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Abstract— Friction stir welding (FSW) is a solid state joining 

process which uses a rotating tool consisting of a shoulder and a 

pin/probe. The shoulder applies a downward pressure to the 

work piece surface, generates heat through the friction and leads 

to plasticization of materials in the vicinity of pin. During 

traverse the rotating tool mixes the adjacent material in the stir 

zone, creating a joint without fusion. A better understanding of 

the plunge phase is critical with the growing role of friction stir 

welding and also in understanding tool wear in friction stir 

welding (FSW) of high strength alloys. This paper investigates 

the plunge stage in friction stir welding using various tool pin 

profiles through numerical modeling. A 3D finite element-based 

model (FEM) of the plunge stage was developed using the 

commercial code ABAQUS to study the thermo mechanical 

processes involved during the plunge stage. The strain rate and 

temperature-dependent Johnson–Cook material law is adopted 

in the FEM. 

Keywords—Friction stir welding (FSW), ABAQUS, Johnson–

Cook law, Tool geometry, Temperature generation, 

I.  INTRODUCTION  

In the last two decades, friction stir welding (FSW) has 
become a mature joining technology for aerospace, 
shipbuilding and automobile industries [1]. FSW has been 
successfully applied to weld similar and dissimilar metal as 
well as metal matrix composites alloys [2]. The FSW process 
have several advantages over fusion welding such as better 
retention of baseline material properties, fewer weld defects, 
low residual stresses and better dimensional stability of the 
welded structure [3]. With above all, FSW is also an 
environmentally cleaner process because this process does not 
produce smoke, fumes, arc glare. Further, profiled edge 
preparation or consumable filler material is not necessary so it 
is known as eco-friendly welding process [4]. 

    The welding mechanism is based on the frictional heat 

generation process through the interaction of a non-

consumable tool having specially designed shoulder profile 

and pin profile that rotate and plunge to adjoining edges of the 

plates to be joined until the shoulder touches the surface of the 

material being welded and traversed along the weld line [5,6]. 

The direction of the tool rotation is opposite as the welding 

direction in one side half plate that is called the retreating side, 

while the tool rotation is same as the welding direction other 

side of half plate is called advancing side as given in Fig. 1. 

Frictional heat is generated through the interaction of hard 

material welding tool and material of the plate which is 

softening the plate material without reaching the melting 

point.  

 
Fig. 1. Schematic of the friction stir welding (FSW) process [7]. 

 

   In friction stir welding process, rotating tool plunge into the 

work piece material until the shoulder touches the surface of 

the material. Rotation of the tool produce significant amount 

of primary and secondary heat source. The frictional heat is 

generated from the contact between work piece and tool 

shoulder which is primary heat source. Deformation heat is 

generated from the contact between work piece and tool pin 

that is known as secondary heat source. The sound weld joint 

is produced by appropriate amount of heat generation and 

material flow in the process otherwise the weld joints develop 

with defects such as lack of fusion, lack of penetration, voids, 

tunnels, surface grooves, surface galling, excessive flash and 

nugget collapse [3]. 

 

    The plunge stage is extremely important in friction stir 

welding (FSW) process because most of the primary thermo 

mechanical phenomenon is generated and the material 

undergoes large deformation due to the high temperatures and 

stresses involved in the process. Experimentally it is difficult 

to understand process physics of plunging phase due to highly 

dynamic nature of this phase. Numerical modeling provides 

valuable insight into the dynamic nature of FSW using finite 

element method (FEM). The FSW process has been 

investigated numerically using finite element method (FEM) 

by several researchers. S. Mandal [8] experimental and 

numerical investigates the plunge stage in friction stir welding 

in AA2024-T3 alloy. Frictional heat produce during plunge 

stage in friction stir welding [9].  Tool pin profiles effect can 

be modeled by FEM modeling in friction stir welding which 

show the temperature and stress distribution during welding 

process [10, 11]. Shoulder size significantly affects the 

temperature rise and the material deformation in friction stir 

welding but tool sizes and pin shapes also affect the 

temperature and stress distribution during friction stir welding 

[12, 13]. Limited works have been reported by many people in 

numerical investigation of temperature and stress distribution  

in plunging stage. Hence further investigation is required for 

better understanding of plunging stage. This paper investigates 
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the plunge stage in friction stir welding using four different 

tool pin profiles using numerical modeling technique. A 3D 

finite element-based model (FEM) of the plunge stage have 

been developed using the commercial code ABAQUS to study 

the thermo mechanical processes. The strain rate and 

temperature-dependent Johnson–Cook material law is adopted 

in this analysis. Comparative studied have been explained 

temperature, weld nugget, stress and equivalent plastic strain 

profile during the plunging stage in friction stir welding. 

 

II. MODEL DESCRIPTION 

 

FE model is developed in the commercial code 

ABAQUS/Explicit using the Johnson-Cook material law, and 

Coulomb’s Law of friction. Here the work piece of 40X40mm 

area and thickness of 3 mm is considered. The model consists 

of a deformable work piece and a rigid stir welding tool. The 

work piece is meshed using eight node coupled temperature 

displacement, brick elements (C3D8RT). The Johnson-Cook 

Johnson and Cook [14] equation (1) describes the flow stress 

as a product of the equivalent strain rate, temperature 

dependent terms and several parameters to adequate the real 

behavior of the materials. 

 

 

where Tmelt is the melting point or solidus temperature, 

Troom the ambient temperature, T the effective temperature, A 

the yield stress, B the strain factor, n the strain exponent, m the 

temperature exponent, εp /ε0 the plastic strain and C the strain 

rate factor. A, B, C, n, and m are material/test constants for the 

Johnson-Cook strain rate dependent yield stress. The material 

properties of AA6061-T6, considered for simulations [15]. 

 

A. Tool geometry 

The various tool pin geometry for simulation are shown in Fig. 

2. The shoulder diameter, pin length and upper diameter of the 

pin are 16 mm, 3.3 mm and 6 mm respectively. 

 

 

Fig. 2. Geometry of different tool pin employed. 

B. Boundary condition  

   The process parameters considered in present study are as 

follows: tool rotational speed of 300 rpm, plunge depth is 2.5 

mm, constant pressure 90Mpa apply on the tool shoulder 

surface and tool tilt angle of zero degree. The boundary 

conditions (work piece fixed) are shown in the fig.3. 

 

 
fig.3. Boundary condition apply on the model. 

 

III. RESULTS AND DISCUSSION 

Simulation has been conducted using four different tool pin 

profile to predict the temperature, weld nugget, stress and 

equivalent plastic strain profile during the plunging stage in 

friction stir welding. Comparative studies of different profile 

explain in the following sub sections: 

A. Comparison for Temperature Profile 

The temperature generations profile in the plunging state of 

four pin profiles are shown in figure 4, 5, 6 and 7. When the 

1
st
 tool pin profile is used the maximum temperature is 

obtained 268 °C. Similarly using the 2
nd

, 3
rd

 and 4
th

 tool pin 

profile the maximum temperature generation during the 

plunging stage are 283°C, 276 °C and 508°C respectively. It 

can be observed that maximum temperature is obtained by pin 

profile 4 which is useful for maximum heat generation during 

friction stir welding.  

 

 
Fig.4. Temperature generation in workpiece with tool 1. 
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Fig.5. Temperature generation in workpiece with tool 2. 

 

 
Fig.6. Temperature generation in workpiece with tool 3. 

 

 
Fig.7. Temperature generation in workpiece with tool 4. 

B. Comparison For Weld Nugget Profile 

The weld nugget profile in the plunging state of four pin 

profiles are shown in figure 8, 9, 10 and 11. It can be observed 

that the bigger weld nugget profile generated by using the 1
st 

and 3
rd 

as compare to 2
nd

 and 4
th

 tool pin profile. 

 

 

Fig.8. Weld Nugget Profile with tool 1. 

 

 

Fig.9. Weld Nugget Profile with tool 2. 

 

 

Fig.10. Weld Nugget Profile with tool 3. 

 

 

Fig.11. Weld Nugget Profile with tool 4. 

 

C. Comparison for Stress Profile 

The stress profile in the plunging state of four pin profiles are 

shown in figure 12, 13, 14 and 15. Maximum stress of pin 

profile 1 to 4 is around 390 Mpa. It can be observed that there 

is no significant variation in the maximum stress but stress 

distribution range in the work piece is larger in pin profile 3. 

 

 

Fig.12. Stress Profile in workpiece with tool 1. 

 

 

Fig.13. Stress Profile in workpiece with tool 2. 
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Fig.14. Stress Profile in workpiece with tool 3. 

 

 

Fig.15. Stress Profile in workpiece with tool 4. 

D. Comparison for equivalent plastic strain profile 

The equivalent plastic strain profile in the plunging state of 

four pin profiles are shown in figure 16, 17, 18 and 19. 

Maximum equivalent plastic strain observed in  pin profile 1 

and minimum in 4.  

 

Fig.16. Equivalent plastic strain profile in workpiece with tool 1. 

 

 

Fig.17. Equivalent plastic strain profile in workpiece with tool 2. 

 

 

Fig.18. Equivalent plastic strain profile in workpiece with tool 3. 

 

 

 

Fig.19. Equivalent plastic strain profile in workpiece with tool 4. 

 

IV. CONCLUSION 

Based on the numerical simulation the following conclusions 

are: 

 

1. It can be observed that maximum temperature is 

obtained by pin profile 4 which is useful for 

maximum heat generation during friction stir 

welding. 

 

2. It can be observed that the bigger weld nugget profile 

generated by using the 1
st 

and 3
rd 

as compare to 2
nd

 

and 4
th

 tool pin profile. 

 

3. It can be observed that the bigger weld nugget profile 

generated by using the 1
st 

and 3
rd 

as compare to 2
nd

 

and 4
th

 tool pin profile. 

 

4. Maximum equivalent plastic strain observed in pin 

profile 1 and minimum in 4. 
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