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ABSTRACT

The increasing interest in functionally graded materials for automobile, military, and aerospace structural applications in recent years is due to its
admirable properties such as good resistance to thermal fluctuation, good formability, and good strength. This study investigates the tribological
property of aluminum A356 composites reinforced with silicon carbide particles with varied weight-percents and particle sizes fabricated
through centrifugal casting technique. Tribological, mechanical, and SEM analyses were carried out on fabricated composite samples, reinforced
with SiC,, of 7 p and 15 i particle sizes, respectively. The results indicated that the insertion of the reinforcement particles in the aluminum
matrix improved the microstructural properties of the fabricated composites andenhancedtheir tribological properties.Furthermore, this
studyconfirms that the size of the reinforcement particles influences the overall properties of aluminium metal matrix composites
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Introduction

Aluminum is the most abundant metal in the earth's crust. Its
processing and use for industrial and domestic
applicationshavesignificantly increased over the years. This
increased application of aluminum and its alloys is not far
removed from the excellent mechanical and tribological
properties it possesses[1]. The ease of fabrication and
relatively low cost also lend credence to its increased usage.
Properties such as lightweight, low density, and toughness
have also made alloys of aluminum the preferred material of
choice in the automotive and aerospace industries[2].
However, in its pure state, aluminum is of little industrial
use. Hence, the aluminum matrix composite concept
introduces composites materials in controlled quantity into
the aluminum matrix to improve its engineering properties
such as abrasion resistance while leveraging on its excellent
properties such as ductility and toughness[3, 4].

There have been various studies and research to develop a
series of AMCs using different reinforcing materials such as
TiB2, SiC, Al203, Mg, Cu, CNT, ZnO, graphite, fly ash,and
other elements.These reinforcing materials are adopted and
used in varying weight-percent to produce a tailor-made
material property suitable for specific applications[5,
6].Furthermore, various manufacturing processes and
techniques have been researched to fabricatethe best
materials for definite applications. The author has discussed
these processes in a previous publication [7, 8]. AMCs have
been found to possess a high strength to weight ratio and
excellent tribological property, which makes them
particularly suitable for structural, aerospace, and
automobile application[9].

Functionally graded materials (FGMs) are materials with a
gradient or varied concentration of reinforcement particles
dispersed along the base material's matrix from one axis to
the other. Thisadvanced and novel material was developed
to meet the ever-dynamic functional demands required in
engineering applications such as low abrasion resistance,
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good machinability, thermal resistance, and the ability to
withstand extreme and opposing conditions during service.
FGM was birthed from a challenge to solve the thermal
challenge faced by engineers from Japan when building the
frame of a rocket in the mid-1980s. Since then, various
FGM types have developed through several manufacturing
techniques for automobile, military, aerospace, and
structural applications.

The use of FGMs in the fabrication of automobile parts has
been a focus for research in recent years, with different
researchers exploring the potentials of various types of
metal matrix composites (MMC) in solving specific
automobile challenges. Polajnar, et al. [10] investigated the
use of functionally graded ductile iron (FGDI), which
contains Cr and Ni as reinforcing elements for brake pad
application. Polajnar, et al. reported that improved wear
property and a stable frictional coefficient were obtained on
the FGDI due to the presence of the functionally graded
zone and the formation of a thin oxidized layer on the pad,
which aids in self-lubrication of the wear surface. Other
researchers have also researched the use of Al-based MMC
in the fabrication of FGMs [11-14]. Due to their high
strength to weight ratio, low cost, and high wear resistance,
aluminum matrix composites are widely manufactured and
used in structural applications along with the aerospace and
automobile industry. Also, a simple and cost-effective
method for manufacturing the composites is essential for
expanding their application. Reinforcements like particulate
alumina, silicon carbide, graphite, fly ash,etc., can easily be
incorporated into the melt using a simple yet innovative
casting method.

Research into the various techniques and the development of
novel ones in fabricating different metal-based FGMs have
also garner keen interest among researchers. The prospect
ofcomponentsmanufactured through CCT, as opposed to the
conventional gravity casting for structural application, was
demonstrated byChirita, et al. [15]. They submitted that the
FGM produced through centrifugal process possessed
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improved mechanical properties such as strength and
toughness compared to those produced via gravity casting.
Consequently,various researchers have adopted unique
techniques to fabricate functionally graded metal-matrix
composites  tailor-made  for  specific  engineering
applications. Pawar and Utpat [16] developed FGMs for
spur gear application using aluminum metal as the base
matrix and silicon carbide particulate as the reinforcements
while adopting a stir casting technique. The percentage
weight addition of reinforcements utilized in producing the
FGMs was varied from 25% to 10%, and the
variation'seffect was examined. They submitted that
properties of hardness and toughness of the FGMs were
enhanced with increment in SiC reinforcement within the
matrix.

In the quest to produce an ideal FGM suitable for any given
application, researchers have studied the influence of
various process parameters on specific mechanical
behaviors desired of the FGM to be fabricated. A prime
example of a mechanical property is the material's wear
behavior.

The importance of the wear properties of engineering
material used in automobile applications cannot be
overstretched as moving parts in contact with each other are
required to possess this property to mitigate uncontrolled
material loss. The desire to improve on wear property of Al-
based FGMs in automobile applications has necessitated the
introduction of particle reinforcement such as silicon carbide
into aluminum matrix to enhance this property. The
adoption of silicon carbide as a choice reinforcing element
for aluminum composites by various researchers stems from
its relatively low cost, accessibility, and desirable abrasive
properties. Silicon carbide particle exhibits a denser
property compared to aluminum. When introduced into the
aluminum matrix, properties such as abrasive strength and
hardness of the resulting composite material are
significantly improved [17]. Other influences of SiC
addition to the aluminum matrix in varying amounts and
under various fabrication techniques have been well
researched and documented[18-21].

In research carried out by Pradhan, et al. [19], it was
reported that the wear resistance of the aluminum metal
matrix composite fabricated using the stir casting technique
was greatly influenced by the addition of SiC
reinforcements with controlled design parameter. Three sets
of MMCs were fabricated and reinforced with 5 wt.%, 7.5
wt.%, and 10 wt.% of SiC particles. The pouring
temperature for the cast was kept at 720 °C. Pradhan, et al.
[19] reported a decrease in the frictional coefficient of
reinforced MMC when compared to pure aluminum.
Furthermore, a steady decrease in the frictional coefficients
of the fabricated composites was observed as the weight-
percent on the reinforcement increased.

Similarly, in the study conducted by Ozben, et al. [22], it
was reported that the addition is SiCp as reinforcement to
the Al matrix improved the strength and toughness of the
composite material as the weight-percent is increased from
5% to 15%. However, beyond 10 wt.%, the composite's
tensile strength gradually reduces as thematerial's hardness
is observed to increase. Consequently, the wear behavior of
the composite also reduces beyond 10wt.% addition.
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Other researchers have reported on the effect of other
fabrication parameters such as stirring speedNai and Gupta
[23], pouring temperature, rotational speed, cooling rate, on
other mechanical properties of FGMs produced through
centrifugal and other casting methods. This paper seeks to
highlight is the influence of SiC particle size on the
mechanical and wear property of the FGAMMC
manufactured using the centrifugal casting technique.

Experimental Procedures
2.1 Materials and Method

Aluminum alloy A356ingots and particles of SiC were
adopted as the base materials and reinforcements
respectively in the research. The average particle size of the
SiC reinforcements was 7 pm and 15 um.Aluminum ingots
were weighed and charged into the furnace and temperature
set to 750 °C to melt the material. Dross formed on the melt
was skimmed off while the SiC particlereinforcements are
preheated in a muffle furnace to a temperature of 300 °C and
introduced to the aluminum melt. Preheating is necessary to
mitigate the rejection of the SiC particles from the melt due
to a sharp temperature difference. Stirring the solution to
enhance even dispersion of the SiC particles in the melt is
carried out using a mechanical stirrer. The homogenous
composite is poured into the cavity of a vertically rotated
centrifugal machine for the casting process to begin. Due to
the density difference between aluminum and silicon
carbide, the centrifugal effect of the rotating mold was
expected to force the SiC particles away from the center of
the cast and towards the outer ends.Once solidification was
completed, the cast sample was removed from the mold, and
the process was repeated to produce other samples. Two sets
of the sample were produced using two particle sizes of
SiCp reinforcement - 7 pu and 15 p. Each set of the cast
sample contained 1 wt.%, 3 wt.%, and 5 wt.% addition of
SiCp. A control sample with 0 wt.% was also fabricated,
bringing the cast samples to 7. The cast samples were
labeled from 'A' to 'G' were produced. The casting process
parameters are shown in Table I, while Table Il shows the
chemical composition of the as-cast Al-356 and the
reinforcement particles’ chemical composition.As analyzed
using the Bruker mass spectrometer, the samples' chemical
compositionsare presented in Table I11.
Table I Casting Parameters

Melting temperature 750°C

Melting Time 10 Mins

Feinforcement preheated temp 300 °C

Rotating speed of mold 800 rmpm
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Table Il Chemical composition of As-cast Aluminium alloy
and Reinforcing SiC

Al C 0 Fe Si Total

As-cast Aluminum Alloy
923 5.83 152 036 - 100
(wt.%) (Sample D)

Reinforcement (wt.%) - 42.63 301 - 3436 100

Table 111 Chemical Compositions of the Cast Al-SiC

Composites
Sample Wt.%, um Si (%) C (%) 0 (%) Fe (%) Al (%)
A 1wt.%, 7 um 083 381 128 095 Balance
B 3 wt.%, 7 um 093 7.04 1.80 081 Balance
C 3 wt.%, 7 um 137 16.98 312 0.62 Balance
D - - 383 152 036 Balance
E 1wt.%, 15 ym 0.80 384 130 0.87 Balance
F 3 wt.%, 15 ym 087 7.08 1.85 0.69 Balance
G 5wt.%, 15 pm 129 16.85 324 048 Balance
2.2 Samplepreparation for microstructural and

mechanical analysis

The cast samples produced from the casting process had
dimensional configuration of 100 mm length and 20 mm
diameter. The samples were sectioned and preparedfor
metallographic characterization. Each sectioned sample
piece was mounted in Bakelite, and their surfaces were
prepared using standard metallographic procedures.
Grinding was carried out using 320-1200 grits of SiC
grinding papers. Polishing was done using an automatic
polishing machine with different microns of diamond
suspensions and fumed silica on polishing cloths. The
polishing process continued until a mirror-like surface was
achieved. The samples' surfaceswere further etched using
Keller's reagent to reveal adequate details during the
microstructural examination. The mechanical properties of
hardness, tensile strength, and wear behavior of the FGM
cast samples were also investigated.  The individual
sectioned samples were subjected to a hardness test to
determine the effect of the different particle sizes with the
varying concentrations of the reinforcement particles along
each sample's length on their respective hardness properties.
The hardness test was carried out using the LECO® M-400-
H1 hardness testing machine with a load of 100 g and a
dwell time of 15 sec. The hardness value for each sample
was determined by taking the average values obtained from
five indentations on the sample's surface to be examined.
The uniquely developed FGAMMC presented in this paper
was subjected to tribological analysis using a pin-on-disc
Anton Paar tribometer. A stainless steel counterface with a
surface roughness of 15 nm, a load of 5 N, a sliding distance
of 400 m, and a motor speed of 100 rev/min was used to
determine the tribological property of the samples. The
samples' worn surfaces were further examined using SEM to
investigate the wear tracks formed and the interaction
between the counterface material and samples' surface.
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Results and discussions
3.1 Morphology of sic starting powder

The morphology of the SiC reinforcement was examined
using SEM. Before this examination, the SiC particles were
prepared by coating it with gold dust in a Quorum Q150A
ES sputtering machine, which improves their conductivity.
Figure 1 highlights the morphology of the reinforcement
powders. The particles of Figure 1a and 1b displays a rocky
and irregular shape. Several researchers have reported
silicon carbidehaving a tetrahedral layer accompanied by a
polyhedric structure. However, as observed in Figure 1a, the
fragmented and elongated shape can be attributed to the
crushing of the SiC particles into smaller sizes. The atoms of
silicon carbide have been reported in literature to have a
spacing of 1.46 A between the particles of silicon and
carbon, which are the primary elements present in the
powder.

reinforcement particles

3.2 Microstructural analysis of fgmsamples

The SEM morphology of the FGMsamples is presented in
Figure 2. Figure 2a showsthe existence of the eutectic a-Al
phase, formed during the solidification of aluminum. The
dendrites evident in the aluminum alloy matrix are less
visible in the micrographs shown in Figure 2b-2d. The
reduction of dendrites can be ascribed to the incorporation
of SiC reinforcement particles with varying particle
sizes[24].  Thehomogeneous  distribution  of  the
reinforcement phases within the aluminum matrix is
observed in Figure 2. Figures 2b and 2c with respective
addition of 3wt.% and 5 wt.% of 7 p SiC reinforcements
show a clear interface and excellent bonding between the
reinforcement and matrix phases, which could improve the
load-bearing property of the fabricated composite during
service. This observation is corroborated by the study
carried out by Akinwamide, et al. [25]. The utilization of
centrifugal casting is observed to be a successful technique
as large sizes of SiC particles (15 p) are seen to be
effectively dispersed within the matrix of aluminum, as
presented in Figure 2d. Furthermore, the level of
strengthening offered by the reinforcement particles depends
on factors, such as the particle size of reinforcement and the
type of bond existing between the reinforcement and matrix
phases[26].
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Figure 1 SEM micrographs and EDX analysis of (a) Al
alloy (b) Al+3wt.% SiC (7 p) (c) Al+5wt.% SiC (7 p) (d) Al
+1wt.% SiC (15 p)

3.3 Mechanical properties of Al- 356 FGM

In a previous study, the authors have been able to establish
the effect of particle size and percentage weight
concentration of the SiC reinforcements within the matrix of
the aluminum A356 alloy on the mechanical properties of
hardness tensile strength. Samples A, B, and C were
reinforced with SiC particles with an average size of 7 pat 1
wt.%, 3 wt.%, and 5 wt.% of the aluminum A356 alloys.
The cast samples were observed to possess hardness values
of 106.8 HWV100, 111 HV100, and 112.7 HV100,
respectively. Sample D (control), with no reinforcement
added to it, exhibited a hardness value of 102 HV100.
Furthermore, samples E, F, G, which contained SiC
reinforcements of average particle size of 15 um at 1 wt.%,
3 wt.%, and 5 wt.% of the Al-356 alloys, showed hardness
values of 104 HV100, 106.1 HV100, and 108.4 HV100,
respectively. Using the cast composite samples' obtained
hardness values, corresponding tensile strength values were
calculated with the aid of an online engineering software
database [27]. Tensile strength values obtained were cross-
referenced with values obtained from the ASTM A370 /
ASME SA-370 standard manual, and a strong relationship
was established[21, 28]. The influence of the difference in
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SiC particle sizes on the matrix of cast aluminium composite
in the mechanical properties (tensile and hardness) was fully
established in the previously published articles. The
reinforced composites with the larger particle size of SiC
reinforcements (15 p)recorded reduced mechanical
properties as it allows easy movement of dislocation.
However, the improved mechanical properties exhibited by
the cast samplesthat were reinforced with 7 p SiC
particlesare attributed to excellent bonding and the effective
load-bearing mechanism characteristic ofthe smaller size
reinforcement particles.

34 Frictional coefficient of as-cast aluminum alloy
and composites

The plot of the coefficient of friction of samples with 7 p
and 15 p particle sizes against sliding time is shown in
Figure 3 and Figure 4, respectively. FromFigure 3, the
lowest frictional coefficient is evident in the sample without
any reinforcement particle (0 wt.%). The sudden rise in the
frictional coefficient observed in the sample after the first 80
s can be ascribed to heat generation between the stainless-
steelcounterface and the sample[29]. However, a uniform
trend with increased fluctuation, observed in the samples
with 1 wt.%, 3 wt.%, and 5 wt.% SiC particles can be
attributed to a reduction in the abrasive force generated
between the two surfaces in contact during the test[30]. The
slight increase in the frictional coefficient of the sample
reinforced with 3 wt.% SiC reinforcement after the first 300
s is due to the rapid removal of the surface layer resulting
from the contact between the sample surface and the
counterface ball. This observation is in agreement with a
study by Akinwamide et al.[31].Figure 4 shows the
dispersion effect of varying proportions of 15 p SiC
particles on the samples' resistance to wear under a static
load. The sturdyfluctuations observedin the sample
reinforced with 1 wt.% SiC particles can be a result of
contact between the dispersed large-sized SiC particles and
the stainless steelcounterface ball. This is in contrast with a
uniform trend observed in the samples reinforced with
higher proportions of SiC particles (3 wt.% and 5 wt.%).
The higher frictional coefficient recorded by the samples
with reinforcements results from the repeated generation of
heat and opposition offered by the reinforcement particles to
the sliding of the stainless steel counterface over the sample
surface[32]. It should also be noted that SiC particles have
been reported to assist with forming passive films on the
surface of the reinforced samples, thereby decreasing the
rate of wear during metal to metal interaction.[33, 34].
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Figure3. Frictional coefficient of as-cast aluminium alloy
and composites with 7 g SiC reinforcements
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Figured. Frictional coefficient of as-cast aluminum alloy
and composites with 15 p SiC

The SEM of the wear tracks formed from the interaction
between the sample surface and the tribometer pin are
shown in Figure5. Figure 5a shows that the plastic
deformation of the unreinforced alloy, leading to the sample
surface's delamination, is evident. The grooves visible
across the wear track indicate abrasive wear[32, 35]. Figure
5b-5¢ shows a laminar flow that resulted from ductile
shearing on the wear tracks. Consequently, the samples'
surfaces were damaged due to the SiC particles' resistance to
the tribometer pin's sliding movement on the surfaces[36].
The formation of chippings resulting from the continuous
ploughing surface of the samples containing larger size SiC
particle  reinforcements was observed.Similar  chip
formations have previously been reported in a study by
Dwivedi [37]
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Figure 5 Wear tracks of (a) Al alloy (b)I+3vvt.% SiC (7
W) (c) Al+ 3 wt.% SiC (15 )

Conclusion

The effect of the varying particle size on the microstructural
and tribological properties of Al alloy and SiCp was
investigated in this study, and the following conclusions
were made.

. An improved bonding interface was observed in the
composite reinforced with 7 p when compared to
composites reinforced with 15 p. This was confirmed by the
microstructural and mechanical analysis performed on the
samples.

o The incorporation of SiC particles as reinforcement
into the aluminum matrixresulted in an increased heat
generation on the surface of the samples during the
tribological test. This indicates that the particles of SiC
offered significant resistance to the sliding force from the
stainless steel counterface.

. The improvement in the tribological property of
reinforced compositeswas ascribed to the formation ofthin
oxide layer on the surface of the composite.

. Resistance to the sliding movement of the tribology
pin on the samples' surface was observed to be greater in the
composites with 7 p reinforcement particle size than in
composites with 15 p reinforcement particle sizes
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