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In this study, a warm accumulative roll bonding process was used to produce a
1050/5% Al2O3/5083 composite from AA1050 and AA5083 sheets. Firstly, the
raw materials were roll-bonded and then rolled up to five accumulative rolling
cycles by preheating for 5 min at 280�C before each cycle. The mechanical
properties of the ARBed bimetals were evaluated in comparison with 1050/5%
Al2O3 and 5083/5% Al2O3 roll-bonded single-metal metal matrix composites
(MMCs). It was found that two different layers of the bimetal sheet (1050/5%
Al2O3/5083 composite) were deformed in a nearly identical way during the
first three cycles. After that, the 5083 layers started necking. The strength of
the bimetal samples was superior to the average of these two single-metal
MMCs. Furthermore, the strength and ductility of the ARBed bimetal im-
proved by ARB cycles. Finally, the fracture surfaces of the bimetal composite
were studied at all ARB cycles by scanning electron microscopy.

INTRODUCTION

Nowadays, a growing need is felt for the use of
bimetal composites with special capabilities and
characteristics, including light weight, higher
mechanical properties, corrosion resistance and
good wear and thermal stability. Bimetallic alu-
minum alloys have become increasingly popular for
engineering applications, since they usually possess
several desirable properties. They are applied in
various fields such as the aerospace, automotive,
vessel, and electrical industries.1,2 Severe plastic
deformation (SPD) techniques are employed to fab-
ricate metal matrix composites (MMCs), namely
powder metallurgy (PM),3 squeeze casting and spray
forming,4,5 accumulative roll bonding (ARB),6 equal
channel angular pressing (ECAP), cyclic extrusion
compression (CEC), and multi-axial forging (MAF).
These processes are utilized to produce ultrafine-
grain (UFG) materials.7 The ARB process was first
proposed by Saito et al.7 During this process, two
layers are rolled after preparation and stacked
together. Generally, the thickness reduction per
each cycle of rolling is 50%, and the two sheets are
bonded together. The ARB process of each cycle is

conducted in several steps, including cutting, sur-
face degreasing with acetone, brushing, stacking
together, and rolling. In this regard, different kinds
of bimetal materials such as Al/Mg,8–11 Al/Cu,12 Al/
Ni, Al/Ti1 and Al/Zn14 can be mentioned.

Researchers have found that at the initial cycles of a
bimetal ARB process, both materials deform in a
similar way.13–15 They have illustrated that, by
increasing the number of ARB cycles, plastic instabil-
ities in the harder material layers occur earlier, and
the harder material involves necking and fracture.
This deformation behavior causes the homogeneously
distributed fragmentation of the hard material in the
soft material matrix. The necking and rupture of the
hard layers influence the mechanical properties of the
composite.Someworks have reported that, despite the
fracture of the hard layers, the strength of the
composite increases.13–15 Some research has been
conducted to investigate the process with two different
grades from the same base metals such as Al/Al(Sc),16

AA1050/AA5754,17 AA6014/AA5754,17 AA2219/
AA5086,18 and AA1050/AA6061.19 Moreover, ceramic
particles like SiC, TiC, WC, SiO2, ZrO2, and B4C are
employed as reinforcement particles in MMCs with
similar metal laminates.20–22
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The aim of the present study is to fabricate
bimetal particle-reinforcing MMCs via warm accu-
mulative roll bonding (warm-ARB) with higher
toughness. First, the material prepration and man-
ufacturing process are explained. Then, the
microstructure and mechanical properties of the
composites such as strength, fracture surface, elon-
gation, and toughness of the fabricated 1050/Al2O3/
5083 composites are investigated.

MATERIALS AND EXPERIMENT

Materials

In the present study, two different commercial
aluminum alloys, namely AA1050 and AA5083,
have been used for warm-ARB processing. The
detailed chemical compositions of these alloys are
given in Table I.

Warm-ARB Processing

Initially, the Al strips were annealed at 400�C for
1 h. Subsequently, 1050 and 5083 strip samples of
200 9 50 9 2 mm were degreased in an acetone
bath and scratch-brushed with a stainless steel
circumferential brush in order to remove the oxide
layer from the surfaces. Each of the 1050 and 5083
strips was stacked together to obtain 4 mm thick-
ness, while alumina particles with average particle
size of 2 lm were dispersed among them by 5 vol.%
fraction. The stacked strips were fastened by wires
at both ends to secure proper alignment of the two
strips. Then, they were roll-bonded to 1 mm thick-
ness (75% reduction equal to effective strain of 1.6)
at 400�C without any lubrication (Fig. 1a). A rolling
machine with roll diameter of 170 mm, rotational
speed of 36 rpm, and a power capacity of 35 hp was
utilized. After the first rolling cycle, MMC strips
containing Al2O3 particles (between 1050 and 5083
layers) were fabricated. Hereafter, this sample is
called the primary composite or cycle#0 (Fig. 1a) in
this paper. To remove the work hardening effects of
the cycle#0 of the ARB process, the primary com-
posite was annealed at 400�C for another 1 h.

Higher rolling temperature and thickness reduc-
tion increase the bond strength of the composite
layers.23 For this reason, the reduction percentage
of the first cycle is more than the others. In the
present study, the thickness reduction in the zero
cycle (cycle#0) is 75% (effective von Mises strain of
1.6) and in the other cycles is 50% (effective von
Mises strain of 0.8).

In the next step (Fig. 1b), the composite was cut
into two strips by a cutting machine. The two strips
of MMC were stacked together after degreasing and
wire-brushing to obtain 2 mm thickness. They were
then roll-bonded by 50% reduction after heating at
280�C for 5 min. It has been reported that the
thickness of the oxide film on cold rolled aluminum
strip is about 2.5–2.8 nm, while the oxide film
thickness of the strips annealed at 280–300�C for
20–30 h is about 4 nm.24 Therefore, the size of
native oxide layers of the contacting 1050 and 5083
layers during roll bonding is negligible in compar-
ison with the average size of alumina particles
(2 lm). The warm-ARB process was repeated for
another five cycles. During these five warm-ARB
cycles, it is expected that the Al2O3 particles are
dispersed more and more homogeneously. The steps
of the production process of the 1050/Al2O3/5083
composite are summarized in Table II.

The tensile test specimens were machined from
the rolled strips according to the ASTM E8M
standard,25 which were oriented along the longitu-
dinal direction. The gauge length and the width of
the tensile test specimens were 25 mm and 6 mm,
respectively. The tensile tests were conducted at
ambient temperature on a H50KS testing machine
at a strain rate of 1.67 9 10�4 S�1. For each sample,
the tensile test was repeated three times.

RESULTS AND DISCUSSION

In this section, first the tensile test results are
reported. Following that, the fracture surfaces are
examined by scanning electron microscopy.

Tensile Strength

The stress–strain curves of the ARBed samples
have been obtained by a tensile test (Fig. 2). This
figure shows that the tensile strength increases by
the number of cycles greatly. This change between
cycle#0 and cycle#1 is very considerable. In all the
ARBed samples, the flow stress reaches its maxi-
mum value rapidly. This means that macroscopic
necking occurs in a lower elongation. The strength
of the primary composite reaches its maximum
value (187 Mpa) after cycle#0.

Figure 3 indicates the variation of the ultimate
tensile strength of the samples versus the rolling
cycles. By repeating the process, the strength of the
samples increases continuously to five cycles (with a
maximum value of 362 Mpa). The strengthening

Table I. The chemical compositions of AA1050 and AA5083

Element Al Cr Si Fe Mn Zn Ti Cu Mg

AA1050 wt.% Balance 0.0016 0.12 0.222 0.032 0.01 0.005 0.12 –
AA5083 wt.% Balance 0.21 0.23 0.185 0.51 0.23 0.003 0.08 4.5
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Fig. 1. Schematic illustration of the production process of the Al/Al2O3 composite sheet: (a) primary cycle (cycle#0) and (b) main cycles.

Table II. Specifications of the warm-ARB process for the production of the composite

No. of
cycles

Rolling
temperature (�C)

No. of
Al-layers

No. of Al2O3

layers
Reduction in each

cycle (%)
Total

reduction (%)
Effective
strain (eef )

0 400 2 1 75 75a 1.6a

1 280 4 2 50 50 0.8
2 280 8 4 50 75 1.6
3 280 16 8 50 87.5 2.4
4 280 32 16 50 93.75 3.2
5 280 64 32 50 96.87 4

aAfter cycle#0, the sample is annealed at 400�C for 1 h; therefore, the strain exerted in cycle#0 would be removed.
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behavior could be based on two mechanisms which
are due to dislocation strengthening and grain
boundary strengthening.26

According to Fig. 3, after the first cycle, the
elongation of the samples decreases severely, and
their elongation subsequently begins to improve
from cycle#1 to cycle#5. This behavior is attributed
to (1) increasing the uniformity of the particles, (2)
increasing the bond strength between the Al alloy
matrixes, and (3) decreasing the porosities in the
clusters. By increasing the number of ARB cycles,
the bond between the layers improves with a good
continuity. Furthermore, the metal matrix flows
among the clusters, leading to the increase in the
distance between the alumina particles.27

As the hardening rate of AA5083 is significantly
higher than that of AA1050, the strength of the
AA5083 layers in the composite exceeds that of the
AA1050 layers. Accordingly, the AA5083 layers are
strain-hardened faster than the AA1050 layers. In
the first three ARB cycles, the thinning of the
AA5083 layers occurs in the same way as the
AA1050 layers. At higher numbers of cycles, the
deformation becomes inhomogeneous, and the
thickness of the AA5083 layers starts to change
along the rolling direction. After cycle#3, the
AA5083 layers begin necking in some regions with
further deformation (Fig. 4b and c). Then, the
adjacent AA1050 layer in higher numbers of cycles
follows the necking process (Fig. 5).

Figure 6 demonstrates the variations of tough-
ness with various ARB cycles. The toughness value
of the composites declines considerably from cycle#0
(19.51 9 104 j m�3) up to cycle#1 (3.4 9 104 j m�3).
This behavior is due to the work hardening and less
movement of the dislocations.27 The toughness
value of the composites increases gradually during
the ARB process up to cycle#2 (4.2 j m�3 9 104).
However, this change has a faster pace up to cycle#5
(14.61 9 104 j m�3). Enhancing the strength and
the strain amplitudes of the samples during the
ARB process leads to higher toughness of the
fabricated 1050/5% Al2O3/5083 composites (Fig. 6).

Three types of the combination of the samples
were prepared (1050–1050, 1050–5083, and 5083–
5083) which contain alumina powder as reinforce-
ment particles between each two layers. A

Fig. 2. Engineering stress–strain curves for AA1050/Al2O3/AA5083 composites before and after warm-ARB (average of three tests).

0

5

10

15

20

25

0

50

100

150

200

250

300

350

400

Pass 0 Pass 1 Pass 2 Pass 3 Pass 4 Pass 5

El
on

ga
tio

n(
%

) 

Te
ns

ile
 st

re
ng

th
 (M

pa
) 

Tensile strength Elongation

Fig. 3. Mechanical properties of the AA1050/Al2O3/AA5083 com-
posites, produced by the warm-ARB process in various cycles.
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comparison between the ultimate tensile strength of
the MMCS and the numbers of ARB cycles is
presented in Fig. 7. The UTS of all samples grows
at higher numbers of cycles. The strength of the
1050–5083 samples in each cycle is between the
amplitudes of the 1050–1050 and 5083–5083 sam-
ples and is higher than their average amplitudes.

The elongation of all the three types of samples
diminishes substantially after 1 cycle of the ARB
process and remains almost unchanged with further

Fig. 4. SEM micrographs of specimens after Warm-ARB processing for (a) primary cycle (cycle#0), (b) three cycles and (c) five cycles.

Fig. 5. SEM micrographs of warm-ARB processed materials after
five cycles.
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Fig. 6. Variations of toughness with the warm-ARB cycles.
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Fig. 7. Mechanical properties of samples produced by various ARB
cycles.
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plastic deformation (Fig. 8). The elongations of all
three types of materials are<7%. By increasing the
ARB cycles, the elongation of all samples increases.

The elongation amplitude of the 1050–5083 samples
in each cycle is between the amplitudes of the 1050–
1050 and 5083–5083 samples.

Fractography

A scanning electron microscopic (SEM) study was
applied in order to investigate the rupture mecha-
nism in the primary sandwich and the products
after 1, 2, 3, 4, and 5 ARB cycles. The fracture
surfaces after the tensile test of the composites are
presented in Figs. 9 and 10. The zone of AA1050 in
cycle#1 exhibits a typical ductile fracture and deep
dimples (Fig. 9a and b). In addition, the zone of
AA5083 in the same cycle demonstrates a fracture
surface with shear zones and shallow dimples
(Fig. 9c and d). This difference illustrates that the
rate of work hardening in AA5083 is more than that
of AA1050. Figure 10b–d clearly reveals that the
composites with three, four, and five cycles exhibit a
fracture surface with dimples and shear zones. By
increasing the number of ARB cycles, the fracture
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Fig. 8. Variations of maximum elongation of samples by various
ARB cycles.

Fig. 9. The fracture surfaces after tensile test for: (a, b) zone of AA1050 and (c, d) zone of AA5083 in composite with one cycle of warm-ARB.
They are shown in two magnifications.
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surface is not as deep as the prior cycles, and the
deep dimples are slowly shrinking. Furthermore,
the main fracture surfaces do not have dimples with
an elongated and deep shape. The nucleation of the
micro-voids, their growth in the structure, and
finally their coalescence, which is affected by shear
stress, generate these dimples.28 The presence of
alumina particles on the core and walls of the
dimples implies that these particles provided suit-
able sites for crack initiation and nucleation. As
weak places in the structure, particle–matrix inter-
faces are appropriate places for crack propagation.29

Finally, at lower numbers of cycles, the fracture
surfaces have deep and elongated dimples, while at
cycle#5, the dimples are not deep and elongated as a
result of the work-hardened matrix.

CONCLUSION

In this paper, a warm-ARB method was proposed
to combine two different aluminum alloys for
obtaining Al-based MMCs containing 5% alumina
particles. Regarding the behavior of this combina-
tion, the following findings can be highlighted:

1. The tensile strength of the composites increases
along with the ARB cycles and reaches a
maximum value of 362 MPa at cycle#5, which
is about 2 times higher than the strength of the
primary sandwich.

2. The maximum elongation of primary sandwich
(annealed) is 20% which reduces sharply to 1.3%
after the first cycle. However, it increases to
4.2% at the cycle#5.

3. The toughness of primary sandwich is
19.5 9 104 j m�3, while the toughness after the
first cycle is 3.4 9 104 j m�3 which is less than
that of the primary composite. By increasing the
number of cycles, the toughness reaches
14.6 9 104 j m�3 at cycle#5. In other words,
the alumina particles enhance the toughness of
the composites at higher ARB cycles.

4. During the first three ARB-cycles, both the
AA1050 and AA5083 layers deform in a nearly
identical way. But afterwards, the necking of
AA5083 layers leads to the dispersion of these
harder fragments into the AA1050 matrix,
increasing the strength of the final MMC with

Fig. 10. The fracture surfaces after tensile test for cycles: (a) 2, (b) 3, (c) 4 and (d) 5 with warm-ARB cycles after tensile testing.
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respect to the average amplitude of the AA1050–
AA1050 and AA5083–AA5083 MMC samples.

REFERENCES

1. J.C. Williams and E.A. Starke, Acta Mater. 51, 5775 (2003).
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