IJMF, Iranian Journal of Materials Forming, Vol.5, No. 2, pp 1-25
Printed in The Islamic Republic of Iran, 2018
© Shiraz University

Ten Years of Severe Plastic Deformation (SPD) in Iran, Part I1:
Accumulative Roll Bonding (ARB)

M. Reihanian?, E. Bagherpour?, N. Pardis 2, R. Ebrahimi?, N. Tsuji®

1Department of Materials Science and Engineering, Faculty of Engineering, Shahid Chamran University of Ahvaz,
Ahvaz, Iran.
2Department of Materials Science and Engineering, School of Engineering, Shiraz University, Shiraz, Iran.
3Department of Materials Science and Engineering, Graduate School of Engineering, Kyoto University, Kyoto, Japan.

Abstract: The present paper is the second part of a previously published overview entitled “ten
years of severe plastic deformation (SPD) in Iran”. Part I concentrates on the equal channel
angular pressing (ECAP). In this part, the focus is on the accumulative roll bonding (ARB)
because, currently, Iran is ranked the first in the world by the total number of publications in this
field. In the present section, the emphasis is not on the microstructure and ultrafine-grained
materials produced by ARB. Instead, its focus is on several aspects of ARB to which small
attention has been paid so far. The impact and contribution of Iran to each category is evaluated in
comparison to researchers from other countries. The main interest of Iranian researchers in the
field of ARB is to fabricate the composite materials, particularly metal matrix composites
(MMCs). The Iranian researchers were the first who introduced ARB as an effective method to
produce particulate MMCs.
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1. Introduction
From the invention of severe plastic deformation (SPD) as an effective method to produce ultrafine-
grained materials, several new techniques (more than 100) have been introduced. Equal channel angular
pressing (ECAP), high-pressure torsion (HPT) and accumulative roll bonding (ARB) are three basic
techniques that are known as the conventional SPD methods. Among three conventional methods, ARB
has attracted more considerably by Iranian researchers. Several factors can be attributed to this. First,
unlike ECAP and HPT, ARB process does not need the die construction and it can be carried out by the
use of conventional rolling mill. Second, the processing by ARB is easier than that of ECAP and HPT.

Received by the editors June 24, 2018; Revised August 25, 2018 and Accepted August 28, 2018.
*Corresponding author (e.bagherpour@semnan.ac.ir)



2 M. Reihanian et al.

Third, the samples used in ARB are in the form of sheet and there is no need to any additional processing
for sample preparation.

ARB, first invented by Saito et al [1], is one kind of severe plastic deformation (SPD) in which two
layers of metal strips are stacked and joined together by a roll-bonding process. Then, the length of rolled
strip (typically by 50% reduction in thickness) is sectioned into two halves. The sectioned strips are
surface-treated, stacked and roll-bonded again and the process is repeated up to several cycles. Similar to
other SPD methods, the main goal in ARB is to fabricate the ultra-fine grained materials but in the form of
sheets with excellent mechanical properties.

The history of ARB in Iran started from 2008 when Iranian scientist used ARB to produce ultrafine-
grained Mg [2], Cu [3], Al [4-7] and IF steel [8], concurrently. The first attempt of Iranian researchers to
fabricate metallic multilayers of Al/Cu [9] and Al/IF steel [10] were also published in the same year. The
analysis of the records extracted from the Web of Science (WoS) indicates that in the last decade (from
2008 to 2017), the rate of the number of publications from the top ranked countries remains more or less
constant. In contrast, the number of published papers by Iranian researchers increases remarkably in that
period. Presently, Iran is ranked the first in the world based on the total number of publications during the
period of ten years, which is more than 247 publications out of ~780 records, in the field of ARB
processing. Japan with 202 publications has occupied the second place after Iran, though the ARB process
was first introduced by Japanese scientists in year 1998 [1]. Among many countries, Iran is an appealing
case to study in the field of ARB due to its impact and contribution in this field. The ultrafine-grained
characteristics of ARB processed materials have been widely investigated by various scientists around the
world. Therefore, this review deals primarily with those aspects of ARB to which small attention has been
given with emphasis on the impact of Iranian researchers. The topics includes the composite materials
fabricated by ARB, processing routes, corrosion behavior, wear characteristics, weldability and simulation
of ARB processed materials.

2. ARB Processed Materials in Iran

Initial works on the deformation bonding in Iran started by Danesh manesh and his co-workers [11,12]. In
2003, they investigated the bond strength and formability of an aluminum-clad steel sheet [11]. Lately, in
2008, the effect of the amount of deformation and the rolling temperature on the bond strength and the
threshold deformation of the roll-bonded Al strips was evaluated [12]. These preliminary investigations
opened the field of research on the ARB. To date, numerous works have been published in the field of
ARB that focus on the UFG materials and their characteristics. Accordingly, in the present section various
materials other than UFG ones that are produced by ARB are highlighted with an emphasis on Iran's
achievements. The ARB processing attracted the attention of Iranian researchers first in 2008 in the course
of several articles in various journals. At this year, Fatemi-Varzaneh et al.[2] produced an AZ31 Mg alloy
with an ultrafine grained (UFG) structure by using the ARB process. At the same time, the ARB was
utilized by Pirgazi et al. [4-6] and Talachi et al. [7] to form UFG structure in Al. Besides, the UFG Cu and
IF steel were also produced by Shaarbaf et al. [3] and Tamimi et al. [8], respectively through ARB. This
method has been utilized to fabricate various UFG metal and alloys through since the following years until
Now.

Among all works published on ARB in 2008, one utilized ARB with a different approach. Instead of
using a single metal and other than producing a UFG structure, lzadjou et al. [9] used ARB method to
produce an Al-Cu multilayer. They used a sandwich of Al and Cu as the starting material and observed
that Cu layers necked and fractured during ARB. After five ARB cycles, a multilayered Al/Cu composite
with a homogeneous distribution of Cu fragments in Al matrix was reported. The idea of using ARB to
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fabricate a metallic multilayer goes back to the Tsuji et al. (2005) [13] where they severely deformed a
multilayer of Cu-Zr up to an equivalent strain of about 14 by ARB at ambient temperature. During the
early ARB cycles, they found many shear bands formed by a kind of plastic instability during rolling due
to significant difference in the flow behaviors between Cu and Zr. The shear banding retarded the steady
decrease of the microstructural dimension. It was clarified that the amorphous phase formed within the
shear bands, where plastic strain was greatly localized in the ARB processed [14]. This approach was then
utilized by other Iranians to fabricate composite materials containing two metallic phases including Cu/Ag
[15], AI/Ni [16,17], Al/Zn [18], Al/Cu [19-21], Cu/Ni [22], Cu/Zn [23], Cu/Ti [24], Ni/Ti [25], Al/Sn [26]
and Al/Steel [27]. Hybrid metallic composites of the type Cu/Zn/Al [28,29], Al/Cu/Mn[30,31], Al/Ti/Mg
[32], Al/Cu/Sn [33], and multi-phase composites [34] were also produced by Iranians using this approach.
It is noted that the fabrication of metallic composites has also been of interest to other researchers in other
countries, but, here, only the Iranians' works are highlighted.

Generally, the microstructure of a metallic multilayer processed by deformation synthesis method
consists of two morphological features [35]. In one, the hard layer necks and breaks into several fragments
due to the difference in flow properties of metallic phases. At final stages of ARB, the hard phase
distributes uniformly in the soft matrix and acts as the reinforcement phase. Figure.l illustrates the
scanning electron microscopy (SEM) images of a multi-phase composite of Al-Cu-Ni-SiC at various
cycles of ARB. The necking and fracturing of the hard phase (Cu in this case) at initial cycles and its
gradual distribution in the Al matrix at final stages of ARB are clearly obvious.
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Fig. 1. SEM micrograph of the AI-Cu—Ni composite at low and high magnifications at various ARB cycles [34].

In this case, the thickness ratio and the flow properties of the metal constituents are two key factors for
predicting qualitatively the occurrence of necking. The higher the hardness ratio and the lower the
thickness ratio, the more easily necking/rupture occurs in the hard layer. In other multilayers, the
continuity of layers is maintained up to several ARB cycles though irregularities are formed at the
interfaces and thickness variations occur amongst the layers. In these systems, the initial thicknesses of
two metal phases are usually considered similar. Figure 2 shows SEM images and the corresponding
elemental maps of a Cu/Zn multilayer after five and six ARB cycles. The continuity of layers is
maintained at this composite even after six ARB cycles.

IIJMF, Iranian Journal of Materials Forming, Volume 5, Number 2 October 2018



4 M. Reihanian et al.

Substantial necking in Cu
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les and the corresponding SEM
elemental maps for Cu distribution and Zn distribution [23].

In year 2009, Alizadeh and Paydar [36], introduced a new procedure to fabricate Al/SiC composite by the
so-called repeated roll-bonding (RRB) process. The main difference between this technique and the well-
known ARB is that in the RRB process the strips are annealed after each cycle and therefore no strain can
be accumulated by increasing the number of cycles. Jamaati and Torginejad [37] in 2010 used this method
to fabricate an Al/Al,Os composite but with a different name as continual annealing and roll-bonding
(CAR). According to this method (RRB and CAR), ceramic particles are added between the metal layers
during the initial cycles of ARB. After imposing a critical reduction, a uniform distribution of particles is
achieved in the matrix. Since the year 2010, further works can be found in literature by Iranian researchers
that consider this technique to fabricate composite materials of the type Al/B4C [38], Al/SiC [39-41],
Al/AlLOs [42-44], AlITiB; [45,46] and Cu/SiC [47]. Furthermore, Al/Al,Os/SiC [48], Al/B4C/SiC [49,50],
Al/Al,O3/B4C [51] and AI/WO4/SiC[52]and Al/SiC-Gr [53] are several hybrid composites that are of
interest to and manufactured by Iranians.

The microstructural change of an Al/SiC composite during ARB process is shown in Fig. 3. It is
observed that by increasing the number of ARB cycles, SiC particles disperse more and more
homogeneously in the Al matrix. The mechanisms that are responsible for particle distribution in the
composites are as follows. When two 1 mm thick strips are roll bonded up to eight cycles with a 50%
reduction per cycle, the number of layers increases to 256 and their thickness reduces to 3.9 um, assuming
a homogeneous deformation. Therefore, the particles at the layer interfaces share out through the thickness
of the strip as the ARB process proceeds. At the same time, the plastic deformation and the extrusion of
the Al through the particles lead to the separation and movement of the particles from each other. Another
mechanism that is considered for dispersion of the particles is the movement of particles from edges of the
particle clusters, which causes the particle clusters to become smaller as the number of ARB cycle
increases [40,54].
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Fig.3. SEM micrographs of the Al/SiC composite microstructures produced by
various cycles of the ARB process [55].
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To date, as discussed above, the distribution of particles in MMCs processed by ARB has been examined
experimentally by several researchers. However, only a few reports consider specifically the effect of
particles on the microstructure evolution of the matrix metals during ARB and these investigations are
limited almost only to the particle-matrix interfaces. Bagherpour et al. [56] in 2016 considered the role of
particle distribution in the microstructure evolution during SPD method. They considered the Al/SiC
composite produced by ARB as a case and examined the grain refinement in the Al matrix by transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM) at various zones:
particle free zone, single particle zone and cluster zone (Fig. 4). Their results showed that the lowest grain
size was obtained in the cluster zone between two nearly neighboring particles.
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Fig. 4. Typical TEM images of Al/SiC composite produced by ARB, taken from
different microstructural zones [56].

In 2010, Jamaati and Toroghinejad [57] and Jamaati et al. [58] introduced a new method to fabricate
Al/Al;O3 composites, which was based on a combination of ARB and anodizing. During this method, the
anodized strip is placed between the uncoated metal strips. As the ARB proceeds, the anodized layer
necks, fractures and distributes uniformly within the metal matrix due to the difference in flow properties
of the anodized layer and the matrix. In 2012, Shabani et al. [59] used electroplating as an alternative to
anodizing and produced a multi component AI/Ni/Cu composite. Instead of anodizing or electroplating,
Reihanian et al. (2015) [60], used plasma electrolytic oxidation (PEO) to generate an alumina oxide layer
and placed the coated strip in length between two uncoated Al strips. They showed that a uniform
distribution of Al,O3 fragments was achieved within the Al matrix after six ARB cycles. The combined
method of ARB and anodizing/electroplating was utilized by various Iranian teams to produce hybrid
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composites of the type Al/Al,O3-TiC [61], Al/Al,Os3-SiC [62], Al/Cu-Al,Os [63], Al/AI,O3-BAC [64] and
Al/Al;O3-ZrC [65]. Based on this approach, Ahmadi Ana et al. (2015) [34] produced a multi-component
Al-based metal matrix composite by ARB of the composite coated strips. They generated a Ni/SiC
composite layer with three different thicknesses on the Cu substrate by electroplating. The coated strips
were placed between two Al strips and processed by ARB up to eight cycles to fabricate the multi-
component Al-Cu-Ni/SiC composites.

Besides UFG metals and MMCs, metallic foams are considered as another material that can be
formed by ARB process. However, compared to other materials, metal foam has attracted the least
attention. Up to the beginning of 2017, 10 records can be found in this field; all are published only by
Japanese (with 7 records) and Iranian (with 3 records). Metal foams were produced by ARB for the first
time in Japan by Kitazono et al. in 2004 [66]. They produced Al foam through ARB and used TiH»
particles as the foaming agent. They obtained foamed Al plates of about 40% porosity by heating the pre-
form sheets under controlled temperature conditions. Kitazono and his co-workers used this method to
produce other metallic foams such as Al-Si alloy foam [67] and Al-Mg alloy foam [68]. Kamimura et al.
in 2005 [69] proposed a new application of superplasticity to manufacture metal foams. The preform
sheets were manufactured using superplastic 5083 Al alloy sheets through ARB process. They produced
microcellular Al foam plates with 50% porosity through solid-state foaming under the superplastic
condition. The idea of producing metal foams was attracted the attention of Iranians in year 2015 by
publishing three articles. Hosseini et al. investigated the effect of nano-SiCp on the microstructure and
formability of Al/TiH, foam precursor produced by ARB [70,71]. In addition, Zeidabady et al., produced a
closed cell Cu foams through ARB using CaCOs as the blowing agent [72]. Figure 5 shows SEM images
of the early pore formation and its evolution in Al/TiH2 and Al/TiH2/SiC strips after various dwell times in
the preheated furnace at 750 °C (air atmosphere).

SEM HV. 15.00 kV WD 34 44 mm MIRAW\ TESCAN SEM HV. 15.00 kV WD: 35.00 mm MIRA\ TESCAN
View field: 1990 mm  Det BSE 5 mm [ View field: 19.23mm  Det BSE 5 mm 4
SEM MAG: 12x Date{m/d/ly). 06725/15 ITAM n SEM MAG: 13 x Date{m/dly) 0625/15 ITAM n

Fig.5. SEM images showing the early pore formation and its evolution in Al/TiH2 and
Al/TiH2/SiC strips after various dwell times in the preheated
furnace at 750 °C (air atmosphere) [71].
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3. Processing Routes

Cross-accumulative roll bonding (CARB) is a rolling technique similar to ARB. The main difference
between ARB and CARB is that during CARB the strain path is changed by a 90° rotation around the
normal direction (ND) of the sheets after each cycle. Kaneko et al. (2003) [73] were the first researchers
who introduced CARB and concluded that the ARB with cross rolling is more effective in ultra- grain
refinement and high strengthening than conventional ARB. The method was then utilized by Kim et al.
(2006) [74,75] to show the effectiveness of the method on the grain refinement and ductility enhancement
in commercially 1050 Al alloy. In Iran, Alizadeh (2010) [76] was the first who used CARB to produce an
Al/B4C composite. To date, CARB has been conducted on several materials including commercially pure
Al [77,78], AA 6014 [79], Al/Al O3 [80,81], Al/SIC composite [82], Fe-Ni alloy [83], AA5754/AA6061
composite [84,85], commercially pure Ti [86], Al/B4C/SiC hybrid composite [87] and Cu/Ta nanolamellar
multilayer [88]. Figure 6 shows the electron backscattered diffraction (EBSD) maps of Al after eight
cycles of conventional ARB and CARB. The EBSD map of the annealed Al is also indicated. The
effectiveness of the CARB in grain refinement is evident from this figure.

In a collaboration between Monash University (Australia) and University of Erlangen-Nurnberg
(Germany), Ng et al. (2013) [89] fabricated Al/Ti composite sheets through a new route named
asymmetric accumulative roll bonding (AARB), which capitalized on additional shear to enhance plastic
deformation. They found that not only AARB led to a more refined grain size of the Al matrix but also it
promoted the development of a nanostructured surface layer on Ti. They also showed that AARB-
processed sheets exhibited a larger thickness of the interdiffusion layers at the Al/Ti interfaces compared
with the symmetric ARB route.

Annealed

Fig. 6. Orientation color maps of the annealed, ARB and CARB Al specimens processed to eight cycles [78].
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In 2013 [90] a new route for ARB was introduced by Yazdani et al. in order to impose a distribution of
different accumulated strain and hardness across the thickness of the strips, entitled strain composite strips
(SCS). During the initial stage of this procedure, one pass of ARB technique is performed on annealed
strips of AAB083. A strip of this product (on half) is again roll-bonded to another annealed strip.
Similarly, a strip of this new sample is again roll-bonded with another annealed strip. The sequences of
roll bonding with an annealed sample are continued up to a number of cycles (Fig. 7). Such stacking
sequence of strips provides a monotonic and gradual increase in the accumulated strain through the
thickness. They called the produced strip a strain strip composite (SCS). Comparison of SCS and ARB
processed strips shows an improvement in the ductility of SCS at the cost of a small decrease in strength.
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Fig. 7. Schematic illustration of the proposed method for producing strain composite strips (SCS) [90].

Naseri et al. (2016) [91] used a similar procedure in ARB with this difference that they used an
annealed strip of AA2024 Al alloy between the previously roll-bonded strips of the same material after
each cycles. The process involves two steps. In the first step, two annealed AA2024 strips are stacked over
each other and roll-bonded to 50% reduction in thickness. In the second step, the roll-bonded strips were
cut into two pieces and another annealed AA2024 strip is sandwiched between the two pieces of
previously roll-bonded strips. The stacked strips were roll-bonded again. This procedure is repeated up to
four cycles. The stress-strain curves of the materials processed by these new routs indicate that these
routes have the capability of producing ARB processed materials with an improvement in ductility with a
small sacrifice the strength of the material (Fig. 8).

The effect of shear strain distribution due to frictional effects between rolls and sheet materials in the
conventional ARB on grain refinement was first investigated by Lee et al. in 2002 [92]. They stated that in
ARB process without lubrication, a large amount of shear strain must be introduced in the surface regions
of the Al sheet in every roll bonding. Accordingly, they quantified the shear strain distribution in the ARB
processed Al sheets by embedding cylindrical pin of the same material in the initial strip and their results
are presented in Fig. 9. Based on this investigation, Kamikawa et al. [93] studied the effect of redundant
shear strain on microstructure and texture evolution during ARB of IF steel. They concluded that the
redundant shear strain caused the through-thickness microstructural heterogeneity at early stages of ARB.
However, the repetition of cutting, stacking and rolling in the ARB, generated a complex distribution of
strain through the sheet thickness so that a rather uniform UFG structure at a high number of ARB cycle
was achieved.
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Fig. 8. Comparison of the stress-strain curves of the samples after various ARB routes with the conventional
ARB; a) CARB [78], b) strain composite strips [90] and c) bimodal strip [91].

10 T T T T T T 20T TTTTT T T
[ (a) 1 cycle i " (b) 2 cycles
8 i 15k
=~ ~ F 4
- 6 T
=z rRds -
£ £t
g 5 5 1
@ 2 s L
0b-- -
0
| I | L] | TP S P T
0 03 05 07 1.0 0 03 05 07 1.0
Distance from surface / mm Distance from surface / mm
Orr1TT7T T T 1N e L B B B
I (c) 4 cycles ] 70 | (d) 8 cycles .
N 1 el I
= I = 50 ]
E = i 4
20 - 1 = L -
g £ 40 ]
5 i ‘ﬁ 30 [ ]
Z 0k 1 & _ [ ]
20 ]
10 N
3] S PSP R L 4
PR PR | O iy
0 03 05 07 1.0 0 03 05 07 1.0
Distance from surface / mm Distance from surface / mm

Fig. 9. Distribution of shear strain through thickness of ARB processed Al after
different number of ARB cycles [92].

IIJMF, Iranian Journal of Materials Forming, Volume 5, Number 2 October 2018



10 M. Reihanian et al.

4. Special Characterization
The microstructure, mechanical behavior and deformation texture of ARB processed materials have been
investigated widely in literatures. This section focuses on various features of ARB processed materials
that have attracted relatively small attention in the research community. These features include corrosion,
wear, welding, physical properties and the modeling of ARB processed materials. The authors try to
review the most important publications in these fields until the beginning of 2017.

4.1. Corrosion behavior

Similar to other SPD methods, the corrosion behavior of ARB processed materials has attracted
considerable attention in the research community. The literature survey extracted from Web of Science
indicates that Iranian researchers have the most contribution in the field of corrosion behavior (more than
60%) after ARB. The corrosion of UFG materials produced by SPD has been well reviewed by Miyamoto
[94]. He reported that while enhancing mechanical properties, grain refinement by SPD did not
compromise the overall corrosion resistance and in many cases, SPD could improve it in comparison with
coarse-grained counterparts. However, he found that there were some contradictory results within the
same materials and same environment.

According to the literature, the first investigation on corrosion behavior of ultra-fine grained
materials produced by ARB was reported by Fujimoto et al. (2004) [95]. They considered Al and Al-
2%Cu alloy as the starting materials and examined the pitting behavior with and without the heat
treatment. Their results showed that the defects generated during ARB caused the higher probability of
initiating pitting corrosion. Moreover, both ARB processed and full annealed Al-2%Cu alloy exhibited
noble pitting potential compared with that of pure Al. The corrosion behavior of Al-Mn alloy and AA
5754 processed by ARB materials was then explored by Wei et al. (2007) [96] and Haosul et al. (2010)
[97], respectively. The details of the corrosion behavior of materials processed by ARB are not the goal of
the present review. The critical achievements attributed to Iranian researchers are highlighted. The first
Iranian's work on the corrosion behavior of ARB processed materials can be found in the work of Jamaati
et al. (2011) [98] where they investigated the tribocorrosion behavior of Al/AI203 composite strips
manufactured by anodizing and ARB. They found that the non-homogeneous, lower quantity, fine, and
acicular-shape of alumina particles caused serious materials loss in the tribocorrosion process. The most
major contribution in this field arises from Fattah-Alhosseini and his co-workers who have several
publications on the corrosion behavior of Al 1050 [99-101], Cu [102-106] and Al/B4C/SiC composite [50]
among the other. Other Iranian researchers have also published numerous works on the corrosion behavior
of Al/SiC [107-109], Cu [110,111], Al/AI;0O5 [112] and lead based composites [113] processed by ARB.

4.2. Wear

Wear behavior is an important material property for UFG materials because they may be used in a range
of structural applications. Gao et al. (2012) [114] have published a review paper to examine the recent
reports related to the wear resistance of materials processed by SPD with particular emphasis on ECAP,
HPT and ARB. They reported that only limited reports are available to date on the wear behavior of SPD-
processed materials and, furthermore, many of these results appear to be conflicting. Among all countries,
South Korea and Iran have the biggest role in the wear behavior of the ARB processed materials. The first
report on the wear behavior of ARB processed metals can be found in the work of Korean researchers,
Kim et al. (2002) [115], where they examined dry sliding wear behavior of ultrafine grained commercial
purity Al processed ARB. Their results showed that, in spite of the increased hardness and strength, wear
resistance of the ultrafine-grained materials was lower than that of the coarse-grained as-received one.
Between the years 2004 to 2005 Kim and his coworkers extended their studies on the wear of ARB
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processed 6061 Al [116], 5052 Al and 5083 Al [117,118] and 1100 Al [119]. In Iran, the wear of ARB
processed materials was studied first by Talachi et al. [7] in 2008 and they found that the wear resistance
of the ARB processd Al alloy was less than that of the non-processed Al alloy. Talachi et al. in 2011 [120]
characterized the wear behavior of Al sheet after ARB using a pin on disc wear test under different
conditions. They found that wear rates of the ARB processed Al sheets increased by increasing wear load
and rotation speed, while, immersion lubrication decreased the wear rate significantly. They also proposed
a model for the wear of the ARB processed Al based on their experimental observations. Sliding wear
behavior of ARB processed 6061 Al alloy sheets subjected to dry sliding wear at different loading and
sliding velocities was also investigated by Izadjou et al. (2011) [121] using a pin on disc wear machine.
To the end of 2016, five published works have considered the wear properties of the composite materials
produced by ARB. Four of the five works have been published in Iran, and they consider the wear
characteristic of Al.O; [98,122], Al/SIC [108]and Cu/Zn [123] composites produced by ARB. Among
these works, one is related to Liu et al. [124] in which they evaluated the wear of AI/WC composite
manufactured through warm ARB.

4.3. Welding

According to literatures, a few records can be found on the field of welding and weldability of the ARB
processed materials. Among all, Iran and Japan with seven and six records, respectively, are located as the
first and the second rank. Generally, the conventional fusion welding of UFG materials produced by SPD
causes the mechanical properties deterioration of these materials because of the remarkable grain growth
of the ultrafine grains during welding at high temperatures [125]. Therefore, friction stir welding (FSW) as
a solid-state joining process with lower heat-input than that of fusion welding processes, enabling the
formation of a fine grain structure in the stir zone, has been considered as an effective method to prevent
the deterioration of the mechanical properties of the ultrafine-grained materials. Friction stir welding
(FSW) was first applied by Sato et al. (2004) [126] to an ARB processed Al alloy 1100 and resulted in
reproduction of fine grains in the stir zone and small growth of the ultrafine grains in the ARB processed
material just outside the stir zone. Therefore, FSW effectively prevented the softening in the Al alloy
processed by ARB. Fuji et al. (2005) [127] reported that, after ARB processing, high strength joints were
obtained for the ultrafine grained steel and Al under the optimum welding conditions while the strength of
the ultrafine grained copper joints significantly decreased in comparison to that of the base metal due to
grain growth in the heat affected zone (HAZ). FSW processing was conducted by other researchers on
various materials including IF steel [128] and Al alloys [129-131]. In Iran, Hosseini and Danesh Manesh
(2010) [132] proposed a technique to reduce the deterioration of mechanical properties of the joint. They
joined the ARB processed strips by FSW in immersed (underwater) and conventional (in-air) conditions to
investigate the effect of the immersion method on the microstructure and mechanical properties of the
joint. Their results showed that the hardness and tensile properties of the immersed friction stir welded
sample and ARB processed base metal were both similar in two materials, and better than those of the
conventionally friction stir welded sample. This was attributed to the smaller grains in the stir zone of the
immersed FSW condition with respect to the conventional FSW method. It is interesting to note that,
except this work, the attention of other Iranian researchers has been directed toward FSW of the composite
materials including Al/Al,Oz; [133], Al/Cu [20] and Al/Al,O3/B4C [134] produced by ARB. In addition,
Fattahi et al. used ARB as an effective method to fabricate composite filler metals of the type
nanoparticle/Al composite [135] and TiC/Al composite [136] for tungsten inert gas (TIG) welding. They
showed that the composite filler could serve as suitable filler for GTA welding of aluminum and its alloys.
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4.4. Electrical and magnetic properties

Among many characteristics of ARB processed materials, the electrical and particularly the magnetic
properties of these materials have attracted the least attention. Along with thirteen records on the electrical
properties of ARB processed samples, only two correspond to Iranian researchers. Similar to the corrosion
and wear behaviors, the results are somewhat conflicting. The first study on the electrical property of
ultra-fine-grained Cu-Cr-Zr alloy sheet was produced by ARB conducted in Japan by the work of
Kitagawa et al. [137] in year 2008. They showed that the aging treatment after ARB process enhanced not
only the mechanical properties but also the electrical conductivity in the Cu-Cr-Zr alloys. Hosseini et al.
(2009) [138], from Iran, explained that the electrical conductivity of Cu decreased with increasing the
number of ARB cycle up to six cycles and then increasing up to eight cycles. Takata et al. (2009) [139]
claimed that UFG Cu alloys with sub-micometer grain sizes could achieve both superior mechanical
properties and high electric conductivity. Ghalandari and Moshksar (2010) [15], other Iranian researchers,
measured the electrical conductivity of Cu-Ag multilayer after ARB, and concluded that the electrical
resistivity of the samples increased slightly by increasing the number of cycles. The investigation on
electrical conductivity was continued by other researchers on the ARB processed Al [140,141], Cu-Ni-P-
Zr alloys [142], Al-Cu alloy and composite [143,144], AlI/W composite [145], Cu-Ni-Si-Zr Alloy [146],
Cu alloy [147] and Al/AIMgs [148].

The magnetic properties of the ARB processed materials have been of interest only to Iranian
researchers. Eslami et al. (2013) [149] evaluated the magnetic properties of Cu/Ni multilayer composite
fabricated by ARB as the first group. They reported that the magnetic properties such as retentivity,
coercivity and magnetic saturation of the multilayer composite, were significantly influenced by the
changes in the microstructure and grain size. Deneshvar et al. (2016) [150] used ARB to fabricate Al/Ni
(with two initial Ni thicknesses) and Al/Ni/FesO. composites. Their results showed that after eight cycles,
an Al-based composite with a satisfactorily magnetic behavior was produced (Fig. 10). The AI/Ni
composite with larger Ni thickness exhibited the highest tensile strength with the highest value of
saturation magnetization. The relative permeability decreased with increasing the frequency for a given
number of ARB cycles. The FesO, particles caused the saturation magnetization to decrease and the
critical frequency to increase due to the eddy current effects.
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Fig. 10. (a) Hysteresis curves of Al/Ni composites (with two initial thicknesses of Ni) and Al/Ni/Fe304 composites
and (b) an enlarged view of M—H curves extracted from [150].

October 2018 IIJMF, Iranian Journal of Materials Forming, Volume 5, Number 2



Ten years of severe plastic deformation (SPD) in... 13

5. Modeling and Simulation

The first report on the simulation of ARB can be found in the work of Hesieh et al [151] in 2006. They
applied ARB process on the multilayered Zr and Ni foils and mixed them with nanocrystalline and
amorphous bulk materials. By using high-resolution transmission electron microscopy and molecular
dynamics simulation, they examined the latest stage of the transformation from nanocrystalline elemental
phase to the amorphous alloying phase. At the same time, Ikeda et al. [152] used the same approach
(molecular dynamics simulation) to study the grain boundary structure in ARB processed Cu. They
concluded that the grain boundary structure in the ARB-Cu was not very different from the normal
equilibrium grain boundary and this could be explained by conventional dislocation and structural unit
model. The first work in which ARB is modeled by finite element analysis has been published by Inoue
and Tsuji in year 2009 [153]. They quantified the strain components and equivalent strain in the rolled
material using finite element analysis and concluded that the equivalent strain at the surface in the 1100 Al
processed by one ARB cycle without lubricant corresponded to the equivalent strain in the material
processed by five ARB cycles with lubricant. Modeling and simulation of ARB have attracted a slight
attention from lIranian researchers. Roostaei et al. (2010) [154] are the first and only Iranian researchers
that used the finite element method to analyze the plastic deformation behavior of an AZ31 alloy during
ARB process. Their results indicated that an increase in the friction coefficient led to an increase in the
equivalent plastic strain and strain gradient. Furthermore, they found that accumulated strain decreased
with increasing the temperature, causing a more homogeneous deformation throughout the thickness.

In contrast to the least contribution of Iran in simulation of ARB processing, Iran has a major role in
analytical modeling of the composite materials processed by ARB. Rezayat and Akbarzadeh (2012) [155]
proposed a theoretical model to predict the threshold reduction in warm roll bonding of commercially pure
Al sheets to get bonding in the presence of ceramic particles. Their model considers the rolling parameters
and the effect of the amount and size of the particles. They showed that the measured values of the
threshold reduction were well predicted by the modeling results. Reihanian et al. [156], in 2012, proposed
an analytical model to predict the critical strain to get a uniform distribution of hard particles in MMCs
produced by ARB. The model considered composites containing both single and bimodal sized particles
(including micro-and nanometre particles). The effect of the particle size, particle volume fraction and
initial thickness of the layers is considered by the model. Their results showed that among all parameters,
particle size has the most significant effect on the critical strain.

Soon after, in the year 2013, Reihanian et al. [157] modified the model by considering three cubic
arrangements for the distribution of particles in the matrix including simple, face-centered and body-
centered cubic models. They concluded that among all considered particle distributions, the simple cubic
model was the most effective to predict the critical reduction. Based on the simple cubic model the critical
reduction in bi-modal (single type particle) and tri-modal (tow-type particles) composites can be obtained

by [157]:
_, [ar}(d
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where d is the particle size, f is the volume fraction and T is the initial thickness of the layers. The

subscripts A and B stand for particles A and B, respectively. Results showed that the critical reduction to
get a uniform distribution of particles rises with increasing volume fraction, decreasing particle size and
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raising initial layer thickness. Figure. 11 shows the variation of the critical strain with volume fraction for
SC, BCC and FCC models.
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Fig. 11. Variation in critical reduction with particle volume fraction for SC, FCC and BCC model [157].

In the year 2016, Reihanian and Naseri [158] also developed a model to predict the critical strain (based
on an instability criterion) for the onset of necking in the hard layer during the ARB of the metallic
multilayer. Their model was an extension to the plastic instability during sandwich sheet rolling proposed
by Hwang et al. They showed that the critical strain for necking during ARB of metallic multilayer obeys
an equation similar to that of sandwich sheet rolling. In addition, they proposed an analytical model to
predict the critical strain for fracture based on the Cockcroft and Latham criterion. According to this
model, the critical strain for necking (and fracture) increased with increasing the thickness ratio, strength
coefficient ratio and the work-hardening exponent of the hard phase while it decreased with increasing the
work-hardening exponent of the soft phase. Until that time, modeling the plastic instability in the hard
layer during ARB had received only a limited attention, which was directed toward finite element methods
[159,160].

6. Summery and conclusions

During the last decade, the attention of Iranian scientists to the ARB process make Iran rank the first
among many countries in year 2017 and make it the single-handed country that has an increasing rate in
the number of publications. The first published paper on ARB in Iran goes back to year 2008. The main
contribution of Iran in the field of ARB does not focus on the production of UFG materials, which is
conventionally the main goal of the ARB process. Instead, the attention has been paid to the production of
composite materials, particularly metal matrix composites, by using the ARB process. The lranian
researchers were the first who introduced ARB as an effective method to fabricate particulate MMCs. The
lesser attention to UFG characteristic of ARB processed materials in Iran may be attributed to two main
factors: i) inaccessibility of Iranian researchers to advanced characterization techniques such as TEM and
EBSD and ii) low collaboration with scientists in other countries owing to the difficulty of Visa
preparation and less amount of funds.
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