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Abstract: One of the main challenging issues in friction stir welding (FSW) of stiffened structures is
maximizing skin and flange mixing. Among the various parameters in FSW that can affect the quality
of mixing between skin and flange is tool plunge depth (TPD). In this research, the effects of TPD
during FSW of an Al-Mg-Si alloy T-joint are investigated. The computational fluid dynamics (CFD)
method can help understand TPD effects on FSW of the T-joint structure. For this reason, the CFD
method is employed in the simulation of heat generation, heat distribution, material flow, and defect
formation during welding processes at various TPD. CFD is a powerful method that can simulate
phenomena during the mixing of flange and skin that are hard to assess experimentally. For the
evaluation of FSW joints, macrostructure visualization is carried out. Simulation results showed that
at higher TPD, more frictional heat is generated and causes the formation of a bigger stir zone. The
temperature distribution is antisymmetric to the welding line, and the concentration of heat on the
advancing side (AS) is more than the retreating side (RS). Simulation results from viscosity changes
and material velocity study on the stir zone indicated that the possibility of the formation of a tunnel
defect on the skin–flange interface at the RS is very high. Material flow and defect formation are very
sensitive to TPD. Low TPD creates internal defects with incomplete mixing of skin and flange, and
high TPD forms surface flash. Higher TPD increases frictional heat and axial force that diminish the
mixing of skin and flange in this joint. The optimum TPD was selected due to the best materials flow
and final mechanical properties of joints.

Keywords: friction stir welding; Al-Mg-Si alloy; T-joint configuration; tool plunge depth; thermome-
chanical simulation

1. Introduction

Stiffness structures such as T-joints are an exciting topic for automobile and aerospace
manufacturers [1–3]. Between metallic alloys, Al-Mg-Si significantly decreases engineer-
ing weight and improves the strength of structures [4]. Due to the benefits of Al-Mg-Si
such as good tensile strength, good corrosion properties, and weldability, these alloys
are considered for use in lightweight automobile structures to diminish fuel usage [5]. In
the past, many researchers considered the production of T-joints with the various con-
ventional welding processes. These joints had many defects during traditional welding
processes [6–10].
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With the benefits of the new emerging solid-state joining process, the number of defects
is decreased, and joint size is decreased [11]. The formation of smaller joint sizes causes
lower metallurgical and chemical changes in base materials, leading to stronger joints [12].
T-shape joints consist of two structural parts called skin and stringer (flange). The skin is
placed horizontally, and the flange is added vertically to the skin [13]. One of the most
effective solid-state joining technologies is friction stir welding (FSW), which can improve
the final properties of the welded joint compared to traditional joining techniques [14]. The
FSW process is capable of welding various materials and geometries. With the FSW process,
the final welding properties can retain up to 90% of base material features such as aluminum
alloys [15]. During the joining process of T-configuration structures, the most critical factor
is the optimal mixing of the skin and flange without defects [16]. Internal voids and material
explosions are common defects that directly affect the strength of FSW T-joints [13]. In
comparison with other configuration joints, it was found that the final properties of T-
configuration joints have a higher sensitivity to FSW parameters. Among the various
technical process parameters in the FSW process, tool plunge depth (TPD) has a significant
effect on internal material flow and defect formation [17,18]. It is worth mentioning
that previous studies mainly considered aspects related to heat input optimization and
ignored the importance of TPD effects during T-joint structure production [19,20]. Low
TPD decreases friction contact between the tool and the workpiece, and high TPD decreases
SZ size due to the formation of high surface flash around the joint line. Thus, optimization
of TPD to analyze material flow and avoid void formation is critical [7,21,22].

Simulations were carried out to understand frictional heat generation, strain rate, and
the prediction of defect formation during friction stir welding of a T-joint. Simulation of
the FSW process with the computational fluid dynamics (CFD) technique provides reliable
and comprehensive details for the analysis of frictional heat generation, temperature
distribution, and the flow of stirred materials during and after the FSW process. To date,
published literature on FSW of a T-joint has focused on optimizing FSW tool rotational
and traveling speeds [23–25]. On the other hand, there are limited studies that simulated
FSW of a T-joint. This research aims to study TPD effects on the temperature, strain rate,
and material behavior of an Al-Mg-Si lap T-joint configuration by 3D simulation and
experimental investigation.

2. Materials and Methods

The welding procedure was performed with a friction stir welding modified milling
machine (Tabriz TZ14/5). The raw materials were cut from an AA6068 aluminum alloy
(Aform, Arak, Iran) sheet. The specimens were prepared with dimensions of 100 mm ×
200 mm × 4 mm for the skin and 100 mm × 50 mm × 4 mm for the flange. The chemical
composition and mechanical properties of AA6068 aluminum alloy used in this study are
presented in Tables 1 and 2. Determination of the chemical composition was performed
by emission spectroscopy (Hitachi, Japan) according to the ASTM E415 [13]. For the
micrographic analysis of joint surface flow, an optical camera (Canon, Huntington, NY,
USA) was used.

Table 1. AA6082 aluminum alloy mechanical properties.

Parameter Density Melting Point Thermal
Conductivity

Ultimate Tensile
Strength

Shear
Stress Elongation Vickers

Hardness

Unite kg/m3 ◦C W/m.K MPa MPa % HB

Value 2700 555 180 300 460 10 91

Table 2. AA6068 aluminum alloy chemical composition.

Element Cu Mg Mn Si Fe Cr Zn Al

Wt.% 0.1 1.2 1 1.3 0.5 0.25 0.2 balance
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In the experimental process design, the flange was located in the center of the skin
in the fixture. Steel was made using fixtures for locating base metals during the joining
process. During the welding process, TPD was selected as a variable, and other factors
remained constant to find the effect of a given parameter. With a trial-and-error testing
plan, optimum values of FSW tool parameters such as velocity, offset, and tilt angle were
selected. During the experimental procedure, all parameters were kept constant in order to
find the effects of TPD on the properties of the final joint. The plan of process parameters
in this study is presented in Table 3. The minimum and maximum TPDs were selected
according to the geometrical limitation. The initial TPDs selected were 0 mm when the tool
shoulder was in contact with the skin’s surface, and it was not possible for the maximum
value to be more than 0.5 mm because the pin was broken during forward movement of the
tool. A tungsten-carbide tool (Zigong Xingyu Technicarbide, Zigong, China) with a conical
frustum pin was used for welding. FSW tool geometry and dimensions are presented in
Figure 1a. The size of the tool was selected according to the geometrical limitations of
aluminum alloy sheets. Two K-type thermocouples (TC1 and TC2) were positioned in
the FSW tool to record thermal changes in the joint line. Thermocouple positions in the
FSW tool are depicted in Figure 1a. To monitor heat distribution during the FSW process,
three K-type thermocouples (Omega Engineering, Norwalk, CT, USA) were positioned on
the AS and RS on the skin, and two thermocouples were used on the flange. A schematic
cross-sectional view of thermocouple positions is depicted in Figure 1b.

Table 3. Welding process parameters.

Parameter Tool Rotation
Speed

Welding
Speed

Tool Tilt
Angle

Tool Plunge
Depth

Tool
Offset

Sample Number rpm mm/min degree mm mm
1 1400 40 2 0 +0.2
2 1400 40 2 0.1 +0.2
3 1400 40 2 0.2 +0.2
4 1400 40 2 0.3 +0.2
5 1400 40 2 0.4 +0.2
6 1400 40 2 0.5 +0.2
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Figure 1. Schematic view of thermocouple position on (a) FSW tool and (b) skin and flange side.

During monitoring of thermal history, data from the thermocouples were transferred
to an ADAM-4018+ module (Advantech, Irvine, CA, USA). After that, thermocouple data
were monitored by LabView software on a computer. In this study, Z- and X-forces of the
FSW tool were measured with a strain-gauge-based load cell (Mavin, Xiamen, China) to
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better analyze the effects of TPD on material flow. A programmable logistic controller
(PLC) system (MZ3P, Shenzhen Coolmay Technology, China) controlled the forces, and the
system was integrated with a personal desktop computer and LabView software for data
acquisition. Metallographic investigation was performed by the optical microscopic (OM)
model CX43 (Olympus, Okaya, Japan) equipped with image analysis software (ImageJ,
USA) to measure the microstructure size. A small sample was cut from the middle of the
welded samples, and after refining by sandpaper number 1oo (Trading Company, Yichang,
China) until 2000 (Trading Company, Yichang, China), the prepared samples were polished
by diamond paste (Liqui Moly, Ulm, Germany). In the last step, the microstructure samples
were chemically etched by 2% HF, 2% HBF4, 48% ethanol, and 48% H2O solution. The
test was repeated three times for each welding condition, and their average values were
reported. For the use of flow stress of the base metal at different temperatures in the
simulation procedure, uniaxial tension tests were performed on AA6068 aluminum alloy
from 25 ◦C up to 500 ◦C according to ASTM E21 [13]. Thermal conductivity and specific
heat of AA6068 aluminum alloy were measured according to ASTM E1461 and the results
used in the simulation procedure [13].

3. Process Modeling

The simulation domain in this study was determined according to the actual situation
in the experimental procedure. A 3D, steady-state, single-phase-flow CFD model was es-
tablished. A moving reference method was employed to investigate the thermomechanical
features around the welding tool. The origin of rotation (model reference) was on the FSW
tool axis. Mass, momentum, and energy conservation equations used in this simulation are
presented as [25]:

Mass conservation:
si,i = 0 (1)

The momentum conservation equation is presented as [26]:

ρ
(
sisj
)

,i = −F,j + µ
(
si,ij + sj,ii

)
− ρS1sj,1 (2)

In Equation (2), µ is non-Newtonian viscosity. µ can be determined from Al-Mg-Si
alloy flow stress (σe) divided by the effective strain rate, which can be presented as [11]:

µ =
σe

3
.
ε

(3)

The flow stress in Equation (3) is defined as [27]:

σe =
1
α

arcsinh
(

Z
A

) 1
n

(4)

A, α, and n are material constants that can be obtained from the stress–strain of alu-
minum alloy at different temperatures (Figure 2a), and Z is the Zener–Hollomon parameter.
The Zener–Hollomon parameter represents the temperature-compensated effective strain
rate [28]:

Z =
.
εexp(

Q
RT ) (5)D
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Q = 158.3 kJ/mol is the activation energy [29], R is the universal gas constant, and
.
ε is

the effective strain rate, which is defined as [30]:

.
ε =

√
2
3

εijεij (6)

εij is the strain rate tensor, defined as [31]:

εij =
1
2

(
∂si
∂xj

+
∂sj

∂xi

)
(7)

The energy conservation equations attached to them could be defined as [32]:

ρCp
∂(siT)

∂x1
= −ρCpS1

∂T
∂x1

+
∂

∂xi

(
k

∂T
∂xi

)
+ Gi + Gb (8)

Gi and Gb are the total generated heat by friction and plastic deformation, respectively,
at the interface of the tool and workpiece.

The generated heat by friction (Gi) at the tool–workpiece interface is presented as [33]:

Gi =
[
(1 − γ)κτ + γµ f PN

]
(ωr − S1 sin θ) (9)
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where θ is the angle of tool surfaces with the x-axis, κ is the mechanical efficiency factor,
and γ is the fractional slip factor at the interfaces. Gb, in Equation (8), is presented as [34]:

Gb =
d

.
εp

dV
= βµχ (10)

χ is defined by [15]:

χ = 2
3

∑
i=1

(
∂si
∂xi

)2
+

(
∂s1

∂x2
+

∂s2

∂x1

)2
+

(
∂s1

∂x3
+

∂s3

∂x1

)2
+

(
∂s3

∂x2
+

∂s2

∂x3

)2
(11)

In Equation (10), β is a factor that indicates the extent of mixing on the atomic scale.
The value of β is defined between 0 and 1, where 0 is used for a nonmixing situation, and
1 is used for a well-mixed situation. The percentage of heat transferred into the workpiece
is related to the thermal conductivity, density, and heat capacity of both the tool and
workpiece material and is calculated by [35]:

γ =

(√
kρCp

)
workpiece(√

kρCp
)

tool +
(√

kρCp
)

workpiece
(12)

The heat flux continuity of the shoulder–workpiece interface is presented as [36]:

k
∂T
∂Z

∣∣∣∣
Top

= ϕq (13)

q is the heat generation rate of the shoulder–workpiece interface. The value of heat
transfer at the bottom of the workpiece can be defined by [37]:

k
∂T
∂Z

∣∣∣∣
Bottom

= hb(T − Ta) (14)

In Equation (14), hb is the bottom heat transfer coefficient, and Ta is the ambient
temperature (298 K). The heat transfer coefficient at the bottom face depends on the local
temperature and is given by the following relation [38]:

hb = hb0(T − Ta)
0.25 (15)

In Equation (15), hb0 is the heat transfer parameter for the bottom surface of the
workpiece. Heat transfer at the top surface of the workpiece consists of both convection
and radiation given by [39]:

− k
∂T
∂Z

∣∣∣∣
Top

= Bε
(

T4 − T4
a

)
+ ht(T − Ta) (16)

During this simulation, the mechanical properties of the workpiece are defined con-
cerning temperature. To increase the accuracy of the simulation, specific heat (CP) and
thermal conductivity (K) of AA6068 aluminum alloy at different temperatures were used
according to the results of the experimental tests (Figure 2b,c) and, similarly, for the
tungsten-made FSW tool [40–43]:

Cp = 468.3 − 8.5T + 3.0 × 10−4T2 + 1.8 × 10−7T3 (17)

K = 3.8 + 0.092T − 1.8 × 10−4T2 + 7.8 × 10−8T3 (18)
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In this simulation, the CFD package of commercial Ansys Workbench software (AN-
SYS, Inc., Canonsburg, PA, USA) was implemented. Thermomechanical properties of
aluminum alloy were imported to the software by subroutine codes. Al-Mg-Si alloy was
considered as a non-Newtonian fluid with viscoelastic behavior. A 3D view of the meshed
domain and the stir zone is depicted in Figure 2d. The simulation results are compared
with the recorded thermal results. In all results, the maximum error of simulation results
and experimental results is lower than 3%.

4. Results and Discussions
4.1. Thermal Study

In the FSW process, the produced frictional heat directly affects the properties and
working life of the final joints [44]. The temperature distribution and generated heat
determine the material flow during forward movement of the FSW tool, defect mechanism,
microstructural changes, and mechanical properties of the joint. Optimal frictional heat
generation is required to obtain good material flow.

Generally, the total heat in FSW is due to the generation of friction at the tool–
workpiece interface, which deforms the plasticity of the raw metal [45]. The heat generated
by plastic deformation is related to the material’s resistance against deformation, creating
internal frictional forces [46]. To better understand the relationship between TPD and total
heat generation, as an example, the temperatures recorded by TC1 and TC2 (inside the
tool) and the NT1-NT8 of the welded joint at 0.2 mm TPD are presented in Figure 3a,b,
respectively. The results show that heat produced on the shoulder side is more than on the
pin side.

This behavior is recorded for all samples. The recorded temperature of the shoulder
(~498 ◦C) is more than 150 ◦C on the pin side (~368 ◦C). The recorded heat in TC2 is a
combination of produced heat in the skin and flange by the pin. The recorded temperature
on the surface of base metals at the skin and flange is shown in Figure 3c. The recorded
temperature by thermocouples on the skin (NT1–NT5) is less than TC1–TC2. It seems the
difference is due to the thermal conductivity of eth SZ with the tool body and backing
plate. Recorded temperatures at 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mm TPDs are 468 ◦C, 479 ◦C,
498 ◦C, 512 ◦C, 520 ◦C, and 541 ◦C, respectively. It seems with increasing TPD, frictional
heat growth is due to higher axial force on the SZ [18]. A cross-sectional view of the
simulation results of heat distribution at various TPDs is depicted in Figure 3d. As can
be seen, with increasing TPD, the generated heat increases, and more heat is diffused
into the flange. The distribution of heat in the joint’s longitudinal section revealed heat
flux in the skin and flange was nonhomogenous. Due to the tool’s rotational direction,
the heat distribution on the AS is more than the RS in all cases. The distribution of heat
is predicted comprehensively on the flange side. The simulation results show that the
generated temperatures at 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mm TPD are 462 ◦C, 473 ◦C, 492 ◦C,
506 ◦C, 512 ◦C, and 535 ◦C, respectively. On closer inspection, the percentage of generated
heat on the flange side is near 23% at 0 mm TPD (minimum) to 27% at 0.5 mm TPD
(maximum) compared to the total generated heat. With increasing TPD, the contact area
between the flange and pin increases and, consequently, generates heat with the flange.
The statically results predicted that the FSW tool’s total heat increased at higher TPD, and
the percentage of generated heat in the flange increased at higher TPD. This phenomenon is
related to the contact area between the tool pins, with the flange at higher TPD (Figure 3e).
From a geometrical perspective, the contact area between the FSW pin and flange increases
at higher TPD. On the shoulder side, with increasing TPD, the axial force increases the
contact pressure on the contact area between the shoulder and workpiece in the skin.
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The simulation results of heat distribution on the longitudinal section and top surface
of a 0.2 mm TPD joint are depicted in Figure 4a,b, respectively. The points selected to
record temperature from the simulation results are located at the same position as the ther-
mocouples in the workpieces. The recorded temperature from the thermocouples around
the joint line at the skin and simulation results are presented in Figure 4c,d. The maximum
heat was recorded at 0.5 mm TPD and the minimum at 0 mm TPD. The simulation results
were in good agreement with the recorded data. The recorded temperature on the flange
side (Figure 4e) reveals that the generated heat in the lower areas of SZ is much lower than
in the upper area. Due to the direct contact of the shoulder with the skin (which leads
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to more contact area compared to the pin), heat generated in the upper area is increased.
The NT1 at the AS of the skin, NT4 at the RS of the skin, and NT5 at the flange side were
recorded at a maximum temperature around the SZ [47]. The other data recorded in the
thermocouples can be used to monitor heat diffusion inside the aluminum alloy. The
obtained results reveal that the heat flow gradient on the flange side is more than the skin.
This phenomenon means the heat flow in the flange is faster than in the skin. However, the
materials used are the same. The geometry of the flange being narrower and thinner than
in the skin means that the heat flux in the flange is faster than in the skin.
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4.2. Viscosity and Force Analysis

During the simulation, the plasticized metal with low shear strength is referred to
as metal viscosity [48]. According to experimental tests and simulations in the literature,
material overflow occurs when the base metal viscosity is very low. It has been proven that
the viscosity of the base metal during the FSW process should decrease until the workpiece
is converted to a plasticized form. At this point, the FSW tool would be able to plastic
stirring flow and mix raw materials. Material viscosity is a robust local strain rate and
temperature during thermomechanical simulation of the FSW process. Figure 5a shows
a longitudinal section view of the simulation results of the viscosity changes of Al-Mg-Si
alloy around the SZ. With increasing TPD and heat input growth in the SZ, aluminum’s
shear strength decreases, and the stirring action of Al-Mg-Si increases [49].
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For this reason, material viscosity (shear strength) decreased at high TPD. The high
viscosity of base metals at lower TPD prevents the formation of appropriate stirring action.
On the other hand, enough frictional heat can completely plasticize the base metal and
create a good mixture. The simulation result shows that the viscosity at the interface of the
skin and flange is low at low TPD. Thus, a tunnel defect formed at the flange–skin interface
at low TPD.

Figure 5b represents variations in the axial force (Z-force) and applied force on the
tool (X-force) during the FSW process. The recorded results indicated that both X-force
and Z-force increased with increasing TPD. The results revealed that a smooth spindle
torque and vertical force distribution occur during FSW at lower TPD. This result indicates
more material flow may have been achieved after a particular threshold value of TPD
as X and Z-force [50–53]. On the other hand, higher Z-force at high TPD increased over
material flow during the welding procedure. The greater contact area between the FSW
tool shoulder and Al-Mg-Si alloy leads to material explosion from the joint line and forms
a surface flash [22].
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4.3. Velocity of Materials

The frictional heat decreases the viscosity of raw materials, and with the rotating FSW
tool, the plasticized workpiece starts to rotate with the tool’s rotational direction [18]. The
material’s velocity indicates how the surface or internal flow forms. The material velocity
in the joint line results from radial stresses that are applied by the tool. Material velocity is
the result of Al-Mg-Si plasticization, which allows the raw material to rotate inside the SZ
by tool rotation movement. By increasing frictional heat, the shear strength (viscosity) of
Al-Mg-Si decreases, and the SZ material’s speed increases. Radiographic tests revealed that
missing materials occurred at high TPD on the crown of the joint line. This phenomenon is
caused by the tool’s high plunging, which prevents material movement from the RS into
the AS during the tool’s forward movement [54]. This prevention can be caused by surface
flash at the vicinity of the joint line [55]. Figure 6a shows the surface flow at 0.2 mm TPD
and 0.4 mm TPD. As can be seen, the big surface flash formed around the joint line.
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The material’s velocity magnitude in the SZ is not the same as the rotational velocity
of the FSW tool. Material velocity in the SZ is a mixing action caused by the FSW tool
(Figure 6b). This phenomenon, known as stirring action, provides valuable information
about the internal defect formation [56–58]. The controlling stirring action during FSW of
the T-configuration is essential to produce a sound joint [3,19,36,59]. The material velocity
can change the share of the flange in the welding area. The contribution of the skin and
flange in the formation of the SZ can affect the mechanical properties of the joint [19].
Hence, the geometrical valuation showed that, with increasing TPD, the contact surface
between the FSW tool pin and flange (TF) is increased. The thermal study discovered that
with increasing TPD, frictional heat is produced by the pin growth. With decreasing TPD,
frictional heat and material velocity decrease. At lower TPD, the FSW tool cannot diminish
the shear strength of Al-Mg-Si alloy, and mixing between the skin and flange is incomplete.

Figure 6c presents the simulation results of material velocity at 0.2 mm TPD and a
side view of material velocity at different TPDs. As discussed earlier, with increasing TPD,
the velocity of materials in SZ increases.

4.4. Strain Rate and Microstructure

The longitudinal section view of the strain rate simulation results is shown in Figure 7a.
Due to obtained results, with increasing TPD (heat input in SZ), the strain rate increased [60].
With increasing contact area between the FSW tool’s pin and flange at higher TPD, the
flange side has a higher strain rate [61–63]. With increasing TPD, the more softening
phenomena that occur. The strain rate changes affected the stirring materials in the SZ and
shifted the thermomechanical-affected zone (TMAZ) and heat-affected zone (HAZ) areas
on the flange side [64]. Higher heat concentration (as a result of higher heat generation)
increases plasticization of the metal at high TPD and leads to a higher strain rate in the SZ.
The microstructure of samples welded at 0.2 mm and 0.4 mm TPD is depicted in Figure 7b.
Because the joint line was not formed at 0.4 mm TPD, a specific area in the RS was selected,
indicating microstructural changes. Static analysis of the joint size of all samples is depicted
in Figure 7c. The results show that with increasing TPD, the size of the SZ increases to
0.2 mm TPD. With increasing TPD more than 0.2 mm and the formation of internal defects,
the size of the SZ decreases. This trend is observed in TMAZ size as well. Because defects
were not formed in the HAZ area, the average size of the HAZ in the skin and flange has a
growing trend with increasing TPD [65].

The geometry of the final joint directly relates to the morphology of the SZ and
TMAZ [10,23,66,67]. Due to the obtained results, the SZ and TMAZ are small in the
joints that were not formed completely. The biggest SZ and TMAZ are formed in 0.2
mm TPD with 33 mm2 and 9 mm2 areas, respectively. The HAZ area does not relate to
the geometry of the joint area. As seen with increasing heat input, the size of the HAZ
increased gradually. The results revealed that finer grain sizes form in the SZ of joints than
FSW at higher TPD. The simulation results indicated that a higher strain rate in the SZ
decreased the microstructure size (Figure 7d). According to the results, the immense grain
size is formed in the SZ at 0 mm TPD (~15 µm), and the smallest grain size is formed in
the SZ at 0.4 mm TPD (~10 µm). The final size of the microstructure is determined by the
average heat input, material velocity, and strain rate.
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5. Conclusions

In this research, a 3D computational fluid dynamic model is employed to study the
effect of FSW tool plunge depth on frictional heat, material flow, and microstructure of an
AA6068 alloy joint. According to the simulation results and experimental tests, the below
conclusions can be presented:

1. The simulation study shows that the axial force and contact area between tools and
workpieces increase with increasing TPD. At higher TPD, more pin area penetrates the
flange side, and the number of surfaces in contact with the flange and pin increases.
Higher axial force and greater contact area between the pin and flange increase the
total frictional heat at higher TPD.

2. The heat flux on the flange side is greater than the skin sheet, and at higher TPD, a
larger preheat zone is formed in front of the tool in the flange compared to the skin.
This phenomenon causes a larger HAZ and TMAZ area in the flange compared to the
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skin for TPD. On the other hand, at higher TPD, larger HAZs and TMAZs are formed
on the flange side.

3. TPD affects the stirring of material by affecting the velocity at the interface of the
flange and skin. Increasing TPD leads to more stirring action, and at higher TPD,
overflow may occur, which leads to material explosion from the joint area and surface
flash formation.

4. Frictional force increases with increasing TPD at the tool–workpiece interface. Higher
frictional force significantly increases the velocity of the material behind the welding
tool. Low TPD cannot reduce material viscosity, leading to the formation of incom-
plete joints. Due to the selected range of TPD in this study, the most appropriate joint
was obtained at 0.2 mm TPD.
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Abbreviations

Time t
Coefficient of thermal conductivity k
Mass-specific heat capacity c
Density of the materials ρ

Specific heat ν

Yield strength τ

Heat transfer coefficient he
Initial temperature Ta
Stefan–Boltzmann constant B
Emissivity ε

Convective heat transfer coefficient ht
Velocity, s
Welding speed S1
Angular velocity ω

Axial force F
Effective strain rate ε

Material constants A = 5.18 × 1010 S−1

Material constants a = 1 MPa−1

Material constants n = 5.66
Activation energy Q = 158.3 kJ/mol
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