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Abstract
A356 aluminum casting alloys are used in fabrication of aircraft components where high strength is a requirement. The require-
ment of parts with light weight and high strength is constantly increasing. Aluminiummatrix composites are considered to be new
generation potential materials for many engineering applications. A356 alloy reinforced with Al2O3, SiC and Gr particulates with
varied wt% was used to fabricate the hybrid composites by using squeeze casting method. The prepared composites were
investigated for its structural and mechanical properties such as density, microstructural characterization, hardness, tensile
strength, yield strength and elongation%. The composite density increased with increase in wt% of reinforcement.
Microstructural examination revealed uniform distribution of reinforcement and XRD identified the presence of A356 matrix
alloy and reinforcement Al2O3, SiC and Gr. A356/3wt%Al2O3/3wt%SiC/3wt%Gr exhibited superior hardness and tensile
strength value of 119 BHN and 315 MPa. Gr reinforcement known for its soft characteristics compromised the addition of
Al2O3 and SiC reinforcement towards the improvedmechanical properties. The results obtained encouraged that A356 composite
showed 40% improved hardness and 35%. The improved hardness and tensile strength than squeeze cast pure A356 aluminum
alloy clearly shows it remains a clear substitute for aircraft components with high strength.

Keywords Silicon carbide composites .Manufacturing . Tensile strength . Hardness .Micro structural characterization . Aircraft
applications

1 Introduction

In today’s scenario, the aerospacemanufacturers are seeking for
lightweight materials for its engineering structures with better
strength and corrosion resistance. Aluminium (Al) alloys are
most preferred due to their high strength to weight ratio, high
thermal conductivity, good corrosion resistance, easy to fabri-
cate, and low cost. Among the Al alloys A356, 319 and 242,
A356 is one of the alloy used in aerospace applications [1]. The

hard particulate reinforcement added enhanced stiffness and
strength, improved wear resistance and good thermal conduc-
tivity. The reinforcements used are Al2O3, B4C, TiB2, ZrO2,
SiC, Si3N4, TiO2, TiC, Gr, and MgB2 [2–12]. Most commonly
used are Al2O3, ZrO2, SiC and Gr [13].

The composite Al2024 fabricated using Al2O3 reinforce-
ment with particle sizes 16, 32, 66 μm increased the compos-
ite hardness and tensile strength at 16 μm particle size for the
volume fraction up to 10% [14]. AA2024/Al2O3/SiC upto
10 wt% for the 10 μm reinforcement particle size showed
maximum hardness and tensile strength [15]. The graphite
addition justified the addition of second reinforcement to im-
prove the wear and overcome the machining difficulties
resulting as hybrid composites. The graphite (Gr) addition in
Al reported superior wear properties thanmatrix material [16].
A356–10 vol.% SiC composite hardness and modulus of elas-
ticity increase with addition of magnesium exceeding 0.4%
[17]. Magnesium addition increased the wettability. The addi-
tion of reinforcement to the Al matrix is justified because of
ductility and low density [18].
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MMCs can be fabricated by several traditional techniques
like centrifugal casting, powder metallurgy, squeeze casting,
exothermic reaction process (in situ), stir casting and squeeze
casting [19, 20]. Though, the near-net-shape of forming process
at molten state by die casting offers the advantage of high
productivity and dimensional accuracy. Porosity is the disad-
vantage with the process. Among these techniques available,
squeeze remains the preferred and inexpensive method for de-
velopment of composites [21]. Squeeze casting known as liquid
metal forging solidified the molten metal by application of
pressure. The closed die is located between the hydraulic press
plates [22–25]. Squeeze casting technique has the advantages
of less shrinkage and porosity exhibiting improved mechanical
properties. It represents an ideal technique to produce light
weight components with high quality and near net shape [26].
Squeeze casting showed 15–40% improvement in mechanical
properties [27] with remarkable grain refinement [24].

The mechanical properties of the composites are influenced
by wt%, particle size and fabrication technique. The demand
from the aircraft manufacturers, seeking lightweight materials
with high strength made researchers synthesize the compos-
ites in a cost effective process to study the properties of com-
posites. This paper examines the structural characterization
and mechanical properties of squeeze cast A356/Al2O3/
SiO2/Gr to identify its suitability for aircraft applications.

2 Experimental Procedure

The setup of the squeeze casting method utilized in the fabrica-
tion of metal matrix composites is shown in Fig. 1. Matrix
material A356 alloy was chosen and reinforcement Al2O3

(Sigma Aldrich, 99.9%), Gr (Sigma Aldrich, 98%) and SiC
(Sigma Aldrich, 97.5%) 10 μm particle sizes were used. The

matrix and reinforcement composition considered for this work
is shown in Table 1. A356 alloy was taken according to the
given composition in the crucible and heatedwithin the chamber
at 750 °C. 1wt%Mg is added into the liquidmelt to improve the
wettability of the reinforcement into the matrix. Molten Al is
stirred at 250 rpm for 10 min [15] and then reinforcements
preheated at 450 °C were added into the molten matrix.
Squeeze cast die consists of chrome steel spacers, die, base
and chrome steel plunger. The cylindrical shaped die selected
minimizes leakage, supply constant pressure and ensure uniform
ejection of the solidified samples. The die cavity dimension
selected is 250 mm length and 50 mm diameter. The pressure
applied is 100 MPa using a hydraulic plunger and at the same
time maintaining the die temperature constantly at 150 °C.

Al molten alloy with reinforcement is poured into the die
and squeeze pressure 100 MPa maintained for 30 s by the
punch. The interface between die-metal stimulates quick heat
transfer to solidify. The cast samples were then ejected from
the die. Metal matrix composite heat treated at 493 °C to
obtain T6 condition is quenched in the water and aged at the
room temperature. According to ASTM standards, the cast
samples were prepared and it mechanical properties hardness
and tensile strength were studied.

Phase identification of the metal matrix composites was
evaluated by studying X-ray diffraction (XRD) analyzer model
XRD-3000, SEIFURT. Spectrum was obtained using a graph-
ite monochromatic Cu-Kα radiation (λ = 1.5406 Å) in the 2θ
range between 20 and 70 ° scanned at 2 °/min. Mettler Toledo
ME204 apparatus (ASTM D792–91) was used to study the
sample density using Archimedes principle. The cast samples
cut into small pieces were weighed in air and water (Fig. 2). For
different weight fractions of Al2O3/SiC/Gr particles theoretical
density (TD) was calculated using the Eq. 1. Porosity was esti-
mated from the difference between theoretical and observed
densities of the samples. Microstructural analysis was per-
formed on the samples to analyze their microstructure.

TD ¼ 1
wt% AAð Þ
ρ AA

þ wt% Al2O3ð Þ
ρAl2O3

þ wt% SiCð Þ
ρ SiC

þ wt% Grð Þ
ρGr

ð1Þ

Fig. 1 Bottom pouring stir casting machine with squeeze setup

Table 1 Composition of A356 composite alloys

Sample Code A356 Al2O3 SiC Gr

Pure 100 0 0 0

1% each 97 1 1 1

2% each 94 2 2 2

3%each 91 3 3 3

4% each 88 4 4 4

5% each 85 5 5 5
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The hardness testing was performed on the sample pre-
pared as per the standard ASTM 23 using a standard load 60
Kgf for the duration of 30 s used to measure the Brinell hard-
ness number (BHN). Using the scale of penetration of an
indenter, loaded on a material test-piece indentation is obtain-
ed on the specimen [28]. The value of the Brinell hardness
number is calculated by using the standard formula. The well-
defined indentations that make accurate measurements neces-
sitated the need for the samples to be grinded and polished.
The hardness measured at five different locations was aver-
aged for each sample to avoid the effect of segregation of
particulates. The mean value was taken to avoid the higher
deviation of results not exceeding 2% of the mean value. The
tensile test was conducted in a computer-controlled tensile

testing machine (Shimadzu JIS Q 17025) at a cross-head
speed of 0.5 mms − 1 in Fig. 3(a). Fig. 3(b) shows the test
sample loaded in the UTM. The tensile test specimen mechan-
ical behavior was studied as per the standard ASTM E08–8.

3 Results and Discussion

3.1 Density

Table 2 shows the physical properties of the samples mea-
sured using the Eq.1. The densities of the composites evalu-
ated and measured are shown in Fig. 4. The experimental
values of densities were found to be very close to the theoret-
ical values. This confirms the efficiency of the squeeze casting
process in the fabrication of the composites. The composite
density composites increased with the increase in wt% of re-
inforcement. The experimental density measured varied be-
tween 2.656 and 2.699. The results obtained were well sup-
ported by the results of the microstructure which shows uni-
form distribution with less agglomeration.

Fig. 2 Mettler Toledo ME204 apparatus

 (a) Tensile testing machine;   (b) Sample S6 loaded in UTM

Fig. 3 (a) Tensile testing
machine; (b) Sample S6 loaded in
UTM

Table 2 Physical
properties of composite
samples

Sample Code Density, ρ (g/cm3)

Pure 2.672

1% each 2.678

2% each 2.687

3%each 2.695

4% each 2.704

5% each 2.712
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It is well known that porosity in composites initiates from
different processing and fabrications routes. Porosity in mate-
rials originates from different processing and synthesis routes.
The porosity of the composites produced was estimated from
the difference between the theoretical and experimental den-
sities of each sample. The porosity calculated from the theo-
retical and the experimental densities of each sample exhibited
an increase. However, the porosity calculated was found to be
less than 5% in all the composite samples. This confirms the
composites prepared confirm the preparations standards
followed. The results obtained consistent with Alenemi et al.
[29], as reported density of the hybrid composites increased
with reinforcement content added. The density of the compos-
ite materials increased sharply with increase in the Al2O3/SiC/
Gr content of the composites. This can be attributed to the fact
that increasing reinforcement wt% and its agglomerates can
strongly retard densification mechanisms by hindering the
grain boundary movement. This is the basic difference in

Fig. 4 The variation of density of the composites with different wt% of
Al2O3/SiC/Gr reinforcement

Fig. 5 Microstructure of the
composite samples (a) Pure
A356, (b) A356/1 wt% Al2O3/
1wt%SiC/1wt%Gr, (c)
A356/2wt%Al2O3/2wt%SiC/
2wt%Gr, (d) A356/3wt%Al2O3/
3wt%SiC/3wt%Gr, (e)
A356/4 wt% Al2O3/4wt%SiC/
4wt%Gr, and (f)
A356/5wt%Al2O3/5wt%SiC/
5wt%Gr
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densities between theoretical and experimental. However, it
must be noted that if it was porosity that was causing the poor
densification.

The composite porosity was calculated using the theoreti-
cal and the experimental densities measured from the samples.
It elucidated that the porosity slightly increases with the in-
crease in wt% reinforcement.

3.2 Microstructural Characterization

It is well known that mechanical properties of hybrid compos-
ites is basically influenced by the distribution of reinforcement,
size of the reinforcement, reinforcement defects, surface irreg-
ularity and reinforcement matrix bonding. This necessitated the
study of microscopic analysis to understand the microstructural
characteristics. Fig. 5 a –f shows the microstructure of the hy-
brid composites with various wt% of reinforcement. It is evi-
dent from the Fig. 4a–d that shows better bonding between the
Al 356 matrix and reinforcement that forms a solid structure.
The analysis shows the distribution of reinforcement is uniform,
no cracks with good bonding between the reinforcement and
matrix. This reveals that sequence of processing is effective in
producing the hybrid composites.

3.3 XRD Analysis

In order to identify the phases present in the hybrid composites,
XRD study was carried out. Fig. 6 shows the XRD pattern of
micrographs of composites. Fig. 6(a-f) shows the XRD pattern
for A356/Al2O3/SiC/Gr reinforcedA356metalmatrix composite
(10 m particle size). Diffraction patterns confirmed the presence
of aluminium (JCPDS file # 71–4624), Al2O3 (JCPDS file # 71–
1123), SiC (JCPDS file #29–1127) and Gr (JCPDS file # 41–
1487) particles in the hybrid composite. XRD patterns show the
peaks with high intensities (111), (200) and (220) for A356. The
peaks for Al2O3, SiC and Gr increased with increase in wt% of
reinforcement. The XRD pattern indicated the occurrence of
A356 as the peaks with high intensity and the reinforcement
Al2O3, SiC and Gr are indicated as minor peaks. However the
absence of other peaks is mainly due to the restriction of filtered
X-ray to detect the phases with less wt%.However, it is observed
that slight peak shift of composites is mainly due to the incorpo-
ration of reinforcement with increasing wt%. The XRD patterns
indicate the presence of Al, Al2O3, SiC, Al4 C3 and Al4 SiC4

phases due to the reaction between Al and SiC particulates [30,
31].

It is observed that reaction between Al and SiC at high
temperatures forms Al4 C3 [32] and Al4 SiC4 known for their
brittle nature tends to deteriorate the composite that affects the
mechanical properties. The chemical reaction for the same is
as follows.

4Alþ SiC→Al4C3 þ 3Si

3.4 Mechanical Properties

3.4.1 Hardness

The results of the composite samples Brinell hardness mea-
sured is shown in Fig. 7. The observation shows that the hard-
ness varied with variation in reinforcement wt%. The squeeze
cast A356 pure alloy hardness was found to be 88 HV. The
composite hardness increased with increase in wt% of the
reinforcement. The hardness of the composite also increased
from 88 to 119 HV up to A356/3 wt% Al2O3/3wt%SiC/
3wt%Gr. Further increasing the wt% hardness decreased to
98 HV for A356/5 wt% Al2O3/5wt%SiC/5wt%Gr.

Reinforcement Al2O3, SiC and Gr addition increased the
composite hardness [33–35]. The observation shows signifi-
cant increase in hardness is due to the uniform distribution of
reinforcement in the matrix that resulted in the isotropic be-
havior and high hardness of SiC reinforced composites. This
could be justified by the comparison of hardness value of
reinforcement that shows noteworthy information that SiC

Fig. 6 XRD pattern for the composite samples (a) Pure A356, (b)
A356/1 wt% Al2O3/1wt%SiC/1wt%Gr, (c) A356/2wt%Al2O3/
2wt%SiC/2wt%Gr, (d) A356/3wt%Al2O3/3wt%SiC/3wt%Gr, (e)
A356/4 wt% Al2O3/4wt%SiC/4wt%Gr, and (f) A356/5wt%Al2O3/
5wt%SiC/5wt%Gr
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reinforcement is harder than Al2O3 and Gr reinforcement.
Therefore, SiC is the major contributor for the increased hard-
ness of the composite. The reason being the reinforcement
present in the composite prevents the dislocation movement
which causes the increase in strain hardening. The heat treat-
ment T4 is also the other reason that forms the precipitates
which increase the hardness. The precipitate also acts like
reinforcement to form barricades to the dislocation motion
[36]. This indicates the hardness of A356/Al2O3/SiC/Gr com-
posite is related to the distribution particles in the A356 alloy.

A356/3wt%Al2O3/3wt%SiC/3wt%Gr showed the highest
hardness with 35% improvement. This shows the good wet-
tability between the matrix and reinforcement phase is
achieved. The well-known fact of composites with porosity
less than 5% exhibits good mechanical behavior is justified by
the hardness obtained in this work. Also the reinforcement
SiC significant contribution improved the hardness of the
A356/ Al2O3/SiC/Gr composites. Gr addition into the matrix
which is known to soften the matrix along with its lubricating

properties is being compromised by the addition of Al2O3 and
SiC to improve the mechanical properties. It is due to the fact
that addition of Al2O3 and SiC in A356 that offers good stiff-
ness and strength to the alloy. It can be concluded
A356/3wt%Al2O3/3 wt% SiC/3wt%Gr exhibited superior
hardness. The results obtained from this research is consistent
with the reinforcement SiC and Al2O3 in MMCs [37,38] and
well supported by the reinforcement SiC contribution to the
increase in hardness [39].

3.4.2 Tensile Tests

The tensile test samples for pure A356 and A356 reinforced
Al2O3/SiC/Gr particles various wt% is shown in Fig. 8. The
tensile strength and yield strength of A356 pure alloy estimat-
ed is 225 MPa and 192 MPa respectively. A356/3wt%Al2O3/
3 wt%SiC/3wt%Gr showed highest tensile strength (Fig. 9).
The tensile strength variation in the composites is due to the
change in wt% of reinforcement in the matrix alloy. The rea-
son for this increase in strength is the rule of mixtures basical-
ly accepts that there is a real transfer of the load from the
matrix to the reinforcement through the interface. 1 wt% of
Mg addition improved the wettability between A356 and
Al2O3/SiC/Gr reinforcement. Mg reduced the formation of
SiO2 layer on the surface of the SiC. But it lead to the forma-
tion of MgO and Mg Al2O3 at the matrix-reinforcement
interface.

The reinforcement comparison makes it clear that SiC is a
strong reinforcement in Al356 alloy compared with Al2O3 and
Gr. This shows that ceramic reinforcement can withstand the
maximum poss ib le tens i le load . The composi te
A356/3wt%Al2O3/3wt%SiC/3wt%Gr reinforced composite
showed the highest tensile strength and yield strength of
315MPa and 262MPa [40]. The wt% of reinforcement added
above this reduced the tensile strength and yield strength mar-
ginally. Fig. 10 shows the variation in elongation % for the
composite samples with different wt% of Al2O3/SiC/Gr

Fig. 8 Tensile test samples

Fig. 7 The variation of hardness of the composites with different wt% of
Al2O3/SiC/Gr reinforcement
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reinforcement. It is observed the elongation % decreased with
increase in wt% of reinforcement in the matrix alloy [41–43].

This indicated the reliability of the composite and the ef-
fectiveness of the reinforcement in strengthening the compos-
ite. The composite phenomenon of dislocation is responsible
for strengthening mechanism that acts as barriers for disloca-
tion movements. The other reason is the increase in weight
fraction of Al2O3/ SiC harder particles that forms good bond-
ing of particulates in metal matrix. Thereby, increasing the
constraint to plastic deformation and dislocation density in-
creased the hardness of HMMCs. The increased dislocation
density was largely due to the wt% increase in SiC that im-
pedes the dislocation motion. Our results are well supported
by Lin et al. [44] who reported SiC reinforced Al matrix added
strength to the composite which is responsible for increase in
the tensile strength. The other reason being increasing SiC the

wt% substantially improved the tensile strength of the hybrid
composites, but the ductility of the composite is decreased
[45]. The tensile strength of A356/3wt%Al2O3/3wt%SiC/
3wt%Gr improved by 35%.

4 Conclusion

A356 alloy composite reinforced with Al2O3, SiC and Gr
particles were successfully fabricated by varying wt% by
using squeeze casting process. The MMCs characterized for
its density, microstructural characterization, hardness and ten-
sile strength is summarized as follows;

& Composite density increased with increase wt%
reinforcement

& Microstructure revealed the uniform distribution of
reinforcement

& XRD analysis confirmed the presence of A356 matrix
alloy and reinforcement Al2O3, SiC and Gr

& A356/3wt%Al2O3/3 wt% SiC/3wt%Gr exhibited Brinell
hardness of 119 BHN and tensile strength of 315 MPa.
The reinforcement SiC with better properties contributed
to the improved mechanical properties of the composite.

The A356 composite that showed 40% improved hardness
and 35% increased tensile strength than squeeze cast pure
A356 aluminum alloy remains a substitute for aerospace
applications.
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