








minum-copper-iron alloys of the present investigation
are about 1X107% greater than those reported by
Kempf for an alloy containing 9.9 percent of copper
and 1.1 percent of iron.

In an investigation of the physical properties of
aluminum alloys at elevated temperatures as one
phase of research by National 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
various temperatures between room temperature and
800° K (427° C) are shown in figures 6 to 9. The
espansion curves indicate that the linear thermal
expansion of the samples increases with temperature.
The contraction curves of the samples aged at 700°
(371° C) and at 800° F (427° C) lie closer to the
expansion curves 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 coeflicients 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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Ficure 7. Linear thermal expansion (in millionths per unit
length) of aluminum-copper-nickel alloys containing 4.0 per-
cent of copper and 2.0 percent of nickel by weight.

Sample 1776, solution heat-treated at 960° F (516° C) for 1 hr, quenched in
water, and aged at 340° ¥ (171° C) for 10 hr; 1776A, same treatment as sample

1776, then aged at 700° F (371° C) for 100 hr; 1776 B, same treatment as sample
1776, then aged at 800° F (427° C) 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 (371° C) and at 800° F
(427° C) compared to the corresponding coefficients
of the samples aged at lower temperatures is =4 0.6
107%/deg C, but the average difference between the
coefficients of contraction of the samples aged at
700° F (371° C) and at 800° F (427° C) compared
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Ficure 8. Linear thermal expansion (in millionths per unit

length) of aluminum-silicon-magnesium alloys containing
12.2 percent of silicon and 1.2 percent of magnesium by
wetght.

Sample 1779, solution heat-treated at 960° ¥ (516° C) for 1 hr, quenched in
water, aged at 340° F (171° C) for 12 hr; 1779A, same treatment as sample 1779,
then aged at 700° F (371° C) for 100 hr; 1779B, same treatment as sample 1779,
then aged at 800° F (427° C) for 500 hr.
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Ficure 9. Linear thermal expansion (in millionths per unit

length) of aluminum-copper-nickel-magnesium alloys con-
taining 8.9 percent of copper, 2.1 percent of mickel, and 1.4
percent of magnesium by weight.

Sample 1777, solution heat-treated at 960° ¥ (516° C) for 1 hr, quenched in

water, aged at '340° F (171° ©) for 10 hr; 1777A, same treatment as sample 1777,
then aged at 700° F (371° C) for 100 hr.
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Ficure 10.
of composition (percentage by weight) on the coefficients of
linear expansion (in millionths per degree centigrade) of
annealed aluminum-copper-nickel alloys for the range 20° to
300° C. g

Portion of ternary diagram indicating the effects

O, From data in figure 2; ©, authors (24.3); Willey and Fink (24.2); ® Kempf.

to the corresponding coefficients of the samples aged
at lower temperatures is only +0.2X10%/deg C.
The coefficients of expansion of the aluminum-
silicon-magnesium alloy containing 12 percent of
silicon are nearly 15 percent less than those for the
aluminum-copper-magnesium, aluminum-copper-
nickel, and aluminum-copper-nickel-magnesium al-
loys containing about 4 percent of copper.

The dimensional changes of the samples of
aluminum-copper-magnesium, aluminum-copper-
nickel, aluminum-silicon-magnesium, and aluminum-
copper-nickel-magnesium alloys at room temperature
after heating and cooling during the thermal-expan-
sion determinations were less for the samples aged at
700° F (371° C) and at 800° K (427° C) than for
those aged at lower temperatures (last column of
table 1).

Figure 10 indicates average coefficients of expan-
sion 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 ternary diagram. Coeflicients of expansion of
aluminum-copper alloys were taken from the straight
line (20° to 300° C) shown in figure 2. The curves
in figure 10 were derived from the data shown in this
ternary diagram. KEach curve (or straight line)
called an isodil,” represents a constant coeflicient of
expansion for various ternary compositions for a
definite temperature range.

The isodill)s for the annealed aluminum-copper-
nickel alloys are nearly perpendicular to the alumi-

" The word “isodil’”” was derived in 1931 by Hidnuert, from ““iso’’ (Greek isos,
meaning equal) and from the first three letters of ‘““dilatation’.
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Ficure 11.  Portion of ternary diagram indicating the effects of

composition (percentage by weight) on the coefficients of linear
expansion (in millionths per degree centigrade) of annealed or
heat-treated aluminum-silicon-copper alloys for the range
20° to 300° C.

O, Authors; @, from data in figure 2; (@, from data in figure 3; ©, Barber (1949);
®, Maresca (1936).

num-nickel side of the ternary diagram, and indicate
the effects of composition on the coefficients of
expansion of these alloys.

The coefficients of expansion of the heat-treated
aluminum-silicon-magnesium alloy containing about
12 percent of silicon and 1 percent of magnesium are
in close agreement with the coefficients of expansion
reported by Willey and Fink [9] for an annealed and
a heat-treated alloy of approximately the same
composition.

Table 4 gives coeflicients 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 < 10~°
smaller than the mean of the coefficients of expan-
sion of the samples of the aluminum-copper-nickel-
magnesium alloys of the present investigation for
the corresponding 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 1075,

Figure 11 indicates average coefficients of expansion
of annealed or heat-treated aluminum-silicon-copper
alloys for the range from 20° to 300° C. Values
reported by Maresca [15] and Barber® [12] are
included in the ternary diagram. Coefficients of
expansion of aluminum-copper and aluminum-silicon
were taken from the straight lines (20° to 300° C)
shown in figures 2 and 3.

8 Barber reported values ranging from 20.6 to 21.6X10-6 for 4 samples containing
11.09% of silicon and 5.09, of copper. The spread of the values is large, and ap-
parently nominal values were reported for the chemical composition. Accord-
ingly, the average of his values (21.2 x 10-%), indicated in figure 11, was ignored in
deriving the curves.
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TasLe 4. Coefficients of expansion of aluminum-copper-nickel-magnesium alloys by other observers

| | Chemical composition (by weight) Average coefficients of expansion per degree centigrade 1
Observer | Datole ROOES Treatment IR S e D S S A GOV S S e R i
‘ | Ala| Cu | Ni | Mg | Si | Fe | 20° t0 100° C 2)° to 200° C 20° to 300° C|20° to 400° C|20° to 500° C|
S e I"; ‘ ("(” | I"' 4"”‘ ‘ (/"’ ‘ o7, ‘ | ‘ ‘ - 7[
Bollenrath____| 1933 [92.5 | 4 2 (] L5 | Annealed at 520° C for 24 hoursand | 23.2X10-6 | 23.8X10-6 | 24.6X10~6 | 25.5X10~6 | 26.2X10~6
‘ cooled to room temperature in 16 ‘ | ‘ )
| hours. |
| | Wrought, quenched from 511° Cin | 21.4 ‘ 22.5 ‘ Pk L R LA [
[ fairly hot water, and aged at | | ‘ l
‘ e : o : room temperature, i
Barber.._._.. 1949 102.21 | 3.76 | 1.85 | 1.33 | 0.45 | 0.40 { 54me treatment as preceding, then | 21. 5 22,7 O35ARE e oS S {
| given stability heat treatment at ‘ ‘ ‘
‘ ‘ [ [ 3000 C. | ‘ | ‘
LR : e
s By difference. WEIGHT PERCENTAGE SILICON
240 10 20 30 40
& The isodils for the annealed or heat-treated alumi- | | | [
num-silicon-copper alloys are nearly perpendicular
to the aluminum-silicon side of the ternary diagram, 22b—
and indicate the effects of composition on the
coefficients of expansion of these alloys.
Coeflicients of expansion of a cast and of an an- 20—
nealed aluminum-copper-tin-zine alloy containing
about 2 percent of copper, 1 percent of tin, and 1
percent of zinc are given in table 1, K. The coeffi- 19
cients of expansion of the annealed sample for the
temperature ranges to 200° C are less than the e 8
coefficients of expansion of the cast sample.
A comparison of the coefficient of expansion of the 20°To 300°C
sample (1205) of annealed aluminum-silicon-copper- 14
manganese alloy? 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 26

manganese and nearly 1 percent of iron to a ternary
aluminum-silicon-copper alloy containing 20 percent
of silicon and 3 percent of copper, reduces the coeffi-
cient 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, M,
and in figure 3-and from data by Bollenrath [S],
Bungardt and Schaitberger [16], and Barber [12]. In
every case except one, the additions of copper and
nickel caused a decrease in the coeflicients of
expansion.

The effects of the addition of 4.2 percent of nickel,
3.1 percent of copper, and 1.1 percent of manganese
and of 4.4 percent 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 2} 107%/deg C in
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COEFFICIENT OF EXPANSION X 106

il

20° TO 200°C

the coeflicients of expansion. 12
9 Also contains nearly 1% of iron.
22
20 o
Ficure 12.  Effects of additions of two or three elements (Cu,
Ni, Mn, and Mo, percentage by weight) on coeflicients of 18— —
linear expansion of aluminum-silicon alloys.
Coeflicients of expansion of aluminum-silicon alloys represented by straight
lines from figure 3. @, Al-Si-Cu-Ni alloys; O, Al-Si-Ni-Cu-Mn alloys; W, | 6b— —
Al-Si-Ni-Cu-Mo alloys. 1. Cu 7.2, Ni 7.2; 2. Cu 9.9, Ni 4.0; 3. Cu 9.8, Ni 3.9; 4.
Cu 1.0, Ni 1.0; 5. Ni 4.4, Cu 4.1, Mo 1.4; 6. Cu 8.0, Ni 4.1; 7. Cu 4.0, Ni 4.1;8. Cu 209 T 0N 0026
4.5, Ni 1.5; 9. Ni 4.2, Cu 3.1, Mn 1.1; 10. Cu 1.5, Ni, 1 percent by weight. 1, 2,3, | | 1 | | 1 |
5, 6, 7, and 9, authors; 4, Barber (1949); 8, Bungardt and Schaitberger (1939); 10, 4 o 10 20 30 40

Bollenrath (1933).
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