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Abstract

The focus of this research is on the fabrication of aluminium-B4C and aluminium-ZrSiO4
composites by vortex method as a liquid phase process of metal matrix composites. SEM
observations show that reinforcement particles are dispersed homogeneously throughout the
aluminium matrix. Density, mechanical properties such as hardness and tensile strength of Al
base MMCs containing different volume fractions (5, 10 and 15 %) of micro-reinforcements
are examined separately and compared with those of monolithic aluminium. Results show
that mechanical properties of samples are noticeably higher than those of the monolithic
aluminium. The optimum amount of reinforcement in this study was found to be 5 % and 5–
10 % for ZrSiO4 and B4C, respectively. The highest ultimate tensile strength of composites is
187 MPa for aluminium-5%B4C in comparison to 223 for aluminium-5%ZrSiO4. Also, hardness
data show a significant increase by adding reinforcements and reached a zenith of 75 HB for
aluminium-ZrSiO4 and 79 HB for aluminium-B4C.

K e y w o r d s: aluminium matrix composites, reinforcement, ZrSiO4, B4C

1. Introduction

Metal matrix composites (MMCs) are materials
of choice for a number of significant applications in
aerospace and automobile industries. Aluminium base
alloys are one of the most widely used materials in
MMCs as a matrix from research and industrial out-
look [1]. This is owing to their unique properties like
light weight, superb yield and tensile strength, high
specific modulus, low thermal expansion coefficient,
and good wear resistance [2–3]. Continuously rein-
forced composites offer better specific strength in pre-
ferred direction than other composites; however, the
mass production of high strength fibres is not cost
effective and leads to limitation in their industrial
applications. Discontinuously reinforced aluminium
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(DRA) alloy metal matrix composites (MMCs) based
on particulate, whisker or short-fibre reinforcements
compete tent of contesting with popular aluminium
and titanium alloys and organic matrix composites.
Metal matrix composites possess a very superior qual-
ity in comparison to monolithic materials and this is
a driving force for researchers to work in this field, es-
pecially in last two decades [4–10]. In particular, the
DRA MMCs are a preferred choice and offer a list of
advantages better than a pure aluminium alone such
as a noticeable increase in ultimate tensile strength,
at least 30 to 100 % increase in stiffness and super-
ior wear resistance collated with the unreinforced alu-
minium alloys [11–17]. Moreover, these composites are
amendable to the manufacturing and characterization
methods used for the formal unreinforced peers. The
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Ta b l e 1. Chemical composition of matrix (aluminium A356.1)

Element Al Si Fe Cu Mn Mg Zn Ti Cr Ni Pb Sn

Percentage 91.73 7.23 0.32 0.18 0.02 0.38 0.05 0.01 < 0.01 0.05 0.02 0.01

Ta b l e 2. Chemical composition of reinforcement (ZrSiO4 particle)

Element Zirconia Silica Titanium dioxide Ferric oxide Alumina Lime Magnesia Phosphoric anhydride

Percentage 66.34 30 0.26 0.11 0.9 0.14 0.22 0.13

Ta b l e 3. Chemical composition of reinforcement (boron carbide particle)

Element Total boron Total carbon Total iron Total B + C Other

Percentage 77/5 21/5 0/2 99 0/8

Ta b l e 4. List of processing parameters

Volume fraction of reinforcement 5%B4C 10%B4C 15%B4C 5%ZrSiO4 10%ZrSiO4 15%ZrSiO4

Sample No. 1 2 3 4 5 6
Processing temperature (◦C) 750 750 750 750 750 750
No. of melting steps 1 1 2 2 3 3
Distance to melting point of pure
aluminium (approximately) (◦C)

100 100 100 100 100 100

Total stirring time (min) 20–24 22–26 24–28 20–24 22–26 24–28
Mixing time (min) 5–7 7–9 9–11 5–7 7–9 9–11
Blade angle 45◦ 45◦ 45◦ 45◦ 45◦ 45◦

No. of blades 3 3 3 3 3 3
Position of stirrer in the melt up to 3/4 up to 3/4 up to 3/4 up to 3/4 up to 3/4 up to 3/4

depth depth depth depth depth depth

hardness, moduli and tensile strength of metal mat-
rix composites are larger than those of typical alu-
minium and titanium alloys and only marginally less
than those of most popular steel. It seems that this
improvement in elastic modules affects yield strength
and ultimate tensile strength of up to 60 % [14, 15,
18, 19]. Furthermore, the DRA metal matrix compos-
ites originated on particulate reinforcements are note-
worthy because they will be processed with proper-
ties that are near isotropic in three orthogonal direc-
tions or in a plane [20]. Also, applying non-expensive
methods such as stir casting as a main way of MMCs-
-particulate reinforced fabrication method can lead to
production of a wide range of product forms, mak-
ing them relatively inexpensive compared with the
composites that are reinforced with continuous fibres,
whiskers or filaments [21]. Aluminium matrix compos-
ites have obtained a great interest, because they com-
bine high corrosion resistance, low weight, low cost,
high specific strength and perfect wear resistance [22–

25]. Aluminium matrix composites have been investig-
ated by many researchers [26–33]. However, B4C and
ZrSiO4 reinforced aluminium matrix composite has
not attracted enough attention. Due to high hardness
and excellent modulus of ZrSiO4 and B4C, it is used
in the present investigation.

2. Experiments

Aluminium A356.1 billets is applied as a matrix in
this project and Table 1 shows the chemical composi-
tion of this material.
ZrSiO4 and B4C powder are used as a reinforce-

ment phase (Tables 2, 3). Zirconium silicate and boron
carbide powders (with spherical shape) have a mean
particle size of 1 micron and there is not any phys-
ical bond between particles before pouring into molten
aluminium (no whisker or filament). Aluminium is li-
quated inside a graphite crucible in electric furnace at
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750◦C. A graphite stirrer poked the melt aluminium
at a fixed rotation speed of 400 rpm. About 3 g, so-
dium hexa fluoro aluminate (Na3AlF6) is plunged into
the melt to improve the foundry condition and hinder
from slag establishment. Stirring is continued for a
few minutes. Then 5, 10 and 15 vol.% reinforcement
is added to molten aluminium separately in different
processing conditions (Table 4). Then molten compos-
ite is poured inside a metallic mold. Metallic mold
is used to curb unwanted conditions and to enhance
the solidification speed. For achieving a best disper-
sion of reinforcement in aluminium and barricade to
go to slag, reinforcement particles are placed in alu-
minium foils and then are infiltrated in liquid. The
molten composites were solidificated inside metallic
mold.
XRD patterns of composite samples are obtained

from PW-1800 Philips, XRD results and the micro-
structures behaviour of samples are determined by
Scanning Electron Microscopy (CAMSCAN-MV2300
MODEL, OXFORD). Specimens were polished and
etched using Keller solution. Hardness tests results
were extracted from a Brinell spherical hardness test-
ing machine (GMAH Wolpert). Applying of the load
of 10 kN with a loading time of 260 s is the next step
of the tests. Heating process of bulk aluminium is a
continuous process that increases the temperature of
solid aluminium to the exactly 750◦C. This is a one-
step process for samples of no. 1 and 4. After this step,
for producing samples 2 and 5, this is the same process
to heat up to 750◦C and then for better distribution of
reinforcements, mixing time is increased. In a similar
way, for samples by 15 % reinforcement, four minutes
additional time is required to achieve better distribu-
tion of ZrSiO4 or B4C in molten aluminium (samples
3, 6).

Fig. 1. XRD pattern of Al-5%B4C composite casted at
750◦C.

3. Results and discussion

3.1. Study of chemical composition of MMCs
samples

Figure 1 shows the XRD pattern of aluminium-
B4C samples which was produced at 750◦C. It can
be seen that B4C and aluminium are present in the
samples. It can be concluded that along with B4C,
some parts of B4C do not absorb in the melt. It seems
that except of B4C, a lot of different compounds of
aluminium with reinforcement were produced there
(Al3C(BC2), AlB2, Al3BC, β-AlB12). So this kind
of interactions between metal matrix and reinforce-
ment may occur and has some unfavourable impact
on mechanical and physical behaviour of metal mat-
rix composite samples.
Figure 2 shows the XRD pattern of aluminium-

ZrSiO4 samples produced at 750◦C. It can be seen
that ZrSiO4 and aluminium are present in the samples

Fig. 2. XRD pattern of Al-5%ZrSiO4 composite casted at 750◦C.
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Fig. 3. SEM micrographs of aluminium-B4C composite casted at 750◦C: (a) Al-5%B4C, (b) Al-10%B4C, (c) Al-15%B4C,
(d) Al-15%B4C (high magnification).

and there is not any unwanted reaction between base
metal and reinforcement.

3.2. Study of microstructural characterization
of MMCs samples

Figures 3 and 4 show the SEM micrograph of the
produced composites. Figures 3a–c show that B4C
particles are homogeneously dispersed throughout the
samples. The white and dark spots represent B4C
particles and aluminium, respectively. The amount of
the dispersed B4C particles in the samples produced
at 5 vol.% is higher than others, it completely depends
on their volume fraction of reinforcement. In other
samples, the amount of reinforcement is double and
triple in order, but their absorption by metal matrix
is less than 5 vol.% B4C sample. This could be a cause
of high porosity of system in such volume fraction, in-
terring of air and gas and inhibition of their exiting
after pouring (due to longer mixing time) or distortion
of grain boundaries in higher amount of reinforcement
and its effect on absorption. These figures also depict
that the homogeneity of particle distribution is ap-
proximately similar in different samples. It also can

be seen that the interfaces in the specimens which are
produced at 5 and 10 vol.% B4C are perfect and there
is less pore or any other deficiency in this region. How-
ever, dark spots in Fig. 3d demonstrate the pore ex-
istence in the interface of aluminium matrix and B4C
particles in the samples produced at 15 vol.% B4C
sample. SEM micrographs of the samples also repres-
ent that the grain size of aluminium composite de-
creases with increasing amount of reinforcement. How-
ever, it seems that reinforcement particles enhance the
number of nucleus and solidification speed.
Figure 4 shows SEM micrograph of aluminium-

-ZrSiO4 samples casted at 750◦C. Monotonous particle
distribution across the sample has a substantial ef-
fect on the composite properties, therefore it is an
exigent and very important factor in composite pro-
cessing. Particle clustering and agglomeration could
come to pass even in stir casting method, with which
particles dispersed monotonously in the melt. In these
figures, the grey matrix represents an aluminium mat-
rix and the white spots represent zirconium silicate
particles and the black spaces are the porosity. It can
be clearly seen that the grain size of the composites
samples produced by stir casting technique is almost
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Fig. 4. SEM micrographs of aluminium-ZrSiO4 composite casted at 750◦C: (a) pure aluminium, (b) Al-5%ZrSiO4,
(c) Al-10%ZrSiO4, (d) Al-15%ZrSiO4 (high magnification).

Fig. 5. Hardness variation of Al-B4C composite samples in different amount of B4C at 750◦C.

identical and equiaxial. The effect of adding higher
amount of reinforcement on agglomeration of zircon
particles in Al-MMCs is exhibited in Figs. 4c,d. The

amount of unabsorbed particles was grown up with in-
creasing amount of zircon reinforcement, so the poros-
ity volume fraction raised. Zircon agglomeration, dis-
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Ta b l e 5. Density variation of aluminium metal matrix composite in comparison to monolithic aluminium

Volume fraction of reinforcement 5%B4C 10%B4C 15%B4C 5%ZrSiO4 10%ZrSiO4 15%ZrSiO4

Metal matrix composite’s density (g cm−3) 2.680 2.679 2.677 2.688 2.690 2.693
Increase in density compared to monolithic aluminium –0.005 –0.006 –0.008 +0.003 +0.005 +0.008

Fig. 6. Hardness variation of Al-ZrSiO4 composite samples in different amount of zircon at 750◦C.

tortion of aluminium grain boundaries after adding re-
inforcement, high viscosity and gas arresting would be
mentioned as the main reasons for this phenomenon.

3.3. Study of physical and mechanical
behaviour of composite material samples

The impact of volume fraction of reinforcement on
the MMC’s density is reported in Table 5. The density
of pure aluminium is 2.685 g cm−3 and density of B4C
and ZrSiO4 powders is 2.52 and 4.66 g cm−3, respect-
ively. It can concluded that, according to reinforce-
ment density, the composite density is changed and
it completely depends on each reinforcement density.
Because zircon density is higher than that of pure alu-
minium, it leads to an increase of the density of com-
posite, while B4C has a lower density than aluminium,
and so its composite must have a lower density than
that of pure aluminium.
Figures 5 and 6 show the influence of amount of

reinforcement on the hardness of the composite. The
hardness of A356.1 alloy is about 44 HB. B4C and
ZrSiO4 ceramic phases are much harder than the alu-
minium alloy. Therefore, according to the rule of mix-
ture, increasing of B4C additive enhancing the hard-
ness of the composite and in higher amount of B4C,
the hardness of composite experienced higher grade.
Due to the grain size reduction with reinforcement
increasing (up to 15 %), with reinforcement volume
fraction increasing, the hardness of Al-B4C specimens

is enhanced (Fig. 5). With adding more amount of zir-
con to aluminium, the hardness of composite samples
is decreased because of pore formation in the ZrSiO4
and aluminium matrix interface (Fig. 6).
Figures 7 and 8 show the increased strength of the

A356.1-B4C and A356.1-ZrSiO4 composite is ascribed
to the synergistic effects of residual stresses produced
due to innate discrepancy in thermal expansion coef-
ficients between the composite constituents, strength-
ening from uptight plastic flow and triaxiality in the
soft aluminium metal matrix composite due to the
presence of micron ceramic particle reinforcements
such as B4C, ZrSiO4, SiC, TiB2, Al2O3. In the case of
aluminium alloy-based composites, an addition in the
volume fraction of the reinforcing particulates phase
may cause an increase in dislocation density and de-
crease in composite grain size. These microstructural
changes tend to grow the endurance offered to the
movement of mobile dislocations under the effect of
a far-field stress. Hence, an increase in the volume
fraction of the reinforcing B4C and ZrSiO4 particu-
lates in the aluminium alloy metal matrix would tend
to increase the magnitude of endurance offered to the
mobility of dislocations.

4. Conclusions

1. Applying stir casting method as a low cost
method for producing MMCs is successful and it leads
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Fig. 7. Ultimate tensile strength variation of Al-B4C composite samples in different amount of B4C at 750◦C.

Fig. 8. Tensile strength variation of Al-ZrSiO4 composite samples in different amount of zircon at 750◦C.

to relatively uniform particle distribution of B4C and
ZrSiO4 reinforcements.
2. Mechanical properties (hardness and tensile

strength) of aluminium matrix composite reinforced
by ZrSiO4 and B4C are higher than those of the mono-
lithic aluminium due to poor heat expansion coef-
ficient of ceramic particles compared to aluminium
that introduce a lot of mismatches at the reinforce-
ment/matrix boundary.
3. Hardness and tensile strength both decrease

along with zircon amount increasing above 5 vol.%
in fixed processing temperature due to an increase in
porosity and agglomeration of reinforcement, but the
hardness of Al-B4C composite samples is higher in
larger amount of reinforcement because of a barrier
in dislocation movement. Hardness of Al-B4C com-
posite is higher than that of Al-ZrSiO4 composites in
equal amount of reinforcement because of the differ-

ence of mechanism of reinforcement hardness impact
on mechanical behaviour of composite samples. Mech-
anical behaviour of Al-MMC depicts that in higher
amount of reinforcement, the percent of agglomera-
tion increased and tensile strength decreased. There
is an optimum reinforcement percentage for Al-B4C
composite between 5 and 10 vol.% B4C.
4. The effect of adding a second phase on phys-

ical property of aluminium base composite shows that
density decreased as a result of B4C addition to alu-
minium matrix, because it has a lower density than
aluminium. On the contrary, in Al-ZrSiO4 samples, it
leads to enhance the density of composite due to its
higher density than that of pure aluminium.
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