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Abstract: The transportation, military defence, aerospace, construction, and
manufacturing sectors have a high demand for composite materials. Aluminium-based
composites are also supplying substantial resources to these industries. Aluminium Metal
Matrix Composites (AMMCs) are increasingly favoured for their superior mechanical
properties and cost-effective performance. Even so, ongoing research continues to focus
on enhancing the properties of AMMCs. This research paper focuses on various
aluminium and aluminium alloys due to their extensive applications in the industry. This
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research explores the application of reinforcement particles, including micro/nano
particles (both organic and inorganic) and particles from agricultural or industrial waste.
The study also examines different techniques for enhancing the mechanical strength of
aluminium composites, such as alloying the aluminium matrix, applying heat treatments,
incorporating nano-reinforcements, improving interfacial bonding etc. The study
discusses various commonly used reinforcements, including silicon carbide, boron
carbide, alumina, titanium carbide, titanium diboride, and zirconium diboride,
highlighting the latest research in these areas. This literature seeks to provide a
comprehensive overview of the fabrication techniques and strengthening methods used for
aluminium metal matrix composites (AMMCs). The current literature identifies

knowledge gaps and suggests relevant research activities to address these shortcomings.

1. Introduction

In recent years, Aluminium alloys have a broad spectrum of uses due to their enhanced material
properties. In nonferrous metal category, Aluminium can be considered as one of the most popular
metals. Multiple aluminium alloy series have been developed in order to achieve certain material
characteristics (Vaudreuil et al., 2022). Metal Matrix composites (MMCs) composed of matrix and
reinforcement material in order to meet the engineering requirement (Kareem et al., 2021). Composite
materials are created by mixing two or more different components in specified ratios to create a
material with special properties (Ravindran et al., 2019; Elmagri et al., 2021; Akartasse et al., 2023).
When a composite has at least three distinct materials in it, it is referred to be a hybrid composite
(Sambathkumar et al., 2023). Aluminium metal matrix composites are in high demand in the
automotive, aerospace, and aviation industries, and many researchers are working to improve the
combination of features in these materials (Surappa, 2003). The tensile strength of pure aluminium is
around 90 MPa, and this strength can be augmented by approximately twofold through techniques like
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rolling or alternative cold working processes. Through the incorporation of other metals via alloying
or the application of heat treatment processes, it is possible to raise the tensile strength to levels within
the range seen in structural steel (Verma et al., 2012).

The incorporation of reinforcements into Aluminium Metal Matrix Composites (AMMCSs) results
in elevated mechanical properties, including enhanced values for compressive strength, tensile
strength, hardness etc. of the composite materials (Ravindran et al., 2019). Due to Aluminium
characteristics, such as being lightweight, possessing a high strength-to-weight ratio, exhibiting
corrosion resistance, wear resistance, and having high thermal conductivity, it is highly valued in
various applications (Gill et al., 2022). A variety of materials, including SiC, Al2Os, B4C, TiC, fly ash,
graphite, and others, can be utilized as reinforcements in the fabrication of Aluminium MMCs (Panwar
& Chauhan, 2018). The key issues encountered in the production of aluminium metal matrix
composites, leading to their intricacy and higher costs, involve challenges like wettability, scattering,
agglomeration of particles, and interface debonding within the matrix (Moona et al., 2018).

The aim of composite development is to attain superior material performances, and this objective
hinges on various factors such as fabrication methods, process parameters, constituents, and
compositions (Ward-Close et al., 1999). Many researchers have utilized a range of methods to explore
cost-effective and reliable processes for the production of metal matrix composites (Sandeep et al.,
2014). Enhancing mechanical properties by increasing the number of reinforcements comes with both
positive and negative aspects. However, the broader utilization of hybrid composites has been
constrained, mainly due to a limited understanding in the field of development and application
(Dhanesh et al., 2021). Figure 1 presents the aluminium alloy series along with their main alloying
elements and heat treatability characteristics. After reviewing numerous research papers, it was
observed that aluminium and its alloys, particularly AA 2024, 6061, and 7075, are commonly utilized
in industrial applications. The details regarding these matrix elements, along with their key properties
and applications, are provided in Table 1. The author’s aim is to investigate the influence of various
reinforcements in Aluminium MMCs and evaluate the feasibility of implementing the different
fabrication process.

Table 1. Commonly used Al alloy as matrix material

Matrix | Properties Application References
material
Pure Al Soft and Ductile; corrosion Electrical wiring, aerospace | (Georgantzia ef al.,
resistance; High Electrical engineering, automobile 2021)
conductivity; High thermal manufacturing and consumer
conductivity goods (kitchen utensils, foil
and cans)
AA 2024 | High tensile strength and yield aircraft industry, automotive | (Kumaraswamy et al.,
strength; good machinability panels, and mechanical parts | 2018)
AA 6061 | High tensile strength and yield Aerospace, automobile, (Samuel et al., 2021)
strength; good toughness and marine and consumer
fatigue strength; excellent products (camera lenses,
resistance to corrosion; easy to bicycles and scuba tanks)
machine, form and weld
AA 7075 | High strength, ductility, toughness | Aircraft structural parts and | (Khalid et al., 2023)
and fatigue resistance; good highly stressed structural
corrosion resistance applications
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Aluminium Alloy

| Series

AA 1000 Series

AA 2000 Series

AA 3000 Series

AA 4000 Series
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AA 8000 Series

2. Methods of fabrication
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Different fabrication processes are available for the production of composites with an aluminium
matrix. The fabrication processes significantly impact mechanical performance parameters like tensile
strength, compressive strength, impact strength, hardness, fatigue. Every approach has its specific
advantages, limitations, and drawbacks. An overview of various manufacturing processes for MMCs,
emphasizing their benefits, limitations, and common applications are provided in Table 2. The
categorization of aluminium composite fabrication methods is illustrated in Figure 2. This section
presents a summary of the methods accessible for producing MMCs.

Aluminium Composite Fabrication Method

[

Solid State Fabrication ]

—[ Friction Stir Fabrication ]
—[ Powder Metallurgy ]

—[ Diffusion Bonding ]

[ Liquid State Fabrication ]

—[ Stir Casting ]

—[ Infiltration method ]

—[ Squeeze casting ]

[ Other Fabrication Process ]

—[ Compo Casting/Rheo-casting ]

—[ Spray/Deposition method ]

—[ In-situ reaction ]

Figure 2. The categorization of fabrication processes for aluminium MMCs
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2.1 Solid state fabrication

Solid-state processing involves the fabrication of Metal Matrix Composites (MMCs) through the
bonding of matrix and reinforcement materials. This bonding occurs due to mutual diffusion under
pressure at elevated temperatures. Various solid-state fabrication methods used in the production of
Aluminium MMCs are discussed below.

2.1.1 Friction stir fabrication

It relies on the principles of friction stir welding. It does not involve the joining of two metal plates;
rather, it induces a modification in microstructure, leading to enhanced properties (Sharmaetal., 2014).
The process involves using a non-consumable tool with a pin and shoulder that is stirred and plunged
into the workpiece. This action creates substantial friction, leading to the generation of heat, which, in
turn, softens the metals through plastic flow. Due to intense plastic deformation, the grain size
transforms into a very fine structure (Dinaharan et al., 2019). Figure 3 illustrates the schematic diagram
of the friction stir fabrication process. Composites processed through friction stir exhibit higher tensile
strength compared to those produced by stir casting, while still maintaining ductility (Bajakke et al.,
2019a). The production of Aluminium-Alumina composites using Friction Stir Processing (FSP) was
focused on enhancing mechanical properties such as hardness, strength, and wear resistance. The
process resulted in notable improvements, including a 23.56% rise in tensile strength, a 37.9% boost
in hardness, a 25.5% increase in fatigue strength, and a 30.12% enhancement in wear resistance
(Mohammad et al., 2024).

Rotation direction

Aluminium Matrix material

Groove filled with
reinforcement
particles

Figure 3. Schematic diagram of the friction stir fabrication process

2.1.2 Powder metallurgy

Powder metallurgy includes the mixing of fine powdered materials, compression into a desired
shape, and subsequent heating to bond the surfaces of particles (Woo & Zhang, 2004). Figure 4
presents a schematic diagram of the spark plasma sintering process. The powder metallurgy method
helps mitigate various flaws in composites, including porosity and inadequate wetting (Sharma et al.,
2022). Powder metallurgy has the capability to produce precisely net-shaped components with complex
geometry (Sharma et al., 2014). The development of aluminium alloy (AA 2024) composites
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reinforced with boron fibers was carried out using powder metallurgy, which allows for a uniform
distribution of the reinforcement and minimal porosity. Different weight fractions and particle sizes of
boron fibers were applied, with the results showing a decrease in the composite's density as the weight
percentage of boron fiber reinforcement increased(Ramanjaneyulu et al., 2023).
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Figure 4. Schematic diagram of the spark plasma sintering process

2.1.3 Diffusion bonding

Stacked layers undergo hot pressing through hot isostatic pressing, facilitating diffusion
bonding between the materials. Fiber orientation and percentage can be controlled precisely.
Conversely, it demands elevated processing temperatures and pressures. This process is costly, and the
range of shapes that can be fabricated is limited (Chawla & Chawla, 2006; Surappa, 2003b). Figure 5
illustrates the schematic diagram of the diffusion bonding process. The study investigates the effect of
process parameters, including bonding temperature, holding time, and bonding pressure, on the
bonding strength of AA5083 diffusion-bonded joints. The maximum bonding strength achieved is
36.94 MPa, with a peak shear strength of 119.46 MPa, under optimized conditions of 520°C bonding
temperature, 5 MPa bonding pressure, and a 45-minute holding time (Venugopal et al., 2022).

2.2 Liquid state fabrication

Several industries opt for the liquid state process in the manufacturing of Metal Matrix Composites
(MMCs) due to its simplicity and cost-effectiveness. It involves dispersing the reinforcement phase
into the molten metal matrix, followed by the subsequent solidification process (Sharma et al., 2020).
The critical aspect is the selection ratio of ceramic reinforcement, determined by the matrix alloy. In
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instances where wetting particles are introduced into the melt, some ceramic reinforcing materials may
not experience sufficient wetting by the molten metal (Ervina Efzan et al., 2016). Some of the technique
used for Liquid state fabrication are discussed below.
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Figure 5. Schematic diagram of the spark plasma sintering process

2.2.1 Stir casting

This method is frequently employed for the mass production of Aluminium MMCs and their
alloys, offering a cost-effective and flexible manufacturing approach. The suitable reinforcement is
introduced into the molten metal at the melting temperature. Subsequently, an external device is
employed to implement a stirring procedure, ensuring the uniform distribution of the reinforcement
throughout the molten metal. This helps prevent heterogeneous spreading and reduce porosity (Tekale
& Dolas, 2022). The schematic diagram of the stir casting process is presented in Figure 6. The impact
of Friction Stir Processing (FSP) on the mechanical properties and microstructural enhancement of
aluminium alloy AA6082, along with its composite reinforced with Titanium Aluminium Carbide
(TisAIC>), was examined. The study recorded a 26% microstructural refinement in the composite
material after multiple FSP treatments. Additionally, the compression strength of the FSP-processed
materials demonstrated a significant improvement of 16.3% (Algizani & Moustafa, 2024).

2.2.2 Infiltration method

In this approach, a porous reinforcement phase is retained, and molten aluminium is passed
through it, effectively filling all the pores and forming a composite material. The schematic diagram
of the pressure infiltration process is shown in Figure 7. The vital process parameters in this method
involve the initial composition, temperature of the reinforcement phase and infiltrating material, the
nature and magnitude of the external force applied to the matrix metal, and the volume fraction of
reinforcement (Lade et al., 2023a; Narciso et al., 2016). The fabrication of aluminium composites
reinforced with graphite using the squeeze infiltration method was studied and analysed. To enhance
wetting and prevent interfacial reactions, graphite particles were coated with copper. Porous graphite
preforms were created and infiltrated with A356 aluminium alloy under high pressure. Natural graphite
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flakes were employed as carbon-based reinforcements due to their self-lubricating properties, excellent
thermal conductivity, and ease of machinability. The composites demonstrated improved thermal
conductivity, reaching up to 52 W/m-K at a 60% graphite volume fraction (Akhil et al., 2021).

Molten Matrix

. material
Reinforcement +
particles Poured
& 7 reinforcement
Heating
element = Stirrer

Figure 6. Schematic diagram of the stir casting process

2.2.3 Squeeze casting

Squeeze casting is a rapid method known for achieving the finest surface finish when employed
in the creation of metal matrix composites (Lade et al., 2023b). In this method, molten metals are
introduced into the bottom die, and the solidification process of the melt undergoes maximum pressure
force. Figure 8 presents the schematic diagram of the squeeze casting process for metallic alloys. The
application of pressure is essential for solidification and attaining the desired size (Moona et al., 2018).
This type of technique is employed for the production of simple, small parts such as engine pistons
(Bhaskar et al., 2014). The squeeze casting parameters, including squeeze pressure, pressure duration,
pouring temperature, and initial die temperature, were optimized to enhance the yield strength and
ultimate tensile strength of the aluminium alloy (Al-12%Si). Using the Taguchi method for
experimental design, 27 trials were conducted to identify the optimal casting conditions. The best
results were achieved with 150 MPa squeeze pressure, a 15-second pressure duration, a pouring
temperature of 700°C, and an initial die temperature of 150°C. These settings led to significant
improvements in the alloy's mechanical properties(Ojarigho et al., 2024).
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Figure 8. Schematic diagram of the squeeze casting process

2.3 Some other processes

These processes are generally based on the liquid or solid based fabrication technique but
provide some important modification to them. These modification helps to overcome drawback of
conventional fabrication technique. Some of these popular fabrication techniques are discussed below.
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2.3.1 Compo casting or Rheo-casting

In this process, short fibers or heated reinforced particles are introduced into partially solidified
and highly viscous molten metal slurries by intense stirring (Devender & Praveena, 2019). Hence, the
reinforcement is captured between the proeutectic phase within the alloy slurry, preventing segregation.
As continuous stirring occurs, the slurry's viscosity decreases, promoting mutual interaction between
the metal matrix and reinforcement. Consequently, enhanced wetting and bonding between the two are
achieved (Ramanathan et al., 2019). An effort was made to improve the strength-ductility balance of a
rheo-diecast semi-solid Al-Si—-Mg-Cu—Fe-Sr alloy by optimizing the pouring temperature and heat
treatment process. Reducing the pouring temperature from 700°C to 670°C produced finer, more
spherical primary o-Al grains, decreased porosity, and increased the solid phase fraction, all
contributing to enhanced mechanical properties. The T6 heat treatment promoted the spheroidization
of eutectic Si phases, fragmentation of AlsFe phases, and formation of Mg.Si precipitates, further
boosting the alloy's strength and ductility (Liu et al., 2021).

2.3.2 Spray / Deposition method

Spray casting involves propelling fine droplets of atomized molten material at high speed onto
a preheated substrate. During this process, reinforcement particulates are impacted in the melted spray,
resulting in the integration of reinforcement within fine molten metal droplets to form a composite
(Sharma et al., 2022; Trinh & Sastry, 2016). Figure 9 depicts a basic functional diagram of the spray
deposition method. To enhance the wear resistance of the AIl-12.5Si alloy, zirconium oxide
reinforcement particles were incorporated into metal matrix composites using the spray deposition
method. An experimental investigation into spray forming parameters, including flight distance, gas
pressure, melt temperature, and ZrO. reinforcements, revealed that ZrO; reinforcements and gas
pressure significantly influenced mechanical properties such as hardness and ultimate tensile strength.
The optimal spray forming conditions for achieving maximum hardness and ultimate tensile strength
were determined, yielding an ideal set of parameters: melt temperature of 798°C, flight distance of 0.35
m, gas pressure of 0.97 MPa, and ZrO> reinforcements at 11.6%. These conditions resulted in the
highest hardness and ultimate tensile strength values of 80.4 HV and 173.2 MPa, respectively (Patil et
al., 2022).

2.3.3 In-situ reaction

In this production procedure, the metal and reinforcement undergo a controlled chemical
reaction to generate composites. The chemical reaction between them resulted in strong interfacial
bonding with a homogeneous microstructure. SiC, AIN, and TiC stand out as the ceramics most
frequently employed for in-situ reaction (Samal et al., 2020; Senthil et al., 2021). The microstructural
and mechanical properties of Al6061/TiB> metal matrix composites (MMCs) fabricated through in-
situ synthesis were analysed. The TiB: particles were uniformly distributed throughout the aluminium
matrix, leading to significant grain refinement and a reduction in grain size (Table 3). This uniform
dispersion contributed to enhanced mechanical properties of the composite. (Ramesh et al., 2011). The
reactions involved in the formation of this in-situ composite are outlined in Eqgn. 1.

2B + Ti+ Al > TiB, + Al Egn. 1
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Table 2. Fabrication process for MMCs with their advantages, limitation and application.

Process Advantages Limitations Applications | References
Friction stir It offers grain Tools used in Aerospace and | (Zykova et al.,
fabrication refinement, Friction stir Railways 2020);(Bajakke et
strengthening, and processing can al.,2019)
Structural wear out quickly,
homogeneity generally effective
for materials with
limited thickness
Powder Homogeneous Size constraints, Biomedical (Fang et al., 2018);
metallurgy microstructure, Costly and Aerospace | (Ujah et al., 2019)
Maximum utilization
of material
Diffusion No filler material, High cost, limited Biomedical, (Gietzelt et al.,
bonding Minimal plastic to material that can | Aerospace and | 2018); (Lathashankar
deformation withstand high Refractory etal., 2022)
temperature material
Stir casting Cost-effective, Limited material Automotive, (Kumar et al., 2020);
Customization, Ease to | usability, Limited cylinder heads | (Soltani et al., 2017)
use structural integrity, | and Pump
Proper control of housing

stir parameter for
optimum
requirement
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Infiltration Enhanced properties, Complexity, Aerospace, (Etemadi et al.,
method versatility, cost- Material Automotive 2018); (Sun et al.,
effective Compatibility, and 2018)
Porosity control Electronics
Squeeze casting | Low porosity, High High tooling cost, Agricultural (Venkatesan &
strength, less wastage | Limited to metals machinery, Anthony Xavior,
of material, good Piston and 2018); (Hajjari et al.,
surface finish Engine block | 2011)
Compo casting Improved wettability, | Potential of Manufacturing | (Ramanathan et al.,
or Rheo-casting | cost effective, complex | porosity and of gears, 2019); (Mazahery &
shapes shrinkage defects, Transmission | Shabani, 2014)

High initial cost of

cases, Turbine

molds and dies blades and
Structural
components
Spray/Deposition | Enhanced strength, High porosity, Slow | Heat (Prashar & Vasudeyv,
method low residual stress process rate, High | exchangers 2021); (Tao & Wang,
production cost 2019)
In-situ reaction Excellent interfacial Time consuming, Automobile (Mohan et al., 2018);
bonding, Strong and Weather dependent, | and (Wang et al., 2004.)
durable composite Labor-intensive, Construction

fabrication Ductility reduction

3. Various reinforcement used with Al MMCs

The selection of reinforcement is based on the desired material properties and cost considerations.
Among the various forms of reinforcements, particulate reinforcements are widely utilized due to their
broad availability and superior dispersive properties. Achieving the desired properties in a composite
is challenging without careful consideration during the selection and combination of appropriate
reinforcements with aluminium alloys. Hence, it is crucial to gather comprehensive information about
different reinforcements and their applications. The commonly used reinforcements in aluminium
composites, along with their relevant properties and applications, are listed in Table 3.

3.1 Silicon Carbide (SiC)

The predominant choice for reinforcement with an aluminium matrix is silicon carbide, mainly due
to its cost-effectiveness compared to other options and its widespread availability in the market (Tekale
& Dolas, 2022). Silicon carbide has transformed into ceramic material widely utilized in applications
such as abrasives, refractories (Kumar & Singh, 2014). The microstructure, tensile strength, hardness,
and resistance to acidic corrosion of aluminium-silicon carbide (Al-SiC) composites produced through
liquid metal stir casting were examined. SiC particles were added at concentrations of 0%, 10%, and
20% to the aluminium alloy matrix. The incorporation of 20% SiC particles significantly enhanced the
tensile strength by 14.70% and increased hardness by 26.88%. However, the corrosion rate was highest
with the 20% SiC particles due to the formation of an interfacial region. The weight percentage of
reinforcement had the most significant impact on the corrosion rate.(Singh et al., 2023)

3.2 Boron Carbide (B4C)

The incorporation of B4C into the Al matrix results in a composite material with reduced porosity,
heightened hardness, and a lightweight composition (Tekale & Dolas, 2022). The homogeneous

Gaurav et al., J. Mater. Environ. Sci., 2024, 15(11), pp. 1526-1548 1536



distribution of aluminium composites is attributed to the larger particle size of B4C, in contrast to
specimens containing smaller particle sizes. This phenomenon occurs because smaller particles tend to
promote the formation of agglomerates, whereas the larger B4C particles contribute to a more even
dispersion within the composite material (Kerti & Toptan, 2008). The addition of B4C particles as
reinforcements in an aluminium matrix result in improved ultimate stress, breaking load, maximum
movement, and flexural strength. This enhancement in various mechanical properties positively
contributes to the overall strength and performance of the composite material (Patidar & Rana, 2017).
The corrosion behaviour of an aluminium matrix composite reinforced with micro-sized boron carbide
in a 3.5% NaCl solution was investigated. It was found that the corrosion rate of the aluminium matrix
composite increased with the addition of boron carbide (B4C) particles, attributed to the breakdown of
the passive layer caused by particle agglomeration. Conversely, the hardness of the composite
improved as the B4C content increased. (Samsu et al., 2023)

3.3 Alumina (Al,03)

Aluminium oxide, commonly known as alumina, is widely utilized as a reinforcing particle,
primarily due to its outstanding compatibility with aluminium surfaces and its non-deleterious effects
on the material's surface (Tekale & Dolas, 2022). The introduction of Al>Os nanoparticles into AA
7075 composites led to substantial improvements in both wear resistance and essential mechanical
properties, including ultimate tensile strength, yield tensile strength, and hardness (Al-Salihi et al.,
2019). Itis suitable for high thermal conductivity application, matrix material strengthening, polishing,
and cutting tools (Gireesh et al., 2018; Ramnath et al., 2014). After silicon carbide (SiC), Alumina
(Al203) is the second most commonly used reinforcement, primarily owing to its exceptional interfacial
compatibility (Pilania et al., 2014). The mechanical properties of aluminium were improved by
reinforcing it with graphite and alumina using the stir casting technique. The incorporation of graphite
and alumina led to significant increases in tensile strength and hardness; however, there was a reduction
in toughness.(Dwivedi & Kumar, 2019).

3.4 Titanium carbide (TiC)

The incorporation of aluminium-containing TiC particles leads to a reduction in both the coefficient
of friction and the specific wear rate (Tekale & Dolas, 2022). TiC particles are also acknowledged as
a dependable reinforcement for enhancing the corrosion resistance of Aluminium MMCs (Pandey et
al., 2017). The addition of 7.5% TiC creates optimal conditions for minimizing both the coefficient of
friction and the specific wear rate.(Agrawal & Tungikar, 2020).

3.5 Titanium diboride (TiBy)

Titanium diboride (TiB:) reinforced aluminium composites were fabricated via the in-situ salt
reaction synthesis method(Lakshmi et al., 1998). The study focused on aluminium matrix composites
(AMCs) reinforced with titanium diboride (TiB2). Composites were fabricated with different weight
fractions of TiB: particles, revealing that the A713 alloy with 6 wt.% TiB> showed a 35.86% increase
in hardness and a 21.81% enhancement in tensile strength compared to the A713 alloy alone. These
property improvements are attributed to grain refinement and dispersion strengthening due to the
increased weight proportion of TiB: particulates. (Rangrej et al., 2023).
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3.6 Zirconium diboride (ZrB>)

ZrB: has a high melting point (3245°C), hardness (23 GPa), and modulus of elasticity (489 GPa).
It also exhibits high electrical resistivity and thermal conductivity. Adding ZrB: to aluminium alloys
enhances mechanical properties such as hardness, tensile strength, and compressive strength. It also
improves wear and corrosion resistance (Kumar et al., 2018). The study focused on analysing the
properties of the Al 7175 alloy reinforced with zirconium diboride (ZrB2) nanoparticles to improve
wear resistance. It examined the relationships among material composition, load, speed, sliding
distance, and their effects on friction force, wear rate, and friction coefficient. The findings reveal that
increasing the ZrB» percentage while reducing speed and load can effectively decrease both the wear
rate and friction coefficients in the Al 7175 alloy. The study was conducted to enhance the wear
resistance properties of the Al 7175 alloy reinforced with zirconium diboride (ZrB2) nanoparticles. It
examined the relationships between material composition, load, speed, sliding distance, and their
effects on friction force, wear rate, and friction coefficient. The results indicate that increasing the
percentage of ZrB, while decreasing speed and load can effectively reduce both the wear rate and
friction coefficients in the Al 7175 alloy.(Raj et al., 2024).

3.7 Agro-industrial waste-based reinforcement

Incorporating agro-industrial waste materials into aluminium composites not only improves their
mechanical properties but also helps address environmental concerns related to waste disposal(Vinod
et al., 2019). Aluminium composite materials utilizing agricultural and industrial waste have gained
significant attention for their potential to enhance mechanical properties while addressing
environmental concerns. The integration of waste materials such as Rice Husk Ash (RHA) and fly ash
into aluminium alloys not only improves performance but also promotes sustainability(Senapati et al.,
2016).

The addition of Rice Husk Ash (RHA) and Silicon Carbide (SiC) to AA6061 alloy has
demonstrated notable enhancements in mechanical properties, such as tensile strength and hardness,
especially following heat treatment(Dwivedi et al., 2020). The addition of agro-waste such as Lemon
Grass Ash to metal matrix composites (MMCs) has resulted in steady improvements in tensile
properties, providing a low-cost reinforcement option(Jose et al., 2018). A novel hybrid aluminium
metal matrix composite (AMC) was developed by incorporating waste materials such as eggshells,
cow dung ash, snail shell ash, and boron carbide as reinforcements. The composites were fabricated
using a stir casting method, with varying weight percentages of the reinforcements. Researchers
suggested that carburized eggshells can enhance mechanical properties and reduce corrosion
sensitivity. In contrast, cow dung ash is more effective at lower weight percentages, while an increase
in boron carbide content tends to increase the brittleness of the composite.(Bose et al., 2019).

Table 3. Commonly used reinforcements in Al MMCs with properties and applications

Reinforcement | Properties Applications References
SiC Extremely hard and strong; | Aeroengine field, nuclear (Gerhardt, 2011); (P.
Excellent thermal energy field, Sandpapers, Wang et al., 2019)
conductivity; Chemical grinding wheels, Cutting
resistance tools, Power modules, Car
brakes, Clutches, Water
pump seals
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B4C High hardness; Neutron Structural, automotive and (Bhatia et al., 2021)
absorption capabilities, Aerospace application
Resistance to solvents,
Corrosive resistance,
Lightweight
ALO; Low production cost, High | High temperature (Lazouzi et al.,
hardness, Chemical application, Absorbent in 2018).; (Krishnan et
inertness, Biocompatibility, | analytical chemistry, Dental al., 2021)
Wear resistance application
TiC Easy availability, High Industrial & manufacturing, | (Mao et al., 2022).;
hardness, High melting Aerospace, Medical, Defence | (Parashivamurthy et
point, Good al., 2001)
thermodynamic stability,
Chemical stability,
Exceptionally good wear
properties
TiB, Considerable hardness, High-speed machining tools, | (Cao ef al., 2024)
elastic modulus, Wear and | Wear-resistant coatings,
corrosion resistance; High-temperature nuclear
Exceptional electrical and | reactors, Atmospheric reentry
thermal conductivity vehicles, and Electrode
materials
7rB; High melting point, Low Aerospace, Grinding and (Oguntuyi et al.,
fracture toughness, Poor cutting tools, Nuclear 2021)
thermal shock resistance reactors, Refractory
crucibles, Microelectronics,
and Solar absorbers

4. Method of improving strength of aluminium composite

Different method of for improving strength of aluminium composite are discussed below

4.1 Alloying the Aluminium Matrix

Incorporating alloying elements such as Copper (Cu), Magnesium (Mg), and Zinc (Zn) can enhance
the strength of the matrix through solid-solution strengthening or precipitation hardening (Callister Jr
& Rethwisch, 2020). The effects of alloying atoms on the stability and micromechanical properties of
aluminium alloys were explored using a machine learning-accelerated first-principles approach.
Researchers concluded that alloying elements such as Sc, Cu, B, Zr, Ni, Ti, Nb, V, Cr, Mn, Mo, and
W enhance the strength of the aluminium matrix, while elements like K, Na, Y, and Tl are challenging
to dissolve(Huang et al., 2023). The inclusion of copper in aluminium alloys like AA2024 induces
lattice distortions, which lead to significant strengthening (Callister Jr & Rethwisch, 2020). Copper
(Cu) atoms in aluminium alloys play a significant role in effective solid-solution strengthening due to
their strong pinning effects(Kong et al., 2023).
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4.2 Heat treatment

Different types of heat treatment can be applied on aluminium composites such as quenching,
annealing etc. Quenching is the rapid cooling of aluminium following solution heat treatment, which
"locks™ the dissolved alloying elements in place and prevents them from precipitating out during the
cooling process. While this technique can significantly increase the strength of aluminium alloys, it
may also induce residual stresses that could necessitate further treatment (Polmear, 2005). Annealing
IS a softening process that relieves internal stresses, improves ductility, and refines the grain structure
of aluminium alloys. During annealing, the aluminium alloy is heated to a temperature just below its
melting point and held there for a period of time before cooling slowly. This allows recrystallization
to occur, which refines the grain size and improves mechanical properties like ductility and toughness
(Rooy & Kaufman, 2004).

The impact of heat treatment on the tensile strength of directly recycled aluminium alloy (AA 6065)
was investigated. The experiments included preheating aluminium samples at various temperatures and
durations, followed by tensile testing and microstructural analysis. The researchers found that higher
preheating temperatures significantly improved tensile strength, with optimal results obtained at 550°C
for a duration of three hours(Suryakant & Yadav, 2023).

4.3 Hybrid composites

A composite material is formed by combining two or more distinct materials with different physical
or chemical properties. These materials retain their individuality within the final structure, resulting in
a composite with properties that differ from those of the individual components(Bodunrin et al., 2015).
Combining various reinforcements can deliver enhanced performance compared to using a single type
of reinforcement in composites(Chung, 2010). For instance, incorporating titanium carbide and
graphite into aluminium matrices led to an increase in tensile strength from 170 MPa to 239.11
MPa(Velavan et al., 2023). These composites are commonly employed in structural applications due
to their light weight, high strength, and superior wear resistance, making them well-suited for parts like
drive shafts and housings(Kumar et al., 2024).

The incorporation of boron carbide (B4C) and graphite in LM6 aluminium alloy composites
significantly enhanced tensile strength and hardness while maintaining ductility(Somegowda et al.,
2023). The mechanical properties of Aluminium 8011 hybrid metal matrix composites reinforced with
boron carbide (B4C) and fly ash particles were investigated. The composite containing 8% B4C and
2% fly ash exhibited the most favourable overall mechanical properties, demonstrating a 17.72%
improvement in hardness, a 44.7% increase in compressive strength, a 44.29% enhancement in flexural
strength, a 26.09% boost in impact strength, and a 26.34% rise in tensile strength compared to the base
material(Sambatkumar et al., 2024).

4.4 Nano-reinforcement inclusion

Aluminium composite reinforced with nanoparticles are highly advantageous in aerospace
applications owing to their superior strength-to-weight ratio and increased thermal stability(Qadir et
al., 2023). However, ensuring uniform distribution of nanoparticles and preventing agglomeration are
significant challenges that still require further investigation(Pandit et al., 2023). The stir casting process
is frequently utilized for producing aluminium matrix composites (AMCs) because it enables uniform
distribution of nanoparticles, which is essential for achieving optimal mechanical properties(Qadir et
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al., 2023). Techniques like gas ultrasound sensor double-stir casting have been used to improve the
even distribution of nanoparticles within the matrix(Seshappa & Prasad, 2021).

The incorporation of nanoparticles such as TiO2 and Al2O3 into aluminium alloys has led to notable
enhancements in mechanical properties. For example, one study reported a 14.71% increase in the
fatigue life of AA 7071 alloy with the addition of 5 wt.% TiO following heat treatment(Sabari, 2024).
The application of waste-derived Al>O3/SiC nanoparticles in aluminium composites has been
investigated to improve micro-hardness and tensile strength while also reducing costs(Seshappa &
Prasad, 2021).

4.5 Improving Interface Bonding

Using various additives during fabrication can improve interfacial bonding between matrix and
reinforcement particles. Surface treatments, including nickel coating and the use of wetting agents,
improve the wettability and bonding of reinforcements with the aluminium matrix, leading to better
load transfer efficiency and enhanced composite strength(Zeng et al., 2023). Surface treatments like
pulsed laser surface treatment (PLST) have been applied to enhance the bonding between aluminium
alloys and reinforcements. This results in the creation of intermetallic compounds that increase both
hardness and strength(Esmaily et al., 2019). Traditional surface treatments, such as anodizing and
metallic coatings, are extensively used to protect aluminium substrates from corrosion and wear, which
enhances their durability (Zeng et al., 2023).

5. Future scope of research for Aluminium MMCs

Processing aluminium MMCs poses several challenges due to the significant variability in their
properties, resulting in a broad range of performance deviations. Hence, selecting an appropriate
processing method is crucial to ensure the material meets specific application requirements. No single
process can be universally applied to all applications, as each requires a tailored approach based on the
specific material properties and performance criteria needed. Various factors such as cost-
effectiveness, feasibility, and desired material properties play a crucial role in determining the
appropriate composite fabrication method.

There is limited literature available on the treatment of reinforcement particles with flux, acid, or
wetting agents prior to fabrication, highlighting a gap in research on these pre-processing methods. The
use of nanoparticles in composites is also limited due to challenges like agglomeration, which hinders
achieving uniform distribution and reduces the overall effectiveness of the reinforcement. Some
studies, such as oxidative acid treatment on reinforcements, have primarily focused on polymer
composites, while limited research has been conducted on applying these techniques to aluminium
composite materials.

6. Summary/Conclusion

The review presents a detailed overview of the fabrication processes, emphasizing the mechanical
properties of aluminium metal matrix composites (MMCSs) reinforced with various reinforcement. The
choice of fabrication process is largely influenced by factors like the required quality, cost-
effectiveness, and overall process efficiency. This review paper also discusses various studies where
fabrication parameters have been optimized. Moreover, issues such as wettability, porosity, and the
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shape, size, and distribution of reinforcements remain challenging and require further exploration. The
review provides an in-depth discussion of different methods for improving the strength of aluminium
composites. Research has shown that grain refinement, which impedes dislocation movement, plays a
significant role in enhancing tensile strength. Lastly, this review will provide insight into the latest
research and processing challenges associated with aluminium composites, while showcasing their
outstanding performance in contemporary applications.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or animal
subjects.
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