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For better application of numerical simulation in optimization and design of friction stir welding (FSW),
this paper presents a new frictional boundary condition at the tool/workpiece interface for computational
fluid dynamics (CFD) modeling of FSW. The proposed boundary condition is based on an implementation
of the Coulomb friction model. Using the new boundary condition, the CFD simulation yields non-uniform
distribution of contact state over the tool/workpiece interface, as validated by the experimental weld
macrostructure. It is found that interfacial sticking state is present over large area at the tool-workpiece
interface, while significant interfacial sliding occurs at the shoulder periphery, the lower part of pin side,
and the periphery of pin bottom. Due to the interfacial sticking, a rotating flow zone is found under the
shoulder, in which fast circular motion occurs. The diameter of the rotating flow zone is smaller than the
shoulder diameter, which is attributed to the presence of the interfacial sliding at the shoulder periphery.
For the simulated welding condition, the heat generation due to friction and plastic deformation makes up
54.4 and 45.6% of the total heat generation rate, respectively. The simulated temperature field is validated
by the good agreement to the experimental measurements.
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1. Introduction

Friction stir welding (FSW) (Ref 1, 2) is an advanced
materials manufacturing technology, which has wide applica-
tions such as joining of similar/dissimilar alloys (Ref 1, 3) and
synthesis of particle-reinforced bulk composites (Ref 4). In
FSW process, a rotating welding tool is in intimate contact with
the workpiece, which generates large interfacial friction
between the tool and the workpiece. The interfacial friction
leads to significant heat generation (Ref 5-7), high temperature
(Ref 8), and significant plastic flow (Ref 9, 10). Such thermal-
mechanical processes induced by the interfacial friction play

important roles in shaping the microstructure (Ref 1) and thus
the final in-use properties of the joints. Numerical simulation
(Ref 11-17) has proved to be a very successful approach in
quantitative investigation of the thermal-mechanical processing
condition in FSW for the purpose of fundamental understand-
ing and optimal design.

Computational fluid dynamics (CFD) is one of the most
widely applied computational approaches in the numerical
simulation of FSW. Colegrove et al. (Ref 14, 15) were among the
first to develop three-dimensional numerical simulation based on
the CFD, to study the material flow and temperature distribution
in FSW of aluminum alloys using both smooth and threaded
welding tool. Nandan et al. (Ref 16) developed a CFD model for
FSWof a mild steel to analyze the heat generation, heat transfer,
and plastic flow in the welding process. In recent researches, the
CFD simulation has been successfully applied in the studying the
spatial distribution of heat generation flux (Ref 6, 7) and the
effects of tool profile on the material flow (Ref 18-20).

In the CFD-based simulation for FSW, one of the critical
issues is the frictional boundary condition between the welding
tool and the workpiece. In the previous simulation, the frictional
boundary condition at the tool/workpiece interface could be
divided into two categories: (a) velocity-based boundary condi-
tion and (b) shear stress-based boundary condition. The most
important consideration in the frictional boundary condition is
the determination of the contact state (Ref 5), i.e., the slid-
ing/sticking state. In a number of the simulation studies (Ref 6,
15, 19), the sticking contact state was employed via a velocity-
based boundary condition, in which the material was assumed to
flow at the same velocity as the welding tool at the tool/work-
piece interface. Generally, both the maximum temperature and
the deformation zone size were over-predicted using the
�sticking� condition (Ref 15). This is because it is unrealistic to
justify that the workpiece material at the interface would flow at
the same velocity as the tool for various welding conditions.
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Indeed, it was shown by the Qian et al�s experiments (Ref 21) that
the transition between the sliding and sticking could occur at
least at certain welding condition. In order to include the
interfacial sliding, Atharifar et al. (Ref 22) assumed a sliding
state at the tool/workpiece interface using the velocity boundary
condition, in which the interfacial material velocity is artificially
defined as 60% of the tool velocity to investigate the loads
carried by tool during FSW. Nandan et al. (Ref 16) proposed an
empirical equation to determine the velocity profile at the
tool/workpiece interface in FSWof mild steel, which resulted in
more reasonable prediction of the deformation zone in the weld.
Wang et al. (Ref 23) used a contact shoulder radius ratio (CSRR)
to determine the proportion of the tool shoulder that interfacial
sticking was present. It could be known from these research that,
for the simulation using a velocity-based boundary condition, it
is necessary to determine a proper velocity profile at the
tool/workpiece interface considering the interfacial sliding/stick-
ing, in order to reasonably predict the fluid flow behaviors during
FSW. However, there was no generic way for quantitative
description of the interfacial contact state for various welding
parameters, tool geometries, and materials. In recent CFD
simulations, the shear stress-based boundary condition has been
demonstrated to superior to a velocity-based boundary condition
in the CFD simulation of FSW (Ref 24). Using the shear stress-
based boundary condition, the interfacial material velocity is
calculated based on the balance of interfacial shear stresses,
instead of predetermining the interfacial velocity profile. Liechty
et al. (Ref 24) used a shear stress-based boundary condition in a
simulation for the FSWof plasticine. Chen et al. (Ref 25) applied
the shear stress-based boundary condition in their model for
FSWofAA6061 using a threaded welding tool, which resulted in
reasonable prediction of the thermal-mechanical processing
condition. Unfortunately, the shear stress-based boundary con-
dition used in the current simulation (Ref 24, 25) was proposed
based on the assumption of the sliding state. The presence of
�sticking� state at the tool/workpiece, which is considered to be of
critical importance in understanding the thermal-mechanical
condition in FSW (Ref 9, 11), could not be predicted in the
current simulation. This limits the application of numerical
simulation in optimization and design of the weld process.
Therefore, it is of great interest to implement a generic shear
stress boundary condition in the CFD simulation for FSW, which
is capable to predict the presence of both the sliding state and the
sticking state at the tool/workpiece interface.

In this study, we present an alternative shear stress-based
frictional boundary condition for the CFD simulation of FSW. In
the proposed boundary condition, the transition between the
sliding state and sticking state at the tool/workpiece interface is
taken into consideration. In this paper, the CFD simulation
approaches and the implementation of the new boundary
condition are described in details. By the numerical simulation,
the variation of the contact state over the tool/workpiece
interface, as well as its effect on the heat generation and material
flow pattern, are discussed. In addition, the weld macrostructure
and the measured temperatures curves from the FSW experi-
ments are used to validate the computational approaches.

2. Experiments

FSW butt joining of two AA2024-T4 sheets was conducted.
The dimensions of each workpiece were 145 mm9 55 mm9

3 mm (length9width9 thickness). The welding tool was made
by H13 steel. The tool shoulder was 13 mm in diameter, and
length of the conical pin was 2.4 mm. The radius of pin was
2 mm at the root and 1.75 mm at the tip. In the welding process,
the FSW tool rotated at 1600 rpm and the workpiece traveled at
20 mm/min. No tilt angle was employed in the experiment. The
plunge depth was 0.5 mm. The length of the weld was 100 mm.
The temperature history was recorded by six K-type thermal
couples located 3, 6, and 9 mm from the welding centerline in
the mid-thickness plane on advancing side (AS) and retreating
side (RS). A specimen was cut after welding for examination of
the cross-sectional macrostructure. The specimen was grounded,
polished, and etched with Keller�s solution (95 mL water,
1.5 mL hydrochloric acid, 2.5 mL nitric acid, 1 mL hydroflu-
oric acid) for 1 min. After that, the macrostructure of specimen
was observed by optical microscope.

3. Frictional Boundary Condition at the Tool/
Workpiece Interface

The proposed frictional boundary condition is based on a
straightforward theoretical approach developed by Mostaghel
and Davis (Ref 26) for dynamic analysis of many friction
problems, such as earthquake. In order to mathematically
model the dynamic sliding/sticking transition in the friction
model, it is key to include the adaption of frictional stress
caused by the transition, as the frictional stress in the sliding
state and state is different. For the sliding state illustrated in
Fig. 1(a), the frictional stress is determined by the interfacial
normal stress and the friction coefficient based on the Coulomb
friction law. For the sticking state, the interfacial relative
motion is eliminated because the maximum friction is larger

Fig. 1 The interfacial friction model. (a) Illustration for the interfa-
cial contact state (b) Definition of the interfacial friction stress
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than the necessary force to keep the interfacial workpiece
velocity the same as the tool velocity. In presence of the
sticking state, the interfacial friction is self-adapted to the
necessary force for keeping the sticking state.

Figure 1(b) shows the frictional stress as a function of the
interfacial relative velocity in the proposed model. In the
sliding state, the frictional stress is determined by the Coulomb
friction law (Ref 27). A pseudo-sticking state is used instead of
implementing a perfect sticking state. The pseudo-sticking state
is reached when the magnitude of the relative velocity is less
than a critical small value, vC. The adaption of the frictional
stress in the pseudo-sticking state is modeled by a smooth
function. This is a common approach to capture the friction-
induced sliding/sticking transition with acceptable computa-
tional costs (Ref 26). Mathematically, the frictional stress,~sf is
defined by three terms, which are the magnitude term, the
direction term, and the pseudo-sticking term, given by

~sf ¼ M � D!� bS : ðEq 1Þ

M is the magnitude term, which defines the magnitude of the
frictional stress in the sliding state, given by,

M ¼ lf rn; ðEq 2Þ

where lf is the frictional coefficient (taken as 0.25 (Ref 27)),
and rn is the interfacial normal stress (taken as 50 MPa (Ref

27)). D
!

is the direction term. Given the direction of the fric-
tional stress is the same as the direction of the relative veloc-

ity, D
!

is defined by,

D
!¼ v!rel= v!rel

�
�

�
�; if v!rel 6¼ 0

0; if v!rel¼ 0

(

ðEq 3Þ

where v!rel is the interfacial relative velocity defined by
v!rel ¼ v!tool � v!wp, v!tool is the tool velocity and v!wp is
the workpiece velocity at the interface. bS is the pseudo-stick-
ing term to implement the smooth adaption of the frictional
stress due to the sliding/sticking transition. bS is given as
(Ref 26)

bS ¼ tan h a � v!rel

�
�

�
�

� �

; ðEq 4Þ

where a is a scaling constant. We found that a = 50 s/m
worked well in our tests. The critical velocity vC is deter-
mined as �0.04 m/s, which is very small comparing to the
typical tool velocity (�1.00 m/s).

4. Approaches in the CFD Simulation

4.1 Assumptions

The workpiece is taken as an incompressible single-phase
fluid with non-Newtonian viscosity. The density of workpiece
metal is taken as a constant, while the thermal conductivity and
the specific heat are temperature dependent. In addition, the
thermal-mechanical process in the quasi-steady state welding
process is considered, while the highly transient process at the
beginning and end of welding are ignored.

4.2 Governing Equations

The continuity equation and momentum conservation equa-
tion for incompressible single-phase flow are given by

@q
@t

þr � q~vð Þ ¼ 0; ðEq 5Þ

@q~v
@t

þr � q~v~vð Þ ¼ �pþr � l r~vþr~vT
� �� �

; ðEq 6Þ

where q is the density of fluid, l is the temperature-and-strain
rate-dependent viscosity, p is the pressure, ~v is the fluid
velocity vector, and t is the flow time.

The energy conservation equation is given by

@qH
@t

þr � q~vHð Þ ¼ r � krTð Þ þ SV ; ðEq 7Þ

where H is the enthalpy, T is the temperature, k is the thermal
conductivity, and SV is the spatial source term regarding the
volumetric heat flux due to plastic deformation. The enthalpy
H is given by

H ¼
Z T

Tref

CPdt; ðEq 8Þ

where CP is the heat capacity, T is the temperature, and Tref
is the reference temperature, which is defined to be room
temperature, 27 �C. The conservation equations were solved,
using the commercial CFD package, ANSYS Fluent 15.0
(Ref 28).

4.3 Geometric Model and Boundary Conditions

Figure 2 illustrates the geometry model in the numerical
simulation. The dimensions of the workpiece and the geometry
of welding tool are taken as the same as the setup in the
experiment. In the numerical analysis, the finite volume method
(FVM) is used to discretize and solve the governing equations.
The �Fluid zone� is meshed with 157,716 hexagonal grids. As
shown by the inset in Fig. 2, relatively fine mesh is used in the
vicinity of the tool in order to capture the thermomechanical
phenomena with large spatial gradient in this area.

Different boundary conditions are defined for modeling of
the quasi-steady state welding process, as shown in Fig. 2. An
�Inlet-outlet� method is adopted such that the material flows into
the �Fluid zone� from �Material inlet� at the welding speed and
flows out of the domain from the �Material outlet.� At the
�Tool/workpiece interface,� the frictional shear stress and the
frictional heat flux are applied, which are described below in
details. The �Back surface� and �Sides� of the work piece are
assumed to contact with the fixtures, in which the convection
heat transfer coefficient on �Back surface� and �Sides� is defined
as 500 W/m2 K (Ref 29) to calculate the heat loss to the
fixtures. The material velocity on �Back surface� and �Sides� is
set to be the same as the welding speed. �Top surface� is taken as
a free surface contacting with air, where the shear stress is
assumed to be 0 MPa and the convection heat transfer
coefficient is assumed as 30 W/m2 K (Ref 30).

4.4 Material Properties

The density of AA2024 is taken as 2705 kg/m3 (Ref 31).
The temperature-dependent thermal conductivity and specific
heat for AA2024 shown in Fig. 3 are taken from Ref (Ref 31).
The thermophysical properties of H13 tool steel are listed in
Table 1.

The viscosity of the fluid is defined by the following
formulation based on the theory of visco-plasticity (Ref 15),
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l ¼ r
3_e

; ðEq 9Þ

where r is the flow stress and _e is the effective strain rate,
which is defined by

_e ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2

3
_eij _eij

r

; ðEq 10Þ

where _eij is the strain rate tensor given by

_eij ¼
1

2

@vi
@xj

þ @vj
@xi

� �

: ðEq 11Þ

The thermal softening effects on the deformation resistance of
AA2024 is taken into account in our simulation using a tem-
perature-dependent flow stress, r in Eq 9. The anisotropy
(Ref 33) of the flow stress with respect to the rolling direc-
tion is ignored, as the rolled grain structure is significantly
changed due to the dynamic recrystallization in FSW (Ref
34). Figure 4 shows the flow stress curve in the current mod-
el. The flow stress values are interpolated from yield strength
values from Ref (Ref 35) in wide temperature range using a

non-linear interpolation. The flow stress is taken as 0 MPa if
the temperature exceeds the solidus temperature of AA2024,
which is 502 �C (Ref 31).

4.5 Heat Generation Model

Different from the fusion welding, the heat generation in
FSW is caused by the friction at the tool/workpiece interface and
the plastic deformation of material. As such, the heat generation
in FSW is fully coupled with the simultaneous material flow
around the welding tool. The heat generation by the interfacial
friction is determined by the interfacial frictional stress and the
interfacial sliding velocity, while the heat generation due to the
plastic deformation is determined by the flow stress and the
strain rate. In our simulation, heat generation due to friction is
taken as a facial heat flux at the tool/workpiece interface, which
is determined by the frictional shear stress and the relative
velocity between tool and workpiece, given by

qf ¼ g � s*f
�
�

�
� � v

*

rel

�
�

�
�; ðEq 12Þ

where s*f is the frictional shear stress defined as same as Eq 1

and v
*

rel is the interfacial relative velocity between tool and
workpiece. g is the fraction of frictional heat flux into the
workpiece given by (Ref 36)

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kqCPð ÞW
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kqCPð ÞWþ kqCPð ÞT
p ; ðEq 13Þ

where k is the thermal conductivity, q is the density, CP is
the heat capacity, the subscripts W and T denote the work-
piece and the tool, respectively. Based on the data in Table 1
and Fig. 3, g is calculated as 0.71 in the current simulation.

The heat generated from plastic deformation is considered as
a volumetric heat flux, taken as a source term SV in the
conservation equation of energy (Eq 3). The heat flux is
calculated by the product of the flow stress and the plastic
deformation rate, given as

qp ¼ j � r � _e; ðEq 14Þ

where j = 0.6 (Ref 2) is the fraction of plastic work dissipated
as heat, r is the flow stress and _e is the effective strain rate.

4.6 Numerical Solution Procedure

In the CFD model above mentioned, the heat generation,
temperature, and material flow are thermal-mechanical fully
coupled. The model is solved in a transient procedure. First, the
temperature and material velocity are initialized as 300 K and
0.00 m/s respectively. Second, the numerical calculation is

Fig. 2 Geometric model in the simulation

Table 1 Thermophysical properties of H13 steel (Ref 32)

Parameter Value

Thermal conductivity of H13 steel, kT 24:4 W m�1 K�1

Density, qT 7:8� 103 kg m�3

Heat capacity, CPT 0:46 J kg�1 K�1

Fig. 3 Thermophysical properties of AA2024 (Ref 31)
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conducted with a time step of 0.02 s. Third, a quasi-steady state
is reached at 40 s as little change is found in the temperature
field and material flow velocity field. Therefore, the tempera-
ture and material flow field at 40 s are outputted for analysis.

5. Results and Discussion

5.1 Contact State at the Tool/Workpiece Interface

Based on the proposed frictional boundary condition, the
contact state at the tool/workpiece interface is provided.
Figure 5 shows the predicted workpiece velocity at the
tool/workpiece interface. It is shown that the predicted
distribution of material velocity is almost symmetric about
the tool axis. In order to analyze the interfacial contact state, the
velocity of the workpiece at the position shown by dashed line
(oabc in Fig. 5) is plotted versus the distance from tool axis in
Fig. 6, in comparison with the tool velocity. It could be seen
from Fig. 5 and 6 that the contact state is non-uniformly
distributed over the tool/workpiece interface in the simulated
welding condition. The sticking state is present at inner part of
the shoulder surface, upper part of the pin side, and most part of
the pin bottom surface as the interfacial velocity of the
workpiece is almost the same as the tool velocity. Owing to the
interfacial sticking, the maximum workpiece velocity is found
to be 793 mm/s at the shoulder/workpiece interface. Significant
interfacial sliding occurs at the shoulder periphery, the lower
part of pin side, and the periphery of pin bottom. Due to the
interfacial sliding at the shoulder periphery, the minimum
velocity of workpiece on the shoulder surface is found to be
0.34 mm/s at the shoulder periphery (point-c), which is almost
the same as the travel speed (0.33 mm/s) of workpiece during
the welding. Significant interfacial sliding also occurs at the
lower part of the pin side, which results in a small velocity of
48.5 mm/s at the pin bottom edge (point-a).

It is worth noting that the predicted locations of the
maximum material velocity are different between the current
simulation and the published work (Ref 6, 20) with a velocity
boundary condition. As shown in Fig. 5 and 6, due to the
significant interfacial sliding at the shoulder periphery, the
maximum velocity does not appear at the shoulder periphery,

but at a location 1.3 mm away from the periphery. In
comparison, the maximum of material velocity was located at
the shoulder periphery in the simulations (Ref 6, 20) with a
velocity boundary condition.

The non-uniform distribution of the contact state over the
tool/workpiece interface is important in interpreting the forma-
tion of the weld macrostructure. The cross-sectional weld
macrostructure from the experiment is shown in Fig. 7. As
marked by the fine dash line, the stir zone (SZ) and thermal-
mechanically affected zone (TMAZ) are typical microstructural
feature in friction stir welds. The formation of the SZ and the
TMAZ is considered to be relate to the material flow during
FSW. As shown in Fig. 7, the size of the SZ in the upper region
of the weld is much wider than that in the lower region, which
is a common microstructural feature in the friction stir welds
(Ref 9, 37). The variation of the SZ size could be explained by
the variation of the interfacial contact state. In the upper region,
high rate plastic flow is induced due to the interfacial sticking
between the welding tool and the workpiece; as a result, the
size of SZ is much larger than the pin size. In the lower region
of the weld, the width of the SZ is similar to the pin size,
because large extent of interfacial sliding occurs on the lower
region of the pin side. Furthermore, it is interesting to note that
the thickness of the SZ and the TMAZ decreases significantly at
the shoulder periphery (marked by letter A). This could be

Fig. 4 Temperature-dependent flow stress of AA2024. (Ref 35)

Fig. 5 The predicted velocity of the workpiece at tool/workpiece
interface (Color figure online)

Fig. 6 Velocity profile at the tool/workpiece interface

4020—Volume 25(9) September 2016 Journal of Materials Engineering and Performance



explained by the reduction in the interfacial velocity at shoulder
periphery due to the interfacial sliding as shown in Fig. 5.

5.2 Material Flow Pattern

Figure 8 shows the predicted flow paths in different
horizontal planes located at 0.6 mm away from the tool
shoulder. It is found that a rotating flow zone (RFZ) exists in
the vicinity of the shoulder as marked by red dotted lines in
Fig. 8. The presence of such a RFZ under the shoulder is
supported by the experiments by Schmidt et al. (Ref 10) and the
recent in situ observation by Morisada et al. (Ref 38). In their
study, a similar RFZ is found to be smaller than the shoulder, in
which the material is undergoing fast circular motion. Both the
in situ observation and our simulation result show that the
material enters the RFZ in front of the tool and flows around the
tool for several circles before depositing behind the tool. As
such, the RFZ is a channel for rapid material transportation
from the front of the tool to the behind. As shown in Fig. 8, the
shape of RFZ is almost circulate in the X-Y plane. The diameter
of the RFZ is smaller than the shoulder diameter, which is
attributed to the interfacial sliding state at the shoulder
periphery. It is worth noting that the sliding state at the
shoulder periphery may play an important role in the formation
of a friction stir weld. As the material is undergoing fast circular
motion in the RFZ, excessive loss of the material may be
caused due to the centrifugal motion, if the size of the RFZ
reaches or exceeds the shoulder diameter with the absence of
the interfacial sliding at the shoulder periphery.

5.3 Heat generation and Temperature

The spatial distribution of the heat generation flux is critical
in understanding and controlling of the temperature field in a
welding process. The transition between the sliding and

Fig. 7 Weld macrostructure on advancing side

Fig. 8 Material flow paths under the welding tool (0.6 mm below
the shoulder surface)

Fig. 9 Heat generation rate. (a) Heat flux by interfacial friction. (a) Heat flux by plastic deformation (Color figure online)
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sticking state at the tool/workpiece interface has major impact
on heat generation flux distribution during FSW. The predicted
heat generation fluxes are shown in Fig. 9. Figure 9(a) shows
the facial heat flux by the interfacial sliding friction, and
Fig. 9(b) shows the volumetric heat flux by plastic deformation
in the vicinity of the welding tool. At the inner part of the
shoulder, the upper part of the pin side and the pin bottom, little
heat is generated by friction, and large amount of heat is
generated by plastic deformation owing to the presentation of
the sticking state. At the shoulder periphery and the lower part
of the pin side, owing to the presentation of the sliding state,
large amount of frictional heat is generated because of the large
relative velocity.

In addition, knowing the sliding/sticking state at the
tool/workpiece interface is important for the analysis of the

contribution of friction and plastic deformation to the total heat
generation in FSW. By integrating the frictional heat flux and
plastic deformation heat flux over the computing domain in the
current numerical simulation, the total heat generated from
friction and plastic deformation is 424.8 and 355.4 W, respec-
tively, for the simulated welding conditions, which makes up
54.4 and 45.6% of the total heat generation rate, respectively.
The current frictional boundary condition yields more reason-
able heat flux partition than the �sticking� velocity boundary
condition (Ref 6), where all the heat is assumed to be generated
by plastic deformation.

The predicted temperature field on the workpiece is shown
in Fig. 10(a). The temperature is relatively high in the vicinity
of the tool due to the localized heat generation. It could be
found that the temperature contour lines on the top surface are
close to circular as the welding speed in the present research is
relatively slow, which is 20 mm/min. Figure 10(b) shows the
temperature distribution at the cross-section under the tool. A
bowl-shaped localized high temperature volume, in which the
temperature exceeds 400 �C, exists in the vicinity of the
tool/workpiece interface. For verification purpose, the simu-
lated and measured temperature curves in the locations, which
are 3, 6, and 9 mm away from the welding center on both AS
and RS in the mid-thickness plane, are plotted in Fig. 11(a) and
(b). It can be found that the simulated temperature distribution
is accurate, as the simulated temperature curve agrees quite well
with the experimental measurements.

6. Conclusions

1. An alternative frictional boundary condition is proposed
and demonstrated for the CFD simulation of FSW in con-
sideration of the transition between sliding state and
sticking state at the interface between the welding tool
and workpiece.

2. Non-uniform distribution of the contact state over the
tool/workpiece interface is predicted by the proposed
CFD simulation and validated by the experimental weld
macrostructure.

3. The non-uniform distribution of the contact state at the
tool/workpiece interface has major impact on heat gener-
ation flux distribution during FSW. At the shoulder
periphery, large amount of frictional heat is generated
due to interfacial sliding, while heat is mainly generated
by the plastic deformation at the inner part. For the simu-
lated welding condition, the heat generation due to fric-
tion and plastic deformation makes up 54.4 and 45.6% of

Fig. 11 Predicted and measured temperature histories. (a) Advanc-
ing side. (b) Retreating side (Color figure online)

Fig. 10 Predicted temperature field (Color figure online)
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the total heat generation rate, respectively.
4. Due to the interfacial sticking, a rotating flow zone is

found under the shoulder, in which fast circular motion
occurs. The diameter of the RFZ is smaller than the
shoulder diameter, which is attributed to the presence of
the interfacial sliding at the shoulder periphery.

5. Accurate temperature distribution is simulated by the
CFD simulation based on the proposed boundary condi-
tion. The simulated temperature curves agree well with
the experimental measurements.
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