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- Influence of Prior Strain History on the Tensile Properties
and Structures of High-Purity Copper

William D. Jenkins and Thomas G. Digges

Tensile tests were made at room temperature on oxygen-free high-conductivity (OFHC)
capper initially as annealed, as cold-drawn different amounts, and as prostrained in creep

at 110°, 250°, and 300° F.

The shape of the true sfress-strain curves obtained on copper cold-drawn 34-, 40-, and 70-
percent reduction in area indicate a strain s:igingreffect in the specimens when subjected fo

stresses in the vieinity of the maximum loa

his phenomenon of strain aging is usually

more closely associated with slloys of the ferrcus type than with a high-purity nonferrous
metal. The present results show that the strengliih, duetility, and hardness of the copper is

markedly affected by itz prior strain history.

he test conditions are correlated with the

tensile properties, hardness, necking characteristics, formation of mieroeracks, and sub-

giructures.

1. Introduction

The tensile and other properties at room tempera-
ture of both annealed and cold-drawn high-purity
copper were determined as a part of the Bureau’s
research investigations of the mechanism of erecp
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 relation in tension of the annealed copper have
been discussed in previous publications [1, 2, 3.7
The resistance to creep and to fracture at moderately
elevated temperatures was materially increascd by
cold-drawing the copper, but this superiority was ac-
complished by a decrease in ductility. The strain
history of the copper also affected the degree of dis-
sociation of the parent grains into subsize grains

during creep and the type of fracture. However,
the strength in tenmsion of the annealed copper in-
creased continuously with a decrease in temperature
to —320° F without any impairment of its ductility.
The present tests were made to evaluate the effects
of prestraining different amounts in creep under
tension at 110°, 250°, and 300° F and of cold-draw-
ing on the tensile properties at room temperature
and on the hardness and structures produced in the
fractured specimens. The straining treatments ysed
prior to testing the specimens in tension at room
temperature are summarized in table 1,

2. Material and Procedures

All the specimens were prepared from 13/16- or
7/8-in. diameter bars processed from one lot of
oxygen-free high-conductivity (OFHC) copper con-
taining 99.99+ pereent of copper, The four bars

TasLe 1. Strain history of specimens prior to lesting in lension al room femperalure and reference fo the figures used in the lext

Jor summarizing the lest data

] Creep tost Figura reforence
Initia] condition v _ Tonil ;
eI per- ABLIC BX- ensue propercies
ature Rate tension &nd hardness SBtruetares
S F Tl 1000ky % ]l
Al; annealed 800° F_ ... riieaiioo.n i None Nono None 1,2 3, 57,18, 15 | 6A
110 2.75 39.7 , 5, 9B, 114, 124, 144, 17C
110 1.08 15.0 ac
| 250 11 49.0 18, 18 12D, 14D o
250 1.04 23.1 3, 5 18, 1% 9D, 10B, 11B, 12C, 14C, 184, 17D, ;
250 1.1 0 . 12B, 14B
Nona Nona None 1,3, 18, 1% 6B, 12C
VPR S 6 | U I L+ (= T DU do.__._[ 1,324,518, 19 11C, 16A, 17E
T T 250 0. 20 0.73 4, 5,18, 19 OE, 11D, 134, i5B, 16B
5 7 S 300 .36 -85 4. 5,18, 19 9F, 10C, 11E, 150, 17F
e PO I {0 | 20 58 451 | 9@, 11F, 138, 16D
Bl; cold-drawn 79, reduetioninares ... i None None None 1,2 18,19 - 8C, 13D
B1; cold-drewn 708 reduction in ares; then annealed 1300° F.‘ [ | I do____|.-... do____. | 7. 8, 18, 19 6D, B4, 104, 18C, 18D, 174, 17B

‘Figures in brackets Indicate the Literature references at the end of this paper.
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used were procured in cenditions as follows:
A. Bright annealed at $00° F for 1 hr:

1. As annealed____. ____ 0.025-mm  average
*  grain diameter.
2. Cold~drawn_._. ____._ 34-percent reduction
: in ares.
3. Cold-drawn__________ 40-percent reduction
in area.

B. Bright annealed at 1150° F for 50 min (0.045-mm
average grain diameter):
1. Cold-drawn__________ 70-percent reduction

in area.
Tensile specimens, 0.505 in. in diameter with 2-in.
age length, were prepared from the above bars.
n addition, a portion of the bar cold-drawn 7C
percent (condition B1) was reannealed in the labora-
tory at 1,300° F in air for 1 hr, thereby producing
an average grain diameter of (.120 mm, before
preparing the tensile specimen. -Some tensile speci-
mens prepared from the bars as annealed at 800° 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 l-percent reduction of
area per minute., A miecrometer was used to follow
the change in diameter of the tensile specimen during
the 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 te the lengitudinal 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 determinirg the effect of annealing tem-
perature on its grain size and hardness.

3. Results and Discussion
3.1, Effect of prestraining on tengile properties

a. Cold-drawing at room temperature

The relations between true stress and the total
true strain ? (due to cold-drawing and tension) for
specimens of copper as annealed and as cold-drawn
different amounts are shown in figure 1. The true
stress at the beginning of plastic deformation in
tension, and the true stress and true strain 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 annealed,
or as col%l—drawn 40 or 70 percent, were nearly alike
but eracking started at a somewhat lower value
of stress in the specimen cold-drawn onl% 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

1 4Trup strain’’ s defined as the natural Jogsrithm of the ratio of the initial

erosg-sectional area (Ag) of the specimen to its current minimum cross-sectlonel
area (A4).

at the beginning of fracture attained a maximum
in the specimen eold-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 the case had deforma-

tion to complete fracture been under 8 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. )

The effect of cold-drawing on the hardness and
tensile properties of the copper is shown by the re-
sults given in figure 2. The yield strength, tensile
strength and hardness inereasad at a decreasing rate,

with an increase in the amount of cold-drawing, .

The plastic extension in tension, however, was mater-
1ally 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 eold-working from 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 annesled
specimen,
and in hardness by cold-drawing the copper were
accompanied by an impairment in its plastic exten-
gion in tension at room temperature. .

b. Cold-working in creep at different temperatures

(1) Initially as annealed. The influence of strain-
ing specimens of the annealed copper in creepat 110°
and 250° F on the true stress—true strain relation at
room temperature is shown by the eurves 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-
atraining 23.1 percent in creep at 250° ¥ and further
inereased in another specimen strained 39,7 percent
in creep at 110° 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° F began to
fracture at considerably lower stress and sérain than
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did the specimen prestrained in creep at 110° F,
The stress required to initiate fracture in the latter
specimen was only slightly less than that of the
annealed specimen and the corresponding total
strains at tlﬁis point were nearly alike for the two
specimens. Although the specimen prestrained at
110° F was strained into the third stage of creep, the
curve indicates that its mode of deformation in ten-
sioh at room temperature was similar to that of the
annealed specimen; however, straining the specimen
into the second stage of creep at 250° F was believed
to be sufficient to initiate cracks of submicroscopic
dimensions, and these possibly are partly responsible
for its restricted ductility at room temperature.
These assumptions are supporied by the evidence
obtained from a metallographic examination of the
fractured specimens. In the specimen prestrained
23.1 percent at 250° F, numerous cracks were ob-
served in the region adjacent to and at some distance
(unnecked portion of the specimen) from complete
fracture (fig. 12C), whereas in the specimens pre-
strained 39.7 percent at 110° F, the microcracking
was confined to the region of complete fracture
(fig. 12A); the mode of fracture of the latter specimen
wag similar to that previously described for an an-
nealed specimen [1].

Straining the specimen 23.1 percent in creep at
250° F also lowered appreciably both the true stress
and the strain at complete fracture in relation to
those of the specimens as snnealed or as prestrained
39.7 percent at 110° F.

(2) Initiglly as annealed and then cold-drawn 40
percent. The effect of prestraining the cold-drawn
copper in creep at different temperatures on some
tensile properties at room temperature is shown in

4. The strain in creep at moderately elevated

temperatures resulted in some modification of the
positions of the true stress-strain curves 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 below
that of the specimen as cold-drawn. At frue stresses
of 65,000 psi, or higher, the true stress-strain curve
of the specimen strained 0.73 percent at 110° F, and
then 2.8 perecent at 300° 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.

Prestraining a specimen 0.73 percent at 250° F and
another specimen (.98 percent at 300° F lowered
somewhat the true stresses at maximum Joad and
appreciably decreased the frue 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-
strained at 300° F than in the specimen prestrained
at 250° F. The values of stress and strain st com-
plete fracture of the former specimen were lower than
the corresponding values at the beginning of fracture
for the latter specimen, This deterioration, as shown

in the tensile properties at room temperature, is
believed to be due partly to the initiation of eracks
of submicroscopic or possibly microseopic dimension
(fig. 15, C) by the presence of tensile stresses induced
in creep. Moreover, the tendency towards brittle
fracture was increased by increasing the temperature
of the creep test from 250° to 300° F and adjusting
the stresses to produced strain rates-of 0.2 to 0.4
percent/1,000 hr. (figs. 11, D and E).

The true stress-strain curves at small strains of
the annealed and cold-drawn copper specimens are
reproduced on an enlarged scale in figure 5. The-
reversal of curvature of the curve for the cold-
drawn specimen not prestrained in creep indicates
that an aging effect took place subsequent to the
cold-drawing operation (fig. 5, A). This initial
effect is In contrast to the recovery behavior usually
associated with nonferrous metals such a3 aluminum
[4] after cold-extending and appears to be more
closely associated with the strain-aging behavior of
alloys of the ferrous type [6]. The residual stresses
duc to ecold-drawing and aging of the copper are
parily relieved after the specimen has been deformed
slightly past its maximum load. This caused a
lowering of the true stress values over a limited
range of increasing strains. This effect of aging is
less pronounced but still present, as is shown by the
positions of the true stress-strain curves for the two
cold-drawn specimens prestrained in creep at 250°
and 300° F to true strains of less than 0.01., The
relief of the causes of the aging phenomenon appears
to be more pronounced for the specimen prestrained
at the higher temperature even though the ecreep
strain was slightly lesz. The true stress-strain values
for the specimen prestrained in creep at 110° and
at 300° F to a higher strain value show a pronounced
recovery characteristic, as evidenced by a decrease
in true stress values at small strains. This effect,
however, was followed by rapid strain-hardening 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 & true strain value of about
0.15. A relief of internal stress followed by rapid -
strain-hardening is also shown by the position of the
true stress-strain curve for the annealed specimen
that was prestrained in creep at 250° F, whereas
aging appeared to predominate for the specimen
prestrained 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 tests is further illustrated by the
values labeled e, e, ete. in figure 5. The broken
lines intersecting the true stress-strain curves at e,
eg, €5, . . . are in each case the extrapolation of the
linear portion of the corresponding true stress-strain
curve for a specimen prestrained in creep. The
points ey, ey, g represent the strains 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 110° and
300° F to about 0.09 strain (fig. 5, A), the attainment
of the stress at e, corresponding to the stress of the
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cold-drawn copper at &, took place at a much smaller
change in stramn than similar sttainments for the
other two specimens (e; and e, and eg and e;}. How-
ever, prestraining in creep to different strains at
different. temperatures had no appreciable effect on
the initial recovery characteristics of the annealed
mecimens when the relationships are evaluated by

is means, A comparison of the properties at small
strains with the true . stress-strain relationships,
shown by figures 3 and 4, indicates that the instanta-
neous strain state of the material does not neces-
sarily predict the subsequent flow properties.

Burghoff and Blank [6] extended cold-drawn spec-
imens of oxygen-free copper in creep at 300° and
400° 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 percent after exposure of 6,500 hr at
300° or 400° F, with zero or small stresses. Partial
or complete recrystallization occurred. in the spec-
imens exposed at 300° or 400° F.

Some strain-aging effects, associated with OFHC
copper have recently been discussed by Lubahn [7].
From results of room-temperature tensile tests, inter-
rupted by various heat treatments, he suggests that
the aging process may be associated with (a) yield-
point phenomenon, {(b) increase in flow stress, (¢)
discontinuous yielding, and (d) abnormally low rate
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 yield strength
(0.2% offset) from about 11,000 to 6,000 psi, a
slight 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 at the beginning of
fracture (fig. 7). However, the tensile strength and
the strain at this stress were not affected by the
increase in grain size, '

The effect of anncaling temperature (1 hr at tem-
perature) on the grain size and hardness of the copper
cold-drawn 70 percent from an average grain diam-
eter of 0.045 mm (condition B1), is shown in figure
8. Increasing the annealing temperature from 800°
to 1,100° F resulted in & sﬁﬁ]t increase in grain size.
The size of the grains continued to increase gradually
a8 the temperature was further increased to 1,200° F
and then increased markedly at an annealing tem-
perature of 1,300°F. This grain growth and recovery
was accompanied by a corresponding decrease in
hardness of the recrystallized specimens.

The features observed in necking and fracturing
the specimens in tension at room temperature can be
conveniently classified into three groups, as illustrated
in figure 10, A, B, and C. All the specimens frac-
tured at room temperature were of the ductile, or
fibrous, type, but the values for strain and reduction
of area varied appreciably with the prior-strain his-
tory. Roughing of the surface, necking down to
nearly a point and then fracturing at approximately
right angles to the longitudinal axis of the specimen

(fig. 10, 'A) were characteristics of all specimens not
strained prior to testing in tension at room temper-
ature. Possibly the relatively large grains contrib-
uted to' the excessive roughing of the surface In
the region of the fracture of this particular speei-
men. The appearance of the surface at and near the
fracture of the specimens prestrained by cold-drawing
and in creep is represented by the specimen shown
in figure 10, C. Some roughening of the surface is
evident in this specimen, but it is considerably less
pronounced than that of the specimen not 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 macroeracks were ob~
served in the surfaces near complete fracture of the
specimens shown in fig. 10, A and C, but there was
some evidence of their presence in B. Moreover,
macrocracks were prominent in an initially annealed
specimen after being strained to complete fracture
in creep at 300° F (figure 10, D). :

An end view of some of tha fractured specimens is
given in figure 11. The cavities located in the ¢enter
regions and their relative absence near the outer sur-
face support the belief that cracking was inttiated
near the axis and the outer surface was the position of
final rupture.

3.3. Effect of prestraining on struchires
a. Necking and fracturing characteristics :

Figures 9, 10, and 11 are photographs of some of
the specimens selected as representative of the neck-
ing and fracture characieristics as affected by prior-
strain history. As all of the specimens showed some
necking (fig. 9}, it is believed that cracking eventually
leading to %ailure started at the axis of each specimen
and progressed outward, and the final fracture was
that of the ‘“rim” at the surface. However, the de-
gree of necking and the magnitude of the rim sffact
of the specimens were influenced by the amount,
rate, and temperature of prestraining. For example,
an initially annealed specimen prestrained 39.7 per-
cent extension in creep at 110° F developed both a
relatively pronounced neck (fig. 9, B) and rim (fig.
11, A), whereas the specimen cold-drawn 40-percent
reduction of area and then strained in creep only 0.98
percent at 300° F developed a relatively small neck
(fig. 9, F), a small rim {fig. 10, C and fig. 11, E), and
fractured in a relatively brittle manner. As these
two specimens were processed from the same lot of
copper and tested in tension at room temperature at
the same sirain rate, the defference in ductility at
fracture must be attributed to changes broughi about
by the different methods of prestraining.

b. Rim formation and microcracks

The influence of prestraining on the formation of
microcracks and the flow characteristics at the rim
in the region of compleste fracture in tension at room
temperature is shown by the photomicrographs of
figures 12 and 13. (No microcracks were cvident
near the surface or axis of the annealed specimens
not prestrained in creep.) Furthermore, it was
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possible to strain a specimen at 110°F into the third
stage of creep without the development of numerous
microcracks, except in the vicinity of complete frac-
ture, in subsequent fracturing at room temperature
(fig. 12, A). " Microcracks were not observed in
another specimen (fig. 12, B) prestrained only into
the second stage of creep at a somewhat higher
temperature (2560° 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 specimens fractured solely in creep depended
upon the initial condition of the copper, the creep
rate, temperature, and amount of extension in creep;
relatively slow creep rates, high temperatures, and
increase in amount of extension into the third stage
of creep favored a general disintegration.

Relatively few microeracks are evident near the
surface of the copger 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 prestraining at the higher
temperature (fig. 13, B) seems to promote a grain
recovery effect causing a healing of the broken bonds
to take place and thus a restoration of ductility and
strength (fig. 4). Limited grain fragmentation and
the alinement of the grains in a wavy manner results
from cold-drawing the copper 34-pereent reduction
of areg prior to testing in tension (fig, 13, C), whereas
further cold-drawing to 70-percent reduction in area
(fig. 13, I)) appeared to result in considerable grain
fragmentation and an increase in tensile strength and
in total ductility at fracture (fig. 1).

¢. Microcracke and structures at axis

Structures at the surface do not necessarily reflect
the flow characteristics in the interior of these speci-
mens as the stress systems in these regions are dif-
ferent. However, as shown in figures 14 and 15,
microcracks are evident near the axis of all the speci-
mens that showed the tendency toward erack forma-
tion near the surface (figs. 12 and 13). Relatively
few cracks are visible in the annealed specimen pre-
strained at 110° F to a large strain (fig. 14, A) or at
250° F to a small strain (l%g. 14, B). A number of
of cracks are evident at the axis of the specimen pre-
strained in creep into the second stage at 250° T
with a slow creep rate (fig. 14, C) and of another spec-
imen prestrained into the third stage of creep at the
same temperature with a faster creep rate (fig. 14, D).
However, the contour of the cracks is different, prob-
ably due to the different mechanisms of erack nuele-
ation In creep and subsequent growth in the tensite
test.

The effect of prior straining on the formation of

microcracks at the axis of the cold-drawn copper is.

shown in figure 15. Some microcracks of elliptieal
shape are evident in specimens not strained in creep
(g. 15, A), but these are much smaller than the
cracks in s specimen prestrained in creep at 250° F
fo a small strain (fig. 15, B}. The type of fracture

and the shape of the microcracks appear to be af-
fected significantly by raising the creep test tempera-
ture (fig. 15, C) without appreciable change in creep
rate or in plastic strain. Straining in creep at a
higher temperature (300° F) and at a faster rate
after prestraining at 110° F to a small strain value
seerns to cause an effect that is reflected in the ab-
sence of microcracks even in the region of complete
fracture at room temperature (fig. 15, D).

A further indication of the effects of prior history
on the internal structure and the initiation and
growth of microcracks is shown in figure 16. The
presence of microeracks in. the regions representative
of structure at the limit of uniform strain (fig. 16,
A and B, several cracks are enclosed in circles) indi-
cates that a partial disintegration was cvident
throughout these specimens. As no microcracks -
have been found in any of the copper specimens
previously strained into ihe second stage of creep [1,
2], it is believed that the conditions for crack forma-~
tion are initiated during the second stage of creep,

. and with a continued siraining in tension at room

temperature the cracks grow to such a size that the
flow properties of the copper are affected. Repre-
sentative structure in the unnecked portion of the
specimens not tested in creep is shown in figure 16,

and 0. No microcracks were evident in this
region of either this specimen or of any of the speci-
mens not prestrained under creep conditions. The
relative straightness of portions of the twins and the
difference in orientation between the twins and the
surrounding material (fig. 16, D) indicate that these
are annealing twins that were nucleated at a grain
boundary (lower arrow) and grew toward another
boundary (upper arrow) of the grains. During
deformation portions of the annealing twins were
l())ent, thus indicating that they are ductile (fig. 186,

Yoo .

d. Substructures

The cffect of prestraining on the formation of
substructures is shown in figure 17. Etch patterns
representative of the initially annealed structure are
shown In figure 17, A. It has been previously
pointed out [8] that the size of these substructures is
influenced by the temperaturs of annealing and that

the tendency toward formation of substruciures of

émaller size during deformation increased with
decrease in test temperature and with increase in
creep rate [1, 2. However, the laiter observations
were based on tests earried to completion in creep
tests only. The present tests show that the sizes of
the substructures in the copper were materially
reduced by testing in tension at room temperature
only (fiz. 17, A and B). It is also evident that both
the size and distribution of the substructures are
affected by the temperature, creep rate, or strain in
creep prior to the tensile test (figs. 17, C,. D, E, and
F). Both high temperatures and slow strain rates
appear to increase the tendency toward the forma-
tion of a large number of these substructures,
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3.4. Effect of prestraining on specimen contour and
on hardness at rocom temperature

The relation of reduction of area io distance
from the fractured surface and to hardness at room
temperature, of specimens tested in tension at room
temperature, as affected by prestraining, iz shown
in figures 18 and 19. The distfibution of ductility
as measured by the reduction of area values along
the specimen was materially affected by cold-
drawing the copper prmr 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 the final contour of the surface
of the specimen. Annealing at 1,300° F appeared
to restore the original necking characteristics so
that the curve nearly coincided with the curve
obtained with the specimen annealed at 800° F
(fig. 18, B). However, when specimens cut from
the latiter bar were strained in creep hefore the
room-temperature tensile test, a more brittle type
of fracture, as shown by decrease in sharpness of
the neck (fig. 18, (C), was obtained. This tendency
toward brittle fracture was also evident in the cold-
drawn specimens after straining in creep (fig. 18, D),
and was promoted by an increase in creep tempera-
ture or by a decrease in creep rate.

The effect of prestraining on the relation between
hardness at room temperature and reduetion of
area is shown in figure 19. The trend was for the
hardness to increase with increase in reduction of
area up to values of about 35 percent for the ini-
tially cold-drawn and. 50 percent for the initially
annealed specimens.  Thereafter, the hardness either
remained constant or decreased with an increase
in reduction of area. The specimen initially cold-
drawn 40 percent (fig. 19, A) had numerous cracks
in the region corresponding to 50-percent reductien
of area (fiz. 15, A). Reannealing at 1,300 °F
after cold-drawing 70 percent caused a lowering
of the hardness, at all strains, to values approxi-
mately the same as those of the specimen imitially
annealed at 800° F (fig. 19, B). The average
grain diameter of the specimen annealed at 1,300° F
was about five times that of the specimen annealed
at 800° F (0.120 and .025 mn, respectively). Strain-
ing in creep at 110° F to an extension of 19 percent
had no appreciable effect in lowering the hardness-
reduction of area curve of the initially annealed
specimens (fiz. 19, C). However, the relative
positions of the hardness-reduction of area curves
and the peak-hardness values were altered by
straining in creep at higher temperatures or to
higher strain values (fig. 19, C and D). Several
factors, such as differences in the stress systems, size
and distribution of the microcracks and substrue-
tures, appear to influence the hardness values of
the copper.

4, Summary
Tensile tests were made at room temperature on

OFHC copper initially as annealed, as cold-drawn,
and as prestrained under creep conditions. Micro-

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

Yield strength, tensile strength, initial hardness,
true stress at maximum load, increased with increase
in prestraining by cold-drawing; this superiority in
the strength and hardness properties was accom-
panied by 2 decrease in ductility at maximum load
and at fracture.

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

Aging, due to prestraining, and recovery were
evidenced by the shape of the true. stress-strain
curves,

The degree of necking and the tendency for the

formation of a rim at fracturé increased with a
decrease in prestraining temperaturs or with an
increase in prestraining rate. However, the tenden-
cy for recovery, disintegration by microcracking, and
the size of substructure were increased as the pre-
straining temperature was increased. Mierocracking
also was increased by decreasing the prestraining
rate in ereep.
" An Increase In grain size tended to lower both the
hardness and yield strength. The temperature and
rate of prestraining also materially affected the
hardness. :

The authors gratefully acknowledge their indebt-
edness to C. R. Johnson for his assistance in the
test program.
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Froune 6. Representative structures of copper in different initial eonditions.

Longitudinal seetions etehed in equal parts NGO and HaOs (4950, %75
A, Annealed st 800°F; 0025 mm avernge groin dinmeter; B, annealed at 800° F, then cold-drawn 34 poreent redoction in aren; O, anoneiled at 1,150°

l"_. then cold-drawn 70-pereent reduetion [noarea; D, cold-drawn T0-peroent reduetion in area and then annealed pt 13009 ¥ 0.120-mm aversge grain
dinmeter
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Ficure 9.

Same of the copper specimens after fracturing ol room le mperalire
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Representative copper specimens showing the surface conditions after fracture,

Unetebed, x7.
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Frovee 11, Fawds of copper specimens after fracturing al room Lemperature.
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Fravme 15

Structures at Hn .\u'H.r'\.f'irr'r'.\: vf' 5 e r'.'IH.N'H.‘i ri_F' R rJ.I"J'lr‘ copper IJ'Hr.r'l'-'H'l'lfl i beresion af room q’r'rirpr'.r'irf.'n'i'_
Longitudinal seetions at the intersection of the outer (original) and [racture
surfuces.  Etched inequal pacts N HGOH and FeOs (395, =100,
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Fravee

13.

Struetures at the surfaces of specimens of cold-drawn copper fractured in tension al room lemperatiure.

Longitudir
surfaces.

1 sections ot the intersection of the onter (original) and fractare
Etehed in equal parts of NHOM and HaO09 (8. X100
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Fraovee 14. Structures at the aris of specimens of annealed copper fractured in tension at room temperature,

Longituding]l sections ot the intersection of the axls and frocture surfaes,
Etched in equal parts of NHOH and HaOp (395, =100,

Creep tost

Initial condition

Temn- Plustic

- Rute exten-
fuare giom

| belf R LSS R T T o
Annailied 800° I Bl 2.75 a7

| ] Annewled 800° F estended 99 in ten- a0 1.1 7.0

slon ut room teroperature,

| O....| Aunealed 800° F 2500 1. 04 2. |
| B SR | [ Y 250 1 1 i, 0

182
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Frovee 15, Structures at the axis of specimens of copper initially eold-drawn

Jracturing in tenston at room temperature.

Longitudingl geotions at the Interseetion of the axis and fraeture surfioe
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Frovre 16, Structure in the un-necked region corresponding to the imit of wniform extension of specimens fracturod
tn lension ab room temperalure,

Longitudinal sections near axis, etehod in equal purts of NHOH and B0
(395).
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Fiaure 17. Effect of testing conditions on the struclure of copper.
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