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1.Introduction 
Composites have numerous engineering applications 

due to their enhanced properties. These 

characteristics are achieved by combining two or 

more distinct materials to form a new material with 

tailored functionality. The continuous phase of a 

composite is referred to as the matrix, while the 

discontinuous phase is known as the reinforcement 

[1]. The matrix is typically composed of metals, non-

metals, polymers, or ceramics [2, 3]. 
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The reinforcements may consist of materials such as 

silicon carbide (SiC), aluminium oxide (Al₂O₃), 

titanium carbide (TiC), graphite (Gr), boron carbide 

(B₄C), glass, and fly ash (FA), which may be 

introduced in the form of powders, whiskers, or 

fibers [4]. 

 

The field of metal matrix composites (MMCs) has 

been under active investigation for more than five 

decades, dating back to the 1960s. Metal-based 

composites are widely used in the aerospace, 

automotive, and other industrial sectors due to their 

superior strength, stiffness, damping capacity, 

thermal stability, wear resistance, and lightweight 

nature. However, these performance advantages often 

come with high manufacturing costs [5, 6]. 

Research Article 

Abstract  
Aluminium (Al) is well known for its advantageous combination of low density and a high strength-to-weight ratio. 

Nevertheless, ongoing research aims to further enhance its properties. This study investigates the potential of 

incorporating fly ash (FA)—a byproduct of coal combustion—into aluminium to develop a composite material. Due to its 

lightweight nature and fine particle size, FA presents a promising option for reducing the overall density of the composite 

while potentially maintaining or improving its mechanical strength. This research contributes to the development of 

lightweight and durable materials for various industrial applications. In this study, a stir-casting technique was employed 

to integrate varying weight percentages (5% to 20%) of FA particulates into a pure aluminium matrix. The resulting 

composite materials were evaluated using standard characterization techniques, including scanning electron microscopy 

(SEM), optical microscopy, hardness testing, tensile strength testing, and wear analysis. The findings revealed that 

increasing the FA content from 5% to 20% led to a progressive reduction in the overall density of the composite material. 

However, the influence of FA on mechanical properties such as hardness and tensile strength varied. These variations 

were attributed to factors such as particle size, distribution, and interfacial bonding of FA within the Al matrix. Notably, 

in certain cases, the incorporation of FA resulted in enhanced strength and hardness, indicating the feasibility of 

producing a more robust aluminium-based composite. Moreover, the study highlights that the addition of elements such 

as silicon (Si) and magnesium (Mg) to the Al-FA composite may further improve mechanical and wear properties. 

However, the extent of these enhancements depends on the specific composition, processing conditions, and the intended 

application of the composite material. 
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Compared to conventional reinforcements such as 

SiC, Al₂O₃, B₄C, and TiC, FA is considerably more 

cost-effective. FA is a major industrial byproduct 

from thermal power plants and is abundantly 

available in nature. Due to its low cost and low 

density, it has gained attention as a sustainable 

reinforcement material in composite fabrication [7–

9]. 

 

Two primary forms of FA particles have been 

identified: cenospheres and precipitators. 

Cenospheres are hollow particles with a density less 

than 1 g/cm³, suitable for developing ultra-

lightweight materials, while precipitator particles, 

with densities ranging from 2 to 2.5 g/cm³, are 

employed to enhance properties such as density and 

wear resistance [10, 11]. The incorporation of FA 

into aluminium (Al) has the potential to yield novel 

materials with enhanced performance characteristics, 

making them suitable for various applications, 

including aerospace, automotive, and construction 

sectors [12]. 

 

Recently, aluminium matrix composites (AMCs) 

have attracted considerable attention due to their 

improved mechanical and thermal properties. 

Reinforcements such as FA, SiC, and Al₂O₃ particles 

offer promising avenues for tailoring these properties. 

Previous studies have emphasized the need to 

examine the behaviour of AMCs with varying 

reinforcement percentages using the stir-casting 

method [13]. 

 

Despite extensive research on MMCs over the past 

five decades, achieving optimal performance while 

maintaining cost-effectiveness remains a hurdle. 

While traditional reinforcements like SiC, Alumina 

or Aluminium Oxide (Al2O3), B4C, and TiC offer 

superior properties, they can be expensive. FA, a 

byproduct of thermal power plants, presents a more 

affordable alternative. However, understanding the 

impact of different FA particle types (cenosphere and 

precipitator) on composite properties (tensile 

strength, toughness, and hardness) and the influence 

of varying reinforcement percentages on MMC 

behavior requires further investigation and remains a 

challenge for future researchers [13–15]. In addition, 

an appropriate choice of the matrix composition that 

addresses the inherent contradiction between the 

wettability and reactivity of the reinforcement 

remains a major challenge in composites [5]. 

Moreover, the ability of load transfer from the matrix 

to the reinforcing material relies on strong interface 

bonding between them [6]. 

The motivation behind this research arises from the 

need to develop cost-effective and efficient MMC 

materials with enhanced mechanical properties. By 

investigating the influence of varying reinforcement 

percentages on the base aluminium alloy, this study 

aims to address existing research gaps and offer 

valuable insights for optimizing composite materials 

for diverse engineering applications. The primary 

objective of this research is to examine how 

variations in the percentage composition of FA, SiC 

particles, and Al₂O₃ affect the mechanical properties 

of MMCs. This includes a detailed evaluation of 

tensile strength, toughness, and hardness. The study 

utilizes the stir-casting technique to fabricate samples 

with different reinforcement compositions, with a 

particular focus on developing an affordable MMC 

using an aluminium-silicon-magnesium (Al-Si-Mg) 

alloy combined with FA. The overarching goal is to 

comprehensively assess the mechanical 

characteristics of the resulting composites to better 

understand their performance potential and suitability 

for real-world applications. 

 

Based on the findings, aluminium–FA composites 

exhibit significant promise as lightweight and durable 

materials. The combination of aluminium's inherently 

low density and high strength-to-weight ratio, along 

with the lightweight nature of FA, results in a 

composite material that achieves a desirable balance 

between strength and weight. Mechanical testing has 

confirmed the composite’s viability for various 

structural and functional applications, demonstrating 

tensile strength, hardness, and impact resistance that 

are comparable to or exceed those of conventional 

materials. The addition of silicon (Si) and magnesium 

(Mg) further enhances the composite's mechanical 

and wear properties, while also contributing to 

reduced environmental impact. Al–FA composites 

present a promising pathway for the development of 

advanced lightweight materials. Continued research 

is necessary to further optimize their composition and 

processing methods to tailor their properties for 

specific engineering and industrial applications. 

 

This research contributes to the field of composite 

materials by: 

• Investigating the impact of different reinforcement 

particle types and percentages on MMC properties. 

• Developing an affordable and efficient MMC 

material using FA as reinforcement. 

• Providing insights into the optimization of 

composite materials for various applications. 
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This research contributes significantly to the field of 

composite materials by investigating the effects of 

different reinforcement particle types and their 

varying percentages on the mechanical properties of 

MMCs. It focuses on the development of a cost-

effective and efficient MMC material by utilizing FA 

as a sustainable reinforcement. Furthermore, the 

study provides valuable insights into the optimization 

of composite formulations, paving the way for their 

application in a wide range of engineering and 

industrial sectors. 

 

This paper is organized as follows: Section 2 reviews 

relevant literature on MMCs, particularly FA-

reinforced aluminium composites. Section 3 details 

the experimental methodology, while Section 4 

presents the results of mechanical and microstructural 

analyses. Section 5 discusses the implications of the 

findings, and Section 6 concludes with key insights 

and future research directions. 

 

2.Literature review 
AMCs represent a promising class of materials with 

tailored properties suited for a wide range of 

applications. The incorporation of reinforcements 

such as FA, SiC, and Al₂O₃ into aluminium matrices 

has attracted considerable research interest due to 

their potential to enhance mechanical, thermal, and 

wear properties. This literature review examines 

recent advancements in understanding the behaviour 

of these MMCs, with a particular focus on the effects 

of varying reinforcement percentages of FA, SiC, and 

Al₂O₃. 

 

Razzaq et al. [16] investigated the influence of FA 

and SiC particles on the mechanical and wear 

properties of AMCs. The research employed a stir 

casting technique to fabricate AMCs reinforced with 

varying weight percentages of FA and SiC particles. 

The study revealed that the addition of both FA and 

SiC particles to the aluminium matrix significantly 

enhanced the mechanical and wear properties of the 

AMCs. The tensile strength, compressive strength, 

and hardness of the composites increased with the 

addition of reinforcing particles. The optimal 

combination of FA and SiC content was found to be 

10% FA and 10% SiC, which exhibited the highest 

mechanical properties. The use of FA as a 

reinforcement material in AMCs offers several 

advantages such as waste reduction, cost 

effectiveness and improved mechanical properties. 

However, the study also highlights some limitations 

of using FA in AMCs such as inconsistent 

composition, particle size distribution and potential 

for porosity. 

 

Vinothkumar et al. [17] explores the impact of micro-

sized SiC, Al2O3, and ZrSiO4 particles on the 

mechanical properties of AA6063 MMCs, fabricated 

via stir casting. The study found that reinforcing 

AA6063 with ceramics significantly enhances tensile 

strength and hardness due to improved ceramic-

matrix bonding. Optimal ceramic content was 

identified: 6–12% for AA6063-SiC and AA6063-

ZrSiO4, and 18% for AA6063-Al2O3 composites. 

Notably, ZrSiO4 and Al2O3 proved most beneficial, 

boosting tensile strength by 53% and hardness by 

127% respectively. Conversely, AA6063-ZrSiO4 

composites were softer than AA6063-Al2O3 and 

AA6063-SiC at similar reinforcing quantities. 

 

Kumar et al. [18] focused on the fabrication and 

characterization of Al2O3-reinforced AMCs using the 

stir-casting method. Their study provided insights 

into the processing parameters and resulting 

microstructure-property relationships. The 

advantages of using the stir casting method for 

fabricating AMCs include its simplicity, low cost, 

and ability to produce large quantities of material. 

However, the method can result in a non-uniform 

distribution of reinforcement particles, which can 

affect the mechanical properties of the AMCs. 

 

Ravindran et al. [19] conducted a comprehensive 

study on the mechanical behavior of aluminium 

MMCs containing varying percentages of FA, SiC 

particles, and Al2O3. The researchers used a stir 

casting process to fabricate the AMCs with different 

reinforcement ratios. The results showed that the 

addition of reinforcements significantly improved the 

mechanical properties of the AMCs compared to the 

unreinforced aluminium. The combination of FA and 

SiC particles provided the best mechanical properties, 

with a synergistic effect observed. The advantages of 

using FA as reinforcement in AMCs include its low 

cost, abundant availability, and potential for 

environmental benefits. The SiC and Al2O3 particles 

provided additional strength and hardness to the 

composites. 

 

The limitations of the study include the relatively 

small sample size and the use of a single fabrication 

method. Further research is needed to explore the 

effects of different reinforcement ratios, fabrication 

methods, and processing parameters on the 

mechanical properties of AMCs. 
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Kök, and Özdin [20] investigated the abrasive wear 

resistance of 2024 aluminum alloy composites 

reinforced with 10, 20, and 30 wt.% Al2O3 particles, 

fabricated using a vortex method. Utilizing a pin-on-

disc abrasion test, the research systematically 

examined the effects of sliding distance, Al2O3 

particle content and size, SiC abrasive grit size, and 

wear load on wear properties. The findings indicate a 

significant improvement in the wear resistance of the 

composites compared to unreinforced aluminum 

alloy, increasing with higher Al2O3 particle content 

and size. Conversely, wear resistance decreased with 

increasing sliding distance, wear load, and abrasive 

grit size. Notably, the impact of Al2O3 particle size 

on wear resistance was more pronounced than that of 

particle content. Plastic deformation (micro-cutting 

and micro-ploughing) was identified as the primary 

wear mechanism. 

 

Molina et al. [21] examined the thermal conductivity 

of aluminum matrix composites reinforced with 

mixtures of diamond and SiC particles of equal size. 

Produced through gas pressure-assisted liquid metal 

infiltration, the composites demonstrated a 

substantial increase in thermal conductivity, from 220 

to 580 Wm-1K-1, as SiC was gradually replaced by 

diamond particles. Electrical conductivity 

measurements further indicated a decrease in silicon 

content within the matrix as diamond volume fraction 

increased. The findings were well−predicted by a 

generalized differential effective medium scheme, 

which proved to be are liable tool for designing 

composites with specific thermal conductivity. The 

research highlights the potential for achieving a target 

thermal conductivity of 400 Wm-1K-1 with a cost-

effective composition of 50-60% diamond and the 

remainder SiC. 

 

Ji et al. [22] optimizes the Laser Powder Bed Fusion 

(LPBF) process for SiC-reinforced Aluminum Matrix 

Composites (AMCs), focusing on particle 

morphology and process parameters. Using a Box–

Behnken Design, near-spherical β-SiC was selected, 

improving powder spreading. The research 

demonstrates enhanced tensile strength and plasticity 

in LPBF β-SiC/AlSi10Mg compared to α-SiC, 

attributed to better flowability and interface bonding. 

A chessboard scanning strategy significantly 

improved plasticity by forming a coarse remelted 

skeleton, providing a foundation for controllable SiC-

reinforced AMC preparation. 

 

Hu and Du. [23] explored the the fretting fatigue 

behavior of 2124 Al–Cu–Mg alloy reinforced with 17 

vol% SiC particles and its monolithic counterpart. 

Finite element analysis (FEA) aligned with 

experimental observations of crack initiation and 

propagation. The composite exhibited superior 

fretting fatigue performance in the low-cycle regime 

due to higher wear resistance and delayed crack 

initiation, despite similar subsurface degradation. 

However, it showed inferior performance in the high-

cycle regime due to weakened SiC-matrix adherence 

and shorter crack propagation life. These findings 

highlight the need to consider different material 

behaviors in varying cycle regimes for accurate 

damage modeling. 

 

Karthikraja et al. [24] investigated the corrosion 

behavior of Al 7075 hybrid composites reinforced 

with SiC and Al2O3 particles (2.5-10 wt.% each), 

fabricated by squeeze casting. Tested in a 3.5% 

Sodium Chloride (NaCl) solution, the composites 

exhibited significantly improved corrosion resistance 

compared to pure Al 7075. The Al7075 + 10% SiC + 

10% Al2O3 composite showed the lowest corrosion 

rate (0.9997 mmpy by weight loss, 0.630 mmpy by 

Tafel polarization), attributed to strong interfacial 

bonding. 

 

Reddy et al. [25] conducted a parametric study to 

optimize the mechanical properties of AMCs using 

response surface methodology. Their research 

identified key factors influencing material 

performance and offered guidelines for designing and 

optimizing materials. The authors conducted uniaxial 

compaction tests to assess the compaction density 

and green strength of the composites. The results 

revealed that the addition of reinforcement improved 

the compaction density and green strength, with a 

maximum density achieved at 7.5 wt.% Al2O3 and 

2.5 wt.% FA. The study highlights the advantages of 

using reinforcement in enhancing the compaction 

behavior of aluminium-based composites. However, 

a key limitation is the potential agglomeration of 

reinforcement particles, which may degrade the 

composite properties. 

 

Mohanty et al. [26] examined the influence of FA and 

SiC particles on the mechanical and wear properties 

of AMCs. The authors fabricated composites with 

varying amounts of FA and SiC particles using a stir 

casting process. Mechanical properties, including 

tensile strength, hardness, and impact strength, were 

evaluated, while wear behavior was assessed under 

dry sliding conditions. The results showed that the 

addition of FA and SiC particles improved the 

mechanical properties of the composites compared to 
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the base aluminium alloy. However, the wear 

resistance was found to depend on the particle 

composition and volume fraction. The study 

highlights the potential of FA-reinforced AMCs as a 

cost-effective and environmentally friendly 

alternative to conventional metal alloys. However, 

further research is needed to optimize the particle 

composition and processing parameters for improved 

wear resistance [26, 27]. 

 

Chak, et al. [28] provided a comprehensive overview 

of the available fabrication techniques, reinforcement 

materials, and the challenges associated with 

producing AMCs. It also emphasizes the importance 

of mechanical properties in assessing the 

performance of these composites. They reported that 

stir casting method is a simple and cost-effective 

technique for producing AMCs. However, it can lead 

to non-uniform distribution of reinforcement 

particles, which may affect the mechanical 

properties. Future research could focus on optimizing 

the stir casting process to achieve more homogeneous 

particle distribution and further improve the 

performance of AMCs. 

 

Zoeram et al. [29] investigated the mechanical 

properties and microstructure of SiC particle 

reinforced AMCs. The composites were fabricated 

using a stir casting process. The effects of SiC 

particle content (0-20 wt.%) on the tensile strength, 

hardness, and microstructure were evaluated. Results 

showed that the addition of SiC particles significantly 

improved the tensile strength and hardness of the 

composites compared to the base aluminium alloy. 

The microstructure analysis revealed a uniform 

distribution of SiC particles in the aluminium matrix. 

However, the study also identified limitations, such 

as the potential for interfacial debonding and the 

increased cost associated with the addition of SiC 

particles. Overall, the study demonstrated the 

potential of SiC particle-reinforced AMCs as 

promising materials for applications requiring high 

strength and hardness. 

 

Sahin [30] studied the wear behavior of aluminium 

alloy MMCs reinforced with FA and SiC particles.  

The authors utilized a pin-on-disc wear testing 

machine to evaluate the wear behavior of the 

composites under different loads and sliding speeds. 

The results indicated that the addition of FA and SiC 

particles significantly improved the wear resistance 

of the aluminium alloy. The composite with an 

optimal combination of FA and SiC particles 

exhibited the lowest wear rate. This enhanced wear 

resistance was attributed to the formation of a 

protective layer on the composite surface, which 

reduced the friction coefficient and prevented direct 

contact between the abrasive particles and the matrix 

material. While the study demonstrated the 

advantages of using FA and SiC as reinforcements in 

aluminium alloy composites, it also identified some 

limitations. The authors noted that the wear behavior 

of the composites could be influenced by factors such 

as the particle size distribution, interfacial bonding, 

and the manufacturing process. Further research is 

needed to fully understand the underlying 

mechanisms and optimize the properties of these 

composites for various applications. 

 

Xiao et al. [31] analyzed the effect of processing 

parameters on the microstructure and mechanical 

properties of AMCs reinforced with Al2O3. The 

authors used a stir casting technique to fabricate 

composites with varying Al2O3 volume fractions and 

stirring speeds. Microstructural analysis revealed a 

uniform distribution of Al2O3 particles. Tensile 

strength and hardness increased with increasing 

Al2O3 content, while ductility decreased. Higher 

stirring speeds resulted in finer particle size and 

improved mechanical properties. The advantages of 

this study include the use of a simple and cost-

effective fabrication method and the ability to tailor 

the properties of the composites by adjusting 

processing parameters. However, the study is limited 

to a specific range of Al2O3 content and stirring 

speeds, and the effects of other processing parameters 

were not investigated. 

 

Prabu et al. [32] observed that FA is a potential 

reinforcing material to develop low-cost composite 

with improved properties. Using a stir-casting 

approach, Mondal et al. [33] developed cenosphere-

filled aluminium syntactic foam to study its 

mechanical behaviour. The findings showed that the 

syntactic foam behaved like high-strength aluminium 

foam under compressive deformation. When the 

Cenosphere volume fraction rises, the SF plateau 

stress drops but the densification strain grows linearly 

[34].  Sharma et al. [35] reported that newly 

developed composites possess increasing wear 

resistance concerning an increase in FA contents. 

Furthermore, it has been found that composites with 

high FA composition reduced the wear by around 

13.6% than those with low FA contents. Particles of 

FA have demonstrated very high potential as 

lightweight Al alloy reinforcements, resulting in 

improved mechanical characteristics. More precisely, 

when the FA content of these composites increases, 
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the stiffness, tensile & compressive strength also 

increase. Conversely, as the amount of FA increases, 

density falls [36].  

 

In recent years, research efforts have focused on 

enhancing the performance of aluminium MMCs by 

incorporating various types of reinforcements, such 

as FA, SiC particles, and Al2O3. FA, a byproduct of 

coal combustion is a lightweight and finely divided 

material that has shown promise as reinforcement in 

aluminium matrices due to its low cost and 

abundance. SiC particles and Al2O3, on the other 

hand, are renowned for their high strength, hardness, 

and thermal stability, making them ideal candidates 

for improving the mechanical properties of 

aluminium MMCs. Understanding the influence of 

varying percentages of these additives on the 

behaviour of aluminium MMCs is crucial for 

optimizing their performance in practical 

applications. Factors such as the distribution, size, 

and volume fraction of the reinforcements play a 

significant role in determining the overall properties 

of the composite material [37–39]. 

 

AMCs reinforced with various ceramic particles have 

been fabricated using a variety of traditional 

techniques that influenced their tribological and 

mechanical characteristics. The effective insertion of 

ceramic particles into the Al matrix and the 

establishment of strong bonds between them are 

necessary for improving the characteristics of AMCs 

[40, 41]. FA particles were mixed into the molten 

aluminium as depicted in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Procedure for mixing FA with molten Al 

However, the high surface tension results in poor 

wettability among the constituents and the FA 

particles were shown to be floating on the molten 

aluminium surface. Since the gas layers at the particle 

surfaces may be the origin of the buoyant migration, 

mechanical stirring can be completed in a semi-solid 

state as opposed to a liquid state to break away the 

gas layers and lower surface tension. Raising the 

solids' surface energies, lowering the liquid matrix 

alloy's surface tension, & lowering the solid/liquid 

wettability can be improved by increasing interfacial 

energy at the reinforcement matrix interface. 

Therefore, the liquid processing stir casting technique 

is the preferred approach owing to its simplicity, 

adaptability, and suitability for large-scale 

manufacturing [42–44]. 

 

AMCs offer good mechanical and thermal properties 

and this makes them perfect for many different 

applications. Incorporating reinforcements such as 

FA, SiC particles, and Al2O3 into aluminium matrices 

offers an avenue for tailoring the performance 

characteristics of these composites [45]. Previous 

studies have underscored the importance of 

investigating the mechanical properties of AMCs 

reinforced with different proportions of FA, SiC 

particles, and Al2O3, fabricated through the stir 

casting technique. Key challenges include 

understanding how these additions affect the tensile 

strength, toughness, and hardness of the composites. 

However, understanding the impact of different 

percentages of these additives on the behaviour of the 

resulting MMCs presents a complex challenge [13–

15]. 

 

The challenge is to examine the behaviour of the 

aluminium alloy (MMC) with different % additions 

of FA, SiC particles, and Al2O3 using the stir casting 

method. The tensile strength, toughness, and qualities 

related to hardness will also be taken into account. 

The experiment's goal is to investigate how changes 

in percentage composition affect the ability to 

forecast the mechanical characteristics of MMC. In 

recent years, research efforts have concentrated on 

enhancing the performance of aluminium Alloy 

MMCs by incorporating various types of 

reinforcements, such as FA, SiC particles, and Al2O3. 

FA, a byproduct of coal combustion, presents itself as 

a promising reinforcement due to its low cost and 

abundance, offering potential benefits in terms of 

lightweight and improved mechanical properties. SiC 

particles and Al2O3, renowned for their high strength, 

hardness, and thermal stability, also contribute 

significantly to enhancing the mechanical properties 

FA Treatment 

Drying: 100-120°C & Grinding: To achieve a more 

uniform particle size distribution. 

Molten Al Preparation 

Melting: under an inert atmosphere at around 700°C. 

Fluxing: To remove impurities like oxides 

Mixing 

Stir Casting: The pre-treated FA is gradually added to 

the molten Al while the melt is stirred vigorously. 
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of aluminium MMCs. Understanding the influence of 

varying percentages of these additives on the 

behaviour of aluminium MMCs is crucial for 

optimizing their performance in practical applications 

[46]. Factors such as the distribution, size, and 

volume fraction of the reinforcements play a 

significant role in determining the overall properties 

of the composite material. Traditional fabrication 

techniques, such as stir casting, have been employed 

to effectively integrate ceramic particles into the 

aluminium matrix, ensuring strong interfacial bonds 

and improved mechanical characteristics [46]. 

Despite challenges such as poor wettability and 

uneven distribution of FA particles in the molten 

aluminium matrix, the stir casting method stands out 

as a preferred approach due to its simplicity, 

adaptability, and suitability for large-scale 

manufacturing. Further research focusing on 

optimizing processing parameters and understanding 

reinforcement-matrix interactions will undoubtedly 

contribute to the continued advancement and 

application of aluminium MMCs in various 

engineering fields [46]. 

 

3.Materials and methods 
3.1Materials 

Commercially pure Al was the matrix material 

employed in the experiment inquiry. Because pure 

aluminium has a higher thermal stability than 

aluminium alloys, it is chosen over other alloy 

matrices. Lower stability of the alloy matrix and 

grain coarsening are the reasons for lower working 

temperatures in the case of alloy matrices. 

Furthermore, because of the clean contact, load 

transmission is more efficient in the case of a pure 

aluminium matrix [47].  

 

Commercially pure aluminium refers to aluminium 

alloys that primarily consist of the element 

aluminium without significant alloying elements. 

These alloys are known for their high corrosion 

resistance, excellent thermal conductivity, and 

relatively low strength compared to other aluminium 

alloys. Commercially pure aluminium is typically 

designated by the American Society for Testing and 

Materials (ASTM) system, with common grades 

including ASTM B209 Grade 1100, ASTM B209 

Grade 1145, and ASTM B209 Grade 1200. 

Commercially pure aluminium alloys have high 

levels of purity, typically ranging from 99.0% to 

99.9%. Grade 1100, for example, has a minimum 

aluminium content of 99.00%. However, pure Al 

exhibits excellent corrosion resistance, making them 

suitable for applications in marine environments and 

chemical processing industries. They also possess 

good thermal and electrical conductivity, making 

them ideal for heat exchangers, electrical conductors, 

and cooking utensils. However, their relatively low 

strength limits their use in high-stress applications. 

 

FA is a fine powder consisting of spherical glassy 

particles that are produced as a byproduct during the 

combustion of pulverized coal in thermal power 

plants. It is commonly used as a supplementary 

cementitious material in concrete production due to 

its pozzolanic properties, which contribute to the 

strength and durability of concrete. FA can vary in 

composition and properties depending on factors 

such as coal source, combustion conditions, and 

particle size distribution. Common classifications 

include Class F (low-calcium FA) and Class C (high-

calcium FA), based on their calcium oxide (CaO) 

content. FA typically contains varying levels of silica 

Oxide (SiO2), alumina (Al2O3), iron oxide (Fe2O3), 

and CaO, among other constituents. Class F FA 

usually has a higher silica content and lower CaO 

content compared to Class C FA. Although, FA 

possesses pozzolanic properties, meaning it reacts 

with calcium hydroxide (Ca(OH)2) in the presence of 

water to form compounds with cementitious 

properties. This reaction contributes to the strength, 

durability, and workability of concrete. Additionally, 

FA particles are spherical, which improves the 

flowability of concrete mixtures. FA can also 

improve the long-term performance of concrete by 

reducing permeability and mitigating alkali-silica 

reaction (ASR) and sulfate attack [48].  

 

Silicon dioxide is one of the major components of 

FA, contributing to its structural integrity and thermal 

stability. Al2O3 provides strength and hardness to FA 

particles, enhancing their effectiveness as 

reinforcements in composite materials. Fe2O3 imparts 

colour to FA and can influence its mechanical 

properties. CaO and Magnesium oxide (MgO) act as 

fluxing agents and influence the reactivity and phase 

composition of FA. FA particles typically range in 

size from a few micrometers to submicron scales, 

with a distribution influenced by the combustion 

process and subsequent collection methods. FA 

particles may contain internal pores or voids, 

affecting their packing density and interfacial 

bonding with the matrix material. The surface of FA 

particles can vary in roughness and irregularity, 

influencing their adhesion to the matrix and 

interlocking within the composite structure. FA may 

exhibit pozzolanic reactivity, wherein its constituents 

react with calcium hydroxide in the presence of water 
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to form cementitious compounds, enhancing the 

mechanical properties of composites over time [48]. 

FA is often considered a manufacturing waste 

product. Utilizing it in the composite material with 

aluminium may result in a cost-effective solution, 

especially if the FA is obtained as a byproduct from 

nearby industries [46]. FA recycling in Aluminium-

Fly Ash (Al-FA) composites offers several 

environmental advantages. By incorporating FA into 

aluminium-based matrices, the demand for primary 

aluminium can be reduced, leading to energy savings 

and decreased greenhouse gas emissions associated 

with primary aluminium production [44]. Moreover, 

the incorporation of FA into composites can enhance 

their mechanical properties, extending their service 

life and reducing the need for replacement or 

maintenance, thereby lowering overall material 

consumption and waste generation. Additionally, Al-

FA composites have the potential for end-of-life 

recycling. At the end of their service life, these 

composites can be recycled through processes such as 

melting and remanufacturing into new products or 

components, thus closing the materials loop and 

reducing the environmental burden associated with 

disposal. However, challenges related to the 

separation and purification of FA from other waste 

streams may affect the feasibility and efficiency of 

recycling processes. Addressing these challenges 

requires innovative separation technologies and 

effective waste management strategies to maximize 

the recycling potential of FA in Al-FA composites. 

This can contribute to the sustainability of the 

material. The fracture mode in particle-reinforced 

composites is dependent on several factors, including 

the degree of coherency between the second phase 

and the matrix, the nature of the interface, the volume 

fraction of reinforcement, the fabrication route taken, 

the amount of hot work done, and the presence of any 

intermetallic precipitates. FA was gathered from Guru 

Gobind Singh Super Thermal Power Plant Ghanauli, 

Ropar, Punjab. Table 1 enumerates the main 

ingredients of FA that were obtained from the source 

and utilised as reinforcement. FA is mostly composed 

of SiO2 and Al2O3. Figure 2 displays the structural 

properties of FA particles scanned through SEM. 

 

Table 1 Chemical composition of FA 
Compounds Weight % 

SiO2 57.2 

Fe2O3 0.6 

CaO 0.66 

Al2O3 39.6 

MgO 2.1 

 

 
Figure 2 SEM image of FA particles 

 

The Malvern particle size analyzer was utilized to 

measure the particle size of the ground powder 

(Figure 3). First, the sample holder held the liquid 

dispersant, which contained 500 millilitres of distilled 

water. After that, the device was operated with the 

pump speed set to 1800 rpm and the ultrasonic 

displacement set to 10.00 microns. 

 

 
Figure 3 Malvern particle size analyzer 

 

FA particles that were gathered from the Guru 

Gobind Singh Super Thermal Power Plant Ghanauli, 

Ropar, Punjab, FA sample exhibit a broad range of 

particle sizes (ranging from 0.1 to 100 µm). The 

manufactured composite can be classified as partially 

reinforced or dispersion strengthened based on the 

size range of the FA particles. The particle size 

distribution shows that both extremely small and 

coarse particles are present. Thus, both dispersion 

strengthening and particle reinforcement may 

contribute to the strengthening of the composite. 

Particle strengthening involves load sharing in the 

mechanism, whereas dispersion strengthening is 

caused by the addition of extremely small particles 

that aid in limiting the movement of dislocation. 
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3.2Fabrication of composite 

AMCs can be produced using a variety of fabrication 

techniques, each with its own advantages and 

limitations. Some methods are significantly more 

expensive than others, and in most cases, 

manufacturers prefer cost-effective approaches. As a 

result, a substantial portion of MMCs in commercial 

applications are produced using the stir-casting 

method. In this study, stir casting was employed to 

fabricate MMCs from aluminium and FA, following 

the parameters recommended by Sahu and Sahu [49]. 

Initially, commercially pure aluminium and the 

required amount of FA particles were weighed using 

a high-precision electronic balance. To remove any 

residual moisture, the FA particles were preheated to 

300°C for three hours. A resistive furnace was used 

to melt commercially pure aluminium. The 

hexachloroethane tablets were purged and the melt 

temperature was increased to 7200C. Next, a mild 

steel turbine stirrer was used to assist with the melt 

stir. At 200 rpm for five to seven minutes, the 

impeller speed was kept churning. 7000C was the 

melt temperature that was maintained when FA 

particles were added in three stages during 12 

minutes of fabrication time. The vortex approach was 

used to disperse the FA particles. The permanent 

metallic mould was warmed before the melt 

containing reinforced particles was put into it. At 

6800C, the pouring temperature was kept constant. 

The moulds were thereafter allowed to harden in the 

melt. The FA content of the composites was varied, 

ranging from 5, 10, 15, and 20 weight per cent. To 

improve the wettability of the FA particles, Si and 

Mg were added. Table 2 depicts the number of 

composites fabricated in this study along with 

ingredient compositions.  

 

By carefully controlling the mixing parameters and 

employing suitable stirring techniques the stir casting 

process facilitates the uniform dispersion of FA 

particles within the molten aluminium matrix. 

 

Table 2 Ingredients and composition of composites 

Composite No. 
Ingredients and their percentage 

Al (gm.) Mg % Si % FA% 

1 100 0 0 0 

2 100 0 0 5 

3 100 0 0 10 

4 100 0 0 15 

5 100 0 0 20 

6 100 2 0 10 

7 100 0 2 10 

 

 

 

3.3Testing of composites 

After the fabrication process, the material was 

carefully selected from defect-free areas of the 

casting to ensure sample integrity and reliability of 

test results. These sections were thoroughly cleaned 

to remove any contaminants that might interfere with 

subsequent analyses. The cleaned material was then 

precisely machined to create standardized samples 

suitable for a series of mechanical and micro-

structural evaluations and the details are given as 

under: 
3.3.1Scanning electron microscopy (SEM) 

On unreinforced samples, microstructural 

characterization investigations were carried out. The 

SEM was conducted according to ASTM E766 with 

specimens having dimensions of 20 mm ×10 mm × 5 

mm size. Before being examined, the composite 

samples were first polished using metallographic 

alloy. Etched conditions are used for characterization. 

Keller's reagent was employed to achieve etching. 

The SEM was used to obtain the SEM micrographs 

of the wear debris and composite. 
3.3.2Optical microscopy  

The case structure was ascertained by examining the 

casting process under an optical microscope (OM). 

The Optical Microscopy was conducted according to 

ASTM E883 with dimensions of 20 mm × 10 mm × 5 

mm size. A portion of the casting was removed. It is 

belt-ground first, then polished with emery paper of 

several grades. Following a thorough cleaning and 

dressing, they were once again cleaned, dried, and 

etched using Keller's solution before being seen 

under an OM. 
3.3.3Hardness test 

The standard Brinnel hardness test was employed to 

assess the bulk hardness of the base metal and 

composite samples. Measurements of Brinell 

hardness were performed to look into how the 

particle weight fraction affected the matrix hardness. 

Hardness testing was performed according to the 

ASTM E18 standard for the Brinell hardness testing 

method. Typically, a hardness test is conducted on a 

cylindrical specimen which is cleaned and polished 

before testing. The hardness tests were conducted at 

room temperature in a controlled laboratory 

environment. Specimens may be prepared and tested 

under dry conditions.  
3.3.4Tensile test 

Tensile testing was performed using the universal 

testing machine.  Tensile testing can be performed 

according to ASTM E8 or ISO 6892 standards for 

determining the tensile properties of metallic 

materials. 
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Tensile specimens are typically prepared as per 

ASTM E8 standard, with specific dimensions for 

gauge length, width, and thickness. Tensile tests were 

conducted at room temperature under ambient 

atmospheric conditions.  Cross-head speed was 5.0 

mm/ min, and the sample rate was 9.103 points per 

second. Evaluation of the ultimate tensile strength 

was conducted using standard specimens with a 

gauge length of 30 mm. The characteristics of the 

composite material and commercially pure Al were 

compared. 
3.3.5Sliding wear behaviour 

Wear is the result of material displacement brought 

on by hard characteristics, wherein the hard particles 

are pushed up against and along a solid surface. A 

composite specimen that had been constructed was 

used for wear testing. Wear testing was performed 

according to ASTM G99 standard for wear testing of 

metallic materials. Cylindrical wear test specimens 

(diameter 10 mm and length 30 mm were used to 

evaluate their wear behaviour. Specimens are 

typically prepared with standardized dimensions and 

surface finish. Wear tests are conducted under 

controlled environmental conditions, including 

temperature, humidity, and lubrication. Testing 

parameters such as sliding speed, load, and sliding 

distance are selected based on the intended 

application and wear mechanism of interest. For 

these tests, computerized pin-on-disc wear test 

equipment manufactured by Ducom, Bangalore was 

used. 

 

4.Results 

4.1Optical micrograph study 

The optical micrograph (OM) of Al-FA composites is 

depicted in Figure 4 (a-f). This suggests a material 

composed of aluminium with 5% FA. However, a 

fine powder known as FA is formed as a by-product 

of burning pulverized coal in power plants. It consists 

mainly of the mineral components present in coal, 

such as quartz, clay, and minerals containing iron, 

aluminium, and calcium. 

 

 
Figure 4 (a) Optical micrograph of the Al–5% FA 

composite 

Particle distribution examines how evenly the FA 

particles are dispersed within the Al matrix. The 

microstructure: Look for the microstructure of both 

Al and FA, observing features like grain boundaries 

and phase boundaries. The Interactions assess if there 

are any interactions or bonds between the Al and FA, 

which could influence the composite's properties. 

This examination can provide insights into the 

structural and compositional aspects of the Al-5% FA 

composite, which is valuable for understanding its 

properties and potential applications. 

 

The particle distribution analysis evaluates how 

uniformly the FA particles are dispersed within the 

Al matrix. A well-distributed reinforcement phase is 

essential for achieving consistent mechanical 

properties throughout the composite. The 

microstructural examination focuses on identifying 

features such as grain boundaries in the aluminium 

matrix and phase boundaries between Al and FA 

particles. Additionally, the nature of the interfacial 

interactions or bonding between the aluminium and 

FA is assessed, as these interactions significantly 

influence the composite’s mechanical behaviour and 

overall performance. This comprehensive 

microstructural evaluation provides critical insights 

into the structural integrity and compositional 

uniformity of the Al–5% FA composite, aiding in the 

assessment of its suitability for various engineering 

applications. 

 

 
Figure 4 (b) Optical micrograph of Al–10% FA 

composite 

 

 
Figure 4 (c) Optical image of Al–15% FA composite 
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Figure 4 (d) Optical micrograph of Al–20% FA 

composite 

 

 
Figure 4 (e) Optical micrograph of the Al–2% Si–

10% FA composite 

 

 
Figure 4 (f) Optical micrograph of the Al–2% Mg–

10% FA composite 

 

The optical micrographs of Al–FA composites were 

employed to examine the morphology and 

composition of FA particles within the aluminium 

matrix. These images enable the analysis of the 

spatial distribution of aluminium and FA particles, 

their respective sizes, and their interactions within the 

composite structure. Such analysis provides valuable 

insights into the material’s microstructure and 

enhances understanding of how compositional 

variations influence its overall properties. The 

observed microstructure suggests that the composite 

consists of approximately 85% aluminium and 15% 

FA by volume or weight ratio. The mechanical 

strength, thermal conductivity, and other performance 

characteristics of the composite can vary significantly 

depending on the proportion of FA used. The 

addition of Mg was found to influence the 

microstructure by promoting grain refinement. Finer 

grains typically lead to improved mechanical 

properties, including enhanced strength and better 

overall performance. While the results section 

presents a qualitative overview of the optical 

micrographs, a more detailed quantitative analysis 

offers critical insights into the microstructural 

features of the material. Using advanced image 

analysis software, precise measurements were 

performed to quantify particle distribution, phase 

composition, and grain size. This analysis revealed 

the spatial arrangement and dimensions of inclusions 

or precipitates, highlighting their impact on material 

behavior. The integration of this quantitative data 

with qualitative observations facilitates a more 

comprehensive understanding of the composite’s 

microstructural evolution and its correlation with 

mechanical performance. 

 

4.2SEM analysis 

A SEM is a great tool employed to examine the 

surface structure of materials at a very high 

magnification. In an SEM image, electrons are used 

instead of light, providing detailed information 

regarding the surface morphology & composition of 

the sample. When Al and FA are combined and 

examined under a scanning electron microscope 

(SEM), the surface morphology of the composite can 

be observed at high resolution, revealing details such 

as particle dispersion, interfacial bonding, and 

surface texture. The SEM image reveals critical 

details such as the size and distribution of FA 

particles, the overall microstructural features of the 

composite, and the nature of interactions or 

interfacial bonding between the aluminium matrix 

and FA particles. Figure 5 (a-f) illustrates the SEM 

images of Al-FA composites. 

 

 
Figure 5 (a) SEM image of Al–5% FA composite 
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Figure 5 (b) SEM image of Al–10% FA composite 

 

 
Figure 5 (c) SEM image of Al–15% FA composite 

 

 
Figure 5(d) SEM image of Al–20% FA composite 

 

 
Figure 5 (e) SEM image of Al–2% Si–10% FA 

composite 

 

The characteristics and functionality of the Al-FA 

composites can be significantly impacted by the 

addition of Si in several ways. 

 
Figure 5 (f) SEM image of Al–2% Mg–10% FA 

composite 

 

Magnesium can potentially interact with FA particles, 

influencing the distribution and spreading of FA 

within the composite. This interaction can 

significantly influence the overall performance of the 

composite material. It is important to note that the 

specific effects depend on factors such as the material 

composition, processing methods, and the intended 

application of the composite. Experimental testing 

and analysis are essential to accurately determine the 

impact of magnesium addition on a specific Al–FA 

composite. 

 

The aluminium might appear as distinct particles or a 

continuous phase, depending on how it is combined 

with the FA. However, the FA particles, being fine 

and often irregular in shape, would also be visible. 

The SEM image can provide insights into the 

microstructure and composition of the composite 

material, which is valuable for understanding its 

properties and potential applications. 

 

To fully interpret the SEM image, additional analysis, 

such as energy-dispersive spectroscopy (EDS), can 

be performed to identify the elemental composition 

of specific regions in the image. This would help in 

confirming the presence of Al and FA, and 

understanding their spatial distribution in the 

composite material. 

 

While the SEM micrographs offer a visual depiction 

of the material's microstructure, a deeper quantitative 

analysis unveils crucial insights into its composition 

and characteristics. Through advanced image analysis 

techniques, the distribution of particles within the 

microstructure can be precisely quantified, shedding 

light on the material's homogeneity and potential 

areas of interest. Furthermore, phase quantification 

provides valuable information about the relative 

proportions of different phases present, elucidating 

the material's overall composition and its impact on 

mechanical properties. Detailed grain size 
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measurements offer key data regarding the material's 

crystalline structure, influencing its strength, 

ductility, and other mechanical behaviours. By 

quantitatively assessing these parameters, a more 

comprehensive understanding of the material's 

microstructural features emerges, facilitating 

informed decisions regarding its suitability for 

specific applications and highlighting areas for 

further optimization or refinement. This quantitative 

approach enhances the depth and accuracy of the 

analysis, enabling more robust conclusions and 

insights into the material's properties and 

performance characteristics. 

4.3Analysis of wear behavior 

The wear behaviour of various composites was 

examined under different parameters, including 

applied load and sliding velocity. The following 

subsections present the results and corresponding 

discussion. 

 

Effect of sliding behaviour 

Under a constant load of 10 N, the composite was 

tested for a duration of 30 minutes at a sliding 

velocity of 1 m/s. The corresponding results are 

illustrated in Figures 6 to 10. 

 

 
Figure 6 Wear curves of MMC specimens for different compositions: Pure Aluminium, Al + 10% FA, Al + 2% Si + 

10% FA, and Al + 2% Mg + 10% FA 

 

 
Figure 7 Wear curves of MMC specimens with varying compositions: Al + 10% FA, Al + 2% Mg + 10% FA, and 

Al + 2% Si + 10% FA 
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Figure 8 displays the wear curves of MMC 

specimens with 10% FA, 10% FA with 2% Si, and 

10% FA with 2% Mg content. Figures 6 and 7 depict 

the same specimens under typical loads of 10N, 15N, 

and 20N. A relatively limited initial nonlinear wear 

regime was observed in all MMCs. A steady state 

wear regime is indicated when the wear increases 

linearly with time after a certain sliding distance. 

Within a few minutes (2–3 minutes) after the test 

started, the first wear regime gave way to the steady-

state regime. The graph makes it clear that composite 

material has far higher wear resistance than 

commercially available pure aluminium. Bulk wear is 

reduced when Mg is added. Wear is greatly decreased 

when the FA component is included. The amount of 

wear seen in commercially pure aluminium and 

composites with a 2% magnesium + 10% FA mix 

provides proof for this. This improvement is 

attributed to the presence of hard FA particles, which 

contribute to an increase in the overall bulk hardness 

of the composite. 

 

 
Figure 8 Wear behaviour with variation in normal load 10N, 15N, 20N 

 

The reinforcing particles serve as load-bearing 

components, adhesion-inhibiting agents against 

plastic deformation, and load-bearing elements 

during the first wear regime. The worn particles get 

displaced from their locations in the matrix and 

combine with the wear in the later phases of the wear 

regime. The relationship between the MMCs' 

(Al+2% Mg+10% FA) wear and applied load at a 

certain velocity of 1 m/sec. An increase in the typical 

load has increased wear. Figure 9 clearly 

demonstrates that the addition of FA significantly 

improves the wear resistance of the composite. The 

incorporation of FA enhances the hardness of the 

material by hindering dislocation movement within 

the aluminium matrix. As a result, the composite 

exhibits a markedly higher resistance to abrasive 

wear. This improvement is primarily attributed to the 

presence of hard aluminosilicate components in the 

FA particles, which act as effective barriers against 

wear-induced deformation. The typical coefficient of 

friction for cast aluminium and the Al–10% FA 

composite is illustrated in Figure 10. Compared to 

pure cast aluminium, the Al–10% FA composite 

exhibits a noticeably lower friction coefficient. This 

significant reduction is primarily due to the 

incorporation of FA particles into the aluminium 

matrix. From a materials science perspective, several 

factors influence the CoF, including the composition 

and strength of the matrix–reinforcement interface, 

the mechanical properties of the matrix, and the 

hardness and chemical stability of the reinforcement 

particles. The presence of hard, stable FA particles 

contributes to improved tribological performance by 

reducing direct metal-to-metal contact and 

minimizing surface deformation during sliding. 
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Figure 9 Wear vs. Time graph comparing pure Aluminium (red curve) and Al–10% FA composite (blue curve) 

 

 
Figure 10 Coefficient of friction vs. time graph comparing pure Aluminium (red curve) and Al–10% FA composite 

(blue curve) 

 

4.4Mechanical behaviour 

The addition of silicon and magnesium to Al–FA 

composites can significantly enhance wear resistance 

through various mechanisms, including increased 

hardness, the formation of hard intermetallic phases, 

grain refinement, solid solution strengthening, and 

improved ductility, as presented in Table 3. The 

specific extent of these improvements depends on 

factors such as the composite’s chemical 

composition, processing parameters, and the 

requirements of its intended application. BHN stands 

for Brinell Hardness Number. 

 

Table 3 Properties of composites 

Sample No. 
Ingredients and their percentage 

Density (g/cm3) Tensile strength (N/mm2) Hardness BHN 
Al (gm.) Mg % Si % FA % 

1 100 0 0 0 2.6900 90 48.30 

2 100 0 0 5 2.6000 134 55.04 

3 100 0 0 10 2.4660 129 67.05 

4 100 0 0 15 2.3125 165 86.30 

5 100 0 0 20 2.4400 145 90.63 

6 100 0 2 10 2.2700 145 70.09 

7 100 2 0 10 2.2000 159 85.95 
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5.Discussion  
FA is a lightweight material that, when incorporated 

into Al, significantly reduces the composite’s 

density—a key advantage for weight-sensitive 

applications in the automotive and aerospace 

industries. The performance of particulate-reinforced 

composites depends heavily on the size, distribution, 

and type of reinforcement particles. Factors such as 

solidification rate, melt fluidity, reinforcement type, 

and wettability influence dispersion during 

fabrication. Preheating FA particles enhances their 

wettability and interfacial bonding, improving 

hardness due to better integration within the Al 

matrix [49]. 

 

The addition of FA not only reduces costs and weight 

but also improves mechanical properties through both 

dispersion strengthening and particle reinforcement 

mechanisms. Particle analysis reveals a wide size 

range (1–100 µm), where finer particles help restrict 

dislocation motion and coarse particles aid in load-

bearing capacity. The composite thus benefits from 

improved tensile strength, stiffness, and wear 

resistance [49–51]. 

 

The incorporation of Mg into Al–FA composites 

further enhances mechanical performance. Mg forms 

intermetallic phases such as Al₃Mg₂, contributing to 

precipitation strengthening and grain refinement. 

This results in higher tensile strength, improved 

hardness, and better wear resistance. Moreover, Mg’s 

low density helps reduce the overall weight of the 

composite, which is advantageous in aerospace 

applications [49]. Similarly, Si enhances strength and 

wear resistance by forming hard intermetallic 

compounds and refining the microstructure through 

heterogeneous nucleation, leading to finer grains and 

increased durability [49]. 

 

Experimental investigations confirm that the addition 

of Si and Mg improves the composite's mechanical 

behaviour, as evidenced in Table 3. While Si 

increases strength and hardness, Mg enhances 

ductility and corrosion resistance. These 

enhancements are influenced by the specific 

composition, processing parameters, and intended 

application [49–51]. However, limitations such as 

particle agglomeration, inconsistent FA composition, 

and thermal mismatch must be addressed through 

optimized processing and careful material selection 

[52–56]. Surface treatments such as anodizing, shot 

peening, and plasma coating can further enhance 

performance and functional longevity. 

 

Comparative analysis with earlier studies shows 

alignment in reduced density and intermetallic 

formation at the matrix-reinforcement interface. 

While some studies [57–59] report decreased 

mechanical performance with higher FA content, the 

present work indicates that, under controlled 

processing, FA can improve both strength and 

hardness. These discrepancies highlight the role of 

particle size distribution, alloying elements, and 

fabrication methods in determining final properties. 

 

This study highlights the potential of Al–FA 

composites reinforced with Si and Mg as lightweight, 

high-performance materials for industrial 

applications. Further research should focus on 

optimizing reinforcement content, improving particle 

dispersion, and evaluating fatigue and corrosion 

resistance to expand their applicability across diverse 

engineering domains [49–53]. 

 

Limitations 

The current study acknowledges certain limitations, 

particularly the need for additional testing—such as 

wear behaviour, fatigue resistance, and long-term 

durability—to provide a more comprehensive 

understanding of the composite’s performance. 

Moreover, further investigation is required to 

optimize processing parameters and post-processing 

techniques in order to achieve the desired balance of 

mechanical and functional properties.  

 

A complete list of abbreviations is listed in Appendix 

I. 

 

6.Conclusion and future work 
This study investigated the development of AMCs 

reinforced with FA using the stir casting technique. 

The results demonstrated that incorporating FA into 

pure aluminium produces a lightweight and 

mechanically robust composite. The material showed 

notable improvements in tensile strength, hardness, 

and impact resistance. Further enhancement in 

mechanical and wear properties was observed with 

the addition of silicon and magnesium, attributed to 

mechanisms such as grain refinement and 

intermetallic phase formation. These findings support 

the potential of Al–FA composites as cost-effective, 

sustainable alternatives for applications in weight-

sensitive and high-performance sectors such as 

automotive and aerospace. However, comprehensive 

evaluation of long-term performance, corrosion 

resistance, and environmental impact is essential 

before large-scale adoption. 
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To build upon the findings of this study, future 

research may focus on the following areas: 

• Optimizing the FA content in the aluminium 

matrix to achieve the best balance between 

mechanical performance and density reduction. 

• Exploring alternative processing techniques, such 

as powder metallurgy or ultrasonic-assisted 

casting, to improve FA particle dispersion and 

composite uniformity. 

• Employing advanced characterization methods, 

such as transmission electron microscopy (TEM) 

and X-ray diffraction (XRD), to investigate 

microstructural features and interfacial bonding 

mechanisms. 

• Evaluating the corrosion resistance of Al–FA 

composites under various environmental 

conditions to determine their suitability for marine, 

automotive, or structural applications. 

• Comparing the performance of FA-reinforced 

aluminium with other commonly used 

reinforcements, such as SiC and Al₂O₃, to identify 

the most effective material systems. 

 

Acknowledgment 
The authors are highly thankful to Ramgarhia Institute of 

Engineering and Technology, Phagwara, & CGC Landran 

for their support in research work. 

 

Conflicts of interest 
The authors have no conflicts of interest to declare. 

 

Data availability 
The SEM images used in this study were obtained from IIT 

Ropar, Punjab, while the wear tests were conducted using a 

Pin-on-Disc apparatus available at NIT Jalandhar, Punjab. 

The data is not publicly available but may be provided by 

the authors upon reasonable request. 

 

Author’s contribution statement 
Sahil Duggal: Writing – review & editing, writing – 

original draft, Visualization, Validation, methodology, 

investigation, formal analysis, Data curation, 

conceptualization. Jatinder Kumar: Writing – review & 

editing, supervision. Santosh Kumar: Supervision, editing, 

and conceptualization. 

 

References 
[1] Mallik M, Saha M. Carbon-based nanocomposites: 

processing, electronic properties and applications. In 

carbon nanomaterial electronics: devices and 

applications 2021 (pp. 97-122). Singapore: Springer 

Singapore. 

[2] Yashas GTG, Sanjay MR, Subrahmanya BK, Madhu 

P, Senthamaraikannan P, Yogesha B. Polymer matrix-

natural fiber composites: an overview. Cogent 

Engineering. 2018; 5(1):1-13. 

[3] Binner J, Porter M, Baker B, Zou J, Venkatachalam V, 

Diaz VR, et al. Selection, processing, properties and 

applications of ultra-high temperature ceramic matrix 

composites, UHTCMCs–a review. International 

Materials Reviews. 2020; 65(7):389-444. 

[4] Desai AM, Paul TR, Mallik M. Mechanical properties 

and wear behavior of fly ash particle reinforced Al 

matrix composites. Materials Research Express. 2020; 

7(1):1-14. 

[5] Lloyd DJ. Particle reinforced aluminium and 

magnesium matrix composites. International Materials 

Reviews. 1994; 39(1):1-23. 

[6] Chauhan A, Kumar M, Kumar S. Fabrication of 

polymer hybrid composites for automobile leaf spring 

application. Materials Today: Proceedings. 2022; 

48:1371-7. 

[7] Rao CP, Bhagyashekar MS, Viswanath N. Machining 

behavior of Al6061-fly ash composites. Procedia 

Materials Science. 2014; 5:1593-602. 

[8] Kulkarni SG, Meghnani JV, Lal A. Effect of fly ash 

hybrid reinforcement on mechanical property and 

density of aluminium 356 alloy. Procedia Materials 

Science. 2014; 5:746-54. 

[9] Dinaharan I, Akinlabi ET. Low cost metal matrix 

composites based on aluminum, magnesium and 

copper reinforced with fly ash prepared using friction 

stir processing. Composites Communications. 2018; 

9:22-6. 

[10] Surappa MK. Synthesis of fly ash particle reinforced 

A356 Al composites and their characterization. 

Materials Science and Engineering: A. 2008; 480(1-

2):117-24. 

[11] Matsunaga T, Kim JK, Hardcastle S, Rohatgi PK. 

Crystallinity and selected properties of fly ash 

particles. Materials Science and Engineering: A. 2002; 

325(1-2):333-43. 

[12] Surappa MK. Dry sliding wear of fly ash particle 

reinforced A356 Al composites. Wear. 2008; 265(3-

4):349-60. 

[13] Dinaharan I, David RSJ, Jose J, Palanivel R. Influence 

of fly ash particles on machining characteristics of 

AA6061 aluminum matrix composites produced using 

semisolid slurry casting. Transactions of the Indian 

Institute of Metals. 2023; 76(6):1447-52. 

[14] Manimaran R, Jayakumar I, Mohammad GR, 

Narayanan L. Mechanical properties of fly ash 

composites-a review. Energy Sources, Part A: 

Recovery, Utilization, and Environmental Effects. 

2018; 40(8):887-93. 

[15] Badoniya P, Srivastava M, Jain PK, Rathee S. A state-

of-the-art review on metal additive manufacturing: 

milestones, trends, challenges and perspectives. 

Journal of the Brazilian Society of Mechanical 

Sciences and Engineering. 2024; 46(6):339. 

[16] Razzaq AM, Majid DL, Basheer UM, Aljibori HS. 

Research summary on the processing, mechanical and 

tribological properties of aluminium matrix 

composites as effected by fly ash reinforcement. 

Crystals. 2021; 11(10):1-20. 



International Journal of Advanced Technology and Engineering Exploration, Vol 12(126)                                                                                                             

765          

 

[17] Vinothkumar S, Karunakaran S, Jayanthi N, Bodkhe 

MG, Sadasivuni H, Hasane SA. Experimental 

investigation on the impact of mechanical properties 

of SiC, Al2O3 and ZrSiO4 particles on AA6063 

composites. Materials Today: Proceedings. 2023. 

[18] Kumar A, Lal S, Kumar S. Fabrication and 

characterization of A359/Al2O3 metal matrix 

composite using electromagnetic stir casting method. 

Journal of Materials Research and Technology. 2013; 

2(3):250-4. 

[19] Ravindran S, Mani N, Balaji S, Abhijith M, 

Surendaran K. Mechanical behaviour of aluminium 

hybrid metal matrix composites–a review. Materials 

Today: Proceedings. 2019; 16:1020-33. 

[20] Kök M, Özdin K. Wear resistance of aluminium alloy 

and its composites reinforced by Al2O3 particles. 

Journal of Materials Processing Technology. 2007; 

183(2-3):301-9. 

[21] Molina JM, Rhême M, Carron J, Weber L. Thermal 

conductivity of aluminum matrix composites 

reinforced with mixtures of diamond and SiC 

particles. Scripta Materialia. 2008; 58(5):393-6. 

[22] Ji X, Li S, Liu H, Li X, Zhang X, Liu L, et al. Process 

optimization of SiC-reinforced aluminum matrix 

composites prepared using laser powder bed fusion 

and the effect of particle morphology on performance. 

Materials. 2024; 17(5):1-17. 

[23] Hu CQ, Du HL. Fretting fatigue behaviours of SiC 

reinforced aluminium alloy matrix composite and its 

monolithic alloy. Materials Science and Engineering: 

A. 2022; 847:143347. 

[24] Karthikraja M, Ramanathan K, Loganathan KT, 

Selvaraj S. Corrosion behaviour of SiC and Al2O3 

reinforced Al 7075 hybrid aluminium matrix 

composites by weight loss and electrochemical 

methods. Journal of the Indian Chemical Society. 

2023; 100(5):101002. 

[25] Reddy SP, Chandrasekhara RPV, Kolli M. Effect of 

reinforcement on compacting characteristics of 

aluminum/10-Al2O3/fly ash metal matrix composite. 

Journal of Testing and Evaluation. 2020; 48(2):955-

69. 

[26] Mohanty S, Singh SS, Routara BC, Nanda BK, Nayak 

RK. A comparative study on machining of AlSiCp 

metal matrix composite using electrical discharge 

machine with and without nano powder suspension in 

dielectric. Materials Today: Proceedings. 2019; 

18:4281-9. 

[27] Valizade N, Farhat Z. A review on abrasive wear of 

aluminum composites: mechanisms and influencing 

factors. Journal of Composites Science. 2024; 8(4):1-

27. 

[28] Chak V, Chattopadhyay H, Dora TL. A review on 

fabrication methods, reinforcements and mechanical 

properties of aluminum matrix composites. Journal of 

Manufacturing Processes. 2020; 56:1059-74. 

[29] Zoeram AS, Anijdan SM, Jafarian HR, Bhattacharjee 

T. Welding parameters analysis and microstructural 

evolution of dissimilar joints in Al/Bronze processed 

by friction stir welding and their effect on engineering 

tensile behavior. Materials Science and Engineering: 

A. 2017; 687:288-97. 

[30] Sahin Y. Wear behaviour of aluminium alloy and its 

composites reinforced by SiC particles using statistical 

analysis. Materials & Design. 2003; 24(2):95-103. 

[31] Xiao GB, To S, Jelenković EV. Effects of non-

amorphizing hydrogen ion implantation on anisotropy 

in micro cutting of silicon. Journal of Materials 

Processing Technology. 2015; 225:439-50. 

[32] Prabu SB, Karunamoorthy L, Kathiresan S, Mohan B. 

Influence of stirring speed and stirring time on 

distribution of particles in cast metal matrix 

composite. Journal of Materials Processing 

Technology. 2006; 171(2):268-73. 

[33] Mondal DP, Das S, Ramakrishnan N, Bhasker KU. 

Cenosphere filled aluminum syntactic foam made 

through stir-casting technique. Composites Part A: 

Applied Science and Manufacturing. 2009; 40(3):279-

88. 

[34] Hrairi M, Ahmed M, Nimir Y. Compaction of fly ash–

aluminum alloy composites and evaluation of their 

mechanical and acoustic properties. Advanced Powder 

Technology. 2009; 20(6):548-53. 

[35] Sharma VK, Singh RC, Chaudhary R. Effect of flyash 

particles with aluminium melt on the wear of 

aluminium metal matrix composites. Engineering 

Science and Technology, an International Journal. 

2017; 20(4):1318-23. 

[36] Khalid MY, Umer R, Khan KA. Review of recent 

trends and developments in aluminium 7075 alloy and 

its metal matrix composites (MMCs) for aircraft 

applications. Results in Engineering. 2023; 20:101372. 

[37] Sadeghi B, Cavaliere P, Pruncu CI, Balog M, Marques 

DCM, Chahal R. Architectural design of advanced 

aluminum matrix composites: a review of recent 

developments. Critical Reviews in Solid State and 

Materials Sciences. 2024; 49(1):1-71. 

[38] Kumar A, Singh VP, Singh RC, Chaudhary R, Kumar 

D, Mourad AH. A review of aluminum metal matrix 

composites: fabrication route, reinforcements, 

microstructural, mechanical, and corrosion properties. 

Journal of Materials Science. 2024; 59(7):2644-711. 

[39] Zhang J, Zhang X, Qian M, Jia Z, Imran M, Geng L. 

Recent progress in particulate reinforced aluminum 

composites fabricated via spark plasma sintering: 

microstructure and properties. Critical Reviews in 

Solid State and Materials Sciences. 2024; 49(3):408-

63. 

[40] Kumar J, Singh D, Kalsi NS, Kumar S. 

Characterization of aluminium metal matrix 

composites reinforced with silicon carbide and nickel 

particulates. Journal of Management and Engineering 

Sciences. 2024; 1(4):132-42. 

[41] Kumar J, Singh D, Kalsi NS, Kumar S. Role of 

alloying elements as reinforcements during fabrication 

of aluminium metal matrix composites. Journal of 

Management and Engineering Sciences. 2025; 2(1):1-

21. 

[42] Juang SH, Li CF. Influence of different addition ratios 

of fly ash on mechanical properties of ADC10 



Sahil Duggal et al. 

766 

 

aluminium matrix composites. Metals. 2022; 12(40):1-

13. 

[43] Biswas P, Nayak J, Kundu A, Patel D, Mallik A, Das 

S. A review on the development of processing 

techniques for the production and casting of Al-alloy 

and metal matrix composite material. Iranian Journal 

of Science and Technology, Transactions of 

Mechanical Engineering. 2024; 49:35-66. 

[44] Singla M, Dwivedi DD, Singh L, Chawla V. 

Development of aluminium based silicon carbide 

particulate metal matrix composite. Journal of 

Minerals and Materials Characterization and 

Engineering. 2009; 8(6):455-67. 

[45] Singh B, Kumar I, Saxena KK, Mohammed KA, Khan 

MI, Moussa SB, et al. A future prospects and current 

scenario of aluminium metal matrix composites 

characteristics. Alexandria Engineering Journal. 2023; 

76:1-7. 

[46] Bieliatynskyi A, Yang S, Pershakov V, Shao M, Ta M. 

Exploring the use of modern fly ash materials from 

chinese power plants in road and airfield 

infrastructure. Environmental Engineering & 

Management Journal. 2023; 22(3):527-37. 

[47] Kanta DD, Chandra MP, Singh S, Kumar TR. 

Properties of ceramic-reinforced aluminium matrix 

composites-a review. International Journal of 

Mechanical and Materials Engineering. 2014; 9(12):1-

6. 

[48] Alam MA, Ya HB, Azeem M, Mustapha M, Yusuf M, 

Masood F, et al. Advancements in aluminum matrix 

composites reinforced with carbides and graphene: a 

comprehensive review. Nanotechnology Reviews. 

2023; 12(1):1-46. 

[49] Sahu MK, Sahu RK. Optimization of stirring 

parameters using CFD simulations for HAMCs 

synthesis by stir casting process. Transactions of the 

Indian Institute of Metals. 2017; 70:2563-70. 

[50] Fan R, Wang L, Zhao S, Wang L, Guo E. 

Strengthening of Mg alloy with multiple RE elements 

with Ag and Zn doping via heat treatment. Materials. 

2023; 16(11):1-11. 

[51] Wang Y, Konovalov S, Chen X, Ramachandra AS, 

Subramanian J. Influence of silicon and magnesium on 

the mechanical properties of additive manufactured 

Cu-Al alloy. 3D Printing and Additive Manufacturing. 

2021; 8(5):331-9. 

[52] Chen X, Yin J, Huang L, Lee SH, Liu X, Huang Z. 

Microstructural tailoring, mechanical and thermal 

properties of SiC composites fabricated by selective 

laser sintering and reactive melt infiltration. Journal of 

Advanced Ceramics. 2023; 12(4):830-47. 

[53] Chavana N, Jambagi SC. An effective utilization of 

raw fly ash obtained from thermal power plants using 

thermal spray technique to improve corrosion 

resistance for marine applications. Materials 

Chemistry and Physics. 2024; 324:129688. 

[54] Cosnita M, Balas M, Cazan C. The influence of fly 

ash on the mechanical properties of water immersed 

all waste composites. Polymers. 2022; 14(10):1-16. 

[55] Matvienko O, Daneyko O, Kovalevskaya T, 

Khrustalyov A, Zhukov I, Vorozhtsov A. Investigation 

of stresses induced due to the mismatch of the 

coefficients of thermal expansion of the matrix and the 

strengthening particle in aluminum-based composites. 

Metals. 2021; 11(2):1-20. 

[56] Kumar R, Kumar H, Kumar S, Kumar M, Luthra G. 

Corrosion and wear behaviour of metal matrix 

composites. In metal matrix composites: a modern 

approach to manufacturing 2024 (pp. 224-48). 

Bentham Science Publishers. 

[57] Nasir NH, Usman F, Woen EL, Ansari MN, Sofyan 

M. Effect of fly ash on mechanical properties and 

microstructural behaviour of injected moulded 

recycled polypropylene composites. Construction and 

Building Materials. 2024; 447:138130. 

[58] Meng T, Dai D, Yang X, Yu H. Effect of fly ash on 

the mechanical properties and microstructure of 

cement-stabilized materials with 100% recycled mixed 

aggregates. Minerals. 2021; 11(9):1-15. 

[59] Islam MN, Noaman MA, Islam KS, Hanif MA. 

Mechanical properties and microstructure of brick 

aggregate concrete with raw fly ash as a partial 

replacement of cement. Heliyon. 2024; 10(7):1-13. 

 

 

 

 

Sahil Duggal was born in 1991 in 

Phagwara, India. He received his 

Bachelor's degree in Mechanical 

Engineering from Punjab Technical 

University, Jalandhar, in 2013, and his 

Master's degree in Mechanical 

Engineering from Lovely Professional 

University in 2016. He joined 

Ramgarhia Institute of Engineering & Technology, 

Phagwara, as an Assistant Professor in February 2017. 

Email: ersahil231@gmail.com 

 

Dr. Jatinder Kumar is a distinguished 

mechanical engineer known for their 

extensive contributions to academia and 

research. Holding a Ph.D in Mechanical 

Engineering from I.K. Gujral PTU, 

Jalandhar, earned in 2022 with a 

remarkable 1st Class distinction and an 

impressive 75% score, he has 

consistently excelled in their academic pursuits. Before 

their doctoral studies, Dr. Kumar completed a Master's in 

Production Engineering from G.N.D.E.C. Ludhiana 

(IKGPTU, Jalandhar) in 2011. Their journey in engineering 

commenced with a Bachelor's in Mechanical Engineering 

from LLRIET Moga (P.T.U. Jalandhar) in 2004. Dr. Kumar 

is working as a professor in the department of Mechanical 

Engineering at Modern Group of Colleges, Mukerian. With 

over 19 years of experience in teaching and academia, Dr. 

Jatinder Kumar has established themselves as an esteemed 

educator and mentor.  

Email: jatinderbahal@gmail.com 

 

AuthoPhoto 

 

 



International Journal of Advanced Technology and Engineering Exploration, Vol 12(126)                                                                                                             

767          

 

Dr. Santosh Kumar is working as a 

Professor in the Department of 

Mechanical Engineering and Head of 

the NCC Department (ANO) at 

Chandigarh Group of Colleges, 

Landran, Mohali, Punjab (India). He 

has completed his M. Tech. and PhD. 

with distinction from IK Gujral Punjab 

Technical University, Jalandhar. He has more than 13 years 

of teaching and research experience. His research interests 

include Surface Engineering, Coating, Rapid Prototyping, 

MMCs and Biofuels, on which he has published many 

research articles.  

Email: santoshdgc@gmail.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix I 
S. No. Abbreviations Description 

1 Al Aluminium 

2 Al2O3 Alumina or Aluminium Oxide 

3 Al-FA Aluminium-Fly Ash 

4 Al-Si-Mg Aluminium-Silicon-Magnesium 

5 AMCs Aluminium Matrix Composites 

6 ASR Alkali-Silica Reaction 

7 ASTM 

American Society for Testing and 

Materials 

8 B4C Boron Carbide 

9 CaO Calcium Oxide 

10 EDS Energy-Dispersive Spectroscopy 

11 FA Fly Ash 

12 Fe2O3 Iron Oxide 

13 Gr Graphite 

14 MgO Magnesium Oxide 

15 MMCs Metal Matrix Composites 

16 NaCl Sodium Chloride 

17 OM Optical Microscope 

18 SEM Scanning Electron Microscope 

19 SiC Silicon Carbide 

20 SiO2 Silicon Oxide 

21 TEM Transmission Electron Microscopy  

22 TiC Titanium Carbide 

23 XRD X-Ray Diffraction  

 

 

 

 

 

 

 


