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a  b  s  t  r  a  c  t

Aluminum/alumina  composites  are  used  in  automotive  and  aerospace  industries  due to  their  low  den-
sity and  good  mechanical  strength.  In  this  study,  compocasting  was  used  to  fabricate  aluminum–matrix
composite  reinforced  with  micro  and  nano-alumina  particles.  Different  weight  fractions  of micro  (3,  5
and  7.5  wt.%)  and  nano  (1,  2, 3 and  4 wt.%)  alumina  particles  were  injected  by  argon  gas  into  the  semi-
solid  state  A356  aluminum  alloy  and  stirred  by a mechanical  stirrer  with  different  speeds  of  200,  300
and  450  rpm.  The  microstructure  of  the  composite  samples  was  investigated  by Optical  and  Scanning
Electron  Microscopy.  Also,  density  and  hardness  variation  of  micro  and  nano  composites  were  measured.
The microstructure  study  results  revealed  that  application  of compocasting  process  led  to  a  transforma-
tion  of a  dendritic  to  a nondendritic  structure  of  the  matrix  alloy.  The  SEM  micrographs  revealed  that
Al2O3 nano  particles  were  surrounded  by  silicon  eutectic  and  inclined  to  move  toward  inter-dendritic
regions.  They  were  dispersed  uniformly  in  the  matrix  when  1, 2  and  3  wt.%  nano  Al2O3 or  3  and  5 wt.%
micro  Al2O3 was  added,  while,  further  increase  in  Al2O3 (4 wt.%  nano  Al2O3 and  7.5  wt.%  micro  Al2O3)
led  to agglomeration.  The  density  measurements  showed  that  the  amount  of  porosity  in  the  composites
increased  with  increasing  weight  fraction  and  speed  of  stirring  and  decreasing  particle  size. The  hard-
ness  results  indicated  that  the  hardness  of  the  composites  increased  with  decreasing  size  and  increasing
weight  fraction  of  particles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal–matrix composites (MMCs) as new generation of mate-
rials can be used in many industries. In this group of materials a
strong ceramic reinforcement is incorporated into a metal matrix to
improve its properties including specific strength, specific stiffness,
wear resistance, excellent corrosion resistance and high elastic
modulus [1,2]. In other words, MMCs  combine metallic properties
of matrix alloys (ductility and toughness) with ceramic properties
of reinforcements (high strength and high modulus) and lead to
higher strength in tension and compression and higher service-
temperature capabilities. Thus, they have significant scientific,
technological and commercial importance [3].

Commonly micro-sized particles are used to improve yield and
ultimate strength of alloys. However, ductility of MMCs  decreases
significantly with increasing ceramic particle concentration. On the
other hand, application of nano-sized ceramic particles strength-
ens the metal–matrix composites while maintaining good ductility,
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high temperature creep resistance and better fatigue strength
[4–6]. According to the literature however, it is revealed that
addition of nano-alumina and copper simultaneously, improves
microstructural characteristics and compressive response of AZ31B
alloy [7].

MMCs  are manufactured using different techniques. These tech-
niques could be classified as liquid phase (casting) processes,
vacuum infiltration, pressureless infiltration and dispersion meth-
ods. Liquid–solid processes are divided into compocasting and
semi-solid forming. Solid-state processes or powder metallurgy
(PM) techniques are extensively used in the manufacture of parti-
cle MMC  [8,9]. Powder metallurgy routes are cost effective than the
casting methods but cannot be used for the production of intricate
shapes [8].

Compared with powder metallurgy, melt processing which
involves stirring of ceramic particles into melt, has some impor-
tant advantages: better matrix–particle bonding, easier control of
matrix structure, simplicity, low cost of processing and nearer
net shape and the wide selection of materials for this fabrica-
tion method [10,11]. Depending on the temperature at which the
particles are introduced into the melt, there are two types of
melting methods for making composites. In the liquid metallurgy
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process the particles are incorporated above the liquid temperature
of the molten alloy, while in compocasting method the particles
are incorporated into the semi-solid slurry temperature. It should
be mentioned that there are two variations of the compocasting
process namely semisolid–semisolid (SS) and semisolid–liquid (SL)
process routes. They are distinguished from each other by the state
of the matrix during the casting step, which is partially liquid or
fully liquid for the SS and SL routes, respectively [12]. In both the
processes, the vortex is used and the composites have high poros-
ity. To decrease the porosity density in the composite material,
the pressure casting such as die and squeeze casting methods are
needed [12–14].  Squeeze casting has greater potential to create
less defective cast components [15]. However, the melting process
has two major problems: firstly, the ceramic particles are gen-
erally not wetted by the liquid metal matrix, and secondly, the
particles tend to sink or float according to their density relative
to the liquid metal. Consequently, the dispersion of the ceramic
particles is not uniform, whereas powder metallurgy makes the
uniform dispersion of the reinforcements [11,16,17].  However, in
the melt method homogenization can be affected by manufactur-
ing parameters such as: the crucible size, efficiency, size and shape
of the impeller, temperature of the molten metal, stirring time and
speed, particle feeding into the melt, and the temperature of the
mold [11].

A356 aluminum alloy has been used as matrix of compos-
ites with ceramic reinforcing particles and fibers such as SiC
and Al2O3 [18–20].  The alloy solidifies in a broad temperature
interval (43 ◦C) and thus, is amenable to treatment in the semi-
solid state as well as casting. Because of the wide temperature
interval between the solidus and liquidus temperatures the alloy
can be used as matrix for obtaining composites by compocast-
ing method [21,22].  A356 aluminum alloy is a hypo eutectic Al–Si
alloy and is promising candidate for automotive applications [23].
It is identified by good mechanical properties and high ductil-
ity, as well as excellent casting characteristics and high corrosion
resistance. Mechanical properties of this alloy can be improved
by appropriate heat treatment and especially using T6 heat
treatment [3,24].

Although compocasting is generally accepted as a commercial
route for the production of MMCs  [13,14,25],  there are technical
challenges associated with producing a homogeneous, high density
composite. The challenges rise up specially, with increasing alu-
mina weight fraction and decreasing size of the particles, because of
the poor wetting between matrix alloys and some reinforcements
[26]. Most of the research works on fabrication of Al-based compos-
ites have concentrated on those containing micron-sized particles.
The results of literature survey indicate that very low attempts
have been made to investigate effects of the injection of particles
by argon gas in compocasting method on the microstructure and
mechanical properties of aluminum alloys reinforced with nano
and micro-Al2O3 particles. So, the purpose of the present work is
to produce reinforced metal–matrix composites with Al2O3 parti-
cles by compocasting method with injection of particles by argon
gas and simultaneous use of impeller for both micro and nano
sized particles. In addition, the effects of Al2O3 content, size, stir-
ring speed and time on the distribution of Al2O3 particles into the
metal–matrix and mechanical properties of the produced compos-
ites by quantitative analysis will be investigated.

2. Experimental procedures

In the present study, A356 aluminum alloy was  used as the matrix material while
the  micro-Al2O3 (alumina) particles with particle size of 20–30 �m and nano Al2O3

particles with particle size of 50 nm (Merck Company) were used as reinforcements.
Different sizes and weight fractions of the particles were used to investigate the
influence of the parameters on the properties of the nano composites. The chemical
composition of the A356 alloy was determined by optical emission spectroscopy
(OES).

The composites were made by compocasting method using mechanical mix-
ing  of the molten matrix. At first step, 1000 g of Al-356 alloy was charged into the
graphite crucible while an aperture was  devised in the bottom for pouring of melt.
The aperture was closed by a stopper during melting process and introduction of
particles and opened for exiting of melt.

The alloy was melted in a laboratory electric resistive furnace by heating up to
680 ◦C. After melting, cleaning of the melt from the slag was performed by over-
heating of the melt 50 ◦C above the liquidus temperature. Mixing process was done
by an impeller with a speed about 150 rpm at 610 ◦C in semi-solid condition. The
impeller was designed to be able to make radial and axial forces in the melt. The
mixing speed was then increased; the speed of 200, 300, and 450 rpm was inves-
tigated to determine the appropriate speed. To improve wettability, the ceramic
particles were preheated at 300 ◦C before incorporation into the melt by argon gas.
Before injection of particles, the mixing of semi-solid melt was carried out for 5 min
to  break the dendrites. Depending on the quantity of particles added, the injection
time of the powder was  7–15 min. To study the effect of stirring time on distribu-
tion of reinforcement particles, after particle injection the slurry was stirred for 15
or 30 min. In the last stage, the slurry was heated to 650 ◦C and poured in a cylin-
drical sand mold. Specimens from longitudinal section were cut and prepared by
mechanical polishing and then hardness tests were taken from samples (15 points
with 1 cm interval in distance of 15 cm).

Characterization of the produced composite samples included metallographic
examination, hardness measurement and density determination. For microstruc-
ture study, the specimens were prepared by grinding through 600, 800 and 1200
grit papers, respectively and then were polished with 6 �m diamond paste. The
specimens were examined by Optical and Scanning Electron Microscopy (SEM).

The amount of porosity was determined by comparing the measured density
from Archimedes method with their theoretical density. The hardness values (Brinell
hardness) of the samples were measured on the polished samples in 3 points for each
sample.

3. Results and discussion

3.1. Fabrication of composites

In the present work, A356 alloy was  reinforced with micro and
nano-sized Al2O3 particles. The chemical composition of A356 alloy
is given in Table 1. The weight fractions of alumina in the compos-
ites were chosen as: 3, 5 and 7.5 wt.% for micro and 1, 2, 3 and 4 wt.%
for nano, respectively. The composites have been successfully pro-
duced using compocasting method with injection of particles by
argon gas.

3.2. Density and porosity

The experimental density of the composites was obtained by
the Archimedian method of weighing small pieces cut from the
composite cylinder first in air and then in water. In addition, the
theoretical densities were calculated using the mixture rule [4,11].
The matrix alloy and Al2O3 particles have the densities of 2.7 and
3.9 g/cm3, respectively [12]. In order to determine the porosity con-
tent, density measurements were conducted on unreinforced and
composites reinforced with 3, 5 and 7.5 wt.% micro-Al2O3 and 1, 2, 3
and 4 wt.% nano-Al2O3 particles. The results are given in Table 2. The
difference between the calculated density (Dc), which was obtained

Table 1
Chemical composition of A356 aluminum alloy.

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
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Fig. 1. The variation of porosity with nano and micro-Al2O3 particle content.

using chemical composition of the composites and the experimen-
tal density (De) is due to the existence of porosity in the structure.

The variation of porosity volume percent with nano and micro
alumina volume percent is shown in Fig. 1. The figure shows that
increasing porosity volume percent has occurred with increasing
alumina weight fraction and decreasing particle size. This is due to
the effect of low wettability and agglomeration at high content of
reinforcement and pore nucleation at the matrix–Al2O3 interfaces.
Moreover, decreasing liquid metal flow associated with the parti-
cle clusters leads to the formation of porosity. Such an observation
has been reported in the literature [11,3,27]. Also, in a constant
Al2O3 percent, the porosity percent of nano-composite was  more
than that of micro-composite because of the low wettability and
more agglomeration and particle clustering of nano particles in
comparison with micro particles.

Table 2
Calculated and experimental densities of unreinforced alloy and the composites.

Samples Calculated
density (Dc)
(g/cm3)

Experimental
density (De)
(g/cm3)

A356 2.7 2.67
A356–3 wt.% Al2O3 2.736 2.679
A356–5 wt.% Al2O3 2.76 2.681
A356–7.5 wt.% Al2O3 2.81 2.669
A356–1 wt.% Al2O3 2.712 2.681
A356–2 wt.% Al2O3 2.724 2.683
A356–3 wt.% Al2O3 2.726 2.673
A356–4 wt.% Al2O3 2.752 2.665

Fig. 2. Variation of hardness with nano and micro-Al2O3 particle content and stir-
ring  speed.

Fig. 3. Effect of stirring time on distribution of hardness (BHN) of composite with
5  wt.% micro-Al2O3 particles at 300 rpm stirring.

3.3. Hardness

The hardness tests were performed with a Brinell hardness
machine using 10 kg load and a 2.5 mm diameter ball. For com-
posite materials containing a soft matrix and a hard reinforcement
phase, as in the case of alumina reinforced composites, the selection
of a region in the sample for evaluating the hardness data is very
crucial. Therefore, in order to obtain the average values of hardness,
areas predominant in the soft matrix or in the hard phase should
be avoided so that the average values of hardness are attained from
these measurements.

3.3.1. Effect of weight fraction and size of reinforcement on
hardness

The hardness results of the composites are shown in Fig. 2. Hard-
ness of the composites increases with increasing particles weight
fraction and with decreasing particles size. The higher hardness
of the composite samples relative to that of the matrix–Al-alloy
could be attributed to the reducing grain size and existence of Al2O3
hard particles acting as obstacles to the motion of dislocation. Also,
the hardness of nano-composites was greater than that of micro-
composites because of the more influence of nano particles on the
strengthening mechanism (Orowan mechanism). With increasing
alumina weight percent, scattering of hardness results increases
because of non-uniform distribution of the reinforcement parti-
cles. It should be mentioned that agglomeration occurs as a result

Fig. 4. Effect of stirring speed on distribution of hardness (BHN) of composite with
5  wt.% micro-Al2O3 particles at 30 min  stirring.
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Fig. 5. Optical micrographs of micro-composites reinforced with 5 wt.% alumina and stirring speed of (a) 0, (b) 200, (c) 300 and (d) 450 rpm.

of higher viscosity and increasing tendency to clump the particles
together due to high surface tension and poor wetting between the
particles and the melt.

3.3.2. Effect of stirring time and speed on hardness
In the lower stirring time, particle clustering occurred so that

in some places the matrix was identified without Al2O3 particles.
Consequently, this caused remarkable changes in hardness value at
the different locations in the specimen. By increasing the stirring
time, better homogeneous distribution of Al2O3 in the Al matrix
was found. The hardness results are reported in Fig. 3. It can be con-
cluded from the figure that 30 min  stirring shows uniform hardness
distribution when compared to the lower stirring time.

Fig. 2 shows that hardness of the composite increases with
increasing stirring speed up to 300 rpm because of homogeneous
distribution of Al2O3 in the metal matrix and also, partly due to the
decreasing grain size of the matrix. However when stirring speed
increased too much (450 rpm), the particles were dispersed out of
the crucible and so particle addition was not benefit. Due to the
severe agitation of the melt surface and agglomeration of parti-
cles the hardness distribution is not uniform at 450 rpm (Fig. 4). In

addition, according to Fig. 2, at lower stirring speed (200 rpm) the
hardness values decreased because of agglomeration and imperfect
incorporation of particles. In conclusion the hardness distribution
is not uniform in this condition too (Fig. 4).

3.4. Microstructure

The as-cast microstructure of A356 alloys according to the equi-
librium phase diagram consists of primary � phase (Al(�)) and a
eutectic phase (Si) in the space between the particles (Fig. 5a).
The results show that during solidification of A356–Al2O3 com-
posite melt, Al2O3 particles are pushed by aluminum dendrites
into the last freezing eutectic liquid. Therefore, Al2O3 particles are
surrounded by silicon eutectic.

3.4.1. Effect of stirring speed and time on microstructure
The structure of the matrix alloy is dendritic but the shear forces

produced by the rotation of the mixer cause a transformation of
dendritic to non-dendritic structure of the primary � phase parti-
cles.

Fig. 6. Optical micrographs of micro-composites reinforced with (a) 3 and (b) 7.5 wt.% Al2O3, with stirring speed of 300 rpm.
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The results of microstructure study reveal good interfacial bond-
ing between aluminum matrix and Al2O3 particles and uniform
dispersion of the particles throughout the matrix with low agglom-
eration. This can be attributed to the use of argon gas for injection
and the good wettability of particles with melt in the semi-solid
zone.

Fig. 5a–d shows that with increasing stirring speed homoge-
neous distribution of the particles has been achieved and the grain
size decreases because of breaking of dendrites and enhancement
of grain nucleation sites. Among the different stirring speeds inves-
tigated in this research, the optimum stirring speed was 300 rpm
(Fig. 5c). At the higher stirring speed (450 rpm) due to the high
turbulence and increasing of air bubbles and under the effect of cen-
trifugal force, the particles were dispersed out of the crucible by the
wind of the impeller and so particle addition was not achieved. Con-
sequently, porosity formation and segregation at a macro level and
inhomogeneous distribution of the strengthening particles occur
(Fig. 5d). The lower stirring speed (200 rpm) causes decrease in
wettability and increase in agglomeration of particles.

It is also understood from the microstructures that the increase
in speed alone, will not distribute the particles; the stirring time is
also another decisive factor. Higher stirring time and speed result in
better distribution of particles (Fig. 3) but this can lead to the chem-
ical reactions between matrix and particles, which often results in
formation of brittle secondary phases [28,29].

3.4.2. Effect of weight fraction and size of reinforcement on
microstructure

Figs. 5 and 6 show that addition of Al2O3 particles to A356
alloy affects the size of aluminum dendrites and eutectic mor-
phology. The particles act as nucleation sites therefore eutectic
size decreases. When 3 and 5 wt.% alumina are added to the melt
(Figs. 5b and 6a)  the particles are dispersed uniformly with low
agglomeration at the matrix while the further addition (7.5 wt.%
Al2O3) of particles causes the agglomeration of particles (Fig. 6b)
and increase of porosity percent (Fig. 1) and less increase of harness
(Fig. 2).

Fig. 7. (a) SEM and (b) EDS micrograph of nano-composites reinforced with 1 wt.%
Al2O3.

Fig. 8. SEM micrographs of nano-composites reinforced with: (a) 2 wt.% Al2O3; (b) 2 wt.% Al2O3 at higher magnification; (c) 3 wt.% Al2O3 and (d) 4 wt.% Al2O3, with stirring
speed  of 300 rpm.
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The SEM micrograph and EDS result of nano-composite with
1 wt.% Al2O3 produced at stirring speed of 300 rpm are shown in
Fig. 7. In the figure, the larger particles (brighter ones) are Al4C3
located next to the smaller particles which are nano-particles of
Al2O3. Also, the duller blade-like Si crystals can be clearly observed.
The bright plate-shape phases observed in the figure were recog-
nized as the iron intermetallic phase of FeSiAl5.

The SEM micrographs of nano-composites with 2, 3 and 4 wt.%
Al2O3 are shown in Fig. 8. The SEM results indicate that the
Al2O3 nano particles have tendency to segregate and cluster at
inter-dendritic region and are surrounded by eutectic silicon. The
micrographs reveal that in the case of 1, 2 and 3 wt.% Al2O3
(Fig. 8a–c) the nano particles disperse uniformly in the matrix with
low agglomeration while, further increase in Al2O3 (4 wt.%) leads
to more agglomeration (Fig. 8d). Because hardness of the speci-
men  with 4 wt.% nano alumina does not improve considerably in
comparison with the specimens with lower reinforcement parti-
cles it could be concluded that there is strong mechanical bonding
between Al and Al2O3 particles in the specimens with low agglom-
eration.

4. Conclusions

In the current research micro and nano-composites of
A356/Al2O3 were produced by compocasting method and with var-
ious conditions. The effects of different fabrication parameters on
the microstructure and some physical and mechanical properties of
the composites have been investigated. The following conclusions
have been drawn:

a. The optimum conditions for fabrication of the composites were:
preheating of the particles at 300 ◦C before injection, using of
argon gas for injection particles, the injection time of 7–15 min
according to the volume percent of particles, the stirring speed
of 300 rpm and pouring temperature of 650 ◦C.

b. The amount of porosity increased with increasing the weight
fraction and decreasing size of particles.

c. The hardness of the composites increased with increasing par-
ticle weight fraction and decreasing particles size. Also, the
hardness distribution becomes more uniform with increasing
stirring speed and time to an optimum level (300 rpm and
30 min).

d. The metallography study showed that the uniform dispersion of
the micro-size particles was achieved in the composites rein-
forced with up to 5 wt.% micro-size particles while with 7.5 wt.%
micro-size Al2O3 the agglomeration of particles occurred.

e.  The SEM results showed that the Al2O3 nano particles inclined
to segregate and cluster at inter-dendritic region and were sur-
rounded by silicon eutectic.

f. The nano particles of Al2O3 were dispersed uniformly
in the matrix when 1, 2 and 3 wt.% Al2O3 was added.
Further increase in Al2O3 content (4 wt.%) led to the
agglomeration.
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