
Vol.:(0123456789)

SN Applied Sciences (2021) 3:227 | https://doi.org/10.1007/s42452-021-04200-8

Review Paper

A review on fabrication and characteristics of functionally graded 
aluminum matrix composites fabricated by centrifugal casting 
method

Rupesh Kumar Verma1 · Digvijay Parganiha1 · Manoj Chopkar1 

Received: 27 August 2020 / Accepted: 12 January 2021 / Published online: 27 January 2021 
© The Author(s) 2021  OPEN

Abstract
This paper delivers a detailed review of the influence of material and process variables on the microstructure, mechani-
cal and tribological characteristics of functionally graded aluminum matrix composites (FGAMCs) produced by the 
ex-situ centrifugal casting method from previous studies. Also, the basic principle and classification of centrifugal cast-
ing to produce FGAMCs are illustrated. The ceramic reinforcement particles are classified based upon their uses in the 
processing of FGAMCs through the ex-situ centrifugal casting technique. In addition, using the linear regression model, 
an effort has been made to optimize the material and process variables to get enhance the mechanical properties. It 
is seen from the optimization while mold preheating temperature ranges 250–350 °C, centrifugal speed kept between 
600 and 1300 rpm, pouring temperature in the range of 740–760 °C having reinforcement particle of 10–15 wt%, with 
an average particle size of 18–50 µm yield the maximum of hardness and tensile strength. This paper aims to provide 
direction to future researchers to develop advanced material using this route and thus, to boost technological growth.

Keywords Functionally graded (or gradient) materials (FGMs) · Functionally graded aluminum matrix composites 
(FGAMCs) · Reinforcement ceramic particles · Ex-situ centrifugal casting

1 Introduction

Numerous engineering applications such as engine piston, 
cylinder liner, bearings, bushes, brake drums, brake disks, 
gears, tubes, and pipes require specific properties [1, 2]. 
The adequate performance of these components, which 
is not possible by conventional (pure metals, alloys) and 
traditional composite materials, can be achieved by using 
functionally graded materials (FGMs) [3–5]. The ceramics 
properties included high wear-resistant, frictional resist-
ance, brittleness, and having high melting temperature, 
and metals are ductile and possessing high mechanical 
strength [6, 7]. The addition of ceramic reinforcement par-
ticles into the metal matrix in a graded manner not only 
enhances the toughness and wear resistance but also 

overcomes the debonding of ceramic–metal so that the 
component can perform a specified function very well 
under extreme conditions [8, 9]. For instance, the interior 
wall of the cylinder liner in the automotive system requires 
high wear resistance property in elevated temperature 
and pressure surroundings; it is necessary to design a sus-
tainable material to satisfy the function and performance 
of the cylinder liner with improving engine life [10]. Thus 
with the design and proper combinations of the two dif-
ferent materials having distinct characteristics in a single 
component with graded distribution can overcome the 
problems in such engineering applications [11].

FGMs are advanced composite materials that can be 
tailored in such a way that the properties, microstruc-
tures, porosity, phases, and composition varies across the 
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volume of a product from one region to another [12–14]. 
The main difference between traditional composites and 
FGMs is the distribution of reinforcement particles. In con-
ventional composite material, the distribution of reinforce-
ment particles is found uniform, whereas, in FGMs, it is dis-
tributed in a gradient manner [15, 16]. The idea of FGM is 
inspired by nature as it exists in teeth, skin, bone, bamboo 
[17]. In 1972, the idea of the first structural gradient FGM 
was proposed for composites and polymeric material, and 
the concept of compositional FGM as a thermal barrier was 
firstly adopted and implemented by Japan in 1984 during 
a spaceplane project [18]. Based on variation, FGMs can 
be of two types, continuous (Fig. 1a) and discontinuous 
(Fig. 1b) [19, 20]. In the case of continuous FGMs, variation 
is found spatial continuously from one material to another. 
This variation is gradual in terms of microstructure, com-
position, and hence the properties. While in discontinu-
ous FGMs, variation in a layered way is provided, resulting 
in a layer by layer, discrete changes in compositions with 
multi-layered interfaces [21]. The requirement of applica-
tion of FGMs is becoming popular in various fields such 
as engineering, aerospace, biomedical, optoelectronics, 
chemical plants, energy sectors, nuclear reactors [22–25]. 
Many processing techniques have been developed to pro-
duce FGMs, such as powder stacking, spark plasma sinter-
ing, centrifugal casting, squeeze casting, solid free form 
method, and laser cladding [26–32].

Centrifugal casting is the most versatile and economical 
technique to produce FGMs amongst various processes 
[33]. This technique can be used to produce an FGM with 
continuous variation of the composition across the vol-
ume of a single component. In this study, the types and 
the principle behind the synthesis of FGMs have been 
described briefly. The discussions under this review are 
based on the effect of various factors such as the density 
of matrix, reinforcement particles, and their size, shape, 
weight, type of reinforcement particle. Further, an effort 
also has been made to understand the effect of parameters 

like, preheating temperature of molds and reinforcement 
particles, the viscosity of matrix, pouring temperature, 
centrifugal speeds involved during the production of 
FGM by centrifugal casting that plays a significant role not 
only to produce continuous variation but also to obtain 
improved mechanical and wear behavior. Figure 2 shows 
the yearwise publication trends as evidence of increasing 
attention towards the fabrication of FGMs using centrifuge 
casting technology.

Aluminum has been widely used by researchers as a 
matrix material to produce FGMs. Some endeavors have 
been accomplished to produce FGMs through centrifugal 
casting using magnesium, copper, and low carbon steel 
as metal matrix incorporation with ceramics [31, 34–36]. 
All metals have their own unique physical and mechani-
cal characteristics redirected to the components produced 
by different manufacturing methods. Additionally, the 
strength of Al, Cu, and Mg alloys can be enriched with the 
aid of different ceramic materials with their distinct char-
acteristics in a single component as per the requirement 
and application.

The review paper is mainly divided into five different 
sections dealing with the effect of material and process 
variables on the microstructure, mechanical, and tribo-
logical characteristics of FGAMCs fabricated through the 
ex-situ centrifugal casting technique. Section 1 discusses 
the basic principles behind the fabrication of continuous 
FGAMCs through the centrifugal casting method, and 
their types, processing, and strengthening mechanisms 
are highlighted. Section 2 describes the classification of 
ceramic reinforcement particles based upon their uses in 
the processing of FGAMCs through the ex-situ centrifu-
gal casting technique, and also their effect on mechani-
cal and wear properties are discussed in-depth with the 
material and process parameters. The optimization of vari-
ous material and process variables to improve mechani-
cal properties, mainly tensile strength, and hardness is 
presented in Sect. 3. Future scope and current research 

Fig. 1  a Discontinuous and b 
Continuous FGMs [19, 20]
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gaps are presented in Sect. 4, while summary and conclu-
sions are presented in Sect. 5. Overall, the current edition 
of the research aims to benefit future researchers in FGM 
fabrication.

1.1  Principle of centrifugal casting

The centrifugal forces applied on the centrifugal casting 
machine mold are given by [37, 38]:

where F is the centrifugal force on the machine mold in 
Newton,  Vm is the mold peripheral linear velocity in m/s, M 
is the mass of molten metal in gram, r is the average radii 
of the rotating work-piece cylinder in the mold in meter.

Also, the G factor is given by [39]:

Centrifugal action is responsible for achieving the gra-
dation in a composition primarily by the difference in den-
sity between the molten metal and solid particles. Under 
the centrifugal force, the motion of particles in a viscous 
liquid is given by Stokes’ law [40]:
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where dx/dt, ρ, G, g, Dp , and η are velocity, density, G fac-
tor, gravitational acceleration, particle diameter, and vis-
cosity of the molten metal, respectively. The subscripts, ’p’ 
and ’m’, represent particle and matrix, respectively.

In addition, the distribution and velocity of particles 
during vertical centrifugal casting are affected by centrifu-
gal force  FC generated due to mold rotation, drag force  FD 
due to viscosity of liquid metal, repulsive force or Van der 
Waal forces  FL caused by solid–liquid interface movement, 
and gravitational force  FG. As the effect of gravitational 
force is very small, it is generally neglected [41, 42].

Force balance Fnet is calculated by equation

As the repulsive force FL is considerable on the particles 
near the solid wall, i.e., at the solid–liquid interface. The 
dynamic Fnet not induced by the solid–liquid interface is 
given by

Considering the fluid flow as laminar 
(
R
e
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)
 , Fnet is 

given by equation

By the solution of Eq. (6), the position of the particle not 
influenced by the repulsive force FL moving at a constant 
velocity at any time t is given by
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Fig. 2  Publications trends of 
FGAMC produced through the 
centrifugal casting method 
provided by scientific articles 
search engine Scopus and 
Sciencedirect
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where r0 is the position of the particle at time t = 0.
In vertical centrifugal casting, the resultant force is 

constant, whereas, in horizontal centrifugal casting, the 
centrifugal force is intermittently varied by gravity and 
intrinsic vibrations [43].

1.2  Processing of FGM by centrifugal casting

The processing of FGM can be broadly divided into two 
bases. Figure 3 shows the classification of the Centrifugal 
casting technique to produce FGMs [44–47].

Horizontal centrifugal casting technique is best applied 
to castings of greater length than the diameter and which 
have a cylindrical bore, for example—rings, cylinder liners, 
pipes, brake drums, bearings, sleeves.

Vertical centrifugal casting is generally used for cylindri-
cal shapes in which the diameter is greater than the length 
(or height) of the casting, such as—valve, sheaves, gear 
blanks, disc brake, electric motor rotors, and sprockets.

In-situ centrifugal casting technique is a method in which 
the formation of reinforcement takes place within the 
matrix during the processing.

In ex-situ centrifugal casting technique, the reinforce-
ment particle is externally added into the matrix to pro-
duce FGMs.

Centrifugally mixed particle method is a special tech-
nique to develop FGM in which matrix and reinforcement 
particle are mixed together and placed inside the rotating 
mold, then molten matrix metal is poured into the rotat-
ing mold.

Synthesis of functionally graded aluminum matrix com-
posites by ex-situ centrifugal casting consists of two steps 
(Fig. 4)—stir casting followed by centrifugal casting [48, 
49]. In the first step, preheated reinforcement particles are 
added into the liquid metal matrix at a particular tempera-
ture then mixed uniformly at a particular speed using a 
mechanical stirrer (Fig. 4a). The subsequent step involves 
pouring this uniform mixture into a rotating mold (Fig. 4b).

1.3  Strengthening mechanism of FMGACs 
developed for improving mechanical properties

The review focuses on the production of FMGACs that 
are used for mechanical applications. When developing 
an alloy, the common aspect is to improve its mechanical 
properties. In the FGAMCs family, the common improve-
ment concerns are hardness, tensile, and wear properties.

All the strengthening mechanisms use the disturbance 
to the dislocation pathway, but still, there are few areas 
with low impediments which ensure ductility. The areas 
containing the reinforcement particles exhibit higher 
hardness than that of free areas in the same material. It is 
worth attempting to note the changes in the mechanical 

Centrifugal Casting

Based on Liquidus 
Temperature

Horizontal

Vertical

Centrifugally mixed 
particles

Ex-Situ or Solid 
particles

In-Situ

Based on Position of 
Mould

Fig. 3  Classification of centrifugal casting technique [44–47]

Fig. 4  Steps in processing 
FGMs via centrifugal casting 
followed by stir casting [48, 49]
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properties with the changes in the microstructure. The 
strength of FGAMCs is dependent on the five mechanisms.

1. Dispersion hardening Dispersion strengthening is the 
addition of the second phase hard particle inside the 
matrix. This process produces dislocation pinning sites 
inside the material. The strengthening is due to dislo-
cation motion in the metal being impeded by the pres-
ence of small, hard particles. The Orowan bypassing 
[50–53] of the particle by the movement of dislocation 
increases the material’s strength:

where G is the shear modulus of the material, b is 
Burger’s vector, and  Vp is volume fraction, and  dp is 
the diameter of the dispersed particle.

2. Thermal dislocation strengthening The difference in 
the thermal coefficient of matrix material and the 
reinforcement material develop a residual strain upon 
cooling from elevated temperatures, which increases 
the density of the dislocation in the matrix phase 
around the reinforcement particle. The increase in dis-
location density �

CTE
 was proposed by Arsenault and 

Shy [54] as:

where ∆T is a difference between the processing and 
room temperature, ∆α is the difference in the coeffi-
cient of thermal expansion (CTE) between the matrix 
and reinforcement,  dp is the particle size, Vr is the rein-
forcement volume fraction, and b is Burger’s vector 
of the matrix. The dislocation density of the material 
depends upon the size and the volume of the rein-
forcement. It increases with increases in the volume 
fraction of the reinforcement particle; however, it 
decreases as the size of the reinforcement increases. 
The strengthening effect was formulated by Taylor [55, 
56] relationship can be given as:

where k is constant, and  Gm is the shear modulus of 
the matrix. Thus, it is found that maximum strength 
contribution can be obtained from the smallest parti-
cle size with the highest volume fraction.

3. Grain size strengthening The strength of the metal 
matrix composite (MMC) increases as the incorpora-
tion of the reinforcement particle in the matrix, which 
acts as a nucleation site. Thus, during solidification, 
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particle stimulated nucleation takes place. This nuclea-
tion is followed by grain growth, which continues until 
the particle impedes the grain boundary movement 
[57]. The following expression, which shows the rela-
tionship between the particle size (d), the grain size of 
the matrix (D), and the volume fraction of the particle 
 (Vr), is expressed as [51]:

It can be seen from the equation that a decrease in the 
size of the particle grain size decreases. The Hall Petch 
strengthening can be given by [58]:

The above equation shows the yield strength as a func-
tion of particle volume fraction and size. The increase 
in the yield strength is attributed to the decrease in 
particle size and an increase in the volume fraction of 
the reinforcement. Thus, the smaller the grain size, the 
greater is the grain boundary density, which impedes 
the motion of the dislocation.

4. Strain gradient strengthening The non-uniform dis-
tribution of the reinforcement particle in the matrix 
creates a strain gradient in the material. The geometri-
cally necessary dislocation (GND) generated around 
the reinforcement particle creates a strain mismatch 
particle and the surrounding matrix [55, 59]:

where ρGND is the GND density and is given by

Thus, it can be seen that with an increase in GND den-
sity, strengthening occurs. It increases with an increase 
in the volume fraction of the particle and decreases 
with the particle size.

5. Load transfer strengthening The strengthening mecha-
nism associated during load transfer from the matrix 
to the reinforcement particle by Modified Shear Lag 
(MSL) theory is given by [60]:

where σCy and σmy are the yield strength of the com-
posite and the matrix, respectively, Vr and Vm are rein-
forcement and matrix volume fraction, and S is the 
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mean aspect ratio of the reinforcement. The higher 
is the volume fraction of the reinforcement particle 
higher is the load transfer. Thus, the contribution of 
this strengthening mechanism is given as:

where σl is the increase in strength due to load transfer.
The above five attributes are responsible for enhancing 
the mechanical properties of FGAMCs.

2  Different ceramic reinforcement particles

Table 1 lists the different ceramic reinforcement particles, 
can be used to obtain continuous FGAMCs, and improve-
ment in various properties such as hardness, tensile 
strength, and wear characteristics can be investigated. 
Ceramics play a significant role in the characteristics of 
FGMs. There are varieties of ceramics available which has 
been used as reinforcement particles in the Function-
ally graded aluminum matrix composites. They could be 
divided broadly into three groups—(a) Commonly used, 
(b) Rarely used and, (c) Unacquainted reinforcement parti-
cles in the fabrication of FGAMCs through centrifugal cast-
ing technique. It has been observed that SiC,  B4C,  Al2O3, 

(16)Δσl =
1

2
σmyVr

 ZrO2, AlN,  Si3N4,  TiO2,  SiO2, TiC,  TiS2,  AlB2, and WC are used 
as reinforcement particles with aluminum and its alloys 
matrix to produce FGMs. The properties of aluminum and 
its alloys possess low weight, high corrosion-resistant, high 
electrical, and thermal conductivity. The combination of 
metal and ceramic materials in a varying manner provides 
enhanced mechanical and wear properties. The density of 
ceramic reinforcement particles and matrix material with 
centrifugal speed are the key factors to obtain gradation 
in the FGMs [61, 62].

Based upon previous investigations by researchers, the 
effect of different types of ceramic reinforcement particles 
on the microstructure, mechanical and tribological behav-
ior of functionally graded aluminum matrix composites 
prepared using ex-situ centrifugal casting technique has 
been reviewed and summarized in the following sections.

2.1  Effect of rarely used reinforcement particles

2.1.1  Titanium carbide (TiC)

Because of low density, high hardness, high wear resist-
ance, good wettability, chemical stability, and excellent 
strength at high-temperature, Titanium carbide gained 
a prominent position amongst the other reinforcement 
particles [63–65]. Instead of having such good properties, 
very limited works on TiC reinforced FGAMC have been 
reported. Some of them are illustrated below.

Radhika and Raghu [52] conducted a study on FGAMC 
of aluminum LM25–10 wt% TiC (with 50 µm average par-
ticle size) reinforcement fabricated by ex-situ horizontal 
centrifugal casting. The processing of FGAMC involves 
adding reinforcement particles to the melt at a stir speed 
of 200 rpm. This mixed material was then poured into the 
preheated die rotating at 1200 rpm to obtain the FGAMC. 
Figure 5 showed the microstructure of cast FGAMC; the 
investigation has shown segregation of about 35% of 
TiC particles at the outer zone due to centrifugal action, 
which decreases towards the inner region, approximately 
4%. Hardness testing revealed, highest hardness value at 

Table 1  Different types of ceramics reinforcement particles

Reinforcement Density (g/cm3) Reinforcement Density (g/cm3)

SiC 3.21 TiS2 3.22
B4C 2.52 AlB2 3.19
Al2O3 3.95 WC 15.63
ZrO2 5.68 TiN 5.4
AlN 3.26 BN 2.1
Si3N4 3.44 TiB2 4.52
TiO2 4.23 NbC 7.82
SiO2 2.65 ZrN 7.09
TiC 4.93 ZrC 6.73

Fig. 5  Microstructure images 
of outer at 1 mm and inner 
surface at 13 mm LM25–TiC 
FGAMC [52]
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the outer surface 150 HV, and the minimum hardness was 
recorded as 102 HV at the internal surface. The improve-
ment in the hardness is attributed to the presence of 
reinforcement particles. Besides, the hard reinforcement 
particle distribution along the radial direction plays a vital 
role in improving the hardness.

Further, the tensile test result has shown the high-
est tensile strength value, 236 MPa, near the outer sec-
tion, while the inner section showed a minimum value 
of 153 MPa. High tensile strength at the outer section is 
mainly due to the hindrance offered to the dislocations by 
the reinforcement particle. Figure 6 has shown the wear 
rate versus load and speed plot at distinct locations of 
FGAMC in which an improvement in wear resistance fol-
lowing the variation of reinforcement particles have been 
observed. This improvement in tribological characteristics 
is due to the non-removal of the reinforcement particles 
as the presence of the effective interfacial bond between 
matrix and hard reinforcement particles.

2.1.2  Silicon nitride  (Si3N4)

Silicon nitride possesses high hardness, mechanical 
strength, and good wear resistance when combined with 
the aluminum matrix; it also improves the characteristics 
of composites [66, 67].

The comparison between FGAMC (prepared through 
centrifugal casting) and the homogeneous composite 
(synthesized through gravity casting) of aluminum LM25 
with 10 wt%  Si3N4 (40 µm mean particle size) reinforce-
ment particles has been reported by Radhika [68]. The 
FGAMC was prepared under 1250 rpm by horizontal cen-
trifugal casting. The micrography results showed the gradi-
ent particle distribution, highest at outer, transition at the 

mid zone, and lowest distribution in the inner region of 
FGAMC, and the same can be seen in Fig. 7c–e. Similarly, 
Fig. 7b showed the uniform distribution of  Si3N4 particles 
found in the case of the homogeneous composite. The 
variation in hardness and tensile strength of alloy, homo-
geneous composite, and different zones of FGMAC have 
presented in Fig. 8. In the same way, Fig. 9 described the 
superior wear resistance at the outer surface of FGAMC 
compared to homogeneous composite at different loads 
and speeds.

2.1.3  Tungsten carbide (WC)

Tungsten carbide, also known as wolframium carbide, is 
the highly-dense (ρ = 15.63 g/cm3) and hard ceramic par-
ticle. This particle affects the mechanical and tribological 
attributes substantially when used as reinforcement with 
the metal matrix.

Functionally graded aluminum matrix composite of 
LM25 alloy with 10 wt%WC reinforcement was synthe-
sized by Jojith and Radhika [53] using an ex-situ hori-
zontal centrifugal casting process under 1000 rpm. The 
investigation included microstructure, mechanical, and 
wear characterization of FGAMC. Due to the centrifugal 
effect, the continuous variation of WC particles was seen 
in the microstructural examination. Mechanical charac-
terization revealed the highest hardness (126 HV), tensile 
(156.65 MPa), and yield strength (83.67 MPa) value at the 
outer surface, followed by the mid and internal surface, 
which can be seen in Fig. 10. The presence of WC particles 
at the outer zone delayed the fracture during tensile test-
ing resulting in improved tensile strength. The high tensile 
strength is due to the impedance that occurred during the 
movement of dislocation, causing strain hardening. It can 
be seen that the hardness is decreasing across the radial 
direction. It can be attributed to the resistance offered 
by the reinforcement particle to the indentation since 
the outer surface concentration is more than the inner 
region. Wear analysis was implemented at different loca-
tions of FGAMC at various loads (varied from 10 to 50 N) 
and velocities (varied between 1 and 5 m/s). A decrement 
in wear resistance of outer surface with increasing applied 
load and an increment in the same with increasing slid-
ing velocity was observed during wear examination. Also, 
Fig. 11 pointed out that the outer zone exhibited superior 
wear resistance than the middle and inner zone.

2.1.4  Titanium diboride  (TiB2)

The influence of different reinforcement particles on 
various properties of FGAMCs has been characterized by 
Radhika and Raghu [69]. Four distinct functionally graded 
aluminum (Al–12Si–Cu alloy) matrix composites reinforced 
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with distinct reinforcement particles, i.e.,  B4C, SiC,  Al2O3, 
and  TiB2 (12 wt% each) with an average particle size of 
10 µm. Hardness was evaluated at three distinct zones, 
while to measure tensile strength, outer and inner zones 

were selected. Micrography results have shown segrega-
tion of all reinforcement particles at the outer region due 
to density difference and the centrifugal effect. The outer 
surface of  TiB2 reinforced FGAMC showed improvement in 

Fig. 7  Microstructure images of a unreinforced alloy b Homogeneous composite and c outer, d middle and e inner surface of LM25–10 wt% 
 Si3N4 FGAMC [68]

Alloy Homogeneous
composite

Outer Middle Inner
80

90

100

110

120

130

140

150

H
ar

dn
es

s 
(H

V)

 Hardness

Alloy Homogeneous
composite

Outer Inner

150

160

170

180

190

200

210

220

 Tensile strength

Te
ns

ile
 s

tr
en

gt
h 

(M
Pa

)

Fig. 8  Hardness and tensile strength variation of LM25 alloy, homo-
geneous composite and different zones of LM25–10 wt%  Si3N4 
FGAMC [68]

33 45 57 68 80
0.002

0.003

0.004

0.005

0.006

0.007

0.008

W
ea

r r
at

e 
(m

m
3 /N

m
)

Load (N)

 Outer
 Homogeneous
 Middle
 Inner
 Unreinforced

100 125 150 175 200

0.002

0.003

0.004

0.005

0.006

0.007

0.008

W
ea

r r
at

e 
(m

m
3 /N

m
)

Speed (rpm)

Fig. 9  Effect of load and speed on the wear rate of unreinforced 
alloy, homogeneous composite, and different zones of FGAMC [68]



Vol.:(0123456789)

SN Applied Sciences (2021) 3:227 | https://doi.org/10.1007/s42452-021-04200-8 Review Paper

hardness by 25%, 11.11%, and 8.11% and tensile strength 
by 7.47%, 3.81%, and 2.74% than  B4C, SiC, and  Al2O3 
FGAMC, respectively. Further, wear studies revealed that 
the outer circumference of the  TiB2 reinforced FGAMC has 
shown wear rate in different loads as compared to the 
other FGMs presented in Fig. 12.

2.1.5  Aluminum diboride  (AlB2)

AlB2 is the compound of aluminum and boron, which 
offers a significant improvement in mechanical properties 
when admixes with aluminum alloy [70]. To expose the 
behavior of  AlB2 with the combination of aluminum and 

its alloys, it needs proper attention from the researcher 
community.

Radhika and Raghu [71] reported the wear character-
istics of LM25 alloy with 10 wt% (45 µm particle size)  AlB2 
reinforcement FGAMC manufactured through horizon-
tal centrifugal casting method. Thereafter, this mixture 
was poured into the rotating die at 1200 rpm to produce 
FGAMC. Microstructural analysis has confirmed the gra-
dient distribution of particles categorizing into three dif-
ferent zones, increasing towards the outer from the inner 
region. The hardness test revealed the highest hardness 
value at the outer surface as 142 HV, while 105 HV at the 
inner surface was recorded. Abrasive wear testing was per-
formed at the external, middle, and internal zone under 
two different abrasive mediums, i.e., silica sand and alu-
mina (average particle size 50 µm for each). The shape and 
hardness of abrasive particles matters on abrasion behav-
ior. In this case, alumina particles possess higher hardness 
with smooth curvy edges, while the silica sand has a little 
lower hardness with sharp angular edges. As presented in 
Fig. 13, the outer surface of FGAMC showed a minimum 
wear rate as compared to the mid and internal region, 
under both abrasion mediums and further concluded that 
the minimum wear rate was observed under the alumina 
abrasive medium because the smooth curvy edged shape 
produces less stress field as compared to the sharp angular 
edged silica sand.

Furthermore, extended investigations on the effect of 
three distinct reinforcement particle sizes on the charac-
teristics of LM25 alloy were carried out by Radhika and 
Raghu [72]. Three LM25–10 wt%  AlB2 FGAMCs with parti-
cle sizes 15, 44, and 74 µm were synthesized through ex-
situ horizontal centrifugal casting. These homogeneous 
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mixtures were poured separately into the rotating mold 
under 1220  rpm to obtain three different FGAMC. In 
Fig. 14, large-sized (75 µm) particle FGAMC has shown 
superior hardness, tensile strength, and minimal wear 
rate at the outer region, followed by 44 µm FGAMC and 
15 µm FGAMC. The increase in tensile strength is due to 
the uniform distribution of smaller size particles across the 
region. The decrease in interparticle spacing between two 
reinforcement particles hinders the dislocation movement 
by bowing around the particles.

2.1.6  Aluminum nitride (AlN) and silicon dioxide  (SiO2)

Aluminum Nitride is a low-density, high wear-resistant, 
high thermal, and low electrically conductive ceramic 
material. When combined with aluminum, it advances the 
mechanical properties of aluminum. Such qualities give 

rise to the AlN as the candidate reinforcement material [73, 
74]. Similarly, the oxide of Silicon, also named Silicon diox-
ide having excellent thermal shock resistance, good abra-
sion resistance, and low electrical conductivity properties, 
which leads to the use of  SiO2 as reinforcement materials 
with metal matrix composites for improved mechanical 
and wear characteristics [75].

The comparison between the abrasion wear perfor-
mance of the LM25 alloy and its homogeneous compos-
ites and FGAMCs was explored by Radhika and Raghu 
[76]. Mean particle size 45 µm of AlN and  SiO2 (10 wt% 
each) were utilized to form homogeneous composites 
and FGAMCs. The alloy, homogeneous composites, and 
FGAMCs were prepared through traditional casting, stir 
casting, and ex-situ horizontal centrifugal casting tech-
niques, respectively. Figure 15 showed the particle dis-
tribution variation from the inner to the outer surface, 
observed during microstructural analysis in both the 
FGAMCs. Hardness at the outer, middle, and inner surface 
of AlN FGAMC was found 5.2% and 5.6% higher and 4.85% 
lower than that of the respected surface of  SiO2 FGAMC. 
Likewise, the external zone of Al/AlN FGAMC has 7.02% 
higher hardness than the Al/AlN homogeneous compos-
ite, and the outer zone of Al/SiO2 FGM has shown 6.42% 
greater hardness value than the homogeneous composite 
of it. 192 and 182 MPa was recorded as the highest ten-
sile strength in the outer section of AlN FGAMC and  SiO2 
FGAMC, respectively, which were lower than the tensile 
strength of homogeneous composites. The wear test 
showed the highest wear resistance recorded in the outer 
section of AlN FGAMC amongst all materials described in 
Fig. 16; this was due to reinforcement particles in a high 
volume fraction at the outer section.

The effect of Rarely used reinforcement particles 
FGAMC, including different material and process variables, 
are organized under Table 2.

2.2  Effect of commonly used ceramic reinforcement 
particles

2.2.1  Silicon carbide (SiC)

Due to high thermal resistance, hardness, wear resistance, 
corrosion resistance properties, and easy availability with 
low cost, SiC ceramic particles become very popular and 
widely used reinforcement particles in composite mate-
rials production [78, 79]. It is observed that generally, 
micron sizes of SiC particles were used as reinforcement 
in the aluminum matrix for improving the mechanical and 
wear characteristics of FGAMCs.

Fabrication and investigation on mechanical and wear 
behavior of Al–Cu–Mg alloy-5 wt% SiC FGAMC through 
the ex-situ horizontal centrifugal casting method have 
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been carried out by Ömer Savaş et al. [80]. The processing 
of FGAMC included the pouring of the mixture of alloy 
and SiC particles at 750 °C into a spinning mold under the 
centrifugal speed of 600 rpm. Microstructural observations 
have shown three distinct particle reinforced zones, i.e., 

exterior reinforced, particle-free, and interior reinforced 
in Fig. 17. Segregation of higher density SiC particles was 
found at the outer periphery, and a low concentration of 
SiC was observed at the inner zone, and the mid-zone is 
free from reinforcement particles. Figure 18 has shown 

Fig. 15  Optical microstructure images of Al–AlN FGAMC a outer surface b Inner surface and c homogeneous Al–AlN composite, and Al–SiO2 
FGAMC d outer surface e inner surface and f Homogeneous Al–SiO2 composite [76]
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maximum hardness was recorded near the highly concen-
trated SiC zone and also at 50 N load, and, for 600 m sliding 
distance, the outer surface indicated the enhanced wear 
resistance than the inner zone.

Subsequently, Karun et al. [81] investigated and com-
pared the microstructural, mechanical, and tribological 
characteristics of centrifugally casted A356 alloy and two 
FGAMC reinforced with different weight fractions (10 and 
20 wt%) of 23 µm size SiC developed through the ex-situ 

vertical centrifugal casting technique followed by the 
stir casting. The microstructural study revealed a high 
concentration of SiC towards the outer surface due to 
higher density in both cases, but a higher concentration 
was observed in A356–20 wt% SiC than A356–10 wt% SiC. 
Centrifugal force influences the solidification rate at the 
inner zone of FGAMC. Low centrifugal force closer to the 
center of the mold causes porosities at the inner periphery 
due to the inclusion and agglomerations of low-density 
particles. Variation in cooling rates of material inside the 
mold causes an increase in grain sizes from the outer to 
the inner zone.

It can be seen from Fig. 19 that the highest hardness 
value in as-cast and heat-treated conditions have been 
measured for A356–20 wt% SiC at the outer surface, and 
an increase in wear resistance found at the highly SiC con-
centrated zone. Due to the rapid solidification in the chill 
zone, formation takes place at the extreme outer region; 
subsequently, uneven distribution takes place, which leads 
to a lower hardness value. The increase in hardness of the 
heat-treated samples is due to the precipitation of rein-
forcement particles at the grain boundaries during solu-
tionizing. Wear testing revealed the minimum wear rate 
at the higher SiC concentrated outer zone compared with 
the particle depleted inner surface of both FGAMC can be 
seen in Fig. 20.

Another study on FGAMC of aluminum alloy A359–20 
wt% SiC fabricated through centrifugal casting was 
reported by Rodríguez-Castro and team [82]. The effect 

Fig. 17  Optical microstructure images different location of Al–Cu–Mg–5 wt% SiC FGAMC from exterior to interior region across the thick-
ness [80]
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of mold rotation speed on microstructure and mechani-
cal properties at different locations of FGAMC has been 
investigated. Better gradient formation of SiC reinforce-
ment displayed along the radial direction of the sample 
fabricated under 1300 rpm than 700 rpm shown in Fig. 21. 
Also, significant variation in hardness and ultimate tensile 
strength was observed in 1300 rpm FGAMC than 700 rpm 
FGAMC. Functionally graded composite fabricated under 
700  rpm has shown significant improvement in yield 
strength with increasing SiC volume fraction.

Additionally, Vieira et  al. [83] investigated the 
effect of mold rotation speeds on the dry sliding wear 

characteristics of centrifugally casted FGAMC of aluminum 
alloy (Al–10Si–4.5Cu–2Mg)/10 wt% SiC (average particle 
size 37.8 µm). The FGMs were manufactured under two 
different speeds, i.e., 1500 and 2000 rpm, whereas unrein-
forced alloy was produced at 1500 rpm. The micrography 
test confirmed the sharp variation was observed in the 
FGAMC cast sample produced under the centrifugal speed 
of 2000 rpm, while 1500 rpm FGAMC cast samples have 
shown a smooth distribution of SiC particles presented 
in Fig. 22. Minimum porosities were observed at the inner 
zone of FGAMC casting prepared using higher rpm. Fig-
ure 23 presented the improvement in hardness and wear 
characteristics that have been recorded from the outer 
to the inner of both FGAMC. The hardness was obtained 
highest for the 1500 rpm FGAMC cast at the outer sur-
face, whereas the inner zone of the 2000 rpm cast FGAMC 
has shown maximum hardness value. The tribological 
test revealed that the outer circumference of 1500 rpm 
FGAMC cast had shown a minimum wear rate amongst 
all materials.

As discussed in this Sect. 2.2.1, the conclusion can be 
drawn that SiC particle size, weight fraction, and cen-
trifugal speed play a significant role in determining the 
mechanical property of FGAMC. The difference in density 
of matrix and reinforcement particle and centrifugal speed 
plays a vital role in continuous gradient formation. Also, 
gradual refinement in grain size from the outer surface to 
the inner core of the cast was observed due to the solidi-
fication rate. Solidification rates are high near the inner 
side of the mold, and hence the outermost zone of the 
FGAMC cast, which is in contact with the inner wall of the 
mold, showed finer grain size than the inner zone. The dif-
ferent FGAMCs reinforced with SiC have produced under 
the range of centrifugal speed 600–2000 rpm, the mean 
particle size of range 12.89–500 µm and weight fractions 
from 2.5 to 20 wt%. Superior values of hardness and wear 
resistance were found near the outer region due to the 
presence of a higher concentration of SiC particles. Also, 
the improvement in tensile and compressive strength was 
observed in the outer section, along with the reduction 
in ductility.

2.2.2  Aluminum oxide  (Al2O3)

Aluminum oxide (also called alumina) is another rein-
forcement material used widely after SiC to synthesize 
functionally graded aluminum matrix composite due to 
its adequate properties like high hardness, mechanical 
strength, high corrosion and wear resistance, high-tem-
perature resistance, and thermal conductivity [84].  Al2O3 
possesses such an excellent combination of properties, 
which attracts the researchers to use this material as rein-
forcement to the fabrication of FGAMCs.

0 10 20 30 40 50
30
40
50
60
70
80
90

100
110
120
130
140
150
160

H
ar

dn
es

s 
(B

H
N

)

Distance from outer circumference (mm)

 As-cast Alloy                        Heat-treated Alloy   
 As-cast-10% SiC FGAMC    Heat-treated-10% SiC FGAMC        
 As-cast-20% SiC FGAMC  Heat-treated-20% SiC FGAMC

Fig. 19  Hardness plot for centrifugally casted A356 alloy, A356–10 
wt% SiC, and A356–20 wt% SiC FGAMCs in as-cast and heat-treated 
conditions [81]

0 20 40 60 80 100 120

0.000000

0.000001

0.000002

0.000003

0.000004

0.000005

0.000006

0.000007

0.000008

Sp
ec

ifi
c 

W
ea

r R
at

e 
(m

m
3 /N

m
)

Normal Load (N)

 Inner Pin-Alloy
 Outer Pin-Alloy
 Inner Pin-10% SiC FGAMC
 Outer Pin-10% SiC FGAMC
 Inner Pin-20% SiC FGAMC
 Outer Pin-20% SiC FGAMC

Fig. 20  Wear rate plot for centrifugally casted A356 alloy, A356–10 
wt% SiC, and A356–20 wt% SiC FGAMCs in as-cast and heat-treated 
conditions [81]



Vol.:(0123456789)

SN Applied Sciences (2021) 3:227 | https://doi.org/10.1007/s42452-021-04200-8 Review Paper

Mer et al. [85] have used 10, 15, and 20 wt%  Al2O3 as 
reinforcement particles to synthesized pure aluminum-
based FGAMC by low-speed centrifugal casting. The high-
est concentration of alumina has shown at the outer loca-
tion as compared to the inner region. The hardness graph 
in Fig. 24 showed that the hardness of FGAMC increases 
by following the increase in the volume fraction of  Al2O3 
from the internal to the external surface. Maximum hard-
ness was achieved near the external surface of all FGAMCs.

Furthermore, Junus and co-worker [86] worked on 
processing and characterizing Al6061-Al2O3 FGAMC with 

three different, 3, 5, and 10 volume percentages of  Al2O3 
through three different processing methods, as-cast, stir 
casting, and the centrifugal casting process, respectively. 
They have found the centrifugally casted pipe possesses 
maximum hardness than that of stir and as-cast samples 
due to the centrifugal force that holds the particles in 
their remaining position, while in stir casting, the parti-
cles fall down due to gravity force causing inhomogene-
ous distribution.

After that, Prasad et al. [87] have synthesized and char-
acterized Al6061 matrix FGAMC reinforced with  Al2O3 

Fig. 21  Optical micro-images 
of Al–SiC FGAMC produced 
under 1300 rpm centrifugal 
speed showing distribution of 
SiC in aluminum matrix from 
outer periphery towards inner 
at distance a 0.79 mm, 0.45 
vol%, b 10.32 mm, 0.35 vol%, 
and c 26.19 mm, 0.23 vol% [82]
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particles having a mean particle size of 30–50 µm.  Al2O3 
contents were varied from 0 to 20 wt% with an interval 
of 5%. They have also seen the three different regions as 
outer reinforcement, particle-free mid, and inner reinforce-
ment zone, as depicted by former research groups. Plot 
under Fig. 25 showed improved tensile strength and com-
pressive strength accompanied by a decrease in ductility.

Subsequently, Saleh et al. [88] reported the effect of 
distinct weight fractions (2.5, 5, and 10 wt%) of  Al2O3 
reinforcement particles (average particle size 16 µm) on 
pure aluminum FGAMC produced at different centrifu-
gal speeds (as 800, 900, and 1000 rpm) through ex-situ 

horizontal centrifugal casting route. The presence of 
three distinct zones, high volume concentration, transi-
tion, and particle depleted zone of alumina particles at 
the outer, middle, and inner regions across the thickness, 
was observed in all three FGAMC in the microstructure 
analysis can be seen in Figs. 26 and 27. Likewise, Fig. 28 
expressed the improvement in mechanical properties 
and wear behavior following the gradient observed in 
all FGAMCs. The hardness value was recorded maximum 
at the outer zone of the FGAMC produced with 10 wt% 
 Al2O3 under centrifugal speed 1000  rpm. Maximum 
improved tensile strength and wear-resistant behavior 
were recorded at the outer circumference of 10 wt%  Al2O3 
reinforced FGAMC produced under 1000 rpm compared 
to the other FGAMCs. The increase in tensile and hardness 
of the FGAMC with an increase in rpm is attributed to the 
enhanced compaction caused by the centrifugal force in 
the outer region. Thus, it was concluded that an increase 
in weight fraction of  Al2O3 reinforcement particles with 
an increase in centrifugal speed improved the mechanical 
properties of FGAMC.

The combination of aluminum and its alloy with rein-
forcement particle  Al2O3 in a gradual manner advances 
the mechanical and wear properties in the continuous 
FGAMC fabricated under the centrifugal casting method. 
The density of the alumina particle (3.95 g/cm3) is greater 
than that of the molten aluminum matrix (2.7 g/cm3). 
Various FGAMCs using different weight fractions of  Al2O3 
ranging from 2.5 to 20 wt% have been produced under 
the centrifugal speed range from 200 to 1200 rpm, the 
average particle size of range 16–63 µm. An increase in 
weight fraction of  Al2O3 reinforcement particles in FGAMC 
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Fig. 25  Effect of different 
weight fractions of  Al2O3 
particles on tensile, compres-
sive strength, and ductility of 
the FGAMC towards the outer 
zone [87]
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along with centrifugal speed has been shown an increase 
in mechanical properties like hardness, tensile strength, 
compressive strength, and tribological characteristics but 
a diminution in ductility.

2.2.3  Boron carbide  (B4C)

The proper combinations of aluminum and light density 
boron carbide in composite provides improved hardness 
and toughness with enhanced wear resistance in light-
weight structures [89–92]. Due to poor wettability and 
agglomeration of  B4C in aluminum matrix needs more 
attention from the researchers’ community in the produc-
tion of Al–B4C FGAMC through centrifugal casting [93, 94].

Rao and Co-workers [95] investigated the fabrication 
and evaluation of mechanical properties of centrifugally 

Fig. 26  Microstructure of pure 
Al–5 wt%  Al2O3 FGAMC from 
outer to inner periphery fabri-
cated at 900 rpm [88]

Fig. 27  Panoramic view of the 
microstructures of Pure Al–10 
wt%  Al2O3 FGAMC tube along 
the radial direction fabricated 
at 1000 rpm [88]
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Fig. 28  Effect of distinct weight fractions of  Al2O3 and centrifugal 
speed on hardness, tensile strength and wear rate of pure Al–Al2O3 
FGAMC [88]
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casted Aluminum 6061 with 10 wt%  B4C having 25 µm 
mean particle size. The effect of centrifugal speed on the 
variation of  B4C in aluminum 6061 alloy has also been 
reported. The microstructure image analysis confirmed 
the gradient formation along the radial direction, and the 
denser  B4C reinforced the outer region was formed with 
increasing centrifugal force. Also, the hardness values 
were evaluated at different locations of FGAMC. Due to 
the presence of a high concentration of  B4C particles at 

the outer zone, an improvement in hardness, according 
to the gradation, was observed, and the same has been 
plotted in Fig. 29.

Afterward, Radhika and Raghu [96] have shown the 
effect of the addition of 10 wt%  B4C particles (mean par-
ticle size 33–40 µm) in Al–Si12Cu aluminum alloy FGAMC. 
This FGAMC has fabricated under 1000 rpm using a hori-
zontal ex-situ centrifugal casting process. Figure 30 shows 
the gradual variation of  B4C Particles from the outer to the 
inner periphery. Following the trend, the FGAMC cast is 
divided into three zones—particle rich outer zone, tran-
sition-middle zone, and particle depleted-inner zone. An 
increase in hardness as per the gradient present in the 
FGAMC was recorded during hardness testing. The effect 
of load, speed, and time on abrasive wear behavior of the 
FGAMC were studied. Enhancement in wear resistance was 
observed in the outer region during wear behavior study 
in all the conditions, as shown in Fig. 31. Wear resistance 
improved because the hard reinforcement particle per-
forms as a load bearer element in the FGAMC that provides 
the formation and stability of adherent thick tribolayer to 
prevent wear loss.

Furthermore, another study on the fabrication and wear 
characterization FGAMC of aluminum alloy LM13 with 10 
wt%  B4C (25 µm mean size) particle reinforcement using 
horizontal centrifugal casting was carried out by Muddam-
setty and Radhika [97]. The heat treatment process was 
performed under various aging temperature to improve 
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Fig. 30  Microstructure of the 
Al–Si12Cu–10 wt%  B4C func-
tionally graded composite at 
different locations along radial 
direction a 3 mm, b 9 mm and 
c 15 mm [96]
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the properties of FGAMC. Wear testings were performed 
on these heat-treated FGAMC specimens.

Improved wear resistance at the particle enriched outer 
surface can be seen in Fig. 32. Further, they performed 
Taguchi’s optimization technique to analyze the effect 
of various factors such as load, aging temperature, and 
aging time on the adhesive tribological behavior of the 
LM13-10 wt%  B4C FGAMC. The optimized condition (i.e., 
minimum wear rate) was found at applied load 10 N with 
an aging temperature of 175 °C and an aging time of 6 h. 
The decrease in the wear rate with an increase in the aging 
temperature is due to the higher thermal diffusion, which 
causes the homogenous distribution of reinforcement par-
ticles inside the matrix. With further increase in tempera-
ture causes the reinforcement particle to segregate near 
the grain boundaries, which reduces the wear properties 
of the FGAMCs.

Radhika and co-workers [98] reported the compari-
son between horizontal centrifugally casted Functionally 
graded A359–10 wt%  B4C and gravity cast A359–6 wt% 
 B4C. The wt% of  B4C in gravity cast MMC is equivalent to 
the outer zone of FGAMC. The outer zone of FGAMC and 
gravity cast MMC has been compared under the as-cast 
and heat-treated conditions. The graph under Fig.  33 
shown the microhardness and the tensile test results in 
which the outer zone of FGAMC has revealed the highest 
value of 161.8 HV and 239 MPa than gravity cast MMC. 
Similarly, the outer zone of FGAMC has shown a minimum 
wear rate than the MMC under all testing conditions dur-
ing wear investigating.

Boron carbide influences the property of the aluminum 
matrix by improving its mechanical and wear charac-
teristics.  B4C has a lower density (2.52 g/cm3) concern-
ing other ceramic reinforced particles; however, it has a 
higher density than the melt aluminum matrix; therefore, 

 B4C particles segregated at the outer wall with minimum 
porosities found at the inner wall of the FGAMC cast using 
centrifugal casting. It has been postulated that trapped 
gas bubbles during casting are responsible for porosities. 
Due to less density, these gas bubbles and some particles 
move towards the internal zone because of centrifugal 
force. Hence, the minimum amount of  B4C particles were 
observed in the internal region of the FGAMC. A significant 
improvement in hardness, tensile strength, and wear char-
acteristics were observed compared to virgin aluminum 
and its alloys. It has been observed that generally, centrifu-
gal speed from 600 to 1500 rpm, with a mean particle size 
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range 10–40 µm and up to weight fraction 10 wt% used 
for the synthesis of  B4C reinforced FGAMC.

2.2.4  Zirconium oxide  (ZrO2)

Zirconium Oxide (also called Zirconia) possesses excellent 
mechanical, thermal, and tribological properties such as 
high tensile strength, hardness, high fracture toughness, 
and corrosion and wear resistance [99]. It is widely used 
ceramics in the manufacturing of various engineering 
applications, such as refractories, cutting tools, structural 
opacifiers, and gas sensors [100].

Radhika and Raghu [101] produced FGAMC of 
Al–Si12Cu alloy with 10 wt%  ZrO2 (average particle size 
50 µm) ceramic reinforcement through ex-situ horizontal 
centrifugal casting processing technique. Figure 34 illus-
trated the microstructural images showing a highly dense 
outer zone with  ZrO2 particles decreasing towards the core 
region. An abrasive wear test was performed under vary-
ing load with fixed sliding speed. In all loading conditions, 
the  ZrO2 particle rich outer surface has shown a minimum 
wear rate, and the same can be observed in Fig. 35.

Subsequently, Smrutirekha Sen and team [102] fab-
ricated and investigated the Al–5%Si alloy—ZrO2 rein-
forced FGAMC using ex-situ vertical centrifugal casting. 
The consequence of different centrifugal speeds (i.e., 300, 
400, and 500 rpm) on hardness and tensile strength were 
investigated. Figure 36 showed that the highest hardness 
and tensile strength were measured for 500 rpm casted 
sample, whereas 300 rpm sample has shown the lowest 
hardness and tensile strength value. The hardness and ten-
sile strength were improved due to the deposition of  ZrO2 
particles at the casted sample’s outer periphery because 
of the increasing centrifugal effect. Hence the significant 
impact of centrifugal speed on mechanical properties was 
observed.

Recently, Jojith and Radhika have done a very inter-
esting study [103]. They have fabricated and compared 

three different Al–12Si–Cu alloy FGAMCs with three dif-
ferent reinforcement particles  B4C (ρ = 2.52 g/cm3), SiC 
(ρ = 3.21 g/cm3) and  ZrO2 (ρ = 5.68 g/cm3) through ex-situ 
horizontal centrifugal casting technique. The particle sizes 
were chosen as 20 µm for  B4C and  ZrO2, and 10 µm for 
SiC particles, and Al/ZrO2 FGAMC has shown the highest 
density value amongst the Al/SiC and Al/B4C FGAMCs. 
Also, the enhanced density of FGAMC has been observed 
compared to the density of aluminum alloy. The micro-
structure images of all fabricated FGAMCs have confirmed 
the gradient formation along the radial direction follow-
ing the density differences of aluminum matrix and rein-
forcements with centrifugal effect. Superior mechanical 
and tribological properties in the external region of  ZrO2 
reinforced FGAMC has been recorded and can be observed 
in Fig. 37.

ZrO2 affects and improves the characteristics of alu-
minum and its alloys when mixed in the proper ratio. 
Different aluminum alloy reinforced with  ZrO2 was 

Fig. 34  Microstructures of the FGAMC a particle rich outer zone, b middle zone with particle transition, and c particle depleted inner zone 
[101]
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investigated. The density of the zirconium oxide is 5.68 g/
cm3, which is greater than the density of the aluminum 
matrix. Thus, the properties were found more near the 
external section of the FGAMC cast. The process and 
materials parameters during fabrication also have a sub-
stantial impact on property enhancement. The increase in 
centrifugal speed confirms the increase in mechanical and 
tribological characteristics. The range of centrifugal speed 
used on the above reports varies from 300 to 1500 rpm, 
particle size ranges from 20 to 50 µm, and weight fraction 
of  ZrO2 reinforcement used was 10–15 wt%.

The effect of Commonly used reinforcement particles 
FGAMC, including different material and process variables, 
are organized under Table 3.

3  Optimization of various parameters 
for mechanical properties improvement

In order to achieve the optimum properties for the FGAMC, 
a linear regression model has been used. The parameters 
involved in the processing of FGAMC using the ex-situ cen-
trifugal method listed in Tables 2 and 3 were optimized 
using linear regression analysis to maximize the hardness 
and tensile strength with the help of Minitab19 software. 
In this analysis, only the properties at the outer sections 
are considered, as in this section, mechanical properties 
were found maximum than inner and mid-zone. The devel-
oped regression model for hardness and tensile strength 
are given in Eqs. (17) and (18), respectively.

where, APS—average particle size, Wt—weight fraction of 
reinforcement particles,  Nc—centrifugal speed,  Tm—mold 
preheat temperature,  Tpour—pouring temperature.

Figure 38 shows the optimum conditions for maximum 
properties. Also, Figs. 39 and 40 displayed the effect of dif-
ferent parameters on the hardness and tensile strength 
of FGAMC. Based on the parameters mentioned above, 
a linear regression model has been successfully derived. 
This model will facilitate the researchers to fabricate the 
FGAMCs with exceptional properties.

4  Future scope for research work

Many research have been carried out to fabricate bulk con-
tinuous FGAMCs through various processing routes such 
as powder metallurgy and casting. Continuous FGAMCs 
production through centrifugal casting technique com-
bines these two routes as it uses reinforcement material 
in powder form, distributed uniformly into a liquid metal 
matrix. This mixture of liquid-particle is then poured into 
a rotating die of the centrifugal casting machine to obtain 
the desired gradient until solidification. Centrifugal cast-
ing is economically and qualitatively better than other 
functionally graded material processing techniques such 
as additive manufacturing (laser cladding, laser melt dep-
osition) and chemical vapor deposition method. Due to 
such benefits, the centrifugal casting method to produce 
FGAMCs has enticed industries and researchers. In the past 
researches, mainly enhancement in mechanical and tribo-
logical behaviors and smoothness of gradient distribution 

(17)

Hardness =633 − 0.100APS + 7.00Wt − 0.0205Nc

− 0.384Tm − 0.538Tpour

(18)

Tensile strength = − 393 + 2.65APS + 2.95Wt − 0.460Nc

− 2.15Tm + 2.30Tpour
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of reinforcement particles inside the aluminum matrix 
through centrifugal casting have been reported by sev-
eral researchers. Many other properties, such as corrosion, 
fatigue, vibration, and thermo-mechanical behaviors, can 
also be needed to investigate. Figure 41 shows the descrip-
tion of research gaps in the production of FGAMC through 
the ex-situ centrifugal casting technique.

As already mentioned in the introduction, FGAMC pro-
duction through centrifugal casting consists of two pro-
cessing variables—material and process variables. Mate-
rial variables involve reinforcement (type, size, shape, and 
weight fraction) and matrix (type and weight fraction), and 
process variables include pouring temperature, particle 
and mold preheat temperature, centrifugal speed, stirring 
speed, stirring time. The influences of these variables on 
various characteristics are needed to investigate further 
as limited researches have been reported in this direction. 
Also, the restricted investigations on hybrid FGAMCs have 
been carried out, so there are possibilities to explore this 
area.

Another research direction which is needed to be 
explored is the simulation of the centrifugal casting pro-
cess to produce FGMs with an addition to the predeter-
mination of various mechanical properties. Numerical 
modeling and simulation not only offers prediction in the 
behavior of different parameters involves during the pro-
cessing of FGM through the centrifugal casting method 
but can also determine the effect of forces, mechanical 
and thermal stresses, vibrations, fatigue, wear, and other 
properties of the FGM component virtually and relatively 
in very low cost and time-saving method compared to the 
experimental casting process. Two modeling approaches 
can be used for analysis purposes—analytical and numeri-
cal methods. Analytical and numerical models can be 
developed to understand the behavior of fluid flow and 
particle motion in the viscous liquid metal under the influ-
ence of centrifugal forces to forecast and improve the 
gradation in the FGM. For the numerical analysis, ANSYS 
Fluent, Flow 3D, ProCast, and ABAQUS software packages 
can be utilized. To validate the result obtained by numeri-
cal simulation, analytical approach programming software 
such as MATLAB and Python can be used. Thus, the quality 
of the FGM can be predetermined using the simulation 
without casting.

5  Summary and conclusion

Limited works have been carried out on the fabrication 
and investigation of the continuous FGMs using centrifu-
gal castings. There are various parameters involved dur-
ing the synthesis process under the centrifugal casting 
technique—primarily material and process variables. The 
investigations on the mechanical and tribological charac-
teristics of FGAMCs with different reinforcement particles 
under various processing variables are summarized in 
Tables 2 and 3. Moreover, various strengthening mecha-
nisms and their implications to the mechanical properties 
have been discussed, and, thus, the correlation between 
them is summarized.

Researches within the last few years have concluded 
that their primary focus on investigating the mechanical 
and tribological behavior of FGAMC. A regression model 
has been established in order to optimize the parameters 
involved in the processing of FGAMC in Sect. 3, and thus, 
it was observed that the majority of the investigations 
had given the maximum values of hardness and tensile 
strength under reinforcement with 10–15 wt%, average 
particle size 18–50  μm, mold preheating temperature 
250–350 °C, centrifugal speed 600–1300 rpm, and pour-
ing temperature in the range of 740–760 °C. It is concluded 
from Figs. 38, 39 and 40 that the average particle size has 
a significant contribution to the improvement of tensile 
strength, but the negligible effect as in the case of hard-
ness enhancement and likewise, an increase in the weight 
fraction of the reinforcement particle improves the hard-
ness and tensile strength. Besides, the increase in centrifu-
gal speed and mold temperature showed a reduction in 
mechanical properties.

High pouring temperature contributed to the enhance-
ment of tensile strength, whereas, decrement in hardness 
and also, it was found that the density of reinforcement 
particle, and matrix material, influences the microstruc-
tural, mechanical, and wear properties improvement 
either at the inner or outer region.

The important and critical mechanical properties such 
as tensile properties, hardness, and tribological proper-
ties have not been extensively studied and reported for 
FGAMCs. This critical review article will help the research-
ers to produce and study the influence of various ceramic 
reinforcement FGAMCs synthesized through the ex-situ 
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Fig. 38  Optimum conditions for maximum mechanical properties

Fig. 39  Effect of different parameters on the hardness of FGAMC
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centrifugal casting technique considering its materials 
and processing parameters.
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