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Abstract 

This thesis presents a comprehensive investigation into the Friction Stir Welding (FSW) 

process of dissimilar materials, specifically aluminium and copper. The research 

employed a combination of experimental and numerical methods to evaluate the weld 

quality through metallurgical and mechanical analyses. Finite Element (FE) methods 

were utilised as an auxiliary tool, supplementing the experimental work to simulate the 

FSW process and facilitating the prediction of IMCs formation. 

The study begins with a literature review emphasising the importance of placing copper 

on the advancing side (AS) to achieve defect-free dissimilar aluminium to copper FSW 

joints. However, tool offsetting on the retreating side (RS) or AS was found impractical 

for industrial applications due to varying tool offsets. Alternatively, researchers 

achieved defect-free joints by placing aluminium on the AS without tool offset. 

However, limited research has focused on this configuration, despite its benefits for 

joint mechanical properties. Further investigation is needed to understand the 

relationship between intermetallic compound microstructure and mechanical properties. 

To address these gaps, the research focused on dissimilar FSW between AA5083 

aluminium and copper, exploring the influence of tool rotational and traverse speeds on 

joint quality without introducing tool offsetting. The findings revealed successful weld 

joints between the dissimilar materials using specific parameter combinations, 

including rotational speed levels of 1000 rpm (at welding speeds of 100 and 120 

mm/min), 1200 rpm (at 80 mm/min), and 1400 rpm (at welding speeds of 80 and 120 

mm/min). An inhomogeneous microstructure was observed within the weld, with the 

predominant intermetallic compounds (IMCs) identified as Al2Cu and Al4Cu9. The 
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volume fraction of IMCs increased with higher tool rotational speeds, leading to 

improved ultimate tensile strength (UTS) and joint efficiency. 

Additionally, the study employed a novel approach to predict and validate the formation 

of IMCs during FSW of AA6061 aluminium to copper. The use of a Coupled Eulerian 

Lagrangian (CEL) model, combined with a modified friction law, provided good 

agreement with experimental data. The predicted IMCs, including AlCu, Al2Cu, and 

Al4Cu9, were confirmed through the comparison of temperature distribution, Al-Cu 

phase diagram, and elemental concentration. The research demonstrated that defect-free 

joints could be achieved at specific rotational speeds and traverse speed, where the 

softer material (AA6061) was placed on the AS. 

Furthermore, the research focused on optimising the FSW parameters for dissimilar 

joints between AA5083 and copper using the Taguchi design of experiments (DoE) 

method. By considering tool rotational speed, welding speed, and FSW tool design, the 

study successfully identified the significant parameters affecting joint mechanical 

strength. The optimised parameter combinations resulted in enhanced UTS, and flexure 

stress compared to the initial parameter sets. Linear regression analysis further 

confirmed the agreement between predicted and actual values of UTS and flexure stress. 

Finally, the study investigated the influence of different aluminium grades (AA5083 

and AA6061) on dissimilar FSW of aluminium to magnesium AZ31B. Placing the 

softer material (AZ31B) on the AS consistently produced defect-free joints, and the 

joint mechanical strength improved when AZ31B was joined to the harder aluminium 

grade (AA6061). The presence of intermetallic compounds, such as Al3Mg2 and 
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Al12Mg17, contributed to higher hardness values in the weld nugget, resulting in 

improved joint mechanical efficiency. 

The findings of this research have advanced the understanding of dissimilar materials 

FSW and provided insights into optimising the FSW process parameters for enhanced 

joint quality. The conclusions drawn from this study offer valuable guidance for future 

research and advancements in the field of dissimilar materials FSW process. 
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1. Introduction 

1.1. Background 

1.1.1. Friction stir welding 

The Friction Stir Welding (FSW) technique, as a form of a solid-state joining process, 

has emerged as a highly technological advancement over the past thirty years, 

facilitating the joining of an array of metallic materials across a broad spectrum [1.1]. 

The initial patent for the technology was filed by Thomas et al. [1.2] in 1991, following 

which the Welding Institute (TWI) embarked on its development, culminating in the 

year 1994 [1.3] when the first successful implementation of the technology was 

demonstrated. Conceptually, the FSW process utilises a rotating shouldered tool with a 

profiled pin, both in contact with clamped workpiece [1.4]. The solid-state joining 

process – FSW - is accompanied by a number of advantages over conventional welding 

techniques [1.5, 1.6]. These include the absence of shielding gas, filler wire, and welder 

or process qualification. Additionally, FSW results in low distortion in long metal 

workpieces, and is applicable to metals that are typically difficult to weld, including 

dissimilar metals [1.7]. Furthermore, the FSW process yields higher mechanical 

strength of joints and does not produce fumes, porosity, or spatter. Moreover, FSW is 

amenable to automation and has a low environmental impact [1.4-1.9]. For all the 

aforementioned advantages, this advanced joining technique is of interest to be used in 

the field of automotive, aerospace, shipbuilding, and military domains [1.10, 1.11]. 

Nevertheless, it is noteworthy that the FSW technique does possess certain limitations 

[1.12], including:
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• The magnitude of clamping force that must be exerted by the non-consumable 

tool to ensure proper fixation of the workpiece.  

• The reduction in the workpiece thickness resulting from the lack of filler 

material, requires an included margin in the FSW joint design to ensure accurate 

compliance with specific requirements. 

The FSW process is typically categorised into four primary steps [1.13, 1.14], which 

comprises:  

• Plunging Step: the FSW pin tool penetrates into the workpiece while rotating. 

Frictional heat is generated, elevating the temperature of the workpiece to a level 

below its melting point, inducing material plasticisation. The plunging action 

concludes when the tool shoulder makes contact with the upper surface of the 

workpiece, resulting in the introduction of an additional heat source arising from 

the plastic deformation energy of the workpiece. 

• Dwell step: the FSW tool undergoes continuous rotation to promote sufficient 

frictional heat, thereby plasticising the process zone of the workpieces. 

• Welding step: Subsequent to the plasticisation of the workpiece material, the 

FSW tool initiates its traversing motion along the welding direction or seam. As 

a result of the complete contact between the FSW tool and the workpiece, heat 

is continuously produced through friction and plastic deformation. The 

plasticised material flows from the advancing side (AS) to the retreating side 

(RS), aided by the FSW pin and shoulder, while the FSW tool shoulder 

encapsulates the underlying material.
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• The retraction step: By the end of the welding seam, the FSW tool exits the 

produced joint leaving a keyhole that indicates the end welding position. 

Throughout all of the FSW steps, the workpieces are firmly clamped to a bottom 

(backing) plate, thereby preventing longitudinal, vertical, or lateral movement. From a 

manufacturing perspective, it is widely acknowledged that FSW can be regarded as a 

forging/extrusion process [1.15]. The terminologies associated with FSW, and its four 

distinct steps are illustrated in Figures 1.1 and 1.2, respectively. 

 

Fig. 1.1 Schematic illustration of FSW process
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Fig. 1.2 FSW primary steps. 

1.1.2. Metals and alloys dissimilar joining processes 

The wide variation in physical and mechanical properties among different grades of 

metals and alloys provides designers with a range of options for selecting suitable 

material combinations to meet specific design requirements [1.16, 1.17]. Dissimilar 

material joints are typically used in situations where it is advantageous to replace similar 

joint materials for specific engineering applications. Examples of such applications 

include the use of combinations of austenitic to ferritic steels in power systems [1.18], 

dissimilar joints of copper-nickel to steel in the oil and gas industry [1.19], the 

application of copper to steel joints in shipbuilding engineering industries, and 

dissimilar joints of aluminium to steel in automotive and aerospace fields [1.20, 1.21].
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The rapid demand for joints with a high strength-to-weight ratio, particularly in the 

transportation and aerospace industries, has led to an increased need for defect-free 

joints that possess high mechanical properties and low energy consumption. Dissimilar 

joints have become favoured due to their ability to improve product performance while 

meeting the functional requirements of the component. However, the use of dissimilar 

joints presents several technical challenges [1.22]. Conventional joining techniques for 

dissimilar materials include fusion welding, adhesive bonding, diffusion bonding, 

brazing, glazing, riveting, laser roll welding, friction welding, clinching, and 

mechanical attachment, depending on the joint requirements and materials 

combinations [1.23, 1.24]. The success of dissimilar joints is usually dependent on the 

joining process and its associated process parameters. Despite its limitations, fusion 

welding remains the most commonly used joining process for dissimilar metals and 

alloys [1.25].  

In circumstances where there is a need to join a combination of dissimilar metals and/or 

alloys using the conventional fusion welding processes, significant challenges emerge 

as a result of the differences in chemical compositions and the mismatch in the physical 

and mechanical properties of each metal [1.26, 1.27]. For example, the mismatch in 

thermal expansion can result in the formation of residual stresses that impair joint 

mechanical strength [1.28]. Moreover, excessive heat input during the fusion welding 

process can negatively alter the microstructure and mechanical properties of the 

dissimilar joints [1.29]. In contrast, FSW technology has the potential to replace 

conventional joining methods due to its ability to produce defect-free welds on 

dissimilar metals and alloys [1.30].
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1.1.3. Modelling of the FSW process  

The growing interest in FSW applications has resulted in an increased demand for 

accurate numerical analysis and prediction of the final weld quality. Developing robust 

and validated FSW models has become essential as they facilitate the development of 

new tool designs and provide information on the optimum process parameters for a new 

joint design and materials [1.31]. Furthermore, numerical models can also be utilised to 

study the role of the intermetallic compound (IMCs) formation in improving dissimilar 

joint mechanical performance, and thus reduce the experimental costs associated with 

dissimilar FSW’s. Advanced FSW models can also predict the conditions under which 

flaws or defects may arise [1.32, 1.33]. 

It is widely acknowledged that the FSW process can be considered as a multi-physical 

problem, which encompasses the combined material deformation, mass flow, and heat 

flow processes [1.34]. Consequently, the current FSW models can be broadly classified 

into four categories: thermal-based models [1.35], thermo-mechanical-based models 

[1.36], material flow-based models [1.37], and microstructure evaluation-based models 

[1.38]. Overall, these models have been developed to predict various aspects of the FSW 

process, including material flow, thermal and residual stresses, and reaction forces on 

the FSW tool [1.39]. 

1.2. Problem statement and objectives 

The disparity in physical and mechanical properties between two dissimilar materials, 

such as aluminium and copper, presents significant technological challenges when 

considering fusion welding joining processes [1.40]. Therefore, FSW technology can 

replace conventional joining methods, due to its ability to produce defect-free dissimilar 
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joints of metals and alloys, which exhibit better joint quality [1.41-1.45]. This study 

presents the successful butt welding results of dissimilar materials using the FSW 

process. 

The primary objective of the present study is to develop a process using FSW for 

welding both similar and dissimilar materials. The specific aims of this research include: 

• Identification of the FSW process parameters that consistently produce defect-

free FSW butt joints. 

• Evaluating the impact of the FSW parameters on weldment quality, using 

metallurgical, analytical, and mechanical techniques. 

• Development of a finite element model to simulate the FSW process, with a 

primary focus on understanding the effects of welding parameters on 

temperature as part of thermal simulation. Stress and strain, although initially 

considered, were not the central subjects of numerical modelling in this study. 

• Establishment of a robust optimisation process for dissimilar FSW parameters 

that requires the minimum number of experiments and is less sensitive to other 

uncontrolled parameters, such as environmental conditions and user input. 

1.3. Research approach 

This investigation utilises both experimental and numerical modelling techniques to 

achieve its objectives. Specifically, the FSW process will be employed to create butt 

welds between various similar metal combinations including copper-to-copper, 

aluminium-to-aluminium, and magnesium-to-magnesium, as well as dissimilar 

combinations such as copper-to-aluminium and aluminium-to-magnesium. The 

weldment quality will be assessed through the use of metallurgical and mechanical 
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analysis techniques. Finite element modelling will be utilised to simulate the joining 

process and investigate the impact of process parameters on the weld characteristics. 

The results of both the experiments and the numerical simulations will be used in 

conjunction with phase diagrams of metallic alloys to predict the evolution of 

intermetallic phases and elemental composition in different areas of the weldment. 

Design of experiments (DoE) techniques will be implemented to ascertain the key 

parameters influencing the mechanical strength of FSW joints and to minimise the 

number of experiments needed to optimise joint efficiency. The impact of tool rotational 

speed, welding speed, material placement, and tool geometry will be comprehensively 

evaluated to establish a process window that ensures consistently high joint mechanical 

performance. 

1.4. Thesis structure 

This thesis is divided into seven further chapters. Chapter 2 presents a comprehensive 

literature review of the state of the art knowledge associated with the FSW process, as 

well as the challenges involved in performing similar and dissimilar FSW of metals and 

alloys. 

Chapter 3 outlines the experimental procedures employed to achieve similar and 

dissimilar FSW butt joints using various selected metals, including aluminium, copper, 

and magnesium alloy. A comprehensive description of the characterisation methods 

employed to critically evaluate the FSW butt joints is also presented. This includes 

metallographic examination, compositional analysis, and phase identification, which 

were accomplished using energy dispersive spectroscopy (EDS), X-ray diffractometry 

(XRD), and electron backscatter diffraction (EBSD). The chapter also delves into the 
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mechanical assessment approach of the joints. Moreover, Chapter 3 also provides 

details on the numerical modelling techniques employed to simulate the FSW process, 

including different solution methods for partial differential equations and various 

domain discretisation techniques such as Lagrangian, Eulerian, and Coupled Eulerian 

Lagrangian (CEL). 

 Chapter 4 presents an analysis and discussion of the results obtained from similar and 

dissimilar FSW butt welding joints. The first part of the chapter focuses on the 

presentation of the optimal process parameters that produce defect-free joints for 

copper-to-copper and aluminium-to-aluminium. Subsequently, the chapter discusses 

the results of obtaining defect-free joints of dissimilar FSW between aluminium and 

copper. The experiments involved welding of aluminium grades AA5083 and AA1061 

to copper, with different tool rotational speeds (ω) and traverse speeds (v) - (ω/v) ratios 

- to identify the optimal process parameters that result in higher joint mechanical 

strength. 

Chapter 5 focuses on the results obtained from the dissimilar FSW of AA6061 to 

copper, including the optimal process parameters identified to achieve defect-free 

joints. The chapter also details the results of the numerical modelling approach using 

the coupled Eulerian-Lagrangian (CEL) method, along with the validation procedure 

used for the dissimilar FSW of AA6061 to copper. Moreover, the chapter presents a 

robust prediction method for IMCs formation during dissimilar FSW welding of 

aluminium to copper. 

Chapter 6 details the outcomes of optimising the dissimilar FSW process parameters of 

aluminium grade AA5083 to copper. The impact of welding speed, tool rotational 
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speed, material placement, and tool design on the joint properties is explored in detail 

throughout the chapter. The Taguchi DoE approach is adopted to determine the key 

parameters that significantly affect the dissimilar FSW joints’ mechanical strength 

while reducing the number of experiments required for optimal joint efficiency. 

Statistical analysis methods such as the analysis of variance (ANOVA) technique are 

employed to validate that the identified process parameters have a significant impact on 

the mechanical properties of the dissimilar FSW joints. 

Chapter 7 details the investigation of the influence of aluminium alloy grade on 

dissimilar FSW of aluminium to the magnesium alloy, AZ31B. The impact of using two 

different aluminium alloys on the joint quality of dissimilar Al to Mg grades (AZ31B) 

is also assessed. The optimal process parameters for achieving defect-free joints are 

explored by examining the joints' macro and microstructure, as well as assessing the 

presence and distribution of the IMCs. Additionally, the chapter discusses the combined 

impact of joint microstructure and IMCs formation on the dissimilar Al to Mg joint 

mechanical strength. 

Finally, Chapter 8 contains the research conclusions and provides recommendations for 

future work. 
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2. Literature review 

The literature concerning the experimental and numerical challenges related to the 

dissimilar friction stir welding (FSW) of metals and alloys is examined in the 

subsequent chapter. In terms of experimentation, the chapter provides a critical 

evaluation of the key findings and limitations associated with the application of FSW 

to join dissimilar materials, such as aluminium, copper, and magnesium alloys. Whereas 

the numerical content discusses the available modelling methods developed for 

simulating the FSW process.  

In addition, this chapter discusses FSW tool design and material, process parameters, 

defect formation, and current optimisation methods of FSW process parameters. 

2.1. FSW versus conventional welding processes 

In current engineering applications, there is a growing trend towards using dissimilar 

metal joints, due to their inherent advantages in partially substituting different metals 

and alloys. Examples include copper combined with aluminium alloys in electrical 

connectors, heat exchanger tubes, transformer foil conductors, and capacitor foil 

windings [2.1] . Additionally, the dissimilar aluminium joints used in the aerospace and 

transportation industries [2.3]. With an increased demand for high strength-to-weight 

ratio components, particularly in the aerospace and transportation sectors, there is a 

pressing need to produce defect-free joints that exhibit higher mechanical properties. 

However, conventional fusion processes such as Gas Tungsten Arc Welding (GTAW) 

and Metal Inert Gas (MIG) welding suffer from various limitations, including the 

presence of porosity, solidification cracking, oxidation, and high joint distortion, which 

significantly impair the mechanical performance of dissimilar joints [2.4–2.6]. In 
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addition, fusion welding processes adversely affect the alloy concentration at the fusion 

zone and the material adjacent to the weld pool due to the diffusion process [2.7].  

These challenges mean that various metals and alloys are deemed unweldable or 

difficult to weld using conventional welding processes, including a wide range of 

aluminium series such as 2xxx and 7xxx, which are commonly used in the 

transportation industry [2.2]. The aluminium series of alloys are often categorised as 

difficult-to-weld metals due to the following reasons when considering a conventional 

welding process [2.1, 2.8]: 

• Impaired solidified microstructure, which can negatively affect the joint's 

mechanical properties, reducing its overall strength and durability. 

• Solidification shrinkage, almost twice that of ferrous alloys.  

• Wider solidification temperature ranges. 

• Presence of oxide layers. 

• High thermal conductivity. 

• High coefficient of thermal expansion. 

• Voids formation.  

Voids or gas porosity defects are common in most metals and alloys, especially in heat 

treatable aluminium alloys such as the 2xxx, 6xxx, and 7xxx series, which are more 

prone to crack initiation [2.9, 2.10]. Further, metals that have been subjected to heat 

treatment, thermo-mechanical processes, and/or chemical precipitates also tend to 

exhibit lower joint mechanical strength relative to the base metal [2.11, 2.12].  

 In contrast to fusion welding, the solid-state joining technique known as FSW has the 

potential to replace conventional joining methods due to its ability to produce defect-
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free welds on dissimilar metals and alloys [2.13]. As a solid-state joining technique, 

FSW generates minimal distortion, thereby enabling the creation of superior welds with 

excellent mechanical properties [2.14]. Presently, FSW applications are not limited to 

aluminium alloys and can be applied to a wide range of soft and hard-to-weld metals 

and alloys such as nickel, magnesium, copper, and steel alloys [2.14–2.18]. Several 

studies have demonstrated the feasibility of the FSW process to produce relatively 

robust, high-quality welds on dissimilar joints [2.16–2.20]. Table 2.1 provides insight 

into the various dissimilar friction stir welds and their equivalent industrial applications.  

It's worth mentioning that the classification given in Table 2.1 is based on solubility, 

which reveals how two metals interact during welding. The "severe-interfacial reaction" 

between Aluminium (Al) and Magnesium (Mg) points to intense metallurgical 

interactions, often introducing welding complexities [2.28–2.30]. This can be attributed 

to Mg typically having a higher solubility in Al than Aluminium's solubility in Steel 

[2.21–2.24] . Conversely, the "medium-interfacial reaction" observed with Aluminium 

(Al) and Steel indicates a moderated level of interaction. In essence, solubility plays a 

pivotal role in determining the outcome and quality of the weld. 

 

 

 

 

 

 



Chapter 2  Literature Review 

50 

 

Table 2.1 Typical examples of dissimilar FSW welds and the industrial applications 

Dissimilar FSW 

materials 

FSW joint 

classification 

Joint application Ref. 

Aluminium/ mild 

steel 

Medium-

interfacial 

reaction 

Automotive industry i.e., Engine 

cradles (Honda Motor Co.), Marine 

industry i.e., decks to hulls. 

Gasketed joints and vessels. 

[2.21–

2.24] 

Aluminium / 

aluminium  

 

Severe-

interfacial 

reaction 

Fabrication of aircraft structures, 

ship structures (electronic parts), 

transport structures (parts of the 

internal combustion engine, ICE) 

and bodywork. 

[2.9–

2.27] 

AZ31B/AA6061 Severe-

interfacial 

reaction 

Automotive, aerospace electronics, 

transportation, cathodic protectors, 

ship building, offshore, power 

generation, and railway industry. 

[2.28–

2.30] 

Al-Si/ pure 

titanium 

Medium-

interfacial 

reaction 

Automobile and aircraft industries. [2.30–

2.32] 

Al reinforced/ 

SiC matrix 

New-dissimilar 

materials 

Aerospace, motor sport and 

automotive industrial fields. 

[2.33] 

AA5083/copper Medium-

interfacial 

reaction 

Electrical connectors, heat 

exchangers tubes, transformer’s 

foil, conductors, and capacitor 

windings. 

[2.34–

2.38] 
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On a commercial scale, the FSW process has been adopted by Eclipse Aviation, Ford, 

and Mazda Motors as a partial replacement for certain fusion welding applications 

[2.18, 2.39]. Additionally, the FSW process has been developed to manufacture steel 

pipes [2.40, 2.41], and copper barrels for nuclear waste applications, resulting in longer 

lifetimes and defect-free welds [2.34, 2.42]. From a research perspective, the FSW 

process has been extensively investigated as a means of surpassing fusion welding 

processes and has been considered as an alternative to brazing for fabricating waveguide 

structures [2.14]. Recently, FSW has emerged as a competitive alternative to 

conventional joining processes for producing plastic and polymer parts at relatively 

higher welding speeds [2.43, 2.44]. 

In general, research on the FSW process has led to the advancement of modelling 

approaches to simulate thermo-mechanical processes. This progress has enabled the 

development of new FSW tool designs, allowed for the consideration of further 

dissimilar material systems, and improved the FSW optimisation process [2.45, 2.46]. 

It is noteworthy that the FSW technique has given rise to several sub-processes, such as 

Friction Stir Processing (FSP), developed by Mishra et al. [2.1]. It is -the FSP- an 

advanced method that precisely modifies the microstructure of metals, improving their 

mechanical and thermal attributes while preserving the essential characteristics of the 

bulk material. This solid-state surface-modification technique -FSP- offers numerous 

processing capabilities such as eliminating casting defects, refining microstructures, 

improving strength and ductility, increasing fatigue resistance, enhancing formability, 

and improving corrosion resistance. Friction Stir Spot Welding (FSSW) can also be 

considered a sub-process of the FSW technology. Several promising research findings 

indicate that FSSW can compete against conventional resistance spot welding in the 
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automotive industry, with lower energy consumption and process costs [2.18, 2.47]. 

Ultimately, the FSW process can also be considered environmentally friendly due to its 

lower energy requirements compared to fusion and other conventional welding 

processes. The potential for reduced energy usage in FSW, without compromising joint 

integrity or mechanical properties, underscores its suitability as a green manufacturing 

process and aligns with global efforts to promote cleaner production technologies 

[2.1]and [2.48].  

Zhao et al. [2.49] conducted a comprehensive comparative study on aluminium alloys 

to examine and evaluate the mechanical and microstructural characteristics of joints 

fabricated via the FSW process and conventional MIG and TIG welding methods.The 

study's findings indicated that joints produced using the FSW process exhibited 

relatively consistent higher mechanical strength and fatigue life compared to those 

produced using conventional fusion welding techniques. Furthermore, the 

microstructures of the parent metal were usually preserved after the FSW process, 

whereas the  fusion processes had a negative impact on the parent metal microstructure 

[2.49, 2.50]. Fig. 2.1 provides a comparison of the tensile strength performance of the 

FSW and conventional welding processes. 
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Fig 2.1 AA6082 and AA6061 joints mechanical strength produced by FSW and MIG 

welding process [2.49]. 

2.2. Similar and dissimilar FSW of aluminium alloys         

The FSW process has been utilised in the early stages to join materials classified as 

difficult to weld by conventional fusion welding processes, especially similar and 

dissimilar aluminium alloys [2.51]. Numerous investigations [2.2, 2.45, and 2.46] have 

been conducted using the FSW technology to join aluminium materials of different 

grades, with the aim of identifying the optimum welding parameters that result in 

defect-free joints and enhanced mechanical performance. 

In their pioneering work, Murr et al. [2.2], summarised the extensive research 

advancements made in this area over a decade and a half. Their review report comprised 

18 FSW reference systems with similar materials and 25 distinct FSW systems 

involving dissimilar materials. The report established the optimum FSW parameters for 
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similar and dissimilar aluminium alloys, such as tool design and material, tool rotational 

speed, and traverse speed. Based on Murr et al.'s [2.2] findings, similar and dissimilar 

aluminium alloy joint systems are no longer difficult to weld since the process window 

for achieving defect-free FSW joints has been clearly identified. 

2.3. FSW of copper  

Copper and its alloys, which are relatively difficult to weld, have been widely 

considered for several engineering applications due to their high electrical and thermal 

conductivity properties. Copper applications include shell and tube heat exchangers, 

electrical connections such as capacitor windings, and transformer conductors [2.52]. 

Moreover, the application of copper has recently been extended to include structural 

materials that require multi-manufacturing processes, such as welding techniques, 

owing to its superb corrosion resistance properties [2.53,]. However, several factors 

limit the weldability of copper and its alloys when using the fusion welding process, 

such as the alloying elements, thermal conductivity, shielding gas, type of current used 

during welding, joint design, welding position, surface condition, and cleanliness 

[2.54].  

The high thermal conductivities of commercial copper and its alloys necessitate the 

consideration of selected types of current and shielding gas to apply an appropriate 

heat input that is as high as possible to counteract the steep heat dissipation that occurs 

around the localised weld zone (welding pool) [2.55]. In addition, certain copper 

alloys require a preheating process to achieve defect-free joints [2.56]. Overall, it is 

widely recognised that copper alloy joints produced by the fusion welding process 

typically exhibit unavoidable residual stresses and hot shortness [2.57]. To overcome 
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the aforementioned challenges that arise when considering conventional fusion joining 

processes, solid-state joining processes such as FSW technology have been 

extensively investigated. These investigations have involved both experimental and 

numerical approaches to achieve high FSW joint efficiency [2.36-2.58]. 

In their work, Sakthivel et al. [2.58] successfully produced defect-free FSW butt joints 

of commercially pure copper with a sheet thickness of 2 mm. A relatively lower welding 

speed of 30 mm/min and high rotational speed of 1000 rpm were utilised, and the 

resulting joint achieved up to 85% mechanical joint efficiency relative to the parent 

material. Subsequently, Sun et al. [2.59] identified a process window for achieving 

defect-free FSW joints of commercially pure copper, which included tool rotational 

speed, tool welding speed, and tool load. The authors [2.59] also investigated the 

influence of FSW welding parameters on both the joint mechanical performance and 

microstructure. Based on this work [2.59], it was found that FSW of commercially pure 

copper is more sensitive to the applied tool load than the tool rotational or welding 

speed. Increasing the applied tool load directly enhances the joint's mechanical strength. 

Building on the work of Sakthivel et al. [2.58] and Sun et al. [2.59], Shen et al. [2.60]  

investigated the trade-off point between FSW joint microstructure, in terms of stir zone 

grain size, and ultimate tensile strength. It was reported that the ultimate tensile strength 

increases -unconditionally - by decreasing the grain size of the stir zone microstructure. 

However, the stir zone grain size was found to initially increase and then decrease with 

an increase in the tool welding speed, which led to a decrease in the joint ultimate tensile 

strength after reaching a certain peak point (as shown in Fig. 2.2). The authors [2.60] 

also emphasised that the tool welding speed has a relatively lower effect on the joint's 

mechanical strength within the range of 25-150 mm/min. 
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Fig. 2.2 Mechanical performance of commercial pure copper FSW joints at different 

welding speeds [2.60]. 

Based on the findings of Shen et al. [2.60], Zadeh et al. [2.61] developed an analytical 

model that enabled them to predict the mechanical properties of butt joints produced 

using FSW on commercially pure copper. In their analytical model, the response surface 

methodology (RSM) was applied at five levels and 31 runs of four different FSW 

parameters (tool rotational speed, welding speed, forging force, and tool design) with 

the aid of design expert software. It was  claimed [2.61] that joint mechanical strength 

in FSW of commercial copper is proportionally affected by the tool rotational speed, 

welding speed, and forging force. According to their model, the maximum joint 

efficiency can be achieved at a tool rotational speed of 942 rpm, a welding speed of 84 

mm/min, and an axial force of 1.62 KN. Zadeh et al. [2.61] also concluded that 
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increasing the tool rotational speed, welding speed, and axial force increases the joint 

ultimate tensile strength (UTS) up to a trade-off value before it starts to decrease. 

More recently, Jabbari et al. [2.62] successfully simulated the grain growth behaviour 

during the FSW of commercially pure copper. The predicted temperature from a pre-

developed thermal model was used to trace the grain growth behaviour at different FSW 

zones with a constant welding speed and various rotational speeds. This was achieved 

by incorporating the predicted temperature into a microstructural model to determine 

grain size variations throughout the welding process. Such a detailed simulation 

provides valuable insights into the microstructural dynamics of FSW, contributing 

significantly to the understanding of material behaviour under different welding 

conditions. The authors observations [2.62] supported the findings of Zadeh et al. 

[2.61], where the ultimate joint tensile strength was achieved at 900 rpm. This was 

mainly attributed to the proportional relationship between the stir zone grain size and 

tool rotational speed. 

2.4. Similar and dissimilar FSW of magnesium alloys  

There is an increasing research interest in the joining of lightweight metals, such as 

magnesium-based alloys, due to their potential applications in various fields, including 

automotive, aerospace,  and electronics [2.16]. This interest is fuelled by several 

attractive properties, including low density, high damping behaviour, reliable 

electromagnetic coating, high specific strength, and stable formability behaviour at 

higher temperatures [2.16-2.63]. Additionally, the casting of magnesium alloys is 

relatively less expensive and often recyclable [2.64]. Further, the properties of 

magnesium alloys make them an ideal candidate for use in nuclear reactors, as they 



Chapter 2  Literature Review 

58 

 

exhibit excellent resistance to carbon dioxide (CO2) and can serve as fuel cladding and 

structural components in nuclear power plants [2.1, 2.18]. Furthermore, magnesium 

alloy applications have expanded to include the biomaterials industry due to their good 

biocompatibility behaviour. However, magnesium alloys possess some adverse 

properties such as poor formability and ductility at room temperature, limited 

mechanical strength, low fatigue behaviour, and low creep resistance [2.16, 2.28].  

It is widely acknowledged that methods such as grain refinement, recrystallisation, and 

the addition of rare-earth elements like Yttrium (Y) and Neodymium (Nd), can 

significantly enhance the mechanical properties of magnesium alloys [2.16-2.64]. As 

such, the FSW technology can effectively replace conventional joining methods by 

producing defect-free welds of magnesium-based alloys while maintaining the desired 

level of grain refinement arising from higher strain rates. FSW of magnesium alloys has 

been found to prevent the formation of coarse grains, brittle intermetallic compounds 

(IMCs), porosity, solidification cracking, oxidation, and joint distortion, which are 

commonly associated with fusion welding processes [2.65]. 

Several research works have been carried out to evaluate the potential of FSW 

technology in enhancing the joint mechanical performance of magnesium alloys by 

improving the joint microstructure. A summary of these reports is presented in Table 

2.2. 
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Table 2.2 An overview of research on FSW joints for magnesium-based alloys 

 

Magnesium 

alloy 

Welding 

parameters 

Mechanical 

properties 

Remarks/Conclusions Ref. 

AZ31/AZ91 N (1400-

1800) rpm,   

v (25-100) 

mm/min 

UTS up to 

183 MPa 

Defect-free joints were 

achieved by optimising the 

process parameters, resulting 

in the absence of hot cracking 

defects. 

[2.65] 

 

AZ61A N (1200 

rpm), v (90 

mm/min), 

and 3-7 kN 

tool axial 

force. 

UTS up to 

224 MPa. 

A tool rotational speed of 1200 

rpm, a tool welding speed of 

90 mm/min (equivalent to a 13 

ω/v ratio), and an axial force of 

5 kN led to a joint efficiency of 

83%. 

[2.66] 

AZ31 N (800-1600) 

rpm, v (120 

mm/min) 

UTS up to 

225 MPa. 

Higher joint mechanical 

strength was obtained at a tool 

rotational speed of 1200 rpm, 

corresponding to a 10 ω/v 

ratio. 

[2.30] 

AZ31B N 600 rpm, 

v (200 

mm/min) 

 

UTS up to 

216 MPa. 

The use of CO2 as a cooling 

medium in the process has 

been observed to refine the 

joint microstructure and 

promote a high dislocation 

density. As a result, a 

significant number of twins 

and second-phase particles 

have been detected. 

[2.63] 
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In general, the FSW of magnesium-based alloys is highly dependent on the welding 

process parameters, as reported in various studies [2.16-2.67]. Thus, the current 

research is aimed to optimising the FSW parameters to leverage the full potential of this 

solid-state joining technology and overcome the limitations associated with the fusion 

processes. Furthermore, the exact influence of FSW welding parameters on joint 

mechanical performance has yet to be accurately predicted and validated. 

2.5. Dissimilar FSW of aluminium alloys to copper 

Dissimilar welding of aluminium to copper provides an attractive solution for 

engineering systems that require partial replacement of copper with aluminium to 

benefit from the latter's lower cost and lightweight properties while maintaining the 

electrical properties of the former. Such systems include shell and tube heat exchangers, 

electrical connections, capacitor windings, and transformer conductors [2.68 –2.70]. 

However, dissimilar aluminium to copper welding presents challenges due to the 

differences in thermal, chemical, and metallurgical properties of the two metals. The 

solid-state FSW process was developed to join difficult-to-weld metals and alloys and 

offers advantages over fusion welding techniques in dissimilar welding. These benefits 

include reduced environmental impact, elimination of solidification problems such as 

cracking and porosity formation, lower heat input, and less distortion [2.14].    

Nevertheless, challenges emerge when joining aluminium to copper, particularly the 

formation of IMCs at the interface and weld nugget zones as well as the mismatch in 

their melting points temperature. Several attempts have been made to predict and 

control IMCs formation. Mishra et al. [2.71] proposed the first approach for predicting 

the IMCs in such cases. The authors [2.71] made use of a simplified material volume 
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under the FSW tool and demonstrated -qualitatively- that the formation of IMCs could 

be predicted through the use of a phase diagram, provided that the tool offset was 

carefully controlled. However, as Mishra et al. approach [2.71] took no account of the 

thermo-mechanical effect during the FSW process, the ability to accurately predict the 

IMCs formation is questioned. Additionally, the material volume beneath the FSW tool 

is known to form a simple parallelepiped shape which was not accounted for [2.71]. 

More recently, Shailesh et al. [2.72] advanced the work of Mishra et al. [2.71] by 

assuming a cylindrical material volume under the FSW tool. Although the derived 

equations of Shailesh et al. [2.72] were valid and logically accepted to represent the 

material volume under the FSW tool, there was again an absence of accurate thermo-

mechanical data to fully support their method.  

In addition to the above-mentioned predictive approaches, some attempts have been 

conducted to comprehend the formation of IMCs and their impact on the joint’s 

mechanical strength. Ouyang et al. [2.8] studied the microstructural evolution during 

FSW of AA6061-T6 to copper, where the dissimilar weld nugget exhibited several 

IMCs, such as Al2Cu, AlCu and Al4Cu9. In this work [2.8], thermocouples were 

positioned at 2 mm, 4 mm, and 6 mm from the pin area and towards the aluminium (the 

retreating side (RS)). It was found [2.8] that the measured temperature of the AA6061 

reached 580°C, which is greater than the melting temperature at the eutectic 

composition of an Al-Cu binary alloy. The authors [2.8] proposed that these IMCs 

evolved on the basis of two different phenomena, these being the constitutional 

liquation that governs the formation of aluminium-rich phases (Al/Al2Cu eutectics, 

Al2Cu and AlCu), which is due to their solidified morphology, and the relatively lower 

melting temperature of aluminium-rich phases. In contrast, the solid-state diffusion 
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phenomenon was claimed to control the formation of the copper-rich IMCs in the weld 

zone (Cu(Al) and Al4Cu9). The latter phenomena can be attributed to the thermo-

mechanical effect of FSW at the weld nugget, where the melting temperature of Al4Cu9 

(1030°C) is higher than the peak temperature during FSW. It was concluded [2.8] that 

the existence of these brittle IMCs created a high level of disparity in the mechanical 

properties of the weld. In their work [2.8], there was an absence of the resultant high 

strain rate effect in the evolution of the relatively lower melting temperature IMCs 

(Al2Cu and AlCu), as the thermo-mechanical effect of FSW can also explain the 

formation of these IMCs. 

More recently, Galvao et al. [2.73] claimed that the IMCs formation in dissimilar FSW 

of aluminium to copper can only be explained by the thermo-mechanically activated 

solid state diffusion phenomenon. Unlike the approach of Ouyang et al. [2.8], Galvao 

et al. [2.73], proved the absence of solidification structures in both the aluminium and 

copper rich sides, and reported that the resultant high strain rate during the FSW process 

facilitates the formation of Al2Cu, AlCu and Al4Cu9, an approach that has also been 

supported in other recent publications [2.34-2.37]. Further, Xue et al. [2.74] and Galvao 

et al. [2.75], investigated the influence of process parameters on the evolution of IMCs 

during FSW of aluminium to copper. It has been claimed [2.74, 2.75] that the tool 

rotational speed to the welding speed (ω/v ratio) has a significant effect on the IMCs 

formation and subsequently the joint mechanical strength. Other published work [2.37, 

2.76] demonstrated that the thin and continuous IMCs layer in aluminium to copper 

could significantly improves the mechanical properties of the joint in which the 

predominant IMCs in the weld nugget were Al2Cu and Al4Cu9, and that their presence 

resulted in a tensile strength equating to 80% of the aluminium base alloy. 
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An additional key factor that affects the joint mechanical properties in FSW of 

aluminium to copper is the placement of each workpiece [2.19–2.77]. Numerous studies 

noted that defect-free butt joints between aluminium to copper could be produced by 

placing the harder material (copper) on the AS [2.73–2.81]. According to these studies 

[2.73–2.81], placing the copper on the AS leads to suitable mixing between aluminium 

and copper since it is easier for the softer material (aluminium) to flow. However, tool 

offsetting towards either the retreating or advancing side was usually required to 

achieve defect-free joints [2.70]. The various ranges reported for the tool offsets 

resulted in this method being impractical for industrial use. 

In contrast, other researchers reported that defect-free joints can be obtained by placing 

the softer material (aluminium) on the AS [2.17–2.82]. For example, Tan et al. [2.82], 

successfully joined 3 mm thick 5A02 aluminium to commercially pure copper by 

placing the aluminium on the AS and negligible tool offset towards the 

advancing/retreating sides. A tool rotational speed of 1100 rpm and a 20 mm/min tool 

traverse speed were the welding parameters that resulted in high UTS of 130 MPa 

(75.6% joint efficiency relative to the aluminium base metal). According to their 

findings [2.82], the presence of a thin and continuous layer of IMCs was observed at 

the aluminium/copper interface. The formation of these IMCs was also detected inside 

the stir zone and resulted in an inhomogeneous hardness distribution across the weld. 

Additionally, Tan et al. [2.82] argued that, placing the softer material (aluminium) on 

the AS facilitates the formation of a composite-like structure at the stir zone (as shown 

in Fig. 2.3). This is a structure which was found to considerably enhancing the joint 

mechanical strength. Further, the authors [2.82] noted a development of channel defect 

at higher tool traverse speed of 40 mm/min. 
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Fig. 2.3 Composite-like structure and IMCs Formation mechanism during FSW: (a) 

tool was plunged into workpiece, (b) material flowed when tool rotated, (c) fragments 

and particles were transported into each side and (d) formation of composite-like 

structure and nano-scaled microstructure [2.82]. 

Likewise, Karrar et al. [2.17], reported on the advantages of placing the softer material 

on the AS. Their work established the validity of placing the softer material (AA5083) 

on the AS to achieve relatively higher mechanical properties, i.e., 94.8% joint 

efficiency, which agreed with the work of Tan et al. [2.82]. Although Karrar et al. [2.17] 

qualitatively identified the direct benefit of the combined presence of IMCs and the 

composite-like microstructure on the joint mechanical strength, there was a lack in 

quantifying these IMCs as well as predicting their presence relative to the FSW 
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parameters, i.e. ω/v ratio. Overall, researchers [2.17, 2.82] have not definitively 

demonstrated the negative or positive role played by the IMCs particles.  

2.6. Dissimilar FSW of aluminium alloys to magnesium 

It is vital in some engineering applications to replace aluminium alloys with certain 

magnesium alloys, since the latter provides efficient cost and weight reduction benefits 

compared to the former, while maintaining similar electrical and thermal properties 

[2.28, 2.83]. Section 1.5 of this thesis highlighted the limitations of fusion welding 

processes in achieving defect-free joints of dissimilar metals. However, it is important 

to note that dissimilar fusion welding of aluminium to magnesium alloys commonly 

results in relatively larger brittle IMCs and coarse grains at the weldment zone. In 

addition, the reflectivity of aluminium and magnesium alloys poses a challenge for 

certain welding processes such as electron beam welding (EBW), laser beam welding 

(LBW), and gas tungsten arc welding (GTAW) [2.16]. This is due to the lower energy 

efficiency of LBW, the evaporation of magnesium and zinc during EBW, and the wider 

weld seam resulting from the high heat exchange rate in GTAW [2.83].  

The FSW technology has been expanded to include dissimilar joints of aluminium to 

magnesium alloys, as it has shown outstanding capability in joining a wide spectrum of 

hard-to-weld metals and alloys and can overcome the aforementioned limitations of 

conventional welding processes. Luo et al. [2.84] emphasised that tool offset is 

necessary to achieve defect-free joints, as cracks were consistently observed at zero mm 

tool offset. In a subsequent study, Khodir et al. [2.85] argued that defect-free joints of 

dissimilar AA2024-T3 to AZ31 magnesium alloy can only be obtained by placing the 

harder material (AA2024-T3) on the AS. However, Kostka et al. [2.86], refuted this 
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claim in their work [2.86], producing defect-free joints of AA6064 and AZ31 

magnesium alloy by positioning the softer material (AZ31B) on the AS. 

Furthermore, dissimilar FSW of aluminium to magnesium alloys is also affected by 

other welding parameters, including tool rotational speed, tool welding speed, and tool 

shoulder design such as the ratio of the diameter of the welding tool (D) to the thickness 

of the workpiece (T) (D/T ratio) [2.16, 2.65]. Fig. 2.4 demonstrates the significant 

influence of the ω/ν ratio on the mechanical strength of dissimilar butt welds of 

aluminium to magnesium alloys [2.87]. It is important to note that a wider process 

window can be achieved by placing the softer material (magnesium) on the AS and 

offsetting the tool towards the magnesium side. In contrast to FSW of aluminium to 

aluminium or magnesium to magnesium, a D/T ratio of 3 is not suitable for dissimilar 

FSW of aluminium to magnesium alloys. Malarvizhi et al. [2.28] reported that joint 

efficiency of up to 89% (192 MPa tensile strength) can be achieved with a 3.5 D/T ratio. 

The authors [2.28] argued that the relatively high D/T ratio increases the frictional heat, 

which in turn stimulates the dynamic recrystallisation rate, resulting in a composite-like 

microstructure and higher mechanical performance.  

On the other hand, it is widely acknowledged that the combination of low diffusion rate 

and chemical reaction during FSW of dissimilar aluminium to magnesium alloys can 

improve joint mechanical strength by preventing the formation of brittle IMCs, which 

cannot be avoided with conventional fusion processes [2.16-2.29]. Similarly, other 

researchers have noted that the relatively lower joining temperature profile during FSW 

initially limits the formation of IMCs, and subsequently ensures a homogeneous 

distribution of the evolved IMCs due to the dual action of high strain rate and severe 

plastic deformation at the weldment zones [2.16, 2.29, and 2.87].  
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*ipm≡ inches per minute. *Load (kN)≡ tensile load or tensile force. 

Fig. 2.4 The influence (ω/ν) of on the joint mechanical strength in dissimilar FSW of 

aluminium to magnesium (AS) and offset to magnesium side. (a) plot and (b) contour 

relationship [2.87]. 



Chapter 2  Literature Review 

68 

 

2.7. Modelling of the FSW process 

Since the inception of FSW technology in 1991, researchers have made significant 

efforts to develop a numerical understanding of the thermo-mechanical phenomenon of 

the FSW process, these efforts have been in addition to ongoing experimental 

investigations [2.1-2.90]. These investigations have led to the development of various 

modelling techniques and the application of different computational modelling 

approaches to accurately explain the mechanisms that govern material behaviour during 

the FSW process. Ultimately, these efforts aim to reduce the cost of experimental work. 

Initially, the primary focus of simulating the FSW process was placed on thermal 

models, where researchers [2.91-2.93] aimed to elucidate the heat transfer and thermal 

behaviour of the process. These thermal models could only predict the temperature 

distribution at different FSW zones. For example, Song et al. [2.91] developed a 3-D 

heat transfer FSW model, considering a moving coordinate system. In their model, the 

analytical finite difference method (FDM) was used to numerically predict Navier 

Stock's energy equations. While the heat transfer during the FSW process was 

reasonably well simulated, Song et al.'s. [2.91] model was unable to calculate the 

temperature distribution around the FSW zones. 

Cho  et al. [2.92] made advancements on Song et al.'s [2.91] model by presenting a 3D 

model capable of predicting both thermal gradients and material flow during the FSW 

process. The ANSYS FLUENT computational fluid dynamics software was employed 

to run the model [2.92]. The FSW workpiece material - aluminium - was considered as 

an incompressible non-Newtonian fluid, where convection/conduction boundary 

conditions were applied along with temperature-dependent properties of the workpiece. 
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In their work, Cho et al. [2.92] assumed that plastic heat generation, which is the heat 

generated by the frictional forces between the FSW tool and the workpiece, is mainly 

originated from the sticking boundary conditions between the FSW tool and the 

workpiece. 

Material flow is widely recognised as a crucial factor that affects FSW joint properties 

[2.90]. Several parameters, including tool design, can affect and complicate material 

flow during the FSW process. For instance, a threaded conical tool pin can stimulate 

the stirring process and decrease the applied load. Material flow during the FSW process 

is highly dependent on the nature of the workpiece material (including its thermal and 

physical properties), and it, in turn, affects the selection of optimum welding 

parameters. Numerical visualisation of material flow during the FSW process has 

always been considered valid to optimise FSW tool design and achieve high joint 

performance [2.43, 2.63]. In a pioneering study, Colegrove et al. [2.93], successfully 

visualised material flow during the FSW process through a 3-D computational fluid 

dynamics (CFD) model, considering a simple shoulder and threaded pin tool profile. 

Colegrove et al. [2.93] aimed to comprehend the impact of various FSW parameters on 

the material flow around a complex threaded pin FSW tool. It was found [2.93] that the 

plasticised material that flowed in line with the deformation zone was swept around the 

RS of the pin. Colegrove et al. [2.93] also noted that the amount of this swept plasticised 

material around the pin increases at a location close to the shoulder. However, it was 

observed [2.93] that the deformation zone size was relatively larger than the 

experimentally observed zone size, indicating a limitation of this model to fully 

visualise the thermo-mechanical phenomenon during the FSW process. 
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Although the numerical models mentioned above [2.91–2.93] were valid in visualising 

material flow and/or predicting the temperature profile around FSW zones, there was a 

lack of evaluation of stress and strain during the FSW process and, therefore, the 

resultant reaction forces on the tool, such as the axial force. To overcome the limitations 

of the thermal models, researchers [2.94, 2.95] developed thermo-mechanical models 

of the FSW process. These models were based on two methods: (a) ignoring metal flow 

for non-flow-based models, or (b) assuming a flow-based thermomechanical modelling 

approach, such as Arbitrary Lagrangian-Eulerian (ALE) models. 

Non-flow-based FSW models are capable of predicting both the residual stresses 

resulting from thermal strain and the applied axial force - a key parameter that has been 

argued to influence the mechanical performance of FSW joints [2.91, 2.94]. For 

instance, Rajesh et al [2.94] successfully calculated the resultant residual stresses during 

FSW by assuming a 3-D thermo-mechanical analytical model of the stir zone around 

the tool pin. In their model [2.94], the force due to friction was neglected at the steady 

state of the FSW process, an assumption attributed to the fact that the plasticised 

material in the stir zone is plastically deformed rather than inducing friction on the FSW 

tool. The authors [2.94] argued that the calculated longitudinal residual stress 

component could reach up to 24% higher than the yield strength of the parent metal. 

Additionally, Rajesh et al. [2.94] claimed a symmetrical pattern of the residual stress 

distribution along the FSW sides, i.e., AS and RS sides. This pattern was attributed to 

the equivalent symmetrical pattern of the plasticised material along the FSW joint sides. 

In contrast, Buffa et al. [2.95] developed a robust 3-D Lagrangian implicit finite element 

model (FEM) of the FSW process, based on a combined rigid visco-plastic nature 

between the workpiece and the FSW tool. This continuum-based model was validated 
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using acquired experimental data of the FSW tool forces and workpiece temperature. 

Unlike previous studies [2.94], Buffa et al. [2.95] reported asymmetric thermal 

behaviour during the FSW process, along with a detailed description of FSW tool forces 

at different welding parameters. It was concluded [2.95] that the temperature 

distribution around the FSW tool implies an asymmetric strain distribution around the 

stir zone. Additionally, it was found [2.95] that temperature and the resultant thermal 

strain decrease at different weldment zones by increasing the welding speed. 

Furthermore, Buffa et al. [2.95] noted that the asymmetric behaviour of material flow 

around the stir zone was dominantly affected by the tool rotational and welding speeds. 

Nevertheless, accurately formulating the interaction between the rotating FSW tool and 

the workpiece remained a challenge. It has been widely emphasised that a fully coupled 

thermo-mechanical finite element approach should be applied to numerically model the 

FSW process [2.96]. This technique was adopted by Grujicic et al. [2.97], who 

developed an Arbitrary Lagrangian Eulerian (ALE) model that was not only robust in 

simulating the FSW process, but also capable of overcoming the severe mesh distortion 

that limits the previously mentioned FSW models [2.91–2.95]. In their model [2.97], 

the adaptive remeshing technique was applied to fully capture the free surfaces material 

and the material evolution in the weldment zone. Moreover, the modified Johnson-Cook 

material model was used to formulate the variation in dynamic recrystallisation relative 

to the plasticised material around the stir zone. Overall, Grujicic et al. [2.97] ALE-based 

predictive model showed good agreement with the experimental results. 

The coupled Eulerian Lagrangian (CEL) technique has recently been widely reported 

as the most appropriate modelling solution for the FSW process [2.98]. Unlike the ALE 

models which require continuous application of the remeshing technique, the CEL 
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technique captures severe plastic deformation by avoiding the distortion of the mesh 

during the process, as the material flows through a stationary mesh in the Eulerian 

domain. Using the Abaqus Explicit Solver environment, Al-Badour et al. [2.99] 

presented a CEL FSW model capable of predicting the welding parameters that are more 

likely to generate void defects during FSW of aluminium alloys (Fig. 2.5). In their 

model [2.99], the FSW workpiece was considered as an Eulerian domain where the 

FSW tool was modelled as a Lagrangian domain. The Coulomb's friction contact model 

was assumed to formulate the interaction between the Lagrangian (FSW tool) and the 

Eulerian (workpiece) domains. To model the plasticity of the workpiece material, 

Johnson-Cook’s constitutive model was employed, whereby the material flow/yield 

stress was described as a function of plastic strain, strain rate, and temperature profile. 

It was found [2.99] that the void formation, considering the CEL model, is highly 

affected by the applied coefficient of friction, with lower friction coefficients resulting 

in a higher tendency for void formation. The authors [2.99] also reported that a force 

control method at lower tool welding speeds results in relatively smaller void defects 

and wider TMAZ, a condition that leads to higher joint mechanical performance. 

 

Fig. 2.5 (a) The CEL schematic representation of FSW of dissimilar AA6061-T6 to 

AA5083-O butt joint. (b) localised FSW zone idealisation model [2.99]. 
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More recently, Karrar et al. [2.42] further improved on the CEL method by introducing 

a novel approach in which the FSW tool rotates and traverses along the Eulerian domain 

instead of the in/out flow model proposed by Al-Badour et al. [2.99]. The authors [2.42] 

incorporated the modified friction law described by Shokri et al. [2.100] to model the 

interaction between the Lagrangian (tool) and Eulerian (aluminium and copper) 

domains, which can involve both sticking and slipping conditions. 

2.8. FSW tool Design and process parameters 

2.8.1. FSW tool profile effect  

The FSW tool design has received increasing attention from researchers [2.1, 2.10, 2.18] 

since the introduction of the solid-state joining process. This is largely due to the crucial 

role that the FSW tool design plays in achieving better joint efficiency. It has been 

widely acknowledged that the upper part of the FSW tool (shoulder) not only generates 

enough frictional heat to plasticise the workpiece material, but also ensures the 

necessary forging force for FSW joint consolidation [2.9, 2.101]. Conversely, the FSW 

tool pin profile stirs the plasticised material and enhances the mixing process [2.10, 

2.96]. In general, FSW tool design can be divided into two main aspects: (a) the FSW 

joint type and (b) the thickness of the workpiece [2.101]. Table 2.3 outlines the 

functions and effects of various FSW tool feature parameters on joint configuration 

[2.18].  
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Table 2.3 Functions and impacts of FSW tool features on joint configuration 

Parameter  Function Dimensional impact  

Shoulder feature    Stirring, and mixing 

the plasticised 

materials in the joint 

surface. 

The complex the shoulder feature the 

better the material flow. 

Shoulder 

diameter 

Heat generation, 

material swept, and 

plastic deformation. 

The amount of heat generated during 

the FSW process increases with an 

increase in the shoulder diameter. 

Shoulder angle Forging and joint 

consolidation. 

A concave shoulder angle promotes 

material accumulation, whereas a 

convex shoulder angle promotes flash 

formation. 

Pin feature Stirring and mixing 

the swept material 

around the pin. 

The complex the pin features the 

better the material flow. 

Pin angle Swept the plasticised 

material along the 

workpiece thickness. 

Material flow is enhanced by 

increasing the pin angle. 

Pin diameter Partially, generating 

heat and thus, 

ensures the 

plasticised flow. 

Material flow is decreased by 

increasing the pin diameter. 

Pin length Forging and stirring 

action. 

The forging and stirring actions are 

improved by increasing the pin length, 

thereby reducing the tendency for 

defect formation. 
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Scialpi et.al [2.102] investigated the impact of different shoulder designs on the 

mechanical strength of FSW butt joints of 1.5 mm thick AA6082-T6 aluminium alloy. 

The study [2.102] examined three shoulder designs (Fig. 2.6), including fillet, 

scroll/fillet, and cavity/fillet, and was conducted at 1800 rpm and 460 mm/min tool 

rotational and welding speed, respectively. It was revealed [2.102] that the cavity/fillet 

shoulder design was the most appropriate geometry for the FSW butt joint, as it 

produced better crown -the raised portion in the centre of the welded joint- and root 

quality. While the three designs showed no significant differences in terms of joint 

transverse and tensile strengths, the cavity/fillet shoulder design was found to enhance 

longitudinal tensile strength [2.102]. This difference was attributed to the dual action of 

the cavity/fillet geometry, which improved joint strength and elongation. Therefore, the 

study [2.102] highlighted the importance of FSW tools with fillet and cavity shoulder 

designs for producing better joint crown surface and higher longitudinal strength. 

 

Fig. 2.6 Tools employed for the experimentation and their primary dimensions in mm 

[2.102]. 

A recent study by Elangovan et al. [2.103] comprehensively investigates the effects of 

FSW tool shoulder diameter and pin profile on the formation of the friction stir 

weldment zones of aluminium AA6061 alloy. The study [2.103] considers three 

different shoulder designs and five unique tool pin profiles (straight cylindrical, tapered 
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cylindrical, threaded cylindrical, triangle, and square). The produced FSW joints are 

characterised to observe the shape, height, and width of the weldment process zones 

(SZ, HAZ, and TMAZ). The authors [2.103] conclude that the shape of the weldment 

zones and the production of defect-free joints can be attributed to the combined effects 

of the FSW tool shoulder diameter and pin profile. 

In general, it is widely acknowledged that the material flow during the FSW process is 

primarily influenced by the tool pin profile. For instance, Lorrain et al. [2.104] 

conducted a study on the influence of FSW pin shape on the material flow path during 

the FSW process by considering two different pin profiles; feature and featureless 

(threaded and unthreaded) cylindrical and tapered pin profiles. In their investigation 

[2.104], the FSW tool shoulder was kept the same for the two designs (concave type), 

and a 2.5° tilt angle was applied to ensure an additional tool compression force on the 

workpiece. To ascertain the flow patterns, both cross-sectional and longitudinal sections 

of the welds were meticulously examined. This investigation was enhanced through the 

application of material markers (MM), which allowed for a more precise observation of 

the material's movement. It's important to note that these flow pattern differences were 

analysed through experimental means rather than numerical simulations, providing 

direct empirical evidence of the effects of pin geometry on material flow during the 

FSW process. The authors [2.104] suggested that the material flow during the FSW 

process is less affected by the pin feature, with threaded and unthreaded tool pins 

exhibiting almost similar material flow behaviour around the weldment zones. 

2.8.2. The influence of FSW process parameters  

Overall, the parameters of the FSW process can be divided into two categories: 

independent (controlled) and dependent parameters. The controlled parameters mainly 
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refer to the FSW tool conditions, such as tool rotational and welding speeds, while the 

dependent factors include the applied forces (forging forces), torque, and resultant 

temperature. In more complex configurations, such as robotic FSW, the axial (forging) 

force can also be considered an independent factor [2.1-2.105]. Technically, there are 

two common approaches to implementing the FSW process: force control method and 

torque control method. The latter approach (torque control) is widely recommended 

during the process for its robust sensitivity to the plunging depth [2.106]. 

Mishra et al. [2.107] proposed a conceptual model that qualitatively describes the 

correlation between the independent and dependent FSW process parameters and their 

influence on heat generation and dissipation. The primary objective of the model was 

to distinguish between the contributions of plastic deformation and friction work to the 

heat generation process. Fig. 2.7 illustrates the effect of the controlled parameter, FSW 

tool rotational speed, on various FSW dependent parameters. The model also shed light 

on the role of friction coefficient in the different process parameters. 
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Fig. 2.7 The relationships between FSW variables and the tool rotational speed 

[2.107]. 

Researchers [2.108-2.110] have further developed Mishra et al.'s [2.107] conceptual 

model by investigating the effect of FSW process parameters on joint mechanical 

performance, including UTS, microhardness, fracture toughness, fatigue crack growth 

rate, and residual stresses. For example, Cederqvist et al. [2.108] have successfully 

identified the optimal process parameters that result in high mechanical performance of 

dissimilar AA2024-T3 to AA7075-T6 FSW butt joints. Their model used a robust 

optimisation approach based on defect detection using non-destructive testing methods 

such as ultrasonic and radiography. 

Other studies [2.109, 2.110] have investigated the effect of controlled FSW variables 

on different FSW dependent process parameters, such as axial force, torque, transverse 

force, longitudinal force, and temperature distribution. It has been widely reported that 

increasing the tool rotational speed results in higher temperature and lower applied 

forces [2.12-2.34]. Conversely, increasing the tool welding speed leads to lower 

temperature and higher applied loads, which is attributed to the material plasticisation 

at higher heat input [2.10-2.101]. However, there is still a lack of understanding 

regarding the combined impact of tool rotational and welding speeds on FSW joint 

mechanical performance. Higher rotational speed can impair the joint mechanical 

strength within certain ranges of tool welding speeds, and a similar effect can also be 

observed on joint fatigue life [2.12].  

In a related study, Gharacheh et al. [2.111] examined the joint macro/microstructure 

and mechanical performance of AZ31B magnesium alloy FSW, focusing on the 
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combined effect of tool rotational and welding speed, specifically the ω/ν ratio. The 

authors [2.111] found that defect-free joints were obtained at relatively high ω/ν ratios, 

which resulted in a wider weld nugget zone. However, they also observed that the 

presence of a magnesium oxide layer between the SZ and TMAZ severely impaired the 

mechanical strength of the FSW joint. 

2.8.3. Defect formation during the FSW process 

Detecting defects in a produced FSW joint is a crucial inspection factor, which involves 

identifying both flow and geometric defect types across the joint configuration. 

Improper plunging depth may cause geometric defect types, such as root defects, due to 

the lack of penetration. Flow defects, on the other hand, may result from either excessive 

or insufficient heat input [2.27-2.112]. Excessive heat input can cause sticky contact 

conditions between the FSW tool and the workpiece, leading to excessive material flow 

and the development of undesirable defects, such as surface flash, surface galling, and 

nugget collapse [2.30, 2.113]. Insufficient heat input, however, can impede the flow of 

plasticised material by imposing slip conditions at the interface zones, resulting in 

several flow defects, including lack of fill, wormholes, and lack of consolidation defects 

on the AS [2.98, 2.114]. The most common reported FSW defect types are summarised 

in Fig. 2.8. 
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Fig. 2.8 Characteristic friction stir welds defect types [2.115]. 

The wide variety of FSW defects has led to a debate over whether this relatively new 

joining process can completely replace traditional fusion processes. This debate is 

largely due to the lack of robust industrial standards and specifications for the FSW 

process [2.114-2.116]. To address this issue, the American Welding Society (AWS) has 

attempted to establish consistent specifications for FSW of aluminium alloys that are 

commonly used in aerospace applications [2.114]. The American Bureau of Shipping 

(ABS) has further advanced this effort by publishing a peer-reviewed FSW bulletin for 

aluminium alloys [2.116]. However, most FSW user guide specifications are currently 

applied internally and individually for specific FSW joint configurations. 

2.8.4. FSW optimisation process 

Achieving defect-free joints and high mechanical performance can only be possible 

through the optimisation of FSW process parameters, by considering the key factors 



Chapter 2  Literature Review 

81 

 

that lead to better joint mechanical strength. Optimum weld parameters can be 

determined by evaluating the macro/microstructural FSW zones, which can be further 

supported by utilising various mechanical testing methods such as hardness, tensile 

strength, shear strength, and fatigue life performance [2.34-2.117].  

Furthermore, optimising the FSW process requires a comprehensive analysis of 

multiple input parameters in various directions. The FSW tool design, for instance, must 

consider tool dimensions, tool profile, tool tilt angle, required fixture position, and 

machine rigidity. To reduce the cost of the optimisation process, researchers have 

utilised various analytical methods to initially investigate the quality of FSW joints at 

different process parameters. [2.26-2.96]. 

Analytical models that consider the FSW process parameters typically focus on two 

primary factors: the tool rotational speed and the tool welding speed. A process window 

for the FSW can be identified by varying the ω/ν ratio, as shown in Fig. 2.9. It has been 

reported [2.118] that a wider range of optimal process window can be achieved with 

higher plunging forces. 
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Fig. 2.9 An instance of the range of optimal FSW conditions  corresponding to each 

tool plunging force, as developed for the aluminium die casting alloy [2.118]. 

Overall, optimising the FSW process parameters is crucial for predicting various FSW 

output variables such as temperature profile, resultant plastic strain, strain rate, and 

residual stresses. For example, Kim et al. [2.118] and Zhang et al. [2. 119] were able to 

predict joint plastic strain by optimising the tool welding speed. According to Kim et 

al. [2.118], joint plastic strain is inversely proportional to the tool welding speed, where 

an increase in welding speed results in joint volumetric defects (voids) due to low plastic 

strain. However, a FSW optimisation process using finite element (FE) methods is 

computationally expensive and, in most cases, numerical results cannot be solely 

guaranteed without robustly validated experimental results. 
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2.9. Current status 

The previous literature survey emphasises the scarcity of utilising the FSW technology 

as an alternative approach for creating dissimilar aluminium-to-copper or aluminium-

to-magnesium alloy joints. In the present study, the FSW process has been refined to 

produce defect-free butt joints for aluminium-to-copper and aluminium-to-magnesium 

alloys. Finite element models have also been established to simulate the FSW process 

and examine the impact of its parameters on weld characteristics. Additionally, 

analytical models have been employed to enhance the FSW optimisation process and 

attain superior joint mechanical strength. 

Although placing the softer material on the AS offers potential benefits, there has been 

limited research focusing on this configuration. Moreover, the combined relationship 

between the IMCs microstructure and mechanical properties necessitates additional 

investigations. In this study, the effect of tool rotation and travel speed on dissimilar 

metals joint quality has been assessed with the softer material on the AS, without 

introducing tool offset and its related complexities. Utilising this setup, various 

combinations of rotational and traverse speeds were examined to investigate the 

relationship between microstructure and mechanical properties. 

 Furthermore, this research aims to address the knowledge gap regarding IMCs 

evolution during the FSW process and provide a quantitative analysis of IMCs 

formation within the weldment zones. By systematically establishing these factors, this 

work enhances the current understanding and provides a robust framework for 

achieving defect-free FSW joints of dissimilar materials. The absence of tool offset in 

this approach simplifies the FSW process without compromising joint integrity, 
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offering a significant stride forward in both academic and practical applications of FSW 

technology. 

Ultimately, this study seeks to achieve superior and consistent weld quality by 

controlling the formation of IMCs during the FSW process for dissimilar materials. The 

preceding review demonstrated that the formation of IMCs during FSW is inherently 

dependent on a thermo-mechanical phenomenon, influenced by the combined effects of 

temperature and plastic deformation. As a result, predicting the evolution of IMCs 

during FSW of dissimilar materials necessitates the use of precise numerical thermo-

mechanical data in conjunction with phase diagram information. Therefore, a novel 

approach for accurately predicting the formation of IMCs in FSW of dissimilar 

materials is presented and examined throughout this research.  

The coupled Eulerian Lagrangian (CEL) model is utilised to simulate the FSW process. 

As previously stated within this chapter, and due to the multiple layers of complexity in 

formulating the FSW process, the CEL model approach is regarded as the most suitable 

modelling solution. The CEL model accounts for extreme plastic deformation by 

avoiding mesh distortion during the FSW process, wherein the material flows through 

a stationary mesh in the Eulerian domain. Moreover, the modified friction law has also 

been taken into account, coupling the interaction between the Lagrangian (tool) and 

Eulerian (workpiece) domains, while incorporating both sticking and slipping 

conditions. 

It is worth noting that this numerical work is considered alongside the primary goal of 

identifying the process parameters for successful dissimilar FSW joints of aluminium 

to copper to introduce a novel approach for predicting the IMCs formation. This 
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innovative method combines experimental data with the numerical modelling provided 

by the CEL approach. While the experimental work establishes the parameters for 

defect-free welding, the numerical model offers predictions on IMC formation, 

enhancing the depth of the research with its predictive insights. 

This combination of experimental and numerical work not only confirms the practical 

findings but also extends the scope of the study, providing a broader understanding of 

the effects of the FSW parameters on the development of IMCs. Thus, the research 

contributes a comprehensive view of the FSW process, from setting the right parameters 

to understanding the resulting material behaviour. 
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3. Experimental and numerical methodology 

The following discussion provides a comprehensive account of the experimental 

procedures for achieving dissimilar FSW butt joints on various metals, such as 

aluminium, copper, and magnesium-based alloys. It also outlines the characterisation 

methods used to evaluate the joints critically, including metallographic examination, 

compositional analysis, and phase identification through techniques such as energy 

dispersive spectroscopy (EDS) and X-ray diffraction (XRD). Additionally, the chapter 

discusses the implementation and use of the Topas Rietveld XRD refinement method 

to examine the developed phases and quantify the amount of IMCs in the weld zone. 

The mechanical characterisation approach for the joints is also thoroughly described. 

Furthermore, Chapter 3 offers insight into the numerical modelling techniques 

developed to simulate the FSW process. It explores the various methods used to 

numerically solve the partial differential equations that describe the FSW process, 

including domain discretisation techniques such as Lagrangian, Eulerian, and Coupled 

Eulerian Lagrangian (CEL).  

3.1. Experimental programme 

3.1.1. Experimental setup 

A fully instrumented HT-JM16X8/2 static gantry FSW machine was used to butt weld 

150 x 50 x 3 mm, resulting in an overall welded sheet width of 100 mm. The machine 

was equipped with sensors for monitoring and controlling the welding process via 

computer numerical control, programmed using M- and G-codes, and offered three 

plunging control modes: force control, position control, and position with deflection 
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compensation control. Despite these features, there were challenges in accurately 

collecting force data during the experiments. This limitation was primarily due to 

difficulties in data extraction from the FSW welder machine. Nevertheless, force was 

monitored and managed during each welding operation to ensure the integrity and 

quality of the welds, aligning with the primary objective of achieving defect-free joints 

between the selected dissimilar materials. Fig. 3.1 displays a photograph of the HT-

JM16X8/2 in use at the Mechanical Engineering Department Laboratory, Zhejiang Sci-

Tech University, Hangzhou, China. 

To prevent welding defects caused by relative movement between the workpiece and 

the machine working table during the FSW experiments, the workpieces were clamped 

and supported in all directions (x, y, z), as shown in Fig. 3.1. The FSW experiments 

employed a steel base (backing plate) to support the workpieces, clamps, and screws. 

Fig. 3.1 also illustrates the temperature measurement setup, which was utilised to verify 

the numeric temperature outputs gathered from the developed finite element model. 

Two K-type thermocouples recorded the temperature at the AS and two at the RS at 

four distinct locations. Section 3.1.2. provides additional information regarding the 

thermocouples' placement. 

The FSW tool was constructed from high-strength tool steel with a hardness of 50-70 

HRC. The tool had an 18 mm (featureless) shoulder diameter (Ds), a 4.5 mm 

(featureless) pin diameter (Dp), and a pin length of 2.7 mm. Subsequently, the effect of 

various FSW welding tool designs on the mechanical performance of the joints was 

examined. This included investigating the impact of relatively larger tool Ds and tapered 

pin types on the joint's integrity. Fig. 3.2 depicts a schematic diagram of the FSW tool 
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geometries. Both the simple tool design (S) (Fig. 3.2 (a)) and the tapered tool pin design 

(T) (Fig. 3.2 (b)) were equipped with shoulders of 18 mm in diameter and 2.7 mm 

plunging depth. The relatively larger tool design (B) (Fig. 3.2 (c)) featured a shoulder 

of 22 mm in diameter and a similar simple tool pin design. 

 

Fig. 3.1 The experimental set-up of dissimilar AA6061 to copper FSW process. 
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Fig. 3.2 Schematic diagrams of different FSW tool designs: (a) simple tool design (S), 

(b) tapered pin design (T), and (c) larger shoulder design (B). 

3.1.2. Materials and FSW process details 

The study considered a range of metals and alloys commonly utilised in industrial 

applications, which are often challenging to weld using fusion welding methods. The 

investigation included similar and dissimilar FSW of various aluminium grades, 

magnesium alloy, and commercially pure copper to evaluate the effectiveness of FSW 

joining process in producing superior weld joints compared to conventional welding 

processes. Tables 3.1 and 3.2 provide details on the chemical composition and 

mechanical properties of the aluminium alloys (AA1061, AA5083, and AA6061), the 

magnesium alloy type AZ31B, and the commercially pure copper, respectively. 
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Table 3.1 Chemical composition (in wt.%) of AA1061, AA5083, AA6061, 

commercially pure copper, and AZ31B as Measured 

Al grade Si Mg Cu Mn Zn Cr Fe Ti 

AA1061 (wt. %) 0.25 0.03 0.04 0.03 0.05 - 0.3 0.03 

AA5083 (wt. %) 0.98 4.0 0.10 0.70 0.25 0.10 0.40 0.15 

AA6061 (wt. %) 0.6 1.0 0.3 0.15 0.25 0.10 0.7  

AZ31B (wt. %) Al Mg Si Mn Zn Cu Fe Ni 

 3.0 Bal. 0.03 0.4 1.1 0.003 0.02 0.005 

Copper (wt. %) Ag Fe Bi Sb As Pb S  

 0.035 0.05 0.001 0.002 0.002 0.005 0.005  

 

Table 3.2 Mechanical properties of base metals as Measured 

Materials Yield strength 

(MPa) 

UTS 

(MPa) 

Young’s Modulus 

(GPa) 

Avg. 

HV 

AA1061 151.78 165.50 35.50 50 

AA5083 163.97 225.66 67.57 70 

AA6061 276 310 68.90 105 

AZ31B 217 240 14.0 70 

Copper 257.26 273.66 114.14 90 

 

It’s worth mentioning that the chemical compositions of these parent materials were 

determined using Energy Dispersive Spectroscopy (EDS) analysis. The mechanical 
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properties, specifically hardness, were evaluated using the Vickers hardness test, 

providing an average value for each base material. Further, to explore the mechanical 

strength of as received base-metals, sub-size specimens from each sample were tested 

in accordance with ASTM-E8 standards. A minimum of three samples were considered 

to ensure a comprehensive investigation, thereby enhancing the reliability and accuracy 

of the results presented. 

Several studies [3.4–3.9].  have indicated that the FSW process is greatly influenced by 

the positioning of materials, where the relative placement of dissimilar materials in 

relation to the tool's rotational and traverse speeds plays a crucial role in determining 

the integrity of the resulting joint. The present study examines the validity of placing 

the softer material (i.e., aluminium for dissimilar aluminium to copper joints or AZ31B 

magnesium alloy for dissimilar aluminium to magnesium joints) on the AS while 

centring the FSW tool on the seam line, as shown in Fig. 3.3 (a). Throughout the present 

study, it was determined that placing the softer material at the AS eliminated the need 

to offset the tool to either the AS or the RS, a technique that has previously been 

recommended for producing defect-free joints [3.10–3.14].
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Fig. 3.3 (a) Weld configuration and experimental set-up AA6061 to copper (300 x 50 

x 3 mm³). (b) The measurement positions of thermocouples imbedded into AA6061 

(As) and copper (Rs). 

As previously mentioned, this study also considered the current thermo-mechanical 

simulation techniques of the FSW process (a detailed description of the CEL model is 

provided in section 3.2). The thermal outputs from the developed CEL model were 

validated against the experimental temperature results measured by K-type 

thermocouples situated at different positions (11-13 mm) from the joint line, i.e., 2-4 

mm from the shoulder surface. To facilitate the development of steady-state FSW 

conditions, a series of 1.5 mm diameter holes were drilled from the side of AA6061 

(AS) and the side of copper (RS), as illustrated in Fig. 3.3 (a) and (b). These holes were 

positioned in the mid-region of the plate length (i.e., 150 mm from the starting point).  
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It's worth noting that K-type thermocouples were securely affixed using a specialised 

adhesive into allocated holes on the workpieces, be it aluminium or copper. This was 

done to ensure full contact between the thermocouples and the material surface, crucial 

for accurate thermal readings. Prior to welding, a calibration test was conducted to 

verify this surface-to-surface contact, ensuring the reliability of the temperature 

measurements. 

Furthermore, the thermocouples were strategically positioned as close as possible to the 

periphery of the FSW tool's shoulder, specifically at a distance of 2mm from the 

shoulder diameter. This positioning is critical as placing them any closer would risk 

melting the thermocouples during the welding process. The careful placement and 

securing of these thermocouples were essential to gather precise data on the thermal 

conditions experienced during FSW, contributing significantly to the accuracy of the 

study's findings. Additionally, Figs. 3.4 (a) and 3.4 (b) depict a transverse cross-section 

and a top view of the relative location of the FSW tool at 0 mm and d mm tool offset, 

respectively. 
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Fig. 3.4 (a) Transverse and top view showing the symmetrical location of the FSW 

tool at 0 mm tool offset. (b) The location at d mm tool offset. 

After adopting the proposed joint configuration of placing the softer material on the AS, 

FSW experiments were conducted to investigate the impact of tool rotational speed and 

tool welding speed (ω/v ratio) on the dissimilar joint's integrity. Tables 3.3, 3.4, and 3.5 

summarise the welding parameters that were used. It is worth noting that, the range of 

tool rotational speeds and tool welding speeds in Tables 3.3 – 3.8 were selected based 

on several considerations. Initially, the welding conditions necessary to produce defect-

free FSW joints for similar materials i.e., aluminium-to-aluminium, copper-to-copper, 

and magnesium-to-magnesium were identified. These parameters served as preliminary 

conditions in determining the optimum process parameters for dissimilar material FSW 

joints.  
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To validate the outputs of the CEL model, a specific design of experiments was 

considered, as shown in Table 3.6. Unlike the previously mentioned sample size, the 

static gantry FSW machine was employed to butt weld 300 x 50 x 3 mm dissimilar 

sheets of AA6061 and commercially pure copper. The extended butt weld length was 

employed to ensure a stable thermal output before recording temperature results at 

different weldment zones. The study was also extended to explore the influence of 

different FSW tool designs on the dissimilar joint's quality; these welding parameters 

were optimised using the Taguchi technique for FSW of AA5083 to copper (Table 3.7). 

Moreover, this study investigated the effect of utilising two different aluminium alloys 

in the FSW of aluminium and magnesium grade (AZ31B). Aluminium grades AA5083 

and AA6061 were separately welded to AZ31B at different tool rotational speeds and 

traverse speeds (ω/v ratio) to determine the optimal parameters for producing defect-

free joints (Table 3.8).  
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Table 3.3 Welding parameters used in the FSW experiments (AA5083 to copper) 

Test 

No. 

Rotational 

speed (rpm)  

Traverse speed 

(mm/min) 

ω/ν ratio 

(rev/mm)  

AS 

Material 

1 1000 80 12.5 AA5083 

2 1000 100 10 AA5083 

3 1000 120 8.3 AA5083 

4 1200 80 15 AA5083 

5 1200 100 12 AA5083 

6 1200 120 10 AA5083 

7 1400 80 17.5 AA5083 

8 1400 100 14 AA5083 

9 1400 120 11.7 AA5083 
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Table 3.4 Welding parameters used in the experiments (AA1061 to copper) 

Test 

No. 

Rotational 

speed (rpm)  

Traverse speed 

(mm/min) 

ω/ν ratio 

(rev/mm)  

AS 

Material 

1 1000 40 25 AA1061 

2 1000 50 20 AA1061 

3 1000 60 16.67 AA1061 

4 1100 40 27.5 AA1061 

5 1100 50 22 AA1061 

6 1100 60 18.33 AA1061 

7 1200 40 30 AA1061 

8 1200 50 24 AA1061 

9 1200 60 20 AA1061 
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Table 3.5 Welding parameters used in the experiments (AA6061 to copper) 

Test 

No. 

Rotational 

speed (rpm)  

Traverse speed 

(mm/min) 

ω/ν ratio 

(rev/mm)  

AS 

Material 

1 1000 80 12.5 AA6061 

2 1000 100 10 AA6061 

3 1000 120 8.3 AA6061 

4 1200 80 15 AA6061 

5 1200 100 12 AA6061 

6 1200 120 10 AA6061 

7 1400 80 17.5 AA6061 

8 1400 100 14 AA6061 

9 1400 120 11.7 AA6061 

 

Table 3.6 Welding parameters of FSW of AA6061 to copper used in validating the CEL 

model results  

Test no. ω/ν ratio 

(rev/mm) 

* 

Rotational 

Speed (rpm) 

Backward 

tilt Angle 

(deg.) 

Tool 

Offset, 

do (mm) 

AS 

Material 

1 13 1300 2.8 0 AA6061 

2 14 1400 2.8 0 AA6061 

3 15 1500 2.8 0 AA6061 

*The welding speed was maintained constant at 100 mm/min.
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Table 3.7 Welding parameters used to optimise FSW of AA5083 to copper using the 

Taguchi technique  

Test 

No. 

Rotational 

speed (rpm)  

Traverse speed 

(mm/min) 

ω/ν ratio 

(rev/mm)  

FSW tool 

design* 

AS 

Material 

1 1000 80 12.5 T AA5083 

2 1000 100 10 S AA5083 

3 1000 120 8.3 B AA5083 

4 1200 80 15 B AA5083 

5 1200 100 12 T AA5083 

6 1200 120 10 S AA5083 

7 1400 80 17.5 S AA5083 

8 1400 100 14 B AA5083 

9 1400 120 11.7 T AA5083 

*T≡ Tapered pin FSW tool design S≡ simple pin FSW tool design B≡ Larger shoulder 

FSW tool design. 
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Table 3.8 Welding parameters used in the experiments (AA5083/AA6061 to AZ31B) 

Test 

No. 

Rotational 

speed (rpm)  

Traverse speed 

(mm/min) 

ω/ν ratio 

(rev/mm)  

RS 

Material 

1 800 80 10 AA5083 

2 800 100 8 AA5083 

3 800 120 6.67 AA5083 

4 1000 80 12.5 AA5083 

5 1000 100 10 AA5083 

6 1000 120 8.33 AA5083 

7 800 80 10 AA6061 

8 800 100 8 AA6061 

9 800 120 6.67 AA6061 

10 1000 80 12.5 AA6061 

11 1000 100 10 AA6061 

12 1000 120 8.33 AA6061 

 

3.1.3. Metallographic examination 

After the welding process, the samples for metallography were sectioned perpendicular 

to the welding direction using a wire cut electrical discharge machine. Standard 

metallographic techniques were employed to prepare the samples in accordance with 

ASTM E407-09 guidelines [3.15]. The samples were mechanically polished using a grit 

sequence of 200, 300, 500, 800, and 1200. Subsequently, a two-stage etching process 
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was employed to enable high-resolution optical and scanning electron microscopy 

(SEM) analysis. To reveal the copper side macro/microstructures, a solution of 1 g 

FeCl3, 10 mL HCl, and 100 mL distilled water was used for etching, while the AA1061, 

AA5083, AA6061, and AZ31B sides were etched for 60 s in a solution consisting of 1 

g NaCl and 50 mL H3PO4 dissolved in 125 mL of ethanol, followed by a 12 s step using 

Wecks's tint (4 g of KMnO4 and 1 g of NaOH dissolved in 100 mL of distilled water). 

The etched samples were then examined using high-resolution optical microscopy and 

SEM. 

Qualitative analysis of the weldment zones' elemental composition was conducted using 

EDS. This analysis allowed for the interpretation of the variation in dissimilar materials 

content, which can be attributed to the welding conditions, such as the ω/v ratio. 

Additionally, EDS analysis provided detailed information about the intermixing 

behaviour between the dissimilar materials and identified the presence of non-

equilibrium solid solutions, which have been known to degrade the joint's mechanical 

strength [3.2, 3.19].  

XRD analysis was performed to confirm the presence of IMCs previously detected by 

EDS elemental analysis. The XRD scans were conducted at various locations of the 

weld joint with a scanning rate of 0.02 deg./step within the range of 20°< 2θ< 100°, 

using a 40-mA operating current, 40-kV voltage, and 1.5406-Å Cu Kα radiation. 

Furthermore, the Topas Rietveld X-ray diffraction (XRD) refinement method [3.20] 

was employed to study the developed phases and quantify the amount of IMCs present 

in the weld zone. Accurate crystallographic information of the pre-confirmed IMCs 

within the weldment zones was essential for the successful Rietveld quantification 
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process. The aim of quantifying the IMC formation during dissimilar FSW was to 

provide additional insight into the influence of these IMCs on the joint's mechanical 

performance. Although the direct beneficial effects of IMCs on joint mechanical 

strength have been qualitatively identified [3.5-3.9], there is a lack of quantitative data 

and prediction of their presence relative to FSW welding parameters (i.e., ω/v ratio). 

Researchers [3.3-3.16] have not definitively demonstrated the negative or positive role 

played by IMC particles. Additionally, there is a lack of understanding regarding the 

evolution of these IMCs during the FSW process of dissimilar materials. 

3.1.4. Mechanical testing 

The Vickers hardness test was the primary method employed to evaluate the dissimilar 

FSW butt joints and establish the relationship between IMCs formation and joint 

mechanical strength. Fig. 3.5 illustrates the microhardness indentation locations 

measured across the top, middle and bottom of the weld cross-section, arranged in three 

rows at distances of 0.5, 1.5, and 2.5 mm from the top surface. All measurements were 

conducted using the Qness 60A+ hardness machine with a load of 300 g and a dwell 

time of 15 seconds. While hardness profile measurements at different depths of the 

cross-sectional surface of welds are commonly used to evaluate joint mechanical 

performance [3.19–3.23], it is important to note that hardness is not a single property 

but rather a complex mechanical property and an indicator of the intrinsic bonding of 

the dissimilar FSW joints [3.24].
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Fig. 3.5 Vickers hardness measurement positions. 

Subsequently, the joint mechanical strength was further investigated by testing sub-size 

specimens across the weld zone of each welded sample in accordance with ASTM-E8 

[3.25], as shown in Fig. 3.6 (a). An average of five tests was reported for each welding 

condition (Fig. 3.6 (b)). The samples were tested at a constant crosshead displacement 

rate of 2 mm/min using an Instron 5969 testing machine. The maximum load measured 

at failure for each butt joint was recorded and interpreted as the joint weld strength. This 

interpretation has been achieved via comparing the UTS obtained from each sub-size 

sample to the as-received base materials, for instance, Al in the case of Al to Copper 

dissimilar joints, and Mg in the case of Al to Mg joints. In addition, it’s crucial to 

acknowledge that careful consideration was given to the post-weld thickness of each 

sample. Despite the distortion being relatively minimal, its impact on the overall weld 

strength was accounted for, ensuring that the resulting analysis and conclusions drawn 

were both accurate and reliably reflective of the actual welding outcomes. A selection 

of these measurements has also been documented in Appendix 1. 
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Additionally, preliminary flexural tests (3-point bend test type) were conducted to 

qualitatively assess the flexural behaviour of dissimilar materials FSW joints. Due to 

limited laboratory access during the pandemic, these tests were performed using sub-

size tensile specimens, as depicted in Fig. 3.6 (a) and (b), with a span of 66.5 mm. The 

results are presented as a comparative analysis between different welding conditions 

rather than as a fully standardised evaluation. Given the absence of a widely accepted 

standard for flexural testing of such dissimilar joints, adaptations were made following 

GB/T 2653-2008, equivalent to ISO 5173:2000 [3.26], and corroborated by [3.27], as a 

credible approach for evaluating weld performance. Similar methodologies have been 

deemed acceptable in previous relevant studies [3.14, 3.28 and 3.29].  

The tests were conducted at a displacement rate of 5 mm/min, and adjustments in the 

methodology were made to accommodate the unique attributes of the dissimilar joints, 

thereby ensuring a comprehensive and accurate evaluation of their flexural 

performance. Fig. 3.6 (c), showcasing a post-bending test macrograph of a specific 

dissimilar joint. It is important to highlight that these flexural tests were exploratory and 

not intended to serve as a fully validated mechanical characterisation method. Instead, 

they provide a basis for future work, where further investigation using dedicated 

flexural specimens and standardised methodologies would allow for a more 

comprehensive evaluation of dissimilar joints’ flexural performance. It is also worth 

noting that, an average of three tests was reported for each welding condition.
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Fig. 3.6 (a) Dimensions of the tensile/ preliminary flexural sample as per ASTM E8 

standards.  (b) Example of tensile samples through the welding direction. (c) Post-

bending test macrograph of AA5083 to copper dissimilar joint at 1000 rpm and 100 

mm/min. 

After conducting the aforementioned mechanical tests, the fracture surfaces were 

examined using high-resolution optical microscopy and SEM. The use of both types of 

microscopies was intended to clearly identify the fracture mode associated with each 

welding parameter and to quantify the chemical compositions related to each mode. To 

identify the significant parameters affecting the mechanical strength of dissimilar FSW 

joints, statistical analysis of the independent variables (ω/v ratio) and FSW tool design, 

along with the dependent variable of weld strength, was performed using the Minitab 

software environment. 

3.2. Numerical methodology 

This section presents the numerical modelling techniques used to simulate the FSW 

process and predict the formation of IMCs during welding of AA6061 to commercially 
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pure copper. The developed model has been used to establish a novel approach for 

predicting IMCs formation. The temperature distribution of the weld nugget was 

determined using a finite element model. An Al-Cu phase diagram and the elemental 

concentration of copper and aluminium in the weld nugget were combined to predict 

the presence of several IMCs in different zones of the weldment. 

3.2.1. Numerical model development 

A coupled Eulerian Lagrangian (CEL) model [3.30] was utilised to simulate the FSW 

process of joining AA6061 to copper. Due to the complexity of the problem, CEL was 

deemed the most suitable modelling solution [3.30, 3.31]. CEL model is able to capture 

severe plastic deformation by avoiding mesh distortion during the process, where the 

material flows through a stationary mesh in the Eulerian domain. The Abaqus Explicit 

Solver environment was employed to implement and solve the model. 

A geometrical model of 150 x 50 x 3 mm (Eulerian domain) was assumed, with three 

distinctive areas in this domain: the copper plate (RS), the aluminium plate (AS), and a 

1 mm thick void layer to visualise the flash formation during the process. A fine biased 

seeding mesh was used along and around the FSW shoulder area, where the mesh 

becomes coarser towards the Eulerian domain sides. Multi-layer thermally coupled 

elements were assumed for the Eulerian plates. Overall, the Eulerian domain was 

meshed using 280,855 multi-materials thermally coupled 8-node (EC3D8RT) Eulerian 

elements, which equates to 307,740 nodes. Each of these elements was designed with 

four degrees of freedom at each node, allowing for a detailed and accurate 

representation of the thermal and mechanical behaviours of the materials under the 

extreme conditions of FSW. 
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Unlike the experimental setup of section 3.1.1., the Eulerian domain of the geometrical 

model was setup at 150 x 50 x 3 mm -after several trials-to enhance simulation accuracy 

by improving mesh density around the weld zone, while also reducing computational 

demands. However, the extraction of numerical values for comparison was 

meticulously carried out at the exact locations across the weld where experimental data 

was recorded from thermocouples (Fig. 3.3). Further, the numerical results were 

collected upon reaching a steady state, aligning with the experimental approach of 

extending workpieces length to ensure consistent state conditions during testing. It is 

worth mentioning that localised thermal models have been widely used to validate 

experimental outcomes  [3.30 and 3.31]. 

On the other hand, A simple, featureless FSW tool with a pin diameter of 4.5 mm and 

shoulder diameter of 18 mm was used as a Lagrangian rigid body domain; all physical 

properties and boundary steps were assigned to a unique reference point. Additionally, 

this Lagrangian domain was constructed using 57,568 linear tetrahedral structured 

elements, corresponding to 10,991 nodes. This mesh configuration was crucial to 

accurately model the tool's interactions with the workpieces. 

Unlike the CEL model reported by Al-Badour et al. [3.31], the FSW tool was assumed 

to rotate and traverse along the Eulerian domain in this study. The Eulerian domain was 

only constrained against the velocities and displacements on its sides. Fig. 3.7 (a) 

illustrates the typical boundary conditions for the Eulerian and Lagrangian domains, as 

well as the placement of the dissimilar materials, while Fig. 3.7 (b) shows the finer mesh 

within the shoulder area.  
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In terms of thermal boundary conditions, convection coefficients (h) on the AS for 

AA6061 and the RS for copper were assumed to be 25 W/m². Furthermore, the 

emissivity factors (ε) for AA6061 and copper were taken as 0.1 and 0.64, respectively. 

This consideration is crucial for accurately simulating the heat dissipation from the weld 

surfaces. To effectively model the surface-to-surface conduction between the 

workpieces (AA6061/copper) and the backing plate (steel), a specific conduction 

condition was assumed. In which, the thermal conductivity coefficients (K) of AA6061 

and copper were set at 1000 W/m.K and 2000 W/m.K, respectively, to reflect their 

distinct heat conduction properties. The initial temperature for all model parts was 

assumed to be uniform and equal to 25°C. 

 

Fig. 3.7 (a) Applied boundary conditions and placement of each material. (b) Mesh in 

the vicinity of the FSW shoulder area. 

Finally, the model was run using a dynamic, temperature-displacement explicit solver, 

with a time scale factor of 1000. This solver choice was instrumental in handling the 

complex, transient nature of the FSW process, ensuring the model's responsiveness to 

the rapid changes in temperature and material displacement. 
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3.2.2. Material properties 

In order to account for the plastic deformation that occurs in the FSW zone at high 

temperatures and strain rates, the Johnson-Cook's constitutive mode [3.32] was 

employed to describe the plasticity of the dissimilar materials, as shown in Eq. (3.1). 

This model describes the material flow or yield stress 𝜎0 as a function of plastic strain, 

strain rate, and temperature. 

𝜎0 = [𝐴 + 𝐵𝜀𝑝𝑙
𝑛 ]. [1 + 𝐶 ln

𝜀𝑝𝑙̇

𝜀0̇
].  [1 − (

𝑇−𝑇𝑟𝑒𝑓

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑒𝑓
)

𝑚

]                                          (3.1) 

∗  𝑇𝑟𝑒𝑓 ≤ T ≤  𝑇𝑚𝑒𝑙𝑡

Where A is the yield stress (MPa) at a reference strain rate and temperature, B is the 

coefficient of strain (MPa), C and m are the Johnson-Cook’s model parameters that 

represent the coefficient of strain rate sensitivity and thermal softening exponent, and n 

is the strain hardening exponent. Table 3.9 presents these material constants for both 

AA6061 and copper at a reference temperature 𝑇𝑟𝑒𝑓, 𝑇𝑚𝑒𝑙𝑡 is the material solidus 

temperature, 𝜀𝑝𝑙
𝑛 , 𝜀𝑝𝑙

∙  and  𝜀0̇ are the effective plastic strain, effective plastic strain rate, 

and normalising strain rate, respectively.  

The observed discrepancies in yield stress values between Tables 3.2 (section 3.1.2.) 

and 3.9 are attributed to the distinct mechanical properties of Oxygen-Free High 

Conductivity (OFHC) copper, for which the Johnson-Cook model parameters were 

specifically calculated, as opposed to the commercial copper used in the experimental 

work. Developing a new set of Johnson-Cook parameters for the commercial copper or 

AA6061 was not only a complex task but also limited by the resources available during 

my PhD research. Moreover, creating such data fell outside the intended scope of this 
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study. Consequently, employing the established Johnson-Cook parameters, which have 

been widely recognised and utilised in material models for numerical analysis since 

their introduction by Cook et al. in 1983 [3.32], was considered an appropriate 

approach. These parameters are known for their reliability and are still extensively used 

in modelling the material behaviour in FSW and similar processes [3.33], [3.34]. 

Other material properties, such as density, thermal expansion coefficient, specific heat 

capacity, Poisson's ratio, and modulus of elasticity, were considered to be temperature 

dependent. The variation in material properties of AA6061 and copper with 

temperature, up to their respective melting point, is summarised in Tables 3.10 and 3.11. 

Table 3.9 Johnson-Cook’s parameters [3.32]. 

Material A (MPa) B (MPa) C n m Tref. (°C) Tmelt. (°C) 

AA6061 324 114 0.002 0.42 1.09 25 582 

Copper 90 292 0.025 0.31 1.09 25 1083 
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Table 3.10 Temperature dependent material properties of AA6061 in the range of 25°C– 

482°C [3.33]. 

Temp. 

(°C) 

Specific heat 

(J kg-1 °C-1) 

Thermal 

conductivity 

(W m–1 °C–1) 

Young’s 

modulus 

(GPa) 

Density 

(kg/ m3) 

Coefficient 

of thermal 

expansion 

(10−6) ( °C-1) 

25 870 140 66.94 2690 23.4 

100 920 168 63.21 2690 24.6 

200 960 183 56.8 2660 26.6 

250 1000 196 52.0 2645 27.5 

300 1040 208 47.17 2630 28.5 

400 1150 219 32.67 2600 29.5 

482 1280 220 20.2 2600 30.5 
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Table 3.11 Temperature dependent material properties of copper in the range of 25°C – 

1060°C [3.34]. 

Temp. 

(°C) 

Specific heat 

(J kg-1 °C-1) 

Thermal 

conductivity  

(W m–1 °C-1) 

Young’s 

modulus  

(GPa) 

Density 

(kg /m3) 

Coefficient 

of thermal 

expansion 

(10−6)(°C-1) 

25 384.60 398 117.2 8940 16.7 

100 393.4 390 114.42 8940 17.3 

200 405.13 387.3 110.32 8940 18.3 

250 411.00 386 107.56 8940 18.6 

350 416.00 383 99.98 8940 19.2 

530 431.98 371 96.95 8940 20.4 

630 440.67 364 93.25 8940 21.4 

730 448.62 357 90.20 8940 22.4 

930 468.14 343 87.33 8940 24.8 

1060 476.19 334 84.75 8940 26.36 

 

3.2.3. Friction coefficient 

Formulating the contact condition between the FSW tool and the dissimilar materials is 

a complex task. There are several approaches to simulate the interaction condition 

between the FSW tool and the workpieces including assuming sticking boundary 

conditions [3.35], using the coefficient of friction as a function of pressure and slip rate 

[3.36], or applying Coulomb’s law [3.30]. In this study, the modified friction law 
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developed by Shokri et al. [3.37] was employed to couple the interaction between the 

Lagrangian (tool) and Eulerian (aluminium and copper) domains, taking into account 

both sticking and slipping conditions. An intermediate value of 𝜏𝑚𝑎𝑥 was selected, 

where -above this value- sliding conditions were no longer applicable, i.e., 𝜏𝑚𝑎𝑥 ≠

 𝜇 × 𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡,where 𝜇  and 𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡 are the coefficient of friction and contact pressure, 

respectively. The 𝜏𝑚𝑎𝑥 value was calculated from the Von-Mises relationship in Eq. 

(3.2) by considering that: 

𝜏𝑚𝑎𝑥 = 𝜏𝑢 = 𝛼(
𝜎𝑢,𝐴𝑙+𝜎𝑢,𝐶𝑢

√3
)                                                        (3.2) 

Where 𝜏𝑢 𝑎𝑛𝑑 𝜎𝑢 are the ultimate shear stress and ultimate material strength and 𝛼 is 

the material volume fraction, equal to 0.5 at the joint line. This adaptation is necessary 

to accurately model the plastic shear flow behaviour of the material, especially when 

the shear stress applied is approaching the material's shear failure stress. By selecting 

this intermediate 𝜏𝑚𝑎𝑥 value, a more realistic simulation of the frictional contact model, 

which is believed to offer a more accurate representation than models based on a 

slipping interface assumption can be achieved [3.37]. As a result, this has incorporated 

the Coulomb friction condition into all calculations, and the occurrence of elastic sliding 

has been assumed negligible to enhance the convergence of the simulations. 

 The primary parameters influencing the process are thus the friction coefficient and the 

critical shear stress. By adjusting the friction coefficient, the minimum stress required 

to initiate critical shear is altered, facilitating the material flow and rotational movement 

beneath the tool. Moreover, during the sticking condition where no voids were formed, 

an average value of 0.5 for the friction coefficient 𝜇 was assumed for the interaction 

between aluminium, copper, and steel (the FSW tool material).  
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4. Dissimilar FSW of aluminium alloys to copper 

The first part of this chapter aims to identify the welding conditions necessary to 

produce defect-free FSW joints for aluminium-to-aluminium and copper-to-copper 

materials. These parameters are subsequently employed as initial conditions to 

determine the optimum process parameters for dissimilar aluminium to copper FSW 

joints. 

The second part of the chapter reports the results of a microstructural analysis conducted 

on dissimilar AA5083 aluminium grade to copper FSW joints. The analysis revealed 

the development of complex microstructures, including vortex-like patterns and 

lamellar structures in the thermo-mechanically affected zone. The presence of several 

intermetallic compounds (IMCs) in the weldment zone, such as Al2Cu and Al4Cu9, was 

identified using X-ray diffraction (XRD) analysis, leading to an inhomogeneous 

hardness distribution. Moreover, the mechanical performance of dissimilar AA5083 

aluminium grade to copper FSW joints was investigated, revealing the relationship 

between the IMCs formation and the dissimilar joint mechanical properties. 

The third and final part of this chapter presents the experimental results of investigating 

the impact of tool rotational speed, traverse speed, and aluminium grade type on 

dissimilar friction stir butt welds of aluminium to copper plates. 

4.1. FSW of aluminium-to-aluminium and copper-to-copper joints  

This part of the study highlights the mechanical performance of defect-free butt joints 

made from similar grade materials using the FSW process. The welding conditions for 

achieving successful welds of AA6061 to AA6061, AA5083 to AA5083, and AA1061 
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to AA1061, as well as the optimum process parameters for producing defect-free FSW 

joints of copper-to-copper materials, were used as initial welding conditions to optimise 

the dissimilar aluminium to copper FSW process. The literature reports that successful 

welds of aluminium-to-aluminium materials can be obtained within the 800-1200 rpm 

tool rotational speed range and 80-150 mm/min tool welding speed range [4.1–4.3]. 

Meanwhile, defect-free joints of copper-to-copper FSW have been established within 

the 900-1400 rpm rotational speed range and 80-120 mm/min welding speed range [4.4–

4.6]. Hence, a mutual welding condition of 1000 rpm tool rotational speed and 100 

mm/min tool welding speed (10 ω/ν ratio) was considered appropriate to produce 

successful butt joints of aluminium-to-aluminium and copper-to-copper materials. 

The mechanical evaluation of defect-free butt joints of aluminium-to-aluminium and 

copper-to-copper was conducted by measuring Vickers hardness across and at the 

middle of the weld cross-section (Fig. 4.1(a)). In the absence of IMCs formation in the 

weldment zone of similar FSW materials, the higher hardness values observed at the 

stirring zone were attributed solely to grain refinement resulting from the thermo-

mechanical effect. Fig. 4.1(b) illustrates the microstructure of the stir zone (SZ) in a 

copper-to-copper FSW produced at 1000 rpm tool rotational speed and 100 mm/min 

welding speed, while Fig. 4.1(c) shows the as-received copper microstructure. It is 

evident that the grains are finer in the SZ and progressively increase in size towards the 

base metal. Similarly, Fig. 4.1(d) and Fig. 4.1(e) present the grain refinement 

mechanism in an AA5083-to-AA5083 FSW obtained at similar weld conditions to those 

of the copper-to-copper joint. 
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Fig. 4.1 (a) Vickers hardness measurement positions, typical microstructure of: (b) 

aluminium base metal, (c) aluminium-to-aluminium SZ, (d) copper-to-copper SZ, and 

(e) copper base metal. 

Additionally, Fig. 4.2 depicts the Vickers hardness distribution profiles of similar 

AA5083-to-AA5083 and copper-to-copper joints. In which, the dashed lines in the 

figure are intended to represent the different zones within the weld, correlating to their 

respective hardness values. The results show a significant increase in hardness value at 

the SZ relative to the base metals, attributed to the plastic deformation of the workpiece 

caused by the FSW tool. Furthermore, grain refinement due to recrystallisation 

increases the hardness at the thermo-mechanically affected zone (TMAZ), while the 

heat-affected zone (HAZ) is mildly affected, resulting in a reduction in hardness on both 

sides of the HAZ. 
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Fig. 4.2 Vickers hardness distribution at different weldment zone of copper-to-copper 

and AA5083 to AA5083 FSW joints. 

The integrity of AA5083-to-AA5083 and copper-to-copper FSW joints was further 

investigated through tensile tests conducted across the weld line. Prior to these tests, 

care was taken to ensure that the specimens’ post-weld thickness was consistent, 

accounting for minimal distortion as a result of the FSW process. Any excess material, 

or flash, resulting from the welding was carefully removed manually. This careful 

preparation ensured that the tensile test results would accurately reflect the quality of 

the weld without undue influence from variations in specimen thickness. 
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 Fig. 4.3 illustrates the ultimate tensile strength (UTS) of AA6061 to AA6061, AA5083 

to AA5083, and AA1061 to AA1061, and copper-to-copper butt joints produced by the 

FSW process, all at 1000 rpm tool rotational speed and 100 mm/min tool welding speed. 

In accordance with ASTM-E8 standards, a minimum of three tensile samples were 

prepared from each weld to evaluate the similar FSW joints. The labels UTS1, UTS2, 

and UTS3 on Fig. 4.3 represent the UTS values obtained from each individual sample, 

while the notation 'BM Avg. UTS' signifies the average UTS of the base metal for each 

material group, providing a baseline for comparison. The improvement in mechanical 

properties of similar joints is attributed to the optimal heat input and improved material 

mixing resulting from the FSW tool. The UTS of the produced welds for both 

aluminium-to-aluminium and copper-to-copper joints were found to be higher than the 

UTS of the base metal, indicating more than 100% mechanical joint efficiency. 

 

Fig. 4.3 Base metal Avg. UTS and the UTS of similar materials joints obtained at 

1000 rpm and 100 mm/min (10 ω/ν ratio) weld conditions. 
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The aforementioned mechanical analysis revealed that by using a mutual welding 

condition of 1000 rpm tool rotational speed and 100 mm/min tool welding speed (10 

ω/ν ratio), successful butt joints of aluminium-to-aluminium and copper-to-copper 

materials were produced. Consequently, these welding parameters were employed to 

set up the initial conditions required to achieve defect-free dissimilar joints between 

aluminium and copper. 

The hypothesis is that an average range between the aluminium-to-aluminium and 

copper-to-copper FSW parameters is likely to result in sound weld dissimilar aluminium 

to copper FSW joints. This hypothesis is deemed acceptable due to the physical and 

chemical mismatch between aluminium and copper materials. For example, the amount 

of heat input required to achieve sufficient plasticity in copper-to-copper joints is higher 

than that required for aluminium-to-aluminium joints [4.7–4.11], necessitating 

consideration of an average amount of heat input to achieve successful dissimilar FSW 

of aluminium to copper. 

 Fig. 4.4 depicts the likelihood of FSW conditions for producing defect-free joints in 

dissimilar aluminium to copper. It is worth noting that the likelihood boundaries 

illustrated were informed by the mutual tool rotational speed to welding speed (ω/v) 

ratio, which yielded defect-free joints in similar copper-copper and aluminium-to-

aluminium FSW joints, as well as the extensively documented process windows for 

similar materials [4.7–4.11]. This was a crucial step in determining the preliminary 

conditions for successful dissimilar Al to copper FSW joints, ensuring that the 

optimisation of the FSW process for dissimilar materials commenced from a proven 

baseline, thereby increasing the reliability of subsequent experimental outcomes. 
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Further details on the FSW experiments carried out to achieve defect-free dissimilar 

joints between aluminium and copper is provided in section 3.1.2. 

 

Fig. 4.4 The likelihood of FSW conditions for defect-free joints in dissimilar 

aluminium to copper. 

4.2. Microstructural characterisation of dissimilar AA5083 to copper 

joints  

The objective of this part is to examine the effect of tool rotational speed and tool 

traverse speed on dissimilar friction stir butt welds of 3 mm thick AA5083 to 

commercially pure copper plates. The evaluation of joint quality in relation to tool 

rotational and traverse speed was conducted with the aluminium placed on the AS and 

without introducing the complexities of tool offsetting. Three parameter sets of 

rotational and traverse speed were used to investigate the relationship between joint 
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microstructure and mechanical properties, a summary of these welding parameters is 

provided previously in Table 3.3. 

4.2.1. Weld appearance and macrostructure 

Table 4.1 illustrates the typical top surface weld appearance and cross-sectional 

macrostructures of AA5083 to copper dissimilar metal FSW joints at different welding 

conditions. The symbols used for each defect type correspond to Fig. 4.5. As expected, 

the weld surface quality is indicative of the tendency for volumetric defects to develop 

[4.12]. For instance, excessive flash formation, as well as material discontinuity, will 

generally suggest volumetric defects [4.13]. Fig. 4.5 summarises the effect of tool 

rotational and traverse speed on the weld appearance and macrostructure when AA5083 

was placed on the AS without tool offset. Visually acceptable welds with no surface 

defects were obtained at the following specific parameter sets: 

• Low rotational speed level of 1000 rpm at 100 mm/min and 120 mm/min 

welding speeds (10 and 8.3 ω/ν ratio). 

• Intermediate rotation rate level of 1200 rpm and 80 mm/min (15 ω/ν ratio). 

• High rotation rate level of 1400 rpm for the two ranges of the welding speed 80, 

and 120 mm/min (17.5, and 11.7 ω/ν ratio), respectively.  

Parameter sets outside of the above conditions resulted in an uneven surface and the 

formation of defects such as macro-cracks towards the retreating side (copper, Figure 

4.6(a)), cavities with a defect area on the cross-section less than 0.02 mm² (Fig. 4.6(b)), 

voids (Fig. 4.6(c)), and tunnel defects with a defect area larger than 0.05 mm² (Fig. 

4.6(d)). These types of defects have been previously reported [4.14] ,where cracks are 
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often associated with the formation of large IMC particles, cavities, voids, and tunnel 

defects due to inappropriate material flow. 
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Table 4.1 Weld appearance and macrostructure of dissimilar joints (marks as in Fig. 

4.5) 

Mark Defect Appearance and Macrostructure Microstructure 

 

 

 

 

None 

  

 

- 

 

 

 

 

Crack 

  

 

Fig. 4.6 (a) 

 

 

 

 

Cavity 

  

 

Fig. 4.6 (b) 
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Fig. 4.6 (c) 
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Fig. 4.6 (d) 
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Fig. 4.5 Effect of tool rotational and traverse speed on macrostructure. 

 

Fig. 4.6 Magnified views for different defects on regions marked in Table 4.1. 

4.2.2. Microstructural analysis 

The weld mechanical integrity is directly related to the SZ microstructure. A classical 

“onion ring” structure is commonly found in the SZ of similar material FSW joints 

[4.15]. In dissimilar material FSW however, a swirl-like pattern, banded or lamella 

structure, as well as vortex-type microstructures, are formed in the SZ, TMAZ and also 

in the HAZ [4.14]. Fig. 4.7 (a) represents an example of a typical cross-section of 
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AA5083 (AS) to copper dissimilar metal FSW joint welded at 1000 rpm and 100 

mm/min. It is worth noting that, to ensure a comprehensive evaluation of such 

microstructures, cross-section samples were carefully extracted from the beginning, 

middle, and end of the weld across several joints, all welded under the same conditions. 

This multi-point, multi-joint sampling strategy provided a robust basis for assessing the 

integrity and consistency of the weld, allowing for a detailed characterisation of the 

microstructural evolution throughout the entire length of the weld. Towards the 

aluminium side (Fig. 4.7 (b&e)), relatively small copper particles were observed as 

regularly distributed between the aluminium interface zone and the upper surface of the 

SZ. Fig. 4.7 (c&f) illustrate that at the SZ, larger copper particles (fragments) were 

stretched and irregularly distributed along the SZ and towards the bottom of the 

interfacial region between the SZ and the copper side. The irregular copper particles 

created a lamella structure of copper and aluminium at the bottom of the TMAZ towards 

the copper side (Fig. 4.7 (d&g)).  
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Fig. 4.7 (a) Typical cross-section of joint welded at 1000 rpm and 100 mm/min. (b&e) 

interface zone towards AA5083 side. (c&f) SZ. (d&g) interface zone towards the 

copper side. 

EDS analysis was performed to reveal the variation on the aluminium and copper 

content at 1000 rpm, 100 mm/min i.e., 10 ω/v. It can be revealed from Fig. 4.8 (a) and 

Table 4.2 that good intermixing between aluminium and copper was achieved. Table 

4.2 also shows the presence of different aluminium solid solutions at this low level of 

rotational speed. The identification of these non-equilibrium solid solutions was 

substantiated by cross-referencing with the Al-Cu phase diagram, which provides a 

theoretical framework for anticipating the phases that might form under specific 

compositional and thermal conditions [4.14], similar phase formations were also 

observed under comparable welding conditions [4.21].  



Chapter 4                                              Dissimilar FSW of Aluminium Alloys to Copper 

153 

 

Further, Fig. 4.8 (e) presents an example of how the EDS analysis was performed to 

capture the variation on the aluminium and copper content. Unetched microstructures 

for the distinctive regions from Fig. 4.8 (a): Al-SZ (rectangular i), inside the SZ 

(rectangular ii) as well as Cu-SZ (rectangular iii), are presented in Fig. 4.8 (b), (c) and 

(d), respectively. The dark shaded layers surrounding the copper particles and fragments 

demonstrate the formation of the Al/Cu intermixed region as shown by the arrows. This 

embedded layer was previously reported to accompany the formation of Al/Cu IMCs 

[4.16]. Moderate stirring action was observed on the copper particles and fragments, 

which indicates the absence of the composite-like structure under this condition. 

Additionally, detached copper pieces failed to react with the aluminium matrix on the 

AS resulting in the absence of any lamella or banded structures at the interface zone.  
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Fig. 4.8 (a) SEM image and EDS points at the weld zone of test at 100 rpm and 

100mm/min. Magnified view of specific regions in Fig. 4.8 (a): (b) region i, (c) region 

ii, (d) region iii, (e) region i. 

Table 4.2 EDS results at weld SZ of Test no. 2 

Position Al at. % Cu at. % Non equilibrium solid solution  

1 75.14 24.86 - 

2 62.76 37.24 - 

3 90.35 9.65 Al (Cu) 

4 85.84 14.16 Al (Cu) 

5 61.98 38.02 - 

6 68.08 31.92 - 

7 67.18 32.82 - 

8 79.26 20.74 - 

9 37.72 62.28 - 

10 35.22 64.78 - 

 

A cross-section of an AA5083 to copper defect-free joint at a higher level of rotational 

speed is shown in Fig. 4.9 (a), as-welded at 1400 rpm and 80 mm/min with AA5083 on 

AS and no tool offset. Although three distinctive regions can still be observed across 

the weld joint, these regions were completely different from the example of lower 

welding speed, i.e., 1000 rpm. The complex structure has formed in the aluminium side 
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of the interface and towards the SZ as shown in Fig. 4.9 (b&e). Copper fragments were 

detached from the RS and stirred with the aluminium matrix to create this complex 

structure. A higher heat input is the reason behind this complex structure, where the 

stirring action was insufficient to create this structure at a lower level of rotational 

speed. Evidence of the relationship between the heat input and the plastic stirring action 

was also observed inside the SZ in Fig. 4.9 (c&f) and this resulted in the swirl and 

vortex-like structure. Unlike others [4.17–4.19], placing the copper on the RS without 

tool offset produced a wider TMAZ at the Al/Cu interface as illustrated in Fig. 4.9 

(d&g). 

 

Fig. 4.9 (a) Typical cross-section of joint welded at 1400 rpm and 80 mm/min. (b&e) 

interface zone towards AA5083 side. (c&f) SZ. (d&g) interface zone towards copper 

side. 
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Likewise, EDS was applied at different positions on the weld zone as illustrated in Fig. 

4.10 (a), where Table 4.3 summarises the elemental compositions at these points, Fig. 

4.10 (e) demonstrates an example of these EDS points. Table 4.3 also shows the 

variation in Al/Cu contents as a result of good intermixing and the absence of non-

equilibrium solid solutions. An enlarged view of rectangle (i) in Fig. 4.10 (a) is shown 

in Fig. 4.10 (b). A complex structure can be detected from the unetched microstructure 

of this region, and the chemical compositions of points 1 and 2 in Table 4.3 show slight 

variation in the aluminium and copper contents. The composite-like structure at the 

upper region of the Cu-SZ (rectangle (ii)) resulted in two different contents of Al/Cu as 

illustrated in Fig. 4.10 (c) and Table 4.3. The higher heat input (1400 rpm) and the tool 

stirring action formed similar variation in Al/Cu at the bottom of Cu-SZ as shown in 

Fig. 4.10 (d) of rectangle (iii). The dark shaded layers that surrounded the copper 

particles and accompanied the formation of Al/Cu IMCs are shown by the arrows. 
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Fig. 4.10 (a) SEM image and EDS points at the weld zone at 1400 rpm and 80 

mm/min. (b) Enlarge view of rectangular i in Fig. 4.1 (a). (c) Enlarge view of 

rectangular ii in Fig. 4.10 (a). (d) Enlarge view of rectangular (iii) in Fig. 4.10 (a). (e) 

Enlarge SEM image of rectangular (i) in Fig, 4.10 (a). 

Table 4.3 EDS results at weld SZ condition 7 

Position Al at. % Cu at. % 

1 76.5 23.5 

2 71.7 28.3 

3 55.27 44.73 

4 62.62 37.38 

5 67.38 32.64 

6 33.72 66.28 

 

4.2.3. Interfacial elemental diffusion 

The key factor to critically analysing the joint quality in FSW of dissimilar aluminium 

to copper is by characterising the structure of the interfacial region [4.14]. The elemental 

diffusion and structure are able to confirm a reliable joint [4.16]. Fig. 4.11 (a) represents 

a magnified view of the interfacial region between the aluminium and the SZ of test at 

1200 rpm tool rotational speed and 80 mm/min tool welding speed as etched by the 

aluminium etching solution. Continuous layers of refined aluminium grains are clearly 

observed. Copper particles with different sizes are diffused along with the refined layers 

of aluminium as evidence of good metallurgical bonding. The resultant SZ, as shown in 
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Fig. 4.11 (b), elucidates that the continuous interfacial layer subsequently leads to the 

lamella structure that significantly improves the joint mechanical strength.  

The interfacial region formed a composite-like structure as a result of increasing the 

heat input, as shown in Fig. 4.11 (c) of test at 1400 rpm tool rotational speed and 80 

mm/min tool welding speed. It has been reported previously [4.10] that, the resultant 

joint strength is greatly improved by this structure. As it has been demonstrated in Fig. 

4.11 (d), this composite-like structure was also dominant inside the SZ.    

 

Fig. 4.11 (a) Interfacial microstructure of the joint produced at 1200 rpm and 80 

mm/min. (b) Lamella structure inside the SZ at 1200 rpm and 80 mm/min. (c) 

Interfacial microstructure of the joint produced at 1400 rpm and 80 mm/min. (d) 

Composite-like structure inside the SZ at 1400 rpm and 80 mm/min. 
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4.2.4. Intermetallic phases 

XRD analysis was performed through the cross-sections to identify the phases present 

in the SZ. Fig. 4.12 presents the XRD patterns of three typical defect- free joints of test 

no. 2, 4 and 7 of Table 3.3. The dominant IMCs on the SZ of AA5083 and copper are 

Al2Cu and Al4Cu9, and these are confirmed from the three patterns, apart from the fact 

that AlCu was only detected under test no. 7. According to the above microstructure 

analysis of test no. 2 and 7, it can be established that the nature and quantity of IMCs 

are affected by the weld conditions.  Peak intensity changes by varying the welding 

conditions, where 1000 rpm and 100 mm/min, 1200 rpm and 80 mm/min and 1400 rpm 

and 80 are the tool rotational speed and tool welding speed of test no. 2, 4 and 7, 

respectively. As observed, the peak intensity increases by increasing the tool rotational 

speed. It has been previously reported [4.20] that, the variation of the intensity peaks is 

attributed to the complex mixing between Al-Cu overall, where relatively high intensity 

peaks indicate a higher IMC quantity [4.18] 

According to the Al-Cu phase diagram, the formation temperature Al2Cu phase is 

relatively low [4.21]. Therefore, it is expected that Al2Cu will be present in the SZ as 

the temperature during welding is known to reach 0.8-0.9 of the aluminium melting 

temperature [4.12] i.e., exceeding the formation temperature of Al2Cu. However, the 

IMCs cannot be exclusively predicted on the basis of an Al-Cu phase diagram, where 

the chemical reactions occurring during the FSW under the thermal cycles are far from 

the equilibrium condition [4.21]. In the case of Al4Cu9, the thermo-mechanical effect of 

FSW explains its formation at the SZ, where the melting temperature of this IMC i.e., 

1030°C [4.10] is higher than the peak temperature during FSW.   
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Fig. 4.12 XRD patterns acquired under tests no. 2, 4 and 7 of Table 3.3. 

4.2.5. Microhardness distribution 

Fig. 4.13 demonstrates the Vickers hardness distribution profiles of dissimilar joints 

measured across and at the middle of the weld cross-section. It is observed that the 

hardness value increases significantly at the SZ relative to the base metals due to the 

presence of the IMCs which are hard and brittle in nature [4.18] accompanied with the 

formation of very fine recrystallised grains and copper-rich dispersed particles. 
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 On the other hand, the combined effect of IMC formation and grain refinement due to 

the recrystallisation increases the hardness at the TMAZ. The HAZ in dissimilar FSW 

of aluminium to copper is mildly affected by the recrystallisation; this reduces the 

hardness in both HAZ sides [4.14], similar effect of the recrystallisation mechanism has 

previously been reported in similar AA5083-to-AA5083 and copper-to-copper FSW 

joints (section 4.1). The hardness variations are a direct result of the heterogeneous 

distribution of IMCs along with the dissimilar materials (aluminium or copper) within 

the SZ. 

 

Fig. 4.13 Hardness distribution under tests no. 2, 4 and 7 of Table 3.3. 

4.2.6. Joint mechanical strength 

The performance of the dissimilar joints has been evaluated by assessing the tensile 

properties. Fig. 4.14 shows the yield strength, UTS and joint efficiency at the conditions 
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that developed defect-free joints. Unlike other published work [4.10], [4.13], and [4.22], 

placing the softer material (AA5083) on the AS resulted in higher tensile strength. The 

error bars presented in Fig. 4.14 correspond to the standard deviation of the data, 

indicating the variability within the set of measurements for each sample. These bars 

provide insight into the consistency of the UTS values obtained from multiple tests of 

each joint type under the same welding conditions, thereby offering a statistical measure 

of the repeatability and precision of the FSW process as applied in this study. The 

increase in tensile properties can be directly linked to the nature and quantity of IMCs 

in addition to the evolved microstructure, where proper material mixing is required to 

enhance the joint mechanical performance [4.23]. Moreover, significant improvements 

in the joint tensile properties were achieved compared to other studies that placed the 

harder material (copper) on the AS [4.17], [4.18], and [4.24]. 

It is revealed from Fig. 4.14 that the effect of the tool rotational speed, in general, is 

higher than the effect of the welding speed, as this increases the heat input and 

subsequently improves the level of inter-mixing. Increasing the welding speed for the 

same level of tool rotational speed results in minor improvements in the joint UTS. The 

evolution of the composite-like structure that was produced at a higher level of tool 

rotational speed (1400 rpm) is the main reason for this improvement. The benefits of 

this structure on the joint strength have also been reported previously [4.12]. 

One of the most important criteria to identify the weld joint performance is by 

expressing the joint efficiency, i.e., the ratio of the weld tensile strength to the workpiece 

tensile strength, where a joint efficiency lower than 100% is generally reported during 

FSW of dissimilar aluminium/copper joints [4.14]. This efficiency is always relative to 

the lower UTS of aluminium base metal. In this work, high joint efficiency values were 
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achieved at the conditions that yielded defect-free joints. Up to 94.8% joint efficiency 

was calculated at 1400 rpm and 120 mm/min, which is higher than the previously 

reported efficiency of 75.6% when considering the softer material on the AS [4.24]. 

 

Fig. 4.14 Yield strength, UTS and joint efficiency at different welding conditions. 

The typical fracture surface for three different welding conditions is shown in Fig. 4.15. 

Failure occurred at the AS-TMAZ at the relatively low rotational speed of 1000 rpm 

and 100 mm/min welding speed (Fig. 4.14 (a&d)). The failure location gradually shifted 

to the AS-HAZ by increasing the rotational speed as in Fig. 4.15 (b&e) and (c&f) of 

1200 rpm-80 mm/min and 1400 rpm-80 mm/min, respectively. This change in failure 

location, shifting away from the weld zone and towards the AA5083 parent material is 

in full agreement with the gradual increase in joint efficiency, as displayed in Fig. 4.14.  
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Fig. 4.15 Fractography of the welds at tests no. 2 (a&d), 4 (b&e) and 7 (c&f). 

4.3. Development of processing window for dissimilar aluminium to 

copper joints produced by FSW 

Section 4.2 of this chapter presents the experimental results of investigating AA5083 to 

commercially pure copper FSW joints and identifies the conditions that resulted in 

successful joints. Based on the results presented in section 4.2, the following key 

conclusions have been drawn: 

• Successful weld joints between the two dissimilar materials were achieved at 

different rotational and traverse speeds, where the harder material (copper) was 

placed at the RS without any tool offset. 

• An inhomogeneous microstructure was observed inside and on the interfacial 

zone when copper particles detached and intermixed with the aluminium matrix. 
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• A composite-like structure was observed at a higher level of rotational speed, 

while the lamella or dispersed structures were found at a low level of rotational 

speed. 

• The predominant IMCs at the aluminium-copper joint were Al2Cu and Al4Cu9. 

• The volume fraction of the IMCs inside the SZ increased with increasing tool 

rotational speed, as confirmed by the high XRD peak intensities and higher 

hardness values. 

• The UTS reached 203 MPa, representing a joint efficiency of 94.8% of the 

aluminium alloy, as a result of the composite-like structure and an excellent 

metallurgical bond. 

Further experimental investigations were conducted to report on the effect of using 

different aluminium alloys on the joint quality of dissimilar aluminium to copper FSW. 

Aluminium grades AA1061 and AA6061 were separately welded to copper at different 

tool rotational speeds and traverse speeds as previously indicated in Tables 3.4 and 3.5, 

respectively. The optimal process parameters for achieving defect-free joints were 

identified through macro and microstructural analysis, as well as EDS and X-ray 

diffraction techniques to assess the presence and distribution of IMCs. The hardness 

distribution at different weld zones was also considered, allowed for the joint 

mechanical strength to be predicted. 

Fig. 4.16 summarises the optimum process parameters that always yield defect-free 

joints of dissimilar aluminium to copper FSW using different aluminium grades, based 

on the macro/microstructural analysis. It has been observed that dissimilar FSW of 

aluminium to copper was influenced by the aluminium grade, in that the joint 
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mechanical strength varied when copper was FSWed to different aluminium grade 

types.  

It is noteworthy that Fig. 4.16 primarily reflects the successful outcomes from a series 

of parameters that were experimentally verified (indicated by green circles). However, 

it is important to acknowledge that other (ω/v) ratios inside or outside these green circles 

may still hold the potential for successful dissimilar FSW joints, albeit potentially with 

a lower likelihood of defect-free. It is also worth to highlight that the scope of this study 

was bounded by the resources available; for instance, the work was conducted using a 

uniform workpiece thickness of 3 mm. Future investigations could expand upon these 

findings, studying the effects of varying plate thicknesses and tool dimensions (D/t 

ratio) to establish a more universal set of non-dimensional process parameters. Such 

investigation would enhance the applicability of the FSW process across different 

material thicknesses and contribute to a broader understanding of the size effect in FSW. 
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Fig. 4.16 Dissimilar aluminium to copper FSW window based on 

macro/microstructural analysis. 

Further investigation was carried out to examine whether the mechanical performance 

of dissimilar aluminium to copper joints is significantly affected by using different 

aluminium grades on the AS. The results of the dissimilar joints’ UTS and flexure stress 

tests are shown in Fig. 4.17 and Fig. 4.18, respectively. It is evident that the joint UTS 

and flexure stress were influenced by the AS aluminium grade. Specifically, a relatively 

higher joint UTS was obtained when using AA5083 as compared to other aluminium 

grades when welded to commercially pure copper. Additionally, the flexure stress of 

dissimilar aluminium to copper joints increased when using aluminium grade AA5083 

on the AS while keeping the harder material (copper) on the RS. 

Further, the inconclusiveness observed Fig. 4.17 (c) and Fig. 4.18 (c), was attributed to 

the relatively narrower range of tool rotational to welding speed (ω/v) ratios that were 

found to yield higher joints’ mechanical strength, particularly for the AA6061 to copper 

FSW joints. This outcome underscores the significant challenge involved in achieving 

high mechanical performance across a broad range of ω/v ratios. 
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Fig. 4.17 Dissimilar joints UTS (MPa) at different welding conditions and aluminium 

grade types. 
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Fig. 4.18 Dissimilar joints flexure stress (MPa) at different welding conditions and 

aluminium grade types. 

To determine whether the use of different aluminium grades on the AS has a significant 

impact on the dissimilar joint mechanical properties, an analysis of variance (ANOVA) 

test was conducted on the reported UTS, and flexure stress values shown in Fig. 4.17 

and Fig. 4.18, respectively. Table 4.4 summarises the results of the ANOVA test. The 

null hypothesis of the ANOVA test was that there is no significant difference in the 

dissimilar joint mechanical strength when different aluminium grades are used on the 

AS. However, the p-values of both the UTS and flexure stress AS (materials) are less 

than 0.05, according to Table 4.4. Therefore, we have strong evidence to reject the null 

hypothesis and state with 95% confidence that the dissimilar aluminium to copper joint 

mechanical strength is impacted by the type of aluminium grade used on the AS. 
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Table 4.4 ANOVA test results on dissimilar aluminium to copper joint UTS and flexure 

stress 

 

Furthermore, Table 4.4 highlights that the dissimilar aluminium to copper joint 

mechanical performance was also significantly influenced by the tool rotational speed, 

a factor that was previously discussed in Section 4.2. Ultimately, to address the variation 

in dissimilar joint mechanical strength between each pair of aluminium grade types, 

individual comparison tests were carried out. Fig. 4.19 and Fig. 4.20 depict the 95% 

confidence intervals of the difference in UTS and flexure stress, respectively, between 

each pair of aluminium grades based on the Fisher test. 

 

 

 

ANOVA of Avg. UTS (MPa) 

Source DF Adj SS Adj MS F-Value P-Value 

N (rpm) 5 4136 827.1 3.71 0.049 

v (mm/min) 6 3952 658.6 2.95 0.08 

AS (Materials) 2 5016 2508.1 11.25 0.005 

Error 8 1784 223   

Total 21 15736    

ANOVA of Avg. Flexure stress (MPa) 

Source DF Adj SS Adj MS F-Value P-Value 

 N (rpm) 5 72198 14440 7.16 0.008 

 v (mm/min) 6 23818 3970 1.97 0.185 

 AS (Materials) 2 65915 32957 16.33 0.001 

Error 8 16144 2018   

Total 21 130982    
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Fig. 4.19 The 95 % confidence intervals in differences of dissimilar aluminium to 

copper joint UTS (MPa) at each two aluminium grade type. 

Fig. 4.20 The 95 % confidence intervals in differences of dissimilar aluminium to 

copper joint flexure stress (MPa) at each two aluminium grade types. 



Chapter 4                                              Dissimilar FSW of Aluminium Alloys to Copper 

172 

 

Overall, the results suggest that the selection of the appropriate aluminium grade is 

crucial in obtaining a strong and reliable dissimilar aluminium to copper FSW joint. 

Among the aluminium grades investigated in the study, AA5083 showed better joint 

mechanical strength than AA1061 and AA6061. The AA5083 aluminium grade is 

known to have a higher content of alloying elements such as magnesium, which can 

promote the formation of a more favourable IMC structure in the weldment zone 

compared to the AA1061 grade. [4.1, 4.14]. In contrast, AA1061 and AA6061 have a 

higher percentage of silicon and other alloying elements that lead to a coarser grain 

structure and reduced strength [4.1-4.3]. It has also been reported that the finer grain 

structure of AA5083 enhances the mechanical properties of the weld by reducing the 

size of the HAZ and increasing the strength of the SZ [4.25]. Additionally, the SZ of 

the AA5083-to-copper FSW joint was observed to have a fine equiaxed grain structure 

with a high density of dislocations and sub-grain boundaries, which contributed to its 

improved mechanical properties [4.10]. In contrast, dissimilar FSW joints of AA1061-

to-copper and AA6061-to-copper exhibited an elongated grain structure with reduced 

dislocations and sub-grain boundaries in their SZ, leading to a weaker joint mechanical 

strength [4.14].  
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5. Prediction and validation of IMCs formation during FSW 

of AA6061 to commercially pure copper 

The subsequent discussion presents a novel approach for predicting the formation of 

IMCs during FSW of AA6061 to commercially pure copper. The approach is based on 

three related criteria: the thermal outputs from a finite element model, the use of an Al-

Cu phase diagram, and a microstructure and property evaluation to accurately predict 

the IMCs present in the different zones of the weldment. 

The methodology developed in this chapter was applied to butt-weld dissimilar metals 

of AA6061 and commercially pure copper using the FSW process. The results showed 

that the highest ultimate tensile strength of 194.5 MPa was achieved at a tool rotational 

speed of 1500 rpm, traverse speed of 100 mm/min, and a zero-tool offset. The chapter's 

findings provide a valuable contribution to the optimisation of FSW process parameters 

to achieve better mechanical performance of dissimilar metal joints. 

5.1. Thermal model validation 

Detailed information on the experimental setup used to produce defect-free joints of 

dissimilar AA6061 to commercially pure copper FSW joints is provided in section 3.1.1 

of this study. The coupled Eulerian Lagrangian (CEL) modelling approach, which was 

used to simulate the FSW process and predict the formation of intermetallic compounds 

(IMCs) during the welding of AA6061 to commercially pure copper, is also discussed 

in detail in section 3.2. Consequently, the nodal temperature history from the CEL 

model is compared quantitatively to the experimental data at distances of 11 mm and 

13 mm from the weld centreline and towards both the AA6061 (AS) and copper (RS) 
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sides (as shown in Fig. 3.4). To ensure a high degree of accuracy, care is taken by 

running the model exactly at the same welding parameters in test no. 2 (Table 3.6) of 

1400 rpm, 100 mm/min and 0 mm tool offset. Fig. 5.1 (a) and (b) reveal the 

experimental temperature measurements recorded by thermocouples and the CEL 

model temperature history towards AS and RS, respectively.  

It is crucial to acknowledge that presenting numerical and experimental data on a single 

plot may not accurately represent the obtained results due to differences in the 

dimensions of the experimental setup and the CEL model. To mitigate this, the results 

have been segregated into two subfigures (a) and (b), to enhance the clarity and accuracy 

of the validation process. Additionally, the experimental setup was designed with an 

extended length to ensure the achievement of steady-state thermal conditions. This 

methodological approach was reflected in the numerical analysis by implementing a 

refined mesh around the weld zone, thus providing a more accurate simulation of the 

actual welding process. It is also worth noting that, the temperature measurements 

obtained via thermocouples were not isolated; rather, they were consistently replicated 

across three iterations of the welding process under identical conditions to ensure the 

reliability of the data.  

Notably, the higher temperature differences between the AS and RS observed in Fig. 

5.1 (a) and (b) using the CEL model have been substantiated in previous literature [5.1], 

which is indicative of the model's robustness in capturing the thermal trends observed 

during the FSW of dissimilar materials. Hence, the CEL with a modified friction law 

results in good agreement with the experimental data. It is also observed that the AS 

(AA6061) temperature is lower than the RS (copper) due to the fact that copper 
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dissipated heat more rapidly than aluminium. This asymmetric behaviour of the 

temperature distribution was previously reported in a separate publication [5.2]. 
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Fig. 5.1 (a) Measured temperature of 1400 rpm, 100 mm/min and 0 mm tool, at 

different positions from the pin centre toward both the AS (AA6061) and the RS 

(copper). (b) Calculated temperature history towards AS and RS. 

In the dissimilar FSW of aluminium to copper, the formation of IMCs is related to the 

welding parameters, i.e., frictional heat input (ω/v) ratio and tool offset. The formation 

of these IMCs greatly affects the joint quality in terms of mechanical strength, 

morphology, and defect formation [5.3] , [5.4], and [5.5]. Thus, any attempts to control 

or inhibit the IMC evolution along the weld joint will significantly improve the joint 

quality. Hence, a qualitative analysis for the IMC formation based on the CEL model 

results together with the Al-Cu binary system is presented. The effect of rotational speed 

(ω/ν ratio), material placement, tool pin offset and the peak temperature are all 

considered in this analysis. The qualitative description for the IMC formation in FSW 

of aluminium to copper, based on the work of Shailesh et al. [5.6], has been modified 

and developed herein for use on aluminium to copper. Fig. 5.2 shows the material 

volumes of AA6061 and copper in the case of 0 mm tool offset (b), d mm tool offset 

(c). Where the total volume swept by the tool is given by Eq. (5.1), The volume of 

copper swept by the pin (𝑉𝐶𝑢) can be expressed by Eq. (5.3), hence the ratio of copper 

swept volume over the total volume can be determined from Eq. (5.4). 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝜋𝑅𝑃
2𝑙                      (5.1)                                                                         

     

cos 𝜃 =  
𝑑

𝑅𝑝
                                                                                                           (5.2)  

𝑉𝐶𝑢 = {𝑅𝑃
2 cos−1 𝑑

𝑅𝑝
− 𝑑(𝑅𝑃

2 − 𝑑2)1/2} 𝑙                                                             (5.3)                                                              
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𝑉𝐶𝑢

𝑉
(𝐶𝑢. 𝑎𝑡%) = {cos−1 𝑑

𝑅𝑝
− 𝑑/𝑅𝑃(1 − 𝑑2/𝑅𝑃

2)1/2} /𝜋                                    (5.4) 

* 𝑙 ≡The cylindrical section height or length. 

* 𝑅𝑃 ≡The tool pin radius. 

* 𝑉𝑐𝑢 ≡The swept copper volume by the FSW tool pin as per Fig. 5.2. 

Fig. 5.2 Schematic of the material volume at different tool offsets (adapted from 

[5.6]). 

Fig. 5.2 and Eq. 5.4 demonstrate that the tool offset affects the volume fraction of the 

total weld nugget, a prerequisite for IMC formation. Table 5.1, which summarises the 

predicted Al-Cu phases at different tool offsets towards both AA6061 and copper side, 

is constructed based on the Al-Cu equilibrium phase diagram, allowing the predicted 

phases to be determined based on the volume fraction of aluminium and copper (Fig. 

5.3). Itis important to note that continuous cooling transformation (CCT) curves were 



Chapter 5                                              Prediction and Validation of IMCs Formation 

182 

 

not incorporated into this analysis. The phase diagram presented if Fig 5.3 serves as a 

tool for predicting the phases at equilibrium conditions, which are the primary concern 

in the context of the temperatures and compositions utilised in the experiments. The 

simplification is that the thermal history of the materials during the FSW process did 

not traverse the critical cooling rates that would necessitate the use of CCT curves for 

an accurate phase determination. Consequently, the phase diagram provides a sufficient 

theoretical framework for predicting the resultant phases under the specified welding 

parameters and material states [5.4]. 

Table 5.1 Predicted phases at different tool offset. 

Case 𝒅 (𝒎𝒎) 𝒂𝒕. %𝑪𝒖 𝒂𝒕. %𝑨𝑨𝟔𝟎𝟔𝟏 Predicted 

Phases 

0.5 mm towards 

AA6061 

+0.5 35.97 64.03 Al2Cu 

1 mm towards 

AA6061 

+1.0 10.96 89.04 Al(Cu) 

0 mm offset 0 50.00 50.00 AlCu 

0.5 mm towards Cu -0.5 64.03 35.97 Al4Cu9 

1.5 mm towards Cu -1.5 89.04 10.96 Cu(Al) 

 

The generic approach to control the IMC formation at the weld nugget is by positioning 

the tool in a way that keeps the compositions of aluminium to copper within the comfort 
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zone, i.e., reduced possibility of IMC formation below the resulting temperature during 

FSW of AA6061 to copper [5.7]. Thus, the third aspect of this qualitative analysis is the 

temperature profile at the weld nugget. Fig. 5.4 (a) exhibits the top view of the 

temperature distribution at the welding stage in Kelvin at 0 mm tool offset. The same 

figure also shows that the peak temperature predicted by the CEL model is always lower 

than the aluminium melting temperature and within the plasticised zone. Fig. 5.4 (b) 

and (c) present cross-sectional views of the temperature profiles at 1400 rpm- 100 

mm/min and 0 mm tool offset as well as 1500 rpm- 100 mm/min and 0 mm tool offset. 

As observed, the calculated temperature within the weldment zone is affected by the 

tool rotational speed, where increasing the rotational speed increases the heat input and 

thus the temperature. 

 

Fig. 5.3 Al-Cu equilibrium phase diagram (adapted from [5.8]). 
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Fig. 5.4 (a) Top view of temperature profile at 1400 rpm and 100 mm/min, (b) cross-

section view of temperature profile at 1400 rpm and 100 mm/min, (c) cross-section 

view of temperature profile at 1500 rpm and 100 mm/min.   

5.2. Weld quality in the AA6061 - copper interface region 

The weld quality of the AA6061-copper joint can be generally assessed when its cross-

sectional macro features and microstructures are examined from the corresponding 

optical images. Fig. 5.5 (a) shows a macrograph of the dissimilar materials joint of test 

no. 1 of Table 3.6, at 1300 rpm rotational speed and 100 mm/min welding speed. Figs. 

5.5 (b) and (c) show optical micrographs of the weldment at the interface region and the 

weld nugget, respectively. Close examination of Fig. 5.5 (c) reveals a degree of void 

formation at the weld nugget which is related to the irregular distribution of copper 

particles. Inadequate material flow, due to a suboptimal ω/ν ratio, is the main reason for 

the resultant voids [5.9]. 

Fig. 5.5 (b) and Table 5.2 show the EDS analysis applied at different positions on the 

joint interface. The effective concentration of AlCu IMC was dominant with different 

Al/Cu contents in agreement with the calculations presented in section 5.1. 
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Fig. 5.5 (a) Typical cross-section of joint welded at 1300 rpm and 100 mm/min. (b) 

interface zone towards AA6061 side. (c) weld nugget. 

Table 5.2 EDS results at weld nugget at 1300 rpm and 100 mm/min  

Spectrum Al at. % Cu at. % Probable Phase Predicted Phases  

1 55.27 44.73 AlCu AlCu  

2 50.68 49.32 AlCu AlCu  

3 

4 

62.62 

33.72 

37.38 

66.28 

Al2Cu 

Al4Cu9 

AlCu 

AlCu 

 

 

Defect free joints were obtained at the higher rotational speeds of 1400 rpm and 1500 

rpm (test nos. 2 and 3 of Table 3.6). Distinctive regions were observed across the weld 

joint. Towards the aluminium side (Fig. 5.6 (a & b)), relatively large copper particles 

were identified; these were irregularly distributed between the aluminium interface zone 

and the upper weld nugget surface. At the bottom of the aluminium interface zone, 

copper particles (fragments) were stretched and regularly distributed along the stir zone 

(SZ), as shown in Fig. 5.6 (c). Evidence of the intermixing between aluminium and 

copper particles was also observed at the weld nugget and towards the copper side (Fig. 

5.6 (d)). Unlike other researchers [5.10, 5.11], placing the softer material (AA6061) on 

the AS with 0 mm tool offset resulted in defect free joints when a suitable ω/ν ratio was 

selected.  
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Fig. 5.6. (a) Typical cross-section of joint welded at 1400 rpm and 100 mm/min. (b) 

interface zone towards AA6061 side. (c) weld nugget. (d) interface zone towards 

copper side. (e) EDS points of rectangle e. (f) EDS points of rectangle f. 

EDS analysis was performed at the interface zone to validate the developed approach 

of predicting the IMC formation (section 5.1). Figs. 5.6 (e) and (f), and Table 5.3 show 

that, the newly generated layer close to the aluminium side is identified as AlCu 

according to the effective concentration of Al/Cu content (points 1 and 2). The possible 

IMC phases of points 3 and 4 are identified as Al2Cu and Al4Cu9, respectively. This 

interface zone contains three different IMCs. The effective concentration of aluminium 

to copper under this non-equilibrium condition allows the AlCu phase to be formed 

first, i.e., lowest Gibbs free energy [5.12]. The Al2Cu and Al4Cu9 phases formed later 

as a result of the diffusion kinetics, where the presence of these IMCs was determined 

further by XRD analysis. 
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Table 5.3 EDS results at weld nugget test no. 2 and 3 of Table 3.6 

   Test no. 

2 

  Test no. 

3 

 

Spectrum Al at. 

% 

Cu at. 

% 

Probable 

Phase 

Al at. % Cu at. 

% 

Probable 

Phase 

Predicted 

Phases 

1 53.18 46.82 AlCu 53.12 46.88 AlCu AlCu 

2 55.60 44.40 AlCu 50.66 49.34 AlCu AlCu 

3 

4 

62.62 

35.22 

37.38 

64.78 

Al2Cu 

Al4Cu9 

71.70 

37.72 

28.30 

62.28 

Al2Cu 

Al4Cu9 

AlCu 

AlCu 

 

Comparatively small copper particles were detected as regularly distributed along the 

aluminium interfacial zone (Fig. 5.7 (a, b, & c)) of test no.3 (1500 rpm and 100 

mm/min). Sufficient heat input generated by the relatively higher rotational speed of 

1500 rpm is the reason behind this enhanced thermo-mechanical effect and the regular 

dispersion of copper particles in the aluminium. Towards the copper side, refined 

aluminium grains were intermixed with the copper particles, thus resulting in a wider 

copper thermo-mechanical affected zone (TMAZ) (Fig. 5.7 (d)).  
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Fig. 5.7 (a) Typical cross-section of a joint welded at 1500 rpm and 100 mm/min. (b) 

interface zone towards the AA6061 side. (c) weld nugget. (d) interface zone towards 

the copper side. (e) EDS points of rectangle e. 

According to the results of Table 5.3, points 1 and 2 in Fig. 5.7 (e), the AlCu IMC phase 

is identified close to the aluminium side. Al2Cu and Al4Cu9 are the possible phases as 

per Fig. 5.7 (e) points 3-4, and Table 5.3. This is in agreement with the calculations 

presented in section 5.1 and supports the findings of test no.2. 

5.3. Intermetallic phases at the weld nugget zone 

For phase identification, XRD analysis was conducted across the weld nugget on defect-

free joints of tests 2 and 3 (Table 3.6). The extracted XRD patterns (Fig.5.8) revealed 

that the dominant IMCs in the weld zone of pure copper to AA6061 were AlCu, Al2Cu 

and Al4Cu9; this is in agreement with the EDS analysis and predictions discussed 

previously (section 5.2). However, the Al-Cu phase diagram cannot be solely used to 

reliably predict the formation of IMCs. Based on the temperatures estimated using finite 
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element analysis (FEA) during FSW of copper to AA6061, it was found to be in the 

range of 80-90% of AA6061 melting point. This temperature range is beyond the 

formation temperature of AlCu and Al2Cu phases, and lower than the one needed to 

form Al4Cu9 (1030°C). Despite the low peak temperature during FSW, Al4Cu9 

formation is related to the process’s thermo-mechanical effect as reported in previous 

publications [5.6]. 
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Fig. 5.8 XRD patterns acquired under tests no. 2 and 3 of Table 3.6. 

The peak intensity increases proportionally with the tool rotational speed. Qualitatively, 

it has been previously noted that high intensity peaks indicate higher IMC quantity 

[5.13]. Table 5.4 shows the results of quantifying the IMC volume fractions in the weld 

nugget considering the Topas Rietveld refinement method [5.14] on the XRD patterns 

of test no. 2 and 3 of Table 3.6. The developed method provides evidence of the increase 

in the IMCs volume as a result of increasing the tool rotational speed, where 1400 rpm 

and 1500 rpm are the tool rotational speeds of test no. 2 and 3, respectively. 
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Table 5.4 Quantitative analysis of the IMCs at different welding conditions (vol.%) 

Test no. (Table 

3.6) 

Al2Cu AlCu  Al4Cu9  

2 15.00 5.00 1.00 

3 13.00 4.00 2.00 

 

5.4. Joint mechanical strength 

Fig. 5.9 (a) and (b) present the microhardness measurement locations across the weld 

nugget and the distribution profile, respectively. The measurements were taken at the 

middle of the sheet thickness with a step size measurement of 0.7 mm. As predicted, 

the hardness within the SZ increases significantly as compared to the base metals. This 

increase is due to the combined effects of grain refinement, the presence of hard and 

brittle IMCs [5.9] and the evolution of copper-rich dispersed particles. Similarly, the 

TMAZ hardness was found to be higher as compared to the base metals due to the 

combined effect of IMC formation and grain refinement [5.15]. The variations in 

hardness within the SZ are a result of the varied distribution of IMCs in the softer 

materials (aluminium or copper). 
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Fig. 5.9 (a) Vickers hardness measurement positions. (b) Vickers hardness variation at 

tests no. 2 and 3 of Table 3.6. 

For assessing the impact of tool rotational speed on joint integrity, tensile tests across 

the weld line of dissimilar joints (AA6061 to copper) generated at the three welding 

conditions listed in Table 3.6, were conducted. The results are shown in Fig.5.10, where 

the increased tool rotational speed (1300 to 1500 rpm) resulted in a joint strength 

increase, as well as higher modulus of elasticity, by 7.0%. This enhancement in 

mechanical properties is known to be driven by the heat input increase and improved 

material mixing [5.16]. Moreover, the joint strength enhancement is directly linked to 

the distribution, nature, and quantity of IMCs.  
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Unlike other published work [5.17, 5.18], that placed the softer material on the RS, 

placing the AA6061 on the AS in this work resulted in a higher tensile strength of 194.5 

MPa (92.0% joint efficiency). Further, FSWed joints at test no. 3 (1500  rpm and 100 

mm/min) of higher tensile strength, experienced ductile fracture behaviour with 

different dimples sizes (Fig. 5.11). All the failures occurred at the TMAZ towards the 

AA6061 side. 

 

Fig. 5.10 Yield strength, Young’s modulus, and joint efficiency at the different (ω/v) 

ratio. 
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Fig. 5.11 SEM image of the fracture surface at weld test no. 3 of Table 3.6. 

In summary, this part of the study focused on investigating the FSW of AA6061 to 

commercially pure copper through a combination of experimental and numerical 

approaches. The aim was to identify the conditions that would yield defect-free joints. 

Based on the findings, the following conclusions can be drawn: 

• The formation of IMCs in FSW of AA6061 to copper has been predicted and 

validated with the experimental results. 

• The predominant intermetallic compound phases in the aluminium-copper 

dissimilar joint were AlCu, Al2Cu, and Al4Cu9. 

• A defect-free weld joint between the two dissimilar materials has been obtained 

at 1400 rpm and 1500 rotational speeds and 100 mm/min traverse speed, where 

the softer material (AA6061) was placed at the advancing side without any tool 

offset. 

• Improvements in the UTS were found to be controlled by the relatively regular 

distribution of IMCs together with the evolution of the composite like structure. 

(a) (b) 
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6. Optimisation of FSW parameters using the Taguchi 

technique for dissimilar joining of AA5083 to copper 

The following discussion details the outcomes of optimising the process parameters of 

FSW of aluminium grade AA5083 to copper. The effects of welding speed, tool 

rotational speed, and tool design were considered throughout the optimisation process. 

The Taguchi design of experiments (DoE) was used to identify the significant 

parameters that affect the mechanical strength of FSW joints and to reduce the number 

of experiments required to maximise joint efficiency. The analysis of variance 

(ANOVA) statistical method was also considered to verify that the identified process 

parameters significantly affect the mechanical properties of dissimilar AA5083 to 

copper FSW joints. 

The optimal combination of process parameters for achieving the highest ultimate 

tensile strength (UTS) was determined to be a tool rotational speed of 1200 rpm, a tool 

welding speed of 120 mm/min, and the use of a simple FSW tool (FSWT) design (S). 

On the other hand, the highest flexure stress values for dissimilar AA5083 to copper 

FSW joints were obtained at a tool rotational speed of 1400 rpm, a tool welding speed 

of 100 mm/min, and by employing a relatively larger shoulder FSWT design (B). 

6.1. Taguchi approach and orthogonal array selection 

The optimisation process for dissimilar aluminium-to-copper FSW process involves 

various welding parameters, each with its own positive or negative impact on the 

mechanical strength of the joint [6.1, 6.2]. Fig. 6.1 is an adopted cause-and-effect 

diagram that illustrates the impact of different FSW parameters on the joint quality 
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characteristics, such as hardness, UTS, flexure stress, electrical resistance, and thermal 

conductivity. Based on the results obtained in chapters 4 and 5, it was determined that 

the rotational speed of the FSW tool and the welding speed (ω/ν ratio) significantly 

affect the quality of dissimilar aluminium-to-copper FSW joints. However, FSWT 

design has also been shown to influence the mechanical strength of dissimilar 

aluminium-to-copper FSW joints [6.3–6.6]. Consequently, the objective of this part is 

to optimise the process parameters for dissimilar AA5083 to copper FSW by utilising 

the robust elimination process of the Taguchi method. The three welding parameters 

considered in this optimisation are the tool rotational speed (Nr) in rpm, tool welding 

speed (ν) in mm/min, and FSWT design. The obtained process parameters are then less 

sensitive to changes in any remaining, uncontrolled parameters, such as environmental 

conditions, user input, and other factors. 

 

Fig. 6.1 Dissimilar aluminium-to-copper cause-and-effect diagram (adopted from 

[6.7]). 

The application of the Taguchi method's elimination process necessitates the use of a 

specific orthogonal array (OA) design, which enables the identification of the overall 
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process parameters while minimising the number of experiments required [6.7, 6.8]. 

Through several preliminary trials conducted in this study, it was established that Nr 

(rpm), ν (mm/min), and FSWT design all have a significant impact on the quality of 

dissimilar AA5083 to copper FSW joints. Accordingly, an L9 (3³) OA (Table 3.7) was 

designed to include these three process parameters, with each parameter having three 

levels. Table 6.1 provides a summary of the dissimilar AA5083 to copper FSW 

parameters and their corresponding levels, based on the information outlined previously 

in Table 3.7 (section 3.1.2). The UTS and flexure (bending) stress of dissimilar AA5083 

to copper FSW joints were selected as characteristic properties, allowing for 

independent evaluation of the effects of the Nr (rpm), ν (mm/min), and FSWT design. 

Table 6.1 Dissimilar AA5083 to copper FSW parameters and their corresponding levels  

Symbol Process parameters Units Levels 

 1 2 3 

Nr Rotational speed rpm 1000 1200 1400 

ν Welding speed mm/min 80 100 120 

FSWT Tool design - S T B 

*S≡ simple FSWT design, T≡ tapered FSWT design, and B≡ larger shoulder FSWT 

design. 

The larger-the-better signal-to-noise (S/N) ratio method [6.9] was employed to 

determine the significant order of effect and percentage contribution of each factor on 

dissimilar AA5083 to copper FSW joint's UTS and flexure stress. To achieve this, 9 
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mean values of UTS were calculated based on a minimum of five samples for each set 

of welding conditions, 9 mean values of flexure stress, the mean values were derived 

from at least three samples, along with 9 corresponding equivalent S/N ratios were 

generated using Eq. 6.1  [6.9]. This facilitated a statistical analysis aimed at maximising 

the response values of UTS and flexure stress. Consequently, the highest S/N ratio was 

used to identify the optimal level for each process parameter (Nr (rpm), ν (mm/min), 

and FSWT design). Additionally, the ANOVA method [6.10] was applied to confirm 

the significant impact of the selected process parameters on the mechanical strength of 

the dissimilar joints. The analysis revealed that the FSWT design, Nr (rpm), and ν 

(mm/min) were ranked in order of significance, from highest to lowest, with regards to 

their influence on the mechanical strength of dissimilar AA5083 to copper FSW joints. 

Ultimately, the predicted optimal levels resulting from the ANOVA method were 

confirmed through repeated experiments on dissimilar AA5083 to copper FSW joints. 

S/N ratio for the larger-the-better= −10 log 1/𝑛(∑
1

𝑅2)                   (6.1) 

Where: n= No. of observations 

R = Observed data for each response 

6.2. The impact of FSW process parameters on the mechanical 

performance of dissimilar AA5083 to copper FSW joints 

Table 6.2 provides a summary of the mean values obtained for the UTS and flexure 

stress of the dissimilar AA5083 and copper FSW joints, using the L9 (3³) OA as 

previously presented in Table 3.7 of section 3.1.2. The table also displays the 

corresponding S/N ratios calculated according to Eq. 6.1. To ensure a high level of 

confidence, a minimum of five samples of ASTM tensile strength were taken into 
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account when calculating the mean values for each quality characteristic factor i.e., UTS 

and flexure stress. These samples were extracted from welds that were consistently 

defect-free, highlighting the effectiveness of the selected FSW parameters. The 

consistency in weld quality and the mechanical properties from multiple plates welded 

under the same conditions confirm the high level of repeatability achieved with the 

identified FSW parameters. This uniformity across samples and welds substantiates the 

reliability of the process parameters in yielding defect-free joints with predictable 

mechanical strengths. 

Table 6.2 Dissimilar AA5083 to copper FSW joints’ UTS, flexure stress, and the 

corresponding S/N ratios 

Exp. 

No 
  

Input 

parameters 
  

Mean of 

UTS (MPa) 

S/N ratio 

(UTS) 

Mean of 

Flexure 

(MPa) 

S/N ratio 

(Flexure) 

  
Nr 

(rpm)  
ν (mm/min)  FSWT          

1 1000 80 T 109.32 40.57 140.86 42.80 

2 1000 100 S 205.35 45.62 254.40 47.14 

3 1000 120 B 235.39 47.24 328.62 50.16 

4 1200 80 B 237.95 47.33 236.47 51.07 

5 1200 100 T 148.75  47.01 364.93 46.81 

6 1200 120 S 264.46 48.25 223.58 47.30 

7 1400 80 S 194.33 44.87 263.71 48.25 

8 1400 100 B 229.35  43.25 375.80  52.16 

9 1400 120 T 72.92 37.06 255.40 47.97 

 

Fig. 6.2 (a) illustrates the impact of FSW process parameters on the UTS of the joints. 

As anticipated, the UTS of dissimilar AA5083 to copper FSW joints was influenced by 

the FSW parameters i.e., Nr (rpm), ν (mm/min), and FSWT design. It was observed that 
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increasing the tool rotational speed initially led to an increase in the joint UTS, followed 

by a decrease. Conversely, an adverse effect on UTS was observed with increasing tool 

welding speed. Previous studies [6.11–6.15] have reported that aluminium grade 

AA5083 to copper FSW joints exhibited a variety of intermetallic compounds (IMCs), 

such as Al2Cu, AlCu, and Al4Cu9. The evolution of these IMCs was found to be 

controlled by the tool rotational speed and tool welding speed. The presence of a 

composite-like structure and higher levels of IMCs in the stir zone contributed at an 

appropriate ω/ν ratio to the enhancement of joint UTS. Fig. 6.2 (a) also demonstrates 

that the highest joint UTS was achieved when employing a simple FSWT design and 

an appropriate ω/ν ratio. On the other hand, it was found that the tapered FSWT design 

had a negative impact on joint UTS. 
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Fig. 6.2 The influence of FSW parameters on dissimilar AA5083 to copper FSW 

joints: (a) UTS (MPa) and (b) flexure stress (MPa). 

In contrast, the flexure stress of dissimilar AA5083 to copper FSW joints exhibited a 

different behaviour. It was observed that increasing the tool rotational speed had a 

positive effect on flexure stress, while, unlike the UTS, the flexure stress initially 

increased and then decreased as the tool welding speed was increased (Fig. 6.2 (b)). 

While the presence of a composite-like structure at an appropriate ω/ν ratio significantly 
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enhanced the UTS of the dissimilar AA5083 to copper joints, the highest flexure stress 

in these joints was achieved at different levels of the ω/ν ratio. Additionally, it was 

notable that a larger shoulder FSWT design substantially enhanced the flexure stress of 

the joints. 

6.3. Selection of optimum FSW process parameters for dissimilar 

AA5083 to copper FSW joints 

To further investigate the effect of FSW process parameters on the mechanical 

performance of dissimilar AA5083 to copper FSW joints, the mean S/N ratios were 

obtained using Minitab software tool [6.16] and Eq. 6.1. Table 6.3 and Fig. 6.3 (a) 

present the mean S/N ratios for the UTS values of dissimilar AA5083 to copper FSW 

joints. Higher S/N ratios indicate the minimal variation between the desired output and 

the measured output [6.8, 6.15]. According to Table 6.3 and Fig. 6.3 (a), the highest 

mean S/N ratio for the UTS of dissimilar AA5083 to copper FSW joints was achieved 

with the following parameters: Nr of 1200 rpm (level 2), ν of 120 mm/min (level 3), 

and a simple FSWT design (level 2). Consequently, the predicted optimal FSW process 

parameters for achieving the highest UTS, as determined by the Taguchi method, can 

be represented as Nr(2)- ν(3)- FSWT(2). The corresponding level values are highlighted 

in bold in Table 6.3. 
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Table 6.3 Mean S/N ratio for dissimilar AA5083 to copper FSW joints’ UTS (MPa) 

Symbol Process Parameters Mean S/N ratio 

  
Level 1 Level 2 Level 3 Max-min Rank 

Nr Rotational speed (rpm) 44.48 45.86 43.39 2.47 3 

v  Welding speed (mm/min) 44.26 43.23 46.25 3.02 2 

FSWT Tool design 40.29 47.06 46.37 6.77 1 
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Fig. 6.3 Mean effect plots: (a) UTS S/N ratio and (b) flexure stress S/N ratio. 

Similarly, Table 6.4 and Fig. 6.3 (b) display the obtained S/N ratios response for the 

flexure stress of dissimilar AA5083 to copper FSW joints using Eq. 6.1. According to 

Fig. 6.3 (b), the estimated optimal FSW process parameters for maximising the flexure 

stress were identified as follows: Nr at 1400 rpm (level 3), ν at 100 mm/min (level 2), 
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and employing the relatively larger shoulder FSWT design (level 3). Alternatively, the 

predicted optimal FSW parameters for achieving the highest flexure stress of dissimilar 

AA5083 to copper FSW joints’ can also be represented as Nr(3)- ν(2)- FSWT(3).  

Table 6.4 Mean S/N ratio for dissimilar AA5083 to copper FSW joints’ Flexure stress 

(MPa) 

Symbol Process Parameters Mean S/N ratio 
  

Level 1 Level 2 Level 3 Max-min Rank 

Nr Rotational speed (rpm) 47.37 48.4 48.79 1.43 3 

v Welding speed (mm/min) 46.16 49.46 48.98 3.34 2 

FSWT Tool design 46.59 47.47 50.49 3.9 1 

 

6.4. Confirmation test 

This part presents the results of the confirmation tests conducted to validate the 

predicted optimal levels of FSW parameters that led to the highest mechanical strength 

in dissimilar AA503 to copper joints, as obtained in section 6.3. The predicted S/N ratio 

parameter (𝜀𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) [6.8] was used to estimate and verify the response values under 

the obtained optimum FSW parameters, as described in Eq. (6.2):  

𝜀𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = ∑ (𝜀0 − 𝜀𝑙𝑖
𝑥
𝑖=1 )                                (6.2) 

Where: 

𝜀𝑙 = Total mean S/N ratio 

𝜀0 = Mean S/N ratio at optimal level 

x= No. of input process parameters 

Tables 6.5 and 6.6 showcase the results of the confirmation tests conducted at the 

Taguchi predicted optimal FSW parameters for the UTS and flexure stress of the 
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dissimilar AA5083 to copper FSW joints, respectively. Initially, the FSW conditions 

were set at Nr(1), ν(2), and FSWT(2), corresponding to a tool rotational speed of 1000 

rpm, a tool welding speed of 100 mm/min, and a simple FSWT design. It is evident 

from Tables 6.5 and 6.6 that both the UTS and flexure stress of the dissimilar AA5085 

and copper FSW joints have significantly improved when the Taguchi predicted optimal 

levels of FSW parameters were employed. Specifically, the dissimilar AA5083 to 

copper FSW joints' UTS exhibited a 27.3% increase compared to the UTS obtained with 

the initial set of FSW parameters (Fig. 6.4 (a)). Similarly, the flexure stress of dissimilar 

AA5083 to copper FSW joints was enhanced by 35.2% under the optimum levels of 

FSW parameters (Fig. 6.4 (b)). 
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*UTS1, UTS2, and UTS3 are the UTS (MPa) measured at three different locations of each weld. 

*Flex1, Flex2, and Flex3 are the flexure stress (MPa) measured at three different locations of 

each weld. 

Fig. 6.4 Comparison between dissimilar AA5083 to copper FSW joints’ mechanical 

performance at the initial conditions and the optimum levels of (a) UTS (MPa) and (b) 

flexure stress (MPa). 
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Moreover, it is worth noting that the S/N ratios at the optimal FSW parameters have 

also shown significant improvements. The S/N ratio for the dissimilar AA5083 to 

copper FSW joints' UTS increased by 4.53, while the S/N ratio for the flexure stress 

increased by 5.41, as indicated in Tables 6.5 and 6.6, respectively. This increase in the 

S/N ratio signifies a reduction in the variation difference between the desired output and 

the measured output [6.13]. It is also important to acknowledge that these optimal 

parameters for UTS and flexure stress were achieved under different welding 

conditions. As a result, when applying these parameters in practical scenarios, it may 

be necessary to reach a compromise that considers the specific application for which 

the weld is intended. This compromise is pivotal in configuring the welding process to 

meet the specific performance criteria dictated by the operational demands of the 

welded assembly. 

Table 6.5 Conformation test results of dissimilar AA5083 to copper FSW joints’ UTS 

(MPa) 

Symbol Initial Process 

Parameters 

Optimal process parameters  

  
Prediction Experiment 

Level Nr(1)-v(2)-

FSWT(2) 

Nr(2)-v(3)-

FSWT(2) 

Nr(2)-v(3)-

FSWT(2) 

UTS (MPa) 205.35 
 

282.5 

S/N (dB) 45.62 50.21 50.15 

Improvement in S/N 

(dB) 

4.53 
  

% Increase in UTS 

(MPa) 

27.3 
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Table 6.6 Conformation test results of dissimilar AA5083 to copper FSW joints’ flexure 

stress (MPa) 

Symbol Initial Process 

Parameters 

Optimal process parameters  

  
Prediction Experiment 

Level N r(1)-v(2)-

FSWT(2) 

N r(3)-v(2)-

FSWT(3) 

N r(3)-v(2)-

FSWT(3) 

Flexure stress (MPa) 254.4 
 

392.5 

S/N (dB) 47.14 52.45 52.55 

Improvement in S/N 

(dB) 

5.41 
  

% Increase in Flexure 

stress (MPa) 

35.2 
    

6.5. ANOVA for dissimilar AA5083 to copper FSW joint’ UTS and 

Flexure stress 

The ANOVA technique was employed to validate the significance of the identified 

process parameters (Nr (rpm), ν (mm/min), and FSWT design), on the mechanical 

properties of the dissimilar AA5083 to copper FSW joints. Additionally, the ANOVA 

results provide insights into the significant levels of each welding parameter. Tables 6.7 

and 6.8 present the ANOVA results obtained for the UTS and flexure stress of dissimilar 

AA5083 to copper FSW joints, respectively. 

According to Table 6.7, it was observed that the FSWT design had the most significant 

influence on the UTS of the dissimilar joints, followed by Nr (rpm) and ν (mm/min). 

The respective contributions of FSWT design, Nr (rpm), and ν (mm/min) to the 

dissimilar AA5083 to copper FSW joints' UTS were found to be 76.03%, 12.87%, and 

8.4%, respectively. 
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Table 6.7 ANOVA test results of dissimilar AA5083 to copper FSW joints’ UTS (MPa) 

Source Degree of 

Freedom 

Sum of 

Squares 

Mean of 

Squares 

% 

Contribution 

Nr (rpm) 2 9.20 4.60 8.40 

ν (mm/min) 2 14.10 7.05 12.87 

FSWT design 2 83.29 41.64 76.03 

Residual Error 2 2.95 1.47 - 

Total 8 109.55  - - 

 

Table 6.8 ANOVA test results of dissimilar AA5083 to copper FSW joint’ flexure stress 

(MPa) 

Source Degree of 

Freedom 

Sum of 

Squares 

Mean of 

Squares 

% 

Contribution 

Nr (rpm) 2 3.25 1.625 5.34 

ν (mm/min) 2 19.58 9.788 32.19 

FSWT design 2 25.14 12.568 41.33 

Residual Error 2 12.87 6.432 - 

Total 8 60.83  - - 

 

Similarly, the flexure stress of dissimilar AA5083 to copper FSW joints was mostly 

influenced by the FSWT design, followed by Nr (rpm) and ν (mm/min). However, in 

contrast to the contribution of the identified FSW parameters to the UTS of dissimilar 

AA5083 to copper FSW joints, the flexure stress response values were found to be less 

affected by the FSWT design and more susceptible to the tool rotational speed (Nr rpm). 

The estimated percentages of contribution for the FSWT design and Nr (rpm) to the 

flexure stress were 41.33% and 32.19%, respectively. Moreover, Tables 6.7 and 6.8 

demonstrate that both the UTS and flexure stress of the dissimilar AA5083 to copper 

FSW joints were less influenced by the tool welding speed (ν mm/min). 
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6.6. Modelling of dissimilar AA5083 to copper FSW joints’ UTS and 

flexure stress 

This part provides the results of applying a linear regression analysis model to 

accurately predict the mechanical performance of dissimilar AA5083 to copper FSW 

joints, based on the most significant process parameters obtained in section 6.5. The 

Minitab software tool [6.16] was utilised to develop predictive mathematical models for 

the characteristics factors of the dissimilar AA5083 to copper FSW joints i.e., UTS 

(MPa) and flexure stress (MPa), as functions of the FSWT design, Nr (rpm), and ν 

(mm/min). 

According to the ANOVA results, the optimal parameters for achieving the highest 

values of UTS and flexure stress in the dissimilar FSW of AA5083 to commercially 

pure copper can be represented by Eq. 6.3 and Eq. 6.4, respectively. Consequently, the 

predictive equations obtained from the regression analysis are described in Eq. 6.5 and 

Eq. 6.6. It is noteworthy that the interaction effect between the tool rotational speed and 

tool welding speed (ω/ν ratio) was also investigated in this analysis, as it has been 

previously established that the dissimilar AA5083 to copper FSW process is influenced 

by the combined effect of these parameters [6.13–6.19]. 

UTS (predicted) = 𝑁𝑟(2) + 𝑣(3) + 𝐹𝑆𝑊𝑇(2) − 2TUTS                                         (6.3)                                                         

Flexure stress (predicted) = 𝑁𝑟(3) + 𝑣(2) + 𝐹𝑆𝑊𝑇(3) − 2TFlex          (6.4) 

 

where: 
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𝑁𝑟(2), 𝑣(3), and 𝐹𝑆𝑊𝑇(2) represent the average UTS stress at 1200 rpm (level 2), 120 

mm/min (level 3), and simple FSWT design (level 2). 

𝑁𝑟(3), 𝑣(2), and 𝐹𝑆𝑊𝑇(3) represent the average flexure stress at 1400 rpm (level 3), 100 

mm/min (level 2), and larger FSWT design (level 3). 

TUTS and TFlex represent the overall mean of UTS and flexure stress in MPa, 

respectively.  

𝑈𝑇𝑆 (𝑀𝑃𝑎) = 1960 − 1.75𝑁𝑟 − 19.9𝑣 + 82.2𝐹𝑆𝑊𝑇 + 0.0180𝑁𝑟 ∗ 𝑣              (6.5) 

𝐹𝑙𝑒𝑥𝑢𝑟𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 (𝑀𝑃𝑎) = −687 + 0.5𝑁𝑟 + 7.4𝑣 + 54.1𝐹𝑆𝑊𝑇 − 0.0041𝑁𝑟 ∗ 𝑣 

(6.6) 

Moreover, the coefficient of determination (R2) [6.10] was calculated to assess the 

relationship between the independent FSW process parameters (Nr (rpm), ν (mm/min), 

and FSWT design) and the dependent variables (UTS (MPa) and flexure stress (MPa)) 

of the dissimilar AA5083 to copper FSW joints. It was found that the developed 

regression models for dissimilar AA5083 to copper FSW joints' UTS and flexure stress 

exhibited high R2 values of 86.12% and 84.24%, respectively. This means that the 

independent variables (Nr (rpm), ν (mm/min), and FSWT design) can explain a 

significant amount of the variation in the dependent variables (UTS (MPa) and flexural 

stress (MPa)). 

Residual plots were also used to evaluate the significance of the coefficients obtained 

from the regression models of Eq. 6.5 and Eq. 6.6. The residual plot illustrates the 

disparity between observed values and predicted values, plotted against the predicted 

values. A widely accepted criterion [6.10, 6.16] is that the residuals should exhibit 
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random scattering around zero when the model accurately fits the data. However, if the 

residuals do not demonstrate random scattering, it suggests that the model may not fit 

the data well, and the significance of the coefficients might be compromised [6.10]. 

Figs. 6.5 (a) and (b) demonstrate that the residual errors in the regression models for 

UTS (MPa) and flexure stress (MPa) displayed a tendency to follow a normal 

distribution, as indicated by the straight line pattern [6.10]. This observation suggests 

that the regression models provided a good fit to the data. Additionally, there was 

sufficient evidence against the null hypothesis for the obtained coefficients of the FSWT 

design in the two models (p-value << 0.5), hence, dissimilar AA5083 to copper FSW 

joints' UTS (MPa) and flexure stress (MPa) were significantly affected by the FSWT 
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design. Summaries of the UTS (MPa) and flexural stress (MPa) linear regression models 

are presented in Tables 6.9 and 6.10, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 Normality plots of residuals for responses (a) UTS (MPa) and (b) flexure 

stress (MPa). 
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Table 6.9 Summary of dissimilar AA5083 to copper FSW joint’s UTS (MPa) regression 

model 

Model Summary  

    

S R-sq R-sq(adj) R-sq(pred) 

34.0266 86.12% 72.24% 36.41% 

 

Coefficients 

 

Term Coef SE Coef T-Value P-Value VIF 

Constant 1960 1287 1.52 0.203 
 

Nr (rpm) -1.75 1.13 -1.55 0.196 93.35 

V (mm/min) -19.9 13.6 -1.46 0.217 134.89 

FSWT design 82.2 35.8 2.29 0.03 2.7 

Nr *v 0.018 0.0115 1.57 0.192 237.28 

 

Table 6.10 Summary of dissimilar AA5083 to copper FSW joint’s flexure stress (MPa) 

regression model 

Model Summary  

S R-sq R-sq(adj) R-sq(pred) 

34.0266 84.24% 69.43% 33.95% 

 

Coefficients 

 

Term Coef SE Coef T-Value P-Value VIF 

Constant -687 1433 -0.48 0.657 
 

Nr (rpm) 0.5 1.26 0.4 0.71 93.35 

V (mm/min) 7.4 15.1 0.49 0.649 134.89 

FSWT design 54.1 39.9 1.36 0.047 2.7 

Nr *v -0.0041 0.0128 -0.32 0.766 237.28 
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Furthermore, contour plots were employed to analyse the combined effect of the tool 

rotational speed to welding speed ratio (ω/ν ratio) on the UTS and flexure stress of the 

dissimilar AA5083 to copper FSW joints. As shown in Fig. 6.6 (a), the highest values 

of dissimilar AA5083 to copper FSW joints' UTS can be obtained at different levels of 

the (ω/ν ratio). This means that there is no single combination of tool rotational speed 

and welding speed that will result in the highest UTS for all dissimilar AA5083 to 

copper FSW joints. Therefore, an appropriate combination of FSW tool rotational speed 

and welding speed must be considered to achieve better mechanical strength, similar 

findings have previously been discussed in section 4.2.1.  

On the other hand, the flexural stress of dissimilar AA5083 to copper FSW joints was 

found to increase with increasing tool rotational speed. However, the highest level of 

flexural stress can only be obtained at specific ω/ν ratios. This means that the optimal 

combination of tool rotational speed and welding speed for maximising flexural strength 

will also depend on a specific ω/ν ratio. It is worth to note that the results presented in 

Fig. 6.6.(a) and (b) were derived from experiments conducted using a simple FSW tool 

design. 
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Fig. 6.6 Contour plots of dissimilar joints’ characteristics factors (a) UTS (MPa) vs 

rotational and welding speeds, (b) flexure stress (MPa) vs rotational and welding 

speeds. 
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In summary, the following key conclusions can be drawn from the optimisation results 

presented in this chapter: 

• Successful weld joints between AA5083 and commercially pure copper were 

achieved by placing the softer material (AA5083) on the advancing side at 

different levels of FSW tool rotational speed, tool welding speed, and FSWT 

design. 

• The significant order of effect on AA5083 to copper FSW joints’ UTS and 

flexure stress, from high to low, was found to be ranked as FSWT design, tool 

rotational speed, and tool welding speed. FSWT design was found to have the 

principal effect on dissimilar AA5083 to copper FSW joint’ mechanical 

strength. 

• The optimum FSW parameters for achieving the highest values of dissimilar 

AA5083 to copper FSW joints’ UTS were identified as follows: Nr of 1200 rpm 

(level 2), ν of 120 mm/min (level 3), and simple FSWT design (level 2). 

• The highest values of dissimilar AA5083 to copper FSW joints’ flexure stress 

were obtained with the following parameters: Nr of 1400 rpm (level 3), ν of 100 

mm/min (level 2), and larger shoulder FSWT design (level 3). 

• By applying the Taguchi optimisation method, it was proved that dissimilar 

AA5083 to copper FSW joints’ UTS at the predicted optimum levels increased 

by 27.3% compared to the joints’ UTS using the initial sets of FSW parameters. 

On the other hand, dissimilar AA5083 to copper FSW joints’ flexure stress 

enhanced by 35.2% under the optimum levels of FSW parameters. 
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• A good agreement between predicted and observed values of dissimilar AA5083 

to copper FSW joints’ UTS and flexure stress was achieved by using the linear 

regression analysis. 

• Overall, these findings highlight the effectiveness of the optimisation approach 

in achieving improved mechanical performance in dissimilar AA5083 to copper 

FSW joints. 
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7. Influence of aluminium alloy grade on dissimilar FSW of 

aluminium to magnesium AZ31B  

Aluminium grades AA5083 and AA6061 were separately welded to magnesium AZ31B 

at different tool rotational speeds (ω) and traverse speeds (ν). The optimal process 

parameters for achieving defect-free joints were identified by examining the joints 

microstructure, as well as assessing the presence and distribution of intermetallic 

compounds (IMCs) using energy dispersive spectroscopy (EDS) and X-ray diffraction 

(XRD) techniques. Additionally, the hardness distribution of different weld zones 

allowed for the joint mechanical strength to be predicted. The chapter also explores the 

combined impact of dissimilar joints’ microstructure and IMCs formation on the 

dissimilar aluminium to magnesium FSW joints’ mechanical strength.   

It has been found that the dissimilar aluminium to magnesium FSW process was 

influenced by the aluminium grade, in that the highest joint mechanical strength was 

achieved when magnesium grade AZ31B was friction stir welded to the harder 

aluminium grade (AA6061). Placing the AZ31B on the advancing side (AS) with no 

tool offset, 1000 rpm tool rotational speed and 100 mm/min traverse speed, delivered 

defect-free joints. Additionally, several IMCs such as Al3Mg2 and Al12Mg17 were 

identified at the weld nugget of the dissimilar joints, the presence of which resulted in 

higher hardness values at the weld nugget compared to the parent metals.    

7.1. Weld appearance and macro/microstructure 

The analysis of weld quality aimed to identify the process parameters that led to the 

formation of defect-free joints. To track the formation of volumetric defects, the typical 
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appearance of the top surface weld and the macrostructures of AA5083 to AZ31B and 

AA6061 to AZ31B dissimilar FSW joints under different welding parameters were 

considered as per Table 3.8 section 3.1.2. The microstructure of the weld joint was 

examined using high-resolution optical microscopy to detect possible weld defects i.e. 

micro-voids and cracks. Fig. 7.1 (a) illustrates a representative cross-section of an 

AA5083 to AZ31B (AS) dissimilar FSW joint welded at 1000 rpm and 100 mm/min 

(test no. 5 of Table 3.8). Towards the AZ31B side (Fig. 7.1 (b)), relatively larger 

magnesium particles were observed to be irregularly distributed between the AZ31B 

interface zone and the bottom surface of the stir zone (SZ).  

Further, Fig. 7.1 (a) reveals that under these parameters (10 ω/ν ratio), the irregular 

distribution of these larger magnesium particles led to the formation of macro/micro-

cracks in the SZ and towards the AA5083 interface zone (Fig. 7.1 (c)). Previous reports 

[7.1–7.3] have indicated that the formation of larger IMCs particles and improper 

material flow can result in crack defects in dissimilar aluminium to AZ31B FSW joints. 
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Fig. 7.1 (a) Typical cross-section of AA5083 to AZ31B FSW joint welded at 1000 

rpm and 100 mm/min. (b) SZ and interface zone towards AZ31B side. (c) interface 

zone towards the AA5083 side. 

In contrast to the dissimilar FSW joint between AA5083 and AZ31B, defect-free joints 

between AA6061 and AZ31B were consistently achieved under conditions that led to 

crack formation when considering the AA5083 aluminium grade. Fig. 7.2 (a) presents 

a typical cross-section of a defect-free dissimilar AA6061 to AZ31B FSW joint, as-

welded at 1000 rpm and 100 mm/min (10 ω/ν ratio), with AZ31B placed on the AS and 

zero tool offset (test no. 11 of Table 3.8). The presence of irregular aluminium particles 

resulted in the formation of a lamella structure consisting of magnesium and aluminium 

in the SZ and towards the AZ31B interface zone (Fig. 7.2 (b)). This structure, which 

was suppressed in dissimilar AA5083 to AZ31B FSW joints under similar welding 

conditions (10 ω/ν ratio), demonstrates the influence of the aluminium alloy grade on 

the dissimilar aluminium to AZ31B FSW process.  
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Additionally, a complex structure was observed in the AA6061 side of the interface 

zone and towards the SZ (Fig. 7.2 (c)). This complex structure was formed as aluminium 

fragments detached from the retreating side (RS) and mixed with the magnesium matrix 

during the stirring process. The appropriate heat input for the dissimilar joints between 

AA6061 and AZ31B accounts for the formation of this complex structure [7.4–7.6]. It 

has been previously suggested [7.7-7.9] that the stirring action alone is inadequate to 

generate this structure at a lower rotational speed.  

 

Fig. 7.2 (a) Typical cross-section of AA6061 to AZ31B FSW joint welded at 1000 

rpm and 100 mm/min. (b) SZ. (c) interface zone towards the AA6061 side. 

7.2. Dissimilar aluminium to magnesium FSW joints’ interfacial zone 

The impact of aluminium grade on dissimilar aluminium to magnesium FSW joints was 

corroborated through an analysis of the interfacial zone of these dissimilar joints. 

Widely acknowledged studies [7.10-7.12] suggest that the interfacial structure of 

dissimilar aluminium to magnesium FSW joints is a crucial determinant of the 
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mechanical performance of the resulting joint. Microstructural examination from 

section 7.2 elucidates that aluminium (Al) to magnesium (Mg) FSW joints were 

influenced by the aluminium grade. Consequently, AA5083 to AZ31B FSW joints were 

consistently produced at a lower rotational speed of 800 rpm and a welding speed of 

100 mm/min (test no. 2 of Table 3.8).  

A detailed view of the lamella structure, predominant in the AA5083 to AZ31B 

interfacial zone, is displayed in Fig. 7.3 (a). According to the EDS results, the elemental 

distribution along the interface was also found to be susceptible to the welding 

conditions (ω/ν ratio) as well as the aluminium grade. Table 7.1 summarises the 

elemental compositions as applied on the points as demonstrated in Fig. 7.3 (b). The 

variation in Al/Mg and the diffusion of aluminium particles along the layers of 

magnesium resulted in a good metallurgical bonding. 
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Fig. 7.3 (a) AA5083 to AZ31B interfacial microstructure of the joint produced at 800 

rpm and 100 mm/min. (b) Lamella structure inside the SZ at 800 rpm and 100 

mm/min and the EDS positions. 
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Table 7.1 EDS results at SZ of AA5083 to AZ31B (Fig. 7.3 (b)) 

Position Al 

at. % 

Mg 

at. % 

Possible phases 

1 9.64 90.36 Mg+γ 

2 55.27 44.73 Al12Mg17 

3 62.76 37.24 Al3Mg2 

4 62.62 37.38 Al3Mg2 

5 88.26 11.74 Al+β 

 

On the other hand, the relatively higher heat input required to friction stir weld AA6061 

to AZ31B resulted in a composite-like structure at the interface zone and towards the 

aluminium side. Fig. 7.4 (a) shows a typical interface zone of an AA6061 to AZ31B 

FSW joint produced at a rotational speed of 1000 rpm and a welding speed of 100 

mm/min (test no. 11 of Table 3.8). Fig. 7.4 (a) also presents the EDS analysis conducted 

at various points along the interface zone, and the elemental compositions at these 

points are summarised in Table 7.2. The chemical compositions of points 1 to 4 in Table 

7.2 reveal a moderate variation in the Al/Mg contents at the detected composite-like 

structure (Fig. 7.4(b)). It has been claimed [7.1-7.4] that the mechanical strength of 

dissimilar aluminium to magnesium FSW joints is significantly improved by the 

presence of a composite-like structure inside the SZ and towards the interfacial zone. 

Therefore, AA6061 to AZ31B FSW joints are likely to have better mechanical 

performance due to the formation of this complex structure. 
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Fig. 7.4 (a) AA6061 to AZ31B interfacial microstructure and the EDS positions of the 

joint produced at 1000 rpm and 100 mm/min. (b) Composite-like structure inside the 

SZ at 1000 rpm and 100 mm/min  
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Table 7.2 EDS results towards the RS (AA6061) of AA6061 to AZ31B (Fig. 7.4 (a)) 

Position Al 

at. % 

Mg 

at. % 

Possible phases 

1 63.5 36.5 Al3Mg2 

2 52.3 47.7 Al12Mg17 

3 54.4 45.6 Al12Mg17 

4 62.9 37.1 Al3Mg2 

 

Overall, Fig. 7.5 demonstrates, based on the above macro/microstructural 

investigations, the optimum process conditions that consistently resulted in a defect-

free joint of dissimilar aluminium to AZ31B FSW using different aluminium grades 

i.e., AA5083 and AA6061. It has been established that dissimilar FSW of aluminium to 

AZ31B is affected by the aluminium grade, in that the joint microstructure (and thus 

the joint mechanical performance) was influenced when AZ31B was friction stir welded 

to different aluminium grade types at various ω/ν ratios. Although Fig 7.5 highlights 

the parameters that were empirically tested and found to -consistently- result in defect-

free joints of aluminium to AZ31B, it also provides a visual guide to the anticipated 

challenges when operating outside of these proven parameters, thus highlighting the 

likelihood of encountering issues such as excessive or insufficient heat input. 
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Fig. 7.5 Dissimilar aluminium to AZ31B FSW process window based on 

macro/microstructural analysis. 

7.3. Intermetallic phases at the weld nugget 

 XRD analysis conducted across the dissimilar aluminium to magnesium FSW joints 

revealed the formation of several IMCs such as Al3Mg2 and Al12Mg17 at the weld 

nugget. It was observed that the intensity peaks of these IMCs, indicating the quantity 

of IMCs present at the weld nugget, varied with the aluminium grade. Fig. 7.6 illustrates 

the XRD patterns of two typical defect-free joints: AA5083 to AZ31B and AA6061 to 

AZ31B (tests no. 2 and 11 in Table 3.8, respectively). Although both patterns indicate 

that the dominant IMCs in the SZ were Al3Mg2 and Al12Mg17, the intensity peaks of the 

IMCs were relatively higher in the AA6061 to AZ31B SZ.  

The previous investigation of microstructure in section 7.2 of tests no. 2 and 11 in Table 

3.8 demonstrates that the elemental distribution of Al/Mg contents at the interfacial zone 

and towards the SZ was influenced by the welding parameters. Concurrently, the XRD 
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analysis revealed that the relatively higher rotational speed required to achieve a defect-

free joint of AA6061 to AZ31B (1000 rpm) resulted in an increase in the peak intensity 

of the detected IMCs, which is consistent with previous research findings [2]. Therefore, 

it is worth noting that the variation in intensity peaks resulted in a complex mixture of 

aluminium and magnesium within the weld zones. 

 

Fig. 7.6 XRD patterns acquired under tests no. 2 (AA5083 to AZ31B), 11 (AA6061 to 

AZ31B) of Table 3.8. 

7.4. Dissimilar aluminium to AZ31B FSW joints’ mechanical strength 

The evaluation of dissimilar aluminium to AZ31B FSW joints involved the 

measurement of Vickers hardness distribution across and at the middle of the weld 

cross-section, as depicted in Fig. 7.7 (a). It was observed, as shown in Fig. 7.7 (b), that 

the hardness values significantly increased at the SZ compared to the base metals. This 

increase was attributed to the presence of hard and brittle IMCs such as Al3Mg2 and 

Al12Mg17 [7.1, 7.3]. Additionally, the high hardness values in the thermo-mechanically 

affected zone (TMAZ) were associated with the presence of very fine recrystallised 

grains, dispersed aluminium-rich particles, and the formation of a lamella and/or 

composite-like structure at this interfacial zone. 
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*BM≡ base metal. *HAZ≡ heat affected zone. 

Fig. 7.7 (a) Hardness measurements points at the weld cross-section. (b) Hardness 

distribution under tests no. 2 (AA5083 to AZ31B) and 11 (AA6061 to AZ31B) of 

Table 3.8. 

To confirm the influence of aluminium grade types on dissimilar aluminium to AZ31B 

friction stir welded joints, further mechanical investigations were conducted. Each 

dissimilar aluminium to AZ31B FSW joint was evaluated by testing sub-size specimens 

across the weld zone of each welded sample in accordance with ASTM-E8 [7.13]. Table 
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7.3 provides a summary of the obtained means of ultimate tensile strength (UTS) for 

dissimilar AA5083 to AZ31B and AA6061 to AZ31B FSW joints under the conditions 

that resulted in defect-free joints. A minimum of three ASTM-E8 tensile strength 

samples were analysed to calculate the mean UTS at each welding condition, ensuring 

a high level of confidence. Remarkably, an overall joint mechanical efficiency of up to 

91% was achieved by placing the softer material (AZ31B) on the AS.  

It is worth noting that some discrepancies in the UTS values may be attributed to the 

formation of IMCs at the interface of aluminium and magnesium, known to form brittle 

phases such as Al3Mg2 and Al12Mg17, which can have a significant impact on 

mechanical performance. These IMCs were qualitatively observed through XRD 

analysis (as shown previously in Fig. 7.6), and their brittle nature may lead to variations 

in joint strength, especially at certain weld zones where the concentration of IMCs could 

differ. While further quantification of these IMCs, including their exact distribution, 

would provide additional insights into the mechanical discrepancies, this was beyond 

the core objectives of this study. Nonetheless, the presented results are deemed 

acceptable and consistent with the scope and objectives of this research, serving as a 

foundation for future studies in the field.  

Table 7.3 Dissimilar AA5083/AA6061 to AZ31B FSW joints’ UTS (MPa) 

Exp. 

No 
  Input 

parameters 
  UTS1 

(MPa) 
UTS2 

(MPa) 
UTS3 

(MPa) 
UTS 

Avg. 

(MPa) 

  Nr 

(rpm)  

 ν (mm/min)  RS 

(Material) 

        

1 800 80 AA5083 190.85 310.50 250.67 250.67 

2 800 100 AA5083 260.74 300.67 270.34 277.25 

3 800 120 AA5083 320.55 215.45 264.38 266.79 

4 1000 80 AA5083 200.35 255.34 230.43 228.71 
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5 1000 100 AA5083 280.75 210.44 240.65 243.95 

6 1000 120 AA5083 220.32 190.54 290.15 233.67 

7 800 80 AA6061 245.48 334.82 280.14 286.81 

8 800 100 AA6061 230.22 360.74 330.45 307.14 

9 800 120 AA6061 223.56 350.67 320.13 298.12 

10 1000 80 AA6061 242.43 370.26 338.78 317.16 

11 1000 100 AA6061 260.89 390.13 360.44 337.15 

12 1000 120 AA6061 255.12 377.25 334.87 322.41 

 

Furthermore, Fig. 7.8 (a) illustrates the influence of FSW process parameters on the 

UTS of dissimilar AA5083/AA6061 to AZ31B FSW joints. As anticipated, the UTS of 

the joints was affected by the FSW parameters, including tool rotational speed, tool 

welding speed, and the aluminium grade on the RS. Specifically, the UTS of dissimilar 

AA6061 to AZ31B joints was relatively higher compared to dissimilar AA5083 to 

AZ31B joints. This improvement in UTS for dissimilar AA6061 to AZ31B joints was 

attributed to the combined presence of a composite-like structure and relatively larger 

amounts of IMCs in the SZ. Figs. 7.8 (a) and (b) demonstrate that the UTS of dissimilar 

aluminium to AZ31B FSW joints consistently increased with higher tool rotational 

speed. However, the UTS of the joints exhibited an increase followed by a decrease as 

the tool welding speed was increased, highlighting the dual impact of tool rotational 

and welding speeds, which has been extensively discussed in Chapters 4,5, and 6. 

Moreover, the analysis of variance (ANOVA) technique was employed to further verify 

the significant influence of the aluminium grade type on dissimilar aluminium to 

AZ31B FSW joints' UTS. By utilising, Table 7.4, it was determined that there was 

insufficient evidence to reject the null hypotheses for the tool rotational speed and tool 

welding speed. This indicates that there was no significant difference in the UTS of 
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dissimilar joints when considering the proposed levels of tool rotational speeds (800-

1000 rpm), tool welding speeds (80-120 mm/min), and similar aluminium grade at the 

RS as outlined in Table 7.3. However, there was enough evidence to reject the null 

hypothesis regarding the consideration of two different aluminium grades on the RS. 

Therefore, it can be concluded that the UTS of dissimilar aluminium to AZ31B joints 

was significantly affected by the aluminium grade. 
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Fig. 7.8 (a) Influence of FSW parameters on dissimilar joints’ UTS (MPa) and (b) 

Interaction plots effect on Avg. UTS (MPa). 
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Table 7.4 ANOVA test results of the UTS (MPa) 

ANOVA results 
   

Source DF Adj SS Adj MS F-Value P-Value 

  N (rpm) 1 867 867 1.71 0.232 

  v (mm/min) 2 254 127 0.25 0.785 

  RS (Materials) 1 6627 6627 13.07 0.009 

Error 7 3549 507 
  

Total 11 11297 
   

 

In summary, the following key conclusions can be drawn from the investigation results 

presented in this chapter: 

• Defect-free joints of two aluminium alloys (AA5083 and AA6061) to AZ31B 

were achieved by placing the softer material (AZ31B) on the AS, without 

implementing any tool offset. 

• The dissimilar FSW of aluminium to AZ31B was influenced by the aluminium 

alloy grade, with AA6061 to AZ31B defect-free joints requiring higher heat 

input compared to AA5083 to AZ31B FSW joints. 

• The joint mechanical strength was significantly improved by the composite-like 

structure at the SZ; as a result, a joint mechanical efficiency of 91% of the 

AZ31B magnesium alloy was achieved.   
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8. Conclusions and future work 

The forthcoming discussion presents the conclusions drawn from the research 

conducted on the FSW process of dissimilar aluminium to copper materials, along with 

future research prospects. The investigation involved experimental and numerical 

methods to evaluate the weld quality through metallurgical and mechanical analyses. 

Finite Element (FE) methods were utilised as an auxiliary tool, supplementing the 

experimental work to simulate the FSW process and facilitating the prediction of IMCs 

formation. This inclusion of FE methods provided valuable insights into how various 

FSW process parameters influence the formation of IMCs and the overall characteristics 

of the weld. 

The Taguchi design of experiments (DoE) was utilised to identify the significant 

parameters affecting the mechanical strength of dissimilar aluminium grade AA5083 to 

copper FSW joints and reduce the number of required experiments for maximising joint 

efficiency. Furthermore, the study examined the influence of using two different 

aluminium alloys (AA5083 and AA6061) on joint quality in FSW of aluminium to 

magnesium grade (AZ31B). 

8.1. Dissimilar FSW of aluminium alloys to copper 

The comprehensive analysis presented in the literature review (Chapter 2) has 

emphasised that dissimilar aluminium to copper FSW defect-free joints can be achieved 

by positioning the harder material (copper) on the advancing side (AS). These studies 

have indicated that placing copper on the AS promotes effective mixing between 

aluminium and copper due to the easier flow of the softer material (aluminium). 
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However, in order to achieve defect-free joints, tool offsetting towards either the 

retreating side (RS) or AS was typically necessary. The reported ranges of tool offsets 

varied widely, rendering this method impractical for industrial applications. 

Alternatively, researchers reported success in obtaining defect-free joints by placing the 

softer material (aluminium) on the AS, requiring minimal or no tool offset. 

Despite the advantages of placing aluminium on the AS for joint mechanical properties, 

limited research has been conducted on this configuration. Additionally, the relationship 

between the microstructure of intermetallic compounds (IMCs) and mechanical 

properties requires further investigation. The study evaluated the influence of tool 

rotational and traverse speeds on dissimilar AA5083 to copper FSW joint quality when 

placing aluminium on the AS without introducing tool offsetting. The conclusions 

derived from the experimental investigation are as follows:  

• Successful weld joints were obtained between dissimilar AA5083 to copper 

materials at different tool rotational and traverse speeds, with copper placed on 

the RS without tool offset. 

• Dissimilar AA5083 to copper defect-free joints produced by FSW were 

achieved at the specific following parameters: 

➢ Low rotational speed level of 1000 rpm at 100 mm/min and 120 mm/min 

welding speeds (10 and 8.3 ω/ν ratio). 

➢ Intermediate rotation rate level of 1200 rpm and 80 mm/min (15 ω/ν 

ratio). 

➢ High rotation rate level of 1400 rpm for the two ranges of the welding 

speed 80, and 120 mm/min (17.5, and 11.7 ω/ν ratio). 
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• An inhomogeneous microstructure was observed inside and on the interfacial 

zone, when copper particles detached and intermixed with the aluminium 

matrix.  

• At higher level of rotational speeds, a composite-like structure was observed, 

while lamella or dispersed structures were found at lower level of rotational 

speeds. 

• The predominant IMCs at the aluminium-copper joint were Al2Cu and Al4Cu9.  

• The volume fraction of the IMCs inside the stir zone increased by increasing the 

tool rotational speed as confirmed by the high XRD peak intensities and higher 

hardness values. 

• The ultimate tensile strength (UTS) reached 203 MPa, representing a joint 

efficiency of 94.8% of the aluminium alloy as a result of the composite like 

structure and of an excellent metallurgical bond. 

• Overall, dissimilar aluminium to copper FSW joint was influenced by the 

aluminium grade, in that the joint mechanical strength was varied when copper 

was friction stir welded to different aluminium grade types. Among the 

aluminium grades investigated in the study, AA5083 showed better joint 

mechanical strength than AA1061 and AA6061. 

8.2. Prediction and validation of IMCs formation during FSW of 

AA6061 to commercially pure copper 

A novel approach for predicting and validating the formation of IMCs during FSW of 

AA6061 to copper was presented, along with their effect on mechanical properties. 

Numerically, the work built upon the previously reported coupled Eulerian Lagrangian 
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(CEL) model approach, which assumed the FSW tool to rotate and traverse along the 

Eulerian domain. A modified friction law was adopted to describe the interaction 

between the Lagrangian (the FSW tool) and Eulerian (aluminium and copper) domains, 

resulting in good agreement with experimental data. 

The temperature distribution within the weld nugget, obtained through finite element 

modelling, combined with an Al-Cu phase diagram and elemental concentration of 

copper and aluminium, allowed the prediction of several IMCs present in different 

weldment zones. The following conclusions were derived from this investigation: 

• The formation of IMCs in FSW of AA6061 to copper has been predicted and 

validated with the experimental results. 

• The predominant intermetallic compound phases in the aluminium-copper 

dissimilar joint were AlCu, Al2Cu, and Al4Cu9. 

• A defect free weld joint between the two dissimilar materials has been obtained 

at 1400 rpm and 1500 rotational speeds and 100 mm/min traverse speed, where 

the softer material (AA6061) was placed at the AS without any tool offset. 

• Improvements in the UTS were found to be controlled by the relatively regular 

distribution of IMCs together with the evolution of the composite like structure. 

• The highest UTS of 194.5 MPa was achieved at 1500 rpm tool rotational speed, 

100 mm/min traverse speed and a zero-tool offset. 

8.3. Optimisation of FSW parameters using the Taguchi technique for 

dissimilar joining of AA5083 to copper 

A detailed parametric analysis was conducted to optimise the process parameters for 

dissimilar FSW of AA5083 to copper. The study considered the impact of rotational 
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speed (Nr rpm), welding speed (ν mm/min), tool and FSW tool (FSWT) design 

throughout the optimisation process. The Taguchi DoE was applied to identify the 

significant parameters affecting the mechanical strength in dissimilar AA5083 to copper 

FSW joints and reduce the number of required experiments for maximising joint 

efficiency. Statistical analysis methods (ANOVA) were employed to verify the 

significant effects of the obtained process parameters on the dissimilar AA5083 to 

copper FSW joints' mechanical properties. The key conclusions derived from the 

optimisation results are as follows: 

• Successful weld joints between AA5083 and commercially pure copper were 

achieved by placing the softer material (AA5083) on the AS at different levels 

of tool rotational speed, tool welding speed, and FSWT design. 

• The order of significance in terms of impact on the joint UTS, from high to low, 

was as follows: FSWT design, tool rotational speed, and tool welding speed.  

• Optimum FSW parameter for achieving highest values of dissimilar joints’ UTS 

was found as: Nr of 1200 rpm (level 2), ν of 120 mm/min (level 3), and simple 

FSWT design (level 2). 

• The highest values of dissimilar AA5083 to copper FSW joints’ flexure stress 

were obtained with the following parameters: Nr of 1400 rpm (level 3), ν of 100 

mm/min (level 2), and larger shoulder FSWT design (level 3). 

• By applying the Taguchi optimisation method, it was demonstrated that the UTS 

of dissimilar joints increased by 27.3% and flexure stress enhanced by 35.2% 

compared to initial sets of FSW parameters.  



Chapter 8                                                                           Conclusions and Future Work 

252 

 

• Linear regression analysis showed that the predicted values of the UTS and 

flexure stress of dissimilar AA5083 to copper FSW joints were in good 

agreement with the actual values. 

8.4. Influence of aluminium alloy grade on dissimilar FSW of 

aluminium to AZ31B 

Moreover, the study investigated the influence of different aluminium grades (AA5083 

and AA6061) on dissimilar FSW of aluminium to magnesium AZ31B. The following 

conclusions were drawn: 

• Placing the softer material (AZ31B) at the AS consistently produced defect-free 

FSW joints between dissimilar aluminium to AZ31B materials, without the need 

for tool offset.  

• Dissimilar FSW between aluminium and AZ31B was influenced by the 

aluminium grade, with higher joint mechanical strength achieved when AZ31B 

was joined to the harder aluminium grade (AA6061).  

• Several IMCs, including Al3Mg2 and Al12Mg17, were identified in the weld 

nugget, resulting in higher hardness values compared to the parent metals. 

• The dissimilar joint's mechanical performance significantly improved due to the 

composite-like structure in the weld nugget, resulting in a joint mechanical 

efficiency of 91% for the AZ31B magnesium alloy. 

In summary, this thesis presents substantial advancements in the FSW of dissimilar 

aluminium to copper and dissimilar aluminium to magnesium materials, aligning 

closely with the initial aims and objectives set out in Chapter 1. The comprehensive 
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research undertaken, encompassing both experimental and numerical methods, has 

significantly contributed to the state-of-the-art in FSW research. 

Key achievements include: 

• Dissimilar FSW of aluminium alloys to copper: The study successfully 

demonstrated that defect-free joints in dissimilar aluminium to copper FSW are 

achievable by placing the softer material (aluminium) on the advancing side 

(AS), without the need for tool offset. This finding challenges the conventional 

practice and provides a more practical approach for industrial applications. 

• Influence of aluminium alloy grades: The research also highlighted that the 

choice of aluminium grade significantly impacts the joint quality in dissimilar 

FSW, with AA5083 exhibiting superior mechanical strength compared to other 

grades. 

• Prediction and validation of IMC formation: A novel approach for predicting 

and validating IMC formation in FSW of AA6061 to copper was introduced. 

This approach, combining numerical models with experimental results, provides 

a predictive insight into the microstructural evolution during welding, enhancing 

the understanding of material behaviour. 

• Optimisation using Taguchi method: The application of the Taguchi method for 

optimising process parameters in dissimilar FSW of AA5083 to copper 

underscores the effectiveness of this statistical approach in refining welding 

conditions to maximise joint efficiency. 

• FSW of aluminium to AZ31B: The research extended to explore the impact of 

aluminium alloy grades on the quality of joints in dissimilar FSW of aluminium 
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to AZ31B. The findings affirm that placing the softer material (AZ31B) at the 

AS consistently yields high-quality joints. 

Each of these findings represents a significant stride forward in FSW research, 

providing new insights and methodologies that enhance the understanding and practical 

application of this welding technique. The outcomes of this thesis not only meet but, in 

many cases, exceed the initial objectives, positioning this research as a noteworthy 

contribution to the field of FSW. 

8.5. Future work 

The detailed experimental and numerical investigations conducted in this thesis have 

advanced the state of the art in the field of FSW of dissimilar materials. The research 

opens up several prospects for further work, including: 

• Exploring the effects of FSW process parameters on dissimilar FSW of other 

metal combinations. This could include steel with Copper-Nickel, aluminium to 

steel, or dissimilar aluminium alloys. These investigations could be carried out 

in various applications, such as tube-tube sheet heat exchangers or the 

automobile industry. 

• The potential application of Non-Destructive Testing (NDT) techniques, 

including Ultrasonic, X-Ray, or Computed Tomography (CT) scans, represents 

a promising direction for future research to assess the integrity of FSW joints. 

Although these methods were not incorporated into the current study due to 

budgetary limitations and the focus on extensive microstructural analysis, their 

capability to provide a further evaluation of weld quality is acknowledged. In 

subsequent work, it would be advantageous to integrate these NDT techniques 
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to offer a more in-depth understanding of the welds. Their use could 

significantly enrich the quality assessment, providing a multi-faceted evaluation 

that complements the microstructural analysis and further refines the 

characterisation of FSW joints. 

• Future investigations into the FSW process should consider incorporating 

advanced characterisation techniques such as Electron Backscatter Diffraction 

(EBSD) to more accurately quantify the formation of IMCs. While the present 

study employed a mathematical transformation to highlight differences in peak 

intensities across various welding conditions, investigating the IMC distribution 

may benefit from the enhanced resolution and analytical capabilities that EBSD 

provides. Recognising the limitations of the current study, the application of 

EBSD would be an invaluable addition to future work, offering a more definitive 

validation of the Topas method and enabling precise quantification of IMCs.  

• Extending the CEL model to predict features such as tool wear, void formation, 

and residual stresses. This could be done by combining the model with 

experimental results. 

• Further utilising the Taguchi DoE method to optimise the distribution of IMCs, 

electrical resistance, thermal conductivity, and fatigue life in dissimilar 

aluminium to copper FSW joints. 

• Investigating the FSW process window for achieving defect-free joints by 

consistently placing the softer material on the AS. This could be done by 

conducting more experiments and identifying the optimal process parameters 

for different combinations of materials. A key avenue for advancement would 

be the development of a non-dimensional process window, i.e., incorporating 
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the plate thickness to tool diameter (D/t) ratio. This ratio is a critical factor that 

influences the heat generation and material flow during welding and is thus 

expected to have a significant impact on the quality of the joint. By 

understanding the influence of the D/t ratio, it will be possible to apply the FSW 

process more flexibly and accurately across different material thicknesses and 

tool sizes, enhancing the robustness of the technique for dissimilar material 

welding. 

• Studying the dynamic response of the FSW tool and workpiece during the 

joining process and establishing correlations between FSW conditions and 

dissimilar joint quality. This could be done using numerical simulations and/or 

experimental measurements. 
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Appendix 1 

 

Typical Stress-Strain curves of sample base metals materials. 

Samples of experimental BM test data 

BM   

 

 

 
Tensile stress at 

Yield (Offset 0.2 %) 

[MPa] 

Modulus 

(Automatic 

Young's) 

[GPa] 

UTS 

(MPa) 

  Width    

(mm) 

 Thickness 

(mm) 

      

 Copper 5.1 2.86 257.26 114.14 273.81 

AA5083 5.08 2.88 166.07 73.42 166.07 

AA1061 5.03 2.92 163.97 67.56 163.97 
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Typical Stress-Strain curves at different welding conditions of AA5083 to copper 

Samples of experimental FSW test data with post-weld measurements of AA5083 to 

Copper 

  Input 

parameters 
  

 

Post-weld 

measurement 

 

 
Tensile 

stress at 

Yield 

(Offset 

0.2 %) 

[MPa] 

Modulus 

(Automatic 

Young's) 

[GPa] 

UTS 

(MPa) 

Nr 

(rpm)  

 ν (mm/min)  Width    

(mm) 

 Thickness 

(mm) 

      

1000 80 5.02 2.95 143.45 48.72 163.11 

1200 80 5.07 2.65 147.87 99.14 204.23 

1400 80 5.05 2.50 155.26 103.88 205.04 

1400 120 5.04 2.73 159.55 29.61 220.49 
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Appendix 2 

 

Macrographic comparison of FSW joints at different welding conditions: (a) Front and 

back views of the weld produced at 1000 rpm and 120 mm/min. (b) Front and back 

views of the weld produced at 1000 rpm and 100 mm/min. 
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of Strathclyde, Glasgow. 

• Date: 28/08/2023 

• Time: 0915 – 1530 

• Place: Bell Room, Level 8, James Weir Building, University of Strathclyde  

• External Examiner: Prof. Duncan Camilleri, University of Malta 

• Internal Examiner: Dr Tugrul Comlekci, University of Strathclyde 

• Convener: Dr Reda Felfel, University of Strathclyde 

• Outcome: Pass – minor corrections  
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