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Extensive investigations were carried out on the mechanical strength, electrical conductivity,
and microstructure of commercially pure copper, which was rolled at room temperature to
deformations less than 23 pct and subsequently heat treated at a range of temperatures less than
0.5Tm. For various reductions in samples thickness, we have identified the optimum heat
treatment temperature that yields higher mechanical strength and electrical conductivity than
the as-received sample. Specifically, with increasing deformation, the optimum heat treatment
temperature decreases. We are able to correlate the properties with the microstructure which is
composed of deformed grains that enhance strength and the relatively deformation-free grains
that enhance electrical conductivity. More importantly, the optimum properties are achieved
when the volume fraction of the relatively deformation-free grains are in the range 65 to 70 pct.
We also show that the grain orientation spread obtained using electron back-scattered
diffraction is ideal, in these studies, to distinguish between deformed and relatively deforma-
tion-free grains.
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I. INTRODUCTION

ELECTROLYTIC tough pitch (ETP) copper is
commercially pure, high-conductivity copper. It is used
for motor and transformer windings, residential wiring,
electrical cables, and bus bars. Among these, motor and
transformer windings and residential wiring (called
building wire) require high strength, along with con-
ductivity higher than 100 pct IACS, preferably reaching
102 pct IACS.[1,2] If conductivity can be improved
without loss in strength, it will improve efficiency and
reduce losses. Hence, there exist several studies focusing
on either conductivity or strength with specific reference
to the effect of defects on these properties.

Electrical conductivity of metals depends on electron
mobility and the distance which electrons can cover
without scattering off any obstacles present. The obsta-
cles typically present in the path of the electrons are
impurity atoms, vacancies, dislocations, and internal
boundaries—such as grain or phase boundaries. They
lead to a decrease in conductivity, or, a rise in the
inverse of conductivity, called resistivity. Total

resistivity (q) can be expressed as a sum of resistivities,
each accounting for a different type of obstacle. This
relation is called Matthiessen’s law: q = qt + qI +
qd + qb.

[3] In the case of commercially pure metals, the
contributions of dislocations (qd), temperature (qt), and
internal boundaries (qb) are significant, while the impu-
rity contribution (qI) is negligible. On the other hand, in
general, the defects that reduce conductivity (by scat-
tering electrons moving through the crystal) lead to
enhanced mechanical strength by impeding the move-
ment of dislocations. Specifically, impurity atoms,
dislocations, and boundaries lead to solute, work, and
boundary strengthening, respectively. Hence, reports of
a combination of high mechanical strength and high
electrical conductivity are rare—but they do exist. For
example, a combination of 95 pct International
Annealed Copper Standard (IACS) conductivity and
610 MPa yield strength is reported in Reference 4, while
96.9 ± 1.1 pct IACS conductivity and 900 MPa yield
strength is observed in electrodeposited samples.[5]

Typically, samples with both high strength and high
conductivity require specialized processing, such as high
strain rate deformation at liquid nitrogen tempera-
tures[4] or electrodeposition.[5] Such high strength and
high conductivity combination is attributed to either
bimodal grain structures or to the combined effects of
ultrafine grains and optimal size and spacing of twins in
these reports.
Other processes such as severe plastic deformation

followed by heat treatment do lead to higher yield
strengths in the range from 280 to 350 MPa, but
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conductivity is reduced to 81 from 94.5 pct IACS.[6–8]

For example, Habibi et al.[7] showed that by obtaining
bimodal grain size, strength and electrical conductivity
of pure copper are proportionately increased. This
increase in strength is attributed to the formation of
fine grains due to partial recrystallization. Conductivity
was found to be 98, 81, and 89 pct IACS, respectively,
for coarse-grained, deformed, and deformed and
annealed samples. Similarly, Higuera and Cabrera[8]

reported that a combination of large recrystallized
grains and smaller heavily deformed grains resulted in
a combination of high strength and reasonably high
conductivity in ETP copper. Heavy deformation and the
heat generated during deformation was sufficient to
cause both static and dynamic recrystallization, result-
ing in the bimodal microstructure, which lead to a UTS
of about 400 MPa with only a 1.28 pct reduction in
conductivity.

From these studies, it is clear that the combination of
high strength with attendant small loss in conductivity is
due to an optimized, composite microstructure of
strained grains (which enhance mechanical strength)
and the strain-free grains (which enhance conductivity).
This leads to the question whether such an optimized
microstructure can be achieved by conventional ther-
momechanical processing methods (which are more
amenable to bulk production processes—such as rolling
and heat treatment, for example). In this paper, we show
that it indeed is possible to achieve such optimal
microstructures by using a process similar to the strain
recrystallization (or strain annealing) methodology
described in, for example, Kumar et al.[9] In addition,
we also identify the microstructural measures that
indicate the optimized microstructure that help us
enhance strength with no loss in conductivity.

II. EXPERIMENTAL DETAILS

Samples of commercially pure polycrystalline ETP
copper (LME Grade A, 99.96 pct purity) were obtained
from our industrial partner. According to the materials
specification sheets provided by our industrial partner,
the samples contained trace amounts of impurities, as
shown in Table I. These samples were subjected to
relatively low amounts of deformation (namely, 2.9, 5.2,
8.7, 12.1, 15.9, and 22.5 pct reduction in thickness) by
room-temperature rolling. The rolled samples were heat
treated for two hours at temperatures ranging from
150 �C to 300 �C (in 10 �C intervals).

Subsequent to the thermomechanical treatment, the
sample surfaces (size 15 mm 9 15 mm) were prepared
by paper polishing using 220, 400, 600, 1000, 2500, and
4000 grade SiC papers, rotating the polished surface of
the sample by 90 deg after each change of paper. After

the paper polish, conductivity measurements are carried
out. Paper-polished samples were subjected to diamond
polishing with 1-micron-grade diamond paste with
HIFIN� lubricant at a rotation rate of 300 rpm. At
the end of this process a mirror finish surface is
obtained, on which hardness measurements are carried
out. An additional electropolishing step was required for
EBSD scans. Electropolishing was carried out at room
temperature and at 15 V, using an electrolyte consisting
of 10 pct orthophosphoric acid, 30 pct ethanol, and
60 pct distilled water.
The electrical conductivity measurements were carried

out using an eddy current tester operated at an applied
frequency of 60 kHz. A minimum of 25 measurements
at various locations were made on each sample to obtain
the average conductivity value.
The hardness measurements were carried out as per

ASTM E18 using a universal hardness testing machine.
Hardness values are represented using HRF (Rockwell
F scale). At least 8 measurements at different points
were taken to obtain the average hardness value.
From these hardness values, it is possible to obtain an

estimate of expected values of yield strength. This is
done by converting the hardness from HRF to Vickers
(HV) using ASTM E140, and using a relation of the
form ry aHV. It has been shown that the proportionality
constant is dependent on the material and the extent of
deformation.[10] In our experiments, the ratio of yield
strength to hardness varies from about 2.3 for samples
with 71 HRF to 2.8 for samples with 90 HRF, since we
have measured yield strengths of 175 to 301 MPa in
these two cases, respectively. Even though we report
hardness in HRF for the rest of this paper, these yield
strength values and the conversion factor indicated here
might be helpful in estimating the expected yield
strength values in our optimized samples.
FEI Quanta-200HV SEM (Scanning Electron Micro-

scope) was used to obtain EBSD (Electron Back Scatter
Diffraction) microstructures. Typically, EBSD scans of
250 9 250 lm2 were carried out with 0.3 lm step size.
Further EBSD analyses for the microstructural mea-
sures, namely, Grain Average Misorientation (GAM),
Kernel Average Misorientation (KAM), and Grain
Orientation Spread (GOS), were done using TSL-OIM�
EBSD package.

III. RESULTS AND DISCUSSION

In Figure 1, we show the Inverse Pole Figure (IPF)
map obtained from EBSD for the as-received ETP
(LME Grade A) copper. Grain boundaries are marked
as black lines, and colors in the IPF map correspond to
orientations, as per the standard IPF shown. Grains
were defined as being surrounded by a continuous
boundary, with misorientation across the boundary
being greater than 5 deg. To ensure reliability of data,
only points with confidence index, CI> 0.1 (CI is an
indicator of the accuracy with which the software
indexes the Kikuchi bands), were considered for analysis
and grains less than 3 pixels in size were discarded. The
mean grain size for this material is 11.4 ± 3.5 microns;

Table I. Impurities in As-Received Sample (in ppm)

Te Se Bi Sb As Sn Pb Fe Ni S Ag

0.2 0.2 0.1 0.2 0.21 0.1 0.1 1.21 0.68 5.10 11.9
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the conductivity is 101.3 ± 0.1 pct IACS (International
Association for Copper Standard) and the hardness is
51.8 ± 1.1 on Rockwell F Scale. Mean grain sizes were
calculated using area fraction, typically considering 100
to 600 grains.

In Figure 2, we summarize (a) the hardness and (b)
the conductivity of copper samples subjected to different
percentage deformation (described in terms of percent-
age reduction in thickness) followed by heat treatment
at various temperatures for two hours. In Figure 2(c),
the temperature at which hardness and conductivity
values undergo sharp changes is plotted for various
percentage deformations. In this set of experiments,
samples are subjected to room-temperature rolling (i.e.,
7.9, 20.5, 33.0, and 39.9 pct reduction in thickness)
followed by isochronal heat treatment (for 2 hours)
from 150 �C to 250 �C with a step size of 10 �C.

At the low end of heat treatment temperatures (up
until 180 �C), there is neither reduction in hardness nor
increase in conductivity. However, heat treatment at the
higher end of temperatures (in the 210 �C to 250 �C
window) results in conductivity reaching a maximum of
about 102.1 pct IACS and hardness reaching a mini-
mum of about 30 HRF.

In the intermediate range, when the heat treatment is
performed between 180 �C and 210 �C, for samples with
deformation more than 20 pct (namely, 20.5, 33.0, and
39.9 pct), the drop in hardness is sudden (from 85 HRF
to 35 HRF) and the increase in conductivity is steep
(from 99.3 to 102.1 pct IACS). On the other hand, in the
case of 7.9 pct deformed sample, at these intermediate
temperatures (180 �C to 210 �C), there is an increase in
conductivity (from 100.4 pct IACS to 101.3 pct IACS)
without any appreciable reduction in hardness (which
remains at 76 HRF). From Figure 2(c), it is clear that
though the temperature at which hardness drops
sharply, decreases with increasing deformation, the
temperature at which conductivity increases sharply
remains nearly constant. Further, the temperature at

which hardness and conductivity change, are the same
for 20 pct and higher deformations.
Based on this set of experiments, we decided to

restrict deformations to about 20 pct followed by
isochronal heat treatment (for 2 hours) at intermediate
temperatures (180 �C to 210 �C) since such a process
results in better strength than the as-received material
while recovering conductivity to the as-received levels.
Hence, in this paper, we present results from the set of
experiments in which the deformation was restricted to
about 22.5 pct. This choice of percentage deformation
and temperatures of anneal, of course, is crucially
dependent on the time of heat treatment, namely,
2 hours that we have chosen.
In Figure 3, we show the hardness and conductivity of

copper samples (normalized by the as-received values,
namely 51.8 HRF and 101.3 pct IACS) subjected to
different percentages of reduction in thickness and then
heat treated at various temperatures for two hours. The
hardness as well as the conductivity of 2.9 and 5.2 pct
deformed samples showed nearly identical variation for
the entire range of heat treatment temperatures. Hence,
for the remainder of this paper, we only report results
from the sample deformed to 2.9 pct. For samples
deformed to 8.7, 12.1, 15.9, and 22.5 pct, as expected,
with increasing deformation, the hardness of the
deformed sample increases while the conductivity
decreases. If the temperature of heat treatment is low,
neither hardness nor conductivity changes. At the higher
temperatures shown in Figure 3, though conductivity
increases (about 0.2 to 0.6 pct more than the as-received
sample), hardness drops precipitously (by about 40 pct
as compared to as-received sample). There is an inter-
mediate range of temperatures for which the hardness
remains nearly the same as the as-deformed value, while
the conductivity starts to increase. This is clearly
visualized from Figure 3(f) which shows that changes
in conductivity begin at lower temperatures than hard-
ness, providing a window of heat treatment tempera-
tures over which conductivity can be improved, while
still obtaining high hardness. This difference in change
point temperatures is about 30 �C for lower deforma-
tions, and decreases to 10 �C for the 15.9 pct deformed
samples. We note that the sample deformed to 22.5 pct
is different in this respect; here, the hardness starts
dropping as early as 160 �C while the recovery of
conductivity does not start up until 180 �C, indicating
that the changes in microstructure that lead to recovery
of hardness and conductivity might be different from
those in samples with less reduction in thickness. Since
our interest lies in simultaneous improvement of both
hardness and conductivity, in the following discussion
we will focus on samples that have been deformed to
15.9 pct or less.
In order to understand the microstructural changes

that correspond to the observed changes in hardness and
conductivity, we have carried out microstructural stud-
ies using EBSD. Even though the effects of cold rolling
on mechanical properties,[11,12] and on microstructures
are widely studied,[12–22] they all focus on large defor-
mation followed by recrystallization. Our interest in this
study is in deformation less than about 22 pct.

Fig. 1—The inverse pole figure (IPF) map of the as-received sample.
The average grain size is 11.4 ± 3.5 lm. The average hardness and
conductivity of this sample are 51.8 ± 1.1 (on Rockwell F scale) and
101.3 ± 0.1 pct IACS, respectively.
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Specifically, for 2.9, 8.7, 12.1, and 15.9 pct deformation,
we have identified four types of samples: (A) as-de-
formed, (B) samples exhibiting negligible change in
hardness or conductivity after heat treatment, (C)
samples in which recovery in conductivity has started,
while the hardness is nearly the same as the as-deformed
sample, and (D) samples heat treated at 300 �C, having
very high conductivity and low hardness. These points
are circled and labeled in Figure 3; their microstructures
are shown in Figure 4.

In Figure 4, IPF maps for samples corresponding to
the points labeled A, B, C, and D in Figure 3 are shown.
Visually no significant differences can be seen between
figures A and B, especially for the 2.9 and 8.7 pct
deformed samples though it is expected that some
recovery processes must have occurred during the
two-hour anneal at these temperatures. In comparison,

the microstructures for samples C clearly show larger
grains as compared to both A and B, and several
annealing twins are visible. Since point C was selected so
that it has higher conductivity than the deformed sample
but still retains high hardness, it is interesting to note
that the increase in grain size has an insignificant impact
on sample hardness. Grain sizes were calculated by
considering all boundaries with misorientation greater
than 5 deg, and hence include twin boundaries if any.
We believe that since our samples contain both strained
and strain-free grains, the hardness would be influenced
by stored defect density in addition to the grain size.
Finally, samples D have very large grains with several
annealing twins in all cases. For 8.7, 12.1, and 15.9 pct
deformation, conductivity of samples D is about 102 pct
IACS, and hardness ranges from 30 to 40 HRF, while
for the 2.9 pct deformed sample both conductivity

Fig. 2—Variation of (a) hardness and (b) conductivity with isochronal annealing temperature after deformation of 7.9, 20.5, 33.0, and 39.9 pct
reduction in thickness. The as-deformed values are the individual points. (c) The temperatures at which hardness and conductivity show a
significant change in values. The lines drawn through the data points of heat-treated samples are only a guide to the eye.
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Fig. 3—The hardness and conductivity of samples deformed to (a) 2.9, (b) 8.7, (c) 12.1, (d) 15.9, and (e) 22.5 pct reduction in thickness, as a
function of heat treatment temperatures. Samples A, B, C, and D have been selected to correspond to: (A) the as-deformed sample, (B)
negligible change in hardness or conductivity after heat treatment, (C) sample in which recovery in conductivity has started while the hardness is
nearly the same as the as-deformed sample, and (D) samples heat treated at 300 �C. The temperature at which significant change is observed in
hardness and conductivity values is shown in (f). The lines joining the points are meant only as a guide to the eye.
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(102 pct IACS) and hardness (about 58 HRF) are high.
So it is clear that a visual examination of the microstruc-
ture is not sufficient to reveal any clear correlation
between grain size and properties.

To better understand the relevant changes in
microstructure that lead to the observed changes in
hardness and conductivity, we have used the EBSD
data. Typically, three measures of misorientation are
commonly used: Grain Average Misorientation (GAM),
Grain Orientation Spread (GOS), and Kernel Average
Misorientation (KAM). Of these, GAM and GOS are
single values defined for each grain, while KAM is
calculated for each data point considering only the
nearest neighboring points; for a review of these
measures, see Wright et al.[23] A comparison of KAM,
GOS, and GAM for a partially strain-free sample is

shown in Figure 5 (based on Figure 4 of Reference 24).
It is clear that KAM is not suitable for distinguishing
between the strain-free and strained grains in any of the
samples. This, we believe, is because KAM is agnostic to
grain definitions, and is more useful in the study of
texture.[23] Among GOS and GAM, either can be used
to compare as-deformed and completely strain-free
grains. However, in partially strain-free samples, only
GOS shows a sharp change at 1.1 deg, which can be
used to clearly differentiate between strain-free and
strained grains. Thus, we find that of the three measures,
GOS is best suited to distinguish between deformed and
deformation-free grains in samples that have not under-
gone complete recrystallization. The suitability of GOS
for identifying deformation-free grains in partially
recrystallized samples has been shown previously[11,25];

Fig. 4—The IPF maps for points marked A, B, C, and D in Fig. 3. The colors in the IPF map denote orientations as per the standard IPF
shown in Fig. 1. Each row corresponds to the percent deformation shown in first column. Column A shows the microstructure of deformed
samples, while B, C, and D are for the heat treatment temperatures identified in Fig. 3. The average grain sizes, and the number of grains in the
scan are shown below the microstructures.
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for example, Field et al.[11] recommend a range of 1 to
3 deg of GOS as a cut-off to distinguish between
recrystallized and deformed grains.

As indicated in the introduction section, conductivity
is affected by defects such as vacancies and intersti-
tials,[26–29] dislocations,[30–35] and grain and twin bound-
aries[5, 35–37]—primarily because the defects scatter the
electrons and reduce the mobility of electrons by
reducing the mean distance that they can travel without
scatter. In our samples, as indicated above, the grain
size, does not have a strong influence on the conductiv-
ity. On the other hand, GOS seems to differentiate
between strained and strain-free grains and hence may
also correlate well with properties that arise as a result
of this ‘‘composite’’ microstructure. In the following, we
show that this indeed is the case.

In Figure 6, we have plotted the GOS distribution for
samples A, B, C, and D from Figure 3. In each case, the
deformed samples show a wider spread of GOS values
than heat-treated samples—with the range increasing
from about 2 to 3 deg with increasing deformation. In
order to bring this out more clearly, we have also plotted
the FWHM in Figure 6(e). With increase in heat
treatment temperature, the distribution becomes nar-
rower and shifts to lower values of GOS, suggesting a
decrease in average lattice distortion. Even for the
samples labeled B in Figure 3 the GOS distribution is
seen to shift to lower values, indicating a reduction in
stored dislocations[11] but not enough to have any
significant effect on either hardness or conductivity.
Finally the GOS distribution for samples heat treated at
300 �C is very sharp with a range of about 1 degree, and
with a peak below 0.5 deg, suggesting that the samples
must be recrystallized.[11]

In Figure 7, we see the variation in GOS across the
scanned area of the samples; grains with GOS higher
than 1.1 deg are white, while those with lower GOS
values are colored as per the color scale shown. The
cut-off value of 1.1 deg is selected based on the
observation in Figure 4 that fully annealed samples

have GOS values up to about 1 deg. GOS cut-off of
2 deg has been used in literature to identify the fraction
of recrystallized grains in partially recrystallized sam-
ples.[11,25] From these figures, it is clear that with
increasing percent deformation, more and more grains
have values of GOS greater than 1.1 deg, and, with heat
treatment, more and more grains have values of GOS
less than 1.1 deg. The microstructure thus becomes a
composite of deformed and deformation-free grains,
impacting the measured hardness and conductivity. In
fact, the analysis can be made more quantitative using
area fraction of grains with GOS less than 1.1 deg as
described below.
In Figure 8, we show the correlation between nor-

malized hardness and conductivity (with respect to the
hardness and conductivity of as-received samples) and
area fraction of grains with GOS less than 1.1 deg
(labeled A1.1). Dashed lines show the properties of the
as-received samples. Interestingly, we see that when the
volume fraction of the grains with low GOS is between
60 and 70 pct, both hardness and conductivity are
higher than those in the as-received samples in 2.9, 8.7,
and 12.1 pct deformed samples. Thus, we believe that
the optimal properties are achieved by a combination of
deformed and relatively deformation-free grains;
deformed grains increase hardness while deforma-
tion-free grains give better conductivity. When the
volume fraction of deformation-free grains (GOS less
than 1.1 deg) drops below about 60 pct then conduc-
tivity of samples reduces drastically. Similarly, low
hardness is measured for samples for which A1.1 values
are greater than about 70. For the 15.9 pct deformed
sample, we do not achieve the optimal fraction of about
60 to 70 pct deformation-free grains in two hours of
heat treatment. The role of heat treatment time in
achieving the optimal combination of properties and
microstructure can be found elsewhere.[38,39] In
Figure 8(e), we show the summary plot of A1.1 as a
function of heat treatment temperature. In this figure,
we have also drawn two horizontal lines to indicate
regions of higher conductivity, higher hardness, and
both higher hardness and higher conductivity. This plot
clearly shows that the optimization of properties is
achieved by tuning the fraction of deformed grains
retained in the microstructure, and is achieved in an
intermediate range of A1.1 values. Higher fractions result
in an increase in hardness at the cost of conductivity and
vice versa.
In literature on transport properties, percolation

theories have been used to understand electrical con-
ductivity for the past fifty years.[40,41] Typically it is
shown that 20 to 40 volume percent (of the higher
conductivity phase) leads to percolation accompanied
by a steep increase in conductivity. Our aim is to retain
the high conductivity of ETP copper, while enhancing
its strength by thermomechanical processing—by intro-
ducing a composite microstructure of strained and
strain-free grains. Thus, one might expect that at least
40 percent of strain-free grains are needed to get the
appropriate conductivity. Achieving enhanced strength
along with conductivity, however, as shown in Figure 8,
is an optimization problem. The deformed grains in

Fig. 5—The cumulative area fraction for GOS, GAM, and KAM as
a function of misorientation for a partially strain-free sample.
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Fig. 6—The GOS distribution for samples labeled A, B, C, and D in Fig. 3, subjected to (a) 2.9, (b) 8.7, (c) 12.1, and (d) 15.9 pct deformation
and subsequently heat treated. FWHM for all the samples are shown in (e). The lines joining the points are meant only as a guide to the eye.
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samples rolled to different percent reduction in thick-
ness, have different hardness and conductivity because
of variation in the defect density. Thus, for example, as
the thickness reduction increases, high hardness can be
achieved with a lower volume fraction of strain-free
grains since the strained grains have higher defect
density.

In Figure 9, we summarize the salient results of our
study in terms of normalized hardness and conductivity
values, by plotting (a) a property map and (b) a process
map. Figure 9(a) shows that the combination of various
percentages of deformation and heat treatment temper-
atures can lead to either enhancement of strength, or
conductivity or both. Specifically, through appropriate
choice of percent deformation and temperature for heat
treatment, it is possible to obtain simultaneous enhance-
ment of both hardness (to about 20 pct over the
as-received value) and conductivity (to about 0.6 pct
on the as-received value). Such samples fall in quadrant
one of Figure 9(a) and are obtained by deforming the
samples to less than 10 pct and annealing for two hours
in the temperature range 270 �C to 300 �C. The ther-
momechanical process used by us to achieve the
optimum microstructure and hence the desired proper-
ties is similar to strain recrystallization[9]; however,

strain recrystallization typically involves heat treatment
at higher temperatures and for shorter times than those
in our study. In order to show the range of deformation
and the corresponding heat treatment temperature
range, we have plotted a process map in Figure 9(b).
The preferred processing range corresponding to quad-
rant one in 9a is shown by filled symbols in Figure 9(b).
Further, if a decrease of about 0.01 pct in conductiv-

ity is acceptable, the hardness can be increased up to
about 60 pct of the as-received value; in a similar
fashion, if a decrease of about 20 pct in hardness is
acceptable, the conductivity can be increased up to
0.6 pct over the as-received value. Samples with higher
hardness and lower conductivity than as received are in
quadrant four, while those with lower hardness and
higher conductivity are in quadrant two of Figure 9(a).
Even though we have identified the processes that

help us obtain higher strength without changes in
conductivity, further studies are needed to understand
the stability of the microstructure consisting of strained
and strain-free grains during service conditions, and, the
fatigue response of such a composite microstructure.
The results of such studies are crucial from a practical
point of view.

Fig. 7—The GOS maps for points marked A, B, C, and D in Fig. 3. Each row corresponds to the percent deformation shown in the first
column. Column A shows the microstructure of deformed samples, while B, C, and D are samples heat treated at the temperatures shown in
Fig. 3. The colors, as shown in the color bar at the top left, indicate the range of GOS between 0 and 1.1 deg. All points with GOS above
1.1 deg are colored white.
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Fig. 8—The normalized hardness and conductivity (with respect to as-received samples) for samples A, B, C, and D as a function of area
fraction of strain-free grains with GOS less than 1.1 deg (A1.1) for (a) 2.9, (b) 8.7, (c) 12.1, and (d) 15.9 pct reduction in thickness, followed by
heat treatment. The lines joining the points are meant only as a guide to the eye. (e) Summary plot of A1.1 versus heat treatment temperature.
The two lines indicate the optimal range for A1.1 values that lead to both higher conductivity and hardness relative to as-received samples.
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IV. CONCLUSIONS

� Rolling up to about 23 pct reduction followed by
extensive heat treatment (up to temperature below
0.5Tm) was carried out on LME Grade A copper
strips. After 2 hours of heat treatment, it is possible
to either enhance hardness or conductivity up to 60
and 0.6 pct, respectively.

� We have found that among the various measures of
misorientation, GOS shows the best correlation with
hardness and conductivity, for samples deformed up
to 23 pct. This, we believe, is because of the ability of
GOS to distinguish between deformed and relatively
deformation-free grains.

� We have identified the microstructural features that
contribute to hardness and/or conductivity enhance-
ment; specifically, a combination of deformed and
relatively deformation-free grains is responsible for
the optimal hardness and conductivity. We show
that a minimum of 30 to 40 pct of deformed grains is
essential for obtaining a combination of hardness
and conductivity values higher than as-received
sample (51 HRF and 101.3 pct IACS).
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