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Abstract: Research shows that monolithic Al alloy has very attractive properties required in the
production of aerospace, automotive, electrical and electronic, sports and recreational compo-
nents/equipment. However, its low strength and low wear resistance have challenged its applications
in some other critical industrial utilities. Nonetheless, the invention of metal composites has removed
such barriers. The addition of one or more reinforcements to Al has helped in the creation of alu-
minium matrix composites (AMCs), which has not only increased the global utilization of Al alloy,
but has been a major source of global revenue and job. This review was, therefore, aimed at studying
recent works on AMCs with the aim of ascertaining the recent innovations in the development of
advanced Al composites, which can replace steel components in most industrial applications at a
cheaper rate. It was observed from the study that AMCs can be developed via solid and liquid
fabrication techniques. Powder metallurgy was reported as the most effective method of producing
hybrid Al nanocomposites, with spark plasma sintering as the best technique. In the liquid process,
stir casting was reported as the most cost effective, but was challenged by agglomeration. It was
recommended that agglomeration be ameliorated by cryogenic ball milling and an in situ fabrication
technique. It was also recommended that more cost effective agro-waste nanoparticles should be
developed to replace more costly conventional reinforcements. In summary, it was recommended
that more research on the exploration of Al alloy at a cheaper rate should be carried out.

Keywords: aluminium matrix composites; stir casting; powder metallurgy; spark plasma sintering;
aluminium hybrid composites; aluminium binary composites

1. Introduction

Composite materials are obtained by conjoining two or more materials that possess
quite dissimilar properties together. Composites consist of a matrix, which is the base
material, and one or more reinforcements, which are the dispersed phase. The dissimilar
materials (matrix and reinforcement(s)) work in synergy to provide the composite with ex-
ceptional characteristics, which neither of them can provide in isolation. The development
and use of composites started around 1500 B.C., when early Egyptian and Mesopotamian
dwellers used a combination of mud and straw to construct resilient and robust build-
ings [1]. Straw was the reinforcement for the primordial composites like pottery and boats.
Thereafter, in 1200 AD, the Mongols developed the first composite bow [2]. They used a
blend of wood, bone, and animal glue. These bows were potent and precise. It was this
composite bow that helped Genghis Khan’s military to take the centre stage of victory in
the ancient wars in the primeval era. Meanwhile, the evolution of the modern composites
industry actually started in 1970s when plastic resins and reinforcing fibres were developed.
DuPont invented an aramid fibre known as Kevlar, which has turned out to be the choice
product for body armour because of its high tensile strength and light weight [3]. Then,
there came the development of carbon fibre at almost the same time, where most of the
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parts made of steel were replaced with it. Carbon fibre has a light weight, high tough-
ness and high strength. The composite industry is still developing, with much interest
in nanomaterials that possess extreme small molecular structures and high mechanical
characteristics [4]. There are about five different types of composite industries in existence
today, namely: ceramic matrix composites (CMCs), carbon–carbon composites (CCCs),
hybrid composites (HCs) polymer matrix composites (PMCs) and metal matrix composites
(MMCs) [5]. CMCs consist of ceramic as the matrix and fibres, whiskers or particulates as
the dispersed phase. They are characteristically resistant to oxidation and degradation at
higher temperatures. This composite is ideal for high temperature and strength-demanding
applications such as in automobile and aircraft gas turbine engines. However, its suscep-
tibility to brittle fracture restricts its applications. CCCs consist of carbon as the matrix
and carbon as the reinforcement. HCs are comparatively new fibre-reinforced composites
developed by using two or more different types of fibres in a single matrix. This type of
composite has a better combination of properties than composites with a single fibre [6].
PMCs consist of a polymer resin as the matrix, with fibres as the reinforcement. The resin
provides the net shape of the composites and transfers the load to the reinforcement, which
absorbs the load and gives the composite its requisite strength. MMCs consist of a matrix
of a ductile metal and a dispersed phase of particulates, whisker, nanomaterials or fibres.
MMCs perform better at elevated temperatures than their base metal counterparts [7].
Light weight metals such as aluminium, magnesium, and titanium alloys are the ideal base
matrices used in producing MMCs, and are reinforced with carbides, nitrides, borides,
and oxides prepared in the form of particles, whiskers, or fibres [8]. Through the blending
and consolidation of the metal matrix and dispersed phase, the composite is enhanced
in specific stiffness, strength, wear resistance, creep resistance, thermal conductivity, and
configuration stability. Other advantages of MMCs over PMCs include higher temperatures
of operation, non-flammability, and higher resistance to degradation by organic fluids [5].
The global demand for MMCs has increased drastically from over 5.5 million kg in 2012
to over 8.8 million kg of MMCs in 2020 [9]. The growth in the development of MMCs
has continued to generate enormous wealth for the producing countries, as can be seen in
Figure 1.
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Aluminium alloys are the most widely used matrix in the production of MMCs, both
in research and development and in industrial applications, because of their low density,
cheapness (when compared with other light metals like Mg and Ti), high ductility and
high corrosion resistance [10,11]. This alloy is usually reinforced with dispersed phases
in order to improve its strength, thermal stability, oxidation resistance, wear resistance,
creep resistance and toughness. The choice of reinforcement is based on the application
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of the composites. Aluminium matrix composites (AMCs) have found wide applica-
tions in automotive [12–14], electrical [15–17], aerospace [18,19], marine [20–22], defence/
military [23–25], domestic [26–28], medical/surgical instruments [29,30], etc. This is be-
cause of their improved physical, mechanical, tribological, thermal and corrosion properties.
AMCs possess superior strength, better creep resistance, higher wear resistance, higher
corrosion resistance, a lower coefficient of thermal expansion (CTE), a higher modulus
and better fatigue strength than monolithic Al alloys [31,32]. A summary of characteristic
properties of AMCs necessary for various components developed with the composite is
shown in Table 1.

Table 1. Components/products developed from AMCs.

Industry Products Properties Ref

Automotive Piston and connecting rod,
brake and chassis, engine block

Light weight, high thermal conductivity,
high strength, wear resistance [33,34]

Defence Fins of a directed gun Precision and strong rigidity [35]

Sports Golf, baseball, skiing equipment Low cost and light weight [36]

Building construction Roofing sheet, door and
window panels, shelves, Strength and light weight [37]

Electrical and electronic Conductor, capacitor, inductor Low CTE, high thermal conductivity [38]

Aerospace
Wings, rudders, flaps,

fuselage, fan outlet guide vanes,
hydraulic pipes

Good specific stiffness, light-weight and
low CTE [39,40]

Rail and marine Rail car body, marine ship
body parts

Lightweight, high corrosion resistance,
high fire hazard control [41]

In the last decade, many researchers have worked on MMCs, especially AMCs. Au-
thors who have worked on a review of AMCs include [9,42–44]. However, no review
has reported the current advancement in AMCs development since 2020, notwithstand-
ing much improvement recorded in this all-important composite. Therefore, this review
was aimed at reviewing the latest advancement in the design and production of AMCs
with the intention of projecting the advanced techniques, uses, properties, prospects and
recommendations for enhancing the production and usage of the composite.

2. Types of Aluminium Matrix Composites

Fibres, whiskers, particulates and nanomaterials of ceramics, non-metals, and poly-
mers are used in the reinforcement of Al light metal. Choice of reinforcements is dependent
on the properties being sorted for, which is equally dependent on the end product ap-
plication. In this section, binary composites, hybrid composites, and Al reinforced with
nano-sized reinforcements are discussed.

2.1. Aluminium Binary Composites

In order to improve the mechanical, thermal, tribological and physical properties of
the Al matrix, a choice can be made of one type of reinforcement, ceramics for instance,
to produce a binary composite system. Ceramics are always the choice material because
they possess high hardness, high thermal stability and high wear resistance deficient in
monolithic Al. Hence, reinforcing Al with ceramics produces a composite with good
ductility, high strength, high formability, high thermal and wear resistance, and high
toughness [45,46]. Advanced ceramics such as alumina (Al2O3), aluminium nitride (AlN),
zirconia (ZrO2), silicon carbide (SiC), silicon nitride (Si3N4), boron nitride (BN), boron
carbide (B4C), carbon nanotubes (CNTs), tungsten carbide (WC), and titanium carbide (TiC)
are used to engineer Al into specific configurations suitable for specific applications. Some
of the Al binary composites are discussed below:
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(i) Al-Al2O3 Composite: Alumina or aluminium oxide is one of the most popular fine
ceramic materials that possess high chemical and physical stability. It has high thermal
resistance and high thermal conductivity; high strength and hardness; high electrical
insulation and high corrosion resistance as well as high biocompatibility [47]. These
properties make it a suitable material for developing spark plugs, tap washers, abrasion
resistant tiles, and cutting tools [48]. The properties of Al/Al2O3 composite prepared
through powder metallurgy are majorly dependent on the particle size of the powders, as
opined by researchers. Finer powders generate higher hardness than coarser particles [49]
due to the Hall Petch effect. The porosity of the Al/Al2O3 composite, more so, is a
function of the particle size of the constituent elements. Finer particle size generates
lower porosity than coarse particle size. Incidentally, porosity varies inversely with elastic
modulus as reported by Gudlur et al. [50]. It should be noted that the elastic modulus
defines the stiffness of composites. Likewise, particle size of the constituent elements
varies inversely with the strength, toughness and stiffness of the emerging composite.
More so, it was observed that increasing the volume fraction of alumina in Al matrix
reduces the coefficient of thermal expansion (CTE); and increases the elastic and shear
moduli [50]. Rahimian et al. [51] studied the effect of alumina addition on the properties
of an Al alloy matrix. It was observed that by increasing the weight fraction of alumina
from 0% to 10% and to 20%, the hardness of the composite increased from 33 to 62 and
to 75 BHN, respectively, at a sintering temperature of 550 ◦C (Figure 2); the compressive
strength increased from 133 MPa (pure Al) to 273 MPa (Al-10Al2O3), and decreased to
190 MPa (Al-20Al2O3); the yield strength increased from 118 MPa (pure Al) to 190 MPa
(Al-10Al2O3), and decreased to 160 MPa (Al-20Al2O3); while the wear rate decreased
from 0.0447 mm3/m to 0.0262 mm3/m. Therefore, reinforcing Al with alumina not only
improved the mechanical properties, but also the tribological properties. However, when
the weight fraction exceeded 10 wt.%, most of the properties decreased, except hardness.
Hence, 10 wt.% was regarded as the optimum weight fraction of the reinforcement. In
another study, increasing the volume fraction of Al2O3 to 20% in Al matrix increased the
hardness of the composite from 396 MPa to 1355 MPa in a consolidation via spark plasma
sintering [52].
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Furthermore, good wettability of Al2O3 in an Al matrix is another phenomenon that
enhances the properties of Al/Al2O3 composites. In a study to investigate the effect of
wettability, Nourouzi et al. [53] observed that improving the wettability of alumina through
milling improved the yield strength of Al/Al2O3 by 215% besides enhancing the hardness,
wear resistance and the microstructure of the composite. Park et al. [54] studied the effect
of Al2O3 addition in an Al matrix using volume fractions of 5–30%. It was observed
that an increase in the volume fraction of Al2O3 reduced the fracture toughness of the
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AMC. This was attributed to the decrease in inter-particle spacing between nucleated micro
voids. Kok [55] consolidated an Al2024/Al2O3 composite with a vortex method in order
to study its mechanical properties. The optimum parameters of the technique included a
pouring temperature of 700 ◦C, preheated mould temperature of 550 ◦C, stirring speed of
900 rev/min, particle addition rate of 5 g/min, stirring time of 5 min and pressure of 6 MPa.
The results showed that the wettability and bonding between the Al matrix and Al2O3
reinforcement increased with the applied pressure; while the porosity decreased. Therefore,
increasing the pressure increased the wettability and interfacial bonding and reduced the
porosity. Kumar et al. [56] studied the properties of an Al359/Al2O3 composite using
an electromagnetic stir casting technique. It was observed that the hardness and tensile
strength increased; and it was concluded that the electromagnetic stirring method induced
the improvement by producing a composite with a refined grain size and high interface
bonding between the matrix and reinforcement. Therefore, the Al/Al2O3 composite has
proven to be a choice material for industrial, household and high strength applications.

(ii) Al-AlN Composite: AlN is a choice ceramic material for reinforcing an Al matrix
in some applications because of its excellent thermal, mechanical and physical properties.
It has a high thermal conductivity of over 170W/mK, which is five times greater than
that of Al2O3 [57]. Its CTE is 4.5 × 10−6 °C, which is almost the same with that of Si
(3.5–4 × 10−6 °C). It has good dielectric constant, dielectric loss, bulk resistivity and dielec-
tric strength [58]. Its mechanical properties are excellent, as it has higher bending strength
than Al2O3 and BeO. Abdoli et al. [59] investigated the effect of AlN reinforcement on the
Al matrix via milling in a planetary ball-mill using various percentage weight fractions of
0, 2.5, 5, and 10. The powders were milled for 25 h, degassed, die-pressed uniaxially in
steel die and sintered at 650 ◦C. It was observed that 5 and 10 wt.% of AlN improved the
wear resistance of the composite more through increasing its strength against oxidative and
abrasive wear in all the applied loads. However, the reinforcement had an insignificant
effect on the corrosion current density of the composite in both 0.05 and 0.5 mol/L NaCl
medium, but reduced the pitting potential (Epit) in the diluted solution. There was an
increase in the thermal conductivity of Al-AlN up to 180 W/mK when a 40–60 volume
fraction of AlN was incorporated into the Al matrix, with a great reduction of CTE [60]. The
thermal and mechanical properties of the Al-AlN composite were studied by Yu et al. [61].
It was fabricated by in situ hot extrusion at 450 ◦C with an extrusion ratio of 11:1. Both
an AlN-free and AlN-containing lamellar structure along the extrusion direction were
produced. Nanoscale AlN particles were well dispersed in the AlN-containing lamellar
with excellent interfacial bonding and an absence of voids, stimulated by the in situ method.
It was observed that Al/8.9 vol.% AlN had an ultimate tensile strength of 332 MPa and
tensile elongation of 3%. However, when the volume fraction was raised to 17.5 vol.% AlN,
it had higher tensile strengths of 538 MPa, but there was no tensile elongation to failure. The
CTE decreased when the volume fraction of AlN increased, as shown in Figure 3. However,
the increase in the temperature increased the CTE as expected. The CTE was low from
ambient up to 450 ◦C, which makes the composite fit for high temperature applications like
aerospace nozzles and turbines.

It has been reported that AlN reinforcement can be dispersed unto the Al matrix
via ex situ or in situ. In situ provides better dispersion than ex situ, but its commercial
scalability (mass production) is still farfetched. However, in order to obtain homogenous
dispersion of AlN in the Al matrix, Pradhan et al. [62] employed the in situ method. Hence,
an Al-AlN composite was processed by treating molten aluminium with a mixture of
CaO and NH4Cl, held at a temperature range of 750–930 ◦C and then cast into a metal
mould. The results showed that a maximum hardness of 572.12 MPa was achieved in the
Al-AlN (30–30) composite. When the quantity of NH4Cl + CaO was increased, the wear
resistance of the composite increased too. In comparison with other heat resistant alloys
and composites, the in situ processed and extruded Al/AlN composite showed better
creep performance with improved young’s modulus, ultimate tensile strength and consid-
erable ductility. These properties make it a useful material for a load-bearing structural
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composite [63] like roller bearing. Mohanavel et al. [64] recorded an increased micro-
hardness, flexural and tensile strength of Al/AlN composite when the percentage weight
fraction of AlN reinforcement was increased to 12%. The excellent thermal and mechan-
ical properties of Al/AlN enumerated herein indicate that it is a choice composite for
high temperature/high strength applications like aeroplane nozzles, electronic packaging
and supercapacitors.
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(iii) Al-ZrO2 Composite: Zirconia is generally used for the development of dental
implants because of its high hardness, chemical unreactivity, and biocompatibility [65].
Besides the biological application of ZrO2, there are other industrial applications as a
consequence of its excellent mechanical, tribological and corrosion properties. Such prop-
erties include high resistance to corrosion and chemical attacks, lack of usual brittleness
of most ceramics, high ambient temperature strength, high fracture toughness, high wear
resistance, excellent tribological characteristics, low thermal conductivity and high elec-
trical insulation properties [66,67]. Some industrial applications of ZrO2 are as follows: it
is used for fluid handling; for development of aerospace special parts; for cutting tools;
for micro-engineering; for production of electronics/electrical parts; for fibre optics; and
for production of spraying nozzles [68,69]. Therefore, ZrO2 is another excellent ceramic
used for reinforcing the Al matrix that enhances its mechanical, tribological and thermal
properties. In terms of tribological enhancement, Pal et al. [70] reported a 63.91% incre-
ment in wear resistance when 6 wt.% of ZrO2 was dispersed on the Al matrix. Corrosion
resistance increased from 30% to 70% (133.33%) when zirconia addition rose from 0 to
6 wt.%, and the hardness increased from 84.7 to 92.7 HRB (9.45% improvement) as shown in
Figure 4. Therefore, zirconia reinforcement improves mechanical, tribological and corrosion
properties of the Al alloy.

Besides increasing the wear resistance, Mazaheri et al. [71] recorded reduction of
coefficient of friction from 0.55 to 0.22 by the addition of ZrO2. Some authors reported
that improvement of tribological properties was usually stimulated by uniform disper-
sion of ZrO2 on the matrix as well as maintaining strong interfacial bonding [72]. ZrO2
reinforcement has recorded tremendous improvement of the mechanical properties of Al
matrix over these years. In 2008, Baghchesara et al. [73] studied the mechanical properties
and surfaces fracture of an Al/ZrO2 composite via vortex or direct incorporation method.
It was observed that the UTS of the composite with 15 vol.% ZrO2 prepared at 750 ◦C
increased from 145 MPa to 232 MPa, while the hardness increased from 45 Brinell to 64
Brinell. However, the composite displayed a brittle fracture without necking. Later on, in
2018, James et al. [74] studied the effect of zirconia reinforcement on an Al matrix via stir
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casting. It was observed that addition of 5 wt.% ZrO2 in Al6061 increased the maximum
ultimate tensile strength (UTS) to 227.332 MPa, the yield strength to 196.92 MPa, and the
percentage elongation to 14.28. However, the same quantity of alumina (5 wt.% Al2O3)
into Al6061 alloy increased the ultimate tensile strength to 181.36 MPa, the yield stress to
139.65 MPa, and percentage elongation to 8.57. Thus demonstrating that zirconia improves
the mechanical properties of Al more than alumina. Even though zirconia reinforcement
enhances mechanical properties, but optimizing the volume fraction is of great importance.
It was reported that Abdizadeh et al. [75] recorded a continuous increase in the UTS of
an Al/ZrO2 composite when the volume fraction of zirconia increased from 5 vol.% to
10 vol.%, but discovered a decrease when the volume fraction got to 15 vol.% due to the
increased porosity in the microstructure. An author reported that 6 vol.% of ZrO2 rein-
forcement was the optimal value [76], while Yadav et al. [77] gave 6 wt.% as the optimal
concentration of zirconia in Al. By and large, Al/ZrO2 is a prospective choice material for
production of high wear resistant materials like cutting tools.
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(iv) Al-SiC Composite: Silicon carbide is a very popular ceramic used as an abrasive
due to its wear resistance, durability and cost effectiveness. It is useful in the production
of automotive brakes and clutches, and bullet proof vests due to its high abrasive proper-
ties [78,79]. SiC is one of the ceramic materials that exhibit excellent corrosion resistance
together with high thermal stability that retains strength up to 1400 ◦C [80]. It has good
electrical properties as well. As a result of all these attributes, reinforcing Al with SiC
has attracted much attention. The tribological effect of SiC on an Al matrix was studied
by Patel et al., [81]. It was observed that at all the applied loads, the abrasive weight
loss, abrasive wear rate, and COF of the unreinforced AA5052 were higher than those of
AA5052 + 5% SiC-p composite. In another study, the mechanical properties of Al/SiC were
investigated. A bending strength of 294.3 MPa was recorded, while the hardness increased
from 20 Hv for the unreinforced Al to 55.43 Hv for Al-20 vol.% SiC [80]. Kumar et al. [82]
studied the effect of process parameters of stir casting on the enhancement of dispersion
rate and mechanical properties Al/SiC. A blade angle of 45◦, impeller position of 40%
from the base, stirring speed of 250 rpm and melt viscosity of 1.13 mPa·s at stirring of
750 ◦C gave the optimum dispersion of the SiC. At these optimum parameters, the tensile
strength increased by 4%, wear resistance increased by 21%, with a uniform hardness
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value of 47 VHN. Soltani et al. [83] studied the effect of stir casting temperature on the
mechanical and microstructural properties of Al-3SiC composite. It was observed that at
680 ◦C stirring temperature, the UTS and yield strength were at a maximum value of 130
MPa and 90 MPa, respectively; but decreased to 110 MPa and 75 MPa, respectively, when
the temperature was raised to 850 ◦C. The decrease in properties was attributed to the
formation of shrinkage porosity and increased formation of Al4C3 at the Al–SiC interface.
Meanwhile, the microhardness and elastic modulus of sample stirred at 850 ◦C were higher
than that stirred at 680 ◦C. Their values were 95 MPa against 80 MPa for microhardness
and 77 MPa against 76 MPa for elastic modulus. A mechanical property of the Al/SiC
composite was further studied using an AA6061 matrix with SiC reinforcement of 0, 5, 10
and 15 wt.% consolidated via stir casting. The hardness and tensile strength were improved
by 133.33% and 65.2%, respectively, at 15 wt.% SiC [84]. Several studies have confirmed
property improvement via SiC reinforcement, which is dependent on the volume fraction
and the dispersion rate of the reinforcement. Nirala et al. [85] discovered that the addition
of SiC up to 15 wt.% improved the wear, mechanical and corrosion properties of Al/SiC
composite. However, when this range was exceeded, those properties diminished. SiC
particulates enhance the corrosion resistance of Al/SiC composite. By increasing its volume
fraction or reducing its particle size, the corrosion resistance of Al/SiC was found to be
better than that of the monolithic Al alloy at ambient temperature. However, at elevated
temperatures (50 ◦C and 75 ◦C), the corrosion resistance became lower [86]. In another
study, it was observed that the corrosion resistance of the Al matrix increased when SiC
nanoparticles were incorporated through increasing the overall electron work function
(EWF) of the Al-SiC nanocomposite with a subsequent increase in the corrosion poten-
tial [87]. Hence, application of an Al/SiC composite in a corrosive industrial environment
is not only adequate but timely.

(v) Al-Si3N4 Composite: Silicon nitride (Si3N4) was invented in the 1960s and 1970s
during the search for fully dense, high strength and high toughness materials, which it has
come to represent [88]. The primary aim of its invention was to develop a ceramic material
that can replace metal in advanced turbine and reciprocating engines for higher thermal
stability and efficiencies. It is used in industrial applications like engine components,
bearings and cutting tools [89]. A silicon nitride ceramic has high temperature stability,
which is controlled by the amorphous or partially crystalline grain boundary phase; and its
full densification can be achieved via liquid-phase sintering. It crystallizes into two crystals,
namely: the trigonal α-Si3N4 and the hexagonal β-Si3N4. The α-modified crystal is the
major material formed during powder synthesis, which transforms at higher temperatures
in the presence of a liquid phase into the stable β-phase [90]. The addition of Si3N4 to an Al
matrix has enhanced the principal properties deficient in monolithic Al alloy. Haq et al. [91]
studied the dry sliding friction and wear behaviour of an AA7075-Si3N4 composite. It was
observed that the hardness and compressive strength increased when the weight fraction
of Si3N4 increased to 8 wt.%. At that percentage of reinforcement, a 20% improvement in
hardness and 50% improvement in compressive strength were recorded. That reinforcement
improved the wear resistance by 37% at 10 N loading, and 61% at 50 N loading. The COF
increased initially when the weight fraction of the reinforcement was increased to 4 wt.%,
beyond which it started decreasing. In another study, the hardness, yield and compressive
strengths of Al-3Si3N4 nanocomposite increased from 38 ± 3 Hv to 77 ± 2 Hv, 70 ± 4 MPa
to 127 ± 4 MPa, 305 ± 3 MPa to 364 ± 2 MPa, respectively, representing 102.6%, 81.4%
and 19.3% improvements over monolithic Al [92]. Mohanavel et al. [93] investigated the
microstructural and tribological characteristics of AA6351/Si3N4 composites manufactured
by stir casting. The microhardness increased from 67 VHN at 0 wt.% Si3N4 to 94 VHN at
3 wt.% Si3N4 (40.3%); the tensile strength improved by 57.89%; the compressive strength
improved from 180 MPa to 230 MPa (27.78%); the impact strength improved from 4 MPa
to 9 MPa (125% improvement); percentage elongation to failure decreased from 8.6% to
6.8% (26.5% improvement); and wear rate decreased from 11.5 mm3/m to 4.8 mm3/m at
35 N loading (139.6% improvement). All the improvements were attributed to the grain
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refinement of Si3N4 and high bonding in the matrix/reinforcement interface. The special
properties of this reinforcement are evidenced in the way it improves both the impact
and elongation properties of Al alloy. This is unlike most ceramics that reduce the impact
strength and elongation of the composite. Therefore, this composite is a perfect choice
for reciprocating engines where high toughness, high fatigue strength, and high impact
strength are of utmost importance.

(vi) Al-BN Composite: Boron nitride (BN) is a ceramic with excellent thermal and
mechanical properties. It has high thermal conductivity, low thermal expansion, noble ther-
mal shock resistance, microwave transparency, non-toxicity, high machinability, chemically
inert and non-wetting by most molten metals [94]. It is a good reinforcing material for
Al alloy. Firestein et al. [95] observed that when 4.5 wt.% of BN was dispersed on the Al
matrix, there was a 75% increase in tensile strength, and a 190% increase in yield strength
with the exhibition of ample plastic deformation. In another study, it was confirmed that
an addition of 4 wt.% of BN into an Al matrix increased the tensile strength from 212 to
333 MPa (57% improvement) and hardness by 90 % [96]. There were 90% [97] and 130% [98]
improvements in the ultimate tensile strength of Al-5 wt.% BN prepared through powder
metallurgy; but it was reduced to 50% [95] when the percentage weight of BN decreased
to 4.5 wt.%. Reddy et al. [99] investigated the enhancement of Al with BN ceramic. The
results showed that the tensile strength improved by 36% when 1.5 vol.% BN reinforce-
ment was dispersed on Al matrix, and this was attributed to the dispersion hardening of
BN nanoparticles. The CTE decreased with the increasing amount of BN as a result of
innate low CTE of BN nanoparticles. The addition of 1.5 vol.% BN nanoparticles improved
the damping characteristics of the Al matrix. It was concluded that the Al-1.5 vol.% BN
composite was a good material for weight-sensitive industrial applications. Gostariani
et al. [96] worked on consolidation of Al/BN with planetary ball milling and hot extrusion
using 1, 2 and 4 wt.% BN. The tensile strength improved by 40% with 1 wt.% BN, 56% with
2 wt.%, and 57% with 4 wt.% BN. The hardness increased to 102 Hv (55% improvement),
112 Hv (70% improvement) and 124 Hv (90% improvement) when compared with pure
Al with the addition of 1, 2 and 4 wt.% BN. These improvements were attributed to grain
refinement, formation of the in situ phase and solid solution strengthening effects of BN.
There was a significant reduction in the CTE of Al/BN when 3 wt.% BN was incorporated
in the Al matrix [100]. Therefore, BN is a choice ceramic for improving the mechanical
and thermal properties of Al alloy; while an Al/BN composite is a choice material for the
development of thermal sensitive components like bridges and rails that require low CTE
and high thermal shock absorption.

(vii) Al-B4C Composite: Boron carbide (B4C) is a refractory ceramic which has high
melting temperature and thermal stability; it is used as abrasive powders and coatings
because it has high abrasion resistance; it has high ballistic performance because of its
extreme hardness and low density; and it is utilized in nuclear applications as a neutron
radiation absorbent [101]. It is a good semiconductor for electronic applications [102]. In
fact, B4C is one of the hardest materials known, being third behind diamond and cubic
boron nitride. As a result of its abrasive resistance, it is used in the production of nozzles
for slurry pumps [103]. In order to improve the mechanical properties of Al alloy, 10, 15, 20
and 25 wt.% B4C were incorporated into Al matrices. It was observed that the UTS and
YS increased as the reinforcement increased while the percentage elongation decreased.
Al6061/10B4C and Al6061/20B4C gave UTS of 206 MPa and 416 MPa; and YS of 101 MPa
and 369 MPa, respectively [104]. Additionally, Al2124/15B4C and Al2124/25B4C generated
UTS of 421 MPa and 511 MPa; and YS of 315 MPa and 381 MPa, respectively. Shorowordi
et al. [105] conducted a comparison test between Al-SiC and Al-B4C. It was observed
that the wear rate and friction coefficient of Al–B4C were lower than those of Al–SiC.
Wu et al. [106] investigated the effect of plasma activated sintering parameters on the
microstructure and mechanical properties of an Al7075/B4C composite sintered at 530 ◦C
for 3 min. It was discovered that the Vickers hardness was 181.6 HV, bending strength
was 1100.3 MPa, compression yield strength was 878.0 MPa and the fracture strength was
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469.3 MPa. The improvements were attributed to a fully densified microstructure and
strong bonding of the matrix/reinforcement interface. Auradi et al. [107] consolidated
an Al6061-11wt.%B4C composite via a conventional melt stirring method. The results
showed that the mechanical properties (hardness, yield stress, UTS) of the composite were
higher than those of the Al matrix. Ductility was the only property that decreased. The YS
and UTS improved by 44.35% and 42.6%, respectively. In a functionally graded material
experiment using Al/B4C composite, it was found that the hardness gradually changed
from 165 BHN in aluminium region to 250 BHN in B4C region, showing that B4C region
possessed higher mechanical strength [108]. Isfahani et al. [109] carried out investigation
of the effect of boron carbide nanoparticles on the structural, electrical and mechanical
properties of Al-B4C nanocomposites via ball milling and sintering in argon environment.
By consolidating pure Al, Al-5 wt.% B4C, Al-10 wt.% B4C, the hardnesses obtained were
67 HV, 138 HV and 172 HV, respectively. This shows that by increasing the weight fraction
of B4C, the hardness increased. The electrical conductivity decreased from 39% IACS for
pure Al to 23% IACS for Al-5B4C and 13% IACS for Al-10B4C, which was attributed to
the difference in particle size of the composite relative to pure alloy. In investigating the
wear characteristics of B4C, Al-7.5 vol.% B4C and Al-15 vol.% B4C were consolidated with
milling and hot extrusion. The wear rate decreased by 42.9% and 81.8%, respectively, as
7.5 vol.% and 15 vol.% B4C were incorporated into the Al matrix. From the foregoing,
it can be seen that the Al/B4C composite is a choice material for developing abrasives
and nozzles.

(viii) Al-CNTs Composite: In 1991, Iijima [110] detected for the first time carbon struc-
tures that existed in tubular form. It was comprised of several tens of graphitic shells
that were later on called multi-walled carbon nanotubes (MWNTs). They possessed ad-
jacent wall separation of about 0.34 nm, diameters of 1 nm and a very large aspect ratio
(length/diameter ratio). However, two years later, Iijima and Ichihashi [111] as well as
Bethune et al. [112] produced single-walled carbon nanotubes (SWNTs). Carbon nanotubes
(CNTs) are the stiffest known material and buckle elastically (or fracture) under large
bending or compressive load [113]. It has high tensile strength and elastic modulus of
100 GPa and 1.27 TPa [114], respectively; thermal conductivity of 2000 W/mK [115]; current
density of 1015 A/m2 and conductance of 13 kΩ−1 [116]. Besides their good mechanical
and thermal properties, CNTs have large surface-to-volume ratios, high biocompatibility,
and excellent optical properties. Based on the special characteristics that CNTs have, it is
a very good reinforcement for the Al matrix for medical, electrical, structural, aerospace,
automotive and pharmaceutical applications. The weight fraction of both SWCNTs and
MWCNTs has a substantial consequence on the properties of Al-reinforced composites.
When the percentage fraction increases, wettability and dispersion decrease with subse-
quent agglomeration which brings about severe plastic deformation [117]. It was reported
that when CNTs incorporation exceeds 2 wt.%, agglomeration set in [118]. It was equally
reported that for effective improvement in electrical conductivity of Al-CNTs, the reinforce-
ment should not exceed 0.75 vol.% [119]. The effect of aspects ratio was studied and it was
found that CNTs with large aspect ratio entangle easily, causing irregular dispersion of
reinforcement and pronounced micro pores in the composite [120]. A comparative study
to determine the best carbon reinforcements for the Al matrix was carried out by Sahoo
et al. [121]. The variety of carbon materials used included MWCNT, graphene nanoparti-
cles, graphite flakes, and ball-milled graphite. The results showed that the particle with
a smaller size and higher aspect ratio enhanced the grain structure more, and had more
internal transfer of shear stress. Among the whole reinforcements tested, CNTs generated
the highest Young’s modulus and hardness, with values of 90 and 3.5 GPa, respectively. In
order to keep the weight fraction of CNTs low so as to avoid agglomeration, Park et al. [122]
employed 0.1, 0.2, 0.3, and 0.4 wt.% of CNTs on the Al matrix and consolidated them via
powder metallurgy technique. The yield strength and tensile strength of the composites
increased as the reinforcement was increased up to 0.2 wt.% CNTs, after which the me-
chanical strength decreased. The best sample, Al-0.2 wt.% CNTs had yield strength and
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tensile strength of 90 and 114 MPa, respectively, as against pure Al, which had 56 and
92 MPa, respectively. This was an improvement of 60% and 23% in the yield strength and
tensile strength. The improvements were attributed to high temperature sintering, which
stimulated the development of strong interfacial bond between Al and CNT. Improvements
in the corrosion rate and microhardness of Al/CNTs were recorded when 0, 1, 4 and 8 wt.%
CNTs were used to reinforce Al1000 [17]. The composite was consolidated via spark plasma
sintering after blending with turbular mixer. Al-4CNTs was the best sample that yielded a
microhardness of 482.60 ± 12 MPa, which represented a 27% increment against the pure
Al. The corrosion rate decreased by 46% and 47% in NaCl and H2SO4 media, respectively.
Additionally, 8 wt.% CNTs produced poor mechanical and corrosion characteristics due
to the agglomeration effect of high volume CNTs. The improvements were attributed to
grain refinement, high densification and strong interfacial bonding between Al and CNTs.
The strengthening mechanisms in Al/CNTs composites are stimulated by the generation
of dislocations interlock as a consequence of thermal mismatch between the matrix and
reinforcement since their CTEs are far apart. Also contributing to the strength is precip-
itation hardening through the Orowan looping mechanism, and thorough dispersion in
the matrix to enhance grain boundary bridging [123]. More so, it has been reported that
the elastic modulus of Al/CNTs is usually enhanced as a result of the high tensile mod-
ulus of carbon nanotubes [124]. Due to the light weight of the Al/CNTs composite, high
modulus, high thermal and electrical conductivity, it is a prospective material for overhead
electricity conductors.

(ix) Al-WC Composite: Tungsten carbide (WC) has a level of hardness that is second
to diamond, with a Mohs hardness of 9. It retains its strength at high temperatures with
low CTE, which makes it one of the best candidates for developing cutting tools that can
function at elevated temperature and high-speed devices. WC is extremely stable and has
high corrosion and wear resistance [125]. Krishna et al. [126] investigated the effect of WC
addition on the Al matrix. By using a stir casting method, and percentage weight fraction
of 1–5% of WC, the hardness, ultimate tensile strength, yield strength and wear resistance
increased as the weight fraction increased up to 4 wt.% and decreased as shown in Figure 5.
The UTS improved by 60.7%, YS improved by 95.5%, hardness (Hv) improved by 78.6%,
while the wear rate improved by 6900%. The high improvement in the wear resistance
made the authors recommend the composite for brake rotor discs. The decline of properties
when the weight percentage exceeded 4% was attributed to insufficient wettability. In
another study, Megahed et al. [127] used friction stir processing to consolidate Al-WC.
It was observed that Al-6 vol.% WC was the best composite in terms of high strength at
elevated temperature applications. The mechanical, corrosion and wear resistance were
all improved. Therefore, Al/WC composite is a choice composite for cutting tool blades,
rotors and abrasives.

(x) Al-TiC Composite: TiC is an excellent ceramic suitable for improving the proper-
ties of Al alloy by boosting its thermal, mechanical, tribological and corrosion properties.
Raviraj et al. [128] studied the effect of TiC addition on Al matrix. It was discovered that
by the addition of 5 wt.% of TiC, the yield strength, modulus of elasticity, microhardness
and percentage elongation improved by 88%, 21.6%, 20.3% and 52.4%, respectively. Bauri
et al. [129] recorded 40% increase in ultimate tensile strength and 52.6% increase in mi-
crohardness of Al-TiC prepared via double pass friction stir processing (FSP). There was
tremendous improvement in the tribological properties of Al-TiC composite when the
weight fraction of TiC was 7.5 wt.% [130]. Wang et al. [131] studied the effect of TiC on the
mechanical properties of Al alloy. It was observed that addition of 0.5 wt.% TiC improved
the yield strength, ultimate tensile strength and percentage elongation by 117.3%, 40% and
81.3%, respectively. It can be seen that Al-TiC has excellent properties and so has high
industrial value.
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2.2. Aluminium Hybrid Composite System

Sometimes, a single reinforcement may not give the required properties for specific
applications in a metal matrix composite system. In that case, two or more different rein-
forcements will be alloyed to generate a hybrid composite system. Studies have shown that
hybrid composite systems possess better properties than conventional composites [132].
The advantages of hybrid composites over conventional composites include balanced
strength and stiffness, balanced bending strength, superior mechanical properties, high
and stable thermal resistance, low weight, reduced cost, better fatigue resistance, decreased
notch sensitivity, enhanced fracture toughness and crack attenuation capability with en-
hanced impact resistance [133,134]. Akinwamide et al. [135] worked on microstructural,
mechanical and tribological properties of stir cast binary and ternary aluminium based
composites. The wear rate results are shown in Figure 6.
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The composites developed included Al-SiC, Al-TiFe and Al-SiC-TiFe. They were
characterized, and the results showed that Al-5TiFe had the highest yield strength of
115 MPa, highest ultimate tensile strength of 141 MPa and percentage elongation of 7.6%.
The improvement was attributed to the high Fe content in the composite, which is a
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renowned strengthening metal. Another sample with improved properties was Al-2%
SiC-5% TiFe, which had a yield strength of 94 MPa, UTS of 116 and elongation of 1.6%. Al
alloy had YS of 69 MPa, UTS of 82 MPa and elongation of 4.2%. Hence, the best sample
had improvements of 66.7% and 72% in YS and UTS, respectively. Al alloy possessed
the highest wear rate of 4.5 × 10−5 mm3/Nm, while Al-5% SiC-2% TiFe had the lowest
wear rate of 1.8 × 10−5 mm3/Nm (150% improvement), while Al–5TiFe had a wear rate of
2.9 × 10−5 mm3/Nm (55.2%) as shown in Figure 6. This study has shown that a ternary
composite system is not always better than a binary composite system in all the properties.
Sometimes a binary system may have more improved properties than the ternary or hybrid
composite system. Therefore, adequate care and skill must be employed in choosing the
reinforcing phases adequate for generating target properties. Some recently developed
hybrid composites of Al are summarized in Table 2.

Table 2. Properties of aluminium hybrid composite systems.

Composite Technique Properties (Percent
Improvement) Remarks Ref.

a. A7075-10B4C-5Gr
b. A6061-10B4C-5Gr

i. liquid casting
ii. liquid casting

a. Hv: 120 Hb (9%)
b. Hv: 108 Hb (8%)

a. WR: 0.018 mg/m (233%)
b. WR: 0.02mg/m (300%)

a. TS: 230 MPa (10%)
b. TS: 180 MPa (13%)

The elongation to failure was
lower in A7075 than A6061.

The improvements were
attributed to the resistance to
indentation and stress of the

reinforcements, especially B4C.

[136]

Al-9Al2O3-3Gr Stir casting
Hv: 94 Hb (20%)

TS: 201 MPa (32%)
Shear:142.3 Nmm−2 (25%)

Hard alumina and soft
graphite particles influenced
property improvement. The
formation of mechanically

mixed layer (MML) improved
the wear properties of

the composite

[137]

Al-3B4C-5MoS4 Stir casting

Hv: 101 Hb (24%)
Elongation: 2.95 (31%)

TS and YS decreased by 38%.
Wear rate decreased with
increase in reinforcement

The ductility, tensile and yield
strengths of the composite

decreased as the reinforcement
increased from 3 to 5% because
of ineffective transfer of load

by the reinforcements; and the
formation of void at matrix

reinforcement interface.

[138]

Al-5CNTs-10SiC SPS Hv: 158 HV (172%)

The authors predicted that the
composite will possess high

wear resistance. The
dislocation defect was highly

reduced in the composite.
Further increase in CNTs
concentration resulted in

their agglomeration.

[139]

Al-15SiC-5TiC SPS Hv: 3060 MPa
Bending: 312 MPa

When the authors compared
SPS with conventional

sintering, SPS gave better
properties. Density generated

by SPS and conventional
sintering were 99.2 ± 0.4% and

90.4 ± 0.7%, respectively.

[140]

Al-10Zn-5Sn SPS Hv: 572.92 MPa
TS: 188.08 MPa

The hardness/tensile data
confirmed that the composite

is good for replacing Pb solder.
[141]
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Table 2. Cont.

Composite Technique Properties (Percent
Improvement) Remarks Ref.

Al-10SiC-4 Kaolin SPS

TS: 263 MPa (13.3%)
Compressive strength: 282

MPa (11.7%)
Hv: 147 VHN (16.3%)

The authors compared SPS
with conventional sintering
(CS) and observed that the

high sintering time in CS leads
to the formation of detrimental

Al2Cu intermetallic, which
makes the composite brittle.

[142]

Al-10SiC-10FlyAsh Conventional
sintering

Hv: 62 HR (32%)
Wear loss: 0.0017 g (65%)

The composite had improved
hardness and wear resistance,

which were attributed to
restriction of dislocation and

plastic deformation by the
dispersed phases.

[143]

Al-10SiC-5TiB2
Cold compaction and

sintering

TS: 230 MPa (64%)
YS: 125 MPa (23%)
Elong: 2.5% (100%)

The low elongation recorded in
the composite resulted in

brittle fracture during tensile
test, which was attributed to
cracks and debonding effects

of SiC particles.

[144]

Al-9SiC-2Al2O3 Stir casting

TS: 325 MPa
YS: 107 MPa
Elong: 2.08%
Hv: 119 VHN

The presence of SiC and Al2O3
induced brittle fracture in

the composite.
[145]

Al-20Al2O3-3Gr Stir casting
TS: 230 MPa (73%)

Flexural: 427.43 MPa (72%)
Hv: 95 HV (38%)

The increase in strength was
attributed to the resistance to
plastic deformation, particle

strengthening and grain
refinement effects of the

reinforcements.

[146]

Al-5SiC-9ZrO2
Green compact

sintering
Hv: 59 RHN (43%)

Wear loss: 0.004 g (100%)

The superior wear
characteristics of this

composite was attributed to
the load-bearing capacity

of ZrO2.

[147]

Al-7.5B4C-2.5Cow
dung ash (CDA) Double stir casting

Hv:145 BHN (32%)
TS: 280 MPa (56%)

Wear rate: 0.002 mm3/m
(150%)

The impact strength decreased
in the composite as compared

to base metal because of
reduced ductility of the

composite. The presence of
soft CDA in the composite

improved its elongation
to failure.

[148]

Al-2.5Groundnut
shell ash-7.5B4C Squeeze casting

Hv: 115 BHN (17%)
TS: 348.45 MPa (18%)
YS: 285 MPa (14.77%)

The addition of the GSA
decreased the impact strength
which resulted to cracks, brittle
fracture and fractured particles

in the composite.

[149]

Al-5Gr-4TiC Stir casting Hv: 142 HV
TS: 225 MPa

The improvement in the
mechanical properties was a

result of increase in dislocation
density around the

matrix-reinforcement interface
and grain refining of

the composite.

[150]
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2.3. Aluminium Matrix Reinforced with Nano-Sized Reinforcements

Nanoparticles (0D), nanorods/nanofibers (1D), and nanosheets (2D) are the various
nano-sized reinforcements presently researched for the improvement of the properties of
Al matrix. Reinforcements in the nanoscale structure are preferred to micro-meter coun-
terparts because they are lighter in weight; they possess higher volume-to-surface ratios
with diameters that are more controllable; they exhibit higher reactivity; and they enhance
material properties more [151]. Therefore, the applications of Al matrix composites have
received substantial expansion and advancement since the introduction of nano-sized
reinforcements. Some authors have reported better fatigue and tensile strengths; higher
hardness, better tribological, chemical and thermal properties [152] when nanoparticles
were used to reinforce Al matrix. In order to harness the plethora of advantages obtainable
in reinforcing Al matrices with nanomaterials, the volume fraction must be controlled
because too much of the nanomaterials induce agglomeration and poor wettability. When
ceramic nanofibers (1D) were used to reinforce an Al/Mg matrix in a study, it was observed
that when the volume fraction exceeded 1%, the mechanical strength and other proper-
ties deteriorated, which was attributed to the dwindling of the crack bridging effect of
the nanofibers/weak interfacial bonding between nanofibers and the Al/Mg composite.
However, below 1%, the properties improved tremendously [153]. It was reported that the
thermal conductivity of an Al matrix reinforced with graphene nanosheets (2D) and SiC
nanorods (1D) increased by 115%, making the composite suitable for aerial conductors as
well as other thermal applications [154]. With 46% improvement in corrosion resistance in
NaCl medium and 47% improvement in H2SO4 medium, Al reinforced with CNTs (1D) and
produced with SPS was suggested to be a useful material for overhead electrical transmis-
sion conductors, especially in corrosive environments [17]. By and large, the introduction
of nano-sized reinforcements to metal matrices has expanded the usefulness of AMCs; even
though their homogenous dispersion into the matrix together with their wettability needs
further research.

3. Techniques for the Development of AMCs

AMCs are majorly processed through two techniques, the solid and liquid meth-
ods [43]. The solid route makes use of powder metallurgy (PM), while liquid method
can come in the form of a compo-casting, squeeze casting or stir casting technique [155].
Powder metallurgy is a very important technique in the development of binary and hy-
brid AMCs since composites with high weight fractions of reinforcements can easily be
developed with it [156]. More so, hybrid AMCs that are reinforced with nanoparticles can
equally be fabricated with this method [157], but it is difficult with other methods. PM has
gained a lot of attention because particle agglomeration, poor wettability and evolution
of deleterious secondary phases that accompany liquid technique are absent in it [52,158].
Sintering is the major technique used in compacting powders in PM. There exists pressure-
less and pressure-assisted sintering. One of the most advanced pressure assisted sintering
that ensures zero contamination of composites is called high-frequency induction heat
sintering (HFIHS). This involves heating of green compacts or powder samples via high
frequency induction heating with the application of pressure. One of the main advantages
is that there is no physical contact between the heating coil and the sample as shown in
Figure 7, thereby ensuring non-contamination of the sample. It is time saving, energy
conserving, and grain refining. In an experiment to compare conventional sintering with
high-frequency induction heat sintering, it was observed that higher densification (95%)
was observed in the high-frequency induction heating than in conventional heating, which
gave 80% [159]. HFIS produced samples with low oxygen contamination with zero grain
growth as a result of its low sintering temperature and short dwell time [160]. Therefore,
when purity of composite is required, this method is recommended.
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Spark plasma sintering (SPS) is another advanced type of pressure-assisted, non-
conventional sintering, whereby heat and pressure are applied simultaneously to achieve
high densification in the composite. SPS has been adopted as a choice PM technique for
the production of AMCs because of its excellent properties. It produces refined-grained
composites, pure composites, and aids in homogenous dispersion of reinforcing particles.
Its short sintering time reduces the formation of deleterious secondary phases in AMCs [17].
The purifying property of SPS is attributed to the pulsed direct current that generates inter-
mittent electric sparks at the microscopic level of the powders, which vaporize impurities
contained in the powders [162]. The spark produces heat that is strong enough to melt
and vaporise the impurities in the powder. SPS has been reported to have enhanced the
piezoelectric [163], thermoelectric [164], tribological [165], corrosion [166], mechanical [167],
FCC and BCC phases evolution [168], and microstructural [169] (Figure 8) properties of
MMCs. Figure 8 shows the microstructure of Al2O3–ZrO2 (3Y)–SiC composite sintered
at different temperatures. It can be seen that microstructure improvement is a function
of the sintering temperature. At the low temperature of 1300 ◦C (Figure 8a), the bonding
was loose and the grains are yet to refine. At the higher temperature of 1350 ◦C, Figure 8b,
the intermolecular bonding was stronger with a finer grained microstructure. However,
at a much higher temperature of 1400 ◦C (Figure 8c), there was grain coarsening, which
negatively affected the mechanical properties. The improvements achieved with optimized
sintering parameters of SPS are attributed to its high heating and cooling rates; its capacity
to improve homogenous dispersion of reinforcements; its capacity to vaporize impuri-
ties; its grain refining capability; its tendency in generating high dislocation density; its
ability to interlock grain boundaries; its strong metallurgical bonding capacity and stable
thermodynamics and kinetics [170,171]. Even though SPS has been adopted as one of the
most favourable advanced solid fabrication techniques for nanocomposites of metals, the
commercial viability still needs further research.

For liquid technique, stir casting is the most researched technique for producing
AMCs because of its easiness, suppleness and cost effectiveness [8,172]. Even though it
faces many challenges such as non-homogenous dispersion of reinforcement, micro pores,
poor wettability, agglomeration of reinforcing phases, segregation, interfacial reactions
and formation of deleterious phases, techniques to ameliorate the challenges have been
reported [172,173]. For instance, particle segregation and agglomeration can be ameliorated
through optimizing mixing parameters like stirring speed, rotation of stirrer, blade angle
to stirrer axis [173] and also by adopting a two-step stir casting technique [174,175]. Im-
proved wettability can be obtained through reinforcement coating [176] and use of wetting
agents like K2TiF6 [177], borax and magnesium [178]. For interfacial reaction and evolution
of deleterious phases, the selection of non-reacting reinforcements like Al2O3 and B4C
can ameliorate them [179]. Porosity can be reduced via adoption of hot isostatic press-
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ing [180,181] or cold deformation [180] techniques. Stir casting and powder metallurgy
have been reported to have improved strength and stiffness at the expense of ductility and
toughness. The only discovered technique that does not compromise ductility and tough-
ness is friction stir processing (FSP). Friction stir processing develops AMCs with higher
surface hardness [181], improved creep resistance, high ductility and toughness [182]. It
improves the dispersion of reinforcements and decreases porosity in AMCs. It is usually
used in the post-fabrication process to enhance the properties of AMCs produced through
powder metallurgy [183]. Moreover, nanocomposite surfaces have been produced on
metallic substrates with friction stir processing [184]. However, further research is required
in this area in terms of promoting its commercial viability.
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(c) 1400 ◦C [169].

Another liquid fabrication technique worthy of discussion is the liquid metal infil-
tration method. Poor wettability of reinforcement was stated as one of the challenges of
stir casting together with micropores as a result of gas dissolution of the molten metal
during stirring and blending. Therefore, in the liquid metal infiltration technique, the
use of external force (vacuum) enhances the wettability via decreasing the wetting angle,
which separates the matrix and the reinforcement [185]. Additionally, the preform enhances
homogenous dispersion of reinforcements and discourages their settling at the bottom or
floating on top occasioned by differences in their densities [186]. This method has been
very useful in the fabrication of automotive engine blocks and brake linings.

4. Applications and Challenges of Aluminium Matrix Composites
4.1. Applications of Aluminium Matrix Composites

Monolithic Al is always a choice material when weight, ductility and availability are
of utmost requirement like in aerospace, overhead conductors, and automobile industries.
However, its weak strength and tribology [187]; its thermal instability, low stiffness, and
low wear resistance undermines its applications. Hence, the deficient properties are
augmented through the addition of reinforcements. For instance, it was reported that the
elastic modulus of monolithic aluminium was enhanced from 70 GPa to 240 GPa (243%
improvement) by adding 60 vol.% Al2O3 fibre into the matrix. Moreover, the coefficient
of thermal expansion decreased from 24 to 7 ppm/◦C through this reinforcement [43].
AMCs are among the most useful and most sought after MMCs in the world. Present and
prospective applications of AMCs are discussed in this section.
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(i) Aerospace industry: AMCs have been the composite of choice for aircraft structures
of all types ever since the launch of Sputnik 1 in 4 October 1957. Its choice was based on
its light weight together with its capability to withstand the stresses and impacts during
launching and operation in the space. AMCs have been used on Apollo spacecraft, the
Skylab, the space shuttles and the International Space Station. They out-perform other
composites in this field in terms of mechanical, dampening, thermal and low weight
properties [35].

(ii) Automotive industry: AMCs-based engine blocks, pistons, suspension system,
body panels, frames, etc., are now being used to replace steel or cast iron-based automotive
components. They are being used to replace steel components because of their reduced
weight, improved yield strength and modulus. AMCs are competing vigorously to replace
all the steel components in a vehicle such as valve covers, torque converter and transmission
housings, crankcase, suspension links, door frames, steering wheels, dashboards and sheet
panels [188]. The replacement of steel components reduces the fuel consumption, the
corrosion affinity and the CTE of the vehicle parts. Modern vehicle models like Lotus Elise,
General Motors EV1, Chrysler Prowler, Volkswagen Lupo 3L and Toyota RAV4 EV make
use of the Al-SiC composite for brake rotors [189].

(iii) Railroad and marine cars: Cars produced with AMCs need only 0.33 of the number
of components, possess decreased welding points and are only 0.67 the weight of steel
cars counterpart. The fuel costs are reduced with such cars because of the lighter weight,
besides the cost of corrosion control [190].

(iv) Building and construction industry: AMCs-based materials are presently being
recognised as the most energy-saving and sustainable construction materials because about
85% of the aluminium used in modern buildings comes from recycling. AMCs-based bridge
decks need only a minute cost of maintenance, as they have high resistance to corrosion and
require no painting, quite unlike concrete. Recently developed robust AMCs can withstand
the weight of heavy glass panels, which makes it possible for modern buildings to utilize
natural sunlight [191].

(v) Electronic packaging and other thermal devices: Heat sinks provide two major func-
tions in electronic packaging. They provide thermal stability through adequate heat dissipa-
tion and provide a mechanical framework. Therefore, they support electronic devices and
create necessary pathways for heat removal. AMCs possess better properties such as higher
thermal conductivities, lower CTE, higher weight reductions, and higher strength and
stiffness than the conventional heat sinks like Cu-tungsten or Cu-Molybdenum [192,193].

(vi) Overhead electricity transmission conductors: AMCs-based conductors are lighter
in weight than Cu-based composite conductors. With the reduced weight and improved
thermal and electrical properties, AMCs are the choice materials for the development of
advanced transmission conductors. Those present in the market and doing very well in
operation include aluminium conductor composite reinforced (ACCR) and aluminium
conductor composite core (ACCC), which are made of Al alloys and composites. Their
performances are better than that of the conventional conductor, aluminium conductor
steel reinforced (ACSR), which has a steel core that is ravaged by high weight, corrosion
and high CTE [194].

(vii) Sports and recreation equipment: AMCs have come to be the choice material
for the development of sports and recreation equipment. They include aluminium matrix
reinforced with SiC or B4C particle. It has been reported that the specific strength and
stiffness of the AMCs are higher than the conventional steel or carbon/epoxy composites
that were being used. They are more cost effective too [195].

(viii) Defense application: Al matrix reinforced with fibre is one of the choicest com-
posites for producing weapons due to its excellent properties. Traditionally, beryllium was
the choice material for developing missiles, but it was reported that AMCs are being used
to replace Be because they are more cost effective, and not as toxic as beryllium. Fins of a
directed gun are produced with AMCs because of its rigidity and high accuracy [35].
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4.2. Challenges in the Development of Aluminium Matrix Composites

(i) Agglomeration of reinforcements: Agglomeration is described as clustering/bundling
or inhomogeneous dispersion of reinforcements in the matrix of a composite system.
Sun et al. [196] noted that an increase of agglomerated ratio skyrockets the stress inten-
sity in composite materials. This is because failure initiates from the interface between
reinforcement and the matrix and takes place at the sharp corners of the reinforcing par-
ticles. Agglomeration of reinforcements induces porosity and subsequently weakens the
mechanical, thermal and electrical properties of composite materials. It reduces mechanical
properties by weakening the dislocation density; weakens thermal and electrical proper-
ties through phonon scattering effect; and it acts as a barrier to load transfer among the
grains [197].

(ii) Compromising ductility and toughness with hardness and strength: The principal
difference between hardness and toughness remains that they are inversely related. When
the hardness increases, toughness decreases [198]. Recall that hardness is the ability of a
material to resist indentation or permanent deformation, while toughness is the degree
a material can undergo before permanent damage. Therefore, it is impossible to have
resistance to a property and still accommodate the material. Hence, in order to improve the
hardness of Al through incorporation of reinforcing particles, the ductility as well as the
toughness of the Al alloy always diminishes.

(iii) High quality but high cost reinforcements: Most high quality conventional rein-
forcements are costly. Until cheap, sustainable and biowaste reinforcements are able to
be engineered and developed to replace the conventional reinforcements, development of
AMCs is endangered. The cost of agro-wastes like rice husk ash cannot be equated to SiC
for instance; however, the strengthening properties of rice husk ash are not comparable
to those of SiC. Therefore, research should be geared towards the development of these
sustainable materials so that AMCs can be more cost effective.

(iv) Formation of deleterious intermetallic phases: One of the most cost effective fabri-
cation techniques of AMCs is stir casting. However, one of its challenges is the formation
of deleterious intermetallic compounds as was experienced in the stir casting of AA2024-
Al3NiCu composite where Al3Ni was formed [199]. Other AMCs development techniques
like conventional sintering also generate an intermetallic that affects the properties of the
developed composites.

(v) High cost of Al: It has been reported that Al is four to five times higher than steel.
Therefore, the high cost of Al is one of the challenges militating against the development of
AMCs. Hence, the development of more cost effective production techniques of Al which
will reduce the cost of Al is highly encouraged.

5. Conclusions and Recommendations

Recent advancements in the development of AMCs have been studied. It is concluded that:
(i) AMCs are the most highly demanded MMCs, with the advantages of high tempera-

ture of operation, non-flammability, and high resistance to degradation by organic fluids,
high corrosion and wear resistance, and light weight.

(ii) Al composite binary system possesses some essential properties absent in ternary
or hybrid systems. Binary systems always exhibit lower agglomeration of reinforcements
as wettability is always higher. Therefore, their microstructures are always refined with
improved mechanical and physical properties.

(iii) Hybrid composites are always better in terms of property improvement, but they
are challenged by poor dispersion of reinforcements, poor wettability, scattered micro-pores,
and weak reinforcement/matrix interface because of the weak compatibility of the two
or more unrelated reinforcements. Al reinforced with nanomaterials possesses the best
properties among the entire groups, though agglomeration is still their challenge.

(iv) Powder metallurgy is a very essential technique used in developing both binary
and hybrid nanocomposites of Al, which other techniques cannot. SPS is regarded as the
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most successful type of PM technique with essential qualities, though challenged by poor
commercial scalability.

(v) Stir casting is the most cost effective fabrication of AMCs; however, it is challenged
by the formation of deleterious intermetallic phases, segregation, interfacial reactions, etc.;
though ways of ameliorating these challenges have been reported.

(vi) Stir casting and powder metallurgy have been reported to have improved strength
and stiffness at the expense of ductility and toughness. The only technique that does not
compromise ductility and toughness with strength is friction stir processing (FSP).

The following recommendations are presented:
(i) To reduce agglomeration of reinforcements in AMCs, cryogenic ball milling is rec-

ommended. In situ fabrication equally enhances homogenous dispersion of reinforcements
ensuring minimal agglomeration.

(ii) Techniques that can develop bulk AMCs without compromising strength with
toughness should be researched further as FSP is only a surface improving procedure.

(iii) Research to develop low cost, sustainable and agro-waste reinforcement, which
can compete favourably with conventional Al reinforcements is recommended.

(iv) Further research on commercial scalability of SPS is recommended since it is one of the
best methods of developing AMCs without the formation of deleterious intermetallic phases.

(v) It is recommended that further research on more cost effective exploration and
exploitation of Al metal alloys capable of reducing the price to be at par or even lower than
steel should be carried out.
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