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Due to the inherent issue of requiring rigid back support, friction stir welding (FSW) has
serious limitations for the welding of hollow structures. Self-supporting friction stir welding
was proposed to join hollow aluminum extrusions, which could reduce the hindrance of the
welding tool and the requirement of rigid back support. In this paper, finite element
modeling analyses were carried out for the asymmetric temperature field in the process of
self-supporting FSW. The peak temperature of the stir zone appeared in the upper
shoulder affected zone, followed by the lower shoulder affected zone. In the upper
shoulder affected zone, a peak temperature was not shown at the center of the curve
due to the positive correlation between heat generation and radius and different heat
dissipation rates. Considering the influence of thermal input and rotation speed on joint
formation, 200 mm/min travel speed and 800 rpm rotation speed are the most proper
parameters for 5-mm-thick 6082-T6 aluminum alloy self-supporting FSW butt welds.
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INTRODUCTION

Sparked with its solid-state joining and excellent strength efficiency, friction stir welding (FSW) has
become a novel solid-state welding technology (Huang et al., 2018a; Meng et al., 2021). Compared
with conventional fusion welding methods, the joint fabricated by FSW has superior mechanical and
physical properties (El-Danaf and El-Rayes, 2013). Therefore, FSW technology has been widely
applied in many critical engineering and manufacturing fields, such as aerospace, railway vehicles,
ships, and automobiles (Wang et al., 2018; Zhou et al., 2020; Xie et al., 2021a). To satisfy the
requirements of lightweight and high safety, the body of modern high-speed railway vehicles has
been designed with a combination of aluminum alloy hollow profile structure and FSW processing
method (Kawasaki et al., 2004; Xie et al., 2021b). The frame parts of high-speed railway vehicles
mostly adopt hollow or enclosed profile structures (Trueba et al., 2018), which is an important
application of FSW technology in the manufacturing of railway vehicles (Xu et al., 2018; Yang et al.,
2018).

However, it has certain limitations in the engineering manufacturing process due to the inherent
issues of the conventional FSWmethod (Huang et al., 2013; Xie et al., 2020): 1) A rigid back support
is required to prevent the weld from collapsing, which is difficult for the hollow or enclosed profiles to
provide; 2) The welding adaptability of non-linear welds is poor. FSW is more suitable for butt and
lap joints compared with the joints with complex curve welding path; 3) Root defect. Since the pin
length is generally smaller than the thickness of the workpiece, the lack of root penetration leaves a
slight root defect at the bottom of the joint. To solve the above issues, the bobbin tool friction stir
welding (BTFSW) technique was developed by employing a bottom shoulder to provide back support
for the workpiece (Thomas et al., 2009; Liu et al., 2013). However, BTFSW needs predrilled pilot
holes during the welding process and has a potential risk of pin breakage with improper welding
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parameters. Self-supporting friction stir welding (SSFSW)
technique was innovatively proposed (Wan et al., 2014a),
which could reduce the hindrance of the welding tool and the
requirement of rigid back support, making it especially suitable
for the welding of hollow structures such as the frame parts of the
high-speed railway vehicles (Wan et al., 2014b). As a novel FSW
method with a complex thermal-mechanical coupling process,
researches about the thermal analysis of SSFSW are poor due to
the difficulty in the temperature measurement of the stir zone. To
solve this issue, finite element simulation is an effective method
for thermal analysis of the SSFSW process without conducting
experiments (Huang et al., 2019a; Wen et al., 2019; Meyghani
et al., 2020; Xie et al., 2021c).

In this paper, finite element simulation was utilized to analyze
the asymmetric temperature field of the SSFSW process. The
temperature field and flow field models were established, and the
influence of welding parameters on the thermal cycle was
quantitatively analyzed. The optimized welding parameters
were obtained from the simulation results, which was helpful
to improve the process design of SSFSW and improve the joint
quality.

MODELING METHODOLOGY

Heat Generation
In FSW, the heat is generated by two sources, the heat from
friction and the heat from plastic deformation. The two heat
generation mechanisms are caused by different contact states
(Huang et al., 2019b; Wang et al., 2021). There are generally three
modes of contact between the workpiece and the welding tool:
complete slipping friction, complete sticking contact, and the
coexistence of the two. Slipping friction leads to the generation of
frictional heat, and sticking contact leads to the generation of
plastic deformation heat. Therefore, a contact variable “δ” is
defined to characterize the friction state between the workpiece
and the welding tool.

δ � ωmaterial

ωtool
(1)

Where ωmaterial is the rotation speed of the material contacting
directly with the welding tool, ωtool is the rotation speed of the
welding tool, δ is the contact variable. It is complete slipping
friction mode when δ is 0, and it is complete sticking contact
mode when δ is 1. Assuming the pressure per unit area
between the lower surface of the lower shoulder and the
workpiece during the penetration stage is “P,” the heat
generation power at a point on the welding tool can be
expressed as:

q � μ(T)P(ωtoolr + v sin θ) (2)

Where μ(T) is the coefficient of slipping friction which changes with
temperature, P is the axial downward pressure per unit area on the
surface of the workpiece, r is the distance between a certain point on
the welding tool and the center point of the tool, θ (0–360°) is the
angle between the line consisting of a certain point on the welding
tool and the center point of the tool and the welding direction.
Assuming that during the welding process, slipping friction and
sticking contact coexist between the upper surface of the lower
shoulder and the pin and the workpiece, the heat generation power
at a certain point on the welding tool can be expressed as:

q1 � [μ(T)p(1 − δ) + τδ](ωtoolr + v sin θ) (3)

Where μ(T) is the coefficient of sliding friction which changes
with temperature, p is the pressure between the workpiece and the
pin, r is the distance between a certain point on the welding tool
and the center point of the tool.

According to von Mises yield criterion:

1
2
[(σx − σy)2 + (σx − σz)2 + (σz − σy)2 + 6(τ2xy + τ2xz + τ2zy)]
� σs(T)2

(4)

Where σs(T) is the material yield stress which changes with
temperature, so we have:

τ � σs(T)�
3

√ (5)

Considering the force condition of a thin layer of workpiece
material adjacent to the stirring pin, the following relationship
can be obtained:

μ(T)p � τ (6)

Combining the (Eqs 3, 5, 6) formulas, we can get:

q2 � σs(T)(ωtoolr + v sin θ)�
3

√ (7)

TABLE 1 | Johnson-Cook model material constants of 6082-T6 aluminum alloy.

A/MPa B/MPa n m

289.6 203 0.35 1.34

FIGURE 1 | Simplified model of SSFSW tool, (A) simplified sketch, (B)
3D model.
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Johnson-Cook Constitutive Model
Constitutive models reflect the relationship between stress
and strain, strain rate, temperature, pressure, and
deformation history in the plastic deformation process of
materials. As one of the most widely used material

constitutive models, the Johnson-Cook model is quite
consistent with the deformation descriptions of many metal
materials (Kuykendall et al., 2013). SSFSW process is a highly
non-linear dynamic process involving work hardening and a
high strain rate. Johnson-Cook model is consistent with the

FIGURE 2 | Meshing schematic of the model in Marc, (A) general division, (B) local details.

FIGURE 3 |Contour of temperature distribution at different time on the upper surface of the workpiece (unit: °C). (A) time = 10 s, (B) time = 20 s, (C) time = 30 s, (D)
time = 40 s, (E) time = 50 s.
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plastic deformation in SSFSW within a certain range and well
expresses the influence of the dynamic yield stress and
hardening effect of the material on the deformation at high
strain rates. The form of the Johnson-Cook model constitutive
relationship is as follows:

σ � [A + Bεn][1 + C ln εp][1 − Tpm] (8)

Tp � T − 298
Tmelt − 298

(9)

Where σ is effective stress, ε is effective plastic strain, εp is
normalized effective plastic strain rate, n is work hardening
coefficient, A, B, C, m are material constants related to the
type of material, Tmelt is the material melting temperature.

The material constants of the Johnson-Cook model are
mostly obtained through Taylor impact experiments and
quasi-static tensile experiments. The material constants of
6082-T6 aluminum alloy are listed in Table.1. Due to the
large difference in stress, strain, strain rate, temperature, and
pressure used in the experiment, the determined material
constant varies widely. The values of these material
constants are all obtained under the experimental
conditions with a strain rate of less than 104 s−1. If these

material constants determined through experiments are
directly used for numerical simulation, large errors may
occur in the simulation process. To improve the accuracy of
the model, these parameters are adjusted slightly and
compared with the experimental results, finally obtaining
the most suitable values.

Heat Source Model
To simplify the calculation and improve calculation efficiency,
the following assumptions for the heat source model are
proposed (Hilgert et al., 2011): 1) The material is thermally
isotropic; 2) The latent heat is ignored; 3) The heat generation
of pin thread, concave structure of the upper shoulder, and tilt
angel are ignored; 4) The influence of the phenomenon that
the pin does not contact the material in the welding process on
the heat generation is ignored; 5) The influence of spiral
material flow field on the heat generation is ignored.

Figure 1 shows the simplified model of the SSFSW tool. For
the upper shoulder, it can be regarded as a surface heat source.
Assuming that the axial force is uniformly loaded on the surface
of the workpiece, the surface heat source of the upper shoulder
can be expressed as:

FIGURE 4 |Contour of temperature distribution at different time on the lower surface of the workpiece (unit: °C): (A) time � 10 s, (B) time � 20 s, (C) time � 30 s, (D)
time � 40 s, (E) time � 50 s.
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Qupper shoulder � ∫r1

r2

∫2π

0
μ(T)P(ωtoolr + v sin θ) · rdrdθ (10)

qupper shoulder � μ(T)P(ωtoolr + v sin θ) (11)

The body heat source of the pin can be expressed as:

rpin(h) � r3 + r2 − r3
l1

· h (12)

Qpin � ∫l1

0

σs(T)[ωtoolrpin(h) + v sin θ]�
3

√ · 2πrpin(h)dh (13)

Vpin � πh(r22 + r2r3 + r23)
3

(14)

qpin � Qpin

V
(15)

The body heat source of the lower shoulder upper surface can be
expressed as:

rlower shoulder I(h) � r3 + r4 − r3
l2

· h (16)

Qlower shoulder I � ∫l2

0

σs(T)[ωtoolrlower shoulder I(h) + v sin θ]�
3

√
· 2πrlower shoulder I(h)dh (17)

Vlower shoulder I � πh(r24 + r4r3 + r23)
3

(18)

qlower shoulder I � Qlower shoulder I

V
(19)

The body heat source of the lower shoulder lower surface can be
expressed as:

rlower shoulder II(h) � r4
l3
· h (20)

Qlower shoulder II � ∫l3

0
μ(T)P[ωtoolrlower shoulder II + v sin θ]

· 2πrlower shoulder II(h)dh (21)

Vlower shoulder II � πhr24
3

(22)

qlower shoulder II � Qlower shoulder II

V
(23)

Meshing Settings
Considering the output accuracy and division difficulty, this
model uses hexahedral element mesh division. An asymmetric
deviation factor of 0.3 is set in the transverse direction of the plate
to increase the mesh density at the weld and improve the
calculation accuracy. The final division has 192,000 elements
and 219,429 nodes, as shown in Figure 2.

Material Properties and Boundary
Conditions
Temperature field simulation requires accurate material property
parameters, including density, specific heat capacity, thermal
conductivity. Most of these parameters change with
temperature. For some of the parameters that are not sensitive
to temperature, the values at room temperature can be used. For
parameters that change greatly with temperature, it is expected to
generate the relationship between the parameter and temperature

FIGURE 5 | Contour of temperature distribution at different time in the longitudinal section of the workpiece (unit: °C): (A) time � 10 s, (B) time � 20 s, (C) time �
30 s, (D) time � 40 s, (E) time � 50 s.
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by interpolation. The temperature-dependent material property
parameters used in this simulation can be found in the paper
(Huang et al., 2018b).

The thermal boundary conditions in the SSFSW process are
various, including heat convection condition of upper shoulder,
heat convection condition of the lower surface of the lower
shoulder, heat convection condition of the contact surface,
heat exchange condition between workpiece and fixture, heat
exchange condition between workpiece and air.

Part of the heat generated on the upper shoulder is lost through
the pin. The efficiency is set as 77% in this study. The heat convection
condition of the upper shoulder surface can be expressed as:

k
zT

zz

∣∣∣∣∣∣∣upper shoulder � 0.77μ(T)Pωtoolr (24)

Some heat generated on the lower surface of the lower shoulder is
also lost during the welding process. A coefficient ηl is defined to
describe the efficiency, which is to be studied andmodified. So the
heat convection condition of the lower surface of the lower
shoulder can be obtained:

k
zT

zz

∣∣∣∣∣∣∣lower shoulder II � ηlqlower shoulder I (25)

Assuming that no heat transfer occurs at the butt joint of the weld,
it can be regarded as an adiabatic surface, and the heat flux is zero.

k
zT

zy

∣∣∣∣∣∣∣∣butt � 0 (26)

Heat exchange condition between workpiece and fixture depends
on many factors such as surface roughness, pressure, and contact
area. This study uses an assumed parameter, the equivalent heat
convection parameter hequal to replace the above factors. The
boundary condition can be expressed as:

k
zT

zx

∣∣∣∣∣∣∣fixture � k
zT

zy

∣∣∣∣∣∣∣∣
fixture

� k
zT

zz

∣∣∣∣∣∣∣fixture � hequal(t − t∞) (27)

The heat exchange boundary condition between workpiece and
air can be expressed as the following equation, in which h is
30 w/(m2·°C).

k
zT

zx

∣∣∣∣∣∣∣agent � k
zT

zy

∣∣∣∣∣∣∣∣agent � k
zT

zz

∣∣∣∣∣∣∣agent � h(t − t∞) (28)

RESULT AND DISCUSSION

Analysis of Temperature Distribution
To analyze the temperature field in SSFSW, the selected welding
parameters are 800 rpm rotation speed and 100 mm/min travel

FIGURE 6 | Contour of temperature distribution at different time in the transverse section of the workpiece (unit: °C): (a) 10 s, (b) 20 s, (c) 30 s, (d) 40 s, (e) 50 s.
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speed. The welding process starts at a distance of 30 mm from
the edge to ensure the completeness of the temperature
distribution cloud map. Due to the symmetry of the welding
process, only one side of the workpiece is selected for analysis.
The temperature distribution cloud maps of the upper surface,
the lower surface, longitudinal section, and transverse section of
the workpiece at different welding times are shown in Figures
3–6, respectively.

To fully understand the temperature changes around the
workpiece during the welding process, some specific feature
points are selected for analysis. Figure 7 shows the
distribution of feature points on the upper surface of the
workpiece, which is labeled as a∼h in turn. At the same time,

the corresponding feature points are labeled as a’∼h’ on the lower
surface of the workpiece.

The thermal cycle curves of each feature point are displayed in
Figures 7, 8, respectively. At the position 40 mm from the center
of the weld, with the increase of the distance between the feature
point and the center of the weld, the peak temperature of each
feature point on the upper surface gradually decreases. And the
temperature curve gradually becomes flat. The peak temperature
distribution on the lower surface also shows a similar trend. The
peak temperature of the thermal cycle curve at the feature point b
on the lower surface at the corresponding position (468.5°C) is
lower than the feature point on the upper surface (478.0°C). The
time required for the feature point to reach the peak temperature

FIGURE 7 | Distribution of feature points on the upper surface of the workpiece.

FIGURE 8 | Thermal cycle curves of feature points on the upper surface of the workpiece.
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increases as the distance from the weld increases. This is because
this part of the material is far away from the welding tool and
heats up mainly through heat convection. When the welding tool
passes through the center of the transverse plane where the
feature point is located, it does not immediately reach the
peak temperature but shows a certain hysteresis. The time at
point h 40 mm away from the center of the weld to reach the peak
temperature is 8.5 s later than the center point of the weld.

Depressions on the thermal cycle curves of points b and c are
observed, which are located at the distance of 3 and 6 mm from
the center of the weld on the upper surface of the workpiece, as
shown in Figure 8. The peak temperature of 484.7°C is not shown
at the center of the curve, and the temperature of the center point
is 454.5°C. This is due to the two points are located in the shoulder
affected zone. As the distance from the center of the weld
increases, the linear velocity of the shoulder increases, and the

heat generation increases, which leads to the increase of heat
dissipation rate. Therefore the peak temperature occurs at the
time when the shoulder thermal input is the largest. However, this
phenomenon is not observed in Figure 9 due to the insufficient
thermal input produced by the relatively smaller lower shoulder.

To analyze the distribution of temperature field in the
thickness direction of the workpiece, take the upper surface
feature point b and the lower surface feature point b’ at a
distance of 3 mm from the center of the weld, and the
midpoint b’’ between the two points to analyze the thermal
cycle curve, as shown in Figure 10. The three peak
temperatures all exceed the recrystallization temperature of the
metal. The peak temperature of midpoint b’’ is 462.3°C, slightly
lower than 478.0°C on the upper surface and 468.5°C on the lower
surface. This is because the midpoint is mainly affected by the
effect of the pin rather than the upper and lower shoulders, and

FIGURE 9 | Thermal cycle curves of feature points on the lower surface of the workpiece.

FIGURE 10 | Thermal cycle curves of each feature point in the thickness direction at a distance of 3 mm from the center of the weld.
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the thermal input is relatively insufficient. In addition, the peak
temperature of point b shows a trend of first falling and then
rising because it locates at the upper shoulder affected zone.

To investigate the temperature changes at the center of the heat
source at different welding time, several feature points are selected at
the center of the weld along the welding direction on the upper
surface of the workpiece with an interval of 10mm, as shown in
Figure 11. The thermal cycle curves of them are displayed in
Figure 12. The thermal cycle experienced by each feature point
along the welding direction is basically the same. In the preheating
stage before welding, the thermal input generated by the welding tool
makes the workpiece close to entering the quasi-steady state before
arriving at point a. The average peak temperature of this stage

reaches 462.3°C, and the high-temperature residence time over
300°C is 15.13 s. The thermal cycle curves generally show a trend
of first rising and then falling, and the rate of increase is significantly
greater than the rate of decrease. This is because the heating stage
experiences the thermal input of the welding tool and heat
convection, while the cooling stage only relies on the heat
convection effect.

Comparison of Simulation Results With
Experimental Results
The temperature distribution cloud map along the transverse
section direction during the welding quasi-steady state is

FIGURE 11 | Distribution of the longitudinal feature points at the weld center on the upper surface of the workpiece.

FIGURE 12 | Thermal cycle curves of each feature point on the upper surface of the workpiece along the welding direction.
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compared with the experimental results to verify the credibility
of this simulation results. As shown in Figure 13, the
temperature distribution zone in the quasi-steady state of
welding corresponds well to the microscopic area
distribution, indicating the simulation results are in great
coincidence with experimental results.

Because the temperature values at the stir zone are difficult
to be measured by thermocouple directly, outer temperature
values are selected to compare with the simulation results. The
thermal cycle curves of feature points d, e, f, g in Figure 7 with
the distances from the center of 10, 15, 20, and 30 mm,
respectively are used in this study, as shown in Figure 14.
The simulated thermal cycle curves show excellent consistency
with the experimental results. Generally, it can be determined
that the simulated results meet the actual analysis
requirements.

Influence of Travel Speed on Temperature
Field
Fixing the 800 rpm rotation speed, the temperature
distribution cloud map at quasi-steady state on the upper
surface of the workpiece under different travel speeds is
shown in Figure 15. As the travel speed increases, the
transverse width of the heating zone shrinks significantly,
and the longitudinal length shrinks less. The temperature
distribution shows a more concentrated trend. Figure 16
shows the thermal cycle curves of feature point b under
different travel speeds at the fixed 800 rpm rotation speed.
The peak temperature is 462.3°C when the travel speed is
100 mm/min, and the high-temperature residence time over
300°C is 15.29 s. When the travel speed reaches 200 mm/min,
the peak temperature and high-temperature residence time

are decreased to 454.2°C and 6.65 s, respectively. As the travel
speed further increased to 300 mm/min, the peak temperature
and high-temperature residence time are further decreased to
439.0°C and 5.46 s, respectively. The lowest peak temperature
of 421.3°C and high-temperature residence time of 4.76 s are
shown under the travel speed of 400 mm/min.

In the SSFSW process, large thermal input may reduce the
viscosity of weld metal and produce more flash defects on the
upper and lower surfaces of the workpiece, which is also
detrimental to the mechanical properties of the joint.
Increasing the travel speed can reduce peak temperature
and high-temperature residence time, making it an effective
method to improve the joint formation and mechanical
properties of SSFSW by reducing thermal input. Compared
with 100 mm/min, the high-temperature residence time is
reduced by 56.5% under 200 mm/min, and the peak
temperature is slightly reduced. When the travel speed is
further increased to 300 and 400 mm/min, the high-
temperature residence time is only reduced by 28.2%.
Considering the above two factors, when the travel speed is
200 mm/min, both great joint formation and excellent
mechanical properties can be obtained.

Influence of Rotation Speed on
Temperature Field
Figure 17 depicts the temperature distribution on the upper
surface at a quasi-steady state under different rotation speeds
when the travel speed is fixed as 100 mm/min. As the rotation
speed increases, the transverse width and longitudinal length of
the heating zone are increased, and the range of the high-
temperature zone is significantly expanded, with the peak
temperature rising. Figure 18 shows the thermal cycle curves

FIGURE 13 | Comparison of (A) experimental results and (B) temperature distribution cloud map at welding quasi-steady state.
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FIGURE 15 | Contours of temperature distribution on the upper surface under different travel speeds. (A) 100 mm/min, (B) 200 mm/min, (C) 300 mm/min,
(D) 400 mm/min.

FIGURE 14 | Comparison of simulated thermal cycle curves and experimental results, (A) d � 10 mm, (B) d � 15 mm, (C) d � 20 mm, (D) d � 30 mm.
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of feature point b under different rotation speeds at the 100 mm/
min travel speed. The peak temperature is 450.6°C when the
rotation speed is 600 rpm, and the high-temperature residence
time over 300°C is 12.58 s. When the rotation speed reaches
800 rpm, the peak temperature and high-temperature residence
time are increased to 462.8°C and 15.29 s, respectively. The
lowest peak temperature of 489.4°C and high-temperature
residence time of 16.47 s are shown under the rotation speed
of 1,000 rpm.

Contrary to the travel speed, the increase of the rotation speed
can increase the peak temperature and the high-temperature

residence time. Reducing the thermal input within a certain
range is beneficial to the mechanical properties of SSFSW
joints. However, the low rotation speed is not able to ensure
sufficient material flow, which may lead to welding defects.
Therefore the 600 rpm rotation speed is not the best
parameter. Compared with 1,000 rpm, the high-
temperature residence time of the feature point is reduced
by 7.2% under 800 rpm, and the peak temperature is reduced
by 5.4%. Therefore, 800 rpm is considered as the proper
rotation speed value for limiting the thermal input to a
certain extent.

FIGURE 16 | Thermal cycle curves of feature points under different travel speeds.

FIGURE 17 | Contours of temperature distribution on the upper surface under different rotation speeds: (A) 600 rpm, (B) 800 rpm, (C) 1000 rpm.
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CONCLUSION

1) The temperature field of the SSFSW process is analyzed. The
peak temperature of the stir zone appeared in the upper
shoulder affected zone, followed by the lower shoulder
affected zone. The temperature cloud map gradually moves
along the welding direction as the welding process progresses
and gradually expands to a quasi-steady state stage.

2) The influence of travel speed on temperature distribution at
quasi-steady state in the SSFSW process is analyzed. Under
fixed rotation speed, the peak temperature and the high-
temperature residence are reduced with the increase of
travel speed. Considering the thermal input and welding
quality, 200 mm/min is the best parameter for the SSFSW
of 5 mm 6082-T6 Al alloy.

3) The influence of rotation speed on temperature distribution
at a quasi-steady state in the SSFSW process is analyzed.
Under fixed travel speed, the peak temperature and the

high-temperature residence are increased with the
increasing rotation speed. Considering the thermal input
and welding quality, 800 rpm is the best parameter for the
SSFSW of 5 mm 6082-T6 Al alloy.
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