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A B S T R A C T

In the present study, nano-sized SiC (0, 0.3, 0.5, 1.0 and 1.5 vol%) reinforced aluminum (Al) metal matrix
composites were fabricated by microwave sintering and hot extrusion techniques. The structural (XRD, SEM),
mechanical (nanoindentation, compression, tensile) and thermal properties (co-efficient of thermal expansion-
CTE) of the developed Al-SiC nanocomposites were studied. The SEM/EDS mapping images show a
homogeneous distribution of SiC nanoparticles into the Al matrix. A significant increase in the strength
(compressive and tensile) of the Al-SiC nanocomposites with the addition of SiC content is observed. However,
it is noticed that the ductility of Al-SiC nanocomposites decreases with increasing volume fraction of SiC. The
thermal analysis indicates that CTE of Al-SiC nanocomposites decreases with the progressive addition of hard
SiC nanoparticles. Overall, hot extruded Al 1.5 vol% SiC nanocomposites exhibited the best mechanical and
thermal performance as compared to the other developed Al-SiC nanocomposites.

1. Introduction

The development of metal-ceramic matrix composites (MMCs) is of
great interest in automobile and aerospace applications due to their
potential to exhibit excellent combination of properties such as
toughness, ductility, high modulus, corrosion resistance and high
strength [1,2]. In MMCs, aluminum based metal matrix composites
are being increasingly used in automobiles, aerospace, defense and
military industries due to their low density, high specific modulus, high
strength to weight ratio and toughness [3–6].

Aluminum is used in a variety of applications due to its high
strength to weight ratio but the major drawback is its poor wear
resistance. This has been rectified by the addition of hard SiC [7]
particles as reinforcement. Addition of SiC ceramic nanoparticles in
aluminum, an addition, also leads to improvements in strength,
hardness and corrosion resistance. The major advantage of using
nanoreinforcements is that the superior properties can be attained at
lower volume fractions (< 2%), whereas for micron-scale particles
reinforced MMCs higher volume fractions (≫ 10%) are required [8].

Aluminum-silicon carbide (Al-SiC) composites have been consid-

ered as promising materials for lightweight structural applications due
to their unique combination of low density and high strength. However,
in order to produce sound nanocomposites with enhanced mechanical
properties, good dispersion of the nanoreinforcement phase within the
matrix is necessary, which is in turn strongly governed by the selection
of a suitable production process [9–11]. Several processing methods
have been developed to prepare Al-SiC composites such as powder
metallurgy [12], conventional casting [13], spark plasma sintering [14]
and conventional hot extrusion [15].

Generally, powder metallurgy (PM) process is well known to be one
of excellent metal synthesis techniques for producing near net shape
products. In addition, the undesirable levels of interaction between
matrix and reinforcements can be avoided because of lower processing
temperatures usually associated with PM methods [3]. New sintering
routes such as laser, spark plasma, and microwave sintering (MWS)
could offer more advantages in terms of time and energy saving when
compared to conventional heating [16]. Among different sintering
methods, MWS offers high heating rate, shorter processing time,
homogeneous microstructure, improved quality of the product, im-
proved mechanical properties, and environmental friendliness over
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conventional sintering processes [17].
Processing of fine-grained metal matrix composites via microwave

sintering was emphasized also, because the consolidation can be
achieved at much lower temperatures. The composites obtained
through MWS technique can be subjected to secondary processing
such as forging, rolling and extrusion. These secondary treatments
reduce the porosity, enhance the particle distribution and improve the
mechanical properties [18–20].

Microwave processing of powder metallurgy metal composites is a
novel integrated manufacturing method that is very rarely seen in
recent research works. This research work has done to check the
feasibility of synthesis and characterization of the composites by using
this novel sintering process [17]. The present work attempts to
synthesis Al-SiC nanocomposites via high energy ball milling and
microwave sintering process followed by hot extrusion in order to
produce high strength composite materials. The structure, microstruc-
ture, thermal and mechanical behavior; including the compression
strength, tensile strength, ductility and hardness, of the extruded Al-
SiC nanocomposites are critically investigated and interrelated.

2. Materials and methods

2.1. Materials

In the present study, pure aluminum powder of the size range ~ 7–
15 µm and 99% purity was procured from Alfa Aesar, USA and SiC
powder with an average size of ~ 15 nm and purity > 99 +% supplied by
nanostructured and amorphous materials, Inc. (Houston, TX, USA),
was used as the reinforcement phase for the synthesis of Al-SiC
nanocomposites.

2.2. Fabrication of Al-SiC nanocomposites

2.2.1. Primary processing
To produce Al-SiC nanocomposites, nano-sized SiC powder (0.3,

0.5, 1.0 and 1.5 vol%) was added to pure Al. The mixture of powders
was blended at room temperature using a Retsch PM400 planetary ball
mill for 2 h with the milling speed of 200 rpm in order to get a
homogeneous particle distribution. No balls were used in this stage.
The blended powder mixture was compacted at a pressure of 97 bar
(50 t) into billets of size 35 mm in diameter and 40 mm in length. The
consolidated composite specimens are shown in Fig. 1. The compacted
cylindrical billets were sintered using an innovative hybrid microwave
assisted two-directional sintering technique [21] to achieve a tempera-
ture of 550 °C, just below the melting temperature of Al.

2.2.2. Secondary processing
Prior to hot extrusion, the microwave sintered billets were soaked

in a resistance furnace at a temperature of 400 °C for 1 h, and then hot
extruded at 350 °C under 500 MPa. The extrusion ratio was ~ 20.25:1
to produce an extruded rod with 8 mm diameter (Fig. 1). Colloidal
graphite was used as lubricant. These extruded rods were subsequently
used for characterization studies.

2.3. Materials characterization

The phase identification of the extruded samples was carried out
using X-ray powder diffractometer (PANalytical X′pert Pro) based on
Cu-Kα radiation (1.541 Å) over the 2θ range 30–90° at scan rate of
0.2°/min. Individual phases were identified by matching the character-
istic XRD peaks against JCPDS data. Field emission scanning electron
microscopy (JEOL JSM-6010 and Hitachi FESEM-S4300) equipped
with energy dispersion spectroscopy (EDS) was used to identify the
reinforcement phase and microstructure of the extruded composite
samples.

The hardness of the pure Al and composite samples was determined

using Vicker's microhardness tester (FM-ARS9000, USA) with applied
load of 100 gf for 15 s as per the ASTM standard E384-08. Compressive
testing of the cylindrical specimens was performed at room tempera-
ture in accordance with the procedures outlined in ASTM standard E9-
89a using Universal testing machine-Lloyd. The test specimens with a
length to diameter (l/d) ratio ~ 1 were subjected to a compression load
at a constant strain rate of 8.3 × 10−4 s−1. From the load-displacement
curves, 0.2% offset compressive yield strength (CYS), ultimate com-
pression strength (UCS) and failure strain were determined. Tensile
properties of the extruded samples were determined using an universal
testing machine-Lloyd in accordance with the ASTM E8/E8M-15a
standard at room temperature under the strain rate of 8.3 × 10−4 s−1.
The tensile test specimens were smooth round specimens of 5 mm
gauge diameter and 25 mm gauge length using a fully automated servo-
hydraulic mechanical testing machine, MTS-810. For each composi-
tion, three samples were tested to ensure repeatable values. From the
stress-strain curves, 0.2% tensile yield strength (TYS), ultimate tensile
strength (UTS) and percentage elongation (ductility) were determined.
The fracture surfaces of the selected compression and tensile speci-
mens were examined by scanning electron microscope (Hitachi
FESEM-S4300). Nanoindentation analysis was performed using a
MFP-3D NanoIndenter (head connected to AFM equipment) system
equipped with standard Berkovich diamond indenter tip. The testing
was performed at room temperature. The hardness (H) and young's
modulus (E) in nanoindentation test are directly obtained. The
indentation was made to a maximum load of about 100 mN and under
loading and unloading rate of 200 µN/s and dwell time at maximum
load: 5 s. In order to take the repeatability into account, the test results
were acquired from the average of 6 indentations.

Coefficient of thermal expansion of Al-SiC nanocomposites was
determined using a INSEIS TMA PT 1000LT thermo-mechanical
analyzer. A heating rate of 5 °C/min for a temperature range of 50–

Microwave sintered billets
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Fig. 1. Samples of Al-SiC nanocomposites: (a) microwave sintered billets, (b) hot
extruded rod, (c) machined samples for characterization and (d) failed specimen under
tensile loading.

M.P. Reddy et al. Progress in Natural Science: Materials International 27 (2017) 606–614

607



350 °C with a argon flow rate of 0.1 lpm.

3. Results and discussion

3.1. Phase identification of extruded Al-SiC nanocomposites

The XRD patterns of extruded pure Al and Al-SiC nanocomposites
are shown in Fig. 2. During the microwave sintering and hot extrusion
process, it is noted that no solid-state reaction took place between the
matrix and reinforcement to form any other undesired phases. XRD
spectra show no signs of any presence of secondary phases. Similar
observations were reported by Omyma et al. [11] for the conventionally
extruded Al-SiC composites. The peak of SiC particles is clearly visible
in the XRD pattern for the high-volume fraction of SiC reinforcement.
However, the absence of SiC peaks in the XRD spectra of Al 0.3 vol%
SiC composites can be due to the addition of lower amounts of SiC
nanoparticles which are not captured in the XRD spectra. The
intensities of SiC peaks are apparently increasing with increasing vol
% of SiC nanoparticles. The XRD results reveal that main elements
present are Al (largest peak) and SiC (shorter peak). The XRD results
also confirm the elemental map results which verify that fabricated
composites are SiC reinforced Al-composites.

3.2. Microstructural characterization of extruded Al-SiC
nanocomposites

The microstructure of the extruded pure Al and Al-SiC nanocom-
posites was investigated by SEM and the corresponding micrographs
taken from the cross-section of the samples are shown in Fig. 3. A
certain degree of clustering of SiC nanoparticles can be observed in the
Al matrix which may be attributed to the density difference between the
matrix phase (2.7 g/cm3) and reinforcement phase (3.21 g/cm3). The
tendency of agglomeration at higher volume fractions of reinforcement
arises because of the large difference in the sizes of Al powder and SiC
powder particles. The nano-size powders tend to fill in the interstitial
spaces between the aluminum powders during mixing and compaction.
Secondary processing conditions (extrusion) were not sufficient to
break the clusters completely and disperse the nanopowder in the
metal matrix. Previous studies have reported that agglomeration of SiC
particles in Al matrix resulted in the degradation of mechanical
properties, as reinforcement clustering along with voids in the particles
acted as pre-existing cracks, limiting the stress transfer from the soft
matrix to the hard reinforcements during deformation [22,23].
However, these agglomerated sites are only observed at few locations
across the matrix and a near-uniform nanoparticle distribution is

noticed in the Al-SiC composite samples. This near-uniform distribu-
tion of nanoparticles promotes more even heating throughout the
compacted specimens during sintering and demonstrates the effective-
ness of using powder metallurgy coupled with hybrid microwave
sintering for the synthesis of Al-based nanocomposites [24].

Energy dispersive X-ray spectrometry (EDS) was employed to
identify elemental distribution in the Al matrix. The EDX spectrum
(Fig. 4a) of the Al-1.5 vol% SiC composite showed that the composite
was composed mainly of Al, Si and C elements. Fig. 4(b) represents the
microstructure and the corresponding Al, Si, and C composition maps
of the extruded composite containing 1.5 vol% of SiC nanoparticles.
The elemental distribution map evidently reveals the uniform distribu-
tion of SiC nanoparticles in Al matrix and confirms the presence of
aluminum and SiC phases.

3.3. Mechanical properties of extruded Al-SiC nanocomposites

The size and amount of reinforcement, type of processing technique
and the matrix/particle integrity greatly influence the mechanical
properties of an Al-based composite [25,26]. Strong matrix/particle
interface integrity was obtained in this study. Therefore, SiC particle
volume fraction and the effect of hot extrusion as a secondary
processing play an active role in realizing the mechanical properties

Fig. 2. XRD patterns of microwave-hot extruded Al-SiC nanocomposites.
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Fig. 3. SEM micrographs of microwave-hot extruded of (a) pure Al, (b) Al-0.5 vol% SiC
and (c) Al-1.0 vol% SiC nanocomposites.
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of the composites.

3.3.1. Microhardness studies
The microhardness is a very useful important property that reflect

the strength and tribological properties of the material. Generally,
several factors would affect the microhardness of the composites such
as particle size, volume percent, distribution of reinforcement phase,
method of preparation and density of the reinforcement [27]. The
average microhardness values of the extruded pure Al and Al-SiC
composite samples are presented in Fig. 5 and Table 1. The presence of
hard SiC particles increases the microhardness of the composites as
explained by the rule of mixtures [28].

H H F H F= +c m m r r (1)

where, Hc, Hm and Hr are the hardness of the composite, matrix, and
reinforcement, and Fm and Fr are the volume fraction of matrix and
reinforcement, respectively.

The increase in hardness of Al-SiC nanocomposites when compared
to pure Al can also be attributed to good interface between the soft
phase of pure Al and hard phase of SiC formed during milling and a
homogenous distribution of the SiC particles in the Al matrix. As the
volume fraction of silicon carbide in the composite increases, the
hardness value increases, achieving a value of over 82.34 Hv for the Al-
1.5 vol% SiC composite, which is consistent with the spark plasma
sintered Al-SiC composites [9]. The increase in hardness values with

the increase in SiC particles can be attributed to the increased presence
of hard SiC particles and its constraint towards localized plastic
deformation coupled with good matrix-reinforcement interfacial integ-
rity. Similar outcomes of increasing hardness with increasing amount
of reinforcement in the matrix irrespective of the fabrication process of

Fig. 4. EDS spectrum (a) and mapping (b) analysis of microwave-hot extruded Al-1.5 vol% SiC nanocomposite.

Fig. 5. The variation of hardness of microwave-hot extruded Al-SiC nanocomposites.
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AMMCs were reported by previous researchers [9–11,29,30]. The
microhardness values of the microwave-extruded samples are higher
than those of the conventional or stir casting samples.

3.3.2. Compressive studies
The room temperature engineering stress-strain curves of the

microwave sintered and hot extruded pure Al and Al-SiC nanocompo-
sites under compression loading are shown in Fig. 6(a). The average
compressive yield strength (CYS) and ultimate compressive strength
(UCS) values of the extruded composites as a function of added SiC
particles are shown in Fig. 6(b) and Table 2. Al-1.5 SiC nanocomposite
exhibited a compressive strength of 392.16 MPa and yield strength of
about 118.9 MPa. According to Fig. 6(b), the compressive strength and
yield strength of extruded composites increases with increasing volume
percent of nano-sized reinforcement particles. This significant im-
provement in compression strength properties of the extruded Al-SiC
nanocomposites compared to the pure Al can be ascribed to the
coupled effects of (a) uniform distribution of nanosized reinforcement
particles in the matrix and (b) enhanced dislocation density [31].

It can be noted that the compressive properties of the microwave-
hot extruded Al-SiC nanocomposites are interestingly superior to that
of conventional sintered AMMCs [9,10,32,33].

3.3.3. Tensile studies
Fig. 7(a) shows the typical engineering stress-strain curves of the

microwave sintered and hot extruded pure Al and Al-SiC nanocompo-

sites under tensile loading. It can be observed that, all extruded
composites exhibited higher tensile strength in comparison to that of
pure Al. The improved tensile strength of extruded composites is
ascribed to the enhanced distribution of SiC nanoparticles. During
extrusion, plastic deformation occurs in the metal matrix and hence the
load is transferred to the hard reinforcement particles triggering the
damage mechanisms related to the failure of the Al-SiC composite [34].

The average yield strength, ultimate tensile strength, and ductility
values of the extruded composites as a function of added SiC particles
are shown in Fig. 7(b) and Table 3. According to the results, the tensile
yield strength (TYS) and ultimate tensile strength (UTS) of the
composites gradually increases while % elongation decreases with the
increasing of vol% of hard SiC particles. This observation can be
attributed to the progressive increase in particle related damage events
under the application of tensile loading [35]. However, tensile proper-
ties of the microwave-hot extruded Al-SiC nanocomposites are inter-
estingly superior to that of conventional sintered AMMCs [29,32,34–
36].

3.3.3.1. Strengthening mechanism analysis. Several mechanisms and
theories have been recommended to elucidate the strengthening of
metal matrix composites. However, the strength of the composites does
not depend on a unique mechanism but several mechanisms may act
simultaneously. These include Orowan strengthening, strengthening
due to grain refinement, strengthening due to the formation of internal
thermal stress resulted from different co-efficient of thermal expansion

Table 1
Summary of microhardness of Al–SiC nanocomposites produced by different techniques.

S.No Material Hardness (Hv) Method of Preparation Ref.

1 Pure Al 37 ± 5 Mechanically alloying
Al–0.3vol%SiC 49 ± 6 +
Al–0.5vol%SiC 56 ± 3 Microwave sintering [Present study]
Al–1.0vol%SiC 73 ± 4 +
Al–1.5vol%SiC 82 ± 4 Hot Extrusion

2 Al–20 vol%SiC 74.80
Al–25 vol%SiC 81.20 Spark plasma sintering [9]

3 Pure Al 30.00
Al–15 wt%SiC 43.00 Conventional [10]
Al–25 wt%SiC 59.00 casting

4 Pure Al 40.30 Ball milling
Al–5 wt%SiC 61.00 + [11]
Al–10 wt%SiC 72.00 Hot extrusion

5 Pure Al 24.50
Al–5 wt%SiC 38.67
Al–10 wt%SiC 42.30 Stir casting process [30]
Al–20 wt%SiC 45.40

Fig. 6. Compression engineering stress–strain curves (a) and strengths (b) of microwave-hot extruded Al-SiC nanocomposites with different volume fraction of SiC particles.
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(CTE) values between the matrix and the reinforcement particles,
strengthening due to the effective load transfer between the matrix and
the reinforcement and the hardening due to the strain misfit between
the reinforcing particulates and the matrix. In the present study, the
strengthening mechanisms will be discussed from two points of view:
(a) dispersion strengthening mechanism and (b) an increased
dislocation density arising from a thermal mismatch between the
matrix and reinforcement.

The strengthening mechanism resulting from dispersion hardening
is known as Orowan strengthening. Orowan strengthening is expected
to be the main active particle strengthening mechanism in the present
metal matrix composites. The SiC nanoparticles prevent the movement
of dislocations in the pure aluminum matrix through dispersion
strengthening mechanism as given by the Orowan–Ashby equation
[37].

σ Gb
λ

r
b

= 0.13 lnOrowan (2)

where, G is the shear modulus of Al (68 GPa); b is the Burgers vector of
Al (0.32 nm); r is the average radius of nanoparticles respectively. The
interparticulate distance between the reinforcement particles within
the Al metal matrix is given by equation [38]:

λ f r
f

= 4(1 − )
3 (3)

where λ is the distance between the reinforcement particles, f is the
volume fraction of the reinforcement particles, and r is the particle
radius.

According to Eq. (3), increasing the amount of SiC leads to a
decrease in the distance between the SiC particles. By reducing the
distance between the SiC particles according to Eq. (4) will result into

an increase in the required compressive/tensile stress for the move-
ment of dislocations between the SiC particles resulting into to an
increase in the material strength.

Τ Gb
λ

=0 (4)

In Eq. (4), T0 is the required compressive/tensile stress for forcing
dislocations to move among reinforcement particles. G is the elastic
modulus of the matrix and reinforcement materials and b is the
Burger's vector.

By minimizing the interparticulate distance, the tensile stress
required for moving the dislocations among the reinforcement particles
also increases, results in an increase of the composite strength. This
observation supports the measured hardness values mentioned earlier.

In addition, the increase in ultimate tensile strength can also be
attributed to the mismatch in CTE values of Al and SiC particles which
contributes greatly to the high dislocation density and subsequent
strengthening of the composite. In Al-SiC nanocomposites, there is a
large difference in the thermal expansion coefficient (CTE) between
matrix (24 × 10−6/K for Al) and reinforcement (4.3 × 10−6/K for SiC).
Even small temperature changes can generate thermal stresses in the
aluminum matrix. These stresses can be partially released by disloca-
tion generation in the vicinity of the interface. Thus, the dislocation
density generated can be quite significant at the interface and can be
predicted using the model of Taya and Arsenault [39] based on
prismatic punching of dislocations at a ceramic particulate.

ρ BεV
bd V

=
(1 − )

r

r (5)

where, B is a geometric constant, ε is the thermal mismatch, Vr is the
volume fraction of the reinforcement, b is the Burgers vector, and d is
the average grain diameter of reinforcements.

Table 2
Compression behavior of Al–SiC nanocomposites produced by different techniques.

Material Preparation method Yield strength (MPa) Ultimate compressive strength (MPa) Failure strain (%)

Pure Al 66 ± 3 313 ± 5 > 75
Al–0.3vol%SiC Microwave sintering 78 ± 6 323 ± 7 > 75
Al–0.5vol%SiC + Hot extrusion 86 ± 4 342 ± 3 > 75
Al–1.0vol%SiC 97 ± 8 364 ± 9 > 75
Al–1.5 vol% SiC [Present study] 114 ± 7 392 ± 6 > 75
Al–25 wt%SiC [9] Spark plasma sintering – 315 –

Al–25 wt%SiC [10] Conventional stir casting – 72 –

Al–15 wt%SiC [32] Hot press + Extrusion 143.2 210 –

Al–10 wt%SiC [33] Casting technique 71 132 –

Fig. 7. Tension engineering stress–strain curves (a) and strengths, elongation (b) of microwave-hot extruded Al-SiC nanocomposites with different volume fraction of SiC particles.
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3.3.4. Fracture behavior
The fracture morphology analysis of extruded pure Al and Al-SiC

nanocomposites tested under compression and tensile loading are
shown in Figs. 8 and 9. The fractured compressive samples reveal a
crack at 45° to the test axis. Fig. 8(a and b) clearly show shear mode
fracture in both pure Al and Al-1.5 vol% SiC composite which also
confirms that the compressive deformation of the developed Al-
composites is significantly indifferent. This is due to heterogeneous
deformation and rate of work hardening behavior [40].

Fractography of the fractured tensile test specimens reveals that the
required bonding between powder particles could be obtained at the
extrusion temperatures used in the present work, as no sign of primary
particle boundary separation was observed at the fracture surface, even
for specimens extruded at 350 °C, as shown in Fig. 9(a and b).
Apparently, all the fractured surfaces revealed dimple like features
indicating the degree of material's plasticity which can be correlated to
the observed failure strain of more than 7% (see Table 3). The presence
of SiC particles in the dimple cores and walls suggests that the
fractured particles and agglomerates are potential stress concentration
sites and susceptible to void formation. However, the presence of
excellent interfacial integrity between the matrix and particles suggests

an effective transfer of load between the soft aluminum and the hard
SiC particles.

3.3.5. Nanoindentation studies
The load-displacement plots from nanoindentation for the extruded

pure Al and Al-SiC nanocomposite samples are presented in Fig. 10(a).
A maximum load of 100 mN was applied, and the indentation depth
resides within 1.3–2.4 nm. Lower depth of penetration in composites
can be observed from the nanoindentation graphs in comparison to
that of pure Al. The decrease of indentation depth with the increase in
hardness that agrees with the fact that hardness has been increased
with increase in volume fraction of SiC particles. A similar trend in the
hardness values was observed in the Al-TiC composites [41]. The lower
displacement is attributed to the higher resistance offered by the matrix
incorporated with hard SiC particles to the indenter.

The Young's modulus and hardness of extruded pure Al and Al-SiC
composite samples achieved directly from the nanoindentation test, as
shown in Fig. 10(b). The Young's modulus and hardness are observed
to increase with increasing amount of hard SiC particles. The enhanced
modulus for the extruded composites from 73.19 to 92.25 GPa by
increasing SiC from 0 vol% to 1.5 vol% is attributed to the efficient load

Table 3
Tensile properties of Al–SiC nanocomposites produced by different techniques.

Material Preparation method Yield strength (MPa) Ultimate tensile strength (MPa) Ductility (%)

Pure Al 105 ± 6 119 ± 7 13.6 ± 0.3
Al–0.3vol%SiC Microwave sintering 117 ± 2 130 ± 3 11.9 ± 1.3
Al–0.5vol%SiC + Hot extrusion 125 ± 3 144 ± 7 9.8 ± 0.8
Al–1.0vol%SiC 140 ± 5 160 ± 9 8.6 ± 0.6
Al–1.5vol%SiC [Present study] 158 ± 9 178 ± 6 7.3 ± 0.9
Al–25 wt%SiC [10] Conventional stir casting 82 88.46 5.0
Al–15 wt%SiC [32] Liquid state mixing technique 130 167 7.2
Al–30vol%SiC [34] Powder metallurgy + Hot extrusion 123 192 4.0
Al–2 wt%SiC [35] Steering hot method 43.68 47 5.9
Al–15vol%SiC [37] Casting technique – 94.21 5.57

(a) (b) 

Shear bands

Fig. 8. SEM fractographs of (a) Pure Al and (b) Al-1.5 vol% SiC under compressive loading.

(a) 
Dimples 

(b) 

Fig. 9. SEM fractographs of (a) Pure Al and (b) Al-1.5 vol% SiC under tensile loading.

M.P. Reddy et al. Progress in Natural Science: Materials International 27 (2017) 606–614

612



transfer across the ceramic-metal interface. The hardness was found to
increase from 5.16 to 15.24 GPa with increasing of SiC content. Al-
1.5 vol% SiC exhibited the maximum young's modulus and hardness
value of 92.25 GPa and 15.24 GPa, which are ~ 26% and ~ 172%
greater than that of pure Al. A similar increase of Young's modulus and
hardness values also observed for 5 and 10 wt% of SiC using planetary
ball mill and conventional sintering [41,42]. However, this increase in
hardness is due to the uniform distribution of nano-sized reinforce-
ment particles in the Al matrix and good interfacial bonding between
matrix and reinforcement particles [43].

3.4. Coefficient of thermal expansion (CTE) of extruded Al-SiC
nanocomposites

The measured CTE values are shown in Fig. 11. It can be observed
that, the CTE values decreases with increasing volume content of SiC
particles. It is in accordance with the theory that the thermal expansion
of composites is governed by the competing interactions of expansion
of Al matrix and the constraint of SiC particles through their interfaces
[44]. The CTE of pure Al was measured to be 23.31 × 10−6 /K which is
in close agreement with the theoretical CTE of aluminum (24 × 10−6/
K). The addition of 1.5 vol% SiC nanoparticles to Al reduced the CTE
value to ~ 19.2 × 10−6/K. This considerable decrease in CTE values
may be the result of the addition of thermally stable SiC particles with
CTE of 4.3 × 10−6/K. CTE values in the present study are in agreement
with those found from the literature; from 23.8 × 10−6 /K to 13.6 ×

10−6 /K for SPS consolidated SiCp/Al composites [45]. The linear
decrease in CTE values with the addition of SiC particles results in
thermally stable composites and highlights the pronounced effect of
SiC in improving the dimensional stability of Al. With Al being a
leading material in aerospace and automotive industry, better dimen-
sional stability at elevated temperatures becomes an important prop-
erty for the application of any material.

4. Conclusions

In the present work, nano-sized SiC (0.3, 0.5, 1.0 and 1.5 vol%)
particles reinforced aluminum metal matrix nanocomposites were
successfully fabricated through microwave sintering process followed
by hot extrusion. XRD, SEM and EDS analysis reveals the presence of
Al and SiC components in developed composites. Under compression
testing, the CYS and UCS values increased from 66 and 313 MPa for
pure Al to about 119 and 392 MPa with the addition of 1.5 vol% SiC,
respectively, which are ~ 80% and ~ 25% greater than that of pure Al.
Under tensile testing, the TYS and UTS values increased from 105 and
119 for pure Al to about 158 and 178 MPa respectively, which are ~
51% and ~ 49% greater than the pure Al. Ductility, however, decreased
from 13.6% for pure Al to about 7.3%, which is ~ 46% lesser than the
pure Al. The shear band and dimple formations were observed in Al-
1.5 vol% SiC nanocomposites under compression and tensile loading,
respectively. Young's modulus and hardness values of Al-matrix
increased by increasing amount of SiC nanoparticles. Coefficient of
thermal expansion values decreased with increased amounts of SiC
particles indicating high dimensional stability.
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