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Abstract- Grain size effect on corrosion general trends was clarified by Ralston and Birbilis ́ ́s 
review by sorting them with three different corrosion status (active, passive, and active/passive) 
having diverse potentiodynamic polarization curves. The active type made them realize that 
finer grain size showed an acceleration in corrosion currents whereas the passive type had a 
totally opposite trend. A mixed type of the prior two types being lower in the passive zone and 
the active zone of higher was indicated within the active/passive type. There is a big problem 
whether these attitudes retain in submicron size- or nano-scale grain size. Ultrafine–grained 
(UFG) materials have drawn remarkable attention through twenty years ago. Several severe 
plastic deformation (SPD) processes have been applied in order to make UFG materials in 
which the accumulative roll bonding (ARB) procedure is the most effective one among them. 
Structure of UFG divulges an advancement in mechanical properties along with distinct 
corrosion behavior, but not always resulting in better corrosion resistance. Diverse relevant 
work is reviewed in this paper in order to date the studied passive behavior of UFG aluminum, 
copper, and titanium, having produced utilizing ARB procedure. In this study, the grain size 
effect using ARB procedure on passive behavior of aluminum, copper, and titanium has been 
evaluated in related passive environments using potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS) methods. 

Keywords- Accumulative roll bonding, Grain refinement, Passive behavior, Electrochemical 
impedance spectroscopy  
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1. INTRODUCTION  

Reactive metals such as Ti, U, Zn, Pb, Al, Fe, Mg, Ni, Be, Sn, Cr and W having built the 
new age in industrial society owning spontaneously reactions with water or oxygen under 
specific environmental conditions and mainly found in oxidized forms in nature having to be 
recovered by reduction [1]. Indeed, these metals own the same energy densities as common 
fuels in addition to being reactive with oxygen and/or water. Aluminum with high-energy 
content is a good instance to prove the fact that energy density of solid rocket fuels is enhanced 
by powdered aluminum. Keir was the first person that apparently defined the ‘passivity’ 
phenomenon in 1790 [1-7]. Then after 40 years, Schonbein and Faraday studied the reactive 
metals kinetic stability arising from this phenomenon. Schonbein seems to be the first one who 
has invented the word ‘passivity’, he was Faraday who made this issue as a great phenomenon 
to electrochemistry though [1,4]. This is due to his prominent experiment regarding iron-in-
nitric acid where the iron found to be protected while being in a concentrated nitric acid 
whereas it was not immune in a thin nitric acid. This observation was really hard to be 
understood till Pourbaix enlarged electrochemical thermodynamic diagrams that are still 
misread in the 1960 s. Anyway, reactive metals might be utilized due to having a thin passive 
film made on their surface that protects the metal substrate against corrosion.  

While being polarized in the negative-to-positive potential direction, passivity is ordinarily 
revealed like a sharp point in the critical potential anodic current density for the substrate (Fig. 
1 [8]). Current density diminishes in more than three orders of magnitude for many metals and 
their alloys, resulting in the passive state to have a lower corrosion rate than that of for the 
active state that has occurred by the similar factor. Therefore, a typically allowable higher 
extent for the components corrosion rate in industrial approaches is 10 µm/year; if that was 
transgressed by a factor of 1000 to yield a corrosion rate of 1 cm/year, the metals utility in our 
civilization of metals-based might be infeasible. That is why the passivity is called as “enabler 
of our metals based civilization” [9-11]. 

As can be seen in Fig. 1 and referring to ‘polarization’ behavior, passivity phenomenon of 
copper in 0.3 M KOH solution can be well indicated [8]. At first, the current rises 
approximately exponentially in the ‘active’ region where metal dissolution seems to be the 
dominant reaction while rising the voltage from the left of the figure while being in positive 
zone. When the voltage is high enough, there is a decrease in the current defining the passive 
state. For instance, considering copper in this condition, the passive state is defined at over a 
voltage range of 0.7 VAg/AgCl. Even in higher voltages, there will be an increase again in the 
current. In spite of serious debates on trans passive ‘dissolution’ mechanism, the passive film 
looks probably to be broken down in the surface zones instead of localized points like the ones 
in pitting [1,2].  
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Fig. 1. Curve of potentiodynamic polarization for pure copper in 0.3 M KOH solution [8] 

 

2. NANO/UFG MATERIALS 

Resistance and strength to plastic flow are the critical properties which are largely affected 
by the polycrystalline materials grain size. Materials having small grain sizes commonly 
possess some more privileges than those of for coarse-grained [12–15]. As can be seen in Fig. 
2, material microstructure grain size of various ranges are corresponded with a defined 
terminology [16]. Materials of polycrystalline with nanometer grains are called nanocrystalline 
(NC) materials that potentially present tremendous mechanical, chemical and physical 
properties resulting in being utilized in many new usages and technologies. Thus, it is easily 
understandable that they are polycrystals having nano-scale grain sizes [15]. Having compared 
to conventional polycrystalline materials, NC materials indicate a great boost in many of their 
properties including superior soft magnetic properties, thermal expansion coefficient, 
diffusivity, toughness, strength, hardness and reduced elastic modulus and ductility [15–20]. 

NC and UFG materials are being fabricated using a couple of distinct approaches 
recognized as the top-down and bottom-up approaches. In the bottom-up method, a number of 
techniques like electrodeposition, condensation of inert gas, ball milling with following 
consolidation that consolidates nano particulate solids and assembles single atoms are used to 
produce these materials. In fact, just approximately small specimens are able to be fabricated 
by the mentioned techniques. However, being dependent on a bulk solid having quite coarse 
grain size and providing it to generate an NC or UFG microstructure via some techniques, the 
top-down approach seems to be different. Despite the intrinsic character of materials in addition 
to the contaminations and small product sizes, this approach clearly prevents producing them. 
Being capable of fabricating a large amount of nanostructured materials in addition to being 
cost-effective sound to be the main features of top-down methods containing processing 
techniques of severe plastic deformation (SPD) [14,15, 21–31] as well as thermomechanical 
processing [32–35]. SPD methods show a bunch of metal forming procedures that big strains 
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are compelled in materials for gaining considerable refinement of grains. The nanostructure 
development fundamental rules by SPD procedures were set in a lot of reported investigations 
in recent reviews. They comprise the high strains requirement (having correct strain in excess 
of 6–8) at quite low temperatures (less than 0.4 Tm, where Tm is the melting temperature), that 
is maybe only under high pressure of imposed hydrostatic [24]. 

Having attracted significant scientific attention not only due to intrinsic, inimitable 
mechanical properties and physical of different materials with nanostructure, but also by SPD-
processed materials advantages compared with other NC materials, the bulk nanostructured 
materials were fabricated using SPD processes in recent years. SPD techniques particularly 
lead to cope with a lot of problems regarding compacted samples residual porosity, ball milling 
impurities and practical usages of the applied materials [29,36–50]. On account of structural 
developments, SPD producing materials seems to be a really complex process as below: (i) 
activities of dislocation and/or twins formation in addition to the interaction between 
dislocations and twin boundaries result in grain refinement, (ii) when the initial grain sizes have 
little sizes than those of the smallest ones of a SPD process, there is a growth in the grain, (iii) 
phase transformations like the room temperature and the TiNi partial amorphization  α → γ 
transformation in Fe–C composite, and (iv) redistribution of elements [51–60].  

 

 
Fig. 2. The ranges of grain size and terminology to depict materials microstructure [16] 

 

3. ACCUMULATIVE ROLL BONDING (ARB) PROCESS 

Using SPD processes in order to amend the metals and alloys mechanical behavior has 
attracted increasing attention through the last decade. All in all, distinct SPD procedures such 
as equal channel angular pressing (ECAP), high ratio differential rolling (HRDSR), ARB and 
high pressure torsion (HPT) are utilized in order to make nano–grained and UFG metals and 
alloys [31,61,62]. Whereas HRDSR and ECAP are effectual procedures for achieving UFG 
metals and alloys microstructures that suffer from a couple of principal disadvantages. At first, 
these procedures require sumptuous forming devices containing big load capacities. Second, 
HRDSR and ECAP have a performance at elevated temperatures. In addition, an HPT benefit 
is that under high pressure really high strains would be compelled into specimen without its 
drawback so other microstructure evolution mechanisms can be induced. High strains are 
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obtained and microstructures having smaller grain sizes may be produced. The major 
drawbacks of standard HPT include a small size of sample as well as inhomogeneous strain 
compelled into provided discs resulting in inhomogeneous microstructure throughout the 
radius of disc [24]. On the other hand, ARB technique is appropriate for UFG plates and sheets 
of industrial production since it is really easy utilizing conventional rolling device and so, no 
particular equipment is necessary. Mass production like consecutive production and high rate 
of productivity is also considered as one of the ARB process advantages. In addition, it is able 
to supply semifinal sheets which can be straightly utilized for next forming procedures 
[31,61,62]. 

One of the SPD methods invented by Saito et al. is the ARB process [63] in 1998 that has 
amused both scientific and industrial communities’ interest. Rolling is obviously the most 
beneficial metal working process to produce continuously big bulky materials like plates and 
sheets. The ARB is a sort of SPD process applying rolling deformation. However, an overall 
decrease, i.e., the whole plastic strain having used in conventional rolling is considerably 
restricted on account of the decline in the materials thickness escorted by rising reduction 
[15,64–67]. Rolling, cutting and bonding of solid-state deformation consider as multiplex 
cycles of the ARB process. Hence, it is possible to accumulate a big strain in the metallic sheet 
having no sheet geometrical alterations. The ARB is a futuristic SPD procedure that is able to 
make continuously bulk materials having a good commercialization potential [68–71]. Fig. 3 
indicates the schematic figure of the ARB procedure [72]. The process replicates conventional 
roll-bonding in addition to sheets stacking.  At first, a strip is systematically located on top of 
another one. Beforehand, there is a surface treatment at two strips interfaces for raising the 
bond strength. Rolling is applied to join the two layers together precisely same as what happens 
in the conventional roll bonding process. Afterwards, the rolled material length is divided in 
two equal parts. There will be again another surface-treatment for sectioned strips and then 
roll-bonded and stacked. This material is going to expose a big plastic strain because of 
numerous repetition of these methods [73–75].  

 

 
 

Fig. 3. Schematic illustration showing the ARB procedure principle [72] 
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4. MICROSTRUCTURAL CHANGE DURING ARB OF PURE METALS WITH HIGH 
AND COMMERCIAL PURITY 

Fig. 4 presents the evolution microstructural for materials of deformed FCC having average 
to high SFE.  HCP and BCC materials were deformed under a low Z-H parameter using the 
same mode and may be comprised in this deformation method [23,76]. In beginning of stage 
1, quick dislocation accumulation takes place accompanying with the cell walls formation and 
there are a lot of spread small angle boundaries. In the second stage, the density of dislocations 
starts to decline by forming grain boundaries of high angle and correspondingly the high angle 
boundaries fraction augments fast. In third stage, microstructures containing equiaxed UFGs 
induces as the final form. In this stage, the grain size is usually smaller than 1 µm having mainly 
HAGBs and a few residual dislocations within grains. This may be considered as an ideal UFG 
structure, the severely deformed materials average microstructure like different from deformed 
materials. The created UFG microstructures in the metals using ARB method are typically 
specified using firm anisotropy. Firstly, the grains are mostly being elongated along the 
direction of rolling. It was presented that the ARB processed annealing samples could result in 
more equiaxed UFG microstructure formation. Second, ARB leads to texture formation of 
crystallographic and the texture intensity of total is specified using compelled strain into 
specimen [42]. Crystallographic texture is altered via the thickness of sheet because of high 
friction between the material and roll within ARB. Components of rolling texture were related 
to overcome in the near center film, whilst the near-surface film was prevailed using 
components of shear texture. Therefore, the processed metals utilizing SPD methods are 
determined not only by UFG structures but also using a number of elements with nanoscale 
structures that can significantly affect their properties as is indicated below. Thus, these 
materials are mentioned as ‘‘bulk nano structured materials’’ category and this explanation has 
been highly utilized by the international association [24]. 

ARB processing amends the microstructures in a complex way inducting impurity and 
solute elements distribution, dislocation density, segregation and texture as well as grain 
refinement. As the simplest structure, pure aluminum, pure copper, and pure titanium have 
been produced by ARB for corrosion investigations [31]. There are preferential attacks to grain 
boundaries in corrosion due to (i) their augmented energy comparing to a flawless crystal, (ii) 
the atomic structure that is a bit defective, and (iii) their capability to impurities differentiation 
in many polycrystalline materials. Nevertheless, the passive film formation may be promoted 
and the dissolution in the passive state might be suppressed due to the fact that the grain 
boundaries behave as the passivation film nucleation site. The passive film higher charge-
transfer resistance is considered as higher stability of passivation in UFG materials by utilizing 
electrochemical impedance spectroscopy in copper and aluminum. Mechanical adhesion of the 
oxide film is able to be stronger in UFG materials than that of in materials of coarse-grain, for 
instance, pegging mechanism [31]. 
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Fig. 4. Schematic diagram showing progressive development of dislocations structures and 
grain refinement mechanism where dislocations slip play a primary role [23,76] 
 

4.1. Microstructures evaluation of pure Al 

Annealed Al 1050 sample microstructure is presented in Fig. 5a before applying ARB 
procedure. This sample average grain size is about 35±1 µm and with a homogeneous 
microstructure. Figs. 5b and c display ARBed Al 1050 samples patterns corresponding selected 
area diffraction (SAD) and the transmission electron microscope (TEM) micrographs after 7 
and 9 cycles [77]. As a result of dislocations accumulation in grain boundaries, some of these 
dislocations do not seem apparent [77,78]. Average of grain size for the sample after 7 ARB 
cycles attained about 340±14 nm (Fig. 5b) and overtook about 270±11 nm after 9 cycles of 
ARB (Fig. 5c). In addition, the TEM images SAD pattern look like a ring that exhibit the grains 
are really fine as well as including many grains having boundaries of high angle. 

Utilizing ARB method for Al 1050 specimen, the grains extended in direction of rolling 
(RD) having a quite big aspect ratio resulting in a formation of lamellar microstructure. 
Augmenting ARB cycle number, the grain size distribution is approximately equal and the 
whole specimen will include nearly equiaxed grains [77,78]. After 9 ARB cycles, the average 
values of crystallite size overtook about 91 nm as illustrated in Fig. 6 [77]. Furthermore, the 
change in the grain size which was measured by TEM micrograph includes the similar trend to 
values for crystallite size. The subdivision of grains takes place because of two types of 
dislocation boundaries formation within the ARB process: geometrically vital extended 
boundaries made by boundaries of the incidental dislocation and planar dislocation having 
formed by random dislocations trapping. By an increase in strain and applying ARB method, 
higher disorientations are formed across these two dislocation boundaries type and their 
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spacing will decrease. Therefore, smaller grains are made and thus the structure will experience 
more refinement using these two types of dislocation boundaries accumulation [63,77,79]. 

  

 
 
Fig. 5. Annealed Al 1050 sheet prior to ARB procedure Optical micrograph (OM) (a), TEM 
micrographs and corresponding SAD patterns of (b) 7 and (c) 9 cycles ARBed Al 1050 
specimens [77] 
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Fig. 6. Crystallite and grain size changes vs. the number of ARB cycles gained from XRD and 
TEM [77] 
 

4.2. Microstructures evaluation of pure Cu 

Fig. 7a indicates the pure copper with annealed microstructure using optical microscope 
which divulges the mean grain size about 26 μm. Corresponding SAD patterns and TEM 
microstructures of ARB samples that were made by 3, 5 and 7 passes are revealed as shown in 
Figs. 7b-d.  

 

 
Fig. 7. (a) Annealed pure copper optical micrograph, and (b-d) TEM micrographs and 
corresponding SAD patterns of 3, 5 and 7 cycles ARBed pure copper specimens [80] 
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In the sample having 3 passes, the microstructure got steady and grains having grain size 
average of nearly 200 nm were created. The 3 passes ARB sample SAD patterns is erupted in 
ring pattern consisted of separate points (Fig. 7b). As illustrated in Fig. 7c, having risen the 
strain to 5 passes resulted in formation of little recrystallized grains that were seen with the 
ultra-fine deformation microstructures [80]. These equiaxed recrystallized grains mean grain 
size is less than 120 nm and they are also finer than that for the sample having 3 passes. For 
the specimen having 7 passes (Fig. 7d), these equiaxed recrystallized grains mean grain sizes 
are less than 80 nm and also finer than that of having 5 passes. Rising strain up to 7 passes also 
led the SAD pattern to become more ring-like, indicating an increment in a part of the boundary 
with high angle [80,81]. 
 

4.3. Microstructures evaluation of pure Ti 

The annealed pure titanium optical micrograph is indicated in Fig. 8a having a similar 
equiaxed microstructure having the 45±1 µm mean grain size. As the TEM micrograph is 
illustrated in Fig. 8b, the relevant SAD pattern to the nano-grained pure titanium rolling plane 
was accomplished within seven cycles of ARB technique [82].  

 

 
 
Fig. 8. (a) Annealed pure titanium Optical micrograph and (b) TEM micrograph and SAD 
pattern of nano-grained pure titanium specimen [82] 
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Due to a 7 cycle ARB operation, grain size has declined to 80±5 nm. The significant decline 
in grain size of pure titanium that was caused by 10 passes after ECAP at 250 °C was about 20 
µm within the primary CG specimen [83] to the mean grain size of about 183 nm. The decrease 
in pure titanium grain size from 12.3 µm for the CG Ti to 200–500 nm for the UFG Ti [84] 
occurred within HRDSR at 400 °C. The obtained conclusions [83,84] confess that the pure 
titanium microstructure withstood a significant grain refinement using ARB procedure during 
the current experiment. In fact, ARB technique carries out more different grain refinements 
comparing with HRDSR and ECAP as other methods of deformation at 25 Celsius degree. 
Mentioning the SAD pattern, ring-shape figure making up of distinct points, indicated 
important disorientation zone as well as many grains having boundaries of high angle [84]. 
 

5. PASSIVATION OF UFG ALUMINUM, COPPER, AND TITANIUM  

5.1. Aluminum and aluminum alloys 

Commonly, as a light metal, aluminum is well corrosion resistant in the atmosphere in 
addition to a lot of aqueous solutions [85-88]. Based on the Pourbaix diagram of aluminum 
inside water (Fig. 9), the formed surface film on aluminum at ranging values of pH from 4 to 
8.3 (passive area) is protective [89]. Aluminum and its alloy get easily passivated and get 
resistant inside neutral solutions. However, they are dissolved in acidic and alkali solutions. 
The passive films formed on aluminum and its alloys contain oxide of aluminum which is 
appraised to have the thickness of around 2-10 nm. Actually, the passive film makes an 
effective obstacle against the dissolution of metal and tolerates a passivity segregation under 
defined status [88,90,91]. 

A few systematic investigations have been carried out on the UFG aluminum alloys passive 
behavior having fabricated by ARB so far [77,90,92-96]. Commonly, corrosion resistance of 
UFG metals and their alloys is considered to be more terrible than that of their counterpart that 
is coarse grained because of having a defect density that is higher [97]. The produced UFG Al–
Mn alloy using ARB corrosion resistance in artificial seawater has been related to be improved 
by declining the MnAl6 particles size [98]. It has been also realized that the 5052 aluminum 
alloy pitting corrosion resistance that was much deformed applying ARB technique gets 
worsened. It displays the passive film formation is laborious by augmenting cold deformations. 
This is ascribed to the boosted density of dislocation and number of defects in the material [99]. 
Table 1 provides the papers regarding corrosion and UFG Al and its alloys passive behavior 
utilizing this process. The annealed and ARBed Al 1050 specimens potentiodynamic 
polarization curves at distinct number of cycles in three solutions are indicated Fig. 10 (pH 5.5, 
6.0, and 8.1) [77,90,92]. As is easily observed, all of the specimens were passive in these 
solutions. Moreover, the working electrodes display an identical curve shapes that the current 
alters about the rest potential linearly and reveals cathodic and anodic Tafel behavior, In 
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addition, there is no active-passive transition peaks on the anodic branch. The corrosion 
potentials of annealed sample move to a positive part after seven cycles of ARB procedure. 
This movement to more positive values showed that corrosion resistance of ARBed Al 1050 
specimens was enhanced by rising the number of ARB cycles. These curves also showed that 
all of the specimens corrosion and passive current density declined by augmenting number of 
cycles. It is obvious that rising the ARB procedure cycle numbers enhance the passive layers 
protection behavior that was formed on Al 1050 specimens. In summary, more ARB passes 
numbers provide a better condition for the passive layers formation which offers better 
protective behavior for 1050 Al alloys [77,90,92]. 

The EIS measurements as annealed and ARBed Al 1050 specimens Nyquist plots at diverse 
cycles are indicated in Fig. 11 after immersion inside three solutions (pH 5.5, 6.0, and 8.1) for 
2 h. These plots illustrate the imaginary impedance versus the actual impedance in each 
frequency. Fig. 11a shows that Nyquist plots include a big capacitive loop in high frequency 
values while having a small inductive one at low frequency values. The capacitive loop with 
high frequency can be attributed to the formation of oxide film on the surface of annealed and 
ARBed specimens. The inductive loop might be ascribed to relaxation procedure that was 
gained by the species ions adsorption including BO3

3- and B407
2- on the surface of electrode 

[92,100-103].  
 

 
Fig. 9. Aluminum Pourbaix diagram –water system at 25 °C [89] 

 
However, in Fig. 10b, c it can be observed that all the impedance plots contain a capacitive 

semicircle in all of frequency regions being attributed to a stable passive layer formation. The 
semicircles diameter raised by augmenting the number of ARB passes in any applied potentials 
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inside all of three solutions. A rise in the semicircle diameter is a sign of an increment in the 
stability of passive layer [77,90,92]. 

Most of papers have reported that the UFG Al and its alloys depict higher corrosion 
resistance in passive environment to follow the Ralston’s rule [104], its advantage ascertains 
itself by breakdown potential instead of passive current. But, there is some contradiction amid 
the texts and papers, even for pure aluminum that report desirable relic of UFG, marginal 
variation, inadequate effect [31,105]. The desirable result is ascribed to the oxide layer readily 
formation since located atoms in grain boundaries react to chemical species inside the ambience 
[31]. Purity is a feasible explanation of this inconsistent result in which lower purity may result 
in the corrosion properties degradation using SPD. Eizadjouet et al. [106] ascribed less 
corrosion resistance than Al3Fe, Al6Fe intermetallic and related defective passive layers 
refinement. 

 
Table 1. Summary of corrosion and passive behavior of UFG Al by ARB process 

 
 

Materials Electrolyte Grain size Corrosion behavior/ 
Passive behavior 

Year First author 
[Ref.] 

Al-1.6%Mn  0.62 M NaCl 300 nm Corrosion behavior 
improved 

2007 Wei [98] 

Al 5052  0.62 M NaCl 100–300 nm Corrosion behavior 
decreased 

2011 Naeini [99] 

Al (99.5%) 0.5 M NaCl 380 nm Corrosion behavior 
decreased 

2012 Eizadjou [106] 

Al 1050 Borate buffer solution 
(pH 5.5) 

91 nm Passive behavior 
improved 

2015 Fattah-alhosseini 
[92] 

Al 1050 Borate buffer solution 
(pH 6.0) 

200 nm Passive behavior 
improved 

2015 Fattah-alhosseini 
[90] 

Al 1050 0.3 M H3BO3+0.003 M 
Na2B4O7 (pH 6.0) 

340 nm Passive behavior 
improved 

2016 Fattah-alhosseini 
[94] 

Al 1050 0.5 M H3BO3+0.1 M NaOH 
(pH 8.0) 

300±12  nm Passive behavior 
improved 

2016 Gashti [95] 

Al 1050 0.3 M H3BO3+0.1 M NaOH 
(pH 8.9) 

270 nm Passive behavior 
improved 

2016 Gashti [96] 

Al 2024 0.5 M H3BO3+0.01 M 
Na2B4O7 (pH 6.5) 

300 nm Passive behavior  
decreased 

2017 Khatami [69] 
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Fig. 10. Potentiodynamic polarization curves (scan rate=1 mV s-1) of annealed and ARBed Al 
1050 samples in different solutions: (a) pH=5.5 (0.3 M H3BO3+0.001 M Na2B4O7), (b) pH=6.0 
(0.3 M H3BO3+0.003 M Na2B4O7), and (c) pH=8.1 (0.5 M H3BO3+0.1 M NaOH) [77,90,92].  
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Fig. 11. Nyquist diagrams (Frequency range=100 kHz to 10 mHz) of annealed and ARBed Al 
1050 samples at different cycles of ARB process: (a) pH=5.5 (0.3 M H3BO3+0.001 M 
Na2B4O7), (b) pH=6.0 (0.3 M H3BO3+0.003 M Na2B4O7), and (c) pH=8.1 (0.5 M H3BO3+0.1 
M NaOH) [77,90,++92]. 
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5.2. Copper and its alloys 

Copper is widely utilized in corrosion prevention, industrial usages, heat exchanger tubes 
and power generation [107,108–110]. As can be seen in Fig. 12 and based on the copper 
Pourbaix diagram inside water, the formed surface layer on copper is protective at values of 
pH changing from 6.8 to 12.8 (passive area) [89]. Thus, there is a fondness of surveying this 
metal the corrosion and electrochemical behavior inside distinct situations, especially in 
alkaline ambiences [110–112]. Being a noble metal and showing passivity inside neutral 
solutions, Copper is dissolved in solutions of acidic and alkali having high oxidizing power. 
Copper passive behavior in the alkaline solutions is really significant due to the scientific 
significance of this phenomenon. In fact, an effective barrier is provided by the passive layer 
against the metal dissolution [113,114]. This treatment has been investigated related to 
protective character and copper passive layer electrochemical behavior [115–119]. Copper 
passive layer specifications are highly ascribed to its composition. Passive layer composition 
that was formed on copper has been determined utilizing distinct techniques like Raman 
spectroscopy, photoemission spectroscopy of X-ray and atomic force microscopy in addition 
to scanning tunneling microscopy. The mentioned studies depicted that composition of passive 
film relies on some parameters including presence of aggressive anions, pH as well as aerating 
conditions [120–124]. Commonly, a lot of industrial procedures exist in which copper is 
supposed to endure the alkaline solutions that can also impress passivation behavior [109]. 
Thus, it is significant to consider the copper electrochemical behavior inside the alkaline 
solutions [124,125].  

UFG formation effect on corrosion has been widely investigated on copper with 
commercial purity and is generally very little in all of tested electrolytes [105]. However, not 
much research has concentrated on the UFG copper passive behavior yet [81,126–134]. These 
papers have been reported regarding the corrosion and passive behavior of UFG Cu using ARB 
procedures as listed in Table 2. 

Fig. 13 illustrated the potentiodynamic polarization curves for pure Cu annealed and 
ARBed specimens at distinct number of cycles in a couple of solutions (0.01 M borax (pH 9.1), 
and 0.01 M KOH (pH 12)) [126,128]. Based on this figure, all pure copper samples indicate 
similar curve shapes that current alters clearly and linearly about the corrosion potential that 
ascertains anodic and cathodic Tafel behavior. Potentiodynamic polarization curves depicted 
that performing ARB procedure resulted in lower passive current density. Specially, there was 
a considerable decline in passive current density after 6 and 8 ARB cycles. In summary, it is 
obvious that augmenting number of ARB cycles provides better status to form passive layers 
with higher protection for pure copper samples [126,128]. 

The EIS response for specimens of pure copper (Annealed and produced using ARB) in 
0.01 M borax (pH 9.1) and 0.01 M KOH (pH 12) solutions was carried out at the potential of 
steady-state corrosion and the consequences are indicated on Nyquist plots in Fig. 14. All of 
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Nyquist plots display defective semicircles. In Fig. 14 an increment was also seen in the 
impedance with low frequency by rising the number of ARB cycles. It is easily seen that while 
the number of ARB cycles increases, the polarization resistance measured value will augment. 
It is obvious that rising the number of number of ARB cycles gives better status in order to 
form the passive layers having better protection behavior. In fact, ARB procedure resulted in 
obtaining UFG copper having a big grain boundaries fraction and high internal energy. In 
addition, residual stress and dislocation density are vast with grain boundaries and in a lot of 
grains. In this case, high residual stress causes the UFG copper to be more nuclei in order to 
create a denser passive layer, enhancing corrosion resistance. UFG structures constitution 
makes the passive layer flourish more quickly [97,99,126]. 

Most of papers have reported that the UFG Cu depicts higher passive resistance following 
the Ralston’s rule in passive ambiences [104]. These investigations depicted that augmenting 
number of ARB cycles makes superior status to form the passive layers having higher 
protection behavior. In fact, the ARB procedure caused to obtain UFG copper having a high 
internal energy and large fraction of grain boundaries. Furthermore, residual stress as well as 
the dislocation density are high on the grain boundaries side especially in some grains. In this 
method, high residual stress provides the UFG copper more nuclei for making denser passive 
layers, boosting the corrosion resistance.  The UFG structures constitution also makes the 
passive layer flourish more quickly [126-134]. 

 

 
Fig. 12. Pourbaix diagram for copper –water system at 25 °C [89] 
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Table 2. Summary of passive behavior of UFG Cu by ARB process 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Potentiodynamic polarization curves (scan rate=1 mV s-1) of annealed and ARBed 
pure Cu samples in different solutions: (a) pH=9.1 (0.01 M Borax), and (b) pH=12 (0.01 M 
KOH) [126,128].  

Materials Electrolyte Grain size Corrosion behavior/ 
Passive behavior 

Year First author 
[Ref.] 

Cu 
(99.96%) 

0.01 M borax 
(pH=9.1) 

--- Passive behavior 
improved 

2015 Fattah-alhosseini 
[126] 

Pure Cu 0.01 M borax 
(pH=9.1) 

200 nm Passive behavior 
improved 

2015 Imantalab 
[127] 

Cu 
(99.96%) 

0.01 M KOH --- Passive behavior 
improved 

2015 Imantalab 
[128] 

Pure Cu Phosphate buffer solutions (pH 
10.69, 11.24, 11.74, 12.59) 

100 nm Passive behavior 
improved 

2016 Imantalab 
[129] 

Pure Cu 5 g/L Na3PO4+10 g/L 
Na2HPO4 (pH 10.69) 

~200 nm Passive behavior 
improved 

2016 Imantalab 
[130] 

Pure Cu 0.01 M borax solution 
(pH   9.15) 

~80 nm Passive behavior 
improved 

2016 Fattah-alhosseini 
[131] 

Pure Cu 0.001 M H3BO3+0.02 M 
Na2B4O7 (pH 9.15) 

190±20 nm Passive behavior 
improved 

2016 Fattah-alhosseini 
[132] 

Cu 
(99.96%) 

0.01 M KOH+(0.01, 0.05, and 
0.10 M NaCl) 

<100 nm Passive behavior 
decreased 

2016 Fattah-alhosseini 
[133] 

Pure Cu 0.01 M KOH <100 nm Passive behavior 
improved 

2017 Fattah-alhosseini 
[134] 
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Fig. 14. Nyquist diagrams (Frequency range=100 kHz to 10 mHz) of annealed and ARBed 
pure Cu samples at different cycles of ARB process: (a) pH=9.1 (0.01 M Borax), and (b) pH=12 
(0.01 M KOH) [126,128] 
 
5.3. Titanium and Titanium alloys 

High strength-to-density ratio and perfect corrosion resistance are the Ti and alloys of Ti 
key properties that make them much marvelous for numerous technological and industrial 
usages such as chemical procedure, aerospace materials and industry [135–139]. In addition, 
pure titanium offers good affinity as well as human bodies and the strength is improved using 
ARB without sacrificing corrosion resistance and affinity [82,105,140,141]. Presence of a 
passive oxide layer that is spontaneously-forming, adherent, self-healing, and stable on Ti and 
alloys of Ti, i.e. TiO2 surface, gives them virtual protection against aggressive ions like sulfate 
and chloride. So, this provides alloys of Ti to be widely appropriate in numerous atmospheric 
and aqueous ambiences and convince their perfect biocompatibility [142–146]. 

According to the titanium Pourbaix diagram in water (Fig. 15), the formed surface film on 
titanium is protective at each pH values [89]. In fact, Ti alloy is the most resistant alloy to 
corrosion amid the structural materials having a very great formation of stable passive layer. 
Many attempts have been done in order to boost corrosion response of Ti alloys with high 
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strength using minor alloying additives for broadening their utility in diverse industrial parts 
[136,138].  

The papers that have reported corrosion and passive behavior of the UFG Ti and its alloy 
applying ARB procedure are indicated in Table 3. All papers have reported that the UFG Ti 
shows higher passive resistance considering the Ralston’s rule [104]. Some researchers have 
also discussed that SPD influences corrosion behavior of the Ti and alloys of Ti relying on its 
grain and microstructure size consequent frequency. For example, Kim et al. [147] indicated 
which refinement of grain in Ti by high-ratio differential speed rolling in room temperature 
suggests great mixture having high corrosion rate and strength. UFG Ti showed high corrosion 
resistance in both H2SO4 and HCl solutions. In addition, Fattah-alhosseini et al. [148] displayed 
that the nano-grained pure Ti alloy passive behavior produced by ARB procedure was boosted 
comparing with that of annealed specimen, mostly because of the thicker and less blemished 
oxide layer formation. Fig. 16 displayed the potentiodynamic polarization curves for annealed 
and ARBed pure Ti specimens in H2SO4 solutions [148]. As can be seen both passive current 
densities and corrosion declined as grain refinement. In fact, the pure Ti specimens having 
purified grains make superior conditions to create oxide layers having higher protection 
behavior. 

The coarse- and nano-grained pure Ti specimens Nyquist plots inside H2SO4 solutions are 
shown in Fig. 17. All plots of Nyquist indicate defective semicircles. Moreover, all Nyquist 
plots display an increase in low-frequency impedance while grain size declined. The Nyquist 
plots depict a resistive behavior of high-frequency ranges.  

 

 
Fig. 15. Pourbaix diagram for titanium –water system at 25 °C [89] 

 
On the other hand, they demonstrate a signed capacitive response within the range of 

middle to low- frequency, Fattah-alhosseini et al. [148] displayed that refinement of grain 
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offers better conditions to passive layers having higher protection behavior to be made. In fact, 
grain refinement resulted in gaining a nano-grained pure Ti specimen having a big grain 
boundaries fraction as well as high internal energy. In addition, the dislocation densities and 
residual stresses look to be high through a material with severely plastically deformation and 
inside some grains and on the sides of grain boundaries. Thus, these parameters make the pure 
titanium of nano-grained kind of like a material having more ready nuclei to create a denser 
passive layer and as a result, a material with boosted electrochemical behavior [148]. 
 
Table 3. Summary of corrosion and passive behavior of UFG Ti by ARB process 

 
 
 
 
 
 
 

Materials Electrolyte Grain size Corrosion behavior/ 
Passive behavior 

Year First author 
[Ref.] 

Ti-Zr-Ta-Nb Ringer’s solution ---- Corrosion behavior 
improved 

2011 Raducanu 
[105] 

CP–Ti 
(ASTM grade 2) 

Ringer’s solution 90±5 nm Passive behavior 
improved 

2017 Fattah-alhosseini 
[140] 

CP–Ti 
(ASTM grade 2) 

Hank’s solution 80±5 nm Passive behavior 
improved 

2017 Fattah-alhosseini 
[141] 

CP–Ti 
(ASTM grade 2) 

Ringer’s solution 80±5 nm Passive behavior 
improved 

2017 Ansari 
[82] 

CP–Ti 
(ASTM grade 2) 

0.01 M, 0.1 M, and 1.0 
M H2SO4 solutions 

~90 nm Passive behavior 
improved 

2017 Fattah-alhosseini 
[148] 
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Fig. 16. Potentiodynamic polarization curves of annealed (coarse- grained (CG)) and nano-
grained (NG) pure Ti in H2SO4 solutions: (a) 0.01 M H2SO4; (b) 0.10 M H2SO4; and (c) 1.00 
M H2SO4 [148] 
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Fig. 17. Nyquist plots for coarse- and nano-grained pure Ti in H2SO4 solutions: (a) 0.01 M 
H2SO4; (b) 0.10 M H2SO4; and (c) 1.00 M H2SO4 [148] 
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6. SUMMARY 

The passive behavior of ultrafine–grained aluminum, copper, and titanium that have been 
produced by accumulative roll bonding (ARB) process is reviewed in this investigation 
emphasizing the microstructural evolution. The UFG and nanocrystalline materials are 
produced by various severe plastic deformation (SPD) methods. ARB is an effective method 
among them because of making structures having refined grains detached by many high angle 
grain boundaries by imposing large amount of plastic strain without any alteration in external 
dimensions. Reviewing the added references to this paper will display that a lot of research in 
the field of ARB procedure regarding electrochemical behavior of the bulk nano structured 
materials have been done lately. This review presented that grain refinement remarkably 
amends the metallic materials electrochemical behavior comparing with that of for coarse-
grained counterparts. In passivation state, UFG structure alters the passive film composition 
and affects the morphology and its growth procedure that both amend the compact layer 
formation and influence the semiconducting property. 
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