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ABSTRACT 

In recent days, monolithic metals and conventional alloys are being replaced by aluminum metal 

matrix composites in many applications in the field of automotive and aerospace due to a high 

strength-to-weight ratio, fracture limit, toughness, wear, and sustaining properties at higher 

temperatures. This investigation thus deals with the fabrication of aluminum metal matrix hybrid 

composites by stir casting technique with reinforcement of TiB2 and Gr in varying percentages 

through the stir casting process. Reinforcements are added in 10% TiB2 and 0%, 2%, 4%, 6%, and 8% 

in volume percentage of graphite particulate into Al 6061 for composite preparation. The wear and 

hardness properties of the hybrid composite material were studied and a microstructural 

examination was presented. The wear performance of the specimens was measured using the pin-

on-disc technique and optimization of process parameters was conducted according to the DOE and 

optimized by Taguchi analysis.  

The results showed that the reinforcements twinned and measuring only a few µm in size, were 

embedded in the aluminum matrix, having an equiaxed grain structure. By the addition of 2% of 

graphite reinforcement, the microhardness value was drastically improved by 45.6%, from 23.2 to 

33.8HV. From Sample 2 to Sample 6, the hardness increased gradually. The Maximum hardness value 

for this experiment, 43.43HV, was obtained in 10% reinforcement composition to give a total of 

86.59% improvement in hardness. The COF from the pin-on-disk test also showed a 20.52% 

decrement, from 0.54 to 0.38um, at 10% composition of Gr particle because of its lubricating 

characteristics. The wear rate of composites reinforced with 8% graphite and 10% graphite declined 

by 83.18% and 85.77%, respectively, showing that the wear rate also decreases as graphite 

composition increases.  The optimum parametric condition for COF and wear rate was achieved when 

the combination of factors is at a Load of 30N, at a Speed of 200RPM, and for 10 minutes with 

confirmation of test also supporting the conclusion with a 10.11% and 7.37%, respectively, deviation 

from the predicted value. 

Key Words: Hybrid Composite, Graphite, Wear Property, Wear Parameters, Stir Casting, Titanium 
Diboride, MMCs, Al-6061, Taguchi 
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CHAPTER ONE 

1. INTRODUCTION 

1.1. BACKGROUND OF THE STUDY 

Composite material plays a greater part in all types of applications because researchers are 

unremittingly trying to find new materials to meet their requirements with different materials 

and production methods [1]. The development of aluminum matrix composites (AMCs), a 

particular type of composite material, has been fueled by the growing needs of the 

transportation, agricultural, construction, and manufacturing industries for lightweight 

materials, that have a high specific strength, perform exceptionally well at high temperatures, 

are chemically inert, and require less energy. In many cutting-edge applications, these materials 

which are lightweight and highly effective have the potential to replace traditional materials.[2]. 

Stir-casting is widely used among researchers due to its cost-effectiveness, fewer particle 

damage, and maximum metal yield range. Compared to many ceramic-strengthening particles, 

titanium diboride (TiB2) particles are much more stiff, rigid, and have a greater thermal stability 

range [3]. 

Most of the commercial work on MMCs has focused on aluminum as the matrix metal. The 

combination of lightweight, environmental resistance, and useful mechanical properties has 

made aluminum alloys very popular; these properties also make aluminum well-suited for use as 

a matrix metal [4]. Currently, many methods are used to make different classes of AMCs. 

Numerous new scientific insights on the inherent and extrinsic impacts of ceramic reinforcement 

on the mechanical, thermomechanical, tribological, and physical properties of AMCs have been 

gained over decades of intensive research. [4-7]. 

Aluminum's favorable qualities along with its special qualities contributed to its increasing 

appeal. Aluminum has found more uses for alloying than initially thought, positioning it as a 

formidable rival to the conventional "strong" metals iron and steel, and occasionally even as a 

preferred option. Since aluminum was first identified as a metal of industrial relevance, it was 

mostly used to make decorative and domestic goods. Only later did aluminum play a significant 
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role in the building of tremendous industrial structures and machine parts. Aluminum's use was 

expanded with the development of alloying technology, which made it the most widely used 

industrial metal for many years [8]. 

1.2.  RATIONALE OF THE STUDY 

A type of materials known Metal Matrix Composites (MMCs) has the potential to be used in many 

different structural and thermal management applications. Metal matrix composites can operate 

at higher temperatures and be tailored to offer superior strength, stiffness, thermal conductivity, 

abrasion resistance, creep resistance, or dimensional stability when compared to their base 

metal equivalents. They are not combustible, do not outgas in a vacuum, and are not as attacked 

by organic fluids like fuels and solvents as resin-matrix composites are [4]. 

Aluminum plate is used mainly in the fuselage, wing skin, oil tank, and other structural 

components of aircraft. It is possible to reduce the outer skin density of an airplane by 5%–7% by 

utilizing aluminum composite materials. This leads to a 10% reduction in overall weight and an 

increase in fuel economy. Additionally, incorporating aluminum can boost the material's rigidity 

by 7%. because aluminum alloy has exceptional fatigue, corrosion, and damage tolerance [6]. 

It is possible for reinforcements to make up between 10 and 60 vol% of the composite. They can 

be continuous or discontinuous. Refractory metals, graphite, silicon carbide, boron, and 

aluminum oxide (Al2O3) are examples of continuous fiber or filament reinforcing elements. 

Continuous reinforcements are mostly made of graphite or Al2O3 short or chopped fibers, whisker 

forms of SiC, particulate kinds of SiC, or titanium diboride. The utilization of unidirectional lay-up 

in engineering constructions is allowed by some matrix-dominated composites due to their high 

transverse elastic modulus and strength, which are matrix-dominated mechanical properties [4]. 

Aluminum metal matrix composites are gaining interest as a high-tech material with a range of 

applications. Al MMCs have produced economic and environmental advantages in addition to 

notable performance-related improvements. Improved characteristics, longer component 

lifetimes, higher productivity, energy savings, reduced maintenance costs, and environmental 

advantages including less noise and airborne emissions are noteworthy among them. In many 

applications, these composites can take the place of monolithic materials such as polymer-based 
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composites, ferrous alloys, and alloys made of aluminum and titanium. The entire system might 

be changed to gain more weight and volume reductions before being widely replaced. Ideally, Al 

MMCs can be seen as a way to enable significant improvements in addition to serving as a 

substitute for existing materials [5]. 

Metal matrix composites with aluminum substrates are used in various industries. In recent 

years, aluminum matrix composites have found widespread application in aviation. Strong, 

lightweight, and able to withstand high temperatures for lengthy periods in demanding 

conditions are requirements for the materials used in airplane construction. Aluminum 

composite is the suggested material for an aircraft's wings, fuselage, and support structures. 

Aluminum makes up the fuselage of an airplane for about 80% of its weight. Die-casting 

technology for aluminum is gaining importance due to its ability to create intricate shapes at 

lower costs and with innovative design concepts. Aluminum metal matrix composites are the 

preferred material due to their greater resistance to wear and corrosion, high modulus, superior 

specific strength and hardness, remarkable thermal properties, and decreased density [8]. 

Aluminum metal matrix composites are attractive materials for thermal management and have 

high volume reinforcement fraction. It is possible to further improve the thermal conductivity of 

the composite material by using high thermal conductivity reinforcements [3]. 

A permanent mold-cast piston, a high-pressure die-cast bicycle sprocket, an investment-cast 

aircraft hydraulic manifold, investment-cast engine cylinder inserts, a sand-cast automobile disk 

brake rotor and the upper control arm are shown in Figure 1.1. 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  4 

 

 

Figure 1.1. Discontinuous silicon carbide/aluminum cast [4]. 

A ceramic compact composed of aluminosilicate has been used to reinforce a Toyota diesel 

engine piston, which is currently in production. An all-aluminum piston may sustain wear similar 

to that of a piston with an iron insert by utilizing a ceramic fiber preform for selective 

reinforcement, and its thermal conductivity is very slightly lower than that of unreinforced 

aluminum. A lighter piston with better thermal stability and high-temperature strength is 

produced by removing the iron component [10]. 

Based on the kind, form, and technique of their reinforcements, metal matrix composites fall into 

several different types. Regarding MMCs with aluminum serving as the matrix metal, the 

following classification is pertinent. In essence, hybrid MMCs are made up of multiple types of 

reinforcement, such as a combination of fiber and particle, whisker and particle, or hard and soft 

reinforcements combined. Composites with better mechanical characteristics than carbon have 

been developed since the discovery of carbon nanotubes [11]. 

Consequently, by modifying the way materials are processed to meet the requirements in varied 

working circumstances MMCs offer greater prospects for broader material uses. Finite element 

modeling techniques can also be utilized to create composite materials that have the desired 

properties. One can predict the properties of a particular material with a given composition using 

these techniques. In the same way, materials can be made to have specific qualities by using 

comparable techniques [8]. 
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The purpose of this study is therefore to review recent works of literature related to the 

application of aluminum-based metal matrix composites, processing techniques of hybrid MMCs, 

and wear behavior of these materials and point out some gaps within the literature and then to 

fabricate and investigate the wear performance of Al6061-TiBr2-Gr composite via stir casting 

process, and finally to optimize the wear condition of a selected composition. 

1.3. STATEMENT OF THE PROBLEM 

In Aircraft, being able to evaluate surfaces that touch each other is of vital importance to a failure 

investigation. For example, the unwanted fretting and wear of hinges, tracks, bearings, and 

gearboxes in airframes and engines is a constant problem, because it induces failures and 

jamming [12]. 

Although aluminum alloy and its composites are essential in many engineering applications, its 

wear qualities are inadequate [13]. TiB2-reinforced composite with an aluminum basis shows 

promise as a brake drum material and could eventually replace traditional gray cast iron [14]. 

Since wear resistance is a material quality with considerable practical value, it has usually 

dominated research attention. Although wear is a multidisciplinary phenomenon resulting from 

concurrent mechanical, physical, and chemical processes, recent developments in advanced 

material design and development as well as characterization techniques have maintained 

approaches to understanding and forecasting wear progression [15]. Thus, in addition to 

hardness, additional contributing factors that affect this complicated phenomenon include the 

sliding material's mechanical properties, microstructure, processing technique, and thermal 

properties [14]. Simultaneously, studies have indicated that the incorporation of graphite to Al-

based composites has resulted in better wear properties than base alloys; additionally, the 

graphite content forms a lubricating film on the wear surface and minimizes the wear rate and 

coefficient of friction, thereby enhancing the matrix's tribological properties [16]. 

Therefore, this study addresses whether or not the addition of graphite particles to the base 

material in different volume percentages enhances the wear property of the hybrid metal matrix 

composite and optimize the wear conditions for the selected best composition of the composite 

material. 
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1.4.  OBJECTIVES OF THE RESEARCH 

1.4.1. GENERAL OBJECTIVE 

The general objective of this study is to fabricate, and experimentally investigate the wear 

resistance of Al-TiB2-Gr hybrid composite, analyze the effect of graphite addition on the wear 

performance, and optimize the wear condition of a selected composition. 

1.4.2. SPECIFIC OBJECTIVES 

The aim of this research is: 

✓ To fabricate Al-TiBr2 composite with different wt% of Gr using stir casting process. 

✓ To determine the microhardness of Al-TiB2 composite for different %wt of graphite. 

✓ To explore wear resistance of   Al-TiB2 composite for different wt% of Gr using pin-on-disc 

test. 

✓ To explore the potential of the addition of Graphite particles to the Al-TiB2 composite in 

terms of wear resistance and identify the appropriate composition. 

✓ To examine the microstructure of the hybrid composite for different compositions 

✓ To optimize wear condition parameters for a selected composition of the composite. 
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1.5. SCOPE OF THE RESEARCH 

This study starts from a review of different literature related to the title of the research and 

focuses on experimentally investigating and optimizing the wear properties of the Al-10%TiB2-Gr 

hybrid composites and the Microhardness of the composites. The microstructure of the 

composite’s material SEM micrographs were presented for analysis. Experiments were done 

several times as per the standards with different volume fractions of reinforcements. 

In the second phase of the research, among the fabricated samples, the best composition sample 

was selected for optimization of wear condition using Taguchi analysis in MINITAB v21.2 for 

better wear performances. The S/N ratio for COF and wear responses were analyzed to show 

which parameter is significant for the wear condition of the composite. 

However, this research was not extended to other mechanical properties of the composite, like 

impact strength, tensile strength, fatigue, toughness, brittleness, corrosion resistance, and other 

important properties due to limitations of resources. 

1.6.  RESEARCH QUESTIONS 

➢ What was the effect of the addition of graphite on the hardness of the hybrid composite 

material? 

➢  How did the addition of the graphite particle affect the microstructure of the hybrid 

composite? 

➢ What was the appropriate composition of Al-TiB2-Gr hybrid composite for a better wear 

performance? 

➢ What parameters of the pin-on-disk dry sliding wear were optimum for better wear 

performance of the composite material? 
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1.7. MOTIVATION OF THE RESEARCH 

Many researchers have committed to obtaining new materials for different purposes and 

different applications. While looking at different literature and reviewing different research 

works, it is very interesting to work on aluminum-based metal matrix composites. Being able to 

conduct experiments, analyze the work, and understand the results using all the principles, 

methods, and knowledge that have been gained throughout the previous education is something 

that can always be looked at as an achievement and a success. 

In addition to acquiring operational knowledge while doing the research, it is also a very big 

accomplishment to complete the post-graduate program, since this thesis work is a partial 

fulfillment of for MSc degree. 

1.8. SIGNIFICANCE OF THE RESEARCH 

The development of hybrid MMCs is driven by the need for innovative wear-resistant materials 

for high-performance tribological applications, and the matrix alloy characteristics are improved 

by the inclusion of two or more reinforcements over a single reinforcement. 

For instance, for the manufacturing of pistons and cylinder heads, the use of TiB2, SiC, or graphite-

reinforced aluminum alloy composites in the automotive and aerospace industries has been 

steadily rising. A variety of techniques, including powder metallurgy, the vortex method, 

infiltration, spray deposition, and squeeze casting, are used to create metal matrix composites. 

The stir casting process is a well-established method for producing large quantities of aluminum 

matrix composite that is discontinuously reinforced and has consistent characteristics. Numerous 

studies have demonstrated that the mechanical, tribological, and machinability qualities of the 

aluminum alloy were improved by the inclusion of self-lubricating elements like graphite. 

Therefore, this research will be a significant piece of work in terms of finding out its influence on 

the wear resistance of the base Aluminum 6061 and the other reinforcement Titanium diboride 

particulate, as a hybrid composite. 
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1.9. THESIS ORGANIZATION  

This research paper consists of five chapters. In the first chapter, the introduction and 

background of the study were presented, the problem statement was formulated, the objectives 

of the study were defined, and the significance of the study and the scope of the study were also 

clearly stated. The second chapter reviews literature that is similar to this study and identifies 

gaps. The third chapter is about materials, methods, and methodologies of fabrication of the 

composite and investigation of their properties. The fourth chapter presents a detailed discussion 

and analysis of the experimental results of mechanical and tribological tests and the 

microstructure of manufactured composite. Finally, the last chapter presents the conclusion, 

recommendations, and highlights for future works. 
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1. INTRODUCTION 

Numerous studies are constantly being carried out to enhance the mechanical characteristics of 

composite materials without compromising the material's thermal or physical attributes. It has 

significantly advanced materials used in a variety of applications, and manufacturing technology, 

material science, and theoretical analysis are all paying more and more attention to them. 

The performance and cost of many of the composites utilized today are suitable for highly 

complex applications like spacecraft, and they represent the cutting edge of materials 

technology. The selection of materials always has a negative or positive impact on the production 

process and the overall quality of the product.  

Therefore, in this chapter, a lot of related research papers are reviewed that use different 

techniques, methodologies, and objectives in general. Since the area of interest of this study is 

ceramic particles reinforced to Aluminum metal matrix, subtopics will focus on metal matrix 

composites and Reinforcements, particularly related works to Titanium diboride and graphite. 

2.2. COMPOSITE MATERIAL 

The matrix phase and reinforcing phase of a composite are typically where its unique 

characteristics develop. Because of this, the properties of composites are frequently in the range 

between those of reinforcing materials and matrix materials [17]. When compared to traditional 

materials, composite materials offer better mechanical qualities such as increased fatigue life, 

corrosion resistance, high specific stiffness and strength, and improved fracture toughness. 

However, making the most of composites' advantages necessitates careful design and 

optimization. [18]. 

Composite materials exhibit superior performance due to their unique characteristics. These 

qualities allow composite materials to work more effectively [19]. Due to two desirable 

characteristics, composite materials have been used more frequently recently in mechanical, 
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civil, and aerospace engineering applications: first, they have a high specific stiffness and strength 

per unit density; second, they are highly flexible, offering designers a great deal of flexibility in 

terms of how fibers are arranged and stacked [20]. 

The appropriate selection of materials for power transmission is required by the automotive 

industry. Enhancing the efficiency of the torsion and bending resistance is the fundamental 

objective of choosing appropriate materials. Asiri et al., [21] have presented the findings of the 

carbon fiber composite crankshaft's modal and harmonic analysis. Since carbon composite is 

known for being stiff, researchers compared it to other materials to see whether it would be the 

ideal choice for engine shaft development. The models developed in the case underwent many 

tests, and the composite performed admirably. 

 

Figure 2. 1. A carbon composite crankshaft modal and harmonic analysis [21]. 

2.3.  CONSTITUTES OF COMPOSITE MATERIAL 

2.3.1. MATRIX MATERIAL 

Combining two or more materials for producing a material that is better than using the individual 

components alone occurs as a composite material. In contrast to metallic alloys, every material 

maintains its distinct chemical, physical, and mechanical properties. A matrix and reinforcement 

are the two parts. A composite material's low density, excellent strength, and stiffness are its 

main advantages over traditional materials [20]. 

The matrix and the reinforcements are the two phases that make up composite materials. In the 

matrix phase, metals or ceramic polymers are utilized, while in the reinforcing phase, fibers and 
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particles are incorporated. Depending on the application, the discontinuous phase is either softer 

or harder. Harder reinforcements are utilized in the manufacturing of components that require 

exceptional wear resistance, whereas softer reinforcements, including graphite and 

molybdenum, are used to achieve lubricating properties. Composite material properties are 

determined by the matrix and reinforcements. Even while the reinforcement enhances the 

matrix's general properties, the matrix itself retains the reinforcement to produce the required 

form [22]. 

Reinforcements such as Al2O3, SiC, B4C, TiB2, Carbon nano-tubes (CNT), and Graphene-

nanoplatelets (GNPs) are typically used in the production of magnesium matrix composites. In 

recent years, researchers have been working to reduce the cost of magnesium matrix composites 

by utilizing less expensive and environmentally friendly reinforcements. The use of these 

reinforcements, which can be solid wastes like eggshells, fly ash, red mud, and waste glass, in 

composite systems is expanding all the time [23]. 

In addition to the more well-known flaws found in metallic structures, it is crucial to understand 

that the introduction of composite media has led to the emergence of some new material faults 

in composite structures. Therefore, broken fibers, delaminated areas, fissures in the matrix 

material, holes, foreign inclusions, and microscopic voids are examples of material and structural 

issues that can occur in composite materials. There have always been flaws, and in many 

situations, they have had a significant impact on a system's structural reaction [19]. 

2.3.2. REINFORCEMENT MATERIAL 

One matrix and two or more reinforcing components make up hybrid materials. They are made 

using a range of techniques, including powder metallurgy, stir casting, two-step stir casting, and 

squeeze casting, to achieve the required mechanical properties and tribological behavior 

including high specific strength, stiffness, density, and microhardness; low coefficient of thermal 

expansion; high thermal resistance; and excellent damping capacity [24]. 

Developing hybrid composites with multiple kinds of reinforcement is one of the most efficient 

ways to improve the characteristics of aluminum alloys. In comparison to monolithic, alloy, and 

composite materials, hybrid composites have several advantages such as a high strength-to-
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weight ratio, superior stiffness and strength, resistance to corrosion and wear, low thermal 

conductivity and thermal expansion, low weight, enhanced impact and flexural properties, and a 

lower total cost of composites [25].  

Compared to conventional structural materials, the strengths and stiffness of the fibers utilized 

in modern composites are significantly higher. The processing that prevents internal or external 

texture flaws, which typically compromise glass, is responsible for the high strengths of glass 

fibers, and the nearly perfect alignment of molecular chains with the fiber axis is what gives 

polymeric aramid fiber its strength and stiffness [19]. 

It is common to add more than a single reinforcement material into the metal matrix to enhance 

the mechanical properties of the material by taking advantage of the excellent qualities of each 

constituent material. 

2.4. CLASSIFICATION OF COMPOSITE MATERIALS 

Based on the type of matrix materials used, composite materials can be classified into three 

groups as shown in Figure 2.2. 

 
Figure 2. 2. Composite materials classification. [22] 

2.4.1. CERAMIC MATRIX COMPOSITE 

Ceramic matrices are frequently used for high-temperature applications, such as pistons, blades, 

and rotors in gas turbine parts. They perform well in corrosive settings and can withstand high 

temperatures. Since monolithic ceramics are brittle despite having great stiffness and strength, 

the main objective in the development of ceramic matrix composites is to increase the toughness 
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[22]. In CMC, ceramic materials are used for both reinforcement and the matrix. While the 

reinforcement provides distinctive features that make things unique, the matrix material 

maintains operations applications requiring strong thermal and mechanical properties, ceramic 

matrix composites emerged as a result of a need in application areas such as aircraft, chemical 

plants, space building, nuclear power plants, and transportation services.[23]. 

Ceramic Matrix Composites are solid materials that often exhibit extremely strong bonding, 

usually ionic but occasionally covalent bonds. They are usually composed of a mixture of ceramic 

fibers, whiskers, and particles with a matrix of another ceramic. It is possible to reinforce the 

ceramic matrix with ceramics, metals, glasses, and polymers. The ceramic-based matrix materials 

exhibit remarkable stability at elevated temperatures, high melting points, improved 

compressive strength, and corrosion resistance [22]. 

In the area of machining composites, a great deal of study has been done and recounted across 

several evaluations. Owing to their distinct shape, CMCs have been deemed difficult for machine 

operations. Due to the recent rise in demand for long fiber-reinforced CMC, high-temperature 

structural industries like nuclear power, autos, and aviation are using these materials. The 

engineered connections between the fibers and matrix in ceramic composites reinforced with 

long fibers have been developed to provide a controlled bridging approach for cracks. This 

enhances the fracture toughness of the composites, making them suitable for use in a variety of 

structural applications, such as nuclear reactors and aero engines. Aluminum oxides, boron 

carbide, and silicon carbide are amongst the materials with relatively highest modulus of 

elasticity [27]. 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  15 

 

 

Figure 2. 3. Modulus of elasticity of some common ceramic materials [22]. 

2.4.2. METAL MATRIX COMPOSITE 

Metal matrix composites (MMCs) are often made of low-density metals, like magnesium or 

aluminum, reinforced with ceramic fibers or particles, including silicon carbide, titanium diboride, 

or graphite [28].  

Because of their excellent heat conductivity, copper and aluminum were frequently utilized as 

matrices in metal matrix composites. They were strengthened with diamond, SiC, and carbon. 

The aerospace industry is becoming more and more interested in employing metal matrix 

composites. These studies have made use of aluminum metal matrix composites because of their 

enormous potential to produce lightweight, robust components for aircraft. These materials are 

usually used because they are lightweight and can tolerate the pressures that are produced 

during operation [29]. 

Various types of metal matrix composites exist, including refractory, nickel, and aluminum. These 

metal matrix composites contain fillers made of silicon carbide, titanium carbide, aluminum 

oxide, and other materials. Metal matrix composites find application in the automotive and 

locomotive, aerospace and defense, electrical and electronics, industrial, and other end-user 

industries [30]. 
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2.4.3. POLYMERIC MATRIX COMPOSITE 

Since the basic unit of a polymer is composed of carbon, hydrogen, oxygen, and/or silicon, the 

most basic understanding of a polymer is something comprised of numerous units. Polymers, like 

shellac and tar, have been a part of human history since the beginning of civilization. They are 

heated and compressed to create useful products like bearings, bushes, gears, and modern 

engineering uses. Almost every industry uses polymer materials; both natural and synthetic 

polymers can be manufactured with a broad range of properties, including stiffness, strength, 

heat resistance, crystallinity, density, and even cost [31]. 

Because ceramic fibers are stronger than matrix material, they are typically used in PMCs to 

reinforce the matrix. The matrix, reinforcement, process parameters, microstructure, 

composition, and interphase all influence the properties of PMCs. PMCs are widely recognized 

for their affordable cost and simple manufacturing process [22]. 

As shown in Figure 2.4., Polymers are classified into two classes according to ASTM D883 80c, 

which describes their chemical and technical characteristics. 

 

Figure 2. 4. Reinforcements of Polymers Classification. [31] 

In polymer matrix composites, a thermoplastic or thermosetting plastic matrix contains one or 

more reinforcements, such as carbon, glass, steel, or natural fibers. Because polymers are easily 

manufactured, they yield high-quality components. For polymers, lightweight is a crucial 

characteristic. The qualities of polymer composite composites, or PCCs, are diverse. Among them 

are high strength, exceptional impact, compression, and fatigue capabilities; economical 

production and tooling methods; exceptional resistance to chemicals and corrosion; inexpensive 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  17 

 

chemical inertness; and good mechanical qualities. PMCs are typically used in sporting 

equipment, aircraft, and rocketry [22]. 

2.5.  ALUMINUM METAL MATRIX COMPOSITES 

 Aluminum composites are utilized extensively in the automotive industry Because they are 

lightweight and resistant to corrosion,[9]. Because of its low weight, density, coefficient of 

thermal expansion, high strength, and wear resistance, aluminum alloys have seen a sharp 

growth in use in recent years. When reinforcements are added to the metallic matrix, the 

properties of stiffness, specific strength, creep, and fatigue are improved in comparison to the 

traditional materials [28]. 

Although aluminum alloy and its composites are essential for many engineering applications, 

their wear characteristics are not excellent. In the alloy matrix, hard reinforcements are uniformly 

dispersed to enhance the tribological characteristics. Dispersed particles, such as oxides, 

carbides, and borides which are thermally stable and insoluble at very high temperatures, are 

usually mixed in the aluminum matrix [13]. 

To strengthen aluminum and its alloys, ceramic particles are added to make a better-

performing composite material. Titanium-based composites are widely used, particularly as 

building materials for constructions subjected to high temperatures. Titanium alloys are often 

used in aircraft components due to their outstanding rigidity at elevated temperatures and 

robust corrosion resistance. But the material costs substantially [22]. 

2.6.  RESEARCH WORKS ON MMCs 

A. Thirumoorthy, et.al [30] reviewed the most recent advancements in aluminum matrix 

research with particulate reinforcement composites. The literature review shown that the 

mechanical and tribological properties of aluminum-based composites were enhanced by the 

addition of carbide and oxide-based particle reinforcement. Some researchers have even looked 

at whether adding fly ash and graphite to aluminum alloys improves their characteristics and 

their results showed that mechanical properties were improved. 
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In another study, Titanium diboride (TiB2) particles were reinforced in an Aluminum (Al) metal 

matrix via an in-situ salt metal reaction technique. The addition of 8% TiB2 was shown to improve 

the mechanical properties of TiB2-reinforced Al 6061 alloys, mainly tensile strength and hardness, 

which were found to increase to 172 and 54 N/mm2, respectively. By using the pin-on-disc 

method, the samples with the highest weight percentage of reinforcement also exhibit excellent 

wear resistance. this indicated that high-performance materials utilized in automotive disc 

brakes have to contend with TiB2-Aluminum composites [9]. 

Ravi Kumar V, et.al [32] examined the fabricated composites containing 4% Ni and 2, 4, 6, & 8% 

SiC as reinforcements in pure Al as a base matrix was successfully achieved with a load of 160kN 

and sintering temperature was optimized to 530±5 °C. As the amount of SiC in the composites 

increased the hardness of the materials also increased; the highest increase, of 87%, was seen in 

the 8% SiC composite. As the amount of SiC increased, the composites' wear resistance 

considerably improved. A 90% increase in maximum wear resistance was found for the 8% SiC 

composite. The mechanical and tribological properties of pure Al were therefore effectively 

enhanced by the addition of SiC to the matrix. 

Jaswinder Singh, et.al [33] reviewed the hybrid aluminum matrix composites' characterization 

for cutting-edge uses. The review noted that the microstructures of the hybrid aluminum matrix 

composites were stable and had a uniform distribution of reinforcing particles. Fly ash, rice husk 

ash, mica, and other partial reinforcements increase the density of the composites as the amount 

of ceramic reinforcement increases. Additionally, it has been noted in the literature that to give 

the composite the desired qualities, complimentary reinforcements such as SiC or alumina can 

be added to synthetic reinforcements. The study also shows that in many cutting-edge 

applications, the composites may be used in place of traditional materials. 

2.7. WEAR PROPERTIES OF MMCS 

Veeresh Kumar et al. [34] developed Al 7075/SiC composite material by liquid metallurgy route 

and studied the wear behavior. They laid out that when particle size is inversely proportional to 

the wear rate, the sliding speed and volume fraction of reinforcement were in proportion to the 
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rate of wear. In their investigation, they found that 6% SiC reinforced composite presented better 

tribological and mechanical properties in comparison with the base alloy. 

This is because the MMC's wear resistance has increased as a result of the presence of SiC and 

TiC. The sample containing 100% Al 7075, 0% SiC, and 0% TiC attained the largest coefficient of 

friction value and, in turn, had the lowest microhardness. The phenomenon illustrates how the 

alloy's wear-resistant qualities are increased when SiC and TiC are incorporated along the 

aluminum matrix [35]. 

C. Velmurugan et al. [36] added graphite particles in weight percentages of 1%, 3%, and 5% of 

silicon carbide particles in weight percentages of 8% to Al 6061 metallic matrix using a stir casting 

technique. Following the study, there was significant wear at all aging periods for the metal 

matrix composites containing low-weight fractions of graphite particles. Over 8 hours, base metal 

exhibited more wear, while metal matrix composites containing 5 weight percent graphite and 8 

weight percent SiC displayed reduced wear. During the first wear phase, the reinforced particles 

serve as load-bearing components and prevent plastic deformation and matrix material 

adherence. The worn particles become displaced from their places in the matrix and combine 

with the wear debris in the final phases of the wear regime. With an increase in the weight 

percentage of reinforcing particles, there has been less wear. 

2.8. FABRICATION TECHNIQUES OF MMCS 

There are two types of MMC processing methods. The process of producing the composite from 

its constituent raw materials is commonly referred to as primary processing. It requires obtaining 

the right bonding of the elements and adding the reinforcement to the matrix in the right amount 

and location. All the extra procedures required to transform the primary composite into a 

completed hardware component are referred to as secondary processing. Many matrix and 

reinforcing materials are not naturally compatible, and processing such elements into a 

composite requires customizing the interface's properties. In certain composites, there is 

insufficient coupling between the metal and the reinforcing ingredient, which needs to be 

improved. Preventing excessive chemical activity at the interface, which could negatively impact 

the material's characteristics, is a challenge when working with MMCs made of reactive 
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elements. These issues are typically fixed by changing the matrix alloy's composition or by 

applying the reinforcement a surface treatment or coating [4]. 

The utilization of continuous fibers as reinforcement has been the main focus of Gr/Al MMC 

development efforts. Nonetheless, a number of solidification processing methods have been 

researched for use in producing Gr/Al cast particles for applications requiring an affordable 

antifriction material. Short fibers, particles, or compacted staple fiber preforms are used as 

reinforcements in the production of discontinuous Al203/AI MMCs. A castable discontinuous 

MMC has been created by adding chopped A1203 fibers to an agitated, partially solid aluminum 

alloy slurry [37][38].  

The properties of matrices and reinforcements, as well as the forms, dimensions, and technical 

specifications of goods and end users, all influence the fabrication process of composite parts. 

Various techniques for manufacturing and forming are categorized as follows: [28] 

• Solid-state methods 

✓ Powder metallurgy 

✓ Diffusion bonding 

• Liquid state methods 

✓ Stir casting 

✓ Squeeze casting 

• In-situ fabrication technique 

• Vapor Deposition 

2.9.  APPLICATIONS OF ALUMINUM METAL MATRIX COMPOSITES 

When it comes to their maximum working temperature, matrix composite materials—which are 

composed of combining two or more components, one of which is a metal—display an essential 

benefit over their counterparts in organic matrix composites. 

Rawal et al. [39] reported that A comparable boron/epoxy composite is only capable of 

withstanding temperatures of roughly 190°C, while the boron/aluminum composite provides 

effective mechanical characteristics up to 510°C. Moreover, because of the substantial 
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contribution from the metallic matrix, graphite/aluminum, graphite/copper, and 

graphite/magnesium composites have better thermal conductivity. By combining the ductility of 

the matrix with the strength of the reinforcement, a metal matrix composite preserves the 

advantageous characteristics of both the reinforcement and the matrix [40].  

The reinforcing constituent may be a particle, platelet, short fiber, or continuous fiber and may 

range from sub-micrometer to millimeter in size. There is a difference between metal matrix 

composites and multiphase metallic alloys as the concept of MMCs introduces additional degrees 

of Aluminum Alloys and Composites freedom into designing the microstructure. Materials with 

desirable properties not obtainable by conventional alloying and heat treatment can be created 

by compositing. This can be achieved by varying the reinforcement type (metallic, ceramic, or 

polymeric), content (volume fraction), size, shape, distribution, and orientation [41]. 

Because of its outstanding properties, the metal matrix composite has found extensive 

application in the aircraft industry [42]. When silicon carbide (SiC) nanoparticles are placed in 

metals, they show increased hardness, wear resistance, and corrosion resistance. Therefore, 

aluminum, which is used to construct a range of machine elements such as ventral fins and fuel 

access covers in aircraft, as well as drive shafts, brake rotors, and brake drums in automobiles, 

can be merged with nano-SiC particles to reduce wear [43]. 

Similar to this, nano-titanium carbide has a number of benefits, particularly good wear 

characteristics, a high specific strength, and corrosion resistance [44]. In addition to these 

qualities, titanium carbide offers a great strength-to-weight ratio, which is especially important 

in the chemical, aerospace, and construction fields. According to studies, MMC with SiC/TiC 

reinforcement improve aluminum's mechanical properties [45]. 

The preferred material for the fuselage, wings, and supporting components of commercial, 

military, and cargo aircraft is aluminum alloys and/or composites. Around eighty percent of the 

weight of a typical modern commercial aircraft is comprised of up of aluminum in the airframe. 

The International Maritime Organization's high-speed code for vessel design, safety, and fire risk 

control is satisfied by materials based on aluminum. Aluminum handles the torsional, flexural, 

compression, and impact loads of high-speed water movement better than steel [8]. 
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2.10. SUMMARY 

In summary, Composites are a recent class of structural materials that are gradually taking over 

the role of traditional materials in a variety of engineering applications because of their 

decreased density and concurrent improvements in mechanical and tribological performance. 

Lighter materials must be used specifically for combustion engine applications since they 

maximize fuel economy and reduce pollution-related issues. Because they can attain a greater 

strength-to-weight ratio by adjusting the composition and distribution of the reinforcing matrix, 

metal-based composite materials are shown to be a promising solution to such issues [35]. 

This chapter attempted to highlight the fundamental aspects of these composite materials and 

their performance against the conventional metallic class of materials along with the recent 

development in advanced composite materials. The reviewed literature in this chapter is 

summarized in Table 2.1.  

Table 2. 1. Literature Review Summary. 

Author [Reference] Title Findings 

 

 

A. Thirumoorthy, et.al [30] 

Review of the Latest research 

development in Aluminum 

Matrix with Particulate 

Reinforcement Composites. 

The review of the literature demonstrated 

evidence that adding carbide- and oxide-

based particle reinforcement to 

aluminum-based composites increased 

their mechanical and tribological 

properties. 

 

 

Himanshu, et al [46] 

 

 

Mechanical and Tribological 

Behaviors of Stir Cast 

Aluminum Matrix 

Composites. 

The microhardness and macro hardness of 

the composite increased with the amount 

of Al-N in the alloy matrix, according to 

the researcher's findings. 

 

 

 

Karbalaei et al. [47] 

 

 

 

Fabrication and study on 

mechanical properties and 

fracture behavior of 

nanometric Al2O3 particle 

reinforced A356 composites 

focusing on the parameters of 

vortex method 

examined the mechanical characteristics 

of an aluminum alloy A356 reinforced with 

1.5% nano Al2O3, which was produced by 

stir casting. The composite melt was 

stirred for 4–16 minutes at 450 rpm and 

8500C casting temperature. The 

mechanical characteristics of composites 

were considerably enhanced by the 

incorporation of nanoparticles. This 
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resulted from the aluminum matrix being 

strengthened by nanoparticle 

reinforcement and grain refining. As the 

stirring time was increased, the porosity 

of the composites increased and the 

mechanical properties decreased. 

 

 

Kumar et al. [48] 

 

Synthesis of in situ Al-TiB2 

composites using stir cast 

route, Composite Structures 

Developed an Al-7Si alloy composite 

reinforced with in situ TiB2, and examined 

the wear and mechanical properties of the 

material. The researchers noted that as 

the weight percentage of TiB2 increased, 

so did the values of hardness, ultimate 

tensile strength, yield strength, and 

young’s modulus. 

 

 

Jaswinder Singh, et.al [33] 

Review of the 

Characterization of hybrid 

aluminum matrix composites 

for advanced applications 

According to the investigation, When fly 

ash, rice husk ash, mica, and other partial 

reinforcements are introduced to HAMCs, 

the density of the composites falls as the 

amount of ceramic reinforcement 

increases. Furthermore, it has been 

shown in the literature that 

complementary reinforcements, like SiC 

or alumina, can be added to synthetic 

reinforcements to obtain the desired 

properties for the composite. 

 

 

Stephenson et.al [49] 

Development and 

Applications of Ceramics and 

New Metal Alloys. 

Their findings showed that the graphite 

particles could be coated with nickel to 

promote surface wetting during casting. 

 

 

 

Radhika et al. [50] 

 

 

Dry sliding wear 

behavior of 

aluminum/alumina/ graphite 

hybrid metal matrix 

composites. 

The results of their investigation 

demonstrated that the addition of 

alumina and graphite particles to 

composite materials significantly 

improved their mechanical and wear 

characteristics when compared to 

aluminum alloy. The hardness and tensile 

strength of composites increased as the 

proportion of reinforcing weight 

increased. The samples' rate of wear 

decreased as sliding speed and the weight 

percentage of alumina particles increased. 

However, the wear rate increased as well 
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when the load increased from 20 to 40 N. 

With an increase in load and a decrease in 

velocity, the coefficient of friction 

increased. 

 

 

 

 

 

C. Velmurugan et al. [36]  

Investigation of friction and 

wear behavior of hybrid 

aluminum composites 

For the investigation, by using a stir 

casting technique, graphite particles and 

silicon carbide particles were added to the 

Al 6061 metallic matrix in weight 

percentages of 1%, 3%, 5% and 8%, 

respectively. The metal matrix composites 

with low-weight fractions of graphite 

particles showed considerable wear at all 

aging times. Base metal showed increased 

wear over the course of eight hours, but 

metal matrix composites with five weight 

percent graphite and eight weight percent 

SiC showed less wear. There has been 

reduced wear as the weight percentage of 

reinforcing particles has increased. 

 

2.11. GAPS IDENTIFIED 

The following gaps in the literature and recent research that need to be addressed by further 

studies are highlighted in this study: 

✓ According to this study’s literature review, only a few studies have been found that 

investigate the specific tribological pairing of Al 6061 and Gr or TiB2 and Gr. To completely 

comprehend that, more research is needed. 

✓ To acquire an in-depth understanding of this hybrid metal matrix composite, additional 

experimental testing under different conditions and mix designs is required. 

✓ There has been minimal effort put into discussing the type of wear and its relationship 

with the possible plastic deformation of the surface, and the correlation between wear 

and hardness properties. 

✓ Studies on the manufacturing of composite materials seem to focus on final products and 

fabrication methods. But, the effect of porosities and defects during the experimentation 

should also be given more thought and optimum conditions should be studied more. 
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CHAPTER THREE 

3. RESEARCH MATERIALS AND METHODS 

3.1. INTRODUCTION 

In this chapter, the necessary inputs to the experimentation process are justified and discussed. 

From the location of the experimental procedures to the collection of the results and analysis of 

the data, everything is covered as follows.  

The experiments and all of the tests were conducted in the AASTU mechanical laboratory, AAiT 

mechanical laboratory, ASTU laboratories, and Manufacturing Technology & Engineering 

Industry Research and Development Center. 

Furthermore, the assistance provided by employees of the above institutes, facilities, and 

research centers has been invaluable in guiding this research work. Their expertise and 

mentorship have helped to navigate through the complicated process of conducting 

experiments, and collecting data effectively, enabling to refine the research methodologies and 

produce good-quality academic work. 

The research has two phases. The first phase is the fabrication of the composite and conducting 

of different tests. The second phase is a selection of one composition from the samples and 

conducting process parameter optimization of a wear condition. 

3.1.1. ASSUMPTIONS 

➢ Equal particle size was considered. 

➢ The interface effect was ignored for metal matrix composite. 

➢ Atomic distribution and orientation of the powders were ignored. 
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3.2.  MATERIALS 

In this investigation, an aluminum-based hybrid metal matrix composite containing various combinations 

of Titanium Diboride and varying weight percentages of Graphite particulate reinforcements of 1 micron 

and 80 mesh size, respectively, were manufactured by stir casting.  

3.2.1. MATRIX MATERIAL 

Generally, the following characteristics of aluminum have led to its significance in industrial and 

commercial applications [8], the majority of which are transferred to its alloys and/or 

composites.:  

• Aluminum is light; with a density of only one-third of that of steel.  

• Aluminum is resistant to weather, common atmospheric gases, and various ranges of 

corrosive liquids. 

• Aluminum is safe and can be used in contact with a wide range of foodstuffs.  

• It can usually be employed in several decorative applications because of its high 

reflectivity. 

• The strength of aluminum alloys can equal (and sometimes exceed) the strength of the 

usual construction steel. 

In the manufacturing of components in automotive, aerospace, and thermal management 

industries, particle-reinforced aluminum metal matrix composites made by stir casting, melt 

infiltration, spraying, and in-situ processing techniques at the industrial level have found success 

with reinforcements of SiC, Al2O3, TiC, TiB2, and B4C in. Particle-reinforced Al-MMCs have been 

employed in the construction of fan exit guide vanes (FEGV) in gas turbine engines. They are also 

utilized in military aircraft as ventral fins and fuel access cover doors, as well as spinning blade 

sleeves in helicopters [51]. 

In a study that investigated the corrosion behavior of Al 7075, Al 2024, and Al 6061, the results 

showed the following: [52] 

• The weight loss data for 32 weeks were consistent with their bimodal model, and the 

corrosion rates of Al alloys reduced over time. 
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• A temperature rise resulted in a decrease in corrosion potential as well as an increase in 

anodic and cathodic current density. The expansion of the passivity region with 

temperature was linked to a decrease in corrosion potential and an increase in 

breakdown potential. 

• All of the alloys had pitting corrosion, with Al 7075 having the worst corrosion. The most 

corrosion resistance was demonstrated by Al 6061 during every immersion period. 

Following steel, aluminum alloys Al6061 are the second most commonly used structural material. 

Approximately one-third of steel's density (7.83 g/cm3) occurs in aluminum (2.7 g/cm3) [53]. 

Therefore, Al 6061 is the matrix material used in this study as a result of all of these advantages. 

The weight percentage composition of each alloy element along with the standard range of 

values for each element is given in Table 3.1. 

Table 3. 1. Composition of Al 6061 Matrix material. 

Elements Mg Si Fe Cu Mn Cr Zn Ti Al 

Standard 

value 

0.8-1.2 0.4-0.8 ≤0.7 0.15-0.4 ≤0.15 0.04-0.35 ≤0.25 ≤0.15 - 

Weight % 1.068 0.62 0.498 0.256 0.109 0.116 0.115 0.026 97.15 

The Aluminum alloy was purchased from MING TAI Aluminum Products in Zhengzhou, Henan, 

China. The product quality certificate is provided in APPENDIX I. 

 

Figure 3.1. Al6061 matrix material prepared for fabrication of the composite. 
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3.2.2. REINFORCEMENTS  

Titanium Diboride (TiB2): 

Titanium diboride (TiB2) is renowned for being a fine powder that can vary from dark grey to 

black and has a hexagonal crystal structure. It is a ceramic material with reasonably high strength 

and durability, as seen by the high values of its hardness, strength-to-density ratio, wear 

resistance, and melting point [54]. 

However, it appears that the current uses of this material are limited to specialized applications 

in fields like crucibles, impact-resistant armor, cutting tools, and wear-resistant coatings. Utilizing 

TiB2 cathodes in the electrochemical reduction of alumina to aluminum metal is a significant 

emerging application. If TiB2 electrical discharge machining is accomplished, more uses might 

emerge quickly. Economic considerations, especially the price of densifying a material with a high 

melting point and concerns about the substance's unpredictability, may prevent this material 

from being used more widely [55]. 

Angadi et al. [56] effectively investigated how TiB2 particles affected TiB2/Al MMC processing 

parameters to satisfy production needs and looked for the best processing conditions for these 

metal matrix composites, taking a variety of factors into account.  Following the identification of 

the optimal cutting velocity, feed rate, and depth of cut, the end-process variables—surface 

roughness and material removal rate, or MRR—were evaluated.  The results show significant 

deviations from the use of titanium diboride nanoparticles for reinforcing Metal Matrix 

Composites (MMCs). 

There are several research and experimental investigations done using titanium diboride as their 

main reinforcement material. The mechanical properties of this reinforcement material are 

shown in Table 3.2. 
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Table 3. 2. Mechanical properties of TiB2 [48]. 

 

Kwon et al. [57] conducted sliding wear tests on bulk Cu–TiB2 composites that had different TiB2 

contents (2.5, 5, and 10wt%). A planetary ball mill was used to combine elemental powders of Ti, 

B, and Cu before undertaking self-propagating high-temperature synthesis (SHS). The Cu–10wt% 

TiB2 composite exhibited the lowest wear rate of 0.66mm3/N-m and the highest hardness of 

0.9GPa.  

Gopalakrishnan et al. [58] fabricated an aluminum matrix composite reinforced with 10% weight 

percent TiB2 particles.  In comparison to base metal and as-cast composites, it was found that the 

extruded composites showed better mechanical properties.  

Using computer-aided cooling curve analysis, Yang et al. [59] also studied the impact of 

Lanthanum (La) on the microstructure and corrosion behavior of TiB2(p)/Al–Cu composites. For 

their experiments, the composition of the base materials used was 10%TiB2(p)/Al–5%Cu.  

Therefore, for this study, Al6061 and 10wt% of TiB2 are used as a base material for a better and 

optimal mechanical property of the hybrid metal matrix composite to investigate the addition of 

graphite particles’ effects on the composites. 
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Figure 3. 2. Reinforcement materials and equipment. 

Graphite (Gr): 

Increased reinforcing often results in a decrease in the coefficient of friction and an increase in 

wear resistance for metal matrix composites. Numerous researchers have attempted to examine 

how graphite particle reinforcement affects the mechanical characteristics of the composite and 

have found that it is essential to the composite's performance. To lighten the composite's weight 

while maintaining a reasonable level of performance, it would be worthwhile to investigate 

hybrid composites [60]. 

According to research on Al6061-Albite and Al6061-Graphite, increasing the quantity of Gr filler 

led to better elongation, modulus, and strength at lower hardness. Increasing the amount of 

albite filler further resulted in higher UTS and hardness with lower ductility [61]. 

One of the reinforcing components in a polymeric hybrid composite was fine graphite particles 

of 98% extra pure sized 60 mesh size (the average particle size of the graphite powder was 250 

µm) [62]. 

Sharma et al. [63] examined the wear behavior of Al 6061 reinforced with graphite particles using 

a liquid casting technique. The reinforcements were added to the melt while stirring at 550 rpm 

for 10 minutes. A dry sliding wear test was performed using a pin-on-disc apparatus with a 
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variable velocity range of 0.4 – 1.2 m/s, a load of 15–45 N, and a constant sliding distance of 1200 

m. The results indicated that the addition of graphite particles significantly increased the 

mechanical and wear properties of composites when compared to the unreinforced alloy. 

In order to reduce porosity development in the composite, achieve better uniform reinforcement 

distribution, and facilitate appropriate densification of the fabricated composite, the weight 

percentage composition of any reinforcement addition should not exceed 30% [64]. Therefore, 

the maximum reinforcement for this research study was 15 wt% (12%SiC, 1%Gr and 2%Cr). 

3.2.3. WEIGHT (IN MASS) CALCULATION FOR MATRIX AND REINFORCEMENTS 

The total mass of matrix and reinforcements required to fabricate the Al6061-TiB2-Gr composite 

samples is found from the total specimens required for hardness test, microstructural 

examination, and wear test processes. The total volume of the molten metal is decided based on 

the consideration of the specimen size that is needed, the scrap that will be wasted during the 

turning operation, the overflow of molten metal during pouring, allowances, and other wastes. 

It was desired for all samples to be fabricated with a 25 mm diameter and a 20 cm length. The 

molten metal's total volume, after accounting for all of these factors, was 100 cm3. Therefore, 

the following formula may be used to determine the mass of the reinforcements and the matrix 

for each sample: 

Given:  

VT = 100cm3  

Al = 2.71g/cm3 

TiB2 = 4.52 g/cm3 

Gr = 2.26 g/cm3 

M Reinforcement = V Total x  Reinforcement x (Weight percentage/100)  Eq 3.1 

Sample 1: Al6061 + 10%TiB2 

MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.9 

= 243.9g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 

Sample 2: Al6061 + 10%TiB2 + 2% Gr 
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MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.88 

= 238.5g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 

MGr = VT x Gr x wt% = 100 cm3 x 2.26 g/cm3 x 0.02 

= 4.52g 

Sample 3: Al6061 + 10%TiB2 + 4% Gr 

MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.86 

= 233.06g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 

MGr = VT x Gr x wt% = 100 cm3 x 2.26 g/cm3 x 0.04 

= 9.04g 

Sample 4: Al6061 + 10%TiB2 + 6% Gr 

MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.84 

= 227.64g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 

MGr = VT x Gr x wt% = 100 cm3 x 2.26 g/cm3 x 0.06 

= 13.56g 

Sample 5: Al6061 + 10%TiB2 + 8% Gr 

MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.82 

= 222.22g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 

MGr = VT x Gr x wt% = 100 cm3 x 2.26 g/cm3 x 0.08 

= 18.08g 

Sample 6: Al6061 + 10%TiB2 + 10% Gr 

MAl = VT x Al x wt% = 100 cm3 x 2.71 g/cm3 x 0.8 

= 216.8g 

MTiB2 = VT x TiB2 x wt% = 100 cm3 x 4.52 g/cm3 x 0.1 

= 45.2g 
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MGr = VT x Gr x wt% = 100 cm3 x 2.26 g/cm3 x 0.1 

= 22.6g 

3.3. METHODS 

3.3.2. FABRICATION OF THE COMPOSITE 

Stir casting:  

Currently, the most basic and economically feasible way of manufacturing metal matrix 

composites is by stir casting processes. For this process, the reinforcing particle must be 

mechanically mixed with a molten metal bath before being transferred to a formed mold and 

allowed to solidify completely. A feeding mechanism for ceramic particles, a resistance-heating 

furnace for melting the base metal, and an electrical motor-driven mechanical stirrer for 

combining the pre-heated particles with the matrix liquid make up the experimental setup 

[1][26]. 

The double stir casting, or two-step mixing method, is the most current fascinating development. 

This procedure involves heating the matrix material over its liquidus temperature and then 

cooling it to a temperature that falls between the solidus and liquidus points, resulting in a semi-

solid state. At this point, preheated reinforcement particles were introduced and combined. For 

ten minutes, the stirrer's speed was kept constant at 450 RPM. After reaching a fully liquid 

temperature, the slurry is vigorously stirred once again. The molten composite was then 

prepared for transferring into the mold box. [1][26]. 

 

Figure 3.3. Stir casting setup [23]. 
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Table 3.3. illustrates the compositions of the cast hybrid composites. Previous studies on Al-TiB2 

composites have shown a similar trend due to its optimal weight percentage in the matrix 

material [36] [65] [66] [67]. 

Table 3.3. The cast Hybrid composites and their compositions [36]. 

No Specimen composition 

1 Al 6061 + 10% TiB2 + 0% Gr 

2 Al 6061 + 10% TiB2 + 2% Gr 

3 Al 6061 + 10% TiB2 + 4% Gr 

4 Al 6061 + 10% TiB2 + 6% Gr 

5 
 
6 

Al 6061 + 10% TiB2 + 8% Gr 

Al 6061 + 10% TiB2 + 10% Gr 

 

Stirring parameters: 

The stirring time and speed, the impeller (size, shape, and position in the melt), the shear rate, 

the shear period, the cooling rate, and the volume fraction of primary solid are all crucial factors 

in any stir casting method used for MMCs or MMNCs. The stirrer's ideal diameter (d) and width 

(b), where D is the crucible diameter, have been reported to be 0.4D and 0.1–0.2D, respectively 

[68]. 

The stirring speed determines the formation of a vortex, which is responsible for dispersing 

particles in liquid metal. According to studies, the ideal speed range is between 300 and 600 rpm 

[69]. For this process, the stirring speed was 450 rpm. 

In general, stirring at rates less than 100 rpm and more than 600 rpm is not suggested. A 

poor mechanical property is anticipated when a speed exceeds 600 rpm because it typically leads 

to unfavorable outcomes including excessive turbulence, pollutants, gasses, and oxide 

absorbance from the atmosphere [68]. More particles with longer durations are embedded and 

lodged in the metal matrix at optimum speed [70]. 
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Figure 3.4. Molten composite material in the furnace at 6290c. 

Based on a simulation and experiments, Krishnan et al. [71] concluded that the optimal 

arrangement for achieving the optimum microstructural and mechanical properties in Al MMCs is 

a four-blade flat stirrer. They verified the aforementioned conclusion, according to which the 

four-blade impeller is suggested due to its higher efficiency. Thus, for this procedure, a four-blade 

flat stirrer was used. 

 

Figure 3.5. Stirrer blades with (1) 45◦, (2) 60◦, and (3) 90◦ [68]. 

Sand mold: 

The sand was dried for several days prior to use for this procedure. The three main procedures for making 

the mold were selecting an appropriate pattern which is a round bar, filling and ramming the sand, and 

carefully removing the pattern. Proper preparation of the sand mold, including molding sand 

selection, compacting, and ensuring adequate venting for gas escape during pouring, is crucial to 

achieving a defect-free cast. The patterns were prepared from wood and an allowance of 3mm was 

added to it according to ASTM guidelines for the preparation of composite specimens. 
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 The sand mold, with its unique female die configuration, presents a challenging yet rewarding 

environment for pouring the molten aluminum composite. 

   

Figure 3.6. Sand mold prepared for casting of composites. 

Pouring parameters: 

The actual pouring process involved carefully and precisely controlling the pouring temperature 

to avoid premature solidification. The flow characteristics of the molten composite, influenced 

by factors such as viscosity, alloy composition, and pouring rate, were properly managed to 

prevent defects like air entrapment. 

 

Figure 3.7. Molten metal poured in the sand mold and the cooled composite specimen. 
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The two aluminum pouring temperature parameters that have the greatest impact on the 

mechanical characteristics and casting-ability of aluminum alloys are the melting and pouring 

temperatures. As with the melting temperature, the pouring temperature for aluminum must be 

optimal—that is, not too high, nor too low—to ensure the quality of the casting part. It has been 

observed that the ideal temperature range for pouring aluminum alloys is between 680°C and 

750°C. Additionally, 2.2 to 2.8 cm/s is the optimal pouring speed range for aluminum alloys [72] 

[73]. 

Machining of the composites: 

Test specimens were prepared by lathe-machining the hybrid composites after they were cast 

using the stir casting technique. The dimensions of each specimen were 20 mm in diameter and 

180 mm in length [38]. The cutting tool reduced the rotating workpiece's diameter to the 

appropriate dimension by removing material from its outer diameter during the turning 

operation. 

 

Figure 3.8. Turning operation on the samples. 

 

3.3.1. MORPHOLOGICAL STUDY OF CONSTITUENT MATERIALS 

A particle's form, shape, and chemical and physical makeup are all described by its particle 

morphology. An essential source for details regarding a material's characteristics and its uses in 

real-world applications is its particle morphology and form analysis. 
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The microstructure of a composite has a significant impact on its overall performance. However, 

the microstructure, reinforcing particle size, shape, and distribution within the composite all 

affect the physical properties of the composites [74]. The micrograph or SEM was able to show:  

• Discontinuity 

• Interfacial bond 

• Wettability 

• Porosity  

• etc … 

 

Understanding the processing and fabrication of the composite as well as the distribution of the 

reinforcing particles was the primary goal of the morphology testing. 

The reinforcement ceramic powders were prepared for the test using the standard procedure, 

which resulted in good-quality images of the reinforcements’ morphology with a scanning 

microscope JSM-840A SEM (JEOL Company). JSM-840A is capable of imaging at higher 

magnifications than optical microscopes, offering the user a range from 5x to 600,000x 

magnification. It also has the ability to obtain topographical data, useful for physical 

measurements. JEOL JSM 840A has a scanning electron beam that scan over the sample, allowing 

for improved bremsstrahlung resolution (radiation given off by free electrons) compared to other 

SEMs [75]. 

  

Figure 3.9. JEOL JSM 840A SEM machine. 
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The mean grain size of the reinforcement materials was determined by measuring images of the 

polished and etched surfaces of the materials. The commercially available software, ImageJ, was 

used. It is a Java-based image processing software that was released by the National Institutes of 

Health and the Laboratory for Optical and Computational Instrumentations. 

 

Figure 3.10. Image processing software. 

3.3.3. MICROHARDNESS TESTING 

The Microhardness tests were conducted according to ASTM E384-22 standards. A Vickers (DPH) 

diamond indenter is pushed into the material's surface using an indenter and a small amount of 

force—a few kilograms—during the microhardness test. When the penetrator is used to apply a 

load, the material surface becomes permanently deformed or indented due to the indenter's 

diamond-like shape. The material hardness can be determined using the Knoop and Vickers 

hardness test procedures, which both require formulas and precise measurements from the 

indent. Because of their small size, the resulting indentation can only be accurately measured 

with a specialized microhardness testing microscope. The experiment was carried out at room 

temperature (30°C), and each sample's hardness was measured at various points to obtain an 

average value [75] [76]. 
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Figure 3.11. MicroVickers’ hardness testing machine. 

For this study, the MicroVickers’ hardness test machine was used as shown in Figure 3.11. The 

quotient obtained by dividing the load (kgf) by the square millimeter indentation area is the 

Vickers hardness value. All of the Al6061-TiB2-Gr composite specimens have been tested through 

this experimentation, incorporating 0, 2, 4, 6, 8, and 10 weight percent of reinforcement for the 

casts. The prepared specimens are shown in APPENDIX IV. 

Table 3. 4. Test parameters for Vickers’ hardness [77].  

Indenter  Angle Load Time Trials 

A diamond-like tip 

with a pyramid 

shape 

 

136oC 

 

2kgf 

 

10 seconds 

 

3 

 

 

Figure 3.12. Illustration of Vickers’ hardness indentation area. 
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A load of 2kgf was applied progressively for 10 seconds at three distinct places, to obtain average 

values. After that, the resulting indent mark was viewed optically at a 10x magnification to 

measure the diagonal lengths and calculate the hardness value. Following that, the VHT machine 

automatically calculated and displayed the HV number using Eq. 3.1 as stated in ASTM E384-17 

[77]. 

             HV =
Constant × Force

area of indentation
=

0.102 𝑥 2𝐹 𝑥 𝑆𝑖𝑛(
136°

2
)

𝐷2     Eq. 3.1 

= 0.1891 ×  
𝐹

𝐷2
 

Where HV is Vickers hardness value (kgf/mm2), F is the applied load (Kgf) using the indenter, and 

D is the average length in millimeters of the diagonals (d1 & d2) marked by the indenter.  

3.3.4. MICROSTRUCTURAL EXAMINATION 

Scanning electron micrographs of stir-cast composites with varying graphite reinforcing 

concentrations were taken. During the stir casting process, Gr particles are added to the base 

material, increasing the amount of reinforcement particles. 

To achieve an appropriate surface finish, the specimen will first be polished and grinded using 

several grades of emery sheets before to the microstructural examination. Below is an 

explanation of the processes: 

Grinding is the procedure for smoothing and cleaning the surface that will be examined. A graded 

sequence of abrasives is used to abrade the specimen's surface for examination, starting with a 

coarse grit. samples were grinded using the sandpaper of gradually increasing scale 400, 800, and 

2000 grits. 

Etching is a method for creating contrast on specimen surfaces between microstructural 

properties. Etching is a regulated process of corrosion that takes place between surfaces with 

various electrochemical potentials. The samples were grinded, polished, and then etched using 

an etchant solution (25ml ammonia hydroxide, 20ml hydrogen peroxide, and 25ml distilled 
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water) before to carrying out the suggested microstructural characterization. The samples were 

merely immersed in the solution for 30 seconds to carry out the etching process. 

These processes allow for the achieving of a higher level of surface finish, allowing for a clear 

view of the hybrid reinforcement particles on the matrix alloy. 

 
Figure 3.13. SEM examination samples. 

Therefore, similar procedures were taken in this examination and after the test, the mean size of 

the grains was measured using ImageJ software. The micrograph was drawn by a randomly 

chosen straight line, which also allowed to count the number of grain boundaries that the line 

intersects. 

3.3.5. PIN-ON-DISC DRY SLIDING WEAR TEST 

Tribometers can be utilized for investigations of how material pairings wear and their friction. A 

predetermined standard force is applied to move a test object—such as a steel ball or pin—over 

the specimen in a circular motion. The coefficient of friction or the friction force, is constantly 

recorded throughout the test. Measuring the test specimen's abrasion and wear track allows for 

the subsequent measurement of wear [78].  

Figure 3.14. shows a schematic drawing of a typical pin-on-disk wear test system. A lever-arm 

device to hold the pin, a driven spindle and chuck to hold the rotating disk, and attachments that 

allow the pin specimen to be pressed against the rotating disk specimen with a regulated load 

comprise one sort of typical system. A pin rotating about the disk center is loaded against a 

stationary disk in a different kind of mechanism. Regardless, the disk's wear track is a circle with 
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several wear passes on a single track. The system has a mechanism for detecting friction force, 

like a load cell, which makes it possible to calculate the coefficient of friction. 

 

Figure 3. 14. An illustration of a pin-on-disk wear test system [79] 

To determine the coefficient of friction and the wear rate of the composites, Tribometer TR-20 

Micro was used. With the use of this apparatus, the pin-on-disk method of studying material 

wear behavior can be conducted. It can be programmed to analyze friction in relation to 

temperature, load, speed, and wear. The apparatus facilitates the mounting of round or square 

specimens that drive a six-millimeter steel ball. It is equipped with an EN31 carbon steel disk that 

is 100 mm in diameter and has a hardness of 65 HRC [80]. 

 

Figure 3.15. A Pin-on-disc apparatus with its data acquisition system. 
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The samples were weighed accurately with a balance of the fourth decimal. Wear tests using pin-

on-disc dry sliding were performed on the composite specimen. During each experiment, the 

wear loss in microns was measured, and the volumetric wear loss was computed using the weight 

loss resulting from the wear. 

 

Figure 3.16. A 4-digit UniBloc Analytical balance. 

Dimension of specimens: 

As per the standards for Tribometer TR-20 tests, the specimens were 12 mm in length and 6 mm 

in diameter. All samples were carefully cleaned using 50 percent alcohol and petroleum ether 

before the test began. 

 
Figure 3.17. Samples prepared for experimental tests. 

 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  45 

 

Procedures: 

According to ASME G99-95a, the standard guidelines were adhered to. Immediately before 

testing, specimens were cleaned and dried thoroughly, removing dirt and foreign matter. 

Cleaning agents and solvents were applied. 

Measurements were taken of the specimens to the closest 2.5 µm or 0.0001 g of weight. Then, 

disks and pin specimens were securely inserted in the holding devices, ensuring they are 

perpendicular to the disk axis. The system lever or dale was then loaded in order to exert the 

force that pressed the pin against the disk. The motor was turned on and its speed was varied 

while the pin specimen was kept away from the disk. The revolution counter was then set to the 

desired number of revolutions. Lastly, after the predetermined number of revolutions, the test 

with specimens in contact under stress was completed. 

Finally, Specimens were taken out and cleaned from the loose wear debris once the test 

completed, and features like misplaced metal, spotting, microcracking, or discoloration were 

identified. Then, the last and most important task was remeasuring specimen dimensions or 

weighing them and recording them. For the rest of the other specimens and statistically accurate 

results, a similar procedure was followed. 

Parameters of the process: 

Vedrtnam and Kumar et al., [81] examined the wear characteristics of aluminum reinforced with 

copper and silicon carbide. The research revealed that the weight percentage of the 

reinforcements had the greatest impact on the composite's wear rate. In terms of influence, load 

and sliding speed came in second and third place, respectively, while sliding distance had the 

least impact. 

Azad and Priyan et al., [82] examined the impact of boron carbide on AA6061 alloy using a stir 

casting technique, as well as the wear resistance and hardness of composite materials. The 

authors found that increasing weight percentage of reinforcement to AA6061 alloy increased the 

hardness and wear resistance of composites. When the samples were evaluated at higher loads, 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  46 

 

wear tracks of higher weight percentage composites revealed deep grooves with delamination 

and fine grooves on the surface parallel to the sliding direction. 

At higher loads, the wear rate of Al-alloys increases significantly. Al-alloy does not participate 

directly in the wear process at low loads since the particles serve as load-bearing constituents 

[83]. Because of a lower real contact area, metallographic measurements at low loads suggested 

that the composite and counter-face had less chemical interaction [84]. The size of the worn 

debris is in the order of millimeters at higher weights and a few hundred micrometers at lower 

loads [85]. 

Krishnamurthy et al., [86] also studied that the specific wear rate of the aluminum alloy has 

shown an increase significantly at increasing loads on the Al6063–TiB2 composites but decreased 

upon the addition of TiB2 particles. 

Therefore, in this study, optimum parameters from works of literature are adopted. In Table 3.5., 

the summary of the process parameters is presented. 

Table 3.5. Input process parameters for the wear test. 

Parameters Value Reference 

Applied Load 30N  

 

Krishnamurthy et 

al. [86] 

Sliding Velocity 0.47m/s  

Wear track diameter 30mm 

Disk speed, RPM 300rpm 

Temperature and Humidity Room temperature 
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3.3.6. DESIGN OF EXPERIMENT (DOE) 

For the second phase of the study, which was an optimization of the wear conditions of the 

composite specimen, the Taguchi method was used. The specimen that was selected for this 

experiment was Sample 5 (Al 82% + TiB2 10% + Gr 8%). 

In this study, A DOE model has been created using MINITAB v21.2, and its statistical analysis using 

Taguchi analysis was carried out to examine the impact of process factors. One of the most widely 

used and efficient optimization strategies available today is Taguchi's method, which produces a 

high-quality system using orthogonal array (OA) trials that generate several reduced experiments 

with the ideal setup for process control parameters. It converts the experimental results into a 

signal-to-noise (S/N) ratio. Three types of S/N ratios are typically used. nominal-the-best, higher-

the-better, and smaller-the-better [87] [88]. 

The purpose of the design of experiments was to investigate the wear behavior of the composites 

for different test conditions. The experiments were run in an ambient setting with a variable 

sliding speed, time, and load (contact pressure). The pin-on-disc equipment was used to conduct 

the test. On the combination of Al6061 + 10%TiB2 + 8%Gr, experiments were conducted for three 

distinct factors: load (N), disk speed (RPM), and time (min). These input parameters are thought 

to be the main design components. Table 3 illustrates the three levels into which each factor was 

subdivided. In this investigation, a predesigned orthogonal array named L9 (33), created by 

Taguchi, was utilized after taking these experimental conditions into account. An orthogonal 

array is used in this study which is listed in Table where test conditions and test parameters are 

represented by rows and columns, respectively. The two output responses, wear and coefficient 

of friction (COF), are measured using a pin-on-disc instrument. Both output responses meet the 

same criterion, i.e., a lower value is preferred. Additionally, by using the traditional Taguchi 

approach, the best parameter settings for each performance characteristics were determined 

[89]. 
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The three factors (Load, Disk speed, and Sliding Time) were added to MINITAB v21. Since these 

parameters had three levels, a total of nine runs were made in order to produce a DOE model. 

Table 3. 6. Number of experimental runs for 3 factors and 3 levels DOE. 

No of Runs Load (N) 
 

Disk speed (RPM) Time (min) 

1 20 200 5 

2 20 300 10 

3 20 400 15 

4 30 200 10 

5 30 300 15 

6 30 400 5 

7 40 200 15 

8 40 300 5 

9 40 400 10 

 

3.4.  SUMMARY 

In Summary, the study used a stir stir-casting technique to fabricate test specimens. Following 

specimen preparation in accordance with the standards, Wear test by a pin-on-disc technique, 

Morphological analysis, Microhardness test, and Microstructural examination were conducted.  

The second phase of the study was choosing one composition of the composites and conducting 

optimization of wear parameter conditions. Figure 3.18. shows the general workflow of this 

study. 
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Phase one: 

 

 

 

 

 

 

Start of the 
study

•Studying a background information.

•Identifying a research problem.

Literature 
review

•Review of processing techniques.

•Review of effects of reinforcement materials.

•Formulating a statement of a problem.

•Setting objectives for the study.

•Deciding the scope of the research.

Material 
Preparation

•Identifying matrix and reinforcement materials.

•Preparing materials.

•Preparing working site.

Fabrication of 
composites

•Fabricating test specimens by a stir casting method.

•Preparing samples based on the standards for each test.

Conducting 
experiment

•Conducting a pin-on-disk wear test.

•Conducting a Microhardness test.

•Conducting a Microstructure examination.

Analyzing 
results

•Collecting the results of all the experiments.

•Discussing analyzing the results.
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Phase two: 

 

Figure 3.18. The workflow of the study: phase one (a) and phase two (b). 

 

 

 

 

 

 

 

 

 

 

 

Selection of 
Composition

•Choosing one composition for a wear test under different conditions.

•Selecting optimization parameters.

Optimization 
of Wear 

condition

•Preparing a DOE.

•Generating a suitable OA in MINITAB.

•Conducting wear test.

•Selecting optimum wear condition.

•Conducting confirmation of test.

Documentation
•Presenting conclusions, recommenddations and future works.

•Documenting the thesis.
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION 

4.1. INTRODUCTION 

In this chapter, different test results will be presented and will be discussed. The samples with 

their respective weight percentage are designated in Table 4.1. The sample code was given 

during the fabrication of the composite, in order of the melt. 

Table 4. 1. Designation of the composite Samples. 

Sample No Sample code Composition 

Sample 1 M5 Al 90% + TiB210% + Gr 0% 

Sample 2 M6 Al 88% + TiB2 10% + Gr 2% 

Sample 3 M3 Al 86% + TiB2 10% + Gr 4% 

Sample 4 M4 Al 84% + TiB2 10% + Gr 6% 

Sample 5 M1 Al 82% + TiB2 10% + Gr 8% 

Sample 6 M2 Al 80% + TiB2 10% + Gr 10% 

 

4.2. MORPHOLOGICAL ANALYSIS 

Figure 4.1. illustrates scanning electron microscope (SEM) images depicting the microscopic 

morphologies of samples of reinforcement particles. The samples basically revealed randomly 

distributed and equiaxed grains of titanium diboride (a) and graphite (b). 
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Figure 4. 1. SEM Micrograph image result for (a) TiB2 powder at 5um and 4000x magnification 
and (b) Gr powder at 100um and 200x magnification 

With the help of the image processor, by randomly selecting a few numbers of grains from the 

SEM micrograph image, the mean grain size was measured to be about 4.398mirons for TiB2. 

Similarly, For Graphite particles the average size of the grains was around 122 microns. 

 

 

a b 
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Figure 4. 2. Measurement of grain size of reinforcements using ImajeJ. 

Granton al et. [90] described the form and shape of particles and explained Roundness and 

angularity are end members that describe the nature of the edges or corners of a particle. In 

addition to that, in terms of the packing of the particles, the porosity level can be lowered with 

Rhombohedral packing from a theoretical maximum of 47.64% porosity to a minimum of 25.95%. 

Therefore, as shown in Figure 4.1., both particles’ morphologies depict the arrangements of 

approximately equal particle sizes that can be considered as having a Rhombohedral packing. In 

terms of the surficial texture of the particle, Graphite can be characterized as bright and frosted. 

And, Titanium diboride can be described as a wetted type of surface texture. 

C.S. Ramesh et al. [91] examined the Al6061-TiB2 in-situ composite's microstructure and 

observed that the addition of TiB2 reinforcement has reduced the matrix alloy's grain size. The 

reduction is mostly due to TiB2's capacity for grain refining, or nucleating more particularly. 

4.3. MICROHARDNESS ANALYSIS 

Micro-hardness testing is always important for the following applications: 

• Microstructural hardness variations. 

• Surface hardness 

• Coating hardness 

• Case depth 

• Hardness of fragile or brittle metals 
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The results of the test are depicted in Table 4.2. As shown in the table, for every composite 

sample, multiple hardness test trials were conducted, and the average result was calculated. 

Figure 4.3. Shows the samples after the experiment. 

 

Figure 4. 3. Samples after the Microhardness test was conducted. 

Table 4. 2. Vickers’ Hardness test results for the test specimens. 

 

Sample No 

Vickers hardness value, HV   

Average Value Trial 1 Trial 2 Trial 3 

Sample 1 25.9 18.3 25.4 23.2 

Sample 2 31.6 37.5 32.3 33.8 

Sample 3 37.6 31.2 35.5 34.76 

Sample 4 41.9 45.5 39.2 42.2 

Sample 5 42.9 41.1 34.8 39.6 

Sample 6 46.0 41.3 43.9 43.43 
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Figure 4. 4. Hardness values of the hybrid composite samples (Al 90% + TiB210% + Gr 0% to Al 
90% + TiB210% + Gr 10%). 

As shown in Figure 4.4., the hardness of the composite material is found to be higher than that 

of the unreinforced matrix metal, and a noticeable trend of increased hardness is observed as 

the volume fraction of graphite increases. This is due to the fact that these reinforcing particles 

increase the resistance to deformation when subjected to a load. 

As shown in Table 4.2., The minimum and maximum hardness values from all of the samples of 

the composites were 18.3HV and 46HV respectively. In sample 1 (Al6061 + 10%TiB2 + 0%Gr), by 

the addition of 2% of graphite reinforcement, the hardness value was drastically improved from 

23.2 to 33.8HV. That is an increment of 45.6%. From Sample 2 to Sample 6, it can be visualized in 

the histogram that the hardness increases gradually. The Maximum hardness value for this 

experiment, 43.43HV, was obtained in 10% reinforcement composition in sample 6. From the 

base material (Sample 1), there is a total of 86.59% improvement in hardness. 

As the Gr particle content increases, the composite gets harder, which enhances the composite's 

performance. The hardness of the composite will increase as a result of the hard material's 

imputed properties since ceramic particles have a higher hardness value than the soft aluminum 

metal matrix. 
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According to the results obtained from Sivananthan et al. [92] uniform stirring speed and optimal 

stirring time, of 10 minutes, enhance the particle distribution in the matrix material. A proper 

mixing of matrix and reinforcement materials during stir casting is essential to get a better 

property of a composite. As a result, between particles and the metal matrix, a good interfacial 

bonding will be created. Reinforcing particles enter the soft ductile metal matrix's lattice 

structure and hinder the mobility of atoms when there is a dislocation by providing greater 

resistance to plastic deformation. With increasing wt.% of reinforcements, grain boundary 

strength increases while dislocation density of atoms drops, giving strength to the matrix and 

hence the hardness of the composite increases. The hardness of the composite increases as the Gr 

particle content increases which will eventually improve the performance of the composite [93]. 

Therefore, it is reasonable to say the composites were able to resist localized damage during 

indentation by the diamond tip indented in the Vickers hardness test as a result of an increased 

percentage in weight of graphite particles. The microstructure of the samples falls in line with 

this conclusion. 

4.4.  WEAR ANALYSIS 

WEIGHT LOSS: 

The mass loss after conducting the pin-on-disc test was calculated by carefully weighing the 

samples before and after the test. The results are tabulated as follows. 

Table 4. 3. Weight loss before and after the test for the samples. 

Samples Initial weight Final weight Weight loss 

Sample 1 0.8039 0.7910 0.0129 

Sample 2 1.0569 1.0476 0.0093 

Sample 3 0.8885 0.8816 0.0069 

Sample 4 1.1372 1.1325 0.0047 

Sample 5 0.9574 0.9569 0.0025 

Sample 6 0.9872 0.9851 0.0021 
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Figure 4. 5. Weight loss of the sample. 

COEFFICIENT OF FRICTION: 

The coefficient of friction is used with a variety of materials and circumstances, but it becomes 

more significant when friction is crucial to the material's ability to function as intended. The way 

the coefficient of friction test is set up might not accurately reflect how it would be used in 

practice. There could be variations in the size or form of the area of contact, the normal applied 

load, and the rotation speed, which could be significantly faster or slower. These circumstances 

cannot be replicated by the standard COF test. Certain materials' performance can be impacted 

by environmental variables like humidity and temperature.  For this reason, lubrication is 

expected to be used in numerous applications.  

The most evident and easily measured factor that can influence wear is the load or the contact 

stress. The normal load or contact stress magnitude is considerable because it increases the area 

of contact and the depth below the surface. The coefficient of friction is the ratio of the friction 

force which is a real-time value recorded in the tribometer test and the normal load applied to 

the pin, which is constant, 30N. 

COF(µ) = 
𝐹𝐹

𝑁
                                                                                           (4.1) 

Where FF is frictional force, and N is the normal load. 
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The Coefficient of Friction (COF) variation for each test specimen with time is shown in the Figure 

4.6. 

 

Figure 4. 6. Coefficient of friction for each sample with time. 

The coefficient of friction of graphite-filled composites under a 30N load and 281m sliding 

distance is seen in Figure 4.6. The COF for the sample 5 (Al6061 82% + TiB2 10% + Gr 8%) and 

sample 6 (Al6061 82% + TiB2 10% + Gr 10%) has shown a significant decrease with the increased 

weight percentage of graphite. 

In the case of 8% and 10% graphite-filled composites, Similar trends were seen in the COF 

variation, indicating that the composite reaches graphite saturation at 8% and above. The SEM 

images of the composites' surface validate these observations. 

Table 4. 4. Coefficient of friction for each percentage of graphite. 

 Gr percentage 

0%  2%  4%  6%  8%  10%  

Average Coefficient 
of Friction from the 
Test 

 
0.54 

 
0.50 

 
0.49 

 
0.48 

 
0.39 

 
0.38 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

T

2
1

4
3

6
5

8
8

1
1

0

1
3

2

1
5

4

1
7

6

1
9

8

2
2

0

2
4

2

2
6

4

2
8

6

3
0

8

3
3

1

3
5

3

3
7

5

3
9

7

4
1

9

4
4

1

4
6

3

4
8

5

5
0

7

5
2

9

5
5

1

5
7

3

5
9

6

C
o

e
ff

ic
ei

en
t 

o
f 

Fr
ic

ti
o

n

Time(sec)

COF of all Samples

COF 1

COF 2

COF 3

COF 4

COF 5

COF 6



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  59 

 

The COF is significantly reduced when graphite filler is added to the glass fiber-reinforced 

composite in a relatable study. It is because graphite functions as a solid lubricant and it lowers 

the coefficient of friction. At a sliding distance of 281 m and a load of 30 N, the addition of 8% 

and 10% graphite to the Al6061-10%TiB2 composite reduced the friction coefficient of the 

composite by 21.06%, from 0.54µ to 0.39µ and by 20.52% from 0.54µ to 0.38µ, respectively. It 

follows that the friction coefficient of the composite progressively decreases as the amount of 

graphite content increases. 

The coefficient of friction plays a pivotal role in material selection for some applications. For some 

uses the friction coefficient is one of the key parts of the suitability of the material, such as for 

disc brakes and many other contacting parts. 

FRICTION FORCE: 

Figure 4. shows the frictional force against time of the POD experiment. Sample 1 and Sample 2 

exhibit a higher number of friction forces. In the contrary, Sample 5 and Sample 6 show lower 

values of FF. Since the coefficient of friction and frictional force are directly proportional to each 

other, we notice a similar pattern in Figure 4. That shows COF plots.  

 

Figure 4. 7. Frictional force for all samples. 
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Therefore, these results also showed that the frictional force and coefficient of friction is lower 

for sample 5 (Al6061-10%TiB2-8%Gr) and Sample 6 (Al6061-10% TiB2-10%Gr). 

WEAR RATE: 

A commonly used equation to calculate the wear rate is Archard et al.,1953 equation [94]. 

Vi =ki F s      (4.2) 

where F is the normal load, s the sliding distance, Vi the wear volume and ki the specific wear rate 

coefficient. The Index i identifies the surface considered. 

The k-value is given in m3/Nm or m2/N, sometimes in mm3/Nm. From a design view, the wear 

displacement h is more convenient than V. With hi =Vi /A, the contact pressure p=F/A where A is 

the area subjected to wear then: 

hi =ki p s       (4.3) 

The sliding distance, s, can be substituted by s=v.t where v is the average value for the slide rate 

and t the running time. Because the k-value similar to the friction coefficient depends on a lot 

of parameters and it is to be found experimentally. 

But, other than this model, similar models are also being used to determine the wear rate. The 

following model is used for the wear rate comparison of the samples. 

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                                                                 (4.4) 

𝑊𝑒𝑎𝑟 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
1

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒
                                                                     (4.5) 

Wear volume loss is reported by this test method to eliminate confusion caused by changes in 

density, even though mass loss measurements can be used internally in laboratories to evaluate 

materials of equivalent densities. The appropriate care was taken to use and report the 

theoretical density value for the materials tested when calculating volume loss from measured 

mass loss. 
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The following equation should be used, according to ASTM-G99, to convert mass loss to volume 

loss.. 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑠, 𝑚𝑚3 =
𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠,𝑔

𝑑𝑒𝑛𝑠𝑖𝑡𝑦,𝑔/𝑐𝑚3
      (4.6) 

Now, by rearranging Eq. 4.3 and Eq. 4.5 we can calculate the wear rate (cm3/m) as: 

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠,𝑔

𝐷𝑒𝑛𝑠𝑖𝑡𝑦,
𝑔

𝑐𝑚3
 𝑥 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒,𝑚

                                                      (4.7) 

Density of the composites: 

By applying Archimedes' principle to the density of base metal and reinforcements, we can 

determine the density of mono or hybrid composite materials. By applying the law of mixture to 

ascertain the occupied space of the reinforcements and matrix in the composite and their 

corresponding densities, the theoretical density of the composite samples has been determined 

[95]. 

Therefore, it can be computed using Eq. (4.7). 

𝜌𝑡ℎ = (𝜌𝐵𝑀 ∗ 𝑉𝐵𝑀) + (𝜌𝑟𝑒𝑖𝑛 ∗ 𝑉𝑟𝑒𝑖𝑛)𝑛      (4.8) 

Where, VBM and Vrein are percent contribution in the composite, 𝜌𝐵𝑀 and ρrein are the base metal 

and reinforcement densities respectively. And, n represents the number of reinforcements. 

To determine the wear rate of each specimen, we now calculate the theoretical densities, which 

are concurrent with experimental results, for each specimen.  

For sample 1: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) 

𝜌𝑡ℎ = (2.71 ∗ 0.9) + (4.52 ∗ 0.1) = 2.891g/cm3 

For sample 2: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) + (𝜌Gr ∗ 𝑉Gr) 

𝜌𝑡ℎ = (2.71 ∗ 0.88) + (4.52 ∗ 0.1) + (2.26 ∗ 0.02) = 2.882g/cm3 
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For sample 3: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) + (𝜌Gr ∗ 𝑉Gr) 

𝜌𝑡ℎ = (2.71 ∗ 0.86) + (4.52 ∗ 0.1) + (2.26 ∗ 0.04) = 2.873g/cm3 

For sample 4: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) + (𝜌Gr ∗ 𝑉Gr) 

𝜌𝑡ℎ = (2.71 ∗ 0.84) + (4.52 ∗ 0.1) + (2.26 ∗ 0.06) = 2.864g/cm3 

For sample 5: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) + (𝜌Gr ∗ 𝑉Gr) 

𝜌𝑡ℎ = (2.71 ∗ 0.82) + (4.52 ∗ 0.1) + (2.26 ∗ 0.08) = 2.855g/cm3 

For sample 6: 

𝜌𝑡ℎ = (𝜌Al ∗ 𝑉Al) + (𝜌TiB2 ∗ 𝑉TiB2) + (𝜌Gr ∗ 𝑉Gr) 

𝜌𝑡ℎ = (2.71 ∗ 0.80) + (4.52 ∗ 0.1) + (2.26 ∗ 0.1) = 2.846g/cm3 

The summary for the calculated densities of each sample is shown in Table 4.5. 

Table 4. 5. Density of the composites. 

Sample No Density, 𝜌, (g/cm3) 

Sample 1 2.891 

Sample 2 2.882 

Sample 3 2.873 

Sample 4 2.864 

Sample 5 2.855 

Sample 6 2.846 

By doing the above simple calculations, we can find the volume loss and the wear rate for each 

sample. The sliding distance of the wear track at a speed of 0.471m/s and applied load of 30N 

for 10 minutes is found to be 281m. The results are put in Table 4.6. 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  63 

 

Table 4. 6. Wear rate and Volume loss of the specimens. 

Sample No Initial Weight 

(g) 

Final Weight 

(g) 

Weight Loss 

(g) 

Volume loss 

(g/cm3) 

Wear Rate  

(mm3/N-m) 

Sample 1 0.8039 0.7890 0.0149 0.005153 0.000611 

Sample 2 1.0569 1.0476 0.0093 0.003226 0.000382 

Sample 3 0.8885 0.8816 0.0069 0.002401 0.000284 

Sample 4 1.1372 1.1325 0.0047 0.001641 0.000194 

Sample 5 0.9574 0.9569 0.0025 0.000875 0.000103 

Sample 6  0.9872 0.9851 0.0021 0.000737 0.000087 

A transition condition from mild to severe wear has been linked by a few authors to a wear rate 

in the range of 10-6 to 10-4. Smooth surfaces and wear rates <10-6 mm3/N-m are related to a small 

regime; microfractures, grooves, and wear rates >10-6 are associated with a severe regime. Figure 

4.8. displays wear curve diagrams for composite specimens with 0, 2, 4, 6, 8, and 10 percent 

graphite particle content. 
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Figure 4. 8. Wear rate of all samples in (a) g/m and (b) mm3/N-m 

As the amount of reinforcement particles in the composites increases, they also improve their 

wear resistance. Ma et al. (1996) [96] observed a similar wear behavior trend. This is caused by 

the hardness of the titanium diboride particles during sliding motion and the lubricating coating 

that is created by the graphite particles.  

As it is observed in the Figure 4.8., the wear rate of composites reinforced with 10 percent TiB2 

and 8 percent graphite has declined nearly Seven times than from that of the base material (10 

percent TiB2 with no graphite) (sample 1) or improved by 83.18% and almost 4 times than the 

Al6061 reinforced with 10% TiB2 and 2% graphite particles (sample 2). The wear rate for Sample 

6 showed a reduction of 85.77% compared to sample 1. 

All of the compositions' wear rates initially decreased as the sliding distance increased and then 

they became constant and ceased to increase after that.  Owing to the high hardness of 10%TiB2 

+ 8% and 10 % Gr reinforcements, sample 5 and sample 6 showed the lowest wear rate. 

4.5. SEM MICROSTRUCTURE ANALYSIS 

A liquid alloy's microstructure can separate into up to three different zones as it solidifies in a 

mold. The chill zone, where the fine, equiaxed grains with a primarily random crystallographic 

orientation form, is in contact with the mold wall. The chilling that happens when the liquid first 

comes into touch with the cold wall is what drives the nucleation of grains in this zone, which can 

happen on the wall directly or as a result of the melt's heterogeneities. By heating the mold, the 

zone can be eliminated. The columnar zone is created by the grains becoming longer as the 
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casting solidifies closer to its center. Certain grains have their preferred development direction 

in the chill zone more nearly antiparallel to the heat flow; these grains grow at a lower rate of 

supercooling and gain a preferred crystallographic orientation in the columnar zone by 

surpassing other grains at the liquid-solid interface [97]. 

 
Figure 4.9. Different Microstructure zones of a liquid alloy [97]. 

H.Q. Wang et al. [98] studied Al6061 casting rod structure and revealed the casting rod's chilled 

surface area as well as the center's grain form during deep corrosion. The precipitates were 

present both inside and outside the grain of the base structure, which included a white, light α-

Al phase. Both the grain's center and surface have the same equiaxed shape. 

 

Figure 4. 9. Al6061 casting rod chilled surface (a) and the grain shape in the center after deep 
corrosion (b) 

Figure 4.10. shows SEM micrograph images of all of the samples. Good quality images were 

chosen for a clearer view of the microstructure with different micrograph magnifications ranging 

from 500x to 1000x and 5µm to 100µm.  

a b 
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Figure 4. 10. SEM micrograph images of (a) Sample 1(Al6061 + 10%TiB2 + 0%Gr) (b) Sample 2 
(Al6061 + 10%TiB2 + 2%Gr) (c) Sample 3(Al6061 + 10%TiB2 + 4%Gr) (d) Sample 4(Al6061 + 

10%TiB2 + 6%Gr) (e) Sample 5(Al6061 + 10%TiB2 + 8%Gr) (f) and Sample 6 (Al6061 + 10%TiB2 + 
10%Gr) 

As illustrated in Figure 4.10., In Sample 5 (Al6061 + 10%TiB2 + 8%Gr) and Sample 6 (Al6061 + 

10%TiB2 + 10%Gr), TiB2 and Gr particles are more densely distributed in the MMC. This is due to 

a higher percentage of composition of the reinforcements in the composite. 

TiB2 particles 

Pores and 

holes 

Gr particles 

(a) (b) 

(c) (d) 
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Abraded Al 

matrix 
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Although the precise mechanisms are outside the scope of this chapter, break-up is an important 

occurrence to note; microstructures that show scattered nucleation may have a completely 

distinct origin that is not susceptible to any nucleation investigation. 

The microstructure of the composites formed by the reinforcing particles, which were generally 

twinned and only a few µm in size. There were no foreign impurity atoms seen at the contact 

according to the SEM. 

Porosity: 

It is usually the case that reinforcing metallic matrices with ceramics causes voids in the 

microstructure due to ceramic aggregation, a considerable difference in surface energy between 

ceramics and metals, and arbitrary shape of the ceramics with sharp edges. Reinforcement may 

increase the percentage of porosity in an aluminum matrix composite for a variety of reasons. 

The reinforcing particles might act as gas bubble nucleation sites during the manufacturing 

process, which would increase porosity. This is one explanation for the porosity increase. Another 

reason is that adding reinforcement increases the viscosity of the molten metal matrix, which 

would make it difficult for gas bubbles to escape during solidification and lead to closed voids in 

the final product. Additionally, dispersion caused by reinforcing particles in molten aluminum 

metal may result in gas bubble entrapment [99]. Eventually, these gaps will have a detrimental 

effect on the mechanical, thermal, and even operational aspects of composites. Because it 

regulates the porosity in composites, the size of the reinforcing particles is also a critical factor in 

determining the wear and fracture behavior of metal matrix composites. [100]. 

By using ImageJ, the porosity level was measured with the help of the Threshold tool. The 

techniques and tools used for measuring particle size and porosity level are shown as a 

screenshot in Appendix IV. For sample 1, 5.681% of the porosity level was measured. By following 

similar steps, the porosity level for sample 2 is 6.192%, 6.86% for sample 3, 7.945% for sample 4, 

9.441% for sample 5, and 10.164% for sample 6. 

To compare the outcomes with similar studies, Cole et al. 2022 [101] also used this software for 

quantifying cortical pore morphometry on bone images and it delivered the desired output. 
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Figure 4. 11. Image J results for porosity examination of samples. 

4.6. OPTIMIZATION OF WEAR PROCESS PARAMETERS 

This section is part of phase two of the study. After completing all the examinations and tests on 

all samples of different compositions, the result of the test was analyzed; and also compared to 

results and conclusions of similar researchers. The selection of a sample for optimization of wear 

condition is explained in the next sub-section. 

4.6.1. SELECTION OF ONE COMPOSITION OF THE COMPOSITES FOR OPTIMIZATION OF WEAR 

CONDITION  

For the wear performance of a hybrid composite material to be better, the proportion of 

reinforcement should be carefully selected to increase wear resistance. If there is an excessive 

reinforcement in the material, as a result, the goal of reinforcement will be defeated. 

Comparably, A component with too much reinforcing will become less ductile and lose its 

toughness other important characteristics that are desired in composites. The following 

literature among many others has also shown similar conclusions. 

Manoj et.al [102] demonstrated a 79.54% improvement in the tensile strength of composites 

reinforced with titanium diboride (TiB2). Nonetheless, elongation decreased by 45.47% in 

comparison to the matrix material of Al alloy. 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  69 

 

Manohar et al. [103] examined the mechanical properties of Al7075/SiC/8%Gr ; the findings 

showed that the hybrid composite with an optimal weight percentage of 8% graphite had 

significantly improved mechanical properties. 

According to Sharma et al., [104]  study on the wear behavior of the Al6101/Gr composite, 

graphite's brittleness as a reinforcement causes the brittleness in the aluminum matrix 

composites to increase, thereby reducing their ductility. The flexural strength of cast Al6101 

metal matrix composites is shown in Figure 4.12. It demonstrates that when the percentage of 

graphite in Al6101 increased, the composites' flexural strength decreased. The creation of a small 

lubricating coating on the tribosurface as a result of the higher graphite reinforcement content 

in the Al6101 metal matrix was the reason for this decrease in wear rate. As a result, their 

mechanical properties were degraded by an increase in porosity and cracks caused by an 

increased graphite content. 

 

Figure 4. 12. Flexural strength of Al6101 vs Weight percentage of graphite reinforcements [101]. 

Along with several other suggestions from the literature, the sample that was selected for further 

parametric optimization of wear processes was sample 5, Al6060 + 10TiB2 + 8% Gr. 

Based on ASTM-G99 standards for pin-on-disk wear test, test samples from sample 5 were 

prepared and the standard procedures were followed in conducting the optimization process of 

the designed experimental runs.  
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Mass Loss: 

Similarly to the first experiments, the mass of the specimens before and after each experimental 

run was weighed and the mass loss after wear was recorded carefully and presented in Table 4.7. 

Table 4. 7. Experimental results for the mass loss of L9 OA runs. 

Exp’tal 

Run 

Load 

(N) 

Speed 

(RPM) 

Time 

(Min) 

Weight  

Before(g) 

Weight 

After(g) 

Total Weight 

Loss(g) 

1 20 200 5 0.9236 0.9229 0.0007 

2 20 300 10 1.0021 0.9995 0.0026 

3 20 400 15 0.9945 0.9512 0.0433 

4 30 200 10 0.9229 0.9221 0.0008 

5 30 300 15 0.9995 0.9950 0.0045 

6 30 400 5 0.9512 0.9500 0.0012 

7 40 200 15 0.9221 0.9198 0.0022 

8 40 300 5 0.9950 0.9888 0.0062 

9 40 400 10 0.9500 0.9465 0.0035 

 

COF: 

An important parameter that is examined together with assessing the materials' resistance to 

wear is the coefficient of friction. Figure 4.13. shows the variation of the coefficient of friction 

(COF) for every experimental run with time. The mean coefficient of friction collected from the 

experiment is shown in Table 4.8. 
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Figure 4. 13. COF for L9 OA experiments. 

Table 4. 8. Coefficient of friction for each experimental run. 

 Experimental Runs 

1 2 3 4 5 6 7 8 9 

Average 

COF 

 

0.44 

 

0.51 

 

0.50 

 

0.49 

 

0.49 

 

0.55 

 

0.45 

 

0.46 

 

0.48 

 

WEAR RATE: 

For the analysis of the wear rate of the selected specimen, the experiment was conducted using 

a pin-on-disc tribometer with the respective combination of load, speed, and time according to 

the design for each experiment run. Therefore, each test had a separate set of parameters. The 

pin specimen had undergone surface erosion as a result of the friction that developed between 

the pin and disc during the test. The main objective of the test was to calculate the specimens' 

mass loss following each test. 

Now, as it was discussed in the previous section (4.4), The volume reduction can be calculated as 

the mass reduction value divided by the density of each pin material. However, the pin composite 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

2
1

4
1

6
1

8
1

1
0

1

1
2

1

1
4

1

1
6

1

1
8

1

2
0

1

2
2

1

2
4

1

2
6

1

2
8

1

3
0

1

3
2

1

3
4

1

3
6

1

3
8

1

4
0

1

4
2

1

4
4

1

4
6

1

4
8

1

5
0

1

5
2

1

5
4

1
5

6
1

5
8

1

6
0

1

6
2

1

6
4

1

6
6

1

6
8

1

7
0

1

7
2

1

7
4

1

7
6

1

7
8

1

8
0

1

8
2

1

8
4

1

C
O

F

Time

COF of All Runs

COF L1 COF L2 COF L3 COF L4 COF L5 COF L6 COF L7 COF L8 COF L9



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  72 

 

material selected for the experiment has a calculated density and it is similar for all experimental 

runs. Therefore, it is possible to use Equation 3.3. for the determination of the wear rate for each 

run by doing a simple calculation. 

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                                                    (4.3) 

Table 4. 9. The wear rate of all experimental runs. 

Exp’tal Run Mass loss 
(g) 

Sliding distance 
(m) 

Wear Rate  
10-4(g/m) 

1 0.0007 94 0.0744 

2 0.0026 281.6 0.0923 

3 0.0433 565.5 0.7656 

4 0.0008 188.5 0.0424 

5 0.0045 424 0.0106 

6 0.0012 188.5 0.0636 

7 0.0022 282 0.0780 

8 0.0062 141.4 0.4384 

9 0.0035 377 0.0928 

 

 
Figure 4. 14. Wear rate for all experimental run. 
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4.6.2. TAGUCHI ANALYSIS FOR COF AND WEAR 

The goal of the wear test was to find out how process parameters impact the COF and Wear Rate. 

The L9 Orthogonal array was selected and tests were performed according to the design. The 

results of the experimental for COF, the Wear rate, and the S/N ratios of COF and Wear rates are 

tabulated in Table 4.10. 

Table 4. 10. S/N Ratio response table for L9 OA experimental tests. 

Experimental 
Run 

Load 
(N) 

Speed 
(RPM) 

Time 
(Min) 

COF S/N 
ratio for 

COF 

Wear 10-4  
(g/m) 

S/N 
Ratio 

for 
Wear 

1 20 200 5 0.44 10.0188 0.0744 22.5685 

2 20 300 10 0.51 8.7189 0.0923 20.6960 

3 20 400 15 0.50 3.7875 0.7656 2.3200 

4 30 200 10 0.49 9.1740 0.0424 27.4527 

5 30 300 15 0.49 9.2043 0.0106 39.4939 

6 30 400 5 0.55 8.1454 0.0636 23.9309 

7 40 200 15 0.45 9.8175 0.0780 22.1581 

8 40 300 5 0.46 6.9487 0.4384 7.1626 

9 40 400 10 0.48 9.2261 0.0928 20.6490 

 

4.6.3. ANALYSIS AND DISCUSSION OF THE RESULT OF COF  

4.6.2.1. S/N Ratio of COF 

After employing the Taguchi design and conducting the experiments according to L9 orthogonal 

array, to verify the sliding parameter, the response table plotted alongside the corresponding 

S/N graph is shown in Figure 4.15. 

To determine the S/N values for this investigation, given that the lowest coefficient of friction is 

preferred in terms of material’s friction and wear characteristics, Taguchi analysis employed the 

following formula, which corresponds to the "smaller is better" principle. 

S/N = −10 log10[1/n(SUM(Yi
2)]     (4.9) 

Where, Yi= measured Wear rates or COF and n is the number of tests 

performed. 
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Table 4. 11. Response table for Coefficient of friction. 

 S/N ratio Response Mean Response 

Level Load (N) Speed (RPM) Time (Min) Load (N) Speed (RPM) Time (Min) 

1 7.508 9.670 8.371 0.3970 0.2625 0.3377 

2 8.841 8.291 9.040 0.2744 0.3336 0.2846 

3 8.664 7.053 7.603 0.3332 0.4087 0.3824 

Delta 1.333 2.617 1.437 0.1226 0.1462 0.0978 

Rank 3 1 2 2 1 3 

 

 

Figure 4. 15. Response graphs of Main effect plots for Coefficient of Friction. 

 

4.6.2.2. Selection of optimal level for COF 

The S/N response's delta ranks are used to determine the optimal values. The delta statistics 

were calculated as the difference between each factor's highest and lowest average value. The 

biggest value of delta, which was assigned the first rank, is the factor that most significantly 

affects the coefficient of friction. 

According to the ranks of the parameters, for COF, the disk rotation Speed (RPM) has a mean 

delta value of 0.1462 and is ranked highest followed by Load with a delta value of 0.1226 and 

time with a delta value of 0.0978. 



Experimental investigation and optimization of the Wear property of Al-TiB2-Gr hybrid composite AAiT 

DANIEL MEKASHA  75 

 

The best possible combination of the parameters in the signal-to-noise ratio is identified by the 

maximum point on each level. As it is shown in the figure, the best combinations are: 

A2B1C2 

Therefore, the most effective combinations of process parameters for COF are 200RPM disk 

speed with a load of 30N and for 10 minutes.  

4.6.2.3. ANOVA for COF 

The process parameter that primarily influences the performance attributes is provided by 

ANOVA. Table 4.12. provides a summary of the analysis of variance results. 

Table 4. 12. Analysis of variance for COF. 

Source Degree of Freedom Sum of squares Mean squares % Contribution 

Load (N) 

Speed (RPM) 

Time (Min) 

Residual Error 

2 

2 

2 

2 

2.80112 

1.11018 

0.08271 

0.55725 

1.40056 

0.55509 

0.04135 

0.27863 

16.6 

33.4 

8.71 

  

Total 8 4.55126  100 

 

As shown from the signal-to-noise ratio plots, it was determined that speed has the most 

influence from the process parameters. However, with the help of ANOVA analysis, the 

percentage contribution was also calculated. 

The speed of the rotating disk in the experiment has a 33% contribution to the process and to 

the optimal parametric setting. Following that, Load has a 16% contribution and lastly, time has 

the minimum percentage contribution with only 8.71%. 
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Regression Equation: 

COF = 0.4439 - 0.00100 Load (N) + 0.000250 Speed (RPM) - 0.00033 Time (Min)   (4.10) 

The Coefficient of determination, R square is 82.64 % which can be considered acceptable but it 

is always better if it is about 90%. This suggests that the model can predict the response values 

at any combination of parameter values. 

4.6.4. ANALYSIS AND DISCUSSION OF THE RESULT OF WEAR 

4.6.4.1. S/N Ratio of Wear 

Based on the principle of reducing the noise factors for wear rate, the S/N ratios for smaller-the-

better conditions were identified. 

The signal-to-noise ratio responses, wear vs. load, speed, and time collected from Taguchi 

analysis, similar to the COF analysis section, are presented in Table 4.12. 

Table 4. 13. Response table for Wear rate. 

 S/N ratio Response Mean Response 

Level Load (N) Speed (RPM) Time (Min) Load (N) Speed (RPM) Time (Min) 

1 15.19 24.06 17.89 0.31077 0.06493 0.19213 

2 30.29 22.45 22.93 0.03887 0.18043 0.07583 

3 16.66 15.63 21.32 0.20307 0.30733 0.28473 

Delta 15.10 8.43 5.05 0.27190 0.24240 0.20890 

Rank 1 2 3 1 2 3 

Measurement quality is crucial for improving signals while accounting for uncontrollable factors, 

or for lowering response noise. that reacts with ideal qualities in the anticipated composite 

product. 
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Figure 4. 16. Response graphs of Main effect plots for Wear. 

4.6.4.2. Selection of optimal levels for Wear 

In this experimental analysis, the main effect plot in Figure 4.16.  was used to estimate the mean 

Wear rate with optimal parameter conditions. The optimum parametric condition is achieved 

when the combination of factors is: 

A2B1C2 

That tells us that the optimal wear condition of this experiment is obtained at a Load of 30N, at 

a Speed of 200RPM, and for 10 minutes. 

The delta value, which is the difference between the minimum and highest S/N ratios of the 

control factor, is used to determine which control factor has the greatest influence. From Table 

4.13., it is shown that the delta value for the control factors is 15.1 for Load and has ranked first, 

followed by an 8.43 delta value for Speed and lastly Time with a 5.05 delta value. Therefore, it is 

evident that the Load has more influence on wear than any other control process parameter. 

 

4.6.4.3. ANOVA for Wear 

After analyzing the impacts of control parameters (Load, Speed, and Time) on wear rate, ANOVA 

yielded various statistical results such as the percent contribution, sum of squares, residual error, 

and the degree of freedom as shown in Table 4.14. 
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Table 4. 14. ANOVA for Wear rate. 

Source Degree of Freedom Sum of squares Mean squares % Contribution 

Load (N) 

Speed (RPM) 

Time (Min) 

Residual Error 

 

2 

2 

2 

2 

416.01 

120.07 

39.85 

360.01 

208.01 

60.04 

19.93 

180.01 

44.44 

12.8 

4.2 

Total 8 935.95  100 

According to the ANOVA results, the most important parameter influencing the wear rate was 

found to be the load with a 44.44% contribution. Following that, speed has 12.8% contribution 

and time has a minimum influence of 4.2% contribution. ANOVA was able to verify the results of 

the main effect graphs of wear in Figure 4.16. 

By using the regression equation, wear prediction that account for the different process 

parameters were obtained. For that, a linear regression analysis was generated and a regression 

equation is presented below. 

Regression Equation: 

Wear Rate 10-4(g/m) = -0.110 - 0.0054 Load (N) + 0.00121 Speed (RPM) +0.0093 Time (Min) 

            (4.11) 

The Coefficient of determination, R square is 81.86 % which can be considered acceptable but it 

is always better if it becomes about 95%. This suggests that the model can accurately predict 

response values for any value of the parameter. 
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4.6.5. CONFIRMATION OF EXPERIMENTS 

This step of the study can be treated as simply another step to do as part of an optimization 

process. A brief confirmation experiment might be adequate in certain situations, but more work 

will be required in others to ensure that the results are more widely applicable and to accurately 

validate the information learnt from the previous trials. Long-lasting process improvements 

brought forth by optimal factor combinations are reinforced by confirmation. A single example 

of a successful outcome may not be enough; the ability to consistently accomplish the desired 

goals raises the possibility that the outcomes may last for a longer period of time. 

The optimal parameter values were 30N of load, 200RPM speed, and for 10 minutes. The COF 

and the wear confirmation test are shown in Table 4.15. 

Similar to the wear analysis done in the previous section, the COF and Wear rate for this 

confirmation test were determined according to the collected data from the pin-on-disc test and 

by using Eq 4.4. whereas, the predicted values were determined based on the equations Eq 4.10 

and Eq 4.11. The raw data from the test is shown in APPENDIX VII. 

For the confirmation test, the weight loss = 0.9516 – 0.9505 = 0.0011g. Therefore, the wear rate 

for a 188.5m sliding distance will be 0.0583x10-4 g/m. 

The experimental values and predicted values are typically fairly close to one another. A statistical 

analysis can only be considered reliable if the error values are less than 20% [102]. 

Table 4.15. Confirmation test for COF and Wear. 

 

Levels 

COF Wear 

Predicted Experimental Error (%) Predicted Experimental Error (%) 

Opt. Level 

A1B1C2 

 
0.4606 

 
0.414 

 
10.11% 

 
0.063 

 
0.0583 

 
7.37% 

This result demonstrates the smallest variance between the experimented values and the 

expected values. The wear rate and the coefficient of friction has shown a 10.11% and 7.37%, 

respectively, deviation from the predicted value of the Taguchi analysis, which can be considered 

acceptable. 
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CHAPTER FIVE 

5. CONCLUSION, RECOMMENDATION, AND FUTURE WORK 

5.1. CONCLUSION 

In this thesis work, the influence of graphite particles in the aluminum 6061 and a constant 10% 

titanium diboride particles on its wear behavior was studied in the first phase of the study. In the 

second phase, the optimization of wear process parameters was conducted on a selected 

composite sample. Based on the foregoing discussion of Al6061 and Titanium diboride composite 

and its relative comparison with the addition of varying percentages of Graphite particles, and 

based on the optimization of the control factors on a pin on disk wear tests, the following 

conclusions can be drawn. 

• The hardness of the composites significantly enhances as a result of the addition of the 

graphite particles because of their lubricating characteristics. 

• Wear rate rapidly decreases as the graphite particle is introduced into the hybrid 

composite and then keeps decreasing gradually as the graphite percentage increases 

with an interval of 2%. 

• Wear behavior gives a good correlation with hardness. The relationship between wear 

rate and mechanical properties validates Archard’s equation. As the hardness of the 

composite increases due to the ceramic particles with good lubrication behavior, wear 

tends to decline. 

• The optimum parametric condition for COF and wear rate was achieved when the 

combination of factors is at a Load of 30N, at a Speed of 200RPM, and for 10 minutes 

with confirmation of test also supporting the conclusion with a 10.11% and 7.37%, 

respectively, deviation from the predicted value. 

• According to the results of statistical analysis, it is observed that the load has the most 

influence on wear, as it increases wear rate also increases, and the disk speed parameter 

is more significant for the coefficient of friction, COF increases with lower disk speed. 
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5.2. RECOMMENDATION 

Based on the results and conclusions found from this study, the following recommendations were 

made: 

✓ It can be suggested that the hybrid composite (Al6061, 10TiB2, and Gr) can be vastly used 

as an appropriate substitute for materials used in the manufacturing of automotive and 

aircraft parts because it exhibits significant improvements in hardness and other desired 

properties than the conventional aluminum alloy. 

✓ During a wear test or a real-life application of the composites, it is beyond vital to take 

into consideration that the load condition, the speed, and the amount of time heavily 

influence the wear characteristics of the composite and the recommended combinations 

of parameters need to be given attention. 

✓ In this study, a few mechanical and tribological properties were studied and 

characterized. Other mechanical property tests, like as, tensile and impact tests, can be 

employed for further investigations and interesting findings about these aluminum-based 

MMCs. 
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5.3. FUTURE WORK 

In this study, the wear behavior of A16061 metal matrix reinforced with 10% titanium diboride 

and varying composition of graphite using the stir casting method was studied. Optimal stir 

casting parameters were utilized according to the review of literature and tests were performed 

to explore the hybrid metal matrix composite. However, lots of other areas can be studied in the 

future based on these hybrid composite combinations. The following areas can be considered: 

• The behavior of this hybrid metal matrix with other fabrication methods like powder 

metallurgy can be studied. 

• The potential of these composites within a specific application and under different 

conditions in the aerospace and aircraft industry can be studied using analytical and 

finite element analysis methods. 

• Additional research works on the hybrid composite's mechanical properties will help to 

explore further about the material's characteristics. 
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APPENDIX I: Product quality certificate of Al6061. 
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APPENDIX II: Ordering Reinforcement Materials Online. 
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APPENDIX III: Micro hardness test results for Sample 5. 
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APPENDIX IV: Microhardness test specimens. 
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APPENDIX V: Taguchi Design for wear process optimization. 
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APPENDIX VI: Taguchi analysis, ANOVA results, and regression equations from Minitab. 

 

Response Table for Means 

Level Load (N) Speed (RPM) Time (Min) 

1 0.31077 0.06493 0.19213 

2 0.03887 0.18043 0.07583 

3 0.20307 0.30733 0.28473 

Delta 0.27190 0.24240 0.20890 

Rank 1 2 3 
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APPENDIX VII: Confirmation test experimental result plots during the experiment. 

 

 

 


