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The hybrid composite made of aluminum matrix reinforced with alumina and graphite
particles was prepared by vortex casting and centrifugal casting and its tribological behavior
was investigated. The wear test was performed with a sliding speed of 60 cm/s and a force
of 30 N. The results showed that by adding graphite and alumina to the aluminum matrix,
the wear resistance of the hybrid composite increased. The amount of graphite in the hybrid
composite has a great effect on the wear rate, so that adding it up to an optimal amount leads
to a decrease in the wear rate and its further increase leads to an increase in the wear rate.
With the presence of alumina particles, hardness decreased and wear resistance increased.
The Al-Al203-Gr hybrid composite showed a much better wear rate than the matrix alloy as
well as the Al-Gr composite. Al-Gr composite had a higher wear rate than the matrix alloy
due to the high amount of graphite and the absence of alumina particles. The results of
scanning electron microscope at the wear surface showed that in the matrix alloy, the wear
mechanism is a combination of adhesive, scratching and indentation mechanisms, while in
composites, the dominant wear mechanism is scratching and indentation mechanisms.

M

Extended Abstract

1. Introduction

etal matrix composites are new kind of materials in which ceramic reinforcement is added to the metal
matrix to improve properties such as specific strength, wear resistance, corrosion resistance, and elastic
modulus [1]. Aluminum alloys have many uses in various industries, including automobile and aircraft
industries. The problem of aluminum alloys is their low wear resistance. To solve this problem, the compositing
of aluminum alloys has been considered. Aluminum matrix composites are one of the metal matrix composites
that have better wear resistance than the matrix alloy [2]. Particle-reinforced metal matrix composites are widely
used for tribological applications due to their good wear resistance. These composites are constantly being
improved due to their low density, high strength and better wear resistance [3]. Aluminum-graphite composites
provide many properties such as good machinability, good thermal conductivity, high vibration absorption ability,
high Self-lubricating performance and better tribological properties. Therefore, aluminum-graphite composites are
suitable in the automotive industry for making wear-resistant components such as engine pistons and cylinder
bushings [4-6]. Aluminum-graphite casting composites are produced by various methods such as sand casting,
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diecast casting, centrifugal casting and pressure casting [7]. In a research, the wear properties of aluminum alloy
A356 matrix composite reinforced with graphite particles were investigated and it was reported that the composite
with 8% by weight of graphite particles showed a high wear rate, while the composites with 4 and 6% by weight
of graphite showed the lowest wear rate [8]. To prevent the reduction of mechanical properties of matrix due to
the increase of graphite, hard reinforcing particles such as SiC, Al,Oz and B4C are added to the composite along
with soft particles, which results in a hybrid composite with better wear properties [10]. Suresha et al. [11]
investigated the wear properties of Al-Graphite and Al-SiC-Graphite composites. It was observed that the addition
of secondary SiC particles to the Al-Graphite composite has reduced the rate of loss in the composite mechanical
properties, and as a result, the wear rate is reduced and better tribological properties are obtained. Functionally
graded materials are new engineering materials that have multiple behaviors and functions and have wide
applications in the fields of automobile manufacturing, aerospace, military, electronics, medicine and energy
engineering. There are various methods for producing gradual materials, such as: centrifugal casting, settling,
infiltration, spray casting and laser melt processing. Centrifugal casting is the simplest and efficient method that
can produce engineering components with large size and high number [12]. In this research, an attempt has been
made to investigate the wear behavior of Al-Gr composite and Al-Gr-Al,O3 hybrid composites prepared by
centrifugal casting method. The influence of the mold rotation speed and the amount of added graphite on the
amount of graphite in the inner layer of the samples and consequently on the wear behavior has been discussed
and the changes in the hardness of the samples have been reported. Also, the role of the lubricant layer formed
between the sliding surfaces is discussed and its performance in reducing the wear rate is presented.

1. Method and Materials

In this research, A356 alloy was used as the matrix with the composition that presented in Table 1. Graphite
powder (with an average size of 110 microns) and alumina powder (with a size of 60 microns and purity of 99.6%)
were used as reinforcements. Figure 1 shows the SEM images of the powders.

Table 1. Chemical composition of aluminum alloy A356
Element Al Si Fe Cu Mn Mg Zn Ti Pb
Weight percent rest 7.01 0.15 0.05 <0.03 0.43 <0.03 0.05 <0.01

> \ § . L
SEM HV: 20.0 kV SEM MAG: 200 x | VEGA3 TESCAN| SEM HV: 20.0 kV SEM MAG: 100 x
BI: 12.00 WD: 13.88 mm 200 pm BI: 12.00 WD: 13.83 mm
Det: SE Date(m/dly): 08/01/16 Det: SE Date(m/d/y): 08/01/16

Figure 1. SEM image of (a) Al,O; and (b) graphite powder

A356 aluminum parts with a weight of about 300gr were placed in the furnace by a graphite bush and melted
at a temperature of 850°. In order to prepare composite samples, mixed alumina and graphite powders were
preheated to 200°C and added to aluminum melt. A mechanical stirrer with a speed of 700 rpm was used to stir
and uniformly distribute the particles. The stirrer is made of graphite and has 3 blades with an angle of 45 degrees.
Figure 2 shows the schematic design of the graphite stirrer.

Figure 2. Schematic design of graphite stirrer

Mechanics of Advanced and Smart Materials Journal 3(3) (2023) 285 -309



287 Ali Alizadeh, Mohsen Heydari Beni, Masoud Altafi, Jafar Eskandari Jam

After stirring for 3 minutes, the melt was removed from the slag and poured into the steel mold of the
centrifugal device which preheated to a temperature of 200°. After 2 minutes of rotation and complete
solidification, the device was turned off and the sample was removed from the mold. The cast piece has a length
of 5 cm, an external diameter of 7 cm and a thickness of 1.5 cm (As shown in Figure 3). The specifications of the
prepared samples are given in Table 2. xGyAz is used to identify the samples, where X, y and z represent the
graphite volume fraction, alumina volume fraction and mold rotation speed, respectively. Also, the volume fraction
of graphite in the inner layer of the samples is mentioned in Table 2.

Figure 3. Cast piece

Table 2. Specifications of cast samples

Precipitation Alumina Graphite mold Speed Inner layer
Sample number Sample name tempergture (°C) percentage perce?ntage (RPI\?I) graphite (v%l %)

1 3G3A1000 850 °C 3 3 1000 22.3
2 5G3A1000 850 °C 3 5 1000 25.9
3 7G3A1000 850 °C 3 7 1000 23.06
4 3G3A1500 850 °C 3 3 1500 20.8
5 5G3A1500 850 °C 3 5 1500 23.95
6 7G3A1500 850 °C 3 7 1500 20.9
7 3G3A2000 850 °C 3 3 2000 25.15
8 5G3A2000 850 °C 3 5 2000 26.64
9 7G3A2000 850 °C 3 7 2000 33.54
10 Al1500 850 °C 0 0 1500 0

11 3G1500 850 °C 0 5 1500 39.4

The hardness of the samples was measured with a Brinell hardness tester with a load of 125 Kg and a ball
diameter of 5 mm, based on the ASTM E10-15a standard, and the loading time was 30 seconds. Hardness test was
done from three different cross-sectional areas of each sample. These areas are, respectively, the outer area without
graphite, the border between the inner and outer areas, and the inner area with graphite particles. The wear test of
the samples was done with a pin-on-disk type wear test machine. Samples with a diameter of 10 mm and an
approximate length of 15 mm were prepared. Figure 4 schematically shows the cut place of the wear sample. The
disk in front of the pins was made of surface-hardened steel (hardness 65 HRC). The wear test was performed with
30 N load, sliding speed 60 cm/s and a distance of 1500 m based on ASTM G99 standard.

A

) \
r Wear sample

J

Wear test area

Figure 4. Cutting place of the wear sample
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To observe the microstructure and distribution of particles, an Olympus BX51M optical microscope with a
maximum magnification of 1000 times was used. Scanning electron microscope was also used to check phases,
wear levels and morphology of powders. This microscope was made by TESCAN and model WEGA3 XMU,
which is equipped with an EDS detector made by Oxford Instruments.

2. Results and Discussion

2.1. Distribution of graphite and alumina particles

Figure 5 shows the macroscopic image of the cross-section of the composite samples and the microstructure
of these areas as well as the outer edge. As shown in this figure, the sample is formed from two separate layers, an
internal and an external one. The inner region contains graphite and alumina particles, while the outer region is
empty of graphite particles. Graphite particles have accumulated in the inner area due to their lower density than
aluminum melt. Alumina particles are spread over the entire cross-sectional area, which gradually have a higher
volume fraction from the inner part of the sample to the outer parts. This is due to the higher density of alumina
particles than aluminum melt. It is important to mention that at the outer edge of the samples, due to the high
freezing speed, a small number of graphite particles are trapped and obviously reach the inner region (Figure 5-d).
The contact of the outer edge of the sample with the inner mold is the reason for the high freezing speed of this
area.

In centrifugal casting of composite, the lighter particles than the matrix are separated around the rotation axis,
but the heavier particles move to areas away from the rotation axis and produce two areas: with and without
particles [13]. The movement of solid particles in the viscous fluid under the centrifugal force can be identified by
the Stokes Law. Therefore, the radial speed of the particles under the centrifugal force, dx/dt, is stated with the
following equation [14]:

dx _ lpp = P
dt 18n
py is the particle density, p,, is the matrix density, D,, is the particle diameter and 7 is the viscosity [15]. G is
the ratio of centrifugal force to gravitational force and is defined by the following equation [16]:

GgD} (1)

c w?r @
9
where 7 is the radius of the cast cylinder (m), w is the rotation speed of the mold (radians per second) and g is

the gravitational acceleration.

Figure 5. a) Cross-section Macroscopic image of composite samples, b) microstructure of inner area, c) microstructure of outer
area and d) graphite particles trapped on the outer edge
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The volume fraction of graphite particles in the inner layer changes with the change of the mold rotation speed
and the volume fraction of graphite particles added to the melt. Also, the presence of alumina particles interferes
with graphite particles and acts as a barrier against their movement to the inner area. Therefore, graphite particles
cannot reach the inner area completely. In the Al-Gr composite, due to the free movement of graphite particles and
the absence of alumina particles, graphite particles accumulate more in the inner area and cause a high volume
fraction, which is shown in Figure 6.
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Figure 6. The results of hardness measurement in the outer, middle and inner regions of the samples

3.2. Hardness

Figure 6 shows the hardness of the samples in the outer region, the border of the outer and inner region, and
the inner region. As it is known, the hardness has decreased from the outer region to the inner region. This is due
to the presence of graphite particles, which increases the hardness more. The lowest hardness of each sample
corresponds to the inner layer with high graphite.

The decrease in hardness is firstly due to the increase in porosity due to the addition of graphite, which causes
easy flow of the material into the holes without any obstruction. Secondly, the nature and essence of graphite has
reduced the hardness. Phase graphite is soft and has low hardness, and it consists of a layered structure that these
layers are connected with a weak force. Due to these properties, graphite is easily cut and is subjected to the
compressive force of hardness testing [17, 18]. The presence of alumina particles in the outer region has caused a
slight increase in the hardness of the outer region. The comparison of the hardness of this region in the composite
samples with the aluminum sample without reinforcing particles (AI1500 sample) is clear. Comparing the hardness
of the inner, middle and outer region of the AI1500 sample shows a very small increase in the hardness of the outer
region, which is related to the finer grain size in this region. The hardness of metals depends on the grain size and
increases with the decrease of the grain size. Based on the Hall-Patch relationship for hardness, the relationship
between hardness and grain size is expressed as follows [19, 20].

H = Hy + Kyd~/? )

where H is the hardness, d is the average grain size, Ky is constant and H, is the hardness of the metal in the
case that the grain size is assumed to be infinitely large. Figure 7 shows the microstructure and grain size of the
outer and inner regions of the AI1500 sample. According to this figure, the difference in granulation size of the
alloy is clear and the outer region has finer grain size than the inner region. This finer grain size is due to the higher
freezing rate of the outer region.

Mechanics of Advanced and Smart Materials Journal 3(1) (2023) 285 — 309
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Figure 7. Microstructure of a) outer region and b) inner region of Al1500 sample

3.3. Wear

In order to show the effect of the presence of graphite particles on wear, the electron microscope image of the
surface and wear particles of aluminum without reinforcement (Al1500 sample) and its EDS analysis are shown
in Figure 8. The aluminum sample without reinforcing particles has a high wear rate due to the direct metal-metal
contact of the wear surfaces and its value has reached 3.9496x10° mm/mm?. The presence of parallel scratches,
pits and roughness on the surface as well as coarse and sheet-shaped wear particles (Figure 8-b) indicates that the
alloy wear mechanism is probably a combination of scratch wear, sheet wear and adhesive wear. These
mechanisms cause a lot of material losses and increase the wear rate. The coefficient of friction in this sample is
higher than the composite samples and has reached 0.8837. The chemical analysis of the wear surface of the
AIl1500 sample (presented in Figure 8-c) shows the presence of significant amounts of iron and oxygen, which
indicates the formation of an oxide tribology layer on the wear surface. As a result of frictional and adhesive wear
mechanisms, parts of the tribology layer have become sluggish and could not maintain their continuity. The iron
present in the tribological layer has been transferred from the wear of the steel disc to the wear surface and indicates
the wear of the steel disc.

The wear rate and friction coefficient of Al-Gr-Al;Oz hybrid composites based on the amount of graphite in
the inner layer are shown in Figure 9. Samples 1 to 8, which have the same amount of graphite in the inner layer,
have similar wear rate and friction coefficient and do not show much difference. The friction coefficient shows a
slight decrease compared to the AI1500 sample. The volume fraction of graphite particles, their size and
morphology are effective in forming the lubricant layer. Coarse particles act more effectively than fine particles
and can easily form a lubricant layer [23], therefore, in this research, coarse graphite particles (with an average size
of 110 microns) were used.

To calculate the wear rate, the amount of mass reduced during wear, wear distance and sample density are
used. Following equation shows the relationship between these parameters.

W=/ 4)
S

where w is the wear rate in mm3/m, m, is the mass reduction rate in g, p is the sample density in g/mm? and s
is the sliding distance in m [8].

The surface of the samples is covered with a graphite lubricant layer and direct metal-metal contact during
wear is prevented. Figure 10 shows the SEM image and EDS analysis of the Al-Gr-Al,O3 hybrid composite wear
surface. The amount of graphite in the inner layer is not enough to cover the entire surface of the sample. Cracks
on the wear surface, pits, and parallel scratches can be signs of scratching and indentation wear. Figure 10-b shows
this indentation, which increases the wear rate and increases the friction coefficient. The elemental analysis
presented in Figure 10 shows the presence of a significant amount of carbon on the wear surface, which is related
to the graphite layer. Increasing the internal layer graphite (in the 7G3A2000 sample) causes a more continuous
and complete graphite layer to form on the wear surface. This makes the graphite layer work more effectively and
as a result reduces the wear rate and friction coefficient of the sample. As shown in the diagram of Figure 8, the
7G3A2000 sample has the lowest wear rate among hybrid composites (1.8421x10° mm/mm?3) and its friction
coefficient has decreased to 0.6374.

Adding graphite to the matrix affects the wear rate in two different ways. On the one hand, graphite particles
increase the wear resistance and reduce the wear rate by creating a lubricant layer between the sliding surfaces and
reducing the friction coefficient. On the other hand, it causes a decrease in the hardness, fracture toughness,
formability and strength of the matrix, and cosequently the wear rate increases. In this research, the 7G3A2000

Mechanics of Advanced and Smart Materials Journal 3(3) (2023) 285 -309
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sample with the amount of graphite in the inner layer of 33/54% vol shows the best wear behavior and the further
increase of graphite shows the increase in the wear rate (5G1500 sample). The SEM image of the wear surface of
this sample (Figure 11-a) shows a continuous and complete graphite layer, which has increased its wear resistance.
The EDS analysis of the wear surface presented in Figure 11-b shows the presence of a larger amount of carbon
element in the wear surface compared to the previous samples.

SEMNV. 200KV SEM MAG: 100x | SEM MAG: 300 x
BE 1200 WO 16.72 s WO 1438 men
Det: SE Dateymidy) 0801716 Datetavily): 0891/16
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Figure 8. SEM image of 1500Al sample a) wear surface, b) wear particles and c) EDS analysis of wear surface.

B m
x|
4 & L] 10 12 14 L

3.5 31420 3.2605 0.95

0.86410.8625

2.8905 2.831 2.8374 2.733 2.7705 0.9
2.7083 0.85

0.8
0.75
0.7
1.8421 0.65

1.5 0.6
0.55
0.5

0.8282 0.824

25

22.3 25.9 23.06 20.8 23.95 20.9 25.1526.64 33.54 223 25.9 23.06 20.8 23.95 20.9 25.15 26.64 33.54

Figure 9. a) wear rate and bgk?riction coefficient of different samples based on the graphite volu(sw)e fraction of the inner layer.

Due to the decrease in fracture toughness and increase in the brittleness of the material due to the addition of
graphite, the size of the abrasive particles decreases. Figure 12 shows the wear particles of the hybrid composite.
Comparing these particles with the wear particles of Al1500 sample (Figure 6-b) shows the smaller size of the
wear particles of the composite sample. In the Al1500 sample, very large particles (more than 500 microns in size)
can be seen, which are not seen in the composite sample. So it can be said that the presence of graphite particles
has reduced the fracture toughness and brittleness of the composite sample and the particle size has decreased.

Mechanics of Advanced and Smart Materials Journal 3(1) (2023) 285 — 309
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Figure 12. Al-Gr-Al,O; hybrid composite wear particles

The 5G1500 sample suffered a severe decrease in hardness due to the high volume fraction of graphite on the
one hand and due to the absence of alumina particles on the other hand. The loss of mechanical properties causes
the sample to easily crack and not be able to withstand the applied stresses. Also, the possibility of agglomerate
particles (due to the high amount of graphite) has increased. Agglomerated particles are suitable places for crack
germination and destruction of the wear surface. Figure 13 shows the wear surface, the pits caused by the scraping
of the sample surface and the wear particles of the 5G1500 sample. Like hybrid composites, the wear particles of
this composite are finer than the wear particles of aluminum alloy without reinforcing particles, which indicates a
reduction in fracture toughness. The presence of surface cracks in different areas is obvious. These cracks have
grown from the subsurface areas and reached the surface and caused the surface of the sample to peel off.
Therefore, it can be said that the dominant wear mechanism in this sample is indentation wear along with scratching
wear. Guo et al. [18] also observed a similar result. They reported that surface cracks increased in the composite
containing high amount of graphite. They stated the reason for this is the decrease in toughness and formability of
the composite due to high graphite in the sample.

SEM WV 200RV  SEMMAG:Te0x | |
- 1200 WO .
Det: SE Dute(midry): OWTNIE

SEM HV: 2008V
811200 WO 1621 mm 500 ym
Det: SE Date(mdly): 0801116

Figure 13. a) SEM image of the wear surface with surface cracks, b) surface pits caused by wear and c) wear particles of sample
5G1500

The decrease in the mechanical properties of the matrix due to the presence of a high volume fraction of
graphite has overcome the performance of the lubricant layer and eliminated its effect. Therefore, the wear rate
has increased and even exceeded the matrix alloy. Figure 13 compares the wear rate of 5G1500 sample with
AIl1500 and 7G3A2000 samples. 5G1500 sample shows the highest and 7G3A2000 sample shows the lowest
amount of wear. In the sample of 5G1500, the presence of a high amount of graphite reduces the coefficient of
friction (0.6548), but because the loss of its mechanical properties is high, it loses its wear resistance and the wear
rate increases.

Mechanics of Advanced and Smart Materials Journal 3(3) (2023) 285 -309
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7G3A2000 AL1500 5G1500

Figure 13. Comparison of wear rate of 7G3A2000, Al1500 and 5G1500 samples

3. Conclusion

In this research, the wear behavior of Al/Al,O3/Gr hybrid composite prepared by centrifugal casting method
has been investigated. The results indicate that:

1. As a result of the centrifugal force, graphite particles accumulated in the inner region and alumina particles
were distributed in the entire cross-sectional area, noting that the accumulation of alumina particles in the outer
regions is more than the inner regions.

2. The addition of graphite particles decreased the hardness of the matrix from about 60 Brinell to 23.2 Brinell.

3. Adding graphite particles to the matrix alloy improved the wear properties of the composite, which is due to
the formation of a lubricant layer between the two wear surfaces. The wear rate showed an improvement of 53.3%
and the friction coefficient showed a decrease of 30.7%.

4. Graphite particles have two different effects on wear. On the one hand, by forming a lubricant layer, it
reduces the wear rate, and on the other hand, by reducing the hardness of the matrix, it increases it. Therefore, the
optimal amount of graphite is needed to improve wear resistance. In this research, the amount of graphite 33.5%
along with alumina particles shows the best wear resistance. More and less graphite amounts have increased the
wear rate.

5. The addition of graphite particles to the matrix reduced the size of the wear particles, which is due to the decrease
in the fracture toughness of the composite.

Mechanics of Advanced and Smart Materials Journal 3(1) (2023) 285 — 309
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