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A B S T R A C T   

Temperature and strain in friction stir welding (FSW) induced by the FSW/FSP tool play a critical role in suc-
cessful welding. In order to properly design the FSW/FSP tool, it is necessary to understand the role of each 
component of the probe and shoulder of the tool in heat and strain generation. In this study, the heat and strain 
generated by the tool were numerically modeled using a thermo-mechanically coupled 3D FEM model. To 
investigate the effect of tool probe and shoulder on heat and strain production, a tool without a probe, a tool 
without a shoulder, and a complete tool were modeled, and the contribution of each component in heat and 
stress production was calculated. The results show that, in contrast to plastic deformation, frictional heat gen-
eration is the main mechanism for increasing workpiece temperature. Also, about 90% of the heat is generated by 
the tool shoulder, and the tool pin alone is not able to generate heat and strain in the samples.   

1. Introduction 

The majority of manufactured casting materials come from a class of 
materials called aluminum-silicon (Al-Si) alloys. These alloys are widely 
employed in aerospace and automobile industries due to their high 
strength-to-weight ratio, excellent wear resistance, and excellent cast-
ability [1,2]. This is caused by the alloy’s favorable wear, corrosion 
resistance, and high castability. In particular, welded components have 
a weight reduction of 10% compared to mechanically fastened compo-
nents and a cost reduction of up to 30% compared to numerical control 
machining and mechanical fastening [3]. However, when applied to 
various Al alloys, conventional welding techniques have several draw-
backs that have occasionally deterred the usage of such welded 
products. 

FSW is a popular solid-state joining method for bonding aluminum 
alloys. FSW welding prevents melting-related flaws because no material 
melts throughout the process [4,5]. The FSW technique was developed 
by Welding Institute in 1991. FSW/FSP causes significant plastic 
deformation and produces frictional heat. The temperature inside the 

workpiece increased as a result of both of these elements. The micro-
structure, including grain size and boundary features and the resulting 
mechanical properties of the joints, are significantly influenced by the 
temperature history during FSW/FSP. The thermal expansion coefficient 
of an alloy decreases with the amount of silicon it contains, reducing any 
shrinking that may occur during solidification. 

During the FSW process, temperature generation and its distribution 
over various regions have a stimulating effect on the microstructural and 
mechanical characteristics of the manufactured welds. In order to ach-
ieve a better quality weld, researchers have done a lot of research on the 
study of temperature and strain during FSW. Ghiasvand et al. [6] studied 
the effects of the FSW probe offset and the position of dissimilar alloys 
on the peak temperature of FSW of AA5086 and AA6061 alloys. To 
calculate the peak temperatures produced while using FSW tools with 
four different probe profiles, Dhanesh Babu et al. [7] developed a 
thermomechanical process model. The goal was to understand better 
how these temperatures impacted their mechanical strength, grain size, 
and the joints’ quality. 

The analytical model’s capacity to collect the necessary information 
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for accurate quantitative prediction of the heat produced in the tool and 
the workpiece is hampered by the complexity of the thermal behavior of 
FSW. The analytical model is unable to adequately capture the necessary 
features for a quantitative forecast of the amount of heat generated in 
the tool and workpiece due to the complexity of the thermal behavior of 
FSW. As a result, FEM is recognized as a viable tool to resolve the 
challenging governing equations and thoroughly investigate the process. 
As evidenced by the enormous volume of published research works on 
the thermal analysis of FSW throughout the last decade, finite element 
modeling is a particularly suitable approach for modeling the FSW 
process. The coupled Eulerian-Lagrangian (CEL) approach was used by 
Akbari et al. [8] to simulate material mixing and SZ formation during 
the FSLW of brass and aluminum. The developed model accurately 
predicts the creation of the stir zone and material mixing at the Al/brass 
interface. Akbari and Asadi [9] developed a finite element model uti-
lizing a coupled Eulerian-Lagrangian (CEL) technique to explore 
frequently occurring faults in the FSW process. The numerical model is 
generally designed to forecast a variety of defects, including inappro-
priate substrate joining, tunnel defect generation, excessive flash, voids, 
and other surface abnormalities. Using the finite element method, 
Akbari and Asadi [9] considered the flow of material and temperature 
profile during the in-process cooling FSP under various circumstances. 
To forecast temperature fluctuations during the dissimilar joining of 
AA5083 and AZ31 by FSW, Ranjole et al. [10] created a 3D FEM model. 
The findings showed that an increase in tool rotational speed had a 
greater impact on induced temperature than an increase in traverse 
speed. In this study, to investigate the effect of different tool components 
on the strain, temperature, and material flow, FSW/FSP was numerically 
simulated using rigid-viscoplastic 3D FEM. 

The tool used for FSW consists of a particular shoulder and a probe 
with a specific profile that will be used to obtain the joints between the 
two sheets. This tool’s shoulder will touch the top surface of the material 
after being forced to penetrate into the joining areas of the two work-
pieces at high speed. The tool is then designed to move along the joint 
line. Designing a suitable tool for joining metals with the FSW method is 
one of the key parameters in achieving a joint with appropriate micro-
structural and mechanical properties. So far, much research has been 
done to design suitable tools for the process. Most of these articles have 
studied the effect of tool probe shape [11–13], shoulder and tool probe 
diameter [14–16], tool probe length [16,17], and tool material [18]. 
Although much research has been carried out in the field of thermal and 
strain history investigation during the FSW process, none has deter-
mined the contribution of different tool components (probe and tool 
shoulder) in heat and strain generation. Determining the role of each 
component of the tool during the process will increase the knowledge of 
the process and improve the tool’s design. For this reason, a tool without 
a probe, a tool without a shoulder, and an FSW tool were modeled, and 
the contribution of each component in heat and strain production was 
calculated. 

2. Experimental method 

Al-Si as-cast aluminum alloy plates with a 6 mm thickness were used 
for the experiments. Table 1 lists the chemical compositions of the al-
loys. At a temperature of 25 ◦C, all tests were conducted. 

Fig. 1 displays the tool’s dimensions and specifications. Table 2 also 
shows the mechanical and physical properties of A356. 

A four channels thermometer with a 0.1 ◦C precision was utilized to 
record the temperature history during the FSW/FSP. The temperature in 
the translational zone was measured using four k-type thermocouples to 

validate the numerical model. 

3. FEM simulation of FSW 

Due to its capacity to simulate extreme plastic deformation, Deform- 
3DTM software was employed for modeling thermal history, strain, and 
material flow during FSW/FSP [19,20]. Additionally, the tool and the 
workpiece were constructed of rigid viscoplastic materials. The 
following presumptions were made in this investigation to help simplify 
the problem:  

1- The FSW/FSP tool’s and workpiece’s thermal characteristics are 
considered constant (Table 2).  

2- The backing plate and the workpieces’ two sides were fixed together.  
3- At the ambient temperature of 20 C, there was free convection 

occurring on all free surfaces. 

The friction between the samples and FSW/FSP tool was modeled 
using the constant shear friction model [19,21]: 

f = mk (1) 

Where f is the frictional stress, k represents the shear yield stress, and 
m is the friction factor. 

The tool and workpiece were meshing in a non-uniform manner with 
automatic re-meshing (Fig. 2). The smaller elements, with a mean size of 
0.7 mm, were positioned beneath the tool probe. A detailed description 
of the FEM model can be found in our previous publications [22–29]. 

For all weldment surfaces in this investigation, the convective 
boundary condition is given as follows: 

k
∂T
∂n

= h(T − Tamb) (2) 

Where h, Tamb, and n represent the convection coefficient, the 
ambient air temperature, and the boundary’s normal vector. The sur-
faces of the joints exposed to the atmosphere are given a convection 
coefficient of 20 W/(m2. ◦C). Additionally, Table 3 summarizes the 
thermal characteristics of the workpiece and FSW/FSP tool. 

In order to investigate the capability of the model in predicting the 
process, the developed model was validated. The experimental and 
simulation results are in good agreement with the comparison of tem-
perature histories derived from the experimental and simulation (Fig. 3). 

4. Result and discussion 

4.1. Role of tool components component on temperature 

The microstructure, material flow, and resulting mechanical char-
acteristics are altered by the temperature history during FSW/FSP. It is 
well known that frictional heat between the workpiece and tool, 
combining, softening, and extrusion action of a revolving tool, are the 
methods used to join materials during the FSW/FSP. The FSW/FSP 
method must produce enough friction heat to maintain the material in a 
well-plasticized state at an adequate temperature in order to produce 
fine microstructure in SZ. In FSW/FSP, heat is produced as a result of 
plastic deformation surrounding the revolving tool as well as friction 
between the tool and the plate. 

The latter is influenced by the friction area and friction factor be-
tween the workpiece and workpiece surface, as well as by the pressure 
applied to the tool and the welding head probe’s rate of rotation. 

Although the role of these two mechanisms in heat production is well 
known, the extent of their role has not been studied so far. In this 
research, in order to better understand the effect of each mechanism on 
heat production, two models were simulated. In the first model, zero 
friction was considered to calculate the heat generated due to plastic 
deformation. In the second model, the conversion rate of plastic work to 
heat was considered zero to calculate the amount of frictional heat 

Table 1 
Chemical compositions of aluminum alloy used in this research (wt %).  

Si Fe Mn Cu Zn Ti Mg 

7 0.31 0.1 0.2 0.1 0.25 0.3  
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(Fig. 4). 
As seen in Fig. 4, the increase in temperature in the workpiece is 

mainly due to heat generation due to the friction between the tool and 

the workpiece. The temperature increase caused by frictional heat is 
about 270◦, which is more than three times the temperature increase due 
to plastic deformation. This analysis shows that frictional heat genera-
tion is the dominant mechanism in increasing workpiece temperature 
compared to plastic deformation. 

The temperature distribution of the joints made using the FSW/FSP 
tool, the shoulderless tool, and the probe-less tool is shown in Fig. 5 
along the transverse section. Because rotational speed—which is sub-
stantially higher than welding speed—dominates heat generation during 
the process, the temperature distribution around the centerlines of the 
joints is essentially symmetrical. Compared to joints made with 

Fig. 1. The dimensions of the tools used in this research.  

Table 2 
Mechanical and physical properties of the A356.  

Density 2.6 g/cm3 

Elastic Modulus 70 GPa 
Yield Tensile Strength 120 MPa 
Ultimate Tensile Strength 180 MPa 
Hardness 44 HV  

Fig. 2. Meshing of (a) workpieces, (b) FSW tool, (c) probless tool, (d) Shoulderless tool.  
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shoulderless and probeless tools, the temperature of the joints made 
with the FSW/FSP tool is higher. The maximum temperature in the joint 
produced with the FSW/FSP tool is about 450◦, and the maximum 
temperature in the joint produced with the probeless tool is 390◦, which 
is about 90% of the temperature of the joint produced with the FSW/FSP 
tool. As can be seen, the temperature in the joint prepared with the 
probeless tool is slightly lower than that of the FSW/FSP tool, which 
indicates that the tool shoulder generates most of the heat generated. 
The temperature is much lower in the joint produced with the shoul-
derless tool than in the joint produced with the FSW/FSP tool, and this 
increase in temperature can only be seen around the probe. This analysis 
shows that the profile of the tool shoulder achieves the temperature of 
the workpiece, and the profile of the pin does not have much effect on 
the temperature of the workpiece. 

4.2. Role of tool components on strain generation 

Since it is evident that the plastic deformation and thermal history of 
the weld region have a significant impact on the weld’s microstructure, a 
better understanding of how processing parameters affect the strain 
distribution in the weld during the FSW/FSP is very beneficial for pro-
cess control and optimal design. 

Fig. 6 shows the strain distribution during friction stir welding with 
the FSW/FSP, shoulderless, and probeless tools. The strain distributions 
around the weld line are not symmetrical, as can be seen in this figure. 
Additionally, the area impacted by strain is larger on the advancing side, 
where a "positive" interaction between the welding speed and tool 
rotational speed is apparent. In the joint produced with the FSW/FSP 
tool, the strain is much higher than the joints produced with the 
shoulderless and the probeless tool due to the combination of the effect 
of the tool probe and the shoulder. Also, the resulting strain can be 
divided into two strain areas caused by the shoulder and the strain 
caused by the tool’s probe. The first zone, which is more near the joint’s 
top surface, is the shoulder-affected zone, where the tool shoulder 
significantly impacts the material strain during the process. The second 

Table 3 
Thermal properties of the aluminum alloy and H13 FSW/FSP tool.  

Property A356 FSW/FSP Tool 

Heat capacity (N/mm2◦C) 2.57 4.5 
Heat transfer coefficient between 

FSW tool and joint (N/ ◦C s mm2) 
11 11 

Conductivity (W/m ◦C) 117 24.5 
Heat transfer coefficient between 

joint and backing plate (N/ C s mm) 
5   

Fig. 3. Comparing the temperature history of the process obtained from 
experimental tests and numerical analysis. 

Fig. 4. Temperature increase in the material due to (a) Plastic deformation (b) 
Frictional heat. 

Fig. 5. Temperature changes in the cross-section of joints produced with (a) 
shoulderless tool, (b) probeless tool, (c) FSW tool. 

Fig. 6. Strain changes in the cross-section of samples produced with (a) 
shoulderless tool, (b) probeless tool, (c) FSW tool, (d) the microstructure of 
shoulder-affected zone. 
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zone where the cylindrical probe predominately influences material 
strain is known as the probe-affected zone. As it is known, the maximum 
strain occurs at the intersection of the area under the influence of the 
probe and under the influence of the shoulder. In this area, due to the 
combination of the effect of tool shoulder and tool probe in the material 
flow, the strain is higher than in other areas. In the sample without a 
probe, as it is known, strain is observed only in the area affected by the 
shoulder, which is much less than the FSW/FSP tool. In the FSW/FSP 
sample using a shoulderless tool, as it is known, there is only the area 
affected by the probe, where the strain is minimal. This small value 
shows that in the tool without a shoulder, the tool’s probe cannot pro-
duce strain in the material. Due to insufficient heat generation by the 
shoulder of the tool, the material was not softened, and the shoulderless 
tool was unable to create strain in the material. These results show that 
the combination of the shoulder and probe effect causes strain and 
material flow in both areas under the influence of the shoulder and 
probe of the tool. The shoulder causes the temperature to increase and 
the material becomes soften, and the pin of the tool causes the material 
to flow and create strain. Without the tool shoulder, the temperature did 
not rise and the material flow did not form, and as a result, the materials 
experience very little strain. Also, without the tool pin, the material flow 
is formed only on the upper surface of the sheet due to the rotation of the 
tool shoulder. 

Fig. 6 depicts the microstructure of the sample at the probe and 
shoulder-affected zones. It is evident that the size of the silicon particles 
in the shoulder-affected zone is more significant than those in the probe- 
affected zone. The Si particle size fluctuation from the shoulder-affected 
zone to the probe-affected zone may be caused by the higher produced 
temperature at the shoulder-affected zone. As the temperature rises, the 
material softens, leading to an increase in the strain that causes a 
reduction in the breakdown of silicon particles because it is now more 
straightforward for the Si particles to flow with the flow of the material 
without breaking. 

The strain values divide the welding zone into three separate zones, 
namely SZ, TMAZ, and HAZ, according to the size of the silicon particles 
(Fig. 7). The coarse Si particles were broken up in the central areas of the 
weld, where the highest amount of strain occurs, and the silicon particles 

were uniformly dispersed in the stir zone. By moving away from the 
center line of the weld, the strain decreases, and the TMAZ region be-
gins, where the size of the silicon particles is larger than the SZ region. 
The HAZ area is not significantly different from the parent metal, and 
needle-shaped silicones are clearly visible in it. 

In order to more accurately examine different areas of the SZ region, 
the flow of material during the process was modeled. In order to study 
the process material flow, several places inside the stir zone are indi-
cated (Fig. 8). It turns out that the tool rotates the bottom points from 
the front to the back of the tool probe, then causes them to return to their 
initial position. The top surface points, however, rotate with the tool 
probe and eventually expand in the direction of the advancing side. The 
stir zone also exhibits two distinct patterns of material flow with two 
distinct thermomechanical histories. The highest flow of material is 
produced in the shoulder-affected flow region, and as one moves further 
away from the joint’s top surface, the flow of material rapidly di-
minishes. The material flow difference throughout the plates’ depth may 
cause the basin-shaped stir zone that enlarges near the top surface. 

5. Conclusion 

A proper design of the FSW/FSP tool requires an understanding of 
the role that each component of the probe and shoulder of the tool plays 
in the generation of heat and strain. To study the role of the tool probe 
and shoulder on heat and strain production, processes employed a tool 
without a probe, a tool without a shoulder, and an FSW tool were 
numerically simulated using a thermo-mechanically coupled three- 
dimensional FEM model. As a result, the following conclusions were 
reached.  

• In the probeless tool, the maximum temperature is 390◦, which is 
about 90% of the temperature of the joint produced with the FSW/ 
FSP tool. A probeless tool produces a lower temperature than an 
FSW/FSP tool, which indicates that most of the heat is generated by 
the tool shoulder. 

Fig. 7. The microstructure of (a) welding zone, (b) SZ, (c) TMAZ, (d) parent alloy.  

M. Akbari et al.                                                                                                                                                                                                                                 



Forces in Mechanics 10 (2023) 100166

6

• The findings indicate that frictional heat generation is the predom-
inant mechanism for raising workpiece temperature in contrast to 
plastic deformation.  

• There is only a small increase in temperature around the probe in the 
joint produced with the shoulderless tool compared to the one pro-
duced with the FSW/FSP tool.  

• FSW/FSP samples have a much higher strain due to the combination 
of shoulder and probe effects than shoulderless or probeless samples.  

• There is a maximum strain at the intersection of the area under the 
influence of the probe and the area under the influence of the 
shoulder.  

• The shoulderless tool was unable to create strain in the material due 
to insufficient heat generation by the shoulder of the tool. 
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