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ABSTRACT 
 

The finite element modeling is useful on the research area of welding, several 
special software have been developed for this application. These programs 
specialized for especially fusion welding and some often used pressure welding 
process. The modeling of friction stir welding (FSW) basically differs from the 
others, which follows from its complexity. During friction stir welding the heat 
transfer and material flow occur, that they affect each other, so a coupled 
thermal/flow model necessary in this case. Moreover other modules can be enclosed 
(e.g. structural mechanics). A special finite element software for welding is not 
sufficient for this task, so a general, multiple program necessary. The possibility of 
coupled model reduces the list of available programs because just some software 
can do this. That’s why the Comsol Multiphysics software has been used for this 
task.  
 
INTRODUCTION 
 

In friction stir welding, a cylindrical shouldered tool with a profiled pin is 
rotated and plunged into the joining area between two pieces of sheet or plate 
material. The parts have to be securely clamped in a manner that prevents the joint 
faces from being forced apart. Frictional heat between the wear resistant welding 
tool and the work pieces causes the latter to soften without reaching the melting 
point and allows traversing of the tool along the weld line. The bigger part of the 
frictional heat was generated by the tool shoulder, but important the pin generated 
heat in the material too. Figure 1 shows the generated heat (arrows) by the friction 
stir welding tool: 
 

 
Figure 1 

Generated heat by FSW tool 
 



The pin generated heat is not directly proportional with the shoulder generated heat 
because the temperature of the base material affects to the frictional heat. So the 
base material temperature affects to the frictional coefficient/dynamic viscosity too.  
The model becomes more complex because the material flow affects to the heat 
transfer and vice versa. Naturally it depends on the tool geometry too.  
 
MODEL DESCRIPTION 
 

A coupled thermal/flow model was developed for friction stir welding utilizing 
the Comsol multiphysics software. Figure 2 displays the geometry utilized to 
simulate the thermal/flow characteristics of the friction stir welding process.  
 

 
Figure 2 

 Geometry for friction stir welding modeling 
 

When creating the geometry the standard (experimentally used) dimensions of base 
material, backing plate and FSW tool were used. A flow-capable region (in the base 
material) must be used to model the material flow, it clearly visible on the center of 
the figure. In this area the base material defined as a non-Newtonian viscous fluid, 
so significant material flow can be occurs here during welding. The flow-capable 
region is also important because less time needed for material flow modeling, and 
the result is not change (the software computes the material flow in the base 
material, but it is zero naturally).  

During meshing the density of elements are higher near to the FSW tool and 
lower away from the tool. The physics-controlled meshing function of Comsol was 
used to simplify the meshing. The quality of meshing basically determines the 



results, so finer mesh was used; naturally it increases the modeling time. 
Tetrahedral elements were utilized for meshing, giving 94548 tetrahedral elements. 
Figure 3 shows the adjacent area of the FSW tool: 
 

 
Figure 3 

 Fine meshing near the tool 
 
As indicated in the figure, the model defines a flow-capable region between the 
advancing and retreating sides in which the temperature and action of the tool 
plasticizes the aluminum workpiece, and material flow occurs. The width of the 
flow-capable region is set 1 mm wider than the tool shoulder to permit limited 
bypass flow around the shoulder at the workpiece surface. The inlet velocity into 
the flow region is simply the weld velocity (uweld), defined in the positive x-
direction (actual tool displacement occurs in the negative x-direction, but the inlet 
velocity effectively captures tool articulation in the simulation). The boundary 
condition for the velocity field between the flow region and the advancing side, the 
retreating side, and the backing spar is no slip. The velocity boundary condition for 
the surface of the flow region is 
 

u = uweld,  v = 0,  w = 0              (1) 
 
where u, v, and w are the conventional representations of the velocity magnitudes in 
the x-, y-, and z-directions. The velocity field boundary conditions for the shoulder, 
and the pin are the same and are given in the following equation: 
 

u = ω · y,  v = -ω · x, w = 0             (2) 
 
where ω is the angular velocity of the tool. To solve for the velocity field within the 
flow region, the viscosity of the region, must be known. The viscosity is determined 
from the flow stress σe and the effective strain rate ε  through the following 
relationship[1]: 
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The maximum strain rates within the flow region occur adjacent to the weld tool, 
i.e., under the tool shoulder and along the pin, where the velocity gradients are the 
greatest. The strain rates decrease rapidly away from the tool since the material flow 
velocities also decrease quickly away from the tool. In their work on aluminum, 
Frigaard et al.[2] estimated the maximum effective strain rate under the tool 
shoulder to be 20 s-1, while Nandan et al.[3] calculated the maximum strain rate as 
100 s-1 near the tool shoulder and as 30 s-1 approximately 4 mm below the shoulder. 
More recently, Arora et al.[4] computed the maximum strain rate in aluminum 2524 
as 9 s-1 for their FSW parameters and tools. Colegrove et al.[5] used constant strain 
rate values ranging from 0.001 to 1000 s-1 in their thermal/flow simulations of 
aluminum alloys. In this study, the calculation of viscosity and flow stress is 
simplified by assuming a constant, maximum value for the effective strain rate 
calculated at the tool shoulder that is then applied to the entire flow-capable region.  
Sheppard and Wright [6] proposed a formulation for the flow stress in Eq. 4 as 
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where A, a, and n are material constants and Z is the Zener–Hollomon parameter 
that captures the temperature influence on the effective strain rate: 
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where Q is the activation energy, R is the universal gas constant, and T is the 
absolute temperature. The values for Q, A, a, and n presented in Table 1 were taken 
from Colegrove et al.[7] for aluminum 6082-T6. During the simulation, the Zener–
Hollomon parameter is recalculated for each iteration based upon the predicted 
welding temperature. As such, the model captures the temperature dependence of 
the effective strain rate, the flow stress, and the viscosity during friction stir 
welding. 

Table 1 
Material constants for 6082-T6 aluminium alloy 

Alloy Q (J/mol) A (s-1) n α (MPa-1) 
6082-T6 168000 3,0197E11 4,70929 0,02416 

 
Within the flow-capable region of the modeled aluminum workpiece, the heat 
transfer and material flow behavior are coupled. The thermal properties, i.e., the 
thermal conductivity, k, and the specific heat capacity, cp, within the flow region are 
identical to those within the retreating and advancing sides of the aluminum 



workpiece. The heat flux equations, however, have been modified to represent heat 
flux values averaged over the tool shoulder: 
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where ω is the angular velocity of the tool, rshoulder is the radius of the tool shoulder, 
Fn is the applied pressure force on the workpiece during welding. A thermal 
insulation constraint is applied at each interface of the flow-capable region with the 
non-flow areas of the model, i.e., with the retreating side, with the advancing side 
and with the backing bar. These constraints assure temperature continuity across the 
flow-capable boundaries into the other areas of the model. Thermal insulation 
constraints are also applied to the tool shoulder/workpiece and pin 
bottom/workpiece interfaces to assure heat continuity across these boundaries as 
well. For the boundaries exposed to ambient conditions, i.e., the workpiece top, 
workpiece side, and tool side, the convective heat transfer coefficient is set to 15 
W/m2K to approximate free convection on these surfaces. As suggested in 
References 8 and 9, convection coefficients of 200 and 250 W/m2K are applied to 
the tool top respectively. For the underside of the workpiece and the sides of the 
backing plate, a convective coefficient of 100 W/m2K is used to represent the 
dissipation of heat into the backing plate. Heat dissipation due to radiation is 
ignored in this model. 
 
RESULTS 
 

The FEM analyses were made with our often used combination of technological 
parameters, so the rotational speed was 400/min, and the welding speed was 100 
mm/min. The tool geometry was own developed staggered tool geometry. Figure 4 
shows temperature field around the FSW tool as the result of heat transfer 
modeling. Clearly visible the differences between the two sides of the tool on this 
figure. This is the special feature of this process. The validating of heat transfer 
modeling is rather difficult, and this validating can not give exact results.  
 

 
Figure 4 

 Temperature field around the FSW tool 



 
On the figure 5 the velocity magnitude can be seen around the tool. Noticeable the 
material flow velocity distribution differences between the tool sides because the 
different temperature. We can see that the temperature affected to the material flow 
velocity, so the coupled model is working. The validating of material flow is almost 
impossible; maybe we can conclude something from the cross-sectional 
examinations with optical microscope.  
 

 
Figure 5 

 The velocity of material flow around the FSW tool 
 
SUMMARY 
 

The application of coupled thermal/flow model is necessary to model friction 
stir welding A well-planned model can make easier the optimization of 
technological parameters and it is much cheaper than experiments. As we can see, 
the presented FEM model apply correctly the laws of physics (heat transfer, 
material flow) and it can be useful to compare several technological parameters, but 
the validating is important to get more exact results. Additional tasks can be 
applying more modules to determine e.g. the microstructural changes.  
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