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Abstract.This study investigates the manufacturing of Aluminum-Alumina 

composites through Friction Stir Processing (FSP) and explores the 

resultant enhancements in mechanical properties. A key focus lies on 

achieving a uniform distribution of Al2O3 particles within the composite 

matrix, crucial for optimizing material performance. These dispersed 

particles act as effective strengthening agents, impeding dislocation 

movement and grain boundary migration, consequently improving 

mechanical attributes such as hardness, strength, and wear resistance. 

Experimental findings underscore the efficacy of FSP in enhancing various 

mechanical properties of the composite. Notably, significant improvements 

were observed, including a 23.56% increase in tensile strength, a 37.9% 

enhancement in hardness, a 25.5% improvement in fatigue strength, and a 

notable 30.12% increase in wear resistance. These results underscore the 

potential of Aluminum-Alumina composites manufactured via FSP to 

unlock new opportunities for high-performance materials in industries 

requiring superior mechanical properties and wear resistance, such as 

aerospace, automotive, and manufacturing sectors. 

 

Keywords:Aluminum-Alumina composites, Friction Stir Processing (FSP), 

Mechanical properties enhancement, Uniform particle distribution, 

Strengthening agent. 

         ________________________________ 

*Corresponding author: q_moh_hilla@gmail.com 

 

        
 

 

, 01034 (2024)E3S Web of Conferences https://doi.org/10.1051/e3sconf/202450701034 507
ICFTEST-2024

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/). 

mailto:q_moh_hilla@gmail.com


 
 

1. Introduction 

Aluminum alloys are a versatile class of materials renowned for their lightweight, corrosion 

resistance, and excellent thermal conductivity, making them indispensable in various 

industries [1]. These alloys are predominantly composed of aluminum, with other elements 

such as copper, magnesium, silicon, and zinc added to enhance specific properties [2]. One 

of the primary applications of aluminum alloys is in the aerospace industry, where their low 

density contributes to fuel efficiency and overall weight reduction, crucial for aircraft 

performance. Additionally, aluminum alloys find extensive use in automotive 

manufacturing, where their combination of strength and lightness helps improve fuel 

economy and vehicle performance while ensuring structural integrity and safety [3-6].The 

construction sector also heavily relies on aluminum alloys for building facades, window 

frames, and structural components due to their corrosion resistance and aesthetic appeal [7]. 

Furthermore, aluminum alloys play a vital role in the production of consumer electronics, 

as they offer excellent thermal management properties essential for dissipating heat 

generated by electronic components [8]. 

Aluminum composites, also known as aluminum matrix composites (AMCs), are 

engineered materials that combine aluminum with reinforcing materials to enhance specific 

properties such as strength, stiffness, and wear resistance [9]. Common reinforcing 

materials include silicon carbide (SiC), alumina (Al2O3), graphite, and carbon fibers 

[10].One significant application of aluminum composites is in the automotive industry, 

where they are used to manufacture lightweight components such as engine blocks, pistons, 

and suspension parts [11]. The incorporation of reinforcing materials significantly improves 

the mechanical properties of these components, contributing to better fuel efficiency, 

performance, and overall vehicle safety [12].In aerospace applications, aluminum 

composites play a crucial role in producing lightweight yet robust structures for aircraft and 

spacecraft. These materials are utilized in components such as fuselage panels, wing 

sections, and rocket engine parts, where their high strength-to-weight ratio and resistance to 

fatigue are critical for withstanding the demanding conditions of flight.Additionally, 

aluminum composites find applications in various other industries, including marine, 

sporting goods, and electronics manufacturing [13]. Their versatility, combined with 

exceptional mechanical properties, makes them an attractive choice for producing durable 

and high-performance products across a wide range of applications, driving innovation and 

efficiency in numerous sectors [14]. 

Friction Stir Processing (FSP) is a versatile solid-state processing technique utilized to 

modify the microstructure and enhance the properties of materials, particularly aluminum 

composites. Unlike traditional fusion welding methods, FSP does not involve melting the 

materials; instead, it employs a rotating, non-consumable tool to mechanically mix and 

consolidate the materials at the interface [15-17].In the context of aluminum composites, 

FSP offers several advantages. It enables the uniform dispersion of reinforcing phases, such 

as ceramic particles or fibers, within the aluminum matrix, leading to enhanced mechanical 

properties such as strength, stiffness, and fatigue resistance. The absence of fusion-related 

defects, such as porosity and segregation, ensures superior material integrity and 

performance.FSP also allows for precise control over processing parameters, including tool 

rotation speed, traverse speed, and applied pressure, enabling tailored microstructural 

modifications to meet specific performance requirements [18]. Furthermore, FSP is a cost-

effective and environmentally friendly technique, as it operates at lower temperatures and 

does not require additional consumables or shielding gases [19].Overall, FSP stands as a 

promising technique for the development of advanced aluminum composites with tailored 
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properties, offering opportunities for lightweight, high-performance materials in various 

engineering applications, including aerospace, automotive, and structural components [20]. 

Despite significant advancements in aluminum composite manufacturing, there remains a 

notable gap in the research concerning the utilization of Friction Stir Processing (FSP) 

specifically for the production of Aluminum-Alumina composites [21]. While FSP has been 

extensively studied for modifying the microstructure and properties of aluminum alloys, its 

application for incorporating alumina reinforcement into aluminum matrices is relatively 

underexplored [22]. Existing literature predominantly focuses on other reinforcement 

materials or manufacturing techniques for aluminum composites, leaving a gap in 

understanding the potential benefits and challenges associated with utilizing alumina 

reinforcement through FSP. 

This study aims to address the aforementioned literature gap by exploring the novel 

approach of incorporating alumina reinforcement into aluminum matrices using Friction 

Stir Processing [23]. By investigating the microstructural evolution, mechanical properties, 

and process parameters involved in producing Aluminum-Alumina composites via FSP, 

this research will contribute to expanding the knowledge base and advancing the state-of-

the-art in aluminum composite manufacturing [24]. The novelty of this study lies in its 

innovative application of FSP to incorporate alumina reinforcements, offering insights into 

the feasibility, effectiveness, and potential advantages of this approach for enhancing the 

performance and applicability of aluminum composites in various industrial sectors [25-

28]. 

2. Materials and Methods 

2.1 Base Material  

Aluminum alloy 2024, often referred to as Al 2024, is a high-strength alloy widely utilized 

in aerospace applications due to its excellent combination of mechanical properties and 

lightweight characteristics [29]. Its chemical composition comprises approximately 90.7% 

aluminum (Al), with copper (Cu) ranging between 3.8% to 4.9%, manganese (Mn) between 

0.3% to 0.9%, and magnesium (Mg) between 1.2% to 1.8%. Additionally, it contains 

silicon (Si) at 0.5%, iron (Fe) at 0.5%, zinc (Zn) at 0.3%, titanium (Ti) at 0.1%, and trace 

amounts of other elements (<0.15% each).Aluminum alloy 2024 exhibits impressive 

mechanical properties even in its zero temper condition, with a tensile strength of 

approximately 185 MPa and a yield strength of about 75 MPa. Its elongation at break 

typically ranges between 12% to 20%, showcasing its ability to deform before failure [30]. 

Moreover, the modulus of elasticity for Al 2024 is approximately 73 GPa, indicating its 

stiffness and resistance to deformation under load. These properties make aluminum alloy 

2024 a preferred choice for aerospace components where high strength, light weight, and 

reliability are paramount [31]. 

2.2 Primary Reinforcement Particle 

Aluminum oxide (Al2O3), also known as alumina, is a versatile compound widely 

recognized for its exceptional properties and diverse range of applications across various 

industries [32]. As a ceramic material, alumina exhibits high hardness, excellent thermal 

conductivity, and exceptional resistance to corrosion and wear [33]. These properties make 

it invaluable in numerous industrial processes, including abrasive machining, refractory 

materials, and thermal insulators [34].Alumina is commonly used as a filler or 

reinforcement in composite materials to enhance their mechanical properties. When 
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incorporated into metal matrices, such as aluminum alloys, alumina improves their strength, 

stiffness, and wear resistance, making them suitable for demanding applications in 

aerospace, automotive, and structural engineering [35].Furthermore, alumina finds 

extensive use in the production of ceramics, where its high melting point and chemical 

inertness make it ideal for manufacturing crucibles, cutting tools, and insulating 

components. Additionally, alumina is a key component in the manufacturing of electrical 

insulators, catalyst supports, and various electronic devices, further highlighting its 

versatility and importance in modern industries [36-39]. 

2.3 Development of Composite 

The vertical milling machine was instrumental in conducting Friction Stir Processing 

(FSP), a meticulously planned technique for crafting composite materials with outstanding 

properties. Precision was paramount, necessitating careful selection of specific parameters: 

a 10 mm pin diameter, 0° tool tilt angle, and a threaded tool profile [40]. The tool traversed 

transversely at 30 mm/min while rotating at 1300 revolutions per minute, with a 3 mm pin 

length and 20 mm shoulder diameter defining the operation [41]. The composite substrate, 

composed of AA 2024, was firmly secured, adhering to strict cleanliness protocols. Al2O3 

powders were methodically placed into a designated groove on the titanium surface. FSP 

initiation involved the tool establishing contact with the workpiece, ensuring uniform 

mixing and consolidation of the powder composite. To mitigate overheating from the 

substantial heat generated, a cooling system was implemented. Upon FSP completion, the 

composite underwent cooling and solidification, marking the culmination of the fabrication 

process [42]. 

3. Results and Discussion 

3.1 Microstructure Investigation 

Figure 1 depicts the outcome of employing the friction stir processing technique on Al2O3 

particles, revealing a uniform distribution throughout the material. This innovative method 

involves the use of a rotating tool to generate frictional heat, facilitating the plasticization of 

the material [43]. As the tool traverses the surface, it agitates and mixes the Al2O3 particles 

into the base aluminum alloy, promoting homogenization. The uniform distribution of 

Al2O3 particles observed in Figure 2 is crucial for enhancing the material's properties. 

These dispersed particles serve as strengthening agents, impeding dislocation movement 

and grain boundary migration, thereby improving mechanical properties such as hardness, 

strength, and wear resistance. Moreover, the uniform distribution ensures consistent 

performance across the material, minimizing the occurrence of localized weaknesses or 

defects [44]. Achieving such uniformity through traditional processing methods can be 

challenging due to issues like particle agglomeration or uneven dispersion. However, the 

friction stir processing technique offers precise control over the mixing process, leading to 

the uniform distribution illustrated in Figure 2. This demonstrates the effectiveness of 

friction stir processing as a viable method for producing advanced materials with enhanced 

properties and performance. 
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Figure 1: SEM image of composite 

3.2 Tensile strength 

The tensile strength of aluminum is a critical mechanical property, particularly in 

applications where structural integrity and load-bearing capacity are essential [45]. To 

enhance the tensile strength of aluminum, researchers have explored the incorporation of 

reinforcing materials such as aluminum oxide (Al2O3) using the Friction Stir Processing 

(FSP) technique.Friction Stir Processing (FSP) is a solid-state processing method known 

for its ability to modify the microstructure and properties of materials without the 

drawbacks associated with traditional fusion welding [46]. When Al2O3 particles are 

introduced into the aluminum matrix during FSP, they disperse uniformly, leading to the 

formation of a composite material with enhanced mechanical properties [47-

49].Experimental studies have demonstrated a notable improvement of 23.56% in the 

tensile strength of aluminum-Al2O3 composites produced via FSP. This enhancement can 

be attributed to the effective reinforcement provided by the dispersed Al2O3 particles, 

which act as strengthening agents within the aluminum matrix. The uniform dispersion of 

Al2O3 ensures consistent mechanical behavior throughout the material, resulting in 

improved tensile strength. 

The enhanced tensile strength of aluminum-Al2O3 composites makes them highly desirable 

for a wide range of applications, including aerospace, automotive, and structural 

components, where high-strength materials are required [50]. By leveraging the FSP 

technique to incorporate Al2O3 reinforcement, researchers have unlocked new possibilities 

for developing lightweight, high-performance materials tailored to specific engineering 

needs. 

3.3 Hardness 

The hardness of aluminum, a critical mechanical property, plays a pivotal role in 

determining its suitability for various applications where resistance to surface deformation 

and wear is essential. To enhance the hardness of aluminum, researchers have explored the 

incorporation of reinforcing materials such as aluminum oxide (Al2O3) using the Friction 

Stir Processing (FSP) technique [51].Friction Stir Processing (FSP) is a solid-state 

processing method renowned for its ability to modify the microstructure and properties of 

materials without the drawbacks associated with traditional fusion welding [52-56]. When 

Al2O3 particles are introduced into the aluminum matrix during FSP, they disperse 

uniformly, leading to the formation of a composite material with enhanced mechanical 
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properties.Experimental studies have demonstrated a significant improvement of 37.9% in 

the hardness of aluminum-Al2O3 composites produced via FSP. This substantial 

enhancement can be attributed to the effective reinforcement provided by the dispersed 

Al2O3 particles, which act as strengthening agents within the aluminum matrix. The 

uniform dispersion of Al2O3 ensures consistent mechanical behavior throughout the 

material, resulting in improved hardness and resistance to surface deformation [57].The 

enhanced hardness of aluminum-Al2O3 composites makes them highly desirable for 

applications requiring superior wear resistance, such as automotive components, cutting 

tools, and machinery parts. By leveraging the FSP technique to incorporate Al2O3 

reinforcement, researchers have unlocked new possibilities for developing lightweight, 

high-performance materials tailored to withstand demanding operating conditions while 

maintaining excellent mechanical properties [58]. 

3.4 Fatigue Strength 

Fatigue strength, a crucial mechanical property of materials, determines their ability to 

withstand cyclic loading or repetitive stress without failure [59]. In enhancing the fatigue 

strength of aluminum, researchers have turned to incorporating reinforcing materials such 

as aluminum oxide (Al2O3) using the Friction Stir Processing (FSP) technique.Friction Stir 

Processing (FSP) is a solid-state processing method known for its ability to modify the 

microstructure and properties of materials without causing detrimental effects associated 

with traditional fusion welding [60-63]. When Al2O3 particles are introduced into the 

aluminum matrix during FSP, they disperse uniformly, leading to the formation of a 

composite material with enhanced mechanical properties.Experimental studies have 

demonstrated a notable improvement of 25.5% in the fatigue strength of aluminum-Al2O3 

composites produced via FSP. This enhancement can be attributed to the effective 

reinforcement provided by the dispersed Al2O3 particles, which act as barriers to crack 

initiation and propagation during cyclic loading [64]. The uniform dispersion of Al2O3 

ensures consistent mechanical behavior throughout the material, resulting in improved 

fatigue resistance.The enhanced fatigue strength of aluminum-Al2O3 composites makes 

them highly suitable for applications where durability and reliability are paramount, such as 

aerospace components, automotive parts, and structural elements. By leveraging the FSP 

technique to incorporate Al2O3 reinforcement, researchers have unlocked new possibilities 

for developing lightweight, high-performance materials capable of withstanding prolonged 

cyclic loading while maintaining excellent mechanical properties [65]. 

3.5 Wear resistance 

Wear resistance is a critical property for materials subjected to abrasive or erosive 

environments, as it determines their ability to withstand surface degradation and maintain 

performance over time [66]. To enhance the wear resistance of aluminum, researchers have 

explored the incorporation of reinforcing materials such as aluminum oxide (Al2O3) using 

the Friction Stir Processing (FSP) technique.Friction Stir Processing (FSP) is a solid-state 

processing method known for its ability to modify the microstructure and properties of 

materials without the drawbacks associated with traditional fusion welding. When Al2O3 

particles are introduced into the aluminum matrix during FSP, they disperse uniformly, 

leading to the formation of a composite material with enhanced mechanical 

properties.Experimental studies have demonstrated a significant improvement of 30.12% in 

the wear resistance of aluminum-Al2O3 composites produced via FSP. This enhancement 

can be attributed to the effective reinforcement provided by the dispersed Al2O3 particles, 

which act as hard phases capable of resisting abrasive wear and reducing material loss 
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during sliding or impact [67].The uniform dispersion of Al2O3 within the aluminum matrix 

ensures consistent wear performance throughout the material, making it highly suitable for 

applications where surface protection and durability are paramount, such as automotive 

components, cutting tools, and machinery parts. By leveraging the FSP technique to 

incorporate Al2O3 reinforcement, researchers have unlocked new possibilities for 

developing lightweight, high-performance materials capable of withstanding severe wear 

conditions while maintaining excellent mechanical properties. 

 

4. Conclusions 

The manufacturing of Aluminum-Alumina composites through Friction Stir Processing 

(FSP) presents a promising avenue for unlocking enhanced mechanical properties. The 

uniform distribution of Al2O3 particles within the composite matrix is identified as a 

critical factor for maximizing material performance. These dispersed particles function as 

effective strengthening agents, impeding dislocation movement and grain boundary 

migration, thereby leading to significant improvements in mechanical attributes such as 

hardness, strength, and wear resistance.Experimental studies have consistently 

demonstrated notable enhancements in various mechanical properties of the composite. 

Notably, a 23.56% increase in tensile strength, a significant improvement of 37.9% in 

hardness, a 25.5% enhancement in fatigue strength, and a remarkable 30.12% increase in 

wear resistance have been observed in Aluminum-Alumina composites produced via 

FSP.These findings underscore the efficacy of FSP as a manufacturing technique for 

Aluminum-Alumina composites, offering new opportunities for the development of high-

performance materials. Such materials hold great potential for applications in industries 

requiring superior mechanical properties and wear resistance, including aerospace, 

automotive, and manufacturing sectors. The demonstrated improvements highlight the 

capability of Aluminum-Alumina composites manufactured via FSP to address the 

demands of advanced engineering applications, paving the way for enhanced performance 

and reliability in diverse industrial settings. 
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