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Accumulative roll bonding (ARB) imposes severe plastic strain on materials without changing the specimen 
dimensions. ARB process is mostly appropriate for practical applications because it can be performed 
readily by the conventional rolling process. An Al-2wt%Cu alloy was subjected to ARB process up to a 
strain of 4.8. Stacking of materials and conventional roll-bonding are repeated in the process. In this study, 
corrosion behavior of an Al-2wt%Cu alloy fabricated by ARB process was studied in 3.5%wtNaCl solution 
using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The morphology of 
structures was analyzed by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-
EDX). Also, the electrochemical experiments showed that corrosion resistance of samples decreases with 
increasing the number of ARB cycles due to the formation of oxide layer on defects and energetic regions 
such as grain boundaries with low/high angle and high density dislocations accumulated in sub-grains. 
According to the nyquist curves, by continuing the process, the diameters of semicircles decreased and the 
corrosion resistance and the polarization resistance subsequently decreased. After 6-cycle ARB, link up of 
small pits and micro crack were seen. Also, with increasing the number of the ARB cycles, the mean grain 
size of specimens decreased and it reached to 650 nm after 6 cycles of ARB process.

1. Introduction
Severe plastic deformation (SPD) techniques are 

now widely applied for the production of ultrafine-
grained (UFG) microstructures in bulk metals with 
mean grain size smaller than 1 µm [1,2]. Several 
SPD methods such as equal channel angular 
pressing (ECAP) [3], high pressure torsion (HPT) 
[4], multi-axial compression/forging (MAC/F) 
[5], cyclic extrusion compression (CEC) [6] and 
accumulative roll bonding (ARB) [7,8], have 
been developed. Among these SPD techniques, 

ARB process allows to accumulate very large 
plastic strains into materials without changing the 
dimensions of materials by repeating the process 
of cutting the rolled sheet, stacking them to be the 
initial thickness and roll-bonding the stacked sheets 
again [7,8]. Microstructure evolution, mechanical 
properties and texture evolution of ARB-processed 
alloys have studied by many researchers [1,9-12], 
however, some characteristics of ARB-processed 
alloys such as corrosion behavior still need an in-
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depth research. Naeini et al. [13] studied the pitting 
corrosion resistance of UFG AA-5052 processed by 
ARB process in 3.5% NaCl. They found that pitting 
corrosion resistance decreased with increasing 
the number of ARB cycles. Eizadjou et al.[14] 
investigated the pitting corrosion susceptibility 
of ARBed pure aluminum. They concluded that 
anodic breakdown and repassivation potentials 
decrease with increasing the number of ARB 
cycles. Korchef et al. [15] studied the corrosion 
behavior of pure aluminum processed by ECAP. 
They pointed out that corrosion resistance of the 
alloy decreases with increasing the number of 
ECAP cycles. Also, Akiyama et al. [16] reported the 
corrosion behavior of ECAP-processed Al-alloys in 
natural buffer solution containing 0.002 M NaCl. 
They found out that the pitting corrosion resistance 
was deteriorated. 

In this study, the corrosion behavior of Al-
2%Cu alloy processed by ARB process with 
potentiodynamic polarization an EIS tests in 3.5% 
NaCl solution was investigated, and the results 
compared to a solution-treated (ST) specimen.

2. Materials and Experimental Procedure
The chemical composition of the used material is 

as follow (wt%): 1.96Cu-0.001Mg-0.022Fe-0.004Si-
0.001Mn-0.006Cr-0.0001Ti-Al (base). The used 
sheets for the experiments were solution-treated at 
550°C/6hr and immediately quenched in the water. 
The samples were prepared with a thickness of 2 
mm, a width of 60 mm and a length of 200 mm. 
Some of the ST sheets were firstly cold-rolled by 
50% reduction in the thickness. To prepare of the 
sheets and create a satisfactory bond in the ARB 
process, the surfaces of the sheets were cleaned by 
acetone and were roughened by a wire brush. The 
ARB process was immediately carried out to avoid 
for any oxide formation.

The ARB process was carried out by two mills 
with 110 mm diameter rolls having rolling speed 
of 0.167 m/s. After the cold-rolling, the sheets were 
immediately quenched in the water. The sheets 
with 1 mm thickness were cut into half-length and 
then the sheets were stacked to be 2 mm and roll 
bonded by 50% reduction. These stages repeated up 
to 6 cycles. 

All electrochemical experiments were performed 
in 3.5%NaCl solution at room temperature using 
a potentiostat model IVIUMSTAT. A saturated 
calomel electrode (SCE) and a Pt rod were used as 
reference and counter electrodes, respectively. The 

working electrodes were ST and ARBed specimens 
which they were ground up to 2000 grade with 
SiC paper, washed with distilled water and then 
degreased ultrasonically with acetone in 10 minutes 
and finally washed with distilled water again. 
In the case of polarization tests, after each cycles 
of ARB process, determination of open circuit 
potential (OCP), was carried out after 30 minutes 
immersion in NaCl solution and then tests were 
performed at scan rate of 1 mV/S. Furthermore, 
all electrochemical data and corrosion rates were 
extracted by Cview software, version 3.3.

3. Result and Discussion
In order to understand the effect of grain size 

on the corrosion behavior, the change in the grain 
size as a function of the number of ARB cycle is 
shown in Fig. 1 [7].  The grain size of the specimen 
decreases with increasing the number of ARB cycle 
and reaches to 650 nm after 6-cycle ARB process. 
The accumulation of shear deformation during 
ARB process is dominant driving force for the 
grain refinement and the grain subdivision. 

Two different methods were used in order to 
evaluate the corrosion behavior of specimens as 
following:

3.1. Polarization tests 
Figure 2 shows the polarization curves for ST and 

ARBed specimens. Table 1 lists the ECorr, iCorr, RP and 
corrosion rate (C.R.) as a function of the number of 
ARB cycles. Also this result is schematically shown 
in Fig. 3. As shown in Fig. 3, the magnitude of C.R. 
for Annealed specimen (ST specimen) is lower than 
others. This clearly indicates that by increasing the 
number of ARB cycles, corrosion resistance of the 
samples decreases.

3.2. Electrochemical Impedance Spectroscopy 
(EIS)

 
Fig. 1- Change in grain size as a function of the number of ARB
cycles.
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Figure 4 shows the impedance spectra on 
nyquist plots obtained at OCP from the ST and 
ARBed specimens immersed into 3.5% NaCl 
solution. The results of EIS measurement show 
the diameter of semicircles, giving the polarization 
resistance (Rp). High Rp values indicate that a stable 
oxide layer were formed on the alloy and has an 
excellent corrosion resistance. As can be seen, 
with increasing the number of ARB cycles (N), 
the polarization resistance decreases. According to 
Stern-Gery equation, icorr is inversely proportional 
to RP [15]:

iCorr=                                                                            (1) 

where iCorr is the corrosion current density, ba and 
bc are the anodic and cathodic Tafel coefficients, 

respectively, and RP is the polarization resistance. 
On the other hand, with increasing the Cl- ion, 
the charge-transfer resistance decreases, therefore, 
oxide layer breaks down and working electrode 
becomes less passive. In fact, with increasing the 
semicircle diameter, the electrode resistance against 
corrosive anion (Cl-) increases. It should be noted 
that with increasing the number of ARB cycles, 
the diameters decreases, as a result, the corrosion 
resistance decreased.

An equivalent circuit (Randles Circuit) which 
is very common is shown in Fig. 5. As can be 
seen, the electrochemical system of metal/oxide 
layer/ electrolyte, where RS, RP and C represent 
the electrolyte resistance, the charge-transfer 
resistance and interfacial capacitance, respectively. 
This capacitance contains the contribution of the 
passive film Cf and the double layer Cdl, which are 
in series.

3.3. Surface Analysis
The SEM micrographs of all specimens are 

shown in Fig. 6. As shown in Fig. 6 (a), portray 
small pits that they distribute uniformly on the 
surface, after 1 cycle of ARB process, these pits 
increase and become deeper. Therefore, with 
increasing the number of ARB cycles, the number 
of pits increases. 

It should be noted that, the pits in N=6 and N=3 
are larger and deeper than the pits in N=1. On the 

 
Fig. 2- Polarization curves for ST and ARBed samples in 3.5% 
NaCl Solution.

 

 

 

 

 

Table 1- Electrochemical data for ST and ARBed samples.

 
Fig. 3- Corrosion rate as a function of the number of ARB cycles.
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of semicircles, giving the polarization resistance (Rp). High Rp values indicate that a stable oxide 
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where iCorr is the corrosion current density, ba and bc are the anodic and cathodic Tafel coefficients, 

respectively, and RP is the polarization resistance. On the other hand, with increasing the Cl- ion, 

the charge-transfer resistance decreases, therefore, oxide layer breaks down and working electrode 

becomes less passive. In fact, with increasing the semicircle diameter, the electrode resistance 

against corrosive anion (Cl-) increases. It should be noted that with increasing the number of ARB 

cycles, the diameters decreases, as a result, the corrosion resistance decreased. 

(Figure 4) 

An equivalent circuit (Randles Circuit) which is very common is shown in Fig. 5. As can be seen, 

the electrochemical system of metal/oxide layer/ electrolyte, where RS, RP and C represent the 

electrolyte resistance, the charge-transfer resistance and interfacial capacitance, respectively. This 

capacitance contains the contribution of the passive film Cf and the double layer Cdl, which are in 

series. 

(Figure 5) 

3.3. Surface Analysis 

The SEM micrographs of all specimens are shown in Fig. 6. As shown in Fig. 6 (a), portray small 

pits that they distribute uniformly on the surface, after 1 cycle of ARB process, these pits increase 

and become deeper. Therefore, with increasing the number of ARB cycles, the number of pits 

increases.  

(Figure 6) 

 

Fig. 4- Nyquist plot of ST and ARBed samples in 3.5% NaCl solu-
tion at room temperature.

 

Fig. 5- Electrical equivalent circuit [15].
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other hand, as shown in Fig. 6, in N=6, these pits 
link up to form larger pits and create micro cracks. 
The crack and links up of the pitting are shown by 
red arrows in Fig. 7.

The SEM micrographs with energy dispersive 
X-Ray (EDX) analysis were performed in the 
localized corrosion regions (pits) in order to 
investigate the type of existing elements and results 
are shown in Fig. 8. The analyzed pits are indicated 
by red arrow. Table 2 shows Cu remnants in pits 
in different cycles. Andreatta et al. [17] studied 
the effect of solution heat treatment on corrosion 

behavior between intermetallic (IM) and matrix in 
AA7075-T6. They reported that IM particles such 
as MgZn2, dissolved during ST and matrix enriched 
by Zn and Mg. Al-2%wtCu alloy has some IM 
particles containing Cu. Therefore, as concluded 
above during ST, these particles dissolved and 
matrix enriched with Cu.

As can be seen, Cu is one of the elements has 
remained in the pits. With increasing the number 
of ARB cycles, Cu remnant increases. The number 
of ARB cycles versus Cu remnants is shown in Fig. 
9. This phenomenon requires further investigation 
to determine which factors cause to remaining Cu 
in the pits.

Localized corrosion attack on Al alloys in 
solution containing aggressive ion like Cl- has been 
focus of many studies in the literature [18-22]. 
Except pure aluminum that its corrosion relates to 
properties of aluminum, in the case of aluminum 
alloys, corrosion relates to alloy composition, micro 
defects (such as vacancies, voids, etc.), macro defects 
(e.g. second phase particles, inclusions and etc.) 
and structure of the oxide film [22]. As previously 
mentioned in this study, the samples were solution 
treated and intermetallics have been made. It can 
be said that one of the most important factors to 

 
Fig. 6- SEM micrographs of ST and ARBed samples after electrochemical tests, (a) ST, (b) N=1, (c) N=3 and (d) N=6.

 
Fig. 7- SEM micrograph of ARBed sample after 6cycles.
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increase corrosion susceptibility is the structure of 
the oxide film. Guillaumin et al. [19] found out that 
the volta potential of the surface of AA-2024-T3, 
not only relates to chemical composition, but also, 
relates to other parameters such as composition of 
the oxide film. Moreover, according to Szklarska-
Smialowska [22], the pitting corrosion of Al and 
its alloys in halide containing solution, contains 
four stages, which are adsorption of Cl- by oxide 
film, oxide layer breakdown and penetration of 
aggressive ion into it, formation of metastable pits, 

and finally the stable pit growth. Many studies based 
on different analytical techniques have proved this 
phenomenon [23-28]. In addition, the formation 
of subgrains with high dislocation densities and 
UFGs structures which are surrounded by sharp 
and strongly deformed boundaries [11] due to 
ARB process, are the other reasons to decrease 
corrosion resistance because the oxide film which 
forms on such high level energy and defectful 
substrate seem to have more defective structure. 
On the other hand, the increasing of the dislocation 
density due to severe plastic deformation could be 
one of the reasons for decreasing the corrosion 
resistance of the deformed Al alloy. This result is in 
agreement with study of Schultze et al. [20]. It can 
be concluded that the more defective oxide layer, 
the more susceptibility to pitting corrosion. The 
results obtained from electrochemical experiments 

 
 
 
 
 
 

(a) 

(b) 

(c) 

Fig. 8- SEM micrographs with EDX analysis in localized corrosion regions (pits) after electrochemical tests, (a) N=1, (b) N=3 and (c) N=6.

 

 

 

 

 

Table 2. Cu remnants (at%) in pits after electrochemical tests.
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demonstrate that pitting corrosion resistance of Al-
2wt%Cu decreases under influence of ARB process, 
mainly due to the formation of defectful oxide layer 
on defective substrate and also the increasing of 
density of the dislocations in the subgrains.

4. Conclusion
Polarization and Impedance methods were 

used in order to evaluate the corrosion behavior of 
specimens. Based on the results of this work, the 
following conclusions were obtained: 

1. According to the polarization data, with 
increasing the number of ARB cycles from 1 to 6 
cycles, the current density increased from 1.51E-07 
to 2.70E-07 due to the formation defective oxide 
layer on the alloy’s surface, therefore, the corrosion 
rate increased from 0.065 to 0.118.

2. According to the nyquist curves, with 
increasing the number of ARB cycles, the 
diameters of semicircles decreased, as a result, the 
corrosion resistance and the polarization resistance 
decreased.

3. In 0-cycle ARB process (before the ARB 
process), small pits that they distribute uniformly 
on the surface, after 1 cycle-ARB, these pits 
increased and became deeper. Therefore, the 
number of deeper and larger pits increased with 
increasing the number of ARB cycles.

4. Link up of small pits and micro crack were 
observed after 6 cycles of the ARB process.

5. Cu remnants were determined by EDX 
analyze and increased with increasing the number 
of ARB cycles. This phenomenon requires further 
investigation.
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