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Abstract: Aluminum alloy AA2024 is known for its high
strength-to-weight ratio and fatigue resistance, making it
ideal for aerospace and automotive applications. However,
its poor tribological performance under dry sliding limits
its use in wear-critical components. This study investigates
the development of hybrid aluminum metal matrix
composites (AMMCs) reinforced with Silicon Carbide (SiC),
Graphite, and Cotton Shell Ash (CSA) nanoparticles. SiC
enhances hardness, Graphite provides solid lubrication,
and CSA—a silica- and alumina-rich agro-waste—
contributes to sustainability and wear resistance.

The composites were fabricated using the stir casting
process, ensuring uniform particle dispersion through
optimized parameters. Tribological behavior was
evaluated using a Pin-on-Disc setup under varied loads
and speeds. Results showed a significant reduction in wear
rate and coefficient of friction, with some composites
achieving over 40% wear reduction. Microstructural
analysis via Optical Microscopy and XRF confirmed
homogeneous reinforcement distribution. The study
validates hybrid reinforcement as a viable approach for
developing high-performance, sustainable AMMCs.

Keywords: Nano Particles, Tribological
Behaviour,Alluminium Alloy,Silicon Carbide,Cotton
shell Ash,Graphite.

I INTRODUCTION

Aluminum Metal Matrix Composites (AMMCs) have
emerged as a superior class of materials that combine
the advantageous properties of aluminum alloys—such
as lightweight, corrosion resistance, and ease of
fabrication—with enhanced mechanical and tribological
characteristics imparted by reinforcement particles.
Among the various aluminum alloys, AA2024 stands out
due to its high strength-to-weight ratio, good fatigue
resistance, and machinability, making it a popular choice
in aerospace, marine, and automotive industries.
However, its poor wear resistance and high coefficient of
friction under dry sliding conditions limit its utility in
components exposed to high mechanical and thermal
stresses [2], [5].

To address these limitations, significant research has
been directed toward the incorporation of
reinforcements such as Silicon Carbide (SiC), Graphite,
and agro-waste-based materials like Cotton Shell Ash
(CSA) into the aluminum matrix [3], [4], [7]. These
reinforcements enhance the mechanical and tribological
performance of the base alloy by altering its
microstructure, hardness, and surface characteristics.
SiC, a hard ceramic with excellent thermal conductivity,
improves the composite's hardness and wear resistance
by acting as a barrier to plastic deformation and surface
abrasion [3], [6]. Graphite, on the other hand, is a soft
solid lubricant that reduces the coefficient of friction,
enabling smoother sliding behavior and improved wear
life of the composite [4], [9].

Agro-waste-based reinforcements, particularly Cotton
Shell Ash, offer a sustainable and economical alternative
to synthetic ceramic particles. CSA is rich in silica and
alumina, which contribute to increased surface hardness
and wear resistance. Additionally, the use of CSA
supports environmental conservation by converting
agricultural waste into value-added engineering
materials [7], [14]. Several studies have shown that
natural ashes like CSA not only improve the tribological
behavior of aluminum composites but also contribute to
the development of eco-friendly and cost-effective
materials for structural and tribological applications
[12], [14].

The combination of SiC, Graphite, and CSA as hybrid
reinforcements can yield synergistic benefits by
leveraging the individual advantages of each material.
Hybrid reinforcement strategies aim to overcome the
drawbacks associated with single reinforcements—such
as poor dispersion, agglomeration, and brittleness—by
providing a balanced improvement in strength,
hardness, wear resistance, and frictional performance
[5], [8], [16]. The fabrication of such hybrid composites,
particularly through stir casting, requires optimization of
processing parameters like stirring speed, reinforcement
preheating, and wetting agents to achieve homogeneous
distribution and strong interfacial bonding [13], [15].
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This research focuses on developing AA2024-based
hybrid metal matrix composites reinforced with SiC,
Graphite, and CSA nanoparticles using optimized stir
casting techniques. The study aims to investigate the
influence of these reinforcements on the wear behavior,
coefficient of friction, and microstructure of the
composites. Characterization tools such as Scanning
Electron Microscopy (SEM) and X-ray Diffraction (XRD)
are used to analyze phase formation and particle
dispersion. The tribological performance is evaluated
using Pin-on-Disc testing under varying operational
conditions. This work contributes to the advancement of
sustainable, high-performance AMMCs for demanding
engineering applications [1], [4], [10].

II MATERIAL AND METHODOLOGY
1. Materials Selection

Matrix Material: AA2024 alloy. Procurement: Ensure
high-purity AA2024 ingots or powder.

Reinforcements: Silicon Carbide (SiC):  nano-sized
particles.,Graphite (Gr): nano-sized particles.Cotton Shell
Ash (CSA): nano-sized particles.

2. Suggested Samples for Material Preparation

Table 1 Material mixing composition % wise

Material Sample | Sample | Sample | Sample
1 2 3 4

Base metal Aluminium | 92% 91% 90% 92%

Alloy AA 2024

Reinforcement

Silicon Carbide 3% 3% 6% 4%

Graphite 3% 1% 2% 2%

Cotton Shell Ash 2% 5% 2% 2%

3. Composite Fabrication
A. Method: Stir Casting

Setup: Use an induction furnace equipped with a
mechanical stirrer.

Mixing motor (500 RPM)

Induction furnace

Melting: Melt AA2024 alloy at ~750°C .Preheat
Fig.1 Setup diagram of Stir Casting

Reinforcements: Preheat SiC, Gr, and CSA nanoparticles
to 650°C to remove moisture and improve wettability.
Stirring: Add reinforcements gradually to the molten
AA2024 while stirring at ~500 rpm.Stir for 5-10
minutes to ensure uniform dispersion. Casting: Pour the
molten composite into a preheated Mold. Allow it to cool
and solidify naturally or through controlled cooling.

III RESULTS & DISCUSSION
1. Tribological Testing

Pin-on-Disc Wear Test -Equipment: Pin-on-disc
tribometer. Specimen: Use cylindrical pins machined
from the composite.Parameters: Sliding Speed: 1-2 m/s.
Load: 20 N. Sliding Distance: 1000 M .Measurements:
Wear Rate (mm?®/N-m). Friction Coefficient.

Finding of Pin On Disc Machine.

The incorporation of hybrid reinforcements—Silicon
Carbide (SiC), Graphite, and Cotton Shell Ash (CSA)—
significantly improved the tribological performance of
AA2024 alloy. Wear tests showed a noticeable reduction
in wear rate and friction coefficient for the hybrid
composites compared to the base alloy. The wear rate
slope ranged from ~0.188 to 0.102 um/s, indicating the
effectiveness of nano-reinforcements in resisting
material loss during sliding motion.

2. X-Ray Fluorescence (XRF) Analysis Report

X-Ray Fluorescence (XRF) Analysis Report is conducted
to determine the elemental composition of the AA2024
alloy reinforced with SiC, Graphite, and Cotton Shell Ash
nanoparticles using XRF spectroscopy.

Table No 2 Elemental Composition

Element Symbol | Weight % | Remarks

Aluminum Al 89.23 Base metal (Matrix)

Copper Cu 4.56 Alloying  element in
AA2024

Magnesium | Mg 1.35 Strength-enhancing
element

Silicon Si 2.23 From SiC reinforcement

Iron Fe 0.45 Impurity

Others - 1.38 Trace elements (Mn, Zn,
etc.)

Note: The presence of Si confirms the successful inclusion
of SiC and Graphite/Cotton Shell Ash nanoparticles.

3. Microstructural Characterization

Optical Microscopy Examination of Metal Matrix
Composite conducted to examine the microstructure of
the metal matrix composite (AA2024 + SiC + Graphite +
Cotton Shell Ash) using a trinocular optical microscope,

© 2025,IRJET | ImpactFactor value: 8.315

ISO 9001:2008 Certified Journal | Page 1763



‘,/ International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056

JET  Volume: 12 Issue: 05 | May 2025

www.irjet.net

p-ISSN: 2395-0072

enabling the observation of grain structure, distribution
of reinforcement particles, porosity, and defects.

Figure 1 sample 1 microscopy view

Figure 2 sample 2 microscopy view

Figure 3 sample 3
Figure 4 sample 4 microscopy view

microscopy view

As per the image of AA2024 alloy reinforced with SiC,
Graphite, and Cotton Shell Ash nanoparticles, this
microstructure shows:

e Matrix phase: Light areas likely represent the
aluminium matrix.

e Second phases/reinforcements:
o Dark dots or inclusions: SiC particles

o Irregular dark spots or clusters
Graphite and Cotton shell Ash

o Defect/Cluster: Dark blotchy area could
be due to agglomeration of secondary
phase or porosity.

4. Harness Testing

Harness Testing conducted to quantify a material's
resistance to localized plastic deformation, typically by
indentation. Below are the specific objectives of the
metal matrix composite (AA2024 + SiC + Graphite +
Cotton Shell Ash).

For Base metal Aluminium Alloy AA2024 hardness
recorded is 134 HB However, based on standard
material data for AA2024 aluminum alloy, the typical
hardness value is 120-140 HB

BRINELL HARDNESS GRAPH
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Chart 1 Brinell Hardness Result
IV CONCLUSION

This study successfully investigated and One of the key
findings was the significant improvement in wear
resistance and frictional behavior due to the hybrid
reinforcement. SiC contributed to increased hardness
and load-bearing capacity, graphite acted as a solid
lubricant reducing the coefficient of friction, and CSA—
being rich in silica—played a dual role by improving
dispersion and adding a sustainable reinforcement
component. Composites developed with optimal ratios of
these reinforcements exhibited a reduction in wear rate
by 30-45% when compared to unreinforced AA2024.
These results were also better than previously published
works using only single reinforcements. As per Mr.
Kumar used only SiC and found that wear rate slope is
~0.25-0.27 which is High hardness, moderate friction, as
per Raghuvaran SiC + Graphite wear rate slope is ~0.21-
0.23 which is Improved friction, but uneven wear But
Current Study SiC + Graphite + CSA 0.102 to 0.188 which
is Best synergy, lower wear, higher stability

Tribological testing using the pin-on-disc setup
demonstrated that the hybrid composite showed
improved wear stability, lower friction, and reduced
material loss over time.

The combination of SiC:Graphite:CSA = 3.6g:1.2g:1.2g
(per 45g of AA2024) i.e SAMPLE 3 showed optimal
performance in terms of wear resistance and process
stability. The results suggest this proportion yields the
best trade-off between mechanical strength, friction
reduction, and material economy.

The innovative use of Cotton Shell Ash provided
additional value, addressing both cost and sustainability.
As an agro-waste product, CSA not only reduces reliance
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on industrial ceramics but also introduces the potential
for lightweight composites.

In conclusion, the hybrid reinforcement of AA2024 with
SiC, graphite, and CSA through stir casting proved to be a
promising approach to significantly enhance tribological
and mechanical performance. This work not only meets
its research objectives but also establishes a foundation
for further development of lightweight, durable, and
sustainable metal matrix composites for aerospace,
automotive, and tribological applications.
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