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Abstract. In order to study the temperature field (TF) distribution and material flow (MF) in the 
friction stir welding process, the finite element model of friction stir welding (FSW) was established 
to simulate the welding process. The temperature field results showed that the temperature on the 
advancing side (AS) was higher than the retreating side (RS). The temperature field has an important 
influence on the material flow, so the material flow in the plunging stage and welding stage is 
simulated numerically to study the material flow trajectory in different stages. The results show that 
the material distribution is more uniform due to the long time in the plunging stage, and the amount 
of material flow in the plunging stage is larger than that in the welding stage. In the welding stage, it 
is found that the shoulder can promote the material flow. After analyzing the displacement of tracking 
particles in the welding stage, it is found that the displacement of particles on the AS is significantly 
higher than that on the axis and the RS. 

Introduction 

Friction stir welding (FSW) is a solid phase joining technology. Because of its good weld 
performance and green pollution, it is widely used in the welding of light alloys in the aerospace and 
other industries [1-3]. However, if the welding parameters are not controlled properly in the welding 
process, abnormal material flow (MF) will lead to the formation of weld defects [4,5].  

FSW process is a complex process of thermal-mechanical coupling, and the temperature field (TF) 
as the heat source input in the welding process is very important for the realization of FSW process. 
Some scholars have conducted some research on this process [6-9], but the simulation of temperature 
difference between the AS and the RS is relatively rare. The MF field has an important influence on 
the quality of weld forming, so it is necessary to study the MF, which is helpful to understand the 
process of FSW and explore the rule of weld forming [10]. 

In this paper, the finite element model of FSW is established to simulate the welding process, and 
the temperature field of the FSW process is studied. The temperature field of the welding zone has an 
important influence on the MF. Therefore, the numerical simulation of the MF in the plunging stage 
and the welding stage is carried out to study the influence of the tool on the MF trajectory. 

Finite Element Model 

The FSW process is a dynamic nonlinear process. The welding process is numerically simulated 
based on the Lagrange method. The tool material is W6, and the workpiece size is 
150mm×100mm×6mm for the 2A14-T6 aluminum alloy. The tool shoulder diameter is 16.3mm, the 
tool cone angle is 15°, and the tool pin length is 5.7mm. In order to improve the accuracy of simulation 
solution, the workpiece and the tool are refined by adding meshwindow. the refined result is shown 
in Figure 1. 

The absolute mesh size is used to control the solution accuracy, but this method will increase the 
solution time to some extent. The software uses mesh adaptive techniques to prevent mesh distortion 
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from causing the solution to end. The total number of tetrahedral meshes that the workpiece is divided 
into is 62,873, and the total number of meshes divided by the tool is 21,458. The workpiece is fixed 
by constraining the degree of freedom of the bottom and sides of the workpiece. 

 

Figure 1. Geometric model and mesh model 

The FSW material undergoes plastic deformation, so it is necessary to define flow stress values in 
a wide range of strain, strain rate and temperature. The stress-strain curves of different strain rates in 
DEFORM-3D are used as input to the simulation, and the isotropic strengthening rules are considered 
[11]. 

( , , )T                                                                      (1) 

Where   is the flow stress,  is the strain,  is the strain rate, and T is the temperature.  
The heat input of FSW is mainly friction heat generation and plastic deformation heat generation, 

as defined in Eq.2, the inelastic thermal coefficient contains heat generated by plastic deformation. 

f pq q q                                                                      (2) 
Where, q is the heat generated in the process of FSW, fq  is the heat generated by friction, and pq  

is the heat generated by the plastic deformation of the material. 

pq                                                                       (3) 
Where,  is the inelastic thermal coefficient, which is 0.9 in this paper [12], and the temperature 
distribution is determined by the Fourier's law of the heat conduction equation, as shown in Eq.4. 
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Where k is the thermal conductivity of the material,  is the density of the material, and Pc the 

heat capacity of the material. 

Temperature Field Distribution 

The experimental welding parameters were simulated and analyzed. The simulation results are shown 
in Figure 2. The weldment was divided into three layers to study the temperature difference between 
different layers. The TF cloud diagram shows that the temperature on the advancing side is 
significantly higher than that on the retreating side, but the temperature difference below the 
weldment becomes smaller. The weldment forms a viscous layer in the uppermost layer due to the 
extrusion of the tool shoulder, and the temperature in this zone can reach 500 °C. The viscous layer 
extends downward to form the thermoplastic layer of material flow, and the temperature in this region 
can reach about 450 °C. Due to the conical design of the tool pin, the temperature area under the 
welding material is smaller than the upper part, which also reflects the essential reason why the 
material flow slows down below. 
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Figure 2. Temperature difference between the advancing side and the retreating side 

Material Flow at Plunging Position 

In the initial stage of the plunging process, the material is extruded and overflowed due to the lower 
welding temperature of the stirring pin just contacting the material. As the plunging depth of the 
mixing pin increases, the thickness of the plastic softening layer of the material increases, and the 
plastic flow of the material occurs. As shown in Figure 3, 11 groups of tracking particles are arranged 
directly below the tool pin, with 8 particles in each group, wherein the distance between each group 
of particles is 1.7 mm. 

RS AS

 

Figure 3. Particle setting and plunging process 

The particle distribution of the material after welding is shown in Figure 4. It can be seen that the 
particle flow amount on the AS of the material is larger than that on the RS, and the particle flow 
trend is similar to the shape of the stirring pin and presents a cone shape. The shaft shoulder has a 
certain effect on the upper particles of the workpiece, but the bottom material at the shaft shoulder 
basically does not change any position. Part of the material is squeezed to the bottom of the keyhole 
during the plunging stage. 

 

Figure 4. Particle distribution after welding 

Figure 5c shows that a part of the material has plastic flow during the process of particle plunging 
down. after the particles are pressed down to a certain amount, the particles on both sides of the shaft 
shoulder are evenly distributed, and a small part of the particles gradually precipitate behind the weld 
after rotating around the tool pin for several weeks. Small number of particles are still rotating with 
the tool pin after welding for a distance as shown in Figure 5a. There are also several particles on the 
shoulder that move around the shoulder and eventually stay on the back end of the weld. The results 
show that the material distribution during the plunging process is relatively uniform. 

 

Figure 5. Trajectory changes of particles at the plunging position 
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Material Flow in Welding Stage 

In order to study the MF track of the material in the welding process, 11 groups of tracking particles 
are also set up as shown in Figure 6, wherein the particles are set at 1.5mm of the leading edge of the 
tool shoulder, the distance of each group of particles is the same as that in the plunging stage, and the 
outermost particles are set to the outside of the shoulder. 

 

Figure 6. Initial position of the particles in the welding phase 

Figure 7b shows that the tool pin has not yet contacted the tracking particles, and the particles on 
the RS have partially displaced, which indicates that the shoulder has a promoting effect on the MF 
in the welding stage. After the end of the welding, as shown in Figure 7a, the particle distribution in 
the keyhole is reduced. The particles on the AS flow more toward the RS, and the amount of the 
particles flowing toward the AS decreases, which is also an important cause of the occurrence of 
welding defects on the AS. 

 

Figure 7. Trajectory changes of particles in welding phase 

Tracking Particle Displacement Change 

In order to understand more clearly the displacement trajectory changes in the MF process. A set of 
tracking particles is respectively arranged on the center of the weld, the AS and the RS, as shown in 
Figure 8. Each group is 3 tracking particles, which are center position and 1.7 mm from the center 
position. The particles are placed 1.5 mm from the leading edge of the tool pin. 

 

Figure 8. Position setting of displacement tracking particles 

Figure 9a shows that the particles at the axial position first flow to the far position on the RS, P1 
and P2 particles flow from the RS to the AS, and the MF displacement in the lower part is less than 
that in the upper part, which also verifies the temperature field distribution to a certain extent. Figure 
9b shows that the MF on the AS has a slight time delay than that on the axis, and the middle and 
bottom layer materials on the AS have an upward flow trend. Figure 9c shows that MF has occurred 
on the RS particles, but the particles remained on the RS eventually, and the MF in the middle and 
lower layers weakened significantly. 
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Figure 9. Particle displacement curves of different regions 

Conclusions 

(1) The finite element model of FSW was established and the numerical simulation of the whole 
working condition of FSW was carried out. The results showed that the temperature on the AS of the 
welding zone was higher than that on the RS, and the stratified analysis showed that the temperature 
difference between the two sides of the middle and lower layers decreased. 

(2) The particle flow trajectory in the plunging stage is simulated, and it is found that a small part 
of the material is squeezed to the bottom of the keyhole, and the MF evenly in the plunging stage and 
is finally evenly distributed around the weld seam. 

(3) The MF in the welding stage indicates that the shoulder has a promoting effect on the MF, and 
the MF on the AS is larger than the RS, and the number of particles staying on the RS is larger than 
that on the AS. 

(4) Through the particle displacement curve, it is found that the particle flow on the AS is more 
intense, the MF under the workpiece is low, the displacement is relatively small, and the material on 
the AS tends to flow upward. 
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