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Abstract. In this research, the friction stir processing passes overlapping effect on AA3105/SiC is studied by
evaluating the microstructural, mechanical, and tribological properties of the produced composites. The results
indicated that the decrease of offset amount in different passes mediated by the more homogenous distribution of
strengthening particles in the processing zone, the composite tensile strength and hardness have increased. The
wear rate has decreased by 36%, compared with the sample without the strengthening phase. Also, no signiﬁcant
variations in the hardness, strength, and wear resistance is not seen by the friction stir processing on both sides of
the sample. Although, the effect of tool shoulder induced ﬂow is so strong that it restricts the uniform particle
mixture and the access of pin-induced ﬂow upwards the stirring region, but the offsetting decrease in the
different passes reduces the tool shoulder-induce ﬂow. The obtained highest tensile strength and the lowest wear
rate of the fabricated composite equaled to 189.40 MPa and 3.6 9 10-6 gr/m, respectively.
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1. Introduction
Composites are the mixture of two or more insoluble
materials and possess some superior properties compared
with each constituent. Composites are more resistant and
lighter than some common materials such as low carbon
steel. In the automobile industry, many automobile components are fabricated from composites, instead of steel, to
reduce the automobile weight [1]. A wide range of
strengthening materials and the development of new processing methods have drawn attention towards composites,
enabling large-scale productions. Metal matrix composites
(MMCs) are superior due to the high-temperature resistance, electrical and thermal conductivities, and high
mechanical properties [2]. MMCs are made of a combination of the ductile metal or the alloy matrix strengthened by
the other metals, nonmetallic or organic compounds [3].
Metal matrix composites are produced by combining a
strengthening material with the matrix to improve the
speciﬁc strength, speciﬁc hardness, wear and corrosion
resistance, and the high elastic modulus. Among the several
present matrix materials, aluminum and its alloys are
widely used for MMCs productions [2]. The silicon carbide
or aluminum oxide or boron carbide-strengthened
*For correspondence

aluminum are the most common metal matrix composites
with improved mechanical properties and the low production cost [4].
Friction stir processing (FSP) is a solid-state method,
highly considered in the literature in recent years [5–9].
This process is one of the severe plastic deformation
methods and the effective surface-treatments for the bulk
composites production [10, 11]. The friction stir processing
was developed as an effective method for microstructural
modiﬁcations by Mishra et al [11] based on the friction stir
welding principles. In the friction stir processing, the tool
enters the work piece and modiﬁes the local work piece
microstructure to improve the pre-determined properties.
This method has various applications such as the surface
composite production on the aluminum substrate, the alloy
homogenization in the powder metallurgy, microstructural
modiﬁcation of metal matrix composites, the improvement
of cast alloy properties, and the bulk composite productions. This process has attracted researchers and a wide
range of studies have been conducted on this process due to
the lower cost and pollution, more ﬂexibility, and the
higher energy efﬁciency [12]. The material is subjected to a
severe plastic deformation at high temperatures during the
friction stir processing, leading to the formation of ﬁne
equiaxed recrystallized grains with the desired mechanical
properties. The tools of this process include the shoulder
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and the pin with the linear and rotational speeds. Where the
process and the rotation directions are the same, is called
the advancing side and the opposite is called the retreating
one [13]. So far, the FSP method has been used to manufacture a variety of aluminum and magnesium matrix
composites, with added reinforced particles including SiO2,
carbon nanotubes, Al2O3, and SiC. The density of SiC (3.2
g.cm-3) is close to aluminum (2.7 g.cm-3) [14]. The use of
SiC as reinforcement in aluminum matrix composites is
desirable in particular since it increases strength, wear
resistance, and thermal stability.
The produced metal matrix composites by the friction
stir processing have exhibited superior mechanical properties to the base metal. The hardness and strength
improvements are attributed to the grain reﬁnement and the
particles-induced strengthening. Liu et al [15] have measured the hardness as a function of the particle volume
fraction in the aluminum matrix. They have reported that
the hardness has considerably increased due to the CNT
particles addition. Also, the strength has increased by CNT
particles addition and their volume fraction enhancements.
Similar results have been reported for the composites
obtained from different particles via friction stir processing
[16–19]. Devaraju et al [20] have observed that the wear
rate of AA6061/SiC-Al2O3 with 8 Vol% SiC and 2
Vol%Al2O3 has been lower due to the uniform particle size
distribution. Also, a signiﬁcant decrease in wear rate is
reported in the AA8026-matrix composites where Al2O3
and TiB2 particles are uniformly distributed in the matrix
[21]. Although a weak abrasion performance with the
increase of particle volume fraction in AA6061/SiC-Al2O3
composite has been reported due to the increase of particle
clustering and their separations from the surface. Hashemi
et al [22] have shown that the wear mechanisms for Al/TiN
composite are a combination of adhesion and abrasive one.
While the prominent mechanism in the base metal is the
adhesion wear. While wear testing of Al/SiC-Al2O3 composite, Mahmood et al [23] have observed that for a composite constituting of 20% Al2O3 and 80% SiC, the
separated Al2O3 particles have formed a thin layer on the
worn surface, so that they serve as a lubricant, decreasing
the friction coefﬁcient and the wear rate under a 5 N force.
The applied force has a signiﬁcant role in the composite
wear behavior and according to the reports, there is a
critical force and beyond that the wear changes from mild
to the severe mode [24]. Shaﬁei-Zarghani et al [25] have
investigated the nanocomposites wear behavior under different forces of 20 N, 40 N and 60 N. The raw matrix
material has shown two levels of wear behaviors. In the ﬁrst
level, it has a lower wear rate at the ﬁrst 200 m wear
distance, about half of the wear rate compared to the rest.
At the ﬁrst 200 m distance, the friction coefﬁcient quickly
increases from 0.2–0.53 to 0.5–0.7 depending on the force,
then it becomes stable. Salehi et al [26] investigated the
effects of process variables on the hardness of a composite
made of aluminum alloy 6061 and SiC powder. The
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obtained results indicated that the optimum conditions to
achieve the highest hardness included the rotational and
linear speeds of 1600 rev/min, 40 mm/min, and a threadedshape pin tool. Also, the rotational rate was reportedly the
most efﬁcient parameter. Kumar et al [27] investigated the
tungsten powder application in the friction stir processing
of aluminum alloy 5083. The base metal hardness has
considerably increased and tungsten particles are uniformly
distributed. Rathee et al [28] evaluated the effects of processing parameters on the hardness of SiC-strengthened
AA6063 aluminum alloy. The investigated variables in that
study included the rotational and linear speed as well as the
tool tilt angle. According to the investigations, the maximum hardness was reported at the rotational speed of 1400
rev/mm, the linear speed of 50 mm/min, and the tool tilt
angle of 2.5̊. Mertens et al [29] produced the magnesiumcarbon powder composites by the sandwich method. The
obtained results showed that the most uniform powder
distribution was observed at the rotational speed of 500 rev/
min and the linear speed of 80 mm/min. The minimum
particle size and the maximum hardness were achieved in
the processed zone at the rotational speed of 1500 rev/min
and the linear speed of 300 mm/min. Houshyar et al [30]
produced the AA3105/SiC composite using the sandwich
method and investigated the effects of rotational and linear
speeds on the microstructure and mechanical properties
during the composite fabrication. They reported that friction stir processing can improve the mechanical properties
of AA3105/SiC sandwiched-composite, including a 10%
rise in UTS and a 260% rise in toughness at the rotational
speed of 800 rev/min and the linear speed of 31.5 mm/min.
According to the literature review, no research has been
conducted on the effect of offset amounts in the different
passes on the fabrication of aluminum-matrix composites
using the strengthening particles via the sandwich method.
Thus, in this research, the powder-applied aluminum sheets
have been tightly bounded in a layered form, then the
friction stir processing has been conducted on them.
Finally, the effect of offset amounts in different passes has
been investigated on the mechanical and tribological
properties of the obtained composite.

2. Experimental procedure
In this project, 1 mm and 2 mm thick aluminum AA3105
sheets have been used as the matrix material of the composite. The chemical composition (in wt%) of this alloy is:
0.68% Mn, 0.1% Cu, 0.7% Fe, 0.4% Si, 0.26% Mg, and Al
at balance. In this research, SiC powder with an average
particle size of 1–28 lm has been used as the reinforcement. Figure 1 shows the SEM image of the applied
powder. The sheets were cut in dimensions of 10 9 15 cm2
by the guillotine cutting machine. Then some holes were
formed on the four sheet corners to screw the sheets
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Figure 2. The threated cylindrical pin tool used in this study.

Table 1. Experimental test designation.
Figure 1. SEM image of SiC reinforcement.
Sample no.

together later. In the next stage, a wire-brush was used for
the contaminant removal and the surface scratching for the
powder application. Then a suspension was prepared from
the strengthening powders and methanol in the 1:1 ratio. It
was sprayed on the external surfaces of all sheets. The
alcohol evaporated after few hours and the particles were
left on the surface. Each sample was made of four sheets in
a way that the 2 mm-thick sheets were placed on the top
and the bottom and the 1 mm-thick sheets were in the
middle of them. Finally, the sheets were screwed on the
corners under the simultaneous pressing. The primary
investigations showed that the sheets thinner than 1 mm
were widely torn up during the friction stir processing.
Thus, the 2 mm-thick sheets were used to avoid the sheet
thinning and tearing. In a previous research by the current
authors [30], four rotational speeds of 500, 800, 1250, and
1600 rpm and two linear speeds of 31.5 and 40 mm/min
were applied at four passes. Results show that the rotational
speed of 800 rpm and the linear speed of 31.5 mm/min
result in more uniform particle distribution and mechanical
properties. So, in this research, the friction stir processing
was conducted at the rotational speed of 800 rpm and the
linear speed of 31.5 mm/min at four passes to obtain more
uniform particle distribution and mechanical properties in
the samples. The rotational and linear speeds were selected
according to the capabilities of the friction stir processing
machine. It is worth noting that the tool rotational direction
changed from clockwise to counter-clockwise after each
pass. Three amounts of 3, 6, and 9 mm were considered to
determine the tool offset effect. For example, in a 3 mmoffset, the center-to-center distance in the stirring zone was
set at 3 mm at two passes. In this research, the tool pin
shape was considered as a threaded cylinder. As it is shown
in ﬁgure 2, the tool was made of high-speed steel with
shoulder and pin diameters of 18 and 6 mm and the pin
height of 5.7 mm. According to the previous researches, the
tool shoulder was concave-shaped with a tilt of 4° to guide
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9
9

Double side FSP
–
–
–
Yes

Figure 3. Schematic illustration of microstructure, tensile, and
wear test sampling position.

the material ﬂow beneath the tool to the stirring zone and
avoid the excess ﬂash forming. Table 1 shows the coding of
processed samples with different parameters.
After the friction stir processing, all samples were cut for
the metallography examinations. After the preparation of
metallographic samples, the microstructures of all specimens were examined by optical microscopy and scanning
electron microscopy (SEM). The cutting locations of the
samples related to different analyses are shown in ﬁgure 3.
Koopa hardness tester was used for hardness measurement.
According to ASTM E92 standard, the force of 10 kg and
the duration of 10 s were selected. The tensile experiments
were conducted to examine the tensile strengths of the
obtained composites. According to ASTM E8 standard, a
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Figure 4. Macroscopic photograph of the friction stir processed samples; (a) sample no.1, (b) sample no.2, (c) sample no.3, (d) sample
no.4.
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Figure 5. The distribution factor (DF) and SiC particles size in
the processing zone.

tensile sample was taken from the longitudinal direction of
the processed zone (according to ﬁgure 3).
SANTAM universal testing machine (model STM-250)
was used for these experiments. The moving rate of the
device jaw was set at 1 mm/min. A pin-on-disc wear
experiment was used to investigate the wear properties of
the composites. According to ASTM-G99 standard, the
wear test samples were fabricated with dimensions of
5 9 5 mm and a length of 20 mm. In this experiment, a
steel disc with a hardness of 58 HRC was used as an
abrasive. The distance, force, and the rotational speed in the
wear test were selected as 1000 m, 15 N, and 115 rpm,
respectively.

Sådhanå (2021)46:131

3. Results and discussion
Friction stir processing passes should be applied together to
produce the composite on the whole sheet surface. In this
research, the optimum offset of the tool on the surface to
apply the next pass has been investigated. The investigated
amounts are the offset of 3 mm (sample no.1), 6 mm
(sample no.2) and 9 mm (sample no.3). In the sample no.4,
after friction stir processing application on one side, it
becomes upside-down and a pass is applied between two
last passes. Microscopic images of these samples are shown
in ﬁgure 4. As it is observed, the samples are free from
apparent defects such as tunneling, pores, and other defects.
In sample no.3, the mixing region is not uniform due to the
large spacing between two passes. In sample no.1, the
powder distribution is completely uniform and no trace of
particle agglomerations is seen. But there is a little unprocessed zone between two passes in sample no.2 that indicates the excess spacing between the applied passes. The
strengthening micro-particles are shown with the black
color in the mixing region. SiC particles are considerably
smaller in the stir zone. The previous researchers [31, 32]
have also pointed out that the FSP leads to the particle
reﬁnement and the break-down of strengthening particles
due to the severe plastic deformation and thermo-mechanical nature of the process that is a combination of the
frictional heat and plastic deformation. From the microscopic investigations, it is observed that the particle concentration at the top of the stir zone is lower than the
bottom. This phenomenon is more visible at the lower level
of overlapping. The top layer of the sheets does not have
any particles. Furthermore, the higher temperature and the
applied tool shoulder force on this layer (which is called the
shoulder affected zone) results in the particle-free material
ﬂow at the top and inhibition of strengthening particles
entrance from the bottom of the stir zone, due to the applied
force from the pin-induced ﬂow. The decrease of overlapping lowers the previous pass contribution from the stir
zone. Consequently, the effect of the tool shoulder-induced
ﬂow becomes more prominent. According to Xu and Deng
[33] and Mahmood et al [34], the shoulder affected zone
constitutes the materials with vertical motions. According
to the images, it is observed that the microstructures of the
samples are different from each other and SiC particle
distributions are not the same. Furthermore, it can be
concluded that the tool overlapping at the different passes
has a signiﬁcant role in particle sizes and distributions
[35, 36]. Also, from the ﬁgures, the tool shoulder-induced
ﬂow (F1) results in an unmixed region and the absence of
reinforcing particles on the top of the stir zone, while the
tool pin-induced ﬂow (F2) distributes the particles on the
bottom of the stir zone. These observations show that the
tool shoulder-induced ﬂow is so strong that it prevents the
uniform particle distribution and the access of pin-induced
ﬂow to the top of the stir zone. But it is observed that the
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increase of overlapping in the different passes reduces the
tool shoulder induced-ﬂow and results in a more uniform
particle distribution in the stir zone.
One of the main challenges in the fabrication of metal
matrix composites is the uniform distribution of strengthening particles in the matrix alloy and the suitable bonding
between the particle and the matrix. The distribution
coefﬁcient has been used to investigate the particle distribution in the matrix. The mean particle size of SiC and their
distribution coefﬁcient in the matrix are shown in ﬁgure 5.
Particle uniformity is measured by the distribution factor
(DF) by dividing the particle surface standard deviation on
its mean particle surface fraction [37]. Consequently, the
non-uniform particle distribution increases the DF. SiC
particles become smaller by the severe plastic deformation.
The uniform distribution of these small particles in the
matrix improves the composite mechanical properties. As it
is seen in ﬁgure 5, the sample no.1 has the lowest distribution coefﬁcient, indicating the uniform particle distribution in this sample (the more uniform particle distribution is
shown in ﬁgure 4). Also, the mean particle size in this
sample is smaller than the others. The reason is the higher
mechanical work on the mixing region, due to the overlapping of the currently applied pass and the previous one.
As it is obvious from the microscopic images, the sample
no.3 has the highest distribution coefﬁcient and the largest
particle size, indicating the large spacing between the
passes. Also, the higher force application and more mixing
are not allowed. A decrease in the spacing between passes
reduces the distribution coefﬁcient and the particle size.
Thus, the results conﬁrm the positive effect of increasing
the overlapping on the particle distribution in the matrix.
One of the strengthening mechanisms in the silicon carbidereinforced composite is the load transfer from the matrix to
the reinforcing particles [25, 38–40]. Thus, the strong
bonding between the particle and matrix is a key point in
the particle-reinforced composites. The reinforcing particles act as a barrier for the dislocation motions caused by
the incompatibility of reinforcing particles and the matrix.
The presence of reinforcing particles leads to the formation
of the geometrical dislocations at the interface. Figure 6
shows SEM images of the interface between the particle
and the matrix in the composite at different overlapping
levels. As it is seen, the bonding between particles and the
matrix in the samples with maximum overlapping of the
passes (samples no.1 and no.2) is uniform and pore-free. It
should be mentioned that the particle agglomeration in the
sample with high distribution coefﬁcient (sample no.3)
affects the interface integrity. This issue severely affects the
mechanical and wear properties of the composite.
The average hardness of the processing zone is shown in
ﬁgure 7. The sample no.3 has the minimum hardness due to
the powder-free space between the passes. The sample no.1
that has the best particle distribution shows an average
hardness of about 50 VHN. As it is observed that the data
dispersion in this sample is lower than in others. According
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Figure 6. SEM image of stir zone of second pass of; (a) sample no.1, (b) sample no.2, (c) sample no.3, (d) sample no.4.
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Figure 7. Variation of ultimate tensile strength (UTS) and stir
zone hardness of different samples.

to the particle agglomeration areas and the unprocessed
zone between them in the sample no.2, the data dispersion
is high. Also, the average hardness is high in this sample,
due to the possibility of intrusive collision between the
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Figure 8. The stress-elongation curve of different samples.

hardness tester and SiC particles. Although sample no.3 has
the lowest hardness, but the particle size is uniform and the
hardness variations are relatively lower due to the spacing
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Figure 9. SEM fractographs of (a) sample no.1, (b) sample no.2, (c) sample no.3, (d) sample no.4, (e) FSPed sample without SiC
particle.

between two mixing regions and the lack of interaction
between their ﬂows. In sample no.2, hardness variations are
high due to the particle agglomeration in the processing

zone. Besides, the average hardness in this sample is a bit
higher as a result of high hardness in the particle agglomeration regions. The relatively lower hardness variations in
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Figure 10. The friction coefﬁcient and wear rate of different
samples.

sample no.1 are attributed to the uniform particle distribution. Sample no.4 has a more uniform particle distribution
due to its lower hardness variations. Microstructural evolutions such as grain growth occur in the stir zone of the

previous passes due to the higher applied heat in this
sample by three processing stages that each of them has
been performed at four passes. So the hardness of this
sample has decreased but still higher than the powder-free
sample, as the ceramic particles are present and protect the
layer against wear. The increase of offset in the different
passes from 3 mm to 9 mm has decreased the hardness from
50 to 42 VHN. While the processing on the spaces between
two passes with the offset of 9 mm increases the processed
zone hardness from 42 to 46 VHN.
Figure 8 shows the stress–elongation curve of different
samples. As it is observed, the FSPed powder-free sample
has the lowest elongation and ultimate tensile strength.
Inhomogeneous SiC particle distribution in the matrix and
particle agglomerations in different areas lead to crackingprone regions. Therefore, the particle agglomeration and
inhomogeneous particle distribution results in the decreased
ultimate tensile strength and other mechanical properties.
On the other hand, these agglomerated particles are not
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Figure 11. SEM image of worn surface of (a) sample no.1, (b) sample no.2, (c) sample no.3, (d) sample no.4, (e) FSPed sample without
SiC particle.

tightly bound to the surface and lead to the fracture.
According to the previous researches, the deformation starts
from these regions [41]. As it is observed in the plot, the

sample no.1 with the best particle distribution has indicated
the highest tensile strength and elongation. Also, the samples no.2 and no.3 with various agglomerated areas as well
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as the powder-free regions have the lowest tensile strength
and elongation. Increase of the pass offset amounts from 3
mm to 9 mm has decreased the tensile strength from 189.40
MPa to 158.95 MPa. As it is observed, the composite tensile strength with offset amount of 3 mm has increased by
18.95%, compared to the processed sample without SiC
strengthening particles. SEM images of fracture surfaces in
different samples are shown in ﬁgure 9. The fracture
mechanism of the processed samples follows the cellular
fracture mechanism. This mechanism is shown by the
drawn white circles in ﬁgure 9. According to the fracture
mechanism, SiC particles exist in the deformed aluminum
grains. The main point of the images is the excellent
strength of the matrix and reinforcements, in a way that the
fracture has occurred within SiC particles (shown with red
arrows). No segregation is observed on the interface
between the particle and the matrix. But the layer separation is seen in sample no.3 which is attributed to the
unprocessed regions between the passes.
The average wear rate of the processed samples is shown
in ﬁgure 10. As it is observed, the SiC ceramic particles in
the composite protect the material against the wear and
decrease the wear rate. The high load bearing capability of
SiC particles reduces the wear [42]. The decrease of contact
surface between the abrasive and the matrix metal by the
strengthening particles decreases the disc-induced scratching. As it is seen in the ﬁgure 10, the sample without SiC
particles has the highest abrasion rate among the others. As
previously mentioned, SiC particles are not found in the
center of the sample no.3 due to the spacing between two
processing zones. Thus the wear rate of this sample is high.
As the particle agglomerates and the formed pores around
them decrease the composite mechanical and tribological
properties [42, 43]. These have resulted in a high wear rate
in the sample no.2. An increase of the offset amount in the
different passes enhances the wear rate from 3.6 9 10-6
g/m to 5.6 9 10-6 g/m. Also, it is noticed that during the
friction stir processing on both sides of the sample at an
offset amount of 9 mm, the wear rate decreases only by
5.3%. Figure 11 shows the scanning electron microscopy
images from the worn surfaces. As it is observed, the wear
mechanism in all of the samples is of the adhesion and abrasive type. The microcracks perpendicular on
the wear direction nucleate on the near-surface area at a
certain depth as a result of the shearing effect. After the
reloading, the microcracks grow and propagate parallel to
the wear surface. Consequently, the microcracks are joined
to each other. Furthermore, lots of the separated ﬂaky
particles are located between the pin and the disc and a
three-object wear occurs and quickly increases the friction
coefﬁcient. The grooves of the composite sample become
more shallow and wider with the decrease of the FSP pass
offsets. As the silicon carbide particles are randomly distributed on the aluminum matrix, if the microcracks occur
on the aluminum matrix and reach the silicon carbide
particles, the stress concentration on the crack tip is
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released [44]. Therefore, the homogenous particle distribution has an important role in the wear resistance. Here,
the main factor is the bonding between the silicon carbide
particles and the matrix. The optimum condition for a high
wear resistance is satisﬁed when the silicon carbide particles are not easily removed from the matrix.

4. Conclusions
In this research, the friction stir processing passes overlapping was studied for a sandwiched A390/SiC composite.
Thus, the microstructure, mechanical and tribological
properties of the produced composites were investigated.
The most important results of this study are mentioned
here.
The decrease of offset amount in the different passes to 3
mm leads to the homogenous particle distribution, as well
as SiC particle reﬁnement. The observations indicate that
the effect of tool shoulder-induced ﬂow is so strong that it
restricts the uniform distribution of particles and the access
of the pin-induced ﬂow to the upwards of the stir zone. The
decrease of offset in the different passes reduces the effect
of pin shoulder-induced ﬂow.
The increase of offset amount from 3 mm to 9 mm in
different passes has resulted in the hardness reduction from
50 to 42 VHN, while processing on both sides of the sample
at the offset amount of 9 mm increases the processed zone
hardness from 42 to 46 VHN.
The increase of offset amount from 3 mm to 9 mm has
decreased the tensile strength from 189.40 MPa to 158.95
MPa. Also, the sample tensile strength with an offset of 3
mm has increased by 18.95%, compared with the processed
sample without SiC.
The wear mechanism in all of the specimens is of the
adhesion and abrasive type. Increasing the offset from 3
mm to 9 mm enhances the wear rate from 3.6 9 10-6 to
5.6 9 10-6 g/m. Also, the friction stir processing on both
sides of the sample at an offset of 9 mm decreases the wear
rate by 5.3%.
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