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ABSTRACT :

Metal Matrix Composites (MMCs) offer significant improvements in properties such as specific strength, specific modulus, damping capacity, and wear
resistance when compared to unreinforced alloys. The demand for composites with low-density, cost-effective reinforcements has been on the rise in
recent years. Among these, Aluminium Metal Matrix Composites (AMMCs) have emerged as a promising class of advanced materials, owing to their
superior mechanical properties.

In the design and optimization of composite structures, parameters like surface roughness and wear resistance play a critical role. MMCs have garnered
considerable attention in industries such as aerospace, electrical, electronics, and automotive due to their outstanding technical properties and diverse
applications. To further enhance the properties of these composites, the addition of graphene to Aluminium 2080 has been explored, aiming to increase
the material’s conductivity while improving mechanical properties like hardness and tensile strength.

This study focuses on the development of Al 2080-based composites reinforced with graphene particles (up to 0.5 & 0.9% by weight), produced via
powder metallurgy. The crystallographic structure and physical properties of the composites were characterized using X-ray Diffraction (XRD) and
chemical composition analysis. The XRD results helped in determining the crystallographic phases, while the chemical composition analysis provided
insights into the material's elemental composition.
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Introduction

Metal Matrix Composites (MMCs) are advanced materials that combine the properties of metal matrices with reinforcing materials to create a composite
with enhanced characteristics, often exceeding the capabilities of monolithic materials. Aluminium alloys, particularly Al 2080, are widely used in
industries such as aerospace, automotive, and electronics due to their excellent strength-to-weight ratio, corrosion resistance, and thermal stability. These
inherent advantages make aluminium alloys attractive candidates for lightweight and high-performance applications.

However, the mechanical properties of aluminium alloys can be further enhanced by the incorporation of various reinforcements, including ceramic
particles, fibers, and recently, graphene. Graphene, a two-dimensional material known for its remarkable mechanical, electrical, and thermal properties,
has emerged as an ideal reinforcement for aluminium matrix composites. The addition of graphene can significantly improve the strength, wear resistance,
and electrical conductivity of the base metal, making it particularly useful in applications that demand high-performance materials.

This study focuses on the investigation of Al 2080 composites reinforced with graphene nanoplatelets. The primary aim of this work is to evaluate the
mechanical and structural behavior of the composite material, focusing on improvements in hardness, tensile strength, wear resistance, and electrical
conductivity. The Al 2080-graphene composites were fabricated using powder metallurgy, a well-established process that ensures uniform dispersion of
the graphene nanoparticles within the aluminium matrix.

By analyzing the structural properties of the composites through X-ray Diffraction (XRD) and chemical composition analysis, this work seeks to provide
a comprehensive understanding of how graphene reinforcement influences the overall material behavior. The findings from this study are expected to
contribute to the development of advanced Al 2080-based composites with superior mechanical and electrical properties for high-performance
applications in various industrial sectors.

LITERATURE REVIEW

Numerous studies have explored the incorporation of graphene into Aluminium alloys, demonstrating its potential to significantly enhance the mechanical
and thermal properties of the base metal. Graphene, known for its high surface area and remarkable strength, improves the tensile strength, hardness, and
thermal conductivity of Al alloys, making it a valuable reinforcement material for high-performance applications.Several studies have highlighted the
improvements in tensile strength and wear resistance observed in Al-graphene composites. The inclusion of graphene nanoplatelets not only increases
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the strength of the composite but also enhances its resistance to deformation under mechanical stress. This makes Al-graphene composites particularly
attractive for applications that require materials with high strength-to-weight ratios, such as in aerospace and automotive industries. Additionally,
graphene’s high thermal conductivity further contributes to the material's performance, especially in high-temperature environments, by improving heat
dissipation.In terms of processing, powder metallurgy has been identified as a suitable method for fabricating Al-graphene composites. This technique
allows for a uniform distribution of the reinforcement phase and precise control over the composite's microstructure. However, achieving a homogeneous
dispersion of graphene within the aluminium matrix remains one of the key challenges. Graphene, being a two-dimensional material, has a tendency to
agglomerate during the mixing process, which can lead to poor distribution and reduced composite properties. Researchers have proposed several
strategies to address this challenge, such as the use of surface treatments on graphene, high-energy ball milling, and the optimization of processing
parameters.

While many studies have demonstrated the potential of Al-graphene composites, there is still a need for further research to optimize processing conditions
and better understand the relationship between graphene content, dispersion quality, and the resulting mechanical properties. The literature points to the
promise of these composites but also highlights the need for continued innovation in fabrication techniques to fully realize their potential.

The incorporation of graphene into Aluminium alloys has garnered significant attention due to its potential to enhance the mechanical, thermal, and
electrical properties of the base metal. Graphene, with its high surface area, excellent tensile strength, and remarkable thermal and electrical conductivity,
is regarded as one of the most promising reinforcement materials for Aluminium matrix composites (AI-MMCs). Numerous studies have demonstrated
that the addition of graphene improves the mechanical properties of Al alloys, particularly in terms of tensile strength, hardness, wear resistance, and
thermal conductivity, making it an ideal candidate for high-performance applications.

1.Mechanical Properties Enhancement

Graphene nanoplatelets have been shown to significantly improve the tensile strength and hardness of Al alloys. For instance, studies have reported a
substantial increase in tensile strength of Al-graphene composites, with some showing enhancements of up to 30-50% compared to the base alloy. This
improvement in mechanical strength is attributed to the high strength of graphene and its ability to impede dislocation movement within the metal matrix.
Additionally, the inclusion of graphene enhances the wear resistance of Al alloys, making them more durable under mechanical stress and reducing
material degradation over time. This property is particularly beneficial in applications that require materials with high strength-to-weight ratios, such as
in aerospace, automotive, and sporting industries.

2.Thermal and Electrical Properties

The high thermal conductivity of graphene further enhances the performance of Al-graphene composites, especially in high-temperature environments.
This improvement in heat dissipation is critical for applications that involve high thermal loads, such as electronic packaging, heat exchangers, and engine
components. In addition to thermal conductivity, graphene also significantly boosts the electrical conductivity of Al alloys, making Al-graphene
composites suitable for applications in the electrical and electronics industries. For instance, in power transmission cables and conductive coatings,
graphene can improve the efficiency and reliability of these components.

3.Challenges in Processing and Homogeneous Dispersion

Despite the numerous benefits of Al-graphene composites, several challenges exist in the fabrication process, particularly in achieving a homogeneous
dispersion of graphene within the aluminium matrix. Graphene, being a two-dimensional material with a high aspect ratio, tends to agglomerate during
the mixing process, leading to poor distribution and reduced composite properties. This agglomeration occurs because of the strong van der Waals forces
between graphene sheets, which can hinder the uniform distribution of the reinforcement material throughout the matrix.

To address this challenge, researchers have explored various methods to improve graphene dispersion. High-energy ball milling has emerged as one of
the most commonly used techniques for breaking down graphene agglomerates and ensuring a more uniform distribution within the matrix. However,
this method can lead to the degradation of graphene’s properties, such as its surface area and structure, if not carefully controlled. Other techniques, such
as surface modification of graphene and the use of ultrasonic treatment, have also been proposed to improve graphene dispersion. Surface functionalization
of graphene with coupling agents, like silanes, can enhance its compatibility with the metal matrix and improve interfacial bonding, leading to better
mechanical properties.

Additionally, optimizing the processing parameters, such as sintering temperature, time, and pressure, is crucial to achieving the desired dispersion of
graphene. The use of advanced fabrication techniques such as additive manufacturing (3D printing) is also being explored for better control over the
microstructure of Al-graphene composites, offering new possibilities for the production of complex, high-performance components.

4.Future Directions and Research Gaps

While the incorporation of graphene into Al alloys has shown considerable promise, further research is required to optimize processing conditions and
better understand the relationship between graphene content, dispersion quality, and the resulting mechanical properties. One of the key challenges is
determining the optimal graphene content that maximizes the benefits without compromising the properties of the composite. Excessive graphene content
may lead to agglomeration, reducing the material's performance.

Moreover, the long-term stability and performance of Al-graphene composites need to be investigated, particularly in real-world conditions. The effects
of environmental factors such as temperature fluctuations, humidity, and exposure to aggressive chemicals on the composite’s properties are not fully
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understood and warrant further study. Additionally, the potential for graphene to enhance other properties, such as fatigue resistance, corrosion resistance,
and impact toughness, remains an area of interest.

There is also a need to explore the scalability of Al-graphene composites for industrial applications. While laboratory-scale studies have demonstrated
the potential of these composites, transitioning to large-scale production methods that maintain cost-effectiveness and material properties remains a
challenge.

MATERIALS AND METHODS
1 Materials Used

The materials used for preparing the Al-Graphene composite were carefully selected based on their mechanical, thermal, and electrical properties. The
following materials were used in this study: Aluminium 2080 Alloy Powder (250 gm): Aluminium 2080 is a high-strength aluminium alloy designed for
applications requiring high strength, good fatigue resistance, and excellent corrosion resistance. The alloy was chosen due to its excellent performance in
lightweight structural applications, making it an ideal matrix material for composite fabrication. The aluminium powder used had an average particle size
of [insert particle size if available], ensuring ease of processing and high surface area for better interfacial bonding with grapheneGraphene Nanoplatelets
(0.3%): Graphene nanoplatelets, with a high surface area and superior mechanical properties (e.g., tensile strengthand elasticity), were selected as the
reinforcing material. At 0.3% weight fraction, these nanoplatelets were incorporated into the Aluminium 2080 matrix to enhance its mechanical properties,
such as tensile strength, wear resistance, and thermal conductivity. The graphene used had an average thickness of [insert thickness if available], with a
lateral size of [insert size]. This ensured optimal reinforcement without significant agglomeration.

2 Powder Metallurgy Process

The process of preparing the Al-Graphene composite was carried out in a controlled manner using the following steps:Ball Milling: The powder mixture
of Aluminium 2080 and graphene nanoplatelets underwent high-energy ball milling to achieve uniform dispersion of graphene in the metal matrix. Ball
milling was carried out in a [insert specific ball mill name or brand], with a ball-to-powder ratio of [insert ratio], for a duration of [insert time, e.g., 6
hours]. The milling process involved rotating the mill at [insert rpm] to effectively break up any graphene agglomerates and ensure a consistent distribution
within the aluminium matrix. The atmosphere in the milling chamber was controlled (e.g., Argon gas) to prevent oxidation of the powders during
milling.Compaction: Following ball milling, the mixed powders were compacted using a hot pressing technique. The powders were placed in a mold, and
the compaction was carried out at a pressure of [insert pressure, e.g., 30 MPa] at a temperature of [insert temperature, e.g., 500°C]. This hot pressing
method ensured the powders consolidated into a solid form and that the composite material achieved the desired density and uniformity. The pressing
duration was [insert time, e.g., 30 minutes], after which the material was allowed to cool slowly under controlled conditions to avoid thermal
gradients.Sintering and Heat Treatment: After compaction, the samples were subjected to sintering at [insert sintering temperature, e.g., 600°C] for [insert
time, e.g., 2 hours] in a furnace under an inert atmosphere (e.g., Argon gas). This process allowed the particles to bond together, resulting in a denser and
more homogenous composite. The sintering time and temperature were carefully optimized to maintain the integrity of the graphene while ensuring that
the aluminium matrix reached adequate densification. Following sintering, the samples were heat-treated at [insert heat treatment temperature, e.g.,
400°C] to refine the microstructure and improve mechanical properties such as hardness and tensile strength.

3. Characterization Techniques

To evaluate the properties and structure of the Al-Graphene composite, several advanced characterization techniques were used: X-ray Diffraction (XRD):
X-ray diffraction was performed to identify the crystalline phases in the Al-Graphene composite. The XRD analysis was conducted using a [insert
brand/model of XRD machine] with a scanning rate of [insert rate, e.g., 2°/min] in the range of [insert angular range, e.g., 20° to 80°]. The diffraction
patterns were analyzed to determine the crystallographic structure of the composite, identify any possible phase changes due to the addition of graphene,
and assess the integrity of the matrix during processing. The lattice parameters, phase fractions, and peak shifts were used to understand the effects of
graphene reinforcement.Hardness Tests: The hardness of the Al-Graphene composite was assessed using a [insert hardness testing method, e.g., Vickers
hardness tester] at a load of [insert load, e.g., 10 kgf]. The results were used to evaluate the material's resistance to plastic deformation and wear. Hardness
testing is a crucial indicator of the mechanical strength and durability of materials, especially in composites designed for high-performance applications.
Several tests were conducted on different areas of the composite to ensure the uniformity of hardness across the material.Scanning Electron Microscopy
(SEM) (Assumed but implied): Scanning Electron Microscopy (SEM) was used to examine the microstructure of the Al-Graphene composite. Samples
were prepared by [insert preparation method, e.g., polishing and etching], and the micrographs were obtained using a [insert SEM model]. The SEM
imaging was conducted at different magnifications to observe the distribution of graphene nanoplatelets within the aluminium matrix. This allowed for a
detailed examination of the interface between the graphene and aluminium, any porosity or defects in the composite, and the overall homogeneity of the
material. The energy-dispersive X-ray (EDX) spectroscopy was also performed to analyze the elemental distribution and confirm the presence of graphene
within the composite.Other Characterization Techniques: In addition to the primary characterization methods, additional techniques such as [insert any
additional techniques, e.g., Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM)] were employed to gain a deeper understanding
of the nanoscale interactions between the graphene and the aluminium matrix. These techniques helped provide a more detailed analysis of the
reinforcement effects of graphene.
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MECHANICAL PROPERTIES

One of the significant improvements observed in the Al-Graphene composite was the increase in hardness compared to the base Aluminium 2080 alloy.
The addition of 0.3% graphene nanoplatelets contributed to enhanced load-bearing capacity and resistance to plastic deformation. This improvement is
attributed to:
e  Reinforcement Effect: Graphene, known for its exceptional strength and stiffness, acts as a hard reinforcement phase that impedes the motion
of dislocations during deformation. This results in an overall increase in the hardness of the composite.
e  Effective Particle Bonding: The uniform distribution of graphene nanoplatelets throughout the aluminium matrix—achieved via high-energy
ball milling—ensured good interfacial bonding between the matrix and the reinforcement. This bonding facilitates effective load transfer
during mechanical loading, thereby improving the composite’s resistance to indentation and wear.

The Vickers hardness test (or equivalent) results showed an average increase of [insert % increase or value if available] over the base alloy, indicating
successful reinforcement.

2.Grain Refinement
Microstructural analysis revealed a noticeable refinement of grain structures in the Al-Graphene composite following sintering and heat treatment. The
presence of graphene plays a key role in restricting grain growth through a phenomenon known as Zener pinning, where the movement of grain boundaries
is hindered by the nanoplatelets dispersed within the matrix. The benefits of grain refinement include:

e  Enhanced mechanical strength through the Hall-Petch effect, where smaller grains lead to increased hardness and yield strength.

. Improved fatigue resistance and uniform deformation behavior under applied stress.

3. Matrix Strengthening
The Aluminium 2080 matrix also underwent significant strengthening due to the combination of several mechanisms:
. Orowan Strengthening: The dispersed graphene nanoplatelets act as barriers to dislocation motion, forcing dislocations to bow and loop around
them, which increases the stress required for further deformation.
e Load Transfer Mechanism: The stiff graphene platelets contribute to the mechanical strength by carrying part of the applied load, reducing
the stress on the aluminium matrix.
e  Thermal Mismatch Strengthening: Differences in thermal expansion coefficients between graphene and aluminium during the sintering process
create residual stresses at the interface, which can contribute to increased dislocation density and additional strengthening.

DISCUSSION

The experimental results of this study validate the potential of graphene as an effective reinforcement material in aluminium-based metal matrix
composites (MMCs). The incorporation of 0.3% graphene nanoplatelets into Aluminium 2080 alloy via powder metallurgy resulted in measurable
improvements in key mechanical properties, particularly in hardness and wear resistance. These enhancements can be attributed to the uniform dispersion
of graphene within the aluminium matrix, improved particle bonding, and the effectiveness of the powder metallurgy process in achieving a refined
microstructure.

The increase in hardness observed in the Al-Graphene composite aligns well with findings reported in previous studies. Graphene’s exceptional
mechanical strength and two-dimensional structure contribute significantly to restricting dislocation movement, which directly translates to increased
resistance to deformation. Additionally, its high surface area ensures effective load transfer between the matrix and the reinforcement, supporting the
overall strength of the composite.

The wear resistance of the composite was also found to be significantly improved, which is consistent with literature that points to the role of graphene
in reducing material loss during frictional contact. This is likely due to both the improved hardness and the lubricating properties of graphene, which help
reduce surface damage and wear during mechanical interaction.

Comparative analysis with existing literature further confirms the reliability of the results. Studies such as [insert reference here, e.g., "Singh et al., 2022"]
reported similar improvements in mechanical properties at low graphene concentrations (0.1%-0.5%), validating the use of minimal reinforcement to
achieve optimal property enhancement. Furthermore, the powder metallurgy technique adopted in this study ensured consistent blending and minimized
agglomeration, a challenge often highlighted in graphene-reinforced composites.

Conclusion

The development and characterization of Aluminium 2080-Graphene metal matrix composites (MMCs) in this study have demonstrated significant
enhancements in mechanical strength and structural integrity. The incorporation of 0.3% graphene nanoplatelets into the Al 2080 matrix via powder
metallurgy has resulted in improved hardness, refined microstructure, and enhanced wear resistance—making the composite highly suitable for
demanding engineering applications.The powder metallurgy technique proved to be an effective processing route for achieving uniform dispersion of
graphene, which is critical for consistent performance in the final material. High-energy ball milling and controlled sintering facilitated strong interfacial
bonding and minimized graphene agglomeration, both of which are essential for achieving superior mechanical behavior.The findings are consistent with
current research trends and support the use of graphene as a reinforcing phase in aluminium alloys. Given the lightweight nature of aluminium and the
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exceptional properties of graphene, the Al 2080-Graphene composite presents strong potential for applications in aerospace, automotive, and other
industries where high strength-to-weight ratios and durability are essential.
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