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Creep of High-Purity Nickel
William D. Jenkins, Thomas G. Digges, and Carl R. Johnson

A study was made of the ereep behavior in tension at 300°, 700°, 900°, and 1,200° I¥ of

initis "y annealed high-purity nickel.

Dizecontinuous flow was observed in each of the three

stages of ereep, and it was affected by temperature, strain rate, and prior-strain history. The
phenomenon of strain aging was especially prominent at 300° F as manifested by the attain-
ment of an appreciable ereep life in specimens stressed in exeess of the tensile strength at 1 his

temperatire.
of deformation of metals.

The experimental results are analyzed in terms of the past and present theories
Strain hardening, recovery, and the initiation, propagation, and

tvpes of fractures obtained during ereep are further evaluated by means of true-stress—true-
strain and hardness data obtained af room temperature and by metallographie examination

of the fractured specimens.

1. Introduction

Numerous cquaticas have been proposed by ana-
Ivsts of ereep data os deseriptive of the extension-
time relationship in the creep of metallic materials,
The equations are modified and new ones are pro-
posed as experimentsl results are accumulated.  To
date, however, no theoretical treatment of the com-
plete extension-time relation is universally accepted,
and there is still need for additional precise data from
experiments carried out under accurately controlled
conditions, The interrelation of strain hardening,
recovery, and recryvstallization are not fully under-
stood, and the important role of the thermal-me-
chanieal history on ereep behavior has not been gen-
erally recognized.  Any adequate physical theory of
the mechanism of plastic flow in creep must account
for the influence of all these factors.

The present tests on high-purity nickel were made
as one phase of a project to study the mechanism of
creep in high-purity polyerystalline metals and to
evaluate the ereep behavior of these metals in com-
parison with binary alloys of such metals.  The com-
prehensive program mcludes a study of the creep
characteristics of high-purity copper, high-purity
nickel, and allovs of these two metals.  As pre-
viously pointed out [1],' the relatively low tempera-
tures at which creep may occur in each of these
metals, the unlimited solid solubility of the two
metals in each other, the availability of commercial
metal of high purity, and the wide industrial applica-
tions of both the metals and alloys made the binary
system an attractive one for use in the present in-
vestigation.

The present paper is concerned with the results of
creep tests made on high-purity nickel at 300°, 700°,
900°, and 1,200° F, the influence of rate of loading to
selected creep stresses on creep behavior, and the
effect of prior-strain history on the tensile properties
at room temperature of the nickel. Contour and
hardness surveys were also made on specimens frac-
tured in ereep and on specimens fractured in tension
at room temperature, and the microstruetures were
correlated with ereep and tensile behavior.

! Figures in brackets indicate the literature references at the end of this paper.,

2. Previous Investigations

The results of ereep and other tests made at the
National Bureau of Standards on high-purity copper,
both initially as annealed and as cold-worked to
various amounts, and on annealed high-purity nickel
are presented in several publications [1, 2, 3, 4].
The results of tension tests made at temperatures
ranging from —320° to +1,500° F on the same lot
of high-purity nickel [3] as that used in the present
creep tests showed irregularities in some of the
tensile properties at temperatures of about 80° to
300° I and 500° to 700° I; strain aging occurred in
the range 80° to 300° F; recovery and reerystalliza-
tion predominated in specimens fractured at 1,200
or 1,500° F,

Several comprehensive summaries and appraisals
of the existing theories of ereep have been recently
published [5, 6]. Hazlett and Parker [7] included
the results of some constant-stress creep tests on
high-purity nickel in their discussion of the nature
of the ereep curve.  No attempt will be made, there-
fore, to completely review the abundant literature on
the deformation of metals, but reference will be made
to selected [1ll})|i(':ltim|t-: that are t'luH(-]_\-’ related to
the results given in subsequent sections of this paper.

3. Material, Apparatus, and Procedures

The nickel was prepared by induction melting, and
all bars were processed from one 14- by 14- by 60-in.
ingot. This ingot was milled, then forged to 8- by
S-in. blooms, and hot-rolled to 2%-in. square billets.
The billets were then hot-rolled to %-in.-diameter
bars and annealed 16 he at 1,100° F, followed by
S hr at 1,000° I, The average grain diameter was
0.045 mm in the above condition as supplied by
the manufacturer. All the specimens used in the
creep tests execept two were prepared from the same
bar, designated as A in tables 1, 2, and 3; the two
specimens prepared from bar E were used for check
purposes,  Chemical, spectrochemical, and vacuum-
fusion analyses were made on specimens prepared
from bar A, and the results (percentage by weight)
were as Tollows: 99.85 Ni, 0.009 Cu, 0.04 Fe, 0.03
Mn, 0.11 Si, 0.007 C, 0,002 S, <0.01 Co, 0.001 O,
0.001 Ny, and 0.0002 H,,
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TarLe 1. Summary of conditions used and results of creep lests on high-purity nickel, initially as annealed
Rate of loading, 5,330 1b/in.?, added at 1-hr intervals,

== = = ==}
: - Test {,l\;f:,k Plestio ‘ Beginning of third stage | End of test | |
Nomi- | sion ?ﬁ;ln' Average | n |
i nal Lhr. | o or | ereep rate, . : Remegks
- Tem- | ereep | after e second | Plestie | Trae Plestie | Redue- | Tog, Thriia o
Number | pers- | stress o appli- at ?]:m slage Time | exten- | o 7y Time | exten- | tion of | (Ag/lAde | gpppss
ture eation HiGh stor 2 sion Ared TR
of load
e hjin.2 I % % T 106K kr hr % Ihfin.2 [ ar % % Ihfin.2 . |
Sy a7, 430 LT 1.8 R [| S et ) Ldas 1.9 10 et I T ) Test stopped in see-
| | ond stage.
| JM1 42, Bl 21. 3 2T [l | S e P em el P 3,78 | 21.8 18 A2, (00 Do,
! 300 45,000 | 29.2 32,0 UL 2 B SR R ] 42,08 24 | OH, 400 Dao.
00 4, 500 410 345 | .01 —ae e e s B B 26 fil, 200 Do,
a0 | as 000 | 37.5 354 | 2 100 26681 411 4, W00 3.6 | 69.5 7.0 208 370,800 | Tested to complete
fracture,
700 |16, 000 1,78 365 QA0 Mesiae | e el B0 484 | Bt 23,700 | Test stopped in see-
) ond stage.
OO | 21, 330 4.7 16. 9 1.6 1, &0 425 28, 400 | 21, 047 101 950 2,67 A0, G0 Tt;s[(’d to complete
| | ricture.
Tu 265, G670 4 15.0 33.3 sl a8 A, 800 1,015 899, 5 92,3 2.5 J46, 400 Do,
700 | 29,335 12.5 16. 6 120 127 32 A8, 700 207 o1 3. 4 292 444, 700 Do,
OO 32,000 21.5 22.3 1, 020 14.5 a7 44, 806 22,1 73 2.9 2.65 454, 100 Do,
A=l i 10, 670 102 710 1. 52 ST e e A 13. 26 1.8 |- 12, 100 Test stopped in see-
| ond stage.
ARl M) 14, 335 2.3 8.5 7.35 e o e | 253 -y Sy 16, 700 Do, - -
A .. 1O 16, 000 2.8 18. 0 20,1 i 43,5 21, 400 1, 870 Gl 6 43 ... | 28000 Test stopped in third
| stage,
A=ld. GO0 | 18, 670 K4 14.0 235 2 46 o5, 400 | 1538 107.5 0, 8 314 443,400 | Tested to complete |
! | fracture.
Al 900 | 20,000 | 12.3 17. 5 fi20) 34 34 27, 800 ‘ 7.1 1025 | ‘one 319 484, 500 Do,
| |
. 1, 200 4, 010 007 084 1.5 AT I 458 4,200 | 6, 800 (I8 471 11 ik 7600 | Tested to complete
| fracture.
A=21.____| 1,200 i, 670 1.6 4.4 | (2. 5 82 9.5 ] 224 87 o8, 1 3. 46 344, 4000 Do,
A-200__ 1, 200 ‘ , 50 51 fi. 5 ‘ 500 20 17 10, 400 2.3 a1 LR | 3. iy A4, 00 Do,

 The nominal stress is defined as the stress obtained by dividing the eurrent load by the original cross-sectional area of the specimen,

LT he true stress {2 defined as the stress obtained by dividing the eurrent load by the eurrent minimum erogs-sectional avea of the specimern.

o AplAy is a ratio; the value Ag being the initial cross-sectional area of the specimen, and the value Af being the minimum cross-sectional area of the specimen
after fracture,

TasLe 2. Effect of rate of loading on creep of high-purity niekel, initinlly as annealed

‘ | Creep behavior at 300° F and at indicated stresses

! 37,330 1b/in,2 42,660 1hfin.2 | 45,000 1b/in,2 45,500 Ih/in.2 46,000 1h/in.? | 46,500 1b/in.®
i T t - e —— t
Test | Exten- | | | - |
sion Exten- , A ot | Exten-| 4, Exten- | qr. Exten- v Exten- i ixten-
prior | Time | sion at ?;é:ﬂ ?::{’S (Time sion 1(\,:5:': Time | slon at ‘:]’_:f]? | Time | sion ?f;(’f];‘ Time sion EE.;:;.I Time| sion at |
toap-| at |endof | Gl | e |oat (atend | oo 1[31: at | endof | SoC0 | at  fatend| SSF | at latend | R | oat | endof |
‘ plica- | this | test at at this | this this |ofteso this | testat | “L50" | this | oftest | chié this | of tll_;st. this this Il‘il at
| tiom ol | stress | this : roag (SLTERS At this stress | this g | SLTEES (AL syrneg. (SETess|at this | o0 istress|  this |
this stresg | Sbress stress | slress stress stress Siress ‘ stress | SHHess stress stress stress
stress | | |
| | | | ! =i
) ‘ |95/ 1,000 | &1 000 i1, 000 ‘ ol 1,000 ol 1000 ol 1,000 o
% kr % ! hr hr hr on ir hr % hr hr %% hr fir o hr | hr o
A-5 -‘l 7.496) 1482. 8 11 875 2.05) 4025 1| 16,80 | 3.76) 2249.3) 25.257| 0.33 | 3170.8 26.315) 0,02 (30982 3| 26. 305 0,44/2804 8| 27 679
A0} 802 1 12, 352| 4332 2,49 3798| 21, 787 131 2834 5, 0020 (44 | 20378 25, 502 .48 |3191. 5 26,812 ,3?i3ri-li. 5| 28,219
A-4__.| H53 1 13.00 | 4740 BT 1| 21, M?l 1,30 8070 B2.020) 0044 2496.5 32 (M LO2311560.8) 32,070 2611032, 8 #.777
A-12.| 8.53 1 13.45 | 4820 8051 a | B ) s | S cee—enfuie———.-| 2,04 | 6403, 5] 34.56 0192640, 5| 34. 610 U.?ﬁii.':fr.’.ﬁ 38, (40
| B |
47,000 Ih/in.2 47,500 1h/in.2 48,000 h/in.? Fracture |
E F |& ' '
Mean | Zxten={ nroan LATRIE | paan Jiztens Al |
creep | Time i"‘:g | ereep | Time Se[g:,‘ g}' creep | Time |§]‘]‘§ a4 motal |Plastic| Redue- Lo | i BT
rateat | at this | o0 0 | rate at | at this test nt | Fate at | at this | fiot qp | Eime | exten- | tion of | 4 A | stress
this stress | "o this | stress thi this | stress | “n.. | of test | sion area [ WA =
stress sfroés Stress stress stress | Eiress
|
e i R =
' 41,000 911,000 l Tel1,600 ' .
| hr hr % hr | hr o hr hr % hr % % fin2 | \
| A=l 0.78 2185.5) 20,374 1,14 2808.8| 32,578 HB.G| 33 ‘;| 56.0( 19,200 55.0 =4 1. 820|206, 200 Fra('t.llrﬂllil __ulldm' stress of
| | 48,000 Ih/in.?
| Ap 41| 2880.5| 20.382 2,61 13673 32 961 20 B 5| 56.0) 20, 000] 56,0 85| 1.913| 325,200 Do,
| AL e B P ol - i S Sk S e s e e e | AT .5 87| 2.047| 360,300 Froctured under stress of
| | 47,000 1bfin,*
i A-12. 4.4 Ul].lli Li.1 2 RO SEE i || - e 14, 500 6ith, & Sﬁl I,H‘:Hi 312, 100 Da.
| | | |

s The mean creep rate (95/1L000 hr) is defined as that ereep rate obtained by dividing the total plastic extension (percent) at the designated stress by the time
lir/1,000) at the designated stress.
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Tavvre 2. Effeet of rate of loading on creep of high-purity nickel, initially as annealed—Continued

Creep behavior at different temperatures

Plustie Plistic Beginning of third stage End of test
| exten-
I ¥ exten- [Average i —_— -
- ggfa‘l: Prior-strain 1\'1'1";’1”' 5]";:‘; Iﬂ;,];:— m" | Total | oy ‘ | Remarks
ture history creen | after | onyap | second | o Plastle| pye |Hmeat | jagye | Redues y o | pyge z
stress | appli- gy stapa Time | exten- Frbdad indi- oy tion of (Ao/As)| stross
cation | 00 B sion eated | S0 aren |04, 3
of load gtress | SN
| Gt 000
o p Wit | 9 % |“hr | hr % | Wfime | b % % jin.:
A7 700 Lnaflm%] 5830 (Ih/ 21, 330 . 71 10.5 7 A | 2007.7| 15.128 1 b Yo 24,600 Test stopped
in2)/hr to 16,000 in  second
1b/in.? Stress stage.

changed to 21,330
}P,ﬁin.e after $900.8

tep 1, Loaded 13,885 18,840 19.2 e PO e e £ 20.44 o | 17,250 Do,
5,430 (Ib/in, ) /hr

to 10,670 Ib/in.2
Stress changed to
13,335 1h/in.? alter
4,004 hr, |
Step 2. Stress lower- | 13,335 20,44 20.43 e e e & g 204 32.8 Mo Tl 37T Do,
ed to zero and held
for 63.75 hr before
reloading to 13,335

A-13..1 000 5

Ibin.:, | |

Step 3. Stress | 16,000 33.77 5.1 43,2 200 48| 28,7000 4085 59 =9 2,21 145,700) Tested to
chunged to 16,000 complete
1h/in.2, 904 hrafter [racture.
reapplication  of
Stress. |

Tavue 3. Effect of prior-strain history on the mechanical properties, at room temperature, of high-purity nickel, initially as
annealed at 1,100° F for 16 hr and at 1,000° F for 8 hr

Maximurm lowd » Brl.gl::;t?llll.:‘ﬁ.“f ‘ Complete fractare
p g | Yield | Elongation 1 Reduetion of
ST Additional thermal-  strength in2in, aren PPt
S POCHH G strain history | (2% Redue- | 1':";
offset) |Tensile| True | Strain | tlon | True | Troe | True | Troe [(Eenstic
strength| stress | in 2 in. in strain | stross | steain | stress | Creep |mneital Creep vk
i Tonsile) S I'ensile S test
test l: i test o anly )
only ongile only tensile |
S test | test
i _ d log. . log, " log e
thfind | hfind | Wlin? Y To (A’ A) | MWfim= | (AgiA)| Mfin.t? w5 (73 % %% (Ag/A)
C—O_.__ .| Subjected o no addi- | 14500 | 51,600 | 72, 500 11 | 10, 340 145,300 | 1G5 222, 800 56 = LTy e [ RO
tiomal treatiment.
E-5_.___| Tested in creep for 1,036 | 21, 700 | 53, 400 | 75, 500 A 28,5 L3360 151,300 | 1, 536 248 500 53 7 RF RE R 2052
[ hrat 900° F to a redue- |
tion of aren of 12 per-
cent. I
E-4.___ | Tested in ereap for 2,820 | 24, 000 | 54, 800 | 74, 400 37 A 414 144, 600 | 1. 485 . 226, 000 e 1] 1 84, 5 "R 1,422
hirat 900° F to g redue-
tion of area of 19 per-
cent,
At | Tested in erecp for 1,870 | 30,800 | 64, 100 = 82, 000 415 e L2TE | 180,700 | 1,239 | 184, 900 2 114 i &7 L.5l4
hir at 800° F toa redue- |
tion of area of 42.0 per- |
eent.
A-10__ Annealed at 1,750° F for 0,300 | 47, 100 | 66, W0 42 29,5 LAl 122,400 | 1,442 | 230, 50 i3 - b ey 2,125 |
1 he.
631-A___| Cold-drawn 30 percent B, 7000 | 54, Tody | T1, (KDY R 255 P~ 124, 800 | 1,353 217, 200 i3 , L 85 | 1,907
reduetion of area; fol- |
lownd by annealing at
1,760° F for 1 hr, |
AN Tested in ereep for 2,138 To2000 | A6, (00 | 67, 30 46,5 b1 P 381 116, G060 | 1. 460 164, 4iK) L ) 104 H4 88 1.843
| e at 8007 F to g redue- |
| tion of ares of 26.4 per-
cent before annedling |
at 1,750° F for 1 hr.
A=17__ | TMested ineroep for 5,078 | 3,500 | K4 700 | 70, 400 075 36,5 453 117, 400 | 1. 616 [ 143, T [ird 118 S8 92 2117
hir at 700° F to a redue-
thon of area of 30.8 per-
eent before annealing
at 1,75° F for 1 hir, ‘ |

#The strain, reduction of area, or true-strain values at maximum load or at beginning of fracture are based on measurements obtwined in the tensile tests,
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Tensile tests at room temperature were also made
on specimens prepared from bar A and on two
additional %-in. round bars, designated (' and 631-A
(table 3). A subsequent annealing treatment was
carried out at 1,750° F on certain specimens prepared
from bars A and 631-A in order to produce a rela-
tively coarse grain size (approximately 1.5- to 2-mm
ave diam),

The preparation of the specimens and the appa-
ratus used for creep testing have been previously
described [1]. The ereep specimens had a reduced
section of 0.505-in. diameter and a gage length of 2
in. Iach specimen was heated in air to the desired
temperature in an electrically heated furnace regu-
lated by a photoeleetrie-type control.  Each speci-
men was held at the temperature for 48 hr before
applving the loads.  Inerements of load were added
at. 1-hr intervals until the desired creep stress was
reached. The load inerement corresponded to a
stress of 5,333 Ib/in.? unless the ereep stress was not
amultiple of 5,333. In that case, the final increment
was smaller.  This loading procedure (selected as
standard) was modified in those tests designed to
show the influence of rate of loading on creep be-
havior. All of the ecreep tests were made under
constant loads and the ereep-stress values (also
designated as nominal stresses) were obtained by
dividing the loads by the original cross-sectional area
of the specimens.

The tensile tests at room temperature were made
at a strain rate of approximately 1-percent reduction
of arca per minute.  Usual recommended procedures
were used for preparing specimens and making the
Rockwell hardness measurements and in the prepara-
tion of specimens, by mechanical methods, for metal-
lographie examination [3].

4. Results and Discussion

4.1. Efftect of Stress and Temperature on Creep
Behavior

The results of the creep tests made on specimens
loaded at the standard rate are summarized in table
I and shown in figures 1 to 15.

a. Resistance to Plastic Deformation

The resistance of the nickel to plastic deformation
decreased as the test temperatures were increased
(fic. 1,A). Some idea of the reproducibility of the
strain measurements 1 he after the application of
stress inerements of 5,330 lb/in.? can he obtained
from the lengths of the horizontal bars representing
the range of extension values for the number of test
specimens designated above these bars.  The resist-
ance to flow at each temperature was similar for all
the nickel specimens tested at that selected tempera-
ture. Furthermore, no marked differences were
obtained in the extension measurements made on
the extensometer strips located 180° apart on the
specimen (positions x and y, respectively, fig. 1,B).
This fact indicates that nearly axial loading was
attained and accurate measurements of extension
were made even in the primary stage of creep.
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b. Extension-Time Curves

The families of curves in figures 2, 3, and 4 depict
the ereep behavior of the nickel in relation to differ-
ent stress levels at temperatures of 700°, 900°, and
1,200° F, respectively. The extension-time curves
for specimens tested at 300° F are given in figure 17
and will be discussed later.  An attempt was made
to select the applied loads so that at least one speci-
men in each series would be subject to the same load
at. each of the four temperatures used. However,
this was impractical because of the wide differences
in resistance to flow over the temperature range 300°
to 1,200° . For example, a specimen stressed at
9,330 1b/in.? at 1,200° F (fig. 4) fractured in 32.3 hr
at an extension of 91 percent, whereas a specimen
stressed at 16,000 Ib/in.? at 700° F (fig. 2) lengthened
only 5 percent in 3,900 hr. The appearance of the
extension-time curves, as plotted, indicates that
creep oceurred in a continuous manner in all speci-
mens except the one stressed at 4,010 Ih/in.? at 1,200°
F (fig. 4). The wrregularity in the latter curve is
believed to be due to a combination of strain harden-
ing and recrystallization with reerystallization pre-
dominating; high-purity nickel recrystallizes at ap-
proximately 1,100° F [8]. However, when the data
were plotted on a more expanded seale (not shown),
irregularities in the extension-time curves were ob-
served in each of the three stages of ereep in all of the
specimens tested to complete fracture. The pres-
ence of irregularities is clearly illustrated in the
logarithm of ereep rate-extension curves of figures
5 and 6. The serrations in these curves are in excess
of those that can be attributed to variations in test
conditions. The magnitude of the serrations at low
stresses appears to be greater than at the high-stress
levels at equal temperatures, due, in part, to the use
of the semilog relationship.  The serrated curves, in
general, may be considered as due to a repetitive series
of reactions occurring consecutively, each with a
different energy of activation as affected by the
instantaneous condition of the nickel. These irregu-
larities in the three stages of ereep are considered, at
least in part, to be due to such factors as grain
orientations, grain rotation, formation of subgrains
within the parent grains, strain hardening, recovery,
and formation of cracks.

The shape of the eurves for specimens tested at
300° I at stresses of 45,000 and 45,500 1b/in.? (fig. 5)
may be interpreted as indicating flow by the per-
dominance of the exhaustion mechanism of disloca-
tions [10] and also the existence of a stress region
between 45,500 and 46,000 1b/in.* where the flow is
predominately by the generation of dislocations.
The considerable jaggedness shown in the curves
for the specimens tested at 700° F were possibly
accentuated by the nearness to the magnetie trans-
formation (Curie point) of nickel (680° ) [8].

Discontinuities obtained in some of the tensile
properties of this high-purity nickel at both 300°
and 700° F were also discussed in a previous publi-
cation [3]. According to Kister [9], the elastic
modulus 1 tension of nickel decreases as the test
temperature is increased from 80° to about 350° F
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and it then inereases with further inerease in tempera-
turé to the Clurie point (680° ¥). The values al
80° and 680° F were nearly the same.  The modulus
then deereases continuously as the temperature is
increased from 680° to 1,400° .

The discontinuities appear to increase in magnitude
with decrease in stress both at 700 and at 900° I¥ (fig.
6). The latter temperature seems to be more favor-
able for a continuing balance between strain harden-
ing and recovery. The curves for specimens tested
at 1,200° F are representative of the effect of stress,
in the reerystallization region, on the initiation of
strain hardening of the original grains, followed by
continuous recovery, then reerystallization, followed
by grain growth and ecreep in the larger grains.
These processes are sensitive to stress and tempera-
ture, as shown by the magnitude and the distribution
of the discontinuities,

c. First Stage of Creep

The relationship between the logarithm of creep
rate and the logarithm of time is nearly linear in the
initial portion of the first stage of ereep of the nickel
specimens  (curves are not shown). The cveling
effects observed, however, are considered as indi-
cating that the deformation process should be both
stress and temperature dependent.  In contrast, the
analvsis made by Andrade [11] indieated that the
mechanism of deformation i the initial stage of
creep 18 independent of stress, temperature, and
chemical composition.

The effect, of stress and temperature on the slope
of the logarithmic ereep-rate—time curves is shown
in ficure 7.7 At 300° F, the slopes are independent
of stresses within the range of 32,000 to 43,000
Ib/in.?, but the slope inereases as the stress is further
inereased to 45,000 Ih/in® At 700° F, the slope is
independent of stress over some stress ranges, bul
it 1s strongly stress dependent over other ranges.
At 900° F, the slope shows a continuous inerease with
imerease in ereep stress: it appears to approach a
limiting value at relatively high stress levels.  Con-
trary to the trend at 900° F, the slope of the curves
for the specimens tested at 1,200° F shows a con-
tinuous deerease with inerease in stress.

The present data were evaluated to ascertain the
conformity of the creep of nickel to the exhaustion
theory propesed by Mott and Nabarro [10] and
modified by  Davis and Thompson [12]. The
exhaustion theory is considered as generally appli-
cable to the primary creep of metals at relatively
low temperatures and stresses,  The modified theory
predicts a linear relation between the logarithm of
the produet of the creep rate and time and the
logarithm of the strain; in this plot, the values for
the slope of the curves should be within the range of
— and F1. Most of the experimental results
(fig. 8) agree closelv with the results predicted by
the modified theory.

The relation of creep rate to strain for periods of
20, 60, and 105 min after the application of the creep
stresses at different temperatures is illustrated by

! The Increments, such as Alogl or Alog é, in this and other diagrams were taken
sufliviently large so s to eliminate the effects of the small oseillations of ereep rate,

a18091—054 2

| application of the stresses at 300° 19,

the results summarized in ficure 9. The maximum
deviation from linearity (log-log plot) is shown in the
experimental results obtained 60 min after the

s this temperature
is within the range where strain aging can oceur in
the nickel.  Some deviations from linearity are also
shown in the values for a period of 105 min at 1,200°
F: reervstallization can occur at this femperature.
The slopes of the family of curves shown for speci-
mens at 300° F were nearly constant (see also fig. 10),
whereas the slopes varied somewhat with the other
test temperatures used. The slopes of the three
curves again coincide at a temperature of approxi-
mately 850° F.

The influence of stress on the ereep rate for seleeted
periods of 10, 60, and 120 min after the application
of stress at the different test temperatures is shown
in the results of figure 11.  The contour of the family
of sigmoidal curves (semilog plot) is affected by both
time and temperature; the curves representing the
values, as plotted on a log-log basis (not shown) are
also sigmoidal.  The curves (fig. 11) also indicate
that, at each temperature used, there is a threshold
stress below which no measurable ercep would oceur.

d. Second and Third Stages of Creep

Numerous theories have been proposed to explain
the effects of stress on the rate of ereep in the second
stage,  Linear relations have been obtained between
stress and ecreep rate of various metallic materials
when the experimental values were plotted on the
basis of log-log, semilog, or creep rate—hyvperbolie
sine function ol stress,

The influence of stress on the secondary creep
rate of the nickel at different temperatures is shown
by the results given in figure 12, The relationship
hetween stress and ercep rate, in general, is not
linear when the experimental values for the nickel
are plotted on either a log-log or a semilog basis: a
linear relation is obtained in the semilog plot of the
values obtained for the specimens at 1.200° F.  The
resistance to creep inereased with a decrease in test
temperature, At 3009 F the initially annealed
nickel had a high resistance to creep for stresses up
to 45,500 1h/in?, but with a further increase in stress
of 500 Ib/in.? the creep rate increased by a factor of
about 100,000. 1t is noteworthy that these stresses
used in the creep tests are only about 1,500 and
1,000 Ib/in.%, respectively, below the tensile strength
of the nickel at 300° I (fig. 13).  The high resistance
of the nickel to ereep at 300° F is attributed to a
combination of strain and age hardening and rela-
tively low rate of recoveryv. At 700° 900°, 1,200° F
(fig. 12), the ereep rates inereased continuously with
an increase in stress in the ranges investigated.
This curvilinear relationship indicates that the defor-
mation characteristic (strain hardening and recovery)
of the nickel continuously changed as the stress was
increased.  However, the linear relationship ob-
tained between the stress and log creep rate of the
values for specimens tested at 1,200° 19 1s indicative
of an approach to viscous flow at this temperature,

The relation between stress and temperature to
produce various second-stage ereep rates is shown in
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ficure 13. The trend is for the curves to converge
at a test temperature of about 300° . The magni-
tude of differences between the curves corresponding
to the various ereep rates emphasizes the importance
of a knowledge of the engineering properties of a
metallic material and the accompanying micro-
structures in the design of components for use at
elevated temperatures.

The relation between second-stage ereep rate and
ductility 12 shown in figure 14. The amount of
plastic extension on loading decreased continuously
with increase in temperature necessary to produce
equivalent second-stage creep rates.

Relatively little information is available in the
literature on the third stage of creep.  The initiation
of this stage has been attributed to such factors as
the beginning of microcracking, increase in creep
stress due to a decrease in the area of the specimen,
atomic rearrangement, ete.

The plastic extension at the beginning of the third
stage of ereep increased with inerease in secondary
creep rate at both 900 and 1,200° F (fig. 14). Al-
though the change in du[nhl\ with ereep rate was
more pmnuunwcl at the higher temperature, the
amount of plactic extension at the beginning of the
third stage was appreciably greater at 900° than at
1,200° . At 700° ¥, however, the extension-creep
rate curve shows reversals in the intermediate range
of rates.  Only one specimen was tested into the
third stage and to complete fracture at 300° F. A
maximum value for plastic extension at the beginning
of the third stage was attained with this specimen,
but its extension at fracture was appreciably less than
that of some other specimens fractured at 700°, 900°,
or 1,200° F. All the fractured specimens had an
extension of 65 percent or more before fracturing;
in some cases, the elongation in 2 in. exceeded 100
percent.  However, the effect of secondary ereep
rate on the plastic extension at fracture varied with
the test temperatures used. At 700° and 900° F, the
extension inereased as the ereep rates were decreased,
whereas at 1,200° ¥ the extension increased with
increase in the rates. The reduction of area at
fracture was nearly insensitive to the rate ol exten-
sion used, but the general trend was for the reduetion
of area to inerease with an inerease in temperature;
however, one specimen tested at a secondary ereep
rate of about 10 percent per 1,000 hr at 1,2007 I had
a relatively low value for the reduction of area (479).

The true strain, log.(A/A), at the beginning of
the third stage of creep increased tnnlmuuu%l\ with
the true stress at 900° and 1,200° F (fie. 15), but
reversals were again obtained in the curve u]m-svnl—
ing the true-stress—true-strain relation at 700° I,
At each ol these temperatures, the true stress (see
table 1) inereased continuously with inerease in the
creep rate in the second stage. The true-strain
values at the beginning of [hv third stage were
appreciably ln}_]ut in all of the specimens tmn-d at
300°, 7007, and 900° I* than in the specimens tested
at 1,200° F, even though the ereep rate of some of the
former specimens was slower than those at 1,200° F.
Thus, the phenomenon of recrystallization that
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Diataat 300° F was obtained for speclmen A-5 under ereep atress of 48,000 1h/in.
(se¢ table 2 for rate of loading).

occurred at 1,200° F was not accompanied by an
increase in ductility ag measured by the true strain
at the beginning of the third stage. 1

The true strain at fracture was relatively insensi-
tive to variations in true stress at 7002 or 900° F,
whereas at 1,2060° F the true strain was materially
alfected by (Imng:vs in true stress or secondary creep
rate. K \t‘l_'[)t for one specimen tested at a Hlm\ rate,
the true strain at fracture inereased with an increase
in test temperature.

The effect of temperature and sccondary creep
rate on the rate-time relation during the third stage
of creep is shown in figure 16. The slope of the
linear curves differed somewhat as the test conditions
were altered.  The general trend was for the numer-
ical values of slopes of these curves to be steeper for
the specimens tested at 700° or 1,200° I than those
at 900° F,

An analyvsis of measurements of ductility made
under ereep conditions showed that the flow char-
acteristics of the nickel cannot always be predicted
accurately from results based solely on determina-
tions of stress, time, and ductility at fracture.

4.2. Effect of Rate of Loading on Creep Behavior

Tests were made at 300°, 700°, and 900° F to
determine the influence of rate of loading to different
stress levels on the ereep characteristic of the nickel
mitially as annealed. The test conditions and
results are summarized in table 2 and figures 17 to 24.

Extension-time curves are given in figure 17 for
specimens tested at 300° F that were loaded at the
standard rate until the ereep stresses of 37.330,
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42,600, 45,000, 45,500, or 46,000 Ib/in.* (specimens
numbered A-5, A-9, A4, A-12, and A-16, respec-

tively) were attained. Thereafter, the changes in
stress were made at the times designated on the
curves, If the creep rate, deformation characteris-
ties, and ductility of the high-purity nickel were
mdependent of prior-strain history, then the creep
curves would be alike at any one of the selected stress
levels.
specimens tested at a selected stress would coineide
either as constructed or by the transposition of the
mmitial extension values to those corresponding to the
zero time ordinates at this stress. However, an
actual comparison of these curves for any selected

That is, the extension-time curves for all the |

stress level shows that the creep varied markedly |

with rate of loading, For example, at a nominal
stress of 46,000 Ib/in?, specimen A-16, which was
loaded relatively rvapidly, fractured in 3.66 hr,
whereas specimen A-5, which was loaded slowly. did
not fracture in 3,982 hr at this stress. This differ-
ence in ereep rate is primarily atiributed to a combi-
nation of strain-aging and strain-hardening charac-
teristics of the nickel. At 300° F, the strain aging
and hardening is considerably more prominent in the
specimens loaded slowly than in the specimens loaded
rapidly to the selected creep stresses.  Although the
tensile strength of the nickel at 300° F is 46,400
Ib/in® [3], it is noteworthy that the creep life was
appreciable in some of the specimens tested at stresses
in excess of this value,

Laubahn [13] made a review of the literature and
discussed the strain-aging effeets in both nonferrous
and ferrous materials, He relates the effeets to
vield-point phenomenon, strengthening (increase in
flow stress or hardness), discontinuous yielding (ser-
rated stress-strain curves, ete.), and abnormally low
rate sensitivity. Furthermore, he reported that
strain aging is of particular importance in ereep where
the associated strengthening ean eause a significant
decrease in creep rate.

The effect of prior-strain history on ereep behavior
is evident from the results summarized in figure 18,
The time lag for the initiation and propagation of
deformation at a fast rate followed by a slowing down
to some nearly constant rate can be considered a
fundamental property of metals. The sigmoidal
form of the extension-time curve obtained with the
high-purity nickel, however, may be modified with

{]la]]tre '3 i the strain histor \‘ of the nickel and in the .

nmgnllmln of the stress increments. As the stress
was increased on a selected specimen, differences
were also obtained in the creep rate-time relationship
(fie. 19). Each of these curves showed a definite
peak, and the maximum creep rate obtained in this
family of curves increased with an increase in creep
stress.

Extension-time curves are shown in figure 20 for
all the specimens tested to complete fracture in
creep at 300° I, The values for time, as plotted in
this figure, include only the range after the applica-
tion of the stress ])mdu{ ing fracture, as designated,
whereas the extension values also include a summa-
tion of all of the prior plastic extension of the
specimen.  The speeimen  (A-16), loaded at the
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| loading to this stress at 5,330 Ib/in.?

standard rate to 46,000 Ib/in*, fractured after a rela-
tively short time at this stress; this creep stress 1s
slightly below that of the tensile strength of the
annealed nickel. However, each specimen (A-9,
A-5, A4, and A-12) that was loaded slowly to a
stress in excess of the short-time tensile strength had
an appreciable life before fracturing. The plastic
extension at fracture of the specimens loaded
slowly ranged from about 55 to 60 percent, whereas
the extension was 69.5 percent for the specimen
loaded rapidly.  As shown by the curve in the insert,
the clongation at fracture increased continuously
with increase in the initial creep stress applied by
at 1-hr intervals.
Extension-time curves are shown in figure 21, A,

- for two specimens at 700° I? that were loaded differ-

| second stage of ereep.

ently to a stress of 21,330 Ib/in.* The greater strain
hardening in the specimen (A-17) loaded slowly
resulted in the lowering of the curve and rate in the
In loading each specimen,
however, the final inerement of stress was sufficient
to produce a decrease in creep rate with time in the
first stage (fig. 21, B). The parallelism of the two
curves indicates that there was no appreciable differ-
ence in the mechanism of flow of the two specimens
in the first stage of creep.

The influence of rate of loading on the creep be-
havior of the nickel at 900° F is shown by the results
of figures 22 and 23 and table 3. The testing pro-
ogram was extended to include duplicate tests on
specimens (A-8 and E-4) prepared from two differ-
ent bars processed from the same heat,

The creep characteristics in both the first and sec-
ond stages were nearly alike for the two specimens
prcpmml from different bars of the annealed nickel
and tested under the same conditions, as is shown
by the near coincidence of the curves representing
the experimental values (fig. 22A).

At a stress of 13,335 Ib/in.?, the primary creep-
rate-time curves are nearly parallel (fig, 22B), but
the two curves do not coincide.  Likewise, at a stress
of 16,000 Ib/in.% the eurves are again nearly parallel
(fig. 23B), but they do not coincide and their slope
differs from that of the former curves (fig. 22B).
This indicates that the mechanism of (ivl'{n'llmtinu
in the first stage at 900° F is stress dependent, but s
a given stress Tlevel, the mechanism is pnmmll\ in-
dependent of the }mm—wlnun history of the nickel.

Although the wide variations used in the rate of
loading the specimens to the relatively low creep
stress of 13,335 Ib/in.” affected the ereep rate in the
second stage (fig. 22A), this effect was not as promi-
nent as lhal obtained at the lower test temperatures,
A comparison of the extension-time curves for the
period ranging from 750 to 1,050 hr indicates that
the creep rate of the specimen (E-5) loaded instan-
taneously was somewhat lower than that of the speci-
mens (A-8 and E-4) loaded at the standard rate,
The creep rates of the latter specimens were also
higher than that of specimen (A-13) loaded slowly.
The second-stage creep rate was inereased and time
to fracture was decreased by decreasing the ».hm(lur([
rate of loading to a creep stress of 16,000 1b/in.? * (fig.
23A). This merease in creep rate and decrease



time to fracture can be attributed to a difference in
amount of plastic deformation of the specimens at
the time of applving the ereep stress of 16,000 1b/in.*.

A specimen (A-13) was unloaded from a stress of
13,535 Ib/in? and allowed to relax at zero stress
before reloading at the standard rate to the above
stress; its temperature was maintained at 900° I
The hysteresis loop (fig. 24,A) obtained was closed,
thus indicating no change in the extension value at
the attainment of the final creep-stress level. How-
ever, the slopes of the curves for the conditions of
unloading and reloading (fig. 24,A) and also for ini-
tial loading (fig. 1) were not parallel.  The effect of
time on change in extension at zero stress for this
specimen  and another specimen (K-4) that had
been tested in ereep to approximately the same ex-
tension is shown in figure 24 B.  The parallelism of
the curves indicates that the mechanism of relaxation
was similar for the two specimens. The second-
stage creep rate of specimen A-13 (table 2) at a
stress of 13,335 1b/in.* was slightly lower after the
above cyele of unloading and reloading.

The hysteresis [cm[) previously obtained with
oxveen-free high-conduetivity copper was not closed
[1].  Apparently, both the chemical composition
and prior-strain history of the materials affect this
phenomenon,

Thus, the influence of rate of loading on creep
behavior of the initially annealed nickel depended
not only upon the strain, temperature, and stress,
but also on the magnitude of the aging, strain hard-
ening, and recovery that occurred in the temperature
range investigated. The results again serve to
emphasize the importance of controlling the rate of
loading in creep testing,

4.3. Effect of Prestraining in Creep on the
Mechanical Properties at Room Temperature

Tension tests were made at room temperature on
specimens prestrained  different amounts in ereep
at 960° F and also on specimens prestrained in creep
at 700° or 900° I and then annealed at 1,750° F.
The resulis are summarized in figures 25 and 26 and
in table 3

The influence of prestraining in creep at 900° F
on the resistance to flow in tension at room tempera-
ture is illustrated by a comparison of the relative
positions of the curves of figure 25.  The resistance
to the nitiation of flow was decreased somewhat by
deforming 12- or 19-percent reduction of area in
ereep, but the resistance to flow for strains within
the range of about 0.02 to 0.3 increased with the
amount of prestraining in creep. However, at still
higher strains the flow curves intersect for specimens
prestrained 12 and 19 percent in creep, respectively.

The yield and tensile strengths increased continu-
ously with the amount of prestraining at 900° F
(table 3). This increase in the strength properties
was accompanied by a corresponding decrease in
strain at maximum load, at the beginning, and at
complete fracture.  The inconsistencies observed in
this pattern for the values of true stress at the begin-
ning or at complete fracture can be attributed. to
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variations in the necking characteristies of the differ-
ent specimens.  The values obtained for reduction of
area (total of creep and room temperature tensile)
were independent of the prior-strain history.

Increasing the annealing temperature from 1,100°
to 1,750° F decreased the resistance to flow at room
temperature of the nickel (fig. 26); this nerease in
annealing temperature was accompanied by an in-
crease in grain size. The resistance to flow at room
temperature was further reduced by prestraining a
specimen to 30.8-percent reduction of area in creep
at 700° F before annealing at 1,750° I (see table 3);
this decrease was accompanied by an increase in
strain at maximum load. However, prestraining to
25.4-percent reduction of area at 900° F followed by
annealing at 1,750° F did not materially affect the
position of the true-stress—true-strain ecurve for
strains ranging up to about 0.3 (maximum load).
Above this range, the curves for the two specimens
prestrained in ereep were nearly alike. The flow
curve for the specimen cold-drawn 30-percent reduc-
tion of area before annealing at 1,750° F is located
between the curves for the specimens annealed only
at 1,750° or 1,100° ¥. Evidently, the effects of
the cold-working, such as preferred orientation and
elongation of the grains, were not completely re-
moved by subsequent annealing at the relatively
high temperature.

The effects of prestraining the nickel in creep at
different temperatures and rates and in tension at
room temperature on the necking characteristics
and on the Rockwell B hardness at room tempera-
ture are shown by the results summarized in figure
27.

It is apparent that the general tendency was for
the nickel to neck sharply before fracturing in creep
(fig. 27,A) or in tension at room temperature (fig.
27,C1). However, one specimen (A-22) with a slow
creep rate at 1,200° F fractured with a relatively
small amount of local necking (fig. 27,A). The
necking characteristics observed for the specimens
tested at 300° F were independent of the rates of
loading used (insert, fig. 27, A). For the specimens
fractured at room temperature, the tendeney toward
localized necking was a minimum in the specimen
(C-9) annealed at 1,100° F and a maximum in the
speeimen (A-6) prestrained to 42-percent reduction
of area in creep at 900° F (fig, 27,C).

The hardness at room temperature of each speci-
men fractured in creep at 300°, 700°, or 900° I
increased with an inerease in the amount of deforma-
tion in the vicinity of complete fracture (fig. 27.B),
v : - : G 2
These curves are nearly parallel, but their relative
positions varied with the test temperatures and creep
rates,  The trend was for the curves to be displaced
to higher values as the creep temperature was de-
creased and the ereep rate was inereased.  The hard-
ness of the specimen (A-20) fractured at 1,200° F
with a relatively high secondary ereep rate of 500
percent per 1,000 hr also inereased with increase in
deformation at fracture, but the curve was displaced
to considerably lower values than the corresponding
curves for specimens tested at the lower tempera-
tures. However, the trend was for the hardness of

the other two specimens (A-21 and A-22), tested at
1,200° I with slower secondary creep rates, to de-
crease as the deformation in the vieinity of fracture
increased.  As previously pointed out, 1,200° F is
above the reerystallization temperature of nickel.
Whether the combination of reerystallization and
recovery or strain hardening predominated at 1,200°
F depended upon the ereep rate or time in the third
stage of creep. Ewvidently, strain hardening pre-
dominated in the former specimen, whereas recovery
and recrystallization predominated in the latter two
specimens,  The rate of loading at 300° F had no
material effect on the subsequent hardness induced
by deforming in tension at room temperature,

As is to be expected, the hardness of all the speci-
mens tested in tension at room temperature increased
continuously with increase in deformation (fig. 27D ).
However, the relative positions of the hardness—
reduction-of-area curves varied with the prior-strain
history of the nickel. Prestraining in ereep at 900°
', without subsequent annealing, resulted in a general
trend of raising the positions of these curves as the
amount of prestraining inecreased. Increasing the
annealing temperature from 1,100° to 1,750° I had
no significant effect on the hardness-reduction-of-
area relationship at room temperature (specimens
(-9 and A-19, respectively).  This relationship was
also unaffected by cold-drawing 30-percent reduction
of area followed by annealing at 1,750° F (specimens
631-A and A—19, respectively). However, prestrain-
ing a specimen to 30.8-percent reduction of area into
the third stage of ereep at 700° F before annealing at
1,750 F had the over-all effect of decreasing the
resistance to hardening induced by deforming in
tension at room temperature (specimens A-17 and
631-A).

4 4 Effect of Creep Conditions on Fracture
Characteristics and Structures

The effect of temperature on the appearance of
the specimens fractured in ereep at relatively high
rates is illustrated in ficure 28.  KEach of these speci-
mens exhibited a duetile fracture, a rim effect, and
both circumferential and longitudinal flow lines on
the surface. No evidence of surface cracking was
observed in the specimens fractured at 300° or 700°
F, whereas numerous cracks were formed in the
surface of the specimens fractured at 900° F.  Sur-
face eracking was accentuated by further increasing
the test temperature to 1,200° ¥ (fig. 29,A) and by
deereasing the creep rate at this temperature (fig. 29 ).
The presence of numerous surface cracks, however,
was not always accompanied by brittle behavior, as
determined by the appearance of flow lines and by a
measurement of the reduction of area at fracture.
This is evident by a comparison of the appearance of
the specimens tested at the fast or intermediate
creep rate at 1,200° F (fig. 29, A and B) with that of
the specimens tested at high creep rates at 300° or
700° F (fig. 28,A and B). Despite the presence of
the surface cracks in the former specimens, it is be-
lieved that the cracks linking up to form complete
rupture were initiated at or near the axis of the
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specimen and then propagated outward to the sur-
face (rim effect). However, extensive surface erack-
g and a relatively brittle fracture were obtained in
the specimen tested at a slow ereep rate at 1,200° F
(fig. 29,07). The evidence indicates that eracking
started at or near the surface of this specimen and
then propagated to its axis. Thus, the surface
appearance of a failed specimen does not necessarily
reveal its behavior in ereep.

Tensile (C and 1))

Creep test
—————— | Additional thermal treatment prior to ten-
| sile test

Tempers- | Reduoetion |
ture |
o.N %
Nong None | None.
- 0 12 Do,
] 14 Do,
0 42 | Do,
None None | Annealed at 1, . i
..... do. ... do__ . .| Annealed ut 1 Foalter cold-drawing 30%
| reduction of area.
HK) 5.4 | Annealed at 1,750° F,
700 B8 Da.

The grains were nearly equiaxed in the annealed
nickel (fig. 30,A). These grains were elongated
during ereep, but the degrees of distortion and strain
markings vary with the test temperature and creep
rates.  The trend was for the distortion and strain
markings in the region of complete fracture to be
accentuated by deereasing the secondary creep rate
within the range used at 700° or 900° F (fig. 30,C, D,
| E, and F). Distortion of the grains at fracture was
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somewhat less severe in the specimen tested at 300°
I' at a relatively high rate (fig. 30,B) than in the
specimens fractured at either 700° or 900° F.
Furthermore, the number of microcracks observed
in the vicinity of complete fracture was a minimum
in the specimens fractured at 300° F, intermediate
at 900° F, and a maximum at 700° F. If cracks of
microscopic dimension are a prerequisite for the
beginning of the third stage, then it is to be expected
that eracks also would be observed in regions other

than at complete fracture. However, no micro-
cracks were detected in these nickel specimens
fractured in creep except in the region of complete
fracture.

No indication of recrystallization was observed in
a metallographie study of the specimens fractured at
300°, 700%, or 900° F; the failures were probably
transerystalline.

Strain marking and distortion of the grains at
fracture were less prominent in the specimens tested
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at 1,200° I (fig. 31) than in the specimens fractured
at the lower temperatures (fig. 30). Moreover, the
size. of the grains at 1,200° I varied appreciably
with ereep rate and also from surface to center in
one specimen.  Deecreasing the secondary creep rate
from 500 percent to 10.5 percent per l(l{l"!) hr was
accompanied by an appreciable inerease in grain
size and a general deterioration at fracture (fig.

" TEMPERATURE ,

Froure 29,

Unetehed,
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31,A and B). The grain size in the vicinity of frac-
ture of the latter specimen varied markedly from its
center to its surface (fig. 31,B and C, respectively).
This may be interpreted as supporting the belief that
the final fracture was initiated at or near the surface
(large grains) and then propagated to the axis
(small grains). As 1,200° F is above the recrys-
tallization temperature of nickel, it seems feasible
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that the freshly fractured and nearly strain-free
recrystallized grains at the surface continued to
erow while the normal process of strain hardening,
recovery, and reerystallization was oceurring in the
unfractured interior of the specimen.  The relatively
rapid grain growth after the final recrystallization 1s
even more apparent at the surface 0.1 in. from com-
plete fracture of this specimen (fig. 31,D).

The fractures at 1,200° I
intererystalline,  although
cracking was observed.

Typical microstructures observed in a specimen
taken from a test bar that had been strained into

appeared predominantly
some  transcrystalline

the third stage of ereep at 900° F and then fractured
in tension at room temperature are illustrated in the
photomicrographs of ficure 32

The

microcraclks

Frovee 31, Structure of the wickel after fracturing in ereep al different rates al 1,200° F,
Longitudinal seetions etehed in 6 parts of HNOy (eotcentrated) and 4 parts of glacial acetic acid. > 1M,
Creep rate Remarks
01 00 Ry
\ 500 Near axis at fracture.
1] 10, 5 D
G 10.5 | Same specimen as B; near outer surface at
fracture,

10,5

Hame specimen as B; near outer surface, 0.
in. from fracture.
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were located near the axis of the specimen, and they
were confined principally within the region of com-
plete fracture; the cracks were of the elliptical type.
The extensive flow that occurred at the outer surface
and the general disintegration at the axis of the
specimen ndicate that the eracking leading to com-
plete rupture was initiated at the center and then
progressed outward.  An oxide film formed on the

specimen during the time of exposure in air at
900° I, This film was fractured in the tension test at
room temperature (fig. 32,C and D), but apparently
it had no significant effect on the mechanism of the
final fracture. Extensive strain markings and some
distortion of the parent grains are also evident some
distance from complete fracture (fig. 32,E and F).
In a specimen that was strained into the third

Ficure 32.

I,Ollgiiullilll‘.ll seetions, etehed In 6 parts of coneentrated nitric and 4 parts’of glacial acetic neids.

A, Near axi
in, from fracture; F, near axis 0.3 in. from fracture,
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stage of creep at 700°, then annealed at 1,750° I' | propagated outward.

before fracturing in tension at room temperature, the
fracture was transcrystalline (fig. 33,A). The pro-
nounced elongation of the grains at the outer surface
and the intensification of strain marking within
these grains (fig. 33,B) also indicate that the fracture
of this specimen started at or near the axis and

It is of interest to note that
no general disintegration occurred i this specimen
and the wavy strain markings or bands become wider
as the distance from complete fracture is inereased
up to 0.3 in. (fg. 33,A, C, and D). Some of the

strain markings also cross the grain boundaries, as
is clearly illustrated in figure 33,C.

Fravre 33.

Effect of intermediate anncaling at 1,750° F on the structure of a specimen previously extended in ereep at 7007 F

and subsequently fractured in tension at room temperature.

Longitudinal sections etehed in 6 parts of concentrated nitrie and 4 parts of glacial acetie acid,

XK 1M,

A, Near axis at fracture; B, near outer surface at fracture; C, near axis 0.1 in. from fracture; D, near axis 0.3 in. from f{ract ure.
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5. Summary

Tests were made to determine the influence of
stress, temperature, and prior-strain history on the
creep behavior of initially annealed high-purity
nickel.
prestraining in creep, with and without subsequent
annealing, on the hardness and tensile properties at
room temperature. A metallographic study was
made of all the specimens fractured in ereep and of
specimens fractured in tension at room temperature
after prestraining in creep.  The results are sum-
marized in figures and tables and discussed in some
detail in the text,

Discontinuous flow was observed in creep at 300°,
700°, 900°, and 1,200° . The magnitude and
position of the serrations in the creep-rate—extension
curves varied with the test temperatures, and they
were affeeted by such factors as strain aging, strain
hardening, recovery, Curie-point behavior, reervstal-
lization, and grain growth.

The experimental values for primary ereep agreed
fairly elosely with the results predieted by the theory
of exhaustion and generation of disloeations as
proposed by Mott and Nabarro and modified by
others,

Although the resistance of the nickel to ecreep
increased as the test temperature decreased, the
resistance was especially high at a temperature of
300° F. This high resistance is attributed to a
combination of strain aging and age hardening and
relatively low rate of recovery.  The phenomenon of
strain aging was especially prominent in the creep
tests earried out at 300°F.  Nonlinear relations were
generally obtained between the stress and secondary
creep rate when the experimental values were plotted
on log-log or semilog (log of rate) bases.  Moreover,
the second-sts age creep rate was not a consistent index
to the duetility of the nickel at the beginning of the
third stage of creep or at {racture.

The duc tility at fracture was relatively high for all
creep conditions except for one specimen that showed
evidence of brittle behavior. This specimen was
tested at 1,200° F at a slow secondary creep rate,
and it showed a general deterioration at the time of
fracture. Internal disintegration was confined to
the recion of complete fracture in all the specimens
tested in ereep at 300°, 700°, or 900° ¥, and the
fractures were preceded by appreciable necking.
Cracks of microscopic dimensions were not a pre-
requisite for the initiation of the third stage of creep.

The wvield and tensile strengths of specimens
tested in tension at room temperature inereased with
the amount of prestraining in ecreep at 900° F.
This inerease in strength properties at room temper-
ature was accompanied by a decrease in elongation,
whereas the total reduction of area was independent
of the prior-strain history,

An evaluation was also made of the effect of

The Rockwell B hardness at room temperature of
each specimen fractured in creep at 300°, 700°, or
900° ¥ inereased with an inerease in deformation in
the vicinity of complete fracture. This trend was
also observed in a specimen tested at a relatively
high secondary creep rate at 1,200° F, but with
slower rates at this temperature, the hardness de-
creased as the deformation increased in the vieinity
of fracture,

Reerystallization oceurred in the specimens frac-
tured in creep at 1,200° F; in some cases, recrystal-
lization was accompanied by grain growth. How-
ever, no evidence of recrystallization was detected
in a metallographie study of all the specimens frac-
tured in ereep at the lower temperatures. The
fractures appeared to be predominantly transerystal-
line at 300°, 700° or 900° F and intererystalline
at 1,200° F.

The prior-strain history of the nickel also had a
very marked effect on the second-stage creep rate,
and the experimental results again serve to emphasize
the importance of controlling the rate of loading in
creep testing.
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