
ISSN 0031-918X, Physics of Metals and Metallography, 2019, Vol. 120, No. 8, pp. 796–805. © Pleiades Publishing, Ltd., 2019.
Published in Russian in Fizika Metallov i Metallovedenie, 2019, Vol. 120, No. 8, pp. 867–877.

STRENGTH
AND PLASTICITY
Characterization of Microstructure and Mechanical Properties
of Multilayer Al/Cu/Mg/Ni Composite Produced

through Accumulative Roll Bonding
S. Shakouria and B. Eghbalia, *

aDepartment of Materials Science Engineering, Sahand University of Technology, P.O. Box 51335-1996, Tabriz, Iran
*e-mail: eghbali@sut.ac.ir

Received January 17, 2018; revised March 21, 2018; accepted March 25, 2019

Abstract—In this research, Al/Cu/Mg/Ni multilayer composite was produced by accumulative roll bonding
process. Microstructure evolution and mechanical properties of the composites are evaluated within different
cycles of accumulative roll bonding process. Optical microscope images showed that after six accumulative
roll bonding cycles, a multilayer Al/Cu/Mg/Ni composite with homogenously distributed fragmented Cu,
Mg, and Ni layer particles in Al matrix was achieved. With increasing the accumulative strain, the strength
and elongation of the composites increased. Also, the measurement of specific strength which is defined as
strength-to-density ratio showed that specific strength of the composite has become about 3.25 times higher
than that of matrix metal (Al). Fracture mode has changed from normal in the primary sandwich to normal-
and-shear in 6th accumulative roll bonding cycle, and due to the observed dimples in both conditions, it can
be concluded that fracture mode in the composites was ductile.
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1. INTRODUCTION
The techniques of severe plastic deformation

(SPD) which can be explained as deformation to large
strains below recrystallization temperatures have been
of continual interest in production of novel metallic
microstructures [1, 2]. Several novel techniques have
been developed to create high strain in metals without
changes in initial sample dimensions, such as equal-
channel angular pressing (ECAP) [3], high-pressure
torsion (HPT) [3], multi-axial forging (MAF) [4], and
accumulative roll bonding (ARB) [3, 5]. Among these
processes, the ARB process is a relatively new method
of severe plastic deformation which is proposed by
Saito et al. [6] and has several advantages over other
SPD processes such as: (i) forming facilities with large
load capacity and expensive dies are not needed,
(ii) high productivity rate, and (iii) the amount of
material to be produced is not limited [2]. The basic
goal of ARB is to impose an extremely high plastic
strain on the material, which results in structural
refinement and strength increase without changing
specimen dimensions. Moreover, in order to obtain
one-body solid material of original sheets, ARB is not
only a deformation process but also a bonding process
(roll bonding) [2]. To achieve a good bonding of
metallic sheets, the sheet surfaces are subjected to sur-
face treatments before stacking, such as degreasing

and wire brushing. The length of roll bonded material
is then sectioned into two halves. The sectioned sheets
are again surface treated, stacked, and roll bonded [5].
Lots of researchers have been carried out fabrication of
different composites by using ARB process. Recently,
Shabani and et al. fabricated Al/Ni/Cu composite
using ARB and electroplating process [6]. It is seen
that with increasing the ARB cycles the tensile
strength of composite improved and after eleven
cycles, a composite of Al matrix with uniform distri-
bution of reinforcing phases (Ni and Cu) produced.
Brunelli et al. have produced Al/Ni multilayered com-
posite by ARB [7]. They have shown that the pro-
longed heat treatment from 500 to 600°C allows the
formation of different Al–Ni intermetallic phases.
Ghalandari et al. processed Cu/Zn multilayer com-
posite via ARB technique [8]. The microstructural
evolution of produced composite has been correlated
to mechanical properties achieved. As was reported,
after four cycles necking started at various locations in
the microstructure and the interfaces become wavy.
During ARB, the Kirkendall porosities were formed in
Zn layer. Other researchers [9] fabricated nanolamel-
lar Cu–Nb multilayers composites via combination of
ARB and rolling. The results displayed the texture
evolution of Cu and Nb in the processed composite.
TEM and SEM indicated the onset of various defor-
796
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Table 1. Specifications and mechanical properties of commercially pure sheets used in the study

Materials Sheet dimensions (l, w, t), mm Hardness, VHN Elongation, % Yield strength, MPa

Al-annealed 90 × 45 × 1 35 42 28

Cu-annealed 90 × 45 × 0.5 64 45 69

Mg-annealed 90 × 45 × 0.5 32 10 75

Ni-annealed 90 × 45 × 0.5 107 40 70

Table 2. Annealing conditions for commercially pure
metallic sheets

Materials Time period, min Temperature, °C

Al 120 400
Cu 120 500
Mg 120 390
Ni 140 720
mation modes such as shear banding and twinning.
The Al/Mg was multilayered with the good interface
bond strength and no diffusion layer at interface has
been produced by ARB [10]. It has been seen that with
increasing the ARB pass the grain size of the compos-
ite refines to sub-micrometer scale. Talebian and
Alizadeh [11] have been processed Al/steel multilay-
ered composite by using ARB. They have found that
because of the difference between the f low properties
of the Al layer and steel layer the necking and rupture
of the steel layers took place in the second cycle. The
annealing treatment at 500°C leads to the formation of
the intermetallic phases at the interfaces of Al and steel
layers. Therefore, it is seen that only a few attempts
have been made to fabricate tri-metallic multilayer
composites. In addition, there are no works reporting
the synthesis, microstructure, and mechanical prop-
erties of four-metallic multilayer composites fabri-
cated from four different metals. Moreover, among
four-metallic systems, the microstructure develop-
ment and mechanical properties of Al/Cu/Mg/Ni dis-
similar metals combination have not yet been investi-
gated. Accordingly, in the present research, multilay-
ered Al/Cu/Mg/Ni composite is processed by ARB.
The evolution of the microstructure and its influence
on the mechanical properties is examined and the
results are discussed.

2. EXPERIMENTAL

2.1. Research Material

In this study, strips of commercial pure Al, Cu, Mg,
and Ni were used as raw materials. Table 1 shows the
properties of these materials. Before using these sheets
as the starting materials, they were all subjected to full
annealing. Table 2 shows time periods and tempera-
tures at which annealing of the sheets were performed.
Annealing parameters are selected based on previous
researcher’s experiences [6, 11–14].

2.2. Accumulative Roll Bonding of the Composites

Figure 1 shows schematics of ARB process that was
used for preparing the composites. Sheets with pre-
sented dimensions in Table 1 were cut from annealed
stock sheets and were degreased in acetone. In order to
obtain a good bonding of metal sheets, scratch brush-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
ing with a 90-mm-diameter circular stainless steel
brush with 0.2 mm wire diameter was performed.
Then, in order to avoid sliding of the strips on each
other, they were alternatively stacked together and fas-
tened by steel wires at four corner points. Primary
sandwich was produced with 7 layers in total primary
thickness of 5.5 mm (2 Al sheets on top and down of
specimen, and 2 Al sheets between Cu, Mg, and Ni
sheets) and was held for 10 minutes at 100°C in a pre-
heated furnace and then was rolled down to a thickness
of 2.0 mm without lubrication. Therefore, thickness
reduction in primary sandwich was equal to approxi-
mately 63%. Rolling of composites was performed
with a 350 mm roll diameter, which had a loading
capacity of 30 tons. Rolling speed was set to 10 rpm.
According to Fig. 1, primary sandwiches with thick-
ness of 2 mm were cut into two halves, degreased in
acetone, wire brushed, stacked together with steel
wires in four corners, and rolled to 50% reduction in
thickness after preheating for 10 min at 100°C, respec-
tively. This process was repeated up to six cycles and
corresponded to equivalent Von-Mises strain of 4.8
(0.8 for each cycle). According to 50% reduction in
each cycle of ARB, accumulative strain can be mea-
sured as [6]:

where  and n are the accumulative strain and number
of applied ARB cycles, respectively.

2.3. Metallographic Procedure
In order to evaluate microstructural variations in

various ARB cycles, an optical microscope (OM) and
a scanning electron microscope (SEM-CAMSCAN
MV2300) were employed. OM observations were per-

( ){ }2 1ln 0.8 ,
23t n nε = × =

tε
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Fig. 1. Schematics of ARB process used for preparation of primary sandwich and cycles of ARB process.
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formed on rolling direction-normal direction plane
(RD-ND) of the roll bonded sheets. Prior to metallo-
graphic investigations, samples were mounted and
their surface was sandpapered and polished, respec-
tively. Ethyl alcohol and 5% Al2O3–5 μm solution was
used for the last polishing step. Chemical composition
gradients of interface layers were determined by an
EDX spectrometer.

2.4. X-Ray Diffraction Analysis

The X-ray diffraction technique was used for phase
identification of produced composites. Diffraction
patterns were recorded using a Philips Bruker diffrac-
tometer (Model PW1800) employing Cu Kα at room
temperature. The data were collected for diffraction
angles 35° ≤ 2θ ≤ 105°, with a step width of 0.05° and
a step time of 1 s. Diffraction was performed on the
cross-sections of 2 samples which are primary and 6th
cycle samples. Image analysis method was used to
evaluate variation of layer thickness in Cu, Mg, and Ni
layers through different ARB cycles, and to this end,
PHYSICS OF META
Clemex Vision PE software (Ver 3.5-2002) was
made use of.

2.5. Investigation of Mechanical Properties

In order to investigate mechanical properties of
Al/Cu/Mg/Ni composites, tensile and microhardness
tests were performed. A Zwick Roell (Model Z010)
tensile machine at a strain rate of 1.4 × 10–4 s–1 at room
temperature was employed. As shown in Fig. 2, the
gauge length and width of tensile test specimens were
10 and 3, respectively, which correspond to measured
dimensions according to standard no. 7 JIS-Z2201.
Corresponding standard dimensions and related mea-
surements are presented in Table 3. For each testing
conditions, namely, each ARB cycle, 3 tensile samples
were prepared. The reported values for strain and
stress are mean of measured values in tensile tests with
less than 2% error. Vickers microhardness was per-
formed by a LECO-M400 apparatus under a load of
25 g and a time of 10 s on composites’ cross-sections,
LS AND METALLOGRAPHY  Vol. 120  No. 8  2019
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Fig. 2. Schematics of tension specimens produced from
composites by wire cutting through (a) rolling direction,
and (b) dimensional specifications.
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perpendicular to the rolling direction. A mean value of
three points is reported for Vickers microhardness.

3. RESULTS AND DISCUSSION
3.1. Effect of ARB Cycles 

on the Microstructural Evolutions
Figure 3 illustrates microstructure variations of

Al/Cu/Mg/Ni composites during different ARB
cycles in RD-ND plane. It is obvious that the layers
were uniform and coherent just as in primary sand-
wich (Fig. 3a). As is shown in Fig. 3b, Ni was the first
layer that initiated necking and fracture locally (shown
by red arrows) and this segregation occurred at first
ARB cycle. Similarly, necking occurred in Cu layers at
2nd cycle of ARB (shown by red arrow in Fig. 3c) but
fractured at subsequent cycle. Because of lower work-
hardenability of Mg compared to Ni and Cu, the con-
tinuity of these layers maintained up to 3rd cycle
(Fig. 3d). Thus, Mg was necked in 3rd and fractured at
4th cycle of ARB (Fig. 3e). In several studies, it is
reported that during co-deformation of dissimilar
attached metals in ARB process, the harder metal
layer necks and fractures first [12–14]. The result of
current study is in agreement with this phenomenon.
As is seen, necking and fracturing is occurred in Ni,
Cu, and Mg layers, respectively. It should be noted
that the selected part of the metallographic image
from OM analysis had a repeated pattern in the whole
microstructure, especially in Fig. 3g. Thus, although
Ni phase has a random distribution in Fig. 3g, in the
higher scale, Ni has a semi-uniform distribution in the
microstructure, totally. So, finally after six ARB cycles
a composite with homogeneously distributed rein-
forcement particles, i.e. Cu–Mg–Ni fragments, was
achieved. Accordingly, it is seen that an Al/Cu/Mg/Ni
multilayer composite with uniform distribution of
fragments will be achieved, if the multilayer is con-
ducted to relatively high number of ARB cycles.
Chemical composition gradients of interface layers
determined by an EDX spectrometer are shown in
Fig. 4. As can be seen from Figs. 4a–4f, the EDS line
scan shapes displays that interdiffusion of Al/Cu,
Al/Mg, and Al/Ni atoms occurred at the interfaces.
Figures 4a–4c show that in primary sandwiches no
diffusion layer at interfaces has been produced. But the
atoms diffusion is relatively higher in 6th ARB cycle
processed composite (Figs. 4d, 4e, and 4f) in compar-
ison to primary sandwiches. Subsequently, a homoge-
neous bonding could be obtained. As is reported in
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 3. Specification of tension test specimens (adapted fro

A: cross section area of parallel portion (T × W)

Width W, mm Gauge Length L, mm Parallel Len

3  = 10 ∼1.2L4 A
[15, 16], increasing ARB cycles causes deformation-
induced interdiffusion with the elimination of voids in
the interfaces. In Fig. 5, the XRD patterns for the
Al/Cu/Mg/Ni multilayer composite subjected to six
cycles are shown. As can be seen, only Al, Cu, Mg, and
Ni are distinguished in the patterns and the important
feature of the patterns is that no intermetallic com-
pound was formed during 6 cycles of ARB.

Figure 6 illustrates variation of Cu, Mg, and Ni
layer thickness through RD-ND direction of OM
microstructures in 2nd, 4th, and 6th ARB cycles,
respectively. This variation data were collected from
microstructure using image analysis software that is
introduced above. It is obvious that as ARB cycles
number increase, thickness of all layers decreases and
the amount of this variant depends upon workability
of layers. Compared to Cu and Mg, due to higher work
hardening coefficient in Ni layers, it can be seen that
beside high amount of deformation occurred in Cu
and Mg, Ni layers resisted to high deformation. Thus
at early cycles, compared to Cu and Mg, variation of
Ni layer is low.

In Fig. 7, mean thickness variations of Cu, Mg, Ni
layers versus the number of ARB cycles are shown. As
is seen, a rapid decrease in average thickness of Ni,
Mg, and Cu layers is occurred with increasing of ARB
cycles to 3. But, by further increasing of ARB cycles
the rate of decreasing in thickness is reduced.
20  No. 8  2019
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Fig. 3. Microstructural evolutions during ARB cycles, (a) primary sandwich, (b) first cycle, (c) 2nd, (d) 3rd, (e) 4th, (f) 5th, and
(g) 6th cycle.
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Decreasing in layers thickness is attributed to strain
increasing by increasing the number of ARB cycles
[6]. The fracture of layers after third cycle caused a
reducing in the rate of layers thickness decreasing.
Also, it is seen that mean layer thickness of Ni is higher
than that of Cu and Mg. This phenomenon also could
be understood from microhardness data discussed in
the next section.
PHYSICS OF META
3.2. Evaluation of Mechanical Properties

Figure 8 illustrates the microhardness variations of
different composite layers from primary sandwich to
6th ARB cycle. It is obvious that the microhardness in
all layers has increased rapidly at primary cycles and
after first cycle it has reached a plateau type. As a
result, dislocation density has increased at primary
and first ARB cycle rapidly, and it has reached a satu-
LS AND METALLOGRAPHY  Vol. 120  No. 8  2019
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Fig. 4. EDX spectrometer analysis showing diffusion of couples in interfaces of primary sandwich: (a) Al–Cu, (b) Al–Mg, and
(c) Al–Ni, and 6th ARB cycle composite layers: (d) Al–Cu, (e) Al–Mg, and (f) Al–Ni.
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rated state after first cycle, i.e. due to preheating and
adiabatic heating of specimens during plastic defor-
mation, dislocations move easily and production and
elimination of dislocations occur increasingly [17].
Because of increasing dislocation density, this phe-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
nomenon could be related to strain hardening of metal
layers during plastic deformation [7]. It is clear that by
increasing ARB cycles, microhardness of Ni layer
increases with higher rate compared to that of the
other three layers. This is due to the effect of plastic
20  No. 8  2019
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Fig. 5. XRD patterns of 6th cycle ARBed Al/Cu/Mg/Ni
multilayer composites.
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deformation that has significant effect on hardening or
strengthening of metals. It is seen that the hardness
variation trend of the Ni and other three layers with
the ARB pass is remarkably different. After the first
ARB cycle, the hardness of the Ni and Cu layers
increases up to about 2.4 and 2.1 times that of the ini-
PHYSICS OF META

Fig. 6. Variation of Cu, Mg, and Ni layers thickness during 2nd (
ARB process (data collected from image analysis software Clem
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tial sheets, respectively. While that of the Al and Mg
layers are improved only slightly. This shows that the
first ARB cycle is the key strengthening stage for the
Ni and Cu layers in the composite due to the rapid
increase in the dislocation density [10, 18, 19], and
that results in the increase in the hardness of Ni and
Cu. But at higher number of ARB cycles, Hall-Petch
effect favors work hardening and as is mentioned in
previous studies [15, 16] this effect has lower rate of
hardening than work-hardening induced by severe
plastic deformation.

The engineering stress-strain curves of multilayer
composite for various ARB cycles are shown in Fig. 9.
It is seen that with increasing of ARB cycles the yield
and the ultimate tensile strength of the composites are
remarkably higher than that of primary sandwich.

At the first ARB cycle, both engineering yield
strength and ultimate tensile strength are decreased.
This is because of cracking and partitioning of rein-
forcing layers in the Al matrix, especially Ni and Cu
layers. The maximum tensile strength was reached to
about 265 MPa at the six ARB cycles. As reported, the
yield and tensile strength of multilayer metallic com-
posites depends on the tensile properties of the com-
ponent parts and work hardening behavior of the soft
part [18]. During ARB of metals, two key strengthen-
ing mechanisms are recognized [20, 21]: strain hard-
ening by dislocation generation and grain refinement.
LS AND METALLOGRAPHY  Vol. 120  No. 8  2019
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Fig. 7. Mean layer thickness variation of Cu, Mg, Ni parti-
cles during different ARB cycles.
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Fig. 8. Vickers microhardness variations vs. number of
ARB cycles for different composite layers.
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In the present research, tensile properties improve-
ment of the processed composites results not only
from the above mentioned mechanisms but also from
the reinforcing role of Ni, Cu, and Mg fragments in
the composites [8]. With increasing the number of
ARB cycles, the homogeneous distribution of these
fragments in the Al matrix is achieved, and leads to the
increase of the strength of the composites [1, 18].

Variation of tensile properties with the number of
ARB cycles are plotted in Fig. 10. As is seen, uniform
and total elongation of composites decreased at first
and second ARB cycles and then started to increase to
last cycle and finally reached 6 and 6.4% in the last
cycle from 5 and 5.5% in primary sandwiches, respec-
tively. In order to maintain a useful understanding of
strength in Al/Cu/Mg/Ni composites which are pro-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
duced through ARB process, specific strength is mea-
sured. Archimedes principle was employed to measure
mean specific density of composites using ASTM 373-
88R9 standard. Mean density of the composite was
3.16 g/cm3 and, therefore, strength-to-density was
obtained 84.14—about 3.25 times more than that of
commerciality pure as-received Al (25.92).

3.3. Fractography

Figure 11 illustrates SEM micrographs from tensile
fracture surface of the composites. It is obvious that
according to dimple shapes, fracture type of the com-
posites is ductile and fracture mode has changed from
normal (in primary sandwich) to shear-and-normal
(in 6th ARB cycle). In other words, on the fracture
20  No. 8  2019
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Fig. 11. Dimples in SEM micrograph of tensile fracture surface of Al/Cu/Mg/Ni multilayer composites at (a) primary sandwich
and (b) 6th ARB cycle.

25 μm(а) 25 μm(b)
surface of the composite prepared by six cycles the
occurrence of facets and dimples can be found simul-
taneously, which implies the existence of mixed duc-
tile and brittle mode of fracture. This can be under-
stood from the shape of dimples that have changed
from normal to a mixture of normal and shear dim-
ples. This separation model was seen in some other
studies of materials under large strain deformation
[22]. This is due to that with increasing ARB cycles
from primary sandwich to 6th ARB cycle, deforma-
tion-induced bond strength between composite layers
has increased due to increasing interdiffusion between
layers [23]. Therefore, as is mentioned and shown in
EDX profiles (Fig. 4), increasing the number of ARB
cycles has increased interdiffusion of layers and this
phenomenon has increased strength of composites
due to differences in modulus of elasticity and strength
of matrix metal and reinforcing particles.

4. CONCLUSIONS

At the present study, Al/Cu/Mg/Ni multilayer
metal matrix composites were fabricated in 6 cycles of
ARB process and corresponding mechanical and met-
allurgical properties are evaluated. The main results
obtained are as follows:

(1) The multilayer Al/Cu/Mg/Ni composite was
successfully processed via ARB process. With increas-
ing of ARB cycles, the distribution of Cu, Mg, and Ni
layers in the Al matrix increased and after 6 cycles a
composite with homogeneously dispersed layers was
produced.

(2) Vickers microhardness of different layers
increased by increasing ARB cycles due to increasing
dislocation densities during severe plastic deformation
process of layers.

(3) Tensile strength of the composite decreased at
the first ARB cycle due to necking and fracturing of
Cu and Ni layers and then started to increase till final
(6th) ARB cycle. Also, the elongation decreased from
PHYSICS OF META
primary sandwich to 2nd ARB cycle and then
increased in the next cycles to 6th (final) ARB cycle.

(4) Measurement of specific strength which is
defined as strength-to-density ratio showed that spe-
cific strength of the composite has become about
3.25 times higher than that of matrix metal (Al).

(5) Fracture mode has changed from normal in the
primary sandwich to normal-and-shear in 6th ARB
cycle, and due to the observed dimples in both condi-
tions, it can be concluded that fracture mode in the
composites was ductile.
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