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Abstract

This thesis presents a comprehensive investigation interitteon 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 analy&este 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 empsiagithe importance of placing copper

on the advancing side (A8) achieve defedree dissimilar aluminium to copper FSW
joints. However, tool offsetting on the retreating side (RAS was found impractical

for industrial applications due to varying tool offsets. Alternatively, researchers
achieved defeeiree joints by placing aluminium on the AS without tool offset.
However, limited research has focused on this configuratiaspiteeits 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 inhomogneous microstructure was observed within the weld, with the

predominant intermetallic compounddCs) identified as AICu and AlCw. The



volume fraction of IMCs increased with higher tool rotational speeds, leading to

improved ultimate tensile strength (UT&)d 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 Gbapled Eulerian
Lagrangian (CEL)model, combined with a modified friction law, provided good
agreement with experimental data. The predicted IMCs, including AIGGuAland

Al4Cuw, were confirmed through the comparison of temperature distributie@uAl
phase diagram, and elemental concentration. The research demonstrated thfiedefect
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 optigi 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 optirsed parameter combinations resulted in enhakdesl 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 ddfeetjoints, and the

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

grade (AA6061). The presence of intermetallic compounds, such sMgAblnd



Al12Mgi7, 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 optismg 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 materialspfr&ass
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Chapter 1 Introduction

1. Introduction

1.1. Background

1.1.1. Friction stir w elding

The Friction Stir Welding (FSW) technique, as a fornaeblid-state joining process,
has emerged as highly technological advancement over the past thirty years,
facilitating the joining of an array of metallic materials across a broad speftrijm

The initial patent for the technology was filed by Thomas 14} in 1997, following
which the Welding Institut§ TWI) embarked on its development, culminating in the
year 1994 [13] when the first successful implementation of the technology was
demonstratedConceptuallythe FSW procesaitilisesarotating shouldered tool with a
profiled pin, both in contact with clamped workpie¢&.4]. The solidstate joining
process FSW-is accompanied by a number of advantages over conventional welding
techniques [B, 16]. These include the absencesbfeldinggas, filler wire, andwelder

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
dissimila metals[1.7]. Furthermore,the FSW processyields higher mechanical
strength of jointsand does not produce fusyg@orosity, or spatteMoreover,FSW is
amenable to automation and has a low environmental impacip.4For all the
aforementione@dvantageghis advanced joinintechniquds of interest tdeusedin

thefield of automotive, aerospacghipbuilding andmilitary domaing1.10, 1.11].

Neverthelesst is noteworthy that the FSW technique does possess certain limitations

[1.12], including:
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1 The magnitude of clamping force that must be exdmethe norconsumable
tool to ensure proper fixation of the workpiece.

1 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 categed into four primary sps[1.13, 1.14], which

comprise:

1 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 plassation. 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.

1 Dwell step: the FSW tool undergoes continuous rotation to promote sufficient
frictional heat, thereby plastging the process zone of the workpieces.

1 Welding step: Subsequent to the plastation 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 de&irom. The
plasticeed 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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1 The retraction step: By the end of the welding seam, the FSW tool exits the

produced joint leaving a keyhole that indicates theveelding position.

Throughout allof the FSW seps the workpieces are firmly clamped to a bottom
(backing) plate, thereby preventing longitudinal, vertioalateral movement. From a
manufacturing perspective, it is widely acknowledged that FSW can be regarded as a
forging/extrusion process [B]L The terminologies associated wkISW, andits four

distinct sepsare illustrated in Figures 1.1 and 1.2, respectively

Plunge Force

Tool Rotational elding Directio

FSW Welded Region Shoulder

Pin

AS , //' x RS *SZ= Stir Zone

SZ *TMAZ= Termomechanical Affected Zone
HAZ .
BM TMAZ HAZ= Heat Affected Zone
*BM= Base Metal
*AS= Advancing Side
*RS= Retreating Side

Fig. 1.1 Schematicgllustration of FSWprocess
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Plunge Force C
@

Tool Rotational N
il 1

@ Welding Direction

=~ Shoulder
Pin

AS RS

: Plunging Step

: Dwell Step
: Welding Step
: Retraction Step

®OEO

Fig. L2 FSWprimary seps

1.1.2. Metals and dloys dissimilar joining proces®s

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 requirement§, [1.17]. Dissimilar

materialjointsare 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 austertibiéerritic steels in power systems [8]1

dissimilar joints of coppenickel to steel in the oil and gas industry [®]l the

application of copperto steel joints in shipbuilding engineering industries, and

dissimilar joints of aluminium to steel in autotive and aerospace fields P0, 1.21].
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The rapid demand for joints with a high strengitrweight ratio, particularly irthe
transportation and aerospace industries, has led to an increased need fdregefect
joints that possess high mechanical properties and low energy consumption. Dissimilar
joints have becomiavoureddue to their ability to improve product performance while
meeting the functional requirements of ttanponentHowever, the use of dissimilar
joints presents severchnicalchallenges [1.2]. Conventional joining techniqsefor
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 [1.5].

In circumstances where there is a need to join a combination of dissimilar metals and/or
alloys usingthe conventional fusion welding processggnificant challengesmerge

as a result of the differences in chemmanpositionsand the mismatch in the physical

and mechanical propés of each metdll.26, 1.27]. For example, the mismatch in
thermal expansion can result in the formation of residual stresses that impair joint
mechanical strength [182 Moreover, excessive heat input during the fusion welding
process can negatively alter the microstructure and mechanical properties of the
dissimilar joints [129]. In contrast, FSW technology has the potential to replace
conventional joining methods due to its ability produce defedree welds on

dissimilar metals and alloy4.30].
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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
accuratemumericalanalysis 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 mteriak [1.31]. Furthermore, numerical models can also be utilised to
study the role oftheintermetallic compound (IM§) formation in improving dissimilar

joint mechanical performance, and thus reduce the experimental costs associated with
dissimilar FSWs. Advanced FSW models can also predict the conditions under which

flaws or defects may arise [1231.33].

It is widely acknowledged that the FSW process cacdosideredas a multiphysical
problem, which encompasses the combined material deformation, mass flow, and heat
flow processes [14. Consequently, the current FSW models can be broadly classified
into four categories: thermblased models [153, thermemechanicabased models
[1.36], material flowrbased models [173, and microstructure evaluatidrased models

[1.39. Overall, these models have been developed to predict various aspects of the FSW
process, including material flow, thermal aresidual stresses, and reaction forces on

the FSW tool [139].

1.2. Problem statement and bjectives

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 QL.A herefore, FSW technology can

replace conventional joining methods, due to its ability to produce dedeatlissimilar
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joints of metals and alloys, which exhibit better joint quality J41445]. 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:

1.3.

Identification ofthe FSW process parameters that consistently produce defect
free FSW butt joints.

Evaluaing the impat 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 centsabjects of numerical modelling in this study.
Establishment of a robust optisation process for dissimilar FSW parameters
that requires the minimum number of experiments and is less sensitive to other

uncontrolled parameters, suchessvironmental conditions and user input.

Research @proach

This investigation utilise both experimental and numerical modelling techniques to

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

welds between variousimilar metal combinations including coppercopper,

aluminiumto-aluminium and magnesiusto-magnesium, as well as dissimilar

combinations such as copgeraluminium and aluminiumto-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 métalalloys to predictthe 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 isaniha
number of experiments needed to opsemoint efficiency. The impact of tool rotational
speed, welding speed, mateqddcementand tool geometry will be comprehensively
evaluated to establish a process window that ensures congiktghtjoint mechanical

performance.

1.4. Thesis structure

This thesiss divided into seven furthechaptersChapter 2 presents a comprehensive
literature review of thatate of the art knowledgessociated with the FSW process, as
well as the challenges involved in performing similar and dissimilar FSW of metals and

alloys.

Chapter 3outlines the experimental procedures employed to achieve similar and
dissimilar FSW bultt joints usingarious 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, compasital analysis, and phase identification, which
were accomplished using energy dispersive spectroscopy (KEX&y, diffractanetry

(XRD), and electron backscatter diffraction (EBSDhe chapter also delves into the
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mechanicalassessmenapproach of the joints. Moreover, Chap&ialso provides
details on the numerical modelling technigeesployedto 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 fromasithilar
dissimilar FSW butt welding jointsThe first part of the chapter focuses on the
presentation of the optimal process parameters that produce-tleégdints for
copperto-copper and aluminiuso-aluminium. Subsequently, the chapter discusses

the results of obtaining defefree joints ofdissimilar FSW between aluminium and
copper. The experiments involved welding of aluminium grades AA5083 and AA1061
tocopper,withdi f f er ent t ool andtavesse speedsa) v s peedat {
- 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-fleéect
joints. The chapter also details the results of the numerical modelling approach using
the copled EulerianLagrangian (CEL) method, along with the validation procedure
used for the dissimilar FSW of AA6061 to copper. Moreotss, chaptepresents a
robust prediction method for IMCs formation during dissimilar FSW welding of

aluminium to copper

Chapter @letailsthe outcomes of optimising the dissimilar FSW process parameters of

aluminium grade AA5083 to coppefhe 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 Dagproach is adopted to determine the key
parameters that significantly affettte dissimilarFSWj oi nt sd mechani ca
while reducing the number of experiments required for optimal joint efficiency.
Statistical analysis methods such as the analysis of variance (AN@Y)ique are

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

the mechanical properties of the dissimilar FSW joints.

Chapter 7details the investigation of the influence of aluminium alloy grade on
dissimilar FSW of aluminium tthe magnesium alloy3Z31B. The impact of using two
different aluminium alloys on the joint quality of dissimilar Al to Mg grades (AZ31B)

is alsoassessed. The optimal process parameters for achieving-leée@intsare
exploredby 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 conclissimial provides recommendations for

future work.
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Chapter 2 Literature Review

2. Literature review

The literature concerning the experimental and numedballengesrelated tothe
dissinilar friction stir welding (FSW) of metals and alloys is examined in the
subsequenthapter 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 contentiscusses the available modelling methods developed for

simulating the FSWrocess.

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 eléctrica
connectors, heat exchanger tubes, transformer foil conductors, and capacitor foil
windings[2.1] . Additionally, the dissimilar aluminium joints used in the aerospace and
transportation industrig®.3]. With an increased demand for high strergtiveight

ratio components, particularly in the aerospace and transportation sectors, there is a
pressing need to produce deféee joints that exhibit higher mechanical properties.
However, conventional fusioprocesses such as Gas Tungsten Arc Welding (GTAW)
and Metal Inert Gas (MIGyelding suffer from various limitations, including the
presence of porosity, solidification cracking, oxidation, and high joint distortion, which

significantly impair the mechanical performance of dissimilar jo[2tgi 2.6]. In

a7



Chapter 2 Literature Review

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 pf2g&@ss

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 industrf2.2]. The aluminium series of alloys are often categorised as
difficult-to-weld metals due to the following reasons when considering a conventional

welding procesf.1, 2.8}

1 Impaired solidified microstructure, which can negatively affect the joint's
mechanical properties, reducing its overall strength and durability.

1 Solidification shrinkage, almost twice that of ferrous alloys.

1 Wider solidification temperature ranges.

1 Presence of oxide layers.

1 High thermal conductivity.

1 High coefficient of thermal expansion.

M 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 initiatiof2.9, 2.10] Further, metals that have been subjected to heat
treatment, thermanechanical processes, and/or chemical precipitates also tend to

exhibit lower joint mechanical strength relative to the base rf#fél, 2.12]

In contrast to fusion weldinghe solidstate 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 alldg2sl3]. As a solidstate joining technique,
FSW generates minimal distortion, thereby enabling the creation of superior welds with
excellent mechanical propertigs14]. PresentlyFSW applications are not limited to
aluminium alloys and can be applied to a wide range of soft anetdrareld metals

and alloys such as nickel, magnesium, copper, and steel fldy§2.18] Several
studies have demonstrated the feasibility of the FSW process to produce relatively
robust, highquality welds on dissimilar joint.16i 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 Tablei2.hiasedn solubility,

which reveals how two metals interact during welding. The "sewnée€facial reaction”
between Aluminium (Al) and Magnesium (Mg)oints to intense metallurgical
interactions, often introducing welding complexit2g28 2.30] This can be attributed

to Mg typically having a higher solubility in Al than Aluminium's solubility in Steel
[2.21i 2.24]. Conversely, the "mediwimterfacial 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
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Table 2.1 Typical examples dissimilar FSW welds and the industrial applications

Dissimilar FSW FSW joint Joint application Ref.

materials classification

Aluminium/ mild  Medium- Automotive industry.e., Engine  [2.211

steel interfacial cradles (Honda Motor Co.), Marin 2.24]
reaction industry i.e., decks to hulls.

Gasketed joints and vessels.

Aluminium / Severe Fabrication of aircraft structures, [2.9

aluminium interfacial ship structures (electronic parts), 2.27]
reaction transport structure@arts of the

internal combustion engine, ICE)
and bodywork.

AZ31B/AAG061 Severe Automotive, aerospace electronic [2.28
interfacial transportation, cathodic protector: 2.30]
reaction ship building, offshore, power

generation, and railway industry.

Al-Si/ pure Medium Automobile and aircraft industries [2.30i

titanium interfacial 2.32]
reaction

Al reinforced/ New-dissimilar Aerospace, motor sport and [2.33]

SiC matrix materials automotive industrial fields.

AA5083/copper  Medium Electrical connectors, heat [2.34i
interfacial exchangers tube 238
reaction foil, conductors, and capacitor

windings.
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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 defeefree 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 speed®.43, 2.44]

In general, research on the FSW process has led to the advancement of modelling
approaches to simulate therfm@chanical processes. This progress has enabled the
development of new FSW tool designs, allowed for the consideration of further
dissimilar mateal systems, and improved the FSW optimisation prof2d$s, 2.46]

It is noteworthy that the FSW technique has given rise to severgkeabsses, such as
Friction Stir Processing (F$Pdeveloped by Mishra et dR2.1]. It is -the FSR an
advanced methotthat precisely modifies the microstructure of metals, improving their
mechanical and thermal attributes while preserving the essential characteristics of the
bulk material This solidstate surfacenodification techniqueFSR offers humerous
processing capabilities such as eliminating casting defesftaing microstructures,
improving strength and ductility, increasing fatigue resistance, enhancing formability,
and improving corrosion resistanderiction Stir Spot Welding (FSSW\an also be
considered a suprocess 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 [@$8& 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
processeslhe 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 teclalogi

[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 indicatedhat 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 ugupteserved 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 2.1AA6082 and AA6061 joints mechanical strength produced by FSW and MIG

welding proces§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 alloy$2.51]. Numerous investigatiorjg.2,2.45, and 2.46have

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

defectfree 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 establishedldptimum 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 efZaR]dindings, similar and dissimilar
aluminium alloy joint systems are no longer difficult to weld since the process window

for achieving defeetree 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 conddci@is
Moreover, the application of copper has recently been extended to include structural
materials that require muthanufacturing 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 dissipatiacutisat oc
around the localised weld zone (welding pgaIb5]. In addition, certain copper

alloys require a preheating process to achieve défsejoints[2.56]. Overall, it is

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

typically exhibit unavoidable residual stresses and hot sholfth&34 To overcome
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the aforementioned challenges that arise when considering conventional fusion joining
processes, sohdtate joining processes such as FSW technology have been
extensively investigated. These investigations have involved both experimental and

numerical appaches to achieve high FSW joint efficie2y36-2.58]

In their work, Sakthivel et aJ2.58] successfully produced defetee FSW bultt 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% nmemical joint efficiency relative to the parent
material. Subsequently, Sun et |.59] identified a process window for achieving
defectfree FSW joints of commercially pure copper, which included tool rotational
speed, tool welding speed, and tool load. The autf®B9] also investigated the
influence of FSW welding parameters on both the joint mechanical performance and
microstructure. Based on this wd&k59], 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 g§R.58] and Sun et a[2.59], Shen et al[2.60]
investigated the tradeff point between FSW joint microstructure, in terms of stir zone
grain size, and ultimate tensile strength. It was reported that the ultimate tensile strength
increasesunconditionally- by decreasing the grain size of the sbing 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 showig. 2.2). The author2.60]

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

mechanical strength within the range ofZZ0 mm/min.
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Fig. 2.2 Mechanical performance of commercial pure copper FSW joints at different

welding speedf2.60].

Based on the findings of Shen et[al60], 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)wvas 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 clairf2@1] 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 off@#2a welding speed of 84

mm/min, and an axial force of 1.62 KN. Zadeh et[2l61] 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 traafbvalue before it starts to decrease.

More recently, Jabbari et §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 sgdeslsvas 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 micmostural dynamics of FSW, contributing
significantly to the understanding of material behaviour under different welding
conditions The authors observatiorj2.62] 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
magnesiurrbased alloys, due to their potential applications in various fields, including
automotive, aerospace, and electrorf@46]. 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 temperaturef2.16-2.63] Additionally, the casting of magnesium alloys is
relatively less expensive and often recyclaf?e64]. Further, the properties of

magnesium alloys make them an ideal candidate for use in nuclear reactors, as they
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exhibit excellent resistance to carbon dioxide £C&hd can serve as fuel cladding and
structural components in nuclear power pldatd, 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 temperatimited

mechanical strength, low fatigue behaviour, and low creep resigtathée 2.28]

It is widely acknowledged that methods such as grain refinement, recrystallisation, and
the addition of rarearth elements like Yttrium (Yjand Neodymium (Ng can
significantly enhance the mechanical properties of magnesium §dy&2.64] As

such, the FSW technology can effectively replace conventional joining methods by
producing defeefree welds of magnesiutmased alloys while maintaining the desired
level of grain refinement arising from higher strain rates. FSW of magnesium altoys ha
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 proce$2es5].

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 magnesiased alloys

Magnesium Welding Mechanical Remarks/Conclusions Ref.
alloy parameters  properties
AZ31/AZ91 N (1400 UTSupto Defectfree joints were [2.65]
1800) rpm 183 MPa  achieved by optimising the
v (25-100) process parameters, resultin
mm/min in the absence of hot crackin
defects.
AZ61A N (1200 UTSupto Atoolrotational speed of 120 [2.66]
rom), v (90 224 MPa. rpm, a tool welding speed ¢
mm/min), 90 mm/min (equivalentto a 1
and 37 kN ¥/ v ratio), a
tool axial 5 kN led to a joint efficiency o
force. 83%.
AZ31 N (800-1600) UTSupto Higher jointmechanical [2.30]

rpm, v (120 225 MPa. strength was obtained at a tc
mm/min) rotational speed of 1200 rpm

corresponding

ratio.
AZ31B N 600 rpm UTSupto The use of C@as a cooling [2.63]
216 MPa. medium in the process has
v (200 _
, been observed to refine the
mm/min)

joint microstructure and
promote a high dislocation
density. As aresult, a
significant number of twins
and secongbhase particles

have been detected.
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In general, the FSW of magnesitbased alloys is highly dependent on the welding
process parameters, as reported in various stydiés-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 weldimgmeters 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
electricalproperties of the former. Such systems include shell and tube heat exchangers,
electrical connections, capacitor windings, and transformer condy2té66i 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 diffitativeld 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 distq&iad].

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 a[2.71] proposed the first approach for predicting

the IMCs in such cases. The authf#g1] made use of a simplified material volume
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under the FSW tool and demonstratqdalitatively 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. apprd@chl] took no account of the
thermemechanical 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 wasoaiunted fof2.71].

More recently, Shailesh et gR.72] advanced the work of Mishra et §2.71] by
assuming a cylindrical material volume under the FSW tool. Although the derived
equations of Shailesh et §.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 abovmentioned predictive approaches, some attempts have been
conducted to comprehend the formation o
mechanical strength. Ouyang et [@.8] studied the microstructural evolution during
FSW of AA6061T6 to copper, where the dissimilar weld nugget exhibited several
IMCs, such as AlCu, AICu and AICw. 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 foufi2l8] that the measured temperature of the AA6061
reached 580°C, which is greater than the melting temperature at the eutectic
composition of an AlCu binary alloy. The authoti®.8] proposed that these IMCs
evolved on the basis of two different phenomena, these being the constitutional
liquation that governs the formation of aluminirioh phases (Al/AICu eutectics,
Al>Cu and AlCu), which is due to their solidified morphology, and the relatively lower

melting temperature of aluminiunch phases. In contrast, the sedithte diffusion
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phenomenon was claimed to control the formation of the cegefMCs in the weld

zone (Cu(Al) and AlCw). The latter phenomena can be attributed to the thermo
mechanical effect of FSW at the weld nugget, where the melting temperatus€af Al
(1030°C) is higher than the peak temperature during FSW. It was con¢fu8Fthat

the existence of these brittle IMCs created a high level of disparity in the mechanical
properties of the weld. In their wofR.8], there was an absence of the resultant high
strain rate effect in the evolution of the relatively lower melting temperature IMCs
(AloCu and AICu), as the thermmechanical effect of FSW can also explain the

formation of these IMCs.

More recently, Galvao et gR.73] claimed that the IMCs formation in dissimilar FSW

of aluminium to copper can only be explained by the themechanically activated
solid state diffusion phenomenon. Unlike the approach of Ouyang[2t&). Galvao

et al.[2.73], proved the absence of solidification structures in both the aluminium and
copper rich sides, amdported that the resultant high strain rate during the FSW process
facilitates the formation of ACu, AICu and AICw, an approach that has also been
supported in other recent publicatig@s34-2.37] Further, Xue et aJ2.74] 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 claiffd4, 2.75]that the tool
rotational speed t o haba&sigafednideifectgn tsedMCsd (¥
formation and subsequently the joint mechanical strength. Other publishe{Pvgatk
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@u and AlCw, 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 work@dé&x 2.77]. Numerous studies
noted that defediree butt joints between aluminium to copper could be produced by
placing the harder material (copper) on the[A33 2.81] According to these studies
[2.732.81], 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 dfect-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 défeefoints can be obtained by placing

the softer material (aluminium) on the AB17 2.82] For example, Tan et 4dR.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 werbe 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 composdike 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. Rher, the author.82] noted a development of channel defect

at higher tool traverse speed of 40 mm/min.
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Nano-scaled
IMCs

J N
(1 A0

Composite-like
microstructure

Fig. 2.3 Compositdike 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 corp@site

structureand nanescaled microstructuri.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 witthe work of Tan et a[2.82]. Although Karrar et a[2.17]

qualitatively identified the direct benefit of the combined presence of IMCs and the
compositelike 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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par ameters, i . e. ¥/ v [2.17,a28P] bave nGtvdefinitavelyl re

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 pregperti
[2.28, 2.83] Section 1.5 of this thesis highlighted tmitations of fusion welding
processes in achieving defdote 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 coarseigaat the weldment zone. In
addition, the reflectivity of aluminium and magnesium alloys poses a challenge for
certain welding processes such as electron beam welding (E&),beam welding
(LBW), and gas tungsten arc welding (GTAY®)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 G2A8E].

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
hardto-weld metals and alloys and can overcome the aforementioned limitations of
conventional welding processes. Luo et §2.84] emphasised that tool offset is
necessary to achieve defdiete joints, as cracks were consistently observed at zero mm
tool offset. In a subsequent study, Khodir efi85] argued that defedtee joints of
dissimilar AA2024T3 to AZ31 magnesium alloy can only be obtained by placing the

harder material (AA20243) on the AS. However, Kostka et §2.86], refuted this
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claim in their work [2.86], producing defeefree 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 tdol i) thickness

of the workpiece(T) (D/T ratio) [2.16, 2.65] Fig. 2.4 demonstrates the significant
influence of the ¥/ 3 ratio on the mecha
aluminium to magnesium alloy2.87]. 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/Toraf 3 is not suitable for dissimilar
FSW of aluminium to magnesium alloys. Malarvizhi et[al28] 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 recrystallisatiate, resulting in a composili&e

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 proceqd2e$6-2.29] 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 stati® and severe

plastic deformation at the weldment zones [2.16, 2.2928%]
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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 themachanical phenomenon of

the FSW process, these efforts have been in addition to ongoing experimental
investigationg2.1-2.90] 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. Ultimatelhdse efforts aim to reduce the cost of experimental work.

Initially, the primary focus of simulating the FSW process was placed on thermal
models, where research¢?s91-2.93]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 ¢2&l1] developed a-B

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 pnoesss
reasonably well simulated, Song et al[z91] model was unable to calculate the

temperature distribution around the FSW zones.

Cho et al[2.92] made advancements on Song et f1.81] 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 mod€g2.92]. The FSW workpiece materiabluminium- was considered as

an incompressible neNewtonian fluid, where convection/conduction boundary

conditions were applied along with temperatdependent 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 beerconsidered valid to optimise FSW tool design and achieve high joint
performancg2.43, 2.63] In a pioneering study, Colegrove et [@.93], successfully
visualised material flow during the FSW process throughDac®mputational fluid
dynamics (CFD)Model, considering a simple shoulder and threaded pin tool profile.
Colegrove et al2.93] aimed to comprehend the impact of various FSW parameters on
the material flow around a complex threaded pin FSW tool. It was f@.®8] that the
plasticised material that flowed in line with the deformation zone was swept around the
RS of the pin. Colegrove et §.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 thermmechanical phenomenon during the FSW process.
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Although thenumericalmodels mentioned aboy2.91i 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 ax@d.fdo overcome the limitations

of the thermal models, researchf94, 2.95]developed thermmechanical models

of the FSW process. These models were based on two methods: (a) ignoring metal flow
for nonflow-based models, or (b) assuming a flbased thermomechanical modelling

approach, such as Arbitrary Lagrangnlerian(ALE) models.

Non-flow-based FSW models are capable of predicting both the residual stresses
resulting from thermal strain and the applied axial fer@&ey parameter that has been
argued to influence the mechanical performance of FSW j¢iel, 2.94] For
instance, Rajesh et[@.94]successfully calculated the resultant residual stresses during
FSW by assuming a-B thermemechanical analytical model of the stir zone around
the tool pin. In their moddR.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 aJ2.95] developed a robustB Lagrangian implicit finite element
model (FEM) of the FSW process, based on a combined rigid-plastic nature

between the workpiece and the FSW tool. This contirbased model was validated
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using acquired experimental data of the FSW tool forces and workpiece temperature.
Unlike previous studie§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 conclud@®5] that the temperature
distribution around the FSW tool implies an asymmetric strain distribution around the
stir zone. Additionally, it was foun[2.95] that temperature and the resultant thermal
strain decrease at different weldment zones by increasing the welding speed.
Furthermore, Buffa et aJ2.95] 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
thermoemechanical finite element approach should be applied to numerically rhedel t
FSW procesq2.96]. This technique was adopted by Grujicic et [@.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 mod@®91i 2.95]. In their model2.97],

the adaptive remeshing technique was applied to fully capture the free surfaces material
and the material evolution in the weldment zone. Moreover, the modified JeGosén
material model was used to formulate the variation in dynamic recrystallisal@ine

to the plasticised material around the stir zone. Overall, Grujicic[@t@I] 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 pr¢2¢:8. 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;Batdour 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) doains. To model the plasticity of the workpiece material,
JohnsokCookés constitutive model was empl oy
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 autH@:.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.
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Fig. 2.5 (a) The CEL schematic representation of FSW of dissimilar AAG66d

AA5083-0O butt joint. (b) localised FSW zone idealisation mdée9].
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More recently, Karrar et g2.42] 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 byBddour et al[2.99]. The author§2.42]
incorporated the modified friction law described by Shokri ef2al.00]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 resed&heps10, 2.18]

since the introduction of the solglate 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) nogendgrates
enough frictional heat to plasticise the workpiece material, but also ensures the
necessary forging force for FSW joint consolidafi21®, 2.101] Conversely, the FSW

tool pin profile stirs the plasticised material and enhances the mixing pf@c&8s

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 workpig@el01] 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

Shoulder

diameter

Shoulder angle

Pin feature

Pin angle

Pin diameter

Pin length

Stirring, and mixing
the plasticised
materials in the joint
surface.

Heat generation,
material swept, and
plasticdeformation.

Forging and joint
consolidation.

Stirring and mixing
the swept material
around the pin.

Swept the plasticisec
material along the
workpiece thickness.

Partially, generating
heat and thus,
ensures the
plasticised flow.

Forging and stirring
action.

The complex the shoulder feature th
better the material flow.

The amount of heat generated durin
the FSW process increases with an
increase in the shoulder diameter.

A concave shoulder angle promotes
material accumulation, whereas a
convexshoulder angle promotes flas
formation.

The complex the pin features the
better the material flow.

Material flow is enhanced by
increasing the pin angle.

Material flow is decreased by
increasing the pin diameter.

The forging andtirring actions are
improved by increasing the pin lengt
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 AA6082aluminium 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 revgal@@2]that the cavity/fillet
shoulder design was the most appropriate geometry for the FSW butt joint, as it
produced better crowsthe raised portion in the centre of the welded joamtd root
quality. While the three designs showed no significant differemcésrms of joint
transverse and tensile strengths, the cavity/fillet shoulder design was found to enhance
longitudinal tensile strengf{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.

Te: fillet tool

| Tec: fillet + cavity

* | e fillet + scroll tool |

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

[2.102]

A recent study by Elangovan et f2.103] 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 stu@y103] 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 authorf2.103] conclude that the shape of the weldment
zones and the production of deféate 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[2l104]
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 crgsstional 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 maerial's movement. It's important to note that these flow pattern differermres w
analysedthrough experimental means rather than numerical simulations, providing
direct empirical evidence of the effects of pin geometry on material flow during the
FSW processThe authorg2.104] 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

76



Chapter 2 Literature Review

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 axialdforgin
force can also be considered an independent fgtb2.105] 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 deptb6]

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 trentributions 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 fiction 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]

Researcherf2.1082.110] have further developed Mishra et a[2s107] 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 [@t14]18] have successfully
identified the optimal process parameters that result in high mechanical performance of
dissimilar AA2024T3 to AA7075T6 FSW butt joints. Their model used a robust
optimisation approach based on defect detection usinglestnuctive tsting methods

such as ultrasonic and radiography.

Other studie$2.109, 2.110have 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 toolotational 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 inpuf2.10-2.101] 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 welglispeeds, and a similar effect can also be

observed on joint fatigue lif2.12].

In a related study, Gharacheh et[dl111] 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 w
authord2.111]found thatdefeet r ee j oi nt s wer e obtained a
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 strernly 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 inpuf2.27-2.112] 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 collaps§?.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 A§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 tyf2415].

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
procesg2.114-2.116]. Toaddress this issue, the American Welding Society (AW&S)
attempted to establish consistent specifications for FSW of aluminium alloys that are
commonly used in aerospace applicatiffhg414] The American Bureau of Shipping
(ABS) has further advanced this effort by publishing a-pe@ewed FSW bulletin for
aluminium alloyg2.116] However, most FSW user guide specifications are currently

applied internally and individually for specific FSW joint configurations.

2.8.4. FSW optimisation process
Achieving defecffree joints and high mechanical performance can only be possible

through the optimisation of FSW process parameters, by considering the key factors
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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, Bear strength, and fatigue life performaiz&4-2.117]

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 parametef2.26-2.96]

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 wvear yi ng
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 iy 8]

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 efall18]and Zhang et aJ2. 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 alumiriasoopper or aluminium
to-magnesium alloy joints. In the present study, the FSW process has been refined to
produce defeefree butt joints for aluminiurto-copper and aluminiuspo-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,
analytial 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 n@s.By systematicallyestablishinghese factors, this

work enhances the current understanding and provides a robust framework for
achieving defeefree FSW joints of dissimilar materials. The absence of tool offset in

this approach simplifies the FSW process without compromising joiegriy,
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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
dependat on a thermanechanical 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 da 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 mbl& suita
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
bee 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 thathis numerical workis considered alongside the primary goal of
identifying the process parameters for successful dissimilar FSW joiabsnaiihium

to copperto introduce a novel approador predicting thelIMCs 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
defectfree welding, the numerical model offers predictions on IMC formation,

enhancing theapth 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
contibutes 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 discussiorprovides a comprehensive account of #perimental
procedures for achieving dissimilar FSW butt joints on various metals, such as
aluminium, copper, and magnesibased alloys. It also outlines the characterisation
methods used to evaluate the joints critically, including metallographic exaomn
compositional analysis, and phase identification through techniques such as energy
dispersive spectroscopy (EDS) andgay 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 doman discretisation techniques such as Lagrangian, Eulerian, and Coupled

Eulerian Lagrangian (CEL).

3.1.Experimental programme

3.1.1.Experimental setup

A fully instrumented HTIM16X8/2 static gantry FSWwachine was used to butt weld
150x 50x 3 mm, resulting in an overall welded sheet width of 100 rilme machine

was equipped with sensors for monitoring and controlling the welding process via
computer numerical control, programmed using &Md Gcodes, and offered three

plunging control modes: force control, position control, and position with defhectio

105



Chapter 3 Experimental an8lumericalMethodology
compensation controlDespite thesdeatures, there were challenges in accurately
collecting force data during the experiments. Timsitation was primarily due to
difficulties in data extraction from the FSW welder machMevertheless, 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 ddfeetjoints
between the selected dissimilar materi&ig. 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 tabiuring the FSW experiments, the workpieces were clamped
and supported in all directions (X, y, z), as shown in &ifj. 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 veas tilverify

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 locationsSection 3.1.2. provides additional information regarding the

thermocouples' placement.

The FSW tool was constructed from higinength tool steel with a hardness ofAD

HRC. The tool had an 18 mm (featureless) shoulder diameter eD€)5 mm
(featureless) pin diameter (D@nd 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 laopDs and tapered

pin types on the joint's integrity. Fi8.2 depictsaa schematic diagram of the FSW tool
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geometriesBoth the simple tool design (S) (F&2 (a)) and the tapered tool pin design
(T) (Fig. 3.2 (b)) wereequippedwith shoulders of 18 mm in diameter and 2.7 mm

plunging depth. The relatively larger tool desi§) (Fig. 3.2 (c)) featured a shoulder

of 22 mm in diameter and a similar simple tool pin design.

Fig. 3.1 The experimentakt-up of dissimilar AA6061 to copper FSW process.
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(a) (b) (c)

— <+ Ds2=22

T —» Dp1 'e—

————— Pin Centre line
* Dimensions are in mm

Fig. 3.2 Schematic diagrams of different FSW tool designs: (a) simple tool de}ign (S

(b) tapered pin desigT), and (c) larger shoulder desi().

3.1.2.Materials and FSW processdetails

The study considereda rangeof metals and alloys commonly ug#id in industrial
applications, which are often challenging to weld using fusion welding methbds.
investigationincluded 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 joistempared to conventional welding
processes Tables 3.1 and 3.2 provide details on the chemical composition and
mechanical properties dfie aluminium alloys (AA1061, AA5083, and AA6061he

magnesim alloy type AZ31B, anthecommercially 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. %) 098 40 010 0.70 025 0.10 040 0.15

AAG061 (wt. %) 0.6 1.0 03 0.15 0.25 0.10 0.7

AZ31B (wt. %) Al Mg Si Mn Zn Cu Fe Ni
3.0 Bal. 003 04 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 3.2Mechanical properties of base metaldvesasured

Materials Yield strength UTS Youngods M Avg.
(MPa) (MPa) (GPa) HV
AA1061 151.78 165.50 35.50 50
AA5083 163.97 225.66 67.57 70
AAGBO61 276 310 68.90 105
AZ31B 217 240 14.0 70
Copper 257.26 273.66 114.14 90

I t 6s wor t hhatthe anemical nompogitions of these parent materials were

determined using Energy Dispersive Spectroso@iyS) analysis. The mechanical
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properties, specifically hardness, were evaluated using the Vickers hardness test,
providing an average value for each base matéfnather,to explorethe mechanical
strength ofasreceivedbasemetak, subsize specimens from each sample were tested

in accordancavith 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 studieg3.4i 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 amichversespeeds plays a crucial role in determining

the integrity of the resulting joinThe present studgxamines thealidity 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 w on the seam line, as shown in Fig. 3.3Tayoughout thgpresent

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

recommendedbr produdng defectfree joints[3.10i 3.14].
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M&Iding
Direction

Thermocouple

(a)

Advancing side
(As)

Retreating side
(Rs)

AA6061 .

Unit: mm
(b) T Fi
PO | Y |
s L] °° N
+& G _T

Fig. 3.3 (a) Weld configuration and experimentahggtAA6061 to copper (300 x 50
x 3 mm?3). (b) The measurement positions of thermocouples imbedded into AA6061

(As) and copper (Rs).

As previously mentioned, this study alsonsideredhe current thermeonechanical
simulation techniques of the FSW procéssletailed 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 -thpe K
thermocouples situated at different positions-{B1mm) from the joint line, i.e.,-2

mm from the shoulder surface. To faat® the development of steasate FSW
conditions, a series df.5 mm diameter holes were drilled from the side of AA6061
(AS) and the side of copper (RS), as illustrated in Fig(88.and(b). These holes were

positioned in the midlegion of the plate length (i.e., 150 mm from the starting point).
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It's worth noting that Kype thermocouples were securely affixed usirgpecialsed
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 calibratshwas conducted to

verify this surfacdo-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
studys findings.Additionally, Figs. 3.4 (a) and 3.4 (b) depict a transverse esesson

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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(a) - © — (b)
T L
i N
1 i |
—
1 i T
! o Pd
1 1
] ] I
1 i |
T —+
o
e
Advancing side : Retreating side N
(AA6061) @ (Cu)
| N
| N
i A

------ Weld Centreline e -

— — — Pin Centre line

Fig. 34 (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 materibe AS,

FSW experiments were conducted to investigate the impact of tool rotational speed and
tool welding speed (/v ratio) on the di ¢
summarse the welding parametetisat were usedt is worth noting that, theange of

tool rotational speeds ardol welding speedm Tables 3.3 3.8 were selected based

on several considerations. Initially, the welding conditions negessaroduce defeet

free FSW joints for similar materials., aluminiumto-aluminium, coppeto-copper,

and magnesiuno-magnesium were identified. These parameters served as preliminary
conditions in determining the optimum process parameters for dissimilar material FSW

joints.

113



Chapter 3 Experimental antlumericalMethodology

To validate the outputs of the CEL model, a specific design of experiments was
consideredas shown in Tabl8.6. 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 outpefore recordingtemperature results at
different weldment zones. The study was also extended to explore the influence of
different FSW tool desigs 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
travere speeds (¥/v ratio) to determine t

free joints (Table 3.8).
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Table 3.3Welding parameters used in tRBW experimentgAA5083 to copper)

Test Rotational Traverse speed ¥ / ratio AS

No. speed (rpm) (mm/min) (rev/mm) 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 3.4Welding parameters used in the experiméAs1061 to copper)

Test Rotational Traversespeed ¥/ 3 r atAS

No. speed (rpm) (mm/min) (rev/mm) 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 3.5Welding parameters used in the experiméAB6061 to copper)

Test Rotational Traverse speed ¥ / ratio AS

No. speed (rpm) (mm/min) (rev/imm) Material
1 1000 80 12.5 AA6061
2 1000 100 10 AA6061
3 1000 120 8.3 AA6061
4 1200 80 15 AA6G061
5 1200 100 12 AA6G061
6 1200 120 10 AAGO61
7 1400 80 17.5 AAG061
8 1400 100 14 AAG061
9 1400 120 11.7 AAG061

Table 36 Welding parametersf FSW of AA6061 tacopperused invalidating the CEL

model results

Testno. ¥/ 3 r ¢ Rotational Backward Tool AS
(rev/mm)  Speed (rpm) tilt Angle Offset, Material
* (deg.) do (mm)

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 37 Welding parameters used optimise FSW of AA5083 to copper using the

Taguchitechnique

Test Rotational Traverse speed ¥ / ratio FSWtool AS

No. speed (rpm) (mm/min) (rev/imm) desigrt* 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[ T ap e FS®Vdool designSI s i mpg-SWtookdesignBl L ar ger s hou
FSWtool design
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Table 3.8Welding parameters used in the experim@ABs5083/AA6061 to AZ31B)

Test Rotational Traverse speed ¥ / ratio RS

No. speed (rpm) (mm/min) (rev/imm) 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 AAG061
8 800 100 8 AAG061
9 800 120 6.67 AAG061
10 1000 80 12.5 AAG061
11 1000 100 10 AAG061
12 1000 120 8.33 AA6061

3.1.3.Metallographic examination

After the welding process, the samples for metallography semtoonedgerpendicular

to the welding direction using a wire cut electrical discharge machine. Standard
metallographic techniques were employed to prepare the samples in accordance with
ASTM E40709 guideline$3.15]. The samples were mechanically polished using a grit

sequence of 200, 300, 500, 800, and 1200. Subsequently-staigeetching process
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was employed to enable higlsolution optical and scanning electron microscopy
(SEM) analysis. To reveal the copper side macro/microstructures, a solution of 1 g
FeCk, 10 mL HCI, 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 POy dissolved in 125 mL of ethanol, followed by a 12 s step using
Wecks's tint (4 g of KMn@and 1 g of NaOH dissolved in 100 mL of distilled water).
The etched samples were then examined usingregblution optical microscopy and

SEM.

Qualitative analysis of the weldment zoredementatomposition was conducted using

EDS This analysis allowed for the interpretation of #agiation in dissimilar materials
content, which can be attributed t.o the
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
using a40-mA operatingcurrent, 4ekV voltage and 1.5404§ Cu KU radia:
Furthermore, the Topas RietveldrXy diffraction (XRD) refinement methg8.20]
wasemployedo study the developed phases and quantify the amount of IMCs present

in the weld zone. Accurate crystallographic information of thecprdirmed 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 hae been qualitatively identifie8.5-3.9], there is a lack of quantitative data

and prediction of their presence relatiyv
Researcher8.3-3.16] have not definitively demonstrated the negative or positive role
played by IMC patrticles. 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 betweenslfé@mation and joint
mechanical strength. Fig. 3.5 illustrates the microhardness indentation locations
measured across the top, middle and bottom of the weldseotisn, arranged in three
rows at distances of 0.5, 1.5, and 2.5 mm from the top surflaaeAsurements were
conductedusingthe Qness 60A+ hardnessachinewith a load of 300 g and a dwell

time of 15 seconds. While hardness profile measurements at different depths of the
crosssectional surface of welds are commonly used to evaluate joint mechanical
performane [3.19i 3.23], it is important to note that hardness is not a single property
but rather a complex mechanigabpery and an indicator of the intrinsic bonding of

the dissimilar FSW jointg3.24].
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Fig. 3.5Vickers hardness measurement posgion

Subsequently, the joint mechanical strength was further investigated by testsigesub
specimens across the weld zone of each welded sample in accordance withERSTM
[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 anstron5969 testing machine. The maximum load measured

at failure for each butt joint was recorded and interpreted as the joint weld sti@ngth.
interpretation has been achiewad comparinghe UTS obtained from each salze
sampleto the ageceived base materials, for instance, Al in the cagd ¢d Copper
dissimilar joints, and Mg in the case Af to Mg joints.| n addi ti on, it
acknowledge that careful consideration was given to thevpalst thickness of each
sample. Despite the distortion bgirelatively 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 outcdtredection

of these measurements e been documented in Appendix
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Additionally, preliminary flexural tests {Boint bend test type) were conducted to
qualitatively assess the flexural behaviour of dissimilar materials FSW joints. Due to
limited laboratory access during thpandemic, 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 standardisexhluation Given the absence of a widely accepted
standard for flexural testing of such dissimilar joints, adaptations were made following
GB/T 26532008, equivalent to ISO 5173:20[82€, and corroborated bjy8.27, as a
credible approach for evaluatj weld performance. Similar methodologies have been

deemed acceptable in previous relevant styaid<},3.28and3.29]

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
performanceFig. 3.6 €), showcasing a postending 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 evalwuation of disalsoiwmarthl ar |

noting that, an average of three tests was reported for each welding condition
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ol o0l 06

Fig. 3.6 (a) Dimensions of thensilé preliminaryflexural sample as per ASTM E8
standards. (b) Example @nsilesamples through the welding directigo). Post
bendingtestmacrograph of AA5083 toopperdissimilarjoint at 2000 rpm and 100

mm/min.

After conducting the aforementioned mechanical tests, the fracture surfaces were
examined using highesolution 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 indej
along with the dependent variable of weld strength, was performed using the Minitab

software environment

3.2. Numerical methodology

This sectionpresentghe 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. AR@U phase diagram and the elemental
concentratiorof 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 Lagrangigl®EL) 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 solufi®80, 3.31]. CEL modelis 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 0150 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 profefise biased

seeding mesh was used along and around the FSW shoulder area, where the mesh
becomes coarser towards the Eulerian domain sides.-lslydti thermally coupled
elements were assumed for the Eulerian plates. OvenallEtlerian domaimwas

meshed using ZB855 multimaterialsthermally coupled $1ode (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 beheviolithe materials under the

extreme conditions of FSW.
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Unlike theexperimentasetup of sectior3.1.1., theEulerian domain of the geometaic

model was sefpat 150 x 50 x 3 mrrafterseveral trialgo enhance simulation accuracy

by improving mesh density around the weld zomkile 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 thermocoupléBig. 3.3). Further, the numerical results were
collected upon reaching a steady state, aligning with the experimental approach of
extending workpiecelength to ensure consistent state conditions during testing. It is
worth mentioning that localised thermal models have been widely tosgalidate

experimental outcomef3.30 and3.31].

On the other hand 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 referencAqiditidnally,

this Lagrangian domairwas 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 weaarkpieces.

Unlike the CEL model reported by Aadour 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 theslocities 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 shoulderraa.

126



Chapter 3 Experimental an8lumericalMethodology

In terms of thermal boundary conditiornvection coefficients(h) on the AS for
AA6061 and the RS for copper were assumed to be 25 W/m2. Furthermore, the
emissivity factorg() 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 surfaoesurface conduction between the
workpieces (AA6061/comr) and the backing plate (steel), a specific conduction
condition was assumelh which, tie thermal conductivity coefficien(k) of AA6061

and copper were set at 1000 W/m.K and 2000 W/m.K, respectively, to reflect their
distinct heat conduction propertieBhe initial temperature for all model parts was

assumed to be uniform and equal to 25°C

(@) (b)

Shoulder area

Pl

A

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, temperadisglacement explicit solver,
with a time scale factor of 1000. This sohafwice 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.

127



Chapter 3 Experimental antlumericalMethodology

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 Joh@mok's constitutive mod¢3.32] was
employed to describe the plasticity of the dissimilar matereshown in Eq.3(1).

This model describes the material flow or yield stresas a function of plastic strain,

strain rate, and temperature.

, 6 6- 8p 61 +—8p —— (3.1)

Where A is the yield stress (MPal) a reference strain rate and temperature, B is the
coefficient of strain (MPa), C and m are the JohrSamo k 6 s mo d e | par an
represent the coefficient of strain rate sensitivity and thermal softening exponent, and n

is the strain hardening exparie Table3.9 presents these material constants for both

AA6061 and copper at a reference temperatite, Y  is the material solidus
temperature; ,-° and - are the effective plastic strain, effective plastic strain rate

and normalising strain rate, respectively.

The observed discrepancies in yield stress values between Tab(ssci@n 3.1.2.)

and 3.9 are attributed to the distinct mechanical properties of Ox¥ygenHigh
Conductivity (OFHC)copper, for which the Johns@obok model parameters were
specifically calculated, as opposed to the commercial copper used in the experimental
work. Developing a new set dbhnsorCook 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 Joh@sok parameters, which have
been widely recognised and utilised in material models for numerical analysis since
their introduction by Cook et al. in 1983.32], 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 procqd8s&3, [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

tempeature, up to their respective melting point, is summarised in Taldesand3.11.

Table 3.9JohnsolCo ok 60s pa&8Bameters |

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 3.10remperature dependent material properties of AA6061 in the range af 25°C

482°C[3.33].
Temp. Specific heat Thermal Y o u n g Density Coefficient
(°C) ( J 1CY) conductivity modulus (kg/m3 of thermal
( W 'C'l)  (GPa) expansion

(10°) (°C?

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 3.1ITemperature dependent material properties of copper in the range df 25°C

1060°C[3.34].

Temp. Specific heat  Thermal Yo ung Density Coefficient
(°C) conductivity modulus of thermal
(J 1Cy) ( klgd) .
. expansion
(Wilm AC (GPa) ]

(109(°CcHh
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 tootladissimilar materials is

a complex taskThere are several approaches to simulate the interaction condition

between the FSW tool and the workpiedecluding assuming sticking boundary

conditions[3.35], using the coefficient of friction as a function of pressure and slip rate

[3.36],orappl ying

C 0[3. 30| oImthié studyl, tnevmodified friction law
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developed by Shokri et d13.37] was employed to couple the interaction between the
Lagrangian (tool) and Eulerian (aluminium and copper) domains, taking into account
both sticking and slipping conditionén intermediate value of was selected,
where-above this valuesliding conditions were no longer applicabie,, T

‘ 0 Wwhere' andd are the coefficient of friction and contact pressure,

respectively. The valuewas calculated from the VoMises relationship in Eq.

(3.2) by considering that:
t L [ N (3.2)

Wheret @& Q are the ultimate shear stress and ultimate material strength iand

the material volume fraction, equal to 0.5 at the joint liffes 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 intermediatdé  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 assumptiaan be achievef8.37]. As a result, tis has incorporated
theCoulombfriction conditioninto 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 atatiemal movement
beneath the tooMoreover, dring the sticking condition where no voids were formed,

an average value of 0.5 for the friction coefficiéemivas assumed for the interaction

between aluminium, copper, and steel (the FSW tool material).
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Chapter 4 Dissimilar FSW ofAluminium Alloys to Copper

4. Dissimilar FSW of aluminium alloys to copper

The first partof this chapteraims to identify the welding conditions necessary to
produce defeetree FSW joints for aluminiuao-aluminium and coppeio-copper
materials. These parameters are subsequently employed as initial conditions to
determine the optimum process parameterdiesimilar 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 veikex patterns and
lamelar structures in the therrmoechanically affected zone. The presence of several
intermetallic compounds (IMCs) in the weldment zone, such gufdnd AlCuwe, was
identified using Xray diffraction (XRD) analysis, leading to an inhomogeneous
hardness digbution. Moreover, the mechanical performance of dissinAlab083
aluminium gradeto copper FSW joints was investigated, revealing réiationship

betweerthe 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 ofaluminium-to-aluminium and copper-to-copper joints

This part of the study highlights the mechanical performance of efeéecbutt joints
made from similagrade 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-fieEeESW

joints of coppetto-copper materials, were used as initial welding conditions to optimise

the dissimilar aluminium to copper FSW proceBse literature reports that successful

welds of aluminiurto-aluminium materials can be obtained within the-8@00 rpm

tool rotational speed range and-BB0 mm/min tool welding speed ranffeli 4.3].
Meanwhile, defecfree joints of coppeto-copper FSW have been established within

the 9001400 rpm rotational speed range andl20 mm/min welding speed rangedi

4.6]. Hence a mutualwelding condition of 1000 rpm tool rotational speed and 100

mm/ min t ool wel ding speed (10 ¥/ 3 ratio

successful butt joints of aluminiuto-aluminium and coppetio-copper materials

The mechanical evaluation of defdmte butt joints of aluminiuato-aluminium and
copperto-copper was conducted by measuring Vickers hardaessss and at the
middle of the weld crossection(Fig. 4.1(a)). In the absence of IMGormation 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. Figt.1(b) illustrates the microstructure of the stir zd®&) in a
copperto-copper FSW produced at 1000 rpm tool rotational speed and 100 mm/min
welding speed, while Figd.1(c) shows the aseceived copper microstructure. It is
evident that the grains are finer in B8 and progressively increase izsitowards the
base metal Similarly, Fig 4.1(d) and Fig. 4.1e) present the grain refinement
mechanism in aAA5083-to-AA5083 FSW obtained at similar weld conditions to those

of the coppeto-copper joint.
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Fig. 4.1 (a) Vickers hardness measurement positions, typical microstruct(b¥ of:
aluminium base metal¢) aluminiumto-aluminium SZ,(d) copperto-copper SZand

(e) copper base metal

Additionally, Fig. 4.2 depicts the Vickers hardness distribution profiles of similar
AA5083-t0-AA5083 and coppeto-copper joints.In which, the dashed lines in ¢h
figure are intended toepresenthe different zones within the weld, correlating to their
respective hardness valu@se results show a significant increase in hardness value at
theSZrelative to the base metals, attributed to the plastic deformation of the workpiece
caused by the FSW tool. Furthermore, grain refinement due to recrystatlisati
increases the hardness at the themsezhanically affected zone (TMAZ), while the
heataffectedzone (HAZ) is mildly affected, resulting in a reduction in hardoedsoth

sides of the HAZ.
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Fig. 4.2 Vickers hardness distribution at different weldment zone of copepper

and AA5083 to AA5083 FSW joints.

The integrity ofAA5083-t0-AA5083 and coppeto-copperFSW joints was further
investigated through tensile tests conducted across the weldPfineto these tests,

care was taken to ensuteh a t t he s jpveld thickresssw@as cpnsistent,
accounting for minimal distortion as a result of the FSW process. Any excess material,
or flash, resulting from the welding was carefully removed manualtys 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 (UTSA#6061 to AA6061, AA5083

to AA5083, and AA1061 to AA106§Hhnd coppeto-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 ASTME8 standards, a minimum of three tensile samples were
prepared from each weld to evaluate theilainkFSW joints.The labels UTS1, UTS2,

and UTS3 orFig. 4.3represent the UTS values obtained from each individual sample,
while the noation 'BM Avg. UTS' signifies the average UTS of the base metal for each
material group, providing a baseline favmparisonThe 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
aluminiumto-aluminium and coppeto-copper joints were fowhto be higher than the

UTS of the base metal, indicating more than 100% mechanical joint efficiency.

BUTS1 mUTS2 wmUTS3 mBM Avg. UTS

350

300

250

200

150

UTS (MPa)

100

50

AA1061-AA1061 AA5083-AA5083 AA6061-AA6061 Copper-copper
Similar joint materials

Fig. 4.3 Base metal Avg. UTS antdeUTS of similar materials joints obtained at

1000 rpm and 100 mm/min (10 ¥/3 rat
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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
¥/ 3 ratio), succes s ftodlumitiumt and cpppdo-scdapmer o f
materials weg producedConsequently, these welding parameters were employed to
set up the initial conditions required to achieve defiext dissimilar joints between

aluminium and copper.

The hypothesis is that an average range between the aluntmvaiominium and
copperto-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
chemicamismatch between aluminium and copper materials. For example, the amount
of heat input requiretb achieve sufficient plasticity inopperto-copper joints is higher

than that required for aluminiwte-aluminium joints [4.74.11], necessitating
considertion 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 ddfeet joints in
dissimilar aluminium to copperit is worth noting that the likelihood boundaries

il lustrated were informed by the mutual
ratio, which yielded defedtee joints in similarcoppercopper and aluminiurto-
aluminium FSW joints, as well as the extensively documented process windows for
similar materialg4.7i 4.11]. This was a crucial step in determining the preliminary
conditions for successful dissimilar Al to copper FSWints, ensuring that the
optimisation of the FSW process for dissimilar materc@smencedrom 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 -fiefedaissimilar

joints between aluminium and copper is provided in section 3.1.2.

1600 Copper-to-copper
—— Aluminium-to-aluminium

1400

Likelihood process window for dissimilar

J—
1200 aluminium to copper sound FSWeds

1000

|
800 L—————/

80 100 120 140 160

Rotational speed, Nr (rpm)

Welding speed, v (mm/min)

Fig. 4.4 The likelihoodof FSW conditionsfor defectfree jointsin dissimilar

aluminium to copper.

4.2. Microstructural characterisation of dissimilar AA5083 to copper
joints

The objective of thigartis 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 veasiducted with the aluminiuplacedon theAS 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 mechanigaloperties a summary of these welding parameters is

provided previously iTable 3.3

4.2.1. Weld appearance and macrostructure

Table 4.1 illustrates the typical top surface weld appearance andseassal
macrostructures dA5083 to copper dissimilar metal FSW joirtisdifferent 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 defe¢ts13]. Fig. 4.5 summases the effect of tool
rotational and traverse speed on the weld appearance and macrostructure when AA5083
was placedon theAS without tool offset. Visually acceptable welds with no surface

defects were obtained at the following specific parameter sets:

1 Low rotational speed level of 1000 rpm at 100 mm/min and 120 mm/min

wel ding speeds (10 and 8.3 ¥/ 3 ratio).
f I'ntermedi ate rotation rate | evel of 1:
1 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 ¥/ 3 r af

Parameter sets outside of the above conditions resulted in an uneven surface and the
formation of defects such as maamacks towards the retreating side (copper, Figure
4.6(a)), cavities with a defect area on the cgEsgion less than 0.02 mm? (Figod)),

voids (Fig. 4.6(c)), and tunnel defects with a defect area larger than 0.05 mmz2 (Fig.

4.6(d)). These types of defects have been previously repptigd] ,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)
. Void Fig. 4.6 (c)
Tunne
I
A Fig. 4.6 (d)

—
| Shoulder Zone |
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Rotational speed (mm/min)

80 100 120

Welding speed (mm/min)

Fig. 4.5 Effect of tool rotational and traverse speed on macrostructure.

Fig. 4.6 Magnified views for different defects on regions marked in Talle

4.2.2. Microstructural analysis

The weld mechanical integrity is directly related to $#microstructure. A classical
Aonion ringo struct urSEofsimilar cnatenah &SW jgintsf o u n d
[4.15]. In dissimilar material FSW however, a swlie pattern, banded or lamella
structure, as well as vortaype microstructures, are formed in & TMAZ and also

in the HAZ [4.14]. Fig. 4.7 (a) represents an example of a typical esession 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 thatto ensure a comprehensive evaluation of such
microstructures, crossection samples were carefully extracted from the beginning,
middle, and end of the weld across several joints, all welded under the same conditions.
This multipoint, multijoint samplingstrategy provided a robust basis for assessing the
integrity and consistency of the weld, allowing for a detailed characterisation of the
microstuuctural evolution throughout the entire length of the wdldwards the
aluminium side (Fig4.7 (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 th&Z, larger copper particles (fragments) were
stretched and irregularly distributed along tB& and towards the bottom of the
interfacial region between tH&Z and the copper side. The irregular copper particles
created a lanila structure of copper and aluminium at the bottom of the TMAZ towards

the copper side (Figh.7 (d&Q)).
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(a)

Fig. 4.7 (a) Typical crossection of joint welded at 1000 rpm and 100 mm/min. (b&e)
interface zone towards AA5083 side. (c&X (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., 40 v . 't can bel8fapank al ed
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 speedThe identification of these neequilibrium solid solutions was
substantiated by crosseferencing with the ACu phase diagram, which provides a
theoretical framework for anticipating the phases that might form under specific
compositional and thermal cditions [4.14], similar phase formations weralso

observed under comparable welding conditi@n21].
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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 Figl.8 (a): AFSZ (rectangular i), inside th&Z
(rectangular ii) as well as €8Z (rectangular iii), are presented in Fg8 (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 thesafitus
embedded layer was previously reported to accompany the formation of Al/Cu IMCs
[4.16]. Moderatestirring action was observed on the copper particles and fragments,
which indicates the absence of the compdsi 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 Fg8 (a): (b) region i, (c) region

ii, (d) region iii, (e) region i.

Table 4.2EDS results at wel&Z of Test no. 2

Posi Alat. Cuat. Non equilibriu
1 75.1 24. 8¢ -

2 62.7 37. 2¢ -

3 90.3 9.65 Al (Cu)

4 85.8 14. 1¢ Al (Cu)

5 61.9 38. 0:¢ -

6 68. 0 31. 9:¢ -

7 67.1 32. 8: -

8 79.2 20. 7¢ -

9 37.7 62. 2¢ -

10 35. 2 64. 7¢ -

A crosssection of an AA5083 to copper defdrte joint at a higher level of rotational
speed is shown in Fig.9 (a), asvelded 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., 106Ppm. The complex structure has formed in the aluminium side
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of the interface and towards tB& as shown in Figd.9 (b&e). Copper fragments were
detached from th&S 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 difie relationship between the heat input and the plastic stirring action
was also observed inside tB& in Fig. 4.9 (c&f) and this resulted in the sWwand
vortexlike structure. Unlike othergl.17 4.19] placing the copper on tHeS without

tool offset produced a wider TMAZ at the Al/Cu interface as illustrated in 48

(d&Q).

AA5083

(e)

H H H

Fig. 4.9 (a) Typical crossection of joint welded at 1400 rpm and 80 mm/min. (b&e)
interface zone towards AA5083 side. (c&X (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 Bi@0 (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 complilsi#estructure at the
upper region of the G8Z (rectangle (ii)) resulted in two different contents of Al/Cu as
illustrated in Fig4.10 (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&Zias shown in

Fig. 4.10 (d) of rectangle (iii). The dark shaded layers that surroutided¢opper

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 Figl (a). (c) Enlarge view of
rectangular ii in Fig4.10 (a). (d) Enlarge view of rectangular (iii) in Fg10 (a). (e)

Enlarge SEM image of rectangular (i) in Hgl10 (a).

Table 4.3EDS results at wel&Z condition 7

Posi Alat . Cuat .

1 76.5 23.5
2 71.7 28. 3
3 55.2 44, 7:
4 62.6 37. 3¢
5 67.3 32. 6¢
6 33.7 66. 2¢

4.2.3. Interfacial elemental diffusion

The keyfactor to critically analysing the joint quality in FSW of dissimilar aluminium

to copper is by characterising the structure of the interfacial régibf). The elemental
diffusion and structure are able to confirm a reliable j@irit6]. Fig. 4.11 (a) represents

a magnified view of the interfacial region between the aluminium an8Zlteé 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 witbfthed layers

of aluminium as evidence of good metallurgical bonding. The res@&rts 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 compodlite structure as a result of increasing the
heat input, as shown in Fig.11 (c) of test at 1400 rpm tool rotational speed and 80
mm/min tool welding speed. It has been reported previddsly] that, the resultant
joint strength is greatly improved by this structure. As it has been demonstrated in Fig

4.11 (d), this compositike structure was also dominant inside 8¥&

Fig. 4.11 (a) Interfacial microstructure of the joint produced at 1200 rpm and 80
mm/min. (b) Lamella structure inside tB& at 1200 rpm and 80 mm/min. (c)
Interfacial microstructure of the joint produced at 1400 rpm and 80 mm/min. (d)

Compositelike structure inside th8Z at 1400 rpm and 80 mm/min.
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4.2.4. Intermetallic phases

XRD analysis was performed through the crssstions to identify the phases present

in theSZ Fig. 4.12 presents the XRD patterns of three typical defiess joints of test

no. 2, 4 and 7 of Table 3.3. The dominant IMCs onSA®f AA5083 and copper are
AlCu and AlCuw, and these are confirmed from the three patterns, apart from the fact
that AICu 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 affectedby 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 obseed, the peak intensity increases by increasing the tool rotational
speed. It has been previously repofe@0] that the variation of the intensity peaks is
attributed to the complex mixing betweenr@ii overall, where relatively high intensity

peaks indicate a higher IMC quantji;18]

According to the AICu phase diagram, the formation temperaturgClphase is
relatively low[4.21]. Therefore, it is expected that-8lu will be present in th8Z as

the temperature during welding is known to reach(3of the aluminium melting
temperaturd4.12] i.e., exceeding the formation temperature ofCAl However, the

IMCs cannot be exclusively predicted on the basis of aGWAphase diagram, where

the chemical reactions occurring during the FSW under the thermal cycles are far from
the equilibrium conditiod.21]. In thecase of AICw, thethermemechanical effect of

FSW explains its formation at tt®7, 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 -s@=#on. It is observed that the
hardness value increases significantly at3eelative to the base metals due to the
presence of the IMCs which are hard and brittle in ndtie€8] accompanied with the

formation of very fine recrystallised grains and coppen 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
hadness in both HAZ sik[4.14], similareffect of the recrystallisation mechanism has
previously been reported in simil&A5083-to-AA5083 and coppeto-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

theSZ
200 T T T
1 1 1 @®—Test No.7
! ! ,‘ ' —4— Test No.2
HAZ TMAZ! | sz 'TMAZ ! HAZ
! Hl e —8—Test No.4
1 il N\ Lo
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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. Figd.14 shows the yield strength, UTS and joint efficiency at the conditions
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that developed defedtee joints. Unlike other published wadk 10], [4.13], and [4.22]

placing the softer material (AA5083) on tA8 resulted in higher tensile strengifhe

error bars presented in Fig. 4.14 correspond to the standard deviation of the data,
indicating the variability within the set ofieasurements 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 tife FSW process as applied in this stutlye
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 penf@nce4.23]. Moreover, significant improvements

in the joint tensile properties were achieved compared to other studies that placed the

hardematerial €oppe) on the AS4.17], [4.18] and[4.24].

It is revealed from Fig4.14 thatthe 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 inteixing. Increasing the welding speed for the
same level of tool rotational spd results in minor improvements in the joint UTS. The
evolution of the compositlike structure that was produced at a higher level of tool
rotational speed (1400 rpm) is the main reason for this improvement. Thetbenefi

this structure on the joint strength have also been reported preVjidusty

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 reutuntiedg)

FSW of dissimilar aluminium/copper joinié.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 defeet 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 okSlié.24].

=dr=Yield Strength (MPa) ===UTS(MPa) ====Joint Efficiency

250 100
200 1 80
150 | 4 A 1 60
)
S 2
100 1 40
50 f 1 20
0 0
10 8.3 15 17.5 11.7

Test Condition (w/v) ratio

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 ABMAZ at the relatively low rotational speed of 1000 rpm
and 100 mm/min welding speed (Fig. 4.14 (a&d)je failure location gradually shifted

to the ASHAZ by increasing the rotational speed as in. Bid5 (b&e) and (c&f) of
1200 rpm80 mm/min and 1400 rp#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.id.E#d
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Weld centreline

(b)

Shoulder Zone .

Fig. 4.15Fractographyf 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 thishaptepresents 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

9 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.

1 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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1 A compositelike 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.

1 The predominant IMCs at the aluminitznpper joint were ACu and AlCue.

1 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.

1 The UTS reached 203 MPa, representing a joint efficiency of 94.8% of the
aluminium alloy, as a result of the compodike 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 dissimiduminiumto copper FSW.
Aluminium grades AA1061 and AA6061 were separately welded to copper at different
tool rotational speeds and traverse spespreviouslyindicated in Tables 3.4 and 3.5,
respectively.The optimal process parameters for achieving ddfeet joints were
identified through macro and microstructural analysis, as weERS and Xray
diffraction techniques to assess the presence and distribution of IMCs. The hardness
distribution at different weld zonewas also consideredallowed for the jant

mechanical strength to be predicted.

Fig. 4.16 summarises the optimum process parameters that always yieldfieafect
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. 46lprimarily reflects the successful outcomes from a series

of parameters that were experimentally verifiedlicated by green circlesiiowever,

itis important taacknowledgehatother( ¥/ v) r at i o sthedegreencdcees or 0 L
may still hold the potential for successflissimilarFSWjoints, albeit potentially with

a lower likelihood of defeefree It is also worth to highlight that trecopeof thisstudy

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 dimengiofis

ratio) to establish a more universal set of ftimensional process parataes. Such
investigationwould enhance the applicability of the FSW process across different

material thicknesses and contribute to a broader understanding of the size effectin 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 ofdissimilarjoints 8TSand flexure stress

tests are shown in Fig.17 andrig. 4.18, respectively. It is evident that the joint UTS
and flexure stress were influenced by the AS aluminium g&ukifically, a relatively
higher joint UTS was obtained when using AA5083 as compared to othenalom
grades when welded to commerbjigbure 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) oRghe

Further, the inconclusiveness observed Fig. 4.17 (c) and Fig. 4.18 (c), was attributed to
the relatively narrower range of tool ro
found to yield highey o i mechardcal strengtiparticularly for the AA6061 to copper

FSW joints This outcome underscores the significant challenge involved in achieving

high mechanical performance acrossabreageo f ¥/ v r ati os.
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Fig. 4.17 Dissimilar joints UTS (MPa) at different welding conditions and aluminium

grade types.
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(a) Avg. Flexure stress (MPa) (AA1061 to copper) (b) Avg. Flexure stress (MPa) (AA5083 to copper)
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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 showrdit Fig
andFig. 4.18, respectively. Table 4.4 summarises the results of the ANOVA test. The
null hypothesis of the ANOVA test was thiere is no significant difference in the
dissimilar joint mechanical strength when different aluminium grades are used on the
AS. However, the pvalues 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 4.4ANOVA test results on dissimilar aluminium to copper joint UTS and flexure

stress

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  AdjSS 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

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 Sectiorititnately, © address the variation

in dissimilar joint mechanical strength between each pair of aluminium grade types,
individual comparison tests were carried out.. Big9 andFig. 4.20 depict the 95%
confidence intervals of the difference in UTS and flexure stress, respectivelgebetw

each pair of aluminium grades based on the Fisher test.
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Fisher Individual 95% Cls
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AAS5083 - AA1061

[ J

AAG6061 - AA1061

AS (Materials)

AA6061- AAS083{ | - !

O e e

-50 50 100
Fig. 4.19The 95 % confidence intervals in differences of dissimilar aluminium to

copper joint UTS (MPa) at each two aluminium grade type.
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Fig. 4.20 The 95 % confidence intervals in differences of dissimilar aluminium to

copper joint flexure stress (MPa) at each two aluminium grade types.
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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 AA60Ghe 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 grad4.1, 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 strend#hl-4.3]. It has also been reported thhetfiner grain
structure of AA5083 enhances the mechanical properties of the weld by reducing the
size of the HAZ and increasing the strength of thd425]. Additionally, the SZ of

the AA5083to-copper FSW joint was observed to have a fine equiaxed grain structure
with a high density of dislot®ns and sugrain boundaries, which contributed to its
improved mechanical propertigg10]. In contrastdissimilar FSW joints of AA1061
to-copper and AA60610-copper exhibited an elongated grain structure with reduced
dislocations and sufrain 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 subsequertiscussionpresents a novel approach for predicting the formation of
IMCs during FSW of AA6061 to commercially pure copper. The approach is based on
three related criteridhe 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 teatmldt 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 da¢raffset. 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 -fi&feqgbints of
dissimilar AA6061 to commercially pure copper FSW joints is provided in section 3.1.1
of this study. Theoupled Eulerian LagrangiglEL) 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 3.2Consequentlythe nodal temperature history from the CEL
modelis 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)o0 ensure a high degree of accuracy, care is taken by
running the model exactly at the same welding parameters in test no. 2 (Galae 3.
1400 rpm, 100 mm/min and 0 mm tool offset. Fig. 5.1 (a) and (b) reveal the
experimental temperature measurements recorded by thermocamplése CEL

model temperature histotgwards AS and RS, respectively.

It is crucial to acknowledge that presenting numerical and experimental data on a single
plot may not accurately represent thbtainedresults 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, tegperimental setup was designed with an
extended length to ensure the achievement of stetadly thermal conditions. Thi
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 procesdt is also worth noting thathe 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 litgsditjjre
which is indicative of the model's robustness in capturing the thermal trends observed
during the FSW of dissimilar materialdence the CEL with a modified friction law
results in good agreement with the experimental data. It is also observed that the AS

(AA6061) temperature isower 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 publifgaggn
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Fig. 5.1(a) Measured temperature of 1400 rpm, 100 mm/min and O mm tool, at
different positions from the pin centre toward both the AS (AA6061) and the RS

(copper).(b) Calculated temperatutastory towards AS and RS

In the dissimilar FSW of aluminium to copper, the formation of IMCs is related to the
wel ding parameters, i.e., frictional heai
of these IMCs greatly affects the joint quality in terms of mechanical strength
morphology, and defect formati¢h.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 ATu binary system is presex. The effect of rotational speed

(¥/ 3 rati o), mat eri al pl acement, t ool p
considered in this analysis. The qualitative description for the IMC formation in FSW

of aluminium to copper, based on the work of Shhileisal.[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), dhene of

copper swept by the pino( ) can be expressed by Eqg. (5.3), hence the ratio of copper

swept volume over the total volume can be determined from Eq. (5.4).

@ “Y & (5.1)
AT-©6 — (5.2
&) YAT G- QY Q 7 & (5.3
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— 6 @b Al 6- Iy p QxYy T 1 (5.4)
* ak The cylindrical section height or length.
*Y k Thetool pin radius.

* @ k The swept copper volume by the FSW tool pin as per5ay.
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Fig. 5.2 Schematic of the material voluragdifferent tool offsets (adapted from

[5.6]).

Fig. 5.2and Eq.5.4 demonstrate that the tool offset affects the volume fraction of the
total weld nugget, a prerequisite for IMC formation. Taltke which summarises the
predicted AICu phases at different tool offsets towards both AA6061 and copper side,
is constructed based on the-@l 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 thatontinuouscooling transformation (CCT) curvesere

181



Chapter 5 Prediction and/alidation of IMCsFormation

not incorporated into thignalysis. Th@hase diagram presentédrig 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 duringRB&/ 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 preuftieeat
theoretical framework for predicting the resultant phases under the specified welding

parameters and material stafgeg}].

Table 5.1Predicted phases at different tool offset

Case ®OQg +®F0 FW@== Predicted
Phases

0.5 mm towards +0.5 35.97 64.03 AlCu

AA6061

1 mm towards +1.0 10.96 89.04 Al(Cu)

AA6061

0 mm offset 0 50.00 50.00 AlCu

0.5 mm towards Cu -0.5 64.03 35.97 AlsCuo

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 coppgb.7]. Thus, the third aspect of this qualitative analysis is the
temperature profile at the weld nugget. Figd (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 witthie plasticised zone. Fi§.4 (b)

and (c) present crosectional views of the temperature profiles at 1400-rp@®

mm/min and 0 mm tool offset as well as 1500 +g®0 mm/min and 0 mm tool offset.

As observed, the calculated temperature within the meld zone is affected by the

tool rotational speed, where increasing the rotational speed increases the heat input and

thus the temperature.
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Fig. 5.3 Al-Cu equilibrium phase diagram (adapted fij&n3]).
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Fig.5.4(a) Top view oftemperature profile at 1400 rpm and 100 mm/min, (b) eross
section view of temperature profile at 1400 rpm and 100 mm/min, (c)-seaisn

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 AA606topper joint can be generally assessed when its-cross
sectional macro features and microstructures are examined from the corresponding
optical images. Figh.5(a) shows a macrograph of the dissimilar materials joint of test

no. 1of Table3.6, 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 bi§.(c) reveals a degree of void
formation at the weld nugget which is related to the irregular distribution of copper
particles. Inadequate material fl ow, due

the resultant voidgs.9].

Fig. 5.5(b) and Tablé.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 s&ction
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Fig.5.5(a) Typical crosssection of joint welded at 1300 rpm and 100 mm/min. (b)

interface zone towards AA6061 side. (c) weld nugget.

Table 5.2EDS results at weld nugget at 1300 rpm and 100 mm/min

Spectrum Al at. % Cu at. % Probable Phas PredictedPhases
1 55.27 44.73 AlCu AlCu
2 50.68 49.32 AlCu AlCu
3 62.62 37.38 AlCu AlCu
4 33.72 66.28 Al4«Cuo AlCu

Defect free joints werebtained at the higher rotational speeds of 1400 rpm and 1500
rpm (test nos. 2 andd Table 3.9. Distinctive regions were observed across the weld

joint. Towards the aluminium side (Fi§.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 sthetd and regularly distributed along the stir zone

(S2), as show 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 researches.10, 5.11], placing the softer material (AA6061) on

the AS with O mm tool offset resulted in

selected.
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Fig. 5.6. (a) Typical crossection of joint welded at 1400 rpm and 100 mm/min. (b)
interface zone towards AA6061 side. (c) weld nugget. (d) interfacetamaeds

copper side. (e) EDS points of rectangle e. (f) EDS points of rectingle

EDS analysis was performed at the interface zone to validate the developed approach
of predicting the IMC formation (sectidnl). Figs.5.6 (e) and (f), and Tabl&.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 asCAland AlCuo, respectively. This
interface zone contains three different IMCs. The effective concentration of alamini

to copper under this neequilibrium condition allows the AICu phase to be formed
first, i.e., lowest Gibbs free enerffy.12]. The ALCu and AlCuw 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 5.3EDS results at weld nugget test no. 2 and 3 of Table 3.6

Test no. Test no.

2 3

Spectrum Al at. Cu at. Probable Alat.% Cu at. Probable Predicted

% % Phase % Phase Phases
1 53.18 46.82 AlCu 53.12 46.88 AlCu AlCu
2 55.60 44.40 AICu 50.66 49.34 AlCu AlCu
3 62.62 37.38 Al2Cu 71.70 28.30 AlCu AlCu
4 35.22 64.78  Als«Cuwo 37.72 62.28 AlsCw AlCu

Comparatively small copper particles were detected as regularly distributed along the
aluminium interfacial zone (Figh.7 (a, b, & c)) of test no.31500 rpm and 100
mm/min). Sufficient heat input generated by the relatively higher rotational speed of
1500 rpm is the reason behind this enhanced theneahanical effect and the regular
dispersion of copper particles in the aluminium. Towards the copper side, refined
aluminiumgrains were intermixed with the copper patrticles, thus resulting in a wider

copperthermemechanical affected zone (TMAZ) (Fig.7 (d)).
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Fig.5.7 (a) Typical crossection of ajoin ei'ded 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 rectargyle

According to the results of Table3, points 1 and 2 in Fich.7 (e), the AlICu IMC phase
is identified close to the aluminium side.»8l and AlCuw are the possible phases as
per Fig.5.7 (e) points 34, and Tableés.3. This is in agreement with the calculations

presented in sectidhl 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 (Tal8e5). The extracted XRD patterns (F3gB) revealed

that the dominant IMCs in the weld zone of pure copper to AA6061 were AlGOuAl

and ALCug; this is in agreement with the EDS analysis and predictions discussed
previously(section 5.2) However, the AICu 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 8890% of AA6061 melting point. This temperature range is beyond the
formation temperature of AlCu and A8lu phases, and lower than the one needed to
form AlsCuw (1030°C). Despite the low peak temperature during FSWCWI
formation i s r el at-methanical effett as rgparteddnepsegicis

publicationg5.6].
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Fig. 5.8 XRD patterns acquired under tests no. 2 anfi Bable 3.6

The peak intensity increases proportionally with the tool rotational speed. Qualitatively,
it has been previously noted that high intensity peaks indicate higherglM@tity

[5.13]. Table5.4shows the results of quantifying the IMC volume fractions in the weld
nugget considering the Topas Rietveld refinement mdthdd] on the XRD patterns

of test no. 2 and 8f 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 5.4Quantitative analysis of the IMCs at different welding conditions (vol.%)

Test no. (Table Al2Cu AlCu Al4Cuo
3.6)

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 hardess 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 coppeich 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 refinem¢btl5]. 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 &f 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 iMable3.6, were conducted. The results are shown irbEl§) 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 publishedvork [5.17, 5.18], hat 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 Nd.580 rpm and 100
mm/min) of higher tensile strength, experienced ductile fracture behaviour with
different dimples sizes (Fig.Bl). All the failures occurred at the TMAZ towards the

AAB061 side.
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Fig.5.10Yi el d strength, Youngés modulus, and

ratio.
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Fig.5.11SEM image of the fracture surface at weld test naf. Bable 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 defegbints.

Based on the findings, the following conclusions can be drawn:

9 The formation of IMCs in FSW of AA6061 to copper has been predicted and

validated with the experimental results.

i The predominant intermetallic compound phases in the alumioapper

dissimilar joint were AICu, AICu, and ALCue.

1 A defectfree 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.

1 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.
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6. Optimisation of FSW parametersusing the Taguchi

technique fordissimilar joining of AA5083 tocopper

The following discussion details the outconaé®ptimising the process parameters of
FSW of aluminium grade AA5083 to copper. The effects of welding spteid
rotational speed, and tool design were considered throughooptih@sation 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 efficienchhe analysis of variance
(ANOVA) statistical methoavasalsoconsideredo verify that the identified process
parameters significantly affect the mechanical properties of dissifA&083 to

copperFSW joints.

The optimal combination of process parameters for achieving the highest ultimate
tensile strengtfUTS) was determined to be a tool rotational speed200Ipm, aool
welding speed of 120 mm/min, and the use of a sink8&Vtool (FSWT)design(S).

On the other handhe highest flexure stress values for dissiml&5083 to copper

FSW joints were obtained at a tool rotational speed4®0lrpm, atool weldingspeed

of 100 mm/min, and by employing a relatively larger shoull®8WT design(B).

6.1. Taguchi approach and orthogonal array selection

The optimsation process for dissimilar aluminiwto-copper FSWprocessinvolves
various welding parameters, each with its own positive or negative impact on the
mechanical strength of the joifé.1, 6.2] Fig. 6.1 is an adopted causmdeffect

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 anoc
affect the quality of dissimilar aluminiwto-copper FSW jointsHowever, FSW

design has also been shown to influence the mechanical strength of dissimilar
aluminiumto-copper FSW joint$6.3i 6.6]. Consequently, the objective of ttpartis

to optimise the process parameters for dissimilar AA5083 to copper FSW kgngtili

the robust elimination process of the Taguchi method. The three welding parameters
considered in this optirsation are the tool rotational speed (MNr)rpm, tool welding

s p e e id mr/mip and FSW 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.

Tool design Clamp design

Material

Rake angle Clamping force

Pin geometry
Shoulder geometry

Shoulder to pin diamete
ratio, Ds/Dp Clamp geometry Joint Performance

(Micro hardness, ultimate tensile
strength (UTS), Flexure strength,
Fatigue life, electrical resistance,
thermal conductivity)

Thickness

Melting point Welding speed

Chemical

compositions Rotational speed

Mechanical

compositions Tilt angle

Material (similar or dissimilar) FSW machine

Fig. 6.1 Dissimilar aluminiurto-coppercauseandeffect diagran{adopted from

[6.7]).

The application of the Taguchi method's elimination process necessitates the use of a

specific orthogonal array (OAdesign, which enables the identification of the overall
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process parameters while minsnig the number of experiments requirgd7, 6.9.
Throughseveralpreliminary trials conducted in this study, it was established that Nr
(rpm), (mm/min), and FSWT desigall have a significant impact on the quality of
dissimilar AA5083 to copper FS\@ints. Accordingly, an L9 (33) OA (Tabla.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 qoitéwigadisly

in Table 37 (section 3.1.2)The UTS and flexure (bending) stress of dissinAlab083

to copper FSWijoints were selected as characd properties, allowing for

independent evaluation of the effects of Mrgrpm), (n3m/min), andFSWT design.

Table 6.1Dissimilar AA5083 to copper FSW parameters and tt@iresponding levels

Symbol Process paramete Units Levels

Nr Rotational speed rpm 1000 1200 1400

3 Welding speed mm/min 80 100 120

FSWT Tool design - S T B

* ST simple FSWT desi gn, TI tapered FSWT

design.

The largefthe-better signato-noise (S/N) ratiomethod [6.9] was employed to
determine the significant order of effect and percentage contribution of each factor on

dissimilar AA5083 to copper FS\@int's UTS and flexure stresTo achieve this, 9
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mean values of UT®ere calculated based on a minimum of five samples for each set
of welding conditions9 mean values of flexure strefise mean values were derived

from at least three sampleslong with9 corresponding equivalent S/N ratios were
generated using Eq. 6[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 paramitefrgm), 3 (mm/min),

and FSW design).Additionally, the ANOVA method6.10] was applied to confirm

the significant impact of the selected process parameters on the mechanical strength of
the dissimilar jointsThe analysis revealed thahe FSW design,Nr (rpm), and3
(mm/min)were ranked in order of significance, from highest to lowest, with regards to
their influence on the mechanical strength of dissin#il&b083 to copper FSVjbints.
Ultimately, the predicted optimal levels resulting from the ANOVA method were

confirmed through repeated experiments on dissimilar AA5083 to copper FSW joints

S/Nratio for the largetthe-better= p 1t 1pdE B— (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 ofdissimilar 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 coppge€8W 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@&#f. To ensure a high level of

confidence, a minimum of five samples of ASTM tensile strength were taken into
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account whealculating the mean values for each quality characteristic factor i.e., UTS

and flexure stressThese samples were extracted from welds that were consistently

defectfree, highlighting the effectiveness of the selected FSW parameters. The

consistency in weld quality and the mechanical properties from multiple plates welded

under the same conditionsrdirm 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 defee¢ joints with predictable

mechanical strengths.

Table 6.2 Dissimilar AA5083 to copp&SWj oi nt s 6

corresponding/N ratics

UTSsS, fl exure

Mean of

EXxp. Input Meanof S/N ratio Flexure S/N ratio

No parameters UTS (MPa) (UTS) (MPa) (Flexure)
(r'g'r':n) 3 ( mm/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 Un&ahts.

As anticipated, the UTS of dissimilan5083 to copper-SWjoints was influenced by

the FSW parameter., Nr(rpm), (nmem/min), and FSWT desigrit was observed that
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increasing the tool rotational speed initially led to an increaejoint UTS, followed

by a decrease. Conversely, an adverse effect on UTS was observed with increasing tool
welding speedPrevious studieg6.11i 6.15] have reported thaaluminium grade

AA5083 to copper FSW joints exhibited a variety of intermetallic compounds (IMCs),

such as AlCu, AICu, and AICw. The evolution of these IMCs was found to be
controlled by the tool rotational speamd tool welding speedThe presence of a
compositelike structure and higher levels of IMCs in the stir zaoatributed at an
appropriate ¥/ 3 rati o Ry 62 (amlsoelemorstratese me nt
that the highest joint UTS was achieved when employing a simple FSWT design and

an appropriate ¥/ 3 ratio. On the other h:

had a negative impact on joint UTS.
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(a) Main Effects Plot for Means of UTS (MPa)
| Nr{rpm) | v (mm/min) | Tool design |
240
2201
2001
2 /\
P
= 1801
s
=
T 160 {
=
140 1
120
100 4 . . . . . . .
1000 1200 1400 80 100 120 T s 8
(b) Main Effects Plot for Means of Flexure stress (MPa)
. Nr(rpm) v (mmy/min) Tool design
360 |
3401
320 {
z
T 300
=
O 280 { /
= ! |
g
2 260 4
2401
220 {
2001 . . . I : . . 1 . . .
1000 1200 1400 80 100 120 T s ]

Fig. 6.2The 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 dissimiek5083 to copperFSW joints exhibited a

different behaviour. It was observed thatreasing 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 increase@ ().

While the presence ofacomposdita ke structur e

at

an

approp
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enhanced the UTS of the dissimilsA5083 to coppejoints, the highest flexure stress

in these joints was achi ev Addditioadly, itdwad f er e n
notable that a larger shouldeBWT design substantially enhanced the flexure stress of

the joints.

6.3. Selection ofoptimum 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. @dble 6.3 and Fig6.3 (a)
presenthe mean S/N ratios for tRéTS values of dissimilaAA5083 to copper FSW
joints. Higher S/N ratios indicatee minimal variation between the desired output and

the measured output [6.8, 6.15]. According to Table 6.3 and6R3g(a), the highest

mean S/N ratio for the UTS of dissimilar AA5083 to copp8iVjoints was achieved

with the following parameters:Mf 1200 rpm (1| evel 2) , 3 0
and a simple FSWiesign(level 2).Consequently, the predicted optimal FSW process
parameters for achieving the highest UTS, as determined by the Taguchi method, can
be epresented asrlR)- 3(3)- FSWT(2). The corresponding level values are highlighted

in bold in Table 6.3.
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Table 6.3 Mean S/Nratiofari ssi mi | ar AA508 3 UISdMPa)jopper

Symb Process Pa Mean S/ N rati

LeveLevelLeveMaxi Ran

Nr Rotational 44..45.:43.:. 2.4 3
v Wel ding spe 44. . 43. . 46.. 3.0: 2
F SWI Tool des 40..47.146.. 6.7 1
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(a) Main Effects Plot for (S/N) ratios of UTS (MPa)
Nr(rpm) [ v {mm/min) Tool design
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(b) Main Effects Plot for (S/N) ratios of Flexure stress (MPa)
Nr(rpm) | v (mm/min) Tool design
51
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w
2
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wvi
s
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Fig. 6.3 Mean effect plots: (a) UTS S/N ratio and (b) flexure stressafiN

Similarly, Table 6.4 and Fig.3 (b) display the obtained S/N ratios response for the
flexure stress of dissimila&kA5083 to copper FSWjbints using Eq6.1. According to
Fig. 6.3 (b), the estimated optimal FSW process parameters for nsaegrthe flexure

stress were identified as followsrdt 1400 rpm (| evel 3,) ,
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andemployingthe relatively larger shoulder FSWiesign (level 3). Alternatively, the

predicted optimal FSW parameters for achieving the highest flexure atigissimilar

AA5083 t o c o pgmealso lbeSeprespnied agdNs(8)- FSWT(3).

Table64Mean S/ N ratio for di s si mFléxare stre5A5 0 8 3

(MPa)
Symb Process Pa Mean S/ N rati
LevelLevelLeveMaxmi Ran
Nr Rotational 47.: 48. 48. 1.4. 3
v Wel ding spe 46. 49..48.' 3.3:¢: 2
F S Wi Tool des 46.!47..50.. 3.9 1

6.4.Confirmation test

This part presentsthe 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 - @& was used to estimate and verify the response values under

the obtained optimum FSW parameters, as described in Eq. (6.2):

- B - - (6. 2)
Wher e:
-= Tot al mean S/ N ratio
-= Mean S/ N ratio at optimal | evel
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 FSWbints, respectively. Initially, the FSW conditions

were set at N1), 3(2), andFSWT(2), corresponding to a tool rotational speed @Q
rpm, a tool welding speed of 100 mm/min, and a simple FSM&gn. It is evident
from Tables6.5 and 6.@hat both the UTS and flexure stress of the dissimARB085
and copper FS\ints have significantly improved when the Taguchi predicted optimal
levels of FSW parameters were employ&gecifically, the dissimilanA5083 to
copper FSWoints' UTSexhibiteda 27.3% increase compared to the UTS obtained with
the initial set of FSW parameters (Fig4 (a)). Similarly, the flexure stressdi§similar
AA5083 to copper FSWboints was enhanced by 35.2% under the optimum levels of

FSW parameters (Fi¢.4 (b))
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(a)

m UTS1
m UTS2
m UTS3

N(1)-V(2)-FSWT(2) N(2)-V(3)-FSWT(2)

5
3

(b)

g &

g

m Flex1

g

m Flex2
w Flex3

Flexure stress (MPa)
£ 88 8

N(1)-V(2)-FSWT(2) N(3)-V(2)-FSWT(3)

*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 dissimifek5083 to copper FSW oi nt s ® mec har
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 F&WWameterhave

also shown significant improvements. The S/N ratio for diesimilar AA5083 to
copper FSWoints' 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}. is also important to acknowledge that these optimal
parameters for UTS and flexure stress were achieved under diffeedding
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'his 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 dissimA#5083 to copper FSW oi nt s6 UT.

(MPa)
Symbol Il nitial Opti mal proces
Par amet
Predic Experir
Level Nriv (-2) Nr (v2()}3) Nr (v2(}3)
FSWT( 2) FSWT( 2 FSWT( 2
UTS ( MP: 205. 35 282.5
S/' N (dB 45. 62 50. 21 50.15
| mpr oveme 4. 53
(dB)
% Il ncreas 27 . 3
( MPa)
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Table 6.6 Conformation test results of dissimd&5083 to copperFSW oi nt s 6 f | e

stress (MPa)

Symbol Il ni ti al Opti mal proces
Par amet
Predict Experir
Level N 1)\ (-2) N r(332) N 3IV(I):-
FSWT( 2 FSWT( 3) F S W3)(
FIl exure s 254 . 4 392.5
S/ (Nd B) 47 .14 52. 45 52.55
| mpr oveme 5. 41
(dB)
% | ncrkilasx 35. 2
st r(eMPsa)

6.5. ANOVAfordi ssi mi | ar AA5083 Ulbawopper
Flexure stress

The ANOVA technique wagmployed to validate the significance of the identified
process parametefdr (rpm), (ram/min), and FSW desigr), on the mechanical
properties of the dissimilakA5083 to coppeFSW joints. Additionally, the ANOVA
results provide insights into tisggnificant levels of each welding parameter. Tables 6.7
and 6.8 present the ANOVA results obtained for the UTS and flexure stdissiofilar

AA5083 to coppeFSW joints, respectively.

According to Table 6.7, it was observed that the FSI&sign had the most significant
influence on the UTS of the dissimilar joints, followed by(ifm)a n d(mm/min).

The respective contributions of FSWH e s i g n, Nr (rpm), and 3
dissimilarAA5083 to copper FSVjbints' UTS were found to be 76.03%, 12.87%, and

8.4%, respectively.
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Table 6.7 ANOVA test results of dissimil e

Sourc Degree Sum o Me an « %
Freedc Squar Squar Contri
Nr(rpm 2 9.20 4. 60 8.40
3( mm/ mi 2 14. 1C 7. 05 12.87
FSWdesi 2 83. 2¢ 41. 64 76. 03
Resi dua 2 2.95 1. 47 -
Tot al 8 109. 5 - -

Table 6.8 ANOVA test resul ts of di ssi mil a

(MPa)
Source Degree Sum of Mean of %
FreedomSquares:SquaresContriob

Nr( r pm 2 3.25 1.625 5. 34
3( mm/ mi 2 19. 58 9. 788 32.19

FSWdesi 2 25. 11 12.56 41. 33

Resi dua 2 12. 87 6. 432 -
Tot al 8 60. 83 - -

Similarly, the flexure stress of dissimil&A5083 to copper FSWbints wasmostly
influenced by the FSW design,followed by Nr(rpm)a n d(mm/min). However, in
contrast to the contribution of the identified FPatameterso the UTS of dissimilar
AA5083 to copper FSWbints, the flexure stress response values were found to be less
affected by the FSWdesign and more susceptible to the tool rotational sfpéed p)m

The estimated percentages of contribution for the FSMkign 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 diekure stress ofhe dissimilarAA5083 to copper

FSWijoints were less influenced by thaol welding speedamm/ m.i n)
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6.6. Modelingof di ssi mil ar AA5083 to copp

flexure stress

This part provides the results of applying a linear regression analysis model to
accurately predict the mechanical performance of dissimilar AA5083 to cE@ver

joints, based on the most significant process parameters obtained in section 6.5. The
Minitab software tool [6.16] was utded to develop predictive mathematical models for

the characteristics factors of the dissim#ek5083 to copper FSWoints i.e., UTS

(MPa) and flexure stres@MPa), as functions of the FSWdesign, Nr(rpm), and 3

(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 representeddoy6.3 andEq. 6.4, respectively. Consequently, the
predictive equations obtained from the regression analysis are describgdib and

Eq.6.6. It is noteworthy that the interaction effect between the tool rotational speed and

t ool wel ding speed (¥/3 ratio) waen al so
previously established that the dissimilar AA5083 to copper FSW prodefisiénced

by the combined effect of these parameters [B613)].
54 DOAAEADAA O "OY®Y 4543 (6.3)

&1 A ZADOAB AEADAA U OYLY ¢c4&1 AD (6.4)

where:
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01 N PAT BYw " Yrepresent the average UTS stress at 1200 rpm (level 2), 120

mm/min (level 3), and simple FSWT desi@evel 2).

01 W PAT BYw " "Yrepresent the average flexure stress at 1400 rpm (level 3), 100

mm/min (level 2), and larger FSWT design (level 3).

TUTS and TFlexrepresent the overall mean of UT®d flexure stress in MRa

respectively
YV pwemEUii p@d YROYon 'YmSp iz (6.5)

Od Q@i6d IQDIvId @YxT@Oi x80 UL BOYo Yt Tz 0

(6.6)

Moreover, the coefficient of determination2JH6.10] was calculated to assess the
relationship between the independent FWWcesgparameters (Nfrpm), (mm/min),
and FSW design) and the dependent variabld$$ (MPa) and flexure stregsiPa))

of the dissimilarAA5083 to copper FSWoints. It was found that the developed
regression models for dissimilAA5083 to copper FSWints' UTS and flexure stress
exhibited high R values of 86.12% and 84.24%, respectivdlilis means that the
independent variables (Nirom),  (mm/min), and FSWT design) caexplain a
significant amount of the variation in the dependent variables (WP&)and flexural

stresq{MPa)).

Residual plots were also used to evaluate the significance of the coefficients obtained
from the regression models &f. 6.5 andEq. 6.6. The residual plot illustrates the
disparity between observed values and predicted values, plotted against the predicted

values. A widely accepted criterid6.10, 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 comprofgisi].

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 patf{é&nA0]. This observation suggests

that the regression models provided a good fit to the datditionally, there was
sufficient evidence against the null hypothesis for the obtained coefficients of the FSWT
design in the two models {lue <<0.5), hence, dissimilahA5083 to copper FSW

joints' UTS(MPa) and flexure stres@MiPa) were significantly affected by the FSWT
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designSummaries of the UT@1Pa)and flexural stres@viPa)linear regression models

are presented in Tables 6.9 and 6.10, respectively.

(a) Normal Probability Plot
@
=% e
=
-
v S0
=
o
10
1 .
b3 50
Residual
(b) Normal Probability Plot
]
1 o
3
¥ 50
= L
o L
10 -
1 r
100 50 0 50 100
Residual

Fig. 6.5Normality plots of residuals for responses (a) UTS (MPa) and (b) flexure

stress (MPa).
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Table6.9Sumar y of di ssimilar AA5083 to copper

model
Model Summary

Rsq Rsqg(¢Rsqg(p
34.0266 86.172.2:36.41

Coefficients
Term CoeSE C TvVal t PVal u VI F

Const 196 128 1.5: 0.20

N(rpm-1.37 1.1 1.5 0.19 93.
V(mm/ m-19. 13. 1.4 0.21134.
FSWdes 82. 35. 2.2¢ 0.03 2.7
Nr *v0.00.01 1.57 0.19237.

Table 6.10 Sumary of dissimilar AA5083t@c opper FSW jointos fl

regression model

Model Summary
S Rsq Rsqg(¢Rsqg(p
34.0266 84. & 6 A % 339 %

Coefficients
Term Coe SE C TVal 1 PVal u VI F

Const -687 1433 -0.48 0.657

Nr(r pm 05 1.26 0.4 0.71 93.35
V(mm/ m 74 15.1 0.49 0.649 134.89
FSwWdes 541 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 analysedh#ined effecbf the tool
rotational speed to welding speed ratio
dissimilarAA5083 to copper FSWbints. As shown in Fig6.6 (a), the highest values

of dissimilarAA5083 to copper FSWints' UTS can be obtained at different levels of

t he ( ¥ /Theis means thabthere is no single combination of tool rotational speed
and welding speed that will result in the highest UTS for all dissimikB083 to

copper FSWoints. Therefore, an appropriate combination of F&W rotational speed

and welding speed must be considered to achieve better mechanical ssinidgh

findings have previously been discussed in section.4.2.1

On the other handhe flexural stress of dissimilar AA5083 to copper FSW joints was

found to increase with increasing tool rotational spétmvever, the highest level of

flexural stresganonlybeo bt ai ned at specific ¥/ 3 rati:
combination of tool rotational speed and welding speed for marigrfiexural strength

wi || al so depend Itsworthto sote ¢hat ithé riesults présented ia t i o
Fig. 6.6(a) and (b)were derived from experiments conductesihg a snple FSW tool

design
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(a) Contour Plot of UTS (MPa) vs N (rpm), v (mm/min)
1400
| | < 100
M 100 - 150
M 150 - 200
1300 o zoo; iig
£
£ 1200
z
1100
1000
80 90 100 10 120

v (mm/min)

(b) Contour Plot of Flexure Strees (MPa) vs N (rpm), v (mm/min)
1400

| | < 150
M 150 - 200
M 200 - 250
W 250 - 300

300 - 350
W 350 - 400

1300

1100

80 90 100 10 120
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Fig. 6.6 Cont our pHaradesstice factodsi(agWrs (MPd)esr | o
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 agatiiomn results

presented in this chapter:

1 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.

T The significant order of effect on A/
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 dissimilaiAA508 3 t o copper FSW j o
strength.

1 The optimum FSW parameters for achieving the highest values of dissimilar
AA5083 to copper FSW jointsd UTS were
(1 evel 2), 3 of 120 mm/ min (level 3),

T The highest val ues of di ssimil ar AA50
were obtained with the following parart
mm/min (level 2), and larger shoulder FSWT design (level 3).

1 By applying the Taguchi optimisation method, it was proved that dissimilar
AA5083 to copper FSW jointsdéd UTS at t
by 27.3% compared to the jointsd UTS
On the other hand, dissimilr AA5083 to copper FSW |

enhanced by 35.2% under the optimum levels of FSW parameters.
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1 A good agreement between predicted and observed values of dissimilar AA5083
to copper FSW jointsdéd UTS and fl exure
regression analysis.

1 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 ondissimilar FSW of

aluminium to magnesiumAZ31B

Aluminium grades AA5083 and AA6061 were separately weldetbignesiunAZ31B

at di fferent t ool rot at i @nahe opsnmlepeodess ( ¥ )
parameters for achieving defdote 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)-say diffraction

(XRD) techniques. Additionally, the hardness distribution of different weld zones
allowed for the jont mechanical strength to be predicted. The chapter also explores the
combined i mpact of di ssimilar jointsdé m

di ssimilar aluminium to magnesium FSW j ol

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 (AA061). Placing the AZ31B on the advancing side (AS) with no
tool offset, 1000 rpm tool rotational speed and 100 mm/min traverse speed, delivered
defectfree joints. Additionally, several IMCs such assMb. and Ak:Mgi7 were
identified at the weld nuggef 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 defecfree 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 weldipgrametersvere
consideredas per Table 3.8ection 3.1.2The microstructure of the weld joint was
examined using highesolution optical microscopy to detect possible weld defexts
micro-voids and cracksFig. 7.1 (a) illustrates a representative crssstion of an
AA5083 to AZ31B (AS) dissimilar FSW joint welded at 1000 rpm and 100 mm/min
(test no. 5 of Tald 3.8). Towards the AZ31B side (FigZ’.1 (b)), relatively larger
magnesium particles were observed to be irregularly distributed between the AZ31B

interface zone and the bottom surface of the stir {84

Furthe, Fig. 7.1 (a) reveals that under thgsear a met er s , thlifeguiaf 3 r a:
distribution of these larger magnesium particles led to the formation of macre/micro
cracks in th&sZ and towards the AA5083 interface zone (Fid. (c)). Previous reports

[7.1i 7.3] have indicated that the formation lafger IMCs particles and improper

material flow can result in crack defects in dissimilar aluminio®Z31B FSW joints
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AA5083

Fig. 7.1 (a)Typical crosssectionof AA5083 to AZ31B FSWgint welded at 1000
rom and 100 mm/min(b) SZ and interface zon®wards AZ31B side. €) interface

zone towards thAA5083 side.

In contrast to the dissimilar FSW joint between AA5083 and AZ31B, défeefoints
between AA6061 and AZ31B were consistently achieved under conditions that led to
crack formation when considering the AA5083 aluminium grade./=&y(a) presents

a typical crossection of a defedree dissimilar AA6061 to AZ31BFSW joint, as
welded at 1000 rpm and 100 mm/nGirl 0 ¥ /, with AZB1Biplaced on the AS and
zero tool offseftest no. 11 of Table 3.8]he presence of irregular aluminium particles
resultedn the formation of a lamella structure consisting of magnesium and aluminium
in the SZ and towards the AZ31B interface zone (Fi¢2 (b)). This structure, which

was suppressed idissimilar AAS083 to AZ31B FSW joints under similar welding
conditions( 1 0 ¥ /, demonattatesahe influence of the aluminium alloy grade on

the dissimilar aluminium to AZ31BSW process
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Additionally, a complex structurevas observed in the AA6061 side of the interface
zoneand towards th8Z (Fig. 7.2 (c)). This complex structure was formed as aluminium
fragments detached from the retreating $RI8)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 structudé 14). It

has beermpreviouslysuggested7.7-7.9 that the stirring action alone is inadequate to

generate this structure at a lower rotational speed

Fig. 7.2(a) Typical crossection of AA061to AZ31B FSW joint welded at 1000

rpm and 100 mm/min. (I8Z (c) interface zone towards the AB61side.

7.2.Dissimilar aluminium to magnesiumF S W | aniterfacial bone
The impact of aluminium grade orsdimilaraluminiumto magnesium FSW joints was
corroborated through an analysis of the interfacial zone of thesemdar joints.
Widely acknowledged studies [7-4012] suggest that the interfacial structure of

dissimilar aluminium to magnesium FSW joinis a crucial determinant of the
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