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The pin profile in Friction Stir Welding (FSW) has a significant 
influence on the temperature and strain distribution during the 
welding process. The shape and geometry of the pin can affect the 
material flow and heat generation, which in turn impacts the 
temperature within the weld zone. In this research, the effect of 
different square, triangular, and cylindrical pin profiles on strain 
and temperature during FSW was investigated numerically. The 
coupled Eulerian-Lagrangian (CEL) method was utilized to model 
the FSW process and further analyze strain and temperature. In 
this approach, the workpiece is represented using an Eulerian 
formulation, while the tool is described through a Lagrangian 
formulation. Results showed that the cylindrical tool generates 
higher temperatures due to its larger surface area, while the 
triangular tool keeps the sample cooler with a smaller pin surface 
area. Despite the triangular tool's longer revolving arm causing 
greater strain, it results in less pulsation, limiting the strain's 
impact to a smaller area. The maximum strain generated by the 
circular tool was approximately 16, whereas the triangular tool 
produced a maximum strain of 45. 
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Introduction 

Friction Stir Welding (FSW) is a solid-state joining process that has gained 

significant attention in various industries [1; 2]. In this technique, a non-

consumable rotating tool with a specially designed pin and shoulder is plunged 
into the workpieces, generating heat through friction and plastic deformation [3]. 

Without reaching the melting point, the softened material is then stirred and 

forged together, forming a solid-state weld. The tool design, including the pin 

profile and shoulder geometry, plays a crucial role in the heat generation, 

material flow, and final weld quality [4; 5]. The key process parameters, such as 

tool rotation speed, travel speed, plunge depth, and downward force, must be 

carefully controlled to achieve the desired weld characteristics. The advantages 

of FSW include high joint strength, low distortion, no need for filler material, and 

the ability to join dissimilar materials, making it a preferred choice for 

applications in industries like aerospace, automotive, shipbuilding, and 

transportation, where the joining of thin and thick-section components is 

required [6; 7]. 

The tool design in FSW is of paramount importance as it plays a critical role in 

determining the overall quality and performance of the welded joint [8]. The tool, 

consisting of a pin and a shoulder, is responsible for generating the necessary 

heat and inducing the desired material flow during welding. The specific design 

of the pin including its geometry, features, and surface texture can significantly 

influence heat generation, material mixing, and, ultimately, the mechanical and 

metallurgical properties of the weld [9]. Similarly, the shoulder design influences 

the heat input, the flow of the softened material, and the surface appearance of 

the final weld [10-12]. The effective combination of the pin and shoulder design 

parameters such as the pin profile, thread patterns, shoulder diameter, and 

scrolled features allows for the optimization of the material flow, temperature 

distribution, and defect formation, thereby ensuring the production of high-

quality, defect-free welds in a wide range of metallic materials and applications 

[13; 14]. 

Numerical methods play a critical role in analyzing and simulating the FSW 

process, which involves complex and coupled thermal, mechanical, and 

metallurgical phenomena [15]. The numerical technique in FSW enables the 

accurate simulation of heat generation, material flow, and microstructural 

evolution during welding. Numerical models incorporate thermal analysis to 

predict temperature distributions, mechanical analysis to understand material 

deformation and flow, and coupled thermo-mechanical analysis to capture the 

interdependence between temperature, material behaviour, and microstructural 

changes. Advanced numerical models also incorporate the simulation of 
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metallurgical transformations such as recrystallization and precipitation to 

predict the final weld microstructure and its impact on mechanical properties 

[16; 17]. Numerical methods in FSW allow researchers and engineers to optimize 

process parameters, investigate the effect of various conditions, predict defect 

formation [18; 19], and explore the joining of dissimilar materials [20; 21], 

making them an indispensable tool for research, process optimization and 

industrial applications of this versatile solid-state welding technique. 

The Coupled Eulerian-Lagrangian (CEL) method is a powerful numerical 

approach that has been extensively employed in the simulation of FSW [22]. The 

CEL method combines the advantages of both the Eulerian and Lagrangian 

formulations, allowing for the effective modelling of the complex material flow and 

deformation patterns observed in the FSW process. The tool is typically modeled 

using a Lagrangian approach in the CEL method, while the workpiece material is 

represented using an Eulerian framework. This enables the accurate tracking of the 

free surface of the workpiece and the material flow around the rotating tool, which 

is crucial for capturing the intricate details of the welding process. The CEL method 

also allows for the seamless integration of the thermal and mechanical aspects, 

providing a comprehensive simulation of the heat generation, material 

deformation, and microstructural evolution during FSW. The ability to handle large 

deformations, track the evolution of the weld zone and predict the formation of 

defects make the CEL method a valuable tool for optimizing the FSW process and 

enhancing the understanding of the underlying physics involved in this solid-state 

welding technique. Al-Badour et al. [23] applied the CEL technique to anticipate 

volumetric defects, including tunnel formations, specifically in the FSW of 

aluminium materials. Similarly, Chauhan et al. [24] utilized the CEL method to 

forecast the occurrence of defects in FSW. Their model demonstrated high accuracy 

in predicting critical parameters such as axial force, torque, and the presence of 

tunnel defects during the welding process. Furthermore, Akbari et al. [25] 

employed the CEL approach to explore the mixing behavior of materials within the 

stir zone (SZ) during the FSW process. 

This research investigated the influence of tool pin design on temperature and 

induced strain during the friction stir welding (FSW) process. To achieve this, the 

CEL method was employed to model the FSW process with three distinct pin 

geometries. This approach allows for a comprehensive analysis of how variations 

in tool pin design affect thermal and mechanical properties during welding. 

 Simulation details 
FSW tools with triangular, cylindrical, and square pin profiles were used to 

study the influence of the pin profile on the temperature (Figure 1). In this study, 
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the researchers used the ABAQUS finite element software to model the FSW 

process and investigate the strain and temperature profile during the operation. 

To overcome the significant mesh distortion issues encountered with other 

methods such as the Lagrangian approach, the researchers employed a three-

dimensional Coupled Eulerian-Lagrangian (CEL) technique. In the CEL method, 

the workpiece was modelled using the Eulerian formulation with EC3D8RT 

elements, where the nodes remain fixed and the material flows through the mesh 

network. Conversely, the tool was defined using the Lagrangian formulation. The 

researchers utilised a uniform volume fraction approach to assign different 

materials to the workpiece and tool. 

 

 
Figure 1. Dimensions of pin profiles used in this research. 

In this study, aluminum was selected for simulation. Moreover, FSW was 

simulated at a traverse speed of 100 mm/ min and a rotational speed of 1250 

rpm. In the FSW process, the material flow stress was influenced by the strain, 

strain rate, and temperature. To accurately capture this behaviour, the 

researchers employed the Johnson-Cook (JC) constitutive model as the material 

flow model. The JC model is a commonly used approach that describes the flow 

stress as a function of these three key parameters - strain, strain rate, and 

temperature [1]:  

𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 + 𝐶 𝑙𝑛 (
𝜀̇

𝜀̄̇
))[1 − (

(𝑇 − 𝑇𝑟)

(𝑇𝑚 − 𝑇𝑟)
)
𝑚

 (1) 

where A, B, C, n, and m are constants related to the material, Tm is melting 
temperature (from Table 1), Tr is the ambient temperature,   represents the 

plastic strain,  is the normalizing strain rate, and   is the effective plastic strain 

rate. The first term of Eq. 1 is the power-law that defines plastic training 

influences on the flow stress. The second and third terms of the equation 
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considered the effect of the strain rate and temperature. Table 1 illustrates the 

Johnson-Cook parameters.  

Table 1. The constants of the JC model [26]. 

Material A [MPa] B [MPa] C n m 

Aluminum 285 94 0.002 0.42 1.34 

 

In the simulation of the FSW, the researchers utilized various convective heat 

transfer coefficients for different surfaces. To save computation time, a high 

convective heat transfer coefficient of 6000 W/(m²·°C) was applied at the bottom 

of the workpiece, while the backing plate was ignored. To account for natural 

convection heat loss, a lower equivalent value of 30 W/(m²·°C) was set at the top 

surface of the samples. To properly control the movement of the FSW tool, all 

motion conditions were defined with respect to the tool reference point. Due to 

the stirring action during the process, there was self-contact within the materials 

in the Stir Zone (SZ), in addition to the contact between the tool and the 

workpiece. The researchers defined a general contact interaction to model all the 

tool and material interactions using Coulomb's law of friction to describe the 

friction between the tool and the workpieces.  

To ensure that material remains within the confines of the domain, it is vital 

to restrict the material velocity that comes from the bottom and sides of the 

Eulerian domain in a perpendicular manner. This restriction is important for 

preserving the simulation's accuracy and reliability (see Figure 2). For effective 

control of the tool's movements, all motion parameters are set based on the 

reference point of the tool. 

 

 
Figure 2.  Boundary conditions in the numerical model. 

The researchers determined that a mesh size of 1.2 mm (as shown in Fig. 3) 

was nearly ideal for the described numerical model. They used thermally-

coupled 4-node 3D bilinear rigid quadrilateral elements to represent the FSW 

tool, modeling the tool as an isothermal Lagrangian rigid body. The mesh for the 



Yaghoub Dadgar Asl and et al.        Investigating the Effects of Tool Pin Profile on… 

218 

tools was further refined, using 0.7 mm elements to capture the details of the tool 

geometry and interactions with the workpiece more accurately. 

 

 
Figure 3. The meshed model used in numerical analysis. 

Result and discussion  
Temperature is a crucial factor in the FSW process, as it plays a significant role 

in the material deformation, joint formation, and overall quality of the welded 

structure. The primary source of heat in FSW is the friction between the rotating 
FSW tool and the workpiece material [13]. As the tool rotates and traverses along 

the weld joint, the frictional heating at the tool-workpiece interface generates 

most of the heat required for the process. 

The distribution of temperature within the workpiece is not uniform during 

FSW. The highest temperatures are typically observed in the Stir Zone (SZ), 

where the material experiences intense plastic deformation and mixing due to 

tool rotation and movement. The temperature gradually decreases towards the 

Thermo-mechanically Affected Zone (TMAZ) and the base metal. Depending on 

the FSW parameters, such as tool rotational speed, traverse speed, and tool 

design, the peak temperatures in the SZ can reach up to 80-90% of the melting 

point of the workpiece material [27]. The material in the SZ and TMAZ 

experiences rapid heating and cooling cycles during the FSW process, and the 

heat input and subsequent cooling rates play a significant role in determining the 

microstructural evolution and the mechanical properties of the welded joint. 

The amount of heat produced during FSW is proportional to the frictional and 

deformation energy generated during the process [28]. This energy depends on 

factors such as the friction area and friction factor between the shoulder and 

material surface, as well as the rotational speed of the tool and the pressure 
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applied to the tool shoulder. Figure 4 shows the temperature distribution at the 

cross-section of joints produced with different pin tools. The results indicated 

that the temperature changes in all the samples were slightly different from each 

other. This slight difference was due to the primary source of heat production 

during the process being the tool shoulder, and since the tool shoulder size was 

the same for all tools, the temperature difference between the different samples 

was small. 

As shown in Figure 4, the sample produced with the cylindrical tool 

experiences a higher temperature due to the larger surface area of the pin. On the 

other hand, a sample produced with a triangular tool experiences a lower 

temperature in this area due to its smaller pin surface area. These results suggest 

that the temperature history of the samples produced with different tools is not 

significantly different. 

 

 
Figure 4. Temperature variation of the weld samples fabricated with (a) triangular, (b) square, 

and (c) cylindrical pin profiles. 

Given that the plastic deformation and temperature history in the SZ 

significantly impact the microstructure of welds, understanding the strain 

distribution during friction stir welding is crucial for effective design and process 

management. Figure 5 illustrates the strain distribution across the cross-section 

of welds manufactured using various pin types. The strain generated by the 

cylindrical pin is the lowest compared to other pin designs, indicating insufficient 

material flow during the welding process. In an analysis of strain induced by 
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different tools, it was observed that the circular tool produced a maximum strain 

of approximately 16. In contrast, the triangular tool generated a higher maximum 

strain, which was recorded at 45. Conversely, samples produced with edged pin 

tools exhibit significantly higher strain levels. Furthermore, the area affected by 

the strain from tool rotation is larger in tools with edged pins than in those with 

circular designs. Tool pin profiles that feature flat sides, like triangular and square 

shapes, have an associated measure of eccentricity, which is the ratio between 

the tool's dynamic volume swept and its static volume. The triangular tool 

endures the highest strain level because it has the largest revolving arm 

compared to other pins. Nevertheless, it generates a minimal pulsation effect, 

resulting in the strain affecting the smallest area. 

 

 
Figure 5. Temperature variation of the weld samples fabricated with (a) triangular, (b) square, 

and (c) cylindrical pin profiles. 

Conclusion 
The influence of pin profile on the temperature and strain during FSW was 

studied. For this reason, the Coupled Eulerian Lagrangian (CEL) technique was 

applied. The tool was characterized using the Lagrangian formulation, whereas 

the workpiece was modeled based on the Eulerian formulation. In summary, the 

following results were obtained: 

− The findings showed that the temperature variations among all samples 
were minimal. This was attributed to the tool shoulder being the main 
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source of heat, and since all tools had the same shoulder size, the 

temperature differences remained small. 

− The joint made with the cylindrical tool generated higher temperatures 

due to its larger surface area, whereas the triangular tool produced a 

cooler sample owing to its smaller pin surface area. 

− The triangular tool experienced the greatest strain due to its larger 
revolving arm compared to other pins, yet it produced minimal pulsation, 

which limited the strain's impact to a smaller area. 

− In an analysis, the triangular tool produced a higher maximum strain of 

45, compared to the circular tool, which generated a maximum strain of 

approximately 16. 
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