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Abstract
The main objective of the present paper is to draw the attention of researchers towards the wear analysis of functionally 
graded aluminum matrix composites (FGAMCs) reinforced with different types of particles. The quality of the products 
and characteristics achieved by the functionally graded materials (FGMs) has been given increasing attention during recent 
decades. FGMs provide a way to obtain gradients between two phases with variations of properties. The centrifuge casting 
process was used to produce continuous variation of graded materials. These continuous graded materials offer high strength 
and enhanced wear resistances compared with traditional composite materials. This paper summarizes the effect of the vari‑
ous reinforcement materials and wear test parameters on microstructure as well as wear properties in the FGAMCs obtained 
through the centrifugal casting technique. The results found in the reviewed literature are classified according to types of 
reinforcement particles (such as silicon carbide, alumina and boron carbide) and the influence of wear test parameters (such 
as applied load, sliding distance, duration and sliding speed) on FGM composites. The main conclusions in this paper are 
derived from previous studies on experimental investigations on the wear characteristics of FGAMCs. The research gaps 
and future directions have been discussed which will be prolific to the researchers in the design and manufacture of FGMs 
production by centrifugal casting.

Keywords Metal matrix composites (MMCs) · Functionally graded materials (FGMs) · Centrifugal casting · Sliding wear · 
Aluminium alloy · Ceramic reinforcement

1 Introduction

Metal matrix composites (MMCs) characterize a wide 
range of temperatures by very good mechanical and physi‑
cal characteristics. In the last two decades, MMCs have 
become materials of broad technological and commercial 
significance, from a scientific and intellectual concern [1]. 
The high stiffness and weight strength, good heat resistance, 

excellent tribological characteristics and great fatigue char‑
acteristics are the main advantages of Aluminum MMCs 
[2]. These are reinforced by hard ceramic particles, such as 
SiC, TiC,  Al2O3 and  B4C. Aluminum MMCs are breakable 
when the ceramic enhancement content is high [3]. When 
the weight of the reinforcement particles in the matrix mate‑
rial increases, aluminum MMCs become brittle [4]. This 
greatly reduces the area of aluminum MMCs in wear and 
corrosion applications [5].

Functionally graded materials (FGMs) have recently 
become significant to enhance the mechanical and tribologi‑
cal characteristics of MMCs by producing gradient transi‑
tion zone between matrix and particle phases [6–10]. The 
concept of FGMs was first taken into consideration in Japan 
during a space plane project in 1984 [11], where a combina‑
tion of the materials used was intended to provide a thermal 
barrier to resist surface temperatures of 1700 °C and 700 °C 
across a 10 mm thick as shown in Fig. 1 [12, 13]. Then over 
the past thirty years FGMs have been evolving significantly, 
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as shown in Fig. 2. Nature is the best manufacturer of FGMs 
and provides examples. Our nature is surrounded by exam‑
ples for FGM, not new to us. The bone, the skin and the 
bamboo tree, for example, are all various types of FGMs 
[14–16]. There are various types of manufacturing methods 
for producing FGMs [17–20], there exist a number of well‑
known techniques including powder metallurgy [21–27], 
centrifugal casting [28, 29] or centrifugal slurry [30], vapour 
deposition [31–33], solid freeform (SFF) fabrication includ‑
ing additive manufacturing [34–37]. FGMs can be split into 
two broad groups as shown in Fig. 3, namely continuous 
grouping (such as centrifugal casting and diffusion bonding) 
[38, 39] and discreet grouping [40] (such as powder metal‑
lurgy and additive manufacturing) [41–48]. In continuous 
FGM, there is continuous gradient present from one mate‑
rial to the other material. This gradient happens continu‑
ally with position in structure and microstructure. However, 
in case of discreet FGM, material gradient is provided in 

layered fashion [49]. This means that the microstructure fea‑
ture changes in a step by step way, resulting in multilayered 
interface composition between discontinuous layers [44].

Specifically, the techniques of Centrifugal casting and 
powder metallurgy have proven effective in producing FGMs 
materials with gradient in microstructures and/or composi‑
tions [50, 51]. FGMs are generally more attractive to process 
by centrifugal casting because it produces samples which 
are significantly larger than those obtained with powder 
metallurgy [30, 52, 53]. Moreover, centrifugal casting with 
several advantages such as continuous distribution of par‑
ticles within matrix is the most easy and cost‑efficient way 
of making the FGMs technique compared to other methods 
[54–56]. Therefore, functionally graded aluminum matrix 
composites (FGAMCs) have been used in aerospace, auto‑
motive and other transport vehicles successfully [57], and 
further use with the development of centrifugal casting 
methods will be expected [22, 58].

Fig. 1  First example for metal‑
lic FGM in Japan [12]

Fig. 2  Historical development for FGM [12]
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As a substitute material, FGMs have a strong potential 
where conditions of operation are severe [59, 60]. Exam‑
ples include flywheels [61], artificial bones [62, 63], turbine 
blades, heat exchanger tubes and heat‑engine components 
[64, 65]. Coatings are generally only a layer sprayed across 
the substrate [66, 67].

In recent years, many researchers have carried out review 
papers on functionally graded materials focusing on math‑
ematical modeling and particle simulation [68–75], while 
others have focused on manufacturing methods [41, 57] and 
applications of functionally graded materials [55, 76].

Based on the stated potential applications and benefits of 
FGMs, this review paper discusses the effect of reinforce‑
ment types and wear test parameters on the microstructure 
as well as wear behaviour of the FGM composites obtained 
through the centrifugal casting method. some research is 
presented out on FGMs, which identify the best parameters 
to improve wear resistance through these research work.

The rest of the paper is organized as follows: effect of 
reinforcement types is presented in part 2, Part 3 gives effect 
of wear test parameters. Recent research gaps and future 
directions for FGMs are presented in part 4, while sum‑
mary and concluding remarks are presented in part 5. The 
findings described in tables of this research will be used to 
show improvements in mechanical characteristics and wear 
resistance.

2  Types of Reinforcement

Aluminum (Al), copper (Cu) and magnesium (Mg) are 
the most commonly used as a matrix material for produc‑
ing FGMs manufactured by centrifugal casting as shown 
in Fig. 4. This review article focuses on aluminum alloys 
according to Fig. 4 in conjunction with the significant char‑
acteristics and applications of aluminum alloys. Aluminum 
has less weight, high thermal and electrical conductivity and 
is known as an attractive metal. The FGAMCs are designed 

for improved mechanical properties, high corrosion resist‑
ance and wear resistance [77].

In the properties of FGMs, types of ceramic particles play 
a crucial role. The Aluminum Alloys were currently used 
to develop FGMs as matrix materials and particles such as 
 Al2O3, SiC, TiC,B4C, WC,  ZrO2,  TiO2,  ZrO2,  Al3Zr,  Al3Ti, 
and  Si3N4 used as reinforcements [78, 79]. In the given 
working temperature, the ceramic particles should be unre‑
active and stable. SiC and  Al2O3 are the most commonly 
used reinforcements to produce FGAMCs [80, 81]. Until 
recently, SiC,  Al2O3 and TiC particles reinforced materials 
in different types of aluminum alloys were used in several 
studies with FGAMCs obtained by centrifugal casting pro‑
cess [82].

Based on the published articles studied, the discussion 
on the types of particles reinforcement used in the synthesis 
of FGAMCs through centrifugal casting can be divided into 
two broad groups.

The first group is the most widely used in the manufacture 
of FGAMCs due to its many applications and has already 

Fig. 3  a Discreet and b continu‑
ous type FGM [34]
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Fig. 4  Percentage of matrix type used in research papers to produce 
FGMs prepared by centrifugal casting (based on data from Scopus in 
the duration of 2000–7/2019)
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been studied adequately and it consists of SiC,  Al2O3, TiC, 
 B4C and  ZrO2 particles. While, the second group is the 
least used in the manufacture of FGAMCs due to the lack of 
applications or difficulty in using them to obtain these gradi‑
ent materials with the required characteristics and this group 
needs further study, which consists of WC,  TiS2,  Si3N4 and 
 AlB2.

The literature review states that the microstructure and 
wear resistance of FGAMCs obtained through centrifugal 
casting are affected by types of reinforcement materials, and 
thus some types of particles used to manufacture these mate‑
rials are summarized in the following sub‑sections.

2.1  Silicon Carbide Reinforced FGAMCs

Nowadays, SiC particles in micron sizes have been used 
widely in FGMs to enhance the mechanical properties and 
improve the wear resistance of Al alloys, due to their chemi‑
cal compatibility with the Al matrices [83, 84]. The factors 
affecting the impact behaviour of SiC particles reinforced 
FGAMCs are particle agglomeration, particle cracking, 
poor wettability and weak matrix‑reinforcement bonding. 
The applications of FGAMCs reinforced by  SiCp produced 
by centrifugal casting can be found in flywheels, engine 

cylinder liners, pistons, connecting rod, bearings, brake 
drum, diving cylinders and many other fields because of 
all previous applications need gradient in strength, thermal, 
pressure and/or wear [85, 86].

Rajan et al. [87] studied the microstructure and mechani‑
cal behaviour of FG Al 6061 alloy reinforced with 20 wt% of 
SiC particles fabricated through horizontal centrifugal cast‑
ing. The mechanical properties of the FG Al 6061–20 wt% 
 SiCp composites were higher than that of the base alloy. 
The microstructure results showed a higher concentration of 
particles in the outer zone of all FG Al 6061–20 wt% SiCp 
composites than in other zones as shown in Fig. 5.

Wang et al. [88] investigated the influence of high rein‑
forcement concentration of FG Al–Si alloy/20 wt%  SiCP 
fabricated through horizontal centrifugal casting to study 
the microstructure behaviour and particle size distribution 
at different parameter. Three particle sizes are used, each 
with an average size of 15, 30 and 59 µm, and a weight ratio 
of 1:2:3, respectively. The results show that 55% of particle 
concentration appear in the outer zone and thus the proper‑
ties in that zone are improved. The results also showed the 
presence of some clusters of particles in some microstruc‑
ture images.

Fig. 5  Microstructures of the FG Al6061 alloy/SiCp across the thickness from outer to inner zone [87]. a 1 mm, b 3 mm, c 4 mm, d 4.5 mm, e 
5 mm, f 6 mm, g 8 mm and h 10 mm from outer surface
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Rajan et al. [89] investigated the influence of matrix 
type of FG Al alloy reinforced with 15 wt% of  SiCP with 
23 µm particle size fabricated obtained through horizontal 
centrifugal casting to study the microstructure characteristic 
and particle concentration. The two matrix alloys used to 
synthesize FGMMC are cast aluminum A356, and wrought 
aluminum 2124 alloys. They found that SiC particles con‑
centrations in A356 alloy are higher than in 2124 alloy in the 
outer zone as shown in Figs. 6 and 7. Also, when the mould 
speed and pouring temperature increase, the thickness of the 
particles enriched area reduces.

Vieira et al. [90] investigated the wear behaviour of FG 
Al alloy reinforced with 10 wt% of beta SiC particles at two 
different mould rotational speeds using the centrifugal cast‑
ing technique. The results of microstructure revealed that 
the outer zone of all FGAMCs exhibit higher concentration 
of particles than other zones as shown in Fig. 8. As beta 
SiC particles concentration and mould speed increase, the 
material weight loss is particularly reduced in the outer zone.

Babu et al. [91] studied the changes in wear rate with 
variation of sliding speed and applied load at different three 
zones of FG A356 reinforced with 20 wt% SiC particles pre‑
pared via the centrifugal casting process. They also studied 

the microstructure behaviour along with mechanical prop‑
erties. According to the microstructure results as shown in 
Fig. 9, the centrifugal force led to the movement of the SiC 
particles to the outer zone of the FG disc, thus improving 
wear resistance. By analysis the variance (ANOVA), they 
examined wear test parameters to identify the major param‑
eters affecting wear loss. As the contact pressure (applied 
load) increased from 20 to 40 N, the morphology of the worn 
surface gradually changed from the small grooves to large 
grooves and cracks.

Rodríguez‑Castro et al. [92] experimented on FG A359 
alloy reinforced with 20 up to 40 wt% SiC particles fabri‑
cated using centrifugal casting route at 700 and 1300 rpm. 
The studies highlighted the microstructural and the mechani‑
cal characteristics of FG samples. The concentration of SiC 
particles is increased, especially at the outer zone as shown 
in Fig. 10 when the weight fraction increases. The mechani‑
cal results reveal the effect on the enhancement of matrix 
material was limited to a certain weight fraction (30 wt%) 
of SiC particle reinforcement.

Jayakumar et al. [93] developed the FG AA 6061 alloy 
reinforced with 10 wt% of green SiC particles of 23 µm 
average size using centrifugal casting method to study the 

Fig. 6  Microstructures of the FG Al356 alloy/SiCp through the thickness from outer to inner zone. a 1.5 mm, b 3.5 mm, c 5.5 mm, d 6.5 mm, e 
12 mm and f 15 mm [89]
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mechanical and wear behaviour at different process condi‑
tions. Microstructure results show that the outer zone of FG 
rings is more concentration of particles than transition and 

inner zones due to centrifugal force. Therefore, the outer 
zone is more suitable for wear applications especially in the 
automotive industry.

Fig. 7  Microstructures of Al(2124)‑SiC FGMCC hollow cylinder at different positions from outer zone. a 1 mm; b 1.5 mm; c 2.5 mm; d 5 mm; 
e 12.5 mm [89]

Fig. 8  Microstructures of the FG Al alloy/SiCp at two different zones. a Inner zone, b outer zone at 1500 rpm and c inner zone, d outer zone at 
2000 rpm [90]
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Savaş et al. [94] fabricated the FG Al–Cu–Mg alloy 
reinforced with 5 wt% SiC particles obtained by centrifugal 
casting process to study mechanical and wear behaviour. 
Experimental results showed that there was increased con‑
centration of SiC particles at outer zone. so, the mechani‑
cal properties and wear resistance increased at this zone. 
Results from the microstructure show that the outer zone 
of FG sample was more particle concentration than the 
transition and inner zone. Figure 11 shows the distribution 
of particles along with radial distance from outer to inner 
zone.

Recently, Jayakumar et al. [95] investigated the influ‑
ence of reinforcement content of FG A319 alloy reinforced 
with 20 wt% SiC particles fabricated through centrifugal 
casting process to analyse the microstructure and wear 
behaviour at different parameter. The results of the micro‑
structure analysis show that the particles are distributed 
continuously along with the radial distance of FG com‑
posite thickness as illustrated in Fig. 12. The SiC particles 
addition successfully improved the mechanical properties 
and wear resistance compared with A319 alloy (matrix 
material).

2.2  Aluminium Oxide Reinforced FGAMCs

Alumina  (Al2O3) has a strong ion inter‑atomic bonding 
that creates its necessary FGAMCs properties [24, 96]. 
in addition to SiC particles, aluminum oxide in its dif‑
ferent levels of purity is used as reinforcement for FGM 
more often than any other ceramic materials, due to its 
advantages like very good insulation, moderate to extreme 
mechanical characteristics and high resistance to corrosion 
and wear [97, 98]. Also, the products of FG Al–Al2O3 
are widely used in several engineering applications such 
as in rocket nozzle, wings, rotary launchers, heat shield 
systems, connecting rods, pistons, engine casting and gas 
turbines components [99]. Therefore, aluminum oxide 
material gained considerable emphasis to the researchers 
while manufacturing FGAMCs and many studies were car‑
ried out to examine the mechanical and wear properties 
of  Al2O3 strengthened FGMs to ensure effective use of 
FGAMCs.

Prasad and Chikkanna [100] analyzed the mechanical 
and fractural properties of FG Al 6061 alloy with 20 wt% 
of Alumina particles obtained by centrifugal casting tech‑
nique. Resulting from the microstructures, the outer zone FG 

Fig. 9  Microstructures of the FG Al356 alloy/SiCp at various distances from outer zone. a 15 mm, b 45 mm and c 75 mm [91]

Fig. 10  Microstructures of FG Al 359 alloy/SiCp with different locations form outer zone produced at 1300 rpm. a 0.79 mm, b 10.32 mm and c 
26.19 mm from outer surface [92]
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composites is more particle concentrations than the transi‑
tion and inner zones. They found that the addition of  Al2O3 
improves hardness and compression of FG Al6061–Al2O3 
composites but reduces ductility.

Junus and Zulfia [101] investigated the mechanical prop‑
erties of FG Al alloy reinforced with three different vol‑
ume fractions (3,5 and 10 vol%) of Alumina particles pro‑
duced by centrifugal casting method. According to results 
of microstructure, the presence of Alumina particles on the 
outer zone has improved the properties as shown in Fig. 13. 
Figure 13a shows the particle distribution in the different 

zones (outer, transition and inner) across the wall thickness 
of the FGM pipe. Figure 13b indicates the transition zone‑
outer zone interface. while, Fig. 13c illustrates the distribu‑
tion of particles in the outer zone, and shows the existence 
of some particle agglomeration in this zone.The findings 
also showed that the mechanical characteristics of the FGM 
pipes are improved when the amount of reinforcement alu‑
mina increases, as shown in the results in table at the end 
of section 2.

Recently, Saleh and Ahmed [102] investigated the 
mechanical properties and wear behaviour of FG pure Al 

Fig. 11  Microstructures of the FG Al alloy/SiCp at various locations from outer to inner zone. a 1 mm, b 3 mm, c 4 mm, d 7 mm, e 15 mm and f 
55 mm [94]

Fig. 12  Microstructures of the FG A319 alloy/SiCp from the outer to inner zone. a Chilling zone, b outer zone, c transition zone and d inner 
zone [95]
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reinforced with three different weight fractions (2.5, 5 and 
10 wt%) of Alumina particles produced by centrifugal 
casting method. According to results of microstructure, 
the presence of Alumina particles on the outer zone has 
improved the properties as shown in Fig. 14. The findings 
also showed that the mechanical characteristics and wear 
resistance of FG Al 1010 reinforced with  Al2O3 particles 
composites was much superior at outer zone compared to 
other particles, as shown in the results in table at the end 
of section 2.

2.3  Titanium Carbide Reinforced FGAMCs

Due to its attractive properties including high hardness, high 
wear and extremely high corrosion resistance, titanium car‑
bide (TiC) is one of the most promised ceramic materials 
[56]. TIC is widely used as reinforced materials for FGMs 
systems in numerous engineering applications including 
bearings, cutting tools, thin film ultracapacitors, cermet 
components, nozzles, wear and corrosion resistant applica‑
tions, etc. [103].

Fig. 13  Microstructure of FG Al/Al2O3 composite at different magnification: a ×50, b ×100 and c ×200 [101]

Fig. 14  Microstructure of FGM 
with 10 wt%  Al2O3 particles of 
16 μm [102]
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Various researchers have reported that reinforcement 
parameters of FGAMCs obtained by centrifugal casting sys‑
tem has a major influence on the properties of products which 
could be optimized. But, to the best of our knowledge, no work 
or limited research is done on FG Al alloys reinforced with TiC 
particles, so It needs further research to explore further [104].

Radhika and Raghu [105] investigated the mechanical 
and wear characteristics of FG LM 25 alloy reinforced with 
10 wt% of TiC particle fabricated via horizontal centrifugal 
casting method at constant mould speed 1200 rpm. Add‑
ing TiC particles enhances mechanical properties of the 
FGAMMC tubes and their wear resistance specially at outer 
zone. The wear resistance increased linearly with increase 
in TiC content across the FGAMCs tube thickness and 
decreased with increase in applied load and sliding speed.

Ramkumar et al. [106] investigated the effect of FG four 
various weight fraction (0, 2.5, 5 and 7.5 wt%) of titanium 
carbide particle reinforced AA 7075 MMC at various pro‑
cess conditions on mechanical and tribological properties. 
The results have shown that when the weight fraction of TiC 
particles increases, the mechanical and tribological charac‑
teristics of composites increase. In case 7.5 wt%, a compos‑
ite agglomeration of TiC particles due to the high particles 
contents was observed.

2.4  Boron Carbide Reinforced FGAMCs

One of known hardest materials behind diamonds and 
cubic boron nitride is boron carbide  (B4C).  B4C is used as 
reinforcement for FGM due to its properties like low den‑
sity, extreme hardness, good chemical resistance and good 
nuclear properties [107]. The major problem of developing 
 B4C reinforced FGAMCs is the agglomeration of the  B4C 
particles and their homogeneity in the base metal. Therefore, 
the  B4C reinforced FGAMCs produced by centrifugal cast‑
ing need more investigation by researchers.

Rao et al. [108] developed AA6061 alloy reinforced with 
10 wt% of  B4C particles (25 µm avg. size) were obtained 
by centrifugal casting method to determine these graded 
properties at two different mould rotational speeds. The 
difference in density between AA6061 alloy (2385 kg/m3) 
and  B4C (2520 kg/m3) has been investigated for manufac‑
turing FGAMCs with continuous gradients, based on the 
effect of the centrifugal force due to rotational speed. The 
results showed, in comparison to base metal especially in 
outer zone, that the mechanical characteristics of FGAMCs 
increased with an increase in particle concentration in  B4C.

Radhika and Raghu [109] investigated the abrasive wear 
resistance of FG Al–Si12–Cu alloy reinforced with 10 wt% 
of  B4C particles (33–40 µm avg. size) were obtained via 
centrifugal casting method at constant rotational speed 
1000 rpm. According to the microstructure results as shown 
in Fig. 15, the centrifugal force led to the movement of the 

boron carbide particles to the outer zone of the FG compos‑
ites, and the concentration of particles decreased when mov‑
ing from outer to inner zone. The presence of  B4C particles 
on the outer zone has improved the wear resistance.

2.5  Zirconia Reinforced FGAMCs

Zirconia, consisting principally of  ZrO2, has the highest 
mechanical strength and robustness to fractures in all major 
fine ceramics at room temperature. It is used to make blades, 
scissors and knives for cutting. Due to its superior surface 
smoothness, it is used for pump parts too. Zirconia is used 
as reinforcement for FGM due to its properties like high 
thermal expansion, excellent thermal insulation, low thermal 
conductivity, high fracture toughness and very high resist‑
ance to crack propagation [110].

Radhika and Raghu [111] investigated the mechanical, 
wear behaviour and examined the microstructure of FG Al 
alloy reinforced with 10 wt% zirconia developed by horizon‑
tal centrifugal casting method. It was observed that enhance‑
ment in mechanical characteristics and wear resistance of 
FGM composites due to the presence of strong content of 
 ZrO2 particles. Also due to high density of zirconium dioxide 
particles (5680 kg/m3) compared to density of Al–Si12Cu 
alloy (2700 kg/m3), there was agglomeration of particles at 
outer zone of FGM composites as shown in Fig. 16. The wear 
resistance of FGM composites improved by 43% and 23% at 
outer and middle zones respectively, compared with unrein‑
forced alloy. In 2016 they extended their work and studied the 
mechanical and wear behaviour with the variation of applied 
load and sliding speed [112]. horizontal centrifugal casting 
technique was developed to fabricate the FG Al LM 25 alloy 
reinforced with 15 wt% zirconia at 1200 rpm. It was observed 
that Wear resistance improved due to the high content of zir‑
conium dioxide particles. With increase in the applied load, 
the wear resistance is observed to decrease.

Recently, Jojith and Radhika [113] studied the inves‑
tigated of reinforcement particles type on the mechanical 
characteristics and wear rate of FG Al alloy reinforced 
with 10 wt% of  B4C, SiC and  ZrO2 particles obtained by 
centrifugal casting process at 1500 rpm. It was proved that 
the mechanical characteristics and wear resistance of FG 
Al 12Si–Cu reinforced with  ZrO2 particles composites was 
much superior at outer zone compared to other particles.

2.6  Other Particles Reinforced FGAMCs

Some of the reinforcement particles, for example WC,  TiS2, 
 Si3N4 and  AlB2 are not extensively used in the fabrication of 
FGAMCs, mainly because of several aspects such as produc‑
tion methods, costs or the difficulty of obtaining a smooth 
gradient and finding a suitable application of these materials 
after manufacturing. These particles require more attention and 
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research and therefore, the available experimental findings of 
these reinforcement particles are discussed in this sub‑section.

Radhika and Raghu [114] studied the results of an experi‑
mental investigation of the wear behaviour of FG LM 25 
alloy reinforced with 10 wt% of aluminum diboride  (AlB2), 
processed by centrifugal casting route at 1200 rpm. There 
was gradient of particles from outer to inner zone through 
the thickness of FGM composites as shown in Fig. 17. It 
was found that the wear resistance of the FG LM 25–10 wt% 
 AlB2 composites increases at outer zone, due to high content 
of particles in this zone, as shown in the results in table at 

the end of section 3. In 2016 [115] they extended their work 
and investigated the influence of particle size on mechanical 
and wear behaviour of FG LM 25–10 wt%  AlB2 composites. 
Three different aluminum diboride particle sizes (15, 44 and 
74 μm) were examined. The results have shown that the outer 
wear rate is decreasing with the particle size increasing.

Jojith and Radhika [116] studied the mechanical and 
wear behaviour and analyzed the microstructure of FG LM 
25 alloy reinforced with 10 wt% of tungsten carbide (WC) 
developed by horizontal casting method. Although the den‑
sity difference between the LM 25 (2700 kg/m3) and the 

Fig. 15  Microstructures of the FG Al alloy/B4C at various locations from outer to inner zone. a 3 mm, b 6 mm, c 9 mm, and d 11 mm [109]

Fig. 16  Microstructures of the FG Al alloy/ZrO2 composite at different zones. a Outer zone, b transition zone and c inner zone [111]
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tungsten carbide particles (15,600 kg/m3) is very large, the 
results showed a continuous gradient with localized agglom‑
eration of particles at some places as shown in Fig. 18. Addi‑
tion of WC particles improved the wear resistance of the 
FGAMCs. The wear resistance of FG tubes enhanced by 
44% outer zone compared to unreinforced alloy.

Radhika [117] studied the mechanical and wear behviour 
of FG LM25 alloy reinforced with 10 wt% of silicon nitride 

particles fabricated by centrfiugal casting method at 1250 rpm. 
The results demonstrated the high content of particles in the 
outer zone of FG composites as compared with the transitional 
and inner zones as described in Fig. 19. The wear resistance 
decreased with the applied load increases at all zones.

Table 1 summarizes the main parameters and applica‑
tions of the functionally graded aluminum matrix composite 
(FGAMC) systems used in this research.

Fig. 17  Microstructures of the FG Al alloy/AlB2 composite at different zones. a outer zone, b transition zone and c inner zone [114]

Fig. 18  Microstructures (×200 magnification) of the FG LM 25 alloy/WC at various locations from outer to inner zone. a 1 mm, b 11 mm and c 
18 mm [116]

Fig. 19  Microstructures of the FG LM 25 alloy/Si3N4 composite at different zones. a Outer zone, b transition zone and c inner zone [117]
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3  Influence of Wear Test Parameters on Wear 
Properties

Wear characteristics are important functional parameter 
which is extremely important when designing and selecting 
materials for machine and mechanism components that have 
a relative motion between them to produce either a sliding or 
rotating contact surface [118]. The wear test is performed to 
assess a material’s wear characteristic in order to determine 
whether the material is appropriate for a wear application 
and to evaluate the potential of using a technique for sur‑
face engineering to reduce wear on a specific application, 
as well as to investigate the impact on wear performance of 
the treatment conditions, process and material parameters 
[119]. Also, the implementation of this test is mainly due to 
the large number of engineering applications requiring high 
wear resistance [120].

Wear test of FGAMCs has many parameters that affect 
the wear properties such as applied load, sliding distance, 
sliding speed, duration of test and the temperature (Fig. 20) 
[121]. Therefore, in the following sub‑sections the relation 
between wear rate, reinforcement particles and these param‑
eters are summarized.

3.1  Influence of Applied Load on Wear Rate

Applied load exerts a major role on the mode of wear 
rate and needs to determine partly in relation to resist‑
ance required. Jayakumar et  al. [122] investigated the 
wear performance and analyzed the microstructure of FG 
A319–10 wt%  SiCp with particle size 23 µm developed by 
vertical centrifugal casting technique. Wear tests were per‑
formed at an applied load of 10–40 N with sliding speed of 
2 m/s and time of 15 min. Microstructure results reveal the 
distribution and concentration of  SiCp between the outer 

and inner zones within the matrix compared to unrein‑
forced A319 alloy. The FG A319‑ 10 wt%  SiCP rings at 
the outer zone improved the wear resistance by 39% com‑
pared with the inner zone. Figure 21 shows SEM images 
of surface worn for FG A319–10 wt%  SiCp specimens at 
different magnifications. The wear resistance decreased 
linearly with increase in applied load in wear test as  
shown in Fig. 22.

Radhika and Raghu [123] investigated the mechani‑
cal and wear properties of Al–12Si–Cu alloy reinforced 
12 wt% SiC,  TiB2,Al2O3 and  B4C particles at constant 
mould rotational speed 1300 rpm using centrifugal casting 
fabrication technique. Results of Microstructure revealed 
that the outer zone of all FGAMCs exhibit higher con‑
centration of particles than other the transition and inner 
zones and thus increased the properties of FGAMCs at 
this zone. Wear tests were performed at an applied load 
of 20–80 N with sliding speed of 50–200 rpm and time 
of 3–9 min. Figure 23 shows the effect of different load‑
ing conditions and type of reinforcement on wear rate for 
FGAMCs. The wear resistance was less at outer zone in 
case of FG Al/B4C compared with other FG composites. 
Figure 24 shows SEM images of Al/B4C specimens at 
different loading condition.

Recently, Jayakumar et al. [95] studied the wear behav‑
iour of FG A319 alloy‑20 wt% SiC particles prepared via 
centrifugal casting technique at different applied load. Four 
different applied loads (1, 2, 3 and 4 kg) were used at con‑
stant sliding velocity 2 m/s. Experimental result illustrated 
that the wear rate was increased with increasing applied load 
in both FGAMCs and unreinforced alloy. Figure 25 shows 
the effect of applied load on wear rate for FGAMCs and 
A319 alloy at different zones.

Radhika and Raghu [124] investigated statistically the 
effect of wear parameters such as applied load (28, 40 and 

Fig. 20  Example of pin on disk 
apparatus with wear testing 
parameters
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52 N) and sliding speed (100, 150 and 200 rpm) of three 
body abrasion wear sliding behaviour of FG Al–Si5Cu3 
alloy reinforced with 10 wt% of  B4C particles via centrifu‑
gal casting. The authors concluded that load in the most 
important factor affecting the wear rate of the FG tube fol‑
lowed by sliding speed. The weight loss increased with 
increase in load and sliding distance. Figure 26 shows SEM 
images of surface worn for FG A319–10 wt%  B4C particles 
at 15 mm from outer zone with different loads.

3.2  Influence of Radial Distance on Wear Rate

The radial distance across thickness is very important given 
the smooth gradient of FGM properties, since it manages 
product characteristics in one way or another and thus also 
defines the type of application of these materials.

Radhika [125] analysed statistically the wear character‑
istics at different wear test parameters of FG LM 13 alloy 
reinforced with combined 10 wt% titanium disulphide  (TiS2) 
particles. The author observed, with increasing load and slid‑
ing distance, that wear rate of the FG tube increased, while 
the wear rate decreased with increased sliding speed. The 
results also demonstrated that the wear resistance decreased 
as the radial distance from the FG tube from the outer to the 
inner zone was increased. Because of the high concentration 
of  TiS2 particles towards the outer zone, which is originally 
due to the high centrifugal force compared to other zones. 
Figure 27 shows the worn surfaces of samples at different 
radial distance of tube. As demonstrated in Fig. 27a, the slid‑
ing wear in the outer zone of the FGM tube has decreased 
significantly, then started again to rise as a result of the 

Fig. 21  SEM image of the FG A319 alloy/SiC pins at various magnifications. a ×40, b ×500; c ×4000 [122]

Fig. 22  Effect of applied load on wear rate of FG A319/10 wt% SiC 
at different zones [122] Fig. 23  Influence of reinforcement type on wear rate of FGMs [123]
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decrease in the concentration of particles in other zones as 
shown in Fig. 27b, c.

The wear behaviour of FG Al–Si5Cu alloy reinforced 
with 10% B4C particles (33 µm average size) obtained by 
horizontal centrifugal casting method have been investi‑
gated by Radhika and Raghu [126]. They found that the 
wear resistance in the FGAMCs increased respect to the 
unreinforced alloys. With increasing the applied load 
of wear test, the weight loss increased at all zones of 
FGAMCs. Figure 28 shows the effect of various loading 
conditions on wear rate at different distance from outer to 
inner zone.

El‑Galy et al. [127] designed and manufactured the FG 
pure Al reinforced with 2.5 to 15 wt% of  SiCp produced 
through centrifugal casting method at different process 

Fig. 24  SEM images of FG Al/
B4C composites at different 
loads a 28 N, b 45 N, c 63 N 
and d 80 N [123]

Fig. 25  Influence of applied load on wear rate of FG Al alloy/10 wt% 
 B4C at different zones [95]

Fig. 26  SEM micrographs of 
the worn‑out surfaces at differ‑
ent loads. a 28 N and b 52 N 
[124]
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parameters to evaluate mechanical and wear properties. 
Experimental results revealed that there was increased 
concentration of SiC particles with increasing weight 
fraction and mould rotational speed at outer zone. So, the 
mechanical properties and wear resistance increased at this 
zone. Microstructural findings showed that the outer zone 
of the FG tube was more concentration of particles than 
the transition and inner zones. Figure 29 shows the effect 
of weight fraction on weight loss at different zones.

3.3  Influence of Sliding Distance on Wear Rate

Several works on the effect of sliding distances and sliding 
velocities on wear behavior of FGAMCs have been reported. 

However, wear behavior under various test parameters still 
needs to be understood [129–130].

Jojith and Radhika [116] analysed the wear characteris‑
tics at different wear parameters of FG LM 25 alloy rein‑
forced with combined 10 wt% WC particles. The authors 
observed that the wear rate of the FG tube increased with 
increase applied load and sliding distance, while the wear 
rate decreased with increase in sliding speed as shown 
in Fig. 30. The worn sample surfaces with varying slid‑
ing speed (1 m/s and 4 m/s) are shown in Fig. 31. The 
scratches and the deep grooves are mostly formed on the 
pin surface by WC particles, which increases the removal 

Fig. 27  SEM analysis of worn out surfaces at different distances with applied load 15 N and sliding distance 1500 m a 6 mm, b 15 mm and c 
18 mm from outer zone [125]
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Fig. 30  Influence of wear test parameters on wear loss at different zones. a With sliding distance; b with sliding velocity [116]

Fig. 31  Worn surface morphology of FG LM 25/WC with different velocities. a 1 m/s, b 4 m/s [116]

Fig. 32  Worn surface morphology of FG LM 25/WC with various distances. a 500 m, b 1500 m [116]
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rate of material, with a low sliding speed (1 m/s) as shown 
in Fig. 31a. At a speed of 4 m/s (Fig. 31b), a thin glossy 
flake is formed on the wear track with plastically shaped 
grooves due to the mixture of debris produced by the 
micro cutting effect. The worn surface morphologies of 
the outer zone at different sliding distances are shown in 
Fig. 32, at the load applied as 30 N and sliding speed as 
3 m/s. whisker scratches are observed on the sample sur‑
face at a low sliding distance of 500 m (Fig. 32a), as the 
particle‑rich zone resists deformation forces. The mini‑
mum material removal rate and the trend is observed as a 
result of the very less time of contact between the sliding 
disk and the pin. High material removal rate is observed 
at 1500 m sliding distance (Fig. 32b), as deep grooves 

Fig. 33  Effect of wear test parameters on wear rate at different zones. a With applied load; b with sliding distance [131]

Fig. 34  Influence of sliding speed and weight fraction on wear rate values. a A356–10 wt% SiC and b A356–20 wt% SiC at velocities 0.2 and 
0.4 m/s [132]

Fig. 35  Influence of sliding speed on the base alloy and FG tubes at 
load of 57 N [117]
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and pull out of material, mainly because the increase in 
applied force and contact duration.

Ram et al. [131] investigated the influence of adding Mg 
and various wear parameters (applied loads and sliding dis‑
tances) on wear behaviour of FG A356 alloy reinforced with 
Mg2Si. The authors concluded that the wear resistances of 
the FG composites increased compared with A356 alloy. 
The wear losses increased with increases the applied load 
and sliding distance for both FG and A356 alloy, but FG 
composite showed a lower rate of weight loss than that of 
matrix as shown in Fig. 33.

3.4  Influence of Sliding Speed on Wear Rate

Karun et al. [132] evaluated the wear rate on FG A356 
matrix alloy reinforced with three different weight fractions 
(0 wt%, 10 wt% and 20 wt%) of SiC particles fabricated 
through centrifugal casting technique at 1300 rpm. the size 
of SiC particles was 23 µm. wear test parameters were at 
different loading conditions (10–120 N) with two sliding 
speed (0.2–0.4 m/s). Experimental results showed that 
with increased applied load both in FGAMCs and A356 
matrix alloys, wear rate was increased. Figure 34 shows 

Fig. 36  SEM micrograph at different speed a 1.75 m/s b 3 m/s (at load 25 N and sliding distance 1200 m) [133]

Fig. 37  SEM micrograph at different temperatures and applied loads with 1 m/s sliding speed. a 50 °C and 10 N; b 100 °C and 20 N; c 150 °C 
and 30 N [134]
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the influence of load and speed on wear rate for FGAMCs 
and A356 alloy.

Recently, Radhika [117] studied and compared the 
mechanical and wear behaviour of FG LM25 alloy‑10 wt% 
 Si3N4 particles and homogenous composites prepared 
via centrifugal casting technique at different parameters. 
Experimental result illustrated that the wear rate was 
increased with increasing applied load in both FGAMCs, 
homogenous composites and unreinforced alloy. Figure 35 
illustrations the influence of sliding speed on wear rate 
for FGAMCs, homogenous composite and LM25 alloy at 
constant load.

According to Radhika [133] the LM25 reinforced with 
10 wt% of TiC particles possess higher mechanical proper‑
ties and wear resistance, as compared with the base alloy. 
The results of the study revealed that the wear resistance 
increased, when TiC particles were added into the LM 25 
alloy. The wear rate also decreased with increased speed as 
shown in Fig. 36.

3.5  Influence of Temperature and Heat Treatment 
on Wear Rate

Radhika et al. [134] investigated statistically the influence 
of wear parameters (load, sliding speed and temperature) on 

dry sliding behaviour of FG Al alloy reinforced with com‑
bined 9 wt%  Al2O3 and 3 wt% graphite particles. The results 
revealed that the wear rate of the FG tubes is affected by 
load in the most important factor and sliding speed. With an 
increase in load and temperature, wear losses have increased 
as shown in Fig. 37. The wear results also revealed that 
the wear rate of the FG composites is low compared with 
AlSi10 Mg alloy.

Muddamsetty and Radhika [135] investigated the influ‑
ence of heat treatment on sliding wear behaviour of FG 
LM13 alloy reinforced with 10 wt% of  B4C particles devel‑
oped via centrifugal casting method. At different aging tem‑
peratures (150, 175 and 200 °C) and aging time (2, 6 and 
10 h), the FG tubes were heat treatment for improving the 
property. 525 °C for 5 h solution treatment was done. The 
results revealed that wear rate of the both applied loads (10, 
20 and 30 N) reduced drastically with increase in aging time 
(from 2 to 10 h) as shown in Fig. 38.

Table 2 provides a summary of wear research on the 
effects of wear test parameters in FGAMC systems obtained 
via the centrifugal casting process. The manufacturing 
parameters and applications of these systems are detailed 
in Table 1.

Fig. 38  SEM Micrograph at various aging times a 2 h; b 6 h; c 10 h [135]
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4  Research Gaps and Future Directions

The demand of FGAMCs has been increased in the recent 
years produced through centrifugal casting process. The 
FGAMCs have attracted researchers and industry because 

of the integral characteristics of changing conventional 
composites, the reduction in conceivable materials and the 
save of costs related to the centrifugal casting process. In 
practice many advanced FGM processing methods, such 
as additive manufacture and chemical vapor deposition, 

Fig. 39  Material and process parameters of research gaps for FGMs

Fig. 40  Future directions for FGAMCs produced by centrifugal casting technique
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have no control over gradient products, such as discrete 
structure, large‑form production, tools and costs in com‑
parison to centrifuge casting technique. Therefore, the two 
main inhibitors of FGM production using other methods 
are cost and technology.

There have been reports of research areas to produce 
FGAMCs manufactured through centrifugal casting pro‑
cesses. Research concluded by several researchers showed 
the improvement of the mechanical, tribological and micro‑
structure behavior of FGAMCs.

The parameters effect on properties of the FGAMCs 
fabricated via centrifugal casting can be divided into two 
groups. The first group consists of process parameters 
such as rotation speed of the mould, pouring temperature, 
mould preheating temperature and mould coating, whereas 
the second group consists of material parameters such as 
reinforcement material (type, size, weight or volume, and 
shape) and matrix material [80]. The influence of material 
and process parameters on the microstructure, mechanical 
and tribological properties of FGAMCs were reported by 
various researchers, but many research issues remain to be 
studied as shown in Fig. 39.

On the other hand, future guidelines of FGAMCs fabri‑
cated through centrifugal casting technique are aimed mainly 
at improving mechanical and tribological characteristics and 
improving the quality of distribution of particles inside a 
matrix to achieve the best smooth gradient. Figure 40 shows 
the four directions of FGAMCs via Centrifugal casting 
process.

The process direction of research will expect control the 
centrifugal process itself through using variable mould rota‑
tional speed (and/or different cooling rates) of the single 
FG tube rather than the constant speed used in the previous 
works. The variable rotational speed and different cooling 
rates will give more control over distribution and gradient 
of particles and achieves a smoother gradient.

The material direction is expected to improve in gradient 
of the FG product by using more than one size of the same 
particles (double FGM), or by using a combination of two or 
more of the same size particles (hybrid FGMs) to achieve a 
smoother gradient. Therefore, the mechanical properties and 
wear resistance of FG products will be increase.

The third direction is to develop a 3‑D numerical analysis 
or simulation of the solidification process under the effect 
of centrifugal forces. This model or simulation will help 
researchers to understand the interactions between particles 
and solid–liquid interface, thus improve gradient of parti‑
cles. The final direction is to increase the scope of applica‑
tions for FGAMCs manufactured through centrifugal casting 
by conducting tests such as corrosion, bending, toughness 
and fatigue under different loading conditions.

In fact, FGAMCs obtained through the centrifugal casting 
route are still a research area of interest to many researchers 
and therefore this research area is very active.

5  Summary and Concluding Remarks

This review paper focuses on the effect of reinforcement 
type and wear test parameters on the microstructure and 
wear properties of the FGAMCs fabricated through cen‑
trifugal casting route. FGAMCs are an exquisite class of 
graded materials that are designed and manufactured for 
special functional needs. One of the most versatile and eco‑
nomic methods of FGM production is centrifugal casting 
technology. The higher surface quality of FGM products by 
centrifugal casting technology, however, remained a distant 
dream compared to the other techniques.

FGMs have gained in prominence because of their diver‑
sifying applications in various fields such as aerospace, 
structural, automotive, power generation, microelectronics, 
bioengineering, etc. FGMs have good mechanical properties 
and wear resistance and even at high temperatures can retain 
their properties if design and process are correct.

An insight into the applications of FGAMCs sug‑
gests that the effort made in this area will be worthwhile 
because of the vastness of the FGAMCs produced through 
centrifugal casting applications such as hollow tubes, pip‑
ing system, cylinder liners, pistons and diving cylinder. It 
is a known fact that with a single method it is impossible 
to process all materials successfully. From the conven‑
tional ways of centrifugal casting methods, the scientists 
and researchers tried out a lot of practical, more easy and 
economical ways of casting new materials for specific 
applications.

This review paper guides the new scientists into pro‑
ducing and characterizing FGAMCs wear properties rein‑
forced with different types of reinforcement particles (like 
SiC,  Al2O3,  B4C, WC,  ZrO2,  Si3N4 and  AlB2) produced by 
centrifugal casting method.

This current review showed that the microstructure, 
mechanical characteristics and the wear resistance in the 
external zone or internal zone are better and depend on the 
distribution of the particles used compared with the matrix 
alloy. Moreover, the particle size (i.e. the particle density) 
significantly changes the gradient of the FG material in 
the base alloy, followed by the weight fraction (wt%) of 
particles. Furthermore, the applied load has also had a 
significant influence on the wear rate, which is followed by 
sliding distance, sliding speed and other wear test param‑
eters, as indicated in the previous results.
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