 

. _______ [ ________ [ ________ [ +.03 1 

_::::::: :::::::: :::::::: }+ 002 
20. 6 j 20. 9 ________ - . OO{ 

:j: ~~~~::I:j:~~ ~ ::I::~~~~::I:j:~~ ~~ ::I::::::::I: ~:~~::: 



to.:) -to.:) 

Sample 

• 1779 

• 1779A 

• 1779B 

, 1777 

' 1777A 

. , 1649 

• ' 1649A 

• 1164gB 

1205 

120M 

~ 

AI - I Cu 

84.40 0.89 

}91.56 3.89 

1M • 
1.8 

} 74.50 3. 18 

TABLE 1. Coe.tJicients of linear expansion of aluminum and some aluminum alloys-Continued 
~ 

Chemical composition (by weight) Average coeillcien ts of expansion per degree Change 
Diameter centigrade in length 

Treatment or cross T est after 

I I 1 Ni I Fe I Mn I Be I Sn 1 el~~~~ts 
section of NO.b heating 

Si Mg sample _50° tol200 to 1 200 to 1 200 to 1 200 to 1 200 to and 
+ 20° C 100° C 200° C 250° C 300° C 400° C cooling ° 

I. ALUMINUM-SILICON-MAGNESIUM ALLOYS m 

Solution heat treated at 900° F }t... _______ X 10-' X tO-· X 10-' X 10-' 
(516° C) for 1 hr, quenched {lH -------- 20. 0 21.1 -------- 22.4 23.2 }+0. 063 in water, aged at 340° F IC ------.- 18.6 19.8 .-.-._-- --.----- 21. 6 

{zn 0.02, 
(l7l ° C) for 12 hr. 

Same treatm ent as sample }L _______ }+.022 
12. 18 1. 20 0. 87 0. 41 0. 01 ------ ------ Cr .01, 1779, then aged at 700° F {lH -------- 19.8 20.4 -------- 20.8 21. 5 

: T i .01. (371 ° C) for 100 hr. 10 -----.-- ---.---- -----.-- ----- --- 20.3 21. 3 
Same treatment as sample }L _______ {lH -------- 19.4 20.5 -------- 21. 0 21.8 }+. 021 1779, tben aged at 800° F 

427° C) for 500 hr. 10 -- ---- - - 18.6 19. 6 -------- -------- 21. 3 

J . ALUMINUM-COP PER-NICKEL-MAGNESIUM ALLOYS m 

rM'OO ",,' "" ..... ,.". F }L _______ X IQ-' X 10-' X 10-' X IO-' ro.02
, 

• (516° C) for 1 br, quenched {lH -------- 23.0 23.4 ---.---- 24.4 25.9 }+0. 039 Cr .01, in water, aged at 340° F IC - ------- 22.6 23.6 -------- -------- 25. 1 
0. 58 1.43 2. 14 0.31 0.01 ------ ------ Ph .01, 171° C) for 10 hr. 

Bi .01, Same treatment as-sample }L. _______ {lH -------- 22.6 24. 1 -------- 24.3 25.1 }+. 002 Ti .03. 1777, then aged at 700° F 10 22.6 24.3 25. 0 (371 ° C) for 100 hr. -.------ -------- ---.----
- -~ --

K. ALUMINUM-OOPPER-TIN-ZINO ALLOYS 

X 10-6 X IO-6 X 10-' X 10-6 X 10-6 

f;:'~:;"~;;;;·F· ;;;;; oj:;;;; %--------- {lH -------- 23.3 24.6 25. 4 --._--.- ---.---- }+O. 022 
10 -------- --- ---- - -------- 24.6 

{zn 1.1 }%--------- {lH 22. 8 24. 0 25.1 }-. OOO 0.2 0.6 0.6 0. 02 1.3 Or 0.2 for 2 brs and cooled slowly in -- --- --- -------- --.-.--------- ------ 10 23. 2 24. 2 25.1 Ti .23 furnace. -------- --------

Same treatment as sample }%------- -- III 21. 6 -------- ----- --- ----- --- -------- -------- ---- ------1649A. 

L . ALUMINUM-SILIOON-COPPER-MANGANESE ALLOY 

XlO-o X 10-<1 X 10-' X 10-' X 10-6 
{NOrmalized (1 hr at 4000 C and r6o------- III ------ -- j 17.4 j 18. 0 18.5 j 18.8 -------- +0. 002 

20. 29 .-----.- ------ 0. 96 1.07 ------ ------ ------------ co&led slowly). ____ do ________________________ H6-------- III 15.9 -------- -------- -------- --- --._- -----.-- -- --- -----

.1\......... .1 ~ 



~ .... 
Co) 

• 

..I. 

M. AL UJ\llNU1Vl-SILlC ON-COPPER-NICKEL ALLOYS 

X 10-' 
1267 

-., 

X 10-6 
20.0 

X 10-6 
21. 0 

X 10"" X 10"" 
(u) 

} 77. 99 1267A 
1200 

} 77.83 1200A 

7.21 

4.05 

6. 78 

13.22 

084 1 1 1 I I{Annealed--------------------- ~16 ________ IH . ----- - ------ ------ ------------ . ___ do ________________________ ~16-------- IH 
Normalized (1 hr at 4000 C aud ~1 6 ________ IH 

.78 ------ -- ---- ------ ------------ L~~d~~_~J_O_\~::!: ______________ ~k _______ 1H 

7.1$ 

4.12 
-- :: ~ : __ I-I- is~ 5 --1-1- is: 9--r -i9.-4 --1-1- i9.-S --1::::::::1-:":0:005--

"llOO 
} 76.02 

" lJOI 
9.86 9.79 1 _ __ ____ -1 4. 03 {

Cast In irou mold _____________ L ________ gg: 
.30 1 ______ 1 ______ '- _____ 1 ____________ 1 R eated to 750° F (399° C) aud } {lR 

cooled very slowly. L _________ IC 

1208 

16.9 
19.4 
19.6 
19.3 
19.8 

1 18.8 

21. 8 
19.6 
20.0 
20.0 119.1 

::::::: :1:::::::: I:::::::: I}+. 039 

:::::::: :::::::: :::::::: }.OOO 
19.8 ;20.2 ________ -.002 

} 75.66 1208A 
1201 } 73.89 120IA 

{
Normalized (1 br at 400° C aud 7!6________ IH 

------1 _~~~~~_~l_~\~: :! : ______________ ~6. ______ _ III 
------ {:::: ~~: ::::::::::::::::::::::: ~::::::::: m __ ~~~ ~ __ I :1: ~~: ~ :: 1 :1: ~~: ~: : I:: ~~: ~:: 1 :1: ~~: ~ :: I:::::::: I::~: ~~ :: 

9.78110.231 ___ ___ __ 13. 91 1 . 42 1 ______ 1 ______ 1 ______ 1 ____ . 

8.02 13. 19 ________ 4.10 .80 ______ . ______________ . 

N . ALUMlNUM-SlLlCON-NICKEL-COPPER-MANGANESE ALLOY 

1206 171.46 1 3.14119.30 1--------1 4. 181 0. 8411.081 ------1------1------------1 N~~~~~~~~d~lo~ry).t 400° C 1 ~· ________ I IH 1--------1 ?W~ 1 rW~ 1 ~11?~ 1 ~11.~ 1--------1 0.000 

O. ALUMl NUM·SlLICON-NICKEL-COPPE R-MOLYBDENUM ALLOY 

X 10-6 
1202 

1202A 
} 76.59 4.13 12.68 '- ______ -1 4.44 {

Normalized (1 hr at 400° C 1 §k _______ 1 IH 
0.80 1 ______ '- _____ '-- ___ -1 Mo 1.36 ___ -1 __ ~~go~~~_J~~~:~:~J::)_· __________ ~6 ________ 1H 

X l0.... XlO.... X I0.... XIO .... 
• 18.2 • 18.9 19.3 • 19.6 0.003 

17.3 

• Aluminum by differeuce (except for sample 1630 on which beryllium was determined by difference). 
b H Indicates that the coefficients of expansion were obtained on heatiug aud C on cooling. 
• Determined from the expansion curve on heating and tbe contraction curve (or fiua l observation) 

on cooling. The plus sign Indicates an increase in length and the m inus Sign a decrease in length. 
d Coefficieuts of expansion on this cast sample were published In 1924 by Hidnert [I]. 
• After heating to 618° C and cooling to room temperature, sample was about om % longer than the 

length before heating. 
I After heating to 609° C and cooling to room temperature, sample was about 0.02% longer than the 

length before beating. 
• Published previously (through J . B. Johnson) In Rev. Sci. lnstr. 12, 286 (1941). 
h Between 20° and 350° C, coefficient of expansion 17.3 X 10 ..... 
I Before this test, sample was cooled to _50° C and heated to +20° C. 
J Determined In 1926 by P. H idnert and W. T. Sweeney of the National Bureau of Standards and 

published In 1933 by Kempf [2] . 

• Trade name, 122 alloy (sand and permanent mold casting.). 
1 Chemical composition was determined by spectrographic analysis by the Spectrochemistry Section 

of the Bureau. 
m The samples were rolled before the heat treatments . 
D Trade name, 24S alloy. 
° T rade name, 188 alloy. 
P Modified by the Al pax process. 
q T rade name, 32S alloy. 
, Trade name, XB188 alloy. 
• Aluminum alloy AI-31, Navy Aeronautical SpeCification M-397 (Mar. 15, 1940). 
, Chemical cO'1lposition was determined by chemical and spectrochemical analysis by the Chemistry 

Division of the National Bureau of Standards. 
u Sample bent Slightly between 200° and 300° C. 



TABLE 2. Comparison of coefficients of lineal' expansion of annealed aluminum 

I 

Observer Date aluminum 
20° to 100°C 20° to 200°C 20° to 300°C 20° to 400°C 

I 
A ycrage coefficients of expansion per degree cen tigradc 

Purity of 

-------------1----- -----
Percent 

N ix and IvIaeNail'. __________ 1941 99. 99i 23.9XlO--<> 24.3XlO-6 25.3Xl0--<> 26.5XlO-6 
'faylor, Willey, Smith, and 1938 99.996 • 23. 9 • 24. 6 • 25. 4, • 26. 5 

Edwards. 
Hidnert and Krider _________ 1951 99. 952 b 23. 4 b 24. 5 b 25. 5 

Mean _____________________ == ______________ 1 23. i 24.5 25. 4 26.5 

• Average value for 3 speci mens. 
b A\'era~e value [or 2 samples (total o[ 8 determinations on beating and cooling). 

the highest content- of beryllium and mean values 3 

for annealed aluminum (0% of beryllium) are included 
in the figure . This figure shows that the addition 
of beryllium to aluminum decreases the coefficients 
of expansion. The relation between the chemical 
composition (atomic percent) and the coefficients of 
expansion for each temperature range i approxi­
mately linear ,4 which is in agreement with the theory 
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FIGURE 1. Coefficients of linear thermal expansion of 
aluminum-beryllium alloys. 

Average values for aluminum taken [rom table 2. 

3 From table 2. 
• In fi gures 1 to 4, tbe straight lines were not extended to 0 atomic percent 

because there are solid solu tions near tbis percentage. 

for the eutectiferous portion of the equilibrium dia­
gram [7] for aluminum-beryllium alloys. 

Table 1, C, gives coefficients of expansion of nine 
samples of annealed aluminum-copper alloys con­
taining 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 closely 
with the corresponding coefficients on cooling. The 
maximum deviation is ± 0.2 X 10 - 6• 

Figure 2 shows the relations between the chemical 
composition (atpmic 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 expansion obtained 
by Bollenrath [8], K empf [2], and vVilley and Fink [9] 
on annealed aluminum-copper alloys and mean values 
(table 2) on annealed aluminum (0% of copper). 
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FIGURE 2. Coefficients of linear thermal expansion of annealed 
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The values for annealed aluminum-copper alloys for 
each temperature range may be represented by a 
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straight line and indicate that the coefficient of 
expansion decreases with increase in the atomic per­
cen t of cop per. A lineal' relation is to be expected 
between the chemical composition (aLomic pm·cen L) 
and the coefficients of expansion of the e alloys 
represented by the eutectiferou portion of the alu­
minum end of the aluminum-copper equilibrium dia­
gram [10] . 

Figure 3 shows the average coefficients of expan­
sion of two samples of annealed aluminum-silicon 
alloys in table 1, D , and the coefficients of expansion 
of other annealed aluminum-silicon alloys investi­
gated by Hidnert [1], Broniewski and Smialowski [11] , 
K empf [2], and Barber [12], for three tf'mperature 
ranges. The silicon content of the alloys range from 
l.3 to 40 percent by weigh t (l.2 to 39 atomic percent) . 
As Broniewski and Smialowski appeared to have 
made measurements only at room temperature, the 
boiling point of naphthalene (2 18° C), and at liquid­
air temperature [13], the coefficients of expansion 5 

that were computed from their data for the range 
20° to 200° C only, arc shown in figure 3. 

The relation between the chemica'! composi tion 
(atomic percent) of these eutectifel"Ous alloys [14] 
and the coefficien ts of expan ion for each temperature 
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40 FlGURB 4. Effects of beryllium , copper, and silicon on 
coefficients oj linear thermal expansion oj alwninwn. 

FIGURE 3. Coefficients of linear thermal expansion of annealed 
alu minum-silicon alloys. 

• For alloys conta in ing [rom 1.2 to 24.4 atomic percent o[ silicon. The present 
au thors estimated that these a lloys contained Jess than l percent o[ iron. 
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TAB LE 3. Coefficients of expansion of annealed aluminum-iron and aluminum-cop per-iron alloys by other observers 

Chemical composition 
(by weight) 

A verage coeillcien ts of expan s ion per 
degree centigrade 

Observer D ate 

Ou Fc 20° to 100° 0 20° to 200° 0 20° to 300° 0 
------------------------ -------------

KempL ___________________ _ 
Maresca ______ ______________ _ 
KempL ___________________ _ 

• 20° to 275° O. 

1933 

1936 

1933 

% 
-------------- { 

3. 22 
{ 9.77 

9.88 

range may be represen ted by a straigh t line 6 similar 
to the linear relations indicated in figures 1 and 2 
for the eutectiferous aluminum-beryllium and alu­
minum-copper alloys. The coefficients of expansion 
of the aluminum-silicon alloys for the three temper­
ature ranges decrease with increase in the atomic 
percen t of silicon . 

It has been shown that the addition of beryllium, 
copper, or silicon to aluminum causes a decrease in 
the coefficien ts of expansion. Figure 4 shows a 
comparison of the effects of these alloying elements 
(atomic percent) for thTee temperature ranges . 
Copper has a grea ter effect t han beryllium, and 
silicon has the greatest effect of these three alloying 
eleinents . 

T able 1, E , gives average coefficien ts of expansion 
of three samples of aluminum-cop per-iron alloys con­
taining 9 and 10 percen t of copper and 1 percen t of 
iron by weigh t, respectively. The expansion curve 
(fig. 5) of cast sample 1096 shows a marked increase 
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FIGUR E 5. Linear thermal expansion (in millionths per uni t 
length) of cast aluminum-copper-iron alloy containing 10.1 
percent of copper and 1.1 percent of iron by weight. 

6 In deriving the straight line for tho range 20° to 300° C, the authors ignored 
Kemp's value for the coefficient of expansion of the alumin um-sili con alloy con· 
taining the highest conten t of silicon. 

% 
4. 45 
8. 46 
1. 47 
5. 04 
1. 06 

20. 4X 10.... 22.3X10-e 23.3X lO .... 
21. 0 21. 5 22.3 

____ ________________________ • 23. 3 
19.9 20.8 21. 5 
21. 2 21. 9 22. 7 

in the rate of expansion on heating between 1500 

and 200 0 C, probably due to precipitation or solution 
of soluble constituen ts, recrystallization, or release of 
strains. The curve on cooling from 200 0 C to room 
temperature was found to be regular. After cooling 
to room tempera ture, the sample was 0.050 percent 
longer than the length before heating. 

The expansion curves of annealed samples 1097 
and 1353 were found to be regular on heating and 
cooling. After cooling to room temperature, these 
samples were only 0.001 percen t longer than the 
lengths before heating. The coefficients of expan­
sion of these samples ar e sligh tly less than the co­
efficients of expansion of the annealed samples con­
taining 10 percen t of copper and 0.4 percen t of iron 
(table 1, C) . 

Table 3 gives coefficients of expansion of several 
annealed aluminum-iron and aluminum-copper-iron 
alloys inves tigated by K empf [2] and M aresca [15]. 
The coefficien ts of expansion of the annealed alu-
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F IGU RE 6. Linear thermal expansion (in millionths per unit 
length) of aluminum-copper-magnesium alloys containing 4.4 
percent of copper and 1.4 percent of magnesium by weight. 

Sample 1778, solntion heat· treated at 9200 F (493° 0 ) for 1 hr, quenched in water 
and aged at room temperature; 1778A, same t reatment as sample 1778, then aged 
at 700° F (3710 0 ) for 100 hr; 1778B, same treatment as sample 1778, then aged at 
800° F (427° 0 ) fOI' 500 hr. 
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minum-copper-iron alloy of the present investigation 
are about 1 X 10- 6 greater than those reported by 
Kempf for an alloy containing 9.9 percent of copper 
and 1.1 percent of iron. 

In an inve tigation of the physical properties of 
aluminum alloy at elevated temperatures as one 
phase of research by ational Advisory Committee 
for Aeronautics on aircraft engine materials, determi­
nations of the linear thermal expansion of samples 
of rolled aluminum-copper-magnesium, aluminum­
copper-nickel, aluminum-silicon-magnesium, and alu­
minum-copper-nickel-magnesium alloys were made. 
The chemical composition and heat treatment of 
these samples are indicated under F , G, I , and J of 
table 1. 

The observations obtained on heating and cooling 
the samples of aluminum-copper-magnesium, alumi­
num - copper -nickel, aluminum - silicon -magnesium, 
and aluminum-copper-nickel-magnesium alloys to 
variou temperature between room temperature and 

00° F (427° C) are shown in figures 6 to 9. The 
expan ion curves indicate that the linear thermal 
expansion of the samples increases with temperature. 
The contraction curves of the samples aged at 700 ° F 
(371 0 C) and at 00° F (427 ° C) lie closer to the 
expansion curve than the contraction and expansion 
curves of the samples aged at lower temperatures. 

F, G, I , and J of table 1 give coefficients of expan­
sion and coefficients of contraction of the heat­
treated aluminum-copper-magnesium, aluminum­
copper-nickel, aluminum-silicon-magnesium, and 
aluminum-copper-nickel-magnesium alloys. These 
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FIGURE 7. Linear thermal expansion (in millionths per unit 
length) of aluminum-copper-nickel alloys containing 4.0 per­
cent oj copper and 2.0 percent Of nickel by weight. 

Sample 1776, solution heat· treated at 960° F (516° OJ for 1 hr, quenched in 
water, and aged at 340° F (17 1° OJ for 10 hr; 1776A, same treatment as sample 
1776, then aged at 700° F (371° OJ for 100 hr; 1776B, same treatment as sample 
1776, then aged at 800° F (427° OJ for 500 hr. 

coefficients were derived from the expansion and 
contraction curves in figures 6 to 9. The average 
difference between the coefficients of expansion of 
the samples aged at 700 ° F (3 71 0 C) and at 800° F 
(427 ° C) compared to the corresponding coefficients 
of the samples aged at lower temperature is ± 0.6 X 
1O-6jdeg C, but the average difference between the 
coefficients of contraction of the samples aged at 
700 0 F (371 0 C) and at 800° F (427 ° C) compared 
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FIGURE 8. Linear thermal expansion (in millionths per unit 
length) of alwninum-silicon-magnesium alloys containing 
12.2 percent oj silicon and 1.2 percent oj magnesium by 
weight. 

Sample 1779, solution heat·treated at 960° F (516° OJ for 1 hr, quenched in 
watcr, aged at 340° F (171° OJ for 12 hr; 1779A, sarue treatruent as sample 1779, 
then aged at 700° l' (37Jo OJ for 100 hI'; 1779B, samc treatment as sample 1779, 
then aged at 800° F (427° OJ for 500 hr. 
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then aged at 700° F (371° OJ for 100 hr. 
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9 12 15 18 21 
COPPER, PERCENT 

FIGURE 10 . . !,ortion of ternary diagram i ndicating the effects 
of composttwn: ( per~enta~e. by weight) on the coeffic ients of 
lwear expanswn (w mtllwnths per degree centigrade) of 
annealed alumi num-copper-nickel alloys f or the range 200 to 
3000 C. 

O. From data in figure 2; () . authors (24.3); Willey an d F ink (24 .2); e Kempf. 

to the corresponding coefficients of the samples aged 
at lower temperatures is only ± 0.2 X 10- 6/deg C. 
~~e coefficie~ts of expansion of the aluminum-
~l~con-magnesmm alloy containing 12 percent of 

sihcon are nearly 15 percent less than those for the 
a~uminum-copper~magnesium, al umin um-copper­
lllckel, and alummum-copper-nickel-magnesium al­
loys containing about 4 percent of copper. 

Th.e dimensional changes of the samples of 
a~umlllum-c<?pper-~~gnesium, ~ l umin um-copper­
lllckel, alummum-sihcon-magnesmm and aluminum­
copper-ni~kel-magnesi1!m alloys at r~om temperature 
a.fter heatm!S a~d COOllllg during the thermal-expan­
SlOn determmatlOns were less for the samples aged at 
700 ° F (371 ° C) and at 800 ° F (427 ° C) than for 
those aged at lower temperatures (last column of 
table 1). 
. Figure 10 indicates average coefficients of expan­

Slon of annealed aluminum-copper-nickel alloys for 
the range from 20.° to 300° C. Values obtained by 
Kempf [2] and WIlley and Fink [9] are included in 
the t.ernary diagram. Coefficient of expansion of 
ll:lummum-copper alloys were taken from the straight 
~me (20 0 to 300 0 C) shown in figure 2. The curves 
m figure 10 were derived from the data shown in this 
ternary d.iagr.am. Each curve (or straight line) 
called an Isodll,1 represents a constant coefficient of 
expansion for various ternary compositions for a 
definite .temperature range. 

. The IsodIls for t he annealed aluminum-copper­
lllckel alloys are nearly perpendicular to the alumi-

7 Tl?e word "isodil" was d9ri ved in 1931 by Hidnert, from Hiso" (Greek 1808, 
meanmg equal) and from the first three letters of " dilatation". 

3 6 9 12 15 I 8 24 
SIL ICON' , PERCENT 

FIGURE l~ .. Portion of ternary «iagram indicating the effects of 
compos~twn. (perce!!tage by wetght) on the coefficients of linear 
expanswn (tn mtllwnths per degree centigrade) of annealed or 
heat-treated aluminum-si licon-copper alloys for the mnge 
200 to 3000 C. 

O. Authors; •. [rom data in figure 2; ct. from data in fi gure 3' () Barber (1949)' e . M aresca (1936). • • • 

num-nickel side of the t.e~·nary diagram, and indicate 
the effects of composltlOn on the coefficien ts of 
expansion of these alloys. 

The coefficients of expansion of the heat-treated 
aluminum-silic?J?--magnesium alloy containing abou t 
~2 percent of silIcon :;tnd 1 percent of magnesium are 
m close agree~ent wIth tJ;te coefficients of expansion 
reported by WIlley and Fmk [9] for an annealed and 
a heat~t~'eated alloy of approximately the same 
composltlOn. 

T able 4 gives coefficients of expansion of alumi­
num-copper-nickel-magnesium alloys investigated by 
Bollenrath [8] and Barber [12] . The mean of the 
coefficients of expansion of these alloys for the ranges 
from 20 ° to 100° C and from 20° to 200 ° Cis 0.7 X 10- 6 

s~aller than the mean of the coefficients of expan­
SlOn of .the samples of the aluminum-copper-nickel­
magnesmm alloys of the present investigation for 
the correspondlllg temperature ranges. For the 
range from 20° to 300 ° C, the corresponding differ­
ence between the means of the coefficients of ex­
pansion is 0.3 X 10- 6• 

Figure 11 indicates average coefficients of expansion 
of annealed or heat-t reated aluminum-silicon-copper 
alloys for the range from 20 0 to 3000 C. Values 
~eported ~y Marcsca [15] and BarberS [12] are 
mclud~d III the ~ernary diagram. Coefficients of 
expanSlOn of alummum-copper and aluminum-silicon 
were t~lmn from the straight lines (20 0 to 3000 C) 
shown m figures 2 and 3 . 

, Barber reported values ranging' from 20.6 to 21.6XI0-6 for 4 samples containing 
11.0% of slhcon and 5.0% of copper. The spread of the values is large and ap­
parently nom mal values were reported for the chemical compOSition .• Accord­
mg~y •. the average of his values (21.2 x 10-6), indicated in figure 11. was ignored in 
den vmg the curves. 
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TABLID 4- . Coefficients oj expansion oj aluminum-copper-nickel-magnesium alloys by othe'r observers 

Ohemi cal composi tion (by weight) I Average coeffi cients of ex pansion pcr degree centigrade 
Observer Date 'J' rcatrnent --------------------------------

A I • Cu Ni M g Si Fe 20° to 100° C 2)° to 200° C 20° to 300° C 20° to 400° C 20° to 500° C 
------- --- ---- -----------

% % % % % % 
Ann ea led at 520° 0 for 24110urs and Bollenrat ll. ___ 1933 92.5 4 2 1. 5 ------ --.-_. 23. 2X lO--< 23.8XlO--< 24 .6X lO--< 25. 5X lO-< 26. 2X IO-' 

cooled to room tem perature in 16 
hours. 

W rought, quenched from 511° C in 
fairly hot water, and aged at 

21. 4 22.5 23.8 ------------ ------ ---
BarbeL __ ____ 1949 92.21 3. 76 1. 85 1. 33 0. 45 0.40 

room telnperature. 
Same treatment as pl'eceding, then 21. 5 22.7 23. 6 ---- -- -- ---- -----------

viveu stability beat treatment at 
300° O . 

• By difTereuce. WEIGHT 
o 10 

J The isodils for t he annealed or heat-treated alumi­
num-silicon-copper alloys are nearly perpendicular 
to the aluminum-silicon side of the ternary diagram, 
and indicate the effects of composition on the 
coefficients of expansion of these alloys. 

Coefficients of expansion of a cast and of an an­
nealed aluminum-coppel'-tin-zinc alloy containing 
about 2 percent of copper , 1 per'cent of tin, and 1 
percen t of zinc are given in table 1, K . The coeffi­
cien ts of expansion of the annealed sample for the 
temperature ranges to 200° C are less than the 
coefficients of expansion of the cast sample. 

A comparison of the coefficient of expansion of the 
ample (1205) of annealed aluminum-silicon-copper­

manganese alloy 9 from 20° to 300° C with the isodils 
for annealed aluminum-silicon-copper alloys in figure 
11 indicates that the addition of 1.1 percent of 
manganese and n early 1 percen t of iron to a ternary 
aluminum-silicon-copper alloy containing 20 percent 
of silicon and 3 percen t of copper , reduces the coeffi­
cien t of expansion . 

The effects of additions of copper and nickel to 
aluminum-silicon alloys are indicated in figure 12, 
which was prepared from the data shown in table 1, NI , 
and in figure 3 · and from data by Bollenrath [8], 
Bungardt and Schaitberger [16], and Barber [12l_ In 
every case except one, the additions of copper and 
nickel caused a decrease in the coefficients of 
expanSlOn. 

The effects of Lhe addition of 4.2 percent of nickel , 
3.1 percent of coppel', and 1.1 percent of manganese 
and of 4.4 percen t of nickel, 4.1 percent of copper , 
and 1.4 percent of molybdenum to aluminum-silicon 
alloys are also indicated in figure 12 . These addi­
tions caused a decrease of about 2X 1O-6/deg C in 
the coefficients of expansion. 

g Also containf. nearly 1% of iron. 
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FIGURE 12. Effects oj additions of two or three elements (Cu, 
l j , Mn , and Mo, percentage by weight) on coefficients oj I B 

linear expansion of aluminum-silicon alloys. 
Coemcicnts of expansion of aluminum-silicon alloys represen ted by straight 

lines from figure 3. e, AI-Si-Cu-Ni alloys; 0 , AI- Si-Ni- Ou-Mn alloys; . , 
Al-Si-Ni-Cu-Mo alloys. 1. Cu 7.2, Ni 7.2; 2. Cu 9.9, 1 i 4.0; 3. Cu 9.8, Ni 3.9; 4. 
Ou 1.0, Ni 1.0; 5. Ni 4.4, Ou 4.1 , Mo 1.4; 6. Cu 8.0, Ni 4.1 ; 7. Ou 4.0, Ni 4.1; 8. Cu 
4.5, Ni 1.5; 9. Ni 4.2, Cn3.1, Mn 1.1; 10. Ou 1.5, Ni, 1 pcrcent by weight. 1, 2,3, 
5,6,7, and 9, authors; 4, Barber (1949); 8, Bungardt and Schaitberger (1939); 10, 
Bollenmtb (1933) . 
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