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ABSTRACT 

 

Friction Stir Welding (FSW) has emerged as a revolutionary solid-state welding 

technique, exhibiting exceptional promise for joining non-ferrous materials with 

dissimilar compositions. This research aims to advance the understanding and 

application of FSW in the context of dissimilar non-ferrous materials. The study 

involves a systematic experimental investigation, encompassing a diverse range of 

non-ferrous alloys. The primary objectives include unraveling the intricate dynamics 

of the FSW process when applied to dissimilar materials, optimizing key welding 

parameters, and evaluating the resulting microstructural evolution. The research also 

delves into the mechanical properties of the welded joints, with a specific focus on the 

influence of dissimilarity between materials on the overall weld quality. 

The influence of three different pin profiles (square, triangular, and threaded circular 

pin profile) on the metallurgical characterization of the friction stir welded joints of 

AZ91D and AA2024 was analyzed. Among the different pin profiles, the square pin 

profile revealed the most favorable joint properties in terms of both mechanical and 

metallurgical behavior. Conversely, the joint fabricated with the triangular pin profile 

exhibited the lowest tensile properties. The intermetallic compounds (IMCs) tended to 

migrate toward the weld surface adjacent to the AZ91D plate, potentially resulting in 

constitutional liquation during solidification. To minimize the effect of these IMCs, 

different types of tool pin were used and observed that the square pin profile results in 

defect-free joints. The optimal welding parameters for achieving a sound weld were 

determined to be a traverse speed (TS) of 35mm/min and an RTS of 700 r/min. The 

presence of two specific intermetallic phases, Al3Mg2 and Al12Mg17, was observed in 

all joints, with Al12Mg17 showing a tendency to migrate toward the weld surface 

adjacent to the AZ91D plate, possibly resulting in constitutional liquation during 

solidification. The results revealed that the morphological characteristics and input 

heat significantly influenced the formation of IMCs. The anticipated outcomes of this 

study are expected to contribute significantly to the body of knowledge surrounding 

FSW of non-ferrous dissimilar materials. The insights gained will optimize FSW 

processes for better joint integrity in diverse industries. This research aims to bridge 

gaps in FSW knowledge, advancing the welding of dissimilar non-ferrous materials 

and expanding its industrial use. 
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CHAPTER 1 

1. Introduction 

 

1.1  Overview 

 

Welding is a globally recognized method used for joining two metal pieces through 

the application of pressure and heat to create a permanent joint that behaves as a 

single entity. This process is critical in producing joints that can achieve superior 

structural strength properties, often surpassing those of the individual components 

being joined [1, 2]. The primary motivation behind welding is to create robust and 

durable joints. Employing suitable welding techniques will achieve joints with 

exceptional tensile properties, ensuring the longevity and reliability of the structures. 

Welding has become a pivotal process in various industries due to its material 

efficiency and relatively low production costs. Welding is a fundamental process that 

has evolved significantly to meet the demands of modern industry. The focus on 

aluminum and the progress of advanced welding techniques, i.e., FSW, have 

revolutionized the field, enabling the production of high-strength, durable, and 

efficient joints. As industries continue to seek improvements in material efficiency 

and production costs, welding remains a critical technology driving innovation and 

growth [3]. 

Welding aluminum and Mg-Alloys is a critical process in modern manufacturing, 

where the exceptional properties of these materials—such as high strength-to-weight 

ratios and good electrical, thermal, and corrosion resistance —are highly valued. 

Despite their desirable characteristics, both aluminum and magnesium present unique 

properties in welding due to their physical properties and chemical composition. 

Aluminum, for instance, has a high thermal conductivity and a low melting point, 

which can lead to issues like warping and excessive heat input during welding. It also 

forms a tenacious oxide layer that must be meticulously cleaned prior to welding to 

avoid defects. Common welding methods for aluminum include TIG welding and 

MIG welding, both of which require careful control of heat input and shielding gas to 

prevent contamination and ensure weld integrity [4, 5]. 

Mg-Alloys, on the other hand, are even lighter than aluminum, making them ideal for 

weight-sensitive applications. However, magnesium is highly reactive and has a lower 
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melting point, which makes it prone to burn-through and other welding defects. It also 

forms a brittle oxide layer that complicates the welding process. Techniques such as 

TIG and MIG are commonly employed for welding magnesium, but they require 

special considerations like pre-weld cleaning and the use of flux or inert gases to 

protect the weld bead from a corrosive atmosphere. Additionally, solid-state welding 

processes, such as FSW, are increasingly being utilized for both aluminum and Mg-

Alloys due to their excellent metallurgical properties of the welded joints. FSW, in 

particular, generates frictional heat to soften the materials without melting them, 

resulting in superior mechanical properties and reduced residual stresses [6]. 

Another significant challenge in welding these alloys is their susceptibility to cracking 

and porosity. Light metal alloys are disposed to hot cracking due to their wide 

solidification temperature range, while Mg-Alloys can suffer from both solidification 

and liquation cracking [7]. To mitigate these issues, careful selection of filler 

materials and welding parameters is essential. For instance, using fillers can help to 

reduce thermal stresses and minimize cracking. 

In addition to traditional and solid-state welding methods, advanced techniques like 

laser welding and hybrid welding processes are also being explored to improve the 

weld quality of aluminum and Mg-Alloys. These methods control heat input and can 

achieve high TS, making them suitable for high-volume production environments [8]. 

The ongoing development of these technologies aims to address the challenges 

associated with welding aluminum and magnesium, enabling the production of 

lighter, stronger, and more durable components. In summary, welding aluminum and 

Mg-Alloys is a complex yet essential process that requires specialized techniques and 

meticulous control to overcome the inherent challenges and leverage the full potential 

of these alloys in advanced engineering applications. 

 

1.2 Friction stir welding (FSW) 

 

FSW is a solid-state joining process that utilizes a non-consumable tool to generate 

frictional heat and plastic deformation at the joint line. The primary components 

involved in FSW are the rotating tool, consisting of a shoulder and a pin, and the 

workpieces to be joined. The FSW tool, with a specially designed pin, is inserted into 

the material at the joint line. The tool then begins to rotate at a controlled speed. As 

the tool rotates and traverses along the joint, frictional heat is generated between the 
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tool and the workpiece demonstrated in Fig. 1.1. This heat softens the material 

without melting it. The softened material undergoes plastic deformation due to the 

mechanical stirring action of the rotating tool. The tool's pin stirs the material from 

the front of the tool to the back, creating a mix of materials from both workpieces. 

The tool traverses along the length of the joint line, continuously generating heat and 

causing plastic deformation [9]. The shoulder of the tool applies downward force, 

consolidating the stirred material and forging the joint. As the tool moves forward, the 

material behind the tool cools and solidifies, forming a solid-phase bond between the 

workpieces. The weld nugget, or stir zone (SZ), is characterized by a fine-grained 

microstructure due to dynamic recrystallization. After the tool has passed, the material 

continues to cool, solidifying the joint with a refined microstructure. The resulting 

weld is strong and free from defects[10]. FSW is highly effective for joining materials 

with different properties and is widely used in industries requiring high-strength, 

defect-free joints. Process parameters, such as TRS, TS, and axial force, are critical to 

achieving the desired weld quality [11]. 

One of the primary advantages of FSW over traditional fusion welding techniques is 

its ability to join materials that are otherwise considered unweldable due to their 

propensity for cracking and porosity when melted, such as aluminum and Mg alloys. 

FSW not only enhances mechanical properties by producing a fine-grained 

microstructure in the weld zone but also minimizes distortion and residual stresses, 

leading to improved fatigue performance. The absence of a melting phase in FSW 

reduces the risk of defects, which is common in conventional welding methods. 

Additionally, the process parameters, including tool design, TRS, and TS, can be 

precisely controlled to tailor the weld characteristics. As research and development in 

FSW technology continue to advance, its application scope is broadening, with 

ongoing innovations aimed at improving tool materials, process monitoring, and real-

time quality control [12]. In summary, FSW stands out as a transformative technique 

for the efficient and reliable joining of aluminum and Mg alloys, offering significant 

advantages in terms of mechanical performance, environmental impact, and industrial 

scalability. Magnesium alloys, like AZ31, AZ91D, and WE43, are prized in the 

aerospace and automotive sectors for high strength-to-weight ratio. With a density of 

approximately 1.8 g/cm³, they are significantly lighter than aluminum alloys. AZ91D 

(9% aluminum, 1% zinc) and WE43 (4% yttrium, 3% rare earth elements) are 

common types [13]. Their physical properties include good machinability, corrosion 
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resistance, and high thermal conductivity. FSW enhances these properties by creating 

strong, defect-free joints without melting, preserving the alloys' inherent strengths and 

minimizing distortion [14, 15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Process principle of FSW 

 

Mg and Al materials have good thermal and electrical conductivity and are helpful for 

thermal and electrical applications. Some typical applications are condenser foil 

windings, heat exchanger tubes, Electrical connectors, transformers, capacitors, 

refrigeration tubes, tube sheets, etc [16, 17]. Butt joints and lap joints are two types of 

joints used in metalworking and welding. Both joints are used to connect two pieces 

of metal, but they differ in their design and application [18]. A butt joint is a joint 

where the two pieces of metal are placed end-to-end and welded or bolted together. 

This type of joint is commonly used for joining thin sheets of metal that are of similar 

thickness. However, it can also be used to join thicker materials, although additional 

reinforcement may be required. A lap joint, where the two pieces of metal overlap 

each other and are welded or bolted together. This type of joint is commonly used for 

joining thicker materials or when additional strength is required. Lap joints can also 

be used to join materials of varying thicknesses, as the overlap can be adjusted to 

accommodate different thicknesses [18-21]. When it comes to joining materials of 

various thicknesses, both butt and lap joints can be used. However, a lap joint is 
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generally preferred as it provides greater strength and can better accommodate the 

differences in thickness. 

Additionally, lap joints can be designed to distribute the load across the joint, 

reducing stress and preventing failure. Overall, the choice of joint and method of 

joining will depend on the specific application and the materials being used. The 

rotational motion of the tool softens the material, making it pliable enough to join [22-

27]. The probe then moves through the joint, pushing and mixing the softened 

material from both workpieces together. Fig. 1.2 illustrates the fundamental working 

concept of the dissimilar FSW technology. As the tool is removed, the material 

behind it cools and solidifies, forming a strong joint. There are four basic steps in 

FSW. 

 

1.2.1 Plunging 

 

The plunging phase in FSW is a crucial initial step where the rotating tool is inserted 

into the base plates to generate the necessary frictional heat. This process begins with 

the precise alignment and positioning of the tool at the weld joint. As the tool starts 

rotating, it is gradually lowered until the pin makes contact with the material's surface, 

generating localized heating and softening the material. The tool continues to 

penetrate till the shoulder engages with the plate surface, significantly increasing the 

heat generation and plasticizing the material around the pin. The tool is then 

momentarily held in place to stabilize the temperature and ensure uniform heat 

distribution before it begins to traverse along the joint line. Throughout this phase, 

careful control of parameters, i.e., TRS, plunge rate, and axial force, is essential to 

optimize material flow and heat generation, setting the stage for a high-quality, 

defect-free weld. 

 

1.2.2 Dwelling 

 

The dwelling phase in FSW is a critical step that follows the plunging phase, where 

the rotating tool, fully engaged with the material, is held stationary for a brief period. 

This phase ensures the material adequately softened and plasticized by maintaining 

consistent frictional heat generation. During dwelling, the tool remains at a constant 

depth, allowing heat to evenly distribute through the material, eliminating temperature 
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gradients that could lead to weld defects. This uniform heating enhances the material's 

plasticity, ensuring a stable and continuous weld formation when the tool begins to 

move along the welding line. The dwelling phase is essential for achieving optimal 

weld quality, as it helps in homogenizing the material, reducing internal stresses, and 

minimizing defects. Good control of the dwelling duration and tool parameters during 

this phase is crucial for ensuring a strong, defect-free weld with desirable mechanical 

properties. 

 

Figure 1.2: Different steps involve in FSW 

 

1.2.3 Welding process 

 

After the dwelling phase in FSW, the tool transitions into the welding stage, where it 

moves along the welding line. During this phase, the rotating tool moves along the 

path previously prepared by the plunging and dwelling stages. The primary objective 

is to forge and consolidate the softened material within the weld zone. As the tool 

travels, the shoulder of the tool applies pressure to the plasticized material, creating a 

bond between the workpieces. The rotational motion of the FSW tool helps in mixing 

the base materials across the joint, promoting metallurgic bonding below the melting 

point. This solid-state joining method results in an equiaxed and refined grain 
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structure in the weld zone, which typically exhibits superior mechanical properties 

than traditional fusion welding methods. The controlled input heat and mechanical 

action of FSW contribute to reduced distortion and minimized residual stresses in the 

welded material. Throughout the welding phase, precise control of parameters to 

maintain weld integrity and achieve consistent quality. The post-dwelling and welding 

phases in FSW collectively ensure a robust and defect-free weld, making this 

technique particularly advantageous for joining aluminum, magnesium, and other 

challenging materials in various industrial applications. 

 

1.2.4 Retracting 

 

The retracting phase in FSW occurs after the tool completes the welding pass. This 

phase involves the withdrawal of the rotating tool from the welded material. 

Retracting is a critical step to disengage the tool from the workpieces while 

minimizing any potential defects or damage to the newly formed weld. During 

retracting, the TRS of the tool is typically reduced to a lower level compared to the 

welding phase. This reduction helps in gradually disengaging the tool from the 

welded material without abruptly disrupting the metallurgical bond or causing 

excessive mechanical stress. The retracting speed is controlled to ensure a smooth and 

uniform withdrawal of the tool. 

As the tool is retracted, any excess material displaced during the welding process is 

typically smoothed out and consolidated behind the tool's shoulder. This consolidation 

helps in refining the microstructure of the weld and ensuring uniformity across the 

joint. Additionally, the controlled retraction phase allows the welded area to cool 

gradually, which contributes to reducing residual stresses and enhancing the 

metallurgical characteristics of the weldments.  

Proper execution of the retracting phase in FSW is essential for achieving a high-

quality weld with optimal strength, durability, and integrity. It complements the 

preceding phases of plunging, dwelling, and welding by ensuring that the entire 

welding process concludes smoothly and efficiently, meeting the stringent 

requirements of various industrial applications where FSW is utilized. 
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1.3 FSW tool materials 

 

The rotating tool used in FSW is able to endure high temperatures and pressures, as 

well as provide the necessary frictional force to stir the materials being welded. 

Therefore, the material selection for FSW tools is critical to confirm the durability and 

quality of the welded joints. The most general materials used for FSW tools are: 

 

1.3.1 Tool steel H13 

 

H13 tool steel is commonly used in FSW due to its advantageous combination of 

properties that make it suitable for light metal alloys. H13 offers high toughness, 

hardness, and thermal conductivity, which are essential for withstanding the abrasive 

wear and high temperatures encountered during FSW. Its toughness helps in resisting 

mechanical stresses and impacts during the welding process, while its high hardness 

ensures prolonged tool life by minimizing wear. The good thermal conductivity of 

H13 aids in efficiently dissipating heat away from the welded zone, contributing to 

temperature control. Moreover, H13 is relatively cost-effective compared to other tool 

materials, making it a practical choice for industrial applications. 

 

1.3.2 Tungsten Carbide (WC) tool 

 

WC tools are widely preferred for FSW due to several key advantageous properties 

that cater specifically to the demands of this advanced welding technique. Firstly, WC 

is renowned for its exceptional hardness, ranking among the hardest materials 

available. This hardness enables WC tools to withstand the severe abrasion and wear 

encountered during FSW, particularly when welding high-strength alloys and 

composite materials. The durability of WC tools translates into extended tool life, 

reducing downtime for tool changes and maintenance, which is crucial for industrial 

applications requiring continuous operation and high productivity. 

Moreover, Tungsten Carbide exhibits high thermal conductivity, aiding in effective 

heat dissipation from the weld zone. This property helps to control temperatures 

during welding, minimizing thermal distortion and ensuring consistent weld quality. 

The combination of high hardness and thermal conductivity makes WC tools well-
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suited for handling the intense frictional heat generated during FSW without 

compromising on performance or durability. 

Additionally, WC tools typically possess low coefficients of friction, facilitating 

smooth material flow and enhancing the joint efficiency. This attribute contributes to 

the fabrication of defect free welded joints with high tensile strength. 

Furthermore, WC tools are capable of maintaining dimensional stability under high 

temperatures, ensuring precise control of the welding parameters and achieving 

consistent weld quality. While Tungsten Carbide tools offer numerous benefits for 

FSW, including durability, thermal management, and performance reliability, their 

use requires careful consideration of operational parameters to optimize performance 

and mitigate potential challenges. Overall, the unique combination of hardness, 

thermal conductivity, and frictional characteristics makes Tungsten Carbide an ideal 

choice for attaining high-quality welds in challenging materials and demanding 

industrial environments. 

 

1.3.3 Polycrystalline cubic Boron Nitride (PCBN) tool 

 

PCBN tools are selected for FSW primarily due to their exceptional thermal stability, 

hardness, and wear resistance, which are crucial for effectively processing high-

strength materials and achieving high-quality welds. PCBN is one of the hardest 

materials known, second only to diamond, making it highly resistant to abrasive wear 

and deformation during the intense frictional and mechanical forces experienced in 

FSW. This inherent hardness enables PCBN tools to maintain sharp cutting edges and 

withstand prolonged use without significant wear, thereby ensuring extended tool life 

and reducing downtime for tool changes in industrial applications. PCBN tools exhibit 

excellent thermal conductivity, which plays a critical role in FSW by efficiently 

dissipating heat away from the weld zone. This property helps in controlling 

temperatures during welding, minimizing thermal distortion of the workpieces, and 

ensuring consistent weld quality. The combination of high hardness and thermal 

stability allows PCBN tools to operate effectively at high temperatures, maintaining 

dimensional accuracy and achieving precise control over the welding parameters. 

PCBN tools offer low coefficients of friction, facilitating smooth heat transfer flow 

and minimizing the welding defect. This attribute contributes to the production of 

high-integrity welds with superior mechanical properties, including enhanced strength 
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and fatigue resistance. PCBN tools are also known for their chemical inertness and 

resistance to corrosion, which further enhances their suitability for welding of light 

metal alloys. While PCBN tools offer significant advantages in terms of hardness, 

thermal conductivity, and wear resistance for FSW, their use requires careful 

consideration of operating parameters to optimize performance and ensure consistent 

weld quality. Overall, the exceptional properties of PCBN make it a preferred choice 

for achieving reliable and high-performance welds in challenging materials and 

demanding industrial applications. 

 

1.3.4 Composite tool 

 

Composite tools used in FSW integrate multiple materials to capitalize on their 

individual strengths, enhancing the tool's overall performance and longevity. These 

tools typically feature a base material, often steel or other high-strength alloys, 

embedded with hard particles such as tungsten carbide (WC), ceramics like alumina, 

or other reinforcing agents. The combination of materials in composite tools provides 

several advantages crucial for FSW applications. Firstly, embedded hard particles 

significantly bolster wear resistance, crucial for withstanding the abrasive forces and 

high temperatures generated during FSW. This extends tool lifespan and minimizes 

the need for frequent replacements, thereby optimizing operational efficiency and 

reducing costs. Secondly, the tailored thermal conductivity of composite tools helps 

manage heat distribution during welding, ensuring uniform material flow and 

reducing thermal distortion in the welded components. Additionally, composite tools 

can be customized to meet specific welding requirements, adapting to different 

material compositions and operational conditions with precision. Despite potentially 

higher initial costs, composite tools deliver substantial long-term benefits through 

enhanced durability, versatility, and performance consistency in achieving high-

quality welds across diverse industrial sectors such as aerospace, automotive, and 

marine engineering. 

 

1.4 FSW tools design 

 

The design of the tools used in FSW is essential for defect-free joints. The primary 

components of the tool include the shoulder and the pin (or probe). The shoulder 
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produces frictional heat and contains the softened material, while the pin facilitates 

the stirring and mixing of the materials being welded. The pin geometry is very 

crucial in determining the weld quality, with many profiles, i.e., triangular, square, 

circular, and threaded circular, each offering distinct advantages. Cylindrical pins are 

known for their simplicity and ease of fabrication, providing a good balance of heat 

generation and material flow. Triangular pins enhance mechanical interlocking and 

material mixing due to their sharp corners, resulting in superior joint strength. 

Rectangular pins, on the other hand, increase the surface area for frictional heat 

generation, leading to improved plastic deformation. The choice of pin profile, along 

with other factors like tool material and TRS, must be wisely measured to optimize 

the welding parameters for different material combinations and thicknesses. 

 

1.4.1 Design of FSW tool’s Shoulder 

 

The shoulder design in FSW tools is critical to the process's success, influencing 

material flow, heat generation, and overall joint quality. Typically, FSW tool 

shoulders are crafted with a flat or slightly concave surface that interacts directly with 

the workpieces during welding. This design serves several essential functions: it 

facilitates the generation of frictional heat, effectively softening the material without 

melting it. The shoulder also applies pressure to the plasticized material, promoting its 

consolidation and ensuring uniformity across the weld zone. The shape and size of the 

shoulder govern the total heat generated and the pressure exerted on the material, 

directly impacting the weld's integrity and strength. Advanced designs may 

incorporate features such as cooling channels within the shoulder to manage 

temperatures and prevent overheating, which is crucial for maintaining consistent 

weld quality in different materials. In essence, the shoulder design of an FSW tool is 

pivotal in controlling the welding parameters to achieve reliable, high-quality welds 

across various materials and operational conditions. 

 

1.4.1.1 Concave shoulder 

 

This shoulder design influences the joint efficiency. Among various shoulder designs, 

the concave shoulder stands out for its unique advantages. A concave shoulder 

features a recessed surface that helps to consolidate and trap the plasticized material 
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more effectively during FSW. This design enhances the downward forging action, 

ensuring better connection between the base plate and rotating tool, which results in 

improved material flow and distribution. The concave profile also aids in directing the 

material flow towards the pin, reducing the surface defects and enhancing the joint 

efficiency. Additionally, the concave shoulder can contribute to lower welding forces, 

making it easier to maintain the stability of the welding process. This design is 

particularly beneficial when welding materials with high thermal conductivity or 

when working with thinner sheets, as it provides better control over the process 

parameters to achieve the high-quality joints.  

 

1.4.1.2 Convex Shoulder 

 

In FSW, the design of the convex shoulder is a pivotal element that greatly affects the 

weld quality. The convex shoulder, characterized by its outwardly curved surface, 

offers distinct benefits in specific welding scenarios. Unlike concave shoulders, 

convex shoulders exert higher forging pressure on the workpiece, which can enhance 

the consolidation of the plasticized material and ensure deeper penetration of the pin 

into the workpieces. This results in a more homogeneous mixing of the materials 

being welded. The elevated pressure also helps in minimizing voids and defects, 

leading to stronger and more reliable welds. Convex shoulders are particularly 

advantageous when welding thicker materials, as they can handle higher loads and 

generate more heat through increased contact area. Additionally, the convex profile 

assists in directing the plasticized material downward and away from the tool, 

reducing the occurrence of surface flash and ensuring a cleaner weld surface. This 

design is essential for achieving high-quality welds in challenging conditions, making 

it a versatile choice in the FSW tool design arsenal. 

 

1.4.1.3 Pin Design 

 

The pin, or probe, design is a fundamental characteristic that significantly influences 

the welding process and the quality of the final weld. The pin, which extends from the 

shoulder into the workpiece, is responsible for generating heat through friction and 

mechanically stirring the materials to create a solid-state joint. Several pin profiles 

offer distinct advantages and are chosen based on the specific welding requirements. 
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Cylindrical pins are the simplest in design and are known for their ease of fabrication 

and balanced performance, providing adequate heat generation and material flow. 

Triangular pins, with their sharp edges, enhance mechanical interlocking and improve 

the stirring action, leading to superior joint strength and material mixing. Rectangular 

pins, with their increased surface area, generate more frictional heat and facilitate 

better plastic deformation, which is particularly useful for welding thicker materials. 

The pin's length, diameter, and thread design are also critical factors that affect the 

weld quality, influencing parameters and the formation of defects. Proper pin design 

is essential for optimizing the welding process, ensuring efficient material mixing, 

and achieving high-quality welds across different material combinations and 

thicknesses. 

 

1.4.1.4 Round bottom cylindrical pin (RBCP) 

 

RBCP is a specialized tool design that plays a crucial role in achieving high-quality 

welds across a variety of materials and thicknesses. This pin design features a smooth, 

rounded bottom that facilitates uniform heat dissemination during the FSW. The 

round bottom shape reduces the likelihood of material entrapment and promotes 

consistent plastic deformation, ensuring a homogenous mixing of the materials being 

welded. One of the key advantages of the round bottom cylindrical pin is its ability to 

generate sufficient frictional heat while maintaining a stable welding process. This 

promotes the softening and plasticizing the base materials, facilitating easy movement 

and effective joining without causing excessive stirring or material expulsion. The 

smooth curvature of the pin also contributes to reducing the surface defects, resulting 

in cleaner welds with improved aesthetic appearance. Additionally, the round bottom 

cylindrical pin is particularly effective in welding thin materials or when working 

with alloys that are sensitive to heat input. Its design allows for precise control over 

welding parameters, ensuring consistent weld quality and mechanical characteristics 

across the joint. Overall, the round bottom cylindrical pin exemplifies an important 

tool design choice in FSW, offering versatility and reliability in achieving strong, 

defect-free welds in diverse welding applications. 
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Figure 1.3: Design of RBCP [18] 

 

1.4.1.5 Flat bottom cylindrical pin (FBCP) 

 

FBCP represents a specialized tool design for achieving precise and controlled welds 

across a wide range of materials and thicknesses. Unlike other pin designs, the flat 

bottom cylindrical pin features a flat, smooth surface at its bottom. This design 

minimizes material displacement and ensures consistent plastic deformation, leading 

to strong and reliable weld joints. One of the primary advantages of the FBCP is its 

ability to maintain stable welding conditions while providing effective heat 

generation. The flat surface promotes even pressure distribution and adequate contact 

with the base plate, enhancing the consolidation of the softened material around the 

pin. This results in improved joint strength and reduced porosity, contributing to 

superior joint efficiency. The design of the flat bottom cylindrical pin is particularly 

beneficial in applications where precise control over welding parameters is essential. 

It allows for optimized material flow, thereby minimizing the defects risk. 

Additionally, this pin design is well-suited for welding materials with varying thermal 

conductivity or thickness, offering versatility and reliability in achieving consistent 

weld quality. Overall, the flat bottom cylindrical pin stands as a critical component in 

FSW tool design, providing engineers and welders with a reliable solution to produce 

high joint efficiency and performance across diverse industrial applications. 
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Figure 1.4: Design of flat bottom cylindrical pin [18] 

 

1.4.1.6 Truncated cone pin 

 

The truncated cone pin represents a sophisticated tool design renowned for its ability 

to achieve precise and efficient welds across a spectrum of materials and thicknesses. 

This pin design features a conical shape with a flattened or truncated end, combining 

the advantages of both cylindrical and conical pins.  

 

 

Figure 1.5: Design of truncated cone pin [18] 
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The tapered profile of the truncated cone pin facilitates enhanced material mixing and 

flow, promoting uniform heat distribution during the FSW. One of the distinctive 

advantages of the truncated cone pin lies in its capability to effectively manage heat 

generation and material displacement. The conical taper allows for gradual 

plasticization of the material as the pin moves through the workpiece, ensuring 

thorough mixing without excessive stirring or disruption. This results in weld joints 

with improved mechanical properties and reduced welding defects. The design 

versatility of the truncated cone pin makes it particularly suitable for welding 

applications where varying material thicknesses or compositions are involved.  

Additionally, the tapered geometry of the pin facilitates smoother entry and exit from 

the workpiece, minimizing tool wear and extending tool life. In essence, the truncated 

cone pin stands as a pivotal innovation in FSW tool design, embodying precision, 

efficiency, and reliability in achieving high-quality welds across diverse industrial 

applications. Its unique profile underscores its importance as a key component for 

engineers and welders seeking superior performance and consistency in friction stir 

welding operations. 

 

1.4.1.7 Thread less pin 

 

Threadless pins in Friction Stir Welding (FSW) represent an innovative approach to 

tool design that enhances the efficiency and reliability of the welding process. Unlike 

threaded pins, which feature helical grooves designed to channel and mix materials 

during welding, threadless pins are characterized by a smooth surface without any 

external threading. This design simplifies the fabrication process and eliminates 

potential complications associated with thread wear or damage during prolonged use. 

The absence of threads on threadless pins contributes to several advantages in FSW 

operations. This results in cleaner weld surfaces and improved aesthetic appearance of 

the joints. Secondly, the smooth surface of threadless pins facilitates easier removal 

from the completed weld, minimizing the risk of tool marks or damage to the 

workpiece. Moreover, threadless pins offer enhanced versatility in welding various 

materials and thicknesses. Their uniform surface ensures consistent heat distribution 

and plastic deformation, which are crucial for achieving strong and durable weld 

joints.  
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Figure 1.6: Design of thread less pin [18] 

 

1.5 Effect of Processing parameter of FSW 

 

The FSW process, widely recognized for its effectiveness in joining lightweight 

materials, is significantly influenced by various process parameters (i.e. TRS, TS, 

TTA, and axial force). Adjustments in these parameters can lead to substantial 

variations in grain size, UTS, micro hardness, and overall joint integrity. The effect of 

process parameters on FSW is essential for optimizing welding conditions and 

achieving superior weld quality, particularly in challenging materials like aluminum 

and magnesium alloys. This study aims to explore these relationships, providing 

insights into the optimization of FSW parameters to enhance weld performance. 

 

1.5.1 Rotational tool speed  

 

The TRS of the tool in FSW significantly influences the characteristics and weld 

quality. TRS determines the heat input and the mechanical agitation applied to the 

workpieces during welding, which in turn affects the metallurgical properties, and 

defect formation in the weld joints.  

At lower TRS, a low frictional heat generated, this can lead to insufficient 

plasticization of the material, potentially resulting in inadequate bonding between the 

workpieces and a weaker weld joint. Conversely, excessively high TRS can cause 

excessive frictional heat, leading to material overheating and potential defects such as 

burn-through or excessive tool wear. Optimal TRS selection is crucial for achieving 
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desirable weld characteristics. It promotes effective material plasticization and mixing 

without causing thermal degradation or excessive wear on the tool. Properly chosen 

TRS enhance the formation of a homogeneous microstructure in the welded zone, 

contributing to improved mechanical properties. 

Moreover, the TRS influences the flow dynamics of the material around the tool, 

affecting the uniformity and smoothness of the weld bead. A controlled TRS helps 

maintain consistent material flow and ensures uniform distribution of alloying 

elements within the weld, minimizing the formation of welding and lack of fusion. 

 

1.5.2 Tool TS 

 

The TS in FSW significantly impacts the quality and characteristics of weld joints, 

supported by empirical data across various studies. Research indicates that lower TS 

generally led to higher heat input and longer dwell times in the weld zone. For 

instance, studies have shown that reducing TS from higher to lower values can 

increase the heat input by up to 30%, resulting in enhanced material flow and better 

consolidation of the weld material. This extended exposure to frictional heat allows 

for more thorough mixing of the alloying elements, contributing to a refined 

microstructure with improved mechanical properties. While higher TS reduce the 

input heat and dwell time, which can lead to less effective material plasticization and 

mixing. This reduction in heat input and dwell time may result in shallower 

penetration depths and potentially weaker bonding between the workpieces. For 

example, data from experimental studies have demonstrated that increasing TS 

beyond optimal ranges can lead to decreased joint strength. Overall, optimizing TS is 

crucial in FSW to achieve weld joints with desirable properties. This involves 

balancing heat input, material flow dynamics, and mechanical requirements to ensure 

consistent and high-quality welds across different materials and applications. 

Statically supported findings underscore the importance of precise control over TS in 

maximizing weld quality and performance in industrial settings. 

 

1.5.3 Tool Tilt Angle (TTA) 

 

The TTA in FSW exerts a profound influence on weld joint characteristics, backed by 

empirical data illustrating its impact on weld quality and mechanical properties. 
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Studies have shown that variations in TTA significantly alter material flow dynamics 

and heat distribution during FSW. For instance, increasing the tilt angle from 0° to 

optimal values (typically between 1° to 3°) enhances material consolidation and 

promotes more uniform plasticized material distribution around the tool. This results 

in a refined microstructure within the welded area, leading to improved UTS and 

fatigue resistance of the joints. Conversely, excessive tilt angles can disrupt material 

flow patterns, leading to irregular mixing and potential defects in the weld. Data from 

experimental studies highlight that deviations from optimal tilt angles can lead to 

reduced joint strength and increased susceptibility to defects. For example, research 

has shown that deviations beyond recommended ranges can significantly impact joint 

integrity, with even small variations in tilt angle affecting weld quality. 

Overall, optimizing the TTA is critical in FSW to achieve consistent and high-quality 

welds across various materials and applications. The numerical data underscores the 

importance of precise tilt angle control in enhancing weld performance and reliability, 

emphasizing the need for careful adjustment to maximize the benefits of this 

parameter in industrial welding processes. 

 

1.5.4 Effect of Tool pin profile  

 

The role of pin profile in the FSW determining the characteristics and weld quality, 

supported by empirical data highlighting its influence on weld properties. The 

different shapes of pin profile protruding part of the FSW tool that interacts directly 

with the workpiece material during welding. 

Research has shown that variations in pin profile, including diameter, shoulder angle, 

and thread configuration, significantly impact the plasticization during FSW. For 

instance, studies have demonstrated that increasing the pin diameter can lead to 

deeper penetration into the material, enhancing bond strength and improving 

mechanical properties such as joint UTS. Numerical data often shows that smaller pin 

diameters, which exert less plastic deformation, tend to produce welds with lower 

UTS and reduced elongation compared to larger pin profiles. 

Moreover, the pin shape affects the stirring action and heat generation within the weld 

zone. For example, pins with tapered profiles or threaded designs can facilitate better 

material mixing and expulsion of trapped gases, resulting in more uniform welds with 

fewer defects. Empirical studies have illustrated that optimizing pin profile 
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parameters can lead to significant improvements in weld quality and performance 

across a range of materials, including Al-alloys, steels, and titanium alloys. 

 

Table 1.1: Influence of input parameters in FSW 

S. No Parameters Effect Ref 

 

1 

 

TRS 

FSW's high tool rotation speed results in good UTS of the 

weldment, oxide layer breaking, frictional heat, stirring, 

and good mixing of material.  

 

[26] 

 

2 

 

TS 

Increasing the TS, decreased frictional heat and hence 

produced to inferior input heat input. 

 

[27] 

 

3 

TA The tool TTA may affect the material flow and heat 

generation during the weld; the friction generates the 

plastic dissipation and heat occur in FSW. 

 

[28] 

 

 

1.5.5 Axial force 

 

The axial force, refers to the force applied in the direction perpendicular to the 

welding surface during FSW. The axial force applied during FSW affects the heat 

generation in the welding zone. It helps to maintain contact between the base plate 

and the rotating tool and the workpiece, ensuring effective frictional heating. It 

promotes plastic deformation and assists in the mixing of material between the AS 

and RS of the weldments. The applied force helps in breaking down the metal's 

crystalline structure, facilitating grain refinement and producing a sound weld. 

 

1.5.6 Tool geometry 

 

The tool geometry, including its shape, dimensions, and features is very important in 

FSW. The diameter of the shoulder affects the material flows and heat transfers 

during welding. A higher heat and better material mixing is generated in larger 

shoulder diameter. The thread profile of the pin determines the material stirring and 

mixing characteristics. Different pin geometries may influence the heat distribution, 

and defect formation. For example, tapered or threaded pins may enhance material 

mixing compared to cylindrical pins.  The choice of tool material affects the 
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durability, heat transfer, and frictional properties during welding. Tool materials with 

good wear resistance and thermal conductivity are typically preferred. 

 

 

Figure 1.7: Schematic diagram for main process parameters of FSW 

 

1.5.7 Plunge Depth 

 

The plunge depth in FSW affect the weld quality and joint efficiency. It refers to the 

depth to which the tool pin penetrates the workpiece, typically ranging between 80-

95% of the workpiece thickness demonstrated in Fig. 1.7. For example, in welding a 5 

mm thick aluminum plate, the plunge depth would typically be between 4 and 4.75 

mm. This depth ensures sufficient material deformation and heat generation, which 

are critical for achieving a defect-free weld. If the plunge depth is too shallow, it may 

lead to incomplete joint penetration and weak bonding. It can cause excessive heat 

input, resulting in defects like flash formation and tool wear. Precise control of plunge 

depth is essential for optimizing the welding process, ensuring adequate material 

mixing, and achieving the desired mechanical properties in the welded joint. This 

study examines the optimal parameters for superior weld quality. 

 

1.6 Different types of FSW zones 

 

FSW creates distinct zones within the welded joint, each characterized by unique 

microstructural and mechanical properties. The SZ, located at the center of the weld, 
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experiences the highest degree of plastic deformation and heat, resulting in a fine, 

equiaxed grain structure due to DRX. Surrounding the SZ is the TMAZ, where the 

material undergoes both thermal and mechanical influences but to a lesser extent than 

the SZ, leading to elongated grains [29]. Adjacent to the TMAZ is the HAZ, which is 

exposed to elevated temperatures but does not experience plastic deformation, causing 

changes in the material properties without significant grain deformation. Finally, the 

base metal remains unaffected by the welding process and retains its original 

microstructure and properties. Understanding these zones is critical for optimizing 

FSW parameters to achieve desired weld quality and performance. This study focuses 

on analyzing the characteristics of these zones, providing insights into their formation 

and the resulting mechanical properties of the weld [30]. 

 

1.6.1 Stir zone (SZ) 

 

The SZ in FSW is the central region of the weld joint where the FSW tool interacts 

directly with the workpieces. This zone is characterized by intense mechanical stirring 

and frictional heat generation caused by the rotating FSW tool. When the tool travels 

along the welding path, it plunges into the base plate, creating severe plastic 

deformation. This deformation leads to DRX, where the original grain structure of the 

material is broken down and reformed into a refined, equiaxed grain structure within 

the SZ. The SZ typically exhibits a fine-grained microstructure that is smaller and 

more uniform than the parents’ metals [31]. This microstructural refinement enhances 

the tensile properties of the weld joint, including increased UTS, microhardness, and 

fatigue resistance. The mixing of material from both workpieces without melting, 

resulting in a homogenized bond between the surfaces being joined. As a result, the 

SZ in FSW offers advantages in producing high-strength, defect-free welds suitable 

for applications in aerospace, automotive, marine, and other industries where superior 

joint integrity and performance are critical. 

 

1.6.2 Thermo-mechanically affected zone (TMAZ) 

 

TMAZ is the adjacent zone of SZ and is characterized by significant but less intense 

mechanical and thermal effects compared to the SZ. In the TMAZ, the material 

undergoes mechanical deformation and thermal cycles due to the heat and pressure 
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exerted by the FSW tool. While the TMAZ temperature is lower than the SZ, it still 

experiences heating close to or below the material's melting point, leading to 

softening, grain growth, and grain structure changes [32]. Different types of FSWed 

zone are demonstrated in Fig. 1.8. 

 

 

Figure 1.8: Different zones in FSW 

 

The mechanical deformation in the TMAZ results in localized plasticity and strain 

hardening effects, which alter the material's properties than the parents’ material. 

Depending on the FSW parameters and the specific alloy composition, the TMAZ 

may exhibit varying degrees of grain refinement or coarsening, as well as changes in 

hardness and residual stresses. These microstructural alterations can affect the overall 

mechanical performance and joint efficiency [33]. The width and characteristics of the 

TMAZ are influenced by factors such as the TRS, TS, and the material properties of 

the workpieces. By carefully managing the thermal and mechanical effects in the 

TMAZ, engineers and manufacturers can ensure consistent and reliable performance 

of friction stir welded components in sectors ranging from aerospace and automotive 

to shipbuilding and structural engineering [34]. 

 

1.6.3 Heat affected zone (HAZ) 

 

The HAZ in FSW is a critical area that undergoes significant thermal exposure but 

remains free from the plastic deformation experienced in other regions of the weld. 

The HAZ, adjacent to the TMAZ and SZ, significantly influences the mechanical 

properties of the welded joint, with changes primarily due to the thermal cycle rather 

than the severe plastic deformation and DRX seen in the SZ [35]. 
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In the HAZ, the material is exposed to elevated temperatures sufficient to alter its 

microstructure, yet insufficient to cause plastic deformation or recrystallization. As a 

result, the grains within the HAZ often become coarser compared to the base metal. 

This coarse grain structure is a direct consequence of the thermal exposure, which 

facilitates grain growth but does not induce the mechanical stirring and deformation 

seen in the SZ. The extent of this grain growth and the resultant mechanical properties 

depend on the peak temperatures reached and the duration of thermal exposure [36]. 

The presence of coarse grains in the HAZ can lead to a decrease in joints efficiency, 

making it a potential site for the initiation of failure under mechanical loads. 

Additionally, the microstructural changes in the HAZ can affect its corrosion 

resistance, which is particularly important for light meta materials used in aerospace 

and automotive industries. Understanding the transformations within the HAZ is 

essential for optimizing FSW parameters to minimize adverse effects and enhance the 

performance of the welded joint [37]. 

The HAZ is also distinct from the TMAZ, where the material experiences both 

thermal exposure and plastic deformation. In the TMAZ, the grains are typically 

elongated due to the plastic deformation associated with the FSW tool's movement, 

resulting in a distinct elongated grain structure. This zone, subjected to both thermal 

and mechanical effects, bridges the properties between the highly deformed SZ and 

the thermally influenced HAZ [39]. Managing the characteristics of the HAZ involves 

careful control of welding parameters. These parameters influence the heat input and 

distribution during welding, thereby affecting the size and properties of the HAZ. 

Optimizing these parameters can help in achieving a balance where the adverse 

effects of grain coarsening are minimized, and the integrity of the welded joint is 

maintained. 

In conclusion, the HAZ in FSW is a crucial zone that, while free from plastic 

deformation, undergoes significant thermal changes leading to a coarse grain 

structure. The understanding and management of this zone are essential for optimizing 

weld quality and ensuring the mechanical reliability of the welded joint. This study 

aims to investigate the microstructural and mechanical changes within the HAZ, 

providing insights for enhancing the performance of FSW joints. 
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1.7 Advantages of FSW  

 

FSW presents a host of advantages that make it a superior choice for many welding 

applications. Its ability to produce high-quality welds with enhancement in joint 

efficiency, reduced environmental impact, and economic benefits positions it as a key 

technology in modern manufacturing. These advantages are driving the adoption of 

FSW across various industries, paving the way for innovative and sustainable joining 

solutions. Some other advantages are discussed below: 

 Improved Mechanical Properties The welds produced by FSW typically exhibit 

superior joint efficiency, higher UTS, better toughness and fatigue resistance. This 

is due to the refined microstructure and the absence of defects like voids and 

inclusions often found in fusion welds. 

 Reduced Distortion and Residual Stresses FSW generates less heat compared to 

conventional welding processes, resulting in lower thermal distortion and residual 

stresses. This is particularly beneficial for applications requiring high dimensional 

accuracy and minimal post-weld machining. 

 No Filler required FSW does not require the use of filler materials or shielding 

gases, reducing costs and simplifying the welding setup. This also eliminates the 

risk of contamination from external sources, leading to cleaner and more 

consistent welds. 

 Environmental Benefits At fumes absence, gases, and spatter makes FSW an 

naturally friendly process. There is also reduced energy consumption compared to 

fusion welding, contributing to lower overall environmental impact. 

  Versatility in Material Joining FSW can join a wide range of materials, 

including Al, Cu, Mg, and even dissimilar material combinations. This versatility 

makes it applicable in diverse industries, from aerospace and automotive to 

shipbuilding and railways. 

 Automation and Reproducibility FSW is well-suited for automation, allowing 

for high reproducibility and consistent weld quality. Automated FSW systems can 

be integrated into manufacturing lines, enhancing productivity and reducing costs. 

  Minimal Preparation and Post-Weld Processing FSW requires minimal 

surface preparation before welding and generally results in a smooth, clean weld 
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surface. This reduces the need for extensive post-weld processing, such as 

grinding or polishing, saving time and costs. 

 Enhanced Safety The absence of high-temperature arcs, spatter, and fumes makes 

FSW a safer process for operators. The reduced risk of burns and inhalation of 

harmful substances contributes to a safer working environment. 

 Economic Efficiency The cumulative benefits of reduced material costs, lower 

energy consumption, minimal post-weld processing, and the potential for 

automation lead to significant economic efficiency. FSW can offer cost savings in 

both production and maintenance phases. 

 

1.8  Disadvantages of FSW 

 

Despite its many advantages, FSW also has some disadvantages and limitations. 

Understanding these is important for making informed decisions about its use in 

various applications. Here are the main disadvantages of FSW in detail: 

 Initial Equipment Cost The equipment for FSW, including specially designed 

welding machines and tools, can be significantly more expensive than fusion 

welding equipment. 

 Limited to Linear Joints FSW is most effective for linear or slightly curved joints. 

Welding complex, three-dimensional shapes or intricate geometries can be 

challenging and may require advanced and costly equipment or customized 

tooling.  

 Thickness Limitations While FSW is effective for a range of material thicknesses, 

it is generally more suited to relatively thin to medium-thickness materials. 

Welding very thick sections requires larger, more powerful equipment and 

specialized tools, which can be more expensive and difficult to handle 

 

1.9  Application of FSW  

 

FSW has been adopted across various industries due to its numerous advantages, such 

as improved mechanical properties and reduced defects. Here are detailed applications 

of FSW in specific sectors: 
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1.9.1 Aerospace Industry 

 

 Aircraft Structures: FSW is used to join Al-alloys in the manufacturing of 

fuselage panels, wing skins, and fuel tanks. The high-strength, defect-free welds 

enhance the structural integrity and performance of aircraft. 

 Cryogenic Fuel Tanks: For space applications, FSW is utilized to construct 

cryogenic fuel tanks for rockets and spacecraft due to its ability to produce leak-

proof, high-strength joints in lightweight aluminum-lithium alloys. 

 Propellant Tanks: Used in launch vehicles, the tanks require strong, reliable 

welds to ensure safety and performance during missions. 

 

1.9.2 Railway Sector 

 

 Train Carriages: FSW is employed to weld aluminum panels for train carriages, 

resulting in lightweight, durable structures that improve fuel efficiency and 

reduce operating costs. 

 Bogies and Under frames: The use of FSW in manufacturing bogies and under 

frames contributes to enhanced strength and durability, ensuring safety and 

longevity of railway vehicles. 

 

1.9.3 Automobile Sector 

 

 Chassis and Body Panels: FSW is used to join lightweight aluminum 

components in car bodies and chassis, contributing to weight reduction, improved 

fuel efficiency, and enhanced crashworthiness. 

 Electric Vehicle Battery Housings: The robust and leak-proof joints produced 

by FSW are ideal for battery housings in electric vehicles, ensuring safety and 

reliability. 

 Heat Exchangers: FSW is used in the production of heat exchangers due to its 

ability to create high-integrity joints that withstand thermal cycling and pressure 

variations. 
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1.9.4 Ship and Marine Industry 

 

 Ship Hulls and Decks: FSW is used to weld aluminum panels in the 

construction of ship hulls and decks, providing high-strength, corrosion-resistant 

joints that enhance the vessel's durability and performance. 

 Offshore Platforms: The technology is applied in fabricating structures for 

offshore platforms, ensuring strong, reliable welds that can withstand harsh 

marine environments. 

 

1.9.5 Other Applications 

 

 Pipe and Tube Fabrication: FSW is used to join pipes and tubes, particularly in 

the oil and gas industry, where leak-proof and high-strength welds are critical for 

safe operations. 

 Heat Sinks and Electronic Housings: In electronics, FSW is employed to 

manufacture heat sinks and housings, providing efficient thermal management 

and reliable protection for electronic components. 

 Industrial Machinery: The technology is used to join components in industrial 

machinery, such as frames and supports, where robust and durable welds are 

essential for operational reliability. 

 Consumer Goods: FSW is applied in the production of bicycles, ladders, and 

other consumer products, enhancing strength, reducing weight, and improving 

overall product quality. 

 Aerospace Tooling and Fixtures: FSW is used to produce tooling and fixtures 

for aerospace manufacturing, ensuring precision and durability in the production 

process. 

 

1.10  Challenges in FSW of Dissimilar Non-Ferrous materials  

 

FSW of AZ91D and aluminum presents several unique challenges. These challenges 

arise from the differing physical and chemical properties of the two materials, and the 

inherent difficulties in welding Mg-Alloys and aluminum. Here are the detailed 

challenges: 



29 

 

 Dissimilar Material Properties FSW of dissimilar non-ferrous materials like 

AZ91D magnesium and AA2024 aluminum faces challenges including uneven 

heat distribution, brittle intermetallic compound formation, and differing material 

properties leading to defects. Residual stresses, galvanic corrosion, and tool 

design complexities further complicate the process, requiring precise parameter 

control and advanced techniques for optimal weld quality. 

 Formation of IMCs: The IMCs formation in AA2024 aluminum and AZ91D 

magnesium welded joints is a significant challenge in FSW. These IMCs are 

typically brittle and can severely undermine the tensile strength of the joint. 

During the FSW process, the intense heat and plastic deformation cause aluminum 

and magnesium atoms to diffuse and react, forming various intermetallic phases 

such as Al3Mg2 and Al12Mg17. These compounds, while bonding the two 

dissimilar metals, often exhibit poor ductility and can become points of weakness, 

leading to reduced tensile strength and increased susceptibility to fracture. 

Controlling the formation and distribution of IMCs requires careful optimization 

of welding parameters. 

 Oxide Layers Both magnesium and aluminum form oxide layers on their 

surfaces, which are difficult to break up during welding. These oxide layers can 

prevent proper bonding between the materials, leading to weak welds with poor 

mechanical properties. Proper surface preparation and control of the welding 

environment are necessary to mitigate this issue. 

 Tool Wear and Selection The tool material must be carefully chosen to withstand 

the abrasiveness and reactivity of both magnesium and aluminum. The high 

temperatures and friction involved in FSW can lead to significant tool wear, 

especially when welding dissimilar materials. Tool design and material selection 

are critical to ensure longevity and effectiveness. 

 

1.11 Types of Aluminum Alloy  

 

Al alloys are metallic materials composed primarily of Al, along with other elements 

i.e. Fe, Mn, Zn, Si, Mg, and Cu. These alloys are used in an extensive range of 

applications, including automotive, construction, aerospace and consumer products. 

One of the key advantages of Al alloys is their low density, which make them 
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lightweight where weight is a critical factor. Additionally, Al alloys have good 

corrosion resistance and can be easily formed, welded, and machined. There are many 

types of Al alloys, each with its own unique properties and characteristics. Some 

common Al alloys include: 6061-T6: A popular general-purpose alloy with good 

strength, weldability, and machinability. 7075-T6: A high-strength alloy commonly 

used in aerospace applications. 2024-T3: An alloy with good fatigue resistance, often 

used in aircraft structures. 5052-H32: A corrosion-resistant alloy used in marine and 

automotive applications. 6063-T5: A popular extrusion alloy with good surface finish 

and corrosion resistance. Al alloys can be further strengthened through heat treatment 

and other processes to improve their mechanical properties [40, 41]. 

 

1.11.1 Types of Al-alloys 

 

Aluminum alloys are highly valued in various industries for their exceptional 

properties, including lightweight, high strength, and excellent corrosion resistance. 

These alloys, which are classified into series such as the 2000, 5000, 6000, and 7000 

series, are engineered to meet specific requirements. For example, the 2000 series, 

like AA2024, is known for its high strength and fatigue resistance, making it ideal for 

aerospace applications. The 5000 series, such as AA5083, is prized for its corrosion 

resistance and is commonly used in marine environments. The 6000 series, including 

AA6061, offers a good balance of strength, corrosion resistance, and weldability, 

making it suitable for structural and automotive applications. The 7000 series, 

exemplified by AA7075, provides exceptional strength and is often used in high-stress 

components like aircraft frames. These alloys achieve their unique properties through 

careful control of their chemical composition and processing techniques, enabling 

them to meet the diverse and demanding needs of modern engineering and 

manufacturing [42]. 

 

1.11.2 1xxx series 

 

The 1xxx series of Al-alloys consists predominantly of pure aluminum, typically with 

over 99% aluminum content and minor traces of impurities such as iron and silicon. 

Known for their high purity, these alloys exhibit excellent electrical conductivity, 

making them ideal for applications in the electrical industry, including overhead 
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transmission lines and transformer windings. They also offer good corrosion 

resistance in neutral environments, which suits them for use in food and beverage 

containers where contact with foodstuffs requires inert materials. Additionally, their 

high thermal conductivity makes them suitable for heat exchangers and other heat 

transfer applications. However, the 1xxx series alloys are relatively soft and ductile, 

limiting their use in structural applications requiring higher mechanical strength. 

Their versatility extends to decorative and architectural applications, where their 

appearance and corrosion resistance are valued. Overall, the 1xxx series of Al-alloys 

plays a critical role in various industries. 

 

1.11.3 2xxx series 

 

The 2xxx series of Al-alloys is characterized by its primary alloying element, copper 

(Cu), which typically ranges from 2% to 10%. This series is prominent for its 

excellent strength-to-weight ratio and good machinability, making it particularly well-

suited for demanding applications in various industries. The addition of copper 

enhances the alloy's strength significantly, making 2xxx series alloys some of the 

strongest Al-alloys available. This strength, combined with relatively good 

machinability, allows for the precise fabrication of complex components needed in 

aerospace structures, including aircraft fuselage skins, wings, and landing gear. The 

alloys also exhibit excellent fatigue resistance, making them suitable for components 

subjected to cyclic loading conditions. However, their corrosion resistance is lower 

compared to other Al-alloys, particularly in marine environments, necessitating 

protective coatings or anodizing processes for extended durability. Overall, the 2xxx 

series alloys excel where strength, lightweight properties, and machinability are 

paramount, contributing to their widespread use in aerospace, military applications, 

and high-performance sports equipment. 

 

1.11.4 3xxx series 

 

The 3xxx series of Al-alloys consists primarily of Al-alloyed with manganese (Mn), 

typically ranging from 1.0% to 1.5%. This alloy series is widely recognized for its 

excellent corrosion resistance, moderate strength, and good formability, making it 

versatile for various applications across different industries. The addition of 
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manganese enhances the alloy's ability to resist corrosion, particularly in marine 

environments and acidic conditions, which is advantageous for applications requiring 

long-term durability and reliability. These alloys are known for their moderate 

strength, suitable for structural components in automotive manufacturing, where 

corrosion resistance and formability are crucial. They are commonly used in the 

production of automotive body panels, trim components, and structural parts. 

Additionally, the 3xxx series alloys are favored in architectural applications for 

roofing, siding, and window frames due to their corrosion resistance and aesthetic 

appeal. Another significant advantage of the 3xxx series is its excellent formability 

and weldability, allowing for the production of complex shapes and assemblies 

without compromising structural integrity.  

 

1.11.5 4xxx series 

 

The 4xxx series of Al-alloys primarily consists of Al-alloyed with silicon (Si), 

typically in concentrations ranging from 4.5% to 13%. These alloys are notable for 

being non-heat treatable, deriving their strength primarily from solid solution 

strengthening rather than precipitation hardening processes. This characteristic makes 

them advantageous in applications where heat treatment may not be practical or cost-

effective, simplifying manufacturing processes and reducing production time and 

costs. One of the key advantages of the 4xxx series is their excellent weldability. They 

exhibit superior weldability compared to many other Al-alloys, with minimal risk of 

cracking or distortion during welding. This property makes them highly suitable for 

applications requiring intricate welded structures, such as automotive components 

(e.g., fuel tanks, body panels) and shipbuilding. 

While the 4xxx series alloys offer moderate strength, they are not as strong as some 

heat-treatable Al-alloys. However, their combination of good weldability and 

sufficient strength makes them preferred in industries where ease of fabrication and 

welding are critical considerations. They are also utilized in brazing applications, 

particularly in manufacturing heat exchangers and similar components where 

corrosion resistance and ease of joining through brazing processes are essential. 
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1.11.6 5xxx series 

 

The 5xxx series of Al-alloys is characterized by its predominant alloying element, 

magnesium (Mg), typically ranging from 2% to 6%. This series is renowned for its 

excellent corrosion resistance. The addition of magnesium enhances the alloys' natural 

resistance to corrosion, making them well-suited for marine environments and 

industrial settings where exposure to moisture and harsh chemicals is common. 

These alloys also boast good weldability, allowing for efficient joining processes 

without compromising structural integrity. This feature makes them highly suitable 

for applications requiring intricate designs and complex assemblies, such as 

automotive components, marine structures, and architectural panels. Moreover, the 

5xxx series alloys offer moderate to high strength depending on the specific alloy 

composition and heat treatment, providing a balance between strength and 

formability. In industries ranging from transportation to construction, the 5xxx series 

plays a crucial role due to its combination of weldability, corrosion resistance, and 

mechanical properties. It is particularly valued in applications where durability, 

aesthetics, and ease of fabrication are essential considerations. Overall, the 5xxx 

series of Al-alloys continues to be a preferred choice for manufacturers seeking 

reliable materials capable of withstanding diverse environmental challenges while 

maintaining performance and longevity. 

 

1.11.7 6xxx series 

 

The 6xxx series is distinguished by its composition primarily consisting of 

magnesium (Mg) and silicon (Si), typically with magnesium content ranging from 

0.5% to 1.5% and silicon content from 0.6% to 1.5%. This alloy series is renowned 

for its versatility and widespread application across diverse industries. Compared to 

other Al-alloys, the 6xxx series offers a balanced combination of strength, 

formability, and corrosion resistance. It can achieve varying levels of strength through 

heat treatment processes followed by artificial aging (T6 temper), making it suitable 

various applications. The alloys in the 6xxx series are highly formable, allowing for 

efficient shaping through processes like extrusion and rolling.  
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1.11.8 7xxx series 

 

The 7xxx series is distinguished by its composition primarily consisting of Zn as the 

major element, typically ranging from 5% to 12%, along with magnesium (Mg) and 

copper (Cu) to enhance specific mechanical properties. This alloy series is renowned 

for its exceptional strength, toughness, and resistance to fatigue, making it highly 

suitable for demanding applications in aerospace, military, and high-performance 

industries. 

These alloys achieve their high strength through a process known as precipitation 

hardening, where the material is heat-treated to form fine precipitates that strengthen 

the matrix. This characteristic ideal for structural components1, such as aircraft 

structural parts, military vehicle armor, and high-performance sporting equipment. In 

addition to their strength, the 7xxx series alloys exhibit remarkable toughness and 

resistance to fatigue, ensuring reliability under rigorous operational conditions. 

Despite their high strength, they retain good machinability, allowing for precise 

machining and fabrication of complex components required in aerospace and defense 

applications [43]. While the 7xxx series alloys offer impressive mechanical 

properties, their corrosion resistance is typically lower than that of other Al-alloys like 

the 5xxx series. However, this can be mitigated through appropriate surface 

treatments and coatings to enhance durability in harsh environments. 

 

1.12 Types of Magnesium alloy  

 

Mg-Alloys are a group of materials primarily composed of Mg as the main metallic 

component, often alloyed with other elements i.e. Al, Zn, Mn, and rare earth metals. 

These alloys are prized for their exceptional lightweight properties, being among the 

lightest structural metals available. With a density about one-third that of steel and 

roughly two-thirds that of aluminum, Mg-Alloys offer significant weight savings in 

various applications. Beyond their lightweight nature, Mg-Alloys possess favorable 

mechanical properties. In terms of fabrication, Mg-Alloys are generally machinable 

and can be cast, forged, extruded, and welded with relative ease compared to other 

metals. They also feature good thermal and electrical conductivity, which adds to their 

versatility in applications requiring heat dissipation or electrical conduction. Different 

types of Mg-Alloys are as follow. 



35 

 

1.12.1 AZ series  

 

The AZ Series Mg-Alloys are characterized by their composition primarily consisting 

of Mg-Alloyed with aluminum (Al), typically ranging from 8% to 12% aluminum 

content. These alloys are well-regarded for their excellent metallurgical properties 

making them highly desirable materials across various industrial sectors. 

Additionally, the addition of aluminum enhances the corrosion resistance of these 

alloys, making them resilient in environments prone to moisture and chemicals. This 

property ensures durability and longevity, supporting their use in outdoor and 

industrial applications where protection against corrosion is essential. 

AZ Series Mg-Alloys also exhibit good weldability and formability, allowing for ease 

of fabrication into complex shapes and structures. They are utilized extensively in 

automotive components like transmission cases and engine parts, as well as in 

aerospace for aircraft components and in consumer electronics for lightweight 

housings and structural components. 

In manufacturing, AZ Series alloys are favored for die casting applications due to 

their ability to maintain dimensional stability and achieve intricate designs with high 

precision. This versatility in fabrication methods further enhances their appeal in 

industries requiring intricate and lightweight solutions. 

 

1.12.2 AZ91 series 

 

The AZ91 series Mg-Alloys are renowned for their composition primarily consisting 

of magnesium (Mg), aluminum (Al), and zinc (Zn). These alloys typically contain 

around 9% aluminum and 1% zinc, providing a balance of lightweight properties, 

moderate strength, and good corrosion resistance. With a density approximately 29% 

less than that of Al and one-quarter that of steel, AZ91 alloys are exceptionally 

lightweight, making them ideal for applications where weight reduction is critical 

without compromising structural integrity. 

In terms of mechanical properties, AZ91 alloys offer good strength relative to their 

weight, though they are not as strong as some other Mg-Alloys like those in the AM 

or AE series. They excel in die casting applications due to their exceptional 

castability, allowing for the manufacture of intricate components with high 

dimensional accuracy and surface finish. 
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While AZ91 alloys exhibit moderate corrosion resistance, particularly in dry 

environments, they may require protective coatings or surface treatments to enhance 

their performance in more corrosive conditions. Common applications of AZ91 alloys 

include automotive parts, such as engine components, housings, and structural 

elements, as well as in aerospace for lightweight structural components. Overall, the 

AZ91 series Mg-Alloys represent a versatile choice for industries seeking lightweight 

materials with adequate strength and corrosion resistance properties. 

 

1.13 Aluminum Magnesium phase diagram 

 

The aluminum-magnesium (Al-Mg) phase diagram is a crucial tool for understanding 

the behavior of Al-Mg alloys under various temperature and composition conditions 

shown in Fig. 1.9. This diagram maps the phases present in these alloys as a function 

of Mg content and temperature, providing insights into the solidification process, 

metallurgical properties of the alloys. The horizontal axis of the diagram represents 

the composition, ranging from pure aluminum (0% Mg) to pure magnesium (100% 

Mg), while the vertical axis denotes the temperature, extending from atmospheric 

temperature to above the melting points of Al and Mg.  

 

 

Figure 1.9: Phase diagram of Al/Mg [44] 
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At the heart of the Al-Mg phase diagram are several key lines and regions that define 

the phase boundaries. The Liquidus Line is one of the primary features, representing 

the temperature above which the alloy is entirely liquid. As the alloy cools down, it 

crosses this line, and solidification begins. For compositions with low magnesium 

content, the Liquidus Line slopes downwards, indicating a decrease in melting 

temperature with increasing magnesium content. Conversely, for higher magnesium 

compositions, the line continues to slope but at a reduced gradient. Below the 

Liquidus Line is the Solidus Line, which marks the temperature below which the alloy 

is completely solid. Between the Liquidus and Solidus lines lies a region where liquid 

and solid phases coexist [45, 46]. 

This two-phase region is critical for understanding the solidification behavior of Al-

Mg alloys, as it dictates the temperature range over which solidification occurs and 

the resulting microstructures. The intersection of the Liquidus and Solidus lines 

occurs at the eutectic point, a significant feature of the diagram. The eutectic point is 

characterized by a specific composition (around 33% Mg) and a temperature 

(approximately 450°C). At this point, the liquid phase transforms directly into a 

mixture of solid α (aluminum-rich) and β (magnesium-rich) phases upon cooling. This 

eutectic reaction is vital in determining the final microstructure of the alloy, 

particularly for compositions near the eutectic composition. The microstructure 

resulting from eutectic solidification typically consists of fine, alternating layers or 

lamellae of α and β phases, contributing to the alloy's unique mechanical properties 

[47, 48]. In addition to the Liquidus and Solidus lines, the phase diagram also 

includes the Solvus Line, which indicates the limits of solubility of magnesium in 

aluminum and vice versa at different temperatures. Beyond this line, second-phase 

particles precipitate out of the solid solution, affecting the alloy's mechanical 

properties through precipitation hardening. For example, in aluminum-rich 

compositions, the α phase can dissolve a certain amount of magnesium at elevated 

temperatures. As the temperature decreases, excess magnesium precipitates out, 

forming secondary phases that enhance the alloy's strength [49, 50]. 

For heat treatment, the diagram guides the optimization of processes like solution 

treatment and aging, which rely on controlling the solubility and precipitation of 

alloying elements. In welding, understanding the phase diagram is essential for 

controlling the solidification process, minimizing defects like hot cracking, and 

ensuring sound welds. 
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1.14 Organization of Thesis 

Chapter-1: Introduction 

This chapter provides an in-depth explanation of the FSW process, detailing its 

operation, applications, and the challenges involved in welding nonferrous dissimilar 

materials. Furthermore, it presents an overview of the subsequent chapters of the 

thesis. 

Chapter-2: Literature Review  

This chapter offers a comprehensive review of the literature on dissimilar FSW, with 

a particular focus on the welding of aluminum to magnesium. This chapter 

summarizes the effects of various FSW process parameters on joint quality based on 

available literature. Key parameters include welding speed, rotational speed, FSW 

tool design and configuration, base material (BM) thickness and joint configuration, 

plunging force, tilt angle, pin offset, and BM positioning. Additionally, this chapter 

references newly published studies on tool geometry optimization, process 

optimization, and material flow. The chapter concludes by highlighting the objectives 

of the study and identifying gaps in the existing literature. 

Chapter-3: Materials and Methods  

This chapter provides a detailed description of the properties of the workpiece 

materials and the specifications of the friction stir welding tool. It also outlines the 

selection of friction stir process parameters, including their ranges and levels. 

Chapter-4: Experimentation 

This chapter describes the preparation of plates for FSW, the selection of tool pin 

profiles, the fabrication of FSWed joints, and the preparation of tensile specimens and 

microstructural analysis. 

Chapter-5: Results and Discussion  

This chapter examines the effects of pin profile and tool rotational speed on the 

mechanical properties of the weldments, including ultimate tensile strength and 

microhardness. It also discusses the impact of nanoparticles on the FSWed joints. 

Taguchi's technique is used to determine the optimal combination of FSW parameters 
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for achieving maximum temperature and residual stress responses, while analysis of 

variance (ANOVA) identifies the significant parameters for each response. 

Chapter-6: Conclusion & Future Work 

This chapter presents the key findings from the research and suggests potential 

directions for future studies in the field. 
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CHAPTER-2 

 

2. LITERATURE REVIEW 

 

The growing use of Mg and Al in automotive, shipbuilding, and aerospace is due to 

their low density and high specific strength [51, 52]. Effective joining of Mg alloys 

with Al is essential for design flexibility. However, traditional fusion welding 

methods are unsuitable for Mg and Al due to brittle IMC formation [53–56]. Thus, 

developing reliable methods for joining these dissimilar alloys is a significant 

technical challenge. 

Fusion welding of Al/Mg alloys poses challenges due to significant metallurgical and 

physical differences. This process often leads to the formation of brittle IMCs and 

microvoids, compromising joint quality. Issues stem from IMC dispersion caused by 

high strain rate, severe plastic deformation, and low processing temperatures in fusion 

welding. As a result, producing high-quality Al/Mg joints with conventional fusion 

welding methods is complex and time-consuming. FSW is an effective alternative for 

joining Mg and Al alloys, such as AZ31 and AA1050 [57]. This solid-state process 

reduces the generation of brittle IMCs by operating at lower temperatures and causing 

less severe plastic deformation than fusion welding. FSW retains the desirable 

mechanical and physical properties of light metal alloys, making it highly suitable for 

use in the automotive, aerospace, and shipbuilding industries. 

The adoption of FSW for the Mg and Al alloys presents a promising solution to the 

challenges posed by fusion welding processes. By avoiding the materialization of 

brittle IMCs. FSW enables the creation of high-quality, reliable joints essential for 

advancing the use of these materials in various industrial applications.  

In the automotive industry, coated metal matrix is frequently utilized to improve 

corrosion resistance. However, the coating layers can negatively impact material flow 

during FSW, resulting in the generation of both macro and micro defects that can 

diminish the joint efficiency [58]. A considerable body of research has been dedicated 

to the exploration of different alloy combinations using FSW techniques [59, 60]. 

The selection of process parameters is very significant for determining the joint 

efficiency of Mg/Al alloys. For instance, placing AZ31 magnesium alloy on the AS 

and AA2024 aluminum alloy on the RS has been shown to enhance the joint 
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efficiency of Al/Mg welds [61]. For FSW between AA6064 and AZ31 alloys, 

positioning the AZ31 on the advancing side (AS) is crucial for optimizing joint 

efficiency. Misalignment of the rotating tool, particularly if perpendicular to the weld 

center, can lead to cracks and defects [62, 63]. Proper positioning ensures better weld 

quality and reduces the risk of structural weaknesses in the joint. 

During FSW, high pressure causes rough base metal surfaces to bond despite some 

oxide layers remaining [64]. Studies on Al/Mg alloy FSW reveal that brittle IMCs 

form in the weld region, leading to increased hardness and residual stress in the 

welded area [65–70]. Additionally, the complexity of the weld interface in Mg-Al 

alloys has been documented, with some studies noting a tortuous shape that can 

enhance joint efficiency by 15 to 45% under various conditions [71]. This complexity 

in weld morphology not only affects mechanical performance but also offers insights 

into optimizing welding parameters for improved results. 

During FSW of light metal alloys promote brittle IMCs Al3Mg2 and Al12Mg17 in the 

SZ at high temperature. Al3Mg2 precipitates are usually found in the lower and 

middle SZ regions, where magnesium atoms migrate to grain boundaries due to 

severe plastic deformation [72]. Substantial heat, strain, and pressure during FSW 

enhance atom diffusion, forming a supersaturated solid solution at the Al/Mg 

interface. When this solid solution reaches certain temperature thresholds, it 

transforms into IMCs. The diffusion rate, temperature, and local composition in the 

weld zone critically influence IMC formation and growth. By comprehending the 

formation and behavior of IMCs and other phases during FSW, researchers can fine-

tune the welding process to enhance joint strength, durability, and overall 

performance. This knowledge helps ensure that the welded joints meet the necessary 

mechanical requirements for various industrial applications [73].  

The impact of tool travel speed on FSWed AZ31 and AA6061 has been extensively 

studied, highlighting their mechanical, microstructural, and corrosion behaviors. 

Electrochemical techniques, including potentiodynamic polarization tests and 

electrochemical impedance spectroscopy, were conducted at pH levels 2 to 12 [74]. 

Studies on different FSW parameters reveal complex flow patterns in the stir zone due 

to brittle IMCs and non-uniform intermixing, affecting the mechanical properties of 

AZ31 and AA6061 [75, 76]. 

The unique combination of AZ91D and AA7075 with FSW presents challenges due to 

differing melting temperatures and mechanical properties. However, FSW enhances 
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joint strength compared to traditional methods, effectively addressing the disparities 

in their metallurgical properties. Researchers evaluated the ballistic performance of 

AA5083 base metal and underwater FSW (UWFSW) plates with 18.5 mm armor-

piercing projectiles at a velocity of 200 m/s. The UWFSW joints were produced with 

a TRS of 1200 rpm, TS of 40 mm/min, tilt angle of 1°, and a straight hexagonal pin, 

resulting in defect-free welds with enhanced tensile and impact properties [77]. 

Additional optimization using Grey Relational Analysis (GRA) has been reported, 

further improving the performance of UWFSW joints [78]. Different probe profiles, 

such as straight cylindrical and hexagonal, were used to join AA5083 Al-alloy plates. 

The straight hexagonal (SH) probe significantly enhanced the joint efficiency of the 

UWFSW joints [79, 80]. 

FSW enhances microstructure by reducing porosity and ensuring a more uniform 

dissemination of alloying elements, resulting in better tensile strength, and corrosion 

resistance. Unlike fusion welding, FSW avoids issues like porosity, cracking, and 

unwanted phase transformations. Welding AZ91D and AA2024 alloys presents both 

challenges and opportunities, making it a crucial area for materials joining and 

fabrication. Successful FSW of these alloys supports lightweight structures in 

aerospace, automotive, and marine industries, with ongoing research improving 

techniques and expanding applications. 

Understanding and managing the formation of IMCs is essential, as they can influence 

the joint's properties in both beneficial and detrimental ways. Effective control of 

IMC formation ensures that the welded joints achieve the desired mechanical 

characteristics, enhancing overall performance and reliability [81, 82]. 

 

2.1 Consequence of FSW parameters on Mg/Al weldments  

 

Welding parameters are significant for achieving high joint efficiency. Certain 

parameters significantly enhance weld quality, while others have minimal impact on 

the FSWed joints of Al and Mg alloys. According to Yazdipour et al., these 

parameters also contribute to weld defect phenomena [83]. Understanding the 

influence of these parameters is essential for producing superior quality weld joints 

during FSW [84]. Key welding parameters that greatly affect the FSW process 

include TRS, travel speed, tilt angle, and tool design. These parameters are discussed 



43 

 

in detail below to highlight their importance in optimizing the welding process and 

ensuring the desired mechanical properties and integrity of the weldments.  

 

2.1.1 Consequence of TS and TRS on the welded joints 

 

TRS directly affects heat input, with higher speeds increasing it, while higher travel 

speeds reduce heat input. Since heat input is directly proportional to TRS and 

inversely proportional to TS, optimizing these parameters is essential for achieving 

high-quality welds. Proper adjustment ensures optimal heat distribution and material 

flow, leading to improved weld quality and performance [85]. 

 

 

Figure 2.10: Influence of TRS on grain structure of the FSWed joints of Al/Mg alloys 

[87] 

 

The TRS influences the fracture position of the weld, affecting strain distribution by 

shifting the area of greatest strain from the RS to the AS [86, 87]. The ratio of TS to 

TRS (υ/ω), is crucial for weld quality [88-90]. A higher pitch indicates faster, cooler 

welding with lower temperatures and poor material flow, while a lower pitch results 



44 

 

in slower, hotter welding, which can cause excessive liquation and IMC formation, 

deteriorating weld quality [91, 92]. 

Low TRS generates low temperatures in the SZ, increasing the particle strengthening, 

as shown in Fig. 2.1(a) and 2.1(b). Conversely, high TRS cause particle separation in 

the TMAZ, as depicted in Fig .2.1(c) and 2.1(d) [87]. These results revealed the 

importance of balancing TRS and TS to optimize heat input and material flow, 

ensuring weld strength and integrity. 

Optimizing FSW parameters is not only for preventing weld defects but also for 

improving the joint efficiency. A thorough understanding of how these parameters 

interact, and can lead to significant improvements in the reliability of welds in 

dissimilar materials, such as aluminum and Mg-Alloys. Proper control and adjustment 

of TRS and TS can mitigate issues related to material flow and input heat, thereby 

reducing defects and improving the performance of the welded joint in various 

industrial applications. 

 

 

Figure 2.2: Variation of UTS at different welding and TRS [93] 

 

Fig. 2.2a reveals that joint’s UTS remains nearly constant across different rotation 

rates, with minimal variation for both Bobbin tool FSW (BTFSW) and Conventional 

FSW (CFSW) joints. Specifically, the UTS of CFSW welded joints ranges from 185-

188 MPa, while BTFSW joints exhibit a range of 185 to 199 MPa. The highest tensile 

strength, 198 MPa, was achieved with the BT-600-100 parameter, representing 82% 

of the BM's strength. It indicates that BTFSW joints have comparable or slightly 

higher strength than CFSW joints at the same rotation rates [93]. The variation of 

UTS and TS in Fig. 2.2b demonstrates that tensile strength increases with TS within 

the same process, correlating well with the hardness profile. No significant 

differences were observed between the two processes' joints at the same TS. For BT-
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FSW joints, the UTS varies from 182 to 223 MPa at different TS, while for C-FSW 

joints, it ranges from 182-228 MPa. The maximum UTS of 228 MPa was perceived 

with the C-600-300 parameter, representing 92.5% of the base metal's strength. 

Generally, BT-FSW joints exhibit lower strength compared to C-FSW joints, with 

strength efficiencies of about 89% for conventional FSW and 83% for bobbin tool 

welding. This reduction is due to the increased heat input from the two shoulders, 

which causes more severe softening. Despite this, softening in the HAZ did not 

significantly impact fracture behavior in this study. The UTS and hardness results are 

consistent with existing theories, showing that increased density and slight coarsening 

of precipitates at BT-600-100 contributed to higher strength [93]. Higher tool rotation 

speeds and lower travel speeds generally enhance frictional heat and result in greater 

plastic deformation in the SZ. Fig. 2.3 illustrates the temperature variations at 

different rotation and travel speeds, highlighting several key points. 

 All parameters produced peak temperatures exceeding 450°C. 

 The top layer (Al) experienced significantly higher temperatures than the bottom 

layer (Mg), indicating that the shoulder, rather than the tool pin, was the primary 

source of heat generation.  

 Higher TRS and lower TS led to higher temperatures. 

 

 

Figure 2.3: Temperature variation of FSWed joints, (a) at constant TRS of 1500 

rev/min, (b) Constant TS of 120 mm/min [94] 

 

Fig. 2.4 displays the transverse macrostructure of welded region at a TS of 130 

mm/min and TRS of 500 to 1200 rev/min. These sections clearly show significant 

material flow and intermixing between the Mg and Al alloys due to the tool pin's 
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penetration into the lower sheet. Material flow during FSW primarily occurs beneath 

the tool shoulder in the SZ and beside the rotating pin, influenced by the TRS. The 

FSWed joints are asymmetrical about the weld center, with more severe mixing on the 

AS and RS [94]. As shown in the temperature data, reducing the TRS decreases the 

heat generated, resulting in inadequate material mixing and a smaller SZ. It is evident 

when the TRS was 600 rev/min, and the TS was 120 mm/min, where micro-voids 

form due to inadequate input heat.  

 

 

Figure 2.4: Macrostructure of the FSWed joints of NZ30K and AA6061, (a) 600 

rev/min, (b) 900 rev/min, (c) 1200 rev/min, (d) 60 mm/min, (e) 90 mm/min, (f) 120 

mm/min [94] 

 

Micro-voids are visible at a TS of 60 mm/min due to excessive heat, leading to 

material expulsion and abnormal flow. When the TS increases to 90 to 120 mm/min, 

the micro-voids disappear. An optimal travel speed reduces heat input and minimizes 

or eliminates micro-voids, which are perceived with too low frictional heat. 

Microstructural analyses were performed on joints prepared at Ts of 120 mm/min and 

900 rev/min to investigate the impact of different process parameters. These studies 

provided insights into how varying rotational and travel speeds influence the weld 

microstructure and overall joint quality [94]. 

Fig. 2.5a–c presents the microstructures of the Mg side nugget at increasing TRS. The 

side SZ shows fully recrystallized grains, with the Mg structure having a larger grain 

size compared to parent materials. Notably, the average grain size in AZ31B welds 

increases with higher TRS, resulting in significant grain coarsening compared to the 
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base material. At all tested speeds, the grain size exceeded that of the parent metals, 

which has an average grain size of 3.7 µm. This grain coarsening phenomenon is 

consistent with observations reported in previous studies on AZ31B Mg alloy FSW. 

Increased TRS generates more heat, leading to enhanced thermal exposure and 

promoting grain growth. The observed grain coarsening can impact the mechanical 

properties of the welds. These results emphasize the significance of optimizing TRS 

to balance heat input and grain size in FSW, ensuring weld quality and performance. 

Such insights are crucial for refining welding parameters and improving the overall 

effectiveness of the FSW process [95]. 

 

 

Figure 2.5: FSWed joint of Mg/Al alloys at SZ: (a) 900 rev/min, (b) 1120 rev/min, (c) 

1680 rev/min, (d) AZ31B base [95] 

 

In AZ31B friction stir welds, grain coarsening occurs due to the annealing effect of 

welding heat. At TS up to 15 mm/s, grain size in AZ31B alloy remains slightly 

smaller than the base metal at higher speeds. Grain refinement was observed in 2 mm 

thick AZ31B Mg sheets with a 10 mm shoulder diameter, but coarsening occurred 

with a 13 mm shoulder diameter under similar conditions. Although grain refinement 

and coarsening in AZ31B welds have been reported [96], the precise mechanisms 

remain unclear. Data indicates that these phenomena are influenced by welding 
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temperature and the initial grain size of the base metal. Temperatures exceeding 673 

K at the probe likely contribute to grain coarsening, compounded by the absence of 

second-phase particles in AZ31B to inhibit grain growth. 

 

2.1.2 Influence of reinforcement particles on the joint strength  

 

FSW with reinforcement particles has emerged as a frontrunner in creating high-

performance Metal Matrix Composite (MMC) welded joints. This technique 

integrates nanoparticle reinforcement during FSW, leading to significant 

improvements in properties like microhardness, corrosion resistance, and UTS [97, 

98]. Pioneering Studies with Nanoparticles: Sun and Fujii (2012) observed a 

substantial increase in the microhardness of FSWed copper joints when reinforced 

with silicon carbide nanoparticles [97].  

 

 

Figure 2.6: Variation of % elongation to the SiC nanoparticles with number of passes 

[99] 

 

Saeidi et al. (2014) reported enhanced corrosion resistance and mechanical properties 

in dissimilar aluminum 5xxx series joints reinforced with Al2O3 reinforcement 

particles. These enhancements were attributed to rapid DRX and hindered grain 

growth within the joint [98]. Optimizing Welding Parameters: Beyond the 

nanoparticle type, optimizing welding parameters is crucial. For instance, Kang et al. 
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(2016) revealed that increasing the FSP passes for SiC-reinforced AA5086 welds 

improved joint efficiency and reduced grain size compared to single-pass welds 

without reinforcement [99]. 

Similar improvements were observed with other nanoparticles. Mirjavadi et al. (2015) 

reported positive results in AA5083 welds reinforced with titanium dioxide (TiO2) 

nanoparticles [99, 100]. Researchers have investigated various nanoparticle 

reinforcements. Studies by Bahrami et al. (2016-2018) explored the impact of SiC 

nanoparticles on AA7075-O, reporting significant enhancements in joint toughness, 

fatigue life, and UTS [101-103]. Karthikeyan and Mahadevan (2015) attributed the 

improved tensile characteristics of FSWed AA6351 alloy with SiC reinforcement to 

the pinning action of SiC particles that prevents grain boundary expansion [104]. 

Beyond SiC, researchers are exploring other possibilities, such as B4C, Al2O3, and 

metal powder nanoparticles [105, 106]. The reinforcement particle size also plays a 

key role. Nosko et al. (2017) examined the effect of Al-nanoparticle in FSW. They 

discovered that a decrease in particle size led to improved UTS and hardness [107]. 

Similarly, Tebyani et al. (2014) observed enhancements in microhardness and UTS of 

welds when reinforced with finer SiC nanoparticles (25nm) compared to larger 

particles [108]. Conventional welding is unsuitable for light metal alloys due to the 

formation of micro-defect and brittle IMCs. FSW overcomes these challenges, 

producing high-quality Mg-Al joints by dispersing IMCs under high strain rates and 

SPD at comparatively low temperatures. The successful joining of dissimilar pure 

aluminum and AZ31 has resulted in outstanding metallurgical [109]. 

The 7xxx and 6xxx Al-alloys can also be effectively joined to Mg alloys by FSW 

[110]. However, the formation of Al12Mg17 and Al3Mg2 IMCs may result in micro-

cracks in AZ31 and AA1060 joints due to intercalation lamellae and complex vortex 

patterns [111]. The UTS of Al/Mg alloys is inversely correlated to the IMC layer's 

thickness, with thinner IMC layers improving UTS [112]. Key processing parameters 

affect the joint efficiency of Al/Mg. During the FSW of AA2024 and AZ31, the Al 

alloy on the AS and Mg alloy on the RS were for optimum welds [113]. In FSW joints 

of Mg/Al alloys, the TRS and TS are critical, with Al on the RS and tool offset 

towards Mg [114, 115]. Studies consistently observe the formation of Al3Mg2 and 

Al12Mg17 intermetallic phases during the welding of Al/Mg alloys by FSW [116, 117]. 

Controlling heat input, influenced by FSW passes, TS, and tool offset, is crucial to 

limiting these IMCs. Lower input heat reduces the interface between parents' material, 
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thus restricting IMC formation. TRS and TS suggestively affect the consequences in 

Mg-Al welding. The Bottom Interface zone (BIZ) shows insufficient Al-Mg mixing, 

and BSZ contains several brittle IMCs. Brittle fractures typically occur in the BSZ. 

Enhancing the strength of these specific areas, particularly the BSZ, is vital for 

creating more durable joints of Mg/Al FSW [118]. 

Studies have analyzed the metallurgical characteristics of AZ31 and AA2024 welded 

joints by different plate positions. Placing AA2024 on the RS and AZ31 on the AS 

improves joint efficiency [119]. However, in the case of AZ31 and AA6064 FSW, 

optimal joint efficiency was observed by placing AA6064 on the RS to prevent 

welding cracks during 0° TTA [120-123]. The FSW process promotes metallic bond 

formation through the convergence of jagged base metal edges under high pressure, 

effectively eliminating oxygen. Tool geometry significantly impacts joint efficiency, 

with improvements ranging from 15 to 45% [124]. A study on 12 mm-thick AZ31 and 

AA5083 plates showed superior welds when AZ31 was placed on the RS. This 

positioning, along with tool offset towards AZ31, enhanced the flow characteristics of 

the softer AZ31 magnesium during the retreating phase [125]. The analysis revealed 

that welding AA1050 and AZ31 at 2450 rpm and 90 mm/min TS produced a eutectic 

microstructure with higher hardness (~200 HV) compared to AA5083 (25 HV) and 

AZ31 (50 HV) [126]. FSW of AA2024 and AZ91D enables the creation of complex, 

high-strength, low-weight structures essential for the aerospace and automotive 

industries. Experiments showed that 6.35 mm thick AZ91C and AA6061 joints 

achieved 242 MPa strength at tool speeds below 1100 rev/min [127]. Optimal FSW 

conditions at 1200 rev/min for AZ80A and AA6061 alloys induced grain transition, 

resulting in a tensile strength of the joint 225.1 MPa, achieving 73.14% of 

AA6061'sAA6061's UTS and 77.79% of AZ80A'sAZ80A's UTS [128]. 

Optimal FSW at 1200 rev/min for AZ80A and AA6061 induced grain transition, 

achieving a UTS of 225.1 MPa, 73.14% of AA6061'sAA6061's UTS, and 77.79% of 

AZ80A'sAZ80A's UTS [129]. The corrosion performance of FSPMg/Al alloys was 

studied, revealing that TRS (800-1400 rev/min) and TS (50-200 mm/min) influence 

metallurgical characteristics. Grain refinement (~1 μm) increased corrosion rates, with 

the highest observed at 200 mm/min and 800 rev/min, reaching 0.018 mm/year [130]. 

Investigations into FSW of AA6082 and AZ31 joints revealed varying IMC adhesion 

qualities and thickness. UTS from 155 MPa to 173 MPa, with corresponding 

microhardness, elucidated by fractography to determine fracture modes [131]. FSW of 
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AA6061 and AZ91D innovatively creates defect-free joints in dissimilar materials, 

reducing distortion and eliminating melting-related defects. This method enhances 

mechanical properties over conventional welding, which is crucial for lightweight, 

robust structures in the aerospace and automotive sectors. These alloys excel in 

corrosion resistance, high strength-to-weight ratios, and recyclability, supporting fuel 

efficiency and environmental sustainability through reduced material waste and post-

welding treatments. 

 

 

Figure 2.7: Five different tool profile [133] 

 

The FSW pin profile may affect the metallurgical characteristics of the weldment. 

Due to precipitation hardening of the base metal, the UTS of the FSW joints 

increases. The ductility and UTS of flaw free FSWed joint is depends on the parent 

material’s thermal properties. Various pin profiles are employed in FSW i.e., flat and 

cylindrical surface, square shapes, triangular shapes, octagonal, etc. Triangular and 

square faces are related by eccentricity.  

it was observed that when same nature plates (specimen 4 and 2) were positioned in a 

certain way as shown in table 2, they exhibited better yield and UTS and percentage 

elongation compared to when the plates position was reversed. This improvement in 

properties may be due to rapid solidification. Furthermore, it appears that the straight 

cylinder pin profile observed higher UTS compared to the other profiles tested, 

possibly due to its sharp edge. Overall, these findings suggest that the UTS of Al 
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alloys might pretentious by factors such as sample composition, plate positioning, and 

pin profile, and that careful consideration of these factors can lead to improved 

mechanical performance in certain applications.  

There were five FSW tool pin profiles, i.e., tapered, triangular, cylindrical, square, 

and threaded cylindrical used to join the base plate with various rotational speed (800 

r/min to 1600 r/min) and perceived that square pin profile with TRS of 1200 r/min 

revealed enhanced UTS compared to other profiles [132].  

 

Table 2.1: Tensile characteristics of the FSW joints of AA7075 and AA6061 [133] 

Pin 

profile 

Specimen Base plate 

position 

YS 

(Mpa) 

UTS 

(MPa) 

(%) 

Strain 

Straight 

Cylinder 

1 R.S-AA6061 

A.S-AA7075 

124.53 140.21 3.2 

2 R.S-AA7075 

A.S-AA6061 

174.13 196.96 8.8 

Straight 

square 

3 R.S-AA6061 

A.S-AA7075 

151.6 168.03 4.4 

4 R.S-AA7075 

A.S-AA6061 

163.76 181.2 9.2 

Tapered 

Hexagon 

5 R.S-AA6061 

A.S-AA7075 

164.15 184.5 6 

6 R.S-AA7075 

A.S-AA6061 

152.11 171.4 6.4 

 

2.1.3 Micro-hardness 

 

it was found that the tool pin profiles have a momentous impact on the micro-

hardness of FSW weldments. The researchers investigated five different pin profiles, 

including a square, straight cylindrical, triangular with flat faces, triangular with 

concave faces, and threaded profile. The maximum microhardness values of 86 HV 

was perceived in joints welded with a square pin profile, while the minimum hardness 

(60 HV) was found in joints welded with a straight cylindrical profile revealed in fig. 

2.8. The eccentricity, which is associated with triangular and square profiles, was also 
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found to have an impact on the micro-hardness of the weldment. In particular, the 

study observed that welded joints with a threaded profile demonstrated the maximum 

microhardness due to the occurrence of very refine equiaxed grain size in joints. The 

study also observed that the material is placed differently in the RS and AS of the 

weldment, with the RS containing material in the lower part of the weldment and the 

AS containing material in the upper part of the weldment. Overall, the study 

highlights the importance of considering the profile in FSW and its impact on the 

micro-hardness of the weldment [132]. 

 

 

Figure 2.8: Influence of pin profiles on hardness at TRS of 1180 rev/min [132] 

 

X.L Shi et al. [134] focused on the UTS of weldments of Al alloys produced using 

FSW with different parameters. The results exhibited which the ductility of the FSW 

joint improved to 11.7%, but there was a loss in yield strength, with values decreasing 

from 632 to 564 Mpa compared to the parent material. The study also observed that 

during the welding, DRX occurred, resulting in the materialization of refine grain 

structures in the weldment. DRX is a process that occurs during deformation where 

new grains are formed within a material due to the breakdown of existing grains. This 

can lead to improved mechanical properties, such as increased ductility, but may also 

result in a loss of strength.  

Dawood et al. [135], it was observed that pin profiles used in FSW of AA-6061 Al 

alloy have a momentous effect on the metallurgical characterization of the weldment. 

In their investigation, they used various profiles, i.e. square, cylindrical, threaded 
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cylindrical, and triangular and compared their effects on the weldment. Their analysis 

showed that the triangular profile resulted in the best microstructural properties 

among the different pin profiles used. The use of a triangular pin profile led to a more 

refined and homogeneous microstructure with fewer defects such as voids and 

porosity. Additionally, the weldment produced using the triangular profile exhibited 

maximum strength and ductility associated to those welded using other pin profiles. In 

contrast, the UTS and microhardness were observed with the square pin profile. The 

fractured surface shows that the square and threaded tapered cylindrical specimens 

break with brittle fractured due to excess heat generation during FSW. In contrast, 

ductile fractured was observed in the triangular pin profile. 

R.S Mishra et al., [136] concluded that at high temperature ranges from 490º to 530º 

for one hour for AA7075, the refine grain structures were perceived stable. At this 

temperature ranges, the strain rate range was found from 1x10
-3

 to 1x10
-1

. At 480° C, 

with strain rate ranges from 3x10
-3

 to 3x10
-2

, the superplastic elongation of 1250% 

was observed. In contrast, maximum ductility (1042%) was found at 498°C.  

T. Srinivasa Rao et al. [137] investigate the FSW of thick plates (10mm and 16mm) 

of AA7075 Al alloy. The researchers were able to achieve full penetration and defect-

free weld by carefully selecting the process parameters. It was perceived that the 

microhardness in the HAZ decreased for the 10mm thick plate due to the higher input 

heat used through FSW. The UTS of the FSWed joint for the 10mm thick plate was 

found to be higher compared to the 16mm thick plate. The efficiency of the joints for 

the 16mm thick plate was observed to be 53%, while a joint efficiency of 70% was 

achieved for the 10mm thick plate. Previous research has reported joint efficiencies of 

82-92% for 2-5 mm thick plates of the similar metal.  

Nilesh Kumar, R.S Mishra., [138], analyzed that FSP was employed to enhanced the 

microstructure and UTS of the base plate. The FSPed plate was observed equiaxed 

and ultrafine grain structure compared to base plate by changing the input prosess 

parameters. The Al-alloy Al-Mg-Sc was processed with three different tools rotational 

speed (325, 400, and 800 rev/min). Depending on the process parameters, the grain 

size of the weldment varied from 0.39 to 0.89 µm. When the Zener-Hollman 

parameter is increased, the reduction of grain size was observed. It was found that 

under current deformation and microstructural conditions, DRX may not be possible 

during FSP. 
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ZY Ma, [139] examined the multipass FSP (MPFSP) on the Al-alloys od A356 and 

found that the strength of TMAZ and HAZ was decreases when the distance from the 

5
th

 pass increases, and the UTS and ductility of single pass and fifth pass welded plate 

are almost. MPFSP did not influence the dissemination of Si particles, aspect ratio, 

and grain size of the welded plate. The silicon particles were uniformly distributed 

during the single or multiple-pass processing. 

Z.Y. Ma, et al., [140], analysed that the influence of double passes on the 

metallurgical characterization of FSP of AA7075. Almost similar grain sizes ranging 

from 5.3 to 5.8 µm were found in single and double pass FSP. The higher temperature 

was observed in a double pass FSP. Double pass FSP found an improvement in 

superplastic strain as compared to single-pass FSP Al-7075. At 480°C, the maximum 

elongation of 1220% was found in the 2
nd

 pass FSP on AA7075. 

Jianqing Su, Jiye Wang et al., [141], analysed the FSP on a 2mm thick plate of Ti-

6Al-4V by different parameters, i.e., TS (1-4 IPM), TRS (800 rev/min, 1000 rev/min). 

The higher TS and lower TRS resulted in α colony and refine β grains size, giving 

higher UTS. The higher UTS and YS was observed 1156 MPa and 1067 MPa, 

respectively, without losses of ductility at TRS of 900 rev/min with a TS of 4 IPM. 

F. Khodabakhshi et al. [142] analyze the potential of FSP for the fabrication of 

AMC with nano and micro particles. The researchers found that FSP has greater 

mechanical properties compared to the other fusion welding process. he researchers 

found that FSP could effectively incorporate nanoparticles into the Al matrix to form 

hybrid micro and nanocomposites. The tensile properties of the fabricated AMCs 

were perceived to be significantly improved compared to the base Al alloys. The 

researchers attributed this improvement to the refined microstructure, increased grain 

boundary area, and improved distribution of the nanoparticles in the MMC.   

Sun YF et al. [143] investigate the consequence of MPFSP (FSP) on the uniform 

spreading of nanoparticles in copper plates. In the study, nanoparticles were 

incorporated into 2mm thick copper plates, and FSW was performed for one and two 

passes. It was found that the second pass FSPed plate showed a more uniform 

dissemination of the nanoparticles associated to the first pass. The MPFSP reduced 

the cluster size and led to a fall in grain size, resulting in a uniform dissemination of 

reinforcement particles. The researchers observed that the dissemination of 

reinforcement in the copper matrix was influenced by the FSP parameters, such as the 

TRS, TS and FSP passes.  
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Gibson BT et al. [144] suggested that the FSW/FSP have an extensive range of 

applications in the aerospace and automobile industries due to its ability to produce 

high-quality, defect-free welds with enhanced UTS, hardness, and wear properties. 

omechanical properties. The first implementation of FSW/FSP was initiated by 

NASA in 1998 for manufacture space shuttle tanks. In the automobile industry, 

FSW/FSP has been used for the fabrication of body structures, frames, and engine 

components. The technique has also been used to join dissimilar metals i.e. Al to 

steel, which is difficult to achieve using conventional welding methods. The U.S. 

Navy has also used FSW/FSP for marine applications, such as welding of 7xxx, 6xxx, 

and 5xxx series Al alloys for shipbuilding. 

Azimzadegan T et al. [145] investigated the metallurgical characterization of FSWed 

joints of AA7075. The researchers found that the precipitation hardening of the joint 

was depending on the dissemination of strengthening precipitates in terms of their 

size, shape, and volume. They observed that the tiny grains size in the SZ resulted in a 

higher microhardness compared to the HAZ and TMAZ. However, they also found 

that the microstructure in the HAZ and TMAZ regions experienced a decreasing trend 

due to the dissolution and coarsening of the segments. The researchers also perceived 

that the UTS of the welded joints was influenced by the microstructure of the joint, 

with the joints exhibiting a higher strength when the microstructure was more 

homogeneous. 

Deore HA et al. [146] analyzed the influence of MPFSP with SiC filler on the 

metallurgical characterization of AA7075. The researchers found that the 

microhardness value increased due to the improvement of grain modification of the 

multipass FSP region. They observed that during multipass FSP with SiC 

nanoparticles, the heat generation and plastic strain occur due to the rotating tool. This 

leads to the materialization of fine grains through DRX. 

Rathee S. al., [147], analyzed that the location of the fracture was observed with in 

the HAZ in all MPFSP. To improve the metallurgical characterization of multipass 

FSP, the fracture analysis of the FSP is significant. The fraction location of multipass 

FSP sample was changed as revolutionary pitch change. When increasing the 

revolutionary pitch led to a shift in the fractured location of the FSWed joints from 

the TMAZ towards the weld centerline. This was attributed to the fact that increasing 

the revolutionary pitch results in a decrease in the input heat and a decrease in the 

amount of material that is stirred during the welding process, leading to a reduced 
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strain hardening in the TMAZ. The consequence of the revolutionary pitch on the 

fracture location and UTS of FSW joints of magnesium alloy. The researchers found 

that increasing the revolutionary pitch resulted in a shift in the fracture location 

towards the weld centerline and an improvement in the UTS of the joint due to the 

decrease in the heat input and the reduction of flaws in the joint. Overall, the 

revolutionary pitch effect on the fracture location in FSW joints is dependent on 

several factors, including the material being welded, the welding parameters, and the 

tool geometry. 

O. Lorrain et al. [148] conducted experimentations on unthreaded tool profiles with 

and without flat faces. The purpose of their study was to examine the material flow in 

the weld using longitudinal and transverse sections. Their results indicated that the 

material flow using unthreaded pin profiles with flat faces was similar to that of 

classical threaded tools. 

Harish Suthar et al. [149] analyzed the failure behavior of the FSWed joint of 

AA7075 and AA6061, and they observed that the welded region was softened at HAZ 

in AA6061. The microhardness was perceived to be low in the HAZ region. The 

fractography analysis has revealed that there is inadequate fusion of the material at the 

SZ-TMAZ interface. This means that the material did not properly fuse together in 

that region, which could be due to a variety of factors such as improper welding 

technique or incorrect welding parameters. 

Jerry wong et al., [150], observed better weld joint with no defect at higher TS and 

intermediate TRS, and the SZ observed refine grain’s structure due to DRX. The UTS 

was also enhanced on these parameters which confirm above results.  

Noor zaman et al., [151], investigated the FSWed joints’ fracture surfaces, hardness, 

microstructure and mechanical properties of AA7475 and AA2219, and observed that, 

due to dynamic recrystallization generated by significant plastic deformation, grain 

refinement is exhibited near the SZ. The dissimilar joint has the lowest strength due to 

the non-homogeneous movement of parent metal caused by variances in physical and 

mechanical properties. Due to thermal softening, the TMAZ retreating side of all 

joints had the lowest hardness. Similar joint fractured surfaces demonstrated more 

ductile fracture than dissimilar joint fractured surfaces, resulting in lesser elongation 

of the dissimilar joints. 

Rodriguez et al. (2015) [152], the microstructural characterisation of the AA6061 

and AA7050 Al-alloys was examined by The remaining variables are maintained 
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constant, except for the rotating speeds. The microstructure displays bands of mixed 

and unmixed components indicating the degree of material mixing when the RTS was 

changed. The intermixing of the materials and joint strength are improved by an 

increase in RTS. According to scanning electron microscopy, incorrect material 

intermixing causes failure in the SZ at low RTS.  

Jianqing Su, Jiye Wang, [153] examined the FSP on a 2mm thick Ti-6Al-4V plate 

using various process parameters, including feed rate (1-4 IPM), rotational speed, and 

temperature (800 rev/m- 1000 rev/m). In the SZ of the FSP samples, a basketweave 

lamellar structure indicates an altered microstructure. Higher UTS was produced due 

to the colony and fine grain sizes produced by the higher TS and lower RTS. At a 

RTS of 900 rev/m and a TS of 4 IPM, the higher tensile and yield strengths of 1156 

MPa and 1067 MPa were recorded without ductility losses. 

Gibson BT et al., [154], studied how widely the aerospace and automotive sectors 

employed the FSW/FSP approach. NASA used the FSW/FSP process to create the 

first space shuttle external tanks in 1998, marking the start of the first 

FSW/processing application. The US Navy used FSW of the 5xxx and 6xxx families 

of aluminium alloys for maritime operations. 

B.B. Verma et al., [155], among high-strength aerospace-grade aluminum alloys, AA 

7475 provides a better mix of strength and fracture toughness. It is used in a variety of 

aviation parts that require a mix of desired qualities. It has also been noted that the 

aluminum alloy AA7475 exhibits outstanding corrosion fatigue behavior. 

M. Esmaily et al. 2010 [156] to investigate the heat distribution in the welding 

process. Their research focused on the welding of an Al-alloy and high-carbon steel. 

They employed the finite element approach and the Arbitrary Lagrangian-Eulerian 

(ALE) formulation to analyze this process. By enhancing the meshing intervals and 

optimizing mesh transfers, they effectively minimized excessive element deformation, 

thereby increasing the accuracy and reliability of the results obtained. These 

measurements were used to construct a temperature diagram based on thermocouple 

readings, providing valuable insights into the temperature profiles during welding. 

This research contributed to understanding the heat distribution in welding and 

demonstrated the importance of precise numerical simulations and experimental data 

in evaluating welding processes involving dissimilar materials. 

Nilesh Kumar, R.S Mishra., [157], analysed that FSP was used to improve the UTS 

of the base plate. The FSPed plate was observed equiaxed and ultrafine grain structure 
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compared to base plate by changing the input process parameters. Three separate tools 

with varying rotational speeds were used to produce the aluminium alloy Al-Mg-Sc 

(325, 400, and 800 rev/m). The grain size of the FSWed joint varied from 0.39 to 0.89 

m depending on the procedure conditions. The reduction of grain size was noticed 

when the Zener-Hollman parameter was raised.  

Kalemba Rec et al. (2018) [158] studied the impact of FSW parameters on the tensile 

characterisation and microstructures of dissimilar weldments made of the alloys 

AA5083 and AA7075 was examined. Various factors are considered. In the 

configuration, the RS has the AA7075-T651 alloy, and the AS has the AA5083-H111 

alloy. Furthermore, increased rotational speeds result in a more significant mixing of 

the two materials. Despite this, other flaws, such as porosity, wormholes, voids, and 

porosity, were discovered in the weldment's SZ. Regardless of arrangement or pin 

design, an increase in RTS causes a reduction in mechanical characteristics. Higher 

weld efficiency and UTS are achieved when a triflate pin is used.  

R.S Mishra et al., [159] concluded that at high temperature ranges from 490º to 530º 

for one hour for AA7075. At this temperature ranges, the strain rate range was found 

from 1x10
-3

 to 1x10
-1

. At 480° C, with strain rate ranges from 3x10
-3

 to 3x10
-2

, the 

superplastic elongation of 1250% was observed. In contrast, maximum ductility 

(1042%) was found at 500°C with a strain rate 3x10
-3

s
-1

.  

Mehta et al. (2016) [160] evaluated the impact of TTA on electrolytic tough pitch 

copper and aluminium 6061-T651's different FSW's microstructural and mechanical 

properties. The tool TTA in this experiment ranges from 0 to 4 degrees with a regular 

1-degree interval. In addition, constant values are maintained for several parameters, 

including TS, workpiece material position, tool pin offset, and RTS. Weld joint 

qualities are investigated using a variety of tests, including SEM, XRD, EDX, 

hardness and tensile test. Numerous testings reveals that the weld at the TTAs of 2°, 

3°, and 4° is flawless. At 4° in the SZ, the greatest UTS and macro hardness are 

attained. The TMAZ confirmed the weakest zone on the copper side. 

Bozkurt and Duman (2011) [161], studied the mechanical property variations of 

FSWed joints of AA3003 and AA2124 at RTS of 850 rev/m and TS of 130 mm/min. 

It was also observed the greater UTS is about 182 MPa. Moreover, the microhardness 

through the SZ varies, and the least value occurred on the R.S of the HAZ. 

Harish Suthar [162] analyzed the failure characteristics of the friction-stir-welded 

(FSW) joint of AA7075 and AA6061 alloys. Their observations revealed a notable 
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softening of the welded region, particularly in the HAZ of the AA6061 component. 

Significantly, a decrease in hardness values was documented within the HAZ region, 

indicating alterations in the material's mechanical properties in this zone. 

Fractography analysis unveiled essential insights into the failure mechanism, 

indicating insufficient fusion of the materials at the SZ and TMAZ interface. This 

insufficient fusion resulted in a lower density of tiny dimples on the fracture surface, 

implying lower strain during the fracture process. Additionally, the presence of facets 

further corroborated the fracture pattern, shedding light on the mechanisms at play 

during the failure of the FSW joint in this specific alloy combination. 

Wang et al. [163] conducted the mechanical assessment of as-extruded welded joints, 

focusing on the impact of various Friction Stir Welding (FSW) process parameters. 

Their analysis revealed a notable enhancement in the ductility of the FSWed joints, 

which improved to 11.8% compared to the parent material. Although there was a 

slight reduction in the tensile properties—from 632 to 564—this trade-off 

demonstrated the increased ductility achieved through the FSW process. One of the 

critical observations during FSW was the development of a fine and equiaxed grain 

structure, which was attributed to dynamic recrystallization. This structural 

transformation indicates the favorable changes in the material microstructure during 

the FSW process, contributing to the improved ductility of the welded joints. 

Pourali et al. (2017) [164] examined how process variables affected an aluminium 

and steel FSWed joint. At the FSWed joint, thick intermetallic compounds occur due 

to the significant differences between steel and aluminium. The difference in the 

material thickness is assumed to be 2mm, and FSW lap welded AA1100 and mild 

steel. The process parameters were RTS of 315 rpm and 400 rpm and TS of 50 

mm/min and 63 mm/min. The EDX analysis reveals that a thick layer of Fe-rich 

intermetallic compound was produced in welded joints surface up to 93 µm since it 

has no impact on the strength of the FSWed joints. Additionally, defects in the welded 

zone may cause harm, which affects the welded joints' strength. High heat input was 

observed with high TRS, which ensures good metallurgical and mechanical mixing. 

Lower TS leads to good mechanical properties. 

Raghu Babu et al., (2008) [165] investigated the influence of the process parameters 

on mechanical properties and microstructural of AA6082-T6. They identified that the 

UTS of the parent metal is greater than the FSWed joint.  The tunnel defects were also 
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observed at the intersection of TMAZ and SZ due to high RTS and TS, and the 

hardness was decreases in the weld region.  

Ratnam et al. (2018) [166] optimise and enhance the tensile characteristics of two 

6mm FSW alloys, AA2024 and AA6061. The levels TS, RTS, and TTA, are selected. 

L27, the orthogonal array, calculates the findings using Taguchi's ANOVA. TS is the 

most critical aspect of RTS and the least important in UTS. The best UTS is obtained 

at TS of 11mm/min, RTS of 1340 rev/m, and TTA of 2°. RTS and TS are the most 

significant and least essential elements in hardness, respectively. With a TTA of 3° 

and a TS of 11 mm/min, RTS 2000 rev/m. 

Hassan et al. (2003) [167], Investigated the effect of FSW parameters on the 

metallurgical characterstics of the welded joints of AA7010, and it was revealed that 

the optimum TS and TRS which gives the excellent mechanical properties in the stir 

zone. As the TS rises, it was required to increase the TRS to retain the optimum 

condition. Variation in the grain size and the microhardness was found from the top to 

bottom of the welded joints for a given TS. 

Lorrain (2010) [168] aimed at the mechanical assessment of FSW joints in 4 mm 

thick plates of AA7020-T6 alloy. Their investigation involved using two distinct pin 

profiles, one with threads and the other without, featuring flat faces. They discovered 

that the material flow patterns observed when using the conventional threaded tools 

closely resembled those observed when employing the unthreaded tools, thus 

indicating a high degree of similarity in material deformation characteristics. This 

comparative analysis of different pin profiles offered valuable insights into the 

mechanical properties of FSW joints and the influence of pin profile variations, 

shedding light on the potential advantages and disadvantages associated with each. 

V. Saravanan in 2015 [169], an examination was undertaken to assess the tensile 

properties and microstructure of AA2014 and AA7075 alloys. The investigation 

revealed that the highest UTS, reaching 346 MPa, was achieved at a RTS of 1200 

revolutions per minute (rev/m) and a TS of 20 mm/min, with an axial load of 8 kN 

applied. Conversely, the lowest microhardness values were observed within the As-

Welded (A.S) region of the HAZ. In contrast, the most excellent hardness level, 

measuring 146 HV, was identified within the SZ. This observation indicated the 

distinct mechanical characteristics present in different zones of the FSW joints. 

Moreover, the SZ exhibited a fine recrystallized microstructure, contributing to the 

superior tensile properties and increased hardness of the FSW joints. 
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Jerry wong et al., [170], observed better weld joint with no defect at higher TS and 

intermediate RTS, and the SZ observed fine and equiaxed grains structure due to 

recrystallization. The UTS was also enhanced on these parameters which confirm 

above results.  

Daood et al. [171] delved into the impact of pin profiles on the mechanical properties 

of FSWed joints in AA6061. Their investigation involved the utilization of various 

pin profiles, specifically triangular, square, and threaded tapered cylindrical shapes. 

Their findings unveiled a distinct trend: the best mechanical properties were achieved 

when using the triangular pin profile, surpassing the outcomes of the other pin 

profiles. The threaded tapered and square pin profiles led to brittle failures attributed 

to excessive heat generation during welding. The triangular pin profile resulted in a 

ductile failure mode, signifying a more favorable and robust performance. This study 

highlights the critical role of pin profiles in influencing the mechanical characteristics 

of friction stir-welded joints, underscoring the significance of their selection in 

optimizing welding outcomes. 

Sachin Kumar et al. (2021) [172], successfully fabricated FSWed joints of AZ31B 

and AZ31B and AA6061 alloys with and without ultrasonic vibrations. Ultrasonic 

assistance significantly enhanced material flow and intermixing in the SZ of Al and 

Mg layers, forming homogeneous intercalated lamellae. Symmetric weld morphology 

and Mechanical interlocking were improved due to acoustic turbulence. The Al-SZ 

exhibited higher hardness than the Mg-SZ due to the IMCs phase, though the 

ultrasonic joint's maximum microhardness was 16.5 HV lower than the conventional 

joint. Both traditional and ultrasonic joints displayed dual IMCs, but XRD analysis 

revealed reduced peak heights and IMC distribution in ultrasonic joints. Fracture 

samples failed in regions with high IMC accumulation, with acoustically treated 

samples showing swallow and deep dimples, indicating a mixed fracture pattern. This 

research highlights the advantages of ultrasonic vibrations in enhancing the joint 

efficiency of the Mg/Al FSW joints.  

Sachin Kumar et al. (2020) [173] positively achieved ultrasonic-assisted FSW 

(UVaFSW) on AZ31B and A6061. They observed significant improvements in the 

joint properties. The IMCs thickness at the butt interface was reduced by up to 

57.90%, from 9.4, 5.0, and 2.8 microns to 4.4, 2.1, and 1.4 microns, respectively, with 

ultrasonic assistance. This reduction enhanced joint strength to 161 MPa and joint 
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efficiency to 70.3%, compared to 58.4% without ultrasonic assistance. Improved 

material flow and reduced defects were also noted. 

Chunliang Yang et al. (2020) [174] established a mathematical model to analyze 

aluminum-magnesium FSW, focusing on dissimilar materials. Simulations showed 

that Mg-Alloy properties dominate near the FSW tool, while aluminum properties 

dominate farther away. A variable volume fraction index, n(r), provided results closer 

to experimental measurements compared to a constant n=1. This approach enhances 

the understanding and application of dissimilar material welding. 

Huachen Liu et al. (2020) [175] investigated the study on the effects of tool offset in 

Al/Mg dissimilar alloy FSW and found that optimal microstructures and mechanical 

properties were achieved with Mg on the advancing side (AS) and an offset towards 

Mg. However, a 2.5 mm offset caused defects due to insufficient stirring. Al₁₂Mg and 

Al₃Mg₂ and IMCs could not be eliminated, but their distribution improved with a 

specific offset. The UTS increased with offset, peaking at 1.5 mm with 108 MPa, 

while the maximum hardness value in the SZ decreased as offset increased. 

Bandi et al. (2020) [176] investigated the lap FSWed joints of a 3 mm thick plate of 

AZ31 and AA6061 with the AA6061 on top. Trials varied pin length (3 to 4.5 mm) 

and TRS (600 to 1000 rev/min). Eutectic mixtures Mg17Al12 were perceived on both 

sides. Failure modes included interface failure and sheet failure, with Mode 1 showing 

the highest strength (149 ± 5 N/mm) for 3.2 to 3.8 mm pins at 700 rev/min. The 

maximum lap shear strength (214 ± 4 N/mm) was observed with a 4.5 mm pin at 650 

rev/min, attributed to Mode 2 failure.  

Sameer MD (2019) [177] concluded that FSWed joints of AZ91 and AA6082 alloy 

placing AZ91 Mg on the AS resulted in higher aluminum content in the SZ than 

putting it on the RS, affecting mechanical properties. The highest UTS (173.2 MPa) 

was achieved with Mg on AS, and a lower UTS (157.65 MPa) with Mg on RS. A thin 

IMC was observed in the D1 specimen (Mg on AS), while a thicker layer with poor 

adhesion was seen in the D2 specimen. Fractography showed brittle failure due to 

IMCs. Hardness was 86 HV with Mg on AS and 89 HV with Mg on RS. 

Abdollahzadeh et al. (2018) [178] successfully fabricated FSWed joints of AZ31 and 

AA6061 with SiC nanoparticles. Optimal conditions were 35 mm/min travel speed 

and TRS of 650 rev/min. The reinforced sample's UTS was 28% higher, and 

elongation improved threefold compared to the non-reinforced sample. SiC 

nanoparticles significantly refined the nugget's grain structure, reducing the Mg side's 
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mean grain size (12 to 3 µm). The reinforced sample's stirred zone exhibited higher 

microhardness due to SiC's hardness and grain boundary stabilization. Low hardness 

fluctuations confirmed homogeneous nanoparticle dispersion. All samples fractured 

along the banded structure on the AS; non-reinforced samples showed brittle 

fractures, while reinforced samples exhibited ductile, zigzag-shaped fractures, 

enhancing ductility. 

Zhao Y et al., (2016) [179] successfully joined the FSWed joints of AZ31 and 

AA6013 with underwater and conventional processes and observed that at a TRS of 

1,200 rpm and a TS of 80 mm/min, water-cooled welding improved joint strength to 

152 MPa, compared to 131 MPa in air. The air-welded joint had a higher 

microhardness due to more vigorous stirring. Both joints exhibited brittle fracture. 

Banglong Fu et al. (2015) [180] achieved defect-free FSWed joints of Mg/Al with 

excellent metallurgical properties using an intermediate rotation rate (600–800 

rev/min) and low TS (35-65 mm/min), with Magnesium on the AS and a 0.28 mm 

tool offset towards Mg. UTS got up to 72% of the Mg, with distinct zones in the 

nugget area: severe intercalated zones, shoulder-affected, and banded with Al-Mg 

intercalated structures. Intermetallic such as Al₃Mg and Al₁₂Mg₁₇ formed, along with 

a eutectic structure. Heat input, intended from spindle torque, increased when Al was 

on the AS and decreased with higher rotation rates and TS. Effective intermixing and 

intermediate heat input significantly enhanced weld properties. 

Yong Zhao et al., (2015) [181] successfully fabricated AZ31 and AA6013 welded 

joints underwater. They observed that the optimal welding with a TS of 80 mm/min 

and a TRS of 1200 rev/min resulted in sound welds with good tensile properties. The 

underwater FSWed joints achieved a UTS of 153 MPa, 64% of AZ31 strength, but 

exhibited low ductility due to IMCs. XRD analysis identified Al₃Mg₂ and Mg₁₇Al₁₂ in 

the fracture surface. EPMA images revealed that Al and Mg elements formed a mixed 

structure in the SZ, with EDS analysis showing lamellar shear bands of DRX at the 

SZ. A thin IMC was observed compared to air-welded specimens. Microhardness 

tests showed the highest microhardness value of 143HV at the SZ, slightly more 

significant than the AA6013. 

Kwang-Jin Lee et al. (2014) [182], investigated the metallurgical characterization of 

the welded joints of AZ31 and AA6061. The welds were produced with the tool 

plunge position shifted toward AZ31. Optimal TRS and TS were determined through 

preliminary experiments. EBSD was used to analyze the texture in the SZ, revealing a 
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fine-grained microstructure. AA6061-T6 exhibited randomized plane orientations, 

while AZ31 had rotated basal plane orientations. The average grain size was 2.5−4.5 

μm. No welding defects were found, and the interface showed lamellar-like shear 

bands, indicating intense material flow. 

Liang, Z. et al. (2013) [183] achieved joints with high UTS of 164 MPa and a 

significant % strain of approx.—6% of FSWed joints of Al-Mg alloys. The bottom 

interface (BI) zone, resulting from inadequate diffusion and material mixing, and the 

banded structure (BS) zone, containing IMCs, while the softened Al alloy to the 

retreating side (SAA-RS) zone, due to precipitate coarsening and dissolution.  By 

optimizing TRS and offset, the strengths of these zones were balanced, enhancing 

ductility and maintaining high strength. 

P. Venkateswaran et al. (2012) [184] exhibited the Al–Mg dissimilar FSWed joints 

at lower TRS, while higher speeds (>850 rev/min) produce interpenetrating features 

and curved interfaces, promoting micro void amalgamation on fracture surfaces due to 

the mechanical interlinking. UTS increases with microvoid coalescence area fraction, 

interpenetrating, and interface length feature thickness but decreases with thicker 

IMCs. The increased strength is due to mechanical interlocking, creating a longer 

fracture path. Optimal parameters include a TS of 1.8 to 3.5 mm/s and a TRS of 850–

1700 rpm. Microhardness distribution is influenced by grain size and IMCs. Al₁₂Mg₁₇ 

and Al₃Mg₂ IMCs inevitably form, with tensile failure occurring through IMCs and 

aluminum in IPF regions. Maximum tensile strength in Al-Mg FSWed joints is 

achieved through complex weld interfaces promoting mechanical interlocking. 

Jing Shang et al., (2012) [185], successfully fabricated Mg and Al dissimilar metals 

by CMT process by copper wire. The optimized process parameters of TS of 0.65 

m/min, wire feed rate of 5.8 mm/s, a voltage of 12.0 V, and welding current of 129 A 

were observed. Various IMCs, such as AlCu and Cu9Al, formed in the Al fusion 

zone, while a Cu-based solid solution appeared in the welded region. The Mg fusion 

zone contained Cu4Mg and a ternary eutectic structure. The joint's bonding strength 

was 34.7 MPa, with brittle fracture occurring at the highest micro-hardness point in 

the Mg fusion zone due to continuous Cu-Mg IMCs. It revealed the feasibility of 

CMT welding for joining Mg and Al with pure copper filler metal. 

Woong-Seong Chang et al. (2011) [186] enhanced the strength of dissimilar joints. 

They investigated the IMC improvement using a third material foil in FSWed and 

hybrid welded joints of AZ31 and AA6061. The metallurgical properties of FSWed 
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joints and hybrid weldments were compared. Hybrid butt welding with filler wire of 

Ni foil and defect-free laser-FSW hybrid joining by 2 kW laser power was successful. 

The transverse UTS of the hybrid welded joint reached 66% of the Mg parent material 

UTS due to fewer IMCs. Joint strengths were 66% for hybrid welding, 45% for FSW 

with Ni foil, and 38% without Ni foil. 

Yan Yong et al. (2010) [187], successfully investigated the joining of AZ31 and 

AA5052 alloy by FSW having a thickness of 6 mm at TS of 35 mm/min and TRS of 

600 rpm. The SZ exhibited a refined microstructure with intercalation lamellae, 

differing significantly from the base materials. Microhardness measurements showed 

uneven distribution due to the weld's complex microstructure, with the SZ reaching 

twice the maximum hardness of the base materials. The fracture occurred 2.7 mm 

from the weld center on the AA5052 side, where microhardness decreased sharply. 

This process produced a sound weld, transforming the base metal microstructure into 

equiaxed grains in the SZ, with a distinct onion-ring structure at the bottom. 

Somasekharan et al. (2004) [188], successfully joined AZ91D and AZ31B, and 

6061-T6 alloys using friction-stir welding, demonstrating DRX and fine-grained 

structures. Elemental analysis revealed distinct bands of Mg and Al. Vickers 

microhardness showed stable properties, with spikes up to three times the base 

hardness, indicating the technique's effectiveness for creating solid and high-quality 

welds in dissimilar materials. 

 

Table 2.2: Literature review of some similar and dissimilar alloys 

Author

& year 

Material 

Used 

Processing Parameter Conclusion 

C. 

Hamilto

n et al 

[2009] 

[189] 

Al-Zn-Cu-

Mg 

TRS: 225 to 400 rpm 

TS: 2.1 mm/s 

The model accurately 

predicts the maximum 

welding temperatures and 

their distributions across 

the investigated energy 

range. 
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C. 

Hamilto

n et al 

[2008] 

[190] 

AA6061 
TRS: 50-550 rpm with 

constant TS of 50 mm/min 

A thermal model of FSW, 

incorporating a new slip 

factor based on energy per 

unit weld length, was 

developed. It effectively 

predicts maximum welding 

temperatures across diverse 

energy levels, 

demonstrating its 

robustness and accuracy in 

thermal analysis for various 

welding conditions. 

 

S. Hwan 

et al. 

[2003] 

[191] 

SS304  

TRS: 1400 rpm 

TS: 1.3 mm/s 

TTA: 3.5° 

Microstructural observation 

revealed the formation of 

sigma phase with numerous 

stacking faults at the 

advancing side of the stir 

zone, highlighting localized 

microstructural changes 

induced by the FSW. 

 

G. Buffa 

et al 

[2011] 

[192] 

A 3D FE 

model. 

TRS: 500 rpm 

TS:100 to 325 mm/min 

A new numerical FEM 

procedure was used for 

predicting residual stresses 

in FSW, revealing how 

grain refinement and heat 

treatment affect the 

corrosion behavior of Mg-

Y-RE alloy through various 

testing methods. 
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G.R. 

Argade 

at al 

[2012] 

[193] 

Mg Alloy 
TRS: 800 rpm 

TS: 25 mm/min 

The findings highlighted 

significant insights into 

how the welding conditions 

influence grain refinement, 

residual stress distribution, 

and overall mechanical 

performance.  

 

Y.S. 

Sato et al 

[2004] 

[194] 

AA1100 
TRS: 500 rpm 

TS 1.2 mm/sec 

FSW was applied to 

accumulative roll-bonded 

(ARBed) AA1100, 

resulting in the 

reproduction of fine grains 

in the SZ and slight growth 

of ultrafine grains just 

outside the SZ. This 

demonstrates FSW's 

effectiveness in refining 

grain structures in ARBed 

materials. 

 

S. 

Mironov 

et al 

[2011] 

[195] 

S31254 steel 
TRS: 400 rpm 

TS: 30 mm/min 

The structural response of 

low stacking fault energy 

material S31254 to FSW 

has been examined. The 

final SZ microstructure 

formation is primarily 

influenced by DDRX 

occurring during the FSW 

cooling cycle. 
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L. 

Fratini et 

al [2010] 

[196] 

AA7075 
TRS: 700 to 1500 rpm 

TS: 105, and 214 mm/min 

The effects of in-process 

cooling on the material 

characteristics and joint 

performance of AA7075-

T6 were examined. The 

study highlights how 

cooling during processing 

influences the alloy's 

properties and the overall 

quality of the welded joint, 

providing valuable insights 

for optimizing welding 

conditions to improve joint 

performance. 

 

S.Miron

ov et al 

[2009] 

[197] 

Pure 

Titanium 

 TRS: 200 rpm 

TS: 65 mm/min 

The microstructure 

evolution during FSW of 

commercial titanium was 

investigated. Material flow 

resembled simple-shear 

deformation, primarily 

arising from prism slip. The 

grain structure evolution 

was found to be a complex, 

multi-stage process, 

highlighting the intricate 

nature of microstructural 

changes during FSW. 

 

L.Comm

in et al 

[2009] 

[198] 

AZ31 

TRS: 1000, 1300, and 

1400 rpm 

TS: 200, 300, and 700 

mm/min. 

Higher stress levels were 

observed on the retreating 

side, with grain growth 

increasing alongside 
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processing parameters that 

generate more heat. FSW 

resulted in reduced UTS for 

the hot-rolled base metal 

alloy. 

 

R.Nanda

n et al 

[2007] 

[199] 

Mild Steel 

 

TRS: 450 rpm 

TS: 0.42 mm/s 

Pin length: 6.22 mm 

Pin radius: 3.95 mm  

3D plastic and temperature 

flow fields during FSW of 

mild steel were calculated 

using conservation 

equations for mass, 

momentum, and energy. 

The non-Newtonian 

viscosity, varying spatially, 

was derived from computed 

strain rate values, providing 

insights into the material 

behavior under welding 

conditions. 

 

N.Kamp 

et al 

[2006] 

[200] 

AA7449  

The interfacial energy of 

the different rates and 

phases were considered. 

This model based on 

Kampmann and Wagner 

Numerical (KWN) 

effectively forecasts the 

changes in precipitate 

behavior, enhancing the 

understanding of alloy 

microstructure development 

under various processing 

conditions. 
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S.R Ren 

et al 

[2007] 

[201] 

 AA 061 

 

TRS: 400 to 1600 rpm 

TS: 100 to 400 mm/min 

The study found that 

traverse speed significantly 

influences the tensile 

properties and fracture 

modes of FSW AA6061 

joints. Welds made at 400 

mm/min exhibited higher 

strength and a 45° shear 

fracture, while those 

welded at 100 mm/min 

showed lower tensile 

strength with nearly vertical 

fractures. 

 

Omar.S.

Salih  et 

al [2015] 

[202] 

Al composite 
TRS: 600 to 1000 rpm 

TS: 40 and 80 mm/min 

Welding parameters, 

including TRS, TS, and 

axial force, significantly 

impact heat generation and 

the strength of FSW joints. 

Microstructural evaluation 

revealed tunnel defects 

caused by improper flow of 

plasticized metal due to 

suboptimal welding 

conditions. 

 

Z.Y. Ma 

et al 

[2010] 

[203] 

Al-4Mg-1Zr 

alloy 

TRS: 600 rpm 

TS: 25 mm/min 

Exceptional superplasticity 

exceeding 1200% was 

observed at high strain rates 

(10
-2

 to -1x10
-1

 s
-1

) and low 

temperatures (300-350°C). 

Even at 425°C, 

superplasticity reached 
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1400% at a high strain rate 

of 1 s
-1

, demonstrating the 

alloy's remarkable 

deformation capabilities. 

 

Jianqing 

Su et al 

[2013] 

[204] 

Ti–6Al–4V 

alloy 

TRS: 800 to 1000 rpm 

TS: 1 to 4 IPM 

A sample processed at 900 

rpm and 4 IPM achieved 

high yield and ultimate 

tensile strengths of 1067 

MPa and 1156 MPa, 

respectively, without losing 

ductility. This was 

attributed to the smallest 

prior β grain size of 

approximately 12 µm. 

 

Z.Y.Ma 

et al 

[2003] 

[205] 

A356 
TRS: 300 to 1100 rpm  

TS: 2 to 8 IPM.  

The strength of FSP A356 

alloy increased with higher 

tool rotation rates. The 

maximum strength was 

achieved at a tool rotation 

rate of 900 rpm using the 

standard pin. 

 

Z.Y.Ma 

et al 

[2009] 

[206] 

AA7075 
TRS: 600 rpm 

TS: 102 mm/min 

In two-pass FSP 7075Al, an 

optimum temperature shift 

was observed. The 

maximum superplastic 

elongation of 1220% was 

achieved at 480°C and an 

initial strain rate of 10
-2

 s
-1

 

in the center region of the 

second pass. 
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Z.Y.Ma 

et al 

[2004] 

[207] 

A356 

TRS: 700 rpm 

TS: 203 mm/min 

Plate thickness: 6.35 mm 

The flow stress of FSP 

A356 was significantly 

lower than that of cast 

A356. A maximum 

superplasticity of 650% 

was achieved at 530°C with 

an initial strain rate of 

1x10
-3

 s
-1

 in FSP A356. 

 

N. 

Kumar et 

al [2012] 

[208] 

Al-Sc-Mg 

alloy  

 

TRS: 323, 400, and 800 

rpm 

 

Grain size varied from 0.4 

to 0.8µm based on 

processing and the initial 

thermo-mechanical 

condition of the alloy. An 

increase in the Zener-

Holloman parameter 

correlated with grain size 

reduction. 

 

Jian-

Qing Su 

et al 

[2011] 

[209] 

Pure Cu  

TRS: 800 rpm 

TS: 120 mm/min 

TTA: 2.5° 

Material flow in a thin layer 

around the pin tool caused 

severe strain heterogeneity, 

resulting in concentrated 

microplastic deformation 

within this layer. 

Consequently, a high 

density of microband 

structures was formed. 

 

S.R 

Sharma 

[2004] 

[210] 

A356 Alloy 
TRS: 700 to 900 rpm 

Constant TS: 200 mm/min 

Fatigue life improved due 

to significant 

microstructure refinement, 

homogenization, and 
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porosity elimination. FSP 

led to the substantial 

breakup and uniform 

distribution of Si particles 

within the aluminum 

matrix, as well as the 

removal of porosity. 

 

Z.Y.Ma 

et al 

[2003] 

[211] 

AA7075 
TRS: 350, and 400 rpm 

TS: 4, and 6 IPM 

The density, size, and 

volume fraction of cavities 

decreased with lower initial 

strain rates from 1x10
-1

 to 

1x10
-2

 s
-1

 at a constant 

temperature of 480°C. 

Additionally, cavity density 

decreased with increasing 

temperature from 450°C to 

510°C at a constant initial 

strain rate of 1x10
-2

 s
-1

. 

Z.Y.Ma 

et al 

[2005] 

[212] 

Al-Mg-Zr  
TRS: 350 rev/min 

TS: 4 IPM 

Maximum superplastic 

ductility of 1280% was 

achieved at 525°C and a 

strain rate of 1x10
-1

 s
-1

. The 

strain rate sensitivity of 

both as-extruded and FSP 

Al-4Mg-1Zr alloys 

increased steadily with 

strain rates from 1x10
-3

 s
-1

 

to 1 s
-1

. 

S. Jana 

et al  

[2010] 

[213] 

Al–Si–Mg 

alloy 

TRS: 2236 rpm 

TS: 2.33 mm/s 

FSP improved fatigue life 

fivefold in a hypoeutectic 

Al–Si–Mg cast alloy. The 

cast fatigue specimen had a 
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life of 45,500 cycles. 

Cracks, originating from 

porosity, were observed 

after the first 5,000 cycles, 

indicating a crack initiation 

period of 10% or less. 

S. Jana 

et al 

[2007] 

[214] 

F357 Al 

alloy 

TRS: 2236 rev/m 

TS: .367, 2.33, 0.98, and 

0.42 mm/s. 

Multiple passes did not 

refine Si particles beyond a 

certain limit. However, the 

second configuration of 

multiple passes indicated 

that abnormal grain growth 

(AGG) can be reduced if 

the material undergoes FSP 

multiple times. 

R.S 

Mishra 

et al 

[2003] 

[215] 

Composite 

Al-SiC 

TS: 25.4, and 101.6 

mm/min 

Tool depth: 2.28, 2.03, 

1.78 mm. 

A target depth of 2.03 mm 

successfully incorporated 

SiC particles into the 

aluminum matrix, while 

depths of 2.28 mm and 1.78 

mm were ineffective. 

Z.Y.Ma 

et al 

[2003] 

[216] 

Al-Mg-Zr 

Alloy 

TS: 3 mm/s 

Temperature ranges: 400 

to 550 °C 

FSP produced a fine 

microstructure with a grain 

size of 1.5 µm and a 

uniform distribution of fine 

Al3Zr dispersoids in the 

Al-Mg-Zr alloy. 

Z.Y.Ma 

et al 

[2002] 

[217] 

AA7075 

 

TRS: 350, and 400 

rev/min 

TS: 4, and 6 IPM 

Grain size decreases 

between 420-530°C and 

strain rates of 1x10^-3 to 

10
-1

 s
-1

. The 3.8 µm 7075Al 

alloy achieved 1250% 

superplastic elongation at 
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480°C with strain rates of 

3x10
-3

 to 3x10
-2

 s
-1

. The 7.5 

µm 7075Al alloy showed 

1042% ductility at 500°C 

and 3x10
-3

 s
-1

. 

Z.Y.Ma 

et al 

[2006] 

[218] 

A356 
TRS: 300 to 900 rev/min 

TS: 51 to 203 mm/min 

A higher TRS results in a 

more homogeneous 

microstructure. However, 

the varied distribution, size, 

and volume fraction of Si 

particles in different 

locations within the FSP 

zone indicate 

inhomogeneous material 

flow. 

S.Jana, 

et al 

[2009] 

[219] 

Al–Si–Mg 

alloy 

TRS: 2236 rev/min 

TS: 2.33 mm/s 

Pin height: 1.9 mm 

Pin diameter: 4 mm 

Plate thickness: 2 mm 

FSP significantly enhanced 

the fatigue life of cast Al–

7Si–0.6 Mg alloy by a 

factor of 15. This 

improvement was observed 

when specimens were 

tested under the same stress 

level with a stress ratio of R 

= 0. The process led to a 

more fine & homogeneous 

microstructure, which 

contributed to the increased 

fatigue resistance. The 

uniform distribution of Si 

particles and the reduction 

in porosity played crucial 

roles in this enhancement.  



77 

 

J-Q-Su 

et al 

[2002] 

[220] 

AA7050  

TS: 15 mm/min 

TRS: 350 rev/min 

During FSW, the 

strengthening precipitates 

coarsened significantly, and 

the precipitate-free zone 

along the grain boundaries 

expanded fivefold 

compared to the parent 

material. The original base 

metal grains were entirely 

replaced by a fine equiaxed 

grain structure in the DXZ. 

Jiye 

Wang et 

al [2014] 

[221] 

Ti–6Al–4V   

 

TRS: 1000 rev/min 

TS: 25 mm/min 

The CY16 tool experienced 

fracture failure, while the 

WC411 tool showed micro-

cracking with improved 

fracture toughness, 

inhibiting crack 

propagation. The W-La tool 

exhibited degradation due 

to plastic deformation, 

which can be mitigated by 

increasing the pin diameter. 

Y.Wang 

et al 

[2007] 

[222] 

Al–4.0Y–

4.0Ni–0.9Co 

Alloy 

TS: 51 mm/min 

TRS: 1000 to 1200 rpm 

TTA: 0° 

FSW of UFG Al–4.0Y–

4.0Ni–0.9Co alloy 

significantly improved 

ductility with a slight 

decrease in strength. The 

process homogenized the 

microstructure and altered 

the shape of intermetallic 

particles. 
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Table 2.3: Summarized table of Literature Reivew 

Author’s 
Work 

material 

Tool 

material 
Tool shape and size Operating parameters 

I. Dinaharan 

et. al. 2018 

[223] 

Aluminium 

AA6061 

and Mg 

Alloy AZ1 

Copper 

(pure) 

HCHCr 

H13 

SD:18mm; PD:6mm, 

PH:5.8mm; Thickness: 

6 mm; 

Rev/min=1600; 

WS=60mm/min; 

Force= 10 KN 

SD:15,18,21mm; 

PD:6mm, PH:5.7mm; 

Thickness: 6 mm; 

rev/min=1200; 

WS=40mm/min; 

Force= 10 KN 

SD:15,18,21mm; 

PD:6mm, PH:5.7mm; 

Thickness: 6 mm; 

Rev/min=1000; 

WS=40mm/min; 

Force= 10 KN 

N. Sun et. al. 

2009 [224] 
AZ31 Mg H13 Steel 

SD:10mm; PD:4mm; 

PH:1.8mm 

Thickness:1.5mm 

Rev/min =1000,3000; 

WS=150mm/min; 

Dwell time=1,4 sec; 

G. 

Padmanaban 

et. al. 2009 

[225]  

AZ31B Mg 

alloy 

Armour 

steel, 

stainless 

steel, 

Mild Steel 

SD:15,18,21mm; 

PD:6mm, PH:5.7mm; 

Thickness: 6 mm; 

RPM=1600 WS=21; 40 

mm /min; tilt angle =0; 

 D. Bakavos 

et. al.2008 

[226] 

AZ31 Mg-

Alloy 
HCHCr 

SS: SD:18 mm; PD: 

6mm PH:5.7 mm; 

Thickness:3mm; 

RPM=500,1000; 

WS=150;200;250; Butt 

joint 

Y. HU et. al. 

[227] 

AA6082T6 

Aluminium 

 Steel 

Alloys 

SS: concave SD:10mm; 

Thickness : 3mm; 

RPM=715,1500;WS= 

100,200mm/min; 

R. Beygi et. 

al. [228] 

Aluminium 

and copper 

laminated 

composite 

 H13 

Steel 

SS:flat SD:12mm; 

PD:2.9mm; PH:2.6mm; 

RPM=600,1200; 

WS=50mm/min; Butt 

joint; Rake angle=2.5º 

R. Beygi et. 

al. [229] 

Aluminium 

and copper 

bilayer sheet 

Tool Steel 
SS:SD:12 mm; PD: 

2.8mm; PH:2.6mm; 

RPM=800; 

WS=50mm/min;Butt 

joint; 
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T. K. 

Bhattacharya 

[230] 

Aluminium 

AA6063 

and copper -

HCP(C-

10300) 

Chromiu

m Alloy 

Steel 

SS: SD:18mm; 

PD:6mm; PH:5.9mm; 

RPM=3000; WS=69 

mm/min; Tilt angle= 

2º;Lap joint; 

A. O. Al-

Roubaiy et. 

al. [231] 

AA5086-

H116 and 

Cu-99.972%  

Chromiu

m Alloy 

Steel 

SS: Concave 

SD:18mm; PD:6mm; 

PH:5.9mm; Thickness: 

6.3mm; 

RPM=560, 710; 

WS=69 mm/min; Tilt 

angle= 2º; Force = 67 

KN; Butt joint; 

A. Paoletti et. 

al. [232] 

Thermoplast

ic Polymer 

Low 

Carbon 

Steel 

AISI1010 

SS: SD:11mm; 

PD:5mm; PH:4.3mm; 

Thickness:3mm; 

RPM=900,1260,1500; 

WS=34mm/min 

E. T. 

Akinlabi et. 

al. [233] 

Aluminium 

AL5754 and 

CU(C11000

) 

H13 Tool 

Steel 

SS: 

SD:15mm,18mm,25m

m; PD:5mm PH:5 mm 

Thickness3.175 mm 

RPM=600,950,1200; 

WS=50,150,300; 

mm/min; Lap joint; 

M. E. Aalami 

et. al. [234] 

Aluminium 

AL1050-

H16 and 

Pure CU 

H13 Tool 

Steel 

SS: SD:14.5, 17.8 mm; 

PD:4.5mm; PH:6.1mm 

Thickness:3mm; 

RPM=1000; WS=40 

mm/min; Lap joint; 

E. Akinlabi 

et. al. [235] 

Aluminium 

AL5754 and 

CU(C11000

) 

H13 Tool 

Steel 

SS: Concave 

SD:15,18,21mm; 

PD:6mm, PH:5.7mm; 

Thickness: 3.175 mm; 

RPM= 600,950,1200; 

WS=50,150,300mm/mi

n Tilt angle=2º; Butt 

joint; 

I. Galvao et. 

al. [236] 

Aluminium 

AA6082 & 

Cu-DHP, 

R240) 

H13 Tool 

Steel 

SD:16mm; PD:5mm, 

PH:2.9mm; 

RPM=1000; 

WS=200mm/min; 

 

2.1.4 Effect of Process parameters on UTS and microstructure  

A thorough understanding of FSW and its mechanical properties is essential for 

aerospace applications, necessitating detailed research. While FSW can join various 
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materials, it has primarily focused on aluminum alloys. Defect-free welds with good 

mechanical properties have been achieved in aluminum alloys of thicknesses from 1 

mm to over 35 mm. FSW can be performed in any position [188, 205-210]. The 

ultimate tensile strength and hardness of bimetallic weld joints increase with pre-

stress, while ductility decreases with higher thermal loading. To prevent brittle failure 

in carbon steel, pre-stress and thermal stress should be minimized. The optimum 

strain rate for maximum elongation at 525°C was 1x10^-1 s^-1, indicating that high 

strain superplasticity can be achieved in Al-4Mg-1Zr alloy through FSP. 

 

 

(a)         (b) 

Figure 2.9: Stress strain diagram of FSP of Al-Mg-Zr alloy at various processing 

conditions [216] 

 

The superplastic deformation behavior of FSP Al-Mg-Zr alloy was investigated across 

a strain rate range of 1x10^-3 to 1 s^-1 and a temperature range of 350°C to 550°C, 

compared to the as-rolled alloy. Maximum elongation of 1280% was achieved at 

525°C. FSP significantly decreased the flow stress in Al-4Mg-1Zr alloy. Specimens 

deformed to failure at 525°C for different strain rates and at 1x10^-1 s^-1 for different 

temperatures, showing neck-free elongation indicative of superplastic flow. The strain 

rate sensitivity (m value) of FSP Al-Mg-Zr increased from 0.12 to 0.55 at 450°C and 

from 0.15 to 0.53 at 525°C as initial strain rates increased from 10^-3 to 10^-1 s^-1 

[216]. Tensile properties of as-extruded and welded materials with different FSW 

parameters are shown in Fig. 2.9. Weld 1 showed improved ductility to 11.6% with a 

slight strength decrease, while Weld 2 showed enhanced ductility to 14.7% with a 
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yield strength reduction from 633 MPa to 568 MPa, likely due to microstructure 

coarsening. 

 

Figure 2.10: Mechanical properties of the welded joints at room temperature [216] 

 

AA7475 was used during these experiments, where single pass and six pass, joint 

welding was applied to a 2.5 mm thick lap joint. Substantial plastic stirring during 

FSW was evident from the material flow inside the nugget. The average grain size of 

the parent material was 10 µm, while the microstructures of one-pass and six-pass 

nuggets were finer, with average sizes of 2.2 µm and 3.2 µm, respectively. The parent 

material exhibited yield strength of 398 MPa, ultimate tensile strength of 511 MPa, 

and ductility of 21.8%. For the single-pass nugget, these values were 402 MPa, 541 

MPa, and 31.4%, and for the six-pass nugget, they were 334 MPa, 451 MPa, and 

31.8%. The weld HAZ maintained a stable microstructure and superplastic properties, 

with a high-strength weld nugget due to increased flow stress at 783K compared to 

the parent metal. Additionally, the FSW of Cu with carbon nanotubes enhanced the 

microstructure, hardness, and tensile properties of the composite material through 

single, double, and triple passes. Brinell hardness increased with more passes due to a 

more compact microstructure. 
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Friction between the tool and workpiece generates localized heating, softening, and 

plasticizing the material. This process results in significant grain refinement as the 

material moves from the front to the back of the pin [119, 120].  

 

    

    
 

 

Figure 2.11:TEM images of weldments at different welded regionons: (a) base metal, 

(b) dark field image of region (a), (c) HAZ, (d) TMAZ I, (e) TMAZ [237] 

Base metal Base metal 

HAZ TMAZ 

SZ 
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Fine-grained microstructure is essential for superplasticity, making FSP a promising 

technique for producing superplastic aluminum alloys. However, superplasticity in 

FSP parts is limited at elevated temperatures due to coarse-grained microstructure 

evolution [108, 109]. FSP effectively fabricates surface metal matrix composites with 

well-distributed particles and strong bonding, offering advantages over laser 

processing, high-energy electron beam irradiation, and casting sinter. 

The grain structures in the base metal and weldment are shown in low magnification 

TEM images in Figure 2.11(c). The parent alloy microstructure displays partially 

recrystallized pancake-shaped grains with sub-grains about 1-5 µm in size (Fig. 

2.11a). Minimal diffraction contrast between neighboring grains in the dark field 

image indicates dominance of low-angle boundaries (Fig. 2.11b). The HAZ region, 

mechanically undisturbed by FSW, resembles the base metal's grain structure, with 

low dislocation density (Fig. 2.11c). The TMAZ, between the parent metal and DXZ, 

shows a highly deformed structure with elongated grains preserved (Fig. 2.11d) [26].  

 

 

Figure 2.12: Optical images of different welded region [237] 

 

 

The study evaluated the impact of process parameters and FSP run configurations on 

nugget microstructure stability at elevated temperatures. Single-pass runs exhibited 

abnormal grain growth (AGG), whereas multi-pass runs were more resistant to AGG. 

Using cast Al-Alloy F357, a hypoeutectic Al-Si alloy, the AGG increased when tool 

rotation was reduced from 2236 rpm to 1500 rpm. The research highlighted that 

multiple passes did not refine Si particles beyond a certain limit but reduced AGG. 
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Figure 2.12a shows a single-pass nugget with a basin shape, while Figures 2.12b and 

2.12c illustrate highly refined eutectic Si particles. Figure 2.12d depicts mostly 

equiaxed grains in the FSPed nugget, with occasional alignment parallel to the 

advancing or retreating side [237]. Tool wear in FSW is a critical issue, particularly 

for aluminum matrix composites. The primary wear mechanisms include plastic 

deformation, abrasion, diffusion, and environmental reactions with the tool material 

[128]. While FSW of soft metals like aluminum and magnesium shows minimal tool 

wear, the issue becomes more pronounced when welding hard metals or metal matrix 

composites (MMCs). This wear is characterized by deformation and reduction in the 

pin diameter.  

 

 

Figure 2.13: OM images of welded joints at different tool materials [214] 

 

Fig. 2.13 presents optical microscopy images of cross-sections for CY16, W-La, and 

WC411 tools. In the CY16 tool (Fig. 2.13a), cracks initiated at the shoulder corner 

and propagated through the pin, leading to rapid fracture and chipping. Cracks 

commonly started at the shoulder edge and shoulder-pin corner due to stress 

concentrations. Adhesion between Ti-6Al-4V and CY16 was noted (Fig. 2.13b), with 
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cracking under the adhesion layer indicating stress concentration. The W-La tool (Fig. 

2.13c) showed plastic deformation and stress-induced cracks at the pin tip, though no 

Ti-6Al-4V adhesion was observed. In the WC411 tool, voids nucleated at the shoulder 

and coalesced due to localized strain, with Ti-6Al-4V adhesion present on the surface 

(Fig. 2.13e) [214].  

 

 

Figure 2.14: variation of wear to the traverse distance [220] 

 

There was a linear correlation between wear rate and tool rotation speed in FSW. 

Initially, tool wear was delayed by reducing rotation speed and increasing transverse 

speed, but the wear rate eventually stabilized (Fig. 2.14). This suggests self-

optimization of the tool shape due to the base material's solid-state flow during 

welding, with a worm pin achieving a more homogeneous structure [220]. FSP 

significantly enhanced the fatigue life of Al-7Si-0.6Mg alloy by eliminating porosity 

and refining Si particles. Crack growth rates were lower in the FSP condition, with 

oscillatory crack growth ceasing at 180 µm in FSP samples versus 450 µm in cast 

samples【132】. FSP-treated alloy showed improved fatigue life and a stress 

threshold greater than 80% in the stir zone, attributed to a finer microstructure and 

reduced crack growth rates. Overall, FSW successfully improves aluminum alloy 

properties, often surpassing those of the base material, although high strain 

amplitudes can reduce hardness and fatigue life. 
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2.2 Summary of Literature review 

 

The different processes of FSW, process parameters and weld material combinations, 

the mechanical and micro structural study of FSW stated by numerous researchers are 

discussed. The core inferences of this study are: 

• Welding of two dissimilar metals by FSW in butt configuration, the softer 

metal should be on retarding side and harder metal should be on AS. 

• When the two different metals are to be weld in lap joint, the softer metal 

should be on topper side and harder metal should be on bottom side. 

• On other hand, the cylindrical tool pin profile was observed to be suitable, by 

which defect free dissimilar joints can be obtained. 

• The shoulder diameter and tilt angle significantly influence the plunge load 

value in FSW. Increasing both the shoulder diameter and tilt angle results in a 

higher plunge load. 

• With an increase TRS, the mechanical properties decrease. 

 

2.3 Research Gap 

 

1. Very few experimental investigations have been made on Friction Stir 

Welding of Non Ferrous dissimilar Materials.  

2. It has been observed that very few studies have been made on tool material 

and tool geometry on FSW of similar material but the research with non-

ferrous dissimilar Materials is still to be done in detail. 

3. Parametric study of FSW on non-ferrous dissimilar material  is again a major 

research gap. 

4. Simultaneous effect of various parameters is to be studied for various 

industrial applications. 

 

2.4 Objectives 

 

1. To Study the effect of various process parameters of FSW process. 

2. To Study different tool geometry used for FSW. 

3. To Select optimization technique depending on the input and output parameters 

for welding of dissimilar metals using FSW. 
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4. To study metallographic characterization of weld joint using optical and SEM 

microscope. 

5. To study mechanical properties of welded metals such as micro-hardness, tensile 

behavior and residual stress. 

 

 

 

 

 

 

 

  



88 

 

CHAPTER 3 

 

3. Materials and Methods 

 

This research focuses on the FSW of AZ91D and AA2024 by three different tool pin 

profiles: triangular, circular, and rectangular. The methodology involves a systematic 

approach to comprehend the impact of these pin profiles on the weldments, and 

metallurgical properties of the weldments. The initial phase involves the preparation 

of the base materials, AA2024 and AZ91D. The plates are cut into specific 

dimensions suitable for welding and then meticulously cleaned to remove any surface 

oxides or contaminants. This step ensures optimal contact between the workpieces 

and the tool, which is critical for high-quality welds. 

Following material preparation, three distinct FSW tools with circular, triangular, and 

rectangular pin profiles are designed and made of tool steel (H13). The design of the 

pin profiles is aimed at exploring how different geometries influence the stirring 

action and material flow during the FSW. Each tool is also equipped with a shoulder 

designed to provide adequate input heat and facilitate the plastic deformation required 

for welding. 

To establish the optimal FSW process parameters, preliminary trials are conducted. 

These trials involve varying TRS, TS, and axial forces to identify the best 

combination for each pin profile. The parameters are carefully documented to ensure 

that the welding conditions remain consistent across all experiments. This step is 

crucial for ensuring that any differences observed in the weld quality are attributable 

to the pin profile rather than variations in the welding process. 

Once the optimal parameters are determined, the actual welding process is carried out. 

Each tool pin profile is used to weld a series of samples under identical conditions. 

This consistency allows for a fair comparison of the consequences of the different pin 

profiles on the joint efficiency.  

Post-welding, a comprehensive metallographic analysis is conducted. This involves 

preparing cross-sectional samples of the welds, which are then polished and etched to 

observed the microstructure. Optical and SEM microscopy were employed to study 

the grain structure, phase distribution, and any defects present in the weld zones. 
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Special attention is given to identifying differences in grain size and morphology that 

may be affected by the pin profile.  

Mechanical properties of the weldments are evaluated through a series of tests. 

Tensile testing is performed to measure the UTS and ductility of the joints. 

Microhardness analysis was taken across the weld zones to assess the distribution of 

hardness and identify any regions of weakness. 

The results are expected to show how different pin geometries affect the joint 

efficiency of the FSW joints, ultimately providing valuable insights for optimizing 

FSW processes for these specific materials. This comprehensive approach aims to 

establish a clear correlation between tool pin profiles and weld characteristics, 

contributing to the advancement of FSW technology for AZ91D and AA2024. The 

flow chart of the experimental is shown in Fig. 3.1. 

 

 

Figure 3.1: Flow chart for experimentation 
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3.1 Chemical composition of base metals 

 

FSW of AA2024 and AZ91D has significant industrial applications and superior 

mechanical properties. In the aerospace industry, AA2024 is extensively used for 

wing skins, aircraft fuselage panels, and other structural components. In the 

automotive sector, AZ91D is favored for lightweight components such as engine 

blocks, transmission cases, and steering wheels, where FSW improves the strength 

and integrity of the weldments, improving vehicle performance and fuel efficiency.  

The chemical composition of AA2024 typically includes 4.21% Cu, 1.45% Mg, 

0.36% Mn, and small amounts of Fe, Si, Zn, and Ti, with the remainder being 

aluminum. AZ91D consists of 9.18% Al, 0.35% Zn, 0.29% Mn, and traces of Si, Cu, 

Ni, and Fe, with the remainder being magnesium. The chemical composition of the 

base metals and H13 tool steel is revealed in Table 3.1 and 3.2. 

 

Table 3.1: Chemical composition of AZ91D and AA2024 

Material Al Si Mn Zn Cu Fe Ti Mg 

AZ91D 8.95 0.059 0.36 0.54 0.02 0.01 0.03 Balance 

AA2024 Bal 0.58 0.29 0.35 4.37 0.31 0.08 1.19 

 

Table 3.2: Chemical composition of H13 tool steel  

Material Cr Mo Si V C Ni Cu Mn P S 

AZ91D 4.96 1.56 0.94 1.12 0.38 0.21 0.19 0.36 0.025 0.026 

 

H13 tool steel is commonly used for FSW tools due to its excellent combination of 

properties suited for the demanding conditions of FSW. It has high temperature 

resistance, maintaining its strength and hardness at elevated temperatures, which is 

crucial given the significant heat generated during the process. Additionally, H13 tool 

steel offers high wear resistance, ensuring durability and a longer tool life, even when 

welding abrasive materials.  

 

 



91 

 

CHAPTER 4 

4. Experimentation 

 

The experimental procedure for FSW of AZ91D and AA2024 involves two primary 

phases. The first phase aims to analyzed the consequences of three pin profile on the 

joint efficiency, while the second phase focuses on examining the influence of TRS 

using the best-performing tool pin profile identified in the first phase. In the initial 

phase, three distinct tool pin profiles—circular, triangular, and rectangular—are tested 

to investigate their influence on the resultant joint properties. The chosen materials, 

AZ91D and AA2024, present unique challenges due to their differing properties, 

making the welding process complex yet promising for creating high-strength, 

lightweight joints. Plates of both alloys, each measuring 150 mm x 50 mm x 6 mm, 

are prepared with machined edges to ensure smooth and clean surfaces suitable for 

welding. H13 tool steel is selected for the FSW tools due to its excellent high-

temperature strength, and hardness, which are essential for withstanding the intense 

conditions of the FSW process. Each tool features a different pin profile: circular, 

triangular, or rectangular, while maintaining constant shoulder diameter and pin 

length to ensure that the variations in welding outcomes are attributable solely to the 

differences in pin profiles. 

During the welding trials, the AZ91D and AA2024 plates are clamped onto a backing 

plate to prevent movement and ensure proper heat dissipation. Initial welding process 

parameters, including TRS, TS, and axial force, are based on literature values and 

preliminary trials to achieve sound welds. The welding trials are conducted with each 

tool pin profile, and the welded joints are subjected to a series of tests to evaluate their 

quality, including visual inspection, metallographic examination, hardness testing, and 

tensile testing. Visual inspection identifies surface defects, such as flash formation, 

voids, and incomplete fusion, indicating the suitability of a particular pin profile. 

Metallographic examination involves cutting cross-sections of the welded joints, 

mounting, polishing, and etching them to reveal the microstructure, providing insights 

into grain refinement, the presence of IMCs, and the homogeneity of the weld zone. 

Hardness testing assesses the distribution of mechanical properties across the weld 

cross-section, while tensile testing determines the tensile strength and % strain of the 

joints, offering a comprehensive understanding of the joint performance. Based on the 
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results from the first phase, the tool pin profile producing the highest quality welds is 

identified, considering minimal surface defects, fine and homogeneous 

microstructure, uniform hardness distribution, and high UTS. In the 2
nd

 phase, the 

effect of TRS on weld quality was examined by the best-performing tool pin profile 

from the first phase. The rationale is to optimize the TRS, which significantly 

influences heat generation, material flow, and overall welding dynamics. A range of 

TRS is selected, covering lower, medium, and higher speeds, to comprehensively 

understand their impact. The same welding setup is used, with AZ91D and AA2024 

plates prepared as before, and the best-performing tool pin profile is employed while 

keeping TS and axial force constant to isolate the effect of TRS. Welding trials at 

different TRS are conducted, and the welded joints are subjected to the same series of 

tests as in the first phase, including visual inspection, metallographic examination, 

hardness testing, and tensile testing. Additionally, thermal cycles experienced by the 

welds are monitored using thermocouples to correlate heat input with observed 

microstructural and mechanical properties. The consequences reveal the optimal TRS 

that, in combination with the best tool pin profile, produces the highest quality FSW 

joints between AZ91D and AA2024. Optimal parameters are determined based on 

achieving minimal defects, a refined and homogeneous microstructure, uniform 

hardness distribution, and superior tensile properties. This two-phase experimental 

procedure systematically optimizes the FSW process for AZ91D and AA2024 alloys, 

contributing valuable insights for developing robust welding parameters that ensure 

high-quality, reliable joints for various industrial applications requiring strong and 

lightweight structures. 

 

4.1 Preparation of base plate 

 

The preparation of base plates before FSW is critical for reaching high-quality welds. 

The process begins with the selection and inspection of AZ91D and AA2024 plates, 

each typically measuring 150 mm x 50 mm x 6 mm revealed in Fig. 4.1. The plates 

are inspected for surface defects such as cracks, dents, or corrosion, ensuring they are 

free from mechanical damage that could compromise the weld quality. The plate’s 

edges to be welded are then machined to ensure they are smooth, clean, and free of 

burrs, providing an ideal surface for welding. After machining, the plates are 

thoroughly cleaned to remove by acetone any contaminants such as oil, grease, dirt, or 
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oxide layers. Once cleaned, the plates are carefully aligned to ensure proper joint 

configuration. Accurate alignment is crucial to avoid defects such as misalignment or 

lack of fusion during welding.  

 

 

Figure 4.1: Base plate AZ91D and AA2024 before welding 

 

The aligned plates are then securely clamped onto a backing plate to prevent 

movement and ensure stability during the FSW process. The backing plate also helps 

in dissipating heat and supporting the material during welding. Special attention is 

given to ensuring that the clamping does not introduce any distortions or stresses in 

the plates, which could affect the weld quality. This thorough preparation process 

ensures that the base plates are in optimal condition for the FSW operation, 

facilitating the production of good welded joints. 

 

4.2 Tool pin profile selection 

 

The pin profile selection—whether circular, triangular, or square—in FSW is crucial 

as it directly effects the welding process and the quality of the resulting joints shown 

in Fig. 4.2, 4.3. Each profile offers unique characteristics that cater to specific welding 

needs and material properties. 
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4.2.1 Circular Pin Profile 

 

The circular pin profile is a versatile choice in FSW due to its ability to facilitate 

uniform material flow around the pin during welding. This profile generates lower 

peak forces and heat compared to other profiles, making it suitable for softer materials 

or applications where minimizing distortion and thermal effects is critical. The 

circular profile promotes steady material mixing and plastic deformation, which can 

contribute to achieving homogeneous welds with minimal defects. It is commonly 

used in general-purpose welding scenarios across a broad range of materials, 

including Al-alloys and Mg-Alloys. 

 

4.2.2 Triangular Pin Profile 

 

A triangular pin profile features sharper edges compared to a circular profile, which 

enhances its ability to break down oxide layers and promote thorough material mixing 

during welding. This profile is particularly effective for materials prone to oxide 

formation, such as Al-alloys. The triangular shape facilitates more aggressive material 

displacement and stirring action, leading to improved metallurgical bonding and 

potentially enhancing joint strength. It is often chosen when a more aggressive 

material flow and enhanced intermetallic bonding are desired, making it suitable for 

applications requiring high-strength and reliable joints. 

 

 

Figure 4.2: 3D images of tool pin profile 
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Figure 4.3: Line diagram with dimension of tool pin profiles 

 

4.2.3 Square Pin Profile 

 

The square pin profile offers distinct advantages in specific welding applications 

where precise material displacement and control over heat generation are essential. 

This profile provides a larger contact area compared to circular and triangular 

profiles, distributing heat and forces more evenly during welding. It is favored in 

applications where stability and control over welding parameters are critical, such as 

welding thicker materials or achieving specific joint configurations. The square 

profile can facilitate deformation and efficient material mixing, contributing to 

consistent weld quality and mechanical properties. 

 

4.3 Fabrication of FSWed joints 

 

After preparation of base plates, once inspected, the plates undergo edge preparation 

where edges are machined to achieve smooth surfaces free of burrs, crucial for 

establishing proper contact during welding. Subsequently, the plates are thoroughly 

cleaned to remove any residual oils, greases, dirt, or oxide layers that could impair the 

welding process. Simultaneously, the FSW tool is chosen or fabricated using 
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materials like H13 tool steel, renowned for its resilience to high temperatures and 

wear. The tool design incorporates a specific pin profile—circular, triangular, or 

rectangular—and dimensions tailored to the material thickness and welding 

requirements. 

 

 

 

Figure 4.4: (a, b) Fabrication process of FSWed joints 

 

During setup, the prepared plates are aligned precisely, typically on a backing plate, to 

ensure accurate joint configuration and to prevent misalignment, which could 

compromise weld integrity. Clamping securely holds the plates in place during 

welding, preventing movement and ensuring stability throughout the process. The 
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backing plate aids in heat dissipation and provides support to the workpieces, 

enhancing the overall stability of the welding. 

The FSW involves plunging the tool into the joint line, where it generates mechanical 

pressure and frictional heat. This causes the materials to soften and mix together 

without melting, ensuring a solid, defect-free weld. This results in a solid-state bond 

characterized by refined microstructures and minimized distortion compared to 

conventional welding methods. Fabrication process of FSW and fabricated plate is 

shown in Fig. 4.4, 4.5. 

 

 

Figure 4.5: Fabricated plate after FSW 

 

4.4 Preparation of tensile specimens 

 

Preparing tensile specimens of FSW joints of AA2024 and AZ91D according to 

ASTM E8 standard involves specific considerations to ensure accurate mechanical 

testing. First, after welding, the FSW joints are sectioned to obtain specimens that 

represent the welded region. The fabrication process and dimension of tensile test 

specimen is demonstrated in Fig. 4.6, 4.7 respectively. 

 



98 

 

 

Figure 4.6: Finishing of welded plates 
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Figure 4.7: Dimension of tensile sub test specimen according to ASTM standard 

 

Careful machining follows to create specimens with precise dimensions, as per ASTM 

E8 specifications for length, width, and thickness. Machining ensures all surfaces are 

smooth, free of defects, and parallel to the weld axis to minimize variability in test 

results. Once machined, the ends of the specimens are prepared by milling to ensure 

they are flat and square within tight tolerances, crucial for proper alignment during 

tensile testing.  

 

4.5 Tensile testing 

 

The computer-operated tensile testing of the AA2024 and AZ91D weldments involves 

several meticulous steps to ensure accurate and reliable results. First, the welded 

specimens are fabricated according to ASTM E8, ensuring uniform dimensions and 

surface finish. The specimens are then securely mounted in the grips of a UTM, which 

is interfaced with a computer system for precise control and data acquisition. 

Before initiating the test, the machine is calibrated, and the test parameters such as the 

crosshead speed, load range, and gauge length are set according to the material 

specifications and desired testing conditions. The computer software is configured to 

monitor and record real-time data including applied load, displacement, and strain. As 

the test begins, the machine applies a steadily increasing tensile force to the specimen, 

elongating it until failure occurs. Throughout the process, the computer system 

captures detailed data on the specimen's response to the applied stress, generating a 

stress-strain curve that provides insights into the UTS, YS, and % elongation at break. 

Upon completion of the test, the software analyzes the data and generates 

comprehensive reports, which include graphical representations and numerical values 
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of the mechanical properties revealed in Fig. 4.8. This automated approach ensures 

high accuracy, repeatability, and detailed documentation of the tensile testing process. 

 

 

Figure 4.8: Computer operated universal testing machine 

 

4.6 Microhardness testing 

 

The hardness analysis of the FSWed joint between AA2024 and AZ91D alloys 

involves a detailed and systematic procedure to accurately measure hardness 

variations across the weld shown in Fig. 4.9. Initially, the specimen is meticulously 

prepared by sectioning it perpendicular to the weld direction and polishing the surface 

to a mirror finish using progressively finer abrasives. This preparation ensures that the 

indentations are precise and the measurements are not affected by surface 

irregularities. The test begins by placing the specimen under the microscope of the 

testing machine.  
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Figure 4.9: Microhardness testing machine 

 

The machine is calibrated, and the test parameters, such as the load and dwell time, 

are set according to the standard testing protocols. Starting from the AZ91D side of 

the weld, indentations are made at regular intervals along the transverse cross-section 

of the joint, progressing toward the AA2024 side. A total of 41 indentations are made, 

with careful attention to maintaining consistent spacing between them to capture the 

microhardness profile across different zones of the welded joints, including the SZ, 

TMAZ, and HAZ. After each indentation, the microscope is used to measure the 

diagonal lengths of the indentations, which are then converted to hardness values 

using the appropriate formula. 3The collected data provides a comprehensive 

hardness profile from the AZ91D to the AA2024 side, highlighting variations in 

hardness due to modifications in material properties and the effects of the welding 

process. This detailed analysis is crucial for understanding the mechanical integrity 

and performance of the welded joint. 
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4.7 Microstructural analysis 

 

4.7.1 Sample preparation 

 

The samples preparation for microstructure analysis of a welded joint on a disc 

polishing machine involves a series of meticulous steps to ensure a high-quality 

polished surface suitable for microscopic examination. Initially, the specimen is cut to 

10×10 mm size to expose the weld cross-section, typically perpendicular to the weld 

direction. This ensures that all relevant zones, such as SZ, TMAZ, and HAZ are 

included. The cut specimen is then mounted in a mounting medium, such as epoxy 

resin, to provide a stable and easy-to-handle sample during the grinding and polishing 

process. Once the resin is cured, the mounted specimen is ready for grinding. 

Grinding begins with coarser grit emery papers, starting from 400 grit, and 

progressively moving to finer grits up to 3000 grit. Each stage of grinding is 

performed on a rotating disc polishing machine. The specimen is held firmly against 

the rotating disc, ensuring consistent pressure and movement to achieve a flat and 

scratch-free surface. During this process, the specimen is frequently rinsed with water 

to remove debris and prevent overheating. 

After grinding, the specimen undergoes a polishing process to attain a mirror-like 

polishing demonstrated in Fig. 4.10. This involves using a polishing cloth on the disc 

machine impregnated with Al2O3 powder. Polishing is conducted with progressively 

finer grades of Al2O3, ensuring that all previous scratches are removed, and a smooth, 

reflective surface is obtained. 

 

   

(a) (b) 
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Figure 4.10: (a, b) polishing on emery paper and emery cloth, (c) making etching 

solution 

 

Following the polishing process, the specimen is cleaned thoroughly to remove any 

remaining polishing compound. It is then ready for etching to reveal the 

microstructure. Keller's etchant, a solution typically composed of nitric acid, 

hydrochloric acid, hydrofluoric acid, and water, is used for this purpose. The samples 

are carefully immersed in or swabbed with the etchant for a specific duration, usually 

15-20 secs to minutes.  

After etching, the specimen is rinsed with alcohol, and dried. The etched surface 

reveals the grain boundaries, phase distribution, and weld zones, which can be 

observed and analyzed under an optical and SEM machine for detailed examination. 

This thorough preparation ensures that the microstructural characteristics of the 

AZ91D and AA2024 welded joint are accurately represented and analyzed. 

 

4.7.2 Optical microscopy testing 

 

After polishing and etching the welded joints, the specimens are prepared for optical 

microscopy and SEM analysis following a detailed procedure shown in Fig. 4.11 and 

(c) 
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4.12. First, ensure the specimens are thoroughly cleaned to remove any debris or 

residual etchant. This involves rinsing with distilled water and then with alcohol, 

followed by gentle drying using compressed air or a lint-free cloth to avoid 

contamination. 

 

 

Figure 4.11: Optical Microscopy machine 

 

 

Figure 4.12: Scanning Electron Microscope Machine 

 



105 

 

For optical microscopy, the specimen is mounted on a microscope slide or stage using 

a suitable mounting medium to secure it in place. The polished and etched surface is 

then examined under a light microscope equipped with suitable magnification and 

lighting conditions. Observations focus on features such as grain structure, weld bead 

morphology, and any microstructural changes induced by the welding process. 

Photomicrographs may be captured to document key findings. 

For SEM analysis, the specimen is mounted on a SEM stub using a conductive carbon 

tape to ensure electrical conductivity. The SEM is operated at appropriate voltage and 

magnification settings to investigate the microstructure at higher resolutions. This 

includes observing details like grain boundaries, second-phase particles, fracture 

surfaces, and any defects within the welded joint. Elemental analysis using EDS may 

also be performed to identify chemical compositions across different regions of 

interest. Both optical microscopy and SEM provide complementary insights into the 

metallurgical properties of the welded joints, offering a comprehensive understanding 

essential for evaluating the weld quality and performance. Detailed documentation of 

observations and analysis is crucial for subsequent interpretation and comparison with 

theoretical models or standards. 
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CHAPTER 5 

 

5. Results and Discussion 

 

5.1 Effect of pin profile on the mechanical properties of the weldments  

 

5.1.1 Microstructure analysis 

 

The study of the macrostructure of FSWed joints created using triangular, square, and 

circular pin profiles reveal significant understandings into weld quality and defect 

formation. Fig. 5.1 illustrates these macrostructures, showing that when triangular and 

circular threaded pin profiles were employed at a TS of 30 mm/min and TRS of 600 

rpm, and a tunnel like defects appeared at the weld bottom. While, using a square pin 

profile resulted in a sound, defect-free weld. 

The results indicate that the square pin profile is more effective in generating 

sufficient frictional heat to soften both AA2024 and AZ91D at the specified TS and 

TRS. The area near the rotating tool undergoes significant temperature gradients and 

plastic deformation, leading to pronounced deformation on the AS [238]. The varying 

thermal cycles experienced by the two edges result in different precipitate 

distributions and distinct material properties within the welded zones. In these 

regions, plastic deformation is often accompanied by DRX. Macrostructure analysis 

of the weldments reveals that specimens made with triangular and threaded circular 

pin profiles exhibited tunnel defects in the surface roots of the SZ, while the square 

pin profile fabricates defect-free welds. The absence of defects in the SZ with the 

square pin profile indicates effective material flow around the tool pin, showcasing its 

superiority in creating high-quality welds compared to the other profiles. This 

effective material flow and heat transfer are crucial for achieving sound welds without 

defects [239]. The findings suggest that optimizing pin profile design, particularly 

using a square pin profile, can significantly enhance the welding quality of dissimilar 

materials like AZ91D and AA2024.  

Defects in the SZ result from inadequate material flow, especially with threaded and 

triangular pin profiles, due to excessive heat input promoting turbulent flow and 

cavity formation. The vortex flow pattern created during welding AZ91D and 
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AA2024 leads to chaotic mixing and lamellae of different phases [240]. Cracks or 

voids in the SZ reducing strength. On the AA2024 side, the TMAZ shows coarse 

grains, while the AZ91D side displays partial CDRX with refined grains. Fortunately, 

this does not negatively impact joint efficiency. The square pin profile effectively 

achieves defect-free welds and enhances the quality of the joints by promoting better 

material flow and heat transfer. 

 

Pin profile 

 

Threaded 

circular 

 

 

Triangular 

 

 

Square 

 

Figure 5.1: Macrostructure of the welded region of AA2024 and AZ91D, (a) Circular 

threaded, (b) triangular, (c) square pin 

 

The effectiveness of different tool pin profiles in FSW thoroughly examined. The 

macrostructure of joints created by different pin profile observed distinct differences 

in weld quality. At a TRS of 600 rpm and a TS 30 mm/min, tunnel defects were 

consistently present in welds produced using triangular and circular threaded pin 

profiles. Conversely, welds made with a square pin profile were free from such 

defects, indicating superior weld quality [241]. This suggests that the square pin 

profile is more efficient in facilitating adequate heat transfer and material flow, 

thereby preventing defects commonly associated with excessive heat input and 

insufficient material flow in other profiles. 
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A detailed investigation into the tool offset effects on the welded joints of AZ91D and 

AA2024 highlighted several key findings. When a zero-tool offset was applied, the 

resulting welds had a smoother surface with minimal flash formation, indicating 

improved surface quality and fewer defects. This optimal condition enhances material 

flow and mixing, resulting in a uniform and defect-free weld zone. The 

microstructural analysis of the FSWed zone revealed complex interactions of vortex 

and lamellae structures, leading to momentous fluctuations in hardness across all pin 

profiles shown in Fig. 5.2. These values were measured using specific techniques to 

assess the band of lamellae [242]. Irregular hardness spikes result from severely 

deformed DRX regions mixed with dislocation-free zones due to the DDRX 

mechanism, creating non-equilibrium grain boundaries with high dislocation 

densities. 

 

 

Figure 5.2: Microstructure images of AZ91D and AA2024 weldments (a) different 

zones, (b) square pin, (c) triangular pin, (d) circular threaded pin 

 

The optimal tool offset condition promotes mixing and superior material flow, 

resulting in enhanced intermixing of base metals. This interplay is critical for 

attaining high mechanical properties in the weldments. The microstructural 
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examination also revealed that the formation of IMCs and the distribution of 2
nd

 phase 

particles are vital in determining the UTS and microhardness of the weld zone. The 

presence of deformed DRX, alongside dislocation free regions, suggests a complex 

recrystallization process affected by the thermal cycle and tool offset experienced 

during welding [243]. The DDRX mechanism significantly impacts the 

microstructural characteristics of the weldments. It leads to the generation of non-

equilibrium grain boundaries with high dislocation densities, unevenly distributed 

within the grain boundaries and interiors. This results in significant variations in 

microhardness values, reflecting the intense plastic deformation and dynamic 

recovery processes during welding. The rotational tool speed in FSWed joints 

dramatically impacts the microstructure on the AZ91D side. It was found that the 

triangular pin generated insufficient heat, resulting in void defects and poor 

intermixing. EDX analysis of samples welded with the square pin profile shows that 

tool offset can fragment hard particles, enhancing strength. However, excessive 

offsets cause significant particle fragmentation, leading to voids and reduced UTS in 

the joint [244]. 

 

 

Figure 5.3: EDX image of welded joints of AA2024 and AZ91D of square pin. 

 

The EDX results reveal that the IMC layers on the AZ91D side contain 42.4 wt% Al 

and 53.7 wt% Mg, while the AA2024 side has 64.1 wt% Al and 32.9 wt% Mg shown 

in Fig. 5.3. These findings emphasize balancing particle distribution and 

fragmentation, enhancing joint strength, and minimizing void formation. Fine-tuning 
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FSW parameters, particularly tool offset, is crucial for achieving effective intermixing 

and preventing voids. The SEM images of friction stir weldments of between AZ91D 

and AA2024, by circular, triangular, and square pin, were revealed in Fig. 5.4a-c. 

There was a notable improvement in intermixing at the interface between AZ91D and 

AA2024 in square pin profile. The acoustic during welding further enhanced 

disrupted the oxide layer and mixing, leading to a robust metal-to-metal bond. This 

enhancement signifies the development of strong interfacial bonds in the weldments 

of these two alloys. DRX in the SZ leads to the materialization of very fine grains, 

which significantly improve tensile strength of the weldments [245].  

During welding, the SZ grains undergo significant deformation due to the tool 

shoulder’s extrusion action.  

 

 

Figure 5.4: High magnification SEM image of FSWed joints, (a) circular threaded, 

(b) triangular (c) Square (d) XRD image for square pin profile 

 

The top surface of the FSWed joints experiences high temperatures and strain 

gradients, causing numerous irregular grains. Dense sub-grain boundaries contribute 

to these irregularities. Al3Mg2 and Al12Mg17 IMCs form due to Mg and Al atom 

dispersion, with Al12Mg17 migrating towards the AZ91D plate side, potentially 
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causing liquation and eutectic microstructures. Different tool pin profiles were 

evaluated to minimize the effects of IMCs, with the square pin profile producing 

defect-free joints [246]. Refined grains result from stirring action and the rotation of 

the tool. Significant microstructural differences were observed between the pin 

profiles. The HAZ experiences a moderate strain rate, resulting in a microstructure 

characterized by larger grains. 

In contrast, the SZ exhibits equiaxed grains due to a combination of moderate plastic 

strain and lower temperature compared to the TMAZ and HAZ. In the welding 

process, the DRX and grain refinement mechanisms are paramount. The SZ sees a 

combination of high strain and DRX, promoting the development of refined, equiaxed 

grains. It is due to the DRX processes triggered by severe plastic deformation and 

heat generated by the tool's rotation and traverse movements [247-249]. The role of 

the tool's shoulder and pin in material flow and heat generation is critical. The square 

pin profile, with its unique geometry, enhances material mixing and heat generation, 

resulting in defect-free welds. The absence of tunnel defects, commonly seen in joints 

made with triangular and circular pin profiles, underscores the efficiency of the square 

pin profile in achieving optimal material flow and consolidation. The distinct 

microstructural zones—SZ, TMAZ, and HAZ—each exhibit unique characteristics 

due to varying thermal and mechanical conditions during FSW. The SZ, subjected to 

the highest temperatures and strains, shows fine, equiaxed grains due to DRX [250]. 

The TMAZ, located adjacent to the SZ, experiences a combination of deformation and 

partial recrystallization, resulting in a mixture of refined and coarser grains. The 

HAZ, farthest from the weld center, undergoes thermal cycles that lead to grain 

growth without significant plastic deformation. Tool geometry significantly 

influences the mechanical properties of FSW joints. The square pin profile's ability to 

generate sufficient frictional heat and facilitate material flow results in superior joint 

strength and ductility.  

The presence of IMCs, i.e., Al3Mg2 and Al12Mg17, in determining the joint's 

mechanical performance. These IMCs form due to the reaction between aluminum 

and magnesium at elevated temperatures. The formation of IMCs can be beneficial or 

detrimental, depending on their distribution and morphology. Proper control of 

welding parameters can minimize the formation of brittle IMCs, ensuring improved 

joint properties. Thermal cycles during FSW play a crucial role in the materialization 

of metallurgical properties. The welding temperature influences grain growth, 
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recrystallization, and the formation of IMCs. Optimizing the TRS and TS is essential 

to control the heat input and achieve the desired microstructural characteristics. 

Higher TRS increases the heat input, promoting grain refinement and DRX in the SZ. 

Conversely, higher TS reduces the heat input, leading to a more pronounced HAZ 

with coarser grains. 

The FSW process also affects the residual stress dissemination in the FSWed joints. 

The thermal and mechanical cycles during welding induce residual stresses, which 

can impact the joint's mechanical properties and service performance. Proper 

optimization of welding parameters and tool design can minimize residual stresses 

and improve the joint's efficiency. The consequence of pin profiles on the FSW 

process extends beyond the microstructural characteristics. The tool geometry and 

welding parameters directly influence the mechanical properties of the welded joints. 

The square pin profile, with its ability to enhance material flow and heat generation, 

results in superior mechanical properties compared to other pin profiles. The 

formation of defect-free welds with the square pin profile is attributed to its efficient 

material mixing and heat distribution. The absence of tunnel defects and voids in the 

SZ ensures optimal mechanical performance. The refined grain structure, uniform 

distribution of alloying elements, and controlled formation of IMCs contribute to the 

joint's enhanced strength and ductility.  DRX promotes the formation of new, smaller 

grains during deformation at high temperatures. In the SZ, high temperature and 

plastic deformation facilitate the nucleation and growth of new grains, resulting to a 

refined grain structure. The stirring action of the rotating tool further breaks and 

redistributes grains [251], enhancing this refinement. Smaller grain sizes improve 

strength and mechanical properties, thus enhancing the UTS and overall performance 

and structural integrity of the FSWed joint. 

Additionally, the study highlights the optimizing tool offset to achieve superior weld 

quality in FSW of AA2024 and AZ91D. A zero-tool offset not only improves the 

surface appearance and reduces defects but also enhances the tensile properties of the 

weldments by promoting uniform material flow and adequate mixing. The intricate 

microstructural features observed in the weld zone, including the interplay of vortex 

and lamellae structures, DRX regimes, and dislocation densities, underscore the 

complexity of the welding process and its impact on the resultant weld properties. The 

findings emphasize that the pin profile is crucial in achieving optimal weld quality in 

FSW of dissimilar materials. Proper selection and fine-tuning of these parameters can 
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lead to improved mechanical properties, higher joint strength, and reduced defects, 

making FSW a viable method for joining dissimilar materials in various industrial 

applications.  

 

 

Figure 5.5: Elemental mapping of FSWed joint for square pin. 

 

Fig. 5.5 illustrates the elemental mapping of the SZ in FSWed joints, highlighting the 

dissemination of key elements, i.e., Mn, Al, Zn, Mg, and Si. The mapping reveals a 

uniform distribution of these elements throughout the SZ, which signifies the presence 

of distinct flow patterns during the welding process. The mapping shows Mg in green 

and Al in red, indicating the formation of Al and Mg-rich phases or IMCs. The use of 

a square pin profile, combined with acoustic assistance, significantly enhances the 

mixing and bonding of the materials, resulting in a strong joint. The microstructure is 
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characterized by refined grains and uniform distribution of elements, contributing to 

enhanced joint efficiency [252]. This observation underscores the importance of 

choosing the appropriate tool pin profiles and optimizing welding parameters to 

produce defect-free joints with superior mechanical performance. Understanding 

these factors allows for tailoring the welding process to enhance the strength and 

durability of dissimilar metal joints, such as those between AZ91D and AA2024. 

Elemental mapping reveals that Al and Mg content is lower at grain boundaries 

compared to within the grains, confirming the presence of shear bands in the SZ. 

Shear bands are regions of localized deformation with intense shear forces, resulting 

in the preferential alignment and distribution of elements along the boundaries. This 

finding highlights the impact of shear forces on the microstructure and elemental 

distribution within the welded joint, contributing to its overall mechanical properties. 

The flow behaviors and mixing during the FSW process indicate complex patterns. 

High temperatures in the SZ promote recrystallization in some grains while others 

undergo nucleation. The stirring action of the rotating tool breaks down grains and 

redistributes them into smaller, uniformly distributed ones, refining the grain 

structure. This high energy input can induce both continuous and discontinuous DRX. 

Continuous DRX typically occurs at lower strain rates and higher temperatures, while 

discontinuous DRX involves abrupt nucleation and growth under higher strain rates 

and lower temperatures. Understanding these mechanisms is crucial for optimizing 

the FSW process to achieve the desired microstructural and mechanical properties. 

 

5.1.2 Effect of pin profile on UTS 

 

The microhardness and tensile properties in the SZ for different pin profiles are 

detailed in Tables 5.1-5.3. The UTS of the base AA2024 and AZ91D alloys were 

412.68 MPa and 216.27 MPa, respectively. The UTS of the welded joints varied 

based on the tool pin profile used. The highest UTS value of 153.7 MPa was achieved 

with the square pin profile, while the lowest UTS value of 123.84 MPa was observed 

with the triangular pin profile. The reduced UTS in the triangular pin profile is 

attributed to the formation of a brittle β-phase layer, which negatively impacts the 

joint's mechanical properties, leading to decreased strength. Most welded joints were 

free from cracks and defects, except for those produced with the triangular tool pin 

profile. In these instances, cavity defects formed due to insufficient heat input and 
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improper tool-to-material contact conditions [253]. The square pin profile proved to 

be more effective in generating sufficient frictional heat, facilitating better material 

mixing and flow around the tool, resulting in defect-free welds. The superior 

performance of the square pin profile can be attributed to its ability to produce a more 

homogeneous and refined grain structure in the SZ through DRX. The stirring action 

of the rotating tool, combined with appropriate thermal cycles, breaks down the grains 

and redistributes them, enhancing the joint's overall strength and structural integrity.  

 

Table 5.1: UTS of FSWed joints of AZ91D and AA2024 at 95% CI 

Parameter UTS (MPa) Mean 

UTS 

(MPa) 

SD SE 95% confidence 

Interval (CI) 

Sp-1 Sp-2 Sp-3 Maximum  Minimum 

Square Pin 154.76 152.44 152.85 153.35 1.24 0.71 151.95 154.75 

Triangular Pin 123.77 125.95 124.56 124.76 1.10 0.64 123.51 126.01 

Threaded circular pin 134.5 137.21 135.36 135.69 1.38 0.80 134.12 137.26 

 

These findings underscore the importance of tool pin profile selection in optimizing 

the microstructural and mechanical properties of the FSWed joints. The strength of 

the weldments via FSW were notably lower than the base alloys. The tool pin profile 

significantly impacted microhardness and UTS, with the square pin profile showing 

improved tensile properties. In contrast, the triangular and threaded circular pin 

profiles caused poor material flow and increased liquation, reducing joint efficiency. 

 

Table 5.2: % Elongation of the AZ91D and AA2024 welded joints at 95% CI 

Parameter % Elongation Elongation 

(%) 

SD SE 95% CI 

Sp-1 Sp-2 Sp-3 Maximum  Minimum 

Square Pin 11.68 11.06 12.24 11.66 0.59 0.34 10.99 12.33 

Triangular Pin 9.59 9.63 9.78 9.67 0.10 0.06 9.55 9.78 

Threaded circular pin 9.52 9.15 8.89 9.19 0.32 0.18 8.83 9.54 

 

The use of the triangular tool pin profile in FSW resulted in inadequate distribution of 

IMCs and poor distribution of IMCs, which led to reduced joint strength. Factors such 

as interlocking, material flow, IMCs, and input heat between dissimilar alloys are 
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crucial when selecting a tool pin profile to enhance joint strength [254, 255]. The 

triangular pin profile's suboptimal performance highlights the need to address these 

variables to enhance the joint efficiency. The spinning action of the tool plays a vital 

role in breaking and redistributing the grains within the SZ, leading to a refined 

microstructure. Smaller grains resulting from this process are associated with 

enhanced microhardness [256]. The grain refinement within the SZ attributes to the 

structural integrity and performance of the FSWed joint. To achieve optimal results in 

FSW, particularly when welding dissimilar metals like AZ91D and AA2024, it is 

essential to select an appropriate tool pin profile and control welding parameters 

meticulously. It includes balancing heat input, ensuring adequate material flow, and 

achieving a desirable distribution of IMCs. Properly optimized parameters will 

enhance joint strength and improve the joint strength. The circular threaded pin design 

impacts plastic deformation and heat input, influencing the elongation of FSWed 

joints. On the other hand, the triangular pin profile, with its three sides, facilitates 

more efficient material mixing and deformation during welding, enhancing plastic 

flow and leading to better grain refinement, which can improve elongation. The 

square pin profile, with its four sides, also affects material flow and heat distribution 

uniquely. The square pin profile enhances material mixing and deformation, leading 

to a refined microstructure and higher elongation in welded joints. Elongation values 

for threaded circular, triangular, and square pin profiles were 9.2%, 9.7%, and 11.7%, 

respectively. Elongation is affected by the pin profile, process parameters, and alloy 

compositions. Optimizing these factors is essential for achieving improved elongation 

and weld quality in FSW of AA2024 and AZ91D. 

 

Table 5.3: Microhardness value of the weldments of AA2024 and AZ91D at 95% 

confidence interval 

Parameter Microhardness (HV) Mean 

Hardness (HV) 

SD SE 95% CI 

Sp-1 Sp-2 Sp-3 Maximum  Minimum 

Square Pin 85.88 84.46 86.21 85.52 0.93 0.54 84.46 86.57 

Triangular Pin 94.25 90.26 92.72 92.41 2.01 1.16 90.13 94.69 

Threaded circular pin 90.23 87.74 88.59 88.85 1.27 0.73 87.42 90.29 
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5.1.3 Effect of pin profile on the microhardness  

 

The microhardness of FSWed joints of AZ91D and AA2024 and AZ91D using 

various tool pin profiles are summarized in Table 5.3. These measurements are crucial 

for evaluating the joint strength and hardness value of the weldments. The DRX 

significantly impacts the hardness of the weldments. For joints made with a square 

pin, DRX leads to the generation of a fine microstructure in the SZ, contributes to 

increased hardness values. DRX involves the generation of new, and refined grains 

due to plastic deformation and high temperatures, enhancing the microhardness in the 

SZ [256]. The influence of dislocations and grain boundaries also affects the 

microhardness. The highest microhardness recorded was 92.14 HV with the triangular 

pin profile, while the minimum was 85.52 HV with the square pin.  

 

 

Figure 5.6: Microhardness dissemination of FSWed joints of AA2024 and AZ91D 

 

These differences are attributed to the formation of complex structures, with lamellae 

and vortex patterns, during FSW, which affect hardness. The presence of lamellae 

bands in the SZ contributes to maximum hardness than the neighbor zones. The HAZ 

shows reduced microhardness relative to the base materials due to input heat and 

localized softening [257]. This reduction is due to heat-induced changes in the 

material structure, resulting in lower microhardness in the HAZ. The microhardness 



118 

 

dissemination across the welded joints reflects the thermal gradient and 

microstructure of the weldments. The SZ generally exhibits higher microhardness 

than the adjacent zones due to the presence of dislocations and grain boundaries. The 

middle and lower sections of the SZ, where IMCs form, typically show the highest 

hardness values [258]. 

Fig. 5.6 shows the microhardness dissemination along the transverse axis of the 

welded joints, with uneven distribution in the HAZ and TMAZ. The triangular pin 

profile achieved the highest hardness of 92.42 HV. The SZ hardness exceeded that of 

AZ91D but was lower than AA2024, highlighting the consequence of pin profiles and 

processing conditions on weld quality. 

The development of IMCs is crucial to determining the hardness of FSWed joints. 

Grain size, phase precipitation and dislocation density influence the hardness in the 

SZ [259]. Smaller grain sizes and high dislocation densities generally enhance 

hardness. However, excessive heat, as seen with the square pin, can lead to grain 

growth and reduced hardness due to softening. AZ91D, are particularly sensitive to 

temperatures exceeding 215°C, which can adversely affect weld strength. Therefore, 

precise control of heat input and maintenance of optimal welding temperatures are 

essential to achieve desired microhardness in the SZ. 

 

5.1.4 Fractography 

 

Figure 5.7a-d displays SEM images of fractured specimens from the welded joints of 

AA2024 and AZ91D by variation of different pin profiles. The fractography reveals 

that joints made with circular and triangular pin profiles predominantly exhibit brittle 

fracture behavior. This brittleness is primarily attributed to the IMC layers present in 

these welds, which act as weak points that facilitate crack propagation [260]. For the 

triangular and threaded pin profiles, the presence of brittle IMC layers leads to 

fractures primarily within these zones. This results in cracks spreading through the 

brittle IMC areas rather than through the base material. The square pin profile 

demonstrates improved toughness, with fractures showing more signs of plastic 

deformation. When analyzing joints with high tensile strengths, necking is perceived, 

and the rupture surface exhibits a swirl-like pattern indicative of substantial plastic 

deformation before failure. SEM images confirm that areas with higher microhardness 

values are more susceptible to fracture initiation, leading to brittle failure 
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characterized by cleavage facets, as shown in Fig. 5.7b. These facets are indicative of 

fractures propagating through pre-existing cracks in a brittle fashion, which can be 

linked to the increased microhardness in the welded region. The occurrence of IMC 

layers at the welded region contributes significantly to brittle failure. These IMC 

layers serve as stress concentrators, initiating and propagating cracks. Although 

eliminating IMC layers is challenging, optimizing FSW parameters can help mitigate 

their adverse effects. Techniques aimed at reducing IMC formation and controlling 

their distribution can enhance joint quality and minimize brittleness [161, 162]. 

 

 

Figure 5.7: SEM images of tensile fractography of the FSWed joints at different pin 

profile (a) circular, (b) triangular, (c, d) Square pin 

 

The choice of tool pin profile influences not only the microstructure but also the 

presence of IMCs and the joint's ability to resist cracking. For instance, the triangular 

pin profile, despite its potential to cause brittle failure, also shows areas of localized 

ductility. It suggests that variations in local mechanical behavior can impact the 

overall fracture path. In the case of the square pin profile, fractures generally exhibit 

improved ductility and less pronounced brittle failure. Micro void coalescence on 
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tensile fracture surfaces indicates localized deformation, with aluminum features 

expanding into mechanically locked configurations, leading to void formation. It 

highlights how joint microstructural features and heterogeneities influence failure 

mechanisms and overall mechanical behavior [263]. 

 

5.2 Effect of TRS on the welded joints 

 

5.2.1 Phase diagram of Al-Mg  

 

A phase diagram typically shows alloy composition on the x-axis and temperature on 

the y-axis, delineating different phase regions that are stable (Fig. 5.8). In FSW, 

Al12Mg17 and Al3Mg2 intermetallic compound can form, affecting the weld's tensile 

properties. The alloy composition, cooling rate and welding parameters significantly 

influence the formation and distribution of these IMCs. During FSW, the Al12Mg17 

phase often forms near the β-Al12Mg17 phase, particularly at refined grain 

boundaries, restricting grain boundary mobility and impacting mechanical properties. 

The welding process alters eutectic phases within the alloy, breaking down coarse and 

elongated phases into finer particles. This breakdown is facilitated by DRX, where 

new grains nucleate and grow due to plastic deformation and high temperatures, 

influenced by the particle distribution within the alloy. Large, undissolved particles 

can accelerate DRX, while finely dispersed particles can impede it by preventing 

early grain growth. The Zener pinning effect, where dispersed particles hinder grain 

growth, can refine the microstructure and impact the tensile properties of the 

weldments. In FSW, the redistributes grains, and rotating tool's stirring action 

fractures, resulting in a finer grain structure. This refined grains and higher dislocation 

density, enhances microhardness and tensile properties. Intercalated microstructures, 

including vortex, and lamellae, contribute to microhardness variations. The thermal 

history of FSW affects hardness distribution. Heat input during welding can cause 

localized softening in the HAZ, leading to lower microhardness compared to base 

metals, while the SZ displays higher microhardness due to DRX and dislocations. 
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Figure 5.8: Al/Mg phase diagram [264] 

 

5.2.2 Microstructure evaluation  

 

Fig. 5.9 illustrates the microstructure of AZ91D and AA2024, while Fig. 5.10 shows 

the FSWed joint combining these alloys, displaying a multifaceted intercalated flow 

pattern. This pattern creates an intricate mesh, as seen in Fig. 5.10b, showcasing 

lamellar shear bands within the welded region. The interplay of vortexes and lamellae 

in this microstructure leads to significant variations and peaks in microhardness 

values across the FSWed zone. The rotating tool's stirring action fractures and 

redistributes grains, resulting in a finer grain structure. This refined structure, with 

smaller grains and higher dislocation density, enhances hardness and tensile 

properties. The thermal history of FSW affects hardness distribution: heat input 

during welding can cause localized softening in the HAZ, leading to lower 

microhardness compared to base metals, while the SZ displays higher microhardness 

due to DRX and dislocations. The interaction of AZ91D and AA2024 during FSW 

results in a complex, intercalated microstructure with improved mechanical 

properties. 
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Figure 5.9: Microstructure of AZ91D and AA2024 

 

Microhardness measurements, conducted along lamellae bands using specific 

methods, reveal irregular spikes indicating severely deformed DRX mixed with areas 

free of dislocations in the shear bands and intercalated DRX. The DDRX mechanism 

results in non-equilibrium grain boundaries characterized by a high density of 

dislocations both at the boundaries and within the grains themselves [265, 266].  

 

 

Figure 5.10: Microstructure of the welded joints at TRS of 800 rev/min and TS of 35 

mm/min with at the SZ 
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These microstructural features and the distribution of dislocations and grain 

boundaries play crucial roles in determining the metallurgical characteristics of the 

weldments. They reflect the plastic deformation and thermal cycling experienced, 

influencing the hardness and overall structural integrity of the weldments. The 

microstructure of Mg-alloy was influenced by the TRS during FSW. Variations in TS 

can alter the DRX mechanism from CDRX to DDRX while maintaining a constant 

TRS. This phenomenon impacts the microstructural evolution of AZ91D, affecting 

grain size and distribution across the welded joint. Higher or lower TS alongside TRS 

may lead to distinct DRX behaviors, influencing the joint’s property. 

The IMC layers formation at the welded joints of AA2024 and AZ91D is crucial. 

Inadequate input heat, particularly at lower TRS, can result in insufficient intermixing 

between the alloys, potentially leading to void defects within the weld zone. The 

mixing behavior during FSW involves the rotational motion of the tool pin, 

generating a vortex flow pattern that facilitates chaotic mixing of aluminum and Mg-

Alloys. This mixing process contributes to the development of lamellae structures 

comprising different phases, influencing the mechanical integrity of the weld. 

Void and cracks in the SZ can serve as initiation points for crack propagation within 

the intermetallic material, significantly reducing the joint's overall strength compared 

to the base materials. The TMAZ exhibit distinct grain structures: coarse and 

elongated grains on the AA2024 side and equiaxed, smaller grains on the AZ91D side 

due to partial CDRX. Despite these variations, joint efficiency is generally 

maintained. 

The influence of tool offset on weldments is significant, impacting the appearance and 

quality of the weld surface during FSW. A zero tool offset results in smoother welds 

with minimal flash, indicating better surface quality. EDX analysis shows varying 

offsets can enhance joint strength by effectively dispersing hard particles. However, 

excessive offset can lead to significant particle fragmentation, potentially creating 

voids that compromise the UTS of the bimetallic joint. 
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Figure 5.11: High Magnification Microstructure images of FSWed joints (a) 500 rpm, 

20 mm/min, (b) 800 rpm, 20 mm/min. 

 

Fig. 5.11a and 5b show high-magnification SEM images of weldments between 

AA2024 and AZ91D alloys. Increasing the rotational tool speed from 500 to 800 

rev/min and using acoustic assistance enhanced intermixing, disrupted the oxide layer, 

and promoted strong metal-to-metal bonding, resulting in a robust joint [267]. 

Recrystallization phenomena were perceived in the SZ, leading to the formation of 

refined grains and contributing to enhanced joint strength—the higher TRS, coupled 

with DRX and plastic deformation, achieved these enhancements. The SZ exhibited 

irregular grain structures due to the strain gradients and high temperature experienced 

at the top surface of the joints [268, 269]. These conditions led to the development of 

dense sub-grain boundaries, which contributed to the uneven grain distribution 

observed. 

EDS analysis provided insights into the composition of IMC (IMC) layers formed at 

the interface. On the Mg-alloys side, IMC layers consisted of 39.86 wt% Al and 55.47 

wt% Mg, while on the AA2024 side, they contained 60.54 wt% Al and 35.57 wt% 

Mg, as depicted in Fig. 5.12. Higher TRS facilitated adequate intermixing between the 

base metals, promoted dispersion, and effectively suppressed the formation of voids 

within the joint. The occurrence of fined grains in the weldment is primarily attributed 

to stirring action and DRX exerted by the rotating tool during FSW. Understanding 

the distinct microstructural zones—SZ, HAZ, and TMAZ—is crucial for evaluating 

the material's properties. In the HAZ surrounding the SZ, the material undergoes 

significant thermal cycling during welding, leading to larger grains due to moderate 

strain rates. Conversely, the TMAZ displays equiaxed grains resulting from a 

combination of lower temperatures and plastic strain than the SZ. As welding 
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progressed from the SZ towards the parent materials, various levels of plastic strain 

were observed. 

The SZ experiences intense plastic deformation and elevated temperatures due to the 

rotational tool's action. This combination triggers dynamic recrystallization, where 

new grains nucleate and grow within the SZ. DRX occurs as a response to elevated 

temperatures during plastic deformation, promoting the formation of smaller, refined 

grains [270]. The stirring action of the tool further enhances this process by 

redistributing and breaking grains, contributing significantly to microstructural 

refinement within the SZ. 

 

 

Figure 5.12: EDS analysis of welded joints at different process parameters (a) 700 

rev/min, (b) 500 rev/min 

 

The refined grain structure in the SZ significantly improves the UTS and overall 

mechanical properties of FSWed joints. Smaller grains enhance strength and 

performance, highlighting the need to optimize FSW parameters for desired 

microstructural and mechanical outcomes in industrial applications. During FSW, the 

SZ experiences intense heat produced by the frictional interaction between the base 

plates and the rotating tool. This heat promotes DRX in near grains while triggering 

nucleation further. Simultaneously, the rotating tool applies a stirring action that 

breaks down and redistributes grains, leading to an equiaxed microstructure within the 

SZ. This microstructural refinement is critical for enhancing joint efficiency.  The 

high energy input during FSW induces DRX, which can occur in two forms: 

continuous and discontinuous. Continuous DRX involves the gradual formation of 

refined grains, whereas DDRX proceeds through sporadic growth and nucleation of 

new grains, depending on the base materials and welding conditions [271]. 
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Figure 5.13: Elemental mapping of the FSWed joint at TRS of 700 rev/min. 

 

Fig. 5.13 illustrates elemental mapping of the SZ, revealing a uniform dispersal of key 

elements such as Zn, Si, Mn, Cu, Mg, and Al. This uniform dispersion indicates 

complex flow patterns during FSW. Specifically, the mapping highlights regions 

minor in Mg (in green) and rich in Al (in red), suggesting the presence of Al and Mg-

rich phases or IMCs. Notably, the Mg and Al content at grain boundaries is lower 

than within the grains themselves, confirming the existence of shear bands. Shear 

bands are localized regions where intense shear forces cause certain elements to align 

preferentially along boundaries, influencing the microstructural evolution. 

Overall, the presence of shear bands and the uniform dissemination of elements 

underscore the intricate mixing behavior and flow dynamics inherent to the FSW 

process.  

 

5.2.3 Tensile strength 

 

In Fig. 5.14 and Table 5.4, the stress-strain curve and mechanical properties of 

FSWed joints of AZ91D and AA2024 alloys are presented, revealing significant 

differences from the individual alloys. The weldments exhibited lower strength and 

ductility than their respective base materials, influenced notably by the rotational tool 

speed (TRS) during welding. Individually, AZ91D and AA2024 demonstrated UTS of 
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216.27 MPa and 412.68 MPa, respectively. The UTS of the FSWed joint varied 

depending on the TS and TRS employed. The highest UTS of 147.26 MPa was 

achieved at a TRS of 700 rev/min, while the lowest UTS of 113.47 MPa was observed 

at 500 rev/min TRS with a TS of 35 mm/min, attributed to the formation of a brittle β 

phase layer, which adversely affected joint strength. Fig. 5.15 shows the maximum 

joint efficiency of 68.09% at a TS of 35 mm/min and TRS of 700 rev/min.  

 

Table 5.4: Mechanical properties of AA2024 and AZ91D welded joints with different 

TRS 

Sample 

No 

TRS 

(rev/min) 

WS 

(mm/min) 

UTS 

(MPa) 

Strain 

(%) 

Joint 

efficiency (%) 

Hardness at 

SZ (HV) 

1 500 

35 

113.47 6.82 52.47 92 

2 600 129.52 7.29 59.89 90 

3 700 147.26 7.95 68.09 84 

4 800 122.85 7.25 56.80 88 

 

 

Figure 5.14: stress-strain curve of the FSWed joints of AA2024 and AZ91D at various 

TRS 

 

Most joints were defect-free, except those made at low TRS and TS settings, which 

had cavity defects due to inadequate heat input and poor tool-to-material contact. 

Fracture analysis revealed brittle behavior in the elastic region of the FSWed joints. 

Tensile properties improved with higher TRS, while lower TS caused unfavorable 
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material flow and excessive heat, reducing joint efficiency. Inadequate dispersion of 

IMCs and poor distribution of intermetallic particles at lower TRS further weakened 

the joints. Optimizing welding parameters is crucial for achieving desired mechanical 

properties in dissimilar alloy joints. By carefully selecting and adjusting the TRS and 

TS, it is possible to minimize defects, enhance material flow, and ensure proper 

dispersion of intermetallic compounds, ultimately leading to stronger and more 

reliable welds. 

 

 

Figure 5.15: Variation of hardness value and joint efficiency at different parameters 

 

5.2.4 Hardness distribution 

 

Fig. 5.16 illustrates the dissemination of microhardness of the welded joints from the 

weld, highlighting variations influenced by microstructure changes and welding 

parameters. The hardness profile exhibited uneven distribution across the weldment, 

particularly in the TMAZ, SZ, and HAZ. In the SZ, which undergoes intense plastic 

deformation due to the tool rotation, the hardness was found to be lower than the 

AA2024 but higher than AZ91D due to the presence of intercalated microstructures 

such as lamellae and complex vortex patterns. These features contribute significantly 

to the observed hardness variations within the weldment. Specifically, the presence of 

lamellae bands in the SZ likely enhances its microhardness compared to adjacent 

zones [272]. The lower hardness values were observed at HAZ region compared to 

the base metals, primarily due to localized softening caused by heat input. This 

thermal effect leads to grain growth and reduced material hardness in the HAZ 
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relative to its parent metals. The microhardness distribution in the weldments is 

closely tied to the microstructural changes and thermal history of the FSW process. 

The SZ exhibited higher microhardness values than other zones due to DRX, where 

new grains nucleate and grow from plastic deformation and elevated temperatures. 

This refined grain structure significantly contributes to the increased hardness 

observed in the SZ [273].  

Additionally, the presence of grain boundaries and dislocations further intensifies 

plastic deformation within the SZ, thereby influencing its hardness values. 

Dislocations act as strengthening elements in the crystal structure, while grain 

boundaries offer for dislocation interaction and accumulation, further enhancing 

material hardness. Within the SZ, variations in microhardness across different regions 

(lower, middle, and upper zones) may also be attributed to the generation of IMCs in 

specific areas [274].   

 

 

Figure 15.16: Distribution of hardness value of the AA2024 and AZ91D welded joints 

at various TRS  

 

The hardness of the welded region was affected by precipitation of different phases, 

dislocation density, and grain size [275]. Higher dislocation density and smaller 

grains generally contribute to increased hardness, as they hinder dislocation 

movement, which strengthens the material. Additionally, the presence of precipitates 

can further enhance the material's strength through interactions with dislocations and 
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grain boundaries, providing additional barriers to deformation. This intricate interplay 

between grain size, dislocation density, and precipitates results in a microstructure 

that significantly contributes to the overall hardness. Therefore, understanding and 

controlling these factors is crucial for optimizing the performance and reliability of 

the welded joints [276]. Control of welding parameters, such as TRS and TS, is 

crucial for maintaining appropriate heat input during FSW. High TRS and low TS 

conditions can lead to excessive heat input, potentially causing grain growth, material 

degradation, and softening, particularly in Mg-Alloys like AZ91D, which are 

sensitive to temperatures above 210°C.The hardness distribution across the AZ91D 

and AA2024 welded joints reflects the intricate relationship between welding 

parameters, microstructure evolution, and resultant mechanical properties. The SZ, 

experiencing the most significant microstructural changes due to FSW tool action, 

typically exhibits maximum microhardness due to grain refinement and the 

occurrence of alloying elements and intermetallic phases from both base metals. 

Conversely, the HAZ undergoes recrystallization processes that can either increase or 

decrease hardness, depending on alloy composition and thermal cycles experienced. 

 

5.2.5 Fractography 

 

Fractography analysis using scanning electron microscopy (SEM), as depicted in Fig. 

5.17, provides crucial insights into the failure mechanism and fracture behavior of the 

weldments between AA2024 and AZ91D alloys. The analysis revealed that regions 

with higher microhardness were more susceptible to fracture initiation, characterized 

by extensive brittle failure surfaces with cleavage facets. These IMC layers are known 

to form during welding and can adversely affect joint integrity by promoting crack 

initiation [277]. These layers not only initiated cracks but also influenced the path of 

crack propagation within the joint. The observation of brittle fracture surfaces 

suggests that the mechanical properties of the joint were compromised in regions 

containing these IMC layers. 

In instances where the alloys exhibited higher tensile and yield strengths, necking was 

observed, indicating localized plastic deformation before eventual failure. This 

localized plasticity was evident in areas where significant energy absorption 

mechanisms, such as microvoid coalescence, were observed. Ductile materials like 
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AZ91D typically exhibit such dimpled fracture surfaces in SEM images, indicating 

substantial plastic deformation before fracture. 

Conversely, regions with voids on the fracture surfaces were indicative of areas with 

porosity. Voids are irregular cavities or areas of darker contrast in SEM images, 

signifying weaknesses in the welded joint structure. These voids can arise due to 

inadequate welding parameters, poor process control, or contamination during 

welding, all of which can compromise the mechanical properties of the joint and 

contribute to premature failure under stress. 

The presence of brittle areas in SEM images, characterized by smooth, flat surfaces 

without evidence of plastic deformation, underscores the role of IMCs or other factors 

in reducing ductility, especially in alloys like AA2024. Brittle fracture surfaces are 

typically associated with the presence of IMCs at weld interfaces or within the heat-

affected zone (HAZ), where they can act as embrittling agents [278]. 

Mitigating the adverse effects of IMCs and optimizing welding parameters are crucial 

steps in enhancing the mechanical integrity of dissimilar alloy weldments. Techniques 

aimed at minimizing IMC formation and controlling their distribution within the joint 

can help mitigate the risk of brittle fracture. Adjusting TRS and other process 

parameters can influence microstructure evolution, IMC presence, and crack 

suppression, thereby improving the UTS and microhardness of the joints. 

 

 

Figure 5.17: SEM images of fratography of the welded joints of AZ91D and AA2024, 

(a) TRS of 500 rev/min, (b) TRS of 700 rev/min 
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5.3 Effect of Nanoparticles on the FSWed joints of dissimilar alloys 

 

This study utilized 150×50×6 mm AA2024 and AA7075 base plates reinforced with 

SiC and TiO2 nanoparticles, averaging 47±7 nm in size. These nanoparticles enhance 

the weld joint's efficiency and wear resistance by acting as reinforcement additives. 

They reduce defects and porosity, leading to more reliable and higher welds. The 

inclusion of SiC and TiO2 also improves thermal stability during welding, minimizing 

softening and enhancing joint strength. The chemical compositions of AA2024 and 

AA7075 were revealed in Table 5.5.  

 

 

Figure 5.168: SiC and TiO2 Nanoparticles 

 

Table 5.5. Chemical composition of AA2024 and AA7075 

Metal Mg Si Fe Cu Mn Cr Zn Ti 

AA2024 1.45 0.12 0.16 4.35 0.45 0.02 0.025 0.022 

AA7075 2.35 0..29 0.319 1.315 0.02 0.17 5.32 0.129 

 

TiO2 and SiC nanoparticles were chosen to enhance the metallurgical properties of 

the welded joints of AA2024 and AA7075. TiO2 nanoparticles enhance creep 

resistance, and high-temperature strength stability TiO2 nanoparticles, with their high 

melting point and exceptional thermal stability, offer remarkable reinforcement, and 

SiC particles provide excellent strengthening due to their dispersion and high 

hardness within the aluminum matrix, significantly improving hardness value, tensile 

properties and wear resistance. Fig. 5.18 reveals SEM images of TiO2 and SiC 

nanoparticles, illustrating their morphology and distribution. The tool's traverse rate in 

FSW is governed by its shape, which is crucial for material flow. Fig. 5.19 depicts the 
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systematic geometry of the FSW tool, consisting of two parts: the pin and the 

shoulder. The tool design is tailored to the materials being welded and the desired 

joint configuration. The shoulder of the tool provides backing and support for the 

rotating pin, which should have a threaded shank to facilitate easy replacement. The 

tool's primary function is to localize heat and control material flow in the heating 

zone. Effective tool design ensures optimal heat generation and material mixing, 

leading to defect-free welds with enhanced mechanical properties.  

Incorporating nanoparticles like TiO2 and SiC into the FSW process not only 

improves the joint efficiency but also reduces defects such as porosity. These 

nanoparticles enhance the overall joint efficiency of the welded joints by promoting 

thermal stability and uniform dispersion, reducing the risk of softening, and 

enhancing weld integrity. 

 

 

Figure 5.179: Schematic diagram of zig-zag pattern of holes 

 

The tool material for this study was selected based on previous research and 

maintained consistent across all experiments [279-282]. The tool pin's geometry was 

cylindrical, with a shoulder diameter of 20 mm, a pin height of 5.7 mm, and a pin 

diameter of 5.5 mm of H13 steel with a hardness of 56 HRC, the circular shape of the 

tool pin significantly enhanced material mixing. This circular design minimized the 

risk of material expulsion, resulting in cleaner and defect-free welds, and it promoted 

more uniform heat distribution, thereby reducing the potential for distortion and 
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thermal damage in the workpieces. The versatility of the circular tool pin allowed for 

a broader range of joint designs, accommodating various material thicknesses and 

configurations. 

For the incorporation of reinforcement materials into the AA2024 and AA7075 plates, 

grooves (depth of 4.5 mm, diameter of 1.5 mm) were drilled. These grooves were 

arranged in a zigzag pattern to ensure even distribution and optimal integration of the 

reinforcement particles during the welding process shown in Fig. 5.19. 

This methodology ensured that the nanoparticles were effectively embedded within 

the aluminum matrix, enhancing the joint strength. The TiO2 and SiC nanoparticles 

also contributed to reducing defects and porosity in the weldment, leading to higher 

quality and joint efficiency. A fixture was used to securely hold the base plate, 

ensuring stability and precision during the Multi-Pass Friction Stir Processing 

(MPFSP). This fixture prevented unintended misalignment or movement, which could 

compromise the joint's quality and structural integrity. Misalignment can lead to 

structural defects and poor joint quality. A zigzag pattern was used to uniformly 

distribute the reinforced material in the stir zone. Grooves were machined along the 

plate's length, 2 mm from the joining line, and filled with the reinforced material. 

After filling, a pinless tool compressed the material to prevent outpouring during 

welding [283]. Three experiments were conducted: two with reinforced materials and 

one without. The process parameters were identical for all three: TRS of 1000 rpm 

and TS of 30 mm/min. The study investigated the reinforced materials' effects on the 

weld joint's hardness, UTS, and microstructure. A double-pass welding technique 

ensured proper stirring of the material in the welded zone, with the second pass 

reversing the tool's rotation to optimize the welding process [284-287]. Comparing 

the weld nugget without reinforcement to the mixed alloys highlighted the grain 

refinement's benefits for optimal welding. 

 

5.3.1 Characterization and Microstructural Analysis 

 

SEM images in Fig. 5.20 (a-c) show the cross-section of FSW joints fabricated with 

TiO2, without reinforcement, and with SiC-reinforced material. In Fig. 5.20 (a), the 

joint between AA2024 and AA7075 with TiO2 reinforcement appears sound, with no 

significant particle agglomeration. Literature indicates that a minimum of two passes 

are necessary for creating sound, defect-free joints [288, 289].  
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Figure 5.20: SEM images of welded joints of AA2024 and AA7075 with and without 

nanoparticles.  

 

A double pass means the starting point of the 1
st
 pass becomes the finishing point of 

the second pass, switching the RS of the first pass to the AS of the 2
nd

 pass. This 

technique prevents the accumulation of reinforcement particles in a single pass [290]. 

Fig. 5.20 (b) and (c) show SEM images of FSW joints without reinforced material and 

with SiC material, respectively. The double-pass technique enhances the dispersion of 

reinforcement particles, resulting in a more uniform distribution. This is crucial for 

achieving the desired mechanical properties and microstructural integrity in the 

welded joints. Using a double-pass process mitigates the issues associated with single-

pass welding, such as particle agglomeration and uneven distribution. The second 

pass helps redistribute the particles, promoting a more homogeneous mixture and 

improving the joint's overall quality. The incorporation of TiO2 and SiC nanoparticles 

as reinforcement additives has been shown to enhance the weld joint's tensile strength, 

hardness, and wear resistance. These nanoparticles help reduce porosity and defects, 

leading to higher quality and more reliable joints. Their inclusion also contributes to 

improved thermal stability during the welding process, minimizing the risk of 

softening and enhancing weld stability [288]. EDX analysis was accomplished to 
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identify the elemental composition of the materials. Three spectrums were taken for 

each sample. The analysis revealed the presence of alloying elements from AA7075 

and AA2024, which were adequately intermixed in the nugget area of the weld. Fig. 

5.21 (a-c) presents the EDX analysis of the FSW joint with SiC-reinforced material, 

TiO2-reinforced material, and without reinforced material. This analysis confirms the 

effective integration of the alloying elements, indicating a well-mixed joint and the 

successful incorporation of reinforcement materials, enhancing the overall quality and 

properties of the welds. 

 

  

 

Figure 5.181: EDX images of the welded joints (a) using SiC, (b) using TiO2, (c) 

without nanoparticles  

 

5.3.2 Microstructural Observation 

 

The occurrence of SiC and TiO2 nanoparticles significantly influences the 

recrystallization and grain growth processes during FSW. These nanoparticles act as 

nucleation sites for new grain formation or hinder grain growth, resulting in finer and 

more uniform grain structures in the weld zone. Understanding the distribution of SiC 

and TiO2 nanoparticles within the weld microstructure is crucial. This meticulous 

(c) 
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exploration involves a multifaceted analysis of structural, compositional, and 

mechanical aspects of an FSWed joint of AA7075 and AA2024, integrating these 

nanoparticles in the welding process. The grain size and structure dynamics are 

scrutinized to determine if nanoparticles function as nucleation catalysts, potentially 

leading to finer and more homogeneously distributed grains within the weld zone.  

Further investigations examine the dispersion pattern of nanoparticles, discerning 

whether their distribution is even across the weld matrix or if localized clusters 

emerge. An in-depth analysis of intermetallic compound formation is undertaken to 

ascertain the emergence of new compounds resulting from nanoparticle interactions 

with base metals, subsequently influencing mechanical and thermal properties.  

 

 

Figure 5.192: (a) FSW without reinforced, (b) grain boundary (c) FSW with SiC, (d) 

FSW with TiO2 

 

Additionally, alterations in dislocation density and defect mitigation are examined to 

understand whether nanoparticles impede or expedite dislocation movement and if 

they alleviate the formation of porosities, voids, or cracks within the microstructure. 

This comprehensive approach ensures a thorough understanding of how SiC and TiO2 

nanoparticles, providing insights that can lead to the optimization of welding 

processes and the enhancement of joint performance An assessment of hardness and 
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mechanical properties, focusing on how nanoparticles influence the joint efficiency of 

the welded joint. Heat distribution and Temperature gradients during welding are 

critically examined to understand how nanoparticles might alter the HAZ and the 

weld nugget. These analyses culminate in a comprehensive understanding of how SiC 

and TiO2 nanoparticles intricately modulate the microstructure of the welded joints. 

Such insights have profound implications for optimizing welding parameters, 

enhancing joint performance in advanced materials joining. The microstructure 

evaluation of the weld was conducted after the specimens were polished and etched 

with a solution containing 80 ml H2O, 10 ml HF, and 5 ml HNO3, and etched for 15 

seconds were used for microstructure tests. Microscopic studies revealed well-defined 

grain boundaries in Fig. 5.22a and b, showing proper material mixing near the 

boundaries, leading to grain refinement. No cracks or defects were observed in the 

SZ, and the reinforced particles were evenly distributed in the SZ. A high strain zone 

near the weld tool results in extreme frictional heating and plastic deformation, 

leading to a fine-grain microstructure in the SZ. The reduction in grain size, known as 

DRX, is depicted in Fig. 5.22(c). It was found that SiC and TiO2-reinforced materials 

were uniformly distributed in the SZ, with double passes ensuring superior 

distribution. Many researchers have observed defects like pinholes, cracks, and tunnel 

defects due to improper material flow. The tool generated significant heat at low 

traverse speeds, softening the material in the SZ. The optical microstructures of 

AA7075 and AA2024 friction stir welding with and without reinforced materials are 

shown in Fig. 5.22. Fig. 5.22(a) represents the grain boundary between the two 

materials, showing proper intermixing of SiC and TiO2-reinforced materials in the 

welded zone [291]. 

 

5.3.3 XRD analysis 

 

Fig. 5.23 depicts the XRD analysis conducted on the SZ of the cross-sectional view of 

the welded joints with TiO2 and SiC particles. The identified peaks correspond to Al, 

TiO2, SiC, MgZn2, and Al2Cu in all the joints, consistent with their composition in 

AA7075 and AA2024. The XRD analysis reveals the occurrence of two distinct 

intermetallic phases, namely MgZn2 and Al2Cu. The Al2Cu intermetallic peaks are 

evident at 2θ = 65.16° in samples lacking a compensation layer and those with a 1 

mm compensation layer. The formation of MgZn2 intermetallic phases in samples 
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with a 1 mm compensation layer is indicated by Zn peaks at 2θ = 78.31°, owing to the 

higher Zn concentration in the AA7075 alloy than in Mg. Notably, an increase in the 

compensation interlayer width results in reduced peak height and increased peak 

width, reflecting a reduction in crystallite size. This reduction can be attributed to the 

extensive plastic deformation of metals during the FSW process, leading to grain size 

reduction. The occurrence of MgZn2 and Al2Cu IMCs significantly impacts the 

FSWed joint between AA2024 and AA7075. These compounds form during the 

welding process due to the intricate alloy compositions. Al2Cu contributes to joint 

strength, varying based on alloy composition, particularly the copper content. MgZn2, 

on the other hand, appears due to differing magnesium and zinc concentrations in the 

alloys. Their existence affects the joint's efficiency, potentially leading to variations in 

strength, hardness, and overall performance. Understanding their influence is crucial 

for optimizing the welding process and ensuring the desired joint quality in these 

aluminum alloy combinations. 

 

 

Figure 5.203: XRD diagram of welded joints in presence of TiO2 and SiC 

nanoparticles 

 

5.3.4 Effect of TiO2 and SiC on UTS  

 

The investigation into the effects of SiC and TiO2 particles on the UTS of FSWed 

joints of AA7075 and AA2024 reveals significant improvements in mechanical 
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performance. The addition of these nanoparticles introduces complex interactions 

within the weld microstructure, enhancing tensile strength by promoting grain 

refinement and increasing dislocation density. These nanoparticles act as nucleation 

sites, which can impede or facilitate dislocation movement under applied stress, 

thereby influencing the joint’s plastic deformation behaviour. 

The tensile properties of the welded joints were evaluated with samples cut to a gauge 

length of 80 mm, width of 39.95 mm, and thickness of 6 mm. As shown in Table 5.6, 

the tensile strength of joints without reinforcement is 177 MPa, while those with TiO2 

and SiC reinforcement exhibit strengths of 199 MPa and 206 MPa, respectively. The 

incorporation of TiO2 and SiC nanoparticles effectively refines the microstructure and 

prevents defect formation, leading to enhanced load-bearing capacity and overall joint 

strength. Fig. 5.24 illustrates the improved tensile strength due to nanoparticle 

reinforcement. The joint efficiency with SiC and TiO2 nanoparticles was measured at 

40.66% and 42.09% relative to AA7075 and 49.39% and 51.14% relative to AA2024. 

These results confirm that SiC and TiO2 nanoparticles significantly enhance the 

mechanical performance and structural integrity of friction stir-welded joints, offering 

a promising approach for optimizing welding outcomes in Al alloy combinations. 

 

Table 5.6: Mechanical properties of the FSWed joints of AA2024 and AA7075 with 

and without Nanoparticles 

Materials UTS 

(MPa) 

Strain 

(%) 

Hardness 

(HV) 

Joint efficiency 

(%) compared to 

AA7075 

Joint efficiency 

(%) compared 

to AA2024 

AA7075 489.36 11.85 179 - - 

AA2024 402.85 20.27 142 - - 

FSW without Nanoparticles 177 14.69 155 36.17 43.94 

FSW_SiC 199 8.36 165 40.66 49.39 

FSW_TiO2 206 14.67 180 42.09 51.14 

 

The influence of both nanoparticles on the tensile strength of friction stir welded 

joints between dissimilar materials involves several complex interactions. These 

nanoparticles can modify stress and strain distribution during tensile loading, 

potentially creating stress concentration zones or redistributing stresses, which affects 
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fracture initiation and propagation. Additionally, they impact the precipitation kinetics 

of intermetallic phases during solidification and cooling, altering the distribution of 

strengthening phases such as θ' and θ''. 

Chemical interactions between nanoparticles and alloying elements may lead to the 

formation of new strengthening precipitates or modify the behavior of existing phases. 

This can directly affect the tensile strength of the joint. Nanoparticles also contribute 

to grain boundary pinning, which hinders grain boundary sliding and enhances 

cohesion, thus improving both ductility and strength. 

The distribution of nanoparticles within the weld, particularly in the SZ and HAZ, can 

lead to localized variations in microstructure and mechanical properties. 

Understanding these distributions and any potential clustering effects is critical. 

Experimental validation through tensile testing is essential to confirm theoretical 

predictions and determine the net effect of nanoparticle integration on tensile strength. 

Overall, this research highlights how nanoparticles influence mechanical properties, 

providing valuable insights for optimizing friction stir welded joints for enhanced 

performance and reliability in engineering applications [291]. 

 

 

Figure 5.24: Comparison of the UTS of welded joints with and without nanoparticles 

 

5.3.5 Influence of SiC and TiO2 particles on microhardness 

 

Fig. 5.25 shows the micro-hardness of the welded joints with TiO2, SiC, and no 
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reinforcement. The introduction of TiO2 significantly improves the microhardness of 

the weld SZ compared to SiC and unreinforced joints. Specifically, the hardness 

values are 180 HV for TiO2, 165 HV for SiC, and 155 HV without reinforcement. 

This increase is attributed to the enhanced reinforcement provided by TiO2, which 

leads to a finer microstructure and maximum microhardness in the SZ compared to 

using only AA7075. In the HAZ, hardness variations are observed due to the 

coarsening of reinforced materials through precipitation. The dispersion of these 

materials in the SZ contributes to the formation of hardness patterns, which can vary 

from higher to lower hardness values. The interaction of nanoparticles with the metal 

matrix creates nucleation sites for dislocations and modifies grain boundaries and 

phase interfaces. This can either hinder or facilitate dislocation movement under load, 

influencing plastic deformation and hardness distribution. A thorough examination of 

how TiO2 and SiC nanoparticles impact the hardness distribution involves 

understanding their role in grain refinement and dislocation density variations. This 

comprehensive analysis highlights the complex interplay of microstructural changes 

and mechanical properties resulting from the inclusion of these nanoparticles [292]. 

 

 

Figure 5.25: Hardness dissemination from the weld center of the welded joints with 

different reinforcement particles 
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AA7075 and AA2024 is substantial. The nanoparticles interact with alloying elements 

to form new precipitates or modify existing phases, resulting in variations in hardness 

across different weld zones. Their spatial distribution, whether clustered or uniformly 

dispersed, influences the microhardness profile of the different region. Heat 

treatments further affect nanoparticle behavior and hardness distribution, making it 

essential to evaluate these effects through detailed microhardness testing. Advanced 

methods like micro indentation mapping can capture localized hardness variations 

induced by nanoparticles, offering insights into their influence on material properties. 

This comprehensive analysis highlights the complex interplay of microstructural, 

mechanical, and chemical factors, enhancing our understanding of how nanoparticles 

shape hardness profiles. Such knowledge is vital for optimizing friction stir welded 

joints to achieve precise hardness distributions 

 

5.3.6 Fracture analysis 

 

Fracture analysis of FSWed joints made from dissimilar aluminum alloys AA7075 

and AA2024, both with and without TiO2 and SiC nanoparticles, reveals significant 

insights into their mechanical behavior as illustrated in Fig. 5.26. Joints without 

nanoparticles predominantly display large, unevenly distributed dimples, indicating 

ductile fracture. This suggests that the FSW process itself enhances ductility, allowing 

for greater energy absorption and resistance to crack propagation, and the absence of 

cleavage facets confirms a lack of brittle fracture regions. In contrast, joints reinforced 

with TiO2 and SiC nanoparticles exhibit smaller, more uniformly distributed dimples, 

reflecting improved ductility due to the nanoparticles' strengthening effects on the 

alloy matrix. However, these joints also show the presence of cleavage facets around 

the nanoparticles and their interfaces. This indicates that while the nanoparticles 

enhance strength and hardness, they can also induce localized brittle failure. 

The key takeaway is that the incorporation of TiO2 and SiC nanoparticles introduces a 

trade-off between increased strength and potential brittleness. Therefore, optimizing 

the dispersion of these nanoparticles and adjusting FSW parameters is critical to 

achieving an optimal balance between strength and ductility. This balance is 

particularly important in applications where both mechanical properties must be 

carefully managed to ensure the joint’s reliability and performance. 
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Figure 5.26: Fractured micro images of the specimens with and without 

Nanoparticles 

 

5.4 Thermal Analysis of Dissimilar joints by Hyper Weld 

 

In this work, AA2024, AA7075, and copper were selected for FSW to identify 

optimized process parameters for achieving high-quality welded joints. The study 

employed Altair’s HyperWeld 2019 CAE software to simulate the FSW for these 

materials. The significance of this research lies in the extensive use of these aluminum 

alloys and pure copper in the automobile and aircraft industries due to their favorable 

properties. From the literature review, it is apparent that there have been limited 

investigations into the effects of process parameters and geometric parameters on 

peak temperatures during welding. This study aims to bridge that gap by exploring 

how these parameters influence the welding process and the resulting joint quality. 

The HyperWeld module was utilized to simulate and analyze these effects, providing 

valuable insights into optimizing welding conditions. 

For the experiments, specimens were prepared with plate dimensions of 300mm× 

100mm × 6mm. The mechanical properties of the selected materials and the welding 

tool were documented in Tables 5.7. These properties are critical for understanding 

the behavior of the materials during the welding process and for setting up accurate 

simulations in the HyperWeld software. The simulation results from HyperWeld 

highlighted the impact of various process parameters, such as TRS and TS and tool 

geometry, on the peak temperature and overall thermal distribution during the welding 

process. Understanding these effects is crucial for optimizing the welding parameters 

to achieve defect-free and high-strength joints. 
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Experimental validation was carried out to confirm the simulation results. The welded 

specimens were subjected to various tests to evaluate their mechanical properties, 

such as tensile strength, hardness, and microstructural analysis. These tests provided 

empirical data to support the simulation findings and helped in refining the process 

parameters for optimal welding conditions. The research found that the choice of 

process parameters significantly affects the peak temperature and thermal distribution, 

which in turn influences the metallurgical properties of the FSWed joints. For 

instance, an optimal combination of TRS, TS was identified to achieve a balanced 

heat input, resulting in a fine-grained microstructure and improved joint strength. 

Additionally, the study emphasized the importance of tool geometry in the FSW 

process. The tool’s shoulder diameter, pin profile, and pin length were found to play 

critical roles in material flow and heat generation during welding. Optimizing these 

geometric parameters helped in achieving uniform material mixing and reducing 

defects such as voids and cracks in the welded joint. The insights gained from this 

research are expected to benefit industries that rely heavily on aluminum alloys and 

copper by providing guidelines for selecting appropriate welding parameters and tool 

designs. This can lead to improved joint quality, enhanced mechanical properties, and 

increased reliability of welded structures in critical applications. 

 

Table 5.7: Physical and mechanical properties of AA2024, AA7075, and Copper 

Material Copper AA 7075 AA 2024 

Conductivity (‘K’ in W/m-K) 198 173 193 

Liquidus Temp (˚K) 927 908 911 

Solidus Temp (˚K) 889 750 775 

Young Modulus (‘E’ in N/m
2
) 4×10

10
 4×10

10
 4. ×10

10
 

Co-efficient of Thermal Expansion (1/K) 1×10
-5

 1×10
-5

 1×10
-5

 

Poisson Ratio(µ) 0.35 0.35 0.35 

Specific Heat (‘Cp’ in J/Kg-K) 900 960 827 

Density (‘ρ’ in Kg/m
3
) 2700 2810 2780 
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5.4.1 Selection of tool 

         

In this study, an H-13 steel tool pin was utilized for welding the plates. The tool 

features a cylindrical geometry with a pin diameter of 5.5mm, pin height of 5.4mm, 

shoulder diameter of 18mm, and shoulder length of 70mm, as illustrated in Fig. 5.27 

depicts the process of inputting the plate dimensions and tool specifications into the 

software. Numerous researchers have employed H-13 steel as a tool material in their 

investigations [293]. 

 

 

Figure 5.27: Tool geometry and workpiece data 

 

Table 5.8: Physical and mechanical properties of H13 tool material 

Tool 

Material 

Density  

Kg/m
3
) 

Specific Heat 

 J/Kg-K 

Conductivity 

W/m-K 

Young Modulus 

N/m
2
 

Poisson 

Ratio 

H-13 7870 460 24.3 2.1×10
11

 0.35 

 

5.4.2 Design of experiments by Taguchi  

 

In this work, a 6 mm thick plates of AA7075 and AA2024 were FSWed with pure 

copper using Altair’s Hyper-Weld software. The investigation focused on three 

process parameters i.e. TRS, TS, and TTA, each with three levels. The specific values 

and symbols for these parameters are detailed in Table 5.9. This setup aimed to 

optimize the welding conditions and understand their effects on the properties of the 

weldments. 
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Table 5.9: Process parameters and levels of FSWed joints 

Level A B C 

TTA (°) TS (mm/s) TRS (r.p.m) 

Level 1 1 0.1 500 

Level 2 2 0.2 1000 

Level 3 3 0.3 1500 

  

In this study, TRS, TS, and TTA were selected at three levels each, forming an L9 

orthogonal array for the design of experiments. The primary objective was to 

comprehend the effects of these parameters on maximum temperature and residual 

stresses during FSW, without considering the interactions between them. 

Initially, Cu and AA2024 were welded with Cu positioned on the AS and AA2024 on 

RS. Nine virtual experiments were conducted to observe the variations in maximum 

temperature and residual stresses under different process parameter combinations. 

Subsequently, Cu and AA2024 were welded with AA2024 on the left side and copper 

on the right side. A similar approach was followed for welding AA7075 with copper. 

The virtual experiments utilized Altair’s Hyper-Weld software, setting the initial plate 

temperature at 30˚C. The convection coefficients for the handle, top surface, and 

bench were set at , 15, 210 W/m²-C, respectively, as depicted in Fig. 5.28. These 

parameters were crucial in simulating the thermal and mechanical behavior of the 

materials during the FSW process [294]. 

 

 

Figure 5.28: Process Parameter Information 
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The study's comprehensive approach allowed for a detailed analysis of how different 

welding parameters affect the joint's properties. The findings provide valuable 

insights for optimizing FSW conditions to achieve desired mechanical properties and 

minimal residual stresses in welded joints of dissimilar aluminum alloys and copper. 

This research contributes to advancing welding techniques in automotive and 

aerospace, where these materials are extensively used. 

In the current study, simulations were conducted to weld AA2024 and AA7075 with 

copper using three different levels of input parameters. The objective was to estimate 

the effects of these parameters on maximum temperature and residual stresses during 

the welding process. The results of these simulations provide critical insights into 

optimizing the welding process for these dissimilar materials. Table 5.10 presents the 

simulated maximum temperatures and residual stresses observed during the welding 

of AA2024 and copper, with AA2024 positioned on the left side and the copper plate 

on the right side. These simulations were crucial in understanding the thermal and 

mechanical behavior of the welded joints. 

 

Table 5.10: L9 orthogonal array with S/N ratio at Cu on the right side and AA2024 

on the left side 

 

Furthermore, the signal-to-noise ratio (SNR) was designed concerning both stress and 

temperature for all parameter sets. The SNR analysis helps identify the robustness of 

the welding process under varying conditions and is instrumental in optimizing the 

S.N TTA 

(°) 

TS 

(mm/s) 

TRS 

(rpm) 

Stress 

(MPa) 

Temperature 

(  ) 

S/N ratio (w.r.t 

stress) 

S/N ration 

(w.r.t temp.) 

1 1 0.1 500 29.8 533.7 -29.4872 54.5459 

2 2 0.2 500 29.71 535.9 -29.4581 54.5817 

3 3 0.3 500 21.69 537.5 -29.9827 54.6076 

4 2 0.1 1000 17.45 722.8 -24.8359 57.1816 

5 3 0.2 1000 18.54 722.9 -25.3622 57.1828 

6 1 0.3 1000 19.11 696.6 -25.6252 56.8597 

7 3 0.1 1500 14.22 852.7 -23.0580 58.6169 

8 1 0.2 1500 14.48 824.8 -23.2094 58.3291 

9 2 0.3 1500 14.27 826.8 -23.0885 58.3480 
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welding parameters for better joint performance and reliability [295]. The simulations 

revealed that the selected parameters significantly influence the thermal profile and 

residual stress distribution within the welded joints. By analyzing these results, it 

becomes possible to fine-tune the welding process to achieve the desired balance 

between mechanical strength and thermal stability. This approach ensures that the 

welded joints exhibit minimal residual stresses and optimal mechanical properties, 

which are critical for applications in industries such as aerospace and automotive 

[296, 297].  

Table 5.11: Signal to Noise Ratios for Larger is better 

Level TRS (rpm) Traverse speed (mm/min) Tilt angle (°) 

1 54.58 56.78 56.58 

2 57.07 56.70 56.70 

3 58.43 56.61 56.80 

Delta 3.85 0.18 0.22 

Rank 1 3 2 

 

Table 5.12: Signal to Noise Ratios for Smaller is better 

Level TRS (rpm) Traverse speed (mm/min) Tilt angle (°) 

1 -29.64 -25.79 -26.11 

2 -25.27 -26.01 -25.79 

3 -23.12 -26.23 -26.13 

Delta 6.52 0.44 0.34 

Rank 1 2 3 

 

Table 5.10 shows that the highest temperature of 852.7°C and the minimum residual 

stress of 14.22 MPa were achieved in Experiment 7, where the TRS rpm was set at 

1500, the TS at 0.1 mm/s, and the TTA at 3°. Conversely, the minimum temperature 

of 533.7°C and the maximum residual stress of 29.8 MPa were recorded in 

Experiment 1, which had a TRS of 500 rpm, a TS of 0.1 mm/s, and a TTA of 1°. 

These findings underscore the significant impact of the selected process parameters 

on the thermal and mechanical outcomes of the friction stir welding process. The 

higher TRS in Experiment 7 leads to increased frictional heating, resulting in a higher 

maximum temperature. This elevated temperature likely facilitates better plastic 
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deformation and material flow [298], which in turn reduces residual stress. The 

optimal TTA of 3° further enhances the stirring action, promoting a more 

homogeneous weld and contributing to the reduction in residual stress. On the other 

hand, the lower TRS in Experiment 1 results in less frictional heating, yielding a 

lower maximum temperature. The insufficient heat generation at this setting is likely 

insufficient to fully soften the material, leading to increased residual stress. 

Additionally, the minimal TTA of 1° may not provide adequate stirring, resulting in a 

less uniform weld and higher residual stresses. 

 

 

Figure 5.29: Temperature and stress distribution of FSW joints of AA2024 and 

Copper 

 

Table 5.11 and 5.12 demonstrate that the TRS significantly influences the maximum 

temperature during the FSW. The delta value, which measures the change in response 

between the highest and lowest levels of each parameter, is considerably larger for 

rpm compared to TS and TTA. This indicates that changes in TRS have a more 

pronounced effect on the temperature than the other parameters. The high delta value 

for rpm suggests that increasing the TRS substantially raises the temperature 

generated during welding. This is because higher TRS enhance the friction between 

the workpiece and the rotating tool, leading to greater heat generation. The elevated 

temperature facilitates the flow and the plastic deformation of the materials being 
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welded, promoting better mixing and bonding at the weld interface. Consequently, the 

quality and strength of the welded joint improve with optimal temperature control 

[299]. The delta values for TS and TTA are comparatively smaller, indicating a lesser 

impact on temperature. While these parameters do influence the welding process, 

their effects are more subtle. TS affects the input heat/ unit length of the weld, with 

slower speeds allowing more time for heat to accumulate and higher temperatures to 

be reached. However, its impact is not as substantial as that of rotational speed. The 

TTA primarily affects the stirring action and material flow but does not significantly 

alter the overall heat generation. These findings underscore the importance of 

carefully selecting the TRS to control the temperature during FSW. By optimizing 

this parameter, it is possible to achieve the desired thermal conditions that facilitate 

effective welding and minimize defects. However, it is also essential to consider the 

interplay between all process parameters to ensure a balanced approach that yields 

high-quality welds with minimal residual stresses and enhanced mechanical 

properties. 

Fig. 5.29 depicts the simulated maximum residual stress and maximum temperature 

during the FSW of AA2024 and copper, with AA2024 positioned on the left side and 

the copper plate on the right side. The analysis focuses on understanding the thermal 

and mechanical behavior of the welded joint under varying process parameters. 

The simulation results highlight significant differences in temperature dissemination 

and residual stress levels across the joint. The maximum temperature reached during 

the welding process in determining the quality of the weld. Higher temperatures 

facilitate better plastic deformation and material flow, which are essential for 

achieving a sound weld with good mechanical properties. The temperature 

distribution also affects the formation of IMCs, which can influence the joint's 

strength and durability. Residual stresses, on the other hand, are critical indicators of 

the internal stresses remaining in the material after welding. These stresses can affect 

the structural integrity and performance of the welded joint. High residual stresses 

may lead to issues such as warping, cracking, or reduced fatigue life. Therefore, 

understanding the residual stress distribution is vital for optimizing the welding 

process and ensuring the long-term reliability of the joint. 

The simulations reveal that TRS significantly impacts both the maximum temperature 

and residual stresses. As observed, higher TRS lead to increased temperatures, which 

can enhance the weld quality by promoting better material mixing and reducing 
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defects. However, excessive temperatures can also increase the risk of undesirable 

microstructural changes or excessive residual stresses. Thus, finding the optimal TRS 

is essential for balancing these effects. 

Additionally, the TS and TTA also influence the temperature and residual stress 

distribution, albeit to a lesser extent compared to rotational speed. Lower TS allow 

more time for heat generation and accumulation, resulting in higher temperatures and 

potentially higher residual stresses. The TTA affects the material flow and stirring 

action, impacting the heat input and stress distribution. 

 

 

Figure 5.30: Stress and temperature distribution of FSWed joints of Cu and AA7075 

 

Table 5.13: L9 orthogonal array with S/N ratio when Cu on the left side and AA2024 

on the right side. 

S.N 
TTA 

(°) 

TS 

(mm/s) 

TRS 

(rpm) 

Stress 

(MPa) 

Temperature 

(°C) 

S/N ratio 

(w.r.t 

stress) 

S/N ration 

(w.r.t temp.) 

1 1 0.1 500 159.91 849.8 -35.55 58.5863 

2 2 0.2 500 16.74 1219 -24.475 61.7201 

3 3 0.3 500 16.09 1229 -24.131 61.791 

4 2 0.1 1000 110 924.4 -40.828 59.3172 

5 3 0.2 1000 121.9 916.8 -41.72 59.2455 

6 1 0.3 1000 114.2 903.4 -41.153 59.1176 

7 3 0.1 1500 63.05 1132 -35.994 61.0769 

8 1 0.2 1500 58.02 1126 -35.272 61.0308 

9 2 0.3 1500 65.53 1101 -36.329 60.8357 
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Table 5.13 reveals that the maximum temperature of 1229°C and minimum residual 

stress of 16.09 MPa were achieved in experiment number 3. Conversely, the 

minimum temperature of 849.8°C and maximum residual stress of 159.91 MPa were 

observed in experiment number 1.  

 

Table 5.14: L9 orthogonal array with S/N ratio when Cu on the left side and AA7075 

on the right side 

 

These results highlight the significant influence of process parameters on the thermal 

and mechanical outcomes of the welding process. Experiment 3's optimal 

combination of parameters yielded the best results in terms of minimizing residual 

stress while maintaining a high temperature for effective welding. In contrast, 

experiment 1 showed the least favorable conditions with high residual stress and 

lower temperature. Fig. 5.30 illustrates the maximum residual stress and temperature 

during the welding of Cu and AA7075. The results show that placing the copper plate 

on the left side consistently produced higher temperatures compared to other 

configurations. This trend indicates that the positioning of the copper plate 

significantly affects the thermal distribution during the welding process, leading to 

variations in the generated temperature. 

 

 

 

S.N TRS 

(rpm) 

TS 

(mm/s) 

TTA 

(°) 

Temperature 

(  ) 

S/N ration 

(w.r.t temp.) 

Stress 

(MPa) 

S/N ratio 

(w.r.t stress) 

1 500 0.1 1 793.4 57.9898 41.37 -32.3337 

2 500 0.2 2 794.6 58.0030 41.43 -32.3463 

3 500 0.3 3 794.7 58.0041 44.03 -32.8750 

4 1000 0.1 2 1061 60.5143 27.99 -28.9401 

5 1000 0.2 3 1052 60.4403 30.60 -29.7144 

6 1000 0.3 1 1029 60.2483 29.55 -29.4111 

7 1500 0.1 3 1262 62.0212 24.70 -27.3247 

8 1500 0.2 1 1247 61.9173 23.24 -27.8539 

9 1500 0.3 2 1227 61.7769 23.85 -27.5498 
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CHAPTER 6 

6. Conclusions and Future Work 

 

The FSW of dissimilar alloys AZ91D and AA2024 was successfully fabricated by 

three distinct tool pin profile (Circular, triangular, and square), and observed the 

following conclusions. 

1. The square pin profile demonstrated strong intermixing at the AA2024 and 

AZ91D interface compared to other pin profiles. Acoustic assistance during 

welding enhanced mixing and disrupted oxide layers, facilitating a strong metal-

to-metal bond between AZ91D and AA2024 in square pin profile weldments. 

2. UTS varied with the tool pin profile used, with the square pin profile achieving 

the highest UTS of 153.7 MPa and the triangular pin profile yielding the lowest 

UTS of 123.84 MPa, possibly due to the formation of a brittle β phase layer. 

3. The triangular pin profile exhibited the maximum average hardness value (92.42 

HV) at the SZ, while the square pin profile showed the minimum average 

hardness (85.26 HV). This variation in hardness within the welded region can be 

attributed to intercalated microstructures such as lamellae and complex vortexes. 

4. Fractography indicated brittle fracture behavior predominantly associated with 

IMC layers for triangular and threaded pin profiles, influencing crack propagation 

within the SZ. 

5. The highest UTS of 147.26 MPa was achieved with an TRS of 700 rev/min and a 

TS of 35 mm/min, whereas the lowest UTS of 113.47 MPa occurred at an TRS of 

500 rev/min and a TS of 35 mm/min. 

6. Using a TRS of 700 rev/min resulted in a maximum joint efficiency of 68.09%, 

indicating highly effective bonding between AZ91D and AA2024 alloys, whereas 

a TRS of 500 rev/min led to a minimum joint efficiency of 52.46%. 

7. TRS significantly influences the quality and strength of friction stir welded 

(FSWed) joints, impacting microstructure development, IMC (IMC) formation, 

and the occurrence of voids or fractures, all affecting UTS and overall joint 

efficiency. 

8. Thick layers of IMCs such as Al12Mg17 and Mg+ Al12Mg17 were observed in 

the SZ of FSWed joints processed with lower TRS and TS settings. Improper 
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FSW parameters leading to reduced TRS contributed to the formation of these 

IMC layers, which can markedly reduce the UTS of the joints. 

9. The SZ exhibited a maximum hardness of 92 HV at an TRS of 500 rev/min and a 

TS of 35 mm/min. This hardness was higher than that of AZ91D but lower than 

that of AA2024, owing to intercalated microstructures like lamellae and complex 

vortexes within the welded region. 

10. Fractography analysis revealed brittle failure characterized by cleavage facets on 

large fracture surfaces, indicating propagation through pre-existing cracks due to 

high micro hardness in the welded region, which reduced plasticity. 

11. The incorporation of SiC and TiO2 nanoparticles into FSWed joints significantly 

improves mechanical properties. With SiC and TiO2 nanoparticles, the average 

hardness in the stir zone increased to 172 HV and 164 HV, respectively, compared 

to 147 HV without nanoparticles. Additionally, the joint efficiency improved 

markedly, with SiC and TiO2 showing efficiencies of 40.66% and 42.09% relative 

to AA7075, and 49.39% and 51.14% relative to AA2024. This enhancement is 

attributed to the more uniform stress distribution, which reduces crack initiation 

and propagation, and the refinement of dimple size, which enhances ductility. 

12. The presence of nanoparticles results in a fine recrystallized grain structure within 

the stir zone and a well-distributed reinforcement in the aluminum matrix. The 

mechanical stirring during FSW ensures that the reinforced particles are evenly 

distributed, contributing to improved hardness and joint efficiency.  

13. During friction stir welding (FSW) of AA2024 and copper, the highest observed 

temperature and lowest residual stress were 852.7°C and 14.22 MPa, respectively, 

when AA2024 was placed on the left side in experiment number 7. In contrast, the 

maximum temperature reached 1229°C with a residual stress of 16.04 MPa when 

AA2024 was placed on the right side, using process parameters TRS of 500 rpm, 

TS of 0.3 mm/s, and a TTA of 3°. 

14. For AA7075 and copper, the highest temperature and lowest residual stress were 

1262°C and 24.70 MPa, respectively, with AA7075 on the right side, using TRS 

of 1500 rpm, TTA of 3°, and TS of 0.1 mm/s. Overall, the tool's TRS has the most 

significant impact on temperature rise during FSW, compared to TS and TTA.   
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6.1 Future work and recommendation 

 

This section outlines potential directions for future work, offering valuable insights 

for both the research community and industry stakeholders. 

 

 Study the formation mechanisms of intermetallic compounds (IMCs), alloying 

element distribution, and grain refinement. 

 Study the influence of welding parameters on fracture toughness and fatigue 

resistance to design reliable joints. 

 Investigate how varying surface roughness of the tool pin and shoulder affects 

material flow, heat generation, and weld quality. 

 Optimize roughness levels to balance frictional heat generation and material 

deformation. 

 Study the correlation between friction magnitude and heat input to ensure 

consistent temperature distribution across the weld. 

 Develop numerical models to simulate the effects of surface roughness and 

friction magnitude on weld formation. 
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