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Role of trace elements on tensile behavior of accumulative roll-bonded

pure copper

YOUNGHWAN JANG, SANGSHIK KIM∗
Division of Materials Science and Engineering, Engineering Research Institute, Gyeongsang National
University, Chinju 660-701, Korea
E-mail: sang@gsnu.ac.kr, sasrt@hanmail.net

SEUNGZEON HAN, CHAYONG LIM, CHANGJOO KIM
Materials Technology Department, Korea Institute of Machinery and Materials, Changwon 641-010, Korea

MASAHIRO GOTO
Department of Mechanical Engineering, Oita University, Oita 870-1192, Japan

Previously, the authors reported that small amount of
trace phosphorous in deoxidized low-phosphorous cop-
per (DLP) significantly affected the tensile behavior of
accumulative roll-bonded (ARB) oxygen-free copper
(OFC) [1, 2]. For both alloys, the tensile strength values
increased drastically after the first cycle of ARB pro-
cess. The tensile strength values of OFC tended to sat-
urate after the third ARB process cycle. In DLP, on the
other hand, the tensile strength continuously increased
with increasing ARB process upto eight cycles. The
authors suggested that the continuous increase in ten-
sile strength in ARBed DLP was due to the presence of
trace phosphorous, which acted beneficially for tensile
properties of pure copper by suppressing the dynamic
recovery during severe plastic deformation. The previ-
ous study suggested that the presence of trace elements
in pure copper could be beneficial for the severe plas-
tic deformation (SPD) [1, 2]. To further confirm this
notion, the tensile behavior of ARBed PMC90 alloy,
which has approximately five times higher Fe content
with similar P content than DLP, was investigated in
the present study.

The chemical composition of as-received PMC90
is shown in Table I. For comparison, those of OFC
and DLP are also included in the table. Two cold-
rolled copper sheets, the thickness, the width and
the length of each was 1, 30 and 300 mm, respec-
tively, were continuously accumulative roll-bonded at
200 ◦C with a rolling ratio of 50%, so that the to-
tal thickness of the bonded sheet remained constant.
The ARB process was conducted upto eight cycles
at a rolling rate of 690 mm/min. The electrical con-
ductivity of each specimen was measured by using
a four-probe method. The tensile test was performed
with the flat tensile specimen with thickness, width
and gauge length of 1, 6 and 25 mm, respectively, at a
nominal strain rate of 1 × 10−3/s on an R&B (Daejun,
Korea) model Unitech S series universal testing ma-
chine. The microstructures of ARBed specimens were
examined with a transmission electron microscope
(TEM). TEM specimens were prepared using a jet thin-
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TABLE I Chemical compositions of OFC and DLP used in the present
study

Cu O Pb Bi S
Alloys (wt%) (ppm) (ppm) (ppm) Fe P (ppm)

OFC 99.99 2 1 <1 1 ppm 2 ppm 7
DLP 99.9 5 170 <1 0.02% <0.02% 5
PMC90 99.9 5 170 <1 0.1% <0.02% 6

Figure 1 Change in tensile property of pure copper as a function of the
number of ARB process cycle.

ning method in 200 ml CH3OH + 100 ml HNO3 solu-
tion at −30 ◦C.

There have been a considerable number of reports on
the extremely high rate of dynamic recovery in the nano
grain-sized materials during severe plastic deformation
[1, 5–7]. When the grain size is comparable or lower
than the mean free path of dislocation movement, the
formation of dislocation cells inside the grain would
become extremely restricted [6]. The mobile disloca-
tions emitted from the source could then easily glide
without an obstruction to the grain boundary area, and
disappear as a result of local dynamic recovery. Simul-
taneously, the number of dislocation sources would be
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Figure 2 TEM micrograph of PMC90 with eight ARB process cycles.

extremely limited due to the lack of dislocation cells
inside the grains, which would further promote the dy-
namic recovery. Previously, it was demonstrated that
impurity elements play an important role in determining
the tensile behavior of pure copper during severe plas-
tic deformation. The tensile strength values of OFC, for
example, tended to saturate after the third ARB process
cycle. For DLP, on the other hand, the tensile strength
continuously increased with increasing the ARB pro-
cess upto eight cycles. It was therefore expected that

Figure 3 Fe–P phase diagram.

PMC90 would follow the trace of DLP with increasing
number of ARB cycle rather than OFC, since PMC90
has higher impurity content than DLP. Fig. 1 shows
the change in tensile property of PMC90 as a function
of the number of ARB process cycle. For comparison,
the previously reported data for OFC and DLP were
also included in Fig. 1. Interestingly, the tensile behav-
ior of PMC90 was quite similar to that of OFC rather
than DLP, such that the tensile strength values tended
to saturate after the third ARB process cycle. In our
previous study on the tensile behavior of ARBed DLP,
the reason for retardation of dynamic recovery in DLP
was reckoned to be due to phosphorous-related precip-
itates, based on the fractographic examination. If this
rationale is true, PMC90, which has higher content of
precipitate-formable trace elements, may have greater
retarding effect on dynamic recovery than DLP. Fig. 2
shows the TEM micrograph of PMC90 with eight ARB
process cycles. Indeed, the precipitates, as marked by
arrows, were often observed in PMC90, the density of
which was extremely low. In the present study, these
precipitates were not identified, since the size of these
precipitates was too small to be characterized by se-
lected area diffraction pattern. Most probably, however,
these precipitates are Fe3P according to the Fe–P phase
diagram shown in Fig. 3.

In the present study, it was demonstrated that the pres-
ence of trace elements in pure copper affected the ten-
sile property during severe plastic deformation. Com-
pared to DLP, PMC90 has greater Fe content. Most of
Fe and P in PMC90 were reckoned to be present in
the precipitates instead of solute elements in the cop-
per matrix, while the trace P in DLP would remain in
the matrix as solute element. It was hypothesized that
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Figure 4 Change in electrical conductivity of PMC90 as a function of
the number of ARB process cycle.

the density of precipitates in PMC90 was not enough to
retard the dynamic recovery process during severe plas-
tic deformation. Eventually, tensile behavior of PMC90
was similar to that of OFC, rather than DLP, despite
the considerably higher impurity contents. The present
observation has a certain implication for the future
application of ARBed copper for the connector ma-
terials with high conductivity and high strength. At
present, PMC90 is the most widely used commercial
material for high conductivity connector. As shown in
Fig. 4, the electrical conductivity, as represented by %

(international annealed copper standard IACS) value,
was almost unaffected by ARB process. It was, how-
ever, demonstrated that the ARB process of over three
cycles was not effective for PMC90, considering the
high processing cost.
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