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a b s t r a c t

Current work reports on the development of A357 alloy composite which is reinforced with dual size SiC
particles by stir casting route. Influence of different weight fractions (3% coarseþ 3% fine, 4% coarse þ 2%
fine, and 2% coarse þ 4% fine) of dual size SiC particles on mechanical properties and wear resistance of
A357 composites is the focus of this work. Hardness and tensile properties were studied for dual size
composites and then were compared with A357 alloy. Microstructural study, fractured surface and worn
surface investigation were carried out using optical and scanning electron microscopes respectively.
Microstructural analysis showed fairly uniform dispersion of dual size SiC particles in A357 matrix with
good interfacial bonding. Compared to A357 alloy, the composites showed improvement in hardness,
yield, and tensile strength. In particular, composite with 4 wt. % of fine and 2 wt. % of large SiC particles
displayed the highest tensile strength while composite with 4 wt. % of large and 2 wt. % of fine SiC
particles exhibited high hardness and wear resistance among A357 alloy and dual particle size com-
posites. The strengthening mechanisms that contributed to improvement in strength values were
effective load transfer and dislocation strengthening due to thermal mismatch.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In the past few decades, there has been a lot of research devoted
to the development of low cost and lightweight metal matrix
composites. In this regard, aluminium and its alloys having low
density were being used as matrix materials with several carbon
and ceramic particulates as reinforcement materials for various
applications pertaining to automotive, aerospace and construction
industries [1e5]. In particular, Al-Si based A357 alloy possesses
excellent castability, weldability, good mechanical properties, and
corrosion resistance. Due to these characteristics, this alloy is the
prime candidate material for automotive and aeronautical com-
ponents [6]. Most of the components are fabricated by the casting
process, and the resulting as-cast microstructure decides the
physical and mechanical properties. Carbon and ceramic-based
ntha).
reinforcements are used to improve the mechanical, tribological
and physical properties of A357 alloys. The reinforcements like
graphite fiber (P-55) [7], carbon fiber bundles (K139) [8] and SiC
particles [9,10] were used to reinforce A357 aluminium alloy.
Especially SiC is the most commonly used reinforcement for A357
aluminum alloy compared to others. Bloyce and Summers [9] re-
ported the static and dynamic properties of A357-SiC composites
fabricated by squeeze-casting technique. Along with a homogenous
microstructure, significant improvements in both the tensile
strength and elongation were observed. The outcome of this is
already seen in the development of brake drums, cylinder heads,
connecting rods and engine blocks. Aluminium reinforced with
Al2O3 and SiC was used to fabricate automotive components like
valve spring retainers and fuel pump pushrods [11]. The developed
composite was found to be stiffer and 30% lighter than 4130 steel.
The benefits from these properties were higher engine rpm's,
improved damping characteristics and increased horsepower. For
thermal management applications, aluminium reinforced with
carbon fiber, SiC and diamond are quite popular, as they possess
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high thermal conductivity and tailorable thermal expansion coef-
ficient. With the usage of such composites, it was observed that the
heat dissipation was quite effective and had minimum thermal
stresses necessary for component performance and life cycle [12].
The latestmodification done to themetal matrix composite is usage
of dual particle size reinforcements for better wear resistance and
tailoring the coefficient of thermal expansion according to the re-
quirements. The idea behind using dual size reinforcements is that,
coarse size reinforcement helps in improving the hardness, fracture
toughness and wear resistance, while the finer size reinforcement
helps in improving mechanical properties like tensile strength and
ductility [13e15]. Bindumadhavan et al. [16] studied the effect of
dual particle size on mechanical and wear properties of Al-Si-Mg
composites and compared the same with single particle rein-
forced composite. The average particle size of SiC used for dual
particles size composite were 47 and 120 mm. Compared to single
particle size, dual particle size composite exhibited better wear
resistance and impact energy. Wang et al. [17] studied the micro-
structure and thermo-mechanical properties of dual particle size
SiC reinforced A356 composites prepared by pressure less infiltra-
tion. The microstructures showed clear edges of SiC indicating
absence of any particle damage due to the process. Further, the
absence of pores showed good bonding mechanism. The bending
strength of composites was found to increase with decrease in
particle size while thermal conductivity dropped due to interfacial
heat barrier and presence of Fe impurities. Kumar et al. [18] studied
the effect of coarse (106e125 mm) and fine (20e32 mm) zircon
particles on wear behavior of LM13 composites. The stir cast
composites were subjected to wear test by keeping sliding distance
and velocity constant while the load was varied. The composite
with 3% fine and 12% coarse zircon showed less wear resistance
than that of composite with 3% coarse and 12% fine zircon particles.
This was attributed to shielding of fine zircon particles and wear
resistance offered by coarse ones during wear test. On the other
hand, Montoya-D�avila et al. [19] in their work studied the hardness
and fracture toughness of Al-SiC composites with three different
particle sizes (10, 68 and 140 mm) that were prepared using infil-
tration process. All the properties showed significant improvement
with increase in size distribution. The increase in the fracture
toughness was mainly attributed to better bonding between Al and
SiC leading to effective load transfer.

Literature reviewed above suggests that strength and wear
resistance of aluminium and its alloys can be increased by using
dual particle size reinforcement in proper proportion. The effect of
dual particles size on the mechanical and wear behavior of the
composites is not yet studied systematically. Notably, the question
of what ratio of coarse and fine size particles is optimal to improve
the mechanical and tribological properties of the composites has
not yet been addressed. To this end, the focus of the present work is
to investigate the effect of the addition of SiC with two different
particle sizes (140± 10 mm and 30± 5 mm) on the mechanical and
tribological properties of an A357 alloy matrix.
2. Experimental procedures

2.1. Materials

A357 alloy was selected as the matrix material due to its
Table 1
Chemical composition of A357.

Elements Si Mg Fe Cu

Wt. % 7.398 0.540 0.086 0.017
industrial importance. The chemical composition of as-cast A357
alloy is given in Table 1. Silicon carbide with two different particle
sizes of 140 ± 10 mm (coarse) and 30± 5 mm (fine) was used as a
reinforcement material.

2.2. Composite fabrication

The melt-stirring assisted permanent mold die casting tech-
nique was adopted to fabricate the A357 alloy DPS composites. A
novel two-step mixing technique, right selection of stirrer speed,
particle preheating, and degassing using Hexachloroethane tablets
(C2Cl6) have helped to overcome the limitation in achieving uni-
form dispersion of ceramic particles [20e25]. The A357 alloy in the
form of ingot was initially placed inside a crucible made up of
graphite and superheated to 800 �C in a resistance-heated furnace
(230 V, 2 kW Power). To minimize casting defects such as voids,
porosity and blow holes formed, the molten metal was degassed
using commercially available Hexachloroethane tablets (C2Cl6). The
SiC particles of both sizes ((140± 10 mm (L) and 30 ± 5 mm (S))) were
preheated to 1100 �C for 2 h to removemoisture, residues and loose
scales. The molten metal was stirred using a motorized stirrer
operated at 550e600 rpm to create a vortex. In order to avoid any
contamination, the mechanical stirrer made up of chromium steel
blades was coated with zirconium. The total weight percentage of
coarse and fine SiC particles is kept at 6wt. % in all the composites
considered in this work. These particles are introduced to the melt
vortex at a rate of 15e20 g/minute using a funnel. The stirring was
continued for about 15min at a low speed of 300 rpm to ensure
proper dispersion of SiC particles. The composite melt was finally
poured into a pre-heated cast iron mold by maintaining a pouring
temperature of 730 �C and then allowed to solidify at ambient
temperature. The experimental set up of stir casting and its process
details are given in Fig. 1 and Table 2 respectively.

Three different composites with varying SiC percentages
namely, DPS1 (3% Large SiCpþ 3% Small SiCp), DPS2 (4% Large
SiCpþ 2% Small SiCp) and DPS3 (2% Large SiCpþ 4% Small SiCp)
were fabricated to arrive at optimum combination of particle size
and content. A357 alloy without any reinforcement was also cast
for comparison purposes. The reinforcement combination dual
particle size composites are given in Table 3.

2.3. Metallographic studies

The specimens were prepared as per standard metallurgical
procedures for microstructure analysis. The samples were etched
with Keller's reagent. The highly polished surfaces were observed
under Optical microscope (Model: Nikon LV150). The fractured
surfaces after tensile testing, wear surface morphology after wear
testing of A357 alloy and its composites were studied using a
scanning electron microscope (Model: TESCAN Vega 3 LMU) with
an EDS attachment.

2.4. Vickers hardness test

The hardness test was carried out using a Micro Cum Macro-
Vickers hardness testing machine (Model: VH1150) as per ASTM
E384 standards. A Vickers hardness tester having a standard rect-
angular pyramid diamond indenter (1360± 0.50) was used to apply
Mn Ti Zinc others Al

0.024 0.177 0.003 0.073 Balance



Table 2
Parameters used in Stir Casting Process.

Pouring Temperature Stirring Duration Stirring Speed Stirrer Position Impeller

730 �C ~15min 550e600 rpm ~2/300 depth from the bottom of crucible Zirconium coated chromium steel, 3 blade fan type

Table 3
Reinforcement combination of DPS Composites.

S/No Composition of Composite Base alloy (%) Amount of Reinforcement Wt. % Coarse Size SiC Particles (140 ± 10 mm) Fine Size SiC Particles (30± 5 mm) Designation

1 100 0 0 0 A357 alloy
2 94 6 3 3 DPS1
3 94 6 4 2 DPS2
4 94 6 2 4 DPS3

Fig. 1. Stir casting Setup (Bottom Pouring Technique).
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a load of 5 kgf for about 10 s.
2.5. Tensile test

Tension test specimens were machined as per ASTM E8M-15a
standards and then were tested at room temperature using a uni-
versal testing machine (Model: TUE-C-400). Tension test was con-
ducted at a strain rate of 0.2mm/s. The strength and ductility values
reported here in were based on an average of five measurements.
2.6. Wear test

Dry sliding friction andwear tests were conducted using Pin-on-
Disc machine (Model TR-20LE, Ducom make) as per ASTM-G99
standards. The specimens were ground to obtain a surface finish
of 0.2± 0.05 mm (Ra). The counterface disc used is made up of En-32
steel disc of 160mm diameter and 8mm thickness with a hardness
value of HRC65. The composition of counterface disc is given in
Table 4.

The test was conducted at ambient room temperature of 26 �C
Table 4
Chemical composition of En-32 steel disc.

Elements C Si Mn S

Wt. % 0.14% 0.18% 0.52% 0.015%
and at a relative humidity condition of 35e40% RH respectively.
Load was varied from 10 N to 30 N at a sliding velocity of 2.5m/sec
and sliding distance of 1500m. For each parameter, an average of 3
measurements are reported.
3. Results and discussion

3.1. Microstructure

Fig. 2 (a) and (b) show optical micrographs of as cast A357 alloy
at low (100X) and high (500X) magnifications respectively. The
micrographs reveal two phases: primary a-Al phase, Al-Si eutectic.
The solid solubility of Si in Al is 1.65wt. % at 577 �C. The solid so-
lution of Al and Si consists of a-Al grains with dendritic grain
structure. Solidification of Al alloy starts with the formation of
primary a-Al phase. The dendritic structure formation is decided by
the type of nucleation, the cooling rate and the undercooling
temperature range. In the present case, solidification is a slow
process. Nucleation preferably starts heterogeneously at Ti nucle-
ants, the mold wall, and SiC particles. When the alloy solidifies, it
P Ni Cr Mo Fe

0.019% 0.13% 0.05% 0.06 Balance



Fig. 2. Optical micrographs of as cast A357 alloy and DPS Composites (a) A357 alloy showing dendritic structure (b) A357 alloy showing interdendritic region (c) DPS1 composite (d)
DPS2 composite (e) DPS3 composite. In Fig. 2(cee), 1 represents Coarse SiCp, 2 represents Fine SiCp, 3 shows clustering of fine SiCp.
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forms the a-Al grain primary dendrites. The growth of primary
dendrites is retarded by the increase of temperature in the solidi-
fication front due to the loss of heat by the cooling, the presence of
the second phase particles and the solidification front of the
neighbor growing grains primary dendrites. At the same time,
undercooling is relatively high in the liquid surrounding the sides
of dendrites. This result in the formation of solid branches in the
primary dendrites called the secondary dendrites. Hence, the so-
lidification of the composites is driven by the formation of primary
and secondary dendritic arms in the liquid. Fig. 2(c) shows optical
micrograph of fairly uniform dispersion of both sizes of SiC particles
in the DPS1 composite. The distribution of SiC particles is almost
homogenous in the DPS1 composite. The particles pin the grain
boundary and restrict the grain growth in the present case in
addition to acting as the nucleating sites during solidification. The
absence of clustering zone in the microstructure implies that the
particle distribution is uniform in the composites. The presence of
dendrites masks the grain boundary in the composites.

Fig. 2 (d) shows optical micrograph of DPS2 composite con-
sisting of 4wt. % of large SiC particles and 2wt. % of fine SiC
particles. The microstructure is dominated by large SiC particles
with very few fine particles around them. The finer SiCp are pushed
at a faster rate during stirring and they are distributed between the
larger particles. The interface between the particle andmatrix alloy
appears to be clean and smooth and hence is the reason for better
mechanical and wear properties. This is because the load transfer
occurs through the interface [26e28].

Fig. 2 (e) shows the optical micrograph of DSP3 compositewhich
consists of 4wt. % fine SiC particles and 2wt. % of large SiC particles.
Although both particles are distributed uniformly, the finer parti-
cles have agglomerated and form a network arrangement. This is
mainly due to pushing of finer SiC particles by solid-liquid interface
during solidification. Overall, the DPS composites show an almost
homogenous distribution of dual size SiC particles in alloy matrix.
Uniform distribution of particles is desired for achieving better
wear behavior and mechanical properties.

Fig. 3 shows EDS of DPS1 composite exactly on SiC particle to
confirm that these are SiC particles and not eutectic silicon. The
purpose behind taking EDS on SiC particle is that in many cases the
presence of reinforcements can cause refinement of eutectic silicon



Fig. 3. EDS spectra taken on DPS1 composite confirming the presence of SiCp.
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along with the microstructure [29]. It was necessary to do EDS to
confirm that the particles seen in SEM micrographs are SiC
particles.
3.2. Vickers hardness

Fig. 4 shows the variation of the hardness of A357 alloy and DPS
composites. Compared to the as-cast alloy, the DPS1, DPS2, and
DPS3 composites showed an increment of 9.42%, 15.13% and 5.83%
increment in hardness respectively. Among the DPS composites,
the DPS2 composite with 4wt. % of large SiC particles and 2wt. % of
fine SiC particles shows slightly higher hardness. This may be due to
the higher amount of large size SiC particles uniformly dispersed in
the matrix compared to smaller size SiC particles as shown in
Fig. 2(d). The higher amount of coarser particles in composites
shields the finer particles; Further, coarser particles help to carry a
more significant portion of the applied load compared to the finer
particles [16].

Compared to the large size particles, the small size particles are
more prone to the particle clustering [30]. Hence, the dispersion of
small size particles is very difficult. The improvement in hardness
values of the DPS composites are attributed to the following factors:
(1) Dispersion of hard ceramic particles (SiC) in a soft ductile matrix
leading to hardening of the matrix, (2) Particle strengthening of the
composites through dislocation density strengthening and plastic
strain constraint effects and (3) grain refinement of the matrix by
SiC particles and primary Si particle refinement [30e36].
Fig. 4. Variation of the hardness of A357 alloy and DPS composites.
3.3. Tensile strength

It can be observed from Fig. 5 that, addition of dual size SiC
particles has enhanced the strength (UTS and YS) of all composites.
The percent increase of tensile strength of DPS1, DPS2, and DPS3
composites are 40.98%, 37.61%, and 45.30% respectively when
compared to the as-cast A357 alloy. Similarly, the percent increase
of the yield strength of DPS1, DPS2, and DPS3 composites is 67.64%,
53.48%, and 76.33% respectively when compared to the as-cast
A357 alloy. Among the DPS composites, the DPS3 composite with
2wt. % of large SiC particles and 4wt. % of fine SiC particles shows
slightly higher tensile and yield strength. This may be due to the
higher amount of fine size particles almost uniformly distributed in
the matrix compared to larger size SiC particles.

The addition of SiC particles helps to refine the primary Si in the
Al-Si alloy by grain refinement through the nucleant site and par-
ticle grain pinning effects. The refinement of primary Si leads to the
short fibrous shape Si in the composites, as seen in Fig. 2(cee). The
refinement of Si particles improves the tensile properties by
restoring the ductility. Also, the fine Si particles improve the
strength by acting as a second phase. The SiC particles improve the
tensile properties by three dominant processes: (1) grain refine-
ment and primary Si particles refinement, (2) load transfer effect
and (3) dislocation strengthening and plastic strain constraint ef-
fects [33,34]. The thermal expansion and elastic modulus mismatch
between thematrix and the particles generates dislocations around
the particles and increases the dislocation density. The increase in
Fig. 5. Variation of tensile strength values of A357 alloy and DPS Composites.
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dislocation density enhances the strength of the composites
(dislocation strengthening). Also, the strain in the matrix is locali-
zied due to the non-deforming SiC particles during the deforma-
tion, which causes strengthening through local plastic constraint
[37]. The hard and stiff SiC particles act as load bearing elements in
the composites and enhance the strength. As explained earlier, the
SiC particles enhance the grain refinement through the nucleation
site and grain boundary pinning effects. The Hall-Pitch relation
explains the strength improvement though the decrease of matrix
grain size [37].

The variation in ductility of A357 alloy and its composites is
shown in Fig. 6. The reduction in ductility for DPS1, DPS2 and DPS3
composites is about 21.83%, 22.41% and 18.12% respectively when
compared to that of A357 alloy. It is observed that the inclusion of
dual size SiC particles in A357 alloy has resulted in significant loss
of ductility. This is because, the presence of hard SiC particles will
act as barrier to the dislocation motion during tensile loading.
These results are in good agreement with those reported in liter-
ature [38].

3.4. Tensile fracture analysis

Fig. 7(aed) show the SEM images of fractured surfaces of A357
alloy and DPS composites after the tensile test. The A357 alloy ex-
hibits a typical intercrystalline fracture as shown in Fig. 7 (a). The
fracture is mainly due to the presence of dendritic shrinkage
porosity. The crack nucleation takes place at these dendritic
shrinkage porosity regions and propagates along these dendrites
causing failure of A357 alloys. However, the porosity in the casting
is also influenced by the formation of dendritic structure. On the
other hand, all the DPS composites showed brittle failure along
with quasi-cleavage fracture, as shown in Fig. 7 (b)e (d). The quasi-
cleavage fracture is generally seen in materials with lower elon-
gation values. This can be due to breaking of Al-Si eutectic particles
or large SiC particles. It is well known that the particle size and
shape have huge influence on the tensile properties. The large and
elongated Al-Si eutectic particles present in the A357 alloy aremore
prone to cracking. So, in case of A357 alloy, the inter-dendritic
cracking and cracking of silicon particles dominate the fracture
process. While in the case of composites, the dislocations pile-up at
the vicinity of SiC particles giving rise to stress fields which in turn
cause the local fluctuations leading to cracking of SiC particles. It is
important to note that the good bonding between A357 matrix and
SiC particles has resulted in breaking of SiC particles during tensile
loading rather than particle debonding. In case of tensile loading,
the interfacial bonding between the SiC particles and A357 matrix
plays an important role. If the interfacial bonding is good, then it
tries to retain the SiC particles in the matrix during loading
Fig. 6. Variation of % elongation values of A357 alloy and DPS Composites.
conditions. But, as the load increases, due to high interfacial
bonding, the SiC particles get fractured rather than debonding.
Hence, in case of composites, the nature of fracture is brittle and
quasi cleavage feature mode [39,40].

3.5. Wear behavior

The graphical interpretation of wear rate for A357 alloy and
DPS2 composite is shown in Fig. 8 (aed) for different loads. It can be
observed that for A357 alloy, the wear rate is increasing linearly for
both 10 and 30 N loads. However, in the case of 30 N applied load,
there is rapid increase in wear rate of A357 alloy as shown in Fig. 8
(b). The degree of fluctuation is quite high in this case particularly at
350 s for 10 N and 270 s for 30 N loads indicating seizure phe-
nomena taking place. In case of DPS2 composite, the wear rate is
not as high as that of A357 alloy as seen in Fig. 8 (c) & (d) for 10 N
and 30 N respectively. The degree of fluctuation is smaller for DPS2
composite when compared to that of A357 alloy indicating high
seizure resistance. This is the reason why a steady state regime
without any notable fluctuations is observed in the A357 alloy
which can be attributed to prohibition of direct contact between
the twomating surfaces by the presence of dual size SiC particles in
this composite. In addition to this, the strain hardening effect due to
the presence of SiC particles also contributes to lower wear rate
values for composites at both lower and higher loads when
compared to A357 alloy under similar conditions [41e43].

Fig. 9 shows the effect of applied load on the wear resistance of
the A357 alloy and DPS composites. From the figure, it can be
observed that DPS composites have higher wear resistance than
that of as cast alloy at all load conditions. In particular, DPS2
composite has the least wear rate among all DPS composites
considered. From the above figure, it is also observed that up to a
load of 20 N, the wear rate increases. With increase in load from
20N to 25 N, the wear rate stabilizes and with any further increase
in load beyond 25 N, wear rate increases rapidly and enters into the
severe wear regime. This trend is similar for all the DPS composites
and A357 alloy. The A357 alloy displayed highest wear rate for all
load conditions which is mainly due to direct metal to metal con-
tact. The increase of wear loss with an increase of load is attributed
to several factors such as: (1) higher sub surface deformation and
consequent delamination wear, (2) easier removal of load bearing
particles, (3) increase of friction due to the higher contact couple
surface asperities interlocking, (4) material softening and the ma-
trix oxidation through the friction induced temperature rise, and
(5) faster generation and removal of tribolayer. With an increase of
load, more factors act alongside resulting in high acceleration of
wear rate above the critical load [14,36,44e46].

3.6. Worn surface analysis

Fig. 10 shows the SEMmicrographs of wear surface morphology
of A357 alloy and DPS composites. One of the common feature
observed in the DPS composites is the formation of grooves and
ridges running parallel to the sliding direction. The wear surface
morphology of the as cast alloy at 10 N and 30 N are as shown in
Fig. 10 (a) and (b). The micrographs showed extensive ploughed
surface with abrasive grooves which appear deeper and broader.
These cavities are formed by delamination wear. With the progress
of sliding, these cracks propagate towards the surface along the
sliding direction. During the propagation, they branch out and
rejoin to cover a large area. Once they reach the surface, they are
plowed out as delaminated wear sheets. This observation supports
that the delaminationwear is more dominant than abrasive wear in
the A357 alloy. Further, with the increase in load, the worn surface
has wider grooves and larger cavities indicating substantial amount



Fig. 7. Fractographs of (a) A357 alloy (b) DPS1 composite (c) DPS2 composite and (d) DPS3 composite. In the figures, 1 represents a-Al grains, 2 represents voids and micro cracks, 3
represents dendritic shrinkage porosity.
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of surface material removal. Increase in load applied above 25 N has
caused an abrupt rise in A357 alloy wear rate indicating large scale
plastic deformation. As the load increases, the hard asperities of
counter face penetrate deeper in the soft surface of the alloy.
Increasing load results in plastic deformation at the subsurface
level resulting in the formation of micro-cracks. These cracks start
to coalesce over a period of time during the sliding test in the
subsurface region and get detached from the surface. Overall, in
case of A357 alloy, worn surface exhibits microgrooves and pres-
ence of large cavities in the sliding direction indicating severe
plastic deformation of the alloy. These features clearly indicate that
the main wear mechanism is delamination wear along with
contribution from oxidative wear [47]. Fig. 10 (c) and (d) show the
SEM micrographs of wear surface morphology of DPS1 Composite
at 10N and 30N respectively. The worn surface is comparatively
smooth with shallow ploughing strips; Very small damaged spots
in the form of craters can be seen in the DPS1 Composite when
compared to A357 alloy. However, DPS2 composite which pos-
sesses the lower wear rate exhibits the least extent of grooving, as
seen in Fig. 10 (e) and (f) at loads 10 N and 30 N loads respectively.
The shallow and thin abrasive grooves running parallel to the
sliding direction are mainly seen in the DPS2 composite which is
indicative of abrasive wear. This is mainly due to the presence of
uniformly dispersed dual size SiC particles which act as load
bearing elements. Especially, DPS2 composite has higher weight
percentage of large size SiC particles which carry greater portion of
load. Further, these large size particles are very effective in reducing
the load on the A357matrix and save the fine size SiC particles from
detachment [16]. In addition to this, the strengthening effect of SiC
particles enhances the load bearing capacity of the composites by
virtue of its high hardness. Further, good interfacial bonding be-
tween the SiC particles and A357 alloy plays crucial role in load
transfer during sliding test. Further when the load is applied on the
A357 alloy during sliding test, the entire load is initially borne by
the matrix but in case of composites, the load is transferred from
matrix to SiC particles which intern leads to low wear rates [16,48].

Fig. 10 (g) and (h). show the SEM micrographs of wear surface
morphology of DPS3 Composite at 10N and 30N loads respectively.
The irregular, larger and deeper cavities are seen on the surface of
the DPS3 composite. DPS3 composite has higher weight percentage
of fine SiC particles when compared to DPS1 composite, and hence
the chances of debonding of fine SiC particles from the matrix at
higher loads is very high. The width and depth of the grooves in-
creases with the increase in load from 10 N to 30 Nwhich is evident
fromworn surfaces shown in Fig. 10 (g) and (h). Biswas and Bai [49]
have reported that the grooves on the matrix alloy are coarser and
smoother in case of composites. It is observed that with an increase
in load, the extent of grooving also increases. This can be attributed
to the fact that upon increasing load there is an increase in wear
rate and also the material gets plastically deformed. EDAX analysis
of DPS2 composite as shown in Fig. 11 confirms the presence of Al,
Si, C, Fe and O. The presence of Fe clearly indicates the transfer of Fe
from the disc (En32) to the worn surface, confirming the formation
of mechanically-mixed-layer (MML) on the worn surface of the
composite which provides protection to the matrix material. This
oxide layer along with material from pin surface creates a me-
chanically mixed layer which further protects pin surface from any
further wear. Thus, the formation of such layers efficiently reduces
the wear rate in these composites [50,51].

3.7. Wear debris analysis

The SEM micrographs of wear debris analysis of A357 alloy and
DPS composites taken at 10 N and 30 N loads are shown in Fig. 12
(a) e (h). It can be observed that in case of A357 alloy, the wear
debris consists of microchips and delamination flakes as shown in



Fig. 8. Graphical interpretation of wear rate for A357 alloy and DPS2 composite (a) A357 alloy at 10N (b) A357 alloy at 30N (c) DPS2 composite at 10N and (d) DPS2 composite at
30N.

Fig. 9. Effect of load on wear rate (mm3/m) of A357 alloy and DPS composites. (Sliding
Velocity: 2.5m/s, Sliding distance: 1500m, load: 10e30 N).
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Fig. 12 (a) and (b). But the wear debris taken at 30 N load displayed
that size of laminates produced is more than 500 mm while that
taken at 10 N load is around 200 mm. Due to continuous sliding, the
debris generated showed a layered structure which is quite evident
from the SEM micrographs. The increase in load results in severe
plastic deformation of alloy surface which interns nucleates the
crack in the subsurface level. From the SEM micrograph shown in
Fig. 12 (b), it is evident that wear debris of alloy shows presence of
numerous cracks on surface adjacent to that of subsurface. These
cracks are formed due to accumulation of dislocations due to severe
plastic deformation taking place on the surface. In addition to this,
the presence of deep micro-grooves on the wear debris clearly
explains the material removal due to delamination [52]. These
features indicate delamination wear mechanism in oxidative wear
conditions. On the other hand, all DPS composites showed flake like
morphology and the size and quantity of these flakes increase with
the increase in load from 10N to 30 N. This is mainly due to the fact
that at higher loads, the shear force generated is quite larger than
that at lower loads leading to larger strain gradient between the
two contact surfaces and the interface. Careful examination of wear
debris especially in the case of DPS2 composite as shown in Fig. 12
(f) indicates microlevel delamination on flakes of the wear debris
which is mainly due to numerous cracks. Further, the debonding of
SiC particles from the surface of the composites takes over a period
of time during the sliding test. These particles are entrapped in
between the two mating surfaces and cause wear grooves. These
wear grooves are clearly visible on the surface of the composites as
shown in Fig.12 (d), (f) and (h). Cutting action by the hard asperities
and debonded particles cause composite flake generation along



Fig. 10. (a) and (b) SEM of worn surface of A357 alloy (c) and (d) DPS1 composite (e) and (f) DPS2 composite and (g) and (h) DPS3 composite at a loads of 10N and 30N, sliding
velocity of 2.5m/sec and sliding distance of 1500m. In the figs, 1 represents groove lines, 2 represents delaminated wear sheets and particle pull-out regions and 3 represents
sliding direction.

Fig. 11. EDS analysis of selected area on worn surface of DPS2 composite at a load of 30N.
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Fig. 12. (a) and (b) SEM images of wear debris of A357 alloy (c) and (d) DSP1composite (e) and (f) DSP2 composite and (g) and (h) DSP3 composite at a loads of 10N and 30N
respectively. In the figs, 1 represents scale like debris, 2 represents grooved structured debris, 3 represents curvy pattern debris and 4 represents micro-cracks.

A. Lakshmikanthan et al. / Journal of Alloys and Compounds 786 (2019) 570e580 579
with that of delamination flakes. While in case of DPS3 composite,
the flake shows extensive cracks displaying microcutting behavior
[53,54].

4. Conclusions

Following conclusions were drawn on dual size SiC reinforced
A357 composites developed by stir casting technique.

1. Optical microscopy analysis showed an almost uniform distri-
bution of both smaller and larger SiC particles in the A357 ma-
trix with good interfacial bonding.

2. The hardness studies showed that all composites displayed
higher hardness than that of A357 alloy. Among the composites,
the one with 4wt. % of large SiC particles and 2wt. % of fine SiC
particles (DPS2) displays higher hardness value. This is because
higher probability for indentation to fall on large hard and stiff
particles leads to slightly higher hardness in the DPS2
composite.

3. The yield and tensile strength of all composites were higher
than that of the A357 alloy. Among the DPS composites, the one
with 2wt. % of large SiC particles and 4wt. % of fine SiC particles
(DPS3) displayed higher strength. Grain refinement and dislo-
cation strengthening effects by the small size SiC particles and
load bearing effect from the large size SiC particles are respon-
sible for higher strength in the DPS3 composite.

4. Thewear resistance of all composites was higher than that of the
A357 alloy. Load bearing effects and strengthening by disloca-
tion generation and grain refinement are attributed to the
higher wear resistance of the composites.

5. Among the different dual particle size combinations, 4wt. % of
large SiC particles and 2wt. % of fine SiC particles (DPS2) com-
posite is found to show superior wear resistance properties. This
indicates that the higher amount of large size particles with a
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lower amount of small size particles is the optimum combina-
tion to derive the best of both large and small sizes SiC particle
effects.
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