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Abstract: Hybrid metal matrix composites are important class of engineering materials used in automotive, aerospace and other
applications because of their lower density, higher specific strength, and better physical and mechanical properties compared to pure
aluminium. The mechanical and wear properties of hybrid aluminium metal matrix composites were investigated. Mica and SiC
ceramic particles were incorporated into Al 356 alloy by stir-casting route. Microstructures of the samples were studied using
scanning electron microscope (SEM). The chemical composition was investigated through energy dispersive X-ray (EDX) detector.
The results indicate that the better strength and hardness are achieved with Al/10SiC—3mica composites. The increase in mass

fraction of mica improves the wear loss of the composites.

Key words: hybrid metal matrix composites; SiC; mica; Al 356; stir casting; wear loss

1 Introduction

The increased demand of light weight materials
with high specific strength in the aerospace and
automotive industries has led to the development and use
of Al alloy-based composites (mainly Al alloy/SiC
composites). The metal matrix composites (MMCs) are
slowly replacing the general light metal alloys such as
aluminium alloy in different industrial applications
where strength, low mass and energy savings are the
most important criteria. The combination of various
properties like electrical, mechanical, and even chemical
can be achieved by the use of different types of
reinforcements, i.e., continuous, discontinuous, short,
whiskers, etc., with the MMCs [1]. The MMCs are
attractive materials for use in structural applications
because they combine favourable mechanical properties,
good wear resistance, and low thermal expansion [2].
Particle-reinforced metal matrix composites (PMMCs)
are very promising heterogeneous materials for structural
applications due to their isotropic material properties,
low cost, and ability to be formed using conventional

metal forming processes such as rolling, forging, and
extrusion to produce the finished products. However, the
indentation characteristics of heterogeneous material
systems in various forms of composites, precipitation-
hardened alloys, and dispersion-strengthened alloys are
not known well. Their macroscopic indentation
responses are affected by the mechanical properties of
the matrix material and reinforcement as well as the type,
shape, dimension, geometric arrangement, and volume
fraction of the reinforcement [3]. Particulate-reinforced
metal matrix composites have paved a new path to
produce high strength and high wear-resistant materials
by introducing hard ceramic particles and solid lubricant
in the metal matrix [4]. Addition of ceramic
reinforcements such as SiC, Al,Os, TiC, B4,C, and ZrO,
to metal matrix improves hardness and thermal shock
resistance [5].

Hybrid metal matrix composites (HMMCs) are
second-generation composites where more than one type,
shape, and sizes of reinforcements are used to obtain
better properties [6]. Hybrid composites possess better
properties compared with single reinforced composites
as they combine the advantages of their constituent
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reinforcements [7]. PRASAD and ASTHANA [8]
reported that reinforcement of aluminium alloys with
graphite solid lubricants and hard ceramic particles were
used in automotive applications. DEONATH and
ROHATGI [9] revealed that cast aluminium—mica
particulate composites and copper-coated ground mica
particles have enough strength and they are used as
bearings in several applications.

JHA et al [10] reported that the addition of talc
particles in the composite improves the wear resistance
in the range of 22%—30% compared with the matrix alloy.
RAJMOHAN and PALANIKUMAR [11,12] found that
hybrid aluminium/ceramic—mica composites
better machinability in terms of reduced thrust force, tool
wear and burr height compared with aluminium/ceramic
fraction) SiC,/Al-Mg
composites with different Mg contents were successfully
fabricated by semi-solid mechanical stirring technique
under optimum processing conditions. The effects of Mg
content on microstructure and mechanical properties

showed

composites. 10% (volume

were studied by scanning electron microscopy (SEM),
X-ray diffractometry (XRD) and transmission electron
microscopy [13]. It was found that the wear rate of 11%
SiC MMC is higher on SiC abrasives compared with the
50% SiC MMC due to wear of the aluminium matrix.
This trend is reversed on diamond abrasives due to
pulling-out of the irregular shaped composite particles
[14]. The yield strength and tensile strength increase, but
the elongation decreases with the increase in the volume
fraction of the SiC particles [15]. The addition of SiC
particles in the form of composite powders by casting in
semi-solid state decreases the SiC, particle size,
enhances the wettability between the molten matrix alloy
and the reinforcements and improves the distribution of
the reinforcement particles in the solidified matrix. It
also increases the hardness and the impact energy of the
composites and decreases their porosity [16]. The
squeeze cast Al/SiC composite materials find enormous

Table 1 Composition of Al 356 alloy (mass fraction, %)

applications in industry. Al,O; fiber (Al,O3) and SiC
particle (SiC,) hybrid metal matrix composites (MMCs)
are fabricated by squeeze casting method [17]. The
homogeneity of reinforcement and tensile properties
increase with decreasing the stirring temperature and
increasing the stirring time [18]. The hybrid SiC foam—
SiC particles/Al double interpenetrating composites used
as the brake materials of high-speed train were fabricated
by squeeze casting technique [19].

The review of literature left the scope for the
researcher to study the mechanical properties and wear
loss of ceramic—mica reinforced hybrid composites.
Moreover, adequate investigations have not been carried
out to find the mechanical properties of hybrid
Al/SiC—mica composites. In this study, SiC
reinforcement is added to the Al356/mica composite to
form stronger hybrid Al/SiC—mica composites. The
mechanical and wear properties of Al356/SiC—mica
composites are studied and presented in detail.

2 Experimental

2.1 Materials

Aluminium alloy, Al 356, was used as a matrix
material and its chemical composition is presented in
Table 1. The mechanical properties of Al 356 alloy is
presented in Table 2. The silicon carbide particles with
size of 25 um and mica with average size of 45 pum were
used as the reinforcement materials. The chemical
composition of mica is presented in Table 3. The
composites were fabricated with the mica particles of
0—6% in mass fraction in step of 3% and a fixed quantity
of 10% of SiC.

The composites were fabricated by stir casting
method to uniform distribution of the
reinforcements. The Al 356 alloy, which was in the form

ensure

of ingot, was cut into small pieces to accommodate in the
silica crucible. The mica for the study was procured from

Cu Si Mg Mn Fe Ti Zn Al
<0.0005 7.27 0.45 <0.002 0.12 0.08 0.005 Bal.
Table 2 Mechanical properties of Al 356 alloy
Density/ Ultimate tensile Yield tensile Elongation/ Modulus of Poisson
(grem ™) strength/MPa strength/MPa % elasticity/GPa ratio
2.67 234 165 3.5 72.4 0.33
Table 3 Chemical composition of mica (mass fraction, %)
SIOZ A1203 Kzo F8203 NaZO T102 CaO MgO
45.57 33.10 9.87 2.48 0.62 Traces 0.21 0.38
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Premier Mica Company Chennai. Aluminum alloy
was first melted in an electric furnace. Mica and SiC,
preheated to a temperature of about 620 °C, were added
to the molten metal at 750 °C and stirred continuously.
The stirring was carried out at 500 r/min for 5—7 min.
Magnesium was added in a small quantity during the
stirring to increase the wetting. The melt with
reinforcement was poured into a permanent metallic
mould. The stir casting setup is presented in Fig. 1.

Fig. 1 Experimental setup used for stir casting

2.2 Experimental procedure

Microstructure and mechanical characterization of
the composites were carried out. A metallographic
examination was carried out using scanning electron
microscope. The sample preparation for microstructural
study was carried out first by polishing the sliced
samples with emery paper up to 1200 grit size, followed
by polishing with AlL,O; suspension on a grinding
machine using velvet cloth. Finally, the samples were
polished by using 0.5 um diamond paste. Metallographic
specimens of the composites were prepared for
microstructural observation by grinding up to 600 grits
with SiC abrasive paper and then consecutively polishing
by diamond pastes of various sizes. The polished surface
was etched with 10% NaOH solution and examined with
a scanning electron microscope. The tensile properties of
the specimen were measured by using an electronic
tensile testing machine at room temperature based on
ASTM standard. The cast composite specimens were
machined using lathe to get the standard dimensions.
Hardness tests were performed on composites to know

Table 4 Observed mechanical properties of composites

the effect of mica particles in the matrix materials. The
polished composite specimens were tested for their
hardness, using a Rockwell hardness testing machine
having diamond indenter for 980 N load. Five sets of
readings were taken at various places of the specimen
and an average value was used for analysis. The
chemical compositions of the different phases were
investigated through spot and line-scan analyses on an
energy dispersive X-ray (EDX) detector. The density of
the composites was calculated theoretically by the rule of
mixture using the following formula:

Pth :pm§0m+pr(pr (1)

where ¢, and ¢, represent the volume fraction of the
matrix and reinforcements respectively. The observed
mechanical properties are presented in Table 4.

A pin-on-disc wear testing machine was used to
evaluate the sliding wear behaviour of the composites.
The wear tests were carried out under un-lubricated dry
sliding conditions ((30+3) °C, RH 55%+5%) as per
ASTM G99-95. The pin was initially cleaned with
acetone and weighed accurately using a digital electronic
balance. The independently controllable process
parameters identified for the experimentation were:
sliding speed (v), load (F), and mass fraction of mica (w).
The selected process parameters, their notations, and
their limits are given in Table 5. The disc material was
made of EN-32 steel with a hardness of HRC 65.

3 Results and discussion

3.1 Microstructure

Figure 2 shows the SEM micrographs of
Al/SiC-mica composites. The distribution of the SiC and
mica particles in the aluminum matrix is noticeably
uniform. Further, these figures reveal the homogeneity of
the cast composites. Homogeneous distribution of the
reinforcement in the matrix is essential to form a
composite with uniform mechanical properties. The
produced cast composites show some degree of porosity
and sites of mica particles clustering. There is no large
agglomeration of particles. Porosity may be due to
improper casting or particles pulled out during grinding

Tensile strength

Hardness

Density

Composite Exp./MPa Pred./MPa Error/% Exp./HRB Pred/HRB Error/% Exp./(kgrem™) Pred./(kgrem ) Error/%

Al/10SiC 146 144 2.1 100 101 1.3 3 3.06 2.4
Al/10SiC—3mica 150 153 35 115 112 2.8 3.1 3.13 3.4
Al/10SiC—6mica 148 145 3.4 110 115 5.1 3.16 3.23 2.24

Exp.—Experimental value; Pred.—Predicted value.
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Table 5 Design of control parameters and their levels

Level
Parameter Symbol Unit
-1 0 1
Sliding speed v ms' 0314 0942  1.57
Load F N 9.81 2943 49.05
Mass fraction w % 0 3 6

of mica

Fig. 2 SEM images of Al/10SiC composite (a), Al/10SiC—
3mica composite (b) and Al/10SiC—6mica composites (c)

and polishing. Energy dispersive spectroscopy analysis
of the Al/10SiC—3mica reinforced composite is shown in
Fig. 3. From the figure it is clear that Al, O and C peaks
are observed in the energy dispersive X-ray spectroscopy
(EDS) analysis. The EDS analysis confirms that SiC and
mica particles are present within the composites.
Therefore, these SEM structures are evidence of
successful incorporation of hybrid Al/SiC—mica
composites. The clusters of SiC particles in the primary

Al seem to be finer. This can be explained by the fact
that SiC particles have a lower thermal conductivity and
heat diffusivity than aluminium melt and therefore, SiC
particles are unable to cool down with the melt. As a
result, the temperature of the particles is higher than that
of the liquid alloy. The hotter particles may heat up the
liquid in their immediate surroundings, and thus delay
solidification of the surrounding liquid alloy. The SiC
particles generally observed are accumulated in the
interdendritic regions and geometrical trapping by
dendrites is rarely observed. These observations suggest
that the SiC particles are always pushed by dendrite
fronts during solidification regardless of the dendritic
arm spacing [20,21].

Al
Element w/%  x/%
C 10.77  21.29
0 030 045
Al 88.17 77.62
Si 0.76 0.64

Total ~ 100.00 100.00

CO_JES!'N..,....

0o 1 2 3 4 5 6 7 8 9 10
ElkeV

Fig. 3 EDS spectrum of Al/10SiC—3mica composites

3.2 Tensile strength

The results obtained from the tensile tests of mica
reinforced composites are shown in Fig. 4. The figure
indicates that the composites reinforced with 10% SiC
and 3% mica particle have the highest tensile strength of
150 MPa. At the same time, the tensile strength of
composite with 10% SiC and 6% mica particle is found
to be 148 MPa. The results indicate that with the increase

150
149 F
o
=
= 148f
i)
g 147
)
3 146
=
145}
144

0 3 6
Mass fraction of mica/%

Fig. 4 Tensile strength of composites with different contents of

mica
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in mass fraction of mica, the tensile strength of the
composites increases up to certain value and then
reduces. In the present investigation, addition of 3%
mica shows better tensile strength than the 6% mica
addition. For analyzing the proper strength, further
investigations and sophisticated instrumentations are
required.

3.3 Hardness

The results of hardness of  the composites
reinforced with different mass fractions of mica particles
are shown in Fig. 5. The hardness value of Al/10SiC—
6mica composite is less compared with Al/10SiC—3mica
composite. Low values of hardness and strength are
favorable for improving machinability, except for very
ductile materials, which may generate a built-up edge,
burr, and poor finish. Also, the lower the ductility is, the
lower the energy required to shear the metal is and the
less the shear forces are [22]. The hardness of the MMCs
increases more or less linearly with the volume fraction
of particulates in the alloy matrix due to the increasing
ceramic phase of the matrix alloy.

115

110

=
L

100

Hardness, BHN

95

90

0 3 6
Mass fraction of mica/%

Fig. 5 Hardness of composites with different contents of mica

3.4 Density

The comparison of theoretical density obtained by
the rule of mixture and experimental density obtained by
Archimedean method for the composites is shown in
Fig. 6. The result shows that the densities of mica
reinforced composites are higher than those of ceramic
reinforced composites. The results are in line with the
result by SAHIN [23] who found that the density
increased with increasing the volume fraction of
particulates. The increase in density indicates that
particle breakage may not have any significant influence
on the composites. It is believed to achieve an
improvement of the bonding between the particle and
matrix.

3.25

3.20

O Theoretical
315(  m Exp.

3.10

3.051

Dencity/(g+cm™)

3.00

2951

2.90

0
Mass fraction of mica/%

Fig. 6 Density of composites with different contents of mica

3.5 Wear loss

The experiments to analyze the wear loss have been
carried out using central composite face centered second
order design. In the current investigation, the number of
variables considered is three and the number of
experiments conducted is 20. The alpha value selected as
per central composite design is 1. At the end of the each
test, the pin is again weighed with the same balance after
cleaning with acetone. The difference between the initial
and final mass is a measure of wear loss. The observed
responses, i.e., wear loss values for all the 20
experiments, are listed in Table 6.

For modeling the wear parameters with respect to
the wear loss, response surface methodology was used.
Usually, a second-order model was utilized in response
surface methodology [11].

k k
v =B+ Bix; +Zﬂ,~,~x,-2 +zz,5ijxl-xj +& (2)
i=1 i=1 i

where S coefficients, which should be determined in the
second-order model, are obtained by the least square
method. The response surface methodology can be used
to find the values of the controllable parameters that
result in optimization of response or discover what
values for the x values will result in a product (process)
satisfying several requirements or specifications [11].
The second-order model is normally used when the
response function is not known or nonlinear. In the
present study, a second-order model was utilized. The
wear loss in actual values is given by

Wear loss=1.64565—0.51733v+2.04317x10 *F—
0.11634w—9.85319x 10 *VF+5.77229x10 yw—
4.31658%10 *Fw—0.35233v"+2.50142x 10 *F>+
0.010116w* (3)

The adequacy of the developed model can be
verified by using R* value after estimating the sum of
squares (SS) and mean squares (MS).
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Table 7 shows the analysis of variance carried out
for wear loss with uncoded values. The F value in Table
7 indicates that the developed model is highly adequate
at 95% confidence level. The diagnostic checking of
developed model can be checked by residual analysis.

Table 6 Observed responses for wear loss

T. RAJIMOHAN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2509-2517

Residual is the difference between the observed values
the predicted or fitted values.
probabilities of residuals are shown in Fig. 7(a). From

and The normal

Fig. 7(a) it is clear that the data are spread roughly along
the straight line. Hence, it can be concluded that the data

Coded value

Actual setting

Exp. No. — - - = Wear loss/mg
Sliding speed, v Load, F Mass fraction of mica, w  v/(m's ') F/N w/%
1 -1 -1 -1 0.314 9.81 0 1.8
2 1 -1 -1 1.57 9.81 0 1.625
3 -1 1 -1 0.314 49.05 0 2.38
4 1 1 -1 1.57 49.05 0 2.14
5 -1 -1 1 0.314 9.81 6 1.458
6 1 -1 1 1.57 9.81 6 1.31
7 -1 1 1 0.314 49.05 6 1.92
8 1 1 1 1.57 49.05 6 1.74
9 -1 0 0.314 29.43 3 1.67
10 1 0 0 1.57 29.43 3 1.42
11 0 -1 0 0.942 9.81 3 1.53
12 0 1 0 0.942 49.05 3 2.03
13 0 0 -1 0.942 29.43 0 1.96
14 0 0 1 0.942 29.43 6 1.59
15 0 0 0 0.942 29.43 3 1.79
16 0 0 0 0.942 29.43 3 1.77
17 0 0 0 0.942 29.43 3 1.81
18 0 0 0 0.942 29.43 3 1.77
19 0 0 0 0.942 29.43 3 1.84
20 0 0 0 0.942 29.43 3 1.74
Table 7 ANOVA for wear loss
Item Sum of square Degrees of freedom Mean square F value p-value prob>F Note
Model 1.155963 9 0.12844 33.18025 <0.0001 Significant
v 0.098605 1 0.098605 25.47281 0.0005
0.618517 1 0.618517 159.7828 <0.0001
w 0.356077 1 0.356077 91.9861 <0.0001
VF 0.001176 1 0.001176 0.303831 0.5936
vw 0.000946 1 0.000946 0.244414 0.6317
vw 0.005151 1 0.005151 1.330701 0.2755
v 0.05771 1 0.05771 14.90836 0.0032
F? 0.022343 1 0.022343 5.771798 0.0372
w? 0.019933 1 0.019933 5.149218 0.0466
Residual 0.03871 10 0.003871
Lack of fit 0.036027 5 0.007205 13.42604 0.0064
Pure error 0.002683 5 0.000537
Cor. total 1.194673 19
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Normal probability/%

201 -132 -053 026 1.05

Internalloy studentized residuals
2.4 (b)
£ 217
;
P
g 1.8f
-
8
2
& 15
1.2

1.30 1.57 1.84 2.11 2.38
Actual wear loss/mg

Fig. 7 Normal probability plot of residuals for wear loss
(a) and predicted vs actual values (b)

are normally distributed. Figure 7(b) shows the predicted
results against the actual results. From Fig. 7(b) it is
asserted that the predicted results are very close to the
experimental results and hence the response surface
models are suitable for predicting wear loss of hybrid
composites.

The variations of wear loss with sliding speed, load
and mass fraction of mica are presented as 3D response
graph in Fig. 8. From the analysis of the graphs, it can be
concluded that the increase of load leads to a significant
increase of the wear loss. The tribological behavior of a
composite depends on the microstructural properties of
the material and also on the type of loading-contact
situation. According to Archard’s theory, the amount of
sliding wear is usually proportional to the applied load
and the sliding distance and inversely proportional to the
hardness of the surface worn away. Shearing of the
asperity junctions can occur in one of the two bodies
depending on the relative magnitude of interfacial
adhesion strength and the shearing strength of
surrounding local regions.

The effect of sliding speed shows a reasonable
decrease of the wear loss. As for the effect of
sliding speed on the wear loss in Figs. 8(a) and (b), it is

Wear loss/mg

1.7325
1.5850

1.4375 |

Wear loss/mg

1.2900

1.93

1:51

Wear loss/mg

o

Fig. 8 3D response graph for wear loss: (a) Load vs sliding
speed; (b) Mass fraction of mica vs sliding speed; (c) Mass
fraction of mica vs load

indicated that at a constant load, the increase of speed
causes more wear loss at the beginning, whereas the
further increase of speed results in the decrease of wear
loss due to the increase of interface temperature and
softening of the composites. Most metals oxidize
typically in air to form oxide film within a few minutes
of exposure of the clean surface. Those films play a
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crucial role in friction characteristics. At normal loads,
the oxide films separate the two metals and the
coefficient of friction is low because the oxide has low
shear strength and its low ductility limits junction
growth. At higher loads, the surface films deform and
metallic contact occurs, leading to high coefficient of
friction. The presence of oxide layer reduces the chance
of direct metallic contact and therefore asperities
interaction is reduced, which is a prerequisite for
adhesive wear. Moreover, increasing the sliding speed
also increases the interface temperature. High sliding
velocities result in surface frictional heating, which, in
turn, results in the formation of a thin molten layer at
asperity contacts in the case of low melting of metals.
The wear loss is less for mica reinforced composites
even at high loads. The mechanically mixed layer (MML)
formed is stable and able to withstand higher
temperatures compared with other materials [24].
BASAVARAIJAPPA et al [21] found that the graphite
particles smear at the interface and reduce the coefficient
of friction. Hence, the heat generated due to friction also
reduced. In MMCs, MML is present and this layer
exhibits hardness, approximately six times that of the
bulk composite. So, the formation of work hardened
layer between the pin surface and steel disc also reduces
the wear rate as sliding speed increases. The solid
lubrication film formed as a result of adding carbon
fibers improves the wear resistance of carbon hybrid
composites because this film reduces the high friction
force between MMCs and counter material. At high
sliding speed, localized melt and slip and large plastic
deformations due to the high frictional heat are the
dominant factors contributing to the removal of MMCs.
Figures 9—11 show SEM images of wear surface of
the mica-reinforced composites. These micrographs
show numerous long grooves and craters on worn
surfaces with the increase of load to 49.05 N at sliding
speed of 1.57 m/s. As the load increases, the wear
behaviour of the composites changes from abrasion to
delamination as evident from the SEM micrographs
[25,26]. The rows of furrows and delamination are the

250um

Fig. 9 Wear surface of composite with 3% mica reinforcement
under load of 49.05 N and sliding speed of 1.57 m/s

Rows of
furrows

Delamination

Fig. 10 Wear surface of composite with 3% mica reinforcement
under load of 9.81 N and sliding speed of 0.837 m/s

»

7
2~ Oxidation

Fig. 11 Wear surface of composite with 3% mica reinforcement
under load of 28.43 N and sliding speed of 0.314 m/s

signs of plastic deformation, as seen in Figs. 9—11. The
wear track shows clearly the presence of oxide film,
which suggests that the relative motion between pins and
disc surface generates frictional heat, which significantly
affects the wear rate of pins. The results are in agreement
with the results of SRINIVASAN et al [27] who found
the dominance of oxidative wear at ambient temperature.
These are distributed evenly throughout the worn surface
and eventually broke off to become debris. The frictional
heat during the wear contributes to oxidation of the finer
debris more easily than the coarser ones.

4 Conclusions

1) The stir casting method is found to be suitable to
fabricate the hybrid aluminium-mica reinforced metal
matrix composites.

2) A good bonding between the Al alloy matrix,
10% of SiC and mica reinforcements is observed in the
micrograph.

3) Al/10SiC—3mica composites show the maximum
strength and hardness.

4) Mica reinforced composites exhibits less wear
loss and higher density compared with the ceramic
reinforced composites. The results of the ANOVA
indicated that load is the main parameter, which
influences the wear loss of composites followed by mass
fraction of mica.
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