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Abstract In this study, computational fluid dynamics (CFD)
was used to analyze the effect of tool shapes in friction stir
welding (FSW). In FSW, a tool moves and rotates simulta-
neously so the interface between the tool and workpiece is
changed at every time step. Frictional heat occurs at this in-
terface, and in order to apply this heat, the interface should be
tracked. A new interface tracking algorithm, which is applica-
ble to any tool shape, was introduced to track the interface.
Furthermore, an average area concept was used to calculate
the interface area in each interface cell. This algorithm was
applied to three tool shapes: cylinder, screw, and tap shapes.
To validate the model, friction stir spot welding (FSSW) was
performed for the cylinder type, and FSW was performed for
the tap type. Temperature and torque history were compared
with the experimental results. With the suggested algorithm,
the velocity and viscosity distributions near the tool and the
flow pattern obtained using a particle tracking method were
used to analyze the characteristics of the tool shapes.
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1 Introduction

Since friction stir welding (FSW)was developed at TheWelding
Institute (TWI) in 1991 [1], a great deal of research on the FSW
simulations has been conducted and many heat source models
have been developed successfully. FSW heat sources have been
defined as volumetric heat source and interface heat source de-
pending on a boundary condition. During FSW, tool is rotating
and moving simultaneously, so many researchers have applied
these heat source models as various ways of heat input. Nandan
et al. [2] used a stationary tool with heat sources by frictional and
viscous dissipation as boundary conditions. Chao YJ et al. [3]
developed a finite element-based three-dimensional model of
FSW. They applied a constant heat amount to the interface,
which was modified until the results were consistent with the
available experimental data. Similarly, S.D. Ji et al. [4] applied a
steady-state temperature to the tool surface as a boundary con-
dition, and Aljoaba et al. [5] applied the heat flux as an interface
heat source with a stationary tool. Schmidt et al. [6] expressed an
analytical interface heat generation model, which has been taken
in various FSW simulations. They used this model with various
contact conditions, such as sticking, sliding, and partial sticking,
and compared one another to examine the effect of tool probe
heat generation. However, this analytical model is not appropri-
ate to three-dimensional cell, which heat was input as volumetric
dimension, and complex tool shapes, which are difficult to inte-
grate their model over shoulder or tool as they did in their paper.

Chen et al. [7] and Kim et al. [8] assumed a sticking con-
dition and considered only plastic deformation heat source
with the transformed ratio of about 0.9.

To express FSW process and apply heat sources, a lot of
researchers have developed various mesh systems.

M. Song et al. [9] modeled a three-dimensional heat transfer
model of FSW using a moving coordinate. They used frictional
heat inputsfromshoulder/workpieceandpin/workpieceinterfaces.
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The model was validated with measured temperature data.
However, velocity or other information was not studied due to
thedifficultyofmovingmeshsystembecausedatapoint ischanged
during simulations. PaulA.Colegrove et al. [10] simulated a com-
plex tool shape using mesh generation program GAMBIT. They
assumed that heat was generated by viscous dissipation. Using
mesh generation system, tool rotating was successfully modeled,
but inlet and outlet boundary conditions were chosen to express
moving velocity of the tool. Tartakovsky et al. [11] proposed a
Lagrangian-basedsmoothedparticlehydrodynamics (SPH)meth-
od.Theyappliedheatsourcesat interfaceandbyviscosdissipation.
This method has several advantages for FSW simulations.
Similarly, Schmidt et al. [12] used ALE method and they could
predict void formation. But SPH and other Lagrangian method
need higher computational costs than grid-based method.
Recently, Kim et al. [13] applied both heat sources and expressed
the rotating andmovingmotions by their geometric relation. They
used a grid-based mesh system and expressed the tool motions
well, but theirmethod is only applicable to cylindrical tool shapes.
Even thoughnumerousFSWpapershavebeenpublished,most of
their works were based on many assumptions, which caused by
difficulties to be expressed in a simulation.

The goal of this paper is to propose a new model with grid-
based system to express the rotating and moving motions of a
tool simultaneously, which has been assumed as boundary
conditions in previous papers, and analyze velocity, viscosity
distribution, and flow pattern of various tool shapes for the
study of their characteristics.

2 Methodology

2.1 Viscosity modeling

Viscosity can be expressed as a function of temperature and
strain rate, and for its calculation, the flow stress suggested by
Sheppard et al. [14] is calculated by the following:

σe ¼ 1
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where A ,α , and n are material constant and Z is the Zener-
Hollomon parameter given by the following:

Z ¼ ε ̇exp
Q
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where Q is the activation energy, R is a gas constant, T is the

temperature, and ε ̇ is the effective strain rate, which is given
by the following:
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where ε ̇ij is the strain rate tensor, given by the following:
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In Sheppard’s paper [15], he foundmaterial constants of his
equation for various materials. In this paper, AA5056 was
used, and data are shown in Table 1.

Finally, Perzyna’s visco-plasticity model [16] can be calcu-
lated from the above equations by the following:

μ ¼ σe

3ε̇

2.2 Interface tracking and heat generation

The open area concept was introduced to track the interface
cells. In this concept, the three positive surfaces of a three-
dimensional cell, +x, +y, and +z surfaces, give the fraction of
hidden area ratio by a tool when a tool meets cells. If the
fraction is less than 1, which means that some parts of a cell
are hidden by the tool, those cells are considered interface
cells. This concept is illustrated in Fig. 1.

After tracking all the interface cells, the average area concept
was used. Initially, a tool was divided into four sections, the
shoulder side, shoulder tip, pin side, and pin tip, as shown in
Fig. 2. The surface area of each section was calculated, and by
dividing it by the number of interface cells of each section, the
average area in an interface cell was calculated to apply inter-
face heat. Let S is the area of shoulder side, which was initially
calculated, andN is the interface cell in the shoulder side, which
was counted during every time step, then S/N gives the average
area of each cells in the shoulder side. This concept was also
applied to the other sections, shoulder tip, pin side, and pin tip,
to apply interface heat of each section. For the contact condition
between the tool and workpiece, a slip condition was assumed,
and this condition is expressed by the following:

τ ¼ mk

where τ is the shear stress, m is the fraction factor, and k is the
maximum shear stress at yielding, which is given as dividing

yield strength by
ffiffiffi
3

p
based on Von-Mises yield criteria. The

friction factor, m, was chosen as 0.4. In a slip condition, the

Table 1 Data used in the
simulations Properties Value

Workpiece material AA5052

Material constant, A exp(24.47)

Material constant, α 0.016 MPa−1

Material constant, n 5.24

Material constant, Q 155,167 J
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friction factor could be defined as a value from 0 to 1. In the
paper by Buffa et al. [17], various friction factors were simulated
and the value of 0.4 was followedwell with experimental results.
So the shear factor value of 0.4 was used in the simulation. With
this condition, the interface heat was applied by the following:

qi ¼
mkωrAr

V

Fig. 1 a The three positive
surfaces of a three-dimensional
cell. b Interface cell tracking
example (+z cell is activated and
the fraction is less than 1)

Fig. 2 The four sections for initial area calculation (screw type)
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Fig. 3 Tool types used in the simulation: a cylinder type, b screw type, and c tap type
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where qi is the interface heat generation rate, ω is the rotational
speed, r is the distance between the tool center and a interface
cell, Ar is the interface area, and V is the cell volume enclosing

interface cell. Plastic deformation heat can be expressed by the
following [18, 19]:

qp ¼ f mσeε
̇

where qp is the plastic deformation heat generation rate, fm is

the transformed ratio from plastic work to heat, and ε̇ is the
effective strain rate. The transformed ratio value of 0.9 was
used because in aluminum alloy, this ratio has been defined as
0.8 to 1 in previous research [7, 8, 20]. This value resulted in
about 4~5% of volumetric heat amount of the total heat
amount as Nandan’s work [2].

Using user subroutinesmainlyQSADDandMUCALsubrou-
tines, above models were applied. QSADD subroutine defines

Table 2 Welding conditions

Property/weld parameter FSW (cylinder,
screw, tap)

FSSW (cylinder)

Workpiece length (mm) 100 60

Workpiece width (mm) 60 60

Workpiece depth (mm) 40 40

Weld speed (mm/min) 50

Rotational speed (rpm) 600 1000

Fig. 4 Torque comparison for FSW (a, b) and for FSSW (c, d), and burr effect for FSW (e)
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specific energy in a cell, so the interface algorithmandheat gener-
ationmodelswere implemented in this subroutine.MUCAL sub-
routine defines viscosity in a cell, and this subroutine works after
heat is applied to a cell by QSADD subroutine. This procedure is
repeated in every time step until simulation is finished.

2.3 Simulation conditions

Velocity boundary conditions between tool surface and work-
piece were assumed to be sticking. This may conflict with the

slip condition used, but heat generation by plastic deforma-
tion, which is related to velocity gradients, is about 5%, so this
assumption would not much affect the total heat generation.
Because velocity boundary conditions define velocity magni-
tude of interface cells, for velocity, viscosity, and flow pattern
analysis, this assumption is reasonable. Figure 3 shows the
three types of tool used in the simulations. For validation of
the suggested algorithm, friction stir spot welding (FSSW)
and FSW were performed. FSSW was performed with the
cylinder type, and FSW was performed with the cylinder,

Fig. 5 Temperature comparison for FSW (a, b) and for FSSW (c, d), and locations for temperature measurement for FSW (e) and for FSSW (f)
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screw, and tap types. The experiment was also performed with
the same conditions. The simulation conditions are shown in
Table 2.

3 Results and discussion

3.1 Model validation

Mesh tests were conducted with the size of 0.4 and 0.6 mm for
ensuring that velocity and viscosity fields are accurate in the
mesh size used. Both the size of 0.4 and 0.6 mm yielded a
similar trend, and velocity and viscosity values in each cells
were almost the same. But in this paper, the mesh size of
0.4 mm was used because this value gave more accurate heat
generation in preliminary simulations. Mesh sizes smaller
than 0.4 mm were not tested because the computation costs
increase rapidly. As discussed, the tool is initially inserted into
the workpiece, and thus, the plunging phase is not considered.
The simulation results were compared with the experimental
results after the tool was fully inserted into the workpiece, i.e.,
after 13.6 s for FSWand 14 s for FSSW, as shown in Fig. 4a, c,
respectively. Simulations were performed until the temporal
rate of change of temperature and torque was less than 3%.
Figure 4 shows the torque comparison of FSW and FSSW,
respectively. The simulated results follow a similar trend with

the experimental results, but in both cases, the simulated re-
sults are about 25% (around 3[N-m]) less than the experimen-
tal values at 34 s, where the simulation was finished. Figure 5
shows the temperature comparison of FSW and FSSW, re-
spectively. The locations for temperature measurement were
roughly 16 mm away from the tool center, and the data point
was moving with the same speed with that of the tool during
the FSW process. The simulated temperature profiles also
have a similar trend but around 12% difference (around
30 K) at 34 s is observed. From the simulation results, the
calculated temperature and torque have lower values than
those from the experimental results. This is ascribed to the
small workpiece, which moves up along the tool shoulder
while the tool is inserted, as shown in Fig. 4e, during the
experiments. The tool consequently requires additional torque
and generates an increased amount of heat during the process,
which was not considered in the simulation. Thus, both tem-
perature and torque from the experiment have increased
values relative to the calculated results. The torque measure-
ment device was attached directly to the tool, and this addi-
tional torque has a relatively huge effect on the measured
torque, resulting in a 25% difference. Temperature was mea-
sured at points away from the moved workpiece as shown in
Fig. 5e, f to reduce the effect of this increased amount of heat
on the measured temperature, which led to approximately a
12% difference. Even though there is a little difference
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Fig. 6 Velocity magnitude of cylinder type; a YZ plane geometry, b XYplane velocity magnitude, c velocity magnitude along y distance, and d velocity
magnitude comparison between advancing side and retreating side
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Fig. 8 Velocity magnitude of tap type; a YZ plane geometry, b XY plane velocity magnitude, and c velocity magnitude along y distance
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Fig. 7 Velocity magnitude of screw type; a YZ plane, b XY plane velocity magnitude, and c velocity magnitude along y distance
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between the experimental and calculated results, a similar
trend is observed, and thus, the suggested model can be used
to predict torque and temperature profiles.

3.2 Velocity distribution

The velocitymagnitude was calculated along the y-direction at
z = 18 mm. The cylindrical tool shape has a symmetric pin
geometry, and hence, the velocity distribution near the pin is
also symmetric as shown in Fig. 6b, c. The velocity magnitude
has a maximum value at the pin surface and gradually de-
creases moving away from the pin surface. Also, the velocity
magnitude at the advancing side is bigger than that at the
retreating side, and this difference increases moving from

the pin surface as shown in Fig. 6d. This is because the veloc-
ity vectors by tool rotating and moving have the same direc-
tion at the advancing side and the opposite at the retreating
side. For the screw type, the velocity at the advancing side
starts to develop at 3 mm, which is the outer pin radius, as
shown in Fig. 7a, and then decreases moving away from the
surface, as shown in Fig. 7c. The velocity at the retreating side
starts to develop at 1.8 mm, which is the inner pin radius, and
reaches the maximum at 3 mm. For the tap type, the velocity
distribution is also asymmetric due to the pin geometry, and
the velocity has a maximum value at 3 mm, which is the outer
pin radius, as shown in Fig. 8a–c. Like the screw type results,
the velocity magnitude near the inner surface is not the max-
imum at the pin surface, and increases and reaches the

Fig. 9 Effective strain rate distribution near the tool at z = 1.8 mm; cylinder (a), screw (c), and tap (e) types. Viscosity distribution near the tool at
z = 1.8 mm; cylinder (b), screw (d), and tap (f) types.
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maximum at the outer pin radius. This is because the velocity
generated by the adjacent outer pin surface affects the velocity
at the inner pin surface. Thus, it is thought that different pin
radii of a pin will affect the velocity distribution near the
surface, which will affect the viscosity distribution.

3.3 Viscosity distribution

The viscosity and the effective strain rate near the pin were
calculated on theXYplane at z = 18mm, as shown Fig. 9. In all
the cases, the zones with lower effective strain rate yield a
higher viscosity than other zones. In the cylinder case, the
viscosity around the pin at the front side, which the tool moves
to, is higher than that at the back side. The tool surface at the
front side is moving through the workpiece during the welding
process, and thus, the velocity near this zone is not well dis-
tributed, which causes a smaller effective strain rate and a
higher viscosity than the values at the back side. Also, the
viscosity distribution at the advancing side and the retreating
side is nearly the same. In the screw case, the viscosity near
the inner pin surface is higher than that at the outer pin surface.
As discussed in the velocity analysis, the velocity near the
inner pin surface is smaller than that in other zones, and

consequently, a less effective strain rate and a higher viscosity
are obtained. The viscosity distribution becomes uniform
moving from this zone. Except for this zone, there is not much
difference between the advancing side and the retreating side.
The tap type tool has five inner zones, and every zone yields a
smaller effective strain rate and a higher viscosity than other
zones, as shown in Fig. 9e, f, corresponding with the phenom-
ena observed form the screw type results. Also, the viscosity
distribution at the advancing side and the retreating side is
nearly the same except for at the five inner zones. Thus, it is
assumed that the zones with radial differences in a pin will
have a severe velocity gradient and thereby cause non-
uniform distributions of velocity, effective strain rate, and vis-
cosity, which will affect the welding quality.

3.4 Flow pattern

In order to analyze the fluid flow during the welding
process, massless particles were applied. Figure 10a
shows the initial particle positions for the screw type,
and Fig. 10b–f shows the change of the radial distance
of each particle at 0 to 1, 50 to 51, and 100 to 101
revolutions, respectively. In all the cases, the radial
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Fig. 11 Particle tracing for cylinder type: a initial particle coordinates, b radial distance, and c z-position

Fig. 12 Particle tracing for screw type: a initial particle coordinates, b radial distance, and c z-position
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distance of each particle is not substantially changed at
each revolution. However, some particles are changed as
the revolutions are increased, such as particles 2 and 3,
and this phenomenon is also observed in the cylinder
and tap cases. Thus, the change of radial distance and z-
position of each particle as revolutions are increased
was studied.

In the cylinder case, particles 1 and 2 nearly maintain the
initial distances. Particles 3 and 4 move away from the tool
center, as shown in Fig. 11b. However, the z-position of all the
particles is maintained at the initial value, as shown in
Fig. 11c. Thus, as the tool rotates, fluid below the shoulder
flows away from the center in the radial direction, and there is
not much vertical flow in all positions in the cylinder type
case.

In the screw type case, five particles were applied, and
the initial position of each particle is shown in Fig. 12a.
Particle 1 nearly maintains the initial radial distance and z-
position. Particle 2 moves away from the tool center and
moves to the shoulder. Particle 3 fluctuates in the radial
and vertical directions. Particle 4 retains the initial radial
distance and z-position until nearly the 80th revolution and
then moves slightly to the tool center and to the bottom.
Particle 5 moves away from the tool center and maintains
the initial z-position. Thus, in the screw type, fluid flows
away from the center in the radial direction and to the
shoulder in the vertical direction near the pin tip. Also,

fluid fluctuates in both radial and vertical directions near
the middle of the tool and flows to the center in the radial
direction and to the bottom in the vertical direction after
the 80th revolution near the pin top.

In the tap case, also five particles were applied, and
the initial position of each particle is shown in Fig. 13a.
Particle 1 nearly maintains the initial radial distance and
z-position. Particles 2 and 3 move away from the center
and to the shoulder. Particle 4 moves away from the
center and slightly to the bottom. Particle 5 moves away
from the center and nearly maintains the initial z-posi-
tion. Thus, in the tap type, fluid near the pin flows
away from the center in the radial direction and to the
shoulder in the vertical direction except for the pin tip.

In all the cases, fluid below the pin tip has no radial or
vertical flow, and fluid below the shoulder tip flows away
from the center and nearly maintains the initial z-positions.

4 Conclusion

The results of this study are summarized as follows:

1. An interface tracking algorithm was introduced and ap-
plied to three different tool shapes.

2. FSW (for the tap type) and FSSW (for the cylinder type)
were performed for validation.

Fig. 13 Particle tracing for tap type: a initial particle coordinates, b radial distance, and c z-position
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– Temperature profiles follow a similar trend as the exper-
imental results but have approximately a 12% difference.

– Torque profiles follow a similar trend as the experimental
results but with roughly a 25% difference

– The difference was from the moved workpiece generated
by the plunging phase.

3. The velocity distribution was studied.

– The cylinder type has an almost symmetric velocity dis-
tribution, and velocity at the advancing side was larger
than that at the retreating side.

– The screw and tap types have an asymmetric velocity
distribution, and different radii of the pin yield a velocity
gradient.

4. Viscosity and effective strain rate distribution were
studied.

– The cylinder type has higher viscosity at the front side
and similar distributions at both the advancing and
retreating side.

– The screw and tap types have a higher viscosity near the
inner surface of the pin and similar distributions at both the
advancing and retreating side except for the inner zones.

5. Flow pattern near the tool was studied

– The cylinder type tool creates a radial direction flow near
the pin top but does not create vertical direction fluid.

– The screw type tool creates a complex flow and in partic-
ular a fluctuating flow near the middle of the pin.

– The tap type creates a flow away from the center and to
the shoulder near the pin.

– In all the types, fluid below the pin tip does not create
radial or vertical direction flow.
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