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Abstract: Automotive and aircraft industries are advancing
swiftly, creating a constant need for innovative and trust-
worthy materials. Aluminum composites (aluminum matrix
composites [AMCs]) exhibit enhanced mechanical and tribo-
logical behaviors when contrasted to their conventional
equivalents and as a result have superior potential to be
widely accepted for automotive and aircraft engineering
and other component applications. This study aims to provide
a thorough and critical analysis of the most recent research
initiatives concerning the processing, characteristics, and
applications of AMCs. It covers the recent advancements in
the aluminum-based composites reinforced with SiC, TiC, and
graphene, fabrication methods, and mechanical properties of
AMCs. Graphene nanoplatelets are many times stronger and
yet lighter than steel and other metals, and thus a good con-
tender for reinforcing them. However, the homogeneous

distribution of graphene into the metal or aluminum is a
challenging aspect for material researchers. The fabrication
techniques for AMCs for achieving homogeneous distribution
of graphene are critically reviewed. The mechanical proper-
ties, specifically microhardness, wear behavior, and tensile
strength of aluminum-based composites, are reviewed and
analyzed. Finally, a way forward for fostering further devel-
opment in this area has been discussed.

Keywords: aluminum matrix composites, ceramics parti-
cles, graphene nanoplatelets, mechanical characteristics,
wear behavior

1 Introduction

Competition to boost fuel efficiency and reduce CO2 emis-
sions has intensified in the automotive and aerospace sec-
tors as a result of new fuel economy requirements being
adopted by governments throughout the world and increasing
consumer demand for more fuel-efficient cars. As an illustra-
tion, according to a report from the Environmental Protection
Agency (EPA) in April 2020, the transportation industry in the
United States (US) generated around 28% of all US GHG emis-
sions in 2018. To increase the fuel efficiency of vehicles (pas-
senger cars and light trucks) and reduce CO2 emissions, CAFE
(Corporate Average Fuel Economy) requirements have been
devised in the United States. The CAFE criterion for passenger
cars has increased from 18mpg (miles per gallon) in 1978 to
42mpg currently, and it is expected to increase to 54.5mpg by
2025. For the model years 2021–2026, the National Highway
Traffic Safety Administration and the EPA amended the
CAFE criteria and proposed a new value of 43.7mpg. Every
nation has its fuel economy regulations, and many of them
are stricter than American regulations. The combined objec-
tives of lowering CO2 emissions and enhancing fuel efficiency,
however, are shared by all countries. For most nations and
regions, achieving the average fuel efficiency target for
passenger vehicles is difficult in terms of CO2 emissions per
kilometer of driving (g/km) as depicted in Figure 1(a) [1]. In
particular, the United States set the 2025 target for average
CO2 emissions to be 89 g/km, down nearly 40% from the 2015
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level. Beyond increased fuel efficiency and emission reduc-
tion, higher performance and simpler recycling also help to
advance the development of lighter, stronger, and more
environmentally friendly cars.

Vehicle weight reduction is one of the many strategies
that manufacturers have tried to meet fuel efficiency criteria
and satisfy customer demands. Either the vehicle’s size can be
reduced, or lightweight materials can be used [2]. The safety
and comfort of the passengers may be jeopardized if the size
of the vehicle is reduced. As a result, it is common to try to
reduce vehicle weight by using lighter materials while main-
taining performance. Light vehicle production has increased
steadily during the past few years in all the major markets
(Figure 1(b)) [1]. According to reports, a 10% weight reduction
in a car can increase fuel efficiency by 8–10%, and a 100 kg
weight reduction can reduce CO2 emissions by 12.5 g/km [3,4].
Additionally, the lighter vehicle offers better performance
without compromising occupant safety.

1.1 Demand for aluminum in engineering
sectors

There is an urgent need to produce high-performance,
lightweight materials for the following generation of trans-
portation sectors given the increasing demand for CO2 con-
trol, fuel economy, and lightweight in other industries
(such as maritime transportation). Low-carbon steel and
cast iron were the two materials that the automotive
industry used the most until the 1970s. A passenger car’s
engine block and cylinder head are among its two most
important parts. Cast iron has traditionally been used for
both parts due to its superior wear resistance, high-tem-
perature strength, and castability. However, because cast

iron has a very high specific gravity (7.87 g/cm3), the engine
block is the heaviest part of the car, comprising up to 3–4% of
its overall weight [4]. The materials landscape for engine
blocks is shifting toward adopting alternative, lightweight
materials with a focus on lowering vehicle weight and CO2

emissions. Aluminum and its alloys have increasingly risen to
the top of the list of lightweight materials used in automobiles
in recent years from the perspective of automotive engi-
neering (Figure 2(a)). Additionally, the market is aiming for
light vehicle aluminum content to reach 570 net pounds per
vehicle by 2030, with cast aluminum alloy potentially making
up more than 50% of that total (Figure 2(b)). Mercedes Benz
used a sophisticated material composition with a high alu-
minum content to create the bodyshell architecture of the
new AMG SL in order to guarantee low weight while max-
imizing stiffness (Figure 2(c)).

Due to their lightweight (2.7 g/cm3), which is around
65% lower than that of cast iron, aluminum alloys were
thought to be an immediate replacement for cast irons and
steels. Engine blocks with Al alloys instead of cast iron had a fair
chance of losing up to 45% of their weight. Al alloy engine blocks
have been produced since the late 1970s, and over the past 10
years, Al alloy cylinder heads have completely replaced cast iron
ones [4]. Figure 3 depicts the trend in the weight percentages of
aluminum, steel, and cast iron in light-duty American automo-
biles. As a result of the enormous demand from the automotive
and aerospace industries, market observers anticipate a signifi-
cant increase in Al production over the next years.

1.2 Need of aluminum alloys and composites

Lightweight materials for automobiles can be broadly cate-
gorized into four groups as potential replacements for

Figure 1: Pushing demand for lighter materials of automotives. (a) Various countries have different fuel economy goals (passenger vehicles).
(b) Production of light vehicles in the main market, in million units [1].
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traditional engineering materials (such as steel and cast
iron), including light alloys (such as aluminum, magne-
sium, and titanium alloys), the high-speed steel (HSS)
family (such as conventional HSSs and advanced high-
strength steels), composites (such as Al-based composites
or carbon-fiber-reinforced plastics), and advanced mate-
rials (e.g., mechanical metamaterials). These lightweight
materials have been used extensively in the automotive
industry since the turn of the century for a variety of
parts including the dashboard, bumper, engine, body
shell, wheel, suspension system, brake, steering system,
battery, seat, and gearbox (Figure 4).

1.3 Composites

Composites can save weight by 15–40% depending on the
type of reinforcement used, and they also have other desir-
able qualities for the automotive sector, including high
specific strength, strong corrosion resistance, design flex-
ibility, and low thermal conductivity [5]. Hard ceramic
materials are utilized as reinforcement particles, while
ductile metal alloys are the preferred matrix materials.
In metal matrix composites (MMCs), a second phase serves
as reinforcement for the metal matrix. Ceramic particles
and fibers made of different materials, such as other

Figure 2: (a) Yearly change of aluminum content in the light vehicle from 1975 to 2030 (North American market. (b) Predicted proportion of different
types of aluminum alloy in 2030. (c) New Mercedes AMG SL with high aluminum content in the bodyshell architecture to lower weight while achieving
maximum rigidity (from Mercedes Benz [1]).
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metals, ceramics, and carbon, are two common types of
reinforcing phases. There are various matrix materials

available, including copper, magnesium, titanium, and alu-
minum (Al, Mg) (Cu). Al is the most favored matrix material
accessible due to its remarkable qualities, including high
strength-to-weight ratio, good corrosion resistance, better
toughness, lower melting point, and affordability [6].

Aluminum matrix composites (AMCs) have drawn the
attention of numerous researchers for the past 30 years to
investigate their physical, tribological, mechanical, thermal,
and electrical properties. When utilized in the production of
composite materials, aluminum is preferred over other
matrices due to its advantageous qualities, which can be
adjusted by paying attention to the matrix, reinforcements,
and processing techniques [7–16]. AMCs are a type of light-
weight material that are frequently used in the automotive,
aerospace, and defense industries [17,18] due to their
wide range of characteristics, including low density,
high strength, large elastic modulus, and excellent corro-
sion resistance [19,20]. Today’s applications for aluminum
alloys also include novel ones, such as 3D printing, the com-
posite material industry, and aircraft. Because of alumi-
num’s superior qualities, low cost, high scrap value, and

Figure 3: A trend in the proportion of steel, cast iron, and aluminum in
the weight of automobiles [3].

Figure 4: Typical lightweight materials for use in vehicle components include light alloys (such as aluminum, magnesium, and titanium alloys), HSSs,
composites, and innovative materials.
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expanding recycling market, the aluminum industries are
predicted to expand throughout the twenty-first century,
and metal will likely continue to play a key role in our
culture and daily lives [21]. To get even more desirable
results, researchers need to have a better understanding
of the many series of aluminum alloys when creating com-
posite materials. Table 1 provides details about the matrix
elements, along with their key characteristics and areas
of use.

1.4 Necessity of reinforcements

The mechanical and tribological behavior of AMCs has
recently been improved, thanks to the ongoing efforts of
material scientists and engineers to develop novel and cut-
ting-edge techniques. The performance of composites as a
whole is determined by the reinforcement materials, hence
efforts were made to choose the best ones. The most pop-
ular technique for enhancing mechanical and tribological
behavior involves embedding hard ceramic particles. In a
metal matrix, a wide range of ceramic particles are rein-
forced. However, TiC, SiC, and B4C are the most popular
ceramics in usage. The mechanical characteristics of MMCs
are noticeably improved by their inclusion. Additionally,
their inclusion improves the composites’ wear resistance
and frictional coefficient [30–32]. The key reinforcement-
related variables influencing the tribological performance
of AMCs are as follows: volume/weight ratio, reinforce-
ment size, and reinforcement shape, in that order. The
right choice of reinforcement and its quantity enhances
the physical, thermal, and mechanical properties of AMCs
in addition to their tribological features. Since these mate-
rials determine the overall performance of the composites,
studies were carried out to select the best-suited reinforce-
ment materials. Particulate reinforcements were heavily uti-
lized among the various types since they are readily avail-
able and have greater dispersive qualities. Additionally, the
distribution of reinforcement is a significant factor when
analyzing the mechanical and wear characteristics of alu-
minum composites [33–40].

If adequate reinforcements are not chosen and com-
bined with aluminum alloy with care, it might be challen-
ging to obtain the necessary qualities of the composite.
Therefore, learning about different reinforcements and
how they are used is crucial. Table 2 lists the characteristics
of various types of reinforcements utilized in the creation
of aluminum composites. Many researchers have studied
the microstructural characterization of aluminum compo-
sites with improvements to their structural characteristics.
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Table 3 highlights the results of MMCs after taking into
account various types and forms of reinforcements.

To further improve the microstructure and mechanical
properties of AMCs, several reinforcements are being devel-
oped [5,6]. When selecting reinforcements, three common
issues are encountered: low density, high strength, and
strong contact bonding with the matrix [7]. Currently, par-
ticle reinforcements (such as SiC, TiC, and GNP) clearly out-
perform fiber reinforcements in terms of pricing [8–10].
Additionally, it has been demonstrated that mixing the par-
ticle reinforcements with the matrix is simpler [11]. Cera-
mics are frequently chosen as the primary raw material for
particle reinforcements [12]. Ceramic particles, however,
frequently render poor microstructure in AMCs (such as
aggregation and voids) [13). Because the thermal expansion
coefficients of ceramic particles and thematrix are different,
the agglomeration of ceramic particles frequently results in
the early failure of AMCs [14]. Researchers have been
searching for novel particle reinforcements to help solve
this issue. Due to the extensive use of ceramic-reinforced
composites with magnesium matrix for orthopedic implants,
an emphasis on fabrication techniques, in vitro corrosion,
and in vitro biocompatibility have been studied recently by
Khorashadizade et al. [54].

1.4.1 Silicon carbide (SiC)-reinforced Al composites

SiC is one of the most often utilized ceramic particles that
belong to the carbide nature category. It has exceptional
resilience to wear and thermal shock. It behaves mechani-
cally well at high temperatures. Mechanical seals fre-
quently use SiC due to their chemical and wear resistance
[55]. SiC is a synthetic (man-made) mineral distinguished
by extremely high hardness and resistance to abrasion.
Pump seals, valve parts, and wear-intensive applications
like rollers and retainers for the paper industry are exam-
ples of common applications. Numerous scholars have stu-
died how the homogeneous distribution of SiC microns or
nanoparticles in the matrix of aluminum improves the
interfacial, physical, and mechanical properties [5,56–59].

The fabrication process used as well as the quantity, size,
and distribution of ceramic inclusions all affect the mechan-
ical properties of Al/SiC composites. Al-based composite
materials have a limited range of applications due to rapid
strain softening at high temperatures [60].

Due to their unusual combination of low density and
high strength, aluminum–SiC (Al–SiC) composites have been
regarded as promising materials for lightweight structural
applications. Several SiC-reinforced aluminum composites
have been reported to improve the mechanical properties
of the aluminum matrix by adding SiC [61–65]. SiC is a
well-known reinforcing element and a classic essential com-
ponent in the creation of composite materials based on
aluminum [66–69]. Roy et al. [70] reported that the grain
refinement effect greatly lowers the wear rate when SiC
and CB are added to AA 7075 alloys. Bathula et al. [71] pro-
duced Al 5083/SiC nanocomposite powders via high-energy
ball milling and by spark plasma sintering (SPS) at 500°C at a
heating rate of 300°C/min and a cycle of 8min. The mechan-
ical properties were found to substantially increase after
sintering employing SPS. By combining AA 6061 powders
with varied SiC volume fractions in a WC vial using a pla-
netary mill, Li et al. [72] produced the combinations. Then,
using the SPS method, the composites were produced using
a compaction pressure of 50MPa and a heating rate of 50°C/
min. The sintering temperature and duration were main-
tained at 560°C for 3min. As the proportion of SiC particles
increased, the AA 6061-SiC composites became stronger.
When the volume percentage of SiC was 20%, the compo-
sites’ yield strength, ultimate tensile strength (UTS), and
elasticity modulus were 373, 414MPa, and 95 GPa, respec-
tively. Dislocation, grain boundary, and secondary phase
strengthening were all present in the composites. The effect
of sintering temperature on the microstructure and selected
properties of spark plasma sintered Al–SiC composites
were investigated by Leszczyńska-madej et al. [73]. It
was established that composites sintered at 600°C have
higher bending strengths. The best degree of mechanical
qualities was discovered to be present in composites sin-
tered at 600°C with a 20 wt% SiC strengthening phase.
These composites have a hardness of 55 HB and a transverse

Table 2: Physical properties of some reinforcements [41–43]

Characteristics SiC TiC TiB2 Al2O3 GNP

Density (g/cm3) 3.16 4.93 4.52 3.99 1.8–2.2
Melting point (°C) 1,955 3,067 3,225 2,043 3,600
Thermal conductivity (W/m/K) 16–120 17–32 60–120 30 4,840–5,300
Modulus of elasticity (GPa) 448 400 560 400 1,000
Hardness, Vickers (GPa) 35–45 24–32 25–35 18–21 —
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rupture strength of 331MPa for flexural strength. The effect
of SiC wt% and sintering duration on the microstructural
and mechanical behavior of Al 6061/SiC composites manufac-
tured by powder metallurgy (PM) route were investigated by
Surya [74]. The key factor for increasing the physical and
mechanical properties of the composites was discovered to
be a high interfacial bonding between Al and SiC in 15wt%
SiC. The finer microstructure is produced by reinforcing at its
ideal proportion. The grain growth is slowed down by the
hard ceramic particles, which function as a barrier to the
grain boundaries. When the sintering time is increased
from 1 to 3 h, Al 6061/SiC contacts are improved; however,
when the sintering time was prolonged from 1 to 3 h, the
hardness value of the 15 wt% SiC composite increased from
70 to 81 HRB. Reddy et al. [75] studied the performance of
nanosized SiC-reinforced (0, 0.3, 0.5, 1.0, and 1.5 vol%) Al
metal matrix nanocomposites that were created using hot
extrusion and microwave sintering processes. With the
addition of SiC, a discernible improvement in the strength
(compressive and tensile) of the Al–SiC nanocomposites
was observed. However, it has been found that as the
volume proportion of SiC is increased, the ductility of Al–SiC
nanocomposites diminishes. According to the thermal ana-
lysis, the coefficient of thermal expansion (CTE) of Al–SiC
nanocomposites reduces as harder SiC nanoparticles are
gradually added. In comparison to other produced Al–SiC
nanocomposites, hot extruded Al 1.5 vol% SiC nanocompo-
sites showed the best mechanical and thermal perfor-
mance. Rahman and Al Rashed [76] studied the wear
characteristics, microstructure, and mechanical proper-
ties of SiC-reinforced AMCs. An AMC reinforced with
7 wt% SiC showed maximum wear resistance, tensile
strength, and compressive strength. The addition of SiC
significantly improves the mechanical and wear charac-
teristics of the base metal. Devaganesh et al. [77] examined
the mechanical and tribological characteristics of hybrid
SiC–Al 7075 MMCs. The results show that Al 7075 with 5%

SiC and 5% graphite composite outperforms all other hybrid
composites by demonstrating superior mechanical and tribo-
logical properties; this may be because graphite and Al
7075–SiC work synergistically.

1.4.2 Titanium carbide (TiC)-reinforced Al composites

TiC is incredibly interesting due to its exceptional physical
and mechanical qualities and, most importantly, its ade-
quate wettability with aluminum [7]. It is also a very fas-
cinating material due to its low density (4.93 g/cm3), high
Young’s modulus (400 GPa), and high hardness. As a result,
it is possible to considerably improve the mechanical beha-
vior of aluminum alloys, particularly by adding micron-
sized reinforcement to the TiC hard particles. To improve
the desired mechanical properties of the produced compo-
sites, many researchers reinforced TiC in the Al matrix
[59–63]. By using the hot consolidation approach, Moha-
patra et al. [45] examined the microstructure and mechan-
ical characteristics of Al–TiC composites. The composites
showed improved Young’s modulus and mechanical char-
acteristics with notable ductility, demonstrating the impor-
tance of using TiC reinforcement. The scientists concluded
that, like other aluminum-based MMCs, Al–TiC aluminum
composites made using this approach are appropriate for
structural and industrial usage. Ramkumar et al. [78] pre-
pared AA 7075/(0, 2.5, 5, and 7.5 wt%) TiC MMCs via the stir-
casting route. They concluded that, compared to monolithic
AA 7075 alloy, the bending strength of AA 7075–7.5 wt% TiC
composites had significantly increased by 5.8 times with the
addition of ceramic, which was attributed to the matrix’s
embedding of reinforcement particles and improved grain
refinement. The increasing reinforcement in the matrix
exhibited improved wear resistance due to an increase in
the strength in the matrix, dispersion strengthening, and
effective bonding. Saravanan et al. [79] synthesized alu-
minum 7075 matrix composites reinforced with TiC at

Table 3: Frequently used reinforcements in AMCs and the study’s findings

Reinforcement Relevant properties Applications Ref.

TiC High wear resistance and good strength Automotive applications, brake disc, rotor, and cutting
tools

[44–46]

SiC High thermal conductivity, stiffness, hardness, and
refractoriness

Rotors, braking discs, shafts, connecting rods, rubber
tires, etc.

[47,48]

GNP High strength-to-weight ratio Tribological applications, nanofluids, memory devices,
and energy storage

[49–51]

CNT Ductility, corrosion resistance, excellent strength-to-weight
ratio, and low density

Cylinder liners, sports utilities, and gears [52]

TiB2 High strength and resistance to abrasion Aerospace and automotive structural applications [53]
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different weight percentages (0, 8, and 16wt%) through PM.
A significant improvement in wear loss was observed. Bas-
karan et al. [80] investigated the dry sliding wear behavior of
high-strength 7075 AMCs with 4 and 8wt% of TiC particulate
reinforcement, synthesized using the reactive in situ casting
technique. The optimal level combination for minimumwear
rate was identified as 4wt% TiC reinforcement, 9.81 N load,
3m/s sliding velocity, and 1,500m sliding distance. The micro-
hardness and wear behavior of Al–4.5 wt% Cu–TiC nanocom-
posites produced by the PM route were investigated by
Nemati et al. [81]. A planetary ball mill was used to combine
the particles. The process of consolidation involved uniaxial
pressing at 650MPa. The sintering process was conducted for
90min at 400°C. The findings showed that while relative den-
sity, grain size, and distribution uniformity drop as the TiC
particle size is decreased to the nanoscale range and the TiC
concentration is increased to optimal levels, the composite
gains much more hardness and wear resistance. Composites
reinforced with nanoparticles had a harder surface than
those with TiC reinforcement in the micron range. The hard-
ness of the composites increased steadily as the volume frac-
tion of nano-size TiC was increased up to 5wt%; however,
after that point, particle agglomeration decreased the amount
of useful particulate that was available, and the particle
strengthening effect decreased.

The mechanical characteristics and microstructure of
Al–15 wt% TiC composite synthesized using spark plasma,
microwave, and traditional sintering were examined by
Ghasali et al. [82]. The SPS, microwave, and conventional
furnaces were used to sinter the material at temperatures
of 400, 600, and 700°C, respectively. The findings revealed
that the maximum relative density (99% of theoretical den-
sity), bending strength (291 ± 12 MPa), and hardness (253 ±
23 HV) were all found in sintered samples produced using
SPS. An investigation on the Al 7075–TiC nanocomposite
synthesized by mechanical alloying (MA) followed by hot
pressing was performed by Azimi et al. [83]. In contrast,
increasing the temperature over 400°C resulted in lower
hardness due to significant grain development during hot
pressing. Increasing hot pressing temperature and pressure
improved sintering and mechanical properties. More intri-
guingly, the hot-pressing pressure value had a significant
impact on how the milling time affected the mechanical
properties. Furthermore, consolidation under ideal condi-
tions produced a tensile strength of 725MPa. The nano-sized
TiC (5 wt%) particle-reinforced AA 7075 Al alloy composites
made by ball milling and hot pressing were the subject of
research by Salur et al. [84]. In terms of grain formation
behavior, hardness, tensile strength, and relative density
findings, the impact of milling duration on the microstruc-
tural and mechanical characteristics of the bulk TiCn/AA

7075 composites was assessed. The findings showed that a
sample of AA 7075 alloy that had been hot-pressed and
milled for 10 h had a hardness value that was three times
higher than the initial value (94.43 HB). This was due to the
homogeneous distribution of hardened nanoparticles within
the matrix and the longer milling time. Tensile tests revealed
that the UTS (284.46MPa) of the 1 h-milled TiCn/AA 7075 com-
posite was 40% higher than that of the original AA 7075 alloy
(210.24MPa). According to the findings, TiCn gradually dis-
solved into the matrix as ball-milling time increased and
scattered evenly after 2 h of milling. The milled powders
were heat-pressed for 30min at 400MPa and 430°C to con-
solidate them. Kar et al. [85] used TiC as the reinforcement for
Al 7075 in their study. They found that the coefficient of fric-
tion is lowered by 20% due to the improved strength and
hardness with the optimal amount of TiC. Using an electric
stir-casting process, Rao et al. [86] fabricated AMMCs using
TiC (2–10%) as a reinforcing material and the Al 7075 alloy as
the metal matrix. A pin-on-disc device was utilized as a wear
mechanism. Weight loss, friction coefficient, and wear rates
for both reinforced and non-reinforced composites weremea-
sured. The findings show superior wear resistance to basic
metal. The most important factor affecting the hardness of
composites created by stir-casting treatment was the weight
percentage of ceramic particles. As a result, Al 7075, which
contains 8% TiC pieces, demonstrated the best hardness. The
wear resistance increases as the weight percent of TiC
increases. The wear resistance does not greatly improve
with the addition of 10% TiC. As the weight proportion of
TiC particles increased in comparison to the base alloy, the
wear cost of the composites decreased. According to a
research study, Al 7075/TiC exhibits superior mechanical
and tribological capabilities. Devaneyan et al. [87] studied
the mechanical behavior of aluminum 7075 reinforced with
SiC (SiC) and TiC via the PM route. They found the highest
value of microhardness (52.12 HV) with 90% of Al 7075, 4% of
SiC, and 8% of TiC.

The experimental studies for the enhanced dry sliding
properties of the AA 6063/TiC composite were carried out
by Moorthy et al. [46]. According to the study, composite
materials with higher fractions of TiC particles have much
greater wear resistance, which is further improved by heat
treatment. The effect of reinforcement on composite wear
resistance is greatest when 9wt% of TiC reinforcement is
used for solutionized and aged conditions. Different volume
fractions, ranging from 1.5, 3, and 6 vol%, of 20–30 nm dia-
meter nano-sized TiC particles were used to strengthen the
AA 6005 by Cabeza et al. [88]. By lengthening the milling
duration, the microhardness of the unreinforced and rein-
forced matrix powder continuously increases. After 10 h of
milling, the nanocomposite with 1.5 vol% of n-TiC particles
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has a hardness that is almost 1.3 times that of the Al alloy
matrix, and it has a hardness that is nearly 1.55 times that of
the nanocomposite with 3 and 6 vol% of n-TiC particles.
Sujith et al. [44] investigated the abrasive wear behavior
of Al 7079/TiC in situ MMCs produced by the in situ melt
reaction method. It explored how in situ Al-7079 would be
affected by the sliding distance applied force and the weight
percent (5, 7, and 9) of TiC. According to experimental find-
ings, the weight percent of TiC and the sliding distance had a
greater impact on the coefficient of friction, and the applied
force had a significant impact on the weight loss. There was
a reduction of almost 40% loss in the weight at 9 wt% of TiC
reinforcement addition as compared to that of the base Al-
7079 matrix. Ravi Kumar et al. [20] studied the TiC particles
(2,4,6, 8, and 10wt%) reinforced in aluminum alloy (AA 6063)
composites fabricated by the stir-casting method. The den-
sity, hardness, and tensile strength of composites increased
to a maximum of 7.8, 20, and 19.55%, respectively, while
adding TiC particles. Gopalakrishnan and Murugan [89]
produced and investigated specific strength and wear resis-
tance. They concluded that the specific strength of the mate-
rial improved appreciably with the increased addition of
TiC. Percentage elongation was also maintained at an appre-
ciable level even though the specific strength was increased.
Hence, this method is the most economical and effective
way of producing the Al–TiC composite. The wear rate
increased marginally with increased TiC addition.

1.4.3 Graphene nanoplatelet (GNP)-reinforced
aluminum composites

Graphene has attracted considerable attention in the last
several years because of superior properties such as high
mechanical strength and modulus, electrical and thermal
conductivity, and optical transmittance [90–92]. A two-
dimensional hexagonal lattice of carbon atoms, graphene
serves as the fundamental building block of other allo-
tropic forms of carbon, such as fullerenes, diamonds,
carbon nanotubes, and graphite [93]. Graphene is the thin-
nest material made of just a single layer of carbon atoms
bound together by a backbone of overlapping sp2 hybrid
bonds. The unusual characteristics of graphene originate
from the 2p orbitals, which form the p-state bands that
delocalize over the sheet of carbons that create graphene.
Table 4 summarizes the unique properties of graphene
with exceptional mechanical strength, high Young’s mod-
ulus, low density, excellent electrical and thermal conduc-
tivity, as well as large theoretical specific surface area with
unique geometry, making them perfect reinforcement for
the composites [94,95]. In comparison to diamond (1.2 TPa),

steel (200 GPa), and copper, Young’s modulus measured by
various simulations in the graphene plane can be as high
as 1–1.8 TPa (100 GPa). Both have tensile strengths that are
equal to annealed steel (700 MPa) and annealed copper
(800MPa), are half as dense as aluminum, and range
from 100 to 200 GPa (20 times that of high-strength alloys)
(200 MPa) [96,97]. Graphene’s exceptional electrical char-
acteristics, which include outstanding carrier mobility and
capacity, are also well recognized and make it a desirable
material for use in future high-speed electronics [98]. Exfo-
liated semiconducting graphene demonstrated carrier mobi-
lity ranging from 230,000 cm2/V/s in suspended structures to
100,000 cm2/V/s on insulating surfaces. Additionally, both
have current carrying capacities that are 1,000 times greater
than those of the copper wire (109 A/cm2) and above [99]. In
a similar vein, graphene’s in-plane thermal conductivity can
range from 3,000 to 7,000W/mK, which is far higher than that
of copper (400W/mK), carbon fiber (1,950W/mK), diamond
(2,000W/mK), and carbon fiber [100]. Due to these properties,
graphene has found a wide range of potential applications in
medicine, paper, electronics, and composite materials.

The physical, mechanical, and wear behavior of the
matrix material is improved by the addition of hard ceramic
particles. Ductility and fracture toughness are sacrificed in
order to obtain this gain in characteristics. Additionally, the
use of hard ceramic reinforcement increases the hardness,
making machining challenging and expensive. Balancing
hardness, wear resistance, and machining of the ceramic-
reinforced composites is challenging. One of themost popular
combinations is an aluminum metal matrix supplemented
with GNP because GNP improves the composites’ wear resis-
tance and machinability. A thin coating of graphite is formed
under sliding conditions to prevent direct metal-to-metal
contact, hence minimizing wear loss [102,103].

In comparison to aluminum composites reinforced
with other ceramic particles like Al2O3 and SiC, adding
GNP particles to an aluminum matrix improves tribolo-
gical characteristics. Due to the addition of GNP particles,
self-lubricating composites exhibit significantly lower fric-
tion and wear rates than unreinforced matrix metals
[101,104]. In addition, the intrinsic lubricating action of

Table 4: Physical and mechanical properties of graphene [101]

Characteristics Values

Density 1.06–2.2
Tensile strength (GPa) 130
Young’s modulus (TPa) 1.02
Thermal conductivity (W/mK) 5,300
CTE (−8 ± 0.7) × 10−4
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the GNP particles reduces the frictional heat produced at
the interface. As a result of the decreased friction force,
wear resistance will consequently increase [105,106]. Due
to the exceptional capabilities of GNPs, aluminum MMCs
with GNP reinforcement have been researched recently
[107–111]. Wang et al. [112] produced graphene-reinforced
aluminum composites by the PM technique. Aluminum
composites with only 0.3 wt% GNPs inclusion have tensile
characteristics that are 62% higher than pure aluminum.
According to Rashad et al. [113], graphene has an impact on
the hardness, tensile strength, and compressive strength of
aluminum composites. The tensile strength (+11.1%) and
Vickers hardness (+11.8%) for 0.3 wt% of pure aluminum
are both higher. The compressive strength decreased by
7.8%, but the addition of GNPs increased it. Bastwros
et al. [114] published a study on the flexural strength of
PM-produced graphene-reinforced aluminum nanocompo-
sites. When compared to the Al 6061 alloy, a strength
improvement of 47% was found. Gürbüz et al. investigated
the impact of process variables on the hardness and micro-
structure of aluminum composites, including sintering
time, temperature, and graphene content. According to their
findings, the ideal sintering conditions were 180min, 630°C,
and 0.1 wt% of graphene. Graphene-reinforced aluminum
composites’ hardness increased from 28 2 to 57 2.5 HV
[115]. Table 5 illustrates a summary of the reported studies
along with key observations for the fabrication of Gr-
AMMCs by MA. A summarized overview of the studies
utilizing the solution mixing technique with major observa-
tions and key findings is presented in Table 6. Recent inves-
tigations on Mg-based matrix composites incorporating GNPs
have been summarized by Abazari et al. with regard to their
mechanical, corrosion, and biological properties. Their find-
ings indicate the advantages of GNPs over other reinforcing
phases like ceramic particles, such as their synergistic ability
to increase ductility while strengthening and decreasing
weight, are quite compelling [116].

1.4.3.1 Fabrication methods for GNP-reinforced AMCs
Over the past 10 years, researchers have produced AGNPs
using a variety of processing methods, including PM, friction
stir processing (FSP), casting, selective laser melting (SLM),
mechanical impregnation, etc. Casting and FSP are the next
most popular techniques after PM (Figure 5). In addition to
these methods, researchers have also experimented with 3D
printing, high-pressure torsion, mechanical impregnation,
and other methods to manufacture AGNPs.

Soon after the graphene discovery, many research
investigations started using graphene as reinforcement.
The interest in using graphene as reinforcement in metallic Ta
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matrices is spurred by the successful incorporation of gra-
phene into polymers to fabricate high-performance polymer
composites with tremendous increment in the mechanical
and thermal properties [117]. In comparison to polymers,
metal matrix graphene is clearly superior due to its stability
at higher temperatures, increased strength, rigidity, and
greater electrical and thermal conductivity. However, it is
quite challenging to introduce graphene into the metals
successfully due to some critical issues such as difficulty in
obtaining a uniform dispersion and structural retention
during processing. These challenges are caused by gra-
phene’s larger surface area, which results in agglomeration
clusters and twists as a result of strong van der Waal forces
(surface tension) between carbon atoms in the graphitic
structure [118]. This tension produces enormous surface
energy that makes it difficult to wet metal and makes
separation easier [119]. Thus, with such concerns, it is very
important to embrace processing techniques that would
ensure the successful incorporation of graphene in metal
matrices by addressing these issues simultaneously. The
proper processing technique plays a vital role in the final
properties of composites. As per published reports, a variety
of processing techniques have been followed to develop
graphene-reinforced aluminum matrix nanocomposites
(AMNCs). However, the most adopted methods for CNT
and graphene-AMNC fabrication are PM [120–127], melting
and solidification, and electrochemical deposition [128,129].
Recently, some novel processing techniques such as mole-
cular level mixing, thermal spray, melt integration, and FSP
[130–132] were also introduced to address the main chal-
lenges of graphene AMNCs. Graphene dispersion (porosity
formed by agglomeration) is the core problem encountered
during processing; therefore, for high-quality development
of graphene-reinforced AMNCs, achievement of the uniform
dispersion is a critical concern. Among the above techni-
ques, PM is the most common and widely accepted applied
technique to fabricate graphene-reinforced AMNCs. Most of

the studies carried out on carbon nanofiller (carbon nano-
tube and graphene) incorporation into various metallic
matrices mainly with Al, Cu, and Mg using PM techniques.
In the last decades, PM emerged as the most efficient
method and has great potential to address issues connected
with carbon nanofiller specifically graphene materials, i.e.,
successful uniform distribution through processing para-
meter optimization. Due to its widespread industrial-scale
adoption, PM is regarded as the superior processing method
for graphene-AMNCs. Due to several reasons such as simpli-
city, flexibility, and near net shape capability, any composition
can be formed due to less involvement of thermodynamics
and the phase diagram as in the case of ingot metallurgy.
Finally, parts produced from the PM process were far better
in mechanical properties due to the better capability to gen-
erate uniformly distributed particles. As in ingot metallurgy,
low-density graphene gets separated due to buoyancy forces
and is not fully integrated. The incorporation of graphene as
reinforcement in light metals like Al matrices is majorly
dependent on the PM processing steps and their parameters
as they dictate the final microstructure and ultimately final
properties of the AMNCs.

Developing AMNCs with the PM technique starts with
the process of mixing and blending with the initial raw
metal like Al metal and nanofiller (graphene) powders
using high-energy ball milling (planetary ball mill) or
low-energy ball milling (horizontal tumbling milling). This
kind of PM processing is also termed MA, which is then
followed by consolidation of the mixed nanocomposite
powder [133]. The most widely adopted consolidation
techniques are cold compaction and pressure sintering,
cold isostatic pressing, deformation-assisted sintering, hot
isostatic pressing (HIP), and SPS.

1.4.3.2 Influence of aluminum carbide (Al4C3) formed at
the Al–GNP interface

The interaction between graphene and aluminum leads to
the formation of aluminum carbide (Al4C3) due to its low
Gibbs free energy of −196 kJ/mol at 298 K. The reaction
between carbon and aluminum is thermodynamically favor-
able, making it challenging to control the interface reaction
in graphene-reinforced MMCs. It is worth noting that the
effects of the Al4C3 phase on the mechanical properties of
AMCs reinforced with graphene are currently a topic of
ongoing discussion. It has been explained by numerous
recent studies with microstructural observations of gra-
phene-reinforced Al composites.

Recently, Yu et al. [146] investigated the microstruc-
tural evolution of graphene-reinforced aluminum compo-
sites. Figure 6 presents transmission electron microscopy

Figure 5: The percentage contribution of different processing techniques
employed by researchers to produce AGNPs [3].
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(TEM) images illustrating the microstructure of an extruded
composite consisting of aluminum (Al) and 0.5 wt% GNPs.
As shown in Figure 6(a), the Al matrix exhibits equiaxed
grains with a relatively uniform grain size of approximately
450 nm, which aligns closely with the calculated value
obtained from X-ray diffraction (XRD) results. Figure 6(b)
displays the SAED pattern for the region highlighted by a
white ellipse in Figure 6(a). This SAED pattern confirms the
presence of both Al and GNPs, with the GNPs specifically
marked by blue dotted lines in Figure 6(a). Furthermore, the
two-dimensional TEM images in Figure 6(c) and (d) demon-
strate that the GNPs are linearly distributed, indicating suc-
cessful dispersion within the Al matrix. The high-resolution
TEM (HRTEM) micrograph in Figure 6(d) reveals the inter-
face between the Al matrix and GNPs. The blue box high-
lights a well-defined GNPs/Al interface, suggesting the
absence of any interfacial reaction. Conversely, the green
box indicates the presence of an Al4C3/Al interface, where
layers with a d-spacing of approximately 0.2897 nm,

corresponding to the (101) orientation of the Al4C3 phase,
are identified in the inset of Figure 6(d). Additionally, an
orientation relationship of (200)GNPs//(101)Al4C3 is observed,
indicating that Al4C3 nucleated at the GNPs/Al interface and
grew toward the GNPs. Consequently, it is confirmed that
some of the GNPs reacted with the Al matrix, which could
explain the absence of GNP peaks in the XRD patterns
obtained after the extrusion process.

In another investigation, Zhou et al. [147] demon-
strated the improvement in the interfacial load transfer
and strength of FLG/Al composites through interfacial reac-
tion. By manipulating the sintering temperature, mono-
crystalline Al4C3 nanorods were formed, tightly connecting
the FLG platelets with the Al matrix. By TEM analysis and a
shear lag model, it was observed that the Al4C3 nanorods
effectively facilitated load transfer at the FLG–Al interface,
resulting in a significant enhancement of composite strength.
It was observed that upon increasing the sintering tempera-
ture to 883 K, it was confirmed through X-ray photoelectron

Figure 6: TEM images for the composite of Al–0.5 wt% GNPs, depicting the following: (a) the shape of Al grains and the dispersion of GNPs, (b) the
SAED pattern illustrating the presence of Al and GNPs, (c) the characteristic morphology of GNPs, and (d) the condition of the interface [146].
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spectroscopy (XPS) analysis that an interfacial reaction occurred
at the interfaces between FLG and Al. The presence of the
Al4C3 phase with a rhombohedral crystal structure, charac-
terized by lattice parameters a = 0.334 nm and c = 2.50 nm,
was identified by the SAED patterns (insets in Figure 7(a)
and (c)) and lattice images (Figure 7(d)). The Al4C3 phase

exhibited a rod-like morphology, distinct from the initial
sheet-like GO. Based on statistical analysis of 50 TEM images,
the Al4C3 rods were found to have an average length of
approximately 90 nm and a diameter of approximately
25 nm. Notably, one end of the Al4C3 rod was tightly bonded
to the FLG platelet, while the other end was embedded in the

Figure 7: The morphologies of FLG/Al composites in the transversal cross-section at 883 K are depicted as follows: (a–c) a TEM image illustrating the
formation of Al4C3 at the FLG–Al interface, and (d–e) high-resolution TEM (HRTEM) images displaying the Al4C3–Al interface. In (b), the white square
area in (a) is magnified. The insets in (a) showcase the diffraction patterns of Al4C3 obtained from the green spot and Al obtained from the yellow spot.
The inset in (b) exhibits the energy-dispersive spectroscopy analysis taken from the red spot. The inset in (c) reveals the diffraction pattern of Al4C3
acquired from the green spot. Lastly, the insets in (e) display the fast Fourier transform patterns of Al from the red square and Al4C3 from the yellow
square [147].
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Al matrix (Figure 7(a)–(c)). The formation of this unique
structure can be explained as follows: during the high-tem-
perature SPS, the liquid Al momentarily infiltrated the
boundaries of Al particles through the partially fractured
side of the Al2O3 layer (Figure 7(b)) at the sandwiched
Al2O3–FLG–Al2O3 interface, facilitated by the surface-cleaning
effect of the SPS process. This infiltrated liquid Al directly
contacted the FLG platelets, allowing for a possible reaction
of carbon with aluminum, leading to the formation of Al4C3
(C + Al → Al4C3). While pristine graphene surfaces are che-
mically stable and do not react with molten Al, reduced
graphene oxide (r-GO) contains intrinsic defects such as
vacancies or topological defects that can serve as preferred
reaction sites for aluminum atoms. Due to the higher free
energy of the graphitic prism planes compared to the basal
planes, Al4C3 preferentially grew along the 〈110〉 direction
(Figure 7(b) and (d)). Some edge defects were observed in
the Al4C3 crystals (Figure 7(d)), attributed to their rapid
growth rate. Assuming a lateral size of approximately
700 nm and a thickness of approximately 2 nm for FLG, it
can be concluded that certain graphene sheets within the
FLG acted as carbon sources, contributing to the formation
of Al4C3 rods. In this scenario, the Al4C3 phase strongly con-
nected the Al matrix and the unreacted FLG sheets through
a locking effect (Figure 7(b)). The interface linking Al4C3 and
Al exhibits a highly clean and tightly bound structure
(Figure 7(d)–(e)). Within the Al4C3 phase, a twinned struc-
ture was observed (Figure 7(d)), with a mirror plane of (001)
and a twinning direction of [110] (Figure 7(a), inset). This
twinning phenomenon is attributed to the compressive
stress generated by the disparate CTEs between Al (2.5 ×

10−5/K) and Al4C3 (3.6 × 10−6/K) [30]. The formation of twins
signifies a robust Al4C3/Al interface capable of transferring
loads. This suggests that a small amount of Al4C3 was
formed, enhancing the strength of the FLG–Al interface
through covalent bonding, while simultaneously maintaining
the inherent strength of FLG for reinforcing the composite.

Additional reports have supported that Al4C3 forma-
tion could reduce mechanical characteristics due to the
induction of microcracks, leading to the early failure of
Al/graphene composites [120,148,149].

In conclusion, it is still debatable whether the presence
of Al4C3 strengthens the interfacial interaction between
aluminum and graphene. According to some reports, Al4C3
increased graphene’s ability to transfer loads and offered a
strengthening impact that helped the material’s strength.
The integrity of graphene also influences the creation of
Al4C3, with the possibility of Al4C3 formation increasing
with decreasing graphene integrity. According to some reports,
Al4C3 serves as a harmful interfacial phase and causes early
failure as a result of the formation of microcracks.

Nevertheless, the parameter affecting Al4C3 formation
is well worth addressing and optimizing in future stu-
dies to attain enhanced properties because they may
have positive or negative consequences on the strength.

2 Processing techniques of
aluminum-based composites

Composites for the aluminum matrix can be produced
using a variety of techniques. Mechanical performance,
including tensile strength, impact strength, hardness, fatigue,
and cost-effectiveness, is significantly impacted by the fabri-
cation procedures. The fabrication procedures are divided
into different categories, as shown in Figure 8, based on
how the matrix is handled, whether it is in a solid, liquid,
or other form (such as semi-liquid, compo-casting, etc.). An
overview of the processes available for producing aluminum
MMCs is given in this section.

2.1 Solid-state processing

Metal is processed in a solid or semi-solid state using the
solid-state method. The issue of metal and reinforcement
materials oxidizing is solved by processing at a lower tem-
perature. High pressure is used in solid state operations at
temperatures above ambient but below the melting point
of the metal in order to produce a bonding or interacting
interaction. Al-MMCs were produced using a variety of
solid-state methods, including PM and diffusion bonding.

2.1.1 Powder metallurgy

The mass manufacturing of porous bronze bushes for bear-
ings and the production of tungsten carbides in the 1920s
marked the beginning of modern PM technology. The pro-
duction of a wide range of ferrous and nonferrous mate-
rials, including various composites, advanced throughout
the Second World War, and from the years following the
war until the early 1960s, there was a sustained growth
period. Since then, the increase in PM has accelerated
due to three possible causes: cost-effective processing, dis-
tinctive features, and captive processes. The PM process is
primarily a quick, affordable, and high-volume manufac-
turing technique for producing precise components from
powders. It is possible to roll powders into sheets, extrude
them into bars, etc., or condense them isostatically into
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components with more complex geometries using a variety
of related consolidation techniques. The technology of
powder forging has become well-established over the past
10 years for creating precision engineering parts with qua-
lities similar to those of traditional forgings from powders.
The general flow diagram for processing PM is shown in
Figure 9.

PM is a method of processing metals in which metallic
powders are used to create parts. The powders are com-
pressed into the proper shape as part of the standard PM

production process, and then they are heated to cause the
bonding of the particles into a hard, rigid mass. The pro-
cess of pressing, also known as compression, is carried out
in a press-type machine with tools made, especially for the
component being produced. PM and tooling are therefore
best suited for medium and high production levels. Tooling
typically comprises a die and one or more punches. Sintering,
a type of heating procedure, is carried out below the metal’s
melting point. Mass production of PM parts in net or nearly
net shape can eliminate or minimize the requirement for
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Figure 8: Process classification for manufacturing aluminum MMCs.

Figure 9: Processing steps for PM.
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further processing. Only a small amount of raw materials is
wasted during the PM process itself; roughly 97% of the initial
powders are transformed into finished goods. This contrasts
positively with casting procedures where the production
cycle wastes material in the form of sprues, runners,
and risers. Three steps make up the traditional PM pro-
cess: blending and mixing the powders; compaction, which
involves pressing the powders into the desired part shape;
and sintering, which entails heating to a temperature below
themelting point in order to strengthen the part and causing
the particles to form solid-state bonds. Figure 10 depicts the
three phases, which are also known as primary operations
in PM.

2.1.1.1 Blending and mixing of powders
When using materials processing techniques with powders
as the initial material, powder mixing is a crucial proce-
dure. No matter if these metals are to form an alloy with
certain desired attributes or to remain in the compact as
independent constituents while preserving their unique
properties, thorough and consistent mixing is always neces-
sary. The metallic powders must first be completely homo-
genized in order to obtain good compaction and sintering
results. Both the words “blending” and “mixing” are appro-
priate here. When powders with the same chemical make-
up but potentially varying particle sizes are mixed, the
process is known as blending. To lessen porosity, different

particle sizes are frequently combined. Powders of various
chemistries are blended when something is mixed. The
ability to combine different metals into alloys that would
be challenging or impossible to create through conventional
methods is one benefit of PM technology. In industrial prac-
tice, the line between blending and mixing is not always clear.
Convection, diffusion, and shear are the three mechanisms
that influence powder mixing. Usually, when blending and/
or combining metallic powders, other substances are used.
These additives consist of (1) lubricants, such as zinc and
aluminum stearates, which are used sparingly to lessen fric-
tion between particles and at the die wall during compaction;
(2) binders, which are occasionally needed to achieve ade-
quate strength in the pressed but unsintered parts; and (3)
deflocculants, which prevent powder agglomeration for better
flow characteristics during subsequent processing.

2.1.1.1.1 Turbula mixing and MA
Mixing of the nanoparticles and micron particles is also
done by Turbula mixing. A laboratory-scale mixer called
the Turbula is frequently used in the process of making or
test powder formulations [151]. The rotation, translation,
and inversion actions that are applied to the powders in
this mixer are intense and pulsating on a regular basis
[152,153]. MA is a dry powder processing method that has
been utilized to create equilibrium and metastable phases
of useful and intriguing materials for both business and

Figure 10: The conventional PM production sequence: (1) blending, (2) compacting, and (3) sintering; (a) the condition of the particles; (b) the
operation and/or work part during the sequence [150].
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science. The method was first developed by Benjamin
[11,12] in 1966 to create a superalloy based on nickel that
combines oxide dispersion strengthening with precipita-
tion hardening for use in gas turbine applications. A
method of processing in the solid state was required
because the oxides cannot be disseminated in a liquid
form. Thus, an industrial necessity is responsible for MA’s
inception. MA is a straightforward and adaptable method
that is also economically viable and has significant technical
advantages. One of MA’s major benefits is the ability to
synthesize unique alloys that are impossible to make using
any other method, such as alloying of ordinarily immiscible
elements. This is because MA is an entirely solid-state pro-
cessing method, hence any restrictions imposed by phase
diagrams do not apply. Dry, elemental, or simple alloy pow-
ders are attired at high speeds in modified, high-energy ball
mills as part of the process. Figure 11 depicts a typical flow
diagram for the high-energy ball milling and sintering
process. Ball–powder–ball and ball–powder–container col-
lisions that take place during milling cause the powder par-
ticles to repeatedly deform, cold weld, and shatter (Figure 12).
The interplay between welding and particle breakage, along
with strain-enhanced diffusion, gradually homogenizes the
powders, leading to alloy formation in the end. About 1 μm
or smaller particle sizes are possible, and solid solubilities can
be increased past their equilibrium ranges.

In MA, the individual elemental powders or prealloyed
powders are loaded into a high-energy ball mill together
with the grinding medium (usually hardened steel or tung-
sten carbide balls), typically maintaining a ball-to-powder

weight ratio of 10:1 or greater. The MA procedure is carried
out in a stainless-steel container sealed under a protective
argon environment for the required amount of time to
avoid/minimize oxidation and nitridation during milling.
Powder particles are repeatedly cold-welded, fractured,
and re-welded in this process. By balancing the fracturing
and welding events during the process, the size of the
resultant powder can be managed. When milling powders
of ductile metals, in particular, a process control agent
(often stearic acid) is typically added in amounts of around
1–2 wt% to prevent excessive cold welding among the
powder particles. Figure 13 summarizes the many sectors
in which the MA products are used.

2.1.1.2 Powder compaction
The compaction of the metal powders is done to consoli-
date the powder into the desired shape, to impart the
desired final dimensions with due consideration to any

Figure 11: High-energy ball milling and sintering [154].

Figure 12: Ball–powder–ball collision of powder mixture in MA [133].
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dimensional changes resulting from sintering, to impart
the desired level of porosity, and to impart adequate
strength for subsequent handling. When powders are com-
pacted, enough pressure is applied to give them the desired
shape. The pressing method, in which powders contained
in a die are squeezed by opposing punches, is the tradi-
tional method of compaction. Figure 14 depicts the pressing
cycle’s steps. After pressing, the work component is referred
to as a “green compact,” with “green” denoting incomplete
processing. The part’s density after pressing, known as the
green density, is significantly higher than the initial bulk
density. When pressed, the part’s green strength is suffi-
cient for handling but significantly less than that attained

following sintering. The powders are initially repacked
into a more effective configuration as a result of the
applied pressure during compaction, which also reduces
pore space and increases the number of contacting points
between particles while removing “bridges” created during
filling. The particles are plastically deformed as pressure
increases, expanding the interparticle contact area and
bringing more particles into contact. Additionally, the pore
volume is reduced as a result. Figure 15(a) shows the evolu-
tion of starting particles with a spherical shape in three
different perspectives. Three perspectives as a function of
applied pressure are frequently used to depict the associated
density.

Figure 13: An overview of applications of the mechanically alloying process [133].

Figure 14: Pressing the common method of compacting powders in PM: (1) filling the die with the powder, (2) initial, and (3) final positions of upper
and lower punches during compaction, and (4) ejection of the part [150].
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The presses used in conventional PM compaction are
hydraulic, mechanical, or a combination of the two. For
producing PM, a press’s capacity is typically expressed in
tons, kN, or MN. The predicted size of the PM component
(area in the horizontal plane for a vertical press) multi-
plied by the pressure necessary to compact the supplied
metal powders determines the required force for pressing.
Expressing it in an equation form,

=F A P* , (2.1)

where F is the force, N; A is the area of the part, mm2; and P
is the compaction pressure required to give up powder
material. Compaction pressure typically ranges from 70
to 500 MPa. The effect of applied pressure during compac-
tion is shown in Figure 15(b).

2.1.1.3 Sintering of compacts
The green compact is weak and brittle after pressing, thus
it crumbles rapidly under light strains. The compact is put

through a heat-treatment process called sintering to bind
the metallic particles, which boosts the strength and hard-
ness. Usually, the treatment is performed between 0.7 and
0.9 of the metal’s melting point (absolute scale). Because
the metal does not melt at these treatment temperatures,
the names solid-state sintering or solid-phase sintering are
occasionally used to describe this traditional sintering.
Researchers generally concur that the fundamental driving
mechanism for sintering is a decrease in surface energy
[155,156]. The green compact has a relatively large total
surface area since it is made up of numerous unique par-
ticles, each with its unique surface. The development and
growth of bonds between the particles causes the surface
area to decrease under the impact of heat, which also
results in a decrease in surface energy. The overall surface
area is higher and the pushing force behind the process is
greater the finer the initial powder size.

The illustrations in Figure 16 depict the changes that
take place during the sintering of metallic particles on a
microscopic level. To produce the necks and transform

Figure 15: Influence of pressure during compaction: (1) loose particles at first after filling, (2) refilling, and (3) particle deformation; and (b) particles’
density in relation to pressure. Here, the order is step-based 1, 2, and 3 in Figure 2.8 [150].

Figure 16: Sintering on a microscopic scale: (1) particle bonding is initiated at contact points; (2) contact points grow into “necks”; (3) the pores
between particles are reduced in size; and (4) grain boundaries develop between particles in place of the necked regions [150].
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them into grain boundaries during sintering, mass transfer
is required. Diffusion is the main process that takes place
here; however, plastic flow is another potential one. Pore
size reduction during sintering causes shrinkage. This
heavily depends on the density of the green compact,
which is dependent on the compaction pressure. In gen-
eral, shrinkage may be predicted when processing condi-
tions are strictly monitored.

Even at room temperature, almost all technical metals
react with the gas in their surrounding atmosphere, but
this reaction is amplified when the metal is heated. The
primary goal of employing special sintering atmospheres is
to protect sintered metal powders against oxidation and
re-oxidation. The fundamental sintering process can be
affected by a sintering environment in various ways. The
environment may produce highly mobile metal atoms by
lowering the oxides. The environment in the furnace is
regulated by current sintering procedures. A regulated
environment serves four functions: (1) protecting against
oxidation, (2) providing a reducing atmosphere to elimi-
nate any existing oxides, (3) supplying a carburizing atmo-
sphere, and (4) helping to remove any lubricants and
binders used during pressing. An inert gas, nitrogen-based,
dissociated ammonia, hydrogen, and natural gas are common
sintering furnace atmospheres [156,157]. For some metals,
such as stainless steel and tungsten, vacuum environments
are employed. The majority of common metals and alloys are
inert to nitrogen. It is also utilized as a safety purge for flam-
mable atmospheres because it is nonflammable. Molecular
nitrogen is the primary component of the nitrogen-based
system. Air, which contains about 78% N2, 21% O2, 0.93%
argon, 0.03% carbon dioxide, and a minor quantity of rare
gases like neon and helium, is the source of molecular

nitrogen. Air separation is the primary method of producing
nitrogen.

2.1.1.4 Sintering zones
Three separate zones can be seen in a typical sintering
furnace: the burn-off or pre-heating zone, the entrance
zone, and the high-temperature sintering zone. The green
compacts are intended to be heated gradually to a mod-
erate temperature of around 450°C in the burn-off zone of
the furnace. The volatilization and removal of the admixed
lubricant are the primary purposes of this burn-off zone.
Figure 17(a) and (b) illustrates the tube furnace and sin-
tering zones for aluminum alloy-based powder.

To prevent high pressures inside the compact and
potential expansion and fracture, a modest heating rate
is required. Before the compacts enter the high-tempera-
ture zone, this zone must be long enough to allow for the
complete removal of the lubricant. The lubricating vapors
must be expelled, and this depends on the atmosphere’s
flow. To do this, there must be enough atmosphere gas
available, and the flow must be positioned so that the
vapors are evacuated toward the furnace entrance rather
than into the high-heat zone.

The actual sintering of the compacts occurs at the high-
temperature sintering zone. It must be adequately heated
in order to obtain the desired temperature and heated for a
long enough period to develop the required final qualities
in the sintered pieces. The burn-off and high-temperature
zones typically have similar lengths. A gastight muffle is
used because a reducing environment must be present
during the sintering process. In order to prevent thermal
shock in the compacts and the furnace, the cooling zone

Figure 17: (a) Tube furnace for sintering of the green compacts. (b) Schematic illustrations of the sintering cycle in a controlled nitrogen atmosphere
of the tube furnace.
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gradually lowers the components’ temperature from a high
sintering temperature to a lower one. It also maintains a
low temperature to stop the material from oxidizing when
exposed to the air.

2.1.2 Use friction stir processing

Friction stir welding was adapted to allow for the forma-
tion of fine-grained microstructures close to the surface of
metallic materials via dynamic recrystallization, and this
resulted in the development of FSP. A revolving tool pin is
placed into the substrate during the procedure, which
causes the workpiece to become heated and pliable due to
friction and plastic deformation caused by the tool. The tool
pin thus encourages material mixing in the immediate area.
For joining themetals, FSP uses the theory of extreme plastic
deformation. This technique, which falls under the domain
of solid-state joining processes [158,159], is derived from fric-
tion stir welding (invented at the TWI, UK). The procedure's
potential benefit is that it does not alter the basic matrix
characteristics and aids in creating AMCs with superior sur-
face qualities. As shown in Figure 18, the FSP operating
principle is displayed. During the procedure, a non-consum-
able tool that rotates at a rapid rate is used. Large amounts
of heat are generated by friction when this revolving tool
comes into contact with aluminum. The reinforced material
is combined in this high heat that transforms the intended
contact metal part into a plastic zone. In recent years,
several research articles reported the synthesis of AMCs
through FSP.

To provide the product with the appropriate shape,
extrusion was used on Al-graphene MMCs. The structure
of graphene was seen to stay intact following extrusion,
albeit with some bending and wrinkling [160]. A fascinating
finding was that the extrusion technique improved the
interfacial adhesion between GNFs and the Al matrix, which
was essential for enhancing the mechanical characteristics

of MMCs. To enhance the GNP particle distribution, the FSP
has also been investigated [161]. Multi-pass friction stirring
was shown to further improve GNP dispersion and bonding
in the Al matrix (Figure 19).

2.2 Liquid-state processing

In liquid-state techniques, molten metal is used to perform
the dispersion of reinforcement. The Al-MMCs are pro-
duced via a variety of liquid-state methods, such as in
situ processing, spray deposition, stir-casting, and compo-
casting [162–165].

2.2.1 Stir-casting method

In the stir-casting process, the liquid matrix melt receives
reinforcement, and the MMCs subsequently solidify. After
the matrix has melted, it is vigorously stirred for a while to
create a vortex in the melt; next, reinforcement particles
are added to the vortex’s side, as shown in Figure 20. It is
easy to use, affordable, and suitable for mass manufac-
turing. Wettability, poor interfacial bonding, and uneven
reinforcement distribution have all been reported [8].

2.2.2 Squeeze-casting method

MMCs are established by pressing the molten metal onto a
particulate pre-form. The matrix material is melted in a
crucible along with the necessary additives, and the reinfor-
cing element is preheated separately [166]. Finally, as shown
in Figure 21, pressure is applied through a ram while the
molten metal is poured on top of the reinforcement. The key
advantages of this approach are low shrinkage, the capacity
to create complicated shapes, and the least interfacial reac-
tivity of the matrix with reinforcement [167].

Based on the previous discussions, Table 7 provides a
comparison study outlining the advantages and drawbacks
of the manufacturing techniques discussed.

3 Mechanical characteristics
of AMCs

The mechanical characteristics of aluminum MMCs vary
due to non-uniform distribution of reinforcing particles,Figure 18: Schematic representation of the FSP process.
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the behavior of the reinforced element, porosity between
the reinforced element and metal matrix, etc. The investi-
gations that are made on the mechanical properties of the
aluminum AMCs are given as follows.

3.1 Hardness behavior of AMCs

The bulk hardness of the material is increased by adding
tough ceramic particles to an aluminum-based matrix.
Depending on the manufacturing processes utilized, a
variety of factors, including grain size, dislocation density,
micron- or nano-sized reinforcing particles, heat input,
porosity, and others, affect an aluminum-based compo-
site’s microhardness [168,169]. The relationship between
the particle size and hardness is inverse. Smaller grain

size enhances hardness while larger grain size decreases
it. Lower proportions of porosity increase the composite’s
hardness, whereas higher proportions of porosity reduce
it. Due to improved reinforcing particle distribution and
base matrix grain refinement, hardness increases [170].

Incorporating the reinforcement SiC particles affects
the hardness of the Al–SiC composite. As SiC is harder
than Al, thus with the addition of SiC, we can anticipate
an increase in the hardness of the Al matrix. In reality, the
SiC nanoparticles prevent the dislocation from moving,
which lowers matrix deformation, and increases hardness.
Another important factor for the increase in hardness is
grain refining brought on by the inclusion of SiC. Many
studies support the theoretical hypothesis [171–175]. They
observed that as the weight % of SiC increased, the hard-
ness of the Al–SiC composite also increased. Figure 22

Figure 19: Effect of the processing technique on Al–graphene composites, (a) Al–GNPs (0.15 wt%) morphology [160]. (b) GNP distribution in
Al–graphene composites [161].
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illustrates how the hardness (HV) of the Al–SiC composite
varies with respect to the weight percentage of SiC in earlier
studies. The hardness of the Al–SiC composite is observed to
decrease over a specific proportion of SiC addition [176,177].
It results from the SiC particles in the Al matrix aggregating
over the optimum value. Each work has a separate SiC
optimal value. It primarily depends on the kind of proces-
sing and particle sizes of Al and SiC. The hardness of the
composite is also influenced by the reinforcement’s particle
size. The composite becomes harder when the particle size
ratio of the Al–SiC matrix hits unity [178], which is due to
enhanced interfacial bonding between Al and SiC and
microstructural densification [172]. Similar results were
also noted by Sun et al. [179]. Hall–Petch strengthening
due to grain refinement is the cause for the improvement
in hardness. Using heat-treated SiC particles as reinforce-
ment improves the hardness of the Al–SiC composite

[180], which is due to the production of the third phase
Si3N4 and SiO2 during heat treatment of SiC [181].

Bajpai et al. [187] synthesized and investigated the
hardness behavior of Al/nTiC. Figure 23(a) shows that, in
comparison to the pure Al powder sample, the micro-hard-
ness has increased by 33.3%. Additionally, the Vickers
micro-hardness of the Al–6.0 wt% nano-TiCp composites
is lower than the Al–4.0 wt% nano-TiCp composites. At
6.0 wt%, the nano-TiCp particles are more tightly packed
together, resulting in a reduced concentration of useful
nanoparticles, which causes the micro-hardness to decrease.
In another study by Reddy et al. [188], the effect of TiC
percentage (5, 10, and 15) onmicrohardness was investigated
for stir-casted Al 6063/TiC composites. The increase in TiC
particle weight percentage is associated with a noticeable
increase in the composite hardness as depicted in Figure
23(b). The increase is due to a larger percentage of TiC par-
ticles in the base material Al 6063.

MA was used to fabricate the nanostructured Al 6061–x
wt% TiC composites (x = 0.5, 1.0, 1.5, and 2.0wt%) by
Jeyasimman et al. [18] with a 30 h milling period. The
ground-up powders were cold-uniaxially compacted and
then sinter-heated at different temperatures (723, 798, and
873 K). The sintering temperature and weight percent of TiC
were significantly and positively correlated with the hard-
ness (Figure 23(c)). Al 6061–2 wt% TiC nanocomposite sin-
tered at 873 K achieved a maximum hardness of 118 HV,
which was four times greater than that of the Al 6061
micro-composite. The Al 6061matrix’s fine-grained structure
and the effective dispersion of TiC nanoparticles both con-
tributed to the material’s maximum hardness.

In terms of the microhardness of the synthesized com-
posites, the impact of mixing time on microhardness was
examined by Alam et al. [152]. Figure 23(d) shows that all
mixed composites have microhardness values that are

Figure 20: Schematic representation of the casting process.

Figure 21: Schematic representation of squeeze casting.
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higher than the starting AA 7075 matrix. After 2 h of ball
mixing, the microhardness increased from 56.3 HV 0.3
before the composite powder was mixed to 59.7 HV 0.3.
After 6 h of mixing, the microhardness increase reached
its maximum of 17.4%.

The increase in hardness is one of the main benefits of
adding graphene to an Al matrix. Figure 24 shows the var-
iation in Al–graphene composite hardness with variation
in the additional weight percent of graphene/GNPs. The
data from the literature are used to plot the graph. It can
be attributable to the Hall–Petch strengthening brought on
by the fine grains attained by the composite. Furthermore,
adding GNPs causes the composite to harden under strain.
At their interface, there is more tension due to the large
CTE differential between GNPs and Al. These forces led to
dislocation peening at the grain boundaries and an accu-
mulation of dislocations at the interface, which in turn
caused strain hardening [189].

3.2 Tensile behavior of AMCs

The tensile strength of aluminum composites reinforced by
carbides and graphene has been improved significantly as
compared to monolithic aluminum owing to numerous
strengthening mechanisms. It is very interesting to look
at the recent literature on the tensile behavior of aluminum-
based composites under different particles. The tensile beha-
vior of SiC-reinforced Al composites was studied by Mao et al.
[190]. As illustrated in Figure 25, compared to neat Al, the
engineering stress of SiCnp/AMCs and SiCµp/AMCs was
increased. SiCnp/AMCs improved their UTS to 292% of pure
aluminum,whereas SiCµp/AMCs exhibited an improvement to
135% of pure aluminum. In accordance with the Hall–Petch
relationship, dislocation motion is hindered at smaller grains
with a larger grain boundary density.

The fractography of the broken samples is depicted in
Figure 26. The dimples clearly show uniformly disseminatedTa
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Figure 22: Variation in the hardness value by reinforcing SiC particles
(vol% or wt%) [182] (S@- [5]: Sα- [183]: Sϕ- [178]: S&- [184]: Sν- [172]: Sε-
[176]: Sπ- [173]: Sτ- [177]: Sω- [174]: Sι- [185]: Sψ [58]: S %- [180]: Sχ- [186]).
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SiC particles (Figure 26(a) and (b)). In the magnified view
(Figure 26(c)), it is clear that the nano-SiC particles in the
dimples still have a strong link with the Al matrix, but in

Figure 26(d), it is clear that the micro-SiC/matrix interface
has evident fissures because micro-pores are more likely to
form there. Even fully detached from the matrix, some
micro-SiC particles were dispersed in the dimples (Figure
26(d)). Such a weak strength of the micro-SiC/matrix inter-
face may also contribute to the decline in mechanical
characteristics.

The tensile behavior of Al–TiC (TiC content: 0, 0.5,
1.0, and 1.5 vol%) nanocomposites synthesized by PM was
investigated by Reddy et al. [191]. The superior tensile yield
strength and UTS were attained. Figure 27 displays the
results of tensile tests done on Al and Al–TiC nanocompo-
sites. The tensile stress–strain curves of Al and Al–TiC com-
posites are exhibited in Figure 27(a). Figure 27(b) displays
the differences in the yield strength, ultimate strength, and
elongation of Al–TiC nanocomposites, with a 1.5 vol%

Figure 23: Improvement in the hardness by varying process parameters: (a) Microhardness of Al–nano TiC (2–6%) composites produced by PM [187].
(b) Effect of TiC wt% on microhardness of stir-casted composites [188]. (c) Variation in microhardness with sintering temperature and reinforcement
content [18]. (d) Effect of milling time on microhardness [152].

Figure 24: Effect on hardness behavior by reinforcing graphene (GNPs/r-
GO wt% in aluminum-based composites [182]. Different colors and
notations (Gξ- Gθ-) indicate the hardness value data taken from the
literature.
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increase in the Al matrix. In comparison to pure Al, an
increase of 56.3% in UTS and 49.5% in yield strength was
noted. The strong interfacial compatibility between the
hard TiC reinforcement and soft Al matrix may be accoun-
table for this. With an increase in the TiC content, the
tensile elongation shrank. When compared to monolithic
Al, the presence of TiC particles and the accompanying
microstructural changes cause dislocation pileups at the
obstacles, which in turn cause early crack nucleation and
failure. This gradual increase in resistance to dislocation

motion may be the cause of the composite's reduced elon-
gation result.

Fractured surfaces of the Al–TiC nanocomposite sam-
ples were examined using SEM to determine the cause of
the failure during the tensile test (Figure 28(a)–(d)). As
shown in Figure 28(a), dimples were visible in every
example, indicating ductile failure. The fracture character-
istics of the pure and composite samples did not signifi-
cantly differ at the studied magnifications, which may be
attributed to the low content of TiC.

Figure 25: Mechanical characteristics of the produced composites: (a) typical engineering stress–strain curves and (b) ultimate tensile strength and
elongation of SiCnp/AMCs, SiCµp/AMCs, and pure Al [190].

Figure 26: Distinctive fractography surfaces of (a/c) SiCnp/AMCs and (b/d) SiCµp/AMCs [190].
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Researchers have examined how GNP reinforcement
affects the tensile behavior of AMCs made using various
fabrication methods [143,146,192]. The stress and strain
curves for stir-cast samples are shown in Figure 29(a). All
composites purportedly have greater UTS as compared to
the root matrix. The UTS recorded an increase in GNP
content from 0.1 to 0. wt%, reaching its maximum level
at 0.3 wt% GNP composite. The composite with the highest
UTS and a 36.9% improvement over the basic matrix as-

cast UTS was one with 0.3 wt% of GNPs. The increase in
strength is ascribed to the dispersion of GNPs with suffi-
cient bonding between the aluminum matrix and reinfor-
cement. The enhanced microstructure and improved grain
dispersion caused by the ultrasonic aid led to an increase
in tensile strength. Impressive interfacial strength has
made it possible to transmit the load from aluminum to
graphene, which has high strength. Another explanation
for this increase in composites’ strength is the Hall–Petch

Figure 27: (a) Al–TiC nanocomposites typical tensile stress–strain curves, and (b) variations in the composites elongation, yield strength, and UTS with
varying TiC particles [191].

Figure 28: (a–d) Surfaces of Al–TiC nanocomposites that have undergone tensile fracture [191].

28  Mohammad Azad Alam et al.



effect. Similar results were obtained in the study by Fadavi
Boostani et al. [193]. The reduction (Figure 29(a)) in UTS at
higher weight percentages of GNPs (0.5 wt%) is the result of
the filler and base matrix not being distributed evenly. In
comparison to other composites, early failure of the com-
posite (0.5 wt%) is caused by the aggregation or clustering
of GNPs in the tensile samples. The influence of T6 heat
treatment on tensile strength was evaluated. Figure 29(b)
shows a comparison plot between the UTS of cast and heat-

treated specimens. All heat-treated samples indicate an
improvement in UTS as compared to cast specimens. Due
to the presence of intermetallic compounds like MgZn2,
heat treatment helped to reduce micro-segregation and
avoid dislocation movement. The cumulative effect of these
phenomena increased the tensile strength.

Figure 30 shows images of scanning electron micro-
scopy (SEM) of specimens with fractures. The dendritic
structure resembles clusters of grapes, and there are

Figure 29: (a) Stress–strain curves of cast specimens. (b) Comparison of UTS for cast- and heat-treated samples [107].

Figure 30: SEM morphologies of fractured surfaces: (a) AA 7075, (b) 0.1 wt% GNP, (c) 0.3 wt% GNP, and (d) 0.5 wt% GNP composite [107].
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micro-porosities in the interdendritic zone (Figure 30(a)).
Micro-porosities are detected at some spots. However, the
addition of GNPs decreased the ductile dimples. The com-
posites have changed from ductile to brittle as a result of
the addition of GNPs (Figure 30(b)–(d)). The ductility of
composites has been decreased as a result of the addition
of GNPs in the base matrix. When compared to an alu-
minum matrix, the fracture morphologies of composite
materials show the shift from ductile to brittle fracture.
Figure 30(d) shows that the behavior of fracture progresses
toward brittleness as the fraction of graphene increases.
The presence of minute dimples, tear ridges, and cleavage
facets suggests a mixed-mode fracture. Comparing 0.5 wt%
GNP composite with 0.1 and 0.3 wt% GNP nanocomposites,
the presence of cleavage facets is more prominent. Clea-
vage facets and a lower population of dimples indicate that
the behavior of nanocomposites containing 0.5 wt% GNPs
is primarily brittle.

4 Wear behavior of AMCs

Wear is the gradual loss or destruction of material from
one or both surfaces when they are subjected to relative
motion (sliding, rolling, or impact action). In most cases,
the wear phenomenon is brought on by surface contacts at
asperities. The researcher considers the surface’s physio-
mechanical properties and physical state when developing
various wear hypotheses. Holm created a wear theory
based on atomic mechanics in 1938 and computed the
volume wear loss of the substrate during a unit sliding
route. The adhesion theory of wear was developed by
Burwell and Strang (1952), Archard (1953), and Archard
and Hirst (1956), who also offered a theoretical equation
that was structurally identical to Holm’s equation. Sliding
involves repeatedly moving a fixed amount of material, which
weakens it and eventually causes it to break. Numerous tri-
bological applications, such as brake rotors, brake drums, and
discs, among others, utilize aluminum composites. Al MMCs
should be used in such applications, but the tribological-beha-
vior-affecting parameters need to be thoroughly studied. The
wear behavior of composites is one of the important tribolo-
gical properties to sustain in harsh engineering applications
such as aerospace and automation sectors and is studied by
several researchers. Even though many researchers have
extensively studied the tribological properties of various alu-
minum alloys in both dry and wet conditions, resistance to
wear of the material is one of the factors to be taken into
consideration before using the material in any engineering
applications.

The distribution, size, shape, and number of fibers or
hard/soft particles incorporated in the matrix all affect
how well the composites function in terms of wear and fric-
tion. Another crucial element that influences the mechanical
and tribological properties of MMCs is the interfacial bonding
between the reinforcements and matrices. In general, it is a
tenable opinion that the addition of hard particles as matrix
reinforcements boost MMCs’ strength and wear resistance
while reducing their ductility. Conversely, soft particles typi-
cally serve as a solid lubricant and reduce the friction coeffi-
cient of MMCs [194]. Numerous investigations of the wear
characteristics of MMCs based on aluminum and reinforced
with various types of materials have been conducted during
the past 20 years. Their findings demonstrate that the volume
fraction of reinforcement and particle size has a substantial
impact on the wear behavior of particulate-reinforced alu-
minum composite [195,196]. The four fundamental categories
of wear mechanisms are surface-fatigue wear, abrasive wear,
adhesive wear, and adhesive wear. The load, the size of the
abrasive elements, the amount of abrasive particles, the
toughness and hardness of the reinforcing particles are
only a few of the numerous adjustable aspects that affect
how easily composite samples are worn down by abrasion
[80,197,198]. The wear properties of composites with TiC rein-
forcement based on aluminum have been studied by
Tyagi [199]. The author showed that as the amount of
TiC particles in the composite sample increased, the
wear conduct decreased. Kostornov et al. [200] studied
tribological factors to increase the wear resistance of
composites made of titanium. They revealed that the
chosen material can be employed as an antifriction mate-
rial at faster sliding speeds. In a recent investigation of
the frictional properties of composites reinforced with
TiC and MoS2, Selvakumar and Narayanasamy [201] con-
cluded that the TiC content and sliding time affect the
response (weight loss) of the composites.

For easier comparison, Table 8 lists composites with
SiC, TiC, and carbon-based reinforcement where the basis
alloys are primarily aluminum alloys. As can be seen, the
manufacturing paths are used to sort the data provided in
this table. The wear resistance of the SiC-reinforced MMCs
is at its highest when PM is used, achieving a >55%
improvement in wear resistance behavior compared to
the neat monolithic alloy, as shown in Table 8. This further
demonstrates that PM is the best manufacturing method.
The average improvement in wear resistance produced by
stir casting and PM methods is approximately 62 and 76%,
respectively. The difference between the aforementioned
improvements is likely due to better dispersion efficiency
of reinforcing particles as well as more controllability of
the PM-based manufacturing processes. In light of Table 8,
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it is possible to speculate that solid-state techniques like PM
(HDC), PM, FSP, and ARB may offer an abrasion resistance
value of 96% that is superior given that poor wetting is not
significant, and a greater number of additives can be incor-
porated. Carbon allotropes can significantly enhance the
wear resistance behavior of AMCs.

Reddy et al. [188] investigated the microhardness and
wear behavior of TiC-reinforced (5, 10, and 15 wt%) Al 6063-
based composites and concluded that the mechanical prop-
erties of Al 6063-based MMCs improved with enhancement
in TiC weight percent. The effect of graphite on the wear
behavior of an Al 7075/Al2O3/5 wt% graphite hybrid compo-
site made using liquid metallurgy was studied by Barades-
waran and Elaya Perumal [222]. To reduce wear resistance
and coefficient of friction, ceramic particles and solid lubri-
cants were introduced into an aluminum alloy matrix. A
hybrid composite of Al 7075, Al2O3, and graphite was cre-
ated by adding 5 wt% of graphite particles and 2, 4, 6, and
8 wt% of Al2O3. It was found that adding more ceramic
phases to the hybrid composites made of Al 7075, Al2O3,
and graphite increases their hardness, tensile strength,
flexural strength, and compression strength. The hybrid
composites with graphite showed superior wear-resistance
qualities in terms of their wear properties. Numerous stu-
dies have already examined the tribological properties of
bare AA 7075 alloy under various load, speed, and tempera-
ture conditions [223,224]. Kumar et al. [225] investigated the

impact of SiC on AA 7075 and noticed an enhancement in
tensile strength, hardness, and density with the SiC addi-
tion. A related study carried out by Lakshmipathy and
Kulendran [226] recorded a significant increase in wear
behavior with the accumulation of SiC fragments in AA 7075.

4.1 Mechanism for wear

The primary wear mechanisms involved in the tribology of
AMCs are briefly introduced in this section. When a com-
posite material is subjected to wear loading conditions,
abrasion, adhesion, delamination, oxidation, and fret-
ting wear are frequently observed [227]. The tribological
response can greatly vary depending on factors such as
the amount or degree of sliding speed or distance, rein-
forcement type, loading conditions, interfacial bonding,
weight/volume ratio, dispersion quality, and microstruc-
tural defects [228]. The key characteristics of several
wear mechanisms are listed in Table 9.

The type of manufacturing method, matrix alloy, wear
condition, and reinforcement size, type, and weight frac-
tion can all affect how severe the aforementioned wear
mechanisms are. This means that different wear mechan-
isms may manifest in different situations. Figure 31 illus-
trates the schematic of the usual wear mechanism as the

Table 8: Wear behavior of Al-based composites reinforced with SiC, TiC, and carbon-based reinforcements

Matrix Reinforcements Wt% Fabrication route Load (N) Sliding speed (m/s) Value of increment % Ref.

Al 7075 SiC 4 SC 40 3 57 [202]
Al 7075 SiC 11.3 PM 10 0.08 82 [203]
AA 6061 SiC 10 FSP 20 0.05 73 [204]
AA 6061 SiC 33 FSP 25 0.02 91 [205]
AA 6061 SiC 2 UASC 10 1.5 58 [206]
Al 6061 SiC 1.2 UASC 40 0.5 68 [207]
AA 5052 SiC — FSP 40 0.08 90 [208]
AA 5252 SiC 5 PM 45 0.5 65 [209]
Al 5083 SiC 10 PM 49 1 98 [210]
Al SiC 5 PM 20 — 84 [211]
AA 2219 SiC 1.5 SC 20,000 0.004 21 [212]
Al 1050 SiC 2.3 ARB 50 25.4 54 [213]
A 356 SiC 5 SC 10 0.5 48 [164]
A 356 SiC 5 SC 30 2.5 88 [214]
Al 5083 TiC — FSP 100 1 47 [215]
Al 6061 TiC 9 SC 20 1.5 30 [216]
Al 1050 TiC 1.8 SC 1 0.17 56 [217]
Al–Cu TiC 5 PM 10 1 64 [218]
AA 6061 CNT — FSP 20 0.004 40 [219]
A 360 GNPs 0.25 UASC 2 — 35 [220]
AlSi10Mg GNPs SLM 10 0.9 53 [221]
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sliding time increases. Initiated by abrasion and adhesion
at the start of the sliding time, worn surface plastic defor-
mation led to the production of a thin deformed layer with
accumulated wear debris. The wear debris on the worn
surface is then oxidized as a result of the frictional heat.

In a recent study by Lin et al. [230], Al matrix hybrid
composites reinforced with TiC and GNPs (Al–10.0 vol% TiC
and GNPs) were fabricated via PM. The effect of the TiC/
GNP ratio on the tribological characteristics of composites
was investigated. Figure 30 demonstrates the samples’

Table 9: Key characteristics of several wear mechanisms

Wear mechanism Key features

Fretting wear Oxide debris, loos fragments, and minor scratches
Delamination Big debris and flake types, porosity and deep grooves, and craters
Oxidation Oxide debris and layers
Abrasion Relatively small debris, longitudinal or parallel grooves, and smooth surface
Adhesion Pits and prows, material flow, plastic deformation, and deformed debris

Figure 32:Worn surfaces of developed composites after wear test for varying reinforcements. (a) Al, (b) Al-10 T, (c) Al-9.5 T-0.5 G, (d) Al-9 T-1 G, (e) Al-
8.5 T-1.5 G and (f) Al-8 T-2 G.

Figure 31: Schematic of the usual wear mechanism as the sliding time increases under dry sliding conditions [229].
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worn surfaces following the wear tests. It has been noted
that Al wears significantly more severely, as demonstrated
in Figure 32(a). It is possible to see grooves on the worn
surfaces, which are mostly brought on by the hard micro-
asperities of the counterpart material during sliding and
signify abrasive wear. Additionally, as indicated by the
arrow, somewhat rough places where delamination can
be seen exhibit adhesive wear. The adhesive force holding
the counterpart and sample together gradually develops as
a result of the frictional heat produced during repeated
sliding. Al can rapidly delaminate or fragment due to its
softness and ductility under sliding wear. Evidently, the
predominant mode of wear for as-sintered aluminum is
adhesive wear. The larger flake wear debris of Al, as shown
in Figure 33(a), further supports that the Al has consider-
able adhesive wear. The composite sample Al–10 T wear is
lessened as compared to Al; however, some deep grooves
can still be seen on the worn surfaces, suggesting severe
ploughing, as illustrated in Figure 32(b). This may be attrib-
uted to the composite’s presence of TiC agglomerates fol-
lowing the addition of a significant amount of TiC particles.
The three-body abrasion is caused by the pulled-out big TiC
agglomerates while wearing.

From the gathered wear debris of sample Al–10 T
demonstrated in Figure 33(b), the wear debris, which resem-
bles that of Al, is made up of big flake debris, corrugated
debris, and equiaxed debris. Although the size of the debris
is smaller than it was with Al, the adhesive delamination
still accounts for the majority of the Al–10T wear. The

morphologies of worn surfaces for the hybrid composite
Al–9.5 T–0.5 G after adding TiC and GNPs are very different
from those for Al–10 T, where significant ploughing from TiC
particles is not found, as illustrated in Figure 32(c). The wear
fragments of Al–9.5 T–0.5 G observed in Figure 33(c) show
that wear debris size falls even further from that of Al–10 T,
and its morphologies are still primarily flake-shaped. Speci-
fically, Figure 32(d) demonstrates that the adhesion in the
wear of Al–9 T–1 G is clearly reduced when the fraction of
GNPs surpasses 0.5 vol%. Additionally, the wear debris of
Al–9 T–1 G shown in Figure 33(d) comprises finely equiaxed
particles and flake debris. It implies that the wearmechanism
switches to an abrasive-dominated phase with time. Figure
32(e) demonstrates that Al–8.5 T–1.5 G further reduces adhe-
sion wear, and the abrasion areas are liable to smooth out.
Figure 33(e) demonstrates that a significant amount of fine-
equiaxed debris is present in the wear debris of Al–8.5 T–1.5
G, which is often associated with the outstanding wear resis-
tance of the composite. However, as demonstrated in Figure
32(f), the adhesive wear becomes more obvious and is signif-
icantly more serious than the Al–9 T–1 G sample. The mon-
itored wear debris in Figure 33(f) is more evidence of the
enhanced adhesive delamination with the use of Al–8 T–2 G.
This may be connected to the agglomeration of GNPs. Even
while GNPs have a lubricating influence during wear, the
considerable porosity exacerbates delamination and signifi-
cantly lowers wear resistance.

The wear processes on the contributions of the rein-
forcements to the wear of the composites are depicted

Figure 33:Microstructures of wear debris after the wear test of developed composites. (a) Al, (b) Al-10 T, (c) Al-9.5 T-0.5 G, (d) Al-9 T-1 G, (e) Al-8.5 T-1.5
G and (f) Al-8 T-2 G.
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schematically in Figure 34. It is known that the evenly
dispersed TiC particles can function as a micro-polishing
medium during the sliding wear by removing the micro-
scopic abrasions from the worn surfaces, and additionally
lessen interaction between the opposite and specimen by
filling the troughs.

As the proportion of GNPs increases, the wear resistance
of the hybrid composite is enhanced, thanks to the synergistic
actions of TiC and GNPs. The homogeneous distribution of the
reinforcements, the synergistically reinforcing and lubricating
effects of TiC, and the lubricating effects of GNPs endow Al–8.5
T–1.5 G the best wear resistance among all the samples, with a
specific wear rate of 4.99 104 mm3/N m, which is 96.9 and
78.8% lower than that of Al and Al–10 T, respectively. The
wear resistance of Al–8 T–2 G significantly decreases as the
GNP fraction is increased because the agglomeration of the
GNPs exacerbates the severe adhesive wear and delamination
of the composite while sliding wear.

5 Strengthening mechanisms

There are several factors, each of which plays a major role
in determining how the Al-mechanical and tribological
behavior of MMCs will change as a result of reinforcement.
The overall failure process of a material can be divided
into three stages: the yield stage, the fracture stage, and
the elastic stage. The following factors need to be taken
into account in order to understand how additional rein-
forcement strengthens an aluminum MMC.

5.1 Strengthening by grain refinement
(Hall–Petch relationship)

The Hall–Petch effect, which is a well-known strengthening
mechanism, comes from the effect of grain size on the

strength of the material; as the grain size decreases, the
strength increases. It is a mechanism which improves both
the strength and ductility of a composite [231]. Several
reinforcement particles work as a heterogeneous nuclea-
tion catalyst during processing, which refines the grain.
The Hall–Petch relationship can be used to explain the
strengthening caused by finer granularity. As illustrated
in Figure 35, a coarser grain allows the dislocations to
freely traverse a greater distance than a finer grain. There-
fore, the movement of dislocations is constrained by the
matrix’s finer grains. Additionally, as illustrated in Figure 36,
it causes dislocations to pile up and increases dislocation den-
sity. The letters A, B, and UFG in Figure 36(a) stand for the Al
region, the SiC region, and the ultra-fine grains, respectively.
The strength of the composite increases as dislocation density
increases. In the case of AMMCs, Al grains are frequently
pinned or wrapped in reinforcing particles, which prevents
grain development during processing and results in the pro-
duction of finer grains. The well-known Hall–Petch equation

Figure 34: Schematic representation of the wear mechanisms that occur in the composites during wear. (a) Al-10T, (b) Al-8.5T-1.5G, and (c) Al-8T-2G
composites.

Figure 35: Schematic representation of strengthening via grain refine-
ment [182].
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can be used to calculate the strengthening brought about by
grain refining [193]:

= ⎛
⎝

⎞
⎠-

−
σ K dΔ ,

Hall Petch c

1

2 (1)

where K is the Hall–Petch coefficient. For the Al matrix, it is
0.04 MPa m1/2. The dislocations and grain boundary are
depicted in Figure 36(b).

It has been observed that adding nano- and micro-size
SiC particles reduces the Al matrix’s average grain size
[5,183]. Additionally, a drop in grain size is also observed
when the SiC weight percentage in the Al matrix is increased.
Numerous investigations in the literature have found similar
outcomes for grain refining when the volume percent of
SiC in the Al matrix is increased [178,185]. The composite’s
strength increases as a result of grain refining. The Al–SiC
matrix grain size is influenced by SiC particle size as well. It
has been found that adding SiC particles of a smaller size
produces grains of a smaller size. Lesser spacing is present
in smaller particles, which might impede the migration of
grain boundaries. With the inclusion of GNPs/GNSs/Gr, the
grain refinement in the Al–Gr composite is also observed
[2,146,232]. The Al–Gr composite’s strength is increased by
ultrafine grains.

5.2 Orowan strengthening

Orowan strengthening refers to the interaction between
dislocation and distributed reinforcement that prevents
the dislocation from moving close to the particles. The
degree of Orowan strengthening is improved by the larger
reinforcing fraction [231,234]. The Orowan strengthening

mechanism shows how the tensile strength of the alu-
minum MMC is increased by nano-/micro-range reinforce-
ment particles. When the dislocations are in front of the
reinforcement particles, the dislocations bend around them
to generate dislocation loops. These loops cause back stress,
which prevents dislocations frommoving further. As shown
in Figure 37, it causes a dislocation build-up, which raises
the matrix’s dislocation density and enhances the AMMC
yield strength as a result [235,236]. Additionally, nano-sized
fine precipitate can prevent dislocation from moving,
resulting in the formation of dislocation loops. The T6
heat-treatment method in AMMCs results in fine precipi-
tates [237]. Through Orowan strengthening, these precipi-
tates can also increase the strength of the composite.

Increasing the volume fraction of micro-SiC reduces
the spacing between particles in AMMCs [183]. It causes
an increase in the Orowan strengthening in AMMCs [238].
When comparing it to other strengthening processes, it is
invariably shown to increase the composite’s strength.
Strengthening due to CTE mismatch between the base
matrix and the reinforcement is another significant
strengthening process that contributes to increasing the
strength of the composite. This has been covered in the
following section.

5.3 Strengthening by dislocation due to CTE
mismatch

When cooling occurs during the sintering process, disloca-
tions arise at the reinforcement/matrix interface when the
stress brought on by thermal mismatch is greater than the

Figure 36: Dislocation piles up at the grain boundaries of the (a) Al–SiC composite [186] and (b) Al-GNP composite [233].
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yield stress of the composite matrix [236]. The reinforce-
ment particles and Al have different CTEs, which causes
prismatic punching of the dislocation at the interface
and increases the strength of the composite matrix. The
mechanical properties of the alloy alter at high tempera-
tures due to the rapid diffusion rate, but when reinforce-
ment particles are introduced to the matrix, the distance
between the particles reduces. The dislocations encounter
more obstructions as a result, which causes them to pile up
and improve the strength of the composite. Because of the
mismatch in the CTE, the change in the yield strength can
be described by the following equation [239,240]:

( )
= ×

× ×
× −

σ b
T v

b d v
Δ 4.33Gm

Δ ΔCTE

1

,
CTE

R (2)

where ΔσCTE is the change in the yield strength due to a
mismatch in the CTE, Gm is the shear modulus of Al (2.6 ×

104 MPa), b is the Burgers vector of Al (0.286 nm [116]), ΔT =

is the difference between the fabrication temperature and
room temperature (25°C), ΔCTE is the difference of CTE, d is
the mean equivalent diameter of reinforcement, and v is
the volume fraction of the reinforcement in composites.

Al–SiC composite was fabricated by Maderia et al. [241]
using the PM technique, and the results demonstrate an
increase in strength above the monolithic Al matrix. They
claimed that the primary factor increasing the composite’s
strength is the strengthening by dislocation caused by a
CTE mismatch between Al and SiC. Additionally, the CTE
mismatch enhances the damping capability of the Al–SiC
composite [242]. However, the SiC particle size has a
unique impact on the CTE mismatch-based strengthening
of the composite. According to Ma et al. [237], SiC particles
of lower sizes make CTE strengthening by mismatch easier.
The CTE gap between Al and graphene in the case of Al–Gr
composite is likewise wide. Contrary to other reinforce-
ments, Gr has a fairly big lateral size. As a result, CTE
mismatch strengthening has a relatively small impact on
the overall strength of the Al–Gr composite [146].

5.4 Strengthening due to load transfer

Due to their exceptional mechanical properties, the rein-
forcing particles are challenging to deform when a compo-
site is stressed. As a result, there are many dislocations
where the aluminum matrix and the reinforcing particles
meet. Due to this, a significant amount of dislocation man-
ifests at the interface between the reinforcing particles and
the aluminum matrix. The field of stress created by the
dislocation stacks prevents the dislocation from moving,
increasing the strength of the composite [243]. This kind
of action occurs when an external load is applied, as in the
case of hot pressing, hot rolling, and other thermomecha-
nical operations.

According to the shear lag concept, the interfacial
strength between the Al matrix and reinforcement plays
a major role in strengthening through load transfer from
matrix to reinforcement [236]. Theoretically, it is calculated
using the following equation:

= −σ v τ s v σ
1

2

,m mLT R R
(3)

where vR is the volume fraction of reinforcement, σm is the
yield strength of the reinforcement, τm is the yield strength
of the matrix, and s is the aspect ratio of the reinforcement.

The fundamental reason for the increased strength of
Al–SiC composite, according to several research studies
[237,244], is the load transfer from matrix to reinforcement.
It has been discovered that composite materials with strong
interfacial bonds are capable of efficiently transferring
loads from soft base matrix particles to hard reinforcement
particles [245]. Therefore, for load transfer strengthening,
high wettability between Al and reinforcement particles
is crucial. Heat treatment of Al–SiC composite can increase
the wettability of Al and reinforcing particles (SiC/Gr)
[181]. Additionally, it can also be accomplished by adding
third-phase particles, such as magnesium (Mg), to AMMCs
[246,247].

Figure 37: Schematic of the Orowanian strengthening mechanism.
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The primary impediment to attaining load transfer
strengthening in an Al–Gr composite is the aggregation
of graphene particles brought by a weak van der Waal’s
force of attraction. It has been found that a large weight
fraction of graphene in an aluminum composite causes
agglomeration, which weakens the link between the parti-
cles of aluminum and graphene. Thus, it reduces the
strength of the composite by affecting the load transmis-
sion to the graphene particles across the Al–graphene
interface during deformation [145,192]. In an Al–GNP com-
posite consisting of 1.5 wt% of GNPs, Vignesh Kumar et al.
[232] demonstrated the uniform distribution of GNPs and
strong interfacial connection between GNPs and Al. As a
result, the composite becomes stronger through strength-
ened load transfer. Load transfer strengthening of the
Al–Gr composite is hampered by structural degradation
to the graphene layer [145,248]. For maximum strength in
the composite, it is therefore essential to retain the struc-
tural integrity of graphene layers during production.

6 Conclusions

This study reviews the recent advancements in aluminum-
based MMCs reinforced by carbides (SiC, TiC) and carbon-
based allotropes (graphene). The mechanical and wear
properties have been assessed in detail. The processing
technique for producing aluminum-based hybrid compo-
sites has been discussed in detail. The recent research
investigations on graphene-reinforced AMC processing are
summarized to analyze various results related to enhance-
ment in mechanical and tribological properties recorded in
the last few years. It has been well understood that improve-
ment in the AMC properties is associated with the successful
incorporation of graphene in the metallic matrices. The
fabrication technique for aluminum composites has been
reviewed, and the PM methodology is elaborated in detail.
When compared to other fabrication techniques, PM is
proven to be more successful in overcoming obstacles.
Additionally, the SPS process in PM is effective in compar-
ison to the other two techniques. It offers faster densifica-
tion and lowers the likelihood that undesirable phases
would emerge in the matrix of the composite Al–SiC/TiC/
Al–graphene. However, compared to hot- and cold-press
sintering, it is more expensive and difficult. Additionally,
flaws have not yet been completely eliminated. In the end,
the strengthening mechanism has been discussed in detail
for aluminum composites. The Hall–Petch strengthening,
Orowan strengthening, strengthening resulting from CTE
mismatch, and strengthening resulting from load transfer

are the principal strengthening mechanisms involved in
enhancing the strength of the Al–graphene and Al–SiC com-
posites. In the case of Al–GNP composite, Orowan and load
transfer strengthening predominate over others. However,
in the case of Al–SiC composites, the Orowan strengthening
predominates at larger SiC fractions, whereas the fine grain
strengthening predominates at lower SiC fractions. When
reinforcements (SiC/graphene) are added, the composite’s
grain is refined, which causes Hall–Petch strengthening.

7 Future perspectives

A lot of work needs to be done in industrializing AMNCs in
various applications like the automotive and aircraft sec-
tors in order to broaden the current field. Even though
AMCs have seen substantial research advancements over
the past two decades, a special focus should be placed on
creating commercial, and affordable composite materials
with improved mechanical and tribological performance.
It is anticipated that the wear studies of AMNCs can further
study those natural reinforcements, such as fly ash or agro-
wastes. It is anticipated that significant research efforts are
still needed to close the gaps in the field. For instance,
despite the abundance of experimental reports, computa-
tional and numerical investigations have not been carried
out to the same extent, likely due to a lack of under-
standing of the precise underlying mechanisms in some
cases. This section outlines some of the major concerns
and potential directions that will benefit both academic
and commercial initiatives to support the creation of
high-performance AMCs.
• Numerous research teams have worked to increase the
distribution of GNPs by altering the surface of Al and
functionalizing GNPs, but their efforts have not always
been successful. New dispersion techniques should be
investigated in future studies to account for the uniform
dispersion of GNPs in Al.

• Another fascinating area for future investigation is the
additive manufacturing (AM) of AMCs. There are very
few studies on GNPs that have undergone SLM proces-
sing, but the findings are encouraging. Some of the
existing processing issues can be resolved and the appli-
cations of GNPs can be expanded by the direct manufac-
turing of complex parts from powders and the quick
processing times in AM.

• There are currently no investigations on the impact of
GNP addition on the precipitation and creep behavior of
Al alloys in the accessible literature. The authors of this
review contend that the presence of GNPs significantly
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affects the size, shape, and rate of coarsening of precipi-
tates in aluminum alloys, which in turn affects the creep
properties of the alloys. The majority of the aluminum
alloys used in automotive and aerospace applications are
precipitation hardenable, thus this is another crucial
subject that needs to be studied. Commercial aluminum
alloys from the 2XXX and 7XXX series as well as third-gen-
eration Al–Cu–Li alloys reinforced with GNPs should be
researched under various heat treatment settings to see
how GNPs affect their physical and mechanical properties.
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