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Abstract
Despite the desirable properties possessed by aluminium, the development of aluminium matrix composite (AMC) has been
useful in solving challenges arising from the selection of appropriate materials for most advanced engineering applications. Most
of these challenges are resolved through the introduction of second- and/or third-phase particles into the matrix of aluminium.
Conventional reinforcements, which include agro-based waste, nitrides, borides and carbides of some specific metals, were
observed to improve the microstructural, mechanical and corrosion properties of AMCs fabricated through several casting
techniques. The performance exhibited by these AMCs is, however, dependent on the processing technique utilized during the
addition of the reinforcement to the matrix of aluminium. This paper attempts to review various fabrication routes, effects of
different reinforcements, general properties and application of aluminium matrix composites in several industries.
Keywords Casting . Composites . Reinforcements . Techniques . Properties . Applications

1 Introduction
The need for the development of advanced materials for various applications is becoming prevalent in the engineering
industry. Aluminium has been used extensively in applications, which include military engineering, aerospace and
transportation industries where properties such as attractive
appearance, lightweight, excellent corrosion resistance and
good strength are paramount. The properties of aluminium
can, however, be improved despite its unique attributes
through the introduction of second-phase particle(s) into the
matrix. This could be achieved through the introduction of any
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or a combination of metallics [1–3], ceramics [4, 5], nitrides
[6, 7], nanoceramics [8] or agro-based waste [9–11] to the
aluminium matrix, thereby leading to the formation of aluminium matrix composites (AMCs).
The fabrication of metal matrix composites (MMCs) through
casting techniques has offered reliable solutions to challenges
being faced in the production of advanced materials for various
engineering applications, and this has made it a perfect replacement for monolithic alloys. MMC involves the combination of
two or more constituents in which one serves as the matrix, while
the other(s) is called the reinforcement. The ability of MMC to
provide adequate bonding between versatile modulus of reinforcements and the flexibility of the metallic matrix has given
them the ability to withstand high temperature and pressure in
addition to shear loadings [12, 13].
The use of different types of reinforcements such as fibres,
particulates and whiskers in the fabrication of AMC has been
extensively reported [14, 15]. The microstructural, mechanical
and corrosion resistance properties of aluminium-based composites were observed to be improved upon the addition of
these reinforcements [15, 16]. This has further increased its
application, as they are widely used as structural materials,
cutting tools [17], automobile parts [18, 19] and jewellery
[20]. However, excessive hardness from the addition of
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ceramic particles could lead to difficulties during the machining of the composites to required shape and size [21]. This
challenge could be resolved through the introduction of a
third-phase particle, which brings about hybrid AMCs.
Hybrid composites have been reported to replace single reinforced composites as a result of improved mechanical and
microstructural properties [22], which have gained a lot of
attention from several researchers.
MMCs have been produced through several fabrication
routes which include powder metallurgy [23], additive
manufacturing [24], laser cladding [25] and casting [26].
Casting is commonly used because of low fabrication cost,
ease of fabricating large and intricate shapes as against powder
metallurgy and additive manufacturing routes which are considered to be expensive. Another limitation of the later routes
is the fabrication of components with small sizes, as largesized products produced often lack material strength.
The addition of elements such as magnesium to molten composite during casting has been reported to promote the wettability
between matrix and composites during the fabrication of aluminium alloys [27, 28]. The reaction between magnesium and oxygen present in the melt decreases the tendency of the reinforcement particles to agglomerate within the matrix [29, 30]. To
produce a composite with optimal improved properties, several
factors such as homogeneity of reinforcement distribution, size
and volume fraction of reinforcements, and conformity between
matrix and reinforcements are major requirements.
Further, despite the excellent attributes possessed by metal
matrix composites, some shortcomings have been recorded in
fabricated components. Some of these include low toughness
and ductility, unpredictable corrosion behaviour and inherent
brittleness [31]. Low toughness and ductility have been attributed to poor wettability between the matrix and reinforcement(s), resulting in weak interfacial strength, which is responsible for the reduction in the load-bearing capacity of
reinforcements within the matrix [32, 33]. Studies have also
shown that the shortcomings mentioned above can be improved through several approaches [34] which include the
introduction of two or more reinforcement materials into the
matrix [35], particle size reduction of reinforcement material(s) [36, 37], preheating of reinforcement particles before
their addition into the matrix [38, 39] and the use of metallic
reinforcements [40]. The presence of dislocation in
aluminium-based composites often results from the difference
between the thermal coefficient of the matrix and reinforcements. The thermal expansion coefficient of aluminium has
been reported to be ten times greater than that of most reinforcing materials [41].
Bodunrin et al. [42] investigated different approaches used in
the improvement of aluminium matrix composites. The first approach was aimed at solving problems posed by expensive and
unavailability of conventional reinforcement materials. The second approach was focused on the optimization of the particle size
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used as reinforcements from micron to nanoscale within an average of 50 μm–100 nm. This optimization has led to an improvement in ductility and fracture toughness of fabricated composites. The third utilizes the use of two or more materials as
reinforcement resulting in the production of a hybrid aluminium
matrix composite. However, this current study is expected to give
an in-depth understanding of processing routes, mechanical and
microstructural properties, corrosion susceptibility and applications of metal matrix composites.

2 Processing routes
Several techniques have been used in the fabrication of
aluminium-based composites. The choice of technique depends
on the type of reinforcements and degree of properties desired in
the composite. A major challenge often encountered during the
fabrication of aluminium matrix composite is the ineffective distribution of the reinforcing particles within the matrix, as this
determines the properties of the resulting composite. However,
several processing routes used for the fabrication of various aluminium matrix composites are discussed as follows.

2.1 Casting techniques
2.1.1 Stir casting method
Stir casting is an affordable and generally accepted technique
for fabricating aluminium matrix composites owing to its suitability for mass production [43]. It is considered as one of the
most viable and economical methods amongst other fabrication techniques, as it allows the fabrication of large-sized components. The reaction between the melt of aluminium and
moisture from the atmosphere results in the formation of the
aluminium oxide layer (Al2O3), which protects the melt from
contamination that might arise from further reaction with the
atmosphere [44]. The latter expression is described in Eq. (1).
2Al þ 3H2 O→Al2 O3 þ 6H

ð1Þ

The wettability of the aluminium matrix is often reduced by
continuous oxidation, thereby leading to the formation of aluminium oxide [45], which prevents even dispersion of the
reinforcement particles in the matrix. This oxidation can be
reduced through the addition of wetting agents such as magnesium and borax during the mixing of the liquid composite in
the furnace. It is noteworthy that the synthesis of composites results in scavenging of oxygen from the surface
of alumina particles by magnesium, according to Eq. (2)
shown below. This further results in the removal of the
gas layer, thus promoting wetting between the matrix
and reinforcing particles [46]. An illustration of the stir
casting technique is shown in Fig. 1.
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Its impact on a spherical particle is described by the Stokes
equation as presented in Eq. (3) [52–55]:


d 2R ρp −ρl
VR ¼
δ
ð3Þ
18υl
VR = velocity of a spherical particle, dR = diameter of a
spherical particle, ρP = density of particles, ρl = density of
fluid, δ = acceleration, υl = intrinsic viscosity of the liquid.
The acceleration (δ) with respect to velocity (ω) and distance (j) between the rotation axis and a certain position is
shown in Eq. (4) [56]:
δ ¼ ω2 j ½40

Fig. 1 A schematic diagram of a stir casting setup [47]

Mg þ O2 →MgO

ð2Þ

Moses et al. [48] investigated the tensile strength of Al/TiC
alloy produced using the stir casting method. Results obtained
from this study confirmed the effectiveness of casting parameters in reducing porosity and enhancing the homogeneous
dispersion of TiC reinforcement within the aluminium matrix.
Another recent study by Inegbenebor et al. [49] showed an
improvement in the mechanical properties of stir cast composites. From these studies, stir casting technique can be concluded to be an effective method for homogeneous dispersion of
reinforcement in the aluminium matrix. Careful considerations are therefore recommended during the selection of the
melt temperature at which the reinforcement will be added to
the aluminium melt.
2.1.2 Centrifugal casting method
Centrifugal casting, also known as centri-spinning, involves
the application of a rotating force for casting high-quality thinwalled materials with a cylindrical shape such as pipes for
water supplies and sewage. This is achieved through the use
of centrifugal force to a molten composite [50]. The molten
metal is poured into a permanent mould which rotates about
its axis at a speed ranging between 300 and 3000 rpm in either
horizontal, vertical or inclined positions [51]. This type of
casting is unique for providing a fine-grain casting after solidification, leaving the final casting in either a finished or semifinished form with little or no requirement for machining. The
centrifugal force is often determined by the difference in densities between the solid particles present in the molten metal.

ð4Þ

Sarakar et al. [50] reported the hardness of composites
fabricated through centrifugal casting to be a function of particle distribution and gas porosities associated with it. He also
stated that most particles are maximally aggregated in the
middle of composites fabricated using the centrifugal technique. Another study by Radhika and Raghu [57] confirmed
the previous investigation [50] by recording improved mechanical properties in the outer region of composites in comparison to the values observed in the middle and inner regions.
The improved mechanical properties were, however, ascribed
to segregation of reinforcement particles in the outer region of
the specimens.

2.1.3 Investment casting method
Investment casting has been a widely adopted method for
centuries, as it involves the creation of patterns from wax or
plastic coated with a ceramic material. The internal geometry
of the ceramic material upon solidification assumes the shape
of the casting. Due to myriad reasons, there has been under
development in the markets of some metal matrix composites
with complex sizes and shapes due to their reputation of being
difficult and expensive to machine. A counterbalance measure
to this problem is the development of lightweight investment
casting, which offers a near-net shape of final casting with
excellent dimensional accuracy and little or no requirement
for machining. However, technology has made this casting
technique the most versatile amongst all the methods of casting [58]. Despite the improved attributes of investment casting, its Achilles heel includes high fabrication cost, production
of low-volume products and the use of high tooling to produce
a wax pattern. Taylor [59] dated the use of an investment
casting method to the 1500s by early men for the fabrication
of rudimentary tools. This was achieved by assembling
rammed wax into a heated sand mould, which led to wax
draining from the mould. The molten metal is poured into
the hollow cavity made by the drained wax, after which
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solidification takes place. Figure 2 shows the sequential order
followed by the early men in the production of weapon heads.
Previtali et al. [60] also examined the use of traditional
investment casting in the fabrication of aluminium matrix
composites. This study describes the incorporation of stir casting into investment casting to produce a composite in a liquid
state, which was poured with gravity into a ceramic shell. This
research took into consideration some drawbacks from stir
casting, which includes difficulties resulting from poor wettability between ceramic carbides and molten aluminium and
production of weak compounds from the reaction between
aluminium and carbide particles. Silicon carbide and boron
carbide ceramics were used as reinforcements in the fabrication of specimens with the shape of a pick holder from the
textile industry. Further observation showed a homogeneous
dispersion of these ceramic materials in the pick holder. The
addition of dual ceramic particles with an increase in silicon
carbide content was also observed to improve the wear resistance of composites. The effectiveness of using stir casting
concurrently with investment casting for the fabrication of
composites was confirmed in this study. The improved mechanical properties of aluminium-based composites fabricated
via investment casting route have made it find usage for production of gears, valves and turbine motors.

products, which enhance the mechanical properties of fabricated parts [62]. This method has been classified as either hot
or cold chamber casting [63]. In hot chamber die casting, the
machine equipped with a melting pot injects the molten metal
from the pot through a gooseneck into the die. The quantity of
molten metal injected is, however, controlled by the plunger
and port. Cooling and solidification of the metal occur after
the port seals, and the plunger retracts to allow the removal of
the casting. Hot chamber die casting is commonly used for the
fabrication of lead, zinc and magnesium alloys. Cold chamber
die casting is preferably used for metals with high melting
points such as brass, copper and aluminium. This technique,
which is being used by top manufacturing industries, is
equipped with a ladle that is used for pouring the molten metal
into the mould. The stages of fabrication involved in this
method allow the production of durable materials for broader
applications in the manufacturing industries [64]. Special consideration must, however, be given to evacuation of air from
the die cavity to avoid the formation of pores in fabricated
composites during casting. Further investigation is also recommended on how components with larger sizes and weight
can be fabricated as this technique only supports components
with size and weight of less than 600 mm and 30 g
respectively.

2.1.4 Die casting method

2.1.5 Squeeze casting method

Die casting involves the injection of molten metal at high
pressure and velocity into a split die. It is one of the best
techniques used for the fabrication of automobile parts, hand
tools and photographic equipment [61]. The optimum heat
dissipated during die casting leads to slow cooling of as-cast

Squeeze casting (Fig. 3) is a liquid-metal forging process
where solidification occurs within closed dies placed in between plates which are subjected to pressure from a hydraulic
press [65]. This method has been described as pressure crystallization [66], liquid pressing [67] and extrusion casting

Fig. 2 Order of production for
weapon heads by early men (a–d)
[58]

a

b

c

d

Int J Adv Manuf Technol (2020) 109:975–991

979

Fig. 3 Schematic representation of squeeze casting [47]

[68]. Fabrication by squeeze casting technique involves placing a set of die on a preheated hydraulic press. This is followed
by pouring an appropriate amount of molten metal into the
lower chamber of an open die, and the press is closed to ensure
fluidity of molten metal into the cavity at constant pressure
(31–105 MPa) until solidification is completed in the mould.
However, the relationship between formed phases in alloys
after solidification is expected to be affected by pressure applied according to Eq. (5) below as postulated by ClausiusClapeyron [69, 70].
dT f
T f ðV l −V s Þ
¼
ΔH f
dP

examined by Sukumaran et al. [71]. Pressure from a 150-ton
hydraulic press varied between 45 and 120 MPa was applied
to the molten metal poured into the die for direct squeeze
casting. The dwell time and pouring temperature of molten
metal were kept constant at 2 min and 715 °C, respectively.
Macrostructural investigation of squeeze cast aluminium alloy
and composite at different pressures revealed the presence of
shrinkage porosities when low pressure was applied (0 MPa).
In comparison, an increase in pressure (120 and 100 MPa)
during solidification resulted to a reduction in shrinkage and
gas porosities.

ð5Þ

where Tf = freezing temperature, P = applied pressure, Vl =
liquid volume, VS = solid volume and ΔHf = latent heat of
fusion.
The values of Vl, Vs and Hf are often negative as a result of
shrinkage and heat loss during the solidification process.
Moreover, the change in freezing temperature from the above
equation can be ascribed to a decrease in the distance between
atoms with a corresponding increase in pressure, thereby hindering the movement of atoms [65]. This theoretical assumption has been investigated, and a rise in temperature was observed for most aluminium-silicon alloys.
Squeeze casting of Al 2124 and its composite reinforced
with 10 wt% SiC (average particle size = 23 μm) was

2.2 Other fabrication techniques
In addition to the fabrication of metal matrix composites using
the casting method, other techniques that are not as popular when
compared to casting techniques have been reportedly utilized by
some researchers. Some of these methods are further discussed in
subsequent sections, with few shown in Table 1.
2.2.1 Spray deposition
Spray deposition process uses an inner gas jet controlled by
pressure to atomize the matrix material into fine droplets, after
which the preheated reinforcement material is injected
through a nozzle. AMCs are fabricated through this method
at a metal flow rate of 7–10 kg/min and a recovery efficiency

Aerospace and automobile
industries

[76]
Fabrication of heat sinks
and electronic packaging

The size of the dispersed
phase in the matrix is
determined by
solidification condition

[74, 75]
Fabrication of heat
exchangers and
hydraulic parts

Al/Gr

Al-Si/CuAl2

Screw extruder

Insitu

Hardness value of 170 HV

GNPs/Al
Infiltration

Ultimate tensile strength of 0.90 (σc/σm)

A 356/CNT
Compocasting

i. Yield strength of 220 MPa
ii. Tensile strength of 280 MPa

i. Used for production of complex parts
ii. Suitable for mass production
iii. Good dispersion
i. Improved bonding between matrix
and reinforcement particles
ii. Equipment is affordable
iii. Homogeneous distribution of
dispersed phase

[72, 73]
Production of wear gear in
aerospace industry

i. Limited alloys and scraps
cannot be reused directly
ii. It requires the use of
special billets
i. Reduced control of
reinforcement
distribution in the matrix
ii. It is an expensive
method of fabrication
Can only be used for tiny
parts
i. Low processing temperature
ii. Uniform distribution of
reinforcements
iii. Simple and economical method
Fabrication of near-net shapes
Hardness value of 75 HBN

Application
Disadvantages
Advantages
Maximum properties
Matrix/
reinforcement
Method

Other manufacturing methods of fabricating aluminium matrix composite
Table 1

[77]
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within the range of 51–84% [78]. The shape of the final product is often a function of the atomizing condition and the shape
of the collector. However, it is important to note that the control of the particle feeding and atomizing condition is essential
in achieving a homogeneous dispersion of reinforcement
within the matrix. The microstructural and mechanical properties of Al-(SiC-Al2O3) composites fabricated using spray
deposited technique were investigated by Gupta et al. [79].
Results from this study confirmed the effectiveness of SiC
reinforcement in refining the grains of the aluminium matrix
when compared with Al2O3. Further observation showed a
reduction in ductility and strength of fabricated composites
after the addition of reinforcements. Lower solidification temperature is therefore recommended to achieve maximum mechanical properties in fabricated composites.
2.2.2 Spark plasma sintering technique
Spark plasma sintering which is also known as field-assisted
sintering (FAST) is a recent technique used to produce solid
objects from powders heated below their melting points, to
achieve bonding through the diffusion of atoms. This technique is useful in obtaining a fully dense compact through
the adherence of individual powder particles to each other
[80]. The application of current and pressure in addition to
temperature from resistance pulse heating reduces the time
required for sintering but assists in consolidation of powders
with minimal grain growth [81, 82]. A schematic illustration
of the spark plasma sintering technique is shown in Fig. 4.
Ghasali et al. [83] studied the microstructural and mechanical properties of spark plasma-sintered Al-SiC-TiC composites. The fabrication of sintered compacts was performed at a
temperature and uniaxial pressure of 440 °C and 10 MPa,
respectively. Excellent microstructural and mechanical properties were, however, achieved at low sintering time. Another
study by Hansang et al. [84] also showed an improvement in
sintered composites fabricated at reduced temperature and
sintering time. Despite the excellent attributes possessed by
the spark plasma sintering technique, further work is required
to confirm the absence or presence of a phenomenon such as
Branly effect and electromigration during sintering operation.

3 Effects of reinforcements in aluminium
matrix composites
Various researchers have used different materials for the reinforcement of aluminium matrix composites. These reinforcements include ceramics, nitrides, metallics and agro-waste
materials. Reports have also been given on the dependence
of mechanical and microstructural properties of fabricated
composites on type of reinforcement, as different interphases
are created in the composite [85]. The interaction between the
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Fig. 4 An illustration of spark
plasma sintering technique [82]

matrix and the reinforcements often creates an interfacial bonding which could be either chemical or mechanical. The control of
this bonding is required to achieve an optimized diffusion reaction and improved properties at the interface [86].

3.1 Carbide reinforcements
The inherent mechanical properties possessed by carbides
such as titanium carbide (TiC), silicon carbide (SiC) and boron carbide (B4C) have made them candidate reinforcement
materials in the fabrication of aluminium matrix composites
[87]. The resulting composites have been used in applications
where higher strength and stiffness are major requirements.
Melt infiltration which is a one-step pressureless process has
been used in producing a unidimensional aluminium matrix
composite with carbide fibres as reinforcements, with the formation of bonds between the matrix and carbide reinforcements. The formed interface bond formed was, however, observed to be affected by parameters such as the composition of
the matrix, holding time, processing method and processing
temperature [88–90]. The reaction between aluminium and
boron carbide is shown in the following equation [91, 92]:
4Al þ 3B4 C→Al4 C3 þ 3B

ð6Þ

The formation of aluminium carbide (Al4C3) is divided into
three different stages [93]: (a) segregation of boron and carbide elements, (b) carbon diffusion into molten aluminium
and (c) reaction between aluminium and carbon to form brittle
Al4C3, which makes it susceptible to intergranular fracture
along grain boundaries (decohesion).
Dhas et al. [94] investigated the effect of carbides and
graphite on the mechanical and microstructural properties of
aluminium alloy. Observation shows that the addition of

tungsten and silicon carbide led to an appreciable increase in
the overall mechanical properties of fabricated composites.
The improvement in mechanical properties was attributed to
the combination of Al/WC/graphite reinforcements. A similar
examination by Rana et al. [95] also confirmed the improvement in mechanical and microstructural properties of carbidereinforced composites fabricated by ultrasonic vibration
coupled with stir casting techniques. Ultrasonic vibration
assisted in the dispersion of nanosized silicon carbide reinforcement within the aluminium matrix and refinement of its
grain structures.

3.2 Nitride reinforcements
The use of nitride reinforcements in an application where temperature and appreciable hardness are of salient properties has
been attributed to the chemical bonding present in metal nitrides, which could either be ionic, covalent, or metallic bonding [96]. The reaction of nitrides with different elements such
as boron, silicon, aluminium and calcium has led to the formation of interstitial compounds, thereby producing new
functional materials with novel properties.
Silicon nitride (Si3N4) has been used as nitride reinforcement in the fabrication of aluminium matrix composite because of its excellent strength, creep, wear and thermal shock
resistance [97]. Silicon layers formed on the surface of silicon
nitride often serve as a protective barrier against oxidation at
high temperature. The two crystalline structures found in silicon nitride are α-Si3N4 and β-Si3N4 phases [98]. Other researchers have also confirmed the increased ultimate tensile
strength and hardness of Al/Si3N4 fabricated through various
manufacturing routes, which included powder metallurgy, liquid metallurgy and pressure infiltration [99–101]. The use of
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aluminium nitride as reinforcement has also been reported to
improve the general properties such as thermal conductivity
and expansion, electrical conductivity, young modulus, hardness
and fractural strength of the resulting aluminium composite
[102]. Al/AlN composites also exhibit improved physical and
mechanical properties in comparison to composites reinforced
with particles of aluminium oxide or silicon carbide [103].
Zhang et al. [104] studied the properties of Al/AlN matrix
composites produced by squeeze casting. Microstructural examination revealed a casting defect-free micrograph with an
even distribution of the nitrogen element and homogeneous
dispersion of aluminium nitride particles in bending fracture
surface of the aluminium matrix. The effect of temperature on
elongation and ultimate tensile strength also reveals a reduction in 0.2% proof stress and tensile stress with increased
temperature. This is an indication that Al/Al-N composite
can withstand high temperature up to 400 °C. The mechanical
properties of composites were improved upon the addition of
nitride reinforcements. Metallurgical characterization of stir
cast aluminium matrix reinforced with aluminium nitride
was also studied by Kumar and Murugan [105]. Mechanical
properties which include microhardness, ultimate tensile
stress, yield strength and microhardness were observed to be
improved upon the addition of Al-N. A further observation
from this study showed that no intermetallic phase was formed
from the reaction between the Al-N and the aluminium matrix.
It is therefore concluded that the microstructural and mechanical properties of aluminium-based composites improve upon
the addition of nitride reinforcements.

3.3 Agro-based reinforcements
Agro-based materials (agricultural resources) have played a
significant role in the lives of early men due to their extensive
usage in the construction of tools, weapons and shelters as a
result of their multifunctional, aesthetic and renewable properties [106]. Due to the high density and cost involved in the
fabrication of aluminium matrix composites using ceramic
particles as reinforcements, agro-based materials commonly
used in place of ceramic particles by various researchers include fly ash, coconut shell, bamboo leaves and rice husk ash.
Fly ash is commonly used as reinforcement in the matrix of
aluminium because of its low density and low cost of procurement. However, fly ash which is a by-product obtained from
the combustion of coal can be classified as either precipitator
or cenosphere. The cenosphere fly ash contains hollow particles whose density is approximately 1.0 g/cm3. In comparison,
the precipitator fly ash with density range between 2 and 2.5 g/
cm3 improves properties such as strength, wear resistance and
stiffness with a reduced density of the selected matrix material
[107, 108]. Rice husk is an agricultural waste that is readily
available in large quantities around the universe [109]. The
burning of the residual rice husk evaporates the volatile
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matter, thereby transforming it into ash. Rice husk ash is considered to be an economic reinforcement in comparison to
other ceramic reinforcements [110]. The effectiveness of bamboo ash as a reinforcement material in the aluminium matrix,
as investigated by Kenneth et al. [111], confirmed an increase
in percentage elongation, ultimate tensile strength and hardness of aluminium matrix composites. Moreover, the corrosion resistance of composite with 2 and 3 wt% bamboo
ash was observed to improve in 5 wt% NaCl solution.
Furthermore, experimental density and percentage porosities calculated from Eqs. (7) and (8) [112] revealed the
formation of tiny pores in composites with bamboo ash
reinforcement (< 1.5%).
ρC ¼ ðVolM  ρM Þ þ ðVolR  ρR Þ

ð7Þ

where ρC = composite density, VolM = volume fraction of
matrix, ρM = density of matrix, VolR = volume fraction of reinforcement and ρR = density of reinforcement, and
Percentage porosity ¼ ½ ðρT −ρE Þ  ρT Þ  100

ð8Þ

where ρT = theoretical density (g/cm3) and ρE = experimental density (g/cm3).

3.4 Microstructural properties of aluminium matrix
composites
Optical microscopes (OM) are used in the analysis of engineering materials under a clear light to produce a macro- and
microstructural magnified image [113]. Micrographs from a
scanning electron microscope (SEM) are produced by
bombarding the sample surface with beams of electrons
[114]. In contrast, transmission electron microscope (TEM)
micrographs are produced by the transmission of electron
beams through a thin film sectioned from the specimen
[115]. These techniques have been widely used by various
researchers working on aluminium matrix composite for an
in-depth characterization of structures by revealing the
phase boundaries, grain boundaries, the formation of
porosities and type of mechanical behaviour and distribution of inclusions in the as-cast aluminium matrix
composites. Before microstructural analysis, the sample
surface is prepared by following metallographic procedures which include cutting to the desired size, mounting in resin, grinding and polishing of surface using
silicon carbide paper of different grits and diamond suspensions of different microns on polishing clothes respectively till all scratches are removed and a mirrorlike surface is obtained. Etching of specimens from aluminium composites is carried out in Keller or Kroll’s
reagent for clear microstructural detail.
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A recent study by Pujar and Kulkami [116] investigated the
microstructure of aluminium alloy reinforced with titanium
diboride (TiB2). Samples for microstructural investigation
were prepared according to the ASTM E3-11 standard to reveal clear microstructural details. Optical micrographs
showed a reduction in the grain size of particles with an increasing percentage of TiB2.
The SEM micrographs observed for as-cast AA6351 and
its composites reinforced with different weight fractions of
silicon carbide (2, 4, 6 and 8 wt%) were investigated by
Aror and Sharma [117]. The dendritic structure of α-Al was
observed on the SEM micrographs for aluminium alloy, while
uniform dispersion of grey-coloured silicon carbide particles
was evident in fabricated composites. However, the clustering
of particles was reported to be present in the composite with
the highest silicon carbide content. Uniform dispersion, which
was attributed to good wettability between the matrix and
reinforcing particles, would improve the general performance
of fabricated composites. SEM revealed the dispersion of silicon carbide reinforcement in A356 alloy in a recent study by
Mueller et al. [118]. From Fig. 5, the use of the deep etching
method revealed the protruding particles of silicon carbide
reinforcement.
Urena et al. [119] investigated the microstructure observed
in aluminium matrix composite reinforced with silicon carbide
using the transmission electron microscope (TEM). Samples
used for microstructural analysis were prepared using the following steps: (a) cutting of composite with a thickness of
0.5 mm, (b) grinding to 1200 grade using ethylene glycol up
to 100 μm, (c) cutting a 3-mm diameter ultrasonically, (d)
thinning of the disc in ethylene using 4000- and 2000-grade
emery paper and (e) reduction of the sample thickness range
between 15 and 20 μm using diamond paste. The TEM analysis of aluminium composite with 13% silicon carbide fabricated initially via powder metallurgy route in a vacuum furnace at a pressure of 10−4 Pa presented an interface without
any sign of chemical reaction. Precipitates of Al4Cu observed
on the matrix/reinforcement interface were nucleated on the
silicon carbide reinforcement before it was fully dispersed

within the matrix (Fig. 6a). TEM micrographs for one of the
needles formed as a result of high iron content (≈ 0.15 wt%)
were reported to grow into the matrix of aluminium resulting
in the formation of a continuous interphase forming the lower
silicon content of the needle. However, energy-dispersive Xray (EDX) confirmed the formed needle to be rich in Al9FeSi3
intermetallic phase (Fig. 6b).

3.5 Mechanical properties of AMC
The mechanical properties of aluminium matrix composites
depend on properties which include size and shapes of reinforcements, heating temperature, stirring time and reinforcement distribution in the aluminium matrix [120, 121]. The
effect of these parameters on mechanical properties such as
hardness, tensile strength, and tribological characteristics of
fabricated composites is discussed in detail.

3.6 Hardness
In a recent study by Agnihotri and Dagar [122], aluminium
matrix composites were fabricated by reinforcing Al 6061
series with 5, 10 and 15 wt% of silicon carbide. The particle
size of reinforcement and stirring speed utilized for the fabrication is 325 mesh and 200 revs/min respectively.
Measurement of Vickers hardness values taken at a load of
10 kgf and dwell time of 10 s showed that the hardness of
values increases with an increase in weight percentage of silicon carbide. The highest hardness value of 50 HV was recorded by composite with 15 wt% of silicon carbide reinforcement. A different study where the effect of the varied amount
of silicon carbide and fixed weight of aluminium on the hardness of aluminium matrix composites was investigated by
Nallusamy and Karthikeyan [123]. The hardness values of
the fabricated composites were measured after the specimens
were prepared according to the ASTM E-92 standard. The
reported hardness values were observed to increase from 40
to 52.5 HRC in hybrid composites containing a fixed proportion of alumina weighed at 7 wt% and 15 wt% silicon carbide.

Fig. 5 SEM micrographs of SiC
reinforcement in A356 alloy at
different magnifications [118]

A356 alloy

SiC
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Fig. 6 a TEM micrograph of Al/
SiC. b TEM analysis between
aluminium (marked A) and
Al9FeSi3 interfaces (marked B)
[119]

a

b

The overall improvement in hardness property of composites
can, however, be ascribed to the load-bearing capacity of various reinforcements which were evenly distributed across the
aluminium matrix.

3.7 Tensile strength
The microstructure and mechanical properties of aluminiumbased MMCs fabricated from aluminium scrap and alloy
waste materials were investigated by Krishnnan et al. [124].
AlSi7Mg alloy billets and scraps of aluminium were used as
matrix materials, while aluminium with a particle size of
50 μm and spent aluminium catalyst locally sourced from a
petroleum refinery were used as reinforcements. Aluminiumbased composites were produced using the squeeze casting
method, with parameters shown in Table 2. The ultimate tensile properties which include tensile strength, yield stress and
fracture stress were obtained from stress-strain plots, as shown
in Fig. 7. Highest tensile strength of 172 MPa accompanied by
a yield strength of 53 MPa, elongation to fracture value of
4.6% and fracture stress of 171 MPa was recorded by composite fabricated from AlSi7Mg and alumina reinforcement,
while scrap aluminium and alumina gave a tensile strength of
37.3 MPa, yield stress of 125 MPa, elongation to fracture
value of 2.7% and fracture stress of 125 MPa. The improved
tensile properties exhibited by AlSi7Mg + alumina composite
Table 2

Process parameters for squeeze casting of composites [124]

S/N

Process parameters

Values

1
2
3
4
5
6

Stirring temperature
Stirring speed
Stirring time
Preheat temperature of reinforcement particles
Preheat temperature of permanent die
Squeeze pressure

750 °C
650 rpm
10 min
300 °C
300 °C
200 MPa

was attributed to the small size of alumina, which led to the
formation of favourable sites for nucleation of the eutectic
phase, which consists of silicon, thereby increasing the particles in the grain boundary. This increase acts as an impediment, which hinders dislocation movement within the matrix.
Results from the previous investigation were also confirmed by Subramaniam et al. [125]. Hybrid composite developed for mechanical testing was fabricated by reinforcing the
Al 7075 series with coconut shell fly ash and boron carbide.
The reinforcements were added in a cumulative proportion of
0, 3, 6, 9, 12 and 15 wt% to the matrix of aluminium respectively. The resulting mixture from the addition of matrix and
reinforcements was stirred for 10 mins at a speed of 800 rpm
using an electric stirrer to ensure homogeneous dispersion of
reinforcements within the matrix. Improved tensile strength
was observed in composite with 12 cumulative wt% of reinforcements (9 wt% boron carbide and 3 wt% coconut shell fly
ash). A decrease in tensile strength of the composite was,
however, observed upon the addition of reinforcements beyond a cumulative of 12 wt%. Conclusively, higher strength
induced in fabricated composites offered more resistance
to deformation by tensile pulling as a result of load
transfer and/or sharing between the particles of the reinforcements and the matrix.

3.8 Tribological properties
A recent study by Prabhu et al. [126] described the wear properties of aluminium-based composites reinforced with alumina and fly ash. Melting of aluminium was done in a resistance
furnace at a temperature of 720 °C before the addition of
reinforcements in varying percentages as shown in Table 3.
The molten metal was poured into an already prepared sand
mould after proper stirring was done. The wear rate of composites fabricated at room temperatures was determined using
loads of 10, 20, 40 and 80, respectively, at a sliding distance of
500 m and a linear speed of 1.45 m/s. Observations from the
tests conducted confirmed wear rate of composites as a
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Fig. 7 Stress-strain plots for fabricated composites a AlSi7Mg + alumina, b scrap aluminium alloy wheel + alumina, c AlSi7Mg + spent aluminium
catalyst and d scrap aluminium alloy wheel + spent aluminium catalyst [124]

function of reinforcements addition and applied load. The best
wear resistance was, however, recorded for composite reinforced with 10% alumina and 10% fly ash. Three factors responsible for increased wear rate with the increased load, as
reported in this study, include temperature induced by friction,
third body wear induced by wear debris and increased asperity
to asperity interaction.
Another investigation by Suresh et al. [127] reveals the tribological properties of fabricated aluminium composites reinforced
with alumina and silicon carbide by weight loss of composites

Table 3

Different compositions for the fabrication of composites [126]

Sample no.

Mg (%)

Al2O3 (%)

Fly ash (%)

Al (%)

A
B
C
D
E
F
G
H
I

3
3
3
3
3
3
3
3
3

–
5
10
–
–
5
5
10
10

–
–
–
5
10
5
10
5
10

97
92
87
92
87
87
82
82
77

after the removal of debris. A decrease in the weight loss of
composites was reportedly observed with a respective increase
in load (10, 20 and 40 N). The reduction in weight loss was
attributed to the hardness of reinforcements in a soft pattern.
Graphical illustration of the weight loss test is shown in Fig. 8.

4 Corrosion of aluminium matrix composites
The dissolution of a metallic material (M) in an anodic reaction produces electrons which must be consumed by a cathodic reaction for corrosion to occur. Example of cathodic reactions in aqueous corrosion involves oxygen and proton reduction as shown in Eqs. (9–11).
Anodic
M→Mnþ þ ne

ð9Þ

Cathodic
O2 þ 4e− þ 2H2 O→4OH−

ð10Þ

2Hþ þ 2e− →H2

ð11Þ

It is noteworthy that oxygen reduction majorly occurs in
aerated solution, while proton reduction applies to both
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Fig. 8 Weight loss of fabricated
composites at sliding speed of 2
and 4 m/s [127]

aerated and deaerated solutions. Corrosion of metal matrix
composites is often affected by temperature fluctuations,
which may result in condensation of water vapour on the
surface of the metal at relative humidity lesser than 100%.
Atmospheric impurities such as NH3, H2S, NaCl and SO2 in
different concentrations according to a different location can
also affect the corrosion of metal matrix composites when
exposed to the atmosphere [128]. However, the anisotropic
distribution of reinforcements within the aluminium matrix
is a common observation in the fabrication of metal matrix
composites, which makes them susceptible to corrosion upon
exposure to aggressive environments. Some identified reasons
for corrosion of aluminium matrix composites include corrosion from matrix defect, corrosion from matrix/reinforcement
interface and galvanic corrosion between reinforcements and
matrix [128]. Several investigations have been carried out on
the corrosion of aluminium reinforced with insulators (alumina), semiconductors (silicon carbide) and conductors
(graphite) [129]. Amongst the highlighted reinforcements,
galvanic corrosion is common to aluminium-based composites with graphite reinforcements due to its conductive properties. Galvanic corrosion observed in aluminium composites
with insulator and semiconductor reinforcements is a result of
the processing route adopted for the production of the reinforcements and composites. The formation of the aluminium
carbide (Al4C3) phase due to the reaction between the aluminium matrix and graphite or silicon carbide reinforcement often
results in hydrolysis in the electrolyte, which may speed up the
corrosion rate in fabricated composites [129, 130]. Various
techniques which include weight loss, polarization techniques
and electrochemical impedance spectroscopy (EIS) have been
explored extensively by several researchers in understanding
the corrosion properties of aluminium matrix composites. The
corrosion of aluminium matrix composites examined in acidic
and chloride media is further discussed.

4.1 Corrosion of aluminium matrix composites in
acidic media
Pinto et al. [131] investigated the corrosion behaviour of Al/SiC
composite in a mixture of sulphuric and hydrochloric acid. The
corrosion tests were performed on a base alloy with an extrusion
ratio of 30:1 and Al 6061 alloy reinforced with 15 wt% SiC. The
corrosion rate of fabricated specimens was determined from potentiodynamic polarization and electrochemical impedance spectroscopy measurements. Nyquist’s plots generated for the base
alloy and composite depict an inductive loop at low frequencies
accompanied by a large capacitive loop at high frequencies, as
presented in Fig. 9. Similar plots were reported to have been
observed for corrosion of as-cast pure aluminium and composites
in acidic electrolytes. High capacitive loops are seen as a result of
the protective oxide layer formed on the composite surface,
thereby preventing it from further corrosion attack. At the same
time, the low frequency was attributed to the adsorption of sulphate ions into the surface of the formed passive layer.
xIn a study by Bhat et al. [132], the corrosion behaviour of Al/
SiC was investigated in acidic media. The composites fabricated
via vortex method were subjected to different molarities of
H2SO4 solution at 300 and 325 k respectively. Composites with
SiC reinforcements were reported to show better open-circuit
potentials in comparison to the base alloys. From these studies,
aluminium-based composites were observed to suffer localized
corrosion attack at the matrix-reinforcement interface with a respective increase in acidic concentration and temperature as a
result of activation control of the anodic process.

4.2 Corrosion of aluminium matrix composites in
chloride media
Several researchers have investigated the corrosion behaviour
of aluminium and its reinforced composites in different
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Fig. 9 Nyquist plot at different
concentrations of acid mixture at
50 °C for a base alloy and b
composite [131]

a

corrosive media which include sodium chloride, magnesium
chloride [133] and calcium chloride [134]. The electrochemical behaviour of aluminium and its composite reinforced with
boron carbide was investigated in chloride solution by Han
and Chen [135]. The composites were reportedly developed
by reinforcing Al-16 vol.% B4C and Al-30 vol.% B4C with 1–
2.5 wt% of titanium to decrease the interfacial reaction, which
might occur between the liquid aluminium and boron carbide
reinforcement. Potentiodynamic polarization test performed
in a deoxygenated atmosphere showed that the corrosion potential shift in the positive direction discontinues with respective increase in volume percent of B4C addition. This was
attributed by the authors to rupturing of the passive oxide film,
thereby subjecting the Al-30 vol.% B4C to corrosion attack by
chloride ion. A positive measurement of galvanic current during the test indicated that the working electrode acted as the
anode and, if otherwise, as a cathode. This confirms the formation of galvanic coupling by aluminium and B4C particles
in the chloride electrolyte.
Further, Kenneth and Olubambi [136] studied the
corrosion behaviour of aluminium alloy reinforced with
alumina and rice husk ash in 3.5% NaCl. The unstable
potential values observed in the open-circuit potential
(OCP) test was, however, attributed to the formation
and breakdown of corrosion products which occurred
simultaneously in the test electrolyte. Results from the
potentiodynamic polarization test were in agreement
with the observation made from the OCP analysis. The
corrosion properties of the composites reportedly decreased with an increase in the weight percentage of
rice husk ash as a result of the lower density (0.3 g/
cm3) possessed by rice husk ash. A specimen with a
higher weight percentage of alumina with higher density
(3.9 g/cm3) was, however, observed to have improved
corrosion resistance in chloride solution. Proper incorporation of reinforcement(s) into the matrix of the aluminium is essential in eliminating casting defects such
as pores and shrinkages, which in turn improves the
corrosion resistance of fabricated composites.
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4.3 Application of aluminium matrix composites
AMCs have shown a good track record over a wide range of
engineering applications. Benefits offered by AMC include
economic (energy and cost saving), environmental (little/no
airborne repercussion) and performance (improved longevity
and production rate) [137]. The application of AMC, however, depends on key factors such as the type of reinforcements
and method of fabrication.
Aluminium composites reinforced with particulates such as
alumina, titanium carbide, boron carbide, titanium nitride and
titanium diboride have been reportedly used in thermal management, aerospace and automotive such as the fan exit guide
vane and rotating blades in helicopters [138]. They have also
found extensive usage in braking systems, crankshafts and
suspension arms of automobiles [139]. Their usage in sporting
activities includes skating shoes, bicycle frames and golf clubs
[140]. The high volume of ceramic content in AMC has also
paved the way for them as heat sinks and microprocessors in
electronics [141].
Whisker-reinforced composites are used as cutting tools
[142] and also in military tanks as track shoes because of their
relative light weight [143]. Carbon fibre–reinforced composites known for high electrical conductivity and dimensional
accuracy are utilized in the production antenna for space telescopes [144]. Its thermal conductivity has also made it found
usage as brake callipers, flywheels and overhead cables for
high voltage transmission.

5 Summary
Several fabrication routes, reinforcement materials and characterization techniques used for assessing the quality of
AMCs fabricated using different types of casting techniques
were discussed extensively. However, the general properties
of AMC are dependent on the type of reinforcement and casting technique adopted for fabrication. Stir casting technique is
a more generally accepted method of fabrication as a result of
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its suitability for mass production and the ability to produce
large-sized components. However, the Achilles heel identified
with this technique includes its non-suitability for the fabrication of intricate shapes due to heat loss during pouring.
Various reinforcements have been used in reinforcing aluminium matrix for improved microstructural, mechanical and corrosion resistance. Furthermore, the use of agro-waste material
such as rice husk and bamboo ash has provided an affordable
option for reinforcing aluminium matrix, as the general properties of fabricated AMCs were reportedly improved.
Additional investigation is therefore recommended on the determination of optimum parameters for the production process
and desired properties of aluminium-agro-based waste composites. Despite the microstructural characterization of AMCs
using optical, scanning electron and transmission electron microscopes, more research is recommended on the analysis of
as-cast AMCs using electron backscattered diffraction technique. This is expected to provide an in-depth understanding
on the misorientation distribution and density of grain boundaries, as well as detection of plastically strained regions within
the composite. Conclusively, the corrosion study of the composites in cold and warm environments (other than room temperature) should be investigated. This will extend their usage
as ships’ haul, heat exchangers and sacrificial anodes for protection of buried pipelines in environments with different concentrations of ions.
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