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Creep of Annealed and Cold-Drawn High-Purity Copper 
William D. Jenkins and Thomas G . Digges 

A study was made of t he effect of temperature a nd stre3S on t he creep beha,·ior at 
llO°, 250°, a nd 300° F of high-purity oxyge n-free high-conduct ivi ty copper init ially as 
ann ealed and as cold-drawn 40-percent reduction of area. The resistance to creep and 
to fracture at all t hese test temperat ures was in creased by co ld-drawin g t he copper prior 
to testin g in creep ; however, thi s superiori ty in creep propert ies was accompanied by a 
decrease in ductil ity and t ime to rup t ure. Dissociation of parent gra ins in to crystals of 
mi croscopic dimensions and t he prese nce Of strain markings were evidenced in a ll specimens 
carried to complete fracture in creep . Correlations are made of t hese chan ges in struc t ure 
with t ime, st ress, temperature, and the discontin\lous flow , as evidenced b~' the creep rate­
exte nsion curves . 

1. Introduction 

The res ults of creep tests made at different tem­
peratures on annealed high-purity (OFHC) copper 
were described in a recen t paper (1).1 It was found 
that the strain rate in the second s tage was not 
constant, and the formation of cracks of microscopic 
dimensions often accompanied but was not neces­
sarily a prerequisite for the initiation of the third 
stage of creep in this material. Furthermore, the 
original grains of the annealed copper brok:e down 
into subsize grains under varying test conditions, 
and strain markings were present in all specimens 
fractured in creep . As a part of a continuing study 
of the creep behavior of high-purity metals and 
binary alloys, additional creep tests have been 
completed on specimens prepared from this same 
lot of copper in the initial conditions both as annealed 
and as cold-drawn 40-percent reduction in area. 
The creep tests were made at different strain rates 
and at temperatures of 110°, 250°, and 300° F . 
The creep tests were supplemented by hardness 
and tensile tes ts at room temperature and by a 
metallographic examination of specimens repre­
sentative of the initial conditions of the copper and 
of the different stages of creep and fracture. These 
results are summarized in the present report. 

2 . Material and Testing Procedures 

Some of the properties at room temperature 
of the high-purity copper (99.99 + % of copper) 
in the initial conditions as annealed and as cold­
drawn 40-percent reduct ion in area. are given in 
table 1. 

All specimens of the annealed material were 
prepared from the sp_me bar as that used previously 
[1], and the test specimens of the cold-drawn copper 
were prepared from another bar, originally from 
the sam e heat. The testing procedures and appa­
ratus have been already described in some detail 
[1, 2]. Essentially, the creep specimens were mi!,­
chined to 0.505-in. diameter and 2.0-in. gage length . 
Each specimen was held at a test temperature of 
110°, 250° , or 300° F for 48 hrs before loading to the 

1 Figure, in brackets in,licate the literature references at the en d of this paper. 

desired creep s tress at a controlled rate of 3,200 2 

psi/hI' for the annealed and 5,333 psi for the cold­
drawn specimens (3,200 or 5,333 psi vdded at I- hI' 
intervals ); each creep test was made at a constant 
load. The temperatures of the creep furnaces were 
controlled within the range of about ± 1 ° F of the 
desired tempera,tures, and the probable error in 
measuring the extensiolls was less than 0.00002 in. 

T ABLE 1. Gmin size and m echanical pl·o perties at room 
temperature of the copper used 

[The tensile t ests were made at a rate of extension of approximately 1 percent 
per minute] 

Propert y 

A verage grain diameter, mm. _____________ ._._ 
Average hard ness, Rockwell F _______________ _ 
T ensile strength, 1,000 psL _. __ _ . _._._. ____ ._ .. 
Yield strength (0.2% offset), 1,000 I)si. ._._ .. _._ 
Elongation in 2 in., percent at maximum load . 
Elongation in 2 in. , percent at fracture . __ ____ _ 
R ed uction of area, percent at maximum load __ 
R eduction of area, percent at fracture ________ _ 

Initial condition 

Annealed 

0. 025 
34 
3 1. 9 
12.2 
39 
51 
28 
88 

Cold-drawn 
(40% reduc­
tion in area) 

86 
51.1 
50.3 
0.7 

11 
O.GS 

80 

Hardness tests were made at room temperature 
on all specimens fractured in creep. Two flats 
180° apart were prepared parallel to the longitudinal 
axis of th e specimen after fracturing and Rockwell 
readings (F scale, 60-kg load, ~{6-in . diameter ball) 
were made at various points along th e cen ter line 
of these flats. Metallographic examinations were 
made of specimens representative of the copper as 
annealed, cold-drawn, and deformed in creep. 

3. Results and Discussion 

3.1 . Influence of Temperature, Stress, and Rate of 
Loading of Creep Behavior 

The resistance to How of the cold-drawn copper 
decreased as the test temperature was increased 

' A rate of l oadin~ of 3,200 psi/lu (a load of 3,200 psi, ad ded a t 1·hr intervals) 
was selected as a standard rate for the an nealed copper previously tested in rreep 
11] . As the area of an annealed s pecimen is red uced to three·fiftbs of its original 
9.rca by cold-draWing 40-percent red uction of area, the cold-drawn sp(lcimens 
were loaded in intervals of 3,2OOX5/3=5,333 psi. 
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(Jig. 1); the str ess-strain curves for sp ccimen tested 
at 250° and 300° F were nearly alike for str esses 
ranging up to about 15,000 psi . . 

Extension-time curves for specimens prepared from 
cold-drawn copper and anncaled copper are given 
in Jigures 2 to 6. 

It is a common b elief that the extension at fracture 
of a m etal or allo.,- tested in cr eep usually increases 
as th e time to initiate each stage and to fracture 
decreases. However, with the high-puri ty copper, 
the extension- time relationship varied depending 
upon the test conditions (temp era ture, strain rate, 
histo ry , etc.) For exampl e, with th e initially cold­
drawn copp er at 110° F, two sp ecim ens (fig. 2, tests 
4 and 3) h ad th e sam e extension at fractures, but thc 
t imes to fracture were 28 and 236 hr, r espectivel.'". 
At 250° F (Jig. 3), the extension in two sp ecim cns 
increased as th e time to fracture in creased (tests 8 
and 7), and then th e extcnsion in another sp ecim en 
decreased with a fur th cr increase in t ime to fracture 
(tes ts 7 and 6). At 300° F (fig. 4) , the exte nsion at 
fracture dec reased co ntinuou sly as th e tim e to frac-

50 

40 

g; 
o 
o 30 
Q 

10 

T 

COLD-DRAWN 4 0 PERCE NT REDUCTION OF AREA 

RATE OF LOADING 533 3 PSI PER HOUR 

I 

T 
I t 

o L-____ L-__ ~ ____ ~ ________________ ~ 

o 0.1 0.3 0 .4 0 .5 0 .6 
PLASTIC EXTENSION, PERCENT 

FIG V RE 1 . Effect of nominal stress on plastic extension of 
cold-drawn copper at different temperatU1·es. 
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FTGC RE 2. Extension-time curves for cold-dmwn copper 
speci mens tested in creep at 1100 F. 

ture increased. At 80° F (table 1), th e extensions 
at th e maximum load and at fracture were less than 
the extensions at the b eginning of Lhe Lhird stage 
a nd at fracture, respectively, of m a ny of th e speci­
mens tested under creep condi tions; at 0° F , th e 
time to fracture was only abou t 1 hr. At constant 
temp erature, reversals also were observed in th e 
extension-time r elationship at th e beginning of th e 
third stage (table 2), bu t th e time to tb e b eginning 
of th e third stage and Lo fracLure increased co ntinu­
ously with d ecrease in creep stress. At cons tant 
cr eep rate (average in second stage), th e Lime to 
attain th e third stage and th e extent of Lhl sLage 
both increased with increase in test temperature. 
These features should b e considered in th e co mmer­
cial application under conditions of cr eep of cold­
drawn copp er and th e interpretation of stress-rup t ure 
data. 

With annealed copper , th e characteristics of the 
exLension- tim e curves were similar to those ])re­
viously descri bed [lJ . In th e presen t tesLs (fig. 5) , 
the extensions at Lh e beginning of th e eco nd stage , 
third stage, and at fracture usually decreased with 
increase in the du ration of th e creep test at each 
temperature investigated. An important feature, 
however, was shown in Lhe creep behavior after the 
beginning of Lbe third stage of a specimen testcd a t, 
llO° F and with a relatively slow rate (2.75%/1,000 
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Frc UHE 3. Exten sion-time GUlves for cold-drawn copper 
specim ens tested in creep at 250 0 F. 
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specimens tested in creep at 3000 F . 
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FIG U RE 5. Exlension-lime Cllrves f01' annealed copper 
specimens tested in creep alllO° and 300° F. 
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hr, test 13). After the beginning of the third stage 
(point A), the creep rate materially increased and 
continued in excess of the average rate in the second 
stage for a period of about 500 hr. At the end of 
this period the specimen attained an average creep 
rate of 3.8 percent per 1,000 hr for a period of about 
1,000 hr before again increasing rapidly. 

FIGURE 6. Effecl of mle of loading on creep of annealed copper 
al 300° F and of cold-dmwn coppe1' alll00 F . 

T ABLE 2. Results of creep lests on high-purily copper inilially as brighl annealed and as cold-drawn 40-percenl reduction of area 

Average B egilming of third stage E nd of test 
Nominal creep 

N umbcr '-rest telll- crcep rate, 

I 

R cmarks peraturc stress second I P lastic I True I Plasti c I Reduc- True stage 'rimc extension stress Time extensIOn tion of strcss area 

A . Annealed ; rate of loading, 3,200 psi/hI' 

OF 1,000 psi %/1,000 hI' hr % in2in. 1,000 psi hr %in 2 in . % 1,000 psi 
18 no 25.6 1. 08 ------ ------ ------ 943 19 16 30.5 Tcst stopped in sccond stage. 
13 no 26. 8 2. 75 1, 250 29.2 34.6 3, 194 39. 7 28. 1 37. 3 Test s topped in t hird stage. . 
14 no 27. 8 35 340 35. 7 37. 7 435 65 90 289 1'ested to complete fractu re. 
19 no 28.8 165 105 42.2 40. 9 123 62.5 89. 7 278. 6 Do. 
2l 250 16 0.33 ------ ------ ------ 2,472 8.94 8. 19 17. 4 Tcst stopped in second s tage. 
15 250 19. 2 1. 04 ------ ------ ------ 8, 454 23. 14 18.8 23.6 Do. 
22 250 22.4 10.1 1, 248 35. 7 30 1, 824 48.9 34.3 34. 1 T est stopped in third stage. 
23 250 24 130 134 41. 2 33.9 168 59.4 78. 7 112. 4 Tested to complete fracturc. 
16 300 16 1 ------ ------ ------ 3, 000 14. 43 12.6 18.3 Tested into second stage. Stress changed 

to 20,800 psi and tcst continued as 16A. 
a 16A 300 20. 8 24.5 ------ ------ ------ 193 22. 5 16.7 21. 4 1'cst sto pped in second stage. 

24 300 

I 

19. 2 8.3 990 25.4 24.1 1, 522 36.5 33 28.8 T ested to com plcte fracture. 
20 300 20.8 36.4 335 31. 4 27.5 439 46 46. 7 39 D o. 
li 300 21. 6 106 90 33.5 28. 9 154 59 61.1 55.5 Do. 

B . Cold ·drawn, 40·percent reduction of arca; ra te of loadin g, 5,333 psi/hr 

1 110 42.67 0.04 ------ ------ ------ 1, 778 0. 25 0.25 42. 8 Tcsted into second stage. S trcss changed 
to 46,330 psi and test continued as lA. 

b lA no 46.33 1.6 125 0.6 46. 9 194 20 83.6 282.5 Tested to complete fracture. 
2 110 44. 66 0. 63 587 . 69 45 600 0. 73 0. 7 45. 1 T ested s topped in t hi rd stage. 
3 110 46.33 1. 49 140 .50 46.6 236 18.5 84. 2 293.6 'r ested t o com plete fr acture. 
4 110 48 63.4 20 1. 3 48. 6 28 18.5 83.2 285.6 Do. 
5 250 32 0.20 1,900 0.72 32. 3 2, 041 0.73 0.89 33 T est sto pped in second stagc. 
0 250 37. 33 2.98 160 . 85 37.8 335 16 52.3 78.2 'rested t o complete fracture. 
7 250 40 19.7 50 1. 3 40.6 74 24 67.2 122 Do. 

250 42 80 13 1. 38 42. 6 18 18.5 78. 1 193.9 D o. 
9 300 26. 67 0. 36 1, 550 0.94 26.9 1, 701 0.98 0.79 26.9 T est stopped in second stage. 

10 300 32 2.64 220 .85 32.3 569 7 12.3 36.5 T estcd to complete fracture. 
n 300 36 18.5 60 1.4 36. 5 98 ]4.2 41. 5 61. 5 Do. 
12 300 37.33 180 4 1. 03 37.7 7 19. 5 78.3 172.2 Do. 

a For prior thermal-mccha n ical history, sce test 16. Fu]al stress of 4,800 ps i a pplied instantaneously . 1'emperature un chan ged througbout tbe test. 
b FOl' prior t hermal-m echanical history, see test 1. Final stress of 3,660 psi appli ed instantaneously . Temperature unchan ged throughout the test. 
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Creep curves of this type haye b~en observed by 
Burghoff and Mathewson [3] ~'lth sIl!gle ?l'ystals of 
brass, and Cottrell and Aytekm [4] wIth smgle crys­
tals of zinc. The sha.pe of the curve appears to 
indicate a localized softening effect followed by a 
s train hardening process that prevents fu~'t~ler 
extension in that region . However , the remammg 
regions in which the hardening process has bee?- no t 
so effective continue to extend at a rate suggestIve of 
the normal strain hardening-recovery process, which 
is known to exist during the third stage. 

Although the resistance to creep and to .fracture 
was significantly increased bv cold-drawmg, the 
copper (as compared to the ~llIlealed c<? n~itiOl:-), the 
uperiority in these propertIes as exl11bIted m the 

cold-drawn condition was attended by a marked 
decrease in plastic extension at each temperature 
used in the creep tests . . . 

The effects of rate of loachng on creep behaVlor of 
ingo t iron and on annealed c<?p'per have been pre­
viously described [2, 1] . AddItIOnal data obtallled 
on both annealed and cold-drawn copper are presented 
in figure 6 and tabl~ 2. The ext~ns~on-time curves 
for the annealed speCImens (fig. 6) llldlCate that, after 
an initial adjustment period (first stage) and at equal 
values of time, the creep rate at 300° F was greaterfor 
the specimen loaded in the usual manner than for the 
specimen allowed to creep for 3,000 hI' b~fore the 
application of the sam e stress (20,800 pSI). The 
extension-time curves obtained at 110° F on cold­
drawn specimens indicate that the creep .rat.e, for 
equal values of time, extensions at the begmnmg <?f 
third stage and at fracture were greaterJor the speCl­
mens loaded slowly than for the sp e~Imens .loaded 
relatively fast to a stress of 46,330 pSI; th e tIm e for 
initiation of third staae and to fracture was greater 
for the specimen load~d relatively rapidly. 

'While the obse['vaLions made on the annealed 
specimens appear inconsistent wi th some .of the 
previous resul ts, they also serve. to emphasIze ~he 
importance of tbe raLe of loadmg, togethe~' wIth 
temperature and strain rate on the mechamsm of 
deformation of high-puri ty copper. 

3.2. Influence of Stress· and Temperature on the 
Average Creep Rate in the Second Stage 

Th e relation between nominal 3 stress and creep 
rate (average in the second stage) at HOo, 250°, an.d 
300° F for both annealed and cold-drawn copper IS 
shown by the curves of figure 7. The smooth curves 
connecting tbe experimental values a~ plo tted on a 
semilog basis (fig . 7) 01: on a.1og-log basIs ( no~ shown) 
are nonlinear . Th e SIgmOIdal curves 0 b tamed for 
some of the test conditions (110° F) indicate the 
existence of threshold stresses below which the result­
ing creep rates arc nil . At relatively high. stresses, 
the ra te of creep at each temperature mcreased 
markedly with a further increase in stress. . 

Obviously the r esistance to creep was ma terIally 
increased by cold-drawing the copper 40-percent 

3 The nominal stress is defined as the stress obtained by dividing the current 
load by the original area or the specimen. 
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reduction in area (fig. 7). Tlus s up~r~ori~y of the 
copper in th e ilu tially cold-drawn concll tIO~ Increased 
as t he test temperature was decreased. Thus, pre­
straining aL a fa t rate at room temperat.ure (co~d ­
drawing) improves the creep streng th of I11gh-punty 
copper, and this or other. cold-wo~'king pl'o ces~e 
might be very useful ll1 certalll commerclal 
application . 

The greater r esistance to creep of the cold~drawn 
copper is still manifested even where companson of 
the creep rates of the two initial conditions is made 
on the basis of equivalent 4 tress values (fig. 8). 
If the second-stage cr~ep rate.s of. th e cop'pe~ were 
independent of the p1'1or stram ~story, SImilar or 
identical curves should be obtallled at each test 
temperature for both the annealed and cold-drawn 
specimens. At each tel!lperatUl:e, the strength of 
the cold-drawn copper IS supenor to that of the 
amlealed. 

Comparison .of the performance of tl?-e c~pper also 
can be convemently made on the basls of the true 
stress 5 at the beginning of the Llurd stage (ta:ble 2). 
Again, at each tempera Lure, the stresses requll'ed to 
produce equivalen t creep rates were g;r~ater for t~e 
cold-drawn than for the annealed condItIOn. As ,:vIll 
be shown later however , the increase in creep reSIst­
ance brough t ~bout by. cold-drawing ~he copper was 
attended by an appreCIable decrease III creep exten­
sion at the operating temperatures. 

• Equivalent stress is defined as t he stress .o]:>tained by d ividing t he current 
load by t he original area in the ann ealed eondltlOll (berore eold-d raw rng) . 

' The true stress is defin ed as tbe stress ob tamed by d Lvld mg tbe eUllen t load 
by tb e CWTent area or tbe specimen. 
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CTeep m te at dijJeTent tempemtuTes. 

3.3. Variation in Creep Rate With Plastic Extension 
and Time 

A number of theories have been advanced to 
explain the relationship between extension and time 
during the first stage of creep . Among the pro­
posals that have received considerable attention are 
those of Andrad e [5] and Mott and Nabarro [6] . 
Andrade's analysis postulates that in the transient 
portion of the creep curve (first stage) the strain 
varies linearly wi th the one-third power of the time. 
Application of this concept would require tha t all 
curves for metals and alloys in the transient region 
should have a slope of minus two-thirds when the 
logarithm of the creep rate is plotted against the 
logari thm of time . Accordillgl~7 , the slope should 
be independen t of test temperature and applied 
stress. Mott and Na barro , however , developed a 
theory for exhau stion creep in which the strain was 
found to be proportional to a value dependen t on 
th e applied shear stress, absolute temperature to the 
two-thirds power, and the logarithm of the time to 
the t wo-thirds power. 

The relation between cree p rate and time during 
th e first stage of creep of the annealed and cold­
drawn copper is shown in figure 9. Th e presen t 
results are consisten t with those previously shown 
[1, 2, 7]. For any constant temperature used , the 
creep rate-time cycles are more evident at the lower 
than at higher stresses, and the slopes of th e curves 
(as drawn through average values) tend to increase 
as th e stress is increased . Obvioll sl~T , th e slopes of 
these curves are approximately equal only when the 
mechanisms of deformation fo r the specimens under 
consideration are appro:\.'imately equivalent. 

I t has been suggested [1] that deforma tion during 
creep occurs by a discontinuous process. The rela-

T IME, MINUTES 

F I GURE 9. rariation in creep rate in the firs t stage with time 
at dijJerent temperatures and with dijJerent nominal stl·esses. 

tionship between creep rate and plastic extension 
occurring during creep of the cold-drawn copper is 
shown in figures 10, 11 , and 12 . The magnitud e of 
the creep rate-extension cycles is greater during the 
second stage than in either the first or third stage. 
At constan t temperature, moreover, th e magni tude 
a nd frequency of occurrence of these cycles are 
decreased as the st ress is raised . The rate of loading 
also affects the occurrence of these cycles, as is 
illustra ted by the two curv es in figure 10 for speci­
mens tested at a stress of 46,330 psi . These results 
confirm qualitatively those previously presented for 
ingot iron, annealed coppe~ , and cold-drawn alumi­
num, and lends further credence to th e belief that 
during second-stage creep th ere is a delay in th e 
balance between strain hardening and recovery. 

3.4. Effect of Creep Rate on Ductility 

Previous results [1] of creep tests made wi th 
annealed copper indicated that, in general, the 
extension at the beginning ot the third stage in­
creased with increase in creep rate (constant tem­
perature) and wi tIl a decrease in temperature 
(constant creep rate). However , i t was pointed 
out that the increase in values for extension at th e 
beginning of the third stage approached a limi t 
beyond which the extension would not increase wi th 
an increase in creep rate or a decrease in test tem­
perature. 

The relation between creep rate (average, second 
stage) and plast ic extension at the beginning of the 
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third stage of creep of the cold-drawn copper is shown 
in figure 13 . The genera l pattern of these curves, 
similar to those already presented, shows a series of 
reversals that depend upon the mod e of deformation 
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as affected by variations in both creep rates and in 
temperatures. That is, the bala nce between recovery 
and work -hardening of the ini t ially cold-worked 
copper varied with the strain rate and test tempera­
t ure in t,he creep tests. In some cases, recovery 
predomina t ed, whereas in 0 ther cases work -hardening 
either predominated or jus t balanced the effect of 
r ecovery. 

The effect of creep rate (average in second stage) 
on plastic extension and reduction of area at fracture 
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(ductility) of both the annealed and cold-drawn 
copper is shown in figure 14. R egardless of creep 
rate or temperature used, the plastic extension at 
fracture was significantly greater for the annealed 
~han fo~' .the .cold-drawn copper, but this superiority 
m ductillty III creep of the annealed condition was 
not always maintained when comparisons were made 
of the reduction of area values; at eq uivalent creep 
rates and a test temperature of either 250° 01' 300° F 
the valu es for reduction of area were nearly alike fo{' 
bo th conditions. 

For. the annealed copper, the values for plastic 
extenslOn at fracture were of the same order of 
magnitude for all conditions used, excep t two tests 
made at 300° F . At this temperature both the ex­
te.nsion ~nd redu.ction of area increased appreciably 
:Vlth an lllcrease III creep rate. At 1] 0° F , variations 
III creep rates over the range investigated had no 
material effect on the reduction of area. 

For the cold-drawn copper, the trend was for the 
ductility at fracture to increase with an increase in 
creep rate at 250° and 300° F; the plastic extension 
at fracture did no t materially change with an in­
crease in creep rate from 20 to 80 percent per 1 000 
~>. At 110° F , variations in cr eep rate had no appre­
Clable effect on the ductility. At equivalent creep 
rates, the trend was for the reduction of area to 
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FIGURE 15. Relation between true stress and strain at fracture 
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different lemperat1tres and creep rates. 

increase as the test temperature was decreased , but 
no consisten t relation was shown b etween the plastic 
extension at fracture and test temperature. 

3 .5 . Relation of True Stress to True Strain a t 
Complete Fracture 

The effect of plastic deformation on the fracture 
stress of sp ecimens tested at different temperatures 
and creep rates is shown in figure 15. At equal values 
for true-strain 6 in creep at fracture, the true-stress 
values for the cold-drawn copper are higher than 
~hose for the annealed copper. The gradual change 
III slopes of the smooth curves representing the locus 
of fracture in creep under varying conditions of 
temperature and strain rate indicate that there is a 
gradual change in mode of deforma tion during creep 
leading to fracture and in the mode of fracture of 
both the annealed and cold-drawn copper. However , 
the fact that no single displacement of values will 
cause the two curves to coincide supports the belief 
that these characteristics are affected by the prior 
strain history of the copper. 

3 .6 . Influence of Strain History on Recovery 

The effect of prior strain history on th e tress­
strain characteristics of annealed copper during 
unloading at the same temperature at which the 
c~'eep test was carried out, was discussed in a pre­
VIOUS paper [1]. Data obtained on additional 
specimens of annealed and of cold-drawn copper are 

, T rue strain at fract ure is the value obtained by taking thc naturallogaritbm of 
the ratio of tbe initial cross-sectional area of the specimen prior to testing in creep 
to the cross-sectio"al area of the specimen at complete fractUlc. 
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summarized in figure 16. The change in total 
extension (elastic and plastic) after completely 
unloading, was a maA'imum for the annealed specimen 
(curve 13) that was tested in creep with a stress of 
26 ,700 psi. at a temperature of 110° F to an extension 
of approximately 40 percent. The slope of the curve 
for the two cold-drawn specimens (curves 5 and 9) 
was nearly alike (except for the somewhat greater 
contraction of specimen 9 upon the removal of the 
last stress), but their slope was different from those 
obtained for the annealed specimens (curves 13 and 
15). This difference indicates that the recovery . 
behavior of the high-purity copper is affected by its 
prior strain history. 

3 .7 . Influence of Strain Rate, Temperature, and 
Deformation on Hardness at Room Temperature 

The rela tion of hardness at room temperature and 
r eduction of area to the dis tance from the fractured 
end of specimens tested in creep at 110°, 250°, and 
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300° F is given in figures 17, 18, 19, and 20. Pro­
vided n ecking occurs, it is to be normally expected 
that the hardness induced by deforming the copper in 
creep would attain a maximum in the vicinity of 
fracture (place of maximum deforma tion) and to 
decrease as the distance in the necked region is 
increased from the fractured surface. The pre ent 
results, however, similar to those obtained pre­
viously [2], show that the hardness-distance from 
fracture curves and the propensity for the copper 
specimens to neel" varied with the testing conditions 
(prior strain and mechanical history, strain rate, and 
temperature). Thus the maximum value for hard-
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ness obtained in one or more sp ecimens compnsll1g 
each of the three series of cold-drawn copper (figs. 17 , 
18, and 19, respectively) was not at its fractured 
surface. In general , the degree of necking increased 
with an increase in creep rate and with a decrease in 
temperature (fig . 22). 

For annealed copper (fig . 20 ), the hardness a t room 
temperature was a maximum in the vicinity of the 
fracture of a specimen tested in creep at 1100 F , but 
no material difference in hardness with distance from 
the facture end was obtained in a specimen tested at 
3000 F. Both of these specimens showed appreciable 
necking. 

The change in hardness at room temperature with 
deformation (reduction of area) as affectcd by creep 
rate and temperature is illustrated in figure 21. 
The general trend was for the induced hardness to 
increase with creep rate and decrease in temperature. 

3.8. Metallography 

The influence of creep rate , temperature, and 
deformation on the structural and fracture character­
istics of the ini tially cold-drawn copper is illustrated 
by representative photomicrographs reproduced in 
figures 23 to 27. The grains were elongated in the 
direction of drawing (figs . 23 , A, and 26, A), and the 
elongated grains were further elongated during creep 
(fig. 23 ) in the direction of the applied stress; the 
degree of elongation varied with the test conditions 
as fast rates and low temperatures both favored this 
condition . 

The fractures were predominantlv transcrystalline 
in all sp ecimens fractured in creep (fig . 23) , although 
some in tercrystalline cracking occurred at the de­
formation corresponding to th e beginning of the third 
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FIGU R E 21. Eifect of plastic defonnation at diiJerent iemper­
atures and creep rates on hardness at room temperature. 

s tage in a specimen tested at 300 0 F with a creep 
rate of 18.5%/1,000 hI' (fig. 24, F ). A general dis­
integration is evident even at the b eginning of the 
third stage in this latter specimen, whereas cracks 
of microscopic dimensions in specimens tested at 
110 0 or 250 0 F were confined principally to the vi­
cinity of complete fracture . Thus, the beginning of 
the third stage of creep was attended by cracks of 
microscopic dimensions (fig. 24, F) , but the presence 
of such cracks was no t a prerequisite for the initiation 
of the third stage of creep in the in itially cold-drawn 
copper (fig. 24 , E). Th e evidence thus indicates 
that under slow creep rates cracks are nucleated at 
various sites in the vi cinity of the axis of the speci­
men, and as the test continues these cracks grow 
and subsequently join (fig. 24, D ) to form the main 
path of the complete fracture. In creep tests made 
at relatively high rates and low temperatures, crack­
ing appears to be ini tiated solely at or near th e axis 
of th e specimen, and these cracks grow and extend 
ou tward to the periphery and the final fracture is 
that of the "rim." As the rim is the final section to 
fracture , th e "flow lines" formed during the progress 
of the fracture follow the contour of th e rim (figs. 
24 , B, and 25 , A). The formation of a "n eck" and 
th e accompanying rim is accentua ted by fast creep 
rates and low temp eratures (fig . 22). Hence. th e 
abnormal fracture stress often reported for high­
purity copp er can b e attributed partly to this char­
acteristic. When appreciable necking occurs, th e 
fracture is predominantl.\~ transcrystalline (fig. 23 ). 

The parent grains of the cold-worked copper (fig~ 
26, A) were also broken down during creep to sub­
crystals whose occurrence, size, and dimensions varied 
with the tes t conditions of temperature (fig. 26 ), 
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creep ra te (fi g. 27, A, and B ) and deforma tion (fig. 
27, C , and D ). In some cases, only a por tion of th e 
paren t grain broke clown into sub cr~Ts tal s (fi g. 27 , B ), 
and in other grains no su b crystals were observed 
(fi g. 26 , D ). The genera.! trend was for the size of 
th ese sub crys tals to increase with th e tes t temp era­
ture and deforma tion and wi th d ecrease in cr eep ratc. 
F or like tes t conditions, apparently th e size of th e 
sub erystals was appreciably smaller for ini tially cold­
dra wn than for th e annealed copper . This condition 
is b eliev ed to b e the r esul t of th e 40-p ercent r edu c­
tion by cold-drawing prior to testing in creep . 

F I e URE 22. S pecimens of cold­
drawn copper af ta fr acturing at 
differen t temperaltlTes and rates; 
X l . 
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Creep tes ts in tension were mad e at 110°, 250°, 
and 300°F on OFHC copp er ini tially as brigh t 
annealed and as cold-drawn 40-percent r cdu ction of 
ar ea . Microscopi c examination and hardness tes ts 
at room temp erature were m ad e to ascer tain some 
of the damaging effects due to prior creep . 

The p eriod of time to initia te th e third s tage of 
cr eep and fracture of cold-drawn copper increased 
with d ecrease in stress (cons tant temperature) or 
with d ecrease in temp erature (cons tant rate, average 
in second stage). 
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FIGURE 23. Structure of copper initially as cold-drawn itO-percent reduction of area and structures at fracture of specimens 
tested at di:D'erent temperatw'es and rates. 

Longitudinal sections etched in equal parts Nil,Oil and il20, (3%). 
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FIGURE 24. Effect of temperature, rate, and plastic defonnation on micl'ocracking of copper initially as cold-drawn -40-
pel'cent reduction of area. 

Longitudinal sections ncar axis of specimen except as indicated , etched in equal parts NU.OU and U ,O, (3%); X 100. 
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F ___________ _ 

Test 

Temperature 

OF 
250 
250 
250 
300 
300 
300 

Creep ratc 

%/1000 hr 
19. 7 
19.7 
2.98 
2. 64 

180 
18.5 

Remarks 

Structure at fracture. 
Sa me specimen as A; structure at "rim" surface. 
Structure 0.05 in. from complete fracture . 

Do. 
Structure corresponding to deformation at beginnillg of tbird stage. 

Do. 
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FIG URE 25. Effect of temperature and rate on structure of copper 1'nitially as annealed. 

Longitudinal sections A and B etched in equal parts NH.OH and H ,O, (3%) . Longitudinal section C and transYerse section D etcbed in 3.5 parts glacia 
acetic acid, 4.5 pa rts nitric acid (conc.) and 2 parts eth ylene glycol. 

'r' eSL I 
R emarks 

'r'emperatl1re Creep rate 
------------

OF %/1000 hI' 
A . .......... _ lJO :J5 X 100; structure at "rim" of fractured surface. 
B ........ .... 300 { 1.0 (a) X IOO; (a) 16,000 psi for 3,000 hI' ; (b) 20,800 psi for 193 hI' ; structure at 

24. 5 (b) 22.5·percent extension . 

C ............ 300 { 1.0 X 750; same specimen as B; longitudinal sect ion. 
24.5 

D ............ 300 { 1.0 X i50; same specimen as B; trans,'erse section. 
24 . b 
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FIG UR E 26. Effect of testing conditions on the structure of copper initially as cold-dmwn 40-pe1"Cent reduction oj aJ·ea . 

Lon!!:itudinal section s etched in 3.5 parts glacial acet ic acid , 4.5 parts nitri c acid (conc.), and 2 parts ethylene glycol, X 750. 

Test 
Remarks 

Temperature Creep rate 
-------------------------------------------

A ___________ .. 
B ___________ _ 
C ___________ _ 
D ______ ___ __ _ 

904063- 51---5 

OF' 

11 0 
250 
300 

%11000 itT 

1.49 
2.98 
2.64 

As cold-drawn 40-percent reduction of arca. 
Structure neal' ax is of specimen 0.1 in . from co mplete fracture. 

D o. 
D o. 
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FI GU RE 27. Effect of testing conditions and plastic deformation on stTUcture of copper initially as cold-drawn 40-percenl. 
reduction of area. 

Lon gitudinal sections etched i)) 3.5 parts glacial acetic acid, 4.5 parts nitric acid (cone.) , and 2 parts ethylene glycol. Xi50. 

A __________ _ 
B ___________ _ 
C ________ ___ _ 

D _____ ______ _ 

T est 

rrcmpcrature 

OF 
3JO 
300 
300 

110 

OrC3p raLe 

%/ 1000 hr 
18.5 

ISO 
18.5 

1. 49 

Remark s 

Structure at axis 0.1 in. from position of complete fracture. 
Do. 

Same specimen as A; structu re at axis 0.2 in . from position of com­
plete fracture. 

Structure at axis 0.2 ill . from position of complete fra cture. 
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The effect of ra te of loading on creep characteristics 
was influenced by the prior th ermal-mech anical 
history of the copp el'. 

Th e resistance to creep at all the temp eratures 
used was increased by cold-drawing th e copper prior 
to testing. This superiority in creep proper ties 
was more evident at relatively low than at high 
temperatures and creep rates. Plastic extension 
at the b eginning of the third stage and at fracture 
was greater for the annealed th an for th e cold-drawn 
copper , bu t the reduction of area values at fracture 
were similar. 

Conformance to existing th eories of transient 
flow (first stage) was found only in a limi ted numb er 
of cases, as the form of the extension-time curve in 
the first stage of creep was dep enden t on th e applied 
stress and th e test temperature. 

Discontinuous flow was evid enced in each of th e 
stages of creep and was fo und to b e dependent on 
th e test conditions, prior thermal-mech anical history, 
and stage of tes t. 

Th e general t rend was for th e fracture stress to 
increase as th e tru e sLrain at fracture increased . 
Fracture stres at equ al strain valu e was materially 
increased by prior cold-drawing. 

Increase in creep rate or decrease in test Lemp era­
ture generally caused an increase in hardn ess at room 
temperature. 

Th e degree of n ecking; the tend ency toward th e 
formation of a rim at fracture; the tendency toward 
transerystalline eparation of the p arent grains; 
th e absence of cracks in regions away from com­
plete fracture; the number and prominence of strain 
markings; and the tendency toward forma tion of 
ubcrystaJs of smaller size a a result of plastic 
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deformation ; all increase with decrease in test 
temperature or increase in cr eep rate. 

Cold-drawing prior to th e creep test app ears to 
alter th e region in which transcrystallin e fracture 
occurs. Th at is, transcrystalline Jracture predomi­
nates at high er LemperaLure and lower cr eep rate 
for the cold-drawn than for the annealed copper. 
Furthermore, for similar test condition , Lh e size 
and numb er of sub crystals evident in th e grain 
after the creep tests are decreased by cold-d rawing 
the copper prior to testing in creep . 

The authors are indebted to C. H . J ohnson for 
assistance in this investigation. 
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