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The effect of changes in grain size on corrosion resistance of the pure tough pitch copper stripwas
investigated in acidic and alkaline NaCl solutions. Accumulative roll bonding as sever plastic process
was applied up to 8 cycles to produce the ultrafine graincopper. Polarization and electrochemical
impedance tests were used for corrosion resistance investigations. Corrosion morphologies were
analyzed by FE-SEM. Results showed that the corrosion resistance decreased up to cycle 2 and
increased after rolled for the fourth time due to UFG grain formation after cycle 4. The corrosion
degradation in cycle 8 was uniformand it was more intergranular for the sample of cycle 2 and the

unrolled counterpart.
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1. Introduction

During the last decade, a variety of techniques
for fabrication of ultra-fine grained (UFG) materials
with nanocrystalline or sub-microcrystalline structure
were developed'?. Severe Plastic Deformation (SPD)
can be explained as deformation to large strains below
recrystallization temperature without intermediate thermal
treatments that can result in UFG structures®’. The
accumulative roll bonding (ARB) is one of the severe plastic
deformations that proposed by Saito et al.’. The advantage
of this process is its applicability to large bulky materials®!?
and is a continuous process.

Copper and copper alloys are widely used in condenser
and heat exchanger tubing materials, plate heat exchangers
and in copper canisters as one of the radioactive waste
container metalsand in other industries due to their high
thermal conductivity, good corrosion resistance, and
mechanical workability. New industrial challenges require
the production of improved high strength/ductile materials,
reflected by the research for over two decades on the
nanostructured materials with a strong focus on copper.
These materials can be used in the industries that heat
transferring properties and strength of them is important.
However, for the nanostructured or submicron copper
to be widely used, it is necessary to study its properties
in detail, such as corrosion resistance'®. The corrosion
behavior of the nanostructured copper produced bythe
SPD methodsgained only limited attention. Up to now, the
works in this field about copper material were restricted to
the corrosion behavior of ECAPed copper with and without
heat treatment in different solution'*'¢. The ARB method
for producing the nano structured sheets is a new process
in comparison with the ECAP process which the product
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of the ARB process can be easily used in the fabrication of
heat transferring pipes and other equipment that needs sheets
with better physical and mechanical properties'’?!. So study
of the corrosion behavior in ARBed sheets will be important
in heat transferring field. As known, the severe plastic
deformation and changing in microstructure to nano size
occur in the ECAP and ARB processes. Pitting corrosion
of ultra fine grains aluminum produced by accumulative
roll bonding process was investigated?!. It indicates that the
formation of passive film is difficult with increase the cold
deformations and pitting corrosion resistance of samples
were diminished with increasing the number of ARB passes
which is presumably due to increasing the defect density.
There was not any work on the corrosion behavior of the
ARBed copper in the different situation up to now. The
investigation of this behavior in the ECAPed copper as the
SPD method willberationalbecause in both process sever
plastic deformation occurs and the new nanomicrostructure
produced'*'®. Vinogradov et al.”> have first reported the
anodic polarization behaviour of UFG copper fabricated
by Equal-channel angular pressing (ECAP) in modified
Livingstonetchant, and concluded that the anodic current
in UFG copperis higher in both active and passive regions
than that of coarsegrained (CG) counterparts. However,
the corroded surface appeared rather smooth with shallow
corrosion grooves at the grain boundaries whereas deeper
grooves were formed within the grain boundaries in
CG copper. Xu et al.'"* studied the corrosion behavior in
Hanks solution. They showed that the corrosion current of
ECAPed copper in Hanks solution is higher than that of
the coarse-grained copper'®. Yamasaki et al.® investigated
the stress-corrosion cracking (SCC) of the ultra-fine grain
copper produced by ECAP method in 1 M NaNO, aqueous
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solution. They found that the UFG copper possesses notably
better resistance to SCC when compared to its coarse-grain
counterpart?. Miyamoto et al.'> reported that the UFG
copper exhibited a lower corrosion current incomparison
with that inits recrystallized coarsegrain (CG) counterpart
in Livingstone etchant'. The unaffected general corrosion
characteristics and homogeneous damage in the UFG copper
in 3% NaCl, 1M HCI and the standard Livingston solution
was reported by Janecek et al.?*. The literature shows that
there are littlediscussionsand reports about the extracted
results. Due to different corrosion behavior of the UFG
copper in different studied environments, it is necessary to
investigate the corrosion behavior of copperin any specific
environment. The aim of this study is to evaluate the
electrochemical corrosion behavior of the pure copperstrip
fabricated by ARB processin alkaline and acidic NaCl
aqueous solution at the ambient temperature.

2. Experimental Procedure

2.1. Specimen preparation

The material was tough pitch copper (99.9%). The initial
sheets with 1 mm in thickness were cut into the dimensions
30 mm wide and 300 mm long and then subjected in the
ARB process. One side of the surface of the sheets was
degreased by acetone and wire-brushed. After the surface
treatment, two pieces of the sheets were stacked so that the
brushed surfaces were in contact and were fixed to each other
tightly by copper wires and then rolled. The roll diameter
was 127 mm, and the rolling speed was about 6 m/min.
The ARB processes up to 8 cycles were performed at the
ambient temperature without lubrication. The sheets were
air-cooled after roll bonding. Samples with dimensions of
7 mm X 15 mm (Area = lcm?) were prepared from the rolled
copper sheets and were covered by epoxy resin leaving
only the lcm? surface for corrosion tests. The samples of
the cycle no 1, 2, 4, 6 and 8 were used for the comparing
the corrosion behavior with the unrolledcopper strip. The
chemical compositions of tough pitch copper have been
shown in Table 1.

2.2. Corrosion experiments

Electrochemical experiments were performed using
a three electrode cell at 25 + 1 °C, in 3.5 wt. (%) NaCl
aqueous solution with pH=2, and 11. A platinum plate
and a saturated Ag/AgClelectrode were served as the
counter and the reference electrode, respectively. The
polarization and electrochemical impedance spectroscopy
(EIS) tests were performed on an AutoLab PGSTAT 302N
potentiostat system. The frequency range was from 100 kHz
to 10 mHz using voltage amplitude of 10 mV. Fitting of
experimental impedance spectroscopy data to the proposed
equivalent circuit was done by means of home written
least square software based on the Marquardt method for
the optimization of functions and Macdonald weighting
for the real and imaginary parts of the impedance®. The
potentiodynamic polarization tests were carried out at the
scanning rate of 1 mVs™ from —0.45 V lower than OCP up
to 0.35 V above the OCP in pH=2 and up to sudden increase
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Table 1. Specification of initial copper strip.

Material Chemical composition

Tough pitch copper Cu 99.9% (mass), Oxygen ~250 ppm,

Other impurities ~less than 20 ppm

in the anodic current in pH=11. Before each test, the samples
were immersed into the electrolyte for 20 min to stabilize
the open-circuit potential. The morphologies of the corroded
surfaces after polarization testswere examined using FE-
SEMHITACHI S-4160 Scanning Electron Microscopy
forthe samples of cycle 2, 8 and the unrolled one.

3. Results and Discussion

3.1. TEM

Figure 1 shows the TEM microstructures and
corresponding SAD patterns observed at rolling plane of
ARB specimens produced by 1, 4 and 8§ cycles. After 1 cycle
of the ARB process the microstructure showed a mixture of
non-deformed and deformed grains with some dislocation
tangles (Figure la). It is not surprising because plastic
deformation is inherently an inhomogeneous process. The
SAD pattern of this sample was taken from a single crystal
that shows no deformation has occurred in this grain. For
the specimen after 4 cycles, the dislocation density increased
and cell structures were observed. Also the microstructure
became more uniform and some grains with an average
grain size of 200 nm have formed. The SAD patterns of
the 4 cycles ARB sample is more diffused than that of the
single cycle sample and gradually evolves into ring pattern
consisting of discrete spots (Figure 1b). This may indicates
that examined area has subdivided into small domains with
wide orientation spread. With increasing the strain up to
8 cycles, the dislocation density at grain interior seemed
lower than those after 4 ARB cycles. It is noteworthy that
small recrystallized grains were observed along with the
ultrafine deformation microstructures, as seen in Figure 1c.
The average grain size of these recrystallized grains is below
100 nm, smaller than that after 4 cycles. The mean grain
size of pure copper fabricated by ARB process has been
reported about 260-300 nm by other researchers!*", Also
the SAD pattern became more ring-like with increasing
strain up to 8 cycles, indicating the increment of a portion
of high angle boundary.

3.2. Electrochemical results

The potentiodynamic polarization curves for the
ARBed Cu in comparison with the coarse grain Cu in 3.5%
NaCl with pH=2 and pH=11 are shown in Figure 2 and 3,
respectively. The general shape of the ARBed samples
polarization curves did not change substantially with that
of the CG samples in both the acidic and alkaline solution,
reflecting similar dissolution behaviors of samples in each
environment. All copper samples display an active-passive-
transpassive behavior in 3.5% NaCl with pH=11. As can be
seen, a single passive region was obtained which associated
with the cuprous oxide Cu,O film formation on the
specimen’s surfaces which is clear in the FE-SEM images of
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Figure 1. Typical TEM micrographs and the matching SAD patterns
of ARB processed copper by (a) 1 cycle, (b) 4 cycles and (c) 8 cycles.

corroded surfaces. In the anodic region of polarization plots
in acidic solution, the cupric ions produced and the current
density reaches to a maximum amount. The formation of
CuCl started, and the current decreased to its minimum
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Figure 2. Polarization curves of unrolled and ARBed copper
samples in 3.5% NaCl with pH=2 at 25 = 1 °C.
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Figure 3. Polarization curves of unrolled and ARBed copper
samples in 3.5% NaCl with pH=11 at 25 + 1 °C.

value. After electrode passivation, the current was increased
due to instability of CuCl and reaction of CI~ with CuCl.
Soluble CuCl, species formed and the corrosion process
goes back, and CuCl-, diffusion to solution controlled the
corrosion. Therefore, the peaks of the polarization curves
are related to formation of these compounds?.

The results for corrosion current densities (/) and
other parameters summarized in Table 2, and 3 in acidic
and basic solution. The highest corrosion current obtained
for cycle 2, and the minimum amount was for cycle 8. The
corrosion behavior was the same in all cycles. As can be
seen in Table 2 and 3, after cycle 4 corrosion current has
been decreased in both solutions whereas the current was
ascending until cycle 2. These variations attributed to the
microstructure of the samples that has been changed through
the ARB process. This decrease in tendency to dissolution
after cycle 4 isrelated to the microstructure stability. After
cycle 4, the UFG grains have been formed which the UFG
size in cycle 8 was lower than 100 nm. It can be concluded
that the stability in upper cycles is due to the UFG formation.
The highest corrosion current and more degradation in
cycle 2 (Figure 2 and 3) has confirmed instability of cycle 2.
Generally, with application of cold work on metals, due to
some plastic deformation external energy induced in the
metal, and the structure became unstable. In this case with
the ARB process the microstructure becomes unstable. With
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Table 2. Corrosion parameters for unrolled and ARBed copper samples in 3.5% NaCl pH=2 at 25 + 1°C.

Sample orr orr B, B, R, CR
/uAcm?? /v /mV dec! /mV dec! /ohmem? / mmyear™!
Unrolled 2.55 0.246 0.198 0.066 8.39 x 10° 591 x 107
Cycle no.1 2.80 0.210 0.243 0.067 8.14 x 10° 6.49 x 102
Cycle no.2 3.37 0.220 0.204 0.066 6.39 x 10° 7.81 x 107
Cycle no.4 2.68 0.257 0.228 0.066 8.23 x 10° 6.21 x 102
Cycle no.6 1.67 0.264 0.196 0.066 1.28 x 10* 3.87 x 102
Cycle no.8 1.45 0.267 0.162 0.066 1.39 x 10* 3.36 x 10
Table 3. Corrosion parameters for unrolled and ARBed copper samples in 3.5% NaCl pH=11 at 25+1°C.
Sample orr -E,. . B, R, CR
/uAcm™ vV /mV dec! /mV dec! /ohmem? / mmyear™!
Unrolled 2.15 0.116 0.232 0.172 1.99 x 10* 4.98 x 107
Cycle no.1 2.32 0.122 0.262 0.168 1.91 x 10* 5.38 x 102
Cycle no.2 2.97 0.118 0.273 0.181 1.59 x 10* 6.88 x 10
Cycle no.4 2.06 0.128 0.181 0.130 1.59 x 10* 477 x 1072
Cycle no.6 1.49 0.121 0.156 0.123 2.00 x 10* 3.45x 102
Cycle no.8 1.05 0.117 0.109 0.089 2.00 x 10* 2.43 x 107

cell and UFG formation after cycle no.4, the free energy
of structure becomes lower, and the microstructure will be
more stable than the lower cycles.

Another reason for lower corrosion current in upper
cycles can be the interaction in cathodic reactions. The
grain interiors are the cathodic and the grain boundaries are
the anodic sites due to their lower potential in comparing
with the grain interiors. So in upper cycles the cupric ions
which produced in the anodic sites (grain boundaries), must
participate in cathodic reaction in cathodic sites due to the
lower grain size. Decrease incathodic sites (grain interior)
to nanoscale, leads to control the corrosion process due
to cathodic control. In other words,the cupric ions diffuse
and cover the grain interior and interact in the reduction
reactions, and therefore the anodic reaction is decreased.
Miyamoto et al."” found that the reasons of decrease in the
corrosion current of the ECAPed copper are the interaction
in the cathodic reaction.

In Figure 2, it can be seen that the critical current for
first passive (CuCl) formation in cycle 2 is higher than other
samples. This is due to existence of more anodic and active
sites in cycle 2 and refers to the unstable microstructure
of this sample in comparison to the others, which leads to
higher kinetics of anodic reactions. Also the short passive
domain of the ARBed sample cycle 2 in pH=11 is in
agreement with the high corrosion current of the ARBed
sample cycle 2 and show instability of passive layer in this
sample.

The steady state anodic current density after surface
passivationin pH=2 was highest in the cycle no. 2. This
current characterizes the dissolution rate in the passive state.
Therefore, the corrosion resistance of this sample will be
the smallest in comparing with other samples. The anodic
currents for some samples in pH=2 seen to coincide on each
other and the difference between them seem to be low, but
the cathodic currents were more different from each other.

This means that the corrosion resistances influenced by the
cathodic reactions rather than the anodic ones. Analysis
of the polarization curves recorded in pH=11, showed
that the anodic polarization behavior of copper included
transition from active to passive region with the Cu,O film
formation. The cubic structured product in alkaline NaCl
solution has been reported by others®. In the passive region,
the formation of Cu,0 occurred™, also in the active region
probably unstable CuCl or CuCl, or copper ions have been
formed. The sudden increase of the current at the higher
potentials is due to film breakdown and formation of the poor
films such as CuO and Cu(OH),. Other authors explained the
current increasing by the formation of soluble complexes?!.
From thermodynamic view, the lower transpassive potential,
the lower energy needed to dissolve the layer. Therefore,
passive layer of the cycle no.2 dissolved rapidly in
comparing with others and this layer for cycle no.8 was more
stable and protective. In Figure 3 it can be easily seen that
the passive current of cycle 8 was lower than the others, and
it was highest for cycle 2. Therefore the stability of the layer
in cycle 8 was higher and the UFG microstructure showed
better corrosion resistance in comparing with the others.
Figure 4 shows the typical Nyquist plots obtained for the
different copper samples at an open-circuit potential after 20
min immersion in 3.5% NaCl with pH=2. For the purpose
of impedance spectra analysis, the experimental data were
fitted using equivalent circuit, as shown in Figure 5 and the
circuit elements were obtained. The depressed semicircle
in the high frequency can be related to the charge transfer
resistance and the double-layer capacitance. To obtain a
satisfactory impedance simulation of copper, it is necessary
to replace the capacitor (C) with a constant phase element
(CPE) Q in the equivalent circuit®>. The most widely
accepted explanation for the presence of CPE behavior and
depressed semicircles on solid electrodes is microscopic
roughness, causing an inhomogeneous distribution in
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the solution resistance as well as in the double-layer
capacitance®. The impedance of the CPE is defined as
Zpe =1/0(iw)", where Q is a capacitive parameter related
to the average double layer capacitance (C,), and n is a
dimensionless parameter related to the constant phase angle.
In equivalent electrical circuit, R , CPE,, R and Wrepresent
solution resistance, a constant phase element corresponding
to the double layer capacitance, the charge transfer resistance
andthe Warburg impedance. This electrochemical circuit
fitted acceptably on the EIS spectra with mean square error
less than 0.05. Table 4 illustrates the equivalent circuit

parameters for the impedance spectra of copper samples in
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Figure 4. Typical Nyquist impedance plots for ARBed and unrolled
copper samples in 3.5% NaCl at 25 = 1 °C with pH=2.
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Figure 5. Equivalent circuit used to model impedance data for
ARBed and unrolled copper samples in 3.5% NaCl solution with
pH=2 at 25 + 1C.

Effect of Grain Size Changes on Corrosion Behavior of Copper Produced by Accumulative Roll Bonding Process 1383

acidic NaCl solution. The presence of Warburg impedance
in lower frequencies shows that the corrosion is controlled
by diffusion of products or aggressive ions through the
corrosion product on the surface to/from the solution.
Therefore diffusion of CI~ from the solution to the interface
and reaction with the CuCl layer and finally diffusion of
soluble CuCl," to the solution have been controlled the
corrosion rate’!.

The typical Nyquist plots obtained for the different
copper samples at the open circuit potential in 3.5% NaCl
with pH=11 are shown in Figure 6. The Nyquist diagrams
consisted of two slightly depressed overlapping capacitive
semicircles in the high and low frequency sides of the
spectrum. The depressed semicircle in the high-frequency
region can be related to the combination of charge transfer
resistance and the double-layer capacitance. The low-
frequency semicircle was attributed to the oxide film
formed on the copper surface. The equivalent circuit for the
experimental dates in pH=11 has been shown in Figure 7
which Rand Q, are the resistance and capacitance of the
film formed on the copper surface. Table 5 illustrates the
equivalent circuit parameters for the impedance spectra of
copper samples in basic NaCl solution.

From the EIS diagrams it is clear that the shapes of the
impedance plots are the same. It means that the corrosion
mechanism was the same for all samples, and the little
differences are related to their microstructures. This was in
agreement with the polarization behavior that discussed in
the last section. It is clear that the diameter of the obtained
semicircle in cycle 8 is larger than the cycle 2 and the
unrolled sample. This means that the polarization resistance
is larger in cycle 8. Compactness of the film seems to lock
the charge transfer sites on the UFG surfaces.

The ARB processes diminish R, and R until cycle 2
and after that, their amounts increased. The film and charge
transfer resistance improved in cycle 4, 6 and 8 in comparing
with the lower cycles. Therefore, the corrosion resistance
increased after cycle 4, which are due to the UFG formation,
and lead to blocking of the active sites by stable products.

3.3. Morphology of corroded surfaces after
polarization

Because of the maximum corrosion current in cycle 2
and the minimum amount in cycle 8, these samples have
been selected to comparison their corroded surface with
unrolled sample. Figure 8 shows the surface morphologies
of the samples after potentiodynamic polarization test in

Table 4. Electrochemical parameters calculated from EIS measurements on copper electrode in 3.5% NaCl solution with pH=2, at 25 + 1°C

using equivalent circuit presented in Figure 4.

Sample R Q.

n R W/ Q'em 22

/ Qem? /F / Qem?
Unrolled 3.393 4.76 x 107 0.86 251.2 6.74 x 10+
Cycle no.1 2.734 5.77 x 107° 0.87 207.2 8.17 x 10*
Cycle no.2 2.158 6.81 x 10° 0.86 175.8 9.64 x 10+
Cycle no.4 2.545 5.37x 107° 0.86 222.6 7.61 x 10+
Cycle no.6 3.084 433 %107 0.87 276.2 6.13x 10
Cycle no.8 3.821 3.84x 107 0.86 311.2 544 x 10
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pH=2. Different microstructure is seen in the cycle no.2
in comparing with the unrolled one. The grain boundary
attacks are visible clearly in the unrolled and cycle no.2
samples. As can be seen, the corroded grain boundaries are
narrow in the unrolled sample in comparing to the cycle
no.2 and the volume fraction of them is lower than that of
the cycle no.2. Because of the dislocation accumulation
in the grain boundaries of cycle 2, the boundaries were
attacked more and the grooves have been broader than the
unrolled material. Some grains were deformed in cycle 2
and the dislocation density has been increased in the grain
interiors and boundaries. Therefore, the surface was rougher
than theunrolled sample. The corrosion products in the
grain boundaries of the cycle no.2 have been piecemealed
because the density of dislocations is much in this sample.
The polarized surface of the cycle no.8 seems to be smoother
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Figure 6. Typical Nyquist impedance plots for ARBed and unrolled
copper samples in 3.5%NaCl at 25 + 1 °C with pH=11.
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than the unrolled and cycle 2. As mentioned before, the
dislocation density increased with ARB process until the
dislocations lead to the new cells and UFG grains were
uniformly formed in cycle 8. When aggressive ions attack
to this surface, it corroded uniformly than the lower cycles
because the potential difference in entire surface is very
low. As seen in the surface of cycle 8, the grain boundaries
have not been attacked. It understands that the distribution
of the free energy and potential difference is homogeneous
and uniform in the higher cycles. Therefore,the corrosion
type of the samples has been changed from intergranular in
lower cycles to uniform in upper cycles as shown in Figure 8.

The morphologies of samples in pH=11 has been shown
in Figure 9. The appearance of corroded surface in this
solution is different with pH=2. The grain boundary attack
is not seen not only for unrolled but also for cycle 2 and 8.

le

Figure 7. Equivalent circuit used to model impedance data for
ARBed and unrolled copper samples in 3.5% NaCl solution with
pH=11at25+1°C.

Table 5. Electrochemical parameters calculated from EIS measurements on copper electrode in 3.5% NaCl solution with pH=11, at

25 + 1°C using equivalent circuit presented in Figure 6.

Sample R, 0, n, R, o, n, R,
/ Qem? /F / Qcem? /¥ /Qcem?
Unrolled 2.842 2.18 x 107 0.9 3450 1.26 x 1073 0.58 1.99 x 10*
Cycle no.1 2.668 2.32x 107 0.89 3199 1.44 x 1073 0.58 1.74 x 10*
Cycle no.2 2.278 2.72 x 107° 0.89 2939 1.58 x 107 0.57 1.59 x 10*
Cycle no.4 2.482 2.50 x 107 0.9 3664 1.35x 107 0.57 1.86 x 10*
Cycle no.6 2.964 2.09 x 10°° 0.9 3820 1.09 x 107 0.57 2.08 x 10*
Cycle no.8 3.294 1.88 x 107 0.9 4240 1.21 x 10 0.57 2.31 x 10*

Figure 8. FE-SEM images of corroded surfaces after polarization in 3.5% NaCl at 25 + 1°C with pH=2 (a): unrolled, (b): cycle no.2,

(c): cycle no.8.
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Figure 9. FE-SEM images of corroded surfaces after polarization in 3.5% NaCl at 25 + 1 °C with pH=11 (a): unrolled, (b): cycle no.2,

(c): cycle no.8.

The cubic Cu,O products have been formed and covered the
surface so the active site blocked and finally, the corrosion
rate decreased. The surface of the sample of cycle 8 is
covered with Cu,0 more than others. The compactness
of products is more in this sample. The dislocation
accumulation in cycle 2 is more, and the microstructure
inhomogeneity existed in this sample in comparing with
the unrolled and cycle 8. Therefore, the corrosion products
were influenced by substrate and the surface of the cycle 2
degraded differently. In addition to decreasing the corrosion
current in upper ARB cycles, another important result from
images of the polarized samples is decreasing the grain
boundary in upper cycles, which observed in FE-SEM
images. This can be considered as a certain advantage of
the ARBed copper in engineering applications.

4. Conclusion

Corrosion behavior of ARBed copper has been
investigated in acidic and alkaline 3.5% NaCl solution. The
shape of the polarization curves and EIS plots generally was
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