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Effect of Temperature on the Tensile Properties of a 
Commercial and a High-Purity 

70-Percent -N ickel-30-Percen t -Copper Alloy 
William D. Jenkins, Thomas G. Digges, and Carl R. Johnson 

Short-time ten ~ i1e t es ts were made at temperatures r a nging from 750 to 1,700° F on 
hyo 70-perce nt-nickel- 30-percent-copper alloys. The experimental evidence showed that 
cli~continuous fi ow occurred in specimens of both a lloys frac t ured in te nsion a t temperatures 
r a nging from 3000 to 1700 F. This phenomeno n was a t t ribu ted to strain-aging a t the 
lo\\"er temperatures a nd to recrystall ization accompanied by grain growt h a t t he higher 
te mpera tures . Va ria t ions in chemi cal composition of t he two a lloys also affected t he degree 
of ~ train-agin g, strength ancl ductil it ,' propert ies, and f racture characterist ics . 

1. Introduction 

T ensile trsts \\'ere made at temperatures ranging 
from 7 ;j O to 1,700° F on two lots of 70-percent
nickel- :30-perce nt-copper alloys of the same initial 
grain size and structure bu t differing in purity. One 
alloy ,nIB of relatively high purity , whereas the other 
was a commercial grade tha t con tained a ppreciable 
amount s of manganese, iron, and cobalt.. The tensil e 
proper t ies of the high-purity alloy as evaluated at a 
lower range of temperatures (-320° to 212° F ) have 
been inns tigated [lV and a study of its creep be
havior is now in pl'Ogress . 

2. Previous Investigations 

The inHuence of temperature on the mechanical 
propert ies of commercial gradcs of 70-percent-nickel-
30-percen t-copper alloys (Monel) has been discllssed 
in several publications [2 , 3], but littl e information 
is available on the effec t of impurities on these 
proper t ies. An inspection of the results given in the 
tables [2] shows that the tensile s trength of ho t-rolled 
:Monel increased as the tes t temperature was raised 
from 500° to 600° F without a corresponding decrease 
in elongation. However, in the range of ] ,000° to 
1,300° F there is a definite increase in hri ttleness, 
accompanied by a loss of strength . Mc V etty and 
Mochel [4] reported a precipitous drop in values for 
t ensile s trength and ductility of hot-rolled Monel as 
the test temperature was increased from 750 0 to 
930° F. 

Somr creep properties of Monel have been reported 
by Benn ett and McAdam [5], McAdam, Geil, and 
Woodill'cl [6], Grant and Bucklin [7], Shahinian and 
Lane [8], and Betty, Eiselstein, and Huston [9) . In
dications of the onset of intercrystalline fracture , 
aging, and discontinuity in temperature-ductility 
relations are evident in some of the results presented. 

I F igures in brackets indicate the li terature references at t he end of th is pa per. 
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3 . Alloys and Testing Procedures 

The chemical composiLion of the al1o~'s inves ti
gated is given in table 1. 

Th e charges were melted in an induction furnace, 
and each alloy was cas t in to a 14- by 14- b:\- 60-in . 
ingot. The ingots were milled, then forged to 8-
by 8-in. blooms, hot-rolled to 276-in. square billels, 
and then hot-rolled to %-in. rounds. The round 
bars were annealed at 1,100° F. for 16 hI', then at 
1,000° F for 8 In'. The alloys, as supplied b~- LIte 
manufactm er in the above condition, had an a verage 
grain diameter of 0.025 mm. The structures of these 
allo~'s arc shown in figure 19, A and B . 

T ensile specimens, 0.505-in. diameter and wi th 
2.0-in. r educed sections, were machined from one 
bar of each alloy . Each specimen was heated in 
air in an au toma tically controlled elec tr ic fUl'lla ce 
and h eld at Lhe desired temperature fo1' approxi
mately 1 h[' before test ing in Lension ; the specimen 
was maintained within ± 3 deg F of the . desired 
temperature. The specimens were tested in a 
hydraulic-type machine, with the specimen and 

T A BLE 1. Chemical composition (percentage by weight) of the 
alloys used 

Chemical composition 
D eSignation 

N i Cu iV[ n Fe Si C 
---------------

H igh-puri ty . 70.08 29. 71 0. 01 0. 01 0. 12 0. Ol 7 

CommerciaL 66.97 29. 79 .89 1. 56 . 17 . 15 
------------------

S Ca Co 0 2 N2 H 2 
---------------

H igh-puri ty . 0. 002 (1 ) (2) O. OOl 0.00l5 0. 0003 

Commercia l _ . 006 0. Ol7 0. 38 . 0001 ~olle . 0001 

1 F ain t trace. 
2 ~ot detected . 



adap ter occupying about 3 ft between two se1£
alining holders. The movement of the head during 
the test was recorded by means of a stress-strain 
recorder of the T emplin type. Except for some 
specimens tested at 600 0 F , as noted in tables 2 and 
3, the movement of the head of the machine was con-

trolled to produce a rate of strain of about 1 percent 
a minute. 

Hardness tests and metallographic examinations 
were carried out at room temperature on the frac
tured specimens in accordance with preyiously 
described procedures [10]. 

TABLE 2. R esults of tensile lesls on high-pw'ity 70-percent-nickel-30-percpnt-copper alloy 

Usual rate of strain , 1 pcrcent a minu te. Specimens at 600' F were tested (A) at usual speed, (B) to complete fracture in 21 min (speed test), (C) to complete 
fracture in 4 min (supm'speed test). 

i 

Drop of beam Maximum load 

Yicld Maximum drop Elonga-Temper- strcngth Fracture tion in 
ature (0.2% Stress at Tensile True Rcd uc· True strength 2 in. offset) first drop Stress at strength stress Strain tion in strain of beam Amount of area occurrence drop of 

---
' F lbj in .' lb jin.' Ibjin.' Ibj in. ' lb/in.' lbj in.' % % lb/in.' % 
75 26, 500 None None None 67,350 94, 550 40. 4 28.8 0.339 304,900 59. 1 

212 25, 250 None None N one 63,050 85, 200 35. 1 26 . 301 321,500 51 
300 24, 050 25, 700 25, 700 130 61,850 85, 300 37. 9 27.5 . 321 277, 900 52 
500 23,600 25,350 60,800 1, 370 60,800 83, 500 37. 3 27. 2 .317 247, 400 48.3 

600 (A ) 21, 600 22,500 60, 450 1,575 61,850 84,300 36.3 26.6 .309 221,500 51 
600 (B) 22, 500 22, 700 50, 000 1, 625 60,400 83,100 37.5 27. 3 . 318 216, 300 49 
600 (0) 22, 050 22, 000 (b) (b) 58, 900 81, 700 38.7 27. 9 .327 263, 700 50 
700 23, 400 23, 400 24,400 875 59,950 81, 250 35.5 26. 2 .304 227, 800 49. 2 

800 22, 150 22,500 54,500 1, 500 55,300 73,650 33. 1 24.9 . 286 190, 300 45.2 
900 19, 950 33,000 33,000 500 50, 050 65, 800 31. 4 23.9 . 273 153, 500 46.8 

1, 000 17,500 None None None 42, 050 53, 400 27 21. 3 . 239 98, 300 47 
1,100 16, 700 None None None 31,400 38, 450 22. 5 17. 9 . 203 53,100 42 

1, 200 13,500 None None N one 24,300 27, 550 13. 3 1l .7 . 125 26,800 37.5 
1, 350 9, 700 15, 700 15,700 25 15,800 17, 700 12.1 10.8 . 114 19.200 35 
1,500 5,750 10, 250 10, 250 50 10, 300 11,250 9. 2 8.4 . 087 9, SOD 47 
1,700 4, 500 1, 625 5,650 125 5, 850 6,600 13.4 11. 8 . 127 6, 400 47.5 

a The true strain at complete fracture was based on the minimum cross·scctional area of the fractured spccimen at room temperature. 
b Kot determined . 

TABLE 3. Results of ten sile tests on commercial 70-percent-nickel-30-percenl-copper alloy 

I 

Reduc· T'rue 

!ion of strain at 
area complete 

fractw'e a 

------
% 

I 
88.4 2.150 
89.3 2.235 
88 2. 113 
85.5 1. 929 

85 1. 894 
86 1. 964 
85.7 1. 948 
84. 1 1. 840 

81. 7 1. 698 
78. 7 1. 546 
71. 6 I. 257 
66. 5 I. 098 

58. 1 0.869 
49.4 .681 
49 .671 
45 .598 

I 

Usual rate of strain, 1 pcreent a minute. Specimens at 600' F were tested (A) at usual speed, (B) to complete fracture in 24.8 min (speed test). 

Drop of beam Maximum load 

Yield Maximum drop Elonga· Red uc· 'l 'rue 
Temper· strength Fracture tion in tion of strain at 

ature (0.2% Stress at 'rensile True Reduco 'rrue strength 2 in . area complete 
offset) first drop Stress at strength stress Strain tion in strain fracture a 

of beam Amonnt of area occurrence drop of 
------

, P lbj in.' Ibjin.' Ibjin .' Ibj in.' Ibj in .' lbj in. ' % % fb jin.' % % 
75 42,000 None None None 88,250 121, 500 37. 7 27. 4 0.3 19 194. 200 51. 8 71. 1 1.241 

212 38, 650 None None None 83,600 110, 100 31. 7 24. 1 . 275 188, 600 49 68. 3 1.148 
300 36, 700 None None None 82, 400 111,800 35.7 26.3 .305 208,400 48 71. 2 1. 247 
500 35,500 35, 600 81,250 350 87,200 120, 400 38.1 27. 6 .325 210, 000 47.3 67.6 1.127 

600 (A) 34,600 38,000 44, 750 2, 000 82, 750 113,500 37. 2 27.1 . 316 162,500 48.6 63.8 1.016 
600 (B) 3~, 850 36, 500 80,500 375 83,600 113, 900 36.3 26.6 .309 183,600 48 64.2 1.027 
700 33,800 37,250 37,250 50 75,800 102, 900 35. 7 26.3 . 305 179, 200 45.5 67. 7 1. 131 
800 31, 950 None None None 66,650 86,300 29.4 22. 7 . 258 112,600 34.8 48.2 0. 657 

900 28,550 None None N'One 54, 150 64, 600 19. 3 16. 2 . 175 80, 500 27. 3 34. 3 .420 
1, 000 24, 950 None None None 41,950 ,11,750 23.3 18.9 .209 63, 900 27. 3 36.4 I . 452 
1,200 17,650 25,500 25,500 25 25,400 28,950 14 12.3 . 131 31 , 600 33.5 55.2 ! . 803 
1,350 11, 900 15,650 15,650 50 15,950 16, 750 5.1 4. 9 . 051 16, 500 28 40. 1 .512 

1,500 6,760 9,350 9,350 100 9,600 9, 750 1.8 1.8 .018 6, 700 24 26. 2 I .304 
1,700 3, 750 2, 800 5,300 175 5,300 5,400 1.6 1.6 .016 5,000 22 18.3 .201 

• The true strain at complete fracture was hased on the minimum cros~·sectional area of the fractured ~pecimen at room temperature. 
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t ions t o attain a maximum in the spec imens tested 
at 600 0 F , t hey were also obscrved in speeimens 
tcs ted at temperatures ranginO' from 300 0 to 900 0 

F , and were considerably mO~'e noticeablc in the 
s~ress-stra,lll eurvcs obta ined on specimens of the 
hlgh-punty alloy (fig. 2) than in the curves for the 
commer cial allo:y (fi g. 3). Furthermore, incrc asing 
tl~e speed of t~s tlllg (table 2) by a factor of a boll t 15 
~Id n~t matel'lally decrease the magnitude of serra
tIOns III the CUl'ves for the specimens of the hio'h
purity alloy tested a t 600 0 F (compare CUl'ves A : nd 
q, fig. 2). The serrations are believed to be asso
cIated wi th strain-aging and other atomic rearranO'e-

°0~~~0~.2~-0~ .• -L-0~.6-L-~0.8-L-~1.0-L-~I.-2~-,LA~~1.6 ments. 0 

Discontinuous flow was obtained in specimens of 
?oth alloys . tested at the higher t emperatures, as is 
Illustrated 111 figm e 4. The breaks in the stress
strain ?urves i~ the region of strains corresponding 
approximately fro.m the drop of be.am to nearly com
plete frac~ure. are mterpret~d as bemg associated with 
recrystallIzatIOn 4 and gram growth (fig. 20, E and 

TRUE ST RAIN, LOGe Ao/A 

F I GUll E ] . R elati on of true stress to tnte strain Jor the alloys 
tested in tension at 1'00 m lem peratllTe. 

4. Results and Discussion 

4.1_ Mechanical Properties 

The experimen tal results are summarized in t ables 
2 and3 and in. figures 1 to 22. A comparison of the 
:Bow characte~'lstlCs 1!1 tension of the alloys at room 
ten:p'erature IS obtamed by observing the relative 
pOSIt IOns of th e true-stress- tru e-strain 2 graphs in 
figure 1: The flow stresses at equal s trains, stresses 
at maXImum load (M) and at beginning of fracture 
(RT ) , and rat~s of work-hardening were grea ter for 
the commerClal than . for the ~igh-purity alloy. 
However , the t rue strams at maXImum load and at 
the beginni?-g of fracture and fracture strength 3 were 
correspondmgly greater for the high-purity alloy. 
P~otographs of many of the au tographic stress~ 

stram recor~~ obtained on specimens of the alloys 
tested at dIfferen t temperatures are reproduced in 
figuyes 2! 3, and 4 . The rate of work-hardening 
val'led ~vI th the aJ?~:)Unt ?f strain, the test tempera
t ure, and composItIOn of the alloys. At t he lower 
tcst .temperatures, the slopes of the curves were 
relatIvely st~ep from the onset of plastic deformation 
to the . maxImuI?- load. Precipitous drops in the 
curves m the regIOn of maximum load to fractUre are 
associated wi~h necking of the specimens, whereas 
~he fla~ness of s0?-Ie of the curves in this region is an 
mdlCatIOn of umformity in deformation . At equal 
temperatures and strams, the rate of work hard
eJ?ingof the commercial al.loy wa~ usually somewhat 
hIgher than that of t~e hIgh-punty alloy . Discon
~lll\I OU S :Bow occurred m many of the specimens as is 
mdIcated by the serrations in these curves. These 
selTations were often obtained both before and after 
the a ttainment of the maximum load on specimens 
of each alloy. Although the trend was for the serra-

~ The true. stress was determined by dividing the current load by the current 
UUIIlmum ClOss-scctlOna l a rea of t he speClmen . T he true strain was determined 
as the natural logarlthm of th~ ratio or thc original cross-sectional area of the speci
men (Ao) to the currcnt n lllllmUlll cross-sectiona l area (A). 

.' Fr9cture strength was dcter mined by. dividing the fina!!oad by the minimum 
ClOss-scctlOna! area of t be fract ured speclruml at room temperature. 

F ; fig. 21, C and D ; fig. 22, E and F ). . 
The effect of t emperature on the yield stl'enO'ths 

of the t wo a~loys is shown in figures 5, 6, and 7. 
For the specnuens tested at thc usual rate, there 
al?pe~red to b~ a continuous decrease in yield strength 
WI th mcrea~e 111 test te!llperat~re, with the exception 
of the speCImcns of Illgh-pul'lty alloy tested within 
the rang:e of about 600 0 t o 700~ F (fi g. 5). ']' he 
slopes of these curves w~re contmuously changing, 
however, and the magl1Ltude of the chano-e was 
a ffected significantly by the composit ion °of the 
matcrials; yield s trengths of each alloy at 1 5000 or 
1,700 0 F were approximately equ al. Increa~inO' the 
speed of application of load (points designated B) 
at 600 0 ! ralsed .the yield strengths sligh tly. 

Ccr tam lIwestlgators have indicatcd tha t a lineal' 
J'elatio~ship exists betwcen the yield st rength and 
the recIprocal of the absolu te (K elvin) temperature 
wh en the expenmental rcsults are plo tted on a lineal' 
or s~milog (log of temperature) bas is. The resulLs 
obtamed 111 th e prcsen t investigation are plotted in 
these manners in figures 6 and 7, res pectively. 
Th~se ass~mptlOns were found to be approximately 
vahd for Illlll ted ranges of tempera ture but for each 
alloy there is a considerable differenc; between the 
slopes of the curves at high and at low tempel'aLUl'es. 
Moreover , at equal tempera tures there is also a 
difference in the slopes of the cUl'~es in each of the 
dia!Sra~s for the two alloys. This sugges ts that the 
actIvatIOn ~nergy for :Bow is not a simple function 
of the .applIed stress, but rather a complex function 
lllvolvmg stress, temperature, and the size of the 
flow units activa ted by tempera ture. 
~he tensi~e strength of each alloy decreased with 

an lt1crease III tes t temperature from 75° to 300 0 F 
(fig. 8). However, reversals were obtained in the 

• According to Patt~n (Metals ];Iandbook, 1948, p. 1049), the comnwrcia! alloy 
recrystalhzes at 1,220 and 1,110 F for 10- and 50-percent reduction of area 
respectlvely. ' 
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tensile strength-temperature curves between 300° 
and 500° F for the commercial alloy, and between 
500° and 600° F for the high-purity alloy. Th e 
tensile strength of each alloy decreased with a furth er 
increase in test temperature. Between 1,000° to 
1,700° F, the tensile strengths of both alloys were 
nearly the same. The reversals are attributed to 
strain-aging, and the superior strength of the 
commercial alloy at the lower temperatures is con
sidered as being due to impurities restricting the 
mean free path of the flow units within the grains. 

Increasing the speed of testing at 600° F tended 
to decrease the tensile strength of the high-purity 
alloy and to increase slightly the tensile strength of 
the commercial alloy. These observations are also 
consistent with the concep t that the impurities, 
acting as barriers, tended to increase the resistance 
to flow of the commercial alloy at the higher speeds. 

The effect of temperature on the fracture strength 
(see foo tnote 3) is shown in figure 9. It should be 
pointed out that these values were affected by the 
necking cbaracteristic (rim effect) of the alloys; 
the rim effect was more pronounced in the higb
purity alloy than in the commercial alloy. The frac
ture strength of the high-purity alloy attained a 
maximum at 212° F. At tb e usual speed of testing, 
the strength then decreased as the test temperature 
was increased up to 600° F, increased slightly with 

i\ 
( 

212· 

M 

/~\ 

,I \ 
I R' 

! 
( 
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I 
600" 

M·· MAXIMUM LOAD 
R· · FRACTURE 

M 

300· 

a cbange in temperature from 600° to 700° F , and 
again decreased rapidly with further increase in 
temperature. The maximum fracture strength of 
the commercial alloy occurred at a higher temper
ature range (300° to 500° F), and then the general 
t rend was about the same as for the high-purity allo~-. 
At any selected test temperature below 1,100° F, 
the fracture strength of the high-purity alloy \vas 
higher than that of the commercial alloy. The 
fracture strength-temperature curves for the two 
alloys nearly coincide at temperatures ranging from 
1,200° to 1,700° F . 

Incr easing the speed of testing from the normal 
to the intermediate rate used at 600° F (points B) 
resulted in raising the fracture strength of the com
mercial alloy, whereas the strength of the high-puri ty 
alloy was not materially affected by this change. 
However, the strength of the latter alloy increased 
markedly as the speed of testing was furth er in
creased (compare points B and C). 

The r elations between true stress and true strain 
at maximum load and at fracture are shown in figures 
10 and 11 , respectively. Strain-aging effects are 
again evident in the lower range of test temperatures. 
Although the trend was for the true strains at maxi
mum load and at fracture to decrease as the true 
stresses decreased , and the temperatures were in
creased from 700° to 1,500° F for the high-purity 

1 
M 

500" 

M 
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iL M 

M 
25 % IN 2 INCH 

STRAIN 

FIGURE 2 . Autographic stress-strain curves f or specimens of the high-purity 
alloy tested in tension at different temperatures . 
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alloy and from 700° to abou t 900° F for the com
mercial alloy, both curves for the la tter alloy show 
reversals at a temperature of about 900° F. 

The values obtained for strain at maximum load 
and elongation and reduction of area (tables 2 and 3) 
were no t significantly affected by variation in test 
temperature from about 75° to 700° F (fig . 12); the 
values for strain and elongation for each alloy were 
somewhat higher at 75° F than the corresponding 
valu es at 212° F . The minima ob tained in the 
ductili ty-temperature curves for specimens of the 
commercial alloy at a temperature of abou t 900° F 
are associated with the brit tle behavior of this alloy 
at this temperature. 

Variations in the range of speed of testing used at 
600° F had no material effect on the du ctility of the 
alloys. 

The results of hardness tests made at room temper
ature on the specimens fractured at differen t temper
atures are summarized in figures 13 and ]4. The 
hardness increased continuously with the amount of 
deformation for the specimens of the high-purity 
alloy fractured at tempera tures up to and including 

M 

1,000° F and also for the specimens of the commercial 
alloy aL LemperaL ures ranging from 75° to 800° F 
(fi g. 13) . With a fur ther increase in tempera ture Lo 
about 1,200° F , Lhe hardness at room tempera Lure 
of each alloy was not significan tly a ffected by tbe 
amoun t of plastic deformation. At test tempera
tures above 1,200° F , the hardness generally de
creased as the amount of deformation illcreased; no 
marked change in hardness occurred in the specimen 
of the high-purity alloy, tested at 1,500° F with 
change in redu ction in area from about 20 to 42 per
cent. The hardness- r eduction-in-area curves for the 
specimens tested at 600 0 F are at a somewhat h igher 
level than those for specimens tested at lo\\-er or 
higher temperatures. The curves of figure 14 also 
show tha t the maximum hardness of each alloy was 
obtained in the specimens fractured at 600° F . 
These curves (fi gs. 13 and 14) verify the fact that 
combination of s train-hardening and strain-aging 
predominated in the Lensile tests carried out at 
temperatures ranging from abo uL 75° to 800° or 
1,000° F , wh ereas recovery and recrystallizaLion 
predominated at temp eratures in excess of 1,200° F . 

M 
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FIGURE 15. Specimens jmctllred in tension at different temperatures. 

Speeimens of the high"purity alloy are shown at the left and specimens of th e commercial alloy at, the right of the photograph . 
A, . 5° F; E, 2120 F; 0, 3COo F; D, 500' F; E, 6000 F; F, 7000 F; G, 800' F; II , 9000 F; I, 1,000' F; J , 1,2000 F; K, 1,35Uo F; L, 1,5000 F; M , 1,7000 F. X 1/ 2, 

4.2. Fracture Characteristics and Microstructures 

The effect of temperature on the tendency of the 
alloys to contract locally (neck) is illustrated by the 
photographs of the fractured specimens (fig. 15). 
At thc lo\\"er range of temperature, specimens of 
boLh alloys contracted locally and fractured in a 
ductile manner with a relatively large rim effect, 
(fig. 16). At the higher range of temperature, the 
specimens deformed more uniformly over the entirc 
reduced section and fractured in a relatively brittle 
lTJ.anncr \\"ithout a pronounced rim effect (figs. 15 
and 16). However, the trend toward brittle be
havior at the higher test temperatures was con
siderably more prominent for the commercial than 
for the high-purity alloy. This feature is also shown 
by a compu,rison of the curves of figure 17. It is 
noteworthy that the reduction-in-area- distance
from-fracture curve for the sp ecimen of high-purity 
alloy tested at 1,700 0 F crosses all the curves for 
specimens of this alloy tested at lower temperatures. 

29 

This fact again illuslrates the complexity of the 
mechanisms of flow and fracLure of the allon at 
elevated temperatures. . 

The appearance of the surface and the types of 
fractures obtained in the all ovs tested at various tem
peratures are shown in figure '18. No surface cracking 
was observed in any of the specimens of the high
put'ity alloy tested at temperatures up to and in
cluding 900 0 F (fig. 18,D ); shear-type fractures and 
circumferential strain markings were characteristic 
of these specimens . Except for fewer strain mark
ings, these characterist ics were also obtained in 
specimens of the commercial alloy fractured at tem
peratures up to and including 800 0 F (fig. 18,A and 
B ). Surface cracks were observed in all of the 
specimens fractured at the higher temperatures, and 
the brittleness increased wi th temperatures (fig. 
18,D and E , C and F ); the surface appearance was 
similar for th e specimens of bo th alloys fractured 
at 1,200 0 F (not shown). Thus, the tendency to
ward britt-Ie behavior was accentuated by the in-



creased amount of impurities and by an increase in 
test temperatures. 

The influences of temperature on the microstruc
tures and on internal cracking of the specimens 
are illustrated in figures 19 .to 22, inclusive. 

The initially equiaxed grains of the annealed 
alloys (fig . 19,A and B) were elongated in the direc
t ion of the applied stresses in the specimens fractured 
at temperatures below th e recrystallization range 
(fig. 19); the extent of the elongation apparently de
creased as the temperature was increased . The 
microcracks were confined to the region of complete 
fracture in the specimens of the high-purity alloy 
tested at temperatures up to and including 900° F 
(fig. 19,C and E ) and in the specimens of the com
mercial alloy tested at temperatures up to 600° F 
(fig . 19,D). Appreciable micro cracking, extending 
from the axis to the surface, occurred in the specimen 
of the commercial alloy fractured at 900° F (fig. 
19,F and H ). The formation of an oxide film (top 
edge of the photomicrograph of fig. 19,H ) may have 
also contributed to the brittle behavior of this 
speCllllen . 

Numerous microcracks were observed both in the 
region of fracture and at some distance from it in 
all the specimens fractured at temperatures in ex-

cess of the recrysta11ization temperatures (figs. 20, 
21 , and 22 ). The number of these cracks and the 
extent of cracking, however, varied wi th the tem
perature, composition of the alloy, and distance from 
the region of complete fracture. At 1,200° F , the 
two alloys were nearly alike with regard to cracking 
(fig. 20 ,A and B ; fig. 22,A and B ), and no detectable 
grain growth occurred. 

At 1,500° F , the microeracks observed in the region 
of fracture were possibly somewhat less numerous 
but of larger size in the specimen of tbe high-purity 
alloy than in the specimen of the commercial alloy 
(fig . 20 ,C and D ; fig. 21 ,A and B). This was true 
also in the region about 0.5 in. from the fracture (fig . 
22,C and D .) The microcra cking was confined 
principally to the grain boundarics, and no abnormal 
grain growth was detected in the recl',-stallized 
structure. 

At 1,700° F , intercrystalline cracking ,,-as promi
nent in the vicinity of fracture and as some distance 
from fracture in the specimens of both allo~'s (fig . 
20,E and F ; fig. 21,C and D ; fig. 22 ,E and p ). Strain 
markings and twins were presen t in the recl'.ntallized 
structures at the time of failure. Appreciable grain 
growth also occurred at this temperature. 

o 

H 

FIGURE 16. Cross sections at f racture of specimens of the alloys fractured in tension at different temperatll res . 

A, C, E, G, T, and K, Specimens cf the high-purity alloy ; B , D , F, H , and L , specimens of the commercial alloy. A, B. 300° F; C, D, 600° F ; E , F, 
9000 F ; G , H , 1,20Uo F ; T, J , 1,500° F ; K , L , 1,700° F . X 3.5. 
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FICURE 18. I nfluence of test temperatuTe on the appearance of the sW:face of the specimens at fmcture . 

A, B, 0, and F . specimens of the commercial alloy; D and E , speCimens of tho high-purity alloy. A. 3000 F ; B , 6000 F; 0, D , 
9000 F ; E , F , 1,7000 F . X 3.5. 
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FIGURE 19. Structure of the alloys as annealed and after fracturing in tension at different temperat1!res. 
Longitudinal section etched with 6 part s of nitric (concentrated) and 4 parts of glacial acetic acids. X 75. 

Alloy 

A _______ ___ High-purity __ ________ _ 
B ___ ___ ____ Com merciaL ________ _ 
C_ ____ ____ _ High-purity __ ________ _ 
D _______ __ _ CommerciaL ________ _ 
E __ ________ High-purity ____ ______ _ 
F ___ _______ OommerciaL _________ _ 
G __________ High-puri ty ____ ______ _ 
R __________ Co mmerciaL __ ______ _ 

Test tem
perature 

OF 
),Tone 
N one 

600 
600 
900 
900 
900 
900 
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Remarks 

As annealed. 
D o. 

Structure ncar axis at fracture. 
D o. 
Do. 
D o. 

Structure near surface at fracture. 
D o. 



FIGURE 20 . StnlctuTe oj the alloys after fr acturing in tension at different temperatuTes above the j'ecrystalli zation 
l'angeS. 

322GG1- 55--3 

Longitudinal sections etched with 6 parts of nitric (concentra ted) and 4 parts of glacial acetic acids. X 75. 
-

Alloy 

A _ _ ________ High-purity _________ __ 
B __________ CommerciaL. _____ ___ _ 
C __ ____ ____ High-purity __ ________ _ 
D __________ CommerciaL ________ _ 
E __ ________ High-purity __ ________ _ 
F __ ______ __ CommerciaL. ________ _ 

Test lorn
perature 

o P 
1.200 
J 200 J: 500 
1,500 
J, 700 
1, 700 
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R emarks 

Structure near axis at fracture. 
Do. 
Do. 
Do. 
Do. 
Do. 



FIG U RE 21. Stl'ucture of the alloys after fracturing in tension at 1,500° or 1,7000 F. 

Lon gitu1illal sections etched with 6 parts of nitric (concent rated) and 4 parts of glacial acetic acids. X 75. 

Alloy 

A .......... High·purity .......... . 
B __________ CommerciaL _________ _ 
C .......... High·purity .......... . 
D __________ Comm erciaL. ________ _ 

T est tem· 
perature 

OF 
J,500 
1, 500 
1, 700 
1, 700 
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Remarks 

Structure at surface near fracture. 
Do. 
Do. 
Do. 



FIGUHE 22 . Structme of the alloys after fract1l1'ing in tension at different temperatures above the 1'ecrystallization 
ranges. 

Longituclin al sections etched with G parts of nitric (conce ntratcd) and 4 parts of glacial acet ic acids. X 75. 

Alloy 

A .. ________ High-purity __________ _ 

B __________ CommerciaL ________ _ 
C_ _ ________ Higb-puri ty __________ _ 
D __________ Commercial __ ________ _ 
E__________ Higb-purity __ _______ __ 
F ___ _______ Com mercial __________ _ 

Test tern· 
perature 

O F 
1.200 

1,200 
1,500 
1,500 
1, 700 
1, 700 
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5 . Summary 

T ensile tests were made at temperatures ranging 
from 75 0 to 1,700 0 F on specimens of both high-purit~
and commercial 70-percent-niekel-30-per eent-copper 
alloys, each wi th the sam e initial grain size and 
structure. 

Serra ted stress-strain curves were obtained on 
specimens tes ted at temperatures ranging from 300 0 

to 9000 F. These serration s were more noticeable 
for th e high-purity alloy than for the commercial 
alloy. Discontinuous flow also occurred in speci
m ens of bo th alloys tes ted at temperatures above 
900 0 F . Th e serra tions were interpreted as being 
associated with strain-aging and other a tomic rear
rangements, and the discontinuous flow a t the h igher 
temp era tures as being associated with recrys talliza
tion and grain growth. Strain-aging was also mani
fested in the strength-temperature relationships of 
both alloys; it was especially prominent in th e curves 
for tensile and fracture strengths. Variations in 
composition of the two alloys markedly affec ted its 
strength proper ties (yield , tensil e, and fra cture) and 
reduction of area at t emperatures below 1,1000 F . 
Above 1,200 0 F , the strength properties for th e two 
alloys were quite similar, but th e values obtained for 
ductility (redu ction of area , strain a t maximum load , 
and elongation) were influenced by the composition 
of the alloys; at 1,200° F , the ductili ties of both alloys 
were nearly the same. 

The rates of work-hardening varied with th e test 
tempera ture, amoun t of strain , and composition of 
the alloys . 

The results of hardness tests made at room tem
perature on specimens of both alloys fractured in 
tension a t different tempera.tures indicated the pre
dominan ce of strain-aging and work-hardening at 
the low range in temperature, a balanee of work
hardening and r ecover y in the in termedia te range, 
and the predominance of r ecrystallizat ion and re
covery at th e higher temperatures used in the tensile 
tests. The hardnef's a t room temperature of th e 

fractured specimens was also dependen t upon th e 
composition of the alloy and the amoun t of plastic 
deformation . 

At tempera tures below 900° F , th e specimens of 
bo th alloys contracted locally before fracturing in 
a ductile manner wi th a rim . At temperatures above 
900° F , specimens of both alloys deformed more 
uniformly before fracturing in a rela tively brittle 
manner without a pronounced rim . The necking 
and fracture characteristics were also affected by the 
composition of the alloys. 

The final structures and the microcracks produced 
in the specimens fractured a t differen t temperatures 
varied with th e test temperature, amoun t of plastic 
deformation , and composition of the alloys . 
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