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Copper is one of the first metals to ever be mined and used by humans, and since the dawn of civilization, it has made important
contributions to behavioral science. The exploration of copper has provided knowledge of nonfuel minerals and has consequently
improved society. The objective of this paper is to investigate the effect of annealing on the microstructure, mechanical properties,
and corrosion of copper material before undergoing an accumulative roll bonding process (ARB). The material was heated to
600°C and cooled with water before being rolled by a two-roller rolling machine. The second ARB experiment was conducted on
copper material without annealing. The samples were characterized by a light microscope (LM). The ASTM E384 test method was
followed during the hardness test. The results show that annealing and applying two passes of the ARB process reduce the grain
size by 37%, which is significant. It also increases copper hardness by 65% and increases its electrical conductivity by 2.6%.
Additionally, the results show that the open circuit potential during the first pass heated sample was —0.07237 V; this increased by

22.16% with the second pass heated sample.

1. Introduction

Presently, copper is used in building construction, the
production of industrial machinery, power generation and
transmission, electronic product manufacturing, and
transportation vehicles [1]. Lightweight materials are the
focus of the development of novel structural materials, as
they bear the potential to reduce energy consumption in
mobile applications while retaining functionality [2]. The
most common severe plastic deformation (SPD) processes
are equal channel angular pressing (ECAP), high-pressure
torsion (HPT), and accumulative roll bonding (ARB) [3].
Accumulative roll bonding is known as one of the more
severe plastic deformation processes, which can give a much
larger equivalent strain than that of normal plastic defor-
mation, and generally, the equivalent strain becomes larger
than 4 in SPD processes [4]. The ARB process reduces
material thickness by 50% in one pass. Ultrafine grained

(UFG) metals and alloys processed by severe plastic de-
formation techniques have been reported to have superior
mechanical properties, such as high strength and hardness,
good ductility, and excellent superplasticity at lower tem-
peratures and higher strains [5]. During the monotonic
deformation of conventional materials to nanomaterials, the
material grain size decreases. The decrease in material grain
size brings about an increase in the material’s properties [6].

Several studies have been conducted regarding the mi-
crostructure, mechanical properties, and corrosion of cop-
per material by an accumulative roll bonding process. The
accumulative roll bonding of pure copper and interstitial
free steel study [7] was conducted at an elevated tempera-
ture, and the results of this study showed that an ARB
process at a lower temperature results in higher hardness in
copper and steel sheets; however, it may lead to its ap-
pearance as an unbonded area, which is undesirable. A study
of continuous extrusion and the roll forming of copper strips
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TaBLE 1: Chemical composition.
Samples Zn Pb Sn Al Mn Ni Co Bal-Cu
Unrolled nor heated (Cu-1) 0.040 0.001 0.001 0.508 0.001 0.001 0.002 99.4
1** pass heated (Cu-2) 0.042 0.001 0.001 0.390 0.001 0.001 0.002 99.9
2nd pass heated (Cu-3) 0.032 0.001 0.001 0.020 0.001 0.001 0.002 99.92
1* pass unheated (Cu-4) 0.037 0.001 0.001 0.015 0.001 0.001 0.002 99.9
2nd pass unheated (Cu-5) 0.050 0.001 0.001 0.020 0.001 0.001 0.002 99.92

found that after continuous extrusion, a homogeneously
distributed and equiaxed grain microstructure can be
formed in copper strip billets with an average grain size of
about 80 ym. The grains of the copper strips were stretched
clearly during rolling and along the rolling direction to form
a stable orientation, and after rolling, the grain boundaries
are still relatively clear to see [8]. It was reported that the
hardness value of the copper layer increased sharply in the
first cycle and then remained constant for the next two
cycles. It later rose over the following four stages, during
which Cu/Sn multilayer composite was developed through
accumulative roll bonding [9]. The microstructure and
mechanical properties of pure copper were subjected to skin
pass asymmetric rolling after 300°C annealing, and it was
found that the grains were refined to 4 ym from 85 ym. It was
also reported that the strength of the sheets increased
dramatically, but at the same time, their ductility decreased
drastically [10].

Corrosion of metal in the presence of water is a common
problem across many industries [11]. Modifications to the
copper strip corrosion test for the measurement of sulfur-
related corrosion research were performed [12], and another
study conducted testing of copper strip corrosion for dif-
ferent fluid samples [13]. Copper is a useful material that has
been used for different applications; therefore, it is imper-
ative to enhance its properties. This paper investigates the
effect of heating copper material before ARB processes in
order to improve its properties.

2. Materials

The materials used in this study were copper strips that were
80 mm long, 15 mm wide, and 1.187 mm in thickness. The
chemical composition, which is presented in Table 1 was
obtained using the following method. Three spark analyses
were done per sample by using glow discharge optical
emission spectroscopy (GD-OES). The GD-OES was first
calibrated by using a copper standard (parent sample) before
analysis. An average was then calculated from the three
analysis results, trace elements were filtered from the raw
data and only major alloying elements for copper alloys were
included in the results.

2.1. First ARB Experiment. In this study, copper strips were
used, and two ARB experiments were conducted using a two
roller rolling machine. A copper material of 1.187 mm
thickness was cut into a rectangular shape measuring 80 mm
long and 15 mm wide. A furnace was used to heat up the
material to a maximum temperature of 600°C for one hour.

After an hour, the material was cooled using pure water for 5
minutes. The copper strip was then placed in between a two
roller rolling machines with a 60 mm diameter and a 425 mm
length. A 4-Ton pressure was set between the rollers and the
material, and the material was rolled at a constant speed of
9rpm. After the first ARB pass, the thickness of the rolled
material was measured with a Vernier caliper, cleaned with a
wire brush, and cut so that a piece could be characterized
through hardness and corrosion testing. Thereafter, the
copper material was cut in half. These two pieces were
stacked together, bonded with a bonding wire, and rolled for
the second time. The thickness was measured and is
recorded in Table 2.

2.2. Second ARB Experiment. A rectangular copper strip
that was 80 mm long, 15 mm wide, and 1.187 mm thick was
used for the second ARB experiment. The experiment was
conducted at a room temperature of 24°C. The same rolling
machine, pressure, speed, ARB process procedure, and the
number of passes that were used in the first ARB experiment
were also used for the second experiment. The only dif-
ference between the two ARB experiments was that, in the
second experiment, the material was not placed in a furnace.
The ARB experimental process is shown in Figure 1 and the
thickness measured in this experiment is recorded in Table 3.

2.3. Sample Preparation and Characterization. Two copper
strip specimens, as previously specified, were received,
annealed, and mounted in plastic resin. The mounts were
plane ground using No. 120 grit SiC paper, and then finely
ground using No. 220, 800, and 1200 grit SiC paper. They
were then polished to a mirror surface finish using the
polishing steps of 9 ym, 6 ym and 1 ym diamond lubricants
and a Magnetic Disc Mol and Nap (MD-Mol &-Nap)
polishing cloth. The mounts were etched by immersing them
in Bereha’s 10/3 reagent solution for 5 minutes at room
temperature, then rinsed in water and dried using com-
pressed air. The Bereha’s 10/3 reagent solution contained
100 ml H20, 10 g Na25203, and 3 gK25205. The mounted
samples were examined and photographed with an optical
light DSX50 microscope. The micrographs were acquired
using polarized light and at magnifications of 277X and are
presented in Figures 2-4. The micrographs used are from
annealed samples, and average grain sizes were determined
by adopting the ASTM E 112-12 standard using a linear
intercept method. For the statistical analysis, 20 test lines
were used, i.e., 10 test lines embedded horizontally and 10
test lines embedded vertically on the micrographs, with
lengths ranging from 899.97 um to 917.62 ym. The intercept
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TaBLE 2: ARB experimental results of experiment 1.

TaBLE 3: ARB experimental results of experiment 2.

Samples Thickness (mm)
Unrolled, unheated sample (Cu-1) 1.187
1** ARB pass heated at 600°C (Cu-2) 0.993
2" ARB pass heated at 600°C (Cu-3) 0.860

Samples Thickness (mm)
Unrolled and unheated (Cu-1) 1.187
1** ARB pass unheated (Cu-4) 1.025
2" ARB pass unheated (Cu-5) 0.894
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FIGURE 1: Schematic illustration of the ARB process [3].

of grain boundaries with the test lines was counted, and the
average linear intercepts were calculated and thereafter
converted into an average grain size and an ASTM grain size
number.

2.4. Hardness Test. Rolled samples were plane ground to
ensure that the opposite surface was flat. The samples were
then tested using the ASTM E384 standard. An EMCO test
machine was used for the Vickers hardness test. Each
sample was tested six times at different positions. A 10 kgf
test force was used and the holding time was 10 seconds.
The results were manually recorded and are presented in
Tables 4 and 5.

2.5. Conductivity Test. The conductivity of the parent,
heated, and unheated rolled samples was tested. A 12V class
A, 43 Ah, 325 A Willard battery was utilized as the power
source. A 12V globe was used as a load, and the current in
the circuit was measured using a multimeter. Figure 5 de-
picts the closed circuit. After each sample was attached to the
circuit, three measurements were made for each. The results
of the experiment are documented in Table 6.

2.6. Corrosion Assessment of Copper before and after ARB and
Heat Treatment. Polarization testing was carried out using
an Autolab potentiostat instrument with Nova 2.1 software.
The system involved three electrodes connected to the
equipment, with the copper samples serving as the working

Grain

FIGURE 2: Optical microscope micrograph of parent sample at 277X
(Cu-1).

electrodes. The samples were connected to the equipment
and set in beakers, each containing 100 ml of the electrolyte
solution. Potentiodynamic polarization versus open circuit
potential (OCP) curves were obtained, and the scan rate was
0.005m/s. The working electrodes were dipped into the
electrolyte solution (3.65% NaCl) for 3600.89 seconds to
accomplish the steady state potential and the outcomes were
recorded. The polarization potential (Ecorr) and current
density (Jcorr) data were estimated from the Tafel plots.

3. Results and Discussion

The chemical composition of all Cu strips shows that the
metals are pure copper, however when tested, there were
trace amounts of Zn and Al metallic elements, which meant
that the strips were not 100% pure copper. Although present
in trace amounts, the impact of these metallic elements is
negligible in the testing undertaken in this study. The testing
results showed that the strips that were heat treated twice are
thinner than the strips that were heat treated once. This is
due to the oxidization of the surface when metal strips are
exposed to higher temperatures for longer periods of time,
and when the oxide scales detach from the surface, the
thickness of the strip decreases.

3.1. Microstructure. The average grain size analysis, which
was determined by the ASTM E112-12 standard using a
linear intercept method, is presented in Table 7.

The microstructures of the parent, unheated, and heated
samples are shown in Figures 2-4.

Figure 3 shows grains of different shapes and sizes. Based
on the grain size analysis, which is presented in Table 7, it
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TaBLE 4: Hardness test results of heated material.

1t ARB pass 104 HV 105 HV 104 HV 106 HV 91.6 HV 102 HV Avg. 102.1 HV

2" ARB pass 115 HV 114 HV 116 HV 110 HV 112 HV 114 HV Avg. 113.5 HV
TaBLE 5: Hardness test results of unheated material.

Parent sample 39.3 HV 39.9 HV 39.9 HV 39.6 HV 37.5 HV 41.4 HV Avg. 39.6 HV

1** ARB pass 103 HV 97.1 HV 101 HV 101 HV 100 HV 103 HV Avg. 100.9 HV

2" ARB pass 116 HV 115 HV 112 HV 108 HV 111 HV 90.8 HV Avg. 108.8 HV

TaBLE 6: Current results.

Parent sample (A) 1* pass unheated sample (A) ond pass unheated sample (A) 1% pass heated sample (A) ond pass heated sample (A)

0.75 0.75 0.76 0.77 0.77
0.76 0.75 0.75 0.77 0.78
0.75 0.75 0.75 0.77 0.77
AVG=0.75 AVG=0.75 AVG=0.75 AVG=0.77 AVG=0.77

TaBLE 7: Grain size measurements.

Sample description

Mean intercept, L (um)

Parent sample (Cu-1)

1** ARB pass heated at 600°C (Cu-2)
2" ARB pass heated at 600°C (Cu-3)
1* ARB pass unheated (Cu-4)

2°¢ ARB pass unheated (Cu-5)

106.075
70.268
67.163
90.099
83.102

()

Small grain

|Rolling direction (RD)|

()

FIGURE 3: Optical microscope micrographs of heated samples at 277X: (a) 1** ARB pass (Cu-2) and (b) 2" ARB pass (Cu-3).

was noted that the average grain size of the parent sample is
106.075ym. At some sections in this figure, the grain
boundaries are not clearly visible.

Figure 3 presents the microstructure of samples heated at
600°C and rolled twice. The grains were of different shapes as
shown in Figure 3. There was a significant decrease in grain
size after the 1° ARB pass on this sample, as the grain size
reduction was ~34%. When comparing the grain sizes of

both figures, it was noticed that the grain size of the 1** ARB
pass heated at 600°C was 4% bigger than that of the 2 ARB
pass and was reported to be 70.3 ym. The micrograph in
Figure 3 reveals more grains that are arranged along the
rolling direction. The grains are more refined after the 2"
ARB pass and have a grain size average of 67.2 ym. Smaller
equiaxed grains were noticed, as shown in Figure 3, which
indicate that recrystallization occurred during the
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FIGURE 4: Optical microscope micrographs of unheated samples at 277X: (a) 1** ARB pass (Cu-4) and (b) 2" ARB pass (Cu-5).

TaBLE 8: Polarization data for copper during the ARB experiment with heated and unheated samples.

Ecorr (V) Jeorr (A/cm?) Corrosion rate (mm/year) Polarization resistance (Q2)
1 pass heated (Cu-2) —-0.33638 0.00023071 2.6808 158.69
ond pass heated (Cu-3) —1.1647 0.0010847 12.604 233.75
1 pass unheated (Cu-4) —0.26012 0.0001118 1.2991 1772.7
ond pass unheated (Cu-5) -1.2601 0.0026541 30.84 146.21
Unrolled and unheated (Cu-1) —-0.43066 0.000010429 0.12118 6011.1

accumulative roll bonding process. The same results were
reported [14] in a study observing the change in micro-
structure and texture during the annealing of pure copper
heavily deformed by accumulative roll bonding.
Micrographs of unheated samples rolled twice are pre-
sented in Figure 4. They show that there was a decrease of
15% in grain size after the 1°* ARB pass. After the 2" ARB
pass, the grain size was further reduced by 8%. This means
that the more the number of cycles, the finer and more
complicated the grains become [7]. Figure 4 shows grains of
different shapes, which are bigger co (})ared to the grains in
Figure 4. The microstructure of the 2"® ARB pass (Figure 4)
shows more elongated grains along the rolling direction. The
grain boundaries are clearly visible in Figure 4 when
compared to those in Figure 4. In this study, it was noticed
that samples heated at 600°C and rolled were more refined as
compared to samples rolled without heat treatment.

3.2. Hardness Test. 'The hardness results shown in Tables 4
and 5 are graphically presented in Figure 6.

The Vickers hardness test results of the parent and
unheated and heated samples are presented in Figure 6. The
parent sample was noticed to be the softest of the tested
materials, as it has a 39.6 HV. The heated 2"¢ ARB passed
sample was the hardest tested material as it was reported to
be 113.5HV. Heat-treated and accumulative roll bonding
processes increased copper material hardness by 61% from
39.6 HV to 102.1 HV after the 1° ARB pass and by 65% from
39.6 HV to 113.5 HV after the 2! ARB pass. The hardness of
unheated rolled samples increased by 60% from 39.6 HV to
100.9 HV after the 1** ARB pass and by 63% from 39.6 HV to
108.8 HV after the 2! ARB pass. The samples with bigger

grain sizes were noticed to be softer and the ones with
smaller grain sizes were harder. The same results have been
previously reported [15-18].

3.3. Electrical Conductivity Test. Figure 7 demonstrates
samples with high electric conductivity. It was noticed that
the samples heat treated at 600°C and rolled, have a high
electrical conductivity. This process (heat treating and
rolling) increased the electrical conductivity of copper
material by 2.6%, from 0.75A to 0.77 A. Additionally, the
samples with more refined grains were found to be better
conductors than those with bigger grains.

3.4. Effect of Corrosion Resistance on Copper Material

3.4.1. Polarization Data. The corrosion rate is directly related
to the density of the corrosion current [19]. As shown in
Table 8, corrosion potential values (Ecorr) correspond with
corrosion current density. During the polarization test, the
first pass heated sample recorded a corrosion rate of
2.6808 mm/year and its polarization resistance was 158.69 Q.
However, the first pass unheated sample’s corrosion rate
decreased by 48.5% and its polarization resistance increased
by 91%. Furthermore, during the second pass heated, the
corrosion rate was 12.604 mm/year and the polarization re-
sistance was 233.75 Q). It was further observed that the cor-
rosion rate for the second pass unheated sample increased by
41% with a decrease of 37.5% in polarization resistance.

3.4.2. Open Circuit Potential (OCP) Measurement. OCP is
the capability of the functioning cathode reference terminal
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TaBLE 9: Open circuit potential (OCP) values of copper samples during ARB and the parent sample.

Samples OCP
Unrolled nor heated (Cu-1) —0.19442
1** pass heated (Cu-2) -0.07237
ond pass heated (Cu-3) —0.32645
1** pass unheated (Cu-4) —-0.127045
2" pass unheated (Cu-5) -0.10937
Load Batter
0,770 n;77—m(,77
\ Copper sample | + <
£ 0,760 -
Ficure 5: Closed circuit. £
O
0,755
120 - 0750 {  mg75———mg;75———m0,75
1135
110 4 m]08,8 T T T T T
I’/ Parent Ist p. 2nd p. Istp.h.  2ndp.h
100 + F102,1 =100,9 un-h. un-h.
é 90 - Samples
2 —=— Current
2 80 -
E FiGure 7: Electrical conductivity result per sample.
T 70
% 60 - value was —0.12704 V and when the samples were rolled for
- 5 the second time, the OCP value changed to —0.10937 V. It
was further observed that the ARB experiment and heat
404 w396 treating the material influences the corrosion resistance.
The time exposure during the OCP experiment was
30 e e compared against the current and it was noted that the
Parent Istpass  2nd pass  lstpass  2nd pass .
sample  heated  heated un-heated un-heated unrolled-unheated sample recorded a current density of

Samples description
—m— Vickers Hardness

FIGURE 6: Vickers hardness of unheated and heated ARB samples.

when the cell has no current or potential. Changes in an
open circuit are likely to lead to polarization, and this is
because of the ongoing current flowing through the anode/
electrolyte interface. The open circuit potential of the
samples is represented in Table 9. It was noted that the
unrolled-unheated samples recorded an OCP value of
—0.19442 V. The samples were then rolled and heated at
600°C for one hour, with the rolling repeated twice. The
outcome of the rolled samples is as follows. During the first
pass heated, the OCP was reported to be —0.07237 V. It was
further observed that the second pass heated sample was
—0.32645V Additionally, when the OCP was performed on
samples that were not heat treated but rolled twice, it was
discovered that during the first pass unheated, the OCP

0.007148 A (Figure 8(a)). It was further observed as the OCP
experiment was carried out that the first pass heated sample
saw a current density decrease of 13.2%. However, the first
pass unheated sample decreased by 41.5%, and this higher
percentage shows the importance of heat treatment in
metals. During the second pass heated, it was further ob-
served that the current density was 0.005566 A, and this later
changed to 0.006986 A when the second pass unheated
sample was evaluated (Figure 8(b)).

3.4.3. Potentiodynamic Polarization (PDP) Measurement.
The PDP test is performed so that the potential of the test
sample increases in stages [20, 21]. This causes an oxidation
or reduction reaction on the surface of the test material, and
as a result, the current is generated. Tafel extrapolation of
the current potential line was used to obtain the Jcorr.
Figure 9 shows the potential (V) vs. log (current) of copper
samples during the ARB process and includes the parent
sample. It was observed that the first pass heated sample
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FIGURE 9: Tafel polarization graphs of copper samples post-ARB
testing and dipped in NaCl solution.

recorded a maximum current of —2.207546 A and a po-
tential of 1.42852V. However, the first pass unheated
sample observed 3.5% less potential when compared to the
first pass heated sample. It was further noticed that as the
samples were rolled for the second time, both the current
and potential decreased gradually. The second pass heated
sample was observed to be more passive when compared to
the second pass unheated sample. This indicates that the
sample in the second pass heated has better corrosion
resistance. It was discovered that heat-treated samples
exhibit higher corrosion resistance when compared to
unheated samples, and they fare even better when com-
pared to the rolled samples, which, as with the unheated

samples, demonstrate adequate corrosion resistance. In the
current study, it can be concluded that the ARB process has
a significant contribution to the corrosion resistance of the
material. This was observed when applying the ARB process
twice to the material and heat treating the sample after-
ward, the material turns to increase its corrosion resistance.
Subsequently, Figure 9 leads to more passive in the second
pass heated sample.

4. Conclusion

Grain refinement by the ARB process enhances the me-
chanical properties of copper material. An investigation of
the effect of annealing copper material before an accumu-
lative roll bonding process was conducted in this paper. It
was possible to successfully analyze the effect of annealing on
the microstructure and mechanical properties of copper
material, and the outcomes are as follows:

(i) It was noticed that annealing copper material at
600°C before performing two passes of the ARB
process significantly reduces the grain size by 37%.
And the smaller the grain size, the higher the
mechanical properties.

(if) When comparing the hardness of heated and un-
heated rolled copper samples, it was found that
annealed samples were harder, and the hardness was
reported to be 113.5HV.

(iii) During the electrical conductivity test, it was ob-
served that the annealed rolled copper samples have
better conductivity as compared to unheated rolled
samples; moreover, their conductivity increased by
2.6%.

(iv) It was further observed that the ARB process and
heat treating the material influence the corrosion
resistance of the copper material
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(v) Annealing copper material and rolling it enable to
exhibit adequate mechanical properties when
compared to unrolled and unheated samples
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