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Abstract: Friction Stir Welding is a suitable solid-state joining technology to connect dissimilar
materials. To produce an effective joint, a phase of optimization is required which leads to the
definition of process parameters such as pin geometry, tool rotational speed, rotation direction,
welding speed, thickness of the sheets or tool tilt angle. The aim of this review is to present a complete
and detailed frame of the main process parameters and their effect on the final performance of a
friction stir welded joint in terms of mechanical properties and microstructure. Attention was focused
in particular on the connection between different aluminum alloys. Moreover, the experimental
results were correlated to the development and the applications of tools which can be effectively
used in the design of the manufacturing process such as finite element analyses, artificial neural
networks, and statistical studies. The review also aims to be a point of reference to identify the best
combinations of process parameters based on the dissimilar aluminum to be joined.
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1. Introduction

Aluminum alloys are classified into non-heat-treatable and heat-treatable alloys. The
first group includes pure aluminum alloys (series 1xxx) and alloys with manganese (3xxx
series), silicon (4xxx series), and magnesium (5xxx series) as primary alloying elements. The
second group includes aluminum alloys with copper (2xxx series), magnesium and silicon
(6xxx series) and zinc (7xxx series) as the main additives [1]. Recently, due to the possibility
of exploiting the best properties of each series, the aluminum alloys have been widely
combined in many industrial fields including automotive, aerospace, and shipbuilding
industries [2–9].

In this context, the joining process is strategic to create a stable and effective connec-
tion [10]. Particularly, in all cases, solid-state and liquid-state welding are the primary
technology [11,12]. Whereas liquid-state welding is characterized by significant draw-
backs (i.e., formation of intermetallic compounds with a low plastic deformability that
makes brittle the joint), solid-state welding is more suitable to join light-weight plate and
sheet such as aluminum [13]. It includes the following technologies providing a direct
metal-to-metal contact with adequate pressure to generate a performant joint without the
production of intermetallic compounds: explosion welding and transition joints, magnetic
pulse welding, roll bonding, friction stir welding (FSW), friction bit joining, and ultrasonic
spot welding [14].

Among these technologies, friction stir welding is a sustainable and green solution in
terms of energy consumption and environmental impact [15–19]. Moreover, it is charac-
terized by a limited set of process parameters: tool rotational speed, welding speed, axial
force, and tool tilt angle, which are the main parameters that are involved in production of
high-strength joints [20,21] (see Figure 1).
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Moreover, apart from the above-reported process parameters, some latest papers fo-
cused on unusual process conditions like pin eccentricity, which improves the material 
flow and grain refinement in the stir zone as well as enhances the toughness of the weld 
joint [22–25], and cooling rate that, in steels, enhances strength ductility and corrosion 
resistance [26–28]. 

This fact allows to experimentally determine the optimal combination to produce ef-
fective joints that can be used in several structural applications; i.e., Sabry et al. [29] study 
the friction stir welding between several 6061-T6 aluminum plates with a 2 mm thickness 
and a A365 high-pressure die-casted aluminum battery tray with different thicknesses. 
Mertinger at al. [30] study the corner stationary shoulder friction stir welding process be-
tween AA7050-T7451 and AA2024-T4 sheets for aerospace applications with the aim to 
replace approximately 500,000 rivets on an Airbus A350 plane. 

The process works by using a rotating tool made of a hard material, such as tungsten 
carbide, to generate friction and heat between the tool and the workpieces. The heat sof-
tens the material and allows the tool to penetrate the surface. The tool then moves along 
the joint, stirring the softened material together and forming a solid bond. 
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Figure 1. Main process parameters.

Moreover, apart from the above-reported process parameters, some latest papers
focused on unusual process conditions like pin eccentricity, which improves the material
flow and grain refinement in the stir zone as well as enhances the toughness of the weld
joint [22–25], and cooling rate that, in steels, enhances strength ductility and corrosion
resistance [26–28].

This fact allows to experimentally determine the optimal combination to produce
effective joints that can be used in several structural applications; i.e., Sabry et al. [29] study
the friction stir welding between several 6061-T6 aluminum plates with a 2 mm thickness
and a A365 high-pressure die-casted aluminum battery tray with different thicknesses.
Mertinger at al. [30] study the corner stationary shoulder friction stir welding process
between AA7050-T7451 and AA2024-T4 sheets for aerospace applications with the aim to
replace approximately 500,000 rivets on an Airbus A350 plane.

The process works by using a rotating tool made of a hard material, such as tungsten
carbide, to generate friction and heat between the tool and the workpieces. The heat softens
the material and allows the tool to penetrate the surface. The tool then moves along the
joint, stirring the softened material together and forming a solid bond.

FSW is particularly useful in joining aluminum and other non-ferrous metals. It can be
used to join plates, sheets, and extrusions with a thickness ranging from 0.5 mm to several
centimeters. The process can be automated, making it suitable for mass production. One
of the main advantages of FSW is that it produces a joint with no porosity, solidification
cracks, or other defects that can weaken the joint. This makes the process particularly
useful in applications where the joint must be strong and reliable, such as in the aerospace
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industry. Additionally, FSW produces minimal distortion and reduces the need for post-
welding treatments. Despite its advantages, FSW has some limitations. It is not suitable
for joining materials that have a large difference in thickness or that have complex shapes.
Additionally, the process can be slower than traditional welding methods, which can be a
disadvantage in some applications.

Many studies conducted in the last fifteen years have studied the FSW of dissimilar
Al alloy joints focusing on several aspects such as process optimization, effect of process
parameters, microstructure, mechanical properties, and heat treatments [31–35]. The aim of
this review is to present that the process parameters influence the properties of a friction stir
welded joint between two dissimilar aluminum alloys. Particularly, the work is structured
into two main sections:

• First, each process parameter is investigated in terms of influence on the joint perfor-
mances;

• Then, the attention is focused on the tools used to predict or better investigate these
effects such as finite element analyses, artificial neural networks, and statistical studies.

2. Effect of Process Parameters

Optimizing the process parameters of friction stir welding is significantly influenced by
the complex thermal and mechanical interactions induced during the welding process [36].
In regard to this fact, it is not possible to identify a unique strategy to join two similar or
dissimilar materials with this process. Consequently, there is a wide selection of literature
that investigates the best combinations of parameters as a function of the materials to be
joined.

Preliminarily, when the attention is focused on dissimilar materials and especially on
the dissimilar aluminum, it is much needed to highlight the role played by the type of
aluminum alloy (i.e., heat-treatable or non-heat-treatable) and the thickness considering
that the large number of authors work with thin sheets.

The choice of aluminum alloy can significantly influence the welding process and the
resulting weld properties.

Heat-treatable aluminum alloys, such as the 2xxx, 6xxx, and 7xxx series alloys, derive
their strength from a precipitation hardening process. These alloys contain alloying ele-
ments like copper, magnesium, and zinc, which form strengthening precipitates during
a specific heat treatment cycle. The high temperatures generated during FSW can par-
tially or completely dissolve the strengthening precipitates in the heat-affected zone of
heat-treatable alloys (see Figure 2).
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Figure 2. Typical cross section of a friction stir welded joint: (a) Unaffected material; (b) Heat-affected
zone (HAZ); (c) Thermomechanically affected zone (TMAZ); (d) Weld nugget o Stirring zone (SZ).

This leads to a localized softening effect reducing the overall strength of the weld in
this zone. The heat generated during FSW may also cause a redistribution of precipitates in
the weld zone, affecting the mechanical properties. The extent of redistribution depends on
factors like the alloy composition, welding parameters, and cooling rate. Heat-treatable
alloys may require a subsequent post-weld heat treatment to restore the desired mechanical
properties after FSW. This process involves a specific temperature and time cycle to re-
precipitate the strengthening phases, thereby regaining the desired strength [37]. Moreover,
FSW affects the microstructure and the electrochemical behavior of the different regions
(HAZ, TMAZ, SZ) formed during the process, as observed by de Viveiros et al. [38].

Non-heat-treatable aluminum alloys, such as the 1xxx, 3xxx, and 5xxx series alloys,
do not respond to precipitation hardening. They primarily gain strength through cold
working or strain hardening. Non-heat-treatable alloys generally exhibit minimal softening
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effects in the heat-affected zone during FSW. Since their strength relies on cold working,
the localized heating in FSW does not significantly affect their mechanical properties. FSW
can induce grain refinement due to the severe plastic deformation imposed by the rotating
tool, enhancing certain properties like tensile strength and fatigue resistance. Unlike heat-
treatable alloys, non-heat-treatable alloys typically do not require post-weld heat treatment.
The mechanical properties of the weld joint are largely retained without additional heat
treatment [39].

When friction stir welding a joint between a heat-treatable aluminum alloy and a non-
heat-treatable aluminum alloy, several factors can influence the behavior of the welded joint.
Heat-treatable and non-heat-treatable alloys have different mechanical properties. The
heat-treatable alloy typically has higher strength, while the non-heat-treatable alloy may
have lower strength but better formability. This mechanical mismatch can affect the overall
strength and performance of the welded joint due to the change in hardness is different for
precipitation-hardened and solid-solution-hardened aluminum alloys [40]. The joint may
exhibit variations in strength, ductility, and toughness, particularly at the interface between
the two alloys. During FSW, the heat generated by the frictional forces and the mechanical
mixing of the materials can promote the formation of intermetallic compounds at the joint
interface. These intermetallics may have different mechanical properties than the base
alloys, which can further influence the joint behavior. This phenomenon is inevitable during
welding of dissimilar metals. The type, volume, and distribution of intermetallics can vary
depending on the specific alloy combination and welding parameters used [41–45].

The welding process can induce microstructural changes in both the heat-affected
zone and the weld zone. The extent of these changes depends on factors such as the alloy
composition, welding parameters, and cooling rate. Differences in microstructure, such as
grain size, phase distribution, and precipitate formation, between the heat-treatable and
non-heat-treatable alloys can affect the joint’s mechanical properties, including strength,
hardness, and corrosion resistance [37,46,47]. In heat-treatable aluminum alloys, the process
of softening is linked to the dissolution of strengthening precipitates and the growth of
grain size when subjected to welding-induced thermal cycles. The decrease in mechanical
properties in these alloys can be partially alleviated by implementing subsequent aging
treatments, whether natural or artificial [48–55]. On the other hand, in non-heat-treatable
aluminum alloys, the softened region significantly compromises the tensile properties,
hardness, and fatigue resistance of the welded joints. The primary mechanisms responsible
for this softening are recovery and recrystallization [56–58]. Beygi et al. [59] study a
dissimilar AA2024/AA7075 joint observing that, after tensile test, the fracture surface
is characterized by large dimples and precipitates inside these dimples as indicative of
the coarsening of the precipitates in AA2024 which is placed on the retreating side. The
occurrence of this coarsening in the region leads to significant softening, resulting in the
concentration of plastic strain in that area. However, two factors prevent this coarsening
from happening in AA7075 placed on the advancing side. Firstly, AA7075 begins in an
artificially heat-treated state known as T6, whereas AA2024 starts in a solution-treated state
called T3. Secondly, the maximum temperature reached during the FSW process is lower in
AA2024 compared to that of AA7075. FSW can introduce residual stresses in the welded
joint due to thermal expansion and plastic deformation. The combination of dissimilar
alloys can lead to differential thermal expansion and contraction, resulting in residual stress
concentrations. Residual stresses can influence the joint’s distortion, crack susceptibility,
and overall mechanical behavior [60,61].

Finally, the response of the dissimilar alloys to post-weld heat treatment may differ.
Heat-treatable alloys often require specific heat treatment cycles to achieve the desired me-
chanical properties. However, the non-heat-treatable alloy may not respond to traditional
heat treatments [62]. Consequently, careful consideration should be given to the selection
and optimization of these processes for dissimilar aluminum alloy joints.

Also, the thickness of the sheets being welded in FSW can have a significant effect on
the welding process and the resulting weld quality [63,64].
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Thicker sheets require more heat input to raise their temperature to the desired range
for FSW. The increased thickness implies a larger volume of material to be heated, which
requires more time and energy. Consequently, thicker sheets may require adjustments in the
welding parameters, such as increased rotational speed and downward force, to generate
sufficient heat for effective stirring and plasticization of the material. Thicker sheets also
have a higher propensity for heat dissipation due to their larger volume, resulting in a
more significant temperature gradient across the thickness during FSW. This non-uniform
temperature distribution can affect the metallurgical properties of the weld, including the
formation of defects such as voids, cracks, or incomplete bonding. Proper control of process
parameters, such as rotational speed, travel speed, and dwell time is crucial to ensure
adequate heat input and minimize thermal gradients.

Thicker sheets may exhibit higher levels of residual stresses due to the larger thermal
gradients and associated thermal expansion and contraction effects. These residual stresses
can affect the structural integrity of the weld and may require post-weld heat treatment or
other stress relief techniques to mitigate their influence [65].

The thickness of the sheets influences the material flow and mixing characteristics.
Thicker sheets tend to exhibit slower material flow due to their higher thermal mass and
increased resistance to deformation. This can result in variations in the mixing of material
between the advancing and retreating sides of the weld. To compensate for this, optimized
tool geometry and process parameters can be employed to promote better material mixing
and achieve a homogeneous weld.

Thicker sheets generally offer increased joint strength in FSW due to the larger bonded
area and more substantial material volume participating in the welding process. This
is because the increased thickness provides more material for the stirring action of the
rotating tool, resulting in enhanced mixing and bonding between the adjacent sheets. The
larger bonded area and more substantial material volume contribute to the overall joint
strength [66–68].

However, the increased thickness can also introduce challenges such as inadequate
heat input, insufficient mixing, or defects if not properly addressed. To ensure high-
quality welds, it is essential to optimize the process parameters, tool design, and post-weld
inspections to account for the specific characteristics of thicker sheet materials.

The specific parameter adjustments in friction stir welding (FSW) for tool rotational
speed, welding speed, and axial load as a function of sheet thickness can vary depending
on the material being welded and other factors [69,70].

2.1. Tool Shoulder and Pin Geometry

The tool used in friction stir welding is typically made of a hard, wear-resistant
material such as tungsten carbide, tool steel or ceramics. It has a cylindrical shape with a
shoulder at one end and a pin at the other [71]. The shoulder is larger in diameter than the
pin and is used to apply downward force to the workpieces and to contain the material
being stirred during the welding process. The pin, which is the active part of the tool, has
a specially designed profile that varies depending on the material being welded and the
desired welding parameters. The pin profile typically includes a threaded or fluted section
that helps to mix and stir the material being welded, as well as a smooth section that creates
a solid-state bond between the workpieces. Table 1 reports the main geometries of bottom
pin surfaces [72]. The tool is typically rotated at a high speed (the range of variation is
typically between 280 [73] and 2500 [74,75] revolutions per minute) and is traversed along
the joint line at a controlled rate. The rotation and movement of the tool generate heat
through friction, softening the material and causing it to deform plastically. The softened
materials are then stirred together by the tool, forming a solid-state weld without the need
for filler material or fusion. The tool geometry in FSW is a critical factor in determining
the quality, strength, and efficiency of the welding process [76]. In addition to various
parameters, the shoulder diameter to pin diameter ratio impacts mechanical strength and
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grain refinement [77]. Consequently, the design and optimization of the tool geometry are
important considerations in achieving successful and cost-effective FSW [78].

Generally, the size of the pin and shoulder of the tool determines the size of the stir
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces a
wider heat-affected zone).

The shape and design of the tool pin and shoulder affect the direction and magnitude
of material flow during the welding process [79,80]. The strength of the resulting weld
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of
the tool pin affects the amount of plastic deformation and mixing that occurs during the
welding process, which in turn affects the strength and quality of the resulting joint [81].
A pin with a threaded or fluted design can create a more efficient mixing of the material,
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects
the amount of heat generated during the welding process. A larger tool shoulder diameter
produces more heat due to the increased surface area of contact with the workpiece [83,84].
Finally, the geometry of the tool affects the rate of tool wear during the welding process. A
tool with a more complex geometry may wear faster than a simpler tool, which can increase
the cost of the process and reduce productivity [85].

Table 1. Typical pin geometries (adapted from [72]).
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Smooth cylinder Circle
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[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 

Table 1. Typical pin geometries (adapted from [72]). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 
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without the need for filler material or fusion. The tool geometry in FSW is a critical factor 
in determining the quality, strength, and efficiency of the welding process [76]. In addition 
to various parameters, the shoulder diameter to pin diameter ratio impacts mechanical 
strength and grain refinement [77]. Consequently, the design and optimization of the tool 
geometry are important considerations in achieving successful and cost-effective FSW 
[78]. 

Generally, the size of the pin and shoulder of the tool determines the size of the stir 
zone, which is the area where the material is plastically deformed and mixed (i.e., a larger 
tool pin diameter produces a larger stir zone, while a larger shoulder diameter produces 
a wider heat-affected zone). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 

Table 2. Typical shoulder geometries (adapted from [86,87]). 
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Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, triangular,
threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical tool, taper
square tools [78]. Commonly, shoulder profiles employed are flat, concave, and convex
(see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove improve
frictional behavior as well as material flow [14]. The material stirring and mixing are
significantly influenced by the choice of pin profile.

Verma et al. [88] study the effect of tool pin profile on friction stir welded joints
between dissimilar plates made of AA6061-T6 and AA5083-O. Amongst different types
of tool pin profiles, the FSW tool with a straight cylindrical pin profile is characterized
by maximum strength and elongation of the joint for different combinations of welding
parameters. Furthermore, based on multiple response optimization, the authors determine
that the welded joint created using the pin tilted at 1.11◦ and operating at a tool speed
of 1568 rpm and a feed rate of 39.53 mm/min achieves the maximum ultimate tensile
strength of 135.83 MPa and a tensile elongation of 4.35%. In their study, Palanivel et al. [89]
examine the impact of different shoulder profiles on the combination of AA5083 and
AA6351. Three shoulder features are utilized—partial impeller, full impeller, and flat grove.
Results indicate that the full impeller shoulder tool is most effective in producing superior
mechanical strength, attributed to its ability to generate enhanced material flow. Azmi
et al. [90] investigate AA7075/AA5083 friction stir welded joints using three different
pin profiles (i.e., threaded straight cylindrical, tapered cylindrical, and threaded tapered
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cylindrical) and three different tool rotational speeds (i.e., 600, 700, and 800 rpm) at a
welding speed of 40 mm/min. The authors find that the tool pin profile is significant in
determining mechanical properties by varying the rotational speed. The highest tensile
strength and the defect free joint is obtained by using the threaded tapered cylindrical pin
tool at a rotational speed of 800 rpm.

Table 2. Typical shoulder geometries (adapted from [86,87]).
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The shape and design of the tool pin and shoulder affect the direction and magnitude 
of material flow during the welding process [79,80]. The strength of the resulting weld 
joint is affected by the tool geometry, particularly the pin geometry. The shape and size of 
the tool pin affects the amount of plastic deformation and mixing that occurs during the 
welding process, which in turn affects the strength and quality of the resulting joint [81]. 
A pin with a threaded or fluted design can create a more efficient mixing of the material, 
while a flat or smooth pin produces less material mixing [82]. The tool geometry affects 
the amount of heat generated during the welding process. A larger tool shoulder diameter 
produces more heat due to the increased surface area of contact with the workpiece 
[83,84]. Finally, the geometry of the tool affects the rate of tool wear during the welding 
process. A tool with a more complex geometry may wear faster than a simpler tool, which 
can increase the cost of the process and reduce productivity [85]. 

Typical tool pin profiles are cylinder or straight cylinder, square, hexagonal, 
triangular, threaded cylinder, cylindrical cam, conical, taper, pentagonal, taper cylindrical 
tool, taper square tools [78]. Commonly, shoulder profiles employed are flat, concave, and 
convex (see Table 2 [86,87]). Additional features on the pin such as a spiral or a groove 
improve frictional behavior as well as material flow [14]. The material stirring and mixing 
are significantly influenced by the choice of pin profile. 
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Verma et al. [88] study the effect of tool pin profile on friction stir welded joints 
between dissimilar plates made of AA6061-T6 and AA5083-O. Amongst different types of 
tool pin profiles, the FSW tool with a straight cylindrical pin profile is characterized by 
maximum strength and elongation of the joint for different combinations of welding 
parameters. Furthermore, based on multiple response optimization, the authors 
determine that the welded joint created using the pin tilted at 1.11° and operating at a tool 
speed of 1568 rpm and a feed rate of 39.53 mm/min achieves the maximum ultimate tensile 
strength of 135.83 MPa and a tensile elongation of 4.35%. In their study, Palanivel et al. 
[89] examine the impact of different shoulder profiles on the combination of AA5083 and 
AA6351. Three shoulder features are utilized—partial impeller, full impeller, and flat 
grove. Results indicate that the full impeller shoulder tool is most effective in producing 
superior mechanical strength, attributed to its ability to generate enhanced material flow. 
Azmi et al. [90] investigate AA7075/AA5083 friction stir welded joints using three different 
pin profiles (i.e., threaded straight cylindrical, tapered cylindrical, and threaded tapered 
cylindrical) and three different tool rotational speeds (i.e., 600, 700, and 800 rpm) at a 
welding speed of 40 mm/min. The authors find that the tool pin profile is significant in 
determining mechanical properties by varying the rotational speed. The highest tensile 
strength and the defect free joint is obtained by using the threaded tapered cylindrical pin 
tool at a rotational speed of 800 rpm. 

Dissimilar Al alloy combinations are joined using cylindrical or conical pin profiles 
which may feature threads or threads with flats by evidencing the way in which the pin 
profile significantly affects material stirring and mixing. Various pin profiles, such as 
cylindrical or conical shapes, with additional features like threads or threads with flats, 
are utilized for dissimilar aluminum alloy combinations. When the pin profile lacks 
threads, it offers a smaller surface area for material interaction. On the other hand, 
threaded and flat features on the pin increase the contact area, and the threads guide the 
material flow around the pin in both rotational and translational directions. Hasan et al. 
[91] investigate the effect of pin flute radius during the joining process of dissimilar 
AA7075-T651 and AA2024-T351 aluminum alloys. Particularly, they focus on five pin 
tools with different flute radii (i.e., 0, 2, 3, 6, and ∞ mm) under a specific combination of 
spindle speed and traverse rate (900 rpm/150 mm/min) by observing that a pin tool with 
a flute of radius equals to that of the pin leads to the strongest joint. Kalemba-Rec et al. 
[73] study two different types of tools for welding 7075-T651 and 5083-H111 alloys. Both 
tools have similar dimensions and consist of a spiral shoulder, but with different pin 
design, i.e., triflute or tapered with a thread. In particularly, a triflute pin guarantees the 
highest tensile strength and efficiency, as well as a defect-free joint with a wider area of 
the stir zone compared to the other kind of pin with 5083 on the advancing side and 7075 
on the retreating side using a tool rotational speed of 280 rpm. Better mixing of materials 
is achieved at higher rotational speed; however, under these conditions, the weld 
microstructure shows more defects such as porosity, voids, or wormholes. Ilangovan et 
al. [92] investigate three 5.7 mm length pin profiles, namely straight cylindrical, threaded 
cylindrical, and tapered cylindrical profiles to fabricate AA5086-O (in retreating side) and 
AA6061-T6 (in advancing side) aluminum joints using a tool rotational speed of 1100 rpm, 
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Dissimilar Al alloy combinations are joined using cylindrical or conical pin profiles
which may feature threads or threads with flats by evidencing the way in which the pin
profile significantly affects material stirring and mixing. Various pin profiles, such as
cylindrical or conical shapes, with additional features like threads or threads with flats, are
utilized for dissimilar aluminum alloy combinations. When the pin profile lacks threads,
it offers a smaller surface area for material interaction. On the other hand, threaded and
flat features on the pin increase the contact area, and the threads guide the material flow
around the pin in both rotational and translational directions. Hasan et al. [91] investigate
the effect of pin flute radius during the joining process of dissimilar AA7075-T651 and
AA2024-T351 aluminum alloys. Particularly, they focus on five pin tools with different
flute radii (i.e., 0, 2, 3, 6, and ∞ mm) under a specific combination of spindle speed and
traverse rate (900 rpm/150 mm/min) by observing that a pin tool with a flute of radius
equals to that of the pin leads to the strongest joint. Kalemba-Rec et al. [73] study two
different types of tools for welding 7075-T651 and 5083-H111 alloys. Both tools have similar
dimensions and consist of a spiral shoulder, but with different pin design, i.e., triflute or
tapered with a thread. In particularly, a triflute pin guarantees the highest tensile strength
and efficiency, as well as a defect-free joint with a wider area of the stir zone compared to
the other kind of pin with 5083 on the advancing side and 7075 on the retreating side using a
tool rotational speed of 280 rpm. Better mixing of materials is achieved at higher rotational
speed; however, under these conditions, the weld microstructure shows more defects such
as porosity, voids, or wormholes. Ilangovan et al. [92] investigate three 5.7 mm length pin
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profiles, namely straight cylindrical, threaded cylindrical, and tapered cylindrical profiles
to fabricate AA5086-O (in retreating side) and AA6061-T6 (in advancing side) aluminum
joints using a tool rotational speed of 1100 rpm, a welding speed of 22 mm/min and an
axial force of 12 kN. The high-speed steel tool is characterized by a shoulder diameter of
18 mm and an inclination of 1 degree. The authors observe that (i) the straight cylindrical
pin profile is not effective because it induces cross-sectional macro level defects in the stir
zone; (ii) threaded and tapered cylindrical pin profiles guarantee defect-free joints with
similar tensile properties; (iii) the threaded cylindrical pin profile is preferred due to the
formation of finer and uniformly distributed precipitates, circular onion rings and smaller
grain. It contributes to a better flow of materials between the two alloys and the generation
of defect-free stir zone. Additionally, this configuration yields elevated hardness values,
measuring 83 HV in the stir zone, as well as a higher tensile strength of 169 MPa compared
to the other two profiles. The enhanced hardness is primarily attributed to the formation
of fine grains and intermetallics within the stir zone. Furthermore, the reduced size of
weaker regions, such as the thermomechanical affected zone and the heat-affected zone,
contributes to the overall improvement in tensile properties. In the welding of 5052-H32 (in
advancing side) and 6061-T6 (in retreating side) aluminum alloys, this behavior changes.
In fact, Balamurugan et al. [93] find that using a M2 HSS tool characterized by a pin height
of 4.7 mm and a shoulder diameter of 18 mm with two different pin profiles (i.e., taper
cylinder and threaded cylinder) under constant welding speed and tool rotation speed of
60 mm/min and 900 rpm, respectively, generates a joint characterized by better tensile
strength, larger nugget area, and smoother surface finish. However, the taper pin profile
leads to such a fine grain microstructure that the connection results strong [93].

Recrystallization is a process by which the microstructure of a metal is transformed
from a deformed, or strained, state to a more relaxed, or strain-free, state. During FSW, the
high temperatures generated by the frictional heat of the rotating tool cause the microstruc-
ture of the metal to become deformed and strained. As the tool moves along the joint line,
it creates a region of heat-affected zone on either side of the weld. Within this zone, the
metal experiences a range of temperatures, from below its recrystallization temperature to
well above it. As the tool passes through the metal, it causes the grains to deform and align
themselves in the direction of the tool rotation. However, as the metal cools, the grains
attempt to revert to their original, strain-free state. This causes the grains to recrystallize
and grow, with the new grains becoming oriented in a more relaxed, strain-free manner.
The recrystallized grains help to reduce the residual stresses that are present in the weld,
leading to a stronger and more ductile joint. Overall, the recrystallization phenomenon
in FSW is an important aspect of the process that helps to ensure a high-quality weld. By
reducing residual stresses and improving the ductility of the joint, recrystallization can
help to improve the mechanical properties of the welded components and ensure that they
are able to withstand the stresses and strains of their intended application [94,95].

The tool pin profile plays an important role in determining the extent of recrystal-
lization that occurs during friction stir welding (FSW). The shape, size, and geometry of
the tool pin can affect the temperature distribution, strain distribution, and shear defor-
mation in the material during the welding process, which in turn can affect the degree of
recrystallization that occurs. A tool pin with a larger diameter and a more rounded profile
generates more heat and causes more material flow during FSW, leading to a greater degree
of recrystallization [92,93,96,97]. This is because the larger pin produces more frictional
heat, leading to a higher temperature in the material, and the more rounded profile results
in a greater degree of material flow, causing more grains to be deformed and realigned.
Conversely, a tool pin with a smaller diameter and a more angular profile generates less
heat and causes less material flow, resulting in a lower degree of recrystallization. This is
because the smaller pin produces less frictional heat, leading to a lower temperature in the
material, and the more angular profile results in less material flow, causing fewer grains to
be deformed and realigned [92,93]. In addition to the size and shape of the tool pin, the
pin material can also affect the degree of recrystallization. A tool pin made of a material
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with a lower thermal conductivity, such as tungsten or molybdenum, can generate more
heat during FSW, leading to a higher degree of recrystallization. On the other hand, a tool
pin made of a material with a higher thermal conductivity such as copper can dissipate
heat more quickly, leading to a lower degree of recrystallization. Consequently, this profile
alone is not a factor that can influence the grain of the microstructure, and this can lead to
different behaviors as observed between [92,93].

Studies on polygonal pin profiles evidence a significant pulsating effect in the dis-
similar joints during the material stirring and mixing, leading to the adhesion between
material and pin geometry enhancing the flow of plasticized metal under the tool shoulder
in the stir zone [98]. In regard to this fact, the more suitable pins are cylindrical or coni-
cal [14]. Tiwan et al. [99] study the microstructural and mechanical properties of dissimilar
joints between AA2024-O and AA6061-T6 at varying tool rotation speeds (i.e., 900, 1400,
1800 rpm) by observing that the pin geometry affects the size of the stir zone. Particularly,
a tool with a cylindrical profile at the tool rotation speed of 1400 rpm is more suitable
because it allows the lower sheet material around the pin to flow upward during welding
without any retardation in contrast to a stepped pin. Consequently, simplicity is preferable
to complexity.

When dissimilar materials are joined, polygonal pin profiles can generate several
defects such as voids, tunnel, cracks, and fragmental defects [100], such as evidenced
in Figure 3. Palani et al. [101] investigate the influence of the pin profiles (i.e., square,
pentagon and hexagon) on microstructure and tensile strength of dissimilar AA8011 and
AA6061-T6 aluminum alloys. The authors determine that the more effective joints are
found for hexagonal tool pin profile at a rotational speed of 1500 rpm, a plunge depth of
2.5 mm, and a welding speed of 40 mm/min.
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Figure 3. Typical defects in dissimilar aluminum friction stir welded joints [96].

In advancing side AA6061-T6 to the retreating side AA7075-T651 friction stir welded
joints, Raturi et al. [102] investigate four different pin profiles, namely cylindrical, cylin-
drical tapered, cylindrical threaded with three flat faces, and truncated square pyramidal-
shaped profile, hereafter referred to as trapezoidal tapered, by changing both the rotational
speed (i.e., 660, 900, 1200, 1700 rpm) and the feed rate (i.e., 36, 63, 98, 132 mm/min). They
observe that the cylindrical threaded with three flat faces tool pin and the cylindrical
grooved tool pin with suitable intermediate tool rotation and feed rate lead to good ten-
sile and flexural strength. The quality of friction stir welded joints, as well as the tensile
strength and flexural load of the welds, are predominantly influenced by two factors: tool
pin profiles and tool rotational speed. Excessively high rotational speed can lead to inferior
nugget shape and inadequate joining of dissimilar metals. This is caused by the gener-
ation of excessive heat, which results in intense material softening. Consequently, poor
friction, slipping, insufficient material delivery, and ultimately weak joint strength may
occur. Similarly, a high feed rate can also result in reduced strength of dissimilar friction
stir welded joints. An examination of the fracture surface reveals that joints prepared with
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appropriate tool pin profiles and process parameters exhibit ductile failure, as evidenced by
the presence of micro voids and dimples in the well-bonded region. However, in contrast,
some joints prepared with very high tool rotational speeds exhibit tearing, rupture, and
brittle failure. On the same dissimilar joints, Raturi and Bhattacharya [103] study the wear
phenomenon using a right-hand threaded with three intermittent flat faces tool pin at a
900 rpm tool rotation and a 98 mm/min welding speed.

The decrease in the mechanical performance from a simple pin profile (i.e., triangular)
to a complex pin profile (i.e., hexagonal) occurs due to the decrease in traverse force and the
enhanced structural stiffness with an increase in the number of pin sides and the resulting
reduction in the bending moment and shear force [104]. Yuvaraj et al. [105] investigate
simple HSS tool pin profiles (i.e., square, cylindrical, and triangle) in the welding of AA7075-
T651 and AA6061 aluminum plates by finding that the best joints result in a square profile
tool pin with a tool offset of 0.9 mm and a tool tilt angle of 2 degrees. In this case, the joint
exhibits fine grains along the stir zone due to adequate heat generation. Furthermore, the
triangular pin reveals granular grain structure due to an additional heat generation and
a consequent turbulent flow of material. Krishna et al. [106] investigate three pin profiles
(i.e., straight cylinder, straight square and tapered hexagon) on Al 6061 and Al 7075 joints.
The authors find that, by using the straight cylinder tool pin profile with a rotational speed
of 950 rpm, a welding speed of 60 mm/min and 6061 in the advancing side, it is possible to
obtain higher mechanical properties due to the geometrical configuration of the tool pin
that does not show sharp edges, also providing smooth and perfect welding (see Figure 4).
The other configurations, characterized by a sharp edge, do not lead to efficient and smooth
welding.
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Figure 4. Smooth and perfect welding.

El-Hafez and El-Megharbel [107] weld dissimilar aluminum alloys AA2024-T365
and AA5083-H111 by using square, triangular, and stepped profiles. They find that the
square pin produces the best strength coupled with a welding speed of 16 mm/min and
a rotational speed of 900 rpm due to the pulsed action (four pulses per revolution) that
produces a good metal flow and, consequently, a good stirring, in agreement with [108,109].
Shine and Jayakumar [97] perform dissimilar FSW between AA5083-H111 and AA6061-T6
aluminum alloy by using three pin profiles (i.e., straight square, threaded cylinder, and
tapered cylinder). From the experimental results, they observe that the straight square pin
profile shows greater hardness values in the weld nugget zone and higher tensile strength
in comparison to the others.

Table 3 summarizes these experimental results.
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Table 3. Effect of tool shoulder and pin geometry.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational

Speed (rpm)
Welding Speed

(mm/min)
Axial Force

(kN) Main Results

[110] 2017-T6
6061-T6 -

Straight hexagonal
Straight pentagonal
Straight cylindrical

Straight square
Taper square

0 1600 32 -

Straight square tool pin profile
produces better metallurgical and
mechanical properties. The properties
are inferior to those of other pin
profiles, but it is preferred because the
related joint is defect-free.

[107] 2024-T365
5083-H111 -

Square
Triangular

Stepped
- 900 16 - Square pin produces a good metal flow

and, consequently, a good stirring.

[99] 2024-O
6061-T6 - Cylindrical

Stepped -
900

1400
1800

- - Cylindrical profile—at
1400 rpm—promotes the material flow.

[91] 2024-T351
7075-T651 - Flute radii:

0, 2, 3, 6, ∞ mm - 900 150 - Radius equal to that of the pin leads to
the strongest joint.

[93] 5052-H32
6061-T6

AS
RS

Taper cylinder
Threaded cylinder - 900 60 - Taper pin profile leads to a fine grain

microstructure.

[97] 5083-H111
AA6061-T6 -

Straight square
Threaded cylinder
Tapered cylinder

- - - - Straight square shows better
mechanical properties.

[88] 5083-O
6061-T6 -

Square cylinder
Straight cylinder
Tapered cylinder

1.11 1568 39.53 - Straight cylinder tool guarantees
higher weld quality.

[89] 5083
6351 -

Partial impeller
Full impeller

Flat grove
- - - - Full impeller generates enhanced

material flow.

[111] 5083
7068 -

Straight cylindrical
Taper cylindrical
Triangular tool

-

800
1000
1200
1400

30
40
50
60

3
4
5
6

The triangular tool offers the
maximum tensile strength and
microhardness of the investigation
with the combination
1200 rpm/30 mm/min/3 kN.

[73] 5083-H111
7075-T651

RS
AS

Triflute
Tapered with a thread -

140
280
355
450
560
900

140 26.4
Triflute pin—at 280 rpm—guarantees
the higher tensile properties and a
defect-free joint with a wider stir zone.
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Table 3. Cont.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational

Speed (rpm)
Welding Speed

(mm/min)
Axial Force

(kN) Main Results

[90] 5083
7075 -

Threaded straight
cylindrical,

Tapered cylindrical,
Threaded tapered

cylindrical

-
600
700
800

40 -

The highest tensile strength and the
defect-free joint is obtained by using
the threaded tapered cylindrical pin
tool at a rotational speed of 800 rpm.

[92] 5086-O
6061-T6

RS
AS

Straight cylindrical
Threaded cylindrical
Tapered cylindrical

1 1100 22 12

Threaded pin profile guarantees
defect-free joints, finer and uniformly
distributed precipitates formation,
circular onion rings and smaller grain.

[102] 6061-T6
7075-T651

AS
RS

Cylindrical
Cylindrical tapered

Cylindrical threaded
Trapezoidal tapered

660
900

1200
1700

36
63
98

132

Cylindrical threaded with three flat
faces tool pin and cylindrical grooved
tool pin—at intermediate tool rotation
and feed rate—lead to good tensile and
flexural strength.

[105] AA6061
7075-T651 -

Square
Cylindrical

Triangle

2
3
4

- - -

Square pin—with a 2◦ tilt
angle—exhibits fine grains along the
stir zone due to adequate heat
generation. Triangular pin reveals
granular grain structure.

[106] 6061
7075

RS/AS
AS/RS

Straight cylinder
Straight square

Tapered hexagon
- 950 60 - Straight cylinder provides a smooth

and perfect welding.
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2.2. Tool Tilt Angle

The tilt angle refers to the angle between the FSW tool axis and the workpiece surface.
It is an important process parameter that can affect the quality and properties of the welded
joint [112,113].

The tilt angle can be adjusted during the FSW process to control the heat input (i.e.,
Figure 5) and material flow. Generally, a larger tilt angle results in a higher heat input and
more material flow, which can lead to better mixing and homogenization of the welded
material. This can result in a more uniform grain structure, improved mechanical properties,
and increased joint strength. Moreover, a larger tilt angle can be useful for welding thicker
materials or for achieving a desired weld shape. However, if the tilt angle is too large, it can
cause defects such as tunneling and hooking, which can weaken the joint [114]. In addition,
a larger tilt angle can also increase the likelihood of thermal distortion and residual stresses
in the welded joint. Conversely, a smaller tilt angle can result in a lower heat input and
less material flow, which can reduce the risk of defects and thermal distortion. However, if
the tilt angle is too small, it can also cause defects such as hooking, as mentioned earlier.
Di Bella et al. [115] investigate dissimilar aluminum alloys used in shipbuilding (AA6082
and AA5083) joined using a taper threaded pin profile at the following rpm/mm/min
combinations: 1000/100, 1300/75 and 1600/50. The authors find that a small spindle
inclination is sufficient to significantly improve the behavior of the joint by influencing the
same effectiveness of the process.
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Yuvaraj et al. [105] optimize the tool tilt angle in AA7075-T651/AA6061 joints by
investigating the following values: 2, 3 and 4 degrees. Applying a statistical technique,
the authors observe that the tool tilt angle is the primary governing factor influencing the
friction stir welded dissimilar joint tensile strength. When the tool tilt angle increases, the
gap expands between the work piece and tool [116]. In particular, the square profile tool
pin and a great tilt angle of tool (i.e., 3 degrees) improve the mechanical properties of the
joint of the weld joint.

It is worth noticing that FSW tool shoulders can also contain features to increase the
amount of material deformation produced by the shoulder, resulting in increased workpiece



Metals 2023, 13, 1176 15 of 53

mixing and higher-quality friction stir welds. These features can consist of scrolls, ridges
or knurling, grooves, and concentric circles and can be machined onto any tool shoulder
profile. Scrolls are the most observed shoulder feature. The channels direct deformed
material from the edge of the shoulder to the pin, thus eliminating the need to tilt the
tool [117]. Such tools are particularly preferred for curved joints [117,118].

2.3. Tool Rotational Speed

The tool rotational speed represents the speed at which the welding tool rotates as
it moves along the joint between the two pieces of metal being welded. During the FSW
process, the rotating tool generates heat and friction, which softens the metal and creates
a plasticized region around the tool. The tool then moves along the joint, pushing the
softened metal behind it to create a solid-state weld.

It is a critical parameter in FSW, and it has several effects on the welding pro-
cess [119,120] by influencing the following:

• Heat generation: as the tool rotates, it generates frictional heat due to the contact
between the tool and the workpiece, controlling heat generation or heat input as they
relate to the material plastic flow [31]. Higher rotational speeds result in more heat
generation, which can cause the material to soften and lead to better mixing and
bonding between the two workpieces.

• Plasticized zone size around the tool: it affects the intensity of plastic deformation and
through this influences material mixing [31,73]. Moreover, a higher rotational speed
can lead to a larger plasticized zone, which can result in a better bond between the
two workpieces [121–123].

• Weld quality: an exceedingly low rotational speed can result in incomplete weld
formation and poor bonding between the two workpieces. On the other hand, if the
rotational speed is too high, it can lead to defects in the weld, such as poor surface
(flash), voids, porosity, and tunneling or formation of wormholes because of the
excessive heat input.

• Tool wear: higher rotational speeds can lead to more wear on the tool, which can
reduce its lifespan.

• Welding force (i.e., required to push the tool through the workpiece): the rotational
speed of the tool can also affect the force. Higher rotational speeds generally require
higher forces to maintain the tool’s position and prevent it from slipping out of the
joint.

Moreover, this parameter affects the joint behavior as a function of the sheet aluminum
alloy in different ways [124]. Changing the tool rotation rate influences the size and
macrostructure of weld nugget zone in a friction stir welded AA2524-T351 aluminum
alloy. The width of this zone increases with increase in the tool rotation rate. As the
tool rotates at a high speed, the area of the recrystallized zone expands with increasing
temperature, leading to this phenomenon [125]. Generally, insufficient energy is provided
for dynamic recrystallization at lower rotational speeds, resulting in incomplete dynamic
recrystallization and ineffective grain refinement strengthening. At higher rotational speed,
the higher strength in weld nugget zone is attributed to smaller grain size [126]. In the
weld of the AA5086-H32 alloy, lower rotational speed produces various defects due to
the production of inadequate heat resulting in improper softening of the material [127].
The excessive heating and deformation caused by tool rotation in AA5052-O lead to an
increase in b-phase (Mg2Al3) particles through magnesium atom diffusion towards grain
boundaries. The dissolution of these intermetallic particles within the weld nugget zone
subsequently results in reduced joint strength [128]. As the rotational speed of the FSW
tool increases for the 6082-T6 aluminum alloy, the weld temperature first rises and then
falls, leading to the formation of smaller equiaxed recrystallized grains in the nugget
zone. Moreover, the hardness of the nugget zone increases as the rotational speed is
raised to 1200 rpm due to the enhanced dislocation density. This increase in dislocations is
attributed to the precipitation and dissolution of the second phase as well as the refinement
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of the aluminum matrix grain size in the microstructure of the zone [129]. For friction
stir-welded 7075-T6 Al alloys, there exists a strong relation between rotational speed and
weld properties, i.e., rise of the rotating speed from 600 to 1550 rpm increases the average
nugget grain size from 6.8 to 8.9 mm. Also, at a medium rotating speed, the optimum
mechanical properties are achieved [130].

Several studies on FSW involve dissimilar aluminum alloys [31,131]. Ghaffarpour
et al. [132] join dissimilar aluminum alloys of 5083-H12 in the retreating side and 6061-T6 in
the advancing side, changing the rotational speed (i.e., 700, 1600, 2500 rpm) in combination,
respectively, with the pin diameter (i.e., 2, 3, 4 mm), the shoulder diameter (i.e., 10, 12,
14 mm), and the traverse speed (i.e., 25, 212.5, 400 mm/min). The authors find that the
effect of the pin diameter is not as pronounced as the effect of the rotational speed. As the
rotational speed and pin diameter increase, the input heat increases, resulting in higher
tensile strength. Moreover, the effect of the rotational speed is more significant compared
to the effect of the traverse speed and the shoulder diameter. Thermocouple measurements,
tool torque, extent of material mixing, and macrostructural observations all indicate that
the temperature under the tool is more strongly dependent on the rotation than the traverse
speed as observed also in AA5083-AA6082 joints [133]. The increase in tensile strength with
greater friction heat can be attributed to the improved mixing of dissimilar alloys due to
proper stirring resulting from the higher heat input. Additionally, the plasticization effect
during FSW is enhanced at higher heat inputs. Consequently, softer materials are easier
to mix and stir. Nevertheless, the strength exhibits a maximum value with an increase
in heat input, implying that further increments in heat generation lead to a reduction in
strength beyond a certain optimum heat level. The lowest hardness is recorded in the heat
affected zone of the AA6061-T6 sheet. It is also observed that when the tool rotational speed
increases, the hardness of the mixing zone reduces. This can be explained in the following
ways. Firstly, the higher rotational speed generates more heat, leading to local annealing
in both sheets. Secondly, the frictional heat increases the temperature above the aging
temperature of the 6061-T6 sheet. Consequently, the fine Mg2Si precipitates, which serves
as the hardening phase in AA6061, either dissolving or growing, leading to a decrease in
hardness. This same phenomenon can occur in 5083-H12 as well. Furthermore, excessive
heat can cause grain growth in both alloys, thereby contributing to a decrease strength
and hardness. Consequently, the optimal rotational speed takes intermediate values [134].
Palanivel et al. [135] produce AA5083-H111 (in the retreating side)/AA6351-T6 (in the
advancing side) joints using three different tool rotational speeds (i.e., 600 rpm, 950 rpm
and 1300 rpm) and five different tool pin profiles (i.e., straight square, straight hexagon,
straight octagon, tapered square, and tapered octagon) with a constant welding speed of
60 mm/min, an axial force of 8 kN and a tilt angle of 0 degrees. The high-carbon high-
chromium steel tool is characterized by a shoulder diameter of 18 mm, a pin diameter
of 6 mm and a pin length of 5.7 mm. The two parameters affect the strength due to
variations in material flow behavior, loss of cold work in the AA5083 heat-affected zone,
dissolution and AA6351 over-aging of precipitates and formation of macroscopic defects
in the weld zone. The best friction stir welded joint is obtained for a tool rotational speed
of 950 rpm and a straight square pin profile. Mastanaiah et al. [121] study the effect of
process parameters on dissimilar friction stir welds in AA2219-T6/AA5083 aluminum
alloys, placing 5083 in the advancing side. In particular, the authors investigate five levels
of rotational speed (i.e., 400, 800, 1200, 1600, 2000 rpm), welding speed (30, 210, 390, 570,
750 mm/min), and tool offset (−2, −1, 0, +1, +2 mm) using an H13-grade tool steel tool
with a 15 mm diameter shoulder, a frustum-shaped threaded pin of a 6 mm top diameter
and a 4 mm bottom diameter and a tilt angle of 2 degrees. Welds free of defects can be
achieved under a wide range of conditions. However, it is important to note that when
performing welds at the lowest rotation speed, highest traverse speed, and with a tool
offset towards the AA2219 alloy side, defective welds may occur. The degree of intermixing
is determined by the tool rotation speed and traverse speed. It is possible to observe that
at higher tool rotation speeds and lower tool traverse speeds, there is a greater degree
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of intimate mixing between dissimilar alloys. Laska et al. [131] produce dissimilar butt
joints from two alloys, AA5083 in the advancing side and AA6060 in the retreating side,
by changing the rotational speed from 800 to 1200 rpm with a constant welding speed
of 100 m/min and a tilt angle of 2 degrees. The tool shoulder has a flat surface with a
diameter of 18 mm. The pin length measures 2.5 mm. The pin itself has a hexagonal shape
with a distance across the flats of 6 mm. The pin is made of a 73MoV52 steel, while the
shoulder is composed of a X210Cr12 steel. The findings demonstrate that an increase in
tool speed leads to an increase in hardness within the weld nugget zone. This is attributed
to the higher heat input and more efficient recrystallization process. The weld with the
highest tool rotational speed (see Figure 6) exhibits the highest hardness in the nugget zone.
Goriparthi et al. [136], in a comparative study between TIG welding and FSW, investigate
dissimilar AA5083-O and AA7075-T651 aluminum alloys at different rotational speeds
(i.e., 800, 1000, 1100, 1200, and 1400 rpm) and a welding speed of 40 mm/min, with a
tool characterized by a straight square pin profile. They observe that at lower rotational
speed, the generated heat is not sufficient, and at higher tool rotational speeds, excessive
heat causes the overflow of solidified materials and defect formation. Devaraju et al. [137]
study dissimilar 2024/6061 aluminum alloys using a tool with a shoulder diameter of
24 mm, a pin diameter of 8 mm, a pin length of 5.8 mm and a tilt angle of 1.5 degrees. The
authors investigate three different rotational speeds (i.e., 900, 1120, and 1400 rpm) at a
welding speed of 40 mm/min and an axial force of 5 kN. The presence of a well-defined
grain boundary region distinguishes the recrystallized area known as the stirring zone
from the distorted regions within the thermo-mechanically affected zone. Improved tensile
properties are evident at a rotational speed of 900 rpm.
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Conversely, the rise of the heat input decreases the hardness of the heat-affected zone,
where recrystallization does not occur. In the heat-affected zone on the AA6060 side, the
lowest density of dislocations with the highest mobility is observed, contributing to a
reduction in strength within this zone. Das and Toppo [138] investigate three different tool
rotational speeds (i.e., 900, 1100 and 1300 rpm) for producing AA6101-T6 (in advancing
side)/AA6351-T6 (in retreating side) joints using a high-carbon and high-chromium steel
taper cylindrical thread pin with a tilt angle of 2 degrees and a welding speed of 16 mm/min.
The tool has a shoulder diameter of 25 mm, a big pin diameter of 8 mm, a small pin
diameter of 6 mm and a pin length of 11.7 mm. In Charpy impact tests, it is observed that
the minimum energy occurs at 900 rpm. This phenomenon can be attributed to the low
friction pressure and insufficient friction time, which result in inadequate generation of
frictional heat and insufficient time for the formation of a strong bond between the two
dissimilar metals. However, as the rotational speed rises to 1100 rpm, the impact energy of
the joint also increases. Subsequently, as the rotational speed further escalates to 1300 rpm,
the impact energy decreases. This decline in impact energy could be attributed to grain
refinement taking place in the weld zone due to the high heat generated.

Das et al. [139] analyze other mechanical properties of these two alloys, changing
the rotational speed from 900 rpm to 1500 rpm and altering the axial force (i.e., 4, 5, 6,
8 kN) with a constant welding speed of 60 mm/min and using an EN32 steel tool with
a cylindrical threaded pin profile displaying a tool tilt angle of 2 degrees. The flat-faced
shoulder diameter, pin diameter and tool pin length are 18 mm, 6 mm, and 5.85 mm,
respectively. The authors find that the rotational speed of 1300 rpm produces better
mechanical and metallurgical properties joints. At lower rotational speeds, the tensile
strength tends to be poor primarily because the tool stirring action is inadequate. This
insufficient stirring leads to the generation of minimal frictional heat at rotational speeds
of 900 rpm and 1100 rpm. Consequently, the material flow is compromised, resulting
in lower tensile strength. However, an increase in rotational speed (1300 rpm) leads to
an improvement in ultimate tensile strength. This occurs because the heat input at this
speed is sufficient, promoting better weld quality. The weld region exhibits equiaxed
fine grains, further enhancing tensile strength. Nevertheless, when the rotational speed
exceeds a certain threshold (1500 rpm), excessive heat input becomes a factor. This excess
heat input causes reprecipitation and reduces the dislocation density of strengthening
precipitates such as Mg2Si. As a result, tensile strength is lowered. In bending tests, when
the rotational speed is set to 900 rpm, the joints demonstrate lower ductility. Additionally,
micro cracks can be observed on the outer surface of the weld joint. These issues arise
due to improper mixing of the metals and insufficient downward force applied during the
process. At 1100 rpm, there is an increase in heat generation, resulting in an improved flow
of the softened mixed material comprising the two alloys. Consequently, the ductility of
the joints improves. At a high rotational speed of 1500 rpm, the material flow becomes
excessive due to the intense heat generated between the tool shoulder and the workpiece
interface. This excessive flow causes the intermetallic compound Mg2Si to break, leading
to a decrease in bending strength. However, when the rotational speed is set to 1300 rpm,
the joint exhibits good ductility. This is attributed to the uniform interdiffusion of the
intermetallic compound Mg2Si in the weld nugget region. As a result, the friction stir
welded (FSW) joints demonstrate enhanced bending strength. Micro hardness tests reveal
variations in hardness at the nugget region. These variations occur due to differences in
heat input during the FSW process, which also impact the microstructures of the base
alloy. At 900 rpm, the hardness is generally lower compared to that of the base alloys and
other joints. This can be attributed to a softening effect that occurs at the weld joints. The
hardness is dependent on the distribution of the intermetallic compound Mg2Si and the
grain microstructure within the nugget region. At a rotational speed of 1300 rpm, the rate
of heat input increases. This leads to the formation of fine equiaxed grains and a well-
spaced microstructure within the weld nugget region. As a result, the weld nugget region
exhibits an optimum micro hardness value. This indicates that the hardness at the nugget
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region is influenced by the grain size. However, as the rotational speed further increases to
1500 rpm, there is a decrease in hardness. This occurs primarily due to the high heat input,
which leads to softening in the nugget region. Consequently, there is a reduction in grain
size and the dissolution of strengthening precipitates, such as Mg2Si, further contributing
to the drop in hardness. Aval [140] conducts a study on the impact of rotational speed
on residual stress in dissimilar welded aluminum plates of two alloys, 6082-T6 in the
advancing side and 7075-T6 in the retreating side, using an H13 steel tool with a shoulder
of 23 mm in diameter, a triangular frustum pin, and a tilt angle of 2 degrees. During
the experiments, various tool rotational speeds are tested, including 800, 1000, 1200, and
1400 rpm. Additionally, welding speeds of 90, 120, and 150 mm/min are used. However,
only the welds created using rotational speeds of 1000 and 1200 rpm with welding speeds of
90 and 120 mm/min yield satisfactory results. The findings of the author reveal that as the
rotational speed increases (from 1000 to 1200 rpm) and the traverse speed decreases (from
120 to 90 mm/min), both factors contribute to the processes of increased heat generation,
higher peak temperatures, and reduced maximum tensile residual stress. Interestingly,
these results contradict the findings of Giorgi et al. [141]. To explain these contradictory
results, Richards et al. [142] propose that the stress profile observed in friction stir welding
(FSW) is a result of the mismatch in plastic strains induced by steep temperature gradients
during the welding process. As heat is generated by the FSW operation and distributed
within the component while the tool advances, these plastic strains occur. Therefore, it can
be inferred that peak temperatures alone do not solely determine the maximum tensile
residual stress. Instead, the temperature gradient, particularly the material cooling rate
and its uniformity, exert a more significant influence on the maximum tensile residual
stress. These conclusions are supported by the findings of Campanelli et al. [143], who
conducted an analysis on the effects of preheating the weld zone using a high-powered
laser. Haribalaji et al. [144] investigate the FSW of two aluminum alloys, AA2014 in the
advancing side and AA7075 in the retreating side. The process parameters are 1000, 1200,
and 1400 rpm of rotational speed, 30, 45, and 60 mm/min of welding speed, 3, 6, and
9 kN of axial force, three different tool pin profiles (i.e., straight cylinder, tapered, and
threaded pin) and a tilt angle of 0, 1, and 2 degrees. The tool, constructed from high-carbon
steel H13, has a shoulder diameter of 20 mm and a pin diameter of 6 mm. The authors
observe that rotational speed and axial force are significant factors in tensile strength and
microhardness. Setting them correctly can prevent the formation of defect-free welds. The
best welding parameters for achieving maximum tensile strength are a rotation speed
of 1000 rpm, a welding speed of 45 mm/min, an axial force of 6 kN, and a tilt angle of
2 degrees. On the other hand, for achieving maximum hardness, the optimal parameters
are a rotation speed of 1000 rpm, a welding speed of 60 mm/min, an axial force of 6 kN,
and a tilt angle of 2 degrees. These optimal parameters are obtained by utilizing a threaded
tool pin profile. Zuiko et al. [145] investigate two combinations of rotational and welding
speed (500 rpm/380 mm/min and 1000 rpm/760 mm/min) on the AA5182/AA2519 joint
placing the two sheets on the retreating side and advancing side, respectively. The welding
tool consists of a shoulder of 12.5 mm in diameter and a cylindrical pin of 2.7 mm in
length. For both combinations, defect-free welds are obtained. The first combination allows
to obtain a slightly higher ultimate tensile strength in tensile tests. Tarkono et al. [146]
investigate the quality of dissimilar aluminum alloys AA1100 and AA5052 by varying
the rotational speed (i.e., 1750, 2230, and 3500 rpm, with a welding rate of 22 mm/min).
They find that a speed of 1750 rpm induces defect of the hole, rough surface, and no stable
welding, a speed of 2230 rpm induces rough surface but more stable welding, and a speed
of 3500 rpm induces smooth surface and stable welding. Sivaselvan et al. [147] study
friction stir welding joints between AA6061 and AA5083 by varying both the rotational (i.e.,
1100, 1300, and 1500 rpm) and welding speed (30, 45, and 60 mm/min). The authors find
that the increase in rotational speed leads to poor wear performance, whereas the increase
in welding speed shows better wear performance. Heramo and Workneh [148] investigate
AA6061-T6/AA5052-H32 dissimilar joints by varying rotational speed (i.e., 900, 1100, and
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1400 rpm), transverse speed (i.e., 40, 50, and 60 mm/min), and pin profiles (cylindrical,
conical, and square). In particular, the square pin profile, the rotational speed of 1400 rpm,
and the transverse speed of 40 mm/min are the optimal parameters. Wang et al. [149] join
2219-T8 and 2195-T8 aluminum alloys using an H13 steel tool with a concave shoulder of
21 mm in diameter and a threaded cylindrical pin of 8 mm in diameter and 5.8 mm in length.
The process occurs by varying rotational speed (from 800 rpm to 1200 rpm), welding speed
(from 200 mm/min and 800 mm/min) and position of sheets. The results show that sound
FSW joints are obtained under all the welding conditions.

As the sheet thickness increases, the tool rotational speed typically needs to be ad-
justed to accommodate the additional material volume and ensure adequate heat generation.
Thicker sheets require greater heat input, so increasing the rotational speed helps in gener-
ating more frictional heat at the interface between the tool and the workpiece. However, the
rotational speed cannot be increased infinitely, as excessive speeds can lead to overheating
or material defects. Therefore, a balance must be struck to achieve the desired heat input
without compromising weld quality.

Table 4 summarizes these experimental results.

2.4. Welding Speed

The welding speed in friction stir welding refers to the rate at which the tool moves
along the joint line during the welding process. It is also known as the traverse speed, feed
rate or travel speed. It can vary depending on several factors, including the material being
welded, the thickness of the workpieces, and the desired quality and strength of the joint.
Generally, it is relatively slower compared to traditional fusion welding processes such as
arc welding or laser welding.

The typical welding speeds in friction stir welding can range from a few centimeters
per minute (cm/min) to several tens of centimeters per minute depending on specific
application. However, it is important to note that the focus in FSW is not on achieving high
welding speeds but rather on controlling the process parameters to ensure proper heat
generation, mixing, and consolidation of the material.

The selection of the optimal welding speed in FSW involves a trade-off between
process efficiency and joint quality. A slower welding speed allows for better heat input
control, enhanced material mixing, and improved joint integrity, which is particularly
important for high-strength materials or critical applications. It can be also associated with
defects such as tunneling (i.e., Figure 7). On the other hand, increasing the welding speed
can improve productivity but may require careful adjustments to maintain the desired joint
properties.
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Table 4. Effect of tool rotational speed.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational

Speed (rpm)
Welding Speed

(mm/min)
Axial Force

(kN) Main Results

[146] 1100
5052 - - -

1750
2230
3500

22 - A speed of 3500 rpm induces smooth
surface and stable welding.

[144] 2014
7075

AS
RS

Straight cylinder
Tapered

Threaded

0
1
2

1000
1200
1400

30
45
60

3
6
9

Rotational speed and axial force are
significant factors in tensile strength and
microhardness. The best combination for
tensile properties is
1000 rpm/45 mm/min/6 kN/2◦. The best
combination for hardness properties is
1000 rpm/60 mm/min/6 kN/2◦. These
optimal parameters are obtained by
utilizing a threaded tool pin profile.

[149] 2195-T8
2219-T8

AS/RS
RS/AS

Threaded
cylindrical - 800

1200
200
400
800

- The sound FSW joints are obtained under
all the welding conditions.

[121] 2219
5083

RS
AS Frustum threaded -

400
800

1200
1600
2000

30
210
390
570
750

-
Higher tool rotation speeds and lower tool
traverse speeds promote intimate mixing
between dissimilar alloys.

[137] 2024
6061 . - 1.5

900
1120
1400

40 5

The presence of a well-defined grain
boundary region distinguishes the
recrystallized area (stirring zone) from the
distorted regions within the
thermo-mechanically affected zone.

[145] 2519
5182

AS
RS Cylindrical - 500/380

1000/760 -

For both the combinations, the joint is
defect-free. The 500/380 ratio allows a
slightly higher ultimate tensile strength in
the tensile test.

[148] 5052-H32
6061-T6 -

Cylindrical
Conical
Square

-
900

1100
1400

40
50
60

-
The square pin profile, the rotational speed
of 1400 rpm, and the transverse speed of
40 mm/min are the optimal parameters.

[131] 5083
6060

AS
RS Hexagonal 2

800
1000
1200

100 -

An increase in tool speed leads to an
increase in hardness within the weld
nugget zone due to both the higher heat
input and a more efficient recrystallization
process.
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Table 4. Cont.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational

Speed (rpm)
Welding Speed

(mm/min)
Axial Force

(kN) Main Results

[147] 5083
6061

AS
RS

Cylindrical
threaded 2

1100
1300
1500

30
45
60

-

The increase in rotational speed leads to
poor wear performance, whereas the
increase in welding speed shows better
wear performance.

[132] 5083-H12
6061-T6

RS
AS

Diameter:
2, 3, 4 mm -

700
1600
2500

25
212.5
400

-
As the rotational speed and pin diameter
increase, the input heat increases, resulting
in higher tensile strength.

[133] 5083
6082

AS/RS
RS/AS - -

280
560
840

100
200
300

-
Higher rotational speed generates more
heat, causing grain growth in both alloys
and Mg2Si precipitation.

[135] 5083-H111
AA6351-T6

RS
AS

Straight square
Straight hexagon
Straight octagon
Tapered square

Tapered octagon

0
600
950

1300
60 -

Rotational and welding speeds affect the
strength due to variations in material flow
behavior, loss of cold work in the AA5083
heat-affected zone, dissolution and
AA6351 over-aging of precipitates and
formation of macroscopic defects in the
weld zone.

[136] 5083-O
7075-T651 - Straight square -

800
1000
1100
1200
1400

40 -

The defect-free joint is obtained for a
rotational speed of 1100 rpm. At a lower
speed, heat is not sufficient. At higher
speeds, heat is excessive.

[140] 6082-T6
7075-T6

AS
RS

Triangular
frustum 2

800
1000
1200
1400

90
120
150

-

As the rotational speed increases (from
1000 to 1200 rpm) and the traverse speed
decreases (from 120 to 90 mm/min), both
factors contribute to increased heat
generation, higher peak temperatures, and
reduced maximum tensile residual stress.

[138] 6101-T6
6351-T6

AS
RS

Taper cylindrical
thread 2

900
1100
1300

16 -

With increasing rotational speed, the
impact energy first increases and then
decreases. For low rpm, the heat is
insufficient. For high rpm, the heat is high,
inducing a grain refinement.

[139] 6101-T6
6351-T6

AS
RS

Cylindrical
threaded 2

900
1100
1300
1500

60
4
5
6
8

At lower rotational speeds, the tensile
strength tends to be poor primarily
because the tool stirring action is
inadequate. An intermediate value of
1300 rpm generates a sufficient heat input,
promoting better weld quality. At a high
rotational speed, the heat is excessive.
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Figure 7. Cross-sections of friction stir welded joints at different rotational and traverse speeds for
AA5083/AA7020 and AA7020/AA5083 after etching: (a,d) 500 rpm, 20 mm/min, (b,e) 500 rpm,
40 mm/min and (c,f) 500 rpm, 80 mm/min [150].

Palanivel et al. [151] study microstructure and mechanical characterization of dissimi-
lar friction stir welded AA5083-H111 and AA6351-T6 aluminum alloys by investigating
three different welding speeds (i.e., 36, 63, 90 mm/min) at a constant rotational speed of
950 rpm using high-carbon and high-chromium steel tool with a straight square pin profile.
The tool has a shoulder diameter of 18 mm, a pin diameter of 6 mm and a pin length of
5.7 mm. When performing FSW at higher welding speeds, several issues can arise. One
problem is that the exposure time in the weld area becomes shorter, leading to inadequate
heat and insufficient plastic flow of the metal. Consequently, defects such as voids may
appear in the joints. Additionally, the reduced plasticity and slower rates of diffusion in the
material can result in a weak interface. Furthermore, higher welding speeds are associated
with low heat inputs, causing the welded joint to cool down more rapidly [152]. This faster
cooling rate prevents the formation of a well-mixed flow region.

The welding speed plays a crucial role in determining the exposure time of frictional
heat per unit length of the weld. This, in turn, affects the grain growth and precipitates
within the welded material. Achieving an optimal exposure time and the appropriate
translation of stirred material leads to effective consolidation of the material, resulting
in finer grains. For instance, when a joint is subjected to such conditions at a welding
speed of 63 mm/min, it exhibits the highest resistance. This suggests that the combination
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of the specific welding speed and a corresponding exposure time promotes favorable
consolidation and grain refinement, ultimately enhancing the overall strength and quality
of the joint. The factors that determine the tensile strength of dissimilar aluminum alloy
joints are the presence of macroscopic defects in the weld zone and the degree of plastic
flow and the amount of mixing of both materials.

Welding speed is always investigated in combination with tool rotational speed to
obtain a defect-free joint with a good metallurgical bond and mechanical properties. Deva-
iah et al. [153] use FSW for joining two aluminum alloys, AA5083-H321 in the advancing
side and AA6061-T6 in the retreating side, using an H13 steel tool with a cylindrical taper
threaded pin profile, changing the welding speed (i.e., 40, 63, 80 and 100 mm/min) and
keeping a constant rotational speed (i.e., 1120 rpm) and tilt angle (i.e., 2.5 degrees). The
tool has a shoulder diameter of 18 mm, a pin diameter of 6 mm and a pin length of 4.7 mm.
The optimal joint is made with a tool rotation speed of 1120 rpm and a welding speed of
80 mm/min. This combination induces an adequate heat generation and proper mixing
of the material in the weld zone. Furthermore, it is possible to observe that the weld zone
exhibits the formation of finer grains, primarily attributed to the occurrence of dynamic
recrystallization. This phenomenon contributes to the refinement of the grain structure
within the weld zone. When examining the fracture surface of both tensile and impact
specimens in AA5083 to AA6061 weldments, a ductile fibrous fracture is evident at the
weld zone. This fracture morphology indicates that the joint possesses good ductility and
toughness characteristics. The welding speed significantly influences the formation of the
plastic flow region during friction stir welding. Specifically the choice of welding speed
determines the extent and quality of the mixing that occurs within the material. It has been
observed that at the lowest or highest welding speeds, the mixed flow region is absent or
poorly formed in the joints. Jia et al. [154] optimize the welding parameters of the friction
stir welding of dissimilar 6061-T6 (in the advancing side)/5083-H111 (in the retreating
side) aluminum alloys. In particular, welding parameters include rotational speeds of 2000,
2400, and 2800 rpm, traverse speeds of 1200, 1500, and 1800 mm/min, and plunge depths
of 0.20, 0.25, and 0.30 mm. Experiments are conducted using a welding tool equipped with
a right-hand threaded pin surface and three involute grooves on the shoulder. The tool
is welded at a tilt angle of 2.5 degrees and has a pin length of 2.65 mm. The pin bottom
diameter measures 3 mm, while the shoulder diameter is 14.0 mm. The yield strength of
the welded joint first increases and then decreases with increasing the traverse speed. A
higher traverse speed reduces the amount of frictional heat generated and makes it difficult
to achieve sufficient material flow and mixing. In FSW, the tool rotation and traverse speed
create frictional heat, which softens the material and allows for plasticized material flow
and mixing. However, when the traverse speed is set too high, there is insufficient time for
the heat to build up, resulting in inadequate softening of the material. Insufficient frictional
heat leads to challenges in achieving proper material flow and mixing. The softened mate-
rial is not able to flow and mix effectively, which can negatively impact the weld quality.
Inadequate mixing can result in defects such as incomplete bonding, lack of homogeneity,
or improper consolidation of the weld. The traverse speed has a significant impact on the
material mixing of dissimilar aluminum alloys. A lower traverse speed is more conducive
to the mixing of dissimilar aluminum alloys. Anandan et al. [155] investigate a friction
stir welded joint between dissimilar 7050-T7651 and 2014A-T6 aluminium alloys changing
the welding speed from 25 to 85 mm/min (i.e., 25, 45, 65, 85 mm/min) using a cylindrical
tapered tool pin made of H13 tool steel with a tilt angle of 2 degrees and a rotational
speed of 1000 rpm. The authors observe better mechanical and metallurgical properties
than those of other welding speeds at 65 mm/min because of proper material mixing and
finer grains obtained in the weldment. At low welding speeds, it is possible to observe
the formation of keyholes and high concavity, while at high welding speeds the stir zone
decreases by about 37%. Keyholes and concavity are mainly formed as a result of increased
heat generated during the FSW process. Conversely, the decrease in heat generation leads
to a reduction in the size of the stir zone. Dimov et al. [156] focus on the mechanical
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behavior of a AA6061-T651/AA7075-T651 dissimilar friction stir weld by controlling pin
length, rotational speed, advancing speed and vertical force to reach 5.75 mm, 400 rpm,
120 mm/min, and 10 kN, respectively. The meso-scale strain distribution is primarily
influenced by the local alloy composition, which is identified as the critical parameter.
Additionally, at a smaller scale, the presence of intermetallic Mg-Si- and Fe-rich particles
further contributes to strain localization within each individual alloy. Khan et al. [157]
select aluminum alloys AA2219-O in the advancing side and AA7475-T761 in the retreating
side as base materials for welding using a high-carbon high-chromium steel cylindrical
tool displaying a threaded pin with a 14 mm shoulder diameter and a 4 mm pin diameter,
with a tilt angle of 2.5 degrees, two rotational speeds (i.e., 710 and 1120 rpm) and two
welding speeds (i.e., 160 and 250 mm/min). The authors discover that an increased strain
rate results in a greater flow stress necessary for plastic deformation. Nonetheless, when
considering the relationship between strain rate and the speed at which the tool traverses,
it becomes evident that the dependence is more pronounced compared to the rotational
speed of the tool. A higher traverse speed leads to a reduction in heat input per unit weld
length and an increase in strain rate. Both factors contribute to an increase in flow stress.
Additionally, as the traversing speed increases, the net traverse force exerted on the tool
experiences a significant rise. Ahmed et al. [158] join aluminum alloys AA7075-T6 in the
retreating side and AA5083-H111 in the advancing side using an H13 steel with an 18 mm
diameter concave shoulder and a 4.8 mm long unthreaded taper cylindrical pin with a tilt
angle of 3 degrees at a constant rotation rate of 300 rpm and different traverse speeds of
50, 100, 150, and 200 mm/min. Despite using the same parameters for the two alloys, the
authors report a display of different responses in terms of the recrystallized fine grains after
FSW. In the case of AA7075, significant grain refinement occurs in the nugget zone with an
average grain size of 6 µm at a welding speed of 50 mm/min, which is further reduced
to 2 µm by increasing the welding speed to 200 mm/min. On the other hand, AA5083
joints in the nugget zone exhibit a relatively coarser recrystallized grain structure with an
average grain size of 9 µm at 50 mm/min, which decreases to 3 µm at 200 mm/min. These
findings indicate that the initial characteristics of the materials have a substantial impact on
the final grain structure after FSW. The crystallographic texture in the nugget zone displays
a simple shear texture, with no considerable influence observed when varying the welding
speed. Alemdar et al. [159] investigate the dissimilar AA2198-T8/AA2024-T3 joint varying
the welding speed (i.e., 36, 76, 102, 146, and 216 mm/min) at a rotational speed of 960 rpm
using a tapered threaded pin with a concaved shoulder with a tilt angle of 2 degrees. As
the welding speed increases from 36 mm/min to 216 mm/min, the area of the heat-affected
zone initially increases and then decreases due to different welding temperatures. The
joints formed at 76 mm/min exhibit excellent tensile characteristics.

Thicker sheets generally require slower welding speeds to allow sufficient heat transfer
and plasticization of the material. Slowing down the welding speed ensures that the heat
generated by the friction stir process has enough time to propagate through the thickness
of the sheets and achieve the desired weld quality. A slower welding speed also helps in
maintaining better control over the material flow and mixing during the stirring process.
However, excessively slow speeds may lead to excessive heat input and potential defects.
Therefore, the welding speed should be optimized based on the specific material, sheet
thickness, and desired weld characteristics.

Table 5 summarizes these experimental results. Figure 8 reports the optimum combi-
nations for the dissimilar joints investigated in Sections 2.3 and 2.4.
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Table 5. Effect of welding speed.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational Speed

(rpm)
Welding Speed

(mm/min) Axial Force (kN) Main Results

[155] 2014A-T6
7050-T7651 - Cylindrical

tapered 2 1000
25
45
65
85

-

The intermediate value of 65 mm/min
induces better mechanical and metallurgical
properties due to proper material mixing and
finer grains. At low welding speeds, keyholes
and high concavity occur, while at high
welding speeds the stir zone decreases.

[159] 2024-T3
2198-T8 - Tapered threaded 2 960

36
76

102
146
216

-

As the welding speed increases, the area of
the heat-affected zone initially increases, and
then the joints formed at 76 mm/min exhibit
excellent tensile characteristics.

[157] 2219-O
7475-T761

AS
RS Threaded 2.5 710

1120
160
250 -

A higher traverse speed leads to a reduction
in heat input per unit weld length and an
increase in strain rate.

[153] 5083-H321
6061-T6

AS
RS

Cylindrical taper
threaded 2.5 1120

40
63
80

100
-

The 1120 rpm/80 mm/min combination
induces an adequate heat generation and
proper mixing of the material in the weld
zone. The weld zone exhibits the formation of
finer grains.

[154] 5083-H111
6061-T6

RS
AS

Right-hand
threaded 2.5

2000
2400
2800

1200
1500
1800

-

The yield strength first increases and then
decreases with increasing the traverse speed.
A higher traverse speed reduces the amount
of frictional heat generated and makes it
difficult to achieve sufficient material flow
and mixing. A lower traverse speed is more
conducive to the mixing of dissimilar
aluminum alloys.

[151] 5083-H111
AA6351-T6 Straight square - 950

36
63
90

-

Higher welding speeds induce short exposure
time leading to inadequate heat and
insufficient plastic flow and affecting the
grain growth and precipitates within the
welded material. Increasing it promotes
favorable consolidation and grain refinement.

[158] 5083-H111
7075-T6

AS
RS

Unthreaded taper
cylindrical 3 300

50
100
150
200

-

Despite using the same parameters for two
alloys, the alloys display different responses
in terms of the recrystallized fine grains after
FSW. An increase in welding speed induces
significant grain refinement in the nugget
zone.

[156] 6061-T651
7075-T651 - - - to 400 to

120
to
10

The meso-scale strain distribution is primarily
influenced by the local alloy composition.
Additionally, at a smaller scale, the presence
of intermetallic Mg-Si- and Fe-rich particles
further contributes to strain localization
within each individual alloy.
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2.5. Position of Sheets

The direction of the tool movement during FSW influences the resulting joint in terms
of microstructure and mechanical properties, i.e., the placement of the alloy affects material
flow as it strongly influences material stirring and mixing [31,160,161]. The FSW process
exhibits inherent asymmetry in material flow behavior between the advancing side (AS)
and the retreating side (RS) of the stir zone. This means that the position of the base
material, whether in the AS or RS, has a substantial impact on various aspects, including
the temperature distribution, material composition within the stir zone, and the plastic
flow behavior of the metal. These factors, in turn, significantly influence the mechanical
properties of dissimilar joints produced by FSW [162,163]. Particularly, when it comes to
advancing and retreating sides in a dissimilar aluminum FSW joint, the following effects
can be observed:
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• Heat Input: the advancing side experiences higher heat input compared to the retreat-
ing side. As the tool moves forward, it generates more frictional heat, resulting in
increased plastic deformation and temperature in the advancing side. This can lead to
different thermal cycles and thermal gradients on the two sides of the joint.

• Grain Structure: the different heat inputs on the advancing and retreating sides can
result in variations in the grain structure of the weld. The advancing side generally
experiences more severe deformation and recrystallization, leading to finer grain sizes
compared to the retreating side. The grain structure affects the mechanical properties
of the joint, such as strength and toughness.

• Composition Variation: dissimilar aluminum alloys may have different compositions
and mechanical properties. The advancing side, experiencing higher heat and defor-
mation, can lead to localized diffusion of alloying elements between the base materials.
This diffusion can influence the composition and resulting properties of the joint.

• Residual Stresses: the differences in heat input and resulting microstructure can lead to
variations in residual stresses along the joint. Residual stresses are important because
they can affect the structural integrity and distortion of the welded components.

The material flow in friction stir welding (FSW) is a complex process, and therefore
the placement of materials becomes a significant parameter in the welding procedure. This
aspect is equally important as factors like rotation speed and welding speed, as it can
greatly influence the outcome of the welding process [164]. To optimize the FSW process
for dissimilar aluminum alloys, it is important to carefully consider the effects of advancing
and retreating sides. Process parameters, such as tool rotational speed, traverse speed, and
tool design, can be adjusted to achieve the desired joint properties. Additionally, post-weld
heat treatment or other techniques may be employed to further refine the microstructure
and properties of the weld.

Some researchers consider that the base material with lower solution temperatures
which is easily softened at higher temperatures should be positioned on the RS where
a lower temperature is measured [165]. Simar et al. [166] study similar and dissimilar
friction stir welds made of aluminum alloys 2017-T6 and 6005A-T6. The authors point out
that better performance joints are produced when the base metal, characterized by lower
mechanical properties, is placed on the RS. However, Kim et al. [167] study the joining
of dissimilar A5052 and A5J32 Al alloy at a rotational speed from 1000 rpm to 1500 rpm
and a welding speed from 100 mm/min to 400 mm/min using a tool with the following
characteristics: a tool shoulder diameter of 8 mm, a threaded cylindrical pin diameter of
3 mm and a length of 1.45 mm, with a tilt angle of 3 degrees. The authors show that placing
the high-strength Al alloy on the AS generates excessive agglomerations and defects due
to limited material flow. Consequently, the high-strength Al should be placed at the RS to
minimize this effect.

Donatus et al. [168] study AA5083-O and AA6082-T6 friction stir welded joints using
traverse speeds of 400 mm/min or 300 mm/min at a constant tool rotation speed of 400 rpm.
The process is conducted using a two-part MX-Triflute tool with a probe diameter to length
ratio of 1:0.8 (i.e., a 7.0 mm tip diameter with a cone angle of 5◦), a scroll shoulder diameter
of 25 mm and a tilt angle of 0 degrees. In particular, the AA5083-O is at the AS of the weld
whilst the AA6082-T6 is at the RS. The authors observe that in friction stir welding, material
primarily flows from the advancing side to the retreating side without significant mixing.
However, material flow from the RS to the AS occurs mainly within the tool shoulder
region, with the highest level of material displacement observed at the transition area
between the tool shoulder and the tool pin domains. Furthermore, the authors notice that
material extrusion predominantly occurs in the thermomechanical affected zone of the RS,
which is influenced by the rotational movement of both the tool shoulder and the tool pin.
In terms of grain structure, the finest grains are found in the regions closest to the tool edge
within the RS. Zhao et al. [169] study the connection between Al 6013-T4 and Al 7003 alloys,
highlighting the impact of exchanging the advancing side and retreating side materials
on the resulting joint cross sections. It is observed that the material on the AS undergoes
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more significant deformation during the welding process. Placing Al 6013-T4 on the AS
promotes a more effective plastic flow in the weld. Regardless of whether Al 6013-T4 is
positioned on the AS or RS, it is identified as the weaker region in both tensile specimens
and hardness samples. The fracture location aligns with the position of minimum hardness,
indicating a correlation between fracture and lower material strength. Park et al. [170] show
that the material mixing patterns in the FSW joints are quite different depending on the
locations of the base metals. In an AA5052-H32/AA6061-T6 joint, the placement of AA5052
on the advancing side exhibits better and improved mixing of base metals in the stir zone,
whereas the placement of base metals does not affect the location of fracture as the welds
fail from the advancing side of the weak heat-affected zone [171]. Niu et al. [172] aim to
identify the effect of base metal locations on the corrosion behavior of friction stir welded
dissimilar 2024-T351 to 7075-T651 aluminum alloy joints. The process is performed using a
tool displaying a threaded pin with 5.9 mm in diameter and 6.0 mm in length, a concave
shoulder of 15 mm in diameter, and a tilt angle of 2.5 degrees, at rotation rate of 600 rpm
and welding speed of 200 mm/min. The authors find that the stir zones show corrosion
resistance similar to that of the base metal located on the retreating side, with intergranular
corrosion being the dominant form. In particular, the finely recrystallized grains within the
stir zones exhibit a more pronounced occurrence of intergranular corrosion compared to the
base metals. However, the presence of the grain boundary precipitates and precipitate-free
zones, which are distributed intermittently within the stir zone of the 2024 alloy, effectively
mitigate the damage caused by intergranular corrosion in the stir zone.

Table 6 summarizes these experimental results.

2.6. Axial Force

Axial force, also known as the vertical force or the downward force, is an important
parameter in friction stir welding [173–175]. During the process, the axial force is applied
vertically onto the workpiece through the rotating tool. The force creates a downward
pressure that holds the workpieces together and maintains contact between the tool and
the material being welded [176]. The magnitude of the axial force can vary depending
on factors such as material type, thickness, and tool geometry. The axial force has several
effects on the FSW process:

• Material Penetration: it ensures that the rotating tool penetrates the workpiece to the
desired depth. It helps in achieving proper material mixing and bonding between the
adjacent surfaces.

• Heat Generation: the downward pressure exerted by the axial force enhances the
contact between the tool and the workpiece. This contact generates frictional heat due
to the relative motion between the tool shoulder and the material. The heat softens the
material, allowing it to deform and join.

• Plastic Deformation: as the rotating tool moves along the joint line, the force helps in
deforming and stirring the material, facilitating metallurgical bonding. The plastic
deformation allows the material to flow around the tool and form a solid-state weld.

• Quality of the Weld: proper application of force ensures that there is sufficient contact
between the tool and the workpiece, promoting effective heat transfer and material
flow. Insufficient axial force may result in inadequate mixing, incomplete bonding, or
defects in the weld, while excessive force can lead to excessive material displacement
or even tool breakage.

• Weld Strength and Integrity: by applying a suitable force, the material is effectively
consolidated, leading to a sound weld joint with improved mechanical properties.

It is important to optimize the axial force in FSW to achieve high-quality welds.
The force should be carefully controlled to ensure proper penetration, material flow, and
bonding without compromising the tool integrity or causing detrimental effects on the
workpiece. The optimal axial force depends on numerous factors, including the material
being welded, its thickness, and the specific FSW parameters employed.
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Table 6. Effect of position of sheets.

Ref. Sheet
Material

Sheet Position
AS/RS Pin Profile Tilt

Angle (◦)
Rotational

Speed (rpm)
Welding Speed

(mm/min)
Axial Force

(kN) Main Results

[166] 2017-T6
6005A-T6

AS/RS
RS/AS - - - - -

Better performance joints are produced
when the base metal, characterized by lower
mechanical properties, is placed on the RS.

[172] 2024-T351
7075-T651

AS/RS
RS/AS Threaded 2.5 600 200 -

The stir zones show corrosion resistance
similar to that of the base metal located on
the retreating side, with intergranular
corrosion being the dominant form.

[167] 5052
5J32

AS/RS
RS/AS

Threaded
cylindrical 3 1000

1500

100
200
300
400

-
Placing the high-strength alloy on the AS
generates excessive agglomerations and
defects due to limited material flow.

[170] 5052-H32
6061-T6

AS/RS
RS/AS - - - - -

The placement of 5052 on AS exhibits better
and improved mixing of base metals in the
stir zone, whereas the placement of base
metals does not affect the location of
fracture.

[168] 5083-O
6082-T6

AS
RS Triflute 0 400 300

400 -

Material primarily flows from the advancing
side to the retreating side without significant
mixing within the tool shoulder region. The
material extrusion predominantly occurs in
the thermomechanical affected zone of the
RS. The finest grains are found in the regions
closest to the tool edge within the RS.

[169] 6013-T4
7003

AS/RS
RS/AS Conical 2.5 800 400 -

The material on the AS undergoes more
significant deformation during the welding
process. Regardless of whether 6013-T4 is
positioned on the AS or RS, it is identified as
the weaker region in both tensile specimens
and hardness samples.
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Using an unsuitable or improper axial force can lead to various defects in the weld.
It can result in a poor contact between the rotating tool and the workpiece that can lead
to incomplete joint formation where the material is not adequately mixed or bonded.
This defect is characterized by visible gaps or voids along the weld line. When the force
is not sufficient to induce significant plastic deformation and stirring, the material may
not achieve the desired homogeneity and metallurgical bonding. This can lead to poor
mechanical properties and reduced weld strength. When the axial force is too low, the
rotating tool may not penetrate the workpiece adequately. This can result in a tunnel
defect, where the tool fails to fully engage with the material. As a result, a void or cavity is
formed within the weld, compromising its integrity and mechanical properties. Excessive
axial force can cause excessive material displacement and flow around the rotating tool.
This can lead to a flash defect, where material is pushed out of the joint line and forms
an undesirable protrusion or flash on the surface of the weld. Flash defects can weaken
the weld and require additional post-weld machining or removal. Excessive axial force
can also subject the rotating tool to high mechanical stresses, increasing the risk of tool
breakage. The force should be controlled within the recommended limits to prevent tool
failure during the welding process. Tool breakage not only disrupts the welding operation,
but also introduces potential contaminants into the weld. Finally, inadequate axial force
can lead to non-uniform deformation and inadequate thermal cycling during FSW. This can
result in residual stresses and distortion in the weld and the surrounding material, affecting
the structural integrity and dimensional accuracy of the welded component [177–179].

Ramamoorthi et al. [176] aim to assess the impact of axial force (i.e., 5 kN, 6 kN, 7 kN
and 8 kN) during FSW on the dissimilar joint mechanical properties of aluminum alloys
(AA5086 and AA6063) at a rotational speed of 2000 rpm and a feed rate of 60 mm/min. The
degree to which the tool pin dips into the process region and the resulting material flow is
influenced by the shoulder pressure and, consequently, by the axial force. Moreover, the
shoulder pressure is responsible for ensuring sufficient and effective stirring of the material,
leading to the refinement of aluminum alloy grains [180–182]. The axial force also serves
as a significant constraint for the determination of weld efficiency and joint strength, i.e.,
5 kN and 6 kN axial forces lead to inappropriate mixing and inferior quality of bond. In
conclusion, the joints produced by the axial force of 7 kN have the best performance.

The axial load, or downward force, applied to the FSW tool affects the contact pressure
between the tool and the workpiece. Thicker sheets require higher axial loads to promote
good material contact and facilitate effective heat transfer. The increased downward force
helps in overcoming the resistance to material deformation caused by the thickness of the
sheets. It also aids in maintaining a consistent material flow and proper mixing during the
welding process. However, it is crucial to avoid excessive downward forces that can cause
excessive material displacement or tool wear. The axial load should be adjusted within the
optimal range to achieve a balance between material deformation and process stability.

3. Design Tool

Predicting the process parameters and mechanical behavior in FSW involves under-
standing the complex thermal and mechanical interactions during the welding process [183].
The combinations of process parameters are typically random and uncertain [184,185].
Meanwhile, the relationship between the welding parameters and the mechanical prop-
erties of the joints is highly non-linear [186,187]. Furthermore, despite the diffusion of
five-axis numerically controlled machines, the equipment is limited for studying compli-
cated geometries [188]. Consequently, a deep investigation is still challenging [189].

Several tools and techniques are available to aid in the prediction of process param-
eters and mechanical behavior in FSW. These can be split into distinct categories [190].
The first category involves statistical approaches, such as Response Surface Methodology
(RSM) [191–193], Taguchi [194–197], and ANOVA [198–200], which are used to determine
the best parameters. The second group includes heuristic techniques such as genetic algo-
rithms (GA), simulated annealing (SA), artificial neural networks (ANN), and adaptive
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neuro-fuzzy inference systems (ANFIS) that are used to optimize the responsiveness and
value of parameters. The last group includes Finite Element Analysis (FEA) and Com-
putational Fluid Dynamics (CFD). Recently, these tools and techniques have been used
individually or in combination [201,202].

In the next sections, the attention is focused on the main tools used in friction stir
welding of dissimilar aluminum alloys.

3.1. Statistical Approaches

Statistical methods such as design of experiment (DoE) can be employed to systemati-
cally vary process parameters, such as tool rotational speed, welding speed, and applied
force, to understand their effects on weld quality and mechanical properties. By using
statistical techniques like response surface methodology (RSM), it is possible to identify
optimal parameter settings that lead to desirable weld characteristics such as defect-free
joints, high strength, and improved fatigue resistance. RSM is a comprehensive mathemati-
cal and statistical framework employed to tackle experimental problems by analyzing the
relationships between variables and responses. It specifically focuses on scenarios where
a limited number of variables impact the outcomes. The primary objective of RSM is to
determine the nature of these relationships, enabling the optimization of responses through
variable manipulation. Elatharasan and Kumar [203] predict, using RSM, the ultimate
tensile strength, yield strength and displacement of friction stir welded (AA6061-T6 and
AA7075-T6) aluminum alloys by varying rotational speed (i.e., 800, 1000 and 1200 rpm),
welding speed (i.e., 30, 60 and 90 mm/min) and axial force (30, 60 and 90 kN). Nait Salah
et al. [204] aim to figure out the best FSW settings for stir casted activated carbon-reinforced
AA6061, AA7075 composite, AA6061 alloy and AA7075 alloy, including input rotational
speed (i.e., from 1000 rpm to 1400 rpm), axial load (i.e., from 8 kN to 12 kN), tool pin profile
(i.e., Taper, Cylindrical, Square, T. Cylindrical and Triangle) and material utilized. Suhin
et al. [205] use RSM to construct a mathematical model of the FSW input parameters to
fabricate the AA3003/AA6061 joint. According to the developed model, the rotational
speed of the tool and the welding speed are the primary influential parameters. Increasing
rotational speed and decreasing welding speed result in higher heat input to the welded
joints. The confidence interval analysis indicates that both the ultimate tensile strength and
microhardness increase as rotational speed increases. The optimized values for ultimate
tensile strength, strain percentage (% strain), and microhardness are determined to be
95.8 MPa, 12.18%, and 74.47 HV, respectively. The corresponding optimized values for
rotational speed, welding speed, and tilt angle are 1172 rpm, 57.44 mm/min, and 1.252◦,
respectively. Harachai er al. [206] use RSM based on the Box–Behnken design to investigate
the appropriate process parameters in friction stir welding between AA6061-T6 and AA5083
by finding that the better combination is 777 rpm/44 mm/min. Umamaheswarrao [207]
identifies the best friction stir welding process parameters for alloys AA6061–AA7075 using
a multi-criteria decision-making technique [208], namely the Desirability Function Analysis.
In particular, the optimum conditions are a tool rotational speed of 710 rpm, a feed rate of
30 mm/min, and a tilt angle of 2◦. Similarly, the author investigates the AA2014–AA7075
alloys [209].

By collecting and analyzing real-time or post-weld data, statistical techniques like
control charts can help detect and prevent potential defects or deviations from the desired
weld quality. By analyzing large datasets and employing techniques such as the fault tree
analysis or the Pareto analysis, it is possible to pinpoint the key factors causing defects like
voids, cracks, or lack of fusion. This information can guide process improvements and the
development of mitigation strategies.

Statistical analysis can be employed to investigate the relationship between process
parameters, microstructure evolution, and resulting mechanical properties. For example,
techniques like regression analysis can be used to model the influence of FSW parameters
on grain size, hardness, or tensile strength. This understanding helps researchers optimize
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the welding process for specific applications and predict material behavior under different
loading conditions.

Statistical approaches can aid also in assessing the reliability and fatigue life of FSW
joints. By applying probabilistic models and using techniques like the Weibull analysis,
researchers can estimate the probability of failure or predict the fatigue life of welds
under different loading conditions. This information is vital for ensuring the long-term
performance and durability of FSW structures.

3.2. Heuristic Techniques
3.2.1. Artificial Neural Networks

There are some specific roles that ANN can have in the study of FSW [210–212]:

• Predictive Modeling: by training an ANN with input–output pairs of the FSW process
parameters and the corresponding weld quality, the network can learn the complex
relationships between these variables. Once trained, the ANN can predict the outcomes
of FSW for new input parameters, allowing to estimate weld quality, defects, or other
relevant properties.

• Optimization: by constructing an ANN-based surrogate model which approximates
the relationship between process variables and a desired objective (i.e., joint strength,
fatigue life), optimization algorithms can efficiently explore the parameter space and
identify the combination of inputs that maximizes the objective. This can lead to
improved weld quality and process efficiency.

• Fault Detection: by training an ANN with sensor data from the welding process,
such as temperature, torque, or force measurements, the network can learn normal
patterns and identify deviations that indicate potential faults or defects. This allows
real-time monitoring of the welding process and early detection of issues, enabling
timely corrective actions.

• Process Control: by employing ANN as part of control algorithms, the network can
analyze sensor data in real time, make predictions, and adjust process parameters
accordingly. This adaptive control approach can enhance the stability, accuracy, and
repeatability of the FSW process, leading to improved weld quality.

• Material Characterization: by training an ANN with input data such as material
composition, microstructural features, and mechanical properties, the network can
learn the relationships between these parameters and welding outcomes. This can
aid in understanding the ways in which different materials behave during FSW and
enable the selection of suitable welding parameters for specific materials.

Arya and Jaiswal [211] and Okuyucu et al. [213] demonstrate the possibility of the use
of neural networks for the calculation of the mechanical properties of welded Al plates
using the FSW method. Results of their studies show that the networks can be used as a
suitable alternative.

Gupta et al. [214] investigate the application of ANN (a hybrid approach consisting of
artificial neural network and genetic algorithm) for modelling and multi-objective optimiza-
tion of friction stir welding parameters of dissimilar AA5083-O/AA6063-T6 aluminum
alloys by changing the following parameters: rotational speed (i.e., 700, 900, 1100 rpm),
welding speed (i.e., 40, 60, 80 mm/min), shoulder diameter (15, 18, 21 mm), and pin
diameter (i.e., 4.5, 5, 5.5 mm). For the validation of the models, the predicted results of
each response are compared with the experimental results. Moreover, the adequacy of the
ANN models is checked using statistical analysis. In particular, ANN is an information
processing framework comprising interconnected neurons that collaborate to perform
tasks. Neurons, the fundamental units of an ANN, are linked through synapses, each
associated with a weight factor. The ANN architecture consists of three layers: the input
layer, containing input parameters; the hidden layer, where information is transmitted from
the input layer; and the output layer, which yields the architecture’s output. The number
of neurons in the hidden layer is determined based on the minimum mean square error
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criterion. In the study, five neurons are employed in the hidden layer for each response,
resulting in 4-5-1 network architectures for developing ANN-based models.

Shojaeefard et al. [215] focus on the microstructural and mechanical properties of
AA7075-O to AA5083-O aluminum alloys, developing an artificial neural network (ANN)
to correlate the process parameters and the mechanical properties. The authors use a tool
characterized by a tapered pin profile with pin major and minor diameters, respectively, of
10 mm and 5 mm, a pin length of 5.85 mm, a shoulder diameter of 20 mm and a shoulder
angle of 12 degrees by changing the rotational speed (i.e., 500, 565, 700, 900, 1400, 1600 rpm)
and the welding speed (i.e., 30, 63, 96 mm). The ANN model results effective in predicting
the ultimate tensile strength and the hardness as a function of weld and rotational speeds.

Kraiklang et al. [216] propose a methodology that combines artificial multiple intel-
ligence systems and machine learning [217,218] to predict the ultimate tensile strength,
maximum hardness, and heat input of friction stir welding in AA5083 and AA6061 alloys.
These systems have the possibility to change many factors, both continuous and categori-
cal: tilt angle (i.e., 0, 3 degrees), rotational speed (150, 1500 rpm), welding speed (i.e., 15,
135 mm/min), shoulder diameter (i.e., 18, 25 mm), pin geometry (i.e., straight, hexagonal
and threaded cylinder), reinforcement particle type (i.e., silicon carbide [219], aluminum
oxide), and tool pin moving (i.e., straight, zigzag, circles). The machine learning model
incorporates two methods, Gaussian process regression and support vector machine, into a
unified model. Artificial multiple intelligence systems are employed as the decision fusion
strategy to combine these two methods. This integrated model is then utilized to forecast
the three objectives using seven controlled/input parameters: tool tilt angle, rotating speed,
travel speed, shoulder diameter, pin geometry, type of reinforcing particles, and tool pin
movement mechanism.

Verma et al. [220] report on the employment of the machine learning techniques
(namely support vector machine), artificial neural networks, and random forest for predict-
ing the tensile behavior of friction stir welded dissimilar aluminum alloy joints (6083-T651
and 8011-H14).

Chiaranai et al. [221] develop an ensemble deep learning model employing five distinct
convolutional neural networks with the aim to classify the ultimate tensile strength of the
friction stir welding weld seam. To test the model, 1664 pictures of weld seams are created
and tested. The weld seam ultimate tensile strength quality is divided into three categories:
below 70% (low quality), 70–85% (moderate quality), and above 85% (high quality) of the
base materials that are AA5083 and AA5061. The computational results demonstrate that
the accuracy of the model is 96.23%.

3.2.2. Genetic Algorithms

Genetic algorithms are a type of optimization algorithms inspired by the principles of
natural selection and genetics. Although they share some similarities with artificial neural
networks, they are fundamentally different in terms of their approach and functionality.
For example, GAs focus on searching and exploring the solution space to find the optimal
or near-optimal solution. They do not inherently learn or generalize from data but rely
on the principles of selection and evolution to improve the quality of solutions, while
ANNs are designed to learn from data through a training process. They adapt their internal
parameters (weights and biases) to minimize a given objective function (i.e., error) based on
input–output pairs. ANNs could generalize from the training data and make predictions
on unseen data.

In the context of FSW, genetic algorithms can be employed to search through the
parameter space and identify the best combination of parameters that yield desirable
welding characteristics, such as reduced defects and improved mechanical properties.

They can be used to develop models that predict the quality of FSW joints based on
input parameters and material properties. By training the genetic algorithm on a dataset
containing experimental or simulated FSW results, it can learn the relationships between
process variables and the resulting weld quality. This model can then be used to predict
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the quality of FSW joints for new parameter combinations, aiding in process optimization
and defect prevention.

Genetic algorithms can be employed to optimize the tool design by searching for the
most effective combination of tool parameters. This can involve optimizing the shape of
the tool pin, shoulder, and other tool features to enhance material flow, heat generation,
and defect reduction during FSW.

In some cases, FSW may involve welding complex geometries or multiple passes.
Genetic algorithms can be used to determine the optimal path planning and trajectory for
the FSW tool to ensure uniform heating and mixing of the material, minimize defects, and
achieve the desired joint properties.

Abd Elaziz et al. [222] develop a new metaheuristic algorithm called Marine Predators
Algorithm (MPA) integrated with a Random Vector Functional Link (RVFL) network (see
Figure 9) to predict the tensile behavior of dissimilar FSW joints of AA5083 and AA2024
aluminum alloys where the model input parameters are rotational speed (i.e., 800, 1000,
1200, 1400, 1600 rpm), welding speed (i.e., 40, 50, 60, 70, 80 mm/min), tool axial force (15,
20, 25, 30, 35 kN), and tool pin profile (i.e., tapered hexagon TH, tapered square TS, straight
cylinder SC, tapered cylinder with grooves CG, and paddle shape PS).
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In particular, the model can predict tensile strength and tensile elongation with a
coefficient of determination of 1 and 0.999, respectively. Tapered hexagon pin profile is
recommended to achieve optimum tensile strength with moderate values of tool rotational
speeds, welding speeds, and tool axial force, while straight cylinder pin profile should be
avoided as it weakens the tensile strength of the welded joint for all welding conditions
such as evidenced in Figure 10.

Gupta et al. [223] use genetic algorithm to optimize the FSW process between AA5083-
O and AA6063-T6 aluminum alloys. They consider regression models—suitable to predict
the responses at 99% confidence level—as objective functions. The optimal process param-
eters are a tool rotational speed of 900 rpm, a welding speed of 60 mm/min, a shoulder
diameter of 18 mm and a pin diameter of 5 mm for maximum tensile strength and minimum
grain size.

Yunus and Alsoufi [224] investigate two dissimilar aluminum alloys, AA7075 and
AA6061, placing them on the advancing side and the retreating side alternately by adopting
a potential and novel approach using genetic programming. The process is performed with
a special purpose tool (cylindrical taper profile with a pin diameter of 6 mm, a 10◦ taper, a
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pin length of 1.8 mm, and a shoulder diameter of 20 mm) at different sheet thicknesses (i.e.,
3, 4, and 5 mm), tilt angles (i.e., 3, 4 degrees), rotational speeds (i.e., 600, 900, 1200 rpm),
and welding speeds (i.e., 70, 90, 115 mm/min). The proposed GP approach is independent
from conventional mathematical principles and prior knowledge about the solution type.
It employs an evolutionary process to automatically develop mathematical models that
accurately fit historical experimental data, without assuming anything about the problem’s
shape, size, or complexity, regardless of the number of input parameters involved. In
this study, the Discipulus GP software and C programming are utilized to formulate new
models for elongation, tensile strength, and impact strength under various input conditions.
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By substituting input conditions, the joint properties can be quickly determined
without the need for additional experimental runs. These new GP models serve as an
alternative method for estimating joint properties in situations where experimental results
or correlations are unavailable. It is important to note that the precision of the solutions
achieved through GP depends on the quality of the evolutionary inputs, the amount of test
data available, and the accuracy of those data.

3.3. Finite Element Analysis

FEA plays a crucial role in studying FSW by providing valuable insights into the pro-
cess and aiding in the optimization of welding parameters. FEA is a numerical simulation
technique used to analyze complex engineering problems by dividing the problem domain
into finite elements and solving mathematical equations to predict the behavior of the
system [225]. In the context of FSW, FEA helps in the following ways [226]:

• Thermal Analysis: by considering factors such as tool rotation, tool traverse speed, and
material properties, FEA can simulate the heat generation and distribution predicting
the temperature distribution, the thermal cycles, and the heat-affected zone evolution
during the welding process. This information is significant for understanding the
thermal history and potential defects in the weld.

• Mechanical Analysis: by considering the interaction between the tool and workpiece,
FEA can evaluate the mechanical aspects of FSW, including stress and deformation
distribution predicting the material flow, the plastic deformation, and the residual
stresses in the weld. This analysis helps to optimize tool geometry and process
parameters to minimize residual stresses and distortion in the final weld [227].

• Process Optimization: FEA allows for parametric studies where different welding
parameters and tool designs can be simulated to assess their impact on the welding
process. By analyzing the temperature, stress, and deformation fields, FEA can help
identify optimal process parameters that lead to improved weld quality, reduced
defects, and enhanced mechanical properties.
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• Defect Prediction: FEA can aid in identifying potential defects in the FSW process.
For example, by analyzing the temperature field, FEA can predict the likelihood of
defects like lack of fusion, voids, or excessive material flow. This information can
guide process improvements and minimize the occurrence of defects.

• Tool Design and Optimization: by simulating the contact and frictional behavior
between the tool and the workpiece, FEA can assess tool wear, heat generation, and
stress distribution on the tool. This enables the development of tool designs that
enhance performance, durability, and efficiency.

The method used in finite element analysis can be divided into implicit, explicit
and CFD—that is analysed in the next section—analysis. The implicit analysis method is
well suited for static equilibrium cases as it relies on force and momentum equilibrium
methods. It provides automated and direct user control of the time step derivative, making
it applicable to both linear and non-linear models with significant steps. However, due
to the time-consuming nature in fast dynamic processes, these models are more suitable
for scenarios where precise results are needed rather than quick calculations. The explicit
analysis method is founded on energy equilibrium, enabling it to efficiently tackle dynamic
equilibrium problems. It is the preferred choice for scenarios where simulation time is of
the utmost importance while maintaining accurate results [228].

The choice of formulations or modelling scales establishes the framework that connects
the components or equations of the simulation [228]. Das et al. [229] develop a finite
element model using the coupled Eulerian–Lagrangian (CEL) approach for interpreting
the tool–material interaction and predicting both the volumetric defect and the surface
texture with optimum condition of mass scaling. Several solid mechanics approaches,
such as the Eulerian or Lagrangian approach, smoother particle hydrodynamics (SPH),
coupled Eulerian and Lagrangian (CEL), and arbitrary Lagrangian and Eulerian (ALE) [230]
techniques, can be employed to model the thermo-mechanical behavior of the friction stir
welding (FSW) process [231–233]. The CEL approach is suitable for the modelling of the
dissimilar FSW process [234]. In particular, the analysis of the thermo-mechanical behavior
of the FSW process using the coupled Eulerian-Lagrangian method is highly influenced by
the mass scaling factor. Customizing this factor to create a computationally efficient model
holds great potential in accurately predicting defects in the FSW process. Mass scaling is
a key aspect of explicit time integration schemes used in quasi-static simulations of the
process, which involves highly nonlinear contact conditions between the FSW tool and the
workpiece. Mass scaling enables the discretization of the solution domain into multiple
small elements [235]. However, applying mass scaling automatically may not always be
feasible, leading researchers to explore a manual approach of multiplying the density with
a mass scaling factor, as discussed in the literature [236].

The main software commonly used for modelling the FSW process include ABAQUS,
ANSYS [228,237], and DEFORM [238,239]. A wide array of literature exists, but it is
focused mainly on similar aluminium alloys due to the fact that the joining of the dissimilar
materials is usually more difficult in comparison with the joining of a similar material or
those materials that have minor differences [231].

Zahari et al. [240] use the equivalence technique to develop a model of FSW weld and
then validate it using experimental modal analysis (EMA) for the prediction of dynamic
behaviour in AA6061 and AA7075 joints by varying rotational speed (i.e., 900, 1000 and
1100 rpm), welding speed (i.e., 30, 40 and 50 mm/min) and tilt angle (i.e., 0, 1 and 2 degrees).

Sivasankara Raju et al. [241] investigate dissimilar aluminium alloy sheets AA6061
and AA5052 using Deform 3D to examine the effect of heat generation on the welding
process at various tool speeds (i.e., 1000, 1200, 1400 rpm) and feed rates (i.e., 20, 40 and
60 mm/min). The authors evaluate distribution and values of temperature in weld-zones
by observing that (i) aluminium alloy sheets have a temperature gradient that increases as
they advance and decreases as they retreat; (ii) nugget zone hardness levels are lower than
those of the base alloy; (iii) for AA6061, the temperature rises with increasing tool speed
and falls with increasing feed rate; (iv) at a constant welding speed, the quantity of heat in
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the weld zones rises with increasing tool rotational speed; the temperature first increases
quickly and then fluctuates before progressively dropping. The model is validated using
the thermocouples in suited experimental tests.

Salloomi and Al-Sumaidae [242] investigate the effect of rotational (i.e., 550, 950 rpm)
and traverse speeds (i.e., 60, 60 mm/min) on thermal (see Figure 11) and residual stress
environments generated in FSW of AA2024-T3 to AA6061-T6 effectively using the CEL
finite element algorithm.
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Al-Badour et al. [243] develop a thermo-mechanical finite element model based on the
CEL method to simulate the friction stir welding of dissimilar Al6061-T6 and Al5083-O
aluminium alloys using different tool pin profiles and changing the sheet position at a
rotational speed of 900 rpm, a welding speed of 150 mm/min and a tilt angle of 2 degrees.
The results from the finite element analysis indicate that the maximum temperatures at the
weld joint remained below the melting point of the materials. Positioning the harder alloy
(Al6061-T6) on the advancing side causes the maximum process temperature and strain
rate to become reduced, although the tool reaction loads increase. Furthermore, employing
a specialized tool pin improves the material mixing, resulting in improved joint quality
and reduced volumetric defects.

AA2024 is placed on the advancing side while AA6061 is placed on the retreating side.
The H13 steel tool is characterised by a 20 mm diameter concave shoulder with a 4 mm
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diameter tapered threaded pin and a height of 4.7 mm. The authors find that (i) the increase
in the tool rotational speed leads to a relative increase in the temperature field, while the
increase in the welding traverse speed causes a relatively slight decrease in the temperature
field; (ii) the longitudinal residual stress component is higher on the AA6061 side than
that on the AA2024 side. This decreases with the increase in the rotational speed while it
increases with the increase in the traverse speed; (iii) the plastic strain on the AA6061 side
is higher than that of AA2024, contributing highly to the temperature and residual stress
fields. These results confirm that the tool rotational speed is more influential than the tool
traverse speed.

Karash et al. [244] employ the ANSYS program to predict surface temperatures on
three-dimensional models. This research focuses on two aluminium alloys, AA7075-T6
in the retreating side and AA2024-O in the advancing side. The authors first examine
temperature variations from the welding centre to the model edges. They then investigate
temperature distributions throughout the welding process, from start to finish, and develop
equations to predict temperature distributions based on welding time and distance from the
welding centre. The study considers various welding speeds (20, 40, 60, and 100 mm/min)
and different speeds of the welding tool (900, 1050, and 1200 rpm). The findings reveal that
increasing the rotational speed leads to higher temperatures, while increasing the welding
speed results in lower temperatures. Additionally, the temperature distribution is observed
to be asymmetric, indicating a lack of symmetry in the welding process.

Computational Fluid Dynamics

CFD provides insights into the fluid flow and heat transfer phenomena that occur
during welding [245–247]. The primary concept behind this form of analysis involves
replacing a continuous problem domain with a discrete domain. This is achieved by
applying a grid to the area of interest and subsequently making approximations of the
governing equations [228].

CFD allows to simulate and analyze the complex fluid flow patterns, temperature dis-
tributions, and material deformation that take place during FSW. It helps in understanding
the fundamental physics of the process, optimizing process parameters, and predicting the
resulting weld quality.

In particular, CFD allows to study the following aspects:

• Fluid flow analysis: it helps in understanding the velocity profiles, the flow patterns,
and the material displacement within the workpiece. By analyzing the fluid flow, it is
possible to study the mixing and stirring of materials and identify regions of potential
defects or inhomogeneity.

• Temperature distribution: by accounting for factors like heat generation, heat transfer,
and cooling mechanisms, CFD simulations provide valuable insights into the tempera-
ture profiles and the gradients that influence the weld quality. This information helps
in optimizing the welding parameters to control the heat input and avoid defects like
overheating or insufficient heating.

• Residual stress and distortion analysis: the thermal and mechanical interactions be-
tween the tool, workpiece, and surrounding environment can be analyzed to predict
the residual stresses and distortions that arise after welding. Understanding these ef-
fects aids in optimizing process parameters, tool design, and subsequent post-welding
operations.

• Process optimization: CFD simulations allow for virtual experimentation, enabling
the exploration of different process variables without the need for physical prototypes.
It is possible to analyze the effects of tool geometry, rotational speed, traverse speed,
and other parameters on the fluid flow, temperature distribution, and resulting weld
quality [248].

Tang and Shen [249] develop a new CFD based model which is more suitable to simu-
late the heat transfer in dissimilar AA2024-AA7075 joints. The tool made of a tungsten alloy
consists of a cylindrical shoulder of 25 mm in diameter and a conical pin of 8 mm and 6 mm
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in the upper and lower diameter, respectively, and 5 mm in length. It rotates at 1000 rpm
and moves with a feed rate of 72 mm/min. The results clearly demonstrate a noticeable
asymmetric temperature distribution between the advancing side and the retreating side.
Additionally, the temperature profile exhibits discontinuity due to variations in material
properties such as heat capacity, viscosity, and thermal conductivity. The mutual inter-
action between temperature and material properties further amplifies the disparities in
the workpiece’s temperature distribution. Furthermore, welding time plays a crucial role
in determining the welding temperature. The temperature curves reveal a rapid increase
followed by a slower decrease in temperature.

Padmanaban et al. [250] investigate the joining of dissimilar alloys AA2024 and
AA7075 developing a numerical model based on CFD. The authors perform the process
with a HSS taper threaded tool displaying a shoulder diameter of 17.5 mm, a pin diameter
of 5 mm and a pin height of 4.65 mm by changing the rotational speed from 900 rpm to
1200 rpm and altering the welding speed from 20 mm/min to 60 mm/min. In particular,
they model the process using a viscoelastic stream beyond a rotating cylindrical tool. The
result shows that the peak temperature increases with tool rotation speed and shoulder
diameter but decreases with welding speed (see Figures 12 and 13).
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In Table 7, the main outcomes of the examined design tools are summarized.



Metals 2023, 13, 1176 41 of 53

Table 7. The design tools (methods and related main results).

Ref. Sheet Material Variables Method Main Results

[203] 6061-T6
7075-T6

Tilt
Angle

Rotational speed
Welding speed

Axial force

RSM Prediction of ultimate tensile strength, yield strength and
displacement of friction stir welded.

[205] 3003
6061

Pin profile
Tilt Angle

Rotational speed
Welding speed

RSM Mathematical model to optimize the input parameters
(1172 rpm, 57.44 mm/min 1, and 1.252◦).

[204]

6061
6061(RACC)

7075
7075(RACC)

Pin profile
Rotational speed

Axial force
RSM To determine the best FSW settings: square pin profile, 1200rpm,

10kN on AA6061/ AA6061RACC.

[206] 5083
6061-T6

Rotational speed
Welding speed RSM The better combination is 777 rpm/44 mm/min.

[207] 6061
7075

Rotational speed
Feed rate
Tilt angle

Multi-criteria decision-making technique Prediction of the optimum conditions (710 rpm, 30 mm/min,
and 2◦.

[209] 2014
7075

Rotational speed
Feed rate
Tilt angle

Multi-criteria decision-making technique
Results demonstrated that tool rotational speed is the most

significant factor affecting the response followed by feed and tilt
angle.

[214] 5083-O
6063-T6

Pin profile
Rotational speed
Welding speed

ANN (hybrid approach with GA) Prediction of tensile strength, microhardness and grain size.

[215] 5083-O
7075-O

Pin profile
Rotational speed
Welding speed

ANN (model with ANN + pareto optimization) Prediction of ultimate tensile strength and hardness as a
function of weld and rotational speeds.

[216] 5083
6061

Pin profile
Tilt Angle

Rotational speed
Welding speed

Artificial multiple intelligence systems as the decision
fusion strategy to combine the machine learning

models (Gaussian process regression and support
vector machine)

Prediction of ultimate tensile strength, maximum hardness, and
heat input of friction stir welding.

[220] 6083-T651
8011-H14 - Support vector machine, ANN, random forest Prediction of tensile behavior of friction stir welded joints.
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Table 7. Cont.

Ref. Sheet Material Variables Method Main Results

[221] 5061
5083

Pin length
Shoulder diameter

Pin bottom diameter
Tilt angle

Rotational speed
Welding speed

Pin profile

Convolutional neuralnNetworks The computational results demonstrate that the accuracy of the
model is 96.23%.

[222] 2024
5083

Pin profile
Rotational speed
Welding speed

Axial force

New metaheuristic algorithm (MPA) + Random Vector
Functional Link (RVFL) network Prediction of tensile behaviour of dissimilar FSW joints.

[223] 5083-O
6063-T6

Pin profile
Rotational speed
Welding speed

GA
considers regression models as objective functions

Optimization of the FSW process (final tensile strength and
grain size of the joint).

[224] 6061
7075

Sheet (position and
thickness)
Pin profile
Tilt angle

Rotational speed
Welding speed

GA Formulation of new models for elongation, tensile strength, and
impact strength under various input conditions.

[240] 6061
7075

Tilt angle
Rotational speed
Welding speed

FEA Tool for the prediction of dynamic behaviour.

[241] 5052
6061

Rotational speed
Welding speed FEA (SW: DEFORM 3D) Tool to examine the effect of heat generation on the welding

process.

[242] 2024-T3
6061-T6

Rotational speed
Welding speed FEA (CEL method) Prediction of thermal fields and residual stresses.

[243] 5083-O
6061-T6

Sheet position
Pin profile FEA (CEL method) Prediction of temperatures andstress/strain fields.

[244] 2024-O
7075-T6

Rotational speed
Welding speed FEA (Ansys) Prediction of temperature profiles.

[249] 2024
7075 - CFD based model for heat transfer Prediction of temperature profiles.

[250] 2024
7075

Rotational speed
Welding speed CFD based model for heat transfer and material flow Prediction of temperature profiles.
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4. Conclusions

This review is characterized by two goals, i.e., highlighting the main process parame-
ters in a friction stir welding process between two dissimilar aluminum alloys and showing
the main tools to design and predict the mechanical behavior of dissimilar aluminum joints.

Although this joining technology is relatively new, a wide array of literature exists
on the optimization of the process for both similar and dissimilar materials and also for
both similar and dissimilar aluminum alloys. However, the thermal, mechanical, and
metallurgical aspects during the process are so complex that significant experimental
testing is required with an uncertain result about the more relevant parameters influencing
strength, microhardness, or other mechanical properties. This is just more complicated if
the materials to be joined are different. In this context, the literature on this topic is always
in continuous evolution.

As for the tool shoulder and pin geometry, it is possible summarize the following:
considering the significant effect of tool geometry on metal flow, heat generation, stirring
effect, recrystallization, fundamental correlation between material flow and resultant
microstructure of welds varies with each tool. From the literature, the results are not
always concordant; in general, to join two different aluminum alloys in the range of
3–8 mm, a square pin produces good metal flow and, consequently, a good stirring with
respect to triangular or stepped ones; on the contrary, it can be affected by adhesion with
the stirred material and can lead to several defects. Moreover, it cannot be used at higher
speeds; then, cylindrical or conical pins are preferred. In the field of cylindrical pins, the
ones with more complex surfaces like cylindrical threaded pins with three flat faces tool
pins and cylindrical grooved tool pins—at intermediate tool rotation and feed rate—have
to be preferred because they lead to good tensile and flexural strength; the presence of
grooves or scrolls in the shoulder favors the material flow from the edge of the shoulder
to the pin, thus eliminating to tilt the tool to void or tunnel defects. These considerations,
however, must take into account the strong correlation with other parameters, mainly tool
rotational and welding (or traverse) speeds and the tilt angle. Consequently, a critical
need is to develop systematic frameworks for tool design that can focus on the different
operative conditions (kind of alloy thickness of the sheets, tool material).

• As for the tool tilt angle, angles between 1◦ and 3◦ favor the material flow allowing the
increase in speeds and avoiding defects in the joint, the presence of groves or scrolls
on the shoulder thus eliminated to tilt the tool.

• As for rotational and traverse speeds, these two parameters have a strong interaction
and an inverse correlation. Higher tool rotation speeds and lower tool traverse speeds
promote intimate mixing between dissimilar alloys. As rotational speed increases
(from 1000 to 1200 rpm) and traverse speed decreases (from 120 to 90 mm/min), both
factors contribute to increased heat generation, higher peak temperatures, and reduced
maximum tensile residual stress.

• As for the position of the sheets (AS/RS), there is not always a complete agreement
among the experimental results that are performed with different tool shapes, tilt angle
and tool speeds. Most of them, however, agree on the fact that the higher mechanical
properties of the weld zone were acquired when a relatively harder material was fixed
at the retreating side.

• Finally, the axial force should be adjusted within the optimal range to achieve a balance
between material deformation and process stability.

Moreover, to offer an added value to the review, the main design tools are presented:

• The statistical approach inside a proper design of sxperiment is one of the most robust
tools that researchers can use. Statistical analysis can be employed to investigate
the relationship between process parameters, microstructure evolution, and resulting
mechanical properties. This understanding helps researchers optimize the welding
process for specific applications and predict material behavior under different loading
conditions. Statistical approaches can also aid in assessing the reliability and fatigue
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life of FSW joints. By applying probabilistic models and using techniques like the
Weibull analysis, researchers can estimate the probability of failure or predict the
fatigue life of welds under different loading conditions. This information is vital for
ensuring the long-term performance and durability of FSW structures. The previously
cited goals can be obtained expanding the information using heuristic techniques (like
neural networks and genetic algorithms), thus reducing the need for experiments.
In addition, the latter tools can be successfully used for real-time monitoring and
controlling of the welding process.

• On the contrary, numerical modelling like finite element analysis and Computational
Fluid Dynamics are very powerful tools for researchers to study/analyze/predict the
characteristics of the joint at all the varying parameters cited above. The extremely
complex thermal/mechanical and metallurgical phenomena involved in the FSW
process cannot be described by mathematical models; thus, the latter two approaches
are the only valid support to design tools and/or optimize the process.
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