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To improve the wear resistance of Al-Si alloys, different types of reinforcing particles such as SiC, TiC,
ZrO2, and B4C were used to produce matrix composites by friction stir processing (FSP). First,
microstructural properties of different locations of stir zone (SZ) in the FSPed specimens such as advancing
side, retreating side, shoulder-affected area, and pin-affected area were investigated. The results demon-
strate that Si particles size is not the same in different SZ subdomains. SEM investigation was performed in
order to investigate the particles distribution in different areas of the SZ as well as bonding quality between
particles and metal matrix. Hardness and wear tests were carried out to determine mechanical and wear
properties of the composites. The pin-on-disk wear tests were performed at room temperature, with the
normal applied loads of 5, 10, and 20 N and sliding speed of 1 and 2 m/s. All fabricated composites show
higher resistance in wear than A356 alloy. Wear test results show, by increasing the normal load and sliding
velocity, the wear loss weight of all composites increased gradually.
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1. Introduction

Aluminum–silicon alloys are used widely in many industries
like automotive and aerospace due to their satisfactory wear
resistance and mechanical properties as well as excellent
castability (Ref 1-5). They are good choice for internal
combustion engine components such as piston, cylinder block,
manifold, valve, and connecting rod. However, the wear
resistance and mechanical properties of these alloys are limited
due to various defects such as porosity, dendritic structure, non-
uniformly distributed coarse, and acicular Si particles (Ref 6-
10).

For solving this issue, some methods like heat treatment,
modifier treatment, and stirring solidification have been
developed to refine and enhance microstructure of Al-Si cast
alloy (Ref 11). However, none of these methods can
uniformly redistribute the Si particles throughout the metal
matrix and eliminate defects such as porosity and accordingly
cannot enhance the strength and especially ductility of Al-Si
alloy (Ref 12). FSP can be used as an effective modification
technique for microstructural refinement and a result improv-
ing the wear resistance and mechanical properties of these
alloys (Ref 3).

FSP has been invented for microstructural modification and
improving the mechanical and wear properties of materials

based on friction stir welding (FSW) which has been used to
weld different Al (Ref 13), Mg, and Cu alloys (Ref 14, 15),
some of which are classified as practically unweldable alloys in
use of conventional welding methods (Ref 16-18).

Several methods have been employed to fabricate of
surface composites such as ion implantation methods (Ref
19), plasma spraying methods (Ref 20), micro-arc oxidation
methods (Ref 21), and laser cladding methods (Ref 22).
However, the laser cladding technology involves liquid-phase
processing at high temperatures, which may result in an
interfacial reaction between the metal matrix and reinforcing
particles (Ref 23). Additionally, in order to achieve an
appropriate microstructure, the precise control of processing
parameters is needed. On the other side, spraying or micro-
arc oxidation techniques for the surface composite fabrication
reveal an obvious stratification between the surface layer and
the base metal, leading to a weakness in the interfacial
bonding strength (Ref 23). The surface composite layer
produced by the ion implantation method is only in the scale
of a few hundred nanometers. FSP has demonstrated its
potential in fabrication of different and widely used surface
composites with little or no interfacial reaction with the
reinforcements (Ref 24). This process also produces a
thermo-mechanically refined microstructure that have superior
properties including a dense solid without porosity, uniform
dispersion of reinforcing particles in the metal matrix, and
strong bonding between reinforcing particles and matrix
compared to conventional methods. These advantages have
been especially used for surface composites fabrication in
order to homogenize the microstructure of reinforcing
particles deposited on the surface of a base alloy. Although
FSP has several advantages for composite fabrication, some
issues have limited this method. First of all, FSP is a surface
composite fabrication method and it is hard to use this
method for fabrication of bulk composites. Moreover, for
FSP some preprocessing operations including groove machin-
ing, particles embedding, and surface closing are needed that
make this method time-consuming. FSP has the potential to
be used where the enhanced properties of such microstruc-
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tures are only required in localized regions, for example, on
the cutting edges of blades or the contact surfaces of ring
bearing races.

Until now, FSP has been used to fabricated the composites
with different types of reinforcing particles including SiC (Ref
10, 23), TiC (Ref 24), Al2O3 (Ref 25), CNT (Ref 26-28), TiO2

(Ref 29) and B4C (Ref 30). Shojaeefard et al. (Ref 25)
fabricated boron carbide/aluminum composites on an alu-
minum–silicon cast alloy using FSP. They showed that the
hardness and wear resistance of the composite significantly
improved compared with base alloy. Asadi et al. (Ref 24) added
SiC nanoparticles to as-cast AZ91 magnesium alloy and
produced AZ91/SiC surface nanocomposite layer. Although a
numerous works have been done on this subject, investigation
of the effect of reinforcing particles type on the mechanical
properties and wear resistance of A356 matrix composites is of
great interest to be considered. Most of previous works has only
considered the effect of one or two reinforcement on properties
of fabricated composites. In this investigation, several com-
posites reinforced by different types of reinforcing particles
were produced in order to select the best reinforcing particles
with the aim of improving the hardness and wear resistance of
the A356 aluminum alloy.

In this study, the material flow during FSP is numerically
modeled using a thermo-mechanically coupled rigid viscoplas-
tic 3D FEM (Ref 18, 26-31). Recently, some researchers have
attempted to develop numerical model for material flow during
FSW/FSP. Marzban et al. (Ref 27) studied the effect of pin
profile on material flow and strain distributions during friction
stir welding of AA5083. They concluded that only the material
in the advancing side entered inside the SZ when tool with
cylindrical pin profile was used, while for the square pin profile,
both advancing and retreating sides entered the SZ. Shojaeefard
et al. (Ref 31) used 3D FEM analysis to investigate the effect of
tool rotational and traverse speeds on peak temperature and
welding force.

In this study, in order to improve the wear resistance of Al-
Si alloy, different types of reinforcing particles such as SiC,
TiC, ZrO2, and B4C were used to produce matrix composites by
friction stir processing method. SEM investigation was per-
formed in order to investigate the particles distribution in
different regions of the FSP parts as well as bonding quality
between particles and metal matrix. Hardness and wear tests
were carried out to determine mechanical and wear properties
of the composites. The pin-on-disk wear tests were performed
at room temperature, with the normal applied loads of 5, 10,
and 20 N and sliding speeds of 1 and 2 m/s.

2. Experimental Method

Fabrication of composites was performed on A356 alloy,
containing 7% Si, 0.31% Fe, 0.10% Mn, 0.35% Mg, 0.1% Zn,
and balance Al. In order to study the effect of reinforcing
particles type on wear resistance of the composites, various
particulate reinforcements including ZrO2, SiC, B4C, and TiC
were used (Ref 25, 32, 33). The specifications of reinforce-
ments are summarized in Table 1. The average volume fraction
of particles in the composites was 12%.

For composite fabrication, first, a groove was machined in
the surface of an aluminum plate. Then, different reinforcing
particles were embedded into the groove. After that, a pin-less

tool was utilized to seal the groove surface in order to prevent
the particles escapement during the FSP. Finally, the plate was
processed by FSP for four passes along the groove.

In this study, FSP tool with threaded pin profiles was used to
fabricate the composites. Based on author pervious works,
threaded pin profile can uniformly distribute particles at SZ in
comparison with other pin profiles. FSP pin and shoulder
diameters are 6 and 18 mm, respectively. In all experiments, the
composites were produced at constant tool tilt angle and
penetration depth of 3� and 3.5 mm, respectively.

The microstructure of FSPed specimens was investigated by
a metallurgical microscope and SEM.

The specimens were mechanically polished and etched with
Keller�s reagent according to the standard metallographic
procedures. The micro-hardness tests were carried out at the
stir zone (SZ) with normal load and dwell time of 200 g and
15 s, respectively. For each composite the hardness of 5 points
was measured and their average value was reported.

A four-channeled thermometer with the accuracy of
±0.1 �C was employed to record temperature history for
special points during the FSP. A K-type thermocouple was
embedded at 15-mm distance from the center line in order to
measure temperature.

To obtain the axial force history over the process usually in
order to validate FEM model, a specially designed load
measuring system was used (Fig. 1). This dynamometer
benefits from two bending load cells for measuring axial force
with an accuracy of 1.2 kg at sampling rate of 10 samples per
second. The signal was interfaced with a PC through various
signal conditioning devices, and the results were saved as an
excel spread sheet using a MATLAB program.

To study the wear resistance of the composites, wear tests
were performed on an IUST@WS116 pin-on-disk tribometer
produced by IUST research group (Ref 34). The pin specimens
with diameter of 6 mm were cut from the surface of the
composites. The wear tests were conducted against a counter-
part disk made of 2080 steel alloy with hardness of 60 HRC
and surface roughness of about 0.5 lm. The wear tests were
carried out under different normal loads of 5, 10, and 20 N and
different sliding speeds of 1 and 2 m/s. Moreover, all wear tests
were done at room temperature.

3. Numerical Model of Friction Stir Processing

In order to simulate the material flow during FSP, Deform-
3DTM software was employed due to its good capability in
modeling severe plastic deformation (SPD) processes (Ref 1,
35). The workpiece was considered as rigid viscoplastic, while
the tool as rigid material.

Friction between FSP tool and workpiece was modeled via
the constant shear friction model of f ¼ mk (Ref 35, 36). In this
equation f represents the frictional stress, k is the shear yield
stress, and m is the friction factor. Comparison between
temperature history derived from the simulation and experi-
mental results shows a good agreement between the experi-
mental and predicted data (Fig. 2).

A non-uniform meshing with automatic remeshing for the
tool and workpiece was used in about 20,000 and 90,000
tetrahedral elements, respectively. The finer elements in the
mean size of 0.5 mm were placed under the tool pin. The
workpiece and the tool models are shown in Fig. 3. More
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details on FEM model can be found in our pervious works
(Ref 18, 24, 26-28, 30, 31, 37).

4. Results and Discussion

In the present study, the effects of different reinforcing
particles on the microstructure, hardness, and wear resistance of
surface composite layers produced by FSP are examined.
Besides the material properties, the material flow occurred
during the process is investigated as well. The results of

different examinations are reported and discussed in the
following sections.

4.1 Microstructural Results and Particles Distribution

The microstructures of A356 base alloy are shown in
Fig. 4(d), where the existence of coarse needle-like Si particles
in the base metal can be observed obviously. Also, distribution
of the Si particles overall the Al matrix is not uniform. The
mean size of Si particles in the base alloy is about 10.04 lm,
with the mean aspect ratio of 4.67. These large hard compo-
nents with very high aspect ratio and sharp ends lead to the
brittle behavior of the alloy. FSP, as a microstructural
modifying process, has demonstrated its capability in refining
different hard components such as dendrites (Ref 25) and
intermetallics (Ref 34) in the microstructures of alloys.
Figure 4(b) shows the microstructures for different zones of
the FSPed specimen without the reinforcing particles. Two
distinct zones have been identified: stirred zone (nugget) and
thermo-mechanically affected zone (TMAZ). In this study, the
heat-affected zone (HAZ) microstructure was found very
similar to that of the BM. The coarse needle-like silicon
particles are broken up and uniformly distributed in the SZ as a
result of stirring action of the rotating tool and derived severe
plastic deformation (Fig. 4c). Elimination of the large and
sharp-ended Si components will weaken the frangibility of
A356 Alloy. The mean size and aspect ratio of Si components
are dropped down to about 1 lm and 1.5, respectively.

Figure 4(c) illustrates the distinct microstructure at the
boundary throughout the transition zone between the SZ and
the BM where Si particles are bigger than that of in the SZ and
smaller than Si particles at BM. This transition zone can be
related to the thermo-mechanically affected zone (Fig. 4e). The
common feature of this region is elongated or rotated grains,
and recrystallization does not happen in this area because of
inadequate heat and plastic deformation. Moreover, at this
region, Si particles were dispersed in an upward flowing pattern
around the SZ. From Fig. 4(e), it can be understood that
materials at TMAZ experienced lower temperature and strain
compare with the SZ resulted in generation bigger Si particles.
The peak strain at TMAZ is about 14, significantly lower than
that at SZ which is 50 as shown in Fig. 4(a).

Microstructure and material flow of different sides of SZ,
namely advancing and retreating sides, are shown in Fig. 5(c),
(d). In order to investigate material flow at both sides, some
points were marked at AS an RS as shown in Fig. 5(a). Points
P1 to P6 and P7 to P12 are placed in steps of 0.4 mm from the
tool pin at the retreating and advancing sides, respectively.
From this figure, it can be concluded that points placed at the
advancing side, rotated with the tool pin from the front to the
back of the pin, and finally placed at the advancing side again.
As a result, materials with maximum distances of 1.6 mm
(points P7–P10) from the pin enter to the SZ. This material flow
characteristic at AS is the main reason for broadening the SZ at

Fig. 1 FSW fixture with mounted force measuring system

Fig. 2 Temperature history obtained from the FEM and experimen-
tal results

Table 1 Specifications of different reinforcements

Density, g cm23 Thermal expansion, 10–6/�C Thermal expansion difference Hardness, kg mm22 References

ZrO2 6 10.3 11.9 1300 Ref 29
B4C 2.52 5 17.2 2800 Ref 22
TiC 6 7.4 14.8 3200 Ref 30
SiC 3.16 4 18.2 2800 Ref 30
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Fig. 3 Schematic illustration of tool and workpiece in the finite element model

Fig. 4 Microstructures observed for different zones in the FSPed specimen
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the AS, as shown in Fig. 5(c). Displacement of points P11–P12
is much less than the displacement of points P7–P10, and it can
be concluded that these points are belonged to the TMAZ. At
RS, the materials (i.e., points P1–P6) do not revolve with tool
pin and only move in backward direction. Similar observation
was also reported by Marzban et al. (2014) that materials at
retreating side do not revolve around the pin and enter into the
stir zone. Consequently, it can be concluded that the advancing
side experiences more shearing of material than the retreating
side.

Figure 5(b) illustrates the effective strain contours on the
cross section of the FSP samples. It can be seen that materials at
the AS experience higher amount of effective strain than at the
RS. As discussed before, the amount of material shearing at the
AS is higher than that at the RS. Therefore, higher effective
strain is expected at the AS. The effective strain in the cross
section decreases by moving from the top surface toward the
bottom surface. Therefore, the material deformation near the
top surface is higher than the near bottom area which results in
a conic shape for the SZ.

Microstructures of advancing and retreating sides are shown
in Fig. 5(d), (f). As shown from this figure, Si particles at AS
are smaller than that in RS. This may be due to higher amount
of strains at AS (as stated before) that results in more disruption
of Si particles. Moreover, the TMAZ area at AS is wider than
that at RS. As shown in Fig. 5(e), the area where materials

experience effective strain is broaden at the AS leading to the
increased SZ and TMAZ areas at this side.

4.2 SEM Investigation of the Composites

Obtaining homogenous distribution of reinforcing particles
in the composites is challengeable. Agglomeration of particles
is a major problem in composite production as it worsens the
mechanical properties of composites (Ref 38). To investigate
the particles distribution in different regions of the SZ, the SEM
images of the composite reinforced by B4C are shown in
Fig. 6(b), (c), and (d). Four distinct zones have been identified:
AS, RS, shoulder-driven, and pin-driven material flow zones
(Fig. 6b). As shown in Fig. 6(c) and (d), the particles
distribution at AS and RS is the same and no difference can
be observed. This may be due to the fact that in this study the
tool rotational direction was changed between each pass
leading to change in the flow pattern of the material which
improves the particles distribution. By changing the tool
rotational direction, AS and RS locations changed together in
the tandem passes (Ref 24). As a result, reversing the rotational
direction reduces the differences between the AS and RS
structures and particle distribution patterns.

Moreover, rich band at the root of pin-driven zone shows
that the percentages of reinforcing particles at shoulder-driven
and pin-driven zones are different (Fig. 6b). Such a variation
from shoulder-driven zone to pin-driven zone can be related to

Fig. 5 Comparison between the microstructural and material flow at different side of SZ
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Fig. 6 Cross section of the FSPed sample in the (a) simulation model and (b) real sample. Particle distribution in the (c) RS and (d) AS zone.
(e) Material flow pattern in the SZ
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different material flow patterns as well as different temperature
histories between shoulder-driven and pin-driven zones. In
order to further investigation particles dispersion pattern in the
metal matrix, material flow generated by circular pin profile
during FSP was considered using a simulation model by
locating some points inside the SZ to trace the material
movements (Fig. 6e).

Figure 6(e) illustrates the material flow during FSP at the
points near to the center of workpiece. The points are located
along and around the center line very like to the position of the
reinforcing particles inserted in the path of tool traveling line, to
investigate the particle movement over the FSP and find the
final powder distribution pattern after FSP. As it could be
observed, the bottom points revolve from the front to the back
of the pin, but their position at the center of SZ remains almost
constant. However, the points near to the top surface rotate with
the pin around the tool axis first to the retreating side and finally
toward the advancing side. It can be concluded that by
decreasing the distance from the top surface, the stretching of
the material toward AS increases. The material modeling
revealed that two material flow patterns (namely shoulder-
driven flow and pin-driven flow) exist over the FSP. The more
material flow at the top surface occurs dominantly due to the
influence of the tool shoulder. The maximum material flow was
observed in this region, and by increasing the distance from the
top surface, a drastic reduction in the material flow was found.
As stated before, the percentage of particles at pin-driven zone,
especially at pin root, is higher than shoulder-driven zone. This
is related to weak material flow at SZ root resulting in a non-
uniform distribution and agglomeration of particles in this area.

For further investigation of the particles distribution at
different FSP zones, quantitative metallography was done using
Image Analyzer software and the results are summarized in
Table 2. In the table, the presence of particles in the composite
layer is reported in percent of particles per lm2. As can be
concluded, the difference in reinforcing particles percentages at
the advancing and retreating sides is only about 1 percent
showing a uniform particle distribution in these areas. More-
over, as shown from this table the percentage of reinforcing
particles at SZ root is higher than that for other zones due to
weak material flow in this zone. However, this difference is
only about 3% that can represent a good distribution at whole
FSP zones.

Moreover, in order to show the effectiveness of FSP method
in distribution of reinforcing particles in metal matrix, it is
interesting to compare the particles distribution in composites
fabricated by FSP with those of the composites fabricated
through other methods.

Mazaheri et al. (Ref 39) fabricated A356 matrix composites
reinforced with different volume fractions of B4C particles via

squeeze casting method. They reported that due to the casting
process, the reinforcing particles were dispersed between the
dendrite branches and were frequently clustered together
leaving the dendrite branches as particle-free regions in the
material and as a result distribution of the B4C particles was
obviously not uniform. However, in this study as the dendritic
microstructure was annihilated due to sever plastic deformation,
the reinforcing particles were distributed at whole metal matrix.
Moreover, in another research that was done by Sajjadi et al.
(Ref 40), the composites (A356/Al2O3) with different weight
percentages of reinforcing particles were produced by two
melting methods, namely stir casting and compo-casting. They
reported that reinforcing particles have a tendency to segregate
and cluster at inter-dendritic regions which are surrounded by
eutectic silicon, and particles agglomeration was observed in Al
matrix. Carvalho et al. (Ref 41) produced Al-Si/CNT compos-
ites by hot pressing powder metallurgy technique. They
reported that reinforcing agglomeration existed in the fabricated
composites. Izadi et al. (Ref 42) applied FSP to modify the
microstructure of Al/SiC composites fabricated by powder
metallurgy. They reported that FSP could improve the SiC
particles dispersion in the composite. Generally, it can be
mentioned that the FSP can uniformly disperse reinforcing
particles in the metal matrix due to the severe plastic
deformation accompanied by high temperatures over the
process (Ref 25, 43).

To study the particles distribution and bonding in the
aluminum metal matrix, the SEM images of the composites
fabricated by different particles are illustrated in Fig. 7.

One of the most important factors that affect composites
properties is strength of bonding between the metal matrix and the
reinforcing particles. Strengthening by the reinforcing particles in
the composites is severely relying on the strength of the bond
between the reinforcement and the metal matrix. As shown in
Fig. 7, the reinforcing particles are distributed uniformly in the
metalmatrix.Moreover, nomicro-voids can be clearly observed at
the interface between B4C-, TiC-, and ZrO2-reinforcing particles
and the aluminum metal matrix. As a result, a proper reinforc-
ing/matrix bonds are obtained for these composites.

On the other hand, it is demonstrated that the micro-voids
are existed around the SiC particle which can be as a result of
the poor wettability of the SiC particles in the aluminum matrix
(Fig. 7d).

4.3 Hardness in the Cross Section of Surface Composites

The average hardness of the composites produced by
different types of particles is shown in Fig. 8. As can be
understood from this figure, hardness of all composites is
increased significantly compared with that of the base alloy.

Table 2 Particles percentage at different FSP zones

FSP zone Phase Particles percent, % per lm2

Advancing side Reinforcing particles phase 9.87
Retained phase 90.12861

Retreating side Reinforcing particles phase 8.89
Retained phase 91.10943

Pin root Reinforcing particles phase 13.36
Retained phase 86.64176

Shoulder-driven area Reinforcing particles phase 9.45
Retained phase 90.55
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Fig. 7 SEM micrographs from the A356 Al based composites fabricated with different reinforcements of (a) TiC, (b) ZrO2, (c) B4C, and (d)
SiC
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However, the effect of different reinforcing particles in raising
the composite hardness is different. Using TiC as reinforcing
particles resulted in achieving the highest hardness value in
comparison with using other reinforcing particles. TiC-rein-
forced composite, with the hardness of 150 HV, exhibits rather
high hardness in comparison with other composites fabricated
in this study. Based on previous studies (Ref 32), difference in
hardness value of different composites fabricated in a same
matrix but by different reinforcements may be related to several
factors such as reinforcement hardness, thermal expansion
difference between matrix and reinforcing particles, as well as
matrix/reinforcement bonding quality.

Thermal expansion coefficient difference between the matrix
and the reinforcing particles is one since generating dislocations
during the heating/cooling over the process affects the strength
and hardness of the composites (Ref 44). Considering this
factor (as shown in Table 2), it was expected the hardness value

of the composites reinforced by SiC would be maximum.
However, its hardness is just higher than the ZrO2-reinforced
composite, and other factors may be affected more severely the
hardness value of composites.

The other factor is bonding strength in the matrix/reinforce-
ment interface as discussed before. The poor bonding between
SiC particles and Al matrix is a major factor lowering the
composite hardness (Fig. 7d).

Considering the TiC- and B4C-reinforced composites, although
the thermal expansion coefficient difference between B4C and the
metal matrix is higher than that for TiC, and both the TiC and B4C
have good bonding with the metal matrix, the hardness of TiC-
reinforced composite is higher. This may be resulted from the
higher hardness of TiC reinforcement itself (Table 1).

The Al/ZrO2 composite has the lowest hardness as com-
pared with the other composites, while ZrO2 has a well bonding
with the metal matrix (Fig. 7b). Indeed, ZrO2 involves the
lowest amount for both the hardness and the thermal expansion
difference among the reinforcing particles used in this study.
This leads to having the lowest composite hardness.

4.4 Wear and Friction Performance of Fabricated
Composites

Since the hardness values of different composites produced
by addition of several reinforcements are different, it is
expected that the wear resistance of composites will be
different as well. In the following subsections, effects of
reinforcing particles type, normal load, and sliding speed on
wear properties of fabricated composites are considered.

4.4.1 Influence of Reinforcing Particles Type on Wear
and Friction Performance. The wear and friction properties
of composites reinforced via different types of particles are
shown in Fig. 9. All composites show better wear properties in

Fig. 8 Average micro-hardness value for the composites produced
with different particle reinforcements

Fig. 9 Wear and friction properties of composites at sliding speed of (a) 1 m/s and (b) 2 m/s
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comparison with A356 base alloy. Generally, particles act as
load bearing components because of their high hardness value
and lead to significantly reduction in the contact area between
the composites and counterpart disk leading to an increase in
wear resistance of the composites (Ref 45, 46). Moreover, the
wear loss weight of different composites shows a similar trend
with the hardness of the composites. The composite reinforced
by TiC and ZrO2 particles exhibited the highest and the lowest
wear resistances among the fabricated composites. According
to the Archard equation, an increase in the hardness value of the
composites leads to an improvement in the wear resistance of
the composites (Ref 46, 47).

Figure 9 illustrates the variation of the friction coefficient
for composite reinforced with different reinforcing particles at
different applied loads and sliding velocities. At lower sliding
speed, the composite reinforced with SiC particles has the
lowest average friction coefficient. This may be due to the poor
bonding between the particles and the metal matrix that leads to
easily removal of the reinforcement particles during test (Ref
32).

4.4.2 Influence of Normal Load and Sliding Speed on
Wear and Friction Performance. To elucidate the combined
effect of normal loads and sliding velocity on wear resistance of
different composites, maps showing variation of wear loss
weight and friction coefficient with respect to both these
parameters are illustrated in Fig. 10 and 11. These maps
obviously demarcate different regions with varying friction
coefficient and wear mass loss. As shown in the figures with the
normal load increasing, the wear mass loss of all composites
increased gradually. At the higher applied load, the composites
are forced against the disk leading to temperature increase at the
interface and consequently destroying the transfer film at a
faster rate (Ref 48). So new transfer films are formed at faster
rate enhancing the wear of the lining. These findings are in
agreement with Archard equation of wear that states the wear is
low at lower value of applied loads and increases with load at a
constant ratio.

Moreover, in most cases the increase in the applied load
leads to rise in friction. The friction coefficient is observed as a
higher amount at higher applied loads, because at lower applied

Fig. 10 Contour plot showing the wear mass loss of composites reinforced with (a) B4C, (b) ZrO2, (c) SiC, and (d) TiC
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loads, the transfer film is more stable and temperature rise is
also low, whereas at higher loads the transfer film is destroyed
at faster rate.

Moreover, Al-Si alloy easily is oxidized when is exposed to
the air in the initial duration of wear test. An increase in the
applied load results in an increased wear and a loss of the metal
as stated before. The initial rubbing duration breaks the surface
layers, which cleans and smoothens the surfaces and increases
the strength of the connections and contact between the
surfaces. The friction force due to the tillage effect between the
surfaces increases the temperature at the interface. This effect
results in adhesion and increases the deformation at the surface
layers, leading to further increase in friction.

Moreover, it is interesting to compare the wear properties of
the composites fabricated by FSP with those of the composites
fabricated through other methods. Alpas and Zhang (Ref 49)
investigated the effect of SiC particulate reinforcement on the
dry sliding wear of A356 composites produced by the Dural
process. They measured wear rates of the composites over a

various loads range. They concluded that an increase in amount
of applied load leads to an increase in wear rate of the
composite, and that is in line with results of this study.
However, they reported that at a low applied load (<10 N) the
composite exhibited a lower wear rate than the unreinforced
alloy and at �medium� load levels between 10 and 95 N, and
both the unreinforced alloy and the alloys incorporating SiC
particles exhibited similar wear behavior. Uthayakumar et al.
(Ref 50) investigated wear properties of A356 unreinforced
alloy as well as composites with different vol.% of boron
carbide particles. They evaluated that the wear properties of the
hybrid composites were over a load ranges of 20-100 N, at the
sliding velocities from 1 to 5 m/s. They reported that aluminum
pin is showing the continuously increasing trend of wear with
increasing normal load due to direct metal to metal contact.

It can be understood from Fig. 10 that maximum mass loss
occurs at the highest velocity and it decreases with the decrease
in the sliding velocity for all composites. It can be due to this
fact that by increasing the sliding velocity of counterpart disk,

Fig. 11 Contour plot showing the friction coefficient of composites reinforced with (a) B4C, (b) ZrO2, (c) SiC, and (d) TiC
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temperature of the specimen increases resulting in adhesion and
increase in the deformation at the interface. Natarajan et al. (Ref
51) investigated wear behavior of A356/25SiCp aluminum
matrix composites produced by stir casting. They observed
similar trend when they studied the effect of sliding speed on
wear properties of material.

Additionally, as shown in Fig. 12, the friction coefficient of
all composites decreased by increasing sliding speed, and this is
just contrary to the wear. This may be due to the fact that at
higher velocity, the formation or destruction of the transfer film
is fast which results in the reduced friction coefficient.

Figure 12 illustrates the SEM micrographs of the worn
surface of the composites reinforced by different particles type.
For the Al/SiC and Al/ZrO2, many parallel grooves and
delamination were found which illustrates that both delamina-
tion and abrasive mechanisms are the dominant wear mecha-
nisms. Additionally, the pits are predominantly existed in the
wear track of the composite reinforced by SiC because of
reinforcing particles removal. The plowed grooves in the worn
surface of the Al/TiC and Al/B4C composites reveal that the
abrasive wear component is taken place. Presence of the hard
reinforcing particles and high quality of the particles/matrix
bonding in the composites reinforced with TiC and B4C

particles prevented the adhesive wearing and drastic material
removal. Moreover, the wear specimen surface of the compos-
ite fabricated by TiC is smoother than that for the Al-B4C
composite verifying the higher wear resistance of the Al/TiC
composite.

5. Conclusion

In this study in order to improve the wear resistance of Al-Si
alloys, different types of reinforcing particles such as SiC, TiC,
ZrO2, and B4C were used to produce matrix composites by
friction stir processing method. First, microstructural properties
of different areas inside the stir zone (SZ) of FSPed specimens
such as advancing side (AS), retreating side (RS), shoulder-
affected area, and pin-affected area were investigated. SEM
investigation was performed to consider the particles distribu-
tion in different areas of the FSPed specimens as well as
bonding quality between particles and composite matrix. The
pin-on-disk wear tests were performed with several normal
loads and sliding speeds. In summary, the following conclu-
sions were reached:

Fig. 12 SEM micrograph of the worn surface in the composite reinforced with (a) ZrO2, (b) SiC, (c) B4C, and (d) TiC
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• Based on Si particles size, three distinct zones can be
identified: stirred zone (nugget), thermo-mechanically af-
fected zone (TMAZ), and base metal (BM).

• Four different SZ subdomains were identified, namely
shoulder-driven zone, pin-driven zone, advancing side,
and retreating side.

• Difference in hardness value of composites fabricated by
different reinforcements is attributed to several factors
including hardness, particles size, and thermal expansion
of reinforcements and bonding quality in reinforce-
ment/matrix interface.

• As the normal load increases, the wear mass loss of all
composites increases.

• The friction coefficient is observed as a higher amount at
higher applied loads.

• The maximum mass loss occurs at the highest velocity,
and it decreases with the decrease in the sliding velocity
for all composites.

• The percentage of reinforcing particles at SZ root is high-
er than that for other zones due to weak material flow in
this zone.

• Maximum hardness was obtained in the Al/TiC composite
(about 150 HV) because of the excellent bonding between
TiC reinforcing particles and metal matrix as well as high-
er hardness value of reinforcement itself compared with
the other reinforcements.
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