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Infl uence of Prior Strain History on the Tensile Properties 
and! Structures of High-Purity Copper 

William D. Jenkins and Thomas G. Digges 

Tensil e t ests were made at room temperature on oxygen-free high-conductivity (OFR O) 
copper initially as annealed, as cold-drawn different amounts, and as prestrained in creep 
at noo, 250 °, and 300° F . 

The shape of the true st ress-st ra in curves obtained on copper cold-drawn 34-, 40-, and 70-
percent reduction in a rea indicate a strain aging effect in the specimens when subj ected to 
stresses in t h e vicin ity of the maximulll load. Thi s phenomenon of strain aging is lI suall y 
more close l ~' associa ted with a lloys of the ferro us type t han with a hi gh-purity nonfe rrou s 
metal. The p resent results show t hat t he st rengt h, du ctili ty, and hardness of the copper is 
markcdl", afl' ected by its prior s tra in hi story . The test co nditi ons a re co rrelated with t he 
te nsilc pr'operties, hardn ess, necking characteri stics, formation of microcracks, a nd s ub
st ructurcs . 

1. Introduction 

The tensile and other pl'operties at room tempera
ture of bo th annealed and cold-drawn high-puriLy 
copper were determined as a par t of the Bureau's 
research in vesLigations of the mechanism of creep 
and of the effects of subzero temperatures on the 
mechanical properties of metals and alloys. The 
creep behavior of this same lot of copper as annealed 
and as cold-drawn 40-percent reduction in area and 
the influence of low temperatures on the true stress
strain relaLion in tension of the annealed copper ha lTe 
been discussed in previous publications [1, 2, 3. I J 
The res istance to creep and to fracture at moderately 
ole ITa ted tempera tures was rna teriall~' in creased by 
cold-drawing the copper , but this superiori ty was ac
complished by a decrease in ductili t:I-. The strain 
history of the copper also affected the degree of dis
sociaLion of the parent grains into sub ize gr ains 

during creep and the type of fractm e. However , 
the strength in tension of the annealed copper 1l1-

creased continuously with a decrease in temperature 
to -:- 320° F withou t any impairment of its ductili ty. 

The present tests were made Lo evalu aLe th e effec ts 
of prestraining differen t amounts in creep und er 
tension at 110°, 250 °, and 300° F and of cold-draw
ing on the tensile proper ties at room temperature 
and on the hardness and stru ctures produced in the 
fractured specimens. The straining treatments used 
prior to testing the specimens in tension at room 
temperature arc summarized in table l. 

2 . Material and Procedures 

All the specimens were prepared from 13/ 16- or 
7/8-in . diameter bars processed from one lot of 
o"-J'gen-free high-conductivity (OFHC) copper con
taining 99.99 + percent of eopper. The four bars 

T ABLE 1. Strain history of specimens prior to testing in tension at room temperature and reference to the figw'es used in the text 
f or summarizing the test data 

Ini tia l con dit ion 
'rempel'

aturc 

Oreep test 

Hate I P last ic ex· 
tension 

----1.----: 

Al ; ann ealed 8000 F ... _ .......... _._ ............... _ ...... _ .. 
Do .............. _._ ............ _ ........................ · 
Do . . ... _ .... _ .. _ ............ _._._ ........... _ ........ ... . . 
Do ............. _._ ............ _ ............... _ ........ . 
Do ..... _ ....... _ .............. _._ ....................... .. 

A 1; ann ealed 8000 F; strained Q% in tension at rOom tempera-
Lure _____________________ __ _____________________ ______ ----- -

OF 
None 

110 
110 
250 
250 

250 

A2; cold -drawn 34% reduction in arel_________ _______________ None 

%lfOOOhr 
None 
2. 75 
1. 08 
10.1 
1. 04 

1.1 

None 

% 
None 
39, 7 
19.0 
49.0 
23.1 

7.0 

N one 

A3; rg~~::l~~a.~'~:~. ~'~~.~~~i~~~~~'. ~~'~~:::: : ::::::::::::::::::: .... D2~"" · .. ·Od~O ·· .. "-'oclk--' 
1)0 ............. _ ...... _ .... __ ...................... .... . 300 ,36 ,98 

Do .............. _ .. _ ... _._._._ ......... ··_········ .. · ... · U6~ 200~3 2: ~3} 

TIl ; cold-dl'a\\11 70% reduction in area_____________ _______ ____ None Non e Non e 

'l'ensile properties 
and hardness 

1, 2, 3, 5, 7, 18, 19 
3, 5, 19 
19 
18, 19 
3, 5, 18, 19 

1,2, 18, 19 

1, 2,4, 5, 18, 19 
4, 5, 18, 19 
4, 5, 18, 19 

4,5,18,19 

1, 2, 18, 19 

131; cold·drawn 70% red uction in area; then annealed 13000 F . __ . . do ........ .. . do .......... do ..... 7, 8, 18, 19 

·Figures in brackets indicate the Ii terature references at the end of this paper. 
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l"igurc reference 

Stru ctures 

GA 
913 , 11A, 12A, 14A, 170 
90 
120,14D 
9D, lOB, 11B , 120 , 140 , !GA, 17D . 

12B , l m 

6B, 130 

!l0, 15A. 17E 
9E , 111) , 13.'1., 1513 , 16B 
9F , 100, IlE , 150, l71<' 

90, Il l?, 1313, 151) 

GO, 13D 

6D, 9A, lOA. 160, 160 ,17.'1. , liB 



used were pI~ocured in conditions as follows: 
A. Bright annealed at 800 0 F for 1 Ill': 

1. As annealed __ _______ 0.025-mm average 
grain diameter. 

2. Cold-drawn ______ ___ _ 34~percent reduction 
In area. 

3. Cold-drawn ___ __ _____ 40~percent reduction 
]n area. 

B. Bright annealed at 11500 F for 50 min (0.045-mm 
average grain diameter): . 

1. Cold-drawn __________ 70 ~percent reductIOn 
m area. 

Tensil e specimens, 0.505 in. in diameter "lith 2-in. 
gage length, were prepared from the above bars. 
In addition, a portion of the bar cold-drawn 7C 
percent (condition Bl) was reannealed in the labora
tory at 1,3000 F in ail' for 1 hI', thereby producing 
an average grain diameter of 0.120 mm, before 
preparing the tensile specimen. Some tensile speci
mens prepared from the bars as annealed at 800 0 F 
and as cold-drawn 40 percent (conditions Al and 3, 
respectively) were strained in creep at various 
temperatures before fracturing them in tension at 
room temperature. 

The tensile tests were made at room temperature 
at a rate of approximately I-percent reduction of 
area per minute. A micrometer was used to follow 
the change in diameter of the tensile specimen during 
t he testing. Simultaneous observations were made 
of the minimum diameters and loads . 

Two flats were prepared approximately 0.2 in. 
apart, diametrically opposite, symmetrical to and 
parallel to the longitudinal axis of the fractured 
specimen. Rockwell hardness (F scale, 60-kg load, 
1/16-in.-diameter ball) readings were made at various 
points along the center line of each flat. Specimens 
were also cut from the bar cold-drawn 70 percent 
for use in determinipg the effect of annealing tem
perature on its grain size and hardness. 

3 . Results and Discussion 

3.1. Effect of prestraining on tensile properties 

a. Cold-drawing a t room temperature 

The relations between true stress and the total 
true strain 2 (due to cold-drawing and tension) for 
pecimens of copper as annealed and as cold-drawn 

different amounts are shown in figure 1. The true 
stress at the beginning of plastic defo~'mation i!l 
tension, and the true stress and true stram at maXI
mum load increased with an increase in the amount 
of cold-drawing. The values for true stress at the 
beginning of fracture in each specimen as anneal~d, 
or as cold-drawn 40 or 70 percent, were nearly alIke 
but cracking started at a somewhat lower value 
of stress in the specimen cold-drawn only 34 percent. 
However, the total true strain at the beginning of 
fracture of this specimen was about the same as 
that of the specimen as annealed or as cold-drawn 
40 percent. In this series of tests the total strain 

2 "True strain" is defined as the naturallogaritbm of the ratio of the initial 
cross-sectional area (A o) of the specimen to its current minimum cross-sectional 
area (A ). 

at the beginning of fracture attaincd a maxm1Um 
in the specimen cold-drawn 70 percent. 

The observed differences in the relative positions 
and slopes of the true stress-strain curves can be 
partly ascribed to variations in the stress system 
during plastic deformation in tension in addition 
to variations in the degree of strain hardening in
duced by cold-drawing. For the annealed specimen, 
the deformation was essentially by unidirectional 
tension for stresses up to the maximum load . As 
the specimen began to neck at this point, further 
deformation was under a triaxial stress system. 
This triaxiality results in modifying the position 
of the curve to higher values of stresses for similar 
strains than would have been t he case had deforma
tion to complete fracture been under a unidirectional 
system. Similarly, necking began at maximum load 
in each of the cold-drawn specimens and thereafter 
deformation was by triaxiality. The effect of tri
axiality, however, varied with the amount of cold
working and thereby affected the stress-strain 
relationship. Furthermore, some triaxiality also 
existed during cold-drawing, and this is a factor 
that would be expected to decrease the value of 
the stress at the maximum load. Obviously, some 
strain hardening occurred during cold-drawing, and 
the capacity of the copper to further strain hardening 
was thereby reduced. 

Thc effect of cold-drawing on the hardness and 
tensile propcrties of the copper is shown by the re
sults given in figure 2. The yield strength, tensile 
strength and hardness increased at a decreasing rate, 
with an increase in the amount of cold-drawing. 
The plastic extension in tension, however, was mater
ially decreased by cold-drawing, but the magnitudes 
of the decrease in plastic extension and of the increase 
in hardness were not significantly affected by varying 
the degree of cold-working froIl). 34 to 70 percent. 
For example, the plastic extension at maximum load 
did not exceed 1 percent in any of the cold-drawn 
specimens but was about 30 percent in the annealed 
specimen. Thus the improvements in strengths 
and in hardness by cold-drawing the copper were 
accompanied by an impairment in its plastic exten
sion in tension at room temperature. 

b. Cold-working in creep a t different temperatures 

(1) Initially as annealed. The influence of strain
ing specimens of the annealed copper in creep at 1100 

and 2500 F on the true stress-true strain relation at 
room temperature is shown by the curves in figure 3. 
The curves for the specimens prestrained in creep fall 
somewhat below that of the annealed specimen. 
However, the true stress at maximum load (point M) 
of the annealed copper was increased slightly by pre
straining 23.1 percent in creep at 250 0 F and further 
increased in another specimen strained 39.7 percent 
in creep at 110 0 F before fracturing in tension at 
room temperature. The curves for stresses from the 
maximum load to the beginning of fracture for the 
two specimens prestrained in creep were nearly alike, 
but the specimen prestrained at 250 0 F began to 
fracture at considerably lower stress and strain than 
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did Lhe specimen prestrained in creep at 1100 F . 
The stress required to initiate fracture in the latter 
specimen was only slightly less than that of the 
annealed specimen and th e corresponding total 
strains at this point were nearly alike for the two 
pecimens. Although the specimen prestrained at 

1100 F was strained into Lhe third stage of creep, th e 
curve indicates that its mode of deformation in ten
sion at room temperature was similar to that of the 
annealed specimen ; however, straining th e specimen 
into th e second stage of cr eep at 2500 F was believed 
to be sufficien t to initiate cracks of submicroscopic 
dimensions, and t h ese possibly are partly responsibl e 
for its restricted ductility at room tempera ture. 
These assumptions are supported by the evidence 
obtained from a m etallographic examination of the 
fractured specimens. In the specimen prestrained 
23.1 percent at 2500 F , numerous crack were ob-
eryed in the region adj acent Lo and at some distance 

(unnecked por'lion of the specimen) from complete 
fracture (fig. 12C), whereas in th e specimens pre
strained 39.7 percent at 1100 F , the microcracking 
was confined Lo the r egion of complete fracture 
(fi g. 12A); the mode of fracture of the laLter specimen 
was similar to that previously described for an an
nealed specimen [1]. 

Straining th e specimen 23.1 percen t in creep at 
2500 F also lowered appreciably both the true stress 
and th e strain at complete fracture in relation to 
those of th e specimens as annealed or as prestrainecl 
39.7 percen t at 1100 F. 

(2) Initially as annealed and then cold-dmwn 40 
percent. The effcct of prestraining the cold-drawn 
copper in creep at different temperatures on some 
tensile propert ies at room temperature is shown in 
figure 4. The strain in creep at moderately elevated 
temperatures resulted in some modification of the 
posit ions of the true stress-strain eUl'ves at room 
temperature for values of true stresses below 65,000 
psi. In this range of stresses, the curves for the 
specimens prestrained in creep fall somewhat b elow 
that of the specimen as cold-drawn. At true stresses 
of 65,000 psi, or higher, the true stress-strain curve 
of the specimen strained 0.73 percent at 1100 F , and 
then 2.8 percent at 3000 F nearly coincided with that 
of the specimen as cold-drawn. The values for true 
stress at maximum load, and true stress and strain 
at the beginning of fracture were also similar for 
these two specimens, but the values for stress and 
strain at complete fracture were lower in the specimen 
strained in creep. 

Pl'estraining a specimen 0.73 percent at 2500 F and 
another specimen 0.98 percent at 3000 Flowered 
somewhat the true stresses at maximum load and 
appreciably decreased the true stresses and strains 
at the beginning and at complete fracture. The 
decrease in stresses and strains at fracture was con
siderably more pronounced in the specimen pre-
trained at 3000 F than in the specimen prestrained 

at 2500 F . The values of stress and strain at com
plete fracture of the former specimen were lower than 
the corresponding values at the b eginning of fracture 
for the latter specimen. Thi deterioration, as shown 

in the tensile properti es at room temperature, is 
believed to be clue partly to thc initiaLion of cracks 
of submicroscopic or possibly micro copic dimension 
(fig. 15, C) by the presence of tensile stresses induced 
in creep . Moreovet;, the tendency towards brittle 
fracture was increased by increasing the temperature 
of the creep test from 2500 to 3000 F and adju ting 
the stresses to produccd stmin. rates of 0.2 to 0.4 
percent/1,000 hr . (figs. 11 , D and E ). 

The true stress-strain curves at small sll'a ins of 
the annealed and cold-drawn coppcr s pecimens arc 
reproduced on an enlarged scale in figure 5. The
reversal of curvat ure of the curve for Lhe cold
drawn specimen not pl'estrained in creep indicates 
tha t an aging effect took: place subsequ en t to the 
cold-drawing operation (fig . 5, A). This ini tial 
effect is in con trast to the recovcry behavior usually 
associated with nonferro us metals such as aluminum 
[4] after cold-extending and appears to be more 
closely associa ted with the s train-agi n.g behavior of 
alloys of thc ferrous type [5]. The r esidual stresses 
du e to cold-drawing and aging of Lhe copper are 
par tly relieved after the specimen has been deformed 
sligh tly past its maximum load. This caused a 
lowering of the true stress valu es over a limi ted 
range of increasing strains. This efl'ect of aging is 
less pronounced bu t still present, as is shown by the 
positions of the true stress-strain curves for the Lwo 
cold-drawn specimens pl'estrainecl in creep at 2500 
and 3000 F to true str ains of less than 0.01 . The 
relief of the causes of th e aging phenomenon appear 
to be more pronounced for the sp ecimen prestrained 
a t the higher temperature even though the creep 
stra,in was slightly less. The true stres -strain values 
for the specimen prestl'ained in creep at 1100 and 
at 300 0 F to a higher strain value how a pronounced 
recovery characteristic, as evidenced by a decrease 
in true stress values at small strains. This effect, 
however, was followcd by rapid strain-hard ening in 
contrast to the other two specimens whose rate of 
strain-hardening was approximately equal to that 
of the cold-drawn specimen in the region from the 
inflection range up to a true str ain value of about 
0.15. A relief of internal stress followed by rapid 
strain-hardening is also shown by the position of the 
true s tress-strain curve for the annealed specimen 
that was prestrained in creep at 2500 F , whereas 
aging appeared to predominate for the specimen 
prestrainecl in creep at the lower temperature (fig . 5, 
B ). The recovery phenomenon associated with 
straining in creep above the temperature that was 
used in the tensile tes ts is further illustrated by the 
values labeled el, e2, etc. in figure 5. The broken 
lines intersecting the true stress-strain curves at el, 
e3, e5, ... are in each case the extrapolation of the 
linear portion of the corresponding true stress- train 
curve for a specimen prestrained in creep . The 
points e2, e4, e6 represent the trains actually obtained 
at the corresponding stress. In spite of the fact 
that the true stress-strain curve was lowered con
siderably for the specimens prestrained at 1100 and 
3000 F to about 0.09 strain (fig. 5, A ), the attainment 
of the s.tress at elO, corresponding to the stress of the 
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cold-drawn copper at e9, took place a t a much smaller 
change in strain than similar attainments for the 
other two specimens (es and e7, and e6 and e5)' How
ever , prestraining in creep to differen t s trains at 
different temperatures had no appreciable effect on 
the initial recovery characteristics of the annealed 
specimens wh en th e relationships are evaluated by 
this means. A comparison of the properties a t small 
s trains with the true stress-strain rela tionships, 
shown by figures 3 and 4, indicates tha t the instan ta
n eous strain tate of the material does no t n eces
sarily predict the subsequen t flow proper ties. 

Burghoff and Blank [6] extended cold-drawn spec
imens of oxygen-free copper in creep at 300 0 and 
400 0 F prior to testing in tension at room temperature. 
The tensile strength was materially decreased and 
the elongation was increased in specimens initially 
cold-drawn 84 percen t after exposure of 6,500 hI' a t 
300 0 or 400 0 F , with zero or small s tresses. Partial 
or complete recrys talliza tion occurred in the spec
imens exposed at 300° or 400 0 F . 

Some s tr ain-aging effects, associated wi th OFHO 
copper have recen tly been discussed by Lubahn [7] . 
F rom results of room-temperature tensile tests, inter
rup ted by v ar ious h eat treatl11.en ts, he suggests tha t 
the aging process m ay be associated wi th (a) yield
poin t phenomenon, (b) increase in ±low stress, (c) 
discontinuous yiclding, and (d ) abnormally low ra te 
sensitivity. 

3.2. Effect of grain size 

A change from 0.025 to 0.120 mm in the average 
diameter of the grains in the annealed copper (fig. 6, 
A and D ) caused a decrease in the y ield strength 
(0.2% offset) from abou t 11 ,000 to 6,000 psi, a 
sligh t lowering of the true stress-strain curve for 
stresses in the region of strain below 0 .15, and a de
crease in the stess and the strain a t the beginning of 
fracture (fig . 7). H owever , the tensile strength and 
the strain at this stress were no t affected by the 
increase in grain size. 

The effect of ann ealing temperature (1 hI' at tem
perature) on the gr ain size and hardness of the copper 
cold-drawn 70 percen t from an average grain diam
eter of 0.045 mm (condition B1), is shown in figure 
8. I ncreasing the annealing temper ature from 800 0 

to 1 100° F r esul ted in a sligh t increase in grain size. 
The'size of the grains con tinued to increase gradually 
as the temper ature was fur ther increased to .1 ,200 0 F 
and then increased markedly at an annealmg tem
per ature of 1,300 0 F . This grain gro'~th and recove~y 
was accompanied by a correspondmg decrease m 
hardness of the recrystallized specimens. 

The features observed in n ecking and fracturing 
t he specimens in tension at room temperature can be 
convenien tly classified into three groups, as illustra ted 
in fi o-ure 10, A, B , and O. All the specimens frac
t ured at room temperature were of the ductile, or 
fibrous type, bu t t he values for strain and reduction 
of area' varied appreciably wi th the prior-strain his
tory. Roughing of the surfac.e, n ecking d?wn to 
nearly a point and then. fra?turmg. at approxlm~tely 
r igh t angles to the longituchnal aXiS of the specllllen 

(fig. 10, A) were characteristics of all specimens no t 
strained prior to t esting in tension a t room temper
a ture. Possibly the relatively large grains contrib
u ted to the exceE'sive roughing of the surface in 
the r egion of the fracture of this par ticular speci
men . The appearance of the surface a t and near the 
frac ture of the specimens pl'es trained by cold-drawing 
and in creep is represen ted by the specimen shown 
in figure 10, O. Some roughening of the surface is 
eviden t in thi s specimen , but i t is considerably less 
pronounced than that of t he specimen no t prestrained 
in creep (fig. 10, A) . The fractures of the prestrained 
specimens were usually in a plane about 45° to 60° 
to the longitudinal axis. No macro cracks were ob
served in the surfaces near complete frac ture of the 
specimens shown in fig. 10, A and 0 , but there was 
some evidence of their presence in B . ;"{oreover , 
macro cracks were prominen t in an initially annealed 
specimen after being strained to complete frac ture 
in creep at 300° F (figure 10, D ). 

An end view of some of the fractured specimens is 
given in figure 11 . The cavi ties located in the center 
reo-ions and their relative absence near the outer sur
fa~e ' support the belief that cracking was initia ted 
near the axis and the outer surface was the position of 
final rup ture. 

3.3. Effect of prestraining on structures 

a. Necking and fracturing characteristics 

Figures 9, 10, and 11 are pho tographs of some of 
the specimens selected as representative of the neck
ing and fracture ch aracteristics as affected by prior 
strain history. As all of th e specimens showed some 
necking (fig. 9), i t is believed that cracking event ually 
leading to failure started at th e axis of each specimen 
and progressed out ward, and the final fr acture was 
that of th e "rim" at th e surface. However , the de
gree of necking and the magnit ude of the rim effect 
of th e specimens were influenced by th e amount , 
rate, and temper ature of prestraining. F or example, 
an init ially annealed specimen prestrained 39.7 per
cent extension in cr eep at 110° F developed both a 
relat ively pronounced n eck (fig. 9, B) and rim (fig. 
11 , A), whereas th e specimen cold-drawn 40-percen t 
r eduction of area and th en strained in creep only 0.98 
percent at 300 0 F developed a relatively small neck 
(fig. 9, F ), a small rim (fig. 10,0 and fig. 11 , E ), and 
fractured in a r elatively bl'ittle mannel' . As th ese 
t wo specimens wer e processed from the same lot of 
copper and tested in ten sion at room temperature a t 
the same strain rate, th e defference in ductilit~T at 
fracture must be attributed to changes brought abou t 
by th e differen t methods of prestraining. 

b. Rim formation and microcracks 

The influence of prestraining on the formation of 
microcr acks and the flow charac teristics at the rim 
in the r egion of complete fracture in tension a t room 
tempera ture is shown by the pho tomicrographs of 
figures 12 and 13. (No microcracks were eviden t 
near the surface or axis of the annealed specimens 
not prestrained in creep .) Furthermor e, i t ,,'as 
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possible to strain a specim en at 110°F into the tmrd 
tage of creep wit hout the development of numerous 

mi crocracks, except in the vicini ty of complete frac
t ure, in subseq uen t fracturing at room temperature 
(fig. 12, A ) . . ~Iicrocracks were no t observed in 
ano ther specimen (fig . 12, B) prestrained only into 
Lbe second stage of cr eep at a somewhat high er 
temperature (250 ° F). However , a general disinteg
ration is shown in two other specimens that were 
prestrained at 250° F into either the second or third 
stage of creep (fig. 12, C and D ). As previously 
pointed out [2), the presence or absence of micro
cracks in specimen s fractured solely in creep depended 
upon the initial condition of the copper, the creep 
rate, temperature, and amount of extension in creep ; 
relatively slow CTeep rates, high temperatures, and 
increase in amount of extension into the third stage 
of creep favored a general disintegration. 

R elatively few microcracks are eviden t neal' th e 
udace of the copper that was cold-drawn before 

testing in tension (fig. 13) even when the specimens 
were prestrained into third stage of creep (fig. 13, A 
and B). The effect of prestl'aining at the higher 
temperature (fi.g. 13, B ) seems to promote a grain 
recovcry effect causing a healing of the brokcn bonds 
to take place and thus a restoration of ductili ty and 
trength (fig. 4) . Limi ted grain fragmen tation and 

the alinemen t of the grains in a wavy m anner r esul ts 
from cold-drawing the copper 34-percent reduction 
of area prior to tcsting in tension (fig. 13, C), whereas 
further cold-drawing to 70-percen t redu ction in area 
(fig . 13, D ) appeared to r esul t in considerable grain 
fragmentation and an increase in tensile str ength and 
in total ductility at fracture (fi.g. 1) . 

c . Microcracks and structures at axis 

S tructures at th e surface do not necessarily refl ect 
the How character istics in th e interior of these speci
m ens as the str ess systems in these regions are dif
ferent. However, as shown in figures 14 and 15, 
microcracks are eviden t ncar tb e ax is of all th e speci
m ens that showed the tendencv toward crack forma
t ion n eal' the surface (figs. 12" and 13). R elatively 
few cracks are visible in th e annealed specim en pre-
trained at 110° F to a large strain (fi g. 14, A) or at 

250° F to a small strain (fig. 14, B ). A number of 
of cracks are evid ent at th e axis of th e specimen pre
trained in creep into th e second stage at 250° F 

with a slow creep rate (fLg. 14, C) and of anoth er sp ec
imen prestrained into the third stage of creep at the 
am e temperature with a faster creep rate (fig . 14, D ). 

However , the contour of tb e cracks is differen t, prob
ably due to the different mechanisms of crack nucle
ation in cr eep and su bseq uen t growth in the tensile 
test. 

Th e effe ct of prior strainin g on the formation of 
microcracks at th e axis of the cold-drawn copper is 
shown in figure 15. Some mi crocracks of elliptical 
shape are evident in specimens no t strained in cr eep 
(fig. 15, A) , bu t these ar e much smaller than the 
cracks in a specimen prestrained in creep at 250° F 
to a small strain (fig. 15, B ). The type of fracture 

and the sh ape of th e mierocracks appear Lo be a f
fected s ign ifican tly by raising the crerp test tcmpera
t m e (fig. 15, C) withou t appreciable change in creep 
rate 0 1' in plastic strain. Straining in ereep at a 
high er temperature (300° F) and at a faster rate 
after prestraining at 110° F to a small strain valu e 
seems to cause an effect that is reHected in th e ab
sence of microcracks even in th e region of complete 
fracture at room temperature (fig. 15, D ). 

A further indication of the effects of prior history 
on th e internal structure and the initiation and 
growth of microcracks is shown in figure 16. The 
presen ce of microcracks in the regions representative 
of structure at t he limit of uniform strain (fig. 16, 
A and B , several cracks are enclosed in circles) indi
cates that a partial disintegration was evident 
throughout tb ese specim ens. As no microcracks 
h ave been found in an~T of t he copper specimens 
previously strained into t he second stage of creep [1 , 
2], it is believed that th e co ndit ions for crack forma
t ion are init iated during the second stage of creep, 
and with a continu ed st raining in tension at room 
temperature th e cracks grow to such a size that the 
flow properties of th e coppe r arc affected. R epre
sentative structure in the unnecked portion of the 
specim ens not tested in creep is shown in flgure 16, 
C and D. No microcracks were evid en t in t his 
region of eitber this specim en 0 1' of any of t he speci
mens not prestrained under creep condit ions. The 
l'elative straightness of portions of t ho twins and the 
difference in orientation be tween th e twins and the 
surrounding material (fig. 16, .D) indicate that th ese 
are annealing twins that were nucleated at a grain 
boundary (lower arrow) and grC'w toward another 
boundary (upper arrow) of th e gra ins. During 
deformation portions of th e annealing twins were 
bent, thu s indi cating t hat they arc du ct ile (fig . 16, 
C). 

d. Substructures 

The effect of prestrallung on. th e formation of 
substructures is shown in figure 17 . E tch patterns 
representative of th e initially aml ealed stru cture are 
shown in figure 17, A. It has been previously 
poin ted out [8] th at t he size of th ese substru ctures is 
inHuenced by the temperature of annealing and that 
the tendency toward formation of substructures of 
smaller size during deformat.ion increased with 
decrease in test temperature and with increase in 
creep rate [1 , 2] . However , the latter observations 
were based on tests carried to completion in creep 
tests only. The present tests show that th e sizes of 
th e substructures in the copper were m aterially 
reduced by testing in tension at room temperature 
only (fig. 17, A and B ). It is also evident that both 
the size a:fl.d distribution of the substructures are 
affected by t he temperat ure, creep ra te, or strain in 
creep prior to the tensile test (figs. 17, C, D, E, and 
F). Bot.h high temperatures and slow strain rates 
appear to increase the tendency toward the forma
t ion of a large number of these su bstru ctm es. 
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3.4. Effect of prestraining on specimen contour and 
on hardness at room temperature 

The relation of r eduction of area to distance 
from the fractured surface and to hardness at room 
temperature, of specimens tested in tension at l oom 
tempera ture, as affected by prestraining, is shown 
in figures 18 and 19 . The distribution of ductility 
as measured by th e reduction of area values along 
th e specimen was materially affected by cold
drawing th e copper prior to testing in tension 
(fig. 18, A) but increasing the amount of cold-draw
ing from 34- to 70-percent reduction of area had no 
appreciable effects on th e final conto ur of the surface 
of th e specimen. Annealing at 1,300° F appeared 
to restore the original necking characteristics so 
that ~he curve n early coincided with th e curve 
obtained with the specimen annealed at 800° F 
(fig. 18, B) . However , when specimens cut from 
the latter bar were strained in creep before the 
room-temperature tensile test , a more brittle type 
of fracture, as shown by decr ease in sharpness of 
the neck (fig. 18, C), was obtained . This tendency 
toward britt le fracture was also evident in the cold
drawn specimens after straining in creep (fig. 18, D ), 
and was promoted b~' an increase in creep tempera
ture or by a decrease in cr eep rate . 

The effect of prestraining on th e relation between 
h ardness at room temperature and reduction of 
area is shown in figure 19. The trend was for the 
hardncss to increase with increase in reduction of 
area up 1,0 valu es of abo ut 35 perccnt for th e ini
t ially cold-drawn and 50 percent for th e initially 
annealed specimens. Thereaftm, the hardness either 
remained constant or decreased 'with an increase 
in r eduction of area. The specimen initially cold
dl'awn 40 percen t (fig. 19, A) had numerous cracks 
in the region corresponding to 50-per cent r eduction 
of area (fig. ] 5, A) . R eannealing at 1,300 OF 
after cold-dra wing 70 percent caused a loweting 
of the hardness, at all strains, to values approxi
mately the same as those of the specimen initially 
annealed at 800° F (fig. ]9 , B) . The average 
grain diam eter of the specimen annealed at 1,300° F 
was abou t five t imes that of the specimen annealed 
at 800° F (0.120 a,nd.025 mm , respectively). Strain
ing in creep at 110° F to an extension of 19 percent 
had no appreciable eff ect. in lowering the hardness
r eduction of area curve of the initially annea~ed 
specimens (fig . 19 , C) . However , the relatlV,l}o 
posit ions of the hardness-reduction of area curves 
and the peak-hardn ess values were altered by 
straining in creep at higher temperatures or to 
high er strain values (fig . 19, C and D ) . Several 
factors, such as differences in th e stress systems, size 
and di stribution of the microcracks and substru c
tures, appear to influence th e hardness values of 
th e copper. 

4. Summary 

T ensile tests were made at room temperature on 
OFHC copper initially as annealed, as cold-drawn, 
and as prestrained under creep conditions. ~licro-

scopic examinations and hardness tests were made 
at room temperature to ascertain th e eff ects of the 
prior thermal-strain history on the structure and 
hardness. 

Yield strength, tensile strength, initial hardness, 
true stress at maximum. load, increased with incr ease 
in prestraining by cold-drawing; thi.s superiori ty in 
the strength and hardness proper tlCs was accom~ 
panied by a decrl9ase in ductility at maximum load 
and at fracture. 

The general trend was for a decrease in th e flow 
stress, fracture stress, and ductility as the pre
straining temperature in creep increased and the 
creep rate decreased. 

Aging, clu e to prestraining, and recovery we!'e 
evidenced by the shap e of the true stress-stram 
curves. 

The degree of n ecking and the tendenc.v for th e 
forma tion of a rim at fracture increased with a 
decrease in prestraining temperature or with an 
increase in prestraining rate. However, the tenden
cy for r ecovery, disintegr ation by micro cracking, and 
the size of substru cture were increased as th e prc
straining temper ature was incren:sed. Microcra~k~ng 
also was increased by decr easlIlg the prestrallllllg 
rate in creep. 

An incr ease in grain size tended to lower both the 
hardness and yield strength . The t empera ture and 
rate of prestraining also mat,erially aff ected th e 
hardness. 

The au thors gratefully aclmowledge th eir inclebt
edness to C. R. Johnson for his assistance in the 
tes t program. 
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FI GURE 6. R epresentat ive st1"Uctnres of cop pel' ~n dijJerent ini tial conditions. 

Longitudinal sections etched in eqnal parts N H .OH and H 20 , (3%) .X 75. 
A . Annealed at 800°F; 0.025 mm average grain diameter; B .. annealed at 800° F , then cold-drawn 34-percent reduct ion in area; C. annealed at 1,150° 

F, then cold-d rawn 70-pcrccllt reduction in area; D . cold-drawn 70-perccllt reduction in area and then annealed at 1,300° F; O.l20- mm average grain 
diameter. 
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F I G UHE 9. Snne of the copper specimens af ter /ractw'ing al ?'oom temperatw'e. 

L' netchcd. X I. 

ln itiai condition 

C reep test True 
1---------;-----1 strain at 

'r'emper
ature Rate 

Plast ic complete 
extension fracture 

---------- ----------------
OF %/J,(}()() II r % ,1 ___ - Cold-dra ,,"1 70%; au- None :\ono N one I. 96 

Ilea led 1,300° I", B ____ Allnel:1 lcd, 8000 F _______ 110 2. 75 39,7 2, 18 
C ____ ____ do _________________ no I. 08 190 I. 94 
D ____ _____ do __________________ 250 I I. 04 

20. I I. 35 R ____ Cold-drawn , 40% ______ 250 0, 20 0. 73 I. 03 F ____ _____ do __________________ 300 , 36 , 98 0,68 
G ____ _____ do __________________ {ItO ,6:l 73} I. 48 300 200+ 2, 8 
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FIG U RE 10. R epresentative copper specimens showing the sUljace conditions after fracture. 

l: netched, X i . 

Creep test 

111itial condition Plastic R emarks 
'rem per- Rate ex-ature tension 

---
o f %11,000 % 

hr 
A __ Cold-drawn 70%: an - 1\'o11e None None }'ractured at room 

A ne.led 1,;)00° F. te mperature. 
B __ Annealed 800° F _ - --- 250 1. 04 23. 1 Do. 
C __ Cold-drawn 40% _ ---- 300 0.35 0.98 Do. 
D __ Annea led 800° L _____ 300 8.3 36.5 Fractured in creep 

at300°F. 
I 
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FIG U R E 11. Ends of copper specimens after fmcturing at roo m tempemture. 
Unetehed, X7. 

Ini tial cond ition 
T emper

ature 

Creep test 

R ate Plastic 
extension 

------------1·---------

.11. ____ Annealed 800° F __________________ _ 
B _________ do __________________________ _ 
C ____ Cold-drawn 40% _________________ _ 
D _________ do ___________________________ _ 
E _________ do ___________________________ _ 
F _________ do ____ __ _____________________ _ 
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FIG U RE 12. Strllct1l1·es at the s1irfaces of specimens of annealed copper fractured in ten sion at room temperature. 

Longitudinal sections at the in tersection of t he outer (original) and fracture 
surfaces. Etched in equal parts N H.OH and H20 , (3%). X 100. 
~ 

Creep test 

I . 
T em- I Plast IC 
per- Ratc exten-

ature SiOIl 

1------------------

Initial cond ition 

OF %/1,000 hr % A __ _ Annealed800°F ______________________ _ 110 2. 75 39.7 
B ___ Annealed 800°F; extended 9% in ten-

sion at room temperature ______ ___ __ _ 
C __ . Annealed SOO°F ___ _____ ___ _______ __ __ _ 

250 1. 1 7. 0 
250 1. 04 23. 1 D ________ do __ ________ ______________________ _ 250 10. 1 49. 0 
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FICURE 13. Structw'es at the surfaces of specimens ' of cold-dt'awn copper fractured in tension at room temperature. 

Longitudinal sections at tbe in tersection of the outer (original) and fracture 
surfaces. E tc iled in equal parts of KH,OH and H ,O, (3%). X 100. 

Initial cond it ion 
'J'emper

aturc 

Creep test 

Rate 
Plastic 
exten
s ion 

1--- ---------·1---------
OF %/1,000 hr 

A___ _ Cold-drawn 40% red uction in area_ 250 ______ 0. 20 ____ _ 
B ___ _ ___ __ do-_____________ _______________ g~--- - -- ~+----

C_ ___ Cold-drawn 34% reduction in area_ Noi'e_~~: None-_-_~: 
]) __ __ Cold-drawn 70% reduction in area ____ do ____ _ ___ do ___ _ _ 

1 
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Ini tial condition 
'r em· 
pera· 
ture 

Cree p test 

Rate 
Plast ic 
exten
sion 

I~-----------I--------

A ____ Annealed 800° F . __________________ _ 
B ____ Annealed 800° F extended 9% in ten-

sion at room tcruperature. 
C ____ AJ1llea1ed 800° 1". __________________ _ 
D _________ do ___________________ ___________ _ 
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A __ ____________ _ 
B ______________ _ 
C ____ _________ _ _ 

D ___ _______ ___ _ 

Tempera
ture 

OF 
None 

250 
300 

{1l0 
300 
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0.20 
. 36 
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• 
FIGURE 16. Structw'e in the 1m-necked region corresponding to the limit oj 1mifonn extension oj specimens fra ctured 

in tension at room temperature. 

Longitudinal sections near axis, etched in cqual parts of N H ,OH and H ,O, 
(3%). 

I InitiaJ condition rrem
pera
ture 

Creep test 

Rate Plastic 
extension 

OF. %/I/JOOhr. % 

Magnifi
cation 

A __ Annealed 8000 F _____ _____ 250 ____ 1.04 ________ 23.1. _. __ X 100. 
B __ Cold-drawn 40% reduc- 250 ____ O.ZO _ .. ____ 0.73 ____ X 100. 

tion in area. 
C .. Cold-drawn 70% reduc- Nonc __ None. _____ None ____ X 100. 

tion in area; annealed 
13000 F.' D _______ do ______________ ___ ___ .. _do ______ do __________ do _____ X 500. 
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FIG U R E 17. Effect of testing condition s on the stnlctllre of copper. 

Longitudina.l scctions ncar ax is, etched in 3 parts of glacial acetic acid, 6 parts of 
nitric acid (cone.) a nd 1 par t of ethylene glycol. Xi5O. 

Ini t ial condition 

A __ Cold -dr a wn 70 % 
reduction in area; 
a nnealed 1,300· F . 

rrem_ 
pera
ture 

C reep test 

Rate 
Plastic 
exten
sion 

R ema rks 

• F. %11,000 hr. % 
None._ None ______ N Olle._ As annealed. 

D ___ ____ do ___ ______________ do ______ do __ ________ do __ _ Structure 0.10 
inch from 
c ompl ete 
fracture. 

C __ Annealed 800· F ___ _ 
D _______ do ____ _______ __ _ 
E __ Co ld-dra wn 40 % 

reduction in area. 
F _______ do _____________ _ 

110 ____ 2.75 _______ 39.7 __ _ 
250 ____ 1.04 _______ 23. 1 __ _ 
None __ None. _____ None __ 

30IL __ 0.36 _______ 0.98 __ _ 
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