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a b s t r a c t

In the present study, aluminium metal matrix composites (AMCs) were successfully produced through
stir-squeeze casting using a novel approach. The feasibility of using car scrap aluminium alloy wheels
(SAAWs) as the matrix material and spent alumina catalyst (SAC) from oil refineries as reinforcement
material was investigated. For the purpose of comparision, composites were also produced using
AlSi7Mg (LM25 grade) aluminium alloy as a matrix and alumina as reinforcement particles through the
stir-squeeze casting process. In total, four different combinations of composites (AlSi7Mg þ alumina;
scrap aluminium alloy þ alumina; AlSi7Mg þ spent alumina catalyst; scrap aluminium alloy þ spent
alumina catalyst) were produced and characterized. Microstructural investigations using an optical
microscope and a scanning electron microscope (SEM) as well as energy dispersive X-ray spectroscopy
(EDS) and X-ray diffraction (XRD) revealed that in all four composites the reinforcement formed a
mixture in the eutectic silicon phase of the matrix alloy. The alumina particles' size and content ratio
greatly influenced this mixture's formation and morphology. The composites produced using alumina
exhibited smaller pore sizes and lower porosity as compared to the composites produced with a spent
alumina catalyst. Superior mechanical properties were also obtained when using alumina as reinforce-
ment, and better mechanical properties can mainly be attributed to the morphology of the reinforcement
and silicon eutectic phase mixture. The scrap aluminium alloy þ alumina exhibited the lowest porosity
(7.3%) and abrasive wear loss (0.11 mg for the finest abrasive), highest hardness (58.5 BHN), and second
highest ultimate tensile strength (UTS) (125 MPa) and ultimate compressive strength (UCS) (312 MPa)
among the four composites.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Aluminum is widely available in the Earth's crust and accounts
for about 8% by weight of the Earth's stable surface. Its properties,
such as high strength-to-weight ratio, ductility, durability, etc., and
abundant availability have attracted researchers and caused in-
dustries to prefer it. For these reasons, global aluminum demand

has increased [1]. By 2020, worldwide consumption of aluminum
products is expected to double, driven by the growth and indus-
trialization in China, India, Russia, and Brazil according to Alcoa's
2005 Annual Report. Fuel savings of 5e7% can be realized for every
10% weight reduction by substituting aluminum for heavier steel
through appropriate design [2]. Although aluminum exhibits a high
strength-to-weight ratio, it can be further improved by adding re-
inforcements such as ceramic particles resulting in a metal matrix
composite (MMC). The synthesis of cast aluminum metal matrix
composite with ceramic particles reinforcement dates back to 1965* Corresponding author.
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when Pradeep Rohatgi discovered it [3]. Since then, many re-
searchers have investigated the development and characterization
of metal matrix composites. Over the past three decades, metal
matrix composites have moved from research to commercial ap-
plications. The worldwide metal matrix composite markets as of
2004 required more than 3500 metric tons and are increasing
rapidly, with an annual growth rate exceeding 6% [3]. Metal matrix
composites' functional properties, including high structural effi-
ciency, excellent wear resistance, and attractive thermal and elec-
trical characteristics, have enabled their application in ground
transportation, including auto and rail; thermal management; and
the aerospace, recreational, and infrastructure industries [4]. Metal
matrix composites have also been commercialized in a large
number of high-performance applications [3]. Currently, metal
matrix composites are used in automotive applications, including
in cylinder liners, pistons, connecting rods, camshafts, tappets,
brake calipers and rotors, and much more. However, the cost of
these high-performance components is still high, and they are not
widely used. Several approaches could be taken to reduce the cost
of composites such as single-step mixing, opting for selective re-
inforcements, and using cheaper reinforcements [5]. A few re-
searchers in Oman have investigated using spent catalyst waste for
producing building materials, but the added value of such appli-
cations is quite low when compared to using the waste in high-
performance applications such as in components for automotive
industries [6,7]. Spent alumina catalyst, for example, mainly con-
sists of alumina (71.38wt %) so could be easily used as a rein-
forcement for producing aluminum metal matrix composite
reinforced with alumina [6]. Around 200e500 kg of waste spent
alumina catalyst is produced daily in oil refineries in Oman and
pose an environmental threat [6].

Aluminium production involves very high energy consumption
because its production is based on an electrolytic reduction process
involving very high current [8]. It has been estimated that 20e40%
of the cost of production can be accounted for by the electric power
consumed during production [9]. Hence, the present approach is
environmentally friendly because scrap aluminium alloy wheels
were used as the matrix material for producing aluminum metal
matrix composite. It has been suggested that recycling aluminum
could eliminatemore than 94% of the impact of global warming and
fossil fuel depletion as compared to producing aluminium as a
primary processes [8]. Also, transmuting waste materials into
value-added composite materials to be used for different applica-
tions results in the conservation of natural resources. Economic
benefits also result from the reduced cost associated with using
scrap materials.

Aluminum metal matrix composites are normally produced by
the established route of stir casting [10]. Although stir casting is an
economical process for producing casted components, they suffer
from porosity issues, which prevents their use for producing high-
strength components. To overcome this issue, researchers have
adopted squeeze casting. Among the metal matrix composites
produced, aluminum and silicon carbide (SiC) are the most
commonly investigated matrix and reinforcement materials,
respectively [11,12]. Although alumina (Al2O3) exhibits similar
properties, researchers have made relatively few attempts to
develop metal matrix composites using alumina as compared to
SiC. Two different metal matrix composites with the matrix-
reinforcement combinations of Al6061-SiC (20 mm) and Al7075-
alumina (20 mm) have been produced through stir casting [12]. The
researchers recommended particle reinforced composites over fi-
ber reinforced ones for the advantages of lower cost and better
plastic forming capability as well as excellent heat and wear
resistance. The Al7075- alumina composite was found to exhibit
better mechanical properties than Al6061-SiC because the Al7075

matrix was found to possess better mechanical properties than the
Al6061. Sajjadi and Beygi produced aluminum metal matrix com-
posites reinforced with both micro and nano alumina particles
using a bottom tapping squeeze casting facility [13]. Even though
nanoparticle-reinforced metal matrix composites exhibited better
mechanical properties, they had issues of agglomeration while the
micron particles were uniformly dispersed in the matrix. Sajjadi
and co-workers [14] investigated the microstructure and mechan-
ical properties of aluminium - alumina micro and nanocomposites
produced by squeeze casting. The researchers adopted a novel
three-step mixing method that helped to improve the incorpora-
tion and uniform distribution of the nano reinforcement particles.
Best mechanical properties were obtained at smaller alumina par-
ticle sizes. Yigezu and co-workers compared the performance of an
aluminium alloy (AlCu4Mg2.5) reinforced with both alumina
(50 mm) and SiC (50 mm) metal matrix composite produced by stir
casting [15]. In terms of mechanical properties like UTS, the SiC-
reinforced composite performed better than the alumina
although in terms of ductility the alumina performed better. This
trend can mainly be attributed to the ductile nature of the fracture
in the alumina-reinforced composite, while in the SiC-reinforced
composite the weak intermetallic phase Al4C3 formed resulted in
brittle fractures. Abhishek and co-workers produced and charac-
terized a A359/alumina metal matrix composite using an electro-
magnetic squeeze casting method [16]. The tensile strength of the
cast composites increased with the increase in the weight fraction
of alumina. Tahamtan and co-workers studied the effects of
alumina reinforcing particle size (10 mm and 100 nm) in an Al-A206
matrix produced through semi-solid and liquid states [17]. The
reinforcement was added in two different forms: as received
alumina particles and in a pre-synthesized composite that was
prepared by milling alumina with aluminium and magnesium
powders. The researchers recommended adding the reinforcement
in pre-synthesized forms rather than as received because the
thinner interfacial reaction layer has been found to produce better
tensile properties. Also, the researchers found that composites
produced through a liquid state exhibited higher porosity when
compared to the semi-solid state. In the liquid state during stirring,
the vortex formed created turbulence which resulted in the
entrapment of air resulting in higher porosity. The nanometer
reinforced alumina exhibited better ultimate tensile strength (UTS)
when compared to the micron-sized reinforced composite because
of the fracture occurring through particle debonding. Heat treat-
ment of 1wt % of alumina in aluminum metal matrix composites
resulted in significant improvement in mechanical properties such
as hardness and compressive strength [18]. Similar to the work of
Kumar and co-workers Lakshmipathy and co-workers produced
metal matrix composites through stir casting but changed the
matrix combinations to 7075Al/SiC and 6061Al/alumina [12,19].
The researchers mainly focused on the reciprocating wear behavior
of metal matrix composites with three different reinforcement
weight percentages (10, 15, and 20%) of SiC and Al2O3 having a size
of 36 mm. An increase in the weight percentage of reinforcements
resulted in higher hardness but the impact strength decreased.
Maximum hardness of 50 Brinell hardness number (BHN) was
recorded for the Al7075-20%SiC while the Al6061-20% alumina
exhibited a lower value (37 BHN). Similarly, the wear resistance of
Al7075-SiC composites was greater than that of Al6061- alumina
which was mainly due to the lower volume loss because Al7075's
matrix had a higher hardness. Microsized SiC and alumina have also
been used together as reinforcement in aluminum metal matrix
composites at different proportions to improve mechanical prop-
erties [20].

Based on the literature reviewed, all research on producing
aluminum metal matrix composites by squeeze casting has used
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virgin matrices and reinforcement materials. This proposed
research approach is novel, therefore, because for the first time
aluminum metal matrix composite was produced using scrap
aluminium alloy as a matrix and spent alumina catalyst from oil
refinery waste as reinforcement material. The scrap aluminium
alloy (chemical formula: AlSi4Mg3Mn2Fe1) closely resembled
6000-series aluminum alloy, with the most prevalent alloying el-
ements being silicon, magnesium, manganese, and iron. The
chemical composition is illustrated in Table 1. For comparision
purposes, both virgin aluminium alloy grade AlSi7Mg and alumina
were used as matrix and reinforcement materials, respectively. In
this research work, four different aluminum metal matrix com-
posites were produced using a squeeze-casting process and sub-
jected to both material and mechanical property characterizations
using different techniques.

2. Materials and methods

2.1. Matrix and reinforcement materials

AlSi7Mg alloy billets and aluminium from scrap aluminium alloy
were selected as matrix materials, and alumina and spent alumina
catalyst were selected as reinforcing materials for developing the
composites. The elemental composition of scrap aluminium alloy
and spent alumina catalyst (Table 1) was determined through X-ray
fluorescence (XRF) and energy dispersive X-ray spectroscopy (EDS)
analysis, respectively [6]. The alumina powder (Alfa Aesar, Ger-
many) was of high chemical purity with an average particle size of
50 mm. The spent alumina catalyst was obtained from the local
petroleum refinery and had an average particle size of 150 mm.

2.2. Metal matrix composite production

Squeeze casting was utilized to produce the composites. The
composition of the materials used for producing the aluminum
metal matrix composites is shown in Table 2. The scrap aluminium
alloy was collected from scrap stock, and dirt and grease were
removed using acetone. The wheels were cut into small pieces so
that they could easily pass through the opening of the crucible. The
permanent hardened steel dies (50mm in diameter and 250mm
long) were preheated to 300 �C. The temperature-controlled
squeeze casting furnace was set to 750 �C. The stirrer rod and
stirrer were cleaned, and a non-stick boron carbide coating was
applied at room temperature and dried at 250e300 �C towithstand
high temperatures and prevent erosion of the stirrer edges. The
reinforcement particles were preheated in the preheater chamber
at 300 �C to eliminate dampness and reduce particle clotting. The
matrix materials were charged into the furnace when the crucible
temperature reached around 350 �C, and thematerials were further
heated to 750 �C to completely melt the alloy. The stirrer rod was
then switched on and gently moved into a position 30mm above
the bottom of the crucible with a stirring speed of 650 rpm. One wt.
% of magnesium was added to the molten matrix to improve the

wettability between the matrix and the reinforcement [21]. The
preheated reinforcement particles were slowly added to the vortex
formed during stirring and mixed for 10min. The molten mixture
was then transferred through a bottom tappingmechanism into the
preheated pathway pipe connected to the die of the squeeze casting
setup. A squeezing pressure of 200MPawas applied immediately to
the molten mixture poured into the die. The same procedure was
followed for the fabrication of the remaining three samples. The
procedure used for producing the aluminum metal matrix com-
posites is shown in Scheme 1. The squeeze casting parameters for
aluminum metal matrix composite fabrication are in Table 3.

2.3. Microstructural and elemental composition characterization

The samples obtained through squeeze casting were cut to the
required size and thenmounted using a SimpliMet 1000 automated
mounting press (Buehler, USA). An Automet 250 grinder-polisher
(Buehler) was used for grinding and polishing the samples.
Grinding was accomplished sequentially using 400, 600, and 1200
grit abrasive paper. Samples were then mechanically polished for
five minutes with three stages of diamond suspension. Per ASTM
E3-01, the finely polished samples were etched using Keller's re-
agent. The surface morphological analysis was carried out using an
optical microscope 1000x VHZ100R (Keyence Corporation, Japan).
The microstructures and elemental composition of the samples as
well as the fracture and wear analyses were studied using a field
emission scanning electron microscope (FESEM) model JSM-7600F
(JEOL, Japan) with an attached EDS. X-ray diffraction analyses were
conducted using an X'pert PRO XRD (Malvern Panalytical Ltd., UK)
with Cu Ka radiation (l¼ 1.5418 Å) to measure intensities of the
peak and identify the different phases of the material. X-ray fluo-
rescence analyses were conducted for scrap aluminium alloy
composition analysis using an AxiosmAX (Panalytical).

2.4. Porosity and specific strength measurement

The density of the matrix and reinforcement were determined
to assess the percentage of porosities present in the aluminum
metal matrix composites. Density measurements were executed
based on Archimedes' principle using a 10-mmwide x 30-mm long
x 3-mm thick sample for all four composites. The theoretical den-
sities of composites were calculated using the rule of mixtures [22].

Table 1

Elemental composition of Matrix and Reinforcements.

Matrix Al Si Fe Cu Mn Mg Ni Pb Zn Ti

LM25 (wt. %) Balance 7.0 0.5 0.1 0.3 0.4 0.1 0.1 0.1 0.05
SAAW (wt. %) 90.15 3.81 1.16 0.21 1.62 2.74 e 0.03 0.14 0.09

Reinforcement Al2O3 SiO2 Fe2O3 CaO LOI MgO Na2O SO3 K2O TiO2

Al2O3 (wt. %) Balance e 0.7 1.2 e e e e e 1.7
SAC (wt. %) Balance 0.32 0.01 0.51 22.18 0.16 3.85 0.08 0.04 e

LM25¼AlSi7Mg; Al2O3¼Alumina; SAAW ¼ Scrap aluminium alloy wheel; SAC ¼ Spent alumina catalyst.

Table 2

Designation and composition of composites produced by squeeze casting.

Composite Matrix Quantity (Kg) Reinforcement Quantity (g)

a LM25 1 Al2O3 50
b SAAW 1 Al2O3 50
c LM25 1 SAC 50
d SAAW 1 SAC 50

LM25¼ AlSi7Mg; Al2O3¼Alumina; SAAW ¼ Scrap aluminium alloy wheel; SAC ¼

Spent alumina catalyst.
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The porosity in the samples were determined using Eq. (1).

P ¼ 1�
rExperimental

rTheoratical

� 100 (1)

The specific strength, or strength-to-weight ratio of the
aluminum metal matrix composites, was calculated by the force-
per-unit area at failure divided by its experimental density.

2.5. Mechanical and wear characterization

Samples' hardness, and compressive, tensile, and abrasive
properties were evaluated. Hardness was measured with a uni-
versal hardness tester UH250 (Buehler) using the indentation
technique. The Brinell and Vickers scales of hardness were used,
and the average of five repeated measurements at random loca-
tions were reported. A force of 15.625 kgf was applied to determine
the BHN using a 2.5mm ball indenter gradually applied to the
substrate without impact with a dwell time of six seconds. Simi-
larly, to determine the Vickers hardness value (HV) a force of 5 kgf
was applied to the substrate using a square-based diamond pyra-
mid indenter with an included angle of 136� for a dwell time of
eight seconds. Three samples were prepared from each produced
aluminum metal matrix composite rod for tensile tests per ASTM
B557 using a wire-cutting machine. Gripping the specimen at the
two ends, the tensile load was applied. Using the stress-strain curve
obtained from the machine, mechanical properties such as yield

and ultimate stress of the samples were calculated. The strain rate
of the tensile test was 8.33� 10�4/s. A compression test was carried
out according to ASTM E9 using a 100 kN universal testing machine
(MTS 20/MH, France). The uniaxial compression tests were per-
formed on 20mm high by 12mm in diameter cylindrical samples
with a crosshead speed of 1mm/min (a strain rate of about
8.33� 10�4/s). Two samples for each of the four composites were
then tested using a compression test. Each sample was compressed
to 10mm (half its height), and the load-stroke data were converted
to stress-strain curves. An abrasion test was performed on polished
substrate using a two-body TR-605 abrasion tester (Ducom In-
struments, India). Four different grades of SiC emery paper (ES20,
ES60, D-150, and SiC E4 600 TP4) were used with ANSI grit sizes of
20, 60, 150, and 600, respectively, with SiC E4 600 TP4 exhibiting
the finest grit. A frictionwheel of precisely defined dimensions held
down by a known weight was moved to and fro in a straight line
across the test surface. The outer diameter of the wheel was 50mm
greater than the diameter of the surface to which the emery paper
was fixed. In this process, the rubbing segment of the wheel was
constantly replaced by lifting the wheel off the surface and turning
it to a fixed angle of 1.8� at the end of each stroke. Thewheel started
rubbing against the squeeze cast sample at 40 rpmwith a test load
of 3N. The reciprocating motion of the assembly delivered uniform
abrasion to the specimen. The motor was turned off automatically
after completing 200 cycles. The weight loss of the samples was
measured using a weighing machine with a minimum count of
0.001 g.

3. Results and discussion

3.1. Microstructural analysis

The optical microscopic images for the four different composites
at 200� magnification are shown in Fig. 1. In the pictures, grey
particles are a mixture of both the reinforcement and the eutectic
phase of silicon, white regions are aluminium matrix, and black
regions are porous defects. All microstructures exhibited an almost
non-dendrite shape at the grain boundaries because of the squeeze

Scheme 1.

Table 3

Process parameters of squeeze casting.

S.No. Process parameters Values

1 Stirring temperature 750 �C
2 Stirring speed 650 RPM
3 Stirring time 10min
4 Preheat temperature of reinforcement particles 300 �C
5 Preheat temperature of permanent die 300 �C
6 Squeeze pressure 200MPa
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pressure, which resulted in finer dendrites and decreased dendrite
arm spacing [23]. Fig. 1(a) and (b) show that the microstructure of
the composites with alumina used as a reinforcement have nearly
uniform dispersion and dense structure with the exception of some
of the micropores [Fig. 1(a)]. This finding was reconfirmed by the
pore size and distribution (Fig. 2). Although small clusters of mixed
particles from the alumina and silicon eutectic phase (explained in
detail using Figs. S1 and S2 in the supporting information) can be

observed in some regions [Fig. 1(a)], a uniform distribution of
particles can also be observed [Fig. 1(b)]. The clustering can be
attributed to the smaller size of the alumina reinforcement when
compared to the spent alumina catalyst. The uniform distribution
of the mixed particles at the grain boundaries may also be attrib-
uted to the smaller grain size, with an average ranging from 42 to
50 mm of both matrix materials. However, the slightly smaller size
of the AlSi7Mg matrix resulted in more uniform particle distribu-
tion when compared to the scrap aluminium alloy matrix. Table 4
shows the grain sizes obtained for all four composites. The meth-
odology for estimating the grain sizes is explained in the
supporting information with the help of Fig. S3. Fig. 1(aed) shows
that the grain boundaries were occupied by the mixed particles of
alumina and the Si eutectic phase [24,25]. The mixed particles were
mostly positioned in the grain boundary cavities [25]. During the
solidification process, alumina particles dissipated heat slowly
compared with the matrix due to the lower thermal and heat
diffusivity of alumina, and the liquid alloy cooled down more
rapidly than the particles. In addition, the hotter particles may have
transferred heat to the surrounding materials, resulting in a slower
melt which may have caused delayed solidification. As a result,
nucleation of the aluminium phase started in the liquid at a dis-
tance from the particles, where the temperature was lower.
Therefore, the microstructure of the composites contained primary
aluminium dendrites and eutectic silicon, while alumina particles
were separated at the inter-dendritic regions. This event occurred
more easily with the finer particles [13]. The scrap aluminium
alloy þ spent alumina catalyst and AlSi7Mg þ spent alumina
catalyst composites [Fig. 1(c) and (d)] clearly show that the addition
of spent alumina catalyst to the aluminum matrix produced
porosity in the samples. Spent alumina catalyst particles entrapped
air [(as shown schematically in the top left corner of Fig. 1(d)],

Fig. 1. Morphologies of the composites at 200� magnification: (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b) Scrap aluminium alloy wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina
catalyst (SAC) and (d) SAAW þ SAC.

Fig. 2. Pore distribution in the composite samples (LM25: AlSi7Mg; SAAW: Scrap
aluminium alloy wheel; SAC: spent alumina catalyst).

P.K. Krishnan et al. / Journal of Alloys and Compounds 784 (2019) 1047e1061 1051



leading to difficulty in their integration into the melt. These
agglomerated spent alumina catalyst particles entered into the
melt and caused porosity [(shown as an inset in the lower left
corner of Fig. 1(d)] and agglomeration of spent alumina catalyst
particles in the composite [26]. Similar results were observed in an
earlier publication where some porosity was found to be usual in
aluminum metal matrix composites [27]. This finding was attrib-
uted to the longer particle feeding time, which increased the time
of contact with air.

Fig. 2 shows the pore size distribution for the four composites
based on analysis of the optical micrograph images (Fig. 1) [28].
Fig. S4 in the supporting information describes the procedure
adopted to find the pore size and distribution. Fig. 2 shows that
micropores (0e25 mm) constituted more than 80% of the pores in
the composites, and less than 20% of the pores were over 100 mm in
size. The larger size pores (>100 mm)were only found in composites
reinforced with spent alumina catalyst (Table S2 in the supporting
information shows the size ranges and number of pores). The air
entrapment mechanism detailed in Fig. 1(d) explains why the pore
sizes as well as the number of pores are higher in the spent alumina
catalyst reinforced composites. The fractured surfaces of the com-
posites reinforced with spent alumina catalyst (Fig. 10) indicate
poor wettability with the matrix, resulting in pore nucleation of the
surfaces and larger pore sizes as well as higher porosity in the
matrix reinforced with spent alumina catalyst [14]. In the case of
the scrap aluminium alloy þ alumina composite, 100% of the pores
are in the 0e25 mm range and it is only one pore (Table S2). Simi-
larly, AlSi7Mg þ alumina also exhibited smaller pore sizes and
fewer pores (Table S2). The pore distribution data was consistent
with the porosity volume percentage reported in Fig. 5A.

Fig. 3 shows the field emission scanning electron microscope
images of the four composite samples at 300� magnification. The
distribution of reinforcement in the matrix of the composite is
visible in the micrograph. The light and dark grey particles are the
reinforcement and matrix, respectively. The microstructure of both
matrix materials (AlSi7Mg and scrap aluminium alloy) consisted of
primary a phase aluminum dendrites and eutectic silicon [13]. The
alumina particles were separated at the inter-dendritic regions and
in the eutectic silicon so appeared as a mixture [29]. This mixture is
evident in the zoomed area shown as the inset of Fig. 3(a), which
shows that the eutectic silicon phase morphology is mostly a
mixture of slightly acicular spherical structures and some blunted,
needle-like shapes as well. This type of morphology, and especially
the spherical and blunted needle shapes, reduces the stress con-
centration, enhancing mechanical properties as can be seen from
the ultimate tensile strength values discussed later [30,31]. The
smaller size as well as the higher alumina content as compared to
the spent alumina catalyst provided more nucleation sites for the
eutectic silicon phase. Moreover, the higher-content silicon in the
AlSi7Mg alloy resulted in a denser mixture in the eutectic silicon
phase and the reinforcement [Fig. 3(a) and (c)].

The scanning electron micrographs [Fig. 3(a) and (b)] show that
the alumina reinforcement particles mixed with the eutectic silicon
appeared well dispersed in the matrix, although some small clus-
ters remained in the microstructure of AlSi7Mg þ alumina

[Fig. 3(a)]. This finding can mainly be attributed to the smaller size
of the alumina reinforcement, which tends to aggregate due to high
surface energy [32]. Fig. 3(c) and (d) depicting AlSi7Mg þ spent
alumina catalyst and scrap aluminium alloy þ spent alumina
catalyst composites also show a uniform distribution of re-
inforcements throughout the sample but with micropores.
Fig. 3(d)'s inset shows micropores. These porosities are mainly due
to the larger size of the spent alumina catalyst particles (150 mm)
which act as nucleation sites for the pores. Also, as explained
earlier, the spent alumina catalyst particles entrap air which leads
to micropores around the reinforcement particles [Fig. 1(d)].

X-ray diffraction analysis was carried out for phase identifica-
tion and to measure peak intensity. Fig. 4 shows the X-ray diffrac-
tion analyses of the four samples. All four patterns show that the
highest intensity peakswere for the aluminiummatrix (38.66�) and
the alumina reinforcement (44.42�). The other alloying elements
present in elevated amounts, such as the silicon, magnesium, and
iron present in the matrix material, also appeared as low intensity
peaks. The aluminum peaks were in the (1 1 1) and (2 2 0) planes
while, for alumina, the peakswere in the (2 0 2) plane. Similarly, the
planes for silicon, silicon dioxide (SiO2), magnesium, and iron were
silicon (111), silicon (2 2 0), SiO2 (3 11), magnesium (2 11) and iron
(2 1 1), respectively. These peaks were identified using Xpert
HighScore software (Malvern Panalytical) and peaks were matched
with the International Centre for Diffraction Data (ICDD) database.
The peaks were high enough to prove that the materials were
polycrystalline in nature and that the particles were arranged in
cubic order. The structure of atoms was arranged in a hexagonal
closed packed system and packed highly efficiently. This finding
may be attributed to the pressure applied during squeeze casting
[33].

The composite using AlSi7Mg grade as a matrix material had
significant silicon content which was indicated by the relatively
higher intensity peaks [Fig. 4(a) and (c)]. Although the silicon
content was higher in the AlSi7Mg grade, the absence of new
phases with silicon indicated no adverse reactions. Similarly, the
slightly higher intensity peaks of magnesium and iron in the
composites based on the scrap aluminium alloy did not indicate any
adverse reactions with either the alumina [Fig. 4(b)] or spent
alumina catalyst [Fig. 4(d)]. The inactivity of iron in the matrix may
be attributed to the levels below the critical iron level, so no iron-
containing intermetallic phases were formed [34]. The X-ray
diffraction pattern of the AlSi7Mg and alumina combination
[Fig. 4(a)] showed higher intensity peaks for alumina because it has
higher alumina content as compared to the composite produced
using spent alumina catalyst as reinforcement (~70% alumina).
Similar higher intensity peaks for alumina were also obtained
[Fig. 4(b)] because of the higher alumina content. Similarly, the X-
ray diffraction patterns [Fig. 4(a) and (b)] in which alumina was
used as a reinforcement did not reveal any new phase formation
with the aluminum in the matrix and so was quite stable. This
stability may be attributed to the compatability of the aluminawith
the aluminiummatrix. A similar trend was also noted [Fig. 4(c) and
(d)] in samples where spent alumina catalyst was used as the
reinforcement. The patterns indicate the absence of high levels of

Table 4

Grain size, hardness, porosity and abrasive wear for all the four composites.

Composite Grain size of matrix (mm) Hardness (Brinell) Porosity (%) Abrasive wear (ES20)

LM25 þ Al2O3 42.06 58.775 13.2 0.6
SAAWþ Al2O3 50.47 58.475 7.3 0.42
LM25 þ SAC 44.41 57.675 14.3 0.68
SAAWþSAC 48.11 55.95 16.6 0.72

LM25¼AlSi7Mg; Al2O3¼Alumina; SAAW ¼ Scrap aluminium alloy wheel; SAC ¼ Spent alumina catalyst.
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new phase formation. The composite with alumina reinforcement
produced higher peak intensity [Fig. 4(a) and (b)] when compared
to the spent alumina catalyst phase [Fig. 4(c) and (d)]. The higher
alumina content was a main cause of the improved mechanical
strength of the composite, and the trend matched the tensile and
compressive properties discussed later.

3.2. Porosity and specific strength

Porosity affects the properties of materials based on pore size,
distribution of reinforcements, and other characteristics. It is
almost impossible to completely avoid porosity in aluminium
castings because shrinkage results from volume contraction that
occurs during solidification as well as gas evolution. This phe-
nomenon is due to a decrease in the gas solubility of solid metal as
compared to the liquid form [35]. In addition to the porosity formed
due to shrinkage and gas evolution, adding reinforcement particles
also increases the sites for pore formation; thus, composites exhibit
higher porosity than pure matrix materials. Generally, if porosity is
low, fewer empty spaces are found in the composite material, and it
will be stronger. In the current study, the calculated porosity results
matched the obtained optical micrograph. The scrap aluminium
alloy þ alumina composite sample showed much lower porosity
while samples with spent alumina catalyst reinforcement exhibited
higher porosity (Fig. 5). The higher silicon content in the AlSi7Mg
matrix resulted in more nucleation sites around the reinforcement,
so the frequency of micropores was higher when compared to the
scrap aluminium alloy, which had a lower silicon content. In the
squeeze casting process, the higher pressure used during solidifi-
cation aided in proper filling of the die, reducing casting defects and
especially those related to porosity. This phenomenon is illustrated
in the experimental density obtained and illustrated in Fig. 5(A).

The squeeze casting process was quite successful in achieving
experimental density close to the theoretical density [36]. The
higher porosity in the case of spent alumina catalyst may be
attributed to the nature of its application. Spent alumina catalyst is
mainly used to reduce emissions of volatile organic compounds
(VOCs) to the atmosphere [37]. These volatile compounds present
in the spent alumina catalyst contribute to the higher porosity. The
mechanism of the gas entrapment was discussed earlier [Fig. 1 (d)].

Fig. 5(B) shows that the strength-to-weight ratio of the
AlSi7Mgþ alumina aluminummetal matrix composite was highest
followed by the scrap aluminium alloy þ alumina aluminum metal
matrix composite. Although the AlSi7Mg þ alumina composite
exhibited higher porosity than the scrap aluminium
alloy þ alumina, it showed the highest specific strength, which was
due to a higher concentration of the acicular shaped eutectic silicon
phase mixture that acted as a barrier for dislocation movement in
the matrix [30,38].

3.3. Hardness

Fig. 6 shows the hardness values on both the Brinell and Vicker
scales for all four composites. The Brinell hardness values corre-
latedwell with the ultimate tensile strength values discussed in the
next section. The two tests were conducted by indentation where
the indenter was pressed into the sample under specific standard
force. However, a steel ball indenter was used in the Bricknell test
while a square-base diamond pyramid indenter was used in the
Vickers test. The Vicker hardness values were highly influenced by
the location of the indentation because of the instrument's sharp
tip, possibly explaining the reason for the Vicker hardness values
not being well correlated with the tensile strength of the com-
posites. This feature of instrumentation is the reason for the

Fig. 3. SEM images of composites at 300� magnification: (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b) Scrap aluminium alloy wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina
catalyst (SAC) and (d) SAAW þ SAC.
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observed scattering in the Vicker hardness values; thus, the Brinell
hardness test is recommended for bulk composites with micron-
sized reinforcement particles.

The BHN values obtained for the four composites did not vary to
a great degree (Table 4). However, a trend can be inferred based on
the values obtained for the four composites. The highest hardness
was found in the AlSi7Mg þ alumina composite (58.8 BHN) fol-
lowed very closely by the scrap aluminium alloy þ alumina com-
posite (58.5 BHN). The hardness for the AlSi7Mg þ spent alumina
catalyst composite was 57.7 BHN followed by 56 BHN for the scrap
aluminium alloy þ spent alumina catalyst composite. The higher
BHNs for the alumina-based reinforcements weremainly due to the
smaller size of the alumina particles as compared to the spent
alumina catalyst. It can also be inferred that the smaller grain size of
the AlSi7Mg matrix contributed to the higher hardness values ob-
tained (Table 4). With the decrease in grain size, the hardness of the
material increased [39]. The porosity also influenced the hardness,
and the data show that the scrap aluminium alloy þ spent alumina
catalyst composite had the highest porosity and the lowest hard-
ness, because the porosity sites acted as microsites for easy dislo-
cation movement [Table 4].

Fig. 4. XRD patterns of the composites: (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b)
Scrap aluminium alloy wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina catalyst (SAC)
and (d) SAAW þ SAC.

Fig. 5. (A) Percentage of porosity and (B) specific strength of the composites; (LM25: AlSi7Mg; SAAW: Scrap aluminium alloy wheel; SAC: spent alumina catalyst).

Fig. 6. Brinell and Vickers hardness values for the produced composites (LM25:
AlSi7Mg; SAAW: Scrap aluminium alloy wheel; SAC: spent alumina catalyst).
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Table 5 shows a comparison of the hardness and porosity values
for composites produced by different researchers primarily using
alumina as the main reinforcement by the stir/squeeze casting
processes. Because the matrix materials, size, types of reinforce-
ment and percentages used are quite different for the composites
reported, each finding is unique; therefore, it is quite difficult to
compare previous findings with those of the present work. How-
ever, in general the hardness as well as the porosity values obtained
in this work are comparable with those in the literature. The
hardness values in brackets were converted from different scales to
the BHN scale for comparison purposes using a hardness conver-
sion chart for aluminium [40]. This conversion, however, must be
regarded as only an estimate for research purposes. Table 5 shows
that the particle size (ranging from 10 to 70 mm) and porosity
(ranging from 2.9 to 11%) influenced the hardness significantly. The
smaller particle sizes provided more interfacial area, which served
as the nucleation site for grain formation. When the particle size is
smaller, the spacing between the particles is reduced. The smaller
particles then exert more constraint on grain growth during cooling
and more restriction on plastic flow during deformation, which can
also contribute to an increase in hardness and strength [41]. Higher
porosity always results in lower hardness because the porosity sites
act as zones for easy dislocation movement. It can be inferred from
the data in Table 5 that the squeeze casting process can greatly
reduce porosity due to the pressure applied during solidification,
helping micropores coalesce in the casting.

3.4. Tensile and compressive strength

The tensile stress-strain curves of the four different types of
aluminum metal matrix composites are shown in Fig. 7. Tensile
properties such as yield strength (sy), ultimate tensile strength
(UTS), elongation to fracture (εf), and fracture stress (sf) were
extracted from these stress-strain curves [Table 6]. The sy of
AlSi7Mg þ alumina was 53 MPa. The ultimate tensile strength of
AlSi7Mg þ alumina was 172 MPa with a εf of 4.6% and a sF of
171 MPa AlSi7Mg þ alumina displayed the predominance of tensile
properties as compared to other combinations of samples. In the
case of scrap aluminium alloy þ alumina, the values for sy, ultimate
tensile strength, εf, and sf were 37.3MPa, 125MPa, 2.7% and
125MPa, respectively. The sample made with spent alumina cata-
lyst as reinforcement showed very low tensile strength because of
higher porosity (Figs. 1 and 3) as well as the calculated percentage
of porosity. The ultimate tensile strength of the AlSi7Mg þ spent
alumina catalyst and scrap aluminium alloy þ spent alumina
catalyst composites were measured as 93 MPa and 82 MPa,
respectively. AlSi7Mg þ alumina was found to be relatively more
ductile than the other specimens, followed by scrap aluminium
alloyþ alumina. This finding could be due to the lower porosity and
more uniform distribution of the alumina reinforcement in the
matrix.

From the information in Table 6, it can be inferred that the
reinforcement particle size greatly influenced the ultimate tensile
strength. An increase of 85% and 52.4% in the ultimate tensile
strength was achieved when alumina was used as a reinforcement
in AlSi7Mg and the scrap aluminium alloy matrix, respectively,
instead of the spent alumina catalyst. The smaller size of the
alumina as well as the higher content (the spent alumina catalyst
had a lower alumina content) provided more sites for nucleation of
the silicon eutectic phase, and this mixture of particles in the grain
boundaries acted as an obstacle, restricting the motion of disloca-
tions in the matrix [14]. In addition, the uniform distribution of the
particles in the mixture as confirmed by the optical and scanning
electron microscopic images helped in transferring the applied
tensile load to the uniformly distributed strong mixture of alumina
and eutectic silicon phase particles [14]. When comparing the
composite produced using the AlSi7Mg and the scrap aluminium
alloy as a matrix with alumina as reinforcement, the AlSi7Mg
showed an increase of 37.6% in the ultimate tensile strength value
over the scrap aluminium alloy. Again, this finding is mainly
because of the higher silicon content in the AlSi7Mgwhich resulted
in a higher mixture of the alumina and the eutectic silicon phase as
well as the smaller grain size of the matrix (Table 4). Only a small
increase (13.4%) in the ultimate tensile strength was observed
when AlSi7Mg was used as a matrix and was compared to the scrap
aluminium alloy matrix (both matrices were reinforced with spent
alumina catalyst). As explained earlier in this work, the smaller
grain size of the AlSi7Mg resulted in the higher ultimate tensile
strength value. The higher porosity as well as the poor bonding
(discussed in the following fracture analysis of the composites)
between the reinforcement particle mixture and the matrix resul-
ted in lower ultimate tensile strength values when spent alumina
catalyst was used as a reinforcement.

The compression test was carried out on the samples to deter-
mine compression properties and identify fracture patterns. Fig. 8
depicts the stress-strain curves acquired from compression tests.
Table 6 also shows the compression properties such as yield
strength (syc), ultimate compressive strength (UCS), and fracture
stress (sfc) extracted from these stress-strain curves. The
AlSi7Mg þ alumina composite exhibited the highest sfc (336 MPa)
at a deformation up to eight mm from the original length, with an
ultimate compressive strength of 346 MPa. For the scrap
aluminium alloy þ alumina composite, the sfc occurred at
248 MPa at a deformation up to eight mm, and the ultimate
compressive strength of the aluminummetal matrix compositewas
312 MPa. These findings suggest that scrap aluminium
alloy þ alumina had a slightly lower load-bearing capacity than
other composites tested perhaps due to the higher hardening rate
in the AlSi7Mg alloy matrix. A similar phenomenonwas seen in the
compressive response of the AlSi7Mg þ alumina composite as well
as the smaller grain size of the AlSi7Mg (Table 4). The sfc of the
AlSi7Mg þ spent alumina catalyst composite was 221 MPa at a

Table 5

Comparisons of hardness and porosity of various composites primarily reinforced with alumina.

S. No. Composites Wt./Vol. fraction (%) Casting Method (Applied pressure) Particle size Porosity (%) Hardness References

1 A356 (Al-Si7Mg)/Al2O3 3 Stir 20 mm 2.9 77 BHN [14]
2 SAAW/Al2O3 5 Squeeze (200 Mpa) 50 mm 7 57 BHN [Our work]

3 Pure Al/Al2O3 1 Stir 40 mm 8 52 HV (47 BHN) [24]
4 AA2024 (AlCu4Mg1)/Al2O3 10 Stir 32 mm 5 105 BHN [27]
5 AA2024 (AlCu4Mg1)/Al2O3 5 Stir 50 mm 8.4 82 HV (72 BHN) [15]
6 AA6061 (AlMg1SiCu)/Al2O3 20 Stir 36 mm e 38 BHN [19]
7 LM25 (Al-Si7Mg)/2% Al2O3/3% B4C 5 Stir 70 mm e 52 BHN [43]
8 AA6061 (AlMg1SiCu)/3% Al2O3/2% B4C 5 Stir 50 mm e 64 HRB (104 BHN) [20]
9 A356 (Al-Si7Mg)/Al2O3 1 Stir 30 mm e 63 BHN [18]

BHN ¼ Brinell hardness number; HV ¼ Vickers hardness value; Al2O3¼Alumina.
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deformation of five mm from the original length. In contrast, scrap
aluminium alloy þ spent alumina catalyst's ultimate compressive
strength was found to be 265 MPa at a deformation of six mm from
the original length, indicating a sharp decrease in the load-bearing
capacity of the aluminummetal matrix composites reinforced with
spent alumina catalyst. The ultimate compressive strength of
AlSi7Mg þ spent alumina catalyst and scrap aluminium
alloy þ spent alumina catalyst were 234 MPa and 274 MPa,
respectively, which correlated with the porosity observed in mi-
crographs as well as the porosity percentage. Thus, it can be
concluded that the effect of reinforcement type (especially the size)
on both tensile and compressive strengths was significant. For the
same matrix alloy (AlSi7Mg), alumina reinforced composites
resulted in a 48% increase in the ultimate compressive strength as
compared to those reinforced with spent alumina catalysts. This
finding confirms the significant effect of the alumina mixed with
the silicon eutectic phase in strengthening the composites by acting
as a barrier for crack propagation. During the compression tests, all
samples bulged, or deformed, in a barrel shape, and they continued
to do so until fracturing (Fig. 8 inset). In all cases, the sample did not

detach itself along the diagonal planes after fracture. The presence
of a friction constraint between contacting flat sample ends
generated a non-uniform plastic flow in the compressed samples.
Such non-uniformity of the flow and accompanying materials
weakened the composites and created shear deformation in the
diagonal plane. Small increases in ultimate compressive strength
for the scrap aluminium alloy matrix reinforced with alumina (14%
higher than the same matrix reinforced with spent alumina cata-
lyst) were obtained. Similarly, an 11% increase in ultimate
compressive strength for the alumina reinforced in the AlSi7Mg
matrix was obtained as compared to the scrap aluminium alloy
reinforced with the same alumina. The higher alumina concentra-
tion (as compared to the spent alumina catalyst) as well as the
higher silicon content in the AlSi7Mg matrix (as compared to the
scrap aluminium alloy) helped create more nucleation sites for the
mixture of the alumina and eutectic siliconwhich accounted for the
higher value of ultimate compressive strength in the above two
composites.

The yield and ultimate strength estimated from the stress-strain
curves of the aluminum metal matrix composite samples for both

Fig. 7. Tensile stress strain curves for the produced composites: (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b) Scrap aluminium alloy wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina
catalyst (SAC) and (d) SAAW þ SAC.

Table 6

Room temperature tensile and compressive properties of the four composites.

Composite sy (MPa) UTS (MPa) εf (%) sf (MPa) sy(c) (MPa) UCS (MPa) sf(c) (MPa)

LM25 þ Al2O3 52.74 172 4.6 171.1 217 346 336
SAAWþ Al2O3 37.33 125 2.7 125 178 312 248
LM25 þ SAC 29 93 1.17 91.4 135 234 221
SAAWþSAC 21 82 0.25 94.5 115 274 265

LM25¼AlSi7Mg; Al2O3¼Alumina; SAAW ¼ Scrap aluminium alloy wheel; SAC ¼ Spent alumina catalyst.
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tensile and compressive tests are shown in Fig. 9. Based on the
tensile and compressive strength, the AlSi7Mg þ alumina com-
posite showed superior properties followed by the scrap
aluminium alloy þ alumina composite. The higher strength of the
AlSi7Mg þ alumina composite can be attributed to the higher sil-
icon weight percentage (7 wt %) in the matrix [38]. As explained in
the section on morphological analysis, the mixture of acicular
eutectic silicon and reinforcement at the grain boundaries
enhanced themechanical properties. The intergranular distribution
at the grain boundaries provided better mechanical properties and

prevented failure along grain boundaries. The smaller grain size of
the AlSi7Mg matrix, especially with the alumina reinforcement,
also contributed to the enhanced mechanical properties. The
smaller size of the alumina reinforcement provided more nucle-
ation sites for the eutectic silicon phase. The trends shown in Fig. 9
suggest an exception in the ultimate compressive strength value in
the case of the scrap aluminium alloy (17% higher than the AlSi7Mg
matrix) reinforced with the same spent alumina catalyst. This trend
can be explained by the higher levels of porosity in the composites
with scrap aluminium alloy as a matrix, which acted as zones for

Fig. 8. Compression stress strain curves with inset image of fracture indication for the produced composites: (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b) Scrap aluminium alloy
wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina catalyst (SAC) and (d) SAAW þ SAC.

Fig. 9. Yield and ultimate strengths of the composites (LM25: AlSi7Mg; SAAW: Scrap aluminium alloy wheel; SAC: spent alumina catalyst): (A) Compression and (B) Tensile.
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absorbing the compressive force; thus, they showed a higher ulti-
mate compressive strength. During tensile loading, the higher
porosity acted as a site for the crack propagation, so a slightly lower
ultimate tensile strength was obtained as compared to that of the
AlSi7Mg matrix.

All tensile samples were fractured within the gauge length.
Fig. 10 shows the scanning electron microscopic images of the
fracture surfaces of all four composites. It is obvious from the
fracture surface morphology that the samples have failed pre-
dominantly because of the brittle mode of fracture, although very
little ductility could be observed based on the presence of a few
dimples in the matrix region of the morphology. This finding was
also supported by the tensile performance depicted in Fig. 7. The
fracture surface was not completely perpendicular to the direction
of the applied stress, which is an indication that the material was
not purely brittle but had some ductility due to the aluminum
matrix material's property. The stress-strain curves illustrated in
Fig. 7 corroborate this behavior. The relatively more dimpled,
fractured appearance of the AlSi7Mg matrix confirms that the
AlSi7Mgmatrix wasmore ductile compared to the scrap aluminium
alloy, and this finding is again in line with the stress-strain curves.
In all the composites reinforced with alumina as well as spent
alumina catalyst, voids appeared due to debonding of the rein-
forcement particles from the matrix. The inset image in Fig. 10 (b)
shows a typical void created by debonding of the reinforcement.
The voids' dimensions matched the average reinforcement particle
size of 50 mm and 150 mm for alumina and spent alumina catalyst,
respectively. Poor wetting and interfacial bonding with the matrix
resulted in these types of voids [42]. In the case of composites
reinforced with spent alumina catalyst, some of the spent alumina
catalyst particles were still attached loosely in their position [inset
image in Fig. 10 (c)], and this finding was more obvious in the case

of the scrap aluminium alloyþ spent alumina catalyst metal matrix
composite. The larger size of the spent alumina catalyst particles
resulted in a weak interfacial bonding between the matrix and the
reinforcement so particle fracturing did not occur [17]. Fig. 10(c)
and (d) also show that the number of pores was higher, particularly
for the scrap aluminium alloy þ spent alumina catalyst composite
in which large-sized pores are visible. The AlSi7Mg þ alumina
composite also had a deep pore as illustrated in the inset image of
Fig. 10 (a). This finding was consistent with the porosity measure-
ments illustrated in Fig. 5 (A), where the scrap aluminium
alloy þ spent alumina catalyst composite showed the highest
porosity percentage, and it was confirmed by a large number of
pores in the microstructure images [Fig. 1(c) and (d)].

The tensile and compressive strengths of aluminum metal ma-
trix composites with alumina as reinforcement which earlier re-
searchers produced using the squeeze casting process are shown in
Fig. 11 [17,18,20,43e46]. The aluminum metal matrix composites
produced using scrap aluminium alloy as a matrix exhibited a
similar ultimate tensile strength value as other aluminum metal
matrix composites, while a slightly better compressive strength
was observed when compared to other aluminum metal matrix
composites reported in the literature. This finding suggests that the
scrap aluminium alloy matrix is a good candidate as a matrix ma-
terial for aluminum metal matrix composite production.

3.5. Abrasion wear

Fig. 12 shows the weight loss of the aluminum metal matrix
composite samples when subjected to an abrasive wear test. The
scrap aluminium alloy þ alumina composite experienced the
lowest weight loss when compared to other composite samples
subjected to the abrasive sheets. SiC E4 600 TP4 had the finest grit

Fig. 10. Fracture surface morphology of tensile test samples (a) AlSi7Mg (LM25) þ alumina (Al2O3), (b) Scrap aluminium alloy wheel (SAAW) þ Al2O3, (c) LM25 þ spent alumina
catalyst (SAC) and (d) SAAW þ SAC.
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and produced a weight loss of 0.01 g for the scrap aluminium
alloy þ alumina composite. The next finest grit sheet produced
weight loss of 0.015 g for the same composite. ES60 and ES20
produced weight losses of 0.038 g and 0.041 g, respectively. It was
noted that the increase of roughness on the mating parts increased
the wear rate of the samples, and the materials' hardness was
directly proportional to the materials' wear resistance. This finding
was confirmed by Brinell hardness values for the four composites
(Table 4). The better wear resistance of the scrap aluminium
alloy þ alumina sample can be attributed to its greater hardness as
well as the uniform distribution of reinforcements, refined grain
structure, and lower porosity as compared to other samples.

Fig. 13 shows the scanning electron microscopic images of the
wear morphology of the scrap aluminium alloy þ alumina

composite that exhibited the minimum wear rate for the ES20
abrasive sheet (coarsest grade) among the four composite samples
during abrasion. Fig. 13 (A) clearly shows diminished wear tracks
and grooves. The absence of localized delamination on the worn
surface as well as dislodged particles indicate that no reinforce-
ment particles were detached. Grooves are the characteristic
feature of abrasive wear, but there was an absence of prominent
scratching tracks and groves parallel to the abrasion. Fig. 13 (B)
shows very few surface deformations, including sub-surface
cracks, even with the very coarse abrasive loaded wheel. Surface
deformation is a centre for crack nucleation, with propagation
leading to greater wear rates [47]. The repeated sliding action of the
abrasive wheel on the composites induces fatigue stresses, causing
sub-surface cracks [48]. The plastically displaced matrix material
can be observed in the magnified image shown as an inset in Fig. 13
(B), but the matrix was not affected much.

4. Conclusions

A novel approach was successfully utilized for the first time to
produce aluminum metal matrix composites for potential indus-
trial applications. The produced aluminummetal matrix composite
is not only economical but also environmentally friendly because it
uses scrap or waste materials. The key findings are summarized as
follows:

� The micrograph analysis showed that the scrap aluminium
alloy þ alumina composite had a uniform distribution of re-
inforcements and the lowest porosity among the four compos-
ites. The composite porosity observed in the micrographs
correlated with the percentage of porosity measured using
Archimedes' principle.

� X-ray diffraction analyses confirmed no significant phase for-
mation in the aluminum metal matrix composites regardless of
whether scrap aluminium alloy or spent alumina catalyst was
used.

� Among the four composites, the highest hardness (58.8 BHN)
was obtained for the AlSi7Mg þ alumina composite followed

Fig. 11. Comparison of compressive and tensile strengths of various composites primarily reinforced with alumina.

Fig. 12. Weight loss of the composites subjected to abrasion test (LM25: AlSi7Mg;
SAAW: Scrap aluminium alloy wheel; SAC: spent alumina catalyst).
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very closely by the scrap aluminium alloy þ alumina composite
(58.5 BHN).

� The highest ultimate tensile and compressive strength values
were obtained for the AlSi7Mg þ alumina composite (172 MPa
and 346 MPa, respectively). The second highest values were
obtained by the scrap aluminium alloy þ alumina composite
(125 MPa and 312 MPa, respectively).

� The significantly higher ultimate tensile and compressive
strength values in the composites reinforced with alumina can
be mainly attributed to the formation of the reinforcement
mixed with the eutectic silicon phase exhibiting a morphology
that was a slightly acicular, predominantly spherical structure
with some blunted, needle-like shapes.

� The addition of the spent alumina catalyst as reinforcement in
both of the matrix materials resulted in higher porosity due to
the air entrapment mechanism; therefore, the materials
exhibited lower mechanical properties.

� The fracture surface of the tensile test samples of all the com-
posites failed predominantly through the brittle mode of frac-
ture, although a limited ductile mode could also be observed.

� The abrasionwear test results showed that the scrap aluminium
alloy þ alumina composite possessed the highest wear resis-
tance among the four prepared aluminum metal matrix com-
posite samples. The wear morphology of the scrap aluminium
alloy þ alumina composite exhibited diminished wear tracks
and grooves even for the coarsest grade of abrasive sheet among
the four composite samples.

In the present investigations, optimal mechanical properties
were obtained for scrap aluminium alloy þ alumina, composite;
thus, it is recommended for potential industrial applications. Using
scrap aluminium alloy as a matrix material is a viable approach for
producing low-cost, high-performance aluminum metal matrix
composites. Scrap aluminium alloy can be utilized as an alternative
low-cost matrix material instead of virgin AlSi7Mg. Future studies
could focus on optimizing the process parameters of squeeze
casting and exploring nano particles as reinforcement that could
further enhance the mechanical properties for high-end
applications.
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