Influence of reinforcing particle distribution on the casting characteristics of Al-SiC composites
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SIiC particulate reinforced A356 alloy metal matrix composites (MMCs) are synthesized using intensive melt
shearing. The effect of reinforcing particle distribution on the fluidity of cast A356/10 vol.% SiCp composites is
studied. Spiral length representing the fluidity of the composite melt was measured and liquid flow and solidification
behaviour were analysed. Improvement in the fluidity of composites is attributed to the uniform distribution of
reinforcing particles by intensive melt shearing treatment. From the casting performance point of view, uniform
dispersion of reinforcing particles achieved with the aid of intensive shearing improves the mechanical properties of
A356/10 vol.% SiCp cast composites. Improved strength, rigidity and wear resistance of composites is attributed to
the bulk homogeneity, significantly reducing casting defects.

1. Introduction

Particulate reinforced Metal Matrix Composites (PRMMCs) have excellent isotropic properties compared to
other MMCs due to the 3dimensionally distributed reinforcing particles in the matrix. With the combination of light
metal matrix and stiff ceramic/metallic particles, a large variety of specific properties can be tailored exhibiting
improved performance. To list a few, high elastic modulus above 120 GPa in 7091/SiCp MMCs (Jeong et al., 1990),

high wear resistance (Nieto et al., 2017), and improved thermal conductivity of 135.1 £ 5.8 Wm K (Miranda et
al., 2018) with 1.5 vol.% addition of Cu-coated carbon fibres. Zhang et al. (1994) synthesized 6061/SiCp MMC
presenting higher damping capacity compared to the matrix alloy, and Matsumoto et al. (2003) utilized Zrw208
particles to further reduce the thermal expansion coefficient of aluminium due to its negative thermal expansion
properties.

The powder metallurgy (P/M) method is the mainstream commercial process for PRMMCs fabrication (Harrigan,
1998). The products are generally provided in billet form which go through complicated and energy intensive
thermo-mechanical processes, which are then further machined into the desired shapes. Amongst the liquid melt
fabrication methods summarized by Lloyd (1994), PRMMCs by melt processing (casting) is a promising
manufacturing route that meets the complex geometrical requirement of components for aerospace, aviation, and
ground transportation industries (Kainer, 2006). Taylor (1996) suggested that the structural integrity and
metallurgical consistency of composite casting are mainly determined by the reinforcing particle dispersion and the
feeding of the composite melt into the mould cavity that is controlled by its fluidity.

Due to the importance of the fluidity of the composite melt in the casting process, Ravi et al. (2008) reviewed the
effect of size, volume fraction, distribution, and agglomeration of reinforcing particles on the fluidity of composite
melts. In addition to this, Hashim et al. (2001) studied the relationship of the wetting of particles in the liquid matrix
and the nature of composite fluidity. It has been well established that, for a given particle size, the specific fluidity
decreases with an increase in volume fraction of reinforcement particles suspended in the melt, for example
Al/AI203 (Emamy et al., 2009), and Al/SIiC (Behera et al., 2012). Yarandi et al. (1993) studied the effect of
reinforcing particle size on the fluidity and showed that the fluidity was decreased with the addition of smaller
particles. The reason can be that the larger total surface area generated by smaller particles under same volume
fraction can more effectively resist to flow due to the stagnant boundary layers around the particles. Timelli and
Bonollo (2007) pointed out that increasing casting temperature is effective in improving the fluidity of the PRMMC



melt. However, Sritharan et al. (2001) observed that the formation of Al4C3 is enhanced by increasing the casting
temperature of an Al-SiCp composite, which results in an increase in volume fraction and hence surface area of the
suspended particles. It is consistent with Lloyd's work (1989) on the study of the particle interface with liquid
matrix, which suggests that the chemical reaction between the reinforcement and the matrix alloy affects the fluidity
of composite melt. Over the years, fluidity has been studied extensively from various angles and perspectives.
However, despite the studies done so far, there is still limited understanding of the PRMMC melt fluidity in terms of
the agglomeration of the reinforcing particles on the composite fluidity. This might be related to the technological
limitation of tailoring particle distribution and dispersion in the melt of MMCs. Therefore, it is important to
understand the role of particle clustering/agglomeration on the fluidity of the PRMMC melt.

Fan et al. (2016) developed a liquid metal treatment known as intensive melt shearing achieved through the
rotor-stator mechanism and it is characterised by the uniformity of temperature and potential nuclei distribution.
According to previous studies of high shear in an MMC melt (Fan et al., 2011), the applied shearing force should
overcome the cohesive force holding particles in clusters/agglomerates, dispersing them into discrete individuals
due to the intense turbulent flow generated within the melt. Moreover, Patel et al. (2013) showed that intensive melt
shearing is capable of eliminating the vortex formation that normally appears with impeller-based mechanical
stirring and thus maintains a stable melt surface while creating high turbulence inside the melt.

In the work presented in this study, intensive melt shearing generated by the rotor-stator mechanism and
conventional impeller stirring were applied to fabricate an A356/10 vol.% SiCp composite reinforced by three
different particle sizes. The particle distribution within the composites, was investigated in order to understand its
effect on the casting characteristics, such as fluidity of the composite melt and the mechanical properties of the cast
composites.

2. Experimental procedure

Norton Aluminium Ltd, Staffordshire, provided a commercial A356 alloy with a chemical composition of 6.76
wt% Si, 0.45 wt% Mg, 0.11 wt% Ti and balance Al. The silicon carbide particles (SiCp) used in the present work as
reinforcement was provided by Electro Abrasives Corporation, NY, USA. These angular shaped black (-SiC
particles have a hexagonal crystal structure (ICSD 156190) with F500, F600 and F1000 particle sizes (equivalent to
mass media particle size of 12.8 um,

9.3 um and 4.5 um, respectively). The X-ray diffraction spectrums (Bruker D8 Advance) and detailed morphology
of these SiC particles are presented in Fig. 1.

The matrix alloy was melted at 750 °C (TliquidusA356 ~ 615 °C), under a Nitrogen protective atmosphere, in a
clay-graphite crucible, which was heated in an induction furnace. A total of 2.5 kg of the A356 alloy was prepared
for melting and a small block of the alloy was added for melt temperature adjustment. The melting of the A356
alloy by induction furnace was achieved within 10 min. to minimize the hydrogen absorption. A pre-heated block of
A356 alloy was put into the molten alloy to reduce the temperature of the A356 alloy melt to 600 °C thereby
facilitating the reinforcing particles addition in the semi-solid state (A356 alloy solidus ~ 555 °C). SiCp particles
were preheated at 400 °C for 1 h before adding to remove the moisture. The fabrication route of A356/10 vol.%
SiCp composites is presented schematically in Fig. 2.

The fabrication of A356/10 vol.% SiCp composites was conducted in two stages. Firstly, the SiC particles were
introduced into the A356 alloy melt held at 600 °C with the help of mechanical stirring, using a 45° four-bladed
impeller, rotating at 650 rpm for 5 min.. The stainless steel impeller was coated with Boron Nitride and preheated at
200 °C before inserting it in the melt. Then the initially prepared A356/10 vol. % SiCp composite was heated to
730 °C and was subjected to the intensive melt shearing using a 40 mm diameter rotor-stator mixer for 5 min..
During the melt treatment, a speed of 5000 rpm was used to disperse the reinforcing particles in the melt. The
composite melt was then poured into a spiral mould (Lin et al., 2001)(Fig. 3) at 730 °C to measure fluidity, in
addition to a preheated steel mould complying with the guidance of ASTM E8/E8M-2013 standard, for tensile
sample preparation. For comparison, mechanical stirring generated by impeller was also utilised in the same manner
but with a 650 rpm rotation speed. For abbreviation, composite samples prepared with intensive melt shearing are
referred to as HS and the reference samples prepared by impeller stirring are referred to as nonHS.

A356/10 vol.% SiCp composites for microstructural observations were sectioned from the grip area of the tensile
bars. The fluidity test samples were taken from a section of the middle of the spiral tip along the flow direction.
Metallographic samples were prepared following the standard route with a final polishing by OP-S suspension (0.05



um water-based SiO2 suspension). For electro-polishing, an electrolyte of 30 % HNO3 in Methanol solution was
used to prepare the spiral tip samples at —30 °C with a voltage of 12 V for 20 s.

A Carl Zeiss, AxioScope Al, optical microscope was used for particle distribution evaluation. A Zeiss Supra 35
field-emission gun SEM equipped with energy-dispersive X-ray spectroscopy (EDS) and electron backscattered
diffraction (EBSD) camera (EDAX Ltd.) was used for detailed microstructural observations. For the quantification
of the reinforcing particle distribution, the Quadrat method (Rogers, 1974) was employed on 5 optical micrographs
of each sample with a given 8 x 8 quadrat grid covering a sample field of 416 um x 416 um.

Mechanical properties were measured on an Instron 5500 Universal Electromechanical Testing System with a
constant crosshead speed of 1 mm/min and Bluehill® software for test control. The gauge dimensions of tensile
samples of @ 12.5 mm x 50 mm were determined according to the ASTM E8/E8M-2013 standard. For each
condition, 4 tensile samples were tested. All the tests were performed at ambient temperature (~25 °C). Brinell
hardness test was performed on a Wilson BH3000 (Buehler, UK) Brinell hardness tester with a load of 250 kgf, load
time of 5.0 s and dwell time of 15 s. Samples for Brinell hardness test were machined from the cylindrical bars
located next to the tensile samples and then ground with 75 um diamond coated grinding disc for a smooth surface.
Dry sliding abrasion wear tests were carried out on a pin-on-disk wear test apparatus. 8 mm diameter cylindrical
samples were held against a rotating disk having a 500 grit SiC paper with 1 kg load. A wear track with a 128 mm
diameter is used to provide 1 m/s sliding velocity. Wear loss was calculated from the weight loss of the cylindrical
sample at 250 m sliding distance intervals.

3. Results and discussion
3.1. Particle distribution

The microstructure of the as-cast A356/10 vol.% SiCp composites with different particle sizes and melt treatments
are presented in Fig. 4. An improved uniform spatial distribution of reinforcing particles in HS samples was visible
compared with that in the non-HS samples. For the intensively sheared samples, as shown in Fig. 4(a) and (c), the
SiC particles were located in the inter-dendritic regions and grain boundary areas which form a fine network, with
the agglomeration of particles rarely observed. With decreasing particle size to 4.5 um(Fig. 4(e)), improvement of
the distribution of SiC particles was observed in the HS sample compared to its counterpart. On the other hand, an
increase of agglomerates with decreasing particle size was seen in the mechanically stirred samples (Fig. 4(b), (d)
and (f)). For the impeller stirred composite sample with 4.5 um sized particles (Fig. 4(f)), the reinforcement
particles are mainly in the form of agglomerates with a wide range of cluster sizes. Although local dispersions of
SiCp were revealed in both samples in a high magnification image, the intensively sheared sample shows more
uniform particle dispersion.

Statistical analysis of particle distribution, uniformity and agglomerate size distribution, are depicted in Fig. 5,
which is based on the particle spatial distribution and excluded the phase differences, located within the grain or
grain boundary area. A lower value of Skewness
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Fig. 1. The XRD analysis and morphology of (-SiC particles with different particle size used for A356/10 SiCp
composites fabrication.
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(Karnezis et al., 1998) represented a more uniform distribution of particles and a narrow range of agglomerate size
(10~30 um) is shown in HS samples with all three particle sizes. The above findings suggested that the high shear
rate produced by the rotor-stator device could effectively break-up the agglomerates, which were initially formed
while introducing the particles by impeller stirring in the semi-solid state. The break-up of the particle
agglomerate/cluster is crucial for improving the dispersion of reinforcement particles in the composite melt.

In the case of melt treatment by the rotor-stator mechanism, the composite melt undergoes two-stage intensive

shearing. The rotor rotates at a certain speed (103~1O4 rpm) within the stator and high shear stress is generated in the
gap between rotor and stator. The shear stress (1) can be estimated by the equation (Atiemo-Obeng and Calabrese,
2004):

nNDt =n



o (1)

where 7 s the

dynamic viscosity of the composite melt, N is the rotating speed of the rotor head, D is the diameter of rotor head
and o is the gap between the rotor head and the inside surface of the stator. By using the modified Einstein’s
equation developed by Guth and Simha (1936), the dynamic viscosity of A356/10 vol.% SiCp is calculated as 1.39

x 10 ~Pa-s. The shearing speed for the experiment was 5000 rpm. Thus, by using Eq. (1), the shear stress on the
composite melt is calculated to be 443 Pa.
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Fig. 3. Schematic drawing of the permanent spiral mould used for fluidity tests of A356/10 vol.% SiCp composites
with different SiC particle sizes and composite melt treatments.




Fig. 4. The microstructure of as-cast A356/10 vol.% SiCp composites with detailed features of different particle
sizes and composite melt treatments.
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Fig.5.The distribution of reinforcing particles (Skewness B) determined by quadratmethodinA356/10vol.%SiCp
composites fabricated with different SiC particle sizes and composite melt treatments.

After the composite melt is delivered into the gap between the rotor and stator, the liquid will be further ejected out
through the apertures on the stator head at high speed. The shear stress (t) on the composite melt through the stator
aperture can be presented by the following Eqg.

(2) (Douglas et al., 2011):

=12 (2)

where f is the flow friction factor which is 0.02 for turbulent flow in a pipe with smooth surface (the Moody chart
(Douglas et al., 2011)), p is the fluid density and 3 is the mean flow velocity. The theoretical density of A356/10

vol.% SiCp melt is 2.75 g/cm3 which is calculated by the rule of a mixtures. Utomo et al. (2009) studied the
approximate flow velocity of water in a similar rotor-stator mixer geometry and 10 m/s was adopted for the mean
flow velocity. The shear stress experienced in a composite melt through a single stator aperture can be estimated as

2.75 x 10° Pa. Under these conditions, the shear stress is generated by a large velocity gradient through boundary
layer effect between the inner wall surfaces of the aperture and the centre of the aperture hole. This shear
phenomenon further breaks-up the SiC agglomerate/cluster.

Based on the calculations by (Rumpf’s model, 1962), Yang et al. (2016) reported the tensile strength of

agglomerates can be in the range of less than 10°Pa. The shear stress provided by the rotor-stator device is higher
than the strength for holding SiC agglomerates and is capable of breaking them up. As the cluster tensile strength is
inversely pro-

F

portional to the square of particle size (T « ), the smaller the particle size, the higher the strength of the cluster.

With the same shear speed in the experiments, the 4.5 um sized reinforcing particles are shown to exhibit a higher
content of agglomerates compared to the composite
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samples with larger sized reinforcement. So as the particle size of the reinforcement decreases, higher rotation speed
is desirable in order to ensure a good dispersion of the reinforcements.

3.2. Fluidity

3.2.1. Results of spiral mould fluidity test

The spiral length of as-cast A356/10 vol.% SiCp composites with different SiC particle sizes is shown in Fig. 6.
Campbell and Hardning (1994) pointed out that in general a longer spiral length indicates improved fluidity of the
melt. A longer spiral length was observed in the cast sample treated by intensive shearing compared to the length of
the sample by impeller stirring, thus suggesting an improvement in fluidity in the composite melt treated by
intensive shearing. The spiral lengths of the composite melt incorporating 12.8 pum sized SiC particles with melt
shearing treatment is significantly higher than the value of a similar composite reported by Lloyd (1989) and
comparable to the value of monolithic alloys in similar conditions, AlSi7Mg0.3 alloy (Bouska, 2008) and Al-7Si
alloy (Di Sabatino et al., 2005) cast at 730 °C. With the
9.4 um sized SiC particles, the composite melt created a spiral length of 611 mm, which was close to the composite
sample with 12.8 um sized SiC particles (641 mm) treated with intensive shearing. However, the spiral length of the
composite melt with 9.4 um sized SiC particles treated only by impeller stirring reduced dramatically to 278 mm,
which is consistent with Yarnadi’s work, 1991). By adding 4.5 um sized SiC particles, the spiral lengths of the
composite melt reduced to 378 mm for the intensively sheared melt and 302 mm for the nonHS sample. The results
of the spiral length test suggest that intensive melt shearing has improved the fluidity of the composite melts with
different SiC particle sizes for the same volume fraction.

The microstructure and morphology of (-Al at the tip of the spiral strip for both samples (9.3 um particle size)
with and without intensive melt shearing were revealed as depicted in Fig. 7. The grain size of the intensive
shearing treated sample is 147.1 £ 33.1 um, and the value of the sample without intensive shearing treatment is
169.7 £ 45.5 um. A similar dendrite arm spacing of 29.4 + 4.9 um and 23.2 + 3.8 umis also observed for the HS and
nonHS samples respectively. From the SEM secondary electron signal images (SE2) (Fig. 7(a) and (b)), a more
uniform distribution of SiC particles is observed in the matrix at the tip of the spiral casting, prepared with intensive
shearing when compared with the impeller stirred sample. The nonHS sample contains a high volume fraction of
agglomerates and porosity, which is attributed to the insufficient dispersion and oxide films/gas dragged into the
melt by the vortex during the mechanical stirring. Fig. 7(c) and (d)) represented the morphology of Al grain in the
tip area of both HS and nonHS samples by the EBSD analysis. The (-Al grain in HS sample shows an equiaxed
dendritic morphology with a random crystallographic orientation. In contrast, irregular shaped (-Al dendrites occur
in the area where agglomerates exist and porosity is observed.

The influencing factors for the fluidity of MMCs are normally categorized as material variables, mould/casting



variables and test variables (Ravi et al., 2008). In the present study, the mould/casting variables and test variables
are set to be constant; the difference in fluidity of the composite melt with and without intensive melt shearing
would thus be areflection of the distribution of the reinforcement in the melt.

The relationship between the spiral fluidity length of the monolithic alloy to the metallurgical, thermal and fluid
dynamical parameters developed by Flemings (1974) is presented below: where, Cp is the specific heat of the liquid
alloy, d is the thickness of the casting, AHis the heat of fusion (latent heat) of the alloy, h is the heat transfer
coefficient between the mould, Km is the thermal conductivity of the mould, Lf is the length of the spiral channel, T
is the temperature of metal, TOis the mould temperature, ATis the superheat, V is the metal flow velocity, Axis the
length of the zone at the tip of the flowing stream in which choking occurs, am is the thermal diffusivity of mould
and pis the density of liquid metal.

m crltlcal)‘ Rai

By incorporating the critical solid fraction of alloys. The influence of interlock by the solid dendrites has

been accounted for during the solidification. The length of fluid flow (Lf) would also depend on the pressure
drop caused by the internal friction of fluid. By combining Poiseuille’s equation (Douglas et al., 2011) with
Eqg. (5), the influence of viscosity of fluid flow on the spiral length can be expressed as pouring head due to
high internal friction, leading to the reduced spiral Fig. 7. The SEM images and EBSD maps of spiral tips of
as-cast A356/10 vol.% SiCp composites containing 9.3 um sized SiC particles with and without intensive
melt shearing. 22pdgHr k2 m and nonHS samples of A356/10 vol.% SiCp composites shown a similar (6)
where, g is the gravitational force, 7 is the viscosity of the molten alloy, H is the height of the sprue, r is the
equivalent radius of channel cross-section and A is the experimental constant.

Compared with monolithic alloys, the fluidity of the composite melt would have to be calculated considering the
influence of reinforcement during the casting in the spiral mould. effect of particle size on the spiral length as the
larger particles lead to a longer spiral length. However, the agglomeration affects the viscosity of the composite flow
significantly. According to Mooney (1951), a higher volume tends to be occupied by the particle agglomeration due
to the trapped air and particle gap. Such a higher apparent volume fraction of reinforcement would be expected to
reduce the viscosity of the composite. Furthermore, the increased viscosity weakens the casting’s is the heat of
fusion (or latent heat) of the composite and Cc is the specific heat of the composite. The detailed equation derivation
is presented in the appendix.

By analysing Eq. (7), it can be deduced that the spiral length of the casting is influenced by two key stages from
the moment the composites melt is poured into the inlet to the completion of solidification. The first stage is in the
range when melt temperature above the liquidus of the matrix metal. During this stage, the composite melt flows
through the spiral mould channel composing solid reinforcing particles and liquid metal. The second stage starts
when the temperature of the composite melt drops below the liquidus of the matrix alloy. The solid fraction of the
composite melt increases as the solidification of the matrix alloy progresses. Once the dendrite meets the
neighbouring grains, the flow of the composite melt stops and the spiral mould casting terminates (Flemings, 1974).
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3.2.2. Stage 1: Tmelt>T liquidus

From Eq. (7), when other parameters are set constant, an inverse proportional relationship between the viscosity
of the composite flow and its spiral length is obtained. Wang et al. (2003) suggested that the viscosity of the
composite rises with decreasing particle size when the length. The spiral length of intensive sheared composites are
highly extended compared to impeller stirred samples because of the improved SiC particle dispersion.

3.2.3. Stage 2: Tmelt <Tliquidus

With the continuous heat extraction by the spiral mould during the composite melt flow, the temperature of the flow
front is lower than the melt behind. The solidification of the primary Al phase is initiated at the tip of the composite
melt flow, when the melt temperature reaches the matrix liquidus and attains its required undercooling. In the soli-
dification of solute rich aluminium alloys, equiaxed dendrites grow into the undercooled melt until the liquid is
completely consumed. However, after a certain period, primary dendrite tips impinge onto the neighbouring
dendrites, which is identified as a dendrite coherency point (Dahle et al., 1996). The solid fraction of liquid alloy at
this moment is defined as a critical solid fraction. Such a network of stiff dendrites contacting each other resists
further macroscopic flow until it completely stops.

In the case of the impeller stirred composite melt, the agglomerates of SiC particles behave as a solid partition,
occupying an excessive volume of the composite melt. So, an early coherency point is expected to stop the
macro-flow, which is leading to the shorter spiral length. In Fig. 6, the theoretical calculation of the spiral length of
composites is plotted to compare with experimental results. For a fixed volume fraction of reinforcing particle
addition, a good fitting is observed with the experimental measurement of sheared composites. Since the rule of
mixtures has been invoked for calculations of the physical properties and viscosity, assuming a uniform distribution
of the particles, the particle distribution must be uniform for a good fit. The deviation of experimental results from
the theoretical calculation for the 4.5 um sized composite could be linked to the higher agglomerate content due to
the increased cohesive force of finer sized particles (Lin et al., 2008). Therefore, with the same set of intensive



shearing parameters, the dispersing effect is more efficient in the composites with larger sized particles in the
composite melt. The measured spiral lengths of the non-sheared sample are far below the theoretical calculation.
Such a large deviation of experimental data from the impeller stirred sample is attributed to the non-uniform
dispersion and presence of agglomerates in the composite melt. This is due to insufficient power input to counter
cohesive forces holding SiCp clusters/agglomerates together.

By analysing the two stages of the spiral mould casting with composite melt, it is seen that the effect of the
reinforcing particle dispersion by intensive melt shearing influences the total spiral length. This is due to the reduced
viscosity of the composite melt and delayed coherency point of the (-Al dendrites during the solidification of the
matrix alloy. Such improvement of the spiral length reflects the increase in the composite fluidity, which assists the
filling of composite melt into casting components with complicated geometries.

3.3. Mechanical properties

The major applications of particulate reinforced, aluminium alloy composite are utilising its advantages of high
ultimate strength, elastic modulus and wear resistance compared to conventional materials (Kainer, 2006). It is
important to reveal the impact of reinforcing particle dispersion on the mechanical properties of the cast composites.

3.3.1. Tensile properties

Fig. 8(a) shows the stress-strain curves of A356/10 vol.% SiCp composites of different SiC particle sizes, with
and without intensive shearing treatment. Detailed mechanical properties of A356/10 vol.% SiCp composites are
listed in Table 1.

An improved yield strength and ultimate strength have been observed in the intensively sheared sample with SiC
particle size of 9.3 um and 12.8 um compared with the nonHS samples. As a similar grain size is observed in the HS
and non-HS samples, the contribution of strengthening by grain boundary strengthening mechanism would be
similar in both cases. Lloyd (1991) reported that the fracture of composite materials is associated with clusters or
agglomerates which act as cracks or de-cohesion sites or both. Srivatsan et al. (2003) explained that the short
inter-particle distance, facilitates the growth and linkage between neighbouring voids and microscopic cracks in the
regions of particle clustering, or agglomeration. Sreekumar et al. (2015) reported that well-dispersed particles
improve the integrity of the materials and a well-bonded SiC particle within the matrix raises the energy threshold
for void formation and separation between the reinforcement and matrix. A schematic illustration of such influences
is shown in Fig. 9. However, with a reduced SiC particle size to 4.5 um, a similar tensile strength has been observed
in both the samples with and without intensive shearing treatment. In such a condition, the sharply increased surface
area and cohesive force (Rohatgi, 1980; Jones et al., 2003) hindered the intensive shearing in dispersing the particles,
which leaves a higher defect content in both conditions compared to the samples with larger particle sizes.

By sharing a similar principle, the friction stir processing (FSP) method was reported to successfully fabricate a Cu
matrix composite reinforced with nanoparticles (AK et al., 2015). The significantly increased shearing stress is
arises from a dramatically increased matrix viscosity as the FSP was performed in the solid-state. Madhu et al.
(2018) reported the fabrication of Al/TiO2 nanoparticle reinforced MMCs by ceramic particle fracturing in the FSP
procedure, which suggests that the shearing stress generated in the process is even higher than the TiO2 particle
strength. Enlightened by the FSP process, further improvement of shearing stress from the rotor-stator device by in-
creasing the composite viscosity and/or rotation speed may enable the sub-micron and/or nanoparticle dispersion by
intensive melt shearing treatment.

The relationship of the elastic modulus and the yield strength of composites prepared under different conditions is
shown in Fig. 8(b). The intensively sheared samples present higher elastic modulus and yield strength with varying
reinforcement particle sizes. An improvement in elastic modulus with intensive melt shearing compared to the
impeller stirred samples with different SiC particle sizes, is clearly seen. This indicates that the uniform dispersion
of SiC particles and defect control by breaking-up agglomerates lead to a higher strength and stiffness. The
theoretical value of the elastic modulus of the composite can be calculated by the Rule of Mixtures. By using an
elastic modulus of 72.4 GPa (ASM International, 1990) and 450 GPa (Wolfenden et al.,
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Tablel
TensilepropertiesofA356/10vol.%SiCpcompositesfabricatedwithdifferentSiCparticlesizeandcompositemelttreatment
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Fig. 9. The schematic illustration of the influence of intensive melt shearing on particle dispersion. 1996) for the

A356 alloy and SiC, respectively, it is calculated that the elastic modulus of an A356/10 SiCp composite could

reach 110.2 GPa in theory. The intensively sheared composite samples containing 12.8 um SiC particles have an
elastic modulus of 92.3 + 4.1 GPa, which is closing to the theoretical value.

3.3.2. Hardness and wear resistance
Brinell macro-hardness measurements were carried out on the as-cast A356 alloy, and A356/10 vol.% SiCp
composites containing 9.3 um sized SiC particles prepared with and without intensive melt shearing (Fig. 10).



With the addition of SiC reinforcing particles, the Brinell hardness was improved significantly from 56.3 £ 1.7
HBWS5/250 to above 65 HBWS5/250 for the nonHS sample compared to monolithic alloy. Furthermore, with a
well-dispersed reinforcement in the matrix in the intensively sheared composite samples, a hardness value of 71.9 +
1.0 HBWS5/250 has been achieved. Tjong and Lau (2000) recognised that an improved macro-hardness value
indicates a higher wear resistance. Further dry sliding tests were performed and results are presented in Fig. 11.
Wear resistance of A356/10 vol.% SiCp composite is under 0.06 vol.%/100 m for 4.5 um particle addition
comparing to nonHS sample of 0.16 vol.%/100 m. Indicated by Sannino and Rack (1995), composite samples with
improved reinforcing particle distribution presented lower wear loss in the dry sliding test, while nonHS samples
shown a higher wear loss with a reduction in reinforcement particle size. From the SEM images of the sliding
surfaces, large agglomerates of SiC particles clustering together can be clearly seen, for the nonHS sample. With
intensively sheared samples, SiC particles were uniformly dispersed on the worn surface thereby preventing sliding.
Wear resistance of the composite is a strong function of volume fraction, size (Alpas and Zhang, 1992) and
distribution (Thakur and Dhindaw, 2001; Barekar et al., 2009) of the reinforcing particles. Yalcin and Akbulut
(2006) highlighted that the agglomeration of particulates deteriorates the abrasive resistance of the composite, as
particles associated with clusters are only loosely bonded to the matrix and hence they are easily pulled out of the
matrix during wear. Good bonding between the uniformly distributed SiCp and the matrix helps the reinforcement
to be retained by the matrix, giving a reduced rate of abrasion.
Fig.10.TheBrinellhardnessofas-castmonolithicA356alloy,A356/10vol.%SiCpcompositefabricatedwithintensivemelts
hearing(HS)andA356/10vol.%SiCpcompositefabricatedwithconventionalimpellerstirring(nonHS).
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Fig.11.Dryslidingweartestof A356/10vol.%SiCpcompositesfabricatedwithdifferentSiCparticlesizesandcompositemelt
treatmentsandtheirsurfacemorphology.

In summary, the mechanical properties of A356/10 vol.% SiCp composites with an improved reinforcement particle
distribution, as a result of intensive melt shearing, show superior strength, stiffness and wear resistance compared to
the non-sheared samples.

4. Conclusions

An uniform distribution of SiC reinforcing particles through intensive melt shearing is achieved in the A356/10
vol.% SiCp composites processed with different particle sizes. The intense shearing force generated in the gap of
rotor and stator as well as in the apertures on the stator wall, breaks up the SiC agglomerate/cluster into individually
dispersed particles, uniformly distributing them in the (-Al matrix.

The improved reinforcement particle distribution of A356/10 vol.% SiCp composite melt shows an increased spiral
length during the mould filling, due to enhanced fluidity as a result of the reduction in the viscosity of the composite
melt. The improved reinforcing particle distribution also increased the castability of the composite due to delayed
coherency point of the (-Al grain growth during solidification.

A356/10 vol.% SiCp composite with improved reinforcement particle distribution show increased strength, rigidity
and wear resistance because of the improved structural integrity in the samples by uniform reinforcement dispersion



and improved defect control. With the
intensive shearing treatment, a high elastic modulus of 92.3 = 4.1 GPa Acknowledgments is obtained in the
composite with 12.8 um particle addition and wear resistance of A356/10 vol.% SiCp composite is under 0.06
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