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was obtained in both longitudinal and transverse directions. Moreover, it
was found thatsthe rolling temperature does not have any tangible effect
on the distribution of particles. Furthermore, it was shown that while
faster homogeneity can be obtained in the transverse direction by cross
accumulative roll bonding process, there is not any significant difference
between homogeneity of particle distribution between this technique and
other routes. In fact, after enough passes, the homogeneity level in all
processing methods tends to a common value. Finally, the evolution of the
mechanical properties of the composites sheets based on the work
hardening, composite strengthening, grain refinement at high ARB cycles,
and bonding between particles and the matrix was also briefly discussed.
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1. Introduction cutting, the same processes are repeated several

times to produce the ARB processed sheets.

Metal-matrix composites (MMCs) are among
the main types of composite materials with a
metallic matrix ‘reinforced with hard ceramic
particles to enhance the stiffness and specific
strength [1,2]. Conventionally, MMCs can be
processed by casting, powder metallurgy, and
mechanical alloying [3-7]. However, friction
stir processing (FSP) [8,9] and accumulative
roll bonding (ARB) [10-15] have been recently
used to process composite materials. During
ARB process, the sheets stack together and roll
bonded by 50% reduction in thickness. After
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The reinforcement powder can be added
between sheets during ARB process. The
rolling step, itself, might be performed at
ambient or elevated temperatures or by the
method of cross rolling. These variables might
influence the distribution of particles.

While the amount and morphology of the
second phase are important, the good
distribution of the reinforcement is of vital
importance [16]. Several techniques have been
developed to evaluate the distribution of
particles in composite materials but the
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computation cost and human factor in analysis
are among the problems of these techniques. To
solve these issues, a new computational method
for unambiguous image analysis has been
proposed by the present authors [16]. This
technique can be applied to the composites
processed by different routes of ARB to
examine the particle distribution. The present
work is intended to deal with this subject.

2. Experimental details

The commercial purity AA1050 aluminum
alloy (100,x50¥x0.5" mm® and the B4C
powder with average particle size of 20 um
were used as the matrix and reinforcement,
respectively. Five aluminum sheets were
degreased in acetone and wire brushed (Fig. 1a)
using a stainless steel circumferential brush
(Fig. 1b) operating at rotation speed of 2400
rpm. This was followed by dispersing the B4C
powder (6 wt%) among the four contacting
surfaces. Roll bonding (Fig. 1¢) was carried out
with reduction in thickness of 50% under
unlubricated condition on the . pre-heated
assembly (5 minutes at 400 °C)« The. resulting
composite sheet will be referred as “As-Roll
Bonded Sheet”. Then the following operations
were done to prepare different samples  (Fig.
1d):

(1) Cold ARB: The As-Roll Bonded Sheet was
cut in half, and after surface preparation, the
roll bonding operation was repeated up to 5
cycles at room temperature.

(2) Hot'ARB: The As-Roll Bonded Sheet was
cut in half, and after surface ‘preparation and
pre-heating at.400 °C for 5 minutes, the roll
bonding operation was repeated up to 5 cycles.
(3) Cross ARB: The As-Roll Bonded Sheet was
cut in half, and after surface preparation and
pre-heating at 400 °C for 5 minutes, the roll
bonding operation was repeated up to 5 cycles.
In this case, after each cycle, the sheet was
rotated by an angle of 90° in the same direction
for the next cycle. Cross rolling might be an
effective approach in improving the distribution
of particles due to the fact that the stretching of
the sheets occurs along both the rolling
direction (RD) and the transverse direction
(TD).

Vol. X, No. X, XXXX

Finally, tensile test samples were prepared
along the RD direction according to ASTM E8
standard and tested at room temperature with
crosshead speed of 1 mm/min using SANTAM
STM-20 machine.
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Fig. 1. Experimental setup and applied routes: (a)
wire  brushing desk, (b) stainless steel
circumferential brushes, (c) roll bonding process,

and (d) schematic representation of the experimental
processes used in this work.

Roll bonding

3. The developed computational approach

After dividing the micrograph to n meshes, the
area fraction occupied by particles in each mesh
(x) was taken into account. The volume
fraction of particles (f) can be considered as the
total area fraction area occupied by the
particles. Afterward, the root mean square error
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in the form of pyee- %Zn:(xi_f)z was
considered as the basis for the evaluation of
particle distribution homogeneity. Fig. 2 shows
that by increasing the number of meshes, the
RMSE increases until reaching a plateau at very
small mesh sizes (RMSEg). The inflection point
(Point A) corresponds to the highest growth rate
of RMSE. Therefore, the magnitude of
RMSEA/RMSEg was considered as a measure
of ununiformity of the particle distribution. This
is equivalent to the usual approach used for
sigmoidal phase transformations [17-19]. With
decreasing RMSEA/RMSEg, the particles will
be more homogeneously distributed in the
matrix.
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Fig. 2. Representing the concept of the developed
computational technique.

4, Results and discussion

4.1. Cold ARB

Fig. 3 _.shows optical micrographs and the
magnitude of RMSEA/RMSEg parameter versus
ARB pass number for the Cold ARB described
in Section 2. As it can_ be deduced from the
microstructures, in the case of the As-Roll
Bonded Sheet, the distribution of particles is
very heterogeneous because the powder is just
between primary sheets and very large particle-
free zones are available. After ARB, since the
sheets are stacked on each other, the number of
layers increases and this is an important factor
in improving the distribution of particles in the
normal direction (ND). The stretching of the
sheets during rolling, however, separates the
particles from each other, which is useful for
removing clustering zones and enhancement in
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particle distribution along RD direction.
Therefore, by increasing ARB pass number,
more homogeneous distribution of the particles
will be achieved as it is evident in Fig. 3. The
evolution of the RMSEA/RMSEg parameter
versus pass number guantitatively demonstrates
these effects. It can be seen that the
RMSEA/RMSEg parameter decreases
continuously with increasing ARB pass
number.
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Fig. 3. Optical micrographs and the RMSEA/RMSEg
parameter versus ARB pass number for the Cold
ARB technique.

It is interesting that similar enhancements can
be seen in the RD-ND and TD-ND directions.
The enhancement in homogeneity along TD
direction can be attributed to the rearrangement
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of particles along the RD direction and random
stacking of sheets on each other. The particles
are crushed and refined by the ARB process
(Fig. 3), which can be ascribed to the fracturing
of brittle B4C particles during rolling.

4.2. Hot ARB

The As-Roll Bonded Sheet was cut in half, and
after surface preparation and pre-heating at 400
°C for 5 minutes, the roll bonding operation
was repeated up to 5 cycles. The results are
shown in Fig. 4.
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Fig. 4. Optical micrographs and the RMSEA/RMSEg
parameter versus ARB pass number for the Hot
ARB technique.

Again, by increasing ARB pass number, there is
an enhancement in the particle distribution,
which can be verified by analyzing the

Vol. X, No. X, XXXX

RMSEA/RMSEg parameter. Likewise, similar
enhancements can be seen in the RD-ND and
TD-ND directions. By comparing Fig. 4 with
Fig. 3, it can be deduced that the dependency of
particle distribution on rolling temperature is
negligible. Therefore, performing ARB at
elevated temperatures is not advantageous for
particle distribution. However, Hot ARB might
help developing a stronger metallurgical bond
via enhancing the possibility of extrusion of
virgin metal through the surface.cracks. Note
that the fracture of the wire brushed brittle
surface layer during rolling andthe extrusion of
the virgin metals through the cracks results in
the establishment of localized contact between
extruded metal from two contacting sheets and
brings about the possibility of bonding between
sheets [20-22].

4.3. Cross/ARB

The As-Roll Bonded Sheet was cut in half, and
after surface preparation and pre-heating at 400
°C for 5 minutes, the roll bonding operation
was, repeated up to 5 cycles. In this case,
however, after each cycle, the sheet was rotated
by an angle of 90° in the same direction for the
next cycle. The results are shown in Fig. 5 and
it is evident that by increasing ARB pass
number, there is an enhancement in the particle
distribution. However, as expected, obtaining a
homogeneous distribution of particles along TD
is more rapid compared with the
aforementioned ARB techniques. In fact, the
stretching of the sheets along TD helps to attain
rapid particle distribution along TD.

4.4. Comparing the ARB techniques

The evolution of the RMSEA/RMSEg parameter
versus ARB pass number is shown collectively
in Fig. 6 for all of the ARB techniques used in
this work. It can be seen that while various
techniques show some differences at low cycles
of ARB, after 4 cycles the values of
RMSEA/RMSEg parameter are comparable. In
other words, after 4 cycles, an appropriate
homogeneity in particle distribution has been
achieved regardless of the ARB technique. This
is in contrast to the previous observations,
where a considerable difference between
homogeneity of Cold ARB and Cross ARB was
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reported even after 8 passes as determined by
other techniques [15]. This reveals that the
proposed method [16] has a better applicability
for analyzing the composite microstructures.
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Fig. 5. Optical micrographs and the RMSEA/RMSEg
parameter versus ARB/ pass number for the Cross
ARB technique.
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Fig. 6. Evolution of the RMSEA/RMSEg parameter
versus ARB pass number.
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4.5. Mechanical properties

From engineering stress-strain curves shown in
Fig. 7, it can be seen that the As-Roll Bonded
Sheet has ~ 40 MPa higher tensile strength
compared with the initial aluminum sheet. This
increase can be related to the elongation of
grains and development of substructure during
roll bonding at 400 °C due to work hardening
and dynamic recovery [23-25]. The presence of
B4C particles might also result in the composite
strengthening effects. However, the stress-strain
curves reveal that the elongation to-failure of
the initial aluminum sheet-and the As-Roll
Bonded Sheet is '~ 28.7% and 1.2%,
respectively. The” latter value-=might be
explained by the poor bonding between the
matrix and B4C particles.
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Fig. 7. Tensile stress-strain curves of the composite
sheets.

Fig. 7 also shows that after 4 passes of Cold
ARB, the tensile strength has increased
significantly, which could be related to strain
hardening during rolling at room temperature
and subsequent development of fine grains at
high ARB cycles [12,13]. However, the
enhancement of strength is not significant after
5 cycles of Hot ARB, which can be readily
explained by the fact that strain hardening is
relatively insignificant at the high temperature
used for Hot ARB, and hence, the development
of fine grains due to strain accumulation is also
unlikely [26-28]. By continued ARB, the
enhancement of the homogeneity of particle
distribution (Fig. 6) and bonding between
particles and matrix [12,13] might be
responsible for the enhancement of ductility.

5. Conclusions
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A new computational method based on
MATLAB was used to study the effect of
different parameters on the homogeneity of
composites produced by accumulative roll
bonding (ARB) process. The following
conclusions can be drawn from this study:

(1) The degree of particle agglomeration and
clustering decreases with an increase in pass
number, and after enough passes, appreciable
homogeneity can be obtained in both
longitudinal and transverse directions with
respect to the rolling direction.

(2) The rolling temperature does not have any
tangible effect on the distribution of particles.
The cross accumulative roll bonding results in
obtaining a faster homogeneity in the transverse
direction. However, after enough passes, the
homogeneity level in all methods tends to a
common value.

(3) Rolling at room temperature (Cold ARB)
significantly enhanced the tensile strength of
the composite sheets compared with rolling_at
elevated temperatures (Hot ARB). This was
related to the strain hardening during rolling at
room temperature and subsequent development
of fine grains at high ARB cycles.

(4) For all processing routes, the tensile
ductility was poor, which was connected with
the poor bonding between particles and matrix.
By increasing ARB pass number, _the
homogeneity of particlerdistribution and their
bond with the matrix enhances; which in turn is

advantageous  with regard tos ductility

properties.
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