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1. Introduction

Friction Stir Welding (FSW) is a cutting-edge
welding technique that has revolutionized the field of
metal joining [1, 2]. Unlike conventional welding
methods involving melting and solidification, FSW
creates high-quality, defect-free welds using
frictional heat generated by a rotating tool [3, 4]. This
tool, with a specially designed pin and shoulder,
plunges into the adjoining metal surfaces, generating
heat and mechanical agitation. As the tool moves
along the joint, it stirs and forges the metal, creating
a solid-state bond without reaching the melting point
[5]. This unique process results in numerous
advantages, including superior joint strength,
enhanced mechanical properties, and improved weld
quality. FSW is highly versatile and can be applied to
various metals, including aluminum [6, 7], steel [8,
9], and titanium [10-12], making it an invaluable
technology across industries like aerospace,
automotive, and shipbuilding [13]. With its ability to
produce strong, reliable, and lightweight welded
structures, FSW has emerged as a game-changing
solution for achieving efficient and durable metal
joints [14].

Bobbin tool friction stir welding (BTFSW) is an
innovative variation of the conventional friction stir
welding technique [15]. Also known as self-support
FSW or self-reacting FSW, this unique process has
several advantages that make it a compelling choice
for joining different metals, including aluminum [16-
18], magnesium [19], and copper [20]. One notable
distinction of BTFSW is the incorporation of an
additional shoulder, referred to as the lower shoulder,
at the pin end [21]. This modification enhances the
welding process and offers improved weld quality
compared to traditional FSW methods. Esmaily et al.
[22] conducted a comparison between conventional
friction stir welding and bobbin tool friction stir
welding techniques. Firstly, they found that the
BTFSW joints exhibited a significantly finer grain
structure compared to the conventional FSW joints.
Secondly, the BTFSW joints displayed higher
hardness values when compared to the conventional
FSW joints. This increase in hardness indicates
enhanced mechanical properties in the BTFSW
joints. Fuse et al. [23] examined the microstructure
and mechanical properties of joining dissimilar alloys
of Al/Cu using two different techniques of CFSW
and BTFSW. The results indicated that the weld
joints created with BTFSW exhibited higher strength
compared to those produced with CFSW.
Furthermore, the maximum hardness values were
reported as 214 HV for BTFSW and 211 HV for
CFSW, both measured at the stir zone.
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Despite the considerable attention that the BTFSW
method has garnered from researchers and
application engineers, its application in production
remains relatively rare [21]. This can be attributed, in
part, to the limited availability of comprehensive
studies that thoroughly investigate the disparities in
thermal history, strain, and properties between
weldments produced using conventional FSW and
BFSW [15, 24]. While FSW has been extensively
studied and implemented in various industries,
BFSW presents unique characteristics and
advantages that have yet to be fully explored and
understood. A more thorough understanding of the
thermal behavior, strain distribution, and resulting
material properties in BFSW weldments is crucial for
engineers and manufacturers to integrate this
technique into  their  production  processes
confidently.

2. Simulation details

To comprehensively investigate the temperature
distribution, strain patterns, and force during the
FSW and BTFSW, the Deform-3D™ software was
utilized as a powerful simulation tool. In this
particular study, a 3-D Lagrangian incremental finite
element method was chosen as the numerical
simulation approach for accurately modeling the
process dynamics. Several assumptions were made to
simplify the problem. These assumptions are outlined
below:

1. The material model was considered to be rigid-
visco-plastic.

2. Both the tool and the backing plate were assumed
to be rigid. This assumption disregards any
deformations or flexibility in the tool and backing
plate during the process.

3. The friction factor between the tool and the
workpiece was assumed to be constant throughout
the process.

4. The thermal properties of both the workpiece and
the tool were assumed to be constant.

5. The free surfaces of both the workpiece and the
tool were assumed to experience free convection at
an ambient temperature of 20 °C.

In this study, traverse and tool rotational speeds of 60
mm/min and 900 rpm were used to produce all joints.
Friction stir welding and bobbin tool friction stir
welding methods were employed to join aluminum
profiles in a butt configuration, as illustrated in
Figure 1. The FSW was performed on A356
aluminum with a thickness of 6 mm, and the chemical
compositions are given in Table 1.
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Table 1. Chemical composition of as-cast A356 aluminum plates (wt%).
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Si Fe Mn Cu Zn Ti Mg
7 0.31 0.1 0.2 0.1 0.25 0.3
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For the FSW process, a specialized tool configuration
was utilized. The FSW tool consisted of a shoulder
with a diameter of 18 mm. Additionally, it
incorporated a cylindrical pin design with a diameter
of 4 mm (Figure 2). In the case of the BTFSW
technique, a fixed gap bobbin tool was employed. This

(a)

Fig. 1. Schematic representation of a) FSW, b) BTFSW

tool configuration included both an upper and a lower
shoulder with a diameter of 18 mm. The pin diameter
is 4 mm. The fixed gap between the shoulders was
maintained at 5.8 mm. The BTFSW method offers
distinct advantages due to its specialized tool design
and operational principles [25].

(b)

18 mm
! 4.8 mm T 2.8 mm
¥ ¥
i
—p =
4 mm . 4 mm .
PR -
18 mm

Fig. 2. Dimensions of a) FSW, b) BTFSW tools

The tool employed in the simulation was treated as a
rigid body and discretized with tetrahedral elements
to capture its intricate behavior. In addition, to
accurately represent the workpiece and its response
to the FSW tool, the workpiece was divided into

multiple zones and meshed using different element
sizes. Specifically, smaller elements with a mean
length of 0.8 mm were concentrated in the vicinity of
the FSW tool to improve the simulation accuracy, as
depicted in Figure 3.
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Fig. 3. lustration of the workpiece and the FSW tools.

The flow stress of A356 aluminum alloy is given as
a function of strain rate, plastic strain, and
temperature [26, 27]:

5=5(z,¢,T) @
where & represents the flow stress, & represents the

plastic strain, £ represents the strain rate, and T is
the temperature.
Constant shear friction is utilized to model friction
between the tool and workpiece, mainly in this study.
In the constant shear model, the frictional force could
be calculated as follows [27]:

f =mk (2

where f, k, and m represent the frictional stress at the
tool-workpiece interface, the shear yield stress, and
the shear friction factor, respectively.
Moreover, the convective boundary condition for all
weldment surfaces is defined as:

3)

or
k—=h(T -T
an (T amb)

where h represents the convection coefficient, Tamb IS
the ambient temperature, and n is the boundary's
normal vector. The coefficient of convection for the
sample’s surfaces displayed to the environment is
considered 20 W/(m2.°C). Moreover, the thermal
properties of the H13 steel tool and A356 samples are
summarized in Table 2.

Table 2. Thermal properties of the A356 aluminum alloy and H13 FSW tool

Property A356 FSW Tool
Heat capacity (N/mm2-C) 2.57 4.5
Conductivity (W/m°C) 117 24.5
Heat transfer coefficient between 11 11
tool and billet (N/°C s mm?2)

Heat transfer coefficient between 5

backing plate and billet (N/ C s mm)

3. Result and discussion

3.1. Temperature comparison between FSW
and BTFSW

The temperature history experienced during the
FSW/BTFSW plays a crucial role in determining the
material's resulting microstructure and subsequent
mechanical properties. During FSW/BTFSW, the

microstructure modification of the material occurs
primarily due to the intense frictional heating
generated between the rotating tool and the
workpiece. This frictional heating leads to localized
plastic deformation and mixing of the material,
resulting in the formation of a thermo-mechanically
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affected zone (TMAZ) and a more extensively
modified region known as the stir zone (S2).

To achieve a fine microstructure in the SZ, generating
sufficient frictional heat during the FSW process,
which keeps the material in a well-plasticized state at
an appropriate temperature, is crucial. This plasticized
state allows for the adequate mixing and
redistribution of the material, facilitating grain
refinement and homogenization within the SZ.

The heat generation in FSW/BTFSW primarily
occurs due to the frictional interaction between the
rotating tool and the workpiece, accompanied by the
plastic deformation around the tool [28, 29].
Significant heat is generated as the tool traverses
through the workpiece, leading to localized softening
and material flow. This heat, in combination with the
mechanical action of the rotating tool, facilitates the
formation of a desirable microstructure with refined
grain size and improved mechanical properties.
Temperature variations were examined to analyze the
disparities in temperature between the BTFSW and
conventional FSW processes using numerical
methods (Figure 4). It was observed that the BTFSW
samples exhibited a higher peak temperature
compared to the FSW sample. The results of the FSW
and BTFSW samples showed that the highest
recorded peak temperature (~532 °C) was observed
in the BTFSW sample. In contrast, the CFSW sample
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displayed a lower peak temperature, approximately
~347 °C. The shoulder component of the tool plays a
crucial role in generating heat during the FSW process.
In the case of the BTFSW technique, the utilization
of two shoulders amplifies the heat generation within
the material, surpassing that of conventional FSW.
This result is consistent with previously reported
results. Esmaily et al. [30] investigated the disparities
in transient temperature between the BFSW and
CFSW processes. They employed thermal profiles to
analyze the temperature variations. The findings
revealed that the BFSW samples exhibited a higher
peak temperature compared to the FSW samples. The
presence of two shoulders in the BTFSW tool
configuration allows for an increased contact area
with the workpiece. As a result, a larger amount of
frictional heat is produced during the welding process.
The additional heat generated by the dual shoulders
enhances the plasticization and softening of the
material, promoting effective mixing and material
flow.

Compared to FSW, the higher heat input achieved in
BTFSW can be attributed to the intensified frictional
interaction between the tool and the workpiece. This
elevated heat generation facilitates more significant
temperature rises within the material, enhancing
material deformation and mixing.

Temparature (C)

a
( ) 20 103 185 268 350
E R
l | ; ‘
Temparature (C)
(b) 20 153 285 418 550
- a

=

Fig. 4. Temperature variation of the sample produced by a) FSW b) BTFSW

Introducing a lower shoulder in the BTFSW
technique brings about notable changes in the peak
temperature and heat generation during welding.
Including the lower shoulder in the BTFSW
configuration provides a more balanced heat input
from both sides of the plate being welded. This
balanced heat distribution contributes to developing

a symmetrical microstructure on both sides of the
joint.

Figure 5 illustrates the temperature variations at two
different levels within the cross-sections of samples
produced by both friction stir welding (FSW) and
bobbin tool friction stir welding (BTFSW). The
upper surface, where the temperature changes are
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indicated, is located 2 mm below the workpiece
surface, while the lower surface, also marked for
temperature changes, is positioned 2 mm above the
bottom surface of the samples.

In the case of conventional FSW, the maximum
temperature recorded on the upper surface is
approximately 320 degrees Celsius, which differs by
40 degrees Celsius from the temperature on the lower
surface, which reaches 280 degrees Celsius.
Conversely, in BTFSW, the temperature on both the
upper and lower surfaces is nearly identical. This
temperature homogeneity can be attributed to the
presence of the lower shoulder of the tool in BTFSW.
By incorporating a lower shoulder, BTFSW offers

Temperature (C)

100

i Q
-1Z -0 -4

0
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advantages such as enhanced heat input control,
improved material flow, and symmetrical
microstructure formation [31]. These features make
BTFSW a promising option for achieving high-
quality welds with tailored material properties. Also,
the maximum temperature in BTFSW can be seen in
the retreating zone, which is consistent with previous
studies. Li et al. [32] conducted temperature
measurements using thermocouples within a 6-mm-
thick 6082 aluminum alloy plate during BTFSW.
Their findings revealed that the temperature on the
retreating side (RS) of the weld was higher than that
on the advancing side (AS).

FSW-Lower

o
)
P

Distance from weld center (mm)

Fig. 5. Temperature profile at the different locations of the samples produced by a) FSW b) BTFSW

3.2. Force comparison between FSW and
BTFSW

The force exerted on the tool during the processing is
a critical factor that directly influences its wear
characteristics and overall lifespan. Throughout the
FSW/BTFSW process, the tool encounters various
forces, including lateral, longitudinal, and axial
forces [33-35].

As the FSW/BTFSW tool penetrates the specimen, an
axial force is applied, creating an upward-lifting
effect on the tool. This axial force results from the
resistance the tool encounters as it interacts with the
workpiece material. Several factors, such as material
properties, process parameters, and tool design,
influence the magnitude of this force [36-38].

In certain FSW/BTFSW machines, the axial force is
actively controlled to maintain a consistent level
throughout the process. This control ensures steady
tool penetration and minimizes variations in force.
On the other hand, in some FSW setups, the process
is performed by controlling the tool's vertical
position, which inadvertently leads to changes in the
applied force during the course of the process. The

variations in force during the FSW process can have
implications for the tool's performance and wear
characteristics. Fluctuating forces may affect the
tool's stability, leading to uneven wear patterns or
increased wear rates in specific regions. Furthermore,
changes in force can impact the material flow, heat
generation, and resulting microstructure of the
workpiece material.

Figure 6 illustrates the axial force profiles of friction
stir welding (FSW) and bobbin tool friction stir
welding (BTFSW). The force variations between the
two methods exhibit distinct characteristics. In FSW,
as the tool pin makes contact with the workpiece's
surface during the plunging stage, the axial force
undergoes a significant increase. This increase can be
attributed to the combined effects of material
softening and work hardening. The maximum axial
force is observed during the plunging phase when the
shoulder fully penetrates the sample.

In BTFSW, there is a notable distinction compared to
conventional FSW in terms of tool entry into the
workpiece. While FSW involves a vertical tool entry,
BTFSW employs a sideways entry from the side of
the sheet parallel to its surface. The highest force is
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typically observed in FSW when the tool penetrates
the sheet. Since the tool is inserted vertically in FSW,
there is a substantial vertical force exerted on the tool
during this process. However, in BTFSW, where the
tool enters parallel to the sheet, the vertical force
applied to the tool is significantly reduced (Figure 6).
Additionally, the longitudinal force experienced in
FSW is considerably greater compared to BTFSW. In
CFSW, the longitudinal force fluctuates between
3500 N and 2500 N, while in BTFSW, the
longitudinal force shows much lower values of about
800 N. This difference can be attributed to the
dissimilarities in the welding processes and the
presence of the lower shoulder in BTFSW.

In BTFSW, the inclusion of the lower shoulder leads
to higher heat generation during the welding process.
This elevated heat generation results in an increase in
the temperature of the material being welded. As the
temperature rises, the material undergoes a softening

(a)
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effect, reducing its resistance to the tool.
Consequently, the power required for the welding
process decreases. The increased heat and
temperature in BTFSW contribute to the improved
flowability and plasticity of the material. This
enhanced malleability allows the tool to penetrate
and traverse the workpiece with reduced resistance,
resulting in a reduced longitudinal force compared to
FSW. Wang et al. [39] employed the BTFSW
technique to join 3.2 mm thick AA2198-T851
aluminum alloy. The researchers discovered that this
technique resulted in the formation of a staggered
structured layer and an unbalanced force distribution
between the upper and lower shoulders. These factors
contributed to effective material flow in the direction
of weld thickness, thereby preventing the formation
of void defects. This approach demonstrated an
improvement over conventional BTFSW methods.

(b)

S000
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Fig. 6. Comparison of a) axial force and b) longitudinal force between FSW and BTFSW

3.3. Strain distribution in FSW and BTFSW
Strain, in the context of welding using the FSW
process, refers to the localized deformation or
distortion that occurs in the metal during welding. It
is a physical quantity that measures the amount of
deformation or change in the length of a material per
unit length.

The distribution pattern of strain in FSW can be
influenced by several factors, including welding
parameters, tool design, material properties, and joint
geometry. Excessive strain can result in defects
within the welded joint, such as cracks, voids, or
residual stresses. These defects can compromise the
strength and durability of the joint. Therefore, it is
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crucial to comprehend and control the strain
distribution within acceptable limits during the FSW
process optimization and quality assurance.

Figure 7 depicts the strain variations observed in the
cross-sectional analysis of samples welded using
both FSW and BTFSW. In FSW, the affected area
exhibiting strain is typically basin-shaped, as
commonly known. However, in contrast to FSW, the
strain distribution in BTFSW exhibits an hourglass
shape, encompassing a larger area affected by strain.
Furthermore, the maximum strain experienced in
BTFSW is significantly higher than that observed in
FSW. This disparity can be attributed to the elevated
temperature of the material during BTFSW, which is
primarily influenced by the presence of the lower
shoulder. The higher temperature in BTFSW induces
material softening, enhancing the flowability and
plasticity of the material.

Previous studies have observed an increase in strain
values as the temperature rises during FSW. Akbari
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et al. [40] conducted research on the impact of in-
process cooling on material flow, temperature
distribution, and axial force during friction stir
processing (FSP) of A356 alloy. They found that the
non-cooled sample exhibited higher strain values
compared to the cooling-assisted samples. The
researchers demonstrated that the introduction of
cooling in the process resulted in a decrease in
temperature, which enhanced the material's
resistance against the FSW tool. This decrease in
material softening led to reduced material flow and
strain during the FSP process.

The distinctive strain patterns and higher strain levels
in BTFSW signify the unique welding dynamics of
this technigue. The increased strain and improved
material flow resulting from the higher temperature
contribute to enhanced weld quality, improved
material mixing, and desirable microstructural
modifications.

(a) Strain-Effective (mm/mm)

0 6.67

133 20

Strain-Effective (mm/mm)

(b) 0 10
-_—

20

Nl e ey NG

-—t e w R,

Fig. 7. Strain variation of the sample produced by a) FSW b) BTFSW

Figure 8 provides a visual representation of the cross-
sectional weld morphology observed in both friction
stir welding (FSW) and bobbin tool friction stir
welding (BTFSW) joints. The micrographs presented
for FSW showcase the AA6061-T6 alloy [41], while
the micrograph for BTFSW corresponds to the
AA22198-T851 alloy [42]. Notably, there are notable
disparities in the cross-sectional weld morphology
between the FSW and BTFSW joints.

In the case of FSW, the joint exhibits a basin-shaped
morphology. This morphology is characterized by a
depression or concave region in the center of the
weld, resembling the shape of a basin. On the other
hand, the BTFSW joint demonstrates an hourglass
shape. This morphology resembles the silhouette of

an hourglass, with a narrow, constricted region at the
center of the weld, expanding outward towards the
edges.

The contrasting weld morphologies observed in FSW
and BTFSW can be attributed to the specific material
deformation patterns induced by the shoulder in each
welding process. In FSW, the single shoulder exerts
pressure and generates heat as it moves along the
weld line. This results in localized plastic
deformation and material flow, leading to the
formation of the basin-shaped morphology.

In contrast, BTFSW utilizes the presence of two
shoulders in its tool configuration. The additional
shoulder increases the contact area with the
workpiece, leading to enhanced frictional heat
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generation and plasticization of the material. This
increased plasticity and heat input contribute to a
more extensive material mixing and deformation,
resulting in the hourglass-shaped morphology
observed in the BTFSW joint.

Moreover, the accuracy of a numerical prediction
regarding the strain-affected area in the weld is
evaluated by comparing it with experimental
observations. In this case, the predicted area affected
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by strain from the numerical method aligns well with
the experimental observations, indicating that the
numerical method correctly predicts the region in the
weld where the materials undergo significant strain.
This agreement between the simulation prediction
and experimental findings adds to the confidence in
the model's ability to accurately capture and predict
the distribution of strain in the weld region.

Fig. 8. Cross-sectional microstructure of joints with (a) BTFSW [42] ; and (c) CFSW [41].

4. Conclusion

The objective of this study was to conduct a
comparison of multiple factors, such as force,
temperature, and strain, between FSW and BTFSW.
In summary, the following conclusions were
achieved:

e The presence of two shoulders in the bobbin tool
friction stir welding (BTFSW) configuration
intensifies heat generation within the material
compared to conventional friction stir welding
(CFSW). This is evident from the highest recorded
peak temperature of approximately 532 °C observed
in the BTFSW sample. In contrast, the CFSW sample
showed a lower peak temperature of around 347 °C.
e A comparison between friction stir welding (FSW)
and bobbin tool friction stir welding (BTFSW)
highlights significant differences in axial and
longitudinal forces. BTFSW, which incorporates a
lower shoulder, reduces the vertical force applied to
the tool during welding. In conventional FSW, the
longitudinal force varies between 3500 N and 2500
N, while in BTFSW, the longitudinal force is
significantly lower, around 800 N. The increased heat
and temperature in BTFSW enhance the material's
flowability and plasticity, resulting in reduced
longitudinal forces compared to FSW.

e Strain distribution analysis shows that BTFSW
exhibits an hourglass-shaped strain distribution
pattern, encompassing a larger area affected by strain
compared to FSW. The higher temperature in
BTFSW leads to increased strain levels, enhancing
material flow and resulting in improved weld quality,
material mixing, and desirable microstructural
modifications.
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