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Abstract: Research efforts seek to develop aluminium alloy composites to enhance the poor tribo-
logical performance of aluminium alloy base matrix. In this research, a hybrid metal matrix compo-
site (HMMC) was developed by reinforcing an aluminium alloy (AA8011) with SiC and rice husk
ash (RHA) using a stir casting technique. RHA was prepared by the cracking of rice husk, which is
abundantly available in the Indian subcontinent. The samples were cast by keeping the amount of
RHA constant at 2.5 wt.% and varying the amount of SiC from 0.0 wt.% to 8 wt.%. The samples were
machined to manufacture pins for wear tests (at ambient temperature, 100 °C, and 200 °C) and hard-
ness measurement. The microstructures of the cast samples were analysed using an X-ray diffrac-
tometer (XRD) and a scanning electron microscope (SEM), along with energy-dispersive X-ray spec-
troscopy (EDS). It was observed that the composites with greater reinforcement of SiC exhibited
improved hardness and wear resistance, but the coefficient of friction increased with the addition
of RHA and SiC, and the wear performance deteriorated with an increase in the operating temper-
ature. The contribution of RHA alone to the improvement in wear performance was marginal com-
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pared to the pure alloy. It was also confirmed that the reinforced composites could be a better option
for automotive applications to replace aluminium alloys.
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1. Introduction

Composite materials amount to approximately 12.5% of the overall industry of engi-
neering materials [1]. Composites have replaced bronze and cast-iron, as they exhibit low
density and higher mechanical strength compared to these materials. Despite these en-
hanced material properties, composites are extensively being researched to enhance their
low wear and seizure resistance [2]. Over the past decades, numerous studies have ex-
plored and reported on the wear behaviour of composites. In this study, the focus is on
investigating the wear behaviour of aluminium metal matrix composites (AMMC) rein-
forced with SiC and rice husk ash (RHA).

Aluminium and aluminium alloys are finding increasing applications in various
technical fields. They are employed in aviation, aerospace, military, automotive, and elec-
tronic industries. To improve the tribological and mechanical characteristics of alumin-
ium alloys, different reinforcements are added, and corresponding composites are formed
[3,4]. AMMC s reinforced with materials such as SiC, BsC, and other ceramics are increas-
ingly being utilised in the automotive, aerospace, underwater, and transportation indus-
tries. The addition of reinforcements such as ceramics and ash improve tribological and
mechanical properties like strength, stiffness, impact, wear, and abrasion resistance. In
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recent years, the addition of fillers (graphite, fly ash, material fibres from wheat husk ash,
and jute ash) to AMMC:s is being studied to obtain good toughness levels [5]. If the base
metal alloy is mixed with reinforcing particles such as SiC or B4«C and fibre particles such
as ash, the resulting product is called a hybrid metal matrix composite (HMMC) [6]. For
applications in the automotive and aerospace industries, lightweight and high-perfor-
mance materials are required. The lightweight material is produced by developing com-
posites with hard reinforcement particulates in the matrix of soft material [7]. Singh et al.
reported that, for application in the automobile, aerospace, and aircraft industries, light-
weight and high-performance materials are required [7].

The addition of SiC can increase both the mechanical strength and the wear perfor-
mance of AMMCs. Additionally, it has been reported that hybrid composites exhibit su-
perior wear properties of worn surfaces as compared to pure Al alloys [8]. SiC particles
possess excellent compatibility with aluminium matrices, and they can be obtained at a
low cost. A major application of AMMCs involves moving and sliding parts. Therefore,
the investigation of the tribological properties of these materials is of significant im-
portance for us to determine the behaviour of composite materials during service appli-
cation [9]. The applied load and sliding distance during the wear test affects the coefficient
of friction (COF) to a greater extent, and an increased silicon carbide content offers better
wear resistance in the HMMC [10]. It has been found that the wear resistance of the
HMMC is higher than that of the corresponding base alloy. The addition of hard rein-
forcements, such as Bs«C and fly ash, shows a greater improvement in wear performance
[11,12].

AAB011 is a type of AMMC that exhibits higher ductility and malleability than most
of the other AMMC s [13]. It contains a rare mix of desirable properties such as low weight,
low maintenance, and good corrosion resistance. Studies are conducted to enhance the
strength of AA8011 by reinforcing it with ceramic particles to make it more durable and
increase the scope of its application [14]. Furthermore, it has been observed that the wear
decreases when the amount of reinforcement element is increased [15,16]. In addition, it
has been determined that the COF increases with the sliding velocity [17].

The addition of ceramics such as titanium diboride can significantly improve the
wear behaviour of AMMCs due to the formation of a mechanically mixed layer of Fe:Os.
[17]. Karthikumar et al. prepared Aluminium 8011 MMC by stir casting using TiB2 as a
reinforcement. The study concluded that the maximum hardness of 55.03% was exhibited
in the case of 8% by weight of TiB: reinforcement. Also, maximum % elongation was
found in the case of 4% by weight of TiBz [18].

Studies have reported that the reinforcement of AMMCs with AlOs increases the
wear resistance of the HMMC as compared to the corresponding matrix material, AL-6061
[19]. When the operating temperature increases, the wear rate decreases constantly with
the increase in sliding velocity. Further, the increase in the reinforcement volume fraction
increases the wear resistance of the composites [20,21].

According to a study, for every ton of paddy processed, an average mill produces
200 kg of rice husk and 40 kg of RHA [22]. Thus, the total amount of rice husk produced
in India is estimated to be about 24 million tons, while the RHA production is estimated
to be around 4.8 million tons per year. Since rice is a diet staple in India, the choice of a
strengthening particle such as RHA provides a possible sustainable option for countries
like India. This could help with utilising the waste obtained from rice harvesting.

Although research is being carried out to study the enhancement of the properties of
AA8011 MMC, the aspect of characterising the physical wear of AA8011 at different tem-
peratures and its surface morphology has not often been studied yet in terms of the wear
on the AMMC. The exploration of modifying Al alloys with two different kinds of fillers,
i.e,, typical ceramic (SiC) particles and plant-based waste (RHA), might be of engineering
significance. This study explores the wear behaviour of an HMMC (AA8011 reinforced
with SiC and RHA) through experimental testing. The HMMC samples were prepared
using the stir casting technique, which is the most suited for producing reinforced AMMC.
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The principal contribution of this research lies in its pioneering utilisation of RHA as
a reinforcement material, which not only demonstrates its viability for enhancing the
tribological properties of aluminium alloy composites, but also underscores its potential
to significantly reduce the waste generated from rice harvesting. In this context, the most
efficient utilisation of natural resources can be pursued [23]. Additionally, the develop-
ment of a hybrid composite, blending RHA and SiC with an aluminium alloy base matrix,
allows for the prospect of achieving a well-balanced amalgamation of mechanical proper-
ties. This approach, involving systematic variation in SiC content, facilitates a meticulous
examination of its impact on the composite’s characteristics. This could substantially con-
tribute to mitigating the ecological footprint by valorising an abundant agricultural by-
product. Consequently, the dissemination of this research through publication stands to
advance the body of knowledge in the field of materials science and engineering, with far-
reaching implications for the development of sustainable, high-performance composite
materials and reducing agricultural waste stemming from rice harvesting practices.

2. Materials and Methods
2.1. Preparation of Cast MMC Samples

To prepare the HMMC, first, the aluminium alloy was melted in a stir casting furnace
and the blended powder mix (SiC and RHA) was fed into the melt. The stir casting process
was selected to produce metal matrix composites due to its inherent advantages, despite
its drawbacks relative to alternative casting techniques. This choice was primarily driven
by factors such as cost-effectiveness, material flexibility, and the ability to achieve homo-
geneous mixing. While it exhibits limitations such as potential porosity and limited con-
trol over reinforcement distribution, these drawbacks can often be managed effectively,
making stir casting a pragmatic choice in scenarios where cost efficiency, rapid prototyp-
ing, and ease of implementation are paramount.

After thorough mixing, the melt was poured into a cylindrical cast-iron die to prepare
samples. Freshly obtained rice husk contains a large amount of moisture and oil; thus, it
does not burn, but chars into black, brittle material when torched. Therefore, to prepare a
fine RHA powder, the rice husk was charred overnight using the indigenous method. The
burnt husk was then milled to a fine powder using a ball mill. SEM and EDS of the milled
ash were then carried out to identify the powder’s morphology and chemical composition.

Commercially available SiC powder was used in the experiment. To obtain a homog-
enous mix of RHA and SiC, the milled ash and SiC powder were blended in the ball mill
for at least 30 minutes. Before blending, SiC powder was carefully measured using a pre-
cision balance according to the different weight percentages required for the samples. The
measurement of RHA was kept constant at 2.5% by weight for each cast sample. The sam-
ples’ nomenclature and their respective compositions are given in Table 1.

Table 1. Nomenclature and composition of samples.

Sample Group Number Sample ID wt.% of AA-8011 wt.% of SiC wt.% of RHA
S1 8SiC/2.5RHA 89.5 8 2.5
S2 65iC/2.5RHA 91.5 6 2.5
S3 45iC/2.5RHA 93.5 4 2.5
S4 25iC/2.5RHA 95.5 2 2.5
S5 0SiC/2.5RHA 97.5 0 2.5
S6 0SiC/ORHA 100 0 0

The work-hardened AA8011 alloy was purchased in the form of sheets with a com-
position of 98.7% Al, 0.7% Fe, and 0.6% Si. The sheets were cut into smaller plates, each
weighing around 20 grams. Looking at the size of the die, the aluminium alloy required
to fill the die was calculated as approximately 380 grams. The precise weight of the alloy
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was placed into the crucible by carefully choosing the correct number of smaller plates.
The alloy was subsequently melted in a furnace, maintaining a constant temperature of
900 °C for a minimum of 20 minutes. In parallel, the RHA/SiC mixture was preheated in
a muffle furnace at 350 °C. This step served two purposes: ensuring the complete dryness
of the mixture and minimizing the temperature disparity between the mix and the molten
metal.

The heated powder mix was then fed into the stir casting furnace, and stirring was
carried out using a mechanical stirrer for at least 20 minutes. Since the experimentation
was carried out during the winter, with ambient temperatures being lower than 20 °C, the
die had to be pre-heated to minimise the directional solidification and heat transfer during
the casting process. The final sample was obtained as a solid cylinder. A total of 18 sam-
ples were prepared, with 3 samples for each material group.

The cast samples were cut into smaller parts using a hacksaw. The cut pieces were
then precision-turned on a universal lathe in order to reach a final diameter value of 6 +
0.05 mm, and the lengths of the pins were kept at 50 + 2 mm. It is to be noted that the pins
needed to be prepared through conventional machining. This was due to the fact that
blow holes are very common in gravity-cast samples, and that the in-fusion of non-con-
ducting particles of ceramic and ash make it almost impossible to cut the samples using a
wire-cut EDM process.

2.2. Characterisation of Samples

The castings were cut into small discs to measure their hardnesses by a Rockwell C
Hardness (RHN) tester. For each sample, hardness was measured at 5 different points,
and the average for each sample was recorded. A load of 100 kgf and an indentation ball
diameter of approximately 1.6 mm were chosen for the hardness measurements. For SEM
and EDS analysis (EDS, Jeol, JSM-6510LV, Tokyo, Japan), the cast samples were further
cut into small, plate-like pieces, and one surface of each sample was ground to a fine fin-
ish. The structural analysis of the samples was performed on an XRD machine (Shimadzu
LabX, Kyoto, Japan), which had a monochromatic Cu source of Ka wavelength of 1.540
A. The measurement conditions for XRD were as follows: voltage = 40.0 (kV), current =
30.0 (mA), scan range = 10.00-80.00 (deg), scan speed = 6.00 (deg/min), and sampling pitch
= (.02 (deg). The scanning time for each sample was around 11 minutes. The diffraction
patterns were plotted using OriginPro software version 9.7.

2.3. Wear Test Procedure

The dry friction wear test was conducted using a pin-on-disc tribometer able to con-
duct tests at elevated temperatures, either by heating the pin or the disc. The selection of
a pin-on-disc tribometer for the wear analysis of aluminium composites was underpinned
by its capacity to closely emulate real-world wear conditions, affording a comprehensive
understanding of material performance. This apparatus offers meticulous control over ex-
perimental parameters, encompassing load, sliding speed, and environmental factors,
thus ensuring the reproducibility of wear tests and facilitating the systematic evaluation
of diverse composite formulations [24]. Moreover, pin-on-disc tribometers furnish quan-
titative data on wear rates and coefficients of friction, crucial for the rigorous assessment
of aluminium composites and their suitability for specific industrial contexts [25,26]. The
examination of worn surfaces and wear debris enables the discernment of wear mecha-
nisms, thereby guiding material enhancement endeavours. Furthermore, the adaptability
of these tribometers to varying materials and conditions, coupled with their cost-effective-
ness and expeditious testing capabilities, renders them a pragmatic choice for elucidating
the tribological behaviour of aluminium composites and advancing their performance
characteristics in numerous engineering applications [8]. In this case, the pins were heated
at different temperatures and the disc temperature was kept constant. The pin was in-
serted into the holder, which was heated by an electrical coil, and the temperature of the
pin was measured by a thermocouple attached to it. The friction pair was chosen to be the
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AA-8011 HMMC pin and high carbon EN-31 (100Cr6) steel disc. The disc material had a
much greater hardness level than the HMMC. This type of coupling was chosen intention-
ally to observe the wear behaviour of the casted samples only. The wear test parameters
were kept constant during each test, with a sliding speed of 300 rpm, a track diameter of
80 mm, and an applied load of 30 N. Each set of pins was tested at varying temperatures
of 22 °C (ambient), 100 °C, and 200 °C. The choice of this experimental set-up bears signif-
icant relevance to several industrial domains, including the automotive, aerospace, and
manufacturing sectors. Within the automotive industry, it serves as a valuable tool for
assessing the wear and friction characteristics of composite materials like Al/SiC/Gr under
conditions that simulate the temperature fluctuations encountered by engine components
during operation [12,27]. Such insights are instrumental in the development of light-
weight and high-performance materials for applications such as pistons and cylinder lin-
ers. Similarly, in the aerospace sector, this tribomechanical system aids in evaluating the
performances of composite materials in critical components subjected to diverse temper-
ature conditions, ensuring the safety and reliability of the aerospace systems [3,19]. These
references underscore the significance of studying the tribological behaviour of the com-
posite materials under fluctuating temperature conditions across different industrial ap-
plications. The disc was not heated, and its temperature was kept constant at 22 +2 °C. A
total of 18 samples (3 samples from each group) were tested on the tribometer. Each com-
position was tested at three different temperatures. The results for frictional force (N) and
sliding distance (m) were recorded automatically by the tribometer’s software. The pins
were also weighed (using a precision balance with an accuracy of 0.0001 gm) before and
after performing the wear tests, and the weight differences were recorded in order to cal-
culate the volumetric wear.

3. Results and Discussion
3.1. Microstructure and Composition

From the SEM observation, it could be inferred that the RHA was a homogenous
mixture of bimodal particle size, as shown in Figure 1a. The bigger particles are marked
with red, and the smaller ones with green. Particle size was measured in accordance with
the scale shown in SEM micrographs, and then mean value was computed. Smaller ash
particles adhered to bigger particles with homogenous blending. The smaller particles
varied in size from 7 um to 15.6 um, while the larger particle sizes were in the range of
46.8 um to 156.2 um.

An SEM micrograph of the powder mix (RHA+SiC) is shown in Figure 1b. It was
clearly seen that the wedge-like particles (5iC) were uniformly dispersed, along with other
irregularly shaped particles, as desirable. The abrasive particles can be seen marked in
yellow, while the larger- and smaller-sized ash particles are marked with red and green,
respectively. The SiC particles were clearly distinguishable from the RHA particles based
on size and shape.
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15kV WD12mm  SS40

SElI  15kV WD12mm SS40 x500
USIF, AMU ALIGARH 21 Feb 2022

USIF. AMU ALIGARH

Figure 1. SEM images of (a) ash and (b) the ash and SiC powder mix at x500.

The EDS spectra of the powders, as well as the metal samples, were analysed. The
specimens were tested for all the possible elements, and no peaks were omitted. Figure 2
shows the spectrum and composition chart of the RHA. Similarly, the spectra for the other
samples were also obtained. The results obtained for the powdered RHA and powder mix
are summarised in Table 2. Higher percentages of silicon and carbon in the powder mix
compared to the RHA indicated the presence of SiC. This supports the findings in the SEM
images.

RHA + SiC

o 2 - 6 8 1CO 2 - 6 8 1"
Full Scale 138 cts Cursor: 0.000 Full Scale 138 cts Cursor: 0.000

Figure 2. EDS elemental distributions for RHA and RHA+SiC powder mix.
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Table 2. EDS compositions of pure RHA and a mix of RHA+SiC powders.

Weight Percentage
Elements RHA RHA+SiC
C 24.50 27.09
O 48.61 21.54
Mg 2.63 0.07
Si 13.17 50.30
P 4.88 0.14
K 6.20 0.87

A small axial cross-section from the mostly highly reinforced sample was mounted,
ground, and polished, then observed under an optical microscope (Figure 3). It can easily
be observed that the hybrid composites contained two phases. One phase is light grey in
colour, and the other phase can be seen as dark grey dendritic phases dispersed through-
out the matrix. These two phases can indicate the base metal matrix and Si dissolved in
HMMC, respectively. To support this evidence, the EDS spectrum of the respective com-
posite was sufficient, as it showed a peak of elemental Si. During preheating and mixing
in the molten MMC, silica present in the ash might have turned into silicon and dissolved
into the metal matrix to form a second phase of Si in Al. On the other hand, inclusions of
SiC particles can be seen as very prominent, irregularly shaped dark grey particles em-
bedded in large groups or pockets throughout the sample. The ash was amorphous; there-
fore, it was more likely to dissolve in the liquid aluminium than the SiC powder. How-
ever, the dissolving of some SiC could not be completely ruled out.

Figure 3. Axial cross-section of 8SiC/2.5RHA, observed under a microscope.

3.2. XRD Analysis

The spectrum of RHA shown in Figure 4 resembles the spectrum of an amorphous
material, and is a typical graph of amorphous silica with no pronounced peaks [28,29].
The XRD spectra of pure AA8011, HMMC with 4% SiC reinforcement, and powder mix
are shown together in Figure 5. It was observed that the spectrum of pure Al alloy (56)
was in accordance with JCPDS card no. 65-2869 [30], showing Al peaks. The spectrum of
the powder mix (RHA+5iC) was also in accordance with JCPDS card no. 29-1129, with
peaks of SiC. The HMMC spectrum showed additional small peaks compared to the spec-
trum of the original Al alloy. These small peaks in the S3 spectrum were, however, not
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present in the RHA+SiC spectrum. If the weak peaks in S3 represented SiC phase coming
from the powders, much higher peaks should have been found in the very same angles in
the RHA+SiC spectrum, but they were not present. This indicated that the small peaks
could come from the silicon phase identified in the optical microscopic images, while the
amount of the SiC phase is probably too low to be found by XRD. This is certainly an
interesting observation and requires further investigation.

200

150
100
50

0

Intensity (a.u.)

—T T T T T T T "~ T T T 1T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
20

Figure 4. XRD spectrum of RHA.
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Figure 5. XRD spectra of pure AA8011 alloy (S6), HMMC with 4SiC/2.5RHA (53), and RHA + SiC
powder mix.

3.3. Hardness

The variation in Rockwell hardness across different samples is shown in Figure 6. It
was clearly evidenced that the reinforcement had a positive effect on the hardness. The
samples with the highest percentage by weight of reinforcement were the hardest, while
the original Al alloy displayed the lowest hardness. The effect of RHA when added to the
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pure alloy (S5) is not quite clear, as there was no significant difference between S5 and S6.
The slight increase in hardness can be explained by the fact that the RHA dissolved in the
liquid AA8011 alloy and caused chemical alloying and second-phase precipitation. How-
ever, this explanation needs to be interpreted with caution.

45 -

ol %

=2}
a
()]
: ¢
T o354 %
T
= 1: 8SiC/2.5RHA § % i
$ 30 42:6SiC/2.5RHA
£ 3: 45iC/2.5RHA
2 4: 25iC/2.5RHA

25 1 5: 0SiC/2.5RHA

6: 0SiC/ORHA
20 T T T T L] L] L]
0 1 2 3 4 5 6 7

Sample number

Figure 6. Variation in hardness, with sample numbers.

3.4. Wear Tests Results
3.4.1. Coefficient of Friction

The plot of COF against the sliding distance, in meters, at 200 °C is shown in Figure
7.1t was noticed that, for the first few rotations, the COF rose exponentially to a peak value
due to the higher friction force. This explains the opposing behaviour of dry friction and
transition from static to kinematic friction. After this transition, COF attained a lower as-
ymptotic value, possibly due to the steady state being reached. For Sample 5, the COF
peak value decreased and the asymptotic value at the steady state increased compared to
that of Sample S6. The former might be attributed to the lubrication effect of RHA, and
the latter might have resulted from the RHA’s abrasiveness. However, COF significantly
increased with the amount of SiC particles, possibly due to its abrasive effect compared
to the samples (S5 and S6) without any SiC. However, it should be noted that, compared
to the pure alloy, the 8SiC/2.5RHA (S1) reinforced composite showed significantly higher
COF.

The values of the coefficient of friction, as reported by researchers for AMMCs, usu-
ally fall between 0.25-0.65 depending upon testing parameters such as load, speed, etc.
[31-34]. In this case, however, the COF values for samples 51, S2 and S3 were considerably
higher than these values. This could be explained by the high amount of Si reinforcement
added to the base alloy and the Si coming from both of the abrasive particles. RHA could
add to this extraordinary high coefficient of friction.
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Cefficient of friction

2.5

2.0

0.5

0.0

S1: 8SiC/2.5RHA S4: 2SiC/2.5RHA
S2: 6SiC/2.5RHA S5: 0SiC/2.5RHA
S3: 4SiC/2.5RHA S6: 0SiC/ORHA

S1 S2 S3 sS4 S5 S6

100 200 300 400 500
Sliding Distance (m)

Figure 7. Variation in COF with the sliding distance at 200 °C.

3.4.2. Wear Volume Loss and Specific Wear

Figure 8 depicts the variation in the loss of material with composition and varying
temperatures. The volume loss was measured in all the samples after the same sliding
distance of 500 m. This was calculated by carefully weighing each sample before and after
the wear test, then dividing it by the average density of the HMMC. The volumetric wear
is usually calculated as mm? per meter, and it also decreases with increases in the rein-
forcement [33,34]. It can clearly be observed that the eroded volume increases almost lin-
early with decreasing reinforcement. As expected, the material loss was at its maximum
in the sample without any reinforcement. This implies that addition of abrasive particles
of SiC and RHA improves the wear behaviour of the HMMCs. The addition of RHA re-
duced the wear volume to a certain extent when compared to the pure alloy. The HMMC
with 8 wt.% SiC showed the lowest wear volume due to the improvement in hardness
compared to the mixed powder. Another factor that affects the wear is the operating tem-
perature. At higher temperatures, the composite suffers severe volume loss, which may
be due to delamination. This is because higher temperatures render the alloys soft, and
the wear behaviour transitions from adhesive to delamination.
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Figure 8. Variation in the volume loss of different samples at different ambient temperatures.

Specific wear was calculated as the total amount of worn pin material (um) over the
total sliding distance (m). Figure 9 shows a plot of the variation in specific wear (um/m),
with composition and operating temperatures. The wear increased with increasing tem-
peratures and with decreasing percentages of reinforcement. It can be inferred from the
plot that at 200°C, for the composite with no reinforcement, the wear was most severe,
while the best tribological performance was exhibited by the composite with the highest
reinforcement at an ambient temperature. With the addition of only RHA, the specific
wear did not decrease significantly when compared to the non-reinforced Al alloy. How-
ever, the HMMC with 8.0 wt.% SiC reduced the specific wear by nearly a factor of 20 at
200 °C.

Bambient B100 degC [E200 degC

1: 8SiC/2.5RHA  4: 2SiC/2.5RHA
: 6SiC/2.5RHA  5: 0SiC/2.5RHA
3:4SiC/2.5RHA  6: 0SiC/ORHA
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Figure 9. Variation in specific wear at different temperatures.

3.4.3. Worn Surface of the Disc

For studying wear in tribological systems, a tribometer is used. A tribometer is a pair
of a pin and a disc, where the pin is a softer material sliding over the much harder disc.
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Thus, it is important to analyse the surfaces of both the pin and the disc to gain better
insight into the wear process. The wear track of the disc was observed under an optical
microscope at a magnification of x50, and the images are shown in Figure 10. The wear
tracks show that fine grooves were developed on the surface of the disc. The losses of
material from the disc surface are marked by red enclosures, and the sliding directions are
marked with red lines. In Figure 10c, some small particles of the pin can be seen inside the
red oval. This can be due to the erosion of the pin surface at a high temperature of 200 °C.
The delamination of the pin surfaces may have caused the Al particles to scatter on the
wear track, and high temperature could have caused the welding of the pin particles on
the wear track due to the softening of the pin material. However, the presence of the pin
material on the wear track cannot be confirmed by EDX analysis due to the large size of
the disk. However, the wear of the pin track was much less severe than that observed on
the worn pin surfaces. This was because the disc material was much harder than the pin
material.

7 :-//"’:‘ J
."‘ y 7 p ‘/ -
50 microns

Figure 10. Optical microscopic images of the wear track of the disc at x50 when testing the wear of
85iC/2.5RHA at 200 °C: (a) ground disc surface before wear; images of the wear track at (b) position
1, (¢) position 2, and (d) position 3.

3.4.4. Worn Surface Morphology of the Pin

The worn surfaces of the pins tested at 200 °C are shown in Figure 11. The maximum
loss of material due to wear was observed in the unreinforced AA-8011, and minimum
wear was observed in the 85iC/2.5RHA HMMC. This result is aligned with the improve-
ment in the hardness of the samples which was observed with greater reinforcement.
Some interesting findings regarding the wear surface morphology are discussed below:

a. In the samples with higher reinforcement, larger amounts of SiC inclusions could be
observed, while the wear mechanisms were mostly adhesive and abrasive, with al-
most negligible delamination and wear debris. It can further be stated that strong
adhesion and intermetallic bonding between the ductile AA8011 and hard SiC
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particles were responsible for bearing the load and enhancing hardness, restricting
the wear of the surface of the composite [35].

As the amount of reinforcement increased, the wear behaviour can possibly transi-
tion from slightly adhesive to abrasive, due to the presence of more abrasive SiC par-
ticles in the metal matrix. Overall, the predominant wear mechanism was abrasive in
the HMMCs. Similar observations have been reported by other researchers in the lit-
erature [36-38].

Another important observation could be the presence of small, almost circular bright
spots scattered on the worn surface (marked with green circles), identified thanks to
closer inspection. These could possibly be explained as wear debris, which was also
reported by Mazahari and Shabani. They reported that this debris is found due to the
propagation of cracks perpendicular to the sliding direction in the Al alloys with
lower reinforcement [39]. The presence of larger amounts of this debris in the samples
with less and no reinforcement indicates that, most probably, the material was being
removed at a rate which did not allow for oxide film to be formed on the softer metal
matrix surface [19]. In summary, the addition of RHA and SiC to AA8011 metal com-
posites improved the wear resistance by affecting multiple wear mechanisms, includ-
ing abrasion and adhesion.

The hard and abrasive particles of SiC act as reinforcements and increase the hard-

ness and wear resistance of the composite material. Further, the abrasive particles could
form a protective layer on the surface of the composite material, which can prevent adhe-
sion between the mating surfaces and reduce the amount of wear.

d.

In the cases of 0SiC/2.5RHA and 0SiC/ORHA, plastic deformation and subsequent
delamination were observed due to the comparatively softer nature of the materials.
It was most severe in the latter case, as it was unreinforced and more prone to delam-
ination at higher temperatures. This indicated that there was a minor effect of RHA
on the reduction in delamination wear. This observation strongly supported the re-
sults obtained regarding the increased loss of weight in the unreinforced alloy [11].

SEI  15kV WD13mm  SS40 x500 S0pm  — SEI  15kV WD14mm  SS40 P 50pm
USIF, AMU ALIGARH USIF, AMU ALIGARH

{ N7 \

S Ay b BT, : A~ 5 \ : 3% i
SEI 15KV WD14mm SS40 —— SEI 15kV  WD13mm SS40 X500  50um
USIF, AMU ALIGARH USIF, AMU ALIGARH
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®
Figure 11. SEM micrographs of worn pin surfaces at 200 °C. (a) 85iC/2.5RHA, (b) 65iC/2.5RHA, (c)
4SiC/2.5RHA, (d) 25iC/2.5RHA, (e) 05iC/2.5RHA, and (f) 0SiC/ORHA, at x500 magnification. Sliding
direction, debris, and delamination are highlighted by red arrows, green circles, and red rectangles,
respectively.

The results of the wear behaviour under different operating temperatures were also
consistent with the previous research conducted in this field. However, at any fixed tem-
perature, the best performance was exhibited by the composite with the highest SiC/RHA
reinforcement. Therefore, the reinforced composites could be a better option for use in
high-temperature applications. As the use of AA8011 alloys is prevalent in the automotive
sector, the use of reinforced AA8011 alloys will provide a suitable option for parts for
which relative movement is involved.

4. Conclusions

Hybrid metal matrix composites of AA8011 Al alloys were manufactured using the
stir casting technique, with a fixed content (2.5 wt.%) of RHA and varying percentage of
SiC (0, 2, 4, 6, 8 wt.%). From the microstructural, hardness, and wear testing results, the
following conclusions can be drawn:

RHA particles showed bimodal particle distribution with smaller particles (7 pm to
15.6 um) and larger particles (46.8 um to 156.2 um) with amorphous structures. The RHA
particles completely dissolved in the metal matrix to form a second phase of Si in Al,
which was spread homogenously throughout the matrix. From the surface morphology
of the cast composites, a distribution of large groups or pockets of SiC particles through-
out the AA8011 matrix was evident.

The effect of Al alloy reinforcement with SiC+RHA on the hardness and wear behav-
iour was consistent, with different weight percentages used in the synthesis of HMMCs.
Although there was no significant difference in hardness observed after adding RHA in
the aluminium alloy, SiC addition significantly increased the composite hardness. The
tribological performance increased almost linearly with the level of reinforcement. The
best performance was exhibited by the 8 wt.% SiC+RHA composite, while the lowest re-
sistance to wear was exhibited by the pure cast Al alloy. The results of the wear behaviour
under different operating temperatures were also consistent, while the wear properties
degraded with increasing temperatures, irrespective of the amount of reinforcement.
However, at a fixed temperature, the best performance was exhibited by the composite
with the highest SiC/RHA reinforcement. It should also be noted that COF increased with
the addition of both RHA and SiC particles, although the latter displayed a significant
effect. Therefore, hybrid composites could be a better option for use as alternatives to cast
iron in automotive engine components.
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