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ABSTRACT 

Metal matrix composites (MMCs) have gained significant attention due to their enhanced 
mechanical and tribological properties, making them suitable for various industrial 
applications, particularly in the marine and aerospace sectors. However, challenges such as 
poor reinforcement dispersion, porosity, and limited optimization of processing parameters 
remain critical research gaps. While extensive studies have been conducted on aluminium-
based MMCs, limited research exists on AA5083-H111 reinforced with coal, particularly in the 
context of friction stir processing (FSP) as a fabrication method.  This study aimed to fabricate 
aluminium metal matrix composites (AMMCs) of AA5083-SiC and AA5083-Coal MMCs using 
FSP for potential application in ship hulls and decks, focusing on reinforcing the joint region 
rather than fabricating a bulk MMC sheet. The novelty of this research lies in the use of coal 
as an alternative reinforcement, offering a cost-effective and sustainable approach to MMC 
fabrication while maintaining high wear resistance and mechanical strength. Silicon carbide 
(SiC) was used as a benchmark reinforcement due to its well-documented ability to improve 
hardness, wear resistance, and thermal stability, providing a comparative reference for 
evaluating the effectiveness of coal as a reinforcement material. 
 
In the fabrication process, AA5083-H111 was reinforced with silicon carbide and coal particles 
to create AMMCs, and their properties were compared to unreinforced AA5083-H111. To run 
the test on the AA5083-H111, AA5083/SiC composite joints and AA5083/Coal composite 
joints, the specimens were cut with a CNC milling machine. Among the tests performed were 
tensile testing, macrostructure and microstructure analysis, fractographic analysis (SEM), 
hardness tests, flexural tests, chemical composition analysis and X-ray diffraction (XRD) 
analysis. The described specimens for the composites were cut from various positions on the 
plates, including the plate's start, middle and end. This method enabled a thorough study of 
material characteristics and behavior by constantly analyzing material properties at these 
exact places across all testing. The following symbols were used to represent the cut positions 
on the processed plates to symbolise their positioning (S for the start, M for the middle and E 
for the end of the plate). 
 
Conclusions were drawn based on the test findings. The test results of the mentioned AMMCs 
(AA5083/SiC composite and AA5083/Coal composites) joints produced with different 
reinforcements were evaluated and compared to those of AA5083-H111. The XRD analysis 
of the AA5083 base alloy and its composites revealed the presence of various phases, 
including Al-metallic, Al6Mn, AlMnFe, Al3Mg2, Al3Si, Al2O3, Mg2Si, Al4C3 and amorphous 
carbon. These phases significantly influence the mechanical properties, thermal conductivity 
and corrosion resistance of the materials. The base alloy's intermetallic phases play a crucial 
role in its strength and corrosion resistance. In the composites, the formation of Al2O3, Al3Si, 
and Mg2Si enhances hardness, wear resistance and grain refinement. The presence of Al4C3 
in the coal composite improves wear resistance and thermal stability. The amorphous carbon 
contributes to the overall properties of the composite. Microstructural analysis revealed a 
significant grain refinement in the composite joints. The AA5083/SiC composite exhibited an 

 AA5083/Coal composite exhibited an average mean grain 

recrystallisation induced by FSP.  
 
The results of the flexural testing for the AA5083-H111 revealed a maximum ultimate flexural 
strength (UFS) 
the AA5083/SiC composite exhibited superior flexural strength compared to the root 
specimens, with a maximum UFS of 765 MPa for the face and 632.78 MPa for the root, 
resulting in a difference of 132.22 MPa. Similarly, the AA5083/Coal composite showed a 
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significant difference in UFS between face and root specimens, with values of 747.53 MPa 
MPa. This disparity highlights 

the variation in mechanical properties along the joint length. While the AA5083/Coal composite 
showed improved UFS compared to the base material, the AA5083/SiC composite 
demonstrated the most significant enhancement. The AA5083/SiC composite exhibited the 
highest ultimate flexural strength (UFS) for both face and root specimens. The base material 
demonstrated a higher strain rate compared to both composites. Additionally, the AA5083/SiC 
composite exhibited a higher strain rate within the composite joints than the AA5083/Coal 
composite.  
 
Mechanical testing revealed that adding reinforcements did not significantly enhance the 
ultimate tensile strength (UTS) compared to the base material. The base material, AA5083-
H111, exhibited a maximum UTS of 311 MPa, a yield strength of 248.8 MPa, and a strain rate 

the base material. The AA5083/Coal composite reached a maximum UTS of 282 MPa, a yield 

compared to the base material. The grain refinement induced by FSP contributed to improved 
mechanical properties. However, agglomerated reinforcement particles, particularly in the 
AA5083/Coal composite, negatively impacted the overall performance.  The fracture surfaces 
of the AA5083/SiC and AA5083/Coal composites exhibited a mixed-mode fracture 
mechanism, characterised by microvoids, rough surfaces, dimples and particle clusters. 
 
The base material, AA5083-

ght increase. 

slight increase. The increased hardness in both composites can be attributed to 
microstructural refinement, particularly grain size reduction, induced by the FSP process. This 
refinement, coupled with dislocation pinning by reinforcement particles, contributes to the 
enhanced hardness. The Orowan mechanism and Hall-Petch relationship support this 
correlation between grain size and hardness. 
 
This study successfully fabricated AA5083-based AMMCs using FSP with SiC and coal 
reinforcements. The addition of reinforcements significantly influenced the mechanical 
properties of the base material AA5083-H11. Both AA5083/SiC and AA5083/Coal composites 
exhibited refined grain structures and enhanced hardness compared to the unreinforced base 
material. While the UTS of the composites was slightly lower than the base material, they 
maintained respectable UTS values. The AA5083/SiC exhibited the best results compared to 
those of AA5083/Coal. The results provide valuable insights into the applicability of AA5083-
based MMCs in marine and structural applications, addressing current industrial needs for 
lightweight, high-strength, and corrosion-resistant materials. By bridging the gap in the 
literature regarding coal-reinforced AA5083 composites and FSP optimization, this study 
contributes to the advancement of MMC fabrication techniques, offering a sustainable and 
efficient alternative for next-generation engineering applications. 
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CHAPTER ONE 

INTRODUCTION 
 

1.1 Introduction 

The importance of materials selection in the fabrication of products has long been recognised. 
The best material can be impacted by a range of factors that also affect the selection process, 
making it challenging to develop a systematic method for selecting material. To improve a 
current product's reliability, cost, performance and lightness, as well as to choose a material 
for a new product, materials selection is essential for these key purposes. The choice of 
materials greatly influences the performance of the product, making this task a crucial 
component of product design [1]. 

High strength-to-weight ratio materials are extremely significant and critical in today's 
applications, particularly in automotive and aerospace engineering, in which efficiency in 
performance and fuel consumption are essential. The maritime, automotive, aerospace, 
defence and recreation industries require materials with increased mechanical properties such 
as temperature-withstanding ability, fatigue resistance, wear resistance and fracture 
toughness. A complex blend of material qualities is necessary to meet the demands of 
advanced infrastructure and innovative machines [2]. Metal matrix composites (MMCs) have 
emerged as one of the most promising engineering materials and are making steady progress 
because of their excellent properties such as high strength, low density and high wear 
resistance. 

polymer-
Since then, composites have been regarded as better materials and they have been designed 
and manufactured for a variety of industrial and non-
efforts were made to fabricate MMCs materials using silicon carbide (SiC) whisker 
reinforcements, mostly from aluminium alloys (AAs). The major goal of these efforts was to 
significantly enhance the properties of AAs by achieving high specific modulus and specific 
strength. Particle reinforcements were developed as a result of the high expense of whiskers. 
The utilisation of inexpensive reinforcements was the main focus of study around the turn of 
the twentieth century. Because of their outstanding properties, composite materials (also 
known as composition materials or simply composites) are commonly used in many industries 
such as automotive, aerospace and marine [3].  

MMCs comprise two or more unreactive materials that are mixed to create a new material 
system with superior properties. Non-metallic elements such as aluminium oxide, fly ash, 
graphite and silicon carbide are often utilised as reinforcing materials, while metals such as 
aluminium, titanium and magnesium are commonly used as substrates [4,5]. Metal matrix 
composites primarily come in three different forms: particle-reinforced MMCs, short fiber or 
whisker-reinforced MMCs, and continuous fiber or sheet-reinforced MMCs [6]. The most 
commonly utilised substrate to fabricate MMCs is aluminium and its alloys due to their ductility, 
low density and formability, which can be mixed with load-bearing capacity and high-stiffness 
reinforcements [7]. SiC is frequently utilised as a reinforcement material due to its specific 
advantages over other reinforcements, including exceptional hardness, high corrosion 
resistance and low cost [8].  

1.1.1 Fabrication of MMCs 

The goal of composite material fabrication is to create materials with better properties than the 
base material.  
fabrication routes, some of which include squeeze casting, electroplating, in-situ method, 
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powder metallurgy, stir casting and deposition technique [10], each presents distinct 
advantages and limitations. Figure 1.1.1 depicts various MMCs fabrication techniques on an 
industrial scale.

Figure 1.1.1: Different MMCs fabrication techniques.

Over the years, various fabrication techniques have been developed to produce aluminum 
metal matrix composites (AMMCs) as seen in Figure 1.1.1, each with its own set of 
advantages and limitations. Traditional casting techniques, such as stir casting [11] and 
squeeze casting [12], involve mixing reinforcement particles into molten metal before 
solidification. Stir casting, while cost-effective and simple, often results in non-uniform particle 
distribution [13], porosity [11], and weak interfacial bonding between the matrix and 
reinforcements. This non-uniformity can lead to localized variations in mechanical properties, 
compromising the overall performance of the composite. Squeeze casting, which applies 
pressure during solidification, reduces porosity and improves density, but is limited by high 
equipment costs and reinforcement size constraints, restricting its applicability to complex 
geometries and large-scale production [12].

Compo-casting [14], a variant of stir casting, aims to improve particle distribution by controlling 
the melt temperature and stirring parameters. However, it still faces challenges related to 
particle agglomeration and interfacial reactions. Spray forming [15] involves spraying molten 
metal and reinforcement particles onto a substrate, allowing for rapid solidification and fine 
microstructures. Nevertheless, it can lead to porosity and requires careful control of spray 
parameters to achieve uniform deposition. Liquid metal infiltration [16] offers an alternative by 
infiltrating a porous reinforcement preform with molten metal. This technique allows for the 
fabrication of complex shapes and high reinforcement volume fractions. However, it requires 
precise control of infiltration parameters and can be limited by wetting issues between the 
metal and reinforcement.

Powder metallurgy (PM) [17,18] involves blending metal powders with reinforcement 
materials, compacting them, and then sintering at high temperatures. Although this method 
offers good control over composition and microstructure, it is expensive, prone to oxidation, 
and often leads to weak interfacial bonding [13]. The high temperatures involved can also 
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result in grain growth and reduced mechanical properties. Mechanical alloying, a solid-state 
powder processing technique, involves high-energy milling of metal and reinforcement 
powders, leading to fine and homogeneous microstructures [1 ,20]. While it offers excellent 
control over particle distribution and grain size, it is time-consuming and can be expensive for 
large-scale production. 

Deposition techniques [21], such as thermal and plasma spraying, create MMC coatings by 
depositing reinforcements onto a substrate surface. These processes allow for rapid 
fabrication and are suitable for surface modifications; however, they typically result in high 
porosity and weak adhesion between the coating and the substrate, limiting their use in 
structural applications [22]. Finally, in-situ processing [23] generates reinforcements through 
controlled chemical reactions during solidification, leading to strong interfacial bonding and 
improved properties. Despite this advantage, in-situ processing presents challenges in 
controlling reaction parameters and is limited in material selection, as it relies on specific 
chemical reactions to form the reinforcement phases. 

Each of these techniques presents a trade-off between cost, process complexity, and the 
resulting composite properties. Therefore, the selection of an appropriate fabrication method 
depends on the specific application requirements, desired microstructure, and economic 
considerations. Given these limitations, friction stir processing (FSP) has emerged as the most 
suitable secondary processing technique, particularly for localized reinforcement and joint 
fabrication, offering the potential to overcome some of the limitations associated with 
traditional methods. Unlike casting methods, FSP is a solid-state process, eliminating defects 
such as porosity and segregation [24]. The severe plastic deformation and dynamic 
recrystallization during FSP result in grain refinement [25], enhancing mechanical properties 
such as strength, hardness, and wear resistance while maintaining ductility [26]. Additionally, 
FSP ensures a homogeneous distribution of reinforcement particles [25], preventing the 
clustering issues commonly observed in stir casting and powder metallurgy. Compared to 
deposition and in-situ techniques, FSP is also cost-effective and energy-efficient [27], as it 
does not require melting or additional alloying steps.  

Overall, the use of FSP to prepare AMMCs is straightforward and up to date. Given these 
advantages, FSP has been selected as the fabrication method for this study to develop 
AA5083-based MMCs optimized for marine applications.  

1.1.2 Techniques for MMCs fabrication via FSP 

FSP is comparable to friction stir welding (FSW), the sole difference is the operating surfaces. 
In FSW, two materials are required, but in FSP, a single surface is a fundamental need [28-
30]. Owing to the similarities between FSW and FSP many people find differentiating between 
the procedures a daunting task, particularly because FSP was created from the FSW 
approach. For the two approaches to work properly, they require a specifically developed tool 
and a stable backing plate [31-33]. The tilt angle of the tool, traverse speed, penetration 
measure and tool rotational speed all need to be modified to account for numerous value 
combinations of the FSW or FSP technique since different materials call for numerous sets of 
parameters [34,35]. The FSP approach was previously used to modify metallic materials 
without introducing any external material. Current studies exhibit that FSP may be employed 
to improve the microstructure of materials by adding foreign materials to generate AMMCs 
[36- ]. 

To develop MMCs using the FSP method, a reinforcement material and a metal matrix (base 
material) are required. The base metal is dimensioned and fastened to the FSP machine 
backing plate. Before implementing the FSP method, the precise size of grooves/holes for 
inserting the reinforcement is normally determined in the centre of the plate. The inserted 
reinforcements are usually covered by a tool with no pin during the FSP procedure to avoid 
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reinforcement scattering. The MMCs are produced using the FSP technique after all of these 
operations have been completed [40-42]. The fabrication process to develop MMCs is 
depicted in Figure 1.1.2.1.

Figure 1.1.2.1: Schematic diagrams of MMCs fabrication using the FSP technique.

FSP is performed using a stirring and moving non-consumable tool with a pin and shoulder 
geometries of various geometries, the revolving non-consumable tool is fitted into the surface 
workpiece, after which the tool produces frictional heat and mixes the material. Tool plunging 
and traversing cause the material to dynamically recrystallise due to extreme plastic 
deformation, resulting in fine equiaxed grains in the processed area. In the FSP process, 
plastic deformation and material movement cause the formation of several zones, with the stir 
zone (SZ) being the region in which the material mixing occurs, followed by the 
thermomechanically affected region and the heat-impacted area. The most crucial of the three 
zones created by FSP is the change between the SZ and the thermomechanically impacted 
region since it defines the characteristics of the processed material in the FSP. Axial force 
sufficient to insert the rotating tool into the workpiece surface is needed to carry out FSP. 
Since there is no interaction between the base material and reinforced particle, as is the case 
in conventional procedures, the solid-state property of FSP is advantageous for the fabrication 
of surface composites [43]. Many types of input variables are used in FSP composite 
production and these variables have been discussed by many researchers [44-47]. Figure 
1.1.2.2 depicts the parameters of the fabrication process.
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Figure 1.1.2.2:  Fabrication process parameters. 

1.2 Problem statement

The most challenging aspect of composite processing is homogenizing the distribution of 
reinforcement phases to form a sound microstructure, that can be either particles or fibres, 
depending on the geometry of the reinforcing phases in the composite [48]. This process 
demonstrates that a new approach must be used to intensify the microstructural and 
mechanical properties of metal products. One of the answers to the challenges stated is the 
use of FSP to improve the mechanical properties of metal alloys, including their formability, 
strength, ductility, hardness and fatigue life, without affecting bulk metal properties. FSP has 
gained a reputation for producing high-quality MMCs in solid form in a range of industries. The 
use of FSP to fabricate AMMCs is also straightforward, current and cost-effective [27]. FSP 
has several benefits, including homogenization of precipitates, densification, homogeneity of 
the processed region and grain refinement of composite materials and aluminium alloys [25]. 
This research study will focus on developing aluminium metal matrix composites suitable for 
hulls and ship decks using the FSP technique, specifically focusing on reinforcing the joint 
region rather than fabricating a bulk MMC sheet. 

1.3 Research background

1.3.1 Introduction to Composite Materials

A composite material comprises two or more constituent materials, each of which has distinct 
physical or chemical properties. When combined, they form a material with characteristics 
different from the individual components. In composite materials, the matrix (also known as 
the substrate or base material) and the reinforcement are the two primary components. To 
fabricate a composite, the reinforcing material is incorporated into the matrix in various forms 
and sizes [ ,50]. The interface between the matrix and the reinforcement plays a critical role 
in the overall performance of the composite, influencing load transfer and failure mechanisms
[51].
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1.3.2 Classification of Composite Materials 

Composite materials are generally classified based on the physical or chemical properties of 
the matrix phase, including polymer matrix, metal matrix, and ceramic composites. Among 
these, metal matrix composites (MMCs) have gained significant attention due to their ability to 
integrate a strong metallic matrix with hard ceramic or soft reinforcements. Compared to 
traditional monolithic alloys, MMCs offer enhanced mechanical properties and have been 
studied extensively for various industrial applications particularly in aerospace, automotive, 
and marine industries [52]. Metal matrix composites may be divided into three categories: 
continuous fiber-reinforced MMCs, whisker-reinforced MMCs and particle-reinforced MMCs 
[53, 6]. 

1.3.3 Reinforcement materials selection in MMCs 

Many types of reinforcement are utilised to produce MMCs. Therefore, the selection of 
reinforcement materials is crucial in tailoring the properties of MMCs. Reinforcements 
enhance properties such as hardness, tensile strength, and resistance to wear, heat, 
corrosion, and chemical degradation. They are broadly classified into three categories:  

1.3.3.1 Ceramic-Based Reinforcements 

Ceramics are solid materials that, in general, display ionic and covalent connections that are 
quite durable [54]. These include aluminium oxide (Al O ) 55-58], silicon carbide (SiC) [ -
63], titanium diboride and zirconia (ZrO ) [64,65]. These materials enhance wear resistance, 
hardness, and thermal stability due to their high melting points and mechanical strength. 
However, some ceramic reinforcements exhibit poor wettability with metal matrices, which can 
lead to weak interfacial bonding. 

1.3.3.2 Metallic-Based Reinforcements 

Metallic-based reinforcements are materials used to strengthen a metallic matrix, where the 
reinforcement itself is also metallic, such as another metal, a metal alloy, or an intermetallic 
compound. Materials such as copper (Cu) [66], nickel (Ni) [67], nickel-titanium (NiTi) [68-6 ] 
and stainless steel (SS) [70] improve electrical conductivity, thermal properties, and toughness 
while maintaining good ductility. However, these reinforcements can increase density and may 

s integrity. 

1.3.3.3 Carbon-Based Reinforcements 

Carbon-based reinforcements are materials that utilize carbon in various forms to enhance 
the properties of a matrix.  Materials such as Carbon nanotubes (CNTs) [71-73], graphene 
[74-75], graphite [76], rice husk ash (RHA) [77], and fly ash [78] enhance stiffness, strength, 
and tribological properties while maintaining a low weight. The primary challenge with carbon-
based reinforcements is their tendency to form clusters, which can result in uneven 
mechanical performance. 

1.3.4 Matrix selection for MMCs 

In addition to reinforcement selection, the choice of the base metal also significantly influences 
the final composite properties. A variety of metals, including magnesium, titanium, cobalt, 
copper and aluminium, as well as their alloys, are frequently utilised as the substrate/base 
material. Aluminum and its alloys are favored as base materials for Metal Matrix Composites 
(MMCs) due to a compelling combination of advantageous properties [7]. While metals like 
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magnesium, titanium, cobalt, and copper offer unique strengths, aluminum strikes a valuable 
balance.  

Magnesium, though exceptionally light, suffers from lower strength and corrosion resistance 
[7 ]. Titanium excels in strength and heat resistance but carries a higher cost [80]. Cobalt 
provides hardness and wear resistance, yet its density and expense limit broader application 
[81]. Copper's conductivity is valuable, but its strength is comparatively low. In contrast, 
aluminum's low density, ductility, formability, and cost-effectiveness make it highly versatile. 
Crucially, its properties can be effectively matched with various reinforcement materials, 
allowing for the creation of MMCs with tailored characteristics. Furthermore, aluminum offers 
reasonable corrosion resistance, enhancing its suitability for diverse applications [82]. This 
combination of factors establishes aluminum as a highly desirable substrate for MMCs across 
numerous industries.  

1.3.4.1 Aluminium Alloys in MMCs 

Different alloys have varying degrees of compatibility with reinforcements. The most widely 
used aluminium grades for MMCs include: 

1. Heat-Treatable Aluminium Alloys  

These alloys allow for post-fabrication heat treatment, which can significantly enhance 
strength and hardness (e.g., AA6061, AA7075, AA2124) [83]. However, some, such as 
AA7075, contain high zinc content, making them prone to corrosion in certain environments.    

o AA6061: Widely used in aerospace and automotive due to its good strength-to-weight 
ratio and corrosion resistance [84,85]. It is commonly reinforced with SiC particles for 
increased wear resistance.  

o AA7075: Favored in the aircraft industry for its exceptional strength-to-weight ratio, 
AA7075 is crucial in high-stress structural components [86,87]. However, protective 
coatings are required for its longer service life because of its vulnerability to corrosion, 
particularly in a wide range of climatic conditions. 

o AA2124: Also utilized in aircraft applications, AA2124 offers high strength but demands 
precise manufacturing techniques to prevent cracking [86,87]. Because fatigue 
resistance of the material is an essential component in aircraft engineering, AA212 is 
frequently strengthened with fibers. 

2. Non-Heat-Treatable Aluminium Alloys  

These alloys rely on strain hardening and grain refinement for strength enhancement, making 
them more suitable for marine and aerospace applications (e.g., AA5083, AA6351, A356, 

[88]. Their mechanical properties are generally lower compared to heat-treatable alloys, 
necessitating reinforcement to improve strength and durability [82, ]. 

o AA5083: Excellent corrosion resistance and weldability, making it ideal for marine 
applications [ 0]. It is often reinforced with ceramic particles for increased strength and 
wear resistance in harsh environments. 

o AA6351: Good extrudability and corrosion resistance, used in structural applications 
[ 1]. To further enhance the mechanical properties, silicon carbide (SiC) particles are 
commonly incorporated as reinforcement.  

o  
[ 2, 3]. They are often reinforced with ceramic particles for increased strength and 
wear resistance in cast components. 



8 

 

1.3.4.2 Aluminium-based composites 

Aluminium Metal Matrix Composites (AMMCs) represent a significant advancement in 
materials science, offering enhanced mechanical properties compared to conventional 
aluminium alloys. The inherent strength and lightness of aluminium make AMMCs ideal for 
high-performance applications. These composites consist of an aluminium matrix reinforced 
with a secondary material, which can be metallic, ceramic, or organic, designed to improve 
the material's physical, mechanical, and tribological characteristics [ 4]. The advantages of 
aluminium over the other metal matrix composites currently on the market are that aluminium 
is lightweight and readily available, together with its ease of handling, excellent electrical 
conductivity, thermal properties, energy conservation and environmental friendliness.  
Aluminium metal matrix composites offer improved mechanical properties and electrical and 
thermal conductivities, and can withstand high temperatures, radiation and moisture [ 5]. 

Furthermore, aluminium-based composites are increasingly utilized across diverse sectors, 
including automotive, aerospace, marine, and mineral processing, where their enhanced 
specific strength, superior wear resistance, increased thermal conductivity, and lower 
coefficient of thermal expansion are highly valued. Driven by the need for lightweight materials 
in automotive and aviation industries due to finite fossil fuel and energy resources, AMMCs 
are finding applications in bicycles, medical equipment, electronic packaging, home 
appliances, and spacecraft. Notably, AMMCs are replacing monolithic alloys in automotive, 
marine, and aviation engineering due to their superior tribological properties, high strength-to-
weight ratio, and corrosion resistance [52, 6-101]. 

1.3.5 Fabrication Methods for MMCs and Their Limitations 

Achieving a defect-free microstructure with uniform reinforcement distribution is crucial in 
Metal Matrix Composite (MMC) fabrication. Many different methods are available, each of 
which has its own set of benefits and drawbacks: 

1.3.5.1 Stir Casting  

Stir casting, a widely used method for fabricating Metal Matrix Composites (MMCs), involves 
the direct mechanical stirring of reinforcement particles into a molten metal matrix [11]. This 
process is favored for its simplicity, cost-effectiveness, and suitability for large-scale 
production [13]. However, it suffers from several limitations. The resulting composite is often 
prone to porosity, which can degrade mechanical properties [11]. Achieving a uniform 
distribution of reinforcement particles is challenging, leading to potential particle 
agglomeration and inconsistent material performance [13]. Furthermore, weak interfacial 
bonding between the reinforcement and the matrix, due to poor wettability and the formation 
of undesirable reaction products, can compromise the composite's integrity. Finally, stir 
casting offers limited control over the final microstructure, which can restrict its application in 
high-performance scenarios. 

1.3.5.2 Powder Metallurgy 

Powder Metallurgy (PM) offers a distinct approach to MMC fabrication, centered on the 
meticulous blending of metal and reinforcement powders [17,18]. This mixture is subsequently 
compacted into a desired shape and sintered, a process that fuses the particles.  A significant 
advantage of PM is the exceptional control it affords over the composite's composition and 
microstructure, facilitating the creation of intricate and complex shapes. However, this method 
is not without its drawbacks. The process is inherently expensive, largely due to the cost of 
powders and specialized equipment. Additionally, the fine powders are highly susceptible to 
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oxidation during processing, potentially degrading material properties [13].  Achieving strong 
bonding between the particles can be challenging, leading to weak interfaces. Finally, residual 
porosity can persist within the sintered material, negatively impacting its mechanical 
performance.   

1.3.5.3 Squeeze Casting  

Squeeze casting, a method employed in MMC fabrication, involves the injection of molten 
metal into a mold containing reinforcement performed under significant pressure. This process 
offers distinct advantages, notably improved reinforcement dispersion, which leads to a more 
homogeneous composite [12]. The application of high pressure effectively reduces porosity, 
enhancing the material's density and mechanical properties [12]. Furthermore, it promotes 
better interfacial bonding between the matrix and reinforcement, improving the overall 
composite integrity. However, squeeze casting necessitates the use of specialized high-
pressure equipment, which significantly increases production costs. Additionally, the process 
is limited in its application to specific shapes, restricting its versatility for complex geometries. 

1.3.5.4 Deposition Techniques (Thermal/Plasma Spraying)  

Deposition techniques, such as thermal and plasma spraying, offer a unique approach to MMC 
fabrication by spraying molten metal and reinforcement particles onto a substrate [21]. This 
method is particularly advantageous for coating applications and the creation of functionally 
graded materials, where material properties vary across the component. However, these 
techniques are not without their limitations. The resulting coatings often exhibit high porosity, 
which can compromise their mechanical integrity [22]. Furthermore, achieving strong adhesion 
between the coating and the substrate can be challenging, leading to potential delamination. 
The processing itself is complex, requiring precise control of numerous parameters. Finally, 
the application of these techniques is primarily limited to surface modifications, restricting their 
use for bulk composite production. 

1.3.5.5 Compo-casting 

Compo-casting, a variant of stir casting, aims to improve particle distribution by controlling the 
melt temperature and stirring parameters [14]. This method involves introducing reinforcement 
particles into a semi-solid metal matrix, followed by mechanical stirring [102, 103]. A key 
advantage of compo-casting is the potential for enhanced particle distribution compared to 
traditional stir casting, achieved through precise control of melt conditions. However, it still 
faces challenges related to particle agglomeration, especially with high reinforcement volume 
fractions, leading to non-uniform composite properties. Interfacial reactions between the 
reinforcement and matrix can also occur, compromising the composite's integrity. 
Furthermore, scaling up compo-casting for large-scale production can be complex, requiring 
sophisticated temperature and stirring control systems. 

1.3.5.6 Spray Forming 

Spray forming involves spraying molten metal and reinforcement particles onto a substrate, 
allowing for rapid solidification and fine microstructures [15,104]. This technique offers the 
advantage of rapid solidification, which results in refined microstructures and potentially 
improved mechanical properties [104,105]. It also makes it possible to fabricate components 
with a near-net form, which reduces the amount of significant machining that is required for 
the component. However, spray forming can lead to porosity within the deposited material, 
reducing its density and mechanical strength. Achieving uniform deposition and consistent 
particle distribution across the substrate is also challenging, requiring precise control of spray 
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parameters. Additionally, the high processing temperatures and velocities can result in 
oxidation and other unwanted reactions. 

1.3.5.7 Liquid Metal Infiltration 

Liquid metal infiltration offers an alternative by infiltrating a porous reinforcement preform with 
molten metal [16, 106]. This technique allows for the fabrication of complex shapes and high 
reinforcement volume fractions, enabling the creation of components with tailored properties 
[16]. In addition to this, it makes it easier to manufacture composites with near-net forms, 
which reduces the amount of post-processing that is necessary. However, liquid metal 
infiltration requires precise control of infiltration parameters, such as pressure and 
temperature, to ensure complete filling of the preform [107]. Wetting issues between the metal 
and reinforcement can also limit the quality of the interface, affecting the composite's 
mechanical properties. Furthermore, the fabrication can be challenging and costly. 

1.3.5.8 In-situ Processing 

In-situ processing generates reinforcements through controlled chemical reactions during 
solidification, leading to strong interfacial bonding and improved properties [23]. This method 
results in excellent interfacial bonding due to the formation of reinforcements directly within 
the matrix, enhancing the composite's strength and toughness. It also offers the potential for 
fine and uniform reinforcement distribution [108]. However, in-situ processing presents 
challenges in controlling reaction parameters [ ,110], such as temperature and reaction 
kinetics, to achieve desired reinforcement characteristics. It is also limited in material selection, 
as it relies on specific chemical reactions to form the reinforcement phases, restricting its 
versatility. 

 

Mechanical alloying, a solid-state powder processing technique, involves high-energy milling 
of metal and reinforcement powders [ ], leading to fine and homogeneous microstructures 
[ ,20]. This method offers excellent control over particle distribution and grain size, resulting 
in composites with superior homogeneity [111] and mechanical properties. It also allows for 
the fabrication of composites with a wide range of reinforcement materials and volume 
fractions [112,113]. However, mechanical alloying is time-consuming and can be expensive 
for large-scale production, limiting its economic viability. The utilization of fine powders 
introduces a heightened risk of oxidation during processing, which may adversely affect the 
material's resultant properties. Additionally, achieving complete densification during 
subsequent consolidation processes can be challenging, leading to residual porosity. 

1.3.5.10 Friction stir processing (FSP) 

Friction Stir Processing (FSP) presents a distinct solid-state approach to MMCs fabrication, 
utilizing a rotating tool to plastically deform and intimately mix reinforcement particles into the 
metal matrix. This method offers several key advantages. It ensures a remarkably 
homogeneous distribution of reinforcement, leading to consistent material properties [25]. 
Grain refinement is significantly enhanced [25], contributing to increased strength and 
toughness [26].  By operating in the solid state, FSP effectively eliminates defects such as 
porosity and segregation, which are common in melt-based processes [24]. Furthermore, the 
solid-state nature of the process promotes improved interfacial bonding between the 
reinforcement and the matrix. However, FSP is not without its limitations. Its application is 
primarily confined to surface or near-surface modifications, restricting its use for producing 
bulk composites. The process also demands specialized tooling and requires meticulous 
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control of processing parameters, such as tool rotation speed, traverse speed, and plunge 
depth, to achieve desired results.     

1.3.6 Justification for using friction stir processing 

In the pursuit of high-performance Metal Matrix Composites (MMCs), the inherent limitations 
of traditional fabrication methods necessitate the exploration of alternative techniques that 
ensure homogeneous reinforcement distribution and superior mechanical properties. Friction 
Stir Processing (FSP) has emerged as a particularly promising method, demonstrating a 
unique ability to achieve these critical objectives. In comparison to conventional processes 
such as stir casting and powder metallurgy, FSP consistently produces more refined and 
defect-free microstructures, ultimately leading to enhanced mechanical performance. The 
precise control over FSP parameters, including tool speed, plunge depth, and traverse speed, 
allows for the meticulous tailoring of the composite's properties to meet specific application 
requirements. Beyond bulk properties, FSP can significantly improve mechanical properties, 
particularly wear resistance [114-117]. Furthermore, FSP's remarkable versatility enables the 
incorporation of a wide range of reinforcement particle types, regardless of their chemical and 
physical characteristics, making it a highly adaptable technique for diverse MMC applications. 

1.3.7 Justification for AA5083 as a Base Material 

 Al 6061 [118], AA 2124 [ 120], AA 7075 
[121 122], Al A356 [123] and AA 6351 [124] have been used as base materials in 
the fabrication of AMMCs. However, AA5083 stands out as a crucial alloy, particularly in 
automotive, marine, and aerospace applications, due to its favorable deformation behavior 
and exceptional resistance to seawater corrosion [114]. Regarded as one of the most 
important aluminum alloys, AA5083 is widely employed in structural applications, notably in 
ship and building construction, owing to its high strength, excellent weldability, and superior 
corrosion resistance [125]. These mechanical properties make it ideally suited for marine 
environments where durability and resistance to harsh conditions are paramount. Notably, 
AA5083 is not heat-treatable as it relies on strain hardening and grain refinement for 
mechanical property enhancement, limiting the options for strength and hardness 
enhancement. Therefore, reinforcing it presents a viable alternative to further improve its 
mechanical properties (e.g strength and hardness) while maintaining its inherent ductility 
making it a prime candidate for MMC fabrication. 

1.3.8 Justification for Coal and Silicon Carbide (SiC) as Reinforcements 

Aluminium Metal Matrix Composites (AMMCs) are fabricated with a diverse range of 
reinforcements, utilizing various processing methods to tailor material properties.   Materials 
such as Al2O3 [56-58], B4C [126-128], Cu [60], CNT [71-73], fly ash [78], graphene [74-75], 
graphite [76], Mg2Si [ ], Ni powder [67], NiTi [68-6 ], RHA [77], SiC [60-63], SS [70], Ti 
[130], TiB [131], TiB2 [132], TiC [133], WC [134], Y2O3 [135], ZrO2 [65] and fibers [136] have 
all been incorporated to enhance properties like hardness, tensile strength, wear resistance, 
thermal stability, corrosion resistance, and chemical stability. Among these, silicon carbide, 
alumina, and boron carbide are the most frequently used. Silicon carbide, particularly, imparts 
excellent mechanical properties, including low weight, high tensile strength, stiffness, fatigue 
strength, corrosion resistance, and low thermal expansion [137- ]. Aluminium oxide 
reinforcement contributes high compressive and wear resistance, while boron carbide 
primarily enhances hardness but does not increase wear resistance [140]. 

1.3.8.1 Coal as a Novel Reinforcement 
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Coal has been chosen as a novel reinforcement due to its abundance, cost-effectiveness, and 
potential to improve wear resistance and mechanical properties while promoting 
environmental sustainability. Primarily composed of carbon, coal can enhance hardness, self-
lubrication, and wear resistance. Compared to expensive carbon-based reinforcements like 
graphene or CNTs, coal offers a significantly more affordable and readily available alternative. 
Its utilization also supports sustainable material use and waste reduction, aligning with 
environmental concerns. 

1.3.8.2 Silicon Carbide (SiC) as a Benchmark Reinforcement 

Silicon carbide (SiC) serves as a benchmark reinforcement due to its proven ability to enhance 
hardness, wear resistance, and thermal stability in MMCs. With its high strength, excellent 
thermal conductivity, and corrosion resistance, SiC is widely employed in structural and marine 
applications [141,142]. Its extensive research and application history make it an ideal 
reference material for evaluating the performance of novel reinforcements like coal. 

1.3.  Conclusion 

This study introduces a novel approach to enhancing AA5083 composites by incorporating 
coal as a reinforcement via Friction Stir Processing (FSP), with a comparative analysis against 
AA5083-SiC composites. The research aims to expand the current understanding of AMMCs 
fabrication by exploring a sustainable and cost-effective reinforcement alternative, while 
simultaneously evaluating its suitability for demanding marine and structural applications. 
While extensive research has focused on enhancing AA5083's mechanical properties through 
ceramic and hard particle reinforcement using FSP [143-145], the existing literature reveals a 
significant gap regarding the use of coal as a reinforcement in AA5083. The reviewed literature 
confirms FSP as a highly effective technique for producing AMMCs with superior composite 
characteristics, demonstrating that unreinforced aluminum alloys cannot match the 
mechanical properties of reinforced composites. Therefore, given coal's abundance, 
affordability, and potential to enhance wear resistance and mechanical properties while 
promoting environmental sustainability, it has been chosen as a novel reinforcement. Silicon 
carbide (SiC) serves as a benchmark reinforcement due to its well-established ability to 
improve hardness, wear resistance, and thermal stability. AA5083, selected for its excellent 
corrosion resistance, weldability, and high strength, is particularly suitable for marine 
applications. Addressing a gap in current knowledge, this study investigates the use of coal as 
a reinforcement material in AA5083 composites processed using FSP. The mechanical 
properties of the resulting AA5083-Coal composites will be compared with those of AA5083-
SiC composites. 

1.4 Research aim and objectives 

The research aims to create an aluminium metal matrix composite (AA5083-SiC and AA5083-
Coal) that can be used in the marine industry using the FSP technique. To fulfil this aim, the 
following objectives have been established: 

 Optimisation of process parameters using the Taguchi method to determine the best 
conditions for fabricating the required aluminium metal matrix composites. 

 Manufacturing a material (AMMCs) using an AA5083 as the parental/base material 
and SiC, as well as Coal, as reinforcement suitable for hull and ship decks using the 
FSP technique, with a specific focus on reinforcing the joint region rather than creating 
bulk AMMC sheets.  

 Cutting of the joints on the surface of FSPed regions. 



13

Conducting mechanical and tribological tests on the reinforced AMMCs to analyze the 
characteristics of the composite and compare the results.

1.5 Thesis outline

Chapter one of the study contains an introduction to MMCs, background and fabrication of 
AMMCs, as well as the study's aims and objectives. The second chapter summarizes the 
evaluated literature and provides detailed information relevant to the current study. Chapter 
Three provides a comprehensive presentation of the experimental setup and performances 
that were carried out. The results of the tests conducted on the produced aluminum metal 
matrix composites (AA5083-SiC and AA5083-Coal) are reported in Chapter Four, along with 
the explanations that follow for each of the experiments. This chapter also includes a 
comparative study conducted between the AA5083-SiC and AA5083-Coal results. Chapter 
Five presents the study's conclusions based on the findings and recommendations are made 
for further work. Figure 1.5 depicts the thesis outline.

Figure 1.5: Thesis outline
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter presents an in-depth literature review focused on the fabrication of Aluminum 
Metal Matrix Composites (AMMCs) using Friction Stir Processing (FSP), with a particular 
emphasis on marine-grade aluminum alloys. To ensure a logical and coherent flow, the 
following sections will be discussed. First, a brief overview of aluminum alloys (AAs) used in 
marine applications will be provided, detailing the characteristics and applications of various 
aluminum alloy series relevant to marine environments. Second, the fabrication of AMMCs via 
FSP using a range of aluminum grades will be examined, highlighting the process parameters 
and resulting properties. Third, a detailed analysis of AMMCs fabricated via FSP using marine-
grade aluminum alloys will be conducted, focusing on their microstructural and mechanical 
properties. Finally, a summary of the key findings from the literature review will be presented, 
identifying research gaps and justifying the necessity of the current study. The primary focus 
of this review is on FSP-fabricated AMMCs produced from marine-grade aluminum alloys, as 
these materials hold significant potential for enhancing the durability and performance of 
marine structures. The discussion will also include a broader overview of aluminum alloys 
(AAs) used in marine applications, including the characteristics of various aluminum alloy 
series and their uses, to provide context for the selection of AA5083 in this research. 

2.1 A brief overview of aluminium alloys (AAs) used in marine application 

Due to its high mechanical strength and low production cost, steel has been used in 
shipbuilding for about 150 years [146,147]. With the increasing need for larger ships, AAs 
have become the best alternative because of their strong corrosion resistance and reasonable 
weight savings due to their low density (2.71 grams per cubic centimetre) compared to that of 
steel (7.84 grams per cubic centimetre). Innovative technologies have been used to make 
several AAs with mechanical properties similar to those of steel that are necessary for 
shipbuilding and maritime applications for improved ship performance. The choice of AAs 
aluminium alloys over steel for maritime applications was based on their low weight and 
enhanced mechanical properties. 

Aluminium is a non-ferrous metal that is lightweight and AAs have exceptional flexibility and 
applicability, along with multiple benefits (corrosion resistance, strength and workability), 
making them suitable for various goods and markets [148]. Naval architects and ocean 
engineers have recognised aluminium and its alloys as being very favourable materials for 
marine and offshore structures [1 ]. Many of these uses have been made possible by AAs' 
lighter weight, improved mechanical properties and corrosion resistance. Naval architects can 
use AAs to build boats with higher payloads and high-speed capability, a longer life, minimal 
maintenance costs and a high recycling value [150]. Aluminium and its alloys also provide 
significant benefits in terms of hull maintenance and structural weight reduction [151]. AAs 
from the 5xxx and 6xxx series have appropriate corrosion resistance properties and strength 
making them popular materials for maritime constructions such as decks, hulls and 
superstructures for boats, ships, cargo carriers and ferries [152, 153].  

2.1.1 Aluminium alloy selection for marine applications 

5xxx and 6xxx AAs have valuable uses in various marine structures, such as the fabrication 
and maintenance of offshore platforms, shipbuilding and submarines. The key features and 
applications of AAs are summarised below. A detailed list of aluminium alloys, their 
metallurgical grades and uses in marine structures is listed in Table 2.1.1. 
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2.1.1.1 Properties and uses of AA 5xxx 

Strain-hardened Al-Mg 5xxx AAs provide excellent corrosion resistance in salty water. Even 
at low temperatures, these alloys achieve exceptional strength and hardness. They can be 
easily welded up to a thickness of 20 mm utilising a variety of welding processes. AA 5xxx 
offers a fantastic balance of strength and corrosion resistance when compared to other AAs. 
The addition of Mg as a main alloying element is responsible for this alloy's high strength. AAs 
are often identified by distinct temper conditions. The inclusion of Mg as the primary alloying 
element is responsible for the alloy's exceptional strength. Different temper conditions are 
used to categorise AAs. The alloy's particular temper condition has a direct impact on the 
properties needed for marine applications. Specific temper grades H321 and H116 have been 
approved by the Aluminium Association for use in maritime applications for 5xxx AA with an 
Mg content that is greater or equal to three percent by weight [154]. Work hardening, 
annealing and stretching are for the H116 temper alloys and strain hardening and thermally 
stabilising for the H321 products. Similar mechanical properties and the desired corrosion 
resistance are attained at both temper settings. AA 5083 [152, 155, 156] is the most frequently 
used 5xxx series alloy in shipbuilding. It has high corrosion resistance and strength, as well 
as being easily formable when tempered. As the usage of aluminium and related alloys in 
maritime industries increased, so did the need for manufacturing new AAs with higher 
properties (formability, corrosion resistance and strength). The alloy's desired properties are 
enhanced by changing the chemical composition of the identified alloy. By making minor 
changes to the alloy composition, Pechiney Marine Group was able to obtain a significant 
improvement over AA 5083 [157]. In comparison to the traditional AA 5083, they produced AA 
5383, that has a reduced Iron (Fe) and Silicon (Si) content and a higher Zirconium (Zr), 
Magnesium (Mg), Zinc (Zn), Copper (Cu) and Manganese (Mn) content. This alloy (AA 5383) 
outperformed AA 5083 in terms of formability, corrosion resistance and strength. Further 
alterations to alloy chemistry led to the creation of AA 5383NG [158], that contains slightly less 

and so on) have also been developed and are widely employed in maritime applications. 

AAs are commonly employed in bulkheads, commercial ships' hulls, deck panels, doors, keel 
gratings, hatch covers, ladders, railings, stiffeners and windows [152]. Aluminium alloy 5083 
is often used in marine applications [1 -161] such as pressure vessels, drilling rigs and other 
applications [152]. Proserio ships (single hull with high speed) utilise AA 5083-H113/H321 for 
their decks, superstructure and stiffeners. Other AAs used in the construction of marine hulls 
for different boats incl 62]; while 5086, 5454 and 5456 are used for sheet 
and plate forms. Strain-hardened conditions (H temper) such as H 111, H132, H116, and H32 
are employed when higher strength is required, while other alloys are commonly used in the 
annealed condition (O temper) for common uses [163, 164]. AA 5086-H 32, with a thickness 
of 4.5 to 12.7 mm, is currently an extensively used hull material. Although 5052 can also be 
utilised, bulkheads, cabins and fuel tanks are constructed from the same material as the hull 
[124]. Hull plating with AA 5086 is also common [161]. Smaller boats are also constructed 
from the AAs 5xxx series of metals. Privately owned aluminium boats are produced using AA 
5456- oy is also used in the 

AA 5083 and AA 5454 are also used in high-speed ferries for single or multiple hulls [154]. 

2.1.1.2 Properties and uses of AA 6xxx  

These alloy series has high strength, corrosion resistance and may be heat treated. 
Extrudability is one of the most essential characteristics of AA 6xxx. It is readily welded and 
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frequently utilised in shipbuilding in the extruded form [165]. The strong alloying elements of 
this alloy series, as compared to the AAs 5xxx series, are Mg and Si, that have almost identical 
strengths but significantly lower corrosion resistance. Extruded 6xxx alloys are frequently 
utilised in crossbars, deck furniture with complex cross-sectional shapes, hull stringers and 
ribs, radar towers, railings, stairways, sailboat masts, tracks and walkways [125]. Many small 
boats are created using the 6xxx alloy [161]. AA 6061, 6063 and 6082 are the most often 
utilised 6xxx alloys in the marine sector. In cases in which stretch forming is not required, AA 
6061-T6 is a popular material employed for small hull ships. The alloy AA 6061-T4 is also 
utilised when stretch forming is necessary [161]. AA 6061 is used in bulkheads, deck plating, 
deck panels and marine frames [155, 161]. Extruded AA 6061-T6 shapes are also extensively 
utilised in the manufacture of privately owned boats. AA6063 alloys are also mostly utilised in 
boat and ship construction and is employed to make the superstructure of high-speed ferries 
stable. AA 6063//6061 extrusions are often used for ornamental and structural components 
such as gunwales, spray rails and keels. The "fish room" system, a lightweight structural 
framing system frequently employed in construction, makes use of AA 6063/6061-T6 
aluminum, which can be found in both rolled and extruded forms [161]. The high-strength alloy 
AA 6082 is utilised in maritime frames and stiffened deck panels for strongly loaded structural 
applications. Most strengthened deck panels are constructed from AA 6xxx, and this material 
ultimately will find its way into the manufacture of hull structures. 

Table 2.1.1: Aluminium alloys, metallurgical grades, and marine structural applications. 

AA Metallurgical 

classification grades 

The use in different marine structures 

   
5052 H321 Bulkheads, cabins, fuel tanks, cabins [160] and 

small hulls   
 

 H116, H321 62,164] 
 

5083 H116, H321, H323 High-speed ship superstructures [155], hull 
stiffeners, and ship decks and hulls [1 ,160,161, 
163,164] 
 

5086 H116, H321 Bulkheads, cabins [161], hulls [164] and hull plating 
 

5383 O, H111, H116, H321 Hulls [161,164] 
 

5454 O, H112, H32, H34 Ship's upper decks [163] and stack enclosures 
 

5456 O, H112, H116, H32, 
H321 

High-speed ferry hulls [155,163] 
 
 

6005 T6 Deck panels with a built-in stiffener [1 ] 
 

6061 T6 Cabin and bulkheads, deck plating and marine 
frames [155,161], and fish room system [161]. 
Gunwales, hull, keels, integrally stiffened deck 
panels [1 ] and spray rails (decorative sections) 
 

6063 T6 Chines, fish room system [161], gunwales and spray 
rails (decorative parts) [161], integrally strengthened 
deck panels [1 ] and keels 
 

6082 T6 Deck panels with a built-in stiffener [1 ] 
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2.2 Fabrication of AMMCs via FSP using different aluminium grades 

This section details the fabrication of AMMCs using FSP with oxide and carbide 
reinforcements. It covers studies on AA1050 with TiC, AA2024 with SiC, AA2014 with Al2O3, 
and AA7075-T651 with B4C and TiC. 

2.2.1 Oxide and Carbide Reinforcements  

Sanusi and Akinlabi [25] explored the fabrication of an AA1050-Titanium carbide (TiC) surface 
composite using FSP. The FSP approach was employed in this work to fabricate surface 
composites of AA 1050 reinforced with TiC 
squeezed into the groove. For this process, rotational speeds of 1200 and 1600 rpm and travel 
rates of 100, 200 and 300 mm/min were used. The effect of processing factors on the 
microstructure of FSPed Al-TiC composites was then examined. Microstructural 
characterisation was performed using optical microscopes and scanning electron microscope 
(SEM) in conjunction with Oxford energy-dispersion spectrometry. The results showed that 
the processing variables had an impact on the TiC particle dispersion. The influence of 
processing variables on the microhardness of FSPed Al-TiC composites was also investigated 
using microhardness profiling. According to the findings, the microhardness profile of the 
processed samples exhibited a rise in hardness value when compared to the parent material. 
The FSP technique increased surface engineering properties, according to the wear-
resistance test findings.  

Ghanbari et al. [61] employed the two-pass and four-pass FSP procedures to produce 
AA2024-Silicon carbide (SiC) composites. An H13 steel tool with a square pin shape was used 
for the FSP procedure. For the entire FSP operation, the rotational and traverse speeds were 
held at 1000 revolutions per minute and 25 millimetres per minute, respectively. It was noted 
that at higher FSP passes, regardless of post-treatment, the microstructural examination 
indicated refined grains and homogeneous particle dispersion. The heat-treated FSP 

-heat-
treated samples. The dissolution of coarse S-section precipitates and the re-precipitation of 
refined S-phase precipitates have been connected to the growth in microhardness. The 
improvement in wear resistance was further improved by using the re-precipitation of fine  
S-phase precipitates. 

Sharma et al. [166] used the four-pass FSP approach to reinforce the AA2014-T6 plate with a 

constant at 710 revolutions per minute during the fabrication process, while the traverse speed 
was kept constant at 100 millimetres per minute. A hot die metallic tool with a conical pin form 
and concave shoulder was used for the FSP technique. Consequent to the 4-pass FSP 
technique, microstructural examination revealed a considerable reduction in grain size (from 
120 micrometres to 8 micrometres) in the stir region, as well as the dissolving of several 
precipitates because of the high-temperature exhibition. AMMCs were discovered to have a 
slightly greater microhardness than the base metal. Owing to the occurrence of dynamic 
recrystallisation during FSP, a recrystallised equiaxed microstructure occurred. A crack-free 
surface composite with a homogenous distribution of SiC particles was created and preserved. 
The size of the reinforcing particles was lowered during processing. However, the 
microhardness of the FSPed alloy is less than that of the parental alloy, indicating that 
precipitation hardening is more important than grain refining. The inclusion of harder ceramic 
particles enhances the surface composite's hardness. However, this reviewed study [166] 
does not mention the other mechanical properties of the fabricated surface composite. 

Ramesh and Murugan [167] examined FSP for producing and characterising an AA7075-
T651-Boron carbide (B4C) surface composite. During the FSP process, the tool rotational 
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speeds were changed from 425 to 575 rpm, the traverse rate from 40 to 60 mm/min and the 
number of passes from 1 to 3. The researchers discovered that an acceptable processed 
surface composite could be created with a rotating speed of 500 revolutions per minute and a 
traverse speed of 60 millimetres in 3 passes. Furthermore, increasing the rotating speed 
lowered the grain size in the NZ for a given traversal speed. The average microhardness of 
the FSPed surface composite was 1.5 times that of the parental metal. Garca-
[168] studied the effect of FSP parameters on AA7075-T651-TiC. The influence of FSP 
parameters on microstructure, such as whether the groove is sealed or unsealed, the direction 
of each pass, and the number of passes, was examined. To create a functional surface, TiC 
nanoparticles (2 percent weight) were incorporated into AA7075-T651. Fixed parameters 
employed for this were: 1000 rpm rotation, 300 mm/min travel speed, and 2.8 mm pin 
penetration. The selected FSP parameters, according to the findings, impacted the distribution 
of TiC particles, the micro-hardness of the surface composites and the area of the surface 
composite. In addition, the microhardness value was shown to be decreasing. 

Hamdollahzadeh et al. [1 ] investigated the impact of second-pass processing on the 
evolution of the microstructural and mechanical properties of AA7075 friction stir weldment 
strengthened with nano-SiC. FSP was conducted at 1250 revolutions per minute and 40 
millimetres per minute when the groove was filled with SiC particles. The researchers used 
single and double-pass FSP in the investigation and discovered uniform dispersion as well as 
grain refinement in double-pass FSPed AMMCs. The connection between the reinforcements 
and the base metal was strong in each specimen. The 1-pass processed specimen, however, 
had a less uniform particle dispersion than the 2-pass processed material. During tensile 
testing, all tensile specimens were fractured beyond the SZ. Surprisingly, SEM examination 
of cracked surfaces matched the ductility results perfectly. 

Bharti et al. [170] used a one- Aluminum oxide (Al2O3) 
particles into an AA2014 plate five millimetres thick. An H13 steel tool profile with a tapered 
cylindrical pin was used for the one-pass FSP technique. To achieve the desired results, the 
two different rotational speeds of 1000 revolutions per minute and 1400 revolutions per 
minute, respectively, were paired with a 40-millimetre per minute constant traverse speed. A 
rotating speed of 1000 revolutions per minute 
a rotational speed of 1400 revolutions per minute ze. The 
specimen developed at 1000 revolutions per minute 
the specimen manufactured at 1400 revolutions per minute had a somewhat lower 
microhardness of 
rotational speed was increased, and wear behaviour followed a similar trend. However, the 
information concerning the other mechanical properties was not found during the literature 
reviewed conducted for this paper. 

Moustafa [171] investigated the effect of overlapping FSP on the mechanical properties of 
AA2024-Al2O3 nanocomposites. As a surface composite sheet, AMMCs reinforced with 
aluminium oxide nanoparticles were created via FSP.  Three travel rates of 10 millimetres per 
minute, 15 millimetres per minute and 20 millimetres per minute, were used with the tool 

-degree tool tilt angle was used. 
0.5 mm/s tool plunge speed and 2 s dwell duration were maintained at the same levels. In the 
procedure, three multi-passes were used. Mechanical properties, hardness and 
microstructure grain were studied for processing parameters. According to this reviewed 

 multiple FSP passes create a good dispersion of aluminium oxide in surface 
composite and homogeneous distribution. The microstructure inspection reveals finer grain in 
specimens subjected to two and three passes of FSP. When compared to the base metal, 

l rates and FSP 
passes, have a significant effect on UTS and surface microhardness. Owing to the presence 
of reinforcement Al2O3 

-pass FSP increases the hardness of matrix 
71].   
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Yang et al. [172] produced the 4-pass AA2024-Al2O3 composites using FSP. An H13 steel tool 
with a concave shoulder and a threaded pin shape was used to fabricate the MMCs. The tool 
rota
was adjusted to 50 mm/min. The tool was tilted at a 2.5° angle to avoid surface defects. Before 
employing the FSP approach, the 2.5 mm thick AA2024 plate was cold sprayed with Al2O3 to 
generate a 4 mm thick AA2024-Al2O3 layer. Post the FSP technique, the microstructural 
examination revealed excellent particle dispersion and refined grains. Low FSP passes, 
however, demonstrated good corrosion resistance, with two pass FSP specimens 
demonstrating remarkable corrosion resistance. The specimens that went through the four-
pass FSP process showed poor corrosion resistance due to a loss of good surface quality and 
damaged inner coating interfaces. 

2.2.2 Analysis and Discussion 

Table 2.2.2 summarizes the composites produced from different aluminum base materials with 
various reinforcements using the FSP process. 

Table 2.2.2: Aluminium metal matrix composite developed with FSP outside the marine 
grades. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 

     

1050+TiC   The processing parameters had an impact 
on the TiC particle distribution.  
The hardness value increased when 
compared to the parent material. 
 

25 

2024-T351+ SiC 1000 25 In the SZ, nanoparticles with a uniform 
dispersion were formed.  
The heat-treated sample's results revealed 
an improvement in hardness and wear 
resistance.  
 

61 

2014-T4+ Al2O3  40 After FSP, there was a uniform distribution 
of Al2O3 reinforcement particles in AA2014.  
After FSP, adding Al2O3 
increase in hardness.  
In FSPed samples, the coefficient of 
friction (COF) improved from 0.27461 in 
base material to 0.22570.  
 

170 

2014-T6+ SiC 710 100 A surface composite with no defects and a 
uniform distribution of SiC particles 
was produced.  
Due to the addition of harder ceramic 
particles, the surface composite exhibited 
an increase in hardness. 
 

166 

2024+ Al2O3   Compared to base metal, grain refinement 
had  
The presence of the reinforcement Al2O3 in 
the nanoparticles improved the ultimate 
tensile strength and average hardness by 

. 
 

171 
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2024-T3+ Al2O3  50 The AA2024/Al2O3 coatings' corrosion 
resistance improved with the best 
corrosion performance happening at  
2-pass FSP. 
At four passes, there was a decrease in 
corrosion resistance. 
 

172 

7075-T651+ B4C   FSP composite had an average hardness 
that was 1.5 times more than that of the 
base metal AA7075-T651. 
Hardness was increased due to the fine 
dispersion of B4C particles and the tiny 
grain size of the aluminum matrix. 
 

167 

7075-T651+ TiC 1000 300 The findings showed that the chosen FSP 
parameters had an impact on the surface 
composites' micro-hardness, TiC particle 
dispersion and surface area. 
  

168 

7075-O+ SiC 1200 40 Each specimen had a strong bond 
between the reinforcements and the 
matrix. 
The microstructure of the 2-pass 
processed specimen was coarser than that 
of the 1-pass processed one.  
During tensile testing, every tensile 
specimen broke outside the SZ. 

1  

     

The influence of processing parameters is significant in TiC-reinforced AA1050 composites, 
affecting the distribution of TiC particles and resulting in increased hardness. In AA2024-T351, 
the introduction of SiC leads to a uniform dispersion of nanoparticles and enhances both 
hardness and wear resistance, with heat treatment further improving these properties. Silicon 
carbide reinforcement in AA2014-T6 refines the grain size of the aluminum matrix and 
consequently increases hardness. The addition of B4C to AA7075-T651 increases hardness, 
attributed to the fine dispersion of particles and the resulting small grain size. For TiC-
reinforced AA7075-T651, friction stir processing (FSP) parameters play a crucial role in 
determining microhardness, particle dispersion, and surface area. Finally, the incorporation of 
Al2O3 in AA2024 improves grain refinement, ultimate tensile strength (UTS), and hardness, 
although it's important to note that corrosion resistance can vary depending on the number of 
FSP passes.  

2.3 Detailed review of fabricated AMMCs via FSP using marine aluminium alloys 

In shipbuilding, several marine AAs are used to fabricate various sections such as hulls, 
superstructures, decks and bulkheads. MMCs that use FSP have a distinct advantage over 
MMCs that use other manufacturing techniques. When compared with most other strategies, 
FSP has several distinct benefits. This part of the study examines the impact of reinforcing 
particles, process parameters, multiple passes and active cooling on mechanical 
characteristics during the fabrication of aluminium MMCs using available literature. The 
review focused on marine-grade AAs. 

2.3.1 AA5052- based MMCs  

This section details AA5052 composites with oxide/carbide (Al2O3, TiO2, SiC) and 
carbonaceous (Carbon fiber) reinforcements. 
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2.3.1.1 Oxide and Carbide Reinforcements in AA5052 

Sharifitabar et al. [173] employed FSP to create the AA5052-Al2O3 nano-ceramic particle 
reinforced composite. After multiple FSP passes, the microstructural and mechanical 
properties of AA5052-Al2O3 surface composites were studied. FSP was performed with 

d from 8 revolutions per minute 
to 100 r
optimum FSP conditions for the fabrication of NZ without macroscopic flaws. It was observed 
that as the number of FSP passes increased, the grain size of the NZ reduced, and the surface 
composite produced by 4 passes had a submicron mean grain size. The increasing of the FSP 
passes also resulted in homogenous Al2O3 particle dispersion in the base material and the 
formation of a nanocomposite after four passes with a mean cluster size of 70 nm. Tensile 
tests revealed that composites made in 3 and 4 passes had greater UTS and yield strengths 
and lower elongation than FSPed materials made without powder under similar circumstances 
and that all FSP samples had greater elongation than the parental metal. In perfect 

respectively, in a composite formed by 4 FSP passes. 

Mathur et al. [174] investigated the impact of reinforcement titanium dioxide nano-particles, 

1000 rpm and 1300 rpm, as well as traverse rate of 50 mm/min, 65 mm/min and 80 mm/min, 
respectively, were employed with the 6 mm square pin tool. The maximum hardness 
value of 78 ±  and tensile strength value of  3 megapascals were 
obtained at rotational and traverse speeds of 1000 rpm and 65 mm/min, respectively. Micro-
voids were noted at the grain boundaries of the casted aluminium alloy 5052. Micro-voids were 
removed after FSP because of dynamic recrystallisation caused by tool movement throughout 
the process. The AMMCs saw grain size decrease because of dynamic recrystallisation during 
the process. Hardness was improved up to 1000 rpm tool rotating speed due to grain 
refinement and homogenous reinforcement distribution. However, after 1000 rpm, there was 
a decrease in hardness. According to the authors [174], excessive centrifugal force caused 
the reinforcement to be thrown away from the SZ, resulting in a drop in hardness. During the 
specimen's tensile test, a ductile fracture was discovered. 

Dolatkhah et al. [175] investigated how process factors affected the mechanical properties 
and microstructure of an AA5052-SiC composite made using FSP. An MMCs was created on 

Between 
passes, the impact of traverse speed and rotational direction shifts was investigated. 
Experiments were conducted using all combinations of three traverse speeds of 40 mm/min, 
80 mm/min and 125 mm/min and three rotational speeds of 700 revolutions per minute, 1120 
revolutions per minute and 1400 revolutions per minute, respectively, to discover the tool 
rotational and traverse speeds that resulted in the greatest powder dispersion. The effects of 
tool rotational speed and particle size on SiC particle distribution, FSP passes and 
microstructure, wear and microhardness parameters of specimens were investigated. The 
results show that decreasing the size of the SiC particles, changing the rotating direction of 
the tool between FSP passes, decreasing the size of the SiC particles and increasing the 
number of passes, enhanced the hardness and wear characteristics. An ultrafine 
microstructure was created using FSP and nano-sized SiC particles. The inclusion of SiC 
powder increased the hardness substantially. In comparison to the parental material, the value 

  reduction in wear rate. Another study 
[176] found that AA5052-SiC particle composites may be produced satisfactorily using FSP. 
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2.3.1.2 Carbonaceous Reinforcements in AA5052 

Cao et al. [177] studied AA5052-Carbon fiber composites' microstructural, tribological and 
mechanical properties. In this work, multi-pass FSP was used to successfully produce carbon 
fiber-reinforced AA5052 bulk composites to improve AA5052 wear resistance. FSP was 
carried out using a 1000 rpm constant rotation speed and traverse rates of 50, 75 and 100 
mm/min. The tool's tilt angle was 2.5° and the depth of the plunge was 0.2 mm. For 
comparison, the same processes were used to process unreinforced AA5052 at a traverse 
speed of 100 mm/min and a rotating speed of 1000 rpm. It was discovered that carbon fibers 
were homogeneously spread in considerable volume in the composites, with no visible Al4C3 

layer between the carbon fibers and the parent material, according to microstructure 
investigations. Owing to the substantial plastic deformation caused by FSP, the orientation of 
carbon fibers in the composites was random. Further mechanical testing revealed that the 
hardness of the composit  metal, and the 
composite produced at 1000 revolutions per minute and 75 millimetres per minute had an 

revealed that the composite's wear process was more stable, with wear volume loss reduced 

been linked with improved mechanical properties.  

2.3.1.3 Analysis and Discussion 

Table 2.3.1.3 summarises the composites fabricated from AA5052 base material with various 
reinforcements using the FSP process. 

Table 2.3.1.3:  AA5052- based MMCs fabricated with FSP. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 

     

5052-H30+ 
Al2O3 

  The SZ's grain size reduced as the number 
of FSP passes increased, and the 
composite produced by the four passes 
had an average grain size of less than one 
micron.  
The increase in FSP passes caused an 
equal distribution of Al2O3 particles in the 
matrix. 
Tensile and yield strengths were higher, 
and elongation was lower for three and 
four-pass composites compared to friction 
stir processed materials without powder.  
 

173 

5052+ TiO2   When compared to the aluminium alloy 
without FSP, the reinforced material had 
improved mechanical properties.  
Titanium dioxide nanoparticles were 
discovered in the grain structure of the 
aluminium alloy, that improved the surface 
properties of the material.  
 

174 

5052+ SiC   The incorporation of the silicon carbide 
powder considerably increased hardness.  

175 
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The wear rate of the nanocomposite layer 
was nine times lower than that of the 
base material. 
 

5052+ SiC   The addition of SiC nanoparticles had a 
significant effect on grain distribution and 
orientation.  
Compared to the annealed Al-Mg alloy, the 
processed UFGed nanocomposite 
improved hardness, yield stress and 
ultimate tensile strength 

 
The fracture features revealed a mixed 
ductile-brittle rupture pattern. 
 

176 

5052-H32+ 
Carbon fibre 

1000  The hardness of the composites improved 

base UTS and 
elongation.  

The composites experienced abrasive 
wear, but the base metal and FSPed 
matrix also had adhesive wear. 

177 

     

The studies on AA5052-based MMCs demonstrate the versatility of FSP in fabricating 
composites with various reinforcements. The addition of Al2O3 to AA5052 refines the grain 
size and enhances both ultimate tensile strength (UTS) and yield strength, particularly when 
employing multi-pass friction stir processing (FSP). TiO2 reinforcement is effective in 
improving the mechanical and surface properties of the composite material. Furthermore, the 
inclusion of SiC leads to increased hardness and a reduction in the wear rate. Carbon fiber 
reinforcement contributes to improvements in hardness, UTS, and wear resistance. Across 
these composites, it is crucial to recognize that processing parameters play a vital role in 
achieving optimal particle dispersion and, consequently, desired composite properties.  

2.3.2 AA5083- based MMCs 

This section discusses AA5083 composites with various reinforcements: oxides/carbides 
(ZrO2, Graphene Oxide, SiC, B4C), carbonaceous (MWCNTs, CNTs), metallic (Cu, Ni, W), 
and hybrid (CNTs/CeO2, B4C/CNTs, B4C/MWCNTs, CNTs with SiC). 
 
2.3.2.1 Oxide and Carbide Reinforcements in AA5083 

Mirjavadi et al. [65] studied the wear and mechanical properties of an AA5083-ZrO2 composite 
made using FSP. This investigation used multi-pass FSP with zirconia nanoparticles to 
fabricate surface nanocomposites on AA5083 sheets. The impact of increasing the number of 
passes on the microhardness, microstructural, wear parameters and tensile of the specimens 
was investigated. After a series of trial and test runs of FSP, it was determined that a traverse 
speed of 50 mm/min and a rotating rate of 800 rpm were the most ideal in terms of possible 
flaws, that was also in agreement with reference [178], and that these speeds were employed 
for all FSP passes. For all samples, the tool tilt angle concerning the workpieces was 
approximately 3°. As a result, it was discovered that FSP iteration consistently increases the 

result was mostly due to microstructural 
modification using FSP, which included improved powder dispersion, finer grain size and 
reduced clustered particles. In the 8-pass friction stir processed nanocomposite, EBSD and 
TEM investigation revealed a substantial number of high-angle grain boundaries and 
continuous dynamic recrystallisation. According to wear tests, the wear rate of the further 
processed sample was also much lower than that of its counterparts. Furthermore, the fracture 
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surface of the 8-pass treated material, in common with the base material, displayed ductile 
fracture consisting mainly of dimples and voids. The composite with eight passes had the most 
grain-
composites produced in eight passes was also reduced. 

Naghshekesh et al. [1 ] used graphene oxide as the reinforcing material to evaluate the 
impact of FSP on the surface of AA5083. To enhance the microstructural and mechanical 
properties of the AA5083, a surface nanocomposite comprising graphene oxide was created 
utilising FSP in a liquid-cooled condition. For this aim, FSP was utilised to produce up to three 
passes on a parental material with and without reinforcing particles. The resulting surface–
nanocomposite, friction stir processed AA5083, and base material were studied for 
microstructural characteristics and mechanical properties. For this study, the processing was 
carried out at a 315 rpm rotational speed and a 16 mm/min traverse speed. The microstructure 
was studied using electron backscatter diffraction and it was observed that after the 
processing, the grain size of the nanocomposite was approximately 
the specimen without reinforcement was 6 ± 
was 23 ± 
reinforcing particles on grain growth in the nanocomposite specimen. According to research 
on the mechanical properties of the parental material, nanocomposite and FSPed specimen, 
using a chilling environment while executing the procedure increases the microhardness of 
the NZ compared to that of the parental material. In the presence of graphene oxide particles, 
the rise was increased to 123 ± 
outperformed the parent material and the FSPed sample. 

Mishra et al. [180] were the first to work on composite manufacturing utilising FSP. Composites 
containing AA5083 alloy as base material and SiC as reinforcement were created in this study.  
The development of AA5083-SiC surface composites with various particle volume fractions 
was successful. The surface of AA5083 plates was cleaned before processing. A small 
amount of silicon carbide powder was mixed with a small amount of methanol and then put on 
the plates' surface to generate a thin silicon carbide particle coating. The procedure is identical 
to tape casting, except there is no binder in the mixture. After drying in the air, the aluminium 
plates with a pre-placed SiC particle coating were exposed to FSP. The pin height of the 
tacking tool used was 1.0 mm. The tool was spun at a constant speed of 300 rpm while the 
shoulder depth and traverse rate were varied. The tool spindle angle was adjusted at 2.5°, 
that assisted the forging action at the shoulder's trailing edge. According to the study's 

 to 200 
carbide particles were equally distributed in the aluminium base material. The surface 
composite, which is reinforced with 27 volume percent 

that is approximately twice that of the base 
material. As a result of the solid-state fabrication, high-performance surface composites with 
very fine microstructures were created. When compared to the base material, there was a 

 

Deepak et al. [181] evaluated the mechanical properties of an AA5083-SiC surface composite 
prepared by FSP. The FSP tool was installed in the spindle of a CNC milling machine, that 
was configured to rotate at 1200 rpm with a traverse speed of 40 millimetres on the machine 
bed. The results showed that doping AA5083 with hard SiC particles, using FSP significantly 
increases the surface composite's microhardness generated on the friction stir processed 
sample layer
dro approximately 2 millimetres from the middle of the 
FSPed zone on each side. Despite its enhanced hardness, the FSPed sample had a poorer 
wear resistance than AA5083. During wear testing, the FSPed sample had a higher friction 
force and a higher coefficient of friction. This result could have been due to the greater friction 
force and coefficient of friction reported during wear testing in the FSPed sample. 
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Yuvaraj et al. [182] used FSP to create an AA5083-B4C nanocomposite and tribologically 
characterise it. FSP was used to produce an AA5083 incorporated with boron carbide as a 
reinforced layer. As reinforcements, nano-sized and micro-sized B4C particles were utilised. 
Optical microscopy and SEM examinations were used to examine the friction-processed 
surface composite layer. In the creation of surface composites by FSP, the number of passes 
and the amount of reinforcement are critical. Before fabrication, a series of trials were 
undertaken, and the constant rotational and transverse speeds were determined to be 1000 
revolutions per minute and 25 millimetres per minute, respectively. Microhardness tests and 
tensile tests were used to evaluate the mechanical properties of the FSPed surface 
composites. The results were compared to the base metal properties. The impact of 
reinforcement and the number of passes on properties were also examined. The pin-on-disk 
test was used to assess the surface composite's tribological performance. Compared to the 
base metal's performance, the surface composite layer created in 3 passes with nanoparticle 
reinforcement improved wear resistance, tensile behaviour and hardness. The dispersion of 
nanoparticles in the base material became more uniform compared to a single-pass FSP 
nanocomposite, resulting in increased hardness. After three passes, the microhardness of the 

4C particles placed on the surface of the 
AA5083 improved the wear resistance of the nanocomposite. In the one-pass method, some 
substantial reductions in yield and ultimate tensile strength values of surface composites were 
found when compared to non-reinforced samples. Despite these reductions, the surface 
composites' microhardness was greater than that of the non-reinforced samples and the wear 
rate was also reduced.  

Jain et al. [183] investigated the mechanical properties, sliding wear behaviour and 
microstructure of AA5083-B4C/SiC/TiC surface composites produced via FSP. In this work, 
FSP was used to make three dissimilar AA5083 surface composites reinforced with TiC, B4C 
and SiC particles. The mechanical properties of reinforced particles and three sequential FSP 
passes were examined. Based on experimental trials, a tool tilt angle of 3°, a transverse rate 
of 25 mm/min, several passes and a rotational speed of 1600 rpm were chosen to generate a 
sound FSP area and homogenous particle dispersion in the stirred zone. The FSPed sample's 
mechanical properties were assessed and compared to the parental material. There was 
substantial grain refinement in the microstructure, with dense particulate distribution on both 
the advancing and retreating sides of the stir region, particle-free zones and strong particle-
matrix bonding in some areas. FSP induces significant plastic deformation in the materials, 
allowing the constituent phase to mix and refine. The FSPed sample's wear resistance was 
assessed and compared to the parental material. According to the findings, including TiC, B4C, 
and silicon carbide particles in the parental material (AA5083) enhances wear characteristics. 
According to the data, when a pin-on-disc tribometer was used to evaluate the wear 
mechanism, findings revealed that the wear mode changed from abrasive to delamination. 
Furthermore, the findings show that adding TiC, B4C and SiC particles to the parental material 
improves the tensile properties while also enhancing its hardness. The fracture mode of SiC 
and TiC particle-reinforced surface composites was ductile, whereas the fracture mode of B4C 
reinforced surface composites was bimodal. The UTS and microhardness of the AA5083-B4C 

 , respectively, when compared to 
the AA5083-SiC/ TiC composite. The AA 5083-B4C composite has a minimum wear rate of 
18x10-5 mm3/Nm. 

2.3.2.2 Carbonaceous Reinforcements in AA5083 

Owa and Shimizu [184] explored the fabrication and strength behaviour of MWCNT-reinforced 
AA5083 composite through FSP. The inclusion of MWCNTs into AA5083 via FSP was 
researched to increase the strength of the alloy, which is utilised in various industries. The 
following FSP parameters were used to fabricate surface composite (AA5083-MWCNT),  
a 3° tilt angle, a traverse speed of 25 mm/min, a rotational speed of 880 rpm and a traverse 

 Compared to the base material, the composite grain size was greatly 
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refined. With the FSP-optimised conditions, the composites contained no voids or other flaws. 
The use of a composite powder comprised of MWCNTs and AA5083 resulted in the grain 
refinement and uniform distribution of MWCNTs. When compared to the base material, the 

3  to 61  higher and the UTS increased from 13  
  

Prabhakar et al. [185] used FSP to make AA5083-CNT composites and studied the effects of 
grain refinement and carbon nanotubes on corrosion and mechanical properties. In the current 
investigation, FSP was used to integrate CNT into AA5083 to produce a metal matrix 
composite. The processing was performed at a rotational speed of 1800 rpm and a feed rate 
of 25 mm/min, that is based on the results of the preliminary experiments. Microstructural 
analysis revealed smaller grains and nonuniform CNT dispersion in the SZ. The fine grains 
and presence of CNT in the composite resulted in a 25 improvement in hardness when 
compared to unprocessed aluminium alloy, that is attributable to the fine grains and presence 
of CNT in the composite. The electrochemical tests revealed that the FSPed composite had 
somewhat greater corrosion resistance. The findings reveal that the addition of CNT, in 
combination with the grain size effect, has a considerable impact on the corrosion resistance 
of AA5083. As a result of the findings, it can be concluded that adding CNT to AA5083 through 
FSP can increase mechanical performance. However, attention must be taken to enhance 
CNT dispersion since the presence of CNT has a significant impact on corrosion resistance. 
It was found that by using FSP to fabricate AA5083-CNT composites, lightweight energy-
efficient structures with superior mechanical properties and corrosion resistance may be 
constructed.  

2.3.2.3 Metal Reinforcements in AA5083 

Zohoor et al. [186] studied the influence of processing variables on the formation of Al-Mg/Cu 
composites using FSP. This study examined the fabrication of AA5083-Cu surface composite 
layer using aluminium alloy 5083 with copper particles via FSP. The FSP settings were 25 

 with a tilted angle of 
3°. SEM and optical microscopy were used to characterise the microstructure. Particle 
distribution pattern, microstructure and microhardness were studied as a function of FSP pass 
numbers, rotational speed and copper particle size. According to the findings, the samples 
with micro and nano-sized particles showed tiny grains and a greater level of microhardness. 
The nano-sized particle composite surpassed the AA5083 in terms of tensile strength and 
ductility. X-ray diffraction (XRD) studies were performed on the specimens FSPed with Cu 
particles to discover the phases present in the NZ. Some reactions between the alloying 
elements are seen in XRD observations. After four passes using Cu-reinforcing particles, a 
considerable increase in strength and hardness was noted.  The chemical interaction between 
Cu particles and the aluminium material was also observed to increase with rotational speed.  

Bauri et al. [187] investigated the influence of process variables and tool geometry on the 
fabrication of AA5083-Ni composites using FSP. For FSP, a traditional cylindrical tool was 
originally employed, and numerous processing parameters such as rotational and tool 
traverse speeds were investigated to obtain a defect-free SZ and uniform particle dispersion. 
Another tool with particular characteristics on the pin and shoulder was used to investigate the 
influence of tool geometry. For producing a defect-free SZ, a traverse speed of 24 mm/min 
and a tool rotation speed of 1200 rpm were determined to be effective. Regardless of whether 
the SZ was flawed or sound, the distribution of Ni particles was inhomogeneous for all the 
parameters utilised with the basic cylindrical tool. The tool with the unique features of threads 
on the pin and spiral grooves on the shoulder was found to be extremely successful in both 
establishing a sound SZ and dispersing Ni particles. In comparison to coarse particles 
received as-is, ball-milled tiny particles were found to be distributed more evenly in the SZ. 
The grain size of the aluminium base material was similarly reduced from 25 microns to 3 
microns using FSP. The microstructure was characterised by equiaxed fine grains with a large 
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proportion of high-angle grain boundaries and a narrow grain size distribution. The impact of 
particle inclusion on the alloy's mechanical properties was also studied. When comparing the 
base material, the composite's strength enhanced dramatically, and it also attained a high 
level of ductility. 

Kumar et al. [188] studied the effect of ball milling and particle size on the surface composite 
FSPed AA5083-Ni. To produce a metal particle-reinforced composite, FSP was employed to 
integrate Ni particles into an AA5083 material. To achieve a flawless NZ and uniform particle 
distribution, a range of rotation rates tools from 1000 revolutions per minute to 1800 
revolutions per minute and a range of traverse rates from 6 millimetres per minute to 24 

ball-milled were distributed more consistently in the composite than base material during the 
optimisation of process parameters for uniform particle distribution. Before being included in 
the AA5083, the particles were ball-milled. The finer ball-milled particles were evenly spread 
and a thin intermetallic layer was created. AA5083–Ni composite intermetallic was discovered 
in the layer. No such layer was seen in the processed composite when tiny particles of similar 

The study findings showed that 
the microstructure of the composite was modified by particle ball-milling. The creation of the 
interfacial layer is responsible for the high energy state of the ball-milled particles. When 
compared to the unreinforced AA5083, both composites had greater strength. FSP also 
reduced the grain size of the parental material from 25 to 3.5 µm, an action that improved the 
composites' strength. Due to the existence of the interfacial reaction layer, the strength and 
ductility of the ball-milled composite were lower than the composite with as-received tiny Ni 
particles, as predicted. 

Kumar et al. [1 ] investigated the wear properties of an AA5083-tungsten composite made 
using the FSP technique. FSP was employed to integrate tungsten particles in an AA5083 
material to create metal particle-reinforced surface composites. On an AA5083 plate with a 
thickness of 10 mm, a groove of 60×2×1.5 mm was created. Tungsten particles of 10  were 
retained in the groove. The FSP tool revolved at 1,200 revolutions per minute with a 24 
mm/min transverse speed.  Wear test samples with a diameter of 8 millimetres and a height 
of 10 millimetres were cut using electrical discharge machining (EDM). Results revealed that 
the microstructure was found to have a uniform distribution. The particles were equally 
scattered in the base material and FSP refined the grain size. The tungsten particles remained 
in their elemental state after X-ray diffraction and investigation revealed no intermetallic peak. 
Compared to the base and FSPed alloys, the composite surface layer displayed much greater 
wear resistance. The worn surface inspection of the base and FSPed samples revealed that 
the composite undergoes oxidative mild and adhesive wear at all 3 loads, shifting to an 
abrasive and delamination type of severe wear at higher loads. 

Papantoniou et al. [1 ] investigated a new technology in the hardening and surface 
modification of AAs using a FSP: AA5083-Cu. FSP was performed on thick AA5083 plates in 
this investigation. The parameters used for this study are a traverse speed of 13 mm/min and 
a rotational speed of 1000 rpm, that were based on preliminary experiments. The pinless FSP 
pass's parameters were 1000 rpm rotational speed and 120 mm/min transverse speed. A thin 
sheet of pure copper with a cross-section of 4 mm × 0.8 mm was FSPed into a machined 
groove on the upper side of the aluminium plate. The samples were made with 1, 2 and 3 FSP 
passes, respectively. The metallurgical and mechanical effects of the AA5083-Cu composite 
were then examined. The results indicated that the Cu thin sheet was successfully integrated 
into the AA5083 NZ, with non-integrated Cu disappearing after further FSP passes. The 
reinforcement was divided into small particles, blended and spread throughout the SZ. There 
were various intermetallic phases detected after FSP overlapping, as well as the particles 
dimensionally concerned in the material flow direction because of the rotating action. Owing 
to the intense plastic deformation caused by heat generation and material movement near the 
tool, particles of Cu became enriched with aluminium atoms as a result of the interplanar 
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diffusion–interfacial migration effect. The production of intermetallics such as AlCu4, Al2Cu and 
MgCu2 was proposed by XRD. Cu diffusion and the production of diverse hard intermetallics 
increased the hardness of the surface composite. Almost all the Cu was incorporated in the 
nugget region, primarily in the form of Cu-based micron-sized intermetallic particles and, 
secondly, by Cu diffusion in the AA5083 material when the FSP passes were increased. The 
microhardness inside the NZ 
presence of complex intermetallic compounds generated by the high heat input and severe 
plastic deformation.  

2.3.2.4 Hybrid Reinforcements in AA5083 

Hossieni et al. [73] used FSP to create AA5083 surface composites reinforced with CNTs and 
cerium oxide nanoparticles. FSP was used to integrate MWCNT and nanosized cerium oxide 
particles into the AA5083 base material to generate surface-reinforced composites in this 
study. The effect of different nanosized reinforcements on the microstructure, corrosion 
resistance and mechanical properties of FSPed surface composites was studied Individually 
and in combination. FSP was conducted with a traverse speed of 35 mm/min and 45 mm/min, 
rotation speeds of 600 rpm and 800 rpm, and a tilt angle of 5°, respectively. A threaded 
cylindrical hardened steel tool was utilised. FSPed samples were examined and compared to 
the parent material regarding mechanical properties and corrosion resistance. The hybrid 
composite, having a mixture of carbon nanotubes and cerium oxide in a volume ratio of 75–
25, attained the highest tensile strength and hardness, respectively, whereas cerium oxide 
alone resulted in a considerable improvement in the pitting resistance of the base material. 
Potential dynamic polarisation experiments were used to analyse the samples' corrosion 
behaviour, that was evaluated regarding pitting potential and passivation range. 
Microstructural examination employing optical microscopes and electron microscopes 
revealed that reinforcements are well scattered throughout the SZ and that significant grain 
refining was achieved. The mechanical properties of produced composites incorporating 
cerium oxides or CNTs were enhanced. The hybrid composite with 75  carbon nanotubes 
and 25  cerium oxide exhibited the best properties. The hardness is 118  greater, and the 
UTS is 42 higher than the parent aluminium alloy. Grain refinement, improved reinforcement 
distribution and microstructural modification are all achievable in SZ. 

Khan et al. [1 ] examined the cold formability of boron carbide particles and carbon 
nanotubes in friction-stir processed aluminium composites. The base materials AA5083 and 
MWCNTs, as well as B4C reinforcements, were used. A single pass of FSP was carried out to 
prepare composites at a 750 rpm rotational speed, a 16 mm/min traverse speed and a 2° tilt 
angle. FSPed aluminium metal matrix composites' cold formability was evaluated using the 
bend-ductility test. Carbon nanotube-containing composites fractured under bending, whereas 
boron carbide-containing composites survived; hybrid composites cracked, but the crack was 
less than nanotube-only composites. Potential reasons for these results include poor 
interfacial nanotube or aluminium bonding and inadequate nanotube dispersion. The 
mechanical and microstructural features of the composites determine cold formability. The 
B4C-reinforced composite enhanced tensile strength and hardness by 28  and 12  
respectively and passed the bend ductility test with no surface fractures. The MWCNT-

tensile properties. However, the bend ductility test exhibited fractures because of clusters of 
CNTs developed in the TMAZ since it is a single-pass FSP. The hybrid composite increased 

, respectively, while decreasing fracture strain 
-ductility test due to the weak interfacial bonding of 

MWCNTs and aluminium alloy, as well as inadequate MWCNT dispersion in the composite.  
 
Khan et al. [1 ] used FSP to evaluate the impact of FSP spacing on the growth of B4C and 
MWCNTs reinforced AA5083 composite. In this study, FSP was used to add boron carbide 
and carbon nanotube particles into AA5083 to create hybrid surface composites. The impact 
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of metal loss in cavities generated to incorporate reinforcements at 8-millimetre and 10-
millimetre inter-cavity spacings using a single-pass approach was examined. To prepare 
surface composites, a single pass of FSP was performed at a 2° tilt angle, 16 mm/min traverse 
speed and a rotational speed of 750 rpm. Surface composites with individually reinforced B4C 
and MWCNTs particles, as well as a hybrid composite with both reinforcements, were created. 
Microstructural analysis and the existence of any flaws were carried out using optical 
microscopy and SEM. Mechanical tests found that composites with 10-millimetre inter-cavity 
spacing and boron carbide particles increased their UTS 

, respectively. The cold formability of FSPed composites was then evaluated using 
the U-bend ductility test. Carbon nanotube composites with an inter-cavity spacing of 8 mm 
failed because of severe cracking generated by clustering and insufficient compensation for 
material loss, that had a substantial influence on the final mechanical properties. It was 
determined that sinking reinforcement in the parental material was required to compensate for 
material loss. If the material loss in the form of a cavity for reinforcements is not compensated 
for, a higher empty volume causes mechanical properties to degrade. A 10 mm inter-cavity 
separation permitted maximum reinforcement sinking and minimum clustering using carbon 
nanotubes in single-pass FSP. The FSP and tribological characterisation of AA5083-B4C 
surface composites were also investigated [182]. According to the findings, the constant 
mixing of nano B4C boosted the material's tensile strength. 

Jain et al. [1 3] employed FSP to develop and analyse AA5083-CNTs/SiC composites. 
Through FSP, CNT and micron sized SiC particles were reinforced with an AA5083 base 
material to create hybrid and mono composites. The influence of CNTs/SiC on texture, 
mechanical properties and microstructural development texture of FSPed AA5083 composites 
was investigated, both in individual and aggregate form. With a transverse speed of 20 
mm/min and a rotational speed of 1600 rpm, all the samples were exposed to three passes 
for homogenous reinforcement dispersion. FSP was compared on a parental material without 
reinforcement under similar experimental conditions. After dynamic recrystallisation, TEM and 
EBSD investigations showed a dislocation rearranged to create high-angle grain boundaries, 
and equiaxed recrystallised microstructure, respectively. Multiple passes resulted in a 
generally poor texture intensity over the SZ of FSPed samples. By incorporating carbon 
nanotubes/silicon carbide particles into the AA5083 base material, the Zener-Holloman and 
particle-stimulated nucleation mechanisms were activated, resulting in the formation of 
randomly oriented grains. Silicon carbide particles are uniformly disseminated with good 
interfacial bonding in FSPed composites while carbon nanotubes are partly reacted with an 
AA5083 material to generate an in-situ Al4C3 intermetallic compound. The AA5083-CNTs/SiC 
hybrid composite has a maximum UTS of 361 MPa, whereas the base material has a tensile 

-particle interface areas was exhibited on 
the fracture surface of the SiC-reinforced composite. Hardness testing revealed that 
AA5083/SiCasSiCs had the highest difference in hardness, namely: 1.5 times that of the base 
material. AA5083/SiCasSiCs also had a greater hardness and elastic modulus. The hybrid 
composite increases hardness by 1.4 times. 

2.3.2.5 Analysis and Discussion 

Table 2.3.2.5 provides a comprehensive overview of the composites fabricated from AA5083 
base material with various reinforcements using the FSP process. 

Table 2.3.2.5: AA5083 - based MMCs fabricated with FSP. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 
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5083-H111+ 
ZrO2 

800 50 In the 8-pass FSPed nanocomposite, 
EBSD and TEM examination revealed a 
substantial number of high-angle grain 
boundaries as well as the presence of 
CDRX.  
The wear rate of the further 
processed specimens was lower than that 
of their counterparts.  
The fracture surface of the eight-pass 
processed material displayed ductile 
fracture with dimples and voids, similar 
to the base material. 
 

65 

5083+CeO2 and 
CNTs 

  The hybrid composite with a volume ratio 
of 75-25 of CNTs and cerium oxide 
attained the highest tensile strength and 
hardness value. 
The addition of a CNTs-CeO2 mixture in a 
volume ratio of 75-25 enhanced the 
strength 
matrix grain size by five times, and doubled 
the hardness. 
 

73 

5083+ GO 315 20 The nanocomposite's grain size was 
approxiately  
Compared to the base alloy, adding 
graphene oxide enhanced the hardness at 
the stir zone.  
Compared to the base alloy and the FSPed 
specimen, the nanocomposite was 
observed to have improved tensile 
behaviour.  
 

1  

5083+ SiC 300  The SiC particles were evenly dispersed 
throughout the aluminium matrix. The 
surface composites bonded well with the 
aluminium alloy substrate.  
The surface composite reinforced with 

 SiC of 0.7m average particle size 
had a microhardness 
twice that of the AA5083 base material (85 

 
 

180 

5083+ SiC 1200 40 The use of FSP to dope AA5083 with hard 
SiC particles greatly enhance the 
microhardness of the surface composite 
fabricated on the FSPed sample layer. 
The wear resistance of the surface 
composite is much lower than that of the 
AA5083 base material. 
 

181 

5083-O+ B4C 1000 25 The surface composite layer created in 
three passes with nanoparticle 
reinforcement outperformed the base 
metal in terms of hardness, tensile 
behaviour and wear resistance.  
 

182 
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5083+ B4C, SiC, 
and TiC 

1600 25 FSP causes extreme plastic deformation in 
the materials, encouraging mixing and 
refinement of the constituent phase.  
The addition of B4C, SiC and TiC particles 
to the matrix enhances its hardness, 
tensile strength and wear resistance.  
TiC and SiC particles reinforced surface 
composites exhibit ductile fracture, while 
B4C reinforced surface composites exhibit 
bimodal fracture.  
 

183 

5083+ MWCNTs 880 25 With the best possible FSP conditions, the 
composites contain no voids or other 
defects.  
MWCNT grain refinement and uniform 
dispersion were accomplished. The 
composite contained nanoparticles of 
MWCNTs as well as submicron particles. 
In comparison to the basis material, the 
proof stresses of the composites increased 
by between 53  and 61 . 
Tensile strengths increased by between 
13  and 16 . 
 

184 

5083+ CNT 1800 25 Microstructural analysis showed smaller 
grains and non-uniform CNT dispersion in 
the stir zone. 
Compared to unprocessed Al alloy, 
microhardness 
improvement in hardness. 
The corrosion resistance of the FSPed 
composite was marginally higher. The 
results indicate that the addition of CNT, in 
addition to the grain size effect, has a 
considerable influence on the corrosion 
resistance of Al5083. 
 

185 

5083+Ni 1200 24 The distribution of Ni particles was 
inhomogeneous. 
FSP reduced the grain size of the 
aluminium matrix from 25 m to 3 m. 
In comparison to the base alloy, the 
strength improved dramatically.  
The composite also has a significant 
amount of ductility. 
 

187 

5083+Ni   Ball-
more equally in the matrix than as-received 

 
FSP reduced the grain size of the 
aluminium matrix from 25 m to 3.5 m. 
The strength of the composites was 
greater than that of the unreinforced 
AA5083.  
 

188 

5083-O+ W  1200 24 The particles were equally distributed in 
the matrix, and FSP refined the grain size. 
The absence of an intermetallic peak in  
X-ray diffraction examination confirmed 

1  
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that the tungsten particles remained in their 
elemental state.  
The composite surface layer outperformed 
the base and FSPed alloys in terms of 
wear resistance. 

 
5083+ Cu 1000  By increasing the number of FSP passes, 

nearly all the copper was incorporated in 
the stir zone, mostly as copper-based 
micron-sized intermetallic particles, 
followed by copper diffusion in the AA5083 
matrix.  
The presence of complex intermetallic 
compounds generated by the high heat 
input and severe plastic deformation 
increased the hardness inside the stir-zone 

 
 

1  

5083+ B4C and 
MWCNTs 

750 16 Tensile strength and hardness have been 
improved by 28  and 12 , respectively, in 
the B4C-reinforced composite. 
The MWCNT-composite reduced fracture 
strain the 
hardness and tensile properties. 
Tensile strength and hardness increased 

fracture strain  
Composites containing carbon nanotubes 
broke after bending, but those containing 
boron carbide particles did not break. 
Cracking was seen in hybrid composites, 
although it was less severe than in those 
containing just nanotubes. 
 

1  

5083+ B4C, and 
MWCNTs 

750 16 Mechanical characterisation revealed that 
10 mm inter-cavity spacing composites 
containing boron carbide particles 
increased tensile strength and hardness by 

nanotube composites with 8 mm inter-
cavity spacing failed due to severe 
cracking induced by clustering and lower 
compensation to compensate for material 
loss, that played a critical role in final 
mechanical properties.  
 

1  

5083+CNTs and 
SiC 

1600 20 In FSPed composites, the Al5083 matrix 
and CNTs are partially reacted to generate 
an in-situ Al4C3 intermetallic 
compound.  SiC particles dispersed 
uniformly with good interfacial bonding.  
The crystallographic texture was degraded 
by the addition of CNT/SiC particles. 
A composite made of Al5083-CNTs and 
SiC reached a maximum tensile strength of 
361 MPa. 

1 3 

     

The incorporation of ZrO2 in aluminum matrix composites enhances tensile properties, 
microhardness, and wear resistance, particularly when processed with multi-pass friction stir 



33 

 

processing (FSP). Graphene oxide reinforcement refines the grain size of the composite 
material, leading to improvements in both microhardness and tensile properties. Similarly, the 
addition of SiC increases microhardness and wear resistance. B4C reinforcement is effective 
in improving wear resistance, tensile behavior, and hardness. The introduction of multi-walled 
carbon nanotubes (MWCNTs) and carbon nanotubes (CNTs) refines grain size and enhances 
strength and hardness, although the dispersion of CNTs can influence corrosion resistance. 
Additions of Cu and Ni influence the microstructure and mechanical properties of the 
composite, with particle size and distribution being critical factors. Hybrid reinforcements also 
play a significant role; for instance, combining CNTs with cerium oxide nanoparticles results 
in enhanced tensile strength and hardness, while cerium oxide improves pitting resistance. 
However, achieving a balance in hybrid reinforcements is crucial, as seen in composites with 
boron carbide particles and CNTs, where cracking occurred due to poor interfacial bonding 
and dispersion despite boron carbide's benefits. Similarly, AA5083 composites reinforced with 
CNTs and silicon carbide particles can achieve higher UTS than the base material. Therefore, 
careful consideration of reinforcements is essential to optimize the composite's overall 
performance. 

2.3.3 AA6061- based MMCs 

This section discusses AA6061 composites with oxides/carbides (SiC), carbonaceous 
(Graphite, CNTs, GNPs, RHA), and hybrid (Graphite/GNP/CNT with SiC, SiC-graphite, 
Gr/Al2O3 with SiC, GNP/CNT with SiC, Al2O3-BN) reinforcements.  

2.3.3.1 Oxide and Carbide Reinforcements in AA6061 

Rathee et al. [1 ] studied the impact of tool plunge depth on the distribution of reinforcing 
particles in friction stir surface composite processing. This study investigated the influence of 
tool plunge depth on the pattern of reinforcement particle dispersion in the metal matrix using 
AA6061-Silicon carbide surface composites. Six different tool plunge depths were chosen at 
fixed levels of tool tilt angle and shoulder diameter to examine the sole impact of plunge 
variation. The experiment's rotational speed, tool tilt angle and travel speed were all set at 
1400 revolutions per minute, 2.5° and 40 millimetres per minute, respectively. A stereo zoom 
and optical microscope were used for macro and microstructural studies, respectively. 
According to the findings, lower plunge depth levels result in inadequate heat generation and 
cavity formation at the NZ centre. Higher plunge depths, however, cause the ejection of 
reinforcing particles and the material to adhere to the tool shoulder. It was discovered that an 
ideal plunge depth is necessary to produce defect-free surface composites. The dispersion of 
SiC particles alters as the plunge depth increases. A 0.25 mm plunge depth was the most 
successful in creating a refined and homogeneous SiC particle dispersion. 
 
2.3.3.2 Carbon Fiber Reinforcements in AA6061 

Maurya et al. [1 ] studied the influence of carbonaceous reinforcements on the tribological 
and mechanical parameters of FSPed Al6061 alloy. To see how carbonaceous 
particles affected the tribological and mechanical characteristics of FSP Al6061, researchers 
used carbonaceous particles (graphite, carbon nanotubes and graphene) as reinforcement. 
FSP was performed with continuously optimised process parameters at a rotating speed of 
1100 revolutions per minute, a traverse speed of 0.2 millimetres per minute and a plunge 
depth of 1.2 millimetres. Raman spectroscopy demonstrated the preservation of damaged 
carbonaceous products in the NZ due to the significant plastic deformation and shear strains 
involved in the FSP. Transmission electron microscopy was utilised to confirm carbonaceous 
particle damage. The surface peak hardness of the graphene-reinforced composite increased 
to 1.3 GPa due to grain refinement as compared to untreated Al6061 of 0.5 GPa. When 
compared to untreated Al6061 stick-slip wear damage, the self-lubricating nature of 
carbonaceous materials suggests lower frictional force and dominance of the gross-slip 
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regime with graphene reinforcement in FSP Al6061. Due to substantial plastic deformation, 
the XRD spectrums of the generated AMMCs exhibited a decrease in crystallite size from  
42 nm to 27 nm. 
 
Dinaharan et al. [1 ] studied the impact of rice husk ash particles on the microstructure and 
tensile behaviour of FSPed AA6061 AMMCs. The study used the innovative FSP technique 
to produce and characterise AA6061/18 vol percent RHA AMC. The tool rotated at 1600 rpm, 
the traverse was 60 mm, the axial force was 10 kilo newtons and the FSP was performed in a 
single pass. SEM, optical microscopy and an electron-backscattered diagram were used to 
investigate the microstructure. In the composite, a homogeneous dispersion of RHA particles 
was achieved. There was no evidence of segregation or agglomeration. The resulting 
composite had a fine and evenly distributed grain structure. During FSP, rice husk ash 
particles fractured. After the incorporation of RHA particles, the UTS of the material improved 
and fragmented RHA particles were scattered across the fracture surface, indicating strong 
interfacial bonding with the aluminium matrix. The findings revealed the substrate was evenly 
dispersed with fine equiaxed granules. On AA6061/RHA, significant grain refining (from 31.6 

strength than the base metal. 
 
Sharma et al. [ ] investigated the impact of reinforcement addition on the tribological and 
mechanical qualities of an AA6061-CNT nanocomposite produced using the FSP method. The 
goal of this research was to see how reinforcement addition affects the mechanical 
characteristics, tribological properties and microstructure of Al-CNT nanocomposite 
manufactured via FSP. The FSP was performed at a 2° tool tilt angle, 40 mm/min traverse 
rate, 1400 rpm tool rotational speed and plunge depth of 0.2 mm. The proposed multiple micro-
s
when compared to the traditional single macro-sized channel reinforcement filling approach. 
The sandwiched aluminium matrix's better consolidation between the sequential reinforcing 
grooves is attributed to substantial grain refinement. When compared to the un-reinforced 
treated alloy, the UTS of the multiple micro-sized channel reinforcement-produced composites 

elongation decrease. Better wear overall performance is connected 
with the formation of a carbon-rich tribo layer, that prevents direct contact of the composite 
with the counter surface. Grain refinement, Orowan looping, interface load transfer and 
thermal mismatch among CNTs and Al matrix are all factors that contribute to the strength of 
Al-CNT composites. 
 
Marini et al. [1 ] examined the wear behaviours of FSPed aluminium metal matrix 
composites. The base materials utilised in this study were AA6061 Al alloy.  As a result, the 
FSP of AA AA6061 was introduced to increase the wear performance. Rice husk ash with a 

were 1000 rpm, 1400 rpm and 1600 rpm rotation speeds with a constant traversal speed of 
25 millimetres per minute. A pin-on-disc tribometer was utilised to examine the wear 
properties. The final results were the mass loss and wear rate of the specimen materials. 
When FSPed AA6061/6 ol  RHA was compared to FSPed AA6061, the wear characteristics 
of FSPed AA6061/6 ol  RHA were found to be better. The best result was obtained with 
FSPed AA6061/6 ol  RHA, that was produced at 1600 rpm and 25 mm/min, with a mass 

-3 mm3/Nm. The AA6061's wear performance 
has increased as a consequence of the FSP and the inclusion of RHA particles. Archard's 
wear rule states that the relationship between hardness and wear rate is inversely 
proportional. The rate of wear decreases as the hardness of the material increases. It was 
also discovered that raising the hardness of the composite minimises material loss during 
sliding. The wear rate was lowered because of the presence of hard reinforced particles. 
 
Reddy et al [1 ] studied the microstructural and damping capabilities of FSP-generated 
AA6061-graphite surface composites. The goal of this research was to enhance the damping 
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qualities of the AA6061-T6 alloy using FSP by adding graphite flakes. The rotational speed of 
the tool was set to 1120 revolutions per minute, the traverse speed of the tool was set to 30 
mm/min, and the axial force was set to 10-kilo Newtons. The graphite content ranged from 5  

cal microscopy were used to examine the distribution of 
graphite particles and the microstructure refinement. Results revealed that in the stirred zone, 
the grains were unidentifiable. The hardness of the surface composites decreased when the 
graphite component was increased. The damping capability of samples obtained from the stir 
zone was tested using a dynamic mechanical analyser. The damping ability of FSPed AA6061 
and the surface composites was found to be superior to the parental metal in terms 
of frequency and temperature-dependent tests. At 250°C, the damping capability of the 
composite containing 15 ol  graphite was 3.5 times that of the base metal. The results 
revealed that fine equiaxed grains were spread evenly across the substrate. Significant grain 

. Microhardness decreased when the reinforcing content was increased while composites' 
damping capacity increased as reinforcement content increased. 
 
2.3.3.3 Hybrid Reinforcements in AA6061 

Sharma et al. [60] investigated the tribological properties of an Al6061-SiC surface composite 

methodologies, such as SEM microstructural characterisation, TEM interfacial investigation 
and XRD phase analysis, were studied. As detailed in this study, the wear mechanism of an 
Al-SiC surface composite was altered by the impregnation of carbon nanotubes, graphite and 
graphene with FSP. Based on the previous study [157], the traverse speed of 25 mm/min with 
a 2° tool tilt angle, 0.2 mm plunge depth and optimal rotational speed of 2200 rpm was revised 
for the current investigation.  With silicon carbide and GNP reinforcements, the specific wear 
rate and friction coefficient were lowered by 34 and 50 , respectively, when compared to 
the base Al6061 alloy. When SiC and CNT reinforcements are mixed, the wear resistance of 
the composite considerably decreased. The higher wear resistance was connected to the 
layered structure, large specific surface area and wrinkled form of graphene flakes.  Exfoliation 
of GNP to few-layered graphene during FSP significantly improved surface properties. 
Abrasion was shown to be the dominant wear mechanism in Al-SiC-Graphite and Aluminium-
Silicon carbide-GNP hybrid composites, whereas delamination was found to be the most 
dominant in Aluminium-Silicon carbide-CNT hybrid composites owing to counter surface 
adhesion. For enhancing the wear resistance of Al6061-SiC surface composites, GNP is the 
optimal carbon family reinforcement. 

Sharma et al. [200] investigated the FSP of hybrid surface composites of aluminium alloy 
6061/SiC-graphite. FSP was used to mix AA6061 alloy with SiC reinforcement to produce a 
hybrid composite weld material. A robust weld was achieved by using a high rotating speed of 
2200 rpm, and a traverse rate of 25 mm/min. When compared to a standard FSPed weld, the 
strength of the weld with reinforced SiC was dramatically enhanced. Indentation, 
microstructural, spectroscopic and force analysis experiments were used to investigate 
FSPed Al6061-SiC-Graphite hybrid composites. The impact of different tool rotating speeds 
was also evaluated, with the axial force fluctuation being observed. The variation in 
microstructure at various tool rotating speeds was investigated using a scanning electron 
microscope. The tool rotational speed affects the area of the FSP region, particle 
fragmentation and depth of penetration, agglomeration dispersion and grain refinement of the 
matrix material. X-ray diffraction and Raman analysis investigations were used to characterise 
the processed samples spectroscopically. The strength of the Raman peaks changed 
significantly, indicating residual stresses and diverse abnormalities in the crystal structure of 
the reinforced particles. The impact of rpm and the presence of SiC and Graphite particles on 
mechanical properties were investigated using nanoindentation testing. At an ideal set of 
processing conditions, the Al6061-SiC-graphite composite demonstrated the combination of 
best and uniform mechanical characteristics. When compared to a standard FSPed weld, the 
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strength of the weld with reinforced SiC was dramatically enhanced. Microstructural tests 
validated the reinforcing particles' homogeneous distribution. The stirring speed was observed 
to be a key influencing factor and the cause of changes in hybrid composite weld mechanical 
properties. 
  
Devaraju et al. [201] investigated the impact of combining Gr/Al2O3 with SiC on the wear 
characteristics of AA6061-T6 hybrid composites via FSP. FSP was used to create AA base 
surface hybrid composites by mixing silicon carbide+graphite and silicon carbide+aluminium 
oxide particles with an average size of 20 m on an AA 6061-T6 plate. During the processing 
process, the tool was rotated  per 
minute, tilted at 2.5° along the centre line and a vertical force of 5 kN applied. Both surface 
hybrid composites' NZs were observed to have evenly distributed SiC, Gr and Al2O3 
microstructures. The combination of Gr particles with SiC particles, rather than Al2O3 particles, 
decreased the microhardness of the AA 6061-T6 surface hybrid composite but greatly 
increased the dry sliding wear resistance. Microstructures and worn micrographs are used to 
link microhardness and wear characteristics. The microhardness values of both AlSiC/Gr 
(approximately 2O3 (approximately 
were increased due to the presence of hard reinforcement particles when compared to the 
average microhardness of the aluminium matrix (approximately 
composite had a lower hardness value owing to the soft graphite phase, whereas the 
AlSiC/Al2O3 composite had a higher hardness value due to the inclusion of both tougher phase 
particles. The AlSiC/Gr surface hybrid composite had a lower coefficient of friction than the 
AlSiC/Al2O3 surface hybrid composite. In terms of wear resistance, the AlSiC/Gr surface hybrid 
composite outperformed the AlSiC/Al2O3 surface hybrid composite because of the formation 
of a thin and tough mechanically combined layer containing Gr, that had a greater solid 
lubricating impact than Al2O3.  
 
Sharma et al. [202] presented a study on the surface characteristics of hybrid composites 
manufactured using FSP whereby AlSiC multi-walled carbon nanotubes and AlSiC graphene 
nanoplatelets were compared. Based on the findings of from earlier research [18], a 
recommended rotational speed of 2200 r/min with a traverse speed of 25 mm/min, a plunge 
depth of 0.2 mm and a tool tilt angle of 2° are revised for the current investigation. The results 
indicated that the GNPs had a much more homogenous dispersion in the Al matrix than CNTs, 
according to microstructural analysis. A flawless-free interface between the reinforcements 
and matrix was discovered, as well as dislocation blocking by silicon carbide and GNP 
particles. The surface nano-hardness of AlSiCGNP and AlSiCCNT hybrid composites 
increased by 207  and 27 , respectively, compared to the base metal Al6061 alloy in a 
nanoindentation investigation. The microhardness values of AlSiCCNT and AlSiCGNP, 
however, 
of Al6061 alloy. According to a tribological investigation, the specific wear rate of the 

the AlSiCCNT 
composite. The increased strength of the AlSiCGNP composite is associated with the 
mechanical exfoliation of GNPs to few-layered graphene in the presence of SiC. Furthermore, 
different factors such as Orowan looping, grain refinement and thermal mismatch all contribute 
to the strength of the composites. Furthermore, the improved tribological performance of the 
composites is due to the squeezed-out GNP creating a tribo layer on the surface.  

Moustafa et al. [203] examined at the mechanical, microstructural and thermal characteristics 
of the AA6061/Al2O3-BN hybrid and mono nanocomposite surfaces. The basic matrix in both 
hybrid and mono composite surfaces was an aluminium alloy 6061 wrought alloy reinforced 
with BN and Al2O3 ceramic nanoparticles. The mechanical characteristics of the 
AA6061/Al2O3-BN hybrid nanocomposite were studied using compression and microhardness 
tests, with the AA6061/Al2O3-BN hybrid nanocomposite having the best mechanical 
properties. A hybrid composite surface was created using the FSP method at a tool travel 
speed of 60 mm/min and 1080 rpm tool rotation speed. According to the stress-strain curve, 
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the ultimate stress of the hybrid nanocomposite was greater than that of the parental alloy. 
Scanning electron and optical microscopy were used to examine the produced composite's 
microstructure. The FSP has a significant impact on grain refinement, reducing the grain size 
of the 
of the stirring action and the FSP p
aspect ratio. As seen in the SEM inspection analysis, the dispersion of BN and Al2O3 
nanoparticles was effectively obtained throughout the current experiment. Thermal expansion 
and electric conductivity parameters of the hybrid nanocomposite were noted to be at their 
lowest value. Thermal expansion and electrical conductivity were lowered by adding 
reinforcement to the parental metal. Despite the elongation loss, the UTS and yield strength 
of AA6061/Al2O3-BN were greater than that of all other composites and parental metals. 
 

2.3.3.4 Analysis and Discussion 

Table 2.3.3.4 summarises the composites fabricated from AA6061 base material with various 
reinforcements using the FSP process. 

Table 2.3.3.4: AA6061 - based MMCs fabricated with FSP. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 

     
6061-T6+SiC 1400 40 Lower plunge depth levels result in 

insufficient heat generation and cavity 
creation towards the stir zone centre, 
according to the results.  
Higher levels of plunge depth result in the 
ejection of reinforcing particles and even 
the material sticking to the tool shoulder.  
 

1  

6061+ 
Gr+CNT+G 

1100 0.2 The XRD spectrums of the produced 
AMMCs showed a drop in crystallite size to 
27 nm from 42 nm due to significant plastic 
deformation. 
Surface peak-hardness for graphene-
reinforced composite increased to  
1.3 GPa as compared to untreated Al6061 
with 0.5 GPa due to grain refinement 
of 50-100 nm.  
 

1  

6061+ RHA 1600 60 The fabricated composite had a fine and 
equiaxed grain structure.  
Rice husk ash particles were dispersed 
homogeneously and the addition of RHA 
particles increased the tensile strength. 
The fracture surface was distributed with 
fragmented RHA particles and exhibited 
strong interfacial bonding with the 
aluminum matrix. 
 

1  

6061+CNTs 1400 40 When compared to the un-damping 
capacity reinforced processed alloy, the 
tensile strength of the micro-sized channel 
reinforcement filling (MCRF) produced 
composite improved 

elongation.  

1  
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When compared to unreinforced 
processed alloy, the specific wear rate of 
Al-CNT composites made by MCRF 
is lowered by approximately  
 

6061+ RHA  25 Compared to FSPed AA6061 followed by 
AA6061, it was discovered that the wear 
properties of FSPed AA6061/6 ol.
composite had improved.  
 

1  

6061-T6+ Gr 1120 30 In the stirred zone, the grains were 
indistinguishable.  
As the amount of graphite increased, the 
hardness of the surface composites 
decreased.  
FSPed AA6061 and the surface 
composites were shown to possess better 
frequency and temperature dependence 
than the base metal.  
At 250°C, the composite with 15 ol.
graphite had a dampening capability that 
was 3.5 times more than that of base 
metal. 

1  

6061+ SiC and 
Gr 

2200 25 The Raman peak strength changed 
significantly, revealing residual stresses 
and different discrepancies in the crystal 
structure of the reinforced particles.  
The Al6061-SiC-Gr composite displayed 
the best and most consistent mechanical 
properties under optimal processing 
conditions.  
The strength of the weld with reinforced 
SiC was significantly increased when 
compared to a regular FSPed weld.  
 

200 

6061-SiC+ Gr/ 
Al2O3 

 40 The microstructures of both surface hybrid 
composites showed that SiC, Gr and Al2O3 
are distributed uniformly in the SZ.  
The combination of Gr particles rather than 
Al2O3 particles with SiC particles reduces 
the microhardness but greatly boosts the 
dry slide wear resistance of aluminium 
alloy 6061-T6 surface hybrid composite.  
 

201 

6061-SiC+ CNT/ 
GNP 

2200 25 The microhardness values of the Al-SiC-
GNP composite and Al-SiC-CNT 
composite 
respectively, when compared to the  
as-received Al6061 alloy.  
The specific wear rate of the Al-SiC-GNP 

 Al-SiC-CNT 
composite. 
Microstructural analysis showed that 
GNPs are distributed more uniformly in the 
Al matrix than CNTs. 
 

20 

6061+Al2O3 and 
BN ceramic 
Particles 

1080 60 The stress-strain curve revealed that the 
hybrid nanocomposite had a more 

203 
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enhanced ultimate stress than the 
base alloy.  
The dispersion of Al2O3 and BN 
nanoparticles was accomplished 
satisfactorily.  
Thermal expansion and electrical 
conductivity were reduced by reinforcing 
the metal matrix with ceramic 
nanoparticles Al2O3 and BN.  
 

6061-SiC+ Gr/ 
GNP/ CNTs 

2200 25 The combination of SiC and CNT 
reinforcements significantly reduces the 
wear resistance of the composite.  
In Al-SiC-Gr and Al-SiC-GNP hybrid 
composites, abrasion is revealed as the 
dominant wear mechanism and GNP has 
been discovered as the optimum carbon 
family reinforcement for improving the 
wear resistance of Al6061-SiC surface 
composites. 

60 

     

SiC reinforcements improve strength and wear resistance, with processing parameters 
significantly affecting the composite's properties. Graphite addition can enhance damping 
capacity but may reduce hardness.  GNPs show promise for improving wear resistance and 
achieving uniform particle distribution. RHA reinforcements for AA6061 composites, several 
studies highlight their potential. Combining Gr/Al2O3 with SiC in AA6061-T6 via FSP 
decreased microhardness but greatly increased dry sliding wear resistance. Comparing multi-
walled carbon nanotubes and AlSiC graphene nanoplatelets, it was noted that GNPs 
dispersed more homogeneously in the Al matrix and increased surface nano-hardness 
compared to CNTs. AA6061/Al2O3-BN hybrid nanocomposite surfaces exhibited the best 
mechanical properties, with FSP effectively reducing the grain size of the AA6061 alloy. These 
studies underscore that while individual reinforcements offer specific advantages, however, 
careful control of processing parameters is essential to optimize performance. 

2.3.4 AA6063- based MMCs 

Sections 2.3.4.1 and 2.3.4.2 discuss AA6063 composites with oxide/carbide (TiB2, SiO2, SiC) 
and hybrid (SiC-Gr, B4C-TiB2) reinforcements. 

2.3.4.1 Oxide and Carbide Reinforcements in AA6063 

Chen et al. [204] studied the impact of nanosized particles on the microstructural development 
of an Al6063-TiB2 composite made by FSP in situ. Neutron diffraction, synchrotron X-ray line 
analysis profile and SEM with electron backscatter diffraction was used to quantitatively 
evaluate the influence of TiB2 particles on the thermal stability after additional T6 heat 
treatment, as well as the as-deformed structure in the stir zone. The traverse speed was set 
at 200 mm/min and the rotation speed was set to 600 rpm. Only a four-pass FSP process was 
shown to considerably increase the strength and ductility of the FSPed 6063-TiB2 composite 
in our prior study [205]. The findings in comparison to those produced from a FSPed AA6063 
alloy reveal that the FSPed AA6063-TiB2 composite has a lower average grain size than the 
FSPed AA6063 alloy, as well as a more uniform grain size distribution. Second, the FSPed 
AA6063-TiB2 composite has a greater estimated dislocation density than the FSPed AA6063 
alloy. Third, compared to its alloy counterpart, the FSPed AA6063-TiB2 composite dynamically 
recrystallises a small number of grains, indicating that the presence of nanosized TiB2 particles 
effectively inhibits grain growth during FSP and T6 heat treatment and recrystallisation. Finally, 



40 

 

the microhardness was improved because of reduced grain size and increased dislocation 
density. 

Joyson et al. [206] studied the FSP of quartz particle reinforced AA6063 aluminium matrix 
composites. The study focuses on the application of FSP to generate AMCs reinforced with 
quartz/SiO2 particles. A one-pass FSP was performed in this investigation employing a 
combination of optimal process parameters. The traverse speed was 60 mm/min, the tool 
rotational speed was 1600 rpm, the tool tilt angle was 0° and the axial force was 10 kN. The 
volume proportion of quartz particles in the AMMCs was changed in six ments from 
0 to 18 . Transmission, scanning electron and optical microscopy were used to examine 
the created AA6063-Quartz AMCs. The SiO2 particles were evenly dispersed throughout the 
Al matrix, regardless of where they were in the stir zone. The combination of the pinning effect 
of quartz particles and the thermomechanical impact of FSP greatly refined the grains of the 
AA6063. The wear resistance and microhardness of the AMMCs were enhanced by the quartz 
particle dispersion.  

Rathee et al. [207] investigated the microstructure alterations of FSP-fabricated SiC reinforced 
0 rpm, 1120 rpm, and 

1400 rpm were used to perform single-pass FSP on AA 6063 sheets. The traverse speed was 
kept constant at 40 mm/min and was preserved at 2 degrees tool tilt angle. The microstructure 
of produced composites was then examined using optical microscopy. It was possible to 
establish a uniform dispersion of silicon carbide particles in the base metal. The processing 

 produced the most homogenous distribution of SiC 
and the highest microhardness of 87 Hv. The aluminum matrix and the SiC particles had no 
interfacial contact.  

Gangil et al. [208] investigated the combined impact of tool shoulder and pin profile on FSPed 
AA6063-SiC composites. The first method employed square, triangular, tapered cylindrical 
and plain cylindrical tool pin profiles with a flat shoulder design. Cylindrical pin and square 
profiles, as well as clockwise and anti-clockwise scrolling shoulder designs, were utilised in 
the second method. The composites were produced using a single-pass processing method. 

millimetres per minute traverse speed and a 2.5° tilt angle were chosen. For AA6063 base 
material, the HCHCr tool was utilised over slots filled with 17 nanometres SiC reinforcement. 
In the course of the research, it was discovered that utilising an anti-clockwise scrolled 
shoulder square pin profile resulted in a larger area of the agglomerated zone, but using an 
ACW scrolled cylindrical pin resulted in no such band of agglomeration. The cylindrical pin 
ensured that the SiC in the AMMCs was distributed evenly, depending on the tool's rotating 
orientation, the scrolling shoulder feed material from the tool's outer perimeter to the tool's axis 
or vice versa. The authors discovered that SC manufactured using an FSP tool with a 
cylindrical pin and an ACW scrolling shoulder may give improved reinforcing distribution with 
no flaws. 

Gangil et al. [ ] investigated a strategy for fabricating AA6063-T6 Al surface composites 
using multi-pass FSP. Using silicon carbide reinforcement particles, FSP was utilised to create 
surface composites on AA6063-T6 base metal. The effect of processed zone dimensions, the 
microhardness of manufactured composites and multiple FSP passes on SiC particle 
distribution was examined. The traverse speed, tool tilt and rotating speed were all maintained 
at a constant level, but the number of passes was changed between two, four, six and eight. 
The rotational speed, traverse rate, tool tilt and shoulder plunge were set at 1120 rpm, 63 
mm/min, 2.5° and 0.35 mm throughout all processing runs. This set of parameters was 
determined after extensive testing. After FSP, particle distribution in the processed zone was 

indentation test. The results show that increasing the number of passes in the processed zone 
size can eliminate defects such as particle aggregation and void. The microhardness of the 
reinforced zone improved evenly with increasing passes due to the homogeneous dispersion 
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of reinforcement particles. In a sample that was processed with eight FSP passes, a peak 
ed strong substrate 

bonding and grain refinement. A finer recrystallised grain structure was seen as the passes 
were increased. 

2.3.4.2 Hybrid Reinforcements in AA6063 

Dhayalan et al. [210] investigated AA6063/SiC-Gr surface composites  characterisation when 
generated by FSP. The microstructural characteristics of the AA 6063-SiC/Gr composite were 
studied using the FSP technique.  As reinforcement SiC and Gr were utilised. The FSP 
parameters used included an axial load of 10 KN, tool rotating speed of 1000 rpm and 30 
mm/min traverse speed. The HcHCr FSP tool was utilised, with a cylindrical threaded profile 
pin with a pin diameter of 6 mm, a 5.8 mm pin length and a shoulder diameter of 18 mm. The 
FSP was performed with the aid of a FSW , SiC-

. ere made in three different combinations. 
The microstructural alterations were studied using an SEM and optical microscope. Optical 
microscopy results showed that the SZ had the most refined grain structure when compared 
to HAZ. In the FSPed zone, the recrystallised grain structure was seen. The microhardness of 
FSPed -reinforced Al alloy 
surface composite had a greater microhardness. The maximum microhardness of the 
aluminium alloy 6063-SiC surface  

Narimani et al. [211] investigated the microstructural and wear behavior of AA6063-B4C/TiB2 
hybrid and mono composite layers produced by FSP. FSP was employed to create hybrid, 
and mono surface composite layers of aluminum matrix with TiB2 and B4C particles in this 
work. The base material chosen for this project was AA6063. FSP integrated different 
percentages of in situ TiB2–
mechanical alloying into the matrix. For the first three passes, the tool rotated at 1000 rpm, 
and for the last pass, it rotated at 710 rpm. The angle of tilt was 2 degrees and the tool traverse 
speed was 40 mm/min. The wear resistance and microstructure of surface layers were studied 
using varying ratios of TiB2 and B4C reinforcing particles. FESEM /Field emission scanning 
electron microscopy and cross-sections of surface composite layers by optical microscopy 
were used to assess the samples' microstructure. Hardness testing was done throughout the 
cross-sections of FSPed materials, as well as a pin on the disk dry sliding wear test on FSPed 
samples, to provide hardness profiles. The inclusion of B4C and TiB2 reinforcing particles at 
the surface improved wear resistance, and the microhardness of composite layers when 
compared to the FSPed AA6063 alloy. Furthermore, when compared to other fractions, the 
surface composite layer made of 100 percent TiB2 exhibited the highest hardness and the 
best wear behavior. According to a microstructure study, increasing the fraction of TiB2 
particles resulted in a reduction in the space between tiny reinforcing particles. The 
development of mechanically mixed layers lowered the wear rate of mono surface composite 
layers. 

2.3.4.3 Analysis and Discussion 

Table 2.3.4.3 summarises the composites fabricated from AA6063 base material with various 
reinforcements using the FSP process.  

Table 2.3.4.3: AA6063 - based MMCs fabricated with FSP. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 
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6063+ TiB2 600 200 The average grain size of the FSPed 
AA6063-TiB2 composite is less than that of 
the FSPed AA6063. 
A small number of grains dynamically 
recrystallise in the FSPed AA6063-TiB2 
composite. 
The estimated dislocation density in the 
FSPed AA6063/TiB2 composite is greater 
than that in the FSPed AA6063 alloy. 
 

204 

6063+ SiO2 1600 60 Regardless of location within the stir zone, 
the quartz particles were distributed 
equally throughout the aluminium matrix. 
The AA6063 grains were extensively 
refined by combining the pinning effect of 
quartz particles with the thermomechanical 
effect of FSP.  
The quartz particle dispersion increased 
the microhardness and wear resistance of 
the AMCs.  
 

206 

6063+ SiC  40 The SiC particles were distributed 
uniformly in the metal matrix. 

 produced the 
most homogenous distribution and the 
maximum microhardness of 87 Hv. 
There was no interfacial interaction 
between the aluminium matrix and the SiC 
particles. 
 

207 

6063+ SiC  40 Among various shoulder profiles, the ACW 
scrolling shoulder produced a pancake-
shaped stir zone and significantly 
improved stir zone grain size. 
The cylindrical pin ensured that SiC was 
dispersed equally in the AMMCs. 
 

     208 

6063+SiC 1120 63 Owing to the uniform distribution of 
reinforcement particles, the microhardness 
of the reinforced zone increased uniformly 
with increasing passes.  
In a sample processed with eight FSP 
passes, a peak microhardness value of 

 
The processed zone shows adequate 
bonding of substrate and grain refinement. 
 

      

6063+ SiC and 
Gr 

1000 30 Recrystallised grain structure was 
observed.  
When compared to HAZ of the SiC-
reinforced Al alloy surface composite, 
the SZ possessed the most refined grain 
structure, resulting in a higher 
microhardness. 
 

210 

6063+ B4C and 
TiB2 

 40 In comparison to the FSPed AA6063 alloy, 
the addition of B4C and TiB2 reinforcing 
particles to the surface enhanced the 
microhardness and wear resistance of 
composite layers.  

211 
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When compared to other fractions, the 
2 surface composite layer had the 

greatest hardness and best wear 
behaviour. 
 

TiB2 reinforcement refines the grain size of the aluminum matrix and increases microhardness. 
The dispersion of SiO2 particles within the composite enhances both wear resistance and 
microhardness. The distribution of SiC particles and the selection of tool parameters during 
processing significantly influence the resulting microhardness and grain size of the material. 
Hybrid reinforcements offer the capability to tailor composite properties; for example, 
combining SiC and Gr affects wear resistance, while combining B4C and TiB2 improves 
microhardness. 

2.3.5 AA6082- based MMCs 

This section discusses AA6082 composites with various ceramic reinforcements (B4C, Al2O3, 
SiC, WC, TiC). 

2.3.5.1 Oxide and Carbide Reinforcements in AA6082 

Dinaharan [27] studied the impact of ceramic particle type on the microstructural and UTS of 
FSPed AMMCs. AMMCs were fabricated utilising AA6082 as the base metal and different 
ceramic particles such as B4C, Al2O3, SiC, WC and TiC as reinforcement particles. The 
process parameters for FSP were 1600 revolutions per minute tool rotating speed, 60 
millimetres per minute travel speed and 10 kN axial force. The parameters were determined 
based on previous work and experimental experiments by the researchers. The findings 
showed that the microstructure was unchanged by the ceramic particle used. Each type of 
ceramic particle offered a homogeneous dispersion in the stir region and good interfacial 
bonding regardless of location. The observed microstructure is connected to the strengthening 
mechanisms and property variations. The hardness results showed that the AA6082-TiC 
composite was harder than the other AMMCs developed in this study under the same testing 
circumstances.  The AA6082-TiC composites showed good wear resistance, according to the 
findings. Al2O3 did not fracture as much as other reinforcements, such as TiC, WC, SiC and 
B4C, as a result of severe plastic deformation due to its smaller size. 

Thangarasu et al. [212] examined the fabrication and wear characterisation of AA6082-TiC 
surface composites when combining TiC and AA6082 base metal to generate AMMCs via 
FSP. The FSP method was used to create surface AMMCs and the impact of titanium carbide 
particles on the microstructural and dry sliding wear behaviour was investigated. The FSP was 
performed using an FSW machine that was constructed in-house. The following parameters 
used for this technique were: 1200 revolutions per minute tool rotating speed, 60 millimetres 
per minute traverse speed and 60 millimetres per minute axial speed. Five plates were FSPed 
with a force of 10 kN by changing the diameter of the groove to achieve five levels of TiC 
particle volume fraction which are 0, 6, 12, 18 and 24 vol. percent. The AA6082-TiC composite 
microstructure was next examined using optical microscopy and SEM. The findings 
demonstrated that TiC particles had a substantial impact on TiC particle dispersion. The 
researchers observed that the grain size of the fabricated AMMCs in the NZ was decreased, 
as was the uniform dispersion of TiC particles. The sliding wear behaviour was investigated 
using pin-on-disk equipment. According to the findings, the TiC particles had a significant 
impact on the sliding wear behaviour of the AA6082-TiC composite. There was an increase in 
TiC quantity fraction as well as a decrease in wear. 

2.3.5.2 Analysis and Discussion 

Table 2.3.5.2 summarizes the composites fabricated from AA6082 base material with various 
reinforcements using the FSP process.  
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Table 2.3.5.2:  AA6082-based MMCs fabricated with FSP. 

AA+ 
Reinforcement  

Parameters Results Reference 

Tool 
rotational 

speed 
(rpm) 

Traverse 
speed 

(mm/min) 

     

6082+ SiC, TiC, 
WC, B4C, and 
Al2O3 

1600 60 The microstructure remained unaltered, 
but excellent interfacial bonding promoted 
homogenous dispersion in the stir region. 
In comparison to other AMCs fabricated in 
this work under the same set of 
experimental conditions, the AA6082/TiC 
composite demonstrated higher hardness 
and wear resistance.  
Al2O3 did not fracture as much compared 
to other reinforcements such as TiC, WC, 
SiC and B4C. 
 

27 

6082+ TiC,  1200 60 TiC particles had a significant impact on 
the AA6082/TiC AMCs' sliding wear 
behaviour and TiC particle distribution.  
In the NZ, grain sizes were reduced and 
TiC particles were evenly distributed. 
Wear was reduced because of the addition 
of TiC. 

212 

The research indicates that, generally, the type of ceramic particle reinforcement does not 
significantly alter the overall microstructure of the composite. However, the specific type of 
ceramic does influence certain mechanical properties. Notably, TiC reinforcement results in 
the highest hardness among the studied ceramic reinforcements. While the microstructure 
remains relatively consistent across different ceramic additions, each reinforcement 
contributes unique characteristics, allowing for tailoring the composite's properties to suit 
specific application requirements. 

2.4 Summary 

It is undeniable that Aluminum Metal Matrix Composites (AMMCs) are capable of exhibiting 
tailored microstructures, excellent damping capacity, high strength-to-weight ratio, enhanced 
wear resistance, increased hardness, and reduced thermal expansion. This combination of 
properties makes them highly desirable and suitable for a wide range of demanding 
applications across various sectors. These sectors include aerospace (e.g., aircraft structural 
components, engine parts), consumer electronics (e.g., heat sinks, housings), cutting tools 
(for improved tool life and performance), defense (e.g., armor, structural elements), marine 
applications (e.g., ship components, underwater structures), packaging industries (for 
lightweight and rigid containers), transportation (e.g., automotive parts for weight reduction 
and fuel efficiency), and space (e.g., satellite structures, spacecraft components). 
Friction Stir Processing (FSP) has been acknowledged as a relatively new and effective 
secondary processing approach for significantly enhancing the microstructure and, 
consequently, the mechanical and physical properties of AMMCs. By employing FSP, it's 
possible to achieve grain refinement, improve the uniformity of the processed zone, promote 
densification, and achieve a more homogeneous distribution of reinforcement precipitates 
within the metal matrix composites. While the benefits of FSP in developing AMMCs have 
been widely recognized, the current body of research reveals a disparity. A relatively limited 
number of studies specifically address the production and optimization of AMMCs tailored for 
the harsh demands of marine applications. 
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The existing reviewed literature on AMMCs predominantly indicates that researchers have 
focused their efforts on fundamental aspects such as grain refinement mechanisms, achieving 
uniformity within the FSP-affected zone, increasing the density of the composite, and ensuring 
the homogeneous distribution of reinforcement phases (precipitates) within the metal matrix. 
This focus is crucial for improving the overall quality and performance of metal matrix 
composites developed using FSP. However, there is a noticeable lack of detailed information 
and systematic studies concerning the specific fabrication, characterization, and performance 
evaluation of AMMCs designed to withstand the unique challenges presented by marine 
environments. 

This relative scarcity of research dedicated to marine-grade AMMCs, therefore, represents a 
significant gap in the current knowledge base. Addressing this gap is crucial for advancing the 
potential use of these materials in the marine industry. The development of AMMCs optimized 
and validated for marine applications is still an area that requires substantial research and 
development. It is critical to pay close attention to the impact of key performance indicators, 
including bending strength (to assess structural integrity under load),  and X-ray diffraction 
(XRD) analysis (to characterize the material's microstructure and phase composition) of 
fabricated MMCs intended for marine structures. This heightened attention is necessary due 
to the increasing interest and trend in marine engineering towards utilizing aluminum alloys 
(AAs) and their composites for producing various components in marine vessels and offshore 
structures. 

This study, therefore, aims to contribute to filling this knowledge gap by developing aluminum 
metal matrix composites using the FSP technique, with a specific focus on tailoring properties 
and performance characteristics to meet the demanding requirements of marine structures.  

 

 

CHAPTER THREE 

EXPERIMENTAL SETUP AND PERFORMANCE 

The primary goal of this chapter is to outline and describe every instrument utilized in the 
experiment related to this study. It also discusses how to use the FSP technique to create an 
aluminum metal matrix composite joint rather than a bulk composite material. The processing 
conditions used, which were discovered during optimisation using the Taguchi technique, are 
also described in depth in this chapter. Finally, all of the investigations and testing performed 
on the aluminum metal matrix composite joint are detailed in this chapter. 

3.1 Welding and processing setup  

The following equipment was used in producing the welds: 

 GEKA cutting machine and 
 Friction Stir welding/processing machine. 

3.1.1 GEKA cutting machine 

A GEKA cutting machine was used to cut out all the required plates. A GEKA machine includes 
flat bar cutting equipment that produces exact cuts without wasting any material and is very 
easy to use. The equipment for flat bar cutting includes a guided table for directing the flat bar 
into the shearing station at various angles. It should be noted that while cutting the same 
material width, the guide does not need to be adjusted. For exact measurement of the material 
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to be cut, it is recommended to utilise an electric stop. A GEKA cutting machine and its cutting 
setup are shown in Figure 3.1.1.

Figure 3.1.1: GEKA cutting machine.

The setup involves several sequential actions:  Unscrew the butterfly nuts, raise the stop by 
twisting the thumbscrew to introduce the workpiece, and then place the aluminium sheet on 
the guided table.  The aluminium sheet must then be pushed up until it touches the electric 
stopper. Turn the thumbscrew to lower the stop until the entire bearing leans against the 
workpiece. Ensure the plate is square and tighten the butterfly nuts that hold it in place to keep 
it from shifting while being cut. Afterwards, clamp the plate with two G-clamps, one on each 
side. Start the machine and push the pedal once everything is set up. The fixed knives or 
blades on the machine frame will then cut the required plate.

3.1.1.1 How does the electric stopper operate?

These instructions need to be followed when adjusting the electric stop. Position the end of 
the cross-stop bar so that it is facing the cutting station that will be utilised, by activating the 
clamping levers on the crankpin. Ensure that the bar end, which is in contact with the 
workpiece, is angled sufficiently to allow the cuts to fall freely. Determine the preferred cutting 
length, which is established by the intersection of the millimetre rule and the adjustable 
thumbscrew. Position the selector. Insert the workpiece until it reaches the electronic stop 
head. The device will then begin to function.

3.1.2 Friction stir welding/processing machine

The friction stir welding/processing and fabrication of the aluminium metal matrix composites 
were all carried out on an FSW/FSP machine (see Figure 3.1.2.1). The FSW/FSP machine 
consists of X, Y and Z movement controls, the bed and the head. A shoulder and a pin, which
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is also known as a probe, are the two components of the tool that are inserted into the head. 
Figure 3.1.2.2 depicts the tool that was utilised for friction stir welding/processing and the 
pinless tool used for closing the holes during the AMMCs composite fabrication. To position 
the workpiece and stop movement during the performance, a backplate with a clamping 
fixture was built and installed into the FSW/FSP machine bed, as shown in Figure 3.1.2.3. The 
mechanical clamps and bolts are used to fasten the backing plate and the plate to be 
processed in place. 

Figure 3.1.2.1: FSW/FSP machine
It should be noted that two tools were utilised for this study, one with a pin and the other 
without a pin. The sample of the two pins utilised is shown in Figure 3.1.2.2(a). Figure 
3.1.2.2(b) displays the tool with a pin used for both FSW and FSP performance, and Figure 
3.1.2.2(c) displays the pin-less tool used to close holes with reinforcement during the 
production of the AMMCs. There were two backplates made of EN8 steel used in the 
fabrication of AMMCs. Figure 3.1.2.3(a) displays the larger back plate, and Figure 3.1.2.3(b) 
displays the smaller back plate. The smaller backplate was for optimisation to conserve 
material during preliminary tests, and the larger backplate was used to fabricate the AMMCs 
for the actual study to enable the assessment of properties in different regions of the 
composite, such as the start, middle, and end. Detailed schematics of the plates can be found 
in Appendices A and B, and tool schematics in Appendices C-F.
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Figure 3.1.2.2(a): Tools for fabrication; (b) Tool with a pin; (c) Pinless tool.

Figure 3.1.2.3(a): Large back plate; (b) Small back plate.

3.2 Optimization of composite fabrication parameters

This section covers the ideal parameters previously determined and reported in published 
optimisation studies to fabricate the AMMCs. The published work provides a detailed 
experimental investigation and analysis, leading to the identification of the optimal processing 
conditions for the composites [ 213,214,215].

3.2.1 Introduction

The optimisation of process parameters is crucial for achieving optimal material properties in 
FSP-fabricated AMMCs. Process parameters significantly influence NZ characteristics, 
particle distribution and overall composite quality. Extensive experimentation is required to 
identify optimal parameter combinations. Approaches to optimisation issues range from 
traditional to unconventional [216]. Conventional optimisation techniques can be broadly 
divided into two categories: mathematical search techniques (e.g., linear programming, 
nonlinear programming, dynamic programming) and experimental techniques such as 
statistical design of experiments (e.g., Taguchi method, response surface design methodology
(RSM)). Non-conventional metaheuristic search methods, such as simulated annealing (SA), 
tabu search (TS), and genetic algorithms (GA), have become more and more popular among 
scholars in recent years.

While conventional optimization methods offer certain advantages, they also present 
limitations that can hinder their practical application in FSP optimization. For example, 
mathematical iterative search techniques often concentrate on specific machining aspects, 
such as cutting force, temperature, or tool wear. However, due to the numerous 
interdependent variables and their inherent stochastic nature, these techniques can struggle 
to fully capture the complexities of the overall cutting process [217]. Response Surface 
Methodology (RSM) techniques, which rely on a series of experiments, may not be feasible or 
cost-effective for many manufacturing scenarios [218]. Furthermore, the application of RSM 
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requires a continuously differentiable objective function to determine optimal cutting 
conditions, a requirement that may not be met by complex physical processes [216]. 
 
In contrast, metaheuristic methods provide a robust approach to optimization problems, as 
they do not necessitate derivative information or explicit functional relationships. Genetic 
Algorithms (GAs), a widely used metaheuristic technique, have demonstrated effectiveness in 
various applications. Nevertheless, GAs is subject to limitations, including uncertain 
convergence, sensitivity to parameter settings, substantial computational cost, and the 
potential for inconsistent results. Although GAs have proven valuable, it is important to 
acknowledge these drawbacks and consider alternative techniques or hybrid optimization 
strategies to address these limitations [216]. 
 
The Taguchi method, a robust engineering approach developed by Genichi Taguchi, aims to 
enhance product and process quality through structured experimentation. This method 
employs orthogonal array designs, signal-to-noise (S/N) ratio analysis, and analysis of 

o improved 
product performance and enhanced manufacturing efficiency, all while requiring fewer 
experimental runs, offering a more practical and efficient approach for industrial applications 
[218,  the input parameters that 
significantly influence the output quality or characteristics by analyzing variations in the 
average performance across tested groups [220] 
 
3.2.1.1 Orthogonal array design 

In robust engineering, engineers can assess product designs for cost and noise resistance 
using orthogonal arrays. Orthogonal arrays are designed to discover significant variables 
using the fewest possible combinations while estimating the effects of several factors and their 
interactions, hence minimising the number of trials needed. The array's construction 
intelligently distributes these variables [221, 222]. 

3.2.1.2 Analysis of variance 

their interactions on the output. By comparing performance variations across different 

[220]. In an experiment, the percentage of contribution, which is determined by squaring the 
significance items, indicates the proportion of the overall variance attributed to each significant 
factor. It shows the relative contribution of a factor to variation reduction. The percentage of 
contribution indicates the amount that may be lowered from the overall variance by properly 
controlling the factor levels [223]. The quality of the properties and the significance of 
parameter effects are evaluated using the frequency-test (F-test) [224]. 

3.2.1.3 Signal-to-noise ratio 
 
The Taguchi method employs a signal-to-noise (S/N) ratio to quantify the desired output 
(signal) relative to process variability (noise). The aim is to identify parameter combinations 
that minimise noise effects and produce consistent, high-quality results [225]. Standard SN 
ratios come in three main types of noise factors. 
 
3.2.1.3.1. Smaller is better:  

The smaller-the-better type is used when the objective is to minimize the output value and 
there are no negative values. The squared response is the magnitude that must 
be minimized in this specific case. The following formula is used to get the S/N ratio [226]: 

(1) 
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. =  10 log  

3.2.1.3.2. Nominal is best:  

The nominal-is-best type is used when one wishes the output value to be as near to a target 
value as possible. The squared deviation from the target value is the magnitude that must 
be reduced in this specific case. The following formula is used to calculate the S/N ratio [226]: 

. =  10 log
  

= 10 log  

3.2.1.3.3. Larger is better:  

The larger-is-better type is used when the objective is to maximise the output value and there 
are no negative values. The squared response is the magnitude that must be maximised in 
this specific case. The following formula is used to calculate the S/N ratio [226-227]: 

. =  10 log  

n is the number of experiments and y represents the response factor. The signal (S) denotes 
the desired output, while noise (N) represents undesirable variations. 

Using S/N analysis, the S/N ratio for each level of process parameters is determined. The 
primary strategy is to select settings with a high S/N ratio, that indicates a relatively powerful 
signal, to obtain the appropriate mean value. The mean can then be fine-tuned by adjusting 
other factors. A higher S/N ratio indicates better performance, regardless of the category in 
which the performance characteristic is classified. When optimising single-response 
situations, this S/N ratio value may be considered [221]. 

3.2.2 Detailed optimization process using the Taguchi method 

The Taguchi methodology involves a systematic approach comprising problem definition, 
parameter selection, level determination, Orthogonal Array selection, experimentation, data 
analysis and picking of optimal parameters. A detailed explanation of these steps is provided 
below. 

3.2.2.1 Problem definition 

The primary goal of this optimisation study is to identify the optimal process parameters for 
fabricating AMMCs with superior tensile strength, elongation and hardness. This goal will be 
achieved through the following procedures: 

 Designing a Taguchi experimental array, 
 Conducting experiments based on the array, 
 Analysing output parameters to predict optimal conditions and 
 Determining the parameter combination that maximises tensile strength and hardness. 

 
3.2.2.2 Parameter selection  

The selection of process parameters plays a critical role in determining the final properties of 
MMCs. Critical parameters influencing FSW/FSP outcomes include tool rotation speed, 
traverse speed, tool geometry, tilt angle, axial load, plunge depth and backing plate [228].  

1. Tool Rotation Speed: 

(3) 

(2) 
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The rotational speed of the FSP tool plays a critical role in determining both the heat 
generation and material flow. An increase in rotation speed promotes enhanced dissolution of 
soluble particles  Furthermore, higher 
rotational speeds can lead to grain refinement and a substantial temperature rise within the 
stir zone [230]. However, exceeding a certain rotational threshold can induce excessive heat 
accumulation, potentially resulting in defects or unwanted phase changes [231]. It is important 
to note that the microstructural evolution of the material can be affected by the direction in 
which the tool rotates [232]. 

2. Traverse Speed: 

Traverse speed dictates material flow along the workpiece, controlling deformation rate and 
grain refinement. Lower traverse speeds lengthen tool-material interaction times, leading to 
greater plastic deformation and finer grains; higher traverse speeds may compromise mixing 
and reinforcement distribution. While lower speeds can sometimes increase grain size in the 
processed zone, tool wear is minimally affected. Conversely, higher speeds can improve 
surface composite microhardness by enhancing reinforcement particle dispersion [233]. 

3. Tilt Angle: 

The tool's tilt angle during Friction Stir Processing (FSP) is crucial for maintaining the stirred 
material within the tool shoulder and directing it rearward. This tilt angle directly impacts the 
downward force applied to the material, thereby affecting material flow and the retention of 
reinforcement particles within the stirred zone (SZ). Correctly chosen tilt angles are necessary 
to achieve adequate mixing and avoid surface imperfections.  Higher tilt angles can result in 
coarser grains and larger particles, whereas lower tilt angles may produce defects within the 
processed zone [234]. Furthermore, it's worth noting that increasing the tool's tilt angle can 
contribute to an increase in processing temperature [235]. 

4. Plunge Depth and Tool Design: 

Tool plunge depth and design collectively define material mixing and reinforcement 
integration. Tool geometry, including pin and shoulder, controls material flow and temperature, 
impacting microstructure [236- ess 
temperature, with increased plunge depth yielding higher temperatures due to increased 
contact and friction. Insertion depth is a key determinant of maximum process temperature, 
with deeper insertions leading to higher temperatures due to increased tool-workpiece contact 

for example, produce more heat during insertion than alternative shapes [237]. However, the 
tool shoulder has a more pronounced effect on workpiece temperature than the pin [237]. 

5. Number of Processing Passes: 

To achieve a uniform composite with refined microstructure, the number of processing passes 
is a critical factor. Increasing the number of passes often promotes better homogeneity, 
resulting in improved reinforcement distribution, fine grains, and enhanced mechanical 
performance [171,240,241,242]. However, this increases processing time and heat input. 
While multiple passes tend to improve the composite's properties, the optimal number of 
passes is not universal and varies based on the material system and target results [242-243]. 

6. Axial Force: 

Axial force in FSP dictates heat generation and material flow. If the force is too low, heat and 
mixing will be insufficient; conversely, excessive force can result in overheating and tool 
failure. Therefore, the optimal axial force must be adjusted based on the specific reinforcement 
materials and their properties [244]. 

7. Backing Plate: 
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A backing plate is essential for supporting the workpiece during FSP, minimizing excessive 
deformation and promoting uniform heat dissipation. The backing plate's material and 
thickness are key factors affecting heat transfer and material movement. 

Overall, among the various FSP parameters, tool rotation speed and traverse speed are 
recognized to have a substantial effect on the homogeneous distribution of reinforcing 
particles, grain refinement, and heat generation during composite production [245], while tool 
tilt angle plays a significant role in the dispersion of these reinforcing particles. This study 
focuses on optimizing tool rotation speed, traverse speed, and tilt angle, as these parameters 
are primarily responsible for heat generation and significantly impact the quality of the resulting 
joint. 

3.2.2.3 Level determination  

For this study, three levels were established for each processing parameter (rotational speed, 
traverse speed, and tilt angle). Table 3.2.2.3 presents these parameters and their 
corresponding levels. The chosen parameters were selected based on their recognized effects 
on composite microstructure and mechanical properties within FSP [245].  Parameter levels 
were established by reviewing prior research. This methodology facilitated the identification of 
ranges that provided an appropriate balance between processing time and the resulting 
mechanical attributes [246- . 

Table 3.2.2.3: Processing parameters with their levels. 

Parameters Units Level 

1 2 3 

Rotational speed  [rpm] 600  1200 
Tilt angle  [°] 1 1.75 2 

Traverse speed  [mm/min] 30 45 60 

 

3.2.2.4 Orthogonal array selection 

To minimize the required number of experimental trials, a Taguchi L  orthogonal array was 
implemented. A complete factorial design would have necessitated 27 separate experiments, 
but the Taguchi method effectively reduced this by 18 Friction Stir Processing (FSP) runs. 
This resulted in significant savings in both cost and time. It should be noted that MINITAB18 
generated a design matrix, shown in Table 3.2.2.4, specifying the three parameter 
combinations and levels, resulting in nine experiments per composite. 

Table 3.2.2.4: Taguchi L9 design matrix. 

No of 
experiments 

Rotational speed 
[rpm] 

Traverse speed 
[mm/min] 

Tilt angle 
[°] 

    
1. 600 30 1 
2. 600 45 1.75 
3. 600 60 2 
4.  30 1.75 
5.  45 2 
6.  60 1 
7. 1200 30 2 
8. 1200 45 1 

 1200 60 1.75 
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3.2.2.5 Experimentation

AMMCs fabrication requires a base material and a reinforcing phase. This study employed 
AA5083-H111 aluminium alloy plates (250 x 55 x 6 mm) as the base material. Silicon carbide
and coal were used as reinforcement particles. Figure 3.2.2.5.1 displays a similar plate 
combination sample. Figure 3.2.2.5.2 presents the schematic of the dimensioned plate. 

Figure 3.2.2.5.1:  Plate combination sample.

            
Figure 3.2.2.5.2:  Plate with dimensions in mm.

To fabricate the AMMCs, two AA5083 plates were initially friction-stir welded (FSWed) to form 
a joint. The FSW performance is shown in Figure 3.2.2.5.3(a). Figure 3.2.2.5.3(b) displays a
sample of the AA5083/AA5083 FSWed joint. Following this, holes with a 2.5 mm diameter 
were created at 15 mm intervals, reaching a depth of 4 mm, along the weld line. The drilled 

Figures 3.2.2.5.3(c) and (d) illustrate the plate before and after the drilling process, 
respectively. Figure 3.2.2.5.3(e) presents a sample of the holes filled with the reinforcement 
particles. It should be noted that the selection of these hole dimensions was based on prior 
research, which highlighted the significance of optimizing these parameters to achieve 
consistent particle distribution and sufficient reinforcement concentration within the stirred 
zone [152,250-255]. Furthermore, the dimensions were chosen to accommodate the size of 
the reinforcement particles while maintaining the material's structural stability during the 
processing phase. 
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(c)

Centre punch holes to prepare for drilling.
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Figure 3.2.2.5.3:(a) FSW Performance; (b) AA5083/AA5083 FSWed joint sample; (c) 
Plate before drilling; (d) Plate after drilling; (e) Holes filled with reinforcement 

particles.

Reinforcement-filled holes were then sealed using a pinless FSP tool to prevent particle 
dispersion. Figure 3.2.2.5.4(a) depicts the process of using the pinless tool to close holes. 
Figure 3.2.2.5.4(b) shows a sample plate after the hole-closing process. Lastly, a single-pass 
FSP process is conducted at room temperature. Figure 3.2.2.5.4(c) shows the FSP 
performance during the fabrication of the composite. A sample of the fabricated composite 
joint is shown in Figure 3.2.2.5.4(d).
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Figure 3.2.2.5.4:(a) Closing of holes using a pinless tool; (b) Sample plate after the 
hole closing process; (c) FSP Performance for fabricating the composite using a tool 

with a pin; (d) Sample of AMMCs composite joint.

Post FSP, Tensile and microhardness specimens were extracted from the fabricated 
AA5083/Silicon carbide and AA5083/Coal composite joints by cutting the joints perpendicular 
to the processing direction. Tensile testing adhered to American Society for Testing and 
Materials (ASTM E-8M-04 standards), while microhardness was evaluated using the ASTM 

3.2.2.5.5 and 3.2.2.5.6 illustrate the tensile 
and microhardness test specimens.

Figure 3.2.2.5.5: Tensile specimen.

Figure 3.2.2.5.6: Hardness specimen.

3.2.2.6 Analysis of data

To optimise AMMCs parameters, the ultimate tensile strength (UTS), percentage elongation, 
and microhardness of the fabricated AA5083/Silicon carbide and AA5083/Coal composite 
joints were analysed using the Taguchi method. This technique focuses on single-response 
optimisation, assessing parameter influence through the S/N ratio. The larger-is-better S/N 
ratio criterion was employed to maximise desired responses for each response since a 
parameter combination that maximises tensile strength and hardness is required using 
equation.
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. =  10 log  

Where n is the number of experiments and y 
The signal (S) denotes the desired output, while noise (N) represents undesirable variations. 

The Taguchi approach based on the S/N ratio demonstrated that: 

 Analysis using the Taguchi Signal-to-Noise (S/N) ratio method revealed the following 
optimal parameter settings: For AA5083/Silicon carbide composites, the highest UTS 
and percentage elongation are obtained by setting the rotational speed to level 2, 
traverse speed to level 1, and tilt angle to level 3. The optimal microhardness for these 
composites was achieved with a tilt angle at level 3, traversal speed at level 2, and 
rotational speed at level 2. In the case of AA5083/Coal composite joints, the best 
Friction Stir Processing (FSP) parameters for maximizing UTS, percentage elongation, 
and microhardness were rotation speed at level 2, traversal speed at level 3, and tilt 
angle at level 3. 

statistical significance (F-value) on the output responses. 

: 

 
influence on both percentage elongation and microhardness in AA5083/Silicon carbide 
and AA5083/Coal composite joints. For AA5083/Silicon carbide, ultimate tensile 
strength is primarily influenced by rotational speed, while for AA5083/Coal, tilt angle is 
the dominant factor. The observed variations highlight the distinct impact of different 
reinforcements on process parameters, underscoring the necessity for tailored 
optimization approaches depending on the reinforcement type. These differences in 
parameter ranking are significant, as they reflect the unique material responses of the 
reinforcements during Friction Stir Processing (FSP). Harder reinforcements, such as 
SiC, rely heavily on heat generation and plastic deformation for effective distribution 
and bonding, hence the dominance of rotational speed. Conversely, more softer 
reinforcements, like coal, benefit more from controlled material flow and uniform 
particle dispersion, making tilt angle a crucial parameter. 

Based on the results the conclusion was drawn that: 

 For the fabrication of AA5083/Coal composites, optimal processing parameters were 
determined to be a tilt angle of 2 degrees, a traverse speed of 60 mm/min, and a 

 

 When fabricating AA5083/Silicon carbide composites, the highest microhardness was 
0 rpm, a traverse speed of 45 mm/min, and a tilt 

angle of 2 degrees. The maximum ultimate tensile strength and percentage elongation 

of 30 mm/min, and a tilt angle of 2 degrees. The validity of these optimal parameters 
was subsequently confirmed through a series of validation tests. Specifically, average 
response values indicated that a tool tilt angle of 2°, a traverse speed of 30 mm/min, 

ere optimal for AA5083/SiC composites. These 
validation tests supported the initial experimental findings, indicating improved 
mechanical characteristics with the optimized parameters. 

(3) 
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Complete optimization details, including AMMCs fabrication, mechanical and microstructural 

analysis plots), are available in Appendices H–K. 

3.2.2.7 Picking the optimal parameters 

The optimal parameter combinations for AA5083/Silicon carbide and AA5083/Coal 

conditions are presented in Tables 3.2.2.7(a) and (b), respectively. 

Table 3.2.2.7:(a) FSW/FSP optimal process parameters when using silicon carbide 

[213,215]. 

Process parameters Condition 

  
Rotational speed  rpm 
Traverse speed 30 mm/min 
Tool tilt angle 2 ° 

 
Table 3.2.2.7:(b) FSW/FSP optimal process parameters when using coal [90,213,214]. 

Process parameters Condition 

  
Rotational speed  rpm 
Traverse speed 60 mm/min 
Tool tilt angle 2 ° 

From the optimised parameters obtained, it was observed that the parameter combinations 
for fabricating AA5083/Silicon carbide composite were different from the combination found 
for fabricating AA5083/Coal composite.  These optimised parameters are the ones to be used 
to fabricate the actual AMMCs using the FSP technique discussed in section 3.3. 
 
3.2.3 Justification for using optimal parameters 

The decision to use the optimal parameters for fabricating the AA5083/SiC and AA5083/Coal 
composite is based on their proven effectiveness in enhancing composite properties. The 
application of these parameters ensures research consistency, reproducibility and 
comparability with previous studies. 

3.2.4 Conclusion 

The parameters used to fabricate the composites for this thesis were taken from well-
substantiated optimisation studies conducted earlier for fabricating such ideal composites. 
These particular parameters were applied to achieve the required properties of the composites 
manufactured in this research, as indicated in the previous optimisation research paper. By 
implementing these proven parameters, this research seeks to build on existing studies and 
continue the exploration of the performance of the composites under conditions defined by the 
parameters. 
 
3.3 Fabrication of aluminium metal matrix composites using the FSP technique 

A base material and reinforcement are required to fabricate AMMCs. The simple process for 
fabricating an AMMC using FSP techniques requires the following steps: FSW to create a 
weld joint, drilling of holes to incorporate reinforcement, filling/incorporating reinforcement 
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particles into the holes, closing the holes using a pinless tool and, finally, using a tool with pin 
for FSP. The fabrication process is explained in depth in the following section. 

3.3.1. AMMCs fabrication preparation

A base material and reinforcement are required to fabricate AMMCs. The base material used 
for this study was an AA 5083 plate that was 6mm thick. Before the welding performance, the 
plates were first cut with a GEKA cutting machine to a size of 530×70×6 mm. The dimensions 
were chosen based on the dimensions of the FSW backplate. Figure 3.3.1(a) displays a similar 
plate combination sample. The schematic of the dimensioned plate is shown in Figure 3.3.1(b). 
Silicon carbide and coal were the reinforcements utilised in the study and each reinforcement 
was used separately to create an AMMCs. Figures (c) and (d) show scanning electron 
microscope (SEM) micrographs that depict the morphology of the powder particles used as 
reinforcement. Tables 3.3.1(a), 3.3.1(b), 3.3.1(c), and 3.3.1(d) provide detailed information 
regarding the base material chemical composition, base material mechanical properties, 
reinforcement chemical composition and reinforcement particle size used in this study. This 
information is crucial for understanding the material behaviour and the impact of reinforcement 
on the mechanical properties of the composites.

Table 3.3.1:(a) The base material chemical composition of the materials is wt %.

BM Cu Cr Fe Mg Mn Si Ti Zn Al

AA5083-H111 0.010 0.040 0.153 0.64 0.011 0.013 Bal

Table 3.3.1:(b) AA5083-H111 base material mechanical properties of the materials.

Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness (HV)

311 248.8 58.65

Table 3.3.1:(c) Reinforcement’s chemical composition of the materials wt %.

Reinforcement O Br C Si

Silicon carbide 3.7 0 28.8 67.4
Coal 5.4 1.3 1.6

Table 3.3.1:(d) Reinforcement’s particle size.

Particle size

Silicon carbide 13.155 µm
Coal 11.765 µm
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Figure 3.3.1: (a) Plate combination sample; (b) Plate with dimensions in mm; (c) SEM 
micrograph illustrating the morphology of the SiC powder particles employed as 
reinforcement. (d) SEM micrograph showing the morphology of the Coal powder 

particles employed as reinforcement.

(b)
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3.3.1.1 Friction stir welding performance

FSW was performed on the FSW machine in this study using two similar aluminium alloy 
plates that were mounted

backplate using eight clamps, 
preventing the plates from separating during the FSW performance. To perform FSW, the 
head holding the tool was lowered until the rotating tool pin was at the centre of the two plates, 
as shown in Figure 3.3.1.1.1, and the tool shoulder face made contact with the edges. The 
rotating tool was then plunged into the material. As a result, it melted the material plastically 
because of the heat generated by the friction. Once there was sufficient heat produced, the 
rotating tool traversed forward, resulting in a continuous joint until it reached the end of the 
plates. The optimized process parameters, determined via the Taguchi L method as detailed 
in section 3.2, were employed to execute the Friction Stir Welding (FSW) and Friction Stir 
Processing (FSP) procedures [ ]. Tables 3.3.1.1(a) and (b) present the specific 
optimized parameters for silicon carbide and coal, respectively. The performance of FSW is 
shown in Figure 3.3.1.1.2(a). The produced samples of the FSWed plates are shown in Figure 
3.3.1.1.2(b). It should be noted that both of the process parameters were used to create a one 
FSWed plate which was used to create the required AMMCs using the FSP method. 

Figure 3.3.1.1.1: FSW setup preparation.

(a)
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Figure 3.3.1.1.2:(a) FSW performance; (b) AA5083/AA5083 FSWed joint.

Table 3.3.1.1:(a) FSW/FSP parameters when using Silicon carbide. 

Parameter Condition

Tool shoulder diameter 20 mm
Tool probe diameter 7 mm
Tool pin length 5.8 mm
Tool plunge depth 5.8 mm
Tool tilt angle 2 °
Traverse speed 30 mm/min
Rotational speed rpm
Dwell time 20 s
Axial force 4 KN

20 tan (2) =

Table 3.3.1.1:(b) FSW/FSP parameters when using Coal. 

Parameter Condition

Tool shoulder diameter 20 mm
Tool probe diameter 7 mm
Tool pin length 5.8 mm
Tool plunge depth 5.8 mm
Tool tilt angle 2 °
Traverse speed 60 mm/min
Rotational speed rpm
Dwell time 20 s
Axial force 4 KN

20 tan (2) =

(b)
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3.3.1.2 Adding and confining reinforcement 

To add the reinforcement to the FSWed joints, holes had to be drilled. In preparation for drilling 
the holes, a line was drawn in the centre of the AA5083/AA5083 FSWed joint, and then the 
centres of the holes that needed to be drilled were marked using a centre punch. The holes 
were drilled with an electric drill press with a 15mm distance between the centres. The holes 
were cut 4mm deep, with a drill bit that was 2.5mm in diameter. Figures 3.3.1.2(a) and (b) 
show the prepared plate before and after drilling, respectively. After the holes were drilled, the 

carbide and coal 
being used as reinforcement particles in this study, the process had to be conducted twice. As 
a result, two plates were required: one for incorporating silicon carbide particles and the other 
for adding coal particles. It is important to point out that the reinforcing particles were inserted 
until the holes were filled. Figure 3.3.1.2(c) shows a sample of plate holes filled with 
reinforcement. To restrict the reinforcing powder particles from scattering during FSP 
performance, the necessary hole-closing process was carried out with a pinless tool. Figure 
3.3.1.2(d) depicts the pinless tool's process used to close holes. Figure 3.3.1.2(e) shows the 
plate engaging in the hole-closing process.
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Figure 3.3.1.2: (a) Prepared plate before drilling; (b); Plate after drilling (c); Sample of 
holes filled with reinforcement particles; (d) Closing of holes using pinless tool; (e) 

Sample plate after the hole closing process.

3.3.1.3 Friction stir processing

Finally, a single FSP was performed using a tool with a pin to fabricate an AMMCS on the 
joints. The same tool used to produce the FSWed joint was also used to perform the FSP. To 
begin the FSP procedure, the head holding the tool was lowered until the rotating tool pin was 
placed at the centre of the joint and the tool's shoulder face made contact with the surface. 
The material then softens because of the frictional heat produced by the rotary action. This 
procedure promotes the metallurgical bonding between the reinforcing material and the 
FSWed joint. When sufficient heat is created, the rotating tool traverses forward and forms a 
plasticised zone, resulting in a continuous joint. This plasticised zone allows the reinforcing 
material to be integrated and transferred from the holes into the FSWed joint, resulting in the 
fabrication of AMMCs. The stirring action aids in achieving the uniform dispersion of the 
reinforcement material within the FSWed joint. It should be noted that the process parameters 
used to achieve a defect-free NZ and uniform particle distribution were established during 
optimisation. The parameters used to fabricate the AA5083/SiC composite are presented in 
Table 3.3.1.1: (a) above and the parameters used to fabricate the AA5083/Coal composite 
are presented in Table 3.3.1.1: (b) above. Figure 3.3.1.3: (a) shows the FSP performance 
during the fabrication of the composite. Figure 3.3.1.3: (b) shows samples of fabricated 
composite joints.
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Figure 3.3.1.3: (a) FSP Performance for fabricating AA5083/SiC composite using a tool 
with a pin; (b) Sample of fabricated composite joint.

3.4 Performance of specimen preparation

The preparation of the specimens for all the tests, including the tensile, microstructural 
analysis, hardness, bending, chemical analysis and X-ray diffraction analytical tests, are 
explained in this section.

3.4.1 Tensile test specimen preparation

The American Society for Testing and Materials (ASTM E8-04) standard was used to create 
the tensile test specimen design and shape. The sketch of the dimensioned specimen is 
shown in Figure 3.4.1. The drawing was created using SolidWorks design software and all the 
measurements are in millimetres. The specimen is 
test specimen was cut using the waterjet cutting machine.

Figure 3.4.1: Tensile test specimen.
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3.4.2 Microstructural analysis test specimen

SolidWorks was used to create the microstructural analysis specimen (see Figure 3.4.2). The 
waterjet cutting equipment was used to cut the test specimens for microstructural examination 
of the designed specimen. 

Figure 3.4.2: Microstructure test specimen with dimensions in mm.

3.4.3 Microhardness test specimen

The dimensions and shape of the specimens used for hardness testing are the same as those 
for microstructural analysis (see Figure 3.4.2 above). The specimen was duplicated, one pair 
was used for microstructure and the second pair was used for hardness testing.

3.4.4 X-ray diffraction test specimen

The X-ray diffraction test specimen's shape and design followed ASTM D5380. The X-ray 
diffraction (XRD) specimen's dimensioned design was created in SolidWorks, with all 
measurements being in millimetres, is shown in Figure 3.4.4. The waterjet cutting machine 
was used to cut the X-ray diffraction test specimen. 

Figure 3.4.3: XRD specimen with dimensions in mm.

3.4.5 Chemical composition/analysis specimen

The XRD and chemical analysis experiments both utilised similar specimens with the same 
dimensions and geometries (see Figure 3.4.4).

3.4.6 Bending test specimen preparation

bending specimen. The dimensioned bending specimen from SolidWorks is shown in Figure 
3.4.6, with all measurements shown in mm. The bending test specimen was cut using the 
waterjet cutting machine.

Figure 3.4.4: Bending test specimen with dimensions in mm.



68

3.5 Cutting of specimen

This section describes the cutting out of all the designed specimens mentioned in section 3.4 
above. The computer numerical control (CNC) milling machine (see Figure 3.5) was used to 
cut out the specimens. In this section, the procedure for cutting using a CNC milling machine 
is explained. Before cutting, the process begins by creating a drawing of the plate containing 
all the specimens to be machined using AUTOCAD (Computer-aided design and drafting 
software application), outlining all the features, cutting paths and dimensions that will be useful 
for coding. Notepad is then used to create the CNC program by converting the AUTOCAD 
model into G & M codes that the CNC milling machine can understand. Before fabricating or 
producing a material, it is essential to optimise the materials to determine the optimum best 
process parameters. These measurements were simulated with CNCMillSim to ensure the 
code would not develope any problems. The G&M code is then transferred to the computer 
that is linked to the CNC milling machine. Clamps are used to hold the plate to the worktable 
of the CNC milling machine, and to ensure that it is correctly aligned and tightly secured to 
avoid movement during cutting. The machined is then switched to manual mode and it is 
verified that the G on the codes match the G on the machine. The zero-reference point of the 
tool is set to align with the set zero of the workpiece.  It is necessary to ensure that X, Y and 
Z are set at absolute zero. Next, the CNC milling machine is set to receive the code from the 
PC by opening the CNC send software option and sending the CNC program to the machine. 
The spindle speed and feed rate are set, the coolant turned on and the start button pressed 
to commence the cutting process. The CNC milling machine automatically moves the cutting 
tool along the pre-programmed tool paths, removing material following the design 
specifications and continues to do so until the program is complete. Once the program is 
finished, the workpiece should be carefully removed from the CNC milling machine. During 
cutting, it is necessary to carefully watch the cutting process to observe any vibrations or 
improper cutting by the machine.

Figure 3.4: CNC Mill machine
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3.6 Preparation of weldments analysis

This section covers weldment analysis preparation of the microstructural and microhardness 
specimen. Below is a list of the equipment and techniques used for analysing the weld joints 
that were produced through the steps described in section 3.3 above.

Struers Lapopress-3 mounting press machine and
Struers LapoPol-5 polishing machine

3.6.1. Struers Lapopress-3 mounting press machine

Prior to the mounting process, the designed specimens were cut using the CNC milling 
machine. The cut cross-sectional surfaces (see Figure 3.6.1.1) of the AMMCs joints 
specimens were then mounted using a Struers labopress-3 machine and a multi-fast Aka-
Resin phenolic (see Figure 3.6.1.2). The mounting procedure includes the following actions: 
brushing the ram with Aka-no-stick powder to stop the hardness specimen from sticking, 
positioning the specimen on the ram ensuring the viewing surface is facing down and lowering 
the ram to its lowest point (specified depth). Once the ram is lowered to the desired depth, 
approximately one scoop of the chosen resin is poured using a funnel on top of the specimen 
until the inside cylinder depth is filled, and then the ram is closed off with the lid. The 
parameters, including force, heating time, temperature and cooling time, are set after the lid 
is secured. When the start button is pressed, the procedure begins automatically. The 
mounting is then operated according to the predetermined parameters until it is removed from 
the machine. Figure 3.6.1.3 displays a sample of the mounted specimen. The predetermined 
parameters are shown in Table 3.6.1.

Figure 3.6.1.1: Sample of cut cross-sectional surface joints for microstructure or 

microhardness specimen.

Figure 3.6.1.2: Mounting press machine.
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Figure 3.6.1.3: Mounted microstructure test specimen sample.

Table 3.6.1: Mounting Processing Parameters

AKA- Resin Phenolic mounting processing parameters

Force 20 kN
Heating time 7 minutes
Cooling time 7 minutes

3.6.2 Struers LapoPol-25 grinding machine

The Struers Labopol-25, shown in Figure 3.6.2.1, is a device that grinds, laps and removes 
the surface damage that occured during the cutting of any type of metal. The machine 
operates by mounting a chosen grinding disc onto the turntable and choosing a suitable 
rotational speed (between 50 and 500 rpm). The grinding process is started by pressing the 
start button and continued until the desired surface finish is achieved. The material preparation 
process involves using different grinding discs with suitable lubrication. Figure 3.6.2.2 
illustrates the various grinding discs employed. The P800, P1200 and P4000 grit discs are 
used with regular tap water or distilled water as a lubricant for aluminium specimens. Before 
the final polishing step, the specimen is cleaned with ethanol and dried.

Figure 3.6.2.1: Grinding machine.
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Figure 3.6.2.2: Akasel grinding paper- Rhaco Grit discs.

3.6.3 Struers Tegramin 25 polishing machine

The Struers Tegramin 25, shown in Figures 3.6.3.1: (a) and (b), is a polishing machine used 
to remove surface damage on various metals caused during the cutting processes. The 
Struers Tegramin 25 shown in Figure 3.6.3.1: (a) is a standard model that operates without 
the use of oxide polishing (OP) suspension. In contrast, the Struers Tegramin 25 shown in 
Figure 3.6.3.1: (b) is a model equipped for OP suspension, allowing for a more advanced 
polishing process. To operate the machine, the desired polishing disc is mounted on the 
turntable. A suitable lubricant, rotational speed and time are then selected. The polishing 
process is initiated by pressing the start button and continues until the selected time period 
has elapsed. During the polishing process, different types of polishing discs are used, 
depending on the material being prepared. Figures 3.6.3.2 and 3.6.3.3 illustrate the various 
polishing discs and the different polishing agents, respectively. The Aka-Chemal polishing disc 
is water-based, whereas the Aka-Daran and Aka-Napal discs require Blue Aka-Lube as a 
lubricant. As mentioned above, before the final polishing step, the specimen is cleaned with 
ethanol and dried. Figure 3.6.3.4 displays an example of a polished specimen after completion 
of the polishing process.

Figure 3.6.3.1: (a) Polishing machine – no OP Suspension.

(a
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Figure 1: (b) Polishing machine – with OP Suspension.

Figure 3.6.3.2: Polishing discs.

Figure 3.6.3.3: Metallographic polishing agents.

(b
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Figure 3.6.3.4: Polished specimen samples.

3.6.3.1 microscope during the polishing. 

To provide quality control while polishing microstructure and hardness specimens, the use of 

magnification range (8x–32x) and 3D viewing capabilities allow for a thorough examination of 
surface characteristics such as cracks and other deformations.

1. Pre-polishing inspection: Examine the specimen's initial surface for irregularities (such 
as scratches, pits or contamination). 

2. Process monitoring: Use the microscope periodically to track polishing progress and 
ensure that the surface is being prepared correctly.

3. Post- he 
hardness and microstructure analysis.

Figure 3.6.3.1.1: Zeiss Stemi DV4 Stereo Microscope.



74

3.6.3.2 Using ultrasonic cleaning during polishing

Ultrasonic cleaning during the polishing process is essential for achieving accurate hardness 
test results on aluminium specimens. Ultrasonic cleaning effectively removes contaminants 
such as oils, greases, polishing residues and fine particles, thereby ensuring optimal surface 
conditions. Ultrasonic cavitation, generated by high-frequency sound waves, dislodges 
contaminants from the most inaccessible areas without damaging the delicate specimen. 
Compared to manual cleaning, ultrasonic cleaning is more efficient, consistent and gentle, 
ultimately enhancing the reliability of the hardness test results. Figure 3.6.3.2.1 depicts an 
ultrasonic cleaning tank.

Figure 3.6.3.2.1: Ultrasonic cleaning tank.

3.7 Etching of specimen for microstructural analysis

To prepare the specimens for etching and subsequent microstructural analysis, the specimens 
were first mounted using a Struers Labopress-3 machine in section 3.6.1. The mounted 
specimens were then ground using a Struers Labopol-25 machine in section 3.6.2 followed by 
polishing using a Struers Tegramin 25 machine in section 3.6.3 to achieve a mirror finish. 
Before the microstructural analysis test, the specimens were first etched. Sodium hydroxide 
(NaOH) is the etching agent used in this study. The solutions used in NaOH etchant 
composition include distilled water (H2O) and sodium hydroxide (NaOH). During the etching 
procedure, the specimen was immersed for five minutes and then immediately rinsed with 
distilled water. The specimen was thereafter cleaned with an ultrasonic bath, rinsed with 
ethanol, and then dried using a hot hairdryer. Once etched, the specimens are ready for 
microstructural analysis analysis. Figure 3.7. shows a fully prepared (etched) specimen. The 
same approach was used on all of the specimens for microstructural analysis. Tables 3.7
indicate the quantity used for NaOH etchant solution. 

Table 3.7: NaOH 2% Aq solution etchant

Quantity (g) Solution

2 g NaOH
100 g H2O
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Figure 3.7: Etched specimen samples.

3.8 List of tests performed

To make a clear comparison, analysis of the FSPed and AMMCS joints (AA5083/SiC and 
AA5083/Coal Composites) was conducted. The following tests were run: 

o Tensile tests
o Microstructural analysis
o Hardness tests
o Bending tests
o SEM analysis
o XRD tests
o Chemical composition/analysis

3.9 Mechanical test

The mechanical tests that were conducted are discussed in this section. To perform the test, 
different sets of specimens from the FSPed joints and AMMCS joints (AA5083/SiC and 
AA5083/Coal Composites) were cut out. The prepared specimens were subject to bending 
testing, tensile tests, microstructural analysis, hardness tests, XRD and chemical analysis. 
The start, middle and end of the plate were the three areas from which all the specimens were 
extracted. For each test, a total of three specimens were prepared. This method enabled a 
thorough study of material characteristics and behavior by constantly analyzing material 
properties at these exact places across all testing. represents the specimen 
positioning sample, where "S" denotes the start, "M" the middle, and "E" the end.

Figure 3.9: Specimen positioning sample.

3. .1 Tensile tests

were performed following ASTM E8-04 standards for metallic materials. The test was 

S M E



76

conducted using a computer-controlled Hounsfield 25 K-type machine (see Figure
Before installing the specimens in the jaws, the tensile specimen measurements (gauge 
length, width and thickness) were first measured and recorded. After that, the flat clamping 
jaws were adjusted to fit the tensile specimen for gripping. The screws are tightened to prevent 

clamping jaws used to install the tensile specimen.

The tensile test is performed on each specimen individually until the specimen breaks (see 
is then used to log the data of the applied tensile load 

(N) and extension (mm).  After the test is completed, the software's results are exported from 
the computer and analysed to determine the tensile properties, including yield strength, 
ultimate tensile strength, percentage elongation, engineering stress and engineering strain. 
The graph of stress vs strain is created using the determined data and the results are 
discussed in Chapter Four that follows. 

Table 3.9.1: Tensile test parameters.

Speed (mm/min) Extension range
(mm)

Load range (kN) Load cell (kN)

3 0-15 0-10 25

Figure 3.9.1.1: Hounsfield tensile test machine.
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Figure 3.9.1.2: (a) Tensile testing flat clamping jaws; (b) Completed tensile testing on 

the specimen.

The ultimate tensile stress was calculated using the following formula:

=                    (4) 

Where F is the maximum force, A is the cross-sectional area, and is the ultimate tensile 
stress. 

The following equation was used to determine percentage elongation:

% =         (5) 

For a sample of calculations using these equations, refer to Appendix G.

3. .2 Bending tests

A bending test, also known as flex or flexural testing, was conducted to measure the flexural 
strength of each joint on the bending specimen. The Hounsfield testing machine with a 3-point 
bend fixture was used to perform the bending test. A rectangular-shaped specimen was used 
for the bending test. One specimen was used for the face test (the side of the plate that was 
processed), while the other specimen was used for the root test (the side of the plate 

1. Before the bending test, the 
specimen was measured to confirm its dimensions. The specimen was then flat mounted 
against the rolling supports and a centre mark line was put on the joint's centre to ensure 
alignment with the exact centre of the loading p

standard incorporated into the Horizon software program was chosen and it provided a screen 
upon which the specimen dimensions were entered. After that, the machine was zeroed before 
the test started. The test was carried out up until the specimen was broken or fractured and 
the data was automatically logged from the start until the specimen failed. 

(b
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Chapter Four presents the findings from the obtained data that were utilised to determine the 
material's maximum stress at the moment of failure of all joints. The parameters for the 

were recorded using the same method as for tensile testing. Each specimen was indivually 

Figure 3.9.2.1: Sample of bending specimen.

Figure 3.9.2.2: Bending test setup with specimen alignment.

Figure 3.9.2.3: Schematic diagram of a bending test.

Face Specimen

Face Specimen

Root Specimen

Root Specimen
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The following formula was used to calculate the maximum stress:

=       (6)

Where F is the applied force, b is the specimen's width, L is its length, and d is its thickness.
For a sample of calculations using these equations, refer to Appendix G. 

3. .3 Microstructural analysis

Microstructure analysis was conducted to analyse the grain sizes of the produced joints using 

obtaining of the microstructural images for analysis. After placing the specimen on the 
specimen bed, the Moticam software was opened to begin the process of obtaining the 

zoom-in and out control switch. The software's scale was then set to 100 µm and the objective 
indication or stamp was to be visible on the image for further analysis. The preferred image 
was selected using different magnifications, including 5×,10×, 20×, 50× and 100×. The 
5× magnification was utilised for larger imaging to show the different microstructural zones 
desired. It should be noted that the larger the objective size, the greater the zoomed-in imagery 
provided. Once the desired images were obtained, they were transferred to a memory stick 
from the desktop folder created by the software that records each image as it is taken. ImageJ 
software was then used to determine the average grain sizes and grain distribution curves 
according to the ASTM E112-13 standard for the linear intercept method.

Figure 3.9.3: Microstructure analysis apparatus.



80

3. .4 Hardness test

The Innova Test Falcon 500 hardness testing machine was used to carry out the hardness 

E384-11 standard was followed when conducting the hardness tests. For this purpose,  the 
machine was first set in an appropriate condition for starting the tests.  For specimen focussing 
during setup, the 10× and 20× objectives were used. A load of 0.5 kg and a space of 1 mm 
were applied from the centre of the specimen to each side (either advancing or retreating). 
The falcon IMPRESSIONS software program was opened on the screen before the hardness 
test was started and the specimen was placed in the middle of the machine bed. The specimen 
was then focused using the objectives and a test pattern was selected. Next the number of 
points (indents) in each line, the distance between the points and the distance between the 
lines were all set. A 3-line pattern was employed for this study, with the distance between the 
lines being 2 mm and that between the points being 1mm. Next the auto-focusing button was 
activated and the software program automatically snapped a photograph of the specimens –
the process resumed when the start button was selected. At the end of the test, the obtained 

and desktop folder. The generated data was used to produce the graphs displayed in the 
Chapter Four. The snapshots of the specimens were also used later for macrostructural 
analysis.

Figure 3.9.4: Hardness testing machine.
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3. .5 Chemical analysis

A spectrometer, like the Belec Compact Spectrometer HLC, is a device used to identify the 
elements present in a material and determine their concentrations. It operates on the principle 
of emission spectroscopy. To determine the elemental composition of the fabricated joints, 

Before analysis, the spectrometer was prepared by turning on the machine and initiating a 
purge with high-purity argon gas. Specimens were positioned on a flat surface and introduced 
to the spectrometer. The Belec WIN 21 software was activated to initiate the aluminium 
analysis, requiring specific sample details. The setup process continued when the spark button 
and then the machine's screen display was switched on and the Belec WIN 21 software 
located on the desktop of the machine's built-in computer subsequently activated. After the 
program was opened, the option for the aluminium test was selected, and all the correct details 
regarding the specimen being tested were entered. When the procedure was ready to be 
carried out, it was conducted by pressing the Belec probe's face on the specimen with 
sufficient pressure to prevent air from penetrating between the probe and the specimen. When 
the start button on the probe was pressed, the probe sparked on the workpiece for a few 
seconds. The probe was kept in position until the yellow indicator on the screen flashed to 
show that the measurement was complete. The yellow flashing was accompanied by the 
findings being displayed in table form on the computer screen. The memory disk was used to 
store the projected results table.

Figure 3.9.5: Belec compact spectrometer machine.
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3. .6 SEM

SEM (scanning electron microscope) is a method to examine specimen topographies at 

die/package cracks and fracture surfaces, bond failures and physical detects on the die or 
package surface. In this study, SEM analysis was conducted on post-tensile test specimens 
to investigate fracture surfaces and identify potential failure mechanisms.  The SEM technique 
utilises a focused electron beam to generate high-resolution images of sample topographies. 
To facilitate analysis, specimens were prepared and mounted on the sample holder, that must 
be electrically coupled to avoid the electron beam from "charging" the sample and distorting 
the image using a conductive tape. The resulting images provided valuable insights into the 
fracture behaviour of the materials, as detailed in subsequent sections. The results of each 
test that was performed are presented in the sections that follow. It is should be noted that the 
SEM machine was outsourced.

Figure 3.9.6: Scanning electron machine.
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3. .7 XRD analysis 

XRD analysis was conducted using a Bruker D8-
instrument employed a Cu- -
preparation involved mounting the specimen on a glass slide and levelling it to the appropriate 
height before analysis. Data acquisition utilised a Lyn-Eye detector with a step size of 0.034° 
within the user-
to a scintillation counter's effective time
applied to the diffraction patterns to enhance peak visibility. Phase identification was 
performed by comparing the experimental data to a reference database. Potential phases 
were determined through peak matching, considering the instrument's resolution limitations. 
(It is important to remember that the XRD machine was outsourced.)

Figure 3.9.7: Bruker AXS D8-Advance diffractometer.

Specimen holder
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CHAPTER FOUR 

RESULTS AND DISCUSSION 
 

This chapter provides a detailed explanation of the results and findings from all of the 
experiments conducted in the previous chapter. Data was collected for scanning electron 
microscopy (SEM), tensile testing, hardness testing, bending testing, chemical analysis, 
macrostructure, microstructure and X-ray diffraction (XRD). The obtained data from 
AA5083/SiC composite joints and data obtained from AA5083/Coal composite joints was then 
compared. The AA5083 data provided a point of reference to help make the research activities 
more understandable. 

4.1 AA5083-H111 base material 

This section presents the detailed results and discussions concerning the AA5083-H111 base 
material.  

4.1.1 X-ray diffraction analysis and chemical analysis of the joints 
 
In mechanical engineering, XRD analysis is essential since it provides a variety of approaches 
for investigating and understanding material characterisation. X-ray methods offer crucial 
information that supports the development, testing and quality control of mechanical systems 
and components, whether used to determine phase compositions, verify material purity or 
examine internal structures. The base material AA5083-H111 (shown in Figure 4.1.1) was 
examined to identify newly generated phases during the fabrication of the aluminium metal 
matrix composite. The XRD pattern reveals four phases present in the base alloy AA5083-
H111, namely the Al-metallic phase, Al6Mn, AlMnFe intermetallic phase and Al3Mg2 phase. 
 
The Al-metallic Phase is a prominent peak at approximately 38.5° 2-theta, corresponding to 
the diffraction from the (111) planes of the aluminium metal lattice. This peak's intensity 
indicates that aluminium is the primary constituent of the AA5083-H111 alloy [256-257]. The 
presence of additional peaks at around 44° and 50° 2-theta suggests the existence of Al6Mn 
and AlMnFe intermetallic phases, respectively. These phases often form during the 
solidification and heat treatment processes and contribute to the alloy's mechanical properties 
[257]. The Al6Mn and AlMnFe intermetallic phases play a significant role in the mechanical 
properties and corrosion resistance of AA5083 aluminium alloy. These phases can act as 
strengthening agents, enhancing the alloy's hardness and yield strength. However, they can 
also contribute to localised corrosion, particularly in aggressive environments. Recent 
research by Wang et al. [258] has highlighted the influence of these phases on the corrosion 
resistance of the alloy. A thorough understanding the formation, distribution and 
electrochemical behaviour of these intermetallic phases is essential for optimising the 
performance of AA5083 in various applications. 
 
The Al3Mg2 phase is a very weak peak around 42° 2-theta, that is typically present in low 
concentrations in AA5083 and has a limited impact on the overall properties. The Al3Mg2 

phase, also -phase, is a key factor in the susceptibility of AA5083 aluminium 
alloy to intergranular corrosion (IGC) and stress corrosion cracking (SCC) [257-258]. 
Magnesium (Mg) atoms diffuse to grain boundaries during heat treatment or exposure to 
elevated temperatures, forming Al3Mg2 precipitates. These precipitates act as anodic sites, 
leading to galvanic corrosion and localised attack at the grain boundaries. In the presence of 
tensile stress and a corrosive environment, these precipitates can further accelerate crack 
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initiation and propagation, resulting in IGC and SCC [258- ]. Appropriate heat treatment, 
careful alloy composition control and protective coatings or corrosion inhibitors are essential 
to mitigate these issues.

Figure 4.1.1: Base materials XRD patterns: AA5083-H111. 

Table 4.1.1: Chemical composition of the base material (wt %).

BM Cu Cr Fe Mg Mn Si Ti Zn Al

AA5083-H111 0.010 0.040 0.153 0.011 0.013 Bal

4.1.2 Macrostructural analysis

Macrographs, that provide crucial data to enable in-depth microstructural research, are 
essential in the fields of material science and engineering. In metallurgy, macrographs are 
used to study the grain structure, welds and surface conditions of metals and alloys. 
Macrographs exhibit large-scale imperfections such as inclusions, voids, defects or cracks 
that might affect the material's performance during welding or other production processes. The 
macrograph of the AA5083-H111 is shown in Figure 4.1.2 and reveals a defect-free 
microstructure in the base material, free of voids or cracks.

Figure 4.1.2: Macrograph: AA5083-H111.
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4.1.3 Microstructural analysis 

Optical microstructure analysis is a vital method to provide a thorough understanding of the 
internal structure of materials. This information is essential for identifying phases, improving 
material performance, analysing failures (defect detection) and understanding material 
properties through the usage of grain size and shape. Figure 4.1.3.1 displays the optical 
micrographs of the AA5083-H111 base material, revealing a relatively uniform distribution of 
equiaxed. The measured grain sizes and their standard deviation are tabulated in Table 4.1.3, 
with the grain size distribution displayed in Figure 4.1.3.2. The AA5083 base material exhibited 

minimum of 36.061 µm to a maxi

Figure 4.1.3.1: Optical micrographs 20× 200µm: AA5083-H11 base material.

Figure 4.1.3.2: Grain distribution graphs: AA5083-H111 base material.

200µm
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Table 4.1.3: Grain sizes and standard deviations.

Type Mean grain 
size µm

Minimum grain 
size µm

Maximum 
grain size µm

Standard 
deviation µm

Base material
AA5083-H111 36.061 10.86784

4.1.4 Flexural / Bending tests

Bending experiments are crucial to fully understand the mechanical properties of materials 
under flexural stresses and ensuring that materials function reliably during the 
intended applications. The post-flexure test specimen and the associated flexural strength and 
strain for the AA5083-H111 base material are displayed in Figures 4.1.4.1 and 4.1.4.2. The 
specimen was observed to be fracture-free following a maximum deflection. The AA5083-
H111 base material showed a maximum ultimate flexural strength (UFS) of 415.2014 MPa at 

(MFS) rate obtained at the 
Table 4.1.4 shows these flexural properties.

Figure 4.1.4.1: Post-flexural test specimen: AA5083-H111.

Figure 4.1.4.2: Flexural strength – strain curve: AA5083-H111.
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Table 4.1.4: Bending properties of the base material.

Type Ultimate Force
(N)

Ultimate Flexural Strength 

(MPa)

Flexural Strain 

(%)

Modulus

(MPa)

Base material

AA5083-H111 3517 415.2014 0.268235 38600 

4.1.5 Tensile tests

An essential technique for determining the mechanical properties of materials is tensile testing. 
Material selection, quality control, research and failure analysis offer full information on a 
material's strength, ductility and elasticity by applying a controlled tensile force. Users
understanding of these properties ensures that components and materials will function reliably 
when employed for their intended purposes. Figures 4.1.5.1 and 4.1.5.2 illustrate the post-
tensile specimen and tensile stress-strain curve, respectively, of the AA5083 base material. 
Table 4.1.5 shows the tensile properties. The AA5083 base material had an ultimate tensile 
strength (UTS) of 311 MPa at a corresponding tensile strain 

Figure 4.1.5.1:  AA5083-H111 base material: post-tensile specimens.

Figure 4.1.5.2: AA5083-H11 base material: Tensile Stress-Strain curve.

Table 4.1.5: Tensile properties of the base material.

Type Ultimate 
Break
Force  

(N)

Ultimate 
Tensile 

Strength 
(MPa)

Yield strength 
(MPa) @ 0.2%

offset

Strain rate(%) Fracture 
location

Base material
AA5083-H111 11200 311 248.8 58.65 N/A
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4.1.6 Fracture surface analysis

The study of a material's surface that has broken due to tensile testing is known as fracture 
surface analysis. This investigation contributes to an understanding of the material's 
properties, overall performance under tensile stresses and failure methods. Information on the 
ductility, brittleness and nature of the applied stresses of the material may be obtained by 
examining the fracture surface. Figure 4.1.6 shows the fracture surface morphology of the 
AA5083-H111 base material. The fractured surfaces displayed a dominant ductile failure 
mechanism. The ductile fracture was evident from dimples of various sizes (demonstrated with 
a sample red arrow), microvoids (demonstrated with a sample yellow arrow) and cleavage 
facets (demonstrated with a sample blue arrow). Similarly, previous studies [260-262] have 
reported ductile fracture behaviour characterised by dimples, voids and cleavage facets.

Figure 4.1.6: Fracture surface morphologies, AA5083 base material.

4.1.6.1 Energy Dispersive X-ray Spectroscopy (EDS) Analysis 

Energy Dispersive X-ray Spectroscopy (EDS) was employed to analyze the elemental 
composition of the AA5083-H111 base material, particularly focusing on the distribution of 
elements within the fracture surfaces. Figure 4.1.6.1 shows the EDS spectrum and elemental 
mapping of the AA5083-H111 fractured surface. The EDS analysis of the fracture surface, as 
shown in Figure 4.1.6.1, confirms the presence of the primary alloying elements in AA5083-
H111, including aluminum (Al) and magnesium (Mg). The relatively uniform distribution of 
these elements, as indicated by the elemental mapping, suggests a homogeneous 
microstructure in the base material. Combined with the XRD results in section 4.1.1, the EDS 
analysis supports the phase identification, where Al-metallic, Al6Mn, AlMnFe, and Al3Mg2

phases were detected. The ductile fracture surface morphology observed in SEM images 
(Figure 4.1.6) is consistent with the EDS results, which show no evidence of significant 
inclusions or secondary phases that would promote brittle fracture.

200µm
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Figure 4.1.6.1: Energy Dispersive X-ray Spectroscopy, AA5083 base material.

4.1.7 Hardness tests

materials 

hardness test method provides an in-depth examination of microstructural characteristics 
with a reduced load. This method is useful in determining surface treatments, understanding 
microstructural properties and guaranteeing the effectiveness and quality of materials in 
various applications. -H111 base material are 
depicted in Figure 4.1.7. The AA5083-H111 base material exhibited a maximum hardness of 

Figure 4.1.7: Hardness profiles: AA5083 base material.
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It is important to ensure the reliability and accuracy of the hardness measurements. During 
the ing, tests were conducted at various locations across three 
different samples of the AA5083-H111 base material. These samples are designated as 'A,' 
'B,' and 'C' in Figure 4.1.7. This approach provides insight into the consistency of hardness 
throughout the base material and highlights any potential microstructural inhomogeneities that 
might influence hardness values.  

4.2 Comparative study of the AA5083/SiC and AA5083/ Coal composites 

This section provides detailed results and discussions of the AA5083/SiC composites and 
AA5083/Coal composites, focusing on the joints' start, middle and end positions. 

4.2.1 X-ray diffraction analysis and chemical analysis of the joints 

The phases formed during the fabrication of the aluminium metal matrix composite were 
examined in this section using X-ray diffraction analysis. Table 4.2.1 displays the 
corresponding chemical compositions, while the XRD patterns for the joints of AA5083/SiC 
composites and AA5083/Coal composites are displayed in Figures 4.2.1.1 and 4.2.1.2.  The 
XRD pattern reveals a complex phase composition in the AA5083/SiC composite. The primary 
phase noted was aluminium, evidenced by the strong peaks. Several intermetallic 
compounds, including Al3Si, Al2O3, Al6(MnFe) and Mg2Si, are also present. These compounds 
likely formed due to the alloying elements in AA5083 and processing conditions. While SiC is 

-SiC -SiC) from this pattern 
alone. The significant background noise may be attributed to amorphous phases or residual 
stresses. Aluminium oxide (Al2O3) is formed during processing due to the exposure of the 
material to air. Al2O3 is a ceramic material with exceptional properties that can significantly 
enhance the performance of AA5083 aluminium alloy composites [263-264]. When dispersed 
within the aluminium matrix, Al2O3 particles act as reinforcements that increase hardness and 
wear resistance. Its excellent thermal conductivity also improves heat dissipation, while its 
protective oxide layer enhances corrosion resistance [263].  

The Al3Si and Mg2Si phases are referred to as the intermetallic compounds or phases. The 
Al3Si compound is present probably due to the addition of silicon carbide during processing. 
The presence of Al3Si can both strengthen the material by hindering dislocation movement 
and refine the grain structure, but excessive amounts of this compound can lead to 
embrittlement and hot shortness [265]. The overall impact of Al3Si on the composite's 
properties depends on factors such as volume fraction, particle size, distribution and 
processing conditions. Mg2Si is an intermetallic compound that plays a crucial role in the 
microstructure and mechanical properties of AA5083 alloys. It acts as a grain refiner, 
promoting finer grain formation during solidification and improving strength and toughness 
[265-266]. Additionally, Mg2Si can dissolve into the aluminium matrix, forming a solid solution 
that enhances strength and hardness. It can precipitate from the solid solution during heat 
treatment, further increasing strength through precipitation hardening. 
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Figure 4.2.1.1: AA5083/SiC composites joints XRD- Analysis: (a) Start, (b) Middle, (c) 
End.

Figure 4.2.1.2 presents the XRD pattern of the AA5083/Coal joints. The prominent peak 
around 40° 2-theta corresponds to the metallic aluminium phase, i.e., the base material. The 
presence of aluminium carbide (Al4C3 -theta, suggesting a 
reaction between aluminium and carbon during the fabrication of the composite. Al4C3 is a 
compound known for its hardness and thermal stability. It contributes to improved wear 
resistance and can be used as an abrasive in cutting tools. Additionally, Al4C3 reacts with 
water to produce methane gas, a property that can be utilised in certain applications. Its 
incorporation into metal matrices as a reinforcement can enhance the mechanical properties 
of composite materials [267].  A weak peak around 42° 2-theta might indicate the presence of 
Al3Sc, although its intensity is low. Al3Sc is an intermetallic compound composed of aluminum 
(Al) and scandium (Sc) responsible for significantly increasing the strength and thermal 
stability of aluminum alloys [268]. The broad peak at lower angles (20°-30°) 2-theta) is 
characteristic of amorphous carbon, highlighting the incorporation of carbon from the coal into 
the microstructure. Additionally, a peak around 45° 2-theta might correspond to Mg2Al3, an 
intermetallic compound present in the AA5083 alloy. Mg2Al3, or magnesium aluminide, is a 
complex intermetallic compound with a unique crystal structure. 
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Figure 4.2.1.2: AA5083/Coal composites joints XRD- Analysis: (a) Start, (b) Middle, (c) 
End.

Table 4.2.1: Chemical composition of joints (wt %).

Type O Mg C Si Al

Base Material
AA5083-H111 4.0 4.3 15.8 0 75.8

AA5083/SiC composite joint

Start 3.8 3.3 30.2 0 62.7
Middle 0 4.5 0 1.5
End 7.3 0 0 1.5

AA5083/Coal composite joint

Start 0 12.2 0.1 15.6
Middle 2.4 5.3 10.4 0
End 5.6 4.7 30.0 0

4.2.2 Macrostructural analysis

The macrostructural analysis of the AA5083/SiC and AA5083/Coal composite joints revealed 
the formation of distinct zones—namely the nugget zone (NZ), the thermo-mechanically 
affected zone (TMAZ), and the heat-affected zone (HAZ)—as illustrated in Figure 4.2.2. 
Despite the presence of these characteristic zones, several specimens exhibited macro 
defects, indicating irregularities in internal material flow during the friction stir processing 
(FSP). Among these, volumetric flow defects were identified in specimens a, c, d, e, and f, as 
highlighted by red circles in Figure 4.2.2. These defects point to insufficient heat input, which 
leads to inadequate plasticization of the material and poor mixing during processing [2 ]. 
Tunnel defects were observed in specimens a and d, likely caused by similar issues of low 

(c)
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heat input and incomplete material flow [270, 271]. Additionally, the tool traverse speed before 
sufficient material deposition could have contributed to the void formation, leading to tunnel 
defects. These defects can significantly degrade the mechanical properties of the composite 
[272]. Additionally, light cracks were noted in specimens c, e, and f, attributed to a combination 
of insufficient heat generation, thermal stresses, improper cooling rates, and the inherent 
brittleness of the material, particularly in the coal-reinforced samples [2 ]. 

The occurrence of these defects was closely linked to specific FSP parameters: low rotation 
speeds and high traverse speeds often resulted in insufficient heat generation, preventing 
adequate material plasticization and flow. The presence of reinforcement particles, especially 
hard SiC particles, further increased resistance to material flow and may have contributed to 
the formation of defects. In contrast, specimen b displayed no macrostructural defects, 
suggesting that the processing parameters were well-optimized in this case to ensure 
sufficient heat input and effective material mixing [273-274]. 

These observations are significant, as macrostructural defects, particularly cracks and tunnel 
voids, can serve as stress concentration sites that drastically reduce the mechanical 
performance of the composite joints, affecting properties such as tensile strength and fatigue 
resistance.

Figure 4.2.2: Macrographs: AA5083/SiC composites joints; (a) Start, (b) Middle, (c) 
End; AA5083/Coal composites joints; (d) Start, (e) Middle, (f) End.

4.2.3 Microstructural analysis

One of the primary challenges in metal matrix composite production is achieving a uniform 
dispersion of reinforcement particles within the alloy matrix, because this distribution 
significantly influences the material's strength and overall performance [275]. An 
understanding of the orientation and distribution of reinforcing fibers or particles within the 
matrix is crucial for comprehending the composite's overall properties. The microstructural 
analysis provides valuable insights into these aspects. Figure 4.2.3.1: (a-i) presents 
micrographs of AA5083/SiC composite joints at 5x magnification, revealing the three distinct 
microstructural zones: the HAZ, TMAZ and NZ. Microstructural analysis revealed a non-
uniform distribution of SiC particles (dark regions) within the AA5083/SiC composite, with 
clusters or agglomerations evident as shown in Fig. 4.2.3.1. This non-uniform distribution can 
be attributed to insufficient material flow during the FSP process. Similar observations have 
been reported in previous studies, in which non-uniform particle distribution has been linked 
to negative impacts on the mechanical properties of metal-matrix composites [275]. While the 
FSP process successfully induced dynamic recrystallisation and refined the grain structure, 
the presence of these agglomerations can hinder the full realisation of the composite's 
potential mechanical properties [275].
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The FSP process effectively refined the microstructure in the NZ of all samples. Similar 
observations have been reported in previous studies, in which a significant grain size 
refinement was observed in the stir zone compared to the base material grain size [175, 
276-277]. Dynamic recrystallisation mechanisms, including dynamic recovery (
geometric dynamic recrystallisation (GDRX), and discontinuous dynamic recrystallisation 
(DDRX), have been cited to contribute to this grain refinement [278-280]. The severe plastic 
deformation and elevated temperatures during FSP facilitated the nucleation and growth of 
new grains, resulting in a fine-grained microstructure [67,280-281]. The onion-ring pattern 
observed in the NZ (Fig. 4.2.3.1) is indicative of the complex material flow and heat transfer 
during the FSP process [282].

Figure 4.2.3.1: AA5083/SiC composites joint optical micrographs at objective 5× 1 
mm; Start: (a) Advancing side, (b) NZ, (c) Retreating side; Middle (d) Advancing side, 

(e) NZ (f), Retreating side; End (g) Advancing side, (h) NZ, (i) Retreating side. 

Figure 4.2.3.2: (a-i) presents micrographs of AA5083/Coal composite joints at 5x 
magnification, also revealing all three distinct microstructural zones: the HAZ, TMAZ and NZ. 
Microstructural analysis revealed a non-uniform distribution of coal particles (dark regions) 
within the AA5083/Coal composite, with agglomerations present. This non-uniformity and the 
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presence of agglomerations can negatively impact the mechanical properties of the 
composite, this preventing it from reaching its full potential [275]. Despite this problem, the 
FSP process effectively refined the grain structure in the NZ, due to dynamic recrystallisation 
[143,175,183,276-277,283–287].  The onion-ring pattern observed in the NZ microstructures 
(Fig. 4.2.3.2) is indicative of the complex material flow and heat transfer mechanisms during 
the FSP process [288]. The formation of repetitive ring structures in the microstructure is 
attributed to periodic changes in the distribution of coal reinforcement. This phenomenon, as 
explained by Mishra [2 ], is linked to the tool's rotational and linear movement. The non-
uniform distribution of temperatures within the FSP zone, as described by Hamilton et al. [2 -
2 ], leads to the creation of material layers with varying precipitate densities. This process is 
particularly evident in single-pass FSP composites, which exhibit significant heterogeneity in 
the distribution of the reinforcing phase.

Figure 4.2.3.2: AA5083/Coal composites joint optical micrographs at objective 5× 1 
mm; Start: (a) Advancing side, (b) NZ, (c) Retreating side; Middle (d) Advancing side, 

(e) NZ (f), Retreating side; End (g) Advancing side, (h) NZ, (i) Retreating side. 

Figure 4.2.3.3 presents the NZ's optical micrographs for AA5083/SiC and AA5083/Coal 
composite joints at a magnification of 20x, where the refined grain structure is evident. The 
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FSP 
by the reduced mean grain size (compared to Figure 4.1.3.1) and clearly visible grain 
boundaries. The stirring action and plastic deformation during FSP contribute to 
recrystallisation, producing a finer grain structure. This grain refinement is consistent with 
findings from previous studies [143,175,183,288]. Furthermore, the reduced standard 
deviation in grain size indicates a more uniform microstructure in the comp   

Figure 4.2.3.3: Optical micrographs at objective 20× 200µm: AA5083/SiC composites 
joints; (a) Start, (b) Middle, (c) End; AA5083/Coal composites joints; (d) Start, (e) 

Middle, (f) End.

AA5083/SiC composite and 
AA5083/Coal composite are tabulated in Table 4.2.3. 
grain size ranged from 28.852 µm to 33.218 µm, while the standard deviation ranged from 

µm to µm. The range of the minimum grain size was 17.446 µm to 23.437 µm, 
while the range of the maximum grain size was µm to 44.742 µm. The standard 

µm to 33.802 µm in the AA5083/Coal composites joints. The range of the minimum grain size 
m grain size was 37.056 µm to 

Table 4.2.3: Grain sizes and standard deviations for the NZ.

Type Mean grain size 

µm

Minimum grain 

size µm

Maximum grain 

size µm

Standard 

deviation µm

Base material

AA5083-H111 36.061 10.868

AA5083/SiC composites joints

Start 33.218 23.437 44.742
Middle 31.375 20.532 5.0461
End 28.852 17.446

200µm 200µm 200µm

200µm 200µm 200µm
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AA5083/Coal composites joints

Start 27.515 37.056 5.0464
Middle 32.203 38.580 4.8828
End 33.802

Grain distribution graphs and average grain size for AA5083/SiC composite and AA5083/Coal 
composite are shown in Figures 4.2.3.4 and 4.2.3.5, respectively. When comparing the 
average grain sizes, both the AA5083/SiC and AA5083/Coal composites exhibited a 
significant reduction in grain size compared to the base AA5083-H111 material. The 

nt is attributed to dynamic 
recrystallisation, that is promoted by the high levels of plastic deformation and thermal 
softening within the NZ [143,183,277,288]. 

(a (d

(b (e
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Figure 4.2.3.4: Grain distribution graphs: AA5083/SiC composites joints: (a) Start (b) 
Middle (c) End; AA5083/Coal composites joints: (d) Start (e) Middle (f) End.

Figure 4.2.3.5: Average grain sizes of AA5083-H111, AA5083/SiC composite, and 
AA5083/Coal composite.

4.2.4 Flexural / Bending tests

The post-flexure test specimens for the AA5083/SiC composite joints and the AA5083/Coal 
composite joints are displayed in Figure 4.2.4.1. The flexural testing was conducted on the 
face and root specimens. The results for both these specimens of the AA5083/SiC and 
AA5083/Coal composite joints revealed that all specimens broke in the middle of the NZ. The 
cracks observed in the NZ, as seen in Figure 4.2.4.1, are probably due to defects as previously 
identified in the macrostructural analysis and agglomeration of reinforcement particles. 
Agglomeration can create stress concentrations, hindering load transfer between the matrix 
and reinforcement phases and leading to premature failure [1 -1 ,275,277, 2 -2 ]. 
Additionally, weak interfacial bonding between the reinforcements and the matrix can further 
degrade the mechanical properties of the composite [1 -1 ,2 ].

(c (f)
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Figure 4.2.4.1: Post-flexural test specimens: AA5083/SiC composite joints: (a) Face, 
(b) Root; AA5083/Coal composite joints: (c) Face, (d) Root.

The flexural strength and strain curves for the AA5083/SiC and AA5083/Coal composite joints 
are displayed in Figure 4.2.4.2 (a–d). As can be shown in Figure 4.2.4.2 [a], the ultimate 
flexural strength (UFS) range for the AA5083/SiC composite joints (root) was 476 MPa to 
632.7778 MPa for flexural strain (MFS) rates of and respectively. 
The minimum and maximum flexural strain rates at fracture points were and 

respectively. According to Figure 4.2.4.2 [b], the UFS range for the AA5083/SiC 
composite (face) was 740.4444 MPa to 765 MPa for flexural strain rates of and 21. 

, respectively. The minimum and maximum flexural strain rates at fracture points were 
and , respectively. The face specimens of the AA5083/SiC composite 

joint were found to have the largest UFS. Similar results, as reported by Takhakh [2 ] and 
Sorger et al. [2 ], have indicated the superior performance of face specimens compared to 
root specimens in FSP joints. The results of the AA5083/SiC composite joints also 
demonstrated that the face results were more accurate than the root results and that there 
was no obvious trend in the root results. This behaviour was seen for both the flexural strength 
and the flexural strain. 

(c (d

(a (b
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MPa at strain rates of and , respectively.  According to Figure 4.2.4.2: [d] 
the UFS range f
at strain rates of and , respectively. At the fracture point (root), the 
minimum and maximum flexural strain rates at the face were and 
respectively, whereas minimum and maximum flexural strain rates at the face were found to 
be and . The face specimens of the AA5083/Coal composite joint 
were found to have the largest UFS, a fact that was also noted in AA5083/SiC composite joint 
results. Similar results, as reported by Takhakh [2 ] and Sorger et al. [2 ], have indicated 
the superior performance of face specimens compared to root specimens in FSP joints. The 
face results performed better than the root outcomes in the AA5083/Coal composite joints, 
and there was no obvious trend in the root results, a fact that was also observed in the 
AA5083/SiC composite joints results. This behaviour was seen for both the flexural strength 
and the flexural strain. The bending properties for Figure 4.2.4.2 are displayed in Table 4.2.4.

                 

  
Figure 4.2.4.2: Flexural strength – strain curves: AA5083/SiC composite joints: (a) 

Face, (b) Root; AA5083/Coal composite joints: (c) Face, (d) Root.

           

(a (b

(c (d

Root results

Root results

Face results

Face results
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Table 4.2.4: Bending properties of the joints. 

Type Ultimate Force 
(N) 

Ultimate Flexural Strength 

(MPa) 
Flexural Strain  

 (%) 
Modulus 

(MPa) 
Base material 
AA5083-H111 3517 415.2014 0.268235 38600 
     
Root specimens  

AA5083/SiC composite joints 
S 4032 476.0000 0.113882 48800 
M 5360 632.7778 0.251765 64100 
E 5016  0.177647 52800 
     
AA5083/Coal composite joints 
     
S 3478  0.087058 46500 
M 5353  0.222353 64100 
E 4615 544.8264  64400 
 
 

    

Face specimens 

AA5083/SiC composite joints 
S 6480 765.0000 0.216471  
M 6332 747.5278 0.228235 65500 
E 6272 740.4444  63600 
     
AA5083/Coal composite joints 
S 6180   43800 
M 6332 747.5278 0.228235 63100 
E 3428  0.054471 47800 

 
Figure 4.2.4.3 depicts the ultimate flexural strength (UFS) and maximum flexural strain (MFS) 
obtained on each joint configuration as discussed. The AA5083/SiC composite joint exhibited 
the highest UFS for both face and root specimens. The AA5083/SiC composite joint exhibited 
superior performance, with the face specimens achieving a maximum UFS of 765 MPa, that 
was significantly higher than the 632.78 MPa of the root specimens. This 132.22 MPa 
difference highlights the variation in mechanical properties along the joint length. The 
AA5083/Coal composite joint exhibited a significant difference in UFS between the face and 
root specimens. The face specimens achieved a maximum UFS of 747.53 MPa, while the root 
specimens reached a maximum UFS 
The base material, AA5083-H111, exhibited a higher strain rate compared to both composites. 
Additionally, the AA5083/SiC composite demonstrated a higher strain rate than the 
AA5083/Coal composite. These findings suggest an inverse relationship between UFS and 
strain rate, in which the higher UFS is often associated with lower strain rates. Similar 

7]. 
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Figure 4.2.4.3: Bar charts: (a) ultimate flexural strength (MPa); (b) maximum flexural 
strain (%).

4.2.5 Tensile tests

The post-tensile specimens for the AA5083/Coal and AA5083/SiC composite joints, shown in 
Figure 4.2.5.1, reveal that all fractures occurred within the nugget zone (NZ). This consistent 
failure location underscores the critical influence of localized defects within the NZ on the 
tensile behavior of the composites. A key contributing factor to the reduced strength is the 
agglomeration of reinforcement particles in the NZ, primarily caused by insufficient inter-
particle spacing [2 –300]. These agglomerated clusters act as stress concentrators, 
promoting crack initiation and leading to premature failure [301–302]. In addition, the non-
uniform distribution of reinforcement particles observed in some specimens compromised the 

(a
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matrix–reinforcement interface, further reducing the overall mechanical strength of the 
composite joints [303]. Insufficient tool penetration during FSP can intensify this problem by 
causing incomplete bonding between the materials, thereby further degrading the structural 
integrity and overall performance of the joints [275, 277, 2 ].

Figure 4.2.5.1: Post-tensile specimens: (a) AA5083/SiC composite joints; (b) 
AA5083/Coal composite joints.

Figure 4.2.5.2 presents the tensile stress-strain curves of the AA5083/SiC composite joints 
and AA5083/Coal composite joints. The tensile properties for Figure 4.2.5.2 are displayed in 
Table 4.2.5. The AA5083/SiC composite joint had a maximum UTS of 

224.8 MPa at the end of the joint (see Figure 4.2.5.2: (a)). The minimum UTS was 
265 MPa at a corresponding tensile strain rate
the start of the joint. The maximum and minimum tensile strain rates at the fracture point of 
the AA5083/SiC composite joints AA5083/Coal 
composite joint had a maximum UTS of 280 MPa at a corresponding tensile strain rate of 

yield strength of 144.0 MPa at the end of the joint. The maximum and minimum tensile strain 
rates at the fracture point of the AA5083/Coal composite joints 
respectively. 

There was no consistent trend observed in the tensile strength and strain rate for the 
AA5083/Coal composite joints. The AA5083/SiC composite outperformed the AA5083/Coal 
composite in terms of tensile strength and strain. Interestingly, the tensile strength and strain 
rate of the AA5083/SiC composite gradually increased along the joint length, correlating with 
the observed microstructural grain size trends. Additionally, no consistent strain rate was 
observed for either the AA5083/SiC or AA5083/Coal composite joints.

(b

(a
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Figure 4.2.5.2: Tensile Stress-Strain curve: (a) AA5083/SiC composite joints; (b) 
AA5083/Coal composite joints.

Table 4.2.5: Tensile properties of the joints.

Type Ultimate 

Break

Force  

(N)

Ultimate 

Tensile 

Strength 

(MPa)

Yield strength 

(MPa) @ 0.2%

Offset

Strain rate(%) Fracture 

location

Base material

AA5083-H111 11200 311 248.8 58.65 N/A

AA5083/SiC composite joints

S 265 212.0 22.13 NZ
M 10000 223.2 27.71 NZ
E 10100 281 224.8 31. NZ

AA5083/Coal composite joints

S 10100 282 225.6 33.48 NZ
M 272 217.6 25.64 NZ
E 6470 180 144.0 15.17 NZ

The average tensile properties of the AA5083/Coal and AA5083/SiC composite joints are 
shown in Figure 4.2.5.3. As seen in Figure 4.2.5.3, the addition of reinforcements did not 
significantly enhance the tensile strength and strain rate of the base material. Both composites 
exhibited respectable ultimate tensile strength (UTS) values, although slightly lower than the 

nsile strength can be 
attributed to inadequate penetration during the FSP process, as reported in previous studies 
[2 ]. Similar trends of lower tensile strength in composites compared to the base material 
have been observed in the reviewed literature [182,277,304].

The specimen at the end of the AA5083/Coal composite exhibited the lowest tensile properties 
due to agglomerated reinforcement particles. It has been noted in the reviewed literature that 
higher levels of agglomeration in reinforcement particles can lead to lower ultimate tensile 
strength (UTS) values [277].  Additionally, poor bonding between the reinforcement particles 
and the base material can significantly impact the mechanical properties of the composite 
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[275]. Similar findings have been reported in previous studies [275,301,302], in which 
agglomeration and inadequate interfacial bonding have been identified as contributing to 
reduced tensile strength. 

Figure 4.2.5.3: Average tensile properties.

These findings align with the macrostructural observations reported in Figure 4.2.2, which 
revealed the presence of flow-related defects such as tunnel voids and volumetric 
discontinuities. These defects, acting as additional stress raisers, undermine the structural 
integrity of the NZ and facilitate crack propagation under tensile loading. The clear correlation 
between the presence of these macro defects and the lower ultimate tensile strength (UTS) 
values recorded for both AA5083/Coal and AA5083/SiC composites highlights the importance 
of achieving uniform particle dispersion and defect-free processing. Thus, both reinforcement 
agglomeration and flow defects should be recognized as key contributors to the observed 
reductions in mechanical performance and the altered failure mechanisms of the composite 
joints. Their combined influence must be explicitly addressed in the interpretation and 
discussion of the tensile behavior of these materials.

4.2.6 Fracture surface analysis

With regard to fracture surface analysis of composites, ductile fracture is initiated by stress 
concentration near the reinforcement particles, leading to crack nucleation at the particle-
matrix interface. Subsequent crack growth and coalescence of microvoids within the matrix 
contribute to the overall failure mechanism. Brittle fracture, on the other hand, is characterised 
by particle pull-out, decohesion at matrix-particle interfaces and rapid crack propagation [277]. 

Figure 4.2.6.1 illustrates the fracture surface morphology of the AA5083/SiC composite joints. 
The fractured surfaces exhibited a combination of ductile and brittle failure mechanisms, 
characterised by the presence of microvoids, rough surfaces, dimples and particle clusters. 
The extent of ductile or brittle failure is influenced by factors such as the number of FSP 
passes, microstructure arrangement and the degree of reinforcement particle agglomeration 
[305]. The ductile fracture was evident from the presence of dimples of various sizes 
(demonstrated with a sample red arrow) and microvoids (demonstrated with a sample yellow 
arrow). In contrast, the brittle fracture was characterised by small planes and rough patches 
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(demonstrated with a sample yellow circle). These findings align with previous reviewed 
studies, that reported similar ductile-brittle fracture behaviour in FSP-processed composites 
[306,277,287,288,304,307,308]. SiC particle clusters were observed as indicated by the pink 

1]. The presence of SiC 
particles on the fracture surface suggests that fracture initiation and propagation occurred at 
the interface between the matrix and the reinforcement particles [ ].

Figure 4.2.6.1: Fracture surface morphologies of AA5083/SiC composite joints: (a) 
start, (b) middle, (c) end.

Figure 4.2.6.2 illustrates the fracture surface morphology of the AA5083/Coal composite joints. 
The fractured surfaces exhibited a combination of ductile and brittle failure mechanisms, 
characterised by the presence of microvoids, rough surfaces, dimples and particle clusters. 
The extent of ductile or brittle failure is influenced by factors such as the number of FSP 
passes, microstructure arrangement, and the degree of reinforcement particle agglomeration 
[306]. The ductile fracture was evident from the presence of dimples of various sizes shown 
with a sample red arrow and microvoids demonstrated with a sample yellow arrow. In contrast, 
the brittle fracture was characterised by small planes and rough patches demonstrated with a 
sample yellow circle (see Figure 4.2.6.2: (a) and (b). These findings align with previous studies 
that reported similar ductile-brittle fracture behaviour in FSP-processed composites [306,277, 
287,288,304,307, 308].

Figure 4.2.6.2: Fracture surface morphologies of AA5083/Coal composite joints: (a) 
start, (b) middle, (c) end.
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4.2.6.1 Energy Dispersive X-ray Spectroscopy Analysis 

The EDS analysis (Figures 4.2.6.1.1 and 4.2.6.1.2) revealed the elemental composition and 
distribution across the AA5083/SiC and AA5083/Coal composite joints at different positions 
(start, middle, end). For the AA5083/SiC joints, silicon was observed to be distributed in the 
middle region, indicating effective mixing during peak tool engagement, while some particle 
clustering was evident at the start and end zones. Aluminum remained the predominant 
element across all regions, as expected. In the AA5083/Coal joints, carbon signals were 
present throughout, with relatively consistent dispersion in the middle but some segregation 
near the tool retreat zone, potentially due to material flow dynamics. No significant elemental 
contamination was noted, suggesting minimal tool degradation. These results confirm the 
successful incorporation of reinforcements and highlight the influence of process parameters 
on distribution uniformity.

(a

(b
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Figure 4.1.6.1.1: Energy Dispersive X-ray Spectroscopy, AA5083/SiC composites 
joints; (a) Start, (b) Middle, (c) End.
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(a

(b



112

Figure 4.1.6.1.2: Energy Dispersive X-ray Spectroscopy, AA5083/Coal composites 
joints; (a) Start, (b) Middle, (c) End.

4.2.7 Hardness tests

composite joints. The AA5083/SiC composite significantly improved hardness, ranging from 
Coal 

The highest hardness value was obtained in the NZ for both composites, followed by the TMAZ 
and HAZ. The TMAZ region displayed varying hardness levels due to the competing effects 
of reinforcement particles and heat. The NZ, characterised by a refined microstructure 
resulting from dynamic recrystallisation [143,284,304] and intermetallic particle 
fragmentation/redistribution, exhibited the highest hardness value [ -311]. This 
improvement is attributed to the combined effect of grain refinement, dislocation pinning by 
reinforcement particles and the well-established Hall-Petch relationship [283, ,312].  
Additionally, interfacial bonding between the matrix and reinforcement particles enhances the 
overall hardness [277, ].

While the AA5083/SiC and AA5083/Coal composite joints generally exhibited higher hardness 
values at the NZ, a decrease in hardness was observed towards the lower regions. This 
reduction is likely due to the decreasing intensity of the FSP process and the less 
homogeneous distribution of reinforcement particles. Similar studies [175,304,313] have 
reported comparable microhardness results. The microstructural analysis confirmed the dense 
distribution of reinforcement particles in the NZ, aligning with the observed higher hardness 
values [175,183,275,277,284,287,304,308]. The combined effect of grain refinement, 
dislocation density and particle distribution contributes to the enhanced mechanical properties 
of the composite.

(c
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Figure 4.2.7.1: Hardness profiles: (a) AA5083/SiC composite joints; (b) AA5083/Coal 
composite joints.

Figures 4.2.7.2 and 4.2.7.3 present the corresponding NZ summary and average hardness 
bar charts. As shown in Figure 4.2.7.2, the addition of reinforcements significantly increased 
the hardness of the AA5083/SiC and AA5083/Coal composites compared to the base material. 
This enhancement in hardness can be attributed to the Orowan mechanism [277] and the Hall-
Petch relationship [283, ,312], that correlates hardness with grain size. The NZ hardness 
was approximately 1.0221 times higher than the base material hardness for AA5083/SiC 

value was observed at the start of the AA5083/SiC joint and the end of the AA5083/Coal joint.
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Figure 4.2.7.2: Hardness summary bar charts.

Figure 4.2.7.3: Average hardness bar charts.
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

This chapter offers a summary of the main points of this research study. It also identifies areas 
that need improvement when one wishes to advance the study. 

5.1 Conclusions 

The study aimed to develop an aluminium metal matrix composite that can be used in the 
marine industry (ship decks and hulls) using the FSP technique. Predetermined objectives 
were used to accomplish this aim. These objectives included optimising process parameters 
using the Taguchi method to find the best conditions for fabricating the required aluminium 
metal matrix composites (AMMCs). Once the best process parameters were determined, 
these parameters were then used to fabricate an aluminium metal matrix composite using 
AA5083 as the parental/base material and SiC as well as Coal as reinforcement. After the 
fabrication of AMMCs, a comparative analysis was conducted between the data from the 
AA5083/SiC composite joints and the data from the AA5083/Coal composite joints.  The 
comparison was performed through the analysis of metallographic and mechanical tests. The 
test comprised  X-ray diffraction (XRD) analysis, macro- and microstructural analyses, 
bending and tensile 
material findings were provided to make these evaluations clearer and easier to understand. 
Based on the research results, the following conclusions were made: 

The XRD analysis of the AA5083 base alloy and its composites revealed the presence of 
various phases, including Al-metallic, Al6Mn, AlMnFe, Al3Mg2, Al3Si, Al2O3, Mg2Si, Al4C3 
and amorphous carbon. These phases significantly influence the mechanical properties, 
thermal conductivity and corrosion resistance of the materials. The base alloy's intermetallic 
phases play a crucial role in its strength and corrosion resistance. In the composites, the 
formation of Al2O3, Al3Si and Mg2Si enhances hardness, wear resistance and grain refinement. 
The presence of Al4C3 in the coal composite improves wear resistance and thermal stability. 
The amorphous carbon contributes to the overall properties of the composite. Further research 
is needed to fully understand the interplay of these phases and optimise the performance of 
these materials for specific applications. 

The non-uniform distribution of reinforcement particles, including agglomeration, negatively 
impacted the mechanical properties of the composites. Despite this adverse effect, FSP 
successfully induced dynamic recrystallisation, leading to a refined grain structure in the stir 
zone. The addition of SiC and Coal particles resulted in significant grain refinement compared 
to that experienced on the base material and the AA5083/Coal composite. The average mean 
grain size of AA5083- . The average mean grain size of the AA5083/SiC 
composite joints was significantly refined 
AA5083/Coal composite joints was significantly refined to 

 

The maximum tensile properties achieved for the AA5083-H111 were UTS of 311 MPa, yield 
 of the 

AA5083/SiC composite joint were a UTS of 281 MPa, yield strength of 224.8 MPa and a strain 
 for the AA5083/Coal composite joints were 282 MPa UTS, 225.6 MPa 

 that were obtained correlate with the 
grain sizes of the different joints. When comparing the AA5083/SiC composite and 
AA5083/Coal composite average findings, the AA5083/SiC composite joints had the highest 

The addition of 
reinforcements did not enhance the tensile strength and strain of the base material. Both 
composites exhibited respectable ultimate tensile strength values, although slightly lower than 
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uction in tensile strength may 
be attributed to the presence of agglomerated reinforcement particles in the NZ that  can act 
as stress concentrators and lead to premature failure. The fracture surfaces of the AA5083/SiC 
and AA5083/Coal composites exhibited microvoids, rough surfaces, dimples and particle 
clusters. These features indicate a mixed-mode fracture mechanism that involves both ductile 
and brittle failure.  

The average hardness size of AA5083-
joints ave
compared to AA5083-H111, both the AA5083/SiC composite and AA5083/Coal composite 
joints increased the hardness of the NZ, with the AA5083SIC composite exhibiting a greater 
increase. Although the results for AA5083/Coal composite joints were not as excellent as 
those for AA5083/SiC composite joints, the outcomes were better when compared to those 
for AA5083-H111.  The addition of different reinforcements had a significant influence on the 
hardness of the composite joints. The SZ hardness was approximately 1.0221 times higher 

AA5083/Coal composites. The enhanced hardness can be attributed to microstructural 
refinement through dynamic recrystallisation and intermetallic particle fragmentation/ 
redistribution and dislocation pinning by reinforcement particles. According to the Orowam 
mechanism and Hall-Petch relationship, the hardness results correlated with grain sizes.  

The behaviour of joints when subjected to bending also was investigated. After the bending 
test, the deflection was detected in various locations of the joints, with some joints exhibiting 
fractures and others being crack-free. During the analysis, there was no noticeable pattern in 
flexural strength. The results of the flexural testing for the AA5083-H111 revealed a maximum 

The AA5083/SiC composite joint 
exhibited the highest ultimate flexural strength (UFS) for both face and root specimens. The 
AA5083/SiC composite joint exhibited superior performance, with the face specimens 
achieving a maximum UFS of 765 MPa, significantly higher than the 632.78 MPa of the root 
specimens. This 132.22 MPa difference highlights the variation in mechanical properties along 
the joint length. The AA5083/Coal composite joint exhibited a significant difference in UFS 
between the face and root specimens. The face specimens achieved a maximum UFS of 
747.
a difference of 115.58 MPa. The base material, AA5083-H111, exhibited a higher strain rate 
than both composites. The AA5083/SiC composite also demonstrated a higher strain rate than 
the AA5083/Coal composite. Compared to the AA5083/SiC composite, the UFS's findings on 
the AA5083/Coal composite were the most improved. 

The study successfully fabricated AA5083-based AMMCs using FSP with SiC and coal 
reinforcements. It can be concluded that incorporating reinforcement on the FSWed joint, 
utilising FSP as its fabrication process, influences the mechanical parameters of the joint. This 
was demonstrated by comparing the base material results to those of the fabricated aluminium 
metal matrix composite (AA5083/SiC and AA5083/Coal). Both AA5083/SiC and AA5083/Coal 
composites refined the grain size and enhanced the hardness values compared to the 
unreinforced base material AA5083-H111 because of the addition of the reinforcements. The 
AA5083/SiC and AA5083/Coal composites exhibited comparable mechanical properties to the 
base material, AA5083-H111, in terms of ultimate tensile strength. While slightly lower than 
those of the base material, both composites maintained respectable UTS values. The fracture 
surface analysis revealed a mixed-mode fracture mechanism for both AA5083/SiC and 
AA5083/Coal composites. The presence of microvoids, rough surfaces, dimples and particle 
clusters indicated a combination of ductile and brittle failure. Both AMMCs demonstrated 
improved flexural strength compared to the base material. The AA5083/SiC exhibited better 
results than those of AA5083/Coal.  
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5.2 Recommendations 

The following recommendations are proposed based on the research findings: 

To further optimise the fabrication of aluminium metal matrix composites, it is 

recommended to: 

1. Investigate the impact of tool geometry (slot or drill) on joint quality:  

 Different tool geometries can significantly influence the material flow, heat generation 
and microstructure. Optimising tool geometry can lead to improved mechanical 
properties and reduced defect formation. 

2. Conduct a comparative study of submerged and normal FSP:  

 By comparing the mechanical properties and microstructural characteristics of 
composites produced using these two techniques, it is possible to identify the most 
effective process for achieving optimal performance. 

To improve the mechanical properties of the fabricated aluminium metal matrix 

composites, it is recommended to: 

1. Evaluate the influence of multiple FSP passes:  

 Multiple passes can enhance the uniformity of particle distribution and refine the 
microstructure, thereby improving the mechanical properties of the composite. 

2. Explore advanced FSP methods: 

 It is recommended that future research explore advanced friction stir processing (FSP) 
techniques such as Laser-Assisted FSP (LA-FSP), Ultrasonic-Assisted FSP (UA-
FSP), and Friction Stir Extrusion (FSE), along with emerging assisted methods like 
Multi-pass FSP a -Assisted FSP. These approaches have the potential to 
enhance particle dispersion, refine grain structures, and improve the overall 
mechanical performance of the composites. Future studies should focus on evaluating 
the effects of these techniques on the microstructure, mechanical properties, and wear 
behavior of the materials. In addition, process parameter optimization for each method, 
comparative performance analysis with conventional FSP, and the development of 
predictive models linking processing parameters to material behavior should form the 
core objectives of subsequent investigations. 

By systematically exploring these recommendations, the potential for significant 
improvements in AMMCs properties can be realised. 
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APPENDIX G 

Calculations Sample 

Tensile test calculations 

(a) F =0N, A =36mm2              = = 
0

0.000036
 

          = 0 MPa 
 

=  =  
0

35
 

          = 0 
 

 % =   × 100 =  
0

35
× 100 

          = 0 % 
 

(b) F=20N, A=36mm2   =  =  
.

 

          = 0.556 MPa 
 

=  =  
0.1637

35
 

          = 0.0047 
 

% =   × 100 =  
0.1637

35
× 100 

          = 0.47 % 
 

(c) F=3710N, A=36mm2           =  =  
.

 

        = 103.1 MPa 
 

=  =  
3.456

35
 

          =  
 

% =   × 100 =  
3.456

35
× 100 

          = .87 % 
 
 
 
 
 
 



H 

 

Bending test calculations 

(a) F =0N, L=85mm, b=30mm, d=6mm 

  

     =   =  
× × .

× . × .
      

           = 0 MPa 

    =  =        

          = 0 

(b) F =580N, L=85mm, b=30mm, d=6mm 

  

     =   =  
× × .

× . × .
      

          = 68.4722 MPa 

    =  =  
.

      

          = 0.005 

(c) F =4562N, L=85mm, b=30mm, d=6mm 

  

    =   =  
× × .

× . × .
      

          = 538.56  MPa 

    =  =        

          = 0.  

(d) F =5382N, L=85mm, b=30mm, d=6mm  

 

    =   =  
× × .

× . × .
      

          = 635.375 MPa 

    =  =  
.

      

          = 0.281 
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APPENDIX H 

An Analysis Comparing the Taguchi Method for Optimizing Process Parameters of 
AA5083/Silicon Carbide and AA5083/Coal Composites That Are Fabricated via 
Friction Stir Processing 
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Abstract: Aluminium metal matrix composites are widely used in automotive, aerospace, marine, and 

structural engineering due to their high strength-to-weight ratio and superior mechanical properties. 

Optimizing friction stir process parameters is critical to enhancing the performance of these materials. 

This study investigates the effects of FSP parameters such as rotational speed, tilt angle, and traverse 

speed, on the mechanical properties of AA5083/Silicon carbide and AA5083/Coal composites. Using 

a Taguchi L9 design of experiments, signal-to-noise ratio, and analysis of variance, this study identifies 

the optimal process settings for maximizing ultimate tensile strength, microhardness, and elongation. 

From the results, the study revealed that for AA5083/Silicon carbide composites, rotational speed 

was the most significant factor affecting tensile strength, while for AA5083/Coal composites, tilt angle 

played a more critical role. Rotational speed consistently influenced microhardness and elongation 

for both materials. The signal-to-noise ratio analysis indicates that optimal FSP parameters vary 

depending on the reinforcement material used. This study highlights the importance of tailoring 

FSP settings to specific reinforcements to achieve optimal mechanical properties. These findings 

contribute to the advancement of friction stir processing techniques for fabricating high-performance 

aluminium metal matrix composites, particularly for applications in industries requiring strong, 

lightweight, and corrosion-resistant materials.

Keywords: aluminium alloy; composite; metal matrix composite; mechanical properties; friction stir 

welding; friction stir processing; Taguchi; S/N Ratio; ANOVA

1. Introduction

One of the most important areas of interest in materials science and engineering has 
been the development of new generation materials with unique and tailored properties. 

Metal matrix composites (MMCs) represent the most innovative avenue of research in the 
field of materials engineering, with the potential to significantly improve aluminium alloy 

mechanical properties by the incorporation of high-modulus, high-strength ceramic particles 
into aluminium matrices [1,2]. When compared to traditional structural materials, aluminium- 
based MMCs have higher specific strength and stiffness, which makes them perfect for 

several uses in the automotive, aerospace, marine, and recreational sectors [3,4]. Exceptional 
properties that set them apart from traditional materials include high elastic modulus, 

outstanding resistance to corrosion, increased fatigue strength, better low coefficient of 
thermal expansion, and resistance to wear [5,6]. AA5083-based composites are ideal for 

applications demanding lightweight, high-strength materials with excellent formability and 
corrosion resistance. These properties make them suitable for a diverse range of industries, 
including construction, marine, automotive, and aerospace [7,8] 
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To fabricate composites and enhance mechanical properties, friction stir processing 
(FSP), a novel solid-state method, uses the principles of friction stir welding (FSW) by 

utilizing a rotating tool to modify surface properties and enhance mechanical performance 
without melting the base material [9,10]. FSP causes microstructural change, densification, 

and homogeneity all at the same time by subjecting the material in the stir zone/nugget 
zone to plastic deformation, mixing, and heat exposure [11]. FSP also encourages shearing 

and even dispersion of particles inside the matrix [12]. Thus far, metal matrix composites 
have been successfully fabricated using FSP. 

Specific parameter combinations are used in FSP techniques, and each one affects how 

the processed surface behaves. Depending on the materials used, the desired composite 

properties, and the equipment available, different process parameters, such as tool geom- 
etry, tool rotation speed, traverse speed, preheating temperature, and applied pressure, 
will apply. Out of all the process parameters that impact FSP, it has been noted that the 

tool rotation speed and traverse speed [13] have an impact on the even distribution of the 
reinforcing particles, grain refinery, and heat production during the composites’ fabrication, 

while the tool tilt angle has a major impact on the dispersion of reinforcing particles. 
In the stir zone, parameters such tool travel speed, plunge depth, tool rotation rate, and 

tool angle determine temperatures and microstructure properties [14]. Material flow and 
temperature distribution behaviour are greatly influenced by tool geometry and welding 
parameters, which can alter microstructure [15]. Grain size can be refined with lower heat 

input, but plasticization or softening of the material requires higher heat input. High 
traverse speeds and low rotating speeds can result in smaller grain sizes, but vice versa 

because defects may increase [16]. Therefore, it is essential to maximize both traverse and 
rotational speeds in order to produce a stir zone with fewer defects and smaller grain size. 
A summary of some of the most important processing parameters is given below. 

Rotation speed (rpm): Another significant element that controls the flow and disper- 
sion of the workpiece material is the rotational speed. As the rotation speed of the tool 

increases, a higher dissolution of soluble particles is likely to occur while the insoluble 
particles are likely to fragment further [17]. Increasing the speed at which the tool rotates 

can improve the size of the grain and increase the stir zone’s temperature considerably. It is 
important to note that the microstructural evolution of the material can be affected by the 
direction in which the tool rotates [18]. 

Traverse speed (mm/min): Traverse speed is responsible for moving the material from 
the front end of the workpiece to the end. The grain size in the FSPed zone of the material 

being processed may increase when the tool traverse speed is decreased. As a result, it 
barely affects how much the tool wears. Research also indicates that increasing the traversal 
speed can enhance the surface composite microhardness of the FSPed zone by increasing 

the dispersion of the reinforcement particles [19]. 
Tilt angle (deg): The tilt angle of the FSP tool ensures that the substance that has been 

stirred stays in the tool shoulder and is propelled to the back of the tool shoulder. The 

processing temperature may rise when the tool tilt angle is increased [20]. Higher tilt angles 
can result in larger grain and particle sizes, while lower tilt angles may cause defects in the 
processed zone [21]. 

Optimizing AMMCs’ microstructure and properties to meet the demanding needs of 
many sectors is crucial to achieving all their full potential. Approaches to optimization 

issues range from traditional to unconventional [22]. Conventional optimization techniques 
can be widely divided into two categories: mathematical search techniques (e.g., linear pro- 

programming, nonlinear programming, dynamic programming) and experimental 
techniques such as statistical design of experiments (e.g., response surface design approach, 
or Taguchi method). Non-conventional metaheuristic search methods, like genetic 

algorithms, tabu search, and simulated annealing, have become more and more popular 
among scholars in recent years. While alternative optimization methods like mathematical 

search techniques, RSM, and metaheuristic methods offer their own advantages, they also 
have limitations that can hinder their practical application in optimizing processes like 
FSP. The Taguchi 
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method’s efficiency, robustness, and simplicity make it a particularly attractive choice in 

such scenarios. 
The Taguchi method is a robust engineering approach, pioneered by Genichi Taguchi, 

which aims to enhance product and process quality through structured experimentation. By 
employing experimental design called orthogonal array design, signal-to-noise ratio, and 
analysis of variance, this method optimizes factor settings and minimizes variability, result- 

ing in improved product performance and manufacturing efficiency [23,24]. Researchers 
have used the different design of experiments and FSP in order to determine optimum 

process parameters for aluminium metal matrix composites utilizing different grades and 
reinforcements [25–35]. 

The novelty of this research lies in its comprehensive comparison of AA5083/Silicon 
carbide and AA5083/Coal composites using identical FSP parameters. Previous studies 

have often focused on individual reinforcements, but this research addresses a gap by 
examining multiple reinforcements under identical conditions. Employing a Taguchi L9 

design to optimize process parameters for both composites, the study focuses on ultimate 
tensile strength, microhardness, and percentage elongation. The results will contribute to a 
deeper understanding of how different reinforcements respond to FSP, guiding the devel- 

opment of more cost-effective and high-performance aluminium metal matrix composites. 
By acknowledging and addressing the limitations of prior studies, this research offers a 

more comprehensive and rigorous analysis, making it a valuable contribution to the field 
of FSP and composite materials fabrication. 

2. Material and Methods 

2.1. Material and Composite Fabrication 

Reinforcement and a base material are needed to create AMMCs. A 6 mm thick 

AA5083 aluminium alloy plate was chosen for its excellent mechanical properties and 

corrosion resistance. The dimensions of the AA5083 plates were 250 mm long and 55 mm 
wide. Table 1 presents the mechanical properties of the alloy. The alloy’s composition is 
primarily magnesium (4.03%), zinc (0.01%), titanium (0.02%), chromium (0.05%), silicon 

(0.15%), manganese (0.69%), iron (0.16%), and copper (0.02%), as presented in Table 2. The 
composite materials were fabricated using silicon carbide (SiC) and coal as reinforcements, 

with 5% volume percentages. AMMCs composites were made using silicon carbide and 
coal as reinforcements, separately. 

 
Table 1. Mechanical Properties. 

 

Mechanical Properties 
 

Ultimate tensile strength 311 MPa 
Percentage elongation 58.6% 
Microhardness 93.1 HV 

 

Table 2. Chemical Composition of AA5083 (in % wt) [36]. 
 

Base Material Composition  

Magnesium 4.03 

Manganese 0.69 
Iron 0.16 
Silicon 0.15 
Chromium 0.05 
Copper 0.02 
Titanium 0.02 
Zinc 0.01 

Al Bal 



 

4 

 

 
2.2. Experimental Design Using Taguchi Method 

The software utilized for constructing the design matrix and analyzing the results was 
MINITAB 18. The three parameters (rotational speed, traverse speed, and tilt angle) taken 

into account for this study are included in Table 3 together with the relevant levels for 
each. The selected parameters were chosen based on their established influence on the 

microstructure and mechanical properties of composites during FSP [13]. Among FSP 
parameters, tool rotation speed and traverse speed significantly impact the even distribution 
of reinforcing particles, grain refinement, and heat generation during composite fabrication. 

Conversely, tool tilt angle primarily influences the dispersion of reinforcing particles. The 
parameter levels were determined by considering existing literature and conducting 

preliminary experiments to establish ranges that effectively balance processing time and 
mechanical performance [37–40]. 

 

Table 3. Processing parameters with their levels. 

 
Processing Parameters 

 

 
Levels of Parameters 

 
 

 
From the software, a Taguchi L9 factorial design was employed to reduce the number 

of experimental runs. Using a complete factorial experiment design would have needed 
27 experiments; however, the Taguchi approach avoided 18 FSP runs. As a result, expenses 
and time were greatly reduced. The design matrix, shown in Table 4, includes three 

processing parameters at three distinct levels, resulting in a total of nine experiments for 
each composite type. 

 
Table 4. Taguchi L9 design matrix. 

 

No of Tests Traverse Speed [mm/min] Rotational Speed [rpm] Tilt Angle [ ] 

1. 30 600 1 

2. 45 600 1.75 
3. 60 600 2 
4. 30 900 1.75 
5. 45 900 2 
6. 60 900 1 
7. 30 1200 2 
8. 45 1200 1 

9. 60 1200 1.75 

 

2.3. Composite Fabrication Process 

In the composite fabrication process, two AA5083 plates were initially joined using 
Friction Stir Welding (FSW), as illustrated in Figure 1a. Following this, the weld joint was 

drilled repeatedly to create small holes measuring 2.5 mm in diameter and 4 mm deep, with 
a spacing of 15 mm between the holes, as shown in Figure 1b; reinforcing particles were 

then introduced into these holes. To prevent the scattering of particles during subsequent 
Friction Stir Processing (FSP), the holes were sealed using a pin-less FSP tool, with this step 
depicted in Figure 1c. The final pass of FSP was carried out at room temperature, and the 

process is illustrated in Figure 1d. Figure 2 shows the tools, both with pin and pin-less 
configurations, utilized in the fabrication of the composite materials. A high-speed steel 

tool (AISI 4140) with a shoulder diameter of 20 mm, a triangular pin measuring 5.8 mm, 
and a probe diameter of 7 mm was employed for both the FSW and FSP procedures. 

 1 2 3 

Tool traverse speed (TS) in mm/min 30 45 60 
Tool rotational speed (RS) in rpm 600 900 1200 

Tool tilt angle (TA) in  1 1.75 2 
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Figure 1. (a) FSW process; (b) Hole drilling and filling with reinforcement particles; (c) Closing of 

hole with pin less tool; (d) FSP single pass process. 

 

Figure 2. Pin less tool and Pin with tool utilised during the fabrication process. 

2.4. Output Results Preparation 

Waterjet technology was used to cut the produced AMMCs joints (AA5083/Coal and 
AA5083/Silicon carbide) perpendicular to the processing direction in order to get 

specimens for the hardness and tensile testing. Tensile specimens were cut for tensile 
strength testing and generated in compliance with ASTM E8M-04 standards [41], while 

hardness specimens were cut for Vickers microhardness testing in line with ASTM E384 
standards [42]. Figures 3 and 4 show the cut tensile and hardness specimens. 
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Figure 3. Tensile specimen. 

 

 
Figure 4. Hardness specimen. 

3. Results and Discussions 

Table 5 shows a summary of mechanical properties for different parameters for the 
AA5083/Silicon carbide and AA5083/Coal composites, respectively. From the results, the 

AA5083/Silicon Carbide and AA5083/Coal composites generally exhibit comparable 
mechanical properties to the base AA5083 material in terms of ultimate tensile strength and 

hardness. In terms of the UTS, while slightly lower than the base material, both composites 
maintain respectable UTS values. In terms of ductility, reinforcement particles hinder 
plastic deformation, leading to a significant decrease in ductility compared to the base 

material. And finally, for the hardness the addition of reinforcements increases the hardness 
of both composite types. 

 
Table 5. Summary of mechanical properties for different composites and parameters. 

 
 

TS RS TA 

(mm/min) (rpm) ( ) 

AA5083/Si

MH 
(Hv) 

icon Carbide 

UTS 
(MPa) 

Composite 

PE 
(%) 

AA5083/Coal Composite 

MH UTS PE 
(Hv) (MPa) (%) 

30 600 1 94.8 71.5 9.88 93.6 167 11.9 

45 600 1.75 89.6 114 11.8 88.3 109 7.00 
60 600 2 89.6 88 11.2 92.7 224 22.4 
30 900 1.75 89.4 210 29.0 96.3 134 12.2 
45 900 2 94.8 145 18.5 90.7 242 20.7 
60 900 1 92.9 141 19.9 92.4 161 21.2 
30 1200 2 90.6 243 29.5 95.3 101 7.60 
45 1200 1 93.7 132 18.7 93.1 181 12.8 

60 1200 1.75 89.6 121 12.1 95.9 141 9.38 

List of symbols:  TS: Traverse Speed (mm/min), RS: Rotational Speed (rpm), TA: Tilt Angle (degrees), 

MH: Microhardness (Hv), UTS: Ultimate Tensile Strength (MPa), PE: Percentage Elongation (%). 

The highest hardness of both composite types is generally higher than the base material. 
This is due to the presence of hard reinforcement particles, which strengthen the matrix 
and increase its resistance to indentation. It is important to note that specific mechanical 

properties will depend on various factors, such as the volume fraction of reinforcements, 
the size and distribution of reinforcement particles, and the processing parameters used. 

It should be noted that, since two different reinforcements (silicon carbide and coal) 
were used to optimize the AMMC fabrication parameters, the data analysis for the fabri- 

cated AA5083/Silicon carbide composite will be provided first, and then the analysis for 
the created AA5083/Coal composite will be shown in the next section. 
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3.1. Signal-to-Noise Ratio Analysis 

The ultimate tensile strength, percentage elongation, and microhardness of the fabri- 
cated AA5083/Silicon carbide and AA5083/Coal composite joints were assessed using the 

Taguchi methods to find their optimal parameters. Taguchi’s approach, a single-response 
optimization strategy, uses the signal-to-noise ratio to evaluate each parameter’s effect on 

response factors. To optimize the response, the S/N ratio in this investigation was 
determined using the ‘larger-the-better’ criteria. The impact of each control factor on the 
response, the means, and S/N ratios were computed. The following formula can be used 

to compute the “larger-the-better” criteria [43]: 

 
 
    

                              =  10 log    (1) 

where n is the number of experimental repeats and y is the response factor. The desirable 

output value is represented by ‘Signal (S)’, while the undesired value is represented by 
‘Noise (N)’. 

The S/N ratio for parameter combinations of the AA5083/Silicon carbide composite 

is shown in Table 6, while the S/N ratio for parameter combinations of the AA5083/Coal 
composite is shown in Table 7. 

 
Table 6. AA5083/Silicon carbide composite experimental results with relevant S/N ratio. 

 

TS RS TA MH UTS PE S/N Ratio S/N Ratio S/N Ratio 

(mm/min) (rpm) ( ) (Hv) (MPa) (%) for HV for UTS for PE 

30 600 1 94.8 71.5 9.88 38.89 37.09 19.89 

45 600 1.75 89.6 114 11.8 39.04 41.14 21.40 
60 600 2 89.6 88 11.2 39.04 38.89 21.01 
30 900 1.75 89.4 210 29.0 39.03 46.44 29.25 
45 900 2 94.8 145 18.5 39.37 43.23 25.32 
60 900 1 92.9 141 19.9 39.37 42.98 25.98 
30 1200 2 90.6 243 29.5 39.14 47.71 29.39 
45 1200 1 93.7 132 18.7 39.22 42.41 25.44 

60 1200 1.75 89.6 121 12.1 39.04 41.66 21.64 

List of symbols: TS: Traverse Speed (mm/min), RS: Rotational Speed (rpm), TA: Tilt Angle (degrees), 
MH: Microhardness (Hv), UTS: Ultimate Tensile Strength (MPa), PE: Percentage Elongation (%), S/N Ratio: Signal 
to noise ratio. 

 

Table 7. AA5083/Coal composite experimental results with relevant S/N ratio. 

 

TS RS TA MH UTS PE S/N Ratio S/N Ratio S/N Ratio 

(mm/min) (rpm) ( ) (Hv) (MPa) (%) for HV for UTS for PE 

30 600 1 93.6 167 11.9 38.66 44.45 21.55 

45 600 1.75 88.3 109 7.00 38.92 40.75 16.90 
60 600 2 92.7 224 22.4 39.34 47.01 27.02 
30 900 1.75 96.3 134 12.2 39.67 42.54 21.71 
45 900 2 90.7 242 20.7 39.15 47.68 26.33 
60 900 1 92.4 161 21.2 39.32 44.14 26.52 
30 1200 2 95.3 101 7.60 39.42 40.09 17.62 
45 1200 1 93.1 181 12.8 39.38 45.15 22.11 
60 1200 1.75 95.9 141 9.38 39.28 42.98 19.44 

List of symbols: TS: Traverse Speed (mm/min), RS: Rotational Speed (rpm), TA: Tilt Angle (degrees), 
MH: Microhardness (Hv), UTS: Ultimate Tensile Strength (MPa), PE: Percentage Elongation (%), S/N ratio: 
Signal to noise ratio. 
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3.2. Analysis of Variance 

3.2.1. Analysis of Variance Experimental Data for AA5083/Silicon Carbide Composite 

1. Ranking of Contributing Factors 

Analysing the factors that influence each response factor of the fabricated compos- ite 

joints is essential. Utilizing the delta ranking approach, MINITAB software Ver- sion 
18 displays the most significant factors influencing the response factor of the fab- ricated 

AA5083/Silicon carbide composite joint. Tables 8–10 show that the fabricated 
AA5083/Silicon carbide composite joint’s ultimate tensile strength, percentage elongation, 
and microhardness are significantly impacted by rotational speed (rank 1), traverse speed 

(rank 2), and tilt angle (rank 3). Based on the results, it can be observed that parameters 
for maximizing ultimate tensile strength and percentage elongation in AA5083/Silicon 

carbide composite joints are traversal speed at level 1, rotational speed at level 2, and tilt 
angle at level 3, as seen in Tables 8 and 9. The best parameters for optimum microhardness 

are traversal speed at level 2, and rotational speed at level 2, and tilt angle at level 3 (See 
Table 10). 

 
Table 8. Table of Responses for the S/N ratio of ultimate tensile strength parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 43.75 39.04 40.83 

2 42.26 44.22 43.08 
3 41.18 43.93 43.28 
Delta 2.57 5.18 2.45 

Rank 2 1 3 

 
Table 9. Table of Responses for the S/N ratio of percentage elongation parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 26.18 20.77 23.77 

2 24.05 26.85 24.10 
3 22.88 25.49 25.24 
Delta 3.30 6.08 1.47 

Rank 2 1 3 

 
Table 10. Table of Responses for the S/N ratio of microhardness parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 39.02 38.99 39.16 
2 39.21 39.25 39.04 

3 39.15 39.14 39.18 
Delta 0.19 0.26 0.15 

Rank 2 1 3 

 

2. Percentage of Contribution Factors 

Analysing the percentage contributions and F-values of the factors is crucial to gaining 
a clearer understanding of individual parameters on the output responses. The percentage 

contributions by S/N ratio analysis of variance for microhardness, elongation percentage, 
and ultimate tensile strength are displayed in Tables 11–13. Based on the results, the most 

significant factor influencing ultimate tensile strength was determined to be rotational 
speed, which accounted for 57.55% of the output response. Though less significant, tilt 
angle nonetheless made 12.58% of the total contribution (see Table 11). Discrepancies were 

seen between the percentage contribution in Table 11 and rankings in Table 8. A more 
comprehensive statistical analysis, including confidence intervals and replicate ex- 

periments, could enhance the reliability and interpretability of the findings. Therefore, 
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carefully considering research objectives and data characteristics is crucial when select- 

ing between these methods to ensure accurate and reliable results. It was discovered that 
rotational speed and traverse speed, with percentage contributions of 60.36% and 16.62%, 

respectively, were significant parameters for percentage elongation (see Table 12). These 
results are consistent with the ranks that were shown in Table 9. Research by Salehi et al. 
[13], Chanakyan et al. [26], Syed et al. [35], and Puviyarasan et al. [44] also showed a similar 

pattern, identifying tool rotational speed as the main factor influencing ultimate tensile 
strength. Furthermore, it was shown that rotational speed and traverse speed were 

important factors in microhardness with percentage contributions of 48.17% and 27.40%, 
respectively (see Table 13). These results are consistent with the ranks that were shown in 

Table 10. Research by Chanakyan et al. [26], Syed et al. [35], and Butola et al. [45] also 
showed a similar pattern, identifying tool rotational speed as the main factor influencing 
microhardness. For percentage elongation and microhardness, the percentage contributions 

and F-values match the ranks as well. 

Table 11. Contribution of individual factor to the variation of ultimate tensile strength. 

 

Source Degree of Freedom   (DF) Seq SS F-Value p-Value Percentage 
Contribution 

TS (mm/min) 2 9.9970 0.61 0.621 11.32 
RS (rpm) 2 50.823 3.10 0.244 57.55 
TA ( ) 2 11.110 0.68 0.596 12.58 
Error 2 16.379   18.55 

Total 8 88.308    

 
Table 12. Contribution of individual factor to the variation of percentage elongation. 

 

Source Degree of Freedom (DF) Seq SS F-Value p-Value Percentage 
Contribution 

TS (mm/min) 2 16.831 0.85 0.540 16.62 
RS (rpm) 2 61.127 3.10 0.244 60.36 
TA ( ) 2 3.5830 0.18 0.846 3.538 
Error 2 19.734   19.49 

Total 8 101.275    

 
Table 13. Contribution of individual factor to the variation of microhardness. 

 

Source Degree of Freedom (DF) Seq SS F-Value p-Value Percentage 
Contribution 

TS (mm/min) 2 0.05777 4.25 0.191 27.40 
RS (rpm) 2 0.10103 7.39 0.119 48.17 
TA ( ) 2 0.03729 2.73 0.268 17.78 
Error 2 0.01367   6.452 

Total 8 0.20975    

 

3.2.2. Analysis of Variance Experimental Data for AA5083/Coal Composite 

1. Ranking of Contributing Factors 

An analysis of the factors affecting each response element of the fabricated AA5083/ 
Coal composite joint was also carried out. The results shows that the resulting tensile 

strength of the fabricated AA5083/Coal composite joint is influenced by the tilt angle (rank 
1), traverse speed (rank 2), and rotation speed (rank 3), as seen in Table 14. The percentage 

elongation and microhardness of the fabricated AA5083/Coal composite joint are 
influenced by the rotation speed (rank 1), tilt angle (rank 2), and traverse speed (rank 3), as 
indicated by Tables 15 and 16. Based on the results, it can be observed that parameters for 

maximizing ultimate tensile strength, percentage elongation, and tilt angle in AA5083/Coal 
composite joints are traversal speed at level 3, rotational speed at level 2, and tilt angle at 

level 3 as seen in Tables 14–16. 
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Table 14. Table of Responses for the S/N ratio of ultimate tensile strength parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 42.36 44.07 44.58 
2 44.53 44.78 42.09 

3 44.71 42.74 44.92 
Delta 2.35 2.04 2.83 

Rank 2 3 1 

 
Table 15. Table of Responses for the S/N ratio of percentage elongation parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 20.29 21.82 23.39 
2 21.78 24.85 19.35 

3 24.33 19.72 23.65 
Delta 4.03 5.13 4.30 

Rank 3 1 2 

 
Table 16. Table of Responses for the S/N ratio of microhardness parameters. 

 

Level Traverse Speed (mm/min) Rotational Speed (rpm) Tilt Angle ( ) 

1 39.25 38.97 39.12 
2 39.15 39.38 39.29 

3 39.31 39.36 39.30 
Delta 0.16 0.40 0.18 

Rank 3 1 2 

 

2. Percentage of Contribution Factors 

The percentage contributions by S/N ratio analysis of variance for microhardness, 
elongation percentage, and ultimate tensile strength are displayed in Tables 17–19. Based on 

the results, the most significant factors influencing ultimate tensile strength are tilt angle and 
traverse speed, which accounted for 27.0% and 19.3% respectively, of the output response 
(see Table 17). These results are consistent with the ranks that were shown in Table 14. 

It was discovered that rotational speed and tilt angle, with percentage contributions of 
34.4% and 30.0%, respectively, were significant parameters for percentage elongation (see 

Table 18). These results are consistent with the ranks that were shown in Table 15. The 
most significant factor influencing microhardness was determined to be rotational speed, 

which accounted for 44.89% of the output response. Though less significant, tilt angle 
nonetheless made 9.131% of the total (see Table 19). These results are consistent with the 
ranks that were shown in Table 16. Research by Chanakyan et al. [26], Syed et al. [35], and 

Butola et al. [45] also showed a similar pattern, identifying tool rotational speed as the 
main factor influencing microhardness. The percentage contributions for ultimate tensile 

strength, percentage elongation, and microhardness match the rankings and the F-values. 

 
Table 17. Contribution of individual factor to the variation of ultimate tensile strength. 

 

Source Degree of Freedom (DF) Seq SS F-Value p-Value  
Percentage 

Contribution 

TS 
(mm/min) 

2 10.233 0.47 0.682 19.3 

RS (rpm) 2 6.4510 0.29 0.773 12.8 
TA ( ) 2 14.329 0.65 0.605 27.0 
Error 2 21.969   41.5 

Total 8 52.982    
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Table 18. Contribution of individual factor to the variation of percentage elongation. 

 

Source Degree of Freedom (DF) Seq SS F-Value p-Value  
Percentage 

Contribution 

TS 
(mm/min) 

2 24.97 1.52 0.397 21.5 

RS (rpm) 2 39.93 2.43 0.292 34.4 
TA ( ) 2 34.89 2.12 0.320 30.0 

Error 2 16.44   14.1 

Total 8 116.23    

 
Table 19. Contribution of individual factor to the variation of microhardness. 

Source Degree of Freedom (DF) Seq SS F-Value p-Value  
Percentage 

Contribution 

TS 
(mm/min) 

2 0.04040 0.14 0.874 5.792 

RS (rpm) 2 0.31316 1.12 0.472 44.89 
TA ( ) 2 0.06369 0.23 0.815 9.131 

Error 2 0.28026   40.18 

Total 8 0.69751    

 

The optimized parameter micrographs for the AA5083/SiC and AA5083/Coal com- 
posite joints, captured at 50× and 100× magnifications, are presented in Figures 5a and 5b, 
respectively. Figure 5(a1,b1) correspond to the optimal parameters of 900 rpm, 30 mm/min, 

and a 2  tilt angle for AA5083/SiC. Figure 5(a2,b2) depicts 900 rpm, 45 mm/min, and a 

2  tilt angle for AA5083/SiC. Figure 5(a3,b3) shows 900 rpm, 60 mm/min, and a 2  tilt angle 
for AA5083/Coal. The microstructural images reveal the distribution of the rein- 
forcement particles (SiC or Coal) within the AA5083 matrix, showing how different FSP 
parameters influence particle dispersion and bonding in the composites. These details 
explain the variations in mechanical properties based on the reinforcement material and 
processing conditions. The microstructural results show incomplete bonding between the 
reinforcement particles and the matrix, which can impact mechanical properties such as 
hardness, tensile strength, and ductility. As a result, it can be concluded that when it comes 
to the microstructure, proper bonding and uniform particle dispersion result in better 
mechanical performance, while incomplete bonding or uneven distribution can lead to 
reduced strength and ductility. 
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Figure 5.  (a).  Microstructure micrographs 50×:  AA5083/SiC; (a1,a2) & AA5083/Coal (a3); 

(b). Microstructure micrographs 100×: AA5083/SiC; (b1,b2) & AA5083/Coal (b3). 

4. Conclusions 

To improve FSP parameters for AMMC joint fabrication, a Taguchi L9 factorial design 
was employed. The process of optimizing the parameters involved fabricating AMMCs 
with two distinct reinforcements, namely silicon and coal. The fabricated composites were 
AA5083/Silicon carbide composite and AA5083/Coal composite. Mechanical prop- erties 

such as hardness, tensile strength, and percent elongation were evaluated after the 
composites were fabricated. 

The Taguchi approach based on the S/N ratio demonstrated that: 

• The highest UTS and the percentage elongation for the AA5083/Silicon carbide com- 

posites fabrication process can be achieved if the rotation speed has been set to level 2 
on the control panel, the traverse speed at level 1, and the tilt angle was at level 3. The 

best parameters for optimum microhardness are tilt angle at level 3, traversal speed at 
level 2, and rotational speed at level 2. 

• At the second level of rotational speed, the third level of traversal speed, and the third 
level of tilt angle, for the the AA5083/Coal composite joints had the best FSP 
parameters to enhance the ultimate tensile strength, percentage elongation, and mi- 

cro hardness. 

The Taguchi approach based on the ANOVA demonstrated that: 

• According to an ANOVA study, rotating speed has a larger impact on percentage 
elongation and microhardness for AA5083/Silicon carbide and AA5083/Coal com- 
posite joints. The ultimate tensile strength of AA5083/Silicon carbide is more affected 

by rotating speed, whereas the ultimate tensile strength of AA5083/Coal is more 
affected by tilt angle. The results indicate that the two different reinforcements have 

varying effects on the process parameters, suggesting that customized optimization 
strategies may be required based on the type of reinforcement used. These differences 
in ranking order are significant because they highlight the distinct material behaviors 

of the reinforcements during FSP. Harder reinforcements like SiC rely more on heat 
generation and plastic deformation for effective distribution and bonding, which is 
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why rotational speed is dominant. In contrast, softer reinforcements like coal benefit 

more from controlled material flow and uniform particle dispersion, making tilt angle 
a critical factor. 

Based on the results the conclusion was drawn that: 

• The best processing parameters for fabricating AA5083/Coal composite were a tilt 

angle of 2 degrees, a traverse speed of 60 mm/min, and a rotation speed of 900 rpm. 

• The best processing parameters used when fabricating AA5083/Silicon carbide com- 
posite that yielded maximum microhardness were at a rotational speed of 900 rpm, 

traversal speed of 45 mm/min, and tilt angle of 2 degrees; the best combination of 
parameters to attain the maximum ultimate tensile strength and percentage elongation 

of the composite was achieved at a rotational speed of 900 rpm, traverse speed of 
30 mm/min, and tilt angle of 2 degrees. 

5. Limitation of Current Study 

While this study offers valuable insights into FSP parameter optimization for AA5083- 
based composites, it has certain limitations. The focus on only two composite combinations 

may not fully capture the diverse range of materials that can be processed using FSP. The 
choice between S/N ratio and ANOVA can significantly influence the ranking order of 
factors, particularly in the presence of non-linear relationships and interaction effects. A 

more comprehensive statistical analysis, including confidence intervals and replicate 
experiments, could enhance the reliability and interpretability of the findings. Therefore, 

carefully considering the research objectives and data characteristics is crucial when se- 
lecting between these methods to ensure accurate and reliable results. These limitations 

highlight the need for further research to explore the broader applicability of the findings 
and address the challenges associated with FSP parameter optimization for AMCs. 

6. Future Study 

This study highlights the need for further research to delve deeper into the complexities 
of FSP in aluminium-based composites. Expanding the experimental design beyond the 

Taguchi L9 design and investigating additional factors such as tool geometry, process 
atmosphere, and thermal cycling could provide a more comprehensive understanding of 

the process. Moreover, conducting confirmation tests to validate the effectiveness of 
identified optimal parameter levels is essential. These research avenues hold the potential 

to significantly enhance the knowledge and application of FSP in this field. 

Author Contributions: Conceptualization, V.M.; methodology, S.M.; software, O.M.; validation, O.M., 

V.M. and S.M.; formal analysis, S.M.; investigation, O.M.; resources, V.M.; data curation, S.M. and 

O.M.; writing—original draft, O.M.; writing—review and editing, S.M. and V.M.; visualization, O.M.; 

supervision, V.M. and S.M.; project administration, V.M. All authors have read and agreed to the 

published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in the study are included in the 

article, further inquiries can be directed to the corresponding author. 

Acknowledgments: The authors would also like to acknowledge the financial support provided by 

the CPUT through the Vice Chancellor’s Prestigious Bursary award. 

Conflicts of Interest: The authors declare no conflict of interest. 



 

14 

 

Nomenclature 

AA Aluminium Alloy 

Al Aluminium 

AISI American Iron and Steel Institute. 

AMMCs Aluminium Metal Matrix Composite 

ASTM American Society for Testing and Materials 

ANOVA Analysis of Variance 

FSW Friction Stir Welding 

FSP Friction Stir Processing 

S/N ratio Signal to Noise ratio 
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Abstract                                               

This study investigates the optimization of Friction Stir Processing parameters to fabricate AA5083/ 

Coal composites using the Taguchi method. The in uence of key process parameters—tool tilt angle, 

tool rotation speed, and traverse speed—on the mechanical properties of the composites was evaluated, 

speci cally focusing on ultimate tensile strength, microhardness, and elongation. Taguchi s L9

orthogonal array was employed to minimize the number of experiments and maximize the ef ciency 

of parameter selection. A Houns eld tensile test machine was used to evaluate ultimate tensile strength,
and Innova Test Falcon 500 hardness testing machine was used to determine microhardness. The
highest ultimate tensile strength, microhardness and percentage elongation achieved with the 
orthogonal arrays were 242 MPa, 96.27 HV, and 22.43%, respectively. The optimal parameters were

identi ed as a tool tilt angle of 2°, a tool rotation speed of 900 rpm, and a traverse speed of 60 mm min 1

based on signal-to-noise ratio. Furthermore, an analysis of variance was conducted to evaluate the

parameter contributions. Analysis of Variance revealed that rotational speed had the most signi cant

impact on microhardness and percentage elongation, while tilt angle most strongly in uenced ultimate
tensile strength. This study demonstrates the viability of coal particles as a cost-effective reinforcement 
material for AA5083 composites and provides a robust framework for optimizing friction stir
processing parameters using statistical methods.

1. Introduction

Material selection is fundamental for the success of engineering products in diverse elds like marine, automotive, 

construction, and aerospace. Aluminium alloys have become the go-to choose because of their impressive 

properties: high strength-to-weight ratio (strong yet lightweight), excellent corrosion (durable) and wear resistance, 

and superior thermal and electrical conductivity (valuable for heat transfer or electrical applications) [1, 2].

Additionally, aluminium offers advantages over other metal matrix composites in terms of availability, cost-

effectiveness, and lightweight nature, making it a practical and sustainable selection for a wide range of engineering 

applications.

Despite their excellent properties, aluminium alloys lack suf cient stiffness and strength. To address this, a 

focus has emerged on enhancing surface properties through various methods. The properties of aluminium alloys 

can be enhanced through heat treatments adding alloying elements and incorporating reinforcing particles to 

boost their performance in applications requiring strength wear resistance and structural applications [3]. 

Aluminium metal matrix composites (AMMCs) have become a popular solution, created by incorporating 

reinforcement particles into the alloy. AMMCs offer not only improved mechanical properties but also better 

electrical and thermal conductivity, making them suitable for demanding applications [4]. 

Friction Stir Processing (FSP) is now acknowledged as a cost eco promising method, for creating composites.

© 2025 The Author(s). Published by IOP Publishing Ltd
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FSP is primarily a surface modi cation technique that re nes the grain structure at the material’s surface 
derived from Friction Stir Welding (FSW) [5] and has since been widely adopted as a novel technique for 
producing MMCs [6]. Unlike traditional methods such as powder metallurgy, squeeze casting, and stir casting 
for producing Metal Matrix Composites that can suffer from drawbacks, FSP offers a unique solution. It re nes 
the grain structure at the surface and eliminates issues like porosity, defects, and weak bonding between 
particles. This localized modi cation process even allows for the creation of desirable micro or nanostructures 
within the material [6]. As a result, FSP signi cantly enhances AMMCs properties like tensile strength, hardness, 
wear resistance, and even resistance to harsh environments [7].

During the process of Friction Stir Processing (FSP), a localized section of a metal sheet is altered using a 

rotating tool equipped with both a pin and shoulder. The FSP tool is inserted into the designated area, as the pin 

plunges and rotates the material heat generated from friction softens the metal. The selected area and the tool 

move in relation, to each other allowing for the processing of the designated region. As a result, material is 

transferred from the leading edge towards the trailing face of the pin. Subsequently, the movement of the tool 

re nes the microstructure and eliminates imperfections resulting in a quality layer [8]. This method signi cantly 

enhances the properties of Metal Matrix Composites (MMCs) such as resistance to corrosion, wear resistance, 

microhardness, fatigue endurance, and resistance to deformation over time.

Friction stir welding (FSP) relies on several critical parameters to achieve optimal results. These include tool
geometry, traverse speed, tilt angle, tool rotation speed, and others [9]. Among these, traverse speed, tool 
geometry, and rotation speed have the biggest impact on heat generation, which signi cantly affects the quality 
of the welded joint. Many welding businesses traditionally employ a one-factor-at-a-time experimental approach, 
in which a single parameter is adjusted while others are kept constant. This trial-and-error method is time-
consuming and inef cient [10, 11], especially for complex processes like Friction Stir Processing, which involves 
multiple interacting parameters. Researchers have explored alternative optimization methods to address these
challenges, such as mathematical iterative search techniques, design of experiments (e.g., Response Surface 
Methodology, Taguchi), problem-speci c heuristic approaches, and metaheuristic approaches (e.g., Genetic 
Algorithms, Tabu Search) [12].

While these advanced methods offer certain advantages, each comes with limitations that can hinder their 
practical application in FSP optimization. Mathematical iterative search techniques often concentrate on 
speci c aspects of machining, such as cutting force, temperature, or tool wear. However, due to the numerous 
interdependent variables and their stochastic nature, these techniques may struggle to fully capture the 
complexities of the overall cutting process [13]. RSM techniques, relying on a series of experiments, may not be 

practical or cost-effective for many manufacturing scenarios [14]. Additionally, RSM requires a continuously 
differentiable objective function to determine optimal cutting conditions, which might not be the case in 
complex physical processes [12]. Metaheuristic methods offer a robust approach to optimization problems, 
bypassing the need for derivative information or explicit functional relationships. Genetic Algorithms (GAs),a 
popular metaheuristic technique, have demonstrated effectiveness in various applications. However, GAs are not 

without their limitations. Uncertain convergence, sensitivity to parameter settings, computational cost, and 
inconsistent results can hinder their performance. While GAs have proven valuable, it’s essential to acknowledge 
these shortcomings and explore alternative metaheuristic techniques or hybridization strategies to address these 
limitations [12].

Given these limitations, the Taguchi method, with its orthogonal arrays, provides a robust alternative that 
optimizes FSP parameters with fewer experimental runs, offering a more practical and ef cient approach for 
industrial applications. Taguchi’s method employs Analysis of Variance (ANOVA) to identify the input 
parameters that signi cantly in uence the quality or characteristics of the output. This is accomplished by looking 
for variations in the tested collections of items’ average performance [15]. While extensive research exists on 
improving AA5083’s surface properties with FSP, limited studies have explored how process parameters 
speci cally impact surface quality during FSP of AA5083 [16–23].

Bauri et al [16] optimized FSP parameters for incorporating Nickel (Ni) particles into a metal-reinforced 5083
aluminium composite. Their focus was on identifying the ideal combination of traverse speeds, and tool rotation 
to achieve a defect-free nugget zone with uniform particle distribution. Experiments explored many parameters 
(tool rotation speeds: 1000–1800 rpm, traverse speeds: 6–24 mm min 1) to optimize these goals. Using the
optimized parameters, both coarse particles and ner particles from a ball mill were added to the Al matrix. The 
study revealed that a higher heat input [17], achieved through a lower traverse speed (15–12 mm min 1), was
necessary for effective dispersion of the coarser Ni particles (70 m). However, this approach was unsuccessful,
and even increasing the rotation speed did not improve the distribution of these coarse particles.

Taguchi’s L8 orthogonal array was utilized by Rahman et al [18] to assess the effects of FSP parameters on the 
surface characteristics and microstructure of AA5083 composites reinforced with Ti and SiC. Two levels were 
investigated for each of the following parameters: traverse speed, shoulder diameter, and tool rotation speed. The
study revealed signi cant improvements in surface hardness after FSP, with a maximum recorded value of
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90.4 HV. Interestingly, a strong correlation was observed between surface hardness and the processed zone (PZ) 
geometry. Specimens with a lower width-to-depth ratio exhibited superior hardness. The chosen parameters 
signi cantly impacted the PZ geometry, ranging from deep bowl shapes (smaller shoulder diameters) to shallow 
cups (larger diameters). Notably, speci c parameter combinations—355 rpm, 63 mm min 1 traverse speed, 17 
mm shoulder diameter, and 355 rpm, 80 mm min 1 traverse speed, 20 mm shoulder diameter—yielded 
exceptional tensile strengths of 292 and 294 MPa, respectively, which demonstrated remarkable stability even at 
elevated temperatures of 540 °C.

Rahman et al [19] investigated the use of FSP to create AA5083 surface composites reinforced with Ti and SiC.
The main focus was identifying the optimal FSP parameters for achieving maximum surface hardness. Three
parameters were studied: traverse speed, shoulder diameter, and tool rotation speed, using a Taguchi L4

orthogonal array. The study found that the largest hardness (measured 2 mm below the processed surface) was 
achieved with a combination of 355 rpm tool rotational speed, 63 mm min 1 tool traverse speed, and 17 mm 
shoulder diameter. Interestingly, this parameter combination also resulted in the lowest width-to-depth ratio in 
the processed zone. The microstructure analysis revealed signi cant grain size variations within the processed 
region. The stir zone (SZ)exhibited the highest hardness resulting from dynamic grain re nement and a more 

homogeneous distribution of reinforcement particles.
Jain et al [20] investigated the use of Taguchi’s method to optimize FSP parameters for enhancing the 

microhardness of AA5083/Al-Fe in situ composites. The focus was on three key parameters: shoulder diameter, 
traverse speed, and rotation speed, each with three different settings. Using Taguchi’s design and Minitab 
software for analysis, the study identi ed the optimal parameter combination for maximizing microhardness 
with minimal experimentation. The experimental setup utilized a tool with a 21 mm shoulder diameter rotating 
at 900 rpm and traversing at a speed of 63 mm min 1. With these parameters, the processed zone’s 
microhardness signi cantly increased (to about 123.30 HV), which is an improvement of 50.6% over the base 
material.

Ghediya et al [21] introduced a novel method for creating AA5083 surface composites reinforced with both SiC

and Gr particles using FSP. The research centered on enhancing the parameters of the FSP process to achieve the 
desired composite properties. To create a mathematical model that could forecast the performance of the hybrid 
composites, Response Surface Methodology was used. The model was created using a Box-Behnken design with 
four key factors having three different settings each. Statistical analysis (ANOVA) revealed that the number of FSP
passes and the ratio of SiC to Gr reinforcement particles were the most signi cant factors in uencing the

composite’s properties (p-value < 0.05). This research demonstrates the effectiveness of RSM for optimizing the 
FSP process to create new hybrid metal matrix composites.

Similar to Ghetiya et al [21], Bharti et al [22] investigated optimizing the FSP process for AA5083 surface 

composites reinforced with a hybrid mixture of SiC and Gr particles. The focus was on maximizing the hardness 

of the resulting composite. Using RSM, a mathematical model to predict the composite’s hardness based on 

various FSP parameters was developed. The study optimized factors such as the number of FSP passes, traverse 

speed, the SiC to Gr reinforcement ratio, and tool rotation speed. The analysis revealed that the optimal 

parameter combination for achieving the highest hardness (32.6 HRB) was 1000 rpm tool speed, traversing at a 

speed of 80 mm min 1, 3 FSP passes, and a 75:25 ratio of SiC to Gr reinforcement.

Kaya [23] studied how the properties of FSP affect the surface, strength, and wear resistance of aluminium
alloy (AA5083) surface composites that are strengthened with silicon carbide particles. The study used a single-
pass FSP process on pre-treated AA5083-H111 alloy and investigated the in uence of two key parameters: tool 
rotation speed and axial load. Different combinations of axial load (6000N, 8000n, and 10000 N) and rotation 
speed (560 rpm, 710 rpm, and 900 rpm) were tested. The optimal results were achieved with a combination of 
900 rpm rotation speed and 8000 N axial load (sample N8). This sample exhibited signi cant improvements in 
both hardness (38% increase) and wear resistance (42% increase under 15 N load) compared to the parental 
material. Furthermore, sample N8 displayed tensile strength performance that remained close to the base metal, 
reaching 97% of its original strength.

Extensive research shows that Metal Matrix Composites (MMCs) are often reinforced with materials like 
nickel [16, 17], silicon carbide [18, 19, 21–23], titanium [18, 19], iron [20], or graphene [21, 22] which improve 
strength and wear resistance but can be costly. As far as AA5083 composites reinforced with coal particles 
developed via Friction Stir Processing (FSP) are concerned, no published research has investigated the impact of 
process parameters on their mechanical properties. This study explores coal as an alternative reinforcement 
material, given its abundant availability, low cost, and carbon-rich structure, which contribute to hardness and 
wear resistance. Although unconventional, coal has the potential to offer similar bene ts to traditional 
reinforcements, making it a sustainable choice for MMCs. By optimizing FSP parameters—such as tool rotational 
speed, traverse speed, and tilt angle—using Taguchi’s method and ANOVA, this study aims to maximize the 
mechanical performance of AA5083/coal composites. Unlike previous studies focused on traditional 
reinforcements, this work lls a gap in the literature by examining the effect of coal particles
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Table 1. Mechanical properties of
AA5083 alloy.

Mechanical properties

Ultimate tensile strength 311 MPa

Microhardness 93.07 HV

combined with optimized FSP parameters on AA5083, contributing novel insights into sustainable, cost- 

effective reinforcement options for MMCs.

2. Experimental procedure

In this study, a 6 mm thick AA5083 alloy plate served as the base material for producing aluminium metal matrix 

composites (AMMCs). Coal particles were incorporated as reinforcement material, constituting 5% of the 

composite s volume. The AA5083 alloy, widely used in marine and automotive applications, was chosen for its 

high strength-to-weight ratio and excellent corrosion resistance [24, 25]. Its composition includes 4.03% 
magnesium, 0.01% zinc, 0.02% titanium, 0.05% chromium, 0.15% silicon, 0.69% manganese, 0.16% iron, and 

0.02% copper [26]. Coal particles were selected as the reinforcement material based on their low cost, abundant 
availability, and properties conducive to enhancing hardness and tensile strength. These characteristics make coal 

a promising, sustainable alternative to more traditional reinforcement materials like silicon carbide (SiC) or 

titanium (Ti), contributing to the composite s improved mechanical properties while reducing production costs. 
The mechanical properties of the AA5083 alloy are summarized in table 1. 

To fabricate the AA5083/coal composite, two AA5083 plates (measuring 55 mm in width and 250 mm in 

length each) were rst friction stir welded (FSWed) to create a joint, as illustrated in gure 1(a). The FSW process 

employed a high-strength AISI 4140 steel tool with a 20 mm shoulder diameter, a 5.7 mm triangular pin, and a 7 

mm probe diameter. The experimental procedure for fabricating the Coal-AA5083 composite was adapted from 

established methods in Friction Stir Processing (FSP) commonly used for particle-reinforced composites.

Similar techniques were used in particle reinforcement and FSP composite fabrication in earlier research, which 

supports the experimental design and validates the parameter choices [26–33]. 

Following the welding, multiple holes with a depth of 4 mm and a diameter of 2.5 mm were drilled into the 

joint and lled with coal particles to serve as reinforcement, as shown in gure 1(b). The choice of hole 

dimensions was guided by previous studies [26, 27, 32–36], which emphasized the importance of optimizing
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Table 2. Process variables and their corresponding values.

Level
Parameters Units

1 2 3

Rotational speed (RS) [rpm] 600 900 1200

Tilt angle (TA) [°] 1 1.75 2

Traverse speed (TS) [mm/min] 30 45 60

                                 Table 3. Taguchi L9 orthogonal design matrix.

No of

experiments

Rotational

speed [rpm] 

Traverse speed

[mm/min]

Tilt

angle [°]

1. 600 30 1

2. 600 45 1.75

3. 600 60 2

4. 900 30 1.75

5. 900 45 2

6. 900 60 1

7. 1200 30 2

8. 1200 45 1

9. 1200 60 1.75

these parameters to ensure uniform particle dispersion and adequate reinforcement volume within the stir zone. 

These dimensions were also selected to accommodate the coal particle size while preserving the structural 

integrity of the material during processing. To secure the coal particles within the matrix during processing, a pin-

less FSP tool was used to seal the holes, as depicted in gure 1(c). Finally, the composite underwent a nishing 

FSP pass at room temperature, as illustrated in gure 1(d). 

Nine experiments were designed using Taguchi s L9 orthogonal array, a statistical approach for optimizing 

parameters with a minimal number of tests. Minitab-18 software was employed to analyze the data obtained from 

these experiments. The study investigated three critical FSP process parameters—tool tilt angle, tool rotation

speed, and traverse speed—each set at three different levels. These parameters were selected based on prior 

research, which indicates their signi cant in uence on heat input, material ow, and the uniform distribution of

reinforcement particles within the matrix [37, 38]. Tables 2 and 3 outline the speci c parameter settings, their 

ranges, and the complete experimental layout.

The experimental procedure for fabricating the Coal-AA5083 composite was adapted from established 

methods in Friction Stir Processing (FSP) commonly used for particle-reinforced composites. The process 

involved drilling holes with a diameter of 2.5 mm and a depth of 4 mm into the base material, which were then 

lled with coal particles to ensure effective reinforcement. The choice of hole dimensions was guided by previous 

studies that demonstrated the importance of optimizing these parameters for uniform particle dispersion and 

adequate reinforcement volume within the stir zone. These dimensions were also selected to 
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accommodate the particle size of coal while preserving the structural integrity of the base material during 

processing. References to similar methodologies in FSP composite fabrication and particle reinforcement 

methods support the experimental design and validate the chosen parameters.

Following the fabrication of AA5083/coal composites, waterjet cutting technology was used to precisely cut

specimens perpendicular to the FSP direction for mechanical testing. Tensile specimens were prepared 

according to ASTM E8M-04 standards to assess the tensile strength of the composite joint, ensuring 

consistent dimensions across all samples for accurate comparison. Additional specimens were prepared

for microhardness evaluation in line with ASTME384 standard, with testing conducted using a load of

300 gf and a dwell time of 10 s. Indentations were made along the cross-section of the stir zone at regular

intervals to evaluate the uniformity of hardness distribution. All tensile and microhardness tests were

performed at room temperature in a controlled environment to maintain consistent testing conditions,

with no preheating or post-processing treatments applied to the specimens.
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Table 4. Mechanical properties of AA5083/coal composites.

Experiment no. UTS (MPa) PE (%) MH (HV)

1. 167 11.95 93.62

2. 109 7.000 88.34

3. 224 22.43 92.65

4. 134 12.18 96.27

5. 242 20.73 90.65

6. 161 21.18 92.43

7. 101 7.600 95.33

8. 181 12.75 93.09

9. 141 9.380 95.85

Base Material 311 58.65 93.07

Figure 2 illustrates the dimensions and con guration of the tensile specimens and microhardness 

indentation layout. Figure 3 shows the plate with cut tensile and microhardness specimens, while gure 4

displays the sample after tensile testing.

3. Results and discussion

3.1. Microstructure                                           Figure

5 illustrates the optical microstructures of each surface composite tested. Figures 4(a1), (a2), and (a3) showcase

the microstructure for the AA5083/Coal composite at 600 rpm, 30 mm min 1, and a 1° tilt; 600 rpm, 45 mm

min 1, and a 1.75° tilt; and 600 rpm, 60 mm min 1, and a 2° tilt, respectively. Similarly, gures 4(b1),
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(b2), and (b3) present the microstructure for another set of composites at 900 rpm, with tilt angles of 1.75°, 2°, 

and 1° for traverse speeds of 30 mm min 1, 45 mm min 1, and 60 mm min 1, respectively. Lastly, gures 4(c1), 

(c2), and (c3) detail the microstructure at 1200 rpm, with corresponding tilt angles and traverse speeds as 2° at 

30 mm min 1, 1° at 45 mm min 1, and 1.75° at 60 mm min 1.

The microstructural images provide insights into the distribution of coal reinforcement particles within the 

AA5083 matrix, highlighting how varying FSP parameters affect particle dispersion and bonding within the 

composites. The microstructure images reveal that the coal particles are dispersed within the stir zone, but there 

is a low-particle-percentage bond, likely due to limited vertical material mobility. Similar ndings were reported 

by [32], who observed that non-uniform particle dispersion signi cantly affects the failure properties and plastic 

deformation behavior of metal-based composites. These observations clarify the differences in mechanical 

properties, which are in uenced by both the reinforcement material and processing conditions. The results 

suggest that incomplete bonding between the reinforcement particles and the matrix can negatively impact 

mechanical properties, including hardness, tensile strength, and ductility.
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Table 5. AA5083/Coal composite experimental results with relevant S/N ratio. 
 

 

RS (rpm) 

TS 

(mm/min) 

 

TA (°) 

UTS 

(MPa) 

 

PE (%) 

 

MH (HV) 

S/N ratio 

For UTS 

S/N ratio 

For PE 

S/N ratio 

For HV 

600 30 1 167 11.95 93.62 44.4543 21.5474 38.6606 

600 45 1.75 109 7.000 88.34 40.7485 16.9020 38.9231 

600 60 2 224 22.43 92.65 47.0050 27.0166 39.3369 

900 30 1.75 134 12.18 96.27 42.5421 21.7129 39.6698 

900 45 2 242 20.73 90.65 47.6763 26.3320 39.1474 

900 60 1 161 21.18 92.43 44.1365 26.5185 39.3163 

1200 30 2 101 7.600 95.33 40.0864 17.6163 39.4190 

1200 45 1 181 12.75 93.09 45.1536 22.1102 39.3781 

1200 60 1.75 141 9.380 95.85 42.9844 19.4441 39.2833 

 
 

 
Table 6. Signal to Noise ratio response for ultimate tensile strength. 

 

 
Level 

Rotational 

speed(rpm) 

Traverse speed 

(mm/min) 

Tilt 

angle (°) 

1 44.07 42.36 44.58 

2 44.78 44.53 42.09 

3 42.74 44.71 44.92 

Delta 2.04 2.35 2.83 

Rank 3 2 1 

 
 
 

Table 7. Signal to Noise ratio response for percentage elongation. 
 

 
Level 

Rotational 

speed(rpm) 

Traverse speed 

(mm/min) 

Tilt 

angle (°) 

1 21.82 20.29 23.39 

2 24.85 21.78 19.35 

3 19.72 24.33 23.65 

Delta 5.13 4.03 4.30 

Rank 1 3 2 

 
 

3.2. Mechanical                                       properties  Table 

4 presents the mechanical properties of the AA5083/coal composites. The study achieved the highest tensile 

strength of 242 MPa with a tool tilt angle of 2°, a rotational speed of 900 rpm, and a traverse speed of 45 mm 

min 1. Additionally, the highest percentage elongation achieved was 22.43%, obtained with a tool tilt angle of 2°, 

a tool rotational speed of 600 rpm, and a traverse speed of 60 mm min 1. The highest microhardness measured 

was 96.27 HV, achieved with a tool tilt angle of 1.75°, a tool rotational speed of 900 rpm, and a traverse speed of 

30 mm min 1. The AA5083/coal composites showed lower ultimate tensile strength values compared to the base 

material. A similar trend, with reduced tensile strengths observed in single-pass composites compared to the 

base material, has been reported by Ayvaz et al [39], Yuvaraj et al [40], and Srivastava et al [41, 42]. Srivastava 

et al attributed the lower tensile strength to the agglomeration of reinforcement particles in single-pass 

specimens. 

The addition of reinforcements increased hardness, with the highest values generally surpassing those of the 

base material, although some regions exhibited lower hardness. This variation can be attributed to dynamic 

recrystallization, differences in grain size, particle distribution [43], and fragmentation or redistribution of 

intermetallic particles [44]. The higher hardness is largely due to a more homogeneous distribution of the coal 

reinforcement on the surface and the ultra-re nement of grains [23]. Similar studies have reported compatible 

microhardness results, consistent with this study s ndings [45]. Figure 6 presents the ultimate tensile strength 

bar graph, while gure 7 displays the hardness bar graph. 
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                                                      Figure 8. AA5083/Coal composite S/N ratio plot (a) UTS; (b) PE; (c) HV.

3.3. Signal-to-noise ratio analysis

Taguchi s method was utilized to optimize the AMMC parameters based on the fabricated AA5083/Coal 
composite joints. This approach involved analysing three key response factors: ultimate tensile strength, 

microhardness, and percent elongation. Taguchi s signal-to-noise ratio was utilized to assess the in uence of 

each process parameter on these response factors using the experimental data. Higher S/N ratios indicate better
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                                                                                              Table 8. Signal to noise ratio response for microhardness. 
 

 
Level 

Rotational speed(rpm) Traverse speed 

(mm/min) 

Tilt angle (°) 

1 38.97 39.25 39.12 

2 39.38 39.15 39.29 

3 39.36 39.31 39.30 

Delta 0.40 0.16 0.18 

Rank 1 3 2 

 

                                          Table 9. Factors that impact/contribute to the variation of ultimate tensile strength. 
 

Source Degree of freedom (DF) F-value P-value % Contribution 

RS (rpm) 2 0.29 0.773 12.18 

TS (mm/min) 2 0.47 0.682 19.31 

TA (°) 2 0.65 0.605 27.05 

Error 2   41.47 

Total 8    

 

                                         Table 10. Factors that impact/contribute to the variation of percentage elongation. 
 

Source Degree of freedom (DF) F-value P-value % Contribution 

RS (rpm) 2 2.43 0.292 34.35 

TS (mm/min) 2 1.52 0.397 21.48 

TA (°) 2 2.12 0.320 30.02 

Error 2   14.14 

Total 8    

 

                                           Table 11. Factors that impact/contribute to the variation of microhardness. 
 

Source Degree of freedom (DF) F-value P-value % Contribution 

RS (rpm) 2 1.12 0.472 44.89 

TS (mm/min) 2 0.14 0.874 5.792 

TA (°) 2 0.23 0.815 9.131 

Error 2   40.18 

Total 8    

 

process parameter settings, following the ‘larger-the-better’ approach. The objective in this case is to determine 
parameter combinations that maximize the composite joints’ microhardness, percentage elongation, and UTS. 
The following formula can be used to compute the ‘larger-the-better’ criterion [46, 47]: 

  

=  10 log    (1)  

In the formula, n represents the number of recurrences of experiments, and y denotes the response factors, which 
in this study are UTS, microhardness, and percentage elongation. ‘Noise (N)’ denotes the unwanted value for the 
output characteristic, whereas ‘Signal (S)’ denotes the desired value. Table 5 presents the experimental results 
alongside their corresponding S/N ratios for every combination of FSP parameters used with the AA5083/Coal 
composite. These results are further visualized in graphical form in gure 8. 

The maximum ultimate tensile strength, percentage elongation, and microhardness for the AA5083/Coal 
composite joints are achieved when the tilt angle and traverse speed are set to level 3, and the rotational speed is 
set to level 2 (see gures 8(a)–(c)). Analysis of the signal-to-noise ratio indicated that the optimal process 
parameters are a tilt angle of 2 degrees, a traverse speed of 60 mm min 1, and a rotational speed of 900 rpm. The 
larger-the-better approach has been successfully utilized to optimize mechanical properties in metal matrix 
composites, as demonstrated in previous research [20, 48]. 

 
3.4. Ranking   of   contributing   factors   and   determining   optimum   factor 

Minitab 18 software was employed to analyses the S/N ratio data and identify the most signi cant factors 

in uencing each response variable ultimate tensile strength, elongation, microhardness) for the AA5083/Coal 
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composite joints. This analysis utilized a delta ranking system within Minitab. For all three levels, the mean S/N 

ratio was computed across the three FSP process parameters (tilt angle, traverse speed, and rotational speed). 

Tables 6–8 summarize these ndings. Table 6 indicates that tilt angle exerts the most signi cant in uence on the 

ultimate tensile strength of the composite joint at rank 1, followed by traverse speed at rank 2 and rotational speed

at rank 3. Tables 7 and 8 revealed that the percentage elongation and microhardness are primarily in uenced by

the rotational speed (rank 1), the tilt angle at rank 2, and lastly the traverse speed at rank 3. The study reveals that
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the optimal traversal speed, rotational speed, and tilt angle for maximizing ultimate tensile strength, percentage 

elongation, and tilt angle in AA5083/Coal composite joints are at level 3, level 2, and level 3 as see in 

tables 6–8. The S/N ratio mean response table was used to determine the ideal settings for each response. 

Optimal values for UTS, PE, and HV were achieved using a tool rotational speed of 900 rpm, a tool 

traverse speed of 60 mm min 1, and a tool tilt angle of 2 degrees. 

 
3.5. Analysis                     of                     variance  

To statistically evaluate the signi cance of each FSP parameter on the response variables (ultimate tensile strength, 

elongation, microhardness), a frequency test was employed [49]. This approach helps determine the percent 

contribution of each factor and its impact on the desired properties. Tables 9–11 summarize the ANOVA results 

for the S/N ratio of ultimate tensile strength, percentage elongation, and microhardness. Table 9 reveals that tilt 

angle is the most dominant factor in uencing ultimate tensile strength, contributing 27.05% according to the 

ANOVA analysis. This aligns with the ranking in table 6. The tilt angle’s in uence on ultimate tensile strength can 

be explained by its role in controlling material ow and tool penetration into the workpiece. Higher tilt angles can 

lead to larger grain and particle sizes, potentially affecting the mechanical properties. Conversely, lower tilt angles 

may result in defects in the processed zone [50].  

Similarly, the ndings for elongation (table 10) and microhardness (table 11) support the rankings in tables 7 and 

8, respectively. Table 10 indicates that rotational speed is the most in uential factor affecting percentage elongation 

(PE), contributing 34.35% to the variation. Similarly, table 11 shows that rotational speed is the primary factor 

in uencing microhardness, contributing 44.89%. The signi cant effect of rotational speed on microhardness aligns 

with previous research (e.g., Chanakyan et al [51], Syed et al [52], and Butola et al [53]). The rotational speed is a 

dominant process variable in FSP, signi cantly in uencing the even distribution of reinforcement particles, grain 

re nement, and heat input during the process [54–57], all of which contribute to increased hardness. 

 

3.5.1. Residual      analysis      using      normal      probability      plot  

The normality of residuals was assessed using Normal Probability Plots for the responses—Ultimate Tensile 

Strength, Percentage Elongation, and Microhardness as shown in gure 9. These plots serve as a graphical method 

to evaluate whether the residuals follow a normal distribution, which is a key assumption for the validity of 

ANOVA. The Normal Probability Plot for UTS showed that the residuals aligned closely with the straight line, 

indicating an approximate normal distribution and validating the ANOVA assumptions for this response. Similarly, 

the residuals for Microhardness exhibited a strong linear trend, con rming their normality. 

For Percentage Elongation, the residuals displayed slight deviations from the straight line, suggesting minor 

departures from normality. However, these deviations were not severe enough to undermine the reliability of the 

ANOVA results. These ndings align with previous studies [5, 58–61] that advocate for the use of Normal 

Probability Plots in residual analysis to ensure the validity of statistical models. 

Overall, the Normal Probability Plots demonstrate that the residuals for UTS, PE, and MH are approximately 

normally distributed, ensuring the reliability of the ANOVA results. While the graphical analysis supports the 

normality assumption, minor deviations in PE suggest that additional quantitative tests, such as the Kolmogorov-

Smirnov test, may be conducted in future studies to con rm the ndings further. 

4. Conclusion 

The Taguchi L9 factorial method and Analysis of Variance were employed to optimize FSP parameters for 
fabricating AA5083/Coal composites. The Taguchi L9 orthogonal array ef ciently examined three critical FSP 
parameters: tool rotational speed, tool tilt angle, and traverse speed. Key ndings are summarized below: 

 

• The maximum UTS, PE and HV obtained were 242 MPa, 22.43 and 96.27 HV respectively. 

• Based on S/N ratio analysis, the optimal processing conditions for achieving the highest tensile strength, 

elongation, and microhardness in AA5083/Coal composites were identi ed as a rotational speed of level 2, 

traverse speed of level 3, and tilt angle of level 3. Using the S/N ratio approach, the study determined statistically 

validated optimal parameters: a tool tilt angle of 2°, a tool rotation speed of 900 rpm, and a traverse speed of 60 

mm min 1. By selecting parameters that maximized the S/N ratio for UTS, microhardness, and elongation, the 

study ensured consistent and reproducible results, enhancing the reliability of the results and their practical 

application. 

• ANOVA results indicate that tilt angle signi cantly in uences ultimate tensile strength, while rotational speed 

has the most signi cant impact on percentage elongation and microhardness. The tilt angle’s role in controlling 

material ow and tool penetration, which are crucial for avoiding defects and ensuring good 
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bonding, explains its in uence on ultimate tensile strength. Rotational speed’s high contribution to 
microhardness highlights the importance of heat generation in grain re nement and particle distribution. 
This methodical approach of using ANOVA provides a clear understanding of parameter in uence on 
mechanical properties and ensures the reproducibility and reliability of the ndings.

• The Taguchi method provided a systematic approach to optimizing FSP parameters, ensuring statistical 

robustness. This guarantees the accuracy of the mechanical improvements observed. The results suggest that 

coal particles can be a viable, cost-effective, and sustainable reinforcement material for AA5083 composites.

5. Future work

The ndings suggest that coal particles can be a cost-effective and sustainable reinforcement material. Future 

research should focus on the long-term durability of coal-reinforced composites and the scalability of the FSP 

process for industrial applications. Additionally, exploring other statistical methods like Response Surface 

Methodology (RSM) could further re ne the process and assess the long-term performance of these composites 

under various service conditions.

The ANOVA results revealed high p-values, indicating that none of the individual FSP parameters signi cantly

in uenced the response variables within the tested parameter range. This suggests that the mechanical properties 

may depend more on the interactions between parameters than on their independent effects. Future research 

should include a broader parameter range and additional experimental repetitions to reduce variability, explore

interaction effects, and re ne the statistical signi cance of the factors and their contributions to optimizing 

mechanical properties.
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Abstract: This study aimed to optimize friction stir processing parameters to enhance the 

mechanical properties of AA 5083/coal composites, a novel material combination with po- 

tential applications in marine environments. By systematically varying process parameters 

such as tilt angle, traverse speed, and rotational speed using a Taguchi experimental design, 

the FSP process was optimized. Signal-to-noise ratio and analysis of variance techniques 

were used to determine the most influential parameters on microhardness and ultimate 

tensile strength. A regression model was developed to predict composite behavior under 

these optimal conditions. This study found that a combination of 900 rpm, 60 mm/min, and 

a 2 tilt angle significantly improved mechanical properties. This research contributes to the 

advancement of FSP for producing high-performance, lightweight, and corrosion-resistant 

aluminum composites, particularly for marine applications.
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1. Introduction

Metal matrix composites (MMCs) offer a combination of high specific strength, specific 

modulus, excellent high-temperature performance, and superior wear and abrasion resis- 

tance, making them highly desirable for advanced applications. Among these, aluminum- 

based MMCs (AMMCs) are particularly favored due to their lightweight nature and en- 

hanced mechanical properties [1]. AA5083, a widely used aluminum alloy, stands out for 

its remarkable corrosion resistance, weldability, and moderate strength, making it a pre- 

ferred material for marine-grade applications. However, the challenge in the field remains 

constantly to enhance the mechanical properties of the alloy, including tensile strength, and 

hardness without increasing the cost of production and affecting environmental concerns. 

Over the years, various fabrication techniques have been developed to produce 

AMMCs, including stir casting [2–4], compo-casting [5], squeeze casting [6], spray form- 

ing [7], liquid metal infiltration [8], powder metallurgy [9], mechanical alloying, and in 

situ methods [10]. Each method offers unique advantages and limitations, driving ongo- 

ing research into optimizing processing techniques to achieve superior performance and 

efficiency. Friction stir processing (FSP) is a new technique that has been developed for 

joining materials for which a remelting technique is not suitable. It is an economical and

environmentally friendly technique for fabricating AMMCs.

* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* ,* , 333333333333
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FSP does not involve conventional melting and solidification and has been used 
widely for improving the surface and mechanical properties of non-ferrous metals, 

particularly aluminum alloys with numerous types of reinforcements such as ceramics 
[11,12], carbon nanotubes, and particles from agricultural waste [13]. Heat is produced in 

FSP by the rubbing action of the tool and workpiece, contact between the pin and base 
metal, and dynamic recrystallization [14,15]. This heat makes the material soft and suitable 

for the integration of reinforcements and plastic deformation, among other processes. It 
was found that the process parameters used in FSP affect the quality of the composites 
fabricated, their microstructure, and particle distribution. Tool geometry likewise affects 

the mate- rial flow and heat input as indicated [16]. Second-phase particle incorporation 
can be achieved by way of intense material flow, but optimizing the FSP parameters is 

essential for improvement. 
Traditional welding businesses often rely on a one-factor-at-a-time experimental ap- 

proach, which is inefficient for complex processes like friction stir processing [17,18]. 

While mathematical iterative search techniques, problem-specific heuristics, and 
metaheuristics offer potential solutions [19], they are limited by their complexity, 

impracticality, high cost, and the requirement for a continuously differentiable objective 
function [20]. To address these limitations and achieve more efficient optimization, the 

Taguchi method provides a robust and practical alternative. By utilizing orthogonal 
arrays, the Taguchi method significantly reduces the number of required experiments, 
making it a suitable choice for industrial applications [21,22]. ANOVA determines the key 

parameters responsible for the variation in the output responses and evaluates the effect 
of one or multiple input parameters on the response [23,24]. 

The processing parameters in friction stir processing (FSP) play a critical role in in- 
fluencing the tensile properties and microstructural characteristics of aluminum metal 
matrix composites (AMMCs). Understanding the interplay between these parameters and 

the resulting structure and properties of fabricated composites is essential for optimizing 
performance. Researchers have widely employed FSP in conjunction with Taguchi 

methods to determine optimal processing conditions for various aluminum grades and 
reinforce- ments, enabling the fabrication of high-performance metal matrix and surface 

composites. A review of studies focusing on the fabrication of marine-grade AMMCs 
reveals the use of diverse reinforcements such as ceramics (e.g., SiC, Al2O3), carbon 
nanotubes, and particles derived from agricultural waste. These materials have 

demonstrated significant improve- ments in the tribological and mechanical properties of 
aluminum alloys, highlighting the potential of FSP as a versatile and effective processing 

technique [25–33]. 
Singh et al. [25] studied the flow characteristics of AA5052/TiO2/SiC hybrid surface 

composites employing multi-pass FSP with upward material flow. Unlike conventional 
downward flow, upward flow, generated by a right-handed threaded pin tool, caused 
plas- tic deformation and material movement within the stir zone. The multi-pass FSP 

techniques proved useful as they generated new sub-grains and improved the uniform 
distribution of reinforcements. The maximum microhardness of the composites achieved 

was 88.73 Hv after the fourth pass, and the highest tensile strength of 220.8 MPa was 
observed after four passes with additional improvements in the wear properties of the 
composites. 

Bozorgmehr et al. [26] investigated the impact of traverse speed on the characteristics 
of microstructure, wear properties, and mechanical properties of the Al5052/ZrO2/ZrSiO4 

surface hybrid fabricated by FSP at a fixed rpm 1400. The experiment was performed at test 
speeds of 20 mm/min, 25 mm/min, 31.5 mm/min, and 40 mm/min. The hardness, 

microstructure, and wear resistance of an Al5052/ZrO2/ZrSiO4 hybrid surface composite 
material were analyzed after effecting FSP with different traverse speeds. FSP enhanced the 
composite’s properties because the microstructure was fine-grained and there were 
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reinforcing particles. In this study, the slowest traverse rate of 20mm/min gave the 

best results of an increase in hardness of about 27.3%, and the wear resistance of the base 
material increased by 68.9%. This was attributed to increased heat generation and an 

improvement in the uniform distribution of particles, thus enhancing minimal adhesive 
wear. 

Kaya et al. [27] examined the influence of the load (6000 N, 8000 N, and 10,000 N) and 
tool rotational rate (560 rpm, 710 rpm and 900 rpm) on the mechanical properties, 
microstructure, and wear behavior of an FSP Al5083/SiC surface composite. The study 

results revealed that the microhardness of the stir zone (SZ) was the highest and it was 
found to be about 1.4 times higher than the base material hardness. 

The maximum applied forces of 8000 N, along with a critical speed of 900 rpm, offered 
a 38% increase in maximum hardness and an increase in wear resistance of 42%, and the 
ultimate tensile strength of the base material decreased by 3%. 

Singhal et al. [28] fine-tuned FSP parameters for enhancing the microstructures and 
mechanical properties of in situ AA5083-H111/Al–Fe surficial hybrid composites. The 

composites under consideration were produced from Fe–40 wt% Al powder, which was 
subjected to mechanical alloying, and the welded samples were prepared using FSP with 

a reverse tool path. In a bid to minimize the number of experiments, it was necessary to 
utilize the Taguchi L9 orthogonal array design to collect the relevant data. The properties 
of FSP joined plates were investigated and quantified in terms of mechanical properties 

after each traverse of the FSP tool. It was noted that increasing the number of passes to a 
second pass led to an improvement in tensile strength from 225.8 MPa to 253.6 MPa. 

Microhardness also progressively increased and reached 128.3 Hv on the second pass. 
These improvements were attributed to optimized FSP parameters: shoulder diameters 
of21 mm, traverse speed of 63 mm/min, rotational speed of 900 rpm, and tilt angle of 

1.5 .Based on the fractographic analysis of the failure, it was found that the AA5083/Al–
Fe composite failed in ductile mode, as expected for the system. This ductile failure mode 

had its contribution to the mechanical performance of the material, which was 
outstanding. 

Venkatesh et al. [29] used the Taguchi optimization technique to study the betterment 
of FSW process parameters of AA6061-6% SiC composite plates by analyzing the influence 
of axial load, tool rotational speed, and pin profile on microhardness and UTS. The study 

showed that an axial load of 6 kN, a tool rotational speed of 750 rpm, and a square pin 
profile were effective in achieving the highest UTS. For microhardness, peak values of 6 kN, 

900 rpm, and a pin profile in the form of a cylinder were identified to be optimal. ANOVA 
revealed that the tool profile had the most significant impact on Vickers hardness, with a 

percentage contribution of 53.84%, followed by tool rotational speed, with a percentage 
contribution of 20.16%, and axial force, with a percentage contribution of 21.32%. 

Megahed et al. [30] attempted to enhance the FSP parameters of microstructure and 

hardness, together with the wear resistance characteristics, of AA6061/WC nanocomposite. 
The control factors were transverse feed, tool rotational speed, volume fraction, and number 

of passes of the WC nanoparticles. Detailed characterization analysis revealed that the 
dispersion of WC particles in the AA6061 matrix of the composite was uniform with no 
evidence of defect. Owing to the high strain rate and high temperature, the FSP underwent 

significant plastic deformation and heat, which might pin the break of coarse particles and 
porous holes and could promote dynamic recrystallization to generate an ultra-fine grain 

structure. The microhardness of the processed composite was 144 VHN, which is higher 
than that of the base metal by a percentage of 39.81. In all the samples, there was reduced 

weight loss. From the analysis of variance obtained, it was observed that the passes 
significantly affect microhardness by 40.1% and weight loss by 56.94% of WC volume 
fraction. Among all the cases studied, the maximum microhardness and wear 
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resistance were achieved using an 1800 r.p.m. feed rate of 120 mm/min containing 

6% WC and with three FSP passes. 
Teo et al. [31] worked on the study of the friction stir processing parameters of recycled 

aluminum alloy 6063/TiO2 surface composites for enhanced tribological properties. For 
sample fabrication, a moderate range of process parameters was employed, and in the other 

case, the rotational speed was selected as 2442 rpm and the feed rate was 50 mm/min. A 
microhardness test was carried out for the mechanical properties of the developed material, 
and its friction and anti-wear properties were evaluated using a pin-on-disk tribo-tester 

under a starve lubrication mode. At the high setting, the research revealed enhanced surface 
composite mechanical properties, with a 45% enhancement in microhardness, a reduction 

in the friction coefficient by 39%, and a 73% reduction in the wear rate of the base materials. 
The study showed that TiO2 particles were well dispersed within the aluminum matrix and 
the average grain size was reduced, which enhanced the mechanical and wear 

characteristics. 
Bharathikanna et al. [32] investigated the mechanical properties and corrosion 

behavior of friction stir processed AA6082 alloy with the addition of Cr3C2_particles. Tool 
rotation speed, axial force, and traverse speed were also analyzed in their work using 

Taguchi’s orthogonal array and Gray Relational Analysis. Tests like tensile properties, 
metallographs, etc., were performed to analyze the effects of these variables. By comparing 
the results obtained, it was highlighted that axial force and traverse speed can significantly 

affect the performance of the composites. According to the above findings, it can be 
concluded the optimum values of parameters should be 1200 rpm, 45 mm/min, and 5 kN, 

as these values provide better tensile strength and surface hardness. Consequently, the 
investigation demonstrated that it was possible to use multi-objective optimization 
techniques to alter the properties of FSP AMCs. 

Kumar et al. [33] fabricated Al 6082/SiC composites using FSP. SiC particles were 
used in different volume fractions (2%, 4%, 6%) and were dispersed in the aluminum 

matrix. A micrograph study depicted fine grain sizes and good interfacial adhesion of SiC- 
reinforced particles with the aluminum matrix. Mechanical tests proved that the ultimate 

tensile strength of the composites was enhanced up to 1.58-fold compared to the base 
material, with a hardness of 85.75 HB. The FSP process changed the Al 6082 matrix from a 
coarse-grained structure to a fine recrystallized grain structure with a nearly uniform 

distribution of SiC particles. This homogenous dispersion contributed to the improved 
mechanical properties and also proved the efficiency of FSP for preparing SiC-reinforced 

aluminum composites. 
Coal, as an innovative reinforcement material, presents distinct advantages, 

including cost-effectiveness, abundance, and potential sustainability, setting it apart from 
traditional ceramic or metallic reinforcements. Despite these benefits, limited research has 
examined its integration into aluminum alloys, particularly for lightweight applications 

like those in marine environments. This study addresses this gap by optimizing the friction 
stir processing (FSP) parameters for AA5083/coal composites, advancing the development 

of cost-effective and durable materials. This study employs the Taguchi method and 
regression analysis to refine FSP design parameters and evaluate mechanical properties 
such as tensile strength and hardness. The findings are expected to demonstrate that coal 

can serve as a viable and economical reinforcement material, offering excellent durability 
for marine applications demanding long-term performance and reliability. 
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2. Materials and Methods 

2.1 Material Selection 

The base material used for this study was aluminum AA5083 plates of dimensions of 

250 mm × 55 mm × 6 mm to prepare aluminum metal matrix composite materials. Based 

on mechanical tests, these alloys possessed an ultimate tensile strength of 311 MPa, a 

percentage of elongation of 58.65%, and 93.07 HV hardness. The content of the components 

of the AA5083 alloy is described in Table 1. The balance of this composition is important in 

the assessment of its material properties and the application potential of the alloy, especially 

concerning the friction stir processing explored in this study. Coal particles, comprising 5% 

of the composite’s volume, were incorporated as a reinforcement material. 

Table 1. The composition of AA5083-H111 in wt % [34]. 
 

BM Cu Cr Cr Fe Mg Mn Si Ti Zn Al 

AA5083 0.02 0.05 0.05 0.16 4.03 0.69 0.15 0.02 0.01 Bal 

 

2.2 Parameter Selection Using Taguchi 

A Taguchi L9 orthogonal array was employed to systematically investigate the ef- 

fects of three key FSP parameters—tool tilt angle, tool traverse speed, and tool rotational 

speed—on the desired response variables. MINITAB18 software was used to analyze the 

experimental data. Each of these parameters was used at three different levels, therefore 

leading to a total number of nine experimental conditions. These parameters were chosen 

based on prior research [35]. The experimental matrix is provided in two tables, namely, 

Tables 2 and 3, illustrating the precise parameter variations that were employed in the 

tests. This systematic method allows the different conditions of the chosen FSP param- 

eters and their effects on the properties of the developed aluminum matrix composites to 

be evaluated systematically to identify the best option as informed by the results of the 

experiments. 

Table 2. Processing factors and levels. 
 

Level 
Tilt Angle (TA) 

[ ] 
Traverse Speed (TS) 

[mm/min] 
Rotational Speed (RS) 

[rpm] 

1 1 30 600 
2 1.75 45 900 

3 2 60 1200 

 
Table 3. Taguchi L9 design matrix. 

 

No of Tests 
Tilt Angle Traverse Speed Rotational Speed 

[ ] [mm/min] [rpm] 

1. 1 30 600 
2. 1.75 45 600 
3. 2 60 600 
4. 1.75 30 900 
5. 2 45 900 
6. 1 60 900 
7. 2 30 1200 
8. 1 45 1200 

9. 1.75 60 1200 
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2.3 Fabrication Method 

To create the aluminum metal matrix composite, two AA5083 sheets were first friction 

stir-welded together. Subsequently, holes of 2.5 mm diameter, 4 mm depth, and 15 mm 

interval along the weld line were drilled. Coal reinforcement was then inserted into these 

drilled holes, after which a pinless friction stir processing (FSP) tool was utilized to close 

them securely. Subsequently, a high-speed steel FSP tool featuring a triangular pin profile 

was employed to conduct the FSP pass. To detail the FSW/FSP tool, this tool has a shoulder 

diameter of 20 mm, a probe diameter of 7 mm, and a pin length of 5.7 mm, which enables 

the processing of the aluminum composite material. 

3 Results and Discussions 

3.1 Mechanical Properties 

Following FSP, tensile and hardness specimens with orientation perpendicular to the 

processing direction were cut. Tensile specimens were prepared based on ASTM E-8M-04 

standards [36] and tested on the Hounsfield tensile test machine. Microhardness measure- 

ments were carried out using a Vickers microhardness tester following ASTM E-384 [37] at 

room temperature with the help of the Innova Test Falcon 500 hardness testing machine. 

The tensile and microhardness specimen samples and size configuration are depicted in 

Figures 1 and 2 below. The tensile strength and hardness of AA5083/coal composites are 

represented in Table 4, highlighting the effects of different process parameters with 

confidence intervals (CI). 
 

Figure 1. Samples of tensile and hardness specimens. 

 

Figure 2. Tensile and hardness specimen size and configuration. 
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Table 4. AA5083/coal composite mechanical properties with confidence intervals. 

 

Experiment No. UTS (MPa) CI for UTS (MPa) PE (%) CI for PE (%) MH (HV) CI for MH (HV) 

1. 167 167 ± 5 11.9 11.9 ± 0.3 93.6 93.6 ± 0.5 
2. 109 109 ± 5 7.00 7.00 ± 0.3 88.3 88.3 ± 0.5 
3. 224 224 ± 5 22.4 22.4 ± 0.3 92.7 92.7 ± 0.5 
4. 134 134 ± 5 12.2 12.2 ± 0.3 96.3 96.3 ± 0.5 
5. 242 242 ± 5 20.7 20.7 ± 0.3 90.7 90.7 ± 0.5 
6. 161 161 ± 5 21.2 21.2 ± 0.3 92.4 92.4 ± 0.5 
7. 101 101 ± 5 7.60 7.60 ± 0.3 95.3 95.3 ± 0.5 
8. 181 181 ± 5 12.8 12.8 ± 0.3 93.1 93.1 ± 0.5 

9. 141 141± 5 9.38 9.38 ± 0.3 95.9 95.9 ± 0.5 

 

3.1.1 Tensile Strength 

The UTS of the base AA5083/coal composite was very comparable to the base AA5083 

material; however, the particle reinforcement decreased the ductility of the material. The 

results of this study align with the literature [38–41], wherein single-pass composites 

recorded lower tensile strengths than the base material. 

3.1.2 Hardness 

Reinforcements enhance hardness, surpassing base material values. Variations due to 

recrystallization, grain size, particle distribution, and intermetallic particle fragmen- tation 

contribute to higher hardness [42,43]. This study’s findings align with previous research 

[44]. 

3.1.3 Comparison Plots of Investigational and Regression-Predicted Values 

The regression equation is adjusted with the help of taking the investigational out- 

put responses to define the correlation between the input process parameters and re- 

quired mechanical properties. Equations (1)–(3) represent the regression models developed 

to predict the maximum tensile strength, percentage elongation, and hardness of the 

AA5083/coal composites. 

The following equations represent the developed regression models: 

 

UTS (MPa): 135  0.0428 RS (rpm) + 1.38 TS (mm/min) + 2.1 TA (deg). (1) 

 
The regression equation for tensile strength indicates a negative relationship with 

rotational speed (RS) and positive relationships with traverse speed (TS) and tilt angle (TA). 

This aligns with physical expectations, as excessive rotational speed can lead to overheating, 

causing grain growth and reducing tensile strength. Conversely, higher traverse speeds 

promote finer grain structures and improved bonding, enhancing tensile strength. The tilt 

angle’s positive effect is consistent with its role in optimizing material flow and ensuring 

adequate consolidation during FSP. 

PE (%): 9.9  0.00647 RS (rpm) + 0.236 TS (mm/min)  0.53 TA (deg). (2) 

 
The equation for percentage elongation reveals a slight reduction in elongation with 

increasing rotational speed and tilt angle. This is physically justifiable, as higher rotational 

speeds and tilt angles can introduce excessive thermal gradients and reinforce particle 

agglomeration, leading to reduced ductility. The positive influence of traverse speed 
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suggests that moderate deformation rates support better distribution of reinforcements, 

maintaining ductility to some extent.

MH (HV): 81.65 + 0.00667 RS (rpm) + 0.0183 TS (mm/min) + 2.00 TA (deg). (3)

The equation for microhardness reflects a positive relationship with all parameters, 

with tilt angle having the most substantial influence. This supports the notion of high heat 

generation, where rotational and traverse speeds are high to promote the development of

a fine-grained microstructure and well-distributed reinforcements that would increase the 

hardness of the material. Additionally, the significant effect of tilt angle highlights its 

critical role in achieving optimal surface contact and particle integration during FSP.

Below, we detail the alignment with physical expectations achieved by these equations. 

The regression equations generally align with established theories of material behavior 

under FSP. The dominant role of traverse speed and tilt angle in tensile strength and 

microhardness is consistent with their impact on material flow and thermal dynamics. But 

such variations regarding physical expectations, for instance, the incremented positive

slope of rotational speed on microhardness, may be due to local variation in heat input or

particle distribution that the regression model has failed to capture completely.

The findings determined using the regression equations to analyze the mechanical 

properties of AA5083/coal composites are shown in Table 5. Figure 3 displays the relative 

UTS, PE, and MH obtained from experiment and regression equations predictions.

Table 5. Regression-predicted values with % errors.

Experiment No. UTS (MPa) Fits Error (%) PE (%) Fits Error (%) MH (HV) Fits Error (%)

1. 167 153.2 8.270 11.9 12.6 6.030 93.6 88.2 5.77
2. 109 175.4 60.92 7.00 15.7 125.2 88.3 89.9 1.89
3. 224 196.6 12.25 22.4 19.2 14.38 92.7 90.7 2.11
4. 134 141.9 5.900 12.2 10.3 15.74 96.3 91.7 4.78
5. 242 163.8 32.60 20.7 13.7 33.85 90.7 92.5 1.95
6. 161 181.7 12.87 21.2 17.8 16.22 92.4 90.8 1.79
7. 101 129.6 28.30 7.60 8.21 7.970 95.3 942 1.16
8. 181 148.2 18.12 12.8 12.8 4.100 93.1 92.5 0.67

9. 141 170.4 20.87 9.38 15.4 64.47 95.9 94.2 1.73

Confidence intervals: CI for UTS (MPa) = ±5 CI for PE (%) = ±0.3 CI for MH (HV) = ±0.5.
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Figure 3. Experimental and regression predicted values: (a) ultimate tensile strength; (b) percentage 

elongation; and (c) microhardness.

3.1.4 Microstructural Analysis

Figure 4 displays the optical microstructures of the composites evaluated under vary- 

ing friction stir processing (FSP) parameters. Figure 4a–c illustrate the microstructure 

of the AA5083/coal composite at rotational speeds of 600 rpm and traverse speeds of 

30 mm/min, 45 mm/min, and 60 mm/min, with corresponding tilt angles of 1 , 1.75 , and 

2 , respectively. Similarly, Figure 4d–f present the microstructures at 900 rpm, with tilt 

angles of 1.75 , 2 , and 1 , paired with traverse speeds of 30 mm/min, 45 mm/min, and 60

mm/min, respectively. Lastly, Figure 4g–i detail the microstructure at 1200 rpm, where the 

tilt angles and traverse speeds are set at 2 and 30 mm/min, 1 and 45 mm/min, and

1.75 and 60 mm/min, respectively.
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 4. Optical microstructures of AA5083/coal composites captured at 20× 100 µm magnification, 

showing the effects of varying FSP parameters. (a–c) Microstructures at 600 rpm with traverse speeds 

of 30 mm/min, 45 mm/min, and 60 mm/min, and tilt angles of 1 , 1.75 , and 2 , respectively. 

(d–f) Microstructures at 900 rpm with traverse speeds of 30 mm/min, 45 mm/min, and 60 mm/min, 

and tilt angles of 1.75 , 2 , and 1 , respectively. (g–i) Microstructures at 1200 rpm with traverse speeds 

of 30 mm/min, 45 mm/min, and 60 mm/min, and tilt angles of 2 , 1 , and 1.75 , respectively. 

 

The microstructural analysis provides crucial insights into the dispersion of coal 

reinforcement particles within the AA5083 matrix, highlighting the influence of varying 

FSP parameters on particle distribution and bonding. The images indicate that while coal 

particles are present within the stir zone, the percentage of bonded particles appears low, 

potentially due to limited material flow during processing [45–49]. These findings align 

with observations in [50–52], which noted that non-uniform particle dispersion significantly 

impacts the failure behavior and plastic deformation of metal-based composites. 

This uneven distribution and incomplete bonding between the coal reinforcement 

and the matrix adversely affect mechanical properties, including tensile strength and 

ductility [50,53]. These results underscore the critical role of processing conditions in 

optimizing particle dispersion and improving the overall composite performance. 

3.2 Signal-to-Noise Ratio Analysis 

In order to compare the means of the responses obtained for varying levels of speed, 

feed, and tilt angle and find out the significance of speed, feed, and tilt angle on hardness 
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and tensile strength, the data were analyzed by using MINITAB18 software. For this, the 

following steps were taken: The means and signal/noise ratio were calculated. The goal 

was to maximize hardness and tensile strength, so “the-larger-the-better” criteria were used 

for signal-to-noise ratio calculations. For optimization, S/N ratios are used instead of mean 

values to evaluate response characteristics. The choice of S/N ratio depends on the desired 

outcome. Since higher values of microhardness and ultimate tensile strength are desirable, 

a “the-higher-the-better” quality characteristic is applicable. This corresponds to a higher 

S/N ratio, indicating optimal process parameter levels. 

“The-larger-the-better” signal-to-noise ratio can be calculated using the following 
formula [54–57]: 

 =  10 log    (4) 

 

where n = the number of experimental repetitions and y = the re-response factor at the i-th 

level. The S/N ratio for parameter combinations for AA5083/coal composite based on the 

experimental test result is also presented in Table 6 and Figure 5. 

Table 6. S/N ratio on ultimate tensile strength, percentage elongation, and hardness. 
 

Experiment 
No. 

UTS 
(MPa) 

S/N Ratio 
For UTS 

PE 
(%) 

S/N Ratio 
For PE 

MH 
(HV) 

S/N Ratio 
For HV 

1. 167 44.45 11.9 21.55 93.6 38.66 
2. 109 40.745 7.00 16.90 88.3 38.92 
3. 224 47.00 22.4 27.02 92.7 39.34 
4. 134 42.54 12.2 21.71 96.3 39.67 
5. 242 47.68 20.7 26.33 90.7 39.15 
6. 161 44.14 21.2 26.52 92.4 39.34 
7. 101 40.09 7.60 17.62 95.3 39.42 
8. 181 45.15 12.8 22.11 93.1 39.38 

9. 141 42.98 9.38 19.44 95.9 39.28 

                     

                     
(a) 

Figure 5. Cont. 
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(b) 

                      
(c) 

Figure 5. AA5083/coal composite SN ratio and mean plot: (a) UTS; (b) PE; (c) HV. 

 

For the AA5083/coal composite, the increases in ultimate tensile strength, percentage 

elongation, and microhardness by tilt angle at level three, traverse speed at level three, and 

rotary speed at level two are shown in Figure 5. In the experiment, it was found that the best 

parameters were achieved at a tilt angle of 2 degrees, a traverse speed of 60 mm/min, and 

a rotational speed of 900 rpm. Earlier works [56,57] have used a larger-is-better approach 

to optimize the mechanical characteristics of metal matrix composites. 

Ranking of Contributing Factors and Determining Optimum Conditions 

The S/N ratios and mean responses of UTS, PE, and HV are depicted in Tables 7–9. 

The results in Table 7 also illustrate that tilt angle has the highest impact on UTS at rank 1, 

followed by traverse speed at rank 2 and rotational speed at rank 3. Rating analysis of the 

extent of effects provided in Table 8 shows that percentage elongation is most influenced 

by rotational speed at rank 1, followed by tilt angle at rank 2 and then traverse speed at 

rank 3. Finally, the values ranking the input parameters with respect to microhardness are 

presented in Table 9. Among those, rotational speed is most important, tilt angle is the 

second most important, and traverse speed is the least important parameter. From the main 
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effects response results, it is clear that the best values for process parameters that yield the 

highest UTS, PE, and HV are rpm 900, feed rate 60mm/min, and angle 2 , as discussed in 

Section 3.2. 

 

                                                            Table 7. Main effect response table for ultimate tensile strength. 
 

S/N Ratio Response Mean Response 

Level 
Tilt Angle ( ) 

Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

Tilt Angle ( ) 
Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

1 44.58 42.36 44.07 169.7 134.0 166.7 
2 42.09 44.53 44.78 128.0 177.3 179.0 
3 44.92 44.71 42.74 189.0 175.3 141.0 

Delta 2.83 2.35 2.04 61.0 43.3 38.0 

Rank 1 2 3 1 2 3 

 
                                                             Table 8. Main effect response table for S/N ratio of parameters on percentage elongation. 
 

S/N ratio Response Mean Response 

Level 
Tilt Angle ( ) 

Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

Tilt Angle ( ) 
Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

1 23.39 20.29 21.82 15.29 10.58 13.79 
2 19.35 21.78 24.85 9.520 13.49 18.03 
3 23.65 24.33 19.72 16.92 17.66 9.910 

Delta 4.30 4.03 5.13 7.400 7.087 8.120 

Rank 2 3 1 2 3 1 

 
                                                            Table 9. Main effect response table for S/N ratio of parameters on microhardness. 
 

S/N Ratio Response Mean Response 

Level 
Tilt Angle ( ) 

Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

Tilt Angle ( ) 
Traverse Speed 
(mm/min) 

Rotational 
Speed (rpm) 

1 39.12 39.25 38.97 90.41 91.84 88.90 
2 39.29 39.15 39.38 92.23 90.69 93.12 
3 39.31 39.31 39.36 92.28 92.39 92.90 

Delta 0.18 0.16 0.40 1.87 1.69 4.22 

Rank 2 3 1 2 3 1 

 

3.3 Analysis of Variance 
     In the evaluation of process parameters, ANOVA was applied to identify the statistical 
significance of the findings. A frequency test was used in statistics to analyze the parameter 
effects that define the quality of properties [58]. From the analysis conducted below, the pa- 
rameter contribution to the output response in terms of percentile and F-value (probability 
distribution) was established. Tables 10 and 11 show the results of analysis of variance for 
the signal-to-noise ratio and mean of ultimate tensile strength, percentage elongation, and 
hardness. Based on the analysis of variance results, none of the factors (TA, TS, and RS) 
were found to have a statistically significant impact on any of the response variables (UTS, 
PE, and HV) at the 0.05 significance level. This indicates that the experimental design may 
not have been effective in identifying significant factors or that the chosen factors do not 
have a strong influence on the responses. Further analysis, such as examining interaction 
effects or refining the experimental design, may be necessary to gain more insights. 
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                                                              Table 10. Factor contribution to the variation in S/N ratio. 
 

Source 
Degree of Freedom 
(DF) 

Seq SS Adj SS Adj MS % Contribution F-Value p-Value 

For UTS        

TA ( ) 2 14.33 14.33 7.165 27.05 0.65 0.605 
TS (mm/min) 2 10.23 10.23 5.116 19.31 0.47 0.682 
RS (rpm) 2 6.451 6.451 3.226 12.18 0.29 0.773 
Error 2 21.97 21.97 10.98 41.47   

Total 8 52.98      

For PE        

TA ( ) 2 34.89 34.89 17.45 30.03 2.12 0.320 
TS (mm/min) 2 24.97 24.97 12.49 21.89 1.52 0.397 
RS (rpm) 2 39.93 39.93 19.96 34.36 2.43 0.292 
Error 2 16.44 16.44 8.221 14.15   

Total 8 116.2      

For HV        

TA ( ) 2 0.064 0.064 0.032 9.169 0.23 0.815 
TS (mm/min) 2 0.040 0.040 0.020 5.731 0.14 0.874 
RS (rpm) 2 0.313 0.313 0.157 44.84 1.12 0.472 
Error 2 0.280 0.280 0.140 40.11   

Total 8 0.698      

 
                                                           Table 11. Factor contribution to the variation in means. 
 

Source 
Degree of Freedom 
(DF) 

Seq SS Adj SS Adj MS % Contribution F-Value p-Value 

For UTS        

TA ( ) 2 5831 5831 2915 31.71 0.87 0.535 
TS (mm/min) 2 3590 3590 1795 19.53 0.54 0.651 
RS (rpm) 2 2255 2255 1127 12.27 0.34 0.748 
Error 2 6710 6710 3355 36.49   

Total 8 18386      

For PE        

TA ( ) 2 90.74 90.74 45.37 31.48 4.05 0.198 
TS (mm/min) 2 76.12 76.12 38.06 26.41 3.40 0.227 
RS (rpm) 2 98.96 98.96 49.48 34.33 4.42 0.185 
Error 2 22.40 22.40 11.20 7.772   

Total 8 288.2      

For HV        

TA ( ) 2 6.799 6.799 3.400 8.948 0.22 0.820 
TS (mm/min) 2 4.477 4.477 2.239 5.892 0.14 0.873 
RS (rpm) 2 33.83 33.83 16.91 44.52 1.10 0.477 
Error 2 30.88 30.88 15.44 40.64   

Total 8 75.98      

Percentage of Contributions 

Figure 6 displays the percentage contribution based on ANOVA. The ANOVA of the S/N 
ratio for UTS, PE, and HV reveals that tilt angle significantly impacts the output response 
for ultimate tensile strength, with a percentage of 27.05%. Elongation and hardness also show 
strong dependency on tool rotational speed, at 34.37% and 44.84%, respectively. The 
frequency value agrees with the contribution percentage and the ranking in the table. The 
results support the importance of tool rotational speed in the output response. The tilt 
angle’s impact on tensile strength is due to its control over material flow and tool 
penetration, which are essential for defect prevention and bonding [59]. Rotational speed
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significantly influences microhardness, emphasizing the significance of heat generation in 
grain refinement and particle distribution [60–62].

                                                   
                                                             Figure 6. Percentage contribution of process parameters for UTS, PE, and HV.

3.4 Confirmation Test

    Additional experiments were conducted using the identified optimal settings to vali- date
the optimized process parameters. The tool rotational speed, traverse speed, and tilt angle
were set to 900 rpm, 60 mm/min, and 2 degrees [63]. Three confirmation tests were 
conducted on AA5083/coal composites. The average UTS was found to be 244.7 MPa. The 
average hardness was determined to be 91.42. These confirmation tests demonstrated the 
effectiveness of the optimized parameters in enhancing the mechanical properties of the 
composites, reinforcing the findings from the initial experimental phase.

4. Conclusions

This study successfully optimized the fabrication of AMMCs using friction stir pro- cessing 
and the Taguchi L9 factorial method. This study effectively developed a surface composite
by employing AA5083 as the matrix material and coal as the reinforcement. The Taguchi
method was employed to identify the optimal process parameters for maximizing both
tensile strength and hardness in the AA5083/coal composite. The Taguchi technique 
allowed us to draw the following conclusions:

• The experimental tensile strength of the AA5083/coal composite reached a maximum 

of 242 MPa, which is comparable to the 311 MPa ultimate tensile strength of the base 

AA5083 material. Although the composite exhibited similar mechanical properties 

to the base material, its ductility was reduced due to the presence of reinforcing coal 

particles.

• The experimental microhardness of the AA5083/coal composite reached a maximum 

of 96.3 HV, which is higher than the 93.1 HV hardness of the base material AA5083. The 

incorporation of reinforcements enhanced the hardness of the composite, surpassing 

the base material values. These parameters include recrystallization, grain refinement, 

particle distribution, and intermetallic particle fracture.

27

19

12

41

30

22

34

14

9
6

45

40

0

5

10

15

20

25

30

35

40

45

TA (deg) TS (mm/min) RS (rpm) Error

%
 C

O
N

T
R

IB
U

T
IO

N

Percentage contribution of process

parameters

% Contribution for UTS % Contribution for PE % Contribution for HV



16 

 

 

• The extent to which tool rotation, traverse speed, and tool tilt influenced the tensile 

strength, elongation, and hardness of the AA5083/coal composite joints was found 

to be highest at 900 rpm, 60 mm/min, and 2 degrees, in that order. Specific values 

for tilt angle, traverse speed, and rotational speed set at level 3 and level 2 resulted in 

optimal mechanical properties for these features. 

• The ANOVA results revealed that tilt angle was the most influential factor influenc- 

ing ultimate tensile strength, contributing 27.047% to the overall variance. Traverse 

speed and rotational speed followed, accounting for 19.307% and 12.176%, respec- 

tively. For percentage elongation, rotational speed emerged as the most significant 

factor, contributing 34.368% to the variance. Tilt angle and traverse speed had con- 

tributions of 30.025% and 21.888%, respectively. Finally, rotational speed was again 

identified as the most influential factor for microhardness, contributing 44.842% to the 

variance. Tilt angle and traverse speed followed, with contributions of 9.1691% and 

5.7306%, respectively. 

• Despite this, the regression models used give useful predictive estimates, and their va- 

lidity is constrained by the design of the experiment and the ranges of the parameters 

used. Further analysis incorporating interaction terms or advanced regression tech- 

niques (e.g., response surface methodology) could offer a more nuanced understanding 

of the complex interdependencies between FSP parameters and mechanical properties. 

5. Limitations 

Although this study did not directly assess corrosion resistance, AA5083 is well-known 

for its exceptional corrosion performance in marine environments. Future research will 

focus on evaluating the effect of coal reinforcement on the alloy’s corrosion resistance and 

its durability under simulated marine conditions. 

6. Scientific Contributions 

The authors’ scientific contribution lies in the innovative use of coal particles as a 

reinforcement material for AA5083 aluminum matrix composites produced through friction 

stir processing (FSP). This study uniquely integrates the Taguchi method and regression 

analysis to systematically optimize FSP parameters—rotational speed, traverse speed, and 

tilt angle—and examine their impact on mechanical properties such as tensile strength, 

hardness, and ductility. 

In contrast to prior research, which primarily focuses on conventional reinforcements 

like ceramics or carbon-based materials, this study explores the potential of coal as a plen- 

tiful, cost-effective, and environmentally sustainable alternative. The findings provide 

valuable insights into the viability of incorporating coal particles into aluminum alloys, par- 

ticularly for marine applications, where corrosion resistance and mechanical performance 

are crucial. Moreover, the inclusion of confirmation tests enhances the reliability of the opti- 

mized parameters, establishing a robust framework for future research on unconventional 

reinforcement materials. 
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Abstract: The fabrication of AA5083/SiC composites by the friction stir processing (FSP) 

method is the main objective of this study. The study looks at how the mechanical proper- 

ties of the composites are affected by three important process parameters: traversal speed, 

rotational speed, and tilt angle. The Taguchi L9 design matrix was used to effectively inves- 

tigate parameter effects, decreasing experimental trials and cutting expenses. Tensile testing 

measured tensile strength, whereas microhardness tests evaluated hardness. The findings 

showed that a maximum tensile strength of 243 MPa and a maximum microhardness of

94.80 HV were attained. The findings also showed that the optimal ultimate tensile strength 

(UTS) and percentage elongation (PE) were achieved at a tilt angle of 2 , a traverse speed 

of 30 mm per minute, and a rotating speed of 900 rev/min. On the other hand, a slightly 

greater traverse speed of 45 mm per minute was required to reach maximal microhardness 

(MH) with the same rotational speed and tilt angle. Analysis of variance (ANOVA) showed 

that rotational speed has a substantial impact on all mechanical properties, highlighting 

how important it is for particle dispersion and grain refining. This work is unique in that it 

systematically optimizes FSP parameters by using regression analysis and the Taguchi tech- 

nique in addition to ANOVA. This allows for a better understanding of how these factors 

affect the mechanical properties of SiC-reinforced composites. The findings contribute to 

advancing the cost-effective fabrication of high-performance metal matrix composites for 

industrial applications requiring enhanced strength and durability.

Keywords: ANOVA; aluminum alloy; mechanical properties; metal matrix composite; 

friction stir welding/processing; Taguchi

1. Introduction

Aluminum matrix composites (AMMCs) have been recognized as a suitable material in 

several applications because they possess impressive mechanical, thermal, and tribological 

properties. Relative to conventional lightweight materials such as aluminum alloys and 

monolithic material classes, AMMCs possess greater specific stiffness and strength, higher 

operating temperature tolerance, reduced creep rates, and better wear characteristics [1]. 

AMMCs are widespread and use of AMMCs may range from bicycles to spacecraft, medical 

equipment to electronic packaging, and home appliances to space vehicles. Because of 

their superior surface contact characteristics, high strength-to-mass ratio, and improved
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corrosion potential, ceramic-reinforced aluminum matrix composites are gradually taking 

the place of monolithic alloys in the automotive, marine, and aviation sectors [2–4]. 

AMMC manufacturing techniques fall into two main categories: liquid phase process- 

ing techniques including squeeze casting, stir casting, and compo casting, and solid-state 

processing techniques like FSP, physical vapor deposition, diffusion bonding, and powder 

metallurgy. During the liquid stage, unwanted intermetallic compounds are produced 

that are detrimental to the material’s mechanical properties. However, the conventional 

methods of solid-state processing have excluded the formation of intermetallic besides 

reducing distortion, defects on the material, and hydrogen porosity that was evident during 

the fabrication of aluminum alloy through liquid phase processing [5]. 

FSP offers numerous advantages over other fabrication techniques, including low 

environmental impact, high energy efficiency, minimal processing steps, and no required 

heat treatment. Primary FSP applications for microstructure alteration in various metallic 

materials include homogenization of Al alloys [6] and AMMCs [7,8], superplasticity en- 

hancement [9,10], fatigue life improvement in arc-welded steel [11,12], improvement of as-

cast Al alloys [13,14], fabrication of ex situ [15–18] and in situ composites [19–23], and 

metal foam fabrication [24]. 

FSP is a cutting-edge technique for surface modification and composite fabrication, 

controlling material microstructure and mechanical properties. It functions as a surface 

modification technique without reinforcement and as a composite fabrication technique 

when reinforcements are included. It alters material properties by inducing high levels of 

localized plastic deformation [25]. While inspired by friction stir welding (FSW), developed 

in 1991 at a welding institute [26,27], FSP does not join metals. 

When performing FSP, a one-of-a-kind tool that cannot be removed is employed. This 

tool has a pin with a small diameter and a shoulder with a concentric, larger diameter. The 

tool pin and shoulder work together to control the depth of material penetration. The 

process begins with the tool rotating at high speed while exerting a downward force. As the 

rotating pin engages with the workpiece surface, frictional heat is generated. This localized 

heating softens the material, allowing the pin to penetrate deeper into the workpiece. Once 

the pin penetrates the material, the shoulder comes into contact with the workpiece surface, 

generating further frictional heat. This combination of pin rotation, downward force, and 

frictional heat leads to localized heating, material softening, and plastic deformation within 

the workpiece [28]. 

The impact of plastic deformation processes on the mechanical properties of the com- 

posites was examined, and the results showed that there was a substantial link between 

plastic deformation and mechanical properties. Recent research has emphasized the critical 

role of these mechanisms in overall performance. Studies on particle-reinforced metal 

matrix composites (MMCs) [29,30] have highlighted the importance of interface bonding 

and particle distribution for strength and ductility. Strong interfacial bonding facilitates ef- 

fective load transfer, whereas uniform particle distribution minimizes stress concentrations. 

Several studies [31,32] show that FSP can significantly influence these factors by promoting 

homogeneous particle distribution and improving interfacial bonding through localized 

plastic deformation and heat input. However, the specific mechanisms vary depending on 

the processing parameters and the composite system. 

Some studies [33] suggested that high rotational speeds can cause excessive 
heat and detrimental interfacial reactions, whereas others [34] showed that 
optimized FSP parameters can significantly improve strength and ductility by 
refining the microstructure and promoting uniform deformation. The role of 
dislocation activity in the matrix and its interaction with reinforcement particles 
have also been extensively studied [35,36]. These studies demonstrate that 
reinforcement particles can impede dislocation motion, 
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leading to strengthening, but can also introduce stress concentrations that affect fracture 

behavior. Therefore, understanding the interplay between the FSP parameters, plastic 

deformation mechanisms, and resulting mechanical properties is crucial for tailoring 

composite materials. 

The process parameters, such as the tool rotating speed, tool profile, traverse speed, 

preheat temperature, pressure applied, and so on, are subject to significant variation and 

change depending on the material that is utilized, the composite property that is required, 

and the availability of equipment that is utilized during the fabrication process utilizing FSP. 

These parameters require optimization through experimentation and process development 

to achieve desired AMMC characteristics. Many researchers use Design of Experiments 

(DOE) to determine the impact of multiple parameters on aluminum matrix composite 

mechanical properties [26]. 

The Taguchi approach, mathematical programming, response surface design, simu- 

lated annealing, tabu search, and genetic algorithms are further techniques used for this 

purpose [37]. Among all these, the Taguchi method is one of the most used Design of Exper- 

iments techniques for optimizing the control aspects in a real approach in addition to the 

result analysis of various control factors on performance behavior [38]. Taguchi’s technique 

is applied to investigate the rank of each process parameter of an alloy or composites for 

the performance features [39,40]. ANOVA, or analysis of variance, is one of the models 

used to build and evaluate experiment data when the least squares approach is applied. 

There has been a limited amount of research conducted on improving the process 

parameters in order to improve the mechanical properties of AA5083/SiC composites, 

despite the fact that FSP is used extensively. Specifically, in AA5083/SiC composites, 

understanding how FSP influences SiC particle distribution, interfacial bonding with the 

AA5083 matrix, and the resulting plastic deformation is crucial for optimizing properties 

like ultimate tensile strength (UTS), percentage elongation (PE), and microhardness (MH). 

This work seeks to close this gap by carefully investigating the impacts of rotational speed, 

traverse speed, and tilt angle on UTS, PE, and MH. This study is unique in that it uses both 

the Taguchi technique and regression analysis, as well as ANOVA, to determine the 

contributions of these factors to the mechanical performance of SiC-reinforced composites. 

By filling this gap, the study helps to create cost-effective production methods for high- 

strength composites designed for industrial applications. 

2. Experimental Procedure 

2.1. Material Used 

The base alloy used in this study, AA5083, has the following specific composition: 

0.05% chromium, 0.02% copper, 0.16% iron, 4.03% magnesium, 0.69% manganese, 0.15% 

silicon, 0.02% titanium, and 0.01% zinc [41]. The chemical composition of the base material 

was analyzed using a Belec Compact Spectrometer HLC, manufactured by Belec Spectrom- 

etry Opto-Electronics GmbH (Georgsmarienhütte, Germany). Aluminum plates measuring 

250 mm × 50 mm × 6 mm were used. Table 1 displays the mechanical properties of AA5083. 

The reinforcement in this study was silicon carbide particle powder, which makes up 5% of 

the composite’s volume. 

Table 1. The base material AA5083’s mechanical properties. 
 

                                                         Mechanical Properties 
 

Ultimate Tensile Strength 311 MPa 
Percentage Elongation 58.65% 
Microhardness 93.07 HV 
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2.2. Parameter Selection for Fabrication of AMMCs 

A Taguchi L9 orthogonal array was employed to optimize friction stir processing (FSP) 

parameters and minimize experimental runs. This design efficiently investigates three 

factors at three levels with only nine trials, significantly reducing the 27 runs required for a 

full factorial design. The chosen parameters were traverse speed (30, 45, 60 mm per min), 

rotational speed (600, 900, 1200 rev/min), and tilt angle (1 , 1.75 , 2 ). The L9 matrix 

systematically assigns parameter levels across the nine trials, ensuring unbiased analysis 

using the Minitab 18 software. This approach offers substantial time and resource savings, 

enables statistical analysis via signal-to-noise (S/N) ratios and ANOVA, and facilitates the 

identification of optimal conditions for improved AA5083/SiC composite mechanical 

properties. Table 2 details the factors and levels, while Table 3 presents the resulting nine-

run design matrix generated using the Minitab 18 program. 
 

Table 2. Parameters of Processing and Their Levels. 
 

                                                                                                                                                       Level of Parameters 

Process Parameters Factor Symbol Unit 
1 2 3 

Traverse speed (TS) [mm per min] 30 45 60 
Rotational speed (RS) [rev/min] 600 900 1200 

Tilt angle (TA) [ ] 1 1.75 2 

 
Table 3. The design matrix of Taguchi L9. 

 

[ ] 
 
 
 
 
 
 
 
 
 

 
2.3. Fabrication of AMMCs 

The fabrication of AA5083/SiC composites was carried out using friction stir process- 

ing (FSP), with the AA5083 aluminum alloy as the base material and silicon carbide (SiC) 

particles as the reinforcement. Initially, two AA5083 plates (250 mm × 50 mm × 6 mm) 

were joined using friction stir welding (FSW) to create a stable workpiece as shown in 

Figure 1a. A series of 2.5 mm diameter holes, spaced 15 mm apart and drilled to a depth of 

4 mm, were prepared along the weld line. These holes were filled with SiC particle powder 

(5% volume fraction) as shown in Figure 1b and sealed using a pinless FSP tool to prevent 

particle loss before processing as shown in Figure 1c. Finally, the last FSP pass is performed 

as shown in Figure 1d at room temperature. 

The FSW/FSP was performed using a Lagun FU.1-LA universal milling machine 

manufactured by the Lagun Machine Tools S.L.U. in Gipuzkoa in Spain and a custom- 

designed tool made of AISI 4140 high-speed steel, with a shoulder diameter of 20 mm, 

probe diameter of 7 mm, and a triangular pin of 5.8 mm. The pin-equipped tool and 

pinless tool are displayed in Figure 1e,f, respectively. It should be noted that the processing 

parameters used were determined through the Taguchi L9 orthogonal array, as described 

in Section 2.2, ensuring an optimized and systematic approach to parameter selection. 

 

 
 

 

No of Experiments 
Tilt Angle

 
Rotational Speed 

[rev/min] 
Traverse 
Speed [mm 
per min] 

1. 1 600 30 

2. 1.75 600 45 

3. 2 600 60 

4. 1.75 900 30 
5. 2 900 45 

6. 1 900 60 
7. 2 1200 30 

8. 1 1200 45 

9  1 75 1200 60 
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Traverse speed (30, 45, and 60 mm per min), rotational speed (600, 900, and 1200 rev/min), 

and tilt angle (1 , 1.75 , and 2 ) were the final parameters that varied with each run. 

 

(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 1. (a) FSW procedure; (b) Drilling of holes and filling them with SiC particles; (c) Using a 

pinless tool to close the hole; (d) FSP single-pass procedure; (e) Tool with pin tool; (f) Pinless. 

In the end, nine AA5083/SiC composite joints were successfully constructed and 

tested for tensile and hardness. Tensile specimens were extracted perpendicular to the 

processing direction following ASTM-E8M-04 [42] standards to ensure uniform sampling, 

and one specimen per condition was used to evaluate the mechanical performance. The 

Hounsfield tensile test machine was employed for specimen preparation and tensile testing. 

For hardness evaluation, microhardness specimens were also extracted perpendicular to 

the processing direction, and measurements were conducted using the Innova Test Falcon 

500 (manufactured by the INNOVATEST Europe BV Manufacturing Maastricht in the 

Netherlands). Hardness testing followed ASTM-E384 standard [43]. It should also be noted 

that one specimen was used to assess the microhardness in each condition. 

The tensile specimen dimensions and microhardness dimensions are shown 
in Figure 2, while Table 4 presents the measured values of the ultimate tensile 
strength (UTS), 

 
 
 



6 

 

 

yield strength (YS), percentage elongation (PE), and microhardness (MH) for each experi- 

mental run. 

 

Figure 2. Dimensions and arrangement of the hardness and tensile specimens. 

 
Table 4. AA5083/SiC Composite Mechanical Properties. 

 

Trial No. UTS (MPa) YS (MPa) PE (%) MH (HV) 

1. 71.5 57.20 9.88 94.78 
2. 114 91.20 11.75 89.57 
3. 88 70.40 11.23 89.57 
4. 210 168.0 29 89.39 
5. 145 116.0 18.45 94.80 
6. 141 112.8 19.9 92.95 
7. 243 194.4 29.5 90.56 
8. 132 105.6 18.7 93.65 

9. 121 96.80 12.08 89.56 

 

3. Results and Discussion 

3.1. Mechanical Properties 

3.1.1. Hardness 

The microhardness of the developed AA5083/SiC composites was higher than the 

base metal AA5083, having an average value of 93.07 HV. The outcome shows that hardness 

values presented here have marked differences under various FSP parameters from that of 

the base material. The improved microhardness is due to phenomena like recrystallization, 

grain refinement, distribution of particles, and intermetallic particle fragmentation [44,45]. 

These findings align with previous studies [46]. 

3.1.2. Tensile Strength 

The produced AA5083/SiC composites were found to have a UTS that was 
comparable to the AA5083 base material. However, as compared to the base 
material, the produced AA5083/SiC composites showed a slight reduction in 
ultimate tensile strength. The reduced tensile strength is due to SiC particle 
agglomeration and poor interfacial bonding between the reinforcement and the 
AA5083 matrix. Agglomeration creates stress concentrations that initiate cracks, 
weakening the composite. Poor bonding hinders effective load transfer, further 
reducing strength. This aligns with previous research [47–50] showing lower tensile 
strength in single-pass FSP composites compared to the base material, attributed to 
particle aggregation and resulting stress concentrations. This suggests that further 
optimization of processing parameters, such as multi-pass FSP or improved tool 
design, may be necessary to enhance particle distribution and bonding, ultimately 
improving tensile properties. 
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3.1.3. Comparison Plots of Regression-Predicted Values and Investigational Values 

The investigative output answers are used to develop the regression equation, which 

ensures the equivalence between the observed process parameters for FSP. Equations (1)–(3) 

display the regression equations that yield the maximum hardness, tensile strength, and 

percentage elongation. 

 Microhardness (HV): 86.60 + 0.00244 RS (rev/min) + 0.0453 TS (mm per min)  0.24 TA (deg). (1) 

Microhardness shows a positive relationship with both rotational speed (RS) and 

traverse speed (TS). Higher RS promotes fine grain structures and better dispersion of 

reinforcements, increasing hardness. Similarly, increased TS results in rapid cooling and 

refined grains, positively impacting hardness. Conversely, the negative effect of tool tilt 

angle (TA) suggests that steeper angles may reduce contact pressure or material mixing, 

slightly compromising hardness. These relationships align with the Hall–Petch effect, 

where finer grains enhance hardness. 

Percentage Elongation (%): 11.7 + 0.01523 RS (rev/min)  0.280 TS (mm per min) + 3.19 TA (deg). (2) 

Percentage elongation, a measure of ductility, increases with rotational speed (RS), 

albeit at a smaller coefficient than tensile strength. This reflects improved material ductility 

due to better mixing and reduced defects at higher RS. A negative relationship with 

traverse speed (TS) suggests that faster tool movement compromises material homogeneity, 

reducing ductility. The positive impact of tool angle (TA) indicates enhanced material 

flow and grain refinement, contributing to greater elongation. These trends align with the 

expected relationship between processing parameters and ductility. 

Tensile strength (MPa): 46.9 + 0.1236 RS (rev/min)  1.94 TS (mm per min) + 44.0 TA (deg). (3) 

The model indicates that rotational speed (RS) positively contributes to tensile strength, 

aligning with the expectation that higher rotational speeds promote better mixing of 

materials and defect reduction, enhancing strength. Traverse speed (TS) negatively affects 

tensile strength, likely due to reduced heat input and mixing time at higher speeds, leading 

to weaker bonding. The tool angle (TA) significantly increases tensile strength, as a higher 

tool angle improves material flow and consolidation. These effects align with the physical 

principles governing friction stir processing. 

Alignment with Physical Expectations 

The developed models effectively represent the known effects of friction stir processing 

(FSP) parameters on the mechanical characteristics of the material. This consistency with 

established physical assumptions enhances the credibility and reliability of the models. 

Higher rotational speeds (RSs) improve material properties by increasing heat input and 

enhancing mixing, leading to better bonding and defect reduction. Lower traverse speeds 

(TSs) contribute to improved material homogeneity and bonding but may reduce hardness 

due to slower cooling rates. Tool tilt angle (TA) plays a critical role in optimizing material 

flow and grain refinement, significantly enhancing tensile strength and elongation, although 

it may slightly compromise hardness in certain cases. By accurately capturing these 

relationships, the models demonstrate their reliability and consistency with established 

principles in mechanical and materials science, making them effective tools for predicting 

the properties of SiC composites. 

Table 5 displays the results obtained from the regression equations 
established to examine the mechanical properties of composites made of AA5083 
and SiC. This study is further demonstrated in Figure 3, which compares the 
regression equation predictions with the experimental results for microhardness, 
% elongation, and tensile strength. 
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(a) 

 

(b) 

 
(c) 

Figure 3. Results from experiments and regressions for (a) Microhardness (MH), (b) Percentage 

elongation (PE), and (c) Ultimate tensile strength (UTS). 
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Table 5. Experimental values vs. regression. 

 

TA TS RS UTS Fits 
% 

PE (%) 
Fits % MH 

Fits HV 
%

 

( ) (mm per min) (rev/min) (MPa) UTS Error  PE Error (HV)  Error 

1 30 600 71.5 106.929 49.6 9.88 15.5965 57.9 94.78 89.1813 5.90 
1.75 45 600 114 110.865 2.75 11.75 13.7938 17.4 89.57 89.6832 0.13 

2 60 600 88 92.788 5.44 11.23 10.3963 7.43 89.57 90.3038 0.82 
1.75 30 900 210 177.032 15.7 29 22.5588 22.2 89.39 89.7349 0.39 

2 45 900 145 158.955 9.59 18.45 19.1613 3.85 94.80 90.3555 4.69 
1 60 900 141 85.846 39.1 19.9 11.7765 40.8 92.95 91.2729 1.81 
2 30 1200 243 225.122 7.37 29.5 27.9263 5.33 90.56 90.4072 0.17 
1 45 1200 132 152.013 15.1 18.7 20.5415 9.87 93.65 91.3246 2.48 

1.75 60 1200 121 155.949 28.8 12.08 18.7388 55.2 89.56 91.8265 2.53 

 

3.2 Microstructural Analysis 

The microstructures of the AA5083/SiC composites are illustrated in Figure 4, high- 

lighting the effects of different processing parameters. Figure 4(a1–a3) display the mi- 

crostructures of composites processed at a rotational speed of 600 rev/min, with traverse 

speeds of 30, 45, and 60 mm per min and tilt angles of 1 , 1.75 , and 2 , respectively. Simi- 

larly, Figure 4(b1–b3) show the microstructures at a higher rotational speed of 900 rev/min, 

using the same traverse speeds of 30, 45, and 60 mm per min but with tilt angles of 1.75 , 2 , 

and 1 . Lastly, Figure 4(c1–c3) present the microstructures obtained at 1200 rev/min, where 

the traverse speeds remain 30, 45, and 60 mm per min but the tilt angles are set at 2 , 1 , 

and 1.75 , respectively. This systematic comparison provides insight into how variations in 

rotational speed, traverse speed, and tilt angle influence the microstructural characteristics 

of the composite material. 

Post-weld microstructural analysis, as evidenced by the highlighted regions in Figure 4 

(yellow circles), confirmimed the presence of silicon carbide (SiC) particles within the 

nugget zone; however, only a small fraction of these particles exhibit proper metallurgical 

bonding with the AA5083 matrix. The weak interfacial bonding also indicated by the yellow 

circles, can be attributed to insufficient heat generation and material flow constraints during 

friction stir processing (FSP), which limit the full incorporation of SiC particles into the 

matrix. This inadequate bonding reduces effective load transfer between the reinforcement 

and the matrix, ultimately compromising tensile strength and ductility [51–55]. 

A closer examination of secondary phase particle distribution reveals that SiC particles 

are not uniformly dispersed throughout the nugget zone, and these results are consistent 

with observations by [56–58]. Instead, regions of agglomeration are observed, where 

clusters of reinforcement particles accumulate. This nonuniform particle movement creates 

stress concentration sites that can initiate microcracks, further weakening the composite 

structure [56,59]. 

Overall, the images provide insight into the degree of interfacial bonding and particle 
distribution. In some regions, strong metallurgical bonding between SiC particles and the 

AA5083 matrix is observed, suggesting effective diffusion at the interface. However, in 
other areas, gaps and voids exist at the interface, indicating poor adhesion between the 
matrix and the reinforcement. This suggests that further optimization of FSP parameters, 

such as multi-pass processing or controlled heat input, may be necessary to achieve a more 

uniform dispersion and stronger interfacial bonding. 
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(b1) (b2) (b3) 

 
(c1) (c2) (c3) 

Figure 4. AA5083/SiC composite optical microstructures photographed at 20 × 100 µm magnification 

with a 100 µm scale bar. (a1–a3) Microstructures at 600 rev/min with traverse rates of 30 mm 

per min, 45 mm per min, and 60 mm per min, respectively, and tilt angles of 1 , 1.75 , and 2 . (b1–b3) 

Microstructures at 900 rev/min with traverse rates of 30 mm per min, 45 mm per min, and 60 mm 

per min, respectively, and tilt angles of 1.75 , 2 , and 1 . (c1–c3) Microstructures having traverse rates 

of 30 mm per min, 45 mm per min, and 60 mm per min at 1200 rev/min with tilt angles of 2 , 1 , and 

1.75 , respectively. 

3.3 Interpretation of Experimental Results 

3.3.1 Signal-to-Noise (S/N) Ratio Analysis 

In single-response optimization, Taguchi’s method is employed for converting the 

experiment’s result into an evaluation characteristic value for optimal setting analysis. 

During the operation of any engineering system or process, performance properties are 

defined as observable responses to the analytical output [60]. To evaluate the effect of each 

process parameter on these response factors, this study utilized the S/N ratio. The S/N 

ratio is a key metric in Taguchi’s robust design methodology. It provides a quantitative 

measure of the signal (desired output) relative to the noise (undesirable variations). By 

maximizing the S/N ratio, engineers can optimize the process to achieve consistent and 

robust performance. In this study, the “higher the better” equation was selected as the 

ideal response for all performance properties (HV, PE, and UTS). This characteristic is 

appropriate when the objective is to maximize the desired output. The specific formula 

for calculating the signal-to-noise ratio for the “higher the better” characteristic is given in 

Equation (4) [61,62]: 
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=  10 log    (4) 

This may be written as follows: y is the response factor at the experiment’s i-th level, 

and n is the number of experiment repetitions. Table 6 shows the relationship between the

S/N ratios and the mechanical properties test results for the AA5083/SiC composite’s 

parameter settings. The S/N ratio plotted data are shown in Figure 5. 

Figure 5a reveals that the highest microhardness (MH) for the AA5083/SiC composite 

joints was obtained at a tool tilt angle of 2 (Level 3), a tool traverse speed of 45 mm per 

min (Level 2), and a tool rotational speed of 900 rev/min (Level 2). Furthermore, Figure 5b 

demonstrates that the maximum percentage elongation was achieved at a tool tilt angle of 

2 (Level 3), a tool traverse speed of 30 mm per min (Level 1), and a tool rotational speed of 

900 rev/min (Level 2). Notably, this combination of parameters also resulted in the highest 

ultimate tensile strength, as depicted in Figure 5c. For UTS and PE, the best results were 

achieved at 900 rpm tool rotational speed, 30 mm per min tool traverse speed, and a 2 tool 

tilt angle. For MH, a slightly higher traverse speed of 45 mm per min was required at the 

same rotational speed and tilt angle. These findings align with previous research [63,64] 

that has demonstrated improved mechanical properties in metal matrix composites by 

employing a “larger-is-better” strategy for certain processing parameters.

Table 6. Experimental results for the AA5083/SiC composite with the relevant S/N ratio.

TA ( )
RS

(rev/min)
TS (mm 
per min)

MH (HV)
S/N Ratio 

(HV)
UTS (MPa)

S/N Ratio 
(UTS)

PE (%)
S/N Ratio 

(PE)

1 600 30 88.05 38.895 71.5 37.086 9.88 19.895
1.75 600 45 89.57 39.043 114 41.138 11.75 21.401

2 600 60 89.57 39.043 88 38.889 11.23 21.008
1.75 900 30 89.39 39.026 210 46.444 29.00 29.248

2 900 45 92.98 39.368 145 43.227 18.45 25.319
1 900 60 92.95 39.365 141 42.984 19.90 25.977
2 1200 30 90.56 39.139 243 47.712 29.50 29.396
1 1200 45 91.46 39.225 132 42.412 18.70 25.437

1.75 1200 60 89.56 39.042 121 41.656 12.08 21.641

(a) 

Figure 5. Cont. 

Main Effects Plot for SN ratios [HV]
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(b) 

(c) 

Figure 5. AA5083/SiC composite S/N ratio and mean plot: (a) Microhardness; (b) Percentage 

elongation; (c) Ultimate tensile strength.

3.3.2 Determining Optimum Process Parameters and Ranking of Critical Factors

The study used Minitab 18 software to identify the most significant variable influenc- 

ing the response factor of the manufactured AA5083/SiC composite joint. This program 

made it possible to determine the mean S/N ratio for each of the three process parame- ter 

levels. According to the investigation, the most important factor affecting the three 

mechanical parameters of microhardness (MH), percentage elongation (PE), and ultimate 

tensile strength (UTS) was rotating speed. This is evident in Table 7, where rotational 

speed consistently ranks first in significance. Traverse speed consistently ranked second 

in influence on all three properties, while tilt angle generally exhibited the least (rank 3) 

influence. These findings strongly suggest that rotational speed has a significant influence 

on the mechanical properties of the fabricated composites. This is likely attributed to the 

crucial role of heat generation during FSP, which influences particle distribution and grain 

refinement within the material [65–67]. The FSP parameters were fine-tuned based on
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S/N ratio analysis for each parameter. The results of this investigation showed that a tool 

tilt angle of 2 degrees, a tool traverse speed of 45 mm per minute, and a tool rotational 

speed of 900 rev/min were the ideal values for optimizing microhardness (MH). However, 

a slightly lower traverse speed of 30 mm per minute was needed to achieve maximum 

ultimate tensile strength (UTS) and percentage elongation (PE) while keeping the tool tilt 

angle (2 degrees) and rotating speed (900 rev/min) constant. 

Table 7. Main Effects Response Table for S/N ratio. 
 

Level Tilt Angle ( ) 
Rotational Speed

 Traverse Speed 
  (rev/min) (mm per min) 

For UTS    

S/N ratio    

1 40.83 39.04 43.75 
2 43.08 44.22 42.26 
3 43.28 43.93 41.18 
Delta 2.450 5.180 2.570 
Rank 3 1 2 
Means    

1 114.83 91.17 174.83 
2 148.33 165.34 130.33 
3 158.67 165.33 116.67 
Delta 43.830 74.170 58.170 

Rank 3 1 2 

For PE    

S/N ratio    

1 23.77 20.77 26.18 
2 24.10 26.85 24.05 
3 25.24 25.49 22.88 
Delta 1.470 6.080 3.300 
Rank 3 1 2 
Means    

1 16.16 10.95 22.79 
2 17.61 22.45 16.30 
3 19.73 20.09 14.40 
Delta 3.570 11.50 8.390 

Rank 3 1 2 

For HV    

S/N ratio    

1 39.16 38.99 39.02 
2 39.04 39.25 39.21 
3 39.18 39.14 39.15 
Delta 0.150 0.260 0.190 
Rank 3 1 2 
Means    

1 90.82 89.06 89.33 
2 89.51 91.77 91.34 
3 91.04 90.53 90.69 
Delta 1.530 2.710 2.000 

Rank 3 1 2 

 

3.3.3 Analysis of Variance (ANOVA) 

To determine the statistically significant process parameters, analysis of variance was 

carried out. Using the percentages and the probability distribution (F-value) of each of the 
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factors allows the extent of influence of each of the parameters on the output responses to 

be established. The frequency test is carried out in statistics to assess the significance of 

parameters, which in turn defines the quality of the properties [68]. The results of the 

ANOVA for the S/N ratios of percentage elongation, ultimate tensile strength, and 

microhardness are presented in Tables 8–10, respectively. From the estimated percentages 

in Table 8, tool rotational speed was found to contribute significantly to UTS at 57.55%, tilt 

angle contributed 12.58%, and traverse speed contributed 11.32%. The authors also 

observed some differences between the rankings provided in Table 7 and the percentage 

contributions in Table 8. This could help address the aforementioned inconsistencies with 

more specific statistics, specifically confidence intervals and replicate experiments. This 

means that, when it comes to the choice of methods for analysis, objectivity should be 

paired with the characteristics of the collected data. 

 

Percentage elongation (PE) depends on tool rotational speed, traverse rate, and tool tilt 

angle with contribution percentages of 60.36, 16.62, and 3.54 percent, respectively, as seen 

in Table 9. These contributions are in the same percentages as supported by the F-value 

analysis. Further, Table 10 demonstrates that the factors—tool rotational speed, traverse 

rate, and tool tilt angle—significantly influence microhardness. Collectively, these factors 

account for 93.51% of the observed variations in microhardness, with rotational speed 

contributing 48.17%, traverse speed contributing 27.54%, and tilt angle contributing 17.78%. 

According to these findings, the most important element influencing the final material’s 

UTS, PE, and MH is the tool’s rotating speed. 

 

Accordingly, other researchers have reported that the tool rotational speed has the 

most significant influence on the microhardness, which is consistent with this work. These 

researchers include Chanakyan et al. [66], Syed et al. [67], and Butola et al. [68]. Chanakyan 

et al. [66], Syed et al. [67], Salehi et al. [69], and Puviyarasan et al. [70] also found that the 

key element influencing microhardness was the tool’s rotational speed. Because of the 

significant impact that rotating speed has on mechanical characteristics, heat production is 

essential for promoting grain refining and maintaining particle uniformity. According to 

ANOVA, it was also shown that rotating speed had the greatest impact on the alloy’s UTS, 

PE, and MH, demonstrating the rotational speed’s practical influence on the alloy’s mechan- 

ical properties. Additionally, in comparison to random error, a parameter that has a larger 

F-value contributes more significantly to the variance in mechanical properties. A high F-

value for rotational speed indicated that it had a significant impact on these properties. 

Table 8. Factors that affect how much the UTS varies. 
 

Source Degree of Freedom (DF) Seq SS Adj SS Adj MS F-Value p-Value % Contribution 

S/N ratio        

TA ( ) 2 11.110 11.108 5.5540 0.68 0.596 12.581 
RS (rev/min) 2 50.823 50.823 25.411 3.10 0.244 57.552 
TS (mm per min) 2 9.9970 9.9970 4.9990 0.61 0.621 11.321 
Error 2 16.379 16.379 8.1900   18.548 

Total 8 88.308      

Means        

TA ( ) 2 3150 3150 1575 0.73 0.579 13.109 
RS (rev/min) 2 11001 11001 5501 2.54 0.282 45.782 
TS (mm per min) 2 5550 5550 2775 1.28 0.438 23.097 
Error 2 4327 4327 2163   18.007 

Total 8 24029      
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Table 9. Factors that affect how much the PE varies. 
 

Source Degree of Freedom (DF) Seq SS Adj SS Adj MS F-Value p-Value % Contribution 

S/N ratio        

TA ( ) 2 3.5830 3.5830 1.7910 0.18 0.846 3.5378 
RS (rev/min) 2 61.127 61.127 30.563 3.10 0.244 60.357 
TS (mm per min) 2 16.831 16.831 8.4160 0.85 0.540 16.619 
Error 2 19.734 19.734 9.8670   19.486 

Total 8 101.275      

Means        

TA ( ) 2 19.300 19.300 9.6520 0.22 0.817 4.3549 
RS (rev/min) 2 221.27 221.27 110.633 2.56 0.281 49.928 
TS (mm per min) 2 116.15 116.15 58.0760 1.34 0.427 26.208 
Error 2 86.450 86.450 43.2260   19.507 

Total 8 443.18      

 
Table 10. Factors that affect how much the MTS varies. 

 

Source Degree of Freedom (DF) Seq SS Adj SS Adj MS F-Value p-Value % Contribution 

S/N ratio        

TA ( ) 2 0.03729 0.03729 0.018644 2.73 0.268 17.778 
RS (rev/min) 2 0.10103 0.10103 0.050514 7.39 0.119 48.167 
TS (mm per min) 2 0.05777 0.05777 0.028885 4.23 0.191 27.542 
Error 2 0.01367 0.01367 0.006833   6.5173 

Total 8 0.20975      

Means        

TA ( ) 2 4.1130 4.1130 2.0563 2.78 0.264 17.955 
RS (rev/min) 2 11.040 11.040 5.5198 7.47 0.118 48.195 
TS (mm per min) 2 6.2770 6.2770 3.1384 4.25 0.191 27.402 
Error 2 1.4780 1.4780 0.7391   6.4522 

Total 8 22.907      

 

Interpretation of ANOVA Data 

The amount of overall variance in an experiment that can be attributed to each signifi- 

cant component is shown by the percentage contribution. The ability of each element to 

reduce variance is demonstrated by this, which is derived from the sum of squares of the 

major factors. Consequently, by controlling the factor levels with measurement precision, 

the research can decrease the total spread by the percentage of the contribution [71]. The 

contribution based on ANOVA is represented in percentage in Figure 6. Rotational speed 

has a considerable impact on UTS, PE, and MH with a percentage contribution of 58%, 

60%, and 48% according to the ANOVA findings of the signal-to-noise ratio displayed in 

the crosstab. The ranking based on the table and the contribution percentages are also 

correlated with the F-value analysis. These findings demonstrate the significant impact of 

tool rotation speed on output reactions. Grain refining and achieving the required particle 

distribution both benefit from heat production because of the relative significance of 

rotating speed in microhardness [65–67]. 
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Figure 6. Percentage contribution for process parameters. 

Normal Probability Plot 

To assess the prediction accuracy of models created for AA5083/SiC composites’ mi- 

crohardness (MH), percentage elongation (PE), and ultimate tensile strength (UTS), residual 

analysis is essential (see Figure 7). Researchers can evaluate the validity and dependability 

of their models by looking at the residuals, or the disparities between the values predicted 

by the model and the experimental values. In MH, a well-distributed residual pattern 

reflects effective hardness predictions, while significant deviations may signal experimen- 

tal or modeling errors. For PE, randomly scattered residuals suggest accurate ductility 

predictions, with deviations highlighting biases or unaccounted factors. For UTS, a straight- 

line pattern in the normal probability plot confirms normality and reliable predictions, 

while deviations may indicate outliers or model inaccuracies. This analysis ensures model 

robustness and reliable predictions for critical mechanical properties. 

 

(a) 
 

Figure 7. Cont. 
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(b) 

 

(c) 

Figure 7. Probability Plots; (a) Microhardness, (b) Percentage elongation, (c) Ultimate tensile strength. 

 

In conclusion, the residual analysis conducted for MH, PE, and UTS provides strong 

evidence for the reliability and validity of the predictive models used in this study. A 

close alignment of residuals with the assumptions of normality and randomness enhances 

confidence in the experimental results. Any deviations observed in the residuals provide 

valuable insights for refining the model, addressing experimental anomalies, and improving 

the overall predictive accuracy of the research. These results are consistent with earlier 

research [72–76] that highlighted the use of normal probability plots to guarantee the 

reliability and validity of statistical models. 

3.4 Confirmation Test 

The identified optimal process parameters-a tool rotational speed of 900 rev/min, 

a tool traverse speed of 30 mm per min, and a tool tilt angle of 2 degrees [77]-were 

validated through a series of confirmation tests. Three confirmation tests were conducted 

on AA5083/SiC composites using these optimal settings. The average UTS obtained in 

these tests was 275 MPa, with the highest ultimate force recorded at 10,000 N. To investigate 
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the influence of traverse speed on MH, additional confirmation tests were performed using 

a tool traverse speed of 45 mm per minute while maintaining a tool rotational speed of 

900 rev/min and a tool tilt angle of 2 degrees [77]. Three confirmation tests were also 

conducted under these conditions. The average UTS in this case was found to be 260 MPa. 

with the highest ultimate force recorded at 9000 N. All of the obtained average UTS values 

were higher than the UTS in Table 4 but remained marginally lower than the base material. 

Based on average response values, a tool tilt angle of 2 , traverse speed of 30 mm/min, 

and rotational speed of 900 rpm were identified as optimal for producing AA5083/SiC 

composites. Confirmation tests validated the initial experimental results, demonstrating 

improved mechanical properties with these optimized parameters. While the Taguchi 

method aims to identify the best-performing parameter combination and typically yields 

improved UTS, achieving values exceeding the base material’s strength often requires 

further refinement. The optimization process, utilizing S/N ratio analysis and ANOVA, 

pinpoints factor levels positively influencing UTS, and experimental validation at these 

settings confirms the model’s predictive accuracy in achieving enhanced properties. 

4. Conclusions 

Friction stir processing and the Taguchi L9 factorial approach were successfully applied 

in this work to maximize AMMC fabrication. An aluminum metal matrix composite 

(AMMC) was effectively created in this study by reinforcing an AA5083 aluminum matrix 

with silicon carbide particle powder. To maximize the tensile strength and hardness of the 

final AA5083/SiC composite, the Taguchi approach was utilized to determine the ideal 

process parameters. The Taguchi approach enabled the following discoveries: 

• The ultimate tensile strength of 311 MPa for the base AA5083 material was higher than 

the greatest experimental tensile strength of 243 MPa for the AA5083/SiC composite. 

The inclusion of reinforcing silicon carbide particle powder reduced the composite’s 

ductility, even though it showed other mechanical properties that were higher than 

those of the base material, and this was due to particle agglomeration. 

• The base material AA5083’s hardness of 93.07 HV was surpassed by the experimental 

microhardness of the AA5083/SiC composite, which maxed at 94.80 HV. By adding 

reinforcements, the composite’s hardness increased above that of the base material. 

Grain refinement, particle dispersion, intermetallic particle fracture, and recrystalliza- 

tion are some of the factors that are attributed to the increase. 

• According to the investigation, when the AA5083/silicon carbide composite joints 

were operated at 900 rev/min, 45 mm per minute traverse speed, and a tilt angle of 2 

degrees, the greatest microhardness (MH) was generated. However, to maximize 

both ultimate tensile strength (UTS) and percentage elongation (PE), a slightly lower 

traverse speed of 30 mm per minute at the same rotational speed and tilt angle 

is needed. 

• According to the ANOVA results of the S/N ratio shown in the crosstab, rotational 

speed significantly affects UTS, PE, and MH, contributing 58%, 60%, and 48% of the to- 

tal. These results show that tool rotation speed has a major effect on output responses. 

• The experimental design and the range of parameters utilized in this study may limit 

the generalizability of the developed regression models. However, despite these limi- 

tations, the models still provide valuable predictive estimations. Future studies should 

investigate adding interaction factors to the regression models to better understand the 

complex relationships between FSP parameters and mechanical properties. Addition- 

ally, more sophisticated regression techniques, such as response surface methodology, 

could be employed to provide more comprehensive and accurate predictions. 
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5. Limitations of the Study 

While this study successfully optimized friction stir processing (FSP) parameters for 

AA5083/SiC composites using the Taguchi L9 method, several limitations must be 

acknowledged. Firstly, the study focused on single-pass FSP, which may have limited the 

uniform dispersion of SiC reinforcement particles, leading to agglomeration and weak 

interfacial bonding in certain regions. A multi-pass approach could further refine the 

microstructure and improve mechanical properties. 

Secondly, the absence of high-magnification SEM analysis of the fractured surfaces lim- 

its a deeper understanding of fracture mechanisms, particularly how particle–matrix bond- 

ing failure influences mechanical performance. Additionally, this study primarily evaluated 

tensile strength, microhardness, and elongation, but impact toughness, fatigue strength, 

and wear resistance were not examined, which are crucial for industrial applications. 

Furthermore, while yield strength (YS) and percentage elongation (PE) were included 

in Table 4, other important performance indicators, such as elastic modulus, were not 

assessed due to experimental constraints. The elastic modulus is a key parameter for 

understanding the composite’s load-bearing capacity and stiffness, and its absence may 

limit the comprehensive evaluation of the material’s mechanical behavior. 

6. Future Prospects 

Future research should explore multi-pass FSP to enhance particle dispersion and im- 

prove mechanical properties. Additionally, incorporating different reinforcement materials, 

such as hybrid ceramic reinforcements, could be investigated to achieve a better balance of 

strength, toughness, and wear resistance. 

Further studies should also examine the fatigue behavior, corrosion resistance, and 

tribological performance of the composites to assess their suitability for real-world en- 

gineering applications. The effect of postprocessing heat treatments and alternative SiC 

volume fractions should be explored to optimize the microstructural characteristics further. 

Moreover, future work should include elastic modulus measurements through nanoin- 

dentation testing or dynamic mechanical analysis (DMA) to provide a complete assessment 

of the composite’s stiffness and energy absorption properties. Additionally, a more de- 

tailed fracture mechanics study, including fracture toughness and impact strength, would 

further enhance the understanding of the material’s structural integrity under different 

loading conditions. 
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