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M. Reihanian’, M. Naseri and M. Jalili Shahmansouri

Department of Materials Science and Engineering, Faculty of Engineering, Shahid Chamran University of Ahvaz,
Ahvaz, Iran

Abstract: In this study, Al/Al,O; composites with two different particle sizes of 1 um and 0.3 um
were produced via accumulative roll bonding (ARB). The microstructure evolution, mechanical
properties and fracture behavior of the composites were investigated. Results show that higher
ARB cycles are required to achieve a uniform distribution of particles in the composite with 0.3
pum particle size. During ARB, dense cluster of the particles broke up and a uniform distribution of
particles was achieved after eight ARB cycles. The tensile strength of the composite with 1 um
and 0.3 um particle size enhanced by increasing the number of ARB cycles, reached to about
170MPa and 175MPa, respectively, in comparison to that of the annealed Al (about 47 MPa). The
finer particles caused a higher tensile strength due to the decrease in the distance between the
particles at a given volume fraction. The fracture surface of both composites revealed ductile type
fracture characterized by dimples. It was shown that, the dimples in the composite with particle
size of 1 pm were larger and deeper.

Keywords: Accumulative roll bonding (ARB), Metal matrix composites (MMCs), Microstructure, Mechanical
properties

1. Introduction

Al alloys reinforced with ceramic particulates have significant potential for structural applications due to
their high specific strength and stiffness as well as low density[1]. These properties have made Al-based
metal matrix composites (MMCs) an attractive candidate for the use in weight-sensitive and stiffness-
critical components in aerospace, transportation and industrial sectors [2]. The production methods of
MMCs can be divided into two main categories: (a) solid state methods such as mechanical milling and
powder metallurgy [3] and (b) liquid state methods such as stir casting [4]. The main problems in these
methods are high-energy consumption and formation of defects such as porosity, particle agglomeration
and particle free zones (PFZs). As a result, the mechanical properties of the composites may be reduced.
In addition, since an expensive equipment is required and the processing routes are usually complex, the
cost to produce MMCs by these methods is high. To overcome the aforementioned problems,
accumulative roll bonding (ARB), as a severe plastic deformation (SPD) method, has been used as an
effective method to fabricate MMCs such as in Refs. [5-8]. Briefly, ARB consists of multiple cycles of
surface preparation, stacking, rolling (50% reduction in thickness) and cutting of the metal strips [9].
During ARB, large plastic strains are imposed into the material without a significant change in the cross
section to fabricate ultrafine-grained metals with superior mechanical properties [10]. Combining the
strengthening mechanisms including strain hardening, grain refinement and the second phase particles in
the ARB-processed MMCs, leads to the production of high-strength Al-based composites.

At present, a wide variety of MMCs with different type of reinforcements has been made by ARB.
For example, Jamaati et al. [11] and Rezayat et al. [12] have fabricated the particulate Al/AI,O;
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composites by ARB process. However, only a slight attempt has been made to investigate the effect of
particle size on the mechanical behavior and microstructure of MMCs produced by ARB. Jamaati et al.
[13] have investigated the effect of SiC particle size on microstructure and mechanical properties of
Al/10vol.%SiC composite produced by ARB. They found that the microstructure of the composite with
larger particle size becomes uniform more rapidly with high bonding quality and without any porosity,
compared to the composite with smaller particle size. They also found that the tensile strength of both
composite improved with increasing the number of ARB cycles. Karbalaei Akbari et al. [14] studied the
effects of particle size/volume fraction of TiB, particles on the microstructure and mechanical properties
of A356/TiB, nano- and micro-composite. They found that the porosity content of the composites
increased with increasing the volume fraction and decreasing the particle size of ceramic reinforcements.
Their results demonstrated that a significant improvement in tensile strength and elongation was attained
in the 1.5vol.% TiB, composite, compared with a non-reinforced alloy nano-composite while further
increase in TiB, nanoparticle content led to reduction in strength values and elongation of nano-
composites.

Up to now, the effect of alumina size on the microstructure and mechanical properties of the
produced composites has not been studied. The aim of this work is to fabricate Al/4vol.%Al,0;
composites by ARB process and to investigate the effect of the alumina size on the mechanical properties
and fracture of the produced composite. In the literature, the amount of the reinforcement is based on the
volume fraction and usually is in the range of 2-15 vol.% [11, 12, 15-17]. Thus, in the present study, the
volume fraction of 4% is considered as a typical for the two particle sizes.

2. Materials and methods

As-received strips of commercial pure Al with 150 mm long, 50 mm wide, and 0.9 mm thick, annealed at
673 K for 2 h, and Al,O; particles with two different average sizes of 1 and 0.3 um were used as raw
materials (Fig.1). Thechemical composition of aluminumalloy usedinthis study isshowninTable 1. The
principle of ARB process to fabricate MMCs is schematically shown in Fig. 2.
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Fig. 1. SEM images of the Al,Oj3 particles with the average size of about (a) 0.3 pm and (b) 1 pm.
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Table 1.Chemical composition (wt.%) of aluminum strips.

Al (99.7)

Si Fe Cu Mn Mg Zn Cr Ni Ti Be
0.0487  0.200 0.0058 <0.001 <0.0001 <0.005 <0.001 <0.005 0.0097 <0.0001
Ca Li Pb Sn Sr \% Na Bi Zr B
<0.0005 <0.0001 <0.002 0.0019 <0.0001 0.0115 0.0035 <0.005 <0.002 <0.0005
Ga Cd Co Ag Hg In

0.0079 <0.001 <0.003 <0.001 <0.003 <0.01
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Fig. 2. Schematic illustration of ARB process for fabrication of Al/Al,O3; composites;
(a) the first and (b) the second step.
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The Al/AI,O3; composite was fabricated in two steps. In the first step, three annealed strips were surface
prepared by degreasing in acetone bath and then scratch brushing with wires of 0.3 mm in diameter. An
appropriate 2 vol.% of Al,O; particles was uniformly dispersed between them and stacked tightly at the
edges. The roll-bonding process was carried out with a specific amount of reduction equal to 50%. Then,
the roll-bonded strip was cut into two parts with the same dimensions. Following the preparation of the
surfaces, the sectioned-strips were stacked and roll-bonded again under the same conditions as the first
cycle, while the remaining 2 vol.% of Al,O; particles dispersed between them. After this step, the total
amount of Al,O; particles reached to 4 vol.% and the thickness of the composite sheet was about 1.35 mm.
The total volume of Al strips is3x (15x5x0.09) = 20.25cm®. To have a 0.04 volume fraction of the
particles, the total volume of particles must be 0.04x 20.25=0.81cm®. Considering the density of
alumina (3.95 g/cm?), the total amount of the particle to have a 0.04 volume fraction is determined
as3.95x0.81=3.2g . This amount was added between the Al strips in the first step of the process. The
particles were added by using a sieve with a mesh somewhat larger than the particle size. For this purpose,
the particles were poured on the sieve and then dispersed manually on the surface of the strip. It is noted
that at this stage (the first step), the distribution of the particles are not uniform. In the second step, the
strips were cut, surface prepared, stacked and roll bonded (50% reduction) without adding the particles
between the layers. This step was repeated up to six cycles and designed to remove the particles from the
layer interfaces and to distribute the particles in the matrix. The roll-bonding process was carried out
without lubrication, using a laboratory rolling mill with a loading capacity of 35 tons. The roll diameters
were 170 mm, and the rolling speed was set at 10 rpm.

The microstructural observation and fracture surface of the specimens was evaluated by a MIRA3
TESCAN scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS).
SEM analysis was examined on the rolling direction-normal direction (RD-ND) and rolling direction-
transverse direction (RD-TD). The samples were sectioned by a micro-cutter and mounted by a
conductive material under the heat and high pressure. The mounted samples were ground by relatively fine
abrasive papers and polished subsequently by clothes and diamond pastes without using the etching
process. Tensile test was done at room temperature with a tensile testing machine (SANTAM STM-150)
under a nominal initial strain rate of 10 °s™. The tensile test specimens were machined from the ARBed
strips oriented along the rolling direction according to the 1ISO 6892 (No.3). The gage width and length of
the samples were 5 and 10 mm, respectively. For each cycle, two tensile samples were provided. It is
noticed that the number of tensile samples prepared from the ARB sheets was limited due to edge cracking
and trimming after each cycle. Since the result of the test was approximately the same for each cycle, only
one of them was selected as a typical.

3. Results and discussion

3.1. Microstructure observation

SEM micrographs of Al/Al,O; composite with 1 pm particle size at the RD-ND plane after various ARB
cycles are shown in Fig. 3. It can be seen that after the two cycles (Fig. 3a), there is 4 layers of Al,O;
particles between 6 layers of Aluminum strips. After four (Fig. 3b) and six (Fig. 3c) cycles, the composite
should contain 24 Al and 16 Al,Os layers and 96 Al and 64 Al,Os layers, respectively. However, as the
interface between different layers is not identifiable anymore, it is very difficult to recognize the number
of layers in the micrograph. After eight cycles of ARB process (Fig. 3d), the composite strip should
contain 384 Aluminum and 256 Al,O3 layers. It is emphasized that the low magnification SEM image
(Fig. 3) is not used to prove the bonding quality of the particles with the Al matrix. This figure is just
provided to show the increase in the layer numbers and to explain the fragmentation of the interfaces
where the alumina particles are present. This is particularly evident after eight ARB cycles (Fig. 3d) in
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which the particles at interfaces are broken into small fragments, showing the discontinuity at the
interfaces and distribution of the alumina particles at the RD-ND plane.
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Fig. 3. SEM micrographs of the Al/Al,O3 composite with particle size of 1 um at the RD-ND plane after
(a) two, (b) four, (c) six, and (d) eight ARB cycles.

The major mechanism at low temperature deformations can be explained by film theory [18].
According to this mechanism, the extrusion of virgin metal through the cracks has the major role in the
real contact between metals. In the case of the particulate MMCs, it has been reported that ceramic
particles can act as barriers to film theory and inhibit the creation of good bonding [19]. However, the
rolling pressure supplies sufficient force and can create large contact areas. Therefore, good bonding can
be achieved at high ARB cycles even in the presence of ceramic particles.

SEM images of the Al/Al,O; composite with 0.3 um particle size at the RD-ND plane after various
ARB cycles are shown in Fig. 4. A similar trend for the evolution of the microstructure is observed for this
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composite. However, in contrast to the composite with 1 um particle, several interfaces remain adherent
even at high ARB cycles (after six and eight cycles). In other words, higher ARB cycles are required to
disintegrate the interfaces and to distribute the alumina particles at the RD-ND plane. This can be
explained by the model developed recently by Reihanian et al. [20]. According to this model, the critical
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needed to achieve a uniform distribution of particles in particulate MMCs depends on the
particle size, d, volume fraction, f, and the initial thickness of the strips, t., as below[20]:
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Fig.4. SEM micrographs of the Al/Al,O; composite with particle size of 0.3 um at the RD-ND
plane after (a) two, (b) four, (c) six and (d) eight ARB cycles.
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For, f=0.04, t.=0.9mm, d, =1gmandd, =0.3um, the critical reduction is predicted as
0.9971 and 0.9991, corresponding to the effective strains of 6.7 and 8.1, respectively, while a total
effective strain of 6.4 is imposed after eight ARB cycles. The strain imposed after eight ARB cycles (6.4)
is relatively lower than the predicted value of the composite with 0.3 um particle size (8.1). It means that
at least 11 ARB cycles are required to get a uniform distribution of particles in this composite. Since the
material is work hardened and its strength increases remarkably during ARB, it is somewhat difficult
experimentally to reach to this high level of ARB process. On the other hands, the critical strain imposed
after eight ARB cycles (6.4) is approximately comparable to the predicted value of the composite with 1
pm particle size (6.7). Therefore, a uniform distribution of particles is rather expected in this composite
and the microstructure of the composite with particle size of 1 um is investigated experimentally in detail
(Figs. 5 and 6) as typical.
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Fig. 5. SEM micrographs of the Al/Al,O; composite with particle size of 1 pm after: (a) two and (b) eight ARB
cycles showing the clustering and de-clustering of the particles.
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Fig. 6. SEM images of the Al/Al,O3; composite with particle size of 1 um after the eight ARB cycles at (a) low and
(b) high magnification showing the distribution of the alumina particles.
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Figure 5 shows typical SEM micrographs of the Al/Al,O; composite with 1 pm particle at higher
magnifications after two and eight ARB cycles. It is seen that, after two ARB cycles, several Al,O;
particles are clustered and agglomerated by each other (Fig. 5a). Agglomeration and clustering of the
Al,Os particles can be induced by their attractive Van der Waals interactions of Al,O3 particles coupled
with their large surface-to-volume ratio. This is occurred when the Al,O; particles are added between the
strips in the first step of ARB process. However, the distribution of the Al,O; particles in the Al matrix is
improved by increasing the number of ARB cycles. As the ARB proceeds, the number of the Al,Os
particles that are involved in each cluster, decreases to some extent (Fig. 5b). As a result, a uniform
distribution of particles is fairly achieved at last stages of ARB. To investigate the distribution of the
Al,O; particles, typical SEM micrographs at the RD-TD plane of the Al/Al,O; composite after eight ARB
cycles are shown in Fig. 6. It is clear that the distribution of Al,O3 particles in the Al matrix is uniform
after eight cycles. During ARB, the Al matrix is extruded and flows through clusters of the Al,O;
particles. Therefore, dense clusters can be modified to diffuse ones, and the distance between the particles
constituting the clusters is enhanced [21]. In addition, cluster of the particles are elongated in the rolling
direction [22]. As a result, the distance between the particles increases and the distribution of the particles
improves within the Al matrix.

3.2. Mechanical Properties

The engineering stress—strain curves of the annealed as well as Al/Al,O; composites with 1 um and 0.3
pm particle size after six and eight ARB cycles are presented in Fig. 7. It is observed that the tensile
strength increases with increasing the number of cycles. After eight cycles, the composite with 1 um and
0.3 pm particle size exhibits the tensile strength of about 170 MPa and 175 MPa, respectively, compared
with the annealed Al (About 47 MPa). According to the previous work [7], the tensile strength of the pure
Al after eight ARB cycles, reaches to about 150 MPa. The tensile strength of the Al/Al,O; composite
with 1 um and 0.3 um particle size is about 3.6 and 3.7 times higher than that of the annealed Al,
respectively. It has been reported that the variations in the tensile strength of the ARB-processed materials
is due to the strain hardening (dislocation strengthening), the evolution of the grain structure and the
formation of ultra-fine grains (grain boundary strengthening mechanism). In the early stages of ARB
process, strain hardening acts as the main strengthening mechanism while at last stages, grain refinement
has the major role [23, 24]. The increase in dislocation density within the grains or formation of low angle
dislocation boundaries are the main reasons of strain hardening in SPD processed materials [23]. As the
effect of work hardening decreases, gradual evolution of ultra-fine grains plays the main role in
strengthening. During SPD processing, the misorientation of the dislocation boundaries increases
gradually while their sizes decreases. At final stages, a large fraction of low angle grain boundaries
changed into high angle ones and grain refinement to the ultra-fine scale causes the increase in the
strength [24]. In the case of the particulate MMCs, other strengthening mechanism such as Orowan
looping [25] can contribute to the strength of the composite. In this mechanism, the dislocations extrude
between the particles leaving dislocation loops around them. Orowan looping causes the mean distance
between the particles to decrease and the stress required for movement of subsequent dislocations to
increase. The activation of the further (secondary) slip systems at the interfaces [26, 27] and the difference
in the thermal expansion coefficient of the metal constituents [13] have additional contribution through
generation of new dislocations.

Regarding Fig. 7, the tensile strength of the composite containing 1 pum particle sizeis slightly lower
compared to that of the composite with 0.3 um particle size. Similar results have been reported in
literature where the effect of the particle size is investigated [13, 14]. Since the volume fraction of the
particles in both composites is the same, therefore, the matrix/particle interface of composite with 0.3 um
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particle size is more than that of the composite with 1 um particle size. The finer particles leads to a higher
tensile strength due to the decrease in the distance between the particles at a given volume fraction.
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Fig. 7. Engineering stress—strain curves of the annealed Al and the Al/AI,O; composites
with particle sizes of 0.3 um and 1 pm.

The elongation of the composites after six and eight cycles is about 10%, which show a remarkable
decrease in comparison to that of the annealed Al (about 40%). The sharp decrease in the elongation is the
characteristics of each SPD process [28] and can be attributed to the large increase in dislocation density
and the accumulation of internal stresses that promote the nucleation of cracks. It is noted that the
composites with 1 um and 0.3 um particle size approximately exhibit similar values of the elongation.
Nevertheless, to compare the elongation of these composites, the precise value of the elongation needs to
be measured. This can be obtained by using the extensometer during the tensile test, which is somewhat
difficult in practice because the gage length of the ARB processed materials is relatively small.

In general, the tensile test is not an appropriate tool to analyze the elastic properties of the materials
and more accurate test methods are required. Therefore, the engineering stress-strain curves do not exhibit
a significant difference between the elastic modulus of the composites and the pure Al. A similar trend can
also be observed in literature such as in Al/SiC [5], Al/B,4C [16, 27], Al/Cu [29] and Al/Al,O,/SiC hybrid
composite [30].

3.3. Fractography

Figure 8 illustrates SEM fractographs of the fracture surface of tensile test specimens for the Al/AlQO;
composites with 1 pm and 0.3 pum particle size after eight ARB cycles. The fracture surface of both
composite shows a typical ductile fracture that is characterized by dimples. The presence of dimples and
gray fibrous appearance are the characteristics of the most metals with ductile tensile fractures [25]. This
type of fracture arises due to the nucleation of microvoids at the head of the cracks or locked dislocations
and consequent coalescence of the voids. These voids can be elongated in one direction due to unequal
triaxial stresses [31]. It has been reported that the state of stress can affect the shape of the dimples [32]. In
the presence of tensile stresses, the shape of the dimples is equiaxed while they become elongated in one
direction when the state of stress is shear as reported previously in the hybrid composite [30]. Figure 8
shows that the failure mode of composites is tensile ductile rupture. It is clearly observed that the particle
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size affects the size and depth of the dimples. The Al/Al,O; composite with particle size of 1 um revealed
larger and deeper dimples (Fig. 8a and b) in comparison to the Al/Al,O; composite with particle size of
0.3 um (Fig. 8c and d). The presence of the particles can transform the appearance of fracture surface of
the composites so that the dimples nucleated at the particle sites become deeper and larger than the
dimples nucleated in another regions. The presence of particles at the bottom of some dimples is indicated
by arrows and can be the evidence of void nucleation from particle/matrix interfaces. This is particularly
obvious in Fig. 8b where several small dimples are observed around the larger ones. The EDS results at
the exhibited points A and B (Fig. 8e and f) confirmed the presence of the alumina particles at the bottom
of the dimples. In general, several factors such as size, type, shape, volume fraction, aspect ratio,
distribution of particles and interface properties can affect the fracture properties of a particulate
composite. The effect of these parameters on the fracture behavior of the particulate MMCs needs to be
investigated independently. In the present study, only the effect of particle size is evaluated.
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Fig. 8. Tensile fracture surface of Al/Al,O; composite with (a) and (b) 1 um and (c) and (d) with 0.3 um particle size
after eight ARB cycles; (e) and (f) the EDS results at the point A and B, respectively.
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Figure 8 continued.
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4. Conclusion

1. The ARB process was successfully used to fabricate the Al/4vol.%Al,0; composites with two different
particle sizes of 1 um and 0.3 um.

2. The Al/Al,0; composite with particle size of 1 um reveals a rather uniform distribution of particles after
eight ARB cycles.

3. During ARB, dense cluster of the particles breaks and splits into the diffuse ones involving only a small
number of particles.

3. The Al/Al,O; composite with 1 um and 0.3 pm particle size exhibits a much higher tensile strength
(170 and 175 MPa, respectively) compared with that of the annealed Al (47 MPa). The higher strength of
the Al/Al,O; composite with 0.3 um particle size is attributed to its higher matrix/particle interface.
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4. The fracture surface of Al/Al,O; composite indicates the ductile fracture mode characterized by
dimples. The Al/Al,O; composite with the particle size of 1 um revealed larger and deeper dimples in
comparison to the Al/Al,O3 composite with particle size of 0.3 pm.
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