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Dry Sliding Wear Behaviour
of Aluminium Metal Matrix-Based
Functionally Graded Materials
Reinforced with Alumina Particles

Bhupendra Kumar, Krishna Kant Singh Mer and Lalta Prasad

Abstract In this study, a relation between reinforcement particles’ quantity variation
andwear behaviour alongwith hardness properties of the aluminium-based function-
ally graded material (FGM) was established. Alumina particles were reinforced in
aluminium-based functionally graded metal matrix composite, and the composites
were manufactured by centrifugal casting at a constant speed. Thematrix of the com-
posite was a non commercial aluminium alloy, and Al2O3 particles, with an average
grain size of 80 μm, were used as reinforcement. The reinforcement was varied in
the range of 3.0–7.5 vol.%, and all the samples were prepared as per the ASTM
standards. A pin-on-disc tribometer was used to study the sliding wear behaviour of
composites. During the wear test, the speed of the disc was kept constant (0.5 m/s)
and load was varied (20 and 25 N) at room temperature. The disc was made of AISI
52100 steel and acted as counter-body. In centrifugally cast metal matrix composite,
the accumulation of alumina particles was found towards the outer region of the
casting, which also showed an increase in the microhardness in that region. Wear
testing indicated comparatively less wear towards the external zone of the castings.
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1.1 Introduction

Functionally graded materials (FGM) are newly introduced composite materials that
are being researched and developed for the purpose of increasing super heat resistance
of various parts such as engine parts and outer body of space crafts. In conventional
super heat-resistant materials, the heat-resistant ceramic tiles such as exterior tiles
of space shuttles are bonded on metal structures but the ceramic tiles tend to peel
off or crack due to variation in thermal stresses, difference of thermal expansion,
and other thermal properties at the contact surface between the ceramic and the
metal. Most composite materials also show the same behaviour at the molecular
level. Composite materials may alleviate the situation in certain circumstances by
combining dissimilar materials in the bulk and not along a specific interface in order
to synergize them to obtain unique combination of properties while compensating
the deficiencies of one another. The FGMs can give the designer the opportunity to
overcome the limitations associated with the conventional materials. The FGM can
also be used as the material whose properties can be customized for given design
requirements. Hence, composite materials can be used to achieve better and cheaper
solutions for the established designs [1–4].

The metal matrix composites (MMCs) give the specific physical, mechanical and
thermal properties, at elevated and ambient temperature as compared to conventional
materials. The required properties, e.g. low density, high thermal conductivity, good
fatigue responses, high abrasion andwear resistance, etc., aremodified by theMMCs.
Some application of MMCs is fabrication of the spacecraft, satellites, missile nose,
helicopters, automobile parts, e.g. piston, connecting rod, nozzles, etc.

Centrifugal casting is considered to be one of the most useful methods that are
used for processing of functionally graded materials (FGMs). It has been used exten-
sively for FGMs which are made of aluminium matrix composites (AMCs) [5–7].
The composition gradient was obtained by using centrifugal casting which helped in
distinguishing the phases with different densities [7, 8]. Denser and cleaner metals
are obtained by centrifugal casting as heavier reinforcement particles are thrown to
the parts of the mould from the centre of rotation and lighter reinforcement particles
and impurities go to the centre. As the centrifugal force varies in radial direction,
the microstructural characteristics of centrifuged FGM were investigated in radial
direction [9, 10]. Earlier research has shown that heavier ceramic particle distribu-
tion in melt is influenced by various forces such as heating temperature of mould,
furnace temperature of crucible and velocity of rotation of the mould. So controlling
these factors result in the homogeneous metal matrix composites with higher vol-
ume fraction of reinforcement particles. Thus, casting with high density, close grain
structure, good details and good mechanical properties are obtained.

The dry sliding wear of centrifugally cast homogeneous Al–SiC composites has
been researched and published by many authors. Some authors concluded that the
hardness behaviour of the centrifugally cast functionally graded Al–SiC compos-
ites metal matrix Al (2124)–SiC has smoother variation of SiC particles compared
to Al (356)–SiC due to higher freezing range. The maximum hardness obtained at
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the outer periphery after heat treatment for Al (356)–SiC [8]. When the centrifugal
casting of FGM was done at low centrifugal speed, the distribution of reinforcement
particles presented a smooth gradient, while at higher centrifugal speed, the distri-
bution of reinforcement particles revealed a sharp gradient [11]. The comparison
of homogeneous Al–Si–Mg-20 vol.% SiC composite was done in pin-on-disc test
under dry friction condition. The wear coefficient of FGM is one order less than that
of homogeneous composite [12]. The mechanical and fatigue properties of AMCs
were significantly increased with the increase in reinforcement ratio and decrease in
reinforcement particle size. The fracture toughness of AMCs was decreased with the
increase in volume fraction of Al2O3 [13].

In the present paper, the wear behaviour and hardness of aluminiummetal matrix-
based functionally graded materials reinforced with Al2O3 particles were investi-
gated. Centrifugal casting was used to prepare MMCs at a constant rpm in various
vol.% of Al2O3.

1.2 Experimental Procedures

1.2.1 Material Processing

The matrix of the composites was a non commercial Al alloy (Si = 0.7%, Cu =
0.10%, Mn = 0.30%, Mg = 0.9%), as reinforcement Al2O3 particles with different
volumetric fractions 3.0, 4.5, 6.0 and 7.5 vol.% having 80 μm average grain size.
Mg was used as a binding material.

Two steps were used to produce FGMcomposites. (1) stir casting and (2) centrifu-
gal casting. In the first step, homogeneous MMCs were produced using stir-casting
process, and in another step, the centrifugal casting was used to process the FGMs.

The metal was heated in the pit furnace till it gets melted. Then, the reinforcement
(Al2O3) was added with different volumetric percentage. After that, the reinforce-
ment was homogeneously mixed by stirrer. The mould was preheated before the
metal was poured into it and the cylindrical mould was rotated with a constant rotat-
ing speed of 780 rpm. Then, the cast was cooled at room temperature, as shown in the
schematic figures. The experiment was repeated with different volumetric fractions
of reinforcement Al2O3 particles (Fig. 1.1).

The final FGM is a ring having radius of 42 mm and thickness of 15 mm. The
cast ring was divided into two sections, inward and outward having a thickness of
7 mm, each for the evaluation of particle distribution in inward and outward sections
of composite. Eight cylindrical specimens were prepared with dimensions as 30 mm
length and 6 mm diameter.
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Fig. 1.1 a Centrifugal casting process, b stir-casting process and c cast product

1.2.2 Sliding Wear Test

Before the sliding wear test, tungsten filament-based SEM (LEO 435VP) was used
to characterize the particle distribution in the FGM samples. The samples were
inspected on top surface and from inner zone to outer zone. The crystallographic
characteristics of the all types of coatings were investigated with X-ray diffractome-
ter (BRUKER AXS D8 ADVANCE, Cu kα radiation). A standard θ–2θ trace was
recorded in the range of 10°–120° for complete phase identification. A Cu Kα radia-
tion source was used (λ = 1.5406 Å), with a 40 kV accelerating voltage and a 30 mA
filament current. The signal was recorded at 0.02° steps, with a dwell between 4 and
20 s at each step, according to the desired data quality. The variation of angle (2θ)
was from 5° to 120°, and the scanning rate was 2° per minute.

A TR-20 LE pin-on-disc tribometer was used to perform the sliding wear test
without lubrication on the pure Al alloy and FGMs. It was tested for confirmation to
ASTM G99 test procedure. As counter-body a bearing steel (AISI 52100), hardness
58-62 HRc, with wear track diameter 20 mmwas used. The applied normal load was
F = 20 and 25 N, respectively, in different experiments with 0.5 m/s sliding speed.
The sliding time for all the experiments was 1500 s, and all these experiments were
performed at room temperature. Time was same for all specimens and for the second
run of the experiment.

The TESTER is stand-alone floor model with independent mobile controller unit
which facilitates study of friction and wear characteristics in sliding contact under
different conditions. The principle is to press a stationary upper specimen which is
cylindrical pin over a hardened rotating disc. The characteristics of material were
evaluated using generated wear and online friction. Sliding occurs between the sta-
tionary specimen and a rotating hardened disc. Different variables which can be used
for the test are: rotational speed, load and sliding track diameter, out of which only
load was varied in our tests. The tangential frictional force and wear on specimen
are continuously monitored with electronic sensor and recorded on PC as functions
of time. Sensor gives the information of frictional force, wears, and speeds of part
of the testing unit.

The wear coefficient (or specific wear rate) K of the samples was calculated by
using Eq. (1.1) as given below:
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K = V

F × X
(1.1)

where

V wear volume (mm3); the wear volume was calculated by weight loss method. A
Mettler electronic balance was used for weight measurements.

F applied force (N) which is 20 and 25 N in two different runs, respectively.
X total distance (m) which the specimen slides during the test for the time period

of 1500 s.

The hardness was tested by Brinell cum Vickers hardness tester machine (HPO-
250) which is suitable for testing of materials and alloys which are hard or soft, flat
or round shape. Machine hardness scales are HV and BHN.

1.3 Results and Discussion

1.3.1 Microstructural Characterization

The microstructures of the reinforced Al2O3 sample and pure Al alloy sample are
presented in Fig. 1.2. In the pure Al alloy sample, there is no reinforcement particles
as shown in Fig. 1.2a and b, but in the sample with different volume percentages
of Al2O3 reinforcement the area fraction of the postulates increases as the volume
percentage of reinforcement increases as shown in Fig. 1.2d and f. On examining the
inner zone and outer zone, the area fraction of postulates increases from inner to outer
zone due to centrifugal force as shown in Fig. 1.2c–f. Further, we have observed that
the area fraction of postulates is less in inner zone as compared to outer zone in the
lower reinforcement samples (3% vol.). As the volume percentage of reinforcement
increases (7.5% vol.) there is smooth variation in inner zone to outer zone due to low
centrifugal speed [11].

1.3.2 Composite Characterization

X-ray diffraction was performed to determine the phase structure of the composites.
Following are the X-ray diffraction patterns of centrifugally cast FGM samples:

From the analysis of the peaks shown in Fig. 1.3, it can be observed that there
are two phases present in the composite; which are the Al matrix phase and the
reinforcement A12O3 phase. There are no other intermediate phases produced dur-
ing fabrication. XRD analysis confirms the uniform distribution and presence of
constituents in the blended powder of the specimen.

The X-ray diffraction pattern of A12O3 (3.0, 4.5, 6.0 and 7.5 vol.%) composites
along with pure aluminium was ascertained from the study. XRD patterns of pure
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Fig. 1.2 a and b SEM micrograph for pure Al alloy; c and d inner and outer zones of 3.0% vol of
Al2O3 reinforcement; e and f inner and outer zones of 7.5% vol of Al2O3 reinforcement

Fig. 1.3 Composite characterization of FGM
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aluminium showedwell-defined diffraction peaks at values of 38.43°, 44.76°, 65.02°,
111.83° and 116.36° corresponding to the reflections from the (111), (200), (220),
(331) and (420) planes with face-centred cubic (FCC) structure. After adding of
alumina particles into the Al matrix, new XRD peaks are observed at values of 35.2°,
78.21°, 82.33° and 97.52° corresponding to the reflections from the (104), (1010),
(217) and (223) planes with rhombohedral structure. Both the XRD patterns were in
accordance to diffraction JCPDS FILE NO-04-0787 and JCPDS FILE NO-81-1667.

1.3.3 Wear Behaviour

1.3.3.1 Wear in Micrometre with Respect to Time

Weexamined thewear (μm)with respect to time (s) for the 1500 s. The values ofwear
for pure Al alloy sample were gradually increasing in the given time intervals. The
wear was increased with time, but values of wear were fluctuating at some instant of
time intervals. This is due to the contact of counter-body with the protruding Al2O3

particles. Al alloy is a ductile metal which is used as a metal matrix, since ductile
metals are prone to transfer back and forth between the sliding materials so the graph
exposed positive and negative variations. The greater fluctuation has been shown in
Fig. 1.4a and b inner zone samples in comparison with outer zone sample because the
reinforce particles in the outer zone are greater. Obviously, the inner zone of ring is
more ductile than outer zone. Here, we have provided only the graph observations of
the samples at 7.5 vol.% of Al2O3 as the other samples also show the same behaviour
in their wear–time fluctuation, and for every sample (at different vol.%), the graph of
inner zone showed the greater wear–time fluctuation in comparison with outer zone.

Fig. 1.4 a Wear in micrometres with respect to time for inner zone of ring for a sample of 7.5
vol.% (Al2O3). b Wear in micrometres with respect to time for outer zone of ring for a sample of
7.5 vol.% (Al2O3)
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1.3.3.2 Wear Volume

Figure 1.5a shows wear volume for the 20 N run. From the figure, it is inferred that
the pure Al alloy has the highest amount of wear volume in comparison with Al2O3

metal matrix composite, as such wear volume of sample with 3.0% vol of Al2O3

is less than the pure Al alloy and similar wear volume results are obtained for the
increasing the volume percentage of the reinforcement as 4.5, 6.0 and 7.5%. This
is due to increase in the area fraction of Al2O3 particles in Al matrix. Reinforced
particles are usually protruding out from the metal matrix composite surface which
results in increased surface roughness and also provides protection to thematrix from
effective contact with counter-body [14].

On examining the inner zone and outer zone of various samples, it is observed
that the wear volume is more for the inner zone sample than the outer zone sample.
In outer zone, the Al2O3 particles have more area fraction as compared to inner zone.
The centrifugal force caused the movement of heavier Al2O3 particles from inner
zone to outer zone. The difference of wear volume in inner zone and outer zone
is ≈0.46 mm3 for 3.0% vol. samples. This difference decreases on increasing the
volume percentages (4.5, 6.0 and 7.5%) of Al2O3 reinforcement, i.e. ≈0.15 mm3 in
7.5% vol. samples. In this FGM cast, the average speed (≈800 rpm) was taken which
results in more smoother variation of the reinforcement from inner to outer zone.

To verify the first run results, we performed the second experiment under a load of
25Nas shown inFig. 1.5b. It is shown that thewear volume ismore as compared to the
first run in each sample due to increased load. The wear volume differences between
inner and outer zones are decreasing as the volume percentage of reinforcement is
increasing as in the first run under a load of 20 N.

1.3.3.3 Wear Coefficient Variation

The tabulated values of average wear coefficient were studied in two runs. In the first
run, the applied load was 20 N and a load of 25 N was applied in the second run. The
wear volume was calculated by the weight loss method. The total sliding distance
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Fig. 1.5 a Wear volume of various samples in first run with 20 N load. b Wear volume of various
samples in second run with 25 N load



1 Dry Sliding Wear Behaviour of Aluminium Metal Matrix-Based … 9

was ≈754 m. The value of wear coefficient decreases from inner to outer zone of
the ring. It is due to the presence of more reinforcement particles in the outer zone
due the effects of the centrifugal force. The other reasons may be the higher density
of reinforcement particles in 7.5 vol.% as compared to 3.0 vol.% of reinforcement
particles. It may result in higher collision between the particles which causes the
smoother variation of particles [11, 15]. The value of wear coefficient in the inner
and outer zones decreases as the amount of reinforcement particles increases from
3.0 to 7.5% in volume percentage as shown in Table 1.1.

To verify the above results, the same experimentswere carried out under an applied
load of 25 N. In the second run, the wear volume was more as compared to the first
run, but at the same time the applied load was more as compared to the first run.
So the wear coefficient was varying slightly with respect to the first run as shown in
Table 1.2.

1.3.4 Vickers Hardness Test

On investigating the results of Vickers hardness test for the Al alloy and the FGM
samples with different vol.% of Al2O3 (3.0–7.5 vol.%), we observed the higher
densities of reinforcement particles in the outer zone as compared to inner zone of
the cast ring. As the vol.% of the reinforcement increases, the hardness of the FGM
samples increases because the postulates of the reinforcement increase the density of

Table 1.1 Wear coefficient for various samples (first run with 20 N load)

S. No. FGM ring
zones

Wear
coefficient
(mm3/Nm)
of Al alloy
(pure)a

Wear coefficient (mm3/Nm) of reinforcement,
Al2O3

3 (vol. %) 4.5 (vol. %) 6 (vol. %) 7 (vol. %)

1 Inner zone 0.0001302 0.000115 0.0000849 0.0000669 0.0000451

2 Outer zone 0.0001302 0.000082 0.0000550 0.0000450 0.0000351

aCasting was performed taking a single sample, i.e. Al alloy (pure) in first run

Table 1.2 Wear coefficient for various samples (second run with 25 N load)

S. No. FGM ring
zones

Wear
coefficient
(mm3/Nm)
of Al alloy
(pure)a

Wear coefficient (mm3/Nm) of reinforcement, Al2O3

3 (vol. %) 4.5 (vol. %) 6 (vol. %) 7 (vol. %)

1 Inner zone 0.0001139 0.0000936 0.0000736 0.00006128 0.00003993

2 Outer zone 0.0001139 0.00007533 0.00005835 0.00004736 0.0000297

aCasting was performed taking a single sample, i.e. Al alloy (pure) in second run
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Fig. 1.6 Vickers
microhardness (HV50)
values of various samples
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Al2O3 particles in the outer zone. The hardness values of the samples were increasing
from the inner zone to outer zone. The main reason for the increase in the hardness
is due to the presence of the composition gradient in the composite material. The
gradients in the composite also play an important role and affect the properties like
thermal expansion coefficient and Young’s modulus as reported by many researchers
[16, 17]. The result analysis shows increase in hardness from inner zone to outer
zone of the samples, and as the vol.% of Al2O3 reinforcement particles increases,
the difference between the hardness of inner to outer zone decreases as shown in
Fig. 1.6.

1.4 Conclusions

In this experimental study, the mechanical and tribological properties along with
microstructural performance tests of Al metal matrix composite reinforced with
micro-alumina particles were investigated. The composites were fabricated via cen-
trifugal casting route at constant speed (780 rpm). On examining the results, we see
that up to 7.5 vol.% of reinforcement particle material behaves like a functionally
graded material (FGM). On going towards the 7.5 vol.% of reinforcement particles,
the difference betweenwear rate and hardness of inner and outer zones of FGMis very
less. On increasing the vol.% of reinforcement, the difference between the wear rate
and hardness of inner and outer zone is decreasing. Further on addition of the more
vol.% of reinforcement particles beyond 7.5 vol.%, the difference between wear rate
and hardness of inner and outer zones would tend to be negligible, as indicated by the
wear volume graph. It means material would behave like a non-functional material.
For more addition of reinforcement particles, we have to increase the speed of rev-
olution in centrifugal casting process, because it would result in sharper penetration
of particles.
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