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Abstract: A finite element model based on solid mechanics was developed with ABAQUS to study the material flow in whole 
process of friction stir welding (FSW), with the technique of tracer particles. Simulation results indicate that the flow pattern of the 
tracer particles around the pin is spiral movement. There are very different flow patterns at the upper and lower parts of the weld. The 
material on the upper surface has the spiral downward movement that is affected by the shoulder and the lower material has the spiral 
upward movement that is affected by the pin. The velocity of the material flow on the periphery of the stirring pin is higher than that 
at the bottom of the stirring pin. The material can be rotated with a stirring pin a few times, agreeing well with the previous 
experimental observation by tungsten tracer particles. 
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1 Introduction 
 

Material flow during friction stir welding (FSW), a 
solid-state joining technique invented by The Welding 
Institute of the United Kingdom in 1991, is highly 
complex and is one of the key factors that influence the 
joint efficiency of FSW [1−4]. MISHRA and MA [5] 
reviewed material flow behavior during FSW and 
pointed out that it is difficult to use experimental 
methods for visualization of the material flow in the stir 
zone. Therefore, many numerical models of FSW 
processes have been developed to study the material 
flow. 

Different theories such as computational fluid 
dynamics (CFD) and computation solid mechanics  
(CSM) have been applied to simulating the material flow 
in the FSW process. The theory of fluid mechanics is a 
numerical method based on the Euler description. In the 
process of calculation, the grid does not deform with the 
material, avoiding excessive distortion, which can 
accurately contain complex pin geometries [6−13]. 
However, the CFD model assumes that the material is a 

non-Newtonian fluid, so the history information of the 
deformation cannot be obtained. 

CSM models can track the motion of material points 
in addition to the temperature, strain and stress 
distribution. Although a variety of FSW models have 
been developed, few of these have studied the material 
flow behavior in detail. XU et al [14] first reported CSM 
finite element model to simulate the FSW process. The 
material flow behavior is predicted and compared well 
with the experimental observation. DENG and XU [15] 
developed a two-dimensional (2D) CSM finite element 
model. The velocity field and material flow behavior are 
predicted. Simulation results show that the material 
points in front of the pin tend to rotate with pin and 
deposit on the trailing side of the pin. XU and DENG [16] 
developed solid mechanics based 2D and three- 
dimensional (3D) finite-element procedures to simulate 
the FSW process. The results of numerical simulations 
are used to understand the texture patterns. 

SCHMIDT and HATTEL [17] proposed a 3D 
thermo-mechanical finite-element model to simulate the 
steady FSW process using the arbitrary Lagrangian− 
Eulerian (ALE) formulation. The velocity field and the 
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equivalent plastic strain fields are calculated to evaluate 
the material deformation. ZHANG and ZHANG [18,19] 
presented a similar model using the ALE formulation and 
Coulomb’s friction law. Tracer particle technology is 
applied to investigating the material flow during FSW. It 
was found that tracer particles on the top surface do not 
enter into the weld and just pile up at the border of the 
weld, which is the reason of the formation of the weld 
flash. DIALAMI et al [20] proposed a methodology to 
study the effects of the pin geometry in the FSW process. 
In this approach, a Lagrangian formulation is used for 
the pin, an ALE formulation is used at the stir zone of the 
work-piece, and an Eulerian formulation is used in the 
remaining part of the work-piece. The forces, 
temperature distribution and material flow during the 
FSW process are elucidated. This coupling strategy is 
also used for the computation of residual stresses in the 
FSW process [21]. 

The models listed above only simulated either the 
moving (or welding) stage or the dwell and moving 
stages but did not treat the entire FSW process. The 
plunge stage is the foundation of the FSW process to 
reach a stable welding state, and it should not be ignored 
in the modeling. The multi-physics mode proposed by 
HAMILTON et al [22] has successfully simulated the 
whole FSW process, including plunge, dwell and 
traverse stages. The temperature field, stress and plastic 
strain field are obtained by the model. However, material 
flow behavior is still not fully understood. 

In this study, a 3D thermo-mechanical simulation of 
the whole FSW process is presented to predict the 
material flow pattern. The primary novelty of this study 
is the two-stage method. In the plunge stage, a 
Lagrangian adaptive mesh domain is created for the 
entire workpiece. In the steady welding stage, an 
Eulerian adaptive mesh domain is used to model the 
material flow. The material flow behavior at different 
locations around pin by tracer particle technique is 
analyzed. The presented results include displacement, 
velocity and flow trajectory of the tracer particles. This 
work provides very useful qualitative and quantitative 
understanding for the FSW process. 
 
2 Model description 
 

The commercial finite element software ABAQUS 
is used to model the whole FSW process. The present 
model is composed of a deformable workpiece and a 
rigid stirring pin, the workpiece is assumed to be 
elasto-plastic material and the pin is considered as a 
rigid. 

The equilibrium equation for the mechanical 
response of the process reads [17]: 

c k p    u u u                              (1) 
 
where ρ is the density, c is the damping coefficient, k is 
the stiffness coefficient, p is the body force, u, u  and 
u  are the nodal displacement, velocity and acceleration 
vectors, respectively. 

The heat transfer equation for the workpiece is 
written as 
 

( )CT T Q                               (2) 
 
where C is the specific heat capacity, T  is the 
temperature rate, T is the temperature, λ is the thermal 
conductivity and Q is the heat source. 

The heat source Q is computed by 
 
Q=Pf+rpl                                        (3) 
 
where Pf is the rate of frictional energy dissipation in the 
coupled thermo-mechanical surface interactions, rpl is the 
rate of plastic strain energy dissipation. 

The rate of frictional energy dissipation Pf is 
computed by 
 

fP                                       (4) 
 
where τ is the frictional stress and   is the slip rate. 

The classical Coulomb’s friction model is used to 
describe the contact behavior between the pin and the 
workpiece. The critical condition for the transformation 
of the friction condition from sticking to sliding is 
defined by 
 
τcritical=μp                                    (5) 
 

In the present model, the friction coefficient μ is set 
to be 0.3 according to the reference [23]. 

The rate of plastic strain energy dissipation rpl is 
computed by 
 

pl pl
ij ijr S                                   (6) 

 
where η is the fraction of plastic energy dissipation, Sij is 

the deviatoric stress tensor and pl
ij  is the plastic strain 

rate tensor. 
A temperature and strain rate dependent constitutive 

model is applied by using the elasto-plastic Johnson− 
Cook material law, which is given by 
 

p r
e

0 m r

( ) 1 ln 1
m

n T T
A B C
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


    (7) 

 
where p

e  and   are the effective plastic strain and 
strain rate, respectively, 0 is the reference strain rate 
(typically 1.0 s−1), Tr is the reference temperature, Tm is 
the melting point, and A, B, n, C and m are material 
constants. These constants for 6061Al alloy are listed in 
Table 1 [24]. The other thermal and mechanical 
properties of 6061Al alloy used in this model are listed 
in Table 2 [25]. 
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Table 1 Material constants in Johnson−Cook model for 6061Al 

alloy 

A/MPa B/MPa C n m Tm/°C Tr/°C

289.6 203.4 0.011 0.35 1.34 652.37 21.26

 

Table 2 Temperature dependent material properties of 6061Al 

alloy used in model 

Temperature/ 

°C 

Conductivity/ 

(W·m−1·K−1) 

Specific heat 

capacity/(J·kg−1·K−1)

Density/

(kg·m−3)

25 175.8 700 2700

100 180 795 2700

200 182 879 2700

300 184.2 863 2700

400 188.4 1005 2700

 
The geometry sizes of the workpiece are 40 mm  

40 mm  3 mm. The boundary conditions of the 
developed model of FSW are shown in Fig. 1. A 3D 
temperature−displacement coupled element with eight 
nodes, reduced integration and hourglass control, 
C3D8RT, is used in the model. The geometry size of the 
pin is shown in Fig. 2. 
 

 

Fig. 1 Geometry and boundary conditions of model 

 

  
Fig. 2 Geometry of welding tool 

The material near the pin−workpiece interface 
experiences very large deformations due to the rotation 
of the pin. ALE technique is used to avoid mesh 
distortions. It maintains a high-quality mesh under severe 
material deformation by allowing the material to flow 
into or out mesh. 

In the present model, the inflow and outflow 
surfaces of the workpiece are also considered as Eulerian 
region type, in which the mesh does not follow the 
material movement. The top, bottom and side surfaces of 
the workpiece are considered as a sliding region type, in 
which the mesh is constrained to move with the material 
in the direction normal to the boundary region but it is 
unconstrained in the direction tangential to the boundary 
region, as shown in Fig. 1. The whole process of FSW is 
modeled: 1 s plunge period and 8 s welding period. The 
rotation rate is 400 r/min, and the welding speed is 
3 mm/s. 

In the model, the convective heat transfer boundary 
condition is applied. The heat transfer coefficient for the 
bottom surface is set to be 1000 W/(m2·K), while that for 
the rest surfaces is set to be 10 W/(m2·K). 
 
3 Friction stir welding and temperature 

measurement 
 

The 6061-T6 Al plates with sizes of 300 mm ×   
80 mm × 3 mm were welded parallel to the rolling 
direction, at a welding speed of 3 mm/s with a rotation 
rate of 400 r/min. The diameters of the shoulder and the 
pin are 18 and 6 mm, respectively. In order to verify the 
present model, temperature was measured during FSW 
process. A K-type thermocouple was used to measure the 
temperature, which was located on the advancing side,  
5 mm away from the pin center on the bottom surface. 
The location of the thermocouple is shown in Fig. 1. 
 
4 Results and discussion 
 
4.1 Temperature distribution 

Figure 3 shows the predicted temperature field on 
the top surface of the workpiece after steady welding for 
3 s. It can be seen that the maximum temperature is 
472 °C, which is lower than the melting point of the 
material. TANG et al [26] studied the FSW process of 
6061 aluminum alloy. The maximum temperature during 
the FSW process with a rotation rate of 400 r/min and a 
welding speed of 2 mm/s was measured to be about 
450 °C, which is very close to the simulation results in 
this work. 

In order to further verify the model, a thermocouple 
is preburied 5 mm away from the pin center on the 
bottom surface to measure the temperature history profile. 
Because the simulated stable welding time is only 8 s, in 
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order to better compare with the measured results, the 
“temperature−time” curve is transformed into a 
“temperature−distance” curve. The “distance” equals the 
“time” multiplying by the “welding speed”. As shown in 
Fig. 4, the predicted temperature−distance curve along 
the line 5 mm away from the pin center on the bottom 
surface agrees with the measured results very well. The 
maximum temperature is 383 °C and occurs near the pin 
center. 
 

 
Fig. 3 Temperature field after steady welding for 3 s 
 

 

Fig. 4 Comparison between calculated and measured 

temperature along line 5 mm away from pin center on bottom 

surface 
 
4.2 Material flow behaviors 

Tracer particles can be defined to track material 
points as they pass through the adaptive mesh domain in 
ABAQUS. Figure 5 shows the initial locations of the 
tracer particles. Tracer particles p1−p4 are located at the 
weld center; particles p5−p8 and p9−p12 are located on 
the advancing side (AS) and retreating side (RS), 
respectively, with a distance of about 2 mm from the 
center line. Particles p13−p16 and p21−p24 are located 
on the AS and the RS, respectively, with a distance of 
about 5 mm from the center line that is outside the pin 
width. Similarly, particles p17−p20 and p25−p28 are 
located on the AS and the RS, respectively, with a 

distance of about 8 mm from the center line that is 
outside the pin width. Tracer particles can be released 
from the locations of the nodes. Each release of tracer 
particles is termed as particle birth. 
 

 
Fig. 5 Initial locations of defined tracer particles: (a) 3D view; 

(b) x direction view 

 
Figure 6 shows the 3D material flow obtained using 

the tracer particle p1 on the top surface. Figure 6(a) 
shows the initial location of particle p1 sited at the weld 
line and Figs. 6(b)−(f) trace the birth particles during 
FSW. As revealed, the tracer particle is dragged by the 
pin to the wake and the spiral downward movement is 
observed. The material points can rotate with the welding 
pin for several revolutions. This type of material flow 
pattern has been observed experimentally via two pairs 
of X-ray transmission systems based on tungsten tracer 
particles [27]. The numerical simulation results agree 
very well with the experimental observation. 

Figure 7 shows the two-dimensional displacement 
graph of the birth particle p1. It can be seen that the 
tracer particles slough off on the AS after several 
rotations. EDWARDS and RAMULU [28] investigated 
the material flow behavior of Ti alloys during FSW by 
embedding refractory alloy powder into the weld line. It 
was revealed that the tracer material that starts at the 
centerline of the weld was deposited in the AS of the 
weld zone. In order to accurately observe the rotation 
time, the displacement−time curve of the same birth 
particle in the transverse direction is shown in Fig. 8. 
The curve has wave, which is due to the difference in the 
displacements between the AS and the RS. A wave 
means a rotation, it can be seen that the tracer particle 
rotated around the pin eight times. 
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Fig. 6 Material flow patterns of particle p1 in different time: (a) t=0 s, initial location; (b) t=1 s, end of plunging stage; (c) t=2.2 s, 

welding stage; (d) t=3.4 s, welding stage; (e) t=5 s, welding stage; (f) t=9 s, end of welding stage 
 

 

Fig. 7 Two-dimensional displacement graph of birth particle p1 
 

The rotation time around the pin was also reported 
in a previous study [27], in which the tungsten tracer 
particles were used to trace material flow in FSW of a 
pure aluminum (1050 Al alloy). The experimental 
observation showed that the tungsten tracer particles 
rotated around the pin seven times. Despite the 
difference in the rotation numbers due to the different 
work-piece materials and welding parameters, the 
modeling result agrees very well with the experimental 
data. 

 
Fig. 8 Displacement−time curve of birth particle p1 in 

transverse direction 
 

The velocity of the same birth particle p1 in the 
welding direction is shown in Fig. 9. The velocity 
fluctuation frequency in the welding direction is 
consistent with the displacement fluctuation frequency  
in the transverse direction, which indicates the rotation 
time of the particle. There is no significant difference in 
the velocity at the plunge stage, and the velocity of the 
particle gradually increases as it is close to the center of 
the pin at the initial stage of the welding. The maximum 
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Fig. 9 Velocity of birth particle p1 in welding direction 
 
velocity reaches 52 mm/s. At this time the particle is 
located at the periphery of the stirring pin, which has 
been also mentioned in the CFD model presented by SU 
et al [29]. Their results showed that the maximum 
velocity is at the edge of the flat area, but the particle 
exact location and velocity−time curve are not indicated. 
When the particle rotates to the bottom of the stirring pin, 
the velocity is reduced. It is considered that the velocity 
of the material flow is affected by both the pin and the 
shoulder. Therefore, the velocity at the periphery of the 
stirring pin is higher than that at the bottom of the 
stirring pin. Then, the tracer particle gradually moves to 

the outer side of the stir zone due to the centrifugal force. 
Without the effect of the pin, the velocity is obviously 
decreased. 

Figure 10 shows the velocity at the locations of p5 
and p9 in the welding direction. It can be seen that the 
velocity at location p9 (RS) is higher than that at location 
p5 (AS), which validates the results reported by 
MORISADA et al [27]. It can be easily explained by the 
relative velocity between the welding direction and the 
rotation direction of the pin. 

The material flows in the different depths of the 
welded plate are shown in Fig. 11. It can be seen that the 
 

 
Fig. 10 Velocity at locations of p5 and p9 in welding direction 

 

 

Fig. 11 Material flow patterns of particles p2 and p3 in different time: (a) t=0 s, initial location; (b) t=1 s, end of plunging stage;    

(c) t=1.8 s, welding stage; (d) t=2.2 s, welding stage; (e) t=2.6 s, welding stage; (f) t=3 s, welding stage; (g) t=7.4 s, welding stage;  

(h) t=9 s, end of welding stage 
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tracer particle p2 in the middle of the weld has a spiral 
downward movement similar to the particle p1 on the top 
surface. At the bottom of the weld, the particle p3 first 
has a spiral upward movement and then a spiral 
downward movement. One reason for this is that the 
upper material is affected by the shoulder and the lower 
material is mainly affected by the pin. 

Figure 12 shows the final position of the tracer 
particles in the different depths of the welded plate. It 
can be seen that the material near the top surface of the 
weld (p1, p2) is pushed across the weld centerline and 
deposited on the AS; the material near the bottom of the 
weld (p3) enters into the AS; the material near the 
bottom of the workpiece (p4) has a curved trajectory 
around pin and deposited on the RS. The reason for this 
behavior is the result of frictional force induced by the 
shoulder. The friction between the shoulder and top 
surface causes the upper material temperature to be 
higher than the bottom material temperature. So the 
upper material is more easily stirred. LORRAINA     
et al [30] performed FSW experiments using two 
different pin profiles (unthreaded pin and classical 
threaded pin). These two kinds of pins induced the same 

flow features, that is, upper material of the weld was 
deposited on the AS and lower material of the weld was 
deposited on the RS. These findings are consistent with 
the simulation results in this study. 

In order to study the flow patterns of particles in the 
horizontal direction, the flow traces of particles p6 and 
p10 are shown in Fig. 13. It can be seen that particle 
located on the AS in front of the pin (p6) rotates around 
the pin and eventually all of them flow into the AS after 
several rotations. Similarly, the particles that are located 
on the RS in front of the pin also flow into the AS. In a 
similar model developed by ZHANG and ZHANG [18], 
the particles located on the RS do not flow into the AS 
and are just rotated by the pin to the rear. However, their 
work did not pay much attention in time histories of 
material point. 

In addition, the material flow pattern is influenced 
by friction model such as shear model or coulomb model. 
In the models developed by TUTUNCHILAR et al [31] 
and PASHAZADEH et al [32] based on the constant 
shear friction model, the material on RS does not enter 
into the AS and eventually ends up in the RS rear of  
the tool, whereas in a model developed by YU et al [33] 

 

 

Fig. 12 Final positions of tracer particles: (a) p1; (b) p2; (c) p3; (d) p4 
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Fig. 13 Material flow patterns of particles p6 and p10 in different time: (a) t=0 s, initial location; (b) t=1 s, end of plunging stage;   

(c) t=1.8 s, welding stage; (d) t=2.6 s, welding stage; (e) t=3.8 s, welding stage; (f) t=4.6 s, welding stage; (g) t=7.8 s, welding stage; 

(h) t=9 s, end of welding stage 

 

based on the CFD theory, the flow pattern of the RS 
material is similar to that presented in this work. 

Previously, the material flow was experimentally 
examined by various tracer methods. COLLIGAN [34] 
investigated the material flow behaviors of 6061 and 
7075 aluminum alloys during FSW using steel ball tracer 
technique and “stop action” technique. It was revealed 
that the location of the material relative to the pin 
determined its trajectory. REYNOLDS [35] studied the 
material flow behavior by means of a marker insert 
technique. It was concluded that upper and lower parts of 
the weld had different flow patterns. The current results 
are consistent with experimental observations. Thus, the 
ability of the present model to predict the material 
movement is well validated. 

The flow patterns of horizontal points at the outside 
of the pin width on the AS and RS are shown in Fig. 14. 
It can be seen that the material flows on the RS and the 

AS are different. Some of material points on the RS do 
not enter into the AS with the increase of the distance 
from the stirring pin, as shown in Fig. 14(c). These 
material points on the RS far away from the pin directly 
flow to the rear of the weld but do not enter into the AS. 
Different from the tracer particle p22 on the RS, the 
material point p14 outside of the pin width with the same 
distance from the stirring pin on the AS can rotate with 
the pin and enter into the region under the shoulder on 
the AS. Compared with that in the location of particle 
p26, more materials enter into the stir zone near the pin 
at the location of particle p18. 

From the above analyses, it can be seen that the 
relative location relationship between the tracer particles 
and pin can have significant effects on the material flow. 
In the horizontal direction, the stirring effect of the pin 
on the material flow behavior becomes weaker with   
the increase of distance from the pin. In the vertical 
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Fig. 14 Material flow patterns of particles p14, p18, p22 and p26 in different time: (a) t=0 s, initial location; (b) t=1 s, end of 

plunging stage; (c) t=2.2 s, welding stage; (d) t=2.6 s, welding stage; (e) t=3.8 s, welding stage; (f) t=4.6 s, welding stage; (g) t=7.8 s, 

welding stage; (h) t=9 s, end of welding stage 

 
direction, the material has a quite different flow patterns 
at the upper and lower parts of the weld. The material 
near the shoulder remains on the AS, and upon 
increasing the distance from the top surface, the material 
flows into the AS diminishes. 
 

5 Conclusions 
 

1) In front of pin, the material on the upper surface 
has the spiral downward movement affected by the 
shoulder whereas the lower material first moves in a 
spiral upward mode affected by the pin and then moves 
downward. These materials slough off on the AS after 
several rotations. 

2) The variation of velocity and displacement of 
particles with time is obtained, and it can be used to 
estimate the rotation times. 

3) The velocity of the tracer particles flowing at the 

periphery of the stirring pin is higher than that at the 
bottom of the weld. 

4) At the outside of the pin width, the stirring effect 
of the pin on the material flow becomes weaker with the 
distance to the weld centerline. The material on the AS 
entered into the stir zone is slightly more than that on the 
RS at the same distance from the center of the pin. 
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搅拌摩擦焊接全过程材料流动行为的数值模拟 
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摘  要：基于固体力学理论，采用 ABAQUS 有限元软件建立搅拌摩擦焊接(FSW)全过程热力耦合模型，利用质点

跟踪技术模拟研究 FSW 全过程材料流动行为。结果表明，搅拌针周围材料的运动方式为螺旋运动，焊缝上部与

下部材料有明显不同的流动方式，上部分材料在轴肩的影响下会螺旋向下运动，下部分材料在搅拌针的影响下会

向上运动。搅拌针周围材料质点的流动速度高于搅拌针底部质点的。材料可绕搅拌针旋转数周，模拟结果与钨示

踪粒子的实验观测结果很  吻合。 

关键词：搅拌摩擦焊；有限元模拟；质点跟踪；材料流动 
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