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Pitting corrosion susceptibility of ultra fine grain (UFG) 5052 aluminum alloy (AA 5052) sheets highly
deformed by accumulative roll-bonding (ARB) was investigated in 3.5 wt% NaCl solution using poten-
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eywords:
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tiodynamic polarization, cyclic voltammetry and immersion tests. The morphology of localized attacks
was analyzed by SEM-EDS. Pitting corrosion resistance of samples was diminished with increasing the
number of ARB passes which is presumably due to microstructure refinement and increasing the defect
density.

© 2011 Elsevier B.V. All rights reserved.
itting corrosion
ccumulative roll-bonding

. Introduction

Several severe plastic deformation (SPD) processing techniques
uch as equal-channel angular pressing (ECAP) [1], high-pressure
orsion (HPT) [2], multi-axial compressions/forging (MAC/F) [3] and
ccumulative roll-bonding (ARB) [4,5] were developed in the past
wo decades to obtain UFG structures in both bulk and sheet mate-
ials. The ARB process is a relatively novel method proposed by
aito et al. [4] in order to fabricate a submicron/nanograin struc-
ure in various kinds of sheet materials. In the ARB process, an
xtremely high plastic strain was imposed on the materials which
esults in structural refinement and increasing the strength without
hanging specimen dimensions [4]. Microstructure and mechanical
roperties of aluminum and its alloys subjected to ARB process had
een extensively investigated [5–10]. However, apparently little is
nown about the corrosion behavior of UFG Al-alloys fabricated
y ARB process. A number of studies [11–13] have found that SPD
rocesses can either increase or decrease corrosion resistance of
arious aluminum alloys. It seems that corrosion resistance of such
FG materials mainly depends on chemical composition of alloy
nd corrosive media as well as the type of SPD process. Wei et al.
12] have reported that the corrosion resistance of UFG Al–Mn

lloy fabricated by ARB process in 3.5% NaCl artificial seawater was
mproved due to decreasing in size of MnAl6 particles. In another
tudy, corrosion behavior of three different ECAP-processed Al-
lloys in natural buffer solution containing 0.002 M NaCl evaluated

∗ Corresponding author. Tel.: +98 912 6222293.
E-mail address: Fadaei.9i@gmail.com (M.F. Naeini).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.066
by Akiyama et al. [13]. They pointed out that pitting corrosion resis-
tance of ECAP processed pure aluminum was deteriorated because
of generated dislocations and grain boundaries. Whereas two other
Al alloys containing 5.4 wt% Ni and 5 wt% Cu, respectively, exhib-
ited improved pitting corrosion resistance than their coarse grain
(CG) counterparts. These variations were explained in terms of �-
Al crystals refining and decreasing of Cu depleted regions where
preferential initiation of pits take place.

Sheets of 5xxx-series aluminum alloys have been widely used in
industry due to their high strength to density ratio, good formabil-
ity, good weldability and high levels of corrosion resistance [14]. So
it should be interesting to determine how ARB process can affect
the pitting corrosion behavior of these alloys. To achieve this goal,
chloride-induced pitting of ARB-processed AA 5052 sheets was
investigated.

2. Experimental procedure

2.1. Specimen preparation by means of ARB process

5052 aluminum alloy sheets with the chemical composition given in Table 1
were used in this study. Fully annealed sheets of 300 mm long, 30 mm wide, and
1 mm thick were prepared with consistent specimen hardness and equiaxed grains
with the mean grain size of 30 �m.

In the ARB process, the sheets were wire-brushed (circular steel brush with
0.35 mm diameter wire and surface speed of ∼13.5 m/s) to remove surface oxides
and, then degreased with acetone. Fig. 1 illustrates the principle of ARB process.
Two sheets were stacked and bound tightly. Then the stacked sheets were rolled

to 50% reduction in thickness. The roll-bonded sheet was cut in half and stacked to
the initial thickness. The stacked sheets were rolled again with the same reduction
ratio and the same procedure was repeated up to five cycles (the total equivalebt
strain was 4) at ambient temperature. Roll bonding was carried out without any
lubricant by the use of two mills having a roll diameter of 136 mm. The roll periph-
eral speed was 2.35 m/min, so that the mean strain rate during the roll-bonding

dx.doi.org/10.1016/j.jallcom.2011.01.066
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Fadaei.9i@gmail.com
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Table 1
Chemical composition of 5052 aluminum alloy.

Alloying elements Mg Fe Cr Si T
wt.% 2.48 0.26 0.18 0.085 0
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Fig. 1. Schematic illustration of the principle of ARB process [9].

as 4.55 s−1. The sheets were cooled in air after roll-bonding process. Transmission
lectron microscope (TEM) microstructure of the 5 passes ARB-processed specimen
as observed by the use of a Philips FEG transmission electron microscope operated

t 200 kV. Thin foils parallel to the rolling plane were prepared by means of twin-jet
lectropolishing in a 400 ml HNO3 and 800 ml CH3OH solution at the temperature
f 253 K.

.2. Electrochemical assessments and surface observations

In all electrochemical experiments and immersion tests, aqueous solutions of
odium chloride (distilled water and reagent grade NaCl) with concentration of
.5 wt% NaCl were used as the corrosive medium. The working electrodes made
rom ARB-processed sheets of AA 5052, machined into 11.3 mm diameters disk
hape and mounted into acrylic resin. This produced a 1 cm2 one-dimensional cir-
ular surface of electrode exposed to the corrosion medium. Each disk shape sample
as mechanically polished successively with SiC abrasive paper up to 2000 grade,
ashed with distilled water, degreased with ethanol and introduced into distilled
ater. Experiments were conducted in a single compartment three-electrode cell

f 400 ml volume. All potentials measured against an Ag/AgCl (3 M KCl) reference
lectrode and platinum rod was used as the counter electrode. Electrochemical
xperiments were carried out with a �AUTOLAB type III electrochemical system.
he experimental data were acquired and processed with the GPES 4.9.006 computer

rogram.

After each pass of ARB process, determination of open circuit potential (OCP)
as carried out after 12 h immersion in NaCl solution, and then, potentiody-
amic polarization and cyclic voltammetry tests were performed at a scan rate
f 0.5 mV/s. In the case of cyclic voltammetry, the potential sweep was reversed

Fig. 2. TEM micrographs and corresponding SAD pa
i Mn Cu Zn Ni Al
.028 0.008 0.004 0.004 0.002 Base

at current density of 10 mA/cm2. A clockwise hysteresis loop is traced during
reverse scan, indicating the possibility of pitting in susceptible alloy. Two pit-
ting parameters, namely the critical pitting potential (Epit), and the protection
potential (Eprot) can be determined from these tests. The value of Epit denotes the
potential at which current increases abruptly on the forward scan indicating the
possibility of pit initiation. Eprot indicates the electrochemical potential at which
the current returns to passive values during reverse scan, indicating repassivation
of pits.

The surface morphology and elemental analysis of samples after three weeks
immersion in corrosive medium were investigated using a Cambridge Stereo Scan
SEM-EDS system.

3. Results

3.1. TEM microstructure

Fig. 2 shows TEM micrographs and corresponding selected area
electron diffraction (SAD) pattern of AA5052 after 5 passes of
accumulative roll bonding at room temperature. It seems that the
specimen was filled with the ultra-fine grains in which the disloca-
tion density is very low inside, and are surrounded by clearly and
strongly deformed boundaries (high angle grain boundaries), which
have a high density of dislocations. Rings and diffused spots from
SAD pattern of the 5 passes sample indicate the large misorienta-
tion exists between grains as well as high angle grain boundaries.
TEM observation (Fig. 2) illustrates AA5052 ARB-processed sample
up to 5 passes was covered with the ultra-fine grains between 100
and 300 nm in average diameter, homogenously distributed.

3.2. Electrochemical experiments

Fig. 3 shows anodic potentiodynamic polarization curves of
annealed and ARB-processed AA5052 in 3.5 wt% NaCl solution. In
the case of annealed sample, during the positive potential sweep
from corrosion potential (Ecorr ≈ −0.7 V), alloy exhibits passive
behavior which is typical of aluminum alloys. It is well known that
a thin oxide film of basically Al2O3 is immediately formed on the

aluminum alloys upon its exposure to air or moisture [15,16]. An
anodic current appears at −0.575 V which indicates a breakdown
potential (Ebd) at which destruction of passive film begins. Pro-
ceeding of ARB process for 3 and 5 passes decreases Ebd values to
−0.585 V and −0.645 V, respectively (Fig. 3).

ttern of AA 5052 specimen ARBed by 5 passes.
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Fig. 5. Effect of ARB process on the breakdown and repassivation potentials of 5052
aluminum alloy in 3.5 wt% NaCl solution.
ig. 3. Anodic potentiodynamic polarization curves of annealed, 3 passes, and 5
asses ARB-processed samples in 3.5 wt% NaCl solution.

Cyclic voltammetry behavior of annealed and ARB-processed
lloy samples in 3.5 wt% NaCl solution are shown in Fig. 4. A reverse
otential sweep in negative direction leads to formation of a hys-
eresis loop which implies that localized corrosion is taking place
t alloy surface [17]. Potential at which the current density reaches
o passive current density is called repassivation potential (Erp). As
t can be seen, processing of 3 and 5 passes ARB causes Erp shifted
3 and 55 mV, respectively, toward lower values. Both Ebd and Erp

alues may serve as certain criteria of an anticorrosive stability: the
igher the potential the more stable the metal [17]. Critical pitting
otentials (Ebd and Erp) of alloy samples as a function of ARB passes
btained from electrochemical experiments are exhibited graph-
cally in Fig. 5. These potentials decrease slightly with increasing
he number of ARB passes. Therefore, it is understood that pitting
orrosion resistance of alloy will be diminished in each step of ARB
asses.

.3. Immersion tests
Fig. 6 shows SEM micrographs of annealed and ARB-processed
ample surfaces after three weeks immersion in 3.5 wt% NaCl solu-
ion. Localized corrosion damage in the all samples is obvious and
everity of pitting attacks is enhanced by ARB process. As can be

ig. 4. Cyclic voltammograms for annealed, 3 passes, and 5 passes ARB-processed
amples in 3.5 wt% NaCl solution.

Fig. 6. SEM micrographs of (a) annealed, (b) 3 passes, and (c) 5 passes ARB-processed
sample surfaces after three weeks immersion in 3.5 wt% NaCl solution.
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ig. 7. SEM image of 2 passes ARB-processed sample surface after immersion in
.5 wt% NaCl solution.

een in Fig. 6a, there are relatively small and shallow pits with
ymmetrical geometry distributed uniformly over the surface of
nnealed sample. Proceeding of ARB process for 3 (Fig. 6b) and 5
Fig. 6c) passes produces a mixture of very small pits accompa-
ied by irregular larger and deeper ones. Such morphology is more
vident in the sample which underwent 5 ARB passes. As it was
llustrated in the Fig. 6c, adjacent smaller pits can link up to form
arger pits.

SEM micrograph of 2 passes ARB-processed sample surface after
mmersion test was shown in Fig. 7. Different regions of Fig. 7 were
nalyzed by EDS analysis(Figs. 8a–c) in order to investigate the type
f existing intermetallics in these locations. Fig. 8a represent EDS
nalysis corresponding to region I (Fig. 7) which include just alu-
inum peak and indicates �-Al matrix. Two types of initiation site

or pitting attacks are visible in Fig. 7, the darker sites include region
I which contain Fe (Fig. 8b) and the brighter sites include region III

hich contain Mg (Fig. 8c). These results demonstrate that initia-
ion of pitting corrosion can occur either at iron rich and magnesium
ich intermetallic compounds.

. Discussion

A vast number of papers [18–28] have been published through
he years on the factors affecting pitting corrosion susceptibility of
luminum alloys in halide salt solutions. It is definitely dependent
pon the alloy composition, presence and distribution of micro-
efects (e.g., vacancies, voids, and etc.), as well as macro-defects
e.g., second phase particles, inclusions, and etc.), and crystal struc-
ure of the oxide film [18]. As stated by point defect model [29] for
he pitting corrosion of aluminum alloys, chloride ions adsorb, and
hen, incorporate to the oxide film by occupying anion vacancies.
n contrast with anion vacancies, the number of cation vacancies
ncrease and start to accumulate at the metal/oxide interface. As a
esult, passive film is broken down and pitting will be commenced.
eferent analytical techniques such as autoradiography [30], Sec-
ndary ion mass spectroscopy (SIMS) [31], and X-ray photoelectron
pectroscopy (XPS) [32,33] exhibited local adsorption of Cl− ions on
he defects and inhomogeneities of aluminum oxide films because
f lower adsorption energy in these sites. It is deduced that a less
efective oxide film with lower localized states, is more resistant
o pitting corrosion [18].
Depending upon the alloying elements in various aluminum
lloys, there are different types of intermetallic particles in the
icrostructure [16]. Due to galvanic interaction with the sur-

ounding matrix constituent particles are well known sites for pit
nitiation [18,34–37]. Depending on initial composition, some con-
Fig. 8. EDS elemental analysis of regions (a) I, (b) II, and (c) III of Fig. 7.

stituent particles are cathodic to the matrix, and others are anodic
[34]. Size, shape and distribution of intermetallic particles as a
second phase influence the pitting corrosion behavior [38]. For
example, it was found that the adsorption of Cl− in passive film
prefers at or around inclusions and second phase particles due to
weaker oxide film on these sites [39]. 5xxx series of aluminum alloys
contain mainly two types of intermetallics: Mg-rich particles which
are anodic with respect to �-Al matrix and cathodic phases which
primarily consist of Fe constituent [16,40]. The preferential initia-
tion of localized corrosion attacks can be taken place at the both
anodic phase/matrix and cathodic phase/matrix interfaces where

local galvanic cells are formed (Fig. 7).

Accumulative roll-bonding (ARB) process [4–10] was proposed
to develop ultra-fine grained structures by introducing severe plas-
tic strain in materials. As the process is progressed, subgrains (or
dislocation cell structures) with high dislocation densities is formed
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ig. 9. Optical Stereoscan micrographs of (a) annealed, (b) 3 passes, and (c) 5 passe

nd low-angle subgrain boundaries converted to high-angle grain
oundaries. Fig. 2 showed formation of ultra-fine grains which are
urrounded by sharp and strongly deformed low/high angle bound-
ries after proceeding of ARB process up to 5 passes. The oxide
lms which form on such high level energy and defectful substrate
eem to have more defective structure. It is also noteworthy that
s the number of ARB passes increase, intermetallic particles are
efined [12], and thus, their total surface area is increased. There-
ore, the preferential sites for initiation of localized corrosion, i.e.
ntermetallic/matrix interfaces, are increased (Fig. 9). The results
btained from electrochemical experiments (Fig. 5) and immer-
ion tests (Fig. 6) demonstrated that pitting corrosion resistance of
052 aluminum alloy is deteriorated under influence of ARB pro-
ess, mainly due to the formation of more defective oxide layer as
ell as refinement of grains and second phase particles.

Moreover, it is clearly seen in Fig. 6 that intensity of pitting
ttacks is more rigorous in the samples which were undergone
RB process. The severity of pitting is dependent upon the degree
f clustering of the particles [37]. A region of isolated particles will
romote a mild shallow pitting attack. In a region with smaller clus-
ered particles which can formed at higher ARB passes, the smaller
its can link up to form larger pits. This clustering can be across
he surface, or it can be subsurface, which would promote deeper
itting [34,37].

. Conclusion

Ultra fine grain microstructures with average grain size between
00 and 300 nm were formed in the 5052 aluminum alloy highly
eformed by the ARB process. Effect of ARB process on the pitting
orrosion behavior of aluminum alloy in 3.5 wt% NaCl solution was
nvestigated by means of electrochemical experiments and SEM
bservations from immersed specimen surfaces. Pitting corrosion
esistance of alloy was deteriorated due to the ARB process. It indi-
ates that the formation of passive film is difficult with increase the
old deformations. This could be due to the enhanced dislocation
ensity and defects [41]. The variations were explained through the
ormation of more defective, i.e., less protective oxide film origi-
ated from grain refinement and higher defect density in the bulk
aterial. The severity of localized corrosion attacks was enhanced

y the Clustered intermetallic particles in the final passes of ARB
rocess.
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