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ABSTRACT 

This work addresses the issue of the simulation and prediction of defect formation through 
the analysis of the material mixing during Friction Stir Welding (FSW). A coupled 
thermomechanical model is used for the FSW simulation. To follow the flow of the 
material, a tracing technique of the material particles is incorporated in the numerical 
model.  
A fast and accurate two-stage numerical strategy is adopted to analyse the FSW process. 
The speed-up stage intends to reach the steady state quickly. The material tracing is 
performed in the periodic stage where the rotation of the tool is modelled.  
The effect of the process parameters and the pin features on the defect formation is 
studied. The model is capable of predicting defects such as void, wormhole, flash and 
joint line remnant, as well as the formation of “onion rings” in a single simulation. The 
results show that the proposed model has significant capability to explain and predict the 
post-FSW defects.  
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1 INTRODUCTION 

Friction Stir Welding (FSW) is a solid state welding technology that has been widely 
used, due to the low defect and the lack of melting, in shipbuilding, trains, and aerospace 
industries since its invention [1]. Being a solid state joining technique, FSW precludes 
defects such as hot cracking and porosity. It is applied to join different types of alloys 
such as aluminium, stainless steel and magnesium which are hard to be welded using the 
traditional welding techniques.  
FSW is a coupled thermomechanical process where the weld properties and the 
microstructure are affected by the heat and mass transfer [2]. Heat is generated by friction 
and plastic deformation. Higher heat input improves the material flow and mixing. High 
quality FSW joints are achieved by an appropriate material flow. As the microstructure 
evolution and mechanical properties of FSWeld alloys depend on the material flow in the 
joints.  
The extent of the mass transfer and consequently, the joint quality made by FSW can be 
affected by many factors. Among them, the welding parameters such as advancing and 
rotating speeds [3, 4] and the tool shape [5-7] have a great influence on the material flow 
during FSW. Insufficient material flow during the welding process is the origin of the 
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defect formation such as wormhole, tunnel defect, voids and joint line remnant [8]. These 
defects preclude the achievement of high strength joints as they influence the formation 
of the weld and affect the microstructure and hence the corresponding mechanical 
properties [9]. The cause of defect formation in FSW is one of the topics that requires 
further investigation.  
Several types of defects may emerge due to an inappropriate combination of rotating and 
advancing velocities [10]. Unsuitable choice of these velocities may cause insufficient or 
excessive heat input or abnormal stirring [11]. Wormholes and tunnel defects generally 
appear in the advancing side and are due to poor heat input and material flow [12]. Kissing 
bond and joint line remnant defects occur at low rotating and high advancing speeds [13]. 
As a result of incomplete stirring action and poor heat input, the oxide layer breaks, 
reduces the flow of the plasticized material and forms the joint line remnant defect. High 
advancing speed induces void formation on the advancing side at the edge of the weld 
nugget [14]. 
Material flow in FSW has been extensively studied experimentally to analyse the 
mechanisms of defect formation. Reynolds [15] used a marker material method to 
characterize the material flow in aluminium alloy 2195 and to describe the physical 
behaviour of FSW using a qualitative representation of the material flow.  
Hou et al. [16] studied the influence of different T-joint geometries on the formation 
mechanism of the defects in FSW. Kissing bond and tunnel defect were found in all their 
tests. They observed that by reducing the advancing speed these defects are significantly 
alleviated due to the higher heat input and improvement of the material flow. 
Khan et al. [17] studied the effect of the tool offset and tool plunge depth on the formation 
of kissing bond and tunnel defect during the welding of AA5083-H116 and AA6063-T6. 
They observed that these imperfections can be overwhelmed by keeping an appropriate 
offset during the FSW of dissimilar alloys. 
Zhao et al. [18] investigated the process of defect formation in FSW of 6013-T4 T-joints. 
They observed that the process parameters change the sizes of the kissing bond defect 
and, moreover, that increasing the advancing speed augments the tunnel defect area. 
Pandya et al. [19] studied experimentally the material flow during FSW and its 
association to the channel formation in Friction Stir Channelling (FSC) processes. FSC 
depends on the idea of changing the void or tunnel defect commencing in the advancing 
side of FSW into a ceaseless channel. They found out different pin and shoulder 
influenced material regions causing the channel formation. 
Zeng et al. [20] used oxide layer as marker material in order to study the material flow 
and defect formation in FSW. They concluded that the reason for the void formation on 
the advancing side is the spontaneous void formation and the deficient inflow material. 
It was also demonstrated experimentally that the threaded tool pin may preclude 
imperfections which are likely to occur for an unthreaded tool pin [21-23]. 
Experimental characterization of FSWelds is difficult and expensive, and the existing 
techniques are incapable of providing profound insight into the underlying mechanisms. 
Detection of the defects is only possible using macrographic tools [24, 25].  
In this situation, numerical modelling is an alternative or complementary means to reveal 
the joining mechanism behind the FSW process and to detect possibility of defect 
formation. Moreover, it can be applied to all the range of material alloys [26]. Such 
computational procedures have also been used in numerous recent studies.  
Zhao et al. [27] examined the connection between revolution speed, plasticized area, and 
defect development. Examination of the results of a 3D CFD simulation demonstrated 
that the development of tunnelling defects at lower rotating speeds is related to an 
expansive variety in the span of the plasticized area over the workpiece thickness.  
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Al-Badour et al. [28] developed a numerical model to predict the conditions leading to 
defect generation in FSW using a cylindrical tool pin. They used a coupled Lagrangian 
Eulerian formulation where the workpiece is Eulerian and the tool is Lagrangian. The 
estimated equivalent plastic strain was used as an indicator to visualize the voids. They 
observed that the friction coefficient has a major influence on the void formation: the 
lower is the friction coefficient, the larger is the void size. A similar approach was used 
by Zhu et al. [29] and similar results were observed. Moreover, they concluded that a 
featured tool pin can improve the material flow resulting in a defect free weld. Both 
studies overestimated the void size. 
Fraser et al. [30] used a mesh-free Lagrangian SPH method to simulate the FSW process. 
Their model could predict free surface changes and flash formation. 
Atharifar et al. [31] carried out a study using a coupled thermo-flow model to find out the 
origin of tunnel defect in FSW of AA6061-T6. They predicted the down-stream 
stagnation point in the area where the tunnel defect is originated. 
Zhu et al. [32] studied the material flow behaviour during FSW of AA2024-T4 using a 
CFD model. By using tracing particles, they predicted wormhole defects overestimated 
in size. They concluded that an inadequate friction force on the bottom trailing side of the 
pin is the fundamental origin of wormhole defects. 
Tutunchilar et al. [33] used a Lagrangian model to study the material flow in FSW. They 
predicted the stir zone shape and tunnel defect at the advancing side behind the pin.   
In contrast to the previous works concentrated on particular defect types, in this paper, 
we strive to develop a framework capable of predicting formation of a wide range of 
defects such as wormhole, flash, void and joint line remnant [34]. Moreover, the model 
can predict the formation of the “onion rings” pattern which has not been numerically 
investigated so far.  
To this end, a single FSW simulation, is equipped with material particle tracing technique 
to track the flow of the material during the entire FSW process [35, 36].  
A coupled thermo-mechanical model is adopted where the domain of the problem is 
divided into three subdomains corresponding to tool, stir zone and the rest of the plate 
[37]. An apropos kinematic framework is adopted capable of mixing different kinematic 
settings associated to each of the sub domains: Lagrangian for the tool, Arbitrary 
Lagrangian Eulerian (ALE) for the stir zone and Eulerian for the rest of the plate. 
To accelerate the simulation time, a fast and accurate two-stage strategy is adopted aiming 
to reach the steady state rapidly and use it as a starting point for the periodic stage 
simulation [38]. The material tracing is performed at the post processing phase of each 
time step. 
The present FSW model considers heat generated by both plastic dissipation and friction 
between the tool and the workpiece. The enhanced friction model incorporated [39, 40] 
provides not only the realistic thermal results but also mechanical results in terms of 
forces and torque. The effect of tool tilt angle can also be considered by the modification 
of this friction model [41]. A rotating angle is included into the friction shear stress 
distribution depending on the welding parameters such as tilt angle, rotating and 
advancing speeds. The FSW model is also capable of predicting the average grain size 
and microhardness [42]. 
The paper is outlined as follows. In section 2, the causes for defect formation in FSW are 
briefly described. In section 3, the methodology used to model FSW process and track 
the flow of the material is introduced. In section 4, two pin profiles and various welding 
parameters are employed to study the effect of each one of them on the final defect 
formation. The paper concludes with some summarizing remarks.  
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2 DEFECT FORMATION IN FSW 

During FSW process several types of defects may occur due to the inappropriate 
definition of the process parameters. Common FSW defects include flash, voids, 
wormholes and joint line remnant. Depending on the FSW conditions the reasons for 
defect formation are the following: 

• Extreme heat input 
• Insufficient heat input 
• Abnormal stirring 

According to Kim et al. [3], defects are formed outside the optimal FSW processing 
window depending on the advancing and rotating speeds (figure 1).  

 

 

Figure 1. FSW process window and corresponding weld defects 

 
Flash defects, formed by excessive heat input (left side of the optimum zone of FSW 
process parameters), typically appear when the rotating speed is considerably higher than 
the advancing one. The workpiece goes under hot processing conditions and severe plastic 
deformation. The excessive heat generated softens the material close to the tool and 
expulses the material in the form of flash as a result of high tool shoulder pressure.   
Void defects, formed by insufficient heat input (right-bottom side of the optimum zone 
of FSW process parameters), generally appear when the advancing speed is considerably 
higher than the rotating one. Even though a high advancing speed assists in an economical 
and productive FSW process, it may lead to void formation on the advancing side at the 
border of the weld nugget. Further increase of the advancing speed leads to the formation 
of wormhole defects due to insufficient plastic flow and lack of filling. 
Void and cavity type defects, formed by abnormal stirring (right-top side of the optimum 
zone of FSW process parameters), appear at high rotating speed and high advancing 
speeds. They are due to the temperature difference between the top surface and the bottom 
part, causing discontinuous flow of the material. High rotating speed provokes high 
temperature with gradual cooling rate in the stir zone; additionally, high advancing speed 
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leads to disproportionate release of the stirred material to the upper surface both resulting 
in void generation.  
The joint line remnant defect appears when the advancing speed is high and the rotating 
speed is low. The oxide layer at the welding interface of the original workpiece 
fractionally breaks in a zigzag form as the heat input and the stirring action is insufficient 
to let the material flow properly. 

3 METHODOLOGY 

3.1 FSW MODEL AND PARTS 

In this work, the simulation of the FSW process is performed by taking into account the 
specific features of the process at the different parts involved in the weld. Three parts are 
considered: tool, stir zone and the workpiece (figure 2). The stir zone is considered to be 
a cylindrical zone surrounding the tool. The tool rotates with a constant velocity around 
its fixed axis. The advancing movement of the tool is modelled by the movement of the 
workpiece with the advancing velocity in the opposite direction.  
An apropos kinematic framework is adopted combining Lagrangian, Arbitrary Lagragian 
Eulerian (ALE) and Eulerian settings [37]. The rigidly rotating tool is modelled in a 
Lagrangian setting. The stir zone, where major material deformation occurs, is modelled 
in a ALE framework. The flow of the material in this zone is mainly rotational, due to the 
high speed rotation of the tool. The rest of the workpiece is modelled in an Eulerian 
framework. The flow of the material in this region is predominantly horizontal due to the 
advancing velocity.  
Regarding finite element analysis, in the Lagrangian framework, material moves together 
with its mesh, in the Eulerian framework, the mesh is fixed, and in the ALE framework, 
the material on the mesh move independently. As the flow in the region modelled by ALE 
is predominantly rotational, the mesh velocity is set equal to the tool rotating velocity. 
This facilitates the coupling between the ALE and Lagrangian parts. The coupling 
between the ALE and Eulerian parts is achieved via defining structured matching meshes 
at the interface. The time step is defined such that at each time a node to node 
synchronization of the ALE and Eulerian meshes is assured. 

 
 

Figure 2. FSW model and sub-parts: (a) Lagrangian tool (b) ALE stir zone (c) Eulerian workpiece  
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3.2 FRICTION MODEL  

The present FSW model includes an enhanced friction model where the effect of the non-
uniform pressure distribution under the tool at contact with the stir zone is taken into 
account [39, 40]. The friction model is a modified Norton’s law.  

T
q

TT vvτ ∆∆= −1 τ , (1) 

where Tτ  is the friction shear stress, Tv∆  is the relative velocity between tool and 
workpiece, q is the sensitivity coefficient. The friction traction parameter τ accounts for 
the dependence of the pressure on the position with regard to the advancing velocity: 

( )  
6

tanh5.0 minmaxminmax 

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



−++=

R
xτττττ  (2) 

 
x being the horizontal (weld line direction) distance of each point on the contact surface 
from the axis of rotation and R is the radius of the tool shoulder; maxτ  and minτ are the 
maximum and the minimum friction traction parameters, respectively. The friction value 
is maximum at front side of the tool decreasing to a minimum at the rear of the tool (figure 
3). 
In this work, the heat is generated from the friction law and the plastic deformation of the 
material close to the tool. Details on the enhanced friction law and the thermomechanical 
model developed by the authors are given in [37, 39]. 
 

 
Figure 3. Friction traction distribution at tool workpiece interface (without tilt angle)  

3.3 TWO-STAGE STRATEGY  

The FSW model includes a fast and accurate two-stage strategy for the simulation of the 
entire process [38] (figure 4). At both stages, coupled thermomechanical behaviour is 
considered where the thermal and mechanical problems are solved sequentially at each 
step. The mechanical problem is quasi-static as FSW is characterized by very low values 
of the Reynolds number, typically around 10-4, due to the very high viscosity of the 
material. For these values of the Reynolds number, inertial effects are negligible. 
Contrariwise, the thermal problem is transient. The featured pin–workpiece contact 
interface is constantly changing with time; thus performing a transient simulation is 
essential.  
At the first stage, the speed-up phase of the simulation is performed. The aim of this phase 
is to reach the steady state solution by accelerating the inertia term of the energy balance 
equation. At this stage, the coupled thermomechanical problem is solved at a fixed 
configuration inside a fully Eulerian kinematic setting. In the case of a pin with features 
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the fixed configuration can be any of the configurations adopted by the rotating pin. The 
speed up strategy is designed to accelerate the thermal partition of the first stage. Being 
the mechanical properties very strongly temperature dependent, the main objective of the 
first stage is to get a proper temperature field so that the corresponding mechanical 
properties can be estimated. The speed-up stage reduces the simulation time by the factor 
of 50 if compared to the standard transient models, permitting to start from the transient 
state approaching to the steady state. In the first stage of the simulation, no periodic phase 
exists but a steady state is achieved by the speed up procedure.  
At the second stage, the periodic phase of the simulation is performed. This stage allows 
for modelling the problem considering the real periodic movement of the tool from the 
initial condition that is the result of the first stage. The periodic stage is necessary in order 
to model and track the material flow due to this movement. At this stage the coupled 
thermomechanical problem is defined in a rotating configuration within the apropos 
kinematic framework (combined Lagrangian, ALE and Eulerian). The FSW analysis at 
second stage leads to a steady state periodic solution. 
This strategy allows a significant reduction of the simulation time while allowing the 
modelling of asymmetrical pin and material flow visualization. 
Due to the asymmetry of the pin shape in case of threaded profile the solution for every 
rotation of the pin at the second stage is periodical.  
 
 

 
Figure 4. Two-stage (speed-up and periodic) strategy 

 

3.4 MATERIAL PARTICLE TRACING 

The FSW model developed for the analysis of the process at local level (a domain that 
includes the thermo-mechanically affected zone) is a flow model. The deviatoric stresses 
are function of the strain rate rather than the strains. In the flow problem the use of 
Eulerian/ALE framework is a natural choice. However, in these frameworks material 
deformation is not tracked directly. In the numerical models where an ALE framework is 
used the movement of the mesh does not coincide with the material movement. In the 
Eulerian framework the mesh is fixed. In the ALE framework the mesh is moving with a 
velocity different from the material velocity. In such frameworks, an additional strategy 
is needed to follow the material [35, 36]. The formulation of the FSW model is based on 
FEM and continuum mechanics. In an ALE/Eulerian configuration no information about 
the defects such as void and stresses can be obtained.  
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In this work, a material tracing technique is incorporated to visualize the material flow 
during FSW. However, the tracers represent the material particles. The objective is, to 
follow the movement of a set of material particles positioned initially in front of the tool. 
The location of each particle is detected by using a search algorithm. The velocity of the 
particles is found from the nodal velocities of the element surrounding them at each step 
of the FSW simulation (figure 5). The material tracers coming into the stirring zone move 
forward and rotate around the tool according to the computed velocity field. 
The material tracers are incorporated in a Lagrangian framework. To obtain the position 
of a particle in time, ( ) XX =t , the following ordinary differential equation needs to be 
solved:  

( )t
Dt
D ,XVX

= , (4) 

where ( )t,XV  is the material particle velocity at its current position. A 4th order Runge-
Kutta integration method is used to obtain the position of the particles, ( ) 11 ++ = nnt XX  
from the current position ( ) nnt XX = (figure 6).  
More details on the material tracing technique are given in [35, 36]. 

 
 

Figure 5. Material particles before and after FSW 
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Figure 6. Material tracking steps 

4 MATERIAL FLOW AND DEFECT FORMATION 

In the following, two different tool profiles, cylindrical featureless and cylindrical 
threaded, are considered. For each of them, several FSW processes are studied in terms 
of the material flow to detect different defects, and to investigate how defect formation is 
affected by the tool pin profile and the welding parameters. 
The FSW model adopted here is calibrated for both tool profiles via experimental 
evidence in terms of temperature, torque and forces obtained under equivalent processing 
conditions [39, 40]. 
The numerical simulations shown in this work, using the two-stage procedure, run to 
completion in terms of 8-10 hours of elapsed time for each case analysed in an intel quad-
core i7 computer. 

4.1 FEATURELESS CYLINDRICAL PIN 

In this section the analysis of FSW processes using a featureless cylindrical pin is 
performed in order to investigate the effect of welding parameters in defect formation. 
A flat shouldered tool with a diameter of 18 mm and a featureless pin of 7 mm diameter 
are considered. The height of the pin is 4 mm. Tilt angle is zero. The aluminium alloy 
(Al6063-T6) is the material considered.  
Three cases of tool advancing and rotating speeds (clockwise) are examined; (a) 400 
mm/minute and 600 rpm; (b) 400 mm/minute and 300 rpm; (c) 200 mm/minute and 600 
rpm. 
The thermomechanical results obtained for case (a) were validated against experimental 
results and presented in [39].  
In order to track the material flow, a set of 300,000 material tracers is distributed 
uniformly in front of the tool in a domain of 46×16×10 mm3. The initial position of the 
tracers is shown in figure 7 with respect to the welding direction (negative X-axis). 
Different colours in transversal and horizontal directions are chosen to achieve a better 
resolution in depicting the material flow together with the detail of the defects. Moreover, 
the evenly distributed tracers of different colours allow for visualizing the band structures 
formed after the weld.  
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The material tracers follow the advancing and rotating movement of the tool. As noted 
previously, the advancing movement is applied to the workpiece in the direction opposite 
to the weld direction and the tool rotates with the rotating speed. Once all the material 
tracers have passed through the tool, the final position of the tracers is recorded (figure 8 
in case (a)). This final position means that the vertical and transversal coordinates of the 
tracers do not change afterwards, but they only move along the advancing direction. An 
observation plane is selected in the middle of the tracers by performing a transversal cut 
(line ab) through the tracers volume. The same procedure is applied for all the cases 
described later on. 
The obtained material pattern for all the three cases is shown in figure 9. Defect formation 
can also be observed.  
Case (a) presents small defects due to the abnormal stirring produced by the high rotating 
and advancing speeds. These conditions, according to figure 1 defined by [3], are located 
at the right-top zone of the optimum FSW process parameters. The reason for this defect 
is found to be the large temperature difference between the top and the bottom surfaces, 
which contributes to the abnormal stirring and hence discontinuous material flow in the 
weld area. In case (b), a sound quality joint is formed. In case (c), the defects are formed 
because of excessive heat input. These defects commonly appear when the rotating speed 
is considerably higher than the advancing one. According to figure 1, the defects are 
located at the left-top zone of the optimum FSW process parameters. This type of defects 
consists of a series of visible voids located on the advancing side. Due to the 
disproportionate heat generation, an excessive softening of the material behind the 
boundary of the tool shoulder occurs. Therefore, the tool shoulder expulses the material 
instead of enclosing it. Consequently, lack of material at the weld area contributes to a 
defective weld.  
In order to see the effect of the process parameters on the type of defects generated in 
cases (a) and (c), three additional cases are studied: (d) 400 mm/minute and 1200 rpm; 
(e) 600 mm/minute and 600 rpm; (f) 600 mm/minute and 200 rpm. 
In case (d), very high rotating speed comparing to the advancing speed causes the 
generation of excessive heat input and flash formation in the weld (figure 10). In case (e), 
high advancing and rotating speeds lead to a more unified distribution of the material after 
weld. However, from figure 11e, it can be seen that the weld presents with a cavity type 
defect due to abnormal stirring. The position of this defect is different from that case (a) 
being closer to the tool pin. Case (f), due to a very low rotating speed, suffers from lack 
of material filling. A wormhole defect, attributed to insufficient local plastic flow, is 
obtained in this case and shown in figure 11f. When the rotating velocity is not 
sufficiently high, the plastic strain rate is not enough at the interface level. Therefore, the 
temperature generated by plastic dissipation and frictional heating are not sufficient to 
maintain the plastic flow. Due to the lack of plastic flow, the band structure is not fully 
constructed and there is lack of filling. 
It is important to mention that each cut is made after the material tracers have completely 
passed through the stirring zone. This means that the position of these tracers does not 
change anymore in the vertical and transversal directions. These cuts show that the defects 
are completely developed in the advancing direction up to the limit of the tracer domain. 
For this reason, the observed defects are developed in the path. It is found that high 
welding velocities lead to the creation of voids underneath the top surface of the weld or 
on the advancing side at the border of the weld nugget. Further increase in the welding 
velocity prompts the development of larger wormhole defects, and this does not allow the 
band structures to get fully constructed. 
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A cross-sectional view of XY plane for cases (e) and (f), they are added in figure 12. One 
can see that despite case (f), the band structures in case (e) are constructed.  
Figure 13 illustrates the approximate process window corresponding to the defects 
appeared in this test using a featureless cylindrical pin. The borders of the sound joint 
area can be better identified if additional simulations with different welding parameters 
are performed.   
If a finer division of the tracers in the transversal direction is chosen, the enhanced 
resolution allows the microstructural characteristics of the weld to be observed with a 
higher level of detail. The basal plane is the plane perpendicular to the principal axis in 
the crystal systems. The trace of the basal plane is an ellipsoid encircling the rotating pin 
surface. The schematic illustration of the trace of the basal plane is shown in figure 14. 
The basal plane of the material is extruded amid every tool rotation. If a transversal cut 
perpendicular to the welding direction is made on the trace of the basal plane, the cross 
section depicts an elliptical stir zone and an onion ring structure (figure 15). The onion 
rings are a geometric effect created by the simple extrusion of the elliptically layered 
material flow at every tool revolution and the transversal cut on its cross section. The 
separating distance between the rings is generally equivalent to the advancing distance of 
the tool in one revolution. The semi-circular onion rings detected in the stir zone imply 
that the material flow is repeated in each rotation of the tool.  
The two sets of particles placed along the vertical symmetry plane at the weld centre in 
the original position (figure 7) represent the oxide layer, in order to show the joint line 
remnant during the FSW processing. Figures 9 and 11 show that different process welding 
parameters lead to very different joint line remnants. The reversed C-shaped pattern of 
the joint line remnant in the stir zone can be seen in those cases where the rotating velocity 
is 600 rpm. The curvature of the C-shape is greater if the advancing velocity is higher. 
By decreasing the rotating velocity, the C-shaped curvature of the joint line remnant is 
diminished while by increasing to 1200 rpm the joint line remnant changes the location 
and is positioned on the opposite side. 
 

 
Figure 7. Tracers position before the weld 
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Figure 8. Tracers position after the weld (featureless cylindrical pin, case (a)) 

 

Figure 9. Material pattern on a vertical plane and defect formation (featureless cylindrical pin, cases (a), 
(b) and (c)) 

 

Figure 10. Flash formation with featureless cylindrical pin (case (d)) 
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Figure 11. Material pattern on a vertical plane and defect formation (featureless cylindrical pin, cases (d), 
(e) and (f)) 

 

Figure 12. Material pattern on a horizontal plane (featureless cylindrical pin, cases (e) and (f)) 
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Figure 13. Approximate FSW process window and corresponding weld defects  

(featureless cylindrical pin) 

 

Figure 14. Schematic illustrations of the trace of the basal plane with onion rings on the transversal cross 
section 
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Figure 15. Onion rings in the weld zone (featureless cylindrical pin, cases (a), (b) and (c)) 

 

4.2 THREADED CYLINDRICAL PIN 

In this section the numerical simulation of defect formation is studied with regard to 
different process parameters in FSW processes using a threaded cylindrical pin is 
performed. 
A flat shouldered tool with 18 mm diameter with a threaded pin of 7 mm average diameter 
is considered. The height of the pin is 4 mm (figure 16). No tilt angle is used. The material 
used and the process parameters are identical to those of the featureless cylindrical pin.  
Like in the previous section, three cases of tool advancing and rotating speeds (clockwise) 
are considered; (a) 400 mm/minute and 600 rpm; (b) 400 mm/minute and 300 rpm; (c) 
200 mm/minute and 600 rpm. 
In case (a), the thermomechanical results obtained are validated against the experimental 
results and presented in [40].  
In order to track the material flow and visualize the possible formed defects, a set of 
colour material tracers are placed in front of the tool similarly to the previous section. 
Once all the material tracers have passed through the tool, a planar cut perpendicular to 
the weld direction is made (figure 17). 
The final pattern in the cutting plane is shown for all the three cases in figure 18. 
Comparing figures 9 and 18, it can be seen that the threaded pin diminishes the amount 
of defects due to the higher stirring action. Features on the pin such as threads enhance 
the material flow for effective downward material movement and improve the material 
mixing. In cases (a) and (b) no defects are appreciated. Comparing to the similar cases 
for the featureless pin, a defect-free weld is achieved. Moreover, the defect size in case 
(c) is much reduced from the case (c) of section 3.1 where a featureless pin was used.  
The threading effect also results in reducing size of the stir zone (figures 9 and 18) which 
is in accordance with the observation made by Threadgill et al. [43] revealing the impact 
of the tool pin profile on narrowing the stir zone. 
Similarly, as in the previous section, three additional cases of welding parameters are 
studied: (d) 400 mm/minute and 1200 rpm; (e) 600 mm/minute and 600 rpm; (f) 600 
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mm/minute and 200 rpm. Figure 19 shows the vertical observation plane on the final state 
of the material tracers for these cases. Defect-free welds are obtained in all the cases. It 
can be concluded that using the threaded pin shape the domain of sound joint illustrated 
in figure 1 is largely expanded due to the increase of the stirring action. Therefore, the 
defects produced by abnormal stirring are avoided.  
Figure 20 illustrates the approximate process window corresponding to the defects 
appeared in this test using threaded cylindrical pin. Comparing with figure 13 where the 
featureless pin is used, the domain of the sound joint is very much enhanced. 
Intersecting lines between the trace of the basal plane (cylindrical plane of the material 
during each rotation of the tool) and the cutting plane perpendicular to the weld direction 
depict the stir zone and the onion rings patterns (figure 21). This outcome was also 
observed by Park et al. [44].  The effect of the threads appears on the size of the elliptical 
onion rings patterns and stir zone. In case of the threaded tool pin, when the rotating 
velocity of the tool is higher (600 rpm), the onion rings are smaller than in case of the 
featureless tool pin (comparing figures 14 and 21).  However, in case (b) with smaller 
rotating speed, the effect of the threads on the onion rings size is less noticeable.    
Figures 18 and 19 demonstrate that different process welding parameters lead to very 
different joint line remnants. When the rotating speed is low (200 rpm and 300 rpm in 
cases (b) and (f), respectively), the joint line remnant tends to the retreating side rather 
than the advancing side getting less affected by the rotation of the tool. The horizontal 
displacement of the joint line remnant from the weld line reduces by the distance from 
the top surface. This range of movement is greater in case of higher rotating velocities. 
 
 

 
Figure 16. Threaded pin 

 

 

Figure 17. Tracers position after the weld (threaded cylindrical pin, case (a))  
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Figure 18. Material pattern on a vertical plane and defect formation (threaded cylindrical pin, cases (a), 
(b) and (c))  

 

Figure 19. Material pattern on a vertical plane and defect formation (threaded cylindrical pin, cases (d), 
(e) and (f)) 
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Figure 20. Approximate FSW process window and corresponding weld defects  

(threaded cylindrical pin) 

 

Figure 21. Onion rings in the weld zone (threaded cylindrical pin, cases (a), (b) and (c)) 

5 SUMMARY AND CONCLUSIONS 

In this work, material flow and its effect on the formation of defects in FSW processes is 
simulated using a robust and accurate computational model. A wide range of defects such 
as voids, wormholes, joint line remnant and flash formation are accordingly predicted. 
The effect of the process parameters and the tool pin profile is also studied.  
The study is performed using a material tracing technique within an apropos finite 
element-based framework for FSW modelling.  
It is observed that the weld parameters strongly affect the defect formation. Defects can 
be generated due to abnormal stirring, insufficient or excessive heat input. Void and 
cavity formation due to the abnormal stirring occur when both rotating and advancing 
velocities are too high, which leads to the high gradient of the temperature between upper 
and lower parts and subsequent discontinuity in the material flow (cases (a) and (e)). 
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Excessive heat generation due to the high rotating speed and low advancing speed softens 
the material of the workpiece to a high extent. It leads to the formation of a series of 
visible voids on the advancing side or flash formation (cases (c) and (d)). Insufficient heat 
input due to a very low rotating speed leads to improper mixing of the material, improper 
bonding and lack of filling and therefore formation of defects such as wormhole (case 
(d)). 
Both the onion ring structures and the elliptical nugget shape of the stir zone are obtained 
in FSWelds together with the joint line remnant. In the threaded case, with lower 
advancing velocity the remnant line tends to move together with the rotating tool; in the 
featureless case, a reversed C-shaped pattern is observed except in the cases with low 
rotating speed.  
The threaded effect results in increased stirring action and expanding the range of the 
welding parameters for a sound joint.  
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