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Abstract

Increased fuel cost and emission norms have pushed automobile sectors to produce lighter and more efficient vehicles. Reduction
in overall vehicle weight, using parts made by lightweight alloys, result in significant reduction in fuel consumption. Aluminum-
based matrix composites (AMCs) have been extensively used in automobile and aerospace industries owing to their remarkable
mechanical and tribological properties. This review outlines the mechanical characteristics of aluminum-based hybrid compos-
ites used in automotive applications. The enhancement in the mechanical properties of aluminum alloys are required to use in
automobile industries successfully. The literature has revealed that uniform addition of reinforcement particles has been found to
be suitable to enhance strength and hardness of these composites. Moreover, the addition of soft reinforcement along with hard
particles reduces the brittleness and improves wear resistance of the developed hybrid composites. It has been concluded that
ceramic particulates such as silicon carbide (SiC), graphite (Gr), aluminum nitride (AIN), alumina (Al,O3), and boron carbide
(B4C) would significantly improve the mechanical and wear characteristics of these composites and the agro-waste derivatives
such as fly ash (FA), rice husk ash (RHA), and coconut shell ash (CSA) can be a potential substitute for the secondary
reinforcements. Microstructures of hybrid composites fabricated at different wt% of reinforcement particles were found stable
with uniform distribution. Overall, the present review concludes that aluminum-based hybrid composites have great potential to
serve as substitute to monolithic aluminum alloy and single reinforced composites in automobile sector requiring lighter weight,
high strength and enhanced wear resistance.

Keywords Aluminum matrix composites (AMCs) - Hybrid aluminum matrix composites (HAMCs) - Tribological properties -
Materials’ mechanical properties - Strength analysis

1 Introduction

The global need for high performance, economical, and good-
quality products has attracted the attention of researchers in
the field of composite materials from the last decades [1, 2].
AMCs have been extensively used in automobile and aero-
space industries owing to their remarkable mechanical and
tribologicalproperties [3—5]. AMCs continuously satisfy the
market need of a lightweight, durable, and high-performance
components [6—8]. Their remarkable properties such as
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strength, wear resistance, low thermal expansion, and electri-
cal conductivity nominate it to replace the conventional alu-
minum alloys [9-11]. AMCs provide enhanced properties
over conventional alloys. Government’s emission norms and
increased fuel costs have pushed automobile sectors to pro-
duce lighter and more efficient vehicles [12]. Automobile
parts, made by these lightweight composites, results in a sig-
nificant decrease in fuel consumption [13]. Figure 1 depicts
the different parts of automobile developed by AMCs or
aluminum-based hybrid composites.

Ceramics particulate reinforced AMCs have high potential
to replace heavyweight ferrous material for the automotive sec-
tor to reduce vehicle weight with efficiency improvement and
better emission control. Composites can offer lightweight ben-
efits in vehicles, ranging from 15 to 40% [14]. Depending on
the types of reinforcement used, the composite material can
impart a unique combination of properties. The composite ma-
terials are multi-functional systems that reveal characteristics
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Fig. 1 Automotive parts developed from composites/hybrid composite

hardly attainable from any individual material [15]. Composites
are developed by integrating matrix material and reinforcement
particles. Their basic constituents have their own different char-
acteristics while the developed compound presents an entirely
new class of material with improved properties. This material
integration aims to improve structural, tribological, thermal,
and chemical or other properties of materials. Aluminum (Al)
alloys of different classes are identified by a combination of Al
and different alloying element in varying quantities [16]. The
novel applications of AMCs in different sectors are summarized
in Fig. 2.

An aluminum alloy is a composition of aluminum to which
other elements have been added. The chief alloying elements
added to aluminum include silicon, copper, magnesium, man-
ganese, zinc, and nickel. All of these constituents are used to
increase the strength of monolithic aluminum. Broadly, alu-
minum alloy are classified into two classes: cast alloy and
wrought alloy. The aluminum alloys were originally given
4-digit numbers assigned by Aluminium Association, USA,
in a particular order. Cast alloys were designated in similar
manner including a decimal point [17]. Figure 3 depicts the
various strengthening mechanisms of aluminum alloy. There
are various ways to enhance the strength of Al alloys compris-
ing of metal matrix composites [18], by precipitation harden-
ing [19], by cryogenic treatment [20], and by surface coating
[21]. Among these methods, metal matrix composites have
widely being used to ameliorate mechanical properties and
tribological characteristics of aluminum alloy [22]. To en-
hance the mechanical and tribological properties of AMCs,
the mostly used reinforcement are alumina (Al,O3) [23], sili-
con carbide (SiC) [24, 25], boron carbide (B4C) [26], titanium
@ Springer QHPBD @ @""l" Lo s
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Fig. 2 Novel applications of AMCs in different sectors

carbide (TiC) [27], graphite (Gr) [28], and carbon nanotubes
[29].The advantages of composite materials with aluminum
matrices over conventional aluminum alloys include higher
strength and stiffness, lightweight, improved properties at
high temperatures, controlled thermal expansion coefficient,
controlled heating of the material, improved electrical conduc-
tivity, improved resistance to abrasion, and wear [30, 31].
Fiber metal laminates are also the high-strength materials
made up of metal alloy and composite materials.
Chandrasekar et al. [32] reviewed the various factors affecting
the mechanical characteristics of fiber metal laminates.
Although, the properties of soft Al alloys are increased with
the addition of reinforcement several limitations have also been
reported [33]. The results revealed that addition of ceramics
particles increased the density and elastic modulus of resultant
composites [34]. This is due to higher density and elastic mod-
ulus of ceramic particles as compared to Al alloy. This results in
degradation of some properties of resultant composites like
brittleness, toughness, and machinability [35, 36]. Also, soft
particles unlikely to be considered as single reinforcement for
high stress applications. Under such conditions, development
of hybrid aluminum matrix composites (HAMCs) found to be
quite beneficial [37, 38]. HAMC:s are a new generation of metal
composites that have the potential to fill the current need for
advanced engineering materials [39]. The performance of these
materials depends upon the carefully tailored combination of
reinforcing materials. Recently, it has been reported that
HAMC s, which comprises primary reinforcement such as sili-
con carbide (SiC), aluminum nitride (AIN), alumina (Al,O3),
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boron carbide (B4C), and secondary reinforcement such as
graphite (Gr), molybdenum disulfide (MoS,) can exhibit en-
hanced tribological and mechanical properties [24, 38,
40-42]. To utilize industrial waste without affecting the prop-
erties of AMCs, ceramic particles and industrial waste are
added to achieve remarkable results [43—48]. Modern engineer-
ing applications require materials that exhibit excellent strength
with lighter weight and should be cost-effective. An example of
such an application is in the development of materials for auto-
mobile sectors, where fuel economy becoming more critical
[49]. Several studies have been focused on developing
HAMCs with varied reinforcement content [50]. Authors have
reported improved or comparable properties of hybrid compos-
ites over single reinforced composites at a reduced cost [51, 52].
This has put HAMCs under the spotlight as many authors fore-
cast the great potential of fabricating low-cost and high-
performance aluminum-based hybrid composites. The use of
double reinforcement showed increased mechanical properties
up to some extent of reinforcement wt%, after which negative
results started to show [53]. Under these circumstances, devel-
opment of HAMC:s is useful. But, lack of knowledge regarding
development and application areas can limit wider use of these
hybrid composites. Therefore, it is essential to review recent
advances in the development of these materials with different
combinations of primary and secondary reinforcement
particles.

In this context, succeeding sections presents the review
regarding fabrication techniques of aluminum hybrid compos-
ites. Also, the mechanical characteristics of developed hybrid
composites have been critically reviewed. This paper has been
organized into five sections. In the first section, a brief intro-
duction about AMCs with special reference to the need for
HAMC s has been elaborated. The second section describes
the development techniques for HAMCs. In the next section,
primary and secondary reinforcement materials for HAMCs
have been discussed. The fourth section summarizes the effect
of reinforcement on the mechanical properties of HAMCs. In
the fifth section, recent advances in HAMCs have been
reviewed. In the end, discussion and concluding remarks of
the study have been presented.

2 Fabrication techniques

Liquid- and solid-state processing methods are the two most
commonly used processing methods for the fabrication of
these composites. The selection of a particular fabrication
method depends upon the number of factors such as types of
matrix material and reinforcement material; the shape, size,
and distribution of reinforcement particles; and the mechani-
cal, chemical, and thermal properties of the matrix and rein-
forcement material [54, 55]. Figure 4 depicts the different
development routes for composites/hybrid composites.
Solid-state processes include different processes like powder
metallurgical processes, diffusion bonding, vapor deposition
process while liquid-state processes include stir casting,
squeeze or pressure casting, gas pressure infiltration process,
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Fig. 4 Development routes for composites/hybrid composites

IO Q @;‘""l"

QATAR UNIVERSITY @ Spl’inger



1246

emergent mater. (2021) 4:1243-1257

vortex casting, and injection methods [56—58].Stir casting and
powder metallurgy techniques are mostly used for fabrication
of composites [59]. Under liquid-state processing methods,
due to simplicity and the commercial availability of stir cast-
ing, it is the most viable route for the development of partic-
ulate based composite [60—63]. Sharma et al. [64] reviewed
the fabrication methods of aluminum based composites fo-
cused on stir casting route. In this method, reinforcement is
incorporated into a molten metal alloy by stirring action
followed by a casting process [65]. The various process pa-
rameters such as stirring time, speed, and feed rate can be
controlled to obtain desired microstructural properties of com-
posites [66].

Increase in stirring time and speed gives a uniform distri-
bution of reinforcement particles in the developed composites
[67, 68]. In powder metallurgy process, the material is mixed
in fine powder form to achieve the desired form. After that,
mixed materials are subjected to high temperature in a con-
trolled environment to bind the material [69]. It is a prime
requirement to obtain homogenous mixture to obtain a strong
microstructure of developed composites [70]. The three steps
for the successful fabrication of composites by powder metal-
lurgy process are mixing, compaction, and extrusion [71]. The
powder metallurgy process is based on the uniform mixing of
materials and sintering and more on cold pressing followed by
plastic working. Cold plastic work is usually done, where
green component is preliminarily sintered [72]. Table 1 shows
the comparison between mostly used fabrications techniques
used for the development of HAMCs.

There are some others recent techniques used for compos-
ite fabrication. Spark plasma sintering (SPS) is a solid-state
fabrication process that involves direct current and low volt-
age. This process is useful to fabricate high-density compos-
ites with excellent grain growth. SPS is very fast process that
promotes excellent mechanical properties in developed com-
posites [73]. SPS is expensive process and applied only for

simple symmetrical shapes. In hot isostatic pressing (HIP)
process, composites are fabricated by using casting and pow-
der metallurgy process. HIP processing operation depends
upon structure, density, and porosity of materials. The main
drawback of this process is the requirement of secondary op-
erations for all the parts manufacture by this process. HIP is
considered as better process for improving mechanical prop-
erties of composites. Ultrasonic-assisted casting (UAC) is an-
other useful method for development of composites. UAC
promotes good mechanical and homogeneity of properties in
the developed composites and useful for bulk production of
composites. This process is little expensive due to tooling
involved. Friction-stir processing (FSP) involves the applica-
tion of extreme and localized plastic deformation to alter the
properties of material. In this method, a nonconsumable tool is
inserted into the workpiece and allows stirring laterally in the
workpiece. With the application of FSP, a significant in-
creases in mechanical properties and fatigue life was reported
in the literature [74, 75].

3 Reinforcement materials for development
of HAMCs

3.1 Primary reinforcement materials

Ceramic particles are widely used as reinforcement particu-
lates due to their lower cost and easy handling during fabrica-
tion of composites [76, 77]. Various types of ceramics parti-
cles are incorporated into the aluminum alloy matrix to en-
hance the properties of the alloy. SiC and Al,O3 are common-
ly used reinforcement material for AMCs [76, 78, 79]. Several
types of reinforcement such as AIN, TiC, TiN, and TiB, have
been used to investigate their addition on mechanical and wear
properties of composites [80, 81]. AIN has been considered as
an attractive reinforcement material due to its remarkable

Table 1  Comparison between fabrication techniques of HAMCs
Method Application Process parameters Cost
Stir casting Commercially used for producing Al-based com-  Stirrer speed, stirring time, wetting agent, pouring Less
posites temperature expensive
and speed, preheating of reinforcement material
Squeeze casting Suitable for making automotive components Applied pressure level, die preheating temperature, Medium

Gas pressure Used to produce rods, tubes and beam etc.
infiltration

In-situ processing Mostly used for aerospace and automotive
components

Used for high strength application and for small

objects

Powder metallurgy

Diffusion bonding Used for blades, sheet and other structural

components

pouring temperature, duration of pressure application

Alloy composition, temperature, time Low/medium

Temperature, reaction time, mass fraction Expensive
Powder compaction, sintering temperature, sintering Medium
time,
particle size
Bonding temperature, bonding time, bearing pressure Expensive

l 1ha acols

QATAR UNIVERSITY

QIO t

@ Springer



emergent mater. (2021) 4:1243-1257

1247

functional properties such as high strength, high thermal con-
ductivity, excellent wear resistance, and lower electrical con-
ductivity [82]. Due to its excellent mechanical and thermal
characteristics, AIN is considered as competitive material in
the industry [83]. AIN is used in the engine block, cylinder
head, and pistons in automotive sectors where strength, heat
sink, and wear resistance are the prime requirement [84].
These ceramic particles have found to be compatible with an
aluminum matrix material which results in strong bond for-
mation within fabricated composites [85]. As a result, remark-
able changes in properties have been observed by addition of
these particulates. However, the problem of brittleness, tough-
ness and machinability can be reduced to certain extent by
addition of secondary or soft reinforcement [86].

3.2 Secondary reinforcement materials

Secondary reinforcements which are commonly used in
HMAC:s are graphite (Gr), molybdenum disulphide (MoS,),
fly ash (FA), red mud (RM), rice husk ash (RHA), and coco-
nut shell ash (CSA) [87]. Gr is a popular reinforcement par-
ticulate used to fabricate composites for self-lubricating mate-
rial [88]. Due to its self-lubricating property, Gr particles are
used in the various application that needs increased wear re-
sistance, e.g., pistons, piston rings, and bearings. Currently, it
is an excellent reinforcement to improve dry sliding wear be-
havior of aluminum composites [89]. The graphite particle
imparts improved tribological properties in the developed
composites by the formation of graphite-rich film which pro-
vides solid lubrication. The presence of graphite in the matrix
alloy improves its oil spreadability over the contact surfaces
[90].The hardness of hybrid composites decreases with in-
creases in Gr contents [91, 92]. FA exhibit superior strength,
low density and high carrion resistance [93]. The main con-
stituents of FA are Al,O3, SiO,, Fe,05, TiO,, and carbon [94].
RM is another waste product and can be obtained from alu-
minum industries easily. The low cost, easy availability, and
chemical stability make it suitable as reinforcement material in
Al composites [95]. RHA has been used in AMCs due to its
low density and easily availability. The main constituents of
RHA are SiO,, Al,0O5, Fe,05, and MgO [96, 97]. The burning
of CSA releases CO, and methane in the environment. It con-
tains elements like SiO,, Al,03, MgO, and Fe,O;. Hence,
CSA can be used as a green reinforcement in aluminum com-
posites [98].

4 Effects of reinforcement on mechanical
behavior of composites

Several researchers developed hybrid composites and reported
mechanical properties [99-103]. The main objective of fabri-
cation of aluminum-based composites is to obtain a uniform

distribution of reinforcement particulates within the Al matrix
alloy. During the fabrication process, the overall purpose is to
avoid intermetallic phase formation [102]. This type of distri-
bution helps in to obtain a desired set of properties of devel-
oped composites. Scanning electron microscopy (SEM) is
used to study the effect of wt% addition of reinforcement
particles in the developed composites. X-ray diffraction
(XRD) is used to ascertain the presence of reinforcement par-
ticles developed composites sample. SiC tends to react Al at
higher processing temperature to form an intermediate com-
pound as given in below equation [104, 105].

3SiC + 4 Al = ALLC; + 3Si

The presence of intermediate compound aluminum carbide
(Al4C3) decreases the strength of fabricated composites.
Addition of SiO, in Al matrix alloy found to be suitable to
avoid the formation of aluminum carbide. FA is a good source
of SiO, and hence can be used as secondary reinforcement. In
the same context, Selvam et al. [104] fabricated A16061-SiC/
FA hybrid composites using the stir casting method. The mi-
crostructural study revealed uniform distribution of these par-
ticles in the developed composites. Also, it has been observed
that at 10% SiC and 7.5% FA addition the tensile strength and
microhardness increased by 23% and 16%, respectively.
Table 2 reports the mechanical properties of the Al-based
hybrid composites reported by different authors in the litera-
ture. Dwivedi et al. [105] developed A356-SiC/FA hybrid
composites using electromagnetic stir (EMS) casting method.
The microstructural study revealed uniform distribution of
reinforcement but at a low fraction of SiC cluster were formed.
Significant increase in hardness and ultimate tensile strength
was observed at 15% SiC and 5% FA.

Viswanatha et al. [106] investigated the microstructure and
mechanical properties of A356 AMCs reinforced with SiC
and Gr reinforcement. Liquid metallurgy method was used
to fabricate the composites. Significant improvement in hard-
ness and tensile properties were observed by increasing the
wt% of SiC reinforcement. Uniform dispersion of SiC and Gr
particles were observed. Table 3 reports the obtained compos-
ite material properties and their applications in automotive
sectors.

Miranda et al. [107] investigated the influence of reinforce-
ment on tensile and wear characteristics of AlSi alloy. The
wear-resisting characteristics of AISi-Ti/SiC and AlSi-Ti were
found better than the AlSi alloy. The tribo pair developed by
aluminum composites result in better tensile behavior. Sharma
et al. [108] developed an Al6061/ Si3N4/n-Gr (n-GR:
nanographite powder) hybrid composites. Significant increase
in hardness was observed at 6% Si3N4 and 6% n-Gr wt%.
Sethi et al. [109] studied the mechanical and thermal proper-
ties of aluminum-based hybrid composites reinforced with
yttrium tungstate-aluminum nitride (Y,W30,—AIN). It has
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Table 2 Mechanical properties of Al-based hybrid composites

Matrix material Reinforcement Optimum reinforcement Processing route Hardness ~ Ultimate Reference
(Wt%) tensile
strength
(MPa)
Al6061 SiC/FA 10% SiC and 7.5% FA Stir casting 5721BHN 213 [104]
A356 SiC/FA 15% SiC and 5% FA Electromagnetic stirring 88.45 320.65 [105]
BHN
A356 SiC/Gr 9% SiC and 3% Gr Liquid metallurgy 142 VHN 140 [106]
AlSi SiC/Ti 11.25% Ti and 5% SiC Sintering route 210 HV 191.21 [107]
Al6061 Si3Ny/n-Gr 6% SizN,4 and 6% n-Gr Stir casting 115.64 - [108]
HV
Al (98.5%, Loba Y,>W;0;, /AIN 30% Y,W30p; and 15% AIN  Powder metallurgy 240 HV - [109]
chem.)
Al7075 FA/E-glass short 3% FA and 3% E-glass short ~ Stir casting 150 BHN 160 [110]
fibers fibers
AA6063 AL O;/RHA/Gr Varying % of ALO3/RHA/Gr  Stir casting 80 VHN 150 [111]
LM25 AL O,/Gr 9% Al,O5 and 4% Gr Stir casting 108 HV 180 [112]
A6061 SiC/Gr 10% SiC and0% Gr Semi solid powder 62 HV - [28]
densification
Al alloy AL O5/Gr 15% Al,0sand 0% Gr Stir casting 116 BHN 190 [113]
LM25 SiC/Gr 25% SiC and 4% Gr Stir casting 74 BHN - [114]
Al6061 AlLO3/Gr 8% Al,O3 and 2% Gr Stir casting 107HV - [115]
LM25 ALO5/FA 10% Al,O5 and 3% FA Stir casting 62BHN 190 [116]
Al-6351 AlLO3/TiO, 5% Al,O3 and 5 % TiO, Stir casting 51.33 64.7 [117]
HRB
6061-T6 SiC/TiB, 10% SiC and 0% TiB, Stir casting 73HV 150.1 [118]
AA6063 SiC/TiC 1% SiC and 2.5%TiC Stir casting 130HV - [119]
Al6061 SiC/Gr 20% SiC and 9% Gr In-situ powder metallurgy 85BHN - [120]
LM22 SiCp/MWCNT 10% SiCp and 1.5 % Stir casting 89.7 BHN 230 [121]

MWCNT

been observed that the addition of AIN in Y,W;3; Oq,-rich
composites increase the hardness and compressive strength.
On the other hand, addition of Y,W3; O, in AIN-rich com-
posites increases the hardness but lower the compressive
strength. Reddy et al. [110] developed a new class of hybrid
composites with FA and E-glass short fibers. Significant im-
provements in properties were observed. Microstructral study
revealed uniform dispersion of reinforcement particles. 32%
increases in tensile strength were found and hardness was
doubled. Alaneme and Sanusi [111] studies the

microstructural and wear behavior of AA6063 aluminum al-
loy reinforced with Al,O3, RHA and Gr. The tensile strength
was found to be higher at 0.5% Gr and 50% Gr. The toughness
value also increases at 0.5% Gr. Rao et al. [112] developed
LM25/A1,05/Gr hybrid composites with different wt% of re-
inforcement particles. Optical micrograph study shows uni-
form distribution of Al,O3/Gr particles within the developed
composites. Improved hardness 108 HV and tensile strength
180 MPa was obtained at 9% Al,O5 and 4% Gr wt%. Gou and
Tsao [28] investigated the effects of SiC/Gr particles on

Table 3 Composite material

properties and their applications Property

Applications

Increased strength

Wear resistance

Light weight

Enhanced thermal conductivity
Self-lubricating

Low cost

Connecting rod, brake rotors, calipers

Piston, cylinder liner, tappets, brake parts

Frame members and other structural components
Cylinder blocks, brake parts, catalytic convertor
Piston, cylinder liners, bearing surface

Accessories, intake manifolds, valve covers, etc.

l 1ha acols

QATAR UNIVERSITY

@ Springer



emergent mater. (2021) 4:1243-1257

1249

aluminum 6061 alloy. It has been observed that with increases
in Gr content, hardness decreases. Increased hardness was
obtained at 10% SiC and 0% Gr wt%. It has been also reported
that with increases in Gr content, toughness decreases.
Microstructral study revealed uniform distribution of SiC/Gr
particles. Yilmaz and Buytoz [113] prepared Al hybrid com-
posites with 10% Al,O3 and varying wt% of Gr particles. The
results revealed that as Gr% increased more than 1%, the
hardness of composites decreases. Abdul Saheb [114] pre-
pared Al-based hybrid composites with SiC and Gr particles
at 5, 10, 15, 20, 25, and 30 wt% of SiC and 2, 4, 6, 8, and
10 wt% of Gr. It has been reported that with an increase in the
percentage of ceramic particles hardness increases. The max-
imum hardness was obtained at 25 wt% of SiC and 4wt% of
Gr. Figure 5 depicts the SEM micrographs of hybrid alumi-
num composites at different wt% of reinforcement.

The SEM micrographs of AA6082- (SiC+B4C) hybrid
composites reported in Fig. 5a—e shows the dendritic growth
of «-Al grains. The formation of x-Al grains is due to mis-
match of thermal behavior of reinforcement particles and the
molten matrix material. Formation of dendritic region was
mainly due to cooling of developed hybrid composites during
solidification. A uniform distribution of particles is seen in
Fig. Sb—e. The clusters of particles were also seen in some
regions. Due to lack of voids, the interfacial bonding between
matrix material and reinforcement particles was observed to
be relatively good.

Suresh et al. [115] studied the wear properties and micro-
structure of Al6061/A1,03/Gr hybrid composites developed
by stir casting route at different wt 5 2, 4, 6, and 8 of Al,O3
and 2 wt% of Gr. The best results were obtained at 8 and
2 wt% of Al,O5; and Gr, respectively. Patil and Motgi [116]
studies the mechanical properties of LM25-Al,05/FA hybrid
composites. Increase in hardness 62 BHN and ultimate tensile
strength 190 MPa has been reported at 10% Al,O5 and 3% FA
Wt%. Ahamad et al. [117] studied the effect of Al,O5/TiO,
reinforcement on Al 6351 alloy. Five samples were prepared
at0,2.5,5,7.5, and 10 wt% of Al,O3 and TiO,, respectively.
Maximum hardness was obtained at 5% Al,O5 and 5 % TiO,
wt% of reinforcement. Johny et al. [118] studies the machin-
ing and mechanical properties of 6061-T6 Al alloy reinforced
with SiC/TiB,. The outcomes revealed that with increases in
TiB, content tensile starts decreased. Maximum tensile
strength was obtained at 10% SiC and 0% TiB,. Also, it has
been investigated that up to 15% of reinforcement hardness
increases after that hardness decreases. Kumar et al. [119]
studied the microstructural and mechanical behavior of
AA6063 alloy reinforced with SiC/TiC particles. Samples
were prepared at fixed wt% of SiC 1% and varying wt% 1,
1.5, 2, and 2.5% of TiC. It has been observed that with an
increase in TiC wt%, hardness increases and density de-
creases. The maximum value of hardness 130 HV was obtain-
ed at 1% SiC and 2.5% TiC. Mahdavi and Akhlaghi [120]

studied the effect of SiC reinforcement on AA6061/Gr hybrid
composite. In situ powder metallurgy process was used to
prepare the composites. 0—40 wt% of SiC and 9% of Gr par-
ticles were used for study. Improvement in hardness was ob-
served at 20% SiC and 9% Gr wt %. Sangeetha et al. [121]
compared the mechanical and morphological properties of
LM22/SiC and LM22/SiC/MWCNT hybrid composites at
10 wt% of SiC and 1.5 wt% of MWCNT. Improvement in
hardness (89.7 BHN) and ultimate tensile strength (230 MPa)
has been reported. The presence of SiC particles has signifi-
cant contribution in hardness of composites [122, 123].

5 Effect of reinforcements on wear behavior
of composites

Several researchers investigated the wear behavior of Al-
based metal matrix composites reinforced with single and hy-
brid reinforcement particles for different wear process param-
eters like velocity, load, and sliding distance. Ahamad et al.
[124] fabricated Al-Al,O3-TiO, hybrid composite using stir
casting route. Wear test was carried out using pin-on-disc
wear machine under dry sliding condition. It has been ob-
served that wear resistance of developed composites increases
with increases in wt% of TiO,. ANOVA test was carried out
to study the effect of reinforcement and load on wear rate.
Radhika et al. [125] investigated the wear behavior of Al-
Al,O3-Gr hybrid composites developed by stir caste route at
aload 0f 20, 30, and 40 N, respectively. It has been found that
the wear resistance of developed composites increased due to
variation ceramics in aluminum alloy. Carvalho et al. [126]
studied the wear characteristics of AlSi-CNTs-SiCp
aluminum-based hybrid composites. Results showed im-
proved wear behavior for all developed composites of AlSi-
CNTs-SiCp as compared to AlSi alloy. Hekner et al. [127]
studied the tribological properties of Al/SiC/C MMCs fabri-
cated by hot pressing at semi liquid state and found that wear
rate decreased in Al/SiC/C composites as compared to Al/SiC
which is carbon free. Sohag et al. [128] studied the tribological
characteristic of Al-Cu alloy reinforced with SiC/TiC particles
fabricated by stir casting. It has been observed that density of
the developed composites decreased with the variation of wt%
of ceramic and the wear rate decreased with increase in rein-
forcement content. Nayim at al. [129] investigated the effects
of CNT/TiC reinforcement on Al-CNT/TiC hybrid compos-
ites developed by stir caste route. The wear rate was found to
be decreased at lower load and with increase in wt% of rein-
forcement content. Also, uniform distribution of CNT/TiC
reinforcement was found in the developed composites.
Kumar et al. [119] investigated the wear characteristics of
Al-SiC-TiC composites. It has been observed that density de-
creased at higher percentage of reinforcement and wear rate
was found to be decreased with variation of TiC
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reinforcement. Liu et al. [130] investigated the wear behavior
of A17075-B4C and MoS, hybrid composites at 4, 8, and
12 wt% fabricated using stir casting method. The significant
improvement in wear resistance and coefficient of friction has
been achieved due to addition of MoS, and B,4C particulates in
Al7075 alloy. Uthayakumar [131] and Kumar et al. [132]
applied ANOVA method for the optimization of wear param-
eters. Ahamad et al. [133] investigated the wear rate of Al-
Al,O3-C hybrid composites. Wear resistance of hybrid com-
posites increased with reinforcement variation. Also, wear rate
of the developed composites increased with variation of ap-
plied load. Table 4 reports the sliding wear investigation of
HAMC:s reported by different author under different wear
process parameters.

Aluminum metal matrix composites possess many advan-
tages, problems related to their poor damage tolerance under
cyclic loading remains [135]. Many applications in automo-
tive sectors involve cyclic loading, making these composites
materials properties is of critical interest in this area. When
any component is subjected to the cyclic load high-density
microcracks forms simultaneously resulted in early failure of
component. Although, it has been reported in the literature
that addition of reinforcement can significantly improves the
fatigue behavior of these material under cyclic loading
[136—-138]. The addition of reinforcement particulate in alu-
minum base alloy matrix has been shown to significantly in-
fluence fatigue behavior under cyclic loading conditions
[139-142].

6 Recent advances in HAMCs

Xie et al. [143] in 2020 investigated the feasibility of a new
class of Al-based hybrid composites by incorporating bimodal
sized glass reinforcement. To conquer the limitations of fine
metallic glasses bimodal sized reinforcement was used. A rea-
sonable balance between strength and ductility was obtained.

It was observed that the overall strength of developed com-
posites increased while ductility decreased. Gowrishankar
et al. [144] in 2020 examined the properties of Al6061/SiC/
B4C hybrid composites. The samples were prepared through
stir casting route at 3 wt % of SiC and 3 wt % of B4C.
Microstructral study revealed uniform distribution of rein-
forcement particles within the developed composites.
Hardness testing and tensile testing was carried out to the
study the impact of reinforcement on hardness and tensile
strength. Significant improvement in hardness from 50 to
80% and 30 to 40% in tensile strength was observed. Gupta
et al. [145] in 2020 examined the wear behavior of HAMCs
for brake rotor applications. LM 27 aluminum alloy was rein-
forced with sillimanite and rutile particles through stir casting
route. The outcomes revealed good interfacial bonding be-
tween the matrix and reinforcement particles. Kumar et al.
[146] in 2020 developed A356 hybrid composites with FA
and RM through friction stir casting process. The mechanical
and tribological behavior of developed composites was exam-
ined. The hybrid composites showed superior wear resistance
and ductility. Kumar et al. [147] in 2020 prepared Al-SiC/Gr
hybrid composites. Maximum hardness was obtained at
6 wt% of SiC and 2wt % of Gr. It has been noticed that with
increases in Gr content the strength decreased initially. Tan
et al. [148] in 2020 fabricated A12024 hybrid composites with
recycled SiC and 2024Al particles through pressure infiltra-
tion method. The microstructural study showed uniform dis-
tribution of particles. The tensile strength has been increased
up to 392 MPa, but the composites showed brittle character-
istics. Gayathri and Elansezhian [149] in 2020 fabricated a stir
cast Al hybrid composite with spent alumina catalyst and cop-
per oxide at 10 wt% of spent alumina catalyst and 0.5, 0.75,
and 1 wt % of copper oxide. Microstructural and mechanical
investigation revealed uniform distribution and density de-
creases of composites. Maximum hardness (94.83 HRB)
was obtained at 10 wt% of spent alumina catalyst and
0.5 wt% of copper oxide. Sujith et al. [150] in 2020 developed

Table 4  Sliding wear investigation of HAMCs under different wear process parameters

Matrix material Reinforcement Apparatus Speed Load Distance Reference
Al6351 ALO;-TiO, Pin-on-disc 1.5 m/s 525N 2100 m [124]
Al-Si10Mg alloy ALOs-Gr Pin-on-disc 1.5,2.5 and 3.5 m/s 2040 N 2100 m [125]
AlSi alloy CNTs-SiCp Pin-on-disc 0.02 m/s 10N 148 m [126]
Al alloy SiC/C Ball-on-disc 0.1 m/s 10N 100 m [127]
AA6082 SiC/TiC Pin-on-disc - 1040 N - [128]
Al13003 CNT/TiC Pin-on-disc 2 m/s 1040 N 4000 m [129]
AA6063 SiC-TiC Pin-on-disc - 1040 N - [119]
Al7075 B4C-MoS, Pin-on-disc 1.5 m/s 10-30 N 1000 m [130]
Al 6351 ALO5-C Pin-on-disc 1.5 m/s 5-25N 2100 m [133]
Al 7075 SiC-TiB, Pin-on-disc 1.25,2.5,3.75 and 5 m/s 1040 N 10004000 m [134]
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a new variety of aluminum composite through the in situ pro-
cess. The areas of applications of HAMCs may not differ from
those of AMCs but owing to its enhanced mechanical charac-
teristics and other aspects as reported in the literature, it is now
possible for these composites to be a part of new variety of
applications in automobile and other sectors. Investigation of
different properties makes these composites as an attractive
material for automobile industries for making components
such as cylinder, engine block, cylinder head, and pistons.

7 Discussions

Currently, automotive sectors are focusing on lightweight,
low cost, high performance, and reliable materials for appli-
cations. The aluminum-based hybrid composites have been
found suitable to meet these requirements. This review paper
presents the different combination of reinforcement particles
used in the development of hybrid composites and their effects
on mechanical properties of composites. The mechanical
properties of hybrid composites are reviewed for hardness
and ultimate tensile strength. The study revealed that the prop-
erties of developed composites depend upon the composition
and types of reinforcement used. Figures 6 and 7 show com-
parative values UTS and hardness of various hybrid aluminum
composites w.r.t. pure aluminum. Data clearly shows a sub-
stantial improvement in mechanical properties.

The double ceramics particles reinforced HAMCs show
improved mechanical properties. The outcomes reported re-
vealed that addition of FA prevents the formation of the inter-
metallic phase in the hybrid composites. Incorporation of re-
inforcement like FA, RHA, CSA, etc. leads to a significant
reduction in the density of composites. Further, to explore the
extent of improvement in properties of composites, a

Fig. 6 Effect of various hybrid

comparison should be made between single reinforced
AMC:s and double reinforced HAMCs. Also, stir casting route
was found to be the most viable route for the development of
hybrid composites.

Overall, the present review paper concludes that HAMCs
have great potential to serve as a substitute to monolithic Al
alloy and single reinforced AMCs in automobile sector requir-
ing lightweight materials with improved hardness and en-
hanced strength. Further, the effect of parameters such as stir-
ring time, temperature, and feed rate could also be studied for
wear behavior of these composites. Also, different combina-
tions of reinforcement wt% are required to be explored for the
development of hybrid composites for a specific application.

8 Conclusions

Based on the above work presented by different authors, the
following conclusions are drawn and presented as follow:

1. Hybrid aluminum matrix composites (HAMCs) have
been used in various applications and have the potential
to fill the current need for advanced engineering
materials.

2. Microstructures of hybrid composites fabricated at differ-
ent wt% of reinforcement particles are stable with uniform
distribution.

3. The most common techniques used for the development
of hybrid composites are stir casting and powder metal-
lurgy process.

4. Hybrid composite strengthening can be enhanced by the
addition of hard reinforcement particles. It has been found
that ceramic particulates such as silicon carbide (SiC),
aluminum nitride (AIN), alumina (Al,O3), and boron
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carbide (B4C) would significantly improve mechanical
characteristics of these composites.

5. The solid lubricant graphite (Gr) has great potential to
serve as secondary reinforcement for superior mechanical
and wear properties.

6. For the new generation of hybrid composites, the agro-
waste derivatives such as fly ash (FA), rice husk ash
(RHA) and coconut shell ash (CSA) can be a potential
substitute for the secondary reinforcement.
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