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Effect of Temperature on the Tensile Properties
of High-Purity Nickel

*William D. Jenkins and Thomas G. Digges

Tenzign tests wore made at tempersturea ranging from —320° to 1,600 F on high-

purity nickel in the anneeled condition.

Expeptions to the usugl trepd cxhibited by metals

of decrensing strength and increpsing ductility with incressing test temperature were observed
and diacuaeed. Berain aglog cccurred io apecimend teated in the tetnparature range of about
0% to 3H* F, bot recryetallization and recovery predominated in apecimens [racturcd At

1,200° and 1.500° F.

1. Introeduction

The tests deseribed in thiz paper are a part of
& comprehenaive investigation to evalvate the rheo-
logical behavior, tensile and ereep properties of high-
puritv nickel, high-purity copper, and alloys of these
two metals, The relatively low range in temperature
at which creep may oceur in these metals, the unlim-
ited solid sclubility of the two metals in each oiber,
the availability of commercial metals of very high-
purity, and the wide industrigl applications of both
the metals and alloy= make thia binary system an
attractive one for use in this studg’.

The results of cmelt_ilteata st 1107, 250° and 300° F
on high-purity {OFHC) copper and of short-time
tensile testa at temperatures rapgimg from —320°
to +-212° F on the copper, nickel, and copper-nickel
alloy= initially as annealed were presented in previons
publications.» ¥ Additienal  short-time tensile
tepta were made ab temperatures ranging from room
to 1,500° F on the same lot of mmeaﬁeclg high-purity
nickel,* and the results of the present and previous
tests on the nickel are contained in the present paper.

2. Material and Test Procedures

The specimenz used in making the fension tests
were prepered from two bars from the game heat
contaming 99.85 percent of Ni, ¢.009 percent of Cu,
(.14 perecat of Fe,0.03 percent of Ma, (.11 percent of
3i, 0.007 percent of O, 0.002 percent of 5, (.002 per-
cent of O, LOH perecnt of N, and 0.002 percent of
H a= determined by chemical, spectrochemicasl, and
wacoum fusion analyees. The bars were hot-worked
to *4i-in. dismeter and subsequently snnealed duri.no%
manufacture for an average grain diameter
G045 man. _

In one acrice of tensile testa made at temgera!;ures
tanging from room temperature to 1,500° F, the
apecimens were 6% in, long, with s reduced section
of 0.605-in. diameter for a 2-in. gage lenpth, The
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shonlder filleta were of ¥ in. radivus, and the ends
wore mnechined with ¥ in.>( 10 threads. The reduced
section of each specimen was finished by grinding
and then polishing in the sxisl divection, using No.
400 Aloxite me raphic polishing paper. Each
apacimen was hested in en electrie furhaese to tha
desired temperature {sbove room) and held st tem-
perature for s minioum of 3 houra before bein
teated. ‘The specimen was maintained within + 3¢
of the desired temperature, and the gradient over
the gage length did not exeeed 5% F during the
period of testing. The specimens were tested in
8 hydraulic tvpe machine {15,000-1b range) with
the specimen and holders sccnpying sbout 3 fi
between two self-slining grips. The movement of
the head of the machine during the testing was re-
corded by means of a stress-strain recorder of the
Templin type. The loading wes controlled to pro-
duce o rate of extension of about 1 pereent per
minute; & rate of the same order of magnitude am
that vsad in the previous serez of tests. Al the
specimens uied in the above =merjez of iests wera
preparccd from: the same ber, but this was not tha
sama bar as that used for the specitens tested st
subzero temperatures.

The preparation of the specimens and the testing
procedure used in other serles of tesls made at
temperatures ranging firom —320% to $-2i2° F are
deacribed in detail in a previous report (ses footnota®).
Essentially, the specimena were 0.505 in. in diameter,
with 3 2-in. gl:ia length, and they were fully im-
mersed during the testing in tension at & controlled
rate of Joading to produce a contraction of approxi-
mataly l-percent reduetion of ares per minyto.
The change in miniroum diameter of the specimen
during the testing was measured by & special reduc-
tion'of nrea gage; for the teats made at room temper-
atura no liquid hath was vsed, and the diameter
mensurements were made with 8 mierometer. All
the tensila specimens usad in this series were prepared
irom the same har.

(Ome zpecimen was teated in tension at each selacted
temperature, axcept that two specimens (one of
each eerien) were teated at room {tempersture and
two ot 2129 F, .

Hockwell B hardoess (100-kg load, ¥e-in.-diameter
ball) tests were made at room temperature on the
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E.ﬂﬁcime.ns prepared from the annealed bars and co
the tensile specimens after fraciuring at temperatures
ranging from 88° to 1,500° F. Two flats, 180° apart,
were prepared paralle]l to the longitudinal axis of the
fraciured specimens, and the Bockwell readings wera
made at various points along the center line of these
flats; the specimens were about 0.2 in, thick. The
dizmeters of the specimen st the points of indenta~
tion wers securately determined to correlate the

| s of plastic deformation with the hardness
valans.

The usual procedures wers followed in preparing
specimens by mechanical methods for metallography
and in carrying out the metailographic examinetion.

3. Resulix and Dizcussion
3.1, Strese-Strain Curves

The stress-strsin record obtamed in testing speoci-
mens in tension at lemperatures ranging from 25° to
1,500° Fia giver in figure 1. No definite yield point
{drop of beam) is evident in mny of theae curves;
furthermore, no yield point was observed in any o
the =pecimens t.estedpo a8t subgero temperatures.
Although a comparison of the relative height and
width of these curves indicatea the effects of tem-
perature on the stress and ductility, respectively, of
the initizlly anpesled high-purity nickel, the infly-
ence of temperature on these properiies ia mora
clearly shown by the resulls summasrized m fipures 2
to 14,
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3.2. Effect of Temperature on Strength

Baoth the true stress® and the nominal stress®
at maximum load (tensile strength) decressed rapidly
as the temperature was increased from —320° F to
room abd less rapidly with forther incremse in
temperature to about 500° F (fig. 2); theresfter,
bntl? carves (U'r nnd I7) again showed s rapid
decrense &s the temperature o testmg was increased
up to 1,500 F. e general trend for the yield
strength (curva ¥) to decrcase with an increass in
test temperature waa reversed when the temperatyre
was within the range of sbout 80° to 300° F. As
the temperaturs was increased from 20° to about
300° F, the yield strength-temperature curve sloped
upwsard hefore agsin descending with & further in-
crensc in temperature. As iz to be expected, all
three of the eurves representing strengih-tempera-
ture relations app ed & common value at the
highest. 1est temperaturs of 1,500° F.

eversals are also evident in the slops of the
curve of the true etress at complste fracture versus
temperature (fig. 3, curve #). However, the fracture
valuez were within the range of sbout 250,000 to
130,000 psi for test temperatures from —320° to
4+1,000° F. Thera was a considerable drop in the
strength at complete fracturc when the test tem-
perature was increased from 1,000° to 1,200° F,

The evidence indicates that fracture commenced
at or near the longitudinal axis of each specimen (see
footnote 1) and then progressad outward to the sur-
face accompanied by appreciable “necking”. Due
to the “rim effeet’” the stress at complete fracture,
therefore, is considerably higher than the correspond-
ing stres= at start of fracture. The rim effect and
degree of neclking varied with the test temperature
feee photographs of fractursad specimens given in
fige. O and lﬂ{ The true stress at the beginning of
fracture was determined only for temperatures rang-
ing from —320° to -+212° F. The results {fig. 3,
curve By) show that the strength decreased continu-
pusly with an increase in Semperature.

The lond on the speciman st the boginning of frac-
tura deersascd continuously as the temperaturs in-
crensed (fig. 4, curve Lp). Kt iz of interest to note
that the load approached zero in value for the speci-
meng tested at 1,200° and 1,500%F, Thiameans that
each of these two zpecimens necked down to nearly &

int befora fracturing (figs. 9, f and J; fig. 10, G and

. An indication of this tendency to neck, and the
accompanyiog work-bardening snd recovery charae-
teristic for the region of plastic deformation extend-
ing from that corresponding to the maximum load to
the beginning of fracture ns affected by temperature
is given by the course of the ewrve Ly— Lgin figure 4.
Except for the nearly borizontal position of this
curve for temperatures withio the range from about
2127 to 600° F, the loads decreased continucusly as
the temperature increased.

1 Thet vahag for true siress B based wpon the corrent croes-secHonel Bres o e
ITE:E;nm for pominal shrem 8 besed upon the orgdnal oros-senliooal area of
Foeolmen.,

3.3. Effect of Tamp;:ruhua on Puctility

The geveral trend was for hoth the plastic extension
and reduction of ares at maximum load to desrsase
with increase in te-mdpﬂm.t-um {fig. 5). However,
definite breaks in the downward trend are evideot in
the curves as the temperature of testing wae increased -
from about 80° to 212° F and from about 600° to
7007 F. In the former range the ductility increased
with inerease in temperature, wheress in the latter
this effect was reversed.

The plastic extension st complete fracture-temper-
ature curve aleo showed a decided bresk in its down-
ward alope a= the temperature increased from 80° to
212° B, The extension attained the minimuom value
at about 500° F. Tlereafter, the extension increased
with teat temperature up te about 1,000° F, dropped
markedly as temperature was increased to 1,200°
F, and then again increased with the temperature.
Tha course of the curve of redustion of ares at frac-
fure versus temperature shows that the reduction of
ares incrensed relatively rapidly as the temperature
increased from about —320° to 80° F and from 900
to 1,200° F. At test temperatures botween these
two ranges, the reduetion of arem incressed only
slightly with an incresse in temperature. The re-
duction of area st 1,200° and 1,500° F attained a
vaiua of nearly 100 percent. A noteworthy feature
is the hizh duetility in tmaim: E‘f iﬁckal st teat tom-
peratures ranging from —320% F (liquid nitrogen) to
+1,500¢ F. s;‘hna. high ductility at ﬂnw temperatures
13 characteristic of face-cen cubie metals, such as
nickel and coppet.

The curve of trze strain 7 at maximum load versus
tornperature (I, fig. 6) shows a continuous slightly
downward eourss ae the test temperature is increased
from —320° to +1,500° F, The curve, K, represent.
ing the relation between true siraio at complete frae-
ture mnd test temperature indicates deviation from
the steady upward trend oceurring st tcmperatures
of about 0% to 300° F and 5007 to 700° F; the con-
ditione are similar to those already deaeribed for
Hastic extension and reduction of area-temperature
curves of figure 5.

3.4. Balalion of Streagth o True Strain

The relation between both the nominal stress snd
trme stress at maximum load and the troe strain ase
affected by temperature is shown by the curves I7 and
/7, respectively, in figure 7. The two curves mre
somawhak simifar in ahape, and discontinuities are
evident for values of strains within the ranges of
about 0.25 to 0.3 and 032 to 0.37. Irrepularities are
also obaerved in the course of the curve of trie stross
at fractura varsus true strain {fg. 8). The form of
this curve ie affected by the variations in the degree of
necking and the rim formation accompanying de-
formation from beginning to complete fracture (figs.
G and 10) of tha specimens tested at the differemt

1 Trae dtvalts 1d deAted ad the nptiion] logsriihm of the ratle of the 1nInE ¢ome-
peoblate] Gitw () of the apaEmen be it carmnt cross-eeathonal ases [ A).
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titic of Mgh-purity nickel specimens fracured in lension.

test temperatures. In the plastic deformation
renge from maximum load to complete fracture, all
the specimens contracted locally, but the contour of
the neck varied with the temperature (fig. 11). In
certain specimens (600° F), the necking was confined
principally to the region of complate fracture, whereas
ofher specimans (1.600° F) contraected mora uni-
formly throughout the entire gaEe length,

An indication of the reprodueibility of the strength
snd ductlity values at room {emperaturs and =i
+2i2° F for the two bars processed alike from the
aarne heat is piven by the results sturewmarized in
tabla 1. Although the two series of tests wero made
at different times, by different o tors, snd the
apecimens were prepared from different bars (F and

, the respactive values for stroogth and ductility
agreed closely.

Some of the Lrregularitiss obaerved in the tempers-
ture-tendile-properties curves can be partly attrib-
uted o metallurgical changes in the nickel. Sirain
aging ocewrred in the specimens tested in the fem-
perature range of about 80° to 300° F and attained
& meximtm i the upper part of this range, The
temperature and dagres of strain aging are affected
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(fic. 12). A change in the magnetic properties of
high-purity nicke! (Curie point) oceurs ab 8 tempers-
ture of about 665" F¥ The present resulis also
ghow certain distinet and abnormal changes in soma
tensile propertiea of specimens tested in the tempera-
ture range of about 500° to TO0° F, 'This ronge =
nppreciaﬁely below that of recrystallization, and an
axamination of the microstructure of specimena frac-
tured &t 1,000° F or below showed no evidencn of
recovery (fig. 13, 4, B, €, and 17 ; the hardness test
made on the specimen after fracturing at 1,000° F
indicated thet some recovery (softening) ocourred st
this tempergture {fiz. 14). However, reerystolliza-
tion waa evident in the specimen teated at 1,200° F
{Rg. 13, E), and recryatalliation and some grain
ﬁmwth occurred in the epecimen fractured at 1,500°

{fig. 13, F1. Soma iwins are evideni in the re-
cryatallized strueture of the specimen tested at 1,500° F.
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Frooee 13.

F; C, #D0

3.5. Belation of Flastic Deformation to Hardness

The effect of plagtic defortnation and recovery at
different teraperatyres on hardness ot room tempera-
tyre of thoe fractured specinens is given by the resulis

lottad mures 14 and 15. The general trend was
or the ardnesg at room temperature Lo dacrease
shightly with incresse in distance from the fracture
{decrease in reduction of area) for each specimen
fractured in the r of 887 to 1,000° F. The bard-
ness measurements indicate that the work-hardening
and recovery charactenstics were guite similar for
specimens tested in the range from 88° to 700° F,
and the degreea of recovery mereased (hardness de-
creazed) with inerense in test temperature from 800°

1000

Strusture of fracture of high-purity nickel specimansy lested in lension & differend lemperaiures
Longitudig] soctlon near exis of speclmens,  (Biched with 4 ta mltrle {coneantrated], 4 pacts Il mpelle weidal, W 1, A, @&°F; B,
0" F, O, 800" F; 13, Loor (e el meetle weids

FiE 130" Fi F, L,

to 1,0007 F. Appreciable recovery eccurred in the
specimens tested st 1,200° and 1,500° F. Ths is
to ke expected, becausze, aa previously pointed out,
both temperatures are sufficiently high for recrystal-
lzalion of the plastically deformed metal. The
lower hardne=s values for the specimen tested at
1,500* F can be attributed to the higher degree of
recovery and lncreags mn grain size, The hardness
of the specimen fracturad at 1,6007 ¥ decreasged with
nn incrense in plastic deformation or with decrease’
in distance from the frecture end.  Furthermore, the
hardness, meazured at room temperature, of the
specimen fractured at 1,200° F did not materially
change over ths ga\%e length corresponding to a
range in reduction of ares from 35 to 75 percent
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Harners of tha wilksked nbikel Befiwe tgling io bebslon wus Roskwell B 32

(1.0 to (.2 In. ]E;twcl_v from fracture end). The
hardness of this plastically defonu&d s cimen (Hock-
wall B 52), however, was preclab E %har than
that of the annealed nickel { aukwell 32). Hard-
nees induced by plastic deformation was even evident
m & part of the recrysiallized specinten that was de-
formed at 1,500° Howaver, ahove 85-percent
reduction of ares its hardness waa cither equivalent
to or below that of the originally anneaied nickel.

4, Summary

Tenzile fests were made at temperatures ranging
from —320° to +1,500° F on specimens containing
90.35 percent of nickel in the annealed condition.
The results are symmarized in the figures given in
tha Teport.

The ﬁner&l trends were for the yvield and tensile
gtrengths and the ductility nt maximum losd to de-
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crease, and the reduction of area (at complete frac-
ture) 10 increase with an inerasse in test temperature.
The elongalion at complete fracture attained & mini-
mum &t about 5M° F. However, irregularities were
ohaerved in the usual trends of some of the tensile
&:tleﬂntempemtura relationa at teat temperatures
3 of about 307 to 300° F and 500° to
'?l]l]“ F. The evidence indicated that strain agi
occwred in the range 80 to 300° F and that recrys :f
lization and recovery predominated in speclmens
fractured at 1,200° or 1,500° F.

The authors pratefully ackonowledge the assistanee
of C, R. Johnson and J, H, Darr in meking the ten-
gion tests at elevated temperatures and of G. W. Geil
and M. L. Carwile in making ihe tests at sub-zero
temperatures,
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