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ABSTRACT

Friction stir welding (FSW) has an advanced technique in solid-state conditions that joins from different
materials compared to the fusion welding process and is eco-friendly. This significant advancement
involves aluminium (A1) alloys which facilitate the FSW of distinguished flow patterns in the weld zone.
Technically, heat energy and stirred material resulted in softening areas, affecting joint efficiency,
mechanical properties, and metallurgical characterisation. This paper has concerns comprehensively
covering and summarising the development and application of the topic in different aspects of the
performance and quality of the FSW welded joint. The proper tools can create sufficient heat under the
shoulder for excellent performance to deal with the welding parameter. All these tools have their
literature and journal, which extensive discussion.Furthermore, alloy positioning, defect formation,
rotational speed and transverse feed are essential analytical tools for FSW to control the significant
weld quality. Furthermore, the mechanical properties associated with microstructural evolution highly
dependent on welding technique have remarkably contributed to product development. Finally, a
previous study has shown the interest in the topic to enhance the knowledge for further investigation
with emerging technology for future recommendations in the FSW discipline.
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1.0 INTRODUCTION

The Welding Institute (TWI) developed a new method that engaged with the joining of material in which
a solid-state welding process, friction stir welding (FSW) [1], which may be used to join any sort of
comparable material, such as alloys, steel, or even composite materials. FSW processes may be applied
for similar and dissimilar materials welding joints configuration. However, it has been generally
documented that joint efficiency can improve mechanical properties and microstructure characteristics
using FSW processes of dissimilar materials to those of the base materials [2]. Figure 1 shows that the
FSW process employs a non-consumable rotating tool comprised of a shoulder, pin, or probe. During
FSW, heat generation is caused by friction between shoulder surface and parent material and localised
plastic deformation. Because of the combined action of the rotating tool and shearing, the shoulder has
plasticised material through transverse motion generating a butt-welded joint [3].
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Figure 1: Parts of the FSW tool

Generally, FSW is controlled by several process parameters into consideration for performing the
welding. In addition, numerous studies were carried out on the influence of these variables on the
properties of dissimilar aluminium alloys upon underwater friction stir welding (UFSW) joints.
Meanwhile, the workpiece heats up during the friction stir; the temperature does not achieve the melting
point [4]. The peak temperature and melting points were ~ 511-C and 638 °C, respectively [5]. Despite
that, an interface curved by a coarse grain structure is caused by the increased input and subsequent
reduction of the cooling rate. The temperature effect on material behaviour on AA7075-T6, owing to
uneven temperature changes after the temperature distribution near the welded zone, led to crucial
conditions and very fine to improve the accuracy of coarse grain structure [6].

Due to its favourable strength, aluminium alloy is a viable candidate to replace steel in getting an
effective weld and the critical contributions of this study in a few defence applications. Furthermore, the
development utilised to weld various aluminium was improved to some extent regarding the mechanical
properties of the joints. Friction stir welding has multiple advantages over traditional fusion welding
processes. Fusion welding techniques are classified based on a heat source, such as electric arc welding,
gas welding, electrical resistance welding, and high-energy welding. Furthermore, compared to fusion
welding, FSW processes are far more energy-efficient, environmentally friendly, and versatile.
Aluminium alloy joints are commonly found in various applications, such as marine structures, pipelines,
and storage tanks [7].

During FSW, the bottom part of the tool, known as the tool pin, is completely inserted between
adjoining surfaces until the upper part of the tool, known as the shoulder, contacts the base plate material
near the bottom of welded joints. In addition, the geometry of the FSW tool shoulder and tool pin profile
is an essential factor that influences the weld strength stirring effect also in the welded zone [8] Because
the frictional heat created by rubbing between the tool shoulder softens the parent metal during the FSW
process, the surface of the metal becomes plasticised, allowing bonding to occur [9]. The combined effect
of two forces (plunge force and forward motion) causes the plasticised material around the pin inside the
stir zone [10]. In most FSW joints, three unique zones are identified: the stir zone (SZ), the thermo-
mechanically affected zone (TMAZ), and the heat-affected zone (HAZ). The basic schematic diagram of
FSW processes is shown in Figure 2.
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Figure 2: Schematic diagram of FSW processes.
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In contrast, the welding line creates a sound joint with defect-free and more homogenous welds
produced by the underwater FSW technique. At higher rotational speeds, microstructure evolutions and
mechanical characteristics significantly affect the maximum weld efficiencies recorded for underwater
FSW [11]. Weld joint quality revealed onion ring patterns exclusively in underwater FSW, and the tensile
strength and the micro-hardness of both TMAZ and SZ were roughly higher than the conventional ones
[12]. Increased rotational speed reduced weld efficiency to several percent on the weld strength. Because
of the cooling effect and decreased heat input revealed finer grain structure in the underwater FSW [13].
The general characteristics of this welding process are analysed to suggest the needed input parameters
by focusing primarily on the process parameter, the effect of rotational speed and welding speed, welding
strategy, mechanical and microstructural analysis and the defect creation and characteristics of the welded
materials [14].

It is critical to have a good comprehension of this crucial topic of friction stir welding. Understanding
how to use the FSW method is essential to process development. The influence of process parameters,
welding effects, and process monitoring on joint qualities are continuously being studied. However, a
significant effort remains research to be done to completely gather and integrate the understanding of
mechanical properties and the microstructure analysis process has been extensively studied. This review
was created by reviewing several published studies on various FSW techniques of experiments. The
assessment was carried out to map numerous features during the process of FSW and underwater FSW,
link these factors and emphasise continuity and gaps in this discipline. This manuscript also includes the
previous study for interested scholars in the additional field of the FSW technique utilised to material
similar and dissimilar welded joints. The following section discusses the effect of the FSW parameters on
material as reported by the researchers.

2.0 PROCESS PARAMETERS

The welding performance of this friction stir welding type is determined by primary process parameters
such as tool material, tool design and geometry, tool shoulder and tool pin, welding speed, and rotational
speed. Various studies have explored these process parameters to determine the influence on FSW
processes to achieve sound welded and defect-free.

2.1 FSW Tool

The FSW tool is a crucial process parameter developed by surface grinding and lathe machine whose
primary role is to soften the base material through frictional force between the tool and the workpiece.
The mechanical stirring effect occurred plastically deformed material extruded the base materials around
the tool in plunge force and traversed along the weld axis, after which the softened material solidified
during the operation [15]. The choice of FSW tool is influenced by two factors: tool material, tool design,
geometry and tool shoulder and tool pin.

2.1.1 FSW Tool Material

Material selection and process parameters play a significant role in determining the FSW's success
depending on the material's properties to be connected [16]. For example, AA7075 and AAS083 are
widely used for the sample and are often needed in shipping and aerospace. In addition, the pin is made
up of high-strength materials required during the stirring process, such as tungsten carbide [17]. The shape
and characteristics of tool material have been developed for high integrity casting performance to
unwanted effect mixing that influences the outcomes joint interface. The tool is designed to create
composites, remove casting defects, and refine microstructure with excellent toughness and strength [18].
However, the fabrication of such a tool is significantly challenging and how the FSW process influences
the various mechanical effects and associated product defects, especially component material joining, for
utilising both high melting temperature and high strength alloys [19]. The most regularly used FSW tool
materials are listed below in Table 1.
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Table 1: FSW tool material used during FSW

Alloy Thickness (mm) Tool Material Reference

Aluminium <12 Tool steel, WC-Co

Aluminium 2.5 AA5083 4
Aluminium 6 7075-T6 6
Aluminium 6 AA 5383/AA 7075 7
Aluminium 6 AA5083-H111 and 8

AA6351-T6

Aluminium 4 7055 20
Aluminium 5 AA 5086-AA 6061 21
Aluminium 6 AA6061-AA5086 22
Aluminium 5 A6061-AAT075 23
Aluminium 10 & 16 AA7075-T651 24
Aluminium 8 AA6082-AA7075 25
Aluminium 6.3 AA6061-AA7075 26
Aluminium 4 7055 27
Aluminium 6 AA7075/AA5083 28
Aluminium 19 AA2519-T87 29

Various studies successfully attempted to fabricate FSW joints utilising heat-treated high-speed steel
and hardened tool steels from HRC 45 to HRC 62 [30]. Most FSW processes have primarily used tool
steel during the experimental work. Because it is a solid-state process, rather than melting the base
material, heat generation resulting from the frictional force was joined to the working material using the
FSW tool [14]. The rotating tool helps soften the material with an adequate temperature closer to the
melting point subjected to the welded joint by FSW. No defect existed during the material deformation
and joint strength and consequently improved weld quality owing to increased material flow of solidified
material [31]. As previously said, manufacturing a high-quality FSW necessitates the selection of the best
tool material for the experimental work. Microstructural analysis and mechanical properties were
performed to establish the best technique for joining the base material plates. The study showed that
excellent welded connections might be formed when a tool is coated with AITiN [32].

2.1.2 FSW Tool Design And Geometry

The solid-state nature of FSW was influenced by tool design and material; welding parameters with the
joint design were performed to assess the effect of process parameters on weld joint quality. A specially
designed rotational pin as the non-consumable tool is mounted on the chuck to weld materials; generated
heat from frictional heat leads to plastic deformation in the welded zone [33]. The tools are essential in
getting the best FSW/UFSW process results. Friction creates heat between the tools and material
plasticised under sufficient axial force to complete the joining process influenced by the tool design.
Generating heat and mixing material by stirring and developing joint, tool pin and shoulder is very helpful.
As the friction occurs between the tools and the plastic deformation, there is no melting during the phase
and heat generation occurs internally. The influences of tool profile variation on mechanical were tested
in 6 mm thickness AA5083- H111 joints [34].

The localising heating and material flow behaviour is primarily influenced by the FSW tool design of
the pin and shoulder; this relates to controlling critical components on the strength of the welds [35].
Before welding, the parent materials must be fastened and clamped at the jig and fixture to prevent the
parent material from moving throughout the experimental work. The tool shoulder then forges the plastic
deformation. Material flow behaviour under the operation of a spinning tool influences the formation of
a friction stir processing zone. The findings reveal that different types of welding process parameter
combinations design affect the mechanical characteristics and of joints due to changes in suitable heat
generation and sufficient material flow and microstructure homogeneity of composites [36]. The effect of
different tool geometries and shoulder and pin design on FSW experimental work is discussed below.
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2.1.3 FSW Tool Shoulder

A study of tool shoulder considers various profiles in which essential aspects for given material and
welding parameter. Figure 3 showed that the different tool shoulder surface features [27]. The tool's flat
shoulder design is simple, yet flowing material under the surface must be avoided. The adjustment
strategy of welding parameter using concave 10 mm diameter shoulder for spray formed AA7055 UFSW
joint studied by [37]. Type of conical probe on concave shoulder tool stirred with three grooves resulted
in significant rather than other tools on investigating the effect of tool geometry contributed the be-
behavioural on mechanical and microstructure such tensile strength, hardness, the grain size of the welded
joint on AA5086 and AA6061 [20]. Along with the tool shoulder geometry on material, flow obtained
small grain size at the top of the weld resulted from high friction input provided more heating during the
welding across the temperature of recrystallisation formed the joint comprising FSP zone, TMAZ, HAZ,
and base metal regions lead to optimum result for mechanical properties.

Shoulder I)u]der
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Figure 3: Different tool shoulder profiles, reproduced from review on underwater friction stir welding: A variant of
friction stir welding with great potential of improving joint properties, [27].

Tool shoulder diameter is a critical FSW feature to achieve a high-quality connection without defects
and should be optimised. The tool shoulder has two functions: it initiates the force down (plunge force)
and transverse welding line, which most of the frictional heat. During FSW, the heat generation, plastic
flow, and plastic deformation are affected by shoulder diameter [38]. According to [39], the shoulder
diameter provides heat generation due to the frictional force of the workpiece and shoulder surface, which
influences welded joint qualities and defect development. The tool that is used affects the deformation of
the material, the variation of the plunging load, microstructure, and the mechanical features of the FSW
processes. The significant accumulation of compound fragments surrounding the joint scratched from the
composite bulk, the formation of the intermetallic compound layer is thickened at the weldment joint
interfaces.

Consequently, 600 r/min achieved a value of 124 MPa, which was the greatest tensile strength possible
[40]. Furthermore, according to the findings that were presented in [41], the Ultimate Tensile Stress (UTS)
of the welds increased with bigger tool shoulder diameter sizes resulting from characteristic sections and
the size weldment that was being stirred [42]. For this reason, optimising the process parameters of
selecting a tool shoulder is vital for achieving a good weld and lowering the number of welding defects.
The tool shoulder profile and geometry considerably impact the material flow mechanism. External
heating proved critical in enhancing weld nugget shape and size, boosting welding mechanical strength
and microstructural characteristics, and producing FSW processes by softening the material to be
welded [35]. In addition, a tool with a shoe shoulder enabled the creation of stronger bond welds with
acceptable surface appearances [43]. The author [44] achieves complete and high-quality weld sound
and defect-free weld lines in the FSW of thermoplastic pipe joints. The imparted downward force and
a double shoulder and threaded pin allowed for proper material flow, resulting in good welds. The
workpiece thickness, parent materials and the tool profile contribute to the compressive effects
characteristics of shoulder geometry. As a result of many research articles, designing the most
appropriate tool shoulder characteristic during experimental works of the FSW process is still an area
of research interest.
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2.1.4 FSW Tool Pin

During welding, the tool's extended portion after the shoulder's surface, known as the probe or pin, is the
component inserted into the workpiece by applying axial force [45]. The tool pin travels forward along
the metal surface (shoulder) and is shoved inside the workpiece, closely clamped and mounted on a
backplate. During the process, shearing the tool shoulder provides a stirring friction action of the
plasticised parent metal and consolidating the joint are the primary functions of the revolving tool pin
[46]. The pin profile and welding speed contribute to the determining peak temperature of the welding
process and the ensuing mechanical characteristics and joint structure [47]. There are several vital
elements to consider in the geometry of the tool pin profile, including the surface shape, the tool pin's
length, and the tool pin's diameter to produce refined grains in the stir zone. In addition, the FSW process
requires a proper contact surface slide between the workpiece and the shoulder. The length of the pin is
yet another essential component of the FSW process. If the length of the pin is more than the thickness of
the workpiece, otherwise will be destroyed parent material can cause damage to the fixture. Therefore,
tool pin length should be selected at an appropriate rate so that it corresponds to the thickness of the
workpiece [48].

The geometry pin profile and the pin diameter significantly impact the material flow pattern, the
characteristics of the stir zone, mixing and joining, and the grain microstructure. For example, Nazarlou
et al. [49] used three tool pins: cylindrical, square, and triangle. The effect of processed superplasticity of
AA7075 alloy under variation of polygonal pin profile on FSW weld joint as shown in Figure 4 [50].

va,\

® ‘ ©
Figure 4: Variation of pin profile tools on friction stir processed superplasticity of AA7075, reproduced from [50].

The type of pin profiles like threaded cylindrical, taper cylindrical and straight cylindrical is used to
analyse FSW, AA6061- AA5086 joints [22]. They analysed the strength hardness, microstructure and
material flow behaviour of dissimilar aluminium alloys and found that the threaded cylindrical profile
resulted in good flowability and produced free sound weld. On the other hand, the significant relationship
resulted in the behaviour of the tool pin thread with interruption on the surface [51]. The primary function
is to form a weld joint from the tool shoulder, a pin plunged into the joint, traverses along the line, and
contact under depth penetration [50,23,24]. During friction stir welding, stirring produces higher heat
input and higher temperature from the conical pin with three grooves that reduce the stir zone region and
obtain quality joint compared to other tools [25]. After the welded joint using the pin with three flats
resulted in the thickness of onion ring sub-layers provided from the material flow waves pattern in the
nugget centre line [26].

To conclude, associated stirring with the pin eventually produced a high plasticity impact, and the
parent metal was deformed [4,52]. The conical helical shape is best at the mechanical properties due to
the cyclical material oscillations transfer from stirrer pins and the hardness value comparable to the
rotational speed of the pin profile in the weld centre [53]. The penetration depth related to severity defect
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at weld nugget due to failure behaviour in joints contributed from inadequate and mixed flow materials
are subject to low penetration due to unwanted alteration of the material flow with the flow profile during
welding [34].

2.2 Rotational Speed And Welding Speed Effect During Dissimilar FSW

Welding speed, also known as feed rate and traverse speed, is the rate at which the tool moves
longitudinally along the surface of the weld line being operated on the FSW. The rotational speed, welding
speed, tool shape, and tilt angle are all essential design aspects that must be considered [49]. It was
deduced that welding speed contributes considerably to weld quality during the FSW experimental works.
The ideal welding speed depends on several criteria after the optimal level of process parameter has been
chosen. This is all about developing and improving the welding quality of the FSW process. Krishnan and
Subramaniam [54] researched and established the best values for the process parameters of tool rotation
speed, welding speed, and tool plunge depth. Their result indicated that the percentage contribution of the
welding speed was 40.5 percent, influencing numerous answers considerably. Following it in order of
importance was the plunge depth, which contributed 25.84 percent, and the rotational speed, which
contributed 18.13 percent. The FSW process was fabricated successfully, and it is essential to have
complete control over the process parameter to determine the optimal welding speed.

The production of the intermetallic compound on parent metal in the FSW process greatly influences
the welding speed followed by rotational speed [55]. In addition, the FSW process proved the
effectiveness of heat input by producing metallurgical bonding grain in the stir zone, which resulted from
material flow mixing. Therefore, it was possible to get a relatively sound welding result with welding
settings of the high rotational speed (2085 rpm) used to generate the proper amount of heat input from
mechanical mixing and the associated high welding speed (762mm/min) [56]. Therefore, welding
parameters such as rotating speed, tool penetration, and welding speed are critical to a successful welded
joint. In addition, fabricated joints can be reinforced and strengthened by adding nanoparticles to the
weldment, which can also be used to generate a metal matrix composite [57]. Afterwards, the qualities of
the parent material, such as hardness, strength, ductility, fatigue life, wear resistance, and corrosion
resistance, improved due to this treatment [58].

A large part of the hardness profiles is influenced by precipitation behaviour, which is governed by
the amount of heat generated by frictional force. Because the heat input increases with high rotational
speed while welding at a constant speed, the TMAZ's width constantly grows [59]. As a result of too
much heat input, the grain becomes coarser, and the hardness is relatively low. Lower hardness values
can be attained in the TMAZ and HAZ because the coarsening and dissolving of precipitate particles are
facilitated [60]. The welding temperature can be reduced by reducing both the rotational speed and the
axial force by increasing the welding speed. The remaining stresses were symmetrically at the tool
shoulder edge along the welding line. It was found that the increased residual tensile and axial force stress
was caused by increasing welding speed [61]. Welding speed is the following list of factors influencing
the weldment product's properties [62]. Welding and rotational speed contribute to a significant
responsible impact on heat generation during the FSW process [56]. The high temperature reached during
the FSW process relies on the welding speed value [41]. Another investigation found that a high velocity
of welding speed produced less heat, which resulted in an inadequate mixing material flow of the parent
material. Consequently, the weldment joint surface turns imperfect, creating poor quality and joint
strength [63]. In contrast to the high welding speed, according to the experimental work by Dewangan et
al.[64] they observed the best-achieved weld strength on dissimilar joining of AA7075 and AA5083 at a
welding speed of 20 mm/min.

In FSW, defect such as tunnel defect, kissing bond, lack of fill, and flashes occurs because of the
excessive heat generated by the improper material mix flow of rotational tool speed and welding speed.
Whenever the tool shoulder fails to retain the plasticised material within the shoulder's diameter, the
material dries up and accumulates due to the lack of heat consumed during welding. The quality of the
weld and material flow is influenced by tool design and tool speed, controlling the frictional heat
generated during welding. Consequently, welding speed significantly impacts grain structure formation
with superior mechanical properties values during the FSW process. The rotational tool speed and feed
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rate greatly influence better flowability and weld nugget formation at the joining centre [65]. Several
process parameters contributed to the FSW of dissimilar alloy. Many studies were carried out on the effect
of these variables on parameters of the FSW joints of dissimilar aluminium (Al) alloys. The result of
rotational tool speed (700,800, 900 rpm) and transverse speeds (40, 60, 80 mm/min) on the FSW of Al-
alloy showed that there is a correct combination of the weldment caused by strength and hardness in
metallurgical bonding [66]. Two parameters significantly affected the joints between strength and
microstructure resulting from the influences of the rotational tool speed and tool pin profile on the strength
and microstructure of FSW AA5083-H11 and AA6351-T6 Al-alloys [67].

3.0 WELDING STRATEGY FOR DISSIMILAR FSW

The FSW method utilised to acquire the welded joints directly contributes to the welding quality that was
produced. However, many weld defects can be caused by selecting insufficiently accurate parameters for
the welding process or employing an improper welding strategy. Weld strategies include parametric
optimisation, tool design and geometry selection, heat treatment, type hole design and reinforcement
particles [68]. It was discovered that the spindle motor had the strongest association with the stress and
ductility of the material due to identifying defect-free welds and welding quality [69]. For monitoring of
the FSW process, welding set parameters must be employed, such as controlling tool speed, welding speed
and plunge depth. Besides that, a successful technique for the stirring mechanism is often influenced by
the material mixing and plastic deformation to impact the weld quality significantly. The mechanical
mixing in the stir zone during the FSW process results from a combination of the effect of several different
welding strategies. Heat is generated through frictional force between the shoulder, and the surface of the
parent material, leading to softening impact and dynamic recrystallisation at the weldment [70. To this
point, sound welding of the FSW process has been achieved by employing combinations to enhance the
welding strategies. Research has also attempted to adopt improvement strategies on the material thickness
and workpiece position. The finding of these studies is summarised in the section that follows.

3.1 Workpiece Material Thickness

Choosing appropriate process parameters is heavily influenced by the thickness of the sheet material. The
length of the tool pin should be within the thickness of the weld plate; otherwise, the tool can break after
being shoved into the weld plate. Poor mechanical mixing (interlayer) along the weld plate thickness
resulted from an improper approach to selection process inputs [56]. Regardless of tool design or material
weld plate thickness, that is the essential mechanics of material flow. For dissimilar material, underwater
FSW of 1 mm thick Al-Cu, would be beneficial results from more systematic experiments, partly because
the weld zone in FSW dissipates heat more rapidly than in FSW [71]. Heat loss and surface stirring also
increase at the weld zone, reducing the weld's thickness and requiring improved downward direction
control [72]. In future, additional research is needed in the material FSW process with a plate thickness
of more than 12.7 mm [73].

3.2  Workpiece Position And Placement

The relative workpiece position and placement of the tool profile and parent material are essential aspects
determining the welding quality during the FSW process. Placement of workpiece indicates rotation speed
and affects the mixing levels for both low and high rotation as low speed will result in intense mixing,
whereas high spin speed can produce a smooth onion ring pattern during mixing during weld joints [74].
The location of the advancing side (AS) and retreating side (RS) could significantly affect the material
flow and weld quality. The hardness level of the retreating side is relatively higher than that of the
advancing side [33]. The position of base plate aluminium alloys can significantly impact the peak
temperature and the heat dispersion. According to the findings, the parent material with the most impact
can be reached peak temperature on the advancing side than when the harder alloy is on the retreating
side [75]. Aluminium alloys 6061- T6 to T2 copper of 1 mm in thickness FS welds with comprehensively
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investigate the placement of workpiece in which the aluminium alloys sheet can be placed on the
advancing side to facilitate the flow of nugget material increased and expand the volume of the mixing
zone due to thermal cycle effect [76]. In the stirring process during the FSW of dissimilar alloys, the
position and arrangement of parent material considerably influence the material flow pattern and the
welding quality. The only part of the tool pin that sees a considerable temperature differential is right
around the surface shoulder [77]. The FSW is distinguished by the uneven temperature distribution of the
material plate resulting from the material flow produced by advancing and retreating sides. To
successfully the FSW process, it is advised to consider the positioning of parent material in welding
arrangements since the thermal conductivity of alloys material flow increases and produces defect-free
[78].

4.0 MECHANICAL PROPERTIES OF DISSIMILAR FSW

During the FSW process, different temperatures at different stages will produce the material flow
behaviour and differences in the mechanical property [37]. However, generally, it something hard to
define the effect of temperature along with the FSW process's material flow behaviour and mechanical
properties. However, there were differences in tensile strength of these dissimilar weld alloys on
behaviour material flow, effect between the elimination of cold working and heat-affected zone (HAZ)
of AAS5083, precipitation of second phase dissolution in AA6351 alloy and imperfections bonding
formation in weld zone between two plate welded zones. Yet, it is crucial for developing the quality of
welding joints. For example, the material transfer displacement in the middle of the weld is upward while
the material near the bottom of the weld transfer to nearly zero and the material transfer downwards when
the material is near the surface [6].

Focusing on the hardness and tensile properties of FSW AA5083- and AA6111-T4 Al alloys showed
comparable strength to the base material (BM) of welded zone AA6111 alloy [79]. However, noticeably,
the weld zone is softer than the base material in the AA5083-H18 alloy. This softening is related to the
heat generated from the FSW process due to porosity and kissing bonds being formed with the increase
in the welding speed when the position is on the retreating side [80]. Improvement of hardness strength
was attributed to the joint strength and deformation behaviour remarkably affected on dissimilar FSW
aluminium alloy [81]. The hardness measurement of three depths from the top is shown in Figure 5.
Besides the effect of tool pin profile on the micro-hardness distribution of the FSW of high zinc brass, it
was confirmed that in the correlation between temperature and hardness which noticeably heat generation
resulted from frictional forces and material flow stirring supplementing effect on hardness scale for
different tool pin profiles during FSW of brasses [82].

FSW on joining of non-weldable AA7075 and weldable AA6061 aluminium alloy sheet contributed
the lowest hardness under the pin across stir zone was found further in the TMAZ regions were defect-
free was observed to occur [83]. The hardness measurement of three depths from the top is shown in
Figure 5. The effects of welding heat input and post-weld ageing time on welding parameters in dissimilar
FSW of AA7075 and AA5086 aluminium alloys are considered. The reprecipitation enhances higher
hardness due to solid solutions during rapid cooling of welds joint for natural ageing on the AA7075 side
[84].
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Figure 5: Cross-sectional hardness distribution at three depths from the top (17mm/min by feed rate), reproduced
from [83].

The beneficial effect of preheating on the A7075 aluminium alloy specimen was a successful weld joint
for output in tensile strength and joint efficiency during process control [85]. Before welding a joint, add
preheating process with a selection of the tool pin profile and the appropriate combination of parameters;
it provides the presence of a microcavity that indicates ductility failure for joints [65]. However, the tool
rotating at high speed along the joint line could lead to failure such as breakage and brittle on the contact
surface. The preheating process significantly affects the specimen as it will affect the behaviour and
pattern of the mixing and the grain stirring zone where the grain size is slightly coarser, and the tensile
strength and bending are slightly better than the specimen without preheating [86]. While stirring AA2024
and pure commercial copper, higher ultimate stress results from flat shoulder tool and 2° tilt angle rather
than the specimen welded without tilt angle, and the Imm pin offset offered higher strength upon the
samples welded [87].

The experiment on dissimilar AA6082-T6 and AA5083-H111 FSW weld joints are under investigation
of the mechanical properties. The joint efficiencies were obtained for different aluminium alloys
compared to similar weld joints resulting in the process parameter getting better mechanical properties,
as shown in Figure 6 [88].
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Figure 6: Optical micrographs in various processing conditions of the different samples., reproduced from [88]
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5.0 MICROSTRUCTURAL ANALYSIS OF DISSIMILAR FSW

The study reviewed that these sub-processes had a comparable impact on the material movement and
temperature generated over the UFSW welded process, resulting in the material's microstructure [89].
Band density and the travel speed gave significant results from the effect of travel speed even on the FSW
of the brass plate (CuZn30) [90]. Comparable water-cooled results led to a better cooling rate in the air-
cooled environment due to the affected weld zone during the rotational speed of 600 rpm and traverse
speed of 30 mm/min for a successful weld joint [91]. Cooling medium submerging underwater produced
cooling capability that influenced the parent material up to a hundred degrees Celsius [5]. Decreasing the
temperature enhances metal-matrix formation that could be affected by grain structural refinement in weld
zone as affected behaviour such as hardness resistance and tensile strength mechanism. Arguably, the
cooling medium did not significantly affect the fine-grained and balanced orientation of the stir zone
measured from the average grain diameter [92].

In addition, the larger grain size of the FSW joint than the UFSW joints shows the coarsened grain of

the microstructure view. A proper flow of material could strengthen the FSW weld joint around the pin,
but material friction would result in severe plastic deformation at elevated temperatures and smaller grain
size within the nucleation site [93].
Again, at stir zone region could contribute to fine recrystallised equiaxed grain in both base materials
welded joints [92]. The grain size variation is significant in UFSW joining process compared to FSW due
to lower pin-influenced regions being the finest size. The width of TMAZ resulted from the increased
rotational speed on both aluminium alloy sides, which noticeably affected the material flow of the mixing
pattern across welded joints [74]. On the other hand, the dissimilar joining of the brass plate (CuZn30) to
1050 Al-alloy gives better joints created owing to higher material flow and metallurgical bonding,
significantly affecting heat input on recrystallisation at the welded stir zone [94].

6.0 WELDING DEFECTS OF DISSIMILAR FSW

The study used UFSW on aluminium alloy AA5052, a weldability material that produces quality joint
welds and found that certain rotational speed and welding speed could lead to tunnel defects and excess
plasticised issues [34]. During the welding process, the initial cavity shaped in AS shaped the flowing
materials short fill in filament as incomplete welds and tunnel defects appeared inner the weld [95].
Furthermore, high friction during welding leads to increased heat input on the aluminium surface and
dissolved excessively, which causes a defect in the HAZ region [96]. In addition, the precipitate is
dissolved in the aluminium matrix due to high heat friction. Therefore, the weld strength will be affected
collectively due to defects. However, the study proposed that the cooling medium can be used to surround
the weld zone so that defects can be resolved due to grain refinement control of the welding defects
[27,96].

Theoretically, high heat generation results from high rotation of the tool and will release the stirred
material to the upper surface, resulting in a micro void in the nugget zone [4]. On the other hand, the tool's
speed causes a low cooling rate and results in the formation of coarse grains on the welded surface.
Besides, the welding process in air-cooled conditions leads to large voids rather than underwater welds
showing dimples with small voids. Differences in porosity comparably the grain refinement in cooling
medium weld compared to ambient condition weld [97]. However, reducing the heat input by cooling
medium helps the material's grain structure be continuously refined [5]. Due to cracking in the
solidification process, this alloy does involve the melting materials, which rely on melting to join material;
otherwise, it would degrade the mechanical properties of the joint. However, AA7075 aluminium alloy is
practically used in aerospace components because of the composition material like high strength and
lightweight [85]. However, the dispersion of fractured surface energy contributes to surface cracks and
causes brittle fractures and failures, resulting in a loss of strength from oxide formation.
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7.0 CONCLUSION

This article aims to provide insight into the current study of the information connected to the FSW process
by presenting the review and complete analysis of previous literature on FSW of parent materials. Most
of the research publications cited comprehensively studied the various process parameters, considering
their effect on the FSW joints' process parameters, welding strategies, microstructure, and mechanical
properties. Welding design is essential in optimising process parameters such as rotational tool speed,
traverse speeds, and tool pin profiles of the FSW formed. Also, added heating in FSW improves flow,
reducing tool and welding forces. Moreover, to achieve good quality joint with optimum strength and
minimum defect, it can be helpful, especially during FSW of dissimilar aluminium alloys, to analyse the
impact of process parameters such as rotational tools, traverse speed, and effect on the tool pin profiles
and preheating. The FSW and UFSW optimisation process must be performed for good quality welding
joining. The development of this method is an essential field of research for using this process to
incorporate different materials with industrial applications. The researchers have mentioned the defect
discovered during the various FSW processes of varying parent materials. The researchers have also
explored the potential sources of these defects and potential solutions to fix them. In addition, a discussion
is held on various possible variations of FSW utilised by researchers for a microscopic study. Despite the
significant research interests, different research has to give more attention to this area. Hopefully, this
overview could better understand essential information and help them orientate future development for
the FSW process.
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