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Abstract 

This work deals with the numerical simulation and material flow 

visualization of Friction Stir Welding (FSW) processes. The 4-th 

order Runge-Kutta (RK4) integration method is used for the 

computation of particle trajectories. The particle tracing method is 

used to study the effect of input process parameters and pin shapes 

on the weld quality. The results show that the proposed method is 

suitable for the optimization of the FSW process. 
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1 Introduction 

Friction Stir Welding is a solid-state joining technique lately found 

by Thomas et al. [1]. The basic concept of FSW is the following. A 

shouldered pin rotating at constant rotational speed is inserted into 

the line between the two plates to be welded. Once the insertion is 

completed, the pin is moved along the welding line at constant 

rotating and advancing speeds to form the joint.  

Ideally, the pin is designed to disrupt the contacting surfaces of the 

work-piece, shear the material in front of the tool and move the 

material behind the tool. The depth of deformation and the tool 

travel speed are mainly governed by the pin. This serves two 

primary functions: heating of the work-piece, and moving the 

material to produce the joint. In general, both the heat and the 

material transfer depend on the work-piece material properties, tool 

geometry, and FSW process parameters. 

One of the main issues in the study of FSW is heat generation. 

During the process, the material undergoes intense plastic 

deformation at elevated temperatures. In the FSW process, welding 

is achieved by the generated heat due to friction and the material 

mixing/stirring process. The generated heat must be enough to allow 

for the material to flow and to obtain a deep heat affected zone. 

Insufficient heat forms the voids as the material is not softened 

enough to flow properly. It is of practical importance to understand 

the material flow characteristics for optimal tool design and obtain 

high structural efficiency welds. The visualization of the material 

flow is very useful to understand its behavior during the weld. This 

has led to numerous investigations on material flow behavior during 

FSW. A method assessing the quality of the created weld by 

visualization of the joint pattern is advantageous. It can be used to 

have a pre-knowledge of the appropriate process parameters. 

However, following the position of the material during the welding 

process is not an easy task, neither experimentally or numerically. 

The experimental material visualization is difficult and needs 

metallographic tools. In an attempt to better understand FSW, many 

investigators have used experimental techniques to visualize the 
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material flow and to estimate characteristics of FSW. Most of the 

studies done so far are based on the experimental study of material 

flow tracing. Two different tracer techniques were used by different 

researchers for visualization of the material flow. The first was a 

tracer technique by marker material where a dissimilar material is 

inserted into the weld line. The second technique was to weld two 

dissimilar materials with the FSW process and then see the material 

mixing. The marker materials were different Al-composites [2], [3], 

[4], steel balls [5], copper foil [6], [7], plasticine and brass rods [8]. 

The used dissimilar base materials were different magnesium alloys 

[9], aluminum to copper alloys [10],[11]. 

Alternatively, establishing a numerical method for the visualization 

of the material trajectory in order to gain insight to the heat affected 

zone has been attempted. Computational methods including the 

finite element method have been used to model the material flow. 

In the literature, there are several works to compute the material 

flow. On one hand, within a Lagrangian framework, no special 

technique for the tracking of the material is necessary as the mesh 

nodes are material points. In this format, re-meshing is unavoidable 

[12, 13]. Meshless methods used within an updated Lagrangian 

formulation [14] are an interesting alternative, even if its 

computational cost is usually higher than the classical finite element 

method. In this case, re-meshing is avoided but the material flow is 

known only at the nodal points. On the other hand, when using an 

Eulerian/ALE approach, a specific technique to compute the 

material trajectories must be implemented. However, the mesh 

density used for the FSW simulation is not related to the definition 

of the set of particles used for the visualization of the material flow. 

Hence, a large number of particles can be used without increasing 

the computational effort devoted to the simulation of the process 

itself. Following this approach, the ALE formulation together with a 

splitting method is proposed in [15] to analyze different phases of 

FSW process. In [16] an Eulerian formulation together with a simple 

mesh moving technique is used to avoid mesh distortions and 

reducing the computing time due to the ALE technique. 
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In this work, a numerical particle tracing technology is proposed to 

study the extent of material stirring during the FSW process and to 

study the weld quality.  

The outline of the chapter is as follows. Firstly the particle tracing 

technique is described using a RK4 integration technique for the 

computation of particle trajectory. Afterwards, the proposed method 

is applied to different examples in order to study the quality of the 

final joint for different process parameters and pin shapes. Finally 

some conclusions are drawn. 

2 Particle tracing 

In this work, the FSW process is simulated using an apropos 

kinematic framework based on the ALE formulation [17, 18, 19, 20] 

and particle tracing is performed to be able to follow the material 

movement in the stirring zone integrating the velocity field [21]. 

Due to the ALE character of the finite element analysis used, the 

motion of the finite element mesh is not necessarily tied to the 

motion of the material. During the analysis, a material particle 

moves through the mesh and at different time it is located inside 

different elements. To observe material movement around the pin, it 

is necessary to construct and analyze material particle trajectories. 

This is possible with the use of a particle tracing method (particles 

are treated as material points not as mesh nodal points). 

Particle tracing is a method used to simulate the motion of material 

points, following their positions at each time-step of the analysis. 

This method can be naturally applied to the study of the material 

flow in the welding process. In the Lagrangian framework, as the 

mesh nodes represent the material points, the trajectories are the 

solution of the governing system of equations. When using an 

Eulerian or ALE framework the solution does not gives directly 

information about the material points. However, the obtained 

velocity field can be used to get an insight of the extent of material 

mixing during the weld. 

In this method, firstly, a set of points representing the material points 

(tracers) are distributed in the domain and then, a Lagrangian 
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Ordinary Differential Equation (ODE) for the computation of 

material displacement at a post-process level must be solved. Each 

particle’s path is followed in time integrating the following ODE 

equation:  

( )( ) ( )( )tt
Dt

tD
,XV

X
=  (1) 

Integrating (1) yields: 

( ) ( )( )∫+=
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where ( ) 00 XX ==t  is the initial position of the particle, ( )tX  is the 

position of the material points at time t and ( )( )tt ,XV  is the velocity 

of the tracer in the position ( )tX  and time t.  

An appropriate time integration method for the solution of the ODE 

equation is needed in order to track the particles. To solve the ODE 

equation, there exist a large amount of integration techniques 

ranging from the simple first order Backward Euler (BE) scheme to 

higher order Runge-Kutta schemes. Among them three well-known 

methods are chosen and compared in [21]: Backward Euler with 

Sub-stepping (BES), Fourth order Runge-Kutta (RK4) and Back and 

Forth Error Compensation and Correction methods (BFECC). These 

methodologies, widely used in fluid dynamics, are suitable and 

robust tools to study the FSW problem allowing for a clear 

visualization of the material movement at the stir-zone leading to a 

better understanding of the welding process itself. Among them, 

RK4 is found to be more precise for the simulation of FSW problem. 

Moreover, a search algorithm must be executed to find the position 

of the material points in the Eulerian or ALE meshes in order to 

identify the element containing the tracer. The tracer velocity is 

obtained interpolating the nodal velocity of the background mesh 

and the corresponding interpolation (shape) functions, ( )( )tN
j

X , as:  
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where the velocity field, ( )tjv , is known at each node,  j, of the 

finite element mesh representing the domain at any time, t , of the 

analysis. 

2.1 RK4 method 

According to the forth-order accurate RK4 method, the particle 

position at time-step n+1 is computed from the advection of the 

initial position by four weighted incremental displacement at 

intermediate time-steps.  

( ) ( ) ( ) ( )( )4321

1 22
6

1
XXXX ∆+∆+∆+∆+=+ nn XX  (4) 

 where the incremental displacements are computed as 
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The RK4 method is a 4-th order method, meaning that the error per 

step is ( )5
tO ∆ , while the total accumulated error is ( )4

tO ∆ . The 

RK4 method is an appropriate choice as it can integrate exactly a 

circular trajectory, a standard particle path in FSW. 

The nodal velocity field, ( )t
t

t

n

n
2

1

∆
+

+v , corresponding to the mid-time 

step 
2

t
tn

∆+  is obtained as: 
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where nv  and 1n+v  are the nodal velocity fields at times 
n
t  and 1n

t + , 

respectively. 

3 Examples 

The material flow during FSW is complex and the understanding of 

deformation process is limited. It is important to point out that there 

are many factors that can influence the material flow during FSW. 

These factors include tool geometry, welding parameters, material 

types, work-piece temperature, etc.  

The proposed method is used to investigate the effect of these 

factors on the qualification of the final weld. The first example 

studies the effect of the input process parameters on the joint 

creation and the second one considers the effect of the pin shapes on 

the weld quality. 

3.1 Input process parameters effect on the weld 

To study the effect of the input process parameters on the joint 

quality, a 2D example is considered. The model is a transversal cut 

of the pin, with 10 mm diameter, perpendicular to the rotation axis. 

The cut represents the mid-section of the real threaded pin. The 

contact condition between the pin and the work-piece (AA2195-T8) 

is considered to be perfect sticking. Process parameters are the same 

as in the experiment: welding speed Vs = 5.0833 mm/s and rotational 

speed Vr = 500 rpm. A Sheppard-Wright constitutive model is used 

[21].  

A set of 100×150 particles in a shape of a 20×30 mm
2
 rectangle at 

their initial position is located right in front of the pin. The whole 

model is discretized with a mesh of 4986 triangular elements. The 

problem is solved using the v/p mixed formulation stabilized by the 

OSS stabilization method [17, 18, 19]. The RK4 time integration 

method is applied for the solution of the particle tracing problem. 

The model has been already validated in the authors’ work [21]. 
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To study the effect of the input parameters and to gain an insight of 

the ratio influence between advancing and rotational velocities, two 

“limit cases” and the original case problem with the same boundary 

condition and material properties and the velocity fields: (a) Vs = 

5.0833 mm/s; Vr =0 rpm, (b) Vs = 0.50833 mm/s; Vr = 500 rpm and 

(c) Vs = 5.0833 mm/s; Vr =500 rpm are analyzed. Apart from the 

original problem, one case where the rotational velocity is zero and 

the other case where the advancing velocity is very small (advancing 

velocity cannot be zero) are considered. 

Studying these three cases reveals some characteristics of the 

material flow pattern. Figure 1 shows the particles pattern after joint 

creation and the velocity streamlines for these three sets of velocity. 

Case (c) is the original problem [21]. It shows an initially straight 

transverse set of particles that has been welded through. Note that 

the material moves backward in a curve, and a thin zone is swept 

forward on the advancing side, as seen in the predicted particle 

tracks. 

It can be observed that when the pin is not rotating (case (a)), the 

flow passes through the pin (an obstacle). In this case, the advancing 

velocity is the same as in the original problem. The discontinuous 

line is located in the center of the plate on the weld line and the joint 

is not created. 

In case (b), the rotational velocity of the pin is the same as the 

original problem but the advancing velocity is 10 times smaller. 

Even though case (b) and case (c) show the same velocity contour 

field, streamlines in case (b) represent more material rotation around 

the pin. The reason is the much bigger ratio between the rotational 

and advancing velocities than in the case (c). Moreover, via particle 

tracing technique the effect of the input parameters on the weld 

quality can be observed. It is shown that when the advancing 

velocity is much smaller than the rotational one, the joint is 

defective and non-qualified and the weld line is not located at the 

center line.  

By comparing the three cases, it can be concluded that the ratio 

between the rotational and advancing velocities is crucial to obtain a 
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qualified joint. They cannot be arbitrary selected. Particularly, a very 

low advancing velocity comparing with the rotational one does not 

lead to a qualified joint. 

 
 

Figure 1: Creation of the weld joint with different input parameters                      

(a) Vs = 5.0833 mm/s, Vr =0 rpm; (b) Vs = 0.50833 mm/s, Vr = 500 rpm;               

(c) Vs = 5.0833 mm/s, Vr =500 rpm. 
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3.2 Different pin shapes effect on the weld 

The second example investigates the effect of different pin shapes 

on the joint creation using the proposed particle tracing method. 

Different types of pin shape are considered and shown in Figure 2 

including (a) triflute; (b) trivex; (c) circular; (d) triangular. The pins 

are generated from an originalyl circular section of 10 mm diameter 

(Figure 2). The trivex pin design is approximately triangular; the 

three points of the pin form an equilateral triangle and are connected 

by convex sides. The triflute pin shape is obtained from an original 

circular section removing three circular segments.  

 

 

Figure 2: Different types of pin shape 

 

A square domain of 80×80 mm
2
 is considered with a circular heat 

affected zone of 20 mm in diameter. An ALE framework is 

considered in the heat affected zone and the rest of the circular 

domain is defined in the Eulerian framework. The RK4 integration 

technique is used for the solution of the particle tracing problem. 

In a first step, the problem is analyzed under the stick condition. 

Figure 3 illustrates the temperature contour fields obtained together 

with the streamlines. The streamlines show that: voids are created 

using the pins with sharp corners such as trivex and especially 

triangular pins; the circular and triflute pin present similar 

streamlines taking into account that the stick condition is assumed. 

Note that the triflute shows significantly more material being 

captured and taken around the tool more than once, whereas the 

trivex struggles to fill the space behind the tool on the advancing 

side. This is therefore consistent with the generation of a void in the 
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wake of a trivex tool. The triflute pin has a high swept rate due to 

the segments and a tool design with a higher swept rate reduces the 

voids. 

 

 

Figure 3: Temperature field and streamlines obtained from different pin shapes 

 

It can be observed that the generated heat is greater for the triflute 

and the circular pin than for the trivex and the triangular pins as in 

the stick condition more material move together with the pins.  

The pressure contour field is illustrated in Figure 4. Pins with 

sharper corners have higher maximum pressure value as for 

triangular and trivex pins than the ones with convex sides as for 

circular and triflute pins. However the maximum pressure is of the 

same order. 
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Figure 4: Pressure contour field obtained from different pin shapes 

 

In a next step, the effect of slip condition on the same problem is 

studied. In this case, the pin rotational velocity has less effect on the 

work-piece than in the stick case. The triflute and the circular pin 

lead to considerably different streamlines (Figure 5). The 

streamlines for a circular pin show a passing flow through an 

obstacle while for a triflute pin, they show the trapped material in 

the segments of the pin moving with it. In the slip case, the joint is 

not qualified even though in the triflute case, the joint is created due 

to the effect of the segments. In the stick case, the joint is created 

following the ring patterns observed generally in the FSW process. 

The effect of the segments can be also seen in the Figure 6 for the 

slip case as the material close to the pin is affected by the pin 

velocity. 
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Figure 5: Streamlines and created joints in both the stick and slip cases for 

circular and triflute pins 

 

 

Figure 6: Velocity contour field in the slip case for circular and triflute pins 
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Figure 7: Streamlines and created joints in both the stick and slip cases for 

triangular and trivex pins 

 

 

Figure 8: Streamlines and velocity contour field in the slip case for triangular and 

trivex pins 
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Figure 7 shows that for both the slip and stick cases, joints are 

created using triangular and trivex pins. However, in the stick case, 

the joint is not qualified and does not follow the usual pattern of 

FSW due to the void creation. When the slip condition is assumed, 

the voids are not created. Material around the pin does not share the 

same velocity as the pin, but it moves due to the non-circular shape 

(Figure 8) and a qualified joint is created.  

It can be concluded that different types of pin shapes can be selected 

for different conditions of the weld. In stick case, pins without sharp 

corners create qualified joints while the pins with sharp corners can 

be used in slip cases.  

Material deformed by the friction stir tool must be capable of filling 

the void produced by a traversing pin. If the tool design is incorrect, 

the deformed material will cool before the material can fully fill the 

region directly behind the tool. 

The presented results are preliminary, but the proposed method 

could clearly be of great benefit in reducing experimental trials if 

near optimal welding conditions could be predicted directly from 

knowledge of the material joint behavior. 

4 Conclusion 

The work deals with the simulation and visualization of material 

flow. The simulation of the transient phase is important for 

understanding the material behavior. The model can provide this 

insight by computing the particles’ thermo-mechanical history. If the 

process is defined in an ALE/Eulerian setting, an additional method 

must be introduced in order to find the particles’ history. The 

particle tracing method for the material stirring during and after 

welding is applied to the material flow visualization of the FSW 

process. The RK4 integration method is used for the computation of 

particle trajectories. 
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From the ring shape flow pattern left after the welding, it is found 

that the ratio between the rotational and the advancing speed is one 

of the key points for the qualified joint creation. The effect of pin 

shapes on the weld quality is studied. It is found that in the stick 

case, pins with sharp corners (triangular and trivex) generate voids 

while this problem does not appears in the slip case. Moreover, the 

effect of the segments of a triflute pin on the weld quality is studied 

and shows that the material trapped in the segments moves with the 

pin in both stick and slip cases. 
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