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Tensile Properties of Copper, Nickel, and 70-Percent-Cop­
per-30-Percent-Nickel and 30-Percent-Copper- 70-Percent­

Nickel Alloys at High Temperatures 
William D. Jenkins, Thomas G. Digges, and Carl R. Johnson 

Short-time tensile tests were m ade at temperatures ranging from 75 0 to 1,700 0 F on 
high-purity nickel, copper, a 70-percent-nickel- 30-percent-copper alloy, and a 70-percent­
eopper-30-percent-nickel alloy. The high-purity component metals and the two alloys 
were investigated in the initial conditions, as annealed for a uniform grain size, and as cold­
drawn 40-percent reduction in area. The results were affected ma rkedly by variations in 
the nickel content, temperature, and degree of cold-working. However, the effects of cold­
drawing at room temperature were obliterated at temperatures above that of recrystalliza­
tion. 

The effects of cold-drawing the 30 % -Ni-70% -Cu a lloy different amounts and of varia­
tions in g rain size of the copper on the ten sile properties are evaluated. R es uHs on the 
tensil e properties of the same annealed materials at low temperatures are included for com­
pleteness. 

1. Introduction 

During the past several years, an investigation has 
been in progress in the Metallurgy Division, National 
Bureau of Standards, to evaluate the rheological 
behavior at subzero and elevated temperatures of 
high-purity nickel, copper, and certain alloys of these 
two elements. Some of the results obtained in this 
study have been presented in previous publications 
[1 to 7).1 The present paper is concerned with the 
influence of temperature on the short-time tensile 

properties of the nickel, copper, and 70%-Ni- 30%­
Cu and 30%-Ni- 70%-Cu alloys. 

Tensile tests were made at temperatures ranging 
from 70° to 1,500° or 1,700° F on each of the four 
materials (table 1) in the conditions as annealed and 
as cold-drawn 40% reduction in area. In addition , 
the present program was extended to include tensile 
tests at various temperatures on the 30%-Ni-70%­
Cu alloy as cold-drawn 25- and 70-perccnt reduction 
in area, and on the copper after annealing to produce 
a relatively large grain size. 

TABLE 1. Chemical composition (percentage by weight) of the metals and alloys used as deteTmined by chemical, spectTochenncal, 
and vacuum f usion analyses 

M etal C Cu Ki Co Fe Mn Si S Zn 0, N, II, grain di-I 
Average 0 

ameter 
----------------------------------------------

Copper' (OFHCl_ ------- 99.99+ 

30%-Ni-70%-Cu ____________ 0.023 68.84 29.89 0.04 0. 50 

70%-Ni-30%-C u ___________ . 017 29.71 70.08 (b) . 01 

NickeL __ ____ _____ _________ .007 0.009 99.85 (bl .04 

0.65 0.003 0. 004 0.09 

. 01 . 12 .002 

. 03 . 11 .002 

0.001 0.001 

.001 .001 5 

.002 .001 

0.0002 

. 0003 

.0002 

mm 
0.025 

.040 

.025 

.045 

8. Tbe arc spectrum of the copper was examined for the scnsitjve lines of Ag, Al, B, Be, Co, Fe, In, If, M g, Mo, Na, Ni, Pb, Sb, Si, Sn, Ti, V, and Zn. The lines 
for Ag, AI, M g, and Si were identified and tbere was some indication of the presence of F e, Ni, and Pb. 

b Not detected. 
c Va lues obtained on specim ens prepared from the 31ll1ealed bars. 

2 . Materials and Procedures 

The chemical compositions of the four materials 
used are given in table 1. All the bars of each ma­
terial were processed from a single heat and they were 
supplied in the form of Ys- or 1%6-in. rounds in the 
conditions as annealed or as cold-drawn. The an­
nealing treatments produced the average grain sizes 
listed in table 1, and these annealing treatments were 
also used just prior to the final cold-drawing opera­
tions. 

T ensile specimens, 0.505 in. in diameter and with a 
I Figures in brackets indicate the literature references at tbe end of this paper. 
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2.0-in. reduced section, were machined from one bar 
of each material as initially annealed and from an­
other bar as cold-drawn. Each specimen tested at 
300° F , or higher, was heated in air in an automati­
cally controlled electric furnace and held at the re­
ported temperature for approximately 1 hour before 
testing. The specimen was maintained within ±3 
deg F of the reported temperature during testing. 
The deformation was determined by following the 
change in minimum diameter of the specimen during 
testing in tension at room temperature, and by 
measuring the movement of the head of the hydrau­
lic-type machine with a T emplin stress-strain 





recorder for the specimens tested at elevated tem­
peratures. The rate of strain was approximately 1 
percent per minute. 

3 . Results and Discussion 

The experimental results of thc tension tes ts made 
at various temperatures arc summarized in tables 2 
to 5. Some of the data previously obtained on the 
annealed materials at low temperature [7] are also 
included in these tables for completeness; these 
results were obtained on specimens prepared from 
d ifferent bars than those used in the present tests. 
The results obtained at low temperatures were prc­
sented graphically and discussed in some detail in 
relation to other properties in the previous publica­
tion. 

3.1. True-Stress- True-Strain Relations at Room 
Temperature 

The true-stress- true-strain curves for the an­
nealed materials tested at room tempera ture are 
curvilinear (fig. lA), and their slopes decrease as the 
true strain increases up to the beginning of fracture. 
The resistance to flow of the copper was considerably 
less t han that of the other materials; the resistance of 
the 70% -Ni- 30% -Cu alloy was appreciably greater 
than that of the nickel or the 30%·Ni- 70%-Cu alloy. 
ThE' flow curves for the nickel and the 30% -Ni- 70% ­
Cu alloy cross at a true strain within the range of 
0.4 to 0.6. Thus, the difference in curvature of t he 
flow curves of these two material s indicate that t he 
rate of s train hardening in the higher range of true 
strains is somewhat greater for the nickel t ha n for 

T ABLE 4. Results of tensile tests on 30%-':\i- 70 %- Cu alloy 

In it ial cond ilion 
Tem­
pera­
ture a 

Yield 
str cn~th 

(0.2% 
ofTsct) 

Drop or beam 

1[aximu m drop 
Stress at ___ ,--___ 1 

fir s t drop 
of beam 

Tensile 
Stress at A mount strength 

ocellr- of drop 
renco 

;\ fax imurn load 

"-[' 1'110 
SLress 

Strain 
in 2 in. 

R ed uc­
t ion in 
area b 

'rrue 
strain 

True 
stress at Elon­
complete gal ion 
fractu re in 2 in. 

'rruc 
strain 

Redll c- a L COI11-
t ion of plete 
area frac-

ture 

---------- --------------------------------------------_. 

A nnealed __ ___ ________ _ 
Do ____ __________ __ _ 
D o ____ ___ _________ _ 
Do ________________ _ 
Do ___ . ____ _______ _ _ 

Do ____ ____________ _ 
Do ____ _____ ___ ___ _ _ 
Do ____ ____________ _ 
Do ____ ____________ _ 
Do ____ ______ _____ _ _ 

Do ____ _______ ___ _ . _ 
Do ___ _ . ___________ _ 
Do ____ ______ __ __ __ _ 
Do ______________ __ _ 
Do ___ . ____________ _ 

Do ____ ____________ _ 
Do ____ ____________ _ 
Do ____ ___ __ __ ___ __ _ 
Do ____ _____ _______ _ 
Do _____ __ ___ ______ _ 

Do ______ _________ _ _ 
Cold-drawn , 25% re-

duction in area ____ __ _ 
Do ____ ______ . _____ _ 
Do __ __ ____ ___ _____ _ 
Do ____ ____________ _ 

Do __________ ____ __ _ 
Do ____ ____ ________ _ 
Do ____ ______ ______ _ 

Cold-drawn, 40% re-
duction in area 

Do ________________ _ 

Do ____ ___ __ __ _____ _ 
Do ._ . ____________ _ 
Do ___ __ __________ _ 
Do ____ __ __ ________ _ 
Do ______ __________ _ 

Cold-drawn, 70% re-

OF. 
-320 
-220 
-1G8 
-22 

75 

75 
300 
500 
600 
700 

700 
800 
900 

I , 000 
1,100 

1,200 
1. 200 
1,350 
1,500 
1,700 

1,700 

75 
300 
700 
900 

1,200 
1,500 
1,700 

75 
300 

700 
900 

1.200 
1.500 
1,700 

duction in areu __ .____ 75 
Do____ _____________ 300 
Do .________________ 700 
Do________ ________ 900 

Do ---- ------------[ 1, 200 
Do ________________ 1,500 
Do ____ _______ ____ __ 1,700 

lb/in.' 
30, 900 
27,400 
24,000 
22,000 
21,500 

21,500 
J8,800 
16,600 
16,000 
16,500 

Jfi,OOO 
15,500 
J3,800 
12,500 
11,500 

9,200 
8,800 
5,500 
4350 
1: 550 

1, 500 

72,400 
65, 000 
55,500 
38,500 

9,700 
4, 100 
1, 650 

81,400 
73,300 

61,700 
43,900 

9,900 
4,000 
1,700 

92,500 
80,800 
7J,100 
52,600 
9,800 

3,700 
1, 500 

lb/in.' 

38,400 
17,300 

17,800 
16,900 
30,600 

1,550 

1,100 

57,500 
43, GOO 

1, 700 

60,900 

1,850 

lb/in.' 

39.700 
32,600 

39,900 
17,500 
30,600 

1,550 

1, 700 

56,000 
43,600 

1,700 

60,900 

1,850 

---------- ----------

lb/in-' 

200 
750 

850 
375 
25 

125 

55 

250 
5 

100 

50 

50 

69, 600 69, GOO 5 

1, 700 1, 700 50 

lb/in. ' 
83, 700 
71,900 
64,300 
58, GOO 
54,400 

54,400 
'17, 900 
44, 100 
43,300 
43, 100 

42, 700 
40, 400 
34.800 
28,000 
22,300 

16,700 
16,900 
10.800 

7. 130 
4,240 

3,830 

74, 500 
68,600 
57,600 
43,600 

16,900 
7, 200 
4,110 

82,600 
75,300 

63,600 
·18,400 
17.300 
6,950 
3,800 

95,200 
87,500 
73, GOO 
,\6,900 
16,900 

6.990 
3, 680 

lb/in.' 
127,800 
105,800 

91,100 
81,600 
74,100 

73,200 
6-3,900 
58,400 
57.100 
56,000 

55,500 
52,500 
44,500 
34,900 
26, 400 

19,000 
19 600 
11: 700 

7,300 
4.300 

3,900 

75, 300 
69,600 
58, 200 
44,300 

19,300 
7, 400 
4,200 

83, 400 
76,100 

64,200 
49,100 
19, lOG 

7,100 
3,900 

96,300 
88.800 
74,300 
57, 500 
19.800 

7, 200 
3,700 

% 
52.5 
47 
41. 5 
39.5 
37 

36 
33.5 
32.5 
32.5 
30 

30 
30 
28 
24.5 
18.5 

14 
16 
8. a 
2. 0 
1.0 

1.5 

1.0 
1.5 
1.0 
1.5 

14 
2.0 
1.5 

1.0 
1.0 

1.0 
1.5 

10.5 
1.5 
1. 5 

1.0 
1.5 
1.0 
1.0 

17 

2.5 
0.5 

% 
34.5 
32 
29.5 
28 
27 

26.5 
25 
24 .5 
24 . .5 
23 

23 
23 
22 
19. ,\ 
15.5 

12.5 
14 

7.5 

1. 5 

1 
1. 5 
1 
1. 5 

12. 5 
2 
1. 5 

1 
1. 5 
9.5 
1. 5 
1.5 

1 
1.5 
1 
1 

14.5 

2.5 
0. 5 

0.423 
· ~86 
.348 
.331 
· :J09 

.296 

.288 

.281 

.281 

.262 

.262 

.262 

.247 

.219 
· 169 

. 131 
· 148 
.077 
.02 
. Oll 

. 015 

. Oll 

. 015 

.Oll 

. 015 

. 131 

.020 

.015 

.Oll 

.011 

.Oll 

.015 

.099 

.015 

.015 

· all 
. 015 
· Oil 
· OIl 
. 157 

.025 

. 005 

lb/in.' 
229, 700 
195,300 
170,700 
163,700 
157,500 

157,900 
152,500 
125, 900 
J 15, JOO 
101,700 

106,000 
70.700 
56. 900 
43,400 
36.600 

22, 900 
22,200 
12,200 

7,600 
4, JOO 

3,500 

161,300 
148,700 
104,300 
54,900 

22,100 
7,200 
4,000 

165.600 
154.000 

100,800 
60,100 
23,100 

7,200 
4,100 

180, 100 
194 ,700 
135,800 

72,40C 
21.400 

7,900 
3, 500 

% 
61. 5 
57 . .5 
56 
49.5 
52 

54 
47 
43 
43 
43.5 

44 
37 
38.5 
42 
37 

27.5 
28 
17.5 
17 
23 

21 

19 
Ii 
13 
11. 5 

26 
16 
22 

17 
15 

11. 5 
11 
25 
18 
22.5 

16 
16 
11 
14 
29 

19 
22.5 

• Values at subzero temperatu res obtained from data of Geil and Carwile [7]. b Reduction in area (%)= 100[Ao-A)/A o]=100(L-Lo)/L o]. 
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% 
77.5 
ii.5 
77.5 
79 
80.5 

80.5 
81. 5 
77.5 
74 . .5 
68.5 

70.5 
52 
53 
56.5 
53 

42 
<It 
21 
21 
26.5 

24.5 

74 
74 
56.5 
32.5 

41. 5 
22 
25.5 

72 
72.5 

50 
32 
44 
22 
27 

71 
76 
61 
47.5 
45 

22 
28 

1. 501 
1. 491 
1. 506 
1. .\67 
1. 622 

1. 625 
1. 69-1 
1. 498 
I. 362 
1. 155 

1. 218 
0.729 

.751 

. R33 

.759 

.547 

.528 

.277 

. 236 

. :J07 

.285 

I. 343 
1. 350 
.829 
.395 

.534 

.246 

.293 

1. 265 
1. 286 

0.693 
.383 
.576 
.248 
.316 

1. 242 
I. 430 
0.940 

.636 

.594 

.246 

.329 



.. 

TABLE 5. R esults of tensile tests on OF HG copper 

Maximum load 
Yield 

Temper~ stre~tb 
Initial cond ition ature a (0. 0 rrensile True 

offsetJ strength stress 

Annealed ; 0.025·mm av gra in o f /b j in .' lbjin.' /b/in .' 
diameter _____________________ - 320 8,100 51, 000 81, 400 

Do ________________________ - 220 8, 100 43, 400 65, 700 Do _____________ ___________ - 108 8,000 38, 700 56, 800 Do ________________________ - 22 7, 600 35, 100 49, 400 
Do ________ ________________ 75 12, 200 31,900 44,000 

Do ________________________ 110 7, 300 30, 750 44,000 
Do ________________________ 250 6, 700 27, 000 38, 900 
Do _____________ ___________ 300 7, 000 25,850 36, 800 Do _____________ ___________ 400 6, 000 22, 950 31, 700 Do ___________________ _____ 500 4, 700 20, 750 28, 300 

Do ________________________ 000 3, 800 17,350 22, 500 Do ________________________ 700 4,200 15, 050 19, 000 Do ________________________ 700 4, 000 14, 400 18,200 
Do ________________________ 800 3, 750 11,850 14, 500 Do ________________________ 

900 3, 000 9, 800 11, 500 
Do ________________________ 1, 000 700 7, 050 7, 950 D o _____ ___________________ 1, 100 850 5, 250 5, 800 Do ________ __ ______________ 1, 200 600 3, 850 4, 150 
D o ________________________ 1,200 750 4, 000 4, 300 
D o ________________________ 1, 500 500 2, 025 2, 200 

Annealed, 0.120-mm av gra in 
diameter _____________________ 75 6,000 32,300 43, 900 

Do ________________________ 300 3, 750 26, 350 38,000 
Do ________________________ 700 2,500 14, 300 17, 300 D o ________________________ 

900 1, 100 8, 400 9, 600 Do ________________________ 1,200 800 3, 630 4,000 

Do ________________________ 
Cold-drawn 40% reduction in 

1, 500 000 1, 770 1, 900 

area; 0.025·mm a v grain 
d iameter before cold·drawing_ 75 50,300 51, 100 51, 500 

D o ________________________ 110 48,000 50, 400 50,700 
Do. _______________________ 250 44, 800 46, 500 46, 700 
Do. _______________________ 300 42, 400 44, 450 44, 700 

Do ________________________ 500 28,900 34,000 34,300 
Do ___ ___________________ .. 600 6, 500 19, 100 23, 400 
Do ________________________ 700 3,000 15,400 20,000 
Do ________________________ 800 3, 000 12, 500 15,800 
Do. _______________________ 900 1,000 9, 700 11,800 

Do. _____________ .. ________ 1, 200 750 4, 075 4,450 
Do ____ .. __________________ 1, 500 400 2. 040 2, 200 

• Values a t subzero t emperatures obtained from d at a of Geil and Carwile [7J. 

the alloy. This relation is also shown by a compari­
son of the relative positions of the flow curves of the 
initially cold-drawn materials (fig. 1B); the curve 
for the nickel lies above that for the alloy. 

The true-stress- true-strain curves obtained on the 
specimens prepared from the cold-drawn materials 

160000 

~ 120000 

~ .,. BODDO 

4 0000 

0 .4 0.8 1.2 1,6 0 0 .4 0.8 1.2 1.6 

TRUE STRAIN, LOGe lAo/A) 

FIGU RE 1. R elation of true stress to true strain of the metals 
and alloys tested in tension at room temperature. 

A, Initially as annealed ; B , initially as cold-drawn 40-percent r edu ction in area. 
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True stress Elonga- Reduc- 1.' rue strain 
Strain R educ- T rue a t complete tion tion of at complete 
in 2 in. Uon in strain fracture in 2 in. area fracture 

arca b 

% % IMin.' % % 
58 36. 5 0.46 li6, 500 72 80. 5 1. 738 
50 34 . 41 170, 200 67 84 1. 844 
47 32 . 38 165, 000 61. 5 86. 5 1. 995 
40.5 29 .34 142, 300 61. 5 86 1. 973 
39 28 .33 139, 000 51 88 2.114 

43 30 . 36 144, 700 62. 5 89 2.221 
44 30.5 . 37 128, 600 65 89 2. 224 
42. 5 30 . 35 110, 900 62. 5 87 2.067 
38 27. 5 . 32 55, 900 54 70 1.189 
36. 5 27 . 31 42, 000 50 60 0.917 

29.5 23 .26 26, 300 40 43 .557 
26 20.5 . 23 20, 300 34 37 . 458 
26 20. 5 . 23 19, 050 33 32 . 38 
22 18 . 20 15, 000 29 30 . 357 
17 14.5 . 16 11,900 31 43 . 561 

13 11.5 . 12 9. 1., 0 36 51 . 709 
11 10 . 10 5, 700 39 49. 5 . 682 
7.5 7 . 07 4, 150 18 27 .315 
8 7.5 . 075 
9 8. 2 . 085 1,900 24 19.5 . 215 

36 27 . 31 142.000 62 85 1. 96 
44 30.5 .37 82, 700 62. 5 79. 5 1. 581 
21 17.5 . 16 16,800 25 22 0. 247 
14 12.5 , 13 8, 400 17.5 16 . 175 
10.5 9. 5 .10 3,200 20 20. 5 ,228 

6.5 . 07 1, 450 10 12 . 128 

1.0 1.0 . 01 137, 500 11 80 1. 008 
0.5 0.5 . 005 144. 000 16 82 1. 622 
.5 .5 . 005 115,800 15.5 79 1. 557 
. 5 .5 . 005 90, 500 14 71 1. 230 

1.0 1. 0 . 01 36,800 8 28 0. 331 
22. 5 18.5 . 20 33, ]00 35 52 . 728 
30 23 . 26 24. 700 39. 5 45 , 004 
26. 5 21 . 24 17. 800 36 46.5 . 627 
22 18 . 20 13, 800 39.5 00 . 875 

9. 5 8.5 . 09 4, 800 30. 5 42. 5 . 551 
9 8 . 085 1.950 14. 5 19 . 205 

b R eduction in area (%J =I00[Ao-AljA oJ=100[ (L - L oJjL oJ • 

(fig . 1, B) were more nearly linear for the copper, 
nickel , and 70 %-Ni- 30% -Cu alloy than for the 30%­
Ni- 70 %-Cu alloy. However, the slope of the three 
former curves depended somewhat on the chemical 
composition of the materials; the slopes of the curves 
for the nickel and the 70%-Ni- 30% -Cu alloy were 
nearly alike, and these slopes were somewhat greater 
than that of the curve for the cold-drawn copper. 
As is illustrated by the relative positions of the flow 
curves, the resistance of the initially cold-drawn 
materials to further plastic flow in tension also 
varied with their copper and nickel content. 

The effect of varying amounts of cold-drawing on 
the flow characteristics at room temperature of the 
30%-Ni- 70%-Cu alloy is shown by a comparison 
of the true-stress- true-strain curves of figure 2A . 
The r esistance to flow in tension increased continu­
ously with the amount of cold-drawing; this increase 
in resistance was accompanied by a decrease in 
amount of plasticity. The flow curves for all the 
cold-drawn specimens were curvilinear , with dis­
continuities exhibited in the region of maximum 
load . The relation between true stress and total 
true strain (due to cold-drawing and tension) is 
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shown in figure 2B (insert). The curves for specimens 
as annealed or cold-drawn 25 percent coincide within 
the true-strain range of about 0.3 to 1.3. However, 
further cold-drawing either 40- or 70-percen t reduc­
tion in area caused a lowering of these ClU'ves in the 
r egions of true strains extending from the beginning 
of plastic deformation to fracture in tension . Thus, 
the positions of the true-str ess- true-s train ClU'ves 
were affected by variations in the amount of cold­
drawing and straining in tension. 

3.2. Stress-Strain Relations at Elevated Temperatures 

FIGURE 2. Relation of true stress to true strain of the 30 %­
Ni- 70 %-Cu alloy tested in tension at room temperature. 

Selected autographic stress-strain cW'ves that 
were obtained on some specimens of the annealed 
and cold-drawn 30%-Ni- 70%-Cu alloy are repro­
duced in figlU'e 3 as illustrative of the different 
types of flow observed in the tension tests at elevated 
temperatlU'es. Discontinuous flow occurred in the 
initially annealed specimens of this alloy when ex­
tended in tension at 600°, 700°, or 800 ° F, as evi­
denced by selTations in thc curvc for the specimen The alloy was ini tially annealed or cold·drawn different amounts as shown. 
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FIGURE 3. Autographic stress-strain record8 of 30 %-Ni-70 %-Cu specimens 
tested in tension at different temperatures . 

The alloy was initially annealed or cold-drawn different amounts as shown. 
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at 700 0 F ; the stress-strain curves are no t shown for 
the specimens tested at 600 0 and 800 0 F . These 
serrations were more permanent in the curve for the 
pecimen tested at 700 0 F than at either 600 0 or 

800 0 F . However , cold-drawing this alloy 25 percent 
or more before testing in this temperature range 
reduced or en tirely eliminated these serrations in 
the stress-strain curves. Similar serrations were 
observed in the curves for initially annealed speci­
mens of the 70 % -Ni- 30% -Cu alloy extended in 
tension at temperatures ranging from 300 0 to 900 0 F, 
but they were not observed in the stress-str ain 
curves for annealed specimens of the nickel or copper 
tested at temperatures below the start of recrystal­
lization of these metals. The serrations that oc­
curred in the str ess-strain curves of specimens tested 
below the recrystallization temperature are believed 
to be associated with strain-aging and other atomic 
rearrangements. Cottrell [8] indicated the possible 
existence of such curves and presented experim entally 
an example of such a phenomenon in aluminum. 
Additional experimental evidence on the influence 
of r ate of loading on the creep and aging char acter ­
istics of high-purity nickel and the effect of tem­
per ature on th e aging characteristics of commercial 
and high-purity 70 %-Ni-30% -Cu alloy h as been 
presented by the present authors [5,6]. The breaks 
observed in some of the present stress-strain curves 
obtained on specimens at relatively high tem­
per atures (1,200 0 to 1,700 0 F ) are interpreted as 
being associated with recrystallization and gr ain 
growth in the specimens. 

At temperatures below 1,200 0 F , the slope , 
height, width , and peaks in the vicinity of the 
m aximum load of the stress-strain curves depended 
upon the nickel or copper content, test temperature, 
and initial structural condition (annealed or cold­
drawn) of the material. 

4. Influence of Solute Atoms and Tempera­
ture on the Tensile Properties of Nickel 
and Copper 

A systematic analysis of the principles of solution 
hardening was presented recently by P arker and 
Hazlett [9]. They considered the mechanism of 
solution hardening in relation to the theories pro­
posed by Cottrell [10], Suzuki [11], and Fisher [12]. 
Their interpretations were applied primarily to 
alloys of relatively low concen tration of solu te and 
analyzed for strength properties at small s train; 
the effect of solute content on ductility of the alloys 
was no t considered in detail. 

Geil and Carwile [7] pointed out th at at relatively 
low temperatures, the difference in atomic diameters 
between copper and nickel is sufficient to produce 
strain and accompanying local residual s tresses in 
the solvent lattice, and thereby exert a pronounced 
effect on the initial stren.gth , solution hardening, 
and rate. o~ work hardenmg of the alloys; these 
characten stlCs are also affected by temperature. 
As the temperature is raised , the thermal motion of 

the atoms is increased, and this tends to reduce 
the effects of the strain and local stress in the solvent 
lattice induced by the solute atom. 

4.1. Strength 

The influence of nickel content and test tempera­
ture on the yield and tensile strengths of specimens 
of the copper-nickel sys tem is shown by a comparison 
of the results summarized in figures 4 and 5 (mate­
rials initially as annealed and as cold-drawn 40 per­
cent , respectively). The resistance to deformation 
by slip or movement of dislocations in the component 
metals is materially increased in each by the presence 
of the solute atoms. This is evident even for small 
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FlGUR}] 4. EiJect of nickel content and test temperature on-the 
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FIGURE 5. Effect of nickel content and test temperature on the 
yield and tensile strengths of specimens of the copper-nickel 
system, initially cold-dl'awn 40-perccnt reduction in area. 
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strains associated wiLh thc yield strength (0.2% 
offset). The strengthening effect is temperature 
sensitive and is a£fecLecl by prior cold-work:ing. 
As is shown by a comparison of the slopes of the 
stress-nickel-con ten t curves, the increase in the 
strength properties was nonlinear as the nickel 
content was increased from 0 to 70 percent by 
weight. The latter alloy, however, was materially 
stronger at any temperature than its counterpart 
containing 30 percen t of nickel. 

The strengthening effect (absolute values) from 
the presence of a given concentration of solute 
atoms, in both th e initially annealed and cold-drawn 
ma terials, attained a maximum at the range of about 
300° to 700° F (tables 2, 3, and 4), and it is obvious 
tha t cold-drawing enhanced the strength properties. 
This is also the temperature range where strain­
aging exerts a pronounced effect on the strength 
and ductility of the metals and alloys, and irregu­
la,rities were observed in the stress-strain curves 
(fig. 3) of initially annealed specimens of the alloys. 

According to Cottrell [13], aging in substitu tional 
alloys is accelerated during plastic flow . Moreover, 
vacancies are created during the plastic flow , and 
these increase the rate of substitutiona.! diffusion. 
The migrating atoms are believed, by Cottrell, to 
segregate to dislocations and preven t the la tter from 
undergoing the movemen t that causes recovery . 
H ence, it would be expected that cold-drawing the 
presen t materials prior to extending in tension in the 
strain-aging temperature range would result in an 
increase in the number of vacancies, and would thus 
entrap the dislocations and thereby cause an increase 
in strength properties. 

The strengthening effect of the solu te atoms is also 
eviden t a t the higher temperatures . At about 1,200° 
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FIGURE 6, Effect of nickel content and test temperature on Va1'­

ious strength indices of initially annealed specimens of the 
copper-nickel system. 

F, recrystallization of the initially cold-drawn ma­
terials occurred and t he effects of the cold-working 
were diminished or removed. I t is to be expected 
th at the diffusion rate of the atoms was al 0 in­
creased significantly at these temperatures. The 
internal strains from misfit of the solu te atoms in 
the solven t lat tices and absolute values for the 
strength properties of the alloys were not high . 
However, as shown by the slope of the stress-versus­
nickel-content curves, the percen tage increase in the 
strength ch aracteristics from the presence of the 
solu te atoms is still appreciable. 

The relations between nickel content of lhe ma­
terials and the true stress, both at maximum load 
and at fracture, are shown in figures 6 and 7, respec­
tively. I n general , these data conform to the de­
scribed p atterns of figures 4 and 5 excep t for the 
inconsistent behavior of the nickel at complete frac­
ture. The relatively narrow spread in values of the 
true stress at fracture for the initially anncaled 
nickel (fig. 6) or cold-drawn nickel (fig. 7), with 
temperatures ranging from 75° or 700° to ] ,000° F , 
may be partly a ttribu ted to the necking clwra,cter­
istics and ductili ty of the nickel specimens, 
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FIGU RE 7. Eflect of nickel content and test temperatw'e on var­
i ous strength indices of specimens of the copper-nickel system, 
initially cold-drawn 40-percent reduction in area. 

4 .2 . Ductility 

The influence of nickel content on the ductility at 
different temperatures of the materials as annealed 
or as cold-drawn 40 percent is shown in figures 8 and 
9, respectively . 

Thc ductility of the component metals is affected 
significantly by variations in the percentage of the 
solute atoms and tempera ture and by prior cold­
working. The presence of 30 percent of nickel in 
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FIGURE 8. Effect of nickel content and test temperature on the 
ductility of initially annealed specimens of the copper-nickel 
system. 

the copper of the ini tially annealed materials de­
creased the s train at maximum load in the range 
75° to 500° F , and also at 1,500° F (fig. 8). At 
temperatures of 700° to 1,200° F , the presence of 
the solute atoms resulted in an appreciable increase 
in the strain . Similarly, th e presence of 30 percen t 
of copper ill the nickel decreased the strain at 
maximum load at temperatures of 75 °, 900°, 1,000°, 
1,200°, and 1,500° F , was without significant effect 
at 300° or 500° F , and increased the strain markedly 
at 700° F . In general, the strain at maximum load 
of t he 70%··Ni- 30%··Cu alloy at any tempera ture 
was greater than that of the 30%-Ni- 70% -Cu alloy; 
t he latter alloy h ad the higher value for strain at 
1,200° F . 

R eversals are evident in some of the curves 
showing the relationship between t he nickel content 
and elongation or reduction of area. However , the 
slopes of these lines were altered by the nonuniform 
deformation (necking) t hat occurred after the 
attainment of maximum··load conditions. This was 
especially prominent in the pure nickel specimens, as 
is revealed by the relatively narrow spread and high 
values for reduction of area. 

This pattern of behavior for the annealed material 
was markedly changed by cold-drawing (fig . 9). 
The introduction of solute a toms either in the copper 
or in the nickel la ttice did not materially affect 
the strain at maximum load at temperatures below 
that of recrystallization of the component metals 
and the alloys. All the initially cold-worked ma­
terials had 10\\- values for strain at maximum load 
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FIGUR E 9. Effect of nickel content and test temperature on the 
ductility of specimens of the copper-nickel system, initially 
cold-drawn 40-percent reduction in area. 

at all temperatures below this range. However, 
at temperatures above 500° F a p eak value of strain 
existed in each materi al, and i ts magnitude was 
decreased by the presence of the solute atoms. 
This value in each material was attained at a tem­
perature near or above that of recrystallization and 
is believed to be associated with the release of the 
maximum amount of internal energy. 'The rela­
tionship between the nickel con tent of the materials 
and elongation or reduction of area also varied ap­
preciably with test temperatures. High valu es for 
reduction of area were obtained in all the materials 
at 75° or 300 0 F ; the recrystallization temperature 
in each material was above 75° F. 

The spread in values for elongation attained a 
maximum in the pure nickel and was decreased by 
the solu te atoms of copper . However, the spread 
in values for reduction of area was a maximum for 
the pure copper ; this spread was decreased slightly 
by solute atoms of nickel. 

5 . Effects of Cold-Drawing and Temperature 
on the Tensile Properties of the 30%-Ni-
70%-Cu Alloy 

5.1. Strength 

The influence of cold-drawing different amounts 
on the strength indices of the 30% -Ni- 70% -Cu alloy 
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at various temperatw'cs is shown by a comparison 
of the r esults summarized in figures 10 an d 11. At 
each temperature withil1 the range 75° to 900° F 
(fig . 10), the yield and ten ile tl'engths inereased 
nonlinearly as tIJ e amoul1t of eold-drawing was 
increased . Within the range 1,200° to 1,700° F , 
t he cold-worked alloy recrystallized in the short­
time tensile t ests and no ignificant effect of the 
initial cold-drawing oper ations was observed on the 
yield and tensile strengths. The values for tru e 
stress at fracture (fig. 11) were not materially altered 
by cold-drawing 25- or 40-percent r eduetion in area, 
but the values at 900° F or below were increased by 
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cold-drawing 70-percent reduction in area; there was 
a slight increase in the fr acture values at room tem­
perature with all increa e in the amount of cold­
drawing, and t he effect of cold-drawing 70 percent 
was removed at test temperatures of 1,200° to 
1,700° F . 

5.2. Ductility 

The values for reduction in area at maximum 
load, strain at maximum load and elongation of 
the 30% -Ni- 70 %-Cu alloy wer e decreased m arkedly 
at temperatures ranging from 75° to 900 ° F by (;old­
drawing 25-percent reduction ill area, but these 
latter values were not changed appreciably by further 

I cold-drawing (fig. 12 , A, C, and D ). The effects of 
cold-working on ductility of the alloy were practi­
cally eliminated at 1,200°, 1,500° or 1,700 ° F ; the 
values obtained at m aximum lo ad at 1,200 ° F, 
<l.lthough nearly equivalent in specimens of t he 
ini tially annealed and cold-drawn alloy, were con­
siderably highcr than those obtained at 1,500° 01' 

1,700° F . 
The reduction of area was decreased slightly at 

75° and 300° F by cold-drawing (fig. 12 , B ) . The 
reduction of arca was also cleCI'cased at 700° and 900° 
F by cold-drawing 25 percent or 40 percent, but with 
further cold-drawing thc change was not so marked. 

Thus, cold-drawing increased the strength of this 
alloy at temper atures below that of rccrystallization, 
but this increase was accompanied by a dccrcase in 
ductility. At temperaturcs above that of recrys­
tallization, t he effect of cold-drawing on the strcngth 
and ductili ty was eliminatcd. 
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6 . Effects of Grain Size and Temperature 
on the Tensile Properties of Copper 

The influence of grain size on the tensile properties 
at temperatures ranging from 75° to 1,500° F of the 
initially annealed high-purity copper is shown in 
figures 13 and 14. A change in the average grain 
diameter by a factor of about 5 (0.025 to 0.120 mm) 
had no significant effect on the tensile strength and 
true stress at complete fracture (fig . 13), but this 
increase in grain size resul ted in an appreciable 
decrease in the yield strength at temperatures below 
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900° F; the grain-size effect was nil at temperatures 
above 1,000° F . In general, the ductility as 
measured by elongation and reduction of area was 
decreased by increasing the grain size (fig. 14) . 
Both the fine- and the coarse-grained copper showed 
reversals in the curves representing the relations 
between reduction of area or elongation and tem­
perature. The general trend for these values to 
decrease with an increase in temperature was 
in terrup ted in the ranges of about 70° to 300° F and 
?OO O to .1 ,000° F; the ~ncrease . in ductility with 
Increase In temperature IS espeClally prominen t in 
the latter temperature range. 

A summation of these results shows that the 
streJ;gth. and ductility of the annealed copper in 
tensIOn IS more dependent upon temperature than 
on the initial grain size. 

7 . Summary 

The results of tests made in tension on metals of 
the nickel-copper system showed that the tensile 
properties were strongly dependent upon the per­
cen tage of solute atoms in the component lattices, 
temperature of test, and amount of cold-working. 
Although the strengthening effect due to t he presence 
of the solute atoms attained a maximum in the 
temperature range where strain-aging occlllTed (300° 
to 700° F ), the effect was also eviden t at aU tem­
peratures investigated. 

The increase in yield and tensile stre ngths per 
percent of nickel was greater in the range 0- to 30-
percent nickel than in the range 30 to 70 percent. 
The 70-percen t-nickel alloy was appreciably stronger, 
at the same temperature, than the 30-percent­
nickel alloy. 
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The effects of the solu te atoms on ductility varied 
appreciably with the temperature, the amount of 
cold-drawing, and the index u ed to m easure the 
ductility. However , at a given concentration of 
solute atoms, the effects of cold ·drawing on both the 
strength and ductility were diminished or removed 
at temperatures above that of recrystallization . 

Increasing the grain size of the high-purity copper 
decreased the yield strength at temperatures below 
that ofrecrystallization, and decreased the elongation 
and the reduction of area at certain temperatures 
above that of recrystallization. 
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