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Highlights

» A novel approach used to produce metal matrix composites from

waste materials.

e The alumina reinforcement combines with the eutectic silicon to

form a mixture.

» Acicular, blunted, needle-like mixture morphology improves
mechanical properties.

» Enhanced ultimate tensile (125 MPa) and compressive strength
(312 MPa) obtained.
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Abstract

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 (SAAWSs) 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
(AISi7Mg+alumina; scrap aluminium alloy+alumina; AISi7Mg+spent alumina catalyst;

scrap aluminium alloy+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 reinforcement, and
better mechanical properties can mainly be attributed to the morphology of the

reinforcement and silicon eutectic phase mixture. The scrap aluminium alloy+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) (125MPa) and ultimate compressive strength (UCS) (312MPa) among the four
composites.
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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
industries 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 industrialization in China, India, Russia, and Brazil according to Alcoa's
2005 Annual Report. Fuel savings of 5-7% 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
reinforcements 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 when Pradeep Rohatgi discovered it [3]. Since then,
many researchers have investigated the development and characterization of metal
matrix composites. Over the past three decades, metal matrix composites have moved
from research to commercial applications. 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 efficiency, excellent wear resistance, and attractive thermal and
electrical 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 reinforcements, and using cheaper reinforcements [5]. A few
researchers in Oman have investigated using spent catalyst waste for producing building
materials, but the added value of such applications 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 consists of alumina

(71.38 wt %) so could be easily used as a reinforcement for producing aluminum metal
matrix composite reinforced with alumina [6]. Around 200-500kg 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
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estimated that 20-40% 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 eliminate more 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 applications 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 (Al,03) 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 AlI6061-SiC (20 um) and Al7075- alumina (20 um) have been produced
through stir casting [12]. The researchers recommended particle reinforced composites
over fiber 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 AlI6061. Sajjadi and
Beygi produced aluminum metal matrix composites 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
mechanical 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 incorporation and uniform distribution of the nano reinforcement
particles. Best mechanical properties were obtained at smaller alumina particle sizes.
Yigezu and co-workers compared the performance of an aluminium alloy (AlICu4Mg2.5)
reinforced with both alumina (50 um) and SiC (50 um) 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
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weak intermetallic phase Al4C; formed resulted in brittle fractures. Abhishek and co-
workers produced and characterized a A359/alumina metal matrix composite using an
electromagnetic 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 (10um and 100nm) 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
treatment 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 7075Al1/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 Al;03 having a size of
36 um. 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 AlI6061-20% alumina
exhibited a lower value (37 BHN). Similarly, the wear resistance of Al7075-SiC
composites was greater than that of AI6061- 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 properties [20].

Based on the literature reviewed, all research on producing aluminum metal matrix
composites by squeeze casting has used 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 elements being silicon, magnesium,
manganese, and iron. The chemical composition is illustrated in Table 1. For comparision
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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 composites were produced using a squeeze-casting process and subjected
to both material and mechanical property characterizations using different techniques.
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Section snippets

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 (Table1) was determined through X-ray fluorescence (XRF) and
energy dispersive X-ray spectroscopy (EDS) analysis, respectively [6]. The alumina
powder (Alfa Aesar, Germany) was of high chemical purity with an ...

Microstructural analysis

The optical microscopic images for the four different composites at 200x 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 pressure, which resulted in finer dendrites and
decreased dendrite arm spacing [23]. Fig.1(a) and (b) ...

Conclusions

A novel approach was successfully utilized for the first time to produce aluminum metal
matrix composites for potential industrial applications. The produced aluminum metal
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+alumina
composite had a uniform distribution of reinforcements and the lowest
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porosity among the four ...
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