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Abstract
Metal matrix composites are an important class of material that is developing rapidly to ful�l the
diversi�ed engineering requirements. The metal matrix composites are attractive owing to superior
properties as compared to monolithic material. Their properties are dependent on various factors and
fabrication techniques. The metal matrix composites are associated with several issues which hinder
their full potential. In the present study friction stir processing is applied on the metal matrix composite
as a post-processing operation. The friction stir processing offers many advantages owing to the solid-
state nature of the processing. Stir cast metal matrix composites are prepared by using zircon sand
particles of 50 µm in the matrix of LM13 aluminium alloy. The friction stir processing is applied on the
metal matrix plates at a constant rotational speed and traverse speed of 1400 rpm and 63 mm/min,
respectively. Multiple passes of friction stir processing are applied to elucidate the effect of the number of
passes on microstructural modi�cation. Microstructural examination showed a signi�cant improvement
in eutectic silicon morphology and distribution of zircon sand particles. A more than 5 times reduction as
compared to the initial size was observed in the zircon sand particles after four passes of friction stir
processing. The processed metal matrix composite also exhibits improvement in tensile strength and
hardness.

1. Introduction:
Metal matrix composites (MMCs) are extensively used in various engineering applications due to ease in
manufacturing and signi�cant enhancement in properties [1, 2]. MMCs are manufactured by different
routes and the resulting characteristics of MMCs are dependent on the production route [3, 4].The stir
casting method is commonly used for the production of MMCs due to ease of operation, economic
aspect and mass production [5].

There are some issues and challenges in the manufacturing of MMCs that signi�cantly impair the
properties to great extent [6–9]. The poor interfacial bonding and agglomeration of reinforcement
particles is an important issue to achieve the full potential of MMCs [8]. A good interfacial bonding
between the reinforcement and the matrix is   necessarily required in MMCs because the load transfer
between the matrix and the reinforcement relationship is controlled by the bonding characteristics.
Therefore, the bonding characteristics of a composite dictate its properties and performance [10, 11]. The
interfacial bonding mainly depends on the degree or extent of wettability of reinforcement particles with
the melt. Reinforcement particles wettability with the melt mainly depends on the surface energy of the
matrix and the reinforcement, and also on the surface condition of the particles such as the amount of
oxidation or contamination [7, 12].  Most ceramics are not wetted or are poorly wetted by molten metals.
Porosity is a major issue in MMCs manufacturing that deteriorates mechanical properties as it reduces
the load-bearing area and acts as a crack nucleation site [13, 14]. The presence of porosity at the
particle/matrix interface causes debonding of particles from the matrix under very low stresses which
reduces the possibility of load transfer to the particle and subsequently decreases in strength [13–15].
Agglomeration of reinforced particles is an unavoidable issue in MMCs. The agglomeration of particles
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also induces microstructural inhomogeneity that creates stress gradients in MMCs and thus deteriorates
mechanical properties [16, 17].

Microstructural phages and intermetallic compounds that are formed during the production of MMC can
signi�cantly affect mechanical properties [18]. In Al-Si alloys, the eutectic silicon is present as a coarser
phase in the matrix of MMCs which is a deleterious morphology and causes failure emanated from this
phase. Dendritic growth typically occurs in aluminum-based MMCs that affect the mechanical properties
[19]. Secondary processing or post-processing of MMCs is required to distribute the reinforcement
particles homogeneously in the matrix and to improve the mechanical properties [20, 21]. Traditionally
various post-processing techniques such as extrusion, rolling, uniform channel angular pressure, selective
laser melting, high pressure torsion, accumulation roll bonding, etc. have been used to process MMCs
[20–22]. Nonetheless, friction stir processing (FSP) of MMCs emerged as an effective strategy in post-
processing of MMCs [23–25]. The FSP is a prominent severe plastic deformation technique in which a
simultaneously rotating and traversing tool processes the material with a high strain rate. The grain size
re�nement in the processed material occurred due to dynamic recrystallisation [25, 26]. It provides a
synergistic effect of extrusion, forging, stirring, and severe plastic deformation, which can easily
circumvent issues in MMCs manufactured by traditional techniques.

Several studies have been reported on the post-processing of MMCs by the FSP. Kurtyka et al. [27]
demonstrated that after FSP the microstructural heterogeneity of SiC/A339 MMC was transformed into
homogeneity. The FSPed MMC exhibited an increase in compressive strength by ~ 40% and hardness by
~ 30% as compared to cast MMC. Huang et al. [28] reported an increase in yield strength, ultimate tensile
strength and elongation of FSPed CNT/Mg-6Zn cast composite. The improvement in mechanical
properties was attributed to combined strengthening contributions of grain re�nement, load transfer and
Orowan mechanism. They also found that grain size reduction in composite is more as compared to
FSPed base alloy due to restriction imposed by CNTs in the grain boundaries migration. Yang et al. [29]
investigated the effect of the FSP on Al2O3/AA2024 MMC cold sprayed coating and found that corrosion
resistance was increased after two passes of FSP. However, after four passes of FSP the corrosion
resistance decreased due to deteriorated interfaces of the inside coatings.

The FSP of MMCs resulted in microstructural re�nement and homogeneous distribution of second phase
particles. It can be concluded that FSP reinforcement of MMCS is a better strategy for uniform
distribution of particles, reduction in the size of reinforcement, grain re�nement, break-up of dendritic
microstructure and elimination of porosity. In the present work, stir casted Al-Si (LM13) alloy based hybrid
MMCs are post-processed by FSP to study the effect of microstructural modi�cation on mechanical
properties. The effect of multiple passes of FSP on microstructural modi�cation and its correlation with
mechanical properties is also investigated.

2. Materials And Methods:
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In this work, MMCs were prepared by LM13 (Al-Si) alloy and 15 wt. % zircon sand particles (ZrSiO4) of
average 40 µm size using stir casting technique. The composition of LM13 alloy is provided in table-
1.The process for fabrication of metal-matrix composites by stir casting consists of melting LM13 alloy
in graphite clay bonded crucible at a temperature of 750°C.

Table-1

Composition of LM13 alloy in wt. %.

Si Cu Fe Mg Mn Zn Ti Ni Al

11.7 1.2 0.28 0.9 0.4 0.2 0.02 0.9 Balance

After melting of alloy, the reinforcement particles of zircon sand were mixed in the melt by a hopper
arrangement and stirring of the melt is done by rotating graphite stirrer at 600 rpm. The stirring of melt
was continued for 10 minutes to ensure proper mixing of reinforcement particles in the melt. After stirring,
the melt was solidi�ed in a metallic mould to room temperature. Solidi�ed MMC was cut in a plate of 120
×60 × 6 mm size for conducting FSP. The schematic of FSP is presented in Fig. 1. A hot die steel tool (60
HRC) with a shoulder of 20 mm diameter and cylindrical pin of 4 mm length with 4 mm diameter as
shown in Fig. 2was used to process the MMCs. One pass, two passes and four passes of FSP with 100%
overlapping was applied on the MMC. The FSP of the plates was carried out at the tool rotational and
traverse speed of 1400 rpm and 63 mm/min, respectively. 

For the characterization of the MMC, a thin slice was cut from the stir cast composite and friction stir
processed (FSPed) in the form of a plate.Metallographic probe samples were prepared using polishing
grade emery paper and polished by the slurry of alumina powder in distilled water. Etching of prepared
samples is done by modi�ed Poulton’s reagent (40 mL HNO3, 30 mL HCl, 12 g CrO3, 2.5mL HF, 42.5 mL
H2O) for 10 seconds. Microstructural investigation of samples was carried out using LEICA DMI 5000M
optical microscope.

The hardness of the samples was measured by Vickers’s micro hardness tester (Omnitech MVH II, India)
with a 200 gf load and dwell time of 15 seconds. Tensile tests were conducted on a universal testing
machine (UTM) (TINIUS OLSEN, MODEL: H25K-S, 25 KN, UK). The �at shape tensile specimens were cut
from the processed zone(Fig. 3) and tested with a cross head speed of 1 mm/min.

3. Results And Discussion:

3.1 Microstructural
The micrograph of as-cast MMC is shown in Fig. 4 (a). The distribution of zircon sand is not uniform and
particle clusters are observed. In the matrix, the acicular morphology of silicon is distributed with
intermetallic phases. The aspect ratio of acicular eutectic silicon in MMC is ~ 3. The reinforcement
particle is surrounded by eutectic silicon. This eutectic silicon in the vicinity of the particle during
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solidi�cation can change the matrix alloy chemistry and the region near the particle becomes rich in
eutectic silicon. Particle-matrix interface is also affected by the arrangement of eutectic silicon in the
vicinity of the particle. It is well evident that load is transferred from the matrix to the reinforcement
particles and eutectic silicon-rich phases at the particle-matrix interface can affect the load transfer. The
arrangement of eutectic silicon in the vicinity of the particle can be attributed to the fact that zircon
particles are acting as an effective nucleation site for eutectic silicon.

After one pass of FSP, break-up of zircon sand particles and acicular silicon occurred as shown in Fig. 4
(b). Particle agglomeration and casting defects were eliminated in one pass of FSP. Casting porosity and
voids are eliminated due to axial force and homogenous stirring during FSP. The matrix becomes uniform
with the aspect ratio of eutectic silicon reduced to ~ 1 owing to high strain and stirring action imposed by
the FSP. Grain size re�nement also occurred due to dynamic recrystallization during FSP. The Particle-
matrix interface also showed the presence of nucleated eutectic silicon phases. Nonetheless, their
thickness is reduced which suggests limited nucleation due to low-temperature processing. It can be
concluded that one pass of FSP cannot effectively re�ne the microstructure of the MMC. However, after
two passes of FSP the zircon sand particles size was decreased to below 30 µm as that of 50 µm in the
MMC (Fig. 4c). The eutectic silicon and primary silicon was also re�ned to a greater extent in the
processed zone. Repeated deformation occurred in the second pass of FSP resulted in break-up of zircon
sand and silicon. 

The more signi�cant change in microstructure and distribution of zircon sand particles was observed
after four passes of FSP as shown in Fig. 4 (d). The zircon sand particles size was decreased to less than
10 µm which is about �ve times the reduction of initial particle size. Similarly, eutectic silicon size is even
decreased to submicron size. The acicular eutectic silicon typically observed in Al-Si alloys are equiaxed
after FSP. This acicular eutectic is responsible for the early fracture of Al-Si alloys. The distribution of
zircon sand particles was also uniform as compared to one and two passes of FSP. Four passes of FSP
imposes repeated intense plastic deformation which reduces the size of zircon sand particles. After FSP
the interface becomes more compacted without pores and discontinuity. The solid nature of processing
and high amount of strain resulted in superior interfacial bonding.

3.2 Micro-hardness
Microhardness of MMC and FSPedMMC is shown in Fig. 5. The microhardness of MMC increases after
one pass of FSP. The increase of hardness can be attributed to the uniform particle distribution,
microstructural re�nement and elimination of porosity. The microstructural investigation showed that
casting defects, porosities and agglomeration of particles are eliminated during FSP. After two passes of
FSP hardness improved due to the size reduction and uniform distribution of zircon sand particles. Four
passes of FSP causes further improvement in hardness due to break up of silicon and size reduction of
zircon sand particles. Moreover, uniform distribution of zircon sand particles after four passes of FSP
also contribute to increasing hardness. It can be concluded that hardness increases with an increase in
the number of passes of FSP. 
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3.3 Tensile Strength
The tensile strength of the MMC and FSPed MMC is shown in Fig. 6. The MMC exhibits low tensile
strength and ductility. The tensile strength of MMC was found to be 60 MPa and elongation was below
1%. The lower strength of MMC was attributed to the agglomeration of particles, porosity, dendritic
branches and eutectic silicon morphology. The porosity and acicular silicon could easily initiate the void
formation and subsequently fracture. After one pass of FSP, the strength improves and elongation was
increased above 1%. Microstructural modi�cation causes an improvement in strength and elongation.
Strength further improves after two passes of FSP due to the size reduction and uniform distribution of
zircon sand particles. After four passes of FSP, the strength increases to 116 MPa and four times
improvement in elongation as compared to non-processed MMC. Size reduction of zircon sand, grain
re�nement and break up of silicon are main contributors to the improved strength. It was concluded that
after four passes of FSP the tensile strength was increased to nearly two times as compared to un-
processed composite.  

Conclusions:
The zircon sand reinforced LM13 MMCs was subjected to FSP at constant tool rotation and traverse
speed. Multiple passes of FSP was applied to achieve the homogenous particle distribution in the
matrix.The following are main conclusion of the present study:

1. Intense stirring action of the FSP break-up the eutectic silicon and distributes it homogeneously in
the matrix. The intermetallic phases are also fragmented with the elimination of porosity.

2. Microstructural modi�cation of composite depends on the number of passes. As the number of
passes increases, grain re�ning increases and the size of the zircon sand particle decreases.

3. Nearly �ve times the size of zircon sand decreased from 50µm to 10µm after four passes of the FSP.

4. Mechanical properties also increase with the increase in the number of FSP passes. Strength and
hardness increases after four passes of friction stir processing. After four passes of the FSP, there
was an almost twofold improvement in tensile strength and a fourfold improvement in elongation.
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Figures

Figure 1

Schematic illustration of FSP.
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Figure 2

Tensile test specimen sliced from processed zone.

Figure 3

Tensile test specimen sliced from processed zone.
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Figure 4

Optical micrograph of MMCs and FSPed MMCs (a) unprocessed MMC, (b) one pass FSPed MMC, (c) two
pass FSPed MMC and (d) four pass FSPed MMC
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Figure 5

Microhardness of MMC and FSPed MMCs.
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Figure 6

Engineering stress and strain curve for MMC and FSPed MMCs.


