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a b s t r a c t

Metal–matrix composites (MMCs), as light and strong materials, are very attractive for application in dif-
ferent industries. In the present work, nano and micro-composites (A356/Al2O3) with different weight
percent of particles were fabricated by two melt techniques such as stir-casting and compo-casting.
Microstructural characterization was investigated by optical (OP) and scanning electron microscopy
(SEM). Tensile, hardness and compression tests were carried out in order to identify mechanical proper-
ties of the composites. The results of microstructural study revealed uniform distribution, grain refine-
ment and low porosity in micro and nano-composite specimens. The mechanical results showed that
the addition of alumina (micro and nano) led to the improvement in yield strength, ultimate tensile
strength, compression strength and hardness. It was indicated that type of fabrication process and par-
ticle size were the effective factors influencing on the mechanical properties. Decreasing alumina particle
size and using compo-casting process obtained the best mechanical properties.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Metal–matrix composites (MMCs) are most promising in
achieving enhanced mechanical properties such as: hardness,
Young’s modulus, 0.2% yield strength and ultimate tensile strength
due to the presence of nano and micro-sized reinforcement parti-
cles into the matrix. Generally, regards to the mechanical proper-
ties, the reinforcements result in higher strength and hardness,
often at the expense of some ductility [1].

Aluminum-matrix composites (AMCs) reinforced with particles
and whiskers are widely used for high performance applications
such as in automotive, military, aerospace and electricity indus-
tries because of their improved physical and mechanical properties
[2]. In the composites relatively soft alloy like aluminum can be
made highly resistant by introducing predominantly hard but brit-
tle particles such as Al2O3 and SiC.

A356 aluminum alloy is a very commonly Si-containing Al-alloy
used as the matrix in MMCs. It is characterized by: low cost, ease of
handling, good strength and ductility and resistance to atmo-
spheric corrosion. Hard particles such as Al2O3 and SiC are com-
monly used as reinforcement phases in the composites. The
application of Al2O3 or SiC particle reinforced aluminum alloy
matrix composites in the automotive and aircraft industries is
gradually increasing for pistons, cylinder heads, connecting rods

etc. where the tribological properties of the materials are very
important [1–4].

Mechanical properties of composites such as strength and duc-
tility may be improved, simultaneously if the dispersed particles
are of nano-size. The enhancement of mechanical properties in
the novel nano-particle reinforced MMCs has been reviewed re-
cently [4].

In addition, the mechanical properties of MMCs are sensitive to
the processing technique used to fabricate the materials. Consider-
able improvements may be achieved by applying science-based
modeling techniques to optimize the processing procedure. Several
techniques have been employed to prepare the composites includ-
ing powder metallurgy, melt techniques and squeeze casting [2,3].
However, powder metallurgy appears to be the preferred process
in view of its ability to give more uniform dispersions. Hot extru-
sion is generally used as post-treatment to take the advantages
of applying compressive forces and high temperatures, simulta-
neously [5].

There are two types of melting methods to fabricate compos-
ites, depending on the temperature at which the particles are
introduced into the melt. In the liquid metallurgy process, the par-
ticles are incorporated above the liquid temperature of the molten
alloy, while in compo-casting method the particles are incorpo-
rated at the semi-solid slurry temperature of the alloy. In the both
processes, the vortex occurs and the composites have high poros-
ity. However, the melting process has two major problems firstly,
the ceramic particles are generally not wetted by the liquid metal
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matrix, and secondly, the particles tend to sink or float according to
their density relative to the liquid metal. Consequently, the disper-
sion of the ceramic particles is not uniform. In order to decrease
the porosity in the composite material, the pressure casting such
as die and squeeze casting methods is needed [6].

Although powder metallurgy produces better mechanical prop-
erties in MMCs, melt processing has some important advantages.
They are as: better matrix-particle bonding, easier control of ma-
trix structure, simplicity, low cost of processing, nearer net shape
and the wide selection of materials [1–4].

Investigation of mechanical behavior of aluminum alloys rein-
forced by nano and micro hard particles such as Al2O3 and SiC is
an interesting area of research. Therefore, the aim of this study is
to investigate the effects of different factors such as: (i) particle
size (micro and nano Al2O3 particles) (ii) weight percentage of
the particles (iii) type of fabrication process (stir and compo cast-
ing) on the microstructure and mechanical properties of the
composites.

2. Experimental procedure

In the current research, A356 alloy and particulate alumina
powder with size of 50 nm and 20 lm were used as the matrix
and reinforcement phases.

Composite specimens were manufactured by compo- and stir-
casting methods using mechanical mixing of the molten alloy.
Micro and nano-particles were injected into the melt by argon
gas in a graphite crucible inserted in a resistance heating furnace.
The magnitude of alumina powder injected into the composites
were chosen 1, 3, 5 and 7.5 wt.% micro-alumina and 1, 2, 3 and
4 wt.% nano-alumina. The crucible was equipped with a bottom
pouring system. In the case of stir-casting injection temperature
was chosen 700 �C and for compo-casting it was 610 �C. Depend-
ing on the quantity of the particles added, the injection time was
7 to 15 min. The stirring was continued for 30 min to produce
homogenous mixture. The pouring temperature for the two
processes was selected 650 �C. The speed of impeller was
300 rpm.

To study the microstructure of the specimens they were cut by
an automatic cutter device. The specimen surfaces were prepared
by grinding through 600 and 1200 grit papers and then by polish-
ing with 3 lm diamond paste. Microscopic examination of the
composites was carried out by optical and scanning electron
microscopy.

The porosity volume percent of the composites was determined
by comparing the measured density with that of their theoretical
density. The Brinell hardness values of the samples were measured
on the polished samples using a ball with 2.5 mm diameter at a
load of 10 kg.

To investigate the mechanical behavior of the composites the
tensile and compression tests were carried out using Zwick 760
testing machine according to ASTM.B 557 and ASTM E9-89a,
respectively. The crosshead speed was set at 3 mm/min on the
round specimens. Each test was repeated three times to obtain a
precise average value for each property.

3. Results and discussion

Fabrication of metal–matrix composites with alumina particles
by casting processes is usually difficult because of the very low
wettability of alumina particles and agglomeration phenomena
which results in non-uniform distribution and weak mechanical
properties. In the current work, A356 aluminum alloy matrix com-
posites with micro and nano-size alumina particles were produced
by two casting methods (stir- and compo-casing). The chemical

composition of A356 aluminum alloy is shown in Table 1. The mag-
nitude of alumina powder used in the composites were 1, 3, 5 and
7.5 wt.% micro-alumina and 1, 2, 3 and 4 wt.% nano-alumina. The
optical micrographs of the nanocomposites with 1 wt.% alumina
fabricated by stir and compo-casting processes are shown in
Fig. 1. The micrographs show that grain size of the reinforced com-
posite (Fig. 1b and c) is smaller than the alloy without alumina par-
ticles (Fig. 1a) because, particles act as nucleation sites. In addition,
due to the good wettability of particles with melt, the grain size of
composite fabricated by compo-cast was smaller than that of fab-
ricated by stir-casting process. The SEM micrographs shown in
Fig. 2 indicate distribution of alumina particles in different speci-
mens. Fig. 2a reveal good distribution of particles and very low
agglomeration in the nano-composite reinforced with 1 wt.%
Al2O3, fabricated by compo-casting process. Moreover, the figure
indicates that the Al2O3 nano-particles have tendency to segregate
and cluster at inter-dendritic regions which are surrounded by eu-
tectic silicon (Fig. 2b–d).

The porosity content of micro and nano-composites is shown in
Table 2. The volume percent of porosity was measured by compar-
ing the theoretical and experimental densities determined by the
Archimedean method [2,3]. The results show that the amount of
porosity increases with increasing micro and nano alumina be-
cause of pore nucleation at the Al2O3 particulate surfaces and
decreasing liquid metal flow. Also, in a constant Al2O3 percent,
the porosity percent of nano-composite is more than micro com-
posite because of the low wettability and more agglomeration
and particle clustering of nano-particles. Additionally, the porosity
content in composites fabricated by compo-cast process was lower
than that of fabricated by stir-casting because of good wettability
of particles in compo-cast process.

The stress–strain curves of the nanocomposites are shown in
Fig. 3. The main feature of these curves is that the yield stress
and tensile strength increase while fracture strain decreases with
increasing nano-particle content.

To investigate the strengthening effects of nano and micro-par-
ticles on the hardness, tensile and compression properties of the
composites such as yield and ultimate strength a model has been
proposed which is summarized as bellows [7–9]:

Dr ¼ Drload þ DrHall—Petch þ ððDrOrowanÞ2 þ ðDrCTEÞ2Þ1=2 ð1Þ

The shear transfer of load from the soft matrix to the hard cera-
mic nano or micro reinforcements during tensile and indentation
tests, especially when there is a good interfacial integrity between
the two phases, is called the load bearing effect, rload which is rep-
resented as [7–9]:

rload ¼ 0:5Vprym ð2Þ

where Vp is the volume fraction of reinforcement nano or micro-
particles and rym is the matrix yield stress.

The contribution of grain refinement to the strength levels
could be discussed on the basis of the classical Hall–Petch equation
[10,11]:

DrHall—Petch ¼ KðdÞ�1=2 ð3Þ

in which, K is the Hall–Petch coefficient and d is the matrix grain
diameter.

The interaction of dislocations with the non-shear-able nano-
particles increases the strength of composite samples according
to the Orowan mechanism. Due to the presence of the dispersed
nano-sized particles in the matrix, dislocation loops form when
dislocations pass the particles. rOrowan can be calculated as [12]:

DrOrowan ¼
0:13Gb

d
ln

r
b

ð4Þ
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where G is the shear modulus of matrix, b is the Burgers vector, d is
the inter-particle spacing, and r is the particle radius.

The difference between the coefficient thermal expansion (CTE)
values of reinforcement (Al2O3) and Matrix (A356 aluminum alloy)
generates geometrically necessary dislocations and thermally

induced residual stresses. The thermal stresses in the interface of
the particles and matrix make the plastic deformation more diffi-
cult, and thus enhance the level of hardness and flow stress. The ef-
fect of mismatch strain due to the difference between the CTE
values of particles and that of the matrix is given by [9]:

Table 1
Chemical composition of A356 aluminum alloy (wt.%).

Composition Al Si Mn Mg Zn Fe Ti Ni P Pb Ca

wt.% 93.275 6.104 0.013 0.425 0.063 0.180 0.009 0.006 0.002 0.002 0.005

Fig. 1. Optical micrographs of (a) A356 Alloy; (b) A356 reinforced with 1 wt.% nano alumina particles fabricated by compo-casting; and (c) A356 reinforced with 1 wt.% nano
alumina particles fabricated by stir-casting process.

Fig. 2. SEM micrographs of nano-composites reinforced with: (a) 1 wt.% Al2O3; (b) 2 wt.% Al2O3; (c) 3 wt.% Al2O3; fabricated by compo-casting process; and (d) 1 wt.% Al2O3;
fabricated by stir-casting process.
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DrCTE ¼
ffiffiffi
3
p

bGmb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24VpDaDT
ð1� VpÞbrp

s
ð5Þ

where b is the strengthening coefficient, Da is the difference be-
tween CTE of reinforcement and that of matrix and DT is the differ-
ence between the processing and test temperature.

Fig. 4 shows the variation of 0.2% yield strength and ultimate
strength of the composites with different nano and micro-Al2O3

volume fractions. At first, the yield and ultimate strength of the

composite increase with increasing Al2O3 content because of in-
crease in load stress (Eq. (2)). The enhancement in tensile strength
is partly due to the higher work hardening rate of the particle con-
taining materials [4]. In addition to the grain refinement and par-
ticle strengthening, the enhancement of strength is affected by
the higher load bearing and mismatch strengthening caused by
nano-particles. It is expected that due to the thermal mismatch
stress, there is a possibility of increased dislocation density within
the matrix during cooling from solidification temperature. The dis-
locations might lead to making local stress and also to increase in
the strength of the matrix and in turn, in the strength of the com-
posite. This stress depends on the temperature from which the
composite is cooled. Higher temperature leads to more local stress
and to the further increase in the strength of the composite [9].

The great enhancement in the values observed in the compos-
ites in comparison to the base aluminum is due to grain refinement
according to the Hall–Petch theory (Fig. 1) and the presence of the
particles as obstacles that restrict the motion of dislocations in the
matrix (Orowan mechanism). In addition, uniform distribution of
Al2O3 particles confirmed by SEM micrographs (Fig. 2) and low de-
gree of porosity (Table 2) affect the strength of the composites. The
parameters cause to the effective transfer of applied tensile load to
the uniformly distributed strong Al2O3 particulates.

The type of used processes for fabrication of composite in this
research (stir- and compo-casting) is an effective factor on the
mechanical properties of the composites. The results of the poros-
ity and microstructure study show that the porosity volume per-
cent and grain size in compo-casting is lower than those in stir
process because of good wettability of particles in compo-casting

Table 2
The porosity percent of micro and nano-composite fabricated by compo and stir-
casting process.

Micro/nano-composite Porosity
(%) (stir casting)

Porosity
(%) (compo casting)

A356 1.11 1.11
A356–1 wt.% micro-Al2O3 1.18 1.15
A356–3 wt.% micro-Al2O3 2.05 2.05
A356–5 wt.% micro-Al2O3 2.90 2.85
A356–7.5 wt.% micro-Al2O3 5.6 5
A356–1 wt.% nano-Al2O3 1.18 1.12
A356–2 wt.% nano-Al2O3 1.62 1.5
A356–3 wt.% nano-Al2O3 2.41 2.25
A356–4 wt.% nano-Al2O3 – 3.5

Fig. 3. The tensile stress–strain curves of the nanocomposites, fabricated by
compo-casting process.

Fig. 4. The variation of (a) 0.2% yield strength; and (b) ultimate strength of the composites with different nano and micro-Al2O3 weight fractions fabricated by compo and stir-
casting processes.

Table 3
Ductility of the micro and nano-composites fabricated by compo- and stir-casting
process.

Micro/nano-composite Ductility
(%) (stir casting)

Ductility
(%) (compo casting)

A356 1.55 1.55
A356–1 wt.% micro-Al2O3 1.45 1.48
A356–3 wt.% micro-Al2O3 0.94 1
A356–5 wt.% micro-Al2O3 0.83 0.87
A356–7.5 wt.% micro-Al2O3 0.65 0.7
A356–1 wt.% nano-Al2O3 1.31 1.37
A356–2 wt.% nano-Al2O3 1.21 1.29
A356–3 wt.% nano-Al2O3 1.12 1.19
A356–4 wt.% nano-Al2O3 – 0.74
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(Table 2 and Fig. 1). The fact has been confirmed by other research-
ers [2,3]. Consequently, the yield and ultimate strength in compo-
casting is greater than stir process.

Moreover, the particle size is one of the important factors in
strengthening mechanism. Nano-particles play an important role
in the high strength, hardness and ductility of the composites in
comparison to micro-particles because of the good interface be-
tween nano-particles and matrix [7,8]. They also act as hard obsta-
cles to the motion of dislocation (Eq. (4)). Consequently important
point is that the improvement in the yield and ultimate strength of
the MMCs increases with decreasing particle size (Fig. 4). This is in
agreement with the other researches [7,8]. Thus, nanoparticulate-
reinforced MMNCs produce excellent mechanical properties, com-
pared to the counterpart of micro particulate-reinforced MMCs due
to a strong cohesion at the atomic level between the matrix and
particles. In other words, the nano-sized particles are directly
bonded to the matrix [8].

Table 3 shows the results of ductility (elongation percent in
stress–strain curves) of the composites. According to the table,
ductility increases with decreasing particle size and weight per-
cent. Also, ductility of compo-cast specimens is greater than that
of stir-cast samples. The increment of ductility can be attributed
to the effects of increase in grain boundary area due to grain refine-
ment (Fig. 1), the strong multidirectional thermal stress at the Al/
Al2O3 interface, and the effective transfer of applied tensile load to
the uniformly distributed enormous number of well-bonded
strong nano-Al2O3 particulates [1].

The influence of nano and micro particle content on the hard-
ness is depicted in Fig. 5. The observed increase in the hardness
levels with increasing weight percent of nano and micro-particles
is mainly due to the grain refinement and Hall–Petch mechanism

(Eq. (3)) and particle strengthening effects which act as obstacles
to the motion of dislocations (Eq. (4)). Also, the results show that
the hardness of the composite fabricated by compo-casting process
is more than the composite fabricated by stir-casting because of
the grain refinement produced during compo-casting, as shown
in Fig. 1.

The strength (yield and ultimate) and the hardness also increase
with increase in the reinforcement content. However, according to
the results of this research, quite significant improvement in
strength and hardness is noted when 3 wt.% nano-Al2O3 and
5 wt.% micro-Al2O3 particles in the case of compo-casting and
2 wt.% nano-Al2O3 and 5 wt.% micro-Al2O3 particles for stir-casting
is added. Further increase in Al2O3 content leads to the reduction in
strength values. This might be the result of more agglomeration of
particles and higher degree of defects and micro-porosity present
in the composite at higher Al2O3 content. The results are consistent
with the trends reported by other investigators [1–4]. It should be
mentioned that alumina particles act as potent sites for nucleation
of porosities so, with increasing Al2O3 content the micro-porosities
increase which might lead to the lower flow stress in composite.
On the other hand, increasing dislocations and other defects
around Al2O3 particles due to the difference in thermal expansion
coefficients of Al356 and Al2O3 (Eq. (5)), might result in debonding
of the interface and decrease in UTS in the composites with more
Al2O3 volume fraction [1,9]. However, different factors could
neutralize the effect of each other and thus, the nano-composites

Fig. 5. The hardness variation of the composites fabricated by compo and stir-
casting with nano and micro-Al2O3 content.

Fig. 6. The compression stress–strain curves of (a) nano and (b) micro-composites fabricated by compo-casting process.

Table 4
Compression strength of nano and micro-composites fabricated by compo- and stir-
casting process.

Micro/nano-
composite

Compression strength (MPa)
(compo casting)

Compression strength
(MPa) (stir casting)

A356 234.26 234.26
A356–1 wt.%

micro-Al2O3

250.65 272.50

A356–3 wt.%
micro-Al2O3

310.5 348.23

A356–5 wt.%
micro-Al2O3

390.55 423.45

A356–7.5 wt.%
micro-Al2O3

437.54 450.12

A356–1 wt.%
nano-Al2O3

550.80 579.35

A356–2 wt.%
nano-Al2O3

586.39 601.78

A356–3 wt.%
nano-Al2O3

595.30 624.78

A356–4 wt.%
nano-Al2O3

– 630.50
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containing 4 wt.% Al2O3 in the case of compo-casting and 3 wt.% in
the case of stir-casting exhibit less UTS than that of the 3 wt.% and
2 wt.%, respectively.

The compression stress–strain curves of the composites are
shown in Fig. 6. The compressive strength of a composite can pri-
marily be attributed to: the significant grain refinement, the pres-
ence of reasonably distributed hard particulates, dislocation
generation due to elastic modulus mismatch and coefficient of
thermal expansion mismatch between the matrix and reinforce-
ment phase, load transfer from matrix to reinforcement phase
and Orowan strengthening mechanism [13–15].

According to the results obtained from Fig. 6 and Table 4 it can
be concluded that the effect of Al2O3 content on the compressive
strength is considerable. Although increasing the content of Al2O3

increases the content of porosity (Table 2), the compressive
strength shows an increasing trend. This confirms the obvious ef-
fect of Al2O3 particles on strengthening of the composites.

The results presented in Table 4 show that the compression
strength of nano-composites is greater than that of micro-compos-
ites because, nano-particles are more effective in strengthening of
the composites. Moreover, compression strength of composites fab-
ricated by compo-casting is more than that of composites fabricated
by stir-casting because of the effect of grain size.

4. Conclusions

In the current research, micro- and nano-composites were fab-
ricated using stir- and compo-casting processes and effects of dif-
ferent fabrication parameters on microstructure and mechanical
properties were investigated. The following results were obtained:

1. The SEM micrographs show good distribution of particles and
very low agglomeration of alumina produced by compo-casting
method.

2. The stress–strain curves show that the yield strength and ten-
sile strength increase while fracture strain decreases with
increasing nano-particle content.

3. The yield, ultimate and compression strength of the composite
increase with increasing Al2O3 content because of increase in
load stress.

4. The type of used processes for fabrication of composites in this
research (stir- and compo-casting) was an effective factor on
the mechanical properties. The porosity and microstructure
results showed that the porosity percent and grain size in
compo-casting was lower than stir-casting process because
wettability of particles in compo-casting was better than stir-
casting process.

5. Increasing of hardness with increasing weight percent of nano
and micro-particles is mainly due to grain refinement and par-
ticle strengthening effects.

6. The significant improvement in strength and hardness is noted
when 3 wt.% nano-Al2O3 and 5 wt.% micro-Al2O3 particles for
compo- and 2 wt.% nano-Al2O3 and 5 wt.% micro-Al2O3 particles
for stir-casting is added; further increase in Al2O3 content leads
to the reduction in strength values.

7. Ductility increased with decreasing particle size and particle
percent. Also, ductility of compo-casting was greater than stir-
casting samples.
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